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a b s t r a c t

A new electrochemical biosensor based on the human serum albumin/graphene oxide/3-aminopropyl-

triethoxysilane modified indium tin oxide electrode (ITO/APTES/GO/HSA) has been developed for the

discrimination of tryptophan (Trp) enantiomers. The electrode has been characterized by scanning

electron microscopy (SEM) and electrochemical techniques. The electrochemical behaviors of the

enantiomeric pairs (D- and L-Trp) at the ITO/APTES/GO/HSA electrode have been investigated by cyclic

voltammetry in the concentration range of 0.10–1.0 mM. A clear separation between the oxidation peak

potentials of D- and L-Trp, at 0.86 and 1.26 V, respectively, has suggested that the ITO/APTES/GO/HSA

electrode can be used as an electrochemical biosensor for the discrimination of Trp enantiomers. In

order to find the percentage of an enantiomeric form of tryptophan in a mixture, the ITO/APTES/GO/

HSA electrode is used for the simultaneous detection of D- and L-Trp which showed that the percentage

of one enantiomeric form can be easily measured in the presence of the other.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Enantioselective discrimination of chiral biologically active
synthetic and natural compounds is a fundamental area with
increasing importance in chemical, clinical, food and pharmaceu-
tical industry due to their vital importance in living systems
(Xuan et al., 2012; Girardet et al., 2007; Chen et al., 2012).
Numerous compounds are known to be a racemic mixture of
enantiomers. One enantiomer may influence desirable property
while the other may be ineffective or often exhibits a different
physiological role and may cause serious side-effects (Izake,
2007; Zhao et al., 2008; Bu et al., 2012). For instance, among
amino acids, tryptophan (Trp) is an essential constituent of
proteins and precursor of melatonin (a neurohormone) and
serotonin (a neurotransmitter) which improve the sleep, mood
and mental health (Guo et al., 2010; Mazloum-Ardakani et al.,
2010; Özcan and Sahin, 2012). Due to importance of enantiomeric
purity (Trojanowicz and Wcis"o, 2005), the enantioselective
discrimination of Trp enantiomers has become extraordinarily
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important and many efforts have been paid for discrimination of
enantiomers of Trp.

Various techniques have been developed such as the fluoro-
metric micromethod (Miller et al., 1956), capillary electrophoresis
(Simionato et al., 2008), high performance liquid chromatography
(Zhen et al., 2011), chemoluminescence (Liang and Song, 2005)
and the electrochemical method (Bu et al., 2012) for enantiomeric
determination of Trp. Although the reported techniques are useful
for the determination of enantiomeric purity, these are not only
time-consuming and need expensive equipments but also many
of them have indicated no difference between two enantiomeric
forms of Trp. In this context, electrochemical methods have been
one of the widely used methods for the detection of enantiomers
owing to their advantages in ease of preparation, accuracy, low
material cost, high stability and sensitivity (Xu et al., 2012).

Graphene-based materials have been one of the fascinating
applications in electrochemical sensors and biosensors, which
provide an effective sensing platform for small biomolecules
(Wang et al., in press). Usually, working with modified forms of
graphene begins with chemically oxidized graphene oxide (GO) in
sensor applications. GO based materials with tunable oxygen
functionalities on their basal planes facilitate the surface mod-
ification with other materials (Kumar et al., 2012).

The aim of this work is to fabricate a novel and stable graphene
oxide-based electrochemical biosensor for the discrimination of
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two enantiomeric forms of Trp. ITO electrode surface has been
firstly modified with APTES (ITO/APTES) then further with GO (ITO/
APTES/GO) and finally with HSA (ITO/APTES/GO/HSA). The electro-
chemical behaviors of D- and L-Trp at the ITO/APTES/GO/HSA
electrode have been analyzed by cyclic voltammetry (CV). The
voltammetric results indicate that two enantiomers of Trp can be
easily and remarkably discriminated by the ITO/APTES/GO/HSA
electrode. In addition, the enantiomeric percentage of D- and L- Trp
has been successfully determined. The results show that the ITO/
APTES/GO/HSA can be used as an effective tool to discriminate Trp
in electrochemical biosensor applications. While there are some
reports on the electrochemical detection of Trp (Jiang et al., 2010;
Raoof et al., 2009; Prabhu et al., 2011), to the best of our knowledge
there is no prior report on the electrochemical detection and, in
particular, the enantioselective discrimination of L- and D-Trp by CV
technique.
2. Experimental

Full chemical and apparatus details and analytical data can be
found in the Supporting Information (SI).

