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The choice of support materials for immobilizing cells is rapidly expanding. 
The literature that has appeared over the past year suggests that hydrogels 
will remain the first choice for the forseeable future, even though they 
are associated with many widely recognized problems. There is increasing 
interest in the use of tougher polymeric materials, and especially of 
inorganic ceramic supports. However, the most suitable ceil support can 
be selected only after the process or form of reactor in which it is to be 

used has been assessed. 
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Introduction 

The advantages of immobilized or heterogeneous biocat- 
alysts over those that are 'free' in solution are well known 
[1], and include stability, reusability, convenience in con- 
tinuous operation, and volumetric productivity. Some or- 
ganisms or consortia naturally form seE-immobilizing ag- 
gregates [2.,3.]. However, dais type of behaviour is very 
much the exception and for the past decade or more, 
a large variety of supports and methods of immobiliz- 
ing biocatalysts have been developed. The field has been 
dominated by the use of 'hydrogels' such as calcium algi 
nate and ×-carrageenan, particularly for the immobiliza- 
tion of intact cells. This may largely be ascribed to their 
general ease of  preparation and use and their compati- 
bility with a large range of biocatalysts. 

A number of disadvantages are associated with the use 
of hydrogels, however. Firsdy, such systems do not con- 
veniently lend themselves to scale-up, as cells must first 
be harvested from the growth medium, and the produc- 
tion of gel beads is a rather time-consuming and intricate 
process. Secondly, the nature of the particles used can 
affect the performance of a continuous reactor. For in- 
stance, small particles are associated with pressure drops, 
and large particles with substrate/product diffusion lim- 
itations [4]. The mechanical stability of reactors is typi- 
cally low because tall packed-bed reactors result in com- 
pression and sometimes disintegration of particles, and 
fluidized-bed or stirred-tank reactors may result in abra- 
sion [4]. Furthermore, if cell growth is required then the 
particles will have a limited life before they are full [5] 
or internally disrupted. In some cases the production of 
gas may disrupt gel particles [5] or result in bubbles that 
exclude the substrate [4]. 

A third problem is that, in the case of calcium alginate, 
substances with even a modest affinity for Ca 2+ will se- 
quester the crosslinking Ca z+ ions, destabilizing the gel 
[6,.]. Additionally, some alginates contain small amounts 
of polyphenols which may harm sensitive cells [6"] .  A 
further limitation is that hydrogels (although not calcium 

alginate [7"]) are generally unstable when used with or- 
garlic solvents [6°°]. Finally, the limited diffusion afforded 
by gels makes this method unsuitable for use with very 
high molecular weight or insoluble substrates or prod- 
ucts [5]. 

Future of hydrogels 

Despite the limitations described above, hydrogels look 
set to remain the major method used for cell immobi- 
lization in the foreseeable future. Various methods have 
been used to tackle the problems associated with hy- 
drogels. Smidsro:l and Skj~k-Braek [6"] have suggested 
that high mechanical and chemical stability, controllable 
swelling properties, low content of toxic, pyrogenic and 
immunogenic contaminants, defined pore size and a nar- 
row pore size distribution may be achieved by careful se- 
lection and purification of alginates, selection and control 
of the gelling process, and addition of  co-polymers. In a 
study of the correlation be~'een mechanical gel strength 
and the affinity of cations, it was shown that the rigidity 
of alginates can be improved significantly by the use of 
Zn 2+, Sr 2+, Ba z+, AD + and Fe3+ [6"',8"]. Indeed, Kim 
et al. [9"] have found that cells entrapped in strontium 
alginate are superior to those in calcium alginate, in terms 
of relative activity. 

The rates of glucose uptake and ethanol and glycerol pro- 
duction by Saccharono'ces cerevisiae immobilized in cal- 
cium alginate, have been shown to be up to twice those 
exhibited by planktonic cells, as estimated from #t vivo 
3tp-nuclear magnetic resonance measurements. Together 
with enzyme kinetic parameters, this information has per- 
mitted a proper metabolic control analysis to be carried 
out, producing a quantitative description of the factors 
controlling the flux of  carbon towards ethanol produc- 
tion [10.o]. This increased productivity of ethanol ap- 
pears to be a frequent occurrence when cells are im- 
mobilized. Hilge-Rotmarm and Rehm [11] suggest that, 
rather than being an effect of cell immobilization p e r  se, 
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this observation is a result of the physiological changes 
that accompany cell aggregation. 

