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Engineering problems in applying immobilized biocatalysts to the production of useful materials are discussed.
The scope of the review covers immobilized enzymes, immobilized microorganisms, immobilized mammalian cells,
immobilized plant cells and the use of membranes for immobilization. Recent developments in these subjects are
reviewed especially as to reaction analyses, mass-transfer effects, bioreactions using an organic phase and problems
concerning reactor design. The future scope of research in this field is briefly described in the final section.

1. Introduction

Utilization of biocatalysts, such as enzymes,
microorganisms, organelles, mammalian cells and
plant cells, arrived at a breakthrough point when the
immobilized enzyme was industrialized successfully
by Chibata et al. of Tanabe Seiyaku Co. in 1969.
Many papers have since been published on various
kinds of immobilized biocatalysts and industrial
processes have been developed, as shown in Table 1.
Immobilization is now one of the major consid-
erations in the design of bioreactors. Many review
papersB8 €15.C16.H9. LI&.R7.T5)  have been published,
especially regarding research on immobilization
methods and applications of immobilized biocata-
lysts. Brief historical surveys were also included in
those reviews.

In this review article, research on immobilized
biocatalysts is presented from an engineering point of
view. Immobilization methods are not emphasized,
but behavior in reactors is discussed from an
engineering perspective. Topics will cover this “‘art”
of biotechnology, i.e. use of immobilized enzymes,
microbial, mammalian and plant cells. Bioreactor
designs using immobilized biocatalysts are also
important in the field of biotechnology and are
included in the discussion. Finally, future problems
will be discussed briefly in the closing remarks.

2. Immobilized Enzymes

Methods of immobilization have been investigated
quite extensively. Immobilization techniques and the
application of immobilized enzymes have been
reviewed in many reports ©14 1o L4 L10.F6.TS) Among
these, the book edited by Chibata®“ probably holds
the widest coverage of references. It introduces each
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general method of immobilization and important
applications of the immobilized enzymes and
biocatalysts. Weetall and Pitcher™!® describe im-
portant factors in scaling up immobilized enzyme
systems.

Engineering topics in immobilized enzymes that
appeared in recent papers are classified in Table 2.
Clearly many studies have been published from
various engineering perspectives. Some characteristic
features are given below. Topics on membrane
reactors will be described in the later sections.

2.1 Immobilization techniques
Immobilization techniques may be classified into

Table 1. Industrialized processes using immobilized
biocatalysts
Biocatalyst Application

a. Enzyme
Aminoacylase Production of L-amino acid
(optical isomerization)
Production of invert sugar
Reforming of milk
(decomposition of lactose)
Production of 6-aminopenicil-
lanic acid (6-APA)
Production of 7-aminocephalo-
sporanic acid (7-ACA)
Production of L-aspartic acid

Glucose isomerase
Lactase

Penicillin amidase
GL-7-ACA amidase

Aspartase (in Escherichia
coli)
Fumarase (in Brevibacterium
ammomiagenes)
Aspartase -+ L-aspartic acid
4-decarboxylase
(in Pseudomonas dacunhae)
a-Glucosyltransferase
(in Protaminobacter rubitum)
b. Viable microorganism
Saccharomyces sp.
Corinebacterium sp.
¢. Human cell
(on microcarrier)

Production of L-malic acid

Production of L-alanine

Production of palatinose

Production of ethyl alcohol
Production of acrylamide
Production of interferron
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Table 2. Engineering problems of immobilized enzymes

Item Detail Literature
Immobilization Specific immobilization IS, N12
Soluble supports F3, W12
Reaction accompanied with organic phase J3, K20, L9, N7, 04, OS5, P1, P4, T10, Z1
Electric field effect Fl1, K2, V1

Two-phase systems

Control of enzyme direction upon immobilization

Inorganic supports
Fibrous supports
Photosynthetic supports

Co-immobilization Multienzymes

NAD recycling (using membranes)

Industrial application
Economic evaluation
Specific reactors
Distribution of enzymes