2.1. Preparation of graphene oxide

Graphene oxide (GO) was synthesized from graphite powder
by the improved method (Marcano et al., 2010), which has
significant advantages over Hummers’ method (Hummers and
Offeman, 1958), with an additional preoxidation process. The
synthesis procedure and the resulting XRD pattern (Fig. SI1) were
given in SI.

2.2. Preparation of modified electrodes

ITO electrodes were precleaned with acetone, ethanol and a
copious amount of deionized water. The electrodes were then
treated in a solution of H2O2/NH4OH/H2O (1:1:5) for 30 min at
60 1C to obtain hydroxylated active ITO surface. The activated ITO
glass plates were immersed 2.0% APTES solution prepared in
toluene at 70 1C for 48 h (Kim et al., 2004). The ITO/APTES
electrodes were then rinsed with toluene (3 times) to remove
non-bonded silane molecules from the glass surface and dried
under N2. After rinsing with ethanol and drying under N2 atmo-
sphere, the APTES-modified ITO electrodes were immersed in a
suspension of GO (0.2 mg/mL) for 5 h to obtain APTES/GO-
modified ITO electrode surface. After rinsing with ultra-pure
water and drying under N2 atmosphere the electrodes obtained
were immersed in a phosphate buffer containing HSA (10 mg/mL,
pH 7.4) for 12 h at about þ4 1C in order to prepare the APTES/GO/
HSA-modified ITO electrodes. The APTES/GO/HSA-modified ITO
electrodes were then washed with ultra-pure water and dried
under N2 before use. The ITO/APTES/GO/HSA electrode was stored
in a phosphate buffer at about þ4 1C in a closed vessel when not
in use.
3. Results and discussion

3.1. Electrochemical characterization of modified electrodes

by CV and EIS

As shown in Fig. 1, a peak-to-peak potential difference (DEp)
and peak-to-peak current difference (DIp) of the ½FeðCNÞ6

�3=�4
�

redox couple show the changes at each step of the surface
modification of ITO. The bare ITO shows a quasi-reversible
electrochemical response for the ½FeðCNÞ6

�3=�4
� redox couple with
DEp of 285 mV and DIp of 0.48 mA. The modification of ITO
surface with APTES presents an increased DIp of 0.63 mA and a
decreased DEp of 235 mV. This result is attributed that a posi-
tively charged amino group of the APTES molecule which get
protonated (NH3

þ) in aqueous solution attracts the negative
charge of ½FeðCNÞ6

�3=�4
�, causing an easy electron transfer reaction

on the electrode surface (Haak et al., 2010). Cyclic voltammogram
of ITO/APTES/GO electrode shows similar peak-to-peak potential
separation to that of ITO/APTES (DEp¼232 mV) but DIp value of
ITO/APTES electrode decreases from 0.63 mA to 0.37 mA after GO
modification. As reported previously, the reason is explained that
GO is negatively charged in solution due to the ionized functional
groups such as epoxy, hydroxyl and carboxyl which generate a
repulsive interaction with anionic redox probe ½FeðCNÞ6

�3=�4
�

(Wang et al., 2009). Further, HSA modification on ITO/APTES/GO
electrode surface gives rise to a significant change on the
electrochemical behavior of the ½FeðCNÞ6

�3=�4
� couple, leading to

strongly increased DEp of 380 mV and decreased DIp value of
0.19 mA. HSA molecule, which is modified on the ITO/APTES/GO
electrode through the hydrophobic or electrostatic/hydrogen
bonding interactions between GO and HSA, causes the blockage
of the electrode surface for oxidation/reduction of the redox
probe (½FeðCNÞ6

�3=�4
�) (Heli et al., 2007).

