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Development of amperometric biosensor for choline determination
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Aim. Development of an amperometric biosensor for measuring choline concentration in water samples.
Methods. A bioselective element of the biosensor was created using choline oxidase which was covalently
immobilized by glutaraldehyde crosslinking with bovine serum albumin on the surface of an amperometric
platinum disk electrode. Results. The conditions of the bioselective element formation (the enzyme and gluta-
raldehyde concentrations, time of procedure) were optimized. The biosensor developed was characterized by
good response reproducibility over hours of continuous operation. The linear range of substrate determination
ranged from 10 pM to 1000 pM, a limit of choline detection — 1-3 uM, the biosensor sensitivity was 25—
30 nA/mM. An effect of interfering substances was significantly reduced by the application of an additional
semipermeable poly-m-phenylenediamine (PPD) membrane. Conclusions. The developed biosensor is well-
suited for choline determination in water samples.
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Introduction

Choline (2-oxyethyltrimethyl ammonium hydro-
xide) belongs to the vitamin-like substances [1]. It is
an important ingredient for the nervous system due
to the synthesis of neurotransmitter acetylcholine.
The m onitoring of choline in blood serum is helpful
to identify neurodegenerative diseases: Alzheimer’s
disease, Parkinson’s disease, myasthenia gravis and
disruption of cholinergic neurotransmission [2].

The choline deficiency leads to delays in the de-
velopment and growth of organism, an increase in
blood cholesterol level, fatty infiltration of the liver,
varicose veins, high blood pressure and excess body
weight [1, 3, 4].

In clinical analysis, the choline quantification in
biological samples is of great importance. Spectro-
photometry, gas chromatography [5], mass spec-
trometry and chromatography-mass spectrometry
[6] are known as mostly used physical and chemical
methods for the choline identification. However,
they are also known to have significant drawbacks:
complicated and expensive equipment, requirement
for qualified personnel, and laboriousness.

The way to overcome these challenges is the us-
age of new bioanalytical devices — biosensors. Many
enzyme-based sensors have been developed for the
choline detection, such as the amperometric enzyme
sensor, electrochemiluminescent biosensor, ampero-
metric aqueous sol-gel biosensor and chemilumines-
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cent flow sensor [7]. The amperometric biosensors
are considered the most promising and successful
among the electrochemical biosensors.

Thus, this work was aimed at the development of
an amperometric biosensor for the quantitative anal-
ysis of choline in aqueous solutions. Moreover, this
biosensor could be a part of the biosensor array for
the simultaneous detection of several substances in
future investigation.

2. Materials and methods

2.1. Materials

In the work we used the enzyme choline oxidase
(ChOx), activity 15 unites/mg, from Sigma-Aldrich
(Japan). Bovine serum albumin (BSA, fraction V),
glycerol, HEPES, 50 % aqueous solution of glutaral-
dehyde (GA), choline chloride and m-phenylenedi-
amine were obtained from Sigma-Aldrich Chemie
(Germany). KH,PO, and other compounds were of
Ukrainian production and of analytical purity grade.

2.2. Preparation of bioselective elements

In the work, the polyphenylenediamine (PPD) mem-
brane was prepared by the method described in [8].
The procedure was as follows. The bare working
electrodes were immersed in 5 mM m-phenylenedi-
amine solution, afterwards 10—12 cyclic voltammo-
grams were obtained. Next, the enzyme membrane
was deposited onto the PPD membrane.

The bioselective elements of biosensors were ob-
tained by immobilization of the enzyme and addi-
tives on the surface of amperometric transducer with
the PPD membrane .

