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a b s t r a c t

Mono-dispersed 3,4,9,10-perylene tetracarboxylic acid (PTCA) functionalized graphene sheets (PTCA-

graphene) were fabricated by a chemical route and dispersed well in aqueous solution. PTCA-graphene

with plenty of –COOH groups as electrostatic absorbing sites were beneficial to the loading of

Cytochrome c (Cyt c). Cyt c, which was tightly immobilized on the PTCA-graphene modified glassy

carbon electrode, maintained its natural conformation. Direct electron transfer of Cyt c and the electro-

catalytic activity towards the reduction of H2O2 were also achieved. It has been substantiated that

PTCA-graphene is a preferable biocompatible matrix for Cyt c.

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

Cytochrome c (Cyt c), whose function is to receive electrons
from Cyt c reductase and deliver them to Cyt c oxidase, plays an
important role in the respiration chain. Just like other heme-
containing proteins, such as myoglobin and horseradish perox-
idase, Cyt c has the ability to electro-catalyze the reduction of
hydrogen peroxide (H2O2) [1]. It has been previously reported to
detect some other small molecules including nitrite salt [2], nitric
oxide [3], superoxide radical anion [4] etc. Furthermore, Cyt c can
be a powerful tool to make sensitive electrochemical biosensor
devices [5]. To realize this application, electrochemical research
on the electron transfer of Cyt c at electrode/solution interfaces is
indispensable. However, Proteins are huge molecules and the
electro-active centers are usually embedded deeply into the large
three dimensional structures of enzyme molecules [6]. It is
difficult for electrons to transfer from the redox center of protein
to the surface of the electrode. To efficiently achieve the direct
electron transfer (DET) of Cyt c and realize its potential applica-
tions for electrochemical biosensors, different kinds of nanoma-
terials have been employed as media or matrix, such as gold
nanoparticles (GNPs) [7,8], cobalt oxide nanoparticles [9], silicon
nanotubes [10], single-walled carbon nanotubes (SWNT) [11,12],
and multi-walled carbon nanotubes (MWNT) [13], etc. In fact, it
ll rights reserved.
has been investigated and concluded that these nanomaterials
acted as ‘‘tiny conducting wires’’ leading between the protein
center and the electrode.

Meanwhile, how to immobilize Cyt c to the electrode is another
key challenge to its application for electrochemical biosensors. The
importance of binding between protein and electrode as a prerequi-
site for electron transfer has been previously discussed [14]. In order
to conquer the unfavorable orientation of Cyt c at the surface of the
electrode and maintain its natural activity, researchers have tried to
find several effective approaches to immobilize Cyt c onto the surface
of the electrode [15–18]. The electrostatic interaction between Cyt c

and electrode surface plays a key role during the redox reaction of
Cyt c [19–22]. Cyt c with a high PI (410) is positively charged in
neutral conditions. Chen and coworkers mixed negatively charged
DNA with carbon nanotubes to perform a preferable matrix which
could strongly adsorb Cyt c [21]. Armstrong found that the electron
transfer rate of Cyt c on the edge which has higher surface O/C ratio
was 2-folds higher than that on the basal plane of pyrolytic graphite
[19]. Kasmi and coworkers have investigated the changes of the
electron transfer rates when –COO� terminated self-assembled
monolayer surface mixed with hydroxyl groups [16]. According to
these reports, introducing negatively charged –COOH groups to the
substrate might be an effective way to promote the loading of Cyt c

and facilitate the redox reaction of Cyt c.
Among different kinds of nanomaterials, graphene is an ideal

candidate to achieve the functions as ‘‘conducting wire’’ and serve
as good substrate simultaneously. Graphene has the unique
structure of single layer of carbon atoms in a closely packed
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honeycomb two-dimensional lattice. This structure helps gra-
phene expose itself completely to the analyte and provide more
active sites essential for the redox reaction. According to the
literature, graphene has a higher surface area which can afford a
higher loading capacity for enzyme comparing with carbon
nanotubes [23]. Meanwhile, its excellent conductivity can facil-
itate the electrons transfer from the biomolecules [24]. And its
biocompatibility was demonstrated by Chen and coworkers based
on the cell culture experiments [25]. These exceptional properties
of graphene provide it potential applicability in the applications
in electrochemical biosensors. Till now, researchers have devel-
oped the graphene-based glucose biosensor [26,27], H2O2 biosen-
sor [28,29], NADH biosensor [30], Cholesterol biosensor [31] etc.
However, the advantages of graphene are only associated with
individual sheets. Due to the high cohesive van der Waals energy
and strong p–p stacking, graphene sheets will agglomerate
irreversibly without any protections. Therefore, in order to obtain
graphene materials with good dispersibilities as well as excellent
properties, covalent modifications [32,33] or noncovalent func-
tionalizations [24,34,35] of graphene have been performed.

