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Whole-cell Chlorella vulgaris conductometric biosensors consisting of gold planar interdigitated
electrodes and sol-gel algal membranes have been used for assessment of heavy-metal ions in water. These
analytes act as algal alkaline phosphatase inhibitors. Enzyme residual activity has been measured in
Tris-nitrate buffer in the presence of Mg’ ions as activator. Operating conditions of this biosensor have
been optimized and its characteristics are discussed. Detection limits are about 1 ppb for Cd’*, Co’", Ni’",
Pb”" and 10 ppb for Zn’". The storage stability of the biosensor in buffer solution at 4 °C is more than 40
days. The biosensor has been used to assess wastewater pollution.
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Introduction. The application of biosensors for
determination of toxic compounds is a dynamic trend
in sensor research. These sensors seem to be very
promising since analytical systems based on them are
simple, rapid, and selective. They can be of great use
for air and water environmental control, food analysis,
medicine and industry, in particular as regards to heavy
metal ions, which are known to be harmful pollutants.
Heavy-metal ions toxicity to living organisms was
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explained by their fixation on the thiol groups of
enzymes. This is the case of alkaline phosphatase (AP)
which is known to be inhibited by this kind of
pollutants [1].

The development of a multi-enzymatic biosensor
for the detection of different groups of pollutants
represents an important challenge. However, a
biosensor using different enzymes on a multisensor
array cannot operate in optimal conditions, since they
may be different from one enzyme to the other. Other
problems including enzyme stability and enzyme
purification cost must also be overcome. The use of
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Fig. 1. The view of a conductometric microtransducer

whole cells or microorganisms to produce a
multi-enzymatic biosensor can be a good solution,
since they contain a large number of enzymes.

Moreover, ecotoxicological information can be
obtained from the effects of pollutants on these living
organisms.

Among the tested immobilizing techniques used by
our team there are glutaraldehyde cross linking,
calcium alginate and agarose gel entrapments,
pyrrol-alginate gel electropolymerization [2—4]. All
these methods are unsuitable for our application
because of physical and chemical instability and/or
back side reactions.

Silica matrixes are relatively inexpensive to
synthesize and have interesting properties including
biocompatibility and chemical inertness [S]. Special
features of such systems are great possibilities of the
variation of the physical, chemical, and functional
properties of materials with the identical or close
composition of the reaction products. Sol-gel based
membranes also reduce side reactions compared to
conventional supports.

In this communication, the sol-gel technique has
been used to construct a conductometric biosensor
based on  thin-film  planar  interdigitated
microelectrodes. The main benefits of such
microsensors are small size, high sensitivity, and low
power consumption [6].

Thus, the aim of our work was to create a
conductometric biosensor for heavy metal ions
determination based on entrapped in sol-gel whole cells
of Chlorella vulgaris as a sensitive element.

Materials and Methods. Chemicals. Silica sources
were sodium silicate solutions (purchased from
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Riedel-de-Haen) and colloidal silica LUDOX HS-40
(«Aldrich», USA). All other reagents were purchased
from «Sigma» (USA). Zn, Cd, Co, Ni, and Pb nitrates
were used as analytes. All chemicals were of analytical
grade. AP substrate solutions of p-nitrophenylphospha-
te disodium salt (pNPP) were prepared immediately
before use.

Cell culture. The C. vulgaris strain (CCAP 211/12)
was purchased from The Culture Collection of Algae
and Protozoa at Cumbria (United Kingdom). The
axenic algal strain was grown in the culture medium
and under conditions described by the International
Organization for Standardization (ISO 8692) [7].

Sensor design. Fig. 1 shows the planar
conductometric transducer. Two identical pairs of gold
interdigitated electrodes (thickness 0.5 um dimensions
5 %30 mm) were fabricated by vacuum deposition on a
ceramic substrate (sintered aluminum oxide) at the
Institute of Semiconductor Physics, Kyiv, Ukraine. An
intermediate layer of chromium (0.1 pm thick) was
used for better gold adhesion. Each finger of the
electrode was 20 um wide and 1 mm long, with 20 pm
spacing between fingers of the electrode in the pair. The
sensitive area of each electrodes pair was about 1 x 1.5
mm. To define the sensitive area of the transducer, the
central part of the chip was covered with epoxy resin.

Cell entrapment. Sodium silicate (0.4 M, 4 ml) and
colloidal silica LUDOX (8.5 M, 4 ml) were thoroughly
mixed (300 rpm) to obtain a homogeneous silica
solution. An HCI, 4 M solution was then added drop by
drop until an appropriate pH was reached to induce the
gelation process. Before gelation, an algal suspension
containing 3-10° cells/ml and 10 % (w/w) glycerol was
introduced under stirring. The resulting solution was
deposited on the sensitive surface of the measuring pair
of electrodes by the drop method (0.15 ul) to produce
silica matrixes containing algal cells. The measuring
pair of electrodes was covered with an AP active algal
membrane, while the reference pair used algal cells
with no AP activity. Gelation occurred within about
5 min at room temperature. Wet gels were aged for
24 hours at 4 °C in the mother solution in a closed flask
in order to ensure gel densification before analysis [8].

