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FOREWORD 
The ACS S Y M P O S I U  SERIES was founded in 1974 to provide 
a medium for publishin
format of the SERIES parallels that of the continuing A D V A N C E S 

I N C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS S Y M P O S I U M SERIES 

are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



PREFACE 

here is considerable interest and activity in the application of syn
thetic and biological polymers in medicine. Synthetic polymers are 

widely used as surgical and dental implants as well as for blood bags, 
syringes, tubing, etc. Most of the materials used in medicine have prop
erties greatly different from the tissue with which they are interfaced or 
replacing. Excepting bones, nails, and the outer layers of skin, mam
malian tissues are highly aqueous materials, with water contents ranging 
up to 90% (blood plasma)

Hydrogels are three dimensional networks of hydrophilic polymers, 
generally covalently or ionically cross-linked, which interact with aqueous 
solutions by swelling to some equilibrium value. Aqueous gel networks 
can be relatively strong (such as in celluose dialysis membranes) or 
relatively weak, generally becoming weaker as the water content in
creases, although such variables as the nature of the cross-linker, polymer 
network, tacticity, and crystallinity can significantly influence the me
chanical behavior. 

Interest has focused on the utilization of the bulk or the surface 
properties of hydrogels for biomedical applications. The bulk property 
of swelling is of particular interest for "swelling implants," i.e., implants 
which can be implanted in a small dehydrated state via a small incision 
and which then swell to fill a body cavity and/or to exert a controlled 
pressure. The swelling of synthetic and natural gels may also help eluci
date swelling and osmotic mechanisms in biological tissues. 

A related bulk property is the permeability of hydrogels for low 
molecular weight solutes. Solute diffusivity in gels can be used in sus
tained drug release applications and in the transport of solutes to gel-
entrapped macromolecules, particularly enzymes immobilized in the gel 
network. Ion interactions or partitioning within the gels are important in 
bone interfacing applications. 

Aqueous gels are relatively subtle systems which equilibrate with 
and "follow" many environmental changes. The properties of such gels 
can be highly dependent on cross-linker levels, impurity levels of co-
monomers, catalyst residues, and stereoregularity. These variables are 
discussed for hydrophilic methacrylate ester monomers and their gels. 
These systems receive the most attention in this volume. Monomer 
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analysis and purification, free radical initiator effects, and tacticity are 
discussed for the poly(hydroxyethyl methacrylate) system. 

The bulk properties of synthetic hydrogels can be widely varied and 
perhaps tailored to specific end uses. Though the poly (hydroxy ethyl 
methacrylate ) system is the most widely studied for medical applications, 
a large repertoire of gel types are available and have been applied to 
varying degrees in medicine. Questions of long term biostability or 
intentional biodegradeability are also very important, but are not dis
cussed here. However, a number of fairly basic studies of gel networks 
and a number of practical applications based on network properties are 
presented. 

The surface and interfacial properties of hydrogels are somewhat 
similar to those of natural biological gels and tissues. A number of 
analogies or comparisons have been made between the hydrogel/water 
interface and the living cell/physiologic solution interface. Such inter
faces are difficult to stud
classical surface chemistry cannot be applied. The effect of the gel/water 
interface on interfacial fluid dynamics and the use of neutral gel coatings 
to reduce local fluid movement ( electroosmosis ) in particle electrophore
sis experiments are discussed. The interface electrokinetic potential (as 
measured by the streaming potential) can be varied by use of appropri
ate comonomer compositions. 

The wettability of hydrogel surfaces is rather complicated, perhaps 
because of the mobility of polymer segments in the interfacial zone. 
Protein adsorption at certain gel interfaces is also discussed and related 
to interfacial free energy arguments. 

Aqueous gel surfaces can be used in blood-contact applications, as 
tubing, catheters, and vascular devices. Such applications depend on the 
nature of the gel/blood interface. As hydrogels generally lack suitable 
mechanical properties for vascular device applications, there has been 
considerable activity in coating or grafting the gels to mechanically 
suitable supports. 

In discussing blood compatibility of gels, the application of hydrogels 
as a substrate for in vitro cell or tissue culture studies should be consid
ered. Data on the blood compatibility of hydrogels is available, particu
larly for polyacrylamide, and there is considerable interest and activity 
among medical research scientists and a number of commercial firms in 
hydrogel-coated catheters, drains, and other conduits. 

Aqueous gel networks have an important role to play in biomedicine, 
not only as inert blood conduits and devices, but as biochemically and 
pharmaceutically active elements. The role of ion and solute partitioning 
or interactions with gels will prove important for such applications as 
enzyme entrapment, sustained drug or ion release, and bone induction or 
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calcification, as well as for the more popular applications of blood and 
tissue interfacing. Suitably equilibrated and solute "stocked" gels should 
prove very important for cell and tissue culture applications. 

Control of hydration/dehydration phenomena, particularly hysteresis 
effects, is needed in order to ship and store hydrogel products in a dry 
state, thus reducing bulk and the possibility of microorganism contami
nation. 

This volume is dedicated to the memory of Dr. Willem Prins, a 
pioneer and leader in the study of gel networks, who died in a boating 
accident in 1974. 

I am particularly grateful to Buddy D. Ratner and Allan S. Hoffman 
for the review paper which begins this volume and to Donald Gregonis 
for aid in assembling the papers for publication. The participants in the 
symposium were also the reviewers of the papers. I thank them all for 
speedy but critical reviews. The secretarial assistance of Terry Smith is 
gratefully acknowledged

University of Utah JOSEPH D. ANDRADE 

Salt Lake City, Utah 
March 5, 1976 
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1 
Synthetic Hydrogels for Biomedical Applications 
BUDDY D. RATNER and ALLAN S. HOFFMAN 
Departments of Chemical Engineering and Bioengineering, 
University of Washington, Seattle, Wash. 98195 

It is the intention of this paper to review the literature 
concerning the preparation
tions of synthetic hydroge
subject is now voluminous and rapidly expanding (e.g. this 
symposium) it is difficult to produce a completely comprehensive 
review of the subject. However, a large number of articles will 
be examined which should give a useful overview of research 
interests and directions in this growing, multidisciplinary 
field. This review will be organized as follows: The introduc
tion will discuss general aspects of synthetic hydrogels and 
point out similarities between the various distinctly different 
chemical structures which fit into this category. A short sec
tion is included within the introduction on problems related to 
the measurement and description of the biocompatibility of mate
rials. The following six classes of hydrogel materials will then 
each be treated individually: poly(hydroxyalky1 methacrylates); 
poly(acrylamide), poly(methacrylamide) and derivatives; poly 
(N-vinyl-2-pyrrolidone); anionic and cationic hydrogels; poly-
electrolyte complexes; and poly(vinyl alcohol). Sections on 
surface coated hydrogels, the characterization of imbibed water 
within hydrogels and immobilization or entrapment of biologically 
active molecules on and within hydrogels for biomedical applica
tions are also included. 

1. Introduction 

A. General Aspects of Synthetic Hydrogels. A hydrogel can 
be defined as a polymeric material which exhibits the ability to 
swell in water and retain a significant fraction (e.g., > 20%) 
of water within i ts structure, but which w i l l not dissolve in 
water. Included in this definition are a wide variety of 
natural materials of both plant and animal origin, materials 
prepared by modifying naturally occurring structures, and syn
thetic polymeric materials. This review article w i l l consider 
only synthetic hydrogel systems which are being used as, or have 
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2 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

p o t e n t i a l f o r use, as biomaterials. This constraint i s not i n 
tended to imply that biomaterials prepared from natural b i o -
polymers are unimportant or uninteresting. Examples of modified 
natural biopolymers which are presently receiving a t t e n t i o n f o r 
biomedical a p p l i c a t i o n s include Cuprophan, cross-linked Dextrans, 
and c r o s s - l i n k e d , enzymatically treated collagens. For a review 
of natural tissues used as biomaterials see the recent a r t i c l e ly 
K i r a l y and Nosé (1). 

Hydrogel materials resemble i n t h e i r p h y s ical properties 
l i v i n g t i s s u e more so than any other class of synthetic b i o -
m a t e r i a l . In p a r t i c u l a r , t h e i r r e l a t i v e l y high water contents 
and t h e i r s o f t , rubbery consistency give them a strong, super
f i c i a l resemblance to l i v i n g s o f t t i s s u e . Based upon these 
properties a number of advantages, some obviously r e a l and 
others somewhat speculativ  b  c i t e d fo  hydrogel materials
With respect to the r e a
F i r s t , the expanded natur  hydroge
permeability to small molecules allows polymerization i n i t i a t o r 
molecules, i n i t i a t o r decomposition products, polymerization s o l 
vent molecules and other extraneous materials to be e f f i c i e n t l y 
extracted from the gel network before the hydrogel i s placed i n 
contact with a l i v i n g system. The i n vivo leaching of additives 
used during the f a b r i c a t i o n of polymeric materials has been c i t 
ed as a cause of inflammation and eventual r e j e c t i o n of implanted 
biomaterials £2). Second, the rather soft and rubbery c o n s i s t 
ency of most hydrogels can contribute to t h e i r b i o c o m p a t i b i l i t y 
by minimizing mechanical ( f r i c t i o n a l ) i r r i t a t i o n to surrounding 
c e l l s and t i s s u e . 

The most i n t r i g u i n g of the p o t e n t i a l advantages for hydro-
gels i s the low i n t e r f a c i a l tension which may be exhibited be
tween a hydrogel surface and an aqueous s o l u t i o n . This low 
i n t e r f a c i a l tension should reduce the tendency of the proteins 
i n body f l u i d s to adsorb and to unfold upon adsorption (3). 
Minimal protein i n t e r a c t i o n may be important for the b i o l o g i c a l 
acceptance of foreign materials as the denaturation of proteins 
by surfaces may serve as a t r i g g e r mechanism for the i n i t i a t i o n 
of thrombosis or for other b i o l o g i c a l r e j e c t i o n mechanisms. 

The a b i l i t y of small molecules to d i f f u s e through hydrogels 
may also be advantageous for hydrogel i n vivo performance. The 
d i f f u s i o n of important low molecular weight metabolites and ions 
through the implant and to the surrounding t i s s u e would occur 
with hydrogels, but not with r e l a t i v e l y hard, impermeable 
p l a s t i c s . 

A number of biomedical applications for hydrogels which have 
been mentioned i n the l i t e r a t u r e are l i s t e d i n Table I. The 
wide range of biomedical applications f o r hydrogels can be a t t r i 
buted both to t h e i r s a t i s f a c t o r y performance upon i n vivo 
implantation i n e i t h e r blood contacting or t i s s u e contacting 
s i t u a t i o n s and to t h e i r a b i l i t y to be fabricated i n t o a wide 
range of morphologies. The ease with which the physical form 
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1. RATNER AND H O F F M A N Synthetic Hydrogels 3 

of a hydrogel can be a l t e r e d allows the p h y s i c a l properties of 
the hydrogel to be adjusted s p e c i f i c a l l y f or a given a p p l i c a t i o n . 
Hydrogels can often be prepared i n the form of porous sponges, 
non-porous gels, o p t i c a l l y transparent f i l m s , l i q u i d s which can 
be subsequently crosslinked to form gels and coatings bound by 
eith e r covalent bonds or non-covalent forces to a substrate poly
mer mat e r i a l . I t should be emphasized, however, that a p a r t i c 
u l a r hydrogel composition s u i t a b l e for one biomedical application 
may have to be s i g n i f i c a n t l y modified i n composition and form for 
a d i f f e r e n t a p p l i c a t i o n . That i s , the hydrogel system must be 
matched to each biomedical use. I n d i v i d u a l classes of hydrogel 
biomaterials are discussed i n Section I I . 

Table I 
Po t e n t i a

Biomedical Application

Coatings 

Sutures 
Catheters 
IUD fs 
Blood Detoxicants 
Sensors (electrodes) 
Vascular grafts 
Electrophoresis c e l l s 
C e l l Culture Sub
strat e s 

"Homogeneous" Materials Devices 

Electrophoresis gels 
Contact Lenses 
A r t i f i c i a l Corneas 
Vitreous Humor Replace
ments 

Estrous-Inducers 
Breast or other Soft Tissue 
Substitutes 

Burn Dressings 
Bone Ingrowth Sponges 
Dentures 
Ear Drum Plugs 
Synthetic Cartilages 
Hemodialysis Membranes 
P a r t i c u l a t e C a r r i e r s of 
Tumor Antibodies 

Enzyme Thera
peutic Systems 

A r t i f i c i a l 
Organs 

Drug Delivery 
Systems 

Although the presence of imbibed water w i t h i n a polymeric 
system i s not a guarantee of b i o c o m p a t i b i l i t y , i t i s believed 
that the r e l a t i v e l y large f r a c t i o n of water w i t h i n c e r t a i n 
hydrogel materials i s i n t r i n s i c a l l y r e lated to t h e i r high b i o 
c o m p a t i b i l i t y (4), (see Section IV). However, these highly 
hydrated and w a t e r - p l a s t i c i z e d polymer networks are usually 
mechanically weak. Furthermore, the higher the water content of 
the g e l , the poorer the mechanical properties of the gel become. 
Fortunately, there are a number of approaches which can be taken 
to minimize problems due to the poor mechanical properties of 
these gels. Probably the simplest of these approaches consists 
of forming the hydrogel over or surrounding a strong polymeric 
mesh or woven f a b r i c . Other methods involve coating a device or 
material with a layer of hydrogel. In order that the coating 
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4 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

remain i n t a c t i t must e i t h e r be used i n a non-solvent environment, 
be c r o s s l i n k e d , or be i n t i m a t e l y and/or covalently bound to the 
support mat e r i a l . Because of the p o t e n t i a l importance and com
p l e x i t y of techniques designed to anchor hydrogel coatings, the 
whole area of hydrogels coated onto other surfaces w i l l be d i s 
cussed separately i n Section I I I . 

F i n a l l y , hydrogels usually have a large number of polar r e -
actable s i t e s on which other molecules may be immobilized by a 
v a r i e t y of chemical techniques. In a d d i t i o n , b i o l o g i c a l l y a c t i v e 
molecules can be entrapped w i t h i n the network structure of cross-
lin k e d hydrogels. Immobilization of b i o l o g i c a l l y a c t i v e molecules 
to and w i t h i n synthetic hydrogels w i l l be discussed i n more de
t a i l i n Section V. 

B. Biocompatibility-Operationa
the b i o c o m p a t i b i l i t y o
countered i n properly d e f i n i n g the terminology used to describe 
the response of a l i v i n g system to an implanted foreign material. 
Thus, terms such as "non-thrombogenic", "blood compatible", and 
"biocompatible" are often i n d i s c r i m i n a t e l y used to describe a 
wide range of b i o l o g i c a l responses. Bruck has itemized a number 
of factors which might be deleterious to the performance of 
materials used for long-term i n t e r n a l biomedical applications (5). 
Based upon h i s d e s c r i p t i o n , the i d e a l biomaterial ( i n terms of 
b i o l o g i c a l response) could be defined as one which does not cause 
thrombosis, destruction of c e l l u l a r elements, a l t e r a t i o n of plasma 
proteins, destruction of enzymes, depletion of e l e c t r o l y t e s , 
adverse immune responses, damage to adjacent t i s s u e , cancer and/ 
or t o x i c or a l l e r g i c reactions. No synthetic material developed 
f u l l y s a t i s f i e s these c r i t e r i a . Also, no s i n g l e test method for 
evaluating biomaterials i s capable of measuring t h i s wide range 
of factors relevant to biomaterial response. Based upon the 
l i m i t a t i o n s imposed by a v a i l a b l e t e s t i n g procedures, discussion 
i n t h i s review paper concerning the b i o l o g i c a l performance of b i o 
materials w i l l be oriented towards the test methods which have 
been used to evaluate the materials. With respect to the most 
commonly used test methods, the following comments should allow a 
more c r i t i c a l reading of t h i s review. 

Lee White Test (and other r e l a t e d s t a t i c , i n v i t r o coagula
t i o n time assays): The Lee White test compares the coagulation 
time of r e c a l c i f i e d whole blood i n a t e s t tube made of or coated 
with the material to be evaluated with the coagulation time of 
blood i n a standard c o n t r o l tube (usually g l a s s ) . Variables 
which can a f f e c t the r e s u l t s from t h i s test include changing the 
donor, changes i n the d i e t or medication of the donor, storage 
time of the blood, venipuncture technique, and v a r i a t i o n s i n the 
experimental technique used to measure the c l o t t i n g times. The 
test has also been c r i t i c i z e d because of the large blood-air 
i n t e r f a c e which i s exposed. The v a l i d i t y of r e s u l t s , p a r t i c u 
l a r l y as they apply to s i t u a t i o n s i n v o l v i n g contact with flowing 
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1. RATNER AND H O F F M A N Synthetic Hydrogels 5 

blood i n an i n vivo or ex vivo s i t u a t i o n , have frequently been 
questioned. Methods fo r the i n v i t r o estimation of the blood 
c o m p a t i b i l i t y of materials have been c r i t i c a l l y reviewed (6). 

Vena Cava Ring Test Q) : This test method involves the 
implantation of streamlined rings made of or coated with the 
material to be evaluated i n t o the vena cava of dogs, usually 
for 2 hour and 2 week te s t periods. The following terminology 
has been used to describe the experiment r e s u l t s : "Thrombogenid1 

i s used to designate those materials (formed i n t o t e s t rings) 
which are completely occluded with thrombus a f t e r only 2 hours 
implantation. "Moderately thromboresistant" i s used to describe 
materials which remain patent a f t e r 2 hour implantation but show 
s i g n i f i c a n t adherent thrombus a f t e r the two week te s t period. 
The designation "highly thromboresistant" i s reserved for mate
r i a l s which show l i t t l
two week implantation period
d i f f e r e n t procedure for describing the r e s u l t s has recently been 
published (8). The vena cava r i n g t e s t does not d i s t i n g u i s h 
between those materials which are t r u l y non-thrombogenic and 
those which cause thrombus formation but are non-thromboadherent. 

Renal Embolus Ring Test (9): This test u t i l i z e s rings 
fabricated from the materials to be evaluated implanted i n the 
canine descending aorta j u s t above the r e n a l a r t e r i e s . A con
s t r i c t i o n i s made i n the aorta below the renal a r t e r i e s to force 
a large f r a c t i o n of the blood flowing through the test r i n g i n t o 
the kidneys. A f t e r a period of implantation (usually 3-6 days) 
the rings are examined f o r adherent thrombi and the kidneys are 
dissected and examined f o r i n f a r c t s presumably caused by thrombi 
shed from the r i n g surface. This test should be able to d i s t i n 
guish between those materials which are t r u l y non-thrombogenic 
and those which are only non-thromboadherent. Almost a l l mate
r i a l s examined to date have been shown to cause some i n f a r c t 
damage to the test animal's kidneys. 

Soft Tissue Compatibility Tests: For examining the response 
of the body to materials implanted i n s o f t t i s s u e areas (not i n 
d i r e c t contact with the blood stream) there has been l i t t l e effort 
extended towards adopting standardized test procedures. Autian 
has surmised i n a l i t e r a t u r e review that intramuscular implanta
t i o n may be the most s e n s i t i v e s i t e f o r evaluation of t h i s t i s s u e 
response (10). Coleman, King and Andrade have recently described 
a comprehensive protocol f o r the evaluation of t i s s u e response to 
standardized intramuscular implantations (11). However, the bulk 
of the papers i n the l i t e r a t u r e do not follow any p a r t i c u l a r 
standardized test procedure. The term " t i s s u e compatible", f o r 
the purposes of t h i s review paper, w i l l be used to describe those 
materials which, upon implantation, show a normal acute inflamma
t i o n reaction and then r a p i d l y "heal i n " to a passive state where
i n the implant i s surrounded by a t h i n , uniform fibrous capsule 
i n which multinucleated giant c e l l s and other inflammatory c e l l s 
are generally absent. In v i t r o t e s ts using cultured c e l l s have 
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6 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

also been u t i l i z e d with varying degrees of success to evaluate 
the t o x i c i t y and, to a smaller extent, the b i o c o m p a t i b i l i t y of 
biomedical polymers. This l i t e r a t u r e has been covered i n a 
review by Autian (10). 

I I . Biomedically Important Hydrogels. 
Hydrogels may be prepared by various polymerization tech

niques or by conversion of e x i s t i n g polymers. Tablœ I I and I I I 
l i s t examples of monomers and polymers used i n preparing these 
materials. Although generalizations can be made about hydrogels, 
i t should be apparent from these tables that t h i s category of 
materials covers a wide range of chemical compositions. There 
are major differences f o r each type of material with respect to 
synthesis, properties and b i o c o m p a t i b i l i t y . Therefore, each of 
the more important type
i n d i v i d u a l l y . 

A. Poly(hydroxyalky1 methacrylates). Included i n t h i s class 
of compounds are poly(2-hydroxyethyl methacrylate) (P-HEMA), poly 
( g l y c e r y l methacrylate) (P-GMA), and poly(hydroxypropyl metha
crylat e ) (P-HPMA)* A review a r t i c l e with p a r t i c u l a r em^asis upon 
hydroxyalkyl methacrylate hydrogels has been published (12). 

Poly(2-hydroxyethyl methacrylate) (P-HEMA) hydrogels were 
f i r s t described and synthesized by Lim and Wichterle i n the early 
I960's (13). Although t h i s polymer was prepared by DuPont scien
t i s t s as ea r l y as 1936 (14), they did not polymerize the monomer 
i n the presence of c r o s s l i n k i n g agent i n aqueous solvent media as 
did Lim and Wichterle. To date, P-HEMA hydrogels have probably 
been among the most widely studied and used of a l l the synthetic 
hydrogel materials. 

A d e s c r i p t i o n of the synthesis and properties of P-HEMA 
hydrogels was published i n 1965 by Refojo and Yasuda (15). I f 
HEMA monomer containing c r o s s l i n k i n g agent i s polymerized i n the 
presence of a good solvent f o r both monomer and polymer (e.g., 
ethylene g l y c o l , ethylene glycol-H^O) an o p t i c a l l y transparent 
(homogeneous) hydrogel i s formed. I f the monomer plus cross-
l i n k i n g agent i s polymerized i n a poor solvent system for the 
r e s u l t i n g polymer, an opaque, spongy, white (heterogeneous) hydro
gel i s formed. As the HEMA monomer i s an excellent solvent for 
P-HEMA, i f the concentration of water (which i s by i t s e l f a non-
solvent f o r P-HEMA) i n the water-HEMA mixture i s 43% or le s s by 
weight, a homogeneous gel w i l l be formed (16)(17). A soluble 
P-HEMA polymer which i s s u i t a b l e for dip coating applications can 
be prepared by polymerizing to a low degree of conversion i n d i l 
ute ethanol s o l u t i o n monomer from which most of the contaminating 
c r o s s - l i n k i n g agent has been removed (18,19). 

One of the problems encountered i n the preparation of P-HEMA 
hydrogels f o r biomedical applications i s the p u r i t y of monomer 
used i n these systems. Typical impurities found i n commercial 
grades of HEMA monomer are methacrylic a c i d , ethylene g l y c o l 
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dimethacrylate, and ethylene g l y c o l . The monomer can be p u r i f i e d 
by a complex procedure i n v o l v i n g e x t r a c t i n g with hexane, d i s t i l 
l a t i o n under vacuum and treatment with alumina (18,20). Even 
a f t e r t h i s p u r i f i c a t i o n , low l e v e l s (^0.01 - 0.1%) of impurities 
remain i n the monomer. These impurities could have long-term 
e f f e c t s on the b i o c o m p a t i b i l i t y of P-HEMA gels. I t has been 
suggested that lack of r e p r o d u c i b i l i t y i n the measurement of the 
thrombogenicity of P-HEMA materials i n i n vivo tests might be due 
to as yet u n i d e n t i f i e d impurities i n HEMA monomer (21). 

A p a r t i c u l a r l y advantageous property of P-HEMA hydrogels for 
biomedical applications i s t h e i r high degree of chemical s t a b i l 
i t y . P-HEMA gels were found to be r e s i s t a n t to acid hydrolysis 
and reaction with amines (22). In another study using a rela t e d 
crosslinked polymer, poly(diethyleneglycol methacrylate), 
a l k a l i n e hydrolysis wa
only at high pH and at
i n n e u t r a l or near ne u t r a l aqueous solutions are also r e l a t i v e l y 
temperature stable and can be steam s t e r i l i z e d with no apparent 
damage to the materials (24). 

The swelling behavior of P-HEMA gels i n various solvents has 
been studied i n great d e t a i l . In water the water content of homo
geneous P-HEMA gels i s remarkably i n s e n s i t i v e to the concentration 
of c r o s s l i n k e r i n the polymerizing mixture i n the 0-4 mole % 
cr o s s l i n k e r range (15,25). The water content of heterogeneous 
P-HEMA gels strongly depends upon the amount of water (polymer 
non-solvent) present during the polymerization reaction (15). 
Tables which compare the r e l a t i v e degree of swelling of P-HEMA 
gels i n a wide v a r i e t y of organic solvents have been prepared by 
two authors (16,^2). The swelling behavior of t h i s gel i n a 
v a r i e t y of aqueous solutions has also been described i n a number 
of studies (25-29). Theories r e l a t i n g the swelling of P-HEMA gels 
to both hydrophobic and hydrogen bonding i n t e r a c t i o n s w i t h i n the 
gel matrix have been proposed (25526>30>31). The swelling of 
P-HEMA gels has also been studied with respect to the fundamental 
equations describing the swelling of crosslinked networks (32). 

The mechanical properties of P-HEMA hydrogels have received 
some at t e n t i o n (33). These gels are p a r t i c u l a r l y suited for 
studies on the fundamental aspects of rubber e l a s t i c i t y , as the 
top o l o g i c a l aspects of the crosslinked networks can be e a s i l y 
varied by changing the c r o s s l i n k i n g agent, c r o s s l i n k i n g agent 
concentration, t o t a l monomer concentration or polymerization 
solvent. Also, co-monomers are e a s i l y incorporated into the 
system. This l i t e r a t u r e has recently been reviewed by Janacek 
(33). 

Biomedical studies u t i l i z i n g P-HEMA hydrogels are numerous 
(34-64). Many of these are l i s t e d i n Table IV. Fundamental 
studies on the healing of disks of P-HEMA subcutaneously im
planted i n rats and pigs were performed p r i m a r i l y by researchers 
at the I n s t i t u t e of Macromolecular Chemistry, Prague (31-36). 
Homogeneous P-HEMA and heterogeneous P-HEMA materials with varying 
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degrees of porosity were examined. In general, most of implants 
were w e l l tolerated and d i d not provoke unfavorable reaction. 
However, P-HEMA gels which were extremely macroporous (those 
prepared with greater than 70% water i n the polymerization mixture) 
demonstrated poor mechanical properties, and c e r t a i n undesirable 
healing c h a r a c t e r i s t i c s i n c l u d i n g c a l c i f i c a t i o n at the margins or 
center of the implant. I t was therefore concluded that homogene
ous or microporous heterogeneous P-HEMA gels might be more suitable 
for implant purposes. 

Table IV 
Biomedical Studies U t i l i z i n g P-HEMA Hydrogels 

Description Reference 

Evaluation of Tissue Respons
A n t i b i o t i c Delivery: 

From Coated Suture (41,42) 
From Coated Urethral Catheter (41.43,44) 
In Otolaryngology (45) 

Anti-tumor Drug Delivery Device (46) 
Coated Intrauterine Device (47) 
L i v e r Resection (48) 
Blood Compatibility (41,49-52) 
Coated Sutures (41,42,50) 
Corneal Surgery (53) 
Soft Contact Lens (54,55) 
Ureter Prosthesis (56) 
Breast Augmentation (57) 
Latex Spheres for C e l l Surface Studies (58) 
Hemodialysis and Hemoperfusion (59-62) 
Ligament Prosthesis (63) 
Bone Formation i n P-HEMA Sponges (40,64) 

Further problems were noted with the healing of porous P-HEMA 
sponge materials by Winter and Simpson (40). They found that 
pieces of P-HEMA sponge implanted f o r 62 days i n the s k i n of 
young pigs showed evidence of woven bone formation. The ef f e c t 
was found to be r e a d i l y reproducible. The healing process for 
these porous materials i s unusual i n that the sponges are appar
ently w e l l tolerated f o r the f i r s t month of implantation. How
ever, from 31 days onwards multinucleate giant c e l l s are found i n 
the implant (64). Rubin and Marshall attempted to u t i l i z e the 
observed bone formation i n implanted spongy P-HEMA to anchor in t o 
the femur and t i b i a a kn i t t e d Dacron-porous P-HEMA anterior cruc
i a t e ligament prosthesis (63). Fi x a t i o n i n t o the bone was not 
achieved although bone formation was noted i n parts of the polymer. 

Due to the poor mechanical properties of P-HEMA gels, there 
have always been experimental d i f f i c u l t i e s i n evaluating the blood 
c o m p a t i b i l i t y of these materials by accepted i n vivo t e s t i n g 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 
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techniques (e.g., the vena cava r i n g t e s t or the renal embolus 
r i n g t e s t ) . However, the blood c o m p a t i b i l i t y of P-HEMA was ob
served i n a few studies e i t h e r i n v i t r o , or, using somewhat le s s 
conventional techniques, i n vivo (41, 49-52). I t was found, i n 
a l l cases, to be a r e l a t i v e l y "non-thrombogenic" (or at l e a s t 
non-thromboadherent) m a t e r i a l , although the i n vivo tests that 
were used do not allow a systematic grading of thrombogenicity, 
and do not compare the performance of P-HEMA to a number of other 
commonly used materials. More systematic studies of the blood 
c o m p a t i b i l i t y of P-HEMA are discussed i n the section on surface 
coated hydrogels. 

The primary c l i n i c a l use for P-HEMA hydrogels has been for 
f l e x i b l e , h y d r o p h i l i c contact lenses. This i s also the only 
a p p l i c a t i o n which has received U.S. Food and Drug Administration 
approval ( s p e c i f i c a l l y f o
Soflens f o r the c o r r e c t i o
Lambert poly(HEMA-co-ethylene dimethacrylate-co-methacrylic a c i d -
co-g-Povidone) Soft-con as a therapeutic 'bandage"). The proper
t i e s and applications for such contact lenses have been reviewed 
(54). Studies dealing s p e c i f i c a l l y with oxygen permeability 
through hydrogel contact lenses (65), and hydration and l i n e a r 
expansion of hyd r o p h i l i c contact Tenses (66) have been published. 
In another study methyl methacrylate contact lenses and P-HEMA 
contact lenses were observed with respect to t h e i r e f f e c t upon 
the growth of corneal e p i t h e l i a l t i s s u e i n c u l t u r e . The t o l e r 
ance of the t i s s u e to continuous exposure to the contact lenses 
was found to be s i g n i f i c a n t l y higher for the h y d r o p h i l i c lenses 

A number of problems have been noted with hydrophilic contact 
lenses. These include low v i s u a l acuity as compared to hard 
lenses, accumulation of material on and w i t h i n the lenses, suscep
t i b i l i t y to mechanical damage, low permeability to oxygen, (rever
s i b l e ) changes i n the shape and r e f r a c t i v e index of the lenses, 
and the need for frequent s t e r i l i z a t i o n (54*67)· The p r i n c i p l e 
advantages of these hydrogel lenses are that they are easy to f i t , 
w e l l tolerated and can be used for therapeutic purposes other 
than simple r e f r a c t i v e c o rrection. Concerning the degree to which 
these lenses are t o l e r a t e d , i t has been recently reported that the 
Bausch and Lomb Soflens can be worn continuously 10 days with few 
or no problems (6£) . However, another study reports that i t i s 
unadvisable to wear so f t contact lenses continuously for long 
periods of time due to the development of corneal edema (68). 

Other hydroxyalky1 methacrylates have not received nearly as 
much at t e n t i o n as P-HEMA. Poly(hydroxypropyl methacrylate) hydro-
gels containing a mixture of the two isomers can be r e a d i l y pre
pared (25). Although the water content of these hydrogels i s 
f a i r l y low (^25%) they demonstrate excellent mechanical properties. 
P o l y ( g l y c e r y l methacrylate) hydrogels e x h i b i t a considerably 
higher e q u i l i b r i u m water content than P-HEMA gels (28,60-71). 
Therefore i t has often been thought that t h i s material might show 
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a higher degree of b i o c o m p a t i b i l i t y than P-HEMA. This has not 
been described i n the l i t e r a t u r e to date. I t has been suggested 
that dehydrated P-GMA might be swollen i n s i t u i n cases where i t 
i s necessary to replace the v i t r o u s humor of the eye (70). 

Β· Poly(Acrylamide), Poly(Methacrylamide) and Derivatives. 
Gels of poly(acrylamide) (PAAm) and of some N-substituted d e r i v a
t i v e s of PAAm can be r e a d i l y prepared by the free r a d i c a l poly
merization of an aqueous s o l u t i o n of acrylamide containing a 
small f r a c t i o n of c r o s s l i n k i n g agent (often N, N-methylenebisacry-
lamide). The gels formed are o p t i c a l l y transparent, mechanically 
weak, and can have extremely high water contents (> 95%). The 
water content i s dependent upon the per cent c r o s s l i n k e r i n the 
system, u n l i k e the homogeneous P-HEMA gel system. Another 
technique was recently
p r i m a r i l y of polyacrylamid
( a c r y l o n i t r i l e ) and p o l y ( a c r y l i c acid) (72). This technique i n 
volves polymerizing a c r y l o n i t r i l e i n concentrated aqueous zinc 
chloride and then p a r t i a l l y hydrolyzing the r e s u l t i n g g e l . The 
high water contents which are a t t a i n a b l e with acrylamide gels 
prepared by s o l u t i o n polymerization or by hydrolysis make them 
a t t r a c t i v e for biomedical applications (see Section IV). 

A number of studies have been c a r r i e d out on the hydrolysis 
of acrylamide and methacrylamide polymers (73-75). Hydrolysis 
occurs at s i g n i f i c a n t rates at elevated temperatures i f the 
polymers are i n a c i d i c or basic s o l u t i o n s . Thus, polyamide gels 
should be r e l a t i v e l y stable under conditions of p h y s i o l o g i c a l pH 
and temperature. However, problems might occur at steam auto
clave temperatures and therefore t h i s procedure might be contra-
indicated. 

The t i s s u e c o m p a t i b i l i t y of poly(N-substituted acrylamides) 
was investigated by Kopecek, et a l . (76). N-substituted a c r y l a 
mides were used f o r t h i s study because -of t h e i r superior hydro-
l y t i c s t a b i l i t y compared to poly(acrylamide). I t was found that 
discs of poly(N,N-diethyl acrylamide), p o l y ( N - a c r y l y l morpholine), 
poly(N-ethyl acrylamide) and also the methacrylamide d e r i v a t i v e , 
poly[N-(2-hydroxypropyl) methacrylamide], implanted subcutaneously 
i n r a t s were w e l l tolerated by the animals and d i d not provoke 
unfavorable reaction. The long term b i o l o g i c a l i n t e r a c t i o n of 
these hydrogels with the t e s t animals was described as being 
s i m i l a r to that observed with implanted P-HEMA materials, which 
were also investigated by t h i s group. 

The thrombogenicity of a number of PAAm gels was investigated 
i n v i t r o using the Lee-White coagulation time t e s t (52). Where 
the coagulation time of fresh blood samples i n glass tubes was 
approximately 12 minutes, blood i n PAAm tubes prepared using 
s i n g l y r e c r y s t a l l i z e d acrylamide monomer showed a c l o t t i n g time 
of ^45 minutes. When gels formed from t r i p l y r e c r y s t a l l i z e d 
acrylamide monomer were tested they showed c l o t t i n g times i n 
excess of 24 hours. The deleterious e f f e c t s of incomplete removal 
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of i n i t i a t o r by-products on the thrombogenicity of acrylamide 
materials was also noted i n t h i s study. The e f f e c t of varying 
the c r o s s l i n k i n g agent concentration i n the PAAm gel was found 
not to s i g n i f i c a n t l y a l t e r the Lee-White c l o t t i n g times f o r the 
system. Interesting e f f e c t s of other co-monomers incorporated 
int o the PAAm gels on the c l o t t i n g times were noted. Some of 
these e f f e c t s are discussed i n Section I I F. In general, the 
PAAm system prepared with t r i p l y r e c r y s t a l l i z e d monomer gave the 
best r e s u l t s , although systems containing dimethylaminoethy1 
methacrylate were shown to demonstrate excellent Lee-White c l o t 
t i n g times. The thrombogenicity of these p a r t i c u l a r gels was 
found to be extremely s e n s i t i v e to c r o s s l i n k e r concentration and 
t o t a l g el s o l i d s . 

Further information about PAAm gels i s contained i n a recent
l y published review coverin
(4). In p a r t i c u l a r th
discussed i n r e l a t i o n to various measures of i t s biocompatibility. 

C. Poly (N-Vinyl-2-Pyrrolidone) . Poly (N-vinyl-2-pyrrolidone) 
(P-NVP) i s a somewhat unique polymer i n that, i n i t s uncross-
l i n k e d form, i t i s extremely soluble i n water and i s also soluble 
i n many other polar and non-polar solvents. Because of i t s 
strong i n t e r a c t i o n with water i t can be used f o r preparing gels 
which w i l l e x h i b i t high water contents. 

P-NVP gels are also of i n t e r e s t for biomedical applications 
as the soluble polymer has had a long h i s t o r y of use i n the medi
c a l and pharmaceutical f i e l d s . One of the most important uses 
for P-NVP solutions has been as a plasma expander (77). When 
infused intravenously P-NVP i s non-toxic and non-thrombogenic and 
can be used to maintain c i r c u l a t o r y f l u i d volume i n cases of se
vere i n j u r y or trauma. Some retention of P-NVP i n the l i v e r , 
spleen, lungs and kidneys has been noted (78). In a review of 
the world l i t e r a t u r e on P-NVP i n 1962 i t was concluded that 
P-NVP could be used o r a l l y or intravenously with complete safety 
(79). However, at the present time P-NVP i s no longer used as a 
plasma expander i n humans because i t i s not metabolized and i s 
not retained i n c i r c u l a t i o n as w e l l as other plasma expanders 
(e.g., Dextrans). The resistance of P-NVP to digestion by l y s o 
somal enzymes has been exploited i n a recent study i n which the 
k i n e t i c s of uptake by pinocytosis of I 1 2 5 l a b e l l e d P-NVP into rat 
yolk sac cultured i n v i t r o was measured(80). P-NVP has also been 
used i n blood volume determinations (81) and i n the preservation 
of blood and blood components (82). In the pharmaceutical f i e l d 
i t has been used as a ta b l e t binder, a tablet coating and for the 
s o l u b i l i z a t i o n and s t a b i l i z a t i o n of drugs. An extensive b i b l i o 
graphy l i s t i n g P-NVP medical and pharmaceutical applications i s 
ava i l a b l e (83). 

Hydrogels c o n s i s t i n g only of P-NVP have not often been 
described i n the biomedical l i t e r a t u r e possible because high 
concentrations of c r o s s l i n k e r (5-20%) are needed to produce a 
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material with u s e f u l mechanical properties. P-NVP gels cross-
l i n k e d with methylene bis(4-phenyl isocyanate) were evaluated f o r 
use as hemodialysis membranes (84). Faster metabolic waste trans
fe r was obtained with these membranes than with conventional c e l 
l u l o s e f i l m s . P-NVP gels crosslinked with 20%(w/w) methylenebis-
acrylamide have been considered for use as an implantable drug 
de l i v e r y system (85). In v i t r o evaluation of the thrombogenicity 
of P-NVP gels and P-NVP-PAAm copolymer gels by the Lee-White test 
showed some extension of c l o t t i n g times although problems with 
r e s i d u a l NVP monomer i n the gels was noted (52). Fibroblast ad
hesiveness to P-NVP gels has also been measured i n v i t r o (86). 
I t was determined that increasing the concentration of the gel 
from 40% to 96% renders i t more adhesive to the c e l l s . 

The d i f f i c u l t i e s involved i n preparing homogeneous P-NVP 
materials makes NVP an
g r a f t i n g systems. A numbe
cussed i n Section I I I . 

D. P o l y e l e c t r o l y t e Complexes. P o l y e l e c t r o l y t e complexes are 
p o l y s a l t s formed by the coreaction of a c a t i o n i c polymer such as 
po l y ( v i n y l benzyltrimethyl-ammonium chloride) and an anionic poly
mer such as sodium poly(styrene sulfonate). The complex formed 
from these two p a r t i c u l a r p o l y e l e c t r o l y t e s was developed by the 
Amicon Corporation and i s referred to as loplex 101. I t has 
received biomedical evaluation i n a number of situations(87,88). 

Due to mechanical strength l i m i t a t i o n s p o l y e l e c t r o l y t e com
plexes have been generally used as coatings on fa b r i c s and other 
supports. In order to be used for coatings the gel must be s o l u -
b i l i z e d i n a complex, multicomponent solvent system usually con
t a i n i n g water, a pola r , water soluble organic solvent, and a 
strong e l e c t r o l y t e . Ioplex-solvent solutions have generally been 
strongly a c i d i c and have been shown to degrade c e r t a i n p l a s t i c s 
such as nylon-6,6 thus making the requirements for a su i t a b l e sub
s t r a t e f o r the p o l y e l e c t r o l y t e complex more stringent (89). 

D i f f i c u l t i e s have also been found i n the s t e r i l i z a t i o n of 
Ioplex materials. Autoclave s t e r i l i z a t i o n of these complexes can 
r e s u l t i n d i s i n t e g r a t i o n of the gel structure (89). Gas s t e r i l i 
z ation can leave entrapped ethylene oxide i n the matrix. The 
problems encountered i n s t e r i l i z i n g these hydrogels have been 
reviewed(4,90). 

An advantage of these materials i s the ease with which a net 
charge (anionic or c a t i o n i c ) can be incorporated i n the system. 
This i s done by adding s t o i c h i o m e t r i c a l l y greater or l e s s e r amounts 
of one of the two polymeric components during formulation. I t was 
determined using the i n vivo vena cava r i n g t e s t that Ioplex 101 
containing 0.5 meq. excess anionic component showed the greatest 
thromboresistance (89). However, the performance of the neutral 
Ioplex gel i n t h i s t e s t indicated that i t i s perhaps only s l i g h t l y 
l e s s thromboresistant than the anionic g e l (4). Cationic Ioplexes 
and gels containing an increased number of anionic s i t e s 
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were s i g n i f i c a n t l y more thrombogenic. 

E. P o l y ( v i n y l a l c o h o l ) . P o l y ( v i n y l alcohol) (PVA) i s a 
water soluble polymer formed by the hydrolysis of p o l y ( v i n y l ace
tate) . Crosslinked gels of PVA have found a number of uses i n 
the biomedical f i e l d . 

A crosslinked, highly porous sponge of PVA can be formed by 
reacting formaldehyde with soluble PVA and blowing a i r through 
the s o l u t i o n before the polymerization-crosslinking process i s 
completed. This material was commercially a v a i l a b l e under the 
name Ivalon and had been extensively used i n hernia treatment, 
duct replacement, cardiac-vascular surgery, p l a s t i c surgery, and 
reconstructive surgery. Healing problems with Ivalon sponges 
were encountered and i t was concluded that Ivalon did not meet 
up to the early enthusias
t h e t i c s would be more s a t i s f a c t o r

A hydrogel consisting of PVA and the anticoagulant heparin 
crosslinked together with glutaraldehyde/formaldehyde mixtures 
has been synthesized and demonstrates low thrombogenicity i n i n 
v i t r o tests (92). Experiments with S 3 5 l a b e l l e d heparin indicate 
that heparin does not leach out of the crosslinked g e l . A poten
t i a l problem with t h i s material i s that, possibly due to the 
presence of heparin, i t shows a tendency to adsorb blood p l a t e 
l e t s . PVA-heparin hydrogels have also been evaluated f o r use as 
hemodialysis membranes (93). They show promise f o r t h i s a p p l i c a 
t i o n since the permeability to "middle-molecular weight" molecules 
such as i n u l i n i s much higher for PVA-heparin hydrogels than 
fo r Cuprophan cellophane hemodialysis membranes. 

Radiation crosslinked gels of PVA have been proposed f o r use 
as synthetic c a r t i l a g e i n synovial j o i n t s (94). The material 
prepared f o r t h i s a p p l i c a t i o n i s annealed to increase the crysta l -
U n i t y and therefore the ph y s i c a l strength of the hydrogel. This 
a p p l i c a t i o n for PVA gels i s discussed further i n Section I I F. 

A PVA surface with a number of immobilized biomolecules on 
i t was designed i n an e f f o r t to simulate the natural blood vessel 
intima (95). This material i s described i n Section V. 

F. Anionic and Cationic Hydrogels. Anionic and c a t i o n i c 
hydrogels are usually formed by copolymerizing small amounts of 
anionic or c a t i o n i c monomers with neutral hydrogel monomers (see 
Table I I ) . However, they can also be prepared by modifying pre
formed hydrogels such as by the p a r t i a l hydrolysis of poly 
(hydroxyalkyl methacrylates) or, i n the case of p o l y e l e c t r o l y t e 
complexes, by adding an excess of the polyanion or polycation 
component. 

The i n t e r e s t i n such hydrogel systems stems from observations 
on the surface charges on blood c e l l s , blood vessel w a l l s , and 
other t i s s u e types. Under normal conditions the blood vessel 
walls and blood c e l l s have a negative charge. Sawyer has pre
sented evidence which indicates that when t h i s charge i s alte r e d 
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by pH changes, or by drugs the tendency of the system to throm
bose i s also a l t e r e d (96). I t i s generally thought that negative
l y charged surfaces should be less thrombogenic than p o s i t i v e l y 
charged ones, (97) and experiments have been performed which 
support t h i s contention. However, r e s u l t s i n d i c a t i n g decreased 
thrombogenicity for p o s i t i v e l y charged surfaces have also been 
presented (52*98)· The r o l e of charge density (as opposed to 
t o t a l charge) has been suggested as an important factor with 
respect to the thrombogenicity of surfaces (97). At the present 
time the importance of surface charge i n blood-hydrogel i n t e r 
actions or i n i n vivo healing i s not at a l l c l e a r . 

Cerny, et a l . , investigated the healing of P-HEMA specimens, 
some of which contained charged co-monomers, subcutaneously im
planted i n several species of laboratory animals (35). He found 
that i n four groups of
methacrylic a c i d , c a l c i f i c a t i o
P-HEMA specimens) was i n h i b i t e d . Barvic, et a l . , found that 
P-HEMA gels containing 5 weight % or greater of the co-monomer 
diethylaminoethyl methacrylate gave r i s e to inflammatory reac
tions a f t e r three weeks of implantation i n rats (37). S p r i n c l , 
et a l . , i n a recent study, investigated the healing of P-HEMA 
specimens containing small amounts of copolymerized anionic 
(methacrylic acid) and c a t i o n i c (Ν, N, dimethylaminoethyl meth
acrylate) monomers implanted subcutaneously for long periods 
(up to 360 days) i n rats (39). They found that the chemical 
composition of the gels, wTFhin the concentration ranges studied, 
showed no apparent e f f e c t on long term healing. Thus, the 
observation by Barvic, et a l , , might only be true f o r short term 
implantation. S p r i n c l , et a l . , also showed that for P-HEMA gels, 
c a l c i f i c a t i o n apparently only depended on the ph y s i c a l form of 
the gel ( i . e . , macroporous gels might c a l c i f y where microporous 
gels wouldn't) rather than on the chemical composition of the g e l . 
Therefore, the i n h i b i t i o n of c a l c i f i c a t i o n noted by Cerny, et a l . , 
might be due to differences i n the physical structure of the gels 
he used rather than to the presence of 4% methacrylic ac i d . 

The i n v i t r o thrombogenicity of PAAm gels copolymerized 
with dimethylaminoethyl methacrylate, t-butylaminoethyl methacry
l a t e , 2-sulfoethylmethacrylate sodium s a l t , 2-hydroxy-3-meth-
acryloloxypropyltrimethylammonium c h l o r i d e , a c r y l i c a c i d , meth
a c r y l i c a c i d , 2-vinyl p y r i d i n e , 4-vinyl pyridine and 2-methyl-
5-vinyl pyridine was studied by Halpern, et_ a l . , using the Lee-
White technique. Only the dimethylaminoethyl methacrylate-
acrylamide hydrogel showed a s i g n i f i c a n t extension i n c l o t t i n g 
times. As was mentioned i n Section I I D, p o l y e l e c t r o l y t e com
plexes containing 0.5 meq. excess anionic component were found to 
have the lowest thrombogenicity i n i n vivo studies (99). These 
two r e s u l t s are somewhat contradictory as the dimethylaminoethyl 
methacrylate-acrylamide hydrogel i s p o s i t i v e l y charged at physio
l o g i c a l pH while the anionic p o l y e l e c t r o l y t e complex has a 
negative charge. Other studies on the thrombogenicity of 
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16 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

charged hydrogels w i l l be discussed i n Section I I I . 
A unique a p p l i c a t i o n f o r a c a t i o n i c hydrogel has been pro

posed by Bray and M e r r i l l (94,99). They constructed a synthetic 
a r t i c u l a r c a r t i l a g e material f o r use i n a synovial j o i n t by sim
ultaneously r a d i a t i o n c r o s s l i n k i n g p o l y ( v i n y l alcohol) and r a d i a 
t i o n g r a f t i n g to the PVA chains a c a t i o n i c monomer. Such a mate
r i a l should strongly adsorb negatively charged hyaluronic acid 
and produce an "osmotically-enhanced, viscous gel layer of 
boundary l u b r i c a n t " (94). Cationic monomers which have been used 
for t h i s purpose are allyltrimethyl-ammonium bromide and 2-
hydroxy-3-methacryloxypropyltrimethylammonium chloride. 

I I I . Surface Coated Hydrogels 
There are a number of techniques which can be used to coat 

substrates with h y d r o p h i l i
Aside from the conventiona
of the polymer, a l l other methods involve covalent bonding 
(grafting) of the h y d r o p h i l i c polymer to the substrate polymer 
chains. 

Table V 
Techniques f o r Depositing Hydrogel Coatings 

1. Dip-coat i n pre-polymer + solvent. 
2. Dip i n monomer(s) (+ solvent, polymer) 

then polymerize using c a t a l y s t + heat. 
3. Pre-activate surface ("active vapor," 

i o n i z i n g r a d i a t i o n i n a i r ) then contact 
with monomer(s) + heat to polymerize. 

4. I r r a d i a t e with i o n i z i n g r a d i a t i o n while 
i n contact with vapor or l i q u i d s o l u t i o n 
of monomer (s ) . 

By covalently bonding a hydrogel to the surface of another 
polymer a new composite material i s formed whose mechanical prop
e r t i e s more c l o s e l y resembles those of the base polymer than the 
t h i n grafted hydrogel la y e r . The most e f f i c a c i o u s technique for 
preparing such materials involves generating free r a d i c a l s on a 
p l a s t i c surface and then polymerizing a monomer d i r e c t l y on that 
surface. A number of techniques have been used f o r generating 
such r a d i c a l s on surfaces. Some of the more commonly used ones 
are l i s t e d i n Table VI. 

There are at l e a s t f i v e advantages to using g r a f t i n g tech
niques f o r preparing biomedical hydrogels. The f i r s t and most 
obvious advantage i s the increase i n mechanical strength over 
the ungrafted hydrogel which can be obtained. A second advantage 
i s the permanence and d u r a b i l i t y which should be exhibited by the 
covalently bound hydrogel coating as compared to coatings on 
devices prepared by dipping techniques. Third, graft polymeriza-
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T A B L E VI 

Techniques ond Reoctions for Generoting Rodicols on Surfaces. 

IONIZING RADIATION 

C H 3 C H 3 C H 3 

V///// 

\ΛΛΛΛ — 

C o ^  Electron Irrodiotion 

C H 2 CH3 C H 3 

/)////////// + H " 

CER1C+1Y ION 

OH OH OH 
1 I I 
C H 2 C H 2 C H 2 

////////// 
Ce 

Ο OH OH 
I I I 

C H 2 C H 2 C H 2 _ 

PEROXIDE FORMATION 

ÇH3 ÇH3 ÇH3 
/ / / / / / / / ) / 0 2/ionizing 

rodiotion 

0 
1 C CH-a C H 3 I C H 3 C H 3 ^ 

///λ/λ/ A , F e + I ) / / / / / / / / 

- + 1 
+ OH +Fe 

ACTIVE VAPOR ACTIVATION 

C H 3 ^^3 ^^3 

)///)//)/ microwave generated Η· 

C H 2 C H 3 C H 3 

J , , , I , > I ; + H 2 

U.V. GRAFTING 

C H 3 C H 3 C H 3 

photosensitizer 

C H 2 CH3 CH3 

γ γ + Η: photosensitizer 

ΝΟΤΕ·· The precise noture of the radical intermediates formed has not been 
elucidated in most cases. Representations in this table show 
schematically radical species which might be formed. 
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18 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

t i o n techniques make i t possible to prepare complex surfaces 
formed by successive graftings using d i f f e r e n t monomers. Fourth, 
the preparation of hydrogels grafted only on the surface, p a r t i 
a l l y i n t o the substrate, or uniformly throughout a hydrophobic 
matrix can be effected by varying the polymerization solvent and 
other g r a f t i n g parameters. The l a t t e r type of grafted hydrogel 
comprises an i n t e r e s t i n g c l ass of materials which should have 
mechanical and surface properties r e f l e c t i n g the c h a r a c t e r i s t i c s 
of both the substrate and the hydrogel. F i n a l l y , using radiation 
to prepare a grafted hydrogel, the addition of an i n i t i a t o r i s 
not necessary, thereby e l i m i n a t i n g one p o t e n t i a l source of 
contamination i n the f i n a l product. 

There are c e r t a i n undesirable side reactions which can occur 
with g r a f t polymerizations, p a r t i c u l a r l y those i n i t i a t e d by i o n 
i z i n g r a d i a t i o n . Thes  includ  polyme  degradation  c r o s s l i n k i n
and the formation of unwante
ac i d s ) . However, degradatio  and c r o s s l i n k i n g ca  be minimized 
by using low doses and the formation of most unwanted fun c t i o n a l 
groups can be eliminated by excluding oxygen and reactive solvents 
from the g r a f t i n g system. 

As has been noted above, g r a f t i n g copolymerization techniques 
provide a convenient means fo r c o n t r o l l i n g composition, penetra
t i o n and morphology of the grafted polymer. Such control should 
be useful f o r " t a i l o r i n g " a grafted polymer to a given biomedical 
a p p l i c a t i o n . Detailed descriptions of methods which have been 
used to vary the surface character of grafted hydrogels f o r b i o 
medical uses have been described i n a few papers (100-102). Ex
amples of some of the g r a f t i n g parameters which can be used to 
influence the properties of r a d i a t i o n grafted hydrogels include 
r a d i a t i o n dose, dose ra t e , monomer concentration, g r a f t i n g s o l 
vent, temperature, and the presence of various metal ions i n the 
g r a f t i n g system. 

One of the e a r l i e s t a pplications of graft polymerization 
techniques to the preparation of materials f o r biomedical a p p l i 
cations was reported i n 1964 by Yasuda and Refojo (103). They 
grafted N-vinyl-2-pyrrolidone to s i l i c o n e rubber i n an e f f o r t to 
increase the h y d r o p h i l i c i t y of the rubber surface. In 1966, 
Leininger and co-workers discussed the p o s s i b i l i t y of g r a f t i n g 
v i n y l pyridine to a base p l a s t i c for use i n immobilizing heparin 
to the surface (104). L a i z i e r and Wajs i n 1969 described a 
transparent polymer prepared by g r a f t i n g NVP to a s i l i c o n e r e s i n 
which might be s u i t a b l e f o r contact lens applications (105). 

Within the l a s t f i v e yeais a number of groups have published 
papers or reports describing grafted hydrogels designed for b i o 
medical a p p l i c a t i o n s . Much of the work i n t h i s f i e l d i s summar
ized i n Table VII. 

There has been l i t t l e published on the i n vivo evaluation 
of t i s s u e response to grafted hydrogels, i n a preliminary, and 
as yet unpublished study, r a d i a t i o n grafted P-HEMA and PAAm hydro-
gels on s i l i c o n e rubber were found to be w e l l tolerated when 
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implanted both i n t r a p e r i t o n e a l l y and subcutaneously i n r a t s . 
The f i l m s were surrounded by a t h i n non-adhering fibrous capsule 
a f t e r implantation periods ranging from 5-10 days (120). In an 
i n v i t r o study on adhesiveness of chick embryo myoblasts to r a d i a 
t i o n grafted P-HEMA and N-VP hydrogels on s i l i c o n e rubber i t was 
found that the c e l l s adhere very poorly to grafted hydrogels and 
that the hydrogel grafted polymers always adhered fewer c e l l s than 
the ungrafted polymers (110). Whether such r e s u l t s are meaningful 
i n terms of i n vivo c e l l - g r a f t e d hydrogel i n t e r a c t i o n s i s not yet 
c l e a r . 

The blood c o m p a t i b i l i t y of grafted hydrogels has been exam
ined i n a number of cases by the vena cava r i n g t e s t and renal 
embolus r i n g t e s t . Certain generalizations can be made from these 
r e s u l t s . 

1. P-HEMA or P-NVP hydrogels grafted to s i l i c o n e rubber w i l l 
g reatly reduce the thrombogenicit
judged by the vena cav g

2. When evaluated by the vena cava r i n g t e s t several d i f f e r 
ent types of grafted hydrogels have been found to perform w e l l , 
but some thrombus i s usually noted adhering to the r i n g , p a r t i c u 
l a r l y a f t e r the two week te s t period. An exception to t h i s i s 
grafted polyacrylamide materials which have, i n some cases, shown 
no thrombus a f t e r 14 days (4,121). Recent r e s u l t s , however, using 
a modification of the vena cava r i n g t e s t do show thrombus adher
ing to grafted acrylamide rings i n four out of s i x cases (8). A 
60% sodium ionomer of p o l y ( v i n y l acetate-co-2% crotonic acid) has, 
i n c e r t a i n test s i t u a t i o n s , also showed n e g l i g i b l e thrombus accum
u l a t i o n a f t e r 14 days (114). 

3. In the renal embolus t e s t , although l i t t l e thrombus i s 
found w i t h i n most hydrogel treated test r i n g s , the kidneys almost 
always show moderate to extensive embolus damage (9). 

Thus, the generally low thrombogenicity r a t i n g of synthetic 
hydrogels based on the vena cava r i n g t e s t , may, i n f a c t , be due 
to a low thromboadherance, i . e . a f l a k i n g o f f of thrombus from the 
hydrogel surface. This aspect of hydrogel-blood i n t e r a c t i o n i s 
much i n need of further i n v e s t i g a t i o n . 

Recently p l a t e l e t adhesiveness to r a d i a t i o n grafted P-HEMA 
hydrogels on c e l l u l o s e acetate was measured i n an i n v i t r o test 
c e l l . The per cent p l a t e l e t s adhering was found to decrease with 
increasing g r a f t l e v e l (figure 1) (117). This trend was very 
s i m i l a r to that noted f o r fibrinogen adsorption to P-HEMA grafted 
s i l i c o n e rubber surfaces (figure 2) (109). Decreased adhesive
ness of c e l l s to hydrogel grafted surfaces was also noted i n the 
c e l l adhesion study discussed above (110). Again, these observa
tions tend to support the idea that hydrogels have a low thrombo-
adherence. 
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Figure 2. Fibrinogen adsorption to radiation grafted HEMA hydrogels on 
silicone rubber ( 109 ) 
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IV. Characterization of the Imbibed Water 
C l e a r l y , the presence of large amounts of water w i t h i n a 

polymeric network i s not the sole factor c o n t r o l l i n g the biocom
p a t i b i l i t y and thrombogenicity of such materials. Thus, g e l a t i n 
or some polysaccharides which often have water contents of 90% 
or higher are considered to be r e l a t i v e l y thrombogenic materials. 
Also, extremely "open" P-HEMA gels which e x h i b i t high water con
tents are l e s s t i s s u e compatible than t i g h t e r P-HEMA gels with 
lower water contents (39). S t i l l , the presence of a s i g n i f i c a n t 
f r a c t i o n of water i s considered important f o r the biocompatibility 
and low thrombogenicity of those hydrogels which are biocompatible 
and "reasonably" non-thrombogenic (or non-thromboadherent) (4). 
The nature or organization of the water w i t h i n the hydrated 
polymeric network may be one of the factors which w i l l influence 
the i n t e r a c t i o n s that occu
hydrogel. 

Problems concerning the organization of water at the molecu
l a r l e v e l (water structure) are often extremely complex and the 
l i t e r a t u r e on the subject i s extensive. There are excellent r e 
views a v a i l a b l e on water s t r u c t u r i n g (122,123). Also, a number 
of review a r t i c l e s have been w r i t t e n on the b i o l o g i c a l i m p l i c a 
tions of structured water (124-126) and the p o t e n t i a l importance 
of the molecular organization of water to the performance of b i o 
materials (127,128). 

The gross t o t a l water contents of swollen hydrogels are most 
e a s i l y measured and most often reported. Information about the 
molecular nature of water w i t h i n the network i s not as easy to 
obtain; such water may be (a) polarized around charged i o n i c 
groups, (b) oriented around hydrogen bonding groups or other 
dipoles, (c) structured i n " i c e - l i k e " configurations around 
hydrophobic groups, and/or (d) imbibed i n large pores as "normal" 
bulk water. 

Attempts have been made to separate the t o t a l gel water con
tent i n t o some of these categories using NMR techniques (129). 
Based upon the NMR data gel water contents would be divided i n t o 
"bulk water" (category d), "bound water" (categories a, b) and 
the remaining water, c a l l e d " i n t e r f a c e water" (category c ) . 
Results for P-HEMA gels shown i n Table V I I I suggest that the 
fr a c t i o n s of bulk, bound and i n t e r f a c i a l water vary with the 
t o t a l water content of the g e l . Increasing f r a c t i o n s of bulk 
water and decreasing f r a c t i o n s of bound water are found as the 
water content of the g e l increases. The f r a c t i o n of i n t e r f a c i a l 
water undergoes only small changes with changing gel water con
tent. S i m i l a r conclusions were drawn concerning the state of 
water i n P-HEMA gels which were investigated using the techniques 
of dilatometry, s p e c i f i c conductivity and d i f f e r e n t i a l scanning 
calorimetry (130). Water sorption studies which provide some 
in s i g h t i n t o the k i n e t i c s and thermodynamics of water i n t e r a c t i o n 
with hydrogels have also been performed (131 ,132). 
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Table V I I I 
The Fraction of Water i n P-HEMA Gels of D i f f e r e n t 

Total Water Content (Wt %) 
[Data from Lee, Andrade and Jhon, (114)] 

Wt % of Total Water 
i n the Gel 20 25 30 35 40 45 50 55 60 

f Fraction of 
Bulk Water 
Fraction of 

w 0 
0 

0 0 0.09 0.21 0.30 0.37 0.42 0.47 
0.2 0.33 0.34 0.29 0.26 0.33 0.22 0.20 

I n t e r f a c i a l Water 
Fraction of f, 1.0 0.8 0.67 0.57 0.50 0.44 0.40 0.36 0.33 
Bound Water 

Studies to date o
gels are only preliminar
of water organization on b i o l o g i c a l i n t e r a c t i o n s remain to be 
elucidated. I t should be noted that the organization and content 
of g e l water w i l l vary s i g n i f i c a n t l y with hydrogel composition, 
probably most often i n expected d i r e c t i o n s ( i . e . , gels with 
higher water contents w i l l have lower f r a c t i o n s of bound and 
i n t e r f a c i a l water). 

V. Immobilization and Entrapment of B i o l o g i c a l l y Active Molecules 
on and Within Hydrogels f o r Biomaterial Applications. 
Hydrogels are, i n many respects, eminently suited f o r use as 

a base material for " b i o l o g i c a l l y a c t i v e " biomaterials. Examples 
of classes of b i o l o g i c a l l y a c t i v e molecules which can be used i n 
conjunction with hydrogels are l i s t e d i n Table IX. Examples of 
biomedical applications f o r immobilized enzymes are presented i n 
Table X. There are a number of d i s t i n c t advantages for hydrogels 
i n these types of systems. Small molecules (drugs, enzyme sub
strates) can d i f f u s e through hydrogels and the rate of permeation 
can be c o n t r o l l e d by co-polymerizing the hydrogel i n varying 
r a t i o s with other monomers. Hydrogels may i n t e r a c t l e s s strongly 
than more hydrophobic materials with the molecules which are 
immobilized to or w i t h i n them thus leaving a larger f r a c t i o n of 
the molecules active (3)· Hydrogels can be l e f t i n contact with 
blood or t i s s u e f o r extended periods of time without causing 
reaction making them usefu l f o r devices to be used i n long-term 
treatment of various conditions. F i n a l l y , hydrogels usually 
have a large number of polar reactive s i t e s on which molecules 
can be immobilized by r e l a t i v e l y simple chemistries. 
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Table IX 
B i o l o g i c a l l y Active Molecules which may be 

Entrapped or Immobilized i n Hydrogels 

A n t i b i o t i c s 
Anticoagulants 
Anti-Cancer Drugs 
Antibodies 
Drug Antagonists 
Enzymes 
Contraceptives 
Estrous-Inducers 
A n t i - b a c t e r i a Agents 

Biomedical Application

Immobilized Enzyme(s) A p p l i c a t i o n Reference 

Brinolase Non-Thrombogenie Surface (133) 
Urokinase Non-Thrombogenic Surface (134) 
Streptokinase Non-Thrombogenie Surface (135) 
Asparaginase,Glutaminase Leukemia Treatment (136) 
Carbonic Anhydrase, 

Catalase Membrane Oxygenator (137) 
Urease A r t i f i c i a l Kidney (138) 
Glucose Oxidase Glucose S e n s o r - A r t i f i c i a l 

Pancreas (139) 
Microsomal Enzymes A r t i f i c i a l L i v e r (140) 
Alcohol Oxidase Blood Alcohol Electrode (141) 
DNase, RNase Removal of Airborn 

Infections (142) 

B i o l o g i c a l l y a c t i v e molecules can be immobilized w i t h i n 
hydrogels permanently, or temporarily. I f the hydrogel system 
i s designed to release the entrapped b i o l o g i c a l l y a c t i v e mole
cules at a preset ra t e , these materials are w e l l suited f o r use 
as co n t r o l l e d drug d e l i v e r y devices. In the simplest example of 
such a system, hydrogels can be saturated with solutions of var
ious a n t i b i o t i c s and other drugs which w i l l leach out to the 
surrounding t i s s u e upon implantation. A number of papers 
describing such hydrogel drug de l i v e r y systems have already been 
mentioned (41-46,95). The rate of drug de l i v e r y generally de
creases r a p i d l y with simple homogeneous hydrogels saturated with 
a drug s o l u t i o n . By using a biocompatible hydrogel membrane 
device f i l l e d with a drug i n the form of a pure l i q u i d or s o l i d , 
constant drug d e l i v e r y rates and extended treatment times can be 
obtained (143,144). A s t i l l more sophisticated approach i n 
volves the design of a hydr o p h i l i c polymer backbone chain onto 
which alternate " c a t a l y s t 1 1 groups and l a b i l e "drug" groups are 
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HYDROPHILIC 
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Figure S. Drug release from a polymeric chain controlled by intramolecular 
catalysis 

bound (e.g. Figure 3). The k i n e t i c s of various intramolecularly 
catalyzed polymeric reactions have been described (145). 

Hydrogels which are prepared by the s o l u t i o n polymerization 
of a monomer i n the presence of a cr o s s l i n k i n g agent are w e l l 
suited for entrapping an act i v e biomolecule w i t h i n the network 
structure. For the immobilization of an enzyme by the entrapment 
technique, leakage of the enzyme would be undesirable. There
fore, the "pore 1 1 s i z e or average i n t e r c h a i n distance of the gel 
should be smaller than the s i z e of the active enzyme. A "pore" 
s i z e of 35 A or smaller should be su i t a b l e for r e t a i n i n g most 
entrapped enzymes (146). For comparison, homogeneous P-HEMA gels 
have estimated "pore" sizes of approximately 4-5 A (5g,147)> Q 

while acrylamide gels might have "pore" sizes from 7 A - 17 A 
depending upon the method of preparation (148). However, these 
pore sizes are probably low with an error estimated at greater 
than 25% (4). Recent reports on enzyme entrapment include sys
tems in v o l v i n g glucose oxidase entrapped i n P-HEMA and P-NVP(149) 
glucoamylase, invertase, and 3-galactosidase entrapped i n poly 
(2-hydroxyethyl acrylate) and poly(dimethylacrylamide) gels (150) 
and asparaginase and microsomal enzymes entrapped i n P-NVP gels 
(151). The entrapment of heparin i n a PVA gel was described i n 
Section I I Ε (92). 

Techniques f o r the covalent immobilization of activ e mole
cules to surfaces have been the subject of a number of recent i n -
depth reviews (140,152,153). A large number of chemical tech
niques which are p a r t i c u l a r l y applicable for immobilization to 
hydrogels have been developed. Figure 4 shows chemistries 
useful f o r coupling biomolecules to gels containing carboxyl 
groups. Figure 5 i l l u s t r a t e s the probable reactions occurring 
during the immobilization of a protein to a polymer which con
tains hydroxyl groups (154). The Ugi reaction i s a four compo
nent condensation reaction which occurs between an amine, an 
aldehyde, a carboxylic acid and an isocyanide (155). I t i s of 
in t e r e s t f o r immobilization to hydrogels because of the many 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



to
 

IM
M

O
B

IL
IZ

IN
G

 
P

R
O

T
E

IN
S 

O
N

 
P

O
L

Y
C

A
R

B
O

X
Y

L
IC

 
S

U
R

F
A

C
E

S 
1 

ij
-c

o
p

H
 

1)
 . 

3-
C

O
?H

 +
 R

-
C

 =
 N

=
C

-R
 

2)
 . 

3)
. 

i-
C

O
g

H
-h

 
S

0
C

( 2
 

A
 

m
 

P
R

O
T

E
IN

-N
H

' 

O
H

 

C
O

N
H
 -

 P
R

O
T

E
IN

 

k
0

2
-

N
^

J 
P

R
O

T
E

IN
-N

H
2 

4-c
oc
e 

^ 
i

-
C

O
N

H
- 

P
R

O
T

E
IN

 

e.
g.
, 

P
R

O
T

E
IN

-N
H

2 
ί 

4
).

 
i-

C
O

?H
 
+

 
C

H
2

—
C

H
-

R
-

C
H

- 
C

H
2 

* 
V
 
V
 

5)·
 

6).
 

•
C

O
 

-C
O

 

P
R

O
T

E
IN

-
N

H
2 

C
O

?
-

O
U

-
C

H
O

H
-

R
-

C
H

-
C

H
2 

*
-

V
 

e.g
.,

 P
R

O
T

E
IN

 -
 

C
0

2
H

 

^
-C

0
2
-C

H
2
C

H
O

H
-R

-C
H

O
H

-C
H

2
-0

2
C

-P
R

O
T

E
IN

 

-C
O

N
H
 -

 
P

R
O

T
E

IN
 

-C
0

2
H

 

-C
C

^
H
 

+
 

Ν
φ

 
B

F
0

-

/C
"C
x 

Η
 

Η
 

.C
O

^
i^

C
H

-
C

O
-

N
H

R
 

Jo
 ON

 Η
 P

R
O

T
E

IN
 

P
R

O
T

E
IN

-N
H

2 

F
ig

u
re

 
4
. 

C
h
em

is
tr

ie
s 

u
se

fu
l 

fo
r 

co
u
p
li
n
g 

b
io

m
ol

ec
u
le

s 
to

 g
el

s 
co

n
ta

in
in

g 
ca

rb
ox

yl
 g

ro
u
p
s 

§ Ο ο w
 3 S3
 

M a ο > > ϋ w
 >
 ha r* Ο ο 2 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



1. RATNER AND H O F F M A N Synthetic Hydrogels 27 

potential reactions which might be used depending upon which 
functional groups are on the hydrogel and which are on the bio-
molecule to be immobilized. The Ugi reaction used to couple a 
protein - NH2 group to a carboxylic hydrogel i s shown i n Figure 6. 
Glutaraldehyde i s often used for immobilization of biomolecules 
to polyacrylamide hydrogels although the precise mechanism of 
coupling i s not yet known (156). 

There have been surprisingly few reports on the development 
of materials intended to be both biocompatible and b i o l o g i c a l l y 
active. Many active biomolecules have been bound to supports 
such as Sephadex and Sepharose (modified polysaccharides) which 
allow large amounts of active biomolecule to be immobilized but 
which would not be expected to show si g n i f i c a n t biocompatibility. 
Devices s p e c i f i c a l l y constructed for the immobilization of en
zymes to be used i n contac
of such materials as poly(methy
chloride or polycarbonate (134), a l l of which are considered to 
be rather thrombogenic surfaces (although c o l l o i d a l graphite was 
used on some of the surfaces, presumably to reduce thrombo
genicity) . One of the e a r l i e s t papers describing an "active" 
biomaterial prepared by combining radiation graft polymerization 
plus biochemical and medical concepts i s by Hoffman, ert a l . , (135). 
In this study streptokinase, albumin and heparin were immobilized 
on radiation grafted hydrogels based upon P-HEMA and P-NVP. 
Streptokinase immobilized v i a an "arm" demonstrated s i g n i f i c a n t 
f i b r i n o l y t i c a c t i v i t y . Immobilized heparin, on the other hand, 
did not seem to retain b i o l o g i c a l a c t i v i t y when immobilized to 
these surfaces using either BrCN or carbodiimide chemistries. 

Nguyen and Wilkes have described a f i b r i n o l y t i c surface made 
by immobilizing brinolase to Enzacryl, a particulate, crosslinked, 
modified polyacrylamide (133). Significant brinolase a c t i v i t y 
was maintained. The authors suggest a grafted polymer u t i l i z i n g 
a c r y l i c acid and N-acryloyl para-phenylene diamine as a more 
pr a c t i c a l material for both immobilizing brinolase and construct
ing useful devices. 

Another approach to preparing a blood compatible surface 
based upon the immobilization of biomolecules to hydrogels has 
been taken by Lee, et a l . (95). They prepared a three layer 
support material with PVA at the surface. Onto the PVA they 
e s t e r i f i e d f i r s t , half cholesterol esters of dicarboxylic acids 
and next, the half s i a l i c acid ester of a longer chain dicarbox
y l i c acid. The surface was f i n a l l y treated with tissue culture 
medium to condition i t with s a l t s and proteins found i n the 
blood. The rationale behind the material was to simulate the 
natural blood vessel intima. Vena cava ring tests indicated 
generally poor thromboresistance for these complex surfaces (113, 
115). Renal embolus rings were r e l a t i v e l y free of thrombus, but 
the kidneys of test animals were often massively infarcted (9). 

It has been proposed that an " a r t i f i c i a l pancreas" might be 
constructed by combining a blood glucose sensor with feedback to 
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Figure 5. Immobilization of a protein to a polymer containing hydroxyl groups (135) 
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Figure 6. The Ugi reaction as might be used for the immobilization 
of a protein to a surface ( 136 ) 
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an i n s u l i n d e l i v e r y system. P o t e n t i a l l y , other health problems 
could also be treated using a combination of a blood sensor and 
a drug or hormone d e l i v e r y system. Enzymatic electrodes which 
can be designed to show high s p e c i f i c i t y f or a given type of 
molecule might be p a r t i c u l a r l y w e l l suited f o r use as blood 
sensors (157). Techniques have been recently described whereby 
an enzyme i s simultaneously entrapped w i t h i n a crosslinked 
hydrogel and coated onto a glass electrode. Polyacrylamide hydro-
gels have been u t i l i z e d f o r t h i s a p p l i c a t i o n (158). Such 
electrodes might be expected to show both high s p e c i f i c i t y and 
non-thrombogenicity making them p a r t i c u l a r l y w e l l suited f o r 
blood sensor a p p l i c a t i o n s . 

VI. Conclusions 
Hydrogels as a clas

t i l i t y and excellent performanc
cations. However, i n the 15 years since synthetic hydrated 
polymeric networks were f i r s t proposed f o r biomaterial a p p l i c a 
tions the "surface has barely been scratched" with respect to 
new types of hydrogels which might by synthesized, fundamental 
knowledge concerning how and why hydrogels "work", and new b i o 
medical applications f o r these u s e f u l polymers. S p e c i f i c areas 
which are c l e a r l y i n need of further study before the f u l l 
p o t e n t i a l of biomedical hydrogels can be r e a l i z e d are: 

(1) Thrombogenicity of hydrogel surfaces, p a r t i c u l a r l y 
with respect to emboli formation. 

(2) C e l l adhesion and i n t e r a c t i o n with hydrated polymer 
networks, e s p e c i a l l y with c e l l types such as p l a t e l e t s , 
leukocytes and f i b r o b l a s t s . 

(3) The structure of water w i t h i n hydrogels and i t s 
p o t e n t i a l r e l a t i o n s h i p to b i o l o g i c a l i n t e r a c t i o n s . 

(4) The behavior of b i o l o g i c a l molecules immobilized to 
hydrogels. 

(5) The i n t e r a c t i o n of anionic and c a t i o n i c hydrogels with 
blood and other b i o l o g i c a l systems. 
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2 
Vapor Pressure and Swelling Pressure of Hydrogels 

MIGUEL F. REFOJO 
Eye Research Institute of Retina Foundation, Boston, Mass. 02114 

Hydroge l s c o n s i s t o f two components: the po lymer ne twork , 
wh ich i s c o n s t a n t i n q u a n t i t y
i s v a r i a b l e . A t e q u i l i b r i u
the wa te r i n the ge l and the wate r s u r r o u n d i n g t he ge l a r e e q u a l . 
The a d d i t i o n t o t he s o l u t i o n s u r r o u n d i n g t he ge l o f macromole-
c u l e s t h a t a r e too l a r g e t o p e n e t r a t e the ge l l owe r s t he chemica l 
p o t e n t i a l o f t he wa te r i n the s o l u t i o n . Water thus moves out o f 
t he ge l and the network c o n t r a c t s , d e c r e a s i n g t he chemica l p o t e n 
t i a l o f t he wa te r i n the network t o the v a l u e o f t he wa te r i n t he 
s o l u t i o n . T h e r e f o r e , a t e q u i l i b r i u m the o smo t i c p r e s s u r e o f t he 
mac romo lecu l a r s o l u t i o n equa l s the s w e l l i n g p r e s s u r e o f t he 
h y d r o g e l . The degree o f h y d r a t i o n t h a t can be a c h i e v e d by e q u i 
l i b r a t i o n w i t h a mac romo lecu l a r s o l u t i o n can a l s o be o b t a i n e d by 
compres s ing t he ge l under a mechan i ca l p r e s s u r e e q u i v a l e n t i n 
magnitude t o t he o smot i c p r e s s u r e o f t he mac romo lecu l a r s o l u t i o n . 
The mechan i ca l p r e s s u r e r a i s e s the chemica l p o t e n t i a l o f t he 
wa te r i n t he g e l , so wa te r exudes f rom t he ge l u n t i l e q u i l i b r i u m 
i s r e a c h e d . Thus t he e q u i l i b r i u m wate r c o n t e n t depends on t he 
mechan i ca l p r e s s u r e a p p l i e d t o the g e l . 

The s w e l l i n g phenomena o f g e l s have been t he o b j e c t o f 
thermodynamic a n a l y s i s (1_,2). The o smot i c p r e s s u r e a t t r i b u t e d t o 
t he po lymer network ( π ) i s the d r i v i n g f o r c e o f s w e l l i n g . The 
s w e l l i n g p roce s s d i s t e n d s the network , and i s c o u n t e r a c t e d by t he 
e l a s t i c c o n t r a c t i l i t y o f the s t r e t c h e d polymer network ( p ) . 
Hence t he s w e l l i n g p r e s s u r e o f n o n i o n i c h yd r oge l s (Ρ) i s t he 
r e s u l t o f the i m b i b i t i o n o f s o l v e n t d r i v e n by an o smo t i c p r e s 
s u r e , c o u n t e r a c t e d by the c o n t r a c t i l i t y o f t he network wh ich 
tends t o e xpe l the s o l v e n t : Ρ = π - p. A t e q u i l i b r i u m , π = ρ, 
and the s w e l l i n g p r e s s u r e i s z e r o (P = 0 ) . 

S w e l l i n g p r e s s u r e can be d e f i n e d as the p r e s s u r e e x e r t e d by 
a g e l when s w e l l i n g i s c o n s t r a i n e d but s w e l l i n g s o l v e n t i s a v a i l 
a b l e . In g e n e r a l , the f o l l o w i n g e m p i r i c a l r e l a t i o n s h i p ( I ) , 
deve loped by Posn jak i n 1912 (3)> a p p l i e s t o a s w e l l i n g sub 
s t a n c e : 
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Ρ = k X C ( I ) 

where Ρ i s t he s w e l l i n g p r e s s u r e , k and η a r e c o n s t a n t s whose 
v a l u e s a r e u s u a l l y between 2 and 3, and c i s t he polymer network 
c o n c e n t r a t i o n . S i n c e n> l , e x p r e s s i o n ( I ) i n d i c a t e s t he w e l l -
known f a c t t h a t t he s w e l l i n g p r e s s u r e , P, i n c r e a s e s r a p i d l y w i t h 
t he c o n c e n t r a t i o n o f the po lymer i n t he g e l . 

In t h i s p ape r , t he s w e l l i n g p r e s s u r e o f two c l a s s e s o f 
h yd roge l s o f i n t e r e s t t o ophtha lmo logy i s i n v e s t i g a t e d . The 
f i r s t c l a s s i s a group o f h i g h l y h yd ra ted hyd roge l s (above about 
80% wa te r a t s w e l l i n g e q u i l i b r i u m i n wa te r ) wh ich i s i n t e n d e d f o r 
s u r g i c a l u se. The second c l a s  c o n s i s t f h yd roge l d
manufac tu re c o n t a c t l e n s e s
40 t o 75% wa te r a t s w e l l i n g e q u i l i b r i u

E f f e c t o f t he E x t e r n a l S o l u t i o n upon the H y d r a t i o n o f 
H y d r o g e l s . The magnitude o f e q u i l i b r i u m s w e l l i n g o f a hydroge l 
i n an aqueous medium i s de te rm ined by t he chemica l p o t e n t i a l o f 
wa te r i n t he o u t s i d e s o l u t i o n . The chemica l p o t e n t i a l o f wa te r 
i n t he o u t s i d e s o l u t i o n i s de te rm ined by t he n a t u r e and concen 
t r a t i o n o f t he s o l u t e s i n t he s o l u t i o n . The s o l u t e s , depending 
on t h e i r m o l e c u l a r s i z e , may o r may not p e n e t r a t e t he po lymer 
network . Some s o l u t e s wh ich can p e n e t r a t e the network may i n t e r 
a c t w i t h t he polymer segments, m o d i f y i n g t h e i r s t r e t c h i n g and 
c o n t r a c t i n g p r o p e r t i e s . N e v e r t h e l e s s , a l l s o l u t e s i n t he ge l 
wa te r a f f e c t t he ge l by l o w e r i n g t he chemica l p o t e n t i a l o f i t s 
w a t e r . 

S o l u t i o n t o n i c i t y i s a b i o l o g i c a l c oncep t . I t i s r e l a t e d 
to o smot i c p r e s s u r e , but i t l a c k s e x a c t p h y s i c o c h e m i c a l meaning. 
Thus, v a r i o u s i s o t o n i c s o l u t i o n s may s w e l l o r d e swe l l h yd roge l s 
depending on t he p e n e t r a t i o n and i n t e r a c t i o n o f the s o l u t e s w i t h 
t he network segments (£) ( F i g . 1 ) . 

S w e l l i n g P r e s s u r e o f High Wate r -Conten t G l y c e r y l Metha -
c r y l a t e Hydroge l s and t h e i r Ophtha lmic A p p l i c a t i o n s . The swel1 -
i n g p re s s u re - vo l ume r e l a t i o n s h i p o f p o l y ( g l y c e r y l m e t h a c r y l a t e ) 
h yd roge l s (PGMA) i s o f p r a c t i c a l i n t e r e s t f o r the development o f 
s w e l l i n g o r expand ing s u r g i c a l i m p l a n t s . A s w e l l i n g i m p l a n t i s 
a d e v i c e t h a t can be p l a c e d i n s i d e an organ o r t i s s u e th rough a 
r e l a t i v e l y sma l l i n c i s i o n . By i m b i b i n g a v a i l a b l e body f l u i d i t 
w i l l s w e l l t o f i l l a c a v i t y o r t o a l t e r t he form o f the s u r 
r ound ing t i s s u e s ( 5 ) . To be u s e f u l , a s w e l l i n g i m p l a n t must 
s w e l l t o s e v e r a l tTmes i t s d r y volume under t he c o n d i t i o n s o f 
i m p l a n t a t i o n . In some a p p l i c a t i o n s , t he i m p l a n t must e x e r t 
s u f f i c i e n t s w e l l i n g p r e s s u r e t o c o u n t e r a c t the c o n s t r a i n i n g 
p r e s s u r e o f t he s u r r ound i n g t i s s u e s . Of i n t e r e s t i s a c ohe ren t 
v i t r e o u s s u b s t i t u t e wh ich c o u l d be used t o f i l l t he v i t r e o u s 
c a v i t y o f t he eye ( £ ) , and i n some c a s e s , the e n t i r e e y e b a l l (_7). 
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Anothe r t ype o f s w e l l i n g i m p l a n t i s used i n ophtha lmo logy i n t he 
s c l e r a l b u c k l i n g p rocedu re i n r e t i n a l detachment s u r g e r y (8). 

G l y c e r y l m e t h a c r y l a t e monomer (GMA) p repared by h yd r oTy s i s 
o f g l y c i d y l m e t h a c r y l a t e (9·) y i e l d s GMA w i t h sma l l amounts o f 
some s t i l l u n i d e n t i f i e d c r o s s l i n k i n g agent . However, h yd roge l s 
w i t h r e p r o d u c i b l e p h y s i c a l and chemica l p r o p e r t i e s can be ob 
t a i n e d f rom GMA p repa red by t h i s p r o cedu re . P o l y m e r i z a t i o n i s 
c a r r i e d ou t i n g l a s s molds f i l l e d w i t h aqueous s o l u t i o n s o f GMA 
w i t h a redox i n i t i a t o r . The monomer d i l u t i o n i n t he p repo lymer 
m i x t u r e de te rm ine s the e q u i l i b r i u m degree o f s w e l l i n g o f t he 
r e s u l t i n g h y d r o g e l . 

The s w e l l i n g p r e s s u r e o f PGMA hyd roge l s was o b t a i n e d by 
e q u i l i b r a t i o n i n s o l u t i o n s o f d e x t r a n ( Pha rmac i a , mol wt 236,000) , 
The PGMA specimens were p l a c e d i n d e x t r a n s o l u t i o n s and a l l o w e d 
t o e q u i l i b r a t e i n t i g h t l d j a r t  t empe ra tu re
E q u i l i b r i u m s w e l l i n g wa
i n g on t he c o n c e n t r a t i o ,
spec imen. When e q u i l i b r i u m s w e l l i n g was r e a c h e d , t he d e x t r a n 
c o n c e n t r a t i o n was de te rmined f rom a l i q u o t s o f t h e s o l u t i o n . The 
o smot i c p r e s s u r e o f t he d e x t r a n a t d i f f e r e n t c o n c e n t r a t i o n s was 
de te rm ined o s m o m e t r i c a l l y ( 4 ) . 

The d e x t r a n mo l e cu l e s Tn wate r s o l u t i o n have an e l l i p s o i d a l 
shape. The d i a m e t e r o f t he d e x t r a n mo l e cu l e s used i n t he se 
expe r iment s i s about 270 Â ( 10 ) . The d e x t r a n mo l e cu l e s a r e no t 
l i k e l y t o p e n e t r a t e i n t o PGMTThydrogels both because a) t he 
average pore s i z e o f the hyd roge l s i s s m a l l e r than the s i z e o f 
t he d e x t r a n m o l e c u l e s ( f o r i n s t a n c e , PGMA hvd roge l s o f 94% H 2 0 
have an average pore d i ame te r o f about 124 A)(1_1_), and b) when à 
h i g h l y h yd ra ted ge l i s p l a c e d i n a d e x t r a n s o l u t i o n , t he o smot i c 
d e h y d r a t i o n o f t he ge l i s f a s t e r than t he d i f f u s i o n o f t he dex 
t r a n m o l e c u l e s i n t o t he g e l . As a ge l d e h y d r a t e s , pore s i z e i s 
r e d u c e d , f u r t h e r l i m i t i n g p e n e t r a t i o n by l a r g e d e x t r a n m o l e c u l e s . 

F i g u r e 2 g i v e s t he s w e l l i n g p r e s s u r e o f s e v e r a l PGMA hyd ro -
g e l s ve r su s t he " s w e l l i n g r a t i o " ( q ) . The s w e l l i n g r a t i o i s 
d e f i n e d as t he volume o f t he s w o l l e n ge l ove r t he volume o f t he 
same ge l i n t he d r y s t a t e . 

The " s w e l l i n g r a t i o " was c a l c u l a t e d f rom the "deg ree o f 
s w e l l i n g " ( γ ) , t he d e n s i t y o f the s w o l l e n ge l ( d ) , and the den 
s i t y o f t he d r y ge l ( d 0 ) , a c c o r d i n g t o ( I I ) : 

γ i s t he r a t i o o f t he we i gh t s o f t he s w o l l e n ge l t o t he d r y ge l 
( £ ) . The d e n s i t i e s were o b t a i n e d f rom F i g u r e 3, wh ich g i v e s t he 
d e n s i t y o f a PGMA hydroge l ve r su s t he we i gh t f r a c t i o n o f wate r i n 
t he s w o l l e n ge l (Cw = % H 2 0/100 ) . D e n s i t i e s were de te rmined by 
t he h y d r o s t a t i c we i gh i n g method. Ge l s were weighed both i n a i r , 
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5 10 15 20 30 40 50 60 70 125.2 

q = V O L . S W O L L E N G E L 
+ V O L . DRY G E L 

Figure 2. Swelling pressure vs. "swelling ratio" of several PGMA hydrogels. The equi
librium swelling of the PGMA hydrogels in distilled water is given for each swelling pres

sure curve in the graph. 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



42 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

and immersed i n η-heptane a t room t empe ra tu r e , γ i s r e l a t e d t o 
Cw by: 

γ = TO 

The d e n s i t y o f t he d i f f e r e n t PGMA hyd roge l s was o b t a i n e d 
f rom F i g u r e 3 assuming t h a t t he d e n s i t i e s o f t he d r y g e l s ( x e r o -
g e l s ) and h yd roge l s were not a f f e c t e d a p p r e c i a b l y by t he amount 
o f c r o s s l i n k a g e . 

The r e s u l t s g i v e n i n F i g u r e 2 show t h a t a s u b s t a n t i a l 
amount o f wate r i s removed f rom h i g h l y hyd ra ted hyd roge l s ( j e l 
l i e s ) when they a r e s u b j e c t e d t o a s l i g h t compre s s i on . Thus, t he 
volume o f PGMA hydroge
125.6) was more than ha l ve
Hg o smo t i c p r e s s u r e . These j e l l i e s exude l i q u i d wate r when they 
a r e a l l o w e d t o s t and under t h e i r own we i gh t i n t he a i r . As t he 
wate r c o n t e n t i n t he hydroge l d e c r e a s e s , the p r e s s u r e r e q u i r e d t o 
compress wate r out o f t he ge l i n c r e a s e s . Hence, PGMA w i t h 95% 
H 2 0 by we i gh t (q = 30) a t e q u i l i b r i u m i n wate r l o s t about one 
t h i r d o f i t s volume o f wate r (q = 20) under o n l y about 4 mm Hg, 
but PGMA hydroge l w i t h 82% H 2 0 by we i gh t (q = 6.9) l o s t p r a c t i 
c a l l y no wa te r under t en t imes as much o smot i c p r e s s u r e . The 
r e l a t i o n s h i p o f h y d r a t i o n by w e i g h t , Cw, and s w e l l i n g r a t i o by 
volume (q) i s g i v e n by: 

q " ( T ^ C W ~ ( IV) 

Hence, when t he v a l u e o f Cw i s near one, such as i n j e l l i e s , 
sma l l d i f f e r e n c e s i n h y d r a t i o n r e p r e s e n t s u b s t a n t i a l volume 
changes. 

The s w e l l i n g p r e s s u r e p r o p e r t i e s o f j e l l i e s and h yd roge l s 
a r e i m p o r t a n t f rom the p o i n t o f v i ew o f t he two k ind s o f s w e l l i n g 
i m p l a n t s ment ioned above, a v i t r e o u s s u b s t i t u t e and a s c l e r a l 
b u c k l i n g d e v i c e . A v i t r e o u s s u b s t i t u t e must mimic t he n a t u r a l 
v i t r e o u s body, wh ich i s a h i g h l y hyd ra ted j e l l y . The ge l i s 
imp l an ted i n i t s d r y s t a t e i n t o the e y e b a l l th rough the s m a l l e s t 
p o s s i b l e i n c i s i o n . Then i t absorbs a v a i l a b l e i n t r a o c u l a r f l u i d , 
s w e l l i n g f r e e l y as l ong as i t does not a d j o i n t he w a l l s o f t he 
e ye , u n t i l i t f i l l s t he v i t r e o u s c a v i t y . F u l l y s w o l l e n , t he 
i m p l a n t must occupy t he v i t r e o u s c a v i t y w h i l e e x e r t i n g a minimum 
o f p r e s s u r e a g a i n s t t he e x t r e m e l y s e n s i t i v e r e t i n a . 

The second t ype o f s w e l l i n g i m p l a n t i s p l a c e d on t he o u t 
s i d e o f t he e y e b a l l , i n t he s c l e r a . T h i s i m p l a n t , upon s w e l l i n g , 
e x e r t s p r e s s u r e t o b u c k l e t he w a l l o f t he eye i n w a r d , t he r eby 
a p p r o x i m a t i n g t he c h o r o i d t h a t c a r r i e s t he b l ood s upp l y t o a 
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detached r e t i n a . Such an i m p l a n t must be s o f t t o a v o i d p r e s s u r e 
n e c r o s i s i n t he s c l e r a , but not so f r a g i l e t h a t i t w i l l c rumble 
under p r e s s u r e . About a f i v e - f o l d s w e l l i n g a g a i n s t t he c o n s t r a i n 
i n g t i s s u e i s s u f f i c i e n t . For t h i s a p p l i c a t i o n , a hydroge l w i t h 
80 t o 85% wate r c o n t e n t a t e q u i l i b r i u m s w e l l i n g i n wa te r appears 
t o be most u s e f u l . 

