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FOREWORD 

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-read
the supervision of th
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

ONE OF T H E MOST DIFFICULT and challenging problems facing large-scale 
biotechnology today is to find and develop appropriate recovery, separation, 
and purification processes. The area of large-scale bioseparations is one to 
which biologists, physical biochemists, and particularly biochemical engi
neers have important contributions to make. Some of the most recent 
advances and developments that have already started to find practical 
applications are 

• membrane separations
and liquid emulsion membranes

• continuous or semicontinuous chromatographic separations, includ
ing the use of a number of affinity methods and monoclonal antibodies; 

• two-phase extraction processes such as aqueous systems and the use 
of reverse micelles; 

• precipitation techniques; 
• electrically driven separation processes; 
• methods of product secretion, cell permeation, disruption, and 

selective enzymatic lysis of microbial cells for intracellular product release; 
• product solubilization and renaturation of proteins or polysaccharides 

present in inclusion bodies or granules. 
This book covers several of the emerging areas of separations in 

biotechnology and is not intended to be a comprehensive handbook. It 
includes recent advances and latest developments in techniques and 
operations used for bioproduct recovery in biotechnology and applied to 
fermentation systems as well as mathematical analysis and modeling of such 
operations. The topics have been arranged in three sections beginning with 
product release from the cell and recovery from the bioreactor. This section 
is followed by one on broader separation and concentration processes, and 
the final section is on purification operations. The operations covered in 
these last two sections can be used at a number of different stages in the 
downstream process. 

A crucial question remaining is how to design a flowsheet or product 
recovery operation sequence. Three main points to keep in mind are 
(1) integrating recovery with the fermentation system, (2) integrating the 
different separation and purification stages to design the optimum sequence, 
and (3) assessing the possibility of a continuous operation. 

Revised versions of papers presented in the symposium upon which this 
book is based as well as papers presented in other sessions that were relevant 
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to the topic have been included in this volume. In addition, we have included 
a few keynote chapters on areas we felt had not been well covered at the 
meeting. 

We gratefully acknowledge the assistance of many reviewers who helped 
us with critical and constructive comments on the original manuscripts. We 
would also like to acknowledge the support and well-organized help of the 
staff at the ACS Books Department. 

J U A N A. A S E N J O 

Columbia University 
New York, NY 10027 

J U A N H O N G 

Illinois Institute of Technolog
Chicago, IL 20742 
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Protein Release from Chemically Permeabilized 
Escherichia coli 

David J. Hettwer and Henry Y. Wang 

Department of Chemical Engineering, The University of Michigan, Ann Arbor, 
MI 48109-2136 

An important factor complicating the recovery of 
recombinant proteins from Escherichia coli is their 
intracellular location
used method of releasing these proteins by mechanical 
disruption is to chemically permeabilize the cells. The 
objective of this research was to characterize the pro
tein release kinetics and mechanism of a permeabiliza-
tion process using guanidine-HCl and Triton-X100. The 
protein release kinetics were determined as a function 
of the guanidine, Triton, and cell concentrations. Some 
of the advantages over mechanical disruption include 
avoidance of extensive fragmentation of the cells and 
retention of the nucleic acids inside the cell 
structure. 

The recent development of recombinant DNA technology has made i t 
f e a s i b l e to produce i n t e r f e r o n , human growth hormone, i n s u l i n , and 
other p r o t e i n s i n the bacterium E s c h e r i c h i a c o l i . An important 
f a c t o r complicating the recovery process i s the r e t e n t i o n of the 
pr o t e i n product inside the mi c r o b i a l c e l l . This has necessitated the 
development of processes capable of r e l e a s i n g p r o t e i n from E. c o l i . 
P r o t e i n release on an i n d u s t r i a l scale i s commonly achieved by 
mechanically breaking the c e l l i n a high pressure homogenizer or a 
b a l l m i l l . D i s r u p t i o n i n a high pressure homogenizer i s caused by 
pressure gradients e s t a b l i s h e d when a pressurized c e l l suspension i s 
forced through a narrow o r i f i c e , whereas with a b a l l m i l l , d i s r u p t i o n 
i s caused by shear forces generated by grinding the c e l l s with 
abrasive p a r t i c l e s (1.). 

These mechanically based p r o t e i n release methods have several 
undesirable p r o p e r t i e s . One problem i s that extensive fragmentation 
of the c e l l s makes the subsequent c e n t r i f u g a t i o n d i f f i c u l t (2,3). 
Adding to the problem of c e l l fragment removal i s the high v i s c o s i t y 
imparted to the s o l u t i o n by the released n u c l e i c acids (4). A 
nu c l e i c a c i d removal step i s necessary to decrease the s o l u t i o n 
v i s c o s i t y and a v o i d p o t e n t i a l i n t e r f e r e n c e w i t h f r a c t i o n a l 
p r e c i p i t a t i o n and chromatography (5.). Another undesirable property 
i s that the harsh a c t i o n of mechanical d i s r u p t i o n causes the release 
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1. HETTWER AND WANG Protein Release from Chemically Permeabilized E. coli 3 

of nearly a l l the soluble c e l l u l a r p r o t e i n . Extensive p u r i f i c a t i o n 
schemes are required to i s o l a t e the product from these extraneous 
c e l l u l a r p r o t e i n s . 

One a l t e r n a t i v e to mechanical d i s r u p t i o n i s to t r e a t the c e l l s 
with membrane activ e compounds that can permeabilize the c e l l to 
pr o t e i n without causing extensive breakage of the c e l l . The 
object i v e of t h i s research was to study the p r o t e i n release k i n e t i c s 
and mechanism of a perm e a b i l i z a t i o n process using guanidine-HCl and 
T r i t o n - X l O O . G u a n i d i n e - H C l , a c h a o t r o p i c agent, has been 
demonstrated to be capable of s o l u b i l i z i n g p r o t e i n from E. c o l i 
membrane fragments (6). Presumably, t h i s occurs v i a guanidine's 
i n t e r a c t i o n with water which allows hydrophobic groups to become 
thermodynamically more stable i n an aqueous phase (7). Triton-XlOO, 
a nonionic detergent that has a high binding a f f i n i t y for hydrophobic 
s p e c i e s , i s v e r y e f f e c t i v e i n b i n d i n g to and s o l u b i l i z i n g 
phospholipids from E. c o l i inner membrane and outer wall fragments 
(8) . 

Methods 

C e l l preparation. E s c h e r i c h i a c o l i K12, s t r a i n W3110, was grown i n a 
14 l i t e r fermenter at 37°C, pH 7.0 using defined media. A d d i t i o n a l 
nitrogen was supplied by NH^OH which was automatically fed to co n t r o l 
the pH. The fermentation broth was harvested i n the l a t e exponential 
phase and cooled to 4°C. The c e l l s were immediately centrifuged at 
4°C and washed with b u f f e r (.1M T r i s , pH 7.0). Following a second 
c e n t r i f u g a t i o n , the c e l l s were resuspended i n bu f f e r to give a dense 
c e l l suspension (^50 g pr o t e i n / 1 ) . 

C e l l p e r m e a b i l i z a t i o n . The per m e a b i l i z a t i o n process was sta r t e d by 
adding 30 ml of the c e l l suspension to 70 ml of a buffered s o l u t i o n 
c o n t a i n i n g g u a n i d i n e - H C l and/or T r i t o n X100. The r e p o r t e d 
concentrations of T r i t o n , guanidine, and c e l l s always correspond to 
the concentrations a f t e r mixing these s o l u t i o n s . The mixture was 
shaken at 200 rpm i n a 4°C incubator. Samples were withdrawn at 
various times and were immediately centrifuged . The supernatant was 
assayed to determined the release of the various c e l l components. 
Analysis of the p e l l e t was done to perform a mass balance. 

Analysis of c e l l components. P r o t e i n was determined with the 
Bradford dye binding assay using bovine serum albumin as standard 
(9) . Interference by T r i t o n X100 was accounted f o r by ensuring that 
every sample had .2% T r i t o n . In order to determine the amount of 
unreleased p r o t e i n from the sample p e l l e t s , a l l samples were treated 
for 5 minutes with IN NaOH at 100°C. 

DNA was determined by the diphenylamine r e a c t i o n (10). Two 45 
minute ext r a c t i o n s at 70°C with ,5N HCIO^ were used to release DNA 
from the sample p e l l e t s . Interference from guanidine was accounted 
for by making each sample .4M guanidine. 

RNA was determined by the o r c i n o l procedure (11). Two 15 minute 
ext r a c t i o n s at 70°C i n ,5N HC10 4 were used to release RNA from the 
sample p e l l e t s . Interference from T r i t o n X100 was accounted f o r by 
making each sample 1% T r i t o n . 
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4 SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

Results and D i s c u s s i o n 

Figure 1 shows the p r o t e i n , DNA, and RNA release p r o f i l e s obtained 
when E. c o l i c e l l s are mechanically disrupted with .1 mm glass beads. 
The c e l l concentration p r o f i l e , normalized to the i n i t i a l c e l l 
concentration, was obtained with a b a c t e r i a l counting chamber. The 
decrease i n the c e l l concentration i n d i c a t e s that extensive 
fragmentation of the c e l l s i s occurring. A nearly mirror image 
release of DNA, RNA, and p r o t e i n r e s u l t s as c e l l u l a r components s p i l l 
out i n t o the e x t r a c e l l u l a r f l u i d . The maximum p r o t e i n release, 
70%, i s probably i n d i c a t i v e of a s i g n i f i c a n t amount of c e l l u l a r 
p r o t e i n being associated with the membrane and w a l l fragments. 

A s i m i l a r c h a r a c t e r i z a t i o n f o r c e l l s t r e a ted with 2M guanidine 
and 2% T r i t o n i s shown i n Figure 2. The p r o t e i n release, based on 
t o t a l c e l l u l a r p r o t e i n , l e v e l s o f f at 35%. RNA i s released to a 
l e s s e r extent (^15%) and very l i t t l e DNA (^5%) i s released from the 
c e l l s . The constant c e l l concentratio  i n d i c a t e  that th  releas  i
not the r e s u l t of c e l l fragmentation

From these r e s u l t s
p e r m e a b i l i z a t i o n and mechanical d i s r u p t i o n can be i d e n t i f i e d . F i r s t , 
the release occurs by fundamentally d i f f e r e n t mechanisms. With 
mechanical d i s r u p t i o n the c e l l s are e s s e n t i a l l y t o r n apart, whereas 
with chemical treatment the c e l l structure i s s t i l l present but has 
been a l t e r e d to allow release of i n t r a c e l l u l a r components. Second, 
there i s a nearly complete p r e f e r e n t i a l release of p r o t e i n over DNA. 
T h i r d , there i s a p a r t i a l s e l e c t i v e release of p r o t e i n over RNA. 
This s e l e c t i v i t y may r e s u l t from a molecular s i e v i n g mechanism. The 
average p r o t e i n molecular weight i s 40,000 whereas the c e l l u l a r DNA 
has a molecular weight of 2.5 χ 10 (12). The molecular weight 
d i s t r i b u t i o n of RNA; 18% i s 25,000, 27% i s 500,000, and 55% i s 
1,000,000 i s such that most of the RNA i s also s i g n i f i c a n t l y l a r g e r 
than pr o t e i n s (12). 

These d i f f e r e n c e s suggest several advantages of the chemical 
per m e a b i l i z a t i o n method. F i r s t , avoiding c e l l breakage should 
s i m p l i f y the c e l l removal step. Second, r e t e n t i o n of the n u c l e i c 
acids inside the c e l l should eliminate the need f o r a n u c l e i c a c i d 
p r e c i p i t a t i o n step. Another advantage i s that the p e r m e a b i l i z a t i o n 
process als o k i l l s the c e l l s thereby e l i m i n a t i n g the need f o r the 
f e d e r a l l y mandated c e l l k i l l i n g step. 

Figure 2 showed that % 35% of the t o t a l c e l l u l a r p r o t e i n i s 
released upon t r e a t i n g the c e l l s with 2M guanidine and 2% T r i t o n . A 
more complete d e s c r i p t i o n of ;the e f f e c t of varying the guanidine and 
T r i t o n concentrations on the f i n a l amount of p r o t e i n released i s 
shown i n Figure 3. Two sets of e x t r a c t i o n s were conducted: one 
c o n s i s t e d of u s i n g 2% T r i t o n w i t h a range of g u a n i d i n e 
concentrations, the other consisted of using 2M guanidine with a 
range of T r i t o n concentrations. These r e s u l t s i n d i c a t e that the 
guanidine-HCl concentration i s the more s e n s i t i v e parameter. 
Manipulation of the guanidine concentration i n the presence of 2% 
T r i t o n lead to release y i e l d s that ranged from 6% to 60% whereas 
varying the T r i t o n concentration from 0% to 8% i n the presence of 2M 
guanidine only changed the y i e l d from 25% to 40%. 

The time p r o f i l e s of the 2M/2%, 2M, and 2% treatments, shown i n 
Figure 4, i n d i c a t e a s y n e r g i s t i c e f f e c t between guanidine and T r i t o n . 
The p r o t e i n release p r o f i l e of the 2M/2% treatment i s not simply the 
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HETTWER AND WANG Protein Release from Chemically Permeabilized E. coli 

EXTENT OF RELEASE OF CELL COMPONENTS (*), 
CONCENTRATION OF UNDISRUPTED CELLS (%) 

• DNA 

" RNA 

ι ι ι ι τ—I—J—I—I 1 

1 2 3 4 5 6 7 8 9 10 11 12 

DISRUPTION TIME (min.) 

Figure 1. Extent of c e l l breakage and release of c e l l u l a r 
p r o t e i n , DNA, and RNA during mechanical d i s r u p t i o n with .1 mm 
glass beads. 

EXTENT OF RELEASE OF CELL COMPONENTS (*), 
CONCENTRATION OF UNOISRUPTFn fTLLS (*) 

TIME (hours) 

Figure 2. Release of c e l l u l a r p r o t e i n , DNA, and RNA during 
treatment with 2M guanidine HC1 and 2% T r i t o n X100. 
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FINAL PROTEIN RELEASE (*) 

-
(al l 2% Triton X100) 

^^^^Xall 2M Guanidine HC1) 

1 1 I I 

0 1 2 3 4 5 6 7 8 9 10 

TRITON X100 (*v/v), GUANIDINE HC1 (M) 

Figure 3. E f f e c t of T r i t o n X100 and guanidine HC1 on the p r o t e i n 
release y i e l d . 

PROTEIN RELEASE (*) 

0 

2Π/2Χ 

-

-
2t1 GUANIDINE HC1 

_ 2* TRITON X100 

1 

Q Ô 

1 1 1 1 

0 1 2 3 4 5 6 

TIME (hours) 

Figure 4. Sy n e r g i s t i c e f f e c t on the p r o t e i n release p r o f i l e 
between guanidine HC1 and T r i t o n X100. 
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1. HETTWER AND WANG Protein Release from Chemically Permeabilized E. coli 7 

a d d i t i o n of the p r o f i l e s obtained when 2M guanidine and 2% T r i t o n are 
used i n d i v i d u a l l y . The a c c e l e r a t i o n of the rate of p r o t e i n release 
by T r i t o n may be r e l a t e d to the a b i l i t y of T r i t o n to s o l u b i l i z e l i p i d 
membranes. One would a n t i c i p a t e that the combination of 2M guanidine 
and 2% T r i t o n a l t e r s the E. c o l i inner membrane and outer w a l l to a 
greater extent than e i t h e r i n d i v i d u a l treatment, thereby producing a 
more permeable c e l l . 

The e f f e c t of varying the c e l l concentration on the p r o t e i n 
release p r o f i l e of 2M/2% treatments i s shown i n Figure 5. The c e l l 
concentrations are expressed i n terms of the p r o t e i n concentration of 
the e x t r a c t i o n s o l u t i o n . Although no s i g n i f i c a n t e f f e c t was observed 
on the release p r o f i l e , the release y i e l d decreased by a f a c t o r of 
two upon increasing the c e l l concentration from 3.6 g/1 to 43.3 g/1. 
The exact nature of the reason for the decreased y i e l d at high c e l l 
concentrations i s not known. However, dep l e t i o n of the guanidine 
and/or T r i t o n during the process i s not occurring, as evidenced by 
the fact that t r e a t i n g c e l l d tim  with f r e s h guanidin d 
T r i t o n does not induc
de p l e t i o n of the guanidin
to cease, one would expect that a second treatment would cause 
fu r t h e r release of p r o t e i n from the p a r t i a l l y a f f e c t e d or as yet 
unaffected c e l l s . 

•hole Broth 

Protein Cone. 
PROTEIN RELEASE (*) 3.6 g/1 

12.5 g/1 

27.4 g/1 

43.3 g/1 

TIME (hours) 

Figure 5. E f f e c t of c e l l concentration on the p r o t e i n release 
p r o f i l e . 
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8 SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

Conclusions 

Exposure of E. c o l i to guanidine-HCl and Triton-XlOO induces the 
release of c e l l u l a r p r o t e i n s . The release rate and y i e l d were found 
to be dependent on the guanidine, T r i t o n , and c e l l concentrations. 
Higher concentrations of guanidine and T r i t o n and lower c e l l 
concentrations gave greater release rates and y i e l d s . Guanidine alone 
i s capable of r e l e a s i n g a s i g n i f i c a n t amount of p r o t e i n . T r i t o n 
releases a very low l e v e l of p r o t e i n but s u b s t a n t i a l l y increases the 
rate of release when used i n conjunction with guanidine. 

The mechanism of the release, a per m e a b i l i z a t i o n of the c e l l , i s 
fundamentally d i f f e r e n t from mechanical d i s r u p t i o n which involves 
extensive fragmentation of the c e l l s . The avoidance of extensive 
c e l l breakage should s i m p l i f y the c e l l removal step and r e t e n t i o n of 
the n u c l e i c acids inside the c e l l should eliminate the need f o r a 
nu c l e i c a c i d p r e c i p i t a t i o n step. Furthermore, since the treatment 
k i l l s the c e l l s , a separat  c e l l k i l l i n  ste  b
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Structured and Simple Models of Enzymatic Lysis and 
Disruption of Yeast Cells 

J. B. Hunter and J. A. Asenjo 

Biochemical Engineering Laboratory, Department of Chemical Engineering and Applied 
Chemistry, Columbia University, New York, NY 10027 

Microbial cell-wall-lytic enzymes are widely 
used in the laboratory for cell breakage, proto
-plasting of yeast
of the structure and composition of microbial 
cell walls (1). Recently lytic systems have come 
under consideration as a specific and chemically 
mild way to rupture microbial cells on an in
dustrial scale (2,3). There appear to be attrac
tive commercial applications of lytic systems 
for the recovery of enzymes, antigens and 
other recombinant products accumulated within 
cells, for upgrading of microbial biomass for food 
and feed uses (4,5) and for the manufacture of 
functional biopolymers from cell wall carbo
hydrates (6). 

This paper presents two models of enzymatic 
lysis of yeast cells; a simplified two-step model, 
accounting for protein release at cell lysis 
followed by proteolysis, and a more complex mecha
nistic model which describes the removal of the 
two layers of the yeast wall and the extrusion 
and rupture of the protoplast and organelles. 
The use of these models in predicting the release 
and breakdown of microbial proteins, and the ap
plication of the structured model to enzyme re
covery will also be discussed. 

One p r o b l e m i n p r o d u c t i o n o f r e c o m b i n a n t p r o t e i n s i s r e c o v e r y o f 
t h e f i n i s h e d p r o d u c t f r o m t h e c e l l s w h i c h a c c u m u l a t e i t . T h i s 
p r o b l e m i s p a r t i c u l a r l y a c u t e i n t h e c a s e o f y e a s t s and f u n g i , w h i c h 
have t o u g h , t h i c k c e l l w a l l s w h i c h a r e d i f f i c u l t t o r u p t u r e m e c h a n i 
c a l l y o r by s o n i c a t i o n . P r o d u c t s e c r e t i o n i s n o t a l w a y s f e a s i b l e , 
e ven f o r l o w - m o l e c u l a r - w e i g h t p r o d u c t s , a l t h o u g h a n e w l y d e v e l o p e d 
s e c r e t i o n p r o c e s s f o r y e a s t (7) a p p e a r s p r o m i s i n g . 

0097-6156/ 86/ 0314-0009$06.50/ 0 
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10 SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

T h e r e a r e numerous examples o f o v e r p r o d u c e d r e c o m b i n a n t p r o t e i n s 
w h i c h p r e c i p i t a t e i n t r a c e l l u l a r l y i n E_. c o l i , f o r m i n g dense i n c l u s i o n 
b o d i e s ( 8 ) ; t h e s e p r o d u c t s i n c l u d e i n s u l i n and s o m a t o s t a t i n , b o t h 
v e r y s m a l l p r o t e i n s . I n y e a s t , r e c o m b i n a n t v i r a l s u r f a c e a n t i g e n 
p r o t e i n s a r e n o t s e c r e t e d , b u t a s s e m b l e i n t o p a r t i c l e s ( 9 ) . Sub
c e l l u l a r s t r u c t u r e s s u c h as m i t o c h o n d r i a , l y s o s o m e s o r t h e v a c u o l e 
must a l s o be r e c o v e r e d by c e l l b r e a k a g e , f o r u s e e i t h e r as b i o -
c a t a l y s t s (10) o r as an i n i t i a l s t e p i n t h e p u r i f i c a t i o n o f enzymes 
a s s o c i a t e d w i t h s u c h s t r u c t u r e s . U n t i l now, t h e s e p r o d u c t s h a v e gen
e r a l l y b een h a r v e s t e d by m e c h a n i c a l l y r u p t u r i n g t h e c e l l s i n a 
h o m o g e n i z e r , bead m i l l o r F r e n c h p r e s s . The h i g h s h e a r f i e l d s , e l e 
v a t e d t e m p e r a t u r e s and g a s - l i q u i d i n t e r f a c e s g e n e r a t e d i n t h e s e 
d e v i c e s c a n d e n a t u r e p r o t e i n s , e s p e c i a l l y m u l t i - e n z y m e c o m p l e x e s 
and m e m b r a n e - l i n k e d p r o t e i n s (11) . M o r e o v e r , t h e s e p a r a t i o n 
o f c e l l d e b r i s f r o m t h e p r o d u c t s i s e s p e c i a l l y c o m p l i c a t e d i f t h e 
p r o d u c t i s p a r t i c u l a t e , f r a g i l e o r m e m b r a n e - a s s o c i a t e d . 

L y t i c enzyme s y s t e m
and c a t a l y t i c a l l y s p e c i f i
r u p t i o n . D e p e n d i n g on t h  p a r t i c u l a  l y t i  s y s t e  employe
i t s p u r i t y , t h e enzymes may be e n g i n e e r e d t o a t t a c k c e l l w a l l com
p o n e n t s a l o n e , w i t h o u t p r o d u c t damage. The enzyme l y s o z y m e , a c t i v e 
a g a i n s t some b a c t e r i a l c e l l w a l l s , has been u s e d t o h a r v e s t b o v i n e 
g r o w t h hormone g r a n u l e s f r o m _E. c o l i ( 8 ) , and a m e m b r a n e - a s s o c i a t e d 
h y d r o x y l a s e complex f r o m P. p u t i d a (11) ; u s e o f o t h e r b a c t e r i o 
l y t i c enzymes f r o m a v a r i e t y o f m i c r o b i a l s o u r c e s have a l s o been 
r e p o r t e d ( 3 ) . 

I n v e s t i g a t i o n s i n t o t h e s u b c e l l u l a r l o c a t i o n o f enzyme a c t i v i 
t i e s i n m i c r o b i a l c e l l s s u g g e s t t h a t one o r more enzyme p r o d u c t s 
c o u l d be s p e c i f i c a l l y f r a c t i o n a t e d f r o m a s i n g l e b a t c h o f c e l l s 
by p r o p e r l y c o n t r o l l i n g c e l l d i s r u p t i o n . I n v e r t a s e i n y e a s t i s 
p o s s i b l y t h e b e s t example o f t h i s p r i n c i p l e . The s t u d i e s l e a d i n g 
t o d i s c o v e r y o f i t s l o c a t i o n ( i n t h e p e r i p l a s m i c s p a c e ) have 
been summarized by P h a f f ( 1 2 ; p.171-173 ) , and a sample p r o c e s s f o r 
i t s r e c o v e r y has been p r o p o s e d ( 4 ) . The r e c o v e r y o f s e v e r a l d i f 
f e r e n t enzymes i n h i g h y i e l d and h i g h r e l a t i v e p u r i t y s h o u l d be 
p o s s i b l e u s i n g a c o m b i n a t i o n o f l y t i c enzymes, s u r f a c t a n t s and o s 
m o t i c s u p p o r t b u f f e r s t o s e l e c t i v e l y and s e q u e n t i a l l y r e l e a s e p r o 
t e i n s f r o m p a r t i c u l a r s t r u c t u r e s . 

C e l l f r a c t i o n a t i o n by m e c h a n i c a l r u p t u r e has a l r e a d y come u n d e r 
i n v e s t i g a t i o n . Two s e p a r a t e s t u d i e s o f m e c h a n i c a l r u p t u r e o f y e a s t 
showed d i f f e r e n t r a t e s o f r e l e a s e f o r enzymes i n d i f f e r e n t c e l l 
l o c a t i o n s ( 1 3 , 1 4 ) . W a l l - l i n k e d and p e r i p l a s m i c enzymes were r e 
l e a s e d r e l a t i v e l y f a s t e r t h a n t o t a l p r o t e i n , s o l u b l e c y t o p l a s m i c 
enzymes a t a b o u t t h e same r a t e , and t h e m i t o c h o n d r i a l enzyme f u m a r a s e 
l a t e r t h a n t o t a l p r o t e i n (13) . P r o t e o l y s i s by t h e y e a s t 1 s own 
enzymes was n o t f o u n d t o be a p r o b l e m . A c t i v i t i e s o f t h e r e l e a s e d 
enzymes d e c l i n e d s l o w l y o r n o t a t a l l when d i s r u p t i o n was c o n 
t i n u e d a f t e r t h e end o f p r o t e i n r e l e a s e , and t h e e f f e c t o f s h e a r was 
n o t s e p a r a t e d f r o m t h e e f f e c t o f p r o t e o l y s i s . S h e t t y and K i n s e l l a 
(15) a l s o f o u n d a l o w r a t e o f p r o t e o l y s i s a f t e r m e c h a n i c a l d i s r u p t i o n , 
t h o ugh t h i o l r e a g e n t s added t o weaken t h e c e l l w a l l s b e f o r e d i s r u 
p t i o n c a u s e d an i m p o r t a n t i n c r e a s e i n t h e e x t e n t o f p r o t e i n b r e a k 
down . 
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M o d e l B a c k g r o u n d 

Y e a s t c e l l s t r u c t u r e . The e x t e n s i v e body o f l i t e r a t u r e on c e l l 
w a l l c o m p o s i t i o n and s t r u c t u r e h a s r e c e n t l y been r e v i e w e d by B a l l o u 
(16) and e a r l i e r by P h a f f ( 1 2 ) . 

As an e n g i n e e r i n g a p p r o x i m a t i o n , t h e c e l l w a l l o f y e a s t may be 
c o n s i d e r e d as a t w o - l a y e r s t r u c t u r e . ( F i g u r e 1) The i n n e r w a l l i s 
composed o f a m i x t u r e o f b r a n c h e d 3(1-3) and 3(1-6) l i n k e d g l u c a n s , 
g l u c o s e p o l y m e r s s i m i l a r t o c e l l u l o s e ( 1 2 ) . The o u t s i d e o f t h e 
g l u c a n l a y e r i s c o v e r e d w i t h a m a n n a n - p r o t e i n complex c o n s i s t i n g 
o f a c r o s s - l i n k e d n e t w o r k o f p r o t e i n m o l e c u l e s , t o w h i c h a r e a t 
t a c h e d two t y p e s o f mannan: an a c i d i c o l i g o s a c c h a r i d e , and a h i g h e r 
m o l e c u l a r w e i g h t phosphomannan h a v i n g a d.p. o f abou t 100 ( 1 7 ) . 
From t h e p e r s p e c t i v e o f c e l l l y s i s , t h i s m a n n o p r o t e i n l a y e r s e r v e s 
t o p r o t e c t t h e g l u c a n s f r o m h y d r o l y t i c enzymes ( 1 8 , 1 9 , 2 0 ) . W i t h i n 
t h e two w a l l l a y e r s i s t h e p r o t o p l a s t , c o m p r i s e d o f a p l a s m a mem
b r a n e e n c l o s i n g t h e c y t o s o

Enzymes o f t h e l y t i  s y s t e m  y e a s t - l y t i  enzym
s y s t e m s a r e w i d e l y d i s t r i b u t e d i n n a t u r e , and have been i s o l a t e d f r o m 
R h i z o c t o n i a s p . , ( 4 ) , B a c i l u s c i r c u l a n s ( 2 1 ) , C o p r i n u s m a c r o r h i z u s 
( 2 2 ) , and C y t o p h a g a s p . ( 2 3 ) , among o t h e r s o u r c e s . 

Crude y e a s t l y t i c enzyme s y s t e m s c o m p r i s e s e v e r a l h y d r o l y t i c 
a c t i v i t i e s , o f t e n i n c l u d i n g c h i t i n a s e , mannanase, and a v a r i e t y o f 
p r o t e a s e s and g l u c a n a s e s ( 1 ) . O n l y two o f t h e s e a c t i v i t i e s , a l y t i c 
p r o t e a s e and a l y t i c g l u c a n a s e , a r e e s s e n t i a l f o r l y s i s ( 1 9 , 2 4 , 2 0 ) . 
L y t i c g l u c a n a s e s u s u a l l y b i n d p r e f e r e n t i a l l y t o l o n g c h a i n s o f 3(1-3) 
g l y c o s i d i c l i n k a g e s , s u c h a s t h o s e f o u n d i n m i c r o f i b r i l l a r y e a s t w a l l 
g l u c a n . I n g e n e r a l , t h e l y t i c g l u c a n a s e s have an endo- a c t i o n 
p a t t e r n b u t some a t t a c k e x o - w i s e , r e l e a s i n g o l i g o s a c c h a r i d e s o f 
5 g l u c o s e u n i t s f r o m t h e s t r u c t u r a l y e a s t g l u c a n . O t h e r g l u c a n a s e s , 
w i t h d i f f e r e n t s u b s t r a t e s p e c i f i c i t y and a c t i o n p a t t e r n s , a r e u s u a l l y 
p r e s e n t i n t h e l y t i c s y s t e m and a c t s y n e r g i s t i c a l l y t o d e g r a d e 
i n s o l u b l e y e a s t g l u c a n t o g l u c o s e and d i s a c c h a r i d e s (25) . L y t i c 
p r o t e a s e s have a c h a r a c t e r i s t i c h i g h a f f i n i t y f o r t h e y e a s t w a l l s u r 
f a c e , and o f t e n have a n o m a l o u s l y l o w a c t i v i t i e s a g a i n s t c o n v e n t i o n a l 
p r o t e i n s u b s t r a t e s . T h e i r r o l e i n l y s i s o f v i a b l e y e a s t c e l l s 
c a n n o t be s u b s t i t u t e d by o r d i n a r y p r o t e a s e s . ( 2 0 , 2 6 ) . 

We u s e d a l y t i c s y s t e m f r o m O e r s k o v i a x a n t h i n e o l y t i c a LL-G109 
f r o m t h e c o l l e c t i o n o f M. L e c h e v a l i e r , a t R u t g e r s U n i v e r s i t y . 
F i l t e r e d c u l t u r e b r o t h was u s e d as t h e enzyme s o u r c e . D e t a i l s o f 
t h e enzyme p r o d u c t i o n a r e g i v e n e l s e w h e r e ( 2 7 , 2 8 ) . The l y t i c a c 
t i v i t y o f t h e O e r s k o v i a s y s t e m i s due t o a l y t i c p r o t e a s e and an 
endo 3(1,3) g l u c a n a s e ( 2 0 ) , p o s s i b l y s u p p l e m e n t e d w i t h an exo 3(1-3) 
g l u c a n a s e r e m o v i n g a 5-sugar u n i t f r o m t h e c h a i n ( 2 9 ) . 

Sequence o f c e l l l y s i s . E n z y m a t i c c e l l l y s i s b e g i n s w i t h b i n d 
i n g o f t h e l y t i c p r o t e a s e t o t h e o u t e r m a n n o p r o t e i n l a y e r o f t h e 
w a l l . The p r o t e a s e opens up t h e p r o t e i n s t r u c t u r e , r e l e a s i n g w a l l 
p r o t e i n s and mannans, and e x p o s i n g t h e g l u c a n s u r f a c e b e l o w ( F i g u r e 
2 ) . N e x t , t h e g l u c a n a s e a t t a c k s t h e i n n e r w a l l and s o l u b i l i z e s t h e 
g l u c a n (19) . When t h e combined a c t i o n o f p r o t e a s e and g l u c a n a s e 
has opened a s u f f i c i e n t l y l a r g e h o l e i n t h e c e l l w a l l , t h e p l a s m a 
membrane and i t s c o n t e n t s a r e e x t r u d e d as a p r o t o p l a s t ( 1 ) . I n 
o s m o t i c a l l y s u p p o r t e d b u f f e r s c o n t a i n i n g .55 t o 1.2M s u c r o s e o r 
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Mannoprotein Units 

Cell Membrane Structural Glucan Units 

F i g u r e 1 D o u b l e - l a y e r e
t h e c e l l membrane 

F i g u r e 2 S c h e m a t i c o f l y s i n g y e a s t c e l l 
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2. HUNTER AND ASENJO Enzymatic Lysis and Disruption of Yeast Cells 13 

m a n n i t o l , t h e p r o t o p l a s t r e m a i n s i n t a c t b u t i n d i l u t e b u f f e r s i t l y -
s e s i m m e d i a t e l y , r e l e a s i n g c y t o p l a s m i c p r o t e i n s and t h e o r g a n e l l e s 
w h i c h may t h e m s e l v e s l y s e . 

M e a n w h i l e , p r o t e i n s r e l e a s e d f r o m t h e w a l l and t h e c y t o p l a s m a r e 
s u b j e c t t o a t t a c k by p r o d u c t - d e g r a d i n g p r o t e a s e c o n t a m i n a n t s i n t h e 
l y t i c s y s t e m ( 2 8 , 3 0 ) . 

M o d e l s 

M a t h e m a t i c a l models w i t h d i f f e r e n t l e v e l s o f s t r u c t u r e a r e u s e 
f u l f o r t h e d e s i g n o f r e a c t o r s , t o c a r r y o u t s i m u l a t i o n s t u d i e s , f o r 
p r o c e s s o p t i m i z a t i o n and f o r i n c r e a s i n g o u r u n d e r s t a n d i n g o f t h e 
m e c h a n i s t i c , b i o l o g i c a l b e h a v i o r o f b i o c h e m i c a l s y s t e m s . 

H i s t o r i c a l l y t h e r e h a s been l i t t l e p u b l i s h e d work on mod e l s o f 
m i c r o b i a l c e l l l y s i s . The models p r o p o s e d f o r o v e r a l l c e l l l y s i s 
h a ve been e l e m e n t a r y and t h e i r a p p l i c a t i o n has been l i m i t e d . F i r s t -
o r d e r and M i c h a e l i s - M e n t e
p e r f o r m a n c e o f a sampl
M i c r o c o c c u s l y s o d e i k t i c u y l y s o z y m
s e c o n d - o r d e r r a t e e x p r e s s i o n (31) . A t t h e o t h e r end o f t h e s p e c t r u m 
o f m a t h e m a t i c a l c o m p l e x i t y i s a model o f l y s o z y m e - c a t a l y z e d d e g r a d a 
t i o n o f s o l u b l e b a c t e r i a l c e l l - w a l l o l i g o s a c c h a r i d e s , f o c u s i n g on t h e 
d e g r e e o f p o l y m e r i z a t i o n o f t h e s u b s t r a t e and t h e b i n d i n g modes o f 
enzyme t o s u b s t r a t e s ( 3 2 ) . A c c o u n t i n g f o r one enzyme and c a r b o h y 
d r a t e o l i g o m e r s up t o d.p. 9, i t has n i n e d i f f e r e n t i a l e q u a t i o n s and 
t e n p a r a m e t e r s , and was t e s t e d on p u r i f i e d r a d i o l a b e l e d o l i g o s a c c h a 
r i d e s . A l t h o u g h u s e f u l f o r e l u c i d a t i n g enzyme a c t i o n p a t t e r n s , s uch 
m o d e l s a r e t o o d e t a i l e d t o be r e a d i l y a p p l i e d t o a m u l t i - e n z y m e , 
m u l t i - s u b s t r a t e s y s t e m . 

The two models o f y e a s t l y s i s p r e s e n t e d h e r e h a v e been d e v e l o p 
ed t o s e r v e two d i f f e r e n t p u r p o s e s . The s i m p l e model i s a lumped, 
t w o - s t e p model w h i c h f o l l o w s t h e m a j o r f e a t u r e s o f t h e d a t a and may 
p r o v e u s e f u l f o r d e s i g n o f l y s i s r e a c t o r s . The s t r u c t u r e d m o d e l , 
w h i c h c a n a c c o u n t f o r t h e s o u r c e o f p r o t e i n w i t h i n t h e c e l l , was 
d e v e l o p e d t o g a i n a m e c h a n i s t i c b a s i s f o r p r e d i c t i n g t h e e f f e c t s o f 
u n t e s t e d p r o c e s s c o n d i t i o n s , and t o a i d i n s i g h t i n t o t h e p h y s i c a l 
p r o c e s s e s a t work d u r i n g l y s i s . 

S i m p l e m o d e l . The s i m p l e model was b u i l t f o r compact d e s c r i p t 
i o n o f t h e d a t a i n a p r e - d e t e r m i n e d r a n g e o f y e a s t and enzyme c o n c e n 
t r a t i o n s . I t t r e a t s c e l l l y s i s and p r o t e o l y s i s a s s i n g l e - s t e p 
r e a c t i o n s i n s e q u e n c e . B o t h r e a c t i o n s a r e m odeled w i t h M i c h a e l i s -
Menten k i n e t i c s , even t h o u g h y e a s t , t h e s u b s t r a t e o f t h e f i r s t 
r e a c t i o n , i s p a r t i c u l a t e and t h e p r o t e i n s a r e s o l u b l e . The d i f f e r e n t 
enzymes o f t h e l y t i c s y s t e m a r e g r o u p e d t o g e t h e r i n t o an a l l - i n c l u 
s i v e s i n g l e enzyme, E, b e a r i n g b o t h t h e p r o t e o l y t i c and y e a s t - l y t i c 
a c t i v i t i e s . A l l o f t h e c e l l s t r u c t u r e s a r e a l s o c o n s i d e r e d t o g e t h e r 
as a u n i f i e d y e a s t c e l l mass, Y. 

When a c e l l i s a t t a c k e d by enzymes i t i s presumed t o d i s s o l v e 
i n s t a n t a n e o u s l y , r e l e a s i n g i t s e n t i r e mass as s o l u b l e p r o t e i n s , pep
t i d e s and c a r b o h y d r a t e s . The a s s u m p t i o n o f i n s t a n t a n e o u s s o l u t i o n 
o f t h e c e l l mass c o n s t r a i n s t h e model f o r u s e where t h e l y s i s medium 
i s h y p o - o s m o t i c and p r o t o p l a s t s c a n n o t s u r v i v e i n t a c t . 
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14 SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

O n l y two i n d e p e n d e n t v a r i a b l e s a r e u s e d : y e a s t (Y) and enzyme 
( E ) ; t h e measured v a r i a b l e s a r e y e a s t , T C A - i n s o l u b l e p r o t e i n (Ρ), 
T C A - s o l u b l e p r o t e i n ( p e p t i d e s , S ) , and c a r b o h y d r a t e s ( C ) ; a l l a r e 
e x p r e s s e d as g/1 d r y b a s i s . Enzyme c o n c e n t r a t i o n was e x p r e s s e d as 
t h e volume p e r c e n t o f c r u d e l y t i c enzyme p r e p a r a t i o n added t o t h e 
r e a c t i o n m i x t u r e . P r o t e o l y t i c and o t h e r c a u s e s f o r l y t i c enzyme 
d e a c t i v a t i o n ( e . g . , t h e r m a l ) h a v e been assumed t o be n e g l i g i b l e ( 2 8 ) , 

dY 

d t = 
- k a ( Y - Y œ 

dP _ dY > 

d t " f p y d t , 

dS _ - f dY/ 

d t s y 

dC _ 

d t 
"~fcy 

.dt, 

k r E ' ( Y Yco) 

(Y - Yco) + Κ Ώ 

k E-P 
— Ρ 

ρ + s + κ m P 1+ 

k Ε·Ρ 

Y * 

(1) 

(2) 

(4) 

V a r i a b l e names and p a r a m e t e r v a l u e s a r e g i v e n i n T a b l e I . 

On t h e r i g h t - h a n d s i d e o f e q u a t i o n 1, t h e i n i t i a l t e r m r e p r e 
s e n t s a u t o l y s i s and t h e s e c o n d t e r m , e n z y m a t i c l y s i s . E q u a t i o n 2 
d e s c r i b e s p r o t e i n breakdown by p r o d u c t - d e g r a d i n g p r o t e a s e s . The 
f i r s t t e r m on t h e r i g h t s i d e s t a n d s f o r t h e p r o t e i n r e l e a s e d f r o m 
l y s i n g c e l l s , and t h e s e c o n d t e r m , breakdown o f t h e p r o t e i n a l r e a d y 
i n s o l u t i o n . E q u a t i o n 3 shows t h a t p e p t i d e s a r e r e l e a s e d f r o m l y s i n g 
y e a s t , b u t a l s o a r i s e f r o m breakdown o f l o n g e r p r o t e i n s , P. 
S i n c e t h e p r o t e a s e a c t i v i t y a g a i n s t s o l u b l e p r o t e i n s i s c o n 
s i d e r e d n o n - s p e c i f i c , b o t h l o n g - and s h o r t - c h a i n p r o t e i n s w i l l be 
a t t a c k e d by t h e enzyme w i t h e s s e n t i a l l y t h e same a f f i n i t y p e r gram 
o f s u b s t r a t e . Hence, S w i l l a c t as a c o m p e t i t i v e i n h i b i t o r o f t h e 
enzyme a c t i v i t y a g a i n s t P, where t h e i n h i b i t i o n c o n s t a n t i s e q u a l 
t o t h e M i c h a e l i s c o n s t a n t K ^ . C a r b o h y d r a t e r e l e a s e i s shown i n 
e q u a t i o n 4 . 

P a r a m e t e r s f o r t h e s i m p l e model were d e t e r m i n e d g r a p h i c a l l y by 
E a d i e - H o f s t e e p l o t t i n g o f i n i t i a l r e a c t i o n r a t e s and s u b s t r a t e c o n 
c e n t r a t i o n s . D e t a i l s a r e g i v e n e l s e w h e r e ( 3 0 ). As h a s been ob
s e r v e d i n h y d r o l y s i s o f o t h e r s o l i d s u b s t r a t e s , a r e s i d u e o f n o n -
l y s e d s u b s t r a t e was f o u n d a t e x t e n d e d r e a c t i o n t i m e s , when dY/dt 
t e n d e d t o w a r d z e r o . The e x t e n t o f r e a c t i o n was s t r o n g l y d ependent 
on i n i t i a l s u b s t r a t e and enzyme c o n c e n t r a t i o n s ( 3 3 , 3 4 ). An 
e m p i r i c a l f u n c i t o n f o r Y^ was f i t t e d t o t h e u l t i m a t e t u r b i d i t y d a t a 
f o r l y s i s r u n s a t a v a r i e t y o f i n i t i a l y e a s t and enzyme c o n c e n 
t r a t i o n s u s i n g a l e a s t s q u a r e s method. The c a l c u l a t e d v a l u e s f o r 
Yoo were u s e d i n t h e s i m u l a t i o n s (30) . F i g u r e 3 shows r e s u l t s o f 
t h e s i m p l e m o d e l . 

S t r u c t u r e d m o d e l . T h i s model c o n s i d e r s l y s i s o f t h e c e l l f r o m 
t h e v i e w p o i n t o f p r o g r e s s i v e breakdown o f t h e c e l l s t r u c t u r e s , 
s t a r t i n g f r o m t h e o u t e r w a l l l a y e r and p r o g r e s s i n g t o t h e s u b c e l l u l a r 
s t r u c t u r e s i n s i d e t h e p r o t o p l a s t ( 3 5 ). Here t h e c e l l i s d i v i d e d i n t o 
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2. HUNTER AND ASENJO Enzymatic Lysis and Disruption of Yeast Cells 15 

T a b l e L. Lumped model v a r i a b l e s and p a r a m e t e r s 

V a r i a b l e s - S i m p l e M o d e l 
Y Y e a s t , mg/1 
Y 0 O r i g i n a l y e a s t c o n c e n t r a t i o n 
Yoo U l t i m a t e y e a s t c o n c e n t r a t i o n , mg/1; p r o p o r t i o n a l 

t o r e s i d u a l t u r b i d i t y . 

^°°= a 4 bE + c Y 0 + I 
Ρ P r o t e i n ( T C A - i n s o l u b l e )  mg/1 
S P e p t i d e s ( T C A - s o l u b l e )
C C a r b o h y d r a t e s
Ε Enzyme, % ( v / v ) o f r e a c t i o n m i x t u r e 

P a r a m e t e r s - S i m p l e M o del 

Yoo c o n s t a n t s : a: 3.6342 χ 1 0 " 1 

b: -2.6584 χ 10 ~ 

c: 6.0442 χ ΙΟ""6 

d: -9.9603 χ 1 0 1 

k a R a t e c o n s t a n t f o r a u t o l y s i s 3.987 χ 1 0 - ^ m i n " 1 

k r R a t e c o n s t a n t f o r l y s i s , s i m p l e model 15.51 mg/L-min-%ez 
K m M i c h a e l i s c o n s t a n t f o r l y s i s , 1902 mg/L 
kp R a t e c o n s t a n t f o r p r o t e o l y s i s , 4.441 mg/L-min-%ez 
Κ M i c h a e l i s c o n s t a n t , p r o t e o l y s i s , 4598 mg/L 

I n h i b i t i o n c o n s t a n t , p r o t e o l y s i s , 26077 mg y e a s t / L 
f F r a c t i o n o f p r o t e i n i n y e a s t 0.4048 
f g y F r a c t i o n o f p e p t i d e s i n y e a s t 0.0777 
f F r a c t i o n o f c a r b o h y d r a t e s i n y e a s t 0.3687 
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16 SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

f o u r r e g i o n s ; t h e o u t e r w a l l o r w a l l p r o t e i n (WP); i n n e r w a l l o r w a l l 
g l u c a n (WG) ; t h e c y t o s o l (CS) and t h e o r g a n e l l e s , h e r e grouped t o g e t h e r 
as m i t o c h o n d r i a ( M I ) . The l y t i c s y s t e m i s a p p r o x i m a t e d as t h r e e 
enzymes, a l y t i c g l u c a n a s e , Eg, w h i c h h y d r o l y z e s t h e i n n e r c e l l w a l l 
g l u c a n , a l y t i c p r o t e a s e , Ep, w h i c h a t t a c k s o n l y t h e o u t e r w a l l l a y e r 
and a d e s t r u c t i v e p r o t e a s e , E^, a c t i v e a g a i n s t s o l u b l e p r o t e i n s . 
P r o d u c t i n h i b i t i o n i s i n c l u d e d i n a l l enzyme r e a c t i o n s . A d s o r p t i o n 
and d e s o r p t i o n o f t h e enzymes t o t h e y e a s t w a l l i s n e g l e c t e d , s i n c e 
a d s o r p t i o n k i n e t i c s a p p e a r e d i n s t a n t a n e o u s on t h e t i m e s c a l e o f o u r 
measurements ( 3 5 ) . A s c h e m a t i c o f t h e r e a c t i o n p athways i s shown i n 
F i g u r e 4. 

S p e c i a l v a r i a b l e s . 

EGA = (WG - r-WP) 

The g l u c a n h y d r o l y s i
g l u c a n c o n c e n t r a t i o n WG, b u
a c c e s s i b l e t o a t t a c k t h r o u g  p r o t e i
o f t h e c e l l . EGA, "exposed g l u c a n , a c c e s s i b l e " r e p r e s e n t s t h e amount 
o f g l u c a n u n c o v e r e d by r e m o v a l o f t h e o u t e r w a l l . The p r o p o r t i o n a l i t y 
c o n s t a n t r i s t h e w e i g h t r a t i o o f w a l l g l u c a n t o w a l l p r o t e i n . 

The o v e r a l l r a t e o f s o l u b l e p r o t e i n h y d r o l y s i s , PBR, p r o t e i n 
breakdown r a t e , a c c o u n t s f o r d e s t r u c t i o n o f s o l u b l e p r o t e i n by t h e 
d e s t r u c t i v e p r o t e a s e . 

The r e l e a s e o f c y t o s o l i n t o t h e medium depends on t h e o s m o t i c 
b r e a k a g e o f t h e p r o t o p l a s t s , w h i c h o c c u r s a t a r a t e a p p r o x i m a t e l y 
p r o p o r t i o n a l t o t h e o s m o t i c g r a d i e n t a c r o s s t h e p l a s m a membrane ( 3 6 ) . 
The i n t e r n a l o s m o l a l i t y o f t h e c e l l s was e s t i m a t e d t o be 0.617 Os/L 
( 3 5 ) , where 1 Os/L i s e q u i v a l e n t t o 1 M o l / L o f an i d e a l s o l u t e . The 
e x t e r n a l o s m o l a l i t y i s t h e sum o f t h e c o n t r i b u t i o n f r o m t h e b u f f e r 
s y s t e m i n t h e medium (ab o u t 0.02M i n o u r e x p e r i m e n t s ) and t h e 
s u b s t a n c e s r e l e a s e d by l y s i n g p r o t o p l a s t s . The s t a b i l i z a t i o n o f t h e 
r e m a i n i n g c e l l s by t h e s e s u b s t a n c e s i s f a r s t r o n g e r t h a n c o u l d be 
e x p e c t e d s o l e l y on t h e b a s i s o f o s m o t i c e f f e c t s , and c o u l d r e s u l t 
f r o m t h e r e l e a s e o f c a t i o n s w h i c h i n t e r a c t w i t h s p e c i f i c r e c e p t o r s 
on t h e p l a s m a membrane ( 3 7 ) . The r e l e a s e o f s o l u b l e p r o d u c t s o f 
g l u c a n and p r o t e i n h y d r o l y s i s a r e a l s o e x p e c t e d t o add t o t h e s t a b i l i 
z i n g e f f e c t o f t h e l y s a t e . 

The e f f e c t i v e o s m o l a l i t y o f c e l l l y s a t e was f i t t o a L a n g m u i r 
e x p r e s s i o n , where 0SM L i s t h e maximum s t a b i l i z i n g e f f e c t and Κ i s 
t h e e q u i l i b r i u m c o n s t a n t f o r i n t e r a c t i o n o f t h e s t a b i l i z e r s w i t n t h e 
p r o t o p l a s t s . The r e s u l t i n g e q u a t i o n , 

e x p r e s s e s t o t a l e f f e c t i v e o s m o l a l i t y i n t h e l y s i s medium. B Q i s t h e 
o r i g i n a l o s m o l a l i t y o f t h e l y s i s b u f f e r and CS* i s t h e sum of p r o t e i n , 
p e p t i d e s and c a r b o h y d r a t e s p r e s e n t a t t h e s t a r t o f r e a c t i o n . 

PBR 

0 S M x = B 0 + 
Q S V K o s J C S * + C S o ~ C S > 
1 + Κ (CS* + CS - CS) osm ο 
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F i g u r e 3 S i m p l e model s i m u l a t i o n o f y e a s t l y s i s 
Y e a s t c e l l mass, mg/1 

mg/1 
P e p t i d e s , mg/1 

h y d r a t e s , mg/1 
0.78 g/1 y e a s t c o n c e n t r a t i o n ; 10% enzyme 

en 

s 
ο 
5 

P r o t e i n , 

- C a r b o -

Oligopeptides 
Amino Acids 

Wall Protein 
Wall Enzymes 
Wall Mannan Soluble Proteins 

Cytoplasmic Enzymes 

1. Protease attack 
2. Glucanase attack 
3. Release of 

cell contents 
4. Lysis of organelles 
5. Glucan hydrolysis 
6 1 
7. > Product proteolysis 
Ô ; 

/ - \ Proteins 
Organelles-<«>- Organellar Enzymes 

Carbohydrates 

fl(l-3) Oligosaccharides 
Glucose 

F i g u r e 4 R e a c t i o n pathways f o r s t r u c t u r e d model 
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B a s e d on t h e p r o d u c t OSM[/K c t h e s t a b i l i z i n g e f f e c t o f c e l l l y 
s a t e a t l o w c o n c e n t r a t i o n s i s e q u i v a l e n t t o 4.4 χ 10 H Os/mg c y t o s o l 
r e l e a s e d ( 3 5 ) . 

W a l l h y d r o l y s i s e q u a t i o n s . 

d(WP) 
d t 

wp ρ (Km 
WP 

wjy_ (1) 

1 + WP 
Km wp 

WP - WP ο 
K i wp 

d(WG) 
d t 

k Ε wg g (Km 
EGA 

wg (2) 

wg sg 

R e l e a s e o f c y t o s o l and m i t o c h o n d r i a . The o s m o t i c g r a d i e n t b e 
tween p r o t o p l a s t s and b u f f e r o r m i t o c h o n d r i a and b u f f e r d r i v e s t h e 
r e l e a s e o f p r o t e i n i n t o t h e medium. I f t h e o s m o l a l i t y o f t h e e x t e r n a l 
medium e x c e e d s t h e i n t e r n a l o s m o l a l i t y o f t h e p r o t o p l a s t o r o r g a n e l l e , 
no r u p t u r e o c c u r s . The o s m o l a l i t y d e c r e a s e s i n t e r n a l l y , and i n c r e a s e s 
e x t e r n a l l y , as m a t e r i a l i s r e l e a s e d f r o m t h e p r o t o p l a s t . I n a d d i t i o n , 
t h e r e l e a s e o f c y t o s o l i s p r o p o r t i o n a l t o t h e s i z e o f t h e o p e n i n g i n 
t h e w a l l g l u c a n , up t o a maximum h o l e s i z e o f 1/3 o f t h e c e l l ^ s u r 
f a c e a r e a . 

d(CS) 
d t - ( C S ) . k f l 

(CS) « k ^ m a x ^ O S M ^ CS 
CS - 0SM x)]· max(.33, 1 WG 

WG ) (3) 

d(MI) 
d t CS, 

d(CS) 
' d t k r m [ m a x ( 0 , 0.3 - OSK^.) ] ·ΜΙ (4) 

S o l u b l e p r o d u c t s . V a l u e s f o r T C A - i n s o l u b l e p r o t e i n , p e p t i d e s and 
c a r b o h y d r a t e s r e l e a s e d were e s t i m a t e d by summing t h e c o n t r i b u t i o n t o 
e a c h p o o l f r o m t h e breakdown o f each c e l l u l a r s t r u c t u r e . 

^ - - f 
d t 

d(WP) 
pwp [ d t - f 'd(CS)' 

pes I d t 

f «k [max(0, 0.3 - OSM ) ] ·ΜΙ - PBR 
pm rm χ 

(5) 
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^ - - f -
d t swp 

'd(WP)' - f [ d t se s 
d ( C S ) l + 

d t 

f -k [max(0, 0.3 - OSM ) ] - M I + PBR (6) 
sm rm χ 

dÇ m _ d(WG) _ f -d(CS) ( 7 ) 

d t d t ' d t 

T o t a l y e a s t c e l l mass was e s t i m a t e as t h e sum o f WG, WP, CS, and MI 
( s t r u c t u r e s r e m a i n i n g w i t h t h e c e l l ) , w i t h an added f a c t o r a c c o u n t i n g 
f o r n o n - p r o t e i n , n o n - c a r b o h y d r a t e s u b s t a n c e s i n t h e c e l l . These sums 
g e n e r a t e v a l u e s f o r y e a s t , p r o t e i n , p e p t i d e s and c a r b o h y d r a t e s f o r 
c o m p a r i s o n t o e x p e r i m e n t a l measurements. 

The v a r i a b l e s f o r t h e s t r u c t u r e d model a r e l i s t e d i n T a b l e I I . 
P a r a m e t e r v a l u e s a r e g i v e

T a b l e I I . S t r u c t u r e d M o d e l V a r i a b l e s 

EGA E x p o s e d g l u c a n , a c c e s s i b l e f o r h y d r o l y s i s by g l u c a n a s e 

Y Q I n i t i a l q u a n t i t y o f y e a s t , mg/1 d r y b a s i s 
WG W a l l g l u c a n , mg/1 

WG 0 O r i g i n a l amount o f g l u c a n ; = Y 0 « f W G 0 , mg/1 
CS C y t o s o l , mg/1 

C S Q O r i g i n a l q u a n t i t y o f c y t o s o l = Y 0 « f C S Q , mg/1 

CS* I n i t i a l amount o f o s m o t i c a l l y s t a b i l i z i n g m a t e r i a l i n 
r e a c t i o n medium: P Q + S 0 + C Q 

WP W a l l p r o t e i n , mg/1 

Ρ L o n g - c h a i n p r o t e i n (TCA - i n s o l u b l e ) , mg/1 

S O l i g o p e p t i d e s (TCA - s o l u b l e ) , mg/1 

M M i t o c h o n d r i a l mass, mg/1 

M Q O r i g i n a l mass o f m i t o c h o n d r i a i n c e l l = Y 0 » f M 0 , mg/1 

B Q O s m o t i c s t r e n g t h o f b u f f e r , Os/kg 

Eg G l u c a n a s e enzyme o f l y t i c s y s t e m , %(V/V) o f m i x t u r e 

Ep L y t i c p r o t e a s e enzyme, %(V/V) o f m i x t u r e 

E(j D e s t r u c t i v e o r p r o d u c t - d e g r a d i n g p r o t e a s e , %(V/V) 

WE Y e a s t enzyme i n w a l l s , mg/1 

CE Y e a s t enzyme i n c y t o s o l , mg/1 

ME Y e a s t enzyme i n m i t o c h o n d r i a , mg/1 
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T a b l e I I I , S t r u c t u r e d model p a r a m e t e r s and t h e i r v a l u e s 

Kg 

Km, sg 

wp 
Kin 

K i 
wp 
wp 

Ρ 
^ p 

"rm 
pwp 
Ε 
pes 
Ε 
pm 
^swp 

C C S 

f C S 0 

fWG Q 

fWP Q 

f M 0 

OSMi 
0SM T 

ewp 

R a t i o o f w a l l g l u c a n t o w a l l p r o t e i n 

R a t e c o n s t a n t , g l u c a n a s e on WG 
M i c h a e l i s c o n s t a n t , g l u c a n a s e on WG 
M i c h a e l i s c o n s t a n t , g l u c a n a s e on 
s o l u b l e g l u c a n 

R a t e c o n s t a n t , p r o t e o l y s i s o f WP 
M i c h a e l i s c o n s t a n t 

I n h i b i t i o n c o n s t a n t , p r o t e o l y s i s 
o f WP 

R a t e c o n s t a n t , p r o t e o l y s i
M i c h a e l i s c o n s t a n t 
R a t e c o n s t a n t f o r CS l e a k a g e 
R a t e c o n s t a n t f o r CS r e l e a s e 
R a t e c o n s t a n t f o r MI b r e a k a g e 

F r a c t i o n p r o t e i n i n w a l l p r o t e i n 
F r a c t i o n p r o t e i n i n c y t o s o l 
F r a c t i o n p r o t e i n i n m i t o c h o n d r i a 
F r a c t i o n p e p t i d e s i n w a l l p r o t e i n 
F r a c t i o n p e p t i d e s i n c y t o s o l 
F r a c t i o n p e p t i d e s i n m i t o c h o n d r i a 
F r a c t i o n o f c a r b o h y d r a t e s i n c y t o s o l 
I n i t i a l f r a c t i o n o f c y t o s o l i n y e a s t 
I n i t i a l f r a c t i o n o f w a l l g l u c a n 

I n i t i a l f r a c t i o n o f w a l l p r o t e i n 
I n i t i a l f r a c t i o n o f m i t o c h o n d r i a 
I n t e r n a l o s m o l a l i t y o f y e a s t c e l l 
Maximum e f f e c t i v e o s m o l a l i t y o f 
r e l e a s e d l y s i s p r o d u c t s 
E q u i l i b r i u m c o n s t a n t f o r o s m o t i c 
s t a b i l i z a t i o n o f p r o t o p l a s t s 
P r o p o r t i o n o f enzyme i n w a l l p r o t e i n 
P r o p o r t i o n o f enzyme i n c y t o s o l 
P r o p o r t i o n o f enzyme i n m i t o c h o n d r i a 

1.326 mg WG/mg WP 
10.58 mg/L-min-%ez 
4424 mg/L 

800 mg/L 
4.441 mg/L-min~%ez 
459.8 mg/1 

919.6 mg/1 

4598 mg/L 
3.987 χ 10-" m i n " 1 

1.6667 m i n " 1 

0.6 m i n " 1 

0.9434 

0.3753 
0.75 
0.0566 
0.1170 
0.05 
0.3145 
0.5612 
0.1922 
0.1450 
0.7652 

0.617 Os/L 

0.539 Os 

8.135 χ lO-^L/mg CS 

0.01 
0.01 
0.01 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



2. HUNTER AND ASENJO Enzymatic Lysis and Disruption of Yeast Cells 21 

The s t r u c t u r e d model s i m u l a t e s t h e p r o g r e s s o f l y s i s i n t e r m s 
o f t h e c e l l ' s s t r u c t u r a l components d u r i n g l y s i s . The d e c r e a s e 
i n WP s t a r t s i m m e d i a t e l y , a s i t i s t h e f i r s t component a t t a c k e d 
by t h e l y t i c enzymes. WG breakdown l a g s WP r e m o v a l , and c y t o s o l 
r e l e a s e l a g s g l u c a n breakdown, as s u g g e s t e d by t h e s e q u e n t i a l i t y 
b u i l t i n t o t h e m o d e l . The m i t o c h o n d r i a a r e r e l e a s e d l a s t , and 
t e n d t o a c c u m u l a t e b e c a u s e t h e y a r e more r e s i s t a n t t o o s m o t i c r u p t u r e 
t h a n t h e p r o t o p l a s t s . A t y p i c a l g r a p h i s shown i n F i g u r e 5a. I n 
F i g u r e 5b, s t r u c t u r e d model e s t i m a t e s o f y e a s t c e l l mass, p r o t e i n , 
p e p t i d e s and c a r b o h y d r a t e s a r e p r e s e n t e d f o r t h e same enzyme and 
y e a s t c o n c e n t r a t i o n s . 

