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Abstract

In the biosensor construction, 3-mercaptopropionic acid
(3-MPA) and 6-aminocaproic acid (6-ACA) were used for forming
self-assembled monolayer (SAM) on a gold disc electrode and
pyruvate oxidase was immobilized on the modified electrode
surface by using glutaraldehyde. Biosensor response is linearly
related to pyruvate concentration at 2.5-50 uM, detection limit is
1.87 uM and response time of the biosensor is 6 s for differential
pulse voltammograms. From the repeatability studies (n = 6) for
30.0 uM pyruvate revealed that the average value (x), standard
deviation (S.D) and coefficient of variation (CV %) were calculated
to be 31.02 pM, = 0.1914 uM and 0.62%, respectively.

Keywords: biosensor, pyruvate, pyruvate oxidase,
3-mercaptopropionic acid, 6-aminocaproic acid

Introduction

Pyruvate is a very important molecule in glycolysis, the
tricarboxylic acid cycle and some metabolic  processes
(Situmorang et al. 2002). Determination of the pyruvate is
especially important in the clinical, bioprocess, and food
analysis. Pyruvate oxidase (POX)-based electrochemical
biosensors have been used for this aim (Gajovic et al. 1999,
Ghica and Brett 2006, Akyilmaz and Yorganci 2007). Accord-
ing to the enzymatic reaction given below POX uses oxygen
and phosphate for catalyzing oxidative decarboxylation of
pyruvate to acetyl phosphate and hydrogen peroxide.

Pyruvate + Phosphate + O, + H,O <> Acetyl phosphate
+CO0, + H,0,

For the catalyzing reaction, POX also required some cofac-
tors such as flavin adenine dinucleotide (FAD), thiamine
pyrophosphate (TPP), and magnesium which is needed for
catalytic activity of enzyme (Muller et al. 1994, Muller and
Schulz 1993). Different types of biosensors have been devel-
oped for the determination of pyruvate. Researchers have
utilized different strategies and also transducer systems

in the construction of these biosensors. An amperometric
biosensor based on oxygen electrode (Kubo et al. 1991), a
bienzyme-modified carbon paste electrode for ampero-
metric detection (Bergmann et al. 1999), an amperometric
biosensor with a polyazetidine prepolymer matrix (Mascini
and Mazzei 1987), oxygen electrode combined with a porous
acetyl cellulose membrane (Mizutani et al. 1980), gold
microelectrodes (Revzin et al. 2002), oxygen electrode based
on chemical covalent immobilization of POX (Zapata-Bacri
and Burstein 1987-1988), a polyion complex membrane
systems (Mizutani et al. 2000) have been developed for the
determination of pyruvate. In addition, some biosensors
have been developed for the determination of phosphate
such as bilayer membrane systems with a poly (vinyl alco-
hol)/polyion complex (Mak et al. 2003), a screen-printed
electrode (Kwan et al. 2005), and a porous conductive carbon
electrode in conjunction with a polyelectrolyte stabilized
recombinant POX (Gavalas and Chaniotakis 2001).

Self-assembled monolayer systems (SAMs) provide a con-
venient, flexible, and simple system to tailor the interfacial
properties of metal electrodes, especially gold electrodes.
The molecules or ligands that form the SAMs have a chemi-
cal functionality, or “head group’, with a specific affinity for a
substrate. This head group has a high affinity for the surface
and displaces adsorbed random organic materials from the
surface (Love et al. 2005). Variation of the end group of the
monolayers determines the chemical behavior of the modi-
fied surface, which is essential in the design of new interfaces
with more interesting properties. Terminal groups such as
carboxylic acid or amine groups are the most employed to
perform reactions that normally bounds proteins on SAM
thought their amino acids residues (Mendes et al. 2008).

In this study we have developed a new biosensor based
on POX for the determination of pyruvate. 3-mercaptopropi-
onic acid (3-MPA) which have functional compound linked
with sulfide have been synthesized to form the SAM on gold
electrode. Modified gold disc electrode with 3-MPA molecu-
lar structures of disulfide linked derivatives separated by
the spacer 6-aminocaproic acid (6-ACA). Finally, POX was
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immobilized on the modified electrode surface by using
cross-linking agent, glutaraldehyde.

