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Abstract. L-arginine conductometric biosensors were developed on the basis of arginase and ure-
ase cross-linked by glutaraldehyde in a single bioselective membrane and modified with clinoptilo-
lite. The clinoptilolite intrinsic properties helpful for conductometric detection of L-arginine were
investigated using three approaches to the creation of zeolite-containing enzymatic membranes. The
developed biosensors were compared with the L-arginine biosensor, not modified with clinoptilolite,
for the sensitivity, linear and dynamic range, detection limit, response time, operational and storage
stability in L-arginine analysis. It was shown that the incorporation of ammonium-selective zeolite to
the bioselective membrane of L-arginine biosensor allows increasing the biosensor sensitivity when
applying all proposed approaches to the formation of zeolite-containing biomembranes. In addition,
excellent values of both detection limit and linear range (1.0x10°> M and 0.01-6 mM, respectively)
were achieved for the biosensor based on arginase, urease and zeolite distributed in a single bioselec-
tive layer. The clinoptilolite-based biosensors for L-arginine demonstrated short response time, high
operational stability (a coefficient of variations reached 0.74%), their lifetime exceeded four months.
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3ACTOCYBAHHS AMOHIN-CEJJEKTUBHOT O LIEOJITY JJ5 IOKPAIIIEHHS
KOHAYKTOMETPUYHOI'O IBO®EPMEHTHOI'O BIOCEHCOPA J1J1s1 BUBHAYEHHSA
L-APTTHIHY
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AHoTanisi. Po3po0ieHo koHIyKTOMETpUYHI O10CEHCOpH AJisi BU3HAYeHHsS L-apriHiHy Ha OCHOBI
apriHa3u Ta ypeasw, IMMOOILTI30BaHUX B OJHIA O10CEICKTHBHIM MEeMOpaHi METOIOM IOIEPEYHOTO
3IIMBAHHS 32 JI0IIOMOTO0 [IIyTapOBOTO albJEriy Ta MOM(IKOBaHIN KIMHONTHIIONITOM. XapaKTepHi
BJIACTUBOCTI KJIMHONTHJIONITY, KOPUCHI JUIsl KOHAYKTOMETPUYHOrO BU3HaYeHHs L-aprininy, Oyau go-
CJIIJDKEHHI 32 JIOTIOMOTOI0 TPhOX MIIXOIB JJISI CTBOPEHHS IICOJIT-BMICHUX (DEPMEHTHHX MEeMOpaH.
Po3pobneni 6iocencopu MopiBHIOBAIN 3 010CEHCOPOM JUIsl BU3HaueHHs L-aprininy, sikuii He OyB Mo-
I(IKOBaHUM KIMHOTITUIIONITOM, 32 TAKUMHU TTOKA3HUKAMHU, SIK Yy TIUBICTh, JIHIMHUN 1 TUHAMIYHHANA
Jllana30H, HWKHS MeXa BU3HAYEHHS, Yac BIATYKY, OlepalliifHa cTabuIbHICTb 1 CTaOUIBHICTE MU 30e-
piranHi. [Toka3aHo, 110 BKIIOYEHHS aMOHIM-CEIEKTUBHOTO LEOJTITY 10 CKJIaay O10CEIeKTUBHOT MEMO-
panu L-apriniHoBoro 6ioceHcopa A03BOJIs€ MIABULIIUTH Yy TIUBICTh Ol0CEHCOPa, 3aCTOCOBYIOUH BCl
3arpoINOHOBAHI MIAXOAU AJisi (GOPMYBaHHA LIEOTIT-BMICHUX OiomemOpaH. Kpim Toro Oyno orpumaHo
9y0B1 3HAUEHHS HWKHBOT MEX1 BU3HAYEHHS Ta JiHiHOTO Aiana3ony (1,0x10° M Ta 0,01-6 MM Bin-
MOBIAHO) Y O10CeHCopa, y SIKOMY apriHasa, ypeas3a Ta LeoJiT OyJau po3MoJiiIeH] B €TMHOMY Oil0cemeK-
TUBHOMY H1api. biocencopu asist BU3Ha4eHHsI L-apriHiHy Ha OCHOB1 KJIMHONTHJIONITY MaJld KOPOTKUN
yac BIJIFYKY, BUCOKY OIepaliiiHy cTaOuIbHICTh (KoedimieHT Bapiamii nocsras 0,74%), a ix cTabijib-
HICTh Npu 30epiranHi Oyia BHILA 32 YOTUPU MICSILIL.

Kurouosi ciioBa: L-aprinin; Kimmaontunonit; Konngykromerpuunuii 6ioceHcop; Aprinasa; Ypeasa

HCIOJIbB30BAHUE AMMOHUM-CEJEKTUBHOI'O EOJIUTA JIJIS YAYYIIEHUS
KOHAYKTOMETPUYECKOI'O ABYX-®EPMEHTHOI'O BUOCEHCOPA J1JIs1
OITPEAEJIEHUSA L-APTMHUHA

O. A. Caanuna, H. U. Mayuwun, B. H. ITewuxoea, A. IT. Condamxun, B. I. Menvnux, A. Bankapuyc,
H. JKagpppesuk-Peno, C. B. [[310e6uu

