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Abstract—The scientific basis for producing luminescent biosensors containing free and immobilized luminescent bacteria
is discussed. Modern technologies for engineering target objects, procedures used to immobilize bacteria in different carri-
ers, as well as procedures for integral and specific biodetection of toxins are presented. Data regarding generation and appli-
cation of biomonitoring for ecotoxicants derived from natural and genetically engineered photobacterial strains are ana-
lyzed. Special attention is given to immobilization of photobacteria in polyvinyl alcohol-containing cryogel. The main
physicochemical, biochemical, and technological parameters for stabilizing luminescence in immobilized bacteria are
described. Results of the application of immobilized photobacterial preparations both during discrete and continuous bio-

monitoring for different classes of ecotoxicants are presented.
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PHOTOBACTERIA IN BIOMONITORING
OF ECOTOXICANTS

Analytical systems containing different functional
enzymatic systems, cells, and microbes are widely used
for scientific and applied biomonitoring tasks. Recently,
special attention has begun to be paid to photobacteria-
containing bioluminescent biosensors. The technology
used in this process is based on substrate, inhibitory, or
inductive action of substances on specific targets of
biosensors that change both energy and/or structural
metabolism inside cells. The intensity of luminescence
emitted from an object serves as a quantitative indicator
of a biological object responding to an external impact.
The results of such studies are presented in a number of
reviews, books, and scientific papers [1-4].

The breadth of practical application of photobacteria
in environmental biomonitoring is related to the sensitiv-
ity level of cellular bioluminescent reactions to a wide
range of substances having cytotoxic and/or genotoxic
activity [5].

Photobacteria transform chemical energy into lumi-
nous signal at a level available to rapid and quantitative
measurements that can be estimated using standard pho-
todetectors. Emission triggered by a wide range of toxic
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substances correlates well with responses in standard
bioassays using fish, crustacean, and protozoa, i.e. 50%
emission quenching (ECs;) correlates with LD50, with
correlation coefficient reaching 0.80-0.95.

During biomonitoring, natural and genetically engi-
neered microorganisms are used as bioluminescent test
materials. Application of cells for analytical purposes has
a number of advantages compared to cell-free systems,
primarily due to the high-level of spontaneous light emis-
sion as well as multiple targets available for action of var-
ious chemical agents such as toxins, mutagens, carcino-
gens (xenobiotics, heavy metals, carbohydrates), and
physical factors (UV radiation and other types of radia-
tion).

Both free and immobilized photobacteria are used as
luminescent objects for detection of toxic substances [6,
7]. Several test systems are now commercially available,
i.e. Microtox (Azur Enviromental, USA) [8], Toxalert
(Merck, USA) containing Photobacterium phosphoreum
[9], as well as Mutatox (USA) [10], Vitotox (GENTAUR
Molecular Products, Belgium) [11] containing Vibrio fis-
cheri, etc. Protocols for producing lyophilized and immo-
bilized photobacteria of different strains as well as tech-
nological procedures for using such products in discrete
and continuous biomonitoring of ecotoxicants have been
developed [12, 13]. A large number of studies of recent
years have used luxCDABE plasmids derived from E. coli
strains and other bacterial strains for specific detection of
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stressful conditions as well as DNA-damaging and mem-
brane-targeting agents of organic and inorganic origin [8,
14, 15].

The available data suggest photobacterium-based
assays as a universal method for large-scale application of
measures for ecological control of environmental pollu-
tants. Due to its high sensitivity, high speed, and econom-
ic efficiency compared to other assays, technologies of
bioluminescent assays are considered promising for rapid
detection of herbicides, insecticides, and heavy metals
present in soil, water, and preparative forms as well as for
monitoring of toxin biotransformation and degradation
[10, 15, 16].

A substantial number of publications have considered
technologies for engineering of microbial biosensors con-
taining photobacteria [4, 17, 18]. According to these tasks,
special attention has been given to engineering test
objects, biodetection systems, and technologies for their
application. The emission response from a biosensor is
measured using inducible and constitutive modes. In the
inducible approach, reporter lux-genes are “ligated” to
specific sensor genes, wherein both types of genes are driv-
en by a common promoter. A promoter reaction to certain
chemical substances results in induced luminescence.
With the constitutive approach, reporter lux-genes are
linked to a continuously expressed promoter. Both types of
biosensor are constantly being improved as evidenced by
an increasing number of relevant publications. In a sub-
stantial number of publications, the main attention is paid
to engineering novel lux-marked recombinant bacterial
strains as well as technological procedures for cell immo-
bilization, storage, and application of biosensors both in
discrete and continuous biomonitoring of toxicants.

TECHNOLOGY OF PHOTOBACTERIAL
DETECTION OF TOXINS

Technically, a bioassay system is a combined com-
plex composed of a bacterial light emitter and a light sig-
nal converter inside a photodetector. The following light
emitters are used: 1) natural luminescent bacteria P. phos-
phoreum, Vibrio harveyi, V. fischeri, etc.; 2) targeted
mutant bacteria V. harveyi and V. fischeri; 3) recombinant
strains of numerous bacteria containing cloned luciferase
genes. A cellular luminescent biosensor contains: 1) a
sensor element (S); 2) a reporter element (R).

The sensor element includes the structural elements
of the cell responsible for interaction with the toxicant.
Sensor elements in natural microbial strains used for eval-
uation of integral (nonspecific) toxicity are represented
by plasma membrane and energy turnover chain exposed
into the periplasm as well as intracellular structural com-
ponents that are related directly or indirectly to the lumi-
nescence system. A biosensor reaction is exhibited as
emission quenching. The sensor element in mutant and
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recombinant microbial strains is a promoter of specifical-
ly expressed genes responsible for defense against organic
xenobiotics, heavy metals, mutagens including DNA-
damaging agents, membrane-targeting agents, and
inhibitors of enzymes of lipid biosynthesis, protein trans-
port, heat shock, and oxidative stress proteins. A biosen-
sor reaction is exhibited as activation of emission.

