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Abstract Au electrode modified with the self-assembled
monolayer of a heterocyclic thiol, mercaptotriazole (MTz), is
used for the electroanalysis of uric acid (UA) and ascorbic
acid (AA). MTz forms a less compact self-assembly on Au
electrode. The self-assembly of MTz on Au electrode favors
the oxidation of UA and AA at less positive potential.
Significant decrease (∼400 mV) in the overpotential and
enhancement in the peak current for the oxidation of
interfering AA with respect to the unmodified electrode is
observed. The negative shift in the oxidation peak potential of
AA favors electrochemical sensing of UA without any
interference. Two well-separated voltammetric peaks for AA
andUA are observed in their coexistence. The large separation
between the two voltammetric peaks allows the simultaneous
or selective sensing of the analytes without compromising the
sensitivity. Linear response is obtained for a wide concentra-
tion range. This electrode could sense as low as 1 μM of UA
in the presence of 10-fold excess of interfering AA. No change
in the sensitivity (0.012 μA/μM) of the electrode toward UA
in the presence and absence of AA is observed. Reproducible
and stable amperometric flow injection response was obtained
upon repetitive injection.
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Introduction

Uric acid (UA) is a primary end product of purine
metabolism. Quantification of UA in serum and urine is
of great interest as the elevated levels of UA are symptom
of several disease such as gout, hyperuricemia, etc. [1].
Abnormal level of UA leads to kidney damage and
cardiovascular disease [2]. Various methodologies have
been developed for the precise quantification of UA [3–5].
Enzyme-based colorimetric methods are conventionally
used in the clinical laboratories. The electrochemical
methods are very promising for the determination of UA,
mainly because they are less time-consuming than those
based on colorimetric methods. Quantification of UA can
be achieved electrochemically by it direct oxidation on
solid electrodes or by the enzymatic reaction. The enzyme-
based electrochemical methods involve either the (a) use of
redox mediator that mediates electron transfer or (b)
measurement of enzymatically generated H2O2. Although
the enzymatic methods are highly selective and sensitive,
they suffer from the lack of long-term operational and
storage stability. The direct oxidation of UA on solid
electrode requires large overpotential and invites interference
due to coexisting easily oxidized biomolecules such as
ascorbic acid (AA). Because the concentration of AA is
significantly high in the physiological system and the
oxidation of AA occurs on the unmodified electrode almost
at the same potential as UA, it is a challenging task to measure
the concentration of UA in presence of AA. Pretreated and
modified electrodes based on carbon nanotubes, metal
nanoparticles, molecular self-assemblies, etc. have been
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traditionally used for the electroanalysis of UA [4–12].
However, most of these methods require preconcentration
and activation of the electrode after each measurement [5].
Surfactant or polymer composite film-modified electrodes
are well-known for the sensitive determination of AA and
UA [13–15]. Moreover, the enzyme uricase has been widely
used in the development of UA biosensors [7, 16–18]. It is
desirable to develop cost-effective, sensitive, selective, and
stable voltammetric methods for the accurate measurement
of UA.

Self-assembling of aliphatic and aromatic thiols is one of
the approaches for the modification of Au electrodes. The
spontaneous adsorption of thiols and disulfides yield a
stable and well-organized monolayer assembly on the
coinage electrode surface [19–21]. Aromatic thiols are
highly anisotropic in nature and thus enable intermolecular
interactions to be stronger than those between alkane thiols.
They offer advantages with respect to their structure and
chemical reactivity which provide the essential properties
for derivatization with multiple chemically specific functional
groups and metal complexation [22]. The reduced molecular
flexibility of the rings and the π–π stacking interactions
between aromatic molecules lead to molecular packing
structures and ordering, different from those commonly
observed for alkane thiols [23]. Our group is interested in
utilizing the self-assemblies of heterocyclic thiols in the
development of electrochemical sensors [24, 25]. In
continuation of our earlier work, herein we describe the
electroanalysis of UA and AA using the self-assembled
monolayer (SAM) of mercaptotriazole (MTz) on Au elec-
trode. The analytical performance of the electrode was
evaluated by using flow injection amperometric measurement.

Experimental

Chemicals

3-Mercapto-1,2,4-triazole, UA, and AA were obtained from
Sigma-Aldrich. All other chemicals used in this investigation
were of analytical grade. All the solutions were prepared in
deionized water (MilliQ system). Sodium phosphate buffer
solution (PBS) of pH 7.2 (0.1 M) was used as supporting
electrolyte in all voltammetric measurements. All experiments
were carried out under argon atmosphere at room temperature.