In this work, –COOH groups have been introduced to graphene
sheets by functionalization with 3,4,9,10-perylene tetracarboxylic
acid (PTCA) which contains a p-conjugated perylene ring and four
carboxyl groups. The composite has plenty of electrostatic inter-
action sites for the loading of Cyt c. Meanwhile it has the superb
dispersibility which can provide high conductivity and high
surface area. During the electrochemical investigations, a pair of
well-defined and symmetric redox peaks corresponding to the
oxidation and reduction of the iron in the heme group of Cyt c was
obtained at the PTCA-graphene modified glassy carbon electrode
(GCE). Cyt c on the modified electrode showed its native proper-
ties. It electrochemically catalyzed the reduction of H2O2. PTCA-
graphene was proved to be a preferable substrate and ‘‘conduct-
ing wire’’ simultaneously. It played an important role in the DET
between active center of Cyt c and electrode surface. The mono-
dispersibility and negative charge make this material a suitable
candidate for the substrate of other biosensors.
2. Materials and methods

2.1. Chemicals

Horse heart Cyt c (96%, Mw 12,384) and 3,4,9,10-perylenete-
tracarboxylic dianhydride (PTCDA,97%) were obtained from Sigma.
Graphite powders (spectral requirement) were purchased from
Shanghai chemicals, China. Hydrazine solution (50 wt%) was pur-
chased from Beijing Yili Chemicals, China. Ammonia solution
(28 wt%) and hydrogen peroxide solution (30 wt%) were obtained
from Beijing Chemicals, and a fresh solution of H2O2 was prepared
daily. Phosphate buffer solutions (PBS, 20 mM) with various pH
values were prepared by mixing stock standard solutions of
Na2HPO4 and NaH2PO4. Acetic acid-sodium acetate buffer solution
was prepared with stock standard solutions of HAc and NaAc.
Unless otherwise stated, reagents were of analytical grade and used
as received. All aqueous solutions were prepared with doubly
distilled water from a Millipore system (418 MO/cm).
2.2. Apparatus

UV–vis absorption spectra were recorded using a Cary 500 UV/vis/
near-IR spectrometer. Fourier transform infrared spectroscopy (FTIR)
was performed on a Bruker Vertex 70 spectrometer. Scanning
electron microscopy (SEM) pictures were imaged by a field emission
scanning electron microscopy (FE-SEM, XL30ESEM-FEG). AFM images
were obtained with a Digital Instruments nanoscope IIIa (Multimode,
Veeco), operating in tapping mode.

Cyclic voltammetry (CV) measurements were performed with
CHI 660A electrochemical workstation (CHI, USA). Electrochemi-
cal impedance spectroscopy (EIS) measurements were carried out
with Solartron 1255B Frequency Response Analyzer (Solartron
Inc., UK). All the electrochemical experiments were performed
using a conventional three electrode cell with bare or modified
GCE (d¼3 mm) as the working electrode, a Pt coil as the counter
electrode and Ag/AgCl (3 M KCl) as the reference electrode. Before
use, the GCE was mechanically polished with alumina slurries
(1, 0.3, 0.05 mm) to a mirror successfully, and sonicated in
ultrapure water for several times.

2.3. Electrochemical measurements

Unless otherwise stated, the electrolyte solution used for all
electrochemical experiments was a 0.02 M, pH 7.4 PBS. EIS measure-
ments were performed in the presence of 5 mM K3[Fe(CN)6]/
K4[Fe(CN)6] (1:1) and 0.1 M KCl by applying an alternating current
(AC) voltage with 5 mV amplitude in a frequency range from 0.1 Hz
to 10 kHz under open circuit potential conditions. Prior to electro-
chemical experiments, all the solutions were deaerated with high
purity nitrogen and maintained under nitrogen atmosphere during
measurements. All the electrochemical experiments were carried out
at room temperature.