The reporter element in natural photobacteria is
composed of five genes within the bioluminescence oper-
on luxCDABE together with [ux/- and luxR-regulating
genes. The reporter element in genetically engineered
strains is a luxCDABE promoterless transposon. The latter
is usually engineered as a composite structure containing
two linked genetic elements driven by a single promoter —
a specific sensor element provides responses to chemical
agents, whereas an indicator element is responsible for
emission of bioluminescent signal.

The optical detecting element (D) is composed of
photoelectric multipliers or photodiodes having spectral
sensitivity in the range 400-700 nm.

Thus, a biomonitoring system (SRD) is based on two
sequential energy converters: a biological converter per-
forming a chemical-to-light energy transformation, and a
photoelectric converter transforming a light input into an
electric signal.

BIOSENSORS BASED ON IMMOBILIZED
PHOTOBACTERIA

Biosensors containing cell suspensions have some
drawbacks: rapid speed of assay is affected by procedures
of supplementary and main steps used to obtain reference
preparations from lyophilized cells. In contrast, immobi-
lized cells are more cost-effective and standardized. The
main costs are generally related to technology used to
develop recombinant microbial strains. Moreover, it
should be mentioned that during a specific assay with
genetically engineered microbial strains, light emission is
observed after a lag-phase lasting for many hours.

Photobacteria and bioluminescent enzymatic system
have been successfully immobilized on different types of
organic and inorganic carriers. Use of preparations with
immobilized cells leads to heterogeneous catalysis that in
many cases provides economic and practical efficiency.
The advantages of this approach are primarily related to
simplification of the manufacturing process as well as the
opportunity to switch from occasional output of desired
products or expected substrate reactions towards a con-
tinuous process. In addition, immobilized cells allow
using preparations multiple times and for longer period
compared to single application of cells in a homogeneous
suspension. Moreover, the technology of immobilization
in many cases enhances enzymatic activity. Also, immo-
bilized preparations have increased resistance to various
physicochemical factors (temperature, acidity, pH) and
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lesser sensitivity to the action of pathogenic organisms.
Immobilizing photobacteria increases stability of a
biosensor upon its storage as well as duration of its use
[19, 20]. Also, continuous biomonitoring of toxins places
increased demands on stability of light emission generat-
ed by the cells in test system.

Similarly to the free cells in suspension, in the case of
immobilized preparations, an integral toxicity assay is
performed by natural photobacteria, whereas specific
toxin detection is mediated by mutant and genetically
engineered microbial strains containing cloned genes of a
bioluminescent system [13].

In most cases, agar, agarose, and alginate gels are
used as the carriers for immobilized luminescent bacteria.
Ca’?"- and Sr**-alginate gels are the carriers most com-
monly used in manufacturing bioluminescent toxicologi-
cal biosensors [21].

Combined systems are considered especially promis-
ing for practical application of immobilized cells of type
“biosensor—photoconducting cell—-photodetector” that
contain a gel with sensor cells covering an fiber optic [15,
22, 23].

Various reporter bacteria (e.g. different strains of
Pseudomonas and Salmonella) are used for specific analy-
sis to detect certain substances. A study conducted to
develop biosensors containing genetically engineered bio-
luminescent bacteria with a reporter element for detection
of catabolic repression for continuous real-time biomoni-
toring of salicylate and naphthalene serve as an example
[13]. Moreover, biosensors were also used to analyze cata-
bolic repression caused by industrial waste. Pseudomonas
Sfluorescens strain HL44 was selected for use as reporter
bacteria that contain a transcriptional nahG-luxCDABE
fusion construct. As a result, exposure to salicylate and
naphthalene induce luminescence of these bacteria. A
reporter microbial culture was immobilized and fixed on
the surface of a photodetector element using Sr-alginate
gel. Immobilized biosensors for detecting such substances
were used both during discrete and continuous monitor-
ing. Conditions and concentrations range for substances
triggering light emission were optimized. It was found that
both the maximum emission and rate of emission induc-
tion depended on incubation time and concentration of
substances (time/dose-dependence). However, exposing a
biosensor to other substances (glucose, toluene, and inte-
grated culture medium) induced luminescence that was
minor compared to luminescence induced by salicylate
and naphthalene. It was concluded that this system was
suitable for real-time analysis of environmental pollutants
and industrial waste as well as evaluation of metabolic sta-
tus of various biological materials. Continuous cell cultur-
ing allowed real-time detection of toxicants. Cells immo-
bilized in Ca-alginate gel effectively functions during the
bioassay. A linear dependence between induced biolumi-
nescent response and concentration of the substances was
noted using both free and immobilized bacteria. The
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authors attracted attention to high stability of the algi-
nate—glycerol cell suspension at —70°C. The data present-
ed in [12] were obtained using recombinant Salmonella
typhimurium strain TA1535 designed from a plasmid with
an inducible SOS-promoter linked to the luxCDABE oper-
on derived from Photobacterium leiognathi. The latter was
immobilized in agar carrier, a simple procedure that
includes a 96-well plate matrix (10 pl of mixture added
into the wells) incubated for 30 min for polymerization
and further storage at 4°C. The principle protocol used for
analysis is similar to others that use recombinant biosen-
sors and includes emission induction upon incubation
with toxic substance. Model experiments on emission
induction with this bacterial strain were made with DNA-
damaging genotoxic agent mitomycin C. The immobi-
lized cells retained activity at 4°C for 6 weeks. A response
of 4-week-old bacterial culture exposed to mitomycin C
was indistinguishable from that triggered by a fresh immo-
bilized culture. Both the magnitude of the maximum
response and duration of the lag-phase depend on the
concentration of mitomycin C. The maximum activation
response is obtained at approximately 1 pg/ml concentra-
tion of mitomycin C. It is crucial that further increase in
concentrations results in abrupt quenching of the emis-
sion. Apparently, this is due to a cytotoxic action of the
antibiotic on the bacteria similar to toxins affecting
recombinant bacteria of other strains treated with high
concentrations. Bacterial biosensors immobilized in thin
cellulose-agar films were used to detect various chemical
agents such as phenol, hydrogen peroxide, copper, and
cadmium. It was found that immobilized cells revealed
high sensitivity to these agents, and inhibitory effect was
observed at concentrations close to those detected by free
bacteria (Microtox; Azur Environmental, USA). The final
pattern of thin films did not hinder diffusion of the exam-
ined toxic agents. The stability of immobilized photobac-
teria was examined and showed that AWS culture media
was optimal for both storage and application of the prepa-
rations. The preparation was stable when dissolved in AWS
culture medium for 4 weeks at 4°C. However, incubation
in 3% NaCl solution significantly decreased stability.
Along with toxicology experiments, data regarding tem-
perature- and pH-dependent relations with luminescence
of both free and immobilized bacterial preparations as well
as spectral and kinetic characteristics are presented as
well. Unfortunately, it should be noted that some results
cause doubts, e.g. a spectral pattern that corresponds to V.
harveyi rather than P. phosphoreum. The same is true for
temperature dependence, whereas pH-dependence is
close to that of P. phosphoreum. At the same time, the
results of model experiments can be considered promising
to apply a multilayer system for bioassay of environmental
pollutions [24].