Reactor system

Engineering analysis of
immobilized system
Reaction analysis
Effectiveness factor
pH profile
Oscillation, unsteadiness
Compaction

Stability of enzymes, diffusion effect

A7, Bl, B5, B12, F6, H3, K13, L1, L2, L9, L21,
Mg, M9, M13, S1-83, S16, S26

W4, W5

AS, C2, C21, H21, S17, S22, W8

11

F5, 12, 13, M10

E3, H8, KI, S18

L7, M15, M16

B4, H23, P6, S28

D6, D7, L5

N6, S22

B7, C20, D2, D4, D5, H22, H24, M19

Cl19, C5, D3, K19, K22, L6, P8, S12, T16
C4, C17,17, P3, R3, T17

B10, C7, C8, H10, H11, L3, L8, M3, Y2, Y3
C10, L18

K10

F18, N5, S6, S7, Ul

the following categories:“**>“'*) covalent bonding,
bridging, entrapping, ionic and/or physical ad-
sorption. A large number of proposals on covalent
bonding immobilization have been presented, but
complex reaction steps are not economical and are
considered undesirable with regard to enzyme
stability. Entrapment and ionic adsoption are more
practical although the former method may cause
leakage of enzymes of low molecular weight. A
chemical treatment using glutaraldehyde often gives
better results in this case.

The photochemical entrapment approach of
Ichimura and coworkers™? M9 ig said to be easy to
handle and to be moderate for biocatalysts since
visible light can initiate the entrapping polymeriza-
tion. The drawback of photo-polymerization is
that a cutting process is necessary to obtain the bio-
catalyst particles although some techniques are
available to obtain globular particles. Photo-polym-
erization by using prepolymers and near-UV light™
is also used to immobilize enzymes and microbes.
The super-fine fibrous ion exchanger'’ can be used
as a carrier of enzymes. This type of immobiliza-
tion will lead to a large surface area and low pres-
sure drop when used in fixed beds. Nozawa ez a/.N'?
proposed the application of the avidin-biotin affin-
ity system, but economic problems remain unsolved.

Enzyme reactions with high-polymer substrates,
such as cellulose hydrolysis, are theoretically difficult
when applying immobilized enzymes. Fujimura et
al.F> proposed an interesting immobilization tech-
nique. By using a polymer from methacrylic acid,
methyl acrylate and methyl methacrylate, their
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enzyme can become soluble to a medium during
reaction and then insoluble when it is to be recovered.
Yield of recovery of enzymes by the gelation-
precipitation should be high enough for this
immobilization to be economically feasible. Kajiwara
and Maeda®" proposed co-immobilization of malate
dehydrogenase and formate dehydrogenase with
NAD so that regeneration of the coenzyme proceeds
inside the immobilized biocatalyst particles. The
immobilization was accomplished by using a poly-
ethyleneglycol diacrylate gel.

2.2 Enzyme reactions in the organic phase

Some enzyme reactions proceed efficiently using the
oil phase as a reaction medium. Three types of
reactions using this method have been widely studied:
lipid conversion by lipase, peptide production, and
transformation of steroids.

One approach to immobilized enzyme reactions in
organic media is to adsorb enzymes onto hydrophilic
carriers such as silica gel. X20:1%-T1% A small amount of
adsorbed water often enhances the extent of reaction
compared with the abundant use of water in
interesterification reactions. This is probably due to
the fact that concentration of glycerol becomes higher
in the small aqueous portion and it is rapidly
consumed there. Thus, water content in the im-
mobilized enzyme particles plays an important role
in the reaction scheme. As a modification of this
procedure Yokozeki er al.Y” used a polypropylene
glycol-based prepolymer® to entrap the celite-bound
lipase.  Reaction  behavior of immobilized
thermolysin™”-©% and chymotrypsin®-"* was studied
in relation to the influence of organic solvents.
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As an alternative approach to reactions in the
organic phase, solid enzyme powder can be suspended
in the organic phase.” Harano ez al."" % studied the
reaction behavior of solid thermolysin to produce
aspartame precursor.

