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Abstract 

B~ofilms are a collection of cehs entrapped within a gelatinous matrtx camprising mostly msoluble extracehular 
polymers that the cells secrete. Although the term IS applied mostly to bacterial cells and thar secreted insoluble 
exopolymers. any brotogicaliy actrve layer of cells (microbial. plant, or mammalian cells) can be considered a btofihn. 
Any surface m coneact unth a biologrcal fiutd is a potential target surface for mrcroblal cell adhesion. Once celIs are 
attached. subsequent growth and rephcatron of surface-attached c&s, cell exopoiymer production, further recruitment 
of planktomc ceils from the fluid phase, and various brofilm detachment processes constttute what is collectrvely known 
as btofilm formatton and persistence. 

Btofilms can play both beneficial or detrimental roles dependmg on whether their formatron wtthm a specrfic system 
IS mtentronal or Inadvertent. Thts artrcle WITI revtew both the current and emergmg technologrcal rmplications af 
bacterial cell adhesron and brofiim formatron mcludmg btomaterrals prepnratton to prevent bacterial mfections of 
medtca1 implants: development of novel anttbrottc therapies to control biofiim-bound bacteria; designer nanocrys~~lll~le 
filaments c&led “bronites”, fabrrcated from strands of hactena, that possess unusual magnetic, opttcal and biocatalytic 
properties: spectfic hazardous waste detoxification by nnmobilized recombmant bactena; Improved recombmant plasmtd 
retention wrthm biofilm populatrons. and stable brosensors. 

Ke]: words Biofilm apphcations, Btofilm engineering, Btofilm technologies 

Introduction 

Biotechnology is the manipulation of cellular 
fragments (e.g. enzymes, organelles) or entire ceils 
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 197Os, the performance, reactivity, and 
product specificity of a biological process was 
inherent to the specific biocatalyst (enzyme or 
whole cell) used. The emergence of genetic manipu- 
lation, recombinant DNA technology, cell fusion, 
and advances in immunoio~y now permit the 
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orchestration of desired metabolism, production of 
exotic molecules, and the improvement of process 
selectivity. 

Biofilms or immobilized ceI1 systems are perti- 
nent within b~ote~h~oIogy because of (I) reactor 
performance advantages that immobilized cells 
provide over freely suspended cultures, (2) specific 
metabolic improvements or products created upon 
immobilization, (3) their ability to localize a specific 
biological response which can be exploited in 
biosensor design. and (4) critical phys~o~og~~al 
requirements of certain cell lines (plant and animal 
cells) for adhesion and anchorage. 

This article will review both the current and 
emerging technological implications of bacteria1 
cell adhesion and biofifm formation including bio- 
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materials preparation to prevent bacterial infec- 

tions of medical implants: development of novel 

antibiotic therapies to control biofilm-bound bac- 

teria; designer nanocrystalline filaments called ‘bio- 

nites’. fabricated from strands of bacteria, that 

possess unusual magnetic, optical and btocatalytic 

properties; specific hazardous waste detoxification 

by immobilized recombinant bacteria: improved 

recombinant plasmid retention within btofilm pop- 

ulations; and stable biosensors. 

Microbial biofilms, especially bacterial, accumu- 

late 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 surround- 

ing fluid phase. As illustrated in Fig. 1, the initial 

colonization of a surface - whether it be a rock 

in an alpine stream, a plastic surface in a 

wastewater treatment system. or an endoprosthetic 

medical implant - and the subsequent biofilm 

formation comprise a complex series of chemical, 

physical, and biological processes. For details 

regarding the system parameters governing these 

individual processes, the reader should consult 

Bryers and Characklis [l], Bryers [Z], Characklis 

and Marshall C-11, Costerton et al. [4]. 

Naturally formed bacterial biofilms can serve 

Fig I. Processes contrlbutmg to bacterial blofilm formation 

both beneficial and detrimental roles depending 

upon whether their development is controlled or 

unintentional. The technological ramifications of 

both the benefits and detriments of cell adhesion 

and biofilm formation are discussed in this paper. 

Beneficial uses of microbial biofilms and captured 

cell systems 

Nrrturul biqfilms 

Examples of microbial processes that have tradi- 

tionally derived economic or process advantage by 

being carried out in a natural biofilm mode are 

detailed in this section. 

Acetic ucid production 

“Vin aigre” in French is sour wine and, by law, 

the acetic acid solution 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 configuration is necessary to provide the 

substantial amounts of oxygen required and to 

dissipate the heat generated in the highly exother- 

mic ethanol oxidation. 

Microbial leaching 

Today, approximately. 10P30’“r of the copper 

mined in the US is extracted by microbial-assisted 

processing of low-grade ores or tailings [5,6]. 

