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IMMOBILIZED PROTEINS AND PEPTIDES 

R. D. Falb and G. A. Grode 

Department of Biology and Medical Sciences 
Battelle-Columbus Labora tor ies  

Columbus, Ohio 43201 

I n  recent  y e a r s  a g r e a t  d e a l  has  been learned  about t h e  s t r u c -  

t u r e  and func t ion  of p r o t e i n s  and about t h e  r o l e s  they p l a y  i n  t h e  

complex process  of a l i v i n g  organism. 

t h e  biochemist i n  s tudying  a given p r o t e i n  is  t o  f r e e  i t  from t h e  

c e l l u l a r  spec ies .  The p r o p e r t i e s  and s t r u c t u r e  of t h e  p r o t e i n  i n  

s o l u t i o n  are then  examined and analyzed. 

l o g i c a l  and has  y ie lded  much information about p r o t e i n s ,  one should 

always keep i n  mind t h a t  i n n a t u r e  a g r e a t  many p r o t e i n s  f u n c t i o n  

not  i n  s o l u t i o n ,  bu t  a t  an i n t e r f a c e  o r  w i t h i n  s o l i d  s ta te  assem- 

b lages  i n  c e l l s .  The p r o t e i n  removed from a s u r f a c e  is t h u s  o f t e n  

not  i n  i t s  n a t u r a l  environment and can d i s p l a y  an a l t e r e d  r e a c t i v -  

i t y  and s t a b i l i t y .  

The classical approach of 

While t h i s  approach is 

The at tachment  of p r o t e i n s  and p e p t i d e s  t o  s o l i d s  h a s  progres-  

sed r a p i d l y  i n  recent  y e a r s  from a l a b o r a t o r y  c u r i o s i t y  t o  a widely 

u s e f u l  technique i n  both l a b o r a t o r y  research  as w e l l  as f o r  medical  

and i n d u s t r i a l  a p p l i c a t i o n s .  P r o t e i n s  and enzymes immobilized i n  

v a r i o u s  ways now f i n d  i n c r e a s i n g  use  i n  g i v i n g  va luable  i n s i g h t  

i n t o  b a s i c  i n t e r a c t i o n s  of p r o t e i n s  and, i n  a d d i t i o n ,  have many 

a p p l i c a t i o n s  i n  medicine, c l i n i c a l  a n a l y s i s ,  and s y n t h e t i c  chemistry.  

Many d i f f e r e n t  types  of p r o t e i n s  inc luding  enzymes, a n t i b o d i e s ,  

enzyme i n h i b i t o r s ,  p ro te inaceous  a n t i g e n s ,  and pept ide  hormones have 
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FALB AND GRODE 

been shown to possess biological activity. 

have been attached to polymers to make preparations which have many 
applications because their insolubility makes them easily separable 

from reaction mixtures and generally renders them more stable than 

the corresponding soluble polymers. Solid-phase antibodies now 

find use in diagnostic methods and also are valuable laboratory 

tools for purification of antigens. Conversely, immobilized anti- 
gens can also be used for analytical and preparative purposes. In 

general, the basic rational for the attachment of a protein or 

peptide to a solid phase is twofold: 

conveniently manipulating the protein while making use of its bio- 

logical properties, or (2) altering or localizing the behavior of 
the biopolymer . 

More than 50 enzymes 

(1) to provide a method for 

The field of immobilized proteins requires the skills of both 

polymer chemists and biochemists. In attaching proteins to the sur- 

faces of polymers, the most common approach is to form a covalent 

bond between a reactive group on the surface of the polymer and a 

group on the protein. 

including polystyrene, ethylene-maleic anhydride, phenolic resins, 

polyacrylamide, nylon, silicone rubber, polyethylene, polyamino- 

acids, and polyhydroxyethyl acrylamide have been used as matrices 

for protein attachment. In general, the polymer is derivatized to 
contain an active species such as an aliphatic or aromatic amino, 

hydroxyl, carboxylic, or sulfhydryl group. The proteins contain 

amino, carboxyl, sulfhydryl, hydroxyphenyl, and hydroxyl groups. 
By the appropriate choice of activating of coupling agents, these 
moieties can be joined to appropriate groups on the polymers. For 

example, one of the most common methods for protein attachment in- 

volves utilization of the protein's free amino groups which act as 

nucleophiles to attack surface-bound activated carboxyl groups 

(i.e., acid halides, acid azides), activated aliphatic or'aromatic 

halides, and cyclic iminocarbonate esters. In coupling reactions, 

care must be taken to avoid inactivation of the protein and thus 
one must carefully select appropriate solvent systems and utilize 
reactive moieties which do not block the active site of the protein 

molecule. 

