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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishin
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTOY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

"D iochemical processing with immobilized microbial cells represents a 
novel approach to biocatalysis. Such a system offers a number of 

unique advantages over traditional fermentation processes as well as the 
more recent immobilized enzyme processes. Although this concept is still 
relatively new, a few immobilized cell systems have already been com
mercialized. This, in turn, has triggered a surge of research activity in 
this exciting and rapidly growing field. Numerous conferences and sym
posia have been held on the subject of enzyme engineering in recent 
years. Although they contai
microbial cells, no single conference was devoted to covering this subject 
matter exclusively. Therefore, we organized a symposium on immobi
lized microbial cells as part of the 176th Annual Meeting of the American 
Chemical Society held at Miami Beach in September 1978. 

This volume contains most of the papers presented at the symposium. 
In addition, several chapters written by leading experts in the field have 
also been included. Several important aspects of immobilized microbial 
cell technology are discussed here: carriers for immobilization, methods 
of cell attachment, biophysical and biochemical properties, reactor de
sign, and process engineering of bound cell systems. A number of appli
cations in the food, pharmaceutical, and medical areas—including those 
commercialized already—have been described. In essence, this is a com
prehensive single volume state-of-the-art presentation of immobilized 
microbial cell systems. 

The first chapter by Vieth and Venkatsubramanian provides a broad 
overview of the subject matter including the rationale for immobilizing 
microbial cells, the advantages and disadvantages of such an approach, 
and the overall prospects and problems of a technological development 
based on bound cell systems. The chapter by Messing and associates 
discusses the critical pore dimensions needed for fixing microorganisms 
inside various inorganic matrices. This is followed by an interesting dis
cussion on the adhesive forces that come into play in fixed microbial 
systems. 

A series of biochemical processes mediated by fixed cells are de
scribed next. They vary in complexity in terms of the number of indi
vidual enzymatic reactions, and coenzymes involved. Included in this 
section are descriptions of immobilized cell systems for producing coen
zyme A, pantothenic acid, antibiotics, and extracellular enzymes. In 

ix 
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addition, waste treatment applications such as phenol degradation and 
denitrification are outlined. 

Several important industrial applications are discussed next, starting 
with two commercial processes for the conversion of dextrose to fructose. 
The chapters by Bungard and co-workers and Roels and his associates 
describe two different approaches to this interesting commercial problem. 
Because of the commercial importance of this process, we have also in
cluded a paper by Goldberg on the use of glucose isomerase enzyme (as 
opposed to the whole organism containing the enzyme immobilized on a 
porous polymeric matrix). Chibata discusses several industrial applica
tions of immobilized microbial cells as practiced in Japan. The chapters 
by Mattiasson and Suzuki and his associates discuss many interesting 
analytical applications of immobilized cell systems. The final chapter by 
Kastl describes a process for immobilizing isolated organelles and use of 
such a system in detoxifying drugs. 

I am indebted to al
meet a tight publication schedule, and to the reviewers for their prompt 
responses. Many thanks are due to Charles Cooney and George Chara-
lambous of the Microbial and Biochemicl Technology Division and the 
Agricultural and Food Chemistry Division, respectively, for encouraging 
me to organize this symposium, and to John Whittaker for serving as 
cochairman of the symposium. I am thankful to the ACS Books Depart
ment for its assistance. Finally, the impeccable secretarial help of Diane 
Otto is gratefully acknowledged. 

H. J. Heinz Company K. VENKATSUBRAMANIAN 
Pittsburgh, Pennsylvania 
April 10, 1979 

χ 
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Immobilized Microbial Cells in Complex Biocatalysis 

WOLF R. VIETH and K. VENKATSUBRAMANIAN1 

Department of Chemical and Biochemical Engineering, 
Rutgers—The State University, New Brunswick, NJ 08903 

Continuous heterogeneous catalysis by fixed microbial cells 
represents a new approac
Immobilization of isolate
cells mediating simple, monoenzyme reactions has already been 
reduced to industrial practice. However, the development of 
immobilized cell systems to carry out complex fermentation pro
cesses--characterized by multiple reactions and complete reaction 
pathways involving coenzymes--is still in its infancy. Drawing 
upon our rather concerted effort in this area over the past sev
eral years, we are appraising the prospects and problems of such 
a technological advancement in this brief communication. 
The Approach 

In earlier papers from this laboratory, we have proposed the 
terms "Controlled Catalytic Biomass" and "Structured Bed Fermenta
tion" to describe immobilized cell systems effecting complex 
biocatalysis (1,2). The meaning of these terms is obvious when 
one considers the biocatalyst in relation to its microstructure, 
predesigned catalytic reactor design, and controlled catalytic 
activity vis-a-vis cellular reproduction. Some of the potential 
advantages of such a catalytic system are summarized in Table I. 

Examining the character of microbial cells in classical 
fermentation, it is clear that they possess the desired catalytic 
machinery in a highly structured form. The controlled conditions 
of fermentation permit retention of this meticulous structural 
1Also with: H.J. Heinz Company, World Headquarters, P.O. Box 57, 
Pittsburgh, Pennsylvania 15230. 
Presented at the Symposium on "Immobilized Cells and Organelles," 
ACS National Meeting, Miami Beach, September, 1978. 

0-8412-0508-6/79/47-106-001$05.00/0 
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2 IMMOBILIZED MICROBIAL CELLS 

TABLE 1 

POTENTIAL ADVANTAGE
OVER

1. Placement of Fermentation on Heterogeneous Catalysis Design 
Basis 

2. Higher Product Yields 

3. A b i l i t y to Conduct Continuous Operations As Opposed to 
Traditional Batch Fermentation 

4. Operation at High Dilution Rates Without Washout 

5. A b i l i t y to Recharge System by Inducing Growth and Reproduc
tion of Resting Cells 

6. Decrease or Elimination of Lag and Growth Phases for 
Product Accumulation Associated With the Non-Growth Phase 
of the Fermentation 

7. P o s s i b i l i t y of Accelerated Reaction Rates Due to Increased 
C e l l Density 
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1. viETH AND VENKATSUBRAMANIAN Complex Biocatalysis 3 

i n t e g r i t y but ,the resulting c e l l u l a r suspensions are usually at 
low concentration. Considering free enzymes derived from these 
c e l l s , i t i s possible to concentrate them by extraction processes, 
but lacking the a n c i l l a r y structure which s t a b i l i z e s them i n the 
c e l l , they are r e l a t i v e l y unstable. Some structural reconstitu
t i o n i s possible by immobilization, leading to higher concentra
tion and better s t a b i l i t y but one i s then restrained to consider
ation of single step or two-step reactions. With immobilized 
c e l l s , one has the concentrated form, there i s structural pre
servation and s t a b i l i t y together with the p o s s i b i l i t y of improved 
reactor design, based upon the characteristics of the c a r r i e r . 
Thus, immobilized c e l l systems constitute an important option 
within the framework of biochemical technologies (Table 2). 
The overall rationale for whole c e l l immobilization i s outlined 
i n Table 3. 

In a l l our work, w
collagen as the c a r r i e , 
collagen, offers a number of unique advantages as a support for 
microbial c e l l immobilization. Other publications from our 
laboratory describe these advantages as well as the procedures 
to prepare fixed c e l l s i n d e t a i l (3, 4). We have attached many 
different microorganisms i n t h i s manner; some of the complex 
reactions mediated by such fixed c e l l preparations are shown i n 
Table 4. 

Process Variables 

Several important considerations i n the preparation and use 
of collagen-bound c e l l systems are adumbrated here with c i t r i c 
acid production by immobilized Aspergillus niger as an example. 
The collagen membrane must be crosslinked to make i t s t r u c t u r a l l y 
strong enough to withstand the shear forces i n reactor operation. 
It was found that post-tanning the collagen-cell membrane by 
exposing i t to a 5% glutaraldehyde solution for one minute re
sulted i n an optimal retention of c a t a l y t i c a c t i v i t y 
which was a l i n e a r function of the c e l l loading. We can load 
the structure up to 70% c e l l s (by dry weight) and the amount of 
expressed a c t i v i t y i n batch assay increases proportionately. 
However, the mechanical strength drops off too d r a s t i c a l l y , and a 
good compromise i s 50% c e l l s on a dry weight basis. In the 
course of these studies, we came to r e a l i z e that the dehydration 
of c e l l s i s deleterious; even under refrigerated conditions c e l l 
a c t i v i t y could reduce s i g n i f i c a n t l y . This has led us to new 
dispersion techniques and/or drying or s o l i d i f i c a t i o n techniques 
to preserve these f r a g i l e structures which can so e a s i l y denature 
(6). 

Maximal c a t a l y t i c a c t i v i t y of the c e l l s i s retained upon 
immobilization when the c e l l s are i n the proper physiological 
state. This corresponds to an optimal induction of enzyme 
a c t i v i t i e s p a r t i c i p a t i n g in the desired reaction sequence; 
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VIETH AND VENKATSUBRAMANIAN Complex BiOCdtalysis 

TABLE 3 

RATIONALE FOR WHOLE CELL IMMOBILIZATION 

1. Obviates Enzyme Extraction/Purification 

2. Generally Higher Operational S t a b i l i t y 

3. Lower Effective Enzyme Cost 

4. High Yield of Enzyme A c t i v i t y on Immobilization 

5. Cofactor Regeneration 

6. Retention of Structural and Conformational Integrity 

7. Greater Potential for Multi-Step Processes 

8. Greater Resistance to Environtal Perturbations 
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1. vrjETH AND VENKATSUBRAMANIAN Complex Biocatalysis 7 

i t i s manifested i n peak product synthesis rate i n the fermenta
t i o n . For c i t r i c acid production with A. niger, i t turns out 
to be 72 to 96 hours i n batch fermentations. Of course, i n a 
t y p i c a l fermentation process one has to repeat t h i s pattern each 
time. A better alternative, i t would seem, would be to harvest 
the c e l l s at t h e i r peak a c t i v i t y , followed by the i r immobilization 
so as to retain them i n a viable state for reuse u n t i l t h e i r 
s t a b i l i t y has decreased to an uneconomical point. 

Once immobilized, the c e l l s must be kept i n a viable state 
in the membrane without further excessive reproduction. This i s 
necessary to channel the substrate into the desired product 
rather than to additional c e l l mass. Besides, i t would minimize 
c e l l elution from the c a r r i e r matrix as well as preserve the 
mechanical i n t e g r i t y of the c a r r i e r . We have found that one way 
to accomplish t h i s i s
the essential nutrient
concentration. An indirect benefit of this approach i s lowering 
the growth of contaminating organisms. 

Ease of reactor scale-up i s an important process engineering 
consideration; maximizing the e f f i c i e n c y of contact between the 
catalyst and i t s substrate i s an equally c r i t i c a l issue. We have 
determined that where the bound-cell membrane can be r o l l e d into 
a s p i r a l wound reactor configuration (Jo) , i t provides excellent 
contact e f f i c i e n c y . The collagen membrane i s wound together with 
a po l y o l e f i n Vexar spacer material. The resulting open multi
channel system promotes plug flow contact with very low pressure 
drop even when operating with particulate substrate matter which 
would cause plugging problems i n the conventional type of fixed 
bed operation. Fermentation substrates are often characterized 
by precisely t h i s type of substrates; so this i s a large plus 
factor i n favor of this type of design. Furthermore, i t i s 
possible to design-in high a c t i v i t y per unit volume, as a re s u l t 
of the c o i l i n g of a large amount of membrane into a confined 
volume. The basis for scale-up becomes then simply the membrane 
surface area. 

Presented i n Figs. 1 and 2 are data rela t i n g to external and 
internal mass transfer for the case of c i t r i c acid synthesis. 
The effect of linear v e l o c i t y on the observed reaction rate 
(Fig. 1) shows, for this case, the presence of a s i g n i f i c a n t 
boundary layer resistance below a flow rate of 235 ml/min. The 
existence of non-negligible pore d i f f u s i o n a l resistance i s de-
ducible from F i g . 2, i n which the dependence of observed reaction 
rate on f i l m thickness i s depicted. Overall the immobilized c e l l s 
exhibited about 50% of the s p e c i f i c a c t i v i t y of the free c e l l s 
(in fermentation) toward the production of c i t r i c acid. 

With regard to other s i g n i f i c a n t factors, oxygen transfer 
can be singled out as of paramount importance. To enhance t h i s 
transport step, we operated the s p i r a l wound reactor counter-
currently. In other words, a special provision was incorporated 
into the reactor design to allow flow of pure oxygen countercurrent 
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8 IMMOBILIZED MICROBIAL CELLS 

X 

50 10

SUBSTRATE FLOW RATE ( ML / MIN ) 

Figure 1. Dependence of reaction rate on linear velocity 

I . . a__ 1 
5 10 15 20 

WET MEMBRANE THICKNESS (MILS) 

Figure 2. Effect of membrane thickness on citric acid production rate. (O) Shake 
flask, (Q) reactor. 
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1. viETH AND VENKATSUBRAMANIAN Complex Biocatalysis 9 

to the flow of substrate; i n t h i s sense, the o v e r a l l system 
operated as a combined absorber-reactor. Dissolved oxygen con
centrations of 80 to 90% of saturation value were maintained 
throughout the course of the reactor runs. Referring back to 
F i g . 2, the increased s p e c i f i c a c t i v i t y of the catalyst observed 
in the reactor compared to that i n a shake flask i s attributable, 
at least i n part, to improved oxygen transfer i n the reactor. 
Thus, the simple, e f f e c t i v e , f l e x i b l e use of the membrane form 
in t h i s type of reactor.has demonstrated several additional 
positive features. 

From a p r a c t i c a l standpoint, the two most important char
a c t e r i s t i c s of an immobilized c e l l catalyst are i t s a c t i v i t y and 
i t s operational s t a b i l i t y . The l a t t e r parameter i s usually ex
pressed i n catalyst h a l f - l i f e . The amount of a c t i v i t y , say i n 
International Units (I.U.)  would be a function of c e l l - t o -
c a r r i e r r a t i o . As mentione
found to be optimal. 

Aspergillus niger c e l l s attached to collagen exhibit good 
a c t i v i t y retention, as shown i n Table S · Please note that rate 
comparisons have been made on the basis of maximal'rate. If one 
uses an integrated average rate obtained over the entire period 
of the batch fermentation cycle, the comparison becomes even 
more favorable for the immobilized c e l l system, since i t ex
periences a very small lag period preceding c i t r i c acid synthesis. 
In addition to s p e c i f i c productivity rates, i t i s also necessary 
to examine the r e l a t i v e concentrations of the product in both 
cases, as the t i t e r value i s very c r u c i a l with regard to product 
i s o l a t i o n and p u r i f i c a t i o n . Data obtained thus far indicate 
that bound c e l l s y i e l d 8 to 40% of the f i n a l concentration 
obtainable i n fermentation. H a l f - l i f e of the catalyst was 138 
hours. 

Chromatographic analysis of reaction products of c i t r i c acid 
synthesized by fixed c e l l s reveals the presence of products 
generated from side reactions. They include i s o c i t r i c acid, 
oxalic acid and trace quantities of gluconic acid. Isocitrate 
i s perhaps the major one, amounting to as much as 15 to 20% of 
c i t r a t e . Oxalic acid formation i n c i t r i c acid fermentations i s 
reported to be dependent both on pH and on the extent of aeration. 
By proper control of pH and dissolved oxygen l e v e l s , i t might be 
possible to reduce the formation of oxalate. 

Conclusion 

Immobilized c e l l and organelle systems offer a great deal of 
promise i n mediating many reaction schemes to produce commercially 
important products. 

Unlike bound mono-enzyme systems, catalysis by fixed c e l l s 
i s quite complex and many basic aspects are yet to be understood. 
However, technical f e a s i b i l i t y of rather elaborate immobilized 
c e l l processes, as exemplified by c i t r i c acid production through 
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10 IMMOBILIZED MICROBIAL CELLS 

TABLE 5 

CITRIC ACID SYNTHESIS BY IMMOBILIZED CELLS 

Sample Maxiumum s p e c i f i c Relative maximum 
productivity s p e c i f i c 
(g acid/g dry cells-h) productivity (%) 

Fermentation 0.0043 100 

Resting Cells 0.0045 104 

Immobilized C e l l s 0.0021 48.4 

Fermentation data obtained from 5-Z s t i r r e d fermentor; others 
from shake flasks. Sucrose at 40—£ was used as the substrate 
in a l l cases. 
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1. viETH AND VENKATSUBRAMANIAN Complex Biocatalysis 11 

intact function of the TCA cycle enzymes, has been demonstrated. 
Investigation of the basic problems of structured-bed fermenta
tion systems ( c e l l physiology, c e l l v i a b i l i t y , transport r e s i s 
tances, oxygen transfer, microbial contamination) i s now being 
pursued i n our current work. Perhaps the greatest potential for 
immobilized c e l l systems l i e s i n replacing complex fermentations 
such as secondary metabolite production. Some of the further 
developments i n t h i s f i e l d should c l e a r l y be steered i n this 
direction. 
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Pore Dimensions for Accumulating Biomass 

R. A. MESSING, R. A. OPPERMANN, and F. B. KOLOT 

Corning Glass Works, Sullivan Park, Corning, NY 14830 

Such processes as the production of cells (single 
cell proteins), fermentatio
and waste conversio
cells. Generally speaking, to produce a large number 
of cells such as is required for single cell proteins, 
one must pass through the lag phase and operate within 
the log phase. The greater the number of cells per 
unit volume, the more progeny will be produced per 
volume provided that the cells are neither nutrient 
limited nor gas limited. 

The requirement for high concentration of cells or 
accumulations of biomass in the production of secon
dary metabolites i s even more apparent than for cell 
production. Secondary metabolites are generally pro
duced in the stationary phase; the greater the concen
trations of cells, the greater the production of 
secondary metabolites per unit volume and per unit time. 

The accumulation and retention of biomass lends 
itself readily to the employment of continuous single 
pass reactors such as plug-flow or fluidized-bed 
reactors. When high quantities of biomass are retained, 
greater total quantities of nutrients may be delivered 
and greater quantities of waste products may be removed 
per unit time. Any mechanism that can be offered to 
retain the cel l s in high concentrations, deliver the 
nutrients rapidly, and remove waste products should 
offer a highly e f f i c i e n t reactor. 

We have found a relationship between the accumu
lation of stable and viable biomass and the pore 
morphology of a dimensionally stable inorganic carrier. 
That relationship i s dependent upon the mode of repro
duction of the specific microbe. 

0-8412-0508-6/79/47-106-013$05.00/0 
© 1979 American Chemical Society 
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14 IMMOBILIZED MICROBIAL CELLS 

M a t e r i a l s and Methods. 

The controlled-pore ceramics and the f r i t t e d 
glasses employed i n these studies were manufactured by 
Corning Glass Works. The b o r o s i l i c a t e glass i s a 
product of Corning Glass Works. 

A DuPont Biometer, Model 760, was employed to 
determine the v i a b l e microbe count for a l l organisms 
except Streptomyces olivochromogenes f and Pénicillium 
chrysogenum. We employed a p r o t e i n determination 
u t i l i z i n g the F o l i n reagent for determining the 
loadings of the l a t t e r two microbes. 

Determination of M i c r o b i a

We were not able to employ the conventional p l a t e 
counting techniques to determine loadings due to the 
f a c t that m i c r o b i a l loadings (biomass accumulations) 
involved measuring the number of microbes bonded 
with i n the pores of various porous supports. Instead, 
the microbe counts or the r e l a t i v e quantity of b i o 
mass were determined by employing the Biometer which 
determines the r e l a t i v e number of v i a b l e microbes or 
v i a b l e biomass based upon the amount of ATP present 
i n a given sample. The actual procedure employed was 
as follows: to approximately 10-20 mg of immobilized 
microbe composite, 0.5 ml of 90% dimethylsulfoxide i n 
water was added and the suspension was mixed v i g o r 
ously f or 10 seconds. The suspension was allowed to 
extract for 20 minutes and then 4 ml of 0.01M 
morpholinopropane s u l f o n i c a c i d b u f f e r , pH 7.4, was 
d e l i v e r e d and the suspension was mixed thoroughly and 
stored i n i c e u n t i l preparations were complete for 
the ATP determinations. P r i o r to t h i s determination, 
the l u c i f e r i n - l u c i f e r a s e mixture was prepared 
according to the Biometer procedure!. A f t e r 0.1 ml 
of enzyme-substrate mixture was d e l i v e r e d to the 
r e a c t i o n cuvette, 10 m i c r o l i t e r s of the above DMSO 
extract was added to the cuvette containing the l u c i -
f e r i n - l u c i f e r a s e mixture. The l i g h t emission measure
ment was then made and the c o r r e l a t e d value to v i a b l e 
c e l l quantity was recorded. Since i t i s impossible to 
r e l a t e i n d i v i d u a l c e l l s of microbes that generate 
mycelia to ATP present, we elec t e d to report the mass 
of ATP i n femtograms ( 1 0 " 1 5 gms) as representative of 
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2. MESSING ET AL. Biomass Accumulation 15 

the v i a b l e biomass with respect to loading/gram for 
each i n d i v i d u a l c a r r i e r . 

The determination of biomass p r o t e i n for both S. 
ο1ivochromogenes and P. chrysogenum was performed on 
0.5 gms of c a r r i e r which contained the immobilized 
biomass. A f t e r the loadings and/or subsequent growth, 
the 0.5 gm of c a r r i e r sample was washed 3 times with 
10 ml of phosphate b u f f e r , pH 7.0. The c a r r i e r was 
then extracted with 3 ml of phosphate buffer by 
grindin g therewith. Subsequently, 3 ml of 1 Ν sodium 
hydroxide were added, the temperature of the mixture 
was r a i s e d to 60° and maintained at that temperature 
for 1 hour i n order to hydrolyze the mycelia. This 
procedure r e s u l t s i
p r o t e i n from the mycelia

To further extract p r o t e i n , 3 ml of e t h y l a l c o h o l 
were added to the mixture i n the case of S.. o l i v o c h r o -
mogenes while 2 ml of the alco h o l were added i n the 
case of P.. chrysogenum and t h i s was allowed to react 
at room temperature f o r one-half hour. A f t e r c e n t r i -
fugation, the supernatant f l u i d was decanted and the 
pr o t e i n content of the f l u i d was determined according 
to the procedure of H i l l et aL? and Hauschkal. 

Table I 

C a r r i e r Parameters 

Average Pore 
C a r r i e r Pore Diameter( μ) C a r r i e r 
Number Diameter (u) D i s t r i b u t i o n Composition 

1 1.1 0.8-1.8 F r i t t e d glass 
2 3.0 1.5-6 C o r d i e r i t e 
3 3.1 1.5-4 F r i t t e d glass 
4 3.5 1.5-4.5 F r i t t e d glass 
5 4.5 3-6 F r i t t e d glass 
6 10 2-19 C o r d i e r i t e 
7 13 8-20 F r i t t e d glass 
8 19 17-35 Z i r c o n i a Ceramic 
9 40 18-100 F r i t t e d glass 

10 195 170-220 F r i t t e d glass 
11 non-porous B o r o s i l i c a t e 

glass 
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16 IMMOBILIZED MICROBIAL CELLS 

Bioaccumulation of E s c h e r i c h i a c o l i . 

Samples of Ε. c o l i (having major dimensions of 
1-6μ) were immobilized to the various c a r r i e r s , using 
s t e r i l e technique on both a v i r g i n c a r r i e r surface and 
a surface that had been converted to a terminal amine 
by s i l a n i z a t i o n . The bonding by adsorption to the 
v i r g i n surface was accomplished by r e a c t i n g 3 gm por
t i o n s of 18-25 mesh p a r t i c l e s of the i n d i c a t e d c a r r i e r s 
for 3 hours at 22°C with 20 ml of suspension of Ε. 
c o l i c e l l s . The bonding to the terminal amine surface 
was i n i t i a t e d f i r s t by r e a c t i n g 2 gms of 18-25 mesh 
p a r t i c l e s with 20 ml of 10% γ-aminopropyltriethoxy-
s i l a n e i n water f o
c a r r i e r was subsequentl
of suspension of E. c o l i c e l l s overnight at 22°C. 
B a c t e r i a l loadings (number/gram of support) were then 
recorded v i a ATP measurement approximately 18 hours 
a f t e r the preparation of the immobilized microbes. 
The r e s u l t s are summarized i n Figures l a and l b . 

Bioaccumulation of S e r r a t i a marcescens by Polyisocya-
nate Coupling. 

S. marcescens, having major dimensions of 0.6-2μ 
was coupled to glass surfaces with polyisocyanate 
(PAPI 901, Upjohn Company, Kalamazoo, MI) . The 
c a r r i e r d e r i v a t i v e was prepared by shaking at 100 RPM 
0.5 gms of c a r r i e r i n 10 ml of 0.5% polyisocyanate i n 
acetone for 45 minutes at room temperature. The 
coupling s o l u t i o n was decanted and replaced with 10 ml 
of a c e l l suspension containing 3 χ 10^ c e l l s / m l . The 
c e l l s were reacted with the d e r i v a t i z e d c a r r i e r for 3 
hours fo l l o w i n g which the excess c e l l s were poured o f f 
and the c a r r i e r was washed 3 times with 0.1 M phosphate 
bu f f e r at pH 7.2. The r e s u l t s of t h i s study with 
various c a r r i e r s are p l o t t e d i n Figure 2. 

The Immobilization of B a c i l l u s s u b t i l i s by Adsorption, 

The c u l t u r e c e l l s were s i z e d p r i o r to immobili
z a t i o n . The major dimension of the c e l l s were found 
to be between 3 and 4μ with some long double c e l l s of 
approximately 7μ i n length. 
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2. MESSING ET AL. Biomass Accumulation 17 

P r i o r to use, the c a r r i e r s were dry autoclaved. 
B a c i l l u s s u b t i l i s c e l l s were grown i n 1 l i t e r b r a i n 

heart i n f u s i o n broth for 36 hours, centrifuged,and the 
c e l l s were washed 2 times with s t e r i l e phosphate bu f f e r 
Ten ml of the washed c e l l suspension was added to each 
f l a s k which contained 0.5 gms of c a r r i e r . A f t e r 3 
hours of contact time, the c a r r i e r s were washed 3 times 
and maintained at 8°C overnight. 

The c e l l mass immobilized on the c a r r i e r s was 
determined by the Biometer. The r e s u l t s of t h i s study 
are reported i n Figure 3. 

Bioaccumulation of Yeast

The yeast c e l l  employe y
grown i n shake f l a s k s i n n u t r i e n t broth plus 1% dex
trose for a period of 36-40 hours at room temperature. 
The c e l l suspension was centrifuged and washed 3 times 
with sodium-potassium phosphate b u f f e r , pH 7.2. The 
washed suspension of c e l l s was added to the c a r r i e r 
and agitated by shaking f o r 3 hours of contact time. 

For adsorption, the c a r r i e r s were ground to an 18-
25 mesh, s t e r i l i z e d dry, and placed i n a 37°C incubator 
overnight to produce a dry c a r r i e r . A quantity of 0.5 
gms of each c a r r i e r was added to 50 ml f l a s k s . Ten ml 
of concentrated yeast c e l l suspension was added to the 
c a r r i e r i n the f l a s k . At the end of 3 hours of contact 
time, the excess c e l l s were poured o f f , the c a r r i e r was 
washed 3 times with phosphate buffer and stored i n the 
r e f r i g e r a t o r p r i o r to the loading determinations. 

The coupling procedure involved the a d d i t i o n of 0.5 
gms of each c a r r i e r to separate 50 ml f l a s k s . The 
f l a s k s , with contents, were dry autoclaved and placed 
i n a 37°C incubator overnight to maintain the c a r r i e r 
dry. Ten ml of a 0.5% polyisocyanate i n acetone 
s o l u t i o n was added to each c a r r i e r . The f l a s k s with 
contents were shaken f o r 45 minutes at room temperature 
a f t e r which the coupling s o l u t i o n was decanted. Ten ml 
of concentrated yeast c e l l suspension was then added to 
each f l a s k and the f l a s k s were shaken f o r 3 hours a f t e r 
which the excess c e l l s were decanted and the immobi
l i z e d preparation was washed 3 times with phosphate 
b u f f e r . 

The ATP determinations of c e l l loadings were per
formed with the Biometer as p r e v i o u s l y described. 
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Figure 1. (a and b) Bioaccumulation of E. coli 
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20 IMMOBILIZED MICROBIAL CELLS 

The yeast, Saccharomyces c e r e v i s i a e , was si z e d 
p r i o r to immobilization. The average c e l l dimensions 
were 4 χ 5.5μ (2.5-4 χ 4-7) and about 20% of the c e l l s 
were 4.5 χ 7μ. The r e s u l t s of the bioaccumulation of 
t h i s microbe by adsorption are p l o t t e d i n Figure 4. 

The yeast, Saccharomyces amurcae, p r i o r to immo
b i l i z a t i o n were found to have dimensions of 5.5 χ 7μ 
(3-7 χ 6-9) i n terms of small, s i n g l e c e l l s while an 
a d d i t i o n a l population of la r g e r , double c e l l s which 
co n s t i t u t e d approximately 75% of the population were 
found to be 6-8 χ 13-18μ. These c e l l s were immobilized 
by coupling with polyisocyanate and the r e s u l t s of t h i s 
study are p l o t t e d i n Figure 5. 

Bioaccumulation of

The spores of t h i s organism were observed to range 
from 3-5μ. These spores were eluted from a mature 
growth i n a Blake b o t t l e with a s t e r i l e phosphate 
b u f f e r . The suspension was made to 100 ml with b u f f e r . 
Ten ml of the spore suspension was added to each 50 ml 
microfernback f l a s k which had been dry autoclaved with 
1 gram of c a r r i e r and dr i e d overnight p r i o r to i t s use. 
Af t e r 3 hours of shaking at room temperature, the 
excess spores were poured o f f , the c a r r i e r was washed 
3 times with phosphate buffer and stored overnight at 
8°C. The quantity of spores that was adsorbed by the 
various c a r r i e r s was determined by ATP measurement and 
the r e s u l t s are p l o t t e d i n Figure 6. 

In order to determine the optimum pore diameter 
range for mycelial growth, 0.5 grams of each c a r r i e r 
with the immobilized spores was placed i n 75 ml of 
Sabouraud dextrose broth and the composite was allowed 
to shake on a shaker at room temperature. At the end 
of 27 hours, a sample of each c a r r i e r was taken and the 
amount of ATP was determined as a measure of myceli a l 
growth. The r e s u l t s are recorded i n Figure 6. 

Bioaccumulation of Streptomyces olivochromogenes. 

Equal amounts of spores i n phosphate buffer were 
added to 0.5 grams of each of the c a r r i e r s . The spores 
and c a r r i e r s were allowed to react together for 48 
hours. The non-reacted spores were decanted and the 
c a r r i e r was washed 3 times with 2 ml a l i q u o t s of 
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s t e r i l e phosphate b u f f e r . These non-reacted spores 
plus the washings were c o l l e c t e d , the volume determined 
and then analyzed for p r o t e i n content. The quantity 
of p r o t e i n adsorbed i n the c a r r i e r was c a l c u l a t e d as 
the d i f f e r e n c e between the i n i t i a l content of p r o t e i n 
i n the r e a c t i n g volume containing the spores and that 
contained i n the non-reacted spores plus the washings. 

The washed c a r r i e r containing the spores was 
separately t r a n s f e r r e d to a f l a s k containing 50 ml of 
Emerson broth medium. Mycelium formation w i t h i n the 
c a r r i e r pores was evaluated a f t e r incubation with 
shaking for 24 and 48 hours at room temperature. 

At the end of the stated periods of incubation, 
the c a r r i e r was separate
fugation and washed
buf f e r , pH 7.0. The p r o t e i n content w i t h i n the c a r r i e r 
was determined by the procedure described p r e v i o u s l y . 
The r e s u l t s of both the spore accumulation and the 
my c e l i a l growth wi t h i n the c a r r i e r are reported i n 
Figure 7. 

Bioaccumulation of Pénicillium chrysogenum. 

The techniques for the immobilization of the spores 
and the handling of the c a r r i e r materials was essen
t i a l l y the same as those described for the o l i v o -
chromogenes experiments. The washing of the c a r r i e r s 
and the determination of p r o t e i n content were conducted 
i n the same manner as p r e v i o u s l y described. Other than 
the m o d i f i c a t i o n of a l c o h o l quantity for e x t r a c t i n g the 
p r o t e i n , the only other change was the medium for 
m y c e l i a l growth. In place of the Emerson broth, 50 ml 
of an aqueous medium having a pH of 6 . 3 with the 
following composition was u t i l i z e d for the growth of 
P. chrysogenum; 2% l a c t o s e , 1% glucose, 0.2%KH2PO4, 
0.125% N H 4 N O 3 , 0.05% Na 2S0 4, 0.025%MgSO4, 0.002% MnS04, 
0.00025% CuSO4, and 0.002% ZnS04. A s i n g l e incubation 
of 48 hours was employed. 

The r e s u l t s obtained with P^ chrysogenum are 
recorded i n Figure 8. 

Results and Discussions 

Upon perusal of the f i g u r e s , i t becomes rather c l e a r 
that at l e a s t one optimum i s noted for the bioaccumu-
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l a t i o n of each microbe when one p l o t s the number of 
v i a b l e c e l l s or biomass/gram versus the average pore 
diameter of the c a r r i e r . i f we now attempt to define 
the c r i t i c a l parameter of the microbe which governs 
the optimum loading, i t becomes necessary to d i v i d e 
these studies i n t o three groups. The f i r s t group of 
studies include those microbes that reproduce by 
f i s s i o n (E. c o l i , j3. marcescens, B. su b t i l u s ) , the 
second group c o n s i s t s of those that reproduce by 
budding (Saccharomyces c e r e v i s i a e , Saccharomyces 
amurcae) and the t h i r d group c o n s i s t s of those microbes 
that e x h i b i t m y c e l i a l growth and produce spores (A. 
niger, £>. olivochromogenes, JP. chrysogenum) . 

i n the case of microbe
the maximum accumulatio
occurs when the pore diameter i s between 1 and 5 times 
the major dimension of the microbe. Since i t i s 
exceedingly d i f f i c u l t to obtain a porous material that 
contains pores only of one diameter, and since there 
i s a considerable v a r i a t i o n i n the major dimension of 
a microbe, i t i s very d i f f i c u l t to f u r t h e r r e f i n e t h i s 
r e l a t i o n s h i p . The v a r i a b i l i t y of the length of a 
microbe may best be i l l u s t r a t e d i n the case of Ε. c o l i 
whose major dimension may vary i n a s i n g l e c u l t u r e 
from 1 to 6 microns. According to the previous hypo
t h e s i s , then, the optimum pore diameter f o r accumu
l a t i n g a high biomass of E. c o l i should be between 1 
and 30μ. Thus, a c a r r i e r material having a major 
p o r t i o n (at l e a s t 70%) of the pores i n the 1-30μ 
diameter range would accumulate the highest biomass of 
E. c o l i . A material having the major portions of i t s 
pores under 1 micron would exclude a good percentage 
of these c e l l s while a material having the predominant 
number of pores above 30μ would not have as high a 
usable surface area f o r bonding the c e l l s . This, i n 
f a c t , i s supported by the data p l o t t e d i n Figures l a 
and l b . Upon examination of the data i n Figure 2 for 
jS. marcescens and Figure 3 for B. s u b t i l u s , i t may be 
noted that the same r e l a t i o n s h i p holds. 

A previous study— which involved the r e l a t i o n s h i p 
of enzyme immobilization and pore diameter i n d i c a t e d 
that the optimum loading occurred when the pore d i a 
meter was twice the major dimension of the enzyme. 
L o g i c a l l y speaking, t h i s should have been the same 
case for microbes; however, i f we consider not only the 
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v a r i a t i o n of the microbe s i z e but, i n add i t i o n , the 
fa c t that the microbe increases i n s i z e as i t undergoes 
reproduction by f i s s i o n , then i t i s c l e a r that the 
optimum pore diameter would of necessity be substan
t i a l l y greater than twice the major dimension of the 
c e l l . i n order to examine t h i s s i t u a t i o n , l e t us con
side r a model system i n which a l l of the c e l l s have 
the major dimension of one micron. When the c e l l 
undergoes f i s s i o n , i t increases i n length to approxi
mately 2 microns. I f two of these c e l l s j u s t p r i o r to 
separating were immobilized opposite each other on the 
walls of the pores, i n order to undergo f i s s i o n there 
must be at l e a s t 4\x i n pore diameter. Now i f another 
c e l l required passag
at l e a s t another micro
of 5 microns. Therefore, a minimum of 5 microns or 5 
times the major dimension of the microbe would be r e 
quired for optimum growth and accumulation of c e l l s 
w i t hin the pore. In f a c t , i n the three studies of 
microbes that reproduce by f i s s i o n , i t may be noted 
that 5 times the smallest f i g u r e given for the major 
dimension appears to be the peak value for biomass 
accumulation indépendant of the mode of immobilization. 

In the second case, that of reproduction by 
budding exemplified by the yeast studies i n Figure 4 
and 5, the r a t i o n a l e for the dimensions of optimum 
pore can be expressed i n the following manner. When a 
c e l l i s immobilized on the wall of a pore that i s 
opposite another immobilized c e l l , and ea c h - c e l l pro
duces a bud proximally to the opposite c e l l , t h e i r 
length w i l l increase by approximately times. 
This produces c e l l masses on opposite sides of the 
channel r e q u i r i n g pores approximately 3 times the 
c e l l ' s t o t a l length. Now, i f a t h i r d c e l l i s to pass 
the 2 f i x e d on the walls, a proper channel must be 
l e f t which would be approximately 1 major c e l l 
dimension. Therefore, to allow passage and immobi
l i z a t i o n of yeast, we must make use of pores of 
approximately 4 times the maximum dimension of the 
yeast c e l l employed. 

In each of the f i g u r e s , percentages appear at those 
points p l o t t e d on the curve. This f i g u r e represents 
the percent of the pores i n the c a r r i e r that f a l l 
w i t h i n the range of the smallest to the l a r g e s t pore 
diameter for the optimum bioaccumulation of that 
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p a r t i c u l a r microbe. Those points that do not contain 
a percentage f i g u r e have 100% of t h e i r pores f a l l i n g 
w i t h i n the optimum range. 

I t can be noted i n the graph (Figure 4) for 
Saccharomyces c e r e v i s i a e that a s i n g l e , f a i r l y broad 
curve extending from 3 to 40μ contains two peaks. 
This observation c o r r e l a t e s very well with the f a c t 
that the average c e l l dimensions were 4 χ 5.5μ (2.5-4 
χ 4-7) while 20% of the c e l l s were 4.5 χ 7μ i n length. 
The amount of v a r i a b i l i t y within t h i s c u l t u r e accounts 
for the broad, double peak. The sharp drop at 3.5μ 
was not caused by the s i z e of the average pore but 
rather by the reduction i n the large pore diameters 
which appear to optimall
the data f o r the 4.

Saccharomyces amurcae was studied by immobilization 
on various c a r r i e r s by chemical coupling. In t h i s 
study, because the c u l t u r e was b a s i c a l l y biphasic, 
small s i n g l e c e l l s and large d u p l i c a t i n g c e l l s , the 
graph (Figure 5) again shows a double peak with the 
major peak i n the range of 13-40μ. This c o r r e l a t e s 
well with the observation that the average small c e l l s 
were 5.5 χ 7μ (3-7 χ 6-9) and that the l a r g e r , double 
c e l l s which con s t i t u t e d approximately 75% of the popu
l a t i o n were 6-8 χ 13-18μ long. 

The yeast experiments demonstrate that independent 
of the method of attachment, the optimum pore diameter 
for accumulating biomass of a budding form i s 1 times 
the smaller dimension to 3-4 times the l a r g e s t of that 
microbe. 

The r e s u l t s recorded i n Figure 6 for the bioaccu
mulation of A. niger i n d i c a t e that although the highest 
quantity of spores was immobilized i n the smallest pore 
diameter material (3.5μ), the pore was not large enough 
to allow a great deal of mycelial growth. The average 
s i z e of these spores was 4μ (3-5μ) . A key point to note 
i s that the highest recorded value for mycelial growth 
was i n a material that had an average pore diameter of 
40μ and only 91% of those pores were i n the range that 
we b e l i e v e i s optimum for the bioaccumulation which i s 
1 times the smallest diameter (3μ) , and 16 times the 
l a r g e s t spore diameter (5μ). Although the spore immo
b i l i z a t i o n curve i n d i c a t e s that approximately the same 
number of spores was immobilized i n the 40μ material as 
was immobilized on the non-porous glass, a marked i n -
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crease i n myc e l i a l growth was noted with the 40μ glass 
while neither the 195μ or the non-porous glass demon
str a t e d the same l e v e l of growth. 

Since an uninterrupted p l o t between the 40μ and the 
195μ glass i n the growth curve i n d i c a t e s that 80μ 
average pore diameter would allow growth equivalent to 
that noted at 13μ, i t appears c l e a r that the upper 
l i m i t of pore s i z e i s 80μ which i s 16 times the l a r g e s t 
spore diameter (5μ) . 

The information i n Figure 7 for S. olivochromogenes 
which e x h i b i t s spores of between 1-2.5μ i n diameter 
i n d i c a t e s a marked surface e f f e c t on spore adsorption 
and mycelial growth by the various inorganic c a r r i e r s . 
The more negative f r i t t e
but allows much mor
hour period than the l e s s negative surface of the 
c o r d i e r i t e - t y p e c r y s t a l l i n e m a t e r i a l . 

Based on the data recorded for a s i n g l e c a r r i e r , i t 
appears that z i r c o n i a ceramic adsorbs more spores than 
e i t h e r the c o r d i e r i t e or the g l a s s . I t also should be 
noted, however, that t h i s surface e f f e c t i s not per
manent but rather i s s u b s t a n t i a l l y eliminated a f t e r 48 
hours of growth. This phenomenon i s not t o t a l l y un
expected and can be explained i n the following manner. 
The f i r s t deposition or monolayer of c e l l s w i l l 
obviously be e f f e c t e d v i a d i r e c t contact with the 
c a r r i e r surface. Subsequently as growth continues and 
t h i s new growth becomes more and more remote from the 
surface, the dimensions of the c a r r i e r pores exert a 
much greater e f f e c t on bioaccumulation than does the 
surface. 

The diameter of _S. olivochromogenes spores range 
between 1 and 2.5μ. An examination of the curve 
representing mycelial growth on f r i t t e d glass a f t e r 
24 hours and the curve representing the composite of 
myce l i a l growth on the c a r r i e r s a f t e r 48 hours i n 
dicates that a high biomass accumulation occurs at 
about 16 times the l a r g e s t dimension of the spores 
(16 times 2.5μ = 40μ). I t should also be noted that 
i n the f r i t t e d glass having an average pore s i z e of 
40μ, only 53% of the pores were between 1-40μ rather 
than the 70% suggested to obtain optimum accumulation. 
Under these circumstances, the accumulation of biomass 
was not s i g n i f i c a n t l y d i f f e r e n t from that obtained 
with f r i t t e d glass having an average pore diameter of 
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195μ where none of the pores f a l l w i t h i n the 1-40μ 
range. 

Our studies of P. chrysogenum, Figure 8, whose 
spores range between 2.5-4.5μ i n diameter, i n d i c a t e 
that contrary to the behavior noted with respect to 
£>. olivochromogenes, l i t t l e or no surface c o n t r i b u t i o n 
on spore bioaccumulation occurred. A f t e r m y c e l i a l 
growth of 48 hours, however, the V. chrysogenum 
appeared to prefer the l e s s negative c o r d i e r i t e over 
the very negatively charged f r i t t e d g l a s s . This, of 
course, i s d i a m e t r i c a l l y opposed to the r e s u l t s with 
S. olivochromogenes. 

Although the myc e l i a l growth curve on glass 
appears to have l e v e l e
only 85% of those pore
(1 times the smallest dimension) and 72μ (16 times the 
l a r g e s t dimension). Since the spore adsorption curve 
e x h i b i t s a tremendous drop between 40μ and 195μ and 
the 48 hour mycelial growth curve for c o r d i e r i t e 
appears to p a r a l l e l the 48 hour mycelial glass curve 
but i s s i g n i f i c a n t l y higher, i t would appear as though 
major accumulation would s t i l l occur at 72μ which i s 
16 times the l a r g e s t spore dimension. 
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The Biophysics of Cellular Adhesion 

D. F. GERSON and J. E. ZAJIC 

Faculty of Engineering Science, The University of Western Ontario, 
London, Ontario, Canada 

Immobilization of whole microbial ce l ls for industrial pur
poses eliminates the nee
attachment of enzymes an
ronment maintained at optimal conditions by ce l lu lar metabolic 
and transport a c t i v i t i e s . Adhesion of microbial ce l l s to inert 
substrata often occurs in nature and greater understanding of 
these natural processes may lead to advances in the technology of 
whole ce l l immobilization. Mechanisms of attachment in natural 
systems involve adhesive microexudates produced by the cells, 
e lectrostat ic attraction, and anatomical projections which cl ing 
to the support surface. The chemical methods which have been 
used for whole ce l l immobilization have recently been reviewed 
by Jack and Zajic (1). 

I. The Surface Physics of Adhesion 

A. Surface Free Energies. Surface free energies must 
dominate any explanation of the adhesion between different phases 
which are not mechanically l inked. Current levels of under
standing of adhesiveness are such that actual adhesive strengths 
are always much less (1-0.1%) than those predicted by thermo
dynamic analysis, and often there is apparently little correla
tion between the two. Further refinement of the theory of 
adhesiveness w i l l require understanding of the importance of 
flaws in an adhesive jo int and of the relat ive contributions of 
polar and dispersive Van der Waal's interactions. The following 
is an analysis of adhesion in terms of surface free energies. 

The surface of a substance or phase requires an extra term 
in the description of its energy which is due to its location 
at a boundary where there is a sharp change in concentration or 
properties of the substance. The energy associated with this 
location is the surface free energy and is described by the 
energy required to form a new unit area of surface (Eq. 1). 

0-8412-0508-6/79/47-106-029$07.00/0 
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(1) 

where: G = Gibbs free energy 
A = area 
γ = surface free energy per unit area 

Surface tension (the force required to part a unit length of sur
face) is equivalent to surface free energy for l iqu ids , but this 
is not necessarily true for sol ids. 

Surface energies for some l iquids and solids are given in 
Table 1. It is re lat ively simple to measure these values for 
l iquids by drawing a wettable sol id through the interface and 
measuring the force required to part 3 unit length of the inter 
face. Clearly, this is not easily done for a so l id . (Breaking 
strength, see below, depends on too many practical considerations 
to be an accurate measur
successful method for measuring sol id surface energies is due to 
Zisman (.2,2)· In this method (Fig. 1) , the surface energy of the 
sol id with respect to a part icular l iqu id (or l iqu id type) is 
given by the maximum l iquid surface tension required for wetting 
the sol id surface (zero contact angle). This is the c r i t i c a l 
surface tension, Y c , and is a measure of the sol id surface en
ergy, Y s , but may not be identical to i t . In general, Y c is less 
than Y s , and this error results from a variety of interactions 
between the part icular so l id and l iquid under study (see below). 
The method is also applicable to the study of l iqu id surfaces. 