Problems that arise when using gels, particularly within 
fixed-bed reactors, have led to a substantial interest in the 
development of methods for strengthening gels. Thus, 
Chamy et al. [12 o,] have used AI(NO3) 3 as an agent for 
hardening ×-carrageenan beads used in a packed bed. 
They found that hardening decreased bead compaction 
significantly, leading to a reduction in the pressure drop 
through the column, and thus reducing the risk of  me- 
chanical stress. Cell retention within the column was also 
improved, resulting in a 20 % increase in column produc- 
tivity. De Alteriis et al. [13"'] state that gelatin gels insolu- 
bilized by crossllnking with formaldehyde have mechan- 
ical properties superior to gels composed of calcium al- 
ginate, ×-carrageenan and agar. However, as is often the 
case, the cost of this increase in mechanical strength is a 
reduction in mass transfer properties. 

Gels containing immobilized cells are now being applied 
to a wide variety of problems. Of the numerous papers 
describing the more conventional uses of such immobi- 
lized cells for the production of commercially interesting 
materials, we will only mention that by Vandamme [ 14.,] 
on antibiotics. Svobocla and Ourednicek [15"] have used 
sheets of calcium alginate gel to promote cell wall re- 
generation of yeast protoplasm. This can be achieved be- 
cause the gel prevents the more soluble cell wall compo- 
nents, such as glycoproteins, from diffusing away from 
the cell. This technique has important implications for 
cytology, genetics and biotechnology. In addition, proto- 
plasts may represent the only suitable form of some or- 
ganisms for immobilization, for example mycelial, clump- 
forming, non-asexual, spore-forming fungi such as Sclc* 
rotium rolfsii [16]. Meanwhile, Hocknull and Lilly [7"] 
have shown that calcium alginate is a suitable support 
for use in the presence of a range of organic solvents 
with widely different log P values, reporting a 7.5-fold 
increase in enzyme (steroid Ardehydrogenase) stability 
compared with that of free cells exposed to the same 
concentration of solvent. 

Other polymers 

A large number of polymers have been used to aid or to 
effect cell immobilization. Such polymers may be used 
alone as the cell support, in a bead or cube, membrane, 
fibre, or a larger scale 'native matrix' form, or in combina- 
tion with another support material, to increase the overall 
strength or possible biomass loading of a support. 

Beads 
Many polymers have been used in bead form, includ- 
ing: polymers to which a cell suspension can be added 
prior to polymerization, resulting in cell entrapment; 
solid beads with a functional surface to which cells will 
attach; and inert beads that can be surface-modified to 
allow cell attachment, typically by crosslinking. 

Varfolomeyev et al. [17.] have successfully used poly- 
(vinyl alcohol) (PVA) cryogels to entrap thermophilic 
microorganisms. These carriers are highly porous, 

mechanically stable and biologically inert. They can be 
used at temperatures of up to 65°c and at pH values 
of 1-11, and are formed by a simple freeze-thaw pro- 
cedure. Surface immobilization of E coli has been 
achieved on crosslinked poly(N-benzyl-4-vinylpyridinium 
bromide) containing styrene (BVPS) resin by Kawabata 
et aZ [18.]. Kiremitci and co-workers [19"] have also 
demonstrated that inert polymeric microcarriers of poly- 
hydroxyethylmethacrylate and polystyrene used with var- 
ious surface modifications are suitable for the growth of 
anchorage-dependent baby hamster kidney cells. 

Cubes 
The use of cubes is typically confined to those polymers 
that require cutting to a suitable size and shape. These 
include pre-formed polymers such as sponges, or those 
that are polymerized into large blocks and later cut into 
smaller ones, for example urethane prepolymer (PU-3) 
[20]. In a detailed study, Kautola and Linko [21 o] found 
that fumaric acid production from xylose by Rbizopus 
arrbizus  mycelium immobilized in polyurethane foam 
cubes gave a stoichiometric yield 3.5 times higher than 
that of free cells. 

Membranes 
Membranes are used in many forms and arrangements 
for cell immobilization. Yoshikawa et al. [22] have used 
a membrane of  polyvinylidene fluoride for the produc- 
tion of cL~,c&muconic acid using a mutant strain of 
an Artbrobacter species. However, as is often the case 
with membrane reactors utilizing growing cells, the mem- 
brane was blocked by excess cells after 100 h. This prob- 
lem of cell overgrowth has been solved by Kniebusch et 
a/. [23"'] who used an asymmetric, porous gas-perme- 
able membrane of polyetherimide separating an oxygen- 
containing 'gas' compartment from a liquid compart- 
ment; this allowed a stable biofilm to be maintained. 

