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Research was aimed at the optimization of the urease biosensor for analysis of heavy metals and
determining the opportunities of its reactivation. A differential pair of gold interdigitated electrodes
deposited on a ceramic substrate was used as the conductometric transducer. As a bioselective membrane
served urease, coimmobilized with bovine serum albumin by glutaraldehyde cross-linking on the surface
of conductometric transducer. 1.0 mM urea was selected as an optimal substrate concentration for the
inhibition analysis of heavy metals. The biosensor was tested for its sensitivity to different heavy metals,
the calibration curves were plotted. The proposed biosensor was shown to have high reproducibility of
signals prior and after inhibition, the measurement error was less than 3% . It was proved a possibility of
reactivation of the bioselective membrane after urease irreversible inhibition by heavy metals, using the
ethylenediamine tetraacetic acid solution. The optimum conditions of reactivation, i.e. the dependence of
itslevel on time and concentration of heavy metals, were determined. The additional stage, post-inhibition
reactivation, was shown to increase significantly the selectivity of biosensor determination of heavy
metals.
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enzyme reactivation.

At present, one of the most acute
environmental problems is the contamination
with waste products [1]. Among the various
pollutants, heavy metals and their compounds
are notable by abundance, high toxicity, ability
to accumulate in living organisms [2]. They are
widely used in manufacture, therefore, despite
the clean-up, the content of heavy metals in
industrial wastewater is rather high.

They also enter the environment with
sewage, smoke and dust from industrial
enterprises. Many metals form stable organic
compounds, high solubility of which facilitates
the migration of heavy metals in natural
waters. More than 40 chemical elements are
referred to as heavy metals, but significantly
fewer number should be controlled taking into
account toxicity, persistence, abundance, an
ability to accumulate in the environment [3, 4].

In the aquatic environment, microparticles
of heavy metals are present as solutions,
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suspensions and colloids. Free hydrated ions,
simple inorganic and organic complexes
are soluble [5—-9]. Currently, there are
many methods, which are widely used for
the determination of heavy metals, such as
atomic absorption spectrometry, plasma mass
spectrometry, etc. However, these methods
utilize sophisticated appliances and are
unsuitable in the field [10]. Electrochemical
biosensor methods in general are more
reasonable in the field because they do not
require complex equipment [11-13].
Biosensor determination of heavy metal
ions is based on their inhibition effect on
enzymes. For example, ions of copper,
cadmium, mercury, zinc are effective
inhibitors of the urease activity in the urea
hydrolysis. An important stage in the running
of urease biosensor is a procedure of its
reactivation after inhibition by heavy metal
ions. An exposure of the inhibited biosensor in
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buffer solution for a long time does not restore
the enzymatic activity of its biomembranes
whereas EDTA solution acts as efficient
reactivator [14].

Materials and Methods

Materials

In the work, the enzyme urease from soya
beans with activity of 66 U/mg was used
(Fluka, Germany). Bovine serum albumin
(BSA, fraction V), 50% aqueous solution
of glutaraldehyde (GA) and urea were from
Sigma-Aldrich Chemie (Germany).

The compounds for the preparation of buf-
fers, inhibitors, reactivator and other inorga-
nic compounds used in the work were of domes-
tic production and had a chemical purity grade.

Conductometric transducers

Conductometric transducers were produced
in Lashkaryov Institute of Semiconductor
Physics (Kyiv, Ukraine) in accordance with
our recommendations. They consist of the
sital substrate (fused Al,03) 5 x 30 mm in size
with a pair of gold interdigitated electrodes.
The 0.1 p thick titanium sublayer is used for
better adhesion of metal to the substrate. More
information on the transducers used is in the
previous paper [15].

Scheme of experimental setup for
conductometric measurements

The changes in conductivity of near-
electrode layer of conductometric transducer
were determined by the conductometric
measuring unit. The differential mode of
measurement was used to increase the sensor
sensitivity and minimize noise caused by
nonspecific effects. The scheme and function
of this conductometric setup have been
described earlier [16, 17].

Preparation of bioselective elements

To prepare working urease-based
bioselective membranes, the solution
containing 5% of urease, 5% of BSA and 10%
of glycerol in 20 mM phosphate buffer, pH
6.5, was used. The mixture for the reference
membrane was prepared in the same way,
but no enzyme was taken, only BSA of the
final concentration equivalent to the amount
of protein in the membrane, i.e. 10% . The
solutions prepared were deposited onto the
transducer working parts by micropipettes
to cover completely the working electrode
surface. The transducers with deposited
membranes were incubated in saturated

glutaraldehyde (GA) vapor for 25 min and
dried for 5 min in air at room temperature.
Then the biosensors were washed for 6 min in
the working buffer to remove excess unbound
GA and other components of the membrane
(changing the buffer every 2 min).