B. Solid Surface Free Energies. The determination of the 
surface energy of solids (T s) involved in an adhesive jo int i s 
crucial to any calculations of the thermodynamic properties of 
that interface. Zisman1s method involves determination of the 
contact angles of a series of similar l iquids (e.g. n-alkanes) 
having a range of surface tensions. The usual result is that as 
l iqu id surface tension decreases, the cosine of the contact angle 
on a given sol id increases l inear ly unti l spreading occurs (0=0°, 
cos0=l). The maximum l iqu id surface tension which w i l l result in 
spreading is the c r i t i c a l surface tension Y c . This empirical 
result is given by Equation 2. 

where: θ = contact angle of the l iquid on the sol id 
γ £ν = liquid-vapour surface energy 
b = slope of l ine relating γ £ν to cos0 

This approach to the determination of Y s is generally useful , but 
suffers from observed non- l inearit ies when polar l iquids are used. 
More thorough understanding of the relations between measured 
contact angles and sol id surface tensions depends on the combina-

cos0 = 1 + b( Yc - y £ v ) (2) 
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Table I 

Surface Tensions of Liquids and Surface Energies of Solids 

a) Liquids 
Substance Surface Tension 

(dynes/cm7 
NaN03, 30% (w/v), aqueous 80.5 
CaCl 2 , 10% (w/v), aqueous 74.9 
water 73.0 
glycerol : 20% aqueous 70.9 

82% aqueous 65.3 
pure 63.4 

ethyleneglycol, 55% aqueou
n-hexadecane 27.3 
polyethylene glycol-6000 24 
ethanol 22.3 
n-hexane 18.4 

b) Solids Substance Surface Energy 
(ergs/cmz) 

platinum -1800 
glass - 700 
mica - 350 
ice 106.0 
poly(hexamethyleneadi pami de)[Nylon-66] 46.0 
glass, 0.6% relat ive humidity 45.0 
poly(ethyleneterephthalate)[Mylar] 43.0 
poly(vinylidene chloride) 40.0 
po lyv iny l chloride) 39.0 
Tellurium 35.5 
poly(styrene) 33 
Selenium 32 
poly(ethylene) 31.0 
glass, 95% relat ive humidity -31.0 
Sulfur: amorphous 31.5 

monoclinic 30.5 
orthorhombic 30.0 

po l yv iny l f luoride) 28.0 
poly(vinylidine fluoride) 25.0 
n-hexatriacontane 21.0 
poly(tetrafluoroethylene) 18.5 
poly(perfluorostyrene) 17.8 
poly(perfluoropropylethylene) 15.5 
poly(lH,lH-pentadecafluorooctylmethacry1ate) 10.6 
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Figure 1. Plot of liquid surface tension 
vs. cosine of contact angle on a hypo
thetical solid. Spreading occurs when 
cos 6 = 1 and the corresponding surface 
tension, yc, is the critical surface tension 

of the solid. 
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tion of a basic analysis of the forces maintaining drop shape on 
a surface and the experimental correlations between contact angle 
and l iqu id surface tension. Young's equation (Young, de
scribes the balance of forces present for a l iqu id drop located 
on a surface (Eq. 3). The contact angle, θ, is the equilibrium 

where: y $ v = solid-vapor interfacia l free energy 
γ $ £ = so l id - l i qu id interfacia l free energy 

contact angle, which in practice is d i f f i c u l t to determine since 
contact angle shows hysteresis between an advancing maximum and 
a receding minimum. In application to a part icular problem, 
however, one of these i
their average may be clos
t a l l y , a strong correlation was found between Y s v , calculated 
from Equations (2) and (3) ( Y c - Y s v ) , and the interaction para
meter, Θ, given by Equation 4 (Good and G i r i fa l co , 5_ and Good, 
6). The correlation is given by Equation 5. 

φ = Y sv + Ύ*ν - Y s * ( 4 ) 

2 / Y s v Y £ v 

φ = -.0075 ysi + 1.00 (5) 

Use of the interaction parameter to correct for non- l ineari t ies 
present in plots of cosO vs Y £v resulted in the following equa
tions (Eq. 6,7)(Neumann et a l , 7_,8) which represent a great 
advance in bringing surface chemistry within experimental reach, 
and allow calculation of sol id surface energies from easily 
measured contact angles and l iqu id surface energies. Equation 6 
is cubic in Y £v and some care must be taken in selecting the 

γ + (0.015γ - 2 .00)/y~^~ 
cose = s v (6) 

= _ i v ^ v _ ( 7 ) 

1 - 0 . 0 1 5 / y ^ ; 

correct root. Neumann et al (8) have published a Fortran pro
gram which incorporates selection c r i t e r i a for the most appropri
ate value of Y s v . 

There is always some dependence of measured values of Y c on 
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the l iqu id used to make the measurement. These result from the 
net combination of dispersive, polar and other interactions be
tween the two phases and there have been a variety of attempts to 
explain, predict or cope with this problem in order to better 
predict Y s from Y c . Good ((5) has approached this through use of 
the interaction parameter (Eq. 4 ) , and has shown that the recip
rocal of φ is the coeff ic ient relating these when 6=0° (Eq. 5a) . 

If the data are avai lable, a good estimate of φ may be obtained 
from values of the po la r i zab i l i t y , dipole moment and ionization 
energies of both the l iquid and sol id phases (Good, Good and 
Elbing, ]0). Kitazaki an
Y c and were able to separat
uids (e.g. n-alkanes), polar l iquids (e.g. chloroform) and hydro
gen bonding l iquids such as water or glycerol . Rhee (12) com
bined Zisman's empirical equation with Young's equation to obtain 
a relation between Y c and ' s , but this of course includes the 
known inaccuracies of Zisman's empirical relation (Eq. 2 ) . 

C. Free Energy of Adhesion. The thermodynamic work of 
adhesion, Wa, describes the energy of separation at an interface 
and simply is the difference between the surface free energies of 
newly formed interfaces and the surface free energy of the inter 
face prior to separation. For a l i qu id -so l id jo int separated in 
a vacuum, the free energy of adhesion is given by Equation 8a; 
for separation in an atmosphere of the l iqu id vapor i t is given 
by Equation 8b. These free energies of adhesion are related by 
the spreading pressure or the energy of adsorption of the vapor 

on the s o l i d , π β , however this is usually considered to be neg
l i g ib le (Mi t ta l , 13J. In the fol lowing, i t is assumed that 
Wa = W' a . Equation 8 is generally applicable; but, for low 
energy solids and l iquids which display a f i n i te contact angle, 
Equation 9 may be used to calculate the free energy of cohesion 
(from Eq. 8 and Eq. 3, i . e . the Young-Dupré equation). 

W ' a = Y s v + Ύ λ ν " Y s£ 

(8a) 

(8b) 

W. 'a = " W 1 + c o s e ) = " A G a (9) 

where: AG = free energy of adhesion a 

D. Adhesive Strength. Even though calculated free energies 
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of adhesion are 100-1000 times larger than the observed strengths 
of adhesive j o in ts , there are some generalizations which describe 
the conditions for optimal adhesive strength. One cr i ter ion 
which is well borne out in practice is the des i rab i l i t y of a zero 
contact angle between the adhesive and the adherand sol ids . In 
terms of microbial immobilization, measurements of the contact 
angle of the glycocalyx or microexudate material on potential 
substrates for immobilization could be an extremely useful pre-
screening procedure. Given the des i rab i l i t y of a zero contact 
angle (e.g. γ £ν < Y sv) several different approaches have yielded 
the same c r i te r ia for maximum adhesion (Kitazaki and Hata, 21 
and M i t t a l , 13). From Zisman's empirical equation (Eq. 2) , the 
equation for adhesion tension (Eq. 10) and the assumption that 

τ =Y £ vcos0 (10) 

where: τ = adhesion tension 

maximum adhesion tension corresponds to maximum adhesive strength, 
one can derive the following relation between γ £ν and Y c for 
maximum adhesiveness (Eq. 11). This relation produces f a i r l y 
reasonable estimates of γ £ν for a given Y c and the residual error 

may be associated with the errors impl ic i t in Equation 2. In 
addit ion, Equation 11 corresponds to the condition of maximum 
penetration into cracks and crevices in the so l id materials, thus 
minimizing voids and other faults in the adhesive bond. 

Another cr i ter ion for maximum adhesive strength (Gray, 2_i) 
is a minimum Y s £ . This is especially interesting in terms of the 
work of Albertsson (15) which demonstrates that the interfacia l 
tensions between mutually immiscible col lo idal phases can be ex
tremely low (e.g. 0.001 dynes/cm). If this is the case for the 
interfacia l tension between the glycocalyx and the microbial ce l l 
w a l l , then this part of the adhesive jo int could be relat ively 
strong. A similar cr i ter ion could be applied to selection of 
immobilization substrates. 

In a good adhesive bond, the jo int is able to transmit both 
tensional and shear forces across the interface. Generally, an 
adhesive bond w i l l be weaker than either bulk material joined by 
i t since the predominant forces at the interface are Van der 
Waals while those in a bulk material are usually covalent. If 
one phase is a microorganism, this may not be true since a pro
portion of the "bonds" holding the organism together are not co
valent (e.g. hydrophobic association in the membrane; g lyco l ip id -
protein complexes). In macroscopic adhesive bonds, flaws are the 
primary source of weakness; since the area for bacterial adhesion 
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to a so l id is extremely small and since the bacterium i t s e l f is 
most commonly the source of adhesive materials, i t may be possi 
ble that ce l ls w i l l form joints which are very nearly free of 
flaws, and thus are more closely comparable in strength to the 
thermodynamic adhesion energy. 

E. Free Energy of Entrapment. One excellent method for 
immobilization of whole ce l ls is entrapment in droplets of an 
immiscible l iqu id or polymer (Jack and Zaj ic , 1 and Larsson et 
a l , ]6). The surface physics of this situation are quite s imi 
lar to those described by Neumann et al (17) for the engulfment 
of part icles by a sol id i fy ing melt (or polymerizing polymeric 
bead). The stages of this process are diagrammed in Fig. 2, and 
the free energy changes are as follows: The overall free energy 
change is simply the difference between the inter fac ia l free 
energies prior to and following entrapment (Eq. 12). 

AGnet = γ < ; λ - γ ε ρ (12) 

where: AGnet = net free energy change 
γ . = c e l l - l i q u i d interfacia l free energy 
γ£ρ = cell-polymer interfacia l free energy 

If i t is assumed that a microbial ce l l is spher ical , then 
the entrapment process proceeds by 2 steps: part ial immersion 
(step 1, F ig. 3) and total entrapment (step 2, F ig . 3). If AGi 
is negative, attachment is spontaneous, and i f AG2 is negative, 
complete engulfment by the polymeric droplet is spontaneous (AGX 

could be positive while AG2 is negative, but the consequences of 
this are uncertain). Calculation of these free energy changes 
u t i l i zes the equations described above and requires knowledge of 
the relevant surface and interfacia l free energies. The surface 
energy of l i v ing ce l ls has been measured by van Oss et al (18) 
using contact angles and relat ively simple techniques, so this 
does not pose a s ignif icant problem (see below). It should be 
noted, however, that ce l ls of different species and even ce l ls of 
different strains of the same species may have widely different 
surface free energies, and thus the surface energy of the ce l ls 
should be measured under conditions close to those which w i l l 
exist at the time entrapment or attachment is attempted. It i s , 
of course, possible to increase entrapment eff ic iency by rapid 
so l id i f i ca t ion of the entrapping polymer and overcoming the im
pl ications of equilibrium thermodynamics by i r reversible condi
t ions. The quality of entrapment or the strength of attachments 
made under these conditions is not predictable. 

F. Molecular Properties and Surface Free Energies. LITti-
mately, both adhesion phenomena and surface free energies are a 
consequence of the molecular properties of materials. These 
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Table II 

Electrodynamic Attractive Forces and Work of Adhesion 
Between Cells and Solid Surfaces 

Sol id 

Platinum 
Quartz 
Polystyrene 
Polyethylene 
Teflon 

Electrodynamic Attractive Force 
(dynes/cm7!7 Wa (ergs/cm2)** 

9.0 
2.4 
1.8 
1.8 
0.7 

10* 
101* 
10* 
101* 
10* 

*Parsegian and Gingel l , (19) 
**Ysv of ce l l taken as

Θ 
phase 1 

phase 2 

=1800 
915 

79 
76 
54 

Δ 6
2 = ^ 2 Β " Υ ι Β ) + * ( υ , 2 > •0 

Figure 2. Thermodynamics of the engulfment of a bacterium Β by Phase 2 from 
Phase 1. Step 1, AGlf approximates the free energy of adhesion. The net free 

energy change is AG«e, = y2B — JIB-

0 Separation (Â) 100 

Figure 3. Net interaction energy vs. 
separation distance. At small separations 
the primary minimum surface energy 
effects predominate, at the secondary 
minimum electrostatic effects predomi

nate. 

In Immobilized Microbial Cells; Venkatsubramanian, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



38 IMMOBILIZED MICROBIAL CELLS 

intermolecular forces can be categorized as follows: (1) Van der 
Waal s forces, consisting of the attraction between a) permanent 
dipoles (Keesom forces), b) dipoles induced by other permanent 
dipoles (Debye forces) or c) s ta t i s t i ca l dipoles resulting from 
the random motion of electrons in non-polar materials (London 
forces). A l l of these subcategories of Van der Waal s forces have 
some importance in the adherence of bacteria to their glycocalyx 
and of the glycocalyx to a substratum. (2) Hydrogen bonds are 
intermediate in strength between covalent bonds and most Van der 
Waals forces, although they are a type of dipole-dipole interac
t ion (about 5 kcal/mole of bonds). 

Van der Waal s forces are suff ic ient to explain observed 
strengths of adhesion as well as many values predicted from meas
urement of surface energies. Explanation, calculation and pre
diction of the Van der Waals forces from^molecular properties is 
d i f f i c u l t and complex. On
part icular ly noteworthy
Van der Waals forces from data which, i f not already avai lable, 
are obtained with relat ive ease. Parsegian (19, Parsegian and 
Gingel l , 20) has combined theories of molecular interaction (e.g. 
DLVO theory) and more recent developments in s ta t i s t i ca l mechanics 
(L i f sh i t z , 21) to provide a relat ively comprehensive approach to 
the calculation of Van der Waals forces from electromagnetic spec
t ra l data covering the range from microwaves to the infrared to 
the u l t rav io let . These results allow calculation of the attrac
tion between materials separated by one or more intermediate 
phases and thus are applicable not only to the idealized attach
ment of ce l ls to sol id substrates by an adhesive, but also to the 
more r e a l i s t i c attraction of multi-coated ce l ls to adsorbed layers 
on so l id substrates (Ninham and Parsegian, 22). Parsegian and 
Gingell (20) have made calculations of the attractive interactions 
between hypothetical ce l ls (hydrocarbon membrane coated by a poly
saccharide layer) and actual inert substrata. Unlike calculations 
based solely on measured surface energies ( Y c ) , these electrody
namic interactions can be calculated for and show differencgs be
tween solids having zero contact angles. At a range of 50 A » the 
electrodynamic attractive forces calculated by this method for a 
variety of surfaces are given in Table 2. These are compared to 
the calculated free energy of adhesion (Eq. 8,9) for a ce l l with 
a surface energy of 68 dynes/cm in a di lute sa l t solution. There 
is a general correlation between the values obtained by experi
mentation and values obtained by calculat ion, although the condi
tions are s l ight l y different. 

Several problems exist in the application of calculated Van 
der Waals forces to microbial adhesions. F i r s t l y , calculation of 
the relation between net attraction and distance f a i l s at small 
distances (Fig. 3) , and i t is in the region of this primary mini
mum that calculations based on measured surface energies apply. 
Secondly, this type of calculation does not spec i f ica l l y include 
the effects of surface charges: net surface charge or a mosaic of 
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surface charges on the substratum and ce l l surface can result in 
either attraction or repulsion depending on charge distr ibut ion 
and cel l geometry. In a l l probabi l i ty , detai ls such as these can 
be added to Parsegian's analysis to improve i t s appl icabi l i ty to 
specif ic biological adhesion problems. 

Less detailed approaches to the calculation of surface prop
ert ies from measures of polarity have also been made. The inter 
action parameter, φ, can be calculated with some accuracy from 
independently measured values of the dipole moment, molecular 
po lar i zab i l i t y and ionization energy (Good, 6) · W u (23) has sepa
rated polar and dispersive components of interfacial and surface 
tensions and has demonstrated that adhesion depends on a matching 
of the polar i t ies of the adherent materials. 

G. Electrostatic Contribution to Adhesion. Surface free 
energies describe adhesio
been achieved between th
from a distance into molecular contact with a surface requires 
consideration of long-range forces which influence approach. Two 
factors are of prime importance to the attachment of microbial 
ce l ls to sol id surfaces: 1) electrostat ic interactions and 2) 
fine surface projections. 

The surface of ionizable substances attracts ions of opposite 
charge. A monolayer of oppositely charged ions may be i n s u f f i 
cient to neutralize the surface and further layers may build up. 
These ions w i l l also attract free ions having charge of the same 
sign as the surface. Thus there is a diffuse cloud of ions con
centrated around an ionizable surface or par t ic le . In an e lect r ic 
f i e l d , this cloud w i l l shear at some radius, leaving the part ic le 
and i t s cloud with a net charge. This net charge is known as the 
zeta potential ( ζ ) . This and other electrokinetic phenomena are 
discussed by Sennett and Oliver (24). 

Zeta potential is determined"Trom electrophoretic mobility 
(v) with the Helmholtz-Smoluchowski equation (Eq. 13). 

where: ζ = zeta potential 
η = viscosity of l iquid 
D = d ie lect r ic constant of l iqu id 

From the zeta potential i t is possible to obtain an approximate 
value for the surface charge density (Abramson et a l , 25). 
Clearly, ce l ls w i l l be attracted to surfaces of opposite zeta 
potent ial . If ce l ls have the same zeta potential as a surface, 
attachment is s t i l l possible provided the electrostat ic barrier 
can be penetrated by small surface projections (van Oss et a l , 28.; 
Gr innel l , 26). Zeta potentials and the adhesion of microbes have 
been reviewed by Daniels (Z7), Martin (28), and Marshall (29). 
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II. The Biophysics of Cell Adhesion 

A. Surface Energy of Sol id Substrata: Low Energy Surfaces. 
A variety of studies with both low and high energy surfaces have 
demonstrated that microbial attachment to solids has 2 important 
aspects: the quantity of ce l ls adhering and the strength of the 
adhesion. Low energy surfaces tend to quickly accumulate large 
numbers of poorly attached c e l l s , while high energy surfaces 
slowly accumulate small numbers of more firmly attached ce l ls 
(DiSalvo, 32» DiSalvo and Daniels, 31_K Variation from this be
haviour appears to be correlated with factors other than the sur
face energy of the s o l i d . 

Fletcher (32) studied the attachment of a marine pseudomonad 
(NCMB-2021) to polystyrene ( Y c - 33 ergs/cm2) and found that the 
density of adherent ce l ls depended on the condition of the bac
ter ia l suspension. Adhesion followed a Langmuir adsorption iso 
therm (Eq. 14). 

e = k , W a = F 4 4 [ F r <14> 
where: θ = fraction of surface covered by bacteria 

k* = proportionality between θ and [x ] a 

k = adsorption coeff ic ient 
[x] = concentration of bacteria in suspension 
[xl = number of adsorbed bacteria per unit area 

a (100y2) 

In general, k w i l l depend on properties of the bacterial surface 
(e.g. Y c ) and w i l l regulate the rate at which bacteria become 
attached to the surface, while k' w i l l depend on properties of the 
sol id surface and wi l l be related to the rate at which bacteria 
desorb from the surface. For polystyrene and this pseudomonad, k' 
was around 2.5 χ 1 0 8 ; k was around 5.0 χ 108 but this depended 
strongly on culture age. Similar results were obtained by Flood
gate (33) in studies of marine Arthrobaater species. From his 
data i t can be calculated that k' for this organism is around 7 χ 
103 (for [x] a in 0.01 mm2 uni ts) , and k is around 28 χ 10 3 . The 
normal concentration of this organism in the region i t inhabits is 
in the order of 5 χ 103 ce l ls/ml , or s l ight ly below i ts k' for 
attachment. Since this attachment occurred in nutrient free 
media, the importance of physical aspects of the ce l l -g lass inter 
action are probably more important than are aspects of the adsorp
tion of a f i lm of highly concentrated nutrients. 

In a further study of Pseudomonas NCMB 2021, Fletcher and 
Loeb (34) compared attachment to a variety of low energy surfaces. 
Their ciata, together with data from Zisman {3, 35), Metsik (36) 
and Mittal {V3j is plotted in Figure 4. This curve is very s imi 
la r to curves relating γ ο or Wa to adhesive strength for plast ics 
(Dyckerhoff and S e l l , 37) and metals (Kitazaki and Hata, VVj. The 
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Figure 4. Adhesion of Pseudomonas NCMB-2021 vs. surface energy of solid 
substrate. See text. 
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results obtained with these materials indicate that adhesive 
strength increases up to approximately the point at which the 
surface free energies of substrate and adhesive are equal, and 
then decreases. This situation corresponds in part to the c r i 
ter ia for maximal adhesive strength discussed above, however in 
this case the surface free energy of Pseudomonas sp. NCMB 2021 is 
unknown. 

Growth of the highly hydrophobic Mycobacterium tuberculosis 
posed a considerable problem for medical microbiologists unti l i t 
was discovered that M. terberculosis would adhere to and grow on 
si l icone covered glass, whereas growth in suspension culture was 
poor. For this purpose, glass surfaces were coated either with 
dimethyl s i l icone f l u i d or with S i l i c l a d (Clay-Adams) giving a 
surface free energy of about 20 dynes/cm2 (Higashi, et a l , 38, 
Tsukuma, et a l , 39). Mycobacteria are much more hydrophobic ( Yc -
16 ergs/cm 2, see data o
Cc - 68 ergs /cm 2). Thi
since the alveolar a i r interface of the mammalian lung is now 
known to have a surface energy of about 10 ergs /cm2 (Schurch, et 
a l , 40) and i t may be that the hydrophobic!ty of the lung surface, 
l i ke that of the si l icone surface, is especially conducive to the 
attachment and growth of these ce l ls (see y c of water, below). 

Growth of Mycoplasma pneumoniae is also stimulated by attach
ment to solid surfaces. Robinson and Manchee (41) surveyed sev
eral myooplasma cultures (9 species, 43 strainsT~for adherence to 
glass and polystyrene, and for the adherence of red blood ce l ls to 
the mycoplasma c e l l s . Adherence to polystyrene was greater than 
that to Pyrex or soda glass. There was a poor correlation between 
strains adhering to p last ic or glass and strains to which red 
blood ce l ls adhered. Erythrocytes have a surface energy of 67.7 
ergs/cm 2 (van Oss et a l , 1_8) and polystyrene culture dishes have 
a surface energy of approximately 5 6 ergs /cm 2 . Other surfaces 
were not tested, but this group of organisms appears to be simi lar 
to Pseudomonas NCM 2021 in i t s relat ive response to high and low 
energy surfaces. 

Many cel l types adhere to low energy surfaces, and this ad
herence is often of considerable importance either economically 
or to the growth of the c e l l . Removal of viruses from water 
during pur i f icat ion can be effected by adsorption to low energy 
surfaces of coal (Oza and Chaudhuri, 42). Recently the surface 
energies of several viruses have been measured and range from 68 
to 63 ergs/cm2 (Gerson and Erickson, 43). Gr i f f i th and Bultman 
(44) have measured the adhesive strengtiï of barnacles to aluminum, 
PTFE-fluoroepoxy and PTFE-fluoropolyurethane surfaces. Measured 
values of adhesion decreased as the surface energy decreased 
(Aluminum: 6.7 kg/cm2; PTFE-Epoxy: 4.0 kg/cm2; and PTFE-fluoro
polyurethane: 1.1 kg/cm2). An attempt to decrease the adhesion 
of marine microbes to glass surfaces by s i lan iz ing the surface to 
reduce the surface energy resulted in greater numbers of microbes 
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adhering to the surface, but less tenaciously than with untreated 
glass (DiSalvo and Daniels, 31). 

Cellulose has a surface free energy of about 40 ergs/cm2, 
and values for natural woods vary between about 40 and 58 (Marian, 
45, Herczeg, 46, Nguyen and Johns, 47). Latham et al (48) have 
studied adhesion of Ruminococcus flavefaciens to cotton cel lulose 
and to the cel l walls of rye grass (Loliam perenne). This bac
terium selectively adheres to ce l l walls from the epidermis, 
sclerenchyma, phloem and mesophyll, but not to bundle sheath 
c e l l s , metasylem, protoxylem, cut ic le or protoplasts. R. flave
faciens produces an adhesive glycocalyx composed of a glycoprotein 
containing rhamnose, glucose and galactose. Adhesion was a pre
requisite for degradation of the plant ce l l wall material . Re
sults for various types of woods and for early as opposed to late 
wood indicate that there may be considerable variation in the sur
face free energies of th

B. Adhesion to High Energy Surfaces: Glass and Clays. 

1. Glass. Glass is a high energy surface ( Ys - 700 
ergs/cm2) which often serves as a substrate for the adherence of 
microorganisms. Certain aspects of this adhesion undoubtedly 
depend on both the formation of surface films of either bound 
water or organic molecules prior to colonization (see below) or 
on the negative surface charge usually present, however, i n i t i a l l y 
discussion w i l l be l imited to the macroscopic observation of ad
hesion. 

Nordin, Tsuchiya and Fredrickson (49) studied the adhesion 
of Chlorella ellipsoidea to glass surfaces by measuring the force 
required for dislodgement. C. ellipsoidea ce l ls were allowed to 
attach to the glass surface of a thin chamber between 2 glass 
plates containing an appropriate sa l t solut ion. The relation be
tween l iquid flow rate through the chamber and the force on a 
sphere in the stream is given by a modification of Brenner's (50) 
equation ( D » a ) (Eq. 15): 

F h = 3 6 f f a 2 w = 7.6 χ 10-6w (15) 

where: Fh = hydrodynamic force on the cel l 
D = thickness of chamber 
L = width of chamber 
w = volumetric flow rate through chamber 
μ = f lu id viscosity 
a = ce l l radius 

This force was compared to the calculated electrostat ic forces 
which could be responsible for adhesion. With NaCl concentrations 
ranging from 0.005 M to 2.0 M, adhesion steadily increased with 
increasing sa l t concentration. Using FeCl resulted in more com
plex behaviour: at FeCl 3 concentrations below 5 χ 10" 6 M, l i t t l e 
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adhesion was observed; between 2 χ 10~5 and 1 χ TO"1* M, increased 
adhesion was observed, up to about 8 χ TO"5 dynes/cell; between 
10"1* and 10" 3 M, adhesion dropped to around 7 χ 10~6 dynes/cell, 
but at 5 χ Ι Ο " 2 M adhesion was in excess of 2 χ ΙΟ"1* dynes/cell. 
These results were largely explicable in terms of the electro
s tat ic attraction between the Chlorella ce l ls and the charged 
glass surface. 

Ou and Alexander (51) studied the effects of glass microbeads 
(600 μ - 30 μ diam) on tiïe growth and respiration of Bacillus 
megaterium. Glass beads had a pronounced effect on the morphology 
of B. megaterium, increasing ce l l length from 1-5 μ to 20-600 μ. 
The smallest beads (30 μ) stimulated oxygen consumption by a fac
tor of 2. Similar results have been observed for the effects of 
clay part icles on microbial respiration (see below). Increased 
oxygen u t i l i za t ion corresponded to increased glucose u t i l i z a t i o n . 
As with Chlorella, the negatively charged surface was an important 
aspect of the observed effects
were observed in the presence of glass beads and the elongation 
of ce l ls is often associated with Mg deficiency. Taylor and 
Parkinson (52) studied Pénicillium decumbens in glass microbead 
(1-350 μ) cûTture. Respiration (CO2 evolution) was stimulated by 
beads in the 250-350 μ size class relat ive to the 100-150 μ or 
0-30 μ groups. This organism dwells in sand dunes and i t was 
found that the glass microbeads simulated i t s preferred habitat. 

Marine microbes are frequently found attached to surfaces, 
or w i l l attach to a surface given the opportunity. Early studies 
of marine fouling of glass surfaces were conducted by Zobell (53) 
and Kriss (54). One of their most important observations was that 
the adsorption of organic materials by sol id surfaces concentrated 
microbial nutrients and that this led to colonization. The work 
of Floodgate (33) and others indicates that while adsorbed layers 
may stimulate growth, purely physical factors can also dominate 
the interaction. 

2. Clays. The f inest inorganic particulates of most 
so i ls are part icles of clay minerals. Clays are commonly layered, 
p la te - l i ke structures composed of aluminosilicates and possessing 
highly variable surface and hydration properties. The most common 
types of clay are montmorillonite, kaol inite and i l l i t e . A l l are 
mixed, layered structures containing sheets of s i l i c a and alumina: 
kaol inite has a 1:1 ratio of s i l i con to aluminum sheets, montmo
r i l l o n i t e has a 2:1 ra t io , with a sandwich-like structure, and 
i l l i t e also has a 2:1 structure, but contains more aluminum and 
potassium cations than does montmorillonite. In an aqueous envi 
ronment, kaol inite is re lat ively stable and has a low cation ex
change capabil i ty (10-100 μeq/g), while montmorillonite swells 
markedly and has a high cation exchange capacity (800-1200 μeq/g). 
I I l i t e clays have somewhat intermediate properties. As a so i l 
constituent, and as a so l id substrate for microbial attachment and 
growth, clays can offer an enormous surface area (2-3 m2/g) and 
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the cation exchange capabil ity can provide a r ich source not only 
of mineral nutrients but also of organic nutrients to attached 
microbial c e l l s . 

Microbes spontaneously attach to clay part icles in the en
vironment in large numbers. Early work by Minenkow (55) demon
strated that microbes are attached or adsorbed by some means to 
clay part icles in the s o i l . For both- Bacillus cereus and Serratia 
marcescens, the number of adsorbed ce l ls was a function of the 
clay content of a wide variety of so i l compositions. Scanning 
electron microscopy (SEM) has demonstrated that large numbers of 
microbes are firmly attached to suspended inorganic particulates 
found in both fresh and sa l t waters. The modes of attachment 
include adhesion by capsular secretions or microexudates, f i b r i l 
lar or polymeric holdfasts and indiscernable attachment mecha
nisms which presumably do not depend on an intermediary adhesive. 
Paerl (56) studied oceani
California) and found tha
coated with slimes and a multitude of attached bacterial species. 
In fresh waters (Lake Tahoe) suspended mineral part ic les supported 
colonies of bacteria attached by networks of f ine f i b r i l s . Con
t ro l led studies of bacterial colonization were performed with 
fresh s i l t part icles retained in dialys is bags and incubated in 
Lake Tahoe for 2 weeks. The particulates became heavily colonized 
by microbes, with a 2:1 rat io of attached to free c e l l s . An im
portant component of the attachment adhesive was acid polysac
charide, with lesser quantities of protein. 

Microbial attachment to rocks and sand part ic les forms the 
basis for the largest and most extensive u t i l i za t ion of immobi
l i zed microbial ce l ls in the world today: t r i ck l ing f i l t e r s . 
Mack et al (57) studied the development and ecological succession 
of microbial fi lms in a newly commissioned t r i ck l ing f i l t e r sys
tem. A biofi lm formed over the rock surfaces and consisted of a 
micro-jungle of bacterial colonies, fungi, algae and protozoa. 
The surface of the biofi lm consists of a highly convoluted, tufted 
mat of microbial biomass. Diatoms were a common constituent of 
this microbial community, and their silaceous skeletons provide 
new surfaces for colonization. Most of the bacterial colonies 
consisted of a mixture of species and were of an open cy l indr ical 
shape, affording maximum aeration and nutrient exposure. 

The soi l microbiology l i terature (e.g. see Hattori and 
Hattor i , 58) makes i t clear that microbes readily adhere to clay 
surfaces and that clays w i l l often provide stimulus for both 
growth and metabolic ac t i v i t y . The use of clay surfaces (ceram
ics) for processes involving immobilized whole ce l ls has recently 
been investigated by Marcipar et al (59). Saccharomyces cere-
visiae, Candida tropicalis, Trichosporon sp. and Rhodortorula sp. 
were studied for their degree of attachment to a ceramic substrate 
(Biodamine) at pH 4 and pH 6. At pH 4, 40-75% of ce l ls exposed 
to the surface adhered strongly enough to res ist removal by a 
flowing stream of medium (l inear flow rate 2 cm/min). The 
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strength of attachment was determined using the method of Nordin 
et al (49) (see above). For S. oerevisiae and C. tropioalis, pH 
had only a small effect on attachment as measured by l inear flow 
rate: the average maximum sustainable flow for both cultures was 
4.1 cm/mi η. Respiration rate was determined for free ce l ls and 
for ce l l s attached to the ceramic substrate, and the ratio at pH 
4 for fixed:suspended ce l ls was 6.7. One probable explanation of 
the improved metabolic act iv i ty of immobilized ce l ls is the crea
tion of an ideal microenvironment around each ce l l through local 
adsorption phenomena and the prevention of glycocalyx loss which 
is common in suspension culture (Costerton et a l , 60). 

C. Surface Energies of Living Cel ls . There are few measure-
ments of the surface energies of l i v ing c e l l s . The largest series 
of measurements is that of van Oss et arl (18) which were obtained 
from the contact angles
f i lms. Similar measurement
(66) for Corynebaoterium lepus (see below). This technique has 
the advantage of s impl ic i ty but has the d i f f i cu l t y that the ce l l 
surface may change i rreversibly during drying. Harvey and 
Marsland (61) measured the surface tension of Amoeba dubia by 
observing the stretching of the cel l surface by cytoplasmic 
inclusions in a centrifugal f i e l d . The inter fac ia l tension at 
the ce l l surface in growth medium was 1-5 dynes/cm. Interfacial 
tension between o i l and protoplasm was also found to be about 
1 dyne/cm (Harvey and Shapiro, 62). The surface tension of alveo
lar ce l l s in the rat lung was measured by Schurch et al (40) and 
was found to be in the range of 9-11 dynes/cm. Table 3 summarizes 
some data on ce l l surface energies. 

D. Ut i l i zat ion of Insoluble Substrates. The adhesion of 
microbes to both sol id and l iqu id hydrocarbons is a well-known 
phenomenon and i t is well established that attachment to hydro
carbon droplets or fragments is essential to oxidation and meta
bolism. It is remarkable that the surface physics of this s i tua 
tion has been ignored, considering the importance of hydrocarbon 
fermentations in large-scale s ing le -ce l l protein production (63) 
and their interest to the f i e l d of biochemical engineering. Re
cently measurements have been made of the surface energy of Cory
nebaoterium lepus, which is an aggressive u t i l i z e r of both l iqu id 
and so l id alkanes between dodecane and eicosane (Gerson and Za j ic , 
64, 65, 66). This organism, as well as many other hydrocarbon 
u t i l i z i n g microbes, produces surface-active materials which result 
in both emulsification and wetting of the hydrocarbon. Interfa-
c ia l (growth medium-hydrocarbon) and surface tensions have been 
studied through the growth period of C. lepus, and at approxi
mately 40 hours, interfac ia l tension reaches a minimum. At around 
this time, ce l l s of C. lepus move from being mostly in the aqueous 
phase to being mostly in the hydrocarbon phase. Analysis of this 
engulfment of the microbial ce l ls by the hydrocarbon droplets 
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Table III 

Surface Tensions of Cells and Microorganisms 

Cell or Microbe Y c (ergs/cm2) Reference 

Thiobacillus thiooxidans 2:72 66 
rat neutrophil 68.3 18 
guinea pig neutrophil 68.1 18 
hela ce l ls 
mouse neutrophil 67.7 18 
human erythrocytes 67.7 18 
human neutrophil 67.4 18 
Staphylococcus aureus-Smith 67.3 18 
Streptococcus pneumoniae-} 67.1 18 
chicken neutrophil 67.1 18 
human platelets 67.1 18 
E. ooZi -Ol l l 67.0 18 
rabbit neutrophil 66.9 18 
Haemophilus influenzae-^ 66.9 18 
human fibroblasts 66.8 18 
monkey neutrophil 66.8 18 
human neutrophil 66.8 18 
human polymorphonuclear leucocytes 66.8 18 
Staphylococcus aureus 66.5 18 
Salmonella arizonae 66.4 18 
Salmonella typhimurium 66.0 18 
E. coli-07 64.9 18 
Listeria monocytogenes (rough) 63.4 18 
Nesseria gonorrhoeae 63.4 18 
Brucella abortus 63.2 18 
Pseucbtsuga menziesii (xylem) 59-53 47 
Western hemlock (xylem) 56.5 47 
Cornyebacterium lepus 48.7 66 
English oak (xylem) 40.8 47 
human skin 38.2 47 
Mycobacterium butyriaum 15.6 18 
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using the methods described by Neumann et al ( Λ S) is as follows: 
the net free energy change for the engulfment of the bacterium by 
the hydrocarbon phase is -10.88 ergs/cm2 (both AGi and AG2 are 
negative). For the engulfment of hydrocarbon by the bacterium at 
this point in the fermentation, AG net is -1 .5 ergs/cm2 (AGi is 
negative and AG2 i s posi t ive, implying that hydrocarbon w i l l 
attach to or wet the bacterial surface but w i l l not be engulfed 
in the sense of step 2, F ig . 3). These calculations are based 
on conditions of minimal interfacial tension. I n i t i a l l y , o i l -
water interfacia l tension is higher (25 dynes/cm), and under 
these conditions AG net is -25 ergs/cm2 (both stages are sponta
neous). Continual decrease in the oi l -water interfacia l tension 
during the fermentation, resulting in an increase in AG net, could 
be an important aspect of the l inear growth often observed in 
hydrocarbon fermentations. However, while AG net is increasing, 
a decrease in interfacia
carbon results in increase
carbon surface area available to the microbes, which should stimu
late net uptake by the population. 

Colonization of so l id surfaces by C. lepus has also been 
investigated in terms of so l id surface free energies. Figures 
5 and 6 are scanning electron micrographs of the colonization of 
aluminum and polyethylene respectively by cel ls of C. lepus. The 
highly hydrophobic microbe shows a strong a f f in i t y for hydrophobic 
surfaces. 

Thiobacillus thiooxidans colonizes elemental sulfur and ox i 
dizes i t to sul fur ic acid. In this process, T. thiooxidans pro
duces wetting agents which have been variously ident i f ied as 
phosphatidyl i n o s i t o l , phosphatidyl g lycerol , phosphatidyl etha-
nolamine (Schaeffer and Umbreit, 67; Jones and Benson, 68) or 
diphosphatidyl glycerol (Agate ancTVishniac, 69). Sulfur is a 
low energy surface with a surface energy of approximately 31 
ergs/cm2 (70). During growth, ce l ls adhere to the sulfur and 
etch the surface by an unknown mechanism (Schaeffer et a l , 71). 
The surface energy of T. thiooxidans has been measured (Gerson 
and Za j ic , 66) and found to be greater than or equal to 72 ergs/ 
cm 2, and this value leads to a AG net of - .35 ergs/cm2 for the 
engulfment of sulfur by the bacterium (both steps spontaneous). 
While engulfment may not be the mechanism by which T. thiooxidans 
gains metabolic access to part ic les of elemental su l fur , this 
calculation indicates that attachment to sulfur and i t s movement 
into the ce l l can be thermodynamically spontaneous. Colloidal or 
molecular sulfur part ic les may diffuse into the ce l l or be d i s 
solved by hydrophobic ce l l constituents. The free energy of ad
hesion of T. thiooxidans to sulfur is -73 ergs/cm2 or less . T. 
thiooxidans also attaches to o i l shale (Yen, 72). The surface 
energy of o i l shale has also been measured (Gerson and Zaj ic , 66), 
and the free energy of attachment to and engulfment of o i l shaTê 
by T. thiooxidans is negative, as is the free energy of adhesion. 
Although the appropriate surface energies have not yet been meas-
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Figure 5. Corynebacterium lepus attached to aluminum, bar indicates 1.0 μ. 

Figure 6. Corynebacterium lepus attached to polyethylene, bar indicates 1.0 
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urea9 i t is observed that T. thiooxidans and T. ferroxidans adhere 
to py r i t i c surfaces, possibly through a 1ipopolysaccharide (Dun
can et a l , 73, Hirt and Vestal , 74). Use of T. thiooxidans in 
industr ial Heap leaching of uranium (see Murr et a l , 75 and 
Schwartz, 76) is in effect a very large immobilized c i T l bioreac-
tor for the production of su l fur ic acid from pyr i t i c materials 
or sul fur . 

Similar analyses should be performed for other microbes which 
adhere to and u t i l i z e so l id or immiscible substrates (e.g. c e l l u 
lose, l i g n i n , c h i t i n ) , since calculation of AG net for a proposed 
mechanism of u t i l i za t ion would identify l i ke l y processes, and 
dissection of the mechanism into stages would identify the most 
probable routes used by the microbe. 

E. Influence of Interfacial Films on Microbial Attachment. 
Air-water and solid-wate
hydrophobic organics presen
creased concentration of organic foodstuffs and the potential ly 
increased adhesiveness of the interfacia l f i lm tend to increase 
the relat ive concentration of microbes at interfaces. In terms 
of ce l l immobilization, i t may be possible to increase the 
strength of adhesion and the durabi l i ty of the immobilized whole-
ce l l system by pre-coating the so l id substrate with an appropriate 
interfac ia l f i lm . 

oEcological interfacia l films range from molecular monolayers 
(~20/\) to a millimeter or more; microbial ce l ls are typical ly 
1-10 μ in diameter and are thus ideal ly proportioned to take s i 
multaneous advantage of both the bulk phases and interfacia l 
regions. The surface properties of the microbes themselves w i l l , 
of course, result in some degree of accumulation at the interface, 
where under natural conditions interfacia l films w i l l aid growth 
or attachment. The biota of the interfacia l ecosystem is termed 
neuston and includes microbes, protozoa and algae. 

Filming and surface settlement of marine larvae has been 
studied by Crisp and Ryland (77) and Crisp and Meadows (78), and 
they have found that a water soluble component of arthropod 
cu t i c le , arthropodin, greatly fac i l i ta tes adhesion to so l ids . 
Loeb and Neihof (79) studied the accumulation of organics on 
platinum in the estuarial waters of Chesapeake Bay and found not 
only that there was a steady accumulation of material but also that 
this organic material greatly reduced the so l id surface energy as 
well as the zeta potential of the platinum interface (+0.55 to 
-0.79 μΜ-V/cm-sec). 

The neuston of marine interfaces has been studied exten
s ive ly . At the air-water interface, there is an accumulation of 
higher molecular weight, hydrophobic molecules including chloro
phy l ls , xanthophylls and carotenoids (Parker and Barsom, 80). 
The relat ive concentrations of organisms at a depth of 10 cm com
pared to the air-water interface were measured by Harvey (81) and 
found to be as follows: colorless f lage l la tes , 0%; dinof lagel -
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la tes , 12.5%; c i l l â t e s , 112%; and diatoms, 247%. These results 
indicate that certain microbial populations are concentrated at 
the interface while others primarily reside in the bulk water. 
DiSalvo (30) studied the coating of glass surfaces by bacterial 
neuston present at the air-ocean interface. Bacterial numbers 
picked up at the glass-air-water interface compared to those 
collected at the glass-water interface were in the order of 
1000:1, whereas the bulk concentration of bacteria in the top 
0.3 mm compared to several centimeters below the surface were in 
the order of 10:1. These results indicate that there is con
siderably greater adhesion to glass at the 3-phase interface than 
at the 2-phase interface. This may be due to adhesive microexu-
dates produced by the bacteria on contact with a so l id surface 
(Marshall et a l , 82), although a very considerable amount of 
attachment occurs in a very short time (1-2 min) and thus i t is un
l i ke l y to depend on physiologica
contact with a s o l i d . Concentratio
terface confers ecological advantage and certain microbial spe
cies may produce a sticky coat while suspended in the aqueous 
phase which allows rapid and firm attachment to v i r tua l l y any 
sol id surface with which they co l l ide . Repeated co l l is ions would 
be expected to result in aggregates of microbes and inert par
t i c les (DiSalvo, 1973). Unlike the results obtained for glass, 
bacterial adhesion to agar surfaces and to l iqu id films on agar 
surfaces was found to depend simply on the concentration of bac
ter ia in the bulk medium. While bubbles are well known to con
centrate bacteria at the air-water interface, study of microbial 
adhesion in 3-phase systems (gas- l iquid-sol id) is lacking at the 
present time. 

Plant and other lect ins have the ab i l i t y to adhere strongly 
to microbial ce l l surfaces and lectins are responsible for the 
adhesion of Rhizobium tvifolii to root hair ce l ls of clover. 
Discovery of lect ins which w i l l bind other microbes may lead to 
the use of lect ins as bridging agents to bind ce l ls to inert 
support materials. Fletcher (83) studied the effects of proteins 
on the adhesion of a marine Pseudomonas sp. to polystyrene Petri 
dishes. Bovine serum albumin, ge lat in , fibrinogen and pepsin 
(pKj 1 5.8) a l l inh ib i t attachment at pH 7.6 when present either 
prior to or concurrently with the microbial c e l l s . Bovine serum 
albumin decreased the adhesion of previously attached c e l l s . 
Basic proteins protamine (pKj = 12.4) and histone (pKj = 10.8) 
did not inh ib i t attachment. The effect of proteins on attachment 
were independent of surface charge density on the substratum and 
thus the decreased attachment in the presence of proteins may be 
due to non-electrostatic interactions. The behaviour of bovine 
serum albumin, which has a large number of non-polar side chains, 
indicates that hydrophobic interactions may be important (Tanford, 
84; Goldsack and Chalifux, 85). The effects of hydrophyllic 
col loids on bacterial floccïïTation have been studied by Hodge and 
Metcalfe (86) and the subject has been reviewed by Harris and 
Mitchell (87). 
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Zisman (35) has recently studied the effects of adsorbed 
water on the surface energy of metals, quartz and other high 
energy surfaces. As the degree of surface hydration increased, 
the surface behaved more l i ke the surface of water, with a sur
face energy of 22 ergs/cm2. For instance, the surface energy of 
a hydrated glass surface is about 30 ergs/cm2, while at very low 
relat ive humidities (RH), glass behaves l ike a higher energy 
surface, ^c = 45 ergs/cm2. Similar results are obtained with 
metal surfaces: at 0.6% RH, Y c is about 45 ergs/cm2 and at 95% 
RH, Y c is about 37 ergs/cm2 for a series of 13 metals. The uni 
formity of the values obtained for Y c on a wide variety of high 
energy solids indicates that in practice, the value of Y c for 
high energy solids w i l l be relat ively low because of the adsorbed 
water layer. This low value of 30-45 ergs/cm2 i s probably the 
value applicable to problems involving microbial attachment un
less the microbe is abl
point of attachment. 

F. Adhesion and Cells from Higher Organisms. The qual i ta 
t ive aspects of the adhesiveness of mammalian ce l ls has been re
viewed recently by Grinnell (26). From the qual i tat ive view
point, mammalian ce l ls adhere to so l id surfaces by an extra
ce l lu la r layer of protenaceous microexudate, and attachment to 
protein-free surfaces is non-specif ic, in the sense of enzyme 
spec i f i c i t y , but s t i l l depends to some extent on the chemical 
composition of the substrate. Cells contact the substratum 
through cytoplasmic microextensions or f i lopodia which are able 
to pierce the electrostat ic barrier because of the small actual 
force exerted on them (both ce l ls and many substrata carry a net 
negative charge; see also van Oss et al (18)). Binding to pro
tenaceous surfaces (e.g. other ce l ls ) can be highly spec i f i c . 
Attachment is often followed by spreading resulting from micro
tubule and cytoskeletal restructuring, which often conforms to 
any structures (e.g. grooves) present on the substratum (Ivanova 
and Margolis, 88). Neg§tive surface charge densities in the 
order of 5 charges/100 A2 are required for ce l l growth and d i v i 
s ion. Attachment of mammalian ce l ls to surfaces is often en
hanced by divalent cations which act as a bridging adhesive 
(Baier et a l , 89). 

Quantitative aspects of the requirements of mammalian ce l ls 
for surfaces have been studied by Maroudas (90, 91, 92), Taylor 
(93), Beukers et al (94) and Weiss and Blumenson"T95jT The 
results of these investigations are that in the absence of high 
protein concentrations in the growth medium, mammalian ce l ls are 
sensitive to the surface energy of the substratum, but lose this 
sensi t iv i ty as protein (serum) concentration increases. On the 
average, an intermediate surface energy (e.g. 55 ergs/cm2) and a 
re lat ively high negative surface charge density are optimal. 
These requirements are best explained at present by the theory 
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that spreading and tensioning are required for ce l l division in 
mammalian ce l ls (Curtis and Seehar, 96, Maroudas, 91). 

Attachment of ce l ls to ce l ls isTmportant both in pathogene
sis and morphological development. Attachment of microbes to 
tissue surfaces has been reviewed by Costerton et al (60), Jones, 
Abrams and Fréter (97), Tay and von Fraunhofer (98), Fréter and 
Jones (99) and VasiTTeu and Gelfand (100). C e l l - c e l l adhesive
ness in morphological development, the di f ferent ia l adhesiveness 
theory, has been studied and reviewed by Nardi and Kafalos (101, 
102). Since i t is known that attachment is required for mam-
màiïïan c e l l s , i t is interesting that attachment characteristics 
have not yet been thoroughly studied for the notoriously unsuc
cessful culture of monocotyledenous protoplasts. 