Research has also extended microbial leaching to 

the recovery of other metals such as uranium, 

silver. cobalt. molybdenum, nickel, and gold [7] as 

well as the desulfurization of coal [8.9]. Most 

microbial leaching depends on microbial oxidation 

of the metal sulfides. Aqueous environments m 

association with spent mineral ores produce very 

harsh conditions of low pH, high metal concen- 

trations, and high temperatures which become 

enriched in microbes of very discriminating nutri- 

tional requirements (e.g. Thiobacillus ferroosiduns, 

Leptospirillum jkrroosiduns, Acidophilium crpptum, 
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and Sulfolohus spp.). To carry out their oxidative 

liberation of bound metals, these bacteria must 

first 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. For example, the acidophilic bacterium, 

Thiohacillus ferrooxidans, actively oxidizes the sol- 

uble ferrous iron and attacks the sulfide minerals, 

releasing the soluble cupric ion. Elemental sulfur 

would accumulate on the ore, limiting the extent 

of leaching, if not for Thiobacillus thiooxidans 

which oxidizes the reduced sulfur, maintaining the 

acidic environment. Similar processes have been 

reported for the extraction of uranium ores. 

Process engineering of microbial leaching is 

sorely lacking. Biological reaction(s) and mass 

transfer rates in current systems most likely limit 

the efficiency of the overall process, although recent 

work in the fluidized bed process looks promising 

ClOl. 

Wastewater treatment systems 

Microorganisms grow at a rate dictated by their 

physiological status and prevailing growth condi- 

tions. 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 substrate to biomass. Should the 

reactor residence time decrease below the maxi- 

mum generation time of the culture, cells will be 

washed out of the reactor. Washout thus limits the 

maximum substrate removal rate attainable in a 

chemostat. The objective of a wastewater treatment 

reactor is to remove the maximum amount of a 

contaminant (the substrate) within the minimum 

residence time. Consequently, wastewater treat- 

ment using suspended cultures is seldom carried 

out in chemostats but rather in activated 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 

substrate loading rates can be increased. 

Biofilm or fixed film reactors are another means 

of retaining biomass within a flow-through reactor 

independently of the liquid phase residence time. 

Reactor geometries employed in biofilm treatment 

systems include: 

(1) completely mixed reactors, such as rotating 

biological contactors (RBCs); 

(2) 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; 

(3) fluidized beds of either non-porous sand or 

plastic (0.2-2 mm diameter) or porous biomass 

support particles (e.g. activated carbon, ceramics, 

three-dimensional stainless-steel wire “webs”, poly- 

ester sponge cubes). 

Wastewater treatment is probably the largest 

single application of natural biofilm reactors. Such 

biofilm wastewater treatment systems have been 

applied to carbon oxidation, nitrification, denitri- 

fication, anaerobic methane generation, hazardous 

or xenobiotic detoxification, and heavy metals 

removal. The reader is directed to several excellent 

reviews on the design and operation of biofilm 

wastewater treatment systems [ 1 l- 131. Recent 

examples of biofilm reactors employed for 

wastewater treatment reported in the literature 

include: polychlorinated hydrocarbon degradation 

[ 141, toluene degradation [ 151. denitrification 

[16,17], cadmium removal [18], anaerobic buty- 

rate degradation [ 191, nitrification [20&22], gly- 

phosphate degradation [23], anaerobic propionate 

degradation [24], phenolic wastewaters [25], ura- 

nium removal [26], and anaerobic carbon 

removal [27,28]. 

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 forma- 

tion can lead to such problems as: (1) unstable 



effluent biomass concentrations; (3) excessive mass 

transfer limitations; (3) hydraulic instabilities and 

excessive pressure drops in porous media systems; 

(4) uncontrolled biofilm particle buoyancy in 

fluidized-bed systems, (5) creation of spatially 

distinct microcolonies. 

To alleviate these problems of uncontrolled bio- 

film formation. several alternative biomass sup- 

ports or immobilization methods have emerged. 

Biomass support systems are classified as that 

group of porous inert support materials that pro- 

vide extremely high internal surface areas for cell 

attachment and subsequent cell colonization. or 

complete biofilm formation. Cell immobilization 

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 suspension within a semiperme- 

able membrane. Biomass support and immobilized 

cell systems can be fabrtcated 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 bio- 

mass that exceeds the boundaries of the support 

matrix is swept away by either prevailing shear 

stresses or particleeparticle abraston. Examples of 

biomass support systems include biomass capture 

particles [ 131 shown in Fig. 3. porous ceramic 

matrices, hollow fiber membranes (Fig. 3). and 

collagen sponge beads (Fig. 4). Selective inocula- 

tion of biomass supports can provide the ability 

to stage sequential biological conversions in a 

series of 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: (2) growth and 

replication of the immobilized cells often is not 
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Fig 2 Example of biomass support particles. (a) plastic mesh 

torolds. (b) stanless steel wre mesh spheres: (c) polyethylene 

foam pada. (d) polyester foam sponge 

necessary or desired. Figure 5 summarizes the 

various immobilization techniques available. For 

details regarding these immobilization procedures, 

the reader is directed elsewhere [99-311. 

