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Immobilization of microbial cells in biological pro-
cesses can occur either as a natural phenomenon or
through artificial process. While the attached cells in
natural habitat exhibit significant growth, the
artificially immobilized cells are allowed restricted
erowth. Since the time first reports of successful
application of immobilized cells in industrial appli-
cations, several research groups worldover have
attempted whole-cell immobilization as a viable alter-
native to conventional microbial fermentations.
Various immobilization protocols and numerous
carrier materials were tried. The cell immobilization
process has also triggered our interest In bioreactor
design. Using immobilized cells, different bioreactor
configurations were reported with variable success.
The study on the physiology of immobilized cells and
development of noninvasive measuring techniques
have remarkably improved our understanding on
microbial metabolism under immobilized state.

THE industrial biotechnology processes using micro-
organisms are generally based on the exploitation of the
cells in the fermentation medium during the process. The
classical fermentations suffer from various constrains
such as low cell density, nutritional [imitations, and batch-
mode operations with high down times. It has been well
recognized that the microbial cell density is of prime
importance to attain higher volumetric productivities. The
continuous fermentations with free-cells and cell recycle
options aim to enhance the cell population inside the
fermenter. However, the free-cell systems cannot operate
under chemostatic mode that decouples specific growth
rate and dilution rates. During the last 20-25 years, the
cell immobilization technology, with its origins in enzyme
immobilization, has attracted the attention of several
research groups. This novel process eliminates most of the
constrains faced with the free-cell systems. The remar-
kable advantage of this new system 1s the freedom 1t has
to determine the cell density prior to fermentation. It also
facilitates operation of microbial fermentation on conti-
nuous mode without cell washout. The whole-cell
immobilization process decouples microbial growth from
cellular synthesis of favoured compounds. Since the early
70s, when Chibata’s group announced successful operation
of continuous fermentation of L-aspartic acid, numerous
research groups have attempted various microbial fer-

*For correspondence, (e-inail: sveamakrishna @iict.ap.nic.in)

CURRENT SCIENCE, VOL. 77, NO. 1, 10 JULY 1999

mentations with immobilized cells. During these years,
over 2500 research papers on various aspects of whole-
cell immobilization have been published. Several compre-
hensive reviews' as well as specialized reviews*’ have
been published on some important aspects of this field.
There are also specialized monograms’, and conference
proceedings’ pertaining to cell immobilization techno-
logy, which have excited microbiologists and bio-
engineers. |

We have presented an overview of this field. It is
extremely difficult to include all the aspects of cell
immobilization technology and cover every report.
Though physiology of immobilized cells is an important
branch of this technology, it 1s omitted in the present
article due to paucity of space.

Rationale for whole-cell immobilization

Many processes have been practised traditionally,
embodying the basic principle of microbial conversions
offered by cells bound to surfaces. Waste treatment in
trickling filters and ethanol oxidation to produce vinegar
are but a few examples of such processes. Immobilization
of cells 1s the attachment of cells or their inclusion in
distinct solid phase that permits exchange of substrates,
products, inhibitors, etc., but at the same time separates
the catalytic cell biomass from the bulk phase containing
substrates and products. Therefore it is expected that the
microenvironment surrounding the immobilized cells i1s
not necessarily the same experienced by their free-cell
counterparts.

Immobilization commonly is accomplished using a high
molecular hydrophilic polymeric gel such as alginate,
carrageenan, agarose, etc. In these cases, the cells are
immobilized by entrapment in the pertinent gel by a drop-
forming procedure. When traditional fermentations are
compared with the microbial conversions using immobi-
lized cells, the productivity obtained in the latter is
considerably higher, obviously partly due to high cell
density and immobilization-induced cellular or genetic
maodifications. Nevertheless, a few critical parameters
such as the cost of immobilization, mass transport limi-
tations, applicability to a specific end-product, etc, are to
be carefully examined before choosing any particular
methodology,

The use of immobilized whole microbial cells and/or
organelles eliminates the often tedious, time consuming,
and expensive steps involved in tsolation and purnification
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of intracellular enzymes. It also tends to enhance the
stability of the enzyme by retaining its natural catalytic
surroundings during immobilization and subsequent conti-
nuous operation. The ease of conversion of batch pro-
cesses tnto a continuous mode and maintenance of high
cell density without washout conditions even at very high
dilution rates, are few of the many advantages of immobi-
hized cell systems. The metabolically active cell
immobilization is particularly preferred where co-factors
are necessary for the catalytic reactions. Since co-factor
regeneration machinery is an integral function of the cell,
its external supply is uneconomical. There is considerable
evidence to indicate that the bound-cell systems are far
more tolerant to perturbations in the reaction environment
and similarly less susceptible to toxic substances present
in the liquid medium. The recent reports on higher
retention of plasmid-bearing cells have further extended
the scope of whole-cell immobilization to recombinant
product formation. Another important advantage of
immobilization, particularly in the case of plant cells, is
the stimulation of secondary metabolite formation and
elevated excretion of intracellular metabolites.

Immobilization methods

Many methods namely adsorption, covalent bonding,
crosshinking, entrapment, and encapsulation are widely
used for immobilization. These categories are commonly
used in immobilized enzyme technology. However, due to
the completely different size and environmental para-
meters of the cells, the relative importance of these
methods is considerably different. The criteria imposed
for cell immobilization technique usually determine the
nature of the application.