Measurements. Conductometric measurements
were performed by applying to each pair of
interdigitated electrodes a small-amplitude alternating
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voltage 10 mV with 100 kHz frequency generated and
analyzed by SR-830 DSP lock-in amplifier, Standford
research systems, UK [9]. The substrate concentration
was increased step-wise by adding defined volumes of
appropriate concentrated solutions. The conductivity
changes resulted from the enzymatically catalyzed
hydrolysis of pNPP. The AP inhibition by heavy-metal
ions resulted in a reduction of the biosensor sensitivity
to substrate. All measurements were carried out under
stirring at room temperature in a 2 ml glass cell filled
with working medium: 1 mM Mg(NO,),, as AP
activator, with 10 mM Tris-nitrate buffer, pH 8.5 [10].
Biosensors were prepared each day and stored at 4 °C
between experiments. Storage was conducted in the
culture medium without phosphate ions to avoid AP
activity loss and cells growth [11, 12]. Wastewater,
collected in Chevire (France), was sterilized before

experiment at 130 °C, 1.5 bar to suppress
contaminating bacterial phosphatase activity.
Results and Discussions. Described algal

conductometric biosensor is based on the following
reaction:
phosphatase
XPO,* +H,0———> XH+HPO,”,

where XPO,” is the organic phosphate substrate and
HPO,” — the monohydrophosphate.

When paranitrophenyl phosphate is used as a
substrate, the product XH is paranitrophenol.

Therefore, in the presence of alkaline phosphatase,
the reaction induces a change in pH and in conductivity.
The change in conductivity can be detected with a
conductometric microtransducer. This electrochemical
method is based on measuring conductivity change of
the analyzed medium. In our case, conductivity change
results from enzymatic reaction, enzyme activity, and
also depends on the physical and chemical properties of
reaction medium.

The first step of this work was to optimize the
biosensor response as a function of algal concentrations
in the membrane (Fig. 2).

As for the algae concentrations in the membranes of
described biosensor, there is the optimal concentration
i. e. (30=300)10° cells/ml. It was observed that the
signal amplitude decreased at higher algae
concentrations. In this case enzymatic reactions can
only occur on the border of the membranes preventing
substrate molecules from diffusing inside and reacting
with algae situated near the sensitive areas. As a
consequence, a low signal was observed. Moreover,
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lower algae concentrations in membranes also give
slight conductivity variations since only a few substrate
molecules can be transformed. It is interesting to note
that for enzyme biosensors the same conclusion has
already been done [13].

Influence of substrate concentrations on biosensor
sensitivity to Cd*" concentration has already been
observed. If the substrate concentration is small, the
signal amplitude is too small to be measured properly.
Ifitis higher, the sensitivity to inhibitors decreases. The
concentration of 2 mM in pNPP was chosen to prepare
our biosensor for heavy metals determination since it
provides the sufficient stable signal to substrate with
rather a good sensitivity to heavy metals.

It is well known that enzyme activity and optimal
pH are changed after immobilization particularly when
the enzymatic reaction changes the pH of the medium.

Fig. 3 shows the dependence of algal AP activity on
pH when the cells are immobilized on the
conductometric transducer. = Enzyme activity of
C. vulgaris is maximal for pH 8.5 for our biosensor
response to substrate, while it was reported 10.5 for the
algae in suspension [10].

Ionic strength is one of the most influential
parameters in conductometric assays, since the ionic
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species, charges and mobilities are detected using
conductometric measurements. The biosensor response
to 2 mM substrate was measured as a function of KNO,
concentrations (Fig. 4).

High KNO, concentrations produce significant
background ions interferences and reduce response to
pNPP by decreasing the amplitude of the enzymatic
signal.

The biosensor is relatively stable for 40 days under
storage conditions (Fig. 5).

Good correlation in terms of AP storage stability
was found between the biosensor and the cells
suspension [10].

Fig. 6 shows the percentage of AP inhibition as a
function of wvarious metal ions concentrations.
Inhibition of AP was found for ppm concentration
levels of tested metals while activation of AP activity
occurs at ppb concentration levels, except for Zn. The
activation could be explained by cellular stress: indeed,
to prevent the cell from heavy-metals damages, stress
promoters are produced inducing an increase of some
enzymatic activities [14].

The biosensor was used for the assessment of
wastewater pollution by heavy-metals. Measurements
were carried out after exposures to different
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concentrations of the wastewater in the working
medium. Fig. 7 shows the percentage of AP inhibition
as a function of different wastewater concentrations.
Table shows concentration of some heavy metals ions

found in the wastewater using atomic absorption
spectroscopy as a reference method. For the lowest
concentrations of tested wastewater the activation of
AP activity was obtained due to the low concentration
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Concentration of heavy metal ions found in the wastewater using atomic absorption spectroscopy
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of metal ions. For higher concentrations of heavy metal
ions in wastewater samples at lower dilution a good
correlation was obtained between concentration of
samples and inhibition rate.