AHHoTanusi. Pazpaboranbl KOHIYKTOMETpUUYeCKre OMOCEHCOPHI AJsl ompesenenus L-aprunuHa
Ha OCHOBE aprHHAa3bl U ypeas3bl, UIMMOOUIM30BAHHBIX B OJHON OMOCENEeKTHBHON MeMOpaHe METOAOM
HOHGpG‘-IHOfI CINMBKU C MOMOUIBIO INIyTAPOBOI'0 aJbJACTHUAa U MOI[PI(l)HI.IHpOBElHHOI’I KIIMHOIITHUJIOJIN -
TOM. XapaKTepHHe CBOMCTBA KIIMHONTHUJIOJIWTA, IOJIC3HBIC B KOHAYKTOMETPUYUCCKOM H3MCPCHUU
L-aprununa, ObIIM HCCIEAOBAaHBI C MOMOIIBI0 TPEX MOAXOJOB K CO3JaHUIO IIEOJIUT-COACPKAIIUX
dbepmeHTHBIX MeMOpaH. Pa3paboTaHHble OMOCEHCOPHI CPaBHUBAIN ¢ OMOCEHCOPOM [UIsl Ompeaene-
Hus L-aprunuHa, KOTOpbIi He ObLIT MOAU(PHUIMPOBAH KIIMHONITHIIONUTOM, TI0 TAKMM MOKA3aTeIIsM, KaK
YYBCTBUTCIIbHOCTD, JIMHEUHEIN U I[I/IHaMI/I‘-IeCKI/Iﬁ AWara3oHbl, HUXXHAA I'paHua OMPCACIICHUS, BPEMS
OTKJIMKA, OTIepallMOHHAs CTAOUILHOCTh M CTAOMIBHOCTH IIPpU XpaHeHuU. [loka3aHo, 4To BKIIIOUEHHE
aMMOHHUI-CENIEKTUBHOTO IIE0JIUTA B COCTAB OMOCENEKTUBHON MeMOpaHbl L-apruHMHOBOTO OHOCEHCO-
pa HO3BOJIACT YBCIINYUTL YYyBCTBUTCIBHOCTD 6noceHcopa, HCIOJIB3Ys BCC MPCIJIOKCHHBIC MOAXOIbI
K (pOpMUPOBAHHIO IIEOTUT-COAEPKAIUX OnomemMOpan. Kpome Toro, ObUH MOJTy4eHBI 3aMeuaTesIbHbIC
3HAYCHHS 110 HIDKHEH TpaHUIe oNpeaeiicHus W JuHeHomy nuanaszony (1,0x10° M u 0,01-6 MM
COOTBETCTBEHHO) y OMOCEHCOpa, B KOTOPOM apruHasa, ypeasa U LEeONUT ObUTN pachpeaesieHbl B Of1-
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HOM OMOCEIEeKTUBHOM ciioe. buoceHcops! st onpenenenus L-aprunuHa Ha OCHOBE KIIMHONITUIIONUTA
MMEIN KOPOTKOE BPEMsI OTKJIMKA, BBICOKYIO ONEPAMOHHYIO CTA0MIBHOCTH (K03 duitneHT Bapuaum
nocturai 0,74%), a ux cTabMIBHOCTH IPU XPaHEHUU MPEBHIIIAia YeThIpe MecsIa.

KuroueBsble cinoBa: L-aprunun; Knunontunonut; Konaykromerpuueckuit OnoceHcop; ApruHasa;

VYpeasa

1. Introduction

An estimation of plasma or urinary amino ac-
ids is useful for disease diagnostics, treatment
monitoring, prevention and prognosis in errors
of amino acid metabolism. It is known that such
a disorder as argininemia which results from ar-
ginase deficiency, usually manifests itself in el-
evated arginine in blood (544 to 1,074 umol/L
versus normal 61 to 173), cerebrospinal fluid (88
umol/L versus normal 6 to 29) and urine [1]. This
is usually caused by the deficiency in arginase ac-
tivity in liver and stratum corneum suggesting its
total deficiency. This autosomal recessive clinical
disorder caused by the deficient arginase gene, lo-
cated on a chromosome 6, is one among a variety
of progressive mental and motor deteriorations
[2—4]. The affected patients have skeletal muscle
spasticity and hypperreflexia as well as seizures.

Being a conditionally essential amino acid for
humans, L-arginine is required for children in the
growth phase (since it stimulates a production
of the somatotropic hormone) and under some
pathological conditions in adults [5]. For that rea-
son, the monitoring of arginine-based therapeutic
medications within body fluids as well as the con-
trol of their quality are of the vital importance. The
L-arginine ability to enhance the T-cell-dependent
immunity is a cause of its immune-modulating
effect on the organism [6]. Intravenous arginine
significantly decreases the losses of nitrogen and
body weight in post-traumatic and postoperative
period, slows down cancer growth, while arginine
deficiency increases the risk of the endothelium
dysfunction in type 2 diabetes [5].

Classical analytical practice of amino acid
measurement consists of complex multi-stage
laboratory procedures requiring costly chemicals
and/or complex instrumentation. Commonly L-
arginine is determined using its direct reaction
with colorimetric agents such as ninhydrin [7,8].
However, colorimetric methods have low specific-

ity to L-arginine; besides, a large amount of probe
is needed. The arginine determination based on
arginase coupled with urease with the following
spectrophotometric detection is also used [9,10].
However, it is possible only if protein hydrolizates
without any urea are available. Highly accurate
quantification of L-arginine in a complex mix-
ture can be obtained by liquid or ion-exchange
chromatography [11,12]. In this case, the pre- or
post-column analyte derivatisation is usual since
L-arginine is not amenable to direct optical or
electrochemical detection. The electrochemical
biosensors have already demonstrated their po-
tential to be a nice alternative for the conventional
analytical methods for the variety of compounds.
This is due to the analytical characteristics of the
biosensors, simplicity of their use, portability, ease
of mass manufacture.

To date, a great number of publications have
reported about L-arginine biosensors based on
amperometric [13—15] and potentiometric [16-21]
transduction modes. For example, in [15] a biosen-
sor system, consisting of amperometric biosensors
for determination of L-arginine, L-histidine, L-
lysine and L-glutamic acid, is presented. Each of
them, being a part of the integral system, included
an oxygen electrode and a gas-permeable mem-
brane with immobilized enzymes. In particular,
L-arginine was detected by means of arginine de-
carboxylase (E.C. 4.1.1.19). Another amperomet-
ric biosensor for L-arginine has been reported by
Sarkar et al. [13]. The biosensor was elaborated
based on amino acid oxidase from Crotalus ad-
amateus (E.C. 1.4.3.2) immobilized on the surface
of a screen-printed three-electrode amperometric
transducer. The developed biosensor was used
to monitor milk ageing effects. There is also re-
ported a bi-enzyme biosensor with arginase (E.C.
3.5.3.1) and urease (E.C. 3.5.1.5) immobilized on
the surface of the carboxylated poly(vynil chlo-
ride) ion-selective membrane using carbodiimide
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and glutaraldehyde [19]. Another arginase-urease
biosensor was developed by Karacaoglu et al.
[17]. The authors immobilized enzymes on the
pH electrode surface using the gelatine membrane.