2.4. PTCA-graphene fabrication

Functionalization of graphene with PTCA was conducted
according to our previous work [36,37]. First, graphene oxides
(GO) were synthesized from natural graphite powder by a
modified Hummers method which was originally presented by
Kovtyukhova and colleagues [38]. The PTCA solution was made by
hydrolyzing PTCDA in a minimal volume of 1.0 M sodium hydro-
xide [39]. Red depositions appeared in the yellow–green solution
and were collected by centrifugation and dried under vacuum at
room temperature. 21.2 mg graphene oxide and 5.2 mg PTCA
were dissolved in 20.0 mL water by ultrasonication, and then
stirred at 40 1C overnight. Subsequently, 26.8 mL hydrazine solu-
tion and 0.30 mL ammonia solution were added to the above
solution and the resulting mixture was held at 95 1C for 30 min
under vigorous agitation. The product was subsequently filtered
by a Nylon membrane with ca. 0.22 mm pores and thoroughly
washed with ultrapure water and dried under vacuum at room
temperature. As controlled experiment, pristine graphene was
obtained by the similar procedure without addition of PTCA to the
blank sample.

2.5. Preparation of modified electrode

Cyt c solution (10 mg/mL in PBS, 20 mM, pH 7.4) and PTCA-
graphene suspension (0.4 mg/mL) were mixed by the volume
ratio of 2:3 at the room temperature with constant stirring
for 5 min. Then 5 mL of the mixed solution was drop-cast on the
surface of the electrodes which were allowed to be dried at room
temperature.
3. Result and discussion

3.1. Characterizations of PTCA functionalized graphene

The preparation of PTCA-graphene is illustrated in Scheme 1.
The PTCA molecules carried –COOH groups and interacted with the
basal plane of graphene sheets by p–p stacking and hydrophobic



Scheme 1. Schematic representation of PTCA-graphene’s preparation and its immobilization with Cyt c.

Fig. 1. (A) FTIR spectra of PTCA (a), graphene (b), and PTCA-graphene (c). (B) UV–vis absorption spectra of GO (a), graphene (b), PTCA (c) and PTCA-graphene (d).
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forces [36]. As shown, through p–p stacking and hydrophobic
effect, the conjugated rings of PTCA could interact with the
basal plane of graphene sheets. PTCA-graphene sheets played a
key role in the DET between the active center of Cyt c and electrode
surface.

FTIR and UV–vis were performed to further confirm the
formation of PTCA-graphene. As is shown in the FTIR spectra
(Fig. 1A), v(C¼C) stretching vibration peaks usually appear in a
wavenumber region of 1680–1600 cm�1. The wavenumber is
lower when the conjugation degree is higher. At this point,
1595 cm�1 (a) was ascribed to the aromatic v(C¼C) stretching
vibration of PTCA [40] and 1587 cm�1 (b and c) was correspond-
ing to the v(C¼C) stretching vibration of graphene with a
p-conjugation network. Since v(C¼O) peaks usually appear in a
wavenumber region of 1680–1700 cm�1, the peak 1696 cm�1

(a) was assigned to v(C¼O) vibration of PTCA. The characteristic
peaks of PTCA (1684 cm�1) observed in the spectra of PTCA-
graphene (c) suggested the presence of –COOH groups on the
PTCA-graphene sheets and the successful conjugation of PTCA
and graphene. The v(C¼O) peaks of PTCA-graphene shifted to
1684 cm�1 (c), which might be attributed to the p–p stacking and
hydrophobic forces between PTCA and graphene.
The UV–vis absorption spectra of GO, graphene, PTCA and PTCA-
graphene were characterized and shown in Fig. 1B. The strong
absorption band at 228 nm (a) attributing to p–pn transitions of
aromatic C¼C bonds. The aromatic C¼C bonds of graphene red
shifted to 266 nm (b) after reduction elucidating the reversion of a
p-conjugation network. The spectrum of PTCA-graphene contained
a strong band at 223 nm, a weak band around 254 nm (d), and
the characteristic peaks of PTCA (512 and 558 nm c), which were
similar to the previous report [37], indicating the binding of PTCA
with graphene.