R e s u l t s 

The s i m p l e and s t r u c t u r e d model s i m u l a t i o n s f o r y e a s t mass and 
s o l u b l e p r o t e i n , p e p t i d e s and c a r b o h y d r a t e s a r e compared i n F i g u r e 6 
f o r t h e y e a s t and enzym
i n F i g u r e 7 f o r a c o n c e n t r a t e
f i t s t h e d a t a f a i r l y w e l  y e a s y 
v a r i a b l e e x c e p t t h e p e p t i d e s . The f i t f o r a l l v a r i a b l e s a t l o n g e r 
r e a c t i o n t i m e s i s d i r e c t l y r e l a t e d t o u s e o f t h e e x t e n t - o f - r e a c t i o n 
t e r m Yoo i n t h e y e a s t l y s i s e q u a t i o n . 

The s t r u c t u r e d model p r o v i d e s a d i s t i n c t improvement o v e r t h e 
s i m p l e m o d e l , i n t h e i n i t i a l s t a g e s o f t h e r e a c t i o n . The i n i t i a l 
l a g s i n t h e h y d r o l y s i s o f t o t a l y e a s t mass and c a r b o h y d r a t e i n f i g 
u r e s 6 and 7 a r e v e r y w e l l r e p r e s e n t e d . The p o s s i b i l i t y r e m a i n s 
t h a t t h e i n i t i a l l a g s r e l a t e p a r t l y t o a d s o r p t i o n o f l y t i c enzymes 
t o t h e c e l l w a l l . On t h e t i m e s c a l e o f o u r e x p e r i m e n t s , however, 
a d s o r p t i o n a p p e a r e d t o be i n s t a n t a n e o u s ( 3 5 ) . 

A t h i g h y e a s t c o n c e n t r a t i o n ( f i g u r e 7) a t t h e l a t e r s t a g e s o f 
r e a c t i o n , t h e c a r b o h y d r a t e s c o n t i n u e t o r i s e t h o ugh t u r b i d i t y i s 
l e v e l l i n g o f f . A p p a r e n t l y some w a l l h y d r o l y s i s i s o c c u r r i n g e v e n 
t h o u g h t h e t o t a l y e a s t s o l i d s c o n c e n t r a t i o n i s n o t v i s i b l y d e c l i n i n g . 
T h i s r e s u l t i s i n c o n t r a s t t o f i g u r e 6, where t h e s t r u c t u r e d model 
f o l l o w s c a r b o h y d r a t e d a t a c l o s l e y , and t h e h y d r o l y s i s o f w a l l g l u c a n 
i s e s t i m a t e d t o go e s s e n t i a l l y t o c o m p l e t i o n . P r e s u m a b l y t h e g l u c a n 
a s e a t t a c k s t h e more s u s c e p t i b l e amorphous g l u c a n a t a h i g h e r r a t e 
t h a n t h e f i b r i l l a r g l u c a n f r a c t i o n o f t h e w a l l . Such dependence on 
p h y s i c a l s t r u c t u r e i s w e l l known t o o c c u r i n e n z y m a t i c h y d r o l y s i s o f 
c e l l u l o s e ( 3 8 , 3 4 ) . I f t h e a n a l o g y i s c o r r e c t , t h e amorphous c a r b o -
h y d r a t e d s c o u l d be s o l u b i l i z e d w i t h o u t s u b s t a n t i a l l y c h a n g i n g 
t h e m i c r o f i b r i l n e t w o r k s t r u c t u r e i n t h e w a l l , o r r e l e a s i n g p r o t o 
p l a s t s . C e l l u l o s e / c e l l u l a s e s y s t e m r e s u l t s a l s o s u g g e s t t h a t t h i s 
e f f e c t ought t o be more p r o n o u n c e d a t t h e h i g h e r y e a s t - t o - e n z y m e 
r a t i o shown i n F i g u r e 7, t h a n a t t h e l o w e r r a t i o o f F i g u r e 6. 

A l i m i t a t i o n o f b o t h m o d e l s i s o v e r e s t i m a t i o n o f t h e amount o f 
p r o t e i n r e l e a s e d . P e p t i d e p r e d i c t i o n s by t h e s i m p l e model a r e t o o 
h i g h as w e l l . The e f f e c t r e s e m b l e s a gap i n t h e m a t e r i a l b a l a n c e , 
as i f t h e m o d e l s p r e d i c t a l a r g e r q u a n t i t y o f p r o t e i n a c i o u s m a t e r i a l 
t h a n i s a c t u a l l y p r e s e n t i n t h e c e l l s . P o s s i b l y some c y t o p l a s m i c 
p r o t e i n s a r e n o t r e l e a s e d d u r i n g p r o t o p l a s t b r e a k a g e . I n f i g u r e 6, 
i n s o l u b l e p r o t e i n s c o u l d a c c o u n t f o r a s u b s t a n t i a l p a r t o f t h e 
r e s i d u a l y e a s t a t 90 m i n u t e s d i g e s t i o n . 
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TIME - MINUTES 

u r e 5 S t r u c t u r e d model s i m u l a t i o n o f y e a s t l y s i s 

5a C e l l s t r u c t u r e s 
CY c y t o s o l 

mg/1 

— WG w a l l g l u c a n 

WP w a l l p r o t e i n — - — — - M I m i t o c h o n d r i a 

5b 

4 5 
TIME - MINUTES 

C e l l mass and r e l e a s e d compounds 
"- Y e a s t c e l l mass, mg/1 

mg/1 

- P r o t e i n , mg/1 

P e p t i d e s , mg/1 C a r b o h y d r a t e s , 
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I 

TIME- MINUTES TIME-MINUTES 

TIME-MINUTES TIME-MINUTES 

F i g u r e 6 C o m p a r i s o n o f s i m p l e and s t r u c t u r e d models - I n t i t i a l 
y e a s t c o n c e n t r a t i o n 0.78 g/1 ( d . b ) , 10% enzyme 

S t r u c t u r e d model — S i m p l e model 

F i g u r e 7 C o m p a r i s o n o f s i m p l e and s t r u c t u r e d m o d e l s - I n i t i a l 
y e a s t c o n c e n t r a t i o n 36.3 g/1 (d.b) 40% enzyme 
Symbols as i n f i g u r e 6 
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Work c o n t i n u e s i n two a r e a s : p u r i f i c a t i o n o f t h e l y t i c s y s t e m 
t o a l l o w p r o t e a s e and g l u c a n a s e l e v e l s t o be c o n t r o l l e d i n d e p e n d e n t l y 
and i n v e s t i g a t i o n o f t h e r e l e a s e o f s i t e - s p e c i f i c y e a s t enzymes and 
s u b c e l l u l a r f r a c t i o n s by e n z y m a t i c l y s i s . 

A p p l i c a t i o n s 

The s t r u c t u r e d model's d e t a i l e d a c c o u n t i n g o f t h e f a t e o f c e l l 
s t r u c t u r e s c a n be u s e d t o make p r e d i c t i o n s a b o u t t h e e f f e c t s o f a 
number o f i m p o r t a n t p r o c e s s v a r i a b l e s , f o r example: 

The r a t i o o f l y t i c p r o t e a s e t o g l u c a n a s e i n t h e l y t i c s y s t e m 
The e f f e c t o f pH o r t e m p e r a t u r e on s y n e r g i s m between t h e 

l y t i c enzymes 
E l i m i n a t i o n o f " d e s t r u c t i v e " p r o t e a s e ( f o r b i o a c t i v e p r o t e i n 

r e c o v e r y ) o r s u p p l e m e n t a t i o n w i t h a d d i t i o n a l p r o t e a s e s 
( f o r f o o d an

The a d d i t i o n o f p r o t e a s
l y s i s , e f f e c t i v e l y g p g K^p

O s m o t i c b u f f e r i n g s t r a t e g i e s f o r r e c o v e r y o f b i o a c t i v e p r o t e i n 
f r o m d i f f e r e n t s i t e s i n t h e c e l l . 

C e l l F r a c t i o n a t i o n S i m u l a t i o n . The w a l l p r o t e i n , c y t o s o l and 
o r g a n e l l e s o f y e a s t e a c h c o n t a i n enzymes w h i c h a r e f o u n d nowhere 
e l s e i n t h e c e l l . Some examples o f t h e s e enzymes i n c l u d e i n v e r t a s e 
i n t h e w a l l s , g l y c o l y t i c pathway enzymes i n t h e c y t o s o l and f u m a r a s e 
i n t h e m i t o c h o n d r i a (13) . A model o f r e c o v e r y o f t h e s e enzymes i s 
o f f e r e d h e r e . 

Enzyme a c c u m u l a t i o n . F o r t h e p u r p o s e o f s i m u l a t i o n , w a l l - l i n k e d 
and p e r i p l a s m i c enzymes (WE) a r e c o n s i d e r e d t o be a p a r t o f t h e 
o u t e r w a l l p r o t e i n . C y t o p l a s m i c and m i t o c h o n d r i a l enzymes (CE,ME) 
a r e assumed t o be some f r a c t i o n o f t h e c y t o p l a s m i c and m i t o c h o n d r i a l 
mass, r e s p e c t i v e l y . The e q u a t i o n s d e s c r i b i n g t h e i r r e l e a s e and 
h y d r o l y s i s a r e e x a c t l y a n a l o g o u s t o e q u a t i o n 6 f o r t o t a l l o n g - c h a i n 
p r o t e i n . 

d(WE) 
d t Lewp 

d(WP) 
d t 

(WE) 
Ρ PBR (8) 

d(CE) 
d t 

d (ME) 
d t 

L i e s ) ' 
d t 

CE 
Ρ 'PBR 

W ^ r m [max(0,0.3-0SM x)]'MI - M l .PBR 

(9) 

(10) 

V a r i a b l e s and p a r a m e t e r s a r e i n c l u d e d i n T a b l e I I I . 

F i g u r e 8 shows a s i m u l a t i o n o f enzyme r e c o v e r y f r o m t h e w a l l , 
c y t o s o l and m i t o c h o n d r i a . The c o n c e n t r a t i o n s o f r e c o v e r a b l e enzyme 
a r e n o r m a l i z e d t o t h e i n i t i a l amount o f enzyme p r e s e n t i n t h e c e l l 
s i t e . The c u r v e s r i s e as enzyme i s r e l e a s e d f r o m a s i t e , t h e n f a l l 
as i t i s h y d r o l y z e d . I t may be s e e n t h a t t h e l y t i c s y s t e m i s 
u s a b l e e v e n as a c r u d e p r e p a r a t i o n t o r e c o v e r w a l l l i n k e d y e a s t e n z 
ymes i n 60 t o 80% y i e l d . The y i e l d o f y e a s t w a l l enzyme depends on 
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F i g u r e 8 R e l e a s e o f s i t e - s p e c i f i c enzymes - S i m u l a t i o n 

8a I n i t i a l y e a s t c o n c e n t r a t i o n , 0.78 g/1 
8b I n i t i a l y e a s t c o n c e n t r a t i o n , 36.33 g/1 

— — W a l l enzyme C y t o p l a s m i c enzyme 
·= M i t o c h o n d r i a l enzyme 
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p r o t e a s e a c t i v i t y and i s t h e r e f o r e d i r e c t l y r e l a t e d t o t h e q u a n t i t y 
o f " d e s t r u c t i v e " p r o t e a s e p r e s e n t i n t h e l y t i c s y s t e m . The p r o d u c t 
p u r i t y depends on t h e r e l e a s e o f p r o t e i n s f r o m o t h e r c e l l s i t e s , and 
hence on o s m o t i c f a c t o r s . A t t h e h i g h e r y e a s t c o n c e n t r a t i o n ( F i g . 
8 b ) , few o f t h e p r o t o p l a s t s and none o f t h e m i t o c h o n d r i a r e l e a s e 
t h e i r enzymes i n t o s o l u t i o n . W h i l e t h e y i e l d o f w a l l enzyme i s n o t 
as good a s i n F i g u r e 8 a , t h e p u r i t y i s f a r h i g h e r . W i t h p r o p e r o s 
m o t i c s u p p o r t d u r i n g l y s i s , and b r e a k a g e o f o s m o t i c a l l y s t a b l e p r o t o 
p l a s t s by m e c h a n i c a l means, t h e w a l l , c y t o p l a s m i c and m i t o c h o n d r i a l 
f r a c t i o n s c a n be o b t a i n e d s e p a r a t e l y . 

A s i m u l a t i o n o f s i t e - l i n k e d p r o d u c t r e c o v e r y i s p r e s e n t e d 
i n F i g u r e 9 and T a b l e s I V and V. The c a l c u l a t i o n s assume t h a t s i t e -
l i n k e d enzymes WE, CE, and ME c o n s t i t u t e 1% o f t h e w a l l p r o t e i n , 
c y t o s o l and m i t o c h o n d r i a r e s p e c t i v e l y . I n t h e f i r s t l y s i s s t e p , 
u s i n g 20% l y t i c enzyme b r o t h and o s m o t i c s u p p o r t , 93% o f t h e w a l l 
p r o t e i n (and w a l l enzyme) i s r e l e a s e d f r o m t h e c e l l w a l l . Some i s 
h y d r o l y z e d by t h e " d e s t r u c t i v e
t o be r e c o v e r e d a t t h e en
p r o t o p l a s t s b u r s t d u r i n
The p r o t e i n c o n c e n t r a t i o n i n s o l u t i o n a t t h e end o f t h e h o u r i s 3.83 
g/1 o f w h i c h a b o u t 1% i s WE. I f t h e c e l l s were b r o k e n m e c h a n i c a l l y , 
t h e w a l l enzyme w o u l d c o n s t i t u t e o n l y 0.35% o f t h e t o t a l p r o t e i n , 
even a s s u m i n g t h a t i t c o u l d be c o m p l e t e l y s o l u b i l i z e d . The s i m u 
l a t i o n a l s o shows a r a t i o o f WE t o CE o f 7.8 i n t h e medium a t t h e end 
o f t h e f i r s t s t e p , w h i c h compares t o a r a t i o o f 0.258 on a t o t a l - c e l l 
b a s i s . 

T a b l e I V . P r o c e s s c o n d i t i o n s f o r enzyme r e l e a s e s i m u l a t i o n 

F i r s t l y s i s s t e p : 

Y e a s t 36.33g 
Enzyme 40% 
B u f f e r 0.3 Os/L 
T o t a l v olume 1 L 

R e a c t i o n m i x t u r e c e n t r i f u g e d ; '5% o f s u p e r n a t a n t and 100% o f 
p e l l e t r e t a i n e d and r e s u s p e n d e d i n t w i c e t h e i n i t i a l volume 
o f e n z y m e / b u f f e r s o l u t i o n . 

Second l y s i s s t e p : 

D i g e s t e d y e a s t : 26.90g 
Enzyme 20% 
B u f f e r 0.3 Os/L 
T o t a l v olume 2-L 

B r e a k a g e : by s t i r r i n g o r p a s s a g e t h r o u g h a pump 

P r o t o p l a s t r u p t u r e 95% 
M i t o c h o n d r i a l r u p t u r e 0% 
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T a b l e V. Y i e l d s 
I n i t i a l End o f S t a r t o f End o f A f t e r 

f i r s t s e c o n d s e c o n d p r o t o 
s t e p s t e p s t e p p l a s t 

r u p t u r e 

Y e a s t s o l i d s mg/1 36332 26902 26902 21660 4766 
S o l u b l e p r o t e i n It 8.1 3831.5 191.6 966.9 7307.3 
S o l u b l e p e p t i d e s " 760.7 2135.0 106.7 684.9 2661.5 
S o l u b l e 

c a r b o h y d r a t e s II 655.0 4449.8 222.5 3321.4 8634.7 

W a l l p r o t e i n II 5268.2 371.0 371.0 0.028 0.028 
W a l l g l u c a n II 6983.0 3380.2 908.9 908.9 908.9 
C y t o s o l It 

M i t o c h o n d r i a 
( i n t e r n a l ) II 2780.1 2696.9 2696.9 2424.7 121.0 

M i t o c h o n d r i a 
( r e l e a s e d ) II 0 83.2 83.2 355.4 2659.1 

W a l l enzyme mg/1 0 38.6 .97 4.18 4.18 
C y t o p l a s m i c 

enzyme II 0 4.95 .12 15.24 184.2 
M i t o c h o n d r i a l 

enzyme II 0 0 0 0 0 

The second d i g e s t i o n was i n c l u d e d t o d e c r e a s e t h e amount o f 
s t r u c t u r a l g l u c a n f r o m about 50% t o a b o u t 13% o f i t s o r i g i n a l mass, 
i n o r d e r t o make t h e c e l l s more f r a g i l e , t h u s e a s i e r t o r u p t u r e 
m e c h a n i c a l l y . O n l y a s m a l l amount o f c y t o p l a s m i c p r o t e i n i s r e 
l e a s e d f r o m t h e p r o t o p l a s t s d u r i n g t h i s t i m e - a d e s i r a b l e r e s u l t , 
s i n c e p r o t e i n s e q u e s t e r e d i n s i d e t h e p r o t o p l a s t s i s n o t a t t a c k e d by 
p r o t e a s e . 

A t t h e end o f t h e s e c o n d h o u r t h e r e m a i n i n g p r o t o p l a s t s c a n 
be b r o k e n m e c h a n i c a l l y by s t i r r i n g o r c e n t r i f u g a t i o n . P r o t e a s e 
a c t i v i t y c a n be m i n i m i z e d by k e e p i n g t h e t e m p e r a t u r e l o w . A s s u m i n g 
t h a t 95% o f t h e p r o t o p l a s t s (and none o f t h e s t u r d i e r m i t o c h o n d r i a ) 
a r e b r o k e n by s t i r r i n g , t h e f i n a l p r o t e i n c o n c e n t r a t i o n i s 7.3 g/1, 
o f w h i c h 2.5% i s c y t o p l a s m i c enzyme. A l m o s t a l l o f t h e m i t o c h o n d r i a 
(95.6%) a r e r e l e a s e d d u r i n g t h e s e c o n d l y s i s and p r o t o p l a s t r u p t u r e , 
b u t t h e y r e m a i n w h o l e b e c a u s e t h e b u f f e r o s m o l a l i t y i s k e p t above 
0.3 Os/L. C e n t r i f u g a t i o n o f t h e f i n a l m i x t u r e p r o d u c e s 4.77 g/1 o f 
a p e l l e t , o f w h i c h 2.66 g o r 56% i s m i t o c h o n d r i a and 0.89 g o r 
19%, p r o t o p l a s t s . 

These s i m u l a t i o n s s u g g e s t an a d d i t i o n a l t e s t f o r t h e s t r u c t u r e d 
m o d e l : t h a t i s , t o compare i t s p r e d i c t i o n s t o d a t a on r e l e a s e o f 
s i t e - l i n k e d enzymes i n y e a s t . T e s t s f o r c y t o p l a s m i c and m i t o c h o n 
d r i a l enzyme r e l e a s e w i l l be a i d e d by p r e p a r a t i o n o f a l o w - p r o t e a s e 
l y t i c s y s t e m . 
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C o n c l u s i o n s 

The s i m p l e model i s c o n c e p t u a l l y s t r a i g h t f o r w a r d and g i v e s an 
a p p r o x i m a t e f i t t o t h e d a t a o v e r t h e e n t i r e r a n g e o f v a r i a b l e s 
s t u d i e d : y e a s t c o n c e n t r a t i o n , enzyme c o n c e n t r a t i o n and t i m e . The 
p r o d u c t d i s t r i b u t i o n depends on t h e r e l a t i v e r a t e s o f l y s i s and 
p r o t e o l y s i s . U s i n g a s i n g l e enzyme p r e p a r a t i o n , as was done h e r e , 
t h e r e l a t i v e r a t e s change o n l y w i t h y e a s t c o n c e n t r a t i o n . I n p r a c 
t i c e , however, i n h i b i t i o n o f t h e p r o t e a s e a c t i v i t y , s u p p l e m e n t a t i o n 
o f t h e l y t i c a c t i v i t y w i t h p u r i f i e d g l u c a n a s e s o r m i x i n g o f l y t i c 
s y s t e m s f r o m d i f f e r e n t s o u r c e s can b r i n g a b o u t l a r g e changes i n t h e 
a c t i v i t y r a t i o , w h i c h may be i n c o r p o r a t e d i n t o t h e s i m p l e model 
by a d j u s t i n g and k r . 

The s t r u c t u r e d model i s c o n s i s t e n t w i t h f e a t u r e s o f l y t i c e n 
zyme a c t i o n and y e a s t s t r u c t u r e r e p o r t e d i n t h e l i t e r a t u r e . The 
s e q u e n t i a l r e m o v a l o f the two w a l l l a y e r s , f o l l o w e d by p r o t o p l a s t 
r u p t u r e , a c c u r a t e l y d e s c r i b e
h y d r a t e r e l e a s e . The p r e s e n c
t i m e s was a c c o u n t e d f o r s t a b i l i z a t i o n o f p r o t o p l a s t s by s u b s t a n c e s 
r e l e a s e d f r o m l y s e d c e l l s . The s t r u c t u r e d model c a n be u s e d t o 
e s t i m a t e t h e e f f e c t s o f s e v e r a l p r o c e s s a l t e r n a t i v e s , as shown i n 
a s i m u l a t i o n o f a p r o c e s s f o r r e c o v e r y o f s i t e - l i n k e d enzymes f r o m 
y e a s t . 
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Dual Hollow-Fiber Bioreactor for Aerobic Whole-Cell 
Immobilization 

Ho Nam Chang1, Bong Hyun Chung1, and In Ho Kim 2 

1Department of Chemical Engineering, Korea Advanced Institute of Science and 
Technology, Dongdaemun, Seoul, Korea 
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Aerobically growing Escherichia coli, Aspergillus niger 
and Norcardia mediterrane
interstitial space of a dual hollow-fiber bioreactor 
formed by a parallel arrangement of three microporous 
polypropylene hollow fibers contained within a silicone 
tubule. All three types of cells grew well and attain
ed high densities to reach 550-600 g dry cell weight 
per liter of the cell containing volume. In the culti
vation of E. coli, cell growth among the fibers was not 
uniform and leakage of cells through the fiber walls 
was observed. The unlimited growth of A. niger expand
ed the silicone fiber and compressed the inner fibers 
to reduce the substrate flow rates gradually to zero. 
Only Nocardia mediterranei was grown successfully to 
make possible long term operation of 50 days or more, 
producing antibiotics rifamycin Β with a volumetric 
productivity of 125 μg/mL/h based on the volume occupi
ed by the immobilized cells. This corresponds to a 30-
fold increase over the productivity of a comparable 
batch system. 

For the past fifteen years hollow-fiber membrane bioreactors have 
been extensively used for immobilizing enzymes (1,2.), animal cell s 
(3), microbial cells (4,5) and plant cells (6). Immobilization of 
microbial cells in a hollow-fiber reactor offers some distinct advan
tages over other methods: cells can be easily immobilized without 
much preparation; primary separation of products i s carried out; 
very l i t t l e energy w i l l be consumed in the scale-up operation. How
ever, there are some disadvantages as well. Insoluble substrates 
can not be used and usually substrate pretreatment i s required to 
prevent the fibers from being blocked. In general, polymer-based 
hollow fibers can not be repeatedly heat-sterilized. Inherently the 
transport of gas is d i f f i c u l t and thus the cultivation of aerobic 
cells with high oxygen demand becomes d i f f i c u l t . 

Robertson and his colleagues at Stanford University have exam
ined hollow-fiber membrane bioreactors as a means for continuous 
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production of ^-lactamase and ethanol using IS. c o l i and S_. cerevi-
siae immobilized in the sponge layer of asymmetric hollow fibers 
(7,8). In the _E. c o l i culture cel l s leaked through the fiber walls, 
and the production of carbon dioxide was a problem in the ethanol 
production. Recently Robertson and Kim (9) developed a dual hollow-
fiber bioreactor consisting of silicone tubules for oxygen transport 
and microporous polypropylene hollow fibers for substrate transport 
to study the production of tetracycline using Streptomyces aureofa-
ciens. Higher productivity as compared to that of the batch ferm
entation was achieved. The production remained at high levels for 
three days and declined sharply after that for unknown reasons. 
The present study reports the f i r s t successful long-term cultivation 
of rifamycin-B producing Nocardia mediterranei and the problems 
encountered in growing IS. c o l i and A_. niger cell s in the dual hollow-
fiber bioreactor. 

Materials and Methods 

Materials and strains. Yeast extract, bactopeptone, malt extract 
and trypton were products of Difco Laboratories and glucose was 
from Hayashi Pure Ind. (Tokyo, Japan). E. c o l i (Sigma EC-1, 
alkaline phosphatase-rich mutant) was from Sigma Chemical Co. 
(St. Louis, MO) and Nocardia mediterranei (ATCC 21789) was from 
American Type Culture Collection. Aspergillus niger B-60 was obtain
ed from Kubicek at Technical University Wien (Austria) who used 
this strain for c i t r i c acid production studies (10,11). 

Bioreactor system. The reactor used in this study was constructed 
differently from that of Robertson and Kim (9). The reactor was a 
glass tubing of 30cm length (0.8 cm i.d.) in which ten dual hollow-
fiber units were bundled together in a parallel assemblage. Each 
unit had one silicone tubule (Dow Corning, 0.147 cm i.d., 0.196 cm 
o.d.) that contained three microporous polypropylene hollow fibers 
(Enka, West Germany, 0.03 cm i.d., 0.065 cm o.d.) inside. Robertson 
and Kim used one polypropylene hollow fiber in which three silicone 
tubules were placed to make one polypropylene/silicone fiber assem
blage. Thus the order in silicone and polypropylene fibers was oppo
site to the originally developed bioreactor. The cross section of 
a dual hollow fiber unit i s shown in Figure 1 wherein microbial cells 
are supposed to grow in the restricted i n t e r s t i t i a l space between 
the two fiber walls. The detailed dimensions of the reactor are 
shown in Figure 2. The total volume of the glass tube based on the 
16-cm effective length was 8.04 cm^ and that of the interstice for 
c e l l growth was 1.12 cm^. The c e l l inoculum port was covered with 
rubber through which inoculation could be made with a syringe needle. 

Reactor operation. The polypropylene hollow fibers in the reactor 
were prewetted prior to inoculation with recirculation of 50% ethanol 
and sterilized chemically with 5% formalin solution. Then the react
or was washed by u l t r a f i l t r a t i o n of one l i t e r of autoclaved d i s t i l l e d 
water. The reactor was placed in a water bath maintained at a desir
ed temperature. Cells were inoculated through the inoculation port 
using a syringe needle. The detailed experimental setup i s shown in 
Figure 3. 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

NUTRIENT 

EPOXY SEAL 
235mm 
300mm 

CELL NUTRIENT 
INOCULUM OUT 

\SILICONE RUBBER SEAL 

F i g u r e 2. D e t a i l e d s p e c i f i c a t i o n o f a d u a l h o l l o w - f i b e r 
b i o r e a c t o r . 
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IS. c o l i seed culture from the lyophilized c e l l s was grown in a 
250 mL flask with a LB medium (yeast extract, 10 g/L, trypton, 10 g/L 
, pH 7 adjusted with 1 Ν NaOH) placed on a rotary shaker (250 rpm). 
When the flask culture reached exponential growth phase, i t was di l u 
ted 20 times and inoculated into the reactor. The medium and air 
flow rates were maintained at 2 mL/h and 100 mL/min, respectively. 
In order to see nutrient consumption during the c e l l growth a LB 
medium with 5% glucose was used. The temperature for the seed cult
ure and the reactor operation was 37°C. 

For the A_. niger culture, spores grown in sugar agar slant were 
diluted with sterilized d i s t i l l e d water to a concentration of 10-10 
spores/L and inoculated into the reactor. The medium for the reac
tor operation consisted of sucrose, 60 g/L; ΥΆ^Ο 1 g/L; MgSO,· 
7H20, 0.25 g/L; NĤ NÔ , 2.5 g/L and the pH was adjusted to 3.1 with 
2N HC1. The flow rates for the medium and air were the same as in 
the IS. c o l i case. The temperature was maintained at 30°C. 

The medium for If.
g/L; yeast extract, 5 g/L
(pH 7.3 adjusted with 1 Ν NaOH). The seed culture was carried out 
as in the IS. c o l i culture except the temperature (30°C). When the 
glucose level dropped to 9 - 11 g/L, the seed culture was diluted 
10 times and used in the inoculation. For comparison, a batch cul
ture was performed with the following medium composition: glucose, 
110 g/L; yeast extract, 10 g/L; bactopeptone, 10 g/L; sodium barbi
t a l , 0.7 g/L. The batch fermentation was carried out in a 500 mL 
flask at 30°C and at 250 rpm on a rotary shaker. For the hollow-
fiber reactor the medium flow rate was 1.7 mL/h and the air flow rate 
was 100 mL/min. The medium composition for the reactor operation 
was: glucose, 20 g/L; yeast extract, 5 g/L; malt extract, 5 g/L; 
sodium barbital, 0.5 g/L. 

Analytical methods. After the reactor operation the fibers were cut 
into 10 cm segments and dried in an oven at 90°C for 72 hours. The 
dry mass density was obtained by taking the difference between the 
dry mass of the cut fiber and that of an empty one of equivalent 
length. This difference corresponds to the biomass accumulated in 
the i n t e r s t i t i a l space between the inner and outer fibers. Glucose 
was determined by glucose analyzer (YSI model 23 A, Yellow Springs, 
OH) and rifamycin Β was measured spectrophotometrically at 425 nm. 

Microscopic techniques. Morphological examination of JE. c o l i and 
N_. mediterranei contained in the reactor was done in a Jeol trans
mission electron microscope (model 100CX). The sample was prepared 
according to the method by Robertson and Kim (9). For the picture 
of _A. niger reactor the fiber was cut into 1 mm pieces, which were 
photographed with a light microscope. 

Results and Discussion 

Cultivation of E. c o l i . Figure 4 shows glucose concentration and 
pH histories during the course of IS. c o l i cultivation in the reactor. 
After 4 days IS. c o l i cells began to appear in the effluent, which 
means that the cells in the reactor leaked through the pores of the 
polypropylene membrane which were supposed to be smaller than the 
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Figure 3· Schematic diagra
reservoir, 2. peristalti
4. water bath, 5, air or pure oxygen bombe, 6. rotameter, 7. 
humidifier, 8. inoculum syringe, 9. sampling bottle, 10. effluent 
reservoir. 

DAYS 

Figure 4. Glucose and pH histories in the effluent during the 
course of the dual hollow-fiber reactor operation. - ο -, - · 
; glucose cone, pH. The f i l l e d circles and 
triangles represent the effluents containing E. c o l i c e l l s . 
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size of IS. c o l i c e l l s . Figures 5(a) and 5(b) show the electron micr
ographs of the JE. c o l i c e l l s at the boundary of the polypropylene 
fiber and in the middle region between the two fibers. The cel l s 
were packed like tissue and some of the cells penetrated into the 
isotropic membrane structure. The dry c e l l mass was 550 g/L, which 
i s the highest c e l l mass ever reported in the literature as shown 
in Table 1. This high c e l l mass compares well with 10^ E. c o l i 
cells/mL achieved by Inloes et a l . (7) in the sponge region of a 
hollow-fiber reactor i f we assume that the mass of a single IS. c o l i 
i s roughly 10~12ge Leakage of c e l l s and high c e l l densities seem 
common in this type of reactors in the case of IS. c o l i . 

After the experiment the reactor was dismantled and each of ten 
dual hollow-fiber units was visually examined. Only in 4 out of the 
ten fibers cells were densely packed, which suggests that the med
ium was not adequately supplied to many of these fibers. Probably 
the medium was not equally distributed among the fibers. In other 
words, in some of fiber
the c e l l growth in the fiber
among the fibers of a hollo  problem, 
which was studied in depth in the authors* laboratory (16). The 
work of E, c o l i immobilization in the dual hollow fiber reactor was 
reported previously from the authors 1 laboratory (17). 

Culivation of A_. niger. In the culture of A_. niger B-60, the cell s 
did not leak through the fibers. In other words, no mycelia were 
detected in the effluent. In a l l the fibers the cell s grew well and 
appeared uniform along the fibers, but the silicone tubes were expan
ded and the polypropylene tubes were contracted. Figure 6(a) i s the 
photograph of an empty silicone tube and Figure 6(b) shows the cross 
section of the fiber after 15 days of the A_. niger growth. It was 
observed that the flow rate decreased gradually to zero meaning that 
the pumping head of a pe r i t a l t i c pump was not sufficient to overcome 
the flow resistance exerted by the growing fungi. Thus the continu
ous operation of the reactor was not feasible. It i s suggested that 
the control of the c e l l growth be needed after a growth period by 
switching the culture to a nitrogen deficient medium or by some other 
means. 

Production of rifamycin Β by N. mediterranei. Figure 7 shows the 
results of shake flask culture for rifamycin Β production. After 
8 days of fermentation 60 g/L of glucose was consumed and 820 pg/mL 
of rifamycin Β was produced. This gives a volumetric productivity 
of 4.3 pg of rifamycin/mL/h. The continuous production of rifamycin 
Β in the dual hollow-fiber bioreactor i s shown in Figure 8. The succ
essful production of the antibiotics continued more than 50 days 
without showing signs of decreased production. This i s in contrast 
to the tetracycline production by Robertson and Kim that lasted for 
a few days. The cause of this decline in Robertson and Kim1s work 
has not been understood. Stabilities in the antibiotics production 
in the dual hollow- fiber bioreactor are speculated to be associated 
with reactor design or producing organism or both. 

Two distinct differences are noted between the flask culture and 
the present reactor system. First, the effluent concentration of 
rifamycin Β was ca. l/10th of that obtained in the flask culture. 
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Figure 5. Electron micrographs of densely packed E. c o l i K-12 
c e l l s , (a). The cells at the boundary of the polypropylene fiber 
(pp). Magnification, ΙΟ,ΟΟΟΧ. (b). The cells in the middle space 
between the silicone tube and the polypropylene fiber. Maginifi-
cation, 20,000X. 
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Table 1. Comparison of c e l l mass of IS. c o l i in various 
fermentations. 

System Cell density Reference 

ο Shake-flask culture 1 - 2 g/L 
0 Submerged-culture under 

controlled conditions 10 g/L (12,13) 
ο Submerged-culture with 

pure oxygen supply and 
semi-continuous feeding 
of glucose at 22°C. 

55 g/L (14) 

0 

0 

Immobilization wit
carrageenan bead
Immobilization in a 
hollow-fiber bioreactor 10 1 2 cells/mL (7) 

0 Immobilization in a dual 
hollow-fiber bioreactor 550 g/L This work 

Figure 6. Expansion of silicone tube and contraction of poly
propylene tubes by growing A. niger B-60. The length scale shown 
in the pictures i s 250 pm. (a). Cross section of an empty 
silicone tube. (b). Deformed bioreactor. 
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This i s not small at a l l i f we consider that the residence time in 
the hollow-fiber reactor was 12 minutes based on the total fiber 
lumen voume of 0.339 cm3 while that in the flask culture was 8 days. 
The volumetric productivity of the reactor was 125 pg/mL/h based on 
the void voulme of the reactor where the cells were actually immobi
lized. This was about thirty-fold as compared to that of the flask 
culture. This number drops to 15 or 10 i f we include the reactor 
volume or the volume of the glass tubing used. This high productivi
ty comes essentially from a highly dense c e l l mass in the reactor 
shown in the electron micrograph (Fig. 9). The measured dry c e l l 
mass was 600 g/L. The cells neither penetrated into the propylene 
fibers nor expanded the tubes. This growth characteristics i s in 
good contrast to that of _E. c o l i or A_. niger c e l l s . The cells grew 
uniformly along the fibers, which made possible the successful long-
term operation of the reactor. 

The main advantages of a hollow-fiber reactor system are: very 
l i t t l e energy w i l l be consume
i s accomplished concurrentl
antibiotics or c i t r i c aci  A_. nige  energy 
i s consumed in several days1 of continuous aeration and mixing of 
viscous fermentation broths which adds up to a substantial portion 
of f i n a l production costs. If this membrane bioreactor i s ever suc
cessful in a scale-up operation, there w i l l be a tremendous savings 
in aeration and mixing costs. Also the benefit of primary separa
tion can never be underestimated because simpler downstream process
ing i s a key to production cost reduction. However, as yet, much 
work needs to be done for this reactor to become attractive for 

Figure 9. Electron micrograph of densely packed Nocardia medi
terranei (ATCC 21789) cells near the polypropylene hollow fiber 
(magnification, 25,000X). 
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industrial production of valuable materials. Achieving higher volu
metric productivity i s certainly an advantage, but the f i n a l product 
concentration i s too low for any real recovery process to be consi
dered as compared to that in batch system. Substrate diffusion l i m i 
tation through the membrane can be blamed for this low product con
centration, but this i s not the case considering that more than 80% 
of glucose i s consumed during the 10 minutes1 residence time in the 
IS. c o l i reactor. Oxygen limitation can be a cause for this. Perhaps 
the most important reason i s that cell s in a distressed state can not 
function as well as the cel l s in suspension. The water content of 
the cell s in the hollow-fiber would be around 40% for the cel l s to 
attain such a high dry c e l l weight. Currently we are working on ways 
of increasing the fi n a l product concentration of rifamycin comparable 
to that in the batch system and are trying to improve the stab i l i t y 
in the operation of reactor for A. niger c e l l s . 
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4 
A Membrane Reactor for Simultaneous Production 
of Anaerobic Single-Cell Protein and Methane 

R. K. Finn and E. Ercoli 

School of Chemical Engineering, Cornell University, Ithaca, NY 14853 

Single-cell protein can be produced from agricultural 
residue anaerobically in yields of about 20% (wt. cells 
per wt. substrate) by using a mixed culture of rumen 
bacteria. Even highe
To achieve high cell densities, it is proposed that 
acidic end products be removed by cyclic microfiltration 
into a methanogenic fermentor. Preliminary experiments 
suggest that such a tandem fermentation should be fea
sible on a continuous basis. More data are needed for 
an economic evaluation. 

Very l i t t l e attention has been given to the p o s s i b i l i t i e s for an
aerobic production of s ingle-cel l protein (SCP) from cheap carbohy
drate residues (1,2). The reason for dismissing any anaerobic pro
cess is that cell y ields, according to classical Embden-Meyerhof 
catabolism, are only 10 to 15% of the substrate fermented. In con
trast , aerobic cel l yields of 50 to 60% are easily obtainable. 

However, there are highly eff ic ient anaerobic c e l l s . These 
include the acetogens, propionic bacteria, and above al l the 
various rumen bacteria. The latter can attain cell yields on car
bohydrate of 30 to 35 dry weight (3^4). 1 Such y ield values are 
already corrected for any polysaccharide formation, and in fact the 
protein content of rumen bacteria is about 60% (2). We therefore 
have been considering their use as a protein feecT supplement for 
monogastric animals l ike chickens or pigs. 

The ruminant animal and rumen microorganisms exist in a r e c i 
procally beneficial relationship, in which cellulose and other 
plant carbohydrates are fermented by the rumen microbes to form 
chiefly C02 and volati le fatty acids (VFA). The microorganisms are 
adapted to l ive between pH 5.5 and 7.0, in the absence of oxygen, 

xThese high yields result from a combination of factors including 
low maintenance energy, higher than normal cell yields per mol of 
ATP, and f i n a l l y excess ATP production, which can involve "anaero
bic respiration" with cytochrome b in a fumarate cycle. 

0097-6156/ 86/ 0314-0043506.00/ 0 
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at temperatures of 39° to 4 0 ° C , and in the presence of moderate 
concentrations of fermentation products. These volat i le fatty 
acids, chiefly acetic and propionic, are absorbed through the rumen 
wall to provide energy for the animal. Removal of the acids is 
essential because at concentration above about 0.3% they do inhibit 
cel l growth. Within the rumen though, microorganisms grow very 
e f f i c i e n t l y , and thereby provide single-cel l protein for their host 
animals. Our challenge as engineers is to duplicate in vitro such 
performance. 

Some of the basic ideas of the anaerobic SCP process we are 
developing at Cornell are summarized below. 

Anaerobic SCP Process 

1) Rapid growth of mixed rumen bacteria (e.g. y = 0.16 hr""1 on 
starch) to high cell densities at cel l yields of 30-35% 

2) Membrane removal of inhibitory acid products 
3) The acids feed slowe

ate fermentor 
4) The CH^ generated thus can be used to dry the SCP product 
5) Rapid interchange between the two fermentors is possible with 

alternating pulsed microfi1tration. 

The key to economic cell production is rapid growth to cell densi
t ies l ike those in the rumen, namely 1 0 1 0 or 1 0 1 1 cells/ml. Acidic 
end-products are used to feed a methane generator, so that most of 
the carbon is recovered in a useful form. An unusual feature of 
this process is that rapid u l t r a f i l t r a t i o n rather than slow d i a l y 
sis can be used to feed the methane fermentor. Insoluble sub
strates such as starch, hemicel1ulose or cellulose are retained 
within the rumen fermentor by appropriate membranes. The rapid i n 
terchange of soluble acids between the two fermentors allows only a 
low steady-state concentration to develop in the rumen fermentor 
because conversion to methane proceeds simultaneously in the second 
fermentor. 

Additional features of the process are l isted below. 

1) Broad range of insoluble carbohydrates fermented...crude mixed 
cultures of defined consortia of rumen bacteria. 

2) Ster i le operation may be unnecessary because rumen conditions 
select for a very specialized mixed population. 

3) Safety and nutritional value of the SCP product for use as an 
animal feed has already been proven by studies on ruminant 
animals. 

4) A lower productivity than in an aerobic process is to be expec
ted because of a somewhat lower cel l y i e l d . Overall costs may 
s t i l l be competitive because of simpler equipment and energy 
savings. 

5) Fed-batch or continuous operation seems feasible. 
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We have done o n l y p r e l i m i n a r y e x p e r i m e n t a l work u s i n g m a i n l y g l u 
c o s e and s u g a r b e e t p u l p as s u b s t r a t e s . We have n o t y e t combined 
t h e m e t h a n o g e n i c s t e p ; i n s t e a d we have u s e d a b u f f e r e d s a l t s medium 
i n t h e s e c o n d chamber t o remove i n h i b i t o r y end p r o d u c t s . 

P r o c e d u r e s . The b a s a l medium c o n t a i n e d m i n e r a l s a l t s , y e a s t e x 
t r a c t (0.1 g / J l ) , t r y p t i c a s e (0.1 g/λ), c y s t e i n e h y d r o c h l o r i d e (0.4 
g/£) as a r e d u c i n g a g e n t , and r e a z u r i n as a r e d o x i n d i c a t o r . The 
base u s e d t o m a i n t a i n a c o n s t a n t pH was sodiu m c a r b o n a t e . Some 
media i n c l u d e d hemin (2 t o 6 mg/V) b e c a u s e most s t r a i n s o f B a c t e r o -
i d e s r u m i n i c o l a , a ma j o r t y p e o f rumen b a c t e r i a , a r e s t i m u l a t e d by 
th e a d d i t i o n o f s m a l l amounts o f hemin t o t h e medium ( 5 ) . F o r 
examp l e , t h e m o l a r g r o w t h y i e l d of B a c t e r o i d e s f r a g i l e s subsp 
f r a g i l i s i n c r e a s e d f r o m 17.9 t o 47.0 ( g d r y w e i g h t c e l l p e r mol o f 
g l u c o s e ) when 2 mg/I o f hemin were added ( 6 ) . M e d i a were i n o c u 
l a t e d w i t h f r e s h rumen f l u i d t a k e n f r o m a cow f e d w i t h g r a i n and 
hay. The samples were

P r o t e i n was d e t e r m i n e
l y s i s w i t h 0.2N NaOH (100°C, 15 m i n ) . T o t a l n i t r o g e n was measured 
by t h e m i c r o - K j e l d a h l method w i t h s u l f u r i c a c i d / h y d r o g e n p e r o x i d e 
r e a g e n t j t h e ammonia was d e t e c t e d w i t h N e s s l e r f s r e a g e n t . G l u c o s e 
was measured by s t a n d a r d c o l o r i m e t r i c a s s a y u s i n g d i n i t r o s a l i c y l i c 
a c i d . S t a r c h was h y d r o l y z e d w i t h c o n c e n t r a t e d HC1 and t h e n d e t e r 
mined as s u g a r . 

R e s u l t s . To e s t a b l i s h optimum g r o w t h c o n d i t i o n s , we use d i n t h e 
e a r l y e x p e r i m e n t s a low c o n c e n t r a t i o n o f t h e c a r b o n s o u r c e . Re
moval o f t h e i n h i b i t o r y a c i d s i s t h e n u n n e c e s s a r y . 

T a b l e I shows r e s u l t s f o r a mixe d p o p u l a t i o n o f rumen b a c t e r 
i a . The f e r m e n t a t i o n s were c o m p l e t e ( e s s e n t i a l l y no r e s i d u a l g l u 
c o s e ) a f t e r 6 t o 7 h o u r s . 

T a b l e I . Growth of Rumen B a c t e r i a on G l u c o s e 

S u b s t r a t e Hemin Growth r a t e N i t r o g e n * E s t ' d c e l l * * 
Cone. (mg/*) (h l ) F i x e d y i e l d 
(g/λ) ( g / « ( g / g s u b s t r . ) 

5 - 0.61 0.071 0.15 
5 6 0.66 0.090 0.19 ( 0 . 1 8 ) 

15 - 0.60 0.126 0.08 

*Net u t i l i z a t i o n o f s o l u b l e n i t r o g e n f r o m t h e medium, i . e . c o n v e r 
t e d i n t o b i o m a s s . 
**The c e l l y i e l d was e s t i m a t e d f r o m t h e n i t r o g e n f i x e d , a s s u m i n g 
50% p r o t e i n c o n t e n t f o r t h e c e l l s , 15% n u c l e i c a c i d s . The v a l u e 
shown i n p a r e n t h e s i s was measured d i r e c t l y by d r y w e i g h t . 

The r e s u l t s i n T a b l e I show t h a t c e l l y i e l d s a r e l o w e r t h a n e x p e c 
t e d b u t t h a t added hemin s t i m u l a t e s g r o w t h . The low y i e l d o f c e l l s 
a t h i g h e r g l u c o s e c o n c e n t r a t i o n may be ca u s e d by a c c u m u l a t e d a c i d s 
s u p p r e s s i n g g r o w t h w h i l e a l l o w i n g f e r m e n t a t i o n t o p r o c e e d . 
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Using starch as substrate yields were also low. An explanation may 
be that Streptococcus bovis, a homofermentative l a c t i c acid 
organism common in the rumen grows rapidly on starch with low yield 
of biomass (&). Table n shows some of the results for fermentation 
of sugar beet pulp (SBP). 

Table II. Growth of Rumen Bacteria on Sugar Beet Pulp, (5% 
inoculum) 

Substrate Hemi η Nitrogen E s f d cel l 
Cone. (mg/£) fixed yield 
(9/A) (g/A) (g/g subst. supplied) 

5 _ 0.067 0.14 
5 2 0.075 0.16 
5 4 0.074 0.16 
5 6 0.086 0.18 

10 6 
20 - 0.203 0.10 

The y ield values in Table II are based on substrate supplied; the 
quantity unfermented could not be readily measured. The incorpora
tion of nitrogen from the medium is similar to that observed for 
glucose. 

Growth rates on sugar beet pulp were slower than on glucose, 
as indicated by comparison of the solid lines in Figure 1, where 
nitrogen in the solids fraction provides a measure of biomass. The 
rate of acid production (broken lines in Figure 1) was also slower 
for the sugar beet pulp; from the slopes of such lines one can 
estimate the rate at which i t will be necessary to remove acids 
from a fermentation with higher substrate concentrations. 

Early experiments were done using simple dialysis in a 2-cham-
bered membrane apparatus constructed from 3-inch glass pipe (Figure 
2). Starch was added periodically to the rumen bacteria so as to 
simulate a fed-batch operation. A dialysis membrane was held 
between flanges separating the two chambers. The rate of acid 
removal was too slow, however, in this simple dialysis apparatus. 
Consequently, a microfi1tration chamber was arranged as shown in 
the diagram of Figure 3. Plugging or fouling of the m i c r o f i l t r a -
tion membrane can be avoided by changing the pressure periodically 
on either side of the membrane. Flow then osci l lates across the 
membrane. Such cycling can be accomplished without changing the 
pressure in either of the fermentors by using two small centrifugal 
pumps and the valve arrangement shown at the top of the diagram. 
Both pumps operated continuously. The solenoid valves were a l t e r 
nately opened and closed on 30-second repeat cycles. Back-pressure 
valves were set to provide circulation through the membrane cham
bers while maintaining also a positive pressure for m i c r o f i l t r a -
t i o n . Each of the fermentation chambers had a working volume of 
1.5 l i t e r s and there was an additional holdup of 0.5 l i t e r s on each 
side of the f i l t r a t i o n chamber. A single membrane of polytetra-
f1uoroethylene was used. It had a pore size of 0.22 micrometers 
and an area of 155 cm . Preliminary experiments have indicated 
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T i m e , h 
F i g u r e 1. Time c o u r s e o f t h e rumen f e r m e n t a t i o n . S o l i d l i n e s 
show n i t r o g e n i n t h e s o l i d s f r a c t i o n f o r 5 g / l i t e r g l u c o s e 
( s o l i d c i r c l e s ) and f o r 5 g / l i t e r s u g a r b e e t p u l p (open 
c i r c l e s ) . The h i g h i n i t i a l v a l u e f o r s u g a r b e e t p u l p r e p r e 
s e n t s i t s p r o t e i n c o n t e n t as r e c e i v e d . 

B r o k e n l i n e s show t h e c o r r e s p o n d i n g amounts o f 25% aqueous 
Na2CÛ3 u s e d f o r m a i n t a i n i n g c o n s t a n t pH d u r i n g f e r m e n t a t i o n o f 
th e g l u c o s e o r s u g a r b e e t p u l p . 
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STARCH 

RUMEN 

BACTERIA 

METHANOGENIC 

BACTERIA 

F i g u r e 2. Diagr a m o
w i t h a d i a l y s i s membrane a t t h e f l a n g e s e p a r a t i n g t h e two 
chambers. No f o r c e d f l o w t h r o u g h t h e membrane. 

1 BACK-PRESSURE VALVES 

2 S GLENOID VALVES 

RUMEN 

BACTERIA 

METHANOGENIC 

BACTERIA 

<y1 κ ) 
F i g u r e 3. P r o c e s s scheme f o r m i c r o f i l t r a t i o n w i t h c y c l i n g 
f l o w back and f o r t h between t h e two f e r m e n t a t i o n chambers. 
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that i t is possible to get a net interchange of the total volume 
ten times per hour, even with rumen bacteria and starch particles 
present. Longer cycle times than 30 seconds are needed, however, 
to allow for adequate mixing of the permeate into the bulk f l u i d . 

From the slope of the curve for addition of sodium carbonate 
to the rumen fermentation of starch, one can estimate tht the net 
rate of acid formation is equivalent to 36 millimoles of acetic 
acid per l i t e r per hour. If a level of no more than 0.2% acid must 
be maintained in the rumen fermentor, then the exchange rate across 
the membrane must be at least one l i t e r per hour or half of the 
total reactor volume each hour. This is well below the observed 
exchange rate of 20 l i t e r s per hour. 

In summary, we have described an anaerobic process for single-
cel l protein from crude carbohydrates. The inhibitory by-products 
are simultaneously converted into methane. Mass transfer l i m i t a 
tions can be avoided by using microfTitration rather than d i a l y s i s . 
Further study of the kinetics and improvements in y ield will be 
necessary in order to mak
cesses for s ingle-cel l protein. 
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5 
Membrane Processes in the Separation, Purification, and 
Concentration of Bioactive Compounds 
from Fermentation Broths 

Enrico Drioli 

Instituto di Principi di Ingeneria Chimica, Università degli Studi di Napoli, 
Piazzale Tecchio, 80125 Napoli, Italy 

The potential o
ques (such as
ultrafiltration (UF), Reverse Osmosis (RO)and 
electrodialysis (ED) ) and membrane reactors 
in the treatment of fermentation broths are 
huge. The synergistic effects obtainable by 
designing the overall b iο technolog ica l pro
cess combining various membrane technique are 
particularly significant. 
In this paper experimental results are descri
bed which refer to processes of industrial 
interest studied assuming membrane technolo
gies as the best available. 
The separation,purification and concentration 
of a thermosensitive bioactive compound from 
a lysate has been carried out combining UF, 
ion exchange and RO with significant cost re
duction and productivity increase. Enzyme mem
brane reactors have been used for triglyceride 
enzymatic hydrolysis and product separation. 
Thermophilic,thermostable enzyme ultraf i l tra
tion membrane have been prepared, and used in 
high temperature lactose hydrolysis. 

T h e t e r m D o w n s t r e a m P r o c e s s i n g i n B i o t e c h n o l o g y r e f e r s t o 
t h e c h a i n o f u n i t o p e r a t i o n s t h a t a r e c o m b i n e d i n t o a s y s 
t e m f o r t h e r e c o v e r y , p u r i f i c a t i o n , s e p a r a t i o n a n d c o n c e n 
t r a t i o n o f t h e p r o d u c t s a t t h e l o w e s t p o s s i b l e c o s t a n d 
h i g h e s t p o s s i b l e r e c o v e r y f a c t o r a n d q u a l i t y . 
T h e r e c o v e r y s t e p g e n e r a l l y r e p r e s e n t s a l a r g e p a r t o f t h e 
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o v e r a l l c a p i t a l i n v e s t i m e n t i n a f e r m e n t a t i o n p l a n t a n d 
i t s c o s t e f f i c i e n c y i s a k e y f a c t o r f o r t h e p r o d u c t i o n o f 
b i o t e c h n o l o g i c a l c o m p o u n d s . 
T h e r e c o v e r y o f b i o a c t i v e m a t e r i a l s f r o m t h e f e r m e n t a t i o n 
b r o t h i s g e n e r a l l y c o m p l i c a t e d b y t h e f a c t t h a t t h e b i o -
p r o d u c t s a r e i n v e r y l o w c o n c e n t r a t i o n i n t h e s e o f t e n u n 
s t a b l e , n o n - n e w t o n i a n s y s t e m s . T h e d o w n s t r e a m p r o c e s s i n g i s 
a k e y a r e a f o r f u r t h e r d e v e l o p m e n t o f b i o t e c h n o l o g y . Mem
b r a n e t e c h n o l o g i e s a n d p a r t i c u l a r l y UF,MF a n d RO c a n be 
c o n s i d e r e d a s b r o a d c o r e t e c h n o l o g i e s i n t h i s i n d u s t r i a l 
s e g m e n t ( 1 ) . 
I n T a b l e I a r e s u m m a r i z e d t h e m a r k e t v a l u e s o f v a r i o u s p r o 
d u c t s o f i n t e r e s t i n b i o t e c h n o l o g i c a l p r o c e s s e s . T h e i r 
c o s t s o f p r o d u c t i o n o n l a r g e s c a l e w i l l b e a f f e c t e d s i g n i 
f i c a n t l y a n d p o s i t i v e l
I n T a b l e I I a r e s u m m a r i z e
o f i n t e r e s t f o r b i o t e c h n o l o g y . 
T h o s e s y s t e m s c a n c o n t r i b u t e i n g e n e r a l t o : i m p r o v e m e n t s 
i n m e t h o d s f o r r e c o v e r y a n d r e u s e o f e n z y m e s o r w h o l e 
c e l l s ; d e v e l o p m e n t i n m e t h o d s f o r b i o c a t a l y s t i m m o b i l i z a 
t i o n ; d e v e l o p m e n t o f e n z y m e m e m b r a n e r e a c t o r s . 

M e m b r a n e S y s t e m s i n D o w n s t r e a m P r o c e s s e s 

T r a d i t i o n a l f e r m e n t a t i o n g e n e r a l l y i n v o l v e s many p r o c e s s 
s t e p s w h i c h a r e i n e f f i c i e n t a n d u n e c o n o m i c a l i n t e r m s o f 
u t i l i z a t i o n o f r a w m a t e r i a l s , r e c o v e r y o f p r o d u c t , a n d e n e r 
g y c o n s u m p t i o n . C o n t i n u o u s c r o s s - f l o w m e m b r a n e m i c r o - f i l 
t r a t i o n a n d u l t r a f i l t r a t i o n , w h e n c o r r e c t l y i n t r o d u c e d , 
h a v e b e e n s h o w n t o i m p r o v e t h i s p r o c e s s s i g n i f i c a n t l y . 
T h e p o s s i b i l i t y o f t r e a t i n g l i q u i d s c o n t a i n i n g s u s p e n d e d 
s o l i d s b r o a d e n s t h e s c o p e o f m e m b r a n e f i l t r a t i o n . Commer
c i a l l y a v a i l a b l e c a p i l l a r y m e m b r a n e s a n d t u b u l a r m e m b r a n e s 
h a v e b e e n u s e d f o r t h e c o n c e n t r a t i o n o f b r o t h s o f b a c t e r i a , 
y e a s t s a n d m o u l d s , a n d f o r s t e r i l e f i l t r a t i o n o f s o l u t i o n s 
o f p r o t e i n s , e n z y m e s , v a c c i n e s a n d a m i n o a c i d s ( 3 . ) . 
F o u l i n g p r o b l e m s h a v e b e e n s o l v e d b y a p e r i o d i c b a c k f l u s h -
i n g o f t h e m e m b r a n e . 
F l u i d s c o n t a i n i n g u p w a r d s o f 5 0 % t o 6 0 % s u s p e n d e d s o l i d s 
b y v o l u m e c a n b e p u m p e d t h r o u g h a w e l l - d e s i g n e d m e m b r a n e 
m o d u l e e a s i l y a c h i e v i n g v e r y h i g h l i q u i d - p h a s e r e c o v e r i e s 
f r o m w h o l e f e r m e n t a t i o n b r o t h s (2). When u l t r a f i l t r a t i o n 
m e m b r a n e s a r e u s e d o n t h e b r o t h s ( o r o n t h e p e r m e a t e f r o m 
a m i c r o f i l t r a t i o n s t a g e ) , r e t e n t i o n o f t h e s o l u b i l i z e d ma-
c r o m o l e c u l a r s o l u t e s , a s w e l l a s p a r t i c u l a t e a n d c o l l o i d a l 
m a t e r i a l , w i l l b e a c c o m p l i s h e d , g i v i n g a f i l t r a t e c o n t a i 
n i n g o n l y r e l a t i v e l y l o w m o l e c u l a r w e i g h t s o l u t e s . 
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T a b l e I . T o t a l m a r k e t v a l u e s f o r t h e v a r i o u s p r o 
d u c t c a t e g o r i e s . 

N u m b e r o f C u r r e n t v a l u e P r o d u c t c a t e g o r y χ c o m p o u n d s ( $ m i l l i o n s ) 

A m i n o a c i d s 
V i t a m i n s 
E n z y m e s 
S t e r o i d h o r m o n e s ...
P e p t i d e h o r m o n e s ...
V i r a l a n t i g e n s 
S h o r t p e p t i d e s 
N u c l e o t i d e s 
M i s c e l l a n e o u s p r o t e i n s 
A n t i b i o t i c s 
G e n e p r e p a r a t i o n s . . . 
P e s t i c i d e s 
A l i p h a t i c s : 

M e t h a n e 
O t h e r 

A r o m a t i c s 
I n o r g a n i c s 
M i n e r a l l e a c h i n g .... 
B i o d é g r a d a t i o n 

T o t a l s 

9 $ 1 , 7 0 3 . 0 
6 6 6 7 . 7 

11 2 1 7 . 7 
6 3 7 6 . 8 

2 4.4 
2 7 2 . 0 
2 a 3 0 0 . 0 
4 b 4 , 2 4 0 . 0 
3 Ν I A 
2 b 1 0 0 . 0 

1 1 2 , 5 7 2 . 0 
2 4 c 2 , 7 3 7 . 5 
1 0 c 1 , 2 5 0 . 9 
2 2 , 6 8 1 . 0 
5 Ν I A 

Ν I A Ν J A 
1 0 7 $ 2 7 , 1 8 6 . 7 d 

a O n l y t w o o f a n u m b e r o f c o m p o u n d s a r e c o n s i d e r e d h e r e . 
D T h e s e n u m b e r s r e f e r t o m a j o r c l a s s e s o f c o m p o u n d s ; n o t 

a c t u a l n u m b e r s o f c o m p o u n d s . 
c T h e s e n u m b e r s r e f e r o n l y t o t h o s e c o m p o u n d s r e p r e s e n t i n g 

t h e l a r g e s t m a r k e t v o l u m e i n c l a s s e s s p e c i f i e d i n t h e 
t h e x t . 

d C u r r e n t v a l u e e x c l u d i n g m e t h a n e = $ 1 4 , 6 1 4 , 7 0 0 . 0 0 0 

SOURCE : G e n e x C o r p . ( J j . 
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Membrane Processes Used Today i n Biotechnology 

Membrane Type Driving Force Mass Separation 
Mechanism Area of Ap p l i c a t i o n 

M i c r o f i l -
t r a t i o n 

Symmetric micro-
porous polymer 
membrane. Pore 
s i z e 0.05-10 μ Πι 

Hydrostatic 
pressure 1-
5 bar 

Sieving mechanism, 
pore s i z e and par
t i c l e diameter de
termine separation 
c h a r a c t e r i s t i c s 

S t e r i l e f i l t r a t i o n , 
c l a r i f i c a t i o n , c e l l 
harvesting b a c t e r i a , 
v i r u s e s separation. 