I I I . Conclusions 

These consideration
approach to problems of the adhesion of ce l ls to so l id surfaces 
can be developed from knowledge of the surface properties of 
both the substrate and the c e l l . Sol id surface energies can be 
obtained by measurements of contact angles and use of Neumann's 
equation (Eq. 6) , thus allowing calculations of free energy 
charges associated with adhesion. Zeta potentials and resultant 
electrostat ic contributions to adhesion can also be obtained 
experimentally. This type of approach should provide insight 
into microbial adhesion problems in the marine and aquatic envi 
ronments, disease and infection and in the industrial immobili
zation of whole c e l l s . 
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4 
Production of Antibiotics and Enzymes by Immobilized 
Whole Cells 

SHUICHI SUZUKI and ISAO KARUBE 

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 
4259 Nagatsuta-cho, Midori-ku, Yokohama 227, Japan 

Recently many microorganisms have been immobilized by 
various methods (1,2,3) and immobilized whole cells have been 
used for industrial productio
whole microorganisms relative to purified enzymes is the abil ity 
to catalyze a series of linked reactions, some of which require 
cofactors. Continuous production of hydrogen and microbial 
electrodes using immbobilized living whole cells have been 
reported by the authors (6-11). It was found that whole cells 
in gel matrix and collagen membrane lived for a month under 
certain conditions. Immobilized living whole cells have a 
potential application to a new type of fermentation. Production 
of biologically active substances can be performed with a 
column system using immobilized whole cel ls. In this case, a 
fermentation process can be controlled easily. Furthermore, 
processes for separation of the end products can be connected 
directly with a column system. In this paper, penicil l in G 
production by immobilized whole cells of Penicillium chrysogenum, 
bacitracin production by immobilized whole cells of Bacillus 
sp. and, ç -̂amylase production by immobilized whole cells of 
Bacillus subtilis are described. 

Penicil l in G Production by Immobilized Whole Cells 

A few reports have appeared in the literature on the use of 
living immobilized whole cells for producing traditional 
fermentation products (3,12). In this paper, our work on the 
immobilization of Pénicillium chrysogenum ATCC 12690 in poly-
acrylamide gel, collagen membrane, and calcium alginate and the 
production of penicil l in G from glucose by the immobilized 
mycelium are described. 

Screening of Carriers for Immobilization, Washed mycelium 
produced penicil l in G similar to the results described by 
Halliday and Arnstein (13) when i t was resuspended in an 
incubation medium. Under similar conditions, the average rate 
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of pen ic i l l i n production was comparable to that in the fer 
mentation described above [usually between 10 and 13 units/ml 
h ]. However, the act iv i t y of pen ic i l l i n G production decreased 
rapidly with repeated use. As l ys is of the washed mycelium was 
observed during these experiments, the multi-enzyme system in 
the mycelium for pen ic i l l i n synthesis might have leaked out of 
the c e l l s . 

Pénici l l ium chrysogenum was immobilized in collagen membrane, 
calcium alginate ge l , and polyacrylamide gel . Pen ic i l l i n 
production by different immobilized mycelia are compared in 
Table 1. The mycelium immobilized in calcium alginate gel 

Table I Pen ic i l l i n production by 
immobilized mycelium 

Carrier Act iv i ty (%) 

100 

Collagen (trace) 

Calcium alginate 45 

Polyacrylamide 15 

washed mycelium 
Immobilized 
mycelium 

showed the highest act iv i t y . However, the gel prepared from 
calcium alginate became too f rag i le in the presence of phosphate 
ion. Therefore, i t was d i f f i c u l t to use i t for pen ic i l l i n 
production repeatedly. The act iv i t y of the mycelium in collagen 
membrane was substantially lower than that in other carr iers . 
This might be due to the inactivation of the mycelium with the 
tanning reagents, v i z . , glutaraldehyde. The mycelium immo
b i l i zed in polyacrylamide gel showed f a i r l y good act i v i t y . 
However, the rate of pen ic i l l i n production of the immobilized 
mycelium was lower than that of washed mycelium. This might 
arise from the inactivation of the mycelium by polymerization 
reagents, such as monomers, APS, and TEMED. The reagents, such 
as acrylamide and TEMED, severely and adversely affected the 
penici l l in-producing act iv i ty by the washed mycelium. These 
results suggested that the multi-enzyme system required for 
pen ic i l l i n synthesis was inactivated by the reagents indiv idual ly . 
Therefore, the amounts of acrylamide and TEMED were decreased to 
as low as possible. Five percent of acrylamide and 0.05 % TEMED 
were used for polymerization of the gel . 

The total concentration and the relat ive rat io of acrylamide 
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and BIS determine both the characterist ic pore size of the gel 
in which whole ce l ls are entrapped as well as the physical 
properties of the finished gel . The effect of BIS content in 
monomers on pen ic i l l i n production by the immobilized mycelium 
was examined. The act iv i ty increased with increasing BIS 
content. Since the gel was f ragi le when the BIS content in the 
monomer was higher than 20 %, a BIS content of 15 % was employed 
for further work. 

Effect of Substrates on Pen ic i l l i n Production. It i s known 
that pen ic i l l i n G is synthesized from three amino acids (L-dt-
aminoadipic ac id , L-cysteine, and L-valine) and the sidechain 
precursor, phenyl acetate. Furthermore, pen ic i l l i n acyltrans-
ferase, an enzyme presumably involved in the f inal step of 
pen ic i l l i n G synthesis, catalyzes pen ic i l l i n G synthesis from 6-
aminopenicillanic acid
the effect of these substrates on pen ic i l l i n production by the 
immobilized mycelium was examined (Table II). Pen ic i l l i n 
productivity by immobilized mycelium in each substrate was 
expressed relat ive to that observed in glucose-(NrL) 2S0 4 medium. 
As shown in Table II , the rate of pen ic i l l i n production in a 

Table II Effect of substrates on pen ic i l l i n 
production 

Substrates Act iv i ty {%) 

1 % Glucose, 0.5 % (NH 4) 2S0 4 

0.05 % L-Cys, 0.05 % L-Val, 0.01 % DL 
-Aminoadipate 

0.01 % 6-APA 

100 

150 

110 

Each substrate mixture (in 0.05 M phosphate buffer, 
pH 7.0) contained 0.01 % phenylacetate as wel l . 

medium comprised of three amino acids was higher than that in a 
6-APA medium. This might be attributable to transport barriers 
for 6-APA across the ce l l membrane. However, as these amino 
acids and 6-APA are expensive, glucose-tNHJpSO* medium was 
therefore employed for further work. 

Pen ic i l l i n Production by Immobilized Mycelium. Repeated 
pen ic i l l i n production by immobilized mycelium was examined in a 
batch system. Experiments were performed as follows : about 1 
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g washed mycelium or 10 g immobilized mycelium (containing 1 g 
wet mycelium) was incubated in a medium containing glucose for 
5 h at 25°C. The amount of pen ic i l l i n G produced was deter
mined by bioassay. Native and the immobilized mycelia were 
then washed thoroughly with 0.05 M phosphate buffer and stored 
at 5°C. These experiments were repeated once a day. P e n i c i l l i n 
production by the washed mycelium decreased with repeated use, 
as shown in Figure 1. On the other hand, the act iv i t y of the 
immobilized mycelium increased i n i t i a l l y and decreased gradually 
thereafter. Activation of the immobilized mycelium was observed 
i n i t i a l l y . This might have been caused by growth of the mycelium 
within the polyacrylamide gel or by a change in the permeability 
of the mycelial ce l l wa l l . Then, with repeated use, the act iv i ty 
decreased gradually. However, the estimated catalyst half -
l i f e of the immobilized mycelium was six days, i . e . , s ix times 
longer than that of the washed mycelium. Some of the act iv i t y 
loss in the immobilize
mittent storage and testing procedure employed in these 
experiments. 

The respiration act iv i ty of the immobilized mycelium was 
examined by using an oxygen electrode. The rate of oxygen 
uptake by the immobilized mycelium was about 30 % of that of 
the washed mycelium. Furthermore, pen ic i l l i n production by the 
immobilized mycelium was performed under a i r and nitrogen 
atmospheres and the pen ic i l l i n produced was determined. Only 
a small amount of pen ic i l l i n was produced by the immobilized 
mycelium under anaerobic conditions. Therefore, oxygen was 
required for the system synthesizing pen ic i l l i n in mycelium. 
In addit ion, viable mycelium could be recovered from the 
ground, immobilized mycelium in a germ-free box. These results 
suggest that at least a fraction of the mycelium was l i v ing 
after entrapment in the polyacrylamide gel and that the l i v ing 
mycelium was responsible for production of pen ic i l l i n from 
glucose and (NH 4) 2S0 4 . 

Bacitracin Production by Immobilized Whole Cells 

The peptide ant ib iot ic bacitracin is synthesized by the 
protein thiotemplate mechanism present in Baci l lus species 
(14). Recently, ce l l free synthesis of bacitracin has been 
also studied in some detail (14). Therefore, we selected 
bacitracin for the production of secondary metabolite by immo
b i l i zed whole c e l l s . 

In this section, our studies on the production of bacitracin 
by immobilized Baci l lus sp. (KY 4515) from a simple nutrient 
are described. Furthermore, the growth of the bacteria entrapped 
in polyacrylamide gel was examined by electron microscopy. 

Immobilization of Whole Cel ls . Washed ce l l s were re-
suspended in the starch-bouil lon medium and incubated for 4 h 
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at 30°C. Bacitracin was produced by washed ce l ls similar to 
the results described by Cornell and Snoke (15), and the rate 
of production was usually 1318 units/ml/h (cell concentration 
was about 20 mg-wet/ml). However, bacitracin productivity 
decreased with successive use of washed c e l l s . Furthermore, 
col lect ion of washed ce l ls from reaction medium was d i f f i c u l t . 
Therefore, Bacil lus sp. was immobilized in polyacrylamide gel . 

The act iv i ty of bacitracin production was the highest when 
whole ce l ls were immobilized in the gel prepared with 5 % total 
acrylamide (95 % of acrylamide monomer and 5 % BIS). On the 
other hand, no effect of BIS content on production of bacitracin 
was observed. However, the best productivity of bacitracin by 
immobilized whole ce l ls was only 20-25 % of that by washed 
c e l l s . These results suggest that the lower rate of bacitracin 
production is mainly caused by the inactivation of enzymes in 
whole ce l ls with polymerizatio
APS) and may be partly du
substrates and/or products through the gel . 

Effect of A i r , Media, Bacteria Content on Bacitracin 
Production. The effect of a i r (oxygen) on bacitracin production 
by immobilized whole ce l ls was examined. The incubation of 
immobilized whole ce l ls was carried out under aerobic conditions 
and under nitrogen. Bacitracin produced under anaerobic 
condition was only 30 % of that under aerobic condition. 

Preliminary experiments indicated that the act iv i ty of 
bacitracin production by immobilized whole ce l ls was remarkably 
reduced at the second reaction when a fermentation medium was 
used. Furthermore, the growth of leaked bacteria was observed 
when a fermentation medium (starch-bouillon) was employed for 
bacitracin production. Therefore, the effect of medium 
composition on bacitracin productivity was examined. As 
shown in Table II I , bacitracin productivity in a medium 

Table III Effect of mediums on production 
of bacitracin by immobilized 
whole ce l ls 

_ _ Bacitracin produced (U/ml) 
medTums W 

SB 12 4.1 
Immobilized GB . 7.2 2.0 
Whole ce l ls Peptone0 19 16 

Meat extract 19 31 

a) 2nd reaction was performed after 12 h storage at 4°C 
b,c) Peptone and meat extract mediums contained 0.25 % 

NaCl and 1 χ 10" 5 M MnSO.. 
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containing meat extract or peptone was higher than that in a 
medium containing carbohydrate. Furthermore, the productivity 
was retained at the second reaction of immobilized whole c e l l s . 
This tendency was also observed in the case of bacitracin 
production by washed c e l l s . Therefore, 1 % peptone was selected 
as the medium for repeated batch production of bacitracin. 
Repeated batch production of bacitracin was attempted by using 
immobilized whole ce l ls and washed c e l l s . The results are 
shown in Figure 2. Bacitracin produced by washed ce l ls decreased 
gradually after several batch contacts. On the other hand, 
bacitracin produced by the immobilized whole ce l ls increased 
with successive u t i l i za t ions . The bacitracin produced in 
saline appeared to result from synthesis from whole ce l l 
nutrient pools. 

Since bacitracin production in the 1 % peptone medium was 
higher than that in the
peptone medium (containin
was employed for further work. The growth of the leaked and 
contaminating bacteria was not observed during the incubation 
time. 

The effect of the ce l l content in the gel on the bacitracin 
production was examined. The rate of bacitracin production 
increased with increasing the amount of whole ce l ls in the gel . 
A lag in bacitracin production was observed in the case of the 
gel containing the smallest amount of bacteria. However, the 
act iv i ty of each gel came to the same level with successive 
uses. 

Bacitracin Production from Amino Acids and ATP. Bacitracin 
production by immobilized whole ce l ls was attempted from 
asparagine, aspartic ac id , h is t id ine, phenylalanine, isoleucine, 
ornithine, lys ine, glutamic ac id , leucine, cysteine and ATP. 
The results are shown in Figure 3. No activation of bacitracin 
production was observed under these conditions. The amount of 
bacitracin produced from amino acids and ATP was lower than 
that from 1 % peptone. 

The act iv i ty of bacitracin production increased with 
increasing use cycles of immobilized whole ce l ls and reached a 
steady state maximum. Furthermore, apparent h a l f - l i f e of 
bacitracin production was estimated to be at least one week. 
On the other hand, the activation of bacitracin production was 
not observed when amino acids and ATP were used as substrates. 
In addit ion, the rate of activation increased with increasing 
amount of bacteria in the gel . These results suggested that 
the activation of bacitracin production was caused by the 
growth of bacteria in the gel . Therefore, the gel was examined 
by electron microscopy. 

Microscopic Observation on Immobilized Ce l ls . Electron 
microscopic observation of the entrapped ce l ls in the poly-
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Figure 2. Continuous production of bacitracin by washed (Ο) and immobilized 
(Φ) cells. The medium containing 1% peptone, 0.25% saline, and 1 X 10'5M 

MnSOk was used for the reaction. 
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acrylamide gel was performed. Figure 4 shows the electron 
micrographs of whole ce l ls immediately after immobilization (a) 
and also after 56 hours of use for bacitracin production (b). 
The apparent growth of ce l l s in the gel (especially at the 
surface layer) was observed after successive uses (total 56 h 
of reaction time) while the amount of ce l ls evidently had 
decreased in the center of the gel . The diffusion of oxygen 
through the gel matrix may be a l imit ing factor of bacitracin 
production. The growth of the bacteria during incubation 
provides an obvious explanation for the increase in the act iv i t y 
of bacitracin production with successive uses. A steady state 
of bacitracin production could mean that the i n t e r s t i t i a l space 
of the gel was f i l l e d with active bacteria, or may be controlled 
by the diffusion rate of substrates and/or products through the 
gel . 

The rate of bacitraci
ce l ls was s l ight l y highe

No attempt has been made as yet to use the immobilized 
whole ce l l s for a long time or to optimize the process for 
ant ib iot ic production. 

ç(-Amylase Production by Immobilized Whole Cells 

Antibiot ics such as pen ic i l l i n G and bacitracin were 
produced successfully by immobilized whole c e l l s . No attempt 
has previously been made to produce enzymes using immobilized 
bacteria. In this section, tf-amylase producing bacteria, 
Baci l lus subt i l i s FERM-P No. 2040 was immobilized in poly
acrylamide gel and production of rf-amylase was carried out in a 
batch system using the immobilized whole c e l l s . Growth of the 
bacteria in polyacrylamide gel was also observed by electron 
microscopy. 

Immobilization of Whole Cel ls . Growth of the bacteria 
reached a stationary phase after 15 h cu l t ivat ion. The maximum 
rate of oC-amylase production was 3000 units/ml/h. Bacil lus 
subt i l i s cultivated for 18 h was therefore employed for further 
experiments. The effect of gel prepared from various acrylamide 
concentrations onci-amylase production by the immobilized whole * 
ce l ls was examined. The concentration of the crosslinking 
reagent, Ν,Ν'-methylenebisacrylamide (BIS), was held constant 
at 10 % (w/v) of the total acrylamide. The immobilized whole 
ce l ls prepared from 5% acrylamide showed the maximal production 
act iv i t y of oC-amylase. Therefore, 5 % total acrylamide concent
ration was employed for further tests. 

The effect of BIS content in acrylamide on the production 
of oC-amylase was examined. Total acrylamide concentration was 
held constant at 5 %. As shown in Figure 5, the optimum BIS 
content for the production of ©(-amylase was observed to be 
above 15 %. The leakage of the bacteria from the polyacrylamide 
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Figure 3. Bacitracin production from amino acids and ATP by immobilized cells: 
(O) amino acids (2.5mM) and ATP (2mM),(Φ)1% peptone. 

Figure 4. Electron micrographs of immobilized cells in the gel (bacitracin pro
duction): (a) gel immediately after immobilization; (b) gel after 56-hr incubation. 
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gel described above was examined using the turbidimetric method. 
The gel was suspended in the reaction medium for 12 h at 30°C 

and the turbidity at 660 nm was determined after incubation. 
The leakage of bacteria was minimum when the bacteria were 
immobilized in polyacrylamide gel prepared from acrylamide 
containing 10-15 % BIS. Therefore, total acrylamide containing 
85 % acrylamide and 15 % BIS was employed for immobilization of 
the bacteria. 

Effect of Nutrients onoC-Amylase Production. Media 
containing various natural nutrients are commonly used for the 
production of ^-amylase in submerged cul t ivat ion. However, 
these media cannot be used in the production of (/-amylase by 
immobilized whole c e l l s , because growth of contaminated bacteria 
occurs during incubation. cC-Amylase production by the immo
b i l i zed whole ce l ls was
containing 0.02 % CaCl
the effect of nutrients on the production of o(-amylase. The 
immobilized whole ce l ls were incubated in various media for 5 
h, because growth of the bacteria leaked from the gel was 
observed after 12 h incubation. The act iv i ty of rf-amylase in a 
medium was determined by the blue value method. (16) Then the 
gel was washed thoroughly with saline and immersed in 70 % 
ethanol solution for 5 s (for s t e r i l i z a t i o n ) . The gel was then 
resuspended in the media and incubated for 5 h. A l l procedures 
described above were performed in a germ-free box. The procedure 
was repeated 12 times. As shown in Figure 6, the highest 
act iv i t y of^-amylase was observed in the case of the medium 
containing 1 % meat extract and 0.05 % yeast extract. Vitamins 
and other trace nutrients in yeast extract may improve enzyme 
formation. This medium was employed for further tests. 

Effect of Whole Cells Content on pC-Amylase Production. 
The effect of the bacteria content in polyacrylamide gel on the 
production of (^-amylase was investigated. The reaction time 
for the immobilized whole ce l ls was 12 h (after one or two 
cycles) and 5 h (after three cycles). The optimum content of 
bacteria in the gel was in the range 5-7.5 %. The gel of 7.5 % 
bacteria content was employed for further experiments. 

Amylase Production at Optimal Conditions. Figure 7 shows <X-
amylase production by the immobilized whole ce l ls at the optimal 
conditions. The production of oC-amylase increased with 
increasing reaction cycles. The act iv i ty of ^-amylase in the 
medium was 15000 units/ml at this time. The rate of «<-amylase 
production by the immobilized whole ce l ls was almost the same 
as that by fermentation described above. 

Electron-Microscopic Observation of Immobilized Whole Ce l ls . 
The gel was examined under the scanning electron microscope. 
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Figure 6. Effect of nutrients on the production of α-amylase: (Φ) meat extract 
and yeast extract; (O) meat extract; (J^) peptone and yeast extract; ( Q ) peptone; 

(X) starch bouillon. 
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Figure 8. Electron micrographs of immobilized cells in the gel (α-amylase pro
duction): (a) gel immediately after immobilization; (b) gel after 40-hr incubation. 
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Figure 8 (a) shows the electron micrograph of the gel 
immediately after immobilization. Whole ce l ls are well 
distributed in the gel matrix. Figue 8 (b) shows the electron 
micrograph of the gel after 40 h incubation in the medium. The 
number of whole ce l ls in the gel has clearly increased after 
incubation in the reaction medium. Therefore, bacterial growth 
occurred in the gel during incubation. 

The growth of ce l ls during incubation provides an obvious 
explanation for the increase in the act iv i ty of ^-amylase 
production with successive u t i l i za t ion of immobilized whole 
c e l l s . The steady state of ^amylase production rate obtained 
after seven cycles means that the i n t e r s t i t i a l space is f i l l e d 
up with the active bacteria. Furthermore, electron-microscopic 
observations suggest that the i n t e r s t i t i a l space of the poly
acrylamide gel is large enough for the penetration of<£-amylase. 

No attempt has been mad
long time for ^-amylas
However, the results obtained in these preliminary experiments 
indicate that the rate of ^C-amylase production by the immo
bi l i zed bacteria was similar to that by fermentation. 

Therefore, a column system using immobilized whole ce l ls 
appear s to have good potential for the industrial production 
of enzymes in the future. 

However, carriers with better mechanical properties and 
better d i f f u s i b i l i t y must be considered in any future studies. 
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This paper deals with the problem of removal of heavy 
metals and nitrate fro
reactors. It is quit
heavy metals increases simultaneously with the development of 
industry, e.g., the contamination of Lake Saint Claire near 
Detroit, the fish of the North Sea, the mercury poisoning in 
Minimata, Japan, or the ailments caused by cadmium in Itai
-Itai. Nitrates and nitrites in drinking water may cause 
methhemoglobin anemia and may also contribute to the formation 
of nitrosamines which are highly suspected carcinogens. 
Nitrates and nitrites in effluents can cause eutrophication of 
the receiving bodies of water, the effusion of plants, seaweed 
and algae, and can increase BOD to such a level that capacity 
for self purification stops. 

Biological denitrification and metal removal may be 
especially recommended as a treatment for bringing the level 
of these pollutants below the present stringent water quality 
standards; the removal of the last traces of these pollutants 
probably can be done more efficiently by biological than by 
physical or chemical means. 

Biological denitrification 

Many facultative heterotrophic bacteria (e.g., Pseudo
monas, Micrococcus, Denitrobacillus, Spirillium, Achromo-
bacter, etc.) are capable of denitrification. Denitrification 
takes place under anaerobic conditions, a precondition for the 
formation of a nitrate-reducing enzyme system. 

Heterotrophic bacteria require the presence of an organic 
carbon source. Methanol proved to be the most suitable for 
giving maximal rate of nitrate reduction. The optimal 
methanol:nitrate ratio is 2.47 (g/g), which corresponds to a 
C:N mole ratio of 1 (1). 

In the technology of denitrification with suspension 
cultures, the main problem is the removal of the suspended 
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bacteria by fl o c c u l a t i o n followed by sedimentation and/or 
f i l t r a t i o n . For the elimination of these problems, fixed-bed 
reactors have been applied which have the additional advantage 
of operating with high concentrations of microbial mass 
(2,3,8). The other advantage of this method i s that ca r r i e r 
materials with r e l a t i v e l y large s p e c i f i c surface areas increase 
the adhesion and mass transfer i n the heterogeneous phase (3 ) · 
Many fixed-bed reactors are the extension of the t r i c k l i n g 
f i l t e r sewage treatment process using various adsorbing 
surfaces for microbes. Sikora and Keeney (2) studied the 
d e n i t r i f i c a t i o n of a septic tank effluent by Pseudomonas at 
various temperatures i n continuous flow columns packed with 
limestone chips using methanol as an energy source. Nearly 
complete removal of n i t r a t e was attained i n 17 hours at 5°C, 
13 hours at 13°C and less than 2 hours at 20°C; the kinetics 
of the system was depicte
relationship was shown
kcal/mole NO3-N between 5-25°C. The optimum pH of Pseudomonas 
aeruginosa i s 7.0-8.2. 

One problem with f i n e l y granulated inorganic carriers i s 
the high hydraulic resistance and hence decreased flow rate. 
To avoid this problem p l a s t i c s are now used rather extensively 
as ca r r i e r s for fixed-bed reactors (9,10,12), including deni
t r i f i c a t i o n (8). The shape and pore size of p l a s t i c s can be 
controlled to give desirable flow characteristics, and the 
surface can be modified for better microbial attachment, e.g. 
by plasma treatment. In e a r l i e r applications no rigorous 
conditions or requirements existed for true immobilization of 
the microbes. Consequently, many c e l l s were detached from the 
c a r r i e r to the effluent causing an increase i n the BOD and COD 
of the effluent water (4). 

B i o l o g i c a l removal of heavy metals 

The capacity of microorganisms, including algae, for 
accumulation and metabolism of heavy metals i s well docu
mented. The applications range from sewage and i n d u s t r i a l 
waste treatment (5,7) to ore leaching (18), and to plutonium 
removal from holding ponds (17). 

For similar reasons as mentioned i n d e n i t r i f i c a t i o n , 
immobilized microorganisms would have advantages over sus
pended cultures i n containing accumulated metals. In some 
cases, as i t w i l l be shown below, heavy metal uptake and some 
other microbiological functions, such as d e n i t r i f i c a t i o n , can 
be performed i n one operation, using the same fixed-bed 
bioreactor. 

Heavy metal uptake i s primarily based on the a b i l i t y of 
microbial surfaces to complex with metal cations. The nega
t i v e l y charged sugar units of polysaccharide chains, extending 
from the microbial c e l l wall, may complex with metal cations. 
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Exocellular polyphosphate groups, excreted by bacteria, can 
also complex metal ions through chelation (7_) . Membrane 
l i p i d s complex lead and probably transuranics (14,15). 

Results 

Immobilization of Pseudomonas aeruginosa. Seeking an 
improvement on some e a r l i e r fixed-bed b i o l o g i c a l reactors, the 
primary c r i t e r i o n i n selecting a p l a s t i c c a r r i e r was the firm 
attachment of the microbe to the p l a s t i c . This can be achieved 
i f the microbe i s either using the p l a s t i c as a carbon source 
and thereby burrows i t s e l f into the p l a s t i c , or i f the p l a s t i c 
surface i s treated, e.g., by plasma treatment, to f a c i l i t a t e 
chemical bonding. 

After screening a wide range of p l a s t i c materials  the 
two most suitable ones
(PVC) films and melt blow
softeners i n PVC are the carbon source that f a c i l i t a t e s firm 
embedment and continued metabolic a c t i v i t y i n long duration 
continuous operations (20,21). The melt blown PP has an 
unusually large surface which after plasma treatment has a 
large capacity for c e l l loading and very stable holding of 
bacteria, desirable for heavy metal removal. 

Immobilization of P. aeruginosa on PVC. A glass column 
of 3 X 150 cm was loosely packed with PVC sheets cut into 
small (less than 1 cm2) pieces and s t e r i l i z e d with dry steam 
for 20 minutes. The void volume was f i l l e d with a s t e r i l e 
mineral solution* (MS) of: ( N H 4 N O 3 , 0.1%; ΚΗ2Ρ0ί+, 0.1%; 
Νβ2ΗΡ0ι>, 0.1%; NaCl, 0.1%; MgS0i +«7H 20, 0.1%; CaCl 2'2H 20, 
0.01%; FeCl 3*6H 20, 0.01%. A 24 hour beef-broth culture of P. 
aeruginosa (ATCC 13388) containing about 1.0 X 10 4 viable 
cells/ml was inoculated to the MS, 2 ml/1. Temperature was 
kept constant at 25°C. In Figure 1 i t can be seen that the 
change i n viable c e l l numbers was rather slow, developing i n 
the column reactor on the p l a s t i c surface i n an order of 
magnitude of 107 cells/cm 2 i n 14 days. If an additional C-
source, glucose or methanol, was added, growth accelerated. 
It follows from the figure that the p l a s t i c may serve as sole 
carbon source required for the multiplication of bacteria but 
an additional carbon source promotes the i n i t i a l phase of 
attachment, due to the better adhesion of a large number of 
quickly multiplying bacteria, which become attached as a new 
layer to the layer of bacteria fixed on the p l a s t i c surface. 
The same holds true for the addition of various trace elements 
as nutrient supplements, e.g., calcium, magnesium, iron, 
manganese and phosphate s a l t s , which not only stimulate the 
mul t i p l i c a t i o n of c e l l s , but by surface charge alterations 
also affect physical attachment between negatively charged 
bacteria and p o s i t i v e l y charged surface groups of the p l a s t i c 
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2 4 6 8 10 12 14 days 

Figure 1. Growth of Pseudomonas aeruginosa on PVC with or without added 
carbon source 

In Immobilized Microbial Cells; Venkatsubramanian, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



5. H O L L O E T A L . Removal of Heavy Metals 

(6). Scanning electron micrographs (Figures 2 and 3) of the 
immobilized bacteria c l e a r l y show the mass of rod-like viable 
bacteria i n the process of c e l l - d i v i s i o n on the surface of the 
p l a s t i c . This proves immobilization of a considerable amount 
of bacteria on the soft PVC surface as they have not become 
detached from the surface even during preliminary treatment 
required for electron microscopy. No bacteria could be 
detected, on the other hand, on the surface of less suitable 
p l a s t i c beds. 

The t o t a l number of bacteria attached to the p l a s t i c 
surface was determined by the Lowry test (16), the number of 
viable bacteria was determined colo r i m e t r i c a l l y by the 
triphenyl-tetrazolium-chloride (TTC) reduction test (13). 

Immobilization of
PP filaments (<L pm i n
area c a r r i e r s , allowing a high c e l l loading density (up to a 
maximum of 1 g c e l l s / 1 g p l a s t i c ) . The e f f i c i e n c y of the PP 
web for b a c t e r i a l attachment can be greatly enhanced by 0 2 

plasma treatment (wetting) of the surface. 
The PP web was plasma treated i n a sealed glass tube glow 

discharge apparatus operating at 13.56 MHz frequency, 8 watt 
output, 1.5 mm Hg 0 2 pressure. A few seconds (2-3) treatment 
caused optimal surface wettability and increased charge and 
thus better attachment. Longer treatments burned the surface 
of the p l a s t i c . 

P. aeruginosa c e l l s were immobilized on p l a s t i c surfaces 
by immersing the p l a s t i c s into a growing P. aeruginosa c u l 
ture for 72 hours. The attachment i s b a s i c a l l y a firm ad
hesion process i n which a c i d i c polysaccharide f i b r i l s connect 
the bacteria to the surface which i s coated and wetted by a 
b a c t e r i a l extracellular protein (6). Sloughing of the bac
t e r i a from the surface, i n our experience, was minimal. 

D e n i t r i f i c a t i o n . The PVC-bacteria columns prepared as 
described above have been used for studying the effect of flow 
rate and input nitrogen concentration on d e n i t r i f i c a t i o n . For 
better u t i l i z a t i o n of the volume of the column and i n order to 
increase the capacity of d e n i t r i f i c a t i o n , methanol was applied 
as an additional carbon source (in a r a t i o of C/N = 1). Input 
was on top of the column and output was regulated through an 
overflow device (Figure 4). In this system, the immobilized 
bacteria acting as a large surface bioadsorbent, the f l o a t i n g 
p a r t i c l e s ( c e l l s , c e l l debris, others) are e f f e c t i v e l y re
tained. Gas outlet was at the top through a l i q u i d trap i n 
order to ensure anaerobic conditions. Input and output 
n i t r a t e concentrations were determined by standard water 
quality control procedures: after evaporation by s a l i c y l i c 
acid and dissolution with s u l f u r i c acid, the yellow s a l i c y l i c 
acid n i t r a t e complex obtained upon a l k a l i z a t i o n was determined 
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Figure 2. Electromicrograph of Pseudomonas aeruginosa embedded in a PVC 
sheet 

Figure 3. Electromicrograph of Pseudomonas aeruginosa embedded in a PVC 
sheet 
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photometrically. In spite of the effective immobilization 
technique and optimization of the flow rate, eluted bacteria 
(10 2-10 3 cells/ml) could always be detected in the effluent 
water. For trapping these bacteria a freshly f i l l e d column 
was attached to the end of the system. After saturation of 
th i s new column with bacteria, the old column was discon
nected, the new column became the d e n i t r i f i c a t i o n column, and 
a fresh f i l t e r column was attached. By this arrangement the 
operation can be maintained continuously. 

Table I shows average values for measurements of d e n i t r i 
f i c a t i o n capacity and eff i c i e n c y on various columns in experi
ments carried out during a period of approximately 2 years. 
As can be seen from the data, the increase i n the d e n i t r i f i 
cation capacity of each column (3.6-24.3 kg nitrate/m 3 per 
day) was nearly proportional to the increase i n feeding rate 
and i n daily load. A
d e n i t r i f i c a t i o n has droppe
increased. With the increase of feeding, a simultaneous 
increase could be observed i n the number of c e l l s on the 
column as well as i n the eluent. The data measured on the 
individual columns prompted us to apply s e r i a l l y linked 
columns by which nitrate removal could be achieved with 99% 
eff i c i e n c y . 

Table I. D e n i t r i f i c a t i o n capacity and effic i e n c y 
of column reactors using immobilized P. aeruginosa 

Nitrate concentration 
[mg/l] 

Feeding speed 
[mi/h] 

Load 
9H03 

Capacity 
kg reduced N0t 

Efficiency 
\°A 

Influent Effluent 

Feeding speed 
[mi/h] 

day day mi volume 

Efficiency 
\°A 

106 17 427 VOS 838 

114 18 488 132 45 84 

116 19 5 727 203 66 811 

115 22 1334 37 11-7 81 

119 30 21/5 595 175 75 

m 34 3093 86 243 71 

Useful reactor volume: 250 ml 
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Figure 5 shows the correlation between capacity, e f f i 
ciency and n i t r a t e loads. Although there are some deviant 
points among the data plotted, when li n e a r regression was 
performed on the basis of individual data, the correlation 
c o e f f i c i e n t was found to be very good for capacity (0.99) and 
satisfactory for e f f i c i e n c y (0.7). This v e r i f i e s the correct
ness of the relationships and the straight l i n e s drawn. The 
intersection of the 2 l i n e s has been regarded as an opera
ti o n a l parameter of the individual columns, thus i n our 
further experimental design a d e n i t r i f i c a t i o n e f f i c i e n c y of 
75-80% and a capacity of 12-13 kg nitrate/m 3/day have been 
calculated. 

Simultaneous removal of heavy metals and n i t r a t e . In 
addition to d e n i t r i f i c a t i o n  th  abov  serie f column
also used for the remova
d e n i t r i f i c a t i o n capacity
the c r i t i c a l heavy metal concentrations causing t o x i c i t y to 
the P. aeruginosa. The toxic effect of metals (lead, chro
mium, copper, cadmium and zinc) was examined i n a separate 
study (unpublished data). Of these metals copper proved to 
have the highest t o x i c i t y as i t f u l l y prevented d e n i t r i f i 
cation i n a very short time at a concentration of 10 ppm. 
Regarding their toxic effect the next i n order was lead, 
followed by cadmium, zinc, and chromium. 

The removal of heavy metals on fixed-bed columns was 
performed primarily with lead and zinc i n a concentration of 5 
ppm as this proved to be most c r i t i c a l i n the p r a c t i c a l 
r e a l i z a t i o n of large scale operations. The metal content of 
input and output waste waters was determined by atomic absorp
tion spectrophotometry. In the series of experiments the 
appropriately treated columns were kept i n operation only for 
a certain period of time (3-400 hours), when d e n i t r i f i c a t i o n 
capacity suddenly dropped i n a few hours from 90-95% to 0, 
indicating that the microbes accumulated a l e t h a l dose of the 
toxic heavy metal (pH = 7.5, at 25°C, with continuous feedings 
at the 5 ppm l e v e l ) . C e l l death was also v e r i f i e d by the lack 
of TTC reduction. 

The equipment used for the recycling of waste water i n a 
Hungarian chemical plant has been designed on the basis of the 
above experimental resu l t s . Contamination i n the waste water 
of this plant exceeded the permissible l i m i t for zinc, chro
mium, barium, aluminum, n i c k e l , lead and n i t r a t e . Based on 
above experiments, the metal ions present i n toxic concen
trations were f i r s t precipitated by the addition of lime 
hydrate and sedimented as hydroxide i n the pH range: 8.5-9.0 
(5). After readjustment to pH 7.5, the very diluted metal 
ions (about 1 ppm) i n the supernate were transferred into a 
b i o l o g i c a l reactor and then removed with or without n i t r a t e by 
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Figure 5. Correlation between nitrate removal capacity and efficiency 
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means of Pseudomonas c e l l s immobilized on a PVC bed as des
cribed above. The dir e c t i o n of the flow i n the b i o l o g i c a l 
reactor was changed weekly i n order to improve the e f f i c i e n c y 
of f i l t e r i n g . F i l t r a t i o n of possible eluted microbes was 
carried out on a s a n d - f i l t e r , which assured microbe-free 
effluent water. After regeneration by flushing with water, 
the regenerate was refed to the system i n the f i r s t step of 
the process. The water thus p u r i f i e d was suitable for re
cycling and provided part of the water supply of the plant for 
technological purposes. 

B i o l o g i c a l plutonium removal. P. aeruginosa c e l l s 
attached to PP were used e f f i c i e n t l y for the removal of 
plutonium from aqueous systems. Pu removal experiments were 
conducted i n small scal  batch  continuou  colum  operations

In the batch experimen
were immersed i n PuCl^ solution 2 suspension
hours. A 0.1 g sample of the PP bioadsorbent was able to 
remove 96% of 1.7 nCi PuCli+ a c t i v i t y (Table I I ) . The removal 
of Pu0 2 depended on p a r t i c l e size. From 1 ym diameter mono-
disperse p a r t i c l e s 34% was removed, from 0.59 ym and 0.13 ym 
p a r t i c l e s 13% and 12% respectively was removed under the same 
conditions as for PuCli^ (Table I I I ) . This finding suggests 
that the insoluble Pu0 2 p a r t i c l e s are merely entrapped i n the 
filaments, rather than adsorbed to the bioadsorbent; smaller 
p a r t i c l e s escaped entrapment. 

In the continuous Pu removal experiments small 10 X 100 
mm glass columns were packed with PP bioadsorbent ( c e l l 
loading: 0.3 g c e l l s / g p l a s t i c ; column load: 1.5 g bio
adsorbent). This column removed 75-80% of 1.7 nCi/100 ml 
PuCl^ a c t i v i t y at a 15 ml/hour flow rate i n a 12 hour oper
ation. Since the maximal Pu removal capacity of this bio
adsorbent was estimated as about 600 nCi/g c e l l s , such a 
column can be operated at the 1-5 nCi/100 ml l e v e l of a c t i v i t y 
t heoretically for at least a month before exhaustion. For 
p r a c t i c a l reasons, due to decreasing v i a b i l i t y caused by the 
t o x i c i t y of other heavy metals, not Pu, present, columns 
should be replaced every week or two for optimal operation. 
If a series of columns were operated i n a counter current 
fashion, the f i r s t column i n the series being replaced weekly 
with a fresh one, a 99-100% removal of Pu a c t i v i t y might be 
achieved. 

Although many synthetic adsorbents could remove Pu as 
e f f i c i e n t l y as bacteria, the economy and renewability of this 
bioadsorbent makes i t p a r t i c u l a r l y attractive for removal of 
trace amounts of Pu or other transuranics from waste waters. 
The use of cheap p l a s t i c s as c a r r i e r s eliminates the need for 
regeneration of the adsorbent; the Pu concentrated on the 
bioadsorbent can be safely disposed. 
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Table I I . P 1 1 C I 4 uptake by Pseudomonas aeruginosa 
immobilized on plasma treated polypropylene web 

Sample Mean Pu uptake % 

Control 6.7 ± 2 

Immobilized c e l l s 96 ± 15 

PuCl^ a c t i v i t y : 1.7 nCi 

Sample size: 0.1 g 

C e l l loading: 0.3 g/g polypropylen

Table I I I . Pu0 2 uptake by Pseudomonas aeruginosa 
immobilized on polypropylene web 

Pu0 2 p a r t i c l e size (ym) Mean uptake % 

1.0 34 ± 9 

0.59 13 ± 8 

0.13 12 ± 1.5 

Pu0 2 a c t i v i t y : 1.5 nCi 

Conclusions 

Fixed-bed bioreactors, using immobilized P. aeruginosa 
c e l l s are suitable for the simultaneous or separate removal of 
nitrates and heavy metals from very diluted solutions. The 
a v a i l a b i l i t y of a large amount of p l a s t i c waste makes i t 
attr a c t i v e as a cheap c a r r i e r for waste removal. The choice 
of p l a s t i c depends on the intended application: for d e n i t r i 
f i c a t i o n PVC i s adequate (maximum v i a b i l i t y of c e l l s but less 
s t a b i l i t y ) , for Pu removal PP i s better (maximum s t a b i l i t y , 
lessened v i a b i l i t y ) . The p l a s t i c based bioreactors are highly 
competitive with others both i n performance and i n economy. 
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6 
Synthesis of Coenzyme A by Immobilized Bacterial Cells 

SAKAYU SHIMIZU, YOSHIKI TANI, and HIDEAKI YAMADA 
Department of Agricultural Chemistry, Kyoto University, Kyoto 606, Japan 

A variety of enzymes have been immobilized with solid 
supports, and application
been discussed. Immobilizatio g 
of enzymes also has been developed by a number of workers. 
Current applications of continuous enzyme reactions using immobi
lized microbial cells for the transformation of useful compounds 
are mainly carried out by the action of a single enzyme. However, 
many useful compounds are usually produced, especially in fermen
tative processes, by the action of several kinds of enzymes. Only 
a few papers have been published on the immobilization of micro
bial cells operating in multi-step enzyme reactions, and little is 
known about the conditions for immobilization and the enzymatic 
properties of the immobilized cells containing the multi-step 
system (1,2). 

CoA plays an important role in various metabolic reactions. 
This compound is used widely in biochemistry, and its usefulness 
in medicine and in analytical fields has been discussed. The 
recent discovery of an acyl carrier protein containing an inter
mediate of CoA biosynthesis, P-pantetheine, as a prosthetic group, 
has emphasized the significance of CoA and its derivatives in 
biochemistry. The biosynthesis of this coenzyme from pantothenic 
acid, cysteine and ATP requires five sequential enzymatic steps 
as follows (3): 

pantothenic acid + ATP * P-pantothenic acid + ADP (I) 
P-pantothenic acid + cysteine + ATP 

* P-pantothenoylcysteine + ADP (2) 
P-pantothenoylcysteine * P-pantetheine + C02 (3) 
P-pantetheine + ATP * dephospho-CoA + PPi (4) 
dephospho-CoA + ATP * CoA + ADP (5) 

We have attempted to synthesize this coenzyme using microbial 
cells as enzymes. After extensive screening we found that Brevi-
bacterium ammoniagenes is suitable for this purpose (4 ,_5,6). With 
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this bacterium we established a new and simple process for the 
large scale production of CoA (6-12). The immobilization of this 
whole system for CoA biosynthesis i s an important example of a 
multi-step enzyme reaction. We here summarize our studies on the 
production of CoA by microorganisms focusing on the process with 
immobilized c e l l s . 

P r i n c i p l e of CoA Synthesis and Sélection of Suitable Microorganisms 
(5,7,12) 

In the biosynthetic pathway of CoA from pantothenic acid and 
cysteine, four moles of ATP are required for one mole of CoA (see 
equations 1-5 described i n the previous section). We previously 
reported that adenosine or AMP i s phosphorylated to ATP i n a high 
y i e l d during the fermentative process of yeasts, when high concen
trations of inorganic phosphate
Thus, i t should be possibl
microbial CoA synthetic system with an ATP-generating system as 
i l l u s t r a t e d i n Fig. 1. About 300 strains of microorganisms were 
randomly screened with an assay mixture composed of glucose, AMP, 
potassium phosphate, sodium pantothenate, cysteine, magnessium 
sulfate and dried c e l l s of each microorganism as enzyme. Only a 
few strains of yeast accumulated small amount of CoA (20-200 yg/ml). 
Many yeasts could not accumulate CoA inspite of their strong 
a c t i v i t y for ATP generation. When ATP was added to the reaction 
mixture i n place of AMP, several b a c t e r i a l strains belonging to 
the genera Sarcina, Corynebacterium, Micrococcus, Brevibacterium 
and Nocardia produced 200-800 y g of CoA per ml. Of these, _B. 
ammoniagenes IFO 12071 had the most remarkable accumulation of CoA. 
We used th i s bacterium to investigate various conditions for CoA 
production. Based on our results, three different methods for 
production were developed; the c e l l method, the fermentative 
method and the immobilized c e l l method. A l l essentially are based 
on the same pr i n c i p l e , that CoA i s enzymatically synthesized from 
pantothenic acid, cysteine and ATP by c e l l s of j3. ammoniagenes, 
though the processes d i f f e r . The reaction proceeds as described 
above. Reactions 1, 2, 3, 4 and 5 described i n the previous 
section are respectively catalyzed by pantothenate kinase (EC 2.7. 
1.33), phosphopantothenoylcysteine synthetase (EC 6.3.2.5), 
phosphopantothenoylcysteine decarboxylase (EC 4.1.1.36), dephospho-
CoA pyrophosphorylase (EC 2.7.7.3) and dephospho-CoA kinase (EC 2. 
7.1.24). B. ammoniagenes contains the high enzymatic a c t i v i t i e s 
necessary for this pathway. 

Synthesis of CoA by Free, Dried Cells ( C e l l Method, 4,5,7,12) 

A t y p i c a l time course for CoA synthesis by t h i s method i s 
shown i n Fig. 2. The amounts of CoA synthesized from pantothenic 
acid and from pantetheine were about 1 mg/ml and 1.3 mg/ml, res
pectively. An addition of a surfactant, sodium laurylbenzene-
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Glucose ^ ^ (Glycolysis) , 

ATP 

A k J P > ) ^ Pantothenic acid 
Cysteine 

Adenosine I Figure 1. Synthesis of CoA from panto-
7 thenic acid and cysteine coupled with 

Adenine ATP-generating

Reaction time (hours) 

Figure 2. Time course for CoA synthesis by dried cells of B. ammoniagenes. 
(A) Synthesis from pantothenic acid: reaction mixture (1 mL) containing 5 μmol sodium 
pantothenate, 10 μmol cysteine, 15 μmol ATP, 10 ^mdl magnesium sulfate, 150 ^mol 
potassium phosphate buffer, pH 6.0, and 100 mg dried cells of B. ammoniagenes was 
incubated at 37°C with (a) or without (b) 2 mg of sodium hurylbenzenesulfonate. A 
mixture without sodium pantothenate (c) was used as a control run. (B) Synthesis from 
pantetheine: the reaction conditions were the same as those in (A) except that an equi-

molar amount of pantetheine was used in place of sodium pantothenate. 
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sulfonate, brought about an increse i n the amounts of CoA synthe
sized. Removal of the permeability barrier seems to be necessary 
for substrates to contact with the enzymes; therefore, c e l l s are 
usually dried or treated with a surfactant. This was confirmed 
by the leakage of enzymes necessary for CoA biosynthesis from the 
c e l l s when treated with the surfactant. This suggests that CoA 
synthesis occurs, at least i n part, e x t r a - c e l l u l a r l y . Another 
interesting feature of this process i s that the ATP used for CoA 
synthesis i s not regenerated. Results i n Fig. 3 suggest that an 
increased accumulation of CoA may be expected, i f a suitable ATP-
generating system i s coupled with the CoA synthesizing system; 
thus, we tested several yeast strains as ATP producers. When IS. 
ammoniagenes was incubated with pantothenic acid and cysteine i n a 
reaction mixture i n which ATP had been produced from AMP by a 
yeast Hansenula j a d i n i i , 0.5-1 mg of CoA per ml was formed. 
However, this amount o
d i f f i c u l t y was to maintai
formation. 

Production of CoA by the Fermentative Method (8,9,12) 

In the c e l l method, neither recycling used ATP nor supplying 
i t from other ATP-generating system was successful. Another 
useful process for ATP production has been reported by Tanaka et^ 
a l . (14), i n which nucleoside mono-, d i - and triphosphates were 
successfully produced from the corresponding bases by c u l t i v a t i n g 
bacteria i n a medium containing high concentrations of glucose and 
s a l t s . This prompted us to synthesize CoA through the growth of 
the bacterium. We devised a fermentation medium suitable for both 
ATP generation and CoA synthesis which was based on the results of 
Tanaka et a l . (14). Only a s l i g h t modification of their orignianl 
medium caused a remarkable accumulation of CoA. A t y p i c a l time 
course for t h i s fermentation i s shown i n Fig. 4. F i r s t , phospho
ry l a t i o n of AMP, then consumption of pantothenic acid occurred, 
then CoA was gradually produced. The maximum accumulation, about 
3.5 mg/ml, was reached on the 6th day. In some cases, values of 
more than 5 mg/ml were obtained. Because of vigorous aeration 
during c u l t i v a t i o n , CoA i n the culture broth was present as the 
d i s u l f i d e . Production of CoA with adenine or adenosine instead of 
AMP was also possible (yie l d : 1.5-2.5 mg/ml). 