Another electrochemical technique, conduc-
tometry, has rarely been applied for the determi-
nation of L-arginine [22]. A major advantage of
the conductometric method of detection results
from the fact that almost all enzymes catalyse the
reactions involving either consumption or pro-
duction of charged species, which cause changes
in the ionic composition of the reaction medium
[23]. Thus, conductometry offers a generic sensing
technique requiring immobilization of the chosen
enzyme onto the transducer. In addition, conduc-
tometric biosensors have some benefits regard-
ing their potentially wide application, which is
determined by the development of microsystem
technologies. Thin-film electrodes are suitable for
miniaturization and large scale production using
inexpensive technology; there is no need in the
reference electrodes (costly and of macroscopic
size); differential mode of measurements allows
avoiding numerous interferences; transducers are
light insensitive; the driving voltage can be sig-
nificantly lowered that decreases the power con-
sumption.

Our previous work on the L-arginine biosen-
sor [24] has demonstrated for the first time the
feasibility of the fabrication of a conductometric
biosensor, operating on the basis of the enzymatic
transformation of L-arginine with arginase and
urease (Eqn. 1 and Eqn. 2).

Arginase
1
L-arginine — L-ornithine + urea D
Urease
(NH,),CO+2H,0+H' —> 2NH,’ (2)

+HCO, .

Noteworthy, despite the prospective features
of such biosensor, it is evident that two-step en-
zymatic system tends to random substrate losses
within the interim period, and therefore, to a de-
crease in the biosensor sensitivity to L-arginine.
In this work, we present an approach to overcome
this drawback, applying a natural zeolite clino-
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ptilolite, possessing high adsorption and cation-
exchange capacities.

Zeolites are crystalline, hydrated aluminosili-
cates of alkali and alkaline earth cations that have
a three-dimensional structure (i.e., tektosilicates).
The negative charge occurring when AI** replaces
Si*" in the tetrahedral structure, is counterbalanced
by cations (e.g., Na*, K" and Ca?’, Mg*"). These
sites are located in large channels and cavities
throughout the structure and are called zeolitic
exchange sites [25]. Clinoptilolite is distinguished
from other zeolites of the heulandite group by
lower void volume and higher silica content (Si/
Al, >4). This structural feature addresses to clino-
ptilolite a pronounced ability to adsorb proteins on
its surface [26]. Here, the type of protein adsorp-
tion is strongly dependent on the acidic properties
of each participant of the process. In particular, the
adsorption of urease and BSA on clinoptilolite is
determined by the repulsive and attractive forces
(hydrophobic interaction). This is caused by the
following relations between the medium condi-
tions and specific properties of the zeolite lattice
and proteins:

PZCclinoptilolite<pHbuffer>pIurease
(pH 3.0<pH 7.4>pH (5.0-5.2),

A3)

PZCclinoptilolite<pHbuffer>pIBSA (4)
(pH 3.0<pH 7.4>pH below 5.0),

where PZC — the pH value, at which the net crys-
talline charge of the zeolite is equal to zero (for
clinoptilolite, this value is 3); pI — isoelectric point
of the protein; buffer — a phosphate buffer solution
used for the immobilization (40 mM phosphate
buffer, pH 7.4).

Arginase is adsorbed on the clinoptilolite in
the electro-attractive conditions, as it goes from
the relationship:

PZCclinoptilolite<pruffer<pIarginase
(pH 3<pH 7.4<pH 9.3).

&)

In a current work, we proceed with our previ-
ous investigations of clinoptilolite applicability
to enzyme-based conductometric biosensors [27].
As it was shown, a combination of ammonium-
sieving and ion exchange properties of clinoptilo-
lite with unique biorecognition capacity of urease
allowed significant increasing of sensitivity of
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the conductometric detection of urea. Here we
continue studying the effects of the enzyme immo-
bilization in the presence of the clinoptilolite on
the analytical features of the L-arginine biosensor
based on arginase and urease.

2. Materials and methods
2.1. Materials

Arginase from bovine liver (E.C. 3.5.3.1) with
initial activity of 136 U/mg solid, urease from
jack beans (E.C. 3.5.1.5) with initial activity of
100 U/mg solid, bovine serum albumin (BSA),
glutaraldehyde (GA, 25 % aq. solution), urea
(60.06 g/mol), L-arginine monohydrochloride
(210.7 g/mol) were purchased from Sigma-Aldrich
(France). The working solution used was prepared
from KH,PO, and Na,HPO,, in the concentration
of 5 mM and pH 6.0-6.1. Glycerol was purchased
from Macrokhim (Ukraine). The chemicals were
at least of analytical grade purity. All solutions
used were prepared using Milli Q water (the water
was obtained from a Millipore purification system,;
its resistivity was no less than 18.2 MQ-cm).