A very large number of synthetic polymers 
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IMMOBILIZED PROTEINS AND PEPTIDES 199 

Research activity in methods of attachment and applications 

for immobilized proteins and peptides has been very active in the 
last 5 years. In the field of immobilized enzymes alone, a litera- 
ture survey conducted by the authors disclosed over 400 references 
from June 1973 until the end of 1974. Much of the work on immobil- 
ized enzymes is conducted in industrial laboratories and is not 
available in the open literature. It is beyond the scope of this 
review to discuss all of the methods available for protein immobil- 
ization. The reader is referred to a monography by Zaborsky [l] 
for a comprehensive review of the methods of preparation and prop- 
erties of immobilized enzymes. Numerous reviews important to survey- 
ing this field have been written and are referenced [2-181. 

When the protein has been attached, the composite has many 

interesting and even exciting properties. 
ized enzymes are being rapidly developed for food and beverage 
processing, synthesis of drugs and fine chemicals, and analysis of 

constituents of body fluids. For synthetic purposes, the polymer- 
enzyme adduct may be regarded as a heterogeneous catalyst and placed 
in a column, in a suspension, or coated on the walls of reaction 
vessels and conduits. 

Applications for immobil- 

The attachment of a protein to a solid surface may be done in 

such a way to ensure that the resulting adduct preserves the bio- 
logical activity of the protein. 
of the protein be accessible to the surrounding milieu and not be 
buried in a pore or blocked by some other component of the surface. 
It also requires that the reactive groups that comprise the active 
site of the protein not be modified chemicallyduring the attachment 
reaction. Another feature which is desirable in most cases is that 
the protein be irreversibly bonded to the solid phase under the 
conditions in which the adduct will function. For example, the 
accuracy of a solid-phase antibody used in an immunoassay system I s  

severely compromised if the antibody desorbs from the solid. An 
immobilized enzyme system will lose activity over a time period, and 

the product could be contaminated by the enzyme if the enzyme is not 
irreversibly attached to the solid phase. 

This requires that the active site 
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200 FALB AND GRODE 

GENERAL METHODS OF IMMOBILIZATION 

Proteins have been attached to solid phases in a variety of 
configurations: 

(1) Covalent bonding 
(2) Physical adsorption 
(3)  Cross-linking at solid surfaces 

( 4 )  Cross-linking with difunctional reagents 

( 5 )  Inclusion in a gel phase 
( 6 )  Encapsulation 
Because of the desirability of irreversible attachment, most 

of the work done with protein immobilization has been with covalent 
bonding. For this purpose, a very large number of synthetic and 

natural polymers and inorganic materials have been used. Generally, 
covalent attachment proceeds through a functional group on the sur- 
face reacting with a reactive site on the protein, usually a car- 
boxyl, amino, hydroxyl, sulfhydryl, or hydroxyphenyl group. The 
surfaces to which the proteins are to be attached can be modified 
in numerous ways to obtain the desired functional groups. Thus a 
very large number of approaches can usually be used in the attach- 
ment of a given protein to a surface. The choice of the method of 
attachment depends upon the reaction conditions which can be toler- 
ated by the protein, the ease of the attachment sequence, and the 
availability of reactive groups on the protein for attachment. 

With respect to the latter point, one usually tries to avoid reac- 
tion with a group at the active site which is essential for bio- 
logical activity. Thus, if an amino group is an essential element 
of the protein's active site, attachment reactions which involve 
other groups on the enzyme are usually utilized for the attachment 
or the amine groups are reversibly blocked during the attachment 
sequence. 