Conclusions. AP conductometric biosensors
consisting of interdigitated gold electrodes and algae
entrapped in sol-gel membranes formed on their
sensitive parts have been used for the assessment of
water pollution with heavy metals ions.

Optimal algal concentrations in the membranes of
the described biosensor were about (30+300)10°
cells/ml. Optimal pH of the biosensors working
medium was 8.5.

Detection limits were about 1 ppb for Cd*’, Co™,
Ni*', Pb*" and 10 ppb for Zn*". The storage stability of
the biosensor was more than 40 days.

The sensitivity of the biosensor to ionic strength is
rather high for all conductometric sensors and can be
decreased with additional permselective membranes
[15]. The described conductometric biosensor was
successfully used for the assessment of water pollution
with heavy-metals. Further development will include
searching for ways to improve selectivity to heavy
metal ions using multi-enzymatic biosensors arrays and
multivariable correspondence analysis [16].
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A. JI. Bepeaceyvkuti, K. [iopve, X. Heyen-Heox, K.-M. [llosenon,
C. B. /[330esuu, K. Tpan-Mun

KouaykromeTpuyHuii 6i0CEHCOpP HA OCHOBI MIKPOBOJOPOCTEH st

OI[IHKH BMICTY BaKKHX METANiB y CTIYHUX BOJAX

Pesrome

Onucano biocencop 015 OYiHKU GMICMY BAJICKUX MEMANig Y G0OI.
Hna tioco cmeopenns knimunu Chlorella vulgaris immobinizyeanu
Ha 3010MUX NAAHAPHUX 2peDIHYacmux e1eKmpooax 3a 00NoMo2010
3071b—2enb mexuonoeii. Baoki memanu € ineibimopamu ayxicHol
Gdocpamasu. 3anuwkosy akmusnicme iMM06INI308aH020 pepmen-
my 6UMIpl0Ganu 6 mpuc-nimpamuomy 6ygepHomy po3uuni 3a npu-
cymuocmi akmueamopa — ioHie maeuito. Onmumizoeano poboui
xapaxkmepucmuku 6iocencopa. Hudicns medxca usnauenns cknaoa-
aa 1 M]lp()J onn Cd**, Co’*, Ni**, Pb*" ma 10 Mﬂpd’l onsn Zn’".

Tepmin 36epicanns 6iocencopay 6ygepnomy posuuni 3a memnepa-
mypu 4 °C 6ys 6invwum, nisc 40 0i6. Biocencop sukopucmano ous
OYINKU 3a0PYOHEHHS 8ANCKUMU MEMALAMU CIIYHUX 800.

Knwowuosi crnosa: Chlorella vulgaris, monkonniekosi nianapHi
epebinuacmi enekmpoou, 301b—2elb iIMMOOInizayis, iHeIOimopHull
ananis.

A. JI. Bepeoceyxuii, K. Jiopve, X. Hzyen-Heox, JK.-M. Illosenon,
C. B. /I3a0eeuu, K. Tpan-Mun

KonagykromeTpruyeckuii 6MOCEHCOpP Ha OCHOBE MHKPOBOJOPOCIEH

JUI OLICHKHU COACPIKAHUS TAXKCIIbIX METAJJIOB B CTOYHBIX BOJaX

Pesrome

Onucan 6uocencop 05 OYeHKU COOEPHCAHUS MANCENbIX MEeMAI08
6 6o0e. /[ns eco cozoanus knemxu Chlorella vulgaris ummoobunusu-
po6anu Ha 3010MbIX NIAHAPHBIX 2PeOeHUAmbIX dIeKMmpooax ¢ no-
MOWBIO 3071b—2elb MexHono2uU. Tsoicenvle Memannvl AAAI0MCs
uHeubumopamu wjenounou ¢ocpamasvi. Ocmamounyr axKmue-
HOCMb UMMOOUNUZ0BAHHO2O (hepMenma usMepsaiu 6 Mmpuc-Hu-
mpamuom OygepHom pacmeope 8 NPUCYMCMEUU AKMUBAMOPA:
uonos maznusn. Onmumusuposansvi paboyue Xapakmepucmuku o6uo-
cencopa. Hudienss epanuya onpedenenus cocmasasia 1 mapo ' ons
Ccd, Co’t, Ni**, Pb* u 10M1p0” o Zn’". Cpok xpanenus 6uocen-
copa 6 bygeprnom pacmeope npu memnepamype 4 °C cocmasnsiem
6onee 40 oneil. buocencop ucnonwb306an 051 OYEHKU 30a2PA3HEHUs
MAACENLIMU MEMATTIAMU CIMOYHBIX 600.

Knwuesvie crnosa: Chlorella vulgaris, moukonnenounvie nia-
HapHvie epebenyambie INeKmpoobl, 301b-2€1b UMMOOUIUZAYUS, UH-
2UOUMOPHBIIL AHATU3.
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