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Abstract: Living cells of the lux-based bioluminescent bioreporter Pseudomonas putida TVA8 were
encapsulated in a silica hydrogel attached to the distal wider end of a tapered quartz fiber.
Bioluminescence of immobilized cells was induced with toluene at high (26.5 mg/L) and low
(5.3 mg/L) concentrations. Initial bioluminescence maxima were achieved after >12 h. One week after
immobilization, a biofilm-like layer of cells had formed on the surface of the silica gel. This resulted
in shorter response times and more intensive bioluminescence maxima that appeared as rapidly
as 2 h after toluene induction. Considerable second bioluminescence maxima were observed after
inductions with 26.5 mg toluene/L. The second and third week after immobilization the biosensor
repetitively and semiquantitatively detected toluene in buffered medium. Due to silica gel dissolution
and biofilm detachment, the bioluminescent signal was decreasing 20–32 days after immobilization
and completely extinguished after 32 days. The reproducible formation of a surface cell layer on
the wider end of the tapered optical fiber can be translated to various whole cell bioluminescent
biosensor devices and may serve as a platform for in-situ sensors.

Keywords: bioluminescent biosensor; silica gel; encapsulation; optical fiber biosensor; whole
cell bioreporter

1. Introduction

The integration of the lux gene cassette into microbial cells has created whole cell living
bioreporters capable of sensing and responding to specific chemical, biological, and physical targets via
the emission of bioluminescent light [1–3]. In soil and water, living whole-cell bioreporters can provide
fast detection of potential threats that can then be characterized more fully by other analytical methods.
In contrast to chromatographic analyses, bioreporters sense only bioavailable pollutants [4], and their
application as environmental sensors has been previously reported in [5,6]. Although well-tested in
laboratory-based whole-cell bioassays, examples of their interfacing with transducer elements to form
deployable biosensors are less common [7–12].

The operational capabilities of devices with immobilized microorganisms are critically dependent
upon the ability to maintain immobilized bioreporter populations in a viable state within a
matrix that is strong enough to endure the rigors of the outside environment. The techniques
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for the immobilization of bioluminescent bioreporters that have been used or have a potential
for application in the design of optical biosensors have been reviewed [13–15]. They comprise
a broad spectrum of methods that include bacterial biofilms in a flow-through microreactor [16],
physical attachment enhanced by the modification of a substrate or live cell’s surface [17],
entrapment/encapsulation into natural or synthetic polymers [18], a combination of hydrogel
entrapment and cryopreservation, plasma-deposited films, the application of photolithography,
electrospinning, and electrodeposition [1,7,19]. Silica-based polymers possess some of the most
desirable properties for immobilization of bioreporters, including biocompatibility, transparency,
and chemical, thermal, and dimensional stability [20]. A previous study demonstrated that the
bioluminescent bioreporter Pseudomonas fluorescens HK44 could be entrapped in a silica gel and remain
viable for repetitive bioluminescence induction over several months [19].

The first bioluminescent bioreporters to be fixed on to optical fiber tips were entrapped in
alginate [21,22]. Alginate gel containing living lux-expressing Escherichia coli bioreporters was applied
on the fiber tip in a length of 1 cm. An optimal response to a model genotoxicant was achieved with
six alginate/bacterial layers on a 1-cm exposed fiber-optic core [23]. To avoid irreversible analyte
adsorption in the polymer/gel matrix and a prolonged response time, Premkumar et al. [24] embedded
antibodies in a glutaraldehyde matrix and then attached E. coli bioreporter cells to the antibodies.
Another approach to the fixation of bioluminescent reporter cells on the fiber end is the conjugation
of biotinylated alginate microspheres with encapsulated cells to the surface of a streptavidin-coated
optical fiber [25]. Polyak et al. [22] showed that, if the core diameter of the fiber was etched down,
photon detection efficiency increased, although to a lesser extent than that expected from theoretical
calculations. Immobilization of bioreporter cells on the wider end of a fiber taper improved the photon
detection efficiency via an increase in the number of light sources [10,11].