Vapor P r e s s u r e and S w e l l i n g P r e s s u r e o f Hydrogel Con t a c t 
Lens M a t e r i a l s . S i n c e W i c h t e r l e and Lim (12) f i r s t proposed t he 
use o f h yd roge l s f o r c o n t a c t l e n s e s and otTiêr med i ca l d e v i c e s , 
many new hyd roge l s have been deve loped ( 13 ) . The f i r s t commer
c i a l hydroge l c o n t a c t l e n se s were made o f s l i g h t l y c r o s s l i n k e d 
p o l y ( 2 - h y d r o x y e t h y l m e t h a c r y l a t e ) (PHEMA), wh ich i s s t i l l t h e 
m a t e r i a l most o f t e n used i n the s o f t l e n s i n d u s t r y . A second 
compound used t o make hydroge
(VP ) , i n the form o f a
Lenses wh ich c o n t a i n VP, but no HEMA a r e a l s o made, such as a 
copo lymer o f methy l m e t h a c r y l a t e and VP, P(MMA/VP) ( 1 5 ) . 

As d i f f e r e n t hydroge l c o n t a c t l e n s e s become avaTTab le , i t 
i s o f i n t e r e s t t o i n v e s t i g a t e and t o compare t h e i r r e l a t i v e wa te r 
r e t e n t i o n . D i f f e r e n c e s i n h y d r a t i o n a t s w e l l i n g e q u i l i b r i u m a r e 
i m p o r t a n t i n t he e v a l u a t i o n o f the o p t i c a l and p h y s i o l o g i c a l 
per formance o f t he l e n s e s . T h i s s tudy de te rmined t he e q u i l i b r i u m 
s w e l l i n g o f s e v e r a l hydroge l c o n t a c t l e n s m a t e r i a l s under o smot i c 
and mechan ica l p r e s s u r e , as w e l l as t he wate r a c t i v i t y o f t he 
hyd roge l s under v a r i o u s s w e l l i n g c o n d i t i o n s . 

1. D e t e r m i n a t i o n o f S w e l l i n g P r e s s u r e o f a PHEMA Hydroge l 
by E q u i l i b r i u m S w e l l i n g i n Dext ran S o l u t i o n . PHEMA I was ob -
t a i n e d by s o l u t i o n p o l y m e r i z a t i o n ( 1 6 ) . S t e q u i l i b r i u m s w e l l i n g 
i n d i s t i l l e d w a t e r , i t c o n t a i n s 40% H 2 0 by we i gh t on a wet b a s i s . 
PHEMA I specimens were p l a c e d i n d e x t r a n - 4 0 s o l u t i o n s and a l l o w e d 
t o e q u i l i b r a t e i n t i g h t l y capped j a r s a t room tempera tu re [ D i f 
f e r e n t v a l u e s have been r e p o r t e d f o r average pore d i amete r o f 
PHEMA I h y d r o g e l s ; t he maximum i s 35 S ( 1 3 ) . Dex t ran -40 i n wa te r 
has a m o l e c u l a r d i ame te r o f about 105 Â ( 1 0 ) ] . E q u i l i b r i u m 
s w e l l i n g was reached a f t e r two months. A f t e r e q u i l i b r a t i o n , t he 
d e x t r a n c o n c e n t r a t i o n i n t he j a r was dete rmined g r a v i m e t r i c a l l y . 
The o smot i c p r e s s u r e ( π , i n atm.) o f d e x t r a n (mol wt 26,000) was 
c a l c u l a t e d a c c o r d i n g t o e q u a t i o n (V ) : 

π = A-jC + A 2 c 2 + A 3 c 3 (V) 

where c i s t he c o n c e n t r a t i o n ( i n g » c m " 3 ) and A x = 0.852 atm»cm 3 . 
g " 1 , A 2 = 13.52 a t m - c m 6 g ~ 2 , and A 3 = 66.8 a t m - c m 9 - g " 3 a r e t he 
v i r i a l c o e f f i c i e n t s a c c o r d i n g t o V ink (V7 ) . The r e s u l t s o f t he 
s w e l l i n g p r e s s u r e o f PHEMA I o b t a i n e d by t h i s p rocedure a r e g i v e n 
i n F i g s . 4 , 5 . 
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Figure 3. Density of PGMA hydrogel, 96% H20 at equilibrium swelling, vs. hydration of 
the gel. The curve was printed by a computer using the least squares method applied to 

the data points. 

Figure 4. Dehydration of two 
PHEMA hydrogeh under osmotic 

and mechanical pressure 
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2. D e t e r m i n a t i o n o f S w e l l i n g P r e s s u r e o f a PHEMA Hydro 
ge l by E q u i l i b r i u m S w e l l i n g Under Mechan i ca l Compres s ion . PHEMA 
I I was o b t a i n e d by bu l k p o l y m e r i z a t i o n ( 16 ) . I t c o n t a i n s 38.5% 
H 2 0 a t e q u i l i b r i u m s w e l l i n g i n d i s t i l l e d w a t e r . C i r c u l a r p i e c e s 
o f PHEMA I I hydroge l 20 mm i n d i ame te r (1 t o 2 mm t h i c k ) were 
p l a c e d between two s i n t e r e d g l a s s d i s k s i n a wa te r bath under 
i r o n we i gh t s ( f i v e t o t en k i l o g r a m s ) , wh ich were s e p a r a t e d f rom 
the upper s i n t e r e d g l a s s d i s c by a p l a s t i c c y l i n d e r p r o t r u d i n g 
above t he s u r f a c e o f t he wate r b a t h . The wate r bath c o n t a i n i n g 
the hydroge l d i s c and the we i gh t s on top o f i t were kept i n a 
c l o s e d chamber t o p r e ven t e v a p o r a t i o n . E q u i l i b r i u m s w e l l i n g o f 
the hydroge l was o b t a i n e d a f t e r s e v e r a l weeks o f compre s s i on . 

The r e l a t i o n s h i p between h y d r a t i o n and s w e l l i n g p r e s s u r e o f 
PHEMA I I o b t a i n e d by t h i s p rocedu re i s shown i n F i g s . 4 , 5 . 

W h i l e a s l i g h t p r e s s u r
w a t e r - c o n t e n t h yd roge l
wa te r by o smo t i c o r mechan i ca l means f rom hyd roge l s hav ing low 
w a t e r - c o n t e n t , such as t he commonly used PHEMA c o n t a c t l e n s 
h y d r o g e l s , wh ich c o n t a i n about 40% wate r a t e q u i l i b r i u m s w e l l i n g 
( F i g s . 4 , 5 ) . S i m i l a r r e s u l t s a r e expec ted f rom hyd roge l s c o n 
t a i n i n g l e s s than 80% wate r a t e q u i l i b r i u m ( F i g . 2 ) . Most h y d r o 
ge l c o n t a c t l e n s m a t e r i a l s c o n t a i n about 35 t o 75% wate r a t 
e q u i l i b r i u m i n p h y s i o l o g i c a l s a l i n e s o l u t i o n . I t r e q u i r e s s ub 
s t a n t i a l p r e s s u r e t o remove wate r f rom hydroge l l e n s e s , wh ich i s 
advantageous because i f l i d p r e s s u r e were t o squeeze wate r f rom 
the l e n s e s i n t he eye t h e i r per formance would s u f f e r . Of c o u r s e , 
the o p t i c a l p r o p e r t i e s , t he shape, and t he s i z e o f a hydroge l 
l e n s a r e a l l dependent on i t s w a t e r - c o n t e n t . 

3. D e t e r m i n a t i o n o f Water A c t i v i t y i n Hyd r oge l s . One way 
t o f a c i l i t a t e wa te r l o s s f rom hyd roge l s i s t o dec rea se t he r e l a 
t i v e h u m i d i t y ; t h i s dec rea se s the chemica l p o t e n t i a l o f t he wa te r 
vapor i n t he s u r r o u n d i n g atmosphere t o a low v a l u e . I t i s w e l l 
known t h a t hyd roge l s can l o s e wate r r a p i d l y by e v a p o r a t i o n . When 
t h i s happens, t he network , wh ich i s under e l a s t i c t e n s i o n , w i l l 
c o n t r a c t . As t he hydroge l d e h y d r a t e s , t he chemica l p o t e n t i a l o f 
the wa te r r ema i n i n g i n t he ge l dec reases and i s m a n i f e s t e d as an 
i m b i b i t i o n p r e s s u r e , wh ich i s equal i n magnitude t o t he o smot i c 
o r mechan i ca l p r e s s u r e needed t o compress t he ge l t o t he same 
p a r t i a l l y dehyd ra ted s t a t e . 

The wa te r r e t e n t i o n , o r wa te r e s c a p i n g tendency ( f u g a c i t y ) 
o f h yd r oge l s was de te rmined ( F i g s . 6,7) by measur ing t he e q u i l i 
b r ium r e l a t i v e h u m i d i t y (% ERH) o f t he hyd roge l s a t 32°C, wh ich 
i s a p p r o x i m a t e l y t he s u r f a c e tempera tu re o f t he eye . 

Four d i f f e r e n t h yd roge l s were used i n t he se e x p e r i m e n t s : 
(a) a PHEMA hydroge l w i t h 42.5% H 2 0 a t e q u i l i b r i u m s w e l l i n g ; (b) 
a copo lymer o f methy l m e t h a c r y l a t e and v i n y l p y r r o l i d o n e , P(MMA/ 
V P ) , used i n t he manufac tu re o f hydroge l c o n t a c t l e n s e s under t he 
t r a d e name Sau f Ion ( c o n t a i n i n g about 70% H 2 0 a t e q u i l i b r i u m 
s w e l l i n g i n d i s t i l l e d w a t e r ) ; ( c ) a copo lymer o f HEMA and VP 
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Figure 5. Swelling pressure of two PHEMA 
hydrogels equilibrated under mechanical pres
sure (PHEMA II, 38.5% H20) and osmotic 
pressure (PHEMA I, 40% H20), respectively 
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Figure 6. Water sorption isotherms of hydrogel contact lens materials 
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[P(HEMA/VP)], known as PHP and a l s o used i n c o n t a c t l e n s e s . I t 
c o n t a i n s about 45% wate r a t e q u i l i b r i u m s w e l l i n g i n w a t e r ; and 
(d) a copo lymer o f MMA and GMA [P(GMA/MMA)] wh ich c o n t a i n s 41% 
wa te r a t e q u i l i b r i u m s w e l l i n g . 

The e q u i l i b r i u m r e l a t i v e h u m i d i t y (water a c t i v i t y ) was 
dete rmined w i t h t he hydroge l i n a c l o s e d c o n t a i n e r hav ing a 
c a l i b r a t e d h u m i d i t y and tempera tu re sen so r connected by c a b l e t o 
a r e c e i v e r (Hygrodynamics U n i v e r s a l Hygrometer I n d i c a t o r , A m e r i 
can In s t rument C o . , S i l v e r S p r i n g s , M a r y l a n d ) . The chamber 
c o n t a i n i n g t he hydroge l and the senso r was m a i n t a i n e d i n a c o n 
s t a n t t empera tu re d r y i n c u b a t o r a t 32°C. When r e l a t i v e h u m i d i t y 
reached e q u i l i b r i u m , the we i gh t o f t he ge l was r e c o r d e d . The 
o p e r a t i o n was r epea ted f o r d i f f e r e n t s t a t e s o f h y d r a t i o n t o 
o b t a i n t he i s o the rms i n wh ich t he we i gh t o f wate r so rbed per u n i t 
o f d r y polymer we i gh t was p l o t t e d w i t h r e f e r e n c e t o wate r a c t i v i
t y ( F i g . 6 ) . The wate
c o n d i t i o n s , e x cep t f o r P(HEMA/VP),  r e s o r p
t i o n c o n d i t i o n s . The i s o the rms o b t a i n e d have t he s t anda rd s i g 
moid shape o f wa te r s o r p t i o n i n po l ymer s . F i g u r e 7 shows the 
same r e s u l t s o f wa te r a c t i v i t y ve r su s wa te r c o n t e n t i n t he hyd ro -
g e l s , e xp re s sed i n p e r c e n t h y d r a t i o n on a wet b a s i s , wh i ch i s 
c o n v e n t i o n a l l y used i n hydroge l l i t e r a t u r e . 

ERH ( r e l a t i v e h u m i d i t y o f the space around t he h y d r o g e l , 
when m o i s t u r e w i l l n e i t h e r l e a v e nor e n t e r t he h y d r o g e l ) i s a 
r a t i o o f e x i s t i n g p a r t i a l vapor p r e s s u r e o f wate r i n the hydroge l 
(P ) t o t he s a t u r a t i o n wa te r vapor p r e s s u r e i n t he a i r (P ). I t 
i s g i v e n by: 

% ERH = 15S. χ 100 (V I ) 

P e /Ps i s , o f c o u r s e , the "wa te r a c t i v i t y " ( a w ) i n t he hydroge l a t 
the g i v e n t empe ra t u r e . Thus, t he wate r a c t i v i t y i n h yd roge l s a t 
d i f f e r e n t l e v e l s o f h y d r a t i o n can be dete rmined d i r e c t l y and 
c o u l d be used t o c a l c u l a t e t he s w e l l i n g p r e s s u r e (P) o f t he 
hyd roge l s a t d i f f e r e n t h y d r a t i o n s a c c o r d i n g t o : 

P = P l n i - (V I I ) 
w w 

where R i s t he u n i v e r s a l gas c o n s t a n t , Τ t he a b s o l u t e t empera 
t u r e , and V^ t he p a r t i a l mo la r volume o f w a t e r . Under the e x p e r i 
mental c o n d i t i o n s ( F i g . 7 ) , sma l l d i f f e r e n c e s i n wa te r a c t i v i t y 
i n t he hyd roge l s were not d e t e c t a b l e a t h y d r a t i o n s above about 
30% w a t e r . Not o n l y t he hyd roge l s a t e q u i l i b r i u m s w e l l i n g i n 
w a t e r , but l i q u i d wa te r as w e l l , gave an ERH j u s t below t he t r u e 
v a l u e o f 100%. T h i s i s a l i m i t a t i o n o f t he hyg rosenso r used. 

Amcnccn Chemical 
Socisîy Library 

1155 16th St. N. 11 

Washington. 0. C. 20036 
In Hydrogels for Medical and Related Applications; Andrade, J.; 

ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



48 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

Because o f t he l a r g e v a l u e o f RT/V W (about 1390 atm. a t 32°C) a 
v e r y sma l l v a p o r - p r e s s u r e dec rea se can r e s u l t i n a s u b s t a n t i a l 
i n c r e a s e i n s w e l l i n g p r e s s u r e . Thus, t he hygrometer t e c h n i q u e 
cannot be used t o de te rm ine the s w e l l i n g p r e s s u r e o f h yd roge l s 
near e q u i l i b r i u m h y d r a t i o n . The s o r p t i o n i s o the rms o f f o u r 
h yd roge l s a r e g i v e n i n F i g u r e 6. The s i gmo id shape o f t h e cu r ve s 
may be an i n d i c a t i o n o f t he t h r e e c l a s s e s o f wate r w h i c h , a c c o r d 
i n g t o Lee , J hon , and Andrade ( 1 8 ) , may be p r e s e n t i n t he se h yd ro -
g e l s . Because o f t he d i f f i c u l t y o f o b t a i n i n g t he e q u i l i b r i u m 
r e l a t i v e h u m i d i t y o f a x e r o g e l , t he s e c t i o n o f t he cu r ve s a t 
l ower h y d r a t i o n a r e not as s h a r p l y d e f i n e d as t he o t h e r two 
s e c t i o n s . 

The ERH i s a measure o f " f r e e w a t e r - v a p o r p r e s s u r e " wh ich 
i s , i n e s s ence , a measurement o f t he " f reedom o f w a t e r " o r i t s 
" e s c a p i n g t endency " ( 1 9 )
ments do g i v e a good i n d i c a t i o
o f h y d r a t i o n i n h y d r o g e l s , t h a t i s , wa te r i n t he aqueous phase o f 
the hydroge l w i t h t he same vapor p r e s s u r e as l i q u i d wa te r a t t he 
same t empe ra tu re . Water a c t i v i t y ve r su s hydroge l h y d r a t i o n ( F i g . 
7) shows t h a t t he wa te r o f h y d r a t i o n i n h yd roge l s above about 25 
t o 30% has a p p r o x i m a t e l y the same vapor p r e s s u r e as l i q u i d w a t e r . 
F i g u r e 8, t h u s , r e p r e s e n t s the amounts o f " f r e e " wate r ( a w - l ) 
and somewhat "bound" wate r ( a w < l ) i n h yd roge l s as r e p l o t t e d f rom 
F i g u r e 6. The amount o f "bound " w a t e r , about 30% o f wa te r i n the 
h y d r o g e l s , i s s i m i l a r t o the amounts t h a t Lee , J h o n , and Andrade 
(18) a s s i g n e d as "bound " p l u s " i n t e r f a c i a l " w a t e r . The r e s t o f 
t he wa te r o f h y d r a t i o n i n the hyd roge l s i s " f r e e " o r " b u l k " 
w a t e r . 

Thus, the c o n t a c t l e n s m a t e r i a l s examined a l l seem s u b j e c t 
t o l o s i n g s u b s t a n t i a l amounts o f wa te r by e v a p o r a t i o n . The f a c t 
t h a t about 30% o f the wate r i s r e t a i n e d more t e n a c i o u s l y i n the 
l e n s m a t e r i a l s does not seem t o have any p r a c t i c a l impor tance 
f rom the p o i n t o f v iew o f wa te r r e t e n t i o n o f hydroge l l e n s e s and 
o p t i c a l pe r fo rmance. Of c o u r s e , f r e q u e n t b l i n k i n g and good t e a r 
s u p p l y a r e e s s e n t i a l f o r good r e s u l t s w i t h a l l hydroge l c o n t a c t 
l e n s e s . 

Osmotic E f f e c t s Due t o t he Aqueous Phase o f a Hydroge l 
C o n t a c t Lens . In a d d i t i o n t o the s w e l l i n g p r e s s u r e (o r i m b i b i -
t i o n p r e s s u r e ) o f h y d r o g e l s , wh ich i s a p r o p e r t y o f t he po lymer 
phase o f g e l s , t h e r e a r e o t h e r o smot i c e f f e c t s a t t r i b u t a b l e t o 
t he aqueous phase t h a t a r e o f p a r t i c u l a r i n t e r e s t i n t he c o n t a c t 
l e n s f i e l d . 

Most o f t he aqueous phase o f a hydroge l can be f r e e l y 
exchanged w i t h t he s u r r ound i n g aqueous media by d i f f u s i o n . The 
movement o f w a t e r , i on s and o t h e r d i s s o l v e d subs tances i s r e 
s t r i c t e d t o some degree by f r i c t i o n w i t h t he polymer network . 
However, due t o t he l a r g e s u r f a c e a rea o f c o n t a c t l e n s e s r e l a t i v e 
t o t h e i r t h i c k n e s s , most o f t he aqueous phase w i l l i n t e r c h a n g e 
w i t h the t e a r s i n a few m inu te s . 
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The aqueous phase i n a c o n t a c t l e n s can be i s o t o n i c , hypo
t o n i c o r h y p e r t o n i c w i t h r e s p e c t t o t e a r s . When a hydroge l l e n s 
i s e q u i l i b r a t e d i n i s o t o n i c s a l i n e s o l u t i o n (0.9% N a C l ) , t he 
aqueous phase o f t he hydroge l i s i s o t o n i c t o t he normal t e a r s . 
When such a l e n s i s p l a c e d i n the e ye , t h e r e w i l l be an i n t e r 
change o f i t s aqueous phase and the t e a r f i l m , but the t e a r 
t o n i c i t y w i l l no t change i n t he p roce s s o f e q u i l i b r a t i o n o f t he 
l e n s . The p o s s i b l e change i n s i z e and o p t i c s o f a l e n s f rom 
e q u i l i b r i u m s w e l l i n g i n i s o t o n i c s o l u t i o n and i n t e a r s i s n e g l i 
g i b l e . 

I f t he hydroge l l e n s i s we t ted w i t h tap o r d i s t i l l e d wa te r 
p r i o r t o p l a c i n g i t i n the e ye , t he aqueous phase o f the l e n s 
w i l l be h ypo t on i c t o t e a r s . Water w i l l move f rom t he l e n s t o the 
t e a r s . The l e n s w i l l then c o n t r a c t , o f t e n a d h e r i n g t e n a c i o u s l y 
t o t he co rnea and c a u s i n
the aqueous phase o f th
i s o t o n i c i t y i s reached and then the l e n s w i l l r e l e a s e f rom i t s 
adhe s i on t o t he c o r ne a . 

I f t he l e n s i s p l a c e d i n a sodium c h l o r i d e s o l u t i o n o f more 
than 0.9%, t he aqueous phase o f t he hydroge l w i l l be h y p e r t o n i c 
t o t e a r f i l m . As the l e n s i s p l a c e d i n the e ye , wa te r w i l l be 
drawn o s m o t i c a l l y f rom the t e a r f i l m i n t o t he l e n s , but s a l t w i l l 
a l s o d i f f u s e f rom the l e n s i n t o the t e a r . T h i s w i l l change t he 
t o n i c i t y o f the t e a r s t o a h y p e r t o n i c s t a t e . The l e n s e f f e c t can 
be q u i t e l a r g e as the t o t a l volume o f t he t e a r f i l m and t he t e a r 
meniscus i s r o u g h l y comparable t o t he wa te r c o n t e n t o f a hydroge l 
l e n s . The h y p e r t o n i c t e a r s w i l l dehyd ra te the c o r n e a l e p i t h e l i u m 
r e s u l t i n g i n o c u l a r d i s c o m f o r t ( i t c h i n g ) to t he p a t i e n t . As the 
i s o t o n i c i t y o f the t e a r s i s r e - e s t a b l i s h e d th rough d i l u t i o n , t he 
s e n s a t i o n o f c omfo r t i s a g a i n r e s t o r e d . 

The e x i s t e n c e o f a t h i n aqueous f i l m between a hydroge l 
l e n s and the c o r n e a l e p i t h e l i u m i s a m a t t e r o f c o n t r o v e r s y . I f 
t he l e n s i s i n d i r e c t c o n t a c t w i t h t he c o r n e a , t he o smot i c e f f e c t 
due t o t he aqueous phase o f t he hydroge l l en s w i l l be a c t i n g 
d i r e c t l y upon the c o r n e a l e p i t h e l i u m w i t h the same r e s u l t s d i s 
cus sed above. 

Abstract 
The swelling pressure of two types of hydrogels, which were 

classified according to application and hydration, were investiga
ted. 1. Poly(glyceryl methacrylate) (PGMA) hydrogels which are 
intended for surgical uses in the eye, are divided into two 
subgroups, a) hydrogels of about 80 to 85% H2O at equilibrium 
swelling, for scleral buckling procedures in retinal detachment 
surgery, and b) hydrogels of above 98% H2O at equilibrium swell
ing, for vitreous implantation. The swelling pressure-volume 
relationship of these hydrogels was determined with dextran 
solutions. 2. Hydrogel contact lens materials (40-75% H2O at 
equilibrium). The swelling pressure of PHEMA hydrogels was 
determined by equilibration under osmotic and mechanical pressure. 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



2. REFOJO Vapor Pressure and Swelling Pressure 51 

Although slight pressure will remove water from highly hydrated 
hydrogels, it is very difficult to expel water from medium hydra
tion (40-80% H2O) hydrogels. The equilibrium relative humidity 
at different states of hydration of PHEMA, P(HEMA/VP), P(MMA/VP), 
and P(GMA/MMA) was investigated. The results show that up to 30% 
H2O, the water activity in the hydrogels is below the activity 
for pure water. However, all water above 30% hydration up to 
equilibrium swelling has the same vapor pressure as pure water. 
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3 
The Role of Proteoglycans and Collagen in the Swelling 
of Connective Tissue 
F. A. MEYER, R. A. GELMAN, and A. SILBERBERG 

Weizmann Institute of Science, Rehovot, Israel 

Connective tissue provide  th  chemical environment fo
most body cells and th
tion. It varies in composition according to this function and 
characteristically involves a f ib r i l l a r skeletal network com
posed mainly of collagen f ibr i ls and the so-called ground sub
stance , a highly disperse system of proteoglycans, macromole-
cules involving both protein and carbohydrate chains. 

Bone, cartilage, vessel walls, skin, tendon, umbilical cord 
and synovial fluid are typical examples of connective tissues. 
A l l of them are characterized by a low cel l content. The major 
biological roles fulf i l led by connective tissues in the body 
are physical in nature. They involve mechanical function such 
as motion and transport and (chemical) communication between 
cells. In i ts mechanical role connective tissue transmits 
energy from the muscles permitting the performance of work and 
the absorbance of stresses from the environment thereby pro
tecting delicate structures. Clearly, the physico-chemical pro
perties and the structure of connective tissue are the important 
factors fixing these features. 

The structure and chemistry of the i n d i v i d u a l connective 
ti s s u e components v i z . collagen, e l a s t i n and proteoglycans can 
be summarized as follows: 

Collagen (1). Collagen i s a fibrous p r o t e i n which i s formed 
by the assembly of monomer units of tropocollagen. Tropocollagen 
i s a rod shaped molecule V300 nm long and 1.4 nm i n diameter 
with a molecular weight of 300,000. I t consists of three chains 
of equal length. Five tropocollagen molecules can pack to give 
a m i c r o f i b r i l , the units are l o n g i t u d i n a l l y staggared around the 
m i c r o f i b r i l a x i s . M i c r o f i b r i l s pack i n a tetragonal l a t t i c e to 
give f i b r i l s . There i s a gap between consecutive tropocollagens 
i n the f i b r i l which together with the staggering gives collagen 
a c h a r a c t e r i s t i c 65 nm repeat distance. S t a b i l i t y of the s t r u c 
ture i s due i n part to the quarter staggering, which optimizes 
secondary bond i n t e r a c t i o n s and covalent c r o s s l i n k s as w e l l 
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occur between and w i t h i n tropocollagen u n i t s . The highly 
ordered compact arrangement w i t h i n the f i b e r gives i t a r i g i d 
character. 

Large v a r i a t i o n s are seen i n the degree of c r o s s l i n k i n g , 
f i b r i l diameter, f i b r i l organization and f i b r i l concentration 
i n various t i s s u e s . Moreover, four g e n e t i c a l l y d i s t i n c t types 
of collagen e x h i b i t i n g some tissue s p e c i f i c i t y have been char
acterized which i n part may explain the v a r i a t i o n s of collagen 
morphology seen. 

Ε las t i n (2) . E l a s t i n i s generally involved with the 
f i b r i l l a r network. I t contains an unusually high proportion of 
non-polar amino acids and the amino acids, desmosine and iodo-
desmosine, which may be unique to t h i s p r o t e i n . A corpuscular 
structure has been propose
the peptide chain i s folde
l i n k i n g occurs at the surface between such u n i t s . The basis of 
•the e l a s t i c nature of t h i s p r o t e i n arises from the work r e 
quired to unfold the hydrophobic regions. 

Ground Substance Components (3_) . The major ground sub-
stance components are proteoglycans which consist of glycos-
aminoglycans attached to p r o t e i n . The most abundant glycos-
aminoglycans are hyaluronic a c i d , chondroitin s u l f a t e , keratan 
s u l f a t e , and dermatan s u l f a t e . The glycosaminoglycans are 
l i n e a r chains c o n s isting of repeating negatively charged d i -
saccharide u n i t s . The proteoglycan, hyaluronic a c i d , i s of 
high molecular weight and i n s o l u t i o n adopts a very voluminous 
random c o i l configuration. I t i s associated with a small amount 
of p r o t e i n (<0.5%) which i s not important f o r the i n t e g r i t y of 
the molecule. This i s the dominant proteoglycan found i n loose 
connective t i s s u e , e.g. s k i n , vessel w a l l s , heart valves and 
um b i l i c a l cord and i s present at concentrations of less than 1% 
based on tiss u e volume. 

In loose connective t i s s u e the system i s bathed i n a 
medium which contains about 3% serum p r o t e i n . The ti s s u e i s 
maintained i n a steady state i n contact with the m i c r o c i r c u l a 
t i o n of the blood and the lymph system. Exchange with blood 
involves the non-selective f i l t r a t i o n of water and low molecu
l a r weight constituents ( s a l t , metabolites, etc.) through the 
endothelial w a l l of the c a p i l l a r y system, t h e i r reabsorption 
on the venous side and a one way tr a n s f e r of serum albumin and 
other macromolecular plasma constituents to the t i s s u e . These 
macromolecules are recovered predominantly through the lymph 
system, which i s formed i n open channels i n d i r e c t and open 
contact with tissue and i s returned to the blood through an 
active pumping system. The blood, on the other hand, communi
cates with the ti s s u e through a p a r t i a l l y s e l e c t i v e membrane 
represented by the vessel w a l l . In response to pat h o l o g i c a l 
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changes, t i s s u e w i l l s w ell and deswell, passing from one steady 
state to another. 

We have investigated the s t r u c t u r a l organization of loose 
connective t i s s u e and have established the roles of various con
nective t i s s u e components i n e f f e c t i n g t i s s u e volume changes. 
These r e s u l t s could be of i n t e r e s t i n the development of hydro-
gels f o r medical a p p l i c a t i o n and w i l l here be reviewed. 
Experimental 

U m b i l i c a l cord (Wharton's J e l l y ) was used i n these studies. 
The methods have been described (4_,5_,6) and w i l l here only be 
summarized. Tissue s l i c e s (some 300-600 mg i n weight) were 
incubated i n small volumes of swelling medium (saline) con
t a i n i n g added macromolecules or other constituents  Weights 
both of the t i s s u e and
was the concentration o
way both weight (volume) changes could be calculated and the 
d i s t r i b u t i o n of the macromolecular species determined. Using 
various enzymes, s p e c i f i c modifications i n t o t i s s u e structure 
could be introduced and evaluated. 
Results 

The most important r e s u l t s can be reviewed as follows : 
1. Tissue S l i c e s Incubated i n Serum Albumin Solutions 

(up to about 12%) i n Ringer's P h y s i o l o g i c a l Saline. The f i n a l 
e q u i librium volume of t i s s u e i s l a r g e r than the i n i t i a l volume 
at a l l concentrations (Figure 1). The dependence of the e q u i l i b 
rium swelling r a t i o on serum albumin concentration i s given i n 
Figure 2. I f extrapolation of the data i s permitted, no 
swelling would occur at about 15% serum albumin. Only a small 
f r a c t i o n of the hyaluronic acid (as measured by uronic a c i d 
release) i s l o s t during incubation. 

2. Treatment of the Samples with T e s t i c u l a r Hyaluronidase. 
This produces a tissue of abolished swelling tendency and prac
t i c a l l y no volume changes occur against any of the serum albumin 
concentration used (Figure 2). I f previously swollen samples 
are enzymatically treated, they deswell to the o r i g i n a l volume 
(Figure 3). 

3. Treatment of Tissue with P r o t e o l y t i c Enzymes, For 
Example, Trypsin. This produces a f i n a l e q uilibrium volume 
larger than the c o n t r o l where no t r y p s i n treatment has been 
used (Figure 4). 

A t r y p s i n treatment followed by a hyaluronidase treatment, 
or v i c e versa, r e s u l t s i n the same f i n a l e q u i librium volume 
which i s , however, larger than the o r i g i n a l volume of the tissue 
sample. The same f i n a l volume r e s u l t s i r r e s p e c t i v e of when the 
enzymes were added during the swelling process (Figure 4). 
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Figure 1. The degree of swelling (β) with 
respect to the initial tissue volume as a func
tion of time. Incubated at 4° at neutral pH in 
solutions of bovine serum albumin whose ini
tial concentration (at = o) is given in percent 
(w/v). In the case of the more concentrated 
solutions there is an initial volume decrease. 
Eventually all samples are swelling, and the 
final equilibrium volume is larger than the 

initial. 

2 

a* (gm / 100 ml) 

Figure 2. The equilibrium degree of 
swelling (β*) plotted against external 
serum albumin concentration (a*) at 
equilibrium for the intact (Q) and hyalu-
ronidase-treated (Φ) tissue. Note that in 
contrast to the intact tissue, treatment 
with hyaluronidase produces a tissue of 
practically no swelling tendency. The 
dependence of l/β* on a* is linear. So 
plotted, the data show no swelling ten
dency of intact tissue at about a* = 15%. 
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Figure 3. The swelling (β) as a function 
of time for intact tissue (Q>) and for tissue 
treated with hyaluronidase (Φ). Treatment 
with the enzyme occurs at the times indi
cated by the arrows. Such treatment
the tissue to its original volume

of the degree of swelling of the tissue. 
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Figure 4. The swelling of tissue (β) as a func
tion of time for tissue treated with either trypsin 
or hyaluronidase (Ç)) or a combination of the 
two (Φ) at the times indicated by the arrows. 
Note that the equilibrium value of β after tryp
sin treatment is 3.2 as compared with a value of 
about 2.1 for intact tissue (see Figure 3). Tryp
sin treatment followed by hyaluronidase treat
ment or vice versa gives the same equilibrium 
value of β independent of the time and order 

of treatment. 
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Trypsin, chymotrypsin and pronase each r e s u l t s i n a s p e c i f i c 
f i n a l equilibrium volume. 

4. Treatment of the Tissue with Glutaraldehyde. This 
abolishes the tendency of tiss u e to s w e l l . The ti s s u e volume 
i s f i x e d at the volume at which the treatment was applied. 

5. I n t e r a c t i o n of the Tissue with High Molecular Weight 
Poly(L-Lysine). At p h y s i o l o g i c a l s a l t concentrations t h i s 
causes one-to-one binding of the polybase by the acid groups 
6f the proteoglycans. In t h i s condition the proteoglycans are 
extensively protected from subsequent hyaluronidase action 
(5). The i n t e r a c t i o n also serves to freeze i n the configura
t i o n i n which the t i s s u e finds i t s e l f at the time of i n t e r a c 
t i o n . Thus when incubating the t i s s u e i n a poly (jj-lysine) 
s o l u t i o n , normal swellin  (du  t  s a l i n  penetration) d 
tissu e f i x a t i o n (due t
higher the poly(L-lysine) ,
penetration and the closer i s the ultimate volume, to which 
the t i s s u e swells, to the o r i g i n a l volume of the t i s s u e sample 
(Figure 5). As the i o n i c strength of the suspending medium i s 
increased to about 0.5 M, poly(L-lysine) i s excluded t o t a l l y 
from the t i s s u e and no e f f e c t whatsoever on ti s s u e volume i s 
experienced (Figure 6). 

An i n v e s t i g a t i o n of the tissue by electron microscopy (4_) 
shows that the collagen f i b e r s are randomly d i s t r i b u t e d i n 
space and are composed of bundles of p a r a l l e l f i b r i l s some 
54 nm i n diameter and some 54 nm apart. 
Discussion 

These r e s u l t s are consistent with the following f u n c t i o n a l 
model (4): In the usual kind of g e l , the network acts both 
as the swelling agent and the source of the e l a s t i c r e s t r a i n i n g 
force; i n connective t i s s u e these two functions are separated. 
The collagen based f i b r i l l a r network i s the mechanical spring 
and i s thermodynamically not a c t i v e , whereas the proteoglycan 
component acts as the a c t i v e swelling agent but i s not d i r e c t l y 
forming the network. I f the p o t e n t i a l of the solvent medium i s 
too low, f l u i d w i l l enter the t i s s u e and d i l u t e the proteogly
cans. Since the proteoglycans, however, are mechanically en
meshed with the f i b r i l l a r network, the d r i v i n g force i s trans
ferred to the f i b e r network and thus produces i t s expansion. 
When the proteoglycans are digested away the collagen f i b e r 
system returns the t i s s u e to i t s o r i g i n a l volume and water 
content. Hence the unstressed state of the f i b e r network, i . e . 
the mechanical reference s t a t e , i s the native state of the 
t i s s u e . 

Treatment with p r o t e o l y t i c enzymes a l t e r s the f i b r i l l a r 
system and s h i f t s i t s forceless state to one of higher volume. 
Reaction with gluteraldehyde "freezes" i n the p a r t i c u l a r de
formation state of the system and no volume change at a l l 
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Figure 5. Dependence
the degree of swelling (β) on poly(L-lysine) con
centration in 0.15M NaCl at neutral pH. Note 
that poly (L-lysine) binds strongly to proteo
glycans at this sodium chloride concentration 
and freezes in the volume of the tissue at which 
it interacts with the polysaccharide. Hence, 
only at high poly(L-lysine) concentrations (fast 
polybase penetration into the tissue) is the 

poly(L-lysine) able to abolish swelling. 

Figure 6. The ultimate degree of swelling 
(β) as a function of salt concentration (A) 
and salt concentration in the presence of 
1 mg/ml of poly(h-lysine) (B) at neutral pH. 
Note that there is interaction with poly(L-
lysine) when the sodium chloride concen
tration is less than 0.5M. At a concentration 
of 1 mg/ml poly(L-lysine) the freezing in 
occurs only after some swelling has already 

taken place (see Figure 5). 

2.0 

0.5 1.0 M 

NaCl Concentration 
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occurs. I n t e r a c t i n g the t i s s u e with poly(L-lysine) produces a 
one-to-one complex with the proteoglycans and swelling i s r e 
s t r i c t e d . This i s probably because the proteoglycans being 
complexed are no longer osmotically a c t i v e . Simultaneously 
the i n t e r a c t i o n s t i f f e n s the proteoglycans and c r o s s l i n k s them 
i n t o a network so that no further volume change can occur. 

I t i s of i n t e r e s t , using non-interacting macromolecular 
probes (6_,7) that most of the t i s s u e space, outside that ex
cluded by the collagen f i b r i l s , i s accessible. 

Tissue i s thus a collagen f i b r i l " g e l " which i s osmotically 
active because of the presence of the proteoglycans. These may 
form an independent network, but are more l i k e l y l i n k e d through 
t h e i r p h y s i c a l involvement with the collagen system. 

The f i n d i n g that t i s s u e i s not i n equilibrium with a p r o t e i n 
s o l u t i o n of compositio
i n t e r s t i t i a l f l u i d , confirm
t a i n t i s s u e , i n v i v o , i n a "dehydrated" state. I t may be 
assumed that t h i s "dehydrated" state of tis s u e i s maintained 
by the blood flow through exchange processes across the endo
t h e l i a l b a r r i e r which acts as a semipermeable membrane with 
respect to macromolecules. The swelling tendency of tis s u e 
due to the proteoglycans i s thus o f f s e t permitting the collagen 
f i b e r network, as i t grows and assembles, to be i n a force-free 
state. 

The r e s u l t s obtained i n the present study describe the 
behavior of u m b i l i c a l cord. There are ind i c a t i o n s that other 
types of connective t i s s u e tend to e x h i b i t s i m i l a r behavior 
{8) f but not a l l forms of connective t i s s u e are necessarily 
expected to f a l l i n t o t h i s pattern. The d i v i s i o n i n t o an 
osmotically active and i n a c t i v e network system i s believed, 
however, to be generally correct. 
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4 
The Role of Water in the Osmotic and Viscoelastic 
Behavior of Gel Networks 

MU SHIK JHON,* SHAO MU MA, SACHIKO HATTORI, DONALD E. GREGONIS, 
and JOSEPH D. ANDRADE 
Department of Materials Science and Engineering, University of Utah, 
Salt Lake City, Utah 84112 

The existence of an ordered structure at water/solid inter
faces has been generall
certain preferred orientation  independen
neighboring molecules. In the case of water the word "structured" 
should not be misinterpreted; we do not mean that water possess 
long range orderness. By "structure" we mean the orderness rela
tive to that in bulk water. In a strict sense, even the molecules 
in bulk water are structured because of hydrogen bonding and other 
near neighbor interactions. 

Drost-Hansen (1_) has discussed a three-layer model for the 
structure of water near certain water/solid interfaces. According 
to this model, water molecules near the solid surface are struc
tured; those sufficiently far away from the surface have bulk 
water structure and those in between have decreasing orderness as 
a function of distance from the interface. Others (2,3) have 
indicated the existence of three states of water in natural macro
molecular gels (2) or in membranes of cellulose acetate (3). Jhon 
and Andrade (4) proposed a three-state model of water in hydrogel 
systems. They suggested that three classes of water exist in hy
drogels, namely X water (bulk water), Ζ water (bound water), and Y 
water (intermediate forms or interfacial water). Following this, 
Lee, Jhon and Andrade (5,6) tested the model by thermal expansion, 
specific conductivity, differential scanning calorimetry, and 
proton spin-lattice nuclear magnetic relaxation studies for poly-
(hydroxyethyl methacrylate) (PHEMA gels). Very recently, Choi, 
Jhon and Andrade {7) again extended the model by means of thermal 
expansion, specific conductivity, and dielectric relaxation 
studies for (2,3-dihydroxypropyl methacrylate) gels (DHPMA gels). 

In this paper theories for the osmotic and viscoelastic 
behavior of hydrogels are developed in terms of water structure. 
Some experimental results on the viscoelastic behavior of 
hydrogels are presented. 
*0n leave from Korea Advanced Institute of Science, Seoul, Korea; 
to whom correspondence should be addressed. 

60 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



4. J H O N E T A L . Water in the Behavior of Gel Networks 61 

S w e l l i n g and Osmotic P r e s s u r e 

A c c o r d i n g t o F l o r y (8), the network s t r u c t u r e mav have s e v e r a l 
r o l e s . In a s o l v e n t the network d i s s o l v e s and t ake s the r o l e o f 
a s o l u t e . In a s o l u t i o n i t pe rm i t s the passage o f s o l v e n t mo le 
c u l e s and keeps ou t o t h e r d i s s o l v e d m a t e r i a l s and , hence, a c t s as 
a membrane. As the network s w e l l s the polymer c h a i n s a re e l o n g a 
t e d and e x e r t a f o r c e i n o p p o s i t i o n t o the s w e l l i n g . In t h i s 
c a s e , the network a c t s as a p re s s u re g e n e r a t i n g d e v i c e . H i s 
t h e o r y o f s w e l l i n g i s based on the b a l a n c i n g o f the o smot i c 
p r e s s u r e by the mechan ica l c o n t r a c t i o n . To o b t a i n h i s f o rma l 
e x p r e s s i o n , F l o r y u t i l i z e s the F l o r y - H u g g i n s po lymer s o l u t i o n 
t h e o r y assuming random m i x i n g between s o l u t e and s o l v e n t and a 
r i g i d l a t t i c e . The e x p r e s s i o n i n c l u d e s two t e r m s  an e n t r o p y 
term ( c o m b i n a t i o n a l ) an
( n o n - c o m b i n a t i o n a l ) . L a t e r
c o r r e s p o n d i n g s t a t e t h e o r y f o r po lymer s o l u t i o n s w i t h a more 
r i g o r o u s e x p r e s s i o n f o r t he non - comb i na t i ona l c o n t r i b u t i o n than 
the F l o r y - H u g g i n s app roach . However, the c o m b i n a t i o n a l term i s 
s t i l l used i n i t s o r i g i n a l f o rm. 

In the s w e l l i n g o f h y d r o g e l s , the random m i x i n g assumpt ion 
between h igh polymer and wate r i s not g e n e r a l l y v a l i d , because o f 
the h i gh degree o f s t r u c t u r i n g o f wa te r i n some ge l ne twork s . 
The P r i g o g i n e t h e o r y , wh ich i s l i m i t e d t o n o n - p o l a r and mode ra te l y 
p o l a r systems w i t h no hydrogen bond ing , i s a l s o not g e n e r a l l y 
a p p l i c a b l e . 

In t h i s pape r , a new s e m i - e m p i r i c a l i n t e r a c t i o n pa r amete r , 
Δ 2 , i s i n t r o d u c e d and used i n an e q u a t i o n o f s w e l l i n g based on a 
" S o l u b i l i t y M o d e l " (TOJ t o a v o i d the above-ment ioned d i f f i c u l t i e s . 
The e q u i l i b r i u m c o n d i t i o n f o r i s o t r o p i c s w e l l i n g (9J c l a s s i c a l l y 
r e q u i r e s t h a t 

\ 3N i/T,P \ 3Ni /T,P L 1 J 

where A F m and àF ^ a re the f r e e energy o f m i x i n g and e l a s t i c b e 
h a v i o r , r e s p e c t i v e l y , and Ni i s the mole f r a c t i o n o f s o l v e n t . The 
" S o l u b i l i t y Mode l " (10) s t i l l c a r r i e s the same e l a s t i c t e r m , but 
the f i r s t term i s m o d i f i e d . The p roces s o f t r a n s f e r r i n g one mole 
o f wa te r f rom bu l k t o ge l network i n v o l v e s t h r e e s t ep s ( F i g u r e 1 ) : 
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Water i n 
Gel Water 

2nd Step Water i n 
Vapor 

(energy t o d i g h o l e s i n 
s o l v e n t ) 

3rd Step 
Δ 2 

( p o l y m e r - s o l v e n t 
i n t e r a c t i o n ) 

1 s t Step 
ΔΗ 

(heat o f 
v a p o r i z a t i o n ) 

Water i n 
|Gel Network 

Water i n 
bu l k 

Figure 1. A schematic of the process of transferring one mole of water from bulk to gel 
network 

F i r s t S t e p . To b r i n g a mole o f wate r f rom the bu l k phase t o the 
vapor phase: T h i s r e q u i r e s an energy wh ich equa l s t he heat o f 
v a p o r i z a t i o n o f w a t e r , Δ Η ν : 

Δ Η γ = Δ Η ν ° + £ T Cp dT, [ 2 ] 

where Δ Η γ ° i s the heat o f v a p o r i z a t i o n a t some r e f e r e n c e temp
e r a t u r e , T , and Cp i s the s p e c i f i c h e a t . Second s t e p . To 
b r i n g wa te r mo lecu l e s f rom the vapor phase t o t he e x i s t i n g ge l 
w a t e r : A t o r near e q u i l b r i u m t he ge l network i s expanded w i t h 
w a t e r , wh ich c o n s i s t s o f X, Y and Ζ t y p e s , f i l l i n g t he empty 
spaces . The ene rgy , Δ ι , r e q u i r e d i n t h i s s t ep i s f o r c r e a t i n g a 
mole o f c a v i t y o f t he s i z e o f the s o l u t e mo lecu l e (water i n 
vapor ) ag a i n s t t he s o l v e n t ( ge l w a t e r ) s u r f a c e t e n s i o n : 

Δ! = 4 i r r 2 (γ Ζ + γ Y + γ Χ ) / ( 1 + Κ ) , [ 3 ] 
2 ζ y χ 

where 4lïr i s the s u r f a c e a r ea o f the w a t e r m o l e c u l e ; γ , γ , 
χ y 

γ , a re the s u r f a c e t e n s i o n s and Χ, Υ, Ζ a re t he we i gh t 
f r a c t i o n s o f the t h r e e t ypes o f w a t e r , Χ , Υ, Ζ r e s p e c t i v e l y . 

The term 1/(1 + K) needs a l i t t l e more e x p l a n a t i o n . J h o n , 
G ro sh , Ree and E y r i n g (11) proposed a model i n wh ich ( b u l k ) 
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wate r i s v i s u a l i z e d as c o n t a i n i n g a t l e a s t two s o l i d - l i k e 
s t r u c t u r e s , the i c e - I - l i k e open s t r u c t u r e and t he i c e - I I I - l i k e 
c l o s e d s t r u c t u r e , i n e q u i l i b r i u m w i t h each o t h e r and w i t h t he 
g a s - l i k e mo l e cu l e s (A g a s - l i k e mo l e cu l e r e f e r s t o a m o l e c u l e 
wh ich i s su r rounded by h o l e s ) . A term 1/(1 + K) i s i n t r o d u c e d 
i n e q u a t i o n [ 3 ] on the as sumpt ion t h a t t he energy o f c a v i t y 
f o r m a t i o n i s n e g l i b l e i n t he i c e - I - l i k e p a r t o f t he l i q u i d 
s t r u c t u r e , and Κ i s t he e q u i l i b r i u m c o n s t a n t between i c e - I - l i k e 
and i c e - I I I - l i k e domains. T h i r d s t e p . To b r i n g w a t e r mo l e cu l e s 
i n ge l wa te r t o ge l network : T h i s s t e p r e q u i r e s an energy o f 
i n t e r a c t i o n between the po lymer mo l e cu l e s and the s u r r o u n d i n g 
wa te r m o l e c u l e s , Δ 2 ( 1 2 ) : 

A 2 = f n / ~  U(R) < S >  dR. [4 ] 

where A and Β denote w a t e
the number d e n s i t y o f s o l v e n t m o l e c u l e s ; f i s t he q u a n t i t y wh ich 
t a ke s account o f the f a c t t h a t t he d i s t r i b u t i o n o f s o l v e n t 
mo l ecu l e s o f the p o t e n t i a l minimum i s dense r than t he average 
d e n s i t y ; U(R) i s the i n t e r m o l e c u l a r p o t e n t i a l o f A and Β mo le 
c u l e s a t a s e p a r a t i o n d i s t a n c e , R; and <^/\+R + r

>^ v

 1 S t he 

average v a l u e o f the s u r f a c e a r e a . To e v a l u a t e U(R) and 
< s / \ + ^ + 3 > / \ v » t he r e a d e r s h o u l d c o n s u l t t he c i t e d r e f e r e n c e s ( 10 , 

1 2 ) , A l t hough t he new i n t e r a c t i o n parameter Δ 2 i s d i f f i c u l t t o 
e v a l u a t e d i r e c t l y , i t can be o b t a i n e d f o r a v a i l a b l e systems i n 
the i n p u t da ta i n Equa t i on [ 2 ] , Equa t i on [ 3 ] and second terms i n 
Equa t i on [ 1 ] a r e p r o v i d e d . 

Exper iments t o s uppo r t t h i s s e m i - e m p i r i c a l s o l u b i l i t y 
t h e o r y would be f i r s t , t o de te rm ine t he i n t e r a c t i o n pa r amete r , 
Δ 2 , f o r v a r i o u s g e l - w a t e r s y s tems . These can be o b t a i n e d by 
measur ing s w e l l i n g degrees as the o n l y i n p u t d a t a , t he r e s t 
be i ng a v a i l a b l e i n the l i t e r a t u r e . S w e l l i n g expe r imen t s on 
PHEMA networks made o f c o n t r o l l e d p u r i t y a re underway. The 
o b t a i n e d Δ 2 w i l l be compared t o the F l o r y i n t e r a c t i o n pa rameter 
χ ( 8 ) . Other s o l v e n t systems such as a l c o h o l s s hou l d a l s o be 
s t u d i e d . Second, a phase d iagram may be c o n s t r u c t e d f o r the 
w a t e r - p o l y m e r sy s tem. P e r f e c t symmetry a t t h e c o n s o l u t e tem
p e r a t u r e w i l l s uppo r t t he h y p o t h e s i s o f random m i x i n g o f w a t e r 
and po lymer m o l e c u l e s . D e v i a t i o n s f rom i t would i n d i c a t e 
s uppo r t o f the s o l u b i l i t y t h e o r y . 

The t h r e e - s t a t e model o f w a t e r s t r u c t u r e can a l s o be 
a p p l i e d t o o smot i c p r e s s u r e o f po lymer s o l u t i o n s . The usua l 
e x p r e s s i o n f o r o smot i c p r e s s u r e can be used e x c e p t t h a t t he 
volume s hou l d be r e p l a c e d by V(X f x ) , where f x i s t he r a t i o 
between t he s o l u b i l i t y o f s o l u t e i n X o r bu l k w a t e r t o t h a t i n 
ge l w a t e r . We b e l i e v e t h a t o n l y t he p o r t i o n o f w a t e r a v a i l a b l e 
f o r o smot i c p r e s s u r e s h o u l d be i n c l u d e d i n t h e o smot i c p r e s 
su re e q u a t i o n . T y i n g both s w e l l i n g and o smot i c p r e s s u r e 
expe r iment s t o g e t h e r w i t h t he t h r e e - s t a t e t h e o r y , one may 
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per fo rm a s w e l l i n g and/or o smot i c p r e s s u r e expe r imen t o f pure 
wate r as a f u n c t i o n o f t e m p e r a t u r e . As wa te r i s heated f rom 
- 30°C t o 100°C, any change i n s w e l l i n g and/or o smot i c p r e s s u r e 
would be p a r t l y due to m e l t i n g o f i c e - I - l i k e c l u s t e r s ( 1 1 ) . 

V i s c o e l a s t i c P r o p e r t i e s 

The e f f e c t o f s o l v e n t on the v i s c o e l a s t i c b e h a v i o r o f 
h yd roge l s has been w i d e l y r e p o r t e d i n the l i t e r a t u r e ( 13 , 14 , 15 ) . 
In c reep and s t r e s s r e l a x a t i o n measurements, the r e t a r d a t i o n 
t ime and r e l a x a t i o n t ime a re f u n c t i o n s o f s o l v e n t . In dynamic 
s t u d i e s the s o l v e n t reduces the γ r e l a x a t i o n p roce s s and 
s h i f t s the β p roce s s t o l ower t empe ra t u r e s . Fu r t he rmo re , the 
c o n c e n t r a t i o n and the na tu re o f low m o l e c u l a r we i gh t compounds 
a f f e c t the s i z e and shap
w e l l as the appa ren t a c t i v a t i o
s t u d i e s , C 2 i n the M o o n e y - R i v l i n e n u a t i o n i s a f f e c t e d by the 
s o l v e n t . 

H y d r o g e l s , i n the rubbery r e g i o n , behave much l i k e r u b b e r . 
T h e r e f o r e , i n t h i s s t u d y , a t h e o r y f o r the s t r e s s - s t r a i n 
r e l a t i o n i n h yd roge l s was deve loped by m o d i f y i n g the t h e o r y 
o f rubber e l a s t i c i t y . Con s i de r a f r e e l y o r i e n t i n g c h a i n 
wh ich c o n t a i n s η segments. The f o r o e F needed t o m a i n t a i n 
the c h a i n a t an average e l o n g a t i o n L i s g i v en by the 
e x p r e s s i o n : 

F = i 7 L* Φ o r τ-Μ,ιφ. [5] 
The s t r e s s σ needed to m a i n t a i n a r ubbe r network a t h i gh 
e l o n g a t i o n i s g i v e n by (16) 

σ/vkT = 1 n\*{a/nh) - α " 2 , [ 6 ] 

where v , a , lQ, k and Τ a r e , r e s p e c t i v e l y , the number o f 
c h a i n s per u n i t vo lume, the e x t e n s i o n r a t i o , the seament 
l e n g t h , Bo l t zmann ' s c o n s t a n t , and the a b s o l u t e t e m p e r a t u r e . 
L and L* a re the Langev in f u n c t i o n and i n v e r s e Langev in 
f u n c t i o n , r e s p e c t i v e l y wh ich a re d e f i n e d by χ = L ( y ) = c o th 
y - 1/y and y = L * ( x ) , r e s p e c t i v e l y . For a hyd roge l w i t h 
m a i n l y X w a t e r , i t i s r e a s onab l e to assume t h a t the po lymer 
c h a i n s can r o t a t e f r e e l y and Equat ions [ 5 ] and [ 6 ] a p p l y . 
However, f o r h yd r oge l s w i t h mo s t l y Ζ w a t e r , due to the c o n 
s t r a i n e d s t a t e , o n l y two l i m i t e d c on f o rma t i on s can o c c u r , 
i . e . , i n t e r n a l i s o m e r i z a t i o n between two conformers keep ing 
the p o s i t i o n o f each c h a i n end f i x e d . 

In magnet i c t h e o r y , i t i s known t h a t the magnet i c f i e l d 
s h i f t s the r e l a t i v e amount o f two o r i e n t a t i o n s . For M mag
n e t i c d i p o l e s each o f wh ich can e x i s t e i t h e r i n the d i r e c t i o n 
o f the magnet i c f i e l d , H, o r a g a i n s t the f i e l d , the r e l a t i o n 
between the m a g n e t i z a t i o n , I, and the magnet ic f i e l d t ake s 
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the form [17] I/m M = tanh (|γ ), where m i s the magnet ic 

moment. In polymer e l a s t i c i t y the f o r c e p l a y s a c o r r e s p o n d i n g 
r o l e . The e q u i v a l e n t e x p r e s s i o n f o r po lymer e l a s t i c i t y can be 
w r i t t e n a s : 

7(hL\ . e

£ ° F / k T - £ 0 F / k T 
k T " e * o F / k T ; e JUF/kT - t a n h ^/kT). ill 

We s h a l l r e f e r t o Ζ ( ^ γ ) as the Ζ f u n c t i o n . 

For h yd roge l s w i t h mo s t l y Y wa te r s t r u c t u r e , we expec t t h a t 
both the L f u n c t i o n and the Ζ f u n c t i o n s hou l d f a i l t o a p p l y 
and a Y f u n c t i o n s hou l

π 
Y U o F / k T ) = / s i n e cose tanh (H 0 F cose/kT) de . [ 8 ] 

0 

In t h i s c a s e , not o n l y two o r i e n t a t i o n s ( con fo rmer ) a re p e r m i t 
t e d , but the p o s i t i o n o f each c h a i n end i s not f i x e d . With the 
same argument the numer i ca l v a l ue o f a Y f u n c t i o n l i e s between 
the c o r r e s p o n d i n g X f u n c t i o n and Ζ f u n c t i o n . Hence, e q u a t i o n 
[6 ] can be m o d i f i e d as f o l l o w s : 

α/vkT = i r\h lXL*(a/nh) + W*{a/nh) + ZZ* (a/n^) - a " \ [ 9 ] 

where Y * , Z* a re the i n v e r s e Y f u n c t i o n and i n v e r s e Ζ f u n c t i o n , 
r e s p e c t i v e l y . 

To t e s t our h y p o t h e s i s , the s t r e s s - e l o n g a t i o n cu rve s f o r 
t h r e e po l y ( hyd roxye thy1 m e t h a c r y l a t e ) g e l s w i t h d i f f e r e n t 
wate r c o n t e n t s were o b t a i n e d f rom s t r e s s - s t r a i n measurements 
a t room tempera tu re (23°C) ( F i g u r e 2 ) . The observed data a re 
g i ven by the s o l i d l i n e s i n the f i g u r e . The va l ue s o f X, Y and 
Ζ a re taken f rom Lee ( 5 , 6 ) . Choos ing η = 100 (we found t h a t 
r e s u l t s o b t a i n e d f o r η = 100 and η = 1000 do not d i f f e r s i g n i f i 
c a n t l y ) , the va l ue s o f σ can be c a l c u l a t e d as a f u n c t i o n o f a . 
The c o n s t a n t s , v kT , needed f o r f i t t i n g the e x p e r i m e n t a l cu rve s 
a re 1.09 χ 1 0 7 dynes/cm 2 (Gel I, 45% w a t e r ) ; 6.03 χ 1 0 7 

dynes/cm 2 (Gel I I , 31% w a t e r ) ; and 2.59 χ 1 0 7 dynes/cm 2 (Gel 
I I I , 29.9% w a t e r ) . The c a l c u l a t e d p o i n t s a re i n d i c a t e d i n t he 
f i g u r e . Ge l s I and II were p repa red w i t h the i n d i c a t e d amount 
o f wate r i n the p o l y m e r i z a t i o n mix w h i l e Gel I I I was p repa red 
w i t h 100% hyd rox ye thy l m e t h a c r y l a t e monomer and then s w e l l e d 
t o 29.9% wate r c o n t e n t . A l though the wate r c o n t e n t i n Gel I I 
and Gel I I I a r e about the same, t he fo rmer i s c o n s i d e r a b l y 
tougher than the l a t t e r . 

I t i s p o s s i b l e t h a t , a t 23°C, t he b e h a v i o r o f Gel I I i s 
not w i t h i n i t s rubbery r e g i o n , s i n c e the agreement between 
the c a l c u l a t e d and measured a v a l ue s f o r t h i s ge l i s l e s s 
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s a t i s f a c t o r y than those f o r the o t h e r two g e l s . 

Summary 

A t h e o r y i s deve loped to i n t e r p r e t the o s m o t i c , s w e l l i n g 
and v i s c o e l a s t i c b e h a v i o r o f hydroge l networks i n terms o f a 
t h r e e - s t a t e model o f wa te r s t r u c t u r e . For i s o t r o p i c s w e l l i n g 
under e q u i l i b r i u m c o n d i t i o n s , F l o r y assumed random m i x i n g 
between the s o l v e n t mo lecu l e s and the po lymer m o l e c u l e s . 
S i n ce wate r mo l e cu l e s i n hyd roge l s possess h i g h e r degrees o f 
o rde rne s s than those i n t he b u l k , i t i s b e l i e v e d t h a t t he 
s o l u b i l i t y t h e o r y (10) s hou ld be used i n s t e a d o f the c l a s s i c a l 
F l o r y t h e o r y . T h i s i s because s o l u b i l i t y t heo r y c o n s i d e r s 
the f r e e energy o f m i x i n g o f wate r w i t h the ge l ne twork , 
wh ich i n c l u d e s the hea
r e q u i r e d t o c r e a t e ho le
i n t e r a c t i o n between wa te r and po lymer . In our t h e o r y o n l y the 
p o r t i o n o f wa te r a v a i l a b l e f o r o smot i c p r e s s u r e was i n c l u d e d i n 
the o smot i c p r e s s u r e e q u a t i o n . For the v i s c o e l a s t i c b e h a v i o r 
o f h y d r o g e l s , the t h e o r y o f r ubbe r e l a s t i c i t y was m o d i f i e d t o 
accommodate the e f f e c t o f t h r e e types o f wa te r on t h e i r s t r e s s -
s t r a i n r e l a t i o n s h i p . Polymer cha i n s w i t h ma i n l y X wa te r can 
r o t a t e f r e e l y , tho se w i t h ma i n l y Ζ wa te r can o n l y have two 
r e s t r i c t e d c on f o rma t i on s and those w i t h ma i n l y Y wa te r can have 
i n t e r m e d i a t e b e h a v i o r . In a c t u a l c a s e s , the c o n t r i b u t i o n s f rom 
a l l t h r e e t ypes o f wa te r s hou ld be c o n s i d e r e d s i n c e they a re 
c o e x i s t i n g i n any po l ymer -wa te r sy s tem. A few expe r iment s a re 
p roposed . A c c o r d i n g t o some expe r imen ta l r e s u l t s , the t h e o r y 
p r o v i d e s good agreement. 
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Abstract 
A three-state model of water structure in hydrogels has been 

extended to describe the osmotic, swelling and viscoelastic be
havior of gel networks. The solubility theory modification of 
the classical Flory theory is proposed to explain the osmotic 
and swelling behavior of gel networks. In describing the viscoe
lastic behavior of hydrogels, three functions, governed by the 
three types of water, are used to explain the stress-strain 
relations in the rubbery region. 
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5 
Permeability as a Means to Study the Structure of Gels 

N. WEISS and A. SILBERBERG 
Weizmann Institute of Science, Rehovot, Israel 

Permeation flow of the suspending medium past a non-moving 
gel matrix can also be interpreted  th  translatio f th l 
substance through the stationar
permeation coefficient bears some relationship to the sedimenta
tion coefficient of an isolated macromolecule of the same chemi
cal build-up as the gel substance. There should, in fact, be a 
one-to-one relationship between the two if the macromolecule and 
the gel network are both freely draining, i.e. if the hydrody-
namic effects are linearly additive and the resistance to flow 
per gram of gel substance is the same as the translational fric
tion coefficient per gram of the free macromolecule. Non-linear 
(in segment concentration) hydrodynamic interactions between the 
parts of the macromolecular chains will, however, affect the flow 
resistance and the permeation rates will depend upon the struc
tural arrangements of the network strands. Hence measurements of 
permeability can be used for an analysis of gel structure. 

The main difficulty in the way of using this approach has 
been the lack of suitable experimental equipment which would 
avoid large pressures and large pressure gradients in the gel. 

A device will be described and results obtained with it 
discussed. 
Experimental 

The principle of the apparatus is illustrated in Figure 1. 
Two compartments are involved. Flow is from 1 to 2. Volume 
displacement is achieved by bending of a thin metal diaphragm by 
means of a piston driven by a linear actuator. Volume displace
ment is measured by means of a LVDT (linear variable differential 
transformer) connected to the piston and calibrated in terms of 
volume displacements in a separate set up involving a fine glass 
capillary. Pressure is measured in each compartment by means of 
sensitive, very small volume change pressure transducers. The 
cells are filled to completion by rotatory valves on each compart
ment. 

69 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



70 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

Volume displacements of the order of 10~^ ml are aimed at 
and such small volume changes correspond approximately to the 
volume changes that might be expected from the response of the 
pressure transducer, the f i n i t e compliance of the walls and the 
compre s s i b i l i t y of the f l u i d . To overcome t h i s d i f f i c u l t y the 
pressure i n compartment 1 i s maintained equal to ambient by means 
of a feedback c i r c u i t which i s driven by pressure transducer 1 
and actuates the volume displacement device 1. Hence there i s no 
compression of the f l u i d i n compartment 1 and the walls of c e l l 1 
are not under s t r e s s . A s i m i l a r feedback c i r c u i t keeps the 
pressure i n compartment 2 at a selected l e v e l ΔΡ = P 2 ~ p l o v e r 

ambient by s u i t a b l y adjusting the volume displacement device 2. 
While volume changes de r i v i n g from the causes l i s t e d above do 
ar i s e i n compartment 2; they are not important f o r the volume 
measurement since onl
be known. 

An o u t l i n e drawing of the instrument i s given i n Figure 2 
and the feedback c o n t r o l c i r c u i t s are described i n Figure 3. 

The gels studied i n the present i n v e s t i g a t i o n (1) are based 
on acrylamide co-polymerized i n water with N-N' methylene b i s 
acrylamide as c r o s s l i n k i n g agent, ammonium persulphate as 
i n i t i a t o r and Ν,Ν,Ν',N1-tetramethy1 ethylenediamine as regu
l a t o r . Since t h i s reaction i s strongly influenced by oxygen the 
reaction was c a r r i e d out under nitrogen and i n solutions through 
which nitrogen had been bubbled to saturation. Nevertheless, 
even i f these precautions were taken, the upper layers of any g e l 
produced tended to be of d i f f e r e n t structure. To avoid such 
e f f e c t s i n t e r f e r i n g with the ge l samples a c t u a l l y tested and i n 
order to produce w e l l defined and w e l l anchored g e l blocks the 
following procedure was adopted. 

The s p e c i a l mould i l l u s t r a t e d i n Figure 4 was used. The 
reaction mixture was f i l l e d i n t o the mould under nitrogen, the 
thickness of the f i n a l g e l layer being c o n t r o l l e d by spacer as 
shown. The upper and lower parts was then removed as explained 
i n the t e x t to the Figure and the cup with the ge l layer i n place 
was clamped between the two c e l l s of the instrument. 

The gel mixtures prepared are characterized by the concent
r a t i o n of monomer and the percentage of c r o s s l i n k i n g reagent i n 
the monomer mixture. 

Measurements at one pressure were completed w i t h i n one 
minute i n general and could be reproduced with great accuracy. 

Sedimentation r e s u l t s were obtained on f r a c t i o n s of l i n e a r 
polyacrylamide i n a Model E Ultr a c e n t r i f u g e at the concentrations 
shown and were corrected f o r pressure by extrapolation using the 
method of E l i a s (2). The polymers were synthesized using the 
same reaction procedure as f o r the gels but leaving out the m u l t i 
f u n c t i o n a l monomer. 
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VALVE 2 VALVE 1 

VOLUME VOLUME 
DISPLACEMENT DISPLACEMENT 

2 1 

Figure 1. Schematic outline of permeability apparatus 

Figure 2. Outline drawing of permeability apparatus. 1, half-cell; 2, rota
tory valve; 3, connecting ring; 4, connection for pressure transducer; 5, 

volume displacement device; 6, LVDT; 7, linear actuator; 8,9, base. 
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RECORDER 

Figure 3. Feedback
P23D(l pressure
transducer amplifier/indicator 311-A; OA, Kepco bi
polar operational power supply BOP 36-1.5 (M); LA, 
Derritron VP.2 MM vibrator; LVDT, Sanborn Linear-
syn differential transformer 585 DT-050; C, permea

bility half-cell. 

6 

7 

Figure 4. Special mould for preparation of gel 
blocks. 1, Clamping screws; 2, upper clamp; 
3, holes for screws; 4, escape hole for excess gel 
mixture; 5, upper defining surface for gel block; 
6, spacer ring defining block thickness; 7, cell 
with perforated bottom for gel block; 8, perfora

tion; 9, seal; 10, lower clamp. 
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Theoretical Relationship between Permeation C o e f f i c i e n t Kç. and 
the Sedimentation Constant (j) 

The f l u x J per u n i t cross-section of the g e l i s given by 

J = (K g /n ) (-Vp) , (1) 

where Vp i s the applied pressure gradient, K s i s the permeation 
c o e f f i c i e n t and η i s the v i s c o s i t y of the suspending medium of 
the g e l . I t should be noted that 

Κ /η = L , (2) 
s ρ 

where Lp i s the hydraulic volume flow permeation c o e f f i c i e n t used 
i n membrane analysi s . I
defined as the r e c i p r o c a
u n i t volume of suspending medium, i . e . 

Κ /η = L = 1/f . (3) s p w 
The f r i c t i o n c o e f f i c i e n t f w i s defined as the force exerted on 
the immobile gel matrix, per u n i t volume of the suspending 
medium, at un i t r e l a t i v e v e l o c i t y . 

I f the suspending medium i s at r e s t (in the mean) and the 
gel substance ( i n the same configuration as before) i s moving 
r e l a t i v e to i t , we can define a f r i c t i o n f a c t o r f g which i s the 
force which has to act on un i t volume of gel substance f o r i t to 
move with u n i t v e l o c i t y r e l a t i v e to the suspending medium. Since 
the force which would be required to move the ge l substance 
through the suspending medium at a c e r t a i n v e l o c i t y must equal 
the force to move the suspending medium through the gel substance 
at the same (mean) v e l o c i t y , we can write (4): 

(1/f ) = (1/f )((1-φ)/φ) . (5) w g 
I f , i n the case of movement of the gel substance through the 

suspending medium, the force acting upon the ge l substance de
rive s from a c e n t r i f u g a l f i e l d (ultracentrifuge) i t may be 
questionable whether the gel membrane w i l l not change configura
t i o n (the c e n t r i f u g a l but not the hydrodynamic forces are u n i 
formly d i s t r i b u t e d ) . I f , nevertheless, we make t h i s i d e n t i f i c a 
t i o n 

2 - λ -ν/ω r = s = (l - p v ) / f ν , (6) 
g 

where ν i s the v e l o c i t y of movement, ω i s the angular v e l o c i t y , 
r i s the l o c a t i o n , from the center, of the phase boundary i n the 
ul t r a c e n t r i f u g e , ρ i s the density of the s o l u t i o n and ν i s the 
solute p a r t i a l s p e c i f i c volume. Whereas s calculated from 
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eqn. (6) may not therefore match s measured i n an actual experi
ment, i t nevertheless provides a r e n d i t i o n of the permeability 
data i n a form which can be compared with sedimentation values. 

Hence combining equations (3), (5) and (6), 

K s / n = L p = l / f w = (1/f )(1 - φ ) / φ 

= ( s v / U - p v ) ) ((1 - φ ) / φ ) . (7) 

Equation (7) can be used to calcula t e an e f f e c t i v e K s, L p or f w 

value from a measurement of s , or an e f f e c t i v e s (or f g ) value 
from a measurement of K s or Lp. 

Since the volume f r a c t i o n φ can be w r i t t e n 

φ = cv

where c i s the concentration of the g e l substance i n weight per 
uni t volume, we can rewrite equation (7) as follows 

cK s = η (s) ( l - c v ) / ( l - p v ) . (9) 

An equation i d e n t i c a l to t h i s has been derived by M i j n l i e f f 
and Jaspers (5). I t d i f f e r s from equation (9) only i n that the 
factor (1-cv)/(1-pv) i s w r i t t e n i n the equivalent form ( l - v / v w ) 
where v w i s the p a r t i a l s p e c i f i c volume of the solvent. 

M i j n l i e f f and Jaspers attached p h y s i c a l s i g n i f i c a n c e to 
t h e i r r e s u l t b e l i e v i n g that permeation and sedimentation r e s u l t s 
could be compared i n t h i s way. I t i s important to note, however, 
that equation (9) can hold only i n the u n l i k e l y event that 
exactly the same system i s used both i n determining K s and s. 
In p a r t i c u l a r , data obtained from sedimentation studies, of 
uncrosslinked m a t e r i a l , should not, when used i n (9) be expected 
to match K s, measured on a crosslinked system even of the same 
o v e r a l l concentration and even i f as i n our case the experi
mental s-values were corrected f o r the high pressure i n the 
ul t r a c e n t r i f u g e . 

On the other hand, as already pointed out, equation (9) 
represents a useful means of t r a n s l a t i n g permeation i n t o 
e f f e c t i v e sedimentation r e s u l t s and vice versa. In p a r t i c u l a r , 
one may look upon sedimentation data of independent macromolecules 
as corresponding to zero c r o s s l i n k density. 

Results 

The r e s u l t s calculated as cK s e i t h e r from equation (1), i n 
the case of permeation data, or from equation (9) i n the case of 
sedimentation are represented i n Figure 5. 

Sedimentation r e s u l t s depended on molecular weight. The 
data shown i s for a sample of 1.57x10^ M.W. At concentrations 
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above the minimum i n the curve, however, the molecular weight 
dependence of the sedimentation data was n e g l i g i b l e . 

Discussion 

Molecular, S t r u c t u r a l I n t e r p r e t a t i o n of K s 

Since permeation flow occurs r e l a t i v e to the g e l matrix, 
the system i s hydrodynamically two phase: the flowing suspending 
medium and the immobile g e l substance. I f a l l the suspending 
medium i s flowing equally f r e e l y around a l l parts of the g e l 
substance we can replace the l a t t e r by a system of equally s i z e d 
spheres, evenly strung out along the strands of the network. I f 
there are ν such spheres per u n i t volume of g e l substance and 
each has a f r i c t i o n c o e f f i c i e n

f = vf ( 1 0 ) g ο 
and combining equations ( 7 ) , ( 8 ) and ( 1 0 ) 

cK = η ( 1/vf ) ( l - c v ) / v . ( 1 1 ) s ο 
Since i n the extreme free draining case envisaged, f Q by d e f i 
n i t i o n does not depend upon the density of c r o s s l i n k s cK s/ 
should be independent of c r o s s l i n k density as w e l l . 

On the other hand, i f we assume some c l u s t e r i n g of the seg
ments around p o i n t s , f o r example, i n regions where the c r o s s l i n k 
density l o c a l l y i s above average, these regions w i l l act to 
hinder flow through them (become non-draining) and a more appro
p r i a t e p i c t u r e to use i s that of a number of oversized spheres, 
equal to the number of clustered regions, acting as f r i c t i o n 
centers (Figure 6 ) . I f there are again ν such spheres per u n i t 
volume of g e l substance each containing a length I of g e l network 
chain and each of e f f e c t i v e Stokes radius a, 

f = 67rna ( 1 2 ) ο 
and 

ν = 1 / A A , ( 1 3 ) 

where A i s the molecular cross-section of the g e l network chains. 
Combining equations ( 1 1 ) , ( 1 2 ) and ( 1 3 ) 

cK g = [ (A/6TT) (l-cv)/v] (Va) . ( 1 4 ) 

In equation ( 1 4 ) the term i n square brackets, but not (&/a), i s 
independent of the degree of c r o s s l i n k i n g . Hence K s as a func
t i o n of the degree of c r o s s l i n k i n g i s determined s o l e l y by the 
r a t i o (l/a.) . 
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0 0.05 0.10 0.15 

C(gm/cm3) 

Figure 5. Specific permeability Ksc = s-rj(l — (v)/(l — pv) as a function 
of concentration c for aqueous polyacrylamide gels. Parameter: percent 
crosslinking monomer per ordinary monomer added. 0% corresponds to 
non-crosslinked material, and the data represent sedimentation results 

corrected for pressure. 

A S 

Figure 6. Freely and partially draining gel. V = (Al/cv) 
(1 — cv); V, effective volume of gel containing one hydro-
dynamic resistance center of radius a and a length of 
polymer chain I. (i) Freely draining case; (ii) partially 

draining case. 
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T h i s r a t i o i s a measure o f t he segment d i s t r i b u t i o n around 
each p o i n t o f r e s i s t a n c e . I f one can pack a l a r g e amount o f 
c h a i n ( l a r g e i) i n t o a s m a l l volume ( s m a l l a) pe rmea t i on r a t e s 
w i l l be h i g h . I f , on t he o t h e r hand, t he l e n g t h I approaches 
t he d imens i on s o f t h e c h a i n d i a m e t e r , a , as w e l l , w i l l t e n d 
towards t h i s v a l u e . F o r a g i v e n c o n c e n t r a t i o n , c , t h e r e f o r e , 
the l o w e s t p e r m e a t i o n r a t e s w i l l o c c u r when i/a - 1 and t he 
c h a i n s a r e f r e e l y d r a i n i n g . Where t h e r e a re s t r u c t u r a l inhomo-
g e n e i t i e s , however, f o r example a l o c a l c l u s t e r i n g o f c r o s s l i n k s , 
(£/a) » 1 (many segments grouped i n n o n - d r a i n i n g spaces) p e r 

mea t i on r a t e s w i l l be h i g h . T h i s can be seen even b e t t e r i f 
e q u a t i o n (14) i s r e a r r a n g e d t o g i v e 

Κ = V/6i\a  (15) 
s 

Here 

V = (1-cv) /(cv/Al) (16) 

i s t he volume o f su spend ing medium a s s o c i a t e d w i t h each e f f e c t i v e 
sphere o f hydrodynamic r a d i u s a ( F i g u r e 6 ) . C l e a r l y Kg w i l l be 
the l a r g e r , t h e l a r g e r V and t he s m a l l e r a , o r i n o t h e r word s , 
K s w i l l be l a r g e i f t h e r e i s l o c a l c r owd ing o f t he g e l network 
around an e f f e c t i v e c r o s s l i n k l e a v i n g l a r g e volumes o f s u s 
pend ing medium f r e e o f segments, o r , t r i v i a l l y , i f we go f rom 
a m i c r o - p o r o u s network t o a macro-porous network k e e p i n g t h e 
amount o f g e l sub s tance f i x e d . 

The r e s u l t s o f F i g u r e 5 i n t e r p r e t e d as %/a f rom e q u a t i o n (14) 
a re used i n F i g u r e 7. The f o l l o w i n g r e l a t i o n s h i p was used t o 
e v a l u a t e A/v : 

A/v = Μ /Ν b (17) 
ο A 

where M Q i s the m o l e c u l a r w e i g h t , b t h e l e n g t h o f t h e monomer 
u n i t and N A i s A v o g a d r o ' s number. W i t h MQ = 71 gm and 
b = 2 . 5 x l 0 ~ 8 cm, A/v i s found t o be 4 . 71x l 0 ~ 1 5 gm/cm. S i n c e 
ν = 0.701 ml/gm t h e c r o s s - s e c t i o n A = 3 . 3 x l 0 ~ 1 ^ c m 2 . 

4TT 3 
I f we p u t V = y - R and assume t h a t t he volume f r a c t i o n o f 

po l ymer i n t he n o n - d r a i n i n g r e g i o n o f r a d i u s a i s φ α 1 we f i n d 
t h a t 

I 3 φ _ 

r - 7 - r 
where fLQ - 1 - 4 (R-a) i s t he a c t u a l l e n g t h o f c h a i n i n v o l v e d 
w i t h t h e n o n - d r a i n i n g r e g i o n . I t f o l l o w s t h a t 

(V [1-4 - l ) / £ 1 = Îsi. (19) 
a a a φ 
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Figure 7. Permeability data of Figure 5 recalculated according to Equation (14) 
in relation to the model of Equation (19) 
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We w i l l assume that i n the region where the r e s u l t s i n 
Figure 5 come together at higher concentrations, the o v e r a l l 
concentration φ j u s t matches the concentration φ α^ i n the cross
l i n k regions. This suggests that φ α^ - 0.2 and we make the 
further assumption that t h i s w i l l now also be the concentration 
i n the c r o s s l i n k regions at a l l lower o v e r a l l concentrations 
as w e l l . With t h i s we can calcula t e the dependence of l/a on 
φ fo r given R/a using equation (19). The r e s u l t s are indicated 
by the dotted l i n e s i n Figure 7. The f u l l l i n e s i n t h i s f i g u r e 
are the r e s u l t s from Figure 5 redrawn using equation (14) f o r 
il/a and equation (8) f o r φ. 

I t w i l l be seen, i n t e r e s t i n g l y , that £/a - 1 f o r the non-
cross li n k e d polymers but that i t l i e s between 10 and 100 for the 
crosslinked systems. Fro  th  r o s t e f l i n e t f i x e d R/
values we f i n d that p o r o s i t
increased. At the sam  large  region
f r e e l y draining (increasing R/a) more and more polymer segments 
w i l l be found outside the e f f e c t i v e c r o s s l i n k region. This w i l l 
eventually tend to decrease permeability and accounts for the 
maximum i n the curves. 

Since ΙΑ = φ(4ττ/3^^* we f i n d using equation (19) , 

a = A[£/a - 4 (- - 1 ) ] / ψ- φ _ . (20) a ο ci. 
We have calculated that A=3.3xl0~ 1 5 cm2 and assumed that 
Φσΐ = °· 2· Hence equation (20) can be used together with the 
data i n Figure 7.to c a l c u l a t e a for each experimental point. I t 
turns out that a, the radius of the e f f e c t i v e c r o s s l i n k region/ 
ranges from about 1.5 nm fo r the gels of low degree of cross-
l i n k i n g to 7 nm f o r the gels at the high degree of c r o s s l i n k i n g 
which we have measured. 

Hence permeability measurements can be used to characterize 
the i n t e r n a l arrangement of gels. 
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Diffusion through Hydrogel Membranes 
I. Permeation of Water Through Poly(2-hydroxyethyl methacrylate) 

and Related Polymers 
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Hydroge l s a re known f o r t h e i r un ique p h y s i c a l p r o p e r t i e s and 
p o t e n t i a l b i o m e d i c a l a p p l i c a t i o n s
some p o l y ( 2 - h y d r o x y e t h y
been p r e v i o u s l y i n v e s t i g a t e d (1-4). Ra tne r and M i l l e r {5) have 
shown t h a t p o l y HEMA membranes have a h igh p e r m e a b i l i t y t o urea 
due t o i n t e r a c t i o n between the s o l u t e and membrane, and , i n 
a d d i t i o n , c o n s i d e r the e x i s t e n c e o f pores i n the p o l y HEMA ge l 
s t r u c t u r e , w i t h the wa te r r e g i on s o f the ge l a c t i n g as " p o r e s " 
f o r s o l u t e t r a n s p o r t . 

R e c e n t l y Chen found (6_) t h a t the a b s o r p t i o n o f wa te r by 
dehydra ted p o l y HEMA was a f u n c t i o n o f c r o s s ! i n k e r c o n t e n t . In 
h i s s tudy d i f f u s i o n c o e f f i c i e n t s were c a l c u l a t e d f rom a b s o r p t i o n 
k i n e t i c da ta u s i n g F i c k ' s l aw. Seve r a l f a c t o r s i n f l u e n c e the 
s t r u c t u r e o f hyd roge l s and sub sequen t l y t h e i r d i f f u s i o n c h a r a c 
t e r i s t i c s . These f a c t o r s i n c l u d e i n i t i a t o r , c r o s s l i n k i n g a g e n t s , 
c r o s s l i n k e r c o n t e n t , e q u i l i b r i u m wate r c o n t e n t and i m p u r i t i e s . 

Yasuda e t a l . (1,11) have u t i l i z e d a t h e o r y , based on a 
f r ee - v o l ume concept o f d i f f u s i v e t r a n s p o r t , f o r hyd ra ted homo
geneous membranes. They conc luded t h a t t h i s concept e x c e l l e n t l y 
e x p l a i n s the d i f f u s i v e t r a n s p o r t parameters as a f u n c t i o n o f 
wate r c o n t e n t over a wide h y d r a t i o n range . 

In t h i s s t u d y , we have been concerned w i t h v a r y i n g c r o s s -
l i n k e r c o n c e n t r a t i o n s and wa te r c o n t e n t . I t i s hoped t h a t t h i s 
da ta w i l l p r o v i d e a d d i t i o n a l i n f o r m a t i o n on the b a s i c t r a n s p o r t 
mechanisms f o r wate r i n d i f f e r e n t ge l systems and on the r o l e o f 
wate r i n the t r a n s p o r t o f o t h e r s o l u t e s . 

E xpe r imenta l 

Hyd roxye thy l m e t h a c r y l a t e was o b t a i n e d as a g i f t f rom Hydron 
L a b o r a t o r i e s (New B run sw i ck , New J e r s e y ) and was used w i t h o u t 
a d d i t i o n a l p u r i f i c a t i o n . Methoxyethy l m e t h a c r y l a t e and meth-
o x y e t h o x y e t h y l m e t h a c r y l a t e were p repa red i n ou r l a b o r a t o r i e s by 
base c a t a l y z e d t r a n s e s t e r i f i c a t i o n o f methyl m e t h a c r y l a t e w i t h 
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the c o r r e s p o n d i n g a l c o h o l . E t h y l ene g l y c o l d i m e t h a c r y l a t e (Mono
mer Polymer L a b o r a t o r i e s , P h i l a d e l p h i a , P e n n s y l v a n i a ) and 
t e t r a e t h y l e n e g l y c o l d i m e t h a c r y l a t e ( P o l y s c i e n c e s , W a r r i n g t o n , 
P e n n s y l v a n i a ) were p u r i f i e d by base e x t r a c t i o n t o remove i n h i b i t o r 
f o l l o w e d by d i s t i l l a t i o n . A z o b i s m e t h y l i s o b u t y r a t e , p repa red by 
the method o f Mo r t imer Ç7 ) , was used t o i n i t i a t e p o l y m e r i z a t i o n 
a t a c o n c e n t r a t i o n o f 7.84 m m o l e s / l i t e r monomer. C r o s s l i n k e r 
c o n c e n t r a t i o n was c a l c u l a t e d on a mo l e - t o -mo l e b a s i s w i t h HEMA. 
The d e s i r e d monomer s o l u t i o n was mixed w i t h 45% v/v d i s t i l l e d 
wa te r and p o l y m e r i z e d between g l a s s p l a t e s a t 60°C f o r 24 hou r s . 

A g l a s s d i f f u s i o n c e l l , wh ich c o n t a i n s two compartments o f 
equal volume (175 m l ) , was de s i g ned . Each chamber was s t i r r e d a t 
a c o n s t a n t r a t e t o reduce boundary l a y e r e f f e c t s . A t the b e g i n 
n i n g o f each e x p e r i m e n t , one compartment was f i l l e d w i t h t r i t i a t e d 
w a t e r , the o t h e r was f i l l e
t r i t i a t e d wa te r was mon i t o re
t i m e s . These a l i q u o t s were p l a c e d i n 10 ml o f l i q u i d s c i n t i l l a
t i o n " c o c k t a i l " ( A q u a s o l , New England N u c l e a r Company) and 
counted i n a Packa rd S c i n t i l l a t i o n c o u n t e r . The t h i c k n e s s o f 
the wet membrane was measured u s i n g a l i g h t m i c romete r (Van 
Kauren Company). Membrane d e n s i t i e s were measured by we i gh i n g 
s e c t i o n s o f wet membrane o f known volume. Water c o n t e n t was 
o b t a i n e d from the d i f f e r e n c e i n we i gh t o f wet and d ry membrane 
( d r i e d t o c o n s t a n t we i gh t under vacuum a t about 6 0°C ) . A l l 
exper iment s were run a t 23°C ± 1°C. 

R e s u l t s and D i s c u s s i o n 

The e q u a t i o n used to t r e a t our da ta was d e r i v e d e l sewhere 
(8) and i s g i ven as f o l l o w s : 

In (1 - 2 C T /C Q ) = - ( J + \) AU t , 

where Ct = 3 H 2 0 count a t t ime t ; C 0 = 3 H 2 0 count a t t ime 0 ; V i = 
V 2 = compartment volume = 175 m l ; A = membrane c o n t a c t a rea = 
14.9 c m 2 ; U = p e r m e a b i l i t y ( cm/sec ) ; and t = t ime ( s e cond s ) . 

A p l o t o f In (1 - 2 C t / C 0 ) v s . t ime w i l l y i e l d a s t r a i g h t 
l i n e w i t h s l o p e = - ( 1 /V X + 1/V 2 )AU. S u b s t i t u t i n g ou r va l ue s o f 
A, V x and V 2 g i v e s U = -5 .87 χ s l o p e (cm/sec) . The d i f f u s i o n 
c o e f f i c i e n t s a re g i v en by D = Ud/Kp, where d = wet membrane 
t h i c k n e s s and Kp i s the p a r t i t i o n c o e f f i c i e n t . By d e f i n i t i o n 
Kp = wate r c o n c e n t r a t i o n i n membrane/water c o n c e n t r a t i o n i n 
b u l k , wh ich f o r our case reduces t o Kp = ( p jv|/ p y) W f · a n c * 

P^ a re the wet membrane d e n s i t y and the d e n s i t y o f wa te r a t 

23°C, r e s p e c t i v e l y . W f i s the we i gh t f r a c t i o n o f wa te r i n the 

wet membrane and i s equal t o WW/WM, where Ww i s the we i gh t o f 

wate r and WM i s the we i gh t o f the wet membrane. 
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Tab le 1 l i s t s the o b t a i n e d parameters f o r the v a r i o u s g e l s 
used. The da ta f o r the ^ 0.2 mo le -% d i e s t e r c r o s s ! i n k e r p o l y 
HEMA g e l s and un repo r t ed da ta on g e l s a p p r o x i m a t e l y 3-4 t imes 
t h i c k e r i n d i c a t e t h a t the p e r m e a b i l i t y U i s r ough l y p r o p o r t i o n a l 
t o 1/d, w h i l e D i s e s s e n t i a l l y independent o f t h i c k n e s s . V a r i a 
t i o n s i n D f o r the same g e l s appear t o be m a i n l y due t o e r r o r s 
i n the t h i c k n e s s measurement and a sma l l degree o f n o n - u n i f o r m i t y 
i n t h i c k n e s s . 

W.p and Kp dec rease as c r o s s l i n k i n g c o n t e n t i n c r e a s e s , as 

e x p e c t e d . However, Kp seems t o i n c r e a s e aga in a t a p p r o x i m a t e l y 

6 mo le -% c r o s s ! i n k e r . The i n c r e a s i n g Kp o f the h i g h e r c r o s s -
l i n k e d g e l s may be the r e s u l t o f g r e a t e r i n t e r a c t i o n between 
wate r and a h i g h l y c r o s s l i n k e d po lymer network . T h i s w a t e r , a 
r e l a t i v e l y sma l l f r a c t i o
f o r t r a n s p o r t o r i s i n v o l v e
( 13 ,14 ) , 

A p l o t o f d i f f u s i o n c o e f f i c i e n t s v s . p e r c e n t EGDMA and 
TEGDMA c r o s s ! i n k e r s i s shown i n F i g u r e 1. The d i f f u s i o n c o e f 
f i c i e n t s dec rease as the c r o s s ! i n k e r c o n t e n t i n c r e a s e s , app roach 
i n g a l i m i t i n g v a l u e a t about 6 mo le -% c r o s s l i n k e r . T h i s b e h a v i o r 
may i n d i c a t e a " p a r t i t i o n " t ype membrane. D i f f u s i o n c o e f f i c i e n t s 
r a p i d l y i n c r e a s e w i t h d e c r e a s i n g c r o s s l i n k e r c o n t e n t below about 
2.5 mo le -% c r o s s l i n k e r , s u g g e s t i n g the development o f " l o o s e 
p o r e s . " 

Two b a s i c mechanisms have been c o n s i d e r e d i n e x p l a i n i n g 
s o l u t e t r a n s p o r t th rough a po lymer membrane: 1) a m ic ropo rous 
t y p e , wh ich can a c t as a s i e v e w i t h the s o l u t e mo lecu l e s be i ng 
t r a n s p o r t e d thourgh the minute pores o f the membrane, and 2) a 
" p a r t i t i o n " t ype membrane, which f u r t h e r a c t s t o s low the d i f f u 
s i o n p roce s s due t o the i n t e r a c t i o n between d i f f u s i n g s o l u t e and 
membrane m a t r i x o r membrane w a t e r . C r a i g ' s work (9) showed 
t h a t , i n g e n e r a l , a l i n e a r r e l a t i o n s h i p e x i s t s between m o l e c u l a r 
we i gh t and h a l f t ime r a t e s o f t r a n s f e r f o r porous membranes. 
However, the e f f e c t o f m o l e c u l a r we i gh t on the h a l f t ime r a t e s 
through c e r t a i n " p a r t i t i o n " membranes i n d i c a t e d no such t r e n d 
( 10 ) . R e c e n t l y , Chen (6 j has d e s c r i b e d t h r e e d i f f e r e n t d i f f u s i o n 
mechanisms f rom h i s wa te r a b s o r p t i o n s t u d i e s : 1) a d i s s o l u t i o n 
mechanism f o r h i g h e r c r o s s l i n k i n g c o n t e n t , 2) a pore f l o w 
mechanism f o r low c r o s s l i n k i n g c o n t e n t , and 3) an i n t e r m e d i a t e 
mechanism a t i n t e r m e d i a t e c r o s s l i n k e r c o n c e n t r a t i o n s . We have 
found s i m i l a r r e s u l t s f rom our s t u d y . Water d i f f u s e s through the 
c r o s s l i n k e d p o l y HEMA membranes v i a a p r edom inan t l y pore mechanism 
from 0% c r o s s l i n k e r t o a p p r o x i m a t e l y 2.5 mo le -% c r o s s l i n k e r . 
Above 4 mo le -% c r o s s l i n k e r , wa te r t r a n s p o r t i s m a i n l y c o n t r o l l e d 
by the i n t e r a c t i o n o f wa te r w i t h the ge l m a t r i x . The i n t e r m e d i 
a te r e g i o n l i e s between 2.5 t o 4 mo l e -% . 

A d e s c r i p t i o n o f the homogeneous membrane model and the 
t h e o r e t i c a l a s sumpt ions i n v o l v e d i n the d e r i v a t i o n o f the r e l a t i o n 
between d i f f u s i o n c o e f f i c i e n t s and w a t e r c o n t e n t i s found 
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TABLE I. 