2.2. Characteristics of clinoptilolite

A powdered sample of clinoptilolite of Ro-
manian origin (natural zeolite ZN-C1BF-R was
generously provided by Mediterranean Society
of Zeolites, France) and its unit cell formula was
(Nao.10Ko.57)(caoA47Mgo.15)(A11.97FeoA12)(Si9.96Tio.02)
0,,, TH,0 (chemical composition determined by
elemental analysis using fluorescence). The av-
erage size of clinoptilolite particles was 0.4 pm
(90% between 0.2 and 1.0 um). The sample was
microporous, and its specific surface area was 101
m? g~!, with total pore volume of 0.036 cm® g,
as determined by BET analysis, performed from
N, adsorption isotherms. The cation exchange
capacity determined was 2.6 meq g '. Purity was
checked by X-ray diffraction, thermogravimetric
analysis, ’Si and ?’Al nuclear magnetic resonance.
The structure was typical for the Heulandite fam-
ily of tectosilicates (sheet-like) and its morphology
revealed monoclinic crystal form with platelets
10-20 nm thick (Fig. 1). SEM images were ob-
tained using FEI Quanta™ 50.

T LTy

Fig. 1. SEM images of the clinoptilolite sample used.

As it was shown in [28], the clinoptilolite se-
lectivity to ammonium is a result of replacement
of all sodium ions from the zeolitic exchange sites
with ammonium. The ion exchange between Na*
and NH," in the clinoptilolite matrix was also
reported by Ming and Dixon [25] and Jha and
Hayashi [29].

2.3. Transducers

Each conductometric transducer consisted of
two identical interdigitated electrodes; the sensi-
tive surface area of each electrode was about 2.9
mm?. The electrodes were fabricated by vapor
deposition of gold onto a non-conducting pyro-
ceramic substrate (530 mm). A 50 nm thick in-
termediate chromium layer was used to improve
the gold adhesion to the substrate. The digit width
and interdigital distance were 10 um, and their
length was ~ 1.5 mm. Such geometry was taken
to provide complete and stable transduction of
the biochemical reaction effect from the selective
membrane to sensitive electrodes of the sensor.
Conductive buses were covered with a protective
insulation material, except for the active region
and the contact zone. The first pair of electrodes
together with an adjacent non-reactive BSA lay-
er, served as a reference sensor; the second pair,
covered with a bioselective layer, was a working
Sensor.

2.4. Preparation of selective elements of con-
ductometric biosensors for L-arginine determina-
tion

2.4.1. Bioselective membrane of L-arginine
biosensor (control)

The enzyme and BSA membranes were pre-
pared using a cross-linking technique with gluta-
raldehyde as a bi-functional agent. For the prepa-
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ration of the enzyme-containing solution, argi-
nase (1.2 mg), urease (2.9 mg) and BSA (3.8 mg)
were thoroughly dissolved in 40 pL of 40 mM
phosphate buffer (pH 7.4), containing glycerol
(15%). Afterwards, 0.15 pL of the prepared solu-
tion and 0.15 pL of the GA aqueous solution (2
%, v/v) were vigorously homogenized and de-
posited onto the sensitive surface of one pair of
electrodes (such biomembrane configuration was
further considered as a working membrane). The
reference membrane was prepared by the same
procedure except that arginase and urease were
replaced by BSA (in respect to their total percent-
age content). Time of the biomaterials immobi-
lization was 22-25 min. Before measurements,
the biosensor (hereafter considered as a biosensor
control) was carefully washed for 15-20 min in 5
mM phosphate solution, pH 6.1.

2.4.2. Bioselective elements of L-arginine bio-
sensors based on clinoptilolite

Clinoptilolite-modified biosensors were pre-
pared applying three approaches for the incor-
poration of zeolite particles into the bioselective
membrane of the L-arginine biosensor. For all
variants, the clinoptilolite suspension (50 mg/mL)
was prepared by the sample incubation in Milli Q
water, firstly under mechanical stirring and then
under sonication in series of three times for 15
min each.

The first variant of L-arginine biosensor based
on clinoptilolite was prepared by depositing a
thin layer of homogenized mixture of zeolite and
protein-based gel onto the sensitive surface of
conductometric transducer. The enzyme-based
solution, GA and clinoptilolite suspension (50 mg/
mL) were spread onto one pair of pre-treated elec-
trodes. The enzyme-based solution contained argi-
nase (3.0%), urease (7.3%), BSA (8.0%) and glyc-
erol (15%) dissolved in 40 mM phosphate buffer
(pH 7.15). The arginine-selective membrane of
each biosensor contained 0.15 pL of clinoptilolite
suspension (50 mg/mL), 0.15 pL of enzyme-based
solution, and 0.15 pL of GA (3% v/v). The refer-
ence membrane was prepared using the same pro-
tocol as a reference membrane described in 2.4. 1.
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The obtained L-arginine biosensor (the biosensor
Variant 1) was stored dry at 4°C until analysis.

Another possibility of protein immobilization
on zeolite was the following. One pair of inter-
digitated electrodes was covered with 1.2 pL of cl-
inoptilolite (50 mg/mL) and left in a dark and dry
place for 1 h. After that the sensor was thoroughly
washed in 5 mM phosphate solution, pH 6.1. The
following immobilization of bioselective layer on
it was performed according to the procedure given
in 2.4.1. The reference membrane was prepared
likewise the reference membrane in 2.4.7/. The
L-arginine biosensor incorporating clinoptilolite
(the biosensor Variant 2) was stored dry at 4°C
until analysis.

The third variant of zeolite-modified L-arginine
biosensor was prepared by depositing 1.2 pL. of
clinoptilolite (50 mg/mL) onto one pair of inter-
digitated electrodes with the following immobi-
lization of zeolite-containing enzymatic mem-
branes. Specifically, after zeolite adhesion on one
pair of electrodes (1 h), the sensor was thoroughly
washed in the phosphate buffer and dried. The
zeolite-containing enzymatic membrane consisted
of 0.15 pL of enzyme-based solution, 0.15 pL of
GA (3% v/v) and 0.15 pL of clinoptilolite suspen-
sion (50 mg/mL). The enzyme-based solution was
prepared from arginase (3.0%), urease (7.3%),
BSA (8.0%) and glycerol (15%) dissolved in 40
mM phosphate buffer, pH 7.15. Subsequently, the
solutions containing clinoptilolite and enzymes
were thoroughly homogenized and immobilized
onto a pair of electrodes, previously covered with
a zeolitic layer. The reference membrane was pre-
pared likewise that described in 2.4.1. After the
immobilization of biomaterials (22-25 min), the
biosensor (the biosensor Variant 3) was thoroughly
washed for 15-20 min in 5 mM phosphate solu-
tion, pH 6.1, and stored dry at 4°C until further
use.