Materials and methods

Chemical and reagents

POX (bacterial; E.C1.2.3.3), 3-MPA, 6-ACA, sodium pyruvate,
potassium hexacyanoferrate(IlI) (K,Fe(CN);), glutaralde-
hyde, and all other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA). All chemicals and solvents
used were of analytical grade. Ultra-pure water was used in
the preparation of the solutions used in the experiments. The
prepared solutions were kept at 4°C before use.

Apparatus

Measurements were carried out with a PalmSens Instru-
ments system (the Netherland). A three-electrode system
was used containing a platinum wire auxiliary electrode
(CHI 115 model), a saturated Ag/AgCl reference elec-
trode (CHI 111 model) and the gold working electrode (2
mm dia.) (CHI 101 model). The pH measurements were
made with a pH meter (Hanna Instruments HI 221 -Italy).
Sonication was made with an Ultrasonic LC 30 (Germany).
Ultra-pure water was obtained with a Milipore Corporation
Mili-Q system (USA).

Preparation of the pyruvate biosensor and measurements
Prior to coating, Au electrode (AuE) surface was first pol-
ished with 1.0 and 0.3 pum alumina slurry on microfiber
cloth to obtain amirror surface. After that, it was thoroughly
rinsed with water and sonicated first in absolute ethanol
and then in bidistilled water for 10 min to remove adsorbed
particles, and then allowed to dry at room temperature.
Finally, the electrode was transferred to an electrochemi-
cal cell for cleaning by cyclic voltammetry (CV) between
—1.0 and + 1.0 V potentials vs. Ag/AgCl at 50 mVs~! in
0.1 M HCI until a stable CV profile was obtained. 3-MPA/
6-ACA-SAMs were formed by immersion of the clean gold
disc electrode in the 25 mM 3-MPA solution for 4 h and
then in the 5 mM 6-ACA solutions for 2 h. After that the
modified electrode was rinsed with double-distilled water
and allowed to dry at room temperature. Ten microliter of
POX (0.356 UmL™!; in phosphate buffer, pH 7.0, 50 mM)
was dropped on to the 3-MPA/6-ACA modified gold elec-
trode surface and was dried in the room temperature and
the obtained electrode was carefully washed with ultra-
pure water. Finally the electrode was immersed in 2.5%
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glutaraldehyde solution (GA) (in phosphate buffer, pH 7.0;
50 mM) for 2.5 min at 25°C.

Scheme 1 shows electrochemical detection of pyru-
vate is based on the catalytic reaction of POX enzyme.
The measurement was performed in the presence of an
electron mediator potassium hexacyanoferrate(Ill). In
the presence of POX and its cofactor FAD pyruvate was
oxidized into acetyl phosphate while FAD was reduced to
FADH, which subsequently reduced from Fe (CN)/*" to
Fe(CN),*". Pyruvate was determined by using differential
pulse voltammograms (DPVs) at potential range between
— 0.3 and 0.6 Vin 5.0 mM potassium hexacyanoferrate(III)
prepared in 50 mM phosphate buffer (pH 6.0 and 0.1 M
KCl). Experimental solutions used in the reaction cell were
purged with highly purified nitrogen gas for at least 5 min
to remove dissolved oxygen.

Results and discussion

Electrochemical characterization of pyruvate

biosensor by CVs

CV measurements can provide useful information on the
changes of the electrode surface during the fabrication
process. It brings very important information to investi-
gate the changes of electrode behavior after each assembly
step. The electrochemical behavior of bare, 3-MPA/
6-ACA-modified and 3-MPA/6-ACA/POX/GA-modified
gold electrodes were studied in 5 mM potassium hexacy-
anoferrate (III) prepared in 50 mM phosphate buffer
(pH 6.0 and 0.1 M KCl), CVs were carried out at a potential
range between — 0.4 and 0.5 V. Figure 1 shows CVs obtained
for the bare AuE (a), AuE/3-MPA/6-ACA (b), AuE/3-MPA/
6-ACA/POX/GA in the absence of pyruvate (c), and AuE/
3-MPA/6-ACA/POX/GA in the presence of pyruvate (d).
Bare AuE showed a characteristic reversible redox peaks
resulted from ferricyanide. There was no any clear redox
peaks by AuE/3-MPA/6-ACA-modified electrode because
of barrier effect of SAM surface on the electrode. AuE/3-
MPA/6-ACA/POX/GA in the absence of pyruvate showed
slight peaks at around +0.25 V and + 0.05 V potentials.
Therefore, AuE/3-MPA/6-ACA/POX/GA-modified elec-
trode displayed a pair of clear redox peaks at + 0.3 V and
at nearly + 0.05 V potentials related to enzymatic reaction
in the presence of pyruvate. The anodic peak current is
nearly equal to the cathodic peak current. The peak poten-
tial separation (DEp) was 295 mV. So, the electrochemical
reaction is a surface-controlled process.