Specific biotechnological applications of biomass 

support and immobilized cell systems are 

illustrated in the remaining sections, 

Etlmol production 

Black et al. [33] reported using stainless steel 

wire “webs” and polyester foam sponges to immo- 

bilize the yeasts Sacchnromyces cereresiue and 

S. urarium wtthm fluidized particle reactors oper- 

ated at dilution rates of 0.78 and 1.35 h ‘. respec- 

tively. Overall ethanol production rates were 

approximately I3 kg m 3 h ’ in both systems with 

the ethanol yield being, respectively for each 

species, 805 and 985 of that theoretically possible. 

Total biomass per support particle was 16 mg for 

the stainless steel webs and 30 mg for the polyes- 

ter sponges. 

Celluhse production 

Webb et al. [33] report the continuous pro- 

duction of the enzyme cellulase by the filamentous 
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Fig. 3 SchematIc of hollow fiber membrane bloreactor 

Fig. 4. Scanning electron mlcroscopy photographs of a clean collagen porous sponge bead for mammalian cell cultivation, (a) low 

magmficatlon, bead diameter 500 pm: (b) high magnification of bead Internal structure. 

fungus Trichoderma viride QM 9 123 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 oper- 

ated well past the washout dilution rate (0.012 h ‘) 

of the fungus. At an operating dilution rate of 

0.18 h- ‘, a maximum productivity of cellulase of 

30 specific activity units (SPU) 1-l h-’ was 

reported; specific productivity, 6.0 SPU gg ’ h-’ 

immobilized vs. 1 .l SPU g- ’ in free suspension. 

Recombinant gene expression 

Inloes et al. [34] reports the growth of a recombi- 

nant E. co/i C600 (pBR322), which had been cloned 

to overproduce fl-lactamase, within a hollow fiber 

membrane reactor. Suspension culture perfor- 
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TECHNIQUES FOR ARTIFICIALLY IMMOBILIZING CELLS 
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Fig. 5 Methods of artlficlal whole cell Immoblltzatton. 

mance was 1 x lo- lo SPU per cell h - * and 

0.84 SPU ml-’ h-l while for the hollow fiber 

immobilized system results were reported as 

2 x lo-l1 SPU per cell h--r and 10.0 SPU 

ml-’ h-‘. 

The effects of cell immobilization on plasmid 

stability has been investigated by de Taxis du Poet 

et al. [35]. Plasmid-bearing E. coli BZ18 (pTG201) 

were immobilized in K-carrageenan beads that were 

subsequently fluidized in a-chemostat operated at 

a volumetric residence time of 15 min. Immobilized 

reactors were operated without antibiotic selection 

pressure and performances compared to suspended 

cultures under similar conditions (dilution rate 

beiow washout). The plasmid encoded for expres- 

sion of catechol 2,3-dioxygenase. Plasmid-bearing 

populations were selectively washed out of the 

chemostat cultures if operated without antibiotics. 

Immobilized cultures exhibited continuous expres- 

sion of the enzyme over several hundred generation 

times and cells extracted from the beads exhibited 

increased copy numbers, without antibiotic selec- 

tion pressure. Nasri et al. 1361 extended this analy- 

sis to three genetically different E. co/i hosts using 

the same plasmid and again reported that the 

fraction of plasmid-bearing cells immobilized was 

greater than in suspension. Sayadi et al. [37] 

employed an E. co/i W3 110 (pTG201) again immo- 

bilized within k-carrageenan beads and fluidized 

within a chemostat at a dilution rate of 1.3 h-‘. 

They found that immobilization increased the sta- 

bility of pTG201 even under glucose-. nitrogen-, 

or phosphate-limited growth conditions without 

the use of antibiotics. 

Nesaratnam and Ghobrial [38] compared the 

performance of a conventional activated sludge 

system to that of a system of fluidized polyester 

sponges. both containing a mixed cuiture of micro- 

bes, for the treatment of oil refinery petrochemical 

wastes. Both systems were operated at residence 

times of 12 and 7 h. Removal of carbon and 

nitrogen oxygen demand in the biomass support 

system was comparabIe to that of the suspended 

culture system. The process advantage of the poly- 

ester sponges is that the clarifier---sedimentation 

stage in the activated-sludge process is not neces- 

sary. thus reducing overall system volume. 

Messing [39] captured methanogenic cultures 

within the porous structure of ceramic cartridges 

to convert sewage organics to methane. The cell 

support was CordieriteT” (Corning Glass Co., 

average pore diameter 3 urn, pore volume 

4400 mm3 gg’, porosity 577). COD reduction 

varied between 60 and 905. with the resultant gas 

90% CH, and lOC;# carbon dioxide. 

Karube et al. [40] compared methane gas pro- 

duction from various wastewaters treated by meth- 

anogenic bacteria immobilized in three different 

gels; agar, polyacryiamide, and collagen mem- 

branes. Agar membranes exhibited the highest 

methane production activity (450 umol CH, g ’ 

(dry weight) h-‘) of the three carrier membranes. 