Two-phase systems can be applied to enzyme
reactions in which an organic phase takes part. Use of
reversed micelles has recently been investigated
intenSiVCly.BS'Hs’LZl'M7’M8’M13'S16'SZ6) ThIS method
may be considered a variation of immobilization,
since enzymes are confined in the reversed micelles in
the organic phase. Aerosol OT®, (AOT®), i.e. bis(2-
ethylhexyl) sodium sulfosuccinate is the most popular
surfactant used to immobilize positively charged
enzymes (at a pH lower than the isoelectric point).
Cetyltrimethylammonium bromide (CTAB) or
trioctylmethylammonium chloride (TOMAC) are
mostly used for the pH range of the opposite charge.
Vesicles using phospholipids may also be used to
immobilize hydrophobic membrane-bound en-
zymes.St:52:53)

Membrane bioreactors are also applied to enzyme
reactions using organic phase. They will be discussed
in a later section. Polyethylene glycol-modified
enzymes were found to be soluble and active in
organic phase.”™ ™ They are not among the
immobilized enzymes, and are outside the scope of
this review.

2.3 Reaction analysis

The effectiveness factor of immobilized enzymes
has been studied by many researchers. The
fundamental approach was based upon Bischoff’s
analysis.’® His results can be applied to the
calculation of the effectiveness factor for various
reaction types, especially for the case of flat
immobilized enzymes. For shapes other than flat
board, Aris*!® presented convenient general variables
to reach good estimations.

Kobayashi and coworkers®?3-M8) extended the
above approach to various types of enzyme kinetics
and presented a simple approximation method*** to
obtain the effectiveness factor for Michaelis-Menten
type reactions. This relation has widely been used in
the field of biochemical engineering. Gondo et al.,%
Yamane et al.¥?*¥» and Toda et al.™% T4 also gave
useful relations including the film mass transfer effect.
Do et aqf ©%D5-H22.H24) gpydied the distribution of
enzymes inside the carrier when enzymes were
diffused from outside the carrier. The distribution
certainly affects the reaction behavior.

It is well known that immobilization increases the
stability of enzymes. One of the reasons is a more

stable structure due to physical and chemical
interactions with the carrier structure. The
intraparticle diffusion resistance sometimes enhances
the stability in the case of possible deactivation by
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substrate, etc. Apparent rate of deactivation is lower
than that of native enzymes because of the diffusional
resistance.®? Effective use of inner-bound enzymes
increases with the progress of deactivation.
Klibanovk'® presented a good review of this topic.
Kobayashi,*?®’ Lee and Reilly,*® and Chung and
Chang®'? studied this behavior further. Furusaki and
coworkers™*~F1© studied the cascade operation of
deactivating enzymes. This study is applicable not
only to packed-bed or membrane bioreactors; the
principle can also be extended to the circulatory use of
a set of several reactors.”’ An industrial application
of this method has been realized.”® According to the
model calculation three or four cascade stages will be
sufficient.

When the temperature can be raised above the
normal level, the optimal temperature policy™ > can
be applied.

Organic supports of immobilized biocatalysts often
suffer from bed compaction. This compaction causes
reduction in surface area of the support carriers and
thus decreases the effectiveness factor of the
biocatalyst.F18:56-57-U) To  avoid compaction, a
baffled packed bed™ was proposed and resulted in
success. Nakamura er al.™ proposed a rigid shell
surrounding soft carriers. Inorganic supports such as
porous glass are resistant to this phenomenon.
Kusunoki and coworkers studied the use of ceramic
honeycomb carriers.5??

Kerneves et al.%X'® studied multiple steady states
and oscillation in immobilized enzyme systems. This
is another important problem to be solved by
chemical engineers.