The gel stock solution for preparation of the bi-
oselective membrane contained 8 % (hereinafter —
w/w) of ChOx, 4 % of BSA, 10 % of glycerol in
100 mM phosphate buffer, pH 6.5. Glycerol was
added to stabilize the enzymes during immobiliza-
tion to prevent early drop drying and to improve the
membrane adhesion to the transducer surface. Before
deposition onto the transducer surface, the enzyme
gel was mixed with 1.6 % aqueous solution of glu-
taraldehyde (crosslinking agent) in a 1:1 ratio.
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Immediately thereafter, the mixture was deposited
onto the working surfaces of transducers and kept
for 10 min in air at room temperature. After immobi-
lization, the biosensors were washed in the working
buffer from unbound components of a bioselective
membrane and excess glutaraldehyde.

2.3. Measuring procedure

Three-electrode scheme of amperometric analysis
was used. Platinum disc electrodes of our own fab-
rication [9] served as amperometric transducers.
The working electrodes, auxiliary platinum elec-
trode and Ag/AgCl reference electrode were con-
nected to the potentiostat PalmSens (Palm
Instruments BV, Netherlands). The 8-channel de-
vice (CH-8 multiplexer from the same manufac-
turer) connected to the potentiostat allowed simul-
taneous registration of the signals from eight work-
ing electrodes, but actually only two or three work-
ing electrodes were attached.

The measurements were carried out at room tem-
perature in an open measuring cell, 3.5 ml in vol-
ume, with constant stirring at a constant potential of
+0.6 V vs Ag/AgCl reference electrode. The work-
ing buffer was 25 mM HEPES, pH 7.4. All experi-
ments were performed in triplicate. The substrate
concentrations in the working cell were set by add-
ing aliquots of the substrate stock solution.

3. Results and discussion

3.1. Principle of biosensor functioning

The functioning of amperometric biosensor for the
choline determination is based on the enzymatic re-
action (1), which takes place in a bioselective mem-
brane resulting in choline oxidation and formation of
electrochemically active hydrogen peroxide. While
applying a positive potential, the hydrogen peroxide
decomposion occurs on the electrode (2), which
causes the current changes directly recorded by the
amperometric transducer.

Choline oxidase 1)
Choline + O, —> Betaine aldehyde + H,0,
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+0,6B (2)
H,0, ——— > 2H"+ 0, + 2¢e

First, the biosensor was submerged in the 3.5 ml
measuring cell filled with 25 mM HEPES buffer
(pH 7.4) and kept there for several minutes to obtain
a stable baseline. Then aliquots of the stock choline
solution were added and the signals were obtained.
The data were automatically processed and graphi-

cally displayed on the computer monitor.

3.2. Choice of optimal conditions of choline
oxidase immobilization

The procedure of bioselective element immobilization
is an important factor, which affects analytical charac-
teristics and operation of the biosensor. The functioning
of enzyme biosensors depends on the composition of
bioselective element (the enzyme and GA concentra-
tions and their ratio) and time of the immobilization.
As the first step, an optimal GA concentration was
determined. The bioselective elements were pre-
pared with the GA mass fraction in the membrane of
0.1 %, 0.2 %, 0.4 %, 0.8 %, 1 % and 2.5 %. At low
GA concentrations, the biosensor responses were
low (Fig. 1), and they quickly decreased during re-
peated use. This was due to the weak binding of the
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Fig. 1. Dependence of biosensor responses on GA concentration
in bioselective membrane. Choline concentrations — 100 pM
and 1000 uM. Measurements were carried out in 25 mM HEPES
buffer, pH 7.4, at constant potential of +0.6 V vs Ag/AgCl refer-
ence electrode.

enzyme and its rapid leaching out the bioselective
membrane. At high GA concentrations, the respons-
es to choline were also low, this time because the
cross-linking was too strong and the enzyme could
not normally interact with the substrate.

In the further work, the membrane contains 0.8 %
of GA since at this concentration the biosensor re-
sponses to choline were the highest and most stable
during the measurement.