Synthesis of CoA by the Immobilized C e l l Method (2) 

F i r s t , we tested various immobilization methods using c e l l s 
of B». ammoniagenes as the test organism. Entrapment of c e l l s i n a 
cellophane tube, i n polyacrylamide gel and i n polyvinylalcohol 
f i l m gave good results. Immobilization with ethylene maleic an
hydride, glutalaldehyde and p o l y s i l a s t i c resin produced inactive 
c e l l s . Cells i n the cellophane tube were active after seven 10 
hr-incubations. During t h i s period more than 80 mg of CoA was 
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Reaction time (hours) 

Figure 3. Effect of ATP feeding on CoA 
synthesis. The reaction mixture (1 mL) 
containing 10 \xmol sodium pantothenate, 
10 pmol cysteine, 15 pmol ATP, 10 μτηοΐ 
magnesium sulfate, 150 μmol potassium 
phosphate buffer, pH 6.0, and 100 mg dried 
cells of B. ammoniagenes was incubated at 
37°C. ATP (5 μmol each) was added to the 
mixture at the time indicated by arrows (a). 
A mixture without ATP feeding was used as 

a control run (b). 

Figure 4. Time course of CoA production during cultivation of B. ammonia
genes. B. ammoniagenes was cultivated for 24 hr at 28°C in a seed medium composed 
of glucose (1%), peptone (1.5%), yeast extract (0.1%), K2HPOi (0.3%), NaCl (0.2%), 
and MgSOh · 7H20 (0.02% ), pH 7.0. The grown seed (10%) was inoculated in a fer
mentation medium composed of glucose (10%), urea (0.6%, autoclaved separately), 
peptone (0.8%), yeast extract (0.5%), K2HPOj, (2%), MgSOk'7H20 (1%), biotin 
(0.0003%)), and AMP (0.2%), pH 7.6. Cultivation was run at 28°C with vigorous aera
tion. To the 3-day culture, calcium pantothenate (0.2%), cysteine (0.2%), and cetyl-
pyridinium chloride (0.1%) were added, and the cultivation was continued for another 

4 days. 

» ISJ ι ι ι "91 
3 0 4 0 5 0 6 0 3 0 4 0 5 0 6 0 

Temperature (eC) 

Figure 5. Effect of temperature on the 
stability of immobilized cells. The gel-
entrapped dried cells (a) were incubated in 
0.02 M potassium phosphate buffer, pH 7.0, for 
3 hr at various temperatures, as indicated. After 
filtration, each gel (1.88 g) was incubated with 
20 μτηοΐ sodium pantothenate, 100 μτηοΐ cys
teine, 150 μτηοΐ ATP, 100 μτηοΐ magnesium 
sulfate, 1500 μτηοΐ potassium phosphate buffer, 
pH 6.5, 20 μπιοί CTP, and 10 mg sodium fouryl-
sulfate in a total volume of 10 mL. The reaction 
was carried out at 37°C for 5 hr with shaking. 
Free, dried cells (b) were used as control. (A) 
Accumulation of CoA; (B) consumption of pan

tothenate. 
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synthesized and loss of the i n i t i a l a c t i v i t y of the c e l l s was 
about 50%. The same amount of free, dried c e l l s synthesized 25 mg 
of CoA i n the f i r s t incubation, after which the c e l l s became i n 
active. The c e l l s trapped i n polyacrylamide gel and i n polyvinyl-
alcohol f i l m also withstood repeated incubations, although their 
i n i t i a l a c t i v i t i e s were somewhat lower than those of free, dried 
c e l l s . We investigated various conditions for CoA synthesis with 
polyacrylamide gel-entrapped c e l l s . 

General Properties of Immobilized Cells (2). Cells were 
trapped i n polyacrylamide gel by the procedure described by Chibata 
et a l . (15). The most active gel was obtained when 15-30% a c r y l 
amide monomer was polymerized at 0°C with 0.8% N,N-methylenebis-
acrylamide, 0.5% Ν,Ν,Ν',Nf-tetramethylethylenediamine and 15-20% 
dried c e l l s . 

The gel was stabl
0.01 M potassium phosphat
tions free, dried c e l l s were completely inactivated within a week. 
The gel was more stable at high temperatures than were free, dried 
c e l l s as judged by the t o t a l CoA synthesis and by the phosphoryla
tion of pantothenic acid (Fig. 5). 

As described i n the previous section, the addition of a surf
actant produced remarkable stimulation during the synthesis of CoA. 
In the immobilized c e l l system, some surfactants showed similar 
stimulative effects. When the gel i n which intact c e l l s were 
trapped was treated with sodium lau r y l s u l f a t e before the reaction, 
i t was remarkably activated. An addition of sodium lau r y l s u l f a t e 
to the reaction mixture with trapped intact c e l l s caused an i n 
creased accumulation of CoA. Similar observations have been 
reported by other workers. Franks (lf>) has reported that poly
acrylamide gel-entrapped Streptococcus f a e c a l i s , which catalyzes 
the dégradâtive conversion of arginine to putrescine, was a c t i v a t 
ed by treating i t with lysozyme. Chibata et a l . (15) activated 
Escherichia c o l i c e l l s with aspartase a c t i v i t y , which was trapped 
i n polyacrylamide gel, by autolysis. 

The pH optimum for CoA synthesis by the gel was between 
pH 7-8, but that of the free, dried c e l l s was lower. In the 
phosphorylation of pantothenic acid, however, both preparations 
showed maximum a c t i v i t y at about pH 6.5. The gel was most 
active at 37°C. Even at 45°C, the gel synthesized CoA (75% of the 
a c t i v i t y at 37°C), but synthesis by free, dried c e l l s was comp
l e t e l y repressed. 

Brown Q) has reported that CTP i s required to couple P-pan
tothenic acid with cysteine i n a b a c t e r i a l system. We previously 
observed that CTP was superior to ATP as an energy source for the 
coupling reaction i n the system with free, dried c e l l s . However, 
the supplementary effect of CTP on the accumulation of CoA by 
these c e l l s was very s l i g h t . Conversely, i n the immobilized c e l l 
system, remarkable acceleration of CoA synthesis was observed, 
especially in the gel used, when CTP was added to the reaction 
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mixture. This suggests that nucleoside diphosphate kinase i s 
present i n the c e l l s . Probably this enzyme recycles a c a t a l y t i c 
amount of CTP existing i n the c e l l s . 

A comparison of the immobilized c e l l method with the other 
two methods described i s summarized i n Table I. As seen i n the 
table, the fermentative method has the highest productivity based 
on three different indexes. The value based on ATP consumption i n 
the fermentative method c l e a r l y demonstrates the recycling of used 
ATP. Although the immobilized c e l l method consumes the most ATP, 
i t s productivity of CoA based on 100 mg of c e l l s i s higher than 
that i n the dried c e l l method. This, of course, i s due to repeat
ed use of the c e l l s . 

Isolation of CoA (2,5,6,11,12). The main problem for the 
rapid i s o l a t i o n and high recovery of CoA was to separate ATP from 
CoA i n the cultured brot
solved by i s o l a t i n g Co
i n Fig. 6. Results of actual operations with the three methods 
are summarized i n Table I I . Recoveries of more than 65% were 
obtained from the reaction mixtures with free, dried c e l l s or with 
immobilized c e l l s . 

Table II. Yields and Purities of Isolated CoAs 

C e l l method Fermentative 
method 

Immobilized 
c e l l method 

CoA content 
(mg/100 ml) 190 250 213 a ) 

Column used^^ charcoal 
Dowex 1x2 

Duolite 
charcoal 
Dowex 1x2 

charcoal 
Dowex 1x2 

H202 treatment C^ done not done done 
Yie l d (mg) 150 101 153 
Purity (%) 85 83-87 91 
Recovery (%) 67 34 65 

a) Total y i e l d after 4 times of repeated reactions. For 
d e t a i l , see reference 2_. 

b) See Fig. 6. 
c) This process i s necessary to oxidize CoA. 

Synthesis of the Intermediates of CoA Biosynthesis (2,6,8,12, 
16,17,18). CoA and a l l the intermediates of CoA biosynthesis, 
with the exception of P-pantothenoylcysteine, are synthesized 
sele c t i v e l y with high yields by the individual reactions involved 
in the CoA biosynthetic pathway. The principles of these synthe
ses are based on the following observations. Only P-pantothenic 
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Figure 6. Separation of CoA from the 
reaction mixture or the culture filtrate. 

For details, see Kef. 10 and 12. 
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Figure 7. Time course of CoA synthesis in the presence of CoA. (A). Synthesis 
from pantothenic acid: the reaction was carried out with 4 pmol (a) or 2 μ^ηοΐ (b) CoA. 
Other conditions were the same as those described in Figure 2(A), except for addition of 
2 mg sodium laurylsulf ate. The mixture without CoA (c) was used as a control run. 
(B) Synthesis from P-pantothenic acid: the reaction conditions were the same as those 
described in (A) except that sodium pantothenate was replaced with P-pantothenic acid. 

Symbols are the same as those in (A). 
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acid was synthesized when cysteine was omitted from the reaction 
mixture. P-Pantothenic acid most rapidly coupled with cysteine 
when CTP was present i n place of ATP, but GTP, ITP and UTP were 
inactive nucleotides. The reaction with CTP gave P-pantetheine, 
and CoA was the main product i n the reaction mixture with ATP. 
P-Pantetheine was consumed to form CoA only when incubated with 
ATP. Other nucleotides lacked the a b i l i t y to couple with this 
substrate. Incubation of pantothenic acid and cysteine with CTP 
and ITP, GTP or UTP also gave P-pantetheine. This probably due to 
the broad s p e c i f i c i t y of pantothenate kinase for nucleotides and 
the absolute requirement of ATP by dephospho-CoA pyrophosphorylase. 
Pantothenate kinase also catalyzed the phosphorylation of pante
theine i n the presence of ATP, ITP, GTP or UTP. The incubation of 
pantetheine with ITP, GTP or UTP also gave P-pantetheine. Depho
spho-CoA was obtained by treating the reaction mixture which had 
accumulated CoA with 3'-nucleotidas
Although detailed experiment
same principles apply to both the fermentative method and the im
mobilized c e l l method. Results are summarized i n Table I I I . 

Feedback Inhibition of Pantothenate Kinase by CoA and i t s 
Removal by Continuous Synthesis on an Immobilized C e l l Column (2, 
6,17,19). The phosphorylation of pantothenic acid i s strongly 
inhibited by CoA as the end product i n the b a c t e r i a l system as has 
also been reported for rat l i v e r pantothenate kinase (20). This 
was demonstrated from experiments with dried c e l l s and p u r i f i e d 
pantothenate kinase. Probably this feedback i n h i b i t i o n i s involv
ed i n regulating the i n t r a - c e l l u l a r CoA l e v e l as a general regu
l a t i o n mechanism. However, the presence of this i n h i b i t i o n mecha
nism i s considered undesirable i f CoA i s to be obtained i n a high 
y i e l d . This may be why we had d i f f i c u l t y i n obtaining a much 
higher accumulation of CoA than we did previously. In contrast, 
the other enzymes involved i n CoA biosynthesis were not sensitive 
to CoA even when the concentration of CoA i n the reaction medium 
was 5 mM. As expected, there was no sig n i f i c a n t repression of the 
amount of CoA synthesized from P-pantothenic acid and cysteine i n 
4 mM CoA, although synthesis from pantothenic acid and cysteine 
was completely repressed under the same conditions (Fig. 7)· This 
route for the synthesis of CoA i s probably one which avoides feed
back i n h i b i t i o n . As a remover of feedback i n h i b i t i o n , the immobi
l i z e d c e l l method has an advantage over the other two methods i n 
that synthesis can be produced continuously with a column system. 
In this case, the product can be removed continuously from the 
reactor. Figure 8 shows the results of the continuous synthesis 
of CoA. When fresh reaction mixture was passed through the column 
at a flow rate of SV= 0.1-0.2 for 6 days, loss of the i n i t i a l 
a c t i v i t y of the column was about 50%. To remove feedback i n h i b i 
tion completely, we divided the column into two parts. Only the 
phosphorylation of pantothenic acid operated at the top of the 
column (Fig. 8). The pantothenic acid added was phosphorylated 
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Time (days) 

Figure 8. Synthesis of CoA
system: a substrate mixture composed of sodium pantothenate (2.5 ^mol/mL), cysteine 
(10 μmol/mL), ATP (15 pmollmL), magnesium sulfate (10 pmol/mL), potassium phos
phate buffer, pH 6.5 (150 ^mol/mL), and sodium laurylsulfate (1 mg/mL) was applied 
to a column (1 X 20 cm) of gel-entrapped dried cells. The reaction was carried out at 
34°C with a flow rate of SV = 0.1-0.2 hr1. (B) Separated column system: a substrate 
mixture composed of sodium pantothenate (2.5 μmol/mL), ATP (7.5 ^mol/mL), mag
nesium sulfate (10 ^mol/mL), potassium phospate buffer, pH 6.5 (150 μmol/mL), and 
sodium laurylsulfate (1 mg/mL) was applied to the top of the column (1 X 10 cm). 
Solution (about 20 mL) passed through the column at a flow rate of SV = 0.1-0.2 hr'1 

was collected every day. To the solution (20 mL), 200 μmol cysteine and 150 μmol ATP 
were added, which was then reacted at the bottom of the column (1 X 10 cm) with a 
flow rate of SV = 0.1-0.2 hr1 to yield CoA. The reaction temperature was 34°C. Con
sumption of pantothenic acid was checked both at the top (b) and bottom (a) columns. 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Time (days) 

Figure 9. Continuous synthesis of CoA by separated column system. The reac
tion conditions were the same as those described in Figure 8(B). Column was 
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almost completely to y i e l d P-pantothenic acid, which then reacted 
with cysteine at the bottom of the column to y i e l d CoA. The t o t a l 
accumulation of CoA after 7 days of operation on this separated 
column was about 2-fold higher than that on a single column. A 
solution containing more than 500 μ g of CoA was obtained continu
ously for at least 2 weeks when the column was changed 3 times 
(Fig. 9). 

Conclusion 

CoA has been extracted from microorganisms and has been 
chemically synthesized. However, these methods are not p r a c t i c a l 
because of low yields or complexity. The processes described here 
are a l l simple and rapid and require no special equipment. These 
processes possess considerable p r a c t i c a l advantages over other 
previously reported processe
in a high concentratio
a compact plant that needs no complex p u r i f i c a t i o n procedures. 
This not only speeds up is o l a t i o n and p u r i f i c a t i o n but gives a 
highly p u r i f i e d product as well. 

Abbreviations Used 

CoA, coenzyme A; dephospho-CoA, 3f-dephospho-coenzyme A; 
P-pantothenic acid, 4 ?-phosphopantothenic acid; P-pantothenoyl
cysteine, 4'-phosphopantothenoylcysteine; P-pantetheine, 4'-phos-
phopantetheine; ATP, adenosine 5'-triphosphate; ADP, adenosine 5'-
diphosphate; AMP, 5'-adenylic acid; CTP, cytidine 5 -triphosphate; 
CMP, 5'-cytidylic acid; GTP, guanosine 5'-triphosphate; GMP, 5'-
guanylic acid; ITP, inosine 5'-triphosphate; UTP, uridine 5 ' - t r i -
phosphate; PPi, inorganic pyrophosphate. 
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Phenol Degradation by Candida tropicalis Whole Cells 
Entrapped in Polymeric Ionic Networks 
J. KLEIN and U. HACKEL 
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Chair of Biochemistry and Biotechnology, Technical University, 
Braunschweig, F.R.G. 

Entrapment in polymeric networks is st i l l the most widely 
used technique in whole cell immobilization  Such polymeric net
works were originally prepare
without (2,3) hardening g polymerizatio  (4,5)
Recently, ionic networks (3,6,7,8) and polycondensation networks 
(7,8,9,10) have been developed as well. 

The ionic network formation procedure was originally devel
oped by Thiele and coworkers (11,12) and our laboratory was the 
first to adopt and modify this technique to be applicable for 
whole cell immobilization (3). It was our impression that the 
contact of the cells with polyelectrolytes and some small elec
trolytes in aqueous solution only would be most advantageous to 
maintain high fraction of enzymatic activity and living cells 
after immobilization. 

Phenol degradation by Candida tropicalis has been chosen as 
a model reaction. As an example of the important reaction class 
of decomposition of aromatic compounds (13,14,15) it has two 
characteristic features: (i) the reaction is catalysed by a mul
tienzyme system and (ii) oxygen has to be supplied as a co
substrate. 

Point (i) very likely is related to the problem of immobil
izing living (viable) cells while point (ii) directs towards a 
typical problem in fermentation technology which will be of in
creasing importance for immobilized cell technology as well. 
Phenol degradation using isolated enzymes (12,16,17) and free 
cells (14,18,19,20,^1) has been studied in other laboratories, 
but no worF~has T)èen done using immobilized cell catalysis. 

This contribution on Candida tropicalis immobilization in 
ionic network polymers is part of a more general study which is 
reported elsewhere (7,22) involving other immobilization tech
niques as well. 

0-8412-0508-6/79/47-106-101$05.00/0 
© 1979 American Chemical Society 
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Experimental Procedures 
Microbial Cell Production. A yeast species, c lass i f ied as 

Candida tropical is (Cast.) Berkhout has been isolated and op t i -
mized for maximum degradation rate of phenol (in a 1 % solution). 
Fermentation for biomass production has been performed in a 10 1 
fermenter, at a s t i r r ing rate of 200 rpm, T=30°C and pH=6.5. 
Aeration rate for the f i r s t 6-7 hr ( i . e . , to the onset of the log 
phase) was 0.16 Ν 1 air/1 medium-min, then reset for the remain
ing 42 hr to 1 Ν 1 air/1 medium«min. The nutrient medium was com
posed of 1 g yeast extract, 2 g NH.NOo, 2 g (NH,) ?S0 d , 1 g KH ?P0 4 , 
2 g Κ ?ΗΡ0.·3Η ?0, 1 g Na9HP(h-2H90, 0.2 g MgSOwHÎO, Ό , 2 g KCT, H 

1 ml tracé sa i t solutioh (Zn2+, Mn2+, F e 2 + , Co2+/cu2+, HLP04, KJ, 
EDTA) 1 g phenol added to 1000 ml H 20. 
During the fermentation process, seven supplemental additions of 
1 g phenol each had to be made, where the timing was given by the 
stop of yeast ce l l growt
were separated from the fermentation broth by centrifugation at 
room temperature, washed twice with 0,9 % NaCl solution and stored 
at 4 C. Candida t rop ica l is ce l l s are spherical to e l l ipso idal 
part icles with a mean diameter of 3 to 5 jjm. 

Reincubation of Immobilized Ce l l s . Polymer beads with immo-
bi l i zed Candida t rop ica l is ce l l s were dispersed in a nutrient 
medium, containing 52 mg K ?HP0 d , 40 mg MgS0d-7H?0, 400 mg (NH*)2 

S0 2 , 200 mg yeast extract, 200 mg phenol, 40 nrçfKCl, 0,2 ml t?aCe 
sa i t solution and 180 ml H 20. The fermentation was performed in 
a 1 1 Erlenmeyer f lask on a shaking device at 30 C for a total 
time of 24 hr. (Eight hours after the onset of the experimentat
ion another 26 mg KhLPO ,̂ was added to the mixture.) The polymer 
beads were seperated and washed extensively to remove ce l l s which 
might have been grown on the surface. Cell growth within the 
polymeric network was confirmed on the basis of elemental analysis 
with regard to nitrogen. 

Whole Cell Immobilization. In a screening procedure, d i f f e r 
ent polymers and counterion solutions were studied with regard to 
their gel formation behaviour. These substances are summarized in 
Table I, showing that the different types of polymers on the one 
hand, and A1 2 (S0 4 ) 3 solution on the other, are appropriate for 
ce l l immobilfzation. Two of the polymers are available commercial
ly (sodium alginate from Alginate Industries GmbH, Hamburg, and 
carboxymethylcellulose from Wolff Walsrode AG). The styrene-
maleic acid copolymer (copoly(St-MA)) had been prepared in our 
laboratory following well known procedures (23). 
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Table I. Survey of Substances Studied 
for their Gel Formation Properties 

Properties 
Substance Class i f icat ion + =good,- = poor 

Na alginate Natural polymer + 
Carboxymethyleel 1 ul ose Semi natural + 

(CMC) polymer 
Copoly(styrene-maleic acid) Synthetic + 
(Copoly(St-MA)) polymer 
Copoly(acrylamide-acrylate) Synthetic polymer -
Copoly(trans-stilbene- Synthetic polymer -
maleic acid) 
Copoly(isoprene-maleic
Copoly(vinylacetate- Synthetic polymer -
maleic acid) 
Copoly(isobutene-maleic acid) Synthetic polymer -
Copoly(vinylmethylether- Synthetic polymer -
maleic acid) 
Copoly(furan-maleic acid) Synthetic polymer -
A1CU Electrolyte -
A1 2 (S0 4 ) 3 Electrolyte + 
A 1W 3 

Electrolyte (+) 
CaClg J Electrolyte (+) 

The process of polymer bead formation can be divided into 
f ive steps: ( i ) preparation of polyelectrolyte solution in i t s 
sodium sal t form, ( i i ) addition of ce l l mass to ( i ) and dispers
ion, ( i i i ) dropping of this suspension through a capi l lary tube 
into an A l 3 + solut ion, (iv) hardening of beads in the A l 3 + solu
tion and (v) separation of biocatalyst part icles and washing. 
The capi l lary device for obtaining a controlled part ic le diam
eter has been described elsewhere (7)» where a concentric a i r 
stream around the capi l lary tube leads to decreasing part ic le 
size with increasing a i r velocity . While a 0.1 M A1 2 (S0 4 ) 3 s o l 
ution could be applied generally, optimal polymer concentrations 
had to be determined for each individual polyelectrolyte, and 
these weight concentrations are indicated in parentheses as 
follows: Na alginate (c=3%), CMC RIT 5000 (c=1.5%), copoly(St-
MA) (c=10%). Typical hardening times in step (iv) were about 
30 min. 

Toxicity Test. To obtain some information about loss of en-
zymatic act iv i t y from contact of ce l ls with chemicals during the 
immobilization procedure, ce l l s have been incubated with sa l t 
solutions under variation of concentration and incubation time. 
These values combined with the results on the percentage of 
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l i v ing c e l l s , are given in Table II , and i t can be seen that a 
survival rate of 80 % under typical preparation conditions seems 
to be a good estimate. The data on l i v ing ce l l percentage are 
based on agar plate count tests (incubation for 96 h at 30 °C) 
with c e l l s , purif ied from the sa l t incubation experiment by cen-
tr i fugation and washing with pH=7 buffer solution. 

Table II Survival of Candida t ropica l is ce l l s 
during Incubation with A l -Sa l t Solutions 

Concentration Incubation Percent 
Salt mole/1 time, min. l i v ing ce l l s 

A1C13 0.5 120 28 
A1 2 (S0 4 ) 3 1.0 

0.5 120 13 
0.25 120 31 
0.1 120 71 

96 74 
60 81 
30 83 
20 88 
15 88 
10 90 

5 99 

Kinetic Analysis. A st i r red tank slurry reactor was construc
ted, using a 500 ml polyethylene f lask equipped with gas dispers
ing s t i r re r and aeration was performed with pressurized a i r . 
Phenol solution (300 ml) was used to suspend 35 ml of catalyst 
par t ic les . Phenol conversion was followed by discontinous sampl
ing and UV analysis at λ=270 nm. 

A fixed-bed reactor device was used otherwise, as shown in 
Figure 1. The catalyst bed (1) contained 70 or 140 g of catalyst 
beads. Phenol solution was circulated through the bed and an oxy
gen saturation column (2) from a reservoir (3) of 2 1 in volume, 
and a c i rculat ion rate of 120 1/hr was used to obtain pract ical ly 
gradient-free conditions in the whole reactor system. This "well 
mixed reactor" system could be used in a discontiarous or a con-
tiruous fashion, using another reservoir (6) and an overflow chan
nel reservoir into (8) in the lat ter case. A Zeiss PM QII UV pho
tometer (4) was connected to the reactor to monitor phenol con
centration at A= 270 nm. 

Oxygen saturation in solution could be established in both 
reactors using an oxygen sensing electrode. The substrate solut 
ion generally had the following i n i t i a l composition: 0.282 g 
phenol,p.a., 9.0 g NaCl, 0.2 g MgClo-6H?0, 0.15 g CaCl ? -2H ? 0, 
990.37 g H?0 and i t s pH value was 670. 
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The Phenol Degradation Reaction 
Reaction Pathway. The simplest stoichiometric equation for 

oxydaTive phenol degradation would, of course, have to be written 
C6H50H + 7 0 2 -> 6 C0 2 + 3 H20 (1) 

However i t has been shown by Neujahr and coworkers (24,^5) and 
also by Nei and coworkers (26) that in microbial degradation 
with Candida t rop ica l is actually only 3 to 4 moles of oxygen per 
mole of phenol are consumed. The present knowledge on the phenol 
degradation pathway can, according to these authors, be formulated 
as shown in Figure 2. The value of 3.5 for the molar oxygen con
sumption would correspond to the fact that succinic acid - apart 
from C0 2 and H20 - is an end product. The value of 4,however, i n 
dicates that succinic acid must be susceptible to further oxid
at ion, as has recently bee
the course of this paper, the value of 4 moles of oxygen per mole 
of phenol has been used. 

Reaction Kinetics for Free Suspended Ce l ls . For the concen
tra ti ï ïrTrângê~ô^ in phenol 
concentration as a function of time has always been a l inear plot, 
so that at any set of consideration^temperature T, pH, and oxygen 
concentration (0 2 ) , or yeast concentration) a zero-order rate 
equation holds: 

-d(Ph)/dt = Constant (2) 

The specif ic act iv i t y of the Candida t rop ica l is yeast ce l l s with 
regard to their phenol degradation capabil i ty is therefore a 
constant, independent of phenol concentration: 

r s p . < - i / < x » (d (Ph)/dt) [ , ji; ara^hj <3> 

The dependence of this specif ic act iv i t y value on temperature and 
oxygen concentration is shown in Figures 3 and 4, respectively(27). 
The dotted l ines are used to indicate regions where a fast deac
t ivat ion of ce l l s was observed. 

From the data in Figure 3, an apparent activation energy of 
Ε = 10.2 kcal/mole can be obtained. Figure 4 shows that the 
reaction becomes oxygen limited at (0 2) ^5 mg/1, while otherwise 
a zero-order dependence holds. In the region of pH = 5.5 to 8, 
only a very f l a t maximum of r $ p can be observed (27). 

Reaction Kinetics for Immobilizes Ce l l s . Evaluation of the 
catalyt ic behaviour of the immobilized ce l l s can best be made by 
comparing the effective values of specif ic phenol degradation ac
t i v i t y with the corresponding values for free suspended c e l l s , 
thus defining a relat ive act iv i t y (or catalyt ic eff icience factor) 
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Figure 1. Circulation reactor for phenol 
conversion studies: 1, packed bed of cata
lyst particles; 2, oxygen saturation col
umn; 3, substrate solution reservoir; 4, 
W spectrophotometer; 5, circulation 
pump; 6, substrate solution reservoir for 
continuous feed; 7, feed pump; 8, prod
uct solution reservoir; 9, air distribution 

device. 

i 
-_\ 3 ; i : 1 1 

Φ 5 

Figure 2. Proposed reaction pathway for enzymatic, oxidative phenol degrada
tion, according to the literature (21, 24,25,26) 
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log r< 
-3,1-

-3,3-

-3,5-

3,0 W ο 5,0 , 

Figure 3. Specific reaction rate r8p for phenol degradation by suspended cells as 
a function of temperature 

T = 3 0 ° C 

—ι— 
10 15 20 c0 ( m g / / ) 

Figure 4. Specific reaction rate rsp for phenol degradation by free suspended cells 
as a function of oxygen concentration in solution 
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η = r s P » e f f (4) 

The calculation of r f f requires axact knowledge of the concen
trat ion of catalyt icaTly active immobilized ce l l s per unit volume 
of catalyst part ic les . The immobilization technique guarantees 
the complete entrapment of the ce l l s suspended in the polymer so
lut ion before crossl inking. If this ce l l concentration is denoted 
b y w g yeast ce l l s wet weight 

i " ml polymer solution 

the expression for X . has to account for a) volume changes 
caused by the crosslinKing reaction of the polymeric component 
and b) for act iv i t y loss by tox ic i t y . With respect to a) a volume 
decrease of 30 % was observed
data in Table II 20 % act i v i t y loss seems to be a good estimate, 
leading to 

Χ . -* = X. = 1.14 X. fg active yeast ce l l s wet weight! 
a c t 0.7 1 1 I ml catalyst J 

(5) 
Typical diagrams for phenol degradation by immobilized ce l l s 

in discontinuous reaction runs are shown in Figures 5 and 6. The 
different l ines in F ig . 5 refer to different ce l l concentrations, 
while in Fig.6 different reaction temperatures are compared. The 
phenol consumption rate, obtained from the slopes of these l i nes , 
divided by X açt> gives the effective specif ic ac t i v i t y of the 
ce l l s in the immobilized state: 

V e f f = ( 1 / Xact) ( d( p h)' d t) (6> 
While the absolute value of phenol consumption rate obviously i n 
creases with increasing ce l l concentration, the effective speci 
f i c ac t i v i t i es are drast ica l l y decreasing, as can be seen from 
the legend of Figure 6. This is a typical indication for trans
port l imitat ion in heterogeneous cata lys is , a problem which re 
quires a more detailed analysis to describe properly the experi
mental findings on catalyt ic eff iciency in immobilized ce l l cata
l ys is (8,22,24). 

Catalyt ical Act iv i ty and Transport Limitation 
Catalyt ical Eff iciency and Thiele Modulus- As~"is well known 

in heterogeneous cata lys is , the relevance of transport l im i ta t 
ions in such a reaction system can be evaluated i f the Thiele mo
dulus is known (23),29). For a set of assumptions (28), the Thie
le modulus for s"piïerical part icles and a zero-order reaction can 
be written 

0 = (R/3)Vk 0 /2D e f f c Q (7) 
and 0 is related to the catalyt ic eff iciency y\ by 
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Figure 5. Phenol concentration as a 
function of time in discontinuous reac
tion runs with Candida tropicalis cells 
entrapped in copoly(styrene-maleic acid) 
/Al3+ networks. R = 1.5 cm; Τ = 293.15 

T - r - , Κ; I, Xi = 0.0035; 2, Xi = 0.02; 3, X ( — 
10 fM 0.06; 4, Xi = 0.10. 

Figure 6. Phenol concentration as a 
function of time in discontinuous reac
tion runs with Candida tropicalis cells 
entrapped in copoly(styrene-maleic acid) 
AZ3+ networks. R = 0.J3 cm; X< = 0.06; 

-. , ι »» 1, Τ = 303.55 Κ; 2, Τ = 299.15 Κ; 3, Τ = 
4 5 6 t (h) 292.05 Κ. 
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ο - ± [ i - f * - ( i - ' i ) 2 / 3 ] - I / 2 (8) 

which can be approximated with suff ic ient accuracy by 0 = 1/rçfor 
0>5. In eq.(7) R is the radius of the catalyst bead, ko is the 
rate constant for oxygen consumption, eg is the l iquid phase oxy
gen concentration and D e ff is the effective oxygen d i f fus i v i t y in 
the polymeric matrix of the catalyst . (At the conditions of these 
studies the molar concentration of phenol is always s igni f icant ly 
larger than of oxygen, so oxygen is the rate l imit ing substrate 
and a l l parameters in eq.(7) have to refer to this substrate) kg 
is related to the specif ic act iv i t y (r ) and the concentration 
( x act) o f t h e catalyt ic sites by 

. _ 4 r s p X a c t _ ,
K 0 3600 "

mole oxygen 

cm sec 
Values for D , f can be obtained by using eq.(9) 

D e f f = e P D o ( 1 0) 
where DQ is the oxygen d i f fus i v i t y in water and ν f f i(Qt7> t h e 

polymer concentration in the crosslinking network, f la t t ing from 
a solution concentration ν . and corrected for 30 % volume con-
contraction. We therefore oBtain eq. (11) 

* = (R/3) \/ k w X , r t )/ ( 2 D pff c n) ( n > a c t ' / v ^ e f r - 0 ' 
for an approximate calculation of 0 under mentioned assumptions. 
It should be made c lear , that there is no reason to assume a d i f 
ferent kinetic scheme for free and immobilized c e l l s , e.g. in re 
lat ion to the oxygen concentration. So the assumption of a zero 
order reaction is nothing else but a mathematical s impl i f icat ion 
of a morecomplex actual behaviour (see F ig . 4) 

Based on l i terature sources and assuming an Arrhenius-tvpe 
equation to hold, values of D (31) and c Q (32) at 20 and 30 C 
have been used to estimate the apparent activation energies for 
oxygen diffusion and so lub i l i t y to be 

Ea n = 3.67 kcal/mole 
α , U 

Ea c = -2,81 kcal/mole 
α ,o 

Combined with the activation energy for phenol degradation by free 
suspended ce l l s of E a > r =10.2 kcal/mole, the temperature dependeice 
of the Thiele modulus'can be expressed by 

Ε ^ = i (E a v, - Ea n - Ea c ) = 4.68 kcal/mole a,0 2 V a,r a,D a,S y 

which can be used to determine the temperature dependence o f ^ a s 
wel l . 
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Comparison of Calculated and Experimental Results. In an i n i 
t i a l series of experiments, different types of polymeric networks 
were compared in a more qual i tat ive way with regard to their ca
ta l y t i c performance. The packed bed ci rculat ion reactor was used 
to follow the phenol consumption in discontinuous reaction runs. 
The data tabulated in the Table III show that different polymeric 
materials can be applied in ionic network entrapment, with some 
preference to the alginate and copolymer systems, i f compared to 
CMC. It can be seen furthermore, that immobilized ce l l s may well 
be susceptible to higher bulk oxygen concentration than the free 
suspended c e l l s , at least for the time periods observed. Compar
ing the calculated and experimentally determined values of^some 
discrepancy has to be envisaged, the experimental values being 
always smaller, however, following generally the trends predicted 
by the calculated values. 

Table III . Comparison of Different Polymer Networks for 
Entrapment of Candida t rop ica l is with Respect to Catalytic 
Eff iciency in the Oxidative Degradation of Phenol 

v n . X. 10 7 c n 10 4r ρ, ι ι 0 sp 

Polymer g/cm3 g/cm3 mol/cm3 mol/ghîfexp Tca lc calc R,cm 

Alginate 0.03 0.05 11.43 2.1? 0.35 0.49 1.78 0.2 Alginate 
0.03 0.1 11.43 0.27 0.36 2.52 0.2 
0.03 0.1 11.43 1.3 a 0.22 0.36 2.52 0.2 

CMC, 
RIT 5000 0.018 0.09 11.43 0.49 a 0.08 0.39 2.31 0.2 

0.018 0.09 2.35 0.36, 0.06 0.19 5.08 0.2 
0.015 0.1 2.35 0.40 a 0.07 0.18 5.31 0.2 

RIT 30 0.075 0.1 11.43 0,76 a 0.13 0.32 2,86 0.2 

Copoly- 0.10 0.02 11.43 2 ' 8 b 0.38 1.00 0.57 0.075 
(St-Ma) 0.15 0.02 11.43 1.5* 0.21 0.80 1.14 0.13 (St-Ma) 

0.03 0.05 11.43 2.4* 0.33 0.57 1.48 0.15 
0.036 0.1 11.43 1.2* 0.16 0.42 2.13 0.15 
0.03 0.15 11.43 1ΛΪ 0.15 0.34 2.57 0.15 
0.10 0.02 2.35 2 · ° h 0.27 0.65 1.26 0.075 
0.03 0.15 2.35 0.45 b 0.06 0.17 5.66 0.15 

-4 a . r =6.0x10 sp 
mol/g h. b. r =7.4xl0" 4 mol/g h. 

sp 
To obtain a more quantitative answer to this discrepancy, an

other series of experiments was performed, using copoly(St-Ma) as 
the matrix-forming polymer. The variables in these experiments 
have then been ( i ) part ic le radius R, ( i i ) ce l l concentration X, 
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and ( i i i ) reaction temperature. To avoid problems which might a -
r i se from external mass transfer l imitat ions, the suspended par
t i c l e reactor type has been used and oxygen was supplied by satu
ration with a i r under atmospheric pressure. The data l is ted in 
Table IV show an improved correspondence between IJ and 7 ? c a i c i f 
compared to Table I I I ; however, the general trend for deviation 
remains. 

Keeping in mind the set of simplifying assumptions on which 
the calculatory process is based, these deviations between model 
and experiments do not seem to be too dramatic. Spec i f i ca l l y , ( i ) 
the homogeneity of network, ( i i ) the zero-order reaction kinetics 
and ( i i i ) the procedure to estimate D e ff may be mentioned in this 
context, but no attempt was made in this study to develop a more 
refined mathematical model. 

Plott ing a l l the data from Table IV in such a way to compare 
the Thiele moduli from
imental values 0 e x p in a double logarithmic diagram (see F ig .7) , 
a two-parameter correlation equation 

*exp - ! - 4 4 *ca?c <12> 
can be derived, which may serve as a basis for process design cal
culations for this specif ic system. 

Catalytic S tab i l i t y and Cell V iab i l i t y 
Continuous Reaction Run. A suff ic ient s tab i l i t y of catalyt ic 

act iv i t y with respect to time on stream is an obvious prerequisite 
for any practical appl icat ion. Using the packed bed c i rculat ion 
reactor in i t s continuous mode, a catalyt ic act iv i t y p ro f i l e , as 
shown in Figure 8, was obtained. Candida tropical is ce l l s (20 g) 
had been immobilized using a v p ,-=0.075 g/ml CMC RIT 30 solut ion, 
leading to a value of Χη·=0.1 g/ml. A 3xl0~3 molar solution of 
phenol was continuously fed to the system, while oxygen saturation 
was obtained with pure oxygen gas. 

The l ines 1 to 6 indicate a procedure of washing and repack
ing of the catalyt ic bed, since sett l ing and compression of the 
bed obviously gave r ise to increasing pressure drop and decreas
ing substrate (especially oxygen) supply of the catalyst beads. 

Considering the fac t , that the procedure of washing and re 
packing could be completed in about 1 h from the overall average 
decay of catalyt ic act iv i t y indicated, by the broken l ine a cata
l y t i c h a l f - l i f e of t ^ 2 = 19 days could be determined. 

Catalyst Reincubation. It is one of the unique features of 
using whole ce l l s as immobilized catalysts that the catalyst can 
be activated by reincubation as long as viable ce l l s are present 
in the entrapped state. Reincubation of the catalyst beads with 
the appropriate nutrients f a c i l i t a t e s the growth of new ce l l s i n 
side the polymer bead. This technique can be used either to im
prove the catalyt ic act iv i t y d i rect ly following immobilization or 

In Immobilized Microbial Cells; Venkatsubramanian, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



7. K L E I N E T A L . Degradation of Phenol 113 

Table IV. Catalytic Eff iciency for Phenol Degradation of Candida 
tropical is Cells Entrapped in Copoly(styrene-maleic acid)/Al^ + 

Networks for Various Part ic le Radius R, In i t ia l Cell Concentrat
ion X. and Reaction Temperature Τ 

Τ °K 
r s p , e f f 'Yl 

'exp \ a l c R cm g/cm3 

1 303.35 3.1 0.42 0.63 0.09 0.015 
296.75 2.5 0.49 0.72 0.09 0.015 
293.15 2.1 0.51 0.77 0.09 0.015 

2 303.15 1.5 0.21 0.35 0.09 0.06 
299.85 1.5 
296.85 1.0 0.20 0.41 0.09 0.06 
293.15 1.1 0.27 0.44 0.09 0.06 

3 302.95 0.45 0.06 0.20 0.09 0.2 
293.15 0.39 0.10 0.26 0.09 0.2 

4 303.55 1.1 0.15 0.25 0.13 0.06 
299.15 0.84 0.14 0.27 0.13 0.06 
292.05 0.59 0.15 0.33 0.13 0.06 
296.75 0.85 0.17 0.25 0.15 0.06 

5 308.15 1.0 0.11 0.22 0.13 0.06 
298.75 0.87 0.15 0.28 0.13 0.06 
290.35 0.52 0.15 0.34 0.13 0.06 
303.15 0.71 0.10 0.22 0.15 0.06 

6 301.95 4.5 0.65 0.67 0.15 0.005 
301.95 2.6 0.37 0.42 0.15 0.015 

7 303.15 6.3 0.84 0.74 0.15 0.0035 
303.15 2.4 0.32 0.36 0.15 0.02 
303.15 1.0 0.14 0.22 0.15 0.06 
303.15 0.6 0.08 0.17 0.15 0.1 

8 293.15 2.0 0.49 0.88 0.15 0.0035 
293.15 1.2 0.29 0.46 0.15 0.02 
293.15 0.6 0.13 0.28 0.15 0.06 
293.15 0.4 0.09 0.22 0.15 0.1 

9 303.15 0.65 0.09 0.17 0.15 0.1 

10 295.95 2.8 0.57 0.84 0.15 0.0035 
298.35 0.56 0.10 0.19 0.15 0.1 

a_ from eq. (8) and (11) 

In Immobilized Microbial Cells; Venkatsubramanian, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



114 i m m o b i l i z e d m i c r o b i a l c e l l s 

Figure 7. Comparison of values of the Thiele modulus obtained from model cal
culations (Φοαίο) and from experiment (Φβχρ) for phenol degradation by Candida 
tropicalis immobilized by entrapment in copoly(styrene-maleic acid)/Al3+ net

works 

r - IO 3 (mol/h) 

t(d) 

Figure 8. Phenol degradation activity of Candida tropicalis cells immobilized 
in CMC/AI3* &els in a continuous reaction run as a function of time of operation: 
νρΛ = 0.075 (g/mL); 20 g yeast cells; X{ = 0.1; c0 = 1.1 X JO"6 [mol Ο,/mL]; 
ο Ρ Λ = 3 X JO"3 (mol/h); V = 0.6-0.7 (L/hr); Τ = 303 Κ. 1-6, Washing and re

packing of catalyst bed; 7, end of test. 
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to re insta l l the i n i t i a l act iv i t y of a catalyst preparation after 
some deactivation under process conditions. In general, therefore, 
not only the specif ic act iv i t y but also the l i fet ime t , of a ca
talyst preparation can be s igni f icant ly improved. 1 

Table V provides the characterist ic data of some reincubation 
experiments which prove that the concept of reincubation of viable 
ce l l s is a r e a l i s t i c one. 

Table V. Experimental Results for Composition and Catalytic Per
formance of Candida t ropical is Entrapped in Copoly(styrene-maleic 
acid)/Al3+ Networks Before and After Reincubation with Nutrients 

% of nitrogen 10 r $ p ^ e f f 

Before
reincu

Χι- R, cm bation bation phenol con
sumption 

(factor) 

bation bation 

Ο.015 0.09 0.31 3.45 11.1 1.48 2.55 0.34 
0.06 0.09 1.21 3.56 2.9 2.03 1.13 0.78 
0.06 0.15 1.49 3.19 2.1 1.58 1.23 0.91 
0.06 0.15 1.39 3.01 2.2 2.45 0.61 0.69 
0.2 0.09 4.57 6.94 1.5 1.24 0.27 0.22 

Different catalyst preparations, obtained by Candida tropica
l i s entrapment in copoly(St-MA) networks, as studied above (see 
Table IV) were used in this experiment, so that the content (%) 
of nitrogen (on dry weight basis) could be used to calculate the 
increase of ce l l concentration following reincubation. 

Depending on the i n i t i a l ce l l concentration, an increase of 
ce l l concentration up to a factor of 11.1 could be obtained. 
Increase in ce l l concentration X a c t generally enhances phenol de
gradation, however, the increase of X a c t leads to an increase of 
the Thiele modulus 0 , therefore, decreasing the catalyt ic e f f i 
ciency Ϋ[. So the maximum increase of absolute phenol consumption 
rate of 2.5 is not at a l l coupled to the maximum value ce l l con
centration increase (see Table V). 

A semiquantitative calculation of the catalyt ic eff iciency 
factor is the only way to derive rational c r i t e r i a for the o p t i 
mal strategy of a reincubation step. 
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Abstract 
Entrapment of Candida tropicalis whole cells in ionic poly

meric networks has been achieved using different types of poly
electrolyte polymers (alginates, carbomethylcellulose, synthetic 
maleic acid copolymers) and multivalent counterions (e.g.,Al3 +). 
Oxidative degradation of phenol served as a model reaction for a 
multienzyme catalytic process. 

Quantitative analysis of the overall performance of the im
mobilized cells has been made, thereby distinguishing the effects 
of (i) deactivation of cells during immobilization, (ii) diffu-
sional limitation with regard to oxygen supply and (iii) catalytic 
cell stability. Analysis of (ii) is based on the Thiele modulus 
approach, well known in heterogeneous catalysis. Considering the 
inherent difficulties i
calculated and experimenta
reasonably well. The special feature of (iii) is the immobiliza
tion of viable cells and data are presented which give clear evi
dence of the growth of new cells within the polymer network, if 
immobilized cell particles are reincubated with required nutrients. 
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8 
Facile Methods for the Immobilization of Microbial Cells 
without Disruption of their Life Processes 

J. F. KENNEDY 

Research Laboratory for the Chemistry of Bioactive Carbohydrates and Proteins, 
Department of Chemistry, University of Birmingham, 
Birmingham B15 2TT, England 

The immobilisatio f  b  attachment t  wate
insoluble material ha
some time and possible applications have been pursued 
extensively (1,2). A logical extension of this approach, 
especially where multi-stage enzymic reactions are being con
sidered, is the immobilisation of microorganisms, which are 
often the source of many enzyme preparations. The advantages 
of such an approach are immediately obvious. The tedious and 
time consuming procedures for enzyme extraction and purific
ation are instantly eliminated, cofactors and coenzymes are 
readily at hand, the cellular enzymes are often organised into 
the requisite metabolic pathways and problems associated with 
enzyme instability may also be avoided. Furthermore, the use 
of immobilised cells would avoid the problem in industrial 
processes of separating the product from the enzyme. 

Hydrous Metal Oxides as Supports 

Justification. Investigation of a number of gelatinous 
hydrous metal oxides (frequently called hydroxides, although 
their full structures are uncertain) has established (3) that 
hydrous titanium (IV), zirconium (IV), iron (III), vanadium (III) 
and tin (II) oxides at least are capable of forming with enzymes 
insoluble complexes which are enzymically active. From the 
practical viewpoint hydrous titanium (IV) and zirconium (IV) 
oxides proved the most satisfactory. Comparatively high reten
tions of enzyme specific activity may be achieved (3, 4, 5). Such 
hydrous metal oxide materials have also proved to be suitable 
for the immobilisation of amino acids and peptides (3), anti
biotics with retention of antimicrobial activity (6), polysacch
arides (7), etc. 

0-8412-0508-6/79/47-106-119$05.00/0 
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H y d r o u s t i t a n i u m (IV) a n d z i r c o n i u m (IV) o x i d e s a r e i n s o l u b l e 

o v e r the n o r m a l p h y s i o l o g i c a l p H r a n g e , a n d s i n c e w h e n a c t i n g 

a s e n z y m e i m m o b i l i s a t i o n m a t r i c e s t h e y g i v e g o o d r e t e n t i o n o f 

e n z y m i c a c t i v i t y , t h e y thus s e e m to h a v e l i t t l e o r no e f f ec t o n 

the f u n c t i o n o f b i o l o g i c a l l y a c t i v e m o l e c u l e s . If e n z y m i c a c t i v i t y , 

w h i c h i s e x t r e m e l y s e n s i t i v e to c o n f o r m a t i o n a l c h a n g e s i n the 

e n z y m e m o l e c u l e , i s not s e r i o u s l y a f f e c t e d b y i m m o b i l i s a t i o n , 

t h e n t h e r e s e e m s to be l i t t l e r e a s o n w h y c e l l w a l l s s h o u l d be d i s 

r u p t e d o r d e s t r o y e d b y t h i s p r o c e s s a n d the c e l l s t h e m s e l v e s , 

t h e r e f o r e , h a v e a g o o d c h a n c e o f r e m a i n i n g v i a b l e . 