U l t r a f i l 
t r a t i o n 

Asymmetric micro-
porous polymer 
membrane. Pore 
s i z e 1-50 nm 

Hydrostatic 
pressure 2-
10 bar 

Sieving mechanism, 
pore s i z e , and par
t i c l e diameter de
termine separation 
c h a r a c t e r i s t i c s 

Separation, concen
t r a t i o n and p u r i f i 
c ation of macro-
molecular solutions 
such as proteins, 
enzymes, polypep
t i d e s  etc

Reverse 
Osmosis 

Asymmetric mem
brane with homo
geneous skin 
and microporous 
sub- or support 
structure 

pressure ΙΟ
Ι 00 bar 

mechanism, solu
b i l i t y , and d i f -
f u s i v i t y of i n d i v 
i d u a l components 
i n the homogeneous 
polymer matrix 
determine separa
t i o n character
i s t i c s . 

microsolutes, such as 
s a l t s , sugars, amino 
acids, etc., recovery 
of water from micro
b i o l o g i c a l processes. 

Membrane Symmetric or P a r t i a l vapor P a r t i a l vapor pres Separation v o l a t i l e 
D i s t i l l a  asymmetric pressure gra sure, separation organic solvents such 
t i o n mainly hydro dient i n t r o  mechanism i s the as acetone, ethanol, 

phobic micro- duced by a same as i n d i s  etc. from aqueous 
porous membrane temperature t i l l a t i o n . fermentation s o l u t i o n . 

d i f f e r e n c e 

Pervapor- Asymmetric mem P a r t i a l vapor S o l u t i o n - d i f f u s i o n Separation of organic 
ation brane with homo pressure gra mechanism, solu solutions such as 

geneous skin dient 0.001 to b i l i t y and d i f f u s - ethanol, butanol, 
and microporous 1 bar i v i t y of i n d i v i d u  a c e t i c a c i d , etc. from 
substructure. a l components i n aqueous so l u t i o n s , 

the polymer matrix e s p e c i a l l y separation 
determine separa of azeotropic mixtures. 
t i o n character
i s t i c s . 

E l e c t r o - Cation- and E l e c t r i c a l E l e c t r i c charges Removing s a l t s , acids, 
d i a l y s i s anion-exchange p o t e n t i a l of p a r t i c l e and bases from f e r 

membrane di f f e r e n c e mentation broths, sep
aration of amino 
acids, etc. 

Liq u i d Symmetric or Chemical p.e. C a r r i e r S e l e c t i v e removing 
supported asymmetric p o t e n t i a l transport of s a l t s , b i o a c t i v e 
membranes microporous gradients compounds, etc. 

membranes sup
porting l i q u i d 
phase 
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T h i s f i l t r a t e m i g h t be a l s o m o r e e a s i l y t r e a t e d b y r e v e r s e 
o s m o s i s i f i t s c o n c e n t r a t i o n o f l o w m o l e c u l a r w e i g h t c o m 
p o u n d s i f o f i n t e r e s t . 
T h o s e p r o c e s s e s c a n be c o n s i d e r e d i d e a l p r e t r e a t m e n t f o r 
r e v e r s e o s m o s i s p r o c e s s e s . T h e c o n c e n t r a t i o n a n d p u r i f i c a 
t i o n o f a n t i b i o t i c s b y s e q u e n t i a l UF a n d R O , i s a n e x a m p l e . 
T h e r e m o v a l o f a n t i g e n i c c o n t a m i n a n t s p r e s e n t i n b i o l o g i 
c a l m i x t u r e s v i a t h e c o m b i n e d u s e o f i m m u n o c o m p l e x a t i o n 
a n d u l t r a f i l t r a t i o n h a s a l s o b e e n s u g g e s t e d ( 3_) . 
An i n t e r e s t i n g a p p l i c a t i o n h a s b e e n d e v e l o p e d a t i n d u s t r i 
a l s c a l e f o r t h e r e c o v e r y o f a p a r t i c u l a r l y u n s t a b l e a m i n o 
a c i d f r o m a l y s a t e ( 4 ) . T h e t r a d i t i o n a l d o w n s t r e a m p r o c e s s 
a f t e r y e a s t e n r i c h m e n t i n a f e r m e n t o r c o n s i s t e d o f a ) c e n 
t r i f u g e f o r c e l l s s e p a r a t i o n ; b ) t h e r m a l l y s i s ; c ) c e n t r i 
f u g e f o r s o l i d p a r t s e p a r a t i o n
u s i n g s p e c i f i c c o m p l e x i n
c e n t r i f u g a t i o n ; f ) p u r i f i c a t i o n a n d t r a n s f o r m a t i o n i n t o a 
c o m p o u n d s o l u b l e i n w a t e r ; g ) p r e c i p i t a t i o n s w i t h a n o r g a 
n i c s o l v e n t ; h ) f i l t r a t i o n ; i ) p u r i f i c a t i o n o n a c t i v a t e d 
c a r b o n ; 1) f i l t r a t i o n ; m) l y o p h i 1 i z a t i o n ( s e e F i g u r e 1 ) . 
T h e s t u d y c a r r i e d o u t o n t h i s p r o c e s s s h o w e d t h e p o s s i b i 
l i t y o f d e c r e a s i n g s i g n i f i c a n t l y t h e p r o d u c t i o n c o s t s , a n d 
t i m e o f o p e r a t i o n , i n c r e a s i n g p r o d u c t q u a l i t y a n d p r o c e s s 
s a f e t y b y u s i n g u l t r a f i l t r a t i o n i n p l a c e o f p u r i f i c a t i o n 
b y p r e c i p i t a t i o n w i t h o r g a n i c s o l v e n t s ( e . g . m e t h a n o l ) . 
A r e c o v e r y f a c t o r o f 9 7 - 9 8 % o f S - a d e n o s y 1 - L - m e t h i o n i n e was 
o b t a i n e d , u s i n g u l t r a f i l t r a t i o n c a p i l l a r y m e m b r a n e s ( B e r -
g h o f FDR) w i t h c u t - o f f o f t h e o r d e r o f 1 0 . 0 0 0 M.W. a t 1 
a t m a p p l i e d p r e s s u r e a n d 2 0 °C. F l u x e s o f t h e o r d e r o f 
30 1/m h w e r e n o r m a l a t s t e a d y s t a t e . 
P y r o g e n s w e r e c o m p l e t e l y a b s e n t i n t h e p e r m e a t e p r o d u c t . 

A t H P L C t h e p r o d u c t p u r i t y was p a r t i c u l a r l y h i g h . 
T h e p o s s i b i l i t y o f c o m b i n i n g UF w i t h i o n - e x c h a n g e c o l u m n s 
a n d f i n a l c o n c e n t r a t i o n o f t h e e l u a t e b y r e v e r s e o s m o s i s 
h a s b e e n a l s o a n a l y z e d i n d e t a i l ( s e e F i g u r e 2 ) . 
R e d u c t i o n o f t h e c o s t s f o r c o l u m n r e g e n e r a t i o n , a n d w a s t e 
w a t e r t r e a t m e n t was o b s e r v e d . H i g h r e c o v e r y f a c t o r up t o 
9 0 % was o b t a i n e d i n t h e R0 c o n c e n t r a t i o n s t e p , w i t h f i n a l 
c o n c e n t r a t i o n s h i g h e r t h a n 8 0 g / 1 . 
T h e a m o u n t o f a c t i v a t e d c a r b o n u s e d i n t h e f i n a l p u r i f i c a 
t i o n s t e p d e c r e a s e d m o r e o v e r f r o m 1 K g t o 1 5 0 g . p e r K g o f 
r a w m a t e r i a l t r e a t e d . T h e f a c t t h a t no o r g a n i c s o l v e n t s 
w e r e r e q u i r e d i n a l l t h e p r o c e s s g a v e a n o v e r a l l c o s t r e 
d u c t i o n o f f e w h u n d r e d d o l l a r s p e r K g o f f i n a l b i o a c t i v e 
p r o d u c t . 
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F i g u r e 1. T r a d i t i o n a l d o w n s t r e a m p r o c e s s : 1 ) e n r i c h m e n t ; 
2) c e n t r i f u g a t i o n ; 3 ) t h e r m a l l y s i s ; 4 ) v a c u u m f i l t e r ; 
5) c h e m i c a l p r e c i p i t a t i o n ; 6 ) c e n t r i f u g a t i o n ; 7 ) p u r i f i c a 
t i o n b y s o l u b i l i z a t i o n ; 8 ) r e p r e c i p i t a t i o n ; 9 ) f i l t r a t i o n ; 
1 0 ) a c t i v e c a r b o n j l l ) f i l t r a t i o n ; 1 1 ) l y o p h i 1 i z a t i o n . 

F i g u r e 2. M o d i f i e d P r o c e s s : 6 ) u l t r a f i 1 t r a t i o n ; 8 ) i o n 
e x c h a n g e ; 9) R e v e r s e O s m o s i s . 
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E n z y m e M e m b r a n e R e a c t o r s 

I n t h e p r e v i o u s e x a m p l e s t h e m e m b r a n e s h a v e b e e n c o n s i d e 
r e d g e n e r a l l y a s s e m i p e r m e a b l e b a r r i e r s f o r t h e s e p a r a t i o n 
o f s m a l l m o l e c u l e s f r o m b i g g e r o n e s . When i n p a r a l l e l t o 
t h e s e p a r a t i o n a c h e m i c a l r e a c t i o n t a k e s p l a c e i n t h e b u l k 
s o l u t i o n o r i n t h e m e m b r a n e i t s e l f , t h e s y s t e m may be i d e n 
t i f i e d a s a t r u e m e m b r a n e r e a c t o r . A c l a s s i c a l e x a m p l e i s 
a s t i r r e d - t a n k e n z y m a t i c r e a c t o r c o n n e c t e d b y a c o n t i n u o u s 
r e c i r c u l a t i o n l o o p t o a n u l t r a f i l t r a t i o n o r d i a l y s i s u n i t . 
S u c h a s y s t e m , w h e n w e l l d e s i g n e d , p e r m i t s t h e c o n t i n u o u s 
r e m o v a l o f t h e r e a c t i o n p r o d u c t s f r o m t h e b u l k s o l u t i o n 
w i t h o u t l o s s o f e n z y m e ( o r t h e i n s o l u b l e o r m a c r o m o l e c u l a r 
s u b s t r a t e ) . 
T h e u s e o f m e m b r a n e s e p a r a t i o
o u s f e r m e n t a t i o n s y s t e m
c a s e i t i s p o s s i b l e t o i n c r e a s e t h e p r o d u c t i v i t y o f p r o 
d u c t - i n h i b i t e d f e r m e n t a t i o n , f o r e x a m p l e , b y t h e c o n t i n u 
o u s r e m o v a l o f t h e l o w m o l e c u l a r w e i g h t p r o d u c t s . T h e e n 
z y m a t i c d e g r a d a t i o n o f c e l l u l o s e t o a l c o h o l , w h e r e t h e m i 
c r o o r g a n i s m s u s e d a r e i n h i b i t e d a t a n a l c o h o l c o n c e n t r a 
t i o n h i g h e r t h a n 1 2 % , m i g h t be i m p r o v e d b y t h e u s e o f t h i s 
c o n c e p t . 
R e c e n t l y , a s i m i l a r p r o c e s s h a s b e e n a p p l i e d b y D e g u s s a f o r 
t h e p r o d u c t i o n o f L - a m i n o a c i d s . I n t h i s c a s e , L - a m i n o a c 
i d s a r e o b t a i n e d b y b i o c a t a l y t i c d i v i s i o n o f s y n t h e t i c a l l y -
p r o d u c e d a c e t y l D L - a m i n o a c i d s b y m e a n s o f e n z y m e s . U n l i k e 
t h e p r e v i o u s t y p e o f f i x e d - b e d r e a c t o r w i t h c a r r i e r - l o c a 
t e d a c y l a s e , t h e new a p p r o a c h e m p l o y s t h e e n z y m e i n s o l u 
b l e f o r m , a n d u s e s a m e m b r a n e f o r s e p a r a t i n g t h e e n z y m e 
f r o m t h e r e a g e n t s o l u t i o n . T h i s a v o i d s l o s s e s a t t h e immo
b i l i z i n g s t a g e a n d r e d u c e s e n z y m e c o n s u m p t i o n (JL) . 
O t h e r a d v a n t a g e s a r e t h a t t h e e n z y m e c o n t e n t c a n be c o n t i 
n u a l l y a d j u s t e d a n d t h e p r o d u c t s o l u t i o n i s o b t a i n e d f r e e 
f r o m p y r o g e n s . T h e c o n t i n u o u s r e m o v a l o f t o x i c p r o d u c t s 
m i g h t a l l o w s i g n i f i c a n t i n c r e a s e s i n c e l l m a s s a n d t o t a l 
p r o d u c t y i e l d i n b a t c h f e r m e n t a t i o n f o r g r o w t h o f b a c t e r i a . 
The p o s s i b i l i t y t o a p p l y t h o s e c o n c e p t s t o t h e e n z y m a t i c 
h y d r o l y s i s o f t r i g l y c e r i d e i s u n d e r i n v e s t i g a t i o n i n o u r 
l a b o r a t o r y ( 6 J . T r a d i t i o n a l c h e m i c a l h y d r o l y s i s r e q u i r i n g 
o p e r a t i o n s a t h i g h t e m p e r a t u r e a n d p r e s s u r e make t h e p r o 
c e s s n o n - c o m p e t i t i v e . T h e e n z y m a t i c h y d r o l y s i s c a n be c a r 
r i e d o u t a t r o o m t e m p e r a t u r e a n d a t m o s p h e r i c p r e s s u r e . T h e 
p o s s i b i l i t y t o p r e p a r e a n d t o s e p a r a t e g l y c e r i n e a n d a c i d s 
i n t h e same s t e p a p p e a r s o f p a r t i c u l a r i n t e r e s t . I n o u r 
s t u d y n a t u r a l o l i v e o i l was u s e d a s r a w m a t e r i a l . An e n z y 
m a t i c m e m b r a n e r e a c t o r was u s e d b a s e d o n u l t r a f i l t r a t i o n 
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c a p i l l a r y m e m b r a n e s . T h e e n z y m e ( l i p a s e f r o m C a n d i d a c y l i n -
d r a c e a , 2 9 7 5 U/mg) was d y n a m i c a l l y i m m o b i l i z e d i n a g e l 
f o r m o n t h e i n t e r n a l m e m b r a n e s u r f a c e . I n c r e a s e o f e n z y m e 
s t a b i l i t y a n d s e p a r a t i o n o f t h e r e a c t i o n p r o d u c t s w e r e o b 
t a i n e d . A c o n t i n u o u s r e c i r c u l a t i o n o f t h e o i l s u b s t r a t e i n 
t h e c a p i l l a r y m e m b r a n e s was c a r r i e d o u t a t a x i a l f l o w r a t e 
a n d a p p l i e d p r e s s u r e u s e f u l t o m a n t e i n a n h i g h e n z y m e c o n 
c e n t r a t i o n a t t h e m e m b r a n e - s o l u t i o n i n t e r f a c e ( F i g u r e 3 ) . 
I n F i g u r e 4 some t y p i c a l e x p e r i m e n t a l r e s u l t s a r e p r e s e n 
t e d w h i c h s h o w t h e d e g r e e o f c o n v e r s i o n o f t h e t r i g l y c e r i 
d e s a s f u n c t i o n o f t i m e . O n l y g l y c e r i n e was p r e s e n t i n t h e 
p e r m e a t e . M i c r o p o r o u s h y d r o p h o b i c c a p i l l a r y m e m b r a n e s c a n 
a l s o be u s e d i n t h i s s t u d y t o d i s t r i b u t e s m a l l o i l d r o p l e t s 
i n t h e w a t e r p h a s e w h e r e t h e e n z y m e i s d i s s o l v e d . T h i s 
e m u l s i o n c a n be c o n t r o l l e
r a t e b y c h a n g i n g t h
r a t e . 

E n z y m e M e m b r a n e s 

H i g h l y e f f i c i e n t e n z y m e m e m b r a n e r e a c t o r s c a n be a l s o p r o 
d u c e d b y i m m o b i l i z i n g e n z y m e s i n m e m b r a n e s o r i n h o l l o w 
f i b e r s . F o r e x a m p l e , e n z y m e s c a n be c o n f i n e d i n t h e p o r o u s 
s u p p o r t m a t r i x o f a n a s y m m e t r i c c a p i l l a r y m e m b r a n e , w h i l e 
s u b s t r a t e - c o n t a i n i n g s o l u t i o n f l o w s t h r o u g h t h e f i b e r l u 
men. T h e d e n s e s k i n l a y e r a t t h e l u m e n w a l l s h o u l d be i m 
p e r m e a b l e t o t h e e n z y m e m o l e c u l e s . T h e l a t t e r d i f f u s e 
t h r o u g h t h e i n n e r w a l l o f t h e f i b e r t o t h e e n z y m e i n t o t h e 
s p o n g y p a r t , w h e r e t h e c o n v e r s i o n t a k e s p l a c e . A p p l i e d 
t r a n s m e m b r a n e p r e s s u r e a n d a x i a l f l o w r a t e a r e p a r a m e t e r s 
t h a t c o n t r i b u t e t o c o n t r o l o f t h e r e a c t o r p e r f o r m a n c e . 
T h e d e v e l o p m e n t o f i m p r o v e d i m m o b i l i z a t i o n t e c h n i q u e s p e r 
m i t s d e s i g n o f c o n t i n u o u s f l o w r e a c t o r s w h e r e b i o c a t a l y s i s 
c o u l d b e a c h i e v e d w i t h o u t e n z y m e l o s s i n t h e e f f l u e n t 
s t r e a m . E n z y m e s a r e a l s o m o r e p r o t e c t e d a n d l e s s e x p o s e d 
t o d e n a t u r a t i o n . 
I n m o s t o f t h e t r a d i t i o n a l i m m o b i l i z a t i o n p r o c e d u r e s , h o w e 
v e r , t h e c o n t r i b u t i o n s o f r e c e n t p r o g r e s s i n m e m b r a n e t e c h 
n o l o g y h a v e b e e n v e r y l i m i t e d . T h e p r e p a r a t i o n o f e n z y m e 
m e m b r a n e s o n a l a r g e s c a l e f o r i n d u s t r i a l p r o c e s s e s , i n 
w h i c h s e l e c t i v e m a s s t r a n s f e r a c r o s s t h e a r t i f i c i a l mem
b r a n e s i s c o m b i n e d w i t h s p e c i f i c c h e m i c a l r e a c t i o n s , w o u l d 
r e q u i r e l o w m e m b r a n e c o s t a n d s t a n d a r d p r e p a r a t i o n p r o c e 
d u r e s . Two i m m o b i l i z a t i o n p r o c e d u r e s h a v e b e e n r e c e n t l y 
s t u d i e d i n o u r l a b o r a t o r y , w h i c h m i g h t a c c o m p l i s h t h o s e 
r e q u i r e m e n t s . G e l l e d e n z y m e m e m b r a n e s , i n v o l v i n g l a b i l e i m 
m o b i l i z a t i o n a t t h e m e m b r a n e - s o l u t i o n i n t e r f a c e , c a n r e s u l t 
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FLOW SHEET OF LABORATORY EXPERIMENTAL PLANT 

F i g u r e 3. F l o w s h e e t o f l a b o r a t o r y e x p e r i m e n t a l p l a n t . 
REM, c a p i l l a r y e n z y m e m e m b r a n e r e a c t o r ; S S , s u b s t r a t e r e 
s e r v o i r , S P , p e r m e a t e r e s e r v o i r . 

F i g u r e 4. T r i g l y c e r i d e s d e g r e e o f c o n v e r s i o n w i t h t i m e . 
pH = 6, o l i v e o i l 3 % , l i p a s e 30 mg i n 5 0 0 m l ; a x i a l f l o w 
r a t e 9 6 0 m l / m i n . 
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f r o m c o n c e n t r a t i o n p o l a r i z a t i o n p h e n o m e n a . B o t h i n b a t c h 
u n s t i r r e d u l t r a f i l t r a t i o n p r o c e s s e s a n d i n UF p r o c e s s e s 
w i t h c o n t i n u o u s r e c i r c u l a t i o n o f t h e s u b s t r a t e s o l u t i o n 
a l o n g t h e m e m b r a n e , a n a p p r o p r i a t e a m o u n t o f e n z y m e c a n be 
t o t a l l y o r p a r t i a l l y i m m o b i l i z e d i n " g e l " f o r m o n t h e p r e s 
s u r i z e d f a c e o f t h e m e m b r a n e , d e p e n d i n g o n t h e d e t a i l e d 
f l u i d d y n a m i c s ( JL ) . S u c h a d y n a m i c a l l y f o r m e d g e l l e d e n 
zyme m e m b r a n e f o r m a t i o n t e c h n i q u e f o r ^ c i d p h o s p h a t a s e , 
u r e a s e , β - g a l a c t o s i d a s e , m a l i c e n z y m e s , 1 i p a s e , e t c . , h a s 
b e e n s t u d i e d . F r o m t h e e x p e r i m e n t a l r e s u l t s i t a p p e a r s 
t h a t e n z y m e s f o r m i n g a g e l l a y e r o n a UF m e m b r a n e r e t a i n 
t h e i r a c t i v i t y a n d t h e i r s t a b i l i t y i s i n c r e a s e d . T h e m e t h o d 
h a s b e e n c a r r i e d o u t u s i n g f l a t m e m b r a n e s a n d t u b u l a r mem
b r a n e s i n a c o n t i n u o u s r e c i r c u l a t i n g s y s t e m . T h e p o l y m e r i c 
m a t e r i a l f o r m i n g t h
c a n t l y i n f l u e n c e t h
m e m b r a n e c u t - o f f a n d t h e m e m b r a n e m o r p h o l o g y , o n t h e c o n 
t r a r y , a p p e a r t o be t h e c o n t r o l l i n g f a c t o r s . T h e t e c h n i q u e 
h a s b e e n s h o w n t o be u s e f u l a l s o f o r s t u d y i n g t h e k i n e t i c 
b e h a v i o u r o f i m m o b i l i z e d a l l o s t e r i c e n z y m e s (JL)· T h e m o r e 
t r a d i t i o n a l t e c h n i q u e s i n f a c t , l e a d t o a d e c r e a s e o f t h e 
s p e c i f i c a c t i v i t y o r t o a d e a c t i v a t i o n o f t h e s e e n z y m e s , 
w h i c h a r e p a r t i c u l a r l y s e n s i t i v e t o c o n f o r m a t i o n a l t r a n s i 
t i o n s i n d u c e d b y s p e c i f i c l i g a n d s o r e n v i r o n m e n t a l c o n 
s t r a i n t s . W i t h t h i s t e c h n i q u e t h e e n z y m e s h o u l d b e i m m o b i 
l i z e d w i t h o u t s i g n i f i c a n t c h a n g e s i n t h e e n z y m e m i c r o - e n 
v i r o n m e n t ; m o r e o v e r , t h e s i t u a t i o n i s p a r t i c u l a r l y f a v o r a 
b l e b e c a u s e o f t h e h i g h e n z y m e c o n c e n t r a t i o n i n t h e g e l . 
T h e p o s s i b i l i t y o f u s i n g t r a d i t i o n a l u l t r a f i l t r a t i o n a n d 
r e v e r s e o s m o s i s m e m b r a n e s f i l l e d w i t h b i o c a t a l y s t m i g h t 
r e p r e s e n t a s i g n i f i c a n t i m p r o v e m e n t i n t h e d e v e l o p m e n t o f 
m e m b r a n e t e c h n o l o g y a n d e n z y m e e n g i n e e r i n g . H o w e v e r , t h e 
p r e p a r a t i o n a t i n d u s t r i a l s c a l e o f UF a n d RO m e m b r a n e s 
f i l l e d w i t h e n z y m e s o r w h o l e c e l l s , u s i n g t r a d i t i o n a l t e c h 
n i q u e s , h a s b e e n l i m i t e d b y t h e n e e d f o r n o n - a q u e o u s s o l 
v e n t s , i n t h e c a s t i n g s o l u t i o n s a n d h i g h t e m p e r a t u r e a n 
n e a l i n g , w h i c h d e s t r o y s t h e c a t a l y t i c p r o p e r t i e s . T h e r e 
c e n t i s o l a t i o n o f " S o l f o l o b u s S o l f a t a r i e u s " (JL), a n e x 
t r e m e t h e r m o p h i l e g r o w i n g o p t i m a l l y a t 8 0 °C a n d w h o s e e n 
z y m e s a r e g e n e r a l l y s t a b l e t o p r o t e i n d e n a t u r a t i n g a g e n t s , 
o f f e r s a n i n t e r e s t i n g o p p o r t u n i t y f o r u s i n g t h e p h a s e i n 
v e r s i o n t e c h n i q u e f o r t h e p r e p a r a t i o n o f UF a n d RO m e m b r a 
n e s f i l l e d w i t h w h o l e c e l l s a s t h e e n z y m e s o u r c e . 
S . S o i f a t a r i c u s c o n t a i n s e n z y m e s o f i n d u s t r i a l i n t e r e s t , 
s u c h a s β - g a l a c t o s i d a s e a n d m a l i c e n z y m e s , f o r e x a m p l e . 
A r t i f i c i a l m e m b r a n e s f i l l e d w i t h S . S o i f a t a r i c u s h a v e b e e n 
p r e p a r e d b y s e v e r a l m e t h o d s . C e l l u l o s e a c e t a t e a n d p o l y -
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s u l f o n e w e r e u s e d t o o b t a i n a s y m m e t r i c m e m b r a n e s b y t h e 
p h a s e i n v e r s i o n t e c h n i q u e (10)· A l b u m i n a n d g l u t a r a l d e h y d e 
w e r e u s e d f o r c e l l i m m o b i l i z a t i o n i n m e m b r a n e s b y t h e c o -
c r o s s l i n k i n g m e t h o d . 
A h y d r o p h i l i c p o l y i s o c y a n a t e was u s e d t o p r e p a r e p o r o u s 
p o l y u r e t h a n e s t r u c t u r e d f o a m s i n t h i n f i l m s . T h e u s e o f 
l i q u i d p o l y u r e t h a n e p r e p o l y m e r , w h i c h c o n t a i n s a t l e a s t 
t w o f r e e i s o c y a n a t e g r o u p s p e r p o l y m e r m o l e c u l e , h a s b e e n 
r e c e n t l y s u g g e s t e d a s a n i m m o b i l y z i n g a g e n t . H y d r o p h i l i c 
p o r o u s f i l m s a n d t u b e s c a n be p r e p a r e d w i t h t h i s m a t e r i a l , 
c o n t a i n i n g i m m o b i l i z e d b i o l o g i c a l l y a c t i v e c o m p o u n d s ( 1 1 ) . 
P h y s i c a l e n t r a p m e n t a n d s p e c i f i c r e a c t i o n b e t w e e n f r e e i s o 
c y a n a t e g r o u p s a n d p r o t e i n a m i n o - g r o u p s c o n t r i b u t e t o t h e 
" i m m o b i l i z a t i o n " . 
T h e p h y s i c o - c h e m i c a l
s i d a s e a c t i v i t y i n t h
s h o w n b y t h e e n z y m e i n t h e f r e e c e l l . A t t h e o p t i m a l pH 
t h e β - g a l a c t o s i d a s e e x h i b i t e d m a x i m a l a c t i v i t y a t a b o u t 
1 0 0 °C a n d a p p e a r e d s t a b l e f o r up t o 24 h r a t r o o m t e m p e 
r a t u r e a n d a pH o f 3 - 8 . I n c u b a t i o n o f t r a p p e d - c e l l B - g a -
l a c t o s i d a s e f o r up t o 24 h r a t r o o m t e m p e r a t u r e w i t h o r g a 
n i c s o l v e n t s d i d n o t c a u s e a n y l o s s o f a c t i v i t y . A f t e r 8-
9 m o n t h s o f w e t s t o r a g e a t 4 °C, n o d e c r e a s e o f e n z y m a t i c 
a c t i v i t y was o b s e r v e d . C e l l e n t r a p m e n t i m p a r t e d a s i g n i f i 
c a n t i n c r e a s e i n e n z y m a t i c a c t i v i t y i n c o m p a r i s o n w i t h 
i n t a c t f r e e c e l l s . T h i s e f f e c t may be a c o n s e q u e n c e o f 
c y t o p l a s m i c m e m b r a n e p e r m e a b i 1 i z a t i o n o f t h e m i c r o o r g a n i s m 
c a u s e d b y b y t h e e n t r a p m e n t p r o c e d u r e s . T h e i n c r e a s e i n 
e n z y m a t i c a c t i v i t y was 3 5 - f o l d g r e a t e r f o r t h e p o l y u r e t h a 
ne s y s t e m t h a n i n t h e o t h e r m e m b r a n e p r e p a r a t i o n s . T h e 
p e r m e a t e f l o w r a t e , β - g a l a c t o s i d a s e d e g r e e o f c o n v e r s i o n , 
a n d s t a b i l i t y o f t h e s y s t e m w e r e s t u d i e d i n t h e r a n g e o f 
7 0 - 8 5 °C. T h o s e m e m b r a n e s h a v e b e e n a l s o p r e p a r e d i n c a 
p i l l a r y c o n f i g u r a t i o n f r o m a d o p e c o n s i s t i n g o f a m i x t u 
r e s o f p o l y s u l p h o n e , p o l y v i n y l p y r r o l i d o n a n d N-N d i m e t h y l -
a c e t a m i d e . B e f o r e s p i n n i n g t h e d o p e l y o p h i l i z e d b a c t e r i a , 
3% w/v, w e r e a d d e d t o t h e m i x t u r e ( F i g u r e 5 ) . 
M e m b r a n e s w e r e f o r m e d a c c o r d i n g t o t h e p h a s e i n v e r s i o n 
t e c h n i q u e ^ (_12.) s p i n n i n g t h e d o p e i n t h e e q u i p m e n t i n F i 
g u r e 6 : w a t e r was u s e d a s n o n - s o l v e n t a g e n t t o p r o m o t e 
m e m b r a n e f o r m a t i o n . 

M i c r o p h o t o g r a p h s o f t h e m e m b r a n e s , F i g u r e 7, g i v e c l e a r 
i n d i c a t i o n s o n t h e d i s t r i b u t i o n o f b a c t e r i a b o t h i n t h e 
w a l l o f t h e m e m b r a n e s a n d u n d e r n e a t h t h e d e n s e l a y e r . 
T h e c a p i l l a r i e s s t i l l e x h i b i t t h e d e n s e i n t e r n a l s k i n l a 
y e r t y p i c a l o f a s y m m e t r i c m e m b r a n e s , a n d a s u p p o r t i n g f i n 
g e r s t r u c t u r e ( 1 = 1 0 - 2 0 c\m) w h e r e b a c t e r i a a r e p r e f e r e n 
t i a l l y a l l o c a t e d . 
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F i g u r e 5. A s y m m e t r i c e n z y m e c a p i l l a r y m e m b r a n e s p r e p a 
r e d b y p h a s e i n v e r t i o n m e t h o d . 

F i g u r e 6. F l o w s h e e t o f t h e s p i n n i n g s y s t e m f o r c a p i l l a 
r y m e m b r a n e f o r m a t i o n . 
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F i g u r e 7a. SEM p i c t u r e o f t h e dense s k i n o f an a s y m m e t r i c 
c a p i l l a r y membrane w i t h e n t r a p p e d c e l l s . R e p r o d u c e d w i t h 
p e r m i s s i o n f r o m R e f . 14. 

F i g u r e 7b. SEM p i c t u r e o f t h e p o r o u s s u b l a y e r o f an 
a s y m m e t r i c c a p i l l a r y membrane w i t h e n t r a p p e d c e l l s . 
R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 14. 
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M e c h a n i c a l p r o p e r t i e s o f t h e m e m b r a n e s w e r e p r e l i m i n a r l y 
t e s t e d a n d c o m p a r e d t o t h o s e e x h i b i t e d b y c e l l - f r e e p o l y -
s u l p h o n e f i b r e s . T h e Y o u n g m o d u l u s , Ε w e t , a n d t h e u l t i m a 
t e p r o p e r t i e s o f t h e m e m b r a n e s w e r e e s t i m a t e d by a s t r e s s -
s t r a i n a n a l y s i s c a r r i e d o u t o n a I n s t r o m U n i v e r s a l T e s t e r . 
T h e a v e r a g e v a l u e o f t h e Y o u n g m o d u l u s was f o u n d l o w e r b y 
a f a c t o r o f a b o u t 2.5 r e l a t i v e t o t h e a v e r a g e v a l u e o f 
t h e c e l l - f r e e f i b r e s . 
T h e c a t a l y t i c a c t i v i t y o f m e m b r a n e e n t r a p p e d c e l l s was 
a s s e s s e d e v a l u a t i n g t h e r a t e o f g l u c o s e p r o d u c t i o n , d e f i 
n e d a s p e r m e a t e f l o w r a t e t i m e s g l u c o s e p e r m e a t e c o n c e n 
t r a t i o n a t d i f f e r e n t l a c t o s e c o n c e n t r a t i o n , a n d t r a n s m e m 
b r a n e p r e s s u r e s . 
R e f e r r i n g t o p r o d u c t c o n c e n t r a t i o n i n t h e p e r m e a t e s t r e a m
c y t o p l a s m a t i c β - g a l a c t o s i d a s
e n t M i c h a e l i s - M e n t e n
p a r e n t M i c h a e l i s c o n s t a n t i n c r e a s e s f r o m 3.7 t o 1 9 . 2 mM 
a s t h e p r e s s u r e i n c r e a s e s . M a x i m u m g l u c o s e p r o d u c t i o n a t 
70 °C r a n g e s f r o m 2 0 . 4 t o 34 m o l e s / h r , a t 0.04 a n d 0 . 0 5 5 
a t m , r e s p e c t i v e l y . 
I n t e r m s o f s t a b i l i t y t h e β - g a l a c t o s i d a s e o f t h e m i c r o o r 
g a n i s m s s h o w s t o be s t a b l e up t o o n e y e a r w i t h o u t a n y a p 
p r e c i a b l e l o s s o f a c t i v i t y , w h e n s t o r e d , a n d up t o t h r e e 
m o n t h s , a t l e a s t , d u r i n g c o n t i n u o u s o p e r a t i o n . 

Τ = 78'C Qox = 3 . 8 U / h 50 mM acetate buffer pH 5 
0 . 3 5 . t 

F i g u r e 8. G l u c o s e p r o d u c t i o n r a t e v s . l a c t o s e f e e d c o n c e n t r a t i o n . 
Τ = 70 *C. Rep r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 13. 
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F r o m t h e p o i n t o f v i e w o f m e c h a n i c a l p r o p e r t i e s , p e r f o r 
m a n c e s o f c a p i l l a r y m e m b r a n e s c h a r g e d w i t h c e l l s a r e a l 
m o s t c o m p a r a b l e t o t h o s e o f b a c t e r i a - f r e e o n e s . T h e i n t e 
r e s t i n g c o n v e r s i o n s o b s e r v e d i n l a c t o s e h y d r o l y s i s a n d 
t h e r e m a r k a b l e s t a b i l i t y o f i m m o b i l i z e d b a c t e r i a l B - g a l a c -
t o s i d a s e e n c o u r a g e f u r t h e r s t u d i e s f o r t h e d e v e l o p m e n t o f 
an e n z y m e m e m b r a n e r e a c t o r o r i e n t e d t o p o s s i b l e i n d u s t r i 
a l a p p l i c a t i o n s . 
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6 
Liquid Emulsion Membranes and Their Applications 
in Biochemical Separations 

M . P. Thien, T. A. Hatton, and D. I. C. Wang 

Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, 
M A 02139 

Applications of liquid emulsion membranes (LEMs) to 
biomedical and biochemica
other potential application
-mediated downstream processing of small, zwitterionic 
biochemicals (e.g. amino acids) is examined using 
chloride ion counter-transport to separate and 
concentrate the amino acid phenylalanine from 
stimulated fermentation broth. The effect of agita
tion rate and osmotic swelling of membranes on 
separation is shown to be significant. 

F e r m e n t a t i o n t e c h n o l o g y has p r o g r e s s e d much i n t h e p a s t decade. 
Advances i n g e n e t i c e n g i n e e r i n g , c o u p l e d w i t h b e t t e r a n a l y t i c a l 
t e c h n i q u e s and more e f f i c i e n t f e r m e n t a t i o n i n s t r u m e n t a t i o n , have 
made p o s s i b l e t h e l a r g e - s c a l e p r o d u c t i o n o f many complex and e x o t i c 
b i o c h e m i c a l s . U n f o r t u n a t e l y , a d vances i n s e p a r a t i o n and p u r i f i c a 
t i o n t e c h n o l o g y have n o t k e p t a b r e a s t o f t h o s e made i n f e r m e n t a t i o n . 
Most downstream p r o c e s s i n g r e q u i r e s a number o f t r a d i t i o n a l and i n 
h e r e n t l y b a t c h u n i t o p e r a t i o n s , o p e r a t i o n s w h i c h a r e g e n e r a l l y 
c o s t l y and i n e f f i c i e n t . One new t e c h n i q u e , t h e use o f l i q u i d 
e m u l s i o n membranes, p r e s e n t s g r e a t p o t e n t i a l as an e f f i c i e n t means 
o f s e p a r a t i n g and c o n c e n t r a t i n g f e r m e n t a t i o n p r o d u c t s . I n t h i s 
p a p e r , a r e v i e w o f LEM t e c h n o l o g y i s p r e s e n t e d w i t h some emphasis 
g i v e n t o t h e l i m i t e d work done i n t h e a r e a o f b i o t e c h n o l o g y . As a 
s p e c i f i c example o f t h e p o t e n t i a l f o r LEMs i n b i o t e c h n o l o g y , we 
summarize o u r work on t h e r e c o v e r y o f t h e amino a c i d p h e n y l a l a n i n e 
f r o m s i m u l a t e d f e r m e n t a t i o n b r o t h . 

Concept 

S i n c e t h e y were f i r s t d e v e l o p e d i n 1967 (jL) , l i q u i d e m u l s i o n 
membranes (LEMs) have been u s e d i n a v a r i e t y o f s e p a r a t i o n s ( s e e 
r e v i e w s by F r a n k e n f e l d and L i (2) , M a r r and Kopp (3), and Way et_ a l . 
( 4 ) ) . C o n c e p t u a l l y , LEMs a r e q u i t e s i m p l e . They c o n s i s t o f an 
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e m u l s i o n o f two i m m i s c i b l e p h a s e s w h i c h , once f o r m e d , i s s u b 
s e q u e n t l y d i s p e r s e d i n a t h i r d ( c o n t i n u o u s o r " e x t e r i o r " ) phase ( s e e 
F i g u r e 1 ) . As i s s e e n i n F i g u r e 1, one o f t h e two p h a s e s w h i c h 
c o m p r i s e t h e e m u l s i o n i s c o m p l e t e l y e n c a p s u l a t e d by t h e o t h e r p h a s e . 
T h i s e n c a p s u l a t e d " i n t e r i o r " o r " d i s p e r s e d " phase t h u s n e v e r 
d i r e c t l y c o n t a c t s t h e c o n t i n u o u s o r e x t e r n a l phase. I n most a p p l i 
c a t i o n s t h e i n t e r i o r and e x t e r i o r p h a s e s a r e aqueous s o l u t i o n s . The 
n o n - d i s p e r s e d e m u l s i o n phase ( u s u a l l y an o i l , m aking t h e r e s u l t i n g 
e m u l s i o n a " w a t e r - i n - o i l , " W/0, e m u l s i o n ) a c t s as a membrane between 
t h e i n t e r i o r and e x t e r i o r p h a s e s and i s t h u s c a l l e d t h e membrane 
phase. 

S e p a r a t i o n s u s i n g LEMs can be e f f e c t e d i n two d i f f e r e n t ways 
(.5). The f i r s t o f t h e s e ( c a l l e d TYPE I t r a n s p o r t ) i s a s i m p l e d i f 
f u s i o n p r o c e s s i n w h i c h t h e s o l u t e p a r t i t i o n s i n t o t h e membrane 
phase f r o m t h e e x t e r i o r p h a s e , d i f f u s e s a c r o s s t h e membrane t o t h e 
d i s p e r s e d i n t e r i o r phase d r o p l e t s , and p a r t i t i o n s i n t o t h e i n t e r i o r 
p hase. A r e a c t i o n t a k e
t h e s o l u t e i n t o a s p e c i e
i n t o t h e membrane p h a s e  t r a n s p o r  u n c h a r g e
s o l u t e s o n l y , s i n c e o n l y u n c h a r g e d s o l u t e s w i l l be a b l e t o f a v o r a b l y 
p a r t i t i o n i n t o t h e membrane p h a s e . 

The s e c o n d t y p e o f t r a n s p o r t p r o c e s s , TYPE I I o r f a c i l i t a t e d 
t r a n s p o r t , i s shown i n F i g u r e 2 u s i n g L - p h e n y l a l a n i n e , an amino a c i d , 
as t h e s o l u t e t o be s e p a r a t e d and c o n c e n t r a t e d . The s o l u t e , due t o 
i t s c h a r g e ( t h e p h e n y l a l a n i n e i s s e p a r a t e d w h i l e i n i t s a n i o n i c 
f o r m ) , c a n n o t p a r t i t i o n i n t o t h e o i l phase by i t s e l f . C o n s e q u e n t l y , 
a n o n - w a t e r s o l u b l e " c a r r i e r " m o l e c u l e , u s u a l l y an i o n i c s u r f a c t a n t 
c o n s i s t i n g o f a h y d r o p h o b i c s e c t i o n and an u n i v a l e n t l y c h a r g e d 
f u n c t i o n a l g r o u p , i s added t o t h e membrane phase. The example i n 
F i g u r e 2 u s e s a q u a t e r n a r y ammonium s a l t as t h e c a r r i e r . I n o r d e r 
t o r e m a i n i n t h e oil / m e m b r a n e p h a s e , t h e c a r r i e r c o o r d i n a t e s w i t h a 
c o u n t e r - i o n ( c h l o r i d e , i n t h i s c a s e ) . I f t h e c a r r i e r i s a l r e a d y com
plexée! w i t h t h e i n t e r i o r phase c o u n t e r - i o n b e f o r e s e p a r a t i o n b e g i n s , 
t h e c a r r i e r - i o n c o m p l e x d i f f u s e s a c r o s s t h e membrane t o t h e 
e x t e r i o r / m e m b r a n e phase i n t e r f a c e . A t t h i s i n t e r f a c e an i o n -
exchange r e a c t i o n t a k e s p l a c e i n w h i c h t h e s o l u t e i s e x c h a n g e d f o r 
t h e c o u n t e r - i o n . T h i s r e a c t i o n i s d r i v e n e i t h e r by "mass a c t i o n " 
( i . e . t h e r e i s v e r y l i t t l e c o u n t e r - i o n i n t h e e x t e r i o r p hase com
p a r e d t o t h e s o l u t e ) , o r by t h e c a r r i e r 1 s h i g h a f f i n i t y f o r t h e 
s o l u t e . The c a r r i e r - s o l u t e c o m p l e x t h e n d i f f u s e s b a c k a c r o s s t h e 
membrane t o t h e i n t e r i o r p hase where t h e s o l u t e i s exch a n g e d f o r t h e 
c o u n t e r - i o n ( u s u a l l y p r e s e n t i n g r e a t e x c e s s ) . I f t h e c o u n t e r - i o n 
i n t h e membrane i s c o n c e n t r a t e d enough, t h e t r a n s p o r t o f s o l u t e w i l l 
be d r i v e n by t h e c o u n t e r - i o n g r a d i e n t ( i n a p r o c e s s a k i n t o a c t i v e 
t r a n s p o r t a c r o s s c e i l membranes). S i n c e t h e volume o f t h e i n t e r i o r 
phase c a n be made much s m a l l e r t h a n t h a t o f t h e e x t e r i o r p h a s e , 
s e p a r a t i o n and c o n c e n t r a t i o n o c c u r s i m u l t a n e o u s l y as t h e s o l u t e i s 
t r a n s p o r t e d f r o m e x t e r i o r t o i n t e r i o r p h a s e . 

W h i l e p r o v i d i n g a means o f s e p a r a t i n g and c o n c e n t r a t i n g a g i v e n 
s o l u t e , LEMs a r e n o t w i t h o u t p o t e n t i a l p r o c e s s d i f f i c u l t i e s . One 
s u c h d i f f i c u l t y i s t h a t o f m e c h a n i c a l s t a b i l i t y . W h i l e c o n s i d e r e d 
as a s i g n i f i c a n t c o n c e r n by some (2,7,8) , p r o p e r f o r m u l a t i o n o f t h e 
membrane phase can a l m o s t e r a d i c a t e any p r o c e s s d i f f i c u l t i e s 
a s s o c i a t e d w i t h membrane b r e a k a g e . A n o t h e r , and p e r h a p s much more 
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D r o p l e t s o f I n t e r n a l 
Reagent Phase 

E x t e r n a l , C o n t i n u o u s P h a s e 

F i g u r e 1. S c h e m a t i c d i a g r a m o f a l i q u i d e m u l s i o n membrane (LEM) 
syst e m . 

E x t e r i o r P h a s e Membrane Phase I n t e r i o r P hase 

C + = (C - C ) - - CH 
8 10 3 3 

F i g u r e 2. Mechanism f o r t y p e I I ( f a c i l i t a t e d ) t r a n s p o r t i n a 
p h e n y l a l a n i n e / c h l o r i d e s y s t e m . 
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of a s i g n i f i c a n t c o n c e r n , i s t h a t o f membrane s w e l l . O s m o t i c s w e l l 
i s a p r o c e s s by w h i c h w a t e r i s t r a n s f e r r e d i n t o t h e i n t e r i o r aqueous 
phase v i a t h e d i f f u s i o n o f h y d r a t e d s u r f a c t a n t m o l e c u l e s . Much l i k e 
a r e g u l a r TYPE I I t r a n s p o r t p r o c e s s , i t i s b e l i e v e d (6) t h a t w a t e r 
i s t r a n s p o r t e d a c r o s s t h e membrane due t o t h e o s m o t i c g r a d i e n t 
e s t a b l i s h e d by t h e c o n c e n t r a t i o n o f i n t e r n a l phase r e a g e n t . A l 
t h o u g h s e l d o m m e n t i o n e d i n t h e l i t e r a t u r e ( 7 - 9 ) , s w e l l i n g has been 
r e p o r t e d by some t o be as h i g h as 150% o f t h e i n t e r i o r phase volume 
( 1 0 ) . C o l i n a r t e t a l . (6) u n d e r t o o k a m e c h a n i s t i c s t u d y s h o w i n g 
t h a t , s i n c e p r a c t i c a l l y a l l s u r f a c t a n t s h y d r a t e t o some e x t e n t , 
s w e l l i n g can be a n t i c i p a t e d f o r a l l LEM f o r m u l a t i o n s and c o u l d be a 
s i g n i f i c a n t p r o b l e m i n LEM s e p a r a t i o n s . 

A p p l i c a t i o n s 

I n s p i t e o f t h e p o t e n t i a l p r o b l e m s o f s w e l l i n g and b r e a k a g e , LEMs 
have been t e s t e d on t h e p i l o
1 2 ) , and w i l l soon be u s e
f r o m V i s c o s e w a s t e w a t e r
I t s h o u l d be n o t e d t h a t t h e s e p i l o t p l a n t s t u d i e s i n d i c a t e d t h a t LEM 
p r o c e s s e s were as e c o n o m i c a l l y a d v a n t a g e o u s , i f n o t more s o , t h a n 
c u r r e n t l y employed s o l v e n t e x t r a c t i o n and c o n v e n t i o n a l i o n exchange 
t e c h n i q u e s . U n f o r t u n a t e l y , LEM-mediated s e p a r a t i o n s o f b i o c h e m i c a l s 
have n o t been c a r r i e d out on a p i l o t p l a n t s c a l e . 

LEMs have been a p p l i e d f o r t h e s e p a r a t i o n and r e c o v e r y o f a 
h o s t o f d i f f e r e n t compounds. P r e v i o u s e f f o r t s have been p r i m a r i l y 
f o c u s e d on t h e r e c o v e r y o f m e t a l i o n s f r o m aqueous s o l u t i o n s ( i n c l u d 
i n g c o p p e r , z i n c , chromium, m e r c u r y , u r a n i u m , n i c k e l , and i r o n ; ( 3 ) ) 
and t h e r e m o v a l o f o r g a n i c compounds f r o m w a s t e w a t e r ( 1 4 - 1 7 ) . 

I n terms o f t h e amount o f l i t e r a t u r e d e v e l o p e d , b i o c h e m i c a l 
s e p a r a t i o n s have been l a r g e l y i g n o r e d by t h o s e i n t h e f i e l d o f LEM-
m e d i a t e d s e p a r a t i o n s . One a p p l i c a t i o n t h a t has e n j o y e d some e x p e r i 
m e n t a l s c r u t i n y i s t h a t o f t h e u s e o f LEMs i n d r u g d e l i v e r y and o v e r 
dose p r e v e n t i o n s y s t e m s . They have been u s e d t o s e p a r a t e o r r e l e a s e 
s e v e r a l d i f f e r e n t t y p e s o f d r u g s i n c l u d i n g a c e t y l s a l i c y c l i c a c i d 
( 1 8 ) , phénobarbital ( 1 9 ) , and s e v e r a l b a r b i t u r a t e s ( 2 0 , 2 1 ) . 

LEM s y s t e m s have a l s o been shown t o be s u c c e s s f u l i n s e p a r a t i n g 
c o m m o d i t y - t y p e b i o c h e m i c a l s s u c h as p r o p i o n i c a c i d (10) and a c e t i c 
a c i d (10,22) and h a v e been u s e d f o r t h e p r e p a r a t i o n o f L-amino a c i d s 
f r o m r a c e m i c D,L m i x t u r e s by means o f e n z y m a t i c h y d r o l y s i s o f amino 
a c i d e s t e r s ( 2 3 ) . I n a d d i t i o n t o b i o c h e m i c a l s e p a r a t i o n s , t h e work 
o f Mohan and L i showed t h a t enzymes c o u l d be e n c a p s u l a t e d i n l i q u i d 
e m u l s i o n membranes w i t h no d e l e t e r i o u s e f f e c t on enzyme a c t i o n ( 2 4 ) . 
L a t e r work by t h e s e a u t h o r s i n d i c a t e d t h a t e n c a p s u l a t e d l i v e c e l l s 
c o u l d r e m a i n v i a b l e and f u n c t i o n i n t h e LEM i n t e r i o r phase f o r p e r i o d 
as l o n g as f i v e days ( 2 5 ) . 

These v a r i o u s u s e s o f l i q u i d e m u l s i o n membranes show t h e 
v e r s a t i l i t y o f LEM-mediated s e p a r a t i o n s and p o i n t t o p o s s i b l e a p p l i 
c a t i o n s o f l i q u i d e m u l s i o n membranes i n t h e b i o c h e m i c a l s f i e l d . 
These a p p l i c a t i o n s i n c l u d e t h e i n - s i t u r e c o v e r y o f f e r m e n t a t i o n p r o 
d u c t s . T h i s w o u l d be p a r t i c u l a r l y u s e f u l i n f e r m e n t a t i o n s where t h e 
m a j o r p r o d u c t i n h i b i t s g r o w t h o r p r o d u c t i o n r a t e s . Examples i n c l u d e 
t h o s e s y s t e m s w h i c h p r o d u c e o r g a n i c a c i d s s u c h as a c e t a t e and 
l a c t a t e . P e r h a p s t h e most u s e f u l a p p l i c a t i o n w o u l d be t h e down-
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s t r e a m p r o c e s s i n g o f b i o c h e m i c a l s t h a t c a n o n l y be e c o n o m i c a l l y 
s e p a r a t e d by c o s t l y i o n exchange t e c h n i q u e s . One example o f t h i s 
l a s t c a t e g o r y o f a p p l i c a t i o n s i s t h a t o f t h e downstream p r o c e s s i n g o f 
amino a c i d s . T h i s a p p l i c a t i o n has been t h o r o u g h l y i n v e s t i g a t e d by 
th e a u t h o r s and ou r s t u d i e s a r e summarized below. A more e x t e n s i v e 
a n a l y s i s o f o u r r e s u l t s w i l l be g i v e n i n a l a t e r p u b l i c a t i o n ( 2 6 ) . 

Amino A c i d R e c o v e r y U s i n g L i q u i d E m u l s i o n Membranes 

Amino a c i d s f i n d a v a r i e t y o f c o m m e r c i a l a p p l i c a t i o n s , i n c l u d i n g use 
as l i v e s t o c k f e e d s u p p l e m e n t s , n u t r i t i o n a l s u p p l e m e n t s , and raw 
m a t e r i a l s f o r s p e c i a l i t y c h e m i c a l s ( e . g . g l u t a m i c a c i d f o r monosodium 
g l u t a m a t e , MSG). Most o f t h e s e amino a c i d s a r e p r o d u c e d i n commer
c i a l q u a n t i t i e s by m i c r o b i a l f e r m e n t a t i o n . U n f o r t u n a t e l y , some amino 
a c i d s must be s e p a r a t e d by c o m p l i c a t e d and c o s t l y i o n - e x c h a n g e 
schemes due t o l o w f e r m e n t a t i o n t i t e r s and v e r y l o w s o l u b i l i t y i n 
o r g a n i c media ( s o l u b i l i t i e
e x t r a c t i o n as a means o
p u r i f i c a t i o n c o s t s may c o m p r i s  p r o d u c t i o
c o s t s f o r t h e s e amino a c i d s . One s u c h p r o d u c t , p h e n y l a l a n i n e , has 
r e c e n t l y e n j o y e d g r e a t c o m m e r c i a l s u c c e s s as one o f t h e raw m a t e r i a l s 
o f t h e n o n - n u t r i t i v e s w e e t n e r a s p a r t a m e ( N u t r a s w e e t ) . P h e n y l a l a n i n e 
h a v i n g somewhat l o w e r f e r m e n t a t i o n t i t e r s t h a n t y p i c a l b i o c h e m i c a l 
c o m m o d i t i e s , c o u p l e d w i t h t h e c u r r e n t c o m m e r c i a l i n t e r e s t s i n p h e n y l 
a l a n i n e and i t s a b i l i t y t o be e a s i l y measured by UV s p e c t r o p h o t o 
m e t r y , make p h e n y l a l a n i n e a good model compound f o r t e s t i n g new b i o 
c h e m i c a l s e p a r a t i o n t e c h n i q u e s . T h i s b e i n g t h e c a s e , we have c h o s e n 
t o t e s t t h e a p p l i c a b i l i t y o f LEM-mediated s e p a r a t i o n s t o t h e p r o b l e m 
o f t h e downstream p r o c e s s i n g o f p h e n y l a l a n i n e f r o m f e r m e n t a t i o n 
b r o t h . 

E x p e r i m e n t a l System 

The s y s t e m examined i n t h i s s t u d y was t h a t o f a s i m p l e p h e n y l 
a l a n i n e / c h l o r i d e c o u n t e r - t r a n s p o r t s y s t e m i n w h i c h t h e i n t e r i o r 
p hase was c o n c e n t r a t e d i n c h l o r i d e a n i o n and t h e e x t e r i o r phase c o n 
t a i n e d c o n c e n t r a t i o n s o f p h e n y l a l a n i n e i n t h e range o f c o m m e r c i a l 
f e r m e n t a t i o n t i t e r s . S i n c e p h e n y l a l a n i n e ( l i k e a l l α-amino a c i d s ) i s 
p r e d o m i n a n t l y a z w i t t e r i o n a t pH's between 3.5 and 9.0 (and i s t h u s 
u n a b l e t o be t r a n s p o r t e d t h r o u g h t h e membrane), t h e pH o f t h e e x t e r i o r 
p hase was k e p t above pH 10.0 t o i n s u r e t h a t t h e amino a c i d was 
p r e s e n t i n i t s t r a n s p o r t a b l e a n i o n i c f o r m . As m e n t i o n e d a b o v e , t h e 
mechanism f o r t h i s s y s t e m i s shown i n F i g u r e 2. 

E x p e r i m e n t s t y p i c a l l y c o n s i s t e d o f d i s p e r s i n g 70 m i l l i l i t e r s o f 
a 2 m o l a r s o l u t i o n o f s o d i u m c h l o r i d e ( N a C l ) i n 100 m i l l i l i t e r s o f an 
o i l p h a s e . T h i s o i l phase c o n s i s t e d o f a p a r a f f i n i e s o l v e n t ( S o l v e n t 
100 N e u t r a l , Exxon C h e m i c a l Company), a n o n i o n i c e m u l s i o n - s t a b i l i z i n g 
s u r f a c t a n t ( P a r a n o x 100, Exxon C h e m i c a l Company), a c a t i o n i c 
" c a r r i e r " - a t r i - c a p r y l q u a t e r n a r y ammonium s a l t ( A l i q u a t 336, 
H e n k e l C o r p o r a t i o n ) , and a c o - s u r f a c t a n t f o r t h e c a r r i e r m o l e c u l e 
( d e c y l a l c o h o l , Sigma C h e m i c a l ) . The aqueous phase was s l o w l y added 
t o t h e o i l phase under i n t e n s e s h e a r p r o v i d e d by a s t a t o r - t y p e homo-
g e n i z e r . A l l e m u l s i o n s h a d s i m i l a r i n t e r n a l d r o p l e t s i z e and s i z e 
d i s t r i b u t i o n s as a n a l y z e d by a H o r i b a CAPA 500 p a r t i c l e s i z e 
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d i s t r i b u t i o n a n a l y z e r . The e x t e r i o r phase c o n s i s t e d o f 700 m i l l i 
l i t e r s o f 11 g/1 L - p h e n y l a l a n i n e (Sigma C h e m i c a l ) b r o u g h t t o pH 11.0 
by p o t a s s i u m h y d r o x i d e a d d i t i o n . The e m u l s i o n f o r m u l a t i o n and phase 
volumes were n o t o p t i m i z e d f o r s e p a r a t i o n p e r f o r m a n c e . 

B a t c h s e p a r a t i o n e x p e r i m e n t s were c a r r i e d o u t i n a b a f f l e d 
g l a s s 2 l i t e r v e s s e l a t 25°C. A measured amount o f e m u l s i o n was 
p o u r e d i n t o t h e r e a c t i o n v e s s e l , a measured q u a n t i t y o f e x t e r i o r 
phase was added t o t h e v e s s e l and t h e a g i t a t i o n and t i m e r were t u r n e d 
on. V e s s e l c o n t e n t s were a g i t a t e d u s i n g s i x m a r i n e - t y p e i m p e l l e r s . 
I m p e l l e r RPM was m o n i t o r e d by s t r o b e l i g h t . Samples were t a k e n 
t h r o u g h o u t t h e e x p e r i m e n t v i a a s a m p l i n g p o r t a t t h e b o t t o m o f the. 
v e s s e l . E m u l s i o n was q u i c k l y s e p a r a t e d f r o m t h e e x t e r i o r phase o f 
samples and d i s c a r d e d . 

The e x t e r i o r phase was a n a l y z e d f o r p h e n y l a l a n i n e c o n c e n t r a t i o n 
and pH. A l l sample volumes were r e c o r d e d and u s e d f o r mass b a l a n c e 
d e t e r m i n a t i o n . P h e n y l a l a n i n e was measured s p e c t r o p h o t o m e t r i c a l l y a t 
^max = 257.5 nm. Change
u s i n g m a t e r i a l b a l a n c e s
I n t e r i o r phase c o n c e n t r a t i o n y
b a l a n c e s and e x t e r i o r phase c o n c e n t r a t i o n s . The i n t e r i o r phase com
p o n e n t s o f s e v e r a l r e p r e s e n t a t i v e e m u l s i o n s were measured by a n a l y z 
i n g t h e i n t e r i o r p hase components a f t e r t h e r m a l l y d e m u l s i f y i n g t h e 
e m u l s i o n s a m p l e s . These measurements a g r e e d w i t h e s t i m a t e s t o 
w i t h i n 10%. 

R e s u l t s 

S e p a r a t i o n r e s u l t s f o r a t y p i c a l membrane f o r m u l a t i o n u s e d i n o u r 
s t u d i e s a r e shown i n F i g u r e 3. The r e s u l t s , p r e s e n t e d i n a c o n c e n 
t r a t i o n p r o f i l e f o r m a t , i n d i c a t e t h a t i n i t i a l s e p a r a t i o n i s f a s t 
(when t h e d r i v i n g f o r c e , t h e c h l o r i d e g r a d i e n t , i s g r e a t e s t ) b u t 
s l o w s down as t r a n s p o r t c o n t i n u e s and c h l o r i d e i s t r a n s p o r t e d t o t h e 
e x t e r i o r p hase. I t s h o u l d be n o t e d t h a t , a l t h o u g h t h e p r o f i l e g i v e s 
a r o u g h i d e a o f s e p a r a t i o n p e r f o r m a n c e , i t does n o t i n d i c a t e t h e 
r e s p e c t i v e volumes o f t h e v a r i o u s phases and t h u s does n o t a c c o u n t 
f o r t h e e f f e c t s o f membrane s w e l l o r b r e a k a g e . The i n c i d e n c e and 
r a m i f i c a t i o n s o f t h e s e e f f e c t s w i l l be d i s c u s s e d l a t e r . 

