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Abstract

Functional carbon nanomaterials are significantly important for the development of
high performance sensitive and selective electrochemical biosensors. In this study, graphene
supported platinum nanoparticles (GNs/PtNPs) and nitrogen doped graphene supported
platinum nanoparticles (N-GNs/PtNPs) were synthesized by a simple chemical reduction
method and explored as high performance nanocatalysts supports as well as doped
nanocatalyst supports, toward electrochemical oxidation of homocysteine (HCY) for the first
the time. Our studies demonstrate that, N-doped graphene supported PtNPs showing higher
electrocatalytic activity of HCY with an experimental detection limit of 200 pM. Moreover,
N-doped graphene supported Pt demonstrated as an excellent selectivity in the
electrochemical oxidation of HCY i.e., the detection of HCY is successful in the presence of
20-fold excess of ascorbic acid (AA). The practical application of N-doped graphene
supported PtNPs material is effectively used for the determination of HCY in both human
blood serum and urine samples by differential pulse voltammetry under optimized conditions.
Our findings conclude that N-doped graphene supported PtNPs can be developed as an high

performance and versatile nano-electrocatalyst for electrochemical biosensor applications.

Keywords: Nitrogen doped graphene nanosheets, Pt nanoparticles, Electrochemical

biosensor, Homocysteine.
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1. Introduction

Graphene nanosheets (GNs), emerging as an amazing two-dimensional material have
shown their fascinating applications in catalysis, bioelectronics, and biosensing.'® Due to its
unique physical and chemical properties of graphene, such as higher surface area, tremendous
conductivity, easy functionalization and fabrication, provides an ideal support for electric and
electronic devices, and biosensors.”” Moreover, developing the electronic characteristics of
graphene to achieve unique properties has attracted great attention recently.'®"? Though, most
of these approaches have been aimed to producing graphene hybrids with synergy or multiple
functionalities. A little attention has been paid to the intrinsic modification of graphene for
the purpose of enhancing the graphene performance in bio-electrochemical systems."

Chemical doping carbon materials with hetero-atoms can effectively tune their
intrinsic properties including electronic characteristics, surface structures and local chemical
changes to the elemental composition of host materials.'* It has been also known that,
chemical doping is a leading potential strategy to enrich free charge-carrier densities and
enhance the thermal or electrical conductivities.'"” For instance, graphene is simultaneously

etched and its surface doped with oxidation by oxygen etching process.18 The theoretical

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

investigation of metal doped graphene has been predicted the possibility of a Fermi level shift
and a crossover from p-type to n-type.'” Among the numerous potential dopants, nitrogen is
considered to be an excellent element for chemical doping of carbon materials, because it is
of comparable atomic size and contains five valence electrons available to form strong
valence bonds with carbon atoms, and it has been widely used in the doping of carbon

20, 21

materials. Recent reports have been demonstrated that the nitrogen doping can

significantly increasing the electron activity, electron—donor properties and simultaneously
enhance their binding ability with guest molecules or materials, which may lead to new

properties in device applications.”' %
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It has been reported that, GNs has a relatively low-density of edge sites relative to its
abundant basal plane sites.”* > The GNs tend to stack together because of the strong inter-
sheet van der Waals interactions. The stacking of GNs would reduce their porosity, increase
the diffusion resistance of reactants/electrolytes, and reduce the number of exposed active
sites. Therefore, a careful molecular design of GNs is needed to enable its use as high
performance electrochemical biosensors and practical applications. Recently, nitrogen-doped
graphene nanosheets (N-GNs) have been explored through chemical vapour deposition, and
high temperature annealing methods.'* ** *” Compared to graphene nanosheets (GNs), N-
GNs have a large surface-active groups to volume ratio, excellent thermal stability and good
electrical and mechanical properties.” Recent studies suggested that this kind of material has
shown a high efficiency for lithium ion batteries and super-capacitors, and also has effective
electrocatalytic activity for the oxygen reduction reaction.”’?! On the other hand,
nanomaterials composed of mono- and bi-metals including Au, Ag, Pt and Pd have also
mainly directed the application in electrocatalysis.”> However, Lee and Wang co-workers
have shown that PtNPs-graphene nanocomposites as an excellent materials for
electrochemical bio-sensing of glucose and hydrogen peroxide.3 334 Ramaprabhu and co-
workers successfully used the nitrogen doped Pd nanoparticles decorated graphene
nanomaterial for renewable energy related application.” *

In this paper, we report a strategy to synthesize nitrogen doped graphene supported
platinum (N-GN/PtNPs) and graphene supported platinum (GNs-PtNPs) through a simple
treatment of graphene by ethylene glycol reduction and further explored the above
functionalized graphene as efficient nanomaterial for biosensing of homocysteine (HCY). We
discussed a simple approach for biosensing surface modification for selective determination
of HCY in the presence of AA and other important interfering molecules. Interestingly, the

oxidation potential of HCY at N-GN-PtNPs electrode shifted 210 mV less positively along
4
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with double times of current density enhancement compared to the GNs/PtNPs electrode. The
electrical communication between the platinum nanoparticles embedded in the nitrogen
doped GNs improved the electrocatalytic properties of the modified electrode toward HCY
detection. The N-GN-PtNPs electrode showed excellent sensitivity for HCY detection with
the experimental detection limit of 200 pM. The present N-GN-PtNPs electrode is very
simple to fabricate and is stable, sensitive, and reproducible. We further demonstrated the
determination of HCY in real samples such as human blood plasma and urine using N-doped

graphene supported PtNPs modified electrode.

