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A template-directed self-assembly approach, using functionalised graphene as a fundamental building
block to obtain a hierarchically ordered graphene–enzyme–nanoparticle bioelectrode for electrochemical
biosensing, is reported. An anionic surfactant was used to prepare a responsive, functional interface and
direct the assembly on the surface of the graphene template. The surfactant molecules altered the
electrostatic charges of graphene, thereby providing a convenient template-directed assembly approach
to a free-standing planar sheet of sp2 carbons. Cholesterol oxidase and cholesterol esterase were
assembled on the surface of graphene by intermolecular attractive forces while gold nanoparticles are
incorporated into the hetero-assembly to enhance the electro-bio-catalytic activity. Hydrogen peroxide
and cholesterol were used as two representative analytes to demonstrate the electrochemical sensing
performance of the graphene-based hybrid structure. The bioelectrode exhibited a linear response to
H2O2 from 0.01 to 14 mM, with a detection limit of 25 nM (S/N¼3). The amperometric response with
cholesterol had a linear range from 0.05 to 0.35 mM, sensitivity of 3.14 mA/mM/cm2 and a detection limit
of 0.05 mM. The apparent Michaelis–Menten constant (Km

app) was calculated to be 1.22 mM. This
promising approach provides a novel methodology for template-directed bio-self-assembly over planar
sp2 carbons of a graphene sheet and furnishes the basis for fabrication of ultra-sensitive and efficient
electrochemical biosensors.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

A range of nanoscale carbon-based building blocks, including
nanotubes (Xia et al., 2003), graphite (Novoselov et al., 2004),
fullerenes (Liu et al., 1998) and graphene (Stankovich et al., 2006),
have attracted significant interest due to their extraordinary physi-
cal and chemical properties. Recently, research focused on graphene
has advanced rapidly as this extraordinary material has become the
preferred alternative to provide high surface area, high electrical
conductivity, strong mechanical strength, biocompatibility and low
manufacturing cost (Chen et al., 2008; Li et al., 2009). The extension
of long range π-conjugation over the whole structure makes
graphene a unique material for biosensors (Schedin et al., 2007;
Shan et al., 2010), chemical sensors (Robinson et al., 2008), energy
storage devices (Sofo et al., 2007), field effect transistor (Zhang
et al., 2009), light emitting devices (Bonaccorso et al., 2010) and
transparent, flexible, conductive polymer nanocomposite applica-
tions (Chen et al., 2011; Wang et al., 2008). Graphene-based
materials are now being used widely in electroanalytical research
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for electrochemical sensing and immobilisation of biomolecules
with high sensitivity and selectivity.

The biocompatibility and excellent electron transfer properties
of graphene pave the way for its use in chemical and biological
sensing (Lu et al., 2009). Covalent interactions are mostly obtained
by doping or by chemical reaction with the functional groups
which are formed during the synthesis of graphene (Veca et al.,
2009). The former approach partly destroys the graphene con-
jugation system and results in suppression of its intrinsic proper-
ties. However, non-covalent interactions via van der Waals forces,
electrostatic attraction, hydrogen bonding, coordination bonds or
π-π stacking interactions mostly preserve the natural properties
of graphene. In addition, although non-covalent bonds may be
weak compared to covalent interactions, it is well-known, espe-
cially in biological systems, that multiple non-covalent bonds can
provide quite enough stability for post-functionalisation (Liu et al.,
2012). Recently, Li et al. showed that horseradish peroxidase can
easily be assembled under physiological conditions on surfactant-
modified graphene to yield high stability and sensitivity (Zeng
et al., 2010). It is also known that assembly of gold nanoparticles
into a graphene–enzyme structure increases electron transfer and
the effective surface area of bioelectrodes (Lambert et al., 2009).
The driving force for gold nanoparticle assembly is the interac-
tion between the hydrophilic graphene surface and the gold
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nanoparticles. The functional and large surface area of graphene
should be a promising building block for hybridisation with gold
nanoparticles. To date, only a few studies on graphene/gold
nanoparticle assembly have been reported via the self-assembly
approach, based on π–π stacking interactions and electrochemical
interaction for sensing applications (Fang et al., 2010). Uniform
distribution and sufficiently high loading are still challenges to be
overcome. Herein, we describe a self-assembled structure contain-
ing functionalised graphene–enzyme and gold nanoparticles to
deliver high sensitivity for cholesterol sensing, accelerated elec-
tron transfer and good retention of enzyme activity.