As mentioned previously 
utilizing proteins bonded to 
accessible. To achieve this 
the attached protein a certa 

one of the primary requirements for 
solids is that the active site be 
sometimes it is necessary to place 

n distance away from the solid surface. 
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IMMOBILIZED PROTEINS AND PEPTIDES 201 

This is usually done by means of a tether linkage, one end of 
which is attached to the surface and the other end of which is 
attached to the protein. 

in the attachment of proteins, and very often the length of the 
tether has a profound effect on the biological activity of the 
proteins. 

Tethers of varying lengths have been used 

The desirable amount of protein per given volume of solid 
varies according to the intended use of the solid-phase adduct. 
Generally for immobilized enzymes, one wishes to have as large an 
amount of active enzyme per given weight as possible. The same is 
true for solid-phase antibodies and antigens which are used for 

adsorption and purification processes. 
tively low amount of protein per given weight, a column of this 
material used for synthetic or preparative purposes will be unneces- 

sarily large and the process will thus be inefficient. As a rule of 
thumb, it is desirable to have at least 100 units of enzyme activity 
per gram of solid to avoid excessive bulkiness. (A unit of enzyme 
activity is defined as 1 micromole converted per minute.) 

If an adduct has a rela- 

In cases where the solid-phase proteins are used for analyt- 
ical purposes, the most important consideration is usually the re- 
producibility of protein binding per given unit surface area. For 
example, in solid-phase radioimmunoassay the antigen being assayed 
is usually present in very small amounts. The antibody used to bind 
the antigen at the surface needs to be present in corresponding 
amounts and thus the surface coverage of the antibody is quite small. 
One needs to know very accurately the amount of antibody per given 
area or the test will not be accurate. 

A number of solid-phase materials specifically prepared for 
protein attachment are now available commercially. These include 
derivatized porous glass beads, various types of derivatized cellu- 
lose, Sephadex and agaroae particles, and acrylamide gels. One of 
the most commonly used methods at present involves attachment to 

materials containing adjacent hydroxyl groups such as cellulose, 
Sephadex, or agarose by use of cyanogen bromide activation. This 
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FALB AND GRODE 20 2 

method has been used for a very large number of different proteins 
and appears to have good general applicability. In the attachment 
of protein to any solid, an important considration is the amount of 
active protein which can be recovered in the solid-phase adduct. 
Large amounts of biological activity are frequently lost in the 
attachment sequence, and the process can be thus unfeasible econom- 
ically. 
of biological activity in the adduct. 

The cyanogen bromide process usually gives good retention 

Immobilized enzymes are now being used in the synthesis and 
resolution of amino acids, and contemplated for use in starch sac- 
carification, beer deproteinization, fruit juice clarification, 
preparation of invert sugars, and carbohydrate synthesis. For the 
last several years our laboratory has been engaged in research on 
the use of immobilized enzymes for the synthesis of carbohydrates 
in space cabin environments [19,20]. The utilization of enzymes for 
many of the above applications has generated a need for polymer 
materials which are relatively inexpensive, can contain a high 
amount of enzyme, and are amenable €or use as column packings, 
vessel surfaces, fibers, etc. 

Immobilization of enzymes may also provide a method of effici- 
ently utilizing the inherent high specificity of many enzymes for 
the sensitive detection of constituents of body tissue and fluids. 
An enzyme may be attached to the surface of a pH or ion-specific 
electrode and catalyze a reaction with a specific substrate which 
can be detected by that electrode. 

The immobilization of antigens and antibodies has many possible 
practical consequences. Antigens attached to solid particles can be 
used for the preparation and purificatiod of purified antibodies. 
Conversely, immobilized antibodies can be used to purify antigens. 
Such techniques will have future potential in removing undesirable 
antigens and antibodies in patients with certain diseases or possi- 
bly patients with transplanted organs. Innnobilized antibodies also 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



IMMOBILIZED PROTEINS AND PEPTIDES 203 

find use in clinical chemistry where they can be used to detect 
very small amounts of a given substance in blood, urine, or other 
body tissues. For example, our laboratory has been working on solid- 

phase assay methods for insulin and a gonadotrophic hormone which 
are based on an immobilized antibody. 

antibody to insulin is covalently attached to the surface of a 20 

111 glass capillary. The sample containing insulin is spiked with a 
measured amount of radiolabeled insulin and drawn into the capillary. 
The insulin originally present in the sample competes with the added 
radiolabeled insulin for antibody sites present on the surface of the 
capillary. 

rinsing, one can determine the amount of insulin in the sample. This 
assay is sensitive to a few picograms of insulin. At present, how- 
ever, the poor reproducibility of the assay resulting from varying 
amounts of attached antibody limits the usefulness of the assay. 