Methods of measurement

Measurements were carried out at room
temperature in an open cell filled with 5 mM
phosphate buffer, pH 6.5, with constant
stirring. The specified substrate concentration
in the working cell was obtained by adding
the aliquots of substrates stock solutions.
For inhibition analysis, the responses to
substrate were evaluated before inhibition,
then the biosensor was incubated for 20 min
in a solution of heavy metal ions of different
concentrations and washed from excess
inhibitor, and the response to substrate
was re-assessed. In this way, a level of the
enzyme inhibition, which corresponds to
the concentration of heavy metal ions in the
sample, was determined. Reactivation of the
inhibited bioselective elements was performed
by incubation in 10 mM EDTA solution for
30 min. Then they were washed from excess
reactivator, and the response to the substrate
was measured again.

All experiments were conducted in 3—-5
series. Non-specific changes in the output
signal associated with electrical noise and
fluctuations in environmental temperature and
pH were avoided due to use of a differential
mode of measurements. In the statistical
analysis of the results obtained, the values of
arithmetic mean and its standard deviation
were calculated; the data were considered
significant at P < 0.05.

Results and Discussion

Study of main analytical characteristics of
biosensorin direct substrate determination
The biosensor operation is underlain
by the enzymatic reaction in the membrane
containing urease deposited on the surface of
conductometric transducer:

Urease

H,N-CO-NH, + 2H,0 +H" — 2NH," + HCO, .

In the course of the reaction, protons are
absorbed, which leads to changes in pH and
generation of additional ions (NH," and HCO;")
in the working membrane [18]. This changes
the solution conductivity, which is registered
by the conductometric transducer.
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In inhibition analysis, first it was necessary
to determine an optimal concentration
of urea as a substrate, i.e. to choose the
urea concentration, at which the biosensor
sensitivity to heavy metal ions is maximal. It is
known that at irreversible inhibition the largest
biosensor sensitivity to toxins can be reached
if the substrate concentrations are within the
range of biosensor saturation with the substrate
when each enzyme molecule is involved in the
conversion of this substrate. The graph of
dependence of biosensor responses on the urea
concentration in solution (Fig. 1) shows that
above 1.0 mM complete biosensor saturation
with the substrate is observed. Therefore, in
further experiments on inhibition analysis
1.0 mM substrate was used.

It was necessary to confirm that a decrease
in the biosensor response to the substrate after
its incubation in a solution of heavy metals
occurs due to the inhibition of bioselective
element, but not because of the measurement
error. Therefore, at the next stage of work
the biosensor operational stability and
reproducibility of its signal were tested. For this,
the biosensor responses to the same substrate
concentration were measured with an 12.5 min
interval over one working day. The biosensor
was characterized by relatively high signal
reproducibility, standard deviation 2.93% .

Research on sensitivity of developed
biosensors to heavy metal ions

Heavy metal ions can inhibit the biological
activity of urease through the interaction with
sulfhydryl groups of the enzyme active site:

Enz-Ser-OH + Me" - Enz-Ser-O-Me + H".

Fig. 1. Dependence of biosensor response from
urea concentration in solution.
Measurement was performed
in 5 mM phosphate buffer, pH 6.5
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The enzyme inhibition by heavy metal
ions causes a decrease in the amount of ions
of ammonium and bicarbonate formed as a
result of enzymatic reaction of the substrate
conversion, and thus — a decrease of the
biosensor response [19-21].

Using selected optimal concentration of
urea, it was investigated the level of inhibition
of urease biosensor by various heavy metals of
the same concentration (Fig. 2). Initially, the
solutions of nitrates of divalent metals zinc,
copper, mercury and cadmium of the same
concentration (100 nM) were taken, so, the
concentration of all ions was also equal. The
results showed that inhibition depends on the
kind of ion and its ability to inhibit the enzyme
described by the inhibition constant [22, 23].

Next, sensitivity of the developed biosensor
to different concentrations of heavy metals
ions was studied taking copper ions as an
example. The calibration curve of the residual
activity of urease-based bioselective element
after inhibition (Fig. 3) showed its strong
dependence on the concentration of copper ions
in the measurment environment.

The stability of the biosensor inhibition
after its incubation in the solution by heavy
metal ions was also investigated (Fig. 4). For
this, the responses of a number of biosensors
to copper ions of the same concentration were
measured after incubation under identical
conditions. It was shown that the developed
biosensors were characterized by relatively
high signal reproducibility after inhibition
with standard deviation of 2.6% .