Pseudomonas putida TVA8 [26] is a tod-luxCDABE bioluminescent bioreporter responding to the
presence of benzene, toluene, ethylbenzene, and xylene (BTEX) compounds by the production of
visible light. We have demonstrated operational conditions and selectivity of free P. putida TVA8
cells employed as a semiquantitative detector of water pollution [27]. P. putida TVA8 cells were
further reproducibly encapsulated in silica gel adhered on the polished end of a quartz optical fiber.
Core diameters of such optical fibers approach 600 µm, which limits the number of encapsulated
cells that it can accommodate and consequently decreases biosensor sensitivity. This obstacle may
be overcome by encapsulation of bioreporter cells on the wider end of a tapered optical fiber rather
than the narrower, smaller-diameter opposing end [12]. We have demonstrated proof-of-concept for
such a fiber optic biosensor arrangement using physical adsorption methods that were complex and
deleterious to longer-term cell survival [9]. In this study, we explored a simpler and faster approach
that bypassed physical adsorption requirements to create a biosensor for toluene using P. putida TVA8
encapsulated in silica gel attached to the wider end of a tapered optical fiber.

2. Materials and Methods

2.1. Chemicals and Solutions

All compounds were commercial products: hydrochloric acid, sodium chloride, and sodium
hydroxide (Lach-Ner, Neratovice, Czech Republic), sodium and potassium phosphates, (Penta, Praha,
Czech Republic), tryptone (Oxoid, Basingstoke, UK), yeast extract, kanamycin, and tetramethoxysilane
(TMOS) (Sigma-Aldrich, St. Louis, MO, USA).

Phosphate buffered saline (PBS) (pH 7.4) was prepared by dilution from a previously prepared
concentrated solution (ˆ10) of PBS that contained KH2PO4 (17 mmol/L), Na2HPO4 (52 mmol/L),
and NaCl (1.5 mol/L). Luria–Bertani media (LB) contained tryptone (10 g/L), yeast extract (5 g/L),
and NaCl (10 g/L), pH 7.2 [28]. The LB + kan50 medium was prepared by the addition of a stock
kanamycin solution (10 g/L) to a final concentration of 50 mg/L after autoclaving. Minimal salts
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medium (MSM) contained MgSO4¨ 7H2O (0.1 g/L), NH4NO3 (0.2 g/L), trace elements (0.1 mL), 0.5 M
phosphate buffer, pH 7.2 (100 mL), and distilled water (900 mL) [27].

2.2. Microorganism and Cultivation

P. putida TVA8 contains a chromosomally integrated tod-luxCDABE reporter gene cassette that
enables bioluminescent gene expression to occur in the presence of toluene [26]. P. putida TVA8
cells were cultivated overnight in LB + kan50 medium with shaking at 28 ˝C to an optical density
OD600 = 0.35. Cultures were washed once with an equal volume of MSM and then resuspended in an
equal volume of MSM mixed with LB medium in a 3:7 ratio.

2.3. Entrapment of Cells into Silica Gel

Cell encapsulation was performed according to a procedure used in previous studies [19,29–31].
Briefly, tetramethoxysilane (TMOS, 4.1 g) was stirred with distilled water (2 mL), cooled for 5 min
at 4 ˝C, and 0.1 M HCl (0.5 mL) was then slowly added. After disappearance of the two phases,
a clear solution remained that was left to pre-polymerize for 24 h at 4 ˝C. The pre-polymerized
TMOS (50 µL) was then mixed with 0.05 mol/L NaOH (50 µL) and the cell suspension (50 µL).
This mixture, containing P. putida TVA8 at approximately 108 cfu/mL, was individually dipped
on the polished wider end face of tapered fiber, diametermin = 0.6 mm, diametermax = 10.6 mm,
length = 22.5 cm, that was formed in the initial stage of drawing of polymer cladded silica fibers
from a rod of Suprasil® (kindly donated by the Institute of Photonics and Electronics ASCR, Prague,
Czech Republic). Immediately after gelation, the quartz fiber end containing the P. putida TVA8 cells
encapsulated in the silica gel drop was immersed in PBS.

2.4. Scanning Electron Microscopy

For preparatin for scanning electron microscopy, the end of the fiber was left to dry under ambient
conditions in a dry atmosphere for 2 days and then coated with gold using an EMITECH Sputter Coater
K500X (Quorum Technologies Ltd. Laughton, East Sussech, UK) for 2 min under a sputtering current
of 50 mA. Gold-coated samples were scanned with a Vega 3 Tescan scanning electron microscopy
(SEM) (TESCAN Brno, s.r.o., Brno, Czech Republic).

