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The choice of the most effective manner in which to operate an immobilized 
cell system is both complicated and, to some extent, a matter of guesswork. 
There is increasing awareness of the factors affecting reactor choice, and 

present work is aimed at making reactor performance more predictable. 
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Introduction 

Immobilized cell technology has traditionally been fo
cused around three main areas of interest: first, the 
development of new or improved support materials; 
second, new applications and products; and third, the 
engineering of new or improved immobilized cell re
actors. Whilst many interesting and important advances 
continue to be made in these areas, it should be noted 
that the basic understanding and control of the systems 
currently in use is often poor. For example, if we sim
ply consider the biomass immobilized within a reactor, 
it would be unusual for the total amount of biomass im
mobilized to be known, whilst the numbers of viable 
cells would almost certainly be unknown; what then 
of the more difficult variables such as the physiologi
cal state of the cells or the microenvironment around 
them? If such a basic understanding is missing, how are 
we to exploit this technology to its full? 

A cursory_ glance at the current journals would reveal 
that an improved understanding of the basic principles 
of immobilized cell technology is rapidly becoming the 
main area of interest. In a recent article by Spalding [1·], 
it was acknowledged that many technical problems 
with bioreactors have yet to be solved, that reactors 
used in the laboratory often cannot be scaled up for 
industrial use, and that each reactor gives different re
sults, depending on the cell-line and the product the 
cell is making. Thus, it is now readily accepted that an 
understanding of the basic principles is needed before 
immobilized cell technology can be used on a major 
scale in industry. 

To this end, this review will discuss both the traditional 
areas of reactor and cell support development, and the 
rapidly growing fields of immobilized cell physiology 
and reactor kinetics, with somewhat more stress being 
laid on the latter. 

Cell supports and reactors 

Immobilization methods 
The immobilization of microbial cells often relies sim
ply on the adsorption of cells onto the support. An 
excellent review of this has been written by Klein 
and Ziehr [2·] discussing the adsorption process, the 
strength of adhesion, the activity of the biocatalyst 
and the operational stability of immobilization tech
niques presently in use. In a study of adsorption 
rates of Pseudomonas putida onto various supports, 
Shreve et al. [3··] found that supports that have a 
surface charge (either negative or positive) developed 
the highest biomasses, typically 2-3 times that found 
on hydrophobic surfaces, whilst hydrophilic (but un
charged) supports tested were essentially ineffective at 
adsorbing cells. 

A common alternative to simple cell adsorption is 
the use of a suitable chemical to bind the cells to 
a support. Of the many methods available, the use 
of poly(ethylene imine) is becoming especially pop
ular; this is clearly demonstrated in a review on the 
subject by Bahulekar et al. [4"]. D'Souza and Melo 
[5·] have successfully co-immobilized glucose oxidase 
and Saccharomyces cerevisiae onto cotton thread us
ing poly(ethylene imine). The use of poly(ethylene 
imine) within the immobilized cell industry could as
sume great importance, because unlike most chemi
cal agents used, such as glutaraldehyde, it has been 
cleared by the US Food and Drug Administration as 
a 'secondary direct food additive' under the Federal 
Food, Drug and Cosmetic Act [4"]. 

Supports 
New support materials are constantly being devel
oped; recent examples of interest include 'aphrocell' 
[6·], which is a new type of ceramic carrier that has a 
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MSFB- magnetically-stabilized fluidized bed. 
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continuous pore structure, and aerenchyma cells [P1•] 
from a plant tissue composed of unthickened, irregu
larly shaped cells. Fungal cell wall particles containing 
hexosamine [P2•] have also been used to promote cell 
flocculation and aggregation. 

Reactors 
Although several formats have been scaled-up to pilot 
or industrial sizes, many problems remain. Thus, there 
is a continuing need to explore the engineering, and 
possible control methods, of established bioreactor 
types, as well as to assess new formats. Whereas 
many of these new ideas are not suitable for scale
up, or are impractical for 'normal' applications, there 
still remains a need for specialist reactors and control 
methods, typically for producing low volumes of high 
cost chemicals. 

The immobilization of plant cells has proved to be 
problematical in many cases. Productivity may also 
be compromised by the fact that most of the products 
of interest are retained within the cell vacuole. Thus, 
many novel reactors aimed specifically at plant cells 
continue to be developed. Kargi et at. [7] have explored 
the potential of a biofilm reactor using Catharanthus 
roseus cells to produce indole alkaloids, whereas Lang 
et at. [8·] have used a flat sheet membrane reactor, 
where cells inoculated onto the polypropylene mem
brane grow to form an even, callus-like layer. Lang et 
at. [8·] claim that Coffea arabica cells immobilized us
ing this method produce a ninefold increase in purine 
alkaloids per gram dry weight of cells per day, com
pared with suspension cultures. 

Facchini and DiCosmo [9·,10] have immobilized That
ictrum rugosum and C. roseus cells by adsorption onto 
glass fibres, the reactor containing 10 glass fibre mats 
held 2 em apart on a central rod within a glass cylin
der. Unfortunately both T. rugosum (producing proto
berberine alkaloids) and C. roseus (producing indole 
alkaloids) showed reduced productivities compared 
with suspension cultures. By contrast, Chiou et at. [11··] 
used glass fibers within an unusual packed-bed reac
tor to culture anchorage-dependent animal cells very 
successfully over a period of 66 days. 

Bramble et al. [12··] have cultured cells of C. arabica 
within a magnetically-stabilized fluidized bed (MSFB). 
Cells were immobilized within alginate beads, the 
beads being magnetized by the inclusion of mag
netite (Fe304). Although in this instance the produc
tion of theobromine and caffeine was less than that 
from cell suspensions, it is believed that MSFBs have 
advantages in , .. terms of mass transfer and controlled 
cell residence time for the continuous cultivation of 
immobilized plant cells. Terranova and Burns [13•] have 
successfully used MSFB technology with nickel spheres 
to filter yeast cells with high efficiency. 