In the assay for insulin, 

By measuring the radioactivity of the capillaries after 

In addition to enzymes, antibodies, and antigens, peptide 
hormones have been attached to polymers with retention of biological 
activity. For example, insulin has been immobilized and this adduct 
has been shown to be effective in stimulating glucose transport in 
cell membranes [21]. While the results of this work are now being 
disputed, they do point out the possibility of therapeutic effects 

of various immobilized hormones and enzymes. 
It is not intended that this brief discussion be construed in 

any sense as a thorough and complete survey of this rapidly burgeon- 
ing field with its many exciting scientific and technological thrusts. 
It is our objective, however, to present at least a cross section of 
recent significant developments. Hopefully this will be useful to 
those new to the field as well as those active in immobilized protein 
research. The following highlights are presented in chart form for 
clarity and to minimize verbiage. In addition to these highlights, 
the Bibliography includes many additional references which are 
separated into a few major categories for clarity. 
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204 FALB AND GRODE 

CHART I. Immobilization of cells in a collagen membrane. 
Vieth, S. S. Wang, and R. Saint, Biotechnol. Bioeng., 
- 15, 565 (1973). ] 

[W. R. 

Cells Frozen Resuspended 
( S t rep t omyces - 8OoC, 112 h r .  
phalochromogenes) 

glutaraldehyde Film cast < Collagen added 
Tanned + 2-10 mils. 

(131 p/g glucose isomerase activity) 

CHART 11. Polyacrylamidefglutaraldehyde beads. [P. D. Weston and 
S. Avrameas, Biochem. Biophys. Res. Commun., 65, 1974 
(1971). ] 

Enzyme Enzyme 

18 hrs. 
pH 8.0 

PAA + glutaraldehyde .-> 
17 hrs., 37OC doc, 0 

mg. enzyme/g. polymer % activity 

Acid Phosphatase 18 81 

Rib onuclease 20 30 

Glucose Oxidase 7 56 

Tryps in 18 58 

Chymo t ryps in 19 65 
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IMMOBILIZED PROTEINS AND PEPTIDES 205 

CHART 111. Attachment to poly(ally1carbonate). [J. F. Kennedy, 
S. A. Barker, and A. Rosevear, J. Chem. SOC. ,  1971, 
2468.  ] 

4 C H 2  - yGX CICoEt> (CH2 - FH - CH2 - FH). 

CH2 / CH2 
- 0 - c  -0 

FH 2 
OH 

j 0  Enzyme -NH2 

f C H 2  - 7% 
CH2- NH - Enzyme 

Enzyme Concentrat  ion A c t i v i t y  
a-Amylase: 2-6 p/g  polymer 2 %  

8-D-Glucosidase: 6 - 1 2  P/g  polymer 30 % 

Tryps i n  : 0 . 2 5 - 0 . 9 5  p/g polymer 8 %  
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206 FALB AND GRODE 

CHART IV. Magnetic supports for enzymes. [P. J. Robinson, P. 
Dunhill, and M. D. Lilly, Biotechnol. Bioenq., Is, 603 
(1973). ] 

Iron Oxide Powder 

amino ropyl- cupr ammon ium 
t r i e t Rox y s i 1 ane cellulose soln. 

+ 
Enzyme Extrusion 

Iron Oxide/C ellulose 
Particles 

1) CNBr 

2) Enzyme 
solution 
10 hrs, 4°C 

Iron Oxide/Cellulo se/Enzyme Adduct 

Enzyme Cellulose Silane 
B -Galactosidase 9 00 Pig 1-g 

a-Chymotrypsin 309 P/g 800 P/g 

CHART V. Enzyme coupling via metal salts. [A. N. Emery et al., 
Chem. Eng. (London), 1972, 71.1 

45OC / 0 \ .c1 

‘0’ ’c1 
/OH + MC14 cellulose M c el lulose , 
OH 24 hrs. 