The a g i t a t i o n d e l i v e r e d t o t h e r e a c t i o n v e s s e l i s an i m p o r t a n t 
p a r a m e t e r i n LEM s e p a r a t i o n s . The a g i t a t i o n r a t e n o t o n l y i s t h e 
dominant f a c t o r i n d e t e r m i n i n g t h e s i g n i f i c a n c e o f mass t r a n s f e r 
r e s i s t a n c e e x t e r n a l t o t h e e m u l s i o n g l o b u l e s , b u t i t a l s o d e t e r m i n e s 
t h e e m u l s i o n g l o b u l e s i z e , and t h u s t h e a r e a a v a i l a b l e f o r t r a n s p o r t . 
The e f f e c t s o f a g i t a t i o n on LEM amino a c i d s e p a r a t i o n s a r e shown i n 
F i g u r e s 4 and 5. The t r a d i t i o n a l p r o f i l e s i n F i g u r e 4 i n d i c a t e t h a t 
t h e mass t r a n s f e r r a t e i s i n c r e a s e d w i t h i n c r e a s e s i n a g i t a t i o n . 

F i g u r e 5 shows changes o f i n t e r i o r p h a s e volume ("% s w e l l " ) 
b a s e d on i n i t i a l i n t e r i o r phase volume) and t h e e s t i m a t e d i n t e r n a l 
p hase p h e n y l a l a n i n e c o n c e n t r a t i o n as a f u n c t i o n o f a g i t a t i o n s p e e d . 
T h i s f i g u r e i n d i c a t e s t h a t , c o n t r a r y t o e x p e c t a t i o n s b a s e d on t h e 
r e s u l t s g i v e n i n F i g u r e 4, t h e b e s t s e p a r a t i o n ( i n terms o f c o n c e n 
t r a t i n g p h e n y l a l a n i n e ) o c c u r s a t 400 RPM where changes i n membrane 
volume a r e a t a minimum. 
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D i s c u s s i o n 

The above work shows t h a t amino a c i d s can i n d e e d be s e p a r a t e d and 
c o n c e n t r a t e d u s i n g l i q u i d e m u l s i o n membranes. The r e s u l t s a l s o 
i n d i c a t e some v e r y i m p o r t a n t c o n c e r n s when c o n s i d e r i n g t h e use o f 
LEM-based s e p a r a t i o n p r o c e s s e s . C o n t r a r y t o t r a d i t i o n a l methods o f 
e v a l u a t i n g LEM p e r f o r m a n c e , t h e p a r a m e t e r o f d i r e c t i n t e r e s t , t h a t i s 
t h e i n t e r i o r phase c o n c e n t r a t i o n , must be examined. The e f f e c t s o f 
s w e l l i n g and b r e a k a g e , due t o t h e i r p o t e n t i a l s i g n i f i c a n c e , must 
a l w a y s be c o n s i d e r e d s e r i o u s l y . S e v e r a l d i f f e r e n t s t r a t e g i e s c o u l d 
be f o r m u l a t e d t o m i n i m i z e t h e d e l e t e r i o u s e f f e c t s o f s w e l l i n g i n t h e 
above c o u n t e r - i o n p r o c e s s . F u r t h e r i m p r o v e m e n t s , s u c h as an amino 
a c i d - s p e c i f i c r e a c t i o n i n t h e i n t e r i o r phase ( t o m a i n t a i n a maximum 
d r i v i n g f o r c e ) c o u l d be u s e d t o s i g n i f i c a n t l y i m p r o v e t h e p e r f o r m a n c e 
o f LEM sy s t e m s f o r amino a c i d s e p a r a t i o n s . 

A s c h e m a t i c o f one p o s s i b l e c o m m e r c i a l LEM r e c o v e r y scheme f o r 
amino a c i d s w h i c h t a k e s
t i e s i s shown i n F i g u r e
t r a t e d i n a b a s i c i n t e r i o  p h a s e ,
i n t e r i o r phase n e u t r a l i z e d w i t h t h e a c i d o f t h e c o u n t e r - i o n t o 
a p p r o x i m a t e l y pH 7.0. I t has been f o u n d t h a t amino a c i d s have a 
much h i g h e r s o l u b i l i t y i n aqueous s o l u t i o n s o f extreme pH t h a n i n 
t h e b r o a d i s o e l e c t r i c range c e n t e r e d a r o u n d pH 7.0 ( 2 7 ) . N e u t r a l 
i z i n g t h e pH o f t h e i n t e r i o r phase s h o u l d c a u s e t h e s p o n t a n e o u s 
c r y s t a l l i z a t i o n o f t h e amino a c i d , l e a v i n g o n l y t h a t amount o f amino 
a c i d t h a t i s s o l u b l e i n t h e i s o e l e c t r i c r a nge i n s o l u t i o n . The 
r e s u l t i n g n e u t r a l i z e d s o l u t i o n may t h e n be u s e d a g a i n as t h e 
i n t e r i o r phase a f t e r s a l t and b a s e i s added. 

C o n c l u s i o n s 

The v e r s a t i l i t y o f LEMs i s c l e a r . From t h e e n c a p s u l a t i o n o f l i v i n g 
c e l l s t o th e r e m o v a l o f t o x i c o r i n h i b i t i n g s u b s t a n c e s , and i n t h e i r 
use as a downstream p r o c e s s , l i q u i d e m u l s i o n membranes r e m a i n a 
p o w e r f u l and, as o f y e t , v i r t u a l l y u n t a p p e d r e s o u r c e f o r b i o c h e m i c a l 
e n g i n e e r s . The a b i l i t y o f LEMs t o s e p a r a t e and c o n c e n t r a t e amino 
a c i d s d e m o n s t r a t e d h e r e g i v e s s t r e n g t h t o t h i s o b s e r v a t i o n , and i t 
i s a n t i c i p a t e d t h a t t h e s e s y s t e m s w i l l e n j o y i n c r e a s i n g a t t e n t i o n i n 
t h e y e a r s t o come. 
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7 
Use of Aqueous Two-Phase Systems for Recovery and 
Purification in Biotechnology 

Bo Mattiasson and Rajni Kaul 

Department of Biotechnology, Chemical Center, University of Lund, S-221 00 Lund, 
Sweden 

Aqueous two-phase systems are generated by mixing 
aqueous solutions of two water-soluble polymers, or 
a polymer and a salt
mild conditions for separation of cells, organelles, 
proteins and other biomolecules, in biochemical pro
cesses. Considerable attention has been directed 
towards the use of the two-phase systems in several 
areas of biotechnology. The present paper summarizes 
the state of the art concerning extractive biocon
versions for production of small as well as macro
molecules, and protein purification using aqueous 
two-phase system. 

The w e l l documented phenomenon of s e p a r a t i o n of an aqueous s o l u t i o n 
o f two d i f f e r e n t w a t e r - s o l u b l e p o l y m e r s i n t o i n d i v i d u a l p h a s e s , 
d u r i n g r e c e n t y e a r s , has shown w i d e s p r e a d p o t e n t i a l i n b i o t e c h n o l o g y 
(1)· A number o f p o l y m e r s have been employed f o r t h e p r e p a r a t i o n o f 
t h e s e b i - p h a s i c s y s t e m s . ( 2 ) . The most commonly used systems have 
been t h o s e o f p o l y ( e t h y l e n e g l y c o l ) (PEG) and d e x t r a n . The m o l e c u l a r 
w e i g h t of t h e po l y m e r s used p l a y s an i m p o r t a n t r o l e i n d e t e r m i n i n g 
t h e c h a r a c t e r i s t i c s o f t h e phase s y s t e m . Phase systems formed by 
m i x i n g one polymer and a h i g h c o n c e n t r a t i o n of c e r t a i n s a l t s i n 
aqueous s o l u t i o n s , have a l s o been r e p o r t e d . ( 2 ) . 

Aqueous two-phase systems a r e c h a r a c t e r i z e d by a h i g h w a t e r c o n 
t e n t , w h i c h makes them c o m p a t i b l e w i t h t he b i o l o g i c a l m a t e r i a l . The 
d i s t r i b u t i o n o f b i o m o l e c u l e s between the phases i s d e t e r m i n e d m a i n l y 
by t h e i r s u r f a c e p r o p e r t i e s and the c o m p o s i t i o n o f the phase s y s t e m , 
and i s d e n o t e d by p a r t i t i o n c o e f f i c i e n t , K p a r t , d e f i n e d as the 
r a t i o o f i t s c o n c e n t r a t i o n i n the top and b o t t o m phase, r e s p e c t i v e l y . 
The p a r t i t i o n i n g i s i n d e p e n d e n t of the a b s o l u t e c o n c e n t r a t i o n of the 
s u b s t a n c e o v e r a f a i r l y wide r a n g e . Any s u b s t a n c e p r e f e r s a phase 
where a maximum number of i n t e r a c t i o n s a r e p o s s i b l e ; t h e s e c o u l d be 
r e l a t e d to e l e c t r i c a l , h y d r o p h i l i c , h y d r o p h o b i c and c o n f o r m a t i o n a l 
f o r c e s . R e p o r t s i n the l i t e r a t u r e have shown t h a t d i f f e r e n t c h a r a c 
t e r i s t i c s of the s y s t e m can be m a n i p u l a t e d i n o r d e r to a c h i e v e the 
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d e s i r e d p a r t i t i o n i n g e f f e c t ( 2 ) . T h o u g h , as a g e n e r a l r u l e , s m a l l 
u n c h a r g e d m o l e c u l e s a r e d i s t r i b u t e d q u i t e e v e n l y between th e p h a s e s 
( i . e . K p a r t ^ 1.0). P a r t i c l e s , such as c e l l o r g a n e l l e s o r 
c e l l s , n o r m a l l y p a r t i t i o n between th e i n t e r f a c e and one of the b u l k 
p h a s e s . The d i s t r i b u t i o n o f m a c r o m o l e c u l e s l i k e p r o t e i n s , i s q u i t e 
v a r i a b l e , and a l s o shows g r e a t s e n s i t i v i t y to changes i n t h e compo
s i t i o n o f the phase s y s t e m . 

The use of the aqueous two-phase systems i n b i o t e c h n o l o g y 
b a s i c a l l y e x p l o i t s t h i s v a r y i n g d i s t r i b u t i o n o f b i o m a t e r i a l s 
between the p h a s e s . These systems can be b u f f e r e d and a r e s u i t a b l e 
f o r c a r r y i n g o u t b i o c o n v e r s i o n s . The phase p o l y m e r s have a l s o been 
shown to have a s t a b i l i z i n g i n f l u e n c e on b i o c a t a l y s t s (_3,4_); t h e 
l a t t e r a r e , i n a way, t e m p o r a r i l y i m m o b i l i z e d w i t h i n l i q u i d 
d r o p l e t s . The d i f f e r e n t a r e a s i n w h i c h the two-phase systems have 
shown p o t e n t i a l i n c l u d e e x t r a c t i v e f e r m e n t a t i o n s , p u r i f i c a t i o n o f 
b i o m o l e c u l e s , c e l l s , membranes and o r g a n e l l e s , and b i o l o g i c a l 
b i n d i n g a s s a y s (I)· However
a r e b a s e d on h i g h l y p u r i f i e
w h i c h poses a s e v e r e l i m i t a t i o p  p r o c e s s e s
N e v e r t h e l e s s , t h e r e has been a s e r i o u s a t t e m p t i n e m p l o y i n g cheap 
phase components, f o r example, i n p u r i f i c a t i o n o f p r o t e i n s on l a r g e 
s c a l e (_5,6) . 

T h i s paper i s meant to be an o v e r v i e w of the d e v e l o p m e n t s i n 
the use o f aqueous two-phase systems i n the r e c o v e r y o f p r o d u c t s o f 
f e r m e n t a t i o n , and a l s o p u r i f i c a t i o n of p r o t e i n s and o t h e r b i o m o l e 
c u l e s . I t a l s o t o u c h e s upon the means to improve the economics o f 
th e p r o c e s s to make i t i n d u s t r i a l l y f e a s i b l e . I t has been r e a l i z e d 
t h a t t h e c l o s e r i n t e g r a t i o n o f b i o c o n v e r s i o n p r o c e s s e s w i t h down
s t r e a m t e c h n o l o g y i s e s s e n t i a l f o r q u i c k e r and more e c o n o m i c a l e n 
r i c h m e n t o f the p r o d u c t . I n i t i a l e f f o r t s have a l r e a d y been t a k e n i n 
t h i s d i r e c t i o n , some of wh i c h a r e d i s c u s s e d h e r e . 

E x t r a c t i v e b i o c o n v e r s i o n s i n aqueous two-phase s y s t e m s 

P r o d u c t i n h i b i t i o n seems to be a g e n e r a l phenomenon i n t r a d i t i o n a l 
f e r m e n t a t i o n p r o c e s s e s , w h i c h a r e , t h e r e f o r e , c h a r a c t e r i z e d by d i 
l u t e p r o d u c t s t r e a m s . The need to o b t a i n h i g h p r o d u c t c o n c e n t r a 
t i o n s i n the f e r m e n t a t i o n b r o t h i s e s s e n t i a l b o t h f o r i t s y i e l d and 
r e c o v e r y . The major improvement to w a r d s a c h i e v i n g t h i s g o a l has 
been f o c u s e d , i n r e c e n t y e a r s , on g e n e t i c m a n i p u l a t i o n o f m i c r o o r 
g a n i s m s , as a r e s u l t o f w h i c h s t r a i n s have been o b t a i n e d t h a t a r e 
t o l e r a n t t o h i g h c o n c e n t r a t i o n s o f the p r o d u c t . At the same t i m e , 
h owever, the i n t e n s i f i c a t i o n o f the p r o d u c t r e c o v e r y p r o c e s s e s i s 
a l s o r e q u i r e d , w h i c h has u n t i l now been c a r r i e d o u t s e p a r a t e l y i n 
s e v e r a l s t a g e s , o f t e n g i v i n g low y i e l d s . The c o n t i n u o u s r e m o v a l of 
the p r o d u c t by c o u p l i n g the e x t r a c t i o n s t e p w i t h t h a t o f 
f e r m e n t a t i o n ( e x t r a c t i v e b i o c o n v e r s i o n ) w o u l d h e l p i n 
m i n i m i z i n g t h e i n h i b i t o r y e f f e c t s and/or d e g r a d a t i o n phenomena. T h i s 
may a l s o l e a d to the p a r t i a l e n r i c h m e n t of the p r o d u c t , w h i c h w i l l 
f a c i l i t a t e the e v e n t u a l p u r i f i c a t i o n s t e p s as w e l l . 

I n an aqueous two-phase s y s t e m , i f t h e b i o c a t a l y t i c r e a c t i o n 
t a k e s p l a c e i n one o f the p h a s e s , w h i l e the p r o d u c t s a r e e i t h e r 
e v e n l y d i s t r i b u t e d , o r p r e f e r e n t i a l l y p a r t i t i o n e d to the o t h e r 
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phase, an i d e a l s i t u a t i o n for e x t r a c t i v e conversion could be v i s u a 
l i z e d (Figure 1). Aqueous two-phase systems are characterized by the 
requirement of minimal energy to create a f i n e l y dispersed emulsion 
r e s u l t i n g i n a large i n t e r f a c e and high mass t r a n s f e r , which i s 
e s p e c i a l l y advantageous i n reducing microenvironmental product i n h i 
b i t i o n (_1)· Recently, studies have been performed on the e x t r a c t i v e 
fermentation of chemicals, of i n t e r e s t to the b i o l o g i c a l and chemi
c a l industry, i n two-phase systems. 

Production of bulk chemicals. The production of solvents i s normally 
c h a r a c t e r i z e d by a general i n h i b i t i o n phenomenon which has been 
mainly a t t r i b u t e d to the changes i n membrane permeability, or to the 
to x i c e f f e c t s on the metabolic pathway. Aqueous two-phase systems 
have been shown to be e f f e c t i v e as media for the e x t r a c t i v e fermen
t a t i o n of a number of solvents which include ethanol, acetone-buta-
nol and a c e t i c acid (3). Improved p r o d u c t i v i t y has been achieved i n 
most of the cases as compare
which i s s i g n i f i c a n t l y du
However, there i s an i n d i c a t i o  change
of the m i c r o b i a l c e l l s due to the presence of non-metabolizable 
polymers could also c o n t r i b u t e , i n the i n i t i a l phases, to the 
increased production. The ad d i t i o n of PEG and dextran to a growth 
medium, for instance, was shown to give increased i n i t i a l ethanol 
y i e l d s , as a r e s u l t of decrease i n the chemical p o t e n t i a l of water 
(8). 

Much e f f o r t has gone, i n recent years, i n s e t t i n g up a l c o h o l i c 
fermentations based on immobilized c e l l technology (9)· Some of the 
systems have proved to be h i g h l y productive, but are faced with 
drawbacks of leakage of c e l l s , and s t e r i c a l hindrances. Fermentation 
i n two-phase system, on the other hand, has been s u c c e s s f u l l y c a r 
r i e d out with macromolecular substrates such as starch and c e l l u l o s e 
(_7,TO ). It i s also easier to c o n t r o l a r e a c t i o n system i n v o l v i n g a 
number of enzymes, i n a two-phase system as compared to the immobi
l i z e d systems; f o r example, there i s a p o s s i b i l i t y to add more of 
the l a b i l e c a t a l y s t during the continuous operations. 

A l l the e x t r a c t i v e fermentation processes studied i n the 
two-phase system have employed PEG and dextran as the phase polymers 
(Table I ) . 

The m i c r o b i a l c e l l s employed for the conversion have been seen 
to be enriched i n the dextran r i c h bottom phase and al s o , the i n t e r 
f a c e . The macromolecular substrates are also found located i n the 
bottom phase. In f a c t , i n one of the e a r l i e r studies on ethanol f e r 
mentation, starch alone c o n s t i t u t e d the lower phase of a two-phase 
system (3). The solvent molecules are rather evenly d i s t r i b u t e d be
tween the two phases. However, the p a r t i t i o n i n g behaviour of the 
solvent molecules can somewhat be changed by v a r i a t i o n s i n the phase 
composition. Furthermore, a s i g n i f i c a n t e x t r a c t i o n of the solvent 
into the upper phase could be achieved by in c r e a s i n g the top to 
bottom phase volume r a t i o s (1,11). Semicontinuous batch 
fermentations have been performed with the c e l l s being r e c i r c u l a t e d 
i n the bottom phase. After the conversion, the top phase with the 
product i s removed and replaced by a fr e s h one along with more 
substrate. A l t e r n a t i v e l y , the phase i s returned to the system a f t e r 
removal of the solvent e.g. by d i s t i l l a t i o n (12,13). The 
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Figure 1. P r i n c i p l e for e x t r a c t i v e bioconversion i n aqueous two-
phase systems, where the b i o c a t a l y s t i s temporarily immobilized 
i n the droplets of one of the phases. Reproduced with permission 
from Ref. 7. Copyright 1984. Society of Chemical Industry. 
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i n t e g r a t i o n o f membrane t e c h n o l o g y w i t h t h e phase s y s t e m has been 
shown to be a d v a n t a g e o u s f o r t h e e f f i c i e n t r e c o v e r y of the p r o d u c t 
d u r i n g s t a r c h b i o c o n v e r s i o n (_7). I n t h i s manner, any l o s s e s o f t h e 
upper phase polymer and the b i o c a t a l y s t a r e a l s o r e d u c e d to a 
minimum. The r e p e a t e d use and t h e i n c r e a s e d o p e r a t i o n a l s t a b i l i t y o f 
th e b i o c a t a l y s t h e l p s i n i m p r o v i n g t he economics of t h e p r o c e s s . 

T a b l e I . B u l k c h e m i c a l p r o d u c t i o n i n aqueous two-phase systems 

B i o c o n v e r s i o n B i o c a t a l y s t Phase System R e f e r e n c e 

G l u c o s e > e t h a n o l S accharomyces 
c e r e v i s i a e 

6% PEG 8000-
2% D e x t r a n T500 

(12) 

S t a r c h * e t h a n o l P< - a m y l a s e ; 
g l u c o a m y l a s e 

5% PEG 20 M-
3% c r u d e d e x t r a n 

d > 

C e l l u l o s e ^ e t h a n o l 
/ 3 - g l u c o s i d a s e 
+ S . c e r e v i s i a e 

D e x t r a n T40 
(10 ) 

G l u c o s e — * a c e t o n e -
b u t a n o l 

C l o s t r i d i u m 
a c e t o b u t y l i c u m 

25% PEG 8000-
6% D e x t r a n T40 

(13 ) 

G l u c o s e > a c e t i c 
a c i d 

E s c h e r i c h i a 
c o l i 

6% PEG 8000-
7.5% D e x t r a n 

( 3 ) 

R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 11. C o p y r i g h t 1985, V e r l a g 
Chemie. 

One o f the common s i d e e f f e c t s o b s e r v e d d u r i n g e x t r a c t i v e 
b i o c o n v e r s i o n i s the a c c u m u l a t i o n of unwanted b y - p r o d u c t s i n the 
s y s t e m w h i c h may a f f e c t the p r o d u c t i v i t y d u r i n g c o n t i n u o u s 
o p e r a t i o n ( 1 4 ) . The b u i l d up of g l y c e r o l and o t h e r n o n - v o l a t i l e 
p r o d u c t s was shown to d e c r e a s e the e t h a n o l y i e l d s d u r i n g 
r e p e a t e d f e r m e n t a t i o n s i n a two-phase s y s t e m ( 1 2 ) . The p r o b l e m 
was, however, s o l v e d by d i a l y s i n g t he f e r m e n t a t i o n b r o t h and 
a l s o a d d i n g more y e a s t c e l l s . I t a p p e a r s t h a t t h e c o m b i n a t i o n of 
u l t r a f i l t r a t i o n w i t h the phase s y s t e m may c i r c u m v e n t t h e p r o b l e m 
o f b y - p r o d u c t i n h i b i t i o n i n most of the c a s e s . 

Even though aqueous two-phase sytems h o l d p r o m i s e f o r b u l k 
c h e m i c a l p r o d u c t i o n , t h e i r a p p l i c a b i l i t y on a l a r g e s c a l e i s not 
a s s u r e d u n l e s s t h e phase components, a t l e a s t , t h e f r a c t i o n a t e d 
d e x t r a n , a r e r e p l a c e d by c h e a p e r p o l y m e r s , o r t e c h n o l o g y i s 
d e v e l o p e d p e r m i t t i n g f u l l r e c y c l i n g o f t h e p o l y m e r s . These 
a s p e c t s a r e d i s c u s s e d l a t e r i n the p a p e r . 

P r o d u c t i o n o f f i n e c h e m i c a l s . I n s p i t e of the i n t e r e s t shown i n t h e 
p r o d u c t i o n o f b u l k c h e m i c a l s i n aqueous two-phase s y s t e m s , t h e po
t e n t i a l o f t h e s e systems f o r f i n e c h e m i c a l p r o d u c t i o n has not y e t 
been e x p l o i t e d . The o n l y b i o c o n v e r s i o n r e p o r t e d has been the d e a c y -
l a t i o n of b e n z y l p e n i c i l l i n to 6-amino p e n i c i l l a n i c a c i d ( 1 5 ) . 
Today, i n d u s t r i a l d e a c y l a t i o n i s p e r f o r m e d by p e n i c i l l i n a c y l a s e i n 
an i m m o b i l i z e d f o r m . The p r o d u c t i v i t y of the r e a c t i o n i n a 
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two-phase s y s t e m was found to be i n the same range as t h a t o f 
i m m o b i l i z e d s y s t e m . B u t , t h e use o f phase s y s t e m may have an 
ad v a n t a g e o v e r i m m o b i l i z e d r e a c t o r s , i n t h a t t h e i n a c t i v a t e d enzyme 
may be r e p l a c e d a t any t i m e d u r i n g o p e r a t i o n . 

The s l o w d e velopment i n t h e a r e a o f f i n e c h e m i c a l p r o d u c t i o n 
by e n z y m a t i c / m i c r o b i a l methods c o u l d be due to th e f a c t t h a t most 
o f t he compounds of c o m m e r c i a l i n t e r e s t have poor s o l u b i l i t i e s i n 
aqueous s o l u t i o n s . On t h i s s c o r e , e n z y m a t i c s y n t h e s i s has no t been 
a b l e to compete w i t h t r a d i t i o n a l t e c h n o l o g y . However, r e c e n t s t u 
d i e s on a few systems have shown t h a t t he p r e s e n c e o f an o r g a n i c 
s o l v e n t i n a b i o c a t a l y t i c r e a c t i o n medium o f f e r e d some a d v a n t a g e s 
w i t h r e s p e c t t o s o l u b i l i t y and downstream p r o c e s s i n g ( 1 6 ) . The 
a q u e o u s - o r g a n i c s o l v e n t two-phase systems have p r o v i d e d e f f e c t i v e 
r e a c t i o n media f o r t h e e x t r a c t i v e t r a n s f o r m a t i o n o f s t e r o i d s ( 1 7 ) . 
But t h i s a p p r o a c h may no t be a p p l i c a b l e f o r p r o c e s s e s i n v o l v i n g 
l i v i n g c e l l s b e c a u s e o f t h e d e n a t u r i n g e f f e c t o f most o f t h e s o l 
v e n t s . T h i s i s i n d i r e c
a r e b i o c o m p a t i b l e and a r
between the p h a s e s . 

The p o l y m e r s g e n e r a l l y employed i n f o r m i n g aqueous two-phase 
systems a r e q u i t e h y d r o p h i l i c as compared w i t h o r g a n i c s o l v e n t s ; 
t h e r e i s , however, a marked d i f f e r e n c e i n h y d r o p h o b i c i t y of the 
phase p o l y m e r s . Thus, by e x t r a c t i o n i n t o t h e more h y d r o p h o b i c phase 
i t may be p o s s i b l e t o d e s i g n b i o c o n v e r s i o n i n aqueous two-phase 
s y s t e m s o f s u b s t a n c e s o f low w a t e r s o l u b i l i t y . To t h i s a i m , we 
examined the t r a n s f o r m a t i o n o f h y d r o c o r t i s o n e to p r e d n i s o l o n e b y 
A r t h r o b a c t e r s i m p l e x c e l l s i n 25% PEG 8000 - 6% D e x t r a n T40 s y s t e m 
( 1 8 ) . Our s t u d i e s showed t h a t w h i l e t he c e l l s p r e f e r r e d the b o t t o m 
p h a s e , the K p a r t o f the s t e r o i d was i n f a v o u r o f the PEG r i c h 
u p p e r phase ( K p a r t ~ 3.0 andW.O f o r h y d r o c o r t i s o n e and p r e d 
n i s o l o n e r e s p e c t i v e l y ) . The r e a c t i o n r a t e was fo u n d t o be compa
r a b l e w i t h t h o s e o f systems i n w h i c h the o r g a n i c s o l v e n t had been 
i n c l u d e d , w h i c h c o u l d be due to th e e f f i c i e n t mass t r a n s f e r b etween 
t h e two p h a s e s . Due to the h i g h t o p to b o t t o m phase volume r a t i o 
( 8 . 5 : 1 ) a r e c o v e r y o f 98-99% c o u l d be o b t a i n e d i n t h e t o p ph a s e . 

A f t e r t he c o m p l e t e t r a n s f o r m a t i o n , t h e PEG r i c h phase c o u l d 
be p a s s e d o v e r a column o f h y d r o p h o b i c s o r b e n t f o r t h e e x t r a c t i o n 
o f p r e d n i s o l o n e , and t h e n r e c i r c u l a t e d to the r e a c t o r w i t h a d d i t i o 
n a l s u b s t r a t e . The b a c t e r i a l c e l l s c o u l d be used r e p e a t e d l y f o r t h e 
b a t c h c o n v e r s i o n s o f h y d r o c o r t i s o n e , and a l s o had th e p o s s i b i l i t y 
o f b e i n g r e a c t i v a t e d by s u p p l y o f n u t r i e n t s . 

These s t u d i e s , t h e r e f o r e , s e t t h e b a s i s f o r a c o n t i n u o u s s y s t e m 
f o r e x t r a c t i v e b i o c o n v e r s i o n o f s t e r o i d s . The i n t e r e s t i n g p o i n t t h a t 
comes to n o t i c e i s t h a t t h e c o m b i n a t i o n o f two t e c h n i q u e s such as 
aqueous two-phase s e p a r a t i o n , and a d s o r p t i o n , w h i c h a r e g e n e r a l l y 
u s e d i n d i v i d u a l l y f o r p e r f o r m i n g e x t r a c t i v e b i o c o n v e r s i o n s , c o u l d be 
adv a n t a g e o u s f o r e f f i c i e n t p r o d u c t r e c o v e r y i n c a s e o f f i n e 
c h e m i c a l s as w e l l . 

S i m i l a r i l y , aqueous two-phase systems may f i n d use i n o t h e r 
a r e a s l i k e t h e e x t r a c t i v e c o n v e r s i o n o f b i o s u r f a c t a n t s , w h i c h a r e 
a s s u m i n g i n c r e a s e d i m p o r t a n c e i n b i o t e c h n o l o g y . These compounds 
g e n e r a l l y a f f e c t t h e c e l l s and have t o be removed c o n t i n u o u s l y 
d u r i n g c u l t i v a t i o n . 
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Production of macromolecules. At times, the macromolecules produced 
during fermentations may be toxic to the c e l l s synthesizing them, 
thus preventing further synthesis. In other s i t u a t i o n s , they are so 
f r a g i l e , that they may be degraded i n the unfavourable conditions 
p r e v a i l i n g i n the fermentor. The macromolecules belonging to both 
the classes are generally p r o t e i n i c i n nature. In e i t h e r case, i t i s 
d e s i r a b l e to remove the product as i t i s formed. Aqueous two-phase 
systems o f f e r a promising technology to do the same. Advantage i s 
again taken of varying volume r a t i o s to obtain an e f f i c i e n t 
e x t r a c t i o n of the macromolecular product into the top phase, i f the 
p a r t i t i o n c o e f f i c i e n t s are not favourable. Recovery into the top 
phase could also be enhanced by the m o d i f i c a t i o n of the phase 
polymers depending on the nature of the product. 

The toxic e f f e c t of macromolecules on the b a c t e r i a l c e l l s 
producing them i s represented very well i n case of C l o s t r i d i u m 
species. The production of c e r t a i n s u i c i d a l e x t r a c e l l u l a r proteins 
( a u t o l y s i n s ) have been reporte
acetobutylicum (19), whic
al s o the solvent production  produce y C_*
a p r o t e o l y t i c enzyme capable of degrading the c e l l w a l l of the 
bacterium; the protoplasts formed as a r e s u l t , are extremely l a b i l e . 
In a pioneering study on the production of t h i s t o x i n , Puziss and 
Hedén (20) showed that e x t r a c t i v e bioconversion could be used when 
growing £. t e t a n i . In an aqueous two-phase system c o n s i s t i n g of 12% 
PEG 4000 and 2% Dextran (mol.wt.480 000), the t o x i n was equally 
d i s t r i b u t e d i n the two phases, while the majority of the c e l l s were 
i n the lower phase. Because of the high top to bottom phase volume 
r a t i o (15:1) the concentration of the protein was s u b s t a n t i a l l y 
reduced i n the immediate v i c i n i t y of the c e l l s . As a r e s u l t , more 
than 1000 f o l d increase i n the t o t a l y i e l d of toxin was obtained, as 
compared to production i n conventional medium. According to the 
authors, the phase polymers had a s t a b i l i z i n g e f f e c t on the 
p r o t o p l a s t s i n the older c u l t u r e s , which are known to continue some 
metabolic a c t i v i t i e s of the c e l l s . This could, i n part, contribute 
to the toxin output i n the phase system. 

The two-phase systems have also shown p o t e n t i a l i n the 
production of p r o t e c t i v e antigens (20). The e x t r a c t i v e phenomenon, 
thus, may be used to advantage i n the production of other important 
c e l l u l a r products such as vaccines. 

The semicontinuous production of «<-amylase and c e l l u l a s e 
has been studied i n PEG-Dextran systems using B a c i l l u s s u b t i l i s and 
Tricoderma r e e s e i , r e s p e c t i v e l y (21, 22). Some improvements i n the 
y i e l d s have been observed i n both the cases. In case of c e l l u l a s e 
production, the economics of the process could be improved by using 
a cheap, l i g n o c e l l u l o s i c waste as the substrate, and r e p l a c i n g the 
f r a c t i o n a t e d dextran with a crude one. 

Optimizing the phase system i s an e s s e n t i a l p r e r e q u i s i t e for 
the enzyme production, and s t i l l much work i s to be done regarding 
t h i s aspect. Some methods for the removal of phase polymers from the 
end product have been reported as described l a t e r , which have to be 
a p p l i e d for the economical recovery of the pure enzyme. 
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P u r i f i c a t i o n o f p r o t e i n s by p a r t i t i o n i n aqueous two-phase systems 

Removal of c e l l d ebris, DNA and proteases, c o n s t i t u t e the major 
problems faced during the lar g e - s c a l e i s o l a t i o n of i n t r a c e l l u l a r 
p r o t e i n s . This has emphasized the need for rapid prodedures for pro
t e i n p u r i f i c a t i o n . The fundamental studies on separations i n aqueous 
two-phase systems suggest that i t i s possible to spontaneously par
t i t i o n the pro t e i n of i n t e r e s t into one of the phases by s e l e c t i n g 
the s u i t a b l e c o n d i t i o n s . The method i s very e f f i c i e n t and conve
nient when set up. However, i t may be very laborious to f i n d the 
proper conditions for a favourable p a r t i t i o n i n g . Furthermore, such a 
system may be influenced by v a r i a t i o n s i n parameters such as compo
s i t i o n of the c e l l homogenate. Several examples on large scale 
i s o l a t i o n of proteins have been reported. Some of these are l i s t e d 
i n Table I I . 

Table I I . I s o l a t i o n of

Enzyme Organism Phase system Reference 
Formaldehyde 
dehydrogenase 

Candida 
b o i d i n i i 

PEG/crude 
dextran 

(23) 

β-Galactosidase E . c o l i PEG/salt (24) 

Fumarase Brevibacterium 
ammoniagenes 

PEG/salt (25) 

Aspartase E . c o l i PEG/salt (25) 

Leucine 
dehydrogenase 

B a c i l l u s 
sphaericus 

PEG/crude 
dextran 

(25) 

A f f i n i t y p a r t i t i o n i n g . In some cases, i t may not be possible to 
separate one pro t e i n out of a complex mixture by means of sponta
neous p a r t i t i o n i n g i n an aqueous two-phase system. Then a f f i n i t y i n 
te r a c t i o n s may be u t i l i z e d . When f i r s t described, a f f i n i t y p a r t i 
t i o n i n g was used for p u r i f i c a t i o n of membrane v e s i c l e s (26), and has 
since been exp l o i t e d i n a broad spectrum of a p p l i c a t i o n s . 

The general strategy i s to design a system where a l l , or at 
l e a s t , most c e l l components p a r t i t i o n to the bottom phase. By s p e c i 
f i c i n t e r a c t i o n with an a f f i n i t y l i g a n d , having a strong preference 
for the top phase, the pro t e i n forms an a f f i n i t y complex that p a r t i 
t ions across the phase boundary. The a f f i n i t y bound material i s then 
recovered from the top phase. In Table I I I are l i s t e d examples of 
some groups of ligands used i n t h i s context. 

The ligands are often modified by coupling PEG to them. The 
coupling chemistry when dealing with PEG-modification i s the same as 
i n conventional a f f i n i t y chromatography. Usually, a conjugate 
between PEG and one ligand molecule i s formed. The l i f t i n g power of 
such a ligand may very well be enough when p u r i f y i n g multivalent 
s t r u c t u r e s , e.g. membrane v e s i c l e s or oligomeric p r o t e i n s . In other 
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c a s e s , e.g. when the l i g a n d i s a m a c r o m o l e c u l e t h a t p e r se p r e f e r s 
t h e b o t t o m phase, t h e n a h i g h e r degree o f m o d i f i c a t i o n i s n e e d e d . 
L e c t i n s and a n t i b o d i e s used f o r s e l e c t i v e e x t r a c t i o n of g l y c o s y l a t e d 
s t r u c t u r e s and a n t i g e n s r e s p e c t i v e l y , a r e amongst t h e l i g a n d s 
b e l o n g i n g to t h i s c a t e g o r y . 

T a b l e I I I . Examples of a f f i n i t y p a r t i t i o n i n g i n aqueous two-phase 
s y s t e m s . 

L i g a n d Compound p u r i f i e d S o u r c e R e f e r e n c e 
C i b a c r o n b l u e Formate dehydrogenase C a n d i d a b o i d i n i i ( 2 7 ) 

C o n c a n a v a l i n P e r o x i d a s e H o r s e r a d i s h ( 2 8 ) 
A 

A n t i b o d i e s ^ 2 ~ m : i - c r o g l 0 b u l i n Human plasma ( 2 9 ) 
E r y t h r o c y t e

Coenzyme Dehydrogenase  ( 2 7 ) 
(NADH) 

However, a p r o b l e m e n c o u n t e r e d when u s i n g heavy m o d i f i c a t i o n i s 
t h a t the b i n d i n g c a p a c i t y may go down. T h i s can be a t t r i b u t e d to a 
c h e m i c a l m o d i f i c a t i o n o f g r o u p s e s s e n t i a l f o r t h e a f f i n i t y 
i n t e r a c t i o n , o r may be due to s t e r i c a l h i n d r a n c e by the p o l y m e r 
c h a i n s bound to t h e l i g a n d . I f t h i s d e c r e a s e i s s e v e r e , t h e w h o l e 
p r o c e d u r e may be u s e l e s s u n l e s s a second s e p a r a t o r i s used as a 
m o d i f i e d group t h a t b i o s p e c i f i c a l l y b i n d s t h e l i g a n d w h i c h , i n t u r n , 
i n t e r a c t s w i t h the s t r u c t u r e to be i s o l a t e d . Examples of such 
s e c o n d a r y s e p a r a t o r s a r e c e l l s o f S t a p h y l o c o c c u s a u r e u s c a r r y i n g 
p r o t e i n A on t h e i r s u r f a c e s t h a t b i n d s to the F c p a r t of t h e 
i m m u n o g l o b u l i n G, l e a v i n g t h e F , p a r t f r e e f o r t h e b i n d i n g of 
a n t i g e n . a u r e u s c e l l s c a n be h e a v i l y m o d i f i e d by methoxy 
p o l y e t h y l e n e g l y c o l (MPEG) t o make them p a r t i t i o n to the t o p phase 
and s t i l l m a i n t a i n t h e i r b i n d i n g c a p a c i t y f o r I g G - m o l e c u l e s . A n o t h e r 
s u c h s e p a r a t o r i s a v i d i n t h a t i s M P E G - m o d i f i e d , r e t a i n i n g i t s 
b i n d i n g c a p a c i t y f o r b i o t i n . Hence, a g e n e r a l scheme f o r 
p a r t i t i o n i n g of m o l e c u l e s o f i n t e r e s t to the t o p p h a s e , i s o b t a i n e d 
i f t h e y a r e l a b e l l e d w i t h b i o t i n . I n T a b l e IV a r e l i s t e d some d a t a 
on p a r t i t i o n b e h a v i o u r of the above d i s c u s s e d s e c o n d a r y s e p a r a t o r s . 

Aqueous two-phase systems a r e r a t h e r s u b t l e . The s e n s i t i v i t y of 
s u c h systems i s v e r y w e l l d e m o n s t r a t e d b y V e i d e et^ a _ l . ( 3 1 ) i n t h a t 
a m i x t u r e of PEG and p o t a s s i u m p h o s p h a t e g i v i n g a homogeneous s o l u 
t i o n , s u d d e n l y s t a r t e d to f o r m a two-phase s y s t e m when c e l l homoge-
n a t e was l o a d e d i n the s y s t e m . M i n o r v a r i a t i o n i n i o n i c c o m p o s i t i o n 
may a l s o g i v e d r a m a t i c changes i n p a r t i t i o n b e h a v i o u r . T h i s may be 
r e g a r d e d as an a d v a n t a g e when d e a l i n g w i t h w e l l known, s t a b l e 
s y s t e m s , whereas i n o t h e r c a s e s , i t may l e a d to u n p r e d i c t a b l e b e h a 
v i o u r . Hence, i t may be d e s i r a b l e to d e s i g n t h e a f f i n i t y p a r t i t i o n 
i n g i n such a way t h a t t h e p a r t i t i o n b e h a v i o u r o f the a f f i n i t y 
c o m p l e x can be p r e d i c t e d , and i s s t a b l e w i t h i n a wide range of ex
t e r n a l c o n d i t i o n s . The a p p r o a c h d e s c r i b e d f o r S t a p h y l o c o c c u s a u r e u s 
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above represents such a robust predictable p a r t i t i o n behaviour. A 
stable system i s easier to operate, but may prove quite expensive, 
thus l i m i t i n g i t s a p p l i c a t i o n to a n a l y t i c a l purposes. 

Table IV. D i s t r i b u t i o n i n two-phase systems of separators, 
Staphylococcus aureus and a v i d i n . 

Staphylococcus aureus Avidin 
Native MPEG-modified MPEG-modified 

Top phase 0 % 80 % 90 % 

Interface 10 % 20 % 0 % 

Bottom phase 90 % 0 % 10 % 

Note: A phase system c o n s i s t i n
0.15 g/g MgS0^-7H20 was
Source: Reproduced with permission from Ref. 29. Copyright 
1983, E l s e v i e r Biomedical Press. 

Recently, another v a r i a t i o n on t h i s theme was presented. By 
introducing PEG-modified a f f i n i t y sorbents (Sepharose beads c a r r y i n g 
the immobilized ligand) a new process c o n f i g u r a t i o n for protein 
p u r i f i c a t i o n was achieved as shown i n Figure 2 (32). The beads were 
exposed to the c e l l homogenate before the phase components were 
added. A f t e r phase separation the p a r t i c l e s were recovered from the 
top phase, as a layer on top of the i n t e r f a c e . The beads were 
c o l l e c t e d and tra n s f e r r e d to a column, where they were washed fr e e 
of the phase polymers, and then the e l u t i o n was c a r r i e d out 
according to conventional procedures. 

By t h i s technique of combining a f f i n i t y p a r t i t i o n i n g with a f f i 
n i t y chromatographic e l u t i o n , the advantages of the two procedures 
were combined. The rapid and e f f e c t i v e removal of c e l l debris i n the 
ex t r a c t i o n procedure, and f i n a l l y , the e f f i c i e n t e l u t i o n procedure 
of the a f f i n i t y chromatographic step was achieved. 

E x t r a c t i o n i n aqueous two-phase systems i s said to be an opera
t i o n that i s easy to scale up (33). This i s also true for a f f i n i t y 
p a r t i t i o n i n g and i s c l e a r l y i l l u s t r a t e d by the process for p u r i f i c a 
t i o n of formate dehydrogenase (34, 35). In t h i s study, small scale 
experiments gave an o v e r a l l enzyme y i e l d of 74%. When scaled up by a 
fa c t o r of 40 000, the y i e l d was 70%, thus demonstrating the 
f e a s i b i l i t y of evaluating the performance of e x t r a c t i o n process on a 
small s c a l e . 

Removal of polymers 

A general problem that i s s p e c i f i c for the two-phase e x t r a c t i o n 
technique i s the removal of polymers from the p u r i f i e d p r o t e i n . In 
the case of PEG-salt systems, a general strategy has been to extract 
one p r o t e i n to the PEG-rich phase and then replace the s a l t phase by 
a fresh s a l t phase under conditions i n which the protein prefers the 
s a l t phase. This phase i s then separated and the s a l t removed by 
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Add 

heads 

C e l l s Homogenate 

Add 
phase 
s y s t e m 

F i g u r e 2. P a r t i t i o n i n g i n two-phase s y s t e m w i t h t he use o f an 
a f f i n i t y s o r b e n t . R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 2. 
C o p y r i g h t 1986, W i l e y - I n t e r s c i e n c e 0 
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u l t r a f i l t r a t i o n o r d i a l y s i s ( 3 5 ) . However, one has to t a k e i n t o 
c o n s i d e r a t i o n the f a c t t h a t t h e r e w i l l a l s o be some PEG i n t h e s a l t 
phase and t h a t t h i s amount i n r e l a t i o n to the amount of p r o t e i n i s 
q u i t e l a r g e . Low m o l e c u l a r w e i g h t PEG can be removed i n t h e d i a l y s i s 
s t e p . A l t e r n a t i v e methods to remove the phase components have been 
p r e s e n t e d . I o n exchange ( 2 ) o r h y d r o p h o b i c c h r o m a t o g r a p h y (37) g i v e s 
o p p o r t u n i t i e s to a d s o r b the c h a r g e d p r o t e i n s and l e t t h e u n c h a r g e d 
p o l y m e r s p a s s . The use o f p a r t i c l e bound l i g a n d s m e n t i o n e d above 
e n a b l e s one to wash o f f the p o l y m e r s p r i o r to e l u t i o n o f the 
a f f i n i t y - b o u n d m a t e r i a l . 

Economy 

A h a m p e r i n g f a c t o r i n the e x p l o i t a t i o n o f aqueous two-phase s y s t e m s 
i n b i o t e c h n o l o g y has been t h e c o s t o f the phase components. The c o s t 
o f P E G / s a l t s y s t e m s have been r e g a r d e d as a c c e p t a b l e , whereas 
p o l y m e r / p o l y m e r s y s t e m s
as b o t t o m phase p o l y m e r
s c a l e a p p l i c a t i o n s . E f f o r t
i n c o s t , b u t not t o an e x t e n t t h a t made i t w o r t h w h i l e to p u r s u e . The 
cr u d e d e x t r a n p r o d u c e d b y L e u c o n o s t o c m e s e n t e r o i d e s i s too v i s c o u s 
t o be used d i r e c t l y . P a r t i a l h y d r o l y s i s had to be a p p l i e d and t h a t 
i n c r e a s e d t h e c o s t s u b s t a n t i a l l y . 

A r e a s o n why the P E G / s a l t systems have not been used more 
e x t e n s i v e l y i s t h a t t h e h i g h i o n i c s t r e n g t h s e v e r e l y i n f l u e n c e s t h e 
a f f i n i t y i n t e r a c t i o n s when a f f i n i t y p a r t i t i o n i n g i s to be e x p l o i t e d . 
However, i n a p p l i c a t i o n s where s p o n t a n e o u s p a r t i t i o n i n g i s s u f f i 
c i e n t , t h e s e systems a r e o f t e n u s e d . R e c e n t l y , t h e use of s t a r c h 
d e r i v a t i v e s named as R e p p a l PES has been r e p o r t e d ( 3 2 ) t h a t a r e u s e 
f u l i n f o r m i n g aqueous two-phase s y s t e m s . The p r o p e r t i e s o f t h e s e 
new p o l y m e r s r e s e m b l e t h o s e o f d e x t r a n . 

Based on the c o s t s f o r the p o l y m e r s of 2.5 $/kg and 7 $/kg 
f o r PEG and R e p p a l , r e s p e c t i v e l y , one can c a l c u l a t e t h e c o s t o f t h e 
phase s y s t e m . For two e q u i v a l e n t phase s y s t e m s h a v i n g d e x t r a n and 
R e p p a l as b o t t o m phase p o l y m e r s r e s p e c t i v e l y , t h e c o s t i s r e d u c e d 
f r o m 5.5 $/L f o r P E G / d e x t r a n to 0.50 $/L f o r P E G / R e p p a l . 

A c r u c i a l p o i n t when d i s c u s s i n g economics o f phase systems i s 
t h e l o a d i n g o f the s y s t e m . The more b i o l o g i c a l m a t e r i a l t h a t c a n be 
l o a d e d , l e s s e r i s t h e c o s t o f phase s y s t e m per u n i t p r o c e s s e d . F u r 
t h e r m o r e , e x t e n s i v e s t u d i e s have been c a r r i e d o u t c o n c e r n i n g r e c i r 
c u l a t i o n o f the phase components. The l a t t e r e f f o r t s have m a i n l y 
been f o c u s e d on P E G / s a l t s y s t e m s , and a l s o on the p o l y m e r / p o l y m e r 
phase systems e m p l o y i n g a f f i n i t y l i g a n d s . K u l a and c o w o r k e r s 
r e p o r t e d the r e u s e o f the s a l t phase when c a r r y i n g out e x t r a c t i v e 
p u r i f i c a t i o n ( 3 7 ) . They showed t h a t t h e phases c o u l d be r e c y c l e d 4 
t i m e s w i t h o u t any marked l o s s i n p e r f o r m a n c e of the phase s e p a r a t i o n 
and i n s p e c i f i c a c t i v i t y of the p u r i f i e d p r o t e i n . 

An a d d i t i o n a l a s p e c t o f the phase components to be c o n s i d e r e d 
i s t h e i r p o l l u t i n g e f f e c t s . I f the used phases a r e pumped down t h e 
d r a i n , t h e n t h e c o s t o f t h e waste w a t e r t r e a t m e n t p l a n t has to be 
i n c l u d e d i n the p r o c e s s e c o n o m i c s . P h o s p h a t e i s r e g a r d e d as one of 
the more d i f f i c u l t n u t r i e n t s t o be removed e f f i c i e n t l y i n waste 
w a t e r t r e a t m e n t p r o c e s s . B i o d e g r a d a b l e p o l y m e r s seem much more 
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acceptable from the p o l l u t i o n point of view. PEG i s biodegradable, 
though by a slow process. Recycling of phase components w i l l thus 
reduce the d i r e c t costs and also the loading on the r e c i p i e n t 
systems. 

The systems are economically acceptable when separating pro
t e i n s out of a c e l l homogenate. On the other hand, when ca r r y i n g out 
bioconversion processes, the phase system has to be continuously 
reused, hence, there must be a method to remove the products from 
the phase system. This can be performed i n a number of ways l i k e 
adsorption, membrane f i l t r a t i o n , e t c . 

Equipment f o r continuous e x t r a c t i o n 

It has been demonstrated that i f an e f f i c i e n t separation of d i f f e r 
ent substances i n an aqueous two-phase system, cannot be achieved i n 
a s i n g l e step, a multistage procedure could be resorted to (2). This 
method, well-known as counte
large number of e x t r a c t i o
d i f f e r i n g only s l i g h t l y  p a r t i t i o ,
p o s s i b l e to f r a c t i o n a t e red blood c e l l s based on t h e i r age (38,39); 
i t has also been demonstrated that the wing buds i n chick embryos, 
at a very e a r l y stage of development contain c e l l populations with 
d i f f e r e n t surface p r o p e r t i e s , and a l s o , l a t e r during the develop
ment, show s t r u c t u r a l d i f f e r e n c e s (39, AO). Another i l l u s t r a t i v e 
example of the extreme r e s o l v i n g power i n such multistage e x t r a c t i v e 
processes i s the demonstration that enzymes that operate i n sequence 
i n the c e l l but so f a r , have never been shown to express any a f f i n i 
ty for each other, p a r t i t i o n together i n the phases ( A l ) . If t h i s 
high r e s o l v i n g power were e x p l o i t e d , a very e f f i c i e n t p u r i f i c a t i o n 
process would be set up. 

The CCD machines are characterized by the presence of a s e r i e s 
of compartments containing defined volumes of top and bottom phases, 
i n which a substance p a r t i t i o n s i t s e l f depending on i t s p a r t i t i o n 
c o e f f i c i e n t . The phase mixing i s followed by the settlement of the 
phases, and moving the top phases to the adjacent bottom phases. 
This process i s repeated depending on the number of compartments i n 
the machine. Normally, a CCD machine has a low capacity, despite a 
high r e s o l v i n g power (2). 

A c e n t r i f u g a l step can be introduced i n the process to reduce 
the phase s e t t l i n g time. This has been made possible by the use of 
counter-current continuous flow c e n t r i f u g a l separators developed by 
Sanki Engineering L t d . (Japan), which also enable the CCD to be 
driven continuously, with high throughputs. In these continuous 
processes i t i s , of course, s u i t a b l e also to introduce a f f i n i t y 
i n t e r a c t i o n s . 

Conclusion 

The v e r s a t i l i t y and the p o t e n t i a l of aqueous two-phase systems i n 
future biotechnology has been amply demonstrated. The a p p l i c a t i o n s 
described here deal with e x t r a c t i v e bioconversions, i s o l a t i o n and 
p u r i f i c a t i o n of p roteins. Biochemical analyses i n terms of binding 
assays have also been s u c c e s s f u l l y applied i n the two-phase systems 
(1 ) . 
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The b i o c o m p a t i b i l i t y , f a s t separation process and the ease to 
scale up are some of the c h a r a c t e r i s t i c s that make aqueous 
two-phase systems an a t t r a c t i v e a l t e r n a t i v e to other known 
techniques when biochemical separation i s to be c a r r i e d out. 
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8 
Recovery of Proteins from Polyethylene Glycol-Water 
Solution by Salt Partition 

G. B. Dove and G. Mitra 

Cutter Laboratories, Berkeley, CA 94710 

Addition of salts (e.g. potassium phosphate 
dibasic) partitions an aqueous system containing 20% 
w/v polyethylene glycol (PEG) into two liquid 
phases: a PEG
phase. Proteins and polymers (e.g. DNA, albumin, 
immunoglobulins, alpha-1 antitrypsin, and PEG) 
distribute unevenly between the two phases. 
Partition coefficients (concentration in PEG phase / 
concentration in salt phase = K) are influenced by 
physical parameters, such as salt composition and 
concentration, pH (ion ratios) and temperature. 
Specific proteins (e.g. alpha-1 antitrypsin) exhibit 
low Κ values in a wide range of conditions. 

Higher salt concentrations and pH yield higher 
partition coefficients. In a plasma source, the Κ 
of alpha-1 antitrypsin is 0.0006 at 0.5 M salt and 
increases to 0.0062 at 1.6 M salt. The Κ of PEG 
increases to 200+ in 1.0 M salt. Proteins in 
general exhibit Κ values of 0.01-100. Altering pH 
to make proteins or other partitioned materials 
more/less hydrophilic induces greater/lower 
solubility. A pH change from 5 to 9 increases Κ in 
general by 100-fold+. Further, the trends 
demonstrated by increasing salt concentration are 
amplified. Lower temperatures (5 to -5 C) increase 
the PEG Κ by two to ten-fold with little change in 
protein distribution. Conditions may be tailored to 
optimize isolation of specific proteins to permit 
recoveries of 90% from mixed systems, such as plasma 
or fermentation broths. 

T h i s paper i s organized i n t o three parts. P u r i f i c a t i o n techniques 
are o u t l i n e d b r i e f l y i n comparison to aqueous e x t r a c t i o n , followed 
by a review of pr o p e r t i e s and work i n multiphase systems with 
emphasis on the p u r i f i c a t i o n of pr o t e i n s . F i n a l l y , recent work 
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undertaken by the authors i s presented, i n v o l v i n g p r o t e i n s of 
pharmaceutical importance. 

Various methods are a v a i l a b l e f o r the separation of 
biochemicals. These i n c l u d e p h y s i c a l methods of c e n t r i f u g a t i o n and 
f i l t r a t i o n , chemical methods of p r e c i p i t a t i o n and e x t r a c t i o n , and 
i n t e r a c t i v e techniques, such as e l e c t r o p h o r e s i s and chromatography. 
These methods are employed to perform the steps necessary to p u r i f y 
b i o l o g i c a l m a t e r i a l s from complex s o l u t i o n s . The i s o l a t i o n of a 
s p e c i f i c component (e.g. a p r o t e i n ) from a plasma source or a 
fermentation broth r e q u i r e s s e v e r a l stepss 
a) removal of c e l l p a r t i c l e s ( d i s r u p t i o n i f i n t r a c e l l u l a r 
product), e.g. c e n t r i f u g a t i o n . 
b) preliminary p u r i f i c a t i o n , e.g concentration, p r e c i p i t a t i o n . 
c) secondary p u r i f i c a t i o n , e.g. high-résolut!on chromatography. 
d) f i n i s h i n g . 

Through these steps, the necessary p u r i t y and y i e l d are 
achieved. Requirement
use. P u r i t y may range
100% f o r therapeutic use  y i e l y
c o s t of the f i n i s h e d product and i s of c r i t i c a l economic 
importance, as feed stocks f o r the processes are t y p i c a l l y 
expensive. F i n a l y i e l d s are considered i n terms of b i o l o g i c a l l y 
a c t i v e m a t e r i a l , as many of the components are l a b i l e and useless 
i n a denatured s t a t e . S p e c i f i c a l l y , the c o n s t r a i n t s of high p u r i t y 
and b i o l o g i c a l l y - a c t i v e y i e l d i n the production of therapeutic 
products l i m i t the a l t e r n a t i v e s a v a i l a b l e f o r p u r i f i c a t i o n 
processes. 

E x t r a c t i o n s and p r e c i p i t a t i o n s i n chemistry are w e l l -
e s t a b l i s h e d f o r organic systems. For example, n u c l e i c a c i d s may be 
extracted i n a phenol/water mixture (J.). The use of aqueous 
e x t r a c t i o n s has s e v e r a l advantages over these and other widely used 
methods of separation. 1) Chemical components, such as polymers 
and/or s a l t s , may be chosen to minimize dénaturât!on due to 
solvency or i n t e r f a c i a l tension ( 2 ) . Solvent/water mixtures, such 
as phenol/water, produce i n t e r f a c i a l tensions i n the range of 50 
dyne/cm, compared to 0.1 dyne/cm i n aqueous s y s t e m s ^ ) . 2) 
P h y s i c a l sources of dénaturât!on are minimal, with v i r t u a l l y no 
shear. Simple mixing only i s required; c e n t r i f u g a t i o n may be used 
to hasten separation ( 4 ) . 3) Conditions may be t a i l o r e d to 
s a t i s f y s p e c i f i c i s o l a t i o n requirements by basing separations on 
d i s s i m i l a r s o l u b i l i t i e s and a f f i n i t i e s , which are dependent on pH 
and s a l t s . These e f f e c t s are not a p p l i c a b l e to other methods. 4) 
The process i s e a s i l y s c a l e d t o any volume of m a t e r i a l , with 
minimal c a p i t a l i n v e s t m e n t 4 ) . Beyond conventional products, the 
technique i s a p p l i c a b l e to b i o t e c h n i c a l separations with unique 
p o s s i b i l i t i e s , which w i l l be addressed below. 

Pr o p e r t i e s and A p p l i c a t i o n s of Aqueous Systems 

The methodology of aqueous e x t r a c t i o n s i s adaptable t o the 
requirements of i s o l a t i n g b i o l o g i e s due to the high water content 
of the system. The a d d i t i o n of water-soluble polymers and/or 
s a l t s to water produces spontaneously two or more l i q u i d phases. 
The denser s o l u t i o n ( u s u a l l y the s a l t - r i c h one) forms the bottom 
phase. Each phase i s comprised p r i m a r i l y of water (80-95%X.2). 
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The top and bottom l i q u i d regions are separated by an i n t e r f a c e 
(P1). P r e c i p i t a t e s may form at t h i s l i q u i d - l i q u i d i n t e r f a c e or may 
s e t t l e to the bottom of the ve s s e l <P2), forming a s o l i d - l i q u i d 
i n t e r f a c e . Any ma t e r i a l i n the mixture may d i s t r i b u t e to any 
region, dependent on the combined p r o p e r t i e s of a l l components. 

Multiphase l i q u i d systems are analogous t o p r e c i p i t a t i o n s i n 
that p r e c i p i t a t i o n s c o n s i s t of one l i q u i d phase and one s o l i d 
region, whereas multiphase l i q u i d systems possess two or more 
l i q u i d regions and a range of s o l i d regions. The increased number 
of environments a v a i l a b l e to a m a t e r i a l make i s o l a t i o n more 
amenable to opti m i z a t i o n . 

In a given system of a polymer, a s a l t and water, two l i q u i d 
phases e x i s t with the corresponding e q u i l i b r i u m concentrations of 
each component. T y p i c a l l y , the top phase i s enriched with polymer 
and the bottom phase i s enriched with s a l t . The phases p a r t i t i o n 
because of mutual " i n c o m p a t i b i l i t y " (j>). A p r o t e i n i n the system 
w i l l d i s t r i b u t e betwee
of the p a r t i t i o n i n g agent
p a r t i t i o n c o e f f i c i e n t (K) y  (2)

Κ = Ct/Cb < 1 ) 

where Ct and Cb are the concentrations of pr o t e i n i n the top and 
bottom phases, r e s p e c t i v e l y . I f a component has an equal a f f i n i t y 
f o r both phases, the concentrations i n each phase are equal and Κ 
i s equal t o unity. 

The p a r t i t i o n c o e f f i c i e n t of any component i n the system 
(polymer, s a l t , p r o t e i n ) may be manipulated by seve r a l parameters 
( 4 ) : 
a) Chemical b a s i s and molecular weight of primary polymer (e.g. 
polyethylene g l y c o l s PEG). 
b) Chemical b a s i s of second agent (e.g. polymer, s a l t ) . 
c) Concentrations of a d d i t i v e s (e.g. p r o t e i n s ) . 
d) pH ( o r i o n i c r a t i o s ) , 
e ) Temperature. 

The number of c o n t r o l l a b l e p h y s i c a l parameters i s l a r g e . 
Parameters may be v a r i e d i n d i v i d u a l l y i n methodical fashion, as was 
done i n t h i s work. Experiments necessary to optimize a system 
f o r a s p e c i f i c component may be reduced by the simplex method (5) 
or f r a c t i o n a l f a c t o r i a l design ( 6 ) . 

