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Aim. Improvement of analytical characteristics of an enzyme biosensor based on new inexpensive perspective
stainless steel electrodes using silicalite nanoparticles. Methods. Conductometric enzyme biosensor was used.
Results. Three methods of glucose oxidase (GOx) immobilization were studied and compared: GOx adsorption
on silicalite modified electrodes (GOx-SME); cross-linking by glutaraldehyde without silicalite (GOx-GA); GOx
adsorption on SME along with cross-linking by glutaraldehyde (GOx-SME-GA). The GOx-SME-GA biosensors
based on stainless steel electrodes were characterized by 12—25-fold higher sensitivity comparing with other bio-
sensors. The developed GOx-SME-GA biosensors were characterized by good reproducibility of glucose biosen-
sors construction (relative standard deviation (RSD) — 18 %), improved signal reproducibility (RSD of glucose de-
termination was 7 %) and good storage stability (29 % loss of activity after 18 days). Conclusions. The method of
enzyme immobilization using silicalite together with GA cross-linking sufficiently enhances the enzyme adsorp-
tion on the stainless steel electrodes and improves the analytical parameters of biosensors. This method is found to

be promising for further creation of other enzyme biosensors.

Keywords: enzyme immobilization, silicalite, glucose oxidase, conductometric transducer, biosensor.

Introduction. Nowadays the enzyme adsorption on so-
lid surfaces is widely used in many fields, which are ge-
nerally referred to biotechnology, environmental scien-
ce/engineering, biomedicine, microbial synthesis; in
particular, it plays a key role in biosensors production.
Physical adsorption on a certain carrier is the oldest and
the simplest method of enzyme immobilization. Enzy-
me adsorption usually implies neither additional che-
mical reagents nor activation; therefore, this is the least
denaturing method of immobilization, which provides
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good retention of the enzyme activity. Besides, the ad-
sorption is commercially attractive due to a lower cost
of its performing as compared with other immobiliza-
tion methods. In the past few decades, the biomolecules
immobilization using different nanomaterials became
one of the most common approaches in the immobiliza-
tion techniques [1]. Zeolites were found to be suitable
for this aim, due to their properties [2—4].

Zeolites are hydrated microporous crystalline alu-
minosilicates. They are composed mainly of silicon, alu-
minum and oxygen. The modification of crystal struc-
tures makes it possible to obtain zeolites with different
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properties. The zeolites micropores create a vast and re-
gular network of channels and cages with well-defined
sizes and shapes. Furthermore, zeolites are able to ex-
change ions with some compounds. They are also selec-
tive adsorbers [5-7].

The conductometric biosensors demonstrate seve-
ral advantages over other electrochemical biosensors,
namely: electrodes miniaturization and large scale pro-
duction by inexpensive technology are possible; noble
metals can be substituted for cheaper ones, e. g. Ni; a re-
ference electrode is not needed; a light sensitivity is ab-
sent; small driving voltage decreases a power consump-
tion; a wide range of substances can be determined
using appropriate reactions and mechanisms [8].

A number of zeolite-based biosensors have been
described previously. Silicalite recently has been used
for the creation of amperometric biosensor based on
glucose oxidase [9]. It has been found that the sensiti-
vity and response time of the developed biosensors de-
pend on the amount of silicalite on the transducer surfa-
ce. The usage of natural zeolite clinoptilolite in the bio-
selective membrane of the conductometric biosensor
for urea determination has been described [10]. The op-
timal zeolite concentration in nanobiocomposites, which
permits to extend the linear measurement range with-
out any loss in the sensitivity to urea, has been found to
be 1.5 % [11]. The changing of immobilization proce-
dure using zeolites for the urea biosensor construction
include an addition of different types of zeolites to the
immobilization mixture for modification of the standard
cross-linking procedure with glutaraldehyde as well as
the urease adsorption without glutaraldehyde [12]. In
another work, the urea and butyrylcholine biosensors
have been prepared by adsorption of urease and butyryl-
cholinesterase on the heat-treated zeolite Beta crystals
entrapped into the membranes deposited on the ion-se-
lective field-effect transistor (ISFET) surfaces [13]. The
zeolite-modified carbon paste electrode for simultane-
ous determination of dopamine and tryptophan has
been described [ 14]. The usage of zeolites for fabrication
of'the biosensor for H,0O, detection based on cytochrome
¢ was also considered [5].