Oxidase Pyruvate
(FAD)
Pyruvate Acetyl phosphate
Oxidase
(FADH,)

Scheme 1. The reaction mechanism between the redox center of POX and the electrode surface.
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Figure 1. Cyclic voltammograms of bare AuE (a), AuE/3-MPA/6-ACA (b), AuE/3-MPA/6-ACA/POX/GA in the absence of pyruvate (c) and AuE/
3-MPA/6-ACA/POX/GA in the presence of pyruvate (d) in phosphate buffer (pH 6.0, 50 mM containing 0.1 M KCl and 5.0 mM K;Fe(CN),) at a scan

rate of 50 mVs~ ! vs. Ag/AgCl.

Linear range

In order to obtain calibration curves for pyruvate two
different methods, amperometric and DPVs, were used in
the experiments. The calibration curves obtained for the
pyruvate are displayed in Figures 2 and 3. DPVs obtained for
different concentrations of pyruvate were given in Figure 2.
When we consider the Figure 2, it can be said that the bio-
sensor responses depended linearly on pyruvate concentra-
tion between 2.5 and 50 UM with (y = 0.8889x + 13.739) and
R?=0.9976. The detection limit of the biosensor is 1.87 uM.
Figure 3 shows the amperometric results obtained from
the experiments for different pyruvate concentrations. The
biosensor responses depend linearly on pyruvate concen-
tration between 1.58 and 10.71 uM with a (y = 0.3894x) and
R?=0.9969. The detection limit of the biosensor is 0.56 LM.
Both methods give sensitive results for pyruvate detection.
A wide concentration range was obtained by DPVs method
for pyruvate but better detection limit was carried out by
amperometric method.

Effect of the activity of pyruvate oxidase, duration of SAM
formation, and working pH on biosensor response

The activity of enzyme can affect the sensitivity and also
response time of the biosensor. To detect the effect of the
enzyme activity on the biosensor response different activity
of POX were used in the construction of the biosensor. For
this purpose, three biosensors were prepared. The biosen-
sors contained 0.178, 0.356, and 0.712 UmL™! activities
of POX. In the experiments amperometric measurements
were made at 70 mV potential. The measurements were

made to obtain standard curves for pyruvate by using the
biosensors prepared. The most useful calibration curve was
obtained by using the biosensor, which was prepared with
0.356 UmL™! activity of pyruvate oxidase. When the POX
activity was decreased from 0.356 to 0.178 UmL™!, lower
biosensor responses were obtained. When the activity of
POX was increased from 0.356 to 0.712 UmL™ !, higher bio-
sensor responses were obtained but there was no a suitable
calibration curve for pyruvate. From the results it can be said
that, the most suitable biosensor responses and also linear
calibration curves were obtained by using 0.356 UmL™!
activity of POX.

The density of hydrocarbon chains was assigned by the
duration of SAM deposition. For the investigation of the
duration of SAM formation the electrodes were immersed
in 25 mM 3-MPA solution for 2, 4, and 8 h. Biosensor that
immersed for 4 h showed highest biosensor responses
(y = 0.8889x + 13.739; R?=0.9976) for pyruvate. When the
electrode had been immersed for 2 h, responses of the
biosensor decreased (y = 0.6368x + 13.178, R*=0.982) as a
result of not enough and suitable formations of SAM on the
electrode surface related to duration time. When the elec-
trode had been immersed for 8 h, linearity of calibration
curve was deteriorated (y = 0.1193x + 5.9035, R*= 0.6885).
Four hour is the best time for both enough and suitable for-
mations of the molecules on the electrode surface and also
the best enzymatic reaction. From the results of the experi-
ments, it can be concluded that the most suitable biosensor
responses and also calibration curves were obtained with
4-h duration of SAM.
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Figure 2. DP Voltammograms obtained for different concentration of pyruvate; a (0 uM), b (2.5 uM), ¢ (10 uM), d (20 uM), e (30 uM), f (40 uM),
g (50 uM). Inset shows the relationship between catalytic currents and pyruvate concentrations. Conditions: pH 6.0, 50 mM phosphate buffer
(containing 0.1 M KCl and 5.0 mM K,Fe(CN),) at 30°C. The percentage of glutaraldehyde and the activity of pyruvate oxidase were kept constant

to be 2.5% and 0.356 UmL™ !, respectively.