3. Immobilized Microorganisms

Immobilized microorganisms can be classified into
two categories, i.e. immobilized dead cells and
immobilized living cells. The latter is subdivided into
immobilized resting cells and immobilized growing
cells. Immobilized dead cells use enzymes exuded
from cell debris and retained inside carriers. They
behave similarly to immobilized enzymes although
cellular membranes may cause complications in
transport phenomena. Immobilized resting cells are
cells characterized by homogeneous distribution
inside the particles. This will happen where cells do
not grow after immobilization. If the cells grow, the
cell-density distribution is not homogeneous. Usually
the cell-density becomes large near the surface. This is
the case for immobilized growing cells. The cell
growth must be regulated in this case so that the
grown cells do not leak into the solution.

General reviews® on immobilized microorganisms
have been published by many authors. Applications
of immobilized microorganisms were given by
Corcoran.“?® Karel et al®® presented an extensive
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Table 3. Engineering problems of immobilized microorganisms

Item Detail

Literature

Application General

Antibiotics, peptides, proteins, amino acids, etc.

Immobilization methods

Apparatus Compaction
Fluidized bed
Spouted bed

Transport phenomena Diffusion

O, Transport
Effectiveness factor, modelling
Dynamics, stability, oscillation

Measurement of immobilized systems
Immobilization of microorganism with recombi-

Genetic engineering
nant DNA

General

Immobilized yeast

Ethanol production

Immobilized Zymomonas
Flocculant yeast
Extractive fermentation
Apparatus

C23, K9, T6

El, HI19, J2, KS, K12, K21, N2, W1
A9, C4, El, E2, F4, G1, J2, K6, K12, M6, M21,
N2, 02, O3, TIS5, V5, W4, Y5

F7, F8

A4, F1, H12, M17, T9

w4

Hé6, H13, R1, R2, T8

Al, A3, H14, T13, W1l

B13, Cl11, F19, K17, K18, S13

B2, D8, T3

L19, Wil

Cl12, D1, G4, HS, M20

B11, N3, N10, S8, Y1

C22, D9, G3, G6, G7, G8, H2, HIS, H16, M2,
RY, T18, V3

K15, L20, M5, M12

N8, P9

C24, K25

C18, F13, H4, H12, NI, S19

review including engineering problems such as mass
transfer, kinetics and reactor design. Regarding the
influence of diffusional resistance, Radovich®!-R?
presented precise reviews including the determi-
nation of mass transfer resistances and a discussion
of reactor design. Engineering problems concerning
immobilized microorganisms are listed in Table 3.
3.1 Application of immobilized microorganisms
After the success in 1969 of Tanabe Seiyaku Co.’s
immobilized enzyme process, the application of
immobilized microorganisms was investigated by
many institutions. Immobilized Escherichia coli for
production of L-aspartic acid, immobilized Brevi-
bacterium ammoniagenes for L-malic acid and im-
mobilized Pseudomonas docunhae for L-alanine have
been successfully applied industrially. These are im-
mobilized dead cells using enzymes that leak from
cell debris. Fukui and coworkers™ 02:93.Y5) yged
prepolymers as a starting material of cell-entrapment
and carried out research into steroid transformation
by immobilized-cell enzymes. The reaction was
carried out in organic solvents and proceeded
similarly to that in aqueous phase. The choice of an
organic solvent was important and interesting
discussions®'2:11-12) were presented with regard to
catalyzed reactions by immobilized-cell enzymes in
organic phase. Recently, immobilized Corynebacte-
rium was used for production of acrylamide from
acrylonitrile by Nitto Chemical Industries Co.N
This is the first process to produce a commodity
chemical using an immobilized biocatalyst. Immo-
bilized yeast was studied for production of ethanol
in a pilot plant,N'® and the process is said to be
commercially feasible.™*-5®) These latter cases are ex-
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amples of the use of immobilized living cells.

Generally, products of microbial fermentation, e.g.
amino acids, organic acids, peptides, saccharides,
steroids and antibiotics, can be obtained by using
immobilized microbes. However, immobilized aer-
obes have not been applied although many studies
have been carried out. This is probably due to the
inhibiting effect of mass transfer resistance on the
oxygen demand. Also, aerobe cells leaked from
carriers contribute to a large extent, and the role of
immobilized microorganisms is becoming smaller as
time goes on. If the application of immobilized
aerobes becomes possible, the use of immobilized
microorganisms will become much greater. However,
this seems difficult for the reasons mentioned above.