The authors designed an Ag/NaA zeolite modified
carbon paste electrode for DNA determination, which
appeared to be very promising approach to further zeoli-
tes usage for this purpose [15].

The glucose biosensors prepared with zeolites in-
corporated into their bioselective membranes are also
described in literature [16, 17].

Some advantages of silicalite application for the
biosensor fabrication have been shown previously. It
was demonstrated that the characteristics of conducto-
metric urea biosensors based on urease adsorbed on si-
licalite are better than those of the biosensors based on
urease immobilized in glutaraldehyde vapor [18]. No-
tably, the method of urease adsorption on silicalite is
simple and rapid, it does not involve any toxic reagents.

The characteristics of stainless steel electrodes are
quite perspective for the development of conductomet-
ric biosensors. In comparison to the electrodes based
on other materials, such as platinum, gold, nickel, the
stainless steel electrodes have been found to be high-
sensitive to conductance changes, have a wide linear
range of salt concentration detection, frequency stabili-
ty, and a bit lower cost of production. However, these
electrodes demonstrate poor enzyme adsorption on their
surface, which complicates their utilization as
transducers for the biosensors [19]. To enhance the ad-
sorption, we have used silicalite since it is characteri-
zed by good adsorption properties, hydrophobic and
organophilic selectivity, high thermal and chemical sta-
bility [20]. Therefore, the application of silicalite for
improvement of the enzyme adsorption on the stainless
steel electrodes was the main object of this work.

Materials and methods. Materials. Enzyme gluco-
se oxidase (GOx), activity of 130 U/mg, from Penicil-
lium vitale (EC 1.1.3.4) was obtained from «Diagno-
sticum» (Ukraine); glycerol, bovine serum albumin
(BSA, fraction V), 50 % aqueous solution of glutaral-
dehyde (GA), and glucose were purchased from «Sig-
ma-Aldrich Chemie» (Germany).

Synthesis of silicalite. Silicalite was synthesized in
the Middle-East Technical University (Turkey). The op-
timized molar composition of the gel used for syhthesis
of Silicalite-1 is I TPAOH:4TEOS:350H,0. Tetraethyl-
orthosilicate (TEOS, 95 %) was used as the silica sour-
ce. Tetrapropylammoniumhydroxide (TPAOH, 25 %)
was used as a template. By hydrolyzing tetraecthoxy-
silane (TEOS) with tetrapropylammonium hydroxide
(TPAOH) solution, a clear homogeneous solution was
obtained under 6-h stirring at room temperature. After-
wards the resulting gel was placed in oven for 18 h at
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125 °C. To remove the unreacted material, the crystal-
lized solid particles were centrifuged at 13000 rpm,
washed with deionized water and dried at 80 °C. The
SEM (scanning electron microscope) image of synthe-
sized silicalite depicted in Fig. 1 shows that the prepa-
red silicalite particles have size of about 400-500 nm.

Conductometric transducers. The conductometric
transducers were 5 x 30 mm’ in size and consisted of two
identical pairs of stainless steel interdigitated electro-
des deposited onto a ceramic support by successive ther-
mo vacuum sputtering of titanium (adhesion layer) and
stainless steel. Usage of two electrode pairs enabled a
differential mode of measurements.

The sensitive area of each electrode pair was about
1.5 x 2 mm’. The digits as well as inter-digital spaces
were 50 um wide each.

Preparation of silicalite modified electrode (SME).
A silicalite layer on the transducer surface was formed
by drop-coating. We used 10 % (w/w) silicalite solution
in 5 mM phosphate buffer, pH 7.0. A constant amount
(0.165 ml) of'silicalite solution was deposited in the ac-
tive zone of each pair of electrodes, and then the trans-
ducer was heated for 2 min at 200 °C. This temperature
had no effect on the transducer working parameters.
The procedure resulted in the formation of silicalite lay-
er in the electrodes active zones.