Instrumentation

All the voltammetric measurements were performed with
CHI643B electrochemical analyzer attached with a Faraday
cage/picoampere booster (CH Instruments, Austin, TX,
USA). A two-compartment three-electrode cell with a
polycrystalline Au working electrode (2 mm diameter, BAS,

USA), a platinum wire auxiliary electrode, and an Ag/AgCl
(3 M KCl) reference electrode was used in the measurements.
The following optimized instrumental parameters were used
for square-wave voltammetric (SWV) measurements. Square-
wave amplitude is 25 mV, frequency is 15 Hz, step potential is
4 mV, and quiet time is 2 s. The flow injection analysis
experiments were carried out with a CHI842B dual channel
electrochemical detector (CH Instrument, Austin, TX, USA).
The flow rate of the mobile phase (PBS of pH 7.2) was
controlled by BAS LC peristaltic pump (PM-80) with Teflon
tubing. An electrochemical cell with Ag/AgCl (3MNaCl) and
stainless steel auxiliary and dual Au working electrode
(3 mm diameter) were used in the flow injection experiments.
Thickness of the Teflon gasket was 0.002 in. The sample was
delivered to the electrochemical cell at the flow rate of 1 ml/
min from a reservoir.

Electrode modification

Polycrystalline Au electrodes were polished well with
alumina powder (0.06 μm) and sonicated repeatedly in
water for 5–10 min. The polished electrodes were then
electrochemically cleaned by cycling the potential between
−0.2 and 1.5 V at the scan rate of 10 V/s in 0.25 M H2SO4

until the characteristic cyclic voltammogram for a clean Au
electrode was obtained. The pretreated electrode was then
immersed in an aqueous solution of MTz (1 mM) for a
required period of time (2 h) at room temperature for the
formation of SAM. Hereafter the Au electrode modified
with the monolayer of MTz will be denoted as Au-MTz.
This SAM-modified electrode was washed extensively with
deionized water to remove the physically adsorbed thiol
and subjected to voltammetric experiments. The real
surface area of the Au electrode was obtained from the
charge consumed during the reduction of surface oxide ,and
area was calculated to be 0.077 cm2. The real surface area
was used in the calculation of capacitance, surface coverage
(Γ) of the monolayer, and sensitivity of the electrode
toward analytes.

Results and discussion

Electrochemical characterization of Au-MTz electrode

The self-assembly ofMTzwas electrochemically characterized
by measuring the capacitance and surface coverage (Γ). The
capacitance of the monolayer was obtained at 0 V, using the
non-Faradic current [26], and was 28±2 μF cm−2. The Γ of
the MTz monolayer was obtained from the charge consumed
during its reductive desorption in 0.1 M KOH. Au-MTz
shows multiple desorption peaks in the potential range −0.58
to −1 V which is similar to those obtained for other
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heterocyclic SAMs having perpendicular orientation on Au
surface [27, 28]. The multiple voltammetric peaks obtained
during the reductive desorption is due to the heterogeneity of
the electrode surface. The peaks can be ascribed to the
molecules adsorbed at different facets of the polycrystalline
Au. It is known that reductive desorption of SAM on
different low index faces of Au occurs apparently at different
potentials [27]. It is considered that the MTz adopts near-
perpendicular orientation on electrode surface. The Γ value
was determined from the charge consumed during desorption
of the monolayer and was 2.94±0.06×10−10 mol cm−2. The
capacitance and Γ values are very close to those obtained for
mercaptopyrimidine-based monolayers on Au electrode [24].
The cyclic voltammograms obtained for Fe(CN)6

3−/4− redox
couple on MTz electrode is very similar to those obtained on
an unmodified Au electrode (Supplementary information),
indicating the free diffusion of redox molecule to the
electrode. The compact monolayers are known to inhibit the
free diffusion of redox molecules. In the present case, the
monolayer on the electrode surface does not impede the
diffusion of redox molecule, suggesting that the MTz
monolayer is not very compact.

