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1. INTRODUCTION 

Biotechnology is the manipulation of cellular fragments 
(e.g. enzymes, organelles) or entire cells to mediate desired 
biological conversions and the subsequent development of 
those reactions from laboratory scale to commercial reality. 
Man has exploited biological processes for centuries in such 
activities as brewing, wine-making, bread-making, food 
preservation, and waste treatment. However, until the 
1970s, the performance, reactivity and product specificity 
of a biological process was inherent to the specific bio- 
catalyst (enzyme or whole cell) used. The emergence of 
genetic manipulation, recombinant DNA technology, cell 
fusion, and advances in immunology now permit the 
orchestration of desired metabolism, production of exotic 
molecules and the improvement of process selectivity. In 
this paper the application of biofilms in biotechnology will 
be discussed, addressing immobilized microbial, plant, and 
animal cell systems. 

Biofilms or immobilized cell systems are pertinent to 
biotechnology because of (1) the advantages in reactor per- 
formances that immobilized cells provide over freely sus- 
pended cultures; (2) specific metabolic improvements or 
products created on immobilization; (3) the ability to 
localize a specific biological response which can be 
exploited in biosensor design ; and (4) critical physiological 
requirements of certain cell lines for adhesion and anchor- 
age. 

Correspondence to  : J . D .  Bryers, The Center Jbr Brofilm Engrneerrng, An 
N S F  Engineering Research Center, Montana S ta te  University, Bozeman, 
MT 59717-(1.198, C‘SA. 

2. ENGINEERING HETEROGENEOUS 
BIOREACTIONS 

Biological conversions of substrate to product that are 
mediated by a growing cell culture are faced with an upper 
limitation to the rate of that conversion when cell growth is 
carried out in suspension. In  a well mixed reactor of 
volume, V, continuously fed nutrients at a volumetric flow 
rate, F, to cultivate cells in suspension, the growth rate of 
the culture is set by the system’s residence time, z (= V/F). 
In essence, cells not allowed sufficient time to grow and 
replicate will leave the system; only those cells with growth 
rates, p, greater than or equal to the inverse residence time, 
z, will remain in the system. The  above summarizes the 
essential tenets of classical chemostat theory that has been 
detailed in more depth (Herbert 1961; Grady and Lim 
1980; Bailey and Ollis 1986). The corollary to the above 
statement is that should the reactor residence time of the 
chemostat become, for an extended time, less than the 
maximum generation time of the culture, net accumulation 
in the reactor becomes negative, and the culture is ‘washed- 
out’ of the reactor. A chemostat cannot be operated below 
the critical residence time, tC, which is equal to l/p*, the 
inverse of the culture’s maximum growth rate, p*. Wash- 
out arises since the residence time of the cells is equal to 
that of the reactor’s fluid phase; this upper limit on inlet 
nutrient feed flow rate, F, indirectly sets the maximum of 
nutrient loading to the reactor. 

Any reactor configuration that separates the cells’ 
residence time from that of the fluid removes the limi- 
tations on nutrient loading, culture overall reactivity, and 
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growth rate inherent to suspended cell cultures. This 
section will present a process analysis approach to the 
design and analysis of any heterogeneous biological reac- 
tor; irrespective of the cell type (microbial, plant, or 
animal). 

T o  design a heterogeneous reaction system, a material 
balance for the component in question is required; in 
process engineering terms, a ‘design equation’ describes the 
net rate of change in a specific component as equal to the 
net rate of component input to the system plus a summa- 
tion of all transformation rates producing or consuming the 
component. In essence, a verbal form of the conservation 
equation for the mass of a specific component can be 
expressed as follows : 

+ rate of transport of 
Net rate of 
accumulation across area A 
of component = - rate of transport of 
in control component out of the 
volume volume across area A 

component into the volume 

+ 1 (all transformation 
processes generating or 
consuming the component 
within the volume y) 

The net accumulation rate and the rates of transport into 
and out of the control volume are termed ‘rates of change’ 
or ‘system rates’ in that they represent the observed change 
in the measured component. System rates are extensive 
quantities and are by definition system-specific and cannot 
be correlated to fundamental parameters (e.g. temperature, 
velocity) characterizing the system. 

Transport rates comprise ‘bulk transport’ (movement of 
component due to the flow of the bulk liquid), ‘interfacial 
or interphase transport’ (transport across the interface 
between two phases), and ‘intraphase transport’ (transport 
within one phase due to a gradient-e.g. diffusion). One 
common criterion regarding a transport rate is that changes 
in a component’s concentration (in the case of mass 
transport) are not due to a molecular change in the com- 
ponent. 