Nilsson et al. [41] employed cells of 

~~~~~~~~~~us ~~~~f~~~e~77~ immobilized in an algi- 

nate gel to denitrify water. In the absence of an 

exogenous carbon source, the immobilized cells 

enzymatically converted nitrate to nitrogen gas. 

Cells retained 75$ of their initial nitrate reducing 

capacity after 21 days of storage at 4 C. A column 

packed with gel beads (3 mm diameter) reportedly 
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[41] produced 0.07 m3 denitrified water kg per gel 

h-’ for 2 months from a high nitrate feed stream 

(22 g NO; -N m - 3). Cell activity could be regener- 

ated 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. 

Nakajima et al. [42] report recovering uranium 

from seawater and freshwater using both 

Streptomyces uiridochromogenes and Chlorella reg- 

ularis within polyacrylamide gels. Adsorbed ura- 

nium was recovered by a caustic wash cycle. 

Klein et al. [43] 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) eliminated 99% of the 

influent phenol for approximately 20 days prior to 

losing capacity; activity could be regenerated peri- 

odically using a nutrient-rich medium. 

Suzuki et al. [44] immobilized Clostridium butyr- 

icum cells within a polyacrylamide gel to produce 

hydrogen gas anaerobically from the degradation 

of an industrial alcoholic wastewater (BOD, 660 g 

m - 3). Hydrogen produced in the packed column 

passed to a liquid fuel cell generating a current of 

8-9 mA for 20 days. 

Recently, captured cell systems have been report- 

edly used in the production of acetic acid [45], L- 

lysine [46], gluconic acid [47], kojic acid [48,49], 

ethanol [50,51], and in the epoxidation of pro- 

pene [52]. 

Biosensor applications 
Cells artificially immobilized within gel mem- 

branes provide the ability to ‘locate’ a cellular or 

enzymatic reaction at a specific point, thus leading 

to the evolution of specific biosensor probes. A 

biosensor consists of a biologically sensitive mate- 

rial (cells, enzymes, antibodies, organelles) in direct 

contact with an appropriate transducing device 

that converts the biochemical reaction into an 

electric signal. The biological component is respon- 

sible for the ‘recognition’ of a specific component 

in the system in question which in turn triggers a 

biochemical reaction at the sensor surface. The 

types of transducers available and their application 

to biosensors are summarized below. 

Karube and co-workers [53-571 and 

Blenkinsopp and Costerton [SS] detail the con- 

struction of microbial biosensors for detecting the 

organic pollutant load in a receiving water, corre- 

lating biosensor output to sample BOD. Either 

yeast or bacteria were immobilized within acetyl- 

cellulose membranes then fixed to a conventional 

dissolved oxygen probe. Response of the probe 

was linear below a sample BOD concentration of 

60 g md3. A similar design employing nitrifying 

autotrophic bacteria immobilized on an oxygen 

probe allows the detection of dissolved ammonia 

below 1.5 ppm [59]. 

Technological impacts of detrimental hiofilms 

Uncontrolled biofilm formation within natural, 

engineered, and biomedical systems can create 

numerous detriments as detailed in several recent 

definitive reviews [3,58,59]. Detriments arise by 

way of a biofilm’s influence on the transport of 

mass, momentum, and energy. Detriments attrib- 

uted directly to bacterial biofilms, documented in 

recent literature, include: (a) material deterioration 

and corrosion [60-681; (b) increases in both fric- 

tional and heat transfer resistances [66,69]; 

(c) attachment to and infection of biomedical 

implant devices [70-773; (d) operational problems 

in bioreactors that range from nuisance to catastro- 

phe [58,59,78]. 

Control of detrimental biojilms 

Control of biofilm formation can be either a 

positive or negative exercise depending on whether 

the biofilm is detrimental or beneficial to the 

operation of the system in question. Methods to 

control unwanted, detrimental biofilms attempt to 

either prevent bacterial adhesion, retard biofilm 

formation, or eradicate existing biofilm. 

Recent articles investigating the prevention of 

cell adhesion to biomaterials have focused on 
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Table 1 

Biosensor transducers and their apphcattons 

Transducer Measurement mode Apphcation 

Ion-selective 

Gas-sensmg electrode 

Field-effect transistors 

Optoelectromc, fiber-optic. vvavegutde 

Potentiometric 

Potentiometric 

Potentiometric 

Optical. evanescent wave dtstortion 

Ions m biological media. enzyme sensors 

Gases. enzymes. substrates 

Ions, gases. substrates 

pH, immunological compounds, 

devices 

Thermistors Calorimetric 

Enzyme electrodes 
Conductivity probes 

Amperometric 

Conductance 

modification of surface chemical properties of the 

substratum by: photochemical coupling of benzo- 

phenone derivatives of polyethylene glycol, poly- 

acrylamide, and polyvinyl pyrrolidone [79]; 

passive adsorption of pluronic surfactants (copoly- 

mers of polyethylene oxide and polypropylene 

oxide) to polystyrene [SO]; incorporation of poly- 