Another important parameter, which influences
the biosensor characteristics, is the enzyme concen-
tration in biomembranes. To determine the optimal
enzyme concentration, the bioselective elements
with ChOx mass fractions of 1 %, 2 %, 4 % and 6 %
were used. As seen (Fig. 2), the highest responses to
choline were observed at concentrations of 4 % and
6 %. Since these response values were about identi-
cal, in the further experiments the ChOx concentra-
tion in the bioselective element was 4 %.

The biosensors were also tested depending on the
duration of bioselective element formation ranging
from 5 to 40 min. The highest responses to choline
were observed when immobilization lasted 10 min,
at longer procedure the responses were significantly
lower (Fig. 3).
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Fig. 2. Dependence of biosensor responses on ChOx concentra-
tion in bioselective membrane. Choline concentrations: 100 uM
and 1000 uM. GA concentration in membrane — 0.8 %. Mea-
surements were carried out in 25 mM HEPES buffer, pH 7.4, at
constant potential of +0.6 V vs Ag/AgCl reference electrode.
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3.3. Reproducibility of biosensor responses

Reproducibility of the biosensor response is one of
the main characteristics of the efficiency of its opera-
tion. Therefore, the next step was to test the repro-
ducibility of biosensor response during continuous
operation. For the purpose, the responses to choline
concentrations of 10 uM, 100 uM and 1000 uM
were measured over one working day (Fig. 4). One
measurement lasted about 5 min, interval between
measurements was about 10 min (during this time
the biosensor was washed from the substrates chang-
ing the working buffer several times).

No notable decrease in the response value was ob-
served during 4 h continuous operation (15 measure-
ments); the relative standard deviation was 5 - 7 %.

3.4. Selectivity of biosensor

The mediatorless biosensor with relatively high operat-
ing potential (+0.6 V vs Ag/AgCl reference electrode)
was used, which made possible oxidation of a number
of electroactive compounds (for example, ascorbic
acid, uric acid and other) on the electrode surface.
Therefore, the selectivity of amperometric electrode
was improved by deposition of an additional polymer
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Fig. 3. Dependence of biosensor responses on time of immobili-
zation. Choline concentrations: 100 uM and 1000 uM. GA and
ChOx concentrations in membrane — 0.8 % and 4 %, respec-
tively. Measurements were carried out in 25 mM HEPES buffer,
pH 7.4, at constant potential of +0.6 V vs Ag/AgCl reference
electrode.

232

membrane, which limits the diffusion of interfering
substances to the electrode surface. In the work, the
poly-m-phenylenediamine (PPD) membrane was used.
To confirm the improvement of selectivity of the
modified transducer, the electrodes sensitivity to-
wards interfering substances was tested. The bare
transducer reacted to certain substances quite strong-
ly, which could be a problem while analyzing the real
samples. The deposition of PPD membrane resulted
in essential decrease or even complete absence of the
biosensor responses to interferents whereas the sensi-
tivity to hydrogen peroxide remained almost the same
(Table 1). It was also found that the reproducibility of
the biosensor signals to choline is significantly im-
proved with the PPD membrane deposition due to
better adhesion of biomembrane to the electrode.

3.5 Analytical characteristics of biosensor for
choline determination

The linear working range of the biosensor and mini-
mum limit of choline detection were determined.
The minimum limit of choline detection was de-
fined as the choline concentration, the biosensor re-
sponse to which was three times higher than the
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Fig. 4. Reproducibility of biosensor response. Choline concen-
trations - 10 pM, 100 pM and 1000 pM. Measurements were
carried out in 25 mM HEPES buffer, pH 7.4, at constant poten-
tial of +0.6 V vs Ag/AgCl reference electrode.
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Table 1. Selectivity of amperometric transducer before and
after deposition of PPD membrane