The application of immobilized microorganisms is
competitive with the use of flocculant microorganisms
and of membrane reactors. The latter two methods
can provide a dense cell suspension in the fer-
mentation medium, so the reaction rate based upon
unit reactor volume can become as high as that using
immobilized cells. Adaptation to the concentrating
processes depends on the character of the micro-
organisms. It is thus necessary to evaluate careful-
ly which process is most appropriate on a case-by-
case basis.

Immobilized microorganisms have the following
merits: (1) The reaction rate is high because of high
cell density. Therefore, the reactor volume becomes
smaller. (2) The separation of cells from fermentation
media is easy. (3) Innoculation and batchwise
cultivation of microorganisms are not necessary.
However, the stabilization effect observed in the case
of immobilized enzymes is not always possible.
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Therefore, other methods having the merits described
above could possibly take the place of immobilized
microorganisms.

3.2 Developments in immobilization of microorga-
nisms

Microorganisms are mostly immobilized by an
entrapment method. Details of the method have been
described in many reviews and will not be discussed
here. Co-immobilization of two microorganisms is
possible if the optimum temperature and pH are
common. Tanaka et al.’” co-immobilized Aspergillus
awamori and Zymomonas mobilis to produce ethanol
from starch. With the laspe of fermentation Z. mobilis
became rich near the center of the carriers and A4.
awamori became rich near the surface due to oxygen
transfer resistance. Chlorella and Gluconobacter were
co-immobilized similarly by Adlercreutz et al.A?
Substrate and micoorganisms are co-immobilized
when the solubility of the substrate in aqueous
medium is very low. Kaul et alX® co-immobilized
steroids with Arthrobacter simplex in Ca-alginate gel.
This method may be applied to bioconversion of
materials which normally dissolve in an organic
phase. Enzymes and microorganisms can also be co-
immobilized. For example, p-galactosidase and
-Saccharomyces cerevisiae were coimmobilized to
produce ethanol.H?

Fungi immobilization was also investigated using
Ca-alginate and x-carageenan gels.BSM5110) Ty
mobilization of fungi gives different aspects from
that of microbial cells. Gbewonyo and Wang,SV
Jones et al." and Kim et al.X'? used celite carrier to
culture Penicillium chrysogenum in a liquid fluidized
bed. Celite was used as a carrier of Streptomyces sp.**
as well. The small pore of celite was said to provide a
good environment for fungi to grow in, and the
immobilized fungus was easy to handle in three-phase
fluidized beds. Endo et al.F?) used foamed poly-
urethane sponge as a carrier. By applying the car-
rier the fungus does not form a pellet or pulpy vis-
cous solution. It forms a biofilm near the surface
and mass transfer resistance decreases. The pro-
duction rate of penicillin increased to a much high-
er level than that by natural cultivation. Aspergil-
lus niger was immobilized by polyacrylamide™®
or Ca-alginate™> gels, as well. Electrostatic effects
on adhesion of microorganisms to carriers are dis-
cussed by Mozes et al M2V
3.3 Apparatus

Apparatus for immobilized microorganisms is
generally the same as the chemical reactors used for
liquid-phase catalytic reactions. Fixed and fluidized
beds are common. Stirred tanks, trickle beds, bubble
columns and rotary discs are often utilized. Reactors
for ethanol production require CO, removal and plug
flow behavior to avoid product inhibition. Three-
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stage conical fluidized beds,''? tapered packed

beds,™ horizontal cross-flow reactors®'® 5% and
rotary column reactors® 2 ¥3) have been proposed for
this purpose.