Preparation of bioselective membrane. To form a
bioselective membrane on the electrodes, three methods
of glucose oxidase immobilization were used (Fig. 2, 4).
Equal amounts of enzyme were immobilized on the elec-
trodes according to all these methods to provide an asses-
sment consistency. The schematic view of the conducto-
metric enzyme biosensor based on the stainless steel elec-
trodes is presented in Fig. 2, B. The enzymatic reaction
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underlying a quantitative glucose determination by con-
ductometric biosensors is presented in Fig. 2, C.

Glucose oxidase adsorptionon silica-
lite modified electrodes(GOx-SME). To pre-
pare a bioselective membrane we used the transducer
previously coated with silicalite (see above). Then a
constant amount (0.15 ml) of 5 % (w/w) GOx in 20 mM
phosphate buffer solution, pH 7.0, was deposited onto
one pair of electrodes whereas the same amount of 5 %
(w/w) BSA in analogous buffer solution — onto the refe-
rence pair of electrodes; then the transducer underwent
drying for 15 min at room temperature.

Neither GA nor other auxiliary compounds were
used; GOx was immobilized onto the silicalite surface
by physical adsorption. Next, the transducers were sub-
merged into the working buffer solution for 10—15 min
to wash off the unbound enzyme before the measurements.

Glucose oxidase immobilization in
GA drop(GOx-GA). To prepare the enzyme membra-
ne, the solution containing 10 % (w/w) GOx, 10% (w/w)
BSA, 20% (w/w) glycerol in 20 mM phosphate buffer,
pH 7.0, was used. The mixture for reference membrane
was prepared in analogous manner, except that GOx
was replaced with BSA. Thus, the reference solution
contained 20 % (w/w) BSA. Both solutions were separa-
tely mixed with 2 % aqueous solution of glutaralde-
hyde in a ratio of 1:1. Immediately afterwards the mix-
ture of enzyme solution with GA was deposited on one
pair of electrodes and the mixture of reference solution
with GA — on another. Time of immobilization was 30
min; glutaraldehyde formed strong covalent bonds bet-
ween the compounds of bioselective membrane, where-
as the bioselective membrane as a whole was attached
to the electrode surface through weak (i. e., Van der
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Waals) bonds. After immobilization, the electrodes were
submerged in the working buffer for 30 min to wash-
out the unbound enzyme and GA excess.

Glucose oxidaseimmobilization in
GAdroponsilicalite modified electrodes
(GOx-SME-GA). The third method of immobilization
was a combination of two previous methods. We modi-
fied the electrode surface with silicalite (see above) and
then deposited the mixture of enzyme solution with GA
on one pair of electrodes and the mixture of BSA solu-
tion with GA — on another (see above).

Measurement procedure. Measurements were carri-
ed out at room temperature in 5 mM phosphate buffer
solution, pH 7.0, continuously stirred in an open 2 ml
cell. The substrate concentrations in the cell were vari-
ed by addition of different aliquots of the stock solu-
tion. All experiments were repeated in triplicate. The
data in the figures were presented either as a mean of
three repeated results of the experiment or as a mean +
+ standard deviation (SD). The nonspecific changes in
the output signal induced by fluctuations of tempera-
ture, medium pH, efc. were avoided due to the usage of
differential mode of measurement.

Electrochemical measuring system. The conducto-
metric determination of glucose, using the prepared bio-
sensors, was realized in a differential measuring mode,
which ensured satisfactory detection accuracy and sup-
pression of non-informative effects of the environment
(variations of temperature, pH and background conduc-
tivity of working solution).

The portable measuring device (9.5x2.5x13.5 cm)
was produced at the Institute of Electrodynamics, NAS

Gox
B-D-Glucose + O,™======D-Gluconolactone + H,O,

D-Gluconate + H ~=======D_Gluconic acid

mobilization on stainless steel elect-
rodes (/ — GOx cross-linking with
GA along with adsorption on silicali-
te modified electrodes (GOx-SME-
GA); 2 — GOx cross-linking with GA
on bare electrodes (GOx-GA); 3 —
GOx adsorption on silicalite modifi-
ed electrodes (GOx-SME)); B —sche-
matic view of conductometric enzy-
me biosensor; C — enzymatic reac-
tion in bioselective membrane

+H,0

of Ukraine (Kyiv, Ukraine). The applied sinusoidal po-
tential with frequency of 36.5 kHz and amplitude of 14
mV allowed avoiding such effects as Faraday proces-
ses, double-layer charging and polarization of the mic-
roelectrodes. Illumination and temperature variations
had practically no influence on the biosensor characte-
ristics. The measurements were carried out in a glass
cell filled with phosphate buffer (volume 2 ml), under
vigorous magnetic stirring.