ethylene oxide into the upper layers of polyethylene 

terephthalate by solvent swelling [Sl]; and a series 

of neutral, anionic, and cationic surfactants 

adsorbed onto stainless steel or glass [S2]. Rather 

than dissuade adhesion, one alternative control 

approach for biomedical materials is to retard 

surface microbial activity by incorporating within 

the substratum a slowly released antibiotic agent, 

such as gentamicin within polymethyl methacrylate 

[72,83], methyl and propylparaben (p-hydroxy- 

benzoic acid esters) in polyurethane [84], cefazolin 

adsorbed onto intravascular catheters [X5]. silver- 

coated stent material [S6] and antiseptic (chloro- 

hexidine, mandelic acid, and mandelic and lactic 

acids combined) rinses of silicone surfaces C87.881. 

Remedial approaches to eliminate or eradicate 

biofilms existing in engineered systems consist of 

either mechanical cleaning, materials or unit 

replacement, or chemical biocide challenges [SS]. 

One novel alternative to chemical antagonism of 

a biofilm has been to eliminate a nutrient essential 

for microbial growth. Bakke et al. [90] chose to 

control microbial oil ‘souring’, mediated by sulfate 

reducing bacterial biofilms, by limiting the sulfate 

concentrations dissolved in the water used in 

substrates 
Enzyme sensors, whole-cell sensors for 

substrates, products. gases, pollutants. 

antibiotics 

Enzyme substrates 

Enzyme substrates 

flooding operations. In the petrochemical, refining, 

and the power industries, either oxidants (chlorine, 

ozone, bromides) or biocrdes are employed regu- 

larly to suppress biofouling of water cooled heat 

exchangers: biocides prove mostly ineffective in 

that they inactivate the bacterial cells but. unlike 

oxidants, are incapable of eliminating the source 

of the system inefficiencies, the biofilm matrix. 

Blenkinsopp et al. 1913 report that, when applied 

within a low strength electrical field (2 12 V cm- ‘) 

with a low current density (2 2.1 mA cm -‘), several 

industrial biocides exhibited enhanced killing 

action against Pseudomonus aeruginosa biofilms. 

Elimination of bacterial infections of in-dwelling 

prostheses, orthopedic implants, or various tissue 

infections consists specifically of antibiotic chal- 

lenges including gentamicin [92], rifampin alone 

and rifampin plus combinations of cefazolin and 

vancomycin [93], clindamycin and trospectomycin 

[94], and ciproflaxin [95] although biofilm-bound 

cells prove quite resilient to such chemical antago- 

nism [96,97]. Regrettably. in studies on antibiotic 

challenges and the substratum chemistry modifica- 

tion, all too often experiments are carried out with 

very little attention paid to the mechanism con- 

trolling bacterial accumulation at the substratum. 

Fluid conditions are often quiescent, leaving the 

system susceptible to mass transfer limitations. 

Both fluid and liquid phase concentrations of 

system variables (cell concentration, nutrients, 

oxygen) are often monitored but once in an experi- 

ment, if at all. Care should be taken in any 
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extrapolation of ‘adhesion kinetics’ determined 

from such experiments to ‘real world’ conditions. 

Technologies for biofilm detection and analysis 

Historically, the study of biofilms has required 

the evolution of both (1) reactor systems in which 

to cultivate biofilms under controlled fluid phase 

and surface conditions and (2) the analytical meth- 

ods to assess biofilm presence, reactivity, and resul- 

tant system response. Twenty years ago, design 

and operation of a biofilm reactor or the analysis 

of microbial activity in an alpine stream or heat 

exchanger were satisfied by measurements of 

attached biomass concentrations (in mass dry 

weight or total cell numbers) and indirect biofilm 

activity measurements (dissolved oxygen uptake 

rates, ATP, heterotrophic potentials). All such diag- 

noses were, and for the most part still are. depen- 

dent upon destructive sampling of the biofilm. 

Biofilms can be pure or mixed strain, pure or 

mixed species, or mixed cell (bacteria, platelets, 

neutrophils, endothelial cells) systems. Recently, 

research has recognized the need to focus on the 

heterogeneous nature of biofilm ecology with 

regard to: (1) temporal changes and spatial distri- 

butions in cell populations; (2) local concentrations 

of electron donor, acceptor, and pH; (3) spatial 

differences in biofilm physical, chemical, visco- 

elastic, and mass transport properties. Fortunately, 

the advent of several molecular and cellular probes 

and diagnostic tools has had a tremendous impact 

on our ability to probe biofilm ecology in situ, 

non-invasively. 

Huang et al. [98], Buret et al. [99], and 

Mittleman et al. [loo] all describe the utility of a 

rectangular fluid flow cell in which to study bacte- 

rial adhesion and the early stages of biofilm forma- 

tion under flow conditions. These flow cells provide 

for microscopic surveillance of the substratum, 

access for microelectrode probes, and removable 

portions of substratum for destructive sampling of 

the biofilm. Advantages of flow cells are that they 