2. Experimental section

2.1. Synthesis of graphene nanosheets (GNs): Graphene oxide sheets were
synthesized from expandible graphite flakes by a modified Hummers method.”’ Briefly,
expandible graphite (2.0 g) was combined with 50 mL concentrated sulfuric acid in a 250 mL
beaker under vigorous agitation at room temperature. Afterwards, sodium nitrate (2.0 g) and
potassium permanganate (6.0 g) were slowly poured into the beaker in a sequence. The above
mixture was heated at 35°C for 24 h and then 80 mL of distilled water was added into the

solution. 5 min later, 20 mL of 30% H,0O, was dropped into the reaction system. Finally, the

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

product was washed with HCI solution and then washed three times with water. The resulting
solid was dispersed in water by ultrasonication to make a GNs aqueous dispersion with the

concentration of about 4 mg mL.

2.2. Preparation of the nitrogen-doped graphene nanosheets (N-GNs). The
graphene nanosheets with high nitrogen content were synthesized through a one-pot process
using urea as the chemical dopant.®® Typically, 10 mL graphene nanosheets (~50 mg)
aqueous dispersion was diluted with 25 mL of deionized water, and then a given amount of

urea was added into the graphene nanosheets dispersion under sonication for 3 h. After that,

5


http://dx.doi.org/10.1039/c3tb20923g

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

Journal of Materials Chemistry B

Page 6 of 37

View Article Online
DOI: 10.1039/C3TB20923G

the solution was sealed in a 50 mL Teflon-lined autoclave and maintained at 160 °C for 6 h.
The solids (N-doped graphene nanosheets) were filtered and washed with distilled water
several times. Finally, the collected sample was drying in a vacuum oven at 60 °C and this
sample denoted as nitrogen doped graphene. The above procedure is simple and versatile than

the nitrogen doped graphene prepared from plasma treatment process.”

2.3. Preparation of nitrogen-doped graphene nanosheets supported PtNPs
nanocomposite (N-GNs/PtNPs). Several reports in the literature discussed about deposition
of Pt nanoparticles (PtNPs).**** In this work, the functionalization of PtNPs on the nitrogen
graphene nanosheets was carried out by a chemical co-reduction of Pt precursor salts along

with GNs in ethylene glycol (EG)-water solutions.* **

In brief, 100 mg nitrogen doped GNs
was added into 100 mL aqueous solution containing 0.02 mM H,PtCle, and then the mixture
was ultrasonically treated for 1.5 h to form a stable colloid. Sequentially, 40 mL of EG was
injected into the mixture with magnetic stirring for 1 h and then the mixture was kept at 120
°C for 6 h under magnetic stirring. The final N-GNs/PtNPs composite was collected by
filtration, washed with deionized water, and dried in a vacuum desiccator. Our synthetic
approach is simpler than the recently Xiong et.al., reported nitrogen doped into the graphene

supported Pt nanoparticles.* Graphene nanosheets supported PtNPs (GNs/PtNPs) were

prepared by using the same procedure for the comparison purpose.

2.4. Characterization methods. The microstructure and morphology of the products
were investigated by field emission scanning electron microscopy (FESEM, JEOL JSM
6301F) with an acceleration voltage of 5 kV, and high resolution transmission electron
microscopy (TEM, JEOL JEM-2010) with an acceleration voltage of 200 kV measurements,
respectively. X-ray diffraction (XRD) patterns were obtained on a Rigaku D/max-IIIB

diffractometer using Cu-Ka (1 = 1.5406A) at step scan 0.020, from 5 to 800. The accelerating
6
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voltage and the applied current were 40 kV and 20 mA. X-ray photoelectron spectroscopy
(XPS) analysis was performed on a VG ESCALAB MK II with an MgKa (1253.6 eV)
achromatic X-ray source. Electrochemical measurements were performed in a conventional
two compartment three electrode cell with a mirror polished 3 mm glassy carbon (GC) as the
working electrode, Pt wire as the counter electrode and a NaCl saturated Ag/AgCl as the
reference electrode. The electrochemical measurements were carried out with a CHI Model
660C (Austin, TX, USA) electrochemical workstation. In cyclic voltammetry, the
electrochemical oxidations of AA and HCY were carried out at a scan rate 50 mV s™'. Pulse
width = 0.05 s, amplitude = 0.05 V, sample period = 0.02 s and pulse period = 0.20 s were
used in differential pulse voltammetry (DPV). For chronoamperometric measurements,
sample interval = 0.1 s and potential step = 0.60 mV were used. All the electrochemical

measurements were carried out under a nitrogen atmosphere at room temperature (~27 °C).

3. Results and discussion
3.1. Morphological characterization of GNs/PtNPs and N-GNs/PtNPs
nanocomposites. To control the size and dispersion of Pt nanoparticles on graphene is very

important for their application in fuel cells and biosensors.** *’ In our studies, we prepared