Results and discussion. Comparison of three me-
thods of glucose oxidase immobilization. Three me-
thods of enzyme immobilization on the surface of con-
ductometric transducers were compared in terms of the
biosensor sensitivity (Fig. 3).

The GOx-SME-GA biosensors demonstrated the
highest responses. Their values corresponded to the
amount of enzyme immobilized on the transducers sur-
face. Thus, it can be presumed that the largest amount
of GOx was immobilized by simultaneous application
of both procedures, i. e. adsorption on silicalite and
cross-linking via GA; silicalite itself did not adsorbed a
lot of GOx, and in case of cross-linking via GA it was
difficult to wash out the immobilized enzyme because
of weak interaction between stainless steel electrodes
and cross-linked enzymes.

A main disadvantage of the biosensors with GOx
adsorbed on silicalite without GA was gradual washout
of GOx from the electrode surface covered with silica-
lite into working solution due to weak bounds between
GOx and silicalite. Nevertheless, a combination of ad-
sorption on silicalite and cross-linking by GA demon-
strated very good results.
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Fig. 3. Responses to 0.2 mM glucose of biosensors with different ty-
pes of GOx immobilization: / — GOx-SME-GA; 2 — GOx-GA; 3 —
GOx-SME. Measurements were carried out in 5 mM phosphate buf-
fer, pH 7.0

We also studied the linear range of operation. The
calibration curves for glucose determination by the bio-
sensors created with different methods of GOx immobi-
lization are presented in Fig. 4. As seen, the linear ran-
ge for GOx-SME-GA biosensors was 0—1.4 mM, for
GOx-SME and GOx-GA biosensors 0—1.0 mM.

Thus, the method of GOx immobilization with GA
on silicalite showed the most appropriate parameters for
the creation of biosensors.

Reproducibility of biosensors construction and res-
ponses reproducibility. Reproducibility of biosensors
construction is important for their standardization; the-
refore, this parameter was checked for three groups of
biosensors. From the data presented in Fig. 5, 4, it was
calculated that the error of reproducibility of biosensors
construction (relative standard deviation — RSD) for the
GOx-SME-GA biosensors was 18 %, for GOx-GA bio-
sensors — 76 % and for GOx-SME biosensors — 65 %.

Only the GOx-SME-GA biosensors were used in fur-
ther studies since they showed the highest sensitivity
and reproducibility of their construction. To determine
reproducibility of responses, the biosensors responses
to 0.2 mM glucose were measured within one working
day with 10—15-min intervals; between measurements
the biosensors were kept in the continuously stirred buf-
fer solution. An error (RSD) of glucose measurements
was 7 %, which is quite acceptable (Fig. 5, B).

Storage stability of GOx-SME-GA biosensors. An
important stage in our work was the investigation on sta-
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bility of the developed GOx-SME-GA biosensor during
several days. The biosensor signal to 0.2 mM glucose
was measured several times during 19 days with certain
intervals. Between measurements the biosensors were
stored dry at 4-8 °C. The results are presented in Fig. 6.
After 18 days the responses decreased to 71 % of initial
value, which is better than typical stability of the biosen-
sors based on adsorbed enzymes. Thus, this method of
immobilization gives the opportunity of long-term use
of biosensors.

In general, the method of immobilization with GA
and silicalite improved working characteristics of the
biosensors based on stainless steel transducers in com-
parison with other methods described here. According
to the results obtained, the GOx-SME-GA method of
immobilization is rather perspective. This method can
be used in future for immobilization of complex enzy-
me system or some unstable enzymes.