mimic the fluid flow hydrodynamics inherent to 

many systems plagued by biofilm formation, pro- 

vide controlled well-defined hydrodynamic condi- 

tions, and access for visual observation of biofilm 

formation. Disadvantages of such flow cell devices 

include limited sample surface area and, if operated 

on a once-through flow basis, the potential exists 

for gradients in biofilm amount and fluid phase 

concentrations to develop in the longitudinal direc- 

tion. Flow cell reactors are not novel, having been 

reported on numerous occasions since the 1970s 

and they are by no means the only reactor configu- 

ration suitable for biofilm studies [3]. What makes 

these articles distinctive is their emphasis on the 

need for bacterial adhesion studies to be carried 

out under defined fluid flow conditions at known 

substratum conditions rather than the arcane use 

of quiescent liquid at undefined conditions. 

Kinniment and Wimpenny [loll describe a 

different study system in which biofilms are culti- 

vated, under controlled fluid phase conditions, 

receiving a continuous supply of substrate, within 

recessed ‘wells’ in the bottom plate of a laboratory 

reactor. A wiper blade constantly stirs the fluid 

phase above the plate thus eliminating ‘biofilm 

everywhere in the reactor except within the 

recesses. Removable test surface samples from the 

bottom of each recess allow periodic sampling of 

biofilm of known thickness. In this study, 

Pseudomonas aeruginosa biofilm samples were peri- 

odically removed, quick frozen, and thin sectioned 

parallel to the substratum. Thin sections of 

Pseudomonas aeruginosa biofilm were then ana- 

lyzed for adenylate concentrations and adenylate 

energy charge as a function of biofilm depth. 

Analysis of the heterogeneity of biofilms is con- 

cerned with spatial gradients of: (1) total cell 

concentrations; (2) individual species concen- 

trations; (3) local concentrations of various dis- 

solved nutrients, and selected ions. Kuhn et al. 

[ 1021 used mithramycin to stain fluorescently total 

DNA of E. coli immobilized with Sr-alginate beads. 

Cell concentration profiles as a function of radial 

position in the bead were determined at different 

lifetimes of operation by microfluorimetry on thin 

sections of the beads. Stewart et al. [ 1031 applied 

a pulse-chase of 35SO:- and subsequent liquid 
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emulsion autoradiography of thin sections of 
hollow fiber membranes containing immobilized 
E. co/i. Sections illustrate viable cell concentrations 
as a function of radial position at different locations 
and under different operating conditions of the 
hollow fiber reactor. 

Rogers and Keevil [ 1041 report the destructive 
sampling of a multispecies biofilm, intentionally 
inoculated with Legionella pneumophiiia, followed 
by both immunogold and Auorescein immunolabe- 
ling for this species. Episcopic differential interfer- 
ence contrast microscopy was employed to 
visualize simultaneously the total biofilm com- 
munity and the labeled Legionella species. This 
technique was able to provide observations of 
variations in the biofilm community from one 
position to another (parallel to the substratum) 
but was unable to discern such variations with 
depth (perpendicular to the substratum). 

Similarly, Rodriguez et al. [ 1051 exploited the 
potential of a fluorescent redox probe, 5-cyano- 
2,3-ditolyl-tetrazolium chloride (CTC), for direct 
observation of actively respiring bacteria. Oxidized 
CTC is colorless but upon reduction by electron 
transport activity, the insoluble CTC-formazan 
fluoresces at 365 nm excitation. Respiring marine 
bacteria within thin (lo-50 urn) biofilms attached 
to optically non-transparent polysulfone substrata 
were rapidly and easily enumerated. Respiring cell 
counts via CTC were also useful in directly assess- 
ing the efficacy of various biocidal control agents, 

The advent of modern molecular biology has 
also provided useful diagnostic methods with 
which to analyze biofilm ecology. Amann et al. 
[106] characterize the population structure of sul- 
fidogenic biofilms, established in anaerobic biore- 
actors, by selective polymerase chain reaction 
(PCR) amplification and fluorescent microscopy. 
16s rRNA common to the sulfate reducing bacteria 
in the biofilm was selectively amplified by PCR 
and used to design both general and specific fluo- 
rescent hybridization probes. Biofilms (5- 10 urn 
thick) on glass cover slips immersed within labora- 
tory anaerobic biofilm reactors, were fixed in form- 
aldehyde and dehydrated prior to hybridization 

wtth the RNA probes. Hybridized biofilm samples 
were then viewed by epifluorescent microscopy. 

McCarter et al. [ 107) report a very elegant series 
of genetic techniques to investigate bacterial 
responses to various stimuli, one being the adhe- 
sion to a surface. Using a transposon (mini-Mulux), 
the authors are able to incorporate recombinant 
reporter gene insertions adjacent to target gene 
promoter sites that then encode for light pro- 
duction as a function of the target gene expression. 
Light production is conveniently measured by 