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

the PtNPs with uniform size and good distribution on graphene nanosheets by controlling the
chemical reduction pathway in an aqueous solution. The surface morphology of the
nanocomposite was examined by TEM and FE-SEM, XPS and XRD measurements. It can be
seen that, Pt/GNs were transparent with voile-like structure corresponding to the planar
graphene nanosheets. (Fig. 1A). Further, the FE-SEM image of GNs/PtNPs (Fig. 1A) shows
that Pt nanoparticles were spherically shaped, highly dispersed and uniformly distributed on
GNs. The low magnification TEM image of GNs/PtNPs (Fig. 1B) shows that Pt nanoparticles

were uniformly dispersed over graphene nanosheets with good dispersion. The Pt
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nanoparticles were appeared as dots on the graphene nanosheets (bright and dark dots in FE-
SEM and TEM images respectively). The distance between the particles was uniform, and the
existence of close-packed nanoelectrodes was clearly observed in the TEM image, and now it
can be ascribed to the surface functional groups of GNs. We considered 300 nanoparticles for
determined by measuring the size of isolated particles, it has been found that the spherical Pt
nanoparticles have a narrow size dispersion 8+0.5 nm. It has also been know that, the surface
functional groups such as carboxyl, hydroxyl and carbonyl serve as anchoring sites for the
metal nanoparticles. Moreover, the oxygen functionalities especially the carboxylic acid can
provide an active sites for the nucleation and growth of metal nanoparticles.*®* On the other
hand, FE-SEM and TEM images of N-GNs/PtNPs (Fig. 1C, D) consist of randomly crumpled
sheets closely associated with each other and forming a disordered solid, which might be
attributed to the defective structure formed upon exfoliation and the presence of foreign
nitrogen atoms (arrow marks). The GNs morphology were well maintained and clearly
observed in TEM image after nitrogen doping, indicating that the features of high
surface/volume ratio and the two-dimensional structure of GNs. It is clearly evidenced that
nanoparticles on the surface of GNs do not undergo aggregation during nitrogen doping
process. The content of Pt nanoparticles into the nitrogen doped GNs hybrid material was
measured by ICP (SPS7700, Seiko) instruments and ion loading was calculated as 0.063 mg
cm?. It has been known that, structure of N-Pt/GNs nanocomposite is a sandwich
nanostructure, the Pt nanoparticles not only loading on the surface but also in interlayer, so
the statistics of the size distribution of wholeness Pt nanoparticles could not be calculated. On
the surface of N-GNs/PtNPs, the Pt nanoparticles existed same size distribution (8+£0.5 nm
diameter) with the coverage of 92.5%. The prepared N-GNs/PtNPs sheets have a thickness of

about ~1.8 nm with the lateral size ranging from nanometers to several hundred micrometers.
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A pictorial representation showing the possible N locations in the N-GNs/PtNPs

nanocomposites (Scheme 1).

3.2. Structural characterization of N-GNs/PtNPs nanocomposites. X-ray
photoelectron spectroscopy (XPS) is a powerful tool to identify the elements’ states in bulk
material.”’ By the analysis of binding energy (BE) values, we have confirmed the nature of
nitrogen doping in GNs/PtNPs nanosheets. Core-level high-resolution XPS spectra in the
Pt(4f), N1s and Cls binding energies were obtained on N-doped GNs/PtNPs nanosheets. Fig.
2 (a) presents the XPS signature of Pt (4f) doublet (4f;,, and 4fs/,) deconvoluted into a pair of
peaks with binding energies at 71.55 and 74.20 eV for Pt 417, and 4f5, were observed, which
corresponding to the reduced Pt(0) nanoparticles ensemble. Considering the electrostatic
balance, the presence of positively charged Pt ions suggests that there should be a dynamic
electron transfer from the Pt nanoparticles to the underlying GNs in the GNs/PtNPs
nanohybrids, leading to net negative charges of the GNs. Such an electron transfer from the
nanoparticles to graphene is recently confirmed by both theoretical calculation and
experimental observation.”' Furthermore, there is a 0.4 eV positive shift of XPS peak of Pt(0)

nanoparticles (71.5 eV) compared with bulk Pt (71.1 eV).”*>° This shift in the binding energy

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

is typical for very small metal NPs on a variety of support materials, and is generally
attributed to reduced core-hole screening in metal nanoparticles/clusters. This result
highlights that the electronic properties of the Pt nanoparticles ensemble is significantly

different from bulk materials and bigger PtNPs,”

and such size-dependent alteration of
electronic structures likely leads to the unusual electrocatalytic properties. Fig. 2(b) depicts
the core level XPS spectra of Cls, which shows the main peak at 284.4 eV corresponds to sp
Cls. The small peaks observed at 285.5 eV and 287.1 eV, which are corresponding to the

formation of N-sp> C and N-sp® C bonds, respectively and this would originating from the
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substitution of N atom, defects or the edge of the graphene sheets.”®

It has been reported
that the pristine graphene, the N 1s peak is absent, while in the N-doped graphene, N s peak
was observed in three components (Fig.2¢c), indicating that N atoms were in three different
bonding characters inserted into the graphene nanosheets. The two peaks observed at 398.37,
400.76 eV correspond to the “pyridinic” and “pyrrolic” N-atom, respectively, they refer to the
N atoms which were located in a m conjugated system and contribute to the & system with one
or two p-electrons, respectively.’® ®* ®" Moreover, it has been reported that the pyridinic-N,
the nitrogen atom contributes one p-electron to the aromatic p-system and has a lone electron
pair in the plane of the ring; as for pyrrolic-N, the nitrogen atom contributes two p-electrons
to the p-system, and a hydrogen atom is bound in the plane of the ring, to supporting the

graphene skeleton nanosheets.’®

Furthermore, a peak at 401.58 eV corresponds to
“graphitic” N, which refers to the N atoms replacing the C atoms inside of the graphene
layers.®’ Among the nitrogen doping phases (N1, N2 and N3), nitrogen was dominantly
doped in graphene in the form of pyrrolic-N, which preferred to be doped at the edge of
graphene in the presence of metal nanoparticles.”® The nitrogen content within the sample has
been calculated from the XPS results and it was approximately 9.5 at.%. In addition, from the

XPS analysis it was observed that the contents of pyridinic and graphitic nitrogen atoms are

more within the GNs/PtNPs nanosheets.