As an example of a different type of reactor, a
spouted bed using compressed air was presented by
Webb et al. ¥ for production of cellulase. Gas-phase
fluidized beds are applied to some reactions.A* 1%
3.4 Mass transfer

Intraparticle diffusion effects on the reactivity of
immobilized microorganisms have been investigated
similarly to the case of immobilized enzymes. The
principal difference is the existence of cells in the
biocatalyst domaim. When the substrate reaches the
surface of cells, bioconversion is initiated. Thus, the
substrate has to migrate through the space between
the cells in order to react. This situation resembles
diffusion through solid catalyst particles. Klein et
al K1e-K17 presented the concept that the effective
diffusivity, D,, depends on the cell concentration in
the gel, i.e. the diffusivity decreased with increasing
cell concentration. Furusaki et a/.F'®) formulated this
property using the random pore theory of Wakao and
Smith.%? Thus, D, is related to the diffusivity in the
gel, D,

£ =g2 1)

where ¢, 1s the volume fraction of gel occupied by
cells. If the specific volume of cells, v, and the cell
concentration c, is used, the following equation holds
using a consistent unit system.

D
D

©=(1-v.c) 2)
g

The value of D, was independent of Ca-alginate gel
concentration within the range of the experimental
condition (Ca-alginate conc. <5%). It is in general
60-809, of the diffusivity in water. Equation (2) was
used in the analysis of immobilized resting S.
cerevisiae™® and Z. mobilis® and immobilized
growing S. cerevisiae. 5!

4. Immobilized Mammalian Cells

Mammalian cells are used to produce interferons,
interleukins, vaccines, antibodies and a tissue-type
plasminogen activator (TPA). There are many
prospective possibilities of producing hormones, e.g.
human growth hormone and kallikrein, and blood
ingredients, e.g. factors VIII, IX, and protein C.
Arathoon and Birch®® clarified problems related to
the industrialization of large-cell culture systems.

Immobilization of mammalian cells is useful when
they require solid surface to grow on and/or to
protect them from shear stress. For the former
requirement, microcarriers are used. Microcarrier for
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cell cultivation was proposed also to increase the
surface area on which cells grow.Y? By using a
microcarrier, e.g. DEAE-dextran, cells grow on the
surface of the carrier in a monolayer. Operation is
normally batchwise because fine carriers are used.
Research has been carried out on this process,?* 5
and it was industrialized successfully by Toray
Industries, Ltd.*"%Y® Ceramic support™ for
hybridoma cells was also tried for production of
monoclonal antibodies. Matrix perfusion in micro-
carrier beds was another approach.5*”)

Gel entrapment was tried as a means of overcoming
shear stress. Although normal mammalian cells can
grow only on a solid surface, hybridoma cells can
grow in culture medium in suspension. In this case,
entrapment by alginate gels can be applied to obtain
immobilized mammalian cells.5?!’ Normal adhesive
cells are found to be entrapped by alginate gels®*® as
well. When a large-scale fermentor is used for cell
culture, the problem of shear stress becomes im-
portant since the turbulence effect becomes larger
upon reactor scale-up. Turbulent viscosity, which is
the proportional factor of the Reynolds stress against
the mean velocity gradient, is proportional to 1.5-1.7
power of the column diameter for bubble col-
umns.MM’Uz)

The effect of shear stress on the cells was studied in
relation to the laminar velocity gradient,5?%
measuring the extent of lactate dehydrogenase
leakage from the cells. Cells suffer normally from
shear stress in the turbulent region, so this result is not
directly related to the real case. Nevertheless, it gives
useful information as to fundamental results of the
physical strength of cells. To prevent damage to
microcarrier-anchored cells due to shear stress,
Kariya and Tozaki* proposed a novel rotary
reactor.

Membrane reactors to entrap mammalian cells
have also been studied.*®¥'*) Microcapsules were
used to entrap the cells, as well.95-/1-H11)

The problem associated with the entrapment of
mammalian cells is transfer of substrates, products
and oxygen. Sensitivity to the mass transfer limitation
differs according to species. Thus, once again the
applicability must be judged on a case-by-case basis.