Conversely, global process rates describe transformations 
that occur due to chemical, biochemical or biological reac- 
tions that either produce or consume the component. 
Global process rates can also reflect limitations to the 
maximum reaction rates possible should mass or heat trans- 
fer resistances be significant in the specific system. Global 
reaction rates consist of (1) the specific intrinsic surface 
reaction rate and (2) a factor that describes the effects of 
external and internal mass transfer resistances on com- 
ponent concentrations. True intrinsic reaction rates are 
fundamental intensive quantities in that they can be corre- 
lated to system parameters such as temperature, pressure, 

concentration and velocity. Figure 1 illustrates the hier- 
archy of the global reaction rate composition. Once true 
kinetics per surface area or per weight of cell support are 
determined as a function of pertinent parameters, it can be 
modified by an effectiveness factor which compensates for 
mass transfer limitations. The resultant observed surface 
area (or per weight) reaction rate can then be converted to a 
global (per reactor volume) reaction rate from the system 
surface area to volume ratio (often an unknown in a design 
problem). Once the global reaction rate expression is 
known, the design equation or material balance, describing 
the fluid contact patterns of the reactor, is complete. A 
summary of reactor design equations for the more perti- 
nent, ideal reactor systems is given in Fig. 2. Problems 
associated with the scaling up of systems, arise usually not 
due to changes in the intrinsic reaction rate, but rather to 
improper extrapolation of reactor mixing characteristics and 
mass transfer effects. 

The remainder of this paper will address the specific 
advantages and cite various application examples of biofilm 
or immobilized cell reactor systems for microbial, plant and 
animal cells. 

3. NATURAL B l O F l L M S  

3.1 Microbial biofilms 

Microbial biofilms, especially bacterial, accumulate as a 
consequence of the microbes’ ability to adsorb to a surface 
(termed a substratum), replicate, produce extracellular 
polymers and metabolize nutrients and substrates dissolved 
in the surrounding fluid phase. As illustrated in Fig. 3, the 
initial colonization of a surface-whether it be a rock in an 
alpine stream, a plastic surface in a waste-water treatment 
system, or an endoprosthetic medical implant-and the 
subsequent biofilm formation comprise a complex series of 
chemical, physical and biological processes. For details 
about the system parameters governing these individual 
processes, the reader should consult Costerton et al. (1985), 
Bryers (1987), Characklis and Marshall (1990), Bryers and 
Characklis (1992) and Gilbert el al., this Symposium, pp. 

Naturally-formed bacterial biofilms can have both bene- 
ficial and detrimental roles depending upon whether their 
development is controlled or unintentional. Detrimental 
effects arising from the unintentional formation of micro- 
bial biofilms are summarized in Table 1. Certain aspects of 
analytical detection, remedial control, and protocols to 
prevent the formation of detrimental biofilms are the basis 
of a number of viable economic ventures that could be con- 
sidered in the biotechnology sector. 

Examples of processes that derive economic or process 
advantage by being carried out in a natural biofilm mode 
are detailed in this section. 

67s-78s. 
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Fig. 1 Hierarchy of heterogeneous 
reaction process analysis. Definition of 
terms : rs = local intrinsic reaction rate per 
unit surface area, independent of any mass 
transport limitations; yS* = overall 
observed reaction rate per unit area, which 
could include the influence of any mass 
transfer limitations; q = reaction system 
effectiveness factor, a dimensionless 
quantity that corrects the true intrinsic 
reaction rate for any mass transfer effects 
and must be derived for the particular 
system in question; R, = global reaction 
rate, overall reaction rate on a per reactor 
volume basis; A = total surface area of the 
biofilm or immobilized biocatalyst ; 
V = reactor volume, F = influent 
volumetric flow rate of growth limiting 
substrate, S;  So = influent concentration 
of growth limiting substrate. M, = the 
unit of mass of substrate, L = the unit of 
length 

Fig. 2 Design equations for ideal reactors. 
Definition of terms: A = concentration of 
reaction component A; r = intrinsic 
reaction rate per volume of reactor; 
F = volumetric flow rate entering and 
leaving reactor; Ai, = influent 
concentration of component A ;  
V = reactor volume; v, = stoichiometric 
coefficient of component A in reaction r 
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Flow 0 

I Substratum I 
Fig. 3 Processes contributing to bacterial biofilm formation. 1, 
Surface pretreatment by adsorbing molecules ; 2, cell particle 
transport to substratum; 3, cell reversible adsorption to 
substratum; 4, cell desorption from substratum; 5, cell 
irreversible attachment to substratum; 6, limiting substrate 
transport and metabolism ; 7, cell replication and exopolymer 
production ; 8, biofilm removal processes (detachment and 
sloughing) 

3.1.7 Acetic acid production. Vinaigre in French is sour 
wine and, by law, the acetic acid solution known as vinegar 
must be produced by the biological oxidation of ethanol. In 
the current ‘quick vinegar’ process, alcoholic solutions are 
trickled over Acetobacter spp. biofilms formed on large 
columns (55 m3) of packed beechwood chips (50 mm 
diameter). Similar to a cooling tower, this reactor configu- 
ration is necessary to provide the substantial amounts of 

Table 1 Detrimental effects of biofilm accumulation 

Material deterioration Corrosion 
Tooth decay 
Cystic fibrosis 
Contamination of prostheses 

Energy losses Increased frictional resistances 
Increased heat transfer resistances 

Reactor performance Atypical econiches 
Biased kinetic and stoichiometric 

Unsteady-state effluent quality 
constants 

oxygen required and to dissipate the heat generated in the 
highly exothermic ethanol oxidation. 