In the l a s t t h i r t y years, s u b s t a n t i a l data has been 
accumulated f o r aqueous multiphase systems. The data may be 
c l a s s i f i e d by the components necessary to form m u l t i p l e phases. 
Non-ionic polymers, p o l y e l e c t r o l y t e s , low molecular weight organics 
and s a l t s have been studied to e s t a b l i s h phase diagrams f o r two or 
more components i n defined systems (Albertsson, 2). The most 
common systems i n v e s t i g a t e d have been mixtures of PEG and dextran 
or a phosphate s a l t . Separations by the simple p a r t i t i o n i n g agents 
can be enhanced by changes i n the chemical and p h y s i c a l 
environment. The a d d i t i o n of minor contaminants (e.g. detergents 
or other s u r f a c t a n t s ) a l t e r s the surface tension ( 7 ) . M o d i f i c a t i o n 
of polymers, such as attaching a charged group t o PEG (8) or 
dextran ( 9 ) , and a p p l i c a t i o n s to a f f i n i t y l i g a n d systems (9j. 10) 
and assays (JJ.) are under i n v e s t i g a t i o n . Mass transport across 
the i n t e r f a c e has been studied (12). 
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P a r t i t i o n i n g of plasma p r o t e i n s (2^ 6χ 13), enzymes (see 
below), c e l l s and c e l l p a r t i c l e s (2j_ 14, 15) and n u c l e i c a c i d s ( 16, 
17) i n a v a r i e t y of systems have been reported. 

Large s c a l e p u r i f i c a t i o n of enzymes i n PEG/dextran and 
PEG/salt have been reported and reviewed by Kula e t . al.(18, 19, 
20). Examples i n c l u d e p u l l u l a n a s e and 1,4-a-glucan phosphorylase 

a-amylase (22), b-galactosidase (23), and the general 
economics of e x t r a c t i v e enzyme recovery (24). Process s t u d i e s have 
covered the use of continuous c e n t r i f u g e s (18, 19) and 
countercurrent d i s t r i b u t i o n t r a i n s (2χ 25). 

P u r i f i c a t i o n of b-galactosidase from E. c o l i may be compared: 
Higgins (£6) o u t l i n e s a process of succeeding c e n t r i f u g a t i o n s to 
remove c e l l d e b r i s , n u c l e i c a c i d s p r e c i p i t a t e , and p r o t e i n 
p r e c i p i t a t e (product). Veide (23) o u t l i n e s a s i n g l e aqueous 
e x t r a c t i o n with PEG and s a l t i n which b-galactosidase p a r t i t i o n s to 
the PEG-rich phase. C e l l s , n u c l e i c a c i d s , and a major part of the 
contaminating p r o t e i n

Several a p p l i c a t i o n
i l l u s t r a t e the d i v e r s i t y  p a r t i t i o n i n g  phase
allows components to be separated w i t h i n the confines of another 
operation. Production of a m a t e r i a l (e.g. fermentation and 
subsequent c e l l separation) may be s i m p l i f i e d . Tissue c u l t u r e 
broth with c e l l s may be sonicated. The c e l l w a l l s are disrupted to 
r e l e a s e i n t r a c e l l u l a r products and degrading enzymes. The broth i s 
p a r t i t i o n e d q u i c k l y with PEG/salt i n bulk. 

In an unmodified PEG/dextran system, c e l l s and c e l l u l a r 
components p a r t i t i o n to the d e x t r a n - r i c h bottom phase ( 2 ) , l e a v i n g 
the top phase a v a i l a b l e f o r product. a-amylase has been 
p a r t i t i o n e d to the top phase and B a c i l l u s s u b t i l i s c e l l s t o the 
bottom phase (22). Production of b i o l o g i c a l l y a c t i v e m a t e r i a l s may 
be enhanced by removal of product from c e l l s or c e l l u l a r components 
for two reasons: 1 ) Degradation of product by e x t r a - or i n t r a 
c e l l u l a r enzymes s t i l l present i n the broth i s prevented. 2) 
Removal of product reduces negative feedback i n h i b i t i o n of growth 
or production of c e l l s . The method i s unique i n speed and ease f o r 
handling bulk q u a n t i t i e s which i s c r i t i c a l f o r s e n s i t i v e systems. 

A d i f f e r e n t approach i n v o l v e s the use of l i g a n d s c o v a l e n t l y 
attached to PEG, as noted above ( 8 ) . The ligand/PEG complex i s 
introduced to the broth, where the l i g a n d binds i t s t a r g e t 
complement, a product. PEG and s a l t are added; the PEG/1igand/-
complement complex p a r t i t i o n s p r e f e r e n t i a l l y to the PEG phase. The 
complement has been i s o l a t e d i n the PEG phase, whereas i t s 
i n t r i n s i c d i s t r i b u t i o n would favor the s a l t phase. The separation/ 
p u r i f i c a t i o n i s high where c o n d i t i o n s are such that a l l other 
m a t e r i a l s p a r t i t i o n to the s a l t phase. 

T h i s study was i n i t i a t e d to explore the a p p l i c a t i o n s of 
p a r t i t i o n e d phases to separations of t h e r a p e u t i c a l l y a c t i v e 
m a t e r i a l s . P o s s s i b i l i t i e s i n c l u d e : 1 ) i s o l a t i o n and p u r i f i c a t i o n 
of one component from a complex mixture (e.g. alpha-1 a n t i t r y p s i n , 
immunoglobulins from plasma sources or t i s s u e c u l t u r e broth), 2) 
removal of a secondary product or contaminant (e.g. DNA, r e s i d u a l 
PEG from a process stream) and 3) simultaneous fermentation and 
i s o l a t i o n of product from c e l l u l a r components. 

A system of PEG/salt was chosen because the s e t t l i n g time i s 
short (10-60 min.) compared to polymer/polymer systems (PEG/dextran 
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i s 30-180 min.)- T y p i c a l l y , PEG l e v e l s under s i m i l a r c o n d i t i o n s 
are lower i n s a l t systems. Further, i t was observed that PEG 
l e v e l s could be s u b s t a n t i a l l y reduced i n the s a l t phase by 
op t i m i z a t i o n . The data presented i n t h i s paper represent part of 
the work i n progress. 

Materi als/Methods 

Polyethylene g l y c o l (PEG 3350), H0(CH2-CH20)x-CH2-CH20H, was 
obtained from Union Carbide. PEG 3350 has a molecular weight of 
3300-3400. Reagents (potassium phosphate d i b a s i c , phosphoric a c i d ) 
were obtained from J.T. Baker, "Baker analyzed" reagent grade. 

Simple systems (with a s i n g l e defined a d d i t i v e ) were produced 
with each of the fo l l o w i n g m a t e r i a l s . C a l f thymus DNA, polymerized, 
was obtained from Sigma. P r o t e i n sources were prepared in-house 
and subsequently d i a l y z e d i n t o low s a l t s o l u t i o n s . Human serum 
albumin and immunoglobuli
immunoglobulin M (IgM)
and p u r i f i e d . A define  comple  syste
and IgM together. An undefined complex system was s e t up with an 
intermediate m a t e r i a l of Cohn plasma f r a c t i o n a t i o n c o n t a i n i n g 
alpha-1 a n t i t r y p s i n (alpha-1), albumin, and other contaminants. 

A stock s o l u t i o n of 40% PEG was stored at 5 C. Simple systems 
were formed by the a d d i t i o n of PEG s o l u t i o n , s a l t , and water to 
give 20% w/v PEG and appropriate s a l t . S o l u t i o n s were mixed and 
adjusted to pH with phosphoric a c i d . DNA was added to an 
approximate concentration of 1 mg/ml. Pro t e i n concentrates i n 
unbuffered s o l u t i o n s were added to an approximate concentration of 
1-10 mg/ml. To the plasma f r a c t i o n , PEG and s a l t c r y s t a l s were 
added. Systems were gently mixed by rocking i n polypropylene 
c e n t r i f u g e tubes. The mixtures were allowed to s e t t l e overnight at 
-4, 5 or 20 C. Tubes were ce n t r i f u g e d at 2000 RCF f o r 30 min. 

Samples were assayed by absorbance at 280 nm, Bradford p r o t e i n 
assay(27), and r a d i a l immunodiffusion p l a t e s (Helena L a b o r a t o r i e s ) . 
Alpha-1 a n t i t r y p s i n was assayed f o r b i o l o g i c a l a c t i v i t y by 
competitive assay with e l a s t a s e (28). DNA was assayed by the 
diphenylamine methods of Burton(29) and G i l e s and Myers(30), with 
m o d i f i c a t i o n s due to the presence of PEG and s a l t s (31). M a t e r i a l s 
were a l s o assayed by s i z e e x c l u s i o n chromatography on Superose 6 
(Pharmacia FPLC), with peak i n t e g r a t i o n a t 280 nm. PEG was assayed 
by HPLC. 

Results 

Data are presented i n s e v e r a l forms f o r many of the p a r t i t i o n e d 
m a t e r i a l s . The concentration of m a t e r i a l i n the s a l t phase and the 
p a r t i t i o n c o e f f i c i e n t (concentration i n the PEG phase / 
concentration i n the s a l t phase = K) are p l o t t e d as functions of 
s a l t concentration and pH on semi-log s c a l e . On the l o g a x i s , 1E0 
represents 1 χ 10(0) or 1; 2E3 represents 2 χ 10(3) or 2,000. A Κ 
value of 1 i n d i c a t e s no preference f o r e i t h e r phase; the 
concentration i s the same i n both. I t i s t h i s value of unity that 
i s c r i t i c a l . Values greater than 1 i n d i c a t e a preference f o r the 
top (PEG) phase and values l e s s than 1 i n d i c a t e the bottom ( s a l t ) 
phase. In several cases, p r e c i p i t a t i o n of p r o t e i n occurs at the 
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i n t e r f a c e or a t the bottom of the tube. As p r e c i p i t a t i o n occurs, 
the concentration of p r o t e i n i n the s a l t phase may decrease without 
a concurrent increase i n the p a r t i t i o n c o e f f i c i e n t . 

C e n t r i f u g a t i o n a f t e r s e t t l i n g f o r 24 hours had no e f f e c t on 
the volume r a t i o s (PEG phase / s a l t phase). Gelatinous p r e c i p i t a t e s 
were observed i n systems at higher s a l t and lower pH due to 
s a t u r a t i o n of the system with respect t o the p r o t e i n at the given 
salt/pH environment. C e n t r i f u g a t i o n compressed t h i s p r e c i p i t a t e 
l a y e r to l e s s than 10% of the phase volume. 

In general, the volume r a t i o (PEG phase / s a l t phase) 
decreases as the s a l t concentration or pH increas e s . 

Table I. R e l a t i v e volumes of phases as a fun c t i o n of s a l t 
concentration i n a t y p i c a l system at 5 C. 

S a l t Concentration (M) PEG ( % v o l . ) S a l t (% v o l . ) 

0.5 
0.6 
0.8 48 52 
0.8 (-5 C) 47 53 
1.0 44 56 
1.2 44 56 
1.6 44 56 

The gross p h y s i c a l c h a r a c t e r i s t i c s of the system can be i n f l u e n c e d 
by r e l a t i v e l y minor changes i n composition. For example, 
adjustment of pH with h y d r o c h l o r i c a c i d i n s t e a d of phosphoric 
prevents an i n t e r f a c e from forming below pH 5.5. 

DNA, IgM, IgG, albumin, and alpha-1 a n t i t r y p s i n follow s i m i l a r 
trends (Table I I , Figures 1-4). As the s a l t concentration 
increases, the concentration of m a t e r i a l i n the s a l t phase 
decreases and the p a r t i t i o n c o e f f i c i e n t increases. IgG e x h i b i t s 
the same pattern with i n c r e a s i n g pH ( F i g u r e 5). Other m a t e r i a l s 
are not as c o n s i s t e n t . The trends appear t o be somewhat additives 
i n c r e a s i n g the s a l t concentration and pH lead t o the greatest 
p a r t i t i o n c o e f f i c i e n t s . Temperature changes give mixed r e s u l t s 
with l i t t l e change ( F i g u r e s 2, 4, 5). In s e v e r a l instances, 
systems at the extreme values of the parameter ranges i n d i c a t e an 
a m p l i f i c a t i o n of trends observed i n the middle ranges. 

Various forms of DNA behave d i f f e r e n t l y . In PEG/dextran 
systems, native DNA e x h i b i t s higher values of Κ than denatured DNA. 
Both m a t e r i a l s e x h i b i t higher Κ values as the pH i s increased ( i . e . 
(H2P04)- i s s h i f t e d t o (P04)3-) ( J 6 ) . 

A summation of p a r t i t i o n c o e f f i c i e n t s at pH 9 i s given i n 
Figure 6. A l l m a t e r i a l s e x h i b i t a tendency toward the s a l t phase at 
low s a l t concentrations. As the s a l t concentration increases, DNA, 
albumin, IgM, and IgG are r e p e l l e d from the s a l t phase t o the PEG 
phase. Alpha-1 remains i n the s a l t phase e x c l u s i v e l y . The pattern 
at pH 9 stands i n cont r a s t t o the r e s u l t s at pH 5, i n Figure 7. 
M a t e r i a l s do not migrate t o the PEG phase. Κ values remain below 1 
even i n high s a l t concentrations. 
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Salt ConcQntration (M) 
Figure 1. Albumin concentration i n the s a l t phase as a 
function of s a l t concentration. 

4-> 

Salt ConcQntration (M) 
Figure 2. Albumin p a r t i t i o n c o e f f i c i e n t ( c o n c e n t r a t i o n i n 
PEG phase / concentration i n s a l t phase) as a function of s a l t 
concentration. 
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F i g u r e 4. I m m u n o g l o b u l i n G p a r t i t i o n c o e f f i c i e n t a s a 
f u n c t i o n o f s a l t c o n c e n t r a t i o n . 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



8. DOVE AND MITRA Recovery of Proteins by Sait Partition 101 

- DNA 

Figure 6 . Summary of p a r t i t i o n c o e f f i c i e n t s at pH 8 - 9 as a 
function of s a l t concentration. 
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• AlbiMin 

Salt Concentration (M) 
Figure 7. Summary of p a r t i t i o n c o e f f i c i e n t s at pH 5-6 as a 
function of s a l t concentration. 
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Table I I . Concentration of m a t e r i a l s i n the s a l t phase and 
p a r t i t i o n c e f f i c i e n t as functions of s a l t concentration and pH. 

M a t e r i a l S a l t Cone*η PH Cone *n P a r t i t i o n Coeff. 
t= 5 C (M) ( S a l t phase) (PEG/Salt) 

DNA (ug/ml ) 
0.5 9 23.5 0.043 
0.8 6 337 0.004 
0.8 7 5.6 0.179 
0.8 9 5.4 0.185 
1.6 9 1 538 

IgM ( mg/ml ) 
0.5 9 1.0 0.0019 
0.8 6 1.4 0.0013 
0.8 7 0.080 0.024 
0.8 
1.6 

Alpha-1  mg/m
0.5 8 17.8 0.00056 
0.6 8 10.1 0.0025 
0.8 8 6.3 0.0033 
1.0 8 5.5 0.0038 
1.2 8 4.7 0.0044 
1.6 8 3.3 0.0062 

The d i f f e r e n c e between alpha-1 and other p r o t e i n s may be 
a t t r i b u t e d t o e i t h e r the i n t r i n s i c nature of alpha-1 (e.g. low 
hydrophobicity) or the presence of miscellaneous plasma f r a c t i o n 
contaminants i n the s a l t phase a t t r a c t i n g alpha-1 or i n the PEG 
phase r e p e l l i n g alpha-1. A mixture of albumin and IgM show 
q u a l i t a t i v e l y the same values as the re s p e c t i v e simple systems. As 
the s a l t concentration increases, the concentration of p r o t e i n i n 
the s a l t phase decreases and the p a r t i t i o n c o e f f i c i e n t i ncreases. 
Again, a t lower pH, m a t e r i a l s do not migrate t o the PEG phase and 
p a r t i t i o n c o e f f i c i e n t s do not exceed 1. Further work i s i n 
progress to def i n e the separation between m u l t i p l e components based 
on experiments with defined systems. 

The e f f e c t s of s a l t concentration and pH have been studied 
p r e v i o u s l y (2j. 16, 32). I t has been found that the concentration 
and pH are not as c r i t i c a l as the r a t i o of ions. The pH i s a 
measure of the i o n i c environment; that i s , the r a t i o of charged 
ions derived from the s a l t , K2HP04 and a c i d , H3P04. Compared to 
e f f e c t s of small ions, the concentration of pr o t e i n s has l i t t l e 
e f f e c t on p a r t i t i o n c o e f f i c i e n t s (32).In general, higher v a l e n t 
anions y i e l d higher p a r t i t i o n c o e f f i c i e n t s : Κ of (P04)3- > 
(HP04)2- > (H2P04)-. The e f f e c t s of c a t i o n s and anions are 
cumulative. Ionic e f f e c t s can in c l u d e the a d d i t i o n of NaCl to 
PEG/dextran systems ( 2 ) . 

The d i s t r i b u t i o n may be defined i n terms of a model equation. 
From the Bronsted formula <2χ 33, 34): 

(M x)/(R Τ) 
Κ = e (2) 
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where M i s the molecular weight of the p a r t i t i o n e d component, χ i s 
a f a c t o r dependent on the component and system other than s i z e , R 
i s the gas constant and Τ i s the temperature. To p r e d i c t 
q u a l i t a t i v e l y the behavior of the system, e x i s t i n g data may be 
extrapolated. C a l c u l a t i n g χ with IgG data and e x t r a p o l a t i n g i t t o 
IgM, the values of Table III are generated. 

Table I I I . C a l c u l a t i o n of Bronsted formula parameters with IgG 
data and e x t r a p o l a t i o n to IgM at 5 C. 

S a l t Conc'n <M) 
PH 

0.5 M 
9 

0.8 M 
6 

0.8 M 
7 

0.8 M 
9 

IgG (K, data) 5E-2 1Ε-2 2E-1 6E-1 
IgG <x) -4.3E-4 -6.6Ε-4 -2.3E-4 -7.3E-•5 
IgM (K, c a l c . ) 3E-7 1Ε-10 3E-4 8E-2 
IgM (K, data) 2E-

For IgM, Κ ( c a l e . ) / Κ (data) i s l e s s than 1. The values 
converge only at higher s a l t and pH. Data i n d i c a t e a higher 
a f f i n i t y f o r the PEG phase than predicted by e x t r a p o l a t i o n of IgG 
values i n the Bronsted formula. I f the PEG phase tends to a t t r a c t , 
or the s a l t phase r e p e l s , hydrophobic species, then IgM e x h i b i t s 
greater hydrophobicity than expected. Conversely, c a l c u l a t i o n s to 
p r e d i c t the behavior of IgG based on IgM would i n d i c a t e greater 
h y d r o p h i l i c i t y . I t may be hypothesized that the glob u l a r nature of 
IgM s h i e l d s the Fc terminal carboxyl group from bulk i n t e r a c t i o n s , 
reducing the net charge density of the molecule i n s o l u t i o n . 

A change i n temperature of 15 C y i e l d s a change i n c a l c u l a t e d 
values of Κ of l e s s than 5%. Data i n d i c a t e no s i g n i f i c a n t change 
i n p r o t e i n Κ values over the observed temperature range. 

A p p l i c a t i o n s 

The p r a c t i c a l consequences of a process separation i n v o l v i n g alpha-
1 a n t i t r y p s i n are i n d i c a t e d i n Figures 8 and 9. The y i e l d ( F i g u r e 
8) i s the product of the concentration of alpha-1 i n the s a l t phase 
and the volume of the phase. Y i e l d s are above 90% i n the range of 
0.5-0.8 M s a l t . The s p e c i f i c a c t i v i t y (alpha-1 a c t i v i t y / A 2 8 0 ) , an 
i n d i c a t i o n of p u r i t y , increases by 20-40% over the i n i t i a l a c t i v i t y 
at pH 8 with no dependence on s a l t concentration ( F i g u r e 9 ) . 
Adjustment of pH i n future experiments may give increased p u r i t y . 

The concentration of PEG i n the s a l t phase i s p l o t t e d i n 
Figure 10. The lowest values are obtained a t 1.2 M s a l t . Reducing 
the temperature to -5 C f u r t h e r reduces the PEG l e v e l s by a f a c t o r 
of 2-10, g i v i n g a minimum of 0.06 mg/ml. At 0.8 M s a l t , higher 
concentrations of PEG are measured i n 25 ml. v e s s e l s as compared t o 
100 ml. I t was observed tha t small beads of PEG adhered to the 
wa l l s of the smaller v e s s e l s . Thus, the increased r a t i o of surface 
area / volume increased the apparent PEG concentration. I t i s 
expected that a l l PEG values would decrease as the v e s s e l volume i s 
increased. Other m a t e r i a l s ( p r o t e i n s ) were not subject to 
carryover. 
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.4 .6 .8 1 1.2 1.4 
Salt ConcQntration (M) 

F i g u r e 8. R e c o v e r y y i e l d o f A l p h a - 1 i n t h e s a l t phase a s 
f u n c t i o n o f s a l t c o n c e n t r a t i o n . 

.S i.9-| 

a i .H 

8 1.7i .e 
^ 1.6H 

ê 1.5H 
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vol. =25 ml. 
t=5 C, pH 8 

Î4 ΐβ ?8 1 7̂2 L4 L6 ϊ̂ β" Salt ConcQntration (M) 
F i g u r e 9. Change i n s p e c i f i c a c t i v i t y o f A l p h a - 1 ( s a l t 
p h a s e / i n i t i a l ) a s a f u n c t i o n o f s a l t c o n c e n t r a t i o n . 
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Figure 10. PEG concentration i n the s a l t phase as a function 
of s a l t concentration. 
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The a b i l i t y t o d i s t r i b u t e p r o t e i n s and polymers, i n c l u d i n g 
n u c l e i c a c i d s , between two immisible phases has been shown. The 
l i q u i d system c o n s i s t s of a PEG r i c h top phase and a s a l t r i c h 
bottom phase. Proteins of i n t e r e s t i n i n d u s t r i a l pharmaceuticals 
i n c l u d e n u c l e i c a c i d s (DNA), albumin, immunoglobulins, and alpha-1 
a n t i t r y p s i n . The i n i t i a l p u r i f i c a t i o n of a s i n g l e component 
(alpha-1) from a complex mixture (plasma) has been demonstrated. 
Further, r e s i d u a l PEG i n t h i s step has been severely reduced. An 
i n c r e a s i n g number of new processes are u t i l i z i n g PEG as an agent i n 
p r e c i p i t a t i o n or other operation. Removal of PEG from aqueous 
s o l u t i o n s by column chromatography, d i a f i l t r a t i o n , and other 
conventional methods i s d i f f i c u l t . I t has been shown that the 
concentration of PEG may be reduced by c o n t r o l l i n g p h y s i c a l 
parameters, even i n complex mixtures. 

The technique i s a p p l i c a b l e t o an i n f i n i t e v a r i e t y of complex 
separations with unique a t t r i b u t e s . The p r o p e r t i e s forming the 
ba s i s of separation ( s u r f a c
u n l i k e those of othe
complement other technique  provid  s e l e c t i v i t y  Hig
y i e l d , low c a p i t a l requirements and simple processing steps 
f a c i l i t a t e i n c o r p o r a t i o n i n t o a d e t a i l e d p u r i f i c a t i o n scheme. 

Legend of Symbols 

Κ s p a r t i t i o n c o e f f i c i e n t = C ( t ) / C(b). 
C(t)s Concentration i n top phase, t y p i c a l l y of a p r o t e i n . 
C(b)s Concentration i n bottom phase. 
PEG: p o l y e t h l y l e n e g l y c o l . 
as alpha 
jfcs beta 
IgGs immunoglobulin G. 
IgMs immunoglobulin M. 
A-1, alpha-1s alpha-1 a n t i t r y p s i n . 
Ms molecular weight (g / gmole). 
xs f a c t o r i n Bronsted formula (atmospheres χ l i t e r s / g). 
Rs gas constants (0.08205) (atmosphers χ l i t e r s / gmoles χ oK). 
Τs temperature (ο K). 
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9 
Modeling of Precipitation Phenomena in Protein 
Recovery 

C. E. Glatz and R. R. Fisher 

Department of Chemical Engineering, Iowa State University, Ames, IA 50011 

A review of efforts to experimentally characterize and 
model the phenomena important in protein precipitation 
shows that, despite successes, continued work is 
necessary to produc
of this method of protein recovery. 

The formation and growth of the primary particle in 
acid precipitation has been described in terms of the 
protein supersaturation. Aggregate growth by collision 
results in a size-dependent rate expression. Aggregate 
breakage, by shear or collision, remains to be 
adequately described in light of recent work. 
Population balances serve to model the combined 
phenomena. 

Recent work identifies mixing during precipitant 
addition as a determinant of aggregate physical 
properties; such effects are described with a 
floc-strength model. 

R e a p i n g t h e b e n e f i t s o f th e new b i o l o g y and even t h e c o n t i n u e d 
d e v e l o p m e n t o f t r a d i t i o n a l b i o t e c h n o l o g y p o s e s p r o b l e m s i n s e v e r a l 
a r e a s . Two o f t h e s e , s y n t h e s i s o f the d e s i r e d p r o d u c t and i t s end 
us e , have been and w i l l c o n t i n u e t o be th e f o c u s o f much r e s e a r c h . 
R e l a t i v e l y n e g l e c t e d has been t h e r e c o v e r y and p u r i f i c a t i o n o f t h e s e 
b i o l o g i c a l p r o d u c t s , the i n t e r m e d i a t e s t e p s t h a t c o n s t i t u t e t h e a r e a 
o f "downstream p r o c e s s i n g . " I t i s t h i s l a s t a r e a t h a t i s p r o v i n g t o 
r e q u i r e t h e g r e a t e s t e f f o r t i n p r a c t i c e and t h a t has the p o o r e s t b a s e 
o f f u n d a m e n t a l e n g i n e e r i n g u n d e r s t a n d i n g on w h i c h t o draw. 

The t o p i c o f t h i s p a p e r i s t h e m o d e l i n g o f e v e n t s o c c u r r i n g i n 
the r e c o v e r y o f p r o t e i n s and i n th e c o n d i t i o n i n g o f th e p r o d u c t 
s t r e a m s f o r f u r t h e r p u r i f i c a t i o n u s i n g p r e c i p i t a t i o n . The t y p i c a l 
g o a l o f downstream p r o c e s s i n g i s t h e r e c o v e r y o f a d e s i r e d p r o d u c t 
f r o m a v e r y d i l u t e s t r e a m w h i l e m i n i m i z i n g t h e l o s s o f t h e m a t e r i a l 
i n what i s u s u a l l y a m u l t i - s t e p s e p a r a t i o n p r o c e s s . P r e c i p i t a t i o n 
e n a b l e s an e a r l y c o n c e n t r a t i o n o f the p r o d u c t and c a n s i m u l t a n e o u s l y 
s e r v e t o remove c o n t a m i n a n t s t h a t would i n t e r f e r e w i t h s u b s e q u e n t 
p u r i f i c a t i o n s t e p s . F u r t h e r , t h e wide v a r i e t y o f p o t e n t i a l 
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p r e c i p i t a t i n g agents that e x i s t s permits s e l e c t i o n of the p a r t i c u l a r 
agent capable of recovering the target species under conditions where 
a c t i v i t y i s r e t a i n e d . 

The target species considered here are p r o t e i n s , and the 
p r i n c i p l e s developed may be a p p l i e d to any p r o t e i n - c o n t a i n i n g aqueous 
stream, i n c l u d i n g fermentation broths, p l a n t e x t r a c t s , and waste 
streams, whether the material i s destined f o r food, pharmaceutical, 
or chemical a p p l i c a t i o n . 

P r o t e i n P r e c i p i t a t i o n 

The s t a b i l i t y of proteins i n s o l u t i o n i s determined by a number of 
f a c t o r s that govern p r o t e i n - p r o t e i n , p r o t e i n - s o l v e n t , and 
solvent-solvent i n t e r a c t i o n s . S u f f i c i e n t a l t e r a t i o n of any of these 
i n t e r a c t i o n s can r e s u l t i n dramatic reductions i n s o l u b i l i t y . Hence, 
proteins can be p r e c i p i t a t e d by a v a r i e t y of agents i n c l u d i n g organic 
solvents, d i v a l e n t c a t i o n s  heat  acids/base  (pH adjustment)  s a l t s
nonionic polymers (eg. polyethylen
These means of a l t e r i n g s o l u b i l i t
time. What had been l a c k i n g was a d e s c r i p t i o n of the mechanism of 
formation of the p a r t i c u l a t e phase, the environmental determinants of 
the c h a r a c t e r i s t i c s of t h i s phase, and the connection between these 
c h a r a c t e r i s t i c s , p a r t i c u l a t e behavior i n the subsequent p u r i f i c a t i o n 
steps, and r e t e n t i o n of f u n c t i o n a l a c t i v i t y . There was, therefore, 
l i t t l e knowledge on which to base design of the p r e c i p i t a t i o n stage 
so that the p r e c i p i t a t e would be e a s i l y recovered, the maximum amount 
of p r o t e i n would be i n i t s native or a c t i v e s t a t e , and as many 
contaminants as p o s s i b l e would be removed. 

Recent research, the bulk of which has been gathered from study 
of the i s o e l e c t r i c p r e c i p i t a t i o n of soy p r o t e i n , has provided a good 
deal of t h i s missing information. 

Grabenbauer and Glatz (l_) and V i r k a r et a l . (2) have shown that 
p r e c i p i t a t i o n proceeds by an i n i t i a l r a p i d formation of submicron 
primary p a r t i c l e s followed by c o l l i s i o n - c o n t r o l l e d aggregation of 
these primary p a r t i c l e s . The l a t t e r growth phase i s complicated by 
the simultaneous shear-controlled breakup of the aggregates. We w i l l 
examine each step i n turn, i n c l u d i n g modeling approaches f o r each. 

Primary P a r t i c l e Formation. The i n i t i a l stage of primary p a r t i c l e 
formation had been observed by Parker and D a l g l e i s h (3) f o r 
enzymatically d e s t a b i l i z e d casein. They used l i g h t s c a t t e r i n g and 
t u r b i d i t y measurements to follow the weight-average molecular weight 
(M w) of the a s s o c i a t i n g casein p a r t i c l e s . A f t e r an i n i t i a l period of 
a c c e l e r a t i n g r a t e , the k i n e t i c behavior could be described by von 
Smoluchowski 1 s theory of p e r i k i n e t i c coagulation. The r e s u l t i n 
terms of was 

1^ = M 0 + 2 wkt (1) 

where M Q i s the molecule weight of the i n d i v i d u a l p r o t e i n s , k i s the 
coagulation rate constant, w i s the concentration (weight basis) of 
p r o t e i n , and t i s time. 

Nelson and Glatz (4) examined the r o l e of environmental 
conditions i n determining the s i z e and number of these primary 
p a r t i c l e s . They found s i z e to depend on the p r e c i p i t a t i n g agent 
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(HCl, H 2 S O 4 , or Ca 2 +) and total protein concentration, but not on 
mixing conditions. Their conclusion was that primary particle growth 
is governed by supersaturation-controlled nucleation/growth 
phenomena· 

This mechanism for the formation of primary particles can be 
described using Nielsen's (5) expressions for homogeneous nucleation 
with diffusion-controlled growth in precipitation. In his 
discussion, the nucleation rate, J(c), is expressed as a power-law 
function of supersaturation, c, 

J(c) = ν Μ (2) 

where 1^ i s the nucleation rate constant and m is the nucleation 
power constant. The number of primary particles per unit volume, N>|, 
formed in a batch precipitation can be calculated as 

CO CO 

N-, = '/ J(c) d
0 0 

Supersaturation, c, may be expressed as a function of i n i t i a l 
supersaturation, c Q, 

c = (1 - a ) c 0 (4) 

where a i s the fraction of supersaturated protein that has been 
precipitated. Combining a diffusion-controlled growth-rate 
expression with the assumption of spherical primary particles gives 
the volumetric growth rate of formed particles as f i r s t order in 
supersaturation 

-3— = 4πϋ rev , c\ dt m (5) 

where V is the particle volume, Dm i s the protein diffusivity, ν is 
the protein molecular volume, and r is the molecular radius. Solving 
Equations 3-5 together with an overall mass balance, Nielsen obtained 
the approximate result 

where C m ρ is a weak function of m, approximately equal to one. 
Hence thé stronger the dependence of nucleation on supersaturation, 
the greater w i l l be the increase in number of primary particles as 
i n i t i a l supersaturation increases. For (3m-l)/5 > 1 (i.e. m > 2), 
the size of those particles wil l decrease with i n i t i a l 
supersaturation. No dependence on mixing conditions appears; the 
concentration dependence for soy protein precipitates (via 
hydrochloric acid addition) was found (4) to be 

= 2.67 x 10 1 1 c o
0- 84 (7) 

requiring m = 1.7. Over the range of concentrations studied (0.15 -
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30 kg/m3) the size of primary particles increased from 0.16 to 
0.27 Um. 

Aggregate growth and breakup. The primary particles (produced as 
described above) form the starting material for the aggregation 
stage. This stage parallels what occurs in other 
aggregation/coagulation/flocculation systems. It differs from many 
of these however, in that the aggregates are particularly prone to 
breakup and their size is smaller than the Kolmogorov microscale of 
turbulence, subjecting them to different controlling f l u i d forces 
during growth and breakup (6^). Since particle size i s one of the 
determinants of the efficiency of solid-liquid separations 
( f i l t r a t i o n rate and settling velocity are both proportional to the 
square of particle diameter (7)), the modeling and characterization 
of the particle size distributions i s important. 

Population balance  combined with th d mechanism
to model the size distribution
precipitators. The postulate
aggregates to form lasting agglomerates reduces the growth process to 
one where only primary particles and small aggregates can serve as 
growth units, though larger sizes may serve as collectors. Modelled 
in this way, growth becomes a continuous process. Particle size 
distributions have been successfully modelled over a wide range of 
conditions for continuous stirred-tank precipitators ( 1_, 6̂  8). 

Models of the particle size distribution 

Asssumptions. The mathematical models based on the population 
balance incorporate the following physical features and simplifying 
assumptions : 

1. Protein comes out of solution very quickly and therefore an 
accounting i s needed only for the solid material. This i s 
supported by tubular reactor studies (2, 9) where precipitation, 
in terms of removal of soluble protein, i s completed within 1 s 
for the protein concentrations above 2 kg/m^. 

2. Growth of an aggregate occurs by colli s i o n with primary particles 
and smaller aggregates. However, collisions between larger 
aggregates are ineffective in forming lasting aggregates. 
Gregory (10) has shown that collision efficiency decreases 
considerably with increasing size of equal-sized colliding 
species. In addition, aggregate-aggregate attachments would be 
relatively weak as the result of the lower bond densities at 
these points compared to bond densities within aggregates. A 
ratio of 10 to 1 has been reported as typical (11) for the ratio 
of contacts within an established aggregate to contacts between 
two such aggregates. Growth is therefore viewed as the 
incremental addition of small units to the growing aggregates. 

3. The effectiveness of these collisions of small particles with 
growing aggregates is independent of the size of the growing 
species. 
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P o p u l a t i o n B a l a n c e s . Three d i f f e r e n t m odels b a s e d on two 
a p p r o x i m a t i o n s r e g a r d i n g t h e mode o f b r e a k a g e and two a p p r o x i m a t i o n s 
r e g a r d i n g t h e s i z e dependence o f g r o w t h r a t e have been examined. The 
d i f f e r e n t i a l e q u a t i o n s f o r m o d e l i n g the s i z e d i s t r i b u t i o n a r e b a s e d 
on a p o p u l a t i o n b a l a n c e on a g g r e g a t e s o f s i z e L w h i c h , f o r a CSTR a t 
s t e a d y s t a t e , mean r e s i d e n c e t i m e τ , and w i t h no p a r t i c l e s i n t h e 
f e e d , r e d u c e s t o 

^ i + ̂  + D - B = 0 (8) 
a t τ 

where η i s t h e number d e n s i t y o f p a r t i c l e s , τ i s t h e r e a c t o r mean 
r e s i d e n c e t i m e , and where G, D, and Β a r e t h e r a t e s f o r d i f f e r e n t i a l 
g r o w t h , v o l u m e t r i c d e a t h by b r e a k u p , and v o l u m e t r i c b i r t h by b r e a k a g e 
o f l a r g e r p a r t i c l e s , r e s p e c t i v e l y ; n, G, D, and Β may be f u n c t i o n s o f 
L. 

The f i r s t model i n c o r p o r a t e
( 6 ) , i n w h i c h g r o w t h i  a p p r o x i m a t e  a g g r e g a t ; 

G = A<j>,,vgL = K 0 L (9) 

where A i s a c o n s t a n t i n c o r p o r a t i n g c o l l i s i o n e f f e c t i v e n e s s , Φ^ i s 
the volume f r a c t i o n o f p r i m a r y p a r t i c l e s , Vg i s t h e r o o t - m e a n - s q u a r e 
v e l o c i t y g r a d i e n t , and K Q i s t h e p r o d u c t o f t h e s e t h r e e , c a l l e d t h e 
g r o w t h r a t e c o n s t a n t . 

Breakage i s d e s c r i b e d by 

D = k'V g ( ^ g ) Ô n = k L 3 n (10) 
tfya 

where k 1 and k a r e d e a t h - r a t e c o n s t a n t s , y i s the s o l u t i o n v i s c o s i t y , 
o v a i s t h e a g g r e g a t e y i e l d s t r e s s , and 6 and β a r e b r e a k a g e power 
c o n s t a n t s . 

Breakup r e q u i r e s terras a c c o u n t i n g f o r t h e sudden d i s a p p e a r a n c e 
( d e a t h ) o f p a r e n t a g g r e g a t e s and c o r r e s p o n d i n g a p p e a r a n c e ( b i r t h ) o f 
d a u g h t e r f r a g m e n t s . The f i r s t and se c o n d models assume t h a t 
a g g r e g a t e s b r e a k up t o f o r m a s m a l l number o f d a u g h t e r f r a g m e n t s o f 
s i g n i f i c a n t mass. The number o f d a u g h t e r f r a g m e n t s w o u l d t e n d t o be 
g r e a t e r f o r l a r g e r p a r e n t a g g r e g a t e s ; t h i s i s a p p r o x i m a t e d as an 
a v e r a g e f r a g m e n t number, f , dependent on the mean s i z e o f the 
d i s t r i b u t i o n . D a u g h t e r f r a g m e n t s f r o m a g i v e n p a r e n t a r e assumed t o 
be o f e q u a l volume. T h i s g i v e s 

Β = f D ( f 1 / 3 L ) ( 1 1 ) 

The r e s u l t i n g e q u a t i o n r e l a t i n g number d e n s i t y t o s i z e i s 

dn = k L B - l ( f « / 3 > + l n ( f l / 3 L ) _ n ) _ η 1 } ( 1 2 ) 

S u m m a r i z i n g , t h e model p a r a m e t e r s a r e K Q , k, 3, and f . The 
d e a t h and b i r t h e x p r e s s i o n s assume b r e a k a g e i n t o e q u a l - s i z e d 
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fragments such that t o t a l p a r t i c l e volume i s conserved and that a 
power law describes the increased s u s c e p t i b i l i t y of aggregates to 
breakup as s i z e increases. The growth term assumes that c o l l i s i o n 
due to the s p a t i a l v a r i a t i o n of turbulence i s the predominant f a c t o r , 
as has been demonstated (e.g. (12)). 

The second model considered here (1_) r e s u l t s from assuming 
that the growth r a t e , G m, i s independent of s i z e , g i v i n g 

dn . K _ L P ( f ( e / 3 ) + l n ( f l / 3 L ) _ n ) 

πι m 

The boundary c o n d i t i o n used f o r Equations 12 and 13 i s that the 
c a l c u l a t e d t o t a l volume of aggregates equals the measured aggregate 
volume. 

Parameters. Past work ha
concentration, 3 and f could be f i x e d at reasonable values, l e a v i n g 
only two f u l l y v a r i a b l e parameters. The method of s o l u t i o n i s 
discussed elsewhere (θ). Figure 1, from data of Brown and Glatz 
(13), shows that breakup of large aggregates r e s u l t s i n two or more 
main fragments and a number of small fragments comprising r e l a t i v e l y 
l i t t l e mass. The l a t t e r can be neglected i n the balance, although 
they w i l l serve to increase φ-j as they are considered capable of 
being growth u n i t s . The l a r g e r aggregates are expected to form the 
greater number of daughter fragments. However, Pandya and Spielman 
(13) found that allowing f o r t h i s within a given d i s t r i b u t i o n of 
kaolin-Fe(OH)-* f l o e s was no bet t e r than using a constant f = 2.5. 

The model based on a growth rate independent of aggregate s i z e , 
Equation 13, gave reasonable f i t s by r e s i d u a l sum of squares c r i t e r i a 
except at high p r o t e i n concentrations. However, at a l l p r o t e i n 
concentrations studied, the pred i c t e d curves were biased i n the 
manner i n which they deviated from experimental observation. This 
was p a r t i c u l a r l y evident at small s i z e s where the l o c a l 
minimum/maximum t r a i t s were l a r g e l y l o s t . The f i r s t model, based on 
a growth rate l i n e a r i n aggregate s i z e , Equation 12, gave 
s a t i s f a c t o r y f i t s of the p a r t i c l e s i z e data ( i n f a c t , f o r most runs 
the model f i t the experimental points more c l o s e l y than d i d the 
six-parameter Chebyshev polynomial on which the model f i t t i n g was 
a c t u a l l y based) as well as s u c c e s s f u l l y d e s c r i b i n g the l o c a l 
minimum/maximum t r a i t s . The curves presented i n Figure 2 are based 
on t h i s model, using the data of Glatz e t . a l . (0) who discuss the 
behavior of model parameters k and K Q at d i f f e r e n t r e a c t o r 
c o n d i t i o n s . 

The t h i r d and f i n a l p a r t i c l e s i z e d i s t r i b u t i o n model assumes 
that growth i s l i n e a r as i n the f i r s t but that breakup r e s u l t s i n 
predominantly small p a r t i c l e s (thorough breakage) which are too small 
to measure by the e l e c t r o n i c p a r t i c l e counters used to ch a r a c t e r i z e 
the suspension. Petenate and Glatz (6) have provided a n a l y t i c a l 
s o l u t i o n s f o r t h i s model. 

The focus of the above modeling has been on continuous 
s t i r r e d - t a n k r e a c t o r s . The general p r i n c i p l e s have been extended to 
i n t e r p r e t r e s u l t s from batch and tubular r e a c t o r s , as w e l l , though 
d e t a i l e d modeling has not yet been attempted (8). 
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AGGREGATE SIZE, ym 

F i g u r e 1. P l o t o f change i n a g g r e g a t e volume v s . a g g r e g a t e s i z e 
f o r g i v e n t i m e i n t e r v a l d u r i n g b r e a k u p o f i s o e l e c t r i c a l l y p r e c i p 
i t a t e d soy p r o t e i n . P a r t i c l e volume f r a c t i o n , 0.00531. Shear 
r a t e , 1010 s " 1 . 

71 I I I I I 
0 5 10 15 20 25 

SIZE, μ 

F i g u r e 2. P a r t i c l e (number) s i z e d i s t r i b u t i o n s f o r i s o e l e c t r i 
c a l l y p r e c i p i t a t e d soy p r o t e i n s h o w i n g t h e e f f e c t s o f s h e a r r a t e 
and p r o t e i n c o n c e n t r a t i o n . P o i n t s a r e e x p e r i m e n t a l d a t a ; c u r v e s 
a r e t h e model f i t u s i n g E q u a t i o n 12. Shear r a t e s : Δ, 417 s - l ; 
V, 108 s " 1 ; ο , 85 s " 1 . 
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P r e v i o u s a t t e m p t s have been made t o model s i z e d i s t r i b u t i o n s 
a l l o w i n g f o r g r o w t h by c o l l i s i o n s o f a l l a g g r e g a t e - a g g r e g a t e 
c o m b i n a t i o n s . Such models (2, 14) p r e d i c t e d much h i g h e r g r o w t h r a t e s 
t h a n were o b s e r v e d , o f f e r i n g f u r t h e r e v i d e n c e f o r t h e i n e f f e c t i v e n e s s 
o f a g g r e g a t e - a g g r e g a t e c o l l i s i o n s . 

The m o d e l i n g e q u a t i o n s , when a l l p a r t i c l e - p a r t i c l e c o l l i s i o n s 
a r e assumed e f f e c t i v e , a r e r e p r e s e n t e d ( i n a b a t c h r e a c t o r ) by 

where N, t h e number c o n c e n t r a t i o
r a d i i , a r e s p e c i f i e d f o
r i 3 + r j 3 -

T h i s e q u a t i o n r e p l a c e s E q u a t i o n 8, b u t does n o t e x p l i c i t l y 
a c c o u n t f o r a g g r e g a t e b r e a k a g e . V i r k a r (2) i n t r o d u c e d b r e a k a g e t o 
t h i s b a l a n c e by n o t a l l o w i n g c o l l i s i o n s t h a t w ould r e s u l t i n a 
p a r t i c l e l a r g e r t h a n a f i x e d maximum s i z e . 

B r e a k a g e M o d e l s . We a r e c o n t i n u i n g o u r s t u d y o f s t i r r e d t a n k 
b e h a v i o r o f i s o e l e c t r i c p r e c i p i t a t e s by e x a m i n i n g t h e b r e a k u p 
phenomena and t h e m o d e l i n g e q u a t i o n f o r b r e a k u p i n more d e t a i l . D a ta 
a r e i n t e r p r e t e d i n t h e l i g h t o f t h r e e p r o p o s e d t r e a t m e n t s o f b r e a k u p 
(15)· Two a r e b a s e d on b r e a k u p u n d e r f l u i d s h e a r , u s i n g t h e c o n c e p t s 
o f a maximum s t a b l e s i z e (16-18) and s i m i l a r i t y (19-20). The t h i r d 
i s b a s e d on c o l l i s i o n a l b r e a k a g e w h i c h has been d i s c u s s e d b u t n o t 
o b s e r v e d by Glasgow and Luec k e (21), and t h o u g h t t o o c c u r w i t h 
p r o t e i n a g g r e g a t e s i n l a m i n a r s h e a r (22). 

O t h e r Précipitants. E x t e n s i o n and m o d i f i c a t i o n o f t h e s e m o d e l i n g 
e f f o r t s w i l l be r e q u i r e d f o r t h e i r a p p l i c a t i o n t o p r e c i p i t a t i o n s 
o t h e r t h a n i s o e l e c t r i c . O t h e r low m o l e c u l a r w e i g h t précipitants have 
been shown t o r e s u l t i n t h e same s o r t o f a g g r e g a t e m o r p h o l o g y ( C a 2 + ; 
(4)) and g r o w t h k i n e t i c s ( e t h a n o l , C a 2 + , (NH^^SO^; 0 9 ) ) . F o r t h e s e 
précipitants no m o d i f i c a t i o n s h o u l d be n e c e s s a r y , a l t h o u g h t h e 
dependence o f a g g r e g a t e s t r e n g t h on t h e p h y s i c o c h e m i c a l c o n d i t i o n s 
w i l l change and w i t h i t t h e s t r e n g t h - d e p e n d e n t model p a r a m e t e r s . 
Based on v e r y p r e l i m i n a r y r e s u l t s (23) t h e b e h a v i o r o f p o l y e t h y l e n e 
g l y c o l i s a l s o e x p e c t e d t o be q u a n t i t a t i v e l y s i m i l a r . 

P r e c i p i t a t e B e h a v i o r 

Beyond d e s c r i b i n g what i s o c c u r r i n g i n t h e p r e c i p i t a t i o n s t e p i t s e l f , 
work has been done i n r e l a t i n g t h e c h a r a c t e r i s t i c s o f t h e m a t e r i a l 
l e a v i n g t h e p r e c i p i t a t o r t o i t s b e h a v i o r i n s u b s e q u e n t o p e r a t i o n s . 
The i m p o r t a n c e o f a g g r e g a t e " a g i n g " t o c o n d i t i o n t h e a g g r e g a t e s t o 
r e s i s t b r e a k u p d u r i n g s h e a r e n c o u n t e r e d i n pumps and c e n t r i f u g e s i s 
documented (24-25)· The i n f l u e n c e o f p r e p a r a t i o n c o n d i t i o n s on 

(14) 
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c e n t r i f u g e c a p a c i t y and s l u d g e r h e o l o g y has been o b s e r v e d (26), an 
e x p l a n a t i o n f o r a g g r e g a t e s t r e n g t h and r h e o l o g i c a l p r o p e r t i e s 
p r o p o s e d (4) i n t e r m s o f an e l a s t i c f l o e model (11), and th e 
p r e p a r a t i o n - (27) and a g i n g - (14) dependent s e t t l i n g b e h a v i o r 
r e p o r t e d . 

The work o f F i s h e r e t a l . (27) i l l u s t r a t e s some d e s i g n 
c o n s i d e r a t i o n s beyond t h a t o f th e p a r t i c l e s i z e a t t h e p r e c i p i t a t i o n 
o u t l e t . These w o r k e r s were c o n c e r n e d w i t h t h e m i x i n g c o n d i t i o n s 
d u r i n g t h e a d d i t i o n o f a c i d t o t h e p r o t e i n s o l u t i o n . L o c a l e x t r e m e s 
i n pH a r e known t o cause i r r e v e r s i b l e d e n a t u r a t i o n o f p r o t e i n s ( 2 8 ) 
w h i c h w i l l a l t e r t h e i r p r e c i p i t a t i o n b e h a v i o r . F u r t h e r , Hoare (297 
has r e p o r t e d t h a t t h e p r e c i p i t a t e p r o p e r t i e s d i f f e r w i t h e x t r e m e s i n 
o p e r a t i n g c o n d i t i o n s . One extreme e x p l o i t e d i n i n o r g a n i c 
p r e c i p i t a t i o n s i s homogeneous p r e c i p i t a t i o n (30), w h i c h i n v o l v e s t h e 
homogeneous p r o d u c t i o n o f t h e p r e c i p i t a n t , u s u a l l y by a c o n t r o l l e d 
c h e m i c a l r e a c t i o n , w i t h i n t h e s o l u t i o n . A d v a n t a g e s o f t h i s i n c l u d e 
t h e p r o d u c t i o n o f d e n s e
F i s h e r e t a l . (27) a p p r o x i m a t e
by t h e a d d i t i o n o f a c i
s o l u t i o n on a r o t a t i n g s h a f t . The degree o f f r a c t i o n a t i o n o f two 
p r o t e i n s ( g l y c i n i n , p i = 6 .0 , and 3 - c o n g l y c i n i n , p i = 4 ·$ ) f r o m a 
t o t a l s o y e x t r a c t and the p h y s i c a l c h a r a c t e r i s t i c s o f the 
p r e c i p i t a t e s were c o n t r a s t e d w i t h t h e same p r o p e r t i e s o f p r e c i p a t e s 
f o r m e d d u r i n g r a p i d a c i d a d d i t i o n . P r e c i p i t a t e f r a c t i o n s were t a k e n 
a t pH 6.0 and 4 .8 . 

The c o m p o s i t i o n s o f th e f r a c t i o n s , T a b l e I , i n d i c a t e t h a t 
s e p a r a t i o n o f t h e g l y c i n i n and 3 - c o n g l y c i n i n d i d o c c u r , w i t h 
s u b s t a n t i a l e n r i c h m e n t o f th e g l y c i n i n phase i n t h e pH 6.0 f r a c t i o n . 
T a b l e I a l s o shows t h a t no d i f f e r e n c e s i n t h e f r a c t i o n a t i o n o f 
g l y c i n i n o r 3 - c o n g l y c i n i n can be a t t r i b u t e d t o t h e m i x i n g d u r i n g a c i d 
a d d i t i o n . 

I n h i n d e r e d s e t t l i n g t e s t s on th e pH 4 ·8 p r o d u c t t h e a g g r e g a t e 
p r e p a r e d by s l o w a c i d a d d i t i o n c l e a r l y s e t t l e d f a s t e r t h a n t h a t 
p r e p a r e d by r a p i d a c i d a d d i t i o n . S i n c e a g g r e g a t e s i z e and d e n s i t y , 
as measured p r i o r t o s e t t l i n g , c o u l d n o t a c c o u n t f o r t h e d i f f e r e n t 
s e t t l i n g r a t e s , a n o t h e r e x p l a n a t i o n was s o u g h t . I t was c o n c l u d e d 
t h a t t h e c o n t r o l l i n g c h a r a c t e r i s t i c o f t h e h i n d e r e d s e t t l i n g i s t h e 
a g g r e g a t e ' s a b i l i t y t o a g g r e g a t e f u r t h e r and become l a r g e enough t o 
s e t t l e . 

The c h a r a c t e r i s t i c s o f the i s o e l e c t r i c a l l y p r e c i p i t a t e d 
a g g r e g a t e s were i n t e r p r e t e d i n l i g h t o f a model o f f l o e s t e n g t h a s 
d e v e l o p e d by F i r t h and H u n t e r (11) and a p p l i e d by N e l s o n and G l a t z 
(4)· T h i s model h o l d s t h a t t h e s t r e n g t h , a y a , o f an a g g r e g a t e o f 
p r i m a r y p a r t i c l e s i s a p r o d u c t o f the number o f bonds p e r a r e a and 
th e a t t r a c t i v e f o r c e p e r bond. They f u r t h e r showed t h a t 

σ Q<f> 
ya dT (15) 

where Q i s an i n t e r a c t i o n p o t e n t i a l f u n c t i o n — t h e sum o f 
c h a r g e - c h a r g e r e p u l s i v e and van d e r Waals a t t r a c t i v e 
c o n t r i b u t i o n s — a n d where d>j i s t h e d i a m e t e r o f th e p r i m a r y p a r t i c l e . 
The a p p l i c a t i o n o f t h i s model h e l p e d t o i d e n t i f y o r i e n t a t i o n o f the 
p r o t e i n d u r i n g i t s i n c o r p o r a t i o n i n t o t h e p r i m a r y p a r t i c l e a s a 
d e t e r m i n i n g s t e p i n t h e s u b s e q u e n t s t r e n g t h o f th e a g g r e g a t e . 
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T a b l e I . P h y s i c a l and C o m p o s i t i o n a l P r o p e r t i e s o f t h e P r o t e i n 
E x t r a c t and t h e R a p i d and Slow P r o t e i n P r e c i p i t a t e s 

P r o p e r t y 

F r a c t i o n 

T o t a l p r o t e i n 
a 

e x t r a c t 

pH 6.0 
R a p i d Slow 

pH 4.8 
R a p i d Slow 

% g l y c i n i n 
i n f r a c t i o n 

27.6 49.3 52.-6 10.0 8.1 

% 3 - c o n g l y c i n i n 
i n f r a c t i o n ^ 

(ym) 0.13 0.19 0.51 0.36 

d 5 Q (ym) 

h i n d e r e d s e t t l i n g 
t i m e ( m i n ) f 

11.31 

17 

7.88 

7 

D e t e r m i n e d by b i u r e t c o l o r i m e t r i c a s s a y . 

^ I m m u n o l o g i c a l l y a c t i v e p r o t e i n e x p r e s s e d as p e r c e n t o f 
t o t a l p r o t e i n , d e t e r m i n e d by r o c k e t - g e l i m m u n o e l e c t r o -
p h o r e s i s . 

P r i m a r y p a r t i c l e d i a m e t e r , measured f r o m s c a n n i n g e l e c t r o n 
m i c r o g r a p h s o f t h e a g g r e g a t e . 

^Mean a g g r e g a t e d i a m e t e r (on a volume b a s i s ) , d e t e r m i n e d f r o m 
p a r t i c l e s i z e d i s t r i b u t i o n . 

e T h e pH 6.0 a g g r e g a t e s were t o o weak t o be c h a r a c t e r i z e d f r o m 
s i z e d i s t r i b u t i o n . 

f T i m e f o r i n t e r f a c e t o d r o p t o 30% o f i n i t i a l s l u r r y h e i g h t . 

g T h e pH 6.0 a g g r e g a t e s d i d n o t s e t t l e i n t h e h i n d e r e d s e t 
t l i n g t e s t . 
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C o n c l u s i o n 

M o d e l s f o r c o n t i n u o u s , s t i r r e d p r e c i p i t a t i o n b e h a v i o r a r e a t a 
r e a s o n a b l y s u c c e s s f u l s t a g e , t h o u g h t h e e x p r e s s i o n f o r b r e a k u p c a n be 
im p r o v e d i n t h e l i g h t o f r e c e n t s t u d i e s . B a t c h and t u b u l a r r e a c t o r 
models must a d d i t i o n a l l y i n c l u d e an e x p l i c i t a c c o u n t i n g f o r p r i m a r y 
p a r t i c l e f o r m a t i o n and b e h a v i o r o f s m a l l p a r t i c l e s . Some o f t h e d a t a 
n e c e s s a r y t o do so have been c o l l e c t e d , b u t number d e n s i t y d a t a a t 
the s m a l l s i z e s i s s t i l l l a c k i n g . F i n a l l y i t r e m a i n s t o be seen how 
s u c c e s s f u l t h e m o d e l s d e v e l o p e d f o r i s o e l e c t r i c p r e c i p i t a t i o n w i l l be 
i n d e s c r i b i n g p r e c i p i t a t i o n w i t h o t h e r c l a s s e s o f précipitants. 
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10 
Process Considerations for Scale-up of Liquid 
Chromatography and Electrophoresis 

S. R. Rudge and M . R. Ladisch 

Laboratory of Renewable Resources Engineering, School of Chemical Engineering, and 
Department of Agricultural Engineering, Purdue University, West Lafayette, IN 47907 

Chromatography is an important preparative and industrial 
process. Scale-up o
putation of mass transfer characteristics as a function of 
column area, support particle size and feed volume. In this 
context, an analytical solution for longitudinal diffusion in 
packed beds, developed by Lapidus and Amundson, is used to 
demonstrate the characteristics of a typical size exclusion 
separation of proteins, including estimation of maximum sam
ple size as allowed by support properties. Electrophoresis is 
also a powerful fractionation technique for proteins, but is sub
ject to many microscopic effects. These include electric double 
layers, hydrodynamic drag, and electrical relaxation. In addi
tion, macroscopic effects, such as electroosmosis and thermal 
gradients, also impact separation efficiency. These effects are 
discussed in relation to elution processes using selected exam
ples. The combination of an electric field with a chromato
graphic process has recently been proposed to extend the 
power of electrophoresis separations. Analysis of such a pro
cess, referred to as electrochromatography, is also presented. 

Mixtures can be separated by taking advantage of a physical property which 
varies among the mixture's components. Such properties include boiling 
points, equilibria with other substances, solubilities, isoelectric points, size, 
and density. These physical properties can be exploited by manipulating ther
modynamic variables, which include temperature, pressure, ionic strength, pH, 
and electric potential. While all of these variables have been used to separate 
compounds, there has recently been a great deal of interest in the effect of 
electric potential on separations, particularly in biological systems, as well as 
application of process chromatography to a variety of molecules. This 
chapter discusses both the key factors which impact the practical 

0097-6156/86/0314-0122$08.50/0 
© 1986 American Chemical Society 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



10. RUDGE AND LADISCH Scale- Dp of LC and Electrophoresis 123 

implementation of chromatography, and the current thinking on its combina
tion with electric potential to improve resolution. 

Many industrial or preparative separation processes are elution 
processes. In elution processes a pulse of sample followed by eluent is con
tinuously fed, and another stream is continuously recovered. However, pro
duct leaves the system in pulses, making this process a batch process. This is 
different from a continuous process, in which feed and product streams are 
continuously fed and recovered, respectively, and are at steady state. Semi-
continuous processes alternate between continuous product and regeneration 
cycles. Simple fixed bed adsorption is an example of a semi-continuous pro
cess, while distillation is an example of a continuous process. Chromatogra
phy is typically an elution process although continuous forms of this separa
tion have been reported (1-4). 

Elution processes allow introduction of feed and withdrawal of product 
without irreversible change
ally driven by the flow o
able. Fluid driven elution is readily controlled on a process scale, especially 
in the case of incompressible fluids. Pressure drop is always a consideration 
when a fluid is driven, and becomes more important with increasing equip
ment length. 

The Capacity Factor in Chromatography 

One challenge in process chromatography applied to biologically active or 
derived molecules is that these molecules exist with many other co-products, 
particularly if the desired product molecule is fermentation derived (5). In a 
separation scheme, a target molecule can be separated from other components 
based on differences in shape or size, ionic character, hydrophobic character, 
and/or bio-affinity (6). The resin's capacity to interact with the molecule is a 
key parameter, and is described by the capacity factor: 

where n\ is the moles of solute / in the stationary phase, c', is the moles of 
solute i in the mobile phase; ΚΊ is the distribution coefficient; vs is the fluid 
volume displaced by the stationary phase and vm is the fluid volume of the 

y 
mobile phase. Since VT = vm + vs, we can define α = - r r - and vs as (l - a) 

Vj 
VT. Then 

[1] 

a 
[2] 
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If a pore fraction, e, can be determined for a particular support, then these 
equations may be further refined: 

k . l = K . , l - ° . = K l ± i L ^ . [3] 
a a 

Ki is described differently from K'i and reflects only the volume available to 
y 

fluid within the support. K'i = Ki e, where e = p°res. The difference between 

capacity factors of the desired solute and other products reflects the extent of 
separation which can be expected. When the capacity factor is large (k', » l), 
the support takes on characteristics of an adsorbent. In this case, a solute will 
adsorb onto the support at the conditions of sample loading, and desorb only 
when conditions in the eluent, such as salt concentration, p H , polarity, or 
temperature, are changed.
for which quantitative description
marily addresses cases where k'i is small, i.e., chromatographic separations. 