M e c h a n i s m f o r F o r m a t i o n o f the C e l l - S u p p o r t B o n d . T h e 

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

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

o f the m e t a l h y d r o x i d e

r e s u l t i n g i n the f o r m a t i o

o f e n z y m e s , s u c h l i g a n d s c o u l d be the s i d e - c h a i n h y d r o x y l s o f 

L - s e r i n e o r L - t h r e o n i n e , the c a r b o x y l s o f L - g l u t a m i c a c i d o r 

L - a s p a r t i c a c i d a n d the ε - a m i n o g r o u p o f L - l y s i n e r e s i d u e s , 

( i l l u s t r a t e d i n F i g u r e 1, u s i n g h y d r o u s z i r c o n i u m (IV) o x i d e a s 

e x a m p l e ) , o x y g e n - c o n t a i n i n g l i g a n d s b e i n g p r e f e r r e d to t h o s e 

c o n t a i n i n g n i t r o g e n . In the c a s e o f c e l l s , the s t r u c t u r a l c o m 

p l e x i t y o f the c e l l w a l l e n s u r e s the a v a i l a b i l i t y o f a g r e a t 

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

c a r b o h y d r a t e m o i e t i e s ( i l l u s t r a t e d i n F i g u r e 2, u s i n g h y d r o u s 

t i t a n i u m (IV) o x i d e a s e x a m p l e ) . 

E x p e r i m e n t a l M e t h o d f o r F o r m a t i o n o f the S u p p o r t . S a m p l e s 

( e a c h o f 1 .3 m m o l ) o f the m e t a l h y d r o x i d e s f o r u s e i n c e l l 

i m m o b i l i s a t i o n w e r e p r e p a r e d f r o m s o l u t i o n s o f t h e i r t e t r a 

c h l o r i d e s ( t i t a n i u m (IV) c h l o r i d e 1 5 % w / v i n 1 5 % w / v h y d r o 

c h l o r i c a c i d ( B D H , P o o l e , E n g l a n d ) a n d z i r c o n i u m (IV) c h l o r i d e 

( B D H ) 0 . 6 5 M i n 1 .0 M h y d r o c h l o r i c a c i d ) b y the s l o w a d d i t i o n o f 

2 . 0 M a m m o n i u m h y d r o x i d e to n e u t r a l i t y ( p H 7 . 0 ) . T h e s a m p l e s 

w e r e w a s h e d w i t h s a l i n e s o l u t i o n ( 0 . 9 % w / v , 3 x 5 . 0 m l ) to 

r e m o v e a m m o n i u m i o n s a n d t h e n u s e d f o r c e l l i m m o b i l i s a t i o n 

s t u d i e s a s b e l o w . 

E x p e r i m e n t a l M e t h o d f o r I m m o b i l i s a t i o n o f C e l l s . T h e 

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

t r a t e d b y the f o l l o w i n g e x a m p l e . A s u s p e n s i o n ( i n 1 0 m l 0 . 9 w / v 

s a l i n e ) o f E s c h e r i c h i a c o l i c e l l s (A^QQ 0 . 2 1 6 ) w a s m i x e d w i t h a 

s a m p l e o f the m e t a l h y d r o x i d e a s p r e p a r e d a s a b o v e ( p H 5-7) 

a n d a g i t a t e d g e n t l y f o r 5 m i n at r o o m t e m p e r a t u r e . T h e 

m i x t u r e w a s t h e n a l l o w e d to s t a n d at r o o m t e m p e r a t u r e a n d 

the s u s p e n s i o n s e t t l e d out , l e a v i n g a c l e a r s u p e r n a t a n t 

In Immobilized Microbial Cells; Venkatsubramanian, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



8. K E N N E D Y Methods of Immobilization 121 

0 / \ 0 0^/ niwm (7V,) oxide u;ii/i carboxyl, hydroxyl, 
0 0 0 0 amino groups, respectively 

Figure 1. Projected structures of the 
chelates!complexes of hydrous zirco-

\yorbohydrote\\\ 

_ . OH, HO OH, HO OK 
\ / 2 \ / \ / 2 \ / 2 \ / ' 
- T i 0 Ti 0 Ti 0 Ti 0 Ti -

A A A A A 
/ OH, / OH, HO OH, Hp 0 HO 0 

0 . 2 0 2 2
 r ι ι ι 

— Ti 0 Ti 0 -Ti * 

A y \ A 
H,0 0 HO7 0 HO 

Λ . Λ 1 1 \WcarDohydrate\W 
— Τι Ο Τι Ο Τι ··—ΟΗ., 

1 i I 
Wear bohyd rat 

Figure 2. Projected structure of the chelate/complex of hydrous titanium (IV) 
oxide with macromolecular carbohydrate 
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w h i c h w a s p r a c t i c a l l y d e v o i d o f m i c r o o r g a n i s m s 

( s h o w n b y m i c r o s c o p y ) . T h e i m m o b i l i s e d c e l l p r e p a r a t i o n w a s 

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

the s u p e r n a t a n t f o r f u r t h e r e x a m i n a t i o n . 

It w a s a l s o f o u n d that c e l l s c o u l d b e i m m o b i l i s e d at l o w e r 

p H , h y d r o u s t i t a n i u m (IV) o x i d e b e i n g m o r e e f f e c t i v e f o r t h i s 

p u r p o s e , i n the r a n g e s t u d i e d ( p H 2 - 5 ) . T h i s p h e n o m e n o n i s 

u s e f u l s i n c e no t a l l m i c r o o r g a n i s m s e x i s t i n a n e u t r a l p H 

e n v i r o n m e n t ( for e x a m p l e , L a c t o b a c i l l u s a n d A c e t o b a c t e r ) a n d 

e n a b l e d u s to p r o d u c e a s m a l l s c a l e i m m o b i l i s e d c e l l r e a c t o r , 

a s i s n o w d e s c r i b e d . 

D e m o n s t r a t i o n o f the L i f e e t c . C h a r a c t e r i s t i c s o f 

I m m o b i l i s e d C e l l s . S a c c h a r o m y c e s c e r e v i s i a e a n d E . c o l i cells 

w e r e i m m o b i l i s e d i n t h i

e x a m i n e d f o r c o n t i n u e d v i a b i l i t y b y m e a s u r e m e n t o f t h e i r 

o x y g e n u p t a k e (at 2 5 ° C i n a e r a t e d 0.2 M s o d i u m a c e t a t e b u f f e r 

p H 5 .0 o r 0 .9% w / v s a l i n e ) b y u s e o f a n o x y g e n e l e c t r o d e ( P y e 

U n i c a m L t d . , C a m b r i d g e , E n g l a n d ) . T h e r a t e o f o x y g e n u p t a k e 

o f the i m m o b i l i s e d c e l l s w a s ^ 3 0 % o f that o f the s a m e n u m b e r o f 

f r e e c e l l s . T h i s r e s u l t s h o w e d that r e s p i r a t i o n o f the c e l l s 

c o u l d c o n t i n u e w h e n the c e l l s w e r e i m m o b i l i s e d . T h e r e d u c e d 

r a t e o f o x y g e n u p t a k e i s p r o b a b l y c a u s e d b y t h e r e s t r i c t i o n b y 

t h e h y d r o u s m e t a l o x i d e o f a c c e s s o f a e r a t e d b u f f e r to the c e l l s 

a n d a d e c r e a s e o f the a r e a o f c e l l s u r f a c e a v a i l a b l e f o r o x y g e n 

t r a n s f e r . 

T o s h o w that the c e l l s w e r e f i r m l y a t t a c h e d to the s u r f a c e o f 

the h y d r o u s m e t a l o x i d e a n d not j u s t l o o s e l y t r a p p e d i n the 

g e l a t i n o u s m a t r i x , a n u m b e r o f a r g u m e n t s a r e i n v o k e d . F r e e 

c e l l s o f E . c o l i a r e c o m p a r a t i v e l y s m a l l a n d c a n n o t b e 

c e n t r i f u g e d d o w n to a n y s i g n i f i c a n t e x t e n t i n the c e n t r i f u g a t i o n 

c o n d i t i o n s u s e d f o r c o l l e c t i n g the i m m o b i l i s e d c e l l s ; t h e y a r e 

n o t p a r t i c u l a r l y r o b u s t a n d so a n y d i s r u p t i o n p r o c e s s w h i c h h a d 

o c c u r r e d w o u l d , t h e r e f o r e , h a v e r e n d e r e d t h e m i n a c t i v e a n d s o 

u n a b l e to r e s p i r e . S o l u t i o n s o f b i c a r b o n a t e , p h o s p h a t e , 

f l u o r i d e ( and so on) i o n s w h i c h h a v e b e e n s h o w n (3) to r e m o v e 

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

z i r c o n i u m (IV) h y d r o x i d e w e r e s i n g u l a r l y i n e f f e c t i v e i n the 

a t t e m p t e d r e l e a s e o f the i m m o b i l i s e d c e l l s f r o m the m a t r i x . 

T o s h o w f u r t h e r that the c e l l s w e r e f i r m l y a t t a c h e d to the 

h y d r o u s m e t a l o x i d e , a d i f f e r e n t m i c r o o r g a n i s m , S e r r a t i a 

m a r c e s c e n s w a s e m p l o y e d . W h e n i n c u b a t e d i n n u t r i e n t m e d i u m 

a t 2 5 ° C , t h i s o r g a n i s m p r o d u c e s a d i s t i n c t i v e r e d c o l o u r a t i o n , 

w h i c h e n a b l e s the i m m o b i l i s e d c e l l s to b e d i s t i n g u i s h e d r e a d i l y 
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f r o m t h o s e o f a n y o t h e r c o n t a m i n a t i n g m i c r o o r g a n i s m s a n d a l s o 

o b v i a t e s the n e e d f o r s t e r i l e e x p e r i m e n t a l c o n d i t i o n s . 

O n a d d i n g c u l t u r e s o f S . m a r c e s c e n s to h y d r o u s z i r c o n i u m 

( IV) a n d t i t a n i u m (IV) o x i d e s , the r e d c o l o r a t i o n (that i s , the 

c e l l s ) b e c a m e a s s o c i a t e d w i t h the i n s o l u b l e m a t r i x , the s u p e r 

n a t a n t a n d s u b s e q u e n t w a s h i n g s ( w i t h s a l i n e s o l u t i o n ) b e i n g 

a l m o s t c e l l f r e e , t h u s d e m o n s t r a t i n g the s t r e n g t h o f the c e l l -

m e t a l h y d r o x i d e i n t e r a c t i o n . W h e n s a m p l e s o f t h e s e i m m o b 

i l i s e d c e l l s w e r e a d d e d a s a s m a l l i n o c u l u m to f r e s h c u l t u r e 

m e d i u m , g r o w t h w a s o b s e r v e d (as d e t e c t e d b y the l a r g e i n c r e a s e 

i n n u m b e r o f r e d c e l l s ) . S i n c e a t no t i m e t h r o u g h o u t e x t e n d e d 

s t u d i e s o f the g r o w t h o f S. m a r c e s c e n s , i n v a r i o u s c o n d i t i o n s o f 

h u m i d i t y , o x y g e n t e n s i o n , t e m p e r a t u r e a n d m e d i u m c o m p o s i t i o n 

a n d u l t r a v i o l e t i r r a d i a t i o n - i n d u c e

c o l o u r f r o m the c e l l s o b s e r v e d

the c e l l s h a d s u f f e r e d no d e l e t e r i o u s e f f e c t s o n i m m o b i l i s a t i o n . 

It i s a l s o c l e a r that the i m m o b i l i s e d c e l l s c a n r e t a i n t h e i r 

a c t i v i t y f o r a m a t t e r o f w e e k s / m o n t h s a t l e a s t . 

A p p l i c a t i o n s o f L i v i n g I m m o b i l i s e d C e l l s to F e r m e n t a t i o n s 

I n t r o d u c t i o n a n d M e t h o d s o f I m p r o v i n g F e r m e n t a t i o n R a t e s . 

T h e m a n u f a c t u r e o f v i n e g a r , w h i c h i s b a s e d o n the a c t i o n s o f 

A c e t o b a c t e r s p e c i e s , i s a n i n d u s t r y w h i c h o p e r a t e s w i t h l o w 

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

i n r e s e a r c h o r m o d e r n e q u i p m e n t . T h i s e n f o r c e d c o n s e r v a t i s m 

m e a n s that the i n e f f i c i e n t f Q u i c k f p r o c e s s i s s t i l l w i d e l y u s e d b y 

m a n y s m a l l m a n u f a c t u r e r s b e c a u s e m o r e e f f i c i e n t , c o n t i n u o u s 

o r s e m i - c o n t i n u o u s m e t h o d e . g . the F r i n g ' s p r o c e s s (8), w o u l d 

b e p r o h i b i t i v e l y e x p e n s i v e f o r t h e m to i n s t a l l . W h a t i s r e q u i r e d , 

t h e r e f o r e , i s a s y s t e m w h i c h i s e f f i c i e n t , s i m p l e to o p e r a t e a n d 

i n e x p e n s i v e to i n s t a l l a n d r u n . T h e t o w e r f e r m e n t e r f u l f i l s the 

f i r s t two c r i t e r i a - i t i s a t l e a s t a s e f f i c i e n t a s the F r i n g f s 

s t i r r e d t a n k r e a c t o r a n d s i m p l e r i n c o n s t r u c t i o n b u t the i n i t i a l 

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

e x p e n d i t u r e w o u l d r e q u i r e a r e d u c t i o n i n the s i z e o f the f e r 

m e n t e r w i t h a c o n c o m i t a n t i n c r e a s e i n i t s v o l u m e t r i c e f f i c i e n c y 

( V . Ε . , e f f l u e n t v o l u m e p e r d a y / f e r m e n t e r v o l u m e ) , w h i c h i s 

l o w f o r the a c e t i f i c a t i o n p r o c e s s (0.5 c o m m e r c i a l l y , 0.8 u n d e r 

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

o b t a i n e d w i t h o t h e r o r g a n i s m s , g r o w i n g i n t o w e r f e r m e n t e r s (9, 

10) e. g . s o m e y e a s t s a n d m o u l d s c a n b e g r o w n a t v o l u m e t r i c 

e f f i c i e n c i e s o f 5 - 1 0 . T h e r e a s o n f o r t h i s h a s b e e n a t t r i b u t e d to 

the f l o c c u l e n t n a t u r e o f t h e s e o r g a n i s m s , w h i c h r e s u l t s i n a 

h i g h c o n c e n t r a t i o n o f o r g a n i s m i n the f e r m e n t e r a n d t h e r e f o r e 
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a l l o w s h i g h f l o w r a t e s to b e a c h i e v e d . U n f o r t u n a t e l y b a c t e r i a 

a r e n o n - f l o c c u l e n t a n d t h i s p l a c e s a c o n s t r a i n t u p o n the s p e e d o f 

o p e r a t i o n o f the a c e t i f i c a t i o n f e r m e n t e r f o r , a b o v e a c e r t a i n 

f l o w r a t e , b a c t e r i a a r e ! w a s h e d o u t 1 o f t h e f e r m e n t e r at a f a s t e r 

r a t e t h a n t h e i r g r o w t h r a t e a n d t h u s the b a c t e r i a l c o n c e n t r a t i o n 

a n d h e n c e the a m o u n t o f a c e t i c a c i d p r o d u c e d f a l l . T h u s , i f t h e 

f e r m e n t e r i s to o p e r a t e a t h i g h f l o w r a t e s , s o m e m e a n s m u s t b e 

f o u n d o f m a i n t a i n i n g a n i n c r e a s e d b a c t e r i a l c o n c e n t r a t i o n i n the 

f e r m e n t e r . S i n c e , u n d e r a g i v e n s e t o f c o n d i t i o n s , the g r o w t h 

r a t e o f the o r g a n i s m h a s a m a x i m u m v a l u e w h i c h c a n n o t b e 

e x c e e d e d , the o n l y a l t e r n a t i v e s o l u t i o n w o u l d s e e m to i n v o l v e 

t r e a t i n g the b a c t e r i a i n s o m e w a y s u c h tha t t h e y h a v e a g r e a t e r 

t e n d e n c y to r e m a i n i n the f e r m e n t e r , w h i l s t a t the s a m e t i m e 

r e t a i n i n g t h e i r a b i l i t y t

A n s w e r s to the P r o b l e m o f t h e n e e d f o r I n c r e a s e d 

B a c t e r i a l C o n c e n t r a t i o n i n a F e r m e n t e r . O n e o b v i o u s 

a p p r o a c h to s o l v i n g t h i s p r o b l e m w o u l d b e to i n d u c e the b a c t e r i a 

to f l o c c u l a t e t h u s , h o p e f u l l y , g i v i n g t h e m a g r e a t e r r e s i s t a n c e 

to w a s h o u t i n a n a n a l o g o u s m a n n e r to f l o c c u l a t e d y e a s t c e l l s . 

H o w e v e r , w h i l s t f l o c c u l e n t s t r a i n s o f y e a s t s o c c u r n a t u r a l l y , 

e v e n a g g r e g a t i n g s t r a i n s o f A c e t o b a c t e r do n o t a g g r e g a t e to a n y 

m a r k e d e x t e n t a n d t h u s s o m e a r t i f i c i a l m e a n s i s r e q u i r e d to 

b r i n g t h i s a b o u t . I m m o b i l i s a t i o n o f the c e l l s w i t h o u t h a r m o r 

d a m a g e , a c c o r d i n g to the a b o v e m e t h o d , w a s p r e d i c t e d to 

a c h i e v e t h i s d e s i r e d i n c r e a s e i n c e l l c o n c e n t r a t i o n . B a c t e r i a l 

c e l l w a l l s a r e n o t a b l e f o r t h e i r c h e m i c a l c o m p l e x i t y a n d 

d i v e r s i t y a n d the c e l l w a l l s o f A c e t o b a c t e r ( G r a m - n e g a t i v e ) 

c o u l d b e e x p e c t e d to c o n t a i n m u r e i n s ( p e p t i d o g l y c a n s ) a s the 

i n n e r m o s t l a y e r o f the w a l l , w i t h p r o t e i n s , l i p o p r o t e i n s a n d 

l i p o p o l y s a c c h a r i d e s i n the o u t e r l a y e r s . O u t s i d e the c e l l w a l l 

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

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

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

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

to h y d r o u s t i t a n i u m (IV) a n d z i r c o n i u m ( IV) o x i d e s . 

T h e u s e o f h y d r o u s t i t a n i u m (IV) o x i d e r a t h e r t h a n h y d r o u s 

z i r c o n i u m (IV) o x i d e s e e m e d to b e n e c e s s a r y b e c a u s e o f the 

c o n d i t i o n s p r e v a i l i n g i n the f e r m e n t a t i o n . T h e a c e t i f i c a t i o n o f 

e t h a n o l t a k e s p l a c e a t a b o u t p H 3, i n w h i c h r e g i o n h y d r o u s 

z i r c o n i u m (IV) o x i d e i s no t c o m p l e t e l y p r e c i p i t a t e d i . e. t h e r e 

a r e s t i l l m a n y z i r c o n i u m ( IV) i o n s i n s o l u t i o n . H y d r o u s 

t i t a n i u m (IV) o x i d e , b y c o m p a r i s o n , i s f u l l y p r e c i p i t a t e d a t t h i s 

p H a n d r e s u l t s o b t a i n e d o n the i n s o l u b i l i s a t i o n o f s t a r c h b y 
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hydrous titanium (IV) oxide indicate that the complexing effect 
begins to be significant in the region of pH 3 (3·). This is a very 
useful property since it indicates that there will be an equil
ibrium existing between immobilised and free bacteria. One 
result of this is that when the immobilised cells die, they will 
eventually be released from the hydrous oxide surface and be 
replaced by living cells. Thus, the hydrous oxide will not 
become rapidly exhausted by being covered with dead cells. 
Another consequence of this is that if the immobilised cells are 
incapable of reproduction then there will be sufficient free cells 
to grow normally and replace those bacteria dying or being 
washed out of the fermenter in the effluent. 

Practical Demonstration
Cells for Increasin

fermenter system used is described in Figure 3. Wort was used 
as the ethanol source, and an inoculum of an aggregating strain 
of Acetobacter species was prepared and added to the tower 
fermenter (2\ litres capacity). When the level of acetic acid in 
the fermenter had reached about 3% w/v, the medium delivery 
pump was started and the flow rate adjusted to a level that gave 
almost complete conversion of the ethanol available into acetic 
acid. Undue haste in increasing the flow rate and also serious 
decrease or stoppage of the air flow caused the expected fall in 
conversion efficiency. Adjustment of the flow and aeration rate 
showed that a maximum V. E. of 0.82 could be attained (see 
Table I). 

Table I. 
Average Rates of Production of Acetic Acid for Maximum 

Efficiencies for Aggregating Acetobacter Strains 

Average Highest g acetic acid 
taken efficiency produced per Comment 

over days (V. E. x%) day 

21-29 0.82 χ 86 87 t 7 No hydrous titanium 
(day 23) (IV) oxide 

81-88 1.6.4 χ 99 263 ΐ 13 Hydrous titanium (IV) 
(day 88) oxide added, Ξ aver

age 0. 75 g T i C l 4 

daily 
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A t t h i s p o i n t the a d d i t i o n o f h y d r o u s t i t a n i u m (IV) o x i d e 

( p r e p a r e d a s b e f o r e ) b e g a n , a n d o v e r a p e r i o d the v o l u m e t r i c 

e f f i c i e n c y w a s i n c r e a s e d ( T a b l e I) the a e r a t i o n r a t e b e i n g o n l y 

s l i g h t l y i n c r e a s e d . A t o n e s t a g e the a m o u n t o f a c e t i c a c i d 

p r o d u c e d b e g a n to f a l l a n d t h i s w a s a t t r i b u t e d to the a e r a t i o n 

r a t e b e c o m i n g l i m i t i n g . C o n s e q u e n t l y , the a e r a t i o n r a t e w a s 

i n c r e a s e d , to t e s t t h i s h y p o t h e s i s . T h a t the p e r c e n t a g e c o n 

v e r s i o n r o s e o n c e m o r e , e v e n t h o u g h the m e d i u m f l o w r a t e h a d 

i n c r e a s e d a s w e l l , w a s t a k e n to b e s u f f i c i e n t p r o o f o f t h i s . 

U l t i m a t e l y a V . E . o f 1.64 w a s a c h i e v e d ( T a b l e I). T h u s 

t h r o u g h o u t the r u n i t w a s p o s s i b l e to i n c r e a s e the f l o w r a t e a n d 

V . E . w h i l s t m a i n t a i n i n g the c o n v e r s i o n o f e t h a n o l to a c e t i c a c i d 

at b e t w e e n 90 a n d 100% f o r the m a j o r i t y o f the t i m e . 

T h e h y d r o u s t i t a n i u

n o t i c e a b l e e f f e c t o n th

f e r m e n t e r , w h i c h w a s to c a u s e a c o l o u r c h a n g e i n the o r g a n i s m s 

f r o m p u r p l e to b r o w n . T h i s d i d not a p p e a r to a f f e c t the 

p e r f o r m a n c e o f the f e r m e n t e r i n a n y w a y , h o w e v e r , i n 

a d d i t i o n , a n o t h e r , m o r e g r a d u a l c h a n g e w a s o b s e r v e d o v e r a 

p e r i o d o f a b o u t t e n d a y s a f t e r the c o m m e n c e m e n t o f h y d r o u s 

t i t a n i u m (IV) o x i d e a d d i t i o n . B e f o r e t h i s p o i n t , t h e r e h a d b e e n 

v e r y l i t t l e a g g r e g a t i o n o f the b a c t e r i a , a l t h o u g h a f e w s m a l l 

c l u m p s h a d f o r m e d . A f t e r the t r e a t m e n t w i t h h y d r o u s 

t i t a n i u m (IV) o x i d e m a n y m o r e a g g r e g a t e s f o r m e d , d i s p e r s e d 

t h r o u g h o u t the f e r m e n t e r . T h e s e w e r e d i s t i n g u i s h a b l e i n the 

c l o s e - u p p h o t o g r a p h s o f the t o w e r a s d i f f u s e s p h e r i c a l 

p a r t i c l e s , s u r r o u n d e d b y a i r b u b b l e s . A s a m p l e r e m o v e d f r o m 

the f e r m e n t e r a n d s u s p e n d e d i n a g l y c e r o l / w a t e r m i x t u r e , 

s h o w e d t h e s e p a r t i c l e s to b e s p i k y p e l l e t s , a b o u t 2 m m i n 

d i a m e t e r . A s i n g l e p a r t i c l e f i x e d b y h e a t i n g a n d s t a i n e d w i t h 

M e t h y l e n e B l u e r e v e a l e d the p r e s e n c e o f p a r t i c l e s o f t i t a n i u m 

(IV) o x i d e e m b e d d e d i n the a g g r e g a t e , v i s i b l e a s d e n s e , d a r k 

s p o t s . T h i s i s no t a c o m p l e t e l y t r u e r e p r e s e n t a t i o n o f the 

s i t u a t i o n , s i n c e the s a m p l e h a s to b e d r i e d b e f o r e s t a i n i n g 

t h e r e b y c a u s i n g the h y d r o x i d e p a r t i c l e s to s h r i n k a n d to b e 

p a r t i a l l y c o n v e r t e d to o x i d e . H o w e v e r , i t i s c e r t a i n f r o m t h i s 

that h y d r o u s t i t a n i u m (IV) o x i d e i s p r e s e n t i n the a g g r e g a t e d 

p a r t i c l e s , a n d t h e r e f o r e tha t the h y d r o u s m e t a l o x i d e d o e s h a v e 

a u s e f u l a g g r e g a t i n g e f f e c t o n the b a c t e r i a a s p r e d i c t e d . U n d e r 

h i g h e r m a g n i f i c a t i o n o f the u n d r i e d s a m p l e i t c o u l d be s e e n 

that m a n y b a c t e r i a w e r e not a s s o c i a t e d w i t h the a g g r e g a t e d 

p a r t i c l e ( f r e e b a c t e r i a ) , c o n f i r m i n g the p r e d i c t e d e q u i l i b r i u m 

s i t u a t i o n . 

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

v a r i o u s s i z e s o f f e r m e n t e r . In the c a s e o f u s e o f a n o n -

a g g r e g a t i n g s t r a i n o f A c e t o b a c t e r s p e c i e s ( 2 j l i t r e f e r m e n t e r ) , 

w h e r e a s a d d i t i o n o f h y d r o u s t i t a n i u m (IV) o x i d e r e s u l t e d i n a n 

i n c r e a s e d V . E . ( T a b l e II), t h i s w a s no t so m a r k e d a s that 

a c h i e v e d u s i n g the a g g r e g a t i n g s t r a i n . H o w e v e r , a h i g h e r V . E . 

( T a b l e II) w a s a c h i e v e d u s i n g h y d r o u s t i t a n i u m (IV) o x i d e -

c e l l u l o s e c h e l a t e a s the s u p p o r t m a t e r i a l f o r c e l l i m m o b i l i s a t i o n . 

H y d r o u s t i t a n i u m (IV) o x i d e - c e l l u l o s e c h e l a t e w a s p r e p a r e d b y 

m i x i n g e q u a l w e i g h t s (1.2 g) o f c h r o m a t o g r a p h i c g r a d e c e l l u l o s e 

p o w d e r ( W h a t m a n C F 1 1 ) a n d t i t a n i u m (IV) c h l o r i d e s o l u t i o n (as 

a b o v e ) a n d s t i r r i n g f o r 2 h o u r s . T h e m i x t u r e w a s t h e n d r i e d a t 

4 5 ° , g r o u n d to a p o w d e r , w a s h e d w i t h d i s t i l l e d w a t e r u n t i l the 

w a s h i n g s w e r e n e u t r a l

a q u e o u s s u s p e n s i o n . T h

b y a m e r e m i x t u r e o f c e l l u l o s e a n d h y d r o u s t i t a n i u m (IV) o x i d e . 

T h e a d d e d s u c c e s s w i t h the c h e l a t e i s t h e r e f o r e a t t r i b u t a b l e to 

the a l t e r e d m o d e o f p r e s e n t a t i o n o f the i m m o b i l i s i n g t i t a n i u m 

s p e c i e s . 

C o n c l u s i o n s . It m a y b e c o n c l u d e d that the a d d i t i o n o f 

h y d r o u s t i t a n i u m (IV) o x i d e to a b a c t e r i a l f e r m e n t a t i o n w i l l 

c a u s e a g g r e g a t i o n o f the b a c t e r i a a n d t h u s g i v e a h i g h e r b a c t e r i a l 

c o n c e n t r a t i o n i n the f e r m e n t e r . T h i s a p p a r e n t l y a l l o w s b o t h a 

h i g h e r a e r a t i o n r a t e a n d a h i g h e r d i l u t i o n r a t e , g i v i n g d i l u t i o n 

r a t e s ( V . E . ~ 1 . 6 ) a t l e a s t t w i c e a s h i g h a s t h o s e p r e v i o u s l y 

o b t a i n e d w i t h a i r a e r a t i o n ( V . Ε . ^ Ο . δ ) a n d c o m p a r a b l e w i t h 

t h o s e o b t a i n e d w h e n the f e r m e n t e r w a s a e r a t e d w i t h p u r e o x y g e n 

( V . E . 1.8). 

M o r e g e n e r a l l y , i t m a y b e c o n c l u d e d that h y d r o u s t r a n s i t i o n 

m e t a l o x i d e s a r e e f f e c t i v e m a t r i c e s f o r e n z y m e , e t c . 

i m m o b i l i s a t i o n . T h e i r a d v a n t a g e s i n c l u d e l o w c o s t , c o n v e n i e n c e 

o f p r e p a r a t i o n ( w h i c h m a y b e c o n d u c t e d i n a n y l o c a t i o n w i t h o u t 

s p e c i a l i s e d f a c i l i t i e s ) , the a b s e n c e o f a n y n e e d f o r p r e -

p r e p a r a t i o n , a b i l i t y to c o u p l e e n z y m e at n e u t r a l p H , h i g h 

r e t e n t i o n o f e n z y m e s p e c i f i c a c t i v i t y o f the e n z y m e o n 

i m m o b i l i s a t i o n , a n d the a b i l i t y o f m o d i f i c a t i o n to e x e r t m i c r o -

e n v i r o n m e n t a l e f f e c t s o n a n d t h e r e b y a l t e r the c h a r a c t e r i s t i c s 

o f the i m m o b i l i s e d e n z y m e . 

If t h i s s i m p l e m e a n s o f c e l l i m m o b i l i s a t i o n w e r e a p p l i e d to 

o t h e r m i c r o o r g a n i s m s i t c o u l d w e l l r e s u l t i n f u r t h e r 

i m m o b i l i s e d c e l l r e a c t o r s o f t h i s s o r t , f o r the s e l e c t i v e 

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

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

A v e r a g e R a t e s o f P r o d u c t i o n o f A c e t i c A c i d f o r M a x i m u m 

E f f i c i e n c i e s f o r N o n - A g g r e g a t i n g A c e t o b a c t e r S t r a i n 

A v e r a g e H i g h e s t g a c e t i c a c i d 

t a k e n e f f i c i e n c

o v e r d a y s ( V . E . x % ) d a y 

4 - 1 4 1.03 χ 99 178 N o h y d r o u s t i t a n i u m 

(day 9) ( IV) o x i d e 

15-17 1.00 x 95 185 H y d r o u s t i t a n i u m ( IV) 

(day 17) o x i d e a d d e d , 0.6 g 

T i C l 4 d a i l y 

1 8 - 2 4 0 .98 χ 97 191 H y d r o u s t i t a n i u m ( IV) 

(day 19) o x i d e a d d e d , 1.2 g 

T i C l 4 d a i l y 

2 5 - 3 1 1.45 χ 97 230 H y d r o u s t i t a n i u m ( IV) 

(day 31) o x i d e - c e l l u l o s e c h e l a t e 

a d d e d , 1.2 g T i C l 4 + 

1.2 g c e l l u l o s e 

5 6 - 7 5 1.40 χ 90 236 H y d r o u s t i t a n i u m ( IV) 

(day 60) o x i d e - c e l l u l o s e c h e l a t e 

a d d e d , 1.2 g T i C l 4 + 

1.2 g c e l l u l o s e 
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titanium (IV) oxide have already been produced (7) and c l e a r l y 
such are additionally advantageous where specialised r e s t r i c t e d 
movement of the immobilised c e l l particles is c a l l e d for. A s 
with immobilised enzymes, immobilised c e l l systems have been 
applied to very few industrial processes, p a r t i a l l y because of 
the inerti a of establishing methods and parti a l l y because of the 
increased difficulty of operating such systems. It seems 
certain, however, that the inherent advantages of these systems 
w i l l eventually p r e v a i l and there w i l l be an increasing use of 
immobilised systems by the pharmaceutical, chemical and food 
industries. 

Abstract 

The use of immobilise
enzymic processes is prophetically advantageous, the problems 
of isolation of the enzyme(s) and separation of the enzyme(s) 
from the product being avoided. However, the majority of the 
reaction currently used for direct enzyme immobilisation would 
cause cell death if applied to cells. Our approach has been 
based on the ability of water-insoluble metal hydroxides to 
chelate and retain peptides, proteins, etc. including enzymes. 
From various studies it was concluded that gelatinous titanium 
and zirconium hydroxide matrices are effective matrices for 
enzyme etc. immobilisation. Their advantages include low cost, 
convenient preparation (which may be conducted in any 
location without specialised facilities), the absence of any need 
for pre-preparation, ability to couple enzyme at neutral pH, the 
high retentions of specific activity of the enzyme on immobil
isation, and the ability of modification to exert microenviron-
mental effects on and thereby alter the characteristics of the 
immobilised enzyme. 

Using this process, Saccharomyces cerevisiae and 
Escherichia coli have been immobilised, and the continuation of 
the living processes of the cells in the immobilised state were 
demonstrated by oxygen uptake experiments. That the cells 
become firmly bound to the support was demonstrated by 
following the course of immobilised coloured cells (Serratia 
marcescens), no colour being released during continuation of 
the living processes of the cells. 

The process of immobilisation on transition metal 
hydroxides has now been extended to immobilisation of cells of 
species of Acetobacter on hydrous titanium [IV] oxide and use 
of the cells in this form for the continuous production of malt 
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vinegar from wort in tower fermenters. The efficiency of the 
fermenter was increased well above its normal maximum 
throughput using only free cells. With other species of 
Acetobacter, pre-chelation of the titanium species with 
cellulose further improved the efficiency of the fermenter. 
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9 
Enzymatic Synthesis of Pantothenic Acid by Escherichia 
coli Cells 

Y. KAWABATA and A. L. DEMAIN 

Department of Nutrition and Food Science, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

Pantothenic acid i s both a component of coenzyme A and a v i t a
min of importance i n huma
is produced commerciall
i s produced naturally by most microbial species, i t s formation 
being catalyzed by pantothenic acid synthetase (EC.6.3.2.1) (1,2). 
The enzyme-catalyzed reaction i s as follows: 

CHo 
I 

HOH2C - C - CH(OH)COOH + NH2CH2CH2COOH + ATP 
CH 3 

pantoic acid β-alanine 

« HOH2C — C — CH(OH)CONHCH2CH2COOH + AMP + PP ± 

CH 3 

pantothenic acid 

Since pantothenic acid contains an asymmetric carbon atom, 
chemical synthesis yields the racemic mixture. On the other hand, 
when enzymatic synthesis i s used, only the b i o l o g i c a l l y active 
form of pantothenic acid i s produced. 

In the present work, the use of Escherichia c o l i c e l l s , i n 
stead of enzyme preparations, as the source of pantothenic acid 
synthetase was studied. Success was achieved i n the production of 
the vitamin by frozen-thawed c e l l s . 

Pantothenate Production by C e l l s of E. c o l i ATCC 9637 

IS. c o l i ATCC 9637 was chosen for our studies since a consid
erable amount of work has been done on the pantothenic acid syn
thetase of th i s organism (_3,4_,5) . The culture was grown i n a 

0-8412-0508-6/79/47-106-133$05.00/0 
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medium containing glucose, ammonium lactate, enzyme- or acid-
hydrolyzed casein and yeast extract ( a l l at 2 g / l i t e r ) plus min
eral s a l t s . Assay of the enzyme a c t i v i t y was carried out i n a 
2-ml volume containing 40 ymoles $-alanine, 40 ymoles potassium 
pantoate, 20 ymoles disodium ATP, 200 ymoles KCl, 20 ymoles MgS04, 
70 ymoles Tris*HCl buffer and 0.2 ml of an enzyme source. Panto
thenate was determined by a disk-agar d i f f u s i o n assay (6) using 
Lactobacillus plantarum ATCC 8014. 

In an early experiment, we learned that the enzyme was pro
duced during the exponential growth phase and declined i n a c t i v i t y 
thereafter. This experiment was done using c e l l s as enzyme source, 
since resting c e l l s of E. c o l i had been reported (_3) to produce 
and excrete pantothenic acid. Since our c e l l s were washed twice 
with buffered saline and stored overnight i n the refrigerator 
before being tested, i t was reasonable to assume that their perme
a b i l i t y properties coul
confirmed by the observatio
dered i n t h e i r a b i l i t y to produce pantothenate when ATP was 
omitted from the reaction mixture. This dependency on exogenous 
ATP suggested to us that c e l l preparations treated even more 
d r a s t i c a l l y would be more active i n pantothenate production. 
Indeed, we found that freezing and thawing the c e l l s markedly i n 
creased a c t i v i t y . 

A comparison of frozen-thawed c e l l s , acetone-dried c e l l s and 
a buffer extract of acetone-dried c e l l s showed the order of 
decreasing a c t i v i t y (on a volumetric broth basis) to be acetone-
dried c e l l s > buffer extract > frozen-thawed c e l l s . Despite t h i s 
observation, we decided to use frozen-thawed c e l l s for our further 
studies for the following reasons: a) the preparation of such an 
enzyme source i s very simple and convenient; b) i f the process 
eventually assumes i n d u s t r i a l importance, the large amounts of 
acetone and ether needed to prepare acetone-dried c e l l s or ex
tracts therefrom would be both expensive and a waste-treatment 
problem. 

Properties of Frozen-thawed C e l l s 

Using frozen-thawed c e l l s , we next determined the importance 
of each component of the reaction mixture. Omission of 3-alanine, 
K-pantoate, ATP, MgSO^ or enzyme eliminated v i r t u a l l y a l l a c t i v i t y . 
The product found i n the extracellular f l u i d i n the presence of 
a l l components was pantothenate, as i d e n t i f i e d by bioautography 
on paper. 

Although permeability modification i s certainly important for 
producing pantothenate by c e l l preparations, the alteration pro
duced by freezing and thawing must be rather subtle, since panto
thenic acid synthetase was found not to leak out of the frozen-
thawed c e l l s (Figure 1). This experiment was done by allowing a 
reaction to proceed for 20 hours, at which time the c e l l s were 
removed by centrifugation. L i t t l e to no pantothenate was pro
duced during the next 28 hours i n the presence of the supernatant 
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f l u i d . However, i n a control reaction mixture that was not cen
trifugea, pantothenic acid was produced i n a linear fashion 
throughout the 48-hour incubation period. 

The optimum pH for pantothenate formation by frozen-thawed 
c e l l s was found to be 8.0 and the optimum temperature about 50°C. 
Maas (_3) reported that extracts of acetone-dried c e l l s were 
optimal at pH 8.5 to 9.0, and resting c e l l s at 7.0 to 7.5. 
Miyatake et a l . (4̂ ,5) found the optimum for pure enzyme to be 10.0. 
Frozen-thawed c e l l s apparently behave with respect to pH i n an 
intermediate manner r e f l e c t i n g their nature as being neither c e l l -
free nor intact. 

Of importance i s the finding of Maas {3) that extracts of 
acetone-dried c e l l s have an optimum temperature of 25°C, are 
stable at 35°C, but lose a c t i v i t y after one hour at 45°C. 
Miyatake et a l . i^,5) found 30°C to be optimal for pure enzyme 
and a 10-minute incubatio
completely. In contras
pure enzymes, our optimum temperature of 50°C for frozen-thawed 
c e l l s was determined i n a prolonged experiment that lasted 24 
hours. I t i s thus obvious that frozen-thawed c e l l s have a 
s t a b i l i t y advantage over both extracts and pure enzymes. 

Immobilization of Frozen-thawed Ce l l s 

Immobilization was studied as a potential means to increase 
s t a b i l i t y further and to f a c i l i t a t e re-use of the preparation. 
Agar was chosen as the support to be tested because of convenience 
and the mild conditions necessary for immobilization. A 3% agar 
solution at 40-50°C was mixed with a concentrated suspension of 
frozen-thawed c e l l s held at 30-40°C. The suspension was poured 
into 1-ml aluminum cups and allowed to s o l i d i f y . A cylinder of 
agar (12 mm diameter χ 10 mm) was removed from each cup and used 
as the enzyme source. The enzyme a c t i v i t y of this immobilized 
preparation i s shown i n Figure 2; the requirement for ATP i s 
ea s i l y seen. Such preparations have a h a l f - l i f e of about 100 
hours at 37°C when incubated i n the presence of reaction mixture. 
About 1000 hours are necessary to inactivate such a preparation 
completely. 

Discussion 

Although i t was known almost 30 years ago (3_f7) that resting 
c e l l s of E. c o l i could produce pantothenate from pantoate and 
3-alanine, only i n the present work was i t found that c e l l s re
spond to exogenous ATP. We were pleased to find that frozen-
thawed c e l l s responded to an even greater degree, and that such 
preparations were more stable than crude extracts of acetone-
dried c e l l s or pure enzyme. These findings point to the use of 
immobilized c e l l s for the production of pantothenic acid and, 
indeed, we found that agar-immobilized c e l l s are active. It 
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Figure 1. Nonleakage of pantothenic acid synthetase from frozen-thawed cells. 
After 20 hr of reaction, the cells were removed from the experimental reaction 
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Figure 2. Effect of ATP on pantothenic acid synthetase activity of frozen-
thawed cells immobilized in agar. The experiment was carried out at 30°C and 

pH 8.0 
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should be noted that a positive response to ATP by c e l l u l a r prep
arations has also been observed i n other systems (8,9,10/11/12). 

Abstract 

Pantothenic acid, a vitamin of importance in human and animal 
nutrition, is produced commercially by chemical synthesis. We 
investigated its bioconversion from β-alanine, potassium pantoate 
and ATP by various types of Escherichia coli ATCC 9637 cell prep
arations in Tris buffer containing KCl and MgSO4. We found ex
ponential phase cells to be most capable of carrying out this 
reaction. ATP had a marked stimulatory effect on the reaction 
even though cells were used. Pantothenate production was also 
observed with acetone-dried cells and crude extracts. A marked 
increase in pantothenate production by cells was effected by 
freezing and thawing. N
during 20 hours of reaction
considerably more stable to heat than that reported for crude ex
tracts or pure enzyme. Immobilization of frozen-thawed cells in 
agar yielded active preparations, which required 1000 hours at 
37°C for complete inactivation. 
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10 
The Use of Whole Cell Immobilization for the 
Production of Glucose Isomerase 

STEPHEN J. BUNGARD, ROGER REAGAN, PETER J. RODGERS, 
and KEVIN R. WYNCOLL 

ICI Agricultural Division, Billingham, Cleveland, United Kingdom 

The subject of this paper is the use of a whole cell 
immobilisation techniqu
glucose isomerase enzym
enzyme in the production of high fructose corn syrups (see 
Fig. 1). The HFCS industry has undergone dramatic growth in 
the 1970's and is predicted to maintain a high growth rate into 
the 1980's. The development of this industry has been made 
possible by the discovery of an enzyme, glucose isomerase, 
capable of catalysing the transformation of glucose to fructose, 
and the development of commercially viable enzyme immobilisation 
procedures. This paper deals with the technology of the 
production and properties of one such system. 

Production Process 

Figure 2 shows the production process to be divided into 
the following stages. 

1. The fermentation of a culture of a bacterium which produces 
glucose isomerase. 
2. A flocculation process. This serves to harvest the bac
terial cells, i.e. remove cells from the growth medium, and 
ultimately to form the support matrix. This stage in the 
process is achieved by the sequential addition of cationic and 
anionic polyelectrolytes. The two polyelectrolytes used are 
capable of forming a polysalt complex and it is believed that 
this complex structure, in which the bacterial cells are 
embedded, gives rise to the product's robust physical character
istics whilst allowing the desired enzyme performance. 
3. Product forming. The remainder of the process is one of 
water removal which is necessary for microbiological stability 
and ease of transportation,and product shaping. The dry product 
is roughly cylindrical with approximate size dimensions of 1.2mm 
diameter and 2mm length. 

0-8412-0508-6/79/47-106-139$05.00/0 
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STARCH 
OC-AMYLASE 

SOLUBLE DEXTRINS 

GLUCOSE SYRUP 
GLUCOSE ISOMERASE 

HIGH FRUCTOSE CORN SYRUP 
Figure 1. The conversion of starch to high fructose corn syrup 

FERMENTATION DRYING 
1 \ 

FLOCCULATION MILLING 

FILTRATION OF CELLS SIEVING 
I PRE-DRYING PRODUCT 

EXTRUSION 

Figure 2. Production process for glucose isomerase 
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10. BUNGARD ET AL . Production of Glucose Isomerase 141 

Properties of the Product 

In use the p e l l e t takes up water and swells to approximately 
three times i t s dry volume. Electron microscope studies (see 
Fig. 3) indicate a porous honeycomb structure i n which the 
individual bacterial c e l l s are homogeneously distributed through
out the p e l l e t . The relevance of the pore dimensions w i l l be 
considered l a t e r . 

In commercial application the enzyme i s packed into a fixed 
bed column reactor through which i s passed a concentrated (45% 
w/w solids) dextrose solution. During passage through the 
column, isomerisation occurs resulting i n a syrup t y p i c a l l y con
taining 42% DS fructose. The conditions of operation are such 
that the temperature i s controlled i n the region of 60°C and a 
pH of 8.0. Under these conditions  the t y p i c a l l i f e curve has 
the form shown in Figur
reached 25% of the i n i t i a
3,000 lb of high fructose corn syrup (dry basis) per lb weight of 
enzyme (when using a pure dextrose feed). Careful examination 
of t h i s curve reveals a linear phase followed by an exponential 
phase. At start-up of the column, the production rate does not 
conform to this pattern u n t i l steady state conditions are estab
lished. 

Diffusion-Controlled Rate Model 

A mathematical model has been developed which described the 
properties of the immobilised enzyme system and which gives an 
explanation of the previously mentioned behaviour. Typically 
enzymes exhibit exponential loss of a c t i v i t y with time at elevated 
temperatures* which i s brought about by the process of thermal 
denaturation. Therefore a process of linear decay, as shown by 
this system, must require some other explanation. Many other 
s o l i d phase catalysts used i n the chemical industry are known to 
exhibit bulk d i f f u s i o n a l l i m i t a t i o n . That this should also apply 
to an immobilised enzyme preparation i s a reasonable starting 
hypothesis for the development of a mathematical model of t h i s 
system. As described by my colleague in a previous paper (ref 1) 
such a model has been shown to predict results closely similar to 
those obtained in practice. The linear portion of the curve 
occurs as a consequence of the d i f f u s i o n a l l i m i t a t i o n present 
within the pelleted structure; but as the a c t i v i t y of the glucose 
isomerase enzyme declines, diffusion of substrate and product 
within the p e l l e t i s no longer the rate l i m i t i n g step and the 
expected exponential phase becomes apparent. The theoretically 
predicted d i f f u s i o n a l l i m i t a t i o n i s substantiated by electron 
micrograph and micromeritic studies on samples with a wide range 
of bulk a c t i v i t i e s . That i s to say, samples with similar 
i n t r i n s i c a c t i v i t i e s can display widely varying bulk a c t i v i t i e s 
due to differences in the porosity of the p e l l e t causing d i f f e r -
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Figure S. Electron micrograph of a pellet of glucose isomerase 
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ences In the effect of d i f f u s i o n a l l i m i t a t i o n . Figure 5 shows 
two very dissimilar internal structures which result from 
different conditions during the processing steps, p a r t i c u l a r l y 
during the f l o c c u l a t i o n procedure. This model, when combined 
with ki n e t i c analysis of the enzyme reaction, allows not only an 
understanding of the effect of processing conditions on the f i n a l 
product a c t i v i t y to be gained but also enables predictions to be 
made of the effect of various conditions, such as temperature, 
pH, substrate concentration, etc on the enzyme behaviour. This 
information i s valuable for the operation of commercial plants i n 
order to maximise the potential of the enzyme. 