Respose, nA
Possible interferent without PPD with PPD
membrane membrane

Hydrogen peroxide, 50 pM 347+£2.6 27.6+0.8
Ascorbic acid, 500 uM 332+1.7 0.9+0.5
Dopamine, 20 uM 148+1.3 1.2+03
Uric acid, 100 uM 10.6 1.8 0
Paracetamol, 100 uM 73+1.2 0
Cysteine, 100 uM 2.8+04 0
Citric acid, 500 pM 0 0
Sodium chloride, 1 mM 0 0
Potassium chloride, ImM 0 0
Calcium chloride, ImM 0 0

baseline noise; it was found to be 1-3 uM. This val-
ue slightly varied for different biosensors but in-
creased as the biosensor was further used. The linear
working range was from 10 uM to 1000 uM, the bio-
sensor sensitivity 25-30 nA/mM. The typical cali-
bration curve of the biosensor for choline determina-
tion is shown in Fig. 5.
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Fig. 5. Calibration curve of biosensor for choline determination.
Measurements were carried out in 25 mM HEPES buffer,
pH 7.4, at constant potential of +0.6 V vs Ag/AgCl reference
electrode.

Conclusions

The biosensor based on choline oxidase has been de-
veloped for the choline determination in aqueous so-
lutions. The optimum conditions of the enzyme im-
mobilization by glutaraldehyde crosslinking with
bovine serum albumin on the transducer surface
were found to be as follows: GA concentration —
0.8 %, ChOx concentration — 4 %, time of immobili-
zation — 10 min. Reproducibility of the biosensor
response to choline was investigated over one work-
ing day, the relative standard deviation was 5—7 %. It
has been shown that the application of PPD mem-
branes on the transducer surface before the bioselec-
tive element deposition resulted in a significant de-
crease in an impact of the main possible in biological
fluids interferents on the biosensor operation.

The basic analytical characteristics of the devel-
oped biosensor were determined. They were as fol-
lows: linear range of choline determination — 10—
1000 uM, minimum limit of detection — 1-3 uM,
sensitivity — 25-30 nA/mM. This biosensor is
planned to be further used for the measurement of
choline concentration in real biological samples. It
could be also a part of the biosensor array for simul-
taneous measurement of several substances.
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Po3pobka amnepomeTpuyHOro d6iocencopa 1Jisi BUSHAYEHHS
XOJTiHY

J1. 1O. Kyuepenko, /1. B. Centoxo, /1. B. Knmxnukona,
0. O. Conparkin, O. I1. Conparkin

Merta. Po3poOka amnepomMeTpruaHOro OioceHcopa s BU3HAUCH-
HS KOHIIGHTpaliil XoiHy y BOAHUX 3pa3zkax. Meronu. [{is cTBo-
peHHs1 610CENeKTHBHOTO eIeMeHTY 0i0CeHCOpa BUKOPUCTOBYBAITH
XOJIiH OKCH[a3y, 110 Oyia iMMOOiLTi30BaHa KOBAJCHTHO 3IIHB-
KOO [Ty TaPOBUM aJIbJIET1IOM 3 OMYa4iM CHPOBATKOBUM allbOyMi-
HOM Ha TOBEPXHIO aMIIEPOMETPHUYHOIO JMCKOBOIO IIATHHOBOTO
enexrpony. Pesyabraru. Bymo mpoBeneHo onmTuMizaliio yMoB
(opmyBaHHs 0I0CETIEKTHBHOTO €IEMEHTY Ha IIOBEPXHIO EPETBO-
proBada (KOHICHTparlisi (GEepMEHTY 1 [IyTapOBOrO albCTiAy Ta
yac iMMoOinizanii). bioceHcop Xapakrepu3yeTbesi JOOPOHO Biji-
TBOPIOBAHICTIO BiATYKIB BIIPOIOBXK JCKIJIBKOX TOJUH Oe3nepeps-
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Hoi poboru. JIiHIMHWMIA Tiana30H BU3HAYCHHS CyOCTpaTy 3HaXo-
nuBcs B Mexkax Bixm 10 MM go 1000 MkM, MmiHIMalbHA MeXa
BU3HA4YeHHsI XoiiHy — 1-3 MkM, 4ymiuBicTe Oiocencopa 25—
30 HA/MM. 3aB/isiKH BUKOPUCTAHHIO JJOATKOBOT HAITIBIIPOHUKHOT
MeMOpanu 3 nomi-m-deninenmiaminy (I1D/I) 6ymo 3HauHO 3MEH-
IIEHO BIUIUB iHTep(epeHTiB Ha poboTy OioceHcopa. BucHoBkm.
Iokazano, o po3podeHuii 6ioceHcop H00pe i IXOIUTH ISt BU-
3HAYEHHS XOIiHY Y BOAHHX 3pa3Kax.