An optical fiber sensor containing light-generating
enzymes is considered as a multifunctional biosensor that
can be used to analyze amounts of ATP (firefly luciferase)
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and NADH" (bacterial oxidoreductase/luciferase).
Enzymatic systems were immobilized in polyamide mem-
branes. Limits of detection for ATP and NADH" ranged
within 0.1 pmol to 0.5 pmol. Polyvinyl alcohol was also
used as a matrix along with the mentioned carrier. This
biosensor was found to be effective (>40-fold) in analysis
of luciferase substrates [25].

Apart from bioassays containing intact photobacte-
ria, cell-free systems based on photobacteria can also be
used in toxicological analysis. Data on using a combined
test system including immobilized bioluminescent enzy-
matic complex associated with a detection system are
presented in [26]. Therein, two types of luciferase (from
firefly and bacteria) and a peroxidase (for chemilumines-
cent analysis) were used. Manufacturing issues on immo-
bilization for obtaining membrane biosensors were dis-
cussed in several reports [14, 27, 28]. Practical applica-
tion of biosensors in biotechnology was also elucidated.

A number of articles published at the beginning of
the new millennium opened up a novel direction in man-
ufacturing biosensors to be used in environmental toxico-
logical analysis [18, 29]. Many of these were aimed at
development of genetically engineered constructs con-
taining sensor genes (SOS-system, anti-heat shock
defense system, action of DNA- and membrane-damag-
ing agents) specific to various toxins, and reporter genes
derived from Photorhabdus luminescens. Moreover, great
was given to technology of cell immobilization. Therein,
Ca-alginate gel was used as a carrier. Different types of
genetically engineered bioluminescent photobacteria
were immobilized at the sidewalls of optic fiber strands. In
such systems, each biosensor specifically reacted to a cer-
tain type of toxins. The developed test system was effec-
tive in detecting pure inorganic and organic toxins as well
as admixtures of toxic substances in aqueous medium,
soil, and other samples. Natural photobacteria were used
together with genetically engineered counterparts, where
toxic agents had an inhibitory impact on their lumines-
cence. Application of such bacteria stems from a need to
have a reference control delineating the cytotoxic action
of the examined substances. Relevant computer software
allows both discrete and continuous monitoring of toxi-
cants by assessing specific and total toxicity in the sam-
ples [29]. It was found that thin films consisting of gel and
cells were stable for 6 h at 26°C and able to detect mito-
mycin C at concentrations up to 25 pug/liter.
Concentrations of cells up to (1-3)-107 contained in a car-
rier were effective for analytical procedures. Biosensor
stability within a combined system sensitive to tempera-
ture impact as well as other chemical and physical param-
eters of the biodetector system were analyzed in detail
[18] in response to substances causing a stressful reaction
in the cells (heat shock, action of SOS-agents, impaired
protein biosynthesis, peroxide and oxidative stress). The
results of a 10-year-long examination evaluating tech-
nologies creating genetically engineered microbial strains
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as well as immobilization procedures, storage, and appli-
cation of genetically engineered microbial strains in both
laboratory and practical application of biosensors in tox-
icological biomonitoring were thoroughly described [15].
A fundamental difference for such systems was that they
contained a combined complex made of optical fiber
detector together with a biodetector. Results on improv-
ing technology of generating combined biosensors con-
taining natural and recombinant microbial strains immo-
bilized on optical fiber strands and used for cytotoxicity
and genotoxicity assays are presented in [18, 23, 30].
However, it should be noted that cells immobilized in
agar, agarose, and alginate are characterized by insuffi-
ciently high stability of luminescence due to the sensitivi-
ty of the cells to relatively high (up to 30-50°C) gelation
temperature. It is worth mentioning that alginate gels with
relatively low gelation temperature can be used as well.
Nonetheless, the effect of temperature results in develop-
ment of dark mutants of photobacteria having a tempera-
ture optimum for luminescence at 15-25°C (depending on
species). The salt composition contained in the culture
media plays an important role for marine photobacteria.
Optimal concentrations for emission activity of cells are
reached in 2-6% NaCl solution. Ca-alginate gels can be
somewhat destabilized in such high salt concentration
solutions due to the process when Ca?" ions derived from
the gel are replaced by Na* ions. Moreover, complexation
of Ca?" and Sr** with phosphate and carbonate ions used
as buffer solutions may occur. Therein, Sr-alginate matri-
ces turn out to be more stable in high salt solutions.
Cryoprotective properties of alginate gels play a positive
role upon storing immobilized preparations at low tem-
perature; nevertheless, for effective storage glycerol (10-
30%) as an additional component must be used as well.
Data on immobilizing Photobacterium phosphoreum in five
different gel-forming materials are presented in [11]: agar,
agarose (including low melting point agarose), polyacryl-
amide, and calcium (strontium) alginate. It was found
that the technologies used for immobilization sharply dif-
fered in terms of their effect on stability of the photobac-
teria. Alginate gels used for immobilization of the cells
were the most effective among the selected carriers by sub-
stantially increasing stability of cellular luminescence.
Luminescence for the alginate—glycerol cell suspension
upon incubation in 3% NaCl solution at 4°C lasted for up
to 4 weeks (detectable level of bioluminescence for cell
suspension — up to 6 weeks). Duration of luminescence
for free cells (NaCl, glycerol suspension) in the same
incubation conditions did not exceed 2 weeks. The cells
immobilized in agar were characterized by a markedly
lower stability compared to the free cells. However, the
cells immobilized in agarose gel had luminescence lasting
approximately 2 weeks, similarly to the free cells.
Alginate—glycerol suspension fully preserved base-
line luminescence level upon storage at —80°C for 12
weeks. However, with storage at —20°C the alginate cell
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suspension lost emission activity similarly to that
observed at 4°C. Advantages and drawbacks of the mate-
rials used for immobilization as well as technological pro-
cedures and storage conditions were thoroughly analyzed.
Technological operations and conditions for conducting
continuous monitoring were developed and optimized for
Ca-alginate preparations as the carriers providing the
most stable emission activity. After finishing a reactiva-
tion process, cells immobilized in a polyacrylamide gel
lost their luminescence activity almost instantly. Stability
of luminescence for cells immobilized in agar and agarose
gel was much lower than for free cells (90% of activity was
lost within 2 weeks). Altogether, this shows that photo-
bacteria immobilized in these carriers were negatively
impacted in cellular metabolism. Cell suspension in algi-
nate was found to have the most stable luminescence. It is
considered that the low stability of luminescence for the
cells immobilized in agar and agarose is related to the
sensitivity of the photobacteria to relatively high (up to
50°C) temperature used during gelation. This interpreta-
tion logically follows from the well-known temperature-
dependent effects on luminescence of photobacteria that
have been describe in detail. A temperature impact (30-
36°C, 30-60 min) results in formation of the so-called TS,
TSAS, and other dim and dark mutants. In addition, the
temperature factor has especially strong impact on
Photobacterium phosphoreum, most of which have the
maximum bioluminescence activity at 15-18°C.