3.3. X-ray diffraction analysis of N-GNs/PtNPs nanocomposites. Fig. 3 shows the
XRD pattern of N-GNs/PtNPs and GNs/PtNPs nanocomposites. The reduced graphene (GNs)
showed a broad diffraction peak observed at 27.2° in Fig. 2 (Inset) corresponds to the (002)
plane of graphitic carbon, indicates that the presence of reduced graphene in the as prepared
nanocomposites. This broadening of the diffraction peak suggests the lack of long-range

ordered signature of graphene-based nanocomposites. The largely reduced (002) interlayer

10
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spacing of 0.35 nm in comparison with 0.79 nm of the graphene oxide (GO) revealed that
most of the oxygen functional groups intercalated into the interlayer spacing of graphite had
been removed during this reduction process. It has been know that GO showed a sharp
diffraction peak at 20=11.2°, suggesting the complete exfoliation of graphite.®> Diminution in
the interplanar spacing of reduced GO as compared to GO is due to removal of the
intercalated water molecules and the oxide groups that allow graphene nanosheets to be
tightly packed.®* A relatively lower intensity peak that occurs at 43° (2.09 A°) corresponds to
(001) plane of reduced GO.%* The number of layers (four) of the RGO has been obtained
using the Debye—Scherrer equation.®>’

t = 0.9A0/B02c080002 (1)

n = t/doo> (i)
where t is thickness; S, is full width at half maximum (FWHM) corresponding to (002)
plane; n is the number of graphene layers and dy, is interlayer spacing. Fig. 3 (a) shows the
diffraction peaks at 39.6° 46.9°, 67.3°, 80.8° and 82.9° are related to (111), (200), (220), (311)

and (222) planes of face-centered-cubic (fcc) Pt (JCPDS 04-0601), confirming that Pt

precursor has been successfully reduced to Pt nanoparticles during the course of chemical

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

reduction. The peak corresponding to the (111) plane is more intense than the others,
indicating that the (111) plane is the dominating orientation. The average crystallite size for
the Pt nanoparticles is calculated from broadening of the (111) diffraction peak using
modified form of Scherrer equation.”>®’

d = 0.9A/B12c0s0 (iii)
where d is the average particle size (nm), A is the wavelength of the X-ray used

(1.54056 A), 0 is the angle at the maximum of the peak (rad), and By, is the width of the peak

at half height in radians. The calculated average size of Pt nanoparticles on graphene is 9+0.5

11
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nm, which is in closely matched with that obtained from FE-SEM and TEM images.
Moreover, a broad peak at 26=27.5° is due to the (002) plane of the hexagonal structure of the
graphene support, indicated that the nature of GNs doesn't alter after PtNPs functionalization.
The XRD diffractogram of N-GNs/PtNPs is similar to that of GNs/PtNPs (Fig. 3b). For N-
GNs/PtNPs, the interlayer spacing is about 3.41 A, which is little bigger than that of reduced
GNs (3.36 A), may be due to the defects resulted from nitrogen doping. However, N-doping

treatment process can not affect the layers of GNs.

3.4. Electrochemical oxidation of HCY at N-GNs/PtNPs nanocomposites electrode.
HCY is an important amino acid, which doesn't found directly in the diet but formed during
methionine metabolism.®® It has been documented that, HCY concentration in the blood
plasma is approximately 5-16 pmol L, and higher concentrations of HCY give rise to
hyperhomocysteinemia (<100 pmol L) or homocystinuria (~500 pmol L™).°® It has been
known that, hyperhomocysteinemia is associated together with folate and cobalamine
deficiencies, and also it leads to the early pregnancy loss, mental disorder and tumors.”
Further, a moderate increase in HCY concentration is associated with an increase risk of
coronary artery and cerebrovascular diseases’ including atherosclerosis and thrombosis.”"
Further, ascorbic acid (AA) is always co-exists with HCY in our body fluids and further its
concentration is very much higher when compared to HCY concentration. Since these
biomolecules coexist in human fluids, their simultaneous determination is essential to secure
the human health from the above critical diseases risk. Therefore, highly selective and
sensitive determination of HCY is very important from the clinical and health viewpoints.

We have examined the electrocatalytic activity of N-GNs/PtNPs GC, GNs/PtNPs GC,

GNs GC and unmodified GC electrodes towards the oxidation of HCY. We found that the N-

GNs/PtNPs GC modified GC electrode showed higher electrocatalytic activity towards HCY

12
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and AA than the other modified and unmodified GC electrodes. Fig. 4A shows the cyclic
voltammograms (CVs) obtained for 0.2 mM HCY at N-GNs/PtNPs GC, GNs/PtNPs GC,
GNs GC and bare GC electrodes in a 0.20 M phosphate buffer (PB) solution (pH=7.2). Bare
GCE does not show any response for HCY in the potential window of -0.40 to 1.00 V (curve
a), while the GNs modified electrode showed an oxidation wave for HCY at 0.63 V (curve b).
Notably, the incorporation of PtNPs into GNs (GNs/PtNPs) have significantly increasing the
oxidation current of HCY at the same potential (0.63 V; curve c). Interestingly, N-GNs/PtNPs
modified GC electrode showed 210 mV less positive potential shift (i.e., oxidized 0.42 V) at
and ~3-fold higher oxidation current for HCY (curve d) when compared to GNs/PtNPs
modified electrode prepared under identical conditions (curve c). The observed oxidation
potential (0.42 V) is comparably less positive oxidation potential compared to the previously
reported polymer, polymer—nanoparticles and other chemically modified electrodes
(references are listed in the supporting information). For a comparison, we performed
oxidation of HCY by using N-GNs modified electrode (curve f) and observed that the
oxidation potential of HCY shifted ~160 mV less positive potential; however the oxidation

current density is increased in small amount compared to GNs/PtNPs. Thus the N-GNs/PtNPs