Electrochemical oxidation of UA and AA

Electrochemical oxidation of UA involves two electrons and
is dependent on solution pH. On unmodified Au electrode,
UA oxidation occurs at ∼0.45 V in the first potential sweep.
The peak potential shifts to more positive potential, and the
peak current gradually decreases in the subsequent sweeps,
presumably due to the deactivation of electrode surface by the
oxidation product. On the other hand, stable and well-defined
voltammograms were obtained on the MTz monolayer-
modified electrode (Supplementary information), though the
peak potential is close to that of the unmodified electrode.
Unlike the polycrystalline Au electrode, the peak current
and peak potential did not change upon repeated sweeps,
indicating that the electrode does not undergo deactiva-
tion during oxidation process. The oxidation peak current
linearly scales with the square root of scan rate
(Supplementary information), indicating that the oxidation
process is diffusion-controlled. Figure 1 shows the SWVs
obtained for UA on the MTz monolayer-modified elec-
trode in the micromolar range. The SWV peak at 0.37 V
increases linearly with increase in the concentration of
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Fig. 2 Schematic illustration of
possible hydrogen-bonding
interaction of AA (a) and UA
(b, c) with the MTz monolayer.
A and D represents acceptor and
Donor.
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Fig. 1 (a) Square-wave voltam-
mograms obtained for the
sensing of UA on Au-MTz
electrode in 0.1 M PBS
(pH 7.2). [UA]: (a) 0, (b) 5, (c)
10, (d), 15, (e) 20, (f) 25, (g) 30,
(h) 35, (i) 40, (j) 50, (k) 60, (l)
70, (m) 80, (n) 90, and (o)
100 μM. (b) Corresponding
calibration plot. (pleas add the
full stop).
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UA. The calibration plot is linear in the concentration
range 1–100 μM, and the sensitivity was found to be
0.172±0.011 μA cm−2 μM−1. The limit of detection (3σ)
of UA on Au-MTz electrode by SWV is 1 μM.

AA is known to be a major interfering agent in the
voltammetric sensing of UA. Oxidation of UA and AA on
unmodified electrodes occurs almost at the same potential.
The unmodified Au electrode shows a broad voltammetric
peak at ∼0.45 V. The voltammetric response on the
unmodified Au electrode is not stable, the oxidation peak
shifts to more positive potential, and the peak current
decreases in the subsequent sweeps. The unstable behavior
is presumably due to the fouling of electrode surface.
However, a well-defined voltammetric peak was obtained at
∼0.075 VonAu-MTz electrode (Supplementary information).
A 400-mV decrease in overpotential with respect to the
unmodified Au electrode was observed without using any
redox mediator. The monolayer assembly prevents fouling of

the electrode surface and facilitates the oxidation of AA.
The specific interaction between triazole moiety on the
electrode surface and AA is expected to play an
important role in decreasing overpotential. The voltam-
metric response is reproducible and highly stable. The
sharp and well-defined peak reflects the fast electron
transfer kinetics on the electrode surface. It should be
pointed out here that although both AA and UA have
similar diffusion coefficient (6.53×10−10 and 6.6×
10−10 m2/s, respectively) [29] and are negatively charged
(the pKa of UA and AA are 5.8 and 4.16, respectively) at
the experimental condition used, the Au-MTz electrode
could successfully distinguish their voltammetric peaks.
Moreover, the surface pKa of MTz is reported to be 4.9
[30], and hence, it is expected to be partially or fully
ionized at neutral pH. One would expect an electrostatic
repulsion of anionic analytes at the monolayer of MTz.
However, as shown in Fig. 2, the molecular structure of
AA favors a strong double hydrogen-bonding interaction
with MTz. Such double hydrogen-bonding interaction is
not favorable for UA. The strong hydrogen-bonding
interaction AA with the monolayer is believed to play a
vital role in the facilitated oxidation of AA. Furthermore,
as the formal potential of AA is more negative than the
potential at which the oxidation actually occurs at
unmodified electrode [31], it is reasonable to expect the
negative shift of the oxidation potential for AA.

Simultaneous electroanalysis of UA and AA

Because the concentration of AA in the physiological system
is significantly high, it is a challenging task to quantify the
concentration of UA in the presence of AA. The unmodified
electrode could not show separate voltammetric peaks for UA
and AA in their coexistence. A broad voltammetric peak at the
potential of 0.45 V was observed for both the analytes. The
voltammetric response was not stable in the subsequent
sweeps, indicating the gradual deterioration of the electrode
surface. However, two well-separated voltammetric peaks
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Fig. 3 Cyclic voltammograms obtained for AA and UA in their
coexistence on (a) unmodified Au and (b) Au-MTz electrodes. Scan
rate, 50 mV/s.