5. Immobilized Plant Cells

Plant cells produce biologically active products
that microorganisms cannot produce. This is why
plant cells play an important role in biotechnology.
Some of the useful products of plant cells are given
in Table 4. Immobilization of plant cells was first in-
vestigated by Brodelius ez al.B'® Many reviews of re-
search on immobilized plant cells have been pub-
lished B4 B15. F21.P7.RS.R8.514.Y8) Nost are concerned

with application of plant cells; the chemical engineer-
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Table 4. Examples of products of plant cells anticipated in
biotechnology

Plant Product

Catharanthus roseus Ajmalicin, vinblastine,

serpentine
Papaver somniferum Codeine
Nicotiana rustica Nicotine

Digoxin, digitoxin
Anthocyanin, periprogenin,
5-hydroxydigitoxigenin

Digitalis lanata
Daucus carota

Morinda citrifolia Anthraquinone
Nicotiana tabacum Ubiguinone, nicotine
Coptis japonica Berberin

Lavendula vera Biotin, L-cysteine
Dioscorea deltoides Diosginin

Beta vulgaris Betacyanin

Coffea arabica Caffeine

Panax ginseng Saponins
Lithospermum erythrorhizon Shikonin

ing approach has not yet been sufficiently considered.

Immobilization of plant cells has advantages
similar to immobilization of microorganisms, such as
ease of continuous operation, high resistance to
contamination and to shear stress, and ease of
separation of biocatalysts. In addition to these
advantages, immobilized plant cells often produce
more secondary metabolic products than do native
cells. This may be caused by physical stressest™ due to
immobilization exerted on the cells.*'""F29 The
increase in productivity should be weighed against the
demerits such as mass transfer limitation.

Studies of mass transfer concerning immobilized
plant cells are few. Furuya et al.F?? presented the
effect of aeration on immobilized Papaver somni-
Sferum. The cell required vigorous aeration in order
to maintain its activity. Later intraparticle oxygen
transfer was found to limit viability of immobiliz-
ed P. somniferum, from a reaction engineering
analysis.”” That is, oxygen concentration becomes
low in the central region of the particles.M'" The in-
fluence of nutrient limitation of immoblilized Cap-
sicum frutescens was physiologically studied."'? The
diffusivity of glucose in callus tissue was measured
by Mavituna et al M

The immobilization of photosynthetic algae was
studied to learn the immobilization effect on
photosynthetic activity.3-*%- W) This approach,
considering its stability, is more practical than im-
mobilizing chloroplasts. Immobilization of proto-
plasts©-117:51%) i5 3 prospective way to remove mass
transfer resistance by cell walls. Co-immobiliza-
tion of plant cells and microorganisms was studied
by Adlercreutz er al.** By their system oxygen
was supplied by Chlorella pyrenoidosa and consum-
ed by Gluconobacter oxydns. Balance of oxygen sup-
ply is subtly achieved. Light supply is an important
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problem of reactors with immobilized biocatalysts
demanding light intensity. A novel method of im-
mobilization using polyurethane foam particles was
proposed.t!3:R6)

Reactors using immobilized plant cells have not
been investigated sufficiently and will be a future topic
of research. Most of the reaction studies were carried
out in mixing vessels or bubble columns. An airlift
loop reactor was propesed by Verlaan er al.V¥
Membrance reactors for plant cells have been
investigated by Shuler ez al.5*

In summary, plant cell immobilization is in the
earlier stage of research and further work is necessary
on stability, mass transfer, and the change of pro-
ductivity of secondary metabolites due to immo-
bilization.

6. Membrane Immobilization

Immobilization using membranes, by means of
membrane bioreactors, has been investigated ex-
tensively for enzymes, microorganisms, mammalian
and plant cells. Various methods of membrane
application are possible, such as the hollow-fiber
reactor® X7 %" and use of membrane modules
attached to fermentors. The latter is used for handling
viable cells because aeration or gas removal is
possible. Methods of application of solid membranes
can be classified as follows™? (Fig. 1): (a) filtering
bioproducts by membrane out of reactors, (b) per-
meating substrates and products to and from a
biocatalyst-containing compartment separated by
membrane, (c) use of biocatalysts immobilized in the
form of membranes, (d) use of biocatalyst-containing
membranes simultaneously permeating reactants and
products, and (e) use of multilayer membranes
composed of a biocatalyst layer and a separation
layer to carry out simultaneous reaction and
permeation. There are many reviews of membrane
bioreactors.®® 62T} Recent topics are discussed
extensively by Chang.