Knw4doBi cJoBa: 6ioceHcop, aMIepOMETPHIYHHIA IEPETBOPIO-
Bad, IMMOOLTI30BaHMI (pepMEHT, XOJTiH OKCHJIa3a, XOJiH.

Pa3paGorka amnepomerpuyeckoro 6uocencopa s
omnpe/eeHUs X0JHHA

J. 10. Kyuepenxo, /1. B. Centoko, /I. B. Kumxuunkosa,
A. A. Conparkun, A. I1. Conmarkux

Ieas. PazpaboTka amriepoMeTpruuecKoro OHOCEHCOpa JUIsl Ompe-
JIeJIeHNS] KOHLICHTPAILMi XONMHA B BOAHBIX oOpasmax. MeTtoabl.
Jlns co3anust GMOCENEKTUBHOTO 31€MEHTa UCTIOIb30BaIN XOINH
OKCHJ1a3y, IMMOOWIN30BaHHYIO KOBAJICHTHON CHIMBKOM TIyTapo-
BBIM JIBJIETHJIOM C OBIYBUM CHIBOPOTOYHBIM aJIbOYMUHOM Ha IO-
BEPXHOCTh aMIICPOMETPHIECKOTO JIICKOBOIO INIATHHOBOTO HJIEKT-
porna. Pesyabrarsl. beiia mpoBenieHa ONTUMU3AIHS yCIOBHIA (op-
MHPOBaHHS OMOCENEKTHBHOTO EJIEMEHTa HA MOBEPXHOCTD MPeod-
pasoBarens (KOHILEHTpauus (hepMeHTa U TIyTapoBOTrO aJbIeruia
Ta BpeMsi IMMOOMIIM3AITHH ). BHOCEHCOp XapaKTepu3upyeTcst XOpo-
IIel BOCIIPOU3BOIMMOCTBIO OTKJIMKOB HA TIPOTSHKEHHH HECKOJb-
KHX 9acOB HETIPEPHIBHOHN paOoThl. JIMHEHHBII THama3oH omnpeene-
HUA cyOcTpara Haxommics B mpenenax ot 10 MM o 1000 MxM,
MHHUMaJIbHAs TPaHULA ONpeseNneHust XonuHa — 1-3 MKM, 4yB-
CTBHTEIILHOCTB OHoceHncopa 25-30 HA/MM. Braroxapst ucrnons3o-
BAHMIO JIOTIOJIHUTEILHON IMOJIYIPOHHUIIAEMOH MeMOpaHbl C HO-
m-v-pernnenuamuHa (I[1D/]) ObUIO 3HAYUTENBHO YMEHBIICHO
BIMSIHUEC WHTEpPEpeHTOB Ha paboTy OuoceHcopa. BbIBobIL
IokaszaHo, 4TO pa3paboTaHHBI OHOCEHCOP XOPOLIO MPUMEHHM
JUISL OTIPEJIENIEHHST XOIMHA B BOTHBIX 00pasIiax.

KaoueBble ca0Ba: OHOCEHCOpP, aMIIEPOMETPHISCKUN TIpe-
00pa3zoBareib, IMMOOWIN3HPOBAHHBII (PEPMEHT, XOJIMH OKCH/Ia3a,
XOJIHH.
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