Adsorption

This was apparently the first example of cell
immobilization. Hattori and Furusaka'™'' reported the
binding of Escherichia coli cells on to an ion exchange
resin. Subsequently, a variety of microbial cells were
immobilized by adsorption on different supports like
kieseleguhr, wood, glass ceramic, plastic materials, etc.
Klein and Ziehr’ have reviewed the immobilization of
microbial cells by adsorption. Since the adsorption
phenomenon is based on electrostatic interactions (van
der Walls forces) between the charged support and
microbial cell, the actual zeta potential on both of them
plays a significant role 1in cell-support 1nteractions.
Unfortunately, the actual charge on support surfaces 1s
still unknown and this limits the proper choice for
microbial attachment. Along with charge on the cell
surface, the composition of cell wall carrier composition
will also play a predominant role'’, Cells of Saccharo-
myces cerevisiae and Candida utilis contain a-mannans in
the cell wall. The cells of latter have a strong affinity to
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Cancanavalin-A-activated carrier'”. Carrier properties,
other than zeta potential, will also greatly influence cell-
support interaction. All glasses or ceramic supports are
comprised of varying proportions of oxides of alumina,
silica, magnesium, zirconium, etc. which result in bond
formation between the cell and the support. Several
procedures of cell adsorption based on pH dependence are
reported in the literature”,

Covalent bonding

The mechanism involved in this method 1s based on
covalent bond formation between activated inorganic
support and cell in the presence of a binding (cross-
linking) agent. For covalent linking, chemical modifi-
cation of the surface 1s necessary. Cells of S. cerevisiae
were immobilized by coupling silinized silica beads'.
The reaction requires introduction of reactive organic
group on inorganic silica surface for the reaction between
the activated support material and yeast cells. c-amino
propyl triethoxy silane 1s generally used as the coupling
agent. This inorganic functional group condenses with
hydroxyl group on silica surface. As a result, the organic
group is available for covalent bond formation on the
surtface of silica. Covalent bonding can also be achieved
by treating the silica surface with glutaraldehyde and
1socyanate. A system of more general interest has been
developed by Kennedy and Cabral'®, using inorganic
carrier system. The addition of Ti** or Zr** chloride salts
to water results in pH-dependent formation of gelatinous
polymeric metal hydroxide precipitates wherein the
metals are bridged by hydroxyl or oxide groups. By
conducting such a precipitation in a suspension of
microbial cells, the cells have been entrapped in the gel-
like precipitate formed. In continuous operation, titanium

hydroxide-immobilized cells of Acetobacter were employed
to convert alcohol to acetic acid.

Cross linking

Microbial cells can be immobilized by cross-linking each
other with bi- or multifunctional reagents such as
glutaraldehyde'®, toluenediisocyanate'’. The toxicity of
the chemicals used for cross-linking obviously imposes
limitations for the general applicability of these
procedures. Apart from chemical cross-linking, pro-
cedures employing physical processes, such as
flocculation'® and pelletization'”, also benefit the
immobilization techniques because of strong mutual
adherence forces of some microbial cell cultures.

Entrapment

The most extensively studied method in cell immo-
bilization is the entrapment of microbial cells in polymer
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matrices. The matrices used are agar, alginate, carra-
geenan, cellulose and its derivatives, collagen, gelatin,
epoxy resin, photo cross-linkable resins, polyacrylamide,
polyester, polystyrene and polyurethane. Among the
above matrices, polyacrylamide has been widely used by
several workers. This gel was first used for immobi-
lization of enzymes®. Later this technique was suc-
cessfully applied to immobilization of lichen cells?'. As a
rule, the entrapment methods are based on the inclusion of
cells within a rigid network to prevent the cells from
diffusing 1nto surrounding medium while still allowing
penetration of substrate. The precise mode of entrapment
of cells in polyacrylamide is critical for satisfactory
retention of activity. The factors affecting the gel
preparation are the content of acrylamide, the ratio of
cells to acrylamide, and the size of the gel particles.
While the former two influence the hardness of the
resulting gel and the pore size of the microlattice in which
the cells are entrapped, the third factor determines the
activity, stability, and the pressure drop when packed in a
reactor. The other procedures for network formation for cell
entrapment are precipitation, ion exchange gelation, and
polymerization. The precipitation techniques are exemplified
by collagen®, cellulose and carrageenan®. By changing a
parameter such as temperature, salinity, pH, etc. polymer
precipitate can be prepared from a homogeneous solution of
linear chain polymers. The networks are primarily formed by
precipitation with salt solutions, ones that are constituted by
secondary valency forces ranging from dispersion to
hydrogen bonding. Network formation procedures where the
cross-linking 1s established by ionic bonds between linear
polyelectrolytes and multivalent cations have been
extensively tried. Entrapment of cells in alginate gel is
popular because of the requirement for mild conditions and
the simplicity of the used procedure. Several reports are
available employing alginate gel®,

K-carrageenan 1S one of the earliest gel matenals used
for cell immobilization for continuous production of L-
lactic acid by Escherichia coli>. The immobilization
procedure is similar to alginate, and several other groups
have used this polysaccharide as a preferred gel matrix
either alone or in combination with other gums because of
the mild conditions required and good gel stability. Using
k-carrageenan, Takata er al.”® reported that the immobi-
lized Brevibacterium flavum attained high stability against
several denaturing chemicals. The rate of cell leakage
could be lowered by hardening the gel with potassium
cations, Similarly several other natural polymers such as
agar, agarose, pectin and gelatin were also employed for
cell immobilization. Casteillo eral.®*’ employed gel as a
carrier material for the immobilization of Kluyveromyces
fragilis for B-galactadase activity and E. coli for penicillin
acylase. The authors produced fibres instead of beads by
direct extrusion in cold water. The fibres were further

strengthened by treatment with 1.25% glutaraldehyde
solution for 45 min.
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The reversible network formed was affected by certain
calcium-chelating agents like phosphates, Mg**, K* and
EDTA and the gel integrity was poor. In ethanol
fermentation, where large quantities of CO, are produced,
the gel spheres disintegrate due to CO, pressure in the
bed. Many variations in the immobilization procedure
were tried. Chotani et al.”® reported that incorporation of
micron-sized silica in the bead improved the mechanical
strength and internal space adhesion.