A characteristic feature using membranes is the
ease of immobilizing biocatalysts. Due to this merit
membrane reactors are used for coenzyme-dependent
systems™M!S-M16.511) and multienzyme sys-
tems.H20:524. W3 Dypnamic membrane bioreactors,
where enzyme gel accumulates on the surface of UF
membranes, are a recent subject in this field.¢1%- N P19
This method can be applied to separation of optical
isomers."®

Membranes can also be used to retain immobilized
microorganisms, and mammalian and plant cells.
Fermentation by high cell density is possible by this
method. In that case, however, adhesion of cells to the
surface of membranes can be a crucial problem. The
pressure-swing reactorf!+F17-KILPL) jg effective in
preventing fouling of membranes caused by cell
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Fig. 1. Typical membrane reactors

F=feed; P=product. Points denote biocatalysts. (a) fil-
tration type; (b) solid membrane biocatalyst; (c) pressure
swing type; (d) simultaneous reaction and permeation; (e)
use of multilayer membrane.

adhesion.

Several bioreactions are preferable in the organic
phase, as stated in the previous section. Membrane
reactors can contribute to this field as well. Yamane e?
al. studied reactions of lipids using lipase by
membrane reactors,H17-H18.Y4)

Liquid membranes, especially W/O/W surfactant
membranes, are also used to immobilize enzymes.*2%)
In this case immobilization of biocatalysts and
selective migration of substances are realized
simultaneously. Schepper et al.>® investigated this
process using the hydrolysis of L-phenylalanine
methyl ester by a-chymotrypsin. Separation of DL-
isomers was possible by using this reaction. A liquid
anion exchanger was used to migrate the L-
phenylalanine produced and to control pH in the
inner aqueous phase. Immobilization of coenzymes is
also possible by liquid membrane since the solubility
of coenzymes in the organic phase is very small.
Coenzyme uridine diphosphoglucoronate (UDPGA)
was immobilized together with UDP-glucoronyl-
transferase to remove phenol from serum.” V® As
another example of a coenzyme, a liquid membrane
system using leucine dehydrogenase and formate
dehydrogenase (FDH) together with NAD was
investigated .MV

Immobilization of enzymes by reversed micelles or
by vesicles may be considered as a form of
immobilization by liquid membranes. This was dis-
cussed above in the section of immobilized enzymes.

Conclusion/Future View

Immobilized biocatalysts have the following
advantages: (a) ease of developing continuous
processes, (b) high stability and resistance against
shear stress and contamination, (c) fast reaction rate
due to high catalyst concentration, (d) easy separation
of biocatalysts from fermentation medium, and (e)
repetitive use of biocatalysts. Of course, there are
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demerits such as the existence of mass transfer
resistances, the necessity of immobilization processes
and the additional cost of immobilizing reagents.
Selectivity may be varied by the mass-transfer effect.
Because of the above merits, however, investigation
of immobilized biocatalysts has been carried out
extensively in various fields. Although practical
industrialization is limited at the moment compared
with the extent of research, steady growth of use of
this method seems likely.

Recent development of DNA recombination might
induce the next important topics in this field. A
number of recombinant cells have been developed,
and they will come to be involved in the object of
immobilization. As a result, such problems as those
concerning stability of recombinant genes or
optimization during the course of gene amplification
will be investigated with respect to physiological
shock caused by immobilization.

Another future aspect is the use of biomimetic
catalysts, e.g. artificial enzymes. They are regarded as
being stable and highly selective. The properties of
immobilized biomimetic catalysts will become one of
the main topics in the field of bioprocess engineering
in the near future.
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