2.5. Toluene Induction and Bioluminescence Measurements

The narrow end of the tapered optical fiber element was attached to a photon-counter detector
(Perkin-Elmer 3954-P-087) (Perkin Elmer, Waltham, MA, USA) through an SMA optical fiber bare
connector as depicted in Figure 1a. Bioluminescence from P. putida TVA8 was induced daily by
immersion of the wider optical fiber end into a solution of toluene (26.5 or 5.3 mg/L in PBS) at
ambient temperature (Figure 1b). The first induction was initiated 2 h after gelation with additional
inductions occurring over a 34-day period. Before each induction, the fiber end with gel was washed
with PBS. The bioluminescence intensity measured in counts per second (cps) was recorded every
10 s. The experiment, the encapsulation in the silica gel drop and induction with toluene (26.5 mg/L),
was repeated twice using the same fiber.
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Figure 1. (a) The tapered optical fiber element contained at its wider distal end P. putida TVA8 cells 
encapsulated in a silica gel matrix. Immersion of the optical fiber into a solution of toluene instigated 
a bioluminescent response from the P. putida TVA8 cells that could be measured by an attached 
photon-counter module (L, length; d, diameter); (b) Photograph of the immersed optical fiber 
element 10 days after P. putida TVA8 immobilization. 

Figure 1. (a) The tapered optical fiber element contained at its wider distal end P. putida TVA8 cells
encapsulated in a silica gel matrix. Immersion of the optical fiber into a solution of toluene instigated
a bioluminescent response from the P. putida TVA8 cells that could be measured by an attached
photon-counter module (L, length; d, diameter); (b) Photograph of the immersed optical fiber element
10 days after P. putida TVA8 immobilization.

3. Results and Discussion

Representative bioluminescent emission profiles of P. putida TVA8 after daily inductions with
toluene at 26.5 mg/L are depicted in Figure 2. The profiles are divided into four graphs spanning the
entire 32-day exposure period. The sequence illustrates the initial low-level bioluminescent response
(Figure 2a) as the bioreporter cell layer begins to form on the surface of the silica drop, which gradually
increases in intensity over the following 1.5 weeks (Figure 2b,c) as the reporter cells grow and become
stabilized on the silica matrix, and then declines (Figure 2d) as the reporter cells lose viability and begin
to slough off of the silica drop concurrent with the drop’s dissolution on the fiber tip. Figure 3 shows
the bioluminescent response profile for the end immobilized P. putida TVA8 after daily exposure to
toluene at 5.3 mg/L. Under this toluene exposure scenario, bioreporter cells yielded predictably lower
bioluminescent emission responses coincident with the lower level toluene induction that similarly
decreased in intensity over this experiment’s 24-day exposure period.
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Figure 2. Representative bioluminescent emission profiles recorded from P. putida TVA8 bioreporter
cells immobilized on the optical fiber after consecutive daily exposures to toluene at 26.5 mg/L over a
total of 32 days (cps; counts/s). (a) days 1–9; (b) days 10–16; (c) days 17–24; (d) days 25–32.

Freshly immobilized P. putida TVA8 cells produced bioluminescence with a maximum occurring
within 12 h regardless of whether they were induced with 26.5 mg/L (Figure 2a) or 5.3 mg/L toluene
(Figure 3a). In the days thereafter, intensities of bioluminescence increased and times needed to reach
maxima were shortened to 2 h (Figure 2b,c and Figure 3b). These changes in bioluminescent response
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profiles correspond to a change from a homogenous distribution of cells (Figure 4a), both inside and
on the surface of the silica gel, to the cell free interior and surface covered with a dense cell population
(Figure 4b). The increased density of the bioreporter cell population can be visualized in Figure 4a,b as
an increase in opacity during the first week of testing. The silica gel matrix becomes condensed due
to aging (restructuring after gelation). Therefore, inside the silica gel mass transport, the supply of
oxygen and nutrients is limited, and cells preferably colonize the surface, leaving the center of the
silica gel spot empty. Cell disappearance from the interior of the silica gel matrix has been observed in
previous studies [32,33]. Figure 4 shows the dissolution of the silica gel over time, with the dimensions
of the silica gel spot decreasing and leaving a gradually broadening fiber optic rim.Materials 2016, 9, 467 5 of 9 
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Materials 2016, 9, 467 5 of 9 

 
Figure 3. Representative bioluminescent emission profiles recorded from P. putida TVA8 bioreporter 
cells encapsulated in silica hydrogel on the optical fiber after consecutive daily exposures to toluene 
at 5.3 mg/L over a total of 24 days (fiber 1) (cps; counts/s). (a) days 1–7; (b) days 8–14; (c) days 15–24. 

 
Figure 4. The fiber end with the silica hydrogel matrix (a) 2 h; (b) 6 days; (c) 15 days; (d) 24 days;  
(e) 28 days; and (f) 32 days after P. putida TVA8 immobilization and daily induction with toluene  
26.5 mg/L. (portions of this figure were included in a recent review by the authors [12]). 