Silbiger and Freeman [14··] reported increased con
version of hydrocortisone to prednisolone (using 
Arthrobacter simplex) by the use of a water-miscible 

co-solvent (5% (v/v) triethyleneglycol). The use of a 
co-solvent resulted in a five fold increase in solubility 
of the substrate. The product, also poorly soluble in 
aqueous media, was recovered by the use of micro
crystalline cellulose powder suspended within the re
actor as precipitation nuclei. This resulted in a de
creased product inhibition and reduced the number of 
purification steps. 

Cell physiology and reactor kinetics 

Very few studies have attempted to provide anything 
approaching a complete understanding of the pro
cesses that occur within a reactor. The vast majority of 
articles have addressed but a single parameter or vari
able, such as mass transfer or the alterations in some 
aspect of cell physiology that accompanies immobiliza
tion. By combining and correlating such studies, how
ever, it is possible to build up an understanding of what 
is occurring within an immobilized cell reactor. 

Cell physiology and diffusion studies 
It has often been stated that immobilized yeast cells 
demonstrate altered ethanol productivities and toler
ances relative to free cells. In an excellent paper by 
Hilge-Rotmann and Rehm [15··] this was correlated 
with an increase in the ratio of saturated to unsatu
rated fatty acids in the plasma membrane. Hannoun 
and Stephanopoulos [16·] attributed the increase in 
specific glucose uptake and specific ethanol produc
tion to reduced specific growth rates of immobilized 
cells. Cell-growth rate was strongly linked to the con
centration of dissolved oxygen, because fatty acids and 
sterols essential for growth are synthesized only in the 
presence of oxygen. In a detailed study of polyol pro
duction and enzyme activity by Pichia farinosa, Hoot
mann et al. [17·] similarly found an increase in the 
products glycerol and arabitol per gram of glucose 
consumed when cells were immobilized. This effect 
was attributed to the enhanced water stress (accompa
nying immobilization) that is known to stimulate polyol 
production in yeasts. 

' 
Chun and Agathos [18·] found that the growth rate of 
the fungus Tolypocladium injlatum was increased by 
immobilization onto celite. This resulted in a higher 
specific production of cyclosporin A, which is nor
mally growth-associated. This could be further in
creased by the addition of L-valine to the medium 
during late exponential growth. Interestingly, if L-va
line was added early in the fermentation, increased 
cell growth was stimulated at the expense of product 
formation, demonstrating that the relationship between 
rates of growth and product formation can be rather 
variable. 

The complex physiology of hybridoma cells makes 
them difficult to cultivate, especially when they pro
duce toxic metabolites. Hagedorn and Kargi [19·] have 
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shown that by using the correct molecular weight cut
off membrane within a flat sheet membrane reactor, 
the continuous removal of toxic metabolites and the 
addition of nutrients may be achieved. This results in 
higher cell concentrations and specific antibody pro
ductivities. 

Mass-transfer 
Mass-transfer problems are usually associated with the 
use of cell entrapment techniques, although in practice 
they are just as likely to be encountered with suspen
sion cultures in poorly designed reactors, especially if 
gases (usually oxygen) are required by the cells. 

Diffusion within gels has been the subject of consid
erable interest for some time. In a recent review by 
Westrin and Axelsson [20··], 11 experimental investi
gations of diffusion in gels containing immobilized 
cells were analyzed. Based on this, a procedure for the 
prediction of effective diffusion coefficients in cell-con
taining gels was recommended. Similarly, for the esti
mation of diffusion coefficients within gels, Petersen et 
at. [21·] offered a bead method that was claimed to min
imize the errors usually associated with this technique. 
It was claimed that the use of this comparatively sim
ple method reduced errors that typically ranged from 
some 29 o/o to over 600 o/o, to those accepted using other 
methods (3-8 o/o). 

Kang et at. [22·] addressed the problem of improving 
oxygen transfer in a three-phase fluidized-bed bioreac
tor. This was achieved successfully (and modelled) by 
the addition of floating 'bubble breakers' to the reactor. 
The results indicated that the liquid-phase volumetric 
oxygen transfer coefficient (k1a) could be improved by 
20-25 o/o. Petersen and Davison [23] have also modelled 
a three-phase fluidized-bed bioreactor; their model 
demonstrated that the C02 generated by the microbial 
fermentation of glucose caused a great deal of back
mixing in the top of the tapered-bed reactor. Thus 
reactor yields and productivities would be increased 
if a plug-flow system could be more closely approx
imated. Similarly, Livingston [24] has successfully mod
elled the diffusion and reaction of 3,4-dichloroaniline 
and oxygen within a draft-tube fluidized-bed reactor 
containing a mixed culture immobilized on celite. 

An interesting study has been performed by Kimmel et 
al. [25·] on the mass-transfer and scale-up parameters 
of a trickle-bed reactor. The fermentation involved the 
use of gas-phase substrates (CO, H2 and C02) by three 
strict anaerobes in a tri-culture to produce methane, the 
calculated yield achieved being 80 o/o of that theoreti
cally possible. 

Conclusion 

A great deal of work still remains to be done if we 
are to understand fully and exploit reactors that em
ploy immobilized cells. It is clear, however, that inroads 

into the removal of remaining lacunae are being made. 
Models have now been validated for a large variety of 
reactor types. Such findings strengthen the confidence 
with which these models may be employed in the de
sign and operation of such biological reactors. 
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