Reactor Column Hydraulics 

There are, of course, a number of ways i n which the d i f 
fusional l i m i t a t i o n may
reduction i n the size o
important property of any immobilised glucose isomerase enzyme 
system for commercial application, i s the a b i l i t y to withstand 
applied load conditions. Typically, commercial columns are up 
to 20 feet t a l l and six feet i n diameter. Because of this scale 
of operation, direct testing of many samples i s not feasible. 
To obviate the need for such testing, ICI have developed a labor
atory test procedure which accurately predicts the hydraulic 
performance of the immobilised enzyme in large-scale operation. 

As for many immobilised enzymes, the hydraulic behaviour i s 
not adequately described by c l a s s i c a l f l u i d mechanics. It was, 
therefore, necessary to develop a detailed mathematical model of 
the column hydraulics which together with a laboratory test 
procedure, would provide data on the basic mechanical properties 
of the enzyme p e l l e t . The model i s based on a force balance 
across a d i f f e r e n t i a l element of the enzyme bed. The primary 
forces involved are f l u i d f r i c t i o n , wall f r i c t i o n , solids 
cohesion, s t a t i c weight and buoyancy. The force balance i s 
integrated to provide generating functions for f l u i d pressure 
drop and s o l i d stress pressure down the length of the column 
under given conditions. 

The main laboratory test uses a porous piston to apply 
various loads to a small sample of the enzyme so that bed per
meability may be determined under a range of stress pressures i n 
glucose solutions under normal operating conditions. Other 
tests are used to measure adhesive and cohesive effects and true 
s o l i d densities i n glucose solution at 60°C. These data are fed 
into a computer, programmed with the mathematical model and used 
to plot out pressure p r o f i l e s under a range of operating 
conditions for any given column configuration. Because numerical 
analysis i s used, the method i s completely f l e x i b l e and does not 
rely on forcing the data to f i t a particular empirical correlation. 

The predictions from the mathematical model have been tested 
against the performance of several large scale columns, t y p i c a l l y 
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with a bed depth of 15 feet. Because of the degree of d e t a i l i n 
the model and the precision of the laboratory tests, agreement 
between predicted and actual performance has been excellent. 

An abbreviated version of the test procedure, incorporating 
an additional safety factor i s used for routine product quality 
control and for the screening of development products. With 
thi s test, a r e l i a b l e prediction of the enzyme's column perfor
mance can be made from a small sample in about an hour. It i s 
important to r e a l i s e that the hydraulic properties of the enzyme 
bed are related to the enzyme p a r t i c l e size d i s t r i b u t i o n and 
r i g i d i t y . These properties i n turn can be influenced by environ
mental factors, e.g. pH, ionic concentration, temperature and 
these effects have been studied extensively. 

The ICI enzyme i s characterised by rapid equilibration to a 
high permeability under loaded conditions which results i n a low 
and stable pressure dro
of enzyme can be operate

Summary 

The combination of the two models previously discussed 
provides a powerful tool i n understanding the behaviour of the 
immobilised enzyme system. This enables the optimisation of 
the enzyme characteristics to be carried out so as to produce a 
commercially attractive glucose isomerisation system which i s 
based upon the use of flocculated b a c t e r i a l c e l l s . 
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11 
Temperature Dependence of the Stability and the 
Activity of Immobilized Glucose Isomerase 

J. A. ROELS and R. VAN TILBERG 

Gist-Brocades N.V., Research and Development, P.O. Box 1, 
2600 MA Delft, The Netherlands 

A number of microorganism
cose into i t s isomer fructose by the action of the enzyme glucose-
isomerase. This property i s of potential commercial significance 
as the enzyme can i n princ i p l e be used to produce a mixture of 
glucose and fructose using a corn based glucose syrup as a source 
of raw material. This mixture i s termed high fructose corn syrup 
(HFCS). HFCS i s considered to be an important competitor for sac
charose as a sweetener. 

In i n d u s t r i a l practice an immobilized form of glucoseisomera-
se i s used. Gist Brocades' immobilized glucoseisomerase, Maxazyme 
GI-immob consists of pasteurized whole c e l l s of Aotinoplanes mis-
sourïensis entrapped i n gelatin i n such a way that, after cross-
l i n k i n g with glutaraldehyde, the substrate, glucose, and the prod
uct, fructose, can diffuse more or less freely into and out of the 
p a r t i c l e s . 

In this paper a mathematical model w i l l be presented describ
ing the conversion process i n a fixed bed reactor. The model a l 
lows the calculation of the temperature dependence of the i n i t i a l 
a c i t i v i t y of the immobilized enzyme. It also predicts the s t a b i l i 
ty of that a c t i v i t y as a function of the operating temperature. 
The model i s of an approximative nature and the simplifications 
which are introduced allow an analyt i c a l solution of the equations 
of the model. The results of the theoretical deductions are v e r i 
f i e d experimentally. 

Mathematical model 

Enzyme k i n e t i c s . The kinetics of transformation processes 
catalysed by a single enzyme are often described using the Micha-
elis-Menten equation (1). The derivation of this equation i s , how
ever, based on two assumptions. The pseudo steady state hypothe
s i s (2_) with respect to the intermediary enzyme-substrate complex 
i s v a l i d and the reverse reaction from product to substrate can be 

979 Sufiifify t i b i a l Society 
1155 16th St. N. W. 
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neglected. In general the f i r s t assumption i s taken for granted 
i n enzyme c a t a l y s i s . The l a t t e r assumption i s only j u s t i f i e d i f 
the absolute value of the free enthalpy change of the reaction i s 
large compared to the product of universal gas constant and abso
lute temperature. This presents problems i n the case of the con
version of glucose to fructose, the standard free enthalpy change 
being -400 J/mole at 60°C; the product of universal gas constant 
and absolute temperature being 2750 J/mole. 

Fratzke et a l . (3̂ ) performed a mathematical analysis based 
on the following k i n e t i c scheme: 

G + Ε τψ=* XE ψ=ψ Ε + F (1) 

i n which G i
Ε i
XE i s the intermediary enzyme-substrate 

complex 
F i s fructose 
k^, k ^, k^ 3 k_2 a r >e k i n e t i c constants 

As can be seen the reverse reaction i s included i n the scheme pro
posed by Fratzke et a l . (3). 

The results of t h e i r analysis, which again includes the 
steady state hypothesis with respect to the enzyme-substrate com
plex, i s the following k i n e t i c equation: 

r T (C - C X) 
r = s, max s s ^ 

S Kf + (C - C X) 
s s s 

i n which r i s the rate of conversion of glucose to fructo-s se (mole/m^s ) 
r T i s the apparent maximal forward rate of the con-s, max . _ / , / ^ \ version of glucose to fructose (mole/nrs) 
K T

s i s a pseudo Michaelis-Menten constant for the 
substrate (mole/m3) 3 

C g i s the glucose concentration (mole/m ) 
C g

x i s the glucose concentration corresponding to 
thermodynamic equilibrium (mole/m^) 

I f equation (2) i s applied to a conversion process using the free 
whole c e l l s of an organism a convenient formulation of equation 
(2) i s the following: 

Vf . C„ (C - C*) 
r = s, max E s s y ^ 

S κ · + (C - C*) 
s s s 
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i n which V T i s the maximum s p e c i f i c rate of fructose forma-s, max _ , _ . / , „ * s tion (mole/kg organism dry matter ss ) 
i s the concentration of the organism (kg dry 
matter/m 3) 

The "constants" V f
s m a x and K T

S are rather complex functions of 
the k i n e t i c constants and the equilibrium glucose concentration: 

V* = . . k 0 [E] (4) 
s, max χ 2 L 1 

K MF " MG 

K ' s = K ^ - 1 ^ { ( KMF + ^ G · K*> · C s + «MF · W ( 5 ) 

i n which Κ i s the equilibriu
glucose to fructose (-) 

K^p i s the Michaelis-Menten constant for the conversion 
of fructose to glucose, being equal to 
(k_2 + k 2) / k_ 2 (mole/m3) 
i s the Michaelis-Menten constant for the conversion 
of glucose to fructose, being equal to 
(k_! + k 2 ) / k! (mole/m3) 

[E] i s the i n t r i n s i c enzyme concentration per unit of mi
croorganism dry matter (mole/kg dry matter) 

Adopting the values of the k i n e t i c constants given by Fratzke 
et a l . i t can be shown that for the conditions prevailing i n the 
fixed bed conversion process, C s - C x i s small as compared to K f

s. 
At an i n i t i a l syrup glucose concentration of 3000 moles/m3 and a 
rel a t i v e conversion to fructose of 45%, K T

S i s of the order of 
5000 moles/m3 and C g - C* varies between about 1000 moles/m3 and 
20 moles/m3 (column i n l e t and column outlet respectively). 

Under these conditions equation (3) can to a f a i r degree of 
approximation be simp l i f i e d to: 

r = Κ (C - C*) (6) 
s s s 

i n which Κ i s a pseudo f i r s t order rate constant given by: 

k 9 (K* + 1) [E] . c F 

Κ = K (7) 
K * [ ( 1 + Ç κ » , c s" , 

I t i s important to note that equation (7) implies the pseudo 
f i r s t order rate constant to be a function of C x and hence of the 
i n i t i a l glucose concentration C S Q , Κ formally cannot be consid
ered a true k i n e t i c constant. For the purpose of the present model, 
describing a situation i n which the i n i t i a l glucose concentration 
i s a constant, Κ can be considered to be a constant but i f the re-
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suits are translated to other i n i t i a l glucose concentrations equa
tion (7) has to be taken into account. 

The ef f i c i e n c y factor for an immobilized enzyme. In general 
the conversion rate of an immobilized enzyme i s lower than that 
of an equal amount of the free enzyme. This decreased a c t i v i t y i s 
caused by d i f f u s i o n a l limitations to the rate at which the subtra-
te i s transported to the s i t e of reaction i n the immobilized en
zyme p a r t i c l e s . In chemical engineering the subject of the i n t e r 
play between d i f f u s i o n a l limitations and chemical kinetics i n het
erogeneous catalysis has been extensively studied. The state of 
the art on this subject i s described by S a t t e r f i e l d (_4 ). 

For the case of a f i r s t order reaction i n a spherical p a r t i 
cle a relationship between an eff i c i e n c y factor, η, and a dimen-
sionless number, the so cal l e d Thiele factor, Φ, can be shown to 
be given by: 

Φ t a n l ^ Φ 

in which η i s the r a t i o of the general conversion i n the p a r t i c l e 
to the conversion i n absence of d i f f u s i o n a l l i m i t a 
tions ( - ) 

Φ i s the Thiele factor being defined as 

P\/D" Φ = R P ^ O) 
i n which k i s a f i r s t order reaction rate constant (1/s) 

D i s the d i f f u s i v i t y of the reactant i n the catalyst par
t i c l e (m 2/s) 

Rpthe p a r t i c l e radius (m) 
I f the simplif i e d pseudo f i r s t order equation for the conver

sion rate of glucose to fructose, equation (6), i s assumed to be 
s u f f i c i e n t l y accurate, the conversion rate of pa r t i c l e s i n which 
whole c e l l s are immobilized i s given by: 

r = Κ η C . V (10) s s i e 

in which η i s the ef f i c i e n c y factor given by equation (8), the 
Thiele factor being given by 

(11) 

Κ i s the pseudo f i r s t order rate constant given by equa
tion (7) (1/s) 

Ό i s the co e f f i c i e n t of dif f u s i o n for glucose i n the 
par t i c l e s (m2/s) 
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C . i s the substrate concentration at the pa r t i c l e s i n 
terface (mole/m3) ^ 
i s the amount of immobilized enzyme present (m ) 

The effect of the temperature. The operating temperature 
affects the isomerization process i n two important ways. 

F i r s t l y the pseudo f i r s t order rate constant Κ i s expected 
to increase with increasing temperature. In the present treatment 
the relationship between Κ and temperature w i l l be assumed to be 
of the Arrhenius type: 

-ΔΗι / RT 
Κ = A e (12) 

in which: A i s a constant (1/s) 
ΔΗ^ i s the activatio

isomerizatio
R i s the universal gas constant (J/mole K) 
Τ i s the absolute temperature (K) 

Secondly the deactivation rate of the enzyme a c t i v i t y i s as
sumed to increase with increasing temperature. I t i s assumed that 
the pseudo f i r s t order rate constant Κ decreases with time accord
ing to: 

- k d t 
Κ = K e (13) ο 

i n which Κ i s the i n i t i a l pseudo f i r s t order rate constant (1/s) 
k^ i s the deactivation constant (1/day) 
t i s the operating time (days) 

For the temperature dependence of the deactivation constant 
an Arrhenius relationship i s assumed: 

-ΔΗ* / RT 
k d = A 2e Z (14) 

in which A i s a constant 
an2 i s the activation enthalpy of the enzyme deactiva

tion process 

Model for fixed bed isomerization. In i n d u s t r i a l practice 
immobilized glucoseisomerase i s often applied to the isomerization 
of glucose i n a fixed bed reactor. 

Under the assumptions about the kinetics presented above the 
construction of a simple mathematical model for t h i s process i s 
quite straightforward. A balance equation for glucose over an i n 
fi n i t e s i m a l s l i c e of the fixed bed (see figure 1) can be formula
ted as follows : 

V dC - -K ÎC - C > · Π d ~ ε ) A 

s s s 
(15) 
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H 

Figure 1. Model for fixed-bed isomeri-
zation 

V (m3/s> 
C s 0 (mole/m3 

V ( m 3 / S ) 

CsE (mole/m3 ) 
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i n which V i s the flow rate of the glucose syrup through the 
fixed bed (m3/s) 

ε i s the porosity of the bed (-) ^ 
A i s the fixed bed cross section (m ) 
h i s the height coordinate (m) 

The boundary conditions for equation (15) are : 

C = C n h = 0 s sO 
C = C ^ h = H s sE 

(16) 

i n which C g 0 i s the glucose concentration i n the syrup entering 
S the column (mole/m^) 

C ^ i s the glucose concentration i n the isomerized syrup 
leaving the column (mole/m3) 

The solution of (15) wit
(16) i s given by: 

„ _ Κ η( 1 - ε) A .Η , . 
V - In ((C - C*) / (C ρ - C*)) 

so s sE s 
Several assumptions are i m p l i c i t i n the derivation presented here; 
two of the important ones are : 
- the resistance for mass transfer to the particles can be ne

glected 
- the syrup flows through the column i n ideal plug flow 

Equation (17) gives the relationship between the flow rate, V, 
which results i n conversion to an exit glucose concentration Cs£ 
as a function of Κ and η. As Κ was assumed to decrease with ope
rating time (equation (13)) and η i s , through the Thiele factor, 
a function of K,the product Kn w i l l decrease with time. The de
r i v a t i o n presented above i s only valid i f the pseudo steady sta
te hypothesis i s invoked with respect to the change of Κ with 
time. Κ i s assumed to be v i r t u a l l y constant during the residence 
time of the syrup i n the column. I f this assumption i s not made 
the simple d i f f e r e n t i a l equation (15) has to be replaced by a set 
of simultaneous p a r t i a l d i f f e r e n t i a l equations i n time and height 
and the solution becomes by no means t r i v i a l . The pseudo steady 
state hypothesis with respect to Κ i s , however, quite reasonable 
as the residence time i n the column i s of the order of one hour 
and the time constant of the deactivation process i s of the order 
of 1 to 100 days. Equation (17) can thus be used to specify the 
flow velocity at any moment during the operating time i f the mo
mentary value of Κ i s calculated according to equation (13). 
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Experimental 

The parameters of the model and t h e i r temperature dependences 
were estimated on the basis of fixed bed experiments on a labora
tory scale. The enzyme used was Gist-Brocades f immobilized glucose 
isomerase, Maxazyme GI-immob. The glucose "syrup" was a 45% w/w 
solution of c r y s t a l l i n e dextrose i n d i s t i l l e d water containing 
3 mM of MgS04 and 100 ppm S0 2. The pH of the syrup was 7.5. The 
fixed bed enzyme reactor was a jacketed glass column provided with 
a f i l t e r plate and containing about 30 ml of bulk volume of the 
immobilized enzyme. The conversion was determined polarometrically 
as well as by means of high performance l i q u i d chromotography. The 
range of operating temperatures was 55 to 75°C. Two types of expe
riments were performed. Three sets of experiments were performed 
at constant flow rate of the substrate solution, the percentage 
glucose isomerized bein
time. One set of experiment
conversion to fructose, the flow rate being determined as a func
tion of operating time. The duration of the experiments varied 
from 5 days at the highest temperature to more than 100 days at 
the lowest temperature. 

The parameters of the model were estimated from the experi
mental data using a non l i n e a r multivariate curve f i t t i n g techni
que. In this process the temperature dependence of the diffusion 
c o e f f i c i e n t for glucose was assumed to be small i n the range of 
temperatures studied. The equilibrium constant K x was assumed to 
be given by: 

K* = 28.8 exp (-1100 / RT) (18) 

This equation i s based on data reported by Fratzke et a l . (_3). 
The d i f f u s i o n c o e f f i c i e n t for glucose i n the immobilized en

zyme p a r t i c l e s , ID , was estimated to be 6.7x10" 1 1 (m2/s). A rea
sonable value i f i t i s compared with the value of 8 . 8 x l 0 - 1 1 (m 2/s) 
obtained by Vellenga (5̂ ) for a different kind of immobilized glu-
coseisomerase. 

The dependence of the estimated values of the i n i t i a l value 
of the pseudo f i r s t order rate constant, KQ, on temperature was 
interpreted i n terms of an Arrhenius relationship. In figure 2 the 
Arrhenius plot for K 0, standardized, within each set of experi
ments, with respect to the i n i t i a l value of the pseudo f i r s t order 
rate constant at 65°C, KQ 5 5 , i s shown. The activation enthalpy of 
the reaction i s estimated'to be 79x103 J/mole. This can be compa
red with a value reported by Fratzke et a l . being 70x103 J/mole. 

The dependence of the experimental values of the deactivation 
constant on temperature i s shown i n an Arrhenius plot i n figure 3. 
The activation enthalpy of the deactivation reaction i s estimated 
to be 20^10 3 J/mole. This agrees well with e a r l i e r results of 
Fratzke et a l . (3), 204X103 J/mole and Niels en ( Ο , 197xl0 3 J/mole. 
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Figure 2. Arrhenius relationship for fixed-bed initial activity. (Φ) Constant 
version, (Δ, • , O) constant flow. 
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From figures 2 and 3 i t i s also clear that the results of 
the constant flow experiments agree well with those of the con
stant conversion experiment. This may be considered an indication 
that the assumption of negligable d i f f u s i o n a l resistance for glu
cose transport to the pa r t i c l e s i s correct. 

In table I the k i n e t i c constants and their temperatures de
pendences for the present immobilized enzyme and some other r e l e 
vant data have been summarized. 

Evaluation of the model 

The model was applied to estimate the theoretical r e l a t i o n 
ship between the fixed bed i n i t i a l flow velocity resulting i n 45% 
of glucose being isomerized to fructose and the ope
rating temperature for an immobilized enzyme defined by the char
a c t e r i s t i c s given i n tabl
terms of the i n i t i a l flo
shown i n an Arrhenius plot i n figure 4. The experimental results 
used i n the parameter estimation are also shown. The theoretical 
relationship i s shown to be d e f i n i t e l y non linear i n an Arrhenius 
plot. 

To obtain a better understanding of the influence of the ac
t i v i t y of the free enzyme on this relationship calculations were 
performed for a free enzyme a c t i v i t y twice as well as half of 
that of the reference situation specified i n table I. 

Table I. Parameter values for reference situation 

K0,65 = 3 .0 χ 10 3 (1/s) 

K0,T = 4 oo m 9 ί 9500x .83 χ 10 exp ( ^—) (1/s) 

k d = 1 .51 κ 10 3 0 exp (- 2 7 ° ) (1/day) 

Ό = 6 .7 κ Ι Ο " 1 1 (m 2/s) 

R = 
Ρ 

6 -4 
χ 10 (m) 

The resulting Arrhenius plots are shown i n figure 5. As can be 
seen the i n i t i a l free enzyme a c t i v i t y affects the Arrhenius plot. 
This, i n combination with the already mentioned non l i n e a r i t y of 
the Arrhenius plot, shows that direct estimation of the activation 
enthalpy of reaction from an Arrhenius plot of the i n i t i a l flow re-
l o c i t y cannot be rig h t . This i s also i l l u s t r a t e d i n figure 6; the 
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Figure 3. Arrhenius rehtionship for deactivation constant. (Φ) Constant conver
sion, (Δ, • , O) constant flow. 
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Figure 4. Experimental data and theoretical relationship between fixed-bed 
initial flow velocity and temperature. (Φ) Constant conversion, (Δ, O) con

stant flow. 
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Figure 5. Characteristics of the Arrhenius plot of fixed-bed initial flow velocity 
for different activities of the free enzyme 

lnV0 

Figure 6. Overall characteristics of the Arrhenius plot of fixed-bed initial flow 
velocity 
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characteristics of the Arrhenius plot of i n i t i a l flow velocity are 
shown for a broad temperature range. The slope of the Arrhenius 
plot corresponds to h a l f the activation enthalpy of the a c t i v i t y 
of the free enzyme at high temperatures and i s equal to the slope 
corresponding to the activation enthalpy at low temperatures. In 
the intermediary temperature range the slope gradually decreases 
with increasing temperature. 

In figure 7 the theoretical relationship between the i n i t i a l 
flow velocity resulting i n a fixed percentage of conversion and 
the a c t i v i t y of the free enzyme i s shown. The relationship i s l i n 
ear i f the free enzyme has a very low a c t i v i t y or, alter n a t i v e l y , 
i f the p a r t i c l e radius i s very small or the d i f f u s i v i t y of gluco
se very high (low Thiele factor). At high Thiele factors (enzyme 
a c t i v i t y very high, radius large, d i f f u s i v i t y low) a square root 
relationship i s obtained  To show the relevance of both types of 
behaviour to the immobilize
gation i t s expected behaviou
shown i n figure 7. 

The present model also allows calculation of the r e l a t i o n 
ship between flow velocity at constant r e l a t i v e conversion and 
operating time in a fixed bed. In the past l i n e a r as well as ex
ponential functions have been proposed for this property. In f i 
gure 8 the expected relationships according to the present model, 
lin e a r decay and exponential decay are shown. The results 
of one representative experiment have also been shown. The pre
sent theory results i n a decay curve which i s between the li n e a r 
and exponential relationships. The assumption of l i n e a r decay i n 
volves an underestimation of the a c t i v i t y h a l f l i f e ; the assump
tion of exponential decay, however, overestimates the h a l f l i f e 
of the i n i t i a l flow velocity. 

In figure 9 the theoretical relationship between the h a l f 
l i f e of the i n i t i a l flow velocity at 45% r e l a t i v e conversion and 
temperature i s shown i n an Arrhenius p l o t . The results obtained 
i n the experiments used i n the parameter estimation are also 
shown. 

The overall characteristics of the Arrhenius plot of flow ve
l o c i t y h a l f l i f e are shown i n figure 10. The plot i s linear with 
a slope corresponding to the deactivation activation enthalpy of 
the free enzyme at low temperatures (low Thiele factors). The half 
l i f e of the immobilized enzyme a c t i v i t y i s equal to that of the 
free enzyme. In the intermediary range of Thiele factors or tem
peratures the slope slowly decreases then increases again to the 
slope corresponding to the deactivation activation enthalpy of 
the free enzyme. At high Thiele factors or high temperatures the 
slope again corresponds to the deactivation activation enthalpy 
but the a c t i v i t y h a l f l i f e of the immobilized enzyme i s twice 
that of the free enzyme. 

From the foregoing i t i s clear that the i n i t i a l flow v e l o c i 
ty h a l f l i f e of the immobilized enzyme i s determined not only by 
the deactivation properties of the free enzyme but also by the 
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Figure 8. Decay of the fixed-bed velocity at constant relative conversion: (O) 
experimental. 
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Figure 10. Overall characteristics of the Arrhenius plot of initial flow velocity 
half life 
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properties of the par t i c l e s and i n particular the p a r t i c l e radius 
and the glucose d i f f u s i v i t y i n the p a r t i c l e s . The significance of 
di f f u s i o n a l l i m i t a t i o n to the h a l f l i f e of the immobilized enzyme 
used i n the present investigation i s i l l u s t r a t e d i n figure 11 
where the r a t i o of the a c t i v i t y h a l f l i f e of the immobilized en
zyme to the estimated a c t i v i t y h a l f l i f e of the free enzyme i s 
shown as a function of temperature. The immobilized enzyme a c t i v i 
ty h a l f l i f e i s higher by 10 to 60% than the h a l f l i f e of the free 
enzyme a c t i v i t y . One of the implications of the remarks made above 
i s that estimation of the activation enthalpy of the deactivation 
of the free enzyme from an Arrhenius plot of the flow velocity 
h a l f l i f e of the immobilized enzyme i n a fixed bed i s , i n general, 
not j u s t i f i e d . 

One remark s t i l l needs to be made. Most experiments were per
formed at a constant flow rate through the fixed bed and the de
crease i n the fraction
function of time. In th
ha l f l i f e of the i n i t i a l flow velocity at constant r e l a t i v e con
version and this i s d e f i n i t e l y different from the re l a t i v e conver
sion h a l f l i f e at constant flow rate. In general the h a l f l i f e of 
the l a t t e r property i s considerably longer than that of the former. 
The present model furthermore predicts that the h a l f l i f e of the 
re l a t i v e conversion at constant flow rate i s dependent on the i n i 
t i a l glucose concentration and the i n i t i a l r e l a t i v e conversion. On 
inspection of equation (17) i t i s clear that the h a l f l i f e of the 
i n i t i a l flow velocity at constant r e l a t i v e conversion i s equal to 
the h a l f l i f e of the property In ((C s o - C*) / ( C s E - C*)) at con
stant flow rate and our calculations of the i n i t i a l flow velocity 
h a l f l i f e from the constant flow experiments were based on this 
equivalency. Figure 9 shows that the h a l f l i f e estimates from the 
constant flow experiments obtained i n this way do indeed agree 
with those obtained d i r e c t l y from constant conversion experiments. 

A commercially interesting property of an immobilized enzyme 
i s i t s productivity, the t o t a l cumulative amount of syrup conver
ted, during the time i t i s used for production. In pr i n c i p l e the 
relationship between amount of syrup converted and operating time 
can be obtained by integration of the equation for the flow velo
c i t y r e s u l t i n g i n a given percentage of r e l a t i v e conversion of 
glucose (equation (17)) with respect to time i . e . : 

i n which V(t) i s given by equation (17), the values of Κ i s calcu
lated as a function of operating time from equation (13) and the 
eff i c i e n c y factor i s calculated from equation (8). 

The Thiele factor to be substituted i n equation (8) i s given 
as a function of time by the following equation: 

t 
V(t) dt (19) 

ο 
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Figure 11. Theoretical relationship on ratio between activity half life of free and 
immobilized enzyme 
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- i k d t 
Φ = Φ e (20) ο 

in which Φ ο i s the i n i t i a l Thiele factor being given by: 

ο p y Ό 
(21) 

By combination of equations (21), (20) and (13) i t can be shown 
that the momentary value of Κ can also be written as : 

Φ 2 

Κ = Κ ^ (22) ο ,ζ Φ ο 
Equation (19) can now wit
(22) be evaluated to

t 
p ( t ) = Γ P ( l - ε) . A.H 3 φ 1 _ U d t ( 2 3 ) 

i R 2
 l n

 c so - c | t a n h * φ 

ρ c s E - C x 

Equation (23) s t i l l presents a rather complex problem i f 
straightforward integration i s attempted. It can however be sim
p l i f i e d considerably by the following manipulations 

F i r s t i t i s recognized that the following relationship holds: 

dt = 4 r · (1Φ (24) αΦ 

From equation (20) i s calculated to be 

dΦ ]<̂ Φ 

With the aid of (25) and (24) the integral (23) i s transformed to: 
Φ 

n U v . [ 6D (1 - ε) . A.H , 1 1. , O R * 
p U ) " J (ÎSnh? " φ) ά φ ( 2 6 ) 

i n which ρ(Φ) i s the productivity at the time t the Thiele factor 
has decreased to Φ (m 3/syrup) 

Performing the integration i n (26) results i n the following ex
pression: 
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Τ ΪΓΦ Ϊ - 6D(1 - ε) . Α.Η 

d ρ [εΐηηΦ Ί ΓείηηΦ"! 

J1 <27) 

p(^) gives the productivity of a column of A.H m ; a more 
useful property i s obtained i f p( Φ) i s expressed per unit of co
lumn volume: 

d ρ [sinlrô Ί ΓείηηΦΊ 

in which Ρ ( Φ ) i s the productivity at the time t the Thiele factor 
has decrease

With the aid of the equation for the relationship between 
Thiele factor and time, equation (20), equation (28) can now be 
used to calculate productivity as a function of time at various 
operating temperatures. (In evaluating (28) i t has to be borne 
i n mind that k^, which was expressed i n 1/day , has to be trans
formed to 1/s before substitution i n equation (28)). 

The results of the evaluation of (28) for an immobilized glu-
coseisomerase defined by the properties given i n table I have been 
given i n figure 12. The productivity refers to a situation i n 
which a 45% w/w glucose syrup i s isomerized to HFCS with a fractio
nal conversion of glucose of 45%. Some of the experimental results 
obtained by integration of the flow velocity time curves of the 
constant conversion experiments are shown i n figure 12. 

Figure 12 shows that i f one has a l l the time i n the world and 
the i n c l i n a t i o n to wait endlessly productivity w i l l eventually be 
highest at the lowest temperature i n the range studied. At 50°C 
productivity i s about 7 times higher than that at 65°C. I f one de
cides to use the enzyme only for 100 days maximal productivity i s 
obtained at 55°C , i t i s twice that at 65°C. I f patience runs out 
after 50 days the maximum productivity i s obtained at 60°C, pro
ductivity exceeds that at 65°C by 30%. 

It w i l l be clear that i n actual practice, the optimal opera
ting temperature depends , apart from problems of microbial conta
mination which becomes increasingly s i g n i f i c a n t at temperatures 
below 60°C, on the r e l a t i v e costs of the enzyme preparation per 
unit of column volume and the operating costs per unit volume. 
Another important l i m i t a t i o n may be the t o t a l amount of HFCS to 
be produced with a given capacity i n terms of column volume, this 
w i l l to a large extent be determined by the demand for HFCS. At 
times of low demand the optimal production temperature w i l l tend to 
be lower than i n times of high demand. 

In figure 13 i t i s q u a l i t a t i v e l y shown how the optimal opera
ting temperature and operating time can be estimated once the 

In Immobilized Microbial Cells; Venkatsubramanian, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



H-
»

 

S ο g ! S I
 

Fi
gu

re
 1

2
. 

P
ro

du
ct

iv
it

y 
v

s.
 o

pe
ra

ti
ng

 t
im

e 
a

t 
va

ri
ou

s 
te

m
pe

ra
tu

re
s 

In Immobilized Microbial Cells; Venkatsubramanian, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



§ >
 

σ •S S a ο S
1 π*
 

Ω
 

s-

ο ο 3 g œ
 

C
D 

Fi
gu

re
 1

3
. 

Q
ua

li
ta

ti
ve

 p
lo

t 
o

f c
on

tr
ib

ut
io

ns
 t

o
 H

FC
S 

pr
od

uc
ti

on
 c

o
st

s 
a

t 
tw

o 
op

er
at

in
g 

te
m

p
er


at

ur
es

: (
 

; 
55
°C
; 

( 
; 

65
°C

. 

In Immobilized Microbial Cells; Venkatsubramanian, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



170 IMMOBILIZED MICROBIAL CELLS 

costs of column operation and the costs of the immobilized enzy
me are known. It w i l l be clear that once r e a l i s t i c values of the 
cost contributions are known the present model allows the optimi
zation of HFCS production costs. 

One qualitative conclusion the model permits i s that, i n 
p r i n c i p l e , economically more favourable production of HFCS i s 
possible i f an increasing instead of a constant temperature with 
operating time i s applied. 

The main problems associated with the use of the present 
model for large scale operation are that i t was tested using l a 
boratory scale columns and a "syrup" consisting of a solution of 
pure dextrose. 

At a large scale, channeling and back mixing which were as
sumed to be absent i n the present model may reduce productivity. 
Furthermore impurities present i n the i n d u s t r i a l syrups may af
fect the kinetics of th
serious problem may be
der the pressure necessary to force the syrup through the fixed 
bed, which may eventually reduce the area for mass transfer to 
the p a r t i c l e s and cause additional mass transfer resistances out
side the p a r t i c l e s . 

Abstract 
A mathematical model permitting the formulation of an analy

tical expression for the relationship between production rate of 
HFCS, free enzyme properties, immobilized enzyme characteristics, 
temperature and operating time has been developed and verified 
experimentally. 

The theory developed is of potential significance to the 
economic optimization of the HFCS production process. It is shown 
that under most practical conditions Gist-Brocades' immobilized 
glucoseisomerase, has, in fixed bed applications, maximal produc
tivity at temperatures of 60°C or even lower. 
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L i s t of symbols 

A 1' " 2 

C 
C S K 
S 

C . 
SI 

c s 0 

h 
H 
Δ Η / 

Δ Η . 

^1*^2'^-1'^-2 
k 

Κ 
Κ 

0 , 6 5 

κ* 
K s 
KMG 
KMF 

P i t ) 

ρ(Φ) 

Ρ(Φ) 

r s 
s, max 

constants (1/s) 
column cross section (m^) 
the concentration of organism dry 
matter 
glucose concentration 
glucose concentration at thermodynamic 
equilibrium 
glucose concentration at p a r t i c l e 
interface 
glucose concentration at column i n l e t 
glucose concentration at column exit 
d i f f u s i o n c o e f f i c i e n t for glucose i n 
part i c l e s 
i n t r i n s i
height coordinat
column height 
activation enthalpy of conversion of 
glucose to fructose 
activation enthalpy of enzyme deacti
vation 
rate constants 
f i r s t order rate constant 
f i r s t order rate constant for deactiva
tion of free enzyme a c t i v i t y 
pseudo f i r s t order rate constant 
i n i t i a l value of pseudo f i r s t order ra
te constant 
i n i t i a l value of pseudo f i r s t order ra
te constant at 6 5 ° C 
equilibrium constant 
pseudo Michaelis-Menten constant 
the Michaelis-Menten constant for the 
conversion of glucose to fructose 
the Michaelis-Menten constant for the 
conversion of fructose to glucose 
cumulative amount of syrup converted 
at time t 
cumulative amount of syrup converted at 
time corresponding to a Thiele factor of -
(Φ) ( π φ 
t o t a l amount of glucose solution conver-(m /m 
ted per unit enzyme at time correspon- zyme) 
ding to a Thiele factor (Φ) 
glucose conversion rate 
the apparent maximal forward rate of 
reaction of glucose to fructose 
universal gas constant 
radius of immobilized enzyme par t i c l e s 

(kg DM/m ) 
(mole/m ) 

3 
(mole/m ) 

3 
(mole/nig) 
(mole/m3) 
(mole/m ) 
(m 2/s) 

(m) 

(kJ/mole) 

(kJ/mole) 

(1/s ) 

( 1/day) 
(1/s) 

(1/s) 

(1/s) 
( " } 3 (mole/m ) 

(mole/m3) 

(mole/m ) 

(m 3) 

en-

(mole/m s) 
3 

(mole/m s) 
(kJ/mol°K) 
(m) 
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t time (m) 
t i a c t i v i t y h a l f l i f e o f the i m m o b i l i z e d 
2 enzyme (day) 

(°K) Τ a b s o l u t e temperature 
(day) 
(°K) 

V volume o f i m m o b i l i z e d enzyme (m 3) 
v e i n i t i a l v o l u m e t r i c f l o w r a t e r e s u l t i n g i n 
ο 45% c o n v e r s i o n o f g l u c o s e (m /s) 

ν 
0,65 

i n i t i a l v o l u m e t r i c f l o w r a t e r e s u l t i n g i n ν 
0,65 45% c o n v e r s i o n o f gl u c o s e a t 65°C (πι /s) 
s, max the maximum s p e c i f i c r a t e o f f r u c t o s e 

f o r m a t i o n 
(mole/kg 
DM s) 

ε packed bed p o r o s i t y (-) 
η e f f i c i e n c y f a c t o r (-) 
Φ T h i e l e f a c t o r (-) 
Φ 
ο 

i n i t i a l T h i e l e f a c t o r (-) 
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Evaluation of a Novel Microporous PVC-Silica Support 
for Immobilized Enzymes 

Its Use in a Flow-Through Reactor System 
for Production of Fructose 

BRUCE S. GOLDBERG, ALEXANDER G. HAUSSER, 
KEVIN R. GILMAN, and RICHARD Y. C H E N 

Amerace Corporation, Microporous Products Division, Ace Road, Butler, NJ 07405 

During the past f i f t e e
of research i n the area of immobilized enzymes. This research 
e f f o r t has been focused i n three major areas. F i r s t i s the form 
of the enzyme to be immobilized, whether the enzyme i s p u r i f i e d 
or i s contained within whole c e l l s . The second has been i n the 
area of immobilization techniques, whether by physical absorp
tion, entrapment, or chemical bonding. The t h i r d area of 
research has been i n the development of various types of carriers 
that can support the enzyme and be used i n various types of 
reactors. 

The purpose of this paper i s to discuss the t h i r d area, v i z . 
the enzyme support. Various carriers that have been used over 
the years for immobilizing enzymes can be c l a s s i f i e d into three 
categories. The f i r s t i s hard particulate substances such as 
porous glass/ceramics and polymers. The second category i s 
polymers i n membranous form, such as reconstituted collagen or 
u l t r a f i l t r a t i o n membranes, where the enzyme i s trapped behind or 
within the membrane ba r r i e r . The t h i r d category i s cel l u l o s e -
derived materials i n the form of fibers or beads. Almost a l l 
these materials are used either i n the form of packed beds or as 
membranes. In any case, the d i f f u s i o n a l resistances are major 
r e s t r i c t i o n s to their use as e f f i c i e n t enzyme supports. We w i l l 
discuss and demonstrate a new type of microporous c a r r i e r that 
can be used very e f f i c i e n t l y as an immobilized enzyme support. 

Support Characteristics 

Amerace Corporation has developed a novel microporous sup
port which overcomes the disadvantages of supports used pre
viously. This material can be used i n a flow-through reactor i n 
which the substrate flow i s perpendicular to the surface of the 
support; i e , the substrate passes through the support material, 
rather than around i t . Reaction takes place as a resu l t of the 

0-8412-0508-6/79/47-106-173$05.00/0 
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substrate's d i r e c t l y contacting the enzyme through bulk flow, 
rather than i t s having to diffuse into the support before i t can 
contact the enzyme. 

B r i e f l y , the flow-through reactor has the advantages of 
essentially no external or internal mass transfer limitations, no 
substrate holdup, and no channeling; a l l of which contribute to a 
more e f f i c i e n t u t i l i z a t i o n of immobilized enzyme. The substrate 
must contact a l l reactive s i t e s while passing through the pores; 
therefore eliminating dispersion or d i f f u s i o n related problems. 
One can perform sequential reactions, since there i s no holdup of 
reactants and products from one reaction step to the next. 

The support i s a microporous PVC-silica sheet having a poro
s i t y i n the 70-80% range. The pore size as determined by mercury 
intrusion porosimetry i s i n the 0.2 μπι to 2.0 ym range. The 
support i s extremely hydrophilic  has a negative charge  and a 
surface area of 80 m2/g
normal conditions, i s stea
density of 0.45 g/cm3. The microporous support has received FDA 
approval for d i r e c t food contact. The tortuosity of the pore 
structure requires that the substrate make intimate contact with 
the active enzyme as i t passes through the support material. The 
active s i t e s are attributed to the s i l i c a contained within the 
porous matrix which allows the addition of organic functionality. 

While this paper deals with the chemistry and reaction 
characteristics of glucose isomerase, i t should be noted that 
glucose oxidase, glucoamylase, aldose-1-epimerase, a-glucosidase, 
alcohol dehydrogenase, pullulanase, and fungal α-amylase have 
been successfully immobilized onto this support. 

Enzyme Bonding Procedure 

The support preparation and immobilization procedures are as 
follows. I n i t i a l l y , the sheet i s activated by soaking for one 
hour i n a 1 M NaCl solution containing 1.5% polyethyleneimine 
(PEI) having a molecular weight of approximately 40,000. The 
support material i s rinsed free of excess PEI and may be dried 
for l a t e r use. The support material may be cut to the proper 
size and configuration before or after treatment with polyethyl
eneimine. A l l work reported i n this paper, unless otherwise 
stated, was done with 47 mm diameter discs having a thickness of 
approximately 0.5 mm. The discs were mounted i n reactors com
prised of 47 mm M i l l i p o r e Swinnex f i l t e r housings or were molded 
into a stacked disc configuration, the concept of which i s pre
sently the subject of a patent application. The reactor system 
i s assembled as i l l u s t r a t e d i n Figure 1. The system i s f i r s t 
f i l l e d with d i s t i l l e d water and a 2.5% solution of glutaraldehyde, 
at pH 9.5, i s pumped through the reactor at 6 ml/min. for 1 hr. 
Excess glutaraldehyde i s removed from the reactor by flushing with 
pH 7.5 buffer solution containing 2 g/1 MgS04»7H 20 and 2 g/1 
NaHC03. Buffer i s pumped through the reactor u n t i l the effluent 
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has maintained a pH of 7.5 for 15 minutes. When the effluent pH 
has been s t a b i l i z e d at 7.5 the enzyme solution i s recycled 
through the reactor for 1 hr. Excess enzyme i s recovered by 
flushing the reactor with the above buffer and co l l e c t i n g the 
effluent. This entire procedure i s carried out at room 
temperature. 

In the above sequence, the PEI i s chemi-adsorbed onto the 
surface of the s i l i c a p a r t i c l e s i n the PVC matrix and confers 
organic functionality to i t . The glutaraldehyde crosslinks the 
PEI rendering i t t o t a l l y insoluble and also acts as a leash for 
the enzyme pendent group with which i t i s subsequently reacted. 

The enzyme, which i n this case i s glucose isomerase, was 
obtained from Novo Laboratories and i s derived from Ba c i l l u s 
coagulans NRL-5666. The soluble enzyme was isolated from a dried 
c e l l preparation, as supplied by Novo Laboratories, by suspension 
i n buffer and centrifugatio
other insoluble impurities
ated by ammonium sulfate p r e c i p i t a t i o n retaining the 55-70% 
fractions followed by d i a l y s i s to obtain a p u r i f i e d enzyme s u i t 
able for immobilization onto the microporous support. 

The purity of the above prepared enzyme i s approximately 
7,000 IGIU/g. One IGIU i s defined as the amount of enzyme 
required to convert one micromole of glucose to fructose i n one 
minute at 60°C i n a solution containing 40% w/w glucose, 2 g/1 
MgS0 4»7H 20, 1 g/1 NaHC03 having a pH of 7.5 (measured at room 
temperature). The a c t i v i t y of soluble enzyme solutions were 
measured on a Yellow Springs b i o l o g i c a l oxygen analyzer (Model 53) 
which measures the enzyme catalyzed oxidation of glucose to 
gluconic acid and by l i q u i d chromatography of glucose-soluble 
enzyme reaction products. 

Depending on the purity and the history of the dry enzyme 
preparation, recovery y i e l d s of 90-100% expressed a c t i v i t y of the 
immobilized enzyme have been achieved. The a c t i v i t y of the s o l 
uble enzyme preparation after d i a l y s i s i s approximately 400 IGIU/ 
ml and a 2X quantity of enzyme i s u t i l i z e d for immobilization 
with roughly 50% of the offered soluble enzyme being recovered 
after immobilization and 45-50% of the offered soluble enzyme 
resulting i n expressed a c t i v i t y on the reactor when operated 
under the above conditions. Depending upon the a c t i v i t y of the 
p u r i f i e d enzyme, the a c t i v i t y of the c a r r i e r after immobilization 
i s t y p i c a l l y 600 IGIU/g. 

Analysis of Dif f u s i o n a l Limitations 

As mentioned e a r l i e r , one of the important features of this 
immobilized enzyme support i s the fact that i t permits design of 
a flow-through reactor where the substrate must pass through a l l 
the pores. As a resul t , the d i f f u s i o n limitations of the support 
are reduced to a minimal l e v e l . An experiment was performed to 
determine the minimum ve l o c i t y below which d i f f u s i o n a l effects 
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become evident. A l l subsequent experiments were run at v e l o c i 
t i e s above the minimum value. 

Figure 1 i l l u s t r a t e s the experimental setup used to deter
mine this c r i t i c a l v e l o c i t y . A 47 mm diameter reactor, having an 
expressed a c t i v i t y of 145 IGIU/g was placed i n a 60°C temperature 
controlled bath. Substrate was recirculated through this reactor 
at various v e l o c i t i e s and the time required for the 108 ml of 
reactor and reservoir volume to reach 5% conversion at each 
s u p e r f i c i a l v e l o c i t y was recorded and the expressed a c t i v i t y 
calculated. Figure 2 i l l u s t r a t e s a p l o t of the resulting data. 
Typically, above a s u p e r f i c i a l v elocity of 0.1 cm/min the ex
pressed a c t i v i t y remained constant at 145 IGIU/g. 

Kinetic Evaluation 

To i l l u s t r a t e the
microporous enzyme support
b i l i z e d with 22,000 IGIU of p u r i f i e d enzyme. The resulting 
reactor had an expressed a c t i v i t y of 726 IGIU/g at 60°C. A 40% 
w/w solution of 99% pure dextrose containing 2 g/1 MgS04-7H20 and 
1 g/1 of NaHC03 at pH 7.5 was converted to a 45% fructose product 
in 6.5 min and an equilibrium product of approximately 50% fruc
tose i n less than 12 min residence time. The flow rate required 
to obtain a 45% converted product was 6 ml/min. 

A second experiment was performed to demonstrate the 
superior u t i l i z a t i o n of enzyme by a microporous sheet flow-
through reactor versus a packed column containing controlled pore 
glass. Controlled pore glass p a r t i c l e s 40-80 mesh were obtained 
from Electro Nucleonics Corporation and chemically modified by 
standard methods 0^ to introduce covalently bound, a l i p h a t i c 
amino functionality on the external and internal surfaces. Two 
grams of the amino-CPG were degassed and suspended i n 100 ml of 
10% pH 8 glutaraldehyde solution for 1 hr. The CPG p a r t i c l e s 
were extensively washed to remove excess glutaraldehyde using 
pH 7.5 Hepes buffer containing 2 g/1 MgS04-7H20. Ten ml of 
enzyme solution containing 0.43 units/ml at pH 7.5 was added to 
the p a r t i c l e s and allowed to react for 1 hr with gentle agita
tion. Excess enzyme was rinsed from the CPG p a r t i c l e s and based 
upon loss of a c t i v i t y from the enzyme solution, the loading was 
0.66 units/ml (CPG has a bulk density of 0.36 g/ml). The 1.2 ml 
volume of the p a r t i c l e s was loaded into a small 0.6 cm diameter 
column and used i n the subsequent experiment. 

Four 26 mm diameter MPS discs were treated with PEI, mounted 
in a standard 26 mm M i l l i p o r e Swinnex f i l t e r housing and set up 
as previously described. A 10% pH 8 solution of glutaraldehyde 
solution was pumped through the reactor for 1 hr. The reactor 
was rinsed with 200 ml of pH 7.5 Hepes buffer containing 2 g/1 
MgS04»7H20 for 1 hr. Enzyme solution, 30 ml having an a c t i v i t y 
of 0.43 units/ml, was recirculated through the reactor for 1 hr 
after which time excess enzyme was flushed from the reactor using 
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Figure 1. Flow diagram of reactor system for diffusion studies 
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Figure 2. Effect of superficial velocity on enzyme utilization efficiency. Reactor 
size: diameter—47 mm, thickness—0.45 mm, weight—0.43 g. Conditions: pH— 
7.5, temperature—60°C. Substrate: dextrose—45% w/v, MgSO^ · 7H20—2 g/L, 

NaHCOs—1 g/L. 
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the above buffer solution. The loading on the reactor was calcu
lated to be 0.7 units/ml based upon loss of a c t i v i t y from the 
immobilizing solution. The volume of this reactor was 1.0 ml. 