Over the following two weeks (Figure 2b,c), the first bioluminescence maxima and the times of 
their appearance (T1 and B1 in accordance with [9], Figure 5) remained stable. A second maxima 
appeared under higher (26.5 mg/L) concentrations of toluene exposure. We attribute this second 
peak to liberation and proliferation of free P. putida TVA8 cells. In a previous study [9] with TVA8 
cells attached directly to an optical fiber, such second maxima were also observed, so they are not 
related to silica gel encapsulation. Specific bioluminescence of TVA8 cells increased with time and 
significantly dropped at the transition of the culture into stationary phase [26]. This transition was 
usually observed just after 10 h of growth [26,27], corresponding to observed maxima. At lower 
toluene concentration (5.3 mg/L), the bioluminescence maxima were correspondingly lower  
(Figure 3), and B1 were attained after 4 h instead of the 2 h needed at the concentration of 26.5 mg/L. 
The silica gel surface was covered with a thick cell layer, which was partially falling off by the 3rd 
week (Figure 4c,d). 

In the last period, cell detachment and the decrement of the silica gel spot (Figure 4d,e) resulted 
in very low intensities of induced bioluminescence (Figure 2d). After 34 days, the gel spot 

Figure 4. The fiber end with the silica hydrogel matrix (a) 2 h; (b) 6 days; (c) 15 days; (d) 24 days;
(e) 28 days; and (f) 32 days after P. putida TVA8 immobilization and daily induction with toluene
26.5 mg/L. (portions of this figure were included in a recent review by the authors [12]).

Over the following two weeks (Figure 2b,c), the first bioluminescence maxima and the times of
their appearance (T1 and B1 in accordance with [9], Figure 5) remained stable. A second maxima
appeared under higher (26.5 mg/L) concentrations of toluene exposure. We attribute this second peak
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to liberation and proliferation of free P. putida TVA8 cells. In a previous study [9] with TVA8 cells
attached directly to an optical fiber, such second maxima were also observed, so they are not related to
silica gel encapsulation. Specific bioluminescence of TVA8 cells increased with time and significantly
dropped at the transition of the culture into stationary phase [26]. This transition was usually observed
just after 10 h of growth [26,27], corresponding to observed maxima. At lower toluene concentration
(5.3 mg/L), the bioluminescence maxima were correspondingly lower (Figure 3), and B1 were attained
after 4 h instead of the 2 h needed at the concentration of 26.5 mg/L. The silica gel surface was covered
with a thick cell layer, which was partially falling off by the 3rd week (Figure 4c,d).
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Figure 5. Variability of intensities of the first bioluminescence maxima (B1) and times of their
appearance (T1) of the optical fiber elements with P. putida TVA8 encapsulated in silica hydrogel
induced repeatedly with toluene (26.5 mg/L). Average ˘ standard deviations of two reproduced
experiments are shown. The same tapered optical element was used in both experiments.

In the last period, cell detachment and the decrement of the silica gel spot (Figure 4d,e) resulted
in very low intensities of induced bioluminescence (Figure 2d). After 34 days, the gel spot completely
disappeared, and only a few cells were observed on the end of the fiber (Figure 6). P. putida TVA8 did
not colonize the pure quartz surface [9].
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Between the 7th and 18th days, the measured intensities of bioluminescence were sufficiently
high, and T1 remained stable (Figure 5). Within this period, the sensor functioned as a reliable
and repetitive detector of toluene. Regardless of irregular intervals among inductions—24 h or one
week—bioluminescence intensities corresponded roughly to the toluene concentrations (intensities of
bioluminescence maxima induced with 26.5 mg/L toluene were always at least double as compared to
those with 5.3 mg/L toluene).

In order to assess the variability of the response, a repetition of the experiment (immobilization
and bioluminescence inductions) using the same tapered optical element was carried out (Figure 5).
All repetitions (also with various tapered elements and thickness of silica gel) showed the same changes
of bioluminescence intensities and response times that corresponded to the surface cell colonization:
(1) the development of a cell layer on the surface; (2) a relatively stable cell layer on the surface; (3) cell
detachments. A period of cell layer stability was decreased due to diminishment of the silica gel spot.