Available reports on entrapment by polycondensation
reactions, indicate that condensation of epoxide with
polyfunctional amines can well be adopted to prevailing
physiological conditions™. Gel particles of high strength,
elasticity, porosity, and high cell content can be prepared
by the above procedure. The network is irreversibly
formed and inert. Lorenz et al’® . tried a new
rmmobilization procedure using polyurethane ionomers.
By coagulation with a salt solution, the mixture of cells
and dispersion of amphiphillic polyurethane ionomers
from hydrogel under the entrapment of the biocatalyst.

Some research groups in Japan have developed a novel
immobilization procedure involving photo cross linkage
resins’~°. Nojima®® has reported glycolic cross linking
with polyethylene. A prominent feature of such resins is
that not only cells but also enzymes can readily be
immobilized in their three-dimensional matrix, the size of
which can be changed freely by adjusting the degree of
polymerization of the polyethylene glycol molecules
located between the two 1sophorone isocyanate molecules.
Immobilized cells are produced by irradiating a mixture
of such cells and the resin, using 300400 nm wavelength
from a lowpressure mercury lamp. By this method

immobilized cell sheets of 50 cm width are prepared
under aseptic conditions.

Modified methods of cell immobilization

Entrapment of microbial cells within the polymeric
matrices 1s preferred by many researchers. Among the
various methods, alginate gels have received maximum
attention. There are several studies on the composition of
alginate and their suitability for cell immobilization™™>,
In the recent years, the diffusional characteristics of the
immobilized system are being studied to enhance our
understanding on the microenvironment prevailing near
the immobilized cells™*™*, to optimize the immobilization
protocols™™*!, and to improve the stability of the gel beads
by modifying the protocols. According to Vorlop et al®,
drying of immobilized cell sphere greatly increases the
compresston stress. In certain cases the beads are
hardened by glutaraldehyde treatment®®*’, Coating of
immobilized biocatalyst gel particle with catalyst-free
polymer 1s expected to be effective to enhance the
stability., This could either be carried out by single-step
gelation of the double-layered droplet using twin-nozzle,
or by two-step procedure, Yamagiwa et al.*® tried the two-
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stcp preparation procedure by recoating the calcium
alginate cell beads by plain alginate as a double layer to
enhance the gel stability"’. Ruggeri et al.”’ have attempted
polyacrylamide coating over the alginate cell beads to
enhance the structural stability. It was observed that
Eudragit RL 100 (a copolymer of acrylic resin) coating of
cell entrapped in alginate beads resulted 1n 15% higher
diffusion of substrate, and the leakage of celis was
considerably reduced. Recently, it has been reported that
Ca-pectate gel could be a better alternative to Ca-alginate.
Gameiner ef al.’>'>* carried out a comparative evaluation
of both the gels and observed that pectate gel is less
sensitive to chelating anions and chemical agents, and
hence the mechanical stability improved considerably™.
The use of polyvinylalcohol (PVA) as a gel matrix has
received attention in the recent past, Reports are avatlable
on the immobilization of various microbial cells in PVA
either by freezing and thawing technique or gelling 1n
saturated boric acid™.

Incorporation of additional component into the gel
matrix to improve the mechanical strength has been tried.
Several components such as silica®, sand, alumina, and
various gums are generally used. In addition, the gel
particles are further strengthened by treating with various
cross-linking agents, such as glutaraldehyde. Recently,
Chu et al’® reported the polyelectrolyte complex gel
prepared from xanthan and chitosan for immobilization of
Corynebacterium glutamicum having fumarase activity.
By mixing two opposite-charged electrolytes, a complex
resulted due to electrostatic interactions. Generally, these
complexes were obtained as precipitates, but Sakiyama
etal’” and Chu eral’® obtained moldable chitosan/
x-carrageenan and xanthan/chitosan complex gels in the
presence of NaCl. It has been observed that the cells
immobilized in these complexes were very stable and
exhibited S5-fold higher activity compared to free-celis.
The pore size was found to be similar to that of
polysaccharide gel. In a similar study, Pandya and Knorr’
used low molecular weight compounds which were
immobilized in complex coacervate capsules consisting of
water-soluble chitosan salts or acid-soluble chitosan
cross-linked with K-carrageenan or alginate. This type of
coacervate capsules could be used for cell immobthization
and simultaneously the presence of chitosan salts in the
capsule will affect permeabilization of the cells. Low
temperature radiation-induced polymerization of glass-
forming monomers were used for cell immobilization®
with considerable success. One of the advantages of
radiation-induced polymerization is that it produces a
macromolecular matrix of a punity that could not be
attained with conventional polymerization. Several
microbial cultures such as Streptomyces haechro-
mc}genesm, yeast cells® and Trichoderma resei®™ were
successfully immobilized in the above wmatrices for
obtaining microbial metabolites. In a recent study, yeast
cells were entrapped in sol-gel layers on glass surfaces
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and used for sucrose degradation. It has been reported that
immobilized yeast cells exhibited high mechanical strength
without affecting the metabolic functions of the cells®.