The impedance values are fitted to standard Randle’s equiva-
lent circuit (Fig. SI2) which comprises the Ohmic resistance of the
electrolyte solution (Rs), surface double-layer capacitance (Cdl),
Warburg impedance (Zw) and charge transfer resistance (Rct) as
shown in the inset of Fig. 1 (see also Fig. SI3). The bare ITO
electrode shows a low frequency straight line with a semicircle
portion at high frequency region with charge transfer resistance
(Rct) of 183 O. The functionalization of ITO surface with APTES
gives rise to an almost straight line in the impedance plot which is
the characteristic of a diffusion-controlled process for the
½FeðCNÞ6

�3=�4
� electron transfer reaction. In this case, the Rct value

is dramatically reduced to 38 O, pointing out an easy electron
transfer to the electrode surface (Ahuja et al., 2010). The mod-
ification of GO on the ITO/APTES electrode results in an increase
of Rct value to 200 O which is close to that of bare ITO electrode
indicating that GO modification leads to a small interfacial
electron transfer resistance. Indeed, the present data corroborate
the work of Wang et al. who studied the detection of DNA with
reduced graphene oxide-coated APTES modified glassy carbon
electrode (GCE-APTES-rGO) (Wang et al., 2011). The subsequent
modification of HSA on the ITO/APTES/GO electrode leads to a
considerable increase of the Rct value to 1961 O which indicates
the blocking effect of the HSA layer.

3.2. Surface characterization of modified electrodes by SEM

The surface morphology of electrodes was elucidated through
the use of SEM. The bare ITO simply shows a smooth surface
(Fig. 2a). On the other hand, the SEM image of ITO/APTES/GO
electrode shows island-like morphology (see Fig. 2b). The mod-
ification of HSA molecule on ITO/APTES/GO electrode results in a
well coverage of the HSA molecules on the surface as illustrated in
Fig. 2c.

3.3. Enantioselective discrimination of D-and L-Trp at ITO/APTES/GO/

HSA electrode

A potential response through the enantioselective discrimina-
tion of L- and D-Trp has been investigated by CV for each
modification step of the bare ITO electrode. The bare ITO shows
a polarization window (Fig. SI4) from �0.80 to 0.87 V. Each step
of the ITO surface modification leads to extended polarization
window. The bare ITO, ITO/APTES electrodes did not show any



Fig. 1. Cyclic voltammograms obtained 1 mM [Fe(CN)6
�3/�4] redox probe in PBS pH 7.01 at a potential scan rate of 0.1 V s�1 for the bare ITO (red line), ITO/APTES (blue

line), ITO/APTES/GO (green line), ITO/APTES/GO/HSA (black line) electrodes. Inset: impedance plots (Nyquist plots) obtained for the bare ITO electrode (red circle), ITO/

APTES (blue square), ITO/APTES/GO (green hollow circle), ITO/APTES/GO/HSA (black triangle) electrodes. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 2. SEM micrographs of (a) ITO (b) ITO/APTES/GO and (c) ITO/APTES/GO/HSA electrodes.
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potential response for the Trp enantiomers within the available
polarization window (Figs. SI4-SI5). The ITO/APTES/GO electrode
shows only one oxidation peak of about 1.00 V for each enantio-
mer (D- and L-Trp), indicating no separation of the enantiomeric
pairs (Fig. SI6).

The response of an electrochemical sensor in discrimination of
enantiomeric pairs can be achieved by the selection of a chiral
selector incorporated to the electrode surface on which the
interaction of the selector with the analyte is detected. Herein,
the discrimination of Trp enantiomers has been studied using HSA
which is a well known chiral selector for Trp (Matsunaga et al.,
2008). As it can be seen clearly in Fig. 3a, when HSA is modified
on ITO/APTES/GO electrode surface, D- and L-Trp enantiomers
exhibit well-defined irreversible oxidation peaks at different
potential values of 0.86 and 1.26 V, respectively. It has been
reported previously that L-Trp interacts more strongly with HSA
(Matsunaga et al., 2008). For this reason, the oxidation of L-Trp
occurs at more positive potential value. In addition, the potential
shift of D-Trp oxidation to a lower value can be attributed to the
HSA which acts as a mediator facilitating the electron transfer for