Data on luminescence kinetics during incubation of
cells immobilized in alginate gel have important signifi-
cance. Emission of luminescence was found to be unsta-
ble because of physical instability of Ca-alginate gels due
to partial replacement of Ca?" derived from the carrier for
Na*, which seems logical and well justified. Replacement
of Ca?* by Sr** in the carrier enhanced the stability of
preparations. Also, a quantitative discrepancy obtained in
bioassays for several toxins using a standard assay
(Microtox; Azur Enviromental, USA) was noted.
Nevertheless, a good correlation with free bacteria was
noted. It is assumed that the discrepancy between the two
test systems is related to the differences in diffusion char-
acteristics of toxic agents. An analytical procedure for
discrete analysis (with Ca-, Sr-alginate gels) was tested
for detecting salts of five different heavy metals —
Pb(NO,),, NaAsO,, NiCl,, CdCl,, HgCl, — as well as
SDS and pentachlorophenol (PCP). A long duration of
assay (5 h) at room temperature should be noted as a neg-
ative feature of this approach. Significant differences were
noted in kinetics of inhibition triggered by these toxins in
free vs. immobilized cells, although the level of threshold
sensitivity was very similar in the two preparations.
Moreover, stimulation of emission was observed using a
low concentration of PCP (<0.1 ppm) and CdCl,
(<10 ppm). Procedures designed for discrete biomonitor-
ing were applied for continuous analysis of toxins.
Conditions for continuous biomonitoring of toxins were
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optimized in terms of stability and efficacy (speed) of the
analysis that involves the use of a system for reactor cool-
ing. It was emphasized that interaction of toxins with cel-
lular targets depends on optimizing hydrodynamic
parameters: flow rate — 25 ml/h, lag-time after toxin
administration — 37 s, duration of toxin administration —
1-2 min, stability of luminescence emission — >40 min.
Pulse administration of toxicant to immobilized cells
accounts for reversible kinetics of inhibition. When a tox-
icant in the flow is washed out, full or partial recovery of
emission is observed, which allows using the same biosen-
sor many times for biomonitoring. A “dose/time” effect
shows up in the kinetic profile of emission quenching and
its reversal. In this study, the main approach was to use P.
phosphoreum immobilized in Sr-alginate gel to be effec-
tively applied for conducting both discrete and continu-
ous detection of the selected toxins. Computer software
designed for this approach represents the basis for practi-
cal application of a real-time continuous monitoring in
an aqueous environment [11]. Photobacterium phospho-
reum immobilized in Sr-alginate gel were effectively used
for continuous monitoring of toxicants [8, 11].

A study aimed at biomonitoring for toxicity of aque-
ous environment [31] was based on continuous cultiva-
tion of P. phosphoreum. The issue of potential develop-
ment of dark mutants (after a 10-day incubation) that
begin to dominate and cause rapid emission quenching
was investigated. To avoid this problem, a system using a
specially designed reactor (fluidized-bed reactor) con-
taining cells immobilized in alginate gel was proposed.
This system provided growth of immobilized cells accom-
panied by their continuous supply into the effluent. It was
found that the dominance of dark mutants was signifi-
cantly reduced inside the beads without observing any
decrease in bioluminescence. Relatively high dilution rate
prevented contamination with other microbes inside the
reactor. The concentration and emission activity of the
released cells in this mode were sufficient to monitor
water toxicity for 4 weeks. It is crucial that photobacteria
are able to multiply inside alginate beads and enter the
aqueous compartment. Importantly, survival of cells
inside the carrier during immobilization, storage, and
application of the cells was analyzed. This was done by
counting a number of colonies after destroying the matrix
with NasO P (sodium hexametaphosphate). It was
noted that colonies of different size and shape were devel-
oped within the entire volume of the alginate beads 24 h
after the onset of the process. Electron microscopy
showed that most of the cells were spread over the matrix,
and only a few were attached to the surface of the carrier.
In addition, it was shown that given the initial operations
lasting for 40 h, the beads contained 80% of the wild type
cells. Usually, during of cultivation dark mutants started
to appear from day 7 and reached 100% of the cells by day
10 of cultivation. It was assumed that mutations occurred
not in immobilized but in the released cells. Therefore, it



738

can be considered that the matrix protects immobilized
cells from mutagenesis.