Conclusions. The methods of enzyme adsorption on
the silicalite-modified electrode using GA (GOx-SME-
GA) and without GA (GOx-SME) were compared with
the traditional method of enzyme immobilization by
cross-linking via glutaraldehyde without silicalite (GOx-
GA). The GOx-SME-GA biosensors with stainless steel
electrodes were characterized by 12-25 times higher
sensitivity compared with the biosensors construction
two other methods of GOx immobilization. The GOx-
SME-GA biosensors demonstrated the storage stability
with only 29 % loss of activity after 18 days, the satis-
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factory reproducibility of biosensor construction (RSD —
18 %), good response reproducibility (RSD of glucose
determination — 7 %). These data permit to state that the
complex use of GA and silicalite sufficiently enhances
the enzyme adsorption on the stainless steel electrodes.
Thus, the method of enzyme immobilization using sili-
calite along with GA is highly effective for the creation
of a sensitive biosensor with good signal reproducibility.
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BuxopucTaHHs CHIIIKANITY JUIsl TIOKPALICHHS aacopOrii pepMeHTy

Ha TIOBEPXHI EPETBOPIOBAUIB 3 HEPKABIIOYO1 cTai

B. M. ITemkoga, O. €. [lynuenko, O. O. Connartkin, I. C. Kyuepenko,
B. Ozancoit Kacan, B. Akarta Kypk, C. B. [I3s1eBuu

Pestome

Mema. [Tokpawenns ananimuiuHux XapaKkmepucmux gepmenmuux oio-
CeHCOpI8 Ha OCHOBI HOBUX HEOOPOSUX NEPCHEeKMUBHUX eNeKMPOOis 3
HepIICcasitouoi cmai 3a 00NOMO2010 HAHOYACMUHOK culikanimy. Me-
moou. Buxopucmano KoHOyKmomempuuHui 6i0ceHcop 3 iMMOOINI30-
8AHOIO 2IOKO300KCUAA3010 K OIOCENeKMUBHUM €leMeHmOoM ma cmd-
nesi enekmpoou sk nepemeopiosadi. Pesynomamu. 3acmocosano i no-
PIiBHAHO mpu Memoou immobinizayii entokozooxkcuoasu (I'O) na no-
6epxHi oamuukis. adcopoyis 'O Ha MoOugikoeaHitl yacmuHkamu cu-
aixanimy nosepxui enexmpooa; nonepeune suwueanns 1'0 3 enymapo-
sum anvoezioom (I'A) be3 sukopucmanns cunikanimy, copoyis I'O na
MOOUDIKOBAHOMY CUNIKANIMOM eekmpodi Yy KomOinayii 3 nonepeu-
Hum 3uueanusm 3 I'A. Biocencopu 3 hepmenmamui, immo0inizo8anumu
HA NOBEPXHI CMANEB020 eleKMpoOy 3a PAXYHOK copOyii Ha wapi cuii-
Kanimy y kombinayii 3 nonepeunum suiueanuam 3 I'A, maromo 6 12—25
PA3ié ULy UYMIUBICMb NOPIGHAHO 3 [HWUMU OioceHcopamu. ]a e
epyna 6iocencopie Xxapakxmepuzyemvcsi 6UCOKOIO 8IOMBOPIOGANHICTIIO
CUSHANI6 MIJIC PISHUMU napmismu (6i0HOCHe CMaHOApmMHe IOXUNEHHS
(BCB) cmanosums 18 %), a makodic iomsopioganicmio 6 00uiti nap-
mii 3 BCB 7 %. Takxum biocencopam npumamanta 6ucoka cmadino-
Hicmb npu 30epicanni (émpama nuwe 29 % 6i0 NepeUHHO2O CUSHATLY
nicns 18 onie 30epicanns). Bucnosku. Iloxkazarno, wjo uKopucmanHs
YACMUHOK CUNIKANIMY NOPAO 3 MemoooM nonepeyrozo suusanisn 3 I'A
3HAYHO NiOGUWYE COPOYItO hepMeHmie Ha NOBepXHi 0amyuKie 3 He-
poicasiouol cmaii nio vac iMmMoobLIizayii, a MmaxKodc NOKpawye anaii-
muyHi napamempu biocencopis. Llett memoo immo6inizayii ghepmen-
mie Modice Oymu 3acmoco8anuil it ROOAIbLULO2O YOOCKOHANEHHSL PO-
bomu biocencopis.