Fig. 3. (a) Cyclic voltammograms of D-Trp (red line) and L-Trp (black line) (0.1 mM) at ITO/APTES/GO/HSA electrode (pH 7.4). Scan rate 0.05 V s�1. (b) Cyclic

voltammograms of increasing amount of L-Trp (0.10–1.0 mM) and D-Trp (0.10-1.0 mM) (inset) at ITO/APTES/GO/HSA electrode. Scan rate 0.05 V s�1. (c) Cyclic

voltammograms of enantiomeric mixtures of a concentration ratio of L- and D-Trp (1:0 (pink line), 2:1 (black line), 1:1 (green line), 1:2 (blue line) and 0:1 (red line),

c/c) at ITO/APTES/GO/HSA electrode. Inset: the linear calibration curve for the percentage of L-Trp versus peak potential value. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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oxidation of D-Trp. These results indicate that the ITO/APTES/GO/
HSA electrode discriminates the enantiomeric pairs of Trp. It can
be attributed to the graphene oxide layer immobilized on the
electrode surface that not only provides a large surface for
stabilization of HSA at the electrode surface but also separates
the analytical signal occurring at the end of the interaction
between HSA and D- or L-Trp. A clear separation between oxida-
tion potentials of enantiomeric pairs of Trp depicts that the ITO/
APTES/GO/HSA electrode can be used as an electrochemical
biosensor for discrimination of Trp enantiomers.

In order to gain an insight to the relationship between the
peak current and the concentration of Trp, additional CV mea-
surements were performed in the presence of different concen-
trations of D-and L-Trp. As shown in Fig. 3b, the oxidation peak
current of L-Trp is directly proportional to the concentration
increase of L-Trp in the range of 0.10–1.0 mM.

The oxidation peak current of D-Trp also linearly increases
with increasing D-Trp concentrations in the range of 0.10–1.0 mM
as shown in the inset of Fig. 3b. It is interesting to note that
although the D- and L-enantiomers show increase in the current,
the L-enantiomer gives higher current than the corresponding
D-enantiomer at the ITO/APTES/GO/HSA electrode. This can be
attributed to the enantioselective interaction between HSA and
Trp prevents one enantiomeric form of Trp that is stronger than
the other. This interpretation is in accordance with the fact that
L-Trp has a stronger affinity to HSA than D-Trp does (Matsunaga
et al., 2008). Due to Trp generally coexists in enantiomeric pairs in
biological fluids and they show similar electrochemical behaviors
at untreated carbon based electrodes, it is important to develop
a rapid and simple method for the discrimination of one
enantiomer in the presence of the other. In this manner, the
ITO/APTES/GO/HSA electrode has been used for the simultaneous
determination of D- and L-Trp.

Fig. 3c shows cyclic voltammograms of enantiomeric mixtures
of Trp at different ratios of L- and D-Trp (1:0, 2:1, 1:1, 1:2 and 0:1,
c/c). The oxidation potential of L-Trp shifts to the oxidation
potential value of D-Trp along with the increasing amount of
D-Trp. In addition, the oxidation of 1:1 (c/c) enantiomer mixture
occurs approximately at 1.02 V. This potential value is mean of
the oxidations of D- and L-Trp enantiomers indicating clearly that
there is a racemic mixture in the medium. In this view, a linear
calibration curve for the percentage of L-Trp is presented in the
inset of Fig. 3c. This result indicates that the ITO/APTES/GO/HSA
electrode gives an opportunity for not only enantiomeric discri-
mination of Trp pairs but also provides the determination of
percentage of one enantiomer in a medium.

The stability of ITO/APTES/GO/HSA electrode was also evalu-
ated by measuring the voltammetric current response of constant
Trp concentration (0.1 mM) over a period of 10 days. It was
observed that during the first 5 days the current response almost
remained unchanged and showed a decrease in current density
about 5% of its initial value at the end of the next 5 days.
4. Conclusion

The ITO/APTES/GO/HSA has been fabricated for discrimination
of Trp enantiomers. The modified electrode is characterized by
SEM, EIS and CV. The electrochemical discrimination of trypto-
phan enantiomers has been achieved. The graphene oxide layer
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immobilized on the electrode surface has been expected not only
for providing a large surface for stabilization of HSA at the
electrode surface but also for separating the analytical signal
occurring at the end of the interaction between HSA and D- or
L-Trp. To the best of our knowledge, it is the first time to achieve
chiral discrimination of tryptophan enantiomers electrochemi-
cally. When measurements applied to analyze D- and L-trypto-
phan mixture in a series of concentration, the percentage of an
enantiomeric form has been successfully determined suggesting
that this sensor can be used to analyze chiral mixtures. The ITO/
APTES/GO/HSA electrode is very simple, cheap and not time
consuming to produce and provide opportunity to make analysis
for discrimination of D- and L-tryptophan. As a result, this study is
expected to be a promising platform for discrimination of differ-
ent chiral analytes by employing other chiral selectors.
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