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

composite nanomaterial is very important for developing an electrochemical HCY biosensor.
The N-GNs/PtNPs electrode exhibited an enhanced electrocatalytic response of HCY mainly
due to the following reasons. The incorporation of nitrogen into carbon materials, especially
in the form of pyridinium moieties,” is critical for the enhancement of the electrocatalytic
activity. Because the nitrogen atoms doped in graphene was formed dominative pyridinic N
and pyrrolic N, in the nanocomposites. In addition, the nitrogen atom is inserted into the
graphite plane, bonded to three carbon atoms and formed quaternary N, which referred as
“graphitic nitrogen” (G-N).* As has been reported, nitrogen doping introduces atomic charge

density and asymmetry in the spin density on the graphene network that facilitates the charge

13
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transfer from the carbon support to the adsorbing molecules. Under near-physiological
conditions (pH=7.2), HCY has an amino group -NH;" and a carboxyl group -CO,." ™ At
this point, the electrostatic interaction between negatively charged -CO; of HCY and
positively charged pyridinium moieties of N-doped GNs/PtNPs showed higher oxidation
current for HCY. It has been also implying that, the incorporated nitrogen atoms can enhance
the interaction between carbon structure and metals, thus the kinetics of HCY diffusion and
bio-sensing efficiency can be improved. Moreover, PtNPs have large specific active surface
area and can act as tiny conducting centers, which was distributed throughout the GNs
network and formed a continuous assembly of PtNPs on the surface, resulting that decrease
the energy barrier, facilitate electron transfer, and improve biosensor response. It has been
known that the thiol -(SH) and amino group (-NH3") in HCY molecule have had the higher
affinity on PtNPs in the nanocomposite through the Pt-S and interparticle binding through
electrostatic interactions between amino groups, which access the more amount of
biomolecule HCY on PtNPs surface by three-dimensional assembly (Scheme 2), as compared
to the two-dimensional substrate. To understand the fast electron transfer reaction of HCY at
N-GNs/PtNPs  modified electrode quantitatively, we have calculated the standard
heterogeneous rate constant (ks) for HCY at N-GNs/PtNPs and other electrodes. The HCY
oxidation is irreversible process and hence we have used Velasco equation (iv)” to calculate

the heterogeneous rate constant (k;):
ks=1.11D,"* (E, - Ep1) > 0" oo (iv)

where k is standard heterogeneous rate constant; D, is apparent diffusion coefficient; E,, is
oxidation peak potential; E, is half-wave oxidation peak potential and v is the scan rate. In
order to determine the k, it is essential to find the diffusion coefficient values for HCY. The

D, value was determined by a single step potential chronoamperometry method based on the
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Cottrell slope obtained’® by plotting current versus 1/Ntime. The chronoamperometry
measurements were performed for HCY at GNs, GNs/PtNPs and N-GNs/PtNPs modified
electrodes after 20 potential cycles and obtained D, values were of 2.85x107° c¢cm® s ',
4.96x10° cm’ s and 8.12x10° cm” s~ for GNs, GNs/PtNPs and N-GNs/PtNPs modified
GC celectrodes, respectively. The estimated & values for the oxidation of HCY at GNs,
GNs/PtNPs and N-GNs/PtNPs modified GC electrodes were found to be 1.84><10_3,
3.27x107 and 8.74x10° cms ', respectively. Since the bare GC electrode was failed to
oxidize the HCY and thus the & value was not obtained for bare GC electrode . The obtained
higher k value for HCY at N-GNs/PtNPs modified electrode indicated that the oxidation of
HCY was faster at N-GNs/PtNPs modified electrode than the GNs/PtNPs, GNs and bare GC
electrodes. Further, we have recorded linear sweep voltammograms (LSVs) at different scan
rates to know whether the oxidation of HCY at N-GNs/PtNPs modified electrode is due to
diffusion control or adsorption. The oxidation peak current of HCY increased while
increasing the scan rate (Fig. 4B). A good linearity between the anodic peak current and the

square root of the scan rate with a correlation coefficient of 0.9910 was obtained within the

range of 25-250 mVs . This indicated that the electrode reaction of HCY was under

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

diffusion controlled process.