Bio-Affinity. An affinity support is an example of a support with a high 
capacity factor. This support has a spacer arm attached to a ligand with a 
highly specific affinity for a solute (11). The ligand acts here as an adsorbent 
in which a change of conditions in the bulk fluid surrounding the support is 
required to wash off the adsorbed solute. While quite elegant in theory, many 
times the product will be present in small concentrations, and nonbinding 
impurities will be present at much higher concentrations. If the ratio of pro
duct to other solutes is low (for example, 1 to 1000), even slight adsorption of 
nonbinding solute onto the matrix or ligand can translate into significant loss 
in selectivity. Effective use of an affinity support may therefore require sam
ple clean up steps upstream as well as the appropriate selection of a matrix 
which is inert with respect to the solutes. Given current technology and the 
potentially high cost of affinity supports, such an approach suggests bio-
affinity might be best considered in the context of a product polishing step 
(6). 

Ion Exchange Resins As Chromatographic Supports. A versatile type of sup
port is one which can exhibit differential ion exclusion, size exclusion, ion 
complexing, and hydrophobic interaction characteristics with respect to a 
variety of molecules. In fact, a generic support of this type exists, and is 
based on a copolymer of sulfonated styrene-divinylbenzene (DVB). Sulfona-
tion impacts the ability of the support to complex counter-ions which, in turn, 
can complex with the solute or exclude an ionic species. The degree of resin 
cross-linking is proportional to D V B content and determines effective porosity 
of the resin and size exclusion characteristics. 

The separation shown in Figure 1 illustrates the versatility of such a 
resin (12,13) packed in a 6 mm i.d. by 60 cm long jacketed column, main
tained at 80 C. In this case, separation of oligosaccharides G 7 to G2 
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GLUCOSE 
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Figure 1. Ion exchange separation of oligosaccharides, sugars, and 
alcohols, conditions as given in text. 
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(molecular weight of 1152 to 342), monosaccharides (molecular weights of 180 
and 150), and alcohols is shown. As indicated in Figure 1, ion exclusion 
(NaCl), size exclusion (G 7 through glucose, hexoses and pentoses), ion com-
plexing (glucose/mannose and xylose/arabinose), and hydrophobic interac
tions (alcohols elute in order of increasing size and hydrophobic character) all 
contribute to the observed separation. The conditions for this separation were 
(12,13): 

eluent: water 
eluent velocity: 2.1 cm/min (based on cross-sectional area of empty column) 
resin: Aminex 50WX4, Ca++ 

sample size: 20 μΐ 
detector: Waters differential refractometer 
particle size: 20 to 30 microns 

If scale-up can be achieve
micron), a significant potential for this type of support is indicated particu
larly when price ($100 to $500/cubic foot), availability of commercial quanti
ties of cation ion exchange resins, and their history of use in the food and 
pharmaceutical industries are considered. 

Scale-Up Considerations 

Once a support having appropriate surface area, pore size, particle size, and 
surface characteristics is identified, engineering input for its use on a large 
scale is required. Analytical applications are characterized by a small sample 
size (less than 0.1% of column volume), low solute concentration (usually less 
than 1%), and use of small particle size (5 to 30 microns). In comparison, 
process-scale separations will probably be characterized by large sample size 
(up to 20% of column volume), high solute concentration (up to 30%); and 
relatively large particle size chromatographic supports (100 to 1000 micron). 
Thus, it may be more difficult to obtain clear resolution of the solutes on a 
process scale than it would be on an analytical scale. By careful control of 
process conditions, however, a simple column system (Figure 2) with a modest 
plate count (100 per meter based on glucose) can give satisfactory separation 
for relatively large sample volumes (Figure 3, reproduced from reference 14). 
Experience in our laboratory on a variety of column sizes ranging from 2 to 
160 mm in diameter and 10 cm to 600 cm in length has shown that published 
semi-empirical correlations are useful in obtaining a first estimate of column 
performance (5,14,15). 

Column Area. The desired sample volume to be applied to a column can be 
expressed in terms of column void volumes: 

vF = a vm 

[4] 
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Figure 2. Chromatographic apparatus for process system. 
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Figure 3. Ion exclusion separation of glucose and sulfuric acid. 
Sample size of 0.1 vm, τ = 55 C. 
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where vF is sample volume; and a is dependent on support characteristics. 
For a column packed with support of a fixed particle size, operated at a fixed 
temperature and eluent linear velocity, the column cross-sectional area should 
increase in proportion to the sample size. However, proper column operation 
also depends on the ability to distribute the feed as a plug onto the column 
with as little back mixing as possible (5). As column diameter increases, this 
condition becomes more difficult to approximate due to practical problems in 
evenly distributing a liquid at velocities approaching those associated with 
creep flow. Hence, the length to diameter ratio, L / D , also becomes a factor. 
In general, an L / D of 10 or greater is desirable. A n increase in length with 
an increase in column diameter may, however, be limited by the mechanical 
stability of the support and pressure drop. Special attention is then required 
for the liquid distribution systems and experimental trial and error becomes 
essential for scale-up. 

Column Length. Column
due to both diffusion and backmixing caused by motion of the eluent. This 
results in an increase in the volume over which the sample will elute, relative 
to the volume of sample placed on the column. This phenomena is reflected 
by an increase in peak standard deviation (σ) where the width of a Gaussian 
peak is 4σ. In process chromatography, particularly in the case of sample 
overload, the peak may be skewed (16). A standard deviation can still be 
defined leading to a value of plate height, although moment analysis of the 
eluting peak must be used to obtain values of σ (5,17). 

The concept of theoretical plates in chromatography is described else
where, and is not repeated here (18,19). Pieri et al. have described the appli
cation of the theoretical plate concept to column scale-up and demonstrated 
its utility in scale-up of pheromone separation over silica gel (15). We have 
found this same approach to be useful in separations over ion exchange resins 
used as chromatographic supports. In essence, this approach gives an esti
mate of column length for a given separation if the particle size is changed. 
This is based on empirical correlation of the number of theoretical plates, N(: 

where Dt is a coefficient which reflects dispersion, L is column length, dp is 
particle diameter, ν is the eluent linear velocity, and m is an empirical con
stant. In this approach, the molecules separated are assumed to be chemically 
and physically similar. Therefore, D, can also be assumed to be similar for 
these molecules as a first approximation (15). For the same linear velocity 
and plate count, column length will change with particle size as the 1.5 power: 

dP.A 
[6] 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



10. RUDGE AND LADISCH Scale- Up of LC and Electrophoresis 129 

Consequently, a 1 foot long column with a 50 micron support is equivalent to 
an 8 foot long column with a 200 micron particle size of the same support. 
For a binary system, resolution can be defined (19) by 

= (Φ-1) N* k' [7] 
4 K\+k'} 

where 

Ν = 
N, + N2 [8] 

Λ K'2 /. , · ^ , · [10] φ — —- where k2> kx k ι 

Under process conditions, equations (5) to (10) are approximations when sam
ple volumes and concentrations are larger than those usually associated with 
analytical chromatography. If support chemistry and physical characteristics 
are maintained through scale-up, and if the support is packed in a properly 
designed column, constant resolution is assumed to reflect a constant plate 
count. This is the basis for estimating column length by equation (6). 
Although approximate, this approach is useful for preliminary sizing in the 
absence of detailed data. 

Theoretical Considerations In Size Exclusion Chromatography 

In order to better understand chromatography it is important to study the 
underlying mass transfer operations which are occurring. These mass transfer 
phenomena are well studied (20-27), and analytical solutions exist to most 
limiting cases. In general, a mass balance for one component in a packed 
column is given by: 

D -ÎL = V i<L + i £ + J _ i i L 
dx

2 dx dt a dt 

where 

D Mr = dispersive flux ( m o l s

 f) dx2 time vol 
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Table I. Summary of Selected Initial and Boundary Conditions Applicable 
to Chromatography 

Initial or Boundary Condition Application Ref. 

1. Constant Inlet Concentration 

c = ca at χ = 0, / = 0 

— = oat*=0, / >0 
dt 

or 

4f = ο at χ = 0 0<t <tfeed 

at 

When solutes are being 
eluted by an eluent of 
constant concentra
tion, such as in linear 
chromatography, or 

pulse. 

21.25 

2. No adsorption past column outlet Used when D and ν 20,22, 
are very similar inside 24 

— = 0 at * = L, / >0 and outside the 
dx column and when 

accumulation is small 
compared to disper
sion and convection. 

3. Initial concentration in column is 0 Used in nearly all 
cases. Applicable to 

c = 0 at / = 0, χ >0 all boundary condi
tions listed. 

w=0ati=0, * > 0 

4. Danckwert's Condition Allows for backmixing 22-24, 
at the column outlet 26 

η dc 
D — vc — vcn 

by adding a diffusive 
dx flux term. Lets 

material diffuse into or 
at χ = L, / >0 out of the column if a 

gradient exists. 
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convective flux ( . m o a ,) 
time vol 

accumulation of solute in mobile phase ( m o l s ,) 
time vol 

accumulation of solute on stationary phase ( m o h ,) 
J v v time vol' 

There are a variety of boundary and initial conditions which are useful for 
different situations. Some examples of these boundary conditions and their 
applications are given in Table I. A relationship between η (adsorbed species) 
and c (mobile species) must be found. These relationships may either be 
equilibrium or kinetic relationships (mass transfer rates). Some examples of 
equilibrium and mass transfer relationships may be found in Tables II and III, 
respectively. As pointed out by Lapidus and Amundson (25), equilibrium 
relationships in themselves are useful in cases where mass transfer rates are 
not limiting. In any case, the equilibrium characteristics of the support and 
solute have a direct bearin

Table II. Selected Equilibrium Expressions 

Relationship Application Ref. 

1. Linear 

η — kc 

When concentrations are very low, 
or when linear adsorption occurs. 

25 

2. Langmuir 

ka c 

"~ \+kbc 

Popular isotherm in chromato
graphic and adsorption systems. 
This isotherm is asymptotically 
linear when c is very small or very 
large. 

27 

3. Freundlich 

n = k a C

X l k b 

Empirical isotherm which can be 
made to fit most equilibrium data, 
but has no asymptotic limits. 

27 

dc 

dc_ 
dt 

J_ dn_ 
a dt 

Table III. Selected Mass Transfer Expressions 

Relationship Application Ref. 

1. dn_ 
dt kma C ~kmb Π Mass transfer is finite. 25 

2. dn 
dt ^ma (c " Ceq) 

Mass transfer is finite and 
approaches equilibrium: Special 
case of previous relationship. 

25 

3. dn 
dt m ldr2 r dr1 

Mass transfer is finite, and solute 
diffuses in and out of a sphere. 
Additional boundary conditions 
reflecting particle environment are 
required here. 

21 
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Prediction of Elution Profiles {Linear Equilibrium). For the case of local 
linear equilibrium (infinite rate of mass transfer), Lapidus and Amundson (25) 
derived equations for computing concentration distributions in a packed 
column. With concentrations at the inlet of the column, and initial conditions 
throughout the column known, concentration profiles at a specific distance 
from the column inlet can be computed. The derivation was based on a 
semi-infinite column, which differs mathematically from a finite column, in 
that effects of the mobile phase leaving the stationary phase are not modeled. 
Nonetheless, the solution obtained is useful for giving a qualitative picture of 
important parameters in column performance. The equation is: 

c(*,0 = [fi (*,0 + /2 ( * , 0 ] « p ( - g - - [ 1 2 ] 

where 

and 

£ c 0 ( 5 ) e x p [ ^ V s_ 
y 

ds [14] 
AD{t-s)* (,-5)3/2 

where 

= 1+ * L = 1 + £, 
a 

^ — distribution coefficient 

_ VM 

cinit.{s) = initial concentration profile in the column 

c0(s) = inlet concentration profile for the column 

Note that D, the dispersion coefficient, is not the molecular diffusivity, but a 
measure of combined dispersive effects inherent in packed bed operations, of 
which molecular diffusivity is a minor component. As pointed out by Kra
mers and Alberda (24), eddy diffusivity involves fluctuations of a statistical 
nature, and should not be applied to macroscopic effects, such as by-passing 
and mixing. This equation is important because it allows the modeling of 
chromatographic results using the dispersion coefficient as a free parameter. 
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Chromatographic zone broadening, however, is also influenced by finite 
mass transfer rates, or porous diffusion. Selection of the proper relationship 
between η and c is therefore needed. 

The functions / , (*,/) and f2(x,t) allow solutions to be derived for spe
cial cases of inlet and initial conditions. Note that 5 is a dummy variable of 
integration. In the case where the column has been washed with eluent and a 
sample has not been introduced, initial condition 3 from Table I applies, and 
fx (x,t) = 0. After a sample has been introduced and washed into the column 
by eluent, boundary condition 1 from Table I with ca = 0 applies and fi{xj) = 
0. The eluent volume is Q = Avta. The two limiting cases mentioned above 
may be superimposed, offset from one another by A ν a t' = Q' — VF where 
Q' is the feed volume. This superimposition is applicable only in the case of 
linear equilibrium, which yields symmetric solutions. Figure 4 shows the 
results of these equations graphically for selected values. These values may be 
particularly applicable to protein

In size exclusion chromatography
resin on the basis of size. By definition, solutes are not absorbed. These sup
ports have a linear equilibrium, since a constant volume within the resin is 
available for a given size solute. When the support comes to equilibrium with 
the mobile phase, the volume in the pores available to the solute will have the 
same molar concentrations as the surrounding mobile phase. 

ci _ ni [15] 
Vm Κ ο e Vs 

where KD is the fraction of the pore volume available to the solute, and is 
independent of molar concentrations. For this special case, the familiar 
expression 

, = ni_ = KD lXs_ [16] 

can be derived. Hence KD is analogous to Ki, the distribution coefficient as 
defined previously where KD addresses the special case for size exclusion being 
the only partitioning factor. For a solute which is completely excluded, KD = 
0, ki = 0 and 7 = 1 . For a solute which is completely included, KD = 1, ki = 

U L = _L a n d 7 = . + -L. 
Vm a a 

Estimating Maximum Sample Volume. The maximum amount of sample 
volume which may be introduced into the column at any one time is readily 
defined for size exclusion supports. Since these supports exhibit no adsorp
tion, their capacity for a solute may range from 0 (totally excluded solute) to 
e V 1 

— L (—, the ratio of support pore volume to mobile phase volume). A solute 

moves through the column in a time equal to the total volume available to 
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that solute within the column, divided by the volumetric flow rate of eluent. 
Since all solutes in the column experience the same volumetric flow rate, it is 
the difference in column volumes available to the different solutes which 
defines the separation. For a binary system, the two elution volumes are: 

VEx =Vm+ K'i e Vs 

(for component 1 which eluted first) 

and 

vEl =vm + K2*vs 

(for component 2 which elute
Since the difference i

the smaller elution volume, plus the volume of the feed, can be no larger than 
the elution volume of the second peak, vE 

vEi+vF<vEl t , 8 l 

Otherwise the two peaks will partially overlap each other. Hence, it can be 
said that VF < vEl - VE{ = Δ VE. The difference in elution volumes is further 
given by: 

VFmax = AVE = K'2eVs-Kle Vs 

= (K2-K[)e Vs

 [ 1 9 ] 

and since, for size exclusion, 

0< K'< 1 

the largest difference between elution volumes is Δ ν^χ'. 

Δ VEmSLX = e Vs 

Similarly, this can be related to capacity factors for size exclusion chromatog
raphy: 

(K2 - K\) e Vs=(k'2-k[) Vm 
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where: 

which gives 

[(K2-K[)e Vs € Vs 
[20] 

since K2 = 1, K\ = 0 for k' = e Vs / Vm and A:' = 0, respectively. This result 
would imply that increasing support pore volume may allow greater feed 
volumes. This is true for columns of identical length. Increasing length alone 
does not, in general, increase throughput, since concomitant increases in elu
tion time, and thus, processin
city, v. Column throughpu
within the constraints mentioned previously (see section on Column Area). 

Electrophoresis 

Background. There have been many applications of an electric potential to 
separation processes. Electrophoresis is a separations process of great resolv
ing power, capable of 106 theoretical plates per meter, according to Jorgenson 
& Lukacs (28). Applications of electric potential to different flow systems 
have accelerated in recent years. It is important, in the development and 
analysis of these systems, to understand the nature of an electrolyte system, 
and the events which occur when such a system is placed under an electric 

Factors Affecting Electrophoretic Mobilities. The rate of migration of a 
solute through a conducting liquid in an electric field is based primarily upon 
three physical phenomena. These phenomena are: the presence of a charge 
on the particle, hydrodynamic drag around the solute, and relaxation forces in 
the ionic atmosphere of the solute. These forces are discussed by Overbeek 
and Bijsterbosch (29) in an excellent review. There are also three macroscopic 
affects which may occur in electric environments which affect the net migra
tion of a solute. These are: electro-osmosis, (30), natural convection due to 
Joule heating, and forced convection, in the case of an elution process. 

Al l charged particles or solutes in free solution attract ions of the oppo
site sign. These attracted ions cluster around the outer surface of the solute, 
creating an ionic environment which is equal and opposite to the particle's 
charge. These charged layers are known as the electric double layer, and have 
been studied in the context of electrophoresis by many investigators (31, 32, 
33). Under the influence of an electric potential, charged species are attracted 
in one direction at magnitudes relative to their zeta potentials. The zeta 
potential is the electric potential of the solute at the surface of shear, the 
boundary between the moving particle's associated counterion layer and the 

field. 
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bulk. The zeta potential, in general, is of the same sign but of a smaller mag
nitude than the solute charge found by titration (29). The dimension of the 
double layer is important in the theoretical analysis of electro-induced separa
tions, because it is a measure of how closely the counterions surround the 
solute. Several developments of the impact of the double layer dimension on 
electrophoretic mobility have been published for a variety of geometries, and 
have been reviewed elsewhere (29). 

Hydrodynamic drag causes a resistance to the flow of a particle at its 
outer surface. In general, particles and large biological molecules obey some 
form of Stokes law for drag in creep flow, although modifications for 
geometry are sometimes required. The critical dimension in all cases is the 
distance from the particle center into the double layer at which flow and 
hence, drag, are actually occurring. This is referred to as the "slipping plane" 
or "surface of shear" (29). Although the exact location of the "slipping plane" 
is not explicitly known, i
"Stern Layer". The Helmholt
are physically absorbed to the particle, compared to those surrounding it in a 
boundary layer extending into the bulk fluid. 

All charged particles migrate under the influence of electric potentials. 
This applies to the counterions directly surrounding the solute. Since these 
ions are opposite in charge to the solute, they migrate in the opposite direc
tion, exerting an extra drag on the particle which is not predicted merely by 
hydrodynamic drag. This effect is greatest when the counterion layer thick
ness is large compared to the characteristic dimension of the solute. 

When a particle migrates in a direction opposite to its counterion layer 
(i.e. when a potential is applied), a distortion of the ionic boundary layer of 
the particle takes place. The particle will no longer be in the center of its 
double layer, but rather, towards the edge to which it is migrating. This 
polarization results in the build-up of opposite charge in the opposite direc
tion of the applied potentials. This segregation of charge relative to the solute 
results in a small attraction in the direction opposite to the applied potential, 
thereby reducing mobility (Figure 5). This is known as a relaxation effect and 
may reduce mobilities by 10-50% (29). This phenomenon is greatest when the 
dimension of the counterlayer is on the order of the dimension of the solute. 

Several microscopic effects impact the electrophoretic mobility, μ, of a 
solute. The electrophoretic mobility is defined as the velocity with which a 
particle moves in a field divided by the strength of the field, and has units of 
length squared per time per voltage. It can be seen, by the complexity of 
these factors, that the electrophoretic mobility is dependent on solute size and 
charge, as well as medium viscosity, ionic strength and temperature. 

Electroosmosis. Electroosmosis occurs in systems with applied potentials and 
results from preferential adsorption of charges at a fixed surface, such as a 
column wall. This ionic adsorption results in the build-up of a charged 
"counter" layer at the surface, which migrates electrophoretically. This flux 
along the wall induces a convective flux in the bulk due to viscous shear. If 
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Figure 4. Calculated elution profile to simulate a protein separa
tion on Sephadex G-75 using equation (12). This simulation is 
based on parameter values for a 30 χ 1.5 cm column with a 
flowrate of 1.77 ml/min and a longitudinal diffusivity of 0.01 
cm 2/min. The ratio of mobile phase volume to pore volume was 
0.9, and the sample volume was 0.17 ml. Capacity factors for each 
of the solutes are 0, 0.5, and 1.1, respectively. 

r= relaxation displacement 

Figure 5. Schematic representation of the relaxation effect for a 
charged solute experiencing an electric potential. 
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the system is closed, and the fluid is incompressible, conservation of mass 
requires that the net flow across any plane be zero (30). Therefore, a circulat
ing flow occurs, with flow in the center of the cell occurring in a direction 
opposite to the flow at the walls. Obviously, if a sample is introduced uni
formly across a cell, the shape of the sample band will be distorted by the 
electroosmotic flux. Therefore, either resolution is decreased, or the amount 
of the channel which may be used is limited to portions in which the fluid 
velocity is nearly equal. Electroosmosis has been extensively reviewed (30). 

There have been three methods used to minimize electro-osmosis, or its 
effect on separation. The first is to use an inert coating at the cell walls which 
will not adsorb ions. One such coating is methylcellulose (30). The problem 
with coatings of this nature, however, is that they are difficult to attach to 
glass. Several coatings have been successfully employed in solving this prob
lem including one used in tests during an Apollo-Soyuz flight (34), and more 
recently, on the Space Shuttl

Lowering the surfac
reducing the impact of electroosmosis on separations. Widening the 
apparatus will accomplish this. It has been shown (30,34) that rectangular 
channels are much more suitable for this kind of manipulation than circular 
channels. The disadvantage of widening a channel lies in reduction of the sur
face area/volume ratio, and hence, reduced heat dissipation. At the same 
time, power requirements are increased, due to the cell's wider cross section. 

The last method of reducing the impact of electro-osmosis is with 
porous media. Resins and gels dampen out non-ideal flow effects and can 
minimize a nonuniform flow profile. The smaller the resin, or tighter the 
cross-linking, the more effective the dampening. These types of supports may 
have other properties, such as size exclusion properties, or the ability to 
adsorb charges, which are not always desirable. 

Joule Heating, Viscosity and Buoyancy. When an electrical current is passed 
through a medium, energy is converted due to the resistivity of that medium, 
and is given off as Joule heat. When the current is large, the heating is great. 
Since most cells exchange heat at one or more boundaries, a temperature gra
dient arises in the cell. A thinner cell minimizes this effect. The effects of 
gravity on bodies of different density produce a naturally convective (and 
macroscopic) flow. Hot, lighter bodies (usually in the center of the cell) rise, 
while other bodies sink. It is the elimination of this effect which makes elec
trophoresis in microgravity so appealing. Different temperatures also create 
different liquid viscosities. Since the viscosity of the liquid impacts hydro-
dynamic drag, temperature gradients can alter electrophoretic mobilities, 
independent of gravitational forces. This viscosity effect is estimated to 
change mobilities by about 2% per degree centigrade (28). 

Electrophoresis with Controlled Convection. The study of how electro
phoresis within controlled convection can be applied efficiently to flow sys
tems in preparative and industrial scale separations is an area for further 
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development. The potential for such separations is great, based on the 
number and diversity of systems which have been proposed over the last fif
teen years (34-50). 

An electrochromatography system which is receiving attention is that of 
O'Farrell (40). This system (Figure 6) consists of a layered bed of size exclu
sion gels, in which a less porous support rests upon a more porous gel. Since 
the more porous gel has more pore volume available to solute, a solute's velo
city in this layer is slower than in the less porous layer. O'Farrell found that 
an electric field could be selected, which would focus one solute at the inter
face of the layered gels. The solute must concentrate in one of the two layers 
near the interface. The solute has been shown to concentrate in the lower gel, 
because the local increase in electrolyte concentration decreases the local resis
tance, and therefore decreases the local potential. In regions other than the 
concentrated solute region, the net flux of solute is always toward the concen
trated solute region. This
one solute, with the remainin

Very recently, Gassmann, Kuo, and Zare (44) demonstrated the "elec-
trokinetic" separation of racemic mixtures of amino acids. Their system used 
a potential applied along the axis of a capillary column, with open electrode 
reservoirs. Their results show a chromatographic type separation of dansyl 
derivalized L and D amino acids. The flow in this system is due to electro
osmosis, and is large enough in magnitude to elute all species (positive, nega
tive, and neutral) from the cathodic end of the column. Since the electrode 
reservoirs are open, buffer flows freely through the capillary, and none of the 
distortion associated with electroosmosis on closed systems is observed. The 
investigators employed a specially designed laser fluorescence detector to 
quantify extremely small quantities (i.e. 10 1 5 M) of solute. Although the 
column was 75 cm in length, analysis time was reportedly 6 to 10 minutes. 

As a result of experiments originally conducted on Apollo 16 (34), com
mercial electrophoretic efforts have been undertaken on space shuttle flights 
(45,46). The apparatus involved employs free flow electrophoresis of a pro
tein mixture for the purification and recovery of a very high valued product. 
The process itself is proprietary. However, data and models are available 
from earlier flights and other experiments (34,47,48). 

Isoelectric Focusing. Isoelectric focusing has also been scaled up to take 
advantage of its equilibrium resolution. By equilibrium resolution, it is meant 
that the system depends upon solutes arriving at an equilibrium position, and 
that neither duration of processing, nor length of equipment, will disrupt this 
position. Isoelectric focusing takes advantage of the fact that the zeta poten
tial of a protein changes according to the ρ H of the environment. When a 
protein reaches the point, in a ρ H gradient, where its zeta potential reaches 
zero (its "isoelectric point"), it ends its migration and "focuses". The focusing 
is due to the fact that, if the protein randomly migrates in either direction 
from its isoelectric point, it acquires a charge and migrates back. Bier et. al 
(49,50) have exploited this phenomena in a preparative recycle instrument, 
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Figure 6. Schematic diagram of electrochromatographic apparatus 
described by O'Farrell (40). 
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which we estimate to be capable of processing samples at the gram level or 
higher. This instrument appears adaptable for a variety of capacities. 

Plate Height and Resolution Concepts in Electrophoresis 

Theoretical plates can be used to evaluate electrophoretic and electrochroma-
tographic performance, in a manner analogous to chromatographic perfor
mance. These type of numerical evaluations are useful to compare results, 
both between different applications of the same apparatus, and between simi
lar applications of different apparatus. 

Following the definitions and derivation of rate of generation of vari
ance with apparatus length (dal/dX) set forth by Giddings (51), Jorgenson 
and Lukacs (28) defined a\ as 

It should be noted here that D is most properly referred to as longitudinal 
dispersion, which may be attributed to a number of effects, the least of which 
is usually molecular diffusion. Other dispersive effects are usually lumped 
into "eddy diffusivity". The development of Jorgenson and Lukacs was 
applied to a system in which molecular diffusivity was the major cause of 
dispersion, but their approach appears to be applicable to other systems as 

r 2 
well. Substituting in analysis time, t = we obtain: 

al = 2DL*/»V [ 2 1 ] 

where 

μ = electrophoretic mobility (• 
Volt min 

so 

N- = — = 
1 2 

LL = ËîL [22] 
2 2D 

In this case, the number of theoretical plates, N, is independent of length of 
the apparatus. Since μ is a molecular parameter, and D is related to the 
apparatus and the solute, the easiest variable to manipulate is the applied vol
tage, V. Ν can therefore be increased by increasing the applied voltage. Since 
analysis time 
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is inversely proportional to voltage, separating efficiency (N/t) will be maxim
ized at high voltage and short apparatus lengths. This has been shown experi
mentally (28). 

The plate height (HETP) is then shown to be 

H = 2DL [24] 

which is a direct function of length. This is in direct contrast to chromatogra
phy, where Ν is a function of length, and Η is independent of length. A n 
interesting variation may b  b  applyin  Ohm'  la  (V  IR) t  th
tions for Ν and H. 

Ν — JdK [25] 
2D 

_ 2DL_ [26] 
H ~ μ /* 

Joule heating is proportional to W — I2R. Hence, a continuous phase having 
a high R would serve to increase both applied voltage and heat generation at 
constant current. Assuming good control of heat removal a low ionic 
strength buffer would thus be most appropriate for high separation efficiency. 
Jorgenson and Lukacs also suggest that the sample be of an ionic strength less 
than that of the buffer, in order to negate adsorption and interaction affects 
within the sample that may lead to zone broadening. 

Jorgenson and Lukacs also described resolution in electrophoresis sys
tems as 

5 4 L 2D 1 1 77 J 

or 

V Ί 
Rs =0.177 ( μ ι - μ 2 ) ( ^ - ) 2 

μΖ) 

We see here that high voltage also enhances resolution. If another flux, for 
example, a convective flux, is imposed upon the system, we speculate that this 
equation could be empirically rewritten as: 
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1 τ [27] 
^ = 0 . 1 7 7 ( μ , - μ 2 ) Κ ( 7Γ7ΓΓΤ77Γ } 

(μν + vL)D 

where 

ν = convective flux 

and 

μι + μι 
μ - —;— 

As pointed out by Jorgenson and Lukacs  this allows another variable for 
optimization of resolution
lution may be greatly increased. I  orde  fo  bot  solutes to elute fro  the 
same end of the apparatus, however, -vL < μ2ν. The convective flux must be 
large enough to push both solutes through the apparatus. Thus, for example, 
if a solute / were to migrate in a direction opposite to flow due to its inherent 
electrophoretic mobility, the flux given by vL would have to be greater in 
magnitude than the electrophoretic flux, μ2ν. Hence, the condition of 
-vL < μ2ν is proposed if all solutes are to elute in the direction of the flow. 
Analysis time is given by: 

, = ^ t 2 8 i 
μν + vL 

Since the variables ν and V may be varied independently, it is seen that length 
of apparatus is not necessarily a constraining factor, as it is in liquid chroma
tography. Hence separation optima may be discerned which are independent 
of length. 

Theoretical Considerations in Electrokinetic Separations. Models have been 
proposed for electrophoretic (52) and electrochromatographic systems. Simi
lar to developments in chromatography, we may write a model equation for 
these systems: 

_ d2c dc . d(Ec) , be , 1 dn [29] 
D = ν l· μ- 1-— L- + — I — 

dx dx * dx dt a dt 

where the new term M^j^ = flux due to electric potential. This equation 

may be solved with the same boundary conditions which are applied to 
chromatographic processes. A similar equilibrium or mass transfer equation 
may be used as well. We find, however, that another relation becomes neces
sary for μΕ in terms of c. If we assume that μΕ is independent of 
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concentration (53) or that concentration in the column is nearly constant, we 
speculate that the solution of Lapidus and Amundson (25) may be adapted, 
where ν is replaced everywhere by ν + μΕ. Results from the substitution are 
shown in Figure 7, which shows a numerical solution for equations (12) to 
(15) modified by replacing ν with ν + μΕ. 

This calculation shows how resolution might be obtained for a three 
component mixture, where two components have the same liquid chromato
graphic capacity factors (£, = o.5, / = 2, 3) with slightly different electrophoretic 
fluxes ( μ 3 £ = -2.7; μ2Ε = -2.2). 

The assumption that the electric field is homogeneous throughout the 
system is only a first approximation. Many electrophoretic systems, such as 
isotachophoresis, rely upon potentials varying with the local ionic strength to 
affect a separation. In modeling these systems, one must find a function 
which describes the local potential in terms of total concentration. The most 
commonly used form is Poisson'

dx ε ε 0 ή1 j 

where 

ε = dialectric constant of electrolyte solution 

ε 0 = permittivity of free space 

F = Faraday's constant 

ζ = valence 

This relationship was used effectively by Coxon and Binder (54), and Lim and 
Franses (55) to solve electrophoretic systems in which flow was not applied. 
Lim and Franses used ionic reactions at the electrodes as boundary conditions 
to model apparently decreasing electrophoretic mobilities in an electrophoretic 
mass transport analysis. They showed that increasing ionic strength at one 
electrode decreased the local potential, thus decreasing mobility. Coxon and 
Binder specified concentrations at electrodes to arrive at a model for ionic 
interfaces in isotachophoretic processes. Each team investigated different sys
tems, thus resulting in different boundary conditions. 

These equations show that the final elution profiles will be affected by 
several parameters, such as dispersivity, field strength, eluent velocity, as well 
as time, distance, and ionic strength distribution within the column. 

There have been numerous advances in both the understanding and 
applications of electric potentials to separations in recent years. Electro
phoresis has been met with skepticism as an industrial unit operation (56,57), 
but recent applications would suggest a "rebirth" of interest in the potential of 
these systems, especially in biological applications. 
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Figure 7. Calculated elution profile to simulate a protein separa
tion on Sephadex G-75 using a modified version of equation (12). 
This simulation is based on parameter values for a 30 χ 1.5 cm. 
column with a flow rate of 1.77 ml/min, a longitudinal diffusivity 
of 0.01 cm 2/min, and an electric field strength of -25 volts/cm. The 
ratio of mobile phase volume to pore volume is 0.9, and the sample 
volume is 0.17 ml. Capacity factors for each of the solutes are 0, 
0.5 and 0.5. The electric potential results in an electric flux term of 
-0.13, -0.22, and -0.27 cm/min for each solute respectively, in order 
of elution. These values correspond to electrophoretic mobilities of 
8.6 χ ΙΟ 5 , 14.7 χ ΙΟ*5 and 18.0 χ 10"5 cm2 / Vs, respectively. 
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Summary 

The practical use of chromatographic and electrophoretic separations in the 
biotechnology industry will be aided by correlations capable of relating bench 
scale results to process scale conditions. Published physical and chemical pro
perty data on chromatographic systems for engineering calculation purposes 
currently appears to be limited. Hence, an effort was made in this chapter to 
present equations which can be used with physical parameters for which 
values have been reported or which are readily determined on a bench scale. 
Since size exclusion chromatography is important in fractionation of proteins, 
the rationale and equations were presented for estimating: 

1. maximum sample volume (equations (19) and (20) ); 
2. elution profiles for non-interfering components (equation (12) to (14) ) 

with results for an example given in Figure 4  and 
3. changes in column lengt

changed upon scale-up (equation (6) ). 

These calculations require knowledge of column void fraction (ô); fractional 
pore volume of the stationary phase (e); capacity factors (kf) or distribution 
coefficients (A:,); dispersitivity or diffusivity of the solute (£>); and initial and 
inlet column conditions. The determination of k,: is described in reference 5. 
Knowledge of limits for sample volume, elution volume, and column length 
for a given target of product purity and recovery allows a "best-case" estimate 
of throughput, eluent volumes, and support costs using correlations described 
previously (5). 

Electrophoresis gives fantastic resolution of small protein and peptide 
samples on a bench scale, and has prompted numerous experimental 
approaches for enhancing this technique. Recent developments include the 
systems of O'Farrell (40), Gassmann et.al. (44), and the Space Shuttle (45,46). 
Scale-up of a preparative recycle instrument was recently reported by Bier 
(50). 

Key parameters for describing electrophoresis are plate count (equation 
(22) ) and resolution (equation (27) ). Unlike chromatography, the number of 
plates is a function of applied voltage, V (equation (22) ) rather than length. 
The combination of size exclusion chromatography with an electrophoretic 
driving force is proposed for continuous elution and separation of a mul-
ticomponent mixture. An estimate of profiles based on an unsteady material 
balance (equation (29) ) and equations ( (12) to (14) ) suggests such a separa
tion is theoretically possible (Figure 7). If so, a compact and scalable unit 
operation combining convective and electrical effects to give rapid and 
extraordinary resolution of proteins in existing size exclusion chromato
graphic systems should be possible. 
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Nomenclature 

a = empirical constant 

A = column cross sectional area (cm2) 

c = concentratio

ca = concentration constant (moles /1) 

ceq = concentration in mobile phase if mobile phase is 
in equilibrium with stationary phase (moles / /) 

ct = solute concentration in mobile phase (moles /1) 

ci = moles of solute in mobile phase (moles) 

cinit — initial conditions for column as a function 
of distance, or a constant (moles /1) 

c0 = concentration at column inlet as a function 
of time, or a constant (moles /1) 

Dj = dispersivity associated with solute / (^^) 

Dm = diffusivity inside particle (-^r-) 
mm 

dp = support particle diameter 

dpA — original scale particle diameter (μ/w) 

dpx = scaled up support particle diameter ^ m ) 

Ε = electric field strength (Volts/cm) 

F = Faraday's constant 
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H = height equivalent to a theoretical plate (cm) 

I = applied current (amps) 

k,kaikb — equilibrium constants 

KD = fraction of pore volume available to a particular solute 

k\ = capacity factor (<n2kL) 
moles 

k' — average of two capacity factors k { * k l 

Ki = pore volume distributio

κ; = support volume distribution coefficient (iSSfeL / jnokL^ 

kma, kmb = mass transfer constants (-r—) 
time 

L = length of apparatus (cm) 

LA = original scale apparatus length (cm) 

Lx = scale up apparatus length (cm) 

m = empirical constant 

η = concentration in stationary phase (moles / /) 

nt = solute concentration in the stationary phase ( m o ^ e s ) 

ni = moles of solute in stationary phase (moles) 

Ni + ΝΊ 
Ν = average of two plate counts, 

Ni = number of theoretical plates based on solute / 

Q = volume of flow (ml) 

Q' — feed volume (ml) 

r = distance along the support particle radius (μ™) 
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R — continuous phase resistance (ohms) 

Rs — resolution 

s — dummy variable of integration 

t — time 

t' = time of feed duration 

V mobile phase linear velocity (cm / min) 

V = applied voltage (volts) 

VB 
elution volum

Δ VE = difference in elution volumes of two solutes (ml) 

^ VEmax = maximum difference in elution volumes (ml) 

VF feed volume (ml) 

VFmax = maximum sample volume (ml) 

vm = mobile phase volume (ml) 

y 
r pores 

= volume of support pores (ml) 

VS = stationary phase volume (ml) 

VT = total column volume (ml) 

w = power (watt y volt-amps) 

X = longitudinal distance from column inlet (cm) 

— valence of solute / 

Greek 

a = ratio of mobile phase volume to stationary phase pore volume ( 

y 
â = column void fraction (— 
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y 
ε = pore volume fraction ( p o r e ) 

ε = dielectric constant of media 

eQ = relative permittivity 

7 = 1 + k'i 

μ, = electrophoretic mobility of solute i ( VQ/7min ^ 

μ = average of two electrophoretic mobilities, 

Φ = ratio of capacity factor

σ = standard deviation 

ol — variance 

ζ, = zeta potential of solute / 
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Mathematical Modeling of Bioproduct Adsorption Using 
Immobilized Affinity Adsorbents 

Somesh C. Nigam and Henry Y. Wang 

Department of Chemical Engineering, The University of Michigan, Ann Arbor, 
MI 48109-2136 

The use of small affinity adsorbent particles 
immobilized in hydroge
whole broth processin
contain biospecific ligands covalently attached to a 
porous solid support. A mathematical model was 
developed to study bioproduct adsorption using 
immobilized affinity adsorbent beads in batch operation. 
The performance of immobilized and freely suspended 
affinity adsorbents was compared by calculating 
adsorption rates and selectivities for four different 
bead geometries. Simulation results indicate that the 
performance of finely ground adsorbent particles 
immobilized in hydrogel beads is superior compared to 
freely suspended adsorbents. The mathematical model was 
further used for simulation studies to investigate the 
effect of bead design parameters on product adsorption. 

A f f i n i t y adsorption, due to i t s high degree of s e l e c t i v i t y , o f f e r s a 
v i a b l e a l t e r n a t i v e to conventional crude bio-product separation 
schemes. However, there are several problems associated with using 
f r e e l y suspended a f f i n i t y adsorbent p a r t i c l e s i n the whole broth. 
Large adsorbent p a r t i c l e s i z e i s required to ensure easy handling i n 
the broth. But t h i s leads to high i n t e r n a l mass t r a n s f e r r e s i s t a n c e 
which s i g n i f i c a n t l y reduces the adsorption r a t e . The presence of 
various organic macromolecules i n the broth can lead to r a p i d f o u l i n g 
of the adsorbent p a r t i c l e s . Also, the broth may contain by-products 
i n s u b s t a n t i a l concentration which may compete with the desired 
product for the ligand. 

The use of small a f f i n i t y adsorbent p a r t i c l e s immobilized i n 
hydrogel beads has been proposed to circumvent some of these problems 
( 1 ) . The h y d r o g e l m a t r i x can be p r o v i d e d by C a - A l g i n a t e , 
K-Carrageenan or any other r e v e r s i b l e g e l . Previous research i n our 
laboratory has indicated that s i g n i f i c a n t l y higher adsorption rates 
and o v e r a l l adsorption c a p a c i t i e s can be achieved by using 
immobilized a f f i n i t y adsorbent beads i n the whole broth. These beads 
provide low o v e r a l l i n t e r n a l mass t r a n s f e r r e s i s t a n c e due to the 
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small adsorbent p a r t i c l e s i z e . A r e l a t i v e l y large bead size (1-3 mm) 
ensures easy recovery from the whole broth at the end of adsorption 
process. Polymerization of these hydrogels can be reversed by 
manipulating the concentration of exogenous cations and inducing 
temperature s h i f t s . Adsorbent p a r t i c l e s with bound product can be 
e a s i l y recovered by d i s s o l v i n g away the hydrogel matrix. Large 
macromolecules present i n the whole broth are excluded from the 
hydrogel because of pore size r e s t r i c t i o n . Undesired macromolecules 
that do penetrate f o u l the outer hydrogel layer f i r s t . This saves 
most of the ligand d i s t r i b u t e d inside the bead. Many of the 
a v a i l a b l e b i o s p e c i f i c ligands used for b i o s e p a r a t i o n are more 
expensive compared to the product i t s e l f . R e t r i e v i n g and reusing the 
ligands a f t e r b ioseparation i s c r u c i a l to the economic success of an 
a f f i n i t y b i o s e p a r a t i o n process. Covalent attachment of the ligand to 
an i n s o l u b l e support was used to minimize leakage. Therefore, the 
ligand can be re-used f o r subsequent bioseparations. 

The purpose of t h i s a r t i c l e i s to formulate a model which 
considers simultaneous d i f f u s i o
immobilized adsorbent p a r t i c l e s
batch adsorption processes. It can however be e a s i l y modified to 
p r e d i c t product adsorption i n other reactor c o n f i g u r a t i o n s . 

Theory 

A f f i n i t y adsorption i s a separation technique based on s p e c i f i c and 
r e v e r s i b l e binding of two b i o l o g i c a l l y a c t i v e compounds. Numerous 
b i o l o g i c a l compounds recognize and bind to s p e c i f i c compounds. For 
example enzymes form complexes with substrates i n the course of t h e i r 
normal c a t a l y t i c mechanisms. S i m i l a r l y , antibodies form very strong 
complexes with t h e i r respective antigens. Various proteins a l s o 
i n t e r a c t s e l e c t i v e l y with other macromolecules. 

Graves and Wu have developed a simple e q u i l i b r i u m model f o r 
describing a f f i n i t y binding r e a c t i o n s (2). The binding r e a c t i o n 
between a product and an a f f i n i t y l i g a n d c o v a l e n t l y attached to a 
s o l i d support can be represented as: 

Ρ + L P.L 
-1 

(1) 

In the simplest case the rates of adsorption and desorption can be 
w r i t t e n as: 

rads = K 1 [ P ] [ L * ] ( 2 ) 

rdes = * - i I P . L * l (3) 

where [P] i s the product concentration, [L*] i s the concentration of 
the bound l i g a n d and [P.L ] i s the c o n c e n t r a t i o n of the 
product-ligand complex. 

This y i e l d s an e q u i l i b r i u m constant: 
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F ΓΡΙ Π*3 K - i fAs 
K e q = - i = — (4) 

[P.L ] *Ί 

In t h i s approach i t i s assumed that the product molecule binds to a 
single binding s i t e on the ligand through monovalent i n t e r a c t i o n . For 
t h i s mechanism, the rate of adsorption can be expressed by a r e l a t i o n 
which i s f i r s t order with respect to both, product and ligand 
concentration (Equation 2). However, there may be circumstances 
where the product molecule contains more than one binding s i t e that 
i s recognized by the lig a n d . Such a mu l t i v a l e n t i n t e r a c t i o n requires 
a more complex a n a l y s i s (3.). Most of the a f f i n i t y binding r e a c t i o n s 
are characterized by very s n a i l e q u i l i b r i u m binding constants. We 
w i l l assume the rate of adsorption (r ̂ ) to be much higher compared 
to the rate of desorption ( r

d e s ) so tnat the a f f i n i t y binding can be 
considered as e s s e n t i a l l y i r r e v e r s i b l e . 

Figure 1 shows a schemati  diagra f  immobilized a f f i n i t
adsorbent bead. Hydrogel
content 0 9 0 % ) , o f f e r s l i m i t e
product. It i s therefore used as an ine r t matrix to support 
r e l a t i v e l y small adsorbent p a r t i c l e s which otherwise cannot be 
r e a d i l y recovered from a h i g h l y heterogenous whole broth. The reduced 
adsorbent p a r t i c l e size leads to s i g n i f i c a n t d e c l i n e i n i n t e r n a l 
d i f f u s i o n a l r e s i s t a n c e which o f f s e t s any marginal increase i n 
resistance due to the hydrogel matrix i t s e l f . 

Several assumptions are made to mathematically model the 
immobilized adsorbent. The small adsorbent p a r t i c l e s are assumed to 
be d i s t r i b u t e d uniformly i n s i d e the hydrogel bead. The external mass 
t r a n s f e r resistance due to the boundary l a y e r i s assumed to be 
n e g l i g i b l e i f the bulk s o l u t i o n i s well s t i r r e d . This assumption i s 
supported by the experimental observations of Tanaka et a l . who 
studied d i f f u s i o n of several substrates from w e l l s t i r r e d batch 
soluti o n s i n t o Ca-alginate gel beads (4). However, the boundary 
conditions can be e a s i l y modified to incorporate external d i f f u s i o n 
e f f e c t s i f needed. Furthermore product d i f f u s i o n i n both the 
hydrogel and the porous adsorbent i s considered to follow F i c k i a n 
laws and i t s d i f f u s i v i t y i n each region i s assumed to be constant. 

The unsteady state product and ligand m aterial balances i n the 
d i f f e r e n t regions can be expressed as follows. 

The product mass balance i n the hydrogel can be represented as: 

2 . L . < R 2 * C J > ( 3 Ν Ρ Α 1 γ Ο > 9 C A i 
R2 3R 3R " R3 3r 

ε ac. 
i ~ (5) 

at 
r=r 

ο 
The product mass balance i n the adsorbent p a r t i c l e s using a f i r s t 

order binding r e a c t i o n with respect to both product and ligand i s 
given by: 

41 I Γ * 4 " " *.C A |C- - <6> 
2 3r OT ι A i 1 3t 

r 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



156 SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

Adsorbent matrix 

F i g u r e 1. Schematic diagram of an immobil ized a f f i n i t y adsorbent 
bead. 
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Product d e p l e t i o n i n the bulk s o l u t i o n of the batch adsorber i s given 
by: 

9C V. -47tnR2D. dC. b i _ ο ι ι 
3t V dR (7) 

R=R 
ο 

The ligand balance w i t h i n the adsorbent p a r t i c l e i s : 

aC 1 -K.C..C-
1 . J i L l (8) 

ot a 

In the case of n e g l i g i b l e external d i f f u s i o n r e s i s t a n c e , the i n i t i a l 
and boundary conditions f o r equations 5-8 can be w r i t t e n as: 

I n i t i a l Conditions (at t= 0 ) : 

C £ = C A i = 0; (zer

= ^ l o * (uniform ligand concentration) 

= S)i' (uniform bulk concentration) 

Boundary Conditions 

3C. 
R = 0: - j g = 0; ( r a d i a l symmetry of hydrogel bead) 

R = R Q : = C ^ ; (concentration c o n t i n u i t y at hydrogel-bulk 
s o l u t i o n i n t e r f a c e ) 

9 C A i 
r = 0: — = 0; ( r a d i a l symmetry of adsorbent p a r t i c l e ) 

r = r
0 : = C^; ( c o n c e n t r a t i o n c o n t i n u i t y at 

hydrogel-adsorbent i n t e r f a c e ) 

The mass balance equations given above can be represented i n 
non-dimensional form by employing the following dimensionless 
v a r i a b l e s and parameters: 

τ = r / V 5 = R/Ro; t = D r e f t / R ^ f 

^1 " C l / C l o : %i = %i'<Zi-> C A = c X - ; Ï A 1 = C A i / C ^ i ; 

2 2 2 2 2 2 ο 
ψ ΐ = K i r o C l o / D A i ï H = E a r o D r e f / R r e f D A i ; *i " « A e f C b i / D r e f » s 
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γ. = 4nnR D.R2
 r/VD ι ο ι r e f r e f A. = ι 3ND A.r /D.R Αι ο ι ο ; Β. = ε R 2D ,/R2 J), ι g o r e f r e f ι 

r=l 

B.3C. ι ι 
3F (9) 

(10) 

an (11) 
R=l 

i=l 

In the past, s i m i l a r b i d i s p e r s e d systems have been i n v e s t i g a t e d 
and modeled i n the c a t a l y s t d e a c t i v a t i o n area (5-7). However, 
modeling of immobilized a f f i n i t y adsorbent beads i s more complex 
due to the n o n - l i n e a r i t y i n t r o d u c e d by the r a p i d l i g a n d 
binding r e a c t i o n which i s dependent on the product concentration. 

The mathematical model described above involves non-linear, 
coupled, p a r t i a l d i f f e r e n t i a l equations. The equations were solved 
using a F i n i t e - D i f f e r e n c e method. D e t a i l s of t h i s mathematical 
technique have been described elsewhere i n the l i t e r a t u r e (8,9). 
Figure 2 shows a flowsheet for the numerical s o l u t i o n of these model 
equations. 

Simulation Studies 

Several simulation runs were c a r r i e d out to gain i n s i g h t i n t o the 
e f f e c t of bead design parameters on the adsorption c h a r a c t e r i s t i c s of 
immobilized adsorbent beads. The p h y s i c a l parameters (rate constant, 
d i f f u s i v i t y etc.) f o r the simulation studies were determined from 
experimental data on the adsorption of cycloheximide, a low molecular 
weight a n t i b i o t i c , onto XAD-4 non-ionic polymeric r e s i n (10,11) 
(Table I ) . The f i t between the model and the experimentally 
determined adsorption curves i s quite good (Figure 3). 

Single component d i f f u s i o n and binding. Figure 4 shows four cases 
which were simulated to observe the e f f e c t s of immobilization i n 
hydrogel and reduction of adsorbent p a r t i c l e s i z e . Case (a) 
represents a f r e e l y suspended adsorbent p a r t i c l e of radius 1.1 mm. 
Case (b) represents the same size p a r t i c l e immobilized i n a hydrogel 
bead of 2.8 mm. In case ( c ) , the same adsorbent p a r t i c l e as i n cases 
(a) and (b) was assumed to be crushed to 80 smaller p a r t i c l e s which 
were immobilized w i t h i n a hydrogel bead of radius 2.8 mm. Case (d) 
represents the extreme s i t u a t i o n i n which the adsorbent p a r t i c l e was 
crushed to f i n e powder such that the t o t a l number of p a r t i c l e s w i t h i n 
the immobilized bead may be regarded as i n f i n i t e . This i s a l s o 
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Initial Conditions 

t +At 

from R  0 to 1 

Use eqn.(10) to calculate C A j 
from R = 0 to 1 

r =0 to 1 

Compute d C A j 

r = 1 

from R = 0 to 1 

Use eqn.(l 1) to calculate 

Use eqn.(12) to calculate 

fromR= 0 to 1 
r = 0 to 1 

No 

F igure 2 . Flowsheet of b a s i c steps i n the numerical s o l u t i o n of 
model equat ions . 
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' J 

θ. β.2 θ.4 θ.6 β.8 1 

TIME dimensionless 

Figure 3. Concentration p r o f i l e of cycloheximide in a batch 
adsorber employing immobilized adsorbent beads (see Table I f o r 
experimental c o n d i t i o n s ) . 

(a) Free adsorbent (c) Immobilized adsorbent 
N=80 

(b) Immobilized adsorbent (d) Immobilized adsorbent 

N=1 Ν = oo 

Figure 4. Diagrammatic representation of four cases employed i n 
the simulation studies. 
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Table I. Physical Parameters used for Simulation Studies 

Adsorber parameters: 

V = 50 ml η = 107 

Ν = 81 r = ο 0.25 mm 

R = 
ο R = 2.8 mm 

ref b i 1.0 gm/liter 

ε = a 0.513 
8 g = 

0.95 

D i f f u s i o n and Reaction parameters: 

K. = 7.05x10*"3 s e c " 1 

D. = D = 5.8xl0" 6 2/seι r e f 
—6D.. = 1.1x10 cA i 

α = 0.13 gm cycloheximide/gm adsorbent 

equivalent to dispe r s i n g the lig a n d i n the hydrogel without another 
immobilization matrix. 

Figure 5 shows numerically generated p l o t s of adsorption rate as 
a function of time f o r the above mentioned cases. The adsorption 
rate was defined as the amount of ligand consumed per unit time using 
dimensionless u n i t s . As expected, a d d i t i o n of the hydrogel layer on 
the f r e e l y suspended adsorbent p a r t i c l e i n case (b) causes the mass 
t r a n s f e r r e s i s t a n c e to go up which reduces the adsorption rate 
compared to case (a). As shown i n Figure 4, the i n t e r n a l mass 
t r a n s f e r r e s i s t a n c e i n (c) i s reduced because the adsorbent p a r t i c l e s 
are smaller. This decrease i n mass t r a n s f e r r e s i s t a n c e more than 
overcomes the e f f e c t of a d d i t i o n a l hydrogel r e s i s t a n c e . The 
adsorption rate f o r (c) therefore shows a sharp increase over that 
f o r f r e e l y suspended adsorbent p a r t i c l e s . This i l l u s t r a t e s one of 
the advantages of using immobilized adsorbent beads over that of 
f r e e l y suspended adsorbent p a r t i c l e s . A f t e r crushing the adsorbent 
into an i n f i n i t e number of p a r t i c l e s and d i s p e r s i n g i t w i t h i n the 
hydrogel bead (case d), only a marginal increase i n the adsorption 
rate over case (c) i s observed. This happens because below a c e r t a i n 
size the i n t e r n a l mass t r a n s f e r r e s i s t a n c e w i t h i n the adsorbent 
p a r t i c l e becomes low enough that i t does not cont r o l the o v e r a l l 
adsorption r a t e . Based on these r e s u l t s i t can be concluded that the 
adsorption rate increases monotonically with reduction i n adsorbent 
p a r t i c l e s i z e w i t h i n the hydrogel bead. However, below a c e r t a i n 
size the adsorption rate does not increase appreciably. As discussed 
e a r l i e r , there may be added d i f f i c u l t i e s i n recovering very f i n e 
adsorbent p a r t i c l e s from the bead a f t e r d i s s o l v i n g the hydrogel. 
Thus, op t i m i z a t i o n of the adsorbent p a r t i c l e size should take into 
account the a d d i t i o n a l cost associated with the l o s s of adsorbent 
during recovery compared to the advantages of increasing the 
adsorption r a t e s . 
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0.8 

0. 0.2 0.4 0.6 0.8 1 
TIME cHm«nsionless 

Figure 5. Adsorpt ion rate as a f u n c t i o n of time for four 
s imulated cases . 
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The d i f f u s i v i t y o f t h e d e s i r e d p r o d u c t i n t h e h y d r o g e l w i l l 
depend on t h e g e l m a t e r i a l , t h e g e l c o n c e n t r a t i o n and t h e d e g r e e o f 
c r o s s - l i n k i n g by m u l t i v a l e n t c a t i o n s . The d i f f u s i v i t y o f t h e p r o d u c t 
i n t h e a d s o r b e n t p a r t i c l e s c a n a l s o v a r y d e p e n d i n g on t h e c h o i c e o f 
t h e a d s o r b e n t m a t r i x u s e d f o r l i g a n d i m m o b i l i z a t i o n . The c h o i c e o f 
t h e h y d r o g e l and t h e a d s o r b e n t m a t r i x w i l l u s u a l l y depend on s e v e r a l 
f a c t o r s s u c h as t h e s t a b i l i t y o f t h e b e a d a g a i n s t s h e a r f o r c e s , t h e 
s u s c e p t i b i l i t y t o f o u l i n g by v a r i o u s a g e n t s , and t h e p r e s e n c e o f 
c o m p e t i n g b y - p r o d u c t s . F o r e f f i c i e n t b e a d d e s i g n one w i l l t h e r e f o r e 
need t o know t h e e f f e c t o f d i f f u s i v i t y on p r o d u c t a d s o r p t i o n . 
F i g u r e s 6a and 6b show t h e e f f e c t o f v a r y i n g t h e p r o d u c t d i f f u s i v i t y 
i n t h e h y d r o g e l and i n t h e a d s o r b e n t m a t r i x r e s p e c t i v e l y . I t was 
f o u n d t h a t i n b o t h c a s e s , l i g a n d s a r e c o n s u m e d f a s t e r a s 
d i f f u s i v i t i e s a r e i n c r e a s e d . However, s i m i l a r t o e a r l i e r r u n s t h e 
l i g a n d c o n s u m p t i o n p r o f i l e a p p r o a c h e s a l i m i t as t h e r e s p e c t i v e 
d i f f u s i o n a l r e s i s t a n c e s become s m a l l e r . 

Two component d i f f u s i o
p o s s i b i l i t y o f h a v i n g
f e r m e n t a t i o n b r o t h w h i c h may compete f o r t h e a v a i l a b l e l i g a n d s i n t h e 
a d s o r b e n t p a r t i c l e s . The o b j e c t i v e h e r e i s t o o p t i m i z e t h e b e a d 
d e s i g n so as t o m a x i m i z e t h e p u r i t y o f t h e d e s i r e d p r o d u c t a d s o r b e d 
o n t o t h e a d s o r b e n t p a r t i c l e s . I n o r d e r t o n u m e r i c a l l y s i m u l a t e s u c h 
a s i t u a t i o n i t was assumed t h a t two compounds a r e b e i n g a d s o r b e d o n t o 
t h e i m m o b i l i z e d a d s o r b e n t s : a d e s i r e d p r o d u c t '1' and an u n d e s i r e d 
b y - p r o d u c t '2'. The a d s o r p t i o n r a t e c o n s t a n t f o r t h e d e s i r e d 
p r o d u c t , i s assumed t o be 10 t i m e s t h a t o f t h e u n d e s i r e d p r o d u c t , 

The d i f f u s i v i t i e s f o r b o t h o f t h e s e p r o d u c t s a r e assumed t o be 
s i m i l a r . Two a d d i t i o n a l p a r a m e t e r s a r e d e f i n e d t o s t u d y t h e dynamic 
b e h a v i o r o f s u c h s y s t e m s . 

0 , ^. . ̂  / Λ Χ A d s o r p t i o n r a t e o f d e s i r e d p r o d u c t S e l e c t i v i t y (S) = 73 ~ — r — — r A d s o r p t i o n r a t e o f u n d e s i r e d p r o d u c t 

C A 1 C 1 A V 

( 1 3 ) 

S CA2 C1 A V 

P r o d u c t p u r i t y (Pu) 

Amount o f p r o d u c t ' 1' a d s o r b e d (\A) 
Amount o f p r o d u c t Ί ' adsorbed+Amount o f p r o d u c t '2' a d s o r b e d 

F i g u r e 7 shows t h e v a r i a t i o n o f s e l e c t i v i t y w i t h r e s p e c t t o t i m e 
f o r t h r e e t y p e s o f a f f i n i t y beads ( C a s e s ( a ) , (b) and ( c ) ) . I n a l l 
t h r e e c a s e s , s e l e c t i v i t y d e c r e a s e s f r o m t h e i n i t i a l maximum v a l u e as 
t i m e p r o g r e s s e s . Due t o i d e n t i c a l d i f f u s i v i t i e s , t h e two p r o d u c t s 
have v e r y s i m i l a r c o n c e n t r a t i o n p r o f i l e s w i t h i n t h e i m m o b i l i z e d 
a d s o r b e n t b e a d a t i n i t i a l t i m e . Thus t h e i n i t i a l s e l e c t i v i t y i s j u s t 
t h e r a t i o o f t h e i r a d s o r p t i o n r a t e c o n s t a n t s . However, s i n c e p r o d u c t 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



164 S E P A R A T I O N , R E C O V E R Y , A N D P U R I F I C A T I O N IN B I O T E C H N O L O G Y 

β. 0.2 0.4 8.6 0.8 1 

TIME dimensionless 

0.5—J ι ι 1 1 1 1 1—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—"—Γ 

0. 0.2 0.4 0.6 0.8 

TIME dimensionless 

F i g u r e s 6a,b. E f f e c t o f b i o p r o d u c t d i f f u s i v i t y i n h y d r o g e l (D) 
and i n a d s o r b e n t m a t r i x (D^) on l i g a n d c o n s u m p t i o n u s i n g 
i m m o b i l i z e d a d s o r b e n t b e a d s . 
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'1' i s adsorbed at a higher rate, (Figure 7, r i g h t ) , the 
concentration of product Ί ' wi t h i n the bead gradually becomes lower 
than that of product '2' due to s i g n i f i c a n t d i f f u s i o n a l r e s i s t a n c e . 
The bulk concentration of desired product Ί ' also declines f a s t e r 
than that of the undesired product. The combined e f f e c t of these two 
mechanisms leads to the i n i t i a l decrease of the s e l e c t i v i t y i n a l l 
three cases. D i f f u s i o n a l r e s i s t a n c e e f f e c t s diminish as the lig a n d 
gets consumed and the concentration w i t h i n the bead becomes c l o s e r to 
the bulk concentration. In some cases, t h i s leads to an increase i n 
the s e l e c t i v i t y near the end of the adsorption process. 