In order to investigate the pH effect on biosensor
responses two different buffer systems were prepared. For
this purpose 50 mM phosphate buffers at different pH values
(pH: 6.0, 6.5, 7.0, 7.5, and 8.0) and 50 mM concentration of
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Figure 3. Current-time curves obtained with the biosensor upon
successive addition of 1 mL 30 puM pyruvate. Inset shows the
relationship between catalytic currents and pyruvate concentrations.
Conditions: pH 6.0, 50 mM phosphate buffer (containing 0.1 M KCl and
5.0 mM K,Fe(CN);) at the applied potential of 30 mV. The percentage of
glutaraldehyde and the activity of pyruvate oxidase were kept constant
to be 2.5% and 0.356 UmL™ !, respectively.

citrate (pH 5.0-5.5) were prepared and used. According to
the results, optimum pH value was found to be 6.0 for POX.
Below and above this pH value decreases in the biosensor
responses were observed. If we consider the optimum pH
value (pH 5.0-7.0) of the free POX it can be said that the
immobilization procedure did not much affect the optimum
pH value of the enzyme and also biosensor responses.

Repeatability of biosensor

The repeatability of biosensor was examined by the detection
of 30 uM pyruvate (n = 6). From the experiments, the average
value (X), standard deviation (S.D), and variation coefficient
of the biosensor (CV. %) were calculated to be 31.02 uM,
+0.1914 uM, and 0.62%, respectively. It is obvious that pyru-
vate can be determined sensitively by using the biosensor.

Comparison of the biosensor with previously

reported biosensor

A number of analytical characteristics of the biosensor were
compared with previouslyreported biosensors. Comparisons
of performances of the biosensors developed for pyruvate
are shown in Table I. As can be seen, 3-MPA/6-ACA/POX/
GA-modified AuE shows better response time than previous
reports and also good detection limits and linear ranges.

Conclusions

In this study, we described a new strategy for developing
pyruvate biosensors by modified SAM method for deter-
mination of pyruvate. Immobilization method used in
the construction of the biosensor is the first for POX. The
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Table I. Comparison of performances of some biosensors developed for determination of pyruvate.

Biosensor Detection limit Linear range Response time References
Chemiluminescent FIA/POX Biosensor 0.16 UM 0.32-32 uM - Nakamura et al. (1997)
Dissolved oxygen electrode (DOE) glutaraldehyde/POX 0.025 UM 0.025-0.5 UM 2 min Akyilmaz and Yorganci (2008)
(GCE)/poly-TTCA (Nano-CP)/covalent immobilization 0.3 uM 1.0-100 uM 6 min Rahman et al. (2006)

of POX
POX/poly(mercapto-p-benzoquinone) 1.0 uM 1.0-2000 uM - Arai et al. (1999)
3-MPA/6-ACA/POX/GA modified AuE 1.87 uM (DP) 2.5-50 uM 6s Present work
0.56 UM (Amp) 1.0-10 uM 2s Present work

FIA, Flow injection analysis; POX, Pyruvate oxidase; GCE, Glassy carbon electrode; TTCA, 5,2:5,2-terthiophene-3-carboxylic acid; 3-MPA, 3-Mercapto propionic acid;

6-ACA, 6-Amino caproic acid; GA, Glutaraldehyde.

biosensor developed has several attractive advantages such
as fast response, good linearity, and a low detection limits.
When we consider the determination limit of pyruvate and
also response time of the biosensor, it could be said that the
biosensor is much more sensitive than the other biosensors
reported. On the other hand, the immobilization procedure
of the enzyme on the electrode surface was very easy and
useful. Response time of the biosensor was only 6 s for DPVs
and 2 s for amperometric measurements. In the character-
ization studies in addition to repeatability operational and
storage stability of the biosensor were also determined. After
15 assays, the biosensor sustained 90.5% of its initial perfor-
mance and after 10 days, the biosensor lost 26% of its initial
performance. As a result, the biosensor can be used for sen-
sitive and accurate determination of pyruvate.
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