Also, model experiments on toxicity of HgCl, on
immobilized and free cells were analyzed. It was found
that immobilized cells were more sensitive to this toxin,
although the differences were minor. The data are consid-
ered as promising for practical application of the system
for monitoring water toxicity in real-time mode.
Importantly, technological operations designed in the
study significantly protected from dark mutagenesis. In
this case, the analytical system can be used for more than
30 days. Also, means of protection from contamination
with other microbes were proposed. The cells in the
immobilized material were found to detect as little as
0.5 mg/liter of environmental HgCl, [31]. A new techno-
logical solution for conducting complex biomonitoring
was presented in [32]. In particular, a multichannel
water-toxicity biomonitoring system was designed using
different recombinant bacteria containing luxCDABE-
operon. Each channel of the system was composed of a
series of two mini-bioreactors necessary for stepwise con-
tinuous operation and contained a certain recombinant
bacterial strain carrying the gene derived from photobac-
teria:  DPD2440  (fabA:luxCDABE),  DPD2794
(recA:luxCDBE), TV1061 (grpE:luxCDABE) that had
varying sensitivity to membrane-, DNA-, and protein-
damaging agents, respectively. The interaction of these
agents induced luminescence. Along with this, biolumi-
nescence of a constitutive strain was suppressed by toxins,
thus characterizing cellular toxicity that was used as a ref-
erence strain. Model experiments were done using phenol
and mitomycin C for detecting toxic agents. Procedures
of biomonitoring were developed and optimized for fur-
ther practical application to analyze toxic environmental
chemicals. For practical analysis, water samples dis-
charged from two power plants (nuclear and thermoelec-
tric) were examined. Continuous biomonitoring was done
by cultivating bacteria inside the bioreactors. The bacte-
ria grew inside the first bioreactor and were then released
into the second bioreactor supplied with toxin-containing
water sample. Each channel showed specific biolumines-
cent response profiles corresponding to the toxic com-
pounds present in the water samples. By comparing the
bioluminescent response signals between the standard
toxic chemical samples and discharged water samples, it
was possible to estimate the equivalent toxicity of the field
water. Such a multichannel continuous toxin biomonitor-
ing system was proposed to consider as a novel strategy for
protection of biological objects from environmental pol-
lutants (an alternative system for rapid monitoring and
quality control of aqueous environments). Special atten-
tion was given to production of recombinant bacterial
strains as well as in channel technological operations that
were developed and optimized in a model setting and
used for analysis of cooling water discharged from nuclear
and thermoelectric reactors. It was noted that the samples
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used for biomonitoring were stable for 1 week at 4°C, pH
7.0. Biotesting was performed in real-time mode using
automated computer control. All examined reagents
stimulated luminescence emission; however, they differed
in terms of the maximum emission intensity and length of
lag-phase. The analysis time was quite long — up to
500 min; herein, high concentration of toxins induced
luminescence quenching from recombinant strains rather
its induction. In other words, reaction specificity of
recombinant strains was lacking at high toxin concentra-
tions. Metabolism of all recombinant strains responded to
high toxin concentration by luminescence quenching. In
fact, it was demonstrated that a genotoxic effect was over-
lapped by the cytotoxic effect at certain toxin concentra-
tions. No clear-cut quantitative data on inhibitory action
on the external membrane targets were obtained for
inducible recombinant strains. If such data were avail-
able, it might substantially adjust the magnitude of the
bioluminescent response.

On the other hand, it should be noted that the pro-
posed biomonitoring system is quite complex, laborious,
and longstanding, although, basically, it gives positive
results of toxin biotesting. Attention is drawn to the fact
that the toxic effect on inhibiting luminescence is revealed
in all recombinant strains. Thus, it is viewed that the pro-
posed continuous biomonitoring system can be consid-
ered as a novel approach in identifying the nature and
toxic action of agents that might be applied for detection
of various industrial wastes and discharges. Moreover, it
was noted that prior to the assay, samples of interest must
be pretreated to remove potentially contaminating bacte-
ria followed by filtration. Application of different recom-
binant strains for specific toxin biomonitoring can be con-
sidered as the major result of this study [32].

An integral water biomonitoring system (aquatic tox-
icology) using recombinant bacteria as the test objects
was described in [33]. The system included four channels
with two mini-bioreactors. Recombinant E. coli EBHIJ2,
DPI1, DK1, and DPD279 strains were used as the test
objects. These strains served three specific tasks to protect
the cells from oxygen shock, namely, defense from O~
H,0,, and DNA-damaging agents. A biodetection system
based on these strains is applicable both for discrete and
continuous monitoring of toxins. Mitomycin C and H,0,
injected into the second bioreactor were used as inducers.
The first bioreactor was used for propagation of the bac-
terial strains, followed by their release into the second
bioreactor. It was found that bioluminescent response was
induced in a dose-dependent manner. Increase in lumi-
nescence was observed only within a small range of con-
centrations for the examined inducers. Both the maxi-
mum rate of response and speed of ascending lumines-
cence were specific for each toxicant inducer that was
reversed to an inhibitory effect at their high concentra-
tions. Technological operations for conducting continu-
ous biotesting as well as kinetic parameters of lumines-
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cence induction and quenching were discussed in detail
including different types of instrumental implementation
for continuous monitoring. Miniaturization of the detec-
tion system was considered as a special advantage of the
developed system that comprised 1-2 ml of the reactor
volume. It was assumed that a four-channel mini-moni-
toring system containing different recombinant strains
might be a promising asset for specific analysis of certain
classes of environmental toxins.