D i f f u s i o n C o e f f i c i e n t s , P e r m e a b i l i t i e s and Hydrogel Compos i t i on 

45% H2O-HEMA u „ D χ 1 0 6 U χ 10* 
EGDMA-mole-% d(cm) P (g/cc ) _ f _D ( cm 2 / sec ) (cm/sec) 

7.5 0.0777 1.26 0.381 0.481 2.3 1.4 
5.3 0.0713 1.22 0.348 0.426 2.3 1.4 
3.8 0.0717 1.20 0.355 0.427 2.4 1.4 
2.3 0.0696 1.20 0.376 0.452 2.6 1.7 
0.75 0.0739 1.25 0.403 0.505 3.0 2.1 
0.38 0.0679 1.27 0.417 0.531 3.3 2.6 

=0.02 0.071
0.058
0.0638 1.30 0.420 0.547 3.4 2.9 
0.0682 1.22 0.418 0.511 3.3 2.5 

45% H2O-HEMA 
TEGDMA-mole-% 

7.5 0.07-76 1.20 0.405 0.488 2.5 1.6 
4.6 0.0736 1.22 0.368 0.450 2.6 1.6 
2.5 0.0702 1.23 0.377 0.465 2.7 1.8 
1.4 0.0697 1.23 0.402 0.496 3.1 2.2 
0.46 0.0793 1.33 0.418 0.557 3.4 2.4 

Copo lymers : 
Volume-% 

MEMA 0.0660 1.22 0.0348 0.0426 0.23 0.015 
33% HEMA-67% MEMA 0.0694 1.25 0.173 0.217 0.58 0.18 
67% HEMA-33% MEMA 0.0686 1.29 0.308 0.397 1.6 0.94 

MEEMA 0.0901 1.11 0.631 0.702 7.6 5.9 
33% HEMA-67% MEEMA 0.0733 1.20 0.504 0.605 5.1 4.2 
67% HEMA-33% MEEMA 0.0747 1.20 0.444 0.534 3.9 2.8 

MEMA - methoxyethy l m e t h a c r y l a t e 

MEEMA - methoxye thoxye thy l m e t h a c r y l a t e 

HEMA - h y d r o x y e t h y l m e t h a c r y l a t e 
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e l sewhere (11 ), and t h a t r e l a t i o n i s g i v e n as f o l l o w s : 

In D/DQ = βχ(1 - α ) / ( 1 + x a ) , 

where χ = (1 -Kp)/Kp, a = V p / V w , β = V * / V w , D = e x p e r i m e n t a l 

d i f f u s i o n c o e f f i c i e n t w i t h p a r t i t i o n c o e f f i c i e n t Kp, DQ = d i f f u 

s i o n c o e f f i c i e n t o f wate r i n pure w a t e r , V w = f r e e volume i n 

u n i t volume o f pure w a t e r , V = f r e e volume i n u n i t volume o f 
Ρ 

polymer phase, and V* = a c h a r a c t e r i s t i c volume parameter d e s c r i b 
i n g t he d i f f u s i o n o f a permeant mo l e cu l e i n t h e medium. 

I t i s p o s s i b l e t o r e a r r a n g e t h i s e q u a t i o n i n o r d e r t o 
o b t a i n a l i n e a r p l o t . That i s

A p l o t o f (In D/Do)"1 v s . x " 1 s hou ld y i e l d a s t r a i g h t l i n e w i t h 
s l o p e = - 1 / β ( 1 - α ) and i n t e r c e p t = - α / β ( 1 - α ) . T a b l e I I g i v e s v a l u e s 
o f _ ( l n D/Do) 1 and x " 1 f o r t h e g e l s s t u d i e d , u s i n g D0 = 2.4 χ 
1 0 " 5 cm 2 /sec f rom (12) . The va l ue s f o r p o l y HEMA, u n c r o s s ! i n k e d 
(^ 0.02 m o l e - % ) , a re an average o f f o u r d i f f e r e n t g e l s . F i g u r e 
2 i s a p l o t o f (In D/Do)" 1 v s . x " 1 f o r a l l but t h e c r o s s l i n k e d 
g e l s . Lea s t squares f i t y i e l d s v a l ue s o f α = 0.69 and β = 11 
w i t h a c o r r e l a t i o n c o e f f i c i e n t o f - 0 . 998 . The i n t e r c e p t y i e l d s 
a v a l u e o f 1.6 χ 1 0 " 7 cm 2 /sec f o r t h e h y p o t h e t i c a l z e r o wate r 
c o n t e n t po l ymer . I n c l u s i o n o f c r o s s l i n k e d p o l y HEMA g e l s y i e l d s 
v a l ue s o f α = 0.72 and β = 13 w i t h a c o r r e l a t i o n c o e f f i c i e n t o f 
- 0 . 988 . Even though a f a i r c o r r e l a t i o n i s o b t a i n e d w i t h t he 
i n c l u s i o n o f t he c r o s s l i n k e d g e l s , t h e s e g e l s seem t o e x h i b i t a 
t r e n d o f t h e i r own. These r e s u l t s and p r e v i o u s r e s u l t s (11) 
i n d i c a t e t h a t s t r u c t u r a l d i f f e r e n c e s o f t h e monomers used may 
p l a y some r o l e i n t he d i f f u s i o n p roce s s o t h e r than j u s t d e t e r 
m in i ng wa te r c o n t e n t . Changing o f the wa te r c o n t e n t o f s w o l l e n 
g e l s f o r pure systems by v a r y i n g p o l y m e r i z a t i o n wa te r c o n c e n t r a 
t i o n may shed some l i g h t on s t r u c t u r a l e f f e c t s i n t h e d i f f u s i o n 
p r o c e s s . T h i s s t udy i s be i ng c o n t i n u e d . 
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Abstract 
Water transport through fully swollen poly (2-hydroxyethyl 

methacrylate) (poly HEMA) hydrogels, containing varying concentra
tions of ethylene glycol dimethacrylate (EGDMA) and tetraethylene 
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TABLE I I . 

Va lues o f ( In D/D Q ) " 1 and x " 1 f o r Hydroge l s S t u d i e d 

(U s i ng D Q = 2.4 χ 1 ( f 5 c m 2 / s e c ) 1 2 

Hydrogel 
(Copolymers i n volume-%) I n i D / D ^ " 1 χ 1 = KD, 

MEMA -0 .22 0.0445 
33% HEMA-67% MEMA - 0 . 27 0.277 
67% HEMA-33% MEMA -0 .37 0.658 

MEEMA - 0 . 87 2.36 
33% HEMA-67% MEEMA 
67% HEMA-33% MEEMA 

HEMA -0.51 1.09 

M o l e -% EDGMA 

7.5 - 0 . 4 3 0.927 
5.3 - 0 . 43 0.742 
3.8 - 0 . 43 0.745 
2.3 - 0 . 45 0.825 
0.75 - 0 . 4 8 1.02 
0.38 - 0 . 50 1.13 

Mo l e -% TEGDMA 

7.5 - 0 .44 0 .953 
4.6 - 0 .45 0.818 
2.5 -0 .46 0.869 
1.4 -0 .49 0.984 
0.46 -0.51 1.26 
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glycol dimethacrylate (TEGDMA) crosslinkers, was investigated 
using tritiated water and a designed diffusion cell. Diffusion 
coefficients obtained in these experiments decrease as the 
concentration of crosslinker increases. This decrease is very 
sharp at crosslinker concentrations of 0-2.5 mole-%. At higher 
crosslinker concentrations (2.5-7.5 mole-%), the diffusion 
coefficients appear to reach a limiting value. This study 
indicates that a crosslinked poly HEMA membrane may provide 
both "partition" and "pore" mechanisms of solute transport based 
on crosslinker concentration. 

Hydrogels of varying water content were prepared to investi
gate the relationship between water content and diffusion 
coefficient. Poly(methoxyethyl methacrylate) (poly MEMA), 
poly(methoxyethoxyethyl methacrylate) (poly MEEMA) and copolymers 
of MEMA and MEEMA wit
with water content rangin
results of the diffusion experiments were examined in light of a 
free-volume model of diffusive transport. Excellent theoretical-
experimental correlation was obtained for the hydrogels used 
in this study. 
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7 
The Chemistry of Some Selected Methacrylate Hydrogels 

DONALD E. GREGONIS, CHWEN M. CHEN, and JOSEPH D. ANDRADE 
Department of Materials Science and Engineering, University of Utah, 
Salt Lake City, Utah 84112 

Hydroge l s have been d e s c r i b e d as b i o c o m p a t i b l e m a t e r i a l s Q J
Polymers o f h y d r o x y e t h y
s y n t h e t i c h yd roge l s ( 2 J
a re w i d e l y used i n c o r r e c t i v e c o n t a c t l e n s e s ( 3 ) ; i t has been 
used as a c o a t i n g f o r c a t h e t e r s and o t h e r med i ca l d e v i c e s ( 4 - 6 J . 
In ou r i n v e s t i g a t i o n s , we wanted t o s tudy a v a r i e t y o f h y d r c i p i r i l i c 
m e t h a c r y l a t e po lymers t o e v a l u a t e t h e i r b i o l o g i c a l b e h a v i o r i n 
r e l a t i o n t o t he c o n c e n t r a t i o n and t ype o f groups i n c o r p o r a t e d i n 
t o t he po l ymer . In o r d e r t o pursue t h i s g o a l , a thorough unde r 
s t a n d i n g o f t h e bu l k p r o p e r t i e s o f t he hyd roge l s i s r e q u i r e d . In 
t h i s work t h e e q u i l i b r i u m wate r c o n t e n t o f t h e g e l s i s r e g u l a t e d 
by v a r y i n g copo lymer r a t i o s . Charged groups a r e i n c o r p o r a t e d 
i n t o t he polymer by c o p o l y m e r i z a t i o n w i t h a c i d i c o r b a s i c me th -
a c r y l a t e s . The monomers t h a t a r e be i n g i n v e s t i g a t e d a r e shown i n 
T a b l e I. The amount o f w a t e r i n the e q u i l i b r a t e d po lymers 
cove red the range f rom 3.5% t o g r e a t e r than 90% (Tab le I I ) . For 
t h i s s t u d y , h y d r o x y e t h y l m e t h a c r y l a t e was s e l e c t e d as t he f u n d a 
mental monomer because o f pa s t work and a v a i l a b i l i t y . 

1. R i = OH, R 2 = H; h y d r o x y e t h y l m e t h a c r y l a t e (HEMA). 
2 . R i = 0CH 2CH 20H, R 2 = H; h y d r o x y e t h o x y e t h y l methac r y l a te (HEEMA l 
3. R i = 0CH2CH20CH2CH20H,R2 = H; h y d r o x y d i e t h o x y e t h y l m e t h a c r y l 

a t e (HDEEMA). 
4. R i = -OCH3, R 2 = H; methoxyethy l m e t h a c r y l a t e (MEMA). 
5. R i = 0CH 2CH 20CH 3, R 2 = H; methoxye thoxye thy l m e t h a c r y l a t e 

(MEEMA). 
6. R i = 0CH 2CH 20CH 2CH 20CH 3, R 2 = H; m e t h o x y d i e t h o x y e t h y l meth

a c r y l a t e (MDEEMA). 
7. R i = CH2OH, R 2 = OH; 2 , 3 - d i h y d r o x y p r o p y l methacry la te (DHPMA) . 

TABLE I. 

H y d r o p h i l i c M e t h a c r y l a t e Monomers 

88 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



7. GREGONis E T A L . Methacrylate Hydro gels 

E q u i l i b r i u m Water 

1. pHEMA - 0 . 40 * 

2. pHEEMA - 0.80 

3. pHDEEMA - >0.90 

4 . pMEMA - 0.035 

TABLE I I . 
S w e l l i n g o f Pure 

5. pMEEMA 

6. pMDEEMA 

7. pDHPMA 

89 

Homopolymers 

0.62 

- >0.90 

0.70 t o >0.90 H) 

*Water f r a c t i o n (W f ) = we i gh t o f wate r i n po lymer/we ight o f 
h yd r a ted po lymer 

Monomers (See T a b l e I) 

The l a b o r a t o r y s y n t h e s i s o f t he se monomers i s a ccomp l i s hed 
by the f o l l o w i n g c l a s s i c a l chemica l r e a c t i o n s : 

1. R e a c t i o n o f methac r y l c h l o r i d e w i t h t he c o r r e s p o n d i n g 
a l c o h o l : 

* " - τ * * — U n i * 

(Monomers 1-7) 
2. T r a n s e s t e r i f i c a t i o n o f methyl m e t h a c r y l a t e w i t h t he 

c o r r e s p o n d i n g a l c o h o l : 

0 0 

^ — ! L + R0H τ > t + CH-0H 
' 0CH 3 Η o r base 7 OR 0 

(Monomers 1-7) 
3. A c i d c a t a l y z e d h y d r o l y s i s o f g l y c i d y l m e t h a c r y l a t e ( 7 ) : 

0 0 H+ 0 

— » 

(Monomer 7) 
4 . A c i d c a t a l y z e d h y d r o l y s i s o f i s o p r o p y l i d i n e g l y c e r y l 

m e t h a c r y l a t e ( 8 - 9 ) . 

0 0 0 

> C 0 LL^V-C ^ ,+CH~C-CH~ 
' ^ ( / N / J H 0 T K O H OH 0 

(Monomer 7) 
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A thorough su rvey o f h y d r o p h i l i c m e t h a c r y l a t e monomers 
c o v e r i n g both l a b o r a t o r y and i n d u s t r i a l s y n t h e s i s i s a v a i l a b l e 
( 1 0 ) . Moderate amounts o f monomer (0.1 t o 1 £.) s a t i s f i e s most 
o f our r e q u i r e m e n t s . A d e s c r i p t i o n o f our p u r i f i c a t i o n scheme 
i s p re sen ted be low. Normal p r e p a r a t i v e ch romatog raph i c t e c h n i q u e s 
a r e i m p r a c t i c a l f o r the p u r i f i c a t i o n o f t h i s q u a n t i t y o f monomer. 

The p r e p a r a t i o n o f monomers 1, 2 , and 3 i s c o m p l i c a t e d by 
t he f o r m a t i o n o f d i m e t h a c r y l a t e e s t e r s . These d i e s t e r s a r e 
u n d e s i r e d i n t he p roduc t because they a c t as c r o s s l i n k i n g a g e n t s . 
They may be removed f rom the p roduc t by e x t r a c t i o n t e c h n i q u e s . 
S i n c e t h e d i e s t e r s a re l e s s s o l u b l e i n wa te r than the c o r r e s 
ponding mone s te r s , t he impure monomer i s d i s s o l v e d i n wa te r ( M : l 
r a t i o , v/v) and e x t r a c t e d w i t h a n o n - p o l a r s o l v e n t , such as 
carbon t e t r a c h l o r i d e , benzene o r pe t r o l eum e t h e r (1J_). The l e s s 
wa te r s o l u b l e d i e s t e r s a r
d e s i r e d monomer i s i s o l a t e
w i t h sodium c h l o r i d e and e x t r a c t i o n w i t h a more p o l a r s o l v e n t , 
u s u a l l y methy lene c h l o r i d e . E t he r s o l v e n t s a re not used f o r any 
e x t r a c t i o n u n l e s s they have been r i g o r o u s l y p u r i f i e d . Anhydrous 
e t h e r s r e a d i l y a i r o x i d i z e t o form p e r o x i d e s , wh ich a r e good 
p o l y m e r i z a t i o n i n i t i a t o r s . The monomer i s c a r e f u l l y e x t r a c t e d 
t o remove a c i d i c and b a s i c i m p u r i t i e s and then e l u t e d th rough 
Grade I I n e u t r a l a l um ina t o remove o t h e r p o l a r i m p u r i t i e s . 

The monomers s hou ld f i n a l l y be p u r i f i e d by vacuum d i s t i l l a 
t i o n . The vacuum system must be a b l e t o c a r r y ou t d i s t i l l a t i o n s 
as low as 0.1 mm Hg. p r e s s u r e . I n h i b i t o r i s r e q u i r e d t o d e t e r 
p o l y m e r i z a t i o n when the p r oduc t i s d i s t i l l e d . Cuprous c h l o r i d e 
o r copper powder i s r o u t i n e l y added t o t he d i s t i l l a t i o n f l a s k and 
o f f e r s the advantage o f not c o - d i s t i l l i n g w i t h t he monomer. 
Hydroquinone o r p-methoxyphenol a r e more e f f e c t i v e i n h i b i t o r s 
and a r e r e q u i r e d i n d i s t i l l a t i o n s above 100°C, but they c o - d i s t i l l 
w i t h t he p r o d u c t . A n i t r o g e n b l eed i n t o the d i s t i l l a t i o n f l a s k 
l a r g e l y e l i m i n a t e s t he d e l e t e r i o u s e f f e c t s o f oxygen. T a b l e I I I 
g i v e s t he b o i l i n g p o i n t s o f t h e monomers, 

TABLE I I I . 
B o i l i n g P o i n t s o f H y d r o p h i l i c M e t h a c r y l a t e Monomers 
Monomer B o i l i n g P o i n t , °C 

1. Hyd roxye thy l methacry late(HEMA) 69° @ 0.1 mm Hg 
2 . Hyd roxye thoxye thy l m e t h a c r y l a t e 9 7 - 99° @ 1 mm Hg (2) 

(HEEMA) 
3. H y d r o x y d i e t h o x y e t h y l m e t h a c r y l - 120 -122° @ 0.4 mm Hg (£ ) 

a t e (HDEEMA) 
4. Methoxyethy l methacry late(MEMA) 57° @ 8 mm Hg 
5. Methoxye thoxye thy l m e t h a c r y l a t e 6 5 - 70° @ 0.1 mm Hg 

(MEEMA) 
6. M e t h o x y d i e t h o x y e t h y l m e t h a c r y l - 95 -101° @ 0.1 mm Hg 

a t e (MDEEMA) 
7. 2 , 3 - d i h y d r o x y p r o p y l m e t h a c r y l a t e 140° @ 0.6 mm Hg 

(DHPMA) 
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Gas chromatography (GC) , h i gh p r e s s u r e l i q u i d chromatography 
(HPLC) and t h i n - l a y e r chromatography (TLC) (1_2) a r e used f o r 
a n a l y s i s o f p u r i t y . C e r t a i n i m p u r i t i e s t h a t cannot be d e t e c t e d 
by one t e c h n i q u e a r e e a s i l y d e t e c t e d by ano the r t e c h n i q u e . Both 
UV absorbance and r e f r a c t i v e i ndex a r e mon i to red w i t h t he h i gh 
p r e s s u r e l i q u i d chromatograph. 

The m e t h a c r y l a t e system o f f e r s a w ide v a r i e t y o f monomers, 
wh ich we c a l l g e l m o d i f i e r s , t o c o p o l y m e r i z e w i t h the h y d r o p h i l i c 
monomers t o change the c h a r a c t e r i s t i c s o f t he g e l . For example , 
c o p o l y m e r i z a t i o n w i t h m e t h a c r y l i c a c i d i n t r o d u c e s n e g a t i v e l y 
charged groups i n t o t he g e l . D imethy l am inoe thy l m e t h a c r y l a t e may 
be used t o i n t r o d u c e p o s i t i v e charges i n t o the g e l . Some o f t he 
c o m m e r c i a l l y a v a i l a b l e monomers used f o r ge l m o d i f i c a t i o n a r e 
l i s t e d i n F i g u r e 1. M o d i f i e r s 11-14 i n F i g u r e 1 a r e not d i s c u s 
sed f u r t h e r i n t h i s pape r

M e t h a c r y l a t e d i e s t e r
d i e s t e r s f u n c t i o n as c r o s s ! i n k i n g a g e n t s . The c r o s s ! i n k e r s t h a t we 
have used a re the d i m e t h a c r y l a t e s o f e t h y l e n e g l y c o l (EGDMA) and t e -
t r a e t h y l e n e g l y c o l (TEGDMA)(2^133 · The l a t t e r i s more s o l u b l e i n wates 

I n i t i a t o r s 

M e t h a c r y l a t e s may be p o l y m e r i z e d by e i t h e r r a d i c a l o r 
a n i o n i c i n i t i a t o r s ( 1 4 ) . F o r r a d i c a l i n i t i a t i o n we s e l e c t e d a 
c l a s s o f azo i n i t i a t o r s . These azo i n i t i a t o r s a r e r e a d i l y 
a v a i l a b l e and decompose a t a un i f o rm r a t e u n a f f e c t e d by s o l v e n t 
o r i nduced d ec ompo s i t i o n ( 1 5 ) . The azo i n i t i a t o r s may be m o d i f i e d 
so t h a t the end groups i n t r o d u c e d i n t o t he polymer c h a i n a re 
ve r y s i m i l a r t o t he mer u n i t . They t h e r m a l l y decompose a t a 
r e a s o n a b l e tempera tu re (16) and can be decomposed a t low tempera 
t u r e s by UV l i g h t . In t h i s s t u d y , e s t e r s from a z o b i s i s o b u t y r o n -
i t r i l e (AIBN) were p repared by the f o l l o w i n g method ( 1 7 ) . M i l d 
a c i d a l c o h o l y s i s o f AIBN c o n v e r t s t he n i t r i l e group t o i m i n o -
e s t e r s a l t s , wh ich p r e c i p i t a t e f rom the r e a c t i o n s o l u t i o n . The 
p r oduc t i s i s o l a t e d by f i l t r a t i o n and the i m i n o - e s t e r group i s 
h y d r o l y z e d t o form the e s t e r ( F i g u r e 2 ) . 

A z o b i s ( m e t h y l i s o b u t y r a t e ) (Compound 16) has been p r e v i o u s l y 
p repared ( 1 7 - 1 9 ) . More wa te r s o l u b l e azo i n i t i a t o r s were p r e 
pared f rom the monomethoxyg lyco l s (Compounds 17 and 18 ) . I n i t i a t o r 
a z o b i s (me thoxyd i e t hoxye thy l i s o b u t y r a t e ) (Compound 18) i s 
c o m p l e t e l y wa te r s o l u b l e . In o t h e r work we have shown t h a t a l l 
t h r e e AIBN d e r i v a t i v e s i n i t i a t e p o l y m e r i z a t i o n o f HEMA a t an 
equa l r a t e , wh ich i s s l i g h t l y f a s t e r than AIBN ( 2 0 ) . For bu l k 
p o l y m e r i z a t i o n , 7.84 mic romoles o f i n i t i a t o r a r e used pe r m i l l i 
l i t e r o f monomer. T h i s r a t i o i s kep t c o n s t a n t and does not v a r y 
w i t h wate r c o n t e n t . For p o l y m e r i z a t i o n o f h i gh wa te r c o n t e n t 
g e l s , the more wa te r s o l u b l e d e r i v a t i v e s o f AIBN a re u sed . 

P r o v i d i n g no a c t i v e hydrogens a r e p r e s e n t i n t he monomer o r 
s o l v e n t , a n i o n i c i n i t i a t o r s may be u sed . These c o n d i t i o n s 
p r o h i b i t p o l y m e r i z a t i o n o f t he h y d r o x y l i c monomers 1, 2 , 3, 7 o r 
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the use o f wate r o r a l c o h o l s as s o l v e n t s . The a n i o n i c i n i t i a t o r s 
a re o r g a n o m e t a l l i c compounds, such as η -bu ty l l i t h i u m , o r s t r o n g 
b a s e s , such as l i t h i u m t - b u t o x i d e . A l t hough t h e r e a r e d i s a d v a n 
tages t o t h e s e i n i t i a t o r s , they a r e used t o p o l y m e r i z e metha-
c r y l a t e s i n a wide range o f t a c t i c i t i e s f rom c h a i n s hav ing h i gh 
s y n d i o t a c t i c t r i a d s t o c h a i n s hav ing h i gh i s o t a c t i c t r i a d s . Our 
group i s i n v e s t i g a t i n g such polymers t o de te rm ine t h e e f f e c t o f 
t a c t i c i t y on t he p r o p e r t i e s o f t he h yd roge l s ( 2 1 ) . 

For c e r t a i n s t u d i e s s o l u b l e po lymers were r e q u i r e d ( 2 2 ) . 
R a d i c a l p o l y m e r i z a t i o n o f t h e m e t h a c r y l a t e system w i t h o u t s o l v e n t 
g i v e s a po lymer t h a t s w e l l s t o a h i gh degree i n good s o l v e n t s , 
but does not d i s s o l v e . I t i s f e l t t h a t some c r o s s ! i n k i n g o f t he 
po lymer o c c u r s by r a d i c a l c h a i n t r a n s f e r mechanisms ( 2 3 ) . S o l u b l e 
m e t h a c r y l a t e po lymers may be o b t a i n e d w i t h a r a d i c a l i n i t i a t o r 
a t h i g h d i l u t i o n s o f t h
monomers i n e t h a n o l ( l : 1 0 , v / v )
f o r s o l v e n t c a s t i n g (24) and ge l c o a t i n g s ( 2 2 ) . 

P r e p a r a t i o n o f Gel Membranes 

Gel membranes were r e q u i r e d f o r ou r d i f f u s i o n s t u d i e s (13) 
and were used f o r our work on wate r s w e l l i n g o f g e l s . P o l y m e r i 
z a t i o n o f t h e monomer was i n i t i a t e d by a z o b i s (methyl i s o b u t y r a t e ) 
u s i n g t he same c o n c e n t r a t i o n used f o r the p o l y m e r i z a t i o n o f bu l k 
g e l s , 7.84 mic romo les per m i l l i l i t e r o f monomer. Th i s r a t i o i s 
i ndependent o f w a t e r c o n c e n t r a t i o n . A l l ge l m o d i f i e r s and c r o s s -
l i n k i n g agents a re exp re s sed as mo la r q u a n t i t i e s i n terms o f t he 
monomer vo lume. The membranes were p repared by p o l y m e r i z a t i o n 
o f t he monomer s o l u t i o n between f l a t p l a t e s u s i n g a s i l i c o n e 
rubber space r t o r e g u l a t e t h i c k n e s s . The p o l y m e r i z a t i o n c o n d i 
t i o n s were s t a n d a r i z e d a t 60°C f o r 24 h r . A t l o w w a t e r c o n c e n t r a 
t i o n s (Wf <0.20), p o l y e t h y l e n e o r p o l y p r o p y l e n e mold p l a t e s a re 
u sed ; a t h i g h e r water c o n c e n t r a t i o n s , g l a s s p l a t e s a re u sed . 
Th i s i s because g e l s p o l yme r i z ed a t low wate r c o n c e n t r a t i o n adhere 
s t r o n g l y t o t h e g l a s s s u r f a c e . P o l y m e r i z a t i o n o f membranes on a 
g l a s s s u r f a c e i s p r e f e r e d s i n c e i t has a more u n i f o r m s u r f a c e . 
The t h i c k n e s s o f t he ge l membranes i s 0.75 mm u n l e s s o t h e r w i s e 
s t a t e d . 

S y n t h e s i s and P o l y m e r i z a t i o n o f C ^ - l a b e l e d HEMA 

To de te rm ine the r e l a t i v e s t a b i l i t y o f t h e m e t h a c r y l a t e g e l s 
i n v a r i o u s med i a , C l l * - l a b e l e d HEMA was s y n t h e s i z e d by r e a c t i n g 
me thac r y l c h l o r i d e and 1 , 2 - C l l * - e t h y l e n e g l y c o l , u s i n g excess 
c a r r i e r e t h y l e n e g l y c o l t o p r even t t he f o r m a t i o n o f e x c e s s i v e 
amounts o f C 1 1 + - l a b e l e d d i e s t e r ( e t h y l e n e g l y c o l d i methac r y l a t e ). 
The C l l*-HEMA was p u r i f i e d u t i l i z i n g t he " s a l t i n g o u t " t e c h n i q u e 
d e s c r i b e d e a r l i e r . The p r oduc t was d i l u t e d w i t h c a r r i e r HEMA and 
was then d i s t i l l e d by micro-vacuum t e c h n i q u e s . The d i s t i l l a t e 
was de te rm ined t o have a s p e c i f i c a c t i v i t y o f 9.1 χ 1 0 5 dpm/ml. 
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To check t he r a d i o i s o t o p i c p u r i t y , a 1 ml a l i q u o t was ch romato -
graphed on 100g Grade I I a l u m i n a . The column was e l u t e d w i t h a 
l i n e a r g r a d i e n t f rom 100% pe t r o l eum e t h e r (250ml) t o 5% methanol 
i n d i e t h y l e t h e r ( 250ml ) . The r a d i o a c t i v i t y e l u t e d i n one peak, 
t he f r a c t i o n s were combined and e v a p o r a t e d . The p r oduc t e x h i b i t e d 
an i d e n t i c a l i n f r a - r e d spect rum t o c o n t r o l HEMA. 

To i n i t i a t e t h e p o l y m e r i z a t i o n o f C l l f -HEMA, a z o b i s ( m e t h y l 
i s o b u t y r a t e ) was added (7 .84 m i c r o m o l e / m l ) . The monomer was 
p o l y m e r i z e d i n a p o l y p r o p y l e n e mo ld . The mold d imens ion s were 
50mm χ 50mm χ 1mm. The s t anda rd p o l y m e r i z a t i o n c o n d i t i o n s were 
60°C f o r 24 hours u n l e s s o t h e r w i s e n o t e d . A f t e r t h i s t ime t h e 
mold was c o o l e d t o 0°C, and t h e C l l*-pHEMAwas removed and we i ghed . 
The C l l L pHEMAwas then p l a c e d i n v a r i o u s s o l v e n t s a t 37°C. A l i q u o t s 
were removed a t v a r i o u s t ime i n t e r v a l s and counted u s i n g l i q u i d 
s c i n t i l l a t i o n t e c h n i q u e s
the s o l v e n t was c a l c u l a t e
a c t i v i t y i n t he po l ymer . F i g u r e 3 shows t he p e r c e n t r a d i o a c t i v i t y 
e x t r a c t e d w i t h t ime f o r some t y p i c a l g e l s . Ge l s 1 and 2 a r e dup
l i c a t e s . Gel 6 was p o l y m e r i z e d under i d e n t i c a l c o n d i t i o n s bu t 
was e x t r a c t e d w i t h 95% e t h a n o l . Gel 9 was p o l y m e r i z e d w i t h 45% 
wate r and e x t r a c t e d w i t h w a t e r . The r a d i o a c t i v i t y o f a l l g e l s 
e x t r a c t e d w i t h wa te r l e v e l e d out a f t e r one day , bu t t he r a d i o 
a c t i v i t y e x t r a c t e d w i t h e t h a n o l (Gel 6) appeared t o i n c r e a s e 
a f t e r t h i s t ime a t about 0.5%/week. Tab l e IV p r o v i d e s a complete 
l i s t o f the C 1 I f -HEMA p o l y m e r i z a t i o n c o n d i t i o n s , e x t r a c t i o n s o l 
v e n t s , and t he p e r c e n t r a d i o a c t i v i t y e x t r a c t e d . The p e r c e n t 
r a d i o a c t i v i t y e x t r a c t e d was c a l c u l a t e d as t he average o f t he 
i s o t o p e found i n s o l u t i o n a t p o i n t s i n t ime f rom 4 days t o 5 
weeks. 

J 4 

Gel# 
1 
2 
3 

TABLE IV. 
E l u t i o n o f R a d i o a c t i v i t y f rom C , t f -pHEMA Ge l s 

E q u i l i b r a t e d i n Va r i o u s S o l v e n t s 
% R a d i o a c t i v i t y 

S o l v e n t S o l v e n t a f t e r 5 P o l y m e r i z a t i o n C o n d i t i o n s 
24 hours θ 60°C 
24 hours @ 60°C 
24 hours @ 60°C 

3 1/2 hours & 60°C 
66 hours @ 60°C 
24 hours @ 60°C 
24 hours @ 60°C 

(Gel c o n t a i n e d 1% u n l a b e l e d 
EGDMA) 
24 hours @ 60°C 

(Gel c o n t a i n e d 5% u n l a b e l e d 
EGDMA) 

24 hours @ 60°C 
(Gel c o n t a i n e d 45% H 2 0 v/v) 

D i s t i l l e d H 2 0 4.7% + 0.13 
D i s t i l l e d H 2 0 4.8% + 0.08 
Human R e f e r  3.6% + 0.27 
ence Serum 
D i s t i l l e d H 2 0 4.8% + 0.14 
D i s t i l l e d H 2 0 2.6% + 0.41 
95% E thano l 9 .1% ± 0.90 
D i s t i l l e d H 2 0 2.9% + 0.30 

D i s t i l l e d H 2 0 2.3% ± 0.11 

D i s t i l l e d H 2 0 1.7% ± 0.09 

i n 
wks. 
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Figure 1. Commercially available gel modifiers 
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Figure 3. Radioactivity extracted at given 
time for 14C-HEMA gel TIME (WEEKS) 
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The amount o f unpo l ymer i zed C l l*-HEMA o r C l l*-pHEMA t h a t 
d i s s o l v e d i n t he s o l u t i o n s i s g i v e n i n T a b l e IV. The b e t t e r 
s o l v e n t , e t hano l (#6) c o n t a i n e d more r a d i o a c t i v i t y than the 
poo re r s o l v e n t , wa te r (#1,2) . A t s h o r t e r p o l y m e r i z a t i o n t i m e s , 
more r a d i o a c t i v i t y was found i n the s o l v e n t than a f t e r l o n g p o l y 
m e r i z a t i o n t imes (#4 v s . #5). There d i d not appear t o be any 
s i g n i f i c a n t d i f f e r e n c e , however, between Ge l s 1, 2 and 4 . Wi th 
h i g h e r p e r c e n t c r o s s l i n k e r , the amount o f r a d i o a c t i v i t y t h a t i s 
found i n the s o l v e n t dec rea sed (#1, 7 and 8 ) . I t was somewhat 
s u r p r i s i n g t o f i n d t h a t t he l e a s t r a d i o a c t i v i t y was found i n t he 
s o l v e n t when C l l*-HEMA was p o l y m e r i z e d w i t h 45% wa te r (#9). These 
p r e l i m i n a r y s t u d i e s a re c o n t i n u i n g . I s o l a t i o n and i d e n t i f i c a t i o n 
o f t h e e x t r a c t e d r a d i o a c t i v i t y w i l l be n e c e s s a r y t o d e t e r m i n e i f 
i t i s due t o un reac ted monomer o r t o po l ymer s . 

Water S w e l l i n g o f pHEM

I s o t r o p i c s w e l l i n g i s assumed i n t he g e l s . L i n e a r s w e l l i n g 
( £ s ) and wa te r f r a c t i o n (Wf) a re d e f i n e d as f o l l o w s : 

£ S = l e n g t h o f e q u i l i b r i u m s w o l l e n ge l 
l e n g t h o f d r y g e l 

y = we i gh t o f wa te r i n ge l 
f we i gh t o f h yd ra ted g e l 

%*s = wet l e n g t h - d r y l e n g t h m 

wet l e n g t h 

%W f = W f χ 100 

Exper iment s t o de te rm ine t he k i n e t i c s o f l i n e a r s w e l l i n g and 
wa te r f r a c t i o n o f t he ge l were pe r f o rmed . The pHEMA g e l s p o l y 
me r i z ed w i t h d i f f e r e n t wa te r c o n c e n t r a t i o n s reached e q u i l i b r i u m 
wa te r c o n t e n t a f t e r 24 hou r s . A t e q u i l i b r i u m the wate r f r a c t i o n 
(Wf) i n the pHEMA ge l was 0.40 ± 0.05 ( F i g u r e 4 ) , whether o r no t 
the HEMA was p o l y m e r i z e d w i t h w a t e r . The same exper iment s were 
not done w i t h MEEMA s i n c e t h i s monomer i s not v e r y s o l u b l e i n 
w a t e r , however, anhydrous pMEEMA reached an e q u i l i b r i u m wate r 
f r a c t i o n o f 0.62 a f t e r 48 h o u r s . 

The k i n e t i c s o f l i n e a r s w e l l i n g ( £ s ) do not f o l l o w the same 
p a t t e r n as t he k i n e t i c s o f w a t e r uptake as measured by t he w a t e r 
f r a c t i o n ( W f ) . T h i s i s found i n both pHEMA ( F i g u r e 5) and pMEEMA 
g e l s ( F i g u r e 6 ) . For a pHEMA ge l p o l y m e r i z e d w i t h o u t w a t e r and 
then a l l o w e d t o e q u i l i b r a t e i n w a t e r , t he wa te r f r a c t i o n (Wf) 
i n c r e a s e d t o 0 . 20 , h a l f t h e f i n a l e q u i l i b r i u m wa te r f r a c t i o n , but 
the l i n e a r s w e l l i n g ( i l s ) was measured t o be 1.015, o n l y 5% o f t he 
f i n a l e q u i l i b r i u m l i n e a r s w e l l i n g ( F i g u r e 5 ) . An ana logous 
r e s u l t i s o b t a i n e d f o r pMEEMA g e l s ( F i g u r e 6 ) . In e f f e c t , t h e r e 
i s a much g r e a t e r i n i t i a l amount o f w a t e r t aken i n t o t he ge l than 
would be a n t i c i p a t e d f rom j u s t the l i n e a r s w e l l i n g measurement. 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
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Figure 4. Water uptake of pHEMA polymerized 
at different water contents 

TIME (HOURS) 

Figure 5. Percent equilibrium hydration (0.40 wf = 100% ) 
and percent equilibrium linear swelling (1.165 l8 = 100%) 

plotted vs. time for pHEMA gel 
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S i m i l a r r e s u l t s a r e observed by R e f o j o f o r pHEMA and o t h e r g e l s 
( 2 5 ) , Absence o f l i n e a r s w e l l i n g a t low wate r f r a c t i o n s i s 
observed by us i n an a l t e r n a t i v e expe r iment w i t h pHEMA g e l s . 
HEMA was p o l y m e r i z e d a t v a r i o u s wa te r c o n c e n t r a t i o n s and then 
a l l o w e d t o e q u i l i b r a t e i n d i s t i l l e d wa te r ( F i g u r e 7 ) . I t i s 
found t h a t when HEMA i s p o l y m e r i z e d w i t h a w a t e r f r a c t i o n (Wf) o f 
0.1 o r l e s s (Wf o f 0.1 i s 25% o f the e q u i l i b r i u m W f ) , t he ge l 
s t i l l s w e l l s t o the same degree as an anhydrous pHEMA g e l . 

These r e s u l t s i n d i c a t e t h a t t h e r e i s f r e e volume o r " v o i d s " 
i n t he h y d r o g e l s , and t h i s volume i s f i l l e d w i t h wa te r mo l e cu l e s 
b e f o r e t he ge l i s a b l e t o e x h i b i t any l i n e a r e x p a n s i o n . T h i s 
concept has been used t o e x p l a i n t he s w e l l i n g and mechan i ca l 
b e h a v i o r o f 3 - k e r a t i n (26) and o t h e r b i opo l ymer s (27_). S i m i l a r 
s t u d i e s on o t h e r h y d r o p h i l i c g e l s a r e i n p r o g r e s s . 

Copolymers 

In o r d e r t o o b t a i n g e l s t h a t would s w e l l i n w a t e r a s p e c i 
f i e d amount, copo lymers o f the h y d r o p h i l i c monomers were i n v e s t i 
g a t e d . A t the same t ime t he wa te r s o l u b i l i t y o f t he comonomers 
was a l s o s t u d i e d . I t was hoped t h a t monomer s o l u b i l i t y b e h a v i o r 
would be u s e f u l t o e x p l a i n some a s p e c t s o f s w e l l i n g o f t he 
po l ymer . F i g u r e 8 shows HEMA-MEMA comonomers and copo lymers and 
t h e i r r e l a t i o n s h i p t o s o l u b i l i t y and s w e l l i n g i n w a t e r . Water 
has a maximum s o l u b i l i t y o f 3.5% (v/v) i n MEMA monomers. HEMA 
monomer i s i n f i n i t e l y s o l u b l e i n w a t e r . The comonomer s o l u t i o n s 
e x h i b i t a wate r s o l u b i l i t y t h a t i n c r e a s e s s l i g h t l y as t he amount 
o f HEMA i s i n c r e a s e d up t o 40% MEMA-60% HEMA. A t t h a t p o i n t 
the wate r s o l u b i l i t y i n c r e a s e s g r e a t l y u n t i l 20% MEMA-80% HEMA 
where t he comonomers become i n f i n i t e l y s o l u b l e . The copo lymers 
o f MEMA-HEMA appear t o have a 1 i n e a r wate r f r a c t i o n (Wf) r e l a t i o n 
s h i p f rom 0.035 wate r f o r pure pMEMA t o 0.40 f o r pure pHEMA. 

F i g u r e 9 shows the r e l a t i o n s h i p between MEEMA-HEMA and wate r 
s o l u b i l i t y and between t h e i r copo lymers and the degree o f s w e l l i n g 
i n w a t e r . In t h i s c a s e , MEEMA monomer d i s s o l v e s o n l y about 8% 
wate r and as HEMA monomer i s added, t he amount o f wate r t h a t i t 
d i s s o l v e s i n c r e a s e s s h a r p l y . Near a 60:40 HEMA:MEEMA r a t i o , 
wa te r becomes i n f i n i t e l y s o l u b l e i n the comonomers. The wa te r 
s w e l l i n g o f t h e copo lymers show the o p p o s i t e r e l a t i o n s h i p . 
pMEEMA s w e l l s t o 63% H 2 0 , and as i n c r e a s i n g amounts o f HEMA a re 
i n c o r p o r a t e d i n the copo l ymer , the degree o f s w e l l i n g dec rea se s 
u n t i l a 40% H 2 0 uptake i s reached f o r pHEMA. 

These above r e s u l t s i n d i c a t e t h a t t he h y d r o p h i l i c i t y o f the 
monomer and the degree o f c r o s s l i n k i n g o f the polymer (28) a r e 
not the o n l y f a c t o r s t h a t de te rm ine t he degree o f wa te r s w e l l i n g 
o f t he po l ymer . In the m e t h a c r y l a t e s y s tem, we have r a t i o n a l i z e d 
t h a t the l e n g t h o f t he e s t e r c h a i n i s a t h i r d f a c t o r t h a t s hou ld 
be taken i n t o account when d i s c u s s i n g s w e l l i n g . T h i s i s p r o b a b l y 
due t o the f a c t t h a t the l o n g e s t e r f u n c t i o n a l i t y dec rea se s t he 
pack i n g energy o f the m e t h a c r y l a t e po l ymer . 
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Figure 6. Percent equilibrium hydration (0.62 wf = 100% ) 
and percent equilibrium linear swelling (1.37 l8 = 100%?) 

plotted vs. time for pMEEMA gel 
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Figure 7. Plot of percent linear swelling vs. the 
initial amount of water in HEMA gel. Gel 

polymerized without water swells to 100%. 
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Figure 8. Water solubility of MEMA-HEMA 
comonomers (v/v) and the equilibrium water 
weight fraction, wf, of MEMA-HEMA co

polymers 
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I t has p r e v i o u s l y been shown t h a t marked s w e l l i n g i n w a t e r 
o f c r o s s l i n k e d p o l y ( m e t h a c r y l i c a c i d ) g e l s i s a f u n c t i o n o f t he 
degree o f n e u t r a l i z a t i o n ( 29 , 30 , 3 1 ) . We needed t o know t he 
e f f e c t o f s w e l l i n g i n h yd r oge l s as a f u n c t i o n o f charge i n c o r 
po r a t ed i n t o t he g e l . Fo r t h i s i n v e s t i g a t i o n , m e t h a c r y l i c a c i d 
(MAA) i s used t o i n t r o d u c e a n i o n i c groups and d i m e t h y l aminoethy1 
m e t h a c r y l a t e (DMAEMA) i s used t o i n t r o d u c e c a t i o n i c groups i n 
pHEMA. The g e l s were p repa red by add ing mo la r amounts o f MAA 
and/or DMAEMA t o t he HEMA monomer a l o n g w i t h 40% v/v wa te r and 
were p o l y m e r i z e d as membranes u s i n g s t anda rd c o n d i t i o n s . The 
g e l s were e q u i l i b r a t e d f o r two days i n d i s t i l l e d w a t e r b e f o r e 
t he e q u i l i b r i u m wate r f r a c t i o n (Wf) was d e t e r m i n e d . 

As shown i n F i g u r e  10 d 1 1  pHEMA g e l  p o l y m e r i z e d w i t h 
up t o 5 mo la r p e r c e n t MA
e q u i l i b r i u m wate r c o n t e n  pur  pHEM  ge  p o l y m e r i z e
a t i d e n t i c a l c o n d i t i o n s (Wf = 0 . 4 0 ) . T h i s i s not s u r p r i s i n g 
s i n c e c a r b o x y l i c a c i d s and t e r t a r y amines a r e weak a c i d s and 
bases and do not i o n i z e t o an a p p r e c i a b l e e x t e n t a t n e u t r a l pH. 
To form charged g r oup s , t h e MAA-HEMA copo lymers were e q u i l i b r a t e d 
i n pH 10 NaOH s o l u t i o n f o r t w e l v e hours and t he DMAEMA-HEMA 
copo lymers were e q u i l i b r a t e d i n pH 3 HC1 s o l u t i o n f o r t w e l v e 
hou r s . A f t e r t h i s t ime they a r e e q u i l i b r a t e d i n d i s t i l l e d w a t e r 
f o r two d a y s , chang ing t he wa te r s e v e r a l t imes i n t h i s p e r i o d t o 
remove exces s i on s f rom the g e l s . 

The c o n v e r s i o n o f MAA t o i t s c a r b o x y l a t e s a l t i n t he g e l s 
d r a m a t i c a l l y i n c r e a s e s t he e q u i l i b r i u m w a t e r c o n t e n t o f t he ge l 
( F i g u r e 1 0 ) . For example , t he HEMA ge l c o n t a i n i n g o n l y 2 mo la r 
p e r c e n t MAA e q u i l i b r a t e d w i t h a wate r f r a c t i o n g r e a t e r than 0 .90 . 
C o n v e r t i n g the HEMA-DMAEMA ge l t o i t s h y d r o c h l o r i d e s a l t d i d no t 
show the same d r a m a t i c s w e l l i n g e f f e c t , even though the wa te r 
f r a c t i o n i n c r e a s e d w i t h i n c r e a s i n g c o n c e n t r a t i o n o f DMAEMA. The 
5 mo la r p e r c e n t DMAEMA ge l w a t e r f r a c t i o n measured 0.46 ( F i g u r e 
1 1 ) . I t i s known t h a t t e r t a r y amines a c t as c h a i n t r a n s f e r 
agents w i t h t he m e t h a c r y l a t e system ( 3 2 , 3 3 ) . In t h e s e e x p e r i 
ment s , t he t e r t a r y amine would a l s o become p a r t o f t h e polymer 
c h a i n . The e f f e c t o f t h i s would g i v e t he DMAEMA-HEMA g e l s a 
h i g h e r c r o s s l i n k d e n s i t y , p o s s i b l y a c c o u n t i n g f o r i t s l ower 
degree o f s w e l l i n g i n w a t e r . 

F i g u r e 12 shows t he e q u i l i b r i u m w a t e r c o n t e n t o f HEMA g e l s 
c o n t a i n i n g equa l mo la r q u a n t i t i e s o f MAA and DMAEMA. When 
e q u i l i b r a t e d i n d i s t i l l e d wate r t he wa te r f r a c t i o n o f t he ge l 
i n c r e a s e d s l i g h t l y w i t h i n c r e a s i n g mo la r p e r c e n t MAA-DMAEMA t o 
about 0.5 wa te r f r a c t i o n f o r the 5 mo la r p e r c e n t g e l . The 
c a r b o x y l a t e groups were then c o n v e r t e d t o t h e i r sodium s a l t and 
the amino groups were conve r t ed t o f r e e amines by e q u i l i b r a t i n g 
the ge l i n pH 10 NaOH s o l u t i o n f o r one day . The g e l s were r e -
e q u i l i b r a t e d i n d i s t i l l e d wa te r f o r two days and a much g r e a t e r 
s w e l l i n g degree was ob s e r ve d . The 5 p e r c e n t MAA-DMAEMA ge l had 
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Figure 9. Water solubility of MEEMA-
HEMA comonomers (v/v) and the equi
librium water weight fraction, wf, of 

MEEMA-HEMA copolymers 
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Figure 10. Equilibrium water weight fraction, 
wf, of HEMA-MAA copolymers 
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Figure 11. Equilibrium water weight fraction, wf, of 
HEMA-DMAEMA copolymers 
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EQUAL MOLAR PERCENT MAA AND DMAEMA IN HEMA GEL 

Figure 12. Equilibrium water weight fraction, wf, of 
HEMA-MAA-DMAEMA terpolymers. MAA and 
DMAEMA are polymerized at equal molar concentra

tions. 
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a water fraction measuring 0.81 (Figure 12). This same effect 
was not observed when the amine was converted to its hydrochlor
ide salt by equilibrating the gel in pH 3 hydrochloric acid 
followed by two days equilibration in distilled water. The 5 
percent MAA-DMAEMA had a water fraction of only 0.53 (Figure 12). 
It is not known at present why the carboxylate salt gel swells 
to a greater degree than the amine hydrochloride gel. Poly
merization of the amine salt of DMAEMA with HEMA would possibly 
reduce the crosslink density due to chain transfer mechanisms 
found in free tertary amine groups. Careful experiments have to 
be designed in this regard since it is known that changing the 
pH changes the reactivity ratios of ionic methacrylates (34). 
Future experiments will be directed towards a correlation of 
equilibrium water fraction
charge and groups and
gels. 
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Abstract 

A summary of hydrophilic methacrylate monomer synthesis is 
discussed. Radical polymerization of the methacrylate system 
was accomplished by azobisisobutyronitrile (AIBN) derivatives. 
Some new water soluble AIBN derivatives were prepared and used. 
Copolymers of various hydrophilic methacrylate monomers afford 
a method to control water uptake. Some water swelling parameters 
of poly(hydroxyethyl methacrylate) and poly(methoxyethoxyethy1 
methacrylate) are described. The water uptake as measured by the 
water fraction is shown not to be a linear function of the degree 
of swelling. The water swelling behavior of poly(hydroxyethyl 
methacrylate) containing ionic groups is described using 
methacrylic acid for anionic groups and dimethylaminoethyl 
methacrylate for cationic groups. The synthesis of C14-hydroxy-
ethyl methacrylate is reported. After the radiolabeled monomer 
was polymerized, the amount of radioactivity in various solvents 
was measured. 
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Three-dimensional networks of h y d r o p h i l i c metha
c r y l a t e polymers, hav
f u l materials f o r
Implants and other prothèses are being prepared from 
such hydrogels f often r e i n f o r c e d with a f a b r i c s t r u c 
ture. The research program of our departments aims at 
the development of a hydrogel that l j combined with a 
f i l l e r can serve to sub s t i t u t e hard t i s s u e (bone), 
and 2 ) promotes c a l c i f i c a t i o n and/or bone growth i n 
i t s matrix, so that the i n i t i a l l y s o f t material i s 
f i l l e d up by the body i t s e l f with hard t i s s u e . As 
hydrogel, poly(hydroxyethyl methacrylate) (PHEMA), has 
been selected which can be prepared from the commer
c i a l l y a v a i l a b l e monomer, 2-hydroxyethyl methacrylate 
(HEMA) by various methods ( 3 - 5 ) . 

PHEMA, which has been widely studied and discus
sed f o r medical a p p l i c a t i o n s , has l a r g e l y been accep
t s ( 1 * 6 ) a s a biocompatible, safe and stable material 
f o r medical use. In order to prepare a gel that meets 
such requirements, the i n i t i a l monomer should be of 
high p u r i t y . The commercially a v a i l a b l e HEMA contains 
r e l a t i v e l y large proportions of methacrylic a c i d (MAA) 
and the d i e s t e r ethylene dimethacrylate (EDMA); the 
l a t t e r can be formed from HEMA by t r a n s e s t e r i f i c a t i o n . 

Other contaminants may also be present, as i s 
discussed below. The removal of EDMA from HEMA, as 
we l l as MAA and i t s other e s t e r s , i s p a r t i c u l a r l y 
d e s i r a b l e , because the proportion of d i e s t e r i n the 
polymerizing mixture a f f e c t s the nature of the net
work formed (1)· Since the rate of both the polymeri
zation and the t r a n s e s t e r i f i c a t i o n r e a c t i o n strongly 
increases with i n c r e a s i n g temperature, techniques 
such as d i s t i l l a t i o n and gas chromatography do not 
appear to be e n t i r e l y favorable f o r the ultimate p u r i 
f i c a t i o n and an a l y s i s of HEMA samples. 
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Therefore, i n the present study, t h i n - l a y e r chromato
graphy ( t i c ) has been selected f o r both q u a l i t a t i v e 
a n a l y s i s and small-scale preparative work. 

Materials and Methods 

2-Hydroxyethyl methacrylate was purchased from 
BDH (Poole, England) and Merck (Darmstadt, W. Germany); 
these products have a yellow c o l o r . C o l o r l e s s h i g h l y 
pure (> 99%) HEMA was obtained as a g i f t from Hydro 
Med Sciences (New Brunswick, N.J., U.S.A.). 

Ethylene dimethacrylate was obtained from BDH 
(Poole, England) and Koch and Light (Colnbrook, Eng
land). Methacrylic a c i d  ethylene g l y c o l  2-hydroxy
propyl methacrylate
and £-methoxyphenol
Diethyleneglycol methacrylate was synthesised (8) by 
mixing appropriate amounts of diethylene g l y c o l (855 
g) and methyl methacrylate (500 g) at a temperature of 
60°C, adding a 4 Ν s o l u t i o n of sodium methanolate i n 
methanol (10 g) and heating the rea c t i o n mixture f o r 
a period of time of 30 min. Subsequently, the mixture 
was poured i n t o water (400 g), washed with n-hexane 
and extracted twice with d i e t h y l ether. A f t e r repeated 
washings with water, the ether e x t r a c t was d r i e d and 
di e t h y l e n e g l y c o l methacrylate was d i s t i l l e d at redu
ced pressure. 

A l l f u r t h e r chemicals used i n t h i s study were 
reagent-grade products, and were used without f u r t h e r 
p u r i f i c a t i o n . 

T hin-layer chromatography was c a r r i e d out i n 
Hellendahl s t a i n i n g j a r s , using precoated s i l i c a g e l 
pla t e s ( K i e s e l g e l 60 F 9 5 4 ' o M e r c ^ ^ c u t * n t o t n e 

appropriate s i z e (4 χ 8 cm ). 
Spots were applied with a pointed paper wick and 

chromatography i s c a r r i e d out i n a non-saturated 
atmosphere. A f t e r development over a length of run of 
approximately 7 cm, detection i s done using the me
thods reported below. R e p r o d u c i b i l i t y of the Rp values 
i n the solvent systems used i n the present study was 
s a t i s f a c t o r y . 

Preparative-scale t h i n - l a y e r chromatography was 
c a r r i e d out on 20 χ 20 cm2y 2-mm t h i c k precoated 
s i l i c a g e l pl a t e s ( K i e s e l g e l 60 F 2 5 4 , Merck). 100-150 
mg HEMA, as a 20% (v/v) s o l u t i o n i n ethanol, were 
applied with a Camag chromatocharger equipped with a 
disposable p l a s t i c syringe. Development over a d i s 
tance of 15-17 cm, without p r i o r a c c l i m a t i s a t i o n , i s 
done i n a normal rectangular tank. 
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Refractive i n d i c e s were measured on a thermostat-
ted (20 + 0.1°C) Abbe refractometer. IR-spectra were 
run on a Shimadzu IR 400 spectrometer, using c e l l s 
with NaCl windows. 

Results and Discussion 

Reference Substances. As has been stated i n t h i s 
i n t r o d u c t i o n , HEMA generally contains several impuri
t i e s * e * 9 · EDMA, methacrylic acid and ethylene g l y c o l . 
Since methacrylic a c i d and i t s d e r i v a t i v e s tend to 
polymerize even at room temperature, an i n h i b i t o r 
such as hydroquinone, £-methoxyphenol, phenothiazine 
or octylpyrocatechol i  us u a l l  added t  thes
ducts (9). Accordin
samples obtained fro  200 pp
p-methoxyphenol, and 100 ppm hydroquinone plus 100 
ppm £-methoxyphenol, r e s p e c t i v e l y ; HEMA from Hydro 
Med Sciences, Inc., contains 36 ppm £-methoxyphenol. 
Hydroquinone i s also present i n EDMA and methacrylic 
a c i d samples. 

Methyl methacrylate may also be present as an 
impurity i n commercially a v a i l a b l e HEMA, since i t i s 
one of the s t a r t i n g materials i n i t s synthesis. 
However, during t i c , i t evaporates o f f from the chro-
matoplate (b.p., 100°C) and escapes detection i n 
q u a l i t a t i v e a n a l y s i s . In preparative-scale work, such 
evaporation during development ensures i t s removal. 
By developing a sample of pure methyl methacrylate and 
spraying with water (JL0) immediately a f t e r the run, 
we have shown i t s Rp value to be considerably higher 
than that of HEMA i n both solvent systems recommended 
below. As regards the presence of water, one i s 
re f e r r e d to F i g . 3 and the accompanying t e x t . 

As a consequence of the above, i n addi t i o n to 
HEMA, 5 compounds were included i n our study, v i z . 
EDMA, methacrylic a c i d , ethylene g l y c o l , hydroquinone 
and £-methoxyphenol (cf. Table I ) . The p u r i t y of the 
samples obtained as reference substances was tested, 
using two or more of the solvent systems discussed 
below. The samples were found to be chromatographi-
c a l l y pure^ apart from the presence of an i n h i b i t o r , 
with the exception of EDMA. Here, t i c with n-hexane -
d i e t h y l ether (1:1) as mobile phase revealed the 
presence of some eight a d d i t i o n a l spots (Figs, l a and 
l b ) . These contaminants were removed by d i s t i l l a t i o n 
at reduced pressure (b.p. of EDMA at 4 mm Hg, 90°C) 
or, p r e f e r a b l y , by preparative-scale t i c (Figs, l c 
and d). 
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With the former technique, a d d i t i o n of hydroquinone 
or of a mixture of KC1, B1CI3 and B1I3 (1_1) i s neces
sary i n order to prevent polymerization. 

Detection. From among a large number of non -
s p e c i f i c methods of i d e n t i f i c a t i o n , three detection 
methods were selected f o r fur t h e r research. Under U.V.-
l i g h t (254 nm) a l l compounds but ethylene g l y c o l are 
v i s i b l e as dark spots on a fluorescent background. 
Treatment with iodine vapor (red-brown spots on a 
yellow-white background) i s a su i t a b l e means to detect 
the g l y c o l too. Unfortunately, the s e n s i t i v i t y of the 
combined U.V./I 2 procedure i s rather low (cf:. Table I ) . 
Therefore as an a l t e r n a t i v e , detection has been done 
by spraying with a
White spots are forme
a l l compounds except £-methoxyphenol, which shows up 
as a pale orange spot. Since KKn04 reacts with impuri
t i e s i n the acetone to form Μηθ2, which mars the detec
t i o n , the reagent s o l u t i o n should be f r e s h l y prepared. 
Keeping i n mind that checking the p u r i t y of HEMA i s 
done by t i c of undiluted samples, one may conclude 
from the data i n Table I that spraying with KMn04 
allows the detection of impurities down to at l e a s t 
0.1%. 

Since the i n h i b i t o r s are present i n the various 
samples of HEMA, EDMA and methacrylic a c i d i n concen
t r a t i o n s of up to 0.0 2% only, they w i l l escape detec
t i o n with the above procedures. Therefore, two a l t e r 
native methods of i d e n t i f i c a t i o n (12,13) have been 
tested: 1) spraying with a f r e s h l y prepared 0.5% 
sol u t i o n of the diazo reagent Echtblausalz Β i n water, 
and e i t h e r spraying with 0.1 Ν NaOH or, p r e f e r a b l y , 
exposure to vapor of NH3 ; 2) spraying with a mixture 
of 0.09 g s u l p h a n i l i c a c i d d i s s o l v e d i n 10 ml 1.1 Ν 
HC1 and 10 ml of an aqueous 4.5% NaN02 s o l u t i o n , kept 
at 0°C and d i l u t e d with an equal volume of a 10% 
Na2C03 s o l u t i o n immediately before use. With both rea
gents, brownish spots show up on a nearly white back
ground. As can be seen from the data i n Table I , the 
use of even these reactions barely s u f f i c e s f o r the 
i d e n t i f i c a t i o n of the i n h i b i t o r s i n methacrylic a c i d 
and i t s d e r i v a t i v e s . Fortunately, improved r e s u l t s are 
obtained i f s u l p h a n i l i c a c i d i s used to detect the 
phenolic compounds by a drop t e s t procedure, i n which 
1 drop of the d i a z o t i s e d reagent i s mixed with 1 drop 
of sample (dissolved i n a minimum amount of ethanol, 
i f necessary) and 1 drop of a 10% Na2C03 s o l u t i o n . The 
detection l i m i t now i s approximately 0.01% f o r hydro
quinone (green-to-yellow spots), and 0.001% f o r η -
methoxyphenol (red-to-green spots). 
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Solvent Systems. A f t e r several t r i a l runs of 
the four main components with s i n g l e - s o l v e n t systems 
ranging from non-polar (n-hexane, cyclohexane) to 
p o l a r solvents ( d i e t h y l ether, methylisobutyl ketone 
(MIBK), acetone), mixtures of n-hexane with d i e t h y l 
ether or (an)other component(sT were selected f o r 
further research. S a t i s f a c t o r y r e s u l t s were obtained 
with n-hexane - d i e t h y l ether (1:1, v/v) and n-hexane-
MIBK - n-octanol (9:2:1, v/v) (Fig. 2a and d). As a 
drawback, however, i t was observed that the spot due 
to methacrylic a c i d tends to t a i l , e s p e c i a l l y i n the 
l a t t e r solvent system. Such t a i l i n g , which i s p a r t i 
c u l a r l y harmful i n preparative-scale t h i n - l a y e r or 
column chromatography, can e f f e c t i v e l y be reduced by 
adding an a c i d i c componen
natives' have been i n v e s t i g a t e d
i s saturated with an equal volume of 25% (v/v) H N O 3 . 

When a higher percentage of a c i d i s used, decomposi
t i o n of one or more of the compounds under i n v e s t i g a 
t i o n occurs during development, as evidenced by the 
occurrence of a brown streaking zone on the chromato-
gram. 2) Development i s done on a s i l i c a g e l p l a t e 
soaked f o r 15 min with 1% H 2 S O 4 , and subsequently 
d r i e d overnight at 6 0 ° C . As i s manifest from the data 
i n F i g . 2, with each of these techniques, the r e s u l t s 
indeed improved. 

For q u a l i t a t i v e a n a l y s i s , development with a HNOj 
saturated mobile phase should be p r e f e r r e d to t i c on 
an acid-impregnated support, which i s a more time -
consuming procedure. From F i g . 2 i t i s evident that 
n-hexane - MIBK - n-octanol (9:2:1, satd. with 25% 
H N O 3 ) i s a very powerful solvent system f o r the reso
l u t i o n of the four main components. Addition of n i t r i c 
a c i d to n-hexane - d i e t h y l ether (1:1) also improves 
the separation of HEMA from methacrylic acid; however, 
the spots due to methacrylic a c i d and EDMA now show an 
appreciable overlap. Therefore, as a t e n t a t i v e con
c l u s i o n , we recommend the use of both n-hexane -
d i e t h y l ether (1:1) and n-hexane - MIBK - n-octanol 
(9:2:1, satd. with 25% H N O 3 ) f o r q u a l i t a t i v e a n a l y s i s . 

For preparative-scale t i c , chromatography on 
H 2 S O 4 -impregnated s i l i c a g e l has been p r e f e r r e d to 
development with a HNC^-saturated mobile phase, becau
se sulphuric a c i d , but not n i t r i c a c i d , has a n e g l i 
g i b l y small s o l u b i l i t y i n the solvent used to elute 
HEMA from the support material (cf. below). n-hexane -
d i e t h y l ether (1:1) has been selected as mobile phase 
rather than the n-hexane - MIBK - n-octanol mixture, 
because of the r e l a t i v e l y large time of development of 
the l a t t e r solvent system (approximately 4 vs. 2.5 h 
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E D M A 

Figure 1. Thin-layer chromatograms of 
EDMA samples, (a) EDMA from BDH; 
(b) EDMA from Koch and Light; (c) redis

silica gel/n-hexane-diethyl ether (1:1). 

3 

α b c d β 

Figure 2. Tic of HEMA, EDMA, methacrylic acid 
(MA), and ethylene glycol (EG) in the systems: 
(a) silica gel/n-hexane-diethyl ether (1:1); (b) silica 
gel/n-hexane-diethyl ether (1:1, satd. with 25% 
HN03); (c) H2S0^-impregnated silica gel/n-hex
ane-diethyl ether (1:1); (d) silica gel/n-hexane-
MIBK-n-octanol (9:2:1); (e) silica gel/n-hexane-
MIBK-n-octanol (9:2:1, satd. with 25%> HN03). 

, acid (1), n-octanol (2) and MIBK (3) front. 
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f o r a 16-cm run). Due to the low v o l a t i l i t y of 
n-octanol, i t s complete removal from the t h i n l a y e r i s 
not e a s i l y e f f e c t e d , and part of i t w i l l be eluted 
together with HEMA. 

Next, at t e n t i o n was paid to the s e l e c t i o n of a 
solvent s u i t e d to elute the separated component(s) 
from the s i l i c a g e l . At f i r s t s i g h t , t h i s choice does 
not appear to be very c r i t i c a l , because HEMA d i s s o l v e s 
f r e e l y i n solvents such as water, acetone, d i e t h y l 
ether, tetrachloromethane and, le s s so, n-hexane. 
However, when using any of the f i r s t three h i g h l y polar 
solvents, the aci d used to impregnate the s i l i c a g e l 
i s extracted along with HEMA. Moreover, when develop
ment i s c a r r i e d out on s i l i c a g e l p l a t e s , zinc -
o r i g i n a t i n g from th
present as f l u o r e s c i n
s a l t , i s also extracted. The presence of both the aci d 
and i t s z i n c s a l t i n p u r i f i e d HEMA have been demon
st r a t e d by t i c on p l a i n s i l i c a g e l , with n-hexane -
d i e t h y l ether (1:1) as developing solvent. Both com
pounds remain at the o r i g i n and are i d e n t i f i e d by 
spraying with a s u i t a b l e acid-base i n d i c a t o r , e.g. 
thymol blue (pH range, 1.2-2.8), and 4-(2-pyridylazo) 
r e s o r c i n o l , r e s p e c t i v e l y . As a consequence, the r e l a 
t i v e l y non-polar tetrachloromethane i s pre f e r r e d as 
eluent. 

When examining the t i c data i n order to evaluate 
systems s u i t a b l e f o r column chromatography, one should 
consider that development with a HNO^-saturated mobile 
phase causes the formation of an acid f r o n t at Rp 
values only s l i g h t l y higher than those of HEMA (Fig. 
2b and e). Consequently, i n chromatography on columns 
e q u i l i b r a t e d with HNC^-saturated solvent systems, the 
separation of HEMA from contaminants having higher Rp 
values, presumably w i l l be rather marginal. Therefore, 
preference should be given to chromatography on H 2 S O 4 -

impregnated s i l i c a g e l ; f o r the same reasons as mentio
ned above, n-hexane - d i e t h y l ether (1:1) i s again 
recommended as mobile phase. 

A p p l i c a t i o n . Thin-layer chromatograms of a l l 
reference substances and HEMA samples are p i c t u r e d i n 
F i g . 3. Further information i s recorded i n Table I I . 

The chromatograms demonstrate that - apart from 
the i n h i b i t o r s - ethylene g l y c o l and/or other polar 
m a t e r i a l , EDMA and methacrylic a c i d (BDH sample only) 
are present i n the HEMA samples from Merck and BDH. 
Detectable amounts of methacrylic a c i d and EDMA are 
absent from HEMA obtained from Hydro Med Sciences. 
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S t i l l , even t h i s h ighly pure product contains at 
l e a s t two imp u r i t i e s . The spot with Rp 0.0 again may 
be a t t r i b u t e d to ethylene g l y c o l and/or other polar 
materi a l . As f o r the second spot, a compound d i s p l a y 
ing Rp approximately 0.10 i n both chromatographic s o l 
vent systems, has also been observed i n the HEMA 
samples obtained from Merck and BDH. M i l l i g r a m amounts 
have been c o l l e c t e d by preparative-scale t i c and co
lumn chromatography. On the basis of the mass spec
trum (m/e value of 144; presence of 3 oxygen atoms) 
the unknown compound was i n i t i a l l y thought to be 
hydroxypropyl methacrylate. However, comparison of the 
t i c behavior of the unknown compound and a sample of 
pure 2-hydroxypropyl methacrylate demonstrated our 
hypothesis to be i n c o r r e c t
obtained from Hydr
dent that HEMA samples may contain several tenths of 
a per cent of d i e t h y l e n e g l y c o l methacrylate. The l a t 
t e r product has been synthesised i n our laboratory 
(cf. above) and has been shown to be i d e n t i c a l with 
the unknown compound by both t i c and mass spectro
metry . In add i t i o n , we note that a sharp separation 
of HEMA and di e t h y l e n e g l y c o l methacrylate i s obtained 
by c a r r y i n g out development with pure d i e t h y l ether 
instead of n-hexane - d i e t h y l ether (1:1). The Rp 
values now are 0.80 and 0.55 r e s p e c t i v e l y . 

As regards the i n h i b i t o r s , with n-hexane -
d i e t h y l ether (1:1), hydroquinone di s p l a y s an Rp value 
approximately equal to that of HEMA and cannot be 
detected with e i t h e r Echtblausalz Β or d i a z o t i s e d 
s u l p h a n i l i c a c i d . When using n-hexane - MIBK - η -
octanol (9:2:1, satd. with 25% H N O 3 ) as mobile phase, 
hydroquinone has a s l i g h t l y f a s t e r migration rate than 
has HEMA, i t s spot overlapping that of methacrylic 
ac i d . However, detection of small amounts of hydro
quinone even now i s not su c c e s s f u l . In separate expe
riments, we have demonstrated that t h i s i s due to 
severe streaking of the hydroquinone spot, e f f e c t e d 
by the presence of the large excess of HEMA. 

As a consequence, hydroquinone i s detected i n 
i s o l a t e d instances (methacrylic acid!) only. No such 
d i f f i c u l t i e s are encountered with p-methoxyphenol; 
with t h i s i n h i b i t o r , i d e n t i f i c a t i o n by t i c i s success
f u l . 

*As regards the discrepancy between the mass of 
di e t h y l e n e g l y c o l methacrylate (174) and the value quo
ted above (144), i t i s a well-known f a c t that i n mass 
spectrometry p o l y g l y c o l s e a s i l y lose a part of t h e i r 
molecule having a mass of 30; i . e . , the m/e value of 
144 should be a t t r i b u t e d to Im - CH 2 o] + . 
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S t i l l , with both compounds, i n view of the rather 
unfavorable detection l i m i t s quoted i n Table I, i t i s 
recommended to apply several m i c r o l i t e r s of sample 
s o l u t i o n to the chromatopiate, using development over 
a distance of 10-15 cm. A l t e r n a t i v e l y , preconcentra-
t i o n of the i n h i b i t o r s by means of treatment of the 
sample s o l u t i o n with Amberlyst A-27 r e s i n (cf. below) 
may be used. In conclusion, as i s evident from the 
data i n Table I I , the drop t e s t procedure with sulpha
n i l i c a c i d i s e x c e l l e n t l y s u i t e d to detect the presen
ce, though not the type, of an i n h i b i t o r . 

Comparison of the o v e r a l l p i c t u r e of the s e r i e s 
of chromatograms obtained with n-hexane - d i e t h y l 
ether (1:1), and the s e r i e s obtained with n-hexane -
MIBK - n-octanol (9:2:1
s t r a t e s that a smalle
when developing with the l a t t e r solvent system. This 
i s mainly due to the f a c t that n-octanol has low vo
l a t i l i t y and cannot e a s i l y be removed from the chro-
matogram p r i o r to i d e n t i f i c a t i o n . As a consequence, 
upon spraying with a KMn04 s o l u t i o n , the c o l o r of the 
background turns brown rather r a p i d l y , thus obscuring 
several of the smaller spots. In summary, n-hexane -
d i e t h y l ether (1:1) should be pre f e r r e d f o r q u a l i t a 
t i v e a n a l y s i s , both on account of i t s f a s t e r migration 
rate, and the bett e r detection achieved f o r a c t u a l l y 
a l l components present i n the HEMA and EDMA samples. 

Preparative-scale t i c on ^SC^-impregnated s i l i c a 
g e l has s u c c e s s f u l l y been c a r r i e d out with HEMA sam
ples from Hydro Med Sciences and BDH. (For a l l com
pounds studied, the Rp values i n t h i s system are equal 
to, or s l i g h t l y higher than those i n the system s i l i c a 
gel/n-hexane - d i e t h y l ether, satd. with 25% HNCK; c f . 
Fi g . 2). A f t e r development with n-hexane - d i e t h y l 
ether (1:1) and e l u t i o n with tetrachloromethane, the 
samples turn out to be chromatographically pure. I f 
hydroquinone has been added to the HEMA sample (Merck\ 
t h i s i n h i b i t o r w i l l s t i l l be present a f t e r chromato
graphic p u r i f i c a t i o n (£f. above). Generally, the 
presence of an i n h i b i t o r i s not harmful since i t can 
be removed q u a n t i t a t i v e l y from the PHEMA g e l by 
prolonged washing with water. However, should quanti
t a t i v e removal of hydroquinone at an e a r l y stage be 
imperative, then two consecutive treatments of the 
sample to be p u r i f i e d with Amberlyst A-27 r e s i n (Rohm 
and Haas, P h i l a d e l p h i a , Pa. 19105, U.S.A.) s u f f i c e to 
remove up to 0.2% of hydroquinone, and also other 
polar compounds; these can subsequently be eluted with 
methanol. The concentrated e x t r a c t so obtained i s 
e x c e l l e n t l y s u i t e d to detect the presence of i n h i b i -
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Table I I I . η values f o r HEMA and some of i t s 
contaminants 

Compound η n Ref. 

HEMA 1.4525 I ' I , 

Diethyleneglycol 1.4568 8 
methacrylate 
EDMA ri.4549 2, 4 EDMA 

U.4549-1.4553 1 
Ethylene g l y c o l 
Methacrylic a c i d 1.4314 1> 1 
Methyl methacrylate 1.4142 5 

t o r ( s ) , as was r e f e r r e d to above. 
A f i n a l word about two fu r t h e r c r i t e r i a which are 

used to assess the p u r i t y of HEMA and EDMA, v i z . the 
r e f r a c t i v e index and the i n f r a r e d spectrum. According 
to our experiences, n 2$ values, which are rather gene
r a l l y quoted i n the l i t e r a t u r e , are not very r e l i a b l e 
c r i t e r i o n , since the impurities normally present i n 
HEMA e x h i b i t n2Q values which are both higher (EDMA 
and d i e t h y l e n e g l y c o l methacrylate) and lower (metha
c r y l i c a c i d and ethylene glyc o l ) than are those of 
HEMA i t s e l f . As an i l l u s t r a t i o n , a s e r i e s of data i s 
recorded i n Table I I I . Besides, the r e f r a c t i v e index 
of HEMA strongly decreases with i n c r e a s i n g water con
tent, as i s demonstrated i n F i g . 4. Infrared spectro
scopy has been recommended to check the p u r i t y of 
EDMA. Our r e s u l t s i n d i c a t e that compounds such as 
HEMA and ethylene g l y c o l can be detected down to app
roximately 1 wt.% due to the strong absorption o f ^ 
t h e i r hydroxyl groups (broad band at 2800-3600 cm ). 
However, one should keep i n mind that the i n f r a r e d 
spectrum does not e a s i l y allow a conclusion regarding 
the nature of the contaminant(s) - e.g. HEMA, ethylene 
g l y c o l or water. Besides, a compound such as metha
c r y l i c a c i d goes undetected at the 1% l e v e l . 
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HEMA 

DGMA 

EG/P 

Figure 3. Tic of three HEMA 
samples on silica gel, using n-hex-
ane-diethyl ether (1:1) (a-c), and 
n-hexane-M IBK-n-octanol (9:2:1, 
satd. with 25% HNOs) (d-f) as 
mobile phases. HEMA samples ob
tained from BDH (a,d), Merck 
(b,e), and Hydro Med Sciences 
(c,f). For abbreviations, see Table 
II. , acid (1), n-octanol (2), 

and MIBK (3) front. 

1.45 

1.40 

1.35 

100 8 0 60 40 20 0 % H E M A 

0 20 4 0 60 8 0 1 0 0 % water 

Figure 4. Dependence of nD
20 on water content 

of HEMA 
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Abstract 
Poly(hydroxyethyl methacrylate) is generally 

accepted as a biocompatible, safe and stable hydrogel 
for medical use. The present paper describes the use 
of tlc for the analysis and small-scale preparation 
of the initial monomer, 2-hydroxyethyl methacrylate. 
Tlc on silica gel, with n-hexane - diethyl ether 
(1:1, v/v) and/or n-hexane - MIBK - n-octanol (9:2:1, 
v/v, satd. with 25% HNO3) as mobile phase is recommen
ded for qualitative analysis. Preparative-scale work 
is preferably carried out on H2SO4-impregnated silica 
gel, development being done with n-hexane - diethyl 
ether (1:1). Inhibitors are detected by means of tlc 
and of a drop test procedur  with diazotised sulpha
nilic acid. The natur
several commercially available HEMA samples is dis
cussed, n20D values are reported for the system 
HEMA- water. 
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Rotational Viscometry Studies of the Polymerization of 
Hydrophilic Methacrylate Monomers 
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Salt Lake City, Utah 84112 

There i s c o n s i d e r a b l e l i t e r a t u r e on t he mechan ica l b e h a v i o r 
o f p o l y ( h yd roxye thy l m e t h a c r y l a t e
knowledge, no s tudy ha
polymer d u r i n g the cour se o f p o l y m e r i z a t i o n . In t h i s s tudy we 
at tempted t o use t h i s e a s i l y o b t a i n e d p r o p e r t y t o o b t a i n knowledge 
c o n c e r n i n g (1) the r e l a t i v e r a t e o f p o l y m e r i z a t i o n w i t h v a r i o u s 
i n i t i a t o r s ; (2) the e f f e c t o f p o l y m e r i z a t i o n t ime on the f l o w 
p r o p e r t i e s o f PHEMA; (3) the r e l a t i o n s between t he f l o w c u r v e , 
m o l e c u l a r we i gh t and the m o l e c u l a r we i gh t d i s t r i b u t i o n . 

A t a g i ven tempera tu re the v i s c o s i t y (η) v s . shea r r a t e ( § ) 
cu rve f o r c o n c e n t r a t e d po lymer s o l u t i o n s and pure po lymers depends 
on the m o l e c u l a r we i gh t and m o l e c u l a r we i gh t d i s t r i b u t i o n o f t he 
sy s tem. However, an i n c r e a s e i n v i s c o s i t y o f t he p o l y m e r i z a t i o n 
m i x t u r e i n d i c a t e s o n l y t h a t c o n v e r s i o n i s i n c r e a s i n g . How v i s c o 
s i t y changes d u r i n g t he cou r se o f p o l y m e r i z a t i o n f rom Newtonian 
t o non-Newtonian as a f u n c t i o n o f m o l e c u l a r w e i g h t o r m o l e c u l a r 
we i gh t d i s t r i b u t i o n i s no t t o t a l l y unde r s t ood . 

Q u a l i t a t i v e l y , t he p o l y m e r i z a t i o n m i x t u r e behaves as a Newto
n i an f l u i d d u r i n g the e a r l y s tage o f p o l y m e r i z a t i o n . As the 
degree o f p o l y m e r i z a t i o n o r the c o n c e n t r a t i o n o f t he p o l y m e r i c 
f r a c t i o n i n c r e a s e s , the v i s c o s i t y a l s o i n c r e a s e s and the sys tem 
becomes non-Newton ian. Polymers w i t h broad m o l e c u l a r we i gh t 
d i s t r i b u t i o n s show a h i g h e r v i s c o s i t y dependency on shea r r a t e 
( 2 , 3 ) ; non-Newtonian b e h a v i o r s t a r t s t o o c c u r a t l o w e r shea r 
r a t e s than s i m i l a r polymers w i t h narrow m o l e c u l a r we i gh t d i s 
t r i b u t i o n s . T h e r e f o r e , t he e f f e c t o f p o l y m e r i z a t i o n t ime a t t h i s 
s t age would depend on t h e p o l y d i s p e r s i t y o f t h e po lymer p roduced . 
F u r t h e r p o l y m e r i z a t i o n encoun te r s b r a n c h i n g and ge l f o r m a t i o n . 
G r a e s s l e y (4) r e p o r t e d t h a t l o n g - c h a i n b r a n c h i n g a f f e c t s t he 
v i s c o s i t y - s h e a r r a t e cu rve i n a s i m i l a r way as b roaden ing o f t he 
m o l e c u l a r we i gh t d i s t r i b u t i o n . However, t he e f f e c t s o f b r a n c h i n g 
cannot be s e p a r a t e d f rom the e f f e c t o f p o l y d i s p e r s i t y i n v i s c o 
metry measurements. The v i s c o s i t y o f a branched po lymer may be 
h i g h e r o r l ower than a l i n e a r po lymer . T h i s depends on whether 
the m o l e c u l a r we i gh t i s h i g h e r o r l owe r than the m o l e c u l a r we i gh t 
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o f t a n g l i n g segments. Because o f the c o m p l i c a t e d na tu re o f the 
p rob l em, no s i n g l e t h e o r y can adequa te l y d e s c r i b e the mechan ica l 
b e h a v i o r o f the p o l y m e r i c system d u r i n g the cou r se o f p o l y m e r i z a 
t i o n . However, , s e v e r a l t h e o r i e s (5 -7) have worked w e l l f o r 
l i n e a r p o l yme r s , wh ich might be the case f o r PHEMA produced w i t h 
ve r y l i t t l e c r o s s l i n k i n g agent i n a r e l a t i v e l y poor s o l v e n t 
such as w a t e r . 

The p r e s e n t i n v e s t i g a t i o n c o n s i s t s o f : (1) f l o w cu rve s 
o b t a i n e d f o r h y d r o x y e t h y l m e t h a c r y l a t e (HEMA)-water m i x t u r e s , 
p o l y m e r i z e d a t 60°C as f u n c t i o n s o f p o l y m e r i z a t i o n t ime and 
i n i t i a t o r ; (2) t h r e e t h e o r i e s o f non-Newtonian v i s c o s i t y , the 
Bueche-Hard ing method ( 5 j , Ree - E y r i n g a c t i v a t e d - s t a t e t h e o r y 
(6) and B a r t e n e v ' s e m p i r i c a l method ( 7 ) , a re b r i e f l y d e s c r i b e d 
and the f l o w parameters o f our systems are a n a l y z e d w i t h t he se 
t h e o r i e s ; (3) the r e l a t i o n
r a t e and between f l o w c u r v e
d i s t r i b u t i o n and p o l y m e r i z a t i o n t ime a re d i s c u s s e d . 

M a t e r i a l and Methods 

The monomer-so lvent m i x t u r e used i n t h i s s t udy c o n s i s t e d o f 
s i x p a r t s o f HEMA and t h r e e p a r t s o f w a t e r , by volume. The 
i n i t i a t o r s used i n c l u d e ammonium p e r s u l f a t e , a z o b i s i s o b u t y r o n i -
t r i l e (A IBN), a z o b i s ( m e t h y l i s o b u t y r a t e ) , a z o b i s ( m e t h o x y e t h y l 
i s o b u t y r a t e ) , and a z o b i s ( m e t h o x y d i e t h o x y e t h y l i s o b u t y r a t e ) . A 
c o n c e n t r a t i o n o f 5.71 m m o l / l i t e r was used f o r ammonium p e r s u l f a t e 
and 5.21 m m o l / l i t e r f o r the o t h e r s . The s y n t h e s i s , p u r i f i c a t i o n 
and chemica l c h a r a c t e r i z a t i o n o f the PHEMA a re g i v en e l sewhere 
( 8 ) . I t s hou ld be noted t h a t a l t hough HEMA monomer i s c o m p l e t e l y 
m i s c i b l e w i t h w a t e r , PHEMA i s not w a t e r s o l u b l e . 

A Haake R o t o v i s c o r o t a t i o n a l v i s c o m e t e r was used f o r v i s c o 
s i t y measurement. P o l y m e r i z a t i o n was c a r r i e d out i n a c o a x i a l 
c y l i n d e r senso r s y s tem, w i t h a MV cup and a MVI bob. Temperature 
was kept a t 60°C w i t h a Lauda K-2/R c i r c u l a t i n g b a t h . Flow cu r ve s 
were de te rmined as f u n c t i o n s o f t ime a t shear r a t e s f rom 0 t o 

685 s e c " . To a v o i d permanent mechan ica l breakdown, l ower s hea r 
r a t e s were used as the p o l y m e r i z a t i o n i n c r e a s e d . 

Non-Newtonian V i s c o s i t y 

In non-Newtonian f l o w the chance i n appa ren t v i s c o s i t y (η) 
as a f u n c t i o n o f shea r r a t e ( § ) g e n e r a l l y t a ke s t he form 

η η 0 = f ( x S ) , C l ] 

where η 0 i s the v i s c o s i t y a t z e r o s hea r r a t e , § 0 > and τ i s t he 
c h a r a c t e r i s t i c r e l a x a t i o n t i m e , wh ich i s m o l e c u l a r w e i g h t - d e p e n d 
e n t . 
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Many t h e o r i e s have been proposed t o e x p l a i n non-Newtonian 
b e h a v i o r i n condensed s y s tems . M o l e c u l a r t h e o r i e s based on the 
e q u i v a l e n c e h y p o t h e s i s ( 9 j , on the entang lement concept ( 1 0 ) , 
and on the a c t i v a t e d - s t a t e model (6) have ga ined c o n s i d e r a b l e 
a c c e p t a n c e . 

Bueche-Hard ing S tandard Cu rve . Bueche i n t r o d u c e d a s h e a r -
r a t e dependence t o Rouse t h e o r y ( 1 1 ) . A c c o r d i n g t o h i s h ypo the 
s i s , macromolecu les i n s o l u t i o n under dynamic d e f o r m a t i o n a re 
assumed to behave s i m i l a r l y t o those under s t eady s h e a r i n g . The 
change i n v i s c o s i t y w i t h shear r a t e s i s c o n s i d e r e d as due t o the 
r e s u l t s o f de fo rming and r o t a t i n g o f t he c o i l i n g po lymer mo l e 
c u l e s under a s h e a r i n g f o r c e . Below a c e r t a i n c h a r a c t e r i s t i c 
t i m e , t ^ , (which equa l s a p p r o x i m a t e l y t h e r e c i p r o c a l o f z e r o 

shear r a t e , s 0 ) the v i s c o s i t
shea r r a t e , w h i l e abov y approache
v a l u e . T h i s r e l a x a t i o n t ime can be c a l c u l a t e d f rom the p r o p e r 
t i e s o f the sys tem a t low shear r a t e s . 

Bueche has i g n o r e d the e f f e c t o f c h a i n entang lements on 
non-Newtonian b e h a v i o r and assumed t h a t t he l o c a l p r o p e r t i e s o f 
the s y s tem, such as the r e l a x a t i o n t ime d i s t r i b u t i o n , a re i n d e 
pendent o f i t s s t a t e o f m o t i o n . H i s t h e o r y , t h e r e f o r e , does not 
c o r r e l a t e w e l l w i t h e x p e r i m e n t a l da ta (4 , 1 2 - 14 ) . 

G r a e s s l e y (10) proposed a t h e o r y by assuming t h a t t he 
v i s c o s i t y o f a p o l y m e r i c system i s c o n t r o l l e d by i n t e r m o l e c u l a r 
c h a i n entang lements and t h a t an i n c r e a s e i n shea r i nduces 
changes i n the network o f entang lements and hence causes the v i s 
c o s i t y t o d e c r e a s e . T h i s entang lement approach has a sound 
t h e o r e t i c a l b a s i s . However, i n f o r m a t i o n c o n c e r n i n g the p o l y d i s 
p e r s i t y and the entang lement d e n s i t y a re needed t o c a r r y out 
a c t u a l c o m p u t a t i o n . 

For a l i n e a r c o i l i n g po l ymer , Bueche -Ha rd i ng , l a t e r , s u g 
ges ted a method f o r d e t e r m i n i n g i t s a b s o l u t e m o l e c u l a r we i gh t 
f rom i t s f l o w cu rve ( 5 j . In t h i s method they used a s t anda rd 
curve wh ich f o l l o w s the e m p i r i c a l e q u a t i o n 

n o / n = 1.00 + 0.60 ( T S ) 3 / 4 , [ 2 ] 

t o match t h e i r e x p e r i m e n t a l d a t a . The v a l u e o f η 0 and s 0 a re 
dete rmined by supe r impos i ng the s t a n d a r d cu rve i n t he form o f 
l o g (η/ηο) v s . l o g ( S T ) w i t h an e x p e r i m e n t a l cu rve i n the form 
o f l o g (η) v s . l o g ( s ) w h i l e both cu rves were p l o t t e d on t he same 
s c a l e . The m o l e c u l a r we i gh t o f t h e po lymer i s then c a l c u l a t e d 
from the e x p r e s s i o n 

M = 7T 2NckT/12n s o , [ 3 ] 
ο o 

where N, c , k, and Τ are Avogad ro ' s number, t he c o n c e n t r a t i o n o f 
po lymer i n g/cc , Bo l t zmann ' s c o n s t a n t , and the a b s o l u t e t empe ra 
t u r e , r e s p e c t i v e l y . 
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Bueche 1 s r e l a x a t i o n t ime {tw = l / s 0 ) , as p o i n t e d out by 
G r a e s s l e y ( 1 5 ) , governs the magnitude o f t he shea r r a t e when t h e 
v i s c o s i t y beg ins t o d e c r e a s e . I t s hou l d be an i m p o r t a n t p a r a 
meter f o r t ho se p r o p e r t i e s i n wh ich t he l o n g e r r e l a x a t i o n t imes 
are d e t e r m i n i n g f a c t o r s . The Bueche-Hard ing s t a n d a r d c u r v e , 
wh ich agreed mode ra te l y w e l l w i t h da ta on u n f r a c t i o n a t e d p o l y s t y 
rene i n benzene and po l y (me thy l m e t h a c r y l a t e ) (PMMA) i n c h l o r o 
f o r m , s hou l d p r e d i c t t he non-Newtonian b e h a v i o r o f any l i n e a r 
p o l y m e r i c sys tem w i t h not too broad a m o l e c u l a r we i gh t d i s t r i b u 
t i o n ( 5 ) . PHEMA and PMMA have the same backbone s t r u c t u r e . 
S i n ce the shea r r a t e used i n t h i s s t udy i s r e l a t i v e l y l o w ; and 
the sys tem i s expec ted t o have low entang lement d e n s i t y (water i s 
a poor s o l v e n t ) , low b r a n c h i n g and c r o s s l i n k i n g ( the d i e s t e r 
c o n c e n t r a t i o n i s l o w ) , the Bueche-Hard ing method s hou ld work w e l l 
f o r our s y s tem. 

R e e - E y r i n g s ' s A c t i v a t e d - S t a t e Mode l . T h i s model (6) 
assumes t h a t t h e r e e x i s t s i groups o f f l o w u n i t s wh ich d i f f e r 
i n r e l a x a t i o n t ime and i n g e o m e t r i c a l d imen s i on s . Some o f t he se 
f l o w u n i t s a re Newton ian , o t h e r s a re non-Newton ian. A Newtonian 
f l o w u n i t i s a mo lecu l e o r a group o f mo l ecu l e s i s o l a t e d f rom 
o t h e r u n i t s , w h i l e a non-Newtonian u n i t i s a Newtonian u n i t 
bonded (or e n t a n g l e d ) w i t h ano the r Newtonian u n i t o r u n i t s . 
Thus, f o r f l o w o f non-Newtonian u n i t s , t h i s bond ( o r e n t a n g l e 
ment) must be broken (o r d i s e n t a n g l e d ) . 

Based on t h i s c o n c e p t , the g e n e r a l i z e d v i s c o s i t y e q u a t i o n i s 

χ. β. s i n h " 1 β.s 
η = Σ, -^-1 , Γ4] 

1 a i β ^ 

where χη· i s t he f r a c t i o n a l a r e a o c c u p i e d by t he i t h f l o w u n i t on 
the shear s u r f a c e , and 

cu = (λ X 2 X3) ./2kT ; [ 5 ] 

βΊ. = [ ( A / X 1 ) 2 k l ] T 1 ; [ 6 ] 

a., and β. a re the c h a r a c t e r i s t i c shea r volume d i v i d e d by kT 

wh ich i s r e l a t e d t o the i n v e r s e o f the shea r modulus and the 
r e l a x a t i o n t i m e , r e s p e c t i v e l y , β./α· i s t he Newtonian v i s c o s i t y . 

λ i s the jumping d i s t a n c e , λ ι , λ 2 , and λ 3 a re the m o l e c u l a r 

d imens ions o f a f l o w u n i t , k' i s the jumping f r equency o f the 
f l o w u n i t when t h e r e i s no s t r e s s . A c c o r d i n g t o t he t h e o r y o f 
r a t e p roce s se s ( 16 ) : 

k ' = Ί Ϊ I T e x p < - e o / k T ) » [ 7 ] 
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where h i s P l a n c k ' s c o n s t a n t ; Gt and G a re t he p a r t i t i o n f u n c t i o n s 
o f the a c t i v a t e d and the i n i t i a l s t a t e , r e s p e c t i v e l y ; and ε i s 
the a c t i v a t i o n energy . 

C o n s i d e r i n g the HEMA-HoO m i x t u r e , one can assume the 
p resence o f two t ypes o f f l o w u n i t s , the Newtonian t ype ( u n s t r u c 
t u r e d w a t e r , HEMA monomer, and the l ower members o f HEMA p o l y m e r s \ 
and the non-Newtonian type ( h i g h e r members o f PHEMA w i t h bonded 
w a t e r ) . For these c o n s i d e r a t i o n s , Equa t i on [4 ] t a ke s the form 

η - γ η + Χ ΐ Ε ΐ + Χ2&2 S J n h " 1 g 2 S 
n " V s + ~ ^ Γ ~i B i s · [ 8 ] 

Here , n s i s the s o l v e n t v i s c o s i t y . When the r a t e o f shea r i s 
ve r y s m a l l , one has 

n o V

Th i s t h e o r y makes no assumpt ions as t o the s p e c i f i c mo l e cu 
l a r c on f o rma t i on s o r c o n f i g u r a t i o n s t o the f l o w u n i t s . A l s o , 
i t r e c o g n i z e s the d i s c r e t e boundary between f l o w u n i t s and 
medium and between s e p a r a t e f l o w u n i t s . 