3.5. Simultaneous determination of HCY and AA. 1t is essential to determine HCY
in the presence of AA because it is one of the main interferents for the determination of HCY.
The CVs obtained for a mixture of 0.2 mM each HCY and AA at bare GC, GNs, GNs/PtNPs
and N-GNs/PtNPs modified electrodes in 0.2 M PB solution (pH=7.20) were shown in Fig. 5.
The bare GC electrode fails to separate the voltammetric signals of AA and HCY as
evidenced from the mixed voltammetric wave around 0.27 V (curve a). However, GNs

modified electrode resolves the oxidation peaks of HCY and AA at 0.65 and 0.05 V with a

15
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potential difference of 600 mV (curve b). Then, the incorporation of PtNPs into GNs have
significantly increasing the oxidation current of both HCY and AA (curve c) at same
potential. Interestingly, N-GNs/PtNPs modified electrode oxidizes HCY and AA at 0.50 and
-0.12 V, respectively. It has been explain that the N-GNs/PtNPs modified electrode showed
nearly 3-fold-enhancement in the oxidation current of HCY and AA, and significantly
reduced the oxidation over potential is about ~160 mV than GNs/PtNPs modified electrode.
In addition, the oxidation peaks of both HCY and AA were highly stable even after 20 cycles
as evidenced in curve e. The N-GNs/PtNPs modified electrode did not show any
voltammetric response in the absence of HCY and AA (curve f). Further, this N-GNs/PtNPs
modified electrode showed a very large peak separation (620 mV) between AA and HCY at
physiological pH. Usually higher concentration of AA co-exists with HCY in our body fluids,
therefore it is highly essential to determine HCY in the presence of higher concentration of
AA. The differential pulse voltammograms (DPVs) obtained for the oxidation of 10 uM
HCY in the presence of 0.2 mM AA is shown in Fig. 6. A clear voltammetric signal was
observed for HCY even in the presence of 20-fold excess of AA (curve b). Addition of each
10 uM HCY to 0.2 mM AA in PB solution increases the current due to the oxidation of HCY
while the peak current due to AA was unchanged. The observed results indicate that N-
GNs/PtNPs modified electrode is more sensitive towards the oxidation HCY even in the
presence of higher concentration of AA (20-fold excess). The oxidation peak currents of
HCY linearly increased in each 10 pM addition of HCY with a correlation coefficient of
0.9951. On the other hand, we have tested the same experiment for GNs/PtNPs modified
electrode and it doesn't show enhanced signal for HCY in presence of AA (Supporting

Information ESI Fig. S1).
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3.6. Amperometric determination of HCY. The sensitivity of N-GNs/PtNPs modified
electrode to HCY was analyzed by using constant potential amperometry under steady state
conditions. Fig. 7A depicts the amperometric i— curve obtained for the oxidation of HCY at
the N-GNs/PtNPs modified electrode in a constantly stirred 0.2 M PB solution at an applied
potential of +0.60 V. An initial steady-state amperometric current response was observed due
to the addition of 2 nM HCY, and then the addition of 2 nM HCY in each step with a sample
interval of 50 s, the current response linearly increases and a steady state current response
was obtained within 2 s which indicates a fast electron-transfer process at this electrode. We
found that 2.40 nA current was obtained for single addition of 2 nM HCY (1.35 nA/nM) at
N-GNs/PtNPs electrode. The observed stable amperometric current response with higher
sensitivity of HCY at N-GNs/PtNPs modified electrode indicated that this electrode can be
successfully used for the sensitive detection of 2 nM HCY. The amperometric current
responses increased linearly with HCY concentration from 2 to 24 nM (Fig. 7A; curve a) and
the calibration plot obtained for amperometric current responses versus various
concentrations of HCY is shown in inset of Fig. 7A. A good linearity was obtained with a

correlation coefficient of 0.9970 in the concentration range was used in Fig. 7. For

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

comparison, the sensitivity of GNs/PtNPs modified electrode towards HCY was examined by
amperometry and the sensitivity limit was found to be 0.6 nA/nM (Fig. 7 curve b). Moreover,
we have observed amperometric signals in picomolar concentrations of HCY, which is shown
in Fig. 7B. The N-GNs/PtNPs electrode was polarized at +0.60 V, and aliquots of HCY were
injected into a stirred electrolyte solution. A rapid increase in the current was noticed after
each addition of 200 pM HCY into the electrolyte solution, and a steady state response was
attained within 2 s. Thus the experimental detection limit of present N-GNs/PtNPs modified
electrode was calculated as 200 pM. The N-GNs/PtNPs electrode is highly sensitive, and the

amperometric response is very stable and offers a linear dependence over a wide range of
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HCY concentrations (~1 mM). The observed results indicate that N-GNs/PtNPs modified
electrode showed higher sensitivity than GNs/PtNPs modified electrode. It is worth to
compare the performance of the N-GNs/PtNPs modified electrode towards HCY with those
of recently reported polymer, polymer—nanoparticles and other chemically modified
electrodes. We summarized the limit of detections with relevant references in supporting
information Table S1. Our limit of detection is very low (200 pM), compared the reports
available in the literature based on electrochemical HCY biosensors. In our system, PtNPs
were embedded by three dimensionally on the surface nitrogen doped GNs leads to the
formation of more electroactive graphene layers and electrostatic interactions between HCY
and the three dimensionally formed N-GNs/PtNPs, which offers high performance platform

toward the detection of HCY.