3.1.2 Microbial leaching. Today, approximately, 10-20% 
of the copper mined in the US is extracted by microbe- 
assisted processing of low-grade ores or tailings (Brierley 
1978, 1982). Research has also extended microbial leaching 
to the recovery of other metals such as uranium, silver, 
cobalt, molybdenum, nickel and gold (Lawrence and Bruy- 
nesteyn 1983) as well as the de-sulphurization of coal 
(Gockay and Yurteri 1983). Most microbial leaching 
depends on microbial oxidation of the metal sulphides. 
Aqueous environments in association with spent mineral 
ores produce very harsh conditions of low pH, high metal 
concentration and high temperature which enrich for 
microbes of very discriminating nutritional requirements 
(Table 2). To carry out their oxidative liberation of bound 
metals, these bacteria first must form biofilms on the metal 
ore particles. The  most common operation is similar to the 
vinegar reactor above in that ore is piled to form a packed 
bed over which acidified water (pH = 1.5-3.0) is sprayed. 
Acidophilic bacteria, Thiobacillus ferrooxidans, actively 
oxidize the soluble ferrous iron and attack the sulphide 
minerals, releasing the soluble cupric ion. Elemental 
sulphur would accumulate on the ore, limiting the extent of 
leaching, if not for Thiobaciflus thiooxidans which oxidizes 
the reduced sulphur and maintains the acidic environment. 
Similar processes have been reported for the extraction of 
uranium ores. 

Information about the process engineering of microbial 
leaching is sorely lacking. Biological reaction(s) and mass 
transfer rates in current systems most likely limit the effi- 
ciency of the overall process, although work on fluidized 
bed processes looks promising (Kargi and Robinson 1982). 

3.1.3 Polysaccharide production. Polysaccharides are 
produced as microbial energy reserves, as structural 
material in cell walls and extracellular capsular layers. Pro- 
duction of extracellular polysaccharides is critical to the for- 

Table 2 Bacteria isolated from metal ore 
environments Organism Growth range Energy source Carbon source 

Thiobacillus Mesophile Fez+, V4+,  So CO2 
ferrooxidans 

Leptospirillum Mesophile Fez’ 
ferrooxidans 

Thiobacillus Mesophile SO 
thiooxidans 

Sulfolobus spp. Thermophile So, organic C, Fez+ CO, , organic C 

Acidop hilium Mesophile organic C organic C 
cryptum 
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Table 3 Microbially derived extracellular 
Pol ysaccharide Micro-organism Applications pol ysaccharides 
Xanthan Xanthomonas campestris 

Dextran Aerobacter spp. 
Streptococcus boais 
Viridans streptococci 

Alginates Pseudomonas aeruginosu 
Azotobacter rrnelundri 

Pseudomonas elodea ATTC 31461 Gellan gum 

Zanflo Erwinra tahitrca 

Polytran Sclerotzum glucanicum 

Curdlan Alcaligenes faecalis 

Pullulan Aureobasidium pullulans 

Unnamed heteroglycan Flavobacterium uliginosum MP-55 

Viscosity modifier, 
gelling agent, food 
additive, emulsifier 

Plasma substitute 
(blood expander), 
burn treatment, 
poi yelectrol yte 

Thickening agent in 
dairy products 

Gel agent of media 

Paint thickener 

Oil drilling mud 
stabilizer 

Gel agent for foods, 
enzyme support 

Flocculating agent 

Anticancer, anti- 
tumour therapy 

mation of the glycocalyx surrounding cells in a biofilm. A 
large number of soluble and insoluble extracellular poly- 
saccharides have gained commercial importance because of 
their ability to alter, at very low concentrations, the rheolo- 
gical properties of aqueous solutions. Such polysaccharidic 
hydrocolloids are used extensively in the food, phar- 
maceutical, cosmetic, oil, paper and textile industries as 
thickening agents and viscosity modifiers (Table 3). 