To o b t a i n a r e l a t i o n s h i p between the r e l a x a t i o n t ime and 
m o l e c u l a r we i gh t ( 1 7 ) , e q u a t i o n [6 ] can be r e w r i t t e n as 

£ „ k| . η. β-Αψκτ , [ 10 ] 

where AF. i s the s t anda rd f r e e energy o f a c t i v a t i o n pe r mole o f 
i t h f l o w u n i t . For a condensed phase t h i s f r e e energy a p p r o x i 
mate l y equa l s the He lmho l t z f r e e energy which i s r e l a t e d t o the 
p a r t i t i o n f u n c t i o n , f . , by 

A. = -kT £n f j . [11] 

I n t r o d u c i n g e q u a t i o n [11] i n t o [10 ] one has 

l « T i ' [ 12 ] 

i 

A c c o r d i n g t o Ma, Jhon and E r y i n g ( 1 8 ) , the p a r t i t i o n f u n c t i o n 
f o r l i n e a r polymers can be s e p a r a t e d i n t o two p a r t s , a p a r t 
dependent on c ha i n entang lement and a p a r t i ndependent o f c h a i n 
en tang lement . The f i r s t p a r t can be w r i t t e n as 

,Mx 4/3 ,Mx2 
Km\ lm£ · 

Here M, mi and m 2 a re the m o l e c u l a r we i gh t s o f the po l ymer , t he 
k i n e t i c segment and the t a n g l i n g segment, r e s p e c t i v e l y . In 
c o n c e n t r a t e d s o l u t i o n s and i n pure p o l y m e r i c s y s tems , 
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k i n e t i c segments can move i n t o n e i g h b o r i n g v a c a n c i e s 
i n d e p e n d e n t l y excep t f o r the r e s t r i c t i o n t h a t t hey remain t i e d 
t o g e t h e r w h i l e a l l t a n g l i n g segments excep t one a re o b l i g e d t o 
f o l l o w around the randomly l o c a t e d t a n g l i n g p o i n t s . 

We expec t t h a t f l o w u n i t s , wh ich c o n t a i n mo l ecu l e s w i t h H > 
m 2 , a re mo s t l y non-Newtonian i n b e h a v i o r . For two systems w i t h 
the same m o l e c u l a r we i gh t i t f o l l o w s t h a t 

(62)1 ( f 2 ) 2 ( m 2 ) î ( Γ 2 ) ? 

= = = . [13 ] 

(62)2 ( f 2 ) i Ml ( Â 2 ) i 

The s u b s c r i p t 2 i n s i d e the parentheses r e f e r s t o the non -
Newtonian f l o w u n i t s and th  s u b c r i p t  1 d 2 o u t s i d  th
parentheses r e f e r to system
[13] i n d i c a t e s t h a t the average l e n g t h o r the m o l e c u l a r we i gh t 
o f the t a n g l i n g segments i s p r o p o r t i o n a l to the square r o o t o f 
the r e l a x a t i o n t ime o f the f l o w u n i t s which c o n t a i n such segments. 
Th i s would a p p r o x i m a t e l y be the case when the same dearee o f 
p o l y m e r i z a t i o n was reached from d i f f e r e n t i n i t i a l HEMA-water 
m i x t u r e s . On the o t h e r hand we can w r i t e (19) 

Bp = 6S (M/m 2) (M/rn^ 1 / 3 and 

^s [14 ] 

a p ( M M , ) (M/m 2) 

where the s u b s c r i p t s ρ and s r e f e r to p r o p e r t i e s f o r the po lymer 
and unat tached k i n e t i c segments, r e s p e c t i v e l y . I f the degree 
o f p o l y m e r i z a t i o n i s s u f f i c i e n t l y l a r g e , i . e . , i f M > m 2 , the 
v a l ue o f nu , m 2 s hou ld not be a f f e c t e d by f u r t h e r p o l y m e r i z a 
t i o n . I t f o l l o w s t h a t 

( 0 p ) t i (M t ) ' 

V t , ' 
" (M t ) V 

t 2 

V t . . 

< V t . • 

where t i and t 2 r e f e r t o two d i f f e r e n t p o l y m e r i z a t i o n t i m e s . 
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R e s u l t s and D i s c u s s i o n 

The v i s c o s i t y o f HEMA-water m i x t u r e s a t 60°C i s p l o t t e d 
a g a i n s t the r a t e o f shear a t v a r i o u s p o l y m e r i z a t i o n t imes f o r 
f i v e i n i t i a t o r s ( F i g u r e 1 ) . A c c o r d i n g t o Nakaj ima ( 2 0 ) , the 
s t e a d y - s t a t e f l o w curves f o r e i g h t p o l y e t h y l e n e samples have a 
s i m i l a r shape t o t h e i r c o r r e s p o n d i n g c u m u l a t i v e f r a c t i o n a t i o n 
c u r v e s . He assumed t h a t EWi be the c u m u l a t i v e we i gh t f r a c t i o n 
and B. be the r e l a t i v e c h a i n l e n g t h a t EWi = H (a f r a c t i o n a l 

number) and conc luded t h a t 

n/n o = H = EWi [16] 

and 

s H = K B .  [17 ] 

With t h r e e a d j u s t a b l e pa r ame te r s , no , K, and a , he showed t h a t 
w i t h h i s da ta the f l o w cu rve and f r a c t i o n a t i o n cu rve a re e q u i v a 
l e n t f o r most o f the range. The amount o f c r o s s l i n k e r ( d i e s t e r ) 
p r e s en t i n ou r system i s l e s s than 0 .01%. Equa t i on s [16 ] and 
[ 1 7 ] , wh ich a p p l y s a t i s f a c t o r i l y t o l i n e a r po l yme r s , a re p r o b a b l y 
a l s o a p p l i c a b l e t o the c u r r e n t sy s tem. To prove t h i s , a f r a c 
t i o n a t i o n cu rve f o r PHEMA has t o be o b t a i n e d i n d e p e n d e n t l y 
th rough o t h e r measurements. Note t h a t i n the p o l y m e r i z a t i o n 
system employed h e r e i n t h a t a d i e s t e r c o n c e n t r a t i o n i n exces s o f 
0.035% w i l l r e s u l t i n an i n s o l u b l e , c r o s s l i n k e d po l ymer . 

Flow parameters were c a l c u l a t e d f rom the Bueche-Hard ing 
s t anda rd c u r v e , f rom Equa t i on [ 8 ] and from B a r t e n e v ' s e m p i r i c a l 
e q u a t i o n , the l a t t e r t a k i n g the form 

l o g n / n 0 = - K 1 T w , [18] 

where τ i s the shear s t r e s s , 
w 

The Bueche-Hard ing s t a n d a r d cu rve r e p r e s e n t s compos i te 
v i s c o s i t y da ta f o r p o l y d i s p e r s e po lymer sy s tems. Our da ta can 
be super imposed onto t h i s s t a n d a r d cu rve and form a s i n g l e e 

master c u r v e . F i g u r e 2 i s an example. The va l ue s o f τ ^ , s and 
η 0 o b t a i n e d h e r e a f t e r a re g i v en i n Tab le I. The po lymer 
c o n c e n t r a t i o n i n m o l e / l i t e r i s c a l c u l a t e d f rom Equa t i on [ 3 ] . 
Because o f the l a c k o f d a t a c o n c e r n i n g the v a l u e o f c as a 
f u n c t i o n o f p o l y m e r i z a t i o n t i m e , t he a b s o l u t e v a l u e s o f m o l e c u l a r 
we i gh t a r e not computed. However, two p o i n t s can be conc l uded 
from our d a t a : 1) our e x p e r i m e n t a l cu rves c o r r e l a t e w e l l 
w i t h the Bueche-Hard ing s t a n d a r d c u r v e , i n d i c a t i n g po lymers 
produced d u r i n g t he cour se o f measurement a re p r o b a b l y a l l 
l i n e a r po l ymer s ; and 2) assuming h a l f o f the i n i t i a l HEMA monomer 
(0.7 g/cc) was c o n v e r t e d i n t o polymers a t the end o f our measure
ment, the v i s c o s i t y average m o l e c u l a r w e i g h t reached a v a l u e o f 
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Figure la. Flow curves of HEMA-water mixtures at 
60°C. Initiator: ammonium persulfate. 

Figure lb. Flow curves of HEMA-water mixtures at 
60°C. Initiator: AIBN. 
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Figure Id. Flow curves of HEMA-water mix
tures at 60°C. Initiator: azobis (methoxyethyl 

isobutyrate). 
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Figure 2. A superimposed plot of experimental data and 
Bueche-Harding standard curve. Initiator: ammonium per

sulfate. 
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TABLE I. 

The E f f e c t o f P o l y m e r i z a t i o n T ime, t , on t he Flow Parameters 
(Bueche-Hard ing Method) f o r HEMA-water M i x t u r e s 

S o l v e n t : Water (η = 4.665 χ 1 0 " 3 p o i s e a t 60°C) 

C o n c e n t r a t i o n : 6 p a r t s HEMA/3 p a r t s w a t e r 

t 
( sec ) 

(1) 

(3) 

•1. 
( s ec ) ( sec ) ( p o i s e ) 

I n i t i a t o r : Ammoniu  p e r s u l f a t

600 
1030 
1100 

.0364 

.208 

.323 

27.5 
4.8 
3.1 

13.03 
213.0 
357.3 

(2) I n i t i a t o r : A z o b i s i s o b u t y r o n i t r i l e 

1000 C/M 
( m o l e / l i t e r ) 

1.57 
4.46 
4.9 

10 
10 
10 

1100 .0186 53.7 3.0 7.07 X 

1515 .286 3.5 44.67 6.8 X 

1900 .588 1.7 134.9 1.03 X 

2300 1.111 0.9 281.8 1.1 X 

I n i t i a t o r : A z o b i s ( m e t h y l i s o b u t y r a t e ) 

900 0.0288 34.7 4.92 7.46 X 

1300 0.476 2.1 91.2 8.26 X 

1700 1.042 0.96 496.6 2.08 X 

1900 1.389 0.72 954.0 3.03 X 

- 5 
-5 

10 
10 
10' 
10' 

10 
10 
10 
10 

6 
-6 
-5 

5 

(4) I n i t i a t o r : A z o b i s ( m e t h o x y e t h y l i s o b u t y r a t e ) 

930 0.038 26.3 10.6 1.22 χ 1 0 " ! 
1300 0.455 2.2 151.4 1.46 χ l O - ? 
1600 1.099 0.91 626.0 2.51 χ Ι Ο - 3 

(5) I n i t i a t o r : A z o b i s ( m e t h o x y d i e t h o x y e t h y l i s o b u t y r a t e ) 

1100 0.0364 27.5 7.2 8.77 χ 10~î 
1500 0.333 3.0 97.7 1.29 χ 10"? 
1900 1.887 0 .53 758.5 1.75 χ 1 θ " ° 
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TABLE I I . 

The E f f e c t o f P o l y m e r i z a t i o n T ime, t , on the Flow Parameters 
( E y r i n g ' s Theory ) f o r HEMA-Water M i x t u r e s 

S o l v e n t : Water (η = 4.665 χ 1 0 " 3 p o i s e a t 60°C) 

C o n c e n t r a t i o n : 6 p a r t s HEMA/3 p a r t s w a t e r 

t ν n + Χ ι β ι X2/012 Bz C o r r e l a t i o n 2 η ο 
( sec ) o n s α ι (dyne/cm 2 ) ( s ec ) C o e f f i c i e n t ( p o i s e ) 

(1) I n i t i a t o r : Ammoniu

600 1.31 1.2 x 10p 0.077 0.981 10.56 
900 3.14 4.66 χ 10 , 0.124 0.999 60.91 

1030 8.92 6.21 χ 10 , 0.213 1.000 141.08 
1100 13.34 7.37 χ 10 0.294 1.000 230.24 

(2) I n i t i a t o r : A z o b i s i s o b u t y r o n i t r i l e 

900 0.09 5.0 χ ίο] 0.0074 0.96 0.46 
1100 0.28 6.8 χ 1θ{ 0.0288 0.996 2.24 
1300 0.55 9 .53 χ 10 , 0.0785 0.999 8.03 
1515 0.64 1.46 χ 1 0 , 0.151 1.000 22.69 
1700 0.86 1.68 χ 10 , 0.280 0.998 47.89 
1900 0.999 2.19 χ 10 , 0.340 1.000 77.4 
2100 0.42 2.12 χ 10 , 0.754 1.000 159.95 
2300 1.28 2.05 χ 10^ 1.03 1.000 212.15 

(3) I n i t i a t o r : A z o b i s ( m e t h y l i s o b u t y r a t e ) 

800 .13 1.58 χ 10^ 0.0074 0.912 1.30 
900 .28 1.02 χ 10 , 0.0287 0.999 3.21 

1100 1.33 1 . 8 4 x 1 0 , 0.0528 0.984 11.04 
1300 1.06 1.91 χ 10 , 0.214 1.000 41.93 
1500 1.70 2.94 χ 10 , 0.381 1.000 113.96 
1700 3.54 4.14 χ 10 , 0.736 1.000 308.38 
1900 15.13 4.40 χ 10^ 1.755 1.000 871.8 
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Tab le II. ( c o n t . ) 

t + X i E i X2/122 62 C o r r e l a t i o n 2 0 
( sec ) W a i (dyne/cm 2 ) ( s ec ) C o e f f i c i e n t ( p o i s e ) 

(4) I n i t i a t o r : A z o b i z ( m e t h o x y e t h y l i s o b u t y r a t e ) 

600 0.32 2.28 χ ίο] 0.0675 0.94 1.86 
930 1.48 5.57 χ 10 , 0.216 0.990 13.51 

1100 0.55 2 . 4 3 x 1 0 , 0.0878 1.000 21.90 
1300 1.13 3.09 χ 1 0 , 0.258 1.000 80.72 
1400 1.54 3.8
1515 4.65 4 . 2 3 x 1 0
1600 9.50 4.33 χ 10 1.002 1.000 442.99 

(5) I n i t i a t o r : A z o b i s ( m e t h o x y d i e t h o x y e t h y l i s o b u t y r a t e ) 

900 0 .043 1.05 χ 10? 0.01 1.000 1.096 
1100 0.28 1.25 χ 10 , 0.0346 0.997 4.62 
1300 1.02 1 . 4 9 x 1 0 , 0.140 1.000 21.87 
1500 1.04 2.71 χ 10 , 0.179 0.997 49.62 
1700 1.71 3.09 χ 1 0 , 0.526 1.000 164.15 
1900 4.72 3.42 χ 10^ 1.44 1.000 497.32 
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TABLE I I I . 

The E f f e c t o f P o l y m e r i z a t i o n T ime, t , on the Flow Parameters 
( B a r t e n e v ' s Method) f o r HEMA-Water M i x t u r e s 

S o l v e n t : Water (η = 4.665 χ Ι Ο - 3 p o i s e a t 60°C) 

C o n c e n t r a t i o n : 6 p a r t s HEMA/3 p a r t s wa te r 

t , n o C o r r e l a t i o n 
( s e c ) K' χ 10 ( p o i s e ) C o e f f i c i e n t 

(1) I n i t i a t o r : Ammonium p e r s u l f a t e 

600 0.52
900 0.32

1030 0.214 138.38 0.957 
1100 0.216 299.77 0.999 

(2) I n i t i a t o r : A z o b i s i s o b u t y r o n i t r i l e 

900 1.64 0.518 0.945 
1100 1.47 2.47 0.978 
1300 1.22 8.51 0.968 
1515 1.17 27.98 0.986 
1700 1.14 62.68 0.993 
1900 1.06 126.34 1.000 
2100 1.40 377.28 0.997 
2300 1.30 419.89 0.994 

(3) I n i t i a t o r : Azob i s (methy1 i s o b u t y r a t e ) 

800 1.53 1.73 1.000 
900 1.31 3.94 0.998 

1100 0.581 13.48 0.913 
1300 1.03 59.74 0.999 
1500 0.816 200.34 0.996 
1700 0.596 556.69 0.999 
1900 0.394 1046.6 0.989 

(4) I n i t i a t o r : A z o b i s ( m e t h o x y e t h y l i s o b u t y r a t e ) 

600 1.07 0.99 0.771 
930 0.917 9.37 0.938 

1100 0.778 29.25 0.986 
1300 0.755 133.75 0.998 
1400 0.629 222.29 0.999 
1515 0.510 389.16 0.995 
1600 0.473 633.97 0.994 
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e I I I . ( c o n t . ) 

t 3 0 C o r r e l a t i o n 
( sec ) K' χ 10 ( p o i s e ) C o e f f i c i e n t 

I n i t i a t o r : A z o b i s ( m e t h o x y d i e t h o x y e t h y l i s o b u t y r a t e ) 

900 1.64 1.47 0.998 
1100 1.18 5.67 0.977 
1300 0.877 22.67 0.979 
1500 0.812 78.49 0.489 
1700 0.804 297.38 0.999 
1900 0.72 876.56 0.999 
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the o r d e r o f TO 7 . With such a h i gh m o l e c u l a r we i gh t one would 
e xpec t the v i s c o s i t y o f t he system t o be much h i g h e r . However, 
s i n c e wa te r i s a poor s o l v e n t f o r PHEMA, a l a r g e p o r t i o n o f 
the po lymer mo l e cu l e might remain unentang led and , as a c on se 
quence, r e s u l t i n a l ower v i s c o s i t y . 

The parameters x 0 n s + χ ι $ ι / α ι » x 2 / a 2 and β 2 a l l i n c r e a s e 
w i t h an i n c r e a s e i n p o l y m e r i z a t i o n t ime (Tab le I I ) a t a g i v e n 
temperatu re ( 60°C ) . The q u a n t i t y x 0 n s + x i B i / α ι i n c r e a s e s w i t h 
i n c r e a s i n g p o l y m e r i z a t i o n t ime because X i i s c o n c e n t r a t i o n dep
endent . The q u a n t i t y x 2 s hou l d i n c r e a s e w i t h both an i n c r e a s e 
i n po lymer c o n c e n t r a t i o n and i n c r e a s e d m o l e c u l a r w e i g h t . Thus , 
the i n c r e a s e o f x 2 / a 2 w i t h p o l y m e r i z a t i o n t ime seems t o be 
n a t u r a l s i n c e a 2 i s a c h a r a c t e r i s t i c p r o p e r t y f o r f l o w u n i t 2. 
The r e l a x a t i o n t i m e , β , i s a q u a n t i t y wh ich i s i ndependent o f 
c o n c e n t r a t i o n a t low c o n c e n t r a t i o n
t r a t i o n a t h i gh c o n c e n t r a t i o n s
c rea se s w i t h p o l y m e r i z a t i o n t i m e . The e a r l y i n c r e a s e i s 
p r o b a b l y due t o an i n c r e a s e i n m o l e c u l a r w e i g h t a l o n e , w h i l e 
the l a t e r i n c r e a s e i s due t o changes i n c o n c e n t r a t i o n and i n 
m o l e c u l a r w e i g h t . O r i g i n a l l y , we a p p l i e d a method deve loped by 
Gabrysh e t a l . (21) t o dete rmine the se pa ramete r s . However, we 
were unable t o dete rmine x 0 n s + X i 3 i / c t i mean ing fu l by such a 
method. The parameters g i v en i n Tab le 11 were de te rmined by 
u s i ng a computer β program t o o b t a i n a b e s t s t r a i g h t l i n e f i t f o r 
a η v s . s i n h " 1 B 2 s / B 2 s p l o t . The square o f t he c o r r e l a t i o n 
c o e f f i c i e n t f o r such a f i t i s g r e a t e r than 0.98 w i t h a few 
e x c e p t i o n s , presumably due t o g r e a t e r e x p e r i m e n t a l e r r o r s when 
s o l u t i o n s a re d i l u t e . 

In B a r t e n e v ' s e x p r e s s i o n K 1 i n c r e a s e s w i t h i n c r e a s i n g 
b read th o f m o l e c u l a r we i gh t d i s t r i b u t i o n and η 0 i n c r e a s e s w i t h 
i n c r e a s i n g m o l e c u l a r w e i g h t . Tab le I I I shows t h a t the c o r r e 
l a t i o n between our da ta and B a r t e n e v ' s e x p r e s s i o n i s not v e r y 
s a t i s f a c t o r y ( ten cu rves have the square o f c o r r e l a t i o n c o e f 
f i c i e n t l e s s than 0 . 9 8 ) . However, t he changes i n K 1 and η 0 

w i t h p o l y m e r i z a t i o n t ime f o l l o w s a r ea sonab l e t r e n d . 
Bueche -Ha rd i n g ' s η 0 i s g r e a t e r than E y r i n g ' s . The r a t i o 

between them i s r a n g i n g form 1.23 t o 2.18 (w i t h one e x c e p t i o n ) . 
B a r t e n e v ' s η 0 s t a r t e d w i t h a v a l u e c l o s e t o t h a t o f E y r i n g ' s , 
i n c r e a s e d s t e a d i l y and f i n a l l y passed both Bueche -Ha rd i n g ' s 
and E y r i n g ' s v a l u e . Bueche ' s r e l a x a t i o n t i m e , x D , and E y r i n g ' s 
r e l a x a t i o n t i m e , β 2 , a re o f t he same o r d e r o f magn i tude, p r e 
sumably both and β 2 measure the m o l e c u l a r t ime c o n s t a n t 
c o n t r o l l i n g non-Newtonian b e h a v i o r . 

From Equa t i on [ 3 ] , one o b t a i n s 

T b M [19] 
~ 00 CT Ό 

In a c o n c e n t r a t e d po lymer s o l u t i o n , we can assume β 2 = β , and 
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no = 3 $ /α $ . Then, f rom e q u a t i o n [ 1 4 ] , 

no 

Comparing Equa t i on [19 ] w i t h Equa t i on [ 2 0 ] , i t f o l l o w s t h a t 

g 2 » c x b M 1 / 3 . [21 ] 

E x p e r i m e n t a l l y the m o l e c u l a r we i gh t exponent i s l e s s than one 
and the c o n c e n t r a t i o n exponent i s g r e a t e r than one [ 2 2 ] . G r a e s -
s l e y , e t a l . [T3] sugges ted t h a t the c h a r a c t e r i s t i c r e l a x a t i o n 
t ime be p r o p o r t i o n a l t o M/cT a t low entang lement d e n s i t y and 
p r o p o r t i o n a l t o l / c 2 T a
t h a t the entang lement d e n s i t
Hence, both τ. and 32 s hou l d gove rn . 

F i g u r e 3 g i v e s the p l o t o f E y r i n g ' s z e r o shea r v i s c o s i t y 
a g a i n s t the p o l y m e r i z a t i o n t i m e . The r e l a t i o n s h i p between In 
no and In t i s l i n e a r f o r samples 2 , 3 and 5 and can be f i t t e d 
w i t h two s t r a i g h t l i n e s f o r sample 4. Because t h e r e a re not 
enough da ta p o i n t s , no such f i t t i n g was a t tempted f o r sample 1. 
A t the same l e n g t h o f p o l y m e r i z a t i o n t i m e , we can conc lude 
t h a t : (a) the p o l y m e r i z a t i o n i n i t i a t e d by ammonium p e r s u l f a t e i s 
the f a s t e s t ; and (b) the p o l y m e r i z a t i o n s i n i t i a t e d by the t h r e e 
AIBN d e r i v a t i v e s have comparable r a t e s wh ich are s l i g h t l y 
f a s t e r than the r a t e i nduced by AIBN i t s e l f . S i m i l a r c o n c l u s i o n s 
can be drawn by u s i n g Bueche -Ha rd i ng 1 s o r B a r t e n e v ' s ze ro shea r 
v i s c o s i t y . 

C o n c l u s i o n s 

From v i s c o m e t r y da ta we can conc lude the f o l l o w i n g : 
(1) PHEMA produced f rom HEMA-water m i x t u r e s w i t h l e s s 

than 0.01% c r o s s l i n k e r i s mo s t l y l i n e a r po l ymer . 
(2) The r e l a t i v e r a t e o f p o l y m e r i z a t i o n i n i t i a t e d w i t h the 

v a r i o u s i n i t i a t o r s a re o f the f o l l o w i n g o r d e r : ammonium 
s u l f a t e » AIBN d e r i v a t i v e s > A IBN; 

(3) Both R e e - E y r i n g ' s t h e o r y o f non-Newtonian f l o w and Bueche-
H a r d i n g ' s method can d e s c r i b e the b e h a v i o r o f HEMA-water 
m i x t u r e s d u r i n g the cour se o f p o l y m e r i z a t i o n . B a r t e n e v ' s 
e m p i r i c a l e x p r e s s i o n works l e s s w e l l presumably because t he 
r a t i o n/no f o r our system i s s t i l l some f u n c t i o n o f m o l e c u 
l a r we i gh t and cannot be assumed t o depend on shea r s t r e s s 
a l o n e ; 

(4) The m o l e c u l a r we i gh t o f l i n e a r PHEMA can be o b t a i n e d 
by u s i n g the Bueche-Hard ing method w i t h i ndependent i n f o r 
mat ion c once rn i n g c o n c e n t r a t i o n o f the po lymer . However, 
we have not c a r r i e d out c o n c e n t r a t i o n measurements i n t h i s 
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s t udy and o n l y the r a t i o VM i s e s t i m a t e d . The r e l a t i v e 
m o l e c u l a r we i gh t a t d i f f e r e n t p o l y m e r i z a t i o n t imes can be 
o b t a i n e d f rom E y r i n g ' s r e l a x a t i o n t i m e ; 

(5) Nakag ima ' s t h e o r y (20) c o r r e l a t e s t he f l o w curve w i t h t he 
c u m u l a t i v e m o l e c u l a r we i gh t d i s t r i b u t i o n cu rve o f l i n e a r 
po l ymer s . One can e x p l o r e t h i s t h e o r y f u r t h e r and see 
whether i t i s a p p l i c a b l e t o our sy s tems. 
The work p r e s e n t e d here i s o n l y a p r e l i m i n a r y s t u d y . The 

data o b t a i n e d w i t h a Haake R o t o v i s c o v i s c o m e t e r a re not a s u f 
f i c i e n t t e s t . To f u r t h e r t e s t the a p p l i c a b i l i t y o f the t h e o r i e s 
r e q u i r e s t h a t : (1) e x p e r i m e n t a l da ta be o b t a i n e d ove r a wide 
range o f r a t e s o f s h e a r , a t s e v e r a l d i f f e r e n t t empera tu re s 
and u s i n g v a r i o u s s o l v e n t s ; (2) c o n c e n t r a t i o n and p o l y d i s p e r s i t y 
be dete rmined s i d e by s i d e w i t h v i s c o m e t r i c measurement so t h a t 
r e s u l t s f rom the se measurement

Abstract 
Flow curves for hydroxyethyl methacrylate-water mixtures 

were determined as functions of polymerization time and initia
tor. The non-Newtonian behavior of these systems was analyzed 
by a Bueche-Harding standard curve, by the Ree-Eyring generalized 
viscosity equation and by Bartenev's empirical equation. The 
relative rate of polymerization initiated with AIBN and various 
AIBN esters and the relationships between flow curves, molecular 
weight, molecular weight distribution and polymerization time 
are discussed. 
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Department of Materials Science and Engineering, University of Utah, 
Salt Lake City, Utah 84112 

D. K. DALLING 
Department of Chemistry, University of Utah, Salt Lake City, Utah 84112 

T a c t i c i t y , the s t e r e o c h e m i c a l p lacement o f pendant s i d e 
cha i n s a l ong the polyme
i m p o r t a n t f a c t o r i n d e t e r m i n i n
Such p r o p e r t i e s as c r y s t a l l i z a b i l i t y , s o l u b i l i t y , m e l t i n g p o i n t , 
g l a s s t r a n s i t i o n t e m p e r a t u r e , e t c . have been c o r r e l a t e d w i t h the 
t a c t i c i t y o f a g i v e n polymer ( 1 , 2 , 3 , 4 ) . I n t r o d u c t i o n o f Z i e g l e r -
Na t t a c a t a l y s t s and o t h e r c a t a l y s t systems capab le o f c o n t r o l l i n g 
t a c t i c i t y d u r i n g s y n t h e s i s has opened up new areas f o r commençai 
development based on s y s t e m a t i c v a r i a t i o n o f m o l e c u l a r c o n f i g u r a 
t i o n . L i t t l e work has been r e p o r t e d , however, c o r r e l a t i n g c h a i n 
t a c t i c i t y to the s u r f a c e and i n t e r f a c i a l p r o p e r t i e s o f po l ymer s . 
Recent work ( 5 j suggest s t h a t r e o r i e n t a t i o n o f the c h a i n s i n the 
s u r f a c e zone o f the polymer can a f f e c t w e t t a b i l i t y o f the s u r f a c e 
I f t h a t i s i ndeed the c a s e , t he t a c t i c i t y o f the polymer c h a i n s 
may w e l l have an i n f l u e n c e on w e t t a b i l i t y , s i n c e the b a r r i e r s t o 
c h a i n r o t a t i o n a re a f u n c t i o n o f t a c t i c i t y . A l s o , the a v a i l a 
b i l i t y o f h y d r o p h i l i c and hydrophob ic s i t e s f o r i n t e r a c t i o n a t 
the i n t e r f a c e i s i n f l u e n c e d by the c h a i n c o n f i g u r a t i o n and c o n 
f o r m a t i o n . Con sequen t l y , i t was f e l t t h a t a s tudy o f the 
i n f l u e n c e o f t a c t i c i t y on bu l k p h y s i c a l and i n t e r f a c i a l p r o o e r -
t i e s i n the p o l y ( h y d r o x y e t h y l m e t h a c r y l a t e ) (pHEMA)/water system 
might i n d i c a t e some means o f a l t e r i n g the i n t e r f a c i a l p r o p e r t i e s 
o f t he polymer by c o n t r o l o f i t s t a c t i c i t y d u r i n g s y n t h e s i s . In 
t h i s paper we r e p o r t p r e l i m i n a r y r e s u l t s o f some exper iment s i n 
which v a r i o u s methods o f a l t e r i n g t a c t i c i t y d u r i n g s y n t h e s i s have 
been examined and t h e i r e f f e c t c o r r e l a t e d w i t h changes i n the 
thermal p r o p e r t i e s o f the r e s u l t i n g po l ymer s . 

S y n t h e s i s o f methyl and o t h e r a l k y ! m e t h a c r y l a t e s o f h i gh 
s t e r e o r e g u l a r i t y , e i t h e r o f h igh i s o t a c t i c c o n t e n t o r h i gh s y n d i o -
t a c t i c c o n t e n t , i s we l l - known (6_). U n f o r t u n a t e l y , the organome-
t a l l i c i n i t i a t o r s used f o r p r o d u c t i o n o f s t e r e o r e g u l a r m e t h a c r y l 
a t e s a re h i g h l y r e a c t i v e t o the hyd roxy l f u n c t i o n a l i t y i n the 
s i d e c h a i n o f HEMA. Con sequen t l y , some means o f b l o c k i n q the 
hyd roxy l group d u r i n g p o l y m e r i z a t i o n was r e q u i r e d . Methoxye thy l 
m e t h a c r y l a t e (MEMA) was chosen as a model f o r a HEMA- l i ke monomer 
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w i t h i t s h yd roxy l group p r o t e c t e d , even though the methy l e t h e r 
l i n k a g e i s too s t a b l e t o p e r m i t h y d r o l y s i s back t o pHEMA. A 
second p r o t e c t e d HEMA d e r i v a t i v e used was t r i m e t h y l s i l y l e t h y l 
m e t h a c r y l a t e (TMSEMA), whose t r i m e t h y l s i l y l p r o t e c t i o n group can 
be c l e a v e d r e a d i l y , f o rm ing HEMA. T h i s a l l o w s p o l y m e r i z a t i o n o f 
TMSEMA u s i n g an a n i o n i c c a t a l y s t t o produce a s t e r e o r e g u l a r 
pTMSEMA, f o l l o w e d by h y d r o l y s i s t o s t e r e o r e g u l a r pHEMA. Polymers 
o f HEMA, MEMA, and TMSEMA were s y n t h e s i z e d by a v a r i e t y o f t e c h 
n i q u e s , t h e i r t a c t i c i t y was dete rmined by 1 3 C-NMR s p e c t r o m e t r y , 
and the v a r i a t i o n i n t a c t i c i t y was c o r r e l a t e d w i t h changes i n 
the DSC thermograms o f each po lymer . 

E xpe r imen ta l 

Monomer P r e p a r a t i o n  A l l d i  t h i  s t ud  exceDt 
TMSEMA were o b t a i n e d c o m m e r c i a l l y
methoxyethy l m e t h a c r y l a t  (MEMA)  s u p p l i e y
c a l C o . ; 2 - h y d r o x y e t h y l m e t h a c r y l a t e (HEMA) was s u p p l i e d by 
Hydro-Med S c i e n c e s . TMSEMA was s y n t h e s i z e d i n our l a b o r a t o r y by a 
p rocedu re to be d e s c r i b e d e l sewhere (7). The hydroau inone 
i n h i b i t o r was removed from the commercia l monomers by e x t r a c t i o n 
w i t h aqueous NaOH. The monomer was then d r i e d ove r MgSOi* and 
d i s t i l l e d f rom L i A l a n d C u C l . The d i s t i l l e d p r oduc t was then 
s t o r e d a t 4°C ove r 5A m o l e c u l a r s i e v e u n t i l u sed. The s t r u c t u r e s 
o f the monomers and a b b r e v i a t i o n s used are shown i n F i g u r e 1. 
The p o l y m e r i z a t i o n c o n d i t i o n s used a re summarized i n Tab l e I. 

A n i o n i c P o l y m e r i z a t i o n . MMA, MEMA and TMSEMA were each 
p o l y m e r i z e d a n i o n i c a l l y i n d r y t o l u e n e a t -78 C u s i n g 
η -buty l l i t h i u m as i n i t i a t o r . These c o n d i t i o n s had been shown 
p r e v i o u s l y t o produce pMMA and o t h e r a l k y ! m e t h a c r y l a t e s c o n t a i n 
i n g a h i gh pe rcentage o f i s o t a c t i c t r i a d s ( 8 ) . In a l l cases the 
r e a c t i o n was t e r m i n a t e d by a d d i t i o n o f me thano l , and the po lymer 
p r e c i p i t a t e d by a n o n - s o l v e n t , pe t ro l eum e t h e r f o r pMMA and 
pMEMA, wa te r f o r pTMSEMA. The crude p roduc t s were then r e d i s -
s o l v e d i n benzene (pW1A and pMEMA) o r some s u i t a b l e s o l v e n t , and 
c e n t r i f u g e d to remove c r o s s - l i n k e d polymer and p r e c i p i t a t e d L i OH. 
The r e s u l t i n g p roduc t was then d r i e d o v e r n i g h t i n vacuo a t about 
80°C. 

Free R a d i c a l P o l y m e r i z a t i o n . Free r a d i c a l p o l y m e r i z a t i o n o f 
HEMA and MEMA were accomp l i s hed by add ing 1.^ ηα/ml o f a z o b i s -
m e t h y l i s o b u t y r a t e (AMIB) t o the degassed monomer. The monomer/ 
i n i t i a t o r s o l u t i o n was i n j e c t e d i n t o a s p l i t p o l y p r o p y l e n e mold 
and p l a c e d i n an oven a t 80°C f o r 20 hour s . The r e s u l t i n g p o l y 
mer shee t (3-4 mm t h i c k ) was then removed f o r f u r t h e r c h a r a c t 
e r i z a t i o n . S i n ce the pHEMA produced by bu lk p o l y m e r i z a t i o n was 
too h i g h l y c r o s s - l i n k e d to be r e d i s s o l v e d f o r d e t e r m i n a t i o n o f 
i t s t a c t i c i t y , the monomer, s o l v e n t ( g e n e r a l l y p y r i d i n e ) and i n i 
t i a t o r were added d i r e c t l y t o a 10 mm NMR tube a l ong w i t h 0 .1 -0 .2 
ml o f p -d ioxane as an i n t e r n a l s t anda rd and the r e s u l t i n g m i x t u r e 
was p o l y m e r i z e d i n s i t u by p l a c i n g the tube i n t o the oven a t 80°C 
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f o r 20 hou r s . TMSEMA was p o l y m e r i z e d i n d r y t o l u e n e u s i n g AMIB 
(TMSEMA/AMIΒ 1:100) as i n i t i a t o r . The polymer formed was p r e c i -
pated i n pe t ro l eum e t h e r and d r i e d o v e r n i g h t a t 80°C i n vacuo. 

TABLE I. 

MONOMERS USED AND POLYMERIZATION CONDITIONS* 
Approx. 

Monomer I n i t i a t o r S o l v e n t Τ (°C) Y i e l d 

M e t h y l m e t h a c r y l a t e (MMA) n-BuL i To luene - 7 8 ° 80% 
n-BuL i THF - 7 8 ° 20% 

2 - H y d r o x y e t h y l m e t h a c r y l a t e AMIB None 60° >95% 
(HEMA) 

t r i m e t h y l s i l y l e t h y l m e t h - AMIB To luene 60°C >90% 
a c r y l a t e (TMSEMA) n-BuL i To luene - 7 8 ° 20% 

m e t h o x y e t h y l m e t h a c r y l a t e n-BuL i To luene - 78° 30% 
AMIB None 60° >95% 

* n - B u L i : η -buty l l i t h i u m 
AMIB : a z o b i s m e t h y l i s o b u t y r a t e 
UV : u l t r a v i o l e t r a d i a t i o n 

One low tempera tu re p o l y m e r i z a t i o n o f HEMA was c a r r i e d out 
i n an e f f o r t t o produce a h i g h l y s y n d i o t a c t i c pHEMA. I t was p e r 
formed by d i s s o l v i n g HEMA and AMIB i n methanol and expo s i ng the 
s o l u t i o n to a 254 nm UV sou rce f o r seven hours a t -60°C. The 
r e s u l t i n g po lymer was then p r e c i p i t a t e d i n t o l u e n e and d r i e d 
o v e r n i g h t a t 60°C i n vacuo p r i o r to subsequent c h a r a c t e r i z a t i o n . 

T a c t i c i t y D e t e r m i n a t i o n . Samples f o r t a c t i c i t y d e t e r m i n a 
t i o n were p repa red by p l a c i n g 0 .8 -1 .0 g o f the d r i e d po lymer i n t o 
a 10 mm NMR tube and add ing 1.5-2 ml o f an a p p r o p r i a t e s o l v e n t 
a l ong w i t h 0 .1 -0 .2 ml o f p -d ioxane as an i n t e r n a l r e f e r e n c e . The 
tube was capped, and the s o l v e n t was a l l o w e d to s w e l l o r d i s s o l v e 
the po lymer i n the t ube . CDC1 3 was used f o r pMMA and pMEMA, and 
p y r i d i n e f o r pHEMA and pTMSEMA. The p ro ton decoup led 25,2 MHz 
1 3 C spect rum was then o b t a i n e d u s i n g a V a r i a n XLFT- ΙΟΠ NMR 
s pec t r ome te r i n the F o u r i e r T rans fo rm mode. S p e c t r a o b t a i n e d a t 
ambient tempera tu re c o n t a i n e d peaks which were too broad t o 
r e s o l v e . Con sequen t l y , the samples were heated as h i gh as p r a c 
t i c a l w i t h o u t c a u s i n g r e f l u x i n g o f s o l v e n t . Probe tempera tu re s 
ranged from 50°C f o r MMA and pMEMA i n CDC1 3 t o 70°C f o r ρHEMA and 
pTMSEMA i n p y r i d i n e . A t e l e v a t e d tempera tu re s sharp s n e c t r a were 
o b t a i n e d i n wh ich each carbon a b s o r p t i o n was r e s o l v e d . 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



142 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

Ass ignment o f the peaks i n the pMMA s p e c t r a were based on pub
l i s h e d s p e c t r a ( 10 ) . Ass ignment o f peaks e x h i b i t i n g s h i f t s 
due t o t a c t i c i t y f o r pMEMA, pHEMA, e t c . were made by ana logy t o 
pMMA. 

Thermal A n a l y s i s . D i f f e r e n t i a l Scann ing C a l o r i m e t r y (DSC) 
curves f o r each polymer were o b t a i n e d ove r t he range -50 t o 
+250 C u s i n g a DuPont Model 990 Thermal A n a l y s i s System. Samples 
were weighed and p l a c e d i n covered aluminum sample pans , then 
p l a c e d i n t o the DSC. Each sample was annea led above i t s g l a s s 
t r a n s i t i o n tempera tu re f o r a p p r o x i m a t e l y 5 m i n u t e s , then c o o l e d 
t o the s t a r t i n g tempera tu re f o r the thermogram. The sample was 
then heated a t 10 C/minute under a n i t r o g e n atmosphere. An empty 
aluminum sample pan was used as a r e f e r e n c e mass f o r each r u n . 

R e s u l t s and D i s c u s s i o n 

pMMA. F i g u r e 2 c o n t r a s t s the C-NMR s p e c t r a o f two d i f f e r 
en t samples o f pMMA, one produced by f r e e r a d i c a l i n i t i a t i o n and 
the o t h e r by low tempera tu re a n i o n i c p o l y m e r i z a t i o n . Each peak 
i n the spect rum i s a s s i g ned t o the v a r i o u s carbons i n t he po l ymer , 
and the chemica l s h i f t o f each r e l a t i v e t o t he p -d ioxane s i n g l e t 
a t 0.0 ppm i s shown. Of p a r t i c u l a r i n t e r e s t a re t he t h r e e peaks 
which co r re spond t o the a - C H 3 carbon atoms wh ich a re i n the 
c e n t e r o f i s o t a c t i c ( i ) , h e t e r o t a c t i c (h) and s y n d i o t a c t i c ( s ) 
t r i a d s , r e s p e c t i v e l y . S i m i l a r s p l i t t i n g i s ob se rved f o r t he 
ca rbony l and q u a t e r n a r y carbon atoms, a l t hough the peaks a re l e s s 
w e l l - r e s o l v e d than the a - C H 3 peaks . The a rea under each o f the 
peaks i s p r o p o r t i o n a l t o the number o f carbon atoms i n each t ype 
o f t r i a d i n the sample. Hence, a r a t i o o f t he peak areas y i e l d s 
the r e l a t i v e amounts o f each type o f t r i a d . S i n ce t he a - C H 3 

peaks a re s p l i t r e l a t i v e l y f a r a p a r t , they have been used t o 
c a l c u l a t e t a c t i c i t i e s i n t h i s s t udy . The f r e e r a d i c a l pMMA 
specimen c o n t a i n s 52%s / 41% h/ 7% i t r i a d s , based on t h e r e l a 
t i v e peak a r e a s . The a n i o n i c pMMA c o n t a i n s 10% s/ 19% h/ 71% i 
t r i a d s . The peak areas and chemica l s h i f t s o f both pMMA samp le s , 
as w e l l as those f o r t he o t h e r polymers s t u d i e d , a re l i s t e d i n 
Tab le I I . F i g u r e 3 c o n t r a s t s the DSC thermograms o f the same two 
po l ymer s . C l e a r l y , the p r e d o m i n a n t l y i s o t a c t i c a n i o n i c po lymer 
e x h i b i t s d i f f e r e n t therma l b e h a v i o r f rom t h a t o f t he p r e d o m i n a n t l y 
s y n d i o t a c t i c f r e e r a d i c a l po lymer . The i s o t a c t i c po lymer shows a 
g l a s s t r a n s i t i o n a t 76 C, whereas the s y n d i o t a c t i c po lymer has a 
Tg o f 110 C. The thermal b e h a v i o r o f the specimens can thus be 
c o r r e l a t e d w i t h the t a c t i c i t y ob se rved by NMR. 

pMEMA, The b e h a v i o r o f pMMA d e s c r i b e d above co r re sponds 
w e l l w i t h t h a t r e p o r t e d p r e v i o u s l y (1_). Con sequen t l y , i t was 
e xpec ted t h a t polymers o f MEMA produced by f r e e r a d i c a l and a n i 
o n i c methods would show a c o r r e s p o n d i n g d i f f e r e n c e i n t a c t i c i t y . 
The a - C H 3 p o r t i o n s o f t he 1 3 C-NMR s p e c t r a o f two d i f f e r e n t pMEMA 
samples a r e shown i n F i g u r e 4. The f i r s t specimen was produced 
u s i n g AMIB as a f r e e r a d i c a l i n i t i a t o r , w h i l e t he second was 
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H x /CH3 

c=c 
/CH3 

O - C H 3 

METHYLMETHACRYLATE 
(MMA) 

0 - C H 2 - C H 2 - O H 

2-HYDROXYETHYLMETHACRYLATE 
(HEMA) 

HN 7 CH 3 

C = C 

0 - C H 2 - C H 2 - O C H 3 

H \ / C H 3 
C = C 

0 - C H 2 - C H 2 - 0 - S i - C H 3 

I 
CH 3 

2-METHOXYETHYLMETHACRYLATE 
(MEMA) 

TRIMETHYLSILYLETHYLMETHACRYLATE 
(TMSEMA) 

Figure 1. Monomer structure and nomenclature 

- 0 - C H 3 

Free Radical 
pMMA 

110.8 ppm 0.0 ppm 50.5 ppm 

Anionic pMMA 

Ai 
109.4 ppm 0.0 ppm -45.0 ppm 

Figure 2. 13C NMR spectra of poly(methyl methac
rylate) 
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Figure 3. DSC thermograms of poly(methyl methacrylate) 
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Figure 4. a-CH3 portions of 13C-NMR 
spectra of poly(methoxyethyl methacrylate) 
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produced a n i o n i c a l l y i n t o l u e n e a t - 7 8°C . Both po lymers c o n t a i n 
a preponderance o f s y n d i o t a c t i c and h e t e r o t a c t i c t r i a d s , w i t h few 
i s o t a c t i c t r i a d s , as l i s t e d i n Tab l e I I . In an e f f o r t t o show 
t h a t no i r r e g u l a r i t i e s i n chemica l s h i f t had caused the a n i o n i c 
po lymer t o appear s y n d i o t a c t i c when i t was a c t u a l l y i s o t a c t i c , a 
sample o f t he i s o t a c t i c pMMA d e s c r i b e d above was t r a n s e s t e r i f i e d 
to pMEMA. The a - C H 3 p o r t i o n o f i t s 1 3 C-NMR spect rum i s shown i n 
F i g u r e 4 c . S i n ce i t shows the same chemica l s h i f t s and r e l a t i v e 
peak areas as the pa ren t pMMA, i t must be conc l uded t h a t t he h i gh 
s y n d i o t a c t i c c on ten t o f the a n i o n i c pMEMA i s no t an a r t i f a c t . 
R a t h e r , i t must be due t o some i n t e r a c t i o n between the oxygen o f 
the methoxy s i d e c h a i n and the a n i o n i c growth c e n t e r wh ich 
changes the l o c a l d i e l e c t r i c c o n s t a n t and a l t e r s the gegenion 
s e p a r a t i o n , thus f a v o r i n g s y n d i o t a c t i c p lacement o f incoming mono
mer u n i t s . S i m i l a r e f f e c t
MEMA i n i t i a t e d by t - b u t y l l i t h i u
s t u d y , fewer than 10% i s o t a c t i c t r i a d s were found a t e i t h e r 
t empe ra t u r e . The f a c t t h a t both t he a n i o n i c and f r e e r a d i c a l pMEMA 
specimens a re p r edom inan t l y s y n d i o t a c t i c i s r e f l e c t e d i n t h e i r 
DSC t r a c e s , shown i n F i g u r e 5. Both show an i n f l e c t i o n a t 25°C 
w i t h no m e l t i n g a p p a r e n t , and beg in t o decompose above 250°C. 

pHEMA. F i g u r e 6 shows the a -CH 3 p o r t i o n o f t he 1 3 C-NMR 
s p e c t r a o f pHEMA produced by f o u r d i f f e r e n t methods. The r e l a 
t i v e t a c t i c i t i e s c a l c u l a t e d f rom the peak a reas a re g i ven i n 
Tab le I I . The data show t h a t pHEMA produced a t e l e v a t e d tempera 
t u r e s w i t h AMIB ( F i g u r e 6 ( a ) ) c o n t a i n s p r edom inan t l y s y n d i o t a c t i c 
(66%) and h e t e r o t a c t i c t r i a d s ( 33%) , w i t h few i s o t a c t i c t r i a d s 
(< 1%). F i g u r e 6 (b ) shows s i m i l a r r e s u l t s f o r a po lymer formed 
f rom TMSEMA u s i n g AMIB as i n i t i a t o r , then s ub sequen t l y h y d r o l y z e d 
t o pHEMA. S y n d i o t a c t i c (58%) and h e t e r o t a c t i c (38%) t r i a d s 
p redominate o ve r i s o t a c t i c (4%) i n t h i s case as w e l l . The t h i r d 
po l ymer , shown i n F i g u r e 6 ( c ) , was p o l y m e r i z e d a n i o n i c a l l y a t 
-78°C i n t o l u e n e f rom TMSEMA, then h y d r o l y z e d t o pHEMA. Here 
we see a s i g n i f i c a n t p r o p o r t i o n o f i s o t a c t i c t r i a d s (30%) f o r the 
f i r s t t i m e , w i t h the rema inder e v e n l y d i v i d e d between s y n d i o t a c t i c 
(35%) and h e t e r o t a c t i c t r i a d s (35%) . The f o u r t h pHEMA, shown i n 
F i g u r e 6 ( d ) , was produced by UV i n i t i a t i o n u s i n g AMIB a t -78 C. 
As the f i g u r e shows, a h i g h l y s y n d i o t a c t i c po lymer has been p r o 
duced, hav ing 78% s y n d i o t a c t i c t r i a d s , w i t h 9% i s o t a c t i c t r i a d s 
and 13% h e t e r o t a c t i c t r i a d s . The DSC thermogram o f each po lymer 
i s shown i n F i g u r e 7. The g l a s s t r a n s i t i o n o f t he pTMSEMA p r o 
duced a n i o n i c a l l y i s 13° l ower than t h a t o f f r e e r a d i c a l pTMSEMA, 
i n d i c a t i n g t h a t an i n c r e a s e i n i s o t a c t i c t r i a d s l ead s t o a 
decrease i n Tg , j u s t as i t d i d w i t h pMMA. F u r t h e r work w i l l be 
r e q u i r e d t o i n c r e a s e t he i s o t a c t i c c o n t e n t o f pHEMA polymers 
i n o r d e r t o f i l l out t he f u l l range f rom h i g h l y s y n d i o t a c t i c 
pHEMA t o p r edom inan t l y i s o t a c t i c pHEMA. However, i t now appears 
l i k e l y t h a t s y s t e m a t i c v a r i a t i o n o f t a c t i c i t y w i l l be a c h i e v a b l e 
i n t he f u t u r e and may p r o v i d e a means o f v a r y i n g m e c h a n i c a l , 
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ure 7. DSC thermograms of poly(hydroxyethyl methacrylate) and 
derivatives 
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thermal and s u r f a c e p r o p e r t i e s i n t he pHEMA/water sys tem f o r 
f u t u r e s t u d i e s . 

Conc l u s i o n s 

Based on t he da ta p r e s e n t e d above, we c o n c l u d e : 

1. 1 3 C-NMR p r o v i d e s a method f o r d i r e c t l y d e t e r m i n i n g the 
t a c t i c i t y o f m e t h a c r y l a t e po l ymer s . T h i s e l i m i n a t e s the 
need f o r l e n g t h y h y d r o l y s i s t o p o l y ( m e t h a c r y l i c a c i d ) 
and r e - e s t e r i f i c a t i o n t o pMMA. 

2. M e t h a c r y l a t e - b a s e d polymers d i s p l a y s i g n i f i c a n t changes 
i n t h e i r DSC thermograms as a r e s u l t o f changes i n 
t a c t i c i t y . 

3. M e t h a c r y l a t e e s t e r
i n t e r a c t w i t h a n i o n i
c o n t e n t o f the r e s u l t i n g po l ymer s . Whether t he e f f e c t 
o f the heteroatoms can be reduced a t t empera tu re s below 
-78°C o r by s t e r i c a l l y h i n d e r i n g the hete roa tom d u r i n g 
p o l y m e r i z a t i o n remains t o be s een . 

4. Techn iques a re now a v a i l a b l e f o r p r o d u c i n g s o l u b l e pHEMA 
polymers hav ing a v a r i e t y o f t a c t i c i t i e s . The e f f e c t o f 
t h a t t a c t i c i t y v a r i a t i o n on i n t e r f a c i a l and bu l k p r o p e r 
t i e s w i l l be the s u b j e c t o f f u t u r e work. 
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Abstract 
In this study a series of hydroxyethyl methacrylate (HEMA) 

and methoxyethyl methacrylate (MEMA) polymers of varying 
tacticities was produced. Both free radical and anionic initia
tors were used and their effect on tacticity determined. 
Tacticity of each polymer was measured by ratioing the 13C-NMR 
peak areas for the a-CH3 carbon atoms in isotactic, syndiotactic, 
and heterotactic triads. Both the a-CH3 and carbonyl carbon 
peaks exhibit splitting due to tacticity, but the a-CH3 peak was 
better resolved. Chemical shifts for both atoms appear to be 
independent of the ester side chain for the polymers studied. 

The thermal behavior of each polymer was observed over the 
range -50° to +250°C by differential scanning calorimetry (DSC). 
Differences in melting point and glass transition of the polymers 
were relatable to the tacticity measured by 13C-NMR. This 
indicates potential for some control of the properties of pHEMA 
and other related hydrogels by control of tacticity during 
synthesis. 
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11 
Calcification and Bone Induction Studies in Heterogeneous 
Phosphorylated Hydrogels 

J. G. N. SWART 
Department of Oral Surgery, Free University, Amsterdam, The Netherlands 
A. A. DRIESSEN and A. C. DEVISSER 
Department of Materials Science, Free University, Amsterdam, The Netherlands 

Development of poly(hydroxyethyl methacrylate) 3 

poly(HEMA) , hydrogel
f i e l d has up to dat
replacement of s o f t - t i s s u e structures and organs, e.g. 
the s o f t contact lens, 

Because of i t s r e l a t i v e l y poor mechanical proper
t i e s the hydrogel as such can not be applied as sub
s t i t u t e f o r hard t i s s u e . However, based on the findings 
that c a l c i f i c a t i o n has occurred i n heterogeneous 
poly(HEMA) hydrogels ( 1 - 6 ) , Calnan et a l . (3) suggested 
that the hydrogel p o s s i b l y could promote the deposition 
of calcium s a l t s i n i t s matrix, thus being a "challen
ger" f o r c a l c i f i c a t i o n . 

Some authors ( 2 , 4 ) reported bone formation follow
ing the occurrence of c a l c i f i c a t i o n . C a l c i f i c a t i o n 
and bone induction appeared to be accelerated by the 
presence of methacrylic acid (MAA) groups i n the g e l 
(£). S p r i n c l et a l . (6), however, reported that modi
f i c a t i o n of a poly(HEMA) gel by incorporation of MAA 
(up to a mole r a t i o of MAA/HEMA 1:5) or d i m e t h y l -
aminoethyl methacrylate (DMAEMA) d i d not a f f e c t the 
c a l c i f i c a t i o n process, whereas Cernij et a l . (2) found 
that incorporation of 4% MAA i n h i b i t e d c a l c i f i c a t i o n . 
From the above r e s u l t s i t i s evident that the e f f e c t 
of MAA, incorporated i n the hydrogel, on c a l c i f i c a t i o n 
or bone formation has not been unambiguously e s t a b l i s h 
ed yet. P o s s i b l y , other f a c t o r s than chemical m o d i f i 
cation such as pore s i z e of the g e l , animal species 
and implantation s i t e , play a more dominant r o l e i n 
the occurrence of these phenomena. A hydrogel that, i n 
addition to c a l c i f i c a t i o n , c o u l d induce bone formation 
i n i t s matrix would have great p o t e n t i a l f o r r e s t o r a 
t i o n of large defects i n bone t i s s u e . Such a material 
could f o r example be applied to f a c i l i t a t e the healing 
process i n the post e x t r a c t i o n alveolus or bone i n -
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growth i n large cysts. On the other hand, c a l c i f i c a t i o n 
i s often an undesirable phenomenon i n a hydrogel ser
ving as s o f t t i s s u e s u b s t i t u t e since i t a f f e c t s the 
fu n c t i o n a l and e s t h e t i c properties of the material 
adversely. In t h i s case, i n h i b i t i o n of c a l c i f i c a t i o n 
by chemical modification would be b e n e f i c i a l . 

In view of the above considerations our objec t i v e 
i s to study c a l c i f i c a t i o n and bone formation i n hetero
geneous hydrogels as function of t h e i r chemical and 
ph y s i c a l p r o p e r t i e s and to f i n d means to co n t r o l these 
processes by s u i t a b l e m o d i f i c a t i o n of the hydrogel. 
The study described h e r e a f t e r deals with an experiment 
designed to determine the e f f e c t of incorporation of 
the phosphate group i  heterogeneou  poly(HEMA) l 
on i t s c a l c i f i c a t i o n - i n d u c i n

The hydrogel should be heterogeneous because i t 
was found that a s u f f i c i e n t l y large pore s i z e (> 40ym) 
(A) i s a p r e r e q u i s i t e f o r ingrowth of the surrounding 
t i s s u e which i n turn can lead to c a l c i f i c a t i o n and 
formation of bone. The phosphate group was selected to 
be b u i l t i n the gel because t h i s group i s one of the 
b u i l d i n g blocks of calcium hydroxyapatite the main i n 
organic constituent of bone and, although being present 
as HEMA-phosphate, should have a high a f f i n i t y towards 
calcium ions. 

M a t e r i a l and Methods 

HEMA-phosphate was prepared by r e a c t i n g HEMA 
(Hydro Med Sciences, Inc., U.S.A., p u r i t y min. 99.2%) 
with phosphorus pentoxide (Merck,Darmstadt, Germany, 
p u r i t y min. o98%) i n a 1:1 mole r a t i o i n dichlorometha-
ne at 0 - 5°C. The rea c t i o n proceeds almost q u a n t i t a t i 
vely. A f t e r removal of s o l i d s by c e n t r i f u g a t i o n and 
evaporation of the solvent i n vacuo at 20 C and 1 mm 
Hg, a mixture of mono- and d i - e s t e r was obtained i n a 
mole r a t i o of 2 to 1 assuming that the amount of t r i -
e s t e r formed i s n e g l i g i b l e . 

E t h yleneglycol dimethaerylate (EGDMA) (Merck) 
was p u r i f i e d by d i s t i l l a t i o n at 83 C and 1.5 mm Hg. 
HEMA was used as obtained from Hydro Med Sciences. 

Preparation of the hydrogels was performed i n sea
le d ampoules of 9 mm inner diameter. The various mono
mers were d i s s o l v e d i n a Tyrode s o l u t i o n containing 
1% (w/w) of ammonium p e r s u l f a t e as i n i t i a t o r . Polyme
r i z a t i o n was c a r r i e d out at 50 C during 24 hours. 
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Composition of the polymerization mixtures i s as 
follows : 

Hydrogel HEMA EGDMA HEMA- Tyrode s o l . 
(crosslinker) phosphate 

H 1 19.8 0.2 — 80% w/w 
H 2 17.8 0.2 2.0 80% w/w 

The gels were kept i n d i s t i l l e d water f o r several 
days and then b o i l e d twice i n d i s t i l l e d water to re
move low molecular weight substances. Then the gels 
were soaked i n s t e r i l e s a l t s o l u t i o n and cut i n t o 
d i s c s about 2 mm th i c k and 9 mm i n diameter

These d i s c s wer
the back muscle of
dis c s of the same hydrogel and one pocket was f i l l e d 
with g e l a t i n foam (Spongostan R, Ferrosan, Will-Pharma 
N.V., Holland) as a c o n t r o l . E x c i s i o n followed a f t e r 
periods of 3 days up to 24 weeks. The skin was cut 
away and the implants removed with the surrounding 
muscle t i s s u e . The removed t i s s u e blocks were placed 
f o r 10 minutes between gauze s t r i p s saturated with 
i s o t o n i c s a l i n e to allow the c o n t r a c t i l e p r o p e r t i e s 
to become quiescent. Thereafter the excised t i s s u e 
was f i x e d i n 10% buffered formalin. 

A f t e r f i x a t i o n and dehydration i n absolute a l c o 
h o l the biopsies were embedded i n p a r a f f i n and cut 
i n t o sections of 6 ym. These sections were stained 
with the Haematoxylin and eosin s t a i n . Calcium s a l t s 
were v i s u a l i z e d according to Von Kossa. 

Pore s i z e of the materials was determined by 
scanning e l e c t r o n microscopy. 

Results and Discussion 

Macroscopically a l l implants were accepted and 
wel l t o l e r a t e d ; no signs of severe inflammation or 
implant r e j e c t i o n could be observed, (figure 1). 

Microscopic i n v e s t i g a t i o n revealed the following: 
3 days a f t e r implantation a s l i g h t edema and 

invasion of granulocytes and mononuclear c e l l s i n t o 
a l l implants was observed. The phosphorylated hydro-
gels showed les s c e l l u l a r i n f i l t r a t i o n and stained 
b a s o p h i l i c probably because of the aci d phosphate R 

group. Some of the c o n t r o l g e l a t i n foams (Spongostan ) 
showed invasion of f i b r o b l a s t s and mononuclear c e l l s 
as w e l l as hyperaemia around the implants as a sign 
of acute inflammatory response. 
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In the one week bio p s i e s there was an increase 
i n c e l l u l a r ingrowth of about 0.2 mm f o r the poly 
(HEMA) implants. The phosphorylated implants hardly 
showed any ingrowth or signs of inflammation. 

A f t e r two weeks we saw a fur t h e r increase of 
ingrowth up to a maximum of 1 mm i n t o the poly(HEMA) 
specimen. The implants were s l i g h t l y t h i c k e r (3 mm) 
and f o r the f i r s t time b a s o p h i l i c c l u s t e r s could be 
seen as the e a r l i e s t sign of c a l c i f i c a t i o n (figure 2). 
The phosphorylated poly(HEMA) implants behaved quite 
i n d i f f e r e n t l y towards the t i s s u e . There was p r a c t i c a l 
l y no fibrous l i n i n g around the implant, i t even seem
ed to lay d i r e c t l y upon the muscle f i b r e s . R 

In the 4 week biopsies the "Spongostan " g e l a t i n 
foam implants showe
t i s s u e p r o l i f e r a t i o
giant c e l l s and c a p i l l a r i e s dominated the p i c t u r e . 
The g e l a t i n foam gradually disappears as a r e s u l t of 
phagocytosis by macrophages. 

In the poly(HEMA) hydrogels b a s o p h i l i c granules 
are scattered a l l through the implant. 

The phosphorylated implants were we l l t o l e r a t e d , 
and s t i l l showed p r a c t i c a l l y no ingrowth or encapsu
l a t i o n . 

A f t e r 8 weeks the "Spongostan " g e l a t i n foam has 
completely disappeared, with only small strands of 
fibrous scar t i s s u e l e f t . The poly(HEMA) implants 
showed considerably more f i b r o b l a s t s than 4 weeks be
fore. The b a s o p h i l i c granules within these implants 
formed l a r g e r c o l o n i e s . Frequently, a t h i n fibrous 
capsule surrounded the phosphorylated implants, which 
s t i l l hardly showed any ingrowth. 

At 16 and 20 weeks whole granular f i e l d s were 
observed i n the poly(HEMA) implants. These f i e l d s 
p a r t i c u l a r l y appeared i n the edges of the implant. 
Where these granular f i e l d s were present, t i s s u e i n 
growth d i d not take place or seemed to be prevented. 
Some of the poly(HEMA) implants showed less b a s o p h i l i c 
granules, but considerably more t i s s u e ingrowth. C a l 
cium determination by the Von Kossa s t a i n revealed 
that the s o c a l l e d b a s o p h i l i c granules were c a l c i f i e d 
( f igure 3). 

T ^ e 24 week b i o p s i e s , the l a s t period evaluated, 
showed some i n t e r e s t i n g features. 

A rontgenogram (60 kv, 3 mA, 0.10 sec) of biop
s i e s from the 5 r a t s out of t h i s group showed a r a d i o 
paque o u t l i n e i n the poly(HEMA) implants, phosphoryla
ted poly(HEMA) implants d i d not show t h i s phenomenon. 
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Figure 1. Phosphorylated poly(HEMA) implants in the back of a rat 24 
weeks after the implantation showing the excellent biocompatibility of 

this material 

Figure 2. Photomicrograph of a poly(HEMA) implant section, 14 days 
after implantation. For the first time calcified granules (arrows) appear 
within the poly(HEMA) implants. (Haematoxylin and eosin stain, magnif. 

X39) 
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Figure 3a. Photomicrograph of a poly(HEMA) implant 20 weeks after 
insertion showing areas of dense calcification (1) and areas of massive tissue 
ingrowth (2) with only sparse calcification. The center (3) of the implant 
shows only a slight ingrowth of cells into the pores of the implant material. 

(Haematoxylin and eosin stain, magnification X20) 

Figure 3b. Same section stained according to Von Kossa for calcium deter
mination. With this method calcified tissues stain black and uncalcified 

tissues red, which shows plain grey on this photomicrograph. 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
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The Von Kossa s t a i n proved the presence of calcium 
within the poly(HEMA) implants which showed rad i o 
paque l i n e s i n the roentgenogram and the absence of 
calcium s a l t deposits i n the non-radiopaque specimen. 
The phosphorylated implants showed only a t h i n fibrous 
l i n i n g and ingrowth, i f any, predominantly i n the 
outer margin (figure 4). 

In one r a t we observed a remarkable macroscopic 
d i f f e r e n c e between two poly(HEMA) implants that were 
chemically i d e n t i c a l ; one implant had a white aspect 
and a normal s i z e ; the other implant showed an i n 
crease i n s i z e and the same colour as the surrounding 
t i s s u e . The microscopic p i c t u r e revealed that the 
white implant was mor
implant and showed l e s
ence might be the r e s u l t of a d i f f e r e n t blood supply 
(figure 5). 

In order to r e l a t e the r e s u l t s with the p h y s i c a l 
structure of the gel s , the pore s i z e of the various 
implants was determined by scanning e l e c t r o n micros
copy. The poly(HEMA) implants had pores from 30 - 70 
ym, while the phosphorylated hydrogels possessed 
pores from 70 to over 100 ym (figure 6). 

The i n h i b i t i o n of t i s s u e i n f i l t r a t i o n i n the 
phosphate containing gels i s s u r p r i s i n g because one 
would expect that s u b s t a n t i a l ingrowth would occur 
i n an implant having such a large pore s i z e . Wether 
t h i s phenomenon i s due to the higher a c i d i t y i n these 
gels, as compared to the poly(HEMA) g e l s , or the 
nature of the phosphate group i t s e l f i s not known and 
needs f u r t h e r study. 

Conclusions 

Summarizing the r e s u l t s we can conclude that: 
1. Incorporation of the phosphate group i n heteroge

neous poly(HEMA) hydrogels when implanted i n t r a 
muscularly i n r a t s , does not promote c a l c i f i c a t i o n 
or bone formation, on the contrary i t seems to 
prevent c a l c i f i c a t i o n and t i s s u e ingrowth. This 
may make the phosphorylated poly(HEMA) hydrogels 
a b e t t e r material f o r s o f t t i s s u e s u b s t i t u t i o n 
than regular poly(HEMA), although i t i s to e a r l y 
yet to make d e f i n i t e conclusions and recommenda
t i o n s . 

2. None of the implants showed bone or c a r t i l a g e f o r 
mation. The c a l c i f i c a t i o n occuring within the poly-
(HEMA) implants i s most l i k e l y due to c a l c i f i c a t i o n 
of degenerate t i s s u e (dystrophic c a l c i f i c a t i o n ) as 
the r e s u l t of i n s u f f i c i e n t blood supply. 
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Figure 4a. Photomicrograph of a phosphorylated poly(HEMA) imphnt 
section 24 weeks after insertion showing the thin fibrous lining of two or 

three cell layers and rather superficial tissue ingrowth. 

Figure 4b. Photomicrograph of a section of the same material which has 
been excised after 14 days shows almost the same picture. (Haematoxylin 

and eosin stain, magnification X 85) 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
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Figure Sa. Poly(HEMA) implants out of the same rat 24 weeks after 
implantation. In one implant (1) there is a diffuse ingrowth of tissue 
practically without calcification. The other implant (2) shows colonies of 
calcification and only tissue ingrowth in the outer margin of the implant. 

(Haematoxylin and eosin stain, magnification X 21) 

Figure 5b. Comparable section, stained according to Von Kossa, proving 
the presence of calcium salts which stain black (arrows) 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
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Figure 6a. Scanning electron micrograph of 
poly(HEMA) having pore sizes from 80-70 μ 

Figure 6b. Scanning electron micrograph of 
phosphorylated poly(HEMA) having pores from 

70 to over 100 μ 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
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3. No lymphocytes were seen in the implants which 
indicates that poly(HEMA) and phosphorylated poly -
(HEMA) are immunologically inert materials. 

4. A large variation in calcification within the 
regular poly(HEMA) implants has been observed. 
Variation in blood supply with implant site possi
bly plays an important role in this phenomenon. 

Abstract 

The effect of chemical modification of a hetero
geneous poly(hydroxyethyl methacrylate) hydrogel on 
calcification in its matrix has been studied by intra
muscular implantation in Wistar rats. Ten percent 
phosphorylated hydroxyethy
total amount of monomer
containing 80% (w/w) water. These gels which exhibit 
poor mechanical properties can not be used as direct 
replacement for hard tissue, but may have potential 
as calcification "challenger" for living tissue. 

Scanning electron micrographs show that the gels 
have pores with an average diameter 70 - 100 μm. 

Histological examination of the implants after 
3 days up to 24 weeks revealed that the poly(HEMA) 
and the phosphorylated poly(HEMA) gels were very well 
tolerated by the organism. 

Tissue ingrowth and calcification occurred in 
the poly(HEMA) gels, but bone formation was not found. 
The phosphorylated gels were encapsulated by a thin 
fibrous lining whereas ingrowth only sporadically and 
to a slight extent was observed; calcification did 
not take place. 
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The use of enzymes as efficient and highly specific cat
alysts in chemical analysi
during the past twent
cedures for the immobilization of enzymes by physical occlusion 
within a hydrophilic polymeric matrix offers new opportunities 
for the practical use of enzymes in chemical analysis (1,2). 

Glucose oxidase is an intracellular enzyme exhibiting a high 
specificity for β-D-glucose. As the only sugar normally present 
in the bloodstream is D-glucose, immobilized glucose oxidase 
would seem ideally suited for determining blood sugar on a con
tinuous basis during surgery or for diabetics. 

This report describes a practical system for the analysis of 
glucose concentration in both simple and complex biological 
fluids, using glucose oxidase enzyme immobilized by occlusion 
within a polymeric, hydrophilic matrix. In designing a system 
for such a purpose, there were two basic criteria to be con
sidered. First, results must be rapidly obtained and be repro
ducible. Second, flow through the system must be kept to a 
minimum since the ultimate use involves blood flow from a human 
body. 

In the system we have devised the oxygen concentration of a 
sample solution is continuously measured, after passing through 
immobilized glucose oxidase, by means of a commercially available 
polarographic electrode. The amount of oxygen consumed by oxid
ation of glucose is related to the glucose concentration of the 
sample by means of a calibration graph. The linearity of the 
graph in the range of 10-150 ppm glucose, permits a single point 
calibration graph. The design of the electrode holder insures 
high linear velocity of liquid past the electrode membrane and 
results in a minimum pressure drop. Thus oxygen concentrations 
recorded are 98% or better of the true oxygen concentration of 
liquids. 

Both the procedure and associated hardware are simple in 
design and operation and have demonstrated exceptional operation
al stability. Blood, continuously withdrawn from a dog and 
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and d i l u t e d 3 0 - f o l d has been u sed , and the system has been s a t i s 
f a c t o r i l y ope ra ted f o r f i v e hours c o n t i n u o u s l y . With s y n t h e t i c 
g l u c o s e s o l u t i o n s t he system has been ope ra ted f o r up to 60 hours 
c o n t i n u o u s l y w i t h o u t need f o r r e c a l i b r a t i o n . One r e a c t o r has been 
used w i t h the same ge l i n i t f o r more than 200 hours ove r a t h r e e 
month p e r i o d w i t h o u t any d e t e c t a b l e l o s s o f enzymat i c a c t i v i t y . 

The o n l y i n s t a b i l i t i e s o f t he system we have observed have 
been a s s o c i a t e d w i t h t he e l e c t r o n i c equipment used and tempera tu re 
v a r i a t i o n s r a t h e r than w i t h t he i m m o b i l i z e d enzyme co lumn. Work 
i n p rog re s s i s aimed a t e l i m i n a t i n g such problems so t h a t t h i s 
system may become the g l u c o s e s en s i n g p o r t i o n o f an a r t i f i c i a l 
p anc r ea s . 

The System 

The p r o t o t y p e sy s tem
t h r e e p r i n c i p a l components i n sequence: 
1. An a e r a t i o n c o i l , c o n s i s t i n g o f 0.23 cm I.D. g l a s s t u b e , 45 cm 

l o n g , f o l l o w e d by a d e b u b b l e r . 
2. A 0.5 cm I.D. f i x e d bed r e a c t o r , c o n t a i n i n g 1.2 gm (d ry ) o f 

hydra ted ge l i n which i s the i m m o b i l i z e d g l u c o s e o x i d a s e . 
3. The d e t e c t o r a s sembly , i n c o r p o r a t i n g ( i n a s p e c i a l l y de s i gned 

e l e c t r o d e h o l d e r ) a membrane cove red p o l a r o g r a p h i c e l e c t r o d e , 
(Beckman In s t rument Company 39533 0 2 S e n s o r ) , f o r the measure
ment o f d i s s o l v e d oxygen i n the e f f l u e n t f rom t h e r e a c t o r . 

S o l u t i o n t r a n s p o r t th rough the system i s a ch i e ve d by a 
Watson-Marlow (Buck i nghamsh i r e , E n g l a n d ) , M u l t i c h a n n e l , V a r i a b l e 
Speed P e r i s t a l t i c Pump. 

P rocedure 

The g l u c o s e o x i d a s e i m m o b i l i z a t i o n i n a poly(HEMA) ge l has 
been d e s c r i b e d (3). 

C a l i b r a t i o n Graph . 

Sodium a c e t a t e b u f f e r s o l u t i o n (0.1 M, pH 5.6) c o n t a i n i n g 
0.5% NaCl and 1.3 χ 1 0 _ l f % KCN i s pumped th rough t he system f o r a t 
l e a s t f i v e minutes and the oxygen c o n c e n t r a t i o n o f the o u t l e t 
s t ream i s r e c o r d e d . S y n t h e t i c g l u c o s e samples o f d i f f e r e n t c o n 
c e n t r a t i o n s a r e p r e p a r e d , a l l o w e d t o e q u i l i b r a t e f o r twenty f o u r 
hours and then pumped th rough the system a t a f i x e d f l o w r a t e o f 
c a . 1 ml/miη. The e f f l u e n t oxygen c o n c e n t r a t i o n o f t he se s o l u 
t i o n s i s c o n t i n u o u s l y r e c o r d e d , t a k i n g a p p r o x i m a t e l y 3 - 5 minutes 
t o r each a s teady s t a t e . 

A graph o f 0 2 c o n c e n t r a t i o n a t s teady s t a t e , v £ . g l u c o s e 
c o n c e n t r a t i o n , i s l i n e a r and e s t a b l i s h e s t he r e l a t i o n between 
t o t a l g l u c o s e c o n c e n t r a t i o n and p e r c e n t c o n v e r s i o n . F low r a t e 
shou ld be checked and m a i n t a i n e d c o n s t a n t f o r obv ious r e a s on s . 
F i g u r e 2 shows c a l i b r a t i o n cu r ve s f o r two r e a c t o r s c o n t a i n i n g 
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s l i g h t l y d i f f e r e n t a c t i v i t y l e v e l s o f ge l en t rapped g l u co se 
o x i d a s e . 

Serum Samples. 

I n d i v i d u a l serum samples d i l u t e d t h i r t y - f o l d , thus hav ing 
g l u c o s e c o n c e n t r a t i o n s between 0.01 - 0.15 mg/ml may be a n a l y z e d 
by t he same method used t o o b t a i n the c a l i b r a t i o n g r aph . The 
s teady s t a t e oxygen c o n c e n t r a t i o n i s r e l a t e d t o i n i t i a l t o t a l 
g l u c o s e c o n c e n t r a t i o n by means o f a c a l i b r a t i o n g r aph . 

Fo r t he c a l i b r a t i o n g r aph , i t i s i m p o r t a n t t o use g l u c o s e 
s o l u t i o n s o f the same i o n i c s t r e n g t h as the s o l u t i o n used f o r 
d i l u t i o n o f serum samples because d i s s o l v e d oxygen c o n c e n t r a t i o n 
i n l i q u i d s i s a f u n c t i o n o f i o n i c s t r e n g t h and because i o n s such 
as h a l i d e s depres s the a c t i v i t

Cont inuous G luco se A n a l y s i s o f B l o o d . 

Oxygen c o n c e n t r a t i o n o f a b lood s t ream i s much l ower than the 
oxygen c o n c e n t r a t i o n o f a i r s a t u r a t e d l i q u i d s . Moreover , red 
c e l l s c o n t i n u e t o m e t a b o l i z e thus consuming oxygen and g l u c o s e . 
S e v e r a l c h e m i c a l s e x i s t wh ich depres s o r s t op the r a t e o f m e t a b o l 
ism o f red c e l l s . Some o f these c h e m i c a l s a l s o d e a c t i v a t e the 
i m m o b i l i z e d enzyme, g l u c o s e o x i d a s e . Thus a s o l u t i o n to be used 
f o r t he d i l u t i o n o f b l ood must not c o a g u l a t e o r hemolyze the 
b l o o d , must m a i n t a i n a c o n s t a n t pH, and must not s e r i o u s l y i n h i b i t 
the enzyme a c t i v i t y and t he reby appear t o reduce the g l u c o s e c o n 
v e r s i o n o r oxygen c o n c e n t r a t i o n . 

R e c o g n i z i n g these c o n s t r a i n t s , the b lood s t r eam, 0.05 m l/m in . 
i s mixed w i t h 0.05 m l/m in . o f h e p a r i n s o l u t i o n i n a c a t h e t e r and 
drawn o f f c o n t i n u o u s l y . T h i s s t r eam, 0.1 m l / m i n . , i s mixed a t the 
b e g i n n i n g o f t he a e r a t i o n c o i l w i t h 1.15 m l/m in . o f d i l u e n t s o l u 
t i o n c o n t a i n i n g the f o l l o w i n g c h e m i c a l s : sodium a c e t a t e b u f f e r 
0.1 M, pH = 5.6, 0.5% sodium c h l o r i d e , 0.2% sodium f l u o r i d e , 0.13 
mg/100 ml po ta s s ium c y a n i d e . T h i s s o l u t i o n s a t i s f i e s the above 
c r i t e r i a and has f u n c t i o n e d s a t i s f a c t o r i l y as a d i l u e n t s o l u t i o n 
f o r c o n t i n u o u s b l ood g l u co se a n a l y s i s . Po ta s s i um c yan i de i s added 
t o depre s s t he a c t i v i t y o f c a t a l a s e , e x i s t i n g i n the b lood s t r e am, 
wh ich c a t a l y z e s the decompos i t i on o f hydrogen p e r o x i d e t o oxygen 
and w a t e r , thus i n t r o d u c i n g a s e r i o u s e r r o r i n measurement o f 
s t eady s t a t e oxygen c o n c e n t r a t i o n o f the r e a c t a n t s t r eam. Sodium 
f l u o r i d e suppres ses the r ed c e l l a c t i v i t y toward oxygen. 

D i l u e n t s o l u t i o n and the b l ood s t ream a r e mixea w i t h 2.5 m l / 
m i n . a i r and t r a n s p o r t e d t o the r e a c t o r through the a e r a t i o n c o i l 
and a s s o c i a t e d t u b i n g . The r e a c t o r c o n t a i n e d 1.3 gms (d r y ) ge l 
w i t h an a c t i v i t y o f 12 un i t s / gm. Debubb l ing and s t ream s p l i t t i n g 
t ake s p l a c e a t the i n l e t o f the i m m o b i l i z e d g l u c o s e o x i d a s e r e 
a c t o r . The r e a c t a n t s t ream goes th rough the packed bed r e a c t o r 
and then t o the oxygen e l e c t r o d e f l o w c e l l . I t s oxygen c o n c e n t r 
a t i o n i s r e co rded c o n t i n u o u s l y as a f u n c t i o n o f t i m e . G luco se 
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Figure 1. Schematic of glucose analyzer with gel entrapped glucose 
oxidase 
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Figure 3. Monitoring of dog blood glucose 
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c o n c e n t r a t i o n o f t he r e a c t i o n s t ream i s o b t a i n e d from the s teady 
s t a t e oxygen c o n c e n t r a t i o n by means o f the c a l i b r a t i o n g r aph . 
There i s no appa ren t e f f e c t o f the b l ood on e i t h e r t he oxygen 
e l e c t r o d e o r the i m m o b i l i z e d enzyme a c t i v i t y . 

F l e x i b l e t u b i n g from the r e a c t o r t o t he oxygen e l e c t r o d e 
f l o w c e l l must be kept as s h o r t as p o s s i b l e i n o r d e r t o reduce 
the oxygen d i f f u s i o n f rom a i r t o the r e a c t a n t s t r eam, thus 
r e s u l t i n g i n a l owe r s e n s i t i v i t y o f g l u c o s e measurements. Uncom
pensated e r r o r s may be i n t r o d u c e d i f the oxygen c o n c e n t r a t i o n o f 
the r e a c t a n t s t ream i s l e s s than a i r s a t u r a t i o n l e v e l s . T h i s can 
be checked by on l i n e measurements o f oxygen c o n c e n t r a t i o n o f 
t h i s s t ream a f t e r d e b u b b l i n g , u s i n g ano the r oxygen e l e c t r o d e o r 
by bypas s i ng t he s t ream from the g l u c o s e o x i d a s e r e a c t o r a f t e r 
debubb l i n g and r e c o r d i n g i t s oxygen c o n c e n t r a t i o n . 

R e s u l t s and D i s c u s s i o n 

F i g u r e 3 shows the r e s u l t s o f m o n i t o r i n g the b lood g l u c o s e 
o f a dog . P o i n t A r e p r e s e n t s the s t a b l e l e v e l a f t e r a p p r o x i m a t 
e l y 3 hours o f m o n i t o r i n g . A t t h a t t i m e , the b lood d i l u e n t be ing 
used was changed t o i n c l u d e 1% g l u c o s e , a response be ing noted 
a f t e r a few minutes b e g i n n i n g a t p o i n t Β and s t a b i l i z i n g i n 10 
m i n u t e s . The d i l u e n t was changed back t o the g l u c o s e f r e e 
s o l u t i o n a t C and s teady s t a t e reached aga i n a t D. Over a t ime 
p e r i o d o f 5 minutes (E - F) 5 gms o f g l u c o s e were i n j e c t e d i n t o 
the dog and the he i gh tened b lood sugar was c o n t r o l l e d by the 
dog ' s pancreas ( no te the maximum a t p o i n t G ) . The expe r iment was 
t e r m i n a t e d when the l e v e l had r e t u r n e d to normal a t p o i n t H. 

T h i s e xpe r imen t , and many o t h e r s w i t h b l ood s e r a , show the 
c o m p a t i b i l i t y o f the system w i t h whole b l o o d . The s o l u t i o n s used 
f o r d i l u e n t s u c c e s s f u l l y compensate f o r the hemoglobin and 
c a t a l a s e c o n t e n t o f the b l ood w i t h o u t a f f e c t i n g the enzyme a c t i v 
i t y . No adver se " a d s o r p t i o n e f f e c t s " as d e s c r i b e d by G u i l b a u l t 
(4) have been observed w i t h these g e l s . 
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Love and co -worke r s have suggested t h a t t he e n d o c r i n e 
system p l a y s a key r o l
and s k e l e t a l musc le d i f f e r e n t i a t i o
To de te rm ine the v a l i d i t y o f t h i s h y p o t h e s i s , a t tempt s t o 
i n j e c t i n t r a v e n o u s l y s e r i a l doses o f s p e c i f i c hormonal agents 
i n t o hypophysectomized c h i c k embryos were made. T h i s method 
o f drug d e l i v e r y was u n s a t i s f a c t o r y as dosage l e v e l s were 
v a r i a b l e , s e r i a l i n j e c t i o n i n t o t he c h o r i o a l l a n t o i c membrane 
was d i f f i c u l t and c o n s t a n t m a n i p u l a t i o n o f the c h i c k embryo 
r e s u l t e d i n a h i gh r a t e o f m o r t a l i t y . These d i f f i c u l t i e s 
were overcome by u s i n g hydroge l membranes wh ich gave a s l o w , 
s u s t a i n e d r e l e a s e o f drug t o t he c h i c k embryo. T h i s pape r , 
the f i r s t o f a s e r i e s , w i l l dea l w i t h t he development and i n 
v i t r o and i n v i v o r e l e a s e b e h a v i o r o f h y d r o c o r t i s o n e sodium 
s u c c i n a t e f rom c r o s s l i n k e d p o l y ( 2 - h y d r o x y e t h y l m e t h a c r y l a t e ) 
membranes. 

In r e c e n t y e a r s , t he concept o f a s u s t a i n e d r e l e a s e s y s tem, 
w h i c h , upon i m p l a n t a t i o n i n t he body, would r e l e a s e b i o l o g i c a l l y 
a c t i v e l e v e l s o f drug f o r p ro l onged t ime p e r i o d s has r e c e i v e d 
i n c r e a s e d a t t e n t i o n . S u s t a i n e d r e l e a s e systems have been 
deve loped and examined f o r t h e i r p o t e n t i a l a p p l i c a t i o n i n t he 
t r ea tmen t o f glaucoma ( 3 ) , t r i c h o m a ( 4 ) , n a r c o t i c a d d i c t i o n ( 5 J , 
m a l a r i a ( 6 J , d i a b e t e s ( 7 J , c ance r (8) and c o n t r a c e p t i o n (9_» 1 0 , 
11 ) . Most o f t he se systems have used s i l i c o n e rubbe r as t he 
m a t r i x m a t e r i a l i n wh ich the drug was e i t h e r embedded o r 
c o n t a i n e d . In a d d i t i o n , s i l i c o n e rubbe r has been e x t e n s i v e l y 
s t u d i e d i n rega rds t o i t s t r a n s p o r t p r o p e r t i e s and tho se f a c t o r s 
wh ich c o n t r o l o r a l t e r t he t r a n s p o r t o f drugs th rough the 
m a t r i x (12 , 1 3 , H ) . 

P o l y T 2 - h y d r o x y e t h y l m e t h a c r y l a t e ) and o t h e r hydroge l t ype 
polymers have a l s o been examined f o r p o t e n t i a l use i n s u s t a i n e d 
d e l i v e r y systems (]_5). As t he d i f f u s i v i t y o f drugs from the 
polymer membranes i s p r o b a b l y t he most i m p o r t a n t c r i t e r i a f o r 
the po l ymer , a s i d e f rom i t s b i o l o g i c a l c o m p a t i b i l i t y , t he 
hydroge l m a t e r i a l s have e x c e l l e n t p o t e n t i a l as t h e i r p h y s i c a l 
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c h a r a c t e r i s t i c s (degree o f h y d r a t i o n , c r o s s l i n k d e n s i t y , 
p o r o s i t y , e t c . ) can be e a s i l y a l t e r e d and c o n t r o l l e d t o va r y 
the r a t e o f drug d i f f u s i o n . Through c o n t r o l l e d a l t e r a t i o n o f 
the amount o f c r o s s ! i n k i n g a g e n t , monomer t o w a t e r r a t i o , and 
t he c o n d i t i o n s o f p o l y m e r i z a t i o n , hydroge l s t r u c t u r e s r a n g i n g 
f rom compact g e l s t o c e l l u l a r sponges w i t h v a r y i n g p h y s i c a l 
p r o p e r t i e s can be o b t a i n e d (16», 17 ) . 

L e v o w i t z and co -worke r s have shown t h a t s u t u r e s and 
c a t h e t e r s c oa ted w i t h an e t h y l e n e g l y c o m e t h a c r y l a t e ge l i n wh ich 
c e p h a l o t h i n was i n c o r p o r a t e d dec rea sed the r a t e o f i nduced 
i n f e c t i o n when used i n an imal s t u d i e s (18.). In v i t r o r e l e a s e 
r a t e s were shown f o r n o r e t h a n d r o l o n e and 5 - f l u o r o u r a c i l and 
r e f e r e n c e was made t o the s u s t a i n e d r e l e a s e o f a n t i b i o t i c s , 
l o c a l a n e s t h e t i c s and C o r t i s o l . Human s t u d i e s u s i n g Hydron ® -
c e p h a l o t h i n u r e t h r a l c a t h e t e r
o f b a c t e r i u r i a t h a t wa
c o n t r o l s . In a d d i t i o n t o s e r v i n g as a v e h i c l e f o r the d e l i v e r y 
o f a w ide v a r i e t y o f a n t i b i o t i c s such as neomyc in , a m p i c i l l i n , 
t e t r a c y c l i n e , e t c . , Hydron © coa ted c a t h e t e r s i n wh ich 
c e p h a l o t h i n was absorbed were e f f i c a c i o u s a g a i n s t s u s c e p t i b l e 
b a c t e r i a a f t e r be i ng s t o r e d s t e r i l l y f o r up t o s i x months ( 19 ) . 

The use o f s o f t c o n t a c t l e n s e s f o r p r o l o n g i n g the a c t i o n 
o f drugs a d m i n i s t e r e d d r o p - w i s e o r f o r s u s t a i n e d r e l e a s e o f 
drugs has been i n v e s t i g a t e d . Kaufman and co -wo rke r s have shown 
t h a t s o f t c o n t a c t l e n s e s can p r o l o n g t he t h e r a p e u t i c a c t i o n o f 
p o l y m i x i n B, α - p h e n y l e p h r i n e , and p i l o c a r p i n e when the se drugs 
a re a d m i n i s t e r e d d r o p - w i s e t o human and an imal eye s . In a d d i t i o n , 
t he se s t u d i e s p o i n t out the f a c t t h a t n e a r - t o x i c drug l e v e l s 
do not have t o be a d m i n i s t e r e d t o p r o v i d e t h e r a p e u t i c e f f i c a c y 
when s o f t c o n t a c t l e n s e s a re used t o med ia te and p r o l o n g t he 
d e l i v e r y o f drugs ( 20 ) . The above au tho r s were a l s o a b l e t o 
show t h a t c o r n e a l u l c e r s i n r a b b i t e y e s , p r e v i o u s l y i n f e c t e d 
w i t h McKrae herpes v i r u s , hea l ed f a s t e r w i t h 5 - i o d o - 2 - d e o x y u r i d i n e 
drops med ia ted by a s o f t c o n t a c t l e n s than w i t h 5 - i o d o - 2 -
d e o x y u r i d i n e drops a l o n e . 

Podos e t a l . have i n v e s t i g a t e d the a d m i n i s t r a t i o n o f 
p i l o c a r p i n e , t o dec rea se o c u l a r h y p e r t e n s i o n and r e l i e v e m i o s i s 
and o t h e r glaucoma symptoms, by the use o f s o f t c o n t a c t l e n s e s 
p re - soaked i n p i l o c a r p i n e (2j_). T h e i r r e s u l t s a r e encou rag i ng 
and p o i n t t o t he need f o r f u r t h e r work i n r e t a r d i n g the r a t e o f 
drug r e l e a s e f rom presoaked l e n s e s . P r e - s o a k i n g the l e n s e s , 
w h i l e p r o v i d i n g f o r easy p r e p a r a t i o n , u s u a l l y r e s u l t s i n too 
r a p i d r e l e a s e o f t he d r ug . 

Abrahams and Ronel (22) u s i n g p o l y ( 2 - h y d r o x y e t h y l metha
c r y l a t e ) h y d r o g e l s , have examined t he e f f e c t t h a t copo lymer 
c o m p o s i t i o n and i o n o g e n i c groups on t he hydroge l c h a i n have on 
the i n v i t r o r e l e a s e b e h a v i o r o f c y c l a z o c i n e , a n a r c o t i c 
a n t a g o n i s t , f rom such v a r i e d forms as c a p s u l e s , b a r r i e r - f i l m 
coa ted t a b l e t s and bu l k p o l y m e r i z e d r o d s . U s i ng c a p s u l a r d e v i c e s 
the r e l e a s e o f c y c l a z o c i n e c o u l d be i n c r e a s e d marked ly by 
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a d j u s t i n g t he i o n o g e n i c group c o n t e n t ( m e t h a c r y l i c a c i d ) o f t he 
hydroge l f rom 0.3% t o 2.4%. Homogeneous bu l k p o l y m e r i z e d rods 
t o wh ich a c o a t i n g o f a copo lymer o f 80% e t h o x y e t h y l m e t h a c r y l a t e 
and 20% hyd roxye thy l m e t h a c r y l a t e has been a p p l i e d , p r o v i d e d 
z e r o - o r d e r r e l e a s e i n exces s o f one month whereas uncoated rods 
e x h i b i t e d a f i r s t - o r d e r r e l e a s e p a t t e r n w i t h t he t o t a l amount o f 
c y c l a z o c i n e be ing r e l e a s e d i n l e s s than 10 day s . 

Other hydroge l systems such as p o l y a c r y l a m i d e and p o l y 
v i n y l p y r r o l i d o n e have a l s o been examined f o r t h e i r p o t e n t i a l i n 
p r o v i d i n g s u s t a i n e d r e l e a s e (23^, 24, 25 ) . These h yd roge l s have 
been shown t o r e l e a s e such b i o l o g i c a l l y a c t i v e subs tances 
as p r o s t a g l a n d i n s , immunog lobu l i n s , l u t e i n i z i n g hormone, a l b u m i n , 
i n s u l i n , and e t h i n y l o e s t r a d i o l . 