Fig. 2. Residual activity of urease biosensor after
inhibition by different heavy metal ions.
Ions concentration — 100 pM.
Measurement was performed in 5 mM phosphate
buffer, pH 6.5; * P <0.05 in comparison
with initial activity of biosensor
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Fig. 3. Residual activity of urease biosensor after
inhibition by Cu®* ions with different concentra-
tions. Inhibition time — 20 minutes.
Measurement was performed in 5 mM phosphate
buffer, pH 6.5

Research and optimization of conditions of
biosensor reactivation using EDTA

The urease inhibition by heavy metal ions
is known to be irreversible, which is a cause of
inefficiency of urease-based biosensors due to
its one-time usage. Therefore, it was proposed
to use a stage of biosensor reactivation for
its repetitive employ, namely, to explore the
possibility of reactivation of the developed
biosensor after its inactivation by heavy metal
ions. The initial urease activity after inhibition
can be recovered by the reactivator EDTA,
which displaces the heavy metal ion bound to
serine residue in the enzyme. Thus the enzyme
is reactivated, i.e. its ability to interact with
the substrate is restored [14, 24].

Enz-Ser-OMe + EDTA — Enz-Ser-OH + EDT [Me]

The reactivation efficiency depends
strongly on the time of reactivation, reac-
tivator concentration, and other parameters.
Therefore, the conditions of reactivation
by EDTA should be first optimized. For
this purpose, it was chosen an optimal time
of biosensor incubation in the reactivator
solution, which corresponds to the highest
possible level of recovery of the enzyme
membrane activity after inhibition. The
optimal time of reactivation by 10 mM EDTA
was 30 min.

It was also studied an efficiency of
reactivation of urease biosensor after its
inhibition during constant time (30 min)
in the solution of copper ions of different

Fig. 4. Reproducibility of urease biosensor after
inhibitory analysis. Inhibitor concentration —
50 pM Cu?*. Inhibition time — 20 minutes.
Measurement was performed in 5 mM phosphate
buffer, pH 6.5

concentrations. Fig. 5 shows that reactivation
under selected optimum conditions provided
complete restoration of the enzymatic activity
of membrane inhibited in the solution of
copper nitrate of concentrations up to 400 nM.

Determination of number of cycles of
reactivation of urease-based biosensor

At the next stage, the possibility of
multiple reactivation of the developed
biosensor was estimated with a purpose of
its repetitive application for the inhibition
analysis of heavy metal ions. In this case the
biosensor can be used several times when
working with irreversible inhibitors.

Fig. 5. Dependence of biosensor reactivation level
after inhibition by Cu®* ions with different
concentrations.

Measurement was performed in 5 mM phosphate
buffer, pH 6.5
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The experimental results are shown in
Fig. 6. First, the basic responses to urea
were received (the first column). Next, the
biosensors were incubated in a copper ions
solution to obtain a certain residual activity
of the enzyme (the second column). Further
step was the biosensor reactivation in EDTA
solution up to restoration of the urease activity
to its original level (the third column). This
procedure described was repeated until the
bioselective membrane activity was completely
restored.

The next cycles of inhibition and
reactivation did not lead to complete
restoration of the enzyme activity, but the
sensitivity of biosensor was sufficient to reuse
it for the analysis of heavy metal ions in the
solution.

In the work, the urease-based biosensor is
optimized for determination of heavy metal
ions. The biosensor sensitivity was tested, the
calibration curves were plotted for direct urea
determination and for inhibition analysis of

heavy metal ions. The developed biosensor was
characterized by high signal reproducibility at
determination of both substrate and inhibitor.
The possibility of biosensor reactivation after
inhibition by heavy metal ions was proved.
The optimum conditions of the process of
reactivation using EDTA were selected.

It was established that the initial level of
enzyme inhibition affects the capability of
biosensor to be reactivated. It is shown that
application of the reactivation stage allows
repetitive usage of urease-based biosensors for
inhibition analysis of heavy metal ions, which
indicates the suitability of the method for
multiple application.

The authors are grateful for financial
support from the National Academy of
Sciences of Ukraine in the frame of complex
scientific and technical program “Sensor
devices for medical-environmental and
industrial-technological needs: metrological
support and pilot exploitation”.