exposure of X-ray or photographic film, visual 
examination, chemiluminescence or photometry. 
Such techniques also obviate the need to disrupt 
biofilms prior to quantification. McCarter et al. 
employed a lux reporter gene adjacent to the 
chromosomal gene encoding for swarmer cell 
differentiation that Vihrio purahue~lol~fic~~ experi- 
ences upon association with a solid surface. 
Resultant mutants thus emit light upon growth at 
a surface but not in suspension. Dagostino et al 
[ 1081 also employed transposon mutagenesis to 
insert into an appropriate recipient bacterium, a 
marker gene that lacks its own promoter. The 
premise is that if a suitable target gene is ‘on’ at 
the surface, then expression of the marker will be 
observed only in the presence of the surface. 
Dagostino et al. employed E. coli C600 (pRK2013: 
mini-MuTetr facZ) as donor and two marine bacte- 
ria as recipients. The authors were able to isolate 
successfully a transposon generated mutant in 
which the 1acZ gene was not expressed in either 
liquid or agar but was when growth was associated 
on a polystyrene substratum. 

Several citations exist that report the use of 
invasive but non-destructive analysis of solute con- 
centration profiles, by microsensor chemical 
probes, as a function of spatial dimension within 
the developing biofilm. Microsensors (tip 
size < 15 pm) exist that can detect various dissolved 
solutes including glucose. oxygen, pH, sulfide, and 
ammonia. Lewandowski et al. [109] report using 
micro-oxygen sensors (tip size, 15 pm) to estimate 
oxygen profiles, local oxygen uptake rates. and 
oxygen diffusion coeficients in a mixed culture 
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biofilm community cultivated within a laboratory 

biofilm reactor. Kiihl and Jorgensen [l lo] 

employed 02, S2-, and pH microsensors (tip size, 

20-25 urn) to study 0, respiration, H,S oxidation, 

and SOi- reduction in compact aerobic trickling 

filter biofilms. 0, respiration was found in only 

the upper 0.2-0.4 pm of the biofilm whereas 

SOi- reduction occurred in the deeper anoxic 

parts of the biofilm. All H,S produced in these 

anoxic depths was reoxidized by 0, in a narrow 

zone in the biofilm. Cronenberg and van den 

Heuvel [l 1 l] report the use of glucose oxidase 

immobilized to a platinum electrode (tip size, 

20 urn) to determine in situ the glucose diffusion 

coefficient and glucose uptake rates by yeast cells 

immobilized within agar beads. 

The greatest advances in biofilm analyses have 

arisen in the area of non-invasive non-destructive 

diagnosis. Lewandowski et al. [ 1121 employed 

spin-echo and dual spin-echo nuclear magnetic 

resonance imaging (MRI) to ‘visualize’ laminar 

flow fluid velocity profiles within an artificial 

porous media system cultivating bacterial biofilms. 

Both MRI techniques combined to provide esti- 

mates of local fluid velocities as well as indications 

of ‘dead’ water (protons) where nuclei relax at a 

faster rate than free water; indirectly indicating a 

biofilm colony. 

Bremer and Geesey [63, 1131 cultivated biofilms 

of a fresh water copper-corroding bacterium on 

attenuated total reflectance (ATR) waveguides of 

germanium within which an evanescent IR wave 

is transmitted. Spectra of materials that adsorb in 

the IR at the interface of the ATR crystal are 

collected, fast Fourier series transformed and the 

IR spectra of water subtracted to provide a con- 

tinuous on-line measure of the molecular chemistry 

occurring at the cell-substratum interface. 

Accumulation of IR spectral intensities at these 

wavenumbers suggests the accumulation of several 

proteins and polysaccharides on the substratum. 

Since the IR wave can not penetrate more than 

0.6 urn above the crystal interface, this accumula- 

tion should not imply an increase in biofilm 

thickness. 

Perhaps the single most significant advance to 

affect our understanding of biofilm ecological pro- 

cesses will undoubtedly be the confocal laser scan- 

ning microscope (CLSM) coupled with digital 

image analysis and a variety of fluorescent stains. 

Lawrence et al. [ 1141 illustrate the ability to section 

‘optically’ fully hydrated biofilms, both horizon- 

tally and sagitally; producing ‘optical sections’ of 

undisturbed biofilms with a spatial thickness of 

2 urn. Any fluorescent probe (cellular DNA stain; 

immunofluorescent stain; pH, ion, and redox sensi- 

tive stains; viability redox stains) or any combina- 

tion of probes can be simultaneously recorded by 

the CLSM with great clarity and little background 

interference, due to the confocal exclusion of any 

fluorescence originating from excited fluorochrome 

above and below the focal point. Three- 

dimensional reconstructions of biofilms are pos- 

sible by displaying as stereo pairs several biofilm 

optical thin sections. CLSM is a critical tool in 

population community structure analysis of mixed 

strains, species, and cell lines and will allow detailed 

examination of the relationships between biofilm 

structure, adaptation, reactivity and response to 

external stress. 

Biofilms: the next generation? 

Bacterial whole-cell adsorbents 