IMMOBILIZATION OF PHOTOBACTERIA
IN POLYVINYL ALCOHOL CRYOGEL

Polyvinyl alcohol (PVA) cryogels along with natural
gel-forming agents have been effectively used to immobi-
lize microorganisms [19, 34, 35]. In contrast to other car-
riers, polyvinyl alcohol gels have several structural and
physicochemical properties that are optimal for immobi-
lizing luminescent bacteria.

Heterophase properties of the matrix structure that
develops during a freeze—thaw procedure is optimal for
cell encapsulation and stabilization. Macropores (0.1-
1 um) present in the gel eliminate diffusion limitations for
“elastic” structure of the formed gel to substrates, toxins,
and other substances of various chemical nature. Gel
thermostability has special significance. The physical
characteristics for the formed PVA gels are stable over a
wide range of positive temperatures up to 70-80°C, which
allows a bioreactor to operate in different temperature
modes. Physicochemical parameters of the matrix negli-
gibly depend on chemical composition of the media used
for gel formation, in particular, its salt composition that
has crucial importance for marine halophilic bacteria. In
addition, PVA gels are advantageous in terms of their high
stability to biological damage caused by bacteria and
fungi. It is essential that the PVA cryogel is nontoxic with
respect to the embedded microorganisms.

Altogether, the abovementioned characteristics sug-
gest good perspectives for using PVA in technology of
bacterial immobilization. However, it should be noted
that a PVA carrier used for immobilization of luminescent
bacteria or recombinant strains containing the cloned
genes of bacterial bioluminescent system have been pub-
lished in a limited number of papers.

The results of immobilizing Photobacterium phospho-
reum in PVA, polyurethane, polyacrylamide, Ca-alginate,
and Ca-carboxymethylcellulose were analyzed in several
studies [21, 36, 37]. The best data on intensity and emission
duration were obtained using Ca-alginate gel. It was noted
that the preparations immobilized in PVA cryogel did not
luminesce immediately after finishing the immobilization
procedure. Light emission was induced after keeping the
preparations for a certain time at room temperature.

A technology for immobilizing Vibrio fischeri and
genetically engineered Pseudomonas putida strain con-
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Fig. 1. Dynamics of growth and bioluminescent activity of Photo-
bacterium phosphoreum (strain 331 KM MGU) isolated from the
White Sea during submerged cultivation, 20°C: /) bioluminescent
activity; 2) optical density.

taining lux-operon derived from Photorhabdus lumi-
nescens inside PVA gel was accomplished for biodetection
of phenol toxins present in industrial waste.

It can be assumed that intensity and stability of lumi-
nescence from immobilized preparations is determined
by the type of carrier, immobilization procedure, and
luminescent characteristics of the selected photobacterial
strain. Psychrophilic P. phosphoreum strains have the
most intense and long-lasting luminescent activity in sub-
merged culture (Fig. 1) [20, 25].

Photon yield for the isolated cells is determined by
both media composition and conditions of incubation.
Apart from nutritional components, sodium chloride
concentration, temperature, and pH together influence
luminescent activity of the cells have significant impor-
tance for intensity and duration of bioluminescence of
quiescent cells. The temperature factor has the most crit-
ical impact. Incubation at temperatures exceeding the
optimal range determined for each bacterial strain is
accompanied by a substantial decrease or complete loss of
the biosensor luminescent activity. The isolated P. phos-
phoreum strain 331 KM MGU retains bioluminescent
activity for 2-4 weeks depending on the incubation tem-
perature [9, 18]. In several reports, it was noted that
immobilization of photobacteria in various carriers can
enhance stability of luminescence [25, 38, 39].

Data obtained in our studies provide technological
approaches and scientific basis for creating PVA-contain-
ing photobiosensors. Scientific approaches underlying
development of highly active biosensors with prolonged
emission were based on the following premises.

1) Intensity and duration of luminescence both for
growing and quiescent cell culture were primarily deter-
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mined by the specific natural properties of photobacterial
species and strain.

2) Luminescent reaction was controlled by combin-
ing the following elements and processes: (i) metabolic
cellular potential that provides a pool of reduced equiva-
lents; (ii) efficacy of electron transfer onto luciferase
depending on activity of dehydrogenase—reductase enzy-
matic complexes and degree of dark leakages; (iii) physico-
chemical parameters (oxygen level, pH, temperature,
salt composition), and presence of activators and inhibi-
tors.

3) The pool of reduced flavin is a limitation in emis-
sion activity in the cells.

A TECHNOLOGY OF IMMOBILIZING
PHOTOBACTERIA IN PVA CRYOGEL

The technological procedures used to immobilize
photobacteria are presented in Fig. 2. Introduction of the

Culture medium

Gel formation
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Fig. 2. Scheme of procedure for immobilizing photobacteria in
polyvinyl alcohol-containing cryogel.
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Fig. 3. Electron microscopy imaging of cells on PVA carrier in
0.1 M phosphate buffer, pH 7.6.

additional components acting as substrates and protec-
tors into a gel-forming solution represents key differ-
ences of the proposed protocol distinguishing it from
standard procedures [34, 40], when PVA is used as a syn-
thetic matrix, and gel formation occurs in simple salt
solutions.

Using electron microscopy, characteristics of the
binary carrier—cell system were evaluated, such as gel
structure formed after a freeze—thaw procedure, appear-
ance of cells tightly bound to the surface and within the
volume of the carrier (Fig. 3).

It was found that the cells were mainly spread in
pores of the PVA carrier. Long-term incubation at posi-
tive temperatures resulted in intensive development of
bacterial colonies containing cells tightly bound on the
surface of the carrier as well as formation of a biofilm.

Beads containing immobilized photobacteria were
stabilized on storage at negative temperatures using
preparations containing complete culture media. It was
found that 100% bioluminescent activity in the beads at
—80°C was preserved for 2 years. However, at —20°C
residual bead activity reached only 70% of the basal level.

FACTORS STABILIZING BIOLUMINESCENCE
UPON IMMOBILIZATION OF PHOTOBACTERIA
IN PVA CRYOGEL

Using immobilized photobacteria as biosensors,
there are special requirements for duration and stability of
luminescence of the preparations.