Fig. 6. Reproducibility application of urease based conductometric biosensor after inhibition
by copper ions and reactivation by EDTA. Inhibition time in copper (II) nitrate solution
(150 pM) — 20 min, reactivation time in EDTA solution (10 mM) — 30 min.
Measurement was performed in 5 mM phosphate buffer, pH 6.5; * P <0.05 in comparison
with initial activity of biosensor
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JOCJAINKEHHSA TA OIITUMISAIIISA
PEAKTHUBAIIIl YPEA3SHOT'O BIOCEHCOPA
3A IHTTBITOPHOI'O AHAJIISY IOHIB
BAKKHUX METAUJIIB

Byonuixos C. P12
Condamxin 0. 0.5 2
Ryxaa O. JI.2
Xomenro I 114
II3a0eeuy C. B.b:2
Condamxin O. IT.>>?

HueruryT MoneKyaApHOI 6iosorii i reHeTHRT
HAH Vkpaiuu, Kuis
?KuiBcbKuil HAliOHATBHMIIT yHiBepCUTET
imeni Tapaca IlleBuenka, YKpaina
3IHCTI/ITYT ¢isuKu HaniBIPOBiTHUKIB
im. B. €. JlamkaproBa HAH YVkpainu, Kuis
4LIeHTp iHTeJeKTyaJbHOI BJIACHOCTI Ta Iepegaui
rexHoJsoriit HAH Vkpainu, Kuis

Metoio po6oTu 6yJI0 BUBHAUEHHS YMOB OIITHU-
mizarii po6oTu ypeasHoro GioceHcopa mim uac
aHagidy BasKKMX METAJIiB Ta MOJKJMUBOCTI HOTO
pearkTuBailii. K KOHAYKTOMETPUUYHUN II€PETBO-
proBau BUKOPUCTOBYBaJIU AuU(pepeHIiiiny mapy
30JI0TUX TI'pebiHuacTuX eJIeKTPOJiB, HAaHECEHUX
Ha KepaMiuHy migxkjaagky. Poab 6ioceqekTuBHOL
MeMOpaHHu Bimirpasaja ypeasa, KoiMMo0isizoBa-
Ha 3 OMYauMM CHPOBATKOBUM aJbOyMiHOM 3a J0-
TIIOMOTOI0 ITOIIEPEYHOr0 3IIUBAHHA TJIYTAPOBUM
albaerioM Ha IMOBEePXHI KOHIYKTOMETPUUHO-
ro neperBopioBava. [[ia iuribiTopHoro anamizy
ioHIiB BalKKMX MeTaJiB mifiOpaHO OUNTUMAJIBLHY
KOoHIeHTpaIlito cyocrpary — 1,0 MM ceuoBuHHU.
IlepeBipeno uyTauBicTh 6ioceHcopa A0 PisHHUX
ioHiB BasKKUX MeTaJiB Ta mOOYymZ0BAHO KaJaiopy-
BaJbHi KpuBi. IlokasaHo, 1110 3aIPONOHOBAHUI
OioceHCcOp XapaKTepu3yBaBCcA BUCOKOIO BiATBO-
PIOBaHICTIO CUTHAJIIB IO Ta IicJiA IpoIiecy iHrioy-
BaHHA 3 IOXUOKOI0 BuMipioBaHusa meHre 3% . Io-
BeleHO MOKJINBiCTh peakTUBAIlil OioceIeKTUBHOIL
MeMOpaHu PO3UYNHOM €THJIEHIiaMiHTeTPaoITOBOL
KMCJIOTU TiCJIA He3BOPOTHOTO iHTiOyBaHHSA ypeasu
BasKKuMU Metajamu. I[lifibpano onTuMasibHi ymo-
BU peaKTHUBAaIlii 6i0ceHCOPiB, 30KpeMa 3aIeKHiCTh
PiBHA peaKTuUBaIlii Bif yacy Ta KOHIIeHTpaIlii ioHiB
BaKKUX MeTaJiB y posuuHi. Beranosiewno, 1o,
BUKOPUCTOBYIOUHU JONATKOBHUU eTall peakTUBAaIlil
bioceHcopiB micysa iHriOyBaHHA, MOKHA 3HAYHO
TiABUIKTU CeJIEKTUBHICTh MPOoIeAypu 6ioceHcop-
HOTO BU3HAYEHHA i0HiB BaXKKMX METAaJIiB.