(Metal Salts: TiC14, SnC14, SnC12, ZrC14, VC13, FeC12) 
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IMMOBILIZED PROTEINS AND PEPTIDES 207 

CHART VI. Enzyme coupling via metal salts. 

Enzymes Bound: Amyloglucosidase 730-2780 u/g 

13-147 mg/g i 44-73% a c t i v i t y  

lnver t ase 

Trypsin 

Amylase 

Urease 

Uricase 

Glucose Oxidase 

Supports : B o r o s i l i c a t e  Glass 

Soda Glass Beads 

F i l t e r  Paper 

Ce l lu lose  

Nylon-66 F ibe r s  

Brewers Yeast 

B .  S u b t i l i s  

E .  Co l i  
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208 FALB AND GRODE 

CHART VII. Polyacryloyl-4-and-5-aminosalicylic acid. [J. F. 
Kennedy and J. Epton, Carbohydr. Res., 27, 11 (1973).] 

f C H 2 -  FHj- + TiC14 

M 
@C"O \ 

x 7'0 

6 C02H 0 - T i C l  
OH 

Enzyme 
ZOC, 18 hrs. I 

a-Amylase: 2270-4470 v/g  displaced rapidly  

Glucoamylase: 104-469 v/g s t a b l e  2 4  hrs./37OC 

CHART VIII. Immobilization in nonaqueous solvents. 
H. D. Brown, and S. K. Chattopadhyay, Nature, 243, 342 
(1973). ] 

[G. J. Bartling, 

DMF 
1/2 hr./2S°C 

J Enzyme - NH 
24 hrs ./2S°C 

CONH-Enzyme 

(Lysozyme: 25-35 mg./g. polymer, 40% a c t i v i t y )  
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IMMOBILIZED PROTEINS ANTI PEPTIDES 209 

CHART IX. Immobilization on phenolic resins. [A. C. Olson and 
W. L. Stanley, J. Agric. Food Chem., 21, 441 (1973); 
W. L. Stanley and R. Palter, Biotechnol. Bioeng., 15, 
597 (1973).] 

Phenol 

1) oxidation Enzyme -"HZ 
Glutaraldehyde 

2) Enzyme - NHZ 24 hrs., 5°C 
24 hrs., 5°C 

CH = NH - Enzyme @-!: -CHZ- CKZ- CH = NH 
I 

Enzyme 

Lactase 

Invert a se 

Glucoamylase 

a-Chymotrypsin 

Pronase 

p / g .  resin 

2 00 

1200 

17 

75 

33 
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210 FALB AND GRODE 

CHART X. Fiber-entrapped enzymes. [D. Dinelli, Process Biochem., 

1972, 9.1 

Enzyme solution 
Sp innere t 

Coagulation 
Bath 

Emulsion --+ Fiber/Enzyme 
\ 

/ 
Polymer solution 

Polymers : 

Cellulose Triacetate 
Cellulose Diacetate 
Ethyl Cellulose 
y -Methyl p o 1 yg 1 u t ama t e 

Properties 

Invertase: 160-1500 - mg./g. polymer, 60-20% activity 
1 . 7 5 ~ 1 0 ~  p/g polymer, 90% activity after 

3 yrs. at 25OC 
Penicillin Acylase 
B -Tyrosinase 
Tryptophan Synthe t as e 
Glucose Oxidase 
B-Galactosidase 
Catalase 
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IMMOBILIZED PROTEINS AND PEPTIDES 211 

CHART XI. Other methods of enzyme insolubilization. [G. Broun, 
D. Thomas, G. Gellf, D. Doniurado, A. M. Berjonneau, 
and C. Guillon, Biotechnol. Bioeng., 15, 359 (1973).] 

Reticulat.ion/Inclusion 

4OC, 10 hrs. "Reticulated" 

pH 6.8 (soluble oligomers) 
Enzyme Enzyme + Glutaraldehyde 

ac r y 1 amid e 
agarose, 30 min/4OC 

Reticulated Enzyme Gel 

(Example: urease 7.2 p/ml. gel) 

Crosslinking with Inactive Proteins 

Enzyme Glutaraldehyde 
\ 4OC, 24 hrs. . Crosslinked Film + , solution, 

Protein 

fibrinogen 
hemoglobin 

- 
(Example: Calatase, 400 d m l  gel) 
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P U B  AND CRODE 212 

CHART XII. 