In summary, h y d r o p h i l i c po lymers such as p o l y ( 2 - h y d r o x y e t h y l 
m e t h a c r y l a t e ) have p o t e n t i a
d e l i v e r y sy s tems. The
systems f o r s u s t a i n e d o r s l ow r e l e a s e o f b i o l o g i c a l l y a c t i v e 
agents a r e the ease by wh ich t he hyd roge l s can be c h e m i c a l l y 
m o d i f i e d t o c o n t r o l t h e i r p h y s i c a l p r o p e r t i e s , i . e . , t h e i r 
r e l e a s e b e h a v i o r , the min ima l f o r m a t i o n o f f i b r o u s c a p s u l e wh ich 
may impede drug r e l e a s e i n v i v o , and the a b i l i t y t o r e l e a s e 
p o l a r and l a r g e m o l e c u l a r we i gh t compounds such as p e p t i d e 
hormones. However, f u r t h e r c h a r a c t e r i z a t i o n o f the r e s p e c t i v e 
hyd roge l s i s nece s s a r y and much remains t o be done i n i n v e s t i 
g a t i n g tho se f a c t o r s such as h y d r a t i o n , c r o s s l i n k d e n s i t y , 
p o r o s i t y , d rug -po l ymer i n t e r a c t i o n s , e t c . wh ich w i l l c o n t r o l t h e 
r e l e a s e o f any d r u g . 

M a t e r i a l s and Methods 

F i l m s c o n t a i n i n g h y d r o c o r t i s o n e s u c c i n a t e were p repa red by 
f i l m c a s t i n g po lymer s o l u t i o n s c o n t a i n i n g h y d r o c o r t i s o n e sodium 
s u c c i n a t e , ^ - h y d r o c o r t i s o n e sodium s u c c i n a t e , Hydron © p o l y m e r -
Type N, and , when d e s i r e d , known amounts o f p h o t o s e n s i t i v e 
po lymer c r o s s ! i n k i n g a g e n t , ammonium d i c h r o m a t e . Fo r each f i l m , 
nanograms o f h y d r o c o r t i s o n e sodium s u c c i n a t e per m i l l i g r a m d r y 
f i l m and m i l l i g r a m s o f po lymer c r o s s l i n k e r per m i l l i g r a m o f 
d r y f i l m were c a l c u l a t e d . The f i l m s were c a s t on g l a s s p l a t e s 
and when f i l m s c o n t a i n i n g t he p h o t o s e n s i t i v e c r o s s l i n k i n g agent 
were p r e p a r e d , f i l m c a s t i n g was c a r r i e d ou t i n a darkroom u s i n g 
a Wrat ten OA f i l t e r . C r o s s l i n k e d polymer f i l m s were p repa red 
by i r r a d i a t i n g w i t h u l t r a v i o l e t l i g h t t ho se f i l m s wh ich c o n 
t a i n e d t he p h o t o s e n s i t i v e c r o s s l i n k i n g agent f o r 18 hours a t 
26°C. 

Hydron © polymer - Type Ν and the p h o t o s e n s i t i v e c r o s s -
l i n k i n g a gen t , ammonium d i c h r o m a t e , were g r a c i o u s l y p r o v i d e d by 
Dr. Sam Rone! o f the Hydron L a b o r a t o r i e s , I n c . , New B run sw i c k , 
New J e r s e y . H y d r o c o r t i s o n e sodium s u c c i n a t e was o b t a i n e d as 
S o l u - C o r t e f f rom the Upjohn Company, Kalamazoo, M i c h i g a n , and 
3 H - h y d r o c o r t i s o n e sodium s u c c i n a t e was purchased f rom New 
England N u c l e a r , Bo s t on , Ma s s a chu se t t s . 
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D i s c s f o r the d i f f u s i o n s t u d i e s were p repared by r e s w e l l i n g 
the polymer f i l m s s l i g h t l y w i t h e t hano l ( t o make the f i l m s 
p l i a b l e ) and the d i s c s were then c u t f rom the f i l m . The d i s c 
d i a m e t e r was 0.61 cm (240 m i l s ) and t he d r y t h i c k n e s s v a r i e d 
f rom 0.023 t o 0.028 cm (9-11 m i l s ) . Wet t h i c k n e s s e s were 
measured immed i a te l y f o l l o w i n g the c o m p l e t i o n o f each d i f f u s i o n 
s tudy and v a r i e d f rom 0.033 cm t o 0.041 cm (13-16 m i l s ) . T ab l e 1 
summarizes the da t a on t he i n v i t r o h y d r o c o r t i s o n e sodium 
s u c c i n a t e d i s c s and i n c l u d e s nanograms o f h y d r o c o r t i s o n e sodium 
s u c c i n a t e per m i l l i g r a m d r y d i s c , we i gh t p e r c e n t c r o s s l i n k e r i n 
the r e s p e c t i v e d i s c s , and t o t a l nanograms o f h y d r o c o r t i s o n e 
sodium s u c c i n a t e per d i s c . 

To most c l o s e l y app rox imate t he i n v i v o d i f f u s i o n system i n 
wh ich a d i s c o f t he polymer f i l m c o n t a i n i n g the d e s i r e d drug 
i s p l a c e d on a sma l l c u
embryo, the f o l l o w i n g i
t w e n t y - f i v e ml E r lenmeyer f l a s k w i t h a ground f l a t top and 
s i d e arm f o r sample removal was used. A c e l l u l o s e mi H i pore 
f i l t e r (0.65 ym pore d i a m e t e r ) was s e a l e d w i t h ace tone t o t he 
top o f t he E r lenmeyer t o f u n c t i o n as a porous s uppo r t f o r the 
polymer d i s c and the s i d e arm was capped w i t h a rubber s t o p p e r . 
The E r lenmeyer was f i l l e d w i t h R i n g e r ' s s o l u t i o n and the po lymer 
d i s c was p l a c e d on t he m i l l i p o r e f i l t e r . A g l a s s c a p , t o p r o 
v i d e a c o n s t a n t h u m i d i t y and tempera tu re env i ronment was p l a c e d 
ove r t he m i l l i p o r e f i l t e r and polymer d i s c . The i n v i t r o 
d i f f u s i o n a p p a r a t i were then p l a c e d i n a 38°C i n c u b a t o r and 
removed o n l y f o r s amp l i ng pu rpose s . One ml a l i q u o t s were removed 
f rom t he E r lenmeyer s a t each t ime p o i n t and the E r lenmeyers 
r e f i l l e d w i t h R i n g e r ' s s o l u t i o n t o b r i n g t he s o l u t i o n l e v e l s up 
t o t he m i l l i p o r e f i l t e r . A l l i n v i t r o d i f f u s i o n exper iment s 
were run i n t r i p l i c a t e . 

D i f f u s i o n o f t he t r i t i a t e d h y d r o c o r t i s o n e s u c c i n a t e was 
de te rmined as f o l l o w s : 1 ml a l i q u o t s o f the d e s o r b i n g Howard 
R i nge r s s o l u t i o n were w i thdrawn from t he i n v i t r o systems a t 
a p p r o p r i a t e t ime i n t e r v a l s and mixed w i t h 5 ml o f T r i t o n X-100 
t o l u e n e s c i n t i l l a t i o n f l u o r i n a g l a s s s c i n t i l l a t i o n v i a l . 
Coun t i ng was c a r r i e d out i n a S e a r l e I socap 300 preprogrammed 
f o r t r i t i u m u s i n g samples channe l s r a t i o . 

R e s u l t s and D i s c u s s i o n 

The d i f f u s i o n o f h y d r o c o r t i s o n e sodium s u c c i n a t e f rom 
hydroge l d i s c s v a r y i n t h e i r c r o s s l i n k d e n s i t y i s shown i n 
F i g u r e 1. In g e n e r a l , t he d i f f u s i o n cu rves show a r a p i d 
r e l e a s e o f h y d r o c o r t i s o n e sodium s u c c i n a t e i n t he e a r l y p a r t 
o f t he e x p e r i m e n t , 0 t o 24 hou r s . T h i s r a p i d r e l e a s e i s 
dec rea sed by i n c r e a s i n g t he c r o s s l i n k d e n s i t y and a t 24 hou r s , 
t he 0% c r o s s l i n k e d d i s c s have r e l e a s e d c a . 75% o f t he s t e r o i d , 
t he 5.1% c r o s s l i n k e d d i s c s have r e l e a s e d c a . 30% o f t he s t e r o i d , 
and t he 9.9% c r o s s l i n k e d d i s c s have r e l e a s e d c a . 16% o f t he 
s t e r o i d . I t i s appa rent t h a t t he 0% c r o s s l i n k e d d i s c s have a 
f i r s t o r d e r r e l e a s e p a t t e r n i n wh ich t he r a t e o f s t e r o i d 
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d i f f u s i o n i s dependent upon t he amount o f s t e r o i d s t i l l c o n 
t a i n e d i n t he d i s c . In a d d i t i o n , t he 0% c r o s s l i n k e d d i s c s have 
r e l e a s e d c a . 90% o f the s t e r o i d w i t h i n 48 hour s . 

F i g u r e 2 shows e i g h t day r e l e a s e p a t t e r n s f o r t he c r o s s -
l i n k e d d i s c s w i t h a t w e l v e day r e l e a s e p a t t e r n shown f o r the 
9.9% c r o s s l i n k e d d i s c s . These da ta a r e an e x t e n s i o n o f tho se 
shown i n F i g u r e 1 and suppo r t t he s u g g e s t i o n t h a t t he 9.9% 
c r o s s l i n k e d d i s c s e x h i b i t a n e a r l y c o n s t a n t r a t e o f s t e r o i d 
r e l e a s e . The cu r ve f o r t he 9.9% c r o s s l i n k e d d i s c s i s not 
s t r i c t l y l i n e a r but does shown l i n e a r i t y f rom day 3 t o day 12 
o f t he expe r imen t . S i n c e t he i n v i v o exper iment s r e q u i r e 
s t e r o i d r e l e a s e f o r a p e r i o d o f e i g h t day s , day 10 t o day 18 
o f the c h i c k embryo g e s t a t i o n p e r i o d , i t appears t h a t t he 9.9% 
c r o s s l i n k e d d i s c s can s u c c e s s f u l l y be used t o d e l i v e r a 
r e l a t i v e l y c o n s t a n t amount f s t e r o i d  da  f o  t h i  t im
p e r i o d . 

To de te rm ine t he e f f e c t o f the i n i t i a l c o n c e n t r a t i o n o f 
s t e r o i d i n the d i s c on t he s t e r o i d r e l e a s e p a t t e r n , 5% c r o s s -
l i n k e d d i s c s c o n t a i n i n g 50,500 nanograms o f s t e r o i d per 
m i l l i g r a m o f d i s c , 2,140 nanograms o f s t e r o i d pe r m i l l i g r a m o f 
d i s c and 1,090 nanograms o f s t e r o i d per m i l l i g r a m o f d i s c were 
p repared and t h e i r r e s p e c t i v e r e l e a s e p a t t e r n s examined ove r 
a f i v e day p e r i o d . The i n i t i a l c o n c e n t r a t i o n o f s t e r o i d 
appeared t o have l i t t l e e f f e c t on t he p e r c e n t r e l e a s e d pe r t ime 
i n t e r v a l . 

In an e f f o r t t o p l a c e t he e x p e r i m e n t a l r e s u l t s on a 
q u a n t i f i a b l e b a s i s f o r t he purpose o f d e t e r m i n i n g d i f f u s i o n 
c o e f f i c i e n t s , a q u a s i - s t e a d y s t a t e approacn was t a k e n . T h i s 
method was i n i t i a l l y p l a c e d on a f i r m s c i e n t i f i c b a s i s by 
Barnes (26) and r e c e n t l y G a r r e t t and Chemburkor {27) have 
a p p l i e d t h i s t e c h n i q u e t o drug d i f f u s i o n a c r o s s po lymer 
membranes. A p p l i e d t o ou r i n v i t r o s y s tem, t h i s approach 
r e q u i r e s t h a t (1) t he c o n c e n t r a t i o n s o f the d i f f u s i n g d i s c and 
the de s o r b i n g s o l u t i o n s a r e not h e l d c o n s t a n t ; (2) the c o n 
c e n t r a t i o n o f the d i f f u s i n g d i s c , i n i t i a l l y Co, dec rea se s as t he 
c o n c e n t r a t i o n , Cj-, o f the d e s o r b i n g s o l u t i o n i n c r e a s e s ; and 
(3) t he c o n c e n t r a t i o n v a l u e s o f both t he d i s c and the d e s o r b i n g 
s o l u t i o n approach t he same e q u i l i b r i u m v a l u e w i t h t i m e . In the 
a p p l i c a t i o n o f t h i s method, Barnes s t r e s s e d t h a t t he r a t i o o f 
the membrane volume t o d e s o r b i n g s o l u t i o n volume s hou l d be l e s s 
than 0 . 1 . S i n c e our membrane vo lume/desorb ing s o l u t i o n volume 
r a t i o i s 0 .003 , the method s hou l d be a p p l i c a b l e and i n t he 
absence o f anomalous p a r t i t i o n i n g e f f e c t s a l l t he drug i n t he 
membrane w i l l e v e n t u a l l y d i f f u s e i n t o t he d e s o r b i n g s o l u t i o n . 

The f o l l o w i n g e q u a t i o n f o r the q u a s i - s t e a d y - s t a t e 
d i f f u s i o n was used where V] i s t he volume o f t he d e s o r b i n g 
s o l u t i o n , c a . 30 m i s , V2 i s t he volume o f the d i f f u s i o n 
d i s c , c a . 0.01 m l , C 0 i s t he i n i t i a l c o n c e n t r a t i o n o f s t e r o i d 
i n t he d i f f u s i n g d i s c , C t i s t he c o n c e n t r a t i o n o f s t e r o i d 
i n t he d e s o r b i n g s o l u t i o n a t t ime t , X i s t he t h i c k n e s s o f t he 
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Figure 2. The effect of crosslinking on hydrocortisone succinate in 
vitro release. Percent by weight crosslinker: O, 0%;Ç), 1.0%; • , 

5.1%; and V,9.9%. 
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s w o l l e n d i s c , S i s t h e s u r f a c e a rea o f t he d i s c and D i s t he 
apparent d i f f u s i o n c o n s t a n t : 

In 

o I t 

D S 

X V. 

F i g u r e 3 shows t h e p l o t s o f l o g C 0 V2/C 0 V2-V-|Cç ve r su s t ime i n 
days and the l i n e a r i t y f o r each g i v e n c r o s s - l i n k d e n s i t y i s 
c o n s i s t e n t w i t h t he e x p e c t a t i o n s o f t h e above e q u a t i o n f o r 
q u a s i - s t e a d y s t a t e d i f f u s i o n
were c a l c u l a t e d f rom th
T a b l e 1. 

TABLE 1: IN VITRO HYDROCORTISONE-SUCCINATE DISCS 

Nanograms 
pe r T o t a l + 1 3 

M i l l i g r a m Nanograms Weight% DxlO 
D i s c pe r D i s c C r o s s l i n k e r L/cm s e c . 

1,090 
2,140 
5,000 
5,200 
5,350 
4,750 
4,990 
4,640 

50,500 

7,700 
9,800 

24,000 
28,100 
25,300 
30,200 
28,300 
20,900 

293,000 

5.0 
5.0 

0 
0.1 
0.5 
1.0 
5.0 
9.9 
4.9 

51.0 
42.0 

213.0 

90.0 
44.0 

8.3 
43.0 

Yasuda, Lamaze, and I k e n b e r r y (28) have shown t h a t 
d i f f u s i o n th rough h y d r o p h i l i c p o l yme r s , such as p o l y ( 2 - h y d r o -
x y e t h y l m e t h a c r y l a t e ) , can be d e s c r i b e d by the f r e e volume 
t h e o r y o f d i f f u s i o n . In t he f r e e volume t h e o r y , t he d i f f u s i o n 
c o e f f i c i e n t can be exp re s sed by D <* exp - ( V * /V f ) where V f 
i s t he f r e e volume i n t he sample and V* i s a c h a r a c t e r i s t i c 
volume r e q u i r e d t o accomodate t h e d i f f u s i n g s t e r o i d m o l e c u l e s . 
Assuming a l i n e a r v a r i a t i o n o f the f r e e volume w i t h t he 
h y d r a t i o n , H, and an i n v e r s e l i n e a r v a r i a t i o n between t he 
h y d r a t i o n and the c r o s s l i n k d e n s i t y , o r i n ou r case t he we i gh t 
pe r cen t c r o s s l i n k e r , W, t h e f o l l o w i n g e q u a t i o n r e s u l t s : 

l o g D = l o g D ô - Κ · W + κ' 
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where Κ i s a c o n s t a n t . The v a l i d i t y o f t he above e q u a t i o n w i t h 
i t s accompanying as sumpt ions i s s uppo r ted by the l i n e a r i t y o f 
t he p l o t l o g D ve r su s W u s i n g the appa ren t d i f f u s i o n c o n s t a n t s 
found i n Tab l e 1 f o r t he 5,000 ng per mg d ry f i l m membranes 
( F i g u r e 4 ) . 

As Love and coworkers (]_, 2) have p r e v i o u s l y shown, the 
f e t a l e n d o c r i n e system p l a y s an i m p o r t a n t r o l e i n the d e v e l o p 
ment o f s k e l e t a l musc le i n c h i c k embryos by r e g u l a t i n g t he r a t e 
o f myob la s t p r o l i f e r a t i o n , the f u s i o n o f myob la s t s t o form 
myotubes, and the m a t u r a t i o n o f myotubes t o form mature musc le 
f i b e r s . We have chosen t o examine t h i s c o n v e r s i o n f rom myob la s t 
t o myotube t o musc le by measur ing the e f f e c t t h a t t he s l ow r e 
l e a s e d h y d r o c o r t i s o n e s u c c i n a t e has on t he musc le enzymes: 
p h o s p h o r y l a s e , phosphog lucomutase, and g l u co se - 6 - pho spha te 
dehydrogenase. In g e n e r a l  t h  a c t i v i t f g l u co se - 6 - pho spha t
dehydrogenase i n the d e v e l o p i n
o f the r a t e o f DNA s y n t h e s i s and thus r o u g h l y measures t he 
myob la s t r e p l i c a t i o n o r p r o l i f e r a t i o n . On the o t h e r hand, 
pho spho r y l a se and phosphoglucomutase a c t i v i t i e s i n d i c a t e t he 
l e v e l o f a n a e r o b i c metabo l i sm i n t he deve loped musc l e . Thus , 
development and m a t u r a t i o n o f the embryonic c h i c k musc le can 
be shown by i n c r e a s i n g a c t i v i t y o f pho spho ry l a se and phospho
g lucomutase and d e c r e a s i n g a c t i v i t y o f g l u co se - 6 - pho spha te 
dehydrogenase. In o r d e r t o t e s t the a b i l i t y o f t he h yd ro 
c o r t i s o n e succ inate-HEMA d i s c s t o f u n c t i o n b i o l o g i c a l l y i n an 
i n v i v o s y s tem, r e p r e s e n t a t i v e d i s c s were imp l an ted on 
hypophysectomized c h i c k embryo c h o r i o a l l a n t o i c membranes a t day 
10 o f t he g e s t a t i o n p e r i o d . Comparison w i t h t h r e e d i f f e r e n t 
t ype s o f embryos were made: normal embryos, embryos i n wh ich 
t he p i t u i t a r y g l ands were removed (hypophysectomized) a t day 
2 o f t he g e s t a t i o n p e r i o d , and embryos wh ich were hypophy
sec tom i zed a t day 2 and a t day 14 a p i t u i t a r y g l and was t r a n s 
p l a n t e d t o t h e embryo. A l l embryos were s a c r i f i c e d a t day 18 
o f t he g e s t a t i o n p e r i o d , and the enzymat i c a c t i v i t i e s o f 
p h o s p h o r y l a s e , phosphog lucomutase, and g l u co se - 6 - pho spha te 
dehydrogenase were d e t e r m i n e d . 

Data on the e f f e c t o f h y d r o c o r t i s o n e - s u c c i n a t e p o l y ( 2 -
h yd r ox ye thy l m e t h a c r y l a t e ) i m p l a n t s on enzymat i c a c t i v i t y i n 
d e v e l o p i n g musc le a r e found i n T a b l e 2. As the c o n c e n t r a t i o n 
o f h y d r o c o r t i s o n e s u c c i n a t e i n the imp l an ted d i s c i s i n c r e a s e d , 
the a c t i v i t i e s o f pho spho r y l a se and phosphoglucomutase a l s o 
i n c r e a s e s u g g e s t i n g t h a t t he e f f e c t o f hypophysectomy i s 
r e v e r s e d by t he se s l o w - r e l e a s e i m p l a n t s . A t t he same t i m e , 
the a c t i v i t y o f g l u co se - 6 - pho spha te dehydrogenase i s d e c r e a s e d . 
T h i s t r e n d , as d i s c u s s e d e a r l i e r , i s i n d i c a t i v e o f a dec rea sed 
r a t e o f DNA s y n t h e s i s o r o f myob la s t p r o l i f e r a t i o n . Thus, the 
h y d r o c o r t i s o n e s u c c i n a t e r e v e r s e s t he e f f e c t o f hypophysectomy. 
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TABLE 2: EFFECT OF HYDROCORTISONE SUCCINATE HEMA IMPLANTS ON 
ENZYMATIC ACTIVITY IN DEVELOPING MUSCLE 

P h o s p h o r y l - Phospho- G l u c o s e - 6 - P 0 ^ 
l a s e b* g lucoroutase* Dehydrogenase 

Normal 273 2200 12 

H y d r o c o r t i s o n e 
S u c c i n a t e 

41000 390 1970 20 
20000 170 1330 31 

2000 101 610 60 

Hypophysectomized 82 420 63 

P i t u i t a r y 
T r a n s p l a n t 152 1000 30 

* Nanomoles pe r minute per m i l l i g r a m DNA a t day 18. 
* * T o t a l nanograms i n po lymer i m p l a n t , 0% c r o s s l i n k i n g . 

F i n a l l y , t o t e s t t he v a l i d i t y o f our i n v i t r o system and i t s 
a b i l i t y t o i m i t a t e the i n v i v o s y s tem, d i f f u s i o n exper iment s were 
c a r r i e d out u s i n g 2,000 ng h y d r o c o r t i s o n e s u c c i n a t e per mg d ry 
f i l m d i s c s d e s c r i b e d i n T a b l e 1. The i n v i t r o d i s c s c o n t a i n e d 
5% c r o s s l i n k e r and the i n v i v o d i s c s c o n t a i n e d 0% c r o s s l i n k e r . 
I t i s e a s i l y seen i n F i g u r e 5 t h a t t he i n v i v o d i s c s r e l e a s e the 
drug a t a s l o w e r r a t e then do the i n v i t r o d i s c s even though 
the i n v i v o d i s c s c o n t a i n no c r o s s l i n k e r and would be expec ted 
t o r e l e a s e t h e h y d r o c o r t i s o n e s u c c i n a t e a t a f a s t e r r a t e than 
the i n v i t r o d i s c s wh ich c o n t a i n 5% c r o s s l i n k e r . M i c r o s c o p i c 
e xam ina t i on o f t h e i m p l a n t e d d i s c and the u n d e r l y i n g c h o r i o a l l 
a n t o i c membrane d u r i n g t he expe r iment and up t o ten days i m 
p l a n t a t i o n r e v e a l s no f i b r o u s c a p s u l e f o r m a t i o n wh ich might 
dec rea se the r a t e o f r e l e a s e . In a d d i t i o n , the v a s c u l a r bed 
i n the c h o r i o a l l a n t o i c membrane u n d e r l y i n g the imp l an ted d i s c 
appears t o be w e l l deve loped and does not appear t o undergo any 
change d u r i n g the p e r i o d o f i m p l a n t a t i o n . F u r t h e r c o n f i r m a t i o n 
o f t h i s i s c u r r e n t l y be ing o b t a i n e d by h i s t o l o g i c a l e xam ina t i on 
o f t he c h o r i o a l l a n t o i c membrane. 

In summary, p o l y ( 2 - h y d r o x y e t h y l m e t h a c r y l a t e ) membranes 
c o n t a i n i n g h y d r o c o r t i s o n e s u c c i n a t e have been shown t o s l o w l y 

r e l e a s e s t e r o i d i n v i t r o and i n v i v o . T h i s r e l e a s e i s depend
en t upon t he we i gh t p e r c e n t o f c r o s s l i n k e r o f t he i m p l a n t e d d i s c . 
F u r t h e r expe r iment s a r e be ing conducted t o e l u c i d a t e the r o l e o f 
membrane h y d r a t i o n , c o n c e n t r a t i o n o f d r u g , t y p e and q u a n t i t y o f 
c r o s s l i n k e r , and p a r t i t i o n i n g e f f e c t s o f the drug between the 
po l ymer , the hydroge l wa te r phase and the d e s o r b i n g s o l u t i o n . 
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Figure 5. Comparison of in vitro and in vivo release of hydrocortisone succinate 
(2,000 ng per mg dry film) 
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ABSTRACT 
Poly(2-hydroxyethyl methacrylate)membranes containing 

hydrocortisone succinate have been shown to exhibit slow -
relase behavior in vitro and in vivo. Apparent diffusion 
constants, obtained from a quasi-steady-state approach, 
correlate well with weight percent crosslinker suggesting a 
free volume type of diffusion. In vivo experiments designed 
to show the effect of replacement therapy in hypophysectomized 
chick embryos were carried out. Using muscle enzymes, it has 
been shown that implanted discs of poly(2-hydroxyethyl 
methacrylate) containing hydrocortisone succinate can reverse the 
effects of hypophysectomy (pituitary gland removal). 
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14 
Controlled Release of Fluoride from Hydrogels for 

Dental Applications 

D. R. COWSAR, O. R. TARWATER, and A. C. TANQUARY 
Southern Research Institute, Birmingham, Ala. 35205 

A century ago Erhardt(1) recommended o r a l adminis
t r a t i o n of potassiu
and to c h i l d r e n durin
dental c a r i e s by hardening tooth s t r u c t u r e . Numerous 
studies since then have demonstrated c o n c l u s i v e l y the 
e f f e c t i v e n e s s of f l u o r i d e prophylaxis f o r reducing the 
incidence of carious l e s i o n s i n teeth. Methods f o r 
administering f l u o r i d e now include the f l u o r i d a t i o n of 
d r i n k i n g water, the i n g e s t i o n of f l u o r i d e t a b l e t s , the 
i n c o r p o r a t i o n of f l u o r i d e i n t o mouthwashes and d e n t i 
f r i c e s , and the t o p i c a l a p p l i c a t i o n of f l u o r i d e s o l u 
t i o n s and g e l s . (2^,3) When f l u o r i d e i s present i n 
d r i n k i n g water at the optimum l e v e l , which i s about 1 
ppm of f l u o r i d e added as sodium f l u o r i d e or sodium 
f l u o r o s i l i c a t e , the incidence of carious l e s i o n s i s 
reduced by 50 to 60%. However, a large p o r t i o n of the 
population does not have access to p u b l i c water sup
p l i e s , and since many communities have el e c t e d not to 
employ c o n t r o l l e d f l u o r i d a t i o n of water, a major seg
ment of the population must r e l y on a l t e r n a t i v e means, 
which are l e s s e f f i c i e n t , to obtain the a n t i c a r i e s 
b e n e f i t s of f l u o r i d e . 

During the past several years considerable progress 
has been made i n optimizing the therapeutic e f f e c t i v e 
ness (potency) of pharmaceuticals and other b i o l o g i 
c a l l y - a c t i v e agents by simply improving t h e i r d e l i v e r y 
to the target organs or organisms. Controlled-release 
formulations that d e l i v e r small amounts of drugs at 
constant rates f o r long times are u s u a l l y much more 
e f f e c t i v e than conventionally-administered medicaments. 
While not a l l drugs are amenable to c o n t r o l l e d release, 
the c o n t r o l l e d d e l i v e r y of f l u o r i d e appears p r a c t i c a l 
as w e l l as highly d e s i r a b l e . An i n t r a o r a l , c o n t r o l l e d -
release device could provide continuous t o p i c a l a p p l i 
c a t i o n of f l u o r i d e to tooth surfaces f o r s i x months to 
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a year or more depending upon design. Moreover, a 
device that can be applied or attached i n the mouth by 
simple procedures would permit an economical a n t i -
c a r i e s treatment a p p l i c a b l e to v i r t u a l l y a l l segments 
of the population. 

This paper describes research to develop a con
t r o l l e d - r e l e a s e d e l i v e r y system that w i l l release 
inorganic f l u o r i d e i n t o the o r a l c a v i t y at pre
determined rates of 1.0, 0.5, 0.2, and 0.02 mg/day 
for s i x months without maintenance or adjustment. 
Once the system i s developed, the optimum f l u o r i d e 
release rate and the e f f i c a c y of t h i s method of t r e a t 
ment can be determined c l i n i c a l l y . 

Our approach has been to f a b r i c a t e r e s e r v o i r con
t r o l l e d - r e l e a s e devices(£
which contains a suppl
and a coating, which serves as a membrane to c o n t r o l 
d i f f u s i o n (release) of f l u o r i d e . The rate of release 
of f l u o r i d e i s determined by the geometry (area and 
thickness) of the membranes and by the permeability 
parameters of the s p e c i f i c a c r y l i c copolymers. The 
following equation i s a simple expression of Fic k ' s 
law that describes the steady-state rate of release 
of f l u o r i d e from such r e s e r v o i r devices. 

T S f J f ( o s - K f C f ) 

rate of release of f l u o r i d e 
area of the device 
thickness of the coating 
d i f f u s i o n c o e f f i c i e n t of f l u o r i d e 
i n the polymeric coating 
s a t u r a t i o n s o l u b i l i t y of f l u o r i d e 
i n the coating 
concentration of f l u o r i d e i n the 
r e c e i v i n g f l u i d (saliva) 
p a r t i t i o n c o e f f i c i e n t of f l u o r i d e 
between the polymeric coating and 
the r e c e i v i n g f l u i d 

In order to design devices that release f l u o r i d e at 
the s p e c i f i e d rates of 1.0, 0.5, 0.2, and 0.02 mg/24 
hr, we needed to use, as r a t e - c o n t r o l l i n g coatings, 
polymers that had appropriate values of D, Cs, and Kf 
for sodium f l u o r i d e . Several years ago, Yasuda and 
co-workers (5̂ ) determined the d i f f u s i o n a l parameters 
fo r sodium c h l o r i d e i n a s e r i e s of hydrated a c r y l i c 
copolymers and hydrogels. Various copolymers of methyl 

dM = 

dt 

where: dM _ 
dt 
A = 

hcoat = 
Dcoat = 

C S = 

C f = 

K f = 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



182 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

methacrylate (MMA), g l y c e r y l methacrylate (GMA), 
hydroxyethyl methacrylate (HEMA), hydroxypropyl meth
a c r y l a t e (HPMA), and g l y c i d y l methacrylate (GdMA) pro
vided a s e r i e s of hydrated membrane materials having 
e q u i l i b r i u m water contents ranging from 10 to 7 0 % . 
Yasuda found that the d i f f u s i o n c o e f f i c i e n t s of NaCl 
i n these membranes v a r i e d over f i v e orders of magni
tude with changes i n the eq u i l i b r i u m l e v e l s of 
hydration, and that the variance i n d i f f u s i v i t y was 
v i r t u a l l y independent of the s p e c i f i c chemical iden
t i t i e s (structures) of the copolymers. 

On the basis of Yasuda 1s f i n d i n g s , we a n t i c i p a t e d 
s i m i l a r variance i n the d i f f u s i v i t y of sodium f l u o r i d e 
i n hydrated a c r y l i c copolymers. S p e c i f i c a l l y , we 
an t i c i p a t e d that copolymer
and MMA i n r a t i o s rangin
(HEMA/MMA) would provide a s e r i e s of core and coating 
materials with values of D, Cs, and Kf s u i t a b l e f o r 
f l u o r i d e - r e l e a s i n g systems. And since MMA and HEMA 
homopolymers are known to be t i s s u e compatible and 
t o x i c o l o g i c a l l y safe i n the o r a l environment, we 
an t i c i p a t e d no problems i n demonstrating the b i o -
c o m p a t i b i l i t y and safety of devices based on HEMA/MMA 
copolymers. 

Ma t e r i a l s and Methods 

A c r y l i c Copolymers. Random copolymers of HEMA and 
MMA were prepared i n aqueous ethanol solu t i o n s by mix
ing HEMA and MMA monomers i n various molar r a t i o s and 
i n i t i a t i n g t h e i r polymerization with a redox c a t a l y s t . 
A l l copolymerizations were c a r r i e d out e s s e n t i a l l y as 
follows: To a 1 - l i t e r , glass-stoppered b o t t l e were 
added 9 5 0 ml of a 3 - t o - 2 mixture of ethanol and water 
and 50 g of a mixture of p u r i f i e d hydroxyethyl meth
a c r y l a t e (Hydron Laboratories, New Brunswick, New 
Jersey) and methyl methacrylate (Polysciences, Inc., 
Warrington, Pa.). Nitrogen was then bubbled through 
the mixture f o r 50 min to purge i t free of oxygen. 
Polymerization was i n i t i a t e d by adding 0 . 1 2 5 g of 
K 2 S 2 0 5 and 0 . 2 5 g of N a 2 S 2 0 5 to the mixture, and the 
b o t t l e was sealed. A f t e r ten days at room temperature, 
the copolymer was p r e c i p i t a t e d by pouring the viscous 
polymerizate i n t o an excess ( 3 0 0 0 ml) of water. The 
white r e s i n was washed thoroughly with water, i s o l a t e d 
by f i l t r a t i o n , and d r i e d at 50°C i n vacuo. 

This procedure was used to prepare HEMA/MMA copoly
mers having molar r a t i o s of 2 0 / 8 0 , 3 0 / 7 0 , 4 0 / 6 0 , 5 0 / 5 0 , 
6 0 / 4 0 , and 7 5 / 2 5 . Polymer y i e l d s ranged from 4 1 to 
1 0 0 % of theory. Inherent v i s c o s i t i e s were determined 
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f o r e a c h c o p o l y m e r . T h e s e v a l u e s r a n g e d f r o m 0 . 3 9 t o 
2 . 2 d l / g w h e n m e a s u r e d a t a c o n c e n t r a t i o n o f 0 . 5 % i n 
a 6 0 : 4 0 ( v / v ) m i x t u r e o f a c e t o n e a n d £ - d i o x a n e a t 3 0 ° C . 

M o s t o f o u r e v a l u a t i o n s o f t h e c o p o l y m e r s w e r e 
c a r r i e d o u t o n f i l m s p e c i m e n s t h a t we p r e p a r e d b y s p i n 
c a s t i n g . ( 6 ) A n e x a m p l e o f t h e g e n e r a l p r o c e d u r e f o r 
f a b r i c a t i n g t h i n f i l m s o f t h e a c r y l i c c o p o l y m e r s i s a s 
f o l l o w s : E x a c t l y 3 g o f c o p o l y m e r w a s d i s s o l v e d i n 25 
m l o f a 6 0 : 4 0 ( v / v ) m i x t u r e o f a c e t o n e a n d £ - d i x o a n e . 
T h i s s o l u t i o n w a s p o u r e d i n t o a 3 - i n . - d i a m e t e r b y 
l - i n . - d e e p , T e f l o n - l i n e d , s p i n - c a s t i n g c u p w h i c h 
r o t a t e d a t 3 5 0 0 r p m u n t i l t h e s o l v e n t h a d e v a p o r a t e d . 
T h e c y l i n d r i c a l f i l m w a s t h e n l i f t e d f r o m t h e c u p a n d 
c u t t r a n s v e r s e l y t o g i v e a h i g h l y u n i f o r m , r e c t a n g u l a r 
f i l m 1 5 - m i l t h i c k , 1 - i n
some c a s e s , t h e t h i c k n e s
a d d i n g m o r e o r l e s s s o l u t i o n t o t h e s p i n - c a s t i n g c u p . 

P e r m e a b i l i t y P a r a m e t e r s . T h e d i f f u s i o n c o e f f i 
c i e n t s f o r s o d i u m f l u o r i d e i n t h e h y d r a t e d a c r y l i c 
c o p o l y m e r s w e r e d e t e r m i n e d b y a m o d i f i c a t i o n o f t h e 
d e s o r p t i o n m e t h o d o f Y a s u d a e t a l . (5_) I n p r i n c i p l e , 
t h e d e s o r p t i o n m e t h o d i n v o l v e s f i r s t e q u i l i b r a t i n g a 
t h i n m e m b r a n e o f t h e t e s t m a t e r i a l i n a s o l u t i o n o f 
t h e t e s t s o l u t e ( f l u o r i d e i n t h i s c a s e ) , a n d t h e n 
i m m e r s i n g t h e s o l u t e - l o a d e d m e m b r a n e i n a f r e s h a l i q u o t 
o f r e c e i v i n g f l u i d a n d m e a s u r i n g t h e r a t e o f i n c r e a s e 
i n c o n c e n t r a t i o n o f t h e s o l u t e i n t h e f l u i d ( o r t h e 
r a t e o f d e s o r p t i o n o f t h e s o l u t e f r o m t h e m e m b r a n e ) . 
A p l o t o f t h e c o n c e n t r a t i o n o f t h e s o l u t e i n t h e r e 
c e i v i n g f l u i d v s t h e s q u a r e r o o t o f t i m e i s p r e p a r e d 
f r o m t h e d a t a , a n d t h e d i f f u s i o n c o e f f i c i e n t , D, i s 
c a l c u l a t e d f r o m t h e l i n e a r p o r t i o n o f t h e c u r v e b y 
t h e f o l l o w i n g f o r m u l a . 

, „ d(Mt/Moo) 
w h e r e : = ditVh) 

a n d Mt = m a s s o f s o l u t e r e l e a s e d a t t i m e t 
Moo = m a s s o f s o l u t e r e l e a s e d a t t i m e 0 0 

h = t h i c k n e s s o f t h e m e m b r a n e 
t = t i m e 

F i l m s p e c i m e n s o f t h e 3 0 / 7 0 , 4 0 / 6 0 , a n d 5 0 / 5 0 
HEMA/MMA c o p o l y m e r s w e r e e q u i l i b r a t e d a t 3 7 ° C i n a 
s a t u r a t e d a q u e o u s s o l u t i o n o f s o d i u m f l u o r i d e . T h e 
e q u i l i b r a t i n g s o l u t i o n w a s m a i n t a i n e d a t s a t u r a t i o n 
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by desorption of sodium f l u o r i d e from p e l l e t s of HEMA 
polymer to which s o l i d sodium f l u o r i d e had been added 
before i t was polymerized i n bulk. This procedure i s 
a simple way of maintaining s a t u r a t i o n of the s o l u t i o n 
without contaminating the surfaces of f i l m specimens 
with p a r t i c l e s of sodium fluoride.(J) A f t e r e q u i l i b r a 
t i o n had been achieved (1 or 2 days), the f i l m samples 
were removed and b l o t t e d to remove surface s o l u t i o n . 
The f i l m s were then placed i n a polyethylene b o t t l e 
containing 50 ml of water which had been e q u i l i b r a t e d 
at 37°C. The f l u o r i d e s p e c i f i c - i o n electrode (Orion 
Model 96-09) was in s e r t e d i n the s o l u t i o n , and the 
b o t t l e was shaken vigorously. The m i l l i v o l t output of 
the s p e c i f i c - i o n electrode was recorded continuously 
on a s t r i p - c h a r t recorder  Concentratio  yj  \H p l o t
were made from the
samples were then e q u i l i b r a t e d  severa  a d d i t i o n a
50-ml volumes of water to allow e x t r a c t i o n of a l l of 
the f l u o r i d e . The desorbing so l u t i o n s and the ex t r a c t 
ing s o l u t i o n s were analyzed to give the t o t a l mass, Moo, 
of f l u o r i d e released. The f i l m s were then weighed wet 
and d r i e d i n vacuo. 

The d i f f u s i o n c o e f f i c i e n t s , D, were c a l c u l a t e d by 
the desorption equation. The sat u r a t i o n concentration, 
C S/ of sodium f l u o r i d e i n the hydrated copolymers was 
ca l c u l a t e d by d i v i d i n g the Moo value by the volume, 
A χ h, of the e q u i l i b r a t e d sample. The p a r t i t i o n co
e f f i c i e n t , Kf, of f l u o r i d e between the polymer and the 
r e c e i v i n g f l u i d was c a l c u l a t e d from Cs and Cf, the 
satu r a t i o n concentration of sodium f l u o r i d e i n the 
f l u i d (determined by analyzing the saturated e q u i l i 
b r a t i n g s o l u t i o n ) . 

The e q u i l i b r i u m water content (degree of hydration) was 
ca l c u l a t e d from the wet and dry weights of the f i l m s . 

Water Content = Wet Weight - Dry Weight 
Wet Weight 

Other Methods. Methods f o r f a b r i c a t i n g devices 
and f o r determining t h e i r f l u o r i d e - r e l e a s e rates i n 
v i t r o and i n vivo are described i n other sections. The 
synthetic s a l i v a f o r i n v i t r o evaluations was a d i l u t e 
s o l u t i o n of e l e c t r o l y t e s : 0.6 mM C a C l 2 ; 1.8 mM 
NaH2POi*; 12 mM NaHC03; and 1.0 mM HC1. Human s a l i v a 
was c o l l e c t e d from volunteers. 
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Device Design 

To release f l u o r i d e at a constant rate f o r a pro
longed period, a device must contain a r e s e r v o i r of 
f l u o r i d e s a l t separated from the r e c e i v i n g f l u i d 
(saliva) by a r a t e - c o n t r o l l i n g membrane that i s perme
able to f l u o r i d e ions. To be permeable to f l u o r i d e 
ions, a membrane must become hydrated when immersed i n 
aqueous media; and to c o n t r o l f l u o r i d e r e l e a s e , i t s 
degree of hydration must be e a s i l y reproduced. The 
a c r y l i c hydrogels represent a c l a s s of polymers that 
can be formulated to provide membrane materials having 
a wide range of degrees of hydration. For our 
f l u o r i d e - r e l e a s i n g devices, we chose to use copolymers 
of hydroxyethyl methacrylat
a c r y l a t e (MMA). 

In Figure 1 we show that the e q u i l i b r i u m water 
content of HEMA/MMA copolymer membranes v a r i e s d i r e c t 
l y with the mole % of the h y d r o p h i l i c monomer (HEMA) 
but to d i f f e r e n t degrees above and below the equimolar 
r a t i o s . Several values f o r HEMA/MMA copolymers that 
were reported by Yasuda, et a_l. (5) are a l s o shown i n 
Figure 1. Copolymers with 50 mole % or l e s s of HEMA 
are p r e f e r r e d f o r both the core matrix and the r a t e -
c o n t r o l l i n g membranes of our devices. 

Two d i f f e r e n t copolymers were required f o r the 
devices. The one fo r the core had to be high l y per
meable to sodium f l u o r i d e , and the one f o r the r a t e -
c o n t r o l l i n g coating had to be l e s s permeable. Values 
of D, C Sr and Kf were determined f o r three copolymer 
compositions: 30/70, 40/60, and 50/50 HEMA/MMA. 
Table I shows the d i f f u s i o n c o e f f i c i e n t , D, the 
satura t i o n s o l u b i l i t y , C s, the p a r t i t i o n c o e f f i c i e n t , 
Kf, and the c a l c u l a t e d permeability, P, fo r sodium 
f l u o r i d e when water was the e q u i l i b r a t i n g (receiving) 
f l u i d . The values were e s s e n t i a l l y the same when 
synthetic s a l i v a and human s a l i v a were used as r e c e i v 
ing f l u i d s . On the basis of these data we chose the 
50/50 HEMA/MMA copolymer f o r the core matrix material 
and the 30/70 HEMA/MMA copolymer f o r the coating mate
r i a l s . 

Since the f l u o r i d e - r e l e a s i n g devices are expected 
to be worn by c h i l d r e n as we l l as adults, we designed 
the f i n a l devices so that they would be as small as 
pos s i b l e . The main f a c t o r r e s t r i c t i n g the o v e r a l l 
s i z e was the amount of f l u o r i d e s a l t that was required 
to s u s t a i n the desired d a i l y rates of release f o r s i x 
months. From our work with design prototypes, we 
determined that the rate of release of f l u o r i d e from 
t r i l a m i n a t e devices remains constant u n t i l approxi-
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mately 80% of the f l u o r i d e i n the core i s exhausted. 
With t h i s i n mind, we designed the f i n a l devices to 
contain a 20% excess of f l u o r i d e s a l t . 

The core of the device was designed to c o n s i s t of 
powdered sodium f l u o r i d e dispersed i n a matrix of 
HEMA/MMA copolymer. The copolymer matrix serves two 
functions. F i r s t , i t provides a medium of f i x e d 
geometry and water content i n which the f l u o r i d e s a l t 
d i s s o l v e s p r i o r to d i f f u s i n g through the r a t e - c o n t r o l 
l i n g membranes. This design ensures that the concen
t r a t i o n of di s s o l v e d f l u o r i d e at the i n t e r i o r surfaces 
of the r a t e - c o n t r o l l i n g membrane w i l l remain constant 
throughout the l i f e t i m e of the device. And second, 
the copolymer matrix provides a degree of safety to 
prevent catastrophi  releas f th f th  de
vic e i f the r a t e - c o n t r o l l i n
l y punctured, torn, or worn through. Since the core i s 
a c t u a l l y a monolithic c o n t r o l l e d - r e l e a s e device, (4 ) 
s t r e s s f a i l u r e of the r a t e - c o n t r o l l i n g membrane w i l l 
r e s u l t i n a high rate of f l u o r i d e release f o r a short 
period u n t i l the f l u o r i d e s a l t i n the immediate v i c i n 
i t y of the f a u l t i s depleted. Then, the core matrix 
material w i l l become rate c o n t r o l l i n g , and the release 
of f l u o r i d e from the device w i l l occur at a low, 
d e c l i n i n g rate. 

Cores f o r t r i l a m i n a t e devices that are prepared 
from the 50/50 HEMA/MMA copolymer to contain 80% (w/w) 
of sodium f l u o r i d e have a loading density of 1.9 g of 
sodium f l u o r i d e per cm3 of core. Cores prepared to 
contain 62% (w/w) of sodium f l u o r i d e i n 50/50 HEMA/MMA 
copolymer have a loading density of 1.53 g of sodium 
f l u o r i d e per cm3 of core. These density f a c t o r s were 
used to c a l c u l a t e the minimum core volumes required 
fo r the four devices. From the minimum core volumes 
we c a l c u l a t e d " a r b i t r a r y " l i n e a r dimensions f o r the 
cores, and from these we c a l c u l a t e d the membrane sur
face areas. Then, we used the values of D, CSr and Kf 
that were determined f o r the 30/70 HEMA/MMA copolymer 
and the Fic k ' s Law equation to c a l c u l a t e the thickness 
of the r a t e - c o n t r o l l i n g membranes required to give the 
desired rates of release of f l u o r i d e . Two a l t e r n a t i v e 
design s p e c i f i c a t i o n s f o r each of the four f i n a l de
vic e s are given i n Table I I . S i m i l a r values can be 
cal c u l a t e d f o r c y l i n d r i c a l , s p h e r i c a l , or i r r e g u l a r 
devices. Since the r a t e - c o n t r o l l i n g membranes are 
very t h i n , the device dimensions are very nearly the 
core dimensions. 
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F a b r i c a t i o n of Devices 

The key to f a b r i c a t i n g t r i l a m i n a t e devices having 
p r e c i s e , predetermined rates of release i s i n accu
r a t e l y preparing the f l u o r i d e - c o n t a i n i n g cores to 
s p e c i f i e d dimensions. To do t h i s , we had s t a i n l e s s -
s t e e l r e p l i c a s of the cores s p e c i f i e d i n Table II 
prepared i n our machine shop. Using these r e p l i c a s , 
we prepared m u l t i - c a v i t y s i l i c o n e rubber molds f o r the 
cores. Molding mixtures were prepared by thoroughly 
mixing powdered sodium f l u o r i d e i n appropriate amounts 
i n t o viscous s o l u t i o n s of 50/50 HEMA/MMA copolymer i n 
60:40 acetone-dioxane. 

Cores were molded by applying the f l u o r i d e mixtures 
by spatula i n t o th
the solvent to evaporat
the cores from the mold, they s t i l l contained a small 
amount of r e s i d u a l dioxane and were p l i a b l e . Two 
s t a i n l e s s - s t e e l wires were attached to each core to 
provide a means f o r l a t e r attaching the device to an 
appliance i n a dog 1s mouth. The large ribbon-shaped 
cores were als o curved s l i g h t l y while they were s t i l l 
p l i a b l e , and then they were allowed to dry. A sketch 
of a curved core with the wires attached i s shown as 
Figure 2. 

The cores were then coated with r a t e - c o n t r o l l i n g 
membranes by dipping them repeatedly i n t o a 12% (by 
weight) s o l u t i o n of 30/70 HEMA/MMA copolymer i n 60:40 
acetone-dioxane. A f t e r each dip, the coating was 
allowed to dry i n a i r f o r approximately 20 min. Each 
dipping increased the coating thickness by approxi
mately 0.001 cm. Thus, approximately 14 dips were 
required to produce a coating thickness of 0.014 cm. 
The a c t u a l thickness was measured with a micrometer. 
A f t e r the l a s t dipping, the devices were d r i e d i n a i r 
for 1 hr and then placed i n a vacuum oven at 60°C 
overnight. 

In V i t r o Evaluation of Devices 

A constant-temperature flow system was used f o r 
evaluating the release rates of f l u o r i d e from the de
v i c e s . The devices were suspended by a s t a i n l e s s -
s t e e l wire i n a 30-ml-capacity, polyethylene flow c e l l 
having i n l e t and o u t l e t ports f o r the r e c e i v i n g f l u i d . 
I n i t i a l l y , h i gh-purity deionized water was pumped at 
0.85 ml/min (1220 ml/day) from a thermostated (37°C) 
r e s e r v o i r , through the flow c e l l (also held at 37°C), 
and i n t o a c o l l e c t i o n v e s s e l . Later, devices were 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



190 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

MOLE PERCENT OF HEMA IN COPOLYMERS 

Figure 1. Equilibrium water content for HEMA/MMA copolymers 

STAINLESS STEEL 

Figure 2. Core for fluoride-releasing device 
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evaluated with synthetic and na t u r a l s a l i v a s as the 
re c e i v i n g f l u i d s . At regular i n t e r v a l s the r e c e i v i n g 
f l u i d i n the c o l l e c t i o n v e s s e l was assayed f o r f l u o r i d e 
v i a a c a l i b r a t e d s p e c i f i c - i o n electrode (Orion Model 
96-09), and the volume of f l u i d c o l l e c t e d during the 
time i n t e r v a l was recorded. Figure 3 depicts the flow 
system. Although only one flow c e l l i s shown i n Figure 
3, we usu a l l y operated s i x c e l l s simultaneously. 

The f l u o r i d e - r e l e a s i n g devices a l l have s i m i l a r 
polymeric cores loaded with powdered sodium f l u o r i d e . 
The copolymers f o r the core matrix were designed to be 
highl y permeable to f l u o r i d e . The rate of release of 
f l u o r i d e from the devices i s c o n t r o l l e d by the mem
branes which surround the cores. To demonstrate the 
v a l i d i t y of t h i s desig  concept  placed  d i s k
shaped (1.18-cm-diamete
50/50 HEMA/MMA copolymer and containing 40 mg of 
f l u o r i d e i n the flow c e l l and determined the rate of 
release of f l u o r i d e i n t o deionized water at 37°C. 
Most of the f l u o r i d e was released during the f i r s t day, 
and v i r t u a l l y a l l of the f l u o r i d e was released during 
four days. When 0.023-cm-thick, r a t e - c o n t r o l l i n g mem
branes of 30/70 HEMA/MMA copolymer were pressure 
laminated on both sides of a s i m i l a r core, and the 
edges of the laminate were sealed with a coating of 
30/70 copolymer, a device that released f l u o r i d e at a 
nearly-constant rate of approximately 0.8 mg/day was 
obtained. Figure 4 shows the cumulative release of 
f l u o r i d e from the core alone and from the complete 
t r i l a m i n a t e device. 

Long-term, i n v i t r o evaluations of two of the f i n a l 
devices were i n i t i a t e d soon a f t e r they were f a b r i c a t e d . 
The devices were suspended i n the flow c e l l s and eluted 
continuously at 37°C with synthetic s a l i v a flowing at 
approximately 0.85 ml/min. The rele a s e - r a t e data that 
have been obtained so f a r are shown i n Figures 5 and 6. 

Device 7935-29-C (Figure 5) was designed to release 
f l u o r i d e at a rate of 0.2 mg/day. The core was a 
2.5 χ 0.5 χ 0.05-cm ribbon loaded with 62% of sodium 
f l u o r i d e . The coating thickness i s 0.022 cm. Over a 
t e s t period of 59 days the average rate of release of 
f l u o r i d e has been 0.19 mg/day. 

Device 7935-29-G (Figure 6) was designed to release 
f l u o r i d e at a rate of 0.5 mg/day. I t has a 1.9 χ 0.8 
χ 0.08-cm core loaded with sodium f l u o r i d e at a l e v e l 
of 80%. The coating thickness i f 0.011 cm. Over a 
te s t period of 63 days the device has released f l u o 
r i d e at an average rate of 0.49 mg/day. 

The rate of release of f l u o r i d e from these devices 
has been shown to be e s s e n t i a l l y independent of the 
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ROLLER PUMP 

RECEIVER 

Figure S. Diagram of constant-temperature flow system 

0 5 10 15 20 25 30 
TIME , days 

Figure 4. Cumulative release of fluoride from a core alone and from a pressure-lami
nated device 
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composition and pH of the r e c e i v i n g f l u i d . In t e s t s 
with synthetic s a l i v a , human s a l i v a , and water having 
values of pH ranging from 4 . 8 to 7 . 8 , the f l u o r i d e r e 
lease rate v a r i e d by l e s s than ± 0 . 0 3 mg/day f o r a de
vi c e with a d a i l y mean release rate of 0 . 4 7 mg/day. 

In Vivo Evaluation of Devices 

Two f l u o r i d e - r e l e a s i n g devices i d e n t i c a l to those 
evaluated i n v i t r o were als o evaluated i n vivo i n 
beagle dogs. The devices were attached v i a a s p e c i a l 
ly-designed i n t r a o r a l appliance that was attached to 
the upper canine teeth. 

F a b r i c a t i o n of a f i x e d i n t r a o r a l appliance which 
would allow f o r attachmen
t r o l l e d - r e l e a s e devic
impressions using an alg i n a t e impression m a t e r i a l . 
Models made of p l a s t e r of p a r i s were poured and ortho
dontic bands f o r the upper canines were constructed 
from 0 . 2 5-in.-wide, 0 . 0 0 2 - i n . - t h i c k s t a i n l e s s - s t e e l 
ribbon. The bands were hand f i t t e d and e l e c t r i c a l l y 
spot welded. A se c t i o n of s u r g i c a l arch bar was 
adapted to the casts and soldered to the bands. The 
l a b i a l bar was f i t t e d with space l e f t f o r the occluding 
lower canines. The lugs were removed i n the a n t e r i o r 
part of the arch bar to allow seating of the f l u o r i d e -
r e l e a s i n g device which was attached to the f i x e d 
appliance by means of s t a i n l e s s - s t e e l wires hooked 
to the p o s t e r i o r lugs of the arch bar (Figure 7 ) . 

Seating and zinc oxyphosphate cementing of the 
completed appliance were accomplished with the dogs 
l i g h t l y anesthetized with Nembutal. Figure 8 i s a 
sketch showing the completed appliance attached i n 
the beagle's mouth. 

P r i o r to attachment of the f l u o r i d e - r e l e a s i n g de
v i c e s , s a l i v a was c o l l e c t e d from two beagle dogs and 
analyzed f o r f l u o r i d e . The dogs were given 0 . 0 7 ml of 
a s o l u t i o n of p i l o c a r p i n e ( 75 mg/ml) s.c. i n the nape 
of the neck to stimulate s a l i v a flow. S a l i v a c o l l e c 
t i o n by a s p i r a t i o n was begun immediately and continued 
u n t i l a 2-ml sample had been c o l l e c t e d . Average 
s a l i v a f l u o r i d e l e v e l s were found to be 0 . 0 1 5 ppm. 

Dai l y s a l i v a samples were c o l l e c t e d from the dogs 
a f t e r the devices were i n place. S a l i v a was c o l l e c t e d 
with and without p i l o c a r p i n e s t i m u l a t i o n . The i n vivo 
data (Table III) show that the f l u o r i d e - r e l e a s i n g de
vi c e s elevated the s a l i v a f l u o r i d e l e v e l s s i g n i f i c a n t 
l y . The higher l e v e l s measured without p i l o c a r p i n e 
s t i m u l a t i o n i n d i c a t e d that p i l o c a r p i n e stimulation i n -
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F L U O R I D E - R E L E A S I N G 

D E V I C E ν 

S U R G I C A L A R C H 

Figure 7. Intraoral orthodontic appliance with device attached 

Figure 8. Fluoride-releasing device in place in 
a beagle's mouth 
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creases s a l i v a flow rate but not the rate of release 
of f l u o r i d e from the devices. 

Table I I I . S a l i v a F l u o r i d e Levels of Beagle Dogs 
F i t t e d with I n t r a o r a l F l u o r i d e -

Releasing Devices 

Fl u o r i d e concentration, ppm, 
i n s a l i v a of dog with 
device r e l e a s i n g at 

S a l i v a c o l l e c t e d 0 . 2 mg F/day 0 . 5 mg F/day 

Before device 0 . 0 1 8 0 . 0 1 3 
Without p i l o c a r p i n e 

s t i m u l a t i o n 0 . 2
With p i l o c a r p i n e 

s t i m u l a t i o n 0 . 1 5 0 . 2 5 

Abstract 
The continuous topical administration of fluoride 

to teeth from an intraoral controlled-release device 
is an untried method for reducing the occurrence of 
dental caries. Pharmacokinetic dose-response data can 
be obtained only after a delivery system has been 
developed. In the present study we are developing bio
compatible, fluoride-containing devices that release 
fluoride in the oral environment at constant pre
determined linear rates of 0.02 to 1.0 mg/day for at 
least six months without maintenance or adjustment. 
The trilaminate devices comprise a core of inorganic 
fluoride salt, which is dispersed in a copolymer 
(hydrogel) of hydroxyethyl methacrylate and methyl 
methacrylate, and outer layers (or coatings) of semi
permeable, rate-controlling membranes, which are made 
from similar hydrated acrylic copolymers. Fluoride 
from the core diffuses through the membranes into the 
oral environment at a rate precisely controlled by the 
thickness, area, and permeability of the materials. 
The permeability parameters, which include the solu
bility of the fluoride salt in the polymeric core and 
in the outer membranes, the diffusion coefficients of 
fluoride in both materials, and the partition coef
ficient for fluoride between the outer membrane and 
saliva, have been quantitated; and prototype devices 
have been evaluated in vitro and in vivo in dogs. 
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15 
The Hydrogel-Water Interface 

A. SILBERBERG 
The Weizmann Institute of Science, Rehovot, Israel 

There are very few investigations which deal with the gel
-swelling medium interfac
solute components according y
in treatments of gel chromatography. Contact angle measure
ments have been undertaken routinely (1), but the structure and 
the statistical mechanics of this type of interphase has received 
only a preliminary treatment (2). 

In selecting the hydrogel-water interface for special con
sideration, it will have to be realized that it does not possess 
features which are not characteristic of the gel-solvent inter
face in general and that the measure of our ignorance is prob
ably about the same. This is provided, of course, that we put 
aside - as we shall do here - such special potential aspects as 
charged ionic surface groups and long range electrostatic inter
actions. 

Still , even without charge interactions, water is a rather 
special solvent and the uncharged polymeric species which are 
soluble, or swellable, are so, generally, because they possess 
groups which hydrate well, i.e. will form a hydrogen bond with 
water. Such groups are almost always also capable of forming 
hydrogen bonds with each other and solubility, in general, implies 
that the hydrogen bond with water is not too weak as compared with 
the bond dimerizing two groups. While in water both the solution 
and dimerization bond energies tend to be quite large, they are 
also about equal and their difference remains small. Solubility, 
i.e. sweliability, of the material will be assured if the inter
action between the polymer segments in the aqueous environment 
is only mildly attractive, i.e. does not overfavor dimerization 
over hydration (see Figure 1). Similar considerations will apply 
to gels in general. Nevertheless, some special aspects govern 
aqueous gels which could cause them to behave differently to 
other gels. 
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Energy Level Scheme 

[ wpp woo ~ 2wop] ~ ~ ^ 

(a) (b) 

Figure 1. Energy effects which control stability. wop, energy level for polymer segment 
bound to solvent; wpp, energy level for polymer segment-polymer segment interaction; 
w00, energy level for solvent-solvent interaction. According to the Flory-Huggins theory 
of polymer solutions, χ = [2wop — w00 — wpp]/2kT < 0.5 for solubility. The parameter 
χ is generally found to be in the range between 0 and 0.5. This implies, as the potential 
diagram (b) shows, that the "pp"-bond is probably stronger than the "op"-bond. If, how
ever, it is too strong, then χ > 0.5, and the system is potentially unstable. Hence, the 
hydrogen bond between gel substance groups can be somewhat stronger than the hydro

gen bond of this group with water but not very much stronger. 
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Features which Distinguish Hydrogels 

Whereas in most non-polar solvents the mixing energies are 
due to van der Waals interactions only (both the individual 
energy level changes and their differences are small), in aqueous 
environments we are dealing with relatively large energy effects. 
Hence the same percentage change can produce much larger effects 
on solubility in the aqueous medium. Conformational changes and 
cooperative interactions between polymer and polymer and polymer 
and solvent are thus much more dramatic and much more readily 
precipitated in aqueous media than in other environments. A 
hydrogel can be regarded as a potentially unstable system whose 
state is easily influenced by slight variations in temperature,or 
pressure, or by minor chemical modifications of the aqueous en
vironment (e.g. additio
neutral salts or alcohols)

To the extent that gradients exist in the gel, particularly 
in the surface region, we might thus be faced with the possibility 
of large changes in conformation (or degree of interaction be
tween the segments of the gel substance) in going through the 
interfacial region between bulk homogeneous gel and bulk water. 

The Gel-Solvent Interface 

Gels are characterized by the possession of crosslinks. 
Generally speaking these are chemical units to which a number 
of chains, three or more, are linked in some fashion either by 
permanent bonds or by bonds of a sufficiently long lifetime so 
that changes in structure do not occur, or occur only very slowly 
under stress. These crosslinks, however, need not be defineable 
chemical links between separate chains, but could, for example, 
be more extensively organized regions containing a larqe amount 
of gel substance between-, which a small number of long coiling 
polymeric chains establish the connections and hold the gel 
together, topologically. These organized regions thus act as 
effective crosslinks and the chain segments between them as 
the effective network segments. w© are comparing the actual gel 
with the classical homogeneous ideal, three-dimensional network 
model and try to establish correlations. These correlations will 
depend upon the experiment considered and i t is not to be ex
pected that the division into effective crosslinks and effective 
network segments need necessarily be unique. The kind of di v i 
sion which will account for the elastic modulus may not corre
spond to the division best suited to permeation studies. The 
main points to remember are that gel structure is not necessarily 
homogeneous,that not each chemical crosslink is an effective 
crosslink,but that a meaningful separation into structural 
elements is nevertheless possible. 

If the presence of the crosslinks defines the presence of 
the gel, the zone where the crosslink density (number of 
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crosslinks per unit volume) goes from i t s value in the gel 
interior to its value, zero, in the water phase,represents the 
gel surface, i.e. the interface with the solvent bulk phase. 
Ideally we could picture this transition as geometrically abrupt, 
but there i s , in fact, l i t t l e reality to an interfacial zone 
more sharply located than the mean distance between crosslinks 
in the bulk. The macromolecular fuzz, i.e. the region involving 
the freely coiling chain segments between crosslinks will also 
terminate at the interface, and in part, smooth out the coarse 
grain of the crosslink density distribution. Even then i t is 
most unlikely that the gel surface can be much smoother than 
the displacements characteristic of the intercrosslink distance. 

Swelling Equilibrium 

Since we are considerin
swelling equilibrium has been established. This means essen
t i a l l y that the concentration of water in the gel has been 
adjusted, by suitably contracting or expanding the distance 
between crosslinks, by, in other words, coiling or uncoiling 
the macromolecular network segment chains, so that solvent 
chemical potential is the same inside and out. 

If this experiment were done using a solution containing a 
finite number of unlinked macromolecules in place of the gel, 
the system would go to infinite dilution. If, however, the 
volume of polymer solution were confined inside a closed mem
brane, which does not permit the polymer component to move out, 
water will enter, or will tend to enter, the solution space 
raising the pressure until the water chemical potential is 
matched. Mechanically, this build-up of pressure is possible 
because the hydrostatic pressure can be compensated by a stress 
in the membrane. If the membrane is rigid (i.e. possesses 
infinite elastic modulus) compensation of forces can be achieved 
without volume change. In more practical situations the membrane 
has a finite elastic modulus, will tend to distend slightly and 
some swelling wil l take place. The point to note is that a real 
pressure difference is established between solution and swelling 
medium and that the water molecules in the solution phase are 
"aware" of i t by being forced closer together, i.e. being some
what more compressed than in the pure water phase at ambient 
pressure. 

In the case of the equilibrium swelling of a gel, the gel 
material would act as its own membrane. The question arises, 
therefore, whether a hydrostatic pressure difference exists 
between the interior of the gel and the water phase and whether 
a pressure gradient accompanies the concentration transition 
through the interface. 

This is a more di f f i c u l t question to answer than i t should 
be. First of a l l the literature is f u l l of terms which suggest 
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that such a pressure a r i s e s . Moreover, mechanical work can be 
done as a r e s u l t of swelling. Thus swelling pressure seems to 
be an appropriate term to apply when one wishes to characterize 
the force which would have to be exerted on the ge l i n order to 
prevent i t from swelling i n an experiment analogous to the 
membrane-polymer s o l u t i o n experiment j u s t discussed. In the 
l a t t e r case, too, one speaks of a pressure, the osmotic pressure, 
which can be translated i n t o a r e a l pressure e f f e c t when a 
membrane i s employed to r e s i s t a change i n volume of the s o l u t i o n 
phase, i . e . to prevent d i l u t i o n . Osmotic pressure i s , however, 
not an inherent mechanical feature of the solution,but only a 
method of expressing i t s concentration. To achieve a r e a l pres
sure e f f e c t we have to perform an experiment which w i l l depend 
upon the presence of a mechanical device, the membrane, and 
another phase, the pur  solvent  Onl  the
difference be generated

Now exactly the same i s true when a gel i s studied under 
s i m i l a r conditions. A porous r i g i d support f o r the g e l i s r e 
quired. Mechanically i t i s the equivalent of the membrane i n 
the osmotic pressure experiment. Through i t the g e l i s put i n t o 
contact with the water phase, and by i t s device the volume of 
the g e l i s confined mechanically. P r e c i s e l y as i n the osmotic 
pressure measurement system, water w i l l tend to enter, compression 
of the water molecules w i l l occur, the hydrostatic pressure w i l l 
r i s e , and the chemical p o t e n t i a l of water i n s i d e the compartment 
w i l l r i s e to match that of the water outside. As i n the case of 
osmotic equ i l i b r i u m , solvent chemical p o t e n t i a l i s balanced by a 
r e a l pressure r i s e and the mechanical i n t e r a c t i o n between the g e l 
and i t s porous r i g i d support provides the means by which water 
compression i s achieved. There i s only one difference. The 
pressure e f f e c t i s not c a l l e d osmotic pressure but swelling 
pressure. 

The s i t u a t i o n of swelling pressure measurement i s , however, 
not the s i t u a t i o n of swelling equilibrium. In that case expan
sion i s unresisted and w i l l stop only when conformational changes 
i n the network segments have so d i s t o r t e d the s t a t i s t i c a l me
chanical p a r t i t i o n function of the system and so d i l u t e d the 
system that the e f f e c t of the g e l substance solute on the solvent 
chemical p o t e n t i a l i s reduced to zero. Solvent chemical p o t e n t i a l 
i s balanced by changes i n solute chemical p o t e n t i a l alone and 
the need for a pressure r i s e on the s o l u t i o n i s obviated. Indeed, 
i t would be mechanically impossible to have such a pressure a r i s e 
without a device which could compensate t h i s e f f e c t mechanically. 
True enough the network i s distended but there i s no force i n 
the network segments at swelling equilibrium. We can cut such 
a gel at any point and no volume change w i l l a r i s e . Only then 
i n contact with pure solvent w i l l forces a r i s e when the network 
i s mechanically d i s t o r t e d out of the configuration i n which 
i t i s i n thermodynamic equilibrium. Only then w i l l 
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i t s segments carry force. In contact with a pure solvent phase, 
therefore, the configuration of the network i n i t s swelling 
equilibrium s i t u a t i o n i s the reference unstressed nondistorted 
configuration. Out of contact with pure solvent, the g e l w i l l 
have been synthesized,or formed i n other ways, at a concentration 
above swelling equilibrium. For volume preserving deformations 
from t h i s state the system w i l l tend to return to i t as i t s then 
reference s t a t e , but only i f out of contact with solvent. The 
reference state of the system i s thus the equilibrium state of 
the system under the environmental constraints imposed. I t has 
nothing to do with whether or not the degree of c o i l i n g of the 
network segments by chance corresponds to the conformational 
d i s t r i b u t i o n of that polymer species i n free s o l u t i o n . 

We can, moreover, change the reference state by changing 
the outside medium. I f
aqueous s o l u t i o n were use
too b i g to enter the g e l , a d i f f e r e n t swelling equilibrium would 
be reached and the reference state would correspond to that 
s i t u a t i o n . Hence any state can be a reference s t a t e , but the 
outside medium may have to possess rather s p e c i a l properties i n 
each case. 

I t i s the approach used by Flory i n h i s treatment of the 
i s o l a t e d macromolecule (3). Here the macromolecule i s considered 
as a microscopic g e l p a r t i c l e and s w e l l i n g to equilibrium i s 
allowed to occur. The swollen state of the macromolecule and 
not i t s Gaussian d i s t r i b u t i o n state i s now the normal conforma
t i o n a l d i s t r i b u t i o n of the segments i n that solvent medium. 

Segment D i s t r i b u t i o n i n the Interface 

The swelling of the macroscopic gel can thus be considered 
analogously to the F l o r y approach. The p r i n c i p a l difference 
derives from the f a c t that the segment d i s t r i b u t i o n i s rather 
d i f f e r e n t to s t a r t with. Swelling w i l l occur i n most cases of 
good solvents and the θ-conditions of i d e a l i n s o l u b i l i t y w i l l 
not be d i f f e r e n t since the θ-point corresponds, as before, to 
the vanishing of the second v i r i a l c o e f f i c i e n t i . e . to the 
t r a n s i t i o n to c r i t i c a l l y a t t r a c t i v e polymer-polymer i n t e r 
actions. While we can assume that network segment d i s t r i b u t i o n 
i nside the gel i s i s o t r o p i c t h i s d i s t r i b u t i o n goes to zero over 
some i n t e r f a c i a l region of a slab thickness corresponding 
approximately to the i n t e r c r o s s l i n k distance. 

A number of problems are, however, here encountered. The 
d i s t r i b u t i o n of conformations of a network segment between f i x e d 
crosslinks, allowing for the exclusion of conformations due to 
the simultaneous presence of other such network segments, i s 
not adequately known. S i m i l a r l y , the d i s t r i b u t i o n of dangling 
chain ends from the outermost layer of c r o s s l i n k points (taking 
i n t o account that here too there are network segments going 
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from these c r o s s l i n k s to i n t e r i o r c r o s s l i n k points and w i l l i n 
h i b i t conformational freedom) has not yet been derived. I t may 
be assumed that t h i s d i s t r i b u t i o n has some s i m i l a r i t y to the 
d i s t r i b u t i o n of chains terminally attached to a r i g i d plane 
surface (4). Account w i l l , however, have to be taken of the 
fact that the outermost layer of c r o s s l i n k s does not l i e i n one 
plane and that the dangling chain ends are not uniform i n 
length. 

We may expect, therefore, that the outermost layer of a 
gel surface i s much t h i c k e r than one i n t e r c r o s s l i n k distance 
and that the surface phase w i l l thus be much more d i f f u s e than 
the i n t e r i o r s i t u a t i o n of the g e l . 

I t should be noted that using θ-conditions f o r the swelling 
w i l l give cases where chai  s t a t i s t i c t c l o s e l h th
i d e a l Gaussian random walk

Relationship between Bulk and Surface Structure 

Laser s c a t t e r i n g r e s u l t s from gels (5,6) and some recent 
permeability studies ( 7 ) both confirm the idea that the i n t e r n a l 
structure of gels does not necessarily conform to the simple con
cept that each c r o s s l i n k molecule incorporated i n t o the network 
structure produces one independent c r o s s l i n k . Many such l i n k s 
apparently are wasted simply producing larger chains. Others 
occur too close to each other and may only serve to extend the 
region which mechanically w i l l act as a sing l e c r o s s l i n k , a l l 
chemical c r o s s l i n k s i n that region acting as one. Hence many 
gels react as though they had far fewer e f f e c t i v e c r o s s l i n k s 
than apparently incorporated and as though they had much wider 
openings i n them than would be suspected from the amount of 
gel substance present. 

E f f e c t s l i k e these, a coarsening of the grain of the g e l , 
may also be expected to a f f e c t the surface zone commensurately. 

Hydrodynamic E f f e c t s 

Macromolecules, p h y s i c a l l y adsorbed or chemically attached 
(at one or two points) to s o l i d support surfaces produce a 
d i f f u s e macromolecular zone. In attempts to measure the t h i c k 
ness of such layers by the change i n dimensions they produce, 
i t i s found that the thicknesses so measured are e f f e c t i v e l y 
much larger than those determined by other methods (9/10). 
There i s thus a hydrodynamic e f f e c t which produces an extra 
energy d i s s i p a t i o n i n the f l u i d layers adjoining the macro
molecular surface. 

Confirmation that flow past a gel,or g e l - l i k e , s u r f a c e 
i s associated with an extra energy d i s s i p a t i o n was obtained 
from studies of the resistance to flow through c y l i n d r i c a l 
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channels in a gel {11) . Compared with channels of the same 
dimensions with rigid walls, the cylinder in the gel allows 
only a reduced throughput. The effect could be correlated with 
the elastic modulus of the gel and the thickness of the gel 
layer. It seems to be due to oscillations excited in the 
interface ( 12) . 

It is to be hoped that the interesting properties of the 
hydrogel surface which have led to an increasing number of 
applications in a variety of fields will also stimulate more 
systematic work on their physico-chemical and mechanical 
attributes. 
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Probing the Hydrogel/Water Interface 

JOSEPH D. ANDRADE, ROBERT N. KING, and DONALD E. GREGONIS 
Department of Materials Science and Engineering, University of Utah, 
Salt Lake City, Utah 84112 

The i n t e r f a c i a l properties of gel/water interfaces are impor
tant i n the biomedical
i n the areas of blood c o m p a t i b i l i t y
c e l l adhesion. The gel/water inte r f a c e may also be important i n 
the i n t e r f a c i a l chemistry of c e l l membranes (1). 

Very l i t t l e information i s a v a i l a b l e on gel/water i n t e r f a c e s . 
Many of the c l a s s i c a l surface chemical methods inv o l v i n g s o l i d / 
l i q u i d interfaces are inap p l i c a b l e to the g e l / l i q u i d i n t e r f a c e , 
because the " s o l i d " i s highly deformable and, i n general, the 
l i q u i d i s highly d i f f u s i b l e i n the s o l i d . Gels, by d e f i n i t i o n , 
are not sols so c l a s s i c a l l i q u i d - l i q u i d i n t e r f a c e techniques are 
not generally applicable. 

G e l / l i q u i d interfaces are thus experimentally and t h e o r e t i 
c a l l y somewhat f r u s t r a t i n g . Nevertheless, they are of such great 
p r a c t i c a l and s c i e n t i f i c importance that they merit c a r e f u l study. 

Silberberg has considered the gel/solvent i n t e r f a c e , l a r g e l y 
i n a t h e o r e t i c a l sense (2,3). 

The objective of t h i s paper i s to consider a v a r i e t y of 
experimental methods which can provide information on gel/water 
in t e r f a c e s . Much of the discussion w i l l be b r i e f and perhaps 
shallow - but that i s l a r g e l y the present state of a f f a i r s with 
regard to g e l / l i q u i d i n t e r f a c e s . 

Topography - Structure 

The f i r s t "measurement" which should be made on a surface 
i s gross examination, followed by microscopic examination. Is 
the surface rough? Does i t have an apparent structure or mor
phology? Is there any apparent orientation? Such questions 
must be answered before any subsequent surface cha r a c t e r i z a t i o n 
can be meaningful as v i r t u a l l y a l l surface ch a r a c t e r i z a t i o n 
techniques are surface roughness or topography dependent. A l 
though a v a r i e t y of techniques are available f o r measuring the 
topography of hard s o l i d surfaces (£), they are l a r g e l y inap
p l i c a b l e to gel surfaces. 

206 
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Optical microscopy i s very useful (5) and can be used to 
study i n s i t u surface topography using phase or interference 
contrast or with water immersion optics. Often, however, one 
requires higher magnification and must resort to the scanning 
electron microscope (SEM) or to the transmission electron micro
scope (TEM). 

Simple a i r drying of the gel followed by metal coating often 
shows sub s t a n t i a l differences i n gel topography. Figure 1 shows 
a series of radiation-grafted poly(hydroxyethyl methacrylate) 
(PHEMA) coatings on polypropylene (6). The gross differences i n 
topography are quite evident and strongly a f f e c t the surface or 
i n t e r f a c i a l c haracterizations. 

A i r drying i s seldom adequate for studying gel surfaces, 
p a r t i c u l a r l y for less r i g i d gels. Most gels e x h i b i t gross 
changes i n structure an
to the xerogel state.
able f o r examining d e l i c a t e b i o l o g i c a l structures by SEM and TEM, 
most generally involve f i x a t i o n or c r o s s - l i n k i n g steps, followed 
by dehydration, and c r i t i c a l point drying from Freon or l i q u i d 
CO^ (7). We would prefer to avoid such procedures with gels. 

The most accepted and common method of observing highly de-
formable gels i s by freeze-etching. The sample i s r a p i d l y frozen, 
often i n l i q u i d Freon, and fractured under l i q u i d nitrogen. The 
fracture surface can then be d i r e c t l y observed i n a cold stage 
or cold stub-equipped SEM or i t can be r e p l i c a t e d cold and the 
r e p l i c a examined by SEM or TEM (7,8). 

Cluthe has examined r a d i a t i o n cross-linked poly(ethylene 
oxide) (PEO) gels containing 1 to 10% polymer (9) by freeze etch 
r e p l i c a t i o n . He showed that the structures observed from embed
ded and sectioned gels were s i m i l a r to those of the freeze-etch 
r e p l i c a t e d samples. He observed and discussed " c e l l u l a r " struc
tures f o r the PEO gels. He also noted that the " f i b r i l l a r " 
structures observed i n the TEM by others may r e s u l t from a i r 
drying a r t i f a c t s . 

Blank and Reimschuessel (10) recently reviewed various gel 
structure theories and presented photographs of polyacrylamide, 
poly(ethylene oxide), and p o l y ( v i n y l alcohol) gels. They con
sidered the l i q u i d phase i n the gel i n terms of free l i q u i d , 
c a p i l l a r y or pore retained l i q u i d , and polymer adsorbed l i q u i d , 
i . e . , a three-layer model. This i s s i m i l a r to the "Χ, Y, Z" 
water hypothesis of gel water (11). The s o l i d phase was consid
ered i n terms of a c e l l u l a r or m i c e l l a r theory and a f i b r i l l a r 
theory (also c a l l e d the "brush-heap" theory (9)). Their photo
graphs c l e a r l y document roughness on the 10 micron l e v e l i n most 
of the gels examined. High r e s o l u t i o n studies on the structure 
of g e l a t i n gels are also a v a i l a b l e (12,13). Geymayer has re
viewed the problems involved i n high r e s o l u t i o n studies of 
freeze etched gels, including cooling rates, segregation and 
aggregation of d i f f u s i b l e solutes, and instrumentation (14). 
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Figure 1. SEM photos of HEMA grafts on polypropylene (original magnification, 
3150 X (A) Control; (B) 15% HEMA, 0.25 Mrad; (C) 15% HEMA, 1 Mrad; (D) 20% 

HEMA, 0.5 Mrad. 
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We have c a r r i e d out some very preliminary studies of PHEMA 
gels using freeze-etch SEM techniques. These studies are too 
premature to make any conclusions as to gel surface or bulk struc
ture, but they do permit some conclusions about experimental 
methodology. 

One can freeze dry a sample and observe i t d i r e c t l y i n the 
SEM at ambient temperatures (Figure 2a). This i s generally un
s a t i s f a c t o r y due to charging. One can freeze-dry, coat the 
sample at ambient temperature, and observe at ambient temperatures 
(Figure 2b). One can freeze the sample and observe i t at l i q u i d 
nitrogen temperatures (charging i s not a serious problem as i c e 
i s a f a i r conductor); the sample can be slowly warmed and the 
ice sublimes away revealing the structure (Figure 2c). The 
sample of Figure 2c was mounted as indicated i n Figure 3. 

It i s c l e a r , even
ed PHEMA g e l , of r e l a t i v e l
or freeze drying and ambient temperature examination may not 
reveal the f r e a l f structure. Freeze etching c e r t a i n l y has a r t i 
facts also, but at t h i s stage i t appears to be the method of 
choice for synthetic aqueous gels (14). 

A more r e l i a b l e procedure than outlined i n Figure 3 i s to 
place the sample onto a temperature c o n t r o l l e d stage. Such 
stages are a v a i l a b l e for most SEM!s. The samples can be observed 
frozen, freeze-etched, micromanipulated, and, i f desired, coated 
under co n t r o l l e d temperature conditions. 

Figure 4 i s a sequence of photographs of a 70% H2O - 30% 
PHEMA opaque g e l , mounted and fractured under l i q u i d nitrogen 
and examined i n the ETEC Bio-SEM (ETEC, Inc., Hayward, C a l i f o r 
nia) . The topography observed may be r e l a t e d to the rate of 
freeze etching. 

We have not examined transparent gels - studies are i n pro
gress. Matas, e t . a l . , however, reported some SEM studies of 
hydrophilic contact lenses (15). Surface scratches and roughness 
could be r e a d i l y seen - no apparent bulk structure or porosity 
could be seen. 

The surface roughness of the gels can be determined by 
stereo p a i r SEM photographs and stereophotogrammetric analysis 
(16). 

Contact Angle Methods 

Contact angle methods are widely used f o r measuring surface 
tensions or free energies of l i q u i d s and, less r i g o r o u s l y , of 
so l i d s . I n t e r f a c i a l tensions can often be obtained by contact 
angle methods. 

The t r a d i t i o n a l techniques for measurement of contact an
gles r e l y on determination of the s t a t i c l i q u i d p r o f i l e encount
ered at the three-phase l i n e (TPL) of the s o l i d , a l i q u i d , and 
a second f l u i d which may be l i q u i d or vapor. These include (17) 
(a) the t i l t i n g plate method, (b) the s e s s i l e drop method, 
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Figure 2. A PHEMA gel containing 7.5% ethylene glycol dimethacrylate crosslinker. 
The gel is opaque and contains 38.1% wt water. (A) Freeze-dried, stored ambient, and 
examined ambient; (B) freeze-dried, coated ambient, and examined ambient; (C) frozen; 

freeze etched; examined cold. 
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Figure 3. Cold stub and method of mounting and fracturing gel samples for freeze 
etch SEM examination 
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Figure 4. 30% PHEMA-70% water opaque gel freeze fractured in LN2 and observed 
in the ETEC BioSEM before and during freeze etching. (A) Initial fracture surface 
and mold surface (top) showing ice crystals due to improper sample handling during 
fracture and admission to the SEM. (B) A groove produced by the micromanipula
tor. A cylindrical or cellular morphology is evident in the newly fractured zone. A 
similar but more random or disturbed morphology is evident outside of the microma-
nipulated zone. (C) Higher magnification of the micromanipulated zone showing 

"cells" which appear to be rupturing due to freeze etching. 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



16. A N D R A D E E T A L . Hydwgel/Water Interface 213 

Figure 4. (D) A view of original fracture surface after extensive freeze etching 
(same areas as (A)). Note similarity with Β and C. (E) A view prior to complete 
freeze etching. Note similarity to those regions of (B) outside the micromanipulated 
zone. All photos courtesy of ETEC, Inc., Hayward, Calif. All samples uncoated. 

Figure 5. The same as in Figure 4. (A) Examined via the method of Figure 3. (B) 
Freeze-dried, coated ambient, and examined ambient. 
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(c) the captive bubble ( s e s s i l e bubble) method, (d) the drop d i 
mension method and (e) the Wilhelmy plate method. These methods 
have been adequately described elsewhere (17-20) and have been 
extensively used to investigate a large number of three-phase 
systems. 

A l l of the above methods e s s e n t i a l l y r e l y on the c l a s s i c a l 
contact angle or Young-Dupree equation: 

YSV = ^SL + YLV C O s G e ' (I) 
where: = solid/vapor i n t e r f a c i a l tension 

Y S L = s o l i d / l i q u i d i n t e r f a c i a l tension 
JJJJ = liquid/vapor i n t e r f a c i a l tension; 
θ = equilibriu

Several basic assumptions are inherent i n t h i s equation. 
The l i q u i d must be considered incompressible, f l u i d , and coherent 
(25). F l u i d i t y means that the a p p l i c a t i o n of a shear stress to 
the l i q u i d must be accompanied by a shear s t r a i n , provided the 
stress i s maintained beyond the molecular r e l a x a t i o n time. Co
herence implies that the l i q u i d r e s i s t s a t e n s i l e stress u n t i l 
the stress magnitude i s s u f f i c i e n t to cause rupture. The sur
face tension of a l i q u i d i s macroscopic evidence of coherence. 

The s o l i d surface i n contact with the l i q u i d must be con
sidered smooth, homogeneous, i s o t r o p i c and, most importantly, 
non-deformable, i . e . , r i g i d i n the sense that stress gradients 
at the TPL are i n s u f f i c i e n t to deform i t s i g n i f i c a n t l y . 

Equation 1 assumes that thermodynamic e q u i l i b r i a , at a l l 
three interfaces ( s o l i d / l i q u i d , liquid/vapor, and solid/vapor), 
have been attained (21-24). 

The k i n e t i c i n t e r p r e t a t i o n r e l i e s on the measurement of 
dynamic contact angles and observation of the resultant contact 
angle hysteresis. The k i n e t i c s of surface wetting (or non-
wetting) make use of the fact that the liquid/vapor i n t e r f a c e 
w i l l change i t s shape and t o t a l area as needed under the i n f l u 
ence of the underlying surface i n order to maintain a constant 
curvature at equilibrium. This d i r e c t l y r e s u l t s from the 
Laplace equation of c a p i l l a r i t y (17): 

Δ Ρ = \v \ + > W 

where: ΔΡ = pressure d i f f e r e n t i a l between the concave and con
vex sides of the i n t e r f a c e ; 

γ^γ = liquid/vapor i n t e r f a c i a l tension; and 

R,, R~ = p r i n c i p l e r a d i i of curvature. 
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Differences i n ΔΡ from region to region over the int e r f a c e 
correspond to gradients i n hydrostatic'pressure within the under
l y i n g bulk l i q u i d , and therefore tend to cause motion i n d i r e c 
tions which w i l l diminish these gradients. Such motion or y i e l d 
ing of the interface to meet the Laplacian ΔΡ requirement i s 
nearly always accompanied by a displacement of the TPL which 
causes an instantaneous change i n the shape and/or area of the 
liquid/vapor i n t e r f a c e . The dynamic contact angle i s an instan
taneous measure of the angle between the liquid/vapor i n t e r f a c e 
and the s o l i d / l i q u i d i n t e r f a c e while the TPL i s moving. 

Dynamic contact angles may be measured by e i t h e r spontaneous 
spreading or forced spreading of a l i q u i d on a surface. In the 
spontaneous spreading method, the contact angle i s observed as 
a function of time and of distance traversed by the TPL as a 
drop of l i q u i d spontaneousl
brium contact angle. I
extent to which the γ_,., γ__, and yrXT cos θ. ^ are imbalanced. SV SL 'LV mst. 
In forced spreading, the liquid/vapor i n t e r f a c e i s moved r e l a t i v e 
to the s o l i d surface at a series of constant v e l o c i t i e s by ap
p l i c a t i o n of an external force. At each v e l o c i t y the contact 
angle reaches a steady state value and a r e l a t i o n s h i p between the 
TPL v e l o c i t y and contact angle i s thus established. In t h i s 
case the d r i v i n g force i n which the TPL undergoes displacement 
i s the r e s u l t of a pressure-curvature imbalance (25). 

The importance of dynamic contact angle measurements l i e s 
i n the phenomenon of contact angle h y s t e r e s i s , i . e . , the a b i l i t y 
to change the observed contact angle of a l i q u i d on a surface 
without subsequent displacement of the TPL. This may be exhib
i t e d on many surfaces by measuring the instantaneous contact 
angle while, for example, increasing and decreasing the si z e of 
the s e s s i l e drop. Comparison of the r e s u l t i n g curves of advanc
ing and receeding contact angles i n the case of most surfaces 
w i l l show that a hysteresis loop i s formed. The most common 
types of non - i d e a l i t y are ei t h e r a homogeneous but geometrically 
rough surface or a geometrically smooth but heterogeneous sur
face (19). One may also have both heterogeneities and surface 
roughness. P r a c t i c a l l y speaking then, both surface roughness 
and/or surface heterogeneity, both of which give r i s e to contact 
angle v a r i a t i o n s , can be the major undetected cause of contact 
angle hysteresis. Swelling, absorption, and molecular reorien
t a t i o n at the int e r f a c e can also lead to apparent hysteresis (26). 

The gel surface may be capable of molecular r e o r i e n t a t i o n 
during dynamic contact angle measurements, as has been suggested 
(28). 

The g e l / l i q u i d i n t e r f a c e poses s t i l l further deviations 
from i d e a l i t y which have yet to be considered. In addition to 
p o s s i b i l i t i e s of surface roughness and surface heterogeneity, 
the t y p i c a l gel surface i s extremely deformable. Thus i n the 
case of contact angle c h a r a c t e r i z a t i o n of the gel surface, the 
v e r t i c a l components of surface tension should cause appreciable 
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d i s t o r t i o n i n the gel surface at the TPL and could cause gross 
misrepresentations of the angular measurements. This e f f e c t 
would thus s i g n i f i c a n t l y influence dynamic measurements and thus 
contact angle hysteresis. The contact angles of l i q u i d s at de-
formable s o l i d surfaces have been t h e o r e t i c a l l y treated by 
several i n v e s t i g a t o r s (23,27), but have yet to be experimentally 
applied to the surfaces of gel systems. 

Interface P o t e n t i a l s 

I d e a l l y we would l i k e to be able to probe the e l e c t r i c a l 
double layer at g e l / s o l u t i o n i n t e r f a c e s . Perhaps the most 
straightforward way i s to use e l e c t r o k i n e t i c methods (29,30) 
generally electrophoresis (31), streaming p o t e n t i a l (32), or 
electroosmosis (29). Such measurement  allo  t  c a l c u l a t
the p o t e n t i a l at the shea
number of assumptions

Perhaps the biggest problem i s the assumption in v o l v i n g 
the nature of the f l u i d dynamic boundary layer i n such studies 
and the p o s i t i o n of the shear plane. Even i f the gel surface 
i s p e r f e c t l y smooth, we s t i l l have the problem of defining an 
i n t e r f a c e p o s i t i o n f o r a gel co ns is ti ng of highly mobile segments 
and chains at the i n t e r f a c e (Z, 3). The shear plane could be 
outside the i n t e r f a c i a l zone, within the zone and free draining, 
or w i t h i n the i n t e r f a c i a l zone and non-free draining, as discus
sed by Brooks (33), and others (34). These same problems are 
present i n viscometric or rhéologie cha r a c t e r i z a t i o n of g e l / 
l i q u i d i n t e r f a c e s . 

One must be p a r t i c u l a r l y c a r e f u l with streaming p o t e n t i a l 
and electroosmosis measurements with respect to other f l u i d 
dynamic assumptions, p a r t i c u l a r l y entrance e f f e c t s and the 
establishment of parabolic flow p r o f i l e s (35). 

One can also obtain surface p o t e n t i a l information using g e l / 
a i r measurements, such as with a v i b r a t i n g reed e l e c t r o s t a t i c 
m i l l i v o l t m e t e r (36). These methods are commonly used to charact
e r i z e monomolecular fi l m s at the l i q u i d / a i r i n t e r f a c e (37), 
including synthetic polymers (38). Such methods cannot be e a s i l y 
applied to the g e l / s o l u t i o n i n t e r f a c e , however. 

The i n t e r p r e t a t i o n of g e l / s o l u t i o n e l e c t r o k i n e t i c data i s 
f a r from straightforward. One must of course consider a c l a s s i 
c a l treatment i n terms of f i x e d charges on the polymer "surface" 
and double layer counterions. In addition, the gel w i l l absorb 
and p a r t i t i o n ions from s o l u t i o n , even i f the gel i s l a r g e l y 
"uncharged" i n terms of f i x e d polymer charges, ( t h i s w i l l be 
discussed l a t e r ) . I f ions are p a r t i t i o n e d between the gel and 
the s o l u t i o n , i n t e r f a c e p o t e n t i a l s w i l l r e s u l t which w i l l , of 
course, influence e l e c t r o k i n e t i c measurements (39). 
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Adsorption of Polymers 

One can study the adsorption of polymers at gel/water i n t e r 
faces. Much of the work i n t h i s area has involved plasma protein 
adsorption (40-42). We have discussed the protein adsorption 
behavior of gels previously, i n terms of i n t e r f a c i a l free ener
gies and water structure considerations (1). 

One can obtain information on the nature of gel/water i n t e r 
faces by adsorbing gel molecules on other substrates and then 
characterizing the adsorbed polymer/water i n t e r f a c e . A large 
l i t e r a t u r e on polymer adsorption i s a v a i l a b l e , including the 
study of water-soluble polymers (43). 

The theories of c o l l o i d a l p a r t i c l e s t a b i l i z a t i o n by adsorbed 
non-ionic polymers v i a entropie and enthalpic repulsion (44,45) 
may be useful i n understandin
ions . 

Effect s of s t e r e o r e g u l a r i t y on i n t e r f a c i a l behavior have been 
observed i n poly(methyl methacrylate), poly(isopropyl a c r y l a t e ) , 
p o l y ( 2 - v i n y l pyridine 1-oxide) and other polymers (46,67). 

The adsorbed la y e r * can then be characterized by the i n s t r u 
mental techniques discussed i n t h i s paper. 