Knarwouwosi cnoea: KOHIYKTOMETPUUHUNA II€PETBO-

pooBau, OioceHcop, ypeasa, Ba)KKi wmeTanawu,
iHriGiTOpHMI aHAJIi3, peaKTUBAIlifd EH3UMY.
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HCCJEJOBAHHUE U OIITUMHUSAIINUA
PEAKTHUBAIINH YPEA3SHOTI'O
BUOCEHCOPA ITPM THI'NBUTOPHOM
AHAJIN3E HOHOB TAMEJBIX
METAJIJIOB

Byonukos C. P.1'2
Condamrxun A. A2
Kyxaa A.JI.3
Xomenwo M. ©.14
Il3sdeuy C. B.b>2
Condamrun O. IT."> 2

1I/IHCTI/ITyT MOJIEKYJIAPHOM OMOJIOTUY U TeHETUKN
HAH Vkpaunsi, Kues
?KueBcKuil HAMOHAIBHBIIH YHUBEPCUTET
umenu Tapaca [IleBuenko, YKpanHa
M HCTUTYT PUBHKY IOIYIPOBOLHUKOB
uMm. B. E. Jlamkapesa HAH Ykpaunsi, Kues
4I_IeHTp WHTeJJIeKTyaJIbHOM COOCTBEHHOCTHU
u tepenauu Texuoaoruit HAH Ykpaunsl, Kues

ITennio paboTHI OBIJIO ONpeAeeHNE YCIOBUH
onTuMu3anuu paboThl ypeasHOro OGumoceHcopa
IIpU aHAJIM3e TAMKEJIbIX METAJIJIOB U BOBMOYKHOCTH
ero peakTuBanuu. Kak KOHIYKTOMETPUUECKUA
npeobpas3oBaTesb UCIIOJIb30oBasach AudepeHIu-
aJIbHAsA Iapa 30J0ThIX I'Pe0eHYaATHIX 3JIeKTPOOB,
HaHeCEeHHBIX Ha KepaMUUYECKYIO IOJIOKKY. Posb
O0roceJIeKTUBHOII MeMOpaHbI UTrpajia ypeasa, KO-
UMMOOUIM30BaHHAA C OBIYBUM CBIBOPOTOUHBIM
aIbOYMUHOM C IIOMOIIBHIO IIOTIEPEYHOMN CIITUBKU
T'yTapoBLIM aJbAETHUIOM HA ITOBEPXHOCTU KOH-
IYKTOMeTpuUYecKoro npeodbpasosareis. [lomobpa-
Ha onTHUMaJibHasA KOHIIEHTpaIua cybcTpara qis
UHTUOUTOPHOTO aHAIN3a MOHOB TAMKEJIbIX MeTaJl-
a0B — 1,0 MM moueBunbI. IIpoBEepeHa YyBCTBU-
TeJILHOCTH OMOCEHCOPAa K PA3HBIM MOHAM TAMKEBIX
MeTaJIJIOB U IIOCTPOEHBI KaJnOpOBOUHbBIE KPUBHIE.
ITokasaHo, YTO HpeIOKeHHBINI OMOCeHCOop Xa-
PaKTepU30BaJICS BHICOKOI BOCIIPOU3BOAUMOCTHIO
CUTHAJIOB IO U IOCJIe UHTUOUPOBAHUA C IOTPEIII-
HOCThI0O m3mMepenus menee 3% . JlokasaHa BO3-
MOJKHOCTH PEaKTUBAIIUU OMOCEJIeKTUBHBIX MeM-
OpaH pPacTBOPOM STHUJIEHAMAMUHTETPAyKCYCHOI
KUCJIOTHI TIOCJIe HeoOpaTUMOr0 MHTMOUPOBaAHUS
ypeasbl TAMKeJbIMU MeTajiamMmu. IlogoopaHs! omn-
TUMaJIbHBIE YCIOBUA PEAKTUBAINU OMOCEHCOPOB,
B YACTHOCTHU 3aBUCUMOCTh YPOBHS PeaKTUBAIIUU
OT BpeMeHU ¥ KOHIIeHTPAI[UY NOHOB TAKeJIbIX Me-
TAJIJIOB B PACTBOpPE. ¥ CTAHOBJIEHO, UTO, UCIIOJIb3Y A
JOIIOJHUTEJIbHBIN 9TAIl PeaKTUBAIIUYU OMOCEHCO-
POB IIOCJIe MHTUOUPOBAHU S, MOKHO 3HAUUTEJIHHO
TIOBBICUTH CEJIEKTUBHOCTD IIPOIEYPHI OOCEHCOP-
HOTO OIIPeJIeJIEHN NOHOB TAMKEJIBIX MEeTaJIIOB.

Knwuesvle cnosa: KOHIYKTOMETPUUECKUN IPe0O-
pasoBaTesib, OMOCEHCOD, ypeasa, Ts:KeJble MeTaJl-
JIbl, THTIOUTOPHBIN aHAIN3, PEaKTUBAIIUA SH3UMA.