Antibiotic production by immobilized microbial
cells

Production of antibiotics is one of the key areas in the
field of applied microbiology. The conventional method
of production is in stirred tank batch reactors. Since it is a
nongrowth associated process, it is difficult to produce the
antibiotic in continuous fermentations with free-cells. But
it is a suitable case for cell immobilization, since growth
and metabolic production can be uncoupled without
affecting metabolite yields. Therefore, several attempts
have been made to immobilize various microbial species
on different support matrices for antibiotic production.
The most widely studied system 1s the production of
penicillin G using immobilized cells ot Penicillium
chrysogenum. Gaucher group/entrapped the conidia of the
fungi in x-carrageenan and used for batch and continuous
production of penicillin, and compared it with fungi
adsorbed on celite®™®’. It has been reported that the
adsorption on celite was five times more productive than
entrapment in k-carrageenan. The adsorbed cells exhi-
bited maximum specific reaction rates compared to the
free-cells. This may be due to better oxygen availability to
the cells. In another study, Mahmoud et al.®®** tried
entrapment of P. chrysogenum in calcium alginate and
used in bubble column reactors with limited success.
Ogaki et al.” demonstrated the use of immobilized cells
of Streptomyces rimosus for the continuous production of
oxytetracycline. Among the various methods of immobi-
lization, adsorption on hydrophilic urethane prepolymer
was found to be superior to the other methods. But Fanid
etal’' have attempted entrapment of S. rimosus in
calcium alginate gels and reported good level of antibiotic
production in repeated batch fermentations for a period of
28 days. Literature is also available on the production of
bacitracinn, patulin”"?s, nikkomycinm, neomycinﬂ,
candicidin’®, cephalosporin’ !, erythromycin®’, actino-
mycin D (ref. 83), and cyclosporin®®.

Many of the reports on antibiotic production are con-
fined to shake-flask level, however there are a few reports
on attempts at using different types of bioreactors. Park
etal."! have tried air-lift bioreactor to improve the oxy-
genation of the culture. In an another study it was demonstra-
ted that a three-phase fluidized bed reactor, using immobi-
lized P. urdicae for the production of patulin, could operate
continuously for 360h with 35% higher antibiotic pro-
duction®. Recently, Sarra etal® reported continuous
production of hybrid antibiotic by a transformed strain of
Streptomyces {ividans TK 21 in a three-phase fluidized bed.
Self-tmmobilized cell aggregates were developed and used
continuously n the reactor for a period of 85 days.
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As antibiotic fermentations are not growth associated,
the requirements of nutrients are different from growth
and metabolite synthesis. In principle, proliferation of
immobilized cells is prevented. Hence, it is possible to
use a very dilute medium for the synthesis of the meta-
bolite. The decoupling of growth with the product synthe-
sis can be achieved by manipulating key nutrients for
growth. Reports are available on using glucose-free
medium for oxytetracycline production” and phosphate
lIimitation for hybrid antibiotic production. Such limita-
tions of nutrients were reported to be effective in case of
bacitracin, patulin, cephalosporin C, and cephamycin.

Though entrapment of microbial cells in polymer gels
1s the choice for many, it might not be the best. Since
most of the antibiotic producers are highly aerobic, the
limitation of oxygen supply in gel matrix adversely affect
their performance. The adsorption of the microbial
spectes to a great extent eliminates diffusional problems
and encourages metabolite synthesis. Antibiotics produ-
ced by immobilized microbial cells are given in Table 1.

Organic acids production by immobilized cells

Organic acids are important microbial products used in a
variety of applications such as food and medicines.
Among the various organic acids, citric acid occupies
predominant position as a commercial biochemical.
Aspergillus niger is the widely used microorganism for
the synthesis of citric acid. In conventional practices,
batch fermentation of A. niger is employed. The fungal
fermentations have serious disadvantage of rising
viscosity during growth, leading to poor oxygen supply to
the cells. Therefore, it becomes necessary to aerate the
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cultures with large volumes of sterile air. In case of
immobilized cells, since growth is restricted, it is possible
to operate the fermentor without affecting the viscosity,
thereby facilitating good oxygen transfer rates with
minimal cause. There are several investigations on citric
acid production using immobilized cells of A. niger'®*1%,

The methods most widely used for immobilization of A.
niger cells are the entrapment in alginate gels'®!19
agarose''', and polyacrylamide'®. In addition, adsorption
on various supports, such as polyurethane foam''*'"3, and
entrapment in hollow fibres'® have also been attempted.
Fujii eral."™ tried porous cellulose carrier as support
matrix for A. niger and observed that the immobilized
cells enhanced the productivity substantially. Unlike
conventionally used sucrose as the substrate, Khare
et al.'”’ successfully utilized soy whey as substrate for
citric acid production.

A few reports are available on the use of yeast,
Yarrowia lipolitica, in immobilized phase for the
production of citric acid"'*'"®. Working with this yeast,
Kautola eral'' evaluated several carriers such as
alginate, x-carrageenan, polyurethane gel, nylon web, and
polyurethane foam for active and passive immobilization
of the cells. Amongst these various carriers, entrapped
cells in alginate exhibited highest citric acid productivity,
155 mg/l/h. It has been observed''” that the immobilized
cells of A. niger required a lower initial sucrose con-
centration than the free-cells for maximum productivity.
High sucrose concentrations led to reduced yields and
increased polyol formation.

In a detailed study of immobilized A. niger in alginate,
Omar et al.'"”’ examined the morphological alterations in
immobilized cells, using electron microscope. Similar
studies were also carried out by others''®!'"? All these

Table 1. Antibiotic production by immobilized microbial cells

Antibiotic Microorganism

W“““—_—Mm

Actinomycin D
Bacitracin
Candicidin

Cephalosporins

Streptomyces parvullus
Bacillus sp.
S. griseus

S. clavuligerus

Chlortetracycline
Cyclosporin A

S. uureofacino
Tolypocladium inflatumn

Daunorubicin S. eucelius
Erythromycin S. erythreus
Hybrid antibiotic S, Lividans

6APA Escherichia colf
Mithramycin S. iverini
Neomycin S. fradiue
Nikkomycin S. tendue

Patulin Penicillium urticue

Penicillin G P. chrysogenum

Rifamycin B S. rimosus PI12ER 182.34-2
Thienamycin 3. cattleyu
Tylosin Strepiomyces sp.