P a r t i t i o n i n g 

Gels are very subtle probes of t h e i r environment. They w i l l 
p a r t i t i o n ions and other solutes and swell or deswell i n response 
to t h e i r s o l u t i o n environments. Of p a r t i c u l a r importance to 
t h e i r surface properties i s ion p a r t i t i o n i n g i n the gels, which 
may s i g n i f i c a n t l y influence i n t e r f a c i a l p o t e n t i a l and i n t e r f a c i a l 
tension studies. 

Ion p a r t i t i o n i n g i n gels has been observed f o r c e l l u l o s e 
(47), cross-linked dextrans (48,49), poly(hydroxyethyl methacry
late) gels (50), and others. Of p a r t i c u l a r i n t e r e s t to us i s 
the ion concentration p r o f i l e of the g e l / s o l u t i o n i n t e r f a c e . 
Id e a l l y we would l i k e to know the concentrations i n the e l e c t r i 
c a l double layer, i n the gel/water i n t e r f a c i a l region, and i n 
the s u b - i n t e r f a c i a l zone, perhaps to 1 or 2 microns below the 
surface. Such measurements are d i f f i c u l t to make by conventional 
techniques. One approach i s to r a p i d l y freeze the gel/water 
i n t e r f a c e , fracture i t , and perform an electron microprobe anal
y s i s or energy dispersive analysis of x-rays (EDAX) i n the 
SEM using a cold stage to maintain the sample below -130°C to 
avoid i c e c r y s t a l l i z a t i o n and consequent ion segregation (51). 
Unfortunately the s p a t i a l r e s o l u t i o n i s l i m i t e d to 0.1 to 1.0 
micron or l a r g e r , making a high r e s o l u t i o n i n t e r f a c i a l region 
p r o f i l e very d i f f i c u l t . 

Microautoradiography of frozen samples i s also possible, 
but i s plagued by technical d i f f i c u l t i e s . More speculative 
methods of measuring concentration p r o f i l e s w i l l be discussed 
l a t e r . 
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Probing the Outermost Zone 

There are very few methods with which to probe the outermost 
part of the g e l / s o l u t i o n i n t e r f a c e . We have already discussed 
the problems with contact angle measurements. Most o p t i c a l 
spectroscopy methods, p a r t i c u l a r l y IR, probe a zone of the order 
of microns i n depth (next section). Although ellipsometry can 
i d e a l l y measure a f i l m thickness of a few Angstroms (52), i t may 
be d i f f i c u l t to apply to gels because of the lack of s i g n i f i c a n t 
r e f r a c t i v e index differences between the gel and the surrounding 
s o l u t i o n . 

A v a r i e t y of techniques are a v a i l a b l e f o r d i r e c t l y examining 
the nature of the surface i t s e l f . Only a l i m i t e d number of these 
can be discussed here - see Reference 53 for the others. The two 
techniques most promisin
are electron spectroscop
copy f o r chemical analysis) and secondary ion mass spectroscopy 
(SIMS). Both techniques involve high vacuum environments. The 
sample must be frozen i n l i q u i d nitrogen, generally at Τ < 
-130°C. Experience with such methods on aqueous and b i o l o g i c a l 
samples i s very l i m i t e d at present. 

ESCA was developed l a r g e l y by the e f f o r t s of Siegbahn and 
hi s collaborators i n Sweden (54). ESCA i s based on the precise 
measurement of the k i n e t i c energy of electrons ejected from the 
sample by the action of incident r a d i a t i o n , u s u a l l y x-ray or UV. 
The binding energy of the electron p r i o r to e j e c t i o n (Eg) i s 
obtained from the measured k i n e t i c energy (E, ): 

where E ^ i s the energy of the monoenergetic e x c i t a t i o n r a d i a t i o n 
(commonly Mg Κα, 1254 eV), and C i s an instrument constant, which 
i s r e a d i l y determined experimentally. The high p r e c i s i o n of the 
Ε]ς measurement allows one to not only i d e n t i f y the elements 
present i n the surface but also to i d e n t i f y t h e i r oxidation 
state. The photoelectron spectra can be s h i f t e d by up to 10 eV, 
depending on the oxidation state of the element (54,55). 

Modern ESCA instruments sample an area of the order of sev
e r a l mm2. The volume sampled depends on the photoelectron escape 
depth f o r the sample. The escape depth i s of the order of 5 to 
15 A over the energy range of i n t e r e s t f o r most metals (58). 
Data f o r polymers and low density s o l i d s are not r e a d i l y a v a i l 
able, though escape depths of the order of 50 to 100 A are gen
e r a l l y accepted (58). The sampling depth can be decreased by 
decreasing the angle the escaping electrons make with the sample 
surface. This procedure i s commonly c a l l e d the "glancing angle" 
technique (59). A nondestructive depth p r o f i l e over the 0-50 A 
range i n polymers can be obtained by i n t e n s i t y r a t i o s of emitted 
electrons of d i f f e r e n t k i n e t i c energies (58). 
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The SIMS technique u t i l i z e s a focused ion beam which i s 
rastered or scanned across the surface, sputtering o f f the outer 
0 to 15 or so Angstrons of the surface and analyzing the sputter
ed ions by a very s e n s i t i v e mass spectrometer. A l l elements 
and t h e i r i n d i v i d u a l isotopes can be detected. An elemental or 
iso t o p i c image of the surface can be obtained with better than 
one micron r e s o l u t i o n . The i n t e r f a c e can be progressively ion-
etched away and reanalyzed, providing a compositional analysis 
into the sample with about 100 A depth r e s o l u t i o n . SIMS i s i n 
r e a l i t y a destructive technique, as the ion beam co n t i n u a l l y 
sputters away the outer surface. 

The SIMS method has been extensively applied to inorganic 
samples (56). Very l i m i t e d a p p l i c a t i o n to b i o l o g i c a l samples i s 
also underway (57). 

The q u a l i t a t i v e i n t e r p r e t a t i o
straightforward. Dept
however, i s speculative at t h i s time and requires a great deal 
of empirical c a l i b r a t i o n work before i t can be very u s e f u l . 

Probing the Subsurface Zone 

The most common method i s the use of multiple i n t e r n a l re
f l e c t i o n i n f r a r e d spectroscopy (60). Some depth dependence i s 
available using d i f f e r e n t angles of incidence, though the d i s 
tance probed i s i n the micron range. Careful studies have given 
monolayer s e n s i t i v i t i e s of known monolayers deposited d i r e c t l y 
on the i n t e r n a l r e f l e c t i o n elements (IRE fs). 

The recent development of Fourier transform i n f r a r e d spec
troscopy (FT-IR) (61) overcomes many of the i n t e n s i t y and sensi
t i v i t y l i m i t a t i o n s of conventional dispersive i n f r a r e d spectros
copy, p a r t i c u l a r l y f o r aqueous solutions (62,65). FT-IR can also 
be used i n the multiple i n t e r n a l r e f l e c t i o n mode (64). To our 
knowledge FT-IR has not yet been applied to g e l / s o l u t i o n i n t e r 
face studies, however. 

Raman spectroscopy should be very useful i n c h a r a c t e r i z i n g 
g e l / s o l u t i o n interfaces d i r e c t l y , as water i s an i d e a l solvent 
for Raman studies (65). 

Elemental analysis of the subsurface zone can be accomplish
ed by energy dispersive analysis of x-rays i n the SEM, as pre
v i o u s l y mentioned, or by the more accurate wavelength dispersive 
analysis of most electron microprobes (51). Subsurface penetra
t i o n i s i n the micron region and can be adjusted somewhat by 
varying the incident electron beam energy. Again the sample 
must be r a p i d l y frozen to l i q u i d nitrogen temperatures and 
maintained below -130°C for analysis (51). 

Further Discussion 

Other techniques are a v a i l a b l e for study of the gel/water 
or g e l / s o l u t i o n i n t e r f a c e . Most s o l i d surface c h a r a c t e r i z a t i o n 
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techniques (53) can, i n p r i n c i p l e , be applied to the frozen gel 
surface. P r a c t i c a l l y a l l of the microscopic and h i s t o l o g i c 
techniques used for the study of c e l l surfaces can also be ap
p l i e d , including s e l e c t i v e f i x a t i v e s , s t a i n s , etc. (7). Some of 
the methods used i n the study of l i q u i d / l i q u i d interfaces (17,66) 
can be applied to gel int e r f a c e s . We have also ignored many 
techniques which are generally applicable only f o r high surface 
area systems. 

We have discussed p r i m a r i l y those techniques with which we 
are f a m i l i a r or which we are considering to apply to the study of 
gel / s o l u t i o n i n t e r f a c e s . 

Conclusions 

A v a r i e t y of method
so l u t i o n interfaces. 
Direct i n s i t u methods include: 

1. rhéologie or viscometric analysis 
2. ellipsometry 
3. contact angles 
4. e l e c t r o k i n e t i c s 
5. i n f r a r e d spectroscopy 
6. Raman spectroscopy 
7. o p t i c a l microscopy 

Dry g e l / a i r i n t e r f a c e methods include: 
1. i n f r a r e d spectroscopy 
2. scanning, transmission, and o p t i c a l microscopy 
3. surface p o t e n t i a l 
4. contact angles 
5. ESCA 
6. SIMS 

Frozen gel surfaces can be studied by: 
1. scanning, transmission, or o p t i c a l microscopy 
2. electron microprobe or EDAX 
3. ESCA 
4. SIMS 

and many of the other methods. 
These methods permit one to probe the ge l / s o l u t i o n i n t e r f a c e 

with respect to: 
1. interface energetics 
2. in t e r f a c e p o t e n t i a l s 
3. int e r f a c e chemical groups and orientations 
4. in t e r f a c e structure or morphology 
5. interf a c e elemental composition 

The subsurface zone can be analyzed f o r : 
1. i n t e r f a c e chemical groups and orientations 
2. in t e r f a c e elemental composition 
In addition, soluble gel molecules can be studied as adsorb

ed f i l m s at s o l i d / l i q u i d interfaces or l i q u i d / a i r i n t e r f a c e s 
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Abstract 
The experimental characterization of gel/water interfaces is 

briefly discussed. Interfacial characteristics discussed in
clude topography/morphology  interfacial tensio  fre
interface potential, adsorption
nature of the gel surface, and the nature of the subsurface 
region. Techniques briefly discussed include microscopy, con
tact angle methods, electrokinetic methods, surface potentials, 
infrared spectroscopy - including Fourier transform and Raman, 
x-ray photoelectron spectroscopy (ESCA), and secondary ion mass 
analysis (SIMS). Most of these techniques are discussed in 
suggestive and speculative terms as so few have been applied to 
the gel/water interface. A variety of techniques are available 
for studying the gel/water interface either in situ or in the 
frozen state. 
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17 
Elimination of Electroosmotic Flow in Analytical 
Particle Electrophoresis 

F. J. NORDT, R. J. KNOX, and G. V. F. SEAMAN 

Department of Neurology, University of Oregon Health Sciences Center, 
Portland, Oreg. 97201 

Interest i n surface coatings which w i l l markedly reduce or 
eliminate the zeta p o t e n t i a
p r a c t i c a l issue of eliminatin
phoresis. In a closed c y l i n d r i c a l glass electrophoresis chamber 
containing an e l e c t r o l y t e the negative charge at the glass w a l l 
r e s u l t s i n an increase i n concentration of cations close to t h i s 
surface. A p p l i c a t i o n of an external e l e c t r i c a l f i e l d r e s u l t s i n 
movement of f l u i d near the w a l l (electroosmosis) toward the 
cathode and a concurrent forced return flow through the center of 
the tube. I t can be shown from hydrodynamics that there i s a 
c y l i n d r i c a l envelope (stationary l e v e l ) i n the chamber where no 
net flow of f l u i d occurs during electrophoresis. Figure 1 i l l u s 
t r ates the general features of laminar electroosmotic f l u i d flow 
for a closed c y l i n d r i c a l tube including the parabolic f l u i d flow 
p r o f i l e , regions of electroosmotic flow, return f l u i d flow and 
l o c a t i o n of the stationary l e v e l . 

In a n a l y t i c a l p a r t i c l e electrophoresis true electrophoretic 
v e l o c i t i e s of p a r t i c l e s may be measured at the stationary l e v e l 
while v e l o c i t i e s determined elsewhere i n the chamber w i l l be 
comprised of contributions from both electrophoresis and e l e c t r o 
osmosis. In preparative applications of electrophoresis the 
boundary of a concentrated suspension (sample) becomes paraboloi-
dal i n contour as a r e s u l t of electroosmosis of the suspending 
medium i n the chamber. The non-planar sample d i s t r i b u t i o n 
introduces d i f f i c u l t i e s i n separating or resolving p a r t i c l e 
populations which d i f f e r i n electrophoretic m o b i l i t y . In analy
t i c a l p a r t i c l e electrophoresis the presence of electroosmotic 
flow requires that measurements be car r i e d out at the stationary 
l e v e l . Since t h i s l e v e l i s i n f i n i t e l y t h i n electroosmotic flow 
w i l l always contribute to experimental error. 

The w a l l charge i n electrophoresis chambers ar i s e s from 
eit h e r the i o n i z a t i o n of surface charge groups or as a consequence 
of r e d i s t r i b u t i o n of ions from the suspending medium (adsorption 
or desorption). The w a l l charge may be reduced or eliminated by: 

a) use of adherent or adhesive f i l m s (1). 

225 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

Figure 1. Electroosmotic fluid flow in a closed cylindrical tube, (a) A 
longitudinal crossectional view of the fluid velocity profile and fluid 
streamlines for a tube with radius, R (fluid velocity is plotted in terms of 
Vs, the fluid flow at the tube wall), (b) A transverse crossection where 
maximum electroosmotic fluid flow is shown by dense shading, and the 
unshaded area shows the region of the stationary level where fluid flow 
tends to zero, (c) Fluid flow parabola which is a plot of fluid velocity vs. 

distance from the tube wall. 
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b) covalent bonding materials (2). 
c) physical adsorption of substances (3). 
Electrophoretic t e s t i n g of the s t a b i l i t y and completeness of 

d i f f e r e n t surface treatments or coatings may be c a r r i e d out i n 
various ways: 

i ) After coating the in s i d e of the electrophoresis chamber 
the electroosmotic flow i s calculated from experimental 
measurements of the electrophoretic v e l o c i t i e s of stand
ard p a r t i c l e s at various distances from the tube w a l l , 

i i ) The electrophoretic m o b i l i t i e s of coated or modified 
p a r t i c l e s made from the same materials as the e l e c t r o 
phoresis chamber are measured by standard a n a l y t i c a l 
electrophoresis. 

i i i ) The zeta p o t e n t i a l of coated tubes may be also determined 
from electroosmoti
ments. 

The f i r s t approach i s the more desirable t e s t of any coating 
procedure but for screening purposes the second t e s t approach 
w i l l s i g n i f i c a n t l y reduce the time needed for the i n i t i a l survey 
or t e s t i n g of coatings or modification procedures. 

Theoretical 

The electrophoretic m o b i l i t y , u, i s defined as the e l e c t r o 
phoretic v e l o c i t y , v, of a p a r t i c l e per u n i t f i e l d strength, χ: 

ν / . \ 

The r e l a t i o n s h i p between electrophoretic m o b i l i t y , u, and 
zeta p o t e n t i a l , ζ, for nonconducting p a r t i c l e s whose radius of 
curvature, a, i s large i n comparison to the e f f e c t i v e thickness 
of the e l e c t r i c a l double l a y e r , l/κ, i s usually described 
accurately for Ka > 300 by the Helmholtz-Smoluchowski equation 
(4): 

where ε and η are the d i e l e c t r i c constant and v i s c o s i t y , respec
t i v e l y , w i t h i n the e l e c t r i c a l double layer which are assumed to 
be the same as the bulk values of the suspending medium. Experi
mental measurements of ν r e s u l t i n an observed electrophoretic 
v e l o c i t y , v e , which i s subject to error as i s the experimentally 
derived electrophoretic m o b i l i t y , u e . 

Appl i c a t i o n of an e l e c t r i c f i e l d to a suspension of charged 
p a r t i c l e s contained i n a closed c y l i n d r i c a l chamber with a 
charged w a l l r e s u l t s i n electrophoresis of the p a r t i c l e s and 
electroosmotic flow of the suspending medium. The observed 
v e l o c i t y , v Q , of a p a r t i c l e i n the tube i s thus the sum of i t s 
electrophoretic v e l o c i t y , v e , and the v e l o c i t y of the suspending 
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medium, v w : 

v o = v e + vw <ii:L> 
I t has been shown by Bangham et a l . (5) that the observed 

v e l o c i t y of the p a r t i c l e i s related to i t s distance, r , from the 
axis of the tube by the expression: 

v o = v e + vs[|j£ " H (iv) 
where v s i s the f l u i d v e l o c i t y adjacent to the tube w a l l and R i s 
the radius of the tube. Solution of the flow equation ( i v ) shows 
that at a distance r = 0.707R from the axis there i s no net flow 
of f l u i d , i . e . , a stationar

In theory electrophoreti
made at the stationary l e v e l are not subject to error as a r e s u l t 
of f l u i d flow. However, i n pr a c t i c e errors a r i s e as a r e s u l t of: 

a) the f i n i t e s i z e of the p a r t i c l e s which cannot be contain
ed i n an i n f i n i t e l y t h i n stationary l e v e l ; 

b) focusing errors at the stationary l e v e l (requirement f o r 
appropriate o p t i c a l corrections to r e c t i f y the e f f e c t s of 
r e f r a c t i o n and aberration, depth of focus, and shape and 
s i z e of f o c a l f i e l d r e l a t i v e to the radius of curvature 
of the stationary l e v e l ) ; 

c) heterogeneous d i s t r i b u t i o n of charge on the tube w a l l 
r e s u l t i n g i n a s h i f t i n l o c a t i o n of the stationary l e v e l ; 

d) Brownian motion and sedimentation of the p a r t i c l e ; and 
e) thermal convection a r i s i n g from Joule heating. 
The magnitude of errors i n the electrophoretic v e l o c i t y as a 

r e s u l t of f l u i d flow may be estimated from a d i f f e r e n t i a t e d form 
of equation ( i v ) : 

dv 0 = * g £ dr (v) 

D i v i s i o n of equation (v) by the f i e l d gradient, χ, gives an 
expression for the change i n the experimentally observed e l e c t r o 
phoretic m o b i l i t y at small r a d i a l increments from the stationary 
l e v e l i n terms of the electroosmotic m o b i l i t y , u g : 

4u qr . , .v Au n = — f - Ar (vi) ο R2 

I f the f r a c t i o n a l error i n u e due to f l u i d flow i s defined 
as 6, then: 

Au 0 4u sr .. δ = —- = 9 Ar ( v u ) u^ R zu~ 
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From expression ( v i i ) one may calculate the maximum value 
of u s which w i l l produce f r a c t i o n a l errors of le s s than δ i n u e 

at distances up to Ar from the stationary l e v e l . 

Materials and Methods 

Corning #7740 b o r o s i l i c a t e p a r t i c l e s were used as a model 
system for screening the effectiveness of polysaccharide d e r i v a 
t i v e s as low zeta p o t e n t i a l surface coatings f or glass. A l l 
chemicals were reagent grade and the water was d i s t i l l e d twice 
i n pyrex ware. 

The p a r t i c l e s were prepared by grinding Corning #7740 glass 
tubing with water i n an aluminum oxide b a l l m i l l f o r 16 hours. 
P a r t i c l e s of su i t a b l e s i z e f o r electrophoretic measurements were 
obtained by repeated sedimentatio
cles having a sedimentatio
P a r t i c l e s thus obtained were <_ 5 ym i n diameter. These were 
transferred to glass centrifuge b o t t l e s and cleaned with hot 
aqua reg i a followed by hot 6N HC1. Possible organic contaminants 
were removed by sequential treatment of the p a r t i c l e s with t o l u 
ene and isopropanol. The p a r t i c l e s were then washed s i x times 
with 0.015 M NaCl at 60-70°C. 

Further cleaning treatments f a i l e d to increase the e l e c t r o 
phoretic m o b i l i t y of the p a r t i c l e s which was monitored throughout 
the cleaning procedure. 

Coating Materials. Diethylaminoethyl-methylcellulose 
(DEAE-methylcellulose) was prepared from methylcellulose (Dow 
Methocel MC, 8000 cps Premium, Lot MM-110786) by a scaled down 
modification of the method of Peterson and Sober (6 ). A i r oxida
t i o n of carbonyl groups on the methylcellulose was prevented by 
the addition of sodium borohydride (0.5 g per 100 g of methyl
c e l l u l o s e ) . Acetone was used to p r e c i p i t a t e the polymer a f t e r 
the addition of the 2 M NaCl. The product was then f i l t e r e d and 
exhaustively dialysed against water to pH 7 i n Union Carbide 
d i a l y s i s tubing. The r e s u l t i n g DEAE-methylcellulose was a clear 
gel which was l y o p h i l i z e d and dispersed i n a Waring blender. 

The extent of methylcellulose modification was cont r o l l e d by 
adjusting the amount of diethylaminoethyl chloride used i n the 
a l k y l a t i o n reaction (6). Two batches of 60 grams each of methyl
c e l l u l o s e were modified with 7 grams and 35 grams, r e s p e c t i v e l y , 
of diethylaminoethyl c h l o r i d e . These preparations w i l l be 
referred to as 'lower 1 and 'higher* degree amino substituted 
methylcellulose d e r i v a t i v e s . 

The nitrogen contents of the DEAE derivatives were deter
mined f o r the l y o p h i l i z e d materials by the micro-Kjeldahl method 
(7). The effectiveness of methylcellulose and i t s d e r i v a t i v e s as 
low zeta p o t e n t i a l coating agents was examined by suspending 
glass p a r t i c l e s i n a 0.015 M NaCl s o l u t i o n containing a 0.1% 
(w/v) concentration of a given polymer and measuring the e l e c t r o -
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phoretic m o b i l i t y of the glass p a r t i c l e s at 25°C i n an a l l glass 
c y l i n d r i c a l chamber apparatus equipped with either grey platinum 
electrodes (5) or with r e v e r s i b l e Ag/AgCl electrodes as described 
by Seaman and Heard (8). 

As a test of the tenacity of the coating, the p a r t i c l e s were 
washed one to three times i n d i l u t e s a l i n e media. The e f f e c t of 
the washes was assessed by measuring the electrophoretic m o b i l i t y 
of the p a r t i c l e s i n 0.015 M NaCl-NaHC03, pH 7.2 ± 0.2 and noting 
any changes. 

In attempts to improve the s t a b i l i t y of the coating, e p i -
chlorohydrin was employed as a p o t e n t i a l c r o s s l i n k i n g agent f o r 
DEAE-methylcellulose. A modification of Flodin's procedure (9) 
was used. A 0.2% (w/v) s o l u t i o n of the higher modified DEAE-
methylcellulose was prepared to which glass p a r t i c l e s were added 
to make a milky white suspension
l y centrifuged, the supernatan
suspended i n 1.4 M sodium hydroxide to which sodium borohydride 
(0.5 g per 100 g DEAE-methylcellulose) had been added to prevent 
oxidation of the polymer. This suspension was mixed with r e d i s 
t i l l e d epichlorohydrin, 0.2% w/v (Eastman Kodak), and incubated 
at 70°C i n a water bath f o r 4 hours. The p a r t i c l e s were subse
quently centrifuged, washed three times i n 0.015 M NaCl-NaHCOg, 
pH 7.2 and subjected to electrophoresis. The e f f e c t of further 
washes on the electrophoretic m o b i l i t y of the p a r t i c l e s was 
monitored. 

F i n a l l y the i n t e r n a l surface of an a l l glass c y l i n d r i c a l 
electrophoresis chamber was coated with DEAE-methylcellulose and 
then treated with epichlorohydrin. The chamber was f i l l e d with a 
0.2% w/v s o l u t i o n of DEAE-methylcellulose i n 1.4 M sodium hydrox
ide containing 0.5 g sodium borohydride per 100 g DEAE-methyl
c e l l u l o s e and 10% (v/v) epichlorohydrin. The chamber was 
incubated i n a 70°C water bath overnight. The chamber was then 
thoroughly rinsed out with 1 M KCl and set up i n the usual manner 
(10). The e f f e c t of the coating on the electroosmotic flow was 
assessed by measuring the electrophoretic m o b i l i t y of native 
glass p a r t i c l e s i n media of varying i o n i c strengths at a s e r i e s 
of distances from the inner chamber w a l l . 

Results 

In a n a l y t i c a l p a r t i c l e electrophoresis m o b i l i t y measurements 
are i n p r i n c i p l e made at the stationary l e v e l of the e l e c t r o 
phoresis chamber where no electroosmotic f l u i d flow influences 
the measurements. The pattern of electroosmotic f l u i d flow has 
been described for closed systems of various geometries (11) so 
that i t i s possible to c a l c u l a t e the l o c a t i o n of the stationary 
l e v e l f o r i d e a l conditions. In p r a c t i c e , m o b i l i t y measurements 
are only made i n the v i c i n i t y of the r e a l stationary l e v e l f o r 
several reasons. T y p i c a l l y , the l o c a t i o n of the r e a l stationary 
l e v e l i s not experimentally defined, but rather i s calculated for 
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i d e a l conditions from the electroosmotic flow equations and used 
i n the adjustment of the apparatus. A lack of appropriate o p t i 
c a l r e f r a c t i o n or aberration corrections, small errors i n 
instrument s e t t i n g s , or s h i f t s of the l o c a t i o n of the r e a l s t a 
tionary l e v e l from the t h e o r e t i c a l l o c a t i o n due to nonideal 
conditions such as contamination of the chamber surface a l l lead 
to errors i n l o c a t i n g the r e a l stationary l e v e l . Even i f the 
apparatus i s optimally focused, the p a r t i c l e s under examination 
w i l l not remain at the stationary l e v e l f o r the duration of the 
measurements fo r the reasons outlined i n the t h e o r e t i c a l section, 
so that electroosmosis when present i s a s i g n i f i c a n t source of 
experimental error. 

The magnitudes of these errors i n the m o b i l i t y measurements 
when the p a r t i c l e s are not at the stationary l e v e l may be e s t i 
mated for small distance
equation ( v i i ) . The r e s u l t
Figure 2 which i s interpreted as follows. I f the electrophoretic 
m o b i l i t y , u e , i s measured for p a r t i c l e s at 20 ym from the s t a 
tionary l e v e l i n a 2 mm diameter c a p i l l a r y , there w i l l be a 
f r a c t i o n a l e r r o r , 6, i n the m o b i l i t y value obtained, the magnitude 
of which w i l l depend on the r e l a t i v e magnitudes of the e l e c t r o 
osmotic m o b i l i t y , u s , and u e . Thus f o r a p a r t i c l e with u e = 2.0, 
and u s = 2.1, the measured electrophoretic m o b i l i t y at 20 ym from 
the stationary l e v e l would deviate from the true m o b i l i t y by a δ 
of 0.06 or 6%. In a cleaned b o r o s i l i c a t e glass c a p i l l a r y at 
neutral pH, u s ranges from 5-6 ym sec" 1 v o l t " 1 cm at an i o n i c 
strength of 0.015 and from 2 to 3 at 0.15 i o n i c strength. I t can 
be seen that electroosmotic m o b i l i t i e s of such magnitude give 
r i s e to appreciable errors i n the u e values obtained for p a r t i 
c l e s at distances from the stationary l e v e l l i k e l y to be encoun
tered experimentally. 

The estimation i n Figure 2 i s p a r t i c u l a r l y u s e f u l i n esta
b l i s h i n g what reduction of u s w i l l reduce errors to an acceptable 
degree for m o b i l i t y measurements made near the stationary l e v e l . 
For m o b i l i t y measurements made at the calculated stationary l e v e l 
i t i s not necessary to reduce u s to zero i n order f o r the errors 
to be small unless the electrophoretic m o b i l i t i e s to be measured 
are near zero. In p r a c t i c e , any sub s t a n t i a l reduction of u g 

f a c i l i t a t e s data c o l l e c t i o n , reduces operator errors i n judging 
whether p a r t i c l e s are i n focus, and minimizes the influence of 
changes i n the l o c a t i o n of the stationary l e v e l due to contamina
t i o n of the w a l l surface by adsorbed substances or to heterogen
eous d i s t r i b u t i o n of charge on the uncontaminated w a l l . In 
preparative p a r t i c l e electrophoresis or i n automated a n a l y t i c a l 
techniques where measurements are made at locations other than 
near the stationary l e v e l , i t i s necessary to reduce u g to zero. 

Methylcellulose and two preparations of DEAE-methylcellulose 
which each contained d i f f e r e n t l e v e l s of amino group s u b s t i t u t i o n 
were tested as coating agents f o r cleaned b o r o s i l i c a t e glass. 
The nitrogen content of the low and higher amino substituted 
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methylcellulose d e r i v a t i v e s were found to be 0.37 and 1.28 mg 
per gram, r e s p e c t i v e l y , by micro-Kjeldahl assay. 

The electrophoretic m o b i l i t i e s of bare b o r o s i l i c a t e glass 
p a r t i c l e s and p a r t i c l e s which have been subjected to various 
treatments are presented i n Table I. I t should be noted that 
the r e l a t i v e l y high zeta p o t e n t i a l (y -70 mV) calculated from 
equation ( i i ) f o r the bare glass p a r t i c l e s w i l l r e s u l t i n an 
average pH at the surface of the glass p a r t i c l e s of about 1.2 
units lower than the bulk value (12). The washing experiments 
show that the methylcellulose i s r e a d i l y washed off the p a r t i c l e s 
whereas the DEAE-methylcellulose i s adherent and survives wash
ing. The weak adsorption of the methylcellulose r e s u l t s i n a 
s i g n i f i c a n t increase i n zeta p o t e n t i a l of the b o r o s i l i c a t e 
p a r t i c l e s , a phenomenon which has been observed for other weak 
and r e v e r s i b l y adsorbe

In Figure 3 the electrophoreti
ships are presented for native b o r o s i l i c a t e glass p a r t i c l e s and 
epichlorohydrin crosslinked DEAE-methylcellulose coated p a r t i 
c l e s . Evidence f o r an appreciable degree of c r o s s l i n k i n g i s 
provided by the formation of a water-insoluble g e l - l i k e material 
which develops a f t e r addition of epichlorohydrin to the reaction 
mixture. In contrast the p r e c i p i t a t e of the polymer which i s 
produced by the addition of sodium hydroxide alone i s water 
soluble. The pH versus m o b i l i t y r e l a t i o n s h i p f o r bare glass 
suggests the presence of two or more surface ionogenic groups. 
The crosslinked DEAE-methylcellulose coated p a r t i c l e s e x h i b i t a 
p o s i t i v e branch to the pH versus m o b i l i t y r e l a t i o n s h i p at low 
pH and an increase i n m o b i l i t y between pH 9 and 10 consistent 
with the presence of a p o s i t i v e group of pK ca. 9.5. 

Figure 4 shows the electrophoretic v e l o c i t y data on bare 
glass p a r t i c l e s as a function of t h e i r r a d i a l p o s i t i o n w i t h i n 
the electrophoresis tube coated with epichlorohydrin crosslinked 
DEAE-methylcellulose. Consistent electrophoretic v e l o c i t i e s 
were obtained for up to 15 hours. C a l c u l a t i o n of the e l e c t r o 
osmotic flow at the w a l l of the chamber by means of equation 
(iv ) yielded values which ranged between -0.09 and +0.12 ym 
sec" 1 v o l t - 1 cm over the range of i o n i c strengths investigated. 
The dashed l i n e i n Figure 4 represents the electrophoretic 
v e l o c i t y of the bare glass p a r t i c l e s i n an uncoated glass 
chamber. Use of equation (iv) for the r e s u l t s obtained from a 
bare glass chamber y i e l d an average value for the electroosmotic 
flow of +5.9 ym sec" 1 v o l t " 1 cm corresponding to an electrophore
t i c m o b i l i t y of -5.9 which agrees w e l l with the observed value of 
-5.6 ym sec" 1 v o l t " 1 cm f o r bare b o r o s i l i c a t e glass p a r t i c l e s . 
A f t e r twenty-four hours the chamber coated with crosslinked DEAE-
methylcellulose showed an increase i n negative surface charge 
which resulted i n an electroosmotic flow of +1.21 ym sec" 1 v o l t " 1 

cm f o r the aqueous 0.015 M NaCl medium as a r e s u l t of slow 
desorption of the coating. 
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TABLE I 

ELECTROPHORETIC MOBILITIES OF BOROSILICATE GLASS 
PARTICLES FOLLOWING VARIOUS TREATMENTS 

Observed 3 Corrected 1 3 

Treatment pH u ± s (n) u 

None 7.2 -5.55 + 0.25 (80) 

Methylcellulose 
1 χ wash c 

DEAE M e t h y l c e l l u l o s e 4 8.1 +0.60 + 0.04 (20) +1.23 
1 χ wash c 7.2 +0.76 + 0.05 (20) 
3 χ wash c 7.2 +0.70 + 0.04 (20) 

DEAE M e t h y l c e l l u l o s e e 8.0 +1.21 + 0.04 (20) +2.65 
1 χ wash c 7.2 +0.93 + 0.05 (20) 
3 χ wash c 7.2 +0.96 + 0.05 (20) 

a. Electrophoretic m o b i l i t y , û", i n ym sec" 1 volt"" 1 cm ± sample 
standard deviation (n = no. of measurements) f o r p a r t i c l e s at 
25°C i n 0.015 M NaCl only or with added polymer. 

b. Corrected f o r the bulk medium v i s c o s i t y e f f e c t s of the 
polymer derivatives which were present at a concentration of 
0.1% (w/v). 

c. Washed samples had been suspended i n > 100 volumes of 0.015 M 
NaCl-NaHC03 pH 7.2 ± 0.1 containing no coating m a t e r i a l , 
centrifuged and resuspended i n fresh s a l i n e the number of 
times indicated. 

d. Low l e v e l amino group substituted methylcellulose. 
e. Higher l e v e l amino group substituted methylcellulose. 
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Figure 2. Estimated electroosmotic mobilities, us, which produce 
fractional errors, δ, in the absolute values of electrophoretic mobility, 
ue at 20 μτη from the stationary level in a 2.0-mm bore capillary tube. 
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Figure 3. The electrophoretic mobility of bare borosilicate glass par
ticles ( ) and crosslinked DEAE-methylcellulose coated particles 
( ) as a function of pH of the suspending medium. Error bars 
indicate the standard deviation. Migration toward the cathode is 
positive. The ionic strength of the suspending medium (T/2) is 0.015 g 

ions I.'1. 
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Figure 4. Electrophoretic velocities of bare glass particles 
( ) in a crosslinked DEAE-methylcellulose coated cy
lindrical glass electrophoresis chamber at various radial 
positions inside the tube. The dotted line represents the 
same system for an uncoated glass chamber. The ionic 
strengths (T/2) at which each series of measurements were 

carried out are indicated. 
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Discussion 

The aim of the work reported i n t h i s paper i s the develop
ment of a stable coating with low or zero zeta p o t e n t i a l f o r the 
surface of electrophoresis chambers i n order to minimize or 
eliminate the perturbing influence of electroosmosis. In surface 
modification or coating work i t i s important that the material to 
be coated be w e l l defined and capable of being cleaned by some 
standard procedure so that baseline or control e l e c t r o k i n e t i c 
data are r e a d i l y obtainable. The use of p l a s t i c s such as poly
methylmethacrylate (plexiglas) or polycarbonates i n coating 
studies i s complicated by the various anti-oxidants and other 
additives which r e s u l t i n wide v a r i a t i o n s i n the surface proper
t i e s f o r ostensibly the same product obtained from various 
sources or l o t s . In compariso
p l a s t i c s and t h e i r evaluatio
c u l t to devise. Taking these factors into consideration as w e l l 
as the extensive use of glass i n the f a b r i c a t i o n of e l e c t r o 
phoresis chambers, e f f o r t s were focused on coating pyrex glass 
tubes and p a r t i c l e s . The nature of b o r o s i l i c a t e glass surfaces 
and the physical and chemical c r i t e r i a required f o r an optimum 
coating designed to eliminate electroosmosis determine the 
s e l e c t i o n of p o t e n t i a l coating agents. 

The negative charge of b o r o s i l i c a t e glass surfaces i s 
reported to o r i g i n a t e from the i o n i z a t i o n of surface groups 
which are an i n t e g r a l part of the glass. Two types of s i t e s 
are present, one with a pK a of approximately 7 and the second 
with a pK a of 5.1 (14). The weaker a c i d i c s i t e i s due to the 
s i l a n o l group "^Si-OH, while the stronger a c i d i c s i t e i s "^B-OH. 
I t should be noted that the electrophoretic m o b i l i t y of a p a r t i 
c l e and electroosmotic f l u i d flow i n a closed electrophoresis 
apparatus are both manifestations of surface charge, i n the 
former case that of the p a r t i c l e and i n the l a t t e r that of the 
chamber. 

The geometry of the chamber precludes the use of adhesive 
f i l m s to eliminate the surface charge which leaves two a l t e r n a 
t i v e general approaches, namely: 

a) covalent bonding to surface groups to eliminate the 
negative groups by chemical modification ( t o t a l charge 
zero)or to introduce p o s i t i v e groups such that the net 
charge i s zero, or a combination of these types of 
surface modification. 

b) to use substances, usu a l l y macromolecules, which physi
c a l l y adsorb to the glass surface, thereby s h i f t i n g the 
electrophoretic plane of shear out from the o r i g i n a l 
glass surface to the new macromolecular surface. By 
t h i s means the charge on the o r i g i n a l surface w i l l have 
a n e g l i g i b l e influence on ion d i s t r i b u t i o n at the new 
plane of s l i p during electrophoresis (13). 

The vast number of surface reactions encompassed by the 
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above two approaches can be severely r e s t r i c t e d by an examination 
of the c r i t e r i a required f o r a s a t i s f a c t o r y surface coating or 
modification. The following properties of the surface coating 
should be considered i n judging i t s general s u i t a b i l i t y and 
ap p l i c a t i o n l i m i t a t i o n s : 

i ) P h y s i c a l properties: 
a) transparent to l i g h t , at l e a s t over the same range of 

wavelengths as the o r i g i n a l glass. 
b) small coating thickness r e l a t i v e to the radius of the 

electrophoresis tube. 
c) capable of being applied uniformly. 
d) an e l e c t r i c a l conductance not s i g n i f i c a n t l y greater 

than that of the p a r t i c l e suspending media. 
e) low f i x e d or acquired e l e c t r o s t a t i c charge i n buffers. 
f ) poor surfac
g) nonadhesive

examined i n the coated tube. 
i i ) Chemical and b i o l o g i c a l properties: 

a) h y d r o p h i l i c to minimize adsorption of components from 
samples. 

b) compatible with system to be examined, e.g., non-toxic 
towards l i v i n g c e l l s . 

c) not subject to attack or degradation by any b i o l o g i c a l 
specimens under t e s t . 

d) does not desorb or change the e l e c t r o k i n e t i c properties 
of the p a r t i c l e s under examination. 

i i i ) E l e c t r o k i n e t i c a l l y stable (15) f o r duration of studies 
to: 
a) buffers up to p h y s i o l o g i c a l i o n i c strengths (y 0.15 g 

ions l i t e r " " 1 ) . 
b) pH range, 2 to 11. 
c) temperature range ̂  0-50°C. 
d) shear rates encountered when f i l l i n g or cleaning the 

electrophoresis tube. 
Taking the above c r i t e r i a i n t o consideration possible coat

ing materials or surface modifiers include: 
A. Polysaccharides [agarose; dextran; f i c o l l ; glycogen; 

methylcellulose; and starch]. 
B. Methacrylates and acrylamides [2-hydroxyethylmethacrylate 

(HEMA) (16); 2,3-dihydroxypropylmethacrylate (DHPMA) 
(16); and polyacrylamide]. 

C. Polymeric alcohols [polyethylene g l y c o l (PEG); and poly
v i n y l alcohol (PVA)]. 

D. Silane d e r i v a t i v e s as ei t h e r sub-layer agents or primary 
coatings [γ-glycidoxypropyltrimethoxysilane (Dow Corning, 
Z6040) (2); γ-aminopropyltriethoxysilane (Union Carbide, 
A-1100) (2); γ-methacryloxypropyltrimethoxysilane (Dow 
Corning, Z6030) (2); and vinyltrimethoxysilane (Dow 
Corning (2)]. 

To date, polysaccharides have offered many promising features 
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as coatings. They are h y d r o p h i l i c , have small numbers of charged 
groups and are generally biocompatible. As a c l a s s they may be 
crosslinked and t h e i r r e s i d u a l charge groups eliminated or 
chemically reduced by procedures such as those used by Porath et 
a l . (17) on agarose. In addition polysaccharides may be deriva-
t i z e d or oxidized and mixtures used to produce coatings with 
either a net negative, net p o s i t i v e or net zero charge. 

The work reported has been directed at developing a surface 
coating material which may be e a s i l y applied d i r e c t l y to a 
cleaned b o r o s i l i c a t e glass surface under mild conditions to form 
a very t h i n stable layer which neu t r a l i z e s or masks the glass 
surface charge. Unmodified dextran (molecular weight 2 χ 10 6 

daltons) and methylcellulose (molecular weight 110,000) were 
e a s i l y washed from model glass p a r t i c l e s and conditions were not 
found f o r applying agaros
t h i n l a y e r , even thoug
of formaldehyde crosslinked methylcellulose to eliminate e l e c t r o 
osmotic flow i n h i s free zone electrophoretic equipment. These 
considerations prompted the synthesis of diethylaminoethyl 
d e r i v a t i v e s of these substances with the r a t i o n a l e that the 
introduction of c a t i o n i c groups in t o the polymers should enhance 
t h e i r binding to the glass surface where subsequently the t h i n 
adsorbed layer could be chemically crosslinked to provide further 
s t a b i l i z a t i o n i f necessary. Each DEAE-derivative was found to 
adsorb to b o r o s i l i c a t e glass p a r t i c l e s and upon two to three 
washes i n 0.015 M NaCl, t h e i r m o b i l i t i e s were p o s i t i v e at neutral 
pH. Work on DEAE-dextran and on DEAE-agarose was not c a r r i e d 
beyond t h i s point, even though they appeared to be p o t e n t i a l l y 
u s e f u l . 

The electrophoretic m o b i l i t y versus pH f o r the clean boro
s i l i c a t e glass p a r t i c l e s (Figure 3) i s s i m i l a r to that reported 
i n the l i t e r a t u r e . However extensive comparisons are d i f f i c u l t 
because of v a r i a t i o n s i n suspending media composition and i o n i c 
strength from worker to worker (19, 20, 21). The decrease i n 
m o b i l i t y which occurs below about pH 7 i s consistent with the 
presence of boranol and s H a n o i groups (14) and the constant 
m o b i l i t y with increasing pH above a value of 7, t y p i c a l behavior 
for an anionogenic h y d r o p h i l i c surface. The f a i l u r e of the 
crosslinked DEAE-methylcellulose coating to reverse the net 
charge of the glass p a r t i c l e s at neutral pH i s i n d i c a t i v e of 
incomplete coverage, i n s u f f i c i e n t amino group s u b s t i t u t i o n , and 
perhaps also some carboxyl group contamination. The pK of about 
9.5 i s i n the expected range for DEAE-derivatives (22). The small 
increase i n m o b i l i t y as the i o n i z a t i o n of the p o s i t i v e group i s 
suppressed indicates a low degree of s u b s t i t u t i o n i n the methyl
c e l l u l o s e . Coverage of the glass surface appears to have been 
s u f f i c i e n t l y extensive to eliminate any obvious dependence of 
m o b i l i t y on pH over the range 4 to 7. The decrease i n zeta 
p o t e n t i a l i f i t were to occur at a chamber w a l l i s s u f f i c i e n t to 
reduce errors i n the electrophoretic m o b i l i t y of p a r t i c l e s with 
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m o b i l i t i e s of ̂  3 \im sec" 1 v o l t " 1 cm from about 11% to 2% i n 
0.015 i o n i c strength media based on the conditions given i n 
Figure 2. 

The transformation which occurs on coating a chamber with 
epichlorohydrin treated DEAE-methylcellulose i s depicted i n 
Figure 4 where the dashed l i n e shows the extreme dependence of 
p a r t i c l e v e l o c i t y on p o s i t i o n i n the chamber fo r an uncoated 
glass chamber. The f u l l l i n e s demonstrate f o r several d i f f e r e n t 
i o n i c strengths the lack of dependence of p a r t i c l e v e l o c i t y on 
po s i t i o n i n the chamber for a DEAE-methylcellulose coated glass 
chamber. A complicating f a c t o r at present i s the slow desorp
t i o n of the coating which leads to the gradual reappearance of 
s i g n i f i c a n t electroosmotic flow and the p o s s i b i l i t y of contamina
t i o n of any i n d i c a t o r p a r t i c l e s during the course of e l e c t r o 
phoretic measurements.
coating with several o
to be worked out but these studies point to the p r o b a b i l i t y of 
developing s i n g l e stage coatings which are easy to apply, do not 
require a sub-layer nor elaborate pretreatment procedures and 
which w i l l remain e l e c t r o k i n e t i c a l l y stable f o r appreciable 
periods of time. 
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Abstract 
Physical, chemical and practical criteria are discussed for 

glass surface treatments or coatings designed to minimize 
electroosmosis as a source of error in analytical particle 
electrophoresis. A rapid method for screening potential coating 
agents was developed in which the electrophoretic mobility was 
measured for cleaned borosilicate glass particles before and 
after coating treatments. DEAE-derivatives of agarose, dextran 
and methylcellulose adsorb directly to the particles and signifi
cantly reduce their negative surface charges to small net posi
tive charges at neutral pH. A coating procedure involving 
epichlorohydrin treatment of DEAE-methylcellulose is described 
which produces a coating of reasonable stability for glass 
electrophoresis chambers and significantly decreases errors in 
electrophoretic mobility measurements due to electroosmotic flow. 
Literature Cited 
(1) Strickler, Α., and Sacks, T., Ann. N.Y. Acad. Sci., (1973), 

209, 497-514. 
(2) Lee, L.H., J. Coll. Inter. Sci., (1968), 27, 751-760. 
(3) Van Oss, C.J., Fike, R.M., Good, R.J., and Reinig, J.M., 

Anal. Biochem., (1974), 60, 242-251. 
(4) Smoluchowski, Μ., Bull. Acad. Sci. Cracovie, (1903), 182. 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



240 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

(5) Bangham, A.D., Flemans, R., Heard, D.H., and Seaman, G.V.F., 
Nature, (1958), 182, 642-644. 

(6) Peterson, E.A., and Sober, H.A., J. Amer. Chem. Soc., (1956), 
78, 751-755. 

(7) "Micro-Analyses in Medical Biochemistry 3rd Edition", p. 50, 
ed., E.J. King and I.D.P. Wootton, J. & A. Churchill Ltd., 
London, 1959. 

(8) Seaman, G.V.F., and Heard, D.H., Blood (1961), 18, 599-604. 
(9) Flodin, P., Dextran Gels and their Application in Gel Filtra

tion, Ph.D. Dissertation, Uppsala, Sweden, 1962, pp. 14-24. 
(10) Seaman, G.V.F., in "The Red Blood Cell, Vol. II", ed. D. 

MacN. Surgenor, pp. 1135-1229, Academic Press, New York, 
1975. 

(11) Abramson, H.A., Moyer, L.S., and Gorin, M.H., "Electrophore
sis of Proteins an
57, Van Nostrand-Reinhold

(12) Hartley, G.J., and Roe, J.W., Trans. Faraday Soc., (1940), 
36, 101-109. 

(13) Brooks, D.E., and Seaman, G.V.F., J. Coll. Inter. Sci., 
(1973), 43, 670-686. 

(14) Hair, M.L., and Altug, I., J. Phys. Chem., (1967), 71, 4260-
4263. 

(15) Heard, D.H., and Seaman, G.V.F., J. Gen. Physiol., (1960), 
43, 635-654. 

(16) Andrade, J.D., Med. Instrm., (1973), 7, 110-120. 
(17) Porath, J., Janson, J.C., and Låås, T., J. Chromat., (1971), 

60, 167-177. 
(18) Hjertén, S., "Free Zone Electrophoresis", p. 51, Almqvist 

and Wiksells Boktryckeri AB, Uppsala, 1967. 
(19) Abramson, H.A., J. Gen. Physiol., (1929), 13, 169-177. 
(20) Chattoraj, D.K., and Bull, H.B., J. Amer. Chem. Soc., (1959), 

81, 5128-5133. 
(21) Mehrishi, J.N., and Seaman, G.V.F., Biochim. Biophys. Acta, 

(1966), 112, 154-159. 
(22) Peterson, E.A., "Cellulosic Ion Exchangers", p. 236, North 

Holland/American Elsevier, 1970. 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



18 
Streaming Potential Studies on Gel-coated Glass 
Capillaries 

SHAO M. MA, DONALD E. GREGONIS, RICHARD VAN WAGENEN, 
and JOSEPH D. ANDRADE 

Department of Materials Science and Engineering, University of Utah, 
Salt Lake City, Utah 84112 

The s e p a r a t i o n o f l i v i n g c e l l s i n z e r o g r a v i t y env i ronment s 
appears t o o f f e r s i g n i f i c a n
on e a r t h . The ze r o g r a v i t
and d e n s i t y f l u c t u a t i o n p rob lems . As demonst rated i n A p o l l o 16 
exper iment s a major prob lem w i t h f r e e zone e l e c t r o p h o r e s i s 
i n a c l o s e d system i s the d i f f e r e n t i a l f l u i d movement due t o the 
s u r f a c e e l e c t r i c a l p r o p e r t i e s o f the c o n t a i n e r ( e l e c t r o o s m o s i s ) . 
As a consequence, the r e s o l u t i o n o f t he s e p a r a t i o n and the a n a l y 
s i s i n v o l v e d a re g r o s s l y compromised by the r e s u l t i n g " b u l l e t " 
shape f l o w p a t t e r n s . A s o l u t i o n t o t h i s p rob lem i s t o produce 
s u r f a c e s wh ich e x h i b i t e s s e n t i a l l y no e l e c t r o k i n e t i c p r o p e r t i e s 
when i n e q u i l i b r i u m w i t h t h e i r env i r onment . T h i s can be a c h i e v e d 
by n e u t r a l i z i n g the s u r f a c e charge o r by s h i f t i n g t h e hyd rody 
namic shea r p l ane away from the i n t e r f a c e by use o f h y d r o p h i l i c 
s u r f a c e c o a t i n g s . 

In t h i s s t u d y , g l a s s tubes were s u b j e c t e d t o v a r i o u s c o a t i n g s 
and s u r f a c e t r e a t m e n t s . In p a r t i c u l a r , i t was f e l t t h a t un 
charged h y d r o p h i l i c m e t h a c r y l a t e po lymer c o a t i n g s s hou l d dec rea se 
the e l e c t r o o s m o s i s . The o v e r a l l e f f e c t s o f t he se t r e a t m e n t s 
upon s t r eam ing p o t e n t i a l i s d i s c u s s e d . 

Apparatus 

The s t r e am ing p o t e n t i a l apparatus has been d e s c r i b e d i n 
d e t a i l ( 2 , 3 ) . I t i s an a l l - g l a s s system u t i l i z i n g Ag/AgCl e l e c 
t r o d e s . S t reaming f l u i d i s f o r c e d back and f o r t h f rom one 
r e s e r v o i r t o the o t h e r through a g l a s s tube u s i n g p r e s s u r i z e d 
pure n i t r o g e n gas. A g l a s s pH e l e c t r o d e and a thermometer a re 
p o s i t i o n e d i n one o f the r e s e r v o i r s . A K e i t h l e y model 616 d i g i 
t a l e l e c t r o m e t e r measures s t r e am ing p o t e n t i a l o r s t r e a m i n g 
c u r r e n t . 

A l l new and l a r g e g l a s sware a re c l e a n e d i n i t i a l l y i n chromic 
s u l f u r i c a c i d , t h o r o u g h l y r i n s e d i n r u n n i n g , d i s t i l l e d w a t e r , 
soaked i n doub ly d i s t i l l e d w a t e r , r e r i n s e d i n doub le d i s t i l l e d 
wa te r and then a i r d r i e d i n a d u s t - f r e e env i r onment . Smal l 
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g la s sware i s c l e a n e d by r a d i o f r e q u e n c y glow d i s c h a r g e 
To c a r r y out the s t r e am ing p o t e n t i a l measurement each r e s e r 

v o i r i s f i l l e d w i t h about 500 ml o f phosphate b u f f e r a t pH 7.2 
c o n t a i n i n g 0.01 M KC1. The e l e c t r o d e s are i n s e r t e d . The p o t e n 
t i a l i s then measured as a f u n c t i o n o f d r i v i n g p r e s s u r e . The 
s t r eaming p o t e n t i a l , E s t r , i s l i n e a r l y dependent on the p r e s s u r e 
d rop , P, a c r o s s the t u b e , as g i v en by (5 j 

r _ 4πηΚ E s t r 
ζ " ~D ψ— 

where ζ i s the z e t a p o t e n t i a l , η and D are the v i s c o s i t y and 
d i e l e c t r i c c o n s t a n t , r e s p e c t i v e l y , i n the d i f f u s e p o r t i o n o f the 
e l e c t r i c a l double l a y e r , and Κ i s the bu lk s p e c i f i c c o n d u c t i v i t y 
o f the e l e c t r o l y t e (assuming s u r f a c e conductance i s n e g l i g i b l e 
r e l a t i v e t o bu l k c o n d u c t a n c e )

B a l l and Fuer s tena
l i t e r a t u r e i n r e ga rd t o s t r eam ing p o t e n t i a l d a t a . They have 
conc luded t h a t , due t o as y e t unexp l a i ned f l o w and symmetry 
p o t e n t i a l s common to a wide v a r i e t y o f e l e c t r o d e t y p e s , the 
s l o p e o f the l o c i o f E s ^ r da ta a t a number o f d r i v i n g p r e s s u r e s , 
P, i n o p p o s i t e f l o w d i r e c t i o n s , Δ Ε 5 τ Γ / Δ Ρ , s hou ld be u t i l i z e d i n 
the above e q u a t i o n . Th i s has been the case i n t h i s s t udy . 
S t reaming p o t e n t i a l da ta was o b t a i n e d by measur ing s t r eam ing 
p o t e n t i a l s a t a d r i v i n g p r e s s u r e o f 2cm Hg, then r e v e r s i n g the 
f l o w d i r e c t i o n and r e p e a t i n g the measurement. The d r i v i n g p r e s 
sure was i n c r e a s e d by 2cm Hg and s t r eam ing p o t e n t i a l s were aga i n 
measured i n both f l o w d i r e c t i o n s . T h i s p roces s was r epea ted 
u n t i l the d r i v i n g p r e s s u r e reached 12cm Hg. The l o c i o f s t r e a m 
i n g p o t e n t i a l da ta as a f u n c t i o n o f d r i v i n g p r e s s u r e were then 
f i t t e d to a l i n e a r r e g r e s s i o n be s t f i t s t r a i g h t l i n e u s i n g a 
Hew le t t Packa rd (Model 9820A) programmable c a l c u l a t o r . 

A b s o l u t e v a l ue s o f z e t a p o t e n t i a l c a l c u l a t e d f rom the above 
e q u a t i o n may be e r roneous due t o as sumpt ions c o n c e r n i n g v a l ue s 
f o r doub le l a y e r v i s c o s i t y , d i e l e c t r i c c o n s t a n t , and e n t r a n c e 
f l o w e f f e c t s r e s u l t i n g f rom the l a r g e ID o f the tubes u t i l i z e d 
i n t h i s s tudy ( 2 , 3 ) . 

M a t e r i a l s 

T h i c k - w a l l e d " P y r e x " c a p i l l a r y t u b e s , a p p r o x i m a t e l y 0.2cm 
ID and 15cm l o n g , were used. Uncoated c a p i l l a r i e s had ΔΕ . /ΔΡ 
o f -0 .357 mV/cm Hg. s z r 

D i f f e r e n t s i l a n e adhes ion promoters (7) were used t o p r e t r e a t 
the g l a s s s u r f a c e s p r i o r t o ge l c o a t i n g . An i n v e s t i g a t i o n o f 
s e v e r a l s i l a n i z i n g reagent s u s i ng d i f f e r e n t p rocedure s showed a 
s l i g h t dec rease i n Δ Ε 5 £ Γ / Δ Ρ f o r a l l t he s i l a n e c o a t i n g s . The 
Δ Ε $ £ /ΔΡ v a l u e s were not s e n s i t i v e t o the o r g a n i c f u n c t i o n a l i t y 
o f tr ie s i l a n e . 

A v a r i e t y o f h y d r o p h i l i c po lymers were used as c o a t i n g 
m a t e r i a l s i n c l u d i n g m e t h y l c e l l u l o s e (Dow Methoce l MC, premium, 
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4000 c p s ) ; h yd roxyp ropy lmethy l c e l l u l o s e (Dow M e t h o c e l , 90Hg, 
premium, 15000 c p s ) ; d e x t r i n (Matheson, Coleman and B e l l ) and 
agarose ( B i o r a d L a b s ) . Hyd roxye thy l m e t h a c r y l a t e was donated 
by Hydro Med S c i e n c e s , I n c . Methoxyethy l m e t h a c r y l a t e and 
methoxyethoxyethy l m e t h a c r y l a t e were p repa red i n ou r l a b o r a t o r i e s 
by base c a t a l y z e d t r a n s e s t e r i f i c a t i o n o f methyl m e t h a c r y l a t e 
w i t h the c o r r e s p o n d i n g a l c o h o l ( 8 ) . 

Methods and R e s u l t s 

The s i l a n e compounds were a p p l i e d u s i n g s t a n d a r d p rocedure s 
( 6 ) . A s i l a n e s o l u t i o n was r i n s e d through the t u b e s , f i r s t i n 
one d i r e c t i o n , then i n t he o t h e r , and the tubes were vacuum 
d r i e d o v e r n i g h t . The s i l a n e compounds used and t h e ΔΕ  /ΔΡ 
va l ue s a re g i v en i n Tab l

TABLE I. 

Δ Ε ^ / Δ Ρ Va lues f o r S i l a n e Coa t i n g s 

A E s t r M P 

S S S t i n a (mV/cm Hg) 

1 , 1 , 1 , 3 , 3 , 3 - h e x a m e t h y l d i s i l a z i n e : t r i e t h y l a m i n e -0 .242 
C h l o r o t r i m e t h y l s i l a n e : t r i e t h y l a m i n e (1 :1 ) -0.221 
D i c h l o r o d i m e t h y l s i l a n e : t r i e t h y l ami ne (1 :1 ) -0 .253 
γ - m e t h a c r y l o x y p r o p y l t r i m e t h o x y s i l a n e : t r i e t h y l ami ne (1 :1) -0 .234 
Y - g l y c i d o x y p r o p y l t r i m e t h o x y s i l a n e : t r i e t h y l a m i n e (1 :1) -0 .229 
γ - g l y c i d o x y p r o p y l t r i m e t h o x y s i l a n e : n - p r o p y l a m i ne (1 :1) -0 .230 
Y - g l y c i d o x y p r o p y l t r i m e t h o x y s i l a n e : p H 4 aq . a c e t i c a c i d -0.241 

The Y - g l y c i d o x y p r o p y l t r i m e t h o x y s i l a n e : t r i e t h y l a m i n e (1 :1 ) 
s i l a n e c o a t i n g was s e l e c t e d f o r f u r t h e r t r e a t m e n t w i t h t he 
n e u t r a l p o l y s a c c h a r i d e s . I t was thought t h a t c o a t i n g t he p o l y 
s a c c h a r i d e s upon the e p o x y - s i l a n i z e d g l a s s was e i t h e r an a c i d o r 
base c a t a l y z e d p roces s r e s u l t i n g i n c o v a l e n t a t tachment o f t he 
p o l y s a c c h a r i d e t o the s u r f a c e ( F i g u r e 1 ) . 

S tandard s o l u t i o n s o f v a r i o u s p o l y s a c c h a r i d e s were p repa red 
by d i s s o l v i n g i n e i t h e r 0.5% HC1 o r 0.5% Κ0Η. I f the p o l y s a c 
c h a r i d e was s o l u b l e , t he v i s c o s i t y o f t he s o l u t i o n was " r e g u l a t e d " 
by the a d d i t i o n o f p o l y s a c c h a r i d e u n t i l i t had t h e c o n s i s t e n c y o f 
a t h i c k s y r u p . O the rw i se t he p o l y s a c c h a r i d e was added t o complete 
s a t u r a t i o n . The p o l y s a c c h a r i d e s o l u t i o n was p u l l e d th rough t he 
tubes i n each d i r e c t i o n by a w a t e r - a s p i r a t o r p a r t i a l vacuum. 
The tubes were then p l a c e d i n a vacuum oven a t 120°C f o r 12 h o u r s , 
un le s s o t h e r w i s e s p e c i f i e d . The tubes were e x h a u s t i v e l y r i n s e d 
w i t h d i s t i l l e d w a t e r and t he Δ Ε ^ / Δ Ρ v a l ue s were o b t a i n e d . 

C o n s i s t e n t l y l ower A E s t r M P va l ue s were o b t a i n e d when t h e 
p o l y s a c c h a r i d e s were a p p l i e d i n a c i d i c s o l u t i o n as compared t o 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



244 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

a . A c i d C a t a l y z e d P roces s 

- CH ? - 0 -CH -CH-CH l L 

w 
ο 

C H 2 - 0 - C H 2 - C H - C H 2 

OH 

H O - C e l l u l o s e 

O - C e l l u l o s e ^ C e l l u l o s e 

-CH 2 -0 -CH 2 -CH-CH 2 -OH -CH 2 - 0 -CH 2 -CH -CH 2 -OH 

b. Base C a t a l y z e d P roces s 

HO" + H O - C e l l u l o s e HOH + " O - C e l l u l o s e 

- C H 2 - 0 - C H 2 - C H - C H 2 + " O - C e l l u l o s e - v -CHg -O-CHg-ÇH-CHg-O-Ce l l u lo se 

V " 0 

- C H 2 - 0 - C H 2 - C H - C H 2 - 0 - C e l l u l o s e , H + 

OH 

Figure 1. Reaction schemes for the attachment of polysacchardies to epoxy-silane sur
faces. A , acid catalyzed; B, base catalyzed. 
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b a s i c s o l u t i o n ; however, when m e t h y l c e l l u l o s e i n d i s t i l l e d wa te r 
was a p p l i e d t o the e p o x y - s i l a n i z e d g l a s s , a Δ Ε ς ^ / Δ Ρ v a l u e was 
o b t a i n e d comparable t o the r e s u l t s o b t a i n e d w i t h m e t h y l c e l l u l o s e 
i n a c i d s o l u t i o n . A t the moment the mechanism t h a t governs 
a t tachment o f m e t h y l c e l l u l o s e t o the e p o x y - s i l a n i z e d g l a s s i s i n 
doubt . The t r e a t m e n t o f g l a s s s u r f a c e s w i t h j u s t m e t h y l c e l l u l o s e 
o r γ - g l y c i d o x y p r o p y l t r i m e t h o x y s i l a n e does not g i v e t he low 
Δ Ε 5 ^ Γ / Δ Ρ v a l u e s . T h i s phenomenon i s s t i l l b e i n g i n v e s t i g a t e d . 

F u r t h e r c o a t i n g o f m e t h y l c e l l u l o s e onto a m e t h y l c e l l u l o s e 
c o a t i n g showed no change i n Δ Ε $ * Γ / Δ Ρ . The use o f 1 , 2 , 4 , 5 , 9 , 10 -
t r i e p o x y d e c a n e (TED) as a c r o s s l i n k e r i n t he m e t h y l c e l l u l o s e 
s o l u t i o n s (5% TED i n 0.5% H C 1 - m e t h y l c e l l u l o s e ) was i n v e s t i g a t e d . 
Cu r i n g was accomp l i s hed by h e a t i n g o v e r n i g h t a t 120°C i n vacuum. 
No s t a t i s t i c a l change was noted f o r t h i s t r e a t m e n t o ve r normal 
m e t h y l c e l l u l o s e tubes (Tab l

TABLE I I . 

E f f e c t s o f S i l a n e and P o l y s a c c h a r i d e Coa t i n g s Upon ΔΕ ^ /ΔΡ Va lue s 

A E s t r / A P S t anda rd 
C o a t i n g (mV/cm Hg) D e v i a t i o n 

(1) Uncoated -0 .356 0.010 
(2) γ - g l y c i d o x y p r o p y l t r i m e t h 

o x y s i l a n e : t r i e t h y l ami ne (1 :1 ) -0 .310 0.007 
(3) P rocedure 2 , then 0.5% HC1 -0.226 — 

(4) P rocedure 2 , then 0.5% KOH -0.261 — 

(5) M e t h y l c e l l u l o s e i n d i s t i l l e d Ο 
(6) P rocedure 2 , then m e t h y l c e l l u l o s e 

-0 .166 0.090 (5) M e t h y l c e l l u l o s e i n d i s t i l l e d Ο 
(6) P rocedure 2 , then m e t h y l c e l l u l o s e 

i n 0.5% KOH -0 .130 0.012 
(7) P rocedure 2, then m e t h y l c e l l u l o s e 

i n 0.5% HC1 -0 .078 0.008 
(8) P rocedure 2 , then m e t h y l c e l l u l o s e 

i n d i s t i l l e d H«0 -0 .058 0.002 
(9) M e t h y l c e l l u l o s e coa ted tubes 

(P rocedure 7) r e c o a t e d w i t h 
m e t h y l c e l l u l o s e w i t h 5% 
1 , 2 , 4 , 5 , 9 , 1 0 - t r i e p o x y d e c a n e on 
0.5% HC1 -0 .103 0.003 

(10) P rocedure 2 , then h y d r o x y p r o p y l -
m e t h y l c e l l u l o s e i n 0.5% HC1 -0 .096 

(11) P rocedure 2 , then d e x t r i n i n 
0.5% HC1 -0 .245 

(12) P rocedure 2 , then agarose i n 
0.5% HC1 -0 .250 
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A s i m p l e w a t e r - p o l y f l u o r o c a r b o n s u r f a c e c o n t a c t ang le t e s t 
was used to d e t e c t s u r f a c e - a c t i v e e x t r a c t a b l e s (9) f rom the 
coated c a p i l l a r i e s . High c o n t a c t ang le s were noted w i t h a l l 
t ube s . No s i g n i f i c a n t change i n the c o n t a c t ang le was e v i d e n t 
w i t h the methyl c e l l u l o s e - c o a t e d t u b e s , i n d i c a t i n g t h a t the 
m e t h y l c e l l u l o s e i s not r e a d i l y e x t r a c t e d from the s u r f a c e . 

To o b t a i n c a p i l l a r y tubes coa ted w i t h m e t h a c r y l a t e h y d r o g e l s , 
f i r s t s o l u b l e polymers were p r e p a r e d . Th i s was a ccomp l i s hed by 
r a d i c a l i n i t i a t i o n o f the d e s i r e d monomer a t low d i l u t i o n (1 
to 10, v/v) i n e t h a n o l . A sma l l amount o f t h i s po lymer s o l u t i o n 
i s a l l o w e d to f l o w through the g l a s s c a p i l l a r y , and w i t h a l i t t l e 
c a re and p a t i e n c e , a v e r y un i f o rm coa t o f the po lymer c o u l d be 
d e p o s i t e d on the i n s i d e o f the c a p i l l a r y . T h e v i s c o s i t y o f the 
polymer s o l u t i o n was r e g u l a t e d by the a d d i t i o n o r e v a p o r a t i o n o f 
s o l v e n t . The tubes wer
to e q u i l i b r a t e i n d i s t i l l e

The monomers t h a t were i n v e s t i g a t e d were methoxyethy l 
m e t h a c r y l a t e (MEMA), h yd r o x ye th y l m e t h a c r y l a t e (HEMA) and meth -
o x y e t h o x y e t h y l m e t h a c r y l a t e (MEEMA). I t has been dete rmined 
t h a t these po lymers s w e l l i n wate r t o i n c o r p o r a t e 3.5%, 40% and 
63% w a t e r , r e s p e c t i v e l y ( 9 ) . The c o r r e s p o n d i n g Δ Ε ^ / Δ Ρ va l ue s 

a re comparable to the b e s t m e t h y l c e l l u l o s e v a l ue s (Tab le I I I ) . 

TABLE I I I . 

E f f e c t s o f H y d r o p h i l i c M e t h a c r y l a t e Coa t i ng s Upon ΔΕ $ 1 _ Γ /ΔΡ Va lues 

ΔΕ /ΔΡ 
C o a t i n g /«χ//™ un\ S tandard 

(mV/cm Hg) D e v . j a t i o n 

(1) Uncoated tubes -0 .290 0.045 
(2) Hyd roxye thy l m e t h a c r y l a t e (HEMA) -0.046 0.029 
(3) Methoxyethy l m e t h a c r y l a t e (MEMA) -0 .058 0.050 
(4) Me thoxye thoxye thy l m e t h a c r y l a t e 

(MEEMA) -0 .038 0.012 
(5) HEMA w i t h 1% m e t h a c r y l i c a c i d 

(MAA) -0.080 0.024 
(6) HEMA w i t h 3% MAA -0 .100 0.024 
(7) HEMA w i t h 10% MAA -0 .113 0.035 
(8) HEMA w i t h q u a t e r n i z e d 1% d i m e t h y l -

aminoethy l m e t h a c r y l a t e (DMAEMA) +0.070 0.02* 
(9) HEMA w i t h q u a t e r n i z e d 3% DMAEMA +0.074 0.004 

(10) HEMA w i t h q u a t e r n i z e d 10% DMAEMA +0.087 0.014 
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To observe the e f f e c t t h a t charged groups i n t h e h y d r o p h i l i c 
polymers had upon Δ Ε 5 ^ Γ / Δ Ρ v a l u e s , HEMA was p o l y m e r i z e d a t low 
d i l u t i o n w i t h v a r i o u s amounts o f m e t h a c r y l i c a c i d (MAA) and 
d imethy l aminoethy l m e t h a c r y l a t e (DMAEMA). 

In the s t r eam ing s o l u t i o n b u f f e r e d t o pH 7 . 2 , m e t h a c r y l i c 
a c i d e x i s t s as the charged s a l t , but d imethy l am inoe thy l metha
c r y l a t e e x i s t s as an uncharged s p e c i e s . A f t e r p o l y m e r i z a t i o n o f 
the HEMA-DMAEMA copo l ymer , methyl i o d i d e was added t o the po lymer 
s o l u t i o n t o r e a c t w i t h t he f r e e amino groups f o r m i n g q u a t e r n a r y 
ammonium i o d i d e s ( F i g u r e 2 ) . The c a p i l l a r y tubes were coa ted as 
d e s c r i b e d f o r the o t h e r m e t h a c r y l a t e po l ymer s , c u red a t 60°C 
o v e r n i g h t and then a l l o w e d t o s w e l l t o e q u i l i b r i u m i n e i t h e r 
d i s t i l l e d wa te r o r s t r eam ing p o t e n t i a l b u f f e r . 

The MAA-HEMA copo lymer c o a t i n g s e x h i b i t e d average AEstr/àP 
va l ue s wh ich i n c r e a s e d
m e t h a c r y l i c a c i d i n th
f o r 3% MAA, and -0 .113 f o r 10% MAA. The q u a t e r n a r y DMAEMA-HEMA 
copolymer c o a t i n g s produced a ne t p o s i t i v e e l e c t r o k i n e t i c s u r f a c e 
as i n d i c a t e d by i n c r e a s i n g l y p o s i t i v e ΔΕ~^ Γ /ΔΡ va l ue s w i t h 
i n c r e a s i n g pe rcentage o f DMAEMA; +0.070 t o r 1% DMAEMA, 
+0.074 f o r 3% DMAEMA, and +0.087 f o r 10% DMAEMA (Tab le I I I ) . 

D i s c u s s i o n 

A c c o r d i n g t o B r o o k ' s model (10) t he z e t a p o t e n t i a l i n t he 
presence o f adsorbed po lymer ( h y d r o p h i l i c , uncharged) c o u l d be 
h i g h e r o r l ower than t h a t i n the absence o f po lymer . The e f f e c t 
depends on the r e l a t i v e magnitude o f t he t h i c k n e s s o f the a d 
sorbed po lymer l a y e r , d , and the t h i c k n e s s , d f , w i t h i n wh ich 
nonzero f l u i d f l o w occu r s d u r i n g an e l e c t r o k i n e t i c e x p e r i m e n t . 
Three a reas have been c i t e d : 

1. For a t o t a l l y f r e e d r a i n i n g adsorbed l a y e r , t he l o c a t i o n 
o f t he shea r p l ane i s u n a f f e c t e d by the presence o f t he 
adsorbed l a y e r , i . e . d = d . In t h i s c a s e , po lymer a d s o r p 
t i o n causes an i n c r e a s e i n ' z e t a p o t e n t i a l . 

2. Fo r a p a r t i a l l y f r e e d r a i n i n g adsorbed l a y e r , t he shea r p l ane 
i s s h i f t e d t o a p o s i t i o n w i t h i n t he adsorbed po lymer l a y e r 
(0 < d f < d ) . In t h i s case po lymer a d s o r p t i o n may cause 
e i t h e r an i n c r e a s e o r a decrease i n z e t a p o t e n t i a l . 

3. When f l o w i s t o t a l l y e x c l u d e d f rom t he adsorbed l a y e r , i . e . , 
the shear p l ane i s s h i f t e d o u t s i d e t he adsorbed l a y e r 
( d f = 0 ) , po lymer a d s o r p t i o n causes a decrease i n z e t a 
p o t e n t i a l . 

Our da ta was o b t a i n e d f rom a l a r g e v a r i e t y o f n e u t r a l p o l y 
mer c o a t i n g s ; a l l show a decrease i n ΔΕ § +.~/ΔΡ. Our n e u t r a l 
po lymer c o a t i n g s were c a s t on g l a s s c a p i l l a r y s u r f a c e s and a re 
t h i c k e r than tho se o b t a i n e d by a d s o r p t i o n . A l t hough one cannot 
d i r e c t l y compare our c o a t i n g s w i t h the t h r e e cases p r e s e n t e d by 

Co-,;. •·•·, ·; - : 
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Figure 2. Charged groups introduced into the HEMA polymer 
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B r o o k ' s (10) i t does appear t h a t i n our case the shear p l ane has 
been s h i f t e d f a r away f rom the i n t e r f a c e . Con s i de r the Δ Ε δ £ Γ / Δ Ρ 
v a l u e s g i v en i n Tab le I I I f o r p o s i t i v e o r n e g a t i v e groups c o -
p o l y m e r i z e d w i t h HEMA. A t low s t ream ing p o t e n t i a l v a l u e s , 
i n c r e a s e d e x p e r i m e n t a l e r r o r i s i n t r o d u c e d i n t o the measurements. 
A t a g i ven P, E s ^ r changes w i t h t i m e , p a r t l y due t o a change i n 
the r e l a t i v e f l u i d l e v e l s i n the two r e s e r v o i r s wh ich causes a 
change i n Ρ and p a r t l y due to e l e c t r o d e d r i f t w i t h t ime o f 
unknown cause ( 2 - 3 ) . I t was observed t h a t the Δ Ε $ £ Γ r e ad i n g s were 
more s t a b l e f o r s u r f a c e s w i t h h igh s t r eam ing p o t e n t i a l s . As a 
consequence, the e r r o r i s l a r g e r when the a b s o l u t e Δ Ε ^ / Δ Ρ 
v a l u e i s s m a l l . A l t hough d i f f e r e n t samples o f s i m i l a r c o a t i n g o r 
the same sample measured on d i f f e r e n t days do show l a r g e v a r i a 
t i o n s i n t h e i r Δ Ε ^ / Δ Ρ v a l u e s  when the same sample was 
measured t h r e e t imes w i t h i
q u i t e c o n s i s t e n t . A l s o
ΔΕ $4- Γ/ΔΡ v a l u e f o r samples 5-10 f o l l o w e d the same t r e n d as g i v en 
i n t a b l e I I I . T h e r e f o r e , we would l i k e t o a t t r i b u t e the l a r g e 
s t anda rd d e v i a t i o n v a l ue s t o the v a r i a t i o n s i n e x p e r i m e n t a l 
c o n d i t i o n s , s u r f a c e roughnes s , uneven c o a t i n g s , e t c . , and c o n s i d e r 
the e f f e c t o f i n c r e a s i n g a b s o l u t e s t r eam ing p o t e n t i a l v a l ue s w i t h 
i n c r e a s i n g charge as r e a l . 

C o n c l u s i o n s 

A dec rease i n Δ Ε ^ / Δ Ρ occu r s when the g l a s s s u r f a c e i s 

s i l a n i z e d o r coa ted w i t h a n e u t r a l p o l y s a c c h a r i d e such as 
m e t h y l c e l l u l o s e . S i l a n i z a t i o n f o l l o w e d by m e t h y l c e l l u l o s e 
t r ea tmen t g i v e s an a lmos t t e n - f o l d dec rea se i n Δ Ε ^ / Δ Ρ over 

uncoated " P y r e x " g l a s s . Both a c i d and n e u t r a l m e t h y l c e l l u l o s e 
s o l u t i o n s coa ted upon a γ - g l y c i d o x y D r o p y l t r i m e t h o x y s i l a n e base 
g i v e s the l o w e s t Δ Ε ^ / Δ Ρ va l ue s f o r the p o l y s a c c h a r i d e s 

examined. B a s e - c o n t a i n i n g m e t h y l c e l l u l o s e d e p o s i t e d on a 
γ - g l y c i d o x y p r o p y l t r i m e t h o x y s i l a n e s u r f a c e g i v e s s l i g h t l y h i g h e r 
ΔΕ ^ /ΔΡ v a l u e s , perhaps due to the c o r r o s i v e a c t i o n o f the base . 

No a d d i t i o n a l improvement i n Δ Ε $ ^ Γ / Δ Ρ va l ue s was o b t a i n e d when 
the m e t h y l c e l l u l o s e tubes a r e r e c o a t e d w i t h m e t h y l c e l l u l o s e 
c o n t a i n i n g a c r o s s l i n k e r . 

H y d r o p h i l i c m e t h a c r y l a t e polymer c o a t i n g s a l s o l ower 
Δ Ε ^ / Δ Ρ va l ue s about t e n - f o l d over u n t r e a t e d g l a s s c a p i l l a r i e s . 

By added q u a t e r n a r y ammonium groups t o these po lymer c o a t i n g s , 
the s i g n o f ΔΕ t /ΔΡ i s changed from n e g a t i v e t o p o s i t i v e . I t 

i s f e l t t h a t by a d j u s t i n g t he amount o f charged co-monomers, a 
ze ro Δ Ε 0 + ν 7 Δ Ρ v a l u e c o u l d be o b t a i n e d . 
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Abstract 
Streaming potential techniques were used to measure the 

interfacial electrical potential of glass capillaries. Different 
silanizing reagents were used to coat the glass capillaries and 
decrease the streaming potential values by a comparable amount
i.e., about half that o
ten-fold decrease in streaming potentia  methyl
cellulose is coated onto a γ-glycidoxypropyl silanized glass 
capillary. A comparable decrease is noted when hydroxyethyl 
methacrylate (HEMA), methoxyethyl methacrylate (MEMA) and 
methoxyethoxyethyl methacrylate (MEEMA) polymers are coated on 
the glass capillary. By adding anionic or cationic charged 
groups to the poly-HEMA coating, streaming potential values of 
opposite sign are obtained. 

Increasing the amount of methacrylic acid copolymerized 
with the HEMA monomer negatively increases the average ΔEstr/ΔP 
values. Increasing the amount of quaternized dimethyl aminoethyl 
methacrylate in the copolymer positively increases the average 
ΔEstr/ΔP values. 
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19 
Water Wettability of Hydrogels 

FRANK J. HOLLY and MIGUEL F. REFOJO 
Eye Research Institute of Retina Foundation, 20 Staniford Street, Boston, Mass. 02114 

The matrix of hydrogels consists of hydrophilic macromolec-
ules which are crosslinke
Thus, a gel spontaneousl
equilibrium hydration. This equilibrium water content of the gel 
depends on crosslink density and on the amount and nature of hyd
rophilic sites in the macratolecular matrix. 

With the exception of poly (hydroxyethyl methacrylate) 
[PHEMA], which is not soluble in water, the matrix of hydrogels 
i s usually made up of water-soluble polymers. At equilibrium 
hydration a large fraction of hydrogels consist of water. Hydro-
gels containing over 95% water are not uncarmon. This i s probably 
why i t has been implicitly assumed that hydrogels have a hydro
philic surface. In other words, water i s expected to spread 
spontaneously over the surface of hydrogels, at least when the 
surface is fully hydrated. 

Past Work on Hydrogel Wettability 

Acrylic hydrogels are fairly new and their wettability has 
only been examined recently. However, there are several reports 
in the literature in which the wettability of gelatin gels are 
considered. The f i r s t systematic investigation of the wettability 
of hydrated and air-dried gelatin gels appeares to have been made 
by Pchelin and Korotkina (]L). They found a water contact angle of 
98° on hydrated gelatin and a contact angle of 115° on the air-
dried gelatin film. These authors also observed that the wett
ability of the gelatin gels depended on the polarity of the mat
erial adjacent to the gel surface while the gel was being formed. 
Thus gelatin formed against paraffin or air was hydrophobic, 
while gelatin formed against a clean glass surface was hydrophil
i c . Garrett (2) also found gelatin to be hydrophilic when formed 
against a glass surface. 

Braudo and coworkers (3) studied the wettability of gelatin 
gels as a function of the gelatin concentration. The water cont
ent of the gel varied from 14% for the air-dried gels up to 86% 
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for the most dilute gels studied. They found that the water cont
act angle on these gels varied frcm the surprisingly high value of 
123° for the most hydrated gel to 87° for the dehydrated gels. 
These authors offer an explanation for the anomalous wettability 
of gelatin gels based on the preferred orientation of the water 
molecules in a surface free-water layer of the gel. It i s hard to 
see, however, why an oriented water layer having the characteris
tics of the surface layer of pure water would not be wetted by 
water. It is suspected that the high, obtuse water contact angles 
were obtained because of surface dehydration and these values were 
further increased due to the roughness of the surface. 

More recently the agarose gel was the subject of an investig
ation as to water wettability (4). If the gel was formed under 
water or had been exposed to water for long periods of time, the 
surface was hydrophilic  th  othe  hand  i f th  surfac
formed while exposed t
When this hydrophobic layer was shaved off, the gel again had a 
hydrophilic surface. 

We have recently found (5) that gels made of the polymer 
PHEMA. appear to have a hydrophobic surface even when the gel i s 
fully hydrated. The wettability of PHEMA. gels having equilibrium 
water contents between 31 and 42% has been found to be surpris
ingly low: advancing contact angle values for water between 60 
and 80° have been obtained by both the sessile-drop and the 
captive-bubble techniques. The receding contact angle values 
measured were found to be much lower but s t i l l larger than zero. 

Description of the Hydrogels Studied 

The wettability of several types of hydrogels, consisting of 
macrcmolecules more hydrophilic than PHEMA, was measured (Figure 
1). Gels were prepared by simultaneous polymerization and cross-
linking of purified monomers in aqueous solutions in molds con
sisting of two glass plates separated by a silicone gasket (6). 
The copolymer of glyceryl methacrylate and methyl methacrylate 
[P(GMA/MMA) ] was obtained from Corneal Sciences, Inc. Boston, MA. 
P (GMA/MMA) was made by bulk polymerization. The gel surface was 
polished and then equilibrated with water. 

Poly (glyceryl methacrylate) [PGMA] forms gels that have twice 
the number of hydroxyl groups per monomer unit than does the PHEMA 
gel. Poly(hydroxyethyl acrylate) [PHEA] forms gels that are sim
i l a r to PHEMA in hydrophilic sites but this polymer does not have 
the hydrophobic, bulky methyl side group on the acrylic backbone. 
The preparation of the PHEMA gels was described previously (5). 
The crosslinking agents for PHEMA, PGMA, and PHEA are the diesters 
which are usually found accompanying the monoesters. Poly(acryl-
amide) [PAA] gels were prepared using Ν,Ν1 -methylene bisacrylamide 
as a crosslinking agent. 

In addition to these synthetic materials, a polysaccharide 
gel, agarose, consisting of D- and L-galactopyranose, was includ-
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ed in the study along with another material not strictly a hydro
gel, poly (dimethyl siloxane) bulk-grafted with poly (vinyl pyrrol-
idone) [SID-g-PVP] (7), which was obtained from the firm Essilor 
(Paris, France). 

The gels, with the exception of Ρ (GMA/MMA), were formed 
against glass, which was made hydrophobic for some of the PHEMA. 
gels by Siliclad coating (5). The gels were thoroughly washed and 
stored in di s t i l l e d water (that was frequently changed) for at 
least one month prior to the wettability measurements. Under 
these conditions, the hydrophobic or hydrophilic nature of the 
glass surface in contact with the gel during i t s formation did 
not seem to affect gel wettability. 

Method of Measurement of Wettability 

The contact angle
er. The contact angle of the sessile droplets was determined in 
a closed chamber (Ramè-Hart Environmental Chamber for Goniometer). 
Clean air was circulated through two consecutive gas-washing 
bottles f i l l e d with water and the chamber in a closed system by 
a varistaltic pump in order to keep i t saturated with respect to 
water vapor. The captive-bubble technique was also employed occ
asionally using a chamber designed for this technique in order 
to guard against the slight possibility of surface dehydration. 
As with PHEMA (5), this latter technique yielded contact angle 
values that were consistently a few degrees higher ( ! ) than the 
data obtained with the sessile-drop technique. 

Both the advancing and the receding contact angles were det
ermined. The sessile droplets (or captive bubbles) were slightly 
increased or decreased in size after the contact with the gel 
surface had been established, and until the angle remained con
stant upon additional change in volume. Thus, the contact angles 
measured were static rather than dynamic values as the terms 
seem to imply. 

Gel Wettability as Characterized by Water Contact Angles 

Figure 2 displays both the advancing and receding contact 
angle values obtained with water on the various gels as a func
tion of the equilibrium water content of the gels. As a reference, 
the average advancing and receding contact angle values for poly-
(methyl methacrylate) [PMMA] are also shown in the figure. 

It i s clear from the graph that only the agarose gel of very 
high water content (over 96%) i s completely wetted by water. The 
next most wettable gel i s PAA as expected from i t s chemical com
position. The wettability of PGMA and PHEA are similar indicating 
that the additional hydroxyl group of PGMA just about cancels the 
hydrophobic effect of the methyl group absent in PHEA. 

The wettability of the PHEMA gels, having considerably lower 
equilibrium hydration, i s widely variable, but a l l PHEMA gels are 
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less wettable than PGMA. or PHEA. Ρ (GMA/MMA) i s about as hydro
phobic as PHEMA, while SIL-g-PVP having a rather low water con
tent (6-12%) is only as hydrophobic as the less wettable PHEMA 
gels. The average water wettability of the PHEMA gels as judged 
by the magnitude of the advancing contact angle i s comparable to 
that of PMMA (1.5% water). 

The receding contact angle values of water on the gels are 
a l l much lower than the advancing contact angles. Hence, quite 
large contact angle hysteresis was observed with the hydrogels. 
Four factors or processes have been recognized as being capable 
of causing contact angle hysteresis: surface roughness, physical 
interaction between solid and liquid (e.g. dissolution), chemical 
interaction between solid and liquid (e.g. hydrolysis), and 
stereochemical changes at the solid-liquid interface. 

A l l the hydrogels
to appear glossy when th
surface. Thus, the small degree of roughness present cannot 
account for the pronounced hysteresis. A l l the gels were washed 
repeatedly for prolonged periods of time prior to contact angle 
measurements, so water-soluble, surface-active contaminants as a 
possible cause of contact angle hysteresis can be eliminated. The 
hydrcgels were in ttermc<iynamic equilibrium with water, so chem
ica l interaction could not take place either. 

Since hydrogels are not rigid solids, i t i s expected that 
the vertical component of the water surface tension would deform 
the solid at the drop periphery resulting in local stress and 
distortion of the gel shape. We could observe no indication that 
such an effect occurs, but i t cannot be ruled out. 

The only probable explanation l e f t i s the possible stereo
chemical changes that may take place at the gel boundary. We have 
postulated (5) that the large contact angle hysteresis observed 
with PHEMA, and this could hold true for the other gels as well, 
i s due to the relatively high mobility of the polymer chains and 
segments at the gel surface. By changing orientation and/or con
formation, the polymer network at the gel surface can change 
character from hydrophobic to relatively hydrophilic depending on 
whether the adjacent phase i s water vapor or liquid water. Figure 
3 schematically depicts such an occurrence. At the gel-vapor 
interface, most of the hydrophobic groups, such as the methyl 
groups, would be exposed to the gaseous phase, while at the gel-
water interface, the hydroxyl and other hydrophilic groups would 
dominate. 

The schematic view of the gel surface in Figure 3 indicates 
the presence of small "lakes" of free water which are separated 
by closely packed polymer chains held in close proximity by 
hydrophobic bonding (8). If such i s the case, the surface of the 
gel could be treated as a composite surface, especially i f the 
liquid used to probe the surface i s nonpolar. In the case of 
water, however, even i f such a heterogeneous surface structure 
existed, the polymer chains at the surface are probably mobile 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



19. H O L L Y A N D R E F O J O Water Wettability of Hydrogels 257 

enough to shift so that no free-water lakes are expected to cross 
the periphery of the sessile water droplet. 

The data contained in Figure 2 seem to indicate that for a 
given type of gel, the equilibrium water content of the gel has 
no direct effect on surface wettability. However, there i s some 
vague indication, especially with the gels of higher water content 
that hydrophobic!ty may increase with increasing water content. As 
already mentioned, a similar phenomenon was observed for gelatin 
by others ( 3 ) . 

The main factor determining water wettability appears to be 
the chemical structure of the polymeric network at the interface. 
The surface structure and orientation of the polymer matrix i s 
most likely affected by the polarity of the adjacent phase bound
ary as well as by seme uncontrolled events relating to gel matrix 
formation. 

Water Wettability and Relative Contact Angle Hysteresis 

One way to circumvent the difficulties introduced by the 
unpredictable nature of the gel surface i s to characterize i t by 
the advancing contact angle of water rather than by the bulk para
meter; the degree of equilibrium hydration. Furthermore, one may 
define the relative contact angle hysteresis (HR) as the differ
ence between the advancing (Θ,) and the receding (Θ ) contact 
angles normalized with respect to the advancing contact angle. 
That i s , 

H R = ( © A - O R ) / Θ Α 

Then, the maximum value of hysteresis w i l l be equal to 1 
whenever the receding angle i s zero, irrespective of the magni
tude of the advancing contact angle. 

The value of the relative hysteresis of the contact angle i s 
shown in Figure 4 as a function of the advancing contact angle of 
water. It i s apparent from the graph that the value of H R in
creases approximately in a linear manner with the increasing 
contact angle, i.e. with decreasing wettability. 

This observation, camion for a l l the gels investigated, can 
be readily explained by our hypothesis. We have proposed that 
both the hydrophobic nature of the gel surface and the convert
i b i l i t y to a more hydrophilic surface when in contact with water 
are due to the segmental mobility and the amphipathic character 
of the polymer chains at the gel boundary. The more mobile the 
segments are for a given gel, the higher the advancing contact 
angle of water and the greater the difference between the advanc
ing and receding angles w i l l be. Apparently this i s so, because 
at higher segmental mobility more hydrophobic groups can be ex
posed and lined up at the surface when i t i s exposed to water 
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WATER V A P O R 

(OR O C T A N E ) /---LIQUID-

WAT Ε R-

C H3 OH CH, CM, CH/OH OH C- H; OH OH Q H ^ 

··········· ·· · · ·.!_·.· ·····« 
H Y D R O G E L 

50 60 70 80 90 100 110 

A D V A N C I N G C O N T A C T A N G L E (degree) 

Figure 4. Relative contact angle hysteresis as a function of the advancing contact angle 
of water. ®, agarose; A, PAA; Sil-g-PVP; O, PHEA; PGMA; ·, PHEMA. 
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vapor (resulting in a higher advancing contact angle of wetting), 
and more hydrophilic sites can be exposed to the adjacent liquid 
water phase (resulting i n lower receding contact angles). In other 
words, increased segmental mobility of the surface polymer chains 
for a given gel would be manifested by both decreased wettability 
and enhanced contact angle hysteresis. 

It i s possible to obtain a value for a "limiting advancing 
contact angle" for each gel by fitting a straight line to the 
data points by the least square method and extrapolating i t to 
the maximum hysteresis value: H R = 1, 0 R = 0. While the empirical 
nature of the relationship and the considerable scatter in the 
data make this limiting value of questionable importance and 
accuracy, i t i s possible to assign a physical meaning to i t . This 
limiting value of Θ, corresponds to the water wettability of a 
hypothetical gel or th  composition  which would hav
mental mobility sufficientl
tact angle. Since this limiting contact angle i s 114  for PHEMA, 
which value i s larger than can be obtained with water on the 
closely packed methyl groups in the freshly cleaved surface of a 
hexatriacontane single crystal (1110) (9), i t i s unlikely that a 
zero receding contact angle of water can ever be obtained on a 
PHEMA gel, no matter how much the segmental mobility may be in
creased by some suitable manipulation of the gel-forming tech
nique. 

The extrapolated value of the advancing contact angle appears 
to be of a more realistic magnitude for the other gels. It must 
be remembered, however, that these gels are considerably more 
hydrated than PHEMA, and this fact i s likely to decrease the 
surface density of the hydrophobic (and hydrophilic) groups and 
chain segments at the gel surface. It i s of interest to note, 
however, that the maximum hysteresis observed with gels of dif
ferent types i s approximately the same, 0.8 - 0.9, and the high
est was observed with the gel of the copolymer, Ρ (GMA/MMA). 

It i s apparent from Figure 4 that the material SIL-g-PVP 
exhibits a behavior just the opposite to that of the hydrogels. 
The seemingly anomalous behavior of this material actually 
strengthens the foregoing argument based on the segmental mobili
ty of the surface polymer chains in the gels. In PVP grafted s i l 
icone the convertibility of the surface frcm hydrophobic to 
hydrophilic depends on the poly (vinyl pyrrolidone) content. The 
more PVP there i s , the more hysteresis i s expected. However, more 
PVP at the surface would result in higher wettability, i.e. lower 
advancing contact angle, since silicone i s inherently hydrophobic. 
This is why the straight line, which f i t s the data exceptionally 
well, has a negative slope in the graph. 

Criti c a l Surface Tension of the Hydrogels 

We were curious to find out the wettability of these hydro
gels by pure organic liquids which are immiscible with water. The 
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eight liquids chosen and their surface tensions are shown in Table 
I. They a l l have a negative spreading coefficient on water with 
the exception of tricresyl phosphate. 