Before the immobilization procedure, all con-
ductometric transducers were treated with piranha
solution and thoroughly rinsed in Milli Q water.
Afterwards, electrodes were carefully degreased
with ethanol.



Sensor Electronics and Microsystem Technologies 2012 —T. 3 (9), Ne 4

2.5. Electrochemical measuring system

The conductometric measurements of L-argi-
nine, using the prepared biosensors, were realized
in a differential measuring mode. This allowed
achieving the satisfactory detection accuracy and
suppression of non-informative effects of the
environment (variations of temperature, pH and
background conductivity of the working solu-
tion). Here, the difference between the transduc-
ers active resistances and their deviation from the
nominal did not exceed 10%, their capacitances
did not differ by more than 30%, and the value of
tan ¢ did not outreach 0.5.

The bridge circuit (Fig. 2) allowed us to coun-
terbalance the components of output signals of
transducers with active and passive membranes
and, therefore, to receive the bridge output signal,
which depended only on the change in electrical
conductivity of the active membrane. The scheme
(Fig. 2) consists of the sinusoidal test signal gen-
erator (G) containing an additional outlet of the
in-phase reference signal for the synchronous rec-
tifier SR, difference amplifier DA with a transfer
coefficient k=3, and a display device DD of the
output signal. The bridge consisted of impedances
of conductometric transducers Z , Z, and resistors
R,R,.

Uer

Z; Z

G> Ui
R; R, t

DA

DD

Fig 2. A compensation-bridge circuit of a differential
conductometric transducer.

The applied sinusoidal potential with frequen-
cy of 100 kHz and amplitude of 10 mV allowed
avoiding such effects as faradaic processes, dou-
ble-layer charging and polarization of the micro-
electrodes. Illumination and temperature varia-
tions had practically no influence on the biosensor
characteristics. The measurements were carried

out in a glass cell filled with phosphate buffer
(volume 3.5 mL), under vigorous magnetic stir-
ring.

Electrochemical impedance spectroscopy (EIS)
measurements were performed in a frequency
range of 100 mHz to 100 kHz using VoltaLab 80,
Model PGZ 301 (Radiometer Analytical, France),
in a two-electrode configuration. Experiments
were carried out in a glass cell filled with electro-
lyte solution, under vigorous magnetic stirring.
EIS measurements were performed 1-2 min after
the analyte injection into the cell to attain a steady-
state situation at the electrode/(working solution)
interface.

3. Results and discussion

3.1. Electrical properties and analytical charac-
teristics of conductometric clinoptilolite-based
L-arginine biosensors

As it is shown in [24], the optimal medium
for maintaining the arginase and urease activity,
immobilized in a single bioselective membrane
of the L-arginine conductometric biosensor, was
5 millimolar phosphate solution (pH 6.0). On the
other hand, optimization of the working solution
parameters for clinoptilolite-based conductometric
microsensor showed that 5 mM phosphate solution
with pH 6.0 provided also the highest sensitivity
of the microsensor toward ammonium (Fig. 3).
The details on the microsensor development were
reported in [30].

Microsensor response, uS
N
T

60 62 64 66 68 70 72 74 76 78 80
pH
Fig. 3. Effect of pH on the sensitivity of the clinoptilo-
lite-based microsensor to ammonium. Measurements
in 5 mM phosphate buffer.
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Fig. 4. Frequency dependence of real and imaginary parts of admittance at low concentrations of L-arginine,
studied at the working membrane of the L-arginine biosensors: a and b — the biosensor control; ¢ and d — the
biosensor Variant 1; e and f— the biosensor Variant 2; g and / — the biosensor Variant 3. Measurements in 5 mM
phosphate solution, pH 6.0.
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The optimal pH value, found here, corresponds
well with the data reported by Karadag et al. [31]
and Vassileva and Voikova [32] where the au-
thors show that pH value near to 6 provides high
adsorption capacity of clinoptilolite toward am-
monium. Thus, 5 mM phosphate buffer (KH,PO,-
Na ,HPO,) with pH 6.0 was used further as a work-
ing solution for the clinoptilolite-based L-arginine
biosensors.

—=— 10 M L-arginine
224 | —o— 10 M L-arginine
—4— 107 M L-arginine
—2—10°M L-arginine
—%— 10° M L-arginine

Real part of admittance, uS
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Imaginary part of admittance, uS
IS
1

T T T
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(0)

T
40000

T
0 20000

Fig. 5. Frequency dependence of real and imaginary
parts of admittance at low concentrations of L-argi-
nine studied at the reference membrane of the L-ar-
ginine biosensor. Measurements in 5 mM phosphate
solution, pH 6.0.

Study on the frequency dependence of the ad-
mittance real and imaginary parts of the developed
biosensors (excluding the biosensors’ admittance
obtained in the fresh buffer) revealed that at low
concentrations of L-arginine all biosensor vari-
ants had a considerable increase in the real part of
admittance AY ,, (at the working electrode), which
corresponded to the conductivity growth there
(Fig. 4(a,c,e,g2)).

At the same time, no visible increase was dem-
onstrated in the imaginary part of admittance AY
(Fig. 4(b,d,f,h)). This finding is a reason for us to
believe that shifts in the active resistance at the
electrode/(working solution) interface was caused
by one of the processes: (a) pre-concentration of
ammonium, generated in the enzymatic reactions,
on clinoptilolite; (b) pre-concentration of L-argi-
nine, which is usually highly charged in the medi-
um close to neutral, on clinoptilolite. The studies,
described below, were useful then to reveal that
the relevant admittance shifts were caused by the
L-arginine pre-concentration.