A biofilm-like layer from the bioreporter cells, attached directly on the surface of the wider
end of the optical fiber, should have had a longer lifespan, but the biofilm-like layer unpredictably
waned within repetitive inductions. In addition, the microorganisms slowly overgrow the fiber end
(3–5 days) [9]. The method of biosensor preparation, described here, exploits encapsulation into
silica gel to reproducibly create a surface cell layer. Silicic acid species releasing from the silica gel
might fortify this cell layer in a similar manner as described in [17]. Fluctuations of intensities of
bioluminescence maxima were related to biofilm-like layer formation (compare Figure 4b,c—day 6
and day 15). The highest bioluminescence maxima were produced by compact biofilm-like layers
(days 6 and 7). A fall out of a part of this layer (see spots on Figure 4c) caused a decrease of
bioluminescence maxima. Re-overgrowth of the silica gel surface with cells resulted in restoration of
high bioluminescence maxima. Times of biofilm-like layer formation were reproducible.

In a previous study [9], P. putida TVA8 was immobilized on an optical fiber by physical adsorption
of the cells to the fiber’s wider end, which had been modified with 3-aminopropyltriethoxysilane.
This biosensor was induced with toluene at 26.5 mg/L 68 times over 135 days. The intensities of
induced bioluminescence varied according to changes in the number and viability of the reporter cells
in the biofilm-like layer. The main disadvantages of this biosensor configuration were the length of time
needed for preparation of the cell layer and continual changes of analytical responses. In this work,
we applied an optimized route toward [19,29,30,34] silica-gel-encapsulation of living bioreporters on
to optical fibers. In contrast to physical adsorption, this technique enables reproducible fixation of a
desired amount of cells on the top of the optical fiber within an hour [35]. As a result, the stability of
the bioluminescence responses was improved, but only for a 10-day period, which is comparable to
another whole cell biosensor of polychlorinated biphenyls (two weeks’ stability) [34] or a biosensor of
L-asparagine (40 days storage stability) [36].

The major obstacle of in-situ analytical applications of bioreporters is their
genetically-modified-organism (GMO) nature. Strict legislation in the EU, the USA, and other
developed countries practically bans field applications. Nevertheless, the number of laboratories
possessing the contained-use permission is increasing because novel analytical tests, such as
genotoxicity [37] and endocrine disruption [38] assays, use GMOs. The biosensor described here is
conceivable as a probe (like a pH electrode) for the inexpensive detection of toluene and other BTEX
contaminants in water samples, and provides a facile means for transference of bioluminescent light
signals from remote and inhospitable environments to a measurement interface. Screening with this
biosensor can supplement established chromatographic analysis with added information regarding
BTEX bioavailability.

4. Conclusions

A long-term response of an optical biosensor utilizing the bioluminescent bioreporter P. putida
TVA8 encapsulated via a sol-gel route on the tip of a tapered optical fiber was tested. A slow shift of
the bacterial population from the bulk gel to its surface, a formation of biofilm, and its detachment and
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gel dissolution was observed. Consequently, the achieved bioluminescence maxima and the times of
their appearance were affected with up to nearly complete extinction after 30 days. These reproducible
changes, however, resulted in sufficient and stable bioluminescence responses between the 7th and
18th day and enabled repeatable toluene detection in this period. More robust testing under real-world
environmental contamination scenarios will be critical toward the transitioning of this biosensor
beyond its proof-of-concept stage.
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Abbreviations

The following abbreviations are used in this manuscript:

B1 intensity of the first bioluminescence maxima (in accordance to [9], Figure 5)
BTEX benzene, toluene, ethylbenzene, and xylene
OD600 optical density determined at λ = 600 nm
SEM scanning electron microscopy
SMA connector sub miniature version A optical fiber connector
T1 time of appearance of the first bioluminescence maxima (in accordance to [9], Figure 5)

References

1. Close, D.M.; Ripp, S.; Sayler, G.S. Reporter proteins in whole-cell optical bioreporter detection systems,
biosensor integrations, and biosensing applications. Sensors 2009, 9, 9147–9174. [CrossRef] [PubMed]

2. Van der Meer, J.R.; Belkin, S. Where microbiology meets microengineering: Design and applications of
reporter bacteria. Nat. Rev. Microbiol. 2010, 8, 511–522. [CrossRef] [PubMed]

3. Leveau, J.H.J.; Lindow, S.E. Bioreporters in microbial ecology. Curr. Opin. Microbiol. 2002, 5, 259–265.
[CrossRef]

4. Xu, T.T.; Close, D.M.; Sayler, G.S.; Ripp, S. Genetically modified whole-cell bioreporters for environmental
assessment. Ecol. Indic. 2013, 28, 125–141. [CrossRef] [PubMed]

5. King, J.M.H.; Digrazia, P.M.; Applegate, B.; Burlage, R.; Sanseverino, J.; Dunbar, P.; Larimer, F.; Sayler, G.S.
Rapid, sensitive bioluminescent reporter technology for naphthalene exposure and biodegradation. Science
1990, 249, 778–781. [CrossRef] [PubMed]