3.7. Effect of interferents. We have studied the determination of HCY in the presence
of common interferents such as glucose, urea, uric acid, serotonin and oxalate by
amperometric method. The amperometric i—¢ curve obtained for HCY at N-GNs/PtNPs
modified electrode in the presence common interferents (Fig. 8) in a constantly stirred 0.2 M
PB solution (pH=7.2) at a constant applied potential of +0.60 V. The increased initial current
response was due to the addition of 2 nM HCY (a) and further addition of 2 nM HCY in each
step with a sample interval of 50 s, the current response increases and a steady state current
response was attained within 2 s (a, b, and c¢). After three steps (a, b, and c), the addition of 1
uM each glucose (d), urea (e) and uric acid (f) separately with a sample interval of 50 s to the
same 0.2 M PB solution (pH=7.2), no change in amperometric current response was
observed. However, again the addition of 2 nM HCY to the same solution (g, h, i and j), the
current response was again increased almost similar to steps a, b, and c. After four steps (g, h,

i and j), again the addition of 1 uM each serotonin (k), oxalate (1) and thiourea (m) separately
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with a sample interval of 50 s to the same 0.2 M PB solution (pH=7.2), similar amperometric
current response was observed (steps d-e). Finally, the addition of 2 nM HCY to the same
solution (n and o), the current response was again increased almost similar to the steps "a-c"
and "g-j". Similarly, the selectivity of HCY was also studied in the presence of some other
important bio-molecules (interferences) such as dopamine, epinephrine and L-dopa (Fig. S2
in Supporting Information); the N-GNs/PtNPs modified electrode was highly selective
toward the determination of HCY in presence of important bio-molecules. The observed
result indicates that N-GNs/PtNPs modified electrode can be successfully used for the
determination of 2 nM HCY even in the presence of 500-fold excess of several common

interferents.

3.8. Stability and reproducibility. The long-term storage and operational stability of
the electrode is essential for the continuous monitoring of HCY. The stability of the present
electrode was examined by using the same N-GNs/PtNPs modified electrode for 20 repetitive
measurements in a supporting electrolyte solution containing 0.2 mM HCY. The electrode

used in this measurement was kept in 0.2 M PB solution and was subjected to another 20

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

repetitive measurements after 12 and 24 h. We observed that no noticeable change in the peak
potential and peak current for the oxidation of HCY in both sets of experiments. The
coefficient of variation was calculated separately for the two sets of experiments and we
found that it remained the same (0.52 and 0.63%) in both sets. This shows that the electrode
is stable and does not undergo poisoning by the oxidation products, and can be used for the
repeated measurement of HCY. To further ascertain the operational stability of the present
electrode, voltammetric measurement in a supporting electrolyte solution containing 0.2 mM
HCY was performed with the N-GNs/PtNPs electrode and the peak current for the oxidation

of HCY was measured at regular intervals over a period of 25 h. As shown in Fig.9, the
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magnitude of the peak current did not change appreciably during the whole set of
experiments (25 h), demonstrating that the N-GNs/PtNPs electrode is very stable and retains
its sensitivity throughout the experiments. To check the long-term storage stability of the
present HCY sensor, the N-GNs/PtNPs modified electrode was kept in 0.2 M PB solution
(pH = 7.2) at room temperature. No appreciable decrease in the oxidation current response of
HCY was observed for 4 days, and the current decreased by only 2.8% after two weeks. To
ascertain the reproducibility of the results, two different GC electrodes were modified with
the N-GNs/PtNPs in the same way and each electrode response towards 0.2 mM HCY was
tested by 10 repeated measurements. The peak current obtained for the two independent
electrodes again showed an RSD of 0.8%, confirming that the results were highly

reproducible.

3.9. Determination of HCY in real sample analysis. The practical application of N-
GNs/PtNPs modified electrode for the determination of HCY in real samples was tested by
measuring the concentration of HCY in human blood serum and urine samples. The human
urine samples were diluted to 100-fold in 0.2 M PB solution without any other treatment,
which could reduce the matrix effect of real samples. The DPV obtained for N-GNs/PtNPs
modified electrode in 0.5 ml of the human blood serum sample in 9.5 ml of 0.2 M PB
solution is shown as line “a” in Fig. 10A. It shows a oxidation peak at 0.45 V, which is
attributed to the oxidation of HCY. To confirm the observed oxidation peak was due to HCY,
the sample was spiked with 20 uM commercial HCY and the resulting DPV is shown as line
“b” in Fig. 10A. An increase in the peak current confirmed that the oxidation peak at 0.45V
(line a) was due to the oxidation of HCY. The DPV experiment was done for four samples of
human serum samples and the results are given in Table S2. The recovery rates of the spiked

samples were 99.8, 99.8, 99.7 and 99.6% for the three samples of human blood serum (Table
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S2). In addition to human blood serum sample, the application of the electrode was extended
to the measurement of HCY in human urine sample. The curve “a” in Fig. 10B shows the
DPV obtained for 10 ml of diluted human urine sample in 0.2 M PB solution. A broad
oxidation peak was observed at 0.48 V, which is attributed to the oxidation of HCY. To
confirm the observed oxidation peak was due to the oxidation of HCY, the sample was spiked
with 20 uM commercial HCY and the resulting DPV is shown as curve “b” in Fig. 10B. An
increase in the peak current confirmed that the oxidation peak at 0.48V (curve b) was due to
the oxidation of HCY. The results obtained in the present study illustrate that the N-
GNs/PtNPs modified electrode is highly suitable for the determination of HCY in human

blood serum and urine samples.