Support Reference
Ca-alginate 83, 87
Polyacrylamide 72
K-carrageenan 78
Polyacrylamide hydrazide, 79, 88
cotton cloth
Ca-alginate 89, 90
K-carrageenan 84, 91
Celite
Ca-alginate 92
Alginate 82
Sclf aggregate pellets 86
Ca-alginate 93
Agar 94
Cellulose beads 17
Ca-alginate 76, 95, 96
K-carrageenan 73-78§
Polyacrylamide celire, 6568,
K-Carrageenan 97, 9%
Glass wool %9
Celite 74
Ca-alginate 76

W
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studhes revealed altered cell morphology characterized by
short. stubby, forked and bent mycelia with numerous
swollen spherical vesicles and bulbous hyphae.

The use of immobilized cell technology to improve
lactic acid fermentation processes has been tried by
several research workers'*>"®, Lactobacillus helveticus,
Streptococcus salivarius, L. delbrueckii sub sp. bul-
garicus, L. casei, Rhizopus oryzae, and Pedioccus
halophilus are the important microorganisms used for the
production of lactic acid by immobilized cells. Similar to
other microbial fermentations, entrapment in calcium
alginate or K~carrageenan is the method of immobilization
widely followed. Since many workers have reported
shrinkage and decreased mechanical strength of alginate
beads during lactic acid fermentation, Audet et al.'”
suggested a cell entrapment process using k-carrageenan
and locust bean gum, which significantly modified the
mechanical properties of the gel. Using the above mixed
gel, several studies were carried out with various lactic
acid-producing microorganisms'>>'**, The x-carrageenan
locust-bean-gum-mixed gel matrix showed significant
stability for 3 months in continuous fermentation in a
stirred-tank reactor. In another study, Guogiang er al.'”’
compared the performance of alginate-immobilized L.
casei cells in stirred-tank and packed-bed reactors. The
total productivity of 1.6 g/l/h was achieved in stirred-
tank reactor with total utilization of glucose. A novel
method of extractive fermentation of lactic acid
with immobilized cells has been proposed by few
workers'?"1**!%7 " Since the product inhibition could be
eliminated by adsorption of lactic acid by selective resin,
this method offers higher productivity in bioparticle-
continuous fermentation.

Fungal fermentation for lactic acid production has also
been studied'****°. Using R. oryzae cells, Tamada et al.'**
tried immobilization of the cells with polymer supports
prepared from polyethylene glycol (No 400) and dimethyl-
acrylate as monomers by 7%ray induced polymerization.
The specific rate of lactic acid production from
immobilized cells reached a value of 1.8 times higher than
the free-cells. Kurosawa et al.’® have employed mixed
cultures of A. awamori and Streptococcus lactis in
alginate for the production of L-lactic acid from starch.
They demonstrated that the immobilized mixed cultures
could degrade starch and produce lactic acid with a yield
coefficient of 0.66.

Several groups have investigated the production of
acetic acid by the cells of Acetobactor sp. immobilized in
hollow fibres'*’, ceramic supports”*'*’, and carra-
geenan'*"'**_ Tt has been reported that the addition of a-
alumina (2%) to the aqueous solution of sodium alginate
(4%) for immobilization of viable cells of Acetobacter sp.
allows the production of denser particles than the ones
obtained with sodium alginate alone'”. These particles
allow for greater oxygen transfer resulting in enhanced
volumetric production rate of acetic acid, since oxygen is
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the limiting factor of acetic acid production. Sun and
Furasaki'** attempted a three-phase fluidized-bed bio-
reactor for acetic acid production, using Acetobacter
acetie cells in alginate matrix. A steady state operation for
over 30 days was observed. Sueki et al.'® suggested a
porous ceramic carrier (Aphrocell cartsidge) for cell
immobilization. In continuous fermentation, the produc-
tivity increased to 17.25 g/l/h.

Various acids produced by immoblized cells are listed
in Table 2. Cell-immobilized fermentations for the
production of other acids such as itaconic acid'*®'?’
malic acid'**'*, propionic acid™’, gluconic acid'!,
fumaric acid'®?, gibberelic acid'>, succinic acid'®, and
butyric acid "> have also been reported.

3

Production of enzymes by immobilized cells

Microorganisms are the best sources for the production of
useful enzymes. Cell tmmobilization technology 1s aptly
suited to produce extracellular enzymes. There i1s growing
interest in applying cell immobilization techniques for the
continuous production of enzymes. Among the microbial
enzymes, starch degrading enzymes o-amylase and gluco-
amylase have been studied extensively. Several resear-
chers have attempted the production of ¢-amylase by
immobilized cells'®™'”. Entrapment of cells in poly-
acrylamide, calcium alginate, agar, and several other
polymer supports have been tried. Ramakrishna et al.!”
reported the immobilization of Bacillus cereus in calcium
alginate and employed packed-bed and fluidized-bed
reactors to continuously synthesize thermostable o-
amylase. They spun alginate fibres by pultrusion tech-
nique to reduce the diffussional resistances in the gel
matrix, and thereby a 24-fold increase in the productivity
compared to batch fermentation with free-cells was
attained. In a novel technique, Chevalier and Noue'® tried
co-immobilizing of microalgae Scenedesmus obliquus
along with c«a-amylase-producing B. subtilis strain to
overcome oxygen diffusion problem, resulting in 20%
Increase in enzyme activity. There are also reports on .
production of thermophilic a-amylase from transformed
cells of E. coli'” immobilized in Kk-carrageenan with
supplementation of glycine. Among the various supports
tried, silicone foam was reported to be superior for
entrapment ot the recombinant E. coli EC147 to produce
thermostable o-amylase, resulting in a five-fold increase
in enzyme production'’*,

Similarly, Aspergillus strains have been immobilized
for the production of glucoamylase'™'"®. Emili Abhraham
et al.'”® demonstrated continuous production of gluco-
amylase by immobilizing mycelial fragments of A. niger.
Among the several polymer matrices tried for immobi-
lization, x-carrageenan and alginate were the most
effective. The authors reported the operation of aerated-

packed-bed reactor for a period 360 h, attaining maximum
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productivity of 1638 IU/I/h. Fiedurek and Szczodrak'”
attempted passive immobilization of A. niger cells by
physical adsorption on wheat, whey, barley and muster
seeds. Among the above support materials, mycelium
grown on muster exhibited highest enzyme activity, and
could be used repeatedly.