Despite the evidences from FTIR and UV–vis spectra which
have confirmed the successfully functionalization of graphene by
PTCA, there were also some visualized proofs. Since the –COOH
groups of PTCA can afford PTCA-graphene sheets negative charges
and caused electrostatic repulsion between the individual sheets.
The functionalized composite demonstrated a better dispersibility
and stability than the pristine graphene, which was substantiated
by the digital photographs (shown in Fig. 2A). Compared to the
solution of pristine graphene (b), solution of PTCA-graphene
(a) with –COOH groups was found still pellucid and well dis-
persed after 39 days. SEM images of PTCA-graphene and graphene
were showed in Fig. 2B. Graphene film (b) looked like a wrinkling



Fig. 2. (A) Digital photographs of PTCA-graphene (a) and graphene (b). (B) SEM images of PTCA-graphene (a) and graphene (b). (C) Tapping-mode AFM image of PTCA-

graphene (a) and graphene (b).
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paper. PTCA-graphene film (a) showed a flake-like shape which
was significantly different from that of graphene. AFM images of
the PTCA-graphene (a) and pristine graphene (b) sheets were
shown in Fig. 2C. The thickness of PTCA-graphene film was
0.86 nm while pristine graphene film was 0.81 nm. This indicated
that they were both single layers as previously reported [41,42].
The increase of the height indicated the attachment of PTCA to
graphene.

3.2. Spectroscopic analysis of the association of the Cyt c

and PTCA-graphene

Since maintaining the native three-dimensional structures of
proteins is the prerequisite of their applications, the biocompatibility
of PTCA-graphene is of great importance. According to literatures,
Soret band (408 nm) and the weak Q band (529 nm) produced by the
chromophore of porphyrin [43] are the characteristic bands of native
Cyt c. The position of them can provide information about possible
denaturation of conformational change in the heme group region
[44]. Correspondingly, 409 and 527 nm showed in the spectra of Cyt c

in our characterizations (Fig. 3a) were ascribed to the Soret band
and Q band, respectively. While after mixing with PTCA-graphene
(Fig. 3b), these two characteristics bands were unaltered, which
suggested that Cyt c can maintain its native state after interacted
with PTCA-graphene. The above comparison further illustrated the
biocompatibility of PTCA-graphene as well.

3.3. Electrochemical impedance characterization of

Cyt c/PTCA-graphene/GCE

The immobilization of Cyt c to the electrode was investigated
by EIS. EIS is an effective approach to probe the change on
the surface of the electrode. Graphene, PTCA-graphene and Cyt
c/PTCA-graphene modified GCE were examined by exploiting the
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solution-based redox probe [Fe(CN)6]3�/4� (Fig. 4). In the EIS,
the semicircle part at high frequencies corresponds to the electron
transfer limiting process. And the electron transfer resistant (Rct)
can be directly measured as the semicircle diameter. When
Fig. 3. The UV–vis absorption spectra of Cyt c in PBS (20 mM, pH 7.4) without

(a) and with PTCA-graphene (b).

Fig. 4. The Nyquist diagram of the modified GCE in the presence of 5.0 mM

[Fe(CN)6]3�/4� (1:1) solution containing 0.1 M KCl. Bare GCE (a), graphene/GCE

(b), PTCA-graphene/GCE (c) and Cyt c/PTCA-graphene/GCE (d).

Fig. 5. (A) CVs of bare GCE (a, green), Cyt c/GCE (b, red), PTCA-graphene/GCE (c, blue),

rate of 10 mV/s, (B) CVs of Cyt c at various scan rates of 10, 20, 40, 60, 80, 100, 200 mV/

rates V). (For interpretation of the references to color in this figure legend, the reader
PTCA-graphene was modified onto the GCE surface (c), the Rct

value increased obviously as compared to the graphene modified
GCE (b). This suggested the successful functionalization of graphene
sheets, since the plenty of negatively charged –COOH prevented
[Fe(CN)6]3�/4� from reaching the electrode [13,45]. After coated
with Cyt c/PTCA-graphene film (d), the inter-facial resistance
increased resulting from the hindered pathway of electron transfer by
Cyt c which embodied the insulating property of proteins. These
results attested that the Cyt c was successfully immobilized on the
modified GCE.

3.4. DET of Cyt c on the Cyt c/PTCA-graphene/GCE

The electrochemistry behaviors of Cyt c on different modified
electrodes were studied by CV (shown in Fig. 5A). No distinct peaks
appeared when there was no Cyt c on the bare GCE (a) or on PTCA-
graphene/GCE (c). The response of Cyt c/GCE demonstrated a
slender pair of peaks (b) which can hardly be observed compared
to those of Cyt c/PTCA-graphene (e) and Cyt c/graphene (d). It
suggested that the materials of PTCA-graphene and graphene can
promoted the DET between Cyt c and electrode to some extent. It
was noticeable that a well defined pair of quasi-reversible redox
peaks could be observed on Cyt c/PTCA-graphene/GCE (e) which
was attributed to the redox of the electro-active center of immo-
bilized Cyt c. It indicated that DET had been achieved between Cyt c