Table I 

Organic Liquids Used in Critical Surface Tension 
Deterniination 

DIAGNOSTIC LIQUIDS SURFACE TENSION SPREADING COEFFICIENT 
dyne/cm ON WATER 

Diiodomethane 

1,1,2,2-Tetrabromoethane 48.3 negative 

1-Bromonaphthalene 43.0 negative 

Tricre sylphosphate 40.4 positive 

1-Methylnaphthalene 38.7 negative 

Nitromethane 36.1 negative 

Dicyclohexylantine 33.8 negative 

n-Hexadecane 27.1 negative 

The contact angle data obtained on four different hydrogels 
were plotted as the cosine of the advancing angle versus the 
liquid surface tension (Zisman Plot) and also as the adhesion 
tension (the product of the liquid surface tension and the cosine 
of the contact angle), WT , versus the liquid surface tension 
(Wolfram Plot). This latter manner of contact angle presentation 
has been used by some investigators (10-13). It has yielded a 
straight line of reasonably good f i t for nonpolar solids and 
either aqueous solutions of surfactants or for surfactants dis
solved in a two-phase immiscible liquid system. 

Wolfram (11,12) and later Lucassen-Reynders (13) have shown 
that the slope of the straight line described by the data in the 
adhesion tension versus surface tension plot i s equal to the 
ratio of the Gibbs1 surface excess concentration at the solid-
liquid interface (Γ ,) and at the liquid-vapor interface (Γ·. ) : 

slope = - Γ 3 ΐ / Γ 1 ν 
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Figure 5 shows the Zisman plot obtained for the PHEMA. gel of 
40% equilibrium water content and Figure 6 shows the Wolfram plot 
for the same gel. These figures also include data obtained with 
poly (methyl methacrylate), which served as the control surface. 

As can be seen, in both cases the scatter of the data i s 
considerable. The least square method has been used to obtain the 
straight lines shown in the graph. These were used to obtain the 
c r i t i c a l surface tension value by extrapolating to cos 0 = 1 or 
WT = γ^ ν , for the Zisman plot and the Wolfram plot, respectively. 
These c r i t i c a l surface tension values are contained in Table II 
for several acrylic hydrogels as well as for poly (methyl metha
crylate) . Whenever possible, the gels representative of each type 
were chosen so that the equilibrium water contents were similar. 

Critical Surface Tension of Acrylic Hydrogels 

* GEL OR SOLID WATER CONTENT CRITICAL SURFACE TENSION 
IN WT % ZISMAN PLOT WOLFRAM PLOT 

PMMA 1.5 38.5 38.9 

P G M A 73.3 37.6 38.2 

P H E M A 40.0 36.0 36.9 

P H E A 71.9 34.1 35.6 

P A A 77.7 32.9 34.8 

in dyne/cm 

A l l the gels appear to have a c r i t i c a l surface tension value 
below that of PMMA. These c r i t i c a l surface tension values seem to 
decrease with increasing water wettability. The only exception to 
this rule i s PGMA, which has a somewhat higher c r i t i c a l surface 
tension than does PHEMA. This may be due to the presence of the 
two adjacent hydroxyl group on the glyceryl side chain. However, 
the difference in the c r i t i c a l surface tension values are rather 
small and the scatter of data about the straight lines are rather 
large, so the reverse order of PHEMA and PGMA may not be real. 

The tendency of the c r i t i c a l surface tension values of the 
gels to decrease with increasing water wettability, however, i s 
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Figure 5. Critical surface tension of PHEMA obtained by the Zisman 
method using organic liquids. Solid symbols indicate values used to deter

mine the straight lines. 
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Figure 6. Critical surface tension of PHEMA obtained from the Wolfram 
plot using organic liquids. Solid symbols indicate values used to determine 

the straight lines. 
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significant in our opinion. It probably indicates the existence 
of lakes of free water at the surface of the gels in increasing 
proportion. Such water would have a lew c r i t i c a l surface tension 
toward hydrophobic liquids, since the dispersion force component 
of water surface tension i s only about 22 dyne/cm (14). 

Criterion of Hydrophilicity Using Two-Liquid Systems 

The common definition of a hydrophilic solid surface i s that 
water spontaneously spreads over i t , or that the contact angle of 
water on the solid i s zero. This implies that the energy of ad
hesion of water to the solid i s at least as high as the energy of 
cohesion of water. This definition i s based on systems, where 
only one type of liquid i s assumed to be present, so the solid 
cannot display a preferenc

It has been suggeste
solid or a gel surface should be made by water contact angle 
measurements in the presence of another liquid which i s nonpolar. 
The selection of η-octane as the nonpolar phase has an advantage. 
Hamilton demonstrated (16) that the change in interfacial tension 
due to polar interaction across the solid-^water interface can be 
calculated from the two-phase contact angle provided that the 
nonpolar liquid i s η-octane. When there i s no polar interaction 
between the solid and water, the water-octane contact angle is 
independent of the solid composition and i s given by 

cos Θ = (γ0 - YW)/Y ( 

where yQ = 22.4 dyne/cm, y w = 71.9 dyne/cm, and γ = 51.4 
dyne/cm, as obtained in our laboratory, are the surrace tension 
of water-saturated octane, that of octane-saturated water, and 
the inter facial tension at the water-octane boundary, respect
ively. The upper limit for the water-octane contact angle obtain
ed on an ideally nonpolar solid i s thus equal to 164°. 

Water- in-octane contact angle values were obtained for the 
gels in Table II as well as for P1VMA and polyethylene. Table III 
contains the results together with the water-in-air contact 
angles obtained in water-vapor-saturated air. A l l the contact 
angles in Table III are the advancing type, i.e. the water drop
let was increased in size while resting on the surface and the 
angle is taken through water, the denser phase as i s customary. 
The standard deviations are also included. 

It i s reasonable to choose Θ = 90° for the water- in-oc tane 
contact angles as the arbitrary dividing line between hydrophilic 
and hydrophobic surfaces, since at this angle the solid-liquid 
interfacial tensions are the same both with octane and water. As 
can be seen from the table, a l l the hydrogels investigated are 
hydrophilic to various degrees, since for a l l the gels this 
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contact angle i s less than 90°. PHEMA. i s near the borderline 
dividing the hydrophilic and hydrophobic solids. Conversely, PMMA 
and polyethylene are hydrophobic. 

Table III 

Water-in-Octane Contact Angle Values for Hydrogels and Solids 

GEL OR SOLID WATER CONTENT CONTACT ANGLE OF CONTACT ANGLE OF 
IN WT % WATER IN AIR (°) WATER IN OCTANE (°) 

Ρ Ε 0.0 

PMMA 1.5 72.6±1.5 120.011.1 

P H E M A 38.9* 59.5±2.3 88.011.3 

P H E A 71.9 44.012.5 79.312.1 

P G M A 73.3 41.311.3 63.311.6 

P A A 77.7 10.110.9 11.511.5 

* This PHEMA gel had a slightly lower equilibrium water content 
than the one included in Table II. 

In a basic sense, this criterion of hydrophilicity i s more 
meaningful than the water advancing (or receding) contact angle, 
since two liquid-solid interfacial tensions are compared simul
taneously. The water-in-air contact angles, on the other hand, 
provide information of practical importance. As a criterion of 
hydrophilicity, the c r i t i c a l surface tension obtained by organic 
liquids i s rather a useless quantity as shown by the fact that 
both polyethylene and poly (acrylamide) have similar c r i t i c a l sur
face tension values. 

Conclusions 

In conclusion, i t was found that the surfaces of methacrylic 
and acrylic hydrogels are a l l hydrophobic to a certain degree 
(even at high equilibrium water content) as determined by the 
magnitude of the advancing contact angle of water on the fully-
hydrated gel surface. The wettability i s primarily determined by 
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the nature of the polymer and also by the segmental mobility of 
the polymer chains at the gel boundary. 

A large relative contact angle hysteresis was found for a l l 
the gels, which increased with decreasing wettability for each 
series of gels. The gel water content at equilibrium hydration 
was not found to have a pronounced effect on gel wettability, 
especially for gels of the lower hydration range. 

The c r i t i c a l surface tension obtained by hydrophobic organic 
liquids after the method of Zisman has not been found to be a 
useful parameter for the characterization of the water wettabi
l i t y of hydrogels, nevertheless i t shewed a consistent i f rever
sed relationship with water wettability as determined by the 
advancing contact angle of water. 

Although the water contact angle on gels i s of practical 
importance, the distinctio  betwee  hydrophili d  hydro
phobic surface perhaps
by the solid surface towar  presenc , 
nonpolar liquid. By such a criterion, a l l the gels investigated 
can be classified as hydrophilic. 
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ABSTRACT 
The water wettability of various methacrylic and acrylic 

hydrogels were determined by the sessile-drop and the captive-
bubble techniques. Surprisingly large advancing contact angles 
were obtained for all the gels, even though the surfaces were 
fully hydrated. The receding contact angles were much smaller 
than the advancing contact angles. The magnitude of the contact 
angle hysteresis appeared to increase with decreasing water 
wettability. It is proposed that large segmental mobility and 
amphipathic character of the polymer chains at the gel surface 
are responsible for the convertibility of the gel surface from a 
relatively hydrophilic to a hydrophobic one. The water contact 
angle measured in octane was less than 90° for all the gels 
studied. By this criterion all the hydrogels investigated have 
"hydrophilic" surfaces. 
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20 
Water Wettability of Proteins Adsorbed at the 
Hydrogel-Water Interface 

FRANK J. HOLLY and MIGUEL F. REFOJO 
Eye Research Institute of Retina Foundation, 20 Staniford Street, 
Boston, Mass. 02114 

The hydrogels i n general, and c r o s s l i n k e d poly-
(hydroxyethyl methacrylate
presently being use
considered as biomaterials or coatings f o r biomater-
i a l s . The water-soluble surface-active substances i n 
the blood plasma and t i s s u e f l u i d s i n c l u d i n g tears are 
proteinaceous i n character. Therefore, the character
i s t i c s of the i n t e r f a c e between hydrogels and water and 
i t s i n t e r a c t i o n with d i s s o l v e d proteins are of import
ance. 

Past Work 

L i t t l e i s known of the energetics of the hydrogel-
water i n t e r f a c e . Water has an unexpectedly high advanc
ing contact angle (60-80°) on PHEMA g e l surfaces (1) 
and even gels of more h y d r o p h i l i c polymers such as 
p o l y ( g l y c e r y l methacrylate) [PGMA], and poly(hydroxy
e t h y l acrylate) [PHEA] with twice the e q u i l i b r i u m water 
content of PHEMA e x h i b i t advancing contact angles as 
high as 40° (2̂ ) . A s o l i d with such a low water w e t t a b i l 
i t y i s expected to have an i n t e r f a c i a l tension of con
siderable magnitude against water. The low receding 
contact angle value on hydrogels, however, i n d i c a t e s 
that t h i s i s not the case. Due to the considerable seg
mental m o b i l i t y of the surface polymer chains of the 
gel matrix, o r i e n t a t i o n a l changes at the gel-water 
i n t e r f a c e seems to lessen the i n t e r f a c i a l tension s i g 
n i f i c a n t l y by increasing the density of the h y d r o p h i l i c 
s i t e s at the surface. Tension at the gel-water i n t e r 
face has been estimated to be f a i r l y low by others (_3) · 
If such i s the case, then the water-soluble proteins 
are expected to i n t e r a c t l i t t l e with such an i n t e r f a c e 
and adsorption would probably e n t a i l l i t t l e i f any i r 
r e v e r s i b l e conformational changes or denaturation of 
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the p r o t e i n molecules. 
Pro t e i n adsorbed at hydrogel-water i n t e r f a c e s has 

not been characterized i n d e t a i l . To our knowledge, no 
systematic attempts have been made to study the ener
g e t i c s i n c l u d i n g w e t t a b i l i t y of proteins adsorbed at 
the hydrogel-water i n t e r f a c e . 

M a t e r i a l s and Methods 

We have studied the e f f e c t of p r o t e i n adsorption 
on the water contact angle on PHEMA gels having e i t h e r 
38.9 or 40.0% eq u i l i b r i u m water content. Some measur
ements have als o been made on a c r o s s l i n k e d PHEA g e l 
containing 89.9% water at eq u i l i b r i u m hydration. These 
gels are described elsewher  (2)
i o n a l l y poly(methyl
ene [PE] were also used as adsorbents f o r comparison. 

The p r o t e i n used i n t h i s study was bovine serum 
albumin [BSA] (Cohn F r a c t i o n V, Sigma Chemical Co., St. 
Louis, MO) with a molecular weight of 68,000 g/mole. A 
high molecular weight, commercially a v a i l a b l e glyco
p r o t e i n , bovine submaxillary mucin [BSM] (type I, MW= 
4.1x106 g/mole, Sigma Chemical Company, St. Louis, MO) 
and egg lysozyme [LYZ] (as c h l o r i d e , MW=14,800 g/mole, 
Miles Laboratories, Kankakee, IL) were also used i n the 
study. For comparison purposes, synthetic, water-sol
uble polymers were also used i n the preliminary measur
ements . 

Contact angles were measured by using a Ramè-Hart 
goniometer with an environmental chamber so that the 
hydrogel sample could be kept i n an atmosphere satur
ated with water vapor. Surface tension of the aqueous 
solu t i o n s was measured by the Wilhelmy method using a 
roughened platinum blade and a Cahn Electrobalance Mo
del RM-2. Both the surf ice tension and the contact 
angle were monitored f o r t h i r t y minutes. Measurements 
made at longer times i n d i c a t e d that such a time i n t e r 
v a l was s u f f i c i e n t to approximate e q u i l i b r i u m at l e a s t 
for s o l u t i o n s with concentrations 10" 2 wt% and above. 

E f f e c t of Synthetic and Biopolymers on Adhesion Tension 

The advancing (but s t a t i c ) contact angle f o r aqu
eous polymer solu t i o n s was determined on the PHEMA g e l , 
the PHEA g e l , PMMA, and polyethylene (_2) . In a d d i t i o n 
to the soluti o n s of the three biopolymers already de
scri b e d , the following synthetic or modified n a t u r a l 
polymers were employed: P o l y ( v i n y l alcohol) (Gelvatol 
20/90), poly(ethylene oxide) (WSR-205), hydroxyethyl-
c e l l u l o s e , and p o l y ( v i n y l p y r r o l i d o n e ) . The polymers 
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were d i s s o l v e d i n d i s t i l l e d water to a s o l u t i o n concen
t r a t i o n of 0.1% by weight. Aqueous solutions of sodium 
sul f o s u c c i n a t e and methyl c e l l u l o s e (USP grade) at 0.1% 
concentration were also used on PMMA and PE. See Table 
I f o r the surface tension of these s o l u t i o n s . 

Table I 

Surface Tension of Aqueous Solutions of Synthetic and 

Biopolymers and Surfactant* 

SOLUTE SURFACE TENSION (dyne/cm) 

P o l y ( v i n y l alcohol) 52. ,6 

P o l y ( v i n y l pyrrolidone) 67. ,5 

Methyl c e l l u l o s e 55. ,4 

Hydroxyethyl c e l l u l o s e 63. ,5 

Poly(ethylene oxide) 60. ,7 

BSM 41. ,2 

B SA 52. ,8 

LYZ 58. .0 

Sodium sulfosuccinate 30, .8 

* 
at 0.1% concentration and at 30 minutes 

Figure 1 shows the r e s u l t s where the adhesion ten
sion of the so l u t i o n s to the g e l or s o l i d are p l o t t e d 
as a function of the s o l u t i o n surface tension. For each 
substrate, the polymer s o l u t i o n s y i e l d e d data which 
appear to e x h i b i t a l i n e a r dependence of the adhesion 
tension on the s o l u t i o n surface tension. The 45° broken 
l i n e on the graph represents zero contact angle (ad
hesion tension = s o l u t i o n surface tension). I t s i n t e r 
cept with the s t r a i g h t l i n e , c a l c u l a t e d by the l e a s t 
square method f o r each substrate, represents a kind of 
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" c r i t i c a l surface tension" obtained with these aqueous 
solu t i o n s f o r the p a r t i c u l a r s o l i d or g e l . The slopes 
of the s t r a i g h t l i n e s f o r PE, PMMA, PHEMA, and PHEA are 
equal to -0.76, -0.18, +0.16, and +0.46, r e s p e c t i v e l y . 

I t has been reported (4-6,) that aqueous s o l u t i o n s 
of s u r f a c t a n t s , when placed on a nonpolar s o l i d such as 
p a r a f f i n , form contact angles that e x h i b i t a general 
r e l a t i o n s h i p with respect to the surface tension of the 
s o l u t i o n . The product of the surface tension of the 
s o l u t i o n and the cosine of the contact angle (adhesion 
tension, WT) v a r i e s l i n e a r l y with s o l u t i o n surface ten
sion (Υχ ν) such that 

W_ = γΤ ' l

For low molecular weight sur f a c t a n t s , f o r which 
the Gibbs adsorption equation i s v a l i d , the slope, A, 
has been shown (£,6) to be equal to the negative r a t i o 
of the surface excess concentration of the surfactant 
at the solid-water i n t e r f a c e (^s±) and that at the 
s o l u t i o n - a i r i n t e r f a c e (Γ^ ν) . Assuming that the solute 
surface excess concentration at the solid-vapor i n t e r 
face i s zero, we may write: 

A = - r s l / r l v 

When A = -1, the extent of adsorption at the two 
i n t e r f a c e s i s the same and the adhesion energy of the 
s o l u t i o n to the s o l i d becomes independent of the s o l u 
t i o n surface tension. Such a s i t u a t i o n has a c t u a l l y 
been observed (2). I f A = 0, the concentration of the 
solute i s the same at the s o l i d - s o l u t i o n i n t e r f a c e as 
i n the bulk, i . e . the i n t e r f a c i a l excess concentration 
i s zero, r s ^ = 0. Such a surface tension dependence 
of adhesion tension was demonstrated by Lucassen-Reyn-
ders (6) using the data of Smolders (8) obtained i n a 
hydrogen gas - aqueous anionic surfactant s o l u t i o n -
mercury system at the e l e c t r o c a p i l l a r y maximum (zero 
i n t e r f a c i a l charge d e n s i t y ) . P o s i t i v e slopes would mean 
that the surface excess concentration of the solute(s) 
i s negative, i . e . the solute concentration i s lower at 
the i n t e r f a c e than i n the bulk. 

Figure 1 demonstrates that the sur f a c e - a c t i v e 
polymer solu t i o n s behave s i m i l a r l y to simple surfactant 
s o l u t i o n s on nonpolar s o l i d s . While the v a l i d i t y of the 
Gibbs equation does not extend to macromolecules, i t i s 
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reasonable to suppose that the magnitude of the slope A 
r e f l e c t s i n some way the magnitude of the i n t e r f a c i a l 
adsorption of the polymeric solute or at l e a s t i t s e f 
f e c t on the i n t e r f a c i a l tension. 

I f t h i s i s so, then the r e s u l t s i n d i c a t e that con
side r a b l e adsorption of the polymeric solute takes 
place at the polyethylene-water i n t e r f a c e . This i s ex
pected i n view of the large i n t e r f a c i a l tension at the 
polyethylene-water boundary. This e f f e c t i s consider
ably l e s s f o r the more polar PMMA surface as shown by 
the smaller absolute, but s t i l l negative, value of A 
for PMMA. This i s no doubt due to the greater i n t e r 
a c t i o n of PMMA surface with water which competes with 
the polymeric solutes f o r the a v a i l a b l e adsorption 
s i t e s . 

I t i s quite i n t e r e s t i n
c h a racterized by a s t r a i g h t l i n e with a s l i g h t l y p o s i
t i v e slope, which may i n d i c a t e no d i f f e r e n c e between 
i n t e r f a c e and bulk concentration or even lower concen
t r a t i o n at the i n t e r f a c e than i n the bulk. The slope of 
the l i n e f o r PHEA i s als o p o s i t i v e and even greater 
than that f o r PHEMA. 

The s c a t t e r of the data i s considerable f o r each 
s o l i d and i t i s e s p e c i a l l y large f o r the g e l s . There 
are i n d i c a t i o n s (9) that the type of the solutes em
ployed also a f f e c t the p o s i t i o n of the s t r a i g h t l i n e 
i n t h i s Wolfram p l o t (adhesion tension vs. surface 
tension) e s p e c i a l l y f o r multicomponent polymeric s o l u 
t i o n s . Thus, considering the wide spectrum of the poly
meric solutes used i n t h i s study, the r e s u l t s f i t the 
s t r a i g h t l i n e s reasonably w e l l . 

F i l m Pressure of Biopolymers Adsorbed at the Interface 

Attempts have been made to obtain the f i l m pres
sure of the biopolymers at the water-PHEMA g e l and 
water-polyethylene i n t e r f a c e s as a function of the 
so l u t i o n concentration. The decrease of i n t e r f a c i a l 
tension, due to the adsorption of the biopolymer, i s 
the f i l m pressure of the adsorbate at the i n t e r f a c e . 
I t i s given by the d i f f e r e n c e between the s o l u t i o n -
s o l i d and the s o l v e n t - s o l i d adhesion tensions (10) : 

ι 'sol'n sol'n fw w 

The f i l m pressures of albumin c a l c u l a t e d for the 
PHEMA g e l - water and the PE - water i n t e r f a c e s , to
gether with the f i l m pressures at the water-air i n t e r -

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



272 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

i n t e r f a c e , are shown i n Figure 2. 
The r e s u l t s show that the f i l m pressure of albumin 

is s i m i l a r at the water-air and water-polyethylene i n 
te r f a c e s , e s p e c i a l l y near the p h y s i o l o g i c concentration 
range (0.1 - 6%). On the other hand, the f i l m pressure 
of albumin at the PHEMA-water i n t e r f a c e i s not s i g n i 
f i c a n t l y d i f f e r e n t from zero within the rather large 
d e v i a t i o n of the data, although i t appears to decrease 
with decreasing s o l u t i o n concentration. 

The f i l m pressure of mucin and lysozyme show sim
i l a r v a r i a t i o n with s o l u t i o n concentration at the PE-
water i n t e r f a c e . A t the PHEMA g e l - water i n t e r f a c e , 
however, the f i l m pressure i s negative at high s o l u 
t i o n concentrations and approximates zero as the s o l u 
t i o n concentration i

W e t t a b i l i t y of Biopolymers Adsorbed onto PHEMA and PE 

The contact angle of the s e s s i l e d roplet of the 
biopolymer solutions on PHEMA and PE substrates that 
had been exposed to a biopolymer s o l u t i o n of the same 
composition and concentration was determined. By using 
the same s o l u t i o n f o r the adsorbing medium and f o r the 
w e t t a b i l i t y measurement, we avoided gross changes i n 
the i n t e r f a c i a l tension at the droplet-substrate bound
ary due to d i s s o l u t i o n or further deposition of the 
biopolymers. 

A f t e r the substrate had been i n the biopolymer 
s o l u t i o n of a given concentration f o r 1 hour, i t was 
gently b l o t t e d with a grease-free f i l t e r paper to re
move the excess l i q u i d . Then the contact angle of a 
s e s s i l e droplet was determined i n the environmental 
chamber 30 minutes a f t e r the droplet of the same s o l u 
t i o n was deposited on the substrate. Afterwards, the 
substrate surface was r i n s e d with d i s t i l l e d water, 
b l o t t e d , and the contact angle was determined using the 
same biopolymer s o l u t i o n . This measurement was repeated 
at f i v e d i f f e r e n t biopolymer concentrations f o r both 
substrates. 

Figures 3 and 4 show the advancing contact angles 
obtained with bovine serum albumin s o l u t i o n on albumin 
adsorbed on PHEMA g e l and polyethylene as a function of 
s o l u t i o n concentration. These graphs a l s o contain the 
data obtained with albumin s o l u t i o n on the clean, a l 
bumin-free surfaces. The r e s u l t s obtained with mucin 
and lysozyme are not shown here but are q u a l i t a t i v e l y 
s i m i l a r ( 1 1 ) . 

Albumin adsorbed from s o l u t i o n s containing the 
pr o t e i n at concentrations of the same order of magni
tude as that of p h y s i o l o g i c (tear and blood plasma) 
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Figure 1. Adhesion tension of aqueous polymer solutions to gels and 
solids as a function of the solution surface tension. (Large symbols 
indicate values obtained with pure water also showing standard 

deviation.) 
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Figure 2. Film pressure of bovine serum albumin at 
three interfaces: O, water-air; • , water-polyethylene; 
Δ , water-PHEMA gel. (Vertical lines show standard 

deviation.) 
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Figure 3. Wettability by albumin solutions of 
bovine serum albumin adsorbed onto PHEMA 
gels. Q, clean surface. Surface exposed to albu
min solution for 1 hour and blotted only ([J) then 
rinsed in distilled water and again blotted (A). 
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Figure 4. Wettability by albumin solutions of 
bovine serum albumin adsorbed onto polyethyl
ene. 0> clean surface. Surface exposed to albu
min solution for 1 hour then blotted only ( Q ) 
then rinsed in distilled water and again blotted 

(A) 
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l e v e l s ; 0.1 and 1%, makes both types of surfaces more 
wettable. At the s o l u t i o n concentration of 1%, no d i f 
ference i s d i s c e r n i b l e between the w e t t a b i l i t y of a l 
bumin-coated PHEMA and polyethylene. Rinsing decreases 
the w e t t a b i l i t y somewhat, but at these concentrations, 
i t i s s t i l l greater than that of the respective clean 
surface. 

At the s o l u t i o n concentrations of 10" 2 and 10" 3 %, 
r i n s i n g does not decrease w e t t a b i l i t y , i . e the adsorbed 
albumin layer i s thinner but i t i s more t i g h t l y bound 
to both PHEMA and PE. At the concentration of 10" 2 %, 
both surfaces are s t i l l more wettable than the respec
t i v e clean surfaces. A t the concentration l e v e l of 10" 3 

%, however, albumin adsorption does not seem to change 
w e t t a b i l i t y . f o r th  polyethylen d i  a c t u a l l  de
creases w e t t a b i l i t

At the lowest concentration l e v e l studied, 10"  %, 
the w e t t a b i l i t y by albumin s o l u t i o n i s the same f o r the 
bl o t t e d , r i n s e d , or clean surfaces of PHEMA and i t i s 
approximately the same as the water value on the clean 
gel surface. For polyethylene, only the exposed and 
bl o t t e d surface i s somewhat more wettable than the 
clean surface, while the ri n s e d and the clean surfaces 
are wetted by t h i s d i l u t e albumin s o l u t i o n to about the 
same extent as clean polyethylene i s wetted by water. 

The receding contact angle of the respective s o l u 
t i o n s was Zound to be e s s e n t i a l l y zero for mucin, a l 
bumin, and lysozyme adsorbed on PHEMA and polyethylene 
from aqueous s o l u t i o n s having a biopolymer concentra
t i o n 10" 2 % or higher. 

C r i t i c a l Surface Tension of Adsorbed Biopolymers 

In the past, we have determined the c r i t i c a l sur
face tension of mucin (12) and the two other biopoly
mers (13̂ ) using hydrophobic, diagnostic l i q u i d s accord
ing the well-known method of Zisman (L4). However, we 
believ e that such a parameter has l i t t l e relevance to 
w e t t a b i l i t y i n an aqueous system, e s p e c i a l l y i f the 
segmental m o b i l i t y of the surface polymer struc t u r e i s 
large as i t i s with hydrogels (2̂ ) which also appears to 
be the case with adsorbed biopolymers. Therefore, we 
used the contact angle data obtained f o r clean, b l o t t e d , 
and r i n s e d surfaces that were discussed i n the previous 
s e c t i o n , and p l o t t e d them i n two ways: 1. cosine of the 
advancing angle (Zisman p l o t ) , and 2. the adhesion ten
sion (Wolfram plot) both against the s o l u t i o n surface 
tension. Then - assuming a s t r a i g h t l i n e f i t - we 
extrapolated to zero contact angle using the l e a s t 
square method. 
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The r e s u l t s obtained with albumin on PHEMA are 
shown i n Figures 5 and 6, i n a Zisman and Wolfram p l o t , 
r e s p e c t i v e l y . The albumin data on polyethylene are 
shown i n Figures 7 and 8. The pure water value with the 
standard d e v i a t i o n shown are also i n d i c a t e d on these 
graphs. 

For the albumin s o l u t i o n on a clean surface, the 
contact angle values obtained at the f i v e d i f f e r e n t 
s o l u t i o n concentrations define a s t r a i g h t l i n e reason
ably w e l l . For the albumin-coated surfaces, only the 
contact angle values obtained at s o l u t i o n concentra
tio n s 1%, 0.1%, and 0.01% f a l l on the same s t r a i g h t 
l i n e . 

S i m i l a r graphs (not shown here) can be obtained 
for mucin and lysozyme t that f o  thes  biopoly
mers, even on a clea
with the three most concentrated s o l u t i o n s gave a reas
onably good f i t to a s t r a i g h t l i n e (11). 

Table II contains the c r i t i c a l surface tension 
values obtained with the biopolymer solutions f o r the 
clean substrates, PHEMA and PE. For comparison, the 
table also contains the c r i t i c a l surface tension ob
tained with hydrophobic organic l i q u i d s (2̂ ) . 

Table II 

C r i t i c a l Surface Tension of PHEMA and PE as 

Obtained by Aqueous Biopolymer Solutions 

DIAGNOSTIC LIQUIDS CRITICAL SURFACE TENSION* 
PHEMA POLYETHYLENE 

Organic l i q u i d s 36.9 ; 36. 0 34.7 ; 32.5 

BSM s o l η (3 cone. ) 21.8 ; 21. 7 33.8 ; 32.4 

BSA s o l η (5 cone. ) 45.8 ; 42. 5 36.4 ; 23.3 

LYZ s o l η (3 cone. ) 37.0 ; 27. 8 29.8 ; 6.5 

* 
i n dyne/cm (Wolfram ; Zisman) 

Due to the small number of data points used to 
c a l c u l a t e the s t r a i g h t l i n e s , the exact numerical value 
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Figure 5. Zisman plot obtained by albumin 
solution on clean and albumin-coated 
PHEMA gel surfaces. O, clean surface. Sur
face exposed to albumin solution then blotted 
only (•) then rinsed in distilled water and 
again blotted (A). Solid symbols indicate 
values used to obtain the straight lines. Water 

value is also shown. 
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Figure 6. Wolfram plot of adhesion tension 
obtained by albumin solutions on clean and 
albumin-coated PHEMA gel surfaces. 0> clean 
surface. Surface exposed to albumin solution 
for 1 hour then blotted only (•) then rinsed in 
distilled water and again blotted (A)- Solid 
symbols indicate values used to obtain the 

straight lines. Water value is also shown. 
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Figure 7. Zisman plot obtained by albumin solutions on clean and 
albumin-coated polyethylene.  clean surface. Surface exposed to 
albumin solution for 1
water and again blotted (A)- Solid symbols indicate values used to obtain 

the straight lines. Water value is also shown. 

SOLUTION SURFACE TENSION dyne/cm 

Figure 8. Wolfram plot of adhesion tension obtained by 
albumin solutions on clean and albumin-coated poly
ethylene. Q, clean surface. Surface exposed to albumin 
solution for 1 hour then blotted only (•) then rinsed in 
distilled water and again blotted (A)- Solid symbols 
indicate values used to obtain the straight lines. Water 

value is also shown. 
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of the " c r i t i c a l surface tension" parameter i s of lim
i t e d s i g n i f i c a n c e . However, a few i n t e r e s t i n g observa
tions can be made: 1. The c r i t i c a l surface tension of 
polyethylene i s approximately the same i r r e s p e c t i v e of 
whether the hydrophobic l i q u i d s or any of the biopoly
mer s o l u t i o n s i s used provided that i t was obtained 
from the Wolfram p l o t . When the Zisman method i s used, 
only the mucin so l u t i o n s y i e l d a c r i t i c a l surface ten
sion value s i m i l a r to that obtained with the hydrophob
i c l i q u i d s . 2. For the PHEMA surface, the highest 
c r i t i c a l value (Wolfram) i s obtained with the albumin 
s o l u t i o n s . The lysozyme s o l u t i o n s y i e l d a value (Wolf
ram) of c r i t i c a l surface tension p r a c t i c a l l y i d e n t i c a l 
to the value obtained with hydrophobic l i q u i d s . The 
c r i t i c a l surface tension value f o r PHEMA obtained by 
the mucin s o l u t i o n
f i e l d component of

Table I I I contains the c r i t i c a l surface tension 
value f o r the adsorbed biopolymers as determined by the 
aqueous biopolymer s o l u t i o n s both before and a f t e r r i n 
sing. The c r i t i c a l surface tension values obtained by 
hydrophobic l i q u i d s are not shown. In a previous study 
(12), the c r i t i c a l surface tension value f o r mucin ad
sorbed on polyethylene or glass was found to be about 
38 dyne/cm, while the c r i t i c a l values f o r albumin and 
lysozyme adsorbed on polyethylene were found to be 
s l i g h t l y higher, between 39-41 dyne/cm (13). 

Table I I I 

C r i t i c a l Surface Tension of Biopolymers Adsorbed 

on PHEMA and Polyethylene 

CRITICAL SURFACE TENSION OF 
BIOPOLYMER ADSORBED BIOPOLYMER ON* 

Ρ Η Ε M A POLYETHYLENE 

BSM Solutions (3 cone.) 38. 8 ? 38.7 37.8 7 37.6 

" a f t e r r i n s i n g 38. 4 r 38.3 33.7 1 34.7 

BSA Solutions (3 cone.) 52. 2 r 52.2 52.4 r 52.4 

" a f t e r r i n s i n g 51. 7 r 51.6 51.1 7 50.9 

LYZ Solutions (3 cone.) 45. 2 r 43.4 41.8 t 31.1 

" a f t e r r i n s i n g 37. 4 r 30.0 35.0 r 21.6 

i n dyne/cm (Wolfram ; Zisman) 
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With the exception of lysozyme, there i s a good 
agreement between the c r i t i c a l values obtained from the 
Wolfram p l o t and those obtained from the Zisman p l o t . 
Since the c r i t i c a l surface tension values obtained from 
the Wolfram p l o t appear to be more consistent, i t ap
pears that the former values are more relevant f o r 
aqueous s o l u t i o n s . 

I t may be mentioned here that these w e t t a b i l i t y 
data were als o treated according to the equation of 
Good and G i r i f a l c o (15): 

cosG = 2 Φ ( γ / γ - - 1 

By assuming tha
Φ, i s constant, the g  s t r a i g h
data i n a cosO vs. ( Y T _ v ) " ^ p l o t y i e l d e d c r i t i c a l sur
face tension values by ext r a p o l a t i n g to cosO = 1. These 
c r i t i c a l surface tensions compared w e l l with those ob
tained from the Wolfram p l o t (see Tables I and II) ex
cept that the l a t t e r values appeared to be somewhat 
more consistent (11). 

I t i s of considerable i n t e r e s t that the c r i t i c a l 
surface tension values f o r the unrinsed surfaces are 
the same f o r both the PHEMA g e l and the polyethylene 
substrates. This observation i s i n l i n e with the accep
ted view concerning the short range of surface forces. 
The adsorbed albumin layer has the highest c r i t i c a l 
surface tension, 52 dyne/cm, while the adsorbed mucin 
layer has a c r i t i c a l value of about 38-39 dyne/cm. I t 
may be s i g n i f i c a n t that these values are approximately 
the same as the surface tension of the more concentrat
ed aqueous s o l u t i o n s of the respective biopolymers. The 
c r i t i c a l surface tension of the adsorbed lysozyme seems 
to f a l l between these two c r i t i c a l values. 

Conclusions 

In conclusion, i t was found that the two hydrogels, 
PHEm and PHEA with e q u i l i b r i u m water content 40% and 
90%, r e s p e c t i v e l y do not e x h i b i t a high a d s o r p t i v i t y 
at the water i n t e r f a c e f o r a number of synthetic and 
biopolymers. The water-gel i n t e r f a c i a l tension at l e a s t 
does not seem to change much i n the presence of these 
solutes and may even increase i n c e r t a i n cases. 

The f i l m pressure of albumin at the PHEIVft. g e l -
water i n t e r f a c e i s small and approaches zero with de
creasing s o l u t i o n concentration. On the other hand, the 
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f i l m pressure of mucin and lysozyme at the PHEMk-water 
i n t e r f a c e appears to be somewhat negative at high s o l u 
t i o n concentration, approximating zero with decreasing 
s o l u t i o n concentration. In other words, the decrease of 
water contact angle on the g e l r e s u l t i n g from the pres
ence of the biopolymer i n the droplet may be accounted 
for s o l e l y by the change i n the surface tension of wat
er due to the adsorption of the biopolymer at the s o l u 
t i o n - a i r i n t e r f a c e . 

Nevertheless, biopolymers adsorbed on ΡHEM. gels 
from aqueous s o l u t i o n increase w e t t a b i l i t y . While the 
s o l u t i o n contact angle increases somewhat a f t e r r i n s i n g 
at high s o l u t i o n concentration, the c r i t i c a l surface 
tension value obtained by these s o l u t i o n s show l i t t l e 
change with r i n s i n g f o r B SA and BSM adsorbed on PHEM̂ .

The c r i t i c a l surfac
the aqueous biopolyme
tension vs. s o l u t i o n surface tension p l o t appear to be 
the most consistent among the d i f f e r e n t systems comp
ared. Numerically, f o r albumin, mucin, and lysozyme 
r e s p e c t i v e l y , i t i s equal to 52, 39, and 45 dyne/cm, 
when adsorbed on PHEMA. The corresponding c r i t i c a l 
values f o r these biopolymers adsorbed on polyethylene 
are 52, 38, and 42 dyne/cm. 
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ABSTRACT 
The surface tension of synthetic and biopolymer 

solutions and the contact angle on two hydrogels, poly
(hydroxyethyl methacrylate) and poly(hydroxyethyl 
acrylate), and two hydrophobic solids, polyethylene and 
poly(methyl methacrylate) were measured. The adhesion 
tension vs. the solution surface tension plot yielded 
an approximately straight line for each of the gels and 
solids. From the slope of the lines it was concluded 
that the effect of polymer adsorption on the gel-water 
interfacial tension is small as compared to that at the 
hydrophobic solid - water interface. 

Adsorbed biopolymers increased the wettability of 
PHEMA gel and polyethylene. Critical surface tension 
values for the adsorbed biopolymers were obtained from 
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the adhesion tension vs. surface tension plot using the 
aqueous contact angle data. They were found to be in
dependent of the substrate, unaffected by rinsing (for 
PHEMA) and was similar in magnitude to the surface ten
sion of the concentrated biopolymer solutions for albu
min and mucin on PHEMA and polyethylene. 
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Radiation-Induced Co-Graft Polymerization of 
2-Hydroxyethyl Methacrylate and Ethyl Methacrylate 
onto Silicone Rubber Films 

TAKASHI SASAKI,* BUDDY D. RATNER, and ALLAN S. HOFFMAN 
Department of Chemical Engineering and Center for Bioengineering, 
University of Washington, Seattle, Wash. 98195 

A number of hydroge
compatibility and low thrombogenicity in in vivo and in vitro 
tests (1). The poor mechanical properties of hydrogels have 
encouraged the development of techniques for reinforcing hydro
gels to make them suitable for use in biomedical devices. By 
radiation grafting monomers such as 2-hydroxyethyl methacrylate 
(HEMA), N-vinyl-2-pyrrolidone, and acrylamide onto strong, inert 
polymeric supports, materials have been produced which combine 
the desirable biocompatibility properties of the hydrogel systems 
with the good mechanical properties of the substrate polymer 
(2-8). 

A clear correlation between the surface hydrophilicity of 
radiation grafted hydrogels and their biocompatibility has not 
yet been firmly established. Many useful biomaterials demon
strate a balance between hydrophilic and hydrophobic sites which 
might be important for biocompatibility. Some of these materials 
are summarized in Table I. 

In order to systematically investigate the interrelationship 
between the hydrophilic-hydrophobic composition of a polymeric 
material and biological interactions with that material, a series 
of well characterized radiation graft copolymers of poly(HEMA) 
and poly(ethylmethacrylate) (EMA) have been prepared. A prelim
inary report on the preparation and characterization of these 
graft copolymers is presented here. 
Experimental 

Silicone rubber films, 1.9 cm. χ 3.8 cm. χ 10 mils thick 
(Silastic, type 500-3, Dow Corning Corp.) were cleaned with five 
minute sonications in 0.1% Ivory soap solution and then in distil-
led water (3 times). After washing they were equilibrated at 
*0n a leave of absence from the Takasaki Radiation Chemistry 
Research Establishment, J.A.E.R.I., Takasaki, Japan. 
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Table I 

Thromboresistant Surfaces Which May Demonstrate a Balance 
Between Hydrophilic and Hydrophobic S i t e s . 

M a t e r i a l Hydrophobic S i t e Hydrophilic S i t e Reference 

blood vessel w a l l l i p i d 

copolyether-
polyurethanes 

perfluorobutyryl 
e t h y l c e l l u l o s e 

S t e l l i t e 21 

Poly(HEMA) 

polyurethane 
blocks 

perfluorobutyry
group

p o l y ( v i n y l 
acetate-crotonic 
acid) 

tallow 

backbone methyl 
groups 

v i n y l acetate 
groups 

prot e i n , poly- (9) 
saccharide 

polyether blocks (10) 

(?) s t e e l 

hydroxyl groups (12) 

carboxylic acid (8) 
groups 

52% R.H. The i n i t i a l weight of the s i l i c o n e rubber (W ) was 
measured at 52% R.H. S 

Highly p u r i f i e d HEMA was generously supplied by Hydron 
Laboratories, Inc. and was used as received. EMA monomer was used 
a f t e r d i s t i l l i n g at a reduced pressure. Reagent grade solvents 
and chemicals were used as received. 

The f i l m s were immersed i n monomer solutions and the system 
was deoxygenated by bubbling nitrogen gas through the s o l u t i o n 
for 30 minutes. I r r a d i a t i o n was performed i n a ca. 20,000 C i 
Co-60 source. The i r r a d i a t i o n dose used was 0.25 Mrad unless 
otherwise s p e c i f i e d . 

A f t e r the i r r a d i a t i o n , the films were washed twice (30 min, 
and 2 hrs.) with acetone^methanol 111 mixture, and then with 
d i s t i l l e d water for 24 hours changing the water twice during t h i s 
period. The wet weight (W ) of the grafted f i l m s was measured by 
b l o t t i n g between two sheets of f i l t e r paper (Whatman #1) fo r ten 
seconds under a constant presssure and then weighing. Films were 
then dried i n an evacuated desiccator containing magnesium 
perchlorate for more than 12 hrs. at which point the dry weight 
(W^) was measured. The degree of graft and the water content i n 
the g r a f t were defined as: 
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wt. % graft = [(W, - W )/W,] χ 100 α s α 
water content (%) = [(W - W,)/(W - W )] χ 100 

w d w s 

Results 

A preliminary experiment on the r a d i a t i o n induced bulk 
copolymerization of HEMA and EMA showed that the polymerization 
rate decreases abruptly as the f r a c t i o n of EMA i n a HEMA-EMA 
monomer mixture increases. S i m i l a r behavior was noted i n a co-
graft polymerization of HEMA and EMA onto s i l i c o n e f i l m s i n 
acetone or acetone-methanol (1:1 mixture), as i s shown i n F i g . 1. 
When the HEMA portion i
90 v o l . %, p r e c i p i t a t i o

EMA (vol 7·) IN MONOMER MIXTURE 

Figure 1. Co-graft polymerization of HEMA-EMA 
at various monomer compositions. Total monomer, 20 

vol %. 

In surveying appropriate solvent systems for the co-graft 
polymerization an accelerative e f f e c t by water on the graft poly
merization, e s p e c i a l l y i n a l c o h o l i c systems, was noted. F i g . 2 
shows the e f f e c t of water on the g r a f t i n g rate of 1:1 (by volume) 
mixture of HEMA and EMA i n methanol (MeOH), ethanol (EtOH) and 
acetone. I t can be seen from the figu r e that the addition of 
water to any of these solvents increases the g r a f t i n g rate. 
Pure EtOH appears to be somewhat superior to pure MeOH for 
obtaining higher l e v e l s of g r a f t , but the acc e l e r a t i v e e f f e c t of 
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water i s more marked i n the methanolic system. 
Co-graft polymerization with various monomer compositions 

was ca r r i e d out i n a MeOH-H20 or an EtOH-I^O system. F i g . 3 and 
4 show the r e l a t i o n s h i p between the degree of graft and monomer 
r a t i o i n these systems. 

In F i g . 3, i t should be noted that the wt.% graft i s almost 
constant i n the range of 25 to 75 v o l . % of EMA i n the monomer 
mixture at two monomer concentrations. This tendency i s quite 
d i f f e r e n t from that shown i n F i g . 1. In the solutions c o n s i s t 
ing of only EMA, some p r e c i p i t a t i o n of homopolymer occurred 
though the v i s c o s i t y of the solutions themselves remained rather 
low. 

F i g . 4 shows another aspect of the copolymerization behavior 
of t h i s system. The cografting i n pure EtOH has a somewhat 
s i m i l a r tendency to tha
the wt. % gra f t decrease
the monomer. The addition of water to the monomer s o l u t i o n , 
however, changes the s i t u a t i o n e n t i r e l y . Thus, with 7.5 v o l . % 
of water i n the s o l u t i o n , the wt. % gra f t i s nearly constant i n 
the range of 25 to 100 v o l . % EMA i n the monomer mixture. 
Addition of more water leads to p r a c t i c a l l y the reverse trend 
from that seen i n pure EtOH. 

The e f f e c t of water on the g r a f t i n g rate of EMA or HEMA i n 
MeOH-H20 and EtOH-H20 i s shown i n Figure 5 which i s a crossplot 
of some of the data i n Figure 4. The degree of graft of pure 
EMA markedly increases with an increase of water i n the s o l u t i o n . 
P r e c i p i t a t i o n of pure EMA homopolymer occurred when the f r a c t i o n 
of water was more than 5% i n the MeOH-^O system or 15% i n the 
EtOH-H20 system. In the ethanolic system, the addition of water 
to the HEMA so l u t i o n shows a retarding e f f e c t . However, very 
l i t t l e e f f e c t on HEMA graft l e v e l i s noted upon the addition of 
water to the methanolic system i n the concentration range 
studied. 

F i g . 6 shows the graft water content for those samples which 
were prepared with various HEMA-EMA mixtures i n an EtOH-H20 s o l 
vent system (7.5% of water i n the s o l u t i o n ) . The wt. % graft 
f o r these samples are almost constant (~22%). I t can be seen 
from t h i s f i g u r e that the water content decreases with increas
ing EMA portions i n the monomer mixture. Upon dehydration and 
then rehydration of grafts contains larger portions of EMA, water 
contents are found to drop even further. A f t e r t h i s treatment 
these film s gave constant water contents, ca. 2-3% for 1/3 HEMA-
EMA grafted f i l m s and > 1% f o r pure EMA grafted f i l m s , regard
less of the graft l e v e l . 

The water content of the graft i s usually independent of 
graft l e v e l at a given monomer r a t i o i f more than 50% HEMA i s 
present i n the monomer mixture. However, t h i s i s no longer 
observed f or larger EMA portions. In F i g . 7 the water contents 
of a number of HEMA-EMA grafted polymers are plotted against the 
wt. % g r a f t . In cases where more than 50% of the monomer 
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WATER (vol.%) 

Figure 2. Effect of water on the grafting of a 1:1 
mixture of HEMA and EMA in various solvents. 

Dose, 0.25 mrad; total monomer, 25 vol %. 

Ο 25 vol.% MONOMER 
• 20 vol.% MONOMER 

25 50 75 100 

EMA (vol.%) 
IN MONOMER MIXTURE 

Figure 3. Co-graft polymerization of HEMA-EMA 
in MeOH-H2Q (5 vol % H2Q) 
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25 50 75 100 

EMA (vol.%) 
IN MONOMER MIXTURE 

Figure 6. Effect of monomer composition on the graft 
water content. Samples were prepared in EtOH—H2Ù. 
Monomer, 25 vol %. H20 = 7.5%; dose, 0.25 Mrad or 

0.16 Mrad (HEMA). 

SOLVENT HEMA/EMA Vol. RATIO 

4/0 3/1 2/2 1/3 0/4 
MeOH -H 2 0 φ V • Δ · 

EtOH-H 2 0 Ο V • Δ Ο 

Acetone-H20 Φ Π Φ 

—ι 1 1 1 γ -
Ι Ο 20 30 4 0 50 

Wt. % GRAFT 

Figure 7. Plot of water content vs. wt % graft. Total 
monomer, 25 vol %. 
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mixture i s EMA the water content increases with increasing graft 
l e v e l . 

Figure 8 shows the r e s u l t s of a 2 hour vena cava r i n g test 
for a series of HEMA-EMA co-grafted ring s . The gra f t l e v e l s of 
these samples are d i f f e r e n t and the water contents are larger 
than those for the film s investigated above, probably due to 
differences i n the formulation of s i l i c o n e rubbers. The r e s u l t s , 
however, c l e a r l y show that HEMA-EMA co-grafted rings as w e l l as 
pure HEMA grafted rings have much lower thrombogenicity than pure 
EMA grafted or ungrafted s i l i c o n e rubber rings . 

Discussion 

The pronounced e f f e c t of small amounts of water on the 
gr a f t i n g of HEMA-EMA mixture
a t t r i b u t e d to the Trommsdorf
the non-solvent water to an a l c o h o l i c s o l u t i o n of EMA w i l l cause 
the growing chains to adopt a less expanded conformation which 
hinders the chain termination step to produce higher g r a f t i n g 
rates. The s i t u a t i o n i s the reverse for pure HEMA systems as 
EtOH or MeOH mixtures with water are good solvents for HEMA poly
mer. This explanation could account f o r the copolymerization 
behavior shown i n F i g . 3 and 4. Changes i n the p a r t i t i o n i n g of 
the monomer between the s i l i c o n e rubber and the g r a f t i n g s o l u t i o n 
may also influence the g r a f t i n g behavior demonstrated by t h i s 
system upon the addition of water. 

The v a r i a t i o n i n water content with degree of graft f o r a 
given monomer r a t i o only at fr a c t i o n s of EMA greater than 50% i n 
the monomer mixture may be due to a l t e r a t i o n s i n the porosity of 
these grafted f i l m s . The water i n the solvent system may cause 
p r e c i p i t a t i o n of EMA polymer as i t i s formed. This procès occurs 
simultaneously with the surface g r a f t i n g . Such p r e c i p i t a t e d 
polymers often have an open c e l l u l a r , porous structure. Thus, 
the water content i n the gel should be related to the porosity of 
the graf t as w e l l as to the HEMA-EMA r a t i o and should therefore 
be highly dependent on the solvent conditions at the time of 
gr a f t i n g . Upon drying, such a porous structure may collapse and, 
due to hydrophobic i n t e r a c t i o n s between the poly(EMA) chains, be 
re s i s t a n t to rehydration. This s i t u a t i o n would account for the 
behavior seen at high EMA r a t i o s i n Figure 6 i n which the water 
contents of grafted fi l m s which have been dried and then re-
hydrated are found to be lower than they were before drying. 

The i n vivo evaluation of the thrombogenicity of s i l i c o n e 
rubber rings by the vena cava r i n g test (figure 8) i s consistent 
with the idea that a balance of hydrophobic and hydro p h i l i c s i t e s 
on surface might be important for the blood c o m p a t i b i l i t y of 
materials. Two other conclusions can also be drawn from t h i s 
experiment. F i r s t , low apparent thrombogenicity (as evaluated by 
the vena cava r i n g test) can be achieved using hydrogel systems 
which have low water contents ( i . e . dow to ~ 12% H 90). 
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EMA/HEMA COPOLYMER GRAFTS 

MONOMER GRAFT LEVEL WATER IN GRAFT TWO HOUR IVC RING TESTS 
RATIO (mg/cm2) % (Dr. J.D. Whiff en. U. Wise.) 

(SILASTIC) Ο negl

EMA 2.2 - 1 0 d O I D I I I I 

I 5 E M A / 5 H E M A 5.1 - 1 2 O D O D O Û Q U 
5 E M A / | 5 H E M A 0.8 ^ 2 5 Ο • Ο • Ο • Ο • 

HEMA 0.8 - 4 6 ΟΠ3 Ο Π Ο • O Q 

Figure 8. Results of 2-hr vena cava ring tests for silastic and various HEMA/EMA 
grafted copolymers on silastic 
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Second, the vena cava r i n g t e s t does not have the s e n s i t i v i t y to 
di s t i n g u i s h among most of the grafted polymers used i n t h i s 
experiment. As the series of grafted polymers d i f f e r dramatical
l y i n water contents and surface properties, some difference i n 
performanace between grafted HEMA and HEMA-EMA copolymers would 
be expected. 

The addition of 25% HEMA to the monomer mixture was found 
s u f f i c i e n t to produce a surface which, although possessing a low 
water content, i s s i g n i f i c a n t l y less thrombogenic than the hydro
phobic S i l a s t i c or Poly(EMA)-g-Silastic surfaces. The r e l a t i v e l y 
l i n e a r decrease i n water content with increasing EMA i n the 
monomer mixture (Figure 6) i s taken to indic a t e that both HEMA 
and EMA enter int o the g r a f t copolymer at s i m i l a r rates and that 
the graf t copolymer composition i s not d i f f e r e n t by a large 
degree from the monomer s o l u t i o n composition  However  t h i s 
experiment does r a i s e a
i n t e r p r e t a t i o n of the r e s u l t s
EMA are d i s t r i b u t e d between the s i l i c o n e rubber surface and the 
bulk of the s i l i c o n e rubber i s not presently known. The precise 
f r a c t i o n s of HEMA and EMA i n the copolymer, and perhaps more 
important, the d i s t r i b u t i o n of HEMA and EMA groups at the surface 
of the graft copolymer i n t e r f a c i n g with the blood, i s not known. 
F i n a l l y , the importance of the l e v e l of graft on the apparent 
surface thrombogenicity of the g r a f t polymer cannot be determined 
from the preliminary vena cava r i n g implantation experiment. 
These problems are currently under study i n an e f f o r t to c l a r i f y 
the i n t e r p r e t a t i o n of these r e s u l t s and to determine the impor
tance of a hydrophilic-hydrophobic balance on the thrombogenicity 
of materials. 

I t should be emphasized that the vena cava r i n g test does 
not d i s t i n g u i s h between non-thrombogenic materials and those 
which are only non-thromboadherent. Thus, the true thrombo
g e n i c i t y of the materials remains to be evaluated. Tests are 
underway which should allow a more r e a l i s t i c and qu a n t i f i a b l e 
assessment of the thrombogenicity of HEMA-EMA grafted materials. 
An evaluation of the b i o l o g i c a l response to these grafted co
polymers implanted i n s o f t t i s s u e i s also underway. 

Conclusions 

A survey has been made of various solvent systems for use i n 
the preparation of HEMA-EMA co-grafted s i l i c o n e rubber f i l m s by 
the r a d i a t i o n g r a f t i n g technique. The addition of water to the 
solvents investigated has a marked accelerative e f f e c t on the 
gr a f t i n g rate of EMA. By the addition of appropriate amounts of 
water, i t i s possible to prepare co-grafted f i l m s with the same 
l e v e l s of gra f t throughout a wide range of HEMA/EMA r a t i o s . The 
eff e c t of water on the g r a f t i n g process f o r t h i s system has been 
discussed and i t i s suggested that the changes i n graf t l e v e l s 
noted might be due to the Trommsdorff efect or differences i n the 
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i n the p a r t i t i o n i n g of the monomers between the s i l i c o n e rubber 
and the monomer so l u t i o n . 

The water content of grafted f i l m s at a given monomer 
composition i s independent of graft l e v e l at higher HEMA r a t i o s , 
but increases with increases i n the gr a f t l e v e l at higher EMA 
r a t i o s . This was concluded to be due to porosity a f f e c t s i n the 
gr a f t . 

HEMA-EMA grafted copolymers on s i l i c o n e rubber and pure HEMA 
grafts on S i l i c o n e rubber show low apparent thrombogenicity by 
the vena cava r i n g t e s t . Pure grafted EMA materials were found to 
be thrombogenic by t h i s t e s t . 

An analysis of the exact copolymer composition of these 
fil m s i s planned for the near future. Also a wide range of 
add i t i o n a l s'tudies on the i n t e r a c t i o n of these materials with 
b i o l o g i c a l systems are
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The Thermodynamics of Water Sorption in Radiation-

Grafted Hydrogels 
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Hydrogels are lightly crosslinked, water swollen polymer net
works and they have been suggested for or applied to a number of 
biomedical application  (e.g.  1-3)  Sinc  bulk hydrogel  dis
play relatively poor mechanica
it is of interest to coa  stronge  suppor
Radiation graft copolymerization is a useful technique for pre
paring a covalently bonded coating of one polymer on or within 
the surface region of another polymer and it has been used to 
graft hydrogels to stronger polymer supports (3,4,5). 

It has been hypothesized that both the content and "struc
tural character" of the water which is sorbed in hydrogels can 
be important determinants of the biological response at the 
interface with a hydrogel (6,7,8). It has become important, 
therefore, to study the manner in which water molecules are 
taken up by these hydrogel-grafted films, in order to find a 
correlation between the structure and character of the water in 
these gels and their biocompatibility. From this knowledge it 
may be possible to design improved biomaterials by adjusting the 
water sorption behavior to some predetermined ideal. 

One way of studying the mode in which water molecules are 
taken up by hydrogels is by means of the thermodynamic para
meters for the sorption of water vapor into the hydrogels. This 
paper describes the thermodynamics of water sorption in three 
different hydrogels, which were radiation grafted to silicone 
rubber fi1ms. 
Materials and Methods 

Three monomers were used in these studies: Hydroxyethyl 
methacrylate (HEMA), generously supplied by Hydro-Med Sciences 
of New Brunswick, N.J. and used as received; N-vinyl pyrrolidone 
(N-VP) purchased from Matheson, Coleman and Bell and purified by 
double distillation; and ethylene glycol dimethacry1 ate (EGDMA) 
purchased from Monomer-Polymer Laboratories, Philadelphia, PA. 
and used as received. Films of Medical Grade Silastic were 
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purchased from Dow-Corning Corp, T h e i r (nominal) t h i c k n e s s was 
l O m i l . 

The method used f o r r a d i a t i o n g r a f t i n g has been d e s c r i b e d i n 
p r e v i o u s p u b l i c a t i o n s (3,*0 . The r a d i a t i o n dose used here was 
0.25 Mrad. A q u a r t z s p r i n g vapor s o r p t i o n apparatus was used t o 
o b t a i n s o r p t i o n isotherms at d i f f e r e n t temperatures f o r the t h r e e 
d i f f e r e n t f i l m s . From these d a t a , the s t a n d a r d d i f f e r e n t i a l 
h e a t s , (ΔΗ°) e n t r o p i e s , (AS°) and f r e e e n e r g i e s (AG 0) o f s o r p t i o n 
were c a l c u l a t e d based on the method o f Othmer, e t , a l , ( 9 ) . 

R e s u l t s and D i s c u s s i o n 

The t h r e e f i l m s chosen f o r study are d e s c r i b e d i n T a b l e I. 
They were chosen becaus f t h e i  wid f wate  c o n t e n t
and a l s o because they wer
measured water s o r p t i o

T a b l e I. HYPROGEL/S1LASTIC FILMS STUDIED 
Hydrogel Monomer S o l u t i o n Extent o f G r a f t i n g %Η 2 0 i n 
G r a f t e d Composition ( v o l . % ) a (mg/cm2) Hyd roge1 b 

HEMA NVP EGDMA 
HEMA 20 0 1 4.40 26 
HEMA/NVP 10 10 1 3.18 50 
NVP 0 20 1 2.64 61 

a) Remaining 73% ( v o l . ) i s a 1/1 ( v o l . ) m i x t u r e o f Methanol/H 2 0 . 

b) As measured by b l o t t i n g and weighing the g r a f t e d f i l m a f t e r 
e q u i l i b r a t i o n i n H 2 0 (see Ref. 4 ) . 
T y p i c a l isotherms f o r S i l a s t i c and two of the g r a f t e d f i l m s 

a r e shown i n F i g u r e 1 and 2. It can be seen t h a t water s o r p t i o n 
i n the S i l a s t i c i s n e g l i g i b l e i n comparison to t h a t i n the g r a f t e d 
h y d r o g e l s . I t i s a l s o c l e a r t h a t water s o r p t i o n i s always exo
t h e r m i c , as expected. 

The d e r i v e d data f o r s t a n d a r d d i f f e r e n t i a l h e a t s , e n t r o p i e s 
and f r e e e n e r g i e s o f water s o r p t i o n as a f u n c t i o n o f e x t e n t o f 
s o r p t i o n are shown i n F i g u r e s 3~5 f o r the t h r e e g r a f t e d f i l m s . 
I t s h o u l d be noted t h a t a l l the v a l u e s f o r ΔΗ°, AS 0, and AG 0 

o b t a i n e d f o r the t h r e e hydrogel f i l m s under study a r e more neg~ 
a t i v e than those f o r the c o n d e n s a t i o n o f water vapor t o l i q u i d 
w a t er; the v a l u e s f o r the condensation o f water vapor to l i q u i d 
water a t 26°C a r e : -AG° = 1.97 k c a l / m o l e , «AS° = 28,29 e.u, ( c a l 
deg" 1 mole" 1) and -ΔΗ° = 10.48 kcal/mole. T h i s i n d i c a t e s t h a t 
e n t h a l p y , entropy and f r e e energy changes more n e g a t i v e than those 
f o r c o n d e nsation are a t work and t h a t , as one would e x p e c t , the 
s o r p t i o n process i s not merely water vapor condensing on the 
f i l m s ; t h a t i s , h y d r a t i o n o r p o l a r i n t e r a c t i o n s between the hydros 
phi l i e groups i n the h y d r o g e l s and the water molecules a r e no 
doubt o c c u r r i n g . The same can be s a i d f o r the curves o b t a i n e d a t 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



K H A W E T A L . Water Sorption in Radiation-Grafted Hydrogels 

P° (mmHg) 

Figure 1. Sorption isotherms for water vapor in ungrafted Silastic films 
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Figure 2. Sorption isotherms for water vapor in two radia
tion-grafted hydrogel/Silastic films 
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Figure 3. Standard differential heat of sorption of water vapor as 
a function of the extent of water sorption in three radiation-grafted 

hydro gel/Silastic films at 26° C 
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Figure 4. Standard differential entropy of sorption of water 
vapor as a function of the extent of water sorption in three radia

tion-grafted hydrogel/Silastic films at26°C 
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h i g h e r temperatures o f 31°, 37°, ̂ 3°, 50° and 56°C; the curves 
d e r i v e d a t these temperatures showed e s s e n t i a l l y the same behav
i o r as at 26°C. Re f o j o and Yasuda (1Q) and l a t e r Warren and 
P r i n s (JLL) showed t h a t when b u l k HEMA hydro g e l s were immersed i n 
water, they d e s w e l l e d as temperature was r a i s e d up t o about 55 
to 60°C. These o b s e r v a t i o n s a l s o support an exothermic process 
of water s o r p t i o n below 55 _60°C. 

When the i n i t i a l water molecules a r e sorbed i n the g r a f t e d 
f i l m s they p a r t a k e i n h i g h l y exothermic i n t e r a c t i o n s i n a l l t h r e e 
hydrogel f i l m s . P r o b a b l y these i n i t i a l i n t e r a c t i o n s i n HEMA o r 
HEMA/NVP f i l m s a r e l o c a l i z e d a t the most a c c e s s i b l e -OH groups; 
the s t r o n g i n t e r a c t i o n and l o c a l i z a t i o n o f a water molecule a t 
such a s i t e not o n l y e v o l v e s heat (high -ΔΗ 0) but i t a l s o r e 
duces the entropy o f the system s i g n i f i c a n t l y (high -AS°) as 
the water molecule l o s e
the h i g h -ΔΗ° and -AS
hydrophobic bond f o r m a t i o n upon s o r p t i o n o f water m o l e c u l e s , 
which c o u l d " p l a s t i c i z e " l o c a l c h a i n motions. That i s , the 
i n t e r a c t i o n o f H 20 molecules w i t h a v a i l a b l e -OH s i t e s c o u l d 
permit a c e r t a i n amount o f in c r e a s e d hydrophobic group i n t e r 
a c t i o n s , which would occur w i t h -ΔΗ° and - A S ° changes. Then, i f 
any water molecules were i n v o l v e d , these c o u l d become more s t r u c 
t u r e d around such hydrophobic domains, c o n t r i b u t i n g t o -ΔΗ° and 
-Δ$° changes. I t i s most l i k e l y t h a t the p o l a r i n t e r a c t i o n s 
dominate the i n i t i a l s o r p t i o n process i n the HEMA-contaiηing 
f i l m s and c a l c u l a t e d c l u s t e r i n g f u n c t i o n s r e f l e c t t h i s (see 
below). In the NVP f i l m t h e r e i s proba b l y a somewhat weaker 
i n t e r a c t i o n and l o c a l i z a t i o n o f the H 20 molecule around the 
p y r r o l i d o n e c a r b o n y l o r n i t r o g e n groups, and the changes here 
w i t h i n c r e a s i n g s o r p t i o n a r e l e s s marked, over the range o f 
water c o n t e n t s s t u d i e d . 

As more water i s sorbed, the e v o l u t i o n o f heat and decrease 
i n entropy both decrease i n magnitude u n t i l most o f the r e a d i l y 
a c c e s s i b l e s o r p t i o n s i t e s a r e s a t u r a t e d , and the curves begin t o 
l e v e l o f f . E v e n t u a l l y the water w i l l begin to p e n e t r a t e and 
s w e l l the bu l k o f the HEMA h y d r o g e l s , opening up some new -OH 
s o r p t i o n s i t e s t o the H 20 mo l e c u l e s ; t h i s leads t o an i n c r e a s e 
in the ( d i f f e r e n t i a l ) exothermîcity and decrease i n ( d i f f e r e n 
t i a l ) entropy o f s o r p t i o n . T h i s can e x p l a i n the minima noted 
i n both the -ΔΗ° and -AS° c u r v e s , f o r the HEMA c o n t a i n i n g hydro
g e l s ; these minima occur a t a p p r o x i m a t e l y 1 H 20/3 HEMA-OH f o r 
the HEMA system and 1 H 20/1 HEMA-OH f o r the HEMA/NVP copolymer 
system. A model has been proposed f o r the s t r u c t u r e o f p o l y 
(HEMA) g e l s i n which many o f the OH-groups are t i e d up i n s t r o n g 
i n t r a m o l e c u l a r Η-bonded c r o s s l i n k s which form o r g a n i z e d r e g i o n s 
i n t o which water cannot e a s i l y p e n e t r a t e . (12) The r a t i o o f 1 
H 20 molecule per 3 HEMA-OH groups may i n d i c a t e t h a t t w o - t h i r d s 
or more o f the hydroxyl groups i n poly(HEMA) a r e i n v o l v e d i n 
these r e g i o n s i n the dehydrated g e l . The upturn i n the -ΔΗ° and 
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-AS° curves ( F i g u r e s 3 and k) f o r HEMA c o u l d i n d i c a t e t h a t 
a l t h o u g h the g e l s are s w e l l i n g and r e a r r a n g i n g , a l a r g e number 
o f f r e e OH-groups are not being opened up f o r exothermic H^bond~ 
ing w i t h the water. In the HEMA/NVP copolymer f i l m s t h i s HEMA 
o r g a n i z e d s t r u c t u r e may be p a r t i a l l y broken up by the NVP r i n g s 
and t h e r e f o r e not as many hydroxyl groups are o c c u p i e d i n the H-
bond s t r u c t u r e . 

The NVP system does not show any minimum (and may i n f a c t 
e x h i b i t a small maximum) i n the -ΔΗ° and -AS° c u r v e s . T h i s may 
be due t o the l a c k o f a porous s t r u c t u r e i n t h i s g r a f t e d hydro
g e l system ( d i s c u s s e d below), coupled w i t h s o r p t i o n o f r e l a t i v e l y 
l a r g e amounts o f H 2 0 . 

F i n a l l y a l l curves should l e v e l o f f at some e q u i l i b r i u m v a l u e 
o f -ΔΗ° and -AS° r e p r e s e n t i n g the combined process o f condensa
t i o n , and m i x i n g (or d i l u t i o n
S i l a s t i c e l a s t i c network
crease d f r e e energy due to s o r p t i o n vs. i n c r e a s e d f r e e energy due 
t o network s w e l l i n g . The gradual decrease i n -AG° w i t h i n c r e a s 
ing s o r p t i o n ( F i g u r e 5) i s a r e f l e c t i o n o f the approach o f the 
o v e r a l l s o r p t i o n process t o s a t u r a t i o n e q u i l i b r i u m . 

The r e s u l t s i n t h i s study f o r the t h r e e hydrogel f i l m s a r e 
comparable to those o b t a i n e d by Masuzawa and S t e r l i n g (13) f o r 
the s o r p t i o n o f water vapor by agar, carboxymethy1 c e l l u l o s e , 
g e l a t i n and maize s t a r c h and a l s o t o those r e p o r t e d by B e t t e l h e i m 
and E h r l i c h (1k) f o r the s o r p t i o n o f water vapor by mucopolysac
c h a r i d e s . In a d d i t i o n , the presence o f maxima and minima and 
the c l o s e p a r a l l e l s between the shapes o f the entropy and e n t h a l 
py curves seen here were a l s o observed by these a u t h o r s . Both 
groups a l s o r e p o r t a gradual decrease i n -AG° w i t h i n c r e a s e i n 
mg. H 2 0 sorbed/g s o r b a n t , as seen here i n our d a t a , and expected 
as s a t u r a t i o n water s o r p t i o n i s approached. 

The tendency f o r water molecules t o c l u s t e r (or not t o c l u s 
t e r ) t o g e t h e r w i t h i n the g r a f t e d hydrogel m a t r i c e s may be e s t i 
mated by c a l c u l a t i n g the " c l u s t e r i n g f u n c t i o n " f o r water, a f t e r 
the t e c h n i q u e o f Zimm and Lundberg (15)» These c a l c u l a t i o n s have 
been made, assuming no change i n volume on m i x i n g , and r e s u l t s 
are shown i n F i g . 6. I t can be seen t h a t a l l v a l u e s o f the 
c l u s t e r i n g f u n c t i o n are s i g n i f i c a n t l y n e g a t i v e , s u g g e s t i n g t h a t 
the water molecules are s t r o n g l y s i t e bound a t w i d e l y s e p a r a t e d 
s i t e s w i t h i n the hydrogel m a t r i x . T h i s i s e s p e c i a l l y t r u e f o r 
the HEMA-containing polymers. Data o f Zimm and Lundberg (15) f o r 
c o l l a g e n are reproduced i n F i g . 6 and show a s i m i l a r b e h a v i o r t o 
the h y d r o g e l s s t u d i e d here. To quote t h e i r d i s c u s s i o n o f these 
d a t a : "The i n i t i a l water i s t i g h t l y bound" and as more water i s 
absorbed " t h e s o r p t i o n process changes . . . from one o f s o r p t i o n 
on a few h i g h l y s p e c i f i c s i t e s t o a d i f f u s e s w e l l i n g phenomenon". 
0 5 ) 

The d i f f u s i o n c o e f f i c i e n t f o r water i n the hydrogel g r a f t e d 
f i l m s may be c a l c u l a t e d from the i n i t i a l s l o p e o f the s o r p t i o n o r 
d e s o r p t i o n curve when i t i s p l o t t e d as (e.g., see Réf. 16 ) : 
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Figure 5. Standard differential free energy of sorption of water 
vapor as a function of the extent of water sorption in three radia

tion-grafted hydrogel/Silastic films at 26°C 
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Figure 6. Clustering functions for water as a function 
of water content in the three grafted hydrogel films and 
in collagen (15). Calculated by the technique of Zimm 

and Lundberg ( 15 ). 
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e 
Where M t = 

M = e 
t 
£ 

amount o f H 20 sorbed a t time t . 
amount o f H 20 sorbed a t e q u i l i b r i u m ( t = 
time 
fi1m t h i c k n e s s 

Table II p r e s e n t s these r e s u l t s , and i t can be seen t h a t the 
d i f f u s i v i t y o f H 20 i n the HEMA f i l m i s s i g n i f i c a n t l y h i g h e r than 
i n e i t h e r o f the o t h e r two f i l m s , even f o r the d e s o r p t i o n proc
ess . 

The i n c r e a s e d r a t e o f d i f f u s i o n o f water vapor i n t o and out 
o f the HEMA g r a f t e d f i l m s may i n d i c a t e a more porous and open 
s t r u c t u r e f o r the g r a f t r e g i o n s o f t h i s m a t e r i a l . The homo
polymer s u r r o u n d i n g the HEMA f i l m a f t e r i r r a d i a t i o n was a s o l i d 
w h i t e g e l . Such w h i t e HEMA g e l s formed i n p r e c i p i t a t i n g s o l v e n t 
systems are o f t e n macroporous i n s t r u c t u r e (10,17). Thus, the 
g r a f t on the f i l m may a l s o be macroporous. The homopolymers 
s u r r o u n d i n g the HEMA—N-VP copolymer f i l m s and the pure N-VP 
f i l m s were c l e a r v i s c o u s l i q u i d s . In a n o n - p r e c i p i t a t i n g p o l y 
m e r i z a t i o n medium one would not expect the f o r m a t i o n o f an open 
macroporous s t r u c t u r e . Thus, the hi g h d i f f u s i v i t y o f water i n t o 
the HEMA g r a f t e d f i l m may be a r e f l e c t i o n o f the c o n d i t i o n s under 
which i t was prepared. 

Conclus ions 

The thermodynamics o f the s o r p t i o n o f water vapor by t h r e e 
h y d r o g e l - g r a f t e d f i l m s have been s t u d i e d . The f i l m s were pre
pared by the r a d i a t ion-înîtiated g r a f t i n g o f S i l a s t i c backbones 
i n monomer s o l u t i o n s c o n t a i n i n g 2-hydroxyethy1 m e t h a c r y l a t e (HEMA), 
N - v i n y l p y r r o l i d o n e (NVP) and an e q u i v o l u m e t r i c m i x t u r e o f these 
two monomers. A f u s e d - q u a r t z s p r i n g vapor s o r p t i o n apparatus 
was used i n t h i s study. The s t a n d a r d d i f f e r e n t i a l heat o f water 
vapor s o r p t i o n by each f i l m was c a l c u l a t e d at d i f f e r e n t tempera
t u r e s based upon the measured water vapor s o r p t i o n d a t a . The 
s t a n d a r d d i f f e r e n t i a l e n t r o p i e s and s t a n d a r d f r e e e n e r g i e s o f 
water vapor s o r p t i o n were then c a l c u l a t e d . C l u s t e r i n g f u n c t i o n s 

T a ble II. PIFFUSIVITIE

DIFFUSIVITIES, cm 2/sec χ 1 0 1 0 

Hydrogel Composition S o r p t i o n D e s o r p t i o n Average 
HEMA 24.1 18.9 21.5 
HEMA/NVP 5Λ 7 Λ 6.4 
NVP 9.2 6.9 8.1 
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f o r water were a l s o c a l c u l a t e d from the s o r p t i o n isotherms. 
D i f f u s i o n c o e f f i c i e n t s were c a l c u l a t e d from the s o r p t i o n and 

d e s o r p t i o n k i n e t i c data. A l l o f these data i n d i c a t e t h a t the 
g r a f t e d HEMA systems are more porous and more p e n e t r a b l e t o water 
molecules and a l s o s i t e - b i n d water molecules s t r o n g l y when com
pared t o N-VP systems, and support a model f o r the HEMA polymer 
in which s t r o n g i n t r a m o l e c u l a r Η-bonds are important t o i t s g e l 
s t r u c t u r e . 

The water s o r p t i o n thermodynamic and k i n e t i c s i n hydrogel 
systems can y i e l d v a l u a b l e i n s i g h t i n t o the s t a t e o r " c h a r a c t e r " 
of the imbibed water and i t s i n t e r a c t i o n s w i t h the h y d r o g e l , as 
w e l l as hel p t o understand b e t t e r the m i c r o s c o p i c s t r u c t u r e o f 
the h y d r o g e l . When these techniques are coupled w i t h o b s e r v a 
t i o n s o f b i o l o g i c a l i n t e r a c t i o n s o f these systems, one may be 
b e t t e r a b l e t o de s i g n ne
a p p l i c a t i o n s . 
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Abstract 
The thermodynamics of water sorption in three different 

radiation-grafted hydrogels have been studied. Diffusion coeffi
cients for water in these films were also calculated from the 
sorption and desorption kinetic data. The thermodynamic and 
kinetic data indicate that the grafted hydroxyethyl methacrylate 
(HEMA) films are more porous and penetrable to water molecules 
and their OH groups interact more strongly with water molecules 
when compared to grafted N-vinyl pyrrolidone (NVP) films. Strong 
site binding of water molecules is also reflected by the relative
ly large negative values calculated for the water clustering 
function in all films, although the values are less negative for 
the poly NVP films than for the poly HEMA films. These data all 
support a model for the HEMA polymer in which strong intra
molecular Η-bonds are important to its gel structure. Such data 
may be relevant to the biological interactions of hydrogels in 
the living system environment. 
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Biological and Physical Characteristics of Some 
Polyelectrolytes 
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It has been recognized for some time that the 
surface charge of bloo
their interactions wit
largely on the results of Sawyer and coworkers (2), it 
has also become apparent that surface charge, and 
electrochemical phenomena in general, can significantly 
influence blood/material interactions and that their 
control may be a necessary condition for development 
of a truly blood compatible material. Research stem
ming from ths concept, involving blood compatibility 
studies with metals and polymers, has led to the con
clusion that a limiting level of negative charge den
sity or negative potential may be required to achieve 
nonthrombogenic character, provided that other neces
sary conditions are also satisfied. This has prompted 
extensive research directed at development of anionic 
polyelectrolytes which might be expected to be blood 
compatible. 

As represented in Figure 1, the blood compatibil
ity and, in particular, thromboresistance of carboxyl
-containing copolymers would be expected to depend upon 
the interaction of several physical and chemical para
meters. These include not only the total concentration 
of ionizable groups, the degree to which these are neu
tralized by various monovalent or divalent metal salts, 
but also the hydrophilicity of the total polymer system. 
This last property depends largely on the selection of 
the neutral comonomer. As was expected at the outset 
of this program, and has been confirmed by experimental 
results, none of these parameters can be considered to 
be a sufficient condition for blood compatibility. All 
must be controlled, however, as necessary conditions 
for compatibility. 
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CONCENTRATION OF 
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Figure 1. Schematic of the surface charge density and hydrophilicity of some polyelec
trolytes 
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METHODS 
BIOLOGICAL COMPATIBILITY TESTING 

B i o l o g i c a l t e s t data described represent the r e 
s u l t s of evaluation programs conducted by other inves
t i g a t o r s under contract to the National Heart and Lung 
I n s t i t u t e of the National I n s t i t u t e s of Health. Meth
ods employed by these t e s t e r s are summarized i n t h i s 
s e c t i o n . 

In V i t r o Test Methods 

P a r t i a l Thromboplastin Time. 

Polymer sample
tubes and s t i r r i n g paddles
χ 100 mm) were s o l u t i o n coated on the e n t i r e i n t e r i o r 
surface except f o r a 0.5"-1.0" rim at the o r i f i c e . 
This was accomplished by introducing 3 ml of polymer 
s o l u t i o n i n t o the tube, f i t t i n g the tube to a r o t a r y 
evaporator, t i l t i n g i t so that the e n t i r e inner sur
face would be coated (except f o r the rim at the o r i 
f i c e ) , and applying heat to the e x t e r i o r of the evac
uated tube while being rotated. S t i r r i n g paddles were 
prepared by s o l u t i o n coating glass rectangles (3 mm χ 
18 mm χ 120 mm) or by c u t t i n g equivalent s i z e s t r i p s 
from compression molded polymer sheet. 

To carry out the p a r t i a l thromboplastin time t e s t , 
25 ml of native whole blood was drawn i n t o a s i l i c o n e -
coated (G. Ε. D r i - F i l m SC-87) glass syringe and imme
d i a t e l y t r a n s f e r r e d to the polymer coated tube. The 
paddle was employed to s t i r the blood sample f o r four 
minutes at 60 rpm. At the end of t h i s time, the sam
ple was anticoagulated by a d d i t i o n of sodium c i t r a t e 
and the c e l l u l a r elements were removed by c e n t r i f u g a -
t i o n (425 g) at 4°C. P a r t i a l thromboplastin time of 
the r e s u l t a n t p l a t e l e t - p o o r plasma was determined ... 
according to the methods of Langdell ( 3 . )and Rodman. 

Stypven Time. a 

Samples of p l a t e l e t - p o o r plasma prepared f o r de
termination of p a r t i a l thromboplastin time were also 
used to measure Stypven time according to the methods 
of M i a l e ( i ) and Hardisty.(£) 

a* Dr. R. G. Mason, U n i v e r s i t y of North C a r o l i n a , 
School of Medicine, Chapel H i l l , North C a r o l i n a 
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In Vivo Test Methods 
b 

Canine Implantation Studies. 
Test samples were i n the form of vena cava 

("Gott") r i n g s . These are 9 mm long and have an o.d. 
of 8 mm. Both inflow and outflow o r i f i c e s were stream
l i n e d . E t h y l e n e / a c r y l i c a c i d copolymer and ionomer 
ring s had a wal l thickness of 1mm (6 mm i . d . ) , where
as a l l remaining samples had a w a l l thickness of 0.5 
mm (7 mm i . d . ) . The l a r g e r i . d . r i n g was the standard 
s i z e prescribed by Gott. Vena cava r i n g s may be pre
pared by compression molding (i.d.) and machining 
(o.d.), by i n j e c t i o n molding  or by s o l u t i o n coating 
of the t e s t polymer ont
polyethylene r i n g s .
t i a l groove midway between the ends of each r i n g to 
permit the r i n g to be t i e d i n place a f t e r implantation. 

Tests were conducted by i n s e r t i n g the r i n g , using 
a s p e c i a l i n s e r t i o n device, i n t o the canine i n f e r i o r 
vena cava through a small i n c i s i o n i n the r i g h t atrium. 
A wrapping was placed over the r i n g external to the 
blood v e s s e l to prevent c u l de sac formation and the 
r i n g was t i e d i n place. I n i t i a l l y three samples of 
polymer were each implanted f o r two hours, a f t e r which 
time they were removed and examined f o r the presence 
of adherent thrombi. Polymers which were rated highly 
thromboresistant on the basis of t h i s acute t e s t were 
then implanted i n the same manner f o r a period of two 
weeks. 

Canine Implantation Studies. 

Implant samples were i n the form of 30 mm long 
tubes with an o.d. of 9 mm and a w a l l thickness of 1 mm 
(7 mm i . d . ) . Both inflow and outflow o r i f i c e s were 
streamlined. Tubes may be f a b r i c a t e d by the several 
methods noted above for vena cava r i n g s . The tubes 
were c i r c u m f e r e n t i a l l y grooved near each end. 

* Dr. V. L. Gott, Johns Hopkins U n i v e r s i t y , Dept. of 
Surgery, Baltimore, Maryland. 

c * Dr. P. N. Sawyer, State U n i v e r s i t y of New York, 
Downstate Medical Center, Brooklyn, New York. 
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Implantation was i n the canine i n f e r i o r vena cava 
through an i n c i s i o n i n that v e s s e l . The tube i s t i e d 
i n place at each groove, with one t i e proximal and one 
t i e d i s t a l to the i n c i s i o n . For each polymer, one 
tube was employed as an acute (2 hour) t e s t and two 
tubes as chronic (14 days) implants. 

POLYMER SYNTHESIS 

Et h y l e n e / A c r y l i c Acid Copolymers and Ionomers 

The family of e t h y l e n e / a c r y l i c a c i d copolymers 
seemed an e x c e l l e n t experimental probe f o r accomplish
ing t h i s study f o r several reasons  Copolymers con
t a i n i n g 2-20% by weigh
materials and coul
conversion of these polymers to t h e i r p a r t i a l l y neu
t r a l i z e d a l k a l i metal, a l k a l i n e earth, and organic 
amine s a l t s had been thoroughly i n v e s t i g a t e d and could 
be c o n t r o l l e d over a range of 0-70% n e u t r a l i z a t i o n ; 
and these polymers are tough, f l e x i b l e thermoplastics 
capable of being f a b r i c a t e d from s o l u t i o n or i n the 
melt to y i e l d highly s a t i s f a c t o r y t e s t samples. 

Ethylene/Vinyl S u l f o n i c Acid Copolymers and Ionomers 

Eth y l e n e / v i n y l s u l f o n i c a c i d copolymers were pre
pared by a two-step procedure. In the f i r s t step, 
ethylene was copolymerized with sodium v i n y l sulfonate 
i n a high pressure aqueous emulsion polymerization. 
The r e s u l t i n g f u l l y n e u t r a l i z e d sodium v i n y l sulfonate 
ionomers were converted by treatment with anhydrous 
HCL to the desired s u l f o n i c a c i d copolymers which 
could be t i t r a t e d with base to y i e l d p a r t i a l l y neu
t r a l i z e d ionomers. 

N-Vinyl P y r r o l i d o n e / A c r y l i c A c i d Copolymers and 
Ionomers (NVP/AA) 

In i n i t i a l studies leading to preparation of N-
v i n y l pyrrolidone (NVP)/acrylic a c i d (AA) copolymers, 
synthesis was c a r r i e d out as a two-step procedure. In 
the f i r s t step, sodium a c r y l a t e was copolymerized with 
NVP i n buffered aqueous s o l u t i o n at pH 7-8 a f t e r which 
the r e s u l t i n g f u l l y n e u t r a l i z e d ionomer was a c i d i f i e d 
to y i e l d the desired N-VP/AA copolymer. Potassium 
p e r s u l f a t e was employed as i n i t i a t o r i n the polymeri
zation step. Although the copolymerization could be 
ca r r i e d out s u c c e s s f u l l y , attempts to carry out a c i d i 
f i c a t i o n with concentrated or half-concentrated 
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h y d r o c h l o r i c a c i d , followed by drying at elevated 
temperatures, r e s u l t e d i n decomposition and d i s c o l o r a 
t i o n of the product. Although there had i n i t i a l l y 
been concern that d i r e c t a c i d i f i c a t i o n might, there
f o r e , not be p o s s i b l e , i t was subsequently found that 
s a t i s f a c t o r y c o l o r l e s s polymers could be obtained i f 
two precautions were taken. F i r s t , a c i d i f i c a t i o n was 
c a r r i e d out at temperatures below 10°C. Second, ex
haustive p u r i f i c a t i o n of the polymer, by d i s s o l v i n g 
i n water and r e p r e c i p i t a t i n g with acetone, was re~-
quired to remove a l l traces of a c i d before drying. I t 
was also found that t h i s p u r i f i c a t i o n procedure pro
duced a drop i n a c r y l i c a c i d content, as determined by 
t i t r a t i o n , presumably by removing imp u r i t i e s of acry
l i c a c i d homopolymer
p u r i t i e s , however, th
found to have higher AA/NVP r a t i o s than i n the o r i g i 
n al monomer feed. By running a polymerization to 
p a r t i a l conversion, with continuous feed of monomers 
and continuous removal of r e a c t i o n mixture, i t was 
p o s s i b l e to conveniently c o n t r o l unreacted monomer 
r a t i o s to prepare a uniform copolymer throughout the 
course of the r e a c t i o n . 

V i n y l Acetate/Crotonic Acid (VA/CA) Copolymers and 
Ionomers 

V i n y l acetate and c r o t o n i c a c i d were polymerized 
under aqueous emulsion conditions at 65-69° C ( s l i g h t 
v i n y l acetate r e f l u x ) , with potassium p e r s u l f a t e em
ployed as i n i t i a t o r . Small amounts of sodium acetate 
were used as b u f f e r f o r the c r o t o n i c a c i d . Emulsions 
were prepared with f i n a l s o l i d s content of approxi
mately 50%. At low c r o t o n i c a c i d (CA) content ( 8%), 
the r e a c t i o n was s l i g h t l y exothermic, whereas with CA 
l e v e l s higher than 10% the r e a c t i o n was more sluggish. 
Reaction times ranged from 20-30 minutes f o r 5% CA 
copolymers to 15-20 hours f o r copolymers containing 
^15% c r o t o n i c a c i d . The polymer emulsion obtained 
proved to be very stable and d i f f i c u l t to coagulate. 
I s o l a t i o n was best accomplished by gradual a d d i t i o n of 
methanol to the t h i c k latex at 0-5°C, with continuous 
removal of the slimy product. This was d r i e d under 
vacuum to y i e l d r e l a t i v e l y b r i t t l e polymer of only 
modest molecular weight. High molecular weights are 
unobtainable because of the chain t r a n s f e r a c t i v i t y 
of c r o t o n i c a c i d . 
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Coating of P o l y e l e c t r o l y t e Hydrogels onto Polypro
pylene 

The hydrophobic PE surface can be made wettable 
with water by treatment with chromic a c i d "cleaning 
s o l u t i o n " . The PE tubes were suspended i n a mixture 
of concentrated s u l f u r i c a c i d containing s o l i d chromi
um t r i o x i d e and the mixture s t i r r e d at room tempera
ture f o r one day. The tubes were r i n s e d w e l l with d i s 
t i l l e d water followed by a r i n s e with methanol. A f t e r 
t h i s treatment the tubes were not allowed to dry and 
were touched only with methanol r i n s e d clean rubber 
gloves. They were stored u n t i l used i n a j a r contain
ing methanol. The tubes were placed i n a F e r r i s wheel 
apparatus and coate
Union Carbide A-174
nol e i t h e r by spraying or dipping. The tubes were 
d r i e d and heat treated (80°/0.5 hr) i n an oven while 
turning with t h e i r c y l i n d r i c a l axis p a r a l l e l to the 
axis of r o t a t i o n . 

The tubes were then coated with a s o l u t i o n of 
p o l y e l e c t r o l y t e . A f t e r the desired amount of poly
e l e c t r o l y t e had been coated onto the PE r i n g the coat
ing was heat cured (80°/l h r ) . VA/CA s o l u t i o n contain
ing 10% by weight polymer i n methanol was used. Two 
complete immersions of the tube i n the s o l u t i o n , f o l 
lowed by drying, produced a def e c t - f r e e coating of pro
per thickness. A f t e r each dip, a drop l e t of s o l u t i o n 
r o l l e d around i n s i d e the tube as i t i s rotated i n the 
80°C oven u n t i l the solvent i s evaporated. In the case 
VP/AA, a s o l u t i o n containing 5% by weight polymer i n 
methanol was used. One immersion followed by shaking 
to remove any excess drops i s used to insure that the 
e n t i r e tube has some f i n i t e coating of the polymer. 
A f t e r evaporating o f f the remaining solvent a 0.15 ml 
droplet of the s o l u t i o n i s placed i n s i d e the tube f o l 
lowed by evaporation of solvent with r o t a t i o n . 

For i r r a d i a t i o n c r o s s l i n k i n g the presence of a 
co n t r o l l e d amount of water i n the coating and the ab
sence of oxygen both enhanced the e f f i c i e n c y of cross-
l i n k i n g of the coating. Water could be added to the 
coating by exposing the tubes to a humid atmosphere. 
The absorption of 2% by weight water by a 20 ml wit
ness s t r i p was used as a guide. The dampened tubes 
were sealed under nitrogen or argon i n a PE bag and 
i r r a d i a t e d with the Van de Graaff. The dosages r e 
quired were 35 megarads f o r VA/CA and 100 megarads f o r 
NVP/CA. However, v a r i a t i o n i n hydrogel density were 
at t a i n a b l e i n the NVP/AA case over a range of 80-200 
megarads. 
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D i r e c t Graft Polymerization of V i n y l Acetate/Crotonic 
Acid from Polypropylene 

The polypropylene objects to be coated with hy
drogel were placed i n a f l a s k containing e i t h e r an 
aqueous emulsion or an ethanol s o l u t i o n of v i n y l ace
t a t e , c r o t o n i c a c i d , sodium crotonate and a surfactant 
( T e r g i t o l 12-P-12). The concentration of monomers was 
e i t h e r 25% or 50% by weight, and the surfactant was 1% 
by weight. The s o l u t i o n (emulsion) was deoxygenated 
with nitrogen, placed i n a Co 6^ source and i r r a d i a t e d 
at a rate of 50,000 rad/hr while a g i t a t i o n was main
tained by nitrogen. A f t e r i r r a d i a t i o n the samples 
were removed from the f l a s k and thoroughly washed with 
ethanol to remove an
were then e q u i l i b r a t e

RESULTS AND DISCUSSION 

I n i t i a l l y , an attempt was made to e l u c i d a t e the 
r e l a t i o n s h i p of the surface charge density of a mat
e r i a l to i t s hemocompatibility. Two systems, ethy-
l e n e / a c r y l i c a c i d (EAA) and e t h y l e n e / v i n y l sulfonate 
(EVS), were chosen f o r study. No member of the EVS 
s e r i e s of copolymers and ionomers showed s i g n i f i c a n t 
thromboresistance 

(7) 
and only two members of the EAA 

s e r i e s (the 19% a c r y l i c a c i d copolymer and i t s 60% 
sodium ionomer) showed s i g n i f i c a n t thromboresis-
tance. (JzW 

To e l u c i d a t e the thrombogenic dependence on hy
d r o p h i l i c i t y , two systems, N-vinyl p y r r o l i d o n e / a c r y l i c 
a c i d (NVP/AA) and v i n y l acetate/crotonic a c i d (VA/CA) 
copolymers and ionomers, were chosen f o r study. While 
no member of the NVP/AA s e r i e s displayed any thrombo
r e s i s t a n c e (MLIJL?.) , members of the VA/CA s e r i e s showed 
various degrees of thromboresistance. The 2% c r o t o n i c 
a c i d 60% sodium ionomer, i n p a r t i c u l a r , e x h i b i t e d a 
high degree of thromboresistance i n vena cava implant 
studies. 
E t h y l e n e / A c r y l i c Acids P o l y e l e c t r o l y t e s 

A s e r i e s of copolymers and ionomers was prepared 
which represented four l e v e l s of t o t a l carboxyl con
c e n t r a t i o n (4.0, 9.8, 14.7, and 19.2% a c r y l i c a c i d ) . 
At each l e v e l , unneutralized copolymers were compared 
with copolymers which had been converted to approxi
mately 30% and 60% n e u t r a l i z e d ionomers. Counter-
anions i n v e s t i g a t e d included l i t h i u m , sodium, potassium, 
magnesium, calcium, and dimethylethanolamine. The 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



23. LUNDELL ET AL. Characteristics of Polyelectrolytes 313 

polymers which comprise the s e r i e s of twenty-one e t h y l -
e n e / a c r y l i c a c i d copolymers and ionomers were expected 
to d i f f e r from one another i n a number of ways. These 
d i f f e r e n c e s included v a r i a t i o n i n measurable p h y s i c a l 
chemical parameters by which such surface p r o p e r t i e s 
as w e t t a b i l i t y and electrochemical behavior can be 
characterized, as well as v a r i a t i o n of chemical i n t e r 
actions with blood on the molecular l e v e l . The contact 
angles of d i s t i l l e d water on the polymer surfaces ranged 
from a high of 87 (surface free energy = 1 9 . 9 ergs/cm) 
for the unneutralized 9 . 8 % a c r y l i c a c i d copolymer to a 
low of 71 ( 3 1 . 6 ergs/cm) f o r h i g h l y n e u t r a l i z e d l i t h i u m 
and sodium ionomers of the 1 9 . 2 % a c r y l i c a c i d copolymer. 
Zeta p o t e n t i a l s determined by Dr. Sawyer ana cowork
ers (15/ (Table I) a
large negative values
c a l conditions proposed f o r blood c o m p a t i b i l i t y were 
s a t i s f i e d . 