The two reactors were evaluated by measuring the degree of 
conversion of a 7.2% w/v fructose substrate (ph 7.0) at several 
flow rates when operated i n a single pass mode. The resulting 
data i s shown i n Figure 3 which shows the per cent conversion 
obtained versus residence time. I t can be noted that i t takes 
5.5 min to obtain a 19.1% conversion product i n the porous glass 
packed column, whereas the reactor containing the MPS immobilized 
enzyme achieves a conversion of 34% i n the same residence time. 
The MPS i s 78% more e f f i c i e n t i n u t i l i z i n g an equivalent a c t i v i t y 
of enzyme. 

pH Study 

The experimental setu
pH and temperature on the expressed a c t i v i t y of the MPS immobi
l i z e d enzyme i s shown i n Figure 4. The reactor was 47 mm i n 
diameter and contained 2 g of support material having an ex
pressed a c t i v i t y of approximately 650 IGIU/g. An approximate 10% 
converted product was obtained at 60°C and pH 7.5 on a substrate 
containing 40% w/w dextrose, 2 g/1 MgS04«7H 20, 1 g/1 NaHC03, and 
1 g/1 NaHS03. The flow rate through the reactor was maintained 
at 5 ml/min throughout the experiment. 

Figure 5 shows the e f f e c t of pH at varying temperatures on 
the expressed a c t i v i t y of glucose isomerase isolated from 
Ba c i l l u s coagulans and immobilized on MPS. I t may be noted that 
the optimum pH (measured at room temperature) i s not affected by 
varying the temperature and that the per cent change of a c t i v i t y 
as a function of pH remains r e l a t i v e l y constant with changing 
temperatures. Figure 6 i s an Arrhenius plot of the pH 7.5 data 
i n Figure 5. Using the formula In Κ = In A - Ε /RT an activation 
energy of 19.6 Κ cal/mole i s obtained. 

H a l f - L i f e Study 

Using the information from the pH-temperature experiment we 
then b u i l t a large scale flow-through reactor and operated i t at 
60°C and pH 7.5 to obtain a h a l f - l i f e on the immobilized enzyme. 
This reactor was 47 mm i n diameter and consisted of 80 stacked 
sheets of support material having a combined weight of 30 g. 
Figure 4 i l l u s t r a t e s the experimental setup which consisted of a 
reservoir maintained at room temperature containing the substrate 
which contained 40% w/w dextrose, 2 g/1 MgS04-7H20, 1 g/1 NaHC03, 
and 1 g/1 NaHS03 having a pH of 7.5 (measured at room tempera
ture) . This substrate was pumped by a variable speed pump 
through a p r e f i l t e r containing an 8 ym paper f i l t e r and an 
Amerace 0.45 ym f i l t e r and then through the reactor which was 
placed i n a 60°C constant temperature water bath. The substrate 
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Figure 3. Percent conversion vs. residence time. Substrate: fructose—7.2% to/ν 
(4M), pH—7.5, temperature—25°C. ( Ο ) MPS flow-through reactor, ( X ) 

controlled pore-glass reactor. 
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Figure 4. Flow diagram of reactor system for constant conversion of dextrose 
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Figure 5. Rehtive activity vs. pH as a function of temperature. Substrate: dex
trose—40% w/w, MgSOh · 7H20—2 g/L, NaHCOs—l g/L, NaHSOs—l g/L. 
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Figure 6. Arrhenius plot for Bacillus coagulans in flow-through reactor. Sub
strate: dextrose—40% w/w, MgSO^ · 7H20—2 g/L, NaHCOs—l g/h, NaHSOs 

—1 g/L, pH—7.5. 
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passing through the reactor was discharged into a reservoir and 
analyzed d a i l y . Pressure gauges were located before and after 
the p r e f i l t e r to determine the pressure or contaminant build-up 
on the p r e f i l t e r or reactor. As i s normal commercial practice, 
the conversion was maintained at a constant 45% fructose l e v e l by 
suitably adjusting the flow rate through the reactor. 

Figure 7 shows the experimental a c t i v i t y decay curve for 
this immobilized enzyme reactor system. I n i t i a l residence time 
to obtain a 45% converted product from the starting dextrose 
substrate was i n the order of 10.6 min. The f i r s t and second 
h a l f - l i v e s ( t . / 2 and t . ) were defined as the times at which the 
flow rates were 1/2 and 1/4 of the i n i t i a l flow rate, respec
t i v e l y . In this p a r t i c u l a r case, the i n i t i a l flow rate was 
5.1 ml/min increasing to about 5.6 ml/min over a 200 hr period 
and then decreasing i n a f i r s t order manner. For this p a r t i c u l a r 
enzyme at 60°C on this
1600 hrs. During the h a l f - l i f
with pressure buildup either on the p r e f i l t e r or on the reactor 
and the effluent coming from the reactor was water white. This 
buffered system did not show any pH drop across the reactor. 
Other studies performed on non-buffered substrates with a l l other 
conditions being the same showed pH drops i n the range of 0.5 to 
0.8 pH units. 

An experiment was run comparing the h a l f - l i f e of the flow-
through reactor with that of commercially available polymeric 
granules immobilized with the same enzyme st r a i n u t i l i z i n g a 
packed bed reactor. The reactors were operated the same as pre
viously described. Table I summarizes the two systems. We found 
that the productivity of the flow-through reactor calculated at 
t 1 . was i n the order of 4100 g of dry product/g of support com
pared to 1500 g of dry product/g of support for the bed reactor 
system. On an enzyme u t i l i z a t i o n basis, the productivity for the 
flow-through reactor was 8.56 g dry product per unit of expressed 
a c t i v i t y as compared to 6.54 g dry product per unit of expressed 
a c t i v i t y on the bed reactor. The product coming through the 
flow-through reactor was water white. Typically, the product of 
the packed bed reactor material i s highly colored and has a 
strong odor for the f i r s t 100 hrs. 

Discussion 

The work reported here demonstrates that the microporous 
p l a s t i c sheet (MPS ) i s a viable support for glucose isomerase. 

Baci l l u s coagulans glucose isomerase immobilized on MPS has 
a greater e f f i c i e n c y than the same enzyme immobilized on con
t r o l l e d pore glass. The controlled pore glass exhibits an 
apparent e f f i c i e n c y of 0.56 r e l a t i v e to MPS. Pore d i f f u s i o n 
limitations of the glass beads and bed channeling cause t h i s 
i n e f f i c i e n c y . 

The r a t i o of the productivity of Bac i l l u s coagulans glucose 

In Immobilized Microbial Cells; Venkatsubramanian, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



12. GOLDBERG ET AL . PVC-Silica Support 183 

1 
Ο 200 400 600 800 1000 1200 

Time (hrs.) 

Figure 7. Half life study of glucose isomerase on Amerace flow-through reactor. 
Conditions: pH—7.5, temperature—60°C. Substrate: dextrose—40% w/w, 

MgSOu · 7H20—2 g/L, NaHSOs—1 g/L, NaHCOs—l g/L. 
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Table I 

COMPARISON OF FLOW-THROUGH VERSUS PACKED BED REACTOR 

I n i t i a l Expressed A c t i v i t y

H a l f - L i f e t . , hours 
±/ ζ 

Quarter-Life t
1 ^ 4 r hours 

Relative Reactor Volume 

Productivity 

1. g HFCS (dry)/g Support at t ^ 

2. g HFCS (dry)/IGIU* at t , 
I n i t i a l A c t i v i t y 

Amerace MPS 
Reactor 

920 

1600 

1 

4064 

8.56 

Commercially 
Available 
Polymeric 

Beads 

710 

938 

2 

1450 

6.54 

Product Quality 

1. I n i t i a l Color 

2. I n i t i a l Odor 

water white very dark 

none strong odor 
of protein 

* I n i t i a l expressed a c t i v i t y of the reactor 24 hours after 
s t a r t up 
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isomerase immobilized i n commercially available polymeric beads 
to that enzyme immobilized on MPS i s 0.76. The lower producti
v i t y of the polymeric beads i s apparently due to a combination of 
pore d i f f u s i o n l i m i t a t i o n , other factors inherent i n the nature 
of the polymeric beads, and the method by which they are 
u t i l i z e d . 

Since pore d i f f u s i o n i s limited and channeling i s at a 
minimum, MPS allows for more e f f i c i e n t u t i l i z a t i o n of enzyme. 
Shorter reaction times are possible with MPS due to the use of 
the flow-through reactor concept and the higher a c t i v i t i e s 
attainable. 

Summary 

From a reactor engineering-desig  standpoint th  flow
through reactor would requir
bed reactor. This r a t i  greate  depending
s p e c i f i c a c t i v i t y of the enzyme u t i l i z e d i n the immobilization. 
The higher the enzyme purity, the smaller the size of the flow-
through reactor. Other advantages of the flow-through reactor 
are rapid and e f f i c i e n t change-over of reactors and the elimina
tion of compressibility and other hydraulic problems usually 
associated with packed bed reactors. 

This development i s the subject of a recently issued U. S. 
patent(2) and other pending patent applications. 

ABSTRACT 
EVALUATION OF A NOVEL MICROPOROUS PVC-SILICA SUPPORT FOR IMMOB
ILIZED ENZYMES AND ITS USE IN A FLOW-THROUGH REACTOR SYSTEM FOR 
PRODUCTION OF FRUCTOSE 

A microporous polyvinyl chloride-silica filled plastic sheet 
was evaluated as an immobilized enzyme support using a flow
-through reactor concept. The substrate was pumped through the 
microporous plastic sheet (MPS ) containing immobilized glucose 
isomerase chemically bound to the internal pore structure. The 
physical properties of the plastic sheet and the advantages of 
its use as a flow-through reactor as compared to a packed bed 
reactor are presented. The immobilization chemistry is described 
along with a listing of various enzymes which have been success
fully immobilized onto the support. A detailed study, including 
half-life, is reported on the production of fructose utilizing 
glucose isomerase isolated from Bacillus coagulans. Reaction 
kinetics including the effects of temperature and pH on the 
relative activity of the immobilized enzyme was studied and the 
activation energy calculated. A minimum velocity was determined 
above which the diffusional affects in the microporous sheet are 
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eliminated. Typical operating conditions for the immobilized 
flow-through reactor were 60°C, a pH of 7.5 (at 25°C), 40% w/w 
dextrose substrate containing 1 g/1 of NaHCO3, 1 g/1 NaHSO3, 
2 g/1 MgSO4•7H2O. 
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Research Laboratory of Applied Biochemistry, Tanabe Seiyaku Co., Ltd., 
16-89, Kashima-3-chome, Yodogawa-ku, Osaka, Japan 

Enzymes are very efficient and advantageous catalysts  and 
can catalyze specific reaction
aqueous solution at roo
ways ideal catalysts for industrial application. In some cases, 
the above mentioned advantages of enzymes turn to be disadvanta
geous as catalysts. Namely, enzymes are generally unstable, and 
can not be used in organic solvents and at elevated temperatures. 

One of the approaches to prepare more superior catalysts for 
application purpose is immobilization of enzymes. Over the past 
10 years, the immobilization of enzyme has been the subject of 
increased interest, and many papers on potential applications of 
immobilized enzymes and microbial cells have been published. 
However, practical industrial systems using immobilized enzymes 
and immobilized microbial cells have been very limited. 

In 1969, we [1, 2] succeeded in the industrial application 
of immobilized enzyme, i.e. immobilized aminoacylase, for the 
continuous production of L-amino acids from acetyl-DL-amino acids. 
This is the first industrial application of immobilized enzymes 
in the world. Since then we [3, 4, 5, 6, T\ also carried out the 
industrial applications of immobilized microbial cells for the 
continuous productions of L-aspartic acid and L-malic acid using 
immobilized microbial cells with polyacrylamide gel. 

For further improvement of these immobilization systems, we 
investigated many synthetic and natural polymers as a matrix for 
entrapping enzymes and microbial cells into gel lattice. As a 
result, we [8, _9] found that tfK-carrageenanfl is one of the most 
suitable polymer for immobilization of microbial cells. 

In this paper, the immobilization of microbial cells with 
polyacrylamide gel and K-carrageenan, and their industrial ap
plication are reviewed. 
I. Immobilization with Polyacrylamide Gel and Its Application 
1. Production of L-aspartic acid using immobilized EachQJbLckJjQL 

coti [3, 4, 5] 

0-8412-0508-6/79/47-106-187$05.00/0 
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L-Aspartic acid i s used for medicines and food additives, 
and i t has been i n d u s t r i a l l y produced by fermentative or enzymic 
methods from ammonium fumarate using the action of aspartase as 
shown i n the following reaction. 

HOOC-CH=CH-COOH + NH3 v _ N HOOC·CH2-CH·COOH 3 aspartase , 
Fumaric acid (EC 4.3.1.1 ) NH2 

L-Aspartic acid 

This reaction has been carried out by batch procedure, which 
has disadvantages for i n d u s t r i a l purpose. Thus, we studied the 
continuous production of L-aspartic acid using a column packed 
with immobilized aspartase. As the aspartase i s an i n t r a c e l l u l a r 
enzyme, i t was necessary to extract the enzyme from microbial 
c e l l s before immobilization
generally unstable, an
tri e d resulted i n low a c t i v i t y and poor y i e l d . Although entrap
ment into polyacrylamide gel l a t t i c e gave r e l a t i v e l y active im
mobilized aspartase, i t s operational s t a b i l i t y was not s u f f i c i e n t , 
i . e . the h a l f - l i f e was 30 days at 37°C [10]. Therefore, this im
mobilized aspartase was not satisfactory for the i n d u s t r i a l pro
duction of L-aspartic acid. 

So we considered that i f the whole microbial c e l l s could be 
immobilized d i r e c t l y , these disadvantages might be overcome, and 
we studied the immobilization of whole microbial c e l l s . Reports 
on immobilization of whole microbial c e l l s had been very scarce 
at that time, so we t r i e d various methods for immobilization of 
E. coLi c e l l s . Among the methods tested, the most active immo
b i l i z e d E. coti c e l l s were obtained by entrapping the c e l l s into 
polyacrylamide gel l a t t i c e [3]. 

An interesting phenomenon was observed with these immobilized 
c e l l s . When the immobilized E. doti c e l l s were suspended at 37°C 
for 24-48 hours i n substrate solution, i t s a c t i v i t y increased 10 
times higher. The increase of enzyme a c t i v i t y was observed even 
in the presence of chloramphenicol, i n h i b i t o r of protein synthe
s i s . Therefore, this activation was considered not to be the re
sult of protein synthesis but to be due to increased permeability 
caused by autolysis of E. coti c e l l s i n the gel l a t t i c e . This was 
also confirmed by the electron micrographs of immobilized E. coLL 
c e l l s , which indicated that l y s i s of c e l l s had occurred. Even 
when l y s i s of the c e l l s did occur, the aspartase could not leak 
out from the gel l a t t i c e , but the substrate, ammonium fumarate, 
and the product, L-aspartate, passed easily through the gel l a t 
t i c e . 

Using a column packed with immobilized E. coLL c e l l s , condi
tions for continuous production of L-aspartic acid from ammonium 
fumarate were investigated i n d e t a i l , and an aspartase reactor 
system was designed. The system i s essentially the same as that 
for the immobilized aminoacylase system [2]. A solution of 1 M 
ammonium fumarate (containing 1 mM M g C l 2 , pH 8.5) i s passed 
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through the immobilized E. coZl c e l l column at a flow rate of 
space velocity=0.6 hr" 1 at 37°C. The effluent i s adjusted to pH 
2.8 and then cooled at 15°C. By this simple procedure pure L-
aspartic acid can be obtained without r e c r y s t a l l i z a t i o n i n very 
high y i e l d . The a c t i v i t y of immobilized c e l l s i s quite stable, 
and i t s h a l f - l i f e i s 120 days at 37°C. 

This new system had been operating i n d u s t r i a l l y since 1973 
in Tanabe Seiyaku Co., Ltd. The over a l l production cost by this 
system was reduced to above 60% of the conventional batch process 
using intact c e l l s because of the marked reduction i n cost for 
the preparation of catalysts and of the reduction of labor cost 
by automation. Furthermore, the procedure employing immobilized 
c e l l s i s advantageous from the standpoint of waste treatment. 
This i s considered to be the f i r s t i n d u s t r i a l application of en
trapped microbial c e l l s i n the world. 

2. Production of L-mali
ammoniagzneA [6, 7] 
In succession to the L-aspartic acid production, i n 1974 we 

succeeded i n the thi r d i n d u s t r i a l application, i . e . the production 
of L-malic acid from fumaric acid by immobilized microbial c e l l s . 
L-Malic acid i s an essential compound i n c e l l u l a r metabolism, and 
i s mainly used i n pharmaceutical f i e l d . L-Malic acid can be pro
duced by fermentative or enzymatic methods from fumaric acid by 
the action of fumarase as follows. 

H00C-HC=CH-C00H + H 20 ^ - ^ H00C-CH2-CH-C00H 
fumarase , 

Fumaric acid (EC 4.2.1.2) OH 
L-Malic acid 

In this case, reaction reaches an equilibrium when about 80% 
of fumaric acid are converted to L-malic acid. We investigated 
continuous fumarase reactions using immobilized microbial c e l l s . 

Several microorganisms having high fumarase a c t i v i t y were 
immobilized by polyacrylamide gel method and their a c t i v i t i e s 
were investigated. 8. ammoviia.QZn2A showed the highest a c t i v i t y 
before and after immobilization. However, when immobilized 8. 
ammoyiiagznQA was used for the production of L-malic acid from 
fumaric acid, some by-products were formed. Besides remaining 
fumaric acid, considerable accumulation of succinic acid was ob
served i n the reaction mixture. Although fumaric acid can be 
easily separated by acid i f y i n g the reaction mixture, separation 
of succinic acid from L-malic acid i s very d i f f i c u l t . Therefore, 
the point of success for i n d u s t r i a l production of pure L-malic 
acid i s the prevention of succinic acid formation during the en
zyme reaction. So, we t r i e d various methods to suppress succinic 
acid formation. 

Among the methods tested the detergents used as the solu-
b i l i z e r s for membrane- or particle-bound enzymes, b i l e extract, 
b i l e acid and deoxycholic acid,were found to be effective to de-
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crease succinic acid formation i n immobilized 8. mmonuigmeA 
c e l l s . 

Then the conditions for continuous production of L-malic 
acid by a column packed with this b i l e extract treated immobilized 
c e l l s was studied. When 1 M sodium fumarate (pH 7.0) i s passed 
through the column at 37°C at flow rate of space velocity=0.2 hr~x, 
the reaction reaches an equiliblium. From the effluent of the 
column, L-malic acid can be obtained by ordinary methods. Average 
y i e l d of pyrogen-free pure L-malic acid from consumed fumaric acid 
i s around 70% of the theoretical. Tanabe Seiyaku Co., Ltd. i s 
operating this production system since 1974, and we are s a t i s f i e d 
both with the economical e f f i c i e n c y and with the quality of prod
uct. 

3. Production of other useful compounds using immobilized c e l l s 
Besides these two i n d u s t r i a

microbial c e l l s above mentioned
methods for the production of useful organic compounds using im
mobilized c e l l s as shown i n Table 1. Immobilization of respective 
microorganisms was carried out by polyacrylamide gel method. 

C i t r u l l i n e [11] used for medicine could be produced from 
arginine i n higher y i e l d by arginine deiminase a c t i v i t y of VaQudo-
moncu> pvutida immobilized with polyacrylamide gel. H a l f - l i f e of 
the column i s around 140 days at 37°C. 

Also, urocanic acid [12], a sun screening agent i n pharmaceu
t i c a l and cosmetic f i e l d , 6-aminopenicillanic acid [13], an im
portant intermediate for synthetic p e n i c i l l i n , NADP [_14, 15], 
glucose-6-phosphate [16] and glutathione [17, 18] were found to be 
prepared by this immobilized c e l l s using polyacrylamide method. 

These processes are considered to be more advantageous for 
the mass production of respective useful compounds than the batch 
method using extracted enzyme or microbial broth. 

II. Immobilization with Carrageenan and Its Application 

1. New matrix,κ-carrageenan, for immobilization of microbial 
c e l l s 
As described above, the polyacrylamide gel method i s advan

tageous for immobilization of microbial c e l l s and for i n d u s t r i a l 
application. However, there are some limitations i n this method. 
That i s , some enzymes are inactivated during immobilization pro
cedure by the action of acrylamide monomer, $-dimethylamino-
p r o p i o n i t r i l , potassium persulfate or heat of the polymerization 
reaction. Therefore, this method has l i m i t a t i o n i n application 
for immobilization of enzymes and microbial c e l l s . Thus, to find 
out more general immobilization technique and to improve the pro
d u c t i v i t i e s of immobilized microbial c e l l systems we studied new 
immobilization techniques. As the res u l t s , we have found out K-
carrageenan i s very useful for immobilization of c e l l s [8]. κ— 
Carrageenan, which i s composed of unit structure of 3-D-galactose 
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192 IMMOBILIZED MICROBIAL CELLS 

sulfate and 3,6-anhydro-a-D-galactose, i s a readily available 
polysaccharides isolated from seaweeds, and i s non-toxic compounds 
widely used as food additives, 

κ-Carrageenan has characteristics that i t becomes gel under 
the mild conditions as follows. It becomes gel by cooling as i n 
the case of agar. Gelation occurs by contact with an aqueous 
solution containing metal ions such as a l k a l i metal ions, alkaline 
earth metal ions and other bi-or t r i v a l e n t metal ions. It becomes 
gel by contact with an aqueous solution containing ammonium ion or 
amines such as a l i p h a t i c or aromatic diamines and amino acid de
r i v a t i v e s . Gelation also occurs by the contact with water-
miscible organic solvents. 

Therefore, taking into consideration of characteristics of 
the enzyme-protein and the kind of substrate and product, we can 
choose the most suitable procedure for immobilization of the 
microbial c e l l s . In ou
and/or contacting with
are very ea s i l y carried out for gelation, and as these conditions 
are very mild, the immobilized preparation having high a c t i v i t y 
can be obtained [9]. 

The immobilization procedure of microbial c e l l s using κ-
carrageenan i s as follows. A c e l l suspension i s warmed at 37°^ 
50°C, and κ-carrageenan dissolved i n physiological saline i s 
warmed at 37°^60°C. The both are mixed, and the mixture i s cooled 
and/or contacted with an aqueous solution containing a gel i n 
ducing agent. After this treatment, the gel i s granulated i n 
suitable p a r t i c l e size, and the immobilized c e l l s can be obtained. 
If the operational s t a b i l i t y of immobilized c e l l s i s not s a t i s 
factory, the immobilized c e l l s are treated with hardening agents 
such as hexamethylenediamine and glutaraldehyde. As the results, 
the stable immobilized c e l l s can be obtained [9]. 

By this simple procedure many kinds of microbial c e l l s are 
successfully entrapped into g e l - l a t t i c e . Further, anogher advan
tage of this method using κ-carrageenan i s that various shapes of 
immobilized preparations, such as cubic, bead and membrane types, 
can be easily t a i l o r e d for particular application purposes. For 
instance, bead type can be readily prepared by dropping the mix
ture of c e l l suspension and κ-carrageenen solution into s t i r r e d 
solution containing a gel inducing reagent. 

2. Production of L-aspartic acid using immobilized EaeÂ&uchUl 
coli 
Since κ-carrageenan was found to be a useful matrix for im

mobilization of microbial c e l l s , we extensively studied this 
carrageenan method to improve the i n d u s t r i a l production of L-
aspartic acid using immobilized E. cotL c e l l s prepared by poly
acrylamide gel method [18]. 

The aspartase a c t i v i t y and the operational s t a b i l i t y of im
mobilized E. coLL c e l l s with κ-carrageenan were compared with 
that of immobilized one with polyacrylamide. As shown i n Table 2, 
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TABLE 2 
HARDENING TREATMENT FOR STABILIZATION OF ASPARTASE 

ACTIVITY OF IMMOBILIZED EAck&UcktCL COlL 

Hardening treatment Aspartase a c t i v i t y H a l f - l i f e 
Reagent and 
f i n a l cone. Temp

None 56,340 70 
Persimmon tannin 37° 2 hr 54,500 86 

(0.02%) 
GA (mM) 4° 15 min 

2.5 39,690 113 
5.0 37,460 240 

10.0 28,040 252 
HMDA GA 4° 30 min 
(mM) (mM) 
85.0 1.7 50,210 75 
85.0 17.0 49,900 108 
85.0 85.0 49,400 680 
85.0 17.0 36,120 443 
Polyacrylamide 18,850 120 
GA: glutaraldehyde; HMDA: hexamethylenediamine 
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enzyme a c t i v i t y of immobilized preparation with κ-carrageenan was 
much higher, but the s t a b i l i t y of immobilized preparation with κ— 
carrageenan was rather lower than that with polyacrylamide. Thus, 
i n order to increase operational s t a b i l i t y of this immobilized 
preparation, hardening treatments were carried out. As shown i n 
Table 2, aspartase a c t i v i t i e s of immobilized E. coLL c e l l s were 
somewhat lowered by this hardening treatment, but their operation
a l s t a b i l i t i e s were markedly enhanced. Especially, i n the case 
of 85 mM hexamethylenediamine and 85 mM glutaraldehyde, the h a l f -
l i f e was extended to 680 days, around two years. 

Thus, we compared the productivity of E. coti immobilized 
with polyacrylamide and κ-carrageenan for i n d u s t r i a l production 
of L-aspartic acid (Table 3). The productivity was calculated 
from the equation shown i n Table 3. When the productivity of im
mobilized preparation with polyacrylamide was taken as 100  that 
of immobilized c e l l s wit
aldehyde and hexamethylenediamin

TABLE 3 
COMPARISON OF PRODUCTIVITY OF Εό okVLLokid COti 
IMMOBILIZED WITH POLYACRYLAMIDE AND CARRAGEENAN 

FOR PRODUCTION OF L-ASPARTIC ACID 

Immob i l i z a t i o n 
method 

Aspartase S t a b i l i t y 
a c t i v i t y at 37°C 

(unit/β c e l l s ) ( h a l f - l i f e , day) 

Relative 
productivity 

Polyacrylamide 18,850 120 100 
Carrageenan 56,340 70 174 
Carrageenan 
(GA) 37,460 240 397 

Carrageenan 
(GA+HMDA) 49,400 680 1,498 

GA: glutaraldehyde; HMDA: hexamethylenediamine 

Productivity=J tE 0exp(-kd«t)dt 

Eo=i n i t i a l a c t i v i t y , kd=decay constant, t=operational period 

As this K-carrageenan method i s apparently more advantageous 
than the polyacrylamide method, we have changed conventional poly
acrylamide method to this new κ-carrageenan method for i n d u s t r i a l 
production of L-aspartic acid. This new method gives us very 
satisfactory r e s u l t s . 

3. Production of L-malic acid using immobilized BSL&vZbacteMlum 

Succeeding to the production of L-aspartic acid, we t r i e d to 
apply this κ-carrageenan method to improve the productivity for 
L-malic acid [19]. 
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In this case, we screened again the microorganisms having 
higher fumarase a c t i v i t y . Compared with previously employed 
ZKdvibdoXzAÀjm ammonigameA, JfozvlbactznAJum ^lavum was found to 
have higher fumarase a c t i v i t y and showed higher enzyme a c t i v i t y 
after immobilization with carrageenan. For i n d u s t r i a l purpose, 
the operational s t a b i l i t y i s also very important. Thus, the 
s t a b i l i t i e s were compared, and the productivities of immobilized 
preparations for L-malic acid were calculated. 

As shown i n Table 4, i t i s evident that κ-carrageenan method 
i s more advantageous than the conventional polyacrylamide method. 
So, we changed the polyacrylamide method to the K-carrageenan 
method i n 1977. This new method also gives us satisfactory result 
for i n d u s t r i a l production of L-malic acid. 

TABLE 4 
COMPARISON OF PRODUCTIVIT
AND BKOVlbCLCtQAium

AND CARRAGEENAN FOR PRODUCTION OF L-MALIC ACID 

Immobi
l i z a t i o n 
method 

8. cmmovyLoLgmoA 8. AZcLvum 
A c t i v i t y H a l f - l i f e Relative A c t i v i t y H a l f - l i f e Relative 
(unit/ ^ 
g c e l l s ) 

at 37°C produc- (unit/ Λ at 37°C produc-
(day) t i v i t y g c e l l s ) (day) 

Polyacryl
amide 

5,800 
(60%) 53 100 6,680 

(34%) 72 152 

Carra
geenan 

5,800 
(60%) 75 142 9,920 

(51%) 70 226 

* a c t i v i t y after treatment with b i l e extract 

Productivity= j^E 0exp(kd·t)dt 

E Q = i n i t i a l a c t i v i t y , kd=decay constant, t=operational period 

4. Summary of K-carrageenan method 
Besides these immobilized microbial c e l l s , we applied this 

carrageenan method to immobilize some kinds of extracted enzymes. 
These results are summarized and compared with those of immo
b i l i z e d preparations using polyacrylamide (Table 5). 

On the point of enzyme a c t i v i t y , a l l tested microbial c e l l s 
and enzymes could be immobilized i n higher a c t i v i t y by carrageenan 
method compared with polyacrylamide gel method. H a l f - l i f e of im
mobilized preparations with K-carrageenan was increased by harden
ing treatment, and i t was longer than that of polyacrylamide gel 
method. 

The reason of higher s t a b i l i t y of immobilized preparation 
with κ-carrageenan i s not clear, but by a several experiments we 
found that "κ-carrageenan i n li q u i d - s t a t e " does not show any 
s t a b i l i z i n g effect and "κ-carrageenan i n gel-state" i s essential 
for s t a b i l i z a t i o n of enzyme a c t i v i t y . This result suggests that 
gel-matrix of κ-carrageenan may play an important role for this 
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TABLE 5 
SUMMARY OF ENZYME ACTIVITY AND STABILITY 

OF IMMOBILIZED MICROBIAL CELLS AND IMMOBILIZED ENZYMES 

Enzyme and 
microorganism 

(enzyme) 

Enzym  a c t i v i t
(unit/

g protein) 
Polyacryl- Carra-

amide 

Operational s t a b i l i t

Temp
(°C) None Polyacryl- Carra-

amide geenan 
E. coti 
(Aspartase) 

18,900 
(73%) 

49,400* 
(49%) 37 10 120 680* 

St. phcLZOcM/iomoamoA 
(Glucose isomerase) 

4,160 
(37%) 

4,310* 
(59%) 60 - 150 289* 

B. ammowLoLQQyiQA 
(Fumarase) 

5,800 
(60%) 

5,800 
(60%) 37 6 53 75 

(Fumarase) 
6,680 
(34%) 

9,920 
(51%) 37 - 72 70 

Aminoacylase 10 
(50%) 

10 
(50%)* 37 - 30 60* 

Aspartase 190 
(29%) 

300 
(46%) 37 - 20 -

Glucose isomerase 660 
(12%) 

4,640* 
(69%) 60 - 5 120* 

* hardening with glutaraldehyde and hexamethylenediamine 
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s t a b i l i z a t i o n . 
Here, we summarize characteristics and advantages of this new 

immobilization method using K-carrageenan. 
(1) This immobilization method i s applicable to many kinds of en

zymes and microbial c e l l s . 
(2) A c t i v i t y y i e l d of immobilized enzymes and microbial c e l l s i s 

high. 
(3) Various shapes of immobilized enzymes and microbial c e l l s 

suitable for their application purposes can be easily t a i 
lored. 

(4) Operational s t a b i l i t y of immobilized enzymes and microbial 
c e l l s i s high, especially of that treated with appropriate 
hardening agents. 

(5) Number of l i v i n g immobilized c e l l s can be easily counted, as 
entrapped c e l l s are readily converted to c e l l suspension by 
removing gel inducin
Thus this κ-carrageena

vantageous for i n d u s t r i a l purpose than the conventional polyacryl
amide gel method. 

III. Living Immobilized Microbial Cells 
Above described continuous enzyme reactions using immobilized 

microbial c e l l s for production purposes are primarily catalized by 
a single enzyme and the immobilized c e l l s are i n dead state, 
though the enzyme i s i n active state. However, many useful com
pounds especially produced by fermentation method are usually 
formed by multi-step reactions catalyzed with many kinds of en
zymes i n l i v i n g microbial c e l l s . Also, these reactions often re
quire generation of ATP and other coenzymes. If immobilized c e l l s 
are kept in l i v i n g state, they may be applied for these multi-
enzyme reactions. We applied κ-carrageenan method to the l i v i n g 
immobilized yeast c e l l s and b a c t e r i a l c e l l s for productions of 
ethanol and L-isoleucine, respectively. 

1. Production of ethanol using immobilized yeast c e l l s 
The immobilization of yeast, Saccha/iomycZA (LOXJUb<Lh.Q<LVU>ik, 

with κ-carrageenan was carried out as follows. Without harvesting 
yeast c e l l s , precultured broth was d i r e c t l y mixed with K-carra
geenan solution and made to immobilized c e l l s of bead type. These 
gels containing a small amount of c e l l s (3.5 x 10 6 cells/ml of gel) 
were incubated i n complete medium. After 60 hour incubation, the 
numbers of l i v i n g c e l l s i n gel increased to 1000 folds that of gel 
before incubation (5.4 x 10 9 cells/ml of gel). 

Using the column packed with this l i v i n g immobilized yeast 
c e l l s , we studied continuous ethanol production. As shown in F i g 
ure 1 the steady state of number of l i v i n g c e l l s and ethanol pro
duction was maintained for longer than 30 days. In this operation, 
some leaking or washing out of c e l l s from gel occured. However, 
the number of c e l l s i n solution was low as 10 6~ 7 l e v e l . While the 
c e l l s i n gel were maintained at the high levels of 10 9. Therefore, 
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Figure 1. Pattern of continuous production of ethanol using column packed with 
immobilized yeast cells. Retention time, 1 hr; gel, 20 mL; flow rate, 20 mL/hr; 

temperature, 30° C. 
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i t i s clear that almost a l l alcohol i s produced by the c e l l s i n 
gel. Gel bead also kept i t s shape after one month operation. 
Produced ethanol concentration was 50 mg/ml and residual glucose 
concentration was about 2 mg/ml. These values indicate that the 
conversion of glucose to ethanol i n this system i s almost 100% of 
theoretical y i e l d even at the fast flow rates such as retention 
time i s 1 hour. This technique i s further being improved, and 
now we can produce continuously over 100 mg/ml ethanol. The 
details w i l l be published elsewhere i n near future. We think our 
system using l i v i n g immobilized yeast c e l l s i s very e f f i c i e n t and 
promising for production of ethanol. 

2. Production of L-isoleucine using immobilized SWWUtJCL ma/LCOA-

The above ethanol production i s based on glycolysis  anaero
bic m u l t i - s t e p reactions
b i l i z e d c e l l system ma
reactions such as production of amino acids. We are now i n d u s t r i 
a l l y producing L-isoleucine by conventional fermentation process. 
For the purpose to improve t h i s , we have been studying continuous 
L-isoleuicne production using the l i v i n g immobilized microbial 
c e l l system prepared with κ-carrageenan. 

Continuous operations were carried out using packed bed reac
tor and f l u i d i z e d bed reactor. Fresh medium was continuously 
supplied and reaction mixture was taken out. 

The results showed that immobilized c e l l system needs to be 
operated with f l u i d i z e d bed under oxygen supply for continuous 
L-isoleucine production. While, in the packed bed reactor without 
aeration, formation of L-isoleucine rapidly decreased with gradual 
decrease of the numbers of l i v i n g c e l l s . 

Figure 2 shows the t y p i c a l pattern of continuous L-isoleucine 
production with 2-bed reactors. The steady state was maintained 
for long periods i n 1st and 2nd beds, and L-isoleucine concentra
tion reached to 3.6 mg/ml. 

From these experiments, i f improved further, the l i v i n g im
mobilized c e l l system may become promising method not only for 
amino acid production, but also for the productions of a n t i b i 
o t i c s , steroids, and other useful compounds conventionaly prepared 
by aerobic and anaerobic fermentations. 

As a conclusion, following advantages of immobilized micro
b i a l c e l l s are expected. 
(1) Process for extraction and/or p u r i f i c a t i o n of enzyme are not 

necessary. 
(2) Y i e l d of enzyme a c t i v i t y on immobilization i s high. 
(3) Operational s t a b i l i t y i s generally high. 
(4) Cost of enzyme i s low. 
(5) Application for multistep enzyme reaction may be possible. 

In enzyme reactions by immobilized microbial c e l l s there are 
some limitations as follows. 
(1) When enzymes are i n t r a c e l l u l a r . 
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Figure 2. Pattern of continuous production of ^isdieucine using immobilized 
S. marcescens cells in two-bed reactor. Retention time, 10 hr + 10 hr; working 

volume, 150 mL; gel, 50 mL; flow rate, 15 mL/hr; temperature, 30°C. 
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(2) When enzymes extracted from c e l l s are unstable during and 
after immobilization, 

(3) When microorganisms contains no inter f e r i n g enzymes, or i n 
terfering enzymes are readily inactivated or removed. 

(4) When substrates and products are not high molecular compounds. 
In this paper, the application of immobilized microbial c e l l s 

for chemical process i n our Research Laboratory was reviewed. But 
the technique has been new extending to variety of f i e l d s such as 
ana l y t i c a l , medical, food processing and so on. This i s a new and 
typ i c a l multidiscipinary science. For further development of this 
immobilized systems, I h e a r t i l y hope, as a biochemist and en-
zymologist, to cooperate and collaborate with many s c i e n t i s t s of 
varied d i s c i p l i n e s , c a t a l y t i c chemistry, organic chemistry, poly
mer chemistry and chemical engineering. 
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14 
Application of Immobilized Whole Cells in Analysis 

BO MATTIASSON 

Biochemistry 2, Chemical Center, University of Lund, S-220 07 Lund, Sweden 

In the early development of enzyme technology interest was 
focused mainly on the productio d elucidatio f  well
-defined systems, preferabl
their support (1). Adsorptio  charge-charg  hydropho
bic interactions (2,3) soon proved an attractive alternative, 
especially when crude enzyme preparations were used on a large 
scale. For them the cost of the support often exceeded that of 
the enzyme. Another approach adopted was the use of biospecific 
reversible immobilization (4). 

As more and more sophisticated systems were studied the 
demands placed on the immobilized enzyme preparation constantly 
increased. The low stability of intracellular enzymes as well as 
the problems encountered in coenzyme regeneration accelerated the 
development of immobilized microorganisms or organelles (5). 
Today more and more of complex biosynthetic reactions are carried 
out with immobilized whole cells than with immobilized purified 
enzymes (6,7,8,9). However, in the field of enzymic analysis, 
where the use of immobilized enzymes is best established, puri
fied enzymes are st i l l used (10,11,12). 

Advances expected in immobTTization techniques for whole 
cells and the increasing range of applications of modern enzyme 
based analyses will lead to a wider use of immobilized organelles 
and whole cells. 

This paper gives a short review of the literature in this 
field and suggests new possible ways of development of micro
organism-based analysis. 

Since most of the work done in this area has been carried 
out on immobilized whole cells, the discussion will be concent
rated on this alternative, but naturally, in many cases orga
nelles might be equally good. 

Analytical applications involving whole cells or organelles 
can be based on different prerequisites dictating the choice of 
the system used. 

The immobilized cells may either be applied as alternatives 
to analysis based on purified enzymes or may f i l l demands not met 
by conventional systems. 

0-8412-0508-6/79/47-106-203$05.00/0 
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ANALYSIS INVOLVING LARGE PARTS OF THE TOTAL CELLULAR METABOLISM 

The fact that the l i v ing ce l l possess enzyme act i v i t ies for 
a broad spectrum of substrates is advantageous when ce l ls are 
used in qual itat ive analysis of complex media e.g. measurement of 
the total content of biodegradable matter in waste waters or when 
used as poison detectors. 

Recording of such undefined reactions, requires the use of 
transducers registering variables ref lect ing the total metabolism 
of the immobilized c e l l . Such devices are oxygen electrodes (13) 
for the measurement of total oxygen consumption, biofuel ce l ls 
for monitoring metabolic events in anaerobic bacteria (14) and 
calorimeters for registering total heat generated from tiïe inte 
grated metabolism (15,16). 

BOD-sensors 

The total content of organic material in a waste water is 
normally determined as BOD (Biological Oxygen Demand). This 
parameter ref lects the amount of oxygen needed for oxidation of 
a l l the organic substances present. An assay following conven
tional procedures takes in the order of 5 days. Serious efforts 
have been made to shorten this time (17,18,19). 

Measurements^th oxygen^electrodes. The use of oxygen 
electrodes Tn'cômbination with immobilized microorganisms has 
recently been described (20). The bacteria used consisted of a 
mixed culture isolated from so i l and grown on a r t i f i c i a l medium 
before being harvested and immobilized. The preparation was then 
applied to the system as a gel layer on the bottom of the reac
tion vessel. The bacterial layer was covered with the water 
sample to be analyzed, and at the top of the closed vessel an Op-
electrode was immersed in the water. The alternative arrangement 
using a thin membrane containing microorganisms, wrapped around 
the sensitive part of the electrode, is shown in f i g 1 (21). 

The sample solution was saturated with oxygen prior to 
assay and the electrode was immersed into the reaction mixture. 
As a result of microbial metabolism, oxygen tension succesively 
decreased within the membrane unt i l a steady state was reached, 
i . e . balance between consumption of oxygen and diffusion of 
oxygen into the gel layer from the surrounding medium. The steady 
state plateau was read and the amplitude was plotted against the 
concentration of organic material present in the solution (22). 
F ig . 2. 

The figure shows that the electrode response varies with the 
increasing amount of organic matter in the solution (the standard 
solutions used consisted of a mixture of glucose and glutamate). 
Waste waters with a re lat ively constant composition of biodegra-
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dable organic material were also assayed. Such waters were ob
tained from a slaughter house, food factories and alcohol fac
tor ies . The results of these assays were in good agreement with 
those obtained with conventional techniques. 

Use of biofuel_celIs. A similar approach was adopted but 
with â tota l l y different metabolic procedure. Anaerobic organisms 
were used in biofuel ce l ls with electrodes as depicted in f i g . 3 
(22). 

Clostridium butyricum was immobilized within a thin layer 
of polyacrylamide. The electrode was calibrated against glucose--
glutamate in a way similar to that used for cal ibrat ion of the 
oxygen electrode BOD-sensor. The biofuel ce l l generates a current 
by oxidation at the electrode of hydrogen and formate formed in 
bacterial metabolism. A good correlation was found between BOD of 
the water and the curren

Good agreement was also found between the waste-water BOD as 
determined by the present method and conventional procedures. 

Thermal analysis^using^thejnicrote^ A third 
approach to"dêtêrmine"the"c5ntent"of organic matter in various 
solutions used the microbe thermistor (15). We used a simple 
semiadiabatic flow microcalorimeter, when applied in enzyme 
analysis, usually called "enzyme thermistor" (Fig. 4.) (12). The 
microcolumn was f i l l e d with polyacrylamide entrapped yeast ce l ls 
(Saccharomyces cerviseae). The system was continuously perfused 
with buffer and small amounts of substrate were introduced as 
pulses into the flow by means of a three-way valve. Passage of 
the flow through the bio-bed, is accompanied by a reaction heat 
(almost a l l enzyrçe-catalyzed reactions are accompanied by heat 
evolution). The heat is transported with the flow and out of the 
column. At the out let , a thermistor measures any change in temp
erature. Such changes are amplified and recorded. The model 
studies performed showed that glucose was easi ly quantified and 
that more complex molecules, such as casein or amylose, after 
enzymic pretreatment with pronase and amylase respectively, also 
could be measured. Thus, provided a suitable culture of micro
organisms is used in the reaction bed, the microbe thermistor 
should prove a useful tool for BOD-analyses, for example. 

Poison guards 

Immobilized whole ce l ls are very suitable as sensors in 
environmental control instruments. In multipolluted waste water 
i t might be d i f f i c u l t to assess the concentrations of each of the 
polluting molecular species. This is of less interest. Of far 
greater interest is the net effect on the environment. This point 
can be cleared up, at least part ly , by testing a small sample of 
the polluted water on a biosystem such as a preparation of 
immobilized c e l l s . 
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Figure 1. Schematic of the microbial 
electrode. 1, Clostridium butyricum; 2, 
platinum electrode; 3, silver peroxide 
electrode (Ag202); 4, O-ring; 5, electro
lyte (0.1M phosphate buffer); 6, anion 

exchange membrane (21). of Solid-Phase Biochemistry 

Figure 2. Rehtionship between the 
steady state current and the BOD of a 
standard solution. A solution of 200 mL 
of 0.1 M phosphate buffer containing 
various concentrations of glucose (2.5-
400 mg) and glutamate (2.5-4O0 mg) 
was used and current was determined 
40 min after insertion of the electrode 

(21). 

I ι ι ι ι 1 1 
0 100 200 300 400 500 600 

BOD(ppm) 

Journal of Solid-Phase Biochemistry 

Figure 3. Scheme of BOD sensor. 1, 
Microbial electrode; 2, carbon electrode; 
3, sample waste water; 4, catholyte 
(0.1 M phosphate buffer); 5, anion ex
change membrane; 6, ammeter; 7, re

corder (14). 
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Immobilized yeast ce l ls were exposed to uncouplers (2,4-
dinitrophenol) as well as to arsenate. It is clear from the 
thermogram in F ig . 5 that these two poisons had opposite effects 
on the metabolism of the ce l l (as judged from the heat gene
rated). Arsenate suppressed the generation of heat, while DNP 
liberated more energy as heat (less metabolic energy conserved as 
ATP). The inhibi t ing effect of various poisons can thus be 
followed with the aid of calorimetry, but only when the tox ic i ty 
of the substances present is known, can i t be used for screening 
purposes. 

The total ce l l metabolism is more d i f f i c u l t to inh ib i t than 
individual ac t i v i t ies of purif ied enzymes. Thus, for rapid, 
sensitive analysis of discrete samples, analyses based on sepa
rate enzymes are preferable, but immobilized ce l ls might prove 
useful for continuous analysis e.g. as poisons guards, espe
c i a l l y in crude solution

An instrument operating along these l ines is a continuous 
monitoring system for acute tox ic i ty of waste waters (23). This 
instrument consists of a pump for pumping the waste water, an 
oxygenator, a bio-step containing a submerged biological f i l t e r 
with rotational plates covered with a thin f i lm of l i v ing micro
organisms and in the effluent from this unit an O^-sensor. Using 
t h ^ unit i t was possible to register e.g. suddenly occuring 
Cu -concentrations, CN~-concentrations or sudden pH-changes. 
F ig. 6 shows the response of the system when exposed to various 
concentrations of CN . The poison guards operate in such a way 
that when a certain level of 0 2 (higher than the normal level) is 
reached in the eff luent, i . e . a decrease in metabolic act iv i ty is 
found in the bio-reactor, an alarm is started. After the poison 
has been eliminated from the system, the bio-bed needs time to 
recover (e.g. in the example given in F ig. 6 i t requires 38 
minutes to recover from 5 mg CN/1 and 3 hours to recover from 20 
mg/ml). 

Analysis of ant ibiot ics 

In recent years several reports have been published (24,25, 
26) on microcalorimetric studies of the action of ant ibiot ics on 
various microorganisms. The assay principle is that the total 
heat generated by the ce l ls when fed an appropriate medium is 
compared with that registered when varying concentrations of the 
actual ant ib iot ic are supplied. 

The conventional calorimetric procedure involves the use of 
free l i v ing ce l ls (24,25,26). As the inhibitory effect of the 
ant ib iot ic reduces tïïe metabolic act iv i t y of the ce l ls i t is 
advantageous to use rather high concentrations of c e l l s . Since 
one of the characteristics of immobilized systems is that very 
high concentrations of the cata ly t ica l l y active substances can be 
used one would expect systems based on immobilized ce l ls to be 
useful for determining concentrations of ant ib iot ics . Preliminary 
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Figure 4. A generalized picture of the 
enzyme thermistor (12) 
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Figure 5. Thermogram obtained with the microbe thermistor following intro
duction of various metabolites and inhibitors dissolved in 0.1 M potassium phos
phate buffer pH 7.0 into the flow. The arrows indicate addition of a, ImM glu
cose; b, buffer; c, ImM glucose + ImM 2,4-dinitrophenol; d, ImM glucose; 
e, ImM glucose + 2mM arsenate; f, buffer. The steady-state response to ImM 

glucose is set as 100% (15). 
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experiments with the microbe thermistor have also confirmed that 
they are (27). Thus the ant ib iot ic Nystatin has been determined 
in the concentration range 5 - 1 0 mg/1 u t i l i z i n g immobilized 
Saccharomyces cerviseae as sensor. 
" An alternative method for assay of antibiot ics is to use 
immobilized ce l ls (28) or purif ied enzyme (12) for spec i f i ca l l y 
converting the ant i ï ï i o t i c . Both these two methods have been 
applied in the assay of cephalosporins. 