Enzyme, Glutaraldehyde "Sponge1 ike " 

Protein -3OoC,  warmed to 4"C,  

Porous protein particles, Ibid. 

-t 1 solution - Protein Copolymer 
I 4 hrs. 

Lyophil i zat ion 
grinding I (Example: Urease, 240 v/ml gel) 

Glucose Oxidase 

Urate Oxidase 

L-Aminoacid Oxidase 

Xanthine Oxidase 

Catalase 

Peroxidase 

Enzyme/Protein powder 

Enzymes 

Asparaginase 

Triose-P-Isomerase 

Carbonic Anhydrase 

Tyro sine Dec arb oxy las e 

Phenyl Alanine 

a - Amy1 as e Dec arb oxylas e 

Lactate Dehydrogenase 6-Galactosidase 

Alcohol Dehydrogenase Trypsin 

Hexokinase Urease 

Rib onuclease 
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IMMOBILIZED PROTEINS AND PEPTIDES 213 

CHART XIII. Cellulose carbonate carriers. [S. A. Barker, S. H. Doss, 

C. J. Grow, and J. F. Kennedy, Carbohydr. R e s . ,  20, 1 
(1971) .] 

>:; DMso ~ 30; c = o  
C1- C-0 Et 0 

II 
0 12% substitution Cellulose 

I 
Et3N 

8-D-Glucosidase 
3 hrs., OOC, pH 6.1 

0 - C - NH -Enzyme 
8 

2% protein, 10 p/gm. carrier 

75% retention of activity at 37OC, 50 hrs. 

CHART XIV. Microencapsulation via interfacial polymerization. 

[J.C.W. Ostergaard and S. C. Marting, Biotechnol. 

Bioeng. , 15, 561 (1973) .] 
Enzyme 

+ 
HZN-(CHZ)-NH2 

6 

warerphase 
L H  9 . 0  

+ ClCO G O C 1  

chloroform 

cyc 1 ohexane 
+ 

Enzyme 
0 0 

80 - 120p 
caps u 1 e s 

8-Galactosidase : 800 p/g capsules 

28% activity after 18 days/37"C 
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CHART XV. Encapsulation of enzyme extract. M. Kitajima and A. 
Kondo, Bull. Chem. SOC. Japan, c, 3201 (1971). 

Aqueous enzyme extract  
\ 

/ 
Evaporate benzene 

2 . 5  hrs./37'C 1 Phenylsiloxane m i u t i o n  
(benzene] 

Microcapsules 

Yeast Extrac,t: Alcohol production, 0 .16 -0 .84  pmole/min g 

Muscle 
Extract: Lactic Acid production, 0.016 pmole/min g .  

CHART X V I .  Glass attachment by two different methods. [J. E. 
Dixon, F. E. Stolzenbach, J, A. Berenson, and N. 0. 
Kaplan, Biochem. Biophys. Res. Commun., 52, 905 
(1973) .] 

g l u t  ar aldehyde 
NH2 - @ NH=CH(CH 

LDH 

NH 2 (Resistant to a c i d ,  urea, LiC1) 

(Denatured i rrevers ib ly  by a c i d ,  urea, LiC1) 
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CHART XVII. Entrapment in radiation cross-linked PVA. [H. Maeda, 
H. Suzuki, and A. Yamauchi, Biotechnol. Bioeng., 15, 
607 (1973).] 

Glucoamylase 11% soln. 

Invertase 4-7 x 106 rah. 
+ + PVA Gel 

Y -ray 

9-24% retention of enzyme activity 

no enzyme leakage at higher crosslinking 

CHART XVIII. Soluble support materials. [J. R. Wykes, P. Dunhill, 
and M. D. Lilly, Biochim. Biophys. Acta, 250, 522 
(1971) .] 

OCHZCH2-NEt2 + N 

c1 

pH 8.8 
16 hrs., 25'C 

NH-Enzyme 

Protein Content: 0.6-6.1% 

Activity Retention: 25-67% 

Increased Stability at 70°C: 68% ret. after 70 hrs. 

Separation from products by ultracentrifugation. 
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