As it is seen in Fig. 4(a,c,e,g), high curve reso-
lution from one concentration to another was ob-
tained only at high frequencies: 40—-100 kHz (the
biosensor control); 30—-100 kHz (the biosensor
Variant 1) and 20—-100 kHz (the biosensors Variant
2 and Variant 3).

The corresponding frequency dependence of
the admittance real and imaginary parts of the
BSA-membrane (Fig. 5(a,b)) showed that the ref-
erence membrane was almost insensitive to L-
arginine.

The linear range of the developed biosensors,
calculated in accordance with the equation Y, =
Increment + SlopexC and being consistent with
the adjusted squared correlation coefficient Ad.
R*>0.99, was the following: 0.01-8.29 mM (the
biosensor control); 0.01-6 mM (the biosensor
Variant 1); 0.5-6 mM (the biosensor Variant 2)
and 0.01-0.1 mM (the biosensor Variant 3), Fig.
6(a—d). If compared the linear ranges of the de-
veloped bi-enzyme biosensors toward L-arginine
(Fig. 6(a—d)) and urea (Fig. 7(a—d)), remarkably,
that for all the configurations, the biosensors’ lin-
ear range to urea was similar: 0.001-2 mM.
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Fig. 6. Dynamic range and linear range approximation for the L-arginine biosensors based on clinoptilolite:
a — the biosensor control; b — the biosensor Variant 1; ¢ — the biosensor Variant 2; d — the biosensor Variant 3.

Biosensor response, uS

Biosensor response, uS

[Arginine], mM

(@)

Biosensor response, pS

[Arginine], mM

()

0,84

0,64

Biosensor response, uS

04

0,24

0,0

[Arginine], mM

(c)

T T T
05 10 15 20 25
[Arginine], mM

(@

Measurements in 5 mM phosphate solution, pH 6.1.

S8

12 [Faweton y=arbi
Ad.R-Square  0,99275 .
Value  Standard Error “
B Intercept | 0,12668 045171 -
104 | Slope | 1,45667 0,03214]
(%]
£
3
@
c
S
a
@
o
s
@
=
@
@
o
@
T T
7 8
[Arginine], mM
129 Equaton v=arbx
|Adj. RSquare 098944
Value  Standard Error L]
104 B Infercept | 0,30999 0,14452
e Siope. 181851 0,05662
2}
£
)
@
c
S
a
@
2
<]
@
c
@
@
2
o
T T T T T T
[ 1 2 3 4 5 6
[Arginine], mM
5 [Eavaton y=a+tbx
Adj.R-Square | 099326 -
Valve  Standard Error
B intercept | 0315 0,00322
5 Siope 082592 0,02571
44
%]
3
o)
2
S 34
a
@
<
5
@ 2
2 2
o
@
kel
[
14
0 T
0 6
[Arginine], mM
045+ rEquaton  y=a+bx
Adj.R-Square  0,9979
0,40 4 Value  Standard Error
8 Intercept  0,03986 0,0062
0354 B Slope 403048, 0,10675
%]
£
¢ 030
@
=
2 025
@
L
= 0,204
o
2
@ 0,154
@
o
@ 0,10 4
0,05 4
0,00 T T T T T
0,00 0,02 0,04 0,06 0,08 0,10

[Arginine], mM



Sensor Electronics and Microsystem Technologies 2012 —T. 3 (9), Ne 4

35+
Equaion —avox
|Adi. R-Square | 0,99566
304 L) 20+ Value Standard Error
o intercepl | 009458 024748
9 s Sope 1059491 08541
e 254 . @
@ 15|
g g
S 204 g
g & .
5 154 £ 10
S 2
a 2
S 104 8
@ a s
5
0 T T T T 0 T T T T
0 5 10 15 20 0,0 05 1.0 15 20
[Urea], mM [Urea], mM
25 4
u 12 [Equation y=a+b* "
IAd) R-Squar 0,09527
Value  Standard Erro
204 104 o Intercept | 01298 014261
@ ) @ B Siope 584573 016447
[y -
2 g &
g 154 s
I3 a
<4 8 6
5 =
2 10 S "
] S 4
a @
2 o
o o
1 2
o T T T T 0 T T T T
0 5 10 15 20 0,0 05 10 15 20
[Urea], mM [Urea], mM
254
354 Equaon y=abx
Adj. R-Square  0,99279
n Value Standard Error u
304 204 [ Intercept | 0,25344 033128
s Siope 1098725 038207
(%] 0
= 254 B3
8 §
2 8 15
S 20 2
g 8 p
5 15 5 10
2 g 10
g g
& 104 3 [
o o 5]
5
0 T T T T 0 T T T T
0 5 10 15 20 0,0 05 10 15 2,0
[Urea], mM [Urea], mM
6~
16 Equation y=a+bx
Adj. R-Square 099772
144 5 Value  Standard Error
» 8 Intercept | -0,07942 0,05237
» 8 Slope 5337 011416
2 12 %)
g ;4
[}
& 104 2
F <3
Q
34
o g A
2 5
f=4 o (2]
g ° 5 21
Q2 @
o 4 'nQJ
14
24
0 T T T T 0 T T T T T
0 5 10 15 20 0,0 0,2 0,4 0,6 0,38 1,0
[Urea], mM [Urea], mM

(d)
Fig. 7. Dynamic range and linear range approximation for the L-arginine biosensors based on clinoptilolite:

a — the biosensor control; b — the biosensor Variant 1; ¢ — the biosensor Variant 2; d — the biosensor Variant 3.
Measurements in 5 mM phosphate solution, pH 6.1.