Assay of substances spec i f ica l l y stimulating the total ce l l 
metabolism 

When performing bioassays mutants lacking the ab i l i t y to 
produce a certain compound are generally used for assay of the 
compound. However, strain
properties might be used in some cases. Such an example is the use 
of Saccharomyces cerviseae for the bioassay of thiamine (29). The 
yeast ce l ls were kept on a thiamine l imit ing medium for a definite 
period before being exposed to f u l l medium with known concentra
tions of thiamine. The stimulation of the metabolic act iv i ty was 
reflected in ce l l growth and division which were assayed. 

Immobilized Saccharomyces cerviseae cel ls were placed close 
to a Og-sensitive electrode and the background metabolic act iv i ty 
was measured in l imit ing medium with various known concentrations 
of thiamine. The registered oxygen consumption was correlated with 
the thiamine concentration within a concentration range of 0.05 -
2.5 yM (30). 

Bioassay of specif ic substances with the use of immobilized 
mutants. 

The extreme sensi t iv i ty reported in conventional bioassays 
is due to the fact that in such assays the whole metabolism of the 
cel l is dependent upon the presence of the substance to be assayed. 
Cell cultures grow slowly - a bioassay takes some 48 hours before 
the size or the number of colonies can be measured. 

An i n i t i a l step in this normal procedure (which eventually 
leads to conditions that are possible to measure) must be changes 
in metabolic act iv i t y . By combining immobilized organisms with 
specif ic detectors i t is possible to detect such changes long 
before any macroscopic change takes place. 

Immobilized Lactobacillus arabinosus strain ATCC 8014 was 
used for analysis of nicot inic acid (31). The vitamin assay was 
performed with a pH-electrode and bacteria immobilized in agar. 
The assay was based on the well-known fact that Lactobacillus 
produces large amounts of lac t ic acid. Since the metabolism of 
such a bacterial preparation is dependent upon the concentration 
of nicot in ic acid in the medium, the assay could be performed by 
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correlating the concentration of lac t i c acid produced with the 
concentration of nicot in ic acid present. A cal ibration curve is 
shown in Fig. 7. An assay using this technique took approximately 
one hour. 

ASSAY OF SINGLE SUBSTRATE SPECIES. 

When immobilized whole ce l ls were f i r s t introduced many 
researchers hesitated to use them because of their non-speci
f i c i t y and the expected by-product formation. Efforts have been 
made to u t i l i z e as many as possible of the potential advantages 
offered by immobilized whole c e l l s , and at the same time to make 
the biocatalyst spec i f ic . In such endeavours selective enzyme 
denaturation, ce l l membrane modification (9,32,33) and specif ic 
mutants for example, have been used. 

The l i terature o
ce l ls contains very l i t t l e about by-product formation and v i r t u 
a l l y no analytical data on the f ina l product. In large scale 
processes, by-products can be eliminated in a subsequent pur i 
f icat ion step, but this is not possible in the analytical f i e l d 
since the analytical answer is normally direct ly correlated with 
the metabolic act iv i ty of the immobilized preparation with the 
result that in the event of side-reactions the figures given by 
the analysis w i l l be too high. 

This restr ic ts the use of immobilized whole ce l ls in ana
lys is of single substances to three main applications: a) deter
mination of a substance in a pure product stream when production 
of by-products does not matter as long as that part of the total 
metabolism involved is constant, thus giving a reproducible 
s ignal ; b) use of organisms with increased amounts of a specif ic 
enzyme or c) mutants that have completely lost one enzyme func
t ion. 

Using the microbe thermistor (Ή5) i t was possible to deter
mine glucose concentrations in the perfusion medium. Fig. 8 . The 
response was slower than is the case when purif ied enzyme pre
parations were used (34). 

F ig. 9 gives the curve for At versus glucose concentration. 
In this example, pure substrate solutions were used and since 
the test was carried out under aerobic conditions an essential 
part of the metabolic system in the yeast ce l ls was used. 

Another example deals with amino acid analysis using immo
bi l i zed specif ic microorganisms in combination with selective 
electrodes (35). Thus, glutamine could be analyzed by an elec
trode consisting of a potentiometric ammonia gas sensor and a 
layer of the bacterium Sarcina flava (American type culture 
col lect ion 147) trapped in the volume between a NH^-permeable 
membrane on the surface of the electrode and a dialysis membrane 
in contact with the surrounding solution (Fig. 10). Using this 
electrode, steady state potentials were reached within 5 minutes. 
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Figure 6. Toxicity indication for cyanide from the continuous monitoring system 
upon administration of cyanide to the system (23) 
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Figure 7. Calibration curve for nico
tinic acid under optimum conditions (31) 

0.01 h 
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Nature 

Figure 8. Experimental curves obtained after injection of ImM glucose puhes 
(in 0.1 M potassium phosphate pH 7.0) of varying durations. Arrows indicate sub

strate introduction (15). 
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Figure 9. Measured peak height (ùd°C) as a function of glucose concentration. 
The glucose substrate was dissolved in 0.1 M potassium phosphate and injected as 

1-min pulses (15). 
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Figure 10. (A) Schematic diagram of the bacterial électrode: α, bacterial layer; 
b, dialysis membrane; c, gas-permeable membrane; d, internal sensing element; 
e, internal filling solution; and f, plastic electrode body. (B) Detail of the mem

brane phases (35). 
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The l inear range 10"^ - 10~ά M (Fig. 11) is far better than what 
is reported for electrodes based on purif ied glutaminase (E.C. 
3.5.1.2. ) (36). 

Furthermore, the response of this electrode was not d i s 
turbed when moderate concentrations of other amino acids were 
present. When determining glutamine in serum, a cal ibrat ion curve 
with the same slope as of that in buffer was obtained, but owing 
to differences in viscosity of the sample from that of standard 
solutions, there was a s l ight sh i f t along the potential axis. 

Similar electrodes were also reported for the assays of 
cystein,aspartate and arginine (37,38). 

The s tab i l i t y of the devices described here is very good, 
e.g. the glutamine sensor was used for at least two weeks. In 
addit ion, the electrode could afterwards be reactivated by ex
posing the bacteria electrode unit to nutrients for a short 
period. Following such
almost identical with the native bacteria electrode could be 
measured. 

Bakers yeast (Saccharomyces cerviseae) has also been used 
in combination with mass spectrometry thereby assaying vo lat i le 
products from ce l l metabolism (39). The basic concept here is 
that the l i v ing ce l ls are kept in a flow system continuously fed 
with buffer or substrate and that any vo lat i le reactant passes 
through a semipermeable membrane into the evacuated room con
taining an ionizer and a quadrepole mass spectrometer (Fig. 12) 
(40). 

Using this technique6on immobilized enzymes substrate 
concentrations down to 10" - 10" M can could be determined. As 
the assay principle is applicable in a l l cases where vo lat i le 
products are formed, one might imagine a wide range of app l i 
cations of the technique (40). 

Free yeast ce l ls were introduced into the flow system 
together with glucose and the vo lat i le products carbon dioxide 
and ethanol were analyzed. In this way a l inear cal ibration curve 
(ethanol count vs ce l l number) over the range 10 - 10 ce l ls was 
obtained. 

Using ce l l s entrapped in polyacrylamide, glucose could be 
determined. However, severe diffusional restr ict ions of the 
system resulted in rather low sensi t iv i ty of the system. In this 
method as well as in the one using a microbe thermistor (15) , 
better analytical resolution would be obtained provided tïïê 
immobilization techniques used are satisfactory. 

IMMOBILIZED BACTERIA USED AS SORBENTS IN ANALYSIS 

The ce l l surface is a subject of increasing attention. Many 
specif ic properties of various ce l ls can be explained by the 
presence of specif ic molecules on the ce l l surfaces. Bacteria 
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190 ι— 

Figure 11. Response of the bacterial 
sensor to glutamine in reconstituted con

trol serum (1:5 dilution) (35). 
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-Log glutamine concentration (M) 

Science 

VACUUM 

IONIZER QMS 

IX IXE I 

Plenum Press 

Figure 12. Basic configuration used for the mode that assays a nonvolatile sub
strate concentration, Ce, by means of a volatile product. M is the semipermeable 
membrane, with an enzyme layer of thickness XE and an assumed aqueous un
stirred layer of thickness X on the left. The vacuum of the mass spectrometer (here 
a quadrupole mass spectrometer (QMS) shown with its ionizer) is to the right of 
the membrane. ]8 is the steady-state substrate flux to the enzyme layer, while ]v>r 

and ]Vti are the steady-state right- and left-going volatile product fluxes (40). 
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possess ce l l walls which have been studied extensively since a 
crucial point in the treatment of bacterial infection has been 
to prevent ce l l wall formation. 

Many bacteria possess specif ic properties because specif ic 
proteins or glycoproteins are situated on the ce l l surface. 
Staphylococcus aureus is an example of bacteria carrying specif ic 
molecules - called protein A (40,41). This protein has specif ic 
binding properties since i t bincls immunoglobulin subgroups I, II 
and IV via their F fragments. Protein A, purif ied as well as 
when bound to the ce l l walls of k i l l ed c e l l s , have been used in 
radio immunoassay (42,43) and in enzyme immunoassay (44). 

Since many bacteria possess specif ic binding proteins (45) 
also other applications of specif ic binding may be expected. 

Immobilized ce l l wall
perhaps also for quantif icatio
with ce l l walls of Escherichia col i immobilized on kiselguhr i t 
was possible to study the adsorption of specif ic phages to the 
ce l l walls as well as the DNA-injection process (46). 

IMMOBILIZED ANIMAL CELLS 

The immobilization of animal ce l ls is s t i l l in i t s infancy. 
This is at least partly because of the fact that such ce l ls are 
far more lab i le and sensitive than microbial ce l ls and that most 
immobilization procedures hitherto used have been too drastic for 
the animal ce l ls to survive. However, the biospecif ic inter 
actions offered by glucoproteins on the cel l surface and lect ins 
on the support may be ut i l i zed for immobilization to take place 
(4,47,48). 

Lectin-sorbents can either be used for a f f in i t y chromato
graphic separation of ce l ls (47,48) or for keeping the ce l ls 
immobilized in a reversible manner when used for applications 
purposes, for example (4). 

Red blood ce l ls bound to Concanavalin A - Sepharose or Lens 
cul inar is lect in - Sepharose was used in combination with immo-
b i l i zed glucose oxidase (E.C. 1.1.3.4) in the thermistor system. 
The red blood ce l ls operated as oxygen supply in the reactor bed 
leading to better reaction conditions for the oxidase - thereby 
widening the practical concentration range for glucose analysis 
(4) (Fig. 13). 

CONCLUDING REMARKS 

Immobilized ce l ls can ei ther , as is demonstrated by the 
examples given above, be used as sensors in analytical systems or 
by being kept in close proximity to a transducer they can be 
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At°C*10 3 

GLUCOSE ( m M ) 

FEBS Letters 

Figure 13. Measured peak height (At °C) obtained from a glucose oxidase-con-
canavalin A-Sepharose column ( O) or a glucose oxidase-red blood cellr-concana-
oalin A-Sepharose column (Φ) as a function of the concentration of glucose dis
solved in 0.1M Tris-HCl buffer pH 7.0, being JM in NaCl, 1 mM in MgCl2, MnCl2 

and CaCl2 (1 min pulse, flow rate 0.75 mL/min) (A). 
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studied under well defined conditions. Thus, as is i l lust rated by 
the section on poison - guards, immobilized ce l ls may be used to 
evaluate the effect a certain substance or group of substances 
may exert on l i v ing c e l l s . This does not only include poisons, 
but also other molecular species such as hormones, ant ibiot ics 
and drugs etc. 

In general, the technique for handling of immobilized 
ce l ls both easi ly and spec i f ica l l y and, under well controlled 
conditions, for changing their milieu offers good poss ib i l i t i es 
to study c e l l s , ce l l metabolism, ce l l physiology and ce l l t o x i 
cology under much more well defined conditions than hitherto. 

The f i r s t examples of immobilized microorganisms are 
discussed above and i t can be predicted that when the technique 
for immobilizing mammalian ce l ls developed further, systems 
analogous to those discusse
studying basic ce l l metaboli
biospecif ic analytical systems. 
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15 
Microbial Electrode Sensors for Cephalosporins and 
Glucose 

SHUICHI SUZUKI and ISAO KARUBE 

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 
4259 Nagatsuta-cho, Midori-ku, Yokohama 227, Japan 

Determination of organic materials such as whole cells
nutrients and products
efficient control of fermentatio

Electrochemical monitoring of these compounds has definite 
advantages. For example, wide concentration ranges are measurable 
without dilution simply by scale switching and the test sample 
does not need to be optically clear. Many of these methods have 
utilized enzyme-catalyzed reactions because of the specificity of 
such reactions. Many reports on applications of enzyme electrodes 
in clinical and food analysis have been published (1,2). However, 
enzymes are generally expensive and unstable. Recently many 
methods have been developed for immobilization of whole cells 
(3). Immobilized whole cells have been applied to electrochemical 
sensors. Microbial electrodes using immobilized whole cells and 
electrochemical devices have been developed by the authors (4,5,6). 
Such microbial electrodes can be classified under three categories 
as shown in Figure 1. 

Bacterial electrodes using whole cell suspensions and an 
ammonia sensing electrode also have been reported by Rechnitz et 
al (7,8). 

Microbial electrodes for cephalosporins, glucose and other 
materials are described in this paper. 

Microbial Electrode Sensor for Cephalosporins 

The determination of antibiotics in fermentation broths is 
important for control of an antibiotic fermentation. Antibiotics 
are usually determined by microbioassay based on turbidimetric or 
titrimetric methods. However, these methods require a long time 
for cultivation of bacteria (9). Therefore, rapid and continuous 
determination of antibiotics produced is difficult by the micro
bioassay. 

A microbial electrode consisting of a bacteria-collagen 
membrane reactor and a combined pH electrode for cephalosporins 
in a fermentation broth are described here. It was found that 

0-8412-0508-6/79/47-106-221$05.00/0 
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MICROBIAL ELECTRODE 

1. Amperometric determination of microbial, r e s p i r a t i o n 
Immobilized whole c e l l s + Oxygen electrode 

a) Glucose 
b) Assimilable sugars 
c) A c e t i c a c i d 
d) Alcohol 
e) Biochemical oxygen demand (BOD) 

2. Amperometric determination of e l e c t r o a c t i v e 
substances 
Whole c e l l s (or immobilized whole c e l l s ) + 
biochemical f u e l c e l l 

a) C e l l Population 
b) Vitamin B 1 

c) BOD (immobilized whole c e l l s ) 

3. Potentiometric determination of e l e c t r o a c t i v e 
substances 

a) Immobilized whole c e l l s + pH electrode 
i) Cephalosporins 

i i ) N i c o t i n i c a c i d 
b) Immobilized whole c e l l s + C0 2 electrode 

glutamic acid 

Figure 1. Chssification of microbial electrodes 
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Citrobacter freundii produced cephalosporinase. Cephalosporinase 
catalyzed the reaction shown in Figure 2 and hydrogen ions are 
liberated from the cephalosporinase reaction. Cephalosporins may 
be determined from proton concentration in a medium by using 
immobilized cephalosporinase and a pH electrode. However, 
immobilization of cephalosporinase is d i f f i c u l t because the 
molecular weight of cephalosporinase is low (MW 30,000) and the 
enzyme is unstable. Therefore, whole ce l ls of Citrobacter 
freundii were immobilized in collagen membrane. 

Apparatus and Procedures. Citrobacter freundii B-0652 was 
employed in our experiments. The bacteria were cultured under 
aerobic conditions at 37°C for 5 h in 1000 ml of the heart 
infusion broth (pH 7.0). The ce l ls were centrifuged at 5°C and 
8000 £ and washed three times with deionized water. About 4.2 g 
of wet ce l ls were obtaine

Collagen f i b r i l suspension was prepared as described 
previously (10). Wet ce l ls (4 g) were added to 60 g of 0.75 % 
collagen f i b r i l suspension. The bacteria-collagen membrane was 
prepared by casting the suspension on a Teflon plate and drying 
i t at room temperature for 20 h . The bacteria-collagen membranes 
were treated with 1 % glutaraldehyde solution (pH 7.0) for 1 min 
and dried again at room temperature. The thickness of the 
bacteria-collagen membrane was 50-60 μ . The act iv i ty y ie ld of 
cephalosporinase was about 9 %. However, cephalosporinase in 
whole ce l ls immobilized in collagen membrane was stable. 

The system used for continuous determination of cephalos
porins is shown in Figure 3. The reactor was a biocatalyt ic type 
( Π ) (acryl p las t i c , diameter 1.8 cm, length 5.2 cm) with a 
spacer (glass rod, diameter 1.4 cm, length 5.0 cm) located in the 
center. The inner volume of the reactor was 4.1 mL. The bacteria-
collagen membrane (10 χ 5.5 cnT 53000 I.U.) was rol led with 
plast ic net (5 χ 20 cm , 20 mesh) and inserted into the reactor. 

Phosphate buffer (0.5 mM, pH 7.2) was transferred continuously 
to the reactor and sensing chamber. Then, 10 ml of sample 
solution containing various amounts of cephalosporins was 
transferred to the reactor at a flow rate of 2 ml/miη by a 
per is ta l t i c pump and the hydrogen ion concentration in the 
sample solution was determined by a combined pH electrode (GC-125 
C, Τ0Α Electronics Co. Tokyo) and displayed on a recorder (Model 
CDR-11A, Τ0Α Electronics Co.). 

Cephalosporinase act iv i t y of the membrane was also deter
mined independently by the method of Perret (12). 

Response Curve of the Electrode. From Nernst's formula, the 
membrane potential of the glass electrode is proportional to the 
logarithm of the proton concentration. Protons are liberated 
from the cephalosporinase reaction. Therefore, hydrogen ion 
concentration in a sample solution measured by the pH electrode 
is proportional to the logarithm of the cephalosporin concentration 
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Figure 2. Cephalosporinase reaction 

Figure 3. Scheme of the microbial electrode sensor for cephalosporins. 1. Soda 
lime. 2. Buffer reservoir. 3. Peristaltic pump. 4. Inlet of the sample. 5. Immo
bilized whole cell reactor. 6. Combined glass electrode. 7. Sensing chamber. 8. 

Amplifier. 9. Recorder. 
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Sample solutions (10 ml) containing various amounts of 
phenylacetyl-7ADCA were transferred to the reactor and the 
potential in the sensing chamber gradually increased with time 
unti l a maximum was reached. The response time (time required 
for the potential to reach the maximum) depends on the kind of 
cephalosporins, the flow rate, and the act iv i t y of the bacteria-
collagen membrane. Figure 4 shows the response curves of the 
microbial electrode. The maximum potential was attained in about 
10 min at a flow rate of 2 ml/min. When 0.5 mM of phosphate 
buffer was pumped through the reactor, the potential of the pH 
electrode decreased gradually and returned to i t s i n i t i a l level 
within 20 min at 37°C. 

Cal ibration. Figure 5 shows the relationship between the 
concentration of various cephalosporins and the potential 
difference (difference betwee
values). A l inear relationship was obtained between the 
logarithm of the cephalosporin concentration and the potential 
difference. As shown in Fig. 5, phenyl acetyl-7ADCA, cephalo-
r id ine , cephalothin and cephalosporin C were determined by the 
microbial electrode. The slope of the cal ibration curve depended 
on the kind of cephalosporin employed. This may be due to the 
difference in react iv i ty of cephalosporinase with various kinds 
of cephalosporins. 

The effect of ionic strength on the potential of the glass 
electrode was examined using sodium chloride. The potential of 
the glass electrode was constant below 0.2 M of sodium chloride. 

The reproducibi l i ty was determined with a sample solution 
containing 125 f/ml of phenyl acetyl-7ADCA and was found to be 
20 + 2 mV (10 % of the relat ive standard deviation) in 10 
different experiments. 

Reusability of the Electrode. Reusability of the microbial 
electrode was examined with the sample solution containing 125 r 
/ml of phenyl acetyl-7ADCA. The results obtained are shown in 
Figure 6. The cephalosporin determination was performed several 
times a day. However, no decrease of the potential difference 
was observed for a week. This system was applied to the deter
mination of cephalosporins in a fermentation broth. Cephalos
porin C in the cephalospolium acremonium broth was determined by 
the conventional method using high pressure l iqu id chromatography 
(HPLC) (13) and the electrochemical method. The results obtained 
are shown in Table 1. The relat ive error of the determination by 
the microbial electrode was within 10 %. Therefore, this system 
can be used for the continuous determination of cephalosporin in 
a fermentation broth. 

To study the s tab i l i t y of the immobilized cephalosporinase, 
they were stored in physiological saline at 5°C. Cephalos
porinase in immobilized whole ce l ls was active for a month. 

In conclusion, the determination of cephalosporin is possible 
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Figure 4. Response curve of the cephalosporin sensor. The concentration of 
Fhenylacetyl-7ADCA was: 1. 250 y/mL; 2. 62.5 y/mh. 
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Figure 5. Calibration curves of the cephalosporin sensor. (Q) Phenylacetyl-
7ADC A, (M) cephalosporin C, (O) CET, (Φ) CER. 
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Table I. Determination of cephalosporin C 
in the fermentation broth by micro
bial sensor and HPLC* method. 

broth potential analytical 
Method difference value 

L>1] [mV] [r/mi] 

Microbial sensor 100 7.5 + 0.7 3500 

HPLC* 5 3800 

* High pressure l iqu id chromatography 

within 10 min by using the microbial electrode. Furthermore, 
cephalosporin produced in a fermentation broth can be measured 
continuously by the electrode. 

Microbial Electrode Sensor for Glucose 

In recent years, many analytical methods involving enzymatic 
reactions have been developed by using immobilized enzyme and 
electrochemical devices. Enzyme electrodes using enzyme-collagen 
membranes have been developed by the authors (14,15, 16,17,18). 
Techniques for immobilizing l i v ing microorganisms in collagen 
membrane also have been developed and these immobilized micro
organisms have been applied to microbial electrodes (4,5,6). 
These microbial electrodes have a potential application in the 
fermentation industry. The control of fermentation process is 
important for effective production of useful materials. 

Molasses is used as a main carbon source in many 
fermentations. Most of the carbohydrates such as glucose, 
fructose and sucrose in molasses can not be determined by spectro
photometry methods because test samples are not opt ical ly c lear. 
Many reports on enzyme electrodes for these carbohydrates have 
been published (15,19,20,21). However, enzyme electrodes are not 
suitable for determination of these carbohydrates because enzymes 
are unstable and inhibitors of enzymes sometimes exist in a 
fermentation broth. 

Whole ce l l s of Pseudomonas fluorescens which ut i l i zed 
mainly glucose were chosen and immobilized in collagen membrane. 
The microbial electrode consisting of a bacteria-collagen 
membrane and an oxygen electrode for glucose is described here. 

Apparatus and Procedures. The organism used in this study 
was Pseudomonas fluorecences. The bacteria were cultured under 
aerobic conditions at 30°C for 20 h in 80 ml of medium (pH 7.0) 
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containing 1 % (w/v) glucose, 1 % peptone, 1 % beef extract, and 
tap water. The ce l l s were centrifuged at 5°C and 6000 £ and were 
washed twice with water. 

The suspension for preparation of the bacteria-collagen 
membrane contained 1.8 g collagen f i b r i l s and 0.6 g wet c e l l s . 
The bacteria-collagen membrane was prepared by casting the 
suspension on a Teflon plate and dried at 20°C. The bacteria-
collagen membrane was tanned with 0.1 % glutaraldehyde solution 
for 1 min and dried at 4°C. 

A schematic diagram of the microbial electrode system is 
presented in Figure 7. The electrode consists of a double 
membrane of which one layer is the bacteria-collagen membrane 
(thickness 40 μ) and the other is an oxygen permeable Teflon 
membrane (thickness 27 μ ) , together with an alkal ine electro lyte, 
a platinum cathode, and a lead anode. The double membrane is in 
direct contact with th
to the ce l l with rubbe
inserted into a sample solution (20 ml), saturated with dissolved 
oxygen and st i r red magnetically while measurements were taken. 

Glucose was determined independently by the method of Bore! 
et al (22) and enzymatically (23). 

Response Curves of the Electrode. The bacteria in collagen 
membrane were l i v ing and had the respiration act i v i t y . Table II 
shows the se lect iv i t y of the electrode to various carbohydrates 
and amino acids. The electrode responded s l ight l y to fructose, 
galactose, mannose and saccharose. However, the electrode did 
not respond to other carbohydrates and acids. Therefore, the 
microbial electrode can be applied to the determination of 
glucose. 

Figure 8 shows the response curves of the electrode. The 
current at time zero is that obtained in a sample solution 
saturated with dissolved oxygen. The bacteria began to u t i l i zed 
glucose in a sample solution when the electrode was inserted into 
a sample solution. Then, consumption of oxygen by the bacteria 
in collagen membrane began which caused a decrease in dissolved 
oxygen concentration around the membrane. As a resul t , the 
current of the electrode decreased markedly with time unti l a 
steady-state was reached. The steady-state indicated that the 
consumption of oxygen by the bacteria and the diffusion of oxygen 
from the solution to the membrane were in equilibrium. The 
steady-state current was attained within 10 mir. at 30°C. 

When the electrode was removed from the sample solution and 
placed in a solution free from glucose, the output of the micro
bial electrode gradually increased and returned to i n i t i a l level 
within 15 min at 30°C. (The current means the steady-state 
current hereinafter.) The response time of the microbial 
electrode was longer than that of the enzyme electrode. This may 
be caused by the time lag of the bacterial respirat ion. However, 
employment of a rate assay improved the response time and the 
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Figure 6. Reusability of the cephalosporin sensor. Phenyhcetyl-7ADCA (125 
y/mL) was employed for experiments. 

Figure 7. Scheme of the microbial electrode sensor for glucose. 1. Sample solu
tions. 2. Bacteria-collagen membrane. 3. Teflon membrane. 4. Cathode (Ft). 
5. Anode (Pb). 6. Electrolyte (KOH). 7. Air pump. 8. Amplifier. 9. Recorder. 
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Table II. Substrate ut i l i zed by 
Pseudomonas fluoresceins 

Substrate Relative response 

Gl ucose 100 

Fructose 4 

Galactose 9 

Mannose 4 

Arabinose 0 

Xyrose 0 

Maltose 0 

Saccharose 4 

Glutamic acid 0 

Casaminoacids 0 

Concentration 0.1 mM 
30°C, pH 7.0 
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glucose was determined within 2 minutes. 

Effect of pH and Temperature. As the act iv i ty of bacteria 
is markedly dependent on pH and temperature, these effects were 
examined. 

Figure 9 shows the current-pH curve for 56 μΜ glucose 
solution at various pH values. A f l a t pH-current relationship 
was obtained between pH 7 and 8. The current of the microbial 
electrode increased below pH 7 and above pH 8. This might be 
due to the inactivation of bacteria in the collagen membrane at 
lower and higher pH values. 

The influence of temperature on the microbial electrode was 
also investigated. The amount of dissolved oxygen in water 
decreases with r is ing temperature. Therefore, the results were 
corrected to take this into account. The current output of the 
microbial electrode abov
because the bacteria in collagen membrane were inactivated by 
heat. As heat caused the bacteria-collagen membrane to shrink, 
the exact current could not be determined above 50°C. On the 
other hand, as the respiration act iv i ty of the bacteria was low 
below 30°C, the current increased with decreasing temperature. 

The maximum current decrease (the maximum respiration 
act iv i ty of the bacteria) was observed in the neutral pH range 
and in the temperature range betwen 30 and 40°C. Therefore, the 
bacteria in collagen membrane are act iv i t y under these conditions. 

Cal ibration. The relationship between the current and 
glucose concentration is shown in Figure 10. A l inear re lat ion 
ship was obtained below a concentration of 20 mg/l_. At higher 
concentrations (above 100 /jM), the current-concentration plots 
curved toward the concentration axis. The reproducibi l i ty was 
determined using the same sample (50 /JM) and was found to be 32 
± 2 JJA (6 % of the relat ive standard deviation). _ 4 

c The assay range of the microbial electrode was from 10" to 
10" M of glucose. Therefore, the sensi t iv i ty of the microbial 
electrode was s l ight ly better than that of the enzyme electrode 
(19,20,21). 

Determination of Glucose in Molasses. Molasses was employed 
in these experiments. It was diluted and the glucose concent
ration was determined by the microbial electrode and the enzymatic 
method (23). Table III shows a comparison of the glucose concent
rations thus determined. As shown in Table I I I , relat ive error 
of the determination was within 8 %. As molasses contained 
sucrose, the microbial electrode might respond s l ight l y to sucrose 
in molasses. 

Reusability of the Electrode. Reusability of the electrode 
was tested as follows. The current of the microbial electrode 
was determined 10 min after i t had been immersed in a 50 /JM 
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Figure 8. Response curves of the glucose sensor. The concentration was: 1. 
20 μΜ, 2.90 μΜ. 
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Figure 9. Current-pH curve of the glucose sensor 
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Glucose concentration [mg/l] 

Figure 10. Calibration curve of the glucose sensor 
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Table III. Determination of glucose in 
molasses by the microbial 
electrode and the enzymatic method. 

Method Glucose {%) 

Microbial electrode 20.0 i 0.8 

Enzyme method* 18.5 ΐ 0.5 

* M.E.Washka and E.W.Rice, C l in , ,Chem., 2> 
542 (1961) 

glucose solution. The above operation was repeated three or four 
times per day. No decrease in current output was observed over a 
two week period. 

To study the s tab i l i t y of the immobilized bacteria, the 
electrode was stored in 0.1 M phosphate buffer (pH 7.0) at 5°C. 
Glucose was determined at 10-day intervals with this stored 
electrode. The current obtained from each experiment was 
constant for 30 days. The bacteria immobilized in collagen 
membrane are therefore active for a month. 

In conclusion, the determination of glucose is possible 
within 10 min by using the microbial electrode consisting of a 
bacteria-collagen membrane and an oxygen electrode. Furthermore, 
glucose in molasses can be determined by the electrode thus 
rendering i t possible to apply the electrode to fermentation 
broths. 

Other Microbial Electrode Sensors 

Many microbial electrodes have been constructed and used in 
the determination of assimilable sugars, acetic ac id , ethyl 

alcohol, ce l l population, vitamin B-., n icot in ic ac id , glutamic 
acid and the estimation of biochemical oxygen demand (B0D). The 
characteristics of these microbial electrodes are summarized in 
Table IV. These microbial electrodes may be apl l ied to 
fermentation industries in near future. 
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Hollow Fiber Entrapped Microsomes as a Liver Assist 
Device in Drug Overdose Treatment 

P. R. KASTL, W. H. BARICOS, and W. COHEN 
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New Orleans, LA 70112 

R. P. CHAMBERS 
Department of Chemical Engineering, Auburn University, Auburn, AL 36830 

More than one million poisonings occur annually in the United 
States (1) and in 1975
medicinal and non-medicina
ment methods include support of heart and lung function and re
moval of unabsorbed drug by stomach lavage. However, any drug 
absorbed into the bloodstream can be removed only by hemodialysis 
or hemoperfusion (3). These processes are expensive, require 
highly trained personnel, and are usually available only at large 
urban medical centers. 

We are investigating the feasibility of using the NADPH-de-
pendent drug hydroxylation system present in liver microsomes 
(μS) (fragmented endoplasmic reticulum) in an extracorporeal 
hollow fiber drug detoxifier (EDD) to detoxify absorbed drug in 
overdose patients. In the presence of NADPH and molecular oxygen 
microsomes will hydroxylate both endogenous as well as foreign 
compounds. In addition to its potential use as an EDD this system 
serves as a model for the use of membrane-bound, cofactor-requir
ing, multienzyme complexes in industrial as well as medical appli
cations. This work also may contribute toward the development of 
other liver assist devices as well as provide for production of 
drug metabolites for subsequent therapeutic screening. 

The proposed therapeutic system is shown in Figure 1. This 
system differs from conventional hollow fiber artificial kidney 
hemodialysis in several respects. First, it contains the multi-
enzyme detoxification system in the dialysate side of the hollow 
fiber dialyzer, eliminating the need for large amounts of dialyz-
ing fluid. Second, the hollow fiber device contains fibers 
permeable to drugs and oxygen so that both can diffuse from the 
blood into the yS suspension. Following transformation by the 
yS enzymes, the modified toxin can reenter the bloodstream, where 
it will be subsequently removed and excreted. An important advan
tage of using animal liver microsomes for detoxification in place 
of purified enzymes is the broad substrate specificity of the 
complex. Thus such a system will be applicable to drugs developed 
in the future as well as those in use today. We have chosen to 
use p-nitroanisole (pNA) and hexobarbital as model drugs in the 

0-8412-0508-6/79/47-106-237$05.00/0 
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Figure 1. Proposed extracorporeal hollow fiber drug detoxifier (EDD) 
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development of the EDD: pNA becuase i t s metabolism O-demethyl-
ation can be continuously monitored spectrophotometrically, and 
hexobarbital, because i t represents the most common class of 
drugs encountered i n drug overdose. 

Methods and Materials 

Phénobarbital induction of the rat l i v e r yS drug hydroxyl
ase enzymes, i s o l a t i o n , and l y o p h i l i z a t i o n of y S were carried out 
as previously described (4). Microsomes prepared by this proced
ure retained 85% of the a c t i v i t y of fresh nonlyophilized yS when 
assayed with hexobarbital and 55% of the o r i g i n a l a c t i v i t y toward 
pNA. The s p e c i f i c a c t i v i t y was 9 nmoles/min/mg yS protein with 
hexobarbital and 0.9 nmoles/min/mg yS protein with pNA. Micro
somal pNA O-demethylase a c t i v i t y was assayed by a modification of 
the method of Zannoni 05
itored by the method o
ing procedure u t i l i z i n g %-hexobarbital (6). Aqueous samples 
(5 yl) were extracted with ether and unmetabolized hexobarbital 
was separated from i t s more polar metabolites by thin layer chrom-
ography (benzene/acetic acid, 9:1; s i l i c a gel G TLC plates). The 
TLC plates were sprayed sequentially with diphenyl carbazone and 
mercurous n i t r a t e , and the spots corresponding to hexobarbital 
and i t s metabolites were scraped from the plate, eluted with 
methanol, and counted in a l i q u i d s c i n t i l l a t i o n counter. Protein 
was determined by the method of Lowry (8). Glucose-6-phosphate 
dehydrogenase (G6PDH), glucose dehydrogenase (GDH), and NADP were 
purchased from Sigma Chemical Co. pNA was purchased from Aldrich 
Chemical Co. and r e c r y s t a l l i z e d before use. Hexobarbital sodium 
was purchased from Winthrop Laboratories. ^Hexobarbital was pur
chased from New England Nuclear. The following hollow f i b e r 
devices were purchased from Amicon Corp. or Bio-Rad Laboratories: 
Amicon V i t a f i b e r , 50,000 nominal molecular weight cutoff, 60 cm2 

fiber surface area, a c r y l i c copolymer fibers; Bio-Fiber 80/5 C e l l 
Culture Tube, 30,000 nominal molecular weight cutoff, 50 cm2 

f i b e r surface area, half silicone/polycarbonate f i b e r s , half 
cellulose acetate fibers. 

Results and Discussion 

Storage S t a b i l i t y of Microsomes. Prolonged storage sta
b i l i t y under r e l a t i v e l y mild conditions (e.g., room temperature) 
i s essential for any p r a c t i c a l EDD. Microsomal suspensions retain 
a c t i v i t y for only a few weeks at -20°C and for longer periods i n 
ultra-low temperature freezers at -85°C (9), the l a t t e r not being 
commonly available outside of laboratories. In an attempt to 
circumvent this problem we investigated the effect of l y o p h i l i z a 
tion on the a c t i v i t y and s t a b i l i t y of yS. Lyophilized yS prepared 
from non-induced rat l i v e r and stored i n evacuated containers at 
both 23°C and -20°C show no decrease i n O-demethylase a c t i v i t y at 
either temperature after 14 months of storage (Table I ) . The 
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TABLE 1 

STABILITY OF LYOPHILIZED LIVER MICROSOMES AT 23°C AND -20°C 

TIME AFTER O-DEMETHYLASE HEXOBARBIΤAL 
ISOLATION ACTIVITY 1' 2 HYDROXYLASE ACTIVITY 1' 3 

23°C -20° -20°C 

1 day 0.26 0.39 
1 month 0.36 0.30 -
4 months 0.36 0.30 -
6 months 0.30 0.39 -
9 months - - 3.83 

11 months - 0.31 3.00 
14 months 0.34 0.33 -
1. nmoles/min/mg microsomal protein 
2. O-demethylase a c t i v i t y was continuously monitored at 420 nm 

in a Cary 16K spectrophotometer i n an assay solution contain
ing 0.42 mg/ml microsomal protein, 1.2 mM p-nitroanisole, 
2.4 mM nicotinamide, and 0.13 mM NADPH in 0.1 M sodium phos
phate buffer, pH 7.8, at 25°C. 

3. Hexobarbital hydroxylase a c t i v i t y was monitored by the method 
of Kupfer and Rosenfeld i n an assay solution containing 0.59 
mg/ml microsomal protein, 0.77 mM hexobarbital, 1.2 χ 16^ 
dpm of tritium-labelled hexobarbital, 2.4 mM nicotinamide, 
44 mM sodium pyrophosphate, 6 mM magnesium chloride, 6 mM 
glucose-6-phosphate, 4 units/ml of G6PDH, and 0.13 mM NADP 
in 0.1 M sodium phosphate buffer pH 7.8 at 25°C. 
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hexobarbital hydroxylase a c t i v i t y of the yS preparation stored 
at -20°C was determined after 9 and 11 months of storage, and 
was found to be comparable to that of freshly prepared yS. Clear
ly storage s t a b i l i t y of yS w i l l not li m i t the p r a c t i c a l i t y of a 
drug detoxifier. 

Functional S t a b i l i t y of Microsomes. The coenzyme NADPH i s 
required by yS mixed-function oxidases. Unfortunately the yS 
contain other enzymes that w i l l oxidase NADPH or destroy i t and 
adversely affect drug detoxification. The most important among 
these are NAD(P)ase, NAD(P)H pyrophosphatase, and NAD(P)H oxid
ase. We added the competitive inhibitors sodium pyrophosphate 
and nicotinamide to reaction mixtures to block the effects of 
NAD(P)H pyrophosphatase and NAD(P)ase, respectively (10, 11). 
An NADPH regenerating syste  (glucose-6-phosphat  dehydrogenase/ 
glucose-6-phosphate) wa
NAD(P)H oxidase and to  coenzym
NADPH during the detoxification process. The data presented i n 
Figure 2 demonstrate the effectiveness of optimal concentrations 
of these reagents with respect to the rates and duration of micro
somal O-demethylation of pNA. The best results were obtained 
using both in h i b i t o r s combined with the NADPH regeneration system. 
This reaction (C i n Figure 2) proceeded at a linear rate for 
40 min, at which point the oxygen of the system was depleted. 
In a separate experiment when oxygen was supplied by slow s t i r 
ring under a stream of a i r , O-demethylation continued for 12 hours 
(not shown). These data demonstrate that the effects of NAD(P)H 

destroying microsomal enzymes can be minimized permitting good 
functional s t a b i l i t y of the mixed-function oxidase system. 

A Biocompatible NADPH Regeneration System. Glucose-6-phos-
phate dehydrogenase/glucose-6-phosphate (G6PDH/G6P) has a common 
enzyme/substrate couple used for NADPH regeneration i n yS studies. 
However, because magnesium ions are required for G6PDH a c t i v i t y , 
i t would have to be supplied to the EDD at a physiologically 
toxic concentration. As a p r a c t i c a l alternative, we examined 
the enzyme glucose dehydrogenase (GDH) which does not require a 
metal cofactor for a c t i v i t y . GDH catalyzes the NAD(P)-dependent 
oxidation of glucose, producing gluconic acid and NADPH. Important 
additional advantages of this enzyme are that glucose can be 
supplied from the patient 1s blood, and the product, gluconic 
acid, i s r e l a t i v e l y nontoxic. We compared GDH/glucose to G6PDH/ 
G6P i n a model detoxification reaction employing pNA and found 
that GDH/glucose functions well as an NADPH regeneration system. 
In fact, i t i s s l i g h t l y more effective at low enzyme levels than 
G6PDH/G6P (Figure 3) and thus should be satisfactory for an EDD. 

Extracorporeal Hollow Fiber Drug Detoxifier. After a func
t i o n a l l y stable yS detoxification system had been developed, i n 
vi t r o model EDD experiments were performed as schematically out-
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Minutes 

Figure 2. Microsomal p-nitroanisole O-demethyhtion. (C), Complete system 
containing 1.2mM pNA, 0.13mM Ν ADP, 44mM pyrophosphate, 2.4mM nico
tinamide, 6mM MgCl2, 6mM G6P, 4 units/mh G6PDH, and 0.73 mg/mL micro
somal protein in a final volume of 2.5 mL of 0.1 M sodium phosphate buffer, pH 
7.4; (A), Pyrophosphate and nicotinamide deleted; (B), Pyrophosphate deleted; 

(D), Ν ADP, MgCk, and G6PDH replaced with 0.13 mM NADPH. 

0 2.5 5.0 7.5 1.0 1.25 

(Units/ml) χ 100 

Figure 3. Comparison of G6PDH/GDH and GDH/glucose as NADPH regen
eration systems in microsomal pNA O-demethyhtion (O), G6PDH/G6P system 
as in Figure 2(C), except 22mM pyrophosphate; (Q), GDH/glucose system con
taining 280mM glucose, 1.2mM pNA, 0.13mM Ν ADP, 2.4mM nicotinamide, 
22mM pyrophosphate and 0.73 mg/mL microsomal protein in a final volume of 

2.5 mL of 0.1M sodium phosphate buffer, pH 7.4. 
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l i n e d i n Figure 1. 
A major problem associated with a cofactor-requiring enzyme 

i n a hollow f i b e r system i s retention of the r e l a t i v e l y small 
cofactor within the dialysate side of the hollow fib e r dialyzer 
(12). Increasing the molecular weight of the cofactor by con-
valent attachment to soluble or insoluble supports i s expensive 
and usually results i n decreased enzyme a c t i v i t y due to s t e r i c 
hindrance (13, 14). In contrast i t has been demonstrated experi
mentally that effective cofactor reuse can be achieved without 
modification of the cofactor (15, 16, Γ7). Preliminary c a l c u l 
ations based on a 10,000-15,000 cm2 surface area hollow fiber 
reactor indicate that a slow infusion of as l i t t l e as 26 mg/hr 
of NADP d i r e c t l y into the y S suspension would maintain a s a t i s 
factory NADPH concentration, thus assuring maximal rates of drug 
detoxification. However, i n these preliminary studies adequate 
concentrations of NADP wer
solution. 

It can be calculated that at ambient temperature and O2 
pressure aqueous solutions contain less than 1 ymole O2 per ml. 
Even for a large volume EDD (e.g., 500 ml), the dissolved O2 
cannot support the detoxification of the amount of drug commonly 
encountered i n overdose cases. Therefore', additional O2 w i l l 
have to be supplied. In actual use of an EDD, O2 for d e t o x i f i 
cation would be obtained d i r e c t l y from the patient's blood. 

In the f i r s t experiments the effects of oxygen and yS concen
tra t i o n on steady-state rates of hexobarbital detoxification were 
studied using a Bio-Fiber 80/5 c e l l culture tube. Figure 4 
shows that oxygen bubbled through the c i r c u l a t i n g solution i n 
creased the steady-state rate of hexobarbital metabolism at a l l 
but the lowest yS concentrations. The data also show that the 
rate of detoxification i s not d i r e c t l y proportional to yS con
centration. Experiments measuring the rates of oxygen and 
hexobarbital d i f f u s i o n indicate that, with 8 mg yS protein or 
greater, oxygen should be rate l i m i t i n g , even when the solution 
i s saturated. Diffusion of hexobarbital should not be rate 
l i m i t i n g . The non-linearity of rate as a function of yS concen
tration i s not as easily explained since similar results were 
observed with yS suspensions i n test tube experiments. Two con
tr i b u t i n g factors at high yS concentrations may be aggregation 
of yS and inadequate protection of NADPH. Further studies w i l l 
be required to resolve this question. 

The rate of hexobarbital detoxification using a Bio-Fiber 
80/5 c e l l culture tube was then compared to the rate of detoxi
f i c a t i o n using an Amicon Vi t a f i b e r and to that of a yS suspension 
i n a test tube. The steady-state rates of a l l three were the 
same (Figure 5). It i s important to note that i n these systems 
containing approximately 2.8 mg yS protein the steady-state 
rates were constant for the 3 hour duration of the experiments. 
These experiments also indicate that at this low concentration 
of yS no d i f f u s i o n a l limitations exist for either hexobarbital 
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5 10 15 20 
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Figure 4. Hexobarbital hydroxylase activity as a function of microsome and 
oxygen concentration in a Bio-Fiber 80/5 EDD. 0.5 mL of microsomes was placed 
on the dialysate side of the hollow fiber and 30 mL of 0.77mM hexobarbital (1.2 
χ 166 DPM 3H-hexobarbital) circulated through the lumen of the fibers at 12.0 
mL/min. The circulating solution also contained 0.13mM Ν ADP, 22mM pyro
phosphate, 2.4mM nicotinamide, 6mM NgCl2, 6mM G6P, 2 units/mL of 
G6PDH, and 0.1M sodium phosphate buffer, pH 7.4. (Q), Oxygen bubbled 

through the circulating solution; (O), ambient oxygen. 
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Figure 5. Hexobarbital hydroxylase activity in a Bio-Fiber 80/5 EDD and a 
Vitafiber EDD compared to a simple microsome suspension as a control. The 
conditions were the same as in Figure 4. Oxygen was bubbled through the circu
lating solutions of the EDDs and the control solution was saturated with oxygen 
prior to the initiation of the reaction by addition of microsomes. 2.8 mg micro
somal protein was used in each system. (O), Microsome suspension; (Q), Vita-

fiber EDD; (A), Bio-Fiber 80/5 EDD. 

60 120 180 
minutes 

Figure 6. Hexobarbital hydroxylase activity in a Vitafiber EDD in the presence 
and absence of plasma. (0),As in Figure 5; (plasma equilibrated with ambi

ent oxygen replaced sodium phosphate buffer. 
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or oxygen. 
We repeated the V i t a f i b e r perfusion experiment using a c i r 

culating solution of hexobarbital i n human plasma, equilibrated 
with ambient oxygen (Figure 6). The rate of hexobarbital meta
bolism was about 50% of that observed with a buffered oxygenated 
solution. This decreased rate was probably caused by mass trans
fer limitations secondary to binding of hexobarbital to plasma 
proteins and by clogging of f i b e r pores by the plasma proteins. 

Based on the data in Figure 6 we have calculated a hexobar
b i t a l clearance rate of 0.8 ml/hr i n plasma. Simple extrapola
tion to a c l i n i c a l size hollow fiber (e.g., 10,000 cm2 surface 
area) containing 17 mg yS protein/0.5 ml yS suspension (total of 
4 grams of yS protein yields a theoretical clearance of 8.4 ml/ 
min. This figure approaches the hemodialysis clearance of 15 ml/ 
min reported for secobarbital (18)  but i s s i g n i f i c a n t l y slower 
than the 50 ml/min achieve
We f e e l that a yS-base
surpass this hemodialysis clearance through the use of more per
meable membranes and improved reactor design (e.g., increased 
surface area, increased temperatures, more active yS, etc.). 
While i t i s doubtful that such a system can match the clearances 
of charcoal or resin absorption devices, the yS-based hollow 
fib e r EDD does possess d i s t i n c t advantages over these and other 
EDD systems. These advantages include a well established tech
nological base (from hollow fi b e r renal d i a l y s i s ) , the elimin
ation of immunological and throboembolic problems, and, possibly 
most important, a metabolic capability. We f e e l that this l a s t 
point, a metabolic capability, i s an important d i s t i n c t i o n 
between our yS-based EDD and physical absorption devices and 
extends our potential from simple detoxification to the more 
complex area of l i v e r support. 
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