Cyclodextrin glycosyl transferase (CGTase) is a unique
transglycosidase enzyme used for the production of
cyclodextrins. Jamuna ef al.'” and Saswathi er al.'®”
demonstrated continuous production of CGTase, using B.
cereus and B. circulans. The alginate-entrapped cells
were employed in a fluidized-bed reactor and operated
over a period of 360 h with high dilution rate of 0.88 h™
resulting in 23 kU1 h™',

In recent years, enzymatic hydrolysis of cellulosic
materials has been the focus of attention, since these
materials can be converted into fuels. There are several
investigations on immobilized Tricoderma reesei for the
continuous production of cellulase. Immobilization of the
fungi on polyester cloth'®', nénwoven material'®?, and
cellulosic fabric'® has been attempted. Xin and
Kumakura'®® studied the effect of surface property of the
matrix for the immobilization of T. reesei. The carrier
materials were precoated with hydrophilic and hydro-
phobic monomers, using co-polymerization technique,
and these treated materials were used for passive immobi-
lization of fungi. Their study has demonstrated that
pretreatment with hydrophilic matrices allows increased
growth of immobilized organisms, thereby resulting in

higher activity'®*.

In recent years, lipase-catalysed inter esterifications
have been considered superior to chemical processes.
Several papers have appeared on the immobilization of
various microbial cells, namely Rhizopus chinensis'®, A.
nigerlgﬁ, Candida rugosa'®’, and Sporotrichum thermo-
phile apinis'®® for the production of lipases. Both
entrapment methods'**'*® as well as passive immobi-
lization'*>"%1% on the support have been attempted
successfully. Using Rhizopus sp., various biomass support
particles (BSPs) made from urethane, nylon, polyester,
and stainless steel were tried to enhance the activity of
lipase several folds, compared to free-cells'®”.

Immobilization of Phanerochaete chrysosporium for
their production of lignin peroxidases is a subject of great
Interest and several reports are available on immobi-
lization of white rot fungi. Passive immobilization on the
surface of various support matrices such as nylon web,
polyurethane foam, silicon tubing, stainless steel, sintered
glass, porous poly-styrene-di-vinylbenzene!”'™% have
been examined. The immobilized cells were used in
packed-bed reactor for continuous production of the
enzyme. Regulating the rate-limiting nutrients, Dosoretz
et al."”® cultured immobilized cells of white rot fungi to
maximize the production of lignin peroxidases with
considerable success.

Penicillin acylase is one of the most important enzymes
used commercially for the production of 6APA and
phenyl acetic acid (PAA) (ref. 93). The 6APA is further
utilized to prepare semi-synthetic antibiotics, such as
amphiciin and amoxycilin. E. coli or Bacillus megaterium

Table 2. Various acids production by Immobilized cells
W

Acid Microbe Support Reference
Citric Aspergillus niger Na-alginate 105
Citric A. niger Agarose 101
Citric A. niger Dual hallow fibre 102
Citric A. niger Polyacrylamide 104
Citric A. niger Polyurethane foam 112
Citric Yarrowia lipolitica Various supports 114
Citric Y. lipolitica Na-cellulose sulphate 115,116
Lactic Lactobacillus delbreuckii Resin 126
Lactic L. casei Resin 121
Lactic L. luctis ssp. luctis Ca-alginate 156
Lactic L. helveticus Locust bean gum gel 130
Lactic Streptococcus fuecalis Polypropylene 137
Lactic Sporolactobacillus cellulosolvens  Na-alginate 128
Lactic Pediococcus halophius Porous alumina beads 125
Lactic Rhizopus orizae Polyethylene glycol 124
dimethylacrylote

Lactic Aspergillus awamori Ca-alginate 136
Acelic Acetobacter sp. K-1024 K-carrageenan 158
Gluconic A. niger Ca-alginate 151
Kojic A. orizae Alginate 150
Malic Brevibacterium flavium 148
Fumaric Rhizopus arrhizus Cork, clay 182
Succinic Yeast Na-ulginate 154
Gibberellic Gibberellu fujikuroi Ca-alginate 159
Yanillic Pseudomaonas fluarescens Na-alginate 160
ftuconic A terreus Polyurethane 161
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arc known to be potential producers of this enzyme. There
are few reports on production of penicillin acylase bio-
catalyst, using whole-cells'”’™"™ Al the commercially
avallable catalysts have been elaborated with a partially
purificd enzyme mainly by covalent hnkage. Hence,
biocatalyst prepared from whole-cells would bring down the
production cost due to climination of enzyme separation and
purification  steps, Cells are wusually immobilized by
entrapment in various polymers. but the specific activity is
rather low. Rodriguez eral'” attempted a biocatalyst
preparation using E. coli cells by the gel-entrapment tech-
nique and demonstrated the stability of the biocatalyst,
loosing only 15% of the original activity after 40 runs.

In addition to the above enzymes (Table 3), several
other 1mportant enzymes such as proteaseszw, ﬂ-
calactadases™', xylanases™, dextron sucrases, and inver-

tases™ " have also been produced using immobilized cells.