59



O. {. Casiina, M. M. Mauwmun, B. M. ITemxosa, O. IT. Conparkin, B. . MenbsHuk, A. Bankapiyc,

H. Kaddpesuk-Peno, C. B. [I3saeBuu

Interestingly also, that the sensitivity of the
biosensor Variant 3 toward L-arginine was signifi-
cantly lower in comparison with other types of the
bioselective membranes, containing zeolite (the L-
arginine loading of the biosensor here reaches only
2 mM, Fig. 6d). We assume that this observation
may be a result of the enhanced adsorption capac-
ity of the zeolite toward L-arginine, which was
provoked by the increase in the zeolite percentage
content in the biomembrane (the clinoptilolite
adsorption of L-arginine can be deduced from the
following reaction conditions:

PZCclinoptilolite<pruffer<pIL—arginine (
(pH 3<pH 7.4< pH 10.76).

6)

Summarizing the analytical characteristics of
the developed biosensors (Table 1), it is well ob-
served that clinoptilolite incorporation into bi-
oselective elements of the conductometric bio-
sensor for L-arginine determination results in the
improvements in the biosensor sensitivity. We
suppose that such achievement may be a result
of several processes: (1) formation of the high
concentration field of ammonium ions in close
proximity to the zeolite surface (at the zeolite sur-
face, high concentration of NH,", produced in the
enzymatic reactions, is created by the migration
of these ions in the direction of zeolite due to the
high adsorptive properties of the latter); (2) inten-
sive ion migration within the biomembrane due
to replacement of extra-framework sodium with
ammonium. The sensitivity of the clinoptilolite-
based biosensors increases in the following order:
the biosensor Variant 1 < the biosensor Variant 3
< the biosensor Variant 2.

Estimation of the detection limit of the L-argi-
nine biosensors (the value was obtained according
to a signal-to-noise ratio=2-3) unfortunately did
not reveal some improvements when enzymes
were co-immobilized in the presence of zeolite.
However, in comparison with the previously re-
ported biosensors for L-arginine [16—21], the de-
tection limit and range of the linearity of the de-
veloped here biosensors (the biosensor control and
the biosensor Variant 1) are very promising and
comparable with that obtained for the potentiomet-
ric biosensor developed by Koncki et al. [19]. At
the same time, all the clinoptilolite-based biosen-

60

sors had significantly shorter response time than
that of the biosensor reported in [19]: (46+0.6)—
(58+0.6) s versus 90—240 s, respectively.

Here we would like to pay attention to the
result inaccuracy, which we got in our previous
works on the L-arginine biosensor [24]. There
we stated that the detection limit of the biosensor
to L-arginine was 5.0x10”7 M (for the biomem-
branes prepared by cross-linking with GA) and
2.5%x10° M (for the biomembranes prepared by
enzyme entrapment in PVA-SbQ). Using addi-
tional experimental data, we concluded that val-
ues of 5.0x107 M and 2.5x10° M of L-arginine,
taken for the detection limit, corresponded only
to the nonspecific conductivity changes within
biomembranes. This assertion was based on the
fact that L-arginine is capable to interact with his-
tidine residues, present in a large quantity within
BSA, urease and arginase molecules. Therefore,
the interaction was seen as a response which had
nonlinear nature. The revised values of the linear
range and detection limit of the biosensor prepared
by cross-linking (from [24]) were 0.75-5 mM and
1.0x10* M, respectively; the revised values of
the linear range and detection limit of the biosen-
sor prepared by enzyme entrapment in polymeric
membrane (from [24]) were 1-3 mM and 5.0x10*
M, respectively. If compared these data with cur-
rent results on the detection limit of the biosensor,
the difference in the values is observed: the dimi-
nution of the detection limit from 1.0x10* M to
1.0x10-° M. We explain this with the difference in
the substrate solubility: L-arginine in the form of
salt (arginine monohydrochloride, applied here) is
more soluble than L-arginine. That’s why the dif-
ference in the sensitivities is also observed when
using L-arginine and L-arginine monohydrochlo-
ride. For the further application of the developed
biosensor in real sample analysis it is essential to
pay attention for this difference when preparing
model solutions for the calibration.

As it is also seen in Table 1, the deposition of
clinoptilolite as a preparatory layer for the fur-
ther immobilization of arginase and urease, gives
the improvements in the biosensor response time
in comparison with the biosensor variant when
clinoptilolite-containing enzymatic layer was im-
mobilized simply on the bare electrode.
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Table 1. Analytical characteristics of the clinoptilolite-based bi-enzyme conductometric
biosensors for L-arginine determination. Measurements in 5 mM phosphate buffer, pH 6.1.

Biosensor Sensitivity*, Linear Dynamic  LOD** M  Response  Biosensor

configuration uS/mM range, mM range, mM time, s  regeneration
time, min

Control 11.205£1.203  0.01-8.29  0.01-20  1.0x10” 55+0.7 10
Biosensor 17.5+2.166 0.01-6 0.01-15  1.0x107 58+0.6 -
Variant 1
Biosensor 19.025+2.649 0.5-6 0.5-16  5.0x10™ 46+0.3 -
Variant 2

Biosensor 18.3£2.516 0.01-0.1 0.01-2 1.0x10” 47+0.6 -
Variant 3

* — the result is presented with standard error of the mean (accounting the sensitivity values
obtained from 3—4 different biosensors),

**LOD — limit of detection.
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Fig. 8. Selectivity studies of the L-arginine biosensors based on clinoptilolite. Type of the bioselective membrane:
a — the biosensor control; b — the biosensor Variant 1; ¢ — the biosensor Variant 2; d — the biosensor Variant 3.
Measurements in 5 mM phosphate buffer, pH 6.1.
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3.2. Selectivity of the L-arginine biosensors based
on clinoptilolite

As it was previously found for the L-arginine
biosensor [24], the biosensor demonstrated high
sensitivity to L-lysine and L-histidine. That’s why
we aimed to study the responsiveness of the L-
arginine biosensors based on clinoptilolite to these
amino acids, in order to investigate the zeolite
behavior toward these compounds and probably
to achieve the better selectivity of the L-arginine
biosensor.