We found that luminescence stability for immobi-
lized preparations is determined by specific natural char-
acteristics of the luminescent cycle in the bacterial strain
[41-46]. The media used for gel formation, storage tem-
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Integral photon yield and duration of emission for P. phosphoreum, V. harveyi, and V. fischeri bacteria immobilized in

PVA cryogel
Immobilized cells Free cells
Strain
photon yield, duration of lumi- | photon yield, | duration of lumi-
quanta/cell nescence, days quanta/cell nescence, days
P. phosphoreum 11040 (ATCC) (1-5)-107 14 10° 3-7
P. phosphoreum 331 (KM MGU) (1-5)-10° 42 108 14-21
V. harveyi 292 MAV (ATCC) (1-5)-10° 3 10° 1-3
V. fischeri 6 (KM MGU) (1-5)-10° 5 10° 2-5

Note: Incubation was performed in 0.1 M Na-phosphate buffer with 2% NaCl, pH 7.8, at 4°C.

perature regime, and pH of the incubation media are the
most critical factors affecting emission activity of the
immobilized cells.

Data on the stability of luminescence for different
bacterial strains upon storage of immobilized in PVA gel
cells are presented in the table. It was demonstrated that
the psychrophilic P. phosphoreum strain 331 KM MGU
isolated from the White Sea had the most intense and
long-lasting luminescent emission compared to the other
bacterial strains maintained under optimal cultivation
conditions.

The data presented in the table characterize total
integral photon yield and duration of luminescence for
free and immobilized photobacteria containing compara-
ble number of cells in the preparation and buffer solution
((1-2)-107 cells/bead). It was found that the immobilized
cells had more prolonged luminescence compared to free
cells, as shown for all examined bacterial strains. The
intensity and duration of luminescence for immobilized
preparations were proportional to the differences
observed for the free cells of the bacterial strains: immo-
bilized cells of P. phosphoreum strain 331 had the longest
and strongest intensity of luminescence, whereas in V.
harveyi these parameters were at the lowest level. An
impact of media composition used for gel formation on
stability and specific activity of the cells was predicted
upon low-temperature immobilization. Assuming that
the media used for gel formation should influence the sta-
bility and metabolic activity of the cells inside the carrier
primarily at the cryogenic gelation stage, emission activi-
ty and kinetics of luminescence decay after a freeze—thaw
procedure were analyzed using three types of gel-forming
media: (1) a media for submerged cultivation (CM); (2)
semi-synthetic media (CM without peptone); (3) 3%
NacCl solution. The analysis of specific activity of beads
after their thawing to 4°C and stabilization of the cellular
luminescence showed that the cultivation medium was
the most effective for gel formation (not shown in the
table). In this medium, the bacteria preserved virtually
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100% luminescent activity after cryogenic immobi-
lization and thawing. Decline in luminescence of the
beads did not exceed more than 1.5 orders of magnitude
during a 200-h incubation, and detectable luminescence
level (10~ of the baseline) was detected for more than
1 month. Removing peptone from the media used for gel
formation resulted in decreasing initial emission activity
by 1.0-1.5 orders of magnitude. A severe decline of lumi-
nescence (by 10°-10*-fold) was observed upon immobi-
lization in gels formed in salt solution (3% NaCl solu-
tion). Thus, the composition of the media used for gel
formation significantly affects intensity and duration of
luminescence emission by immobilized preparations.
Carrier concentration (5, 7, and 10%) had virtually no
effect on the kinetics and emission parameters of the
beads. A kinetic profile for the beads formed using culti-
vation media depended insignificantly on the composi-
tion of the incubation media. The magnitude of initial
luminescence emission and rate of decay were different
upon incubating the beads at 4°C in three different media:
cultivation medium, 0.1 M Na-phosphate buffer contain-
ing 2% NaCl (pH 7.6), and 3% NaCl solution. It was cru-
cial that the rate of luminescence decay for free cells was
markedly higher than for the bacteria immobilized in all
examined media. Upon incubation in 3% NaCl solution,
luminescence decay occurred much faster than in
buffered alkaline media or cultivation media having pH >
7.5 that was caused by a faster pH shift towards the acidic
range. By transferring beads with lost luminescence from
the salt-containing media into buffered media, it fully
restored luminescence. Apparently, the rate of reduction
of flavin substrate by NAD-dependent dehydrogenases
represented the main limiting stage in this process. By
analyzing the ATP pool in immobilized cells during incu-
bation under shortage of energy substrates or oxygen, it
was demonstrated that the amount of ATP was stable
(~107"® mol/cell) during the entire (>200 h) luminescent
cycle, i.e. luminescence decay did not result from energy
deficiency in the immobilized cells.
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Thus, it was found that a pH shift in the media used
for incubation of the beads represented one of the most
crucial parameters due to acidic metabolites generated by
the photobacteria. The fact that the transfer of photobac-
teria with decayed luminescence from the salt-containing
media into buffered media having pH 8.5 resulted in full
restoration of emission activity confirms this assumption
[43, 46]. Special attention should be given to several cru-
cial issues. PVA-immobilized P. phosphoreum had low
stability, and restoration of luminescence required a long-
term reactivation in special media at room temperature
[21, 36]. Luminescence was detected for one week. Low
luminescence stability of PVA-immobilized photobacte-
ria might be due to the low concentration (3%) of PVA as
well as temperature (—10°C) of gel formation. In another
study, a procedure for immobilizing V. fischeri and genet-
ically engineered Ps. putida containing lux-operon
derived from P. luminescens was presented [40]. For this,
a 14% PVA solution was used, and the cells were frozen
to —20°C. Glycerol (20-30%) was used in both cases as an
auxiliary cryoprotector added to the cryogel solution. It is
noteworthy that the preparations had a high noise level,
indicating low specific activity of the cells and rapid decay
of their luminescence. Perhaps, low activity and unstable
luminescence are related to the fact that gel formation
occurred in a pure NaCl solution containing no substrates
and protectors. We attempted to optimize technological
operations to immobilize P. phosphoreum in PVA gel and
demonstrated virtually 100% emission activity being pre-
served without adding any auxiliary cryoprotector and
performing a procedure to activate luminescence [41,
42].