Production of alcohols by immobilized cells

Ethanol fermentation using tmmobilized cells of yeast, is
one of the widely studied systems. In fact, almost all the
methods of immobilization, namely, gel entrapment,
adsorption on the surfaces of the vartous carriers,
crosslinking were tried for alcohol fermentation. There
are specialized reviews on ethanol fermentation with
immobilized Saccharomyces cerevisiae® ™', There are
also several reports on Zymomonas mobilis®>*° for
alcohol production. Many reactor systems are being
operated on continuous basis with encouraging results.
However, except for one or two attempts on large scale,
the remaining investigations are confined to laboratory
scale. One of the problems usually encountered in alcohol

- y—— -

fermentation is the in situ genecration of CO; in large
quantitieszzl, resulting in severe operational difficuities in
continuous fermentation. Several studies have been
carricd out to overcome the problems associated with gas
generation such as bed compaction, resulting higher
pressure drop, breakage of the gel particles, and improper
CO; ventilation?*>2% Gil et al.**° have used ceramic-like
matrix material constructed of aluminum stlicate compo-
sition as a carrier for yeast immobilization. It has been
reported that the continuous process was operated over a
period of 2 years producing 98 g/l of alcohol™®, Similarly,
another research group used polyurethane foam to entrap
Z. mobilis to produce high concentrations of ethanol™’,
Nojima?*® reported for the first time a large-scale conti-
nuous alcohol fermentation system by immobilized living
cells of yeast. The yeast cells were mixed with photo-
crosslinkable resin, and were polymerized by light
sources. A pilot-plant-unit, producing 250 litres of
alcohol/day, was operated for 8000 h continuously.
Nagashima et al.””® operated a pilot plant of 4.0kl
capacity, using alginate-entrapped cells of yeast for
alcohol fermentation for a period of 4000 h with a
constant alcohol production rate of 8.5 to 9.0% by
volume. Using Ca-alginate-entrapped cells of S. cere-
viceae, Jamuna and Ramakrishna®® reported rapid
fermentation of high concentration sugar solution, thereby
obtaining 20% (w/v) alcohol in 30 h.

Yamauchi ef al.>*° operated multistage reactors for 6-7
months continuously for beer production using immobi-
lized yeast. There are several studies on physiology of the
yeast under immobilized state®'?*2, which have enriched
our knowledge on process intensification during immobi-
lization. In a recent swdy, it has been reported that

Table 3. Enzyme production by immobilized cells

Enzyme Organism Support Reference
Peptidase Yeast ENT-2000 143
B-amylase Bacillus megaterium Acrylamide 205
Glucoamylase Aureobasidium pulluluns Ca-alginate 206, 207
Ribonuclease Aspergilius clavatus PVA 178
Protease Humicola luteu Wort agar 200
Alkaline phosphatase  Escherichia coli X-carrageenan 208
Glucose oxidase A. niger | Wheat, rye 209
Chitinase Micromoenospora chalcae Ca-alginate 210
Hydantinase Pseudomonas sp. Polyacrylamide 211
Pectinase A. niger Wheat 212
Invertase Yeast Polymer 213
x-amylase E. coli K-carrageenan 214
Amyloglucosidase A. niger Ca-alginate 178
Cellulase Trichoderma reesei Cellulosic fibre 183
Penicilin acylase E. coli Polyacrylamide 215
agar oil
CGTase Bacillus cereus, B. circulans Ca-alginate 179, 180
Chloroperoxidase Caldariomyces fumago X-Carrageenan 216
Lipase Sporotrichum thermophile Alginate 188
Lignin peroxidase Phanerochaete chysogenun Polystyrene- - 193
divinylbenzene

Pullulanase Clostridium sp. Ca-alginate 165
Xylanase A. sydowii Ca-alginate 202

__—_____.__ﬂ—_—____-_—_“-—
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alcohol can be produced from starch directly in a single-
step process by co-immobilizing an aerobic amylolytic
fungus, A. awamori, with an obligatory anaerobic
bacterium, Z. mobilis*>. The O, gradients in the gel
bifurcates the growth of mixed cultures into two zones:
the peripheral region of the gel bead is occupied by the fungi;
and the core-central region by the bacteria. This is a typical
case of exploiting the diffusional behaviour of gel matrix.
Apart from ethanol, several other alcohols such as
sorbitol**, glycerol?>?%¢, propane-di-ol*’’, 2,3-butane-
di-ol*8, solvents (acetone, butanol, ethano)***** manni-
tol**!, and xylitol*** have been tried with immobilized
microorganisms (Table 4). Employing immobilized S.
cerevisiae, Bisping et al.*® attempted semicontinuous-fed
batch fermentation of glycerol. The authors reported
highest glycerol yield of 85 g/l without product inhibition.
The acetone, butanol, ethanol (ABE) fermentation pro-

cess continues to receive great attention as a source of

39
k7.

chemical feed stoc Cells of Clostridium aceto-

butylicum were immobilized by adsorption on bonechar
and successfully employed in packed-bed and fluidized-
bed reactors for continuous production of ABC from

whey. In a similar report, Park etal*** adsorbed C.

acetobutalicum cells on polyester sponge sheets and
utilized them in a trickle-bed reactor for long-term

operation of ABE production.

Biotransformations by immobilized microbial cells

The application of immobilized cells for steroid

conversion has been described for several particular

cases. Some of these exhibited higher conversion rates
and longer half life. The field of biotransformations using
immobilizing cells has been expanding in recent years.
Schmauder et al.*® reviewed the state of art of this area
and have summarized the research output so far available.
The commercial interest in steroid biotransformations
for the production of pharmaceutical compounds has
triggered renewed interest in this field. Some of the recent
reports indicate the potential of immobilized Arthrobacter
simplex for 6-1-dehydrogenation of cartisol’****, Among
the various support materials tried, entrapment in poly-
acrylamide, alginate, and x-carrageenan are included.
Several reactions such as 11-o-hydroxylation, etc. have
been mediated successfully using immobilized cells of
Nocardia sp., Cornybacterium sp., Mycobacterium sp.,
and various fungal strains of Rhizopus*®. In many cases,
since the substrates were insoluble in water, new methods
of transport of substrates and products between the
matrix-embedded cells and bulk phase had to be
developed. The reverse-micellar technology may provide
some answers to the above problems.