The self-assembly approach has been widely used to produce
more efficient and more functional materials (Mirkin et al., 1996;
Sanchez et al., 2005). With an appropriate design, self-assembled
hybrid structures can deliver synergistic effects, resulting in highly
desirable materials with advanced performance. The forces behind
the thermodynamic equilibrium state can be manipulated by
conventional chemistry or more specifically directed by using
templates or applying external fields. In order to achieve directed
self-assembly, the base constituent should be carefully chosen and
molecular interactions tailored by its functionalisation while the
whole process can be modulated in terms of thermodynamic forces.
In this way, a new ordered equilibrium may be established within
the whole self-assembled structure. Directional interactions are
achieved by designing stimuli–responsive interfaces or specific
physical properties, provided by post-functionalisation under exter-
nal directing fields or in the presence of directing surfaces.

In this report, we focus on the template directed approach to
construct a self-assembled structure. Template-directed assembly is
defined as a process which modulates a self-assembled system using
surface-modified one-dimensional, two-dimensional or three-
dimensional materials having a functionalised surface suitable for
additional assembly. Here, the surface-modified graphene was cho-
sen as a model two-dimensional template. A straightforward method
is described to assemble graphene with enzyme and gold nanopar-
ticles by hierarchical structuring using electrostatic and hydrophilic
interactions, respectively, for the fabrication of an enzyme electrode
as illustrated in Scheme 1. The graphene plays a key role in the
directed self-assembly by electrostatic and hydrophilic interactions.
In the study, a negatively charged surfactant, sodium dodecyl
benzene sulphonate (SDBS), has been employed to functionalise
the graphene surface to not only assist the dispersion in aqueous
media, but also to direct the self-assembly of both the enzyme and
Scheme 1. Schematic representation of the self-assembled graphene–gold–enzyme hie
electrode surface .
the metallic nanoparticles. Surfactant molecules on the graphene
surface become the fundamental building blocks of the self-assembly
structure that help to direct gold nanoparticles and enzyme mole-
cules on the graphene template. As model enzymes, cholesterol
oxidase and cholesterol esterase, which are positively charged in
physiological media (pH 7.4), were chosen. It is shown that functio-
nalised graphene and enzymes are spontaneously assembled into
hierarchical structures due to electrostatic attraction. In other words,
surface functionalisation directs enzyme molecules to assemble on
the surface of the graphene, followed by gold nanoparticles as a third
constituent of the assembled structure. Gold nanoparticle assembly
on the surface of functionalised graphene was achieved via hydro-
philic interactions. Thus, surfactant molecules create a hydrophilic
environment on the highly hydrophobic graphene surface and direct
hydrophilic gold particles on to the surface without any additional
coupling chemistry.

For the proof of principle, we have chosen cholesterol oxidase
and cholesterol esterase enzymes. Cholesterol and cholesteryl
ester are two of the main constituents of all animal cells, and they
are mostly present in the brain and nerve tissues (Dey and Raj,
2010; Kuila et al., 2011). The estimation of cholesterol in blood is a
crucial step for controlling and early diagnosis of many life-
threatening diseases, such as cerebral thrombosis, coronary heart
disease, hypertension and Alzheimer. Various analytical techni-
ques have been reported for monitoring cholesterol level in serum
and food samples, including colorimetric (Li et al., 2011), spectro-
photometric (Kumar et al., 2000) and non-enzymatic methods
(Li et al., 2010). Electrochemical methods, however, offer simpli-
city, high sensitivity and low production costs (Gopalan et al.,
2009; Tan et al., 2005). These may be enhanced by the use of
nanoscaled materials such as this graphene–enzyme–nanoparticle
hierarchical hybrid. Resulting novel self-assembled structures
provide a larger electrochemically active surface for the adsorption
of large amounts of enzymes and promote rapid electron transfer,
resulting in ultra-sensitive and selective sensors.
2. Materials and methods