As it is seen in Fig. 8, the biosensors, com-
prising clinoptilolite within their bioselective ele-
ments, do respond to L-lysine and L-histidine. The
ratios of the response amplitudes were similar to
that of the biosensor control. Therefore, the spe-
cific properties of the zeolite toward L-lysine and
L-histidine were not observed and, thus, we can’t
propose the procedure of the biosensor modifica-
tion with clinoptilolite as mean which enhances
the biosensor selectivity. For this particular pur-
pose, it would be more desirable to overview the
composition of the bioselective membrane of the
L-arginine biosensor since it has already become
evident that only this factor is largely responsible
here for the selectivity of the biosensor detection.

3.3. Operational stability of clinoptilolite-based
conductometric L-arginine biosensors

Monitoring of the biosensors’ signal amplitudes
measured at injections of 0.2 mM of L-arginine
showed high reproducibility of the signal of all
the clinoptilolite-containing biosensors (Fig. 9).

8 YYVYY, vy
A A A AA

VYV vvyvvy

A A A AALLasara

Biosensor response, pS
S

6 5‘0 160 15‘30 260 25‘0 360 35‘0
Time, min

Fig. 9. Operational stability of clinoptilolite-based con-
ductometric L-arginine biosensors: 1 — the biosensor
control; 2 — the biosensor Variant 1; 3 — the biosensor
Variant 2; 4 — the biosensor Variant 3. Biosensors re-
sponses to 0.2 mM of L-arginine in 5 mM phosphate
solution, pH 6.0.
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The coefficients of variation calculated for
the biosensor Variant 1, the biosensor Variant 2
and the biosensor Variant 3 were 1.91%, 0.76%
and 1.04%, respectively while for the L-arginine
biosensor not modified with zeolite it was about
6%. Apparently, high operational stability of the
modified biosensors could be a result of the good
adhesive properties of zeolites towards gold and
ceramic surfaces. Operational stability of the de-
veloped biosensors gives also evidences to the
efficiency of the comparably easy immobilization
techniques that were applied. At the same time,
enzyme immobilization in the presence of zeolite
was proven to be mild in respect to the influence
on the enzyme activity.

Therefore, clinoptilolite incorporation into the
L-arginine biosensor may be a reasonable tech-
nological approach for the improvement of the
biosensor reproducibility.

3.4. Storage stability of zeolite-based conducto-
metric biosensors for L-arginine determination

A storage stability of all L-arginine biosensors
was studied for both L-arginine and urea. The
biosensor responses as a function of storage time
are shown in Fig.10; here each point corresponds
to an arithmetic average of 2—3 measurements. It
was taken 3—4 biosensors for each variant of L-
arginine biosensor. After each measurement, the
biosensors were stored dry at 4°C.

As it is seen in Fig. 10, in the end of the first
month, the biosensor Variant 1 had around 86% of
its initial sensitivity to L-arginine and the biosen-
sor Variant 3 lost less than 10% of its initial activ-
ity, i.e. they demonstrated high stability. Note-
worthy, that in all cases, except for the biosensor
Variant 2, the biosensors residual activity toward
L-arginine was higher than that to urea. In par-
ticular, in the end of the first month, the developed
biosensors had the following residual activities
toward L-arginine: the biosensor control — 91%,
the biosensor Variant 1 — 86%, the biosensor Vari-
ant 2 — 55%, and the biosensor Variant 3 — 90%,
while the biosensors’ activity toward urea was
66%, 65%, 75%, and 70%, correspondingly. Here
we suppose that high catalytic activity and stabil-
ity of the zeolite-modified biosensors were caused
by the arrangement of arginase and urease in close
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Fig. 10. Storage stability of L-arginine biosensors: a — the biosensor control; b — the biosensor Variant 1; ¢ — the
biosensor Variant 2; d — the biosensor Variant 3. Biosensor responses to 1 mM of L-arginine (curve 1) and 1
mM of urea (curve 2) in 5 mM phosphate solution, pH 6.0.

proximity to each other in one bioselective mem-
brane due to their attachment to zeolite particles.
Evidently, that the biosensor Variant 2 has in-
sufficient stability: its initial response to L-argi-
nine drops to about 55% during the first 20 days.
Interestingly, that just this variant is characterized
by the shortest response time (46+0.3 s). Gener-
ally, the lifetime of all studied biosensors was
no less than four months. Thus, it is an actual
challenge to recommend the most appropriate im-
mobilization technique for the development of
L-arginine biosensor depending on the analysis

purpose.

4. Conclusions

Application of ammonium-selective zeolite,
clinoptilolite, in bi-enzyme conductometric bio-
sensors allowed considerable increasing of the
biosensor sensitivity toward L-arginine. Three
variants of L-arginine biosensor were tested: 1)
comprising zeolite phase in the arginase-urease
cross-linked membrane, 2) possessing a zeolite
layer adsorbed on the electrode together with an
enzymatic layer, and 3) based on the primary zeo-
lite layer and the secondary arginase-urease-clino-
ptilolite layer. They had the following sensitivities:
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(17.5+£2.166) uS/mM, (19.025+2.649) uS/mM,
and (18.3£2.516) uS/mM, correspondingly. The
sensitivity of L-arginine biosensor not modified
with clinoptilolite was (11.205+1.203) uS/mM.
The values of linear and dynamic range, detection
limit and response time of the biosensor control
were found to be quite comparable with the bio-
sensor comprising zeolite within arginase-urease
cross-linked membrane. Operational stability of
the developed biosensors was notably higher in
comparison with L-arginine biosensor that was not
modified with zeolite. The mild immobilization
techniques had also a favorable effect on the bio-
sensors’ storage stability. Analytical characteristics
of the developed biosensors make them promising
devices for routine L-arginine determination in
control of pharmaceuticals quality. The adaptation
of highly sensitive L-arginine biosensors based on
clinoptilolite for the real sample analysis is ahead.
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