Recent development of cell systems for the 

expression of heterologous proteins on the surface 

of Gram negative bacteria has stimulated consider- 

able interest in practical applications [115] one of 

which may be facilitated by a biofilm mode of 

growth. Expression of polypeptides on the surface 

of Gram negative bacteria has been pursued for 

years partly because of interest in vaccine pro- 

duction. Gram negative bacteria exhibit two mem- 

branes both of which consist of a phospholipid 

inner layer and a liposaccharide outer layer. 

Translocation through the outer membrane is the 

major obstacle in the expression of cell surface 

proteins. Except for certain enzymes transported 

by bacterial pathogens, extracellular proteins are 



exported via specialized systems requiring several 

auxiliary components. Native proteins that have 

been used as surface-expression vehicles include 

the E. coli maltoporin, the K88ac and K88ad pilin 

proteins, the S. typhimurium flagellin, the TraT 

lipoprotein, and other E. co/i outer membranes 

such as PhoE and OmpA. 

Immobilization of specific antibodies and other 

polypeptides for use in affinity separations requires 

that the proteins are first produced by cell culture 

fermentation, purified, and the specific antibody 

covalently linked to a solid-phase support. These 

processes are extortionately expensive and, as a 

result, are appropriate only for the purification of 

high-value products. Expression of proteins on the 

surface of a bacterium could be an inexpensive 

alternative for preparing affinity adsorbents. 

Proteins anchored to the cell are in effect produced 

in an immobilized form on microscopic particles 

(i.e. the cells). For 20 years, wild-type bacteria 

carrying native surface receptors have been used 

as whole-cell adsorbents. Stuph~lococcus uureus 

produces surface bound protein A, which has a 

high affinity for the Fc domain of certain immuno- 

globulins. Heat killed and stabilized S. C~WYUS cells 

have been used for purification and immobilization 

of antibodies for both analytical and preparative 

purposes [ 1163. Expression of single-chain anti- 

bodies and protein receptors on the surface of 

bacteria makes virtually an unlimited range of 

whole-cell adsorbents possible. Adhesion or immo- 

bilization of the recombinant cells to inert supports 

would allow fabrication of speciality columns for 

separation of specific proteins or speciality chemi- 

cals from mixtures, or pollutants from dilute aque- 

ous streams. 

Biological materials fabrication 

Mendelson [117] reports that the addition of 

soluble metal salts of calcium, iron, or copper to 

cultures of Bacillus subtilis grown in web form 

nucleated precipitation at the surface of the bacte- 

rial cell walls. Mineralized cell filaments could be 

drawn into a fiber that, when dried, consisted of a 

bacterial cell thread backbone carrying an inor- 

ganic solid. This is the first report on the applica- 

tion of biotechnology to materials synthesis where 

bacterial cell walls serve as a template for metal 

fiber formation. The resultant materials, termed 

‘bionites’. form inorganic fibers with unusual 

magnetic and optical properties and reported 

dimensions 12 cm in length by 1 mm diameter. 

Using a genetically engineered strain of Bacillus 

subtilis carrying the E. coli 1acZ gene to express /?- 

galactosidase, Mendelson was also able to fabricate 

a calcium based filament, ‘calbactonite’, that exhib- 

ited immobilized fl-galactosidase activity. One can 

envision a new route for fabricating either biocom- 

patible biomedical composites or stable biosensors 

on the nanoscale by first (a) employing specific 

ligand-receptor binding to ‘seduce’ designer bacte- 

ria, with specific enzymatic activities, to attach to 

a surface in a desired geometric pattern followed 

by (b) deposition of the inorganic fiber material. 

Summary 

Biofilms are a collection of microorganisms 

attached to a surface and bound within a gelatinous 

matrix composed of extracellular polymeric mate- 

rial which the cells secrete. Biofilms can form on 

any surface exposed to an aqueous environment 

containing microorganisms. Formed unintention- 

ally, biofilms can create serious detriments in natu- 

ral, engineered and biomedical systems. 

Alternatively, if their accumulation is controlled, 

biofilms are one form of immobilized cell system 

and, as such, they are pertinent within biotechnol- 

ogy because of (1) reactor performance advantages 

that immobilized cells provide over freely sus- 

pended cultures, (2) specific metabolic improve- 

ments or products created upon immobilization. 

(3) their ability to localize a specific biological 

response which can be exploited in biosensor 

design. This article has reviewed both the current 

and emerging technological implications of bacte- 

rial cell adhesion and biofilm formation. Such 

existing and emerging technologies can be associ- 
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ated with either the detection, control. or exploita- 

tion of the biofilm mode of microbial growth. 
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