and the obtained electrodes [46]. The anodic peak potential (Epa)
and cathodic peak potential (Epc) were located at 0.095 and 0.015 V,
respectively. The 80 mV (DEp) separation of anodic and cathodic
peak potentials indicated a fast electron transfer reaction. And the
ratio of cathodic to anodic current was about 1:1. The formal
potential (E10) calculated by averaging the cathodic and anodic peak
potentials was estimated as 55 mV. It is obviously that, as a
contrast, the response of Cyt c/graphene/GCE (d) was lower than
that of Cyt c/PTCA-graphene/GCE (e). It substantiated that PTCA-
graphene composite which tended to form single layers was a
preferable material for the DET between protein and electrodes as
well as a advisable biocompatible substrate for Cyt c molecules.
It might be owned to the excellent conductivity and high loading
capacity of Cyt c molecules on these single-layer PTCA-graphene
sheets. Boland et al. have proved concretely that the resistivity of
individual graphene sheets scaled as their thickness increased from
a single monolayer to larger thickness [47]. So the single-layer
sheets attained very low interflake resistance values and the
electrons transfer will be more efficiently within these sheets. On
the other hand, since there was minute overlap or folding and more
Cyt c-graphene/GCE (d, pink) and Cyt c/PTCA-graphene/GCE (e, cyan) with a scan

s from (a) to (g) (inset: the relationship between the peak current Ip vs. the sweep

is referred to the web version of this article.)
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negatively charged sites originated from PTCA, PTCA-graphene can
provide a higher surface area for loading of Cyt c molecules.

CVs shown in Fig. 5B substantiated the dependence of redox
peak currents and potentials of Cyt c/PTCA-graphene/GCE on the
scan rates. With the increasing of the scan rates, the redox peak
currents increased and the potentials shifted simultaneously
while DEp became greater. Both the cathodic and anodic peaks
currents were linearly proportional to the scan rate ranging from
10 to 200 mV/s with correlation coefficients of 0.993 and 0.999,
respectively (shown in the inset of Fig. 5B). It demonstrated a
surface-controlled electrochemical process and a stable immobi-
lization of Cyt c on the electrode surface.
Scheme 2. Illustration of electro-catalytic principle of H2O2 on Cyt c/PTCA-

graphene/GCE.
3.5. Influence of pH on the DET of Cyt c

The effect of pH to the potential of Cyt c modified electrode was
investigated in different buffer solutions in the absence of oxygen.
CVs of Cyt c modified electrode showed great dependence on pH
of external buffers (Fig. 6A) as reported [48–50]. Both reduction
and oxidation peak potentials of the FeIII/FeII redox couple of Cyt
on PTCA-graphene modified GCE migrated negatively when pH
increased. The linear correlation (Fig. 6B) between E and pH were
expressed as follows: E¼�58.43 pHþ533.57, R2

¼0.989. This slope
was close to the theoretical value �59 mV, which indicated a one-
proton and one-electron process [51–53].
Fig. 6. (A) CVs of a Cyt c/PTCA-graphene/GCE in different buffer solution of pH 4 (a, b

potential of the Cyt c/PTCA-graphene/GCE. (For interpretation of the references to colo

Fig. 7. (A) CVs of a Cyt c/PTCA-graphene/GCE at 10 mV/s in PBS containing H2O2 at the

(inset: CVs of Cyt c/PTCA-graphene/GCE in the absence (a) and in presence of H2O2 with

concentrations vs. Ip (the inset: the linear curve of concentrations vs. Ip).
3.6. Electro-catalysis of Cyt c/PTCA-graphene/GCE to the

reduction of H2O2

In order to investigate the electro-catalytic activity of the Cyt c

on the modified electrode, its response to the reduction of H2O2

was studied by CV (Fig. 7).
lue), pH 5 (b, red), pH 6 (c, green), pH 9 (d, pink). (B) Effect of pH on the formal

r in this figure legend, the reader is referred to the web version of this article.)

concentrations of 5, 15, 20, 30, 40, 50, 90, 250, 500, 1000, 2000 mM, respectively

a concentration of 1000 mM (b) at a scan rate of 10 mV/s). (B) Calibration curve of



Table 1
Comparison of different Cyt c modified electrode for H2O2 determination.