2.1. Chemicals

Cholesterol (≥99%), cholesteryl stearate (96%), cholesterol
oxidase (ChEt) (≥50 units/mg, from Brevibacterium species),
rarchical hybrid structures on glassy carbon electrode and sensing process on the
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cholesterol esterase (ChOx) (from Psedomonas fluorescens species),
peroxidase form horseradish (HRP) (300 units/mg), sodium dode-
cylbenzenesulfonate (SDBS), 4-aminoantipyrene (4-AAP) (≥99%),
hydrogen peroxide (H2O2) (ACS reagent, 30 wt% in H2O), phenol
(≥99.5%), gold nanoparticles solution stabilised suspension in 0.1 M
phosphate buffer solution (PBS) (10 nm diameter, reactant free),
t-octylphenoxy polyethoxy ethanol (Triton X-100) (laboratory
grade), chitosan, polyvinyl alcohol (PVA), potassium dihydrogen
phosphate monobasic (KH2PO4) (99.99%), dipotassium hydrogen
phosphate (K2HPO4) (≥99%), potassium chloride (KCl) (≥99%),
potassium ferrocyanide (K3[Fe(CN)6]) (≥98.5%), and potassium fer-
ricyanide (K4[Fe(CN)6]) were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and were used without further purification. PBS
(0.1 M, pH 7.4) and ferri/ferro-cyanide solutions were used as
supporting electrolyte for all amperometric measurements. Aqu-
eous solutions were prepared with double-distilled water from
Millipore system (18.2 MΩ cm).

2.2. Synthesis of graphene nanosheets

Graphite oxide was prepared by adopting the modified Hum-
mers method (Hummers and Offeman, 1958). The ACS grade
sulphuric acid (H2SO4) (46 mL) was pre-cooled to 0 1C in an ice-
bath for 30 min followed by the addition of 2.0 g graphite powder.
Mixture was stirred for 30 min and 6.0 g of potassium permanga-
nate (KMnO4) was added gradually. The temperature of the
reaction bath was increased to 35 1C and the reaction mixture
was stirred until grey coloured semi-solid paste was obtained. The
reaction mixture was brought to room temperature and left
undisturbed. Water (92 mL) was then added slowly to the above
paste and the content was stirred slowly for 30 min. Viscous liquid
was then added to a copious amount of pure water followed by
vigorous stirring. 10 ml 30% hydrogen peroxide was added to this
solution that immediately turned the colour of the solution from
grey to yellow. Functionalised graphite solution was then filtered
through a sintered/fritted glass funnel and washed several times
with dilute hydrochloric acid (HCl) solution until neutral pH was
obtained. Finally, the content was isolated using a high speed
centrifuge. The semi-solid content was dried in flowing air. This
dried semi-solid content was taken in a quartz round bottom flask.
Argon gas was passed in the flask for 15 min and the content was
thermally shocked for 15–30 s at 1100 1C. The dry solid black
powder graphene was obtained.

2.3. Preparation of graphene based hierarchically self-assembled
hybrid structures

In a typical preparation of graphene based self-assembled
nanoconjugates, 1.0 mg of as-synthesised graphene was dispersed
in 5 mL of 0.1 M SDBS aqueous solution. The reaction mixture was
sonicated for 1 h, and mixed for 3 h at room temperature (RT)
under mild stirring. After 3 h reaction time, the resulting suspen-
sion was subjected to three cycles of centrifugation to isolate
surface-capped graphene nanosheets. The graphene nanosheets
were washed with distilled water to remove excess SDBS and
dried at RT prior to bioconjugation with cholesterol oxidase and
cholesterol esterase enzymes.

For bioconjugation of cholesterol oxidase/esterase enzymes
with surface-modified graphene, 1.0 mg of cholesterol oxidase
and 0.5 mg of cholesterol esterase were dissolved in 1 ml of PBS
solution (0.1 M, pH 7.4), and the mixture was incubated for 3 h at
4 1C. The mixture was then centrifuged at 5000 rpm for 30 min,
and the supernatant of the solution was collected for the deter-
mination of enzyme loading efficiency. The precipitate was
washed with PBS and centrifuge successively three times to
remove loosely attached enzymes from graphene surface. Same
experiments were performed for different concentrations of gra-
phene and enzyme with different pH values to determine enzyme
loading efficiency.