A novel approach to exploiting a microorganism’s ten- 
dency to over-produce extracellular polysaccharides is 
carried out during biofilm formation (Robinson and Wang 
1987). In this process, the mass transfer limitations inher- 
ent in biofilm systems are exploited, rather than avoided, in 
order to selectively retain the macromolecular product 
within a porous biomass support. In typical suspension 
Xanthomonas campestris fermentation, maximum xanthan 
product concentration is limited by the increase in mass 
transfer rates brought on by the increasing xanthan 
polymer concentrations. Robinson and Wang ( 1987) immo- 
bilized living Xanthomonas  campestris cells in celite (porous 
diatomaceous earth particles). Because of the low diffusi- 
vities of the macromolecule, xanthan is retained prefer- 
entially in the particle while nutrients and other metabolites 
diffuse rapidly maintaining high productivity rates. 

3.7.4 Waste-water treatment systems. Micro-organisms 
grow at a rate dictated by their physiological status and 
prevailing growth conditions. If the microbes are growing 
in suspension in a continuously fed reactor (i.e. a 

chemostat), the growth rate is dictated by the reactor 
residence time. Cell concentration at a fixed residence time 
is a function of the inlet concentration of the limiting 
substrate(s) and the cell’s efficiency to convert that sub- 
strate to biomass. Should the reactor residence time 
decrease below the maximum generation time of the 
culture, cells will be washed out of the reactor. Wash-out 
thus limits the maximum substrate removal rate attainable 
in a chemostat. The  objective of a waste-water treatment 
reactor is to remove the maximum amount of a contami- 
nant (the substrate) within the minimum residence time. 
Consequently, waste-water treatment using suspended cul- 
tures is seldom carried out in chemostats but rather in acti- 
vated sludge systems where biomass in the effluent is 
separated, concentrated and recycled. This cell recycle 
serves to maintain elevated levels of the culture so that sub- 
strate loading rates can be increased. 

Biofilm or fixed film reactors are another means of 
retaining biomass within a flow-through reactor indepen- 
dent of the liquid phase residence time. Reactor geometries 
employed in biofilm treatment systems include : 

completely mixed reactors, such as rotating biological 
contractors (RBCs); 
fixed- or packed-bed reactors ; conventionally known as 
trickling filters, these systems can either employ rocks 
or, more recently, reticulated or corrugated plastic 
packing as biofilm support material; and 
fluidized beds of either non-porous sand or plastic 
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(0.2-2 mm diameter) or porous biomass support par- 
ticles (e.g. activated carbon, ceramics, 3D stainless-steel 
wire ‘webs’, polyester sponge cubes). 

Waste-water treatment is probably the largest single 
application of natural biofilm reactors. Such biofilm waste- 
water treatment systems have been applied to carbon oxida- 
tion, nitrification, denitrification, anaerobic methane gener- 
ation, hazardous or xenobiotic detoxification and heavy 
metals removal. The reader is directed to several excellent 
reviews on the design and operation of biofilm waste-water 
treatment systems (Bryers and Characklis 1990; Grady and 
Lim 1980; Cooper and Atkinson 1981). 

3.2 Anchorage-dependent animal cell biofilms 

Products derived from animal cells (animal cells, insect 
cells, hybridoma cells) are extremely valuable in diagnostic 
and therapeutic medicine. These products can be either the 
cell itself (e.g. P-islet cells, heptacytes, bone marrow cells, 
lymphyocytes) or cell-derived products including human 
growth factors, blood factors, interferons, proteases, hor- 
mones, vaccines and monoclonal antibodies. Not every bio- 
logical commodity can be made by microbiological 
methods. While certain proteins have been successfully 
expressed in bacteria by recombinant DNA technology, 
proteins with complex tertiary or quaternary structure or 
those requiring post-translational modifications (proper 
glycosylation, correct disulphide linkages) or folding can 
only be functionally expressed in animal cell systems. Con- 
sequently, over the past ten years, research and develop- 
ment in animal cell cultivation methods have increased 
dramatically. Mass production of animal or insect cells is 
not as simple as in the case of microbial cells, as these 
higher life forms are larger, more fragile, grow much slower 
and are nutritionally more discriminating. Animal cells are 
believed to be sensitive to damage from high shear stress, 
although recent studies indicate that reported cell deaths 
and lysis due to shear stress may actually be attributed to 
impaction, cavitation and microturbulent eddies. 

Stringent cultivation requirements of animal cells are 
also related to a specific cell line’s ‘anchorage-dependency’. 
Cell lines, such as lymphocytes, grow freely in suspension 
but a large number of animal cell types (e.g. fibroblasts, 
epithelial and epidermal cells) must be associated with a 
substratum to replicate. Stathopoulos and Hellums (1985) 
and Dewey et al. (1981) reported that once an animal cell 
reaches a surface and adsorbs, it spreads out, becomes elon- 
gated and aligns with other cells in a pattern highly depen- 
dent upon prevailing fluid dynamics, and grows. Cell 
growth and replication proceeds at the substratum until 
cell : cell contact is established (termed ‘confluence’), 
forming a monolayer coverage of the substratum. Cells will 
no longer grow or overlap one another. Such anchorage- 

dependent cells can only be removed from the substratum 
by excessive shear forces or by a proteolytic agent. 