Electrode Line range (mM) Detection limit (mM) Sensitivity (mA/cm2/mM) Relative standard deviation Reference

Cyt c/GNPs/RTIL/MWNT/GCE 50 to 1,150 3 [5]

Cyt c/Chit-Aus/Cys/Au 85 to 1,300 9.8 [49]

Cyt c/Au-NR 50 to 1,500 3.7 7 o5% [54]

Cyt c/CoOx NPs/GCE 30 to 12,000 80 0.37 2.3% [57]

Cyt c/MPCE 20 to 240 14.6 0.045 [58]

Cyt c/PTCA-graphene/GCE 5 to 90 3.5 0.0244 2.39% Present work

RTIL: room temperature ionic liquid; Chit-Aus: chitosan-stabilized gold nanoparticles; Cys: cysteine; Au-NR: nanorod-like gold electrode; CoOx NPs: cobalt oxide

nanoparticles; MPCE: macroporous carbon electrode.
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In the absence of H2O2, only the redox peaks of Cyt c were
observed (shown as curve a, inset of Fig. 7A). While upon the
addition of 1000 mM H2O2 to the buffer solution (curve b, inset of
Fig. 7A), the voltammetric behavior of the modified electrode
changed dramatically. CV curve with a great increasing of the
catalytic reduction peak and an obvious decreasing of the oxida-
tion peak can be observed. The causation of changes on the redox
current can be explained by Scheme 2. The mechanism of this
kind of reaction has been investigated by many researchers
[17,54–56]. Typically, H2O2 can oxidize Cyt c-Heme (Fe2þ) and
transferred it to Cyt c-Heme (Fe3þ) quickly (1) while Cyt c-Heme
(Fe3þ) will be directly electrochemically reduced to Cyt c-Heme
(Fe2þ) on the surface of the electrode (2). The presence of H2O2

increased the concentration of Cyt c-Heme (Fe3þ) and decreased
that of Cyt c-Heme (Fe2þ) on the surface of the modified electrode
and so caused the increasing of the reduction current and
decreasing of the oxidation current. And formula (3) was the
process of electro-catalytic reduction of H2O2 by Cyt c. The change
of redox current validated the DET between active center and
electrode as well as the electro-catalytic activity of Cyt c towards
reduction of H2O2.

Cyt c-Heme(Fe2þ)þ1/2H2O2þHþ-Cyt c-Heme (Fe3þ)þH2O (1)

Cyt c-Heme(Fe3þ)þe�-Cyt c-Heme (Fe2þ) (2)

1=2H2O2þHþ þe� ��!
Cyt c-Heme ðFe3þ =2þ

Þ
H2O ð3Þ

Fig. 7A shows the CVs of the Cyt c/PTCA-graphene/GCE when
the concentration of H2O2 in PBS (0.1 M, pH 7.4) varied from 5 mm
to 2 mM. The reduction current enhanced obviously while the
oxidation peak current decreased with the increasing of H2O2. The
curve of catalytic currents vs. H2O2 concentrations is shown in the
inset of Fig. 7B and the linear range was found to be 5 to 90 mM
(inset of Fig. 7B). The sensitivity was 0.0244 mA/cm2/mM and the
relative standard deviation was 2.39%. At the signal to noise ratio
of 3, the detection limit was 3.5 mM.

High selectivity of the modified electrode was also confirmed.
The experimental results showed that Kþ , Naþ , Ca2þ , Cl� , SO4

2� ,
CO3

2� at 10-fold concentration as high as that of H2O2 did not
interfere in the determination of H2O2. No interference could be
observed for ascorbic acid (AA), glucose and dopamine as well.

Comparing with other kinds of Cyt c modified electrodes, Cyt c/
PTCA-graphene/GCE could provide higher sensitivity, comparable
detection limit and excellent signal response in the relative low
concentration range (Table 1).
4. Conclusion

In summary, graphene has been successfully functionalized
by PTCA and the resulting PTCA-graphene composite was proved
to be stably and uniformly dispersed in aqueous solution. This
kind of material can provide high surface area and preferable
biocompatibility for immobilization of Cyt c. PTCA with plenty of
–COOH groups provided more active sites for the loading
of protein molecules due to the electrostatic adsorption between
Cyt c and PTCA-graphene. Above all, it has been proved that the as
prepared PTCA-graphene acted as both an excellent biocompati-
ble substrate for Cyt c molecules and ‘‘conducting wire’’ which
exhibited a high electrochemical activity for promoting the DET of
Cyt c. The heme containing Cyt c in the composite maintained its
natural active characteristic, exhibiting the electrochemical cata-
lytic activity to the reduction of H2O2. Based on these points,
PTCA-graphene can be a preferable material for the potential
application of Cyt c based biosensors.
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