Co-immobilization

Though cell immobilization technology is mainly
confined to potential monocultures, it is prudent to
examine the benefits of mixed cultures under immobilized
state to accelerate the fermentation processes. There are
several reports of co-immobilization of two or more
cultures to derive the benefit of both cultures under
monoculturing state. For example, direct alcoholic

Table 4. Various alcohols production by immobilized cells
m

Alcohol

Organism

Support Reference

_'_—____—__-‘___—ﬂ—_l_———__—_—____—___n—ﬁ.—m___—___

Ethanol Zymomonas sp. Resin gel 245
Ethanol Yeast Polymer 246
Ethanol Yeast Ca-alginate 247
Ethanol Zymomonuas mobilis Fibrous matrix 248
Ethanol Yeast Ca-alginate 249
Ethanol Yeast Alginate 25Q
Ethanol Kluyveromyces marxianus Alginate 251
Ethanol Yeast PVA 252
Ethanol S. cerevisiue Microcarriers 253
Ethanol Yeast Ca-alginate 254
Acetone, butanol,  Clostridium acetobutylicum Bonechar 239
ethanol
Butanol C.acetobutylicum Carragcenan 255
2.3-butanediol Klebsiella pneumaoniue Ca-alginate 238
2,3-butancdiol Klebsiellu oxytocy, Chitosan + glasswool 256
Kluyveromyces luactis
Butanol Clostridium sp, Ca-alginate 257
Glycerol S.cerevisiue Sintered glass 216
Glycerof Citrobacter fraundii Polymethane 217
Acctone, butanol  C, acetobutylicum Carrageenan chitosan 258
Methano! Methylosinus trichosporium DEAE cellulose 239
Sorbitol Z. mubilis K-carrageenan 234
glutaraldehyde
Xyhitol Cundida pelliculosq, Photocrosslinkable 242

Methanobacterium sp,

resin ENT 4000
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fermentation of soluble starch and dextrin uses amylotic
yeasts Saccharomyces diastaticus, Schwanniomyces
castellii, and Endomycopsis fibuligera. Reilly and
Scott*™ reviewed several cases of mixed-culture fer-
mentations to derive various biochemicals. Dincbas
et al ** co-immobilized mixed cultures of ptasmid-free
and plasmid-containing E. celi HB101 in alginate matrix
to study the stability of plasmid for long-time cultivation.
This study has indicated that the stability of the plasmid-
recombinant cells was enhanced in co-immobilized state.
The co-immobilization of mixed cultures of algae and
aerobic bacteria by encapsulation has solved the problems
of oxygen limitation under high cell density conditions in
the hydrogelsm‘m. Wikstrom etal®®® have co-
immobilized Chlorella vulgaris with Providencia sp. in
agarose, and employed them in a photoreactor for the
production of o-keto-isocaproic acid from L-leucine. It has
been proved that the algae in the gel matrix acted as an in
situ oXygen generator. In a stmilar study, Cephalosporium
acrymonium, an oxygen-consuming fungus, and Chlorella
pyrenoidosa, an oxygen-generating alga, were co-
immobilized for the cephalosporin C production. It was
noticed that the co-immobilized microbial system
enhanced the production of cephalosporin C by 370%
(ref. 267). Similar co-immobilization protocols were
worked out for in situ enzyme regeneration’®, comple-
mentation®’°, multistep biotransformation*’’, exploitation
of oxygen gradient in the polymer gel and photo-

production of hydrogen?’2.

Emerging trends

Whole-cell immobilization as a tool to intensify
microbiological processes has been well established.
Several examples of production of a variety of bio-
chemicals by immobilized cells have been successfully
demonstrated. Though initially our knowledge on physio-
logy of immobilized cells was limited and hypothetical,
the use of microelectrodes and development of non-
invasive techniques to study the immobilized cells under
microenvironment have revealed significant information
pertaining to metabolic structural alterations occurring in
the cell under immobilized phase. One of the difficulties
experienced to evaluate various carriers, process condi-
tions, and operating conditions is the nonuniformity of
reporting the information. For example, the volumetric
productivity of the bioreactor system with immobilized
cells can be determined by considering total volume of the
reactor, or the void volume. But researchers calculate and
report either one of them, which is sometimes misleading.
It is necessary to evolve a common protocol to assess the
performance of a given system. Though a variety of carrier
materials have been tried, there are very few reports
comparing these in terms of their performance, long-
term stability, and cost. The observations made with

96

immobilized cells and altered morphology indicate the
influence of anchorage on cell metabolism. Perhaps this
may lead to a separate study of solid state fermentation,
which can be considered as microbial proliferation on
solid surfaces, and its influence on bioprocess accelera-
tion in some cases. An important area of research
requiring greater focus is the bioreactor design and its
long-term operation. Except for a couple of experimental
ventures, most of the experiments have been carried out
on a very small scale, and hence very difficult to scale up.
The future research should centre around not only for
developing feasible microbiological processes with
immobilized cells but also for carrying out extensive
research in bioreacter design to solve some of the engi-
neering problems, specially the ones that are connected
with diffusional limitations. It is 1mportant to generate
adequate data with larger systems for longer times to
enable the design engineers to translate these results into
commercial realities. It is also very important that future
research should focus on microbial physiology under
immobilized state to enrich our knowledge on process
intensification. The recent reports on enhanced plasmid
stability of genetically engineered microorganisms®®>*’
under immobilized conditions, and the viability of
microbial cells over a period of 18 months”’* under
entrapped conditions, are few of the many potential new
applicatigns of immobilized cells.
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