It was found that the decline i n s e l e c t i v i t y was le a s t i n case 
(c) because of a smaller o v e r a l l d i f f u s i o n a l r e s i s t a n c e of the bead. 
Figure 8 shows the v a r i a t i o n of product p u r i t y (Pu) as a fu n c t i o n of 
time f o r these three cases. The product p u r i t y curves show the same 
general trend as the s e l e c t i v i t y curves. F i n a l product p u r i t y was 
also found to be highest for case ( c ) . By v i r t u e of t h e i r lower 
o v e r a l l mass t r a n s f e r r e s i s t a n c  (c) immobilized adsorbent bead
not only d i s p l a y a highe
s e l e c t i v i t y f o r the desire

Conclusions 

The use of small adsorbent p a r t i c l e s immobilized i n hydrogel beads 
for whole broth processing represents a novel approach to increase 
the o v e r a l l e x t r a c t i o n y i e l d of b i o s y n t h e t i c a l l y derived products. 
Immobilized adsorbent beads d i s p l a y major advantages over f r e e l y 
suspended a d s o r b e n t s both i n terms of a d s o r p t i o n r a t e and 
s e l e c t i v i t y . Other p r a c t i c a l advantages of these immobilized 
adsorbent beads are easy h a n d l i n g and reduced f o u l i n g 
c h a r a c t e r i s t i c s . A mathematical model was developed and used to 
inv e s t i g a t e simultaneous mass t r a n s f e r and binding w i t h i n the 
immobilized adsorbent beads. Numerical simulation of a batch 
adsorption process employing these immobilized beads was found to be 
a u s e f u l way to study t h e i r dynamic behavior and optimal design. 
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Legend of Symbols 

product concentration i n adsorbent p a r t i c l e , gm/ml 

product concentration i n hydrogel, gm/ml 

ligand concentration ( f r a c t i o n of o r i g i n a l binding 
s i t e s remaining) 

i n i t i a l ligand concentration (1.0) 

bulk concentration of the product, gm/ml 

i n i t i a l bulk concentration of the product, gm/ml 

Legend of Symbols continued on p, 167 

"Ai 

l o 

b i 
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β . θ . 2 8.4 β . 6 8.8 1 

TIME dinrwnslonlMS 

F i g u r e 7. ( l e f t ) S e l e c t i v i t y as a f u n c t i o n o f ti m e f o r 
c o m p e t i t i v e a d s o r p t i o n o f two compounds, ( r i g h t ) C o n c e n t r a t i o n 
p r o f i l e s w i t h i n t h e i m m o b i l i z e d a d s o r b e n t bead and t h e b u l k 
s o l u t i o n . 

PRODUCT Ί'ADSORBED 
PROOUCTPURfTY- — 

PRODUCT Τ ADSORBED • PRODUCT 7 ADSORBED 

«·« I 1 
8. 8.5 1 1.5 2 

H M E d t a » n t l o n l M S 

F i g u r e 8. P r o d u c t p u r i t y as a f u n c t i o n o f time f o r c o m p e t i t i v e 
a d s o r p t i o n o f two compounds. 
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concentration of desired product i n adsorbent p a r t i c l e , 
gm/ml 
concentration of undesired product i n adsorbent 
p a r t i c l e , gm/ml 

r r a d i a l distance w i t h i n adsorbent p a r t i c l e , cm 

radius of adsorbent p a r t i c l e s , cm 

R r a d i a l distance i n hydrogel bead, cm 

R Q radius of hydrogel bead, cm 

R r e £ a r b i t r a r y reference distance for making the time scale 
dimensionless, cm 

t time, sec 
2 

product d i f f u s i v i t

product d i f f u s i v i t y i n hydrogel, cm /sec 

D r e £ a r b i t r a r y reference d i f f u s i v i t y f o r making the time 
scale dimensionless, cm /sec 

adsorption rate constant, 1/sec 

Ν number of adsorbent p a r t i c l e s immobilized w i t h i n a 
hydrogel bead 

η number of beads i n a batch 

NC number of adsorbing components i n the broth 

ε & p o r o s i t y of adsorbent matrix 

8 g p o r o s i t y of hydrogel 

AV volume element inside adsorbent p a r t i c l e 

α ultimate loading capacity, gm/unit li g a n d 

Subscripts : 

i represents i ' t h adsorbing component i n the broth 

Superscripts : 

represents v a r i a b l e i n dimensionless form. 
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12 
High-Resolution, High-Yield Continuous-Flow 
Electrophoresis 

William A. Gobie and Cornelius F. Ivory 

Department of Chemical Engineering, University of Notre Dame, Notre Dame, IN 46556 

Recycling effluent through a thin-film continuous 
flow electrophoresis (CFE) chamber allows vir
tually complet
negligible dilution of products and permits 
throughput to be increased by 0(100-10,000) over 
present thin-film CFE devices. An approximate 
model of recycle CFE is developed for the high 
Peclet number regime and solved analytically. The 
solution is used to characterize the behavior of a 
recycle CFE device. 

V i r t u a l l y a l l b i o l o g i c a l l y d e r i v e d m a t e r i a l s i n c l u d i n g p r o t e i n s , 
n u c l e i c a c i d s and c e l l s , can be c h a r a c t e r i z e d by one or more of 
the p o p u l a r bench-top e l e c t r o p h o r e t i c t e c h n i q u e s . Often the 
suspending medium r e s i d e s i n an i n e r t m a t r i x which a c t s not only 
t o s t a b i l i z e the s o l v e n t a g a i n s t n a t u r a l c o n v e c t i o n but may a l s o 
c o n t r i b u t e c o n s i d e r a b l y to m o l e c u l a r c l a s s i f i c a t i o n through gel 
' s i e v i n g ' or f i l t r a t i o n e f f e c t s . In f r e e s o l u t i o n e l e c t r o p h o r e 
s i s r e t a i n s the a b i l i t y to r e s o l v e homologous s p e c i e s and, 
because the s t r e s s e s a s s o c i a t e d w i t h e l e c t r o p h o r e t i c p r o c e s s i n g 
a r e r e l a t i v e l y s m a l l , b i o l o g i c a l a c t i v i t y l o s s e s due to mechani
c a l d e n a t u r a t i o n are g e n e r a l l y n e g l i g i b l e . However, i n f r e e 
s o l u t i o n one must be e x t r a o r d i n a r i l y c a r e f u l to a v o i d e x c e s s i v e 
thermal e x c u r s i o n s which may d r i v e n a t u r a l c o n v e c t i o n and/or 
i n a c t i v a t e p r o d u c t . 

The f i r s t f r e e - f l o w e l e c t r o p h o r e s i s d e v i c e (I) was designed 
s p e c i f i c a l l y f o r l a r g e s c a l e b i o l o g i c a l s p u r i f i c a t i o n s and, 
a l t h o u g h t h a t u n i t never became f u l l y o p e r a t i o n a l , i t preceded a 
p l e t h o r a of i n n o v a t i v e i n s t r u m e n t s which e i t h e r r e s o l v e d or e l i 
minated the drawbacks i n h e r e n t i n the e a r l i e s t d e v i c e . For 
i n s t a n c e , one a p p a r a t u s which has been c o m m e r c i a l l y a v a i l a b l e 
s i n c e the e a r l y s i x t i e s , the ' t h i n - f i l m ' d e v i c e (2) i s s u c c e s s 
f u l l y operated a t both a n a l y t i c a l and p r e p a r a t i v e s c a l e s , e . g . 
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up to 5ml/hr o f a 2% p r o t e i n s o l u t i o n or about 0.1gm/hr. F u r t h e r 
s c a l e - u p of t h i s apparatus i s l i m i t e d by buoyancy- induced convec
t i o n i n the f l u i d f i l m ( 3 , 4 ) which g r e a t l y reduces s o l u t e r e s o l u 
t i o n (7). 

Two a l t e r n a t i v e d e s i g n s have succeeded i n s t a b i l i z i n g the 
hydrodynamic f low and i n c r e a s i n g d e v i c e c a p a c i t y by, i n one c a s e , 
a p p l y i n g a shear s t r e s s a c r o s s a c y l i n d r i c a l annulus w i t h a 
r a d i a l e l e c t r i c f i e l d and a x i a l f low ( 6 , 7 ) and, i n the second 
c a s e , by o p e r a t i n g a ' t h i n - f i l m ' CFE i n the low g r a v i t y e n v i r o n 
ment a v a i l a b l e i n space ( 8 h The former apparatus i s capable of 
p r o c e s s i n g p r o t e i n s o l u t i o n s a t throughputs g r e a t e r than 
2000ml/hr but w i t h s i g n i f i c a n t l y poorer r e s o l u t i o n than t h a t 
o b t a i n a b l e i n the t h i n - f i l m d e s i g n . The l a t t e r column a l s o 
a c h i e v e s throughputs of t h i s magnitude but space s h u t t l e payload 
expenses, n e a r l y $100/ounce, render e x t r a t e r r e s t r i a l p r o c e s s i n g 
e c o n o m i c a l l y p r o h i b i t i v e i n a l l but a handful of e x c e p t i o n a l 
c a s e s . 

A m o d i f i e d v e r s i o n
posed (9^ which i s c a p a b l e of p r o c e s s i n g l a b i l e b i o m a t e r i a l s a t 
e l e v a t e d throughputs w h i l e r e c o v e r i n g p r o d u c t a t a r b i t r a r i l y high 
p u r i t y . The proposed d e s i g n i s based on the ' t h i n - f i l m ' d e v i c e 
b u t uses e f f l u e n t r e c y c l e w i t h p r e s c r i b e d b a c k s h i f t to a c h i e v e 
e f f e c t i v e c o u n t e r c u r r e n c y i n the e l e c t r o p h o r e s i s column, thus 
a l l o w i n g v i r t u a l l y complete s e p a r a t i o n of feed i n t o two p r o d u c t 
s t r e a m s . In a d d i t i o n , repeated c o n t a c t between s o l u t e and 
e l e c t r i c f i e l d a l l o w s the power i n p u t to be reduced and the 
t r a n s v e r s e t h i c k n e s s of the chamber to be i n c r e a s e d , y i e l d i n g a 
p r o p o r t i o n a t e i n c r e a s e i n the d e v i c e c a p a c i t y . In the f o l l o w i n g 
paper the performance and c h a r a c t e r i s t i c s of the m o d i f i e d 
e l e c t r o p h o r e s i s chamber are i n v e s t i g a t e d i n the l i m i t of 
v a n i s h i n g l y small d i f f u s i o n c o e f f i c i e n t s by u s i n g an approximate 
mathema t i c a l model. 

Continuous Flow E l e c t r o p h o r e s i s 

The c l a s s i c t h i n - f i l m CFE d e v i c e d e p i c t e d i n F i g u r e 1 c o n s i s t s of 
a t h i n , broad chamber through which a l a m i n a r c u r t a i n of b u f f e r e d 
f l u i d f l o w s a x i a l l y . Feedstock i s c o n t i n u o u s l y i n j e c t e d i n t o 
t h i s f low near the chamber e n t r a n c e and an e l e c t r i c f i e l d imposed 
a c r o s s the c u r t a i n causes charged s p e c i e s to m i g r a t e l a t e r a l l y as 
they pass through the chamber. The s o l u t e s form d i s c r e t e bands 
a c c o r d i n g to t h e i r e l e c t r o p h o r e t i c m o b i l i t i e s and e l u t e a t the 
bottom of the chamber where the i n d i v i d u a l bands are c o l l e c t e d 
through a m u l t i p l i c i t y of p o r t s . 

J o u l e heat generated by the i o n i c c u r r e n t i s removed through 
c o o l i n g j a c k e t s mounted on the t r a n s v e r s e w a l l s . T h i s c r e a t e s a 
t r a n s v e r s e temperature g r a d i e n t which d r i v e s a s t a b l e and u s u a l l y 
d e l e t e r i o u s c o n v e c t i v e f l o w (3). Furthermore , the a x i a l tem
p e r a t u r e g r a d i e n t i n the thermal e n t r a n c e r e g i o n (10,11) near the 
t i p s of the e l e c t r o d e s may d r i v e a buoyancy i n s t a b i l i t y when the 
thermal g r a d i e n t exceeds a c r i t i c a l v a l u e ( 4 , 1 2 ) . A p a r t from the 
p h y s i c a l p r o p e r t i e s of the c a r r i e r f l u i d , the c r i t i c a l temperature 
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g r a d i e n t r e q u i r e d to d r i v e t h i s i n s t a b i l i t y depends on the r a t e 
o f power d i s s i p a t i o n i n the f l u i d and i n c r e a s e s w i t h the f i f t h 
power of the t r a n s v e r s e chamber t h i c k n e s s . N o t i n g t h a t the power 
i n p u t i s f i x e d by the requirement t h a t s e p a r a t i o n be a c c o m p l i s h e d 
i n a chamber of moderate l e n g t h , t h i s s t r o n g dependence on the 
t r a n s v e r s e t h i c k n e s s ensures t h a t t e r r e s t r i a l CFEs are g e n e r a l l y 
r e s t r i c t e d to chamber t h i c k n e s s e s of 0(2mm). Thus the r e q u i r e 
ment of s t a b l e , l a m i n a r f low d i r e c t l y l i m i t s throughput by 
c o n s t r a i n i n g the t r a n s v e r s e t h i c k n e s s of the d e v i c e . 

The l a t e r a l d e f l e c t i o n e x p e r i e n c e d by a p a r t i c l e p a s s i n g 
through the chamber depends s t r o n g l y upon i t s t r a n s v e r s e p o s i t i o n 
s i n c e the a x i a l v e l o c i t y p r o f i l e i s p a r a b o l i c . P a r t i c l e s n e a r e r 
the t r a n s v e r s e w a l l s are exposed to the e l e c t r i c f i e l d l o n g e r 
than those near the c e n t e r l i n e , and, i n the absence of 
e l e c t r o o s m o s i s , m i g r a t e a g r e a t e r l a t e r a l d i s t a n c e a c r o s s the 
chamber, d i s t o r t i n g the s o l u t e i n t o c r e s c e n t shaped bands. 
E l e c t r o o s m o s i s , which i s the e l e c t r i c a l l y d r i v e n f l o w of f l u i d i n 
the double l a y e r a d j a c e n
up a l a t e r a l c i r c u l a t i o n p a t t e r n , 0 o s ( y ) , which f l o w s p a r a l l e l to 
the w a l l s , r e v e r s e s d i r e c t i o n near the e l e c t r o d e s and r e t u r n s 
a l o n g the chamber c e n t e r l i n e ( 1 3 ) . The r e s u l t i n g p a r a b o l i c f low 
s t r o n g l y a f f e c t s s o l u t e d i s p e r s i o n by a l t e r i n g the shape of the 
' c r e s c e n t ' and, to some e x t e n t , the c r e s c e n t phenomenon may be 
used to focus s o l u t e s i n t o compact bands (14,15) by proper 
adjustment of the ζ - p o t e n t i a l of the t r a n s v e r s e s u r f a c e s . 

Bands d i s t o r t e d by c r e s c e n t f o r m a t i o n w i l l tend to n e s t 
i n s i d e one another c a u s i n g the s o l u t e e l u t i o n p r o f i l e s to 
o v e r l a p . As a r e s u l t , d e v i c e r e s o l u t i o n s u f f e r s and the y i e l d of 
p u r i f i e d p r o d u c t d r o p s . To reduce c r e s c e n t f o r m a t i o n i n the 
t h i n - f i l m CFE, the s o l u t e feed i s u s u a l l y r e s t r i c t e d to the p o r 
t i o n of the f l o w f i e l d w i t h the l e a s t v a r i a t i o n i n a x i a l and 
l a t e r a l v e l o c i t i e s . T h i s i s a c c o m p l i s h e d by c e n t e r i n g the feed 
stream between the t r a n s v e r s e w a l l s and l i m i t i n g i t s d iameter to 
no more than 30% of the chamber t h i c k n e s s ( 2 ) . T h e r e f o r e 
c r e s c e n t f o r m a t i o n f u r t h e r reduces throughput by l i m i t i n g the 
p o r t i o n of the chamber through which s o l u t e may p a s s . Note t h a t 
i f the feed were i n j e c t e d through a square p o r t spanning the 
t r a n s v e r s e a x i s of the chamber, an o r d e r of magnitude i n c r e a s e i n 
throughput would immediately be r e a l i z e d . E l i m i n a t i n g or compen
s a t i n g f o r the d i s p e r s i v e i n f l u e n c e s a s s o c i a t e d w i t h c r e s c e n t 
f o r m a t i o n would t h e r e f o r e y i e l d a s i g n i f i c a n t i n c r e a s e i n s c a l e 
of the ' t h i n - f i l m ' a p p a r a t u s . 

R e c y c l e CFE (RCFE) 

In the RCFE e f f l u e n t i s c o n t i n u o u s l y r e i n j e c t e d i n t o the chamber 
v i a r e c y c l e streams as i n d i c a t e d i n F i g u r e 2 . Each r e c y c l e 
stream r e i n j e c t i o n p o r t i s o f f s e t from i t s c o r r e s p o n d i n g e l u t i o n 
p o r t by a s p e c i f i e d l a t e r a l d i s t a n c e , S, so t h a t upon r e c y c l e the 
e f f l u e n t i s s h i f t e d back a g a i n s t the s o l u t e ' s e l e c t r o p h o r e t i c 
m i g r a t i o n . When the s h i f t i s s m a l l s o l u t e m i g r a t e s i n the 
p o s i t i v e z d i r e c t i o n but i f the s h i f t i s i n c r e a s e d s u f f i c i e n t l y 
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F i g u r e 1. Schematic of the c l a s s i c CFE d e v i c e . S o l u t e s i n j e c t e d 
near the e n t r a n c e s e p a r a t e l a t e r a l l y as they pass through the 
chamber. As d e p i c t e d here c r e s c e n t f o r m a t i o n causes the s o l u t e s ' 
e l u t i o n d i s t r i b u t i o n s to o v e r l a p . 

W \ | V 

W W 
Recycle Streams 

Buffer mm 

Low mobility 
product 

High mobility 
product 

F i g u r e 2. R e c y c l e CFE d e v i c e , a . Schematic of e l u t i o n p o r t to 
i n l e t p o r t c o n n e c t i o n . E l u a n t i s c o n t i n u o u s l y r e i n j e c t e d a t the 
chamber i n l e t . Feed i s i n j e c t e d i n t o one of the r e c y c l e streams, 
b. Schematic o f complete RCFE d e v i c e . R e c y c l e streams connect 
the e l u t i o n and i n l e t p o r t s i n the r e c y c l e s e c t i o n . Separated 
p r o d u c t s are r e c o v e r e d through the e l u t i o n p o r t s f l a n k i n g the 
r e c y c l e s e c t i o n , and an equal volume of b u f f e r i s fed through the 
i n l e t p o r t s on e i t h e r s i d e of the r e c y c l e s e c t i o n . 
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the s o l u t e w i l l begin to m i g r a t e i n the o p p o s i t e d i r e c t i o n . The 
v a l u e of the s h i f t a t which a s o l u t e begins to m i g r a t e i n the 
o p p o s i t e d i r e c t i o n i s r e f e r r e d to below as i t s ' f l i p ' p o i n t . By 
a d j u s t i n g e i t h e r the s h i f t or the e l e c t r i c f i e l d s t r e n g t h , two 
s o l u t e s of d i f f e r i n g e l e c t r o p h o r e t i c m o b i l i t y can be made to 
m i g r a t e i n o p p o s i t e d i r e c t i o n s . 

C r e s c e n t f o r m a t i o n o c c u r s i n the r e c y c l e chamber to the same 
degree as i s found i n the c o n v e n t i o n a l CFE. However, s i n c e the 
e f f l u e n t i n c l u d e s s o l u t e gathered from the t r a n s v e r s e w a l l 
r e g i o n as w e l l as from the c e n t e r l i n e of the chamber and because 
the r e c y c l e streams are t h o r o u g h l y mixed b e f o r e r e i n j e c t i o n , 
a f t e r a s u f f i c i e n t number of c y c l e s through the RCFE each s o l u t e 
w i l l have sampled a l l p o s s i b l e t r a n s v e r s e p o s i t i o n s and w i l l thus 
be d i s p l a c e d e n t i r e l y to the l e f t or to the r i g h t s i d e of the 
chamber. T h i s ensures t h a t the d i s p e r s i o n a s s o c i a t e d w i t h c r e s c e n t 
f o r m a t i o n i s e v e n t u a l l y c o u n t e r a c t e d by repeated c o n t a c t w i t h the 
e l e c t r i c f i e l d . 

As noted above, whe
are i n t r o d u c e d i n t o the chamber, the s h i f t may be a d j u s t e d so 
t h a t the s o l u t e s s e p a r a t e i n the r e c y c l e s e c t i o n of the chamber 
and e l u t e on e i t h e r s i d e . 

RCFE Model 

A model of the RCFE has been developed to help c h a r a c t e r i z e 
d e v i c e performance under v a r i o u s o p e r a t i n g c o n d i t i o n s . To f a c i 
l i t a t e s o l u t i o n v a r i o u s s i m p l i f i c a t i o n s have been i n t r o d u c e d i n t o 
the model to a l l o w a n a l y t i c a l s o l u t i o n of the mass c o n s e r v a t i o n 
e q u a t i o n w h i l e r e t a i n i n g the e s s e n t i a l o p e r a t i n g f e a t u r e s of the 
d e v i c e . For example, i n the model presented below the r e c y c l e 
s e c t i o n extends i n f i n i t e l y a long the l a t e r a l a x i s and i s assumed 
to have i n f i n i t e s i m a l l y r e s o l v e d r e c y c l e p o r t s so t h a t the 
governing e q u a t i o n and boundary c o n d i t i o n s are c o n t i n u o u s . 
Furthermore, the feed i s modeled as a l i n e source of u n i t 
s t r e n g t h , e x t e n d i n g a c r o s s the t r a n s v e r s e dimension of the 
chamber a t the i n l e t and no p r o v i s i o n i s made f o r p r o d u c t removal 
a t the l e f t and r i g h t - h a n d s i d e s of the chamber. 

S o l u t e t r a n s p o r t i n the i n t e r i o r of the e l e c t r o p h o r e s i s 
chamber i s d e s c r i b e d by the c o n v e c t i v e - d i f f u s i o n e q u a t i o n , 

V · {-DVC + UC} = 0 (1) 

where D i s the m o l e c u l a r d i f f u s i o n c o e f f i c i e n t and 
jJ = U x ( y ) i + o 0 s ( y ) k + u E k , i n c l u d i n g c o n v e c t i v e , e l e c t r o o s m o t i c and 
e l e c t r o p h o r e t i c v e l o c T t y components. The r e c y c l e boundary c o n 
d i t i o n equates the s o l u t e f l u x a t the chamber i n l e t a t x=0 to the 
f l u x through the chamber o u t l e t a t x=L w h i l e t a k i n g i n t o a c c o u n t 
the l a t e r a l b a c k s h i f t of e f f l u e n t , S, d u r i n g r e c y c l e . Feed 
i n j e c t i o n i s i n c l u d e d i n the boundary c o n d i t i o n as an impulse of 
s t r e n g t h , J 0 , l o c a t e d a t ( x , z)=(0,0). 
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u x(y) Β 
J

x
( 0 » y » z ) • "ZbW ' J x ( L , y , z - S ) d y + J 0 6 ( y , z ) (2) 

~B 

In the low P e c l e t number l i m i t , Pe=<Ux>B/D<<l, an a n a l y t i c a l 
s o l u t i o n of E q u a t i o n 1 has been d e r i v e d (16,9) and used to 
i n v e s t i g a t e the performance c h a r a c t e r i s t i c s of the r e c y c l e 
chamber. S i m i l a r l y , f o r a packed column the d i f f u s i o n c o e f 
f i c i e n t s are r e p l a c e d w i t h s e p a r a t e a x i a l and l a t e r a l d i s p e r s i o n 
c o e f f i c i e n t s computed u s i n g T a y l o r - A r i s t h e o r y . The r e s u l t i n g 
e q u a t i o n i s l i n e a r w i t h c o n s t a n t c o e f f i c i e n t s and i s a l s o ame
n a b l e to a n a l y t i c a l s o l u t i o n . However, i n the high P e c l e t number 
regime, the p a r a b o l i c dependence on the t r a n s v e r s e c o o r d i n a t e of 
the c o n v e c t i v e and e l e c t r o o s m o t i c v e l o c i t i e s s e v e r e l y c o m p l i c a t e s 
s o l u t i o n of the governing e q u a t i o n s . In g e n e r a l , r e p o r t e d d i f -
f u s i v i t i e s of o l i g o p e p t i d e s are l e s s than or a p p r o x i m a t e l y equal 
t o 1 0 - 6 c m 2 / s e c so t h a t P e c l e t numbers, Pe=<Ux>B/D, i n the CFE 
chamber are g r e a t e r tha
c o n t r i b u t e s i n s i g n i f i c a n t l
t h a t a c o n v e c t i v e d i s p e r s i o n model c o u l d be e f f e c t i v e l y used to 
p r o v i d e a good q u a l i t a t i v e d e s c r i p t i o n of column performance. 

To o b t a i n a model of p r a c t i c a l u t i l i t y which s t i l l emphasizes 
the i m p o r t a n t c h a r a c t e r i s t i c s of the RCFE i n the high Pe l i m i t , 
i t i s d e s i r a b l e to s u b s t i t u t e a d i s p e r s i o n e q u a t i o n i n v o l v i n g the 
t r a n s v e r s e average c o n c e n t r a t i o n f o r E q u a t i o n 1. The y -dependent 
v e l o c i t i e s are r e p l a c e d by t h e i r t r a n s v e r s e averages and the c o n 
v e c t i v e d i s p e r s i o n of s o l u t e a s s o c i a t e d w i t h the c r e s c e n t pheno
menon i s lumped i n t o a l a t e r a l d i s p e r s i o n c o e f f i c i e n t , K, which 
s i m p l i f i e s the a n a l y s i s c o n s i d e r a b l y and a l l o w s a n a l y t i c a l s o l u 
t i o n of the governing e q u a t i o n , 

T h i s model of c o n v e c t i v e d i s p e r s i o n i n the chamber y i e l d s 
o n l y a f a i r a p p r o x i m a t i o n of the c o n c e n t r a t i o n p r o f i l e f o r a 
s o l u t e which makes a s i n g l e pass through the chamber ( F i g u r e 3) 
a n d , i n p a r t i c u l a r , i t n e g l e c t s the asymmetry i n the p r o f i l e 
caused by the c r e s c e n t phenomenon. However, u s i n g moments to 
compute the d i s p e r s i o n c o e f f i c i e n t d i r e c t l y from the a n a l y t i c a l 
s o l u t i o n f o r the f l u x i n a s i n g l e pass through the chamber a l l o w s 
the approximate d i s p e r s i o n model to q u a l i t a t i v e l y p r e d i c t the 
most i m p o r t a n t f e a t u r e s of the RCFE as w i l l be d i s c u s s e d below. 
In o r d e r t h a t the d i s p e r s i o n model mimic the c o n v e c t i v e model, Κ 
i s a d j u s t e d so t h a t the s o l u t e d i s t r i b u t i o n p r e d i c t e d by each 
model has i d e n t i c a l f i r s t and second moments. T h i s ensures t h a t 
the s i m p l i f i e d d i s p e r s i o n model w i l l y i e l d a r e a s o n a b l e e s t i m a t e 
o f the band s p r e a d i n g . 

F i g u r e 4 , which i s a p l o t of the d i s p e r s i o n c o e f f i c i e n t as a 
f u n c t i o n of the e l e c t r o p h o r e t i c m o b i l i t y f o r f i x e d e l e c t r i c f i e l d 

(3) 
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15-
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5 ^ 
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F i g u r e 3 . Comparison of s i n g l e - p a s s CFE models u s i n g parameter 
v a l u e s given i n Table II. The long t a i l e x h i b i t e d by the z e r o 
d i f f u s i o n model (sharp peak) i s caused by c r e s c e n t f o r m a t i o n . 
The d i s p e r s i o n caused by c r e s c e n t f o r m a t i o n has been approximated 
i n the d i s p e r s i o n model (normal curve) by a d j u s t i n g Κ so t h a t 
both d i s t r i b u t i o n s have i d e n t i c a l v a r i a n c e . 

0 . 0 1 2 -

0 - 0 0 8 -

0 . 0 0 4 H 
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F i g u r e 4 . E f f e c t i v e d i s p e r s i o n c o e f f i c i e n t , K, v s . e l e c t r o 
p h o r e t i c m o b i l i t y , IJ. A S μ approaches μ 0 δ , where μ 0 δ = 
2 . 1 5 μ π ι - α η / ν ^ β ΰ , d i s p e r s i o n caused by c r e s c e n t f o r m a t i o n 
v a n i s h e s . See Table II f o r parameters used o t h e r than i n d i c a t e d 
i n the f i g u r e . 
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s t r e n g t h and e l e c t r o o s m o t i c w a l l v e l o c i t y , demonstrates t h a t a 
d i s p e r s i o n c o e f f i c i e n t computed i n t h i s f a s h i o n w i l l c o r r e c t l y 
p r e d i c t f o c u s i n g of the s o l u t e band ( 1 4 , 1 5 ) , i . e . a minimum i n 
the d i s p e r s i o n , when the e l e c t r o p h o r e t i c m o b i l i t y i s equal and 
o p p o s i t e to the e l e c t o o s m o t i c w a l l m o b i l i t y . Note t h a t the 
e f f e c t i v e l a t e r a l d i s p e r s i o n c o e f f i c i e n t , K, i s t h r e e or more 
o r d e r s of magnitude g r e a t e r than the m o l e c u l a r d i f f u s i o n c o e f 
f i c i e n t , D*10"6cm2/s, so d i f f u s i o n may s a f e l y be n e g l e c t e d i n 
t h i s model. 

We do not mean to imply t h a t E q u a t i o n 3 i s a p p r o p r i a t e as a 
model only because i t can be s o l v e d a n a l y t i c a l l y . But i n f a c t , 
under c e r t a i n c o n d i t i o n s i t i s p o s s i b l e to o b t a i n a n a y t i c a l s o l u 
t i o n s to the f i r s t order PDE which r e s u l t s when the d i f f u s i v e 
terms are n e g l e c t e d i n E q u a t i o n 1. Under these c o n d t i o n s t h i s 
model p r e d i c t s s i n g l e pass c o n c e n t r a t i o n p r o f i l e s a c c u r a t e l y and, 
when a p p l i e d to the RCFE i t y i e l d s v a l u e s f o r the ' f l i p * p o i n t , 
i . e . S=-L{yE/<U x>}, which are i d e n t i c a l to those p r e d i c t e d i n the 
low P e c l e t number l i m i t
pendent of both m o l e c u l a r d i f f u s i o n and the e l e c t r o o s m o t i c 
f l o w r a t e f o r a l l v a l u e s of the P e c l e t number. I t i s t h e r e f o r e 
expected t h a t E q u a t i o n 3 w i l l y i e l d a c c u r a t e p r e d i c t i o n s of both 
the f l i p p o i n t and the f l u x p r o f i l e s i n the RCFE. 

S i n c e t h i s model n e g l e c t s a x i a l d i s p e r s i o n and uses a t r a n s 
v e r s e average c o n c e n t r a t i o n , the r e c y c l e c o n d i t i o n , E q u a t i o n 2 , 
reduces to 

<C(0,z)> = <CL,z - S)> + J 0 <5(z). (4) 

The t w o - s i d e d L a p l a c e t r a n s f o r m ( Γ 7 ) i n ζ 

f ( ρ ) = / f ( z ) e " p z dz (5) 

i s used to o b t a i n the s o l u t i o n to E q u a t i o n 3 s i n c e the s h i f t r u l e 
w i l l r e a d i l y handle the r e c y c l e b a c k s h i f t i n boundary c o n d i t i o n 
4 . The model e q u a t i o n i s s o l v e d i n t r a n s f o r m space and i n v e r t e d 
v i a expansion i n r e s i d u e s so the s o l u t i o n i s e x p r e s s e d as a 
s e r i e s of e x p o n e n t i a l f u n c t i o n s . 

T a b l e I. D i m e n s i o n l e s s P a r a m e t e r s . 

ξ = xDi/B ζ = zDi/B 

λ = LDi/B σ = SDi/B 

e = μΕ/ U x Di = K/B U x 
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The c o n c e n t r a t i o n d i s t r i b u t i o n a t the chamber e x i t , i n terms of 
the d i m e n s i o n l e s s parameters d e f i n e d i n T a b l e I, i s determined to 
be 

<0(ξ,ζ)> = s g n U ) e x p U Ç/2Di 2) \ e x p ( C[Di 2 r n
2 - ε 2/40ί 2] 

n=0 

+ r n c)/{R ' ( r n ) } (6) 

where the c h a r a c t e r i s t i c e q u a t i o n i s 

R ( r n ) = 1 - e x p U [ D i 2 r n
2 - e 2/4Di 2] - a[e/2Di 2 +r n])=0 (7) 

w i t h two r e a l z e r o s , 

of which the f i r s t can be used to determine the f a r - f i e l d f l u x 
and the second used to determine the l e n g t h s c a l e over which the 
l a t e r a l c o n c e n t r a t i o n g r a d i e n t decays to z e r o . In a d d i t i o n t h e r e 
i s a m u l t i t u d e of complex z e r o s of E q u a t i o n 7 which moderate 
s o l u t e b e h a v i o r c l o s e r t o z=0. 

The term i n the summation i n E q u a t i o n 6 which i n v o l v e s the 
f i r s t r e a l zero has no z dependence and r e p r e s e n t s the s o l u t e 
c o n c e n t r a t i o n a t i n f i n i t e l a t e r a l d i s t a n c e from the f e e d . T h i s 
i s termed the " f a r - f i e l d " f l u x i n t h i s paper and, i n terms of 
d i m e n s i o n a l q u a n t i t i e s , i t i s 

J f f ( z ) = B/L sgn (z) 

(<; * ! ) 
The denominator r e p r e s e n t s the mean d i s p l a c e m e n t of the 

s o l u t e per c y c l e and i t s s i g n i n d i c a t e s the l a t e r a l d i r e c t i o n , 
e i t h e r to the l e f t (-) or r i g h t (+), to which the s o l u t e m i g r a t e s 
under the combined i n f l u e n c e of e l e c t r o p h o r e s i s and r e c y c l e . In 
a l l cases the c o n c e n t r a t i o n a t the o t h e r end of the chamber f a l l s 
t o z e r o . Note t h a t the f a r f i e l d c o n c e n t r a t i o n may become 
a r b i t r a r i l y l a r g e when the two terms a r e equal i n magnitude and 
o p p o s i t e i n s i g n and t h i s i s the p o i n t a t which the f a r - f i e l d 
f l u x ' f l i p s ' to the o p p o s i t e s i d e of the chamber. 
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T a b l e I I . 
Nominal Values of Parameters Used i n Sample C a l c u l a t i o n s 

2B = 0.375 cm 
S = 0.0 cm 
μ = 2.5 μπι-cm /v -sec 
D = 1.0x10*6 cm 2 /sec 

L = 1 6 . 0 cm 
U x = 0.70 cm/sec 
μ 0 δ = +2.15 μ π ι - c m / v - s e c 
Κ = 1 . 6 8 x l 0 " 3 cm 2 /sec 

D i s c u s s i o n 

To a s s e s s the performance of the RCFE a t e l e v a t e d P e c l e t numbers 
s e v e r a l sample c a l c u l a t i o n s were performed u s i n g the parameters 
g i v e n i n Table I I . R e c y c l i n g a l l o w s the e l e c t r i c f i e l d s t r e n g t h 
t o be reduced from 70 v/cm i n a s i n g l e pass CFE to 41.25 v/cm 
i n t h i s example and, a
h e a t i n g , the chamber t r a n s v e r s e t h i c k n e s s can be i n c r e a s e d by a 
f a c t o r of 1 . 7 0 . Assuming square i n l e t p o r t s , the throughput can 
be i n c r e a s e d by a f a c t o r of 2.88 over the s i n g l e p a s s , ' t h i n -
f i l m ' chamber. 

The l a t e r a l w i d t h of the chamber i s d i c t a t e d by the s m a l l e s t 
p o s i t i v e and n e g a t i v e (nonzero) arguments of the the e x p o n e n t i a l 
f u n c t i o n s i n E q u a t i o n 6 s i n c e these terms determine the 
l e n g t h s c a l e over which the c o n c e n t r a t i o n g r a d i e n t s decay to z e r o . 
In the neighborhood of the f e e d p o r t E q u a t i o n 6 converges s l o w l y 
and dashed l i n e s have been used i n F i g u r e s 5-7 t o i n d i c a t e 
approximate c o n c e n t r a t i o n s i n those r e g i o n s where adequate c o n 
vergence c o u l d n o t be o b t a i n e d even w i t h the use of numerical 
a c c e l e r a t i o n t e c h n i q u e s ( 1 8 ) . 

F i g u r e 5 i l l u s t r a t e s the e f f e c t on a s i n g l e s o l u t e of v a r y i n g 
the s h i f t , S , w h i l e h o l d i n g a l l o t h e r parameters c o n s t a n t . When 
S=0 the e f f l u e n t i s r e c y c l e d d i r e c t l y overhead and i s d i s p l a c e d 
t o the r i g h t on subsequent c y c l e s through the chamber. As the 
magnitude of the b a c k s h i f t i s i n c r e a s e d , S<0, the r e l a x a t i o n 
l e n g t h s c a l e i n c r e a s e s s l o w l y w h i l e the f a r - f i e l d c o n c e n t r a t i o n 
i n c r e a s e s r a p i d l y a c c o r d i n g to E q u a t i o n 9 . When the s h i f t reaches 
the ' f l i p ' p o i n t , the f a r - f i e l d c o n c e n t r a t i o n i s p r e d i c t e d to be 
i n f i n i t e and to f i l l both s i d e s of the column. I f the s h i f t i s 
f u r t h e r p e r t u r b e d , s o l u t e i s d i s p l a c e d to the l e f t - h a n d s i d e of 
the chamber a n d , as the magnitude of the b a c k s h i f t i s i n c r e a s e d 
s t i l l f u r t h e r , the f a r - f i e l d f l u x decreases but s o l u t e e l u t e s on 
the l e f t - h a n d s i d e of the chamber. 

In F i g u r e 6 the l a t e r a l d i s p e r s i o n c o e f f i c i e n t , K, i s v a r i e d 
by an o r d e r of magnitude about the nominal value of 1 . 7 x l 0 " 3 c m 2 / s 
o b t a i n e d using the parameters i n T a b l e I I . For smal l Κ an 
o s c i l l a t i o n i n the f l u x appears near z=0 because the feedband, 
model led i n our c a l c u l a t i o n s as a D i r a c d i s t r i b u t i o n , i s not 
e n t i r e l y d i s p e r s e d u n t i l i t has passed through the chamber 
s e v e r a l t i m e s . The t h r e e peaks e v i d e n t i n t h i s curve r e p r e s e n t 
the s o l u t e on i t s f i r s t , second and t h i r d c y c l e s through the 
chamber, before the impulse has spread out over the l a t e r a l a x i s . 
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F i g u r e 5 . E f f e c t of v a r y i n g the s h i f t . As the b a c k s h i f t i s 
i n c r e a s e d the f a r - f i e l d f l u x i n c r e a s e s as does the l e n g t h of the 
toe of the d i s t r i b u t i o n . Once the s h i f t passes the " f l i p p o i n t " , 
the s o l u t e m i g r a t e s o p p o s i t e to the d i r e c t i o n of i t s 
e l e c t r o p h o r e t i c motion. See Table II f o r parameters used o t h e r 
than i n d i c a t e d i n the f i g u r e . 

F i g u r e 6. E f f e c t of v a r y i n g the l a t e r a l d i s p e r s i o n c o e f f i c i e n t . 
D i s p e r s i o n has a marked e f f e c t on the r e l a x a t i o n l e n g t h s c a l e . See 
T a b l e II f o r parameters used o t h e r than i n d i c a t e d i n the f i g u r e . 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



180 SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

As the d i s p e r s i o n c o e f f i c i e n t i s i n c r e a s e d t h i s o s c i l l a t i o n 
d i s a p p e a r s s i n c e the s o l u t e i s q u i c k l y smeared over the e n t r a n c e 
r e g i o n . For l a r g e K, the r e l a x a t i o n l e n g t h s c a l e , which i s d i c 
t a t e d p r i m a r i l y by the second exponent of Equation 8 , i n c r e a s e s 
r a p i d l y w i t h i n c r e a s i n g d i s p e r s i o n c o e f f i c i e n t s i n c e t h a t expo
nent decreases w i t h the square of the d i s p e r s i o n number, D i . 

F i g u r e 7 p r e s e n t s the r e s u l t s of a s i m u l a t e d b i n a r y s e p a r a 
t i o n of s o l u t e s which have m o b i l i t i e s of 2.5p-cm/v-s and 
3 . 0 y - c m / v - s , r e s p e c t i v e l y , w i t h s h i f t , S=-0.375cm. The r e l a t i v e 
f l u x e s shown i n d i c a t e t h a t the low m o b i l i t y component i s c o n 
c e n t r a t e d about 6x above i t s feed v a l u e w h i l e the f a s t e r moving 
component i s c o n c e n t r a t e d to about 4x i t s feed v a l u e . Note t h a t 
the s e p a r a t i o n i s e f f e c t e d i n a chamber about 16cm wide and t h a t 
both s o l u t e s can be recovered a t a r b i t r a r i l y high p u r i t i e s by 
e x t e n d i n g the breadth of the r e c y c l e s e c t i o n . 

T y p i c a l E l e c t r o k i n e t i c Parameters of C o l l o i d a l 
and B i o l o g i c a l M a t e r i a l s 

(pm-cm/volt/sec) μ ΐ μ2 

Serum P r o t e i n s : (Hemoglobin) 0.12 (Albumin) 0.59 
Average A x i a l V e l o c i t y : 0.074 cm/sec 

Red Blood C e l l s : (Human RBC) 1.16 (Sheep RBC) 1.44 
Average A x i a l V e l o c i t y : 0.093 cm/sec 

P o l y s t y r e n e Latex 
P a r t i c l e s : (.2ym d i a . ) 6.5 (.8μπι d i a . ) 9.2 
Average A x i a l V e l o c i t y : 0.235 cm/sec 

E l e c t r i c F i e l d S t r e n g t h : 25 volts/cm 
E l e c t r o d e Length: 16 cm 
E l e c t r o p h o r e t i c Wall M o b i l i t y : - 1 . 0 i jm-cm/volt-sec 

To help put these c a l c u l a t i o n s i n p e r s p e c t i v e Table I I I c o n 
t a i n s t y p i c a l v a l u e s of the e l e c t r o p h o r e t i c m o b i l i t i e s measured 
f o r v a r i o u s m a t e r i a l s of w i d e l y v a r y i n g s i z e . In g e n e r a l , one 
s h o u l d e x p e c t lower m o l e c u l a r weight p a r t i c l e s to have m o b i l i t i e s 
i n the range, 0 . 1 - 3 . 0 ym-cm/volt -sec, depending on the c o m p o s i 
t i o n of the c a r r i e r f l u i d w h i l e c e l l s and p a r t i c u l a t e s would have 
m o b i l i t i e s i n the range, 0 . 5 - 1 0 . 0 μ π ι - α η / ν ο ί t - s e c . However, d i f 
f e r e n c e s i n the r e l a t i v e magnitudes of the m o b i l i t i e s between the 
v a r i o u s groups c i t e d above are r e a d i l y compensated by a d j u s t i n g 
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the c a r r i e r f l u i d f l o w - r a t e so t h a t p a i r s of s p e c i e s which have 
low m o b i l i t i e s a r e exposed l o n g e r to the e l e c t r i c f i e l d . 

R e c a l l t h a t i n the h y p o t h e t i c a l RCFE modelled i n t h i s paper, 
s e v e r a l s i m p l i f y i n g assumptions have been invoked to f a c i l i t a t e 
i n v e s t i g a t i o n of the o p e r a t i n g c h a r a c t e r i s t i c s of the d e v i c e and 
one of these assumptions was t h a t no p r o v i s i o n be made i n the 
model f o r product w i t h d r a w a l . The a d d i t i o n of withdrawal p o r t s 
a t e i t h e r end of the RCFE w i l l cause the c o n c e n t r a t i o n s of p r o 
d u c t to drop below t h e i r feed c o n c e n t r a t i o n s , t h w a r t i n g a t t e m p t s 
t o c o n c e n t r a t e s o l u t e . However, t h i s problem i s c i rcumvented by 
adding "regenerators" on e i t h e r end of the column as d e s c r i b e d i n 
F i g u r e 8 . 

The r e g e n e r a t o r s a r e e s s e n t i a l l y a d d i t i o n a l r e c y c l e s e c t i o n s 
appended to e i t h e r s i d e of the main r e c y c l e s e c t i o n i n which the 
s h i f t i s a l t e r e d by one or more p o r t w i d t h s . When the s h i f t i s 
p r o p e r l y a d j u s t e d , each s o l u t e ' s net l a t e r a l v e l o c i t y i s r e v e r s e d 
i n the r e g e n e r a t o r s and upon e n t e r i n g the r e g e n e r a t o r s o l u t e i s 
f o r c e d to r e t u r n to th
e x i t the chamber only through the e l u t i o n p o r t s l o c a t e d between 
the r e c y c l e s e c t i o n and r e g e n e r a t o r , the c o n c e n t r a t i o n i n the 
p r o d u c t stream w i l l approach the o r i g i n a l c o n c e n t r a t i o n i n the 
f e e d . F u r t h e r c o n c e n t r a t i o n of p r o d u c t s u s i n g the RCFE w i t h 
r e g e n e r a t o r s can be e f f e c t e d by u s i n g m u l t i p l e f e e d s , d e c r e a s i n g 
the w i d t h of the o u t l e t p o r t s or by r e c y c l i n g a p o r t i o n of the 
p r o d u c t stream back i n t o the chamber near the i n n e r edge of the 
r e g e n e r a t o r s e c t i o n . 

C o n c l u s i o n 

As has been demonstrated i n t h i s paper i n the high P e c l e t number 
l i m i t , c o n t i n u o u s e f f l u e n t r e c y c l e w i t h s h i f t a l l o w s b i n a r y 
s e p a r a t i o n of s o l u t e s to a r b i t r a r i l y high p u r i t i e s w i t h e s s e n 
t i a l l y complete recovery of p r o d u c t s . In a d d i t i o n , p r o d u c t s can 
be recovered a t or above t h e i r feed c o n c e n t r a t i o n s a n d , because 
the e l e c t r i c f i e l d can be s i g n i f i c a n t l y reduced when s o l u t e s a r e 
r e p e a t e d l y c y c l e d through the chamber, the t r a n s v e r s e t h i c k n e s s 
of the chamber can be i n c r e a s e d p r o p o r t i o n a t e l y . 

S e v e r a l f a c t o r s can be taken advantage of to i n c r e a s e 
throughput i n the RCFE over the t h i n - f i l m d e s i g n on which the 
chamber i s based: F i r s t , u s i n g the e n t i r e t r a n s v e r s e t h i c k n e s s 
o f the chamber and assuming square i n l e t p o r t s i n c r e a s e s 
throughput by 0 ( 1 0 ) . Reducing the e l e c t r i c f i e l d s t r e n g t h and 
r e o r i e n t i n g the d e v i c e i n t o a more s t a b l e c o n f i g u r a t i o n (18) 
a l l o w s a f u r t h e r 0(10-100) i n c r e a s e i n t hroughput. A f u r t h e r 
0(10) i n c r e a s e i n throughput i s made p o s s i b l e by u s i n g m u l t i p l e 
feed streams, thus an o v e r a l l i n c r e a s e i n the c a p a c i t y of t h i n -
f i l m type c o n t i n u o u s e l e c t r o p h o r e t i c s e p a r a t i o n s of 0 ( 1 0 0 - 1 0 , 0 0 0 ) 
can be a c h i e v e d by u t i l i z i n g r e c y c l e . 
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F i g u r e 7. S e p a r a t i o n of s o l u t e s d i f f e r i n g by 20% i n m o b i l i t y . A 
s h o r t d i s t a n c e from the feed p o i n t , the p u r i t y of both components 
v a r i e s e x p o n e n t i a l l y w i t h z . See Table II f o r parameters used 
o t h e r than i n d i c a t e d i n the f i g u r e . 

F i g u r e 8 . Schematic of RCFE w i t h r e g e n e r a t o r s . The s h i f t i n the 
a d d i t i o n a l r e c y c l e s e c t i o n s i s chosen to r e v e r s e the s o l u t e ' s d i 
r e c t i o n of m i g r a t i o n , c o n s t r a i n i n g i t to e x i t the chamber through 
the e l u t i o n p o r t s between the r e c y c l e s e c t i o n and the r e g e n e r a 
t o r s . P r o d u c t s are recovered a t or near t h e i r feed c o n c e n t r a t i o n . 
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Legend of Symbols 

Β H a l f t h i c k n e s s of e l e c t r o p h o r e s i s chamber. 

C - C o n c e n t r a t i o n . 

<C> - Average c o n c e n t r a t i o n . 

D - M o l e c u l a r d i f f u s i o n c o e f f i c i e n t . 

Di - D i m e n s i o n l e s s d i s p e r s i o n c o e f f i c i e n t . 

Ε - E l e c t r i c f i e l d s t r e n g t h . 

J 0 " Feed sourc

J x - A x i a l f l u x . 

j f f . F a r - f i e l d f l u x . 

Κ - Length of e l e c t r o p h o r e s i s chamber. 

L - Length of e l e c t r o p h o r e s i s chamber. 

0 O S - E l e c t r o o s m o t i c v e l o c i t y p r o f i l e . 

r n - Roots of the c h a r a c t e r i s t i c e q u a t i o n . 

R ( r n ) - C h a r a c t e r i s t i c e q u a t i o n f o r r n . 

S - S h i f t d i s t a n c e . 

L[ - V e l o c i t y v e c t o r . 

U x - A x i a l v e l o c i t y . 

<UX> - Average a x i a l v e l o c i t y . 

x , y , z - a x i a l , t r a n s v e r s e , l a t e r a l c o o r d i n a t e s . 

δ - D i r a c d i s t r i b u t i o n . 

ε - D i m e n s i o n l e s s e l e c t r o p h o r e t i c v e l o c i t y . 

ζ - D i m e n s i o n l e s s l a t e r a l c o o r d i n a t e . 

λ - D i m e n s i o n l e s s chamber l e n g t h . 

μ - E l e c t r o p h o r e t i c m o b i l i t y . 

y 0 s ~ E l e c t r o o s m o t i c w a l l m o b i l i t y . 

ξ - D i m e n s i o n l e s s a x i a l c o o r d i n a t e . 

σ - D i m e n s i o n l e s s s h i f t d i s t a n c e . 

V - G r a d i e n t o p e r a t o r . 
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13 
Scale-Up of Isoelectric Focusing 

Milan Bier 

Biophysics Technology Laboratory, University of Arizona, Tucson, AZ 85721 

The paper describes some applications to large scale protein 
fractionation using a recycling isoelectric focusing apparatus. 
Separation is achieved in free solution without the use of 
supporting media. Variou
the pH gradient are
simulation are presented. 

We are presently witnessing revolutionary developments i n applied 
biology due to the rapid advances in genetic engineering through 
recombinant DNA and hybridoma technologies. The progress i n these 
areas has surpassed even the most optimistic projections of just a 
few years ago. The economic impact of these technologies has been 
amply covered i n the s c i e n t i f i c and lay press, including reviews by 
the Office of Technology Assessment of the U.S. Congress (1). 

At present, these technologies have rendered possible the pro
duction of vi r t u a l l y unlimited quantities of important new biologies 
which were previously available only i n minutest quantities. Human 
insulin, interferon, human growth hormone, foot and mouth disease 
vaccine are but a few examples. For the purpose of this symposium i t 
should be emphasized that these proteins are often f i r s t obtained i n 
the form of crude extracts, heavily contaminated by extraneous matter, 
derived from the host organism. The purification of the desired end 
product i s essential i f i t i s to be used as a pharmaceutical. The 
magnitude of the problem can best be comprehended i f one realizes 
that the host c e l l , i.e. the modified microorganism or the hybridoma 
c e l l , may contain well over 5,000 different proteins, only one of 
which may be the desired active principle. 

Isoelectric Focusing 

Isoelectric focusing (IEF) i s unique among separation processes 
as i t results i n a stationary steady state distribution of fractions 
along the column axis. The f i n a l distribution of fractions i s 
independent of their i n i t i a l distribution. As such, IEF has no 
analogue i n other electrophoretic or chromatographic methods and well 
deserves i t s current popularity (2). 

0097-6156/ 86/ 0314-0185$06.00/ 0 
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IEF i s applicable only to amphoteric compounds, primarily proteins 
or larger peptides, i.e., compounds which have acidic and basic 
dissociable groups. As a result, such compounds acquire a positive 
net charge i n acidic media and a negative net charge i n basic media. 
The point of charge inversion, i.e., where the compounds exhibit zero 
net charge, i s refered to as the isoelectric point. When such species 
are exposed to a d.c. electric f i e l d of proper polarity i n a pH 
gradient, they w i l l migrate electrophoretically toward the pH corres
ponding to their isoelectric point, where they become vir t u a l l y 
immobilized as diffusion i s balanced by electrophoretic focusing. 
This f i n a l distribution of fractions i s independent of their i n i t i a l 
distribution within the pH gradient. 

Isoelectric point and molecular weight are the two most character
i s t i c parameters of a protein. This i s the reason analytical IEF has 
so rapidly gained widespread usage i n research as well as in quality 
control of product development. The sequential separation according 
to IEF and molecular weight i n tWD-dimensional electrophoresis gives 
the sharpest resolution o
tion of several thousand individua
various biological tissues (3). 

Analytical IEF i s routinely carried out i n gels of polyacrylamide 
or agarose, the pH gradient being formed 1 naturally 1, i.e. through 
the effect of the e l e c t r i c a l current i t s e l f . Special buffer mixtures 
were developed for this purpose, the f i r s t and best known being 
available under the tradename fAmpholine,. It comprises the products 
of random polymerization of a mixture of polyamines and acrylic acid, 
thus containing a large number of molecular species. Each species 
focuses to i t s isoelectric point and establishes thereby the pH 
gradient. 

Our laboratory has undertaken the task of adapting the principles 
of IEF to large scale preparative purposes. We have taken a two 
pronged approach: 

1. Development of a better theoretical understanding of a l l 
electrophoretic processes, IEF included, through mathematical modeling 
and computer simulation. Our collaborators, Drs. Saville and 
Palusinski, have presented this work i n a paper (#5e) i n the Symposium 
on Novel Separation Techniques i n Biotechnology I at the present 
AlChE meeting. Some of the results were previously reported (4,5). 

2. Development of instrumentation for large scale preparative 
IEF. Gels are unsuitable for this purpose and separation i n free 
solution i s essential. This entails the solution to the two problems 
common to a l l electrophoretic processes: stabilization of f l u i d 
against convection and dissipation of Joule heat. Our f i r s t apparatus, 
dubbed RIEF (Recycling IEF) solves these two problems i n a unique 
fashion, by using screen elements for streamlining the f l u i d flow and 
dissipating the Joule heat i n heat-exchangers external to the focusing 
apparatus (6). The apparatus i s of modular design and could be 
applied, at least i n principle, to industrial scale processing. The 
demand for large scale processing has been lagging, however, and the 
increased use of the RIEF for research scale separations has prompted 
us to develop other instruments with smaller throughputs (7). 
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Recycling Isoelectric Focusing Apparatus 

187 

In most electrophoretic methods constituents separate according 
to differences i n their mobility, i.e., the rate of their migration. 
Scaling to industrially meaningful throughputs i s complicated by two 
problems: the need to dissipate the Joule heat generated by the 
electric current and the need to stabilize the f l u i d against convect
ive remixing. IEF, to the contrary, i s not based on differences i n 
migration rates, but instead a steady state i s obtained, proteins 
distributing themselves within the pH gradient i n accordance to their 
isoelectric points. We have taken advantage of this unique property 
of IEF to solve the dual problem of heat dissipation and f l u i d sta
b i l i z a t i o n by physically separating these two functions. 

The apparatus i s presented schematically i n Figure 1. The 
solution to be fractionated i s continuously recycled between a multi
channel focusing apparatus and a multichannel heat-exchange reservoir. 
Fluid flow through the focusing apparatus i s streamlined by means of 
a parallel array of baffles
porosity have been found
free transport of a l l constituents, while s t i l l acting as convective 
barriers. Joule heat i s dissipated within the heat-exchange reser
voir, which i s external to the focusing apparatus i t s e l f (6). 

Key components are the focusing c e l l and the heat exchange 
reservoirs. Fluid i s recirculated between the corresponding channels 
of these two components by the multichannel pump. We have also 
designed monitors for intermittent registration of protein concentr
ation (through ultraviolet adsorption) and pH of each channel. While 
not essential for separations, these monitors are under the control 
of a Hewlett-Packard desk top computer (not shown i n the diagram). 
The computer provides for numerical scaling and calibration of the 
multiplexed monitors, receives the raw data from the interface at 
preset time intervals, converts these into optical density and pH 
units, provides printout of data i n real time, stores them on tape, 
or can display them on a plotter. In addition, i t can be programmed 
for a variety of s t a t i s t i c a l analyses or feed-back control of the 
separation process. 

Illustrative Fractionation Results 

The RIEF system i s completely modular and i s not restricted to 
any preset number of compartments, reservoir capacity or cross-area 
of the focusing c e l l . Nevertheless, most of our data were obtained 
with a ten compartment assembly. The partitioning of the focusing 
apparatus by the screen baffles imposes a step-changing pH gradient, 
rather than a linear one. The resolution i s largely dictated by the 
pH range of Amholine used. For highest resolution, very narrow pH 
range Ampholine i s needed. This can be obtained i n a preliminary 
fractionation i n the RIEF, followed by the reprocessing of selected 
fractions in a second run. 

Figure 2 illustrates the fractionation of a complex sample, an 
extract from Bermuda grass, which i s a common allergen. Because of 
the heterogeneity of the sample, a broad range Ampholine was used, pH 
3.5 - 10. The results of the fractionation were assessed by analyti
cal polyacrylamide gel isoelectric focusing. Shown are the patterns 
of the original mixture and of the ten RIEF fractions. As can be 
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Figure 1. Schematic presentation of the recycling isoelectric 
focusing apparatus (RIEF). Reproduced with permission from 
Ref. 6. Copyright 1979, Pierce Chemical Company. 

Figure 2. RIEF separation of an aqueous extract of Bermuda grass 
allergens. Reproduced i s a photograph of an analytical poly-
acrylamide gel focusing pattern of collected samples from the 
ten RIEF channels. 
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seen, the RIEF has separated the original mixture into fractions of 
increasingly basic isoelectric points. The fractions were tested 
c l i n i c a l l y and a l l found to be similarly allergenic. 

In Figure 3 i s documented the resolution of a polyclonal antibody 
sample exhibiting only a few closely spaced isoelectric bands. The 
antibodies were raised to the bacterial carbohydrates derived from 
Micrococcus lysodeiktikus i n a rabbit from a colony outbred for 
simplicity of their clonotype patterns. After purification by a f f i 
nity chromatography, the antibodies exhibited three major bands, with 
very close isoelectric points. To effectuate their separation, 
œmmercial Ampholine was subf ractionated i n the RIEF and a narrow 
cut, pH range 7.5 to 8.5, was used for the fractionation (8). This 
illustrates the resolution achievable i n c r i t i c a l separations. 

Formation of pH Gradients 

Ampholine and othe  simila  carrie  ampholyte  generall
used for the formation o
chemically ill-defined component
products. The development of other means for the generation of pH 
gradients would be highly desirable and was a prime objective of much 
of our theoretical modeling. Three alternatives were pursued: 

1. Focused (static) pH gradients: Mixtures of well character
ized low molecular compounds can be used instead of the ill-defined 
polymeric buffer systems. A stable pH gradient i s again generated 
through the focusing of components to their isoelectric point. In 
Figure 4 we i l l u s t r a t e this approach with the computer simulation of 
the focusing of a mixture of cacodylic acid, histidine and t r i s -
(hydroxymethyl)andnomethane ( t r i s ) , a weak acid, an ampholyte and a 
weak base, respectively. Starting from a uniform distribution of a l l 
three components, the focusing process begins with the accumulation 
of the acid at the anode and of the base at the cathode. This gene
rates a pH gradient which propagates towards the center of the column, 
where the amphoteric histidine accumulates. This approach can be 
u t i l i z e d experimentally for the focusing of proteins (9), but i t 
suffers from the paucity of suitable compounds. The main amphoteric 
compounds available are amino acids and oligopeptides, and their 
isoelectric points do not adequately cover the entire pH range. 

2. Dynamically formed pH gradients: Rather than allowing the 
focusing of components to their isoelectric point, i t i s possible to 
generate pH gradients by maintaining a constant flux of buffering 
electrolytes across the column. This requires the maintenance of 
constant boundary conditions at the two ends of the column. In 
principle, this could be accomplished by maintaining large electrolyte 
volumes at the column ends, with an acidic buffer at the anode and a 
basic buffer at the cathode. In practice, a reconstitution of the 
composition of the two buffers seemed more appropriate and various 
approaches were studied experimentally as well as through computer 
simulation (10). 

3. Preformed pH gradients: I t i s possible to preform i n free 
solution a pH gradient, using simple buffer components, such as, for 
example, the above mentioned cacodylic acid and t r i s . Such gradients 
are unstable, gradually degrading through ion transport. Nevertheless, 
we have demonstrated that such gradients are usable i n the neutral pH 
region, about pH 6 to 8, provided only two components are used (11). 
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Figure 3. Polyacrylamide gel pattern of ten RIEF fractions of a 
polyclonal rabbit antibody sample. 