Kniouosi cnosa: immobinizayis ghepmenmis, cunikanim, 2nioko30-
oKCU0a3d, KOHOYKMOMEempuuHUull nepemeopiosay, 6iocencop.
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Hcnonp30BaHue CHIIMKAINTA JUIS yIydIIeHHs ajcopOunu ¢gpepmeHTa

Ha MOBEPXHOCTU npeoGpa3OBaTeneﬁ u3 HCp)KaBCIOH.ICI\/'I cTajin

B. H. ITemkosa, A. E. lyauenko, A. A. Connarkun, U. C. Kydepenko,
b. O3zancoii Kacan, b. Akara Kypk, C. B. [I3sa1eBuu

Pestome

Llens. Vnyuwenue anarumuueckux Xapakmepucmur @epmeHmuslx
OUOCEHCOPOB8 HA OCHOBE HOBBIX HEAOPO2UX NEPCNEKMUGHBIX INEKMPO-
006 ¢ nomowjvio nanouacmuy curuxkaruma. Memoowr. Hcnonvsosanu
KOHOYKMOMEMpU4eckutl OUOCEHCOp ¢ UMMOOUTUZOBAHNOU 2IOKO300K-
cu0azoil 6 kawecmese GUOCENeKMUBHO20 DIIEMEHMA U CIMATbHbLE ITLeKM-
PoO0bl Kak npeobpasosamens. Pesynomamol. Conocmagnenvl mexcoy
cobotl mpu memooa ummodunusayuu 2noxkozookcudasel (1°0) na no-
sepxHocmu npeobpazosameineil. aocopoyus I O na nosepxHocmu mo-
OUDUYUPOBANHHBIX CUNUKATUMOM INEKMPOOO8, NONEepeuHas CUUBKA
'O ¢ enymaposvim anvoezudom (I'A) 6e3 ucnonvzosanus curukaiuma;
aocopoyus I'O Ha MOOUDPUYUPOBAHHOM CUNUKATIUMOM NPeobpaz08a-
meine 6 KomOunayuu ¢ nonepeunoll cuiuekoul ¢ I'A. buocencopul, co-
30annvie gcredcmeue komounayuu copoyuu 'O na croe cunuxaruma
HA NOBEPXHOCIIU CMATLHO20 2AeKmMpPooa u cuiugku ¢ I'A, umerom uys-
cmeumenvHocms 6 12—25 pas eviue, neacenu opyeue buocerncopol. buo-
CeHCOpbL HMOLL Jice 2PYNNbL OMAUYAIOMCSL BbICOKOU BOCNPOUZBOOUMOC-
MbIO CUSHALO8 MENCOY PAZHBIMU NAPMUAMU (OMHOCUMENbHOe CIAH-
oapmnoe omraonenue (OCO) cocmasnisem 18 %), u socnpousso-
oumocmvio enympu oonou napmuu ¢ OCO 7 %. Takue buocencopbvi
0baadarom 8blCOKOU CMAOUILHOCIBIO NPU XPAHEHUU (HOmeps uy6cm-
sumenvHocmu 6 nepsvie 18 Onell xpanenus docmueaem nuws 29 %).
Buisoowt. Ilokasano, umo ucnonv3osanue 4acmuy CUTUKAIUMA 0OHO-
8PEMEHNO ¢ MemodoM nonepeunou cuusku ¢ I'A 6 snauumenvroii cme-
nenu nosvluaem copoyuio pepmerHmos Ha n08epxXHOCmuU npeobpazosa-
menetl u3 Hepoicagerowell Cmaiu 0 8pems UMMOOUIUZAYUU, d MAKICE
yayduwiaem ananumuieckue napmempul oucoencopos. Takoi memoo
umMMobURU3IAYUY hepMenmos Modicen Oblmb npumenen 0Jis OaibHell-
we20 yco8epueHCmeo8anis pabomul GUOCEHCOPOS.

Kniouesvle cnoga: ummoounuzayus pepmenmos, CUnUKamum, noKko-
300KCUOA3A, KOHOYKMOMempu4ecKuil npeoopaszoeameis, 6UOCEHCOP.
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