6. Trogl, J.; Chauhan, A.; Ripp, S.; Layton, A.C.; Kuncova, G.; Sayler, G.S. Pseudomonas fluorescens HK44: Lessons
learned from a model whole-cell bioreporter with a broad application history. Sensors 2012, 12, 1544–1571.
[CrossRef] [PubMed]

7. Michelini, E.; Cevenini, L.; Calabretta, M.M.; Spinozzi, S.; Camborata, C.; Roda, A. Field-deployable
whole-cell bioluminescent biosensors: So near and yet so far. Anal. Bioanal. Chem. 2013, 405, 6155–6163.
[CrossRef] [PubMed]

8. Wang, X.-D.; Wolfbeis, O.S. Fiber-optic chemical sensors and biosensors (2008–2012). Anal. Chem. 2013, 85,
487–508. [CrossRef] [PubMed]

9. Zajic, J.; Bittner, M.; Branyik, T.; Solovyev, A.; Sabata, S.; Kuncova, G.; Pospisilova, M. Repetitive inductions
of bioluminescence of Pseudomonas putida TVA8 immobilised by adsorption on optical fiber. Chem. Pap. 2016,
70, 877–887. [CrossRef]

10. Vrbova, H.; Kuncova, G.; Pospisilova, M. Optical fiber element of sensor with bioluminescent cells. In Book of
Abstracts of 10th European Conference on Optical Chemical Sensors and Biosensors, Europt(r)ode X; Institute of
Photonics of CAV, v.v.i.: Prague, Czech Republic, 2010; p. 85.

11. Kalabova, H.; Pospisilova, M.; Jirina, M.; Kuncova, G. Whole-cell biosensor for detection of environmental
pollution enhancement of detected bioluminescence. Curr. Opin. Biotechnol. 2013, 24, S32. [CrossRef]

http://dx.doi.org/10.3390/s91109147
http://www.ncbi.nlm.nih.gov/pubmed/22291559
http://dx.doi.org/10.1038/nrmicro2392
http://www.ncbi.nlm.nih.gov/pubmed/20514043
http://dx.doi.org/10.1016/S1369-5274(02)00321-1
http://dx.doi.org/10.1016/j.ecolind.2012.01.020
http://www.ncbi.nlm.nih.gov/pubmed/26594130
http://dx.doi.org/10.1126/science.249.4970.778
http://www.ncbi.nlm.nih.gov/pubmed/17756791
http://dx.doi.org/10.3390/s120201544
http://www.ncbi.nlm.nih.gov/pubmed/22438725
http://dx.doi.org/10.1007/s00216-013-7043-6
http://www.ncbi.nlm.nih.gov/pubmed/23739749
http://dx.doi.org/10.1021/ac303159b
http://www.ncbi.nlm.nih.gov/pubmed/23140530
http://dx.doi.org/10.1515/chempap-2016-0031
http://dx.doi.org/10.1016/j.copbio.2013.05.056


Materials 2016, 9, 467 9 of 10

12. Pospisilova, M.; Kuncova, G.; Troegl, J. Fiber-optic chemical sensors and fiber-optic bio-sensors. Sensors 2015,
15, 25208–25259. [CrossRef] [PubMed]

13. Bjerketorp, J.; Hakansson, S.; Belkin, S.; Jansson, J.K. Advances in preservation methods: Keeping biosensor
microorganisms alive and active. Curr. Opin. Biotechnol. 2006, 17, 43–49. [CrossRef] [PubMed]

14. Depagne, C.; Roux, C.; Coradin, T. How to design cell-based biosensors using the sol-gel process.
Anal. Bioanal. Chem. 2011, 400, 965–976. [CrossRef] [PubMed]

15. Michelini, E.; Roda, A. Staying alive: New perspectives on cell immobilization for biosensing purposes.
Anal. Bioanal. Chem. 2012, 402, 1785–1797. [CrossRef] [PubMed]

16. Ben-Yoav, H.; Amzel, T.; Biran, A.; Sternheim, M.; Belkin, S.; Freeman, A.; Shacham-Diamand, Y. Bacterial
biofilm-based water toxicity sensor. Sens. Actuators B Chem. 2011, 158, 366–371. [CrossRef]

17. Jaroch, D.; McLamore, E.; Zhang, W.; Shi, J.; Garland, J.; Banks, M.K.; Porterfield, D.M.; Rickus, J.L.
Cell-mediated deposition of porous silica on bacterial biofilms. Biotechnol. Bioeng. 2011, 108, 2249–2260.
[CrossRef] [PubMed]