I n i t i a l evaluations of the thrombogenicity of these 
materials was performed by Mason, et a l . (S) , at the 
Un i v e r s i t y of North C a r o l i n a School of Medicine and 
Pennington (9^) at B a t t e l l e Memorial I n s t i t u t e , using 
Stypven time and p a r t i a l thromboplastin time as a mea
sure of blood c o m p a t i b i l i t y (Table I I ) . No member of 
the s e r i e s of twenty-one e t h y l e n e / a c r y l i c a c i d copoly
mers and ionomers appeared to be highly thromboresis-
tant on the basis of the data. The v a r i a t i o n s i n poly
mer structure appear to have no s i g n i f i c a n t e f f e c t on 
the Stypven time, since a l l polymers tested y i e l d e d 
values within experimental e r r o r of values obtained f o r 
the s i l i c o n i z e d glass c o n t r o l s . In the case of the 
p a r t i a l thromboplastic times, however, there was f a r 
greater v a r i a b i l i t y . In v i r t u a l l y a l l cases, the poly
mers appeared to be more thrombogenic than the stan
dards. In only two cases — the 9 . 8 % a c r y l i c a c i d co
polymer and i t s 2 9 . 5 % n e u t r a l i z e d sodium ionomer — were 
values seen which were s i g n i f i c a n t l y higher than the 
values f o r s i l i c o n i z e d g lass. In neither case, how
ever, were high values r e g i s t e r e d by both t e s t groups. 
In f a c t , there appeared to be l i t t l e obvious c o r r e l a 
t i o n between the r e s u l t s of the two p a r a l l e l sets of 
te s t s . 

As an a d d i t i o n a l p o r t i o n of the basic i n v i t r o 
blood c o m p a t i b i l i t y studies performed at B a t t e l l e 
Memorial I n s t i t u t e (9^) , adhesion of erythrocytes and 
p l a t e l e t s to the experimental polymers was also inves
t i g a t e d . The r e s u l t s of these t e s t s i n d i c a t e d f a i r l y 
uniform behavior throughout the s e r i e s of polymers. 
In a l l cases, adherence of erythrocytes was very l i g h t , 
with some showing no adherence at a l l . 
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P l a t e l e t adherence ranged from l i g h t to moderate, with 
s l i g h t aggregation i n some cases. The only s i g n i f i 
cant exception was the dimethylethanolamine s a l t , 
which showed heavy p l a t e l e t adherence with heavy ag
gregation. 

TABLE I 

ZETA POTENTIALS ACROSS SOME POLYELECTROLYTES -
SALINE/1000 SOLUTION INTERFACES AS OBTAINED 

FROM STREAMING POTENTIALS 

dE/dP* 
% AA % Ionome

9.8 0 325 -17.2 
19.2 0 350 -18.5 
19.2 27.0% Mg; 355 -18.8 
19.2 25.5% Ca 315 -16.8 
19.2 61.0% Na 390 -20.7 
19.2 61.5% Mg 340 -18.0 
19.2 61.5% Ca 365 -19.5 
19.2 34.5% DMEA 325 -17.5 

* dE/dP i s the average slope of the streaming po
t e n t i a l versus pressure r e l a t i o n from which the 
zeta p o t e n t i a l i s c a l c u l a t e d . 

In vivo blood c o m p a t i b i l i t y studies were a l s o per
formed on many of the e t h y l e n e / a c r y l i c a c i d copolymers 
and ionomers by Sawyer and coworkers(14) at State Uni
v e r s i t y of New York Downstate Medical Center and 
Gott (jL?.) and coworkers at Johns Hopkins U n i v e r s i t y 
(Table I I I ) . Sawyer's r e s u l t s i n d i c a t e that two of the 
polymers ex h i b i t e d a moderate l e v e l of thromboresis
tance. These were the 19% a c r y l i c a c i d copolymer and 
i t s h i ghly n e u t r a l i z e d sodium ionomer. In both cases, 
two hour and two week implants were e i t h e r thrombus-
free at the end of the implant period or contained only 
minimal j u n c t i o n a l thrombi. Based on the observations 
i n these experiments(UD , these two polymers appeared 
to be moderately thromboresistant, whereas copolymers 
at lower n e u t r a l i z a t i o n or lower a c r y l i c a c i d content, 
as w e l l as calcium ionomers, were thrombogenic. The 
highest l e v e l of thrombogenic a c t i v i t y was found i n the 
magnesium and dimethylethanolamine ionomers. In G o t t 1 s 
t e s t s , a l l of the polymers displayed s i g n i f i c a n t l e v e l s 
of thrombogenic a c t i v i t y , with only l i m i t e d v a r i a t i o n 
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TABLE II 

IN VITRO BLOOD COMPATIBILITY OF 
ETHYLENE/ACRYLIC ACID POLYELECTROLYTES 

P a r t i a l Thromboplastin Time* 
A c r y l i c Acid Stypven University of 

Cor ent % Ionome  Time* North Carolin  B a t t e l l

4.0% 0 — — 109 
24. .0% Na — — 99 
55. .0% Na — — 101 

9.8% 0 98 76 137 
29. ,5% Na 98 115 83 
71. .0% Na 97 95 89 

14.7% 0 97 106 101 
32. , 0% Na 98 85 99 
62. . 0% Na 98 74 86 

19.2% 0 100 74 92 
27. ,0% L i 98 78 70 
28. ,0% Na 103 62 94 
24. ,0% Κ 101 59 83 

·· 27. ,0% Mg 99 79 91 
26. ,5% Ca 103 68 78 
34. , 5% DMEA 104 84 103 
65. ,0% L i 98 78 — 61. , 0% Na 96 89 — 40. ,5% Κ 100 94 109 
61. , 5% Mg 107 65 99 
61. . 5% Ca 97 74 104 

* % of s i l i c o n i z e d glass control 
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w i t h i n the s e r i e s . Several of the polymers displayed 
some thromboresistance, i n c l u d i n g the highly neutra
l i z e d sodium ionomer of the 19% a c r y l i c a c i d copolymer. 

Ethylene/Vinyl Sulfonate PolyelectmLytes 

The chemistry of the anionic moiety of a poly
e l e c t r o l y t e must als o be considered as a f a c t o r reg
u l a t i n g blood c o m p a t i b i l i t y . Although carboxyl-con-
t a i n i n g polymers have been the primary subjects i n our 
i n v e s t i g a t i o n , comparison of t h e i r p h y s i o l o g i c a l a c t i 
v i t y with the blood c o m p a t i b i l i t y of analogous s u l 
f o n i c acid-containing copolymers and ionomers was a l s o 
an e s s e n t i a l element of the program. Like carboxyl 
groups, s u l f o n i c a c i
many n a t u r a l l y occurrin
b l y , they are present i n heparin, i n high concentra
t i o n , as s u l f a t e h a l f - e s t e r s and are presumed to play 
a r o l e i n the b i o l o g i c a l a c t i v i t y of that compound. 
However, s u l f o n i c acids are stronger acids than t h e i r 
c a r b o x y l i c acids analogues and would be expected to 
d i f f e r i n t h e i r chemical reactions with plasma. In 
order to assess the s i g n i f i c a n c e of t h i s f a c t o r to the 
development of blood compatible p o l y e l e c t r o l y t e s , 
e t h y l e n e / v i n y l s u l f o n i c a c i d copolymers and ionomers 
were prepared and b i o l o g i c a l l y evaluated. 

I n i t i a l t e s t s of two copolymers i n t h i s s e r i e s , 
and an ionomer of each, suggested that no s i g n i f i c a n t 
d i f f e r e n c e s could be detected between the i n v i t r o 
blood c o m p a t i b i l i t y of these polymers ( p a r t i a l throm
b o p l a s t i n time; Stypven time, Table IV), and analogous 
data f o r s i m i l a r a c r y l i c a c i d copolymers and ionomers. 
The poor blood c o m p a t i b i l i t y of these p o l y e l e c t r o l y t e s 
was confirmed by i n vivo studies of two members of the 
s e r i e s by Gott and coworkers (Table V).(13) 

N-Vinyl P y r r o l i d o n e / A c r y l i c Acid P o l y e l e c t r o l y t e s 

E t h y l e n e / a c r y l i c a c i d and e t h y l e n e / v i n y l s u l f o 
nate copolymers and ionomers represent a s e r i e s of 
p o l y e l e c t r o l y t e s which are hydrophobic or, at most, 
only s l i g h t l y h y d r o p h i l i c , depending on the content of 
the hydrophobic comonomer ethylene and the degree of 
n e u t r a l i z a t i o n . I t i s known, however, that n a t u r a l l y 
occurring p o l y e l e c t r o l y t e s , which impart negative sur
face charge to blood v e s s e l walls or to blood c e l l s , 
are considerably more h y d r o p h i l i c than even the most 
h y d r o p h i l i c e t h y l e n e / a c r y l i c a c i d ionomers, due to the 
presence of large numbers of polar groups along the 
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polymer chain. (lâ'il.) I t was also found that c e r t a i n 
hydrogels (1£) and i o n i c interpolymers (12) e x h i b i t good 
p h y s i o l o g i c a l properties on exposure to blood. An ap
propriate continuation of studies of the r e l a t i o n s h i p 
of anionic groups and negative surface charge to the 
blood c o m p a t i b i l i t y of polymers, therefore, seemed to 
be i n v e s t i g a t i o n of p o l y e l e c t r o l y t e s more h y d r o p h i l i c 
than e t h y l e n e / a c r y l i c a c i d copolymers and ionomers. 
In order to accomplish t h i s , v i n y l acetate and N-vinyl 
pyrrolidone were employed instead of ethylene as the 
neutral comonomer to prepare carboxyl-containing co
polymers. N-vinyl p y r r o l i d o n e / a c r y l i c a c i d copolymers 
were selected as a system to be inv e s t i g a t e d recogni
zing that the presence of high concentrations of N-
v i n y l pyrrolidone woul
e l e c t r o l y t e s . 

V i n y l p y r r o l i d o n e / a c r y l i c a c i d copolymers and 
ionomers were c r o s s l i n k e d by Van de Graaff i r r a d i a t i o n 
to form water i n s o l u b l e hydrogels which swell s i g n i f i 
c a n t l y i n aqueous media by imbibing large q u a n t i t i e s 
of water. The degree of c r o s s l i n k i n g was increased 
by increased dosage. Among the features c o n t r o l l e d by 
the density of c r o s s l i n k i n g , the tightness of the g e l 
determines the maximum s i z e of solute molecules capa
ble of penetrating the p o l y e l e c t r o l y t e coating as water 
i s imbibed. 

Samples of N-vinyl p y r r o l i d o n e / a c r y l i c a c i d co
polymers and sodium ionomers were coated on high den
s i t y polyethylene. The 8% ionomers were studied by 
Gott(17) and were shown to be highly thrombogenic. The 
2% ionomers were studied at the Utah Biomedical Test 
Laboratory and were als o highly thrombogenic (Table 
VI)(12). i n both s e r i e s of ionomers, the implant r e 
s u l t s showed t o t a l or near t o t a l o c c l u s i o n , often ac
companied by a s c i t e s or pulmonary embolism. 

TABLE IV 

IN VITRO BLOOD COMPATIBILITY OF ETHYLENE/VINYL SULFONIC 
ACID COPOLYMERS AND IONOMERS* 

P a r t i a l 
% V i n y l % Na Stypven Thromboplastin 

S u l f o n i c Acid Ionomer Time** Time** 

4 0 91 67 
4 40 99 87 
8 0 94 100 
8 40 100 90 

* U n i v e r s i t y of North C a r o l i n a 
** % of s i l i c o n i z e d g lass c o n t r o l 
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TABLE V 

IN VIVO BLOOD COMPATIBILITY OF 
ETHYLENE/VINYL SULFONIC ACID SODIUM IONOMERS* 

V i n y l S u l f o n i c A c i d % Na Ionomer 2 hr. Test 

4 40 WE m 

40 

E H Q 

a o 

* John Hopkins U n i v e r s i t y 

TABLE VI 

THROMBORESISTANCE OF N-VINYL PYRROLIDONE/ACRYLIC 
ACID COPOLYMERS AND IONOMERS. VENA CAVA 

IMPLANTATION OF 8% ACRYLIC ACID-CONTAINING POLYMERS 

% Neut. Duration Johns-Hopkins 

0% 2 hours • • A 

30% 2 hours φ 

• Ο 
• Ι · 

60% 2 hours 
α Ο 
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V i n y l Acetate/Crotonic A c i d P o l y e l e c t r o l y t e s 

Since the N-vinyl p y r r o l i d o n e / a c r y l i c a c i d copoly
mers imbibed such large amounts of water, the i n v e s t i 
gation of p o l y e l e c t r o l y t e systems which had more modest 
water uptake was undertaken. V i n y l acetate, being l e s s 
h y d r o p h i l i c than N-vinyl pyrrolidone, was chosen as the 
comonomer i n an attempt to prepare a hydrogel with a 
modest water uptake. V i n y l acetate and a c r y l i c a c i d 
could not be s a t i s f a c t o r i l y copolymerized because of 
widely d i f f e r i n g r e a c t i v i t y r a t i o s , so v i n y l acetate/ 
c r o t o n i c a c i d copolymers were, therefore, adopted as an 
acceptable s u b s t i t u t e . As i t was found that copolymers 
above 15% cro t o n i c a c i d l e v e l were too b r i t t l e f o r con
venient handling, polymer
p a t i b i l i t y studies a
acid monomer r a t i o s . The cro t o n i c a c i d content i n 
these materials was determined by t i t r a t i o n of a l i q u o t 
samples with N/10 NaOH. In analogy to the E/AA poly
e l e c t r o l y t e s , sodium ionomers were prepared at approxi
mately 30% and 60% conversions . 

Radiation treatment, using the Van de Graaff e l e c 
tron a c c e l e r a t o r , was inv e s t i g a t e d as the method of 
choice f o r c r o s s l i n k i n g these copolymers and ionomers 
to convert them to water-swellable hydrogels. E x p e r i 
ments were c a r r i e d out i n which compression molded 
plaques, 0.02" t h i c k , were exposed to various r a d i a t i o n 
doses ranging from 5 to 75 megarads. Immersion of the 
treated samples i n water showed that doses of 30 to 40 
megarads were s u f f i c i e n t to convert 30% n e u t r a l i z e d 

TABLE VII 

IN VITRO BLOOD COMPATIBILITY OF 
VINYL ACETATE/CROTONATE COPOLYMERS AND IONOMERS 

% 
Crotonic Acid 

% 
Na S a l t 

Stypven 
Time 

P a r t i a l Thrombo-
p l a s t i n Time 

5% 
5% 
5% 
5% 
5% 

15% 
15% 
15% 

0 
0 

30 
60 
60 
0 

30 
60 

(dry) 
(wet) 

(dry) 
(wet) 

106 
105 
82 

105 
110 
105 
94 
90 

131 
140 
109 
112 
142 
103 
94 
74 
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TABLE VIII 

THROMBORESISTANCE OF VINYL ACETATE/CROTONIC ACID COPOLYMERS AMD IONOMERS 

VENA CAVA IMPLANTATION OF 2% CROTONIC ACID-CONTAINING POLYMERS 

% Meut. L ) u r 

4 days 

5 days 

7 days 

14 days 

Johns fi 

• 
opkins 

Ο • ο • ο 
m • • ο 
• ο 

SUNY-Downstate 

died of 
pulmonary 
embolism 

ο 

oc 

10% occl. Junct. 
thrombus - Sacrif. 

90% occl. Junct. 
and laminar thrombus 

Junct. thrombus -
Sacrif. 

• Ο 
• ο ο ο 

oc Junct. thrombus 
Sacrif. 

4 days • • 
6 days 

14 days • ο • ο 
2 hours • ο • ο • • ο • ο 
14 days • ο 

α ο • 

ο 

ΟΓ. 
80% occl. junct. 
and laminar thrombus 

Junct. thrombus 
Sacrif. 

Ο Clean - sacrif. 

O C 

oc 
Clean - sacrif. 

Clean - sacrif. 
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TABLE V I I I ( C o n t i n u e d ) 

IMPLANTATION OF VINYL ACETATE/C ROTO NIC ACID COPOLYMERS AND SODIUM IONOMERS 

Crotonic % Tohns Hopkins Downs ta te M e d i c a l Center 
Ac[d Neutralization 2 hr. Implant Duration % O c c l u s i o n 

7.6 0 Π3 Ο 2 hours a ο 3 0 % 

£• 14 days Ζ 
1 ο minimal 

EZI 14 days : • ο 10% 

7.6 30 E J • 2 hours τ β 9 0 % • 3 0 
wm 

7.6 60 • i • 2 hours r . . Ί Ο 10% 

! • • 14 days ι ] C c l e a n • 14 days S · 9 0 % 

16.2 0 Π3 • 2 hours 3 Ο 4 0 % • 14 days ι I ο c l e a n 

• i • 14 days γ  J ο junctional 

16.2 30 EZI • 2 hours Ι Ί Ο c l e a n 

E D • 7 days 3 Ο 3 0 % 

G S hours J Ο 3 0 % 

16.2 60 2 hours I I ο c l e a n 

2 days c I ο Junctional 

14 days ! Ο c l e a n 
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ionomers to water-insoluble materials, but that f o r the 
60% n e u t r a l i z e d ionomers, i n s o l u b i l i z a t i o n was achieved 
only a f t e r exposure to doses of 75 megarads. In order 
to equalize radiation-induced changes i n the polymers, 
75 megarads was chosen as a standard dose f o r a l l v i n y l 
acetate/crotonic a c i d copolymers and ionomers. I r r a d i 
a t i o n was c a r r i e d out stepwise i n 3-5 megarad doses to 
minimize side e f f e c t s from overheating of samples. 

Mechanical p r o p e r t i e s have been measured on f i v e 
of the s i x materials a f t e r r a d i a t i o n and exposure to 
water f o r approximately 100 hours. A l l of the proper
t i e s i n d i c a t e d very weak materials; thus, a s o l i d sup
port material was necessary to provide s u f f i c i e n t me
chanical strength f o r t e s t samples and end use a p p l i 
cations (see Method

The i n i t i a l i
time and p a r t i a l thromboplastin time performed by Dr. 
R. G. Mason(8.) and Dr. C. J . Pennington. The r e s u l t s 
i n d i c a t e d that several compositions were more blood 
compatible under these conditions than s i l i c o n i z e d 
glass c ontrols (Table V I I ) . Furthermore, i t was also 
found that blood c o m p a t i b i l i t y could be furth e r en
hanced by preswelling the p o l y e l e c t r o l y t e hydrogels by 
30 minutes immersion i n 0.154 M NaCl. 

Nine members of the v i n y l acetate/crotonic a c i d 
s e r i e s were evaluated by Dr. P. N. Sawyer(14) as coat
ings of p o l y o l e f i n r i n g s . These were copolymers con
t a i n i n g 2, 8 and 16 percent c r o t o n i c a c i d , as w e l l as 
the 30% and 60% sodium ionomers of these copolymers. 
Dr. V. L. Gott^i^.) implanted s i x of the nine members 
of the v i n y l acetate/crotonic a c i d p o l y e l e c t r o l y t e 
hydrogel s e r i e s . Copolymers containing approximately 
two percent c r o t o n i c a c i d gave e x c e l l e n t two hour r e 
s u l t s at a l l l e v e l s of n e u t r a l i z a t i o n and provided 
f a i r l y good two week r e s u l t s (Table V I I I ) . In the un-
ne u t r a l i z e d case, two of the animals had clean r i n g s 
at four and f i v e days, one dying of pneumonia and the 
other appearing to die of pulmonary embolism. The 
t h i r d r i n g i n t h i s s e r i e s thrombosed at four days. 
The two ionomers looked s u r p r i s i n g l y good at two weeks, 
with two of the three r i n g s i n each case being free of 
thrombus. Comparison of r e s u l t s from both groups sug
gested that the material which c o n s i s t e n t l y demonstra
ted the most encouraging thromboresistance i s the 60% 
sodium ionomer of v i n y l acetate/2% c r o t o n i c a c i d co
polymer. 6 0 

Using Co r a d i a t i o n , i t has been p o s s i b l e to 
g r a f t polymerize v i n y l acetate/crotonic acid/sodium 
crotonate d i r e c t l y onto the polypropylene. This has 
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provided an opportunity to c a r e f u l l y c o n t r o l the coat
ing thickness and water uptake of the hydrogel ( see 
Table IX and X) i n order to optimize b i o l o g i c a l r e 
s u l t s . In vivo studies have been performed on samples 
prepared with various coating thicknesses and water 
uptake values. The Gott vena cava implant and Kusse-
row r e n a l embolus t e s t s s h o w the p o l y ( v i n y l ace-
tate-co-2%-crotonic acid) 60% sodium ionomer prepared 
at 0.1 Mrad (12 y coating and 55% water uptake) to be 
the most c o n s i s t e n t l y thromboresistant p o l y e l e c t r o l y t e 
hydrogel i n t h i s s e r i e s . 

TABLE IX 

COATING PARAMETER
DOSE-SURFACTANT

Dose Monomer Coating Eq. Water 
(Megarads) Cone. (%) Thickness (μ) Abs. (%) 

0.10 50 12 a 50.0 
0.20 50 30 a 33.4 
0.20 25 7 a 53.8 
0.20 25 13 a 28.0 
0.40 25 30 29.6 
1.20 25 32 18.7 
2.40 25 65 9.7 

a. Approximate; c a l c u l a t e d from coating weight 

TABLE X 

COATING PARAMETERS AS A FUNCTION OF RADIATION DOSE-
SURFACTANT PROMOTED IN WATERb 

Dose Monomer Coating Eq. Water 
(Megarads) Cone. (%) Thickness (μ) Abs. (%) 

0.05 25 6 a 111.3 
0.10 25 16 a 55.6 
0.20 25 30 16.4 
0.40 25 70-100 3.3 
0.80 25 130-180 3.2 
1.00 25 140-200 3.3 

a. Approximate; c a l c u l a t e d from coating weight 
b. Nitrogen gas a g i t a t i o n during i r r a d i a t i o n to 

maintain emulsion 
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Results of vena cava implant t e s t s on p o l y ( v i n y l -
co-2%-crotonic acid) 60% sodium ionomer samples pre
pared at varying g r a f t i n g doses are shown i n Table XI. 
For those samples prepared by emulsion g r a f t i n g pro
cedures, there appears to be a minimum dose (0.1 Mrad) 
below which the samples become s i g n i f i c a n t l y l e s s non-
thrombogenic. This may be due e i t h e r to a p h y s i c a l l y 
d i f f e r e n t hydrogel produced at the lowest dose or to 
a non-uniform coating. At present, we cannot d i s t i n 
guish between these two p o s s i b i l i t i e s . I t i s note
worthy that those samples prepared at 0.07 Mrad show 
a 43% incidence of o c c l u s i o n at two hours while those 
prepared at 0.1 and 0.4 Mrads show a 100% patency rate 
i n the same period. The data a l s o tend to i n d i c a t e 
(with the exceptio
Mrad) that coating
more thromboresistant than those with low water up
take values. For samples prepared at 1.0 and 1.2 Mrad 
i n ethanol (20% water uptake), there was a 35% i n c i 
dence of complete o c c l u s i o n at two hours. 

TABLE XI 
VENA CAVA IMPLANT TESTS 

Gr a f t i n g Dose Water Uptake R e s u l t s 3 

(Megarads) (%) 0 I X 

0.07 b 75 2 2 10 
0.1b 56 5 2 5 
0.4 b 3 3 2 1 
1.0 C 20 - 3 2 
1.2 C 19 2 4 

60. 0 d 120 3 2 1 

a. X = Occluded, I = P a r t i a l Occlusion, 
0 = Patent. 

b. Emulsion Polymerization. 
c. S o l u t i o n Polymerization i n Ethanol. 
d. Van de Graaff I r r a d i a t i o n of Preformed 

Hydrogel. 

CONCLUSION 

Systematic v a r i a t i o n of the surface charge den
s i t y and h y d r o p h i l i c i t y of p o l y e l e c t r o l y t e systems has 
yi e l d e d important information regarding nonthrombo-
genic surfaces. The r e s u l t s from experiments with 
e t h y l e n e / a c r y l i c a c i d and eth y l e n e / v i n y l sulfonate 
p o l y e l e c t r o l y t e s have shown a thrombogenic dependence 
on the chemical nature of the i o n i c moiety bound to 
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the polymer backbone and i t s counterion. Evaluation of 
v i n y l acetate/crotonic a c i d and N-vinyl p y r r o l i d o n e / 
a c r y l i c a c i d p o l y e l e c t r o l y t e hydrogels has revealed a 
thrombogenic dependence on both the surface charge den
s i t y and the h y d r o p h i l i c i t y of the p o l y e l e c t r o l y t e . 

In v i v o and i n v i t r o blood c o m p a t i b i l i t y studies 
e s t a b l i s h e d that the v i n y l acetate-co-2%-crotonic a c i d 
60% sodium ionomer was the most thromboresistant mate
r i a l i n i t s s e r i e s . Furthermore, the v i n y l acetate/ 
c r o t o n i c a c i d hydrogel system was s i g n i f i c a n t l y more 
thromboresistant than the N-vinyl p y r r o l i d o n e / a c r y l i c 
a c i d hydrogel system. Also, within each s e r i e s i t has 
been shown that there i s a thrombogenic dependence on 
the surface charge density. These r e s u l t s imply that 
the antithrombogeni
increase i n d e f i n i t e l
charge density of the surface increases. Rather, an 
optimum h y d r o p h i l i c i t y and charge density i s reached, 
beyond which the surface again becomes thrombogenic. 

Based on the r e s u l t s of our studies, we are con
ce n t r a t i n g our e f f o r t s on optimizing the promising 
v i n y l acetate-co-2%-crotonic a c i d ionomer hydrogel 
system. Further r e s u l t s of studies on v i n y l acetate-
co-2%-crotonic a c i d ionomer hydrogel coatings prepared 
by the d i r e c t polymerization of monomers from surfaces 
w i l l be reported subsequently. 
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Precise measuremen
properties of an implanted material requires a well defined 
materials system and a method for accurately evaluating 
variations in the response. Ionogenic hydrogels have been 
used as a materials system in this study to evaluate the effect 
of charge on the early phases of fibrous capsule formation. 
Image analysis techniques were used to quantitatively measure 
the response. Specific aspects of fibroblast interactions 
with these materials were also investigated using cell culture 
techniques. 

The fibrous capsule is a layer of connective tissue formed 
as part of the biological response to an implanted foreign 
material. It consists primarily of collagen fibers, but may 
also contain a variety of inflammatory cell types and new 
capillaries, depending on the degree of the response(1). 
It has been previously demonstrated in vivo, that the addition 
of charged functional groups to a hydrogel network can signi
ficantly alter the early phases of the response (2). An 
understanding of the mechanisms responsible for these changes 
is an essential step in the development of materials which can 
fulfill the varied requirements encountered in soft-tissue 
implant applications. 

Although many attempts have been made to correlate cell 
attachment with properties of the substrate material in culture 
(.3 they have generally been limited by an ability to 
uniquely vary the specific material parameter of interest. 
The hydrophilic gel polymers based on hydroxyethyl methacrylate 
(HEMA) represent a class of well-characterized materials which 
are particularly well suited to isolate the effect of surface 
charge on cell attachment kinetics. 

The same hydrogel compositions were used in the implant 
study and for cell culture substrates. This allowed direct 
comparisons to be made between the effect of surface charge on 

329 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



330 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

the i n v i v o r e a c t i o n , and on the c e l l u l a r response obse rved 
i n v i t r o . 

Methods and M a t e r i a l s 
Monomers. 2 -Hyd roxye thy l m e t h a c r y l a t e as r e c e i v e d f rom 

P o l y s c i e n c e s , I n c . , c o n t a i n e d between 0.25 and 0.40 p e r c e n t 
m e t h a c r y l i c a c i d as an i m p u r i t y , 200-400 ppm MEHQ as an 
i n h i b i t o r and had a pH o f 6.00 t o 6 .20. A d s o r p t i o n w i t h 
po ta s s i um ca rbona te (anhydrous) l owered the m e t h a c r y l i c a c i d 
c o n t e n t t o below 0.15 p e r c e n t and reduced the i n h i b i t o r s l i g h t l y 
t o 150-200 ppm. The monomer p u r i t y l e v e l s were de te rm ined u s i n g 
gas chromatography. The f i n a l pH was 6.85 t o 6 .90. M e t h a c r y l i c 
a c i d ( P o l y s c i e n c e s , I nc . ) ( b . p . = 59°C, 10mm Hg.) and d i e t h y l 
ami no e t h y l m e t h a c r y l a t e (Rohm and Haas Co.) ( b . p . = 90°C, 
3 mm Hg.) were vacuum d i s t i l l e
f i n a l p u r i t y was checke
e t h y l e n e g l y c o l d i m e t h a c r y l a t e ( P o l y s c i e n c e s , I n c . ) was t he 
c r o s s l i n k i n g agent and was used as r e c e i v e d . 

P o l y m e r i z a t i o n . Sheets o f h y d r o p h i l i c g e l s were p repa red 
by s o l u t i o n p o l y m e r i z a t i o n between g l a s s p l a t e s w i t h 1.0 
m i l l i m e t e r g l a s s space r s f o r the i m p l a n t m a t e r i a l s and 0.15 
m i l l i m e t e r g l a s s space r s f o r the c e l l c u l t u r e s u b s t r a t e s . 
P o l y m e r i z a t i o n proceeded f o r 24 hours a t room t empe ra tu r e . The 
r e a c t i o n mix c ompo s i t i o n s a r e g i ven i n T a b l e I. The g e l s were 
removed f rom the g l a s s by s o a k i n g i n d i s t i l l e d w a t e r . A l l 
h yd roge l s were washed i n d i s t i l l e d wa te r wh ich was changed 
d a i l y , f o r a minimum o f t h r e e weeks. E q u i l i b r i u m wate r c o n t e n t 
o f the g e l s was de te rmined on f u l l y h yd ra ted samples by 
measur ing the p e r c e n t we i gh t l o s s a f t e r vacuum d r y i n g a t 120°C 
u n t i l no f u r t h e r we i gh t l o s s was ob s e r ve d . 

In V i v o . Implant spec imens , measur ing 7 χ 15 mm., were c u t 
f rom the washed g e l s . The samples were r e e q u i l i b r a t e d i n phos 
phate b u f f e r e d s a l i n e s o l u t i o n f o r t h r e e days and b o i l e d f o r 
30 minutes p r i o r t o i m p l a n t a t i o n . Sprague-Dawley male r a t s , 
we i gh i n g between 300 and 350 grams were used f o r a l l e x p e r i m e n t s . 
Subcutaneous i m p l a n t s were p l a c e d away f rom the i n c i s i o n i n a 
pocke t opened p r e c i s e l y a t the f a c i a l a y e r o f the d o r s a l s u r f a c e . 
The i m p l a n t s were removed w i t h the s u r r o u n d i n g t i s s u e s a f t e r 
v a r i o u s t imes f rom one t o twenty -one d a y s , f i x e d i n f o r m a l i n 
and p repared f o r h i s t o l o g y by s t anda rd t e c h n i q u e s . Sham e x p e r i 
ments i n wh ich the e n t i r e s u r g i c a l p r o t o c o l was pe r f o rmed , but 
w i t h no m a t e r i a l i m p l a n t e d , s e r ved as c o n t r o l s . The t i s s u e 
response was e v a l u a t e d q u a l i t a t i v e l y on the b a s i s o f c e l l t y p e s , 
degree o f g r a n u l a t i o n , morphology o f c o l l a g e n o r g a n i z a t i o n and 
i n t e g r i t y o f i m p l a n t m a t e r i a l . A m o d i f i e d t r i - c h r o m e s t a i n 
d i f f e r e n t i a t e d the c o l l a g e n f i b e r s f rom s u r r ound i n g f e a t u r e s and 
p r o v i d e d the b a s i s f o r q u a n t i t a t i v e a n a l y s i s o f the f i b r o u s 
c a p s u l e . Compu to r - a s s i s t ed image a n a l y s i s u s i n g a M i l l i p o r e 
p a r t i c l e c o u n t i n g m ic ro scope was used t o measure t he mean 
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d i s t a n c e i n mic rons f rom the m a t e r i a l i n t e r f a c e t o the edge o f 
the f i b r o u s c a p s u l e , the percentage o f the c a p s u l e c r o s s -
s e c t i o n a l a rea a c t u a l l y f i l l e d w i t h c o l l a g e n f i b e r s , and the 
t o t a l c o l l a g e n a rea i n square mic rons pe r u n i t l e n g t h a l ong 
the m a t e r i a l i n t e r f a c e . A m o d i f i e d n u c l e a r s t a i n was used t o 
count the number o f c e l l s p r e s e n t per u n i t a rea a d j a c e n t t o the 
m a t e r i a l i n t e r f a c e . A l l measurements were made a t seven 
l o c a t i o n s a d j a c e n t t o the i n t e r i o r s u r f a c e o f the i m p l a n t , and 
were r epea ted on two s e c t i o n s f o r each m a t e r i a l and each i m p l a n t 
t i m e . The r e s u l t s a r e r e p o r t e d as the mean o f the se measure
ments. 

In V i t r o . A l l c e l l c u l t u r e expe r iment s were per formed 
u s i n g the Swiss 3T3 c e l l l i n e , c o n t a c t i n h i b i t e d mouse f i b r o 
b l a s t s . Only c e l l s between t h e i r 10th and 20th passage were 
used f o r t h i s s t u d y . C e l l
min imal e s s e n t i a l mediu
t imes the normal c o n c e n t r a t i o n o f amino a c i d s and v i t a m i n s 
(MEMX4), p e n i c i l l i n (250 u n i t s / m l ) , s t r e p t o m y c i n (0.25 mg/ml), 
and 10 p e r c e n t donor c a l f serum. The DNA o f the source c e l l s 
was l a b e l l e d w i t h ^H - thym id ine by growing c e l l s f o r 24 hours 
i n media c o n t a i n i n g 0.1 y C i/ml o f 3 H - t h y m i d i n e f o l l o w e d by 
48 hours o f growth i n n o n - l a b e l l e d media ( 6 ) . T h i s t e c h n i q u e 
p r o v i d e d a method f o r c o u n t i n g the c e l l s and d e t e r m i n i n g t he 
r e l a t i v e a b i l i t y o f Swiss 3T3 f i b r o b l a s t s t o a t t a c h t o sub 
s t r a t e s o f v a r i o u s hydroge l c o m p o s i t i o n s . The s u b s t r a t e s were 
p repa red f rom washed hydroge l membranes e q u i l i b r a t e d i n phos 
phate b u f f e r e d s a l i n e . D i s c s (15 mm d i amete r ) o f the g e l s 
were p l a c e d i n the at tachment media f o r two hours p r i o r t o the 
at tachment a s say . The a t tachment media c o n t a i n e d phosphate 
b u f f e r e d s a l i n e supplemented w i t h d i v a l e n t c a t i o n s (100 mg/1 
MgS0£.7H 2 0 and 100 mg/1 CaC l2 ) and 10% donor c a l f serum. 

The a t tachment a s say c o n s i s t e d o f i n o c c u l a t i n g d i s h e s fi 

c o n t a i n i n g hydroge l s u b s t r a t e s w i t h a known a l i q u o t (2 .0 χ 10 
c e l l s i n one m i l l i l i t e r o f a t tachment media) o f the l a b e l l e d 
c e l l s . A t each o f the t ime p o i n t s , one d i s c was removed f rom 
each d i s h ( t h e r e were two d i s h e s f o r each ge l c o m p o s i t i o n ) , 
d ipped t h r e e t imes i n t h r e e s epa r a te washes o f phosphate 
b u f f e r e d s a l i n e c o n t a i n i n g d i v a l e n t c a t i o n s (100 mg/1 M g S O ^ r ^ O 
and 100 Mg/1 C a C l 2 ) 5 and then p l a c e d i n s c i n t i l l a t i o n v i a l s 
c o n t a i n i n g B r a y ' s s c i n t i l l a t i o n s o l u t i o n . 

R e s u l t s and D i s c u s s i o n 
The b i o l o g i c a l r e a c t i o n t o the presence o f an i m p l a n t e d 

m a t e r i a l , o f t e n r e f e r r e d t o as the " f o r e i g n body r e s p o n s e " , 
i s i n f l u e n c e d by a complex s e t o f v a r i a b l e s . A r e c e n t r e v i e w 
( 7 j d i f f e r e n t i a t e d some major c l a s s e s o f the se v a r i a b l e s and 
at tempted t o d i s t i n g u i s h between those a s s o c i a t e d w i t h m a t e r i a l 
p r o p e r t i e s and those i n v o l v e d i n the " n o r m a l " wound h e a l i n g 
p r o c e s s . 
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The l a r g e number o f p o t e n t i a l l y r e l e v a n t f a c t o r s has 
sometimes made p r e v i o u s i n v e s t i g a t i o n s d i f f i c u l t t o c o n t r o l and 
t h e i r r e s u l t s d i f f i c u l t t o i n t e r p r e t . The i s s u e o f what 
c o n s t i t u t e s a " b i o c o m p a t i b l e " m a t e r i a l i n the s o f t t i s s u e s has 
been f u r t h e r confused by a p e r s i s t a n t n o t i o n t h a t a t h i n 
f i b r o u s membrane around an i m p l a n t i s a lways a " good " r e a c t i o n 
and a t h i c k c a p s u l e i s i n d i c a t i v e o f a severe o r " b a d " r e sponse . 
T h i s concept was f u r t h e r e d by L a i n g ' s e a r l y s tudy (8) o f 
imp l an ted meta l s which demonst rated t h a t an i n c r e a s e i n metal 
i o n c o n c e n t r a t i o n o r i o n t o x i c i t y c o r r e l a t e d w i t h an i n c r e a s e 
i n the s u r r ound i n g f i b r o u s membrane t h i c k n e s s . 

A l t hough i t i s t r u e t h a t c h r o n i c i n f l a m m a t i o n , t i s s u e 
n e c r o s i s , o r c o n t i n u e d c e l l u l a r p r o l i f e r a t i o n would be c o n 
s i d e r e d u n d e s i r a b l e i n a lmos t any c l i n i c a l a p p l i c a t i o n o f an 
imp l an ted m a t e r i a l , i t doe
f i b r o u s c a p s u l e per s e
sequence o f the b i o l o g i c a l r e a c t i o n . For example , when mech
a n i c a l s t a b i l i t y i s d e s i r e d t o l i m i t l a t e r a l movement, such as 
i n a hydrocepha lu s s hun t , a dense , w e l l o r g a n i z e d a c e l l u l a r , 
and nonadherent c a p s u l e would a l l o w f o r l o n g i t u d i n a l growth 
ad ju s tment s w h i l e p r o v i d i n g the nece s s a r y l a t e r a l s t a b i l i t y . 
In the same a p p l i c a t i o n , the f o r m a t i o n o f f i b r o u s t i s s u e i n 
o r around the d r a i n s e c t i o n o f t e n l e a d s to b l ockage and 
even tua l d e v i c e f a i l u r e . A much b e t t e r unde r s t and i ng o f b a s i c 
i n t e r a c t i o n s between m a t e r i a l parameters and b i o l o g i c a l med i a 
t o r s i s needed be f o r e t h i s h i gh l e v e l o f c o n t r o l o ve r the 
r e a c t i o n can be a c h i e v e d . 

Dur ing t h i s i n v e s t i g a t i o n our p r ima r y o b j e c t i v e was to 
de te rm ine i f t he charge o f the m a t e r i a l s i g n i f i c a n t l y a f f e c t e d 
the p roces s o f f i b r o u s c a p s u l e f o r m a t i o n . The hydroge l system 
was s e l e c t e d as the m a t e r i a l model because the charge c o u l d be 
v a r i e d by chang ing the chemica l c o m p o s i t i o n o f the f u n c t i o n a l 
groups w i t h o u t chang ing the main c h a i n m e t h a c r y l a t e s t r u c t u r e . 
The i n i t i a l monomer r e a c t i o n s o l u t i o n s , as shown i n Tab le I, 
a l l c o n t a i n e d the same p e r c e n t o f c r o s s l i n k i n g agent and the 
same amount o f w a t e r . A f t e r s w e l l i n g to e q u i l i b r i u m the 
h i g h l y a c i d i c g e l s c o n t a i n e d s l i g h t l y more wa te r (47%) than 
the most b a s i c g e l s (41%) . These d i f f e r e n c e s may have c o n t r i 
buted t o the observed v a r i a t i o n s i n the b i o l o g i c a l r e s pon se , but 
they were c o n s i d e r e d to be sma l l when compared w i t h the wide 
range o f charge d e n s i t y and s i g n t h a t was p o s s i b l e w i t h t h i s 
s y s tem. Scann ing m i c ro s copy o f the polymers r e v e a l e d f a i r l y 
u n i f o r m , smooth s u r f a c e s w i t h s i m i l a r morphology f o r a l l 
c o m p o s i t i o n s . I t i s now w e l l e s t a b l i s h e d (7) t h a t many o t h e r 
e x p e r i m e n t a l parameters must a l s o be c o n s i d e r e d as p o s s i b l e 
sou rces o f a r t i f a c t d u r i n g the e v a l u a t i o n o f imp l an ted m a t e r i a l s . 
To m in im i ze the i n f l u e n c e o f i m p l a n t edge and shape e f f e c t s ( 9 ) , 
o n l y the t i s s u e a d j a c e n t t o the c e n t r a l r e g i o n o f i m p l a n t s was 
i n c l u d e d i n the a n a l y s i s . The i m p l a n t , i t s e l f , was p l a c e d i n 
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a " p o c k e t " opened by b l u n t d i s s e c t i o n away from the s i t e o f the 
i n i t i a l i n c i s i o n . V a r i a t i o n s due to ana tom ica l l o c a t i o n were 
reduced by a lways p l a c i n g the i m p l a n t d i r e c t l y o ve r the muscle 
f a c i a i n a p p r o x i m a t e l y i d e n t i c a l p o s i t i o n s f o r each a n i m a l . 
By choo s i n g t h i s p a r t i c u l a r p lacement f o r the i m p l a n t , new 
c o l l a g e n formed as p a r t o f the f i b r o u s c a p s u l e was e a s i l y 
d i f f e r e n t i a t e d f rom the " n o r m a l " t i s s u e s . 

F i g u r e 4 shows examples o f the i n t e r f a c e between the 
i m p l a n t (on the l e f t ) and the s u r r o u n d i n g t i s s u e s . W i t h i n t he 
f i b r o u s c a p s u l e , the c o l l a g e n f i b e r s f i l l e d o n l y p a r t o f the 
t i s s u e space. The remainder o f the c r o s s - s e c t i o n a l c a p s u l e 
a rea was f i l l e d w i t h c e l l s , f l u i d , o r sma l l v e s s e l s . The p e r 
centage o f the c a p s u l e a rea a c t u a l l y f i l l e d w i t h c o l l a g e n , 
r e f e r r e d t o i n Tab l e s I I  I I I  and IV as " C o l l a g e n D e n s i t y " 
v a r i e d w i t h i m p l a n t t im
r e l a t e d t o the morpholog
The t h i c k n e s s o f the cap su l e m u l t i p l i e d by the c o l l a g e n d e n s i t y 
was p r o p o r t i o n a l t o the t o t a l c o l t a g e n produced per u n i t a rea 
a l ong t he c a p s u l e c r o s s - s e c t i o n . T h i s v a l ue was o b t a i n e d f rom 
a rea measurements made on 176 mic romete r segments o f c a p s u l e f o r 
a l l samples and i s r e p o r t e d as " R e l a t i v e Amount C o l l a g e n " i n 
Tab le s I I , I I I , IV. T h i s a r b i t r a r y but c o n s t a n t u n i t o f c a p s u l e 
l e n g t h r e p r e s e n t e d a p p r o x i m a t e l y one m i c r o s c o p i c f i e l d a t 400x 
m a g n i f i c a t i o n . 

A p a r a l l e l measurement o f t o t a l c e l l u l a r a c t i v i t y i n the 
v i c i n i t y o f the i m p l a n t was dete rmined by c o u n t i n g the n u c l e i 
o f a l l c e l l s w i t h i n 250 mic rometer s o f the i m p l a n t s u r f a c e and 
n o r m a l i z i n g t o a c o n s t a n t u n i t a r e a . T h i s count was not l i m i t e d 
t o the c a p s u l e r e g i o n because s i g n i f i c a n t v e s s e l development and 
o t h e r c e l l a c t i v i t y o f t e n o c c u r r e d o u t s i d e the a c t u a l f i b r o u s 
c a p s u l e . The number o f c e l l s per u n i t a r ea i n normal c o n n e c t i v e 
t i s s u e i s r e l a t i v e l y low (as i n d i c a t e d by the s u r g i c a l c o n t r o l ) 
and t h e r e f o r e , the v a l u e f o r t o t a l c e l l u l a r a c t i v i t y i s 
r e p r e s e n t a t i v e o f c e l l s t h a t a re d i r e c t l y i n v o l v e d i n the 
response t o the i m p l a n t m a t e r i a l . 

The e n t i r e range o f the b i o l o g i c a l r e s pon se , f o r a l l 
m a t e r i a l s t e s t e d , was w i t h i n the l i m i t s o f what has been c o n 
s i d e r e d " m i l d " ( 8 ) . C o n t r a r y t o p r e v i o u s work (2) none o f the 
hydroge l m a t e r i a l s c o n s i s t a n t l y e l i c i t e d a " g ro s s p u r u l e n t 
e x u d a t e " . Obvious i n f e c t i o n s o f t h i s t ype o c c u r r e d r a r e l y and 
d i d no t c o r r e l a t e w i t h the m a t e r i a l c o m p o s i t i o n s . The i n v i v o 
expe r iment s o f t h i s s tudy have demonst rated s i g n i f i c a n t and 
r e p r o d u c i b l e changes i n both the amount o f c o l l a g e n produced 
and i t s o r g a n i z a t i o n a l morphology as a d i r e c t r e s u l t o f v a r i 
a t i o n s i n the charge o f the h y d r o g e l s . 

The ba r graphs i n F i g u r e s 1, 2 , and 3 show, f o r example , 
t h a t the c a p s u l e formed around p o s i t i v e l y charged h yd roge l s 
d u r i n g the f i r s t t h r e e weeks a f t e r i m p l a n t a t i o n i s t h i c k e r than 
the c a p s u l e s around o t h e r h y d r o g e l s . T h i s r e s u l t agrees w i t h 
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TABLE I 
COMPOSITION OF HYDROGEL MONOMER SOLUTIONS 

HYDROGEL MONOMER 
(Mole Percent) 

COMPOSI TION (Volu me Percent) HYDROGEL MONOMER 
(Mole Percent) HEMA MAA DEAEMA 

100 HEMA 100.0 

95 HEMA, 5 MAA 
80 HEMA,20 MAA 
60 HEMA,40 MAA 

96.0 
84.0 
67.5 

4.0 
16.0 
32.5 

95 HEMA, 5 DEAEMA 
80 HEMA,20 DEAEMA 
60 HEMA,40 DEAEMA 

94.0 
75.5 
51.0 

6.0 
24.5 
49.0 

95 HEMA,2.5 MAA,2.
80 HEMA, 10 MAA,
60 HEMA, 20 MAA,

HEMA= 2-Hydroxyethyl methacrylate, MAA= Methacrylic a c i d , 
DEAEMA= Diethyl ami no ethyl methacrylate, 
Crosslinker= Tetraethylene glycol dimethacrylate: 2.2 mole 
percent, D i s t i l l e d water: 33.0 volume percent, 
I n i t i a t o r : (NH^nSOg: 0.5 mole percent 
Reducing Agent: m^^S1 0.5 mole percent. 

TABLE II 
IN VIVO RESPONSE TO HYDROGELS IMPLANTED FOR ONE DAY 

HYDROGEL MONOMER 
(Mole Percent) 

CAPSULE 
THICKNESS 
(Micrometers) 
MEAN (S.D.) 

COLLAGEN1 

DENSITY 
(Percent) 
MEAN (S.D.) 

RELATIVE2 

AMOUNT 
COLLAGEN 
MEAN (S.D.) 

TOTAL3 

CELLULAR 
ACTIVITY 
MEAN (S.D.) 

100 HEMA 

95 HEMA, 5 MAA 
60 HEMA,40 MAA 

95 HEMA, 5 DEAEMA 
60 HEMA,40 DEAEMA 

95 HEMA,2.5 MAA,2.5 DEAEMA 
60 HEMA, 20 MAA, 20 DEAEMA 

SURGICAL SHAM 4 

27.1 (11.9) 

27.8 ( 4.2) 
41.8 ( 8.6) 

63.8 (19.8) 
77.1 ( 7.2) 

37.8 (10.4) 
19.2 ( 6.9) 

54.4 ( 8.4) 

48.9 (10.6) 
60.9 ( 9.7) 

68.4 ( 9.4) 
55.9 (10.9) 

48.9 (10.6) 
60.9 ( 9.7) 

31.7 (10.6) 

14.2 ( 6.2) 

14.9 ( 3.9) 
24.0 ( 9.0) 

42.4 (11.5) 
36.7 (13.5) 

17.1 (9.8) 
11.5 ( 3.8) 

34.1 (11.7) 

192.1 (35.6) 

190.0 (26.6) 
133.9 (20.6) 

207.3 (57.9) 
361.7 (49.6) 

223.1 (55.5) 
227.4 (48.9) 

67.5 (17.7) 

1. Percent of fibrous capsule composed of collagen f i b e r s . 
2. Area of collagen f i b e r s proportional to new collagen formation. 
3. Number of c e l l s per unit area adjacent to implant. 
4. Values obtained from connective tissue adjacent to s u r g i c a l l y prepared implant 

s i t e . 
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TABLE I I I 
IN VIVO RESPONSE TO HYDROGELS IMPLANTED FOR ONE WEEK 

HYDROGEL MONOMER 
(Mole Percent) 

CAPSULE 
THICKNESS 
(Micrometers) 
MEAN (S.D.) 

COLLAGEN 
DENSITY 
(Percent) 
MEAN (S.D.) 

RELATIVE 
AMOUNT 
COLLAGEN 
MEAN (S.D.) 

TOTAL 
CELLULAR 
ACTIVITY 
MEAN (S.D.) 

100 HEMA 84.8 (11.5) 81.1 ( 5.8) 59.6 (15.1) 130.6 (26.7) 

95 HEMA, 5 MAA 
60 HEMA,40 MAA 

97.9 (16.3) 
79.4 (20.5) 

65.7 ( 7.8) 
61.4 ( 8.4) 

63.7 ( 8.4) 
46.9 (13.2) 

87.6 (14.3) 
159.8 (22.7) 

95 HEMA, 5 DEAEMA 
60 HEMA,40 DEAEMA 

95 HEMA,2.5 MAA,2.5 DEAEMA 
60 HEMA, 20 MAA, 20 DEAEMA 

87.7 (16.6) 
85.3 (18.1) 

54.6 (14.8) 
62.1 ( 5.1) 

50.7 ( 8.9) 
53.1 ( 7.3) 

133.9 (25.5) 
149.5 (26.2) 

SURGICAL SHAM 51.8 ( 7.1) 87.0 (11.9) 88.5 (17.8) 

TABLE IV 
IN VIVO RESPONSE TO HYDROGELS IMPLANTED FOR THREE WEEKS 

HYDROGEL MONOMER 
(Mole Percent) 

CAPSULE 
THICKNESS 
(Micrometers) 
MEAN (S.D.) 

COLLAGEN 
DENSITY 
(Percent) 
MEAN (S.D.) 

RELATIVE 
AMOUNT 
COLLAGEN 
MEAN (S.D.) 

TOTAL 
CELLULAR 
ACTIVITY 
MEAN (S.D.) 

100 HEMA 94.1 (11.6) 77.4 ( 6.4) 68.0 (11.6) 143.3 (25.0) 
95 HEMA, 5 MAA 
60 HEMA,40 MAA 

75.6 ( 7.6) 
50.2 ( 7.9) 

67.6 ( 6.2) 
79.2 ( 6.5) 

50.9 ( 5.6) 
39.8 ( 7.7) 

71.2 ( 6.7) 
81.2 (16.3) 

95 HEMA, 5 DEAEMA 
60 HEMA,40 DEAEMA 

130.9 (28.0) 
143.2 (17.9) 

59.2 ( 4.9) 
60.4 ( 5.5) 

65.7 ( 7.1) 
77.0 (15.4) 

148.6 (19.5) 
178.3 (14.2) 

95 HEMA,2.5 MAA,2.5 DEAEMA 
60 HEMA, 20 MAA, 20 DEAEMA 

64.2 (14.6) 
70.6 ( 5.8) 

62.3 (10.8) 
85.1 ( 7.3) 

54.7 (11.2) 
60.0 ( 6.4) 

99.9 (16.9) 
116.7 (21.9) 

SURGICAL SHAM 36.4 (10.1) 61.9 (17.2) 54.9 (16.0) 
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100 %-HEMA 60 % HEMA 
40% DEAEMA 

60% HEMA 

4 0 % MA

60% HEMA 

Bar configurations used in Figures 2, 2, and 3 to rep
resent the indicated hydrogel compositions 

DAYS 

I M P L A N T T I M E 

Figure 1. The effect of hydrogel composition and implant time on the 
mean thickness of the fibrous capsule 
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21 DAYS 

I M P L A N T T I M E 

Figure 2. The effect of hydrogel composition and implant time on the 
percent of the fibrous capsule composed of collagen fibers 

21 DAYS 

I M P L A N T T I M E 

Figure 3. The effect of hydrogel composition and implant time on the 
relative amount of collagen produced during the formation of the fibrous 

capsule 
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Figure 4. Fibrous capsule adjacent to hydrogel implants (at left) 
three weeks after implantation, 4a. 60% HEMA-40% MAA; 4b. 60% 
HEMA-40% DEAEMA; 4c. 100% HEMA. The tissues were stained 

with hematoxilin and eosin (340X ). 
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the q u a l i t a t i v e o b s e r v a t i o n s made by B a r v i c {2). Q u a n t i t a t i v e 
e v a l u a t i o n p r o v i d e d by the image a n a l y s i s t e chn i que s wh ich have 
been summarized here and d e s c r i b e d i n d e t a i l (10) r e v e a l s t h a t 
a l t hough the t o t a l t h i c k n e s s i s g r e a t e r f o r p o s i t i v e l y charged 
g e l s , the d e n s i t y o f c o l l a g e n f i b e r s dec reases and the a c t u a l 
amount o f c o l l a g e n produced remains e s s e n t i a l l y c o n s t a n t d u r i n g 
the same t h r e e week p e r i o d . 

To beg in t o d i f f e r e n t i a t e between p o s s i b l e models t h a t c o u l d 
account f o r these changes , f i b r o b l a s t - h y d r o g e l i n t e r a c t i o n s were 
s t u d i e d under more c o n t r o l l e d c o n d i t i o n s . C e l l c u l t u r e s were 
used t o i n v e s t i g a t e the k i n e t i c s o f f i b r o b l a s t a t tachment t o 
hydroge l s u b s t r a t e s . S u b s t r a t e polymer c ompo s i t i o n s were chosen 
f r o m , and i d e n t i c a l to those used f o r the i n v i v o e x p e r i m e n t s . 
Only some o f t he se c o m p o s i t i o n s have been i n c l u d e d i n t h i s paper 
to i l l u s t r a t e t he rang

The r e s u l t s o f th
pre sen ted i n F i g u r e s 5 , 6 , and 7. The va l ue s f o r a t tachment o f 
c e l l s a re r e p o r t e d as a pe rcentage o f the t o t a l c e l l s a v a i l a b l e 
f o r a t t achment . The s u b s t r a t e s were e q u i l i b r a t e d i n phosphate 
b u f f e r e d s a l i n e c o n t a i n i n g d i v a l e n t c a t i o n s and c a l f serum 
(see Methods ) . F re sh s o l u t i o n s o f t h i s c o m p o s i t i o n a l s o s e r ved 
as the a t tachment med ia . For the s h o r t d u r a t i o n o f the se 
e x p e r i m e n t s , the absence o f v i t a m i n s and amino a c i d s n o r m a l l y 
found i n growth media d i d not a f f e c t the r a t e o r e x t e n t o f 
c e l l a t tachment ( 1 1 ) . 

The s p e c i f i c r o l e o f the serum p r o t e i n s has no t been e l a b o r 
a t e d d u r i n g t h i s phase o f the s t u d y , a l t hough i t i s not un 
rea sonab l e to assume t h a t the se p r o t e i n s i n t e r a c t d i f f e r e n t l y 
w i t h hydroge l s u r f a c e s o f d i f f e r e n t cha r ge s . The presence o r 
absence o f serum has been shown t o i n f l u e n c e c e l l a t tachment i n 
o t h e r model systems (12) and i s p r obab l y i n v o l v e d i n the 
mechanisms r e s p o n s i b l e f o r the obse rved v a r i a t i o n s i n the hyd ro 
ge l sy s tem. The i n i t i a l o b j e c t i v e o f t h i s s tudy has been t o 
dete rmine i f f i b r o b l a s t s respond d i f f e r e n t l y t o s u b s t r a t e s o f 
d i f f e r e n t charge d e n s i t y and s i g n when t h e r e a re no i n t e r a c t i o n s 
w i t h o t h e r c e l l t y p e s , complement o r c l o t t i n g p r o t e i n s . 

The graphs i n F i g u r e s 5, 6 , and 7 show t h a t f i b r o b l a s t s do 
a l t e r t h e i r a t tachment b e h a v i o r when the charge o f the s u b s t r a t e 
i s v a r i e d . These changes o c c u r d u r i n g t h r e e d i s t i n c t phases 
o f the a t tachment p r o c e s s . The f i r s t phase beg in s when the c e l l s 
f i r s t come i n c o n t a c t w i t h the s u b s t r a t e m a t e r i a l and ends when 
c e l l s beg in to a t t a c h r a p i d l y . T h i s so c a l l e d " l a g " phase i s 
o f t e n i n t e r p r e t e d as a t ime o f c e l l " a c comoda t i on " o r " a d j u s t 
ment" t o the s u b s t r a t e . The second phase i s a p e r i o d o f r a p i d 
a t tachment c h a r a c t e r i z e d by a s t e e p e r s l o p e on the at tachment 
c u r v e . The t h i r d phase i s the " p l a t e a u " o r " l e v e l i n g - o f f " 
phase when t h e r e a re no f u r t h e r s i g n i f i c a n t i n c r e a s e s i n the 
t o t a l c e l l s a t t a c h e d . For the n e u t r a l g e l s t h a t c o n t a i n e d no 
charge g roups , t he l a g phase l a s t e d between f i v e and ten m inu te s . 
The p e r i o d o f r a p i d a t tachment was ove r w i t h i n f o r t y - f i v e 
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Figures 5, 6, and 7 are the results of an assay to determine the effect of hydrogel 
substrate composition on the attachment of Swiss 3T3 fibroblasts. The cells are labelled 
with 3H-thymidine and inocculated into dishes containing the hydrogel substrates. 
After times varying from 5 min to 2 hr, substrate discs are removed, washed, and 
counted using scintillation techniques to determine the percent of available cells that 

attached to the substrates. 

Ο 60HEMA - 40 DEAEMA 

ο Θ0ΗΕΜΑ - 20-DEAEMA 

• 10 OHEMA 

-o 
ι 

TIME IN MINUTES 

Figure 5. Attachment of Swiss 3T3 fibroblasts to hydrogel substrates 
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minutes and the p l a t e a u a t tachment v a l u e was a p p r o x i m a t e l y 
t w e n t y - f i v e p e r c e n t o f the a v a i l a b l e c e l l s . As n e g a t i v e charges 
a re added t o the ge l ne twork , the l a g phase remains e s s e n t i a l l y 
unchanged, but the s l o p e o f r a p i d a t tachment and the p l a t e a u 
v a l u e d e c r e a s e . I f p o s i t i v e charges a re added, t he l a g phase 
goes toward ze ro and the s l o p e o f r a p i d a t tachment i n c r e a s e s 
d r a m a t i c a l l y . The p l a t e a u v a l u e i n c r e a s e s , but i s not a t the 
maximum p e r c e n t a t t a c h e d due t o some c e l l s r e l e a s i n g f rom the 
s u b s t r a t e a t around t h i r t y m i nu te s . The i o n o g e n i c n e u t r a l g e l s 
wh ich c o n t a i n e q u i m o l a r amounts o f p o s i t i v e and n e g a t i v e charge 
g r oup s , have p r o p o r t i o n a t e l y l ower v a l u e s f o r each phase than 
any o f the o t h e r m a t e r i a l s . 

C o n c l u s i o n s 
The i o n o g e n i c h yd roge l

e v a l u a t i n g t he e f f e c t o
s o f t - t i s s u e re spon se . Q u a n t i t a t i v e e v a l u a t i o n and compar i son 
o f the c a p s u l e t h i c k n e s s , c o l l a g e n d e n s i t y and the amount o f 
c o l l a g e n p roduced , and the r e l a t i v e degree o f c e l l u l a r a c t i v i t y 
were made p o s s i b l e by t he image a n a l y s i s o f s p e c i a l l y p repared 
h i s t o l o g y s e c t i o n s o f the i n v i v o response t o the i m p l a n t e d 
h y d r o g e l s . 

The n e u t r a l , homopolymer o f h yd r ox ye thy l m e t h a c r y l a t e i s 
p r o g r e s s i v e l y e n c a p s u l a t e d d u r i n g the f i r s t t h r e e weeks. The 
c a p s u l e c o n t a i n s i n c r e a s i n g amounts o f c o l l a g e n wh ich pack more 
e f f i c i e n t l y w i t h t ime t o produce a moderate , d e n s e l y packed 
s t r u c t u r e . As p o s i t i v e charges a re added by c o - p o l y m e r i z i n g 
w i t h d i e t h y l am inoethy l m e t h a c r y l a t e , s i g n i f i c a n t q u a n t i t i e s o f 
c o l l a g e n a r e produced immed i a t e l y a f t e r i m p l a n t a t i o n and a re 
accompanied by ve r y h i gh c e l l u l a r a c t i v i t y . A l t hough new 
c o l l a g e n c o n t i n u e s to be p roduced , e f f i c i e n t p a ck i n g i s h i nde red 
(perhaps by the h i gh c e l l a c t i v i t y ) , and ve ry t h i c k , l o o s e , 
c a p s u l e s r e s u l t . The f a c t t h a t the c a p s u l e does not o r g a n i z e 
e f f i c i e n t l y w i t h t ime i s c h a r a c t e r i s t i c o f the response t o these 
m a t e r i a l s and i s i n d i c a t e d by the c o n s i s t a n t l y low va l ue f o r the 
c o l l a g e n d e n s i t y . F i g u r e 4b i s t y p i c a l o f the c a p s u l e formed 
around p o s i t i v e l y charged g e l s . The a c i d i c groups a l s o have 
i n i t i a l l y h i gh c e l l a c t i v i t y , but t h i s l e v e l dec rea se s d u r i n g 

the second week t o a l l o w f o r dense c a p s u l e f o r m a t i o n w i t h o u t 
l a r g e q u a n t i t i e s o f c o l l a g e n b e i n g p roduced. 

When e q u i m o l a r q u a n t i t i e s o f a c i d i c and b a s i c groups a re 
p r e s e n t i n the g e l , the e a r l y c e l l a c t i v i t y dec rea se s w i t h i n a 
few days and remains s i g n i f i c a n t l y l owe r than the n e u t r a l ge l 
t h roughout the re sponse . The c o l l a g e n p r o d u c t i o n around these 
g e l s deve lops g r a d u a l l y and remains c o n s t a n t a t v a l ue s l e s s than 
o r equal t o the n e u t r a l g e l . 

The c e l l c u l t u r e a t tachment a s say showed t h a t as the g e l s 
a r e changed f rom h i g h l y b a s i c th rough n e u t r a l t o h i g h l y 
a c i d i c : 1) the t ime f o r c e l l accomodat ion o r " l a g phase " i s 
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i n c r e a s e d , 2) the s l o p e o f the r a p i d a t tachment phase dec rea se s 
s h a r p l y , and 3) the maximum p e r c e n t o f a t t a c h e d c e l l s d e c r e a s e s . 
C e l l a t tachment t o i o n o g e n i c , e l e c t r o n e u t r a l g e l s i s p r o p o r t i o n 
a t e l y l ower than f o r any o t h e r g e l s . 

The i m p l i c a t i o n s o f the c e l l c u l t u r e expe r imen t s cannot 
be f u l l y a p p r e c i a t e d u n t i l f u r t h e r s t u d i e s wh ich a re de s i gned 
to e l a b o r a t e the mechanisms o f adhes ion t o hydroge l s u b s t r a t e s 
a re comp le ted . A l though d i r e c t c o r r e l a t i o n between c e l l c u l t u r e 
a n ( * i n v i v o expe r iment s i s premature a t t h i s t i m e , c e r t a i n 
i n t e r e s t i n g t r e n d s a r e a p p a r e n t . Fo r example , t he p o s i t i v e l y 
charged g e l s have a h i g h e r l e v e l o f c e l l a c t i v i t y around 
i m p l a n t s and a much more r a p i d and e x t e n s i v e a t tachment o f 
f i b r o b l a s t s i n c u l t u r e . I f t he subsequent r e l e a s e o f c e l l s 
f rom p o s i t i v e l y charged s u b s t r a t e s r e p r e s e n t s c e l l damage o r 
death and t h i s a l s o o c cu r
d e n s i t y o f c o l l a g e n i n
numbers o f c e l l s and c e l l d e b r i s a s s o c i a t e d w i t h t he i m p l a n t 
i n t e r f a c e . 

The combined i n f o r m a t i o n o b t a i n e d f rom f u r t h e r c e l l c u l t u r e 
and q u a n t i t a t i v e a n a l y s i s o f i n v i v o r e a c t i o n s w i l l be u s e f u l 
i n e v a l u a t i n g the r o l e o f s p e c i f i c mechanisms and b i o l o g i c a l 
pathways t h a t c o n t r o l the f o r m a t i o n o f f i b r o u s c a p s u l e s around 
imp l an ted m a t e r i a l s . 
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Blood (continued) 
continuous glucose analysis of 164 
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membranes 92 
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structure 69, 200 
substance, immobile 75 
surface 201 

Gelatin 252,300 
foam 153 

Gibb's adsorption equation 270 
Gibb's surface excess concentration .... 260 
Glass 

capillaries 24
particles 233-235 
transition 142 

Glaucoma symptoms 168 
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Grafted hydrogel/silastic films 302 
Grafting of HEMA or EMA 288 
Grafting techniques 16 
Granylocytes 153 
Ground substance components 53 

H 
3H-thymidine 331, 340 
Haematoxylin 153 
HDEEMA (hydroxydiethoxyethyl 

methacrylate ) 88 
Heat of sorption, standard differential 298 
HEEMA (hydroxyethoxyethyl 

methacrylate ) 88 
HEMA ( hydroxyethyl methacrylate ) 

83, 88,105,182, 243,295,330 
analysis and purification of 105 
C14-labeled 92 
dependence of n D

2 0 on water con
tent of 117 

HEMA (continued) 
detection limits of 108 
-DMAEMA copolymers 100 
/EMA copolymer grafts 285,287,291 
and ethyl methacrylate, radiation-

induced co-graft polymeriza
tion of 283 

gel 98 
grafting of 288 
grafts on polypropylene 208 
hydrogels 21 
implants, hydrocortisone succinate .. 176 
-ionic methacrylate copolymers 99 
-MAA copolymers 100 
-MAA-DMAEMA 101 
-MEEMA comonomers 100 
-MEMA comonomers 98 
/MMA copolymers 190 

polymer, charged groups introduced 
into 248 

RF data for 113 
tic of 105, 111, 117 
-water mixtures 126-133 

Hemodialysis 9 
Heparin 14 
N-Hexane 110 
Homogeneous materials 3 
Homopolymers 89,285 
Humidity, equilibrium relative 

( % ERH ) 45 
Hyaluronic acid 53 
Hyaluronidase 56 

testicular 54 
-treated tissue 55 

Hydrated homogeneous membranes .. 80 
Hydration 

degree of 184 
equilibrium 96,252 
of the gel 44 
of hydrogels 38 

Hydrocortisone sodium succinate 
release 167 

Hydrocortisone-succinate 
discs 173 
HEMA implants 176 
release 172,175 

Hydrodynamic 
effects 204 
interactions 69 
radius 77 

Hydrogels 
acrylic 181,252,261 
anionic and cationic 14 
for biomedical applications, syn

thetic 1 
biomedically important 6 
coatings 16 
composition, diffusion coefficients, 

permeabilities and 83 

In Hydrogels for Medical and Related Applications; Andrade, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



352 HYDROGELS FOR MEDICAL AND RELATED APPLICATIONS 

Hydrogels (continued) 
contact lens 43,46, 48, 49 
converted polymers used as 7 
critical surface tension of the 259, 261 
for dental applications 180 
grafted 19 
glyceryl methacrylate 38 
heterogeneous phosphorylated 151 
hydration of 38 
implants 334,335,338 
interfaces, fibrous capsule formation 

and fibroblast interactions at.... 329 
ionogenic 329 
membranes 80 
methacrylate 88 
monomer solutions 334 
monomers used in 7 
PGMA 39,41,42,44 
PHEMA 9,43-46,8
polyelectrolyte 311 
radiation grafted HEMA 21 
/silastic films 296,302 
substrates, attachment of fibroblasts 

to 340 
surface 258 
surface coated 16 
vapor pressure and swelling pres

sure of 37 
water 

activity in 45 
interface 198,206,267 
sorption in radiation-grafted 295 
wettability of 252 

Hydrogen bonding 8,299 
Hydrolysis, acid 8 
Hydron polymer-Type Ν 169 
Hydroquinone 106 
Hydrophilic 

methacrylate coatings 246 
methacrylate monomers 88,90,119 
sites 284 

Hydrophilicity of polyelectrolytes 306 
Hydrophilicity using two-liquid sys

tems 263 
Hydrophobic 

and hydrogen bonding interactions 8 
bond 299 
sites 284 

Hypophysectomy 174 
Hydroxydiethoxyethyl methacrylate 

(HDEEMA) 88 
Hydroxyethoxyethyl methacrylate 

(HEEMA) 88 
Hydroxyethyl methacrylate (see 

HEMA) 
Hydroxyl groups 28 
2-Hydroxy-3-methacryloloxypropyl-

trimethylammonium chloride 15 
Hydroxypropylmethylcellulose 243 
Hygrodynamics 48 

Hygrometer 47 
Hygrosensor 47 
Hysteresis, relative contact angle 

(HR) 257,258 

I 

Image analysis techniques 329 
Immobilization 

of biologically active molecules 23 
of enzymes 23,162 
of a protein 26,28 

Implant(s) 
of hydrocortisone succinate HEMA 176 
hydrogel 338 
phosphorylated polyHEMA 155 
rejection 153 

tests, vena cava 326 
Implantation 

of acrylic acid-containing polymers, 
vena cava 320 

studies, canine 308 
subcutaneous 8 

Implanted hydrogels, in vivo response 
to 334,335 

Inflammation 153 
Infrared spectroscopy 116 
Ingrowth of tissue 152 
Inhibition pressure 48 
Inhibitor 107 
Initiator(s) 91,129,130,132 

ammonium persulfate as 152 
anionic 91 
azo 91 
organometallic 139 

Insulin delivery system 29 
Intercrosslink distance 201, 204 
Interface(s) 201 

charged hydrogel 329 
film pressure of biopolymers ad

sorbed at the 271 
film pressure of bovine serum albu

min at 273 
gel-solvent 200 
hydrogel/water 198,206,267 
potentials 216 
segment distribution in the 203 
stereochemical changes at 256 

Interfacial tension 2 
Interstitial fluid 59 
Intraoral, controlled-release device ... 180 
Intraoral orthodontic appliance with 

device attached 195 
Intrauterine device 9 
Invertase 25 
Ion electrode, fluoride specific- 184 
Ion partitioning 217 
Ionic methacrylates 102 
Ionogenic hydrogels 329 
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Ionomers 
ethylene/acrylic acid 309 
ethylene/vinyl sulfonic acid 309, 319, 320 
vinyl acetate/crotonate 321 
vinyl acetate/crontonic acid 

(VA/CA) 310 
N-vinyl pyrrolidone/acrylic acid 309, 320 

Irradiation crosslinking 311 
Isopropylidineglyceryl methacrylate .. 89 
Isotactic content 139 
Isotonic solution 38 

J 

Jellies 42 

Κ 

Ks (permeation coefficient) 73,7
Kinetics of fibroblast attachment 339 

L 
Lag phase 339 
Laser scattering 204 
Lee White test 4 
Ligament prosthesis 9 
Limiting advancing contact angle 259 
Linear swelling (Is) 95 
Liquids 

diagnostic 275 
systems, two- 263 
used in critical surface tension de

termination, organic 260 
Lysozyme (LYZ) 268,272 

M 

MAA (methacrylic 
acid 6,91,105, 111, 151,247,330 

copolymers, HEMA- 100 
-DMAEMA, HEMA- 101 

Macromolecular fuzz 201 
Macromolecule, isolated 203 
Macroporous 302 

gels 15 
network 77 

Mass spectrometry 114 
Material parameters 332 
MDEEMA ( methoxydiethoxyethyl 

methacrylate ) 88 
Mechanical pressure 37, 44 
Mechanical spring 57 
Mediators, biological 332 
MEEMA ( methoxyethoxyethyl 

methacrylate) 83,88,243 
-HEMA comonomers, water solu

bility of 100 
-HEMA copolymers 100 

MEMA (methoxyethyl meth
acrylate) 83,88,139,243 

MEMA (continued) 
-HEMA comonomers 98 
-HEMA copolymers 98 

Membrane(s) 
analysis 73 
choroallantoic 176 
diffusion through hydrogel 80 
hydrated homogeneous 80 
materials 182 
partition type 82 
poly ( 2-hydroxyethyl methacrylate ) 

(pHEMA) 80,95,167 
-polymer solution 202 
preparation of gel 92 
rate-controlling 187 
water swelling of pHEMA and 

pMEEMA 95 
Methacrylate 

copolymers, HEMA-ionic 99 
hydrogels, chemistry of 88 
ionic 102 
monomers, hydrophilic 88,90,119 
stereoregular 139 

Methacrylic acid 
(MAA) 6,91,105, 111, 151,247,330 

Methoxydiethoxyethyl methacrylate 
(MDEEMA) 88 

Methoxyethoxyethyl methacrylate 
(MEEMA) 83,88,100,243 

Methoxyethyl methacrylate 
(MEMA) 83, 88, 98,139,243 

p-Methoxyphenol 106 
Methyl methacrylate 

(MMA) 43,45,106,182 
2-Methyl-5-vinyl pyridine 15 
Methylcellulose 229,238,242 
Ν,Ν-Methylenebisacrylarnide 11 
Methylisobutyl ketone 110 
Microautoradiography 217 
Microcirculation 53 
Microporous 82 

gels 15 
network 77 

Microscopy, optical 207 
Microsomal enzymes 25 
Mixing energies 200 
MMA (methyl meth

acrylate) 45,106,182,190 
Mobile phase 110 
Mobilities, electroosmotic 234 
Modifiers, commercially available gel 94 
Molecular diameter 43 
Molecular weight 74 

distribution 119 
Molecules, biologically active 23 
Monomers 330 

composition on the graft water con
tent, effect of 289 

preparation 140 
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Monomers (continued) 
solutions, hydrogel 334 
structure and nomenclature 143 
used in hydrogels 7 

Mooney-Rivlin equation 64 
Mouse fibroblasts 331 
Mouth, fluoride-releasing device in a 

beagle's 195 
Mucin 272,275 
Muscle 

differentiation, skeletal 167 
facia 333 
hydrocortisone succinate HEMA 

implants in 176 
Multiple internal reflection infrared 

spectroscopy 219 
Myoblast proliferation 174 

Ν 

n D
2 0 on water content of HEMA, 

dependence of 117 
Nakagima's theory 137 
Narcotic antagonist 168 
Network 75 

bulk to gel 62 
ideal, three-dimensional 200 
macroporous 77 
microporous 77 
segments 200, 202, 203 
water in the osmotic and visco-

elastic behavior of gel 60 
NMR techniques 22 
Nomenclature, monomer 143 
Non-Newtonian viscosity 120 
NVP (N-vinyl pyrrolidone) 295 
NVP/AA (N-vinyl pyrrolidone/ 

acrylic acid) 309,312 

Ο 

N-Octanol 110 
Ophthalmic applications 38 
Ophthalmology 38 
Optical microscopy 207 
Organometallic initiators 139 
Organic liquids in critical surface ten

sion determination 260 
Orthodontic appliance, intraoral 195 
Osmotic 

behavior of gel networks, water in 
the 60 

effects due to the aqueous phase of 
a hydrogel contact lens 48 

pressure 37,44,61,202 
Outermost zone 218 

Ρ 
PAA (polyacrylamide) 11,70,169, 

253,255,258 

PNVP (poly(N-vinyl-2-pyrrolidone).. 12 
Pancreas, artificial 27 
Particle electrophoresis 225 
Partition coefficient (Kf) 81,181,184 
Partition type membrane 82 
Partitioning, ion 217 
PE (polyethylene) 263,268,272, 

274,276,279 
Permeability 83 

apparatus 71 
calculated 185 
as a means to study the structure 

of gels 69 
data 78 
specific (Ksc) 76 
parameters 183 

Permeation 
coefficients (K ) 73 

rates 77 
studies 200 
of water through poly(2-hydroxy-

ethyl methacrylate) 80 
PGMA ( polyglyceryl meth

acrylate) 6, 253, 255, 258, 267 
hydrogel 39, 41, 42, 44 

Ρ (GM A/MM A) 255 
PHEA ( polyhydroxyethyl 

acrylate ) 25, 253,255,258,267 
PHEMA ( poly hydroxyethyl meth

acrylate) 6, 43,105,139,142,146, 
147,148,151,252, 

255, 258,267 
critical surface tension of ...258,276,279 
gel 60, 96,119 

albumin adsorbed on 272 
containing ethylene glycol di

methacrylate crosslinker 210 
swelling behavior of 8 
water in 23 

hydrogels 
biomedical studies utilizing 9 
dehydration of 44 
EGDMA and TEGDMA in 86 
swelling pressure of a 43,45,56 

implant 155,156,158 
membranes 80,95,167 
permeation of water through 80 
radiation-grafted 207 
water opaque gel freeze 212,213 
water uptake of 96 
wettability of biopolymers 

adsorbed onto 272 
Phosphoglucomutase 174 
Phosphorus pentoxide 152 
Phosphorylase 174 
Phosphorylated hydrogels, hetero

geneous 151 
Phosphorylated PHEMA implants in 

the back of a rat 155 
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Phosphate group 152 
PHPMA (poly(hydroxypropyl meth

acrylate ) ) 6 
Pilocarpine 168 
Plasma expander 12 
Plasma protein adsorption 217 
Platelets 14,21,314 
pMEEMA ( poly ( methoxyethyethyl-

methacrylate)) 87,95,98 
PMMA ( polymethyl meth

acrylate) 27,143,145,268 
Polyacrylamide 

(PAA) 11,70,169,253,255,258 
gels, aqueous 76 

Poly (acrylic acid) 11 
Poly ( N-acrylyl morpholine ) 11 
Polycarbonate 27 
Polycarboxylic surfaces 26 
Poly(N,N-diethyl acrylamide)
Poly(diethyleneglycol meth

acrylate) 8 
Polydimethyl siloxane 254 
Polyelectrolytes 

anionic 305 
biological and physical characteris

tics of 305 
complexes 13 
ethylene/acrylic acid 312 
ethylene/vinyl sulfonate 318 
hydrogels onto polypropylene, 

coating of 311 
surface charge density and hydro

philicity of 306 
vinyl acetate/crotonic acid 321 
N-vinyl pyrrolidone/acrylic acid .... 318 

Poly(N-ethyl acrylamide) 11 
Polyethylene (PE) 263,268,272, 

274, 276,279 
Poly (glyceryl methacrylate) 

( PGMA ) 6, 253,255,258,267 
Poly(hydroxyalkyl methacrylate) 6 
Polyhydroxyethyl acrylate 

(PHEA) 25,253,255,258,267 
Poly (hydroxyethyl methacrylate) 

(see PHEMA) 
Poly ( N- ( 2-hydroxypropyl ) meth-

acrylamide) 11 
Poly ( hydroxypropyl methacrylate 

(PHPMA) 6 
Poly(L-lysine) 57,58 
PolyMEEMA ( poly( methoxyethoxy

ethyl methacrylate) ) 87,95,98 
Polymer(s) 

adsorption of 217, 247 
immobilization of a protein to a 28 
solution(s) 

adhesion tension of aqueous 273 
Flory-Huggins theory of 61,199 
membrane- 202 

synthesis 309 

Polymer(s) (continued) 
synthetic or modified natural 268 
used as hydrogels, converted 7 
viscosity 136 

Polymeric chain, drug release from a .. 25 
Polymeric solutions, multicomponent 271 
Polymerization 

anionic 140 
conditions 141 
direct graft 312 
free radical 140 
graft 18 
of HEMA-EMA, co-graft 285,287 
of hydrophilic methacrylate mono

mers 119 
of 2-hydroxyethyl methacrylate and 

ethyl methacrylate 283 

time 129-133,136 
Poly(methacrylamide) 11 
Polymethacrylate esters 139 
Poly ( methoxyethoxyethyl meth

acrylate (polyMEEMA) 87,95,98 
Polymethyl methacrylate 

(PMMA) 27,143,145,268 
Polypropylene 208, 311,312 
Polysaccharides 238,244,245 
Poly (vinyl acetate) 14 

-c-2% crotonic acid 20 
Poly (vinyl alcohol) (PVA) 14 
Poly ( vinyl benzyltrimethylammonium 

chloride ) 13 
Polyvinyl chloride 27 
Polyvinyl pyrrolidone 12,169, 254 
Pore diameter 40, 43 
Pore size 25,151 
Potential, interface 216 
Potential, streaming 216, 241 
Precipitation of homopolymer 285 
Pressure 

imbibition 48 
mechanical 37, 44 
osmotic 37, 44,61,202 
swelling 37,38,41,43,45, 46, 61,202 
transducer 70 
vapor 37,43 

Prigogine theory 61 
Pronase 57 
Prophylaxis, fluoride 180 
Protein 

adsorption, plasma 217 
immobilization 26,28 
serum 53,339 
water wettability of 267 

Proteoglycans 52 
Proteolytic enzymes 54 
PVA ( polyvinyl alcohol ) 14 
PVP grafted silicone 259 
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Q 

Quantitative evaluation 339 
Quasi-steady state diffusion 175 

R 

RF data for HEMA 113 
Radiation 

dose 18 
-surfactant 325 

graft copolymerization 283, 295 
graft polymerization 27 
-grafted hydrogels in 295 
-grafted poly (hydroxyethyl meth

acrylate) 207 
Radicals on surfaces, generating 17 
Radioactivity extracted for 1 4 C-

HEMA gel 93,9
Raman spectroscopy 219 
Rat, phosphorylated polyHEMA im

plants in 155 
Rate-controlling membrane 187 
Rate processes, theory of 122 
Ratio, swelling 42 
Ree-Eyring's activated-state model.... 122 
Reference state 203 
Reference substances 107 
Refractive correction 10 
Refractive index 114 
Relative contact angle hysteresis (HR) 257 
Relaxation time, Bueche's 122 
Release 

of fluoride from a core 192 
of fluoride from hydrogels for den

tal applications, controlled 180 
of hydrocortisone sodium succinate 167 
hydrocortisone succinate 172,175 
in vitro and in vivo 167 

Renal embolus ring test 5,325 
Resistance, point of 77 
Retinal detachment surgery 40 
Ring test, renal embolus 5,325 
Ring test, vena cava 5,290 
Rontgenogram 154 
Rotational viscometry studies 119 
Rubber films, silicone 283, 295 
Rubber, silicone 18,21 

S 

Saliva 
fluoride levels of dogs with intraoral 

fluoride-releasing devices 196 
human 194 
synthetic 184,194 

Salt concentration 58 
Saturation solubility (C.) 181,185 
Scanning electron microscope 

(SEM) 207,211 
Scintillation 331 

Scleral buckling procedure 40 
Second virial coefficient 203 
Secondary ion mass spectroscopy 

(SIMS) 218 
Sedimentation coefficient 69 
Sedimentation constant 73 
Segment distribution 77,203 
Segment mobility 257 
SEM ( scanning electron micro

scope) 207,211 
Sensor, blood glucose 27 
Serum 

albumin 53-55,274 
bovine (BSA) 268,273,274 

protein(s) 53,339 
samples 164 

SIL-g-PVP ( polydimethyl siloxane 

Silane 
adhesion promoter(s) 242,311 
coatings 245 
surfaces, epoxy- 244 

Silastic 291 
films, hydrogel/ 296,302 
films, ungrafted 297 

Silica gel 106 
Silicone, PVP grafted 259 
Silicone rubber 18,21 

films 283,295 
SIMS ( secondary ion mass 

spectroscopy) 218 
Skeletal muscle differentiation 167 
Sodium fluoride 181 
Sodium poly( styrene sulfonate) 13 
Soft contact lens (es) 9,168 
Soft tissue compatibility tests 5 
Solids, adhesion tension of aqueous 

polymer solutions to 273 
Solubility theory 67 
Solution(s) 

upon the hydration of hydrogels, 
effect of the external 38 

isotonic 38 
polymerization 330 
surface tension 269 
tonicity 38 

Solvent(s) 
chemical potential 201 
interface, gel- 200 
non-polar 200 
systems 110 

Sorption 
behavior, water 295 
isotherms for water vapor 297 
of water vapor, standard differential 

entropy of 298 
free energy of 301 
heat of 298 
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Spectroscopy 
for chemical analysis electron 

(ESCA) 218 
multiple internal reflection infrared 219 
raman 219 
secondary ion mass (SIMS) 218 

Spin casting 183 
Spring, mechanical 57 
Stability, energy effects which control 199 
Stain, haematoxylin and eosin 153 
Standard differential 

entropy of sorption of water vapor .. 298 
free energy of sorption of water 

vapor 301 
heat of sorption of water vapor 298 

Starch 300 
Stationary level 225 
Steady state 54 

approach, quasi- 17
diffusion, quasi- 175 

Stereochemical changes at interface .. 256 
Stereoregular methacrylates 139 
Sterilization 10 
Stokes radius 75 
Streaming potentials 216,241,314 
Streptokinase 27 
Stress—elongation curves 65, 66 
Stress relaxation 64 
Stypven time 307 
Subcutaneous implantation 8, 330 
Submaxillary mucin, bovine (BSM) .. 268 
Subsurface zone 219 
Sulfanilic acid 109 
2-Sulfoethylmethacrylate sodium salt.. 15 
Surface(s) 

charge(s) 14,232,305 
density 306,312 

coated hydrogels 16 
coatings 225 
epoxy—silane 244 
excess concentration, Gibb's 260,270 
forces, range of 280 
free-water layer 253 
gel 201 
generating radicals on 17 
hydrogel 258 
layer orientation 258 
modifiers 237 
structure 204 
tension 

of acrylic hydrogels 261 
of adsorbed biopolymers 275 
of aqueous solutions of synthetic 

and biopolymers and surfac
tant 269 

of biopolymers adsorbed on 
PHEMA and polyethylene ... 279 

determination 260 
of the hydrogels 259 
of PE 276 

Surface tension (continued) 
of PHEMA 258,276 
solution 269 
of surfactant 269 

thromboresistant 284 
topography 207 

Surfactant, radiation dose- 325 
Surfactant, surface tension of 269 
Surgery, corneal 9 
Surgery, retinal detachment 40 
Suspending medium 75 
Suture, coated 9 
Swelling 

agent, active 57 
behavior of PHEMA gels 8 
of connective tissue 52 
degree of 40,55,58 
equilibrium (see Equilibrium 

linear (Is) 95 
of pHEMA and pMEEMA mem

branes, water 95 
pressure 38,61,202 

of high water-content glyceryl 
methacrylate hydrogels 38 

of hydrogel contact lens materials 43 
of hydrogels 37 
of PGMA hydrogels 41 
of a PHEMA hydrogel 43,45, 46 

of pure homopolymers, equilibrium 
water 89 

ratio 40-42 
tendency of tissue 59 
ultimate degree of 58 

Swiss 3T3 cell line 331 
Syndiotactic content 139 

Τ 

Tacticity 92,139,141 
Tailing 110 
Tear tonicity 50 
TEGDMA (tetraethylene glycol 

dimethacrylate ) 81, 86,330 
TEM (transmission electron micro

scope) 207 
Tension 

adhesion 260,268, 269,273 
interfacial 2 
surface (see Surface tension) 

Test methods, in vitro 307 
Test methods, in vivo 308 
Testicular hyaluronidase 54 
Tetraethylene glycol dimethaceylate 

(TEGDMA) 81,86,330 
Thermal analysis 142 
Thermal behavior of various poly-

methacrylate esters 139 
Thermodynamics of water sorption in 

radiation-grafted hydrogels 295 
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Thermograms, DSC 145 
Thin-layer chromatography 

(tic) 105,106,111,117 
Thromboadherance 20 
Thrombogenicity 283 
Thromboplastin time, partial 307 
Thromboresistance 305, 320 
Thromboresistant surfaces 284 
Tissue 

compatibility 206 
connective 52, 59 
hyaluronidase-treated 55 
ingrowth of 152 
loose connective 53 
slices incubated in serum albumin .. 54 
soft 332 
swelling tendency of 59 
volume 5

Tonicity, solution 3
Tonicity, tear 50 
Topography, surface 207 
Transmission electron microscope 

(TEM) 207 
Triads, a-CH 3 and carbonyl 144 
Trilaminate devices 187 
Trommsdorff effect 290 
Trypsin 54, 56, 57 
Tyrode solution 152 

U 

UGI reaction 25,28 
Ultracentrifuge 73 
Umbilical cord 53 
Uncoiling 201 

V 
VA/CA (vinyl acetate/crotonic 

acid) 310,312 
Van de Graff 311 
Vapor pressure of hydrogel contact 

lens materials 43 
Vapor pressure of hydrogels 37 
Vena cava implantation 320,326 
Vena cava ring test 5, 290,291 
Vinyl acetate/crotonic acid 

(VA/CA) 310,312 
polyelectrolytes 321 

Vinyl acetate/crotonate copolymers 
and ionomers 321 

2-Vinyl pyridine 15 
4-Vinyl pyridine 15 
Vinyl pyrrolidone (VP) 43,45 
N-Vinyl pyrrolidone (NVP) 295 

/acrylic acid (NVP/AA) ...309,312,320 
polyelectrolytes 318 

Vinyl sulfonate, ethylene/ ( EVS ) 312 
polyelectrolytes 318 

Vinyl sulfonic acid copolymers and 
ionomers, ethylene/ 309, 319 

Vinyl sulfonic acid sodium ionomers, 
ethylene/ 320 

Virial coefficient, second 203 
Viscometry studies, rotational 119 
Viscoelastic behavior of gel networks 60 
Viscoelastic properties 64 
Viscosity 73 

Eyring's zero shear 135 
non-Newtonian 120 
polymerization time ( Byring's 

model) 136 
Vitreous substitute 38 
Volume, equilibrium 54 
Von Kossa 154,156,159 
VP (vinyl pyrrolidone) 43,45 

Water 
activity in hydrogels 45, 47 
bound 22,48,49 
bulk 22 
from bulk to gel network, transfer of 62 
clustering functions for 301 
concentrations, equilibrium 86 
contact angles 254 
content 

diffusion coefficients and 82 
equilibrium 80 
glyceryl methacrylate hydrogels, 

high 38 
graft 286,289 
of HEMA, dependence of n D

2 0 on 117 
for HEMA/MMA copolymers, 

equilibrium 190 
high 2 

fraction (Wf) 89,95 
free 48,49 
in grafted hydrogel/silastic films, 

diffusivities of 302 
on the grafting of HEMA or EMA, 

effect of 228 
on hydrogels, contact angle of 255 
imbibed 22 
interface, hydrogel- 198,206,267 
interfacial 22,48 
mixtures, HEMA- 126-133 
opaque gel freeze, PHEMA 212,213 
in the osmotic and viscoelastic 

behavior of gel networks 60 
in PHEMA gels 23 
through poly(2-hydroxyethyl meth

acrylate), permeation of 80 
solubility of MEEMA-HEMA 

comonomers 100 
solubility of MEMA-HEMA 

comonomers 98 
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Water (continued) 
sorption 22 

behavior 295 
isotherms of hydrogel contact lens 

materials 46 
in radiation-grafted hydrogels 295 
structure 22, 60,65,295 
swelling of pHEMA and pMEEMA 

membranes 95 
transport 82 
uptake of pHEMA 96 
vapor 297,298,301 
weight fraction of MEEMA-HEMA 

copolymers, equilbrium 100 
weight fraction of MEMA-HEMA 

copolymers, equilbrium 98 
wettability of hydrogels 252 
wettability of proteins 267 

Wettability 
of biopolymers 272 
of bovine serum albumin 274 

Wettability (continued) 
of hydrogels, water 252 
measurement of 254 
of proteins, water 267 

Wolfram plot 262,277,278 
Wound healing 331 

X 
Xero-gels 42 

Y 
Young-Dupree equation 214 

Ζ 

Zero shear viscosity, Eyring's 135 

Zisman method 262 
Zisman plot 277, 278 
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