The most common devices for culturing anchorage- 
dependent animal or insect cells are Petri dishes or roller 
bottles; neither of which provide the surface area nor the 
environmental control necessary for scale-up to commercial 
production. A variety of alternative reactors, designed to 
increase surface area for heterogeneous animal cell cultiva- 
tion, have arisen over the past twenty years, including: the 
glass bead propagator (Wohler et al. 1972), the multiple- 
plate propagator (Weiss and Schleicher 1968), the Gyro- 
genTM with rotating tubes (Girard et al. 1980), and the 
microcarrier bead reactor (van Wezel 1967). The micro- 
carrier system is the only system to have experienced com- 
mercial success. The original microcarrier was DEAE- 
Sephadex beads. Since van Wezel’s original work, micro- 
carriers with controlled lower surface charge densities that 
use DEAF-Sephadex, gelatin-coated dextran beads, poly- 
acrylamide, polystyrene, hollow glass, cellulose and fluoro- 
carbon droplets have been developed. Microcarriers (1) 
offer the required substratum for anchorage-dependent cell 
growth at high surface area : volume ratios (10 000 m - I )  ; 
(2) permit simple cell separation from medium; (3) provide 
a readily accessible and controlled liquid phase environ- 
ment; (4) support growth to over lOI3  cells m-3, and can 
be scaled up. Recently, the effects of hydrodynamics 

Fig. 4 Example of a glass microcarrier for mammalian cell 
immobilization 
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(Croughan et al. 1987), inoculum requirements (Hu et al. 
1985), substratum surface properties (Varani et a/. 1985) 
and reactor operation (Miller et al. 1986) have been 
addressed. An example of a glass bead carrier, supporting 
human foreskin fibroblasts is provided in Fig. 4. 

4. CAPTURED CELL SYSTEMS 

Natural biofilms of any cell type suffer from a lack of 
control over the development of the biofilm. In microbial 
cell systems, excessive biofilm formation can lead to such 
problems as: ( I )  unstable effluent biomass concentrations ; 
(2) excessive mass transfer limitations; (3) hydraulic insta- 
bilities and excessive pressure drops in porous media 
systems; (4) uncontrolled biofilm particle buoyancy in 
fluidized-bed systems; and (5) creation of atypical eco- 
niches in regions of electron donor or acceptor mass- 
transfer limitations. In animal or insect cell systems, 
non-porous microcarrier bead systems have an inherent 
limit to the microcarrier concentration in a system. At some 
level, carrier concentration will be too high resulting in 
excessive impaction and cell damage. To reduce this effect, 
agitation can be reduced but only so far or else the carrier 
will no longer be suspended. Increasing the surface 
area : volume ratio by decreasing carrier size also has its 
limits due to the surface area required for cell attachment 
and the physical need to keep the carriers in the reactor. 

To  alleviate these problems of natural biofilm formation, 
several alternative biomass supports or immobilization 
methods have emerged over the past thirty years. ‘Biomass 
support systems’ are classified as that group of porous inert 
support materials that provide extremely high internal 
surface areas for cell attachment and subsequent cell colo- 
nization, or complete biofilm formation. ‘Cell immobil- 
ization methods’ comprise a series of different methods that 
either bind a cell chemically or physically to a substratum, 
capture the cell within a polymer gel or an inorganic 
hydroxide metal precipitate matrix, or surround a cell sus- 
pension within a semipermeable matrix. Biomass support 

a- 

t- 53 mm - 

3-30 mm O.D. - 
25 mm * 

10-40 mm 

H L 

Fig. 5 Example of biomass support particles: (a) plastic mesh 
toroids, (b) stainless steel wire mesh spheres, (c) polyethylene 
foam pads, (d) polyester foam sponge 

and immobilized cell systems can be fabricated to allow 
reactor operation in either the chemostat or plug flow 
mode. 

In biomass support systems, adhesion, cell growth and 
biofilm formation are promoted. Biomass is contained 
within the confines of the support medium which dictates a 
known diffusion path and predictable particle reactivity. 
Any biomass that exceeds the boundaries of the support 
matrix is swept away by either prevailing shear stresses or 
particle : particle abrasion. Examples of biomass support 
systems include biomass capture particles (Cooper and 
Atkinson 1981) shown in Fig. 5, porous ceramic matrices, 

Well-mixed 
tube-side / 

1- 
ith cells or enzymes) 

tal solute transport 
(diffusive and convective) 

/ n annular region 
Outer surface of 

A- collecfion chonnel - 
Side view -Section A-A End view 

(b) Cartridge 

BJ 
Side view-Section 8-E End view 

Fig. 6 Schematic of hollow fibre 
membrane bioreactor 
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Fig. 7 Scanning electron microscope photographs of a clean 
collagen porous sponge bead for mammalian cell cultivation. (a) 
low magnification, bead diameter 500 pm, (b) high magnification 
of bead internal structure 

hollow fibre membranes (Fig. 6) and collagen sponge beads 
(Fig. 7). Selective inoculation of biomass supports can 
provide the ability to stage sequential biological conversions 
in staged reactor units. 