18. Charrier, T.; Durand, M.-J.; Jouanneau, S.; Dion, M.; Pernetti, M.; Poncelet, D.; Thouand, G. A multi-channel
bioluminescent bacterial biosensor for the on-line detection of metals and toxicity. Part I: Design and
optimization of bioluminescent bacterial strains. Anal. Bioanal. Chem. 2011, 400, 1051–1060. [CrossRef]
[PubMed]

19. Trogl, J.; Ripp, S.; Kuncova, G.; Sayler, G.; Churava, A.; Parik, P.; Demnerova, K.; Halova, J.; Kubicova, L.
Selectivity of whole cell optical biosensor with immobilized bioreporter Pseudomonas fluorescens HK44.
Sens. Actuators B Chem. 2005, 107, 98–103. [CrossRef]

20. Kuncova, G.; Trogl, J. Physiology of microorganisms immobilized into inorganic polymers. In Handbook of
Inorganic Chemistry Research; Morrison, D.A., Ed.; Nova Science Publishers, Inc.: Hauppauge, NY, USA, 2010;
pp. 53–101.

21. Ripp, S.; Nivens, D.E.; Ahn, Y.; Werner, C.; Jarrell, J.; Easter, J.P.; Cox, C.D.; Burlage, R.S.; Sayler, G.S.
Controlled field release of a bioluminescent genetically engineered microorganism for bioremediation
process monitoring and control. Environ. Sci. Technol. 2000, 34, 846–853. [CrossRef]

22. Polyak, B.; Bassis, E.; Novodvorets, A.; Belkin, S.; Marks, R.S. Bioluminescent whole cell optical fiber sensor
to genotoxicants: System optimization. Sens. Actuators B Chem. 2001, 74, 18–26. [CrossRef]

23. Ivask, A.; Green, T.; Polyak, B.; Mor, A.; Kahru, A.; Virta, M.; Marks, R. Fibre-optic bacterial biosensors and
their application for the analysis of bioavailable Hg and As in soils and sediments from aznalcollar mining
area in spain. Biosens. Bioelectron. 2007, 22, 1396–1402. [CrossRef] [PubMed]

24. Premkumar, J.R.; Lev, O.; Marks, R.S.; Polyak, B.; Rosen, R.; Belkin, S. Antibody-based immobilization of
bioluminescent bacterial sensor cells. Talanta 2001, 55, 1029–1038. [CrossRef]

25. Polyak, B.; Geresh, S.; Marks, R.S. Synthesis and characterization of a biotin-alginate conjugate and its
application in a biosensor construction. Biomacromolecules 2004, 5, 389–396. [CrossRef] [PubMed]

26. Applegate, B.M.; Kehrmeyer, S.R.; Sayler, G.S. A chromosomally based tod-luxCDABE whole-cell reporter
for benzene, toluene, ethybenzene, and xylene (BTEX) sensing. Appl. Environ. Microbiol. 1998, 64, 2730–2735.
[PubMed]

27. Kuncova, G.; Pazlarova, J.; Hlavata, A.; Ripp, S.; Sayler, G.S. Bioluminescent bioreporter Pseudomonas putida
TVA8 as a detector of water pollution. Operational conditions and selectivity of free cells sensor. Ecol. Indic.
2011, 11, 882–887.

28. Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning; Cold Spring Harbor Laboratory Press: New York,
NY, USA, 1989; Volume 2.

29. Trogl, J.; Kuncova, G.; Kuran, P. Bioluminescence of Pseudomonas fluorescens HK44 in the course of
encapsulation into silica gel. Effect of methanol. Folia Microbiol. 2010, 55, 569–575. [CrossRef] [PubMed]

30. Kuncova, G.; Podrazky, O.; Ripp, S.; Trogl, J.; Sayler, G.; Demnerova, K.; Vankova, R. Monitoring of the
viability of cells immobilized by sol-gel process. J. Sol-Gel Sci. Technol. 2004, 31, 335–342. [CrossRef]

31. Troegl, J.; Jirkova, I.; Kuran, P.; Akhmetshina, E.; Brovdyova, T.J.; Sirotkin, A.; Kirilina, T. Phospholipid fatty
acids as physiological indicators of paracoccus denitrificans encapsulated in silica sol-gel hydrogels. Sensors
2015, 15, 3426–3434. [CrossRef] [PubMed]