As a last constituent, gold nanoparticles were assembled onto
the graphene–enzyme conjugates. The standard for the addition of
gold nanoparticles to structures was as follows: 1 mg of graphene–
enzyme solids were re-dispersed in 1 ml of 0.1 M PBS solution
containing 10 nm diameter gold nanoparticles (40 mg mL−1). The
mixture was incubated at 4 1C for 3 h to achieve a high amount of
assembled gold nanoparticles onto to the eventual graphene–
enzyme conjugate. The resulting suspension was isolated by
centrifugation at 5000 rpm for 30 min and rewashed several times
with PBS buffer to remove unassembled gold nanoparticles.
Indeed, the supernatant of this solution was kept separately in
order to calculate gold-assemble efficiency in the eventual con-
jugate. The product was then collected and stored in 0.1 PBS buffer
at 4 1C for further use. The other conjugates, such as with/without
gold or with/without enzyme, were prepared following the same
procedures described above.

2.4. Determination of graphene–ChOx immobilisation efficiency

The immobilisation efficiency of cholesterol oxidase enzyme
was determined indirectly by taking the amount of free enzyme in
supernatant solution from the weight of added enzyme. The
activity of free enzyme which was collected from supernatant
solution was calculated according to the literature (Kumar et al.,
2000). In each run, a constant amount of graphene (1.0 mg mL−1)
was used with respect to the different amount of cholesterol
oxidase enzyme (from 0.1 mg to 3.5 mg).

2.5. Fabrication of bioelectrodes

Prior to immobilisation of the self-assembled enzyme–graphene
based structure, glassy carbon electrodes (GCE) were carefully
polished with 1, 0.3 and 0.5 mm α-alumina slurry successively then
washed with deionised water. The bioconjugate solution (10 mL),
which contained surface modified graphene–enzyme and gold
nanoparticles, was mixed with 5 mL chitosan/PVA (3:1; mL) aqueous
solution (1 wt% acetic acid) at 4 1C. The solution was sonicated for
5 min to achieve homogeneous dispersion. This suspension (15 mL)
was drop-cast onto the GCE surface and dried for 8 h at 4 1C. The
other electrodes, such as with/without gold or with/without
enzyme, were prepared by the same procedures described above.

2.6. Instrumentation

The zeta potential of graphene dispersions was determined
using a Nano ZS dynamic light-scattering (DLS) Zeta potential
instrument (Malvern Instruments, Worcestershire, UK). Absorp-
tions of all self-assembled structure in PBS solution were mea-
sured with a Cary 50 UV–vis Spectrometer (Varian). The resolution
of the spectrophotometer was 1.5 nm and the photometric accu-
racy was 70.01 in absorption. Transmission electron microscopy
(TEM) was performed using a G2 Spirit/Biotwin (FEI-Technai,
Hillsboro, OR, USA) with a working voltage of 120 kV. Scanning
electron microscopy (SEM) was performed using LEO 155 Gemini
(Zeiss, OR, USA). FTIR measurements were carried out using a PE
100 FTIR spectrometer (PerkinElmer, Waltham, MA, USA). All the
voltammetric and amperometric measurements were carried out
with Ivium Stat.XR electrochemical analyser (Eindhoven, Nether-
lands). Impedance measurement was carried out with an Autolab
potentiostat–galvanostat. A three-electrode cell with a glassy
carbon (GC) working electrode, having 0.07 cm2 surface area,
and platinum wire auxiliary and Ag/AgCl (3 M KCl) reference
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electrodes were used in the voltammetric and amperometric
measurements.
3. Results and discussion

Scheme 1 represents the overall process for the preparation of
graphene-based hierarchically self-assembled hybrid structures
for electrochemical sensing. The synthesis strategy is, first, to
obtain surface-modified graphene via non-covalent interaction
with an anionic surfactant. This is one of the crucial steps to
achieve free-standing and stable graphene dispersions for further
assembly on the surface. The second step involves the conjugation
of the enzyme with surface-modified graphene and the gold
assembly. Then, a hierarchically self-assembled dispersion is cast
on the electrode surface after pre-assembling cationic chitosan-g-
poly(vinyl alcohol).