Fig. 4. Luminescent beads with P. phosphoreum strain 331 KM
MGU immobilized in PVA-containing cryogel.

ISMAILOV, ALESKEROVA

High level of endogenous substrates preserved during
a freeze—thaw procedure is responsible for the high level
of specific activity of immobilized cells upon their incu-
bation in deficient media or pure salt-containing solu-
tion. Immobilization in cryogel provides a markedly pro-
longed emission activity of the bacteria as well. Elevated
duration of the matrix-stabilized luminescence was
demonstrated using various types of carriers [3, 23, 28].
However, the nature of this phenomenon has not been
clarified in any of the published works. It may be assumed
that increase in the total photon yield by immobilized
bacteria is provided due to stabilization of the structural
organization of the membrane-bound enzymatic com-
plexes belonging to the luminescent electron-transport-
ing system in a way similar to other cell types and enzy-
matic systems [19]. The data show that the specific natu-
ral emission characteristics of the particular bacterial
strain as well as the media used for gel formation,
freeze—thaw procedure, storage and incubation tempera-
ture, initial pH value, and buffer properties of the incuba-
tion solution represent the main components affecting
intensity and stability of luminescence for immobilized
photobacteria. According to the conducted studies, we
concluded that the selection of psychrophilic P. phospho-
reum strain 331 KM MGU for immobilization had huge
importance for producing preparations having intense
and long-lasting emission, with the composition of media
used for gel formation playing a significant role in it. Also,
it was demonstrated that protective action on emission
activity by Ca-alginate-immobilized P. phosphoreum was
exhibited by glucose, sorbitol, and DL-threonine along
with glycerol [37].

Diffusion of the cells from the cryogel matrix into
solution was virtually absent as evidenced by the low
(<1%) initial activity (perhaps, related to cells being
washed out from the superficial layers) that completely
disappeared within 24 h upon further incubation. The
temperature regime used for storage and incubation of the
preparations played the most critical role for emission
activity and its stability in photobacteria immobilized in
the carrier. PVA was shown to effectively stabilize lumi-
nescence of the cells upon storage at negative temperature
without adding auxiliary cryoprotectors. Nonetheless, the
best storage temperature was —80°C. Similar results were
obtained using an alginate suspension of photobacteria
supplemented with glycerol: bioluminescent activity was
preserved unaltered for one year at —80°C, whereas stor-
age at —20°C was observed to significantly accelerate
decay rate so that luminescence was fully lost within 4
weeks [11]. Data on incubating beads in various media
have significant importance for practical application of
immobilized preparations. Because the rate of lumines-
cence decay poorly depends on composition of the bead
incubation media, a biosensor may be effectively used in
simple salt-containing solutions that have special impor-
tance during analysis of heavy metals.
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BIOMONITORING OF TOXINS
USING IMMOBILIZED
PHOTOBACTERIAL PREPARATIONS

The preparations with bacteria immobilized in PVA
cryogel were used as biosensors for discrete and continu-
ous biomonitoring of various classes of ecotoxicants.

The optimized conditions for production and storage
of immobilized bacteria were the basis for the usage of
luminescent beads as biosensors of toxins. To eliminate
diffusion limitations for toxins, the size of the beads was
minimized (1 x 4-mm disks). Beads containing immobi-
lized photobacteria are depicted in Fig. 4. The size of the
beads varied: height — 1-2 mm, diameter — up to 5 mm,
weight — 50-100 mg.

The kinetics of luminescence inhibition caused by
chlorophenol was similar for both immobilized and free
cells triggered by heavy metals and chlorophenols. The
expected incubation time in assay using free and immobi-
lized cells as biosensors presumed incubation with toxins
was 5, 15, 30 min [10, 21]. Optimal physical and geomet-
ric parameters of biosensors with minimal limitations for
toxin diffusion were determined. It was found that the
threshold sensitivity of free and immobilized cells to the
selected emission quenchers (heavy metals, chlorophe-
nols, aliphatic and aromatic carbohydrates, pesticides,
and herbicides) was almost the same.

Continuous bioluminescent monitoring of toxicants
was successfully done using biosensors containing PVA-
immobilized psychrophilic P. phosphoreum strains having
long lasting (>100 h in submerged culture) and intensive
(10° quanta/s per cell) luminescence [43, 46]. All meas-
urements were made in a specially designed chamber with
flow cell. The device contained a light-detector segment,
a media flow chamber (2% NaCl solution of marine
water, peristaltic pump) and sample injector (a toxicant
dissolved in a special solution, a dispenser). The temper-
ature of the running media was maintained using a cool-
ing thermostat. Flow conditions were optimized by ana-
lyzing the length of time for luminescence quenching in
response to the minimum toxicant concentrations — the
flow rate was maintained below the rate of luminescence
quenching; flow rate was 0.5 ml/min, lag-time for a 100-
ul sample — 2-5 s, volume of reactor — 1.5 ml, spherical
beads.

It was found that using a flow mode, emission activ-
ity remained stable during 24 h when the temperature of
the solution was kept at <20°C. The kinetic profile for
luminescence quenching depended on the concentration
of toxicant. The kinetics of emission reversal correspond-
ed to the reversibility of the inhibitory effect related to the
inhibitor removed by flow of the medium.

Thus, technological operations for immobilizing
luminescent bacteria in a polyvinyl alcohol-containing
cryogel were designed and optimized. The most promi-
nent physicochemical and biochemical parameters
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describing stabilization of luminescence in the prepara-
tion were scientifically justified. The biosensors were
effectively tested by analyzing toxic substances both dur-
ing discrete and continuous biomonitoring modes. A
novel type of biosensors based on using photobacteria
immobilized in PVA cryogel was found to be perspective
for practical application for ecological tasks of environ-
mental biomonitoring.
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