32. Branyik, T.; Kuncova, G. Changes in phenol oxidation rate of a mixed microbial culture caused by sol-gel
immobilization. Biotechnol. Lett. 2000, 22, 555–560. [CrossRef]

http://dx.doi.org/10.3390/s151025208
http://www.ncbi.nlm.nih.gov/pubmed/26437407
http://dx.doi.org/10.1016/j.copbio.2005.12.005
http://www.ncbi.nlm.nih.gov/pubmed/16368231
http://dx.doi.org/10.1007/s00216-010-4351-y
http://www.ncbi.nlm.nih.gov/pubmed/21046077
http://dx.doi.org/10.1007/s00216-011-5364-x
http://www.ncbi.nlm.nih.gov/pubmed/21922308
http://dx.doi.org/10.1016/j.snb.2011.06.037
http://dx.doi.org/10.1002/bit.23195
http://www.ncbi.nlm.nih.gov/pubmed/21538338
http://dx.doi.org/10.1007/s00216-010-4353-9
http://www.ncbi.nlm.nih.gov/pubmed/21069300
http://dx.doi.org/10.1016/j.snb.2004.07.039
http://dx.doi.org/10.1021/es9908319
http://dx.doi.org/10.1016/S0925-4005(00)00707-3
http://dx.doi.org/10.1016/j.bios.2006.06.019
http://www.ncbi.nlm.nih.gov/pubmed/16889954
http://dx.doi.org/10.1016/S0039-9140(01)00533-1
http://dx.doi.org/10.1021/bm034454a
http://www.ncbi.nlm.nih.gov/pubmed/15002998
http://www.ncbi.nlm.nih.gov/pubmed/9647859
http://dx.doi.org/10.1007/s12223-010-0091-9
http://www.ncbi.nlm.nih.gov/pubmed/21253900
http://dx.doi.org/10.1023/B:JSST.0000048013.64235.c8
http://dx.doi.org/10.3390/s150203426
http://www.ncbi.nlm.nih.gov/pubmed/25690547
http://dx.doi.org/10.1023/A:1005668326835


Materials 2016, 9, 467 10 of 10

33. Branyik, T.; Kuncova, G.; Paca, J. The use of silica gel prepared by sol-gel method and polyurethane foam as
microbial carriers in the continuous degradation of phenol. Appl. Microbiol. Biotechnol. 2000, 54, 168–172.
[CrossRef] [PubMed]

34. Gavlasova, P.; Kuncova, G.; Kochankova, L.; Mackova, M. Whole cell biosensor for polychlorinated biphenyl
analysis based on optical detection. Int. Biodeterior. Biodegrad. 2008, 62, 304–312. [CrossRef]

35. Kuncova, G.; Pazlarova, J.; Adamova, N.; Hlavata, A.; Ripp, S.; Sayler, G.S. Bioluminiscent biosensor
of toluene. In Proceedings of the XVIIth International Conference on Bioencapsulation, Groningen,
The Netherlands, 24–26 September 2009; pp. 226–227.

36. Verma, N.; Bansal, M.; Kumar, S. Whole cell based miniaturized fiber optic biosensor to monitor L-asparagine.
Adv. Appl. Sci. Res. 2012, 3, 809–814.

37. Lynch, A.M.; Sasaki, J.C.; Elespuru, R.; Jacobson-Kram, D.; Thybaud, V.; De Boeck, M.; Aardema, M.J.;
Aubrecht, J.; Benz, R.D.; Dertinger, S.D.; et al. New and emerging technologies for genetic toxicity testing.
Environ. Mol. Mutag. 2011, 52, 205–223. [CrossRef] [PubMed]

38. Scholz, S.; Renner, P.; Belanger, S.E.; Busquet, F.; Davi, R.; Demeneix, B.A.; Denny, J.S.; Leonard, M.;
McMaster, M.E.; Villeneuve, D.L.; et al. Alternatives to in vivo tests to detect endocrine disrupting
chemicals (edcs) in fish and amphibians—Screening for estrogen, androgen and thyroid hormone disruption.
Crit. Rev. Toxicol. 2013, 43, 45–72. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s002530000366
http://www.ncbi.nlm.nih.gov/pubmed/10968628
http://dx.doi.org/10.1016/j.ibiod.2008.01.015
http://dx.doi.org/10.1002/em.20614
http://www.ncbi.nlm.nih.gov/pubmed/20740635
http://dx.doi.org/10.3109/10408444.2012.737762
http://www.ncbi.nlm.nih.gov/pubmed/23190036
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Materials and Methods 
	Chemicals and Solutions 
	Microorganism and Cultivation 
	Entrapment of Cells into Silica Gel 
	Scanning Electron Microscopy 
	Toluene Induction and Bioluminescence Measurements 

	Results and Discussion 
	Conclusions 