Fibres 
To date, fibres have been used very little in cell immo- 
bilization, despite the obvious advantages that they have 
over some other systems, with respect to their long ex- 
ploitation in the textile industry. Ichijo and co-workers 
[24..] review the studies they have carried out over a 
number of years, of the uses and effectiveness of PVA 
'superfine fibres' and photocrosslinkable PVA. They con- 
clude that these materials make excellent immobilization 
supports and can be surface-modified in a number of 
ways to allow maximal binding of the biocatalyst. These 
supports can also be produced in a number of other 
shapes such as particles or films, and the fibres can also 
be combined to make more complex forms of supports 
such as filter paper or knitted fabric. A bioreactor using 
braided fibres was found to have a high activity and was 
free of substantive pressure drops, despite cell prolifera- 
tion. Kang et al. [25.] have used commercially available 
hollow fibres of hydrophobic and hydrophilic nature, to 
produce ethanol using yeast. In addition, Bunch et al. 
[26.] have compared hollow fibres of polysulphone with 
batch culture for lactic acid production. 
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Fig 1. A porous, ceramic microsphere containing cells of Saccharomyces cerevisiae, as described in I30"*]. 

Native matrices 
Many polymers can be formed into a loose matrix suit- 
able for cell immobilization, although care must be taken 
to select the ideal form, especially if growing ceils are 
to be used. Loose or open matrices tend to retain low 
levels of biomass, whereas tighter matrices tend to suf- 
fer from cell accumulation causing clogging of the re- 
actors. Lin et al. [27"] have found that reactors con- 
taining Zymomonas mobilis immobilized within a natural 
sponge develop problems with cell clogging after orfly 
4 days of use. By contrast, Amin and Doelle [28 o] have 
demonstrated that long-term, continuous production of 
ethanol can be achieved by Z mobilL~immobilized within 
polyurethane foam in a novel 'vertical rotating immobi- 
lized cell reactor'. In this configuration, foam disks are 
held between two perforated metal sheets to form an im- 
mobilized biomass unit, with 10 of these units being fixed 
to a rotating shaft within the bioreactor. 

Miscellaneous polymers 
The use of polymers in association with other ma- 
terials is becoming a common method for the pro- 
duction of cell supports. Flanagan et al. [29"] have 
immobilized PeniciLlium cbo,sogenttm using polyvinyt 
acetate/acrylic copolymer latex coatings applied to 

porous silica particles. We, together with our col- 
leagues [30"], have demonstrated that Sacctoarono,ces 
cerevisiae can be bound to hollow ceramic micro- 
spheres using surface treatments with cationic polymers. 
blinor stability problems were encountered with this 
system, but these have now been solved (GJ Salter 
and DB Kell, unpublished data). Carenza et al. [31"] 
have reviewed the use of low-temperature, radiation- 
induced polymerization of glass-forming monomers for 
cell immobilization. Many biocatalysts have been immobi- 
lized successfully by this method, including chloroplasts, 
yeasts, bacteria and erythrocytes. 

Inorganic supports 

Inorganic supports generally have one major advantage 
over other materials, namely, their toughness. Most inor- 
ganic supports are totally inert, immune to temperature, 
pH, chemicals, microbial degradation, and highly resis- 
tant to crushing or abrasion. Given that they do not nor- 
mally have to be produced by the end-user and may well 
be naturally occuring (e.g. sand used in methanogenic 
fluidized beds) [32], the inorganic supports also lend 
themselves more conveniently to scale-up. 
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Porous glass 
Sintered and porous glass in many forms, including 
controlled-pore glass, is available from many commer- 
cial sources. Using sintered glass in the form of 'Raschig 
rings', Hecker et aL [33"] have carried out a glycerol 
fermentation of high volumetric productivity using yeast, 
achieving a constant rate of production for nearly 9 
months. Controlled-pore glass beads have also been used 
to advantage in the culture of animal cells [34"]. 

Ceramics 
Ceramics can be produced in a variety of forms, from 
membranes to microspheres, and have been used with 
all forms of biocatalysts. Bunch et al. [26.] have used 
ceramic hollow fibres to produce lactic acid, and Com- 
weU et al. [35] have used a commercial form of porous 
ceramic (alumina) spheres, normally used as a support 
for heterogeneous chemical catalysts, as a reuseable sup- 
port to immobilize Pbanerocbaete cbrysosporium ex- 
pressing lignin peroxidase. In our laboratory, we have 
demonstrated a novel method of cell immobilization, us- 
ing highly microporous ceramic microbeads containing 
a single, large mesopore, where the shape of the parti- 
cle results in hydrodynamic forces depositing cells within 
the mesopore of the rigid cartier [30"']. A column of 
such particles (Fig. 1) was used to produce ethafiol from 
S. cerevisiae in high stoichiometric and volumetric yield. 
This paper also describes a novel, electronic method 
for the on-line, real-time estimation of biomass accretion 
in immobilized cell cultures. Manville Corporation [P1.] 
disclose a related type of immobilization matrix (but not 
method). 

Conclusion 

There is much continuing interest in the use of hydrogels, 
such as alginate, for immobilizing cells. A major thrust is 
directed towards improving their mechanical properties. 
The future will also see an increased trend towards the 
exploitation of the desirable mechanical and other prop- 
erties of inorganic immobilization matrices. 
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