Figure 4. Three dimensional plot of computer simulation data 
of the focusing process of a mixture of cacodylic acid, histidine 
and Tris. Reproduced with permission from Ref. 5. Copyright 
1983, American Association for the Advancement of Science. 
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Deterioration of gradients could be avoided by physical immobilization 
of the functional groups of the buffer. This has been accomplished 
i n analytical gels (12) through the use of Immobilines (Tradename of 
LKB Produkter, A.B., Bromma, Sweden) but these have not yet found 
application i n free solutions. 

Discussion 

In principle, the modular design of the RIEF would permit the 
scaling up of i t s capacity to industrially meaningful volumes. At 
present, volumes ranging from 300 to 10,000 ml are being processed, 
this usually requiring two to four hours. Apparatus cross-sections 
of 10, 20 and 100 cm are u t i l i z e d . In other electrochemical instru
ments of somewhat similar type, such as electrodialysis or forced-
flow electrophoresis, much larger cross-sections are u t i l i z e d . 
Corresponding extension of the RIEF i s quite feasible. 

The demand for larg  scal  focusin  ha  bee  lagging  however
due to several factors:
the lack of off-the-shel
as yet to use Ampholine- like buffers for generation of the pH gra
dients. Our equipment has found, however, increasing demand for 
research applications on smaller scale. This has prompted us to 
design a smaller apparatus, based on a somewhat different principle, 
with a priming volume of only 40 ml subdivided into 20 fractions (7). 

The RIEF system has been utlized for the fractionation of a 
large number of samples, most of which were provided to us by resear
chers from industry or academia. These encompassed fermentation 
products, such as recombinant interferon, products of mammalian 
tissue culture and a great variety of other proteins, enzymes, syn
thetic peptide hormones, etc. In general, preparative IEF i s particu
l a r l y well suited for the purification of products of genetic engi
neering, as they tend to be more homogeneous than natural proteins. 
This i s due to the avoidance i n non-mammalian systems of glycosylation, 
a process secondary to DNA transcription, which accounts for much of 
the heterogeneity of natural products. The same i s true for mono
clonal antibodies, which are obviously more homogeneous than the 
polyclonal ones. 

Center for Separation Science 

Our laboratory has recently been selected by the National Aero
nautics and Space Administration (NASA) as one of i t s two national 
centers of excellence i n separation science. This has given us an 
opportunity to broaden our efforts towards the advancement of a l l 
modes of electrophoresis for large scale processing. Thus, our 
Center has been chosen by European manufacturers as the demonstration 
sit e for the United States of two unique electrophoretic instruments. 

CJB Developments Ltd of Portsmouth, England, has installed at 
our Center i t s BIOSTREAM (TM) production scale electrophoresis system. 
Developed at the Harwell Atomic Energy Laboratory i n UK, this appa
ratus i s capable of separating industrially meaningful quantities of 
proteins, having a throughput of up to 100 grams of protein per hour. 
Residence time i n the apparatus i s of the order of a few seconds 
only, f l u i d being stabilized against convection through shear induced 
by an ingenious rotating electrode assembly. 
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Bender & Hobein Gmbh of Munich, West Germany, has contributed to 
the Center i t s ELPHOR Vap 21 free flow electrophoresis apparatus. Of 
the type flown by McDonnell Douglas Corp. aboard the NASA space 
shuttle, this apparatus embodies the principles f i r s t developed by 
Hannig (13). I t i s an innovative apparatus best suited for sepa
ration of l i v i n g c e l l s and c e l l organelles. 

In addition, our Center remains dedicated to the development of 
novel fractionation methods based on the recycling principle 
embodied i n our RIEF apparatus. Several new prototypes are being 
tested. Experiments aboard the space shuttle are also planned, as 
part of our continuing study of the potential advantages i n terms of 
throughput and resolution derivable from operation i n the micro-
gravity environment prevailing i n orbiting spacecraft. 
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Large-Scale Gel Chromatography 
Assessment of Utility for Purification of Protein Products 
from Microbial Sources 
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The cost of large-scal
fractionation was found to be on the order of $5/gm of 
product protein, a cost which limits its applicability 
to high price products, like human pharmaceuticals. 
The high cost is due to inherent limitations of the gel 
permeation phenomenon, namely, poor resolution, 
restricted throughput and product dilution. A 
quantitative model for assessing the util ity of gel 
chromatography for protein purification was developed. 
This methodology may be used to determine the ability 
of gel chromatography to perform a desired separation 
at the process-scale, and perform design calculations 
and cost projection analyses. 

S i n c e i t s d i s c o v e r y 25 y e a r s ago (I), g e l chromatography has been 
a p p l i e d e x t e n s i v e l y at the l a b o r a t o r y s c a l e f o r a n a l y t i c a l and 
preparative work and i n d u s t r i a l l y f o r the production of polymers and 
proteins. S e v e r a l f a c t o r s which make i t a t t r a c t i v e f o r l a r g e - s c a l e 
production of proteins are: 

1. ) I t i s the o n l y method f o r p r o t e i n f r a c t i o n a t i o n based 
s o l e l y on molecular s i z e ; 

2. ) S o l u t e c o n c e n t r a t i o n i s l i m i t e d o n l y by s o l u b i l i t y 
and v i s c o s i t y considerations; 

3. ) I t i s g e n t l e and thus h i g h r e c o v e r i e s are u s u a l l y 
obtained; 

4. ) O p e r a t i o n i s i s o c r a t i c w i t h r e s p e c t to pH, b u f f e r 
composition, and temperature. 

J Current address: The Stroh Brewery Company, Detroit, MI 48207 
'Current address: Amoco Research Center, Standard Oil (Indiana), Naperville, IL 60566 
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The use of g e l chromatography has remained high over the years. We 
surveyed the 1982 volume of The J o u r n a l of B i o l o g i c a l Chemistry and 
f o u n d t h a t 60% o f the p u b l i s h e d l a b o r a t o r y - s c a l e p r o t e i n 
p u r i f i c a t i o n schemes included at l e a s t one g e l chromatography step. 
This i s e s s e n t i a l l y the same r e s u l t found by D u n n i l l and L i l l y i n 
1968 (2). 

W h i l e t h e r e a r e e x a m p l e s of i n d u s t r i a l use o f g e l 
chromatography f o r p r o t e i n p u r i f i c a t i o n and even though i t continues 
to enjoy g r e a t p o p u l a r i t y among b i o c h e m i s t s f o r s m a l l - s c a l e 
separations, we p e r c e i v e a hesitancy to apply the method wit h i n the 
Biotechnology industry, due to some inherent problems. 
These problems are: 

1. ) Low p r o d u c t i v i t i e s due to l i m i t e d feed and f l o w 
rate c a p a b i l i t i e s ; 

2. ) Low column e f f i c i e n c i e s ; 
3. ) Solute d i l u t i o n
4. ) Lack of i n f o r m a t i o

l a r g e - s c a l e operations

In order to examine the v a l i d i t y of these suspicions, we f i r s t 
c a l c u l a t e d the v o l u m e t r i c p r o d u c t i v i t i e s of i n d u s t r i a l and l a r g e -
s c a l e g e l chromatography p r o t e i n f r a c t i o n a t i o n s published i n the 
l i t e r a t u r e (Table I ) . Only a p p l i c a t i o n s i n v o l v i n g column volumes 
g r e a t e r than 4 l i t e r s were c o n s i d e r e d . The f i r s t s e v en examples 
(3-8) used s o f t , compressible g e l s , l i k e Sephadex G-200 and U l t r o g e l 
AcA34. P r o d u c t i v i t i e s v a r i e d from 0.0016 to 0.045 l i t e r f e e d / l i t e r 
g e l / 2 0 h day (1/1/d) and a v e r a g e d about 0.025 1/1/d. The next 
three examples (9-11) used l e s s compressible g e l s , such as Sepharose 
4B, Spehadex G-75 and G-50. The p r o d u c t i v i t i e s were on the order of 
0.1 1/1/d, about 4 - f o l d h i g h e r than the c o m p r e s s i b l e g e l s . The 
p r o d u c t i v i t y of a continuous annular chromatograph (12) was found to 
be approximately 0.37 1/1/d, 15- f o l d higher than the compressible 
gels . F i n a l l y , when p r o d u c t i v i t i e s f o r h y p o t h e t i c a l HPLC production 
systems were c a l c u l a t e d f o r B i o - S i l 250 (13) and L i c r o s o r b d i o l 
(14), they were found to be approximately 25- and 250- f o l d higher 
than compressible g e l s , r e s p e c t i v e l y . 

We a l s o e s t i m a t e d the column e f f i c i e n c y from the e l u t i o n 
p r o f i l e f o r the i n d u s t r i a l separation of i n s u l i n (10). I t was found 
to be 3-4 f o l d l e s s than that predicted by the Giddings p l a t e height 
equation with reasonable assumptions f o r g e l chromatography (15,16). 

Thus the r e s t r i c t e d p r o d u c t i v i t i e s often associated with g e l 
chromatography are the r e s u l t of the predominant use of s o f t , 
compressible g e l s and low column e f f i c i e n c i e s are probably due to 
losses outside the columns. Except f o r one case (10), there was no 
d i s c u s s i o n i n any of these p u b l i c a t i o n s concerning how scale-up was 
achieved, how v a l u e s f o r design v a r i a b l e s were chosen, or even why 
g e l chromatography was used. 

C u r r e n t D e s i g n Methods. Two methods have been used f o r g e l 
chromatography system design (Figure 1). The f i r s t method, which we 
have c a l l e d c o n v e n t i o n a l s c a l e - u p , i s t h a t commonly used by 
biochemists f o r p r e p a r a t i v e work. The conditions f o r an acceptable 
separation are f i r s t worked out i n s m a l l columns i n the laboratory. 
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TABLE I 

Pro t e i n Separation Bed Dimensions P r o d u c t i v i t y Reference 
Medium (D χ L) 

(cm χ cm) (1 feed/ 
1 gel/day) 

E. c o l i Sephadex G-200 21.5 χ 80 0.026 3 
Iso-leucyl-t-RNA 
transferase 

E. c o l i Sephadex G-200 14 χ 180 0.0016 4 
Methionyl-t-RNA 
transferase 

C i t r o b a c t e r Sephadex G-200 4.2 L 0.007 5 
L-asparaginase 

Rape Seed Proteins Sephade
T r a n s f e r r i n from Sephade

Cohn F r a c t i o n IV 
Plasma A l k a l i n e U l t r o g e l AcA 34 16 χ 100 0.045 8 

Phosphatase 
Plasma U l t r o g e l AcA 34 9.3 χ 90 0.026 8 

Chollnesterase 
Thyroglobulins Sepharose 4B 37 χ 45 0.125 9 
I n s u l i n Sephadex G-50 37 χ 90 0.071 10 
Whey Protein Sephadex G-75 37 χ 15 0.128 11 

Concentrate 
Continuous, annular Sephadex G-75 0.37 12 

Chromatograph 
Hypothetical B i o - S i l 250 5.5 χ 60 0.6 13 

I n d u s t r i a l G3000 SW 
HPLC Separation 

Lichrosorb D i o l 2.5 χ 25 6.5 14 

CONVENTIONAL S C A L E - U P 

1. Determine accept ible conditions at lab scale 

2. Increase bed area proportional to the increase in feed 
volume, keeping all other var iab les constant 

METHOD OF C H A R M ET A L . 1 7 

1. Determine accept ib le condi t ions at lab scale 

2. Maintain geometric aspect ratio (L/D), Reynold 's number, 
and feed fraction constant 

Figure 1. Scale-up Methods. 
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To s c a l e - u p , the c r o s s - s e c t i o n a l a r e a of the bed i s i n c r e a s e d i n 
p r o p o r t i o n to the i n c r e a s e i n fee d volume w h i l e m a i n t a i n i n g a l l 
other v a r i a b l e s the same. To our knowledge, however, no systematic 
methodology f o r d e f i n i n g an acceptable separation has ever been put 
f o r t h . 

The second method, a t t r i b u t e d to Charm et a l . (17), again c a l l s 
f o r the e s t a b l i s h m e n t of a c c e p t a b l e c o n d i t i o n s at the l a b o r a t o r y 
s c a l e . To s c a l e - u p , g e o m e t r i c aspect r a t i o (column length/column 
d i a m e t e r ) , column R e y n o l d s Number, and the feed l o a d i n g are h e l d 
constant. When we a p p l i e d t h i s method to a one-hundred f o l d s c a l e -
up o f a t y p i c a l g e l c h r o m a t o g r a p h y s y s t e m , we f o u n d t h a t 
e x c e p t i o n a l l y l o n g columns, on the o r d e r of 4-5 meters, and v e r y 
slow flow rates were predicted. 

Model Development 

Besides these l i m i t a t i o n s
to optimization, they canno
c h r o m a t o g r a p h y s y s t e m s , y  k n o w l e d g
r e l a t i o n s h i p s among v a r i a b l e s important to the bioprocess engineer. 
C o n s e q u e n t l y , we sought to d e v e l o p a s y s t e m a t i c approach to 
production-type g e l chromatography u n i t o p e r a t i o n d e s i g n based on 
e s t a b l i s h e d chromatographic theory and e m p i r i c a l knowledge obtained 
experimentally. 

Model V a r i a b l e s . Some of the v a r i a b l e s used i n t h i s system a re 
d e f i n e d w i t h r e f e r e n c e to F i g u r e 2. Shown t h e r e i s a t y p i c a l 
e l u t i o n p r o f i l e from a g e l chromatography o p e r a t i o n i n which the 
e a r l i e r e l u t i n g key contaminant (subscript 1) i s separated from the 
l a t e r e l u t i n g p r o d u c t ( s u b s c r i p t 2). P r o t e i n c o n c e n t r a t i o n i s 
p l o t t e d a g a i n s t the e l u t i o n volume as a f r a c t i o n of the column 
volume. The arrow denotes the i n i t i a t i o n of an i n j e c t i o n c y c l e , 
which i s d i v i d e d i n t o t h r e e regimes, the feed regime, f, the run 
regime,r, and the wash regime, w. The e l u t i o n p r o f i l e s are 
t y p i c a l l y described by Gaussian d i s t r i b u t i o n p r o f i l e s h a v i n g two 
parameters. One parameter i s the e l u t i o n volume, V e , which i s 
analogous to the mode of a G a u s s i a n d i s t r i b u t i o n . The other, σ, i s 
r e l a t e d to the width of the e l u t i o n peak and i s analogous to the 
st a n d a r d d e v i a t i o n of a G a u s s i a n d i s t r i b u t i o n . The product i s 
c o l l e c t e d i n the volume between the "cut" volumes, ( V c ) - ^ and (V c)2» 

A p r o d u c t i o n scheme f o r a h y p o t h e t i c a l p r o d u c t i o n - t y p e g e l 
chromatography operation i s shown i n Figure 3. Each batch having a 
volume of V^, must be p r o c e s s e d w i t h i n the ba t c h time t ^ . The 
batch time i s d i v i d e d i n t o s e v e r a l i n j e c t i o n s ( i n t h i s case 4) and 
dead time during which no production occurs. As mentioned above, 
each i n j e c t i o n may have three d i s t i n c t flow regimes, shown here as 
v a r i o u s l y shaded bars. The column must be taken out of production 
a f t e r η batches f o r c l e a n i n g and a f t e r Ν c l e a n i n g c y c l e s f o r 
repacking. 

In the next f i v e f i g u r e s are shown b l o c k s from which a system 
f o r g e l chromatography u n i t o p e r a t i o n can be b u i l t . Each b l o c k 
c o n s i s t s of e q u a t i o n s from chromatographic t h e o r y or e m p i r i c a l 
c o r r e l a t i o n s . Each l i n e represents e i t h e r a process v a r i a b l e , shown 
e n t e r i n g from the l e f t , a d e s i g n v a r i a b l e , or a s t a t e v a r i a b l e , 
which c a r r i e s i n f o r m a t i o n w i t h i n the system. In these g e n e r a l 
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Ν 
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Time 

Figure 3. Sequence of Operations f o r a Production-Type Gel 
Chromatography System. 
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r e p r e s e n t a t i o n s of the b l o c k s , arrow heads have been o m i t t e d from 
the design and state v a r i a b l e l i n e s because any set of the them can 
be s o l v e d f o r once the a v a i l a b l e degrees of freedom of the b l o c k are 
consumed. 

Y i e l d and P u r i t y . I d e n t i f i c a t i o n of the v a r i a b l e s important i n g e l 
chromatography u n i t design begins by d e f i n i n g the concepts of y i e l d 
and p u r i t y . These are more u s e f u l i n d e s c r i b i n g the performance of 
p r o d u c t i o n - t y p e systems than r e s o l u t i o n , which i s u s e f u l i n 
a n a l y t i c a l chromatography work. The y i e l d of product i s defined as 
the i n t e g r a l of the e l u t i o n concentration d i s t r i b u t i o n equation of 
the p r o d u c t , assumed to be a G a u s s i a n p r o f i l e , between the cut 
volumes. The y i e l d f o r the key contaminant i s d e f i n e d s i m i l a r l y . 
The p u r i t y of the product w i t h r e s p e c t to the key contaminant i s 
d e f i n e d as the r a t i o between the product y i e l d and the sum of the 
y i e l d s of the two key s o l u t e s . The f i r s t b l ock (Figure 4) r e l a t e s 
the p r o c e s s v a r i a b l e s  ( C £ >  th  c o n c e n t r a t i o n f th  tw  ke
s o l u t e s i n the f e e d , th
p r o d u c t i o n G a u s s i a n d i s t r i b u t i o
v a r i a b l e s , Y i e l d 2 , P u r i t y 2 , and the cut volumes, ( V c ) 1 and ( V c ) 2 « 

L o a d i n g . The p r o d u c t i o n G a u s s i a n d i s t r i b u t i o n parameters can be 
r e l a t e d to those found by a n a l y t i c a l loading of the bed by equations 
shown i n Figure 5. In a n a l y t i c a l loading, the feed f r a c t i o n , f, i s 
v a n i s h i n g l y s m a l l . The e f f e c t of l a rge feed loads on the e l u t i o n 
volume i s g i v e n by the f i r s t equation (18). For a square wave feed 
(18), the second e q u a t i o n i s d e r i v e d assuming the p r i n c i p l e of 
variance a d d i t i v i t y (19). 

Gaussian Parameter C o r r e l a t i o n s . In the next b l o c k (Figure 6) are 
equations r e l a t i n g the a n a l y t i c a l Gaussian parameters to a number of 
design and state v a r i a b l e s . The f i r s t equation i s a rearrangement 
of the d e f i n i n g equation f o r the a c c e s s i b i l i t y c o e f f i c i e n t , ( K

a v ) j 
(20). The second e q u a t i o n i s the d e f i n i t i o n of the volume of a 
c y l i n d e r i n terms of i t s l e n g t h and diameter. The t h i r d e q u a t i o n 
states that the t o t a l a n a l y t i c a l variance i s the sum of that due to 
the bed, end e f f e c t , and tubing. The bed variance i n tern has been 
r e l a t e d to design v a r i a b l e s such as flow rate, p a r t i c l e diameter, 
e l u t i o n volume, and d i f f u s i v i t y , by c o r r e l a t i o n s , such as the van 
Deemter (2_1 ), G i d d i n g s (15,16), or Knox (2_2) p l a t e h e i g h t 
equations. In p r a c t i c e , the a c t u a l form of the equation r e l a t i n g bed 
variance would have to be determined experimentally. The dependence 
of the v a r i a n c e due to the end e f f e c t on f l o w r a t e , t u b i n g and 
column diameter can be determined e x p e r i m e n t a l l y or estimated (23). 
F i n a l l y , the v a r i a n c e caused by d i s p e r s i o n d u r i n g f l o w through 
connecting tubing and v a l v e s can be estimated by the method of Go l a y 
and Atwood (24) and depends p r i m a r i l y on the t u b i n g diameter and 
f l o w rate. 

S e l e c t i v i t y Equation. The s e l e c t i v i t y equation (Figure 7) r e l a t e s 
the state v a r i a b l e s , ( K a v ) ^ with the process v a r i a b l e s , mŵ , and i s 
commonly found to be a p p l i c a b l e o v e r a d e f i n e d m o l e c u l a r weight 
range which depends on the pore s i z e d i s t r i b u t i o n of the g e l (25). 
The constants i n the equation are dependent on the design v a r i a b l e s , 
G, the g e l type and P, the packing method. 
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P r o d u c t i v i t y . The p r o d u c t i v i t y of the process (Figure 8), expressed 
as grams of p r o t e i n produced per u n i t time, i s e q u a l to the y i e l d 
m u l t i p l i e d by the t o t a l amount of product mass entering the process, 
( C f ) 2 x V b , d i v i d e d by the b a t c h time t f e . T h i s form of the 
equation i s used when production proceeds by the sequence o u t l i n e d 
e a r l i e r i n Figure 2 and when the i n t e r u p t i o n s f o r bed c l e a n i n g and 
r e p a c k i n g are b r i e f or n o n - e x i s t a n t due to the use of r e p l a c e m e n t 
beds. 

The bed diameter equation r e l a t e s the process v a r i a b l e , batch 
volume, V^, with the design v a r i a b l e s , f , the feed f r a c t i o n , L, the 
bed l e n g t h , i , the number of i n j e c t i o n s per batch, and D, the bed 
diameter as shown i n Figure 9. 

These blocks can be l i n k e d together to form an information flow 
system for a production-type g e l chromatography system (Figure 10). 
Two a d d i t i o n a l blocks i n f e r r i n g r e l a t i o n s h i p s which have not been 
discussed appear i n the model. One r e l a t e s the packing method and 
g e l used to the state v a r i a b l e s
p a r t i c l e diameter, d .
g e l c o n s t r a i n s the f l o  magnitud y 
l o s s due to extra-column causes which can be t o l e r a t e d . 

T h i s system i n t u r n can form the b a s i s of a computer program 
which can be used f o r i n i t i a l system d e s i g n , such as f o r column 
s i z i n g , or f o r o p t i m i z a t i o n of d e s i g n v a r i a b l e s , such as feed 
f r a c t i o n and f l o w r a t e . F o l l o w i n g i s a d e m o n s t r a t i o n of how the 
system may be used f o r column s i z i n g . 

Strategy f o r U t i l i z i n g the Model 

T h i s complex system c o n t a i n s 42 v a r i a b l e s and 25 e q u a t i o n s . By 
e l i m i n a t i n g the st a t e v a r i a b l e s , i t can be reduced to a system of 2 
independent equations with 19 process and design v a r i a b l e s , l e a v i n g 
17 degrees of freedom. In order to estimate the length and diameter 
of a column r e q u i r e d f o r a p a r t i c u l a r s e p a r a t i o n , the degrees of 
freedom must be used. To do t h i s , v a l u e s f o r the s i x p r o c e s s 
v a r i a b l e s must be assigned f i r s t . They are the concentration, ( C f ) ^ , 
and molecular weights, iw^, of the two key species i n the feed, the 
batch volume, V^, and the batch time, t ^ . 

Second, values f o r s i x design v a r i a b l e s , G,P,T,i,f, and u, plus 
y i e l d and p u r i t y requirements must be s p e c i f i e d . Good choices f o r 
some of the d e s i g n v a r i a b l e s must be made u s i n g h e u r i s t i c s . F or 
example, the g e l should be durable, be able to be cleaned in s i t u , 
be n o n - c o m p r e s s i b l e , and have a h i g h s e l e c t i v i t y . The packing 
method s h o u l d g i v e r e p r o d u c i b l e , e f f i c i e n t , and s t a b l e p a c k i n g 
st r u c t u r e f o r the g e l used. The temperature should be the highest 
c o m p a t i b l e w i t h product and s o l i d phase s t a b i l i t y . The number of 
i n j e c t i o n s per b a t c h s h o u l d minimize the dead time w i t h due 
consideration f o r product s t a b i l i t y . 

Two more degrees of freedom are consumed by making assumptions 
concerning the c o n t r i b u t i o n s of the column ends (23) and tubing (24) 
to the system variance. 

The f i n a l degree of freedom i s used i n choosing an optimization 
s t a t e g y . P o s s i b l e s t r a t e g i e s i n c l u d e m i n i m i z i n g bed volume or 
c o s t / p r o d u c t i v i t y . 

Once the a v a i l a b l e degrees of freedom of the system have been 
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Figure 10. Information Flow Diagram f o r a Production-Type Gel 
Chromatography System. 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



204 SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

consumed, e s t i m a t e s f o r ( K a v ) i and the dependence of the bed 
variance on flow rate may be obtained from t h e o r e t i c a l expressions 
(15,16,21,22) or from experiments at the l a b o r a t o r y - s c a l e . Then, the 
computer program can be used to search f o r optimal values of column 
length (L) and diameter (D) as functions of each of the other design 
v a r i a b l e s . 

Once a column of the prescribed dimensions i s obtained and set 
up, the a c t u a l c o n t r i b u t i o n of i t s end e f f e c t s and t u b i n g to 
v a r i a n c e must be determined as a f u n c t i o n of f l o w r a t e . Once the 
production bed i s packed, the dependence of the a n a l y t i c a l gaussian 
parameters on f l o w r a t e must be determined. F i n a l l y the computer 
program could once again be used to f i n d feed loading and flow rates 
which optimize c o s t / p r o d u c t i v i t y . 

The steps i n our proposed systematic approach are summarized i n 
F i g u r e 11. The b e n e f i t s of such an approach are t h a t p r o d u c t i o n -
s c a l e systems can be more e a s i l y optimized and that scale-up can be 
a c h i e v e d w i t h any system
required by the bioproces
bed d e t e r i o r a t i o n or t r a n s i e n

Cost A n a l y s i s 

As mentioned above, there i s a l a c k of information i n the l i t e r a t u r e 
c o n c e r n i n g the c o s t s of p r o d u c t i o n - t y p e g e l c h r o m a t o g r a p h y . 
Consequently, we developed an economic model f o r t h i s unit operation 
which i d e n t i f i e d s o l i d phase l i f e t i m e and cost and bed s i z e as the 
most important v a r i a b l e s i n the model. Cost can be obtained from 
the manufacturer and bed s i z e can be e s t i m a t e d from the program 
give n above f o r any p a r t i c u l a r g e l . However, l i t e r a t u r e estimates 
f o r s o l i d phase l i f e t i m e s vary from 70 to 2000 i n j e c t i o n s (10). In 
order to obtain an upper estimate we made the f o l l o w i n g assumptions: 

1. ) Bed l i f e of 70 i n j e c t i o n s . 
2. ) Gel was Sephadex G-50, superfine, operated at 10 cm/hr. 
3. ) D i f f e r e n c e i n molecular weights of the key species was 

2 - f o l d . 
4. ) Batch time was 10 hr. 
5. ) Feed p r o t e i n concentration was 2%. 
6. ) Feed loading was 2%. 
7. ) C a p i t a l was depreciated on a s t r a i g h t - l i n e basis over 

10 y e a r s and i n c l u d e d s i x s e c t i o n s of Pharmacia 
stack column (KS370), pumps, process c o n t r o l equipment, 
valves and tubing. 

8. ) Labor, f i l t e r , and c h e m i c a l costs were estimated by 
assuming that the r a t i o s between these costs and the 
cost of the s o l i d phase were the same as those given 
by C u r l i n g and Cooney (26). 

As a r e s u l t of t h i s e x e r c i s e we e s t i m a t e the t o t a l c o s t of an 
i n d u s t r i a l - t y p e g e l chromatography operation to be on the order of 
$5/gram or l e s s . T h i s f i g u r e can be used to q u i c k l y e s t i m a t e the 
u t i l i t y of g e l chromatography f o r a p a r t i c u l a r p r o c e s s . The major 
costs are labor (40%), g e l (25%), f i l t e r s (20%), chemicals (10%), 
and c a p i t a l (5%). T h i s e s t i m a t e d c o s t of $5/gram i s q u i t e h i g h 
and, although representing an upper estimate, s t i l l i n d i c a t e s that 
g e l chromatography i s an expensive p u r i f i c a t i o n step. This estimate 
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1. At lab s c a l e , ob ta in d e p e n d e n c e of bed v a r i a n c e 
on flow rate and Ve of p roduc t and key con taminan t 
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c o n d i t i o n s 

3. Once p r o d u c t i o n - s c a l e s y s t e m is in p lace , es t imate 
va r iance due to ends , tubing, va lves 

4. Determine dependence of bed v a r i a n c e on flow ra te 
at p roduc t ion s c a l e 

5. Use computer to s e a r c h for optimum feed load and 
flow rate 

Figure 11. Systematic Scale-up. 
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i s i n agreement with the observation that p r o t e i n f r a c t i o n a t i o n by 
g e l chromatography i s only a p p l i e d i n d u s t r i a l l y to proteins having a 
high market va l u e , such as human pharmaceuticals. I t i s not a p p l i e d 
toward f r a c t i o n a t i o n of b u l k p r o t e i n s such as whey or o i l s e e d 
p r o t e i n s . 

Conclusion 

A systematic approach f o r design and o p t i m i z a t i o n of production g e l 
chromatography o p e r a t i o n s which i s b u i l t up from t h e o r e t i c a l and 
e m p i r i c a l equations i n the l i t e r a t u r e , and which e s t a b l i s h e s u s e f u l 
r e l a t i o n s h i p s between p r o c e s s and d e s i g n v a r i a b l e s has been 
presented. Some of the problems preventing a more widespread use of 
g e l chromatography at the i n d u s t r i a l s c a l e , such as r e s t r i c t e d 
p r o d u c t i v i t i e s and poor e f f i c i e n c i e s may be improved by the use of 
o p t i m i z a t i o n approaches such as the one proposed. The p r i n c i p l e s 
are a p p l i c a b l e to o t h e
chromatography c a r r i e d ou
chromatography r e p r e s e n t
product p r o t e i n . 

Legend of Symbols 

YIELD i 

PURITY 1 

(Cf)± 

D 
< Kav>i 

L 
Ν 
Ρ 
Ρ 
τ 
ν 
(V-

te 

Proportion of component i recovered between the cut 
volumes r e l a t i v e to the amount of i a p p l i e d to the column. 
Proportion of component i recovered between the cut 
volumes r e l a t i v e to the sum of the key components. 
Concentration of component i i n the feed. 
Column Diameter 
A v a i l a b i l i t y C o e f f i c i e n t - ( V p ) 1 - V Q 

" c o l v0 

^ e ^ a n a l y t i c a l volu 

Column Length 
Number of cleaning cycles between repackings. 
Packing Method 
P r o d u c t i v i t y (g/h) 
Temperature 
Batch Volume 
Cut Volume j 
Column Volume 
Volume of l i q u i d e f f l u e n t which leaves the column 
between i n i t i a t i o n of feed and e l u t i o n of the maximum 
concentration of i . 

Same as ( V e ) ^ , but with v a n i s h i n g l y small feed 
ume. 

Void Volume of the packed bed. 

dp Some measurement of the diameter of packing p a r t i c l e s , 
f Proportion of feed volume r e l a t i v e to column volume, 
i Number of i n j e c t i o n s of feed per batch, 
mw.̂  Molecular weight of i . 
η Number of feed c y c l e s between cleanings, 
r Proportion of volume e l u t e d during run regime to column 

volume. 
t* Time required f o r processing of one batch. 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



14. K E L L E Y E T A L . Utility of Large-Scale Gel Chromatography 207 

w 
u Average l i n e a r v e l o c i t y of l i q u i d phase i n column. 

Proportion of volume e l u t e d during wash regime to column 
volume. 

Void f r a c t i o n of the packing. 
Variance of the e l u t i o n concentration p r o f i l e of i . 

i 
j 

1,2 - r e f e r to e i t h e r product or key comtaninant. 
1,2 - r e f e r to f i r s t or second cut volume. 
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Electron Paramagnetic Resonance Spectroscopy Studies 
of Immobilized Monoclonal Antibody Structure and 
Function 

Erik J. Fernandez, Forrest B. Fernandez, Roger B. Jagoda, and Douglas S. Clark1 

School of Chemical Engineering, Cornell University, Ithaca, NY 14853 

Electron paramagnetic resonance (EPR) spectra were 
taken of two spin
soluble and immobilized anti-2,4-dinitrophenyl 
(anti-DNP) IgG2b and IgE antibodies. Different 
association constants between soluble antibodies and 
spin labeled haptens were accompanied by differences 
in maximum peak-to-peak splittings in EPR spectra. 
When the IgG2b antibodies were immobilized using 
CNBr-activated Sepharose and immobilized Protein-A, 
lowered specific activities were observed (1.2 for 
CNBr-Sepharose at .58 mg antibody/ml gel, 0.8 for 
Protein-Α Sepharose at 1.7 mg antibody/ml gel), and 
the binding constant of CNBr Sepharose-immobilized 
antibody was 44% that of the soluble antibody. 
Furthermore, the EPR spectrum of spin label combined 
with IgG2b changed measurably upon immobilization of 
the antibody to CNBr-Sepharose. 

A f f i n i t y c h r o m a t o g r a p h y u t i l i z i n g m o n o c l o n a l a n t i b o d i e s i m m o b i l i z e d 
t o a s o l i d m a t r i x h a s been u s e d as a p u r i f i c a t i o n method f o r 
s e v e r a l y e a r s w i t h c h a r a c t e r i s t i c a d v a n t a g e s and d i s a d v a n t a g e s . ( 1 - 3 ) 
A n t i b o d i e s a r e p r o t e i n s p r o d u c e d by v e r t e b r a t e s " d e s i g n e d " t o b i n d 
s p e c i f i c m o l e c u l e s , r e f e r r e d t o as a n t i g e n s . When u t i l i z e d i n t h e 
l a b o r a t o r y o r p r o d u c t i o n f a c i l i t y , a n t i b o d i e s i m m o b i l i z e d t o a s u i t 
a b l e s u p p o r t a l l o w an a n t i g e n t o be s e p a r a t e d f r o m many o t h e r 
components o f a b i o c h e m i c a l p r o c e s s s t r e a m . The s t r o n g i n t e r a c t i o n 
between a n t i b o d y and a n t i g e n ( w i t h e q u i l i b r i u m c o n s t a n t s as h i g h as 
1 0 1 4 M 1 ) (4) c a n be a g r e a t a d v a n t a g e i n p r o d u c t r e c o v e r y f r o m 
f e r m e n t a t i o n b r o t h s , where p r o d u c t c o n c e n t r a t i o n s c a n be as l o w as 
10 6 g/i i n e x t r e m e c a s e s . ( 5 ) I t c a n a l s o be a d i s a d v a n t a g e , how
e v e r , s i n c e p o t e n t i a l l y d e n a t u r i n g c o n d i t i o n s may be r e q u i r e d t o 
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c a u s e d i s s o c i a t i o n o f a t i g h t l y bound a n t i g e n . A n o t h e r d i s a d v a n 
t a g e o f i m m u n o a f f i n i t y c h r o m a t o g r a p h y i s t h e c o s t . M o n o c l o n a l 
a n t i b o d i e s p u r c h a s e d i n l a r g e q u a n t i t i e s f r o m s p e c i a l i z e d companies 
now s e l l f o r a b o u t $2000/g, a l t h o u g h t h i s number i s e x p e c t e d t o 
dro p s i g n i f i c a n t l y as more c o s t e f f e c t i v e p r o d u c t i o n methods a r e 
d e v e l o p e d . N o n e t h e l e s s , a w i d e v a r i e t y o f b i o l o g i c a l p r o d u c t s have 
been p u r i f i e d u s i n g m o n o c l o n a l a n t i b o d i e s , a t l e a s t i n t h e l a b o r a 
t o r y . ( F o r an o v e r v i e w , see r e f e r e n c e 6 ) . 

I n o r d e r t o m a x i m i z e t h e u t i l i t y o f i m m o b i l i z e d m o n o c l o n a l 
a n t i b o d i e s and m i n i m i z e c o s t s when t h e y a r e u s e d , i t i s n e c e s s a r y t o 
have a m o l e c u l a r - l e v e l u n d e r s t a n d i n g o f t h e e f f e c t s o f i m m o b i l i z a 
t i o n on a n t i b o d i e s u s e d i n t h e p r e p a r a t i o n o f immunos o r b e n t s . 
S e v e r a l s t u d i e s have a l r e a d y shown t h a t i m m o b i l i z a t i o n c a n have a 
s i g n i f i c a n t e f f e c t on a n t i b o d y a c t i v i t y . F o r e x a m p l e , B o l t o n and 
H u n t e r (7) f o u n d t h a t t h e t o t a l a c t i v i t y o f an t i - h u m a n g r o w t h 
hormone a n t i b o d i e s f e l l when c o u p l e d t o Se p h a r o s e and c e l l u l o s e 
s u p p o r t s . I n a d d i t i o n
" s e n s i t i v i t y " , a q u a n t i t
o f t h e a n t i b o d y . I n a  s t u d y , E v e l e i g y (8)
t h e e f f e c t o f i m m o b i l i z e d a n t i b o d y l o a d i n g on s p e c i f i c a c t i v i t y , 
t h a t i s , t h e number o f a n t i g e n s t h a t c o u l d b i n d t o an a n t i b o d y 
m o l e c u l e . They f o u n d t h a t as t h e l o a d i n g o f a n t i b o d y on t h e 
s u p p o r t was i n c r e a s e d , t h e o v e r a l l b i n d i n g c a p a c i t y o f t h e immuno
s o r b e n t i n c r e a s e d , b u t t h e s p e c i f i c a c t i v i t y o f i m m o b i l i z e d a n t i 
body d r o p p e d . As a f i n a l example c o n s i d e r t h e r e s u l t s o f Weston 
and S c o r e r , who f o u n d t h a t as t h e l o a d i n g o f IgG a n t i b o d y on 
Se p h a r o s e was i n c r e a s e d , t h e s p e c i f i c a c t i v i t y o f t h e a n t i b o d i e s 
d e c r e a s e d t o t h e e x t e n t t h a t a maximum i n t o t a l b i n d i n g c a p a c i t y 
was o b s e r v e d . ( 9 ) B e f o r e p o s t u l a t i n g p r o b a b l e c a u s e s o f t h i s 
b e h a v i o r , i t i s h e l p f u l t o r e v i e w some o f t h e g e n e r a l c h a r a c t e r i s 
t i c s o f a n t i b o d i e s . 

A n t i b o d i e s , o r i m m u n o g l o b u l i n s , a r e g l o b u l a r p r o t e i n s w i t h 
m o l e c u l a r w e i g h t s o f 150 t o 200 k d a l . They a r e made up o f f o u r s u b -
u n i t s , two "he a v y " and two " l i g h t " c h a i n s , w h i c h t o g e t h e r f o r m a 
"Y"-shaped m o l e c u l e . The stem o f t h e a n t i b o d y i s r e f e r r e d t o as 
t h e " c o n s t a n t " o r F^ r e g i o n , w h i l e t h e two b r a n c h e s c o n t a i n i n g t h e 

c o m b i n i n g s i t e s a r e c a l l e d F , f r a g m e n t s . N o t a b l y , t h e s e two 
ab 

r e g i o n s a r e j o i n e d by few c o v a l e n t b o n d s , g i v i n g t h e m o l e c u l e a 
g r e a t d e a l o f m o t i o n a l f l e x i b i l i t y . 

W i t h t h e s e s t r u c t u r a l f e a t u r e s i n m i n d , t h e r e a r e s e v e r a l 
p o s s i b l e c a u s e s one m i g h t p u t f o r w a r d as r e s p o n s i b l e f o r t h e 
r e d u c e d s p e c i f i c a c t i v i t y o f a n t i b o d i e s on a s u p p o r t , as d e p i c t e d 
s c h e m a t i c a l l y i n F i g u r e 1. F i r s t , a p o r t i o n o f a n t i b o d i e s 
c o v a l e n t l y bound i n random o r i e n t a t i o n s c a n be a t t a c h e d v i a l i n k 
ages c l o s e t o a c o m b i n i n g s i t e , e f f e c t i v e l y b l o c k i n g i t . S e c ond, 
a n t i b o d y - a n t i b o d y s t e r i c e f f e c t s c o u l d h i n d e r t h e a b i l i t y o f an 
a n t i g e n t o b i n d t o a c o m b i n i n g s i t e , t h e r e b y r e d u c i n g t h e number o f 
" a c t i v e " s i t e s . T h i r d , l o w e r e d s p e c i f i c a c t i v i t y i s e x p e c t e d f o r 
a n t i b o d y m o l e c u l e s i m m o b i l i z e d i n r e g i o n s o f t h e s u p p o r t e i t h e r 
p a r t i a l l y o r c o m p l e t e l y i n a c c e s s i b l e t o a n t i g e n s . And f i n a l l y , a 
d i f f e r e n t t y p e o f i n a c t i v a t i o n w i l l r e s u l t i f a d v e r s e c o n f o r m a 
t i o n a l changes o c c u r as a r e s u l t o f t h e i m m o b i l i z a t i o n p r o c e s s . 

The a i m o f t h i s r e s e a r c h , t h e n , i s t o b e t t e r u n d e r s t a n d w h i c h 
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o f t h e s e mechanisms i s o r a r e i m p o r t a n t i n f o r m u l a t i n g immuno
s o r b e n t s o f o p t i m a l a c t i v i t y and b i n d i n g s t r e n g t h . To do t h i s i t 
i s n e c e s s a r y t o d e t e r m i n e t h e a c t i v i t y and c o n f o r m a t i o n o f a n t i 
b o d i e s i m m o b i l i z e d t o a s u p p o r t . U n f o r t u n a t e l y , t h e s u p p o r t s o f t e n 
u s e d ( e . g . a g a r o s e s ) i n t e r f e r e w i t h most d i r e c t p h y s i c a l m easure
ments o f p r o t e i n s t r u c t u r e and f u n c t i o n . One method l a r g e l y 
i n s e n s i t i v e t o t h e n a t u r e o f t h e s u p p o r t , however, i s EPR s p e c 
t r o s c o p y . 

M a t e r i a l s and Methods - EPR S p e c t r o s c o p y 

EPR, o r e l e c t r o n p a r a m a g n e t i c r e s o n a n c e s p e c t r o s c o p y , i s a m a g n e t i c 
r e s o n a n c e t e c h n i q u e d e s i g n e d t o d e t e c t s p e c i e s c o n t a i n i n g u n p a i r e d 
e l e c t r o n s . ( 1 0 - 1 1 ) I t i s s i m i l a r i n p r i n c i p l e t o NMR, t h e p r i m a r y 
d i f f e r e n c e b e i n g t h a t EPR i s b a s e d on t h e m a g n e t i c moments o f 
u n p a i r e d e l e c t r o n s r a t h e r t h a n t h e m a g n e t i c moments o f s p e c i f i c 
n u c l e i . S i n c e a n t i b o d i e
e l e c t r o n s , s m a l l a n t i g e n s
r a d i c a l s ( " s p i n l a b e l s " g  p r o b
a n t i b o d y c o m b i n i n g s i t e . By u t i l i z i n g t h e two d i f f e r e n t 2,4-
d i n i t r o p h e n y l (DNP) s p i n l a b e l s shown i n F i g u r e 2, we a r e i n v e s t i 
g a t i n g t h e c o n f o r m a t i o n and a c t i v i t y o f a n t i - D N P m o n o c l o n a l a n t i 
b o d i e s i n s o l u t i o n and i m m o b i l i z e d by d i f f e r e n t methods. EPR 
s p e c t r o s c o p y i s a p o w e r f u l method f o r t h i s k i n d o f s t u d y b e c a u s e t h e 
EPR s p e c t r u m c a n p r o v i d e d e t a i l a bout t h e m o t i o n o f t h e s p i n l a b e l 
and t h u s t h e c o n f o r m a t i o n o f t h e a n t i b o d y c o m b i n i n g s i t e . I n t h i s 
way, EPR c a n h e l p t o e l u c i d a t e w h i c h o f t h e p o s s i b l e i n a c t i v a t i o n 
mechanisms d i s c u s s e d above i s o r a r e i m p o r t a n t . 

Shown i n F i g u r e 3 a r e EPR s p e c t r a o f s p i n l a b e l FDNP-SL i n 
s o l u t i o n and bound t o a n t i - D N P a n t i b o d y . The more r e s t r i c t e d 
m o t i o n o f a n t i b o d y - b o u n d a n t i g e n r e s u l t s i n b r o a d e r l i n e s h a p e s and 
a l a r g e r maximum p e a k - t o - p e a k s p l i t t i n g , termed & m a K » The t h r e e -
p eaked s p e c t r u m o f s p i n l a b e l i n s o l u t i o n , f o r i n s t a n c e , i s c h a r a c 
t e r i z e d by an A o f a b o u t 34G, whereas t h e s p e c t r u m o f a n t i b o d y -

max 
bound FDNP-SL has an A o f 61G. I t s h o u l d a l s o be n o t e d t h a t t h e max 
a n t i b o d y bound s p e c t r u m i s a c o m p o s i t e s p e c t r u m c o n t a i n i n g b o t h t h e 
c h a r a c t e r i s t i c t h r e e - p e a k e d f r e e s p e c t r u m and a bound s p i n l a b e l 
s p e c t r u m o f b r o a d e r l i n e s h a p e . S i n c e t h e s i g n a l i n t e n s i t y o f e a c h 
s p e c t r u m i s p r o p o r t i o n a l t o t h e c o n c e n t r a t i o n o f s p i n l a b e l , t h e 
h e i g h t s o f i s o l a t e d p e aks a n d / o r t h e d o u b l e i n t e g r a l o f an e n t i r e 
a b s o r p t i o n s p e c t r u m c a n be u s e d t o d e t e r m i n e c o n c e n t r a t i o n s o f f r e e 
and bound s p i n l a b e l . ( 1 2 ) F o r i n s t a n c e , i n t h e c a s e o f t h e f r e e 
l a b e l , e i t h e r t h e peak h e i g h t o r d o u b l e i n t e g r a l c a n be u s e d . I n 
t h e c a s e o f t h e c o m p o s i t e s p e c t r u m , however, t h e i n t e g r a l p r o v i d e s 
t h e c o n c e n t r a t i o n o f b o t h f r e e and bound l a b e l , and i t i s n e c e s s a r y 
t o s u b t r a c t t h e c o n c e n t r a t i o n o f f r e e l a b e l f r o m t h e t o t a l t o 
d e t e r m i n e t h e amount o f s p i n l a b e l bound t o a n t i b o d y . By d o i n g so 
f o r s a mples c o n t a i n i n g d i f f e r e n t r a t i o s o f f r e e t o bound s p i n l a b e l , 
t h e e q u i l i b r i u m c o n s t a n t between a n t i b o d y and h a p t e n c a n be 
o b t a i n e d d i r e c t l y f r o m EPR s p e c t r a . 

A more s o p h i s t i c a t e d a n a l y s i s o f s p i n l a b e l m o t i o n i n t h e 
c o m b i n i n g s i t e i n v o l v e s t h e a n a l y s i s o f e x p e r i m e n t a l EPR s p e c t r a 
w i t h t h e a i d o f computer s i m u l a t i o n s , s u c h as t h o s e o f F r e e d et at. 
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-< Antibody A Antigen é Support 

ORIENTATION STERIC HINDRANCE 

(^T^ Immobilized) 

ACCESSIBILITY CONFORMATION 

F i g u r e 1. Causes o f i n a c t i v a t i o n o f i m m o b i l i z e d a n t i b o d i e s . 

(A) ° 2 N A O V n — N 

(B) 

N _ ^ 0 DNP-SL 

FDNP-SL 

F i g u r e 2. S p i n l a b e l s u s e d : (A) DNP-SL, (B) FDNP-SL. 

In Separation, Recovery, and Purification in Biotechnology; Asenjo, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1986. 



212 SEPARATION, RECOVERY, AND PURIFICATION IN BIOTECHNOLOGY 

(13) By c o m p a r i n g s i m u l a t e d s p e c t r a w i t h t h o s e o b t a i n e d e x p e r i 
m e n t a l l y , i t i s p o s s i b l e t o d i s t i n g u i s h between d i f f e r e n t m o d e l s o f 
t h e m o t i o n o f a s p i n l a b e l . (14) The p r i m a r y m o t i o n a l p a r a m e t e r s 
i n v o l v e d a r e " r o t a t i o n a l c o r r e l a t i o n t i m e s " , c h a r a c t e r i s t i c t i m e s 
o f r o t a t i o n a l d i f f u s i o n a r o u n d e a c h o f t h e t h r e e a x e s o f a c o o r d i 
n a t e s y s t e m d e f i n e d w i t h r e s p e c t t o t h e s p i n l a b e l . As shown i n 
F i g u r e 4 a , t h e x - a x i s i s d e f i n e d as c o l i n e a r w i t h t h e N-0 bond o f 
t h e n i t r o x i d e p o r t i o n o f t h e m o l e c u l e , t h e z - a x i s as p e r p e n d i c u l a r 
t o t h e " p l a n e " o f t h e r i n g , and t h e y - a x i s as p e r p e n d i c u l a r t o t h e 
x-z p l a n e . E f f o r t s t o match c o m p u t e r - s i m u l a t e d and e x p e r i m e n t a l 
EPR s p e c t r a r e v e a l e d t h a t t h e b e s t model i n c o r p o r a t e s a " d i f f u 
s i o n a l t i l t " o f a n g l e 3 w i t h r e s p e c t t o t h e m o l e c u l a r c o o r d i n a t e 
s y s t e m , a l o n g w i t h t h r e e r o t a t i o n a l c o r r e l a t i o n t i m e s , τ , τ , and 
τ ζ > as shown i n F i g u r e 4b. x Y 

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

The b e s t f i t t o d a t e betwee
o b t a i n e d w i t h s o l u b l e IgG^,  β e q u a χ

and τ ζ = 33 n s . T h i s r e p r e s e n t s a f a s t r o t a t i o n o f t h e s p i n 
l a b e l a r o u n d t h e x 1 a x i s and s l o w e r m o t i o n a r o u n d t h e o t h e r a x e s as 
d e p i c t e d i n F i g u r e 4b. I t i s i n t e r e s t i n g t o n o t e t h a t 33 ns a g r e e s 
w e l l w i t h t h e r o t a t i o n a l c o r r e l a t i o n t i m e o f 47 ns f o r t h e F , f r a g -

ab 
ment o f an I g E m o l e c u l e d e t e r m i n e d by S l a t t e r y , et al.(15) u s i n g 
s t e a d y s t a t e a n i s o t r o p y measurements. T h i s agreement s u g g e s t s t h a t τ and τ r e p r e s e n t t i m e c o n s t a n t s f o r r o t a t i o n a l m o t i o n o f t h e F , y ζ ab 
f r a g m e n t as a w h o l e . U n f o r t u n a t e l y , b e c a u s e o f t h e complex and 
t i m e - c o n s u m i n g n a t u r e o f t h e s i m u l a t i o n s , n o t h i n g f u r t h e r c a n be 
r e p o r t e d a t t h i s t i m e a b o u t t h e m o t i o n o f t h e s p i n l a b e l i n t h e 
c o m b i n i n g s i t e t h r o u g h c o r r e l a t i o n t i m e s and t i l t a n g l e s . However, 
t h e r e i s a l s o u s e f u l i n f o r m a t i o n c o n t a i n e d i n maximum p e a k - t o - p e a k 
s p l i t t i n g s . 

I n s t u d i e s t o d a t e , d i f f e r e n t s p i n l a b e l s have p r o d u c e d d i f 
f e r e n t s p e c t r a when combined w i t h d i f f e r e n t a n t i b o d i e s . F o r exam
p l e , t h e s p l i t t i n g s and b i n d i n g c o n s t a n t s f o r t h e two d i f f e r e n t 
s p i n l a b e l s b i n d i n g t o s o l u b l e a n t i - D N P IgG«, a n t i b o d i e s a r e 

zb 
summarized i n T a b l e I . These d a t a show t h a t EPR i s s e n s i t i v e t o 
d i f f e r e n c e s i n t h e m o t i o n o f (1) t h e same s p i n l a b e l i n d i f f e r e n t 
m o t i o n a l e n v i r o n m e n t s ( i . e . , d i f f e r e n t a n t i b o d y c o m b i n i n g s i t e s ) , 

T a b l e I . Maximum p e a k - t o - p e a k s p l i t t i n g s and e q u i l i b r i u m b i n d i n g 
c o n s t a n t s f o r s o l u b l e I g G ? , and I g E combined w i t h DNP-SL 
and FDNP-SL. 

A n t i b o d y S p i n L a b e l e d H a p t e n Κ (M 1 ) A ( g a u s s ) max 

^ G 2 b DNP-SL 2.2 χ ΙΟ 6 62 

^ G 2 b FDNP-SL 3.9 χ ΙΟ 6 56 

IgE 
I g E 

DNP-SL 
FDNP-SL 

1.3 χ ΙΟ 7 

4.8 χ 1 0 6 

61 
I 5 6 
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F i g u r e 3. EPR s p e c t r a o f (A) f r e e and (B) bound s p i n l a b e l . 

F i g u r e 4. S c h e m a t i c o f s p i n l a b e l i n a n t i b o d y c o m b i n i n g s i t e : 
(A) w i t h o u t " d i f f u s i o n a l t i l t " , (B) w i t h " d i f f u s i o n a l t i l t " . 
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and o f (2) d i f f e r e n t s p i n l a b e l s i n t h e same e n v i r o n m e n t ( i . e . , 
t h e same a n t i b o d y c o m b i n i n g s i t e ) . T h i s s u g g e s t s t h a t EPR m i g h t be 
a b l e t o d i s c r i m i n a t e m o t i o n a l d i f f e r e n c e s c a u s e d by b i n d i n g s i t e 
c o n f o r m a t i o n a l c h a n g e s . I f t h i s i s t h e c a s e , EPR s h o u l d be a u s e 
f u l t o o l i n s t u d y i n g s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s i n i m m o b i l i z e d 
a n t i b o d i e s as w e l l . 

F o r i m m o b i l i z a t i o n s t u d i e s t o d a t e , two d i s t i n c t modes o f 
i m m o b i l i z a t i o n have been u s e d . The f i r s t u t i l i z e s n o n s p e c i f i c 
c o v a l e n t b o n d i n g t o C N B r - a c t i v a t e d S e p h a r o s e v i a p r i m a r y amino 
g r o u p s on t h e a n t i b o d y m o l e c u l e . S i n c e t h e r e a r e many o f t h e s e 
a v a i l a b l e on t h e a n t i b o d y , t h i s i s e x p e c t e d t o r e s u l t i n random 
o r i e n t a t i o n o f a n t i b o d y m o l e c u l e s on t h e s u p p o r t . The o t h e r method 
i n v o l v e s l i n k a g e t h r o u g h i m m o b i l i z e d p r o t e i n A, a p r o t e i n w h i c h 
b i n d s i m m u n o g l o b u l i n s i n t h e s t r u c t u r a l F^ p o r t i o n o f t h e m o l e c u l e . 

(15) B e c a u s e t h i s method s h o u l d r e s u l t i n i m m o b i l i z e d a n t i b o d y 
m o l e c u l e s w i t h more o p t i m a l o r i e n t a t i o n s  i t i s e x p e c t e d t o p r o d u c e 
s a m p l e s w i t h h i g h e r a c t i v i t y
e x p e n s i v e and complex t e c h n i q u

Shown i n T a b l e I I a r e a c t i v i t y and b i n d i n g c o n s t a n t d a t a f o r 
s a m p l e s o f i m m o b i l i z e d a n t i b o d i e s p r e p a r e d by t h e two d i f f e r e n t 
methods. The l o a d i n g o f IgG on t h e s u p p o r t was d e t e r m i n e d by amino 
a c i d a n a l y s i s , and t h e amount o f a c t i v e and a c c e s s i b l e a n t i b o d y was 
d e t e r m i n e d by EPR s p e c t r o s c o p y . The b i n d i n g c o n s t a n t f o r t h e 
C N B r - S e p h a r o s e sample was d e t e r m i n e d by f l u o r e s c e n c e t i t r a t i o n . ( 1 6 ) 
B o t h s a m p l e s have l o w e r e d s p e c i f i c a c t i v i t y w i t h r e s p e c t t o t h e 
i d e a l v a l u e o f 2.0 (remember t h a t t h e r e a r e two c o m b i n i n g s i t e s p e r 
a n t i b o d y m o l e c u l e ) , and t h e b i n d i n g c o n s t a n t f o r t h e C N B r - S e p h a r o s e 
sample i s o n l y 44% t h a t o f i t s v a l u e i n s o l u t i o n . I t i s a l s o v e r y 
i n t e r e s t i n g t o n o t e t h a t c o n t r a r y t o e x p e c t a t i o n s t h e P r o t e i n - A 
sample has a l o w e r s p e c i f i c a c t i v i t y , w h i c h may be due t o t h e f a c t 
t h a t i t has a much h i g h e r l o a d i n g t h a n t h e C N B r - S e p h a r o s e sample. 
C u r r e n t r e s e a r c h i n t h i s l a b o r a t o r y s h o u l d soon p r o v i d e a more 
d e f i n i t i v e e x p l a n a t i o n f o r t h e s e r e s u l t s . 

T a b l e I I . L o a d i n g s , s p e c i f i c a c t i v i t i e s , and b i n d i n g c o n s t a n t s f o r 
s a m p l e s o f i m m o b i l i z e d IgG_, . 

Zb 
C o u p l e d IgG A c t i v e / A c c e s s i b l e 

by Amino A c i d IgG by EPR S p e c i f i c Κ 
S u p p o r t A n a l y s i s (mg/ml) (mg/ml) A c t i v i t y (1/M) 

C N B r - S e p h a r o s e 0.58 0.35 1.2 1 . 7 x l 0 6 

(44%) 

P r o t e i n A - 1.7 0.70 0.8 ? 
S e p h a r o s e 
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Shown i n F i g u r e 5 a r e EPR s p e c t r a o f FDNP-SL combined w i t h 
IgG^^ i n s o l u t i o n and i m m o b i l i z e d t o CN B r - S e p h a r o s e . A l t h o u g h an 
a c c u r a t e A c a n n o t be d e t e r m i n e d f r o m t h e s e p a r t i c u l a r s p e c t r a , max r r 

t h e l e f t - m o s t peak i n t h e s p e c t r u m o f i m m o b i l i z e d a n t i b o d y i s 
s h i f t e d s i g n i f i c a n t l y w i t h r e s p e c t t o i t s p o s i t i o n i n t h e s p e c t r u m 
o f a n t i b o d y i n s o l u t i o n . T h i s s h i f t i n d i c a t e s t h a t t h e o v e r a l l 
m o b i l i t y o f t h e s p i n l a b e l i s more r e s t r i c t e d when t h e l a b e l 
o c c u p i e s t h e c o m b i n i n g s i t e o f i m m o b i l i z e d a n t i b o d y . The 
accompa n y i n g d e c r e a s e i n t h e b i n d i n g c o n s t a n t o b s e r v e d upon 
i m m o b i l i z a t i o n i n d i c a t e s t h a t s u c h changes i n s p i n l a b e l m o b i l i t y 
a r e due a t l e a s t i n p a r t t o changes i n c o m b i n i n g s i t e c o n f o r m a t i o n ; 
however, a l t e r e d m o t i o n o f t h e e n t i r e F , f r a g m e n t may a l s o have 

ab 
i n f l u e n c e d t h e s p e c t r u m . C l a r i f i c a t i o n o f t h i s p o i n t , p r o v i d e d by 
t h e use o f computer s i m u l a t i o n s t o d e t e r m i n e r o t a t i o n a l c o r r e l a t i o n 
t i m e s f o r t h e i m m o b i l i z e
f u t u r e . 

C o n c l u d i n g Remarks 

The d a t a p r e s e n t e d above e s t a b l i s h t h e a p p l i c a b i l i t y o f EPR t o 
s t r u c t u r e - f u n c t i o n c h a r a c t e r i z a t i o n o f i m m o b i l i z e d a n t i b o d i e s . The 
s o l u b l e A d e t e r m i n a t i o n s i n d i c a t e t h a t EPR i s s e n s i t i v e t o max 
d i f f e r e n t e n v i r o n m e n t s and t o t h e s t r u c t u r e o f t h e p r o b e u s e d . 
They a l s o s u g g e s t t h a t d i f f e r e n t p r o b e s m i g h t be u s e d t o o b t a i n a 
more c o m p l e t e p i c t u r e o f t h e c o n f o r m a t i o n o f t h e b i n d i n g s i t e . I n 
a d d i t i o n , t h e m e a s u r a b l e d i f f e r e n c e s between t h e EPR s p e c t r a o f 
s o l u b l e and i m m o b i l i z e d a n t i b o d i e s i n d i c a t e t h a t i m m o b i l i z a t i o n has 
s i g n i f i c a n t l y a f f e c t e d t h e m o t i o n o f t h e s p i n l a b e l i n t h e 
c o m b i n i n g s i t e . A l t h o u g h t h e d a t a p r e s e n t e d h e r e do n o t a l l o w 
s p e c i f i c c o n c l u s i o n s t o be drawn about t h e e f f e c t o f i m m o b i l i z a t i o n 
on a n t i b o d y c o n f o r m a t i o n and a c t i v i t y , t h e y do i l l u s t r a t e t h a t EPR 
ca n p r o v i d e m o l e c u l a r l e v e l i n s i g h t s n o t a v a i l a b l e by t r a d i t i o n a l 
methods. Thus, EPR s p e c t r o s c o p y s h o u l d s e r v e as a p o w e r f u l t o o l 

F i g u r e 5. EPR s p e c t r a o f s o l u b l e and CNBr S e p h a r o s e - i m m o b i l i z e d 
I g G 2 b . 
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f o r d i r e c t e x p e r i m e n t a l a n a l y s e s o f i m m o b i l i z e d a n t i b o d y s t r u c t u r e 
and f u n c t i o n , and t h e r e f o r e h e l p t o e l u c i d a t e t h e b a s i s f o r t h e 
s u b o p t i m a l b i n d i n g c a p a c i t i e s f r e q u e n t l y e x h i b i t e d by immuno
s o r b e n t s . 
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