Electrodes Oxidation potential
Ep/V (vs. Ag/AgCl)

Peak separation
(V)

LOD for
UA (μM)

Reference

AA UA

Au/MBI 0.08 0.34 0.28 1 [31]

Au/MQ 0.61 0.62 0.01 – [32]

Au/TA 0.24 – – – [33]

GC/DHB 0.10 0.32 0.22 – [34]

GC/o-AP 0.26 0.60 0.34 14 [35]

WGE/Qu 0.02 0.30 0.28 1 [36]

Au/MTz 0.02 0.36 0.34 1 This work

Table 1 Oxidation of AA and
UA on the different aromatic
and heteroaromatic monolayer-
modified electrodes.

MBI: mercaptobenzimidazole,
MQ: 8-mercaptoquinoline, TA:
3-amino-5-mercapto-1,2,4-tria-
zole, DHB: 3,4-dihydroxyben-
zaldehyde, o-AP:, o-
aminophenol, Qu: quercetin
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were obtained on the MTz monolayer-modified electrode
(Fig. 3). The separation between the two voltammetric peaks
was estimated to be 340 mV, which is significantly higher
than those reported in the literature on the monolayer-
modified electrodes (Table 1) [31–36]. Voltammetric
response on the modified electrode is highly stable; the
peak potential and peak current did not change in the
subsequent sweeps. Figure 4 displays the voltammetric
response of MTz electrode toward UA in the presence of
fixed concentration of AA. Gradual increase in the
voltammetric peak corresponding to UA was obtained.
The sensitivity of the electrode in the presence of 10-fold
excess of AA was 0.012 μA/μM, which is very same as
that obtained in the absence of AA (Fig. 1). It confirms
that the coexistence of AA does not influence the sensing
capability of the MTz monolayer-modified electrode. The
analytical performance of the modified electrode was

further tested by simultaneously changing the concentra-
tion both the analytes. Gradual increase in the voltam-
metric peak current with concentration was noticed
(Supplementary information). The performance of the
MTz-modified electrode is excellent with respect to the
existing other monolayer-modified electrodes (Table 1).

Flow injection amperometric response of the electrode
was obtained to further evaluate the performance of the
electrode (Fig. 5). The electrode potential was held at 0.07
and 0.45 V for AA and UA, respectively, and aliquots of
the analytes were injected. As can be seen, stable and
reproducible response was obtained during the repeated
injection of the analytes. The relative standard deviation in
the amperometric current was calculated to be 7.5% and
4.7% for UA and AA, respectively. The amperometric
response obtained confirms that the electrode is highly
stable and can be used for repeated measurements.
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Fig. 5 Flow injection responses obtained by repetitive injection of 50 μM (a) UA and (b) AA at an applied potential of 0.45 and 0.07 V,
respectively, on Au-MTz electrode in 0.1 M PBS (pH 7.2) as a mobile phase. Flow rate, 1 ml/min.
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Fig. 4 (a) Square-wave voltammograms obtained for the sensing of UA in the presence of large excess of AA (100 μM) in 0.1 M PBS
(pH 7.2). [UA]: (a) 0, (b) 1, (c) 2, (d) 3, (e) 4, (f) 5, (g) 6, (h) 7, (i) 8, (j) 9, (k) 10, (l) 11, (m) 12, (n) 13, (o) 14, (p) 15, (q) 16, (r) 18, (s)
20, (t) 22, (u) 24, (v) 26, (w) 28, and (x) 30 μM. (y) Square-wave voltammetric response of Au-MTz in the absence of AA and UA. (b)
Corresponding calibration plot for UA.
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Conclusions

In conclusion, the simultaneous electroanalysis of UA and AA
has been achieved using the heteroaromatic monolayer-
modified electrode. The voltammetric peaks are well separated
and the simultaneous or selective detection of the analytes is
feasible with the monolayer-modified electrode. The favorable
interaction of AA with the monolayer assembly on the
electrode surface shifts its oxidation potential to less positive
potential. The coexistence of AA does not affect the sensitivity
of the electrode toward UA. Flow injection amperometric
response indicates that the monolayer-modified electrode is
robust and can be used for repeated measurements. The
electrodes modified with the self-assembly of heterocyclic
thiols can be used for the electroanalysis of biologically
important analytes.
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