4. Conclusions

We demonstrated the synthesis of nitrogen doped graphene supported PtNPs (N-
GNs/PtNPs) as graphene based nanocomposites for high performance electrocatalyst toward
electrochemical oxidation of homocysteine (HCY). Our investigation demonstrate that, N-
doped graphene supported PtNPs showed higher electrocatalytic catalytic activity of HCY

with an experimental detection limit of 200 pM. In addition, the N-doped graphene supported

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

PtNPs nanocomposites demonstrated as an excellent selectivity in the electrochemical
oxidation of HCY i.e., the detection of HCY is successful in the presence of ascorbic acid
(AA) and other important interferents. The practical application of N-GNs/PtNPs
nanocomposite was successfully used for the determination of HCY in both human blood
serum and urine samples by differential pulse voltammetry under optimized conditions. Our
findings conclude that N-GNs/PtNPs nanocomposite can be developed as an efficient and

versatile high performance electrocatalyst for electrochemical biosensor applications.
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Fig. 1 FE-SEM images of GNs/PtNPs (A), and nitrogen doped GNs/PtNPs (C). The

corresponding high resolution TEM images shown in (B) and (D) respectively. A
uniform dispersion of PtNPs on GNs support is clearly visible. The arrow marks
indicated that before and after nitrogen doping into the GNs/PtNPs nanocomposites.
The scale bar is 100 nm (a and c); 50 nm (b and d).
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Fig. 2 Core level XPS spectra of (a) Pt (4f), (b) Cls, and (c) Nls orbitals of nitrogen

doped GNs/PtNPs nanocomposites.


http://dx.doi.org/10.1039/c3tb20923g

Page 27 of 37

Published on 05 July 2013. Downloaded by University of South Carolina Libraries on 25/07/2013 16:35:48.

Journal of Materials Chemistry B

—_
-
-~
-
~

(002)

Intensity (a.u.)

(200)

Intensity (a.u.)

(002)

(101)

Graphene nanosheets

20

2 Theeta (Degree)

40

60

80
—_
N
I
o

20

40 | 60 |
2 Theeta (degree)

80

View Article Online
DOI: 10.1039/C3TB20923G

Fig. 3 XRD patterns of Pt/GNs (a) and N-GNs/PtNPs nanocomposites (b). Inset is

XRD pattern of graphene nanosheets.
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Fig. 4 (A) CVs obtained for 0.2 mM HCY at (a) bare GC, (b) GNs, (c) GNs/PtNPs
and (d) N-GNs/PtNPs modified GC electrodes in 0.2 M PB solution (pH=7.2 N-GNs)
at a scan rate of 50 mVs '. (e) CV of N-GNs/PtNPs modified GC electrode in the
absence of 0.2 mM HCY. (f) CV of N-GNs modified GC electrode toward the
oxidation of HCY. (B) Linear sweep voltammograms (LSVs) obtained for 0.2 mM
HCY at N-GNs/PtNPs modified electrode in 0.2 M PB solution at different scan rates:
(a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225 and (j) 250
mVs . The inset calibration plot is obtained for square root of the scan rate vs. anodic

oxidation current of HCY.
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Fig. 5 CVs obtained for a mixture of 0.2 mM each HCY and AA at (a) bare
GC, (b) GNs, (¢) GNs/PtNPs and N-GNs/PtNPs (d) modified GC electrodes in
0.2 M PB solution (pH=7.2) at a scan rate of 50 mV s'. Curve (e)
corresponding to the CV of N-GNs/PtNPs modified GC electrode after 20th

measurement and (f) is the CV of N-GNs/PtNPs modified GC electrode in the
absence of each 0.2 mM HCY and AA.
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Fig. 6 DPVs for the oxidation of HCY at N-GNs/PtNPs modified GC electrode
in different concentrations (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, and
(h) 70 uM in the presence of 0.2 mM of AA in 0.2 M PB solution. Pulse width
= 0.05 s, amplitude = 0.05 V, sample period = 0.02 s and pulse period = 0.2 s.

Inset: calibration plot is obtained for concentration of HCY vs. anodic

oxidation currents.
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Fig. 7 (A) Amperometric i—¢ curves for each addition of 2 nM HCY at N-GNs/PtNPs
(a) and GNs/PtNPs (b) modified GC electrodes in 0.2 M PB solution (pH=7.2) at a
regular time interval of 50 s. (B) The N-GNs/PtNPs electrode vs. 200 pM of HCY

into the stirred PB solution at regular time interval Of 50 s. The electrode was

polarized at +0.60 V. The inset shows corresponding calibration plot.
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Fig. 8 Amperometric i—¢ curve responses (at a constant working potential of +0.60 V
vs Ag/AgCl) obtained for 2 nM HCY (a, b and c) and 1 uM of glucose (d), urea (e)
and uric acid (f), then each addition was made for 2 nM HCY (g, h, i and j), further
step was the interference addition, 1 pM serotonin, oxalate and thiourea (k, 1 and m),
and then final addition was made for 2 nM HCY (n and o) at N-GNs/PtNPs modified
GC electrode in 0.2 M PB solution (pH=7.2) at a regular interval time of 50 s.
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Fig.9 Plot of current versus time for the oxidation of HCY (0.2 mM) at N-GNs/PtNPs
electrode in 0.2 M PB solution demonstrating the operational stability of the

electrode.
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Fig. 10 (A) DPVs obtained for (a) human blood serum and (b) after the addition of 20
uM commercial HCY to human blood serum at N-GNs/PtNPs modified electrode in
0.2 M PB solution. (B) DPVs obtained for (a) human urine and (b) after the addition
of 20 uM commercial HCY to human urine at N-GNs/PtNPs modified electrode in
0.2 M PB solution from 0 to 0.70 V. Pulse width = 0.05 s, amplitude = 0.05 V, sample

period = 0.02 s and pulse period =0.2 s.
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Scheme 1. Schematic of nitrogen-doped GNs/PtNPs depicting the nature of bonding

of nitrogen atoms in the graphene nanosheets.
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Scheme 2 Schematic representation of electrostatic and amino-Pt, thiol-Pt interactions

between N-GNs/PtNPs and HCY molecule.
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