Artificially immobilized whole cell systems differ from 
natural biofilms or biomass support systems in at least two 
ways: (1) immobilization is an engineered process with cells 
captured within or bound to a support using any one of a 
variety of chemical or physical techniques; and (2) growth 
and replication of the immobilized cells often is not neces- 
sary or desired. Figure 8 summarizes the various immobil- 
ization techniques available. For details regarding these 
immobilization procedures, the reader is directed elsewhere 
(Kennedy 1979; Kennedy and Cabral 1983; Scott 1987). 

Specific biotechnological applications of biomass support 
and immobilized cell systems are illustrated in the remain- 
ing sections. 

I Techniques for artificially immobilizing cells 

1 I 
I 

I Chemical immobilization I I Phvsical immobilization I 

Gels, fibres 

Flocculation, 
pe I let iza tion filtration, 

sedimentation 

Adsorption, 
chelation, r-l covolent-binding 

Fig. 8 Methods of artificial whole cell immobilization 

4.1 Microbial cells 

4.7.7 Ethanol production. Black et al .  (1984) reported 
using stainless steel wire 'webs' and polyester foam sponges 
to immobilize the yeasts Saccharomyes cerevisiae and S .  
uvarium within fluidized particle reactors operated at dilu- 
tion rates of 0.78 and 1.35 h-', respectively. Overall 
ethanol production rates were approximately 12 kg m - 3  
h-' in both systems with the ethanol yield being, respec- 
tively for each species, 80% and 98% of that theoretically 
possible. Total biomass per support particle was 16 mg for 
the stainless steel webs and 30 mg for the polyester 
sponges. 

4.1.2 Cellulase production. Webb et al .  (1986) reported 
the continuous production of the enzyme cellulase by the 
filamentous fungus Trichoderma vdride QM 91 23 captured 
within stainless steel wire 'webs' approximately 6 mm in 
overall diameter. The steel web beads were fluidized in a 
10 1 spouted bed reactor operated well past the wash-out 
dilution rate (0.012 h-') of the fungus. At an operating 
dilution rate of 0.18 h-', a maximum productivity of cellu- 
lase of 30 specific activity (sp. act.) units I - '  h - '  was 
reported; specific productivity = 6.0 sp. act. g- '  D W  h- '  
immobilized us 1.1 sp. act. g-' D W  h-'  in free suspen- 
sion. 

4.1.3 Recombinant gene expression. Inloes et a]. 
(1983) reported the growth of a recombinant Escherichia coli 
C600 (pBR322), which had been cloned to over-produce 
B-lactamase, within a hollow fibre membrane reactor. Sus- 
pension culture performance was I x 1O-l0sp. act. cell-' 
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h - '  and 0.84 sp. act. ml-' h - ' ,  while for the hollow fibre 
immobilized system results were reported as 2 x lo-" sp. 
act. cell-' h - '  and 10.0 sp. act ml-'  h - I .  

The effects of plasmid stability have been investigated by 
de Taxis du Poet et al. (1986). Plasmid-bearing E. colt 
BZ18 (pTG201) cells were immobilized in K-carrageenan 
beads that were subsequently fluidized in a chemostat oper- 
ated at a volumetric residence time of 15 min. Immobilized 
reactors were operated without the presence of antibiotic 
selection pressure and performances were compared with 
suspended cultures under similar conditions (dilution rate 
below wash-out). The plasmid encoded for the expression 
of catechol-2,3-dioxygenase. Plasmid-bearing populations 
were selectively washed out of the chemostat cultures if 
operated without antibiotics. Immobilized cultures 
exhibited continuous expression of the enzyme over several 
hundred generation times and cells extracted from the 
beads exhibited increased copy numbers, without antibiotic 
selection pressure. Nasri et u / .  (1987) extended this analysis 
to three geneticall! different E. colt hosts using the same 
plasmid and again reported that the fraction of plasmid- 
bearing cells immobilized was greater than in suspension. 
Sayadi et al. (1989) employed an E. colt W3110 (pTG201) 
again immobilized within k--carrageenan beads 
(diameter = 3 mm) and fluidized within a chemostat at a 
dilution rate of 1.3 h - ' .  They found that immobilization 
increased the stability of pTG201 even under glucose-, 
nitrogen- or phosphate-limited growth conditions without 
the use of antibiotics. 

4.7.4 Waste-water treatment. Nesaratnam and Ghobrial 
(1985) compared the performance of a conventional activat- 
ed sludge system to that of a system of fluidized polyester 
sponges, both containing a mixed culture of microbes, for 
the treatment of oil refinery petrochemical wastes. Both 
systems were operated at residence times of 12 and 7 h. 
Carbon and nitrogen oxygen demand (COD, NOD) 
removal in the biomass support system was comparable to 
that of the suspended culture system. The process advan- 
tage of the polyester sponges is that the clarifiersedimen- 
tation process in the activated-sludge process is not neces- 
sary, thus reducing overall system volume. 

Messing (1982) captured methanogenic cultures within 
the porous structure of ceramic cartridges to convert 
sewage organics to methane. The cell support was Cor- 
dieriteTM (Corning Glass Co., average pore diameter 3 pm, 
pore volume 4400 mm3 g - ' ,  porosity 57%). COD 
reduction varied between 60 and 90'%, and the resultant 
gas was 90% CH, and 10% carbon dioxide. 

Karube et a/. (1980) compared methane gas production 
from various waste waters treated by methanogenic bacteria 
immobilized in three different gels : agar, polyacrylamide, 
and collagen membranes. Agar membranes exhibited the 

highest methane production activity (450 pmol CH4 g-' 
DW h-') of the three carrier membranes. 

Nilsson et al. (1980) employed cells of Pseudomonas deni- 
trificans immobilized in an alginate gel to denitrify water. 
In the absence of an exogenous carbon source, the immo- 
bilized cells enzymatically converted nitrate to nitrogen gas. 
Cells retained 75% of their initial nitrate reducing capacity 
after 21 days of storage at 4°C. Nilsson and Ohlson (1982) 
reported that a column packed with gel beads (2 mm 
diameter) produced 0.07 m3 denitrified water kg-' gel-' 
h - '  for two months from a high nitrate feed stream (22 g 
NO,-N m-3). Cell activity could be regenerated by 
periodically feeding an organic carbon-nutrient solution to 
the column but eventually this resulted in sufficient cell 
growth to rupture the gel beads and contaminate the 
effluent. 

Nakijima et al. (1 988) reported recovering uranium from 
sea-water and freshwater with both Streptomyces uiridochro- 
mogenes and Chlorella regularis within polyacrylamide gels. 
Adsorbed uranium was recovered by a caustic wash cycle. 

Klein et al. (1979) illustrated phenol degradation by 
Candida tropicalis immobilized in ionic polymer networks 
fabricated from styrene-maleic acid copolymer. A fixed bed 
reactor containing 140 g of beads (3 mm diameter) elimi- 
nated 99% of the influent phenol for approximately 20 days 
before losing capacity; activity could be regenerated period- 
ically using a nutrient-rich medium. 

Suzuki et al. (1978) immobilized Clostridium butyricum 
cells within a polyacrylamide gel to produce hydrogen 
gas anaerobically from the degradation of an industrial 
alcoholic waste water (BOD = 660 g m ~ 3).  Hydrogen pro- 
duced in the packed column passed to a liquid fuel cell 
generating a current of 8-9 mA for 20 d. 

4.7.5 Biosensor applications. Cells artificially immobil- 
ized within gel membranes provide the ability to 'locate' a 
cellular or enzymatic reaction at a specific point thus 
leading to the evolution of specific biosensor probes. A bio- 
sensor consists of a biologically sensitive material (cells, 
enzymes, antibodies, organelles) in direct contact with an 
appropriate transducing device that converts the biochemi- 
cal reaction into an electric signal. The biological com- 
ponent is responsible for the 'recognition' of a specific 
component in the system in question, which in turn trig- 
gers a biochemical reaction at the sensor surface. The types 
of transducers available and their applications to biosensors 
are summarized in Table 4. 

Karube et al. 1971; 1977a, b ;  1980 and Hikuma et al. 
1979; 1980) detailed the construction of microbial bio- 
sensors for detecting the organic pollutant load in a recei- 
ving water, correlating biosensor output to sample 
biological oxygen demand (BOD). Either yeast or bacteria 
were immobilized within acetyl cellulose membranes and 



BIOTECHNOLOGY OF INTERFACES 107s 

Table 4 Biosensor transducers and their 
applications Measurement mode Application Transducer 

Ion-selective Potentiometric Ions in biological 
media, enzyme sensors 

Gas-sensing electrode Potentiometric Gases, enzymes, 
substrates 

Field-effect transistors Potentiometric Ions, gases, substrates 

Optoelectronic, fibre-optic, Optical, evanescent pH, immunological 
waveguide devices wave distortion compounds, substrates 

Thermistors Calorimetric Enzyme sensors, whole-cell 
sensors for substrates, 
products, gases, 
pollutants, antibiotics 

Enzyme electrodes Amperometric Enzyme, substrates 

Conductivity probe Conductance Enzyme, substrates 

then fixed to a conventional dissolved oxygen probe. 
Response of the probe was linear below a sample BOD con- 
centration of 60 g m-3. A similar design employing nitrify- 
ing autotrophic bacteria immobilized on an oxygen probe 
allows the detection of dissolved ammonia below 1.5 ppm 
(Hikuma et al. 1980). 

4.2 Plant cells 

Plant cells are used for the production of a wide variety of 
specialty commodities including pharmaceuticals (codeine, 
scopolamine, vincristine, ajmalicine, taxol, digoxin), 'bio- 
chemicals' (pyrethrin, sallanin, rotenone), flavours and fra- 
grances (strawberry, vanilla, rose), sweeteners (thaumatin, 
monellin) and food colourings (anthocyanin, saffron). A 
majority of these compounds are secondary metabolites 
formed by the plant cell when grown under suboptimal 
conditions (low growth rate, substrate concentrations). 
Plant cells will grow in suspension but have a propensity to 
associate in aggregate form. Immobilized plant cell systems 
provide superior control over the aggregate size, protection 
from shear stress damage, and better cell-cell contact which 
favours cell differentiation. Kargi and Rosenberg (1987) 
summarize the state of plant cell culture techniques. Uses 
of artificial immobilization of plant cells via gel entrapment 
are reported by Shuler et al. (1982), Brodelius and 
Mosbach (1982), and Brodelius (1983). Prenosil and Ped- 
ersen (1983) employed hollow fibre membrane reactors for 
polyphenol production using immobilized carrot cells. Park 
and Mavi tuna (1 986) produced capsaicin from chili pepper 
plant cells, Capsicum fructescens, grown within polyester 
sponge cubes fluidized within a continually fed bioreactor. 
Su and Humphrey (1991) cultivated Anchusa officinalis in a 
modified chemostat vessel to effect a perfusion system 

producing in a 17-d fermentation, a cell density of 26 g 
DW 1-' and a rosmarinic acid productivity of 94 mg 
1-1 d-1 

4.3 Animal cells 

Aside from microcarrier beads, mammalian cells can be cul- 
tivated either within biomass support systems (hollow 
fibres, ceramic matrix cartridges, collagen sponge beads) or 
within gel beads or micro-encapsulated in gel membranes. 

Hollow fibre membrane reactors have been utilized to 
produce both anchorage-dependent (Knazek et al. 1972) 
and -independent cell lines (Wiemann et al. 1983). Cells are 
inoculated into the shell space where they are entrapped 
within the porous reticulated pores of the outer hollow 
fibre membrane. Medium is delivered by way of the nutri- 
ent solution passing down the lumen ; nutrients diffuse 
through the membrane to the cells while waste products 
and products diffuse back into the medium leaving the 
system. Hollow-fibre reactors can develop axial nutrient 
gradients (Ku et al. 1981) down the lumen as well as radi- 
ally within the immobilized cell region. T o  prevent such 
mass transfer limitations, hollow fibres can be operated in a 
convective flow mode; where lumen fluid is forced by 
radial pressure gradients into the cell layer at one end of the 
membrane and waste products flow radially back into the 
lumen at the other end. Oh and Chang (1992) report culti- 
vating hybridoma cells, Apls 25-3 hybridomas, within a 
dual hollow fibre reactor which produced log130  ,ug ml-'  
monoclonal antibody against human chorionic gonadotropin 
at a cell density of 2 x 10' cells ml-' for over 30 d. The  
only drawback to hollow fibre systems is the inability to 
either harvest or directly measure cell numbers in the 
sealed membrane units. 
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5. SUMMARY 

Immobilized cells provide the unique opportunity to design 
and operate bioreactor systems at  elevated system reacti- 
vities with minimal volume. Immobilized cells are inher- 
ently independent of the fluid phase thereby allowing 
reactor systems to be operated at residence times well past a 
culture’s maximum growth rate. Cells bound within bio- 
films or immobilized in support structures aid in the 
separation of the biomass from the fluid phase. Immobil- 
ized reactor systems afford the ability to  orchestrate 
sequential biological reactions in staged reactor units. 
Attached cells or membrane entrapped cells can be selec- 
tively located leading to the evolution of biosensor probes. 

Immobilized cell systems can also suffer from excessive 
mass transfer limitations that can negate rhese potential 
advantages. Biofilm formation and activity requires a com- 
prehensive consideration of the physical, chemical and bio- 
logical processes involved or else the system analysis will be 
incomplete. 
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