3.1. Preparation and characterisation of hierarchically self-
assembled graphene nanostructures

It is well-known that chemically reduced graphene nanosheets
are highly hydrophobic in nature (Kim et al., 2010) and tend to be
aggregated and stacked irreversibly with each other in colloidal
medium. In order to prevent such an aggregation and sustain their
unique chemical and physical properties, non-covalent surface
modifications methods have the potential to manipulate the sur-
face properties by changing the pH and temperature (Liu et al.,
2012).

In order to obtain more stable and functional nanostructures,
the surface of graphene was modified by using an anionic
surfactant, SDBS. As a member of linear alkyl sulphonates, it
contains long alkyl chain (dodecyl-C12H25), which gives its hydro-
phobic nature and a benzenesulphonate (C6H5SO3

−) group which
is responsible for its hydrophilic character. Firstly, partially
reduced hydrophobic graphene powder (1.0 mg) was dispersed
in a 5 mL aqueous solution containing 0.1 M SDBS and sonicated to
produce a well-dispersed state. In previous trials, although low
concentrations of SDBS (0.01 and 0.05 M) gave homogeneous
dispersions, long-term stability could not be achieved due to the
lack of enough surface charge density (Fig. S5, Supporting infor-
mation). In addition, long sonication time (≥5 h) also destroyed the
sheet-like structures of graphene, changed the morphology and
resulted in particle-like graphene structures (50–60 nm) (Fig. S4,
Supporting information) (Li et al., 2012).

Fig. 1a and b shows SEM images of graphene sheets before and
after surface modification, respectively. It is clear that, surface-
modified graphene sheets are in the well-separated form com-
pared to the unmodified one. Conversely, unmodified graphene
had much thicker edges and a high tendency for stacking. The
insets in each panel also show the stability of the dispersions
visually. The solution containing unmodified graphene nanosheets
did not show any homogeneity even after 30 min in pure water
and settled down immediately after sonication. However, the
solution containing modified graphene sheets seemed to be more
stable and homogeneous.

The surface charge of the colloidal system is one of the key
parameters that not only defines stability of dispersion, but also
allows us to characterise electrochemical equilibrium on the inter-
face. In the present system, graphene nanosheets were functionalised
with SDBS through hydrophobic–hydrophobic interaction between
alkyl chain of surfactant and the basal plane on the graphene surface.
Another interaction might be partially hydrophilic interaction
between sulphonic groups (polar groups) and carboxyl groups in
the graphene basal plane. The graphene nanosheets are dispersed in
an aqueous solution by the help of these interactions, surface groups
of graphene and adsorbed anions turn out a surface charge. The
surface charge generates electrical potential due to the electrostatic
repulsive force that exists between the modified graphene surface
and the medium by depending on the zeta potential. In addition to
the colloidal stability of the dispersion, the zeta potential value also
provides qualitative (sign) and quantitative (magnitude) information
about the effective surface charge related to the electrical double
layer around the surface. The isoelectronic point (IEP), which is
described as the pH at which the surface is neutrally charged, can
also be derived from the zeta potential measurement. The zeta
potential of graphene nanosheets before and after surface modifica-
tion by SDBS were measured to explore the dispersion quality and
charge characteristics at different pH values, as shown in panel (c) of
Fig. 1. Zeta potential values of unmodified graphene decreased from
+12 to −22 mV. Based on zeta potential values, it is clear that
chemically reduced graphene nanosheets cannot be considered as
completely reduced based on zeta potential values. Due to the
presence of carboxylic acid functionality (–COOH) on the surface,
little charge variation from positive to negative results as pH
increases due to the deprotonation of the surface groups. These
carboxylic acid functionalities dissociate and form carboxyl groups
(–COO−) which make the surface of graphene more negative even
though there are no extra charged ions on the surface. Although
there is relatively high level of negative charge on the surface, they
are not enough to obtain a homogeneous and stable dispersion over
a wide range of pH values. However, SDBS-modified graphene shows
more stability and homogeneity over a wide range of pH. The
optimum surface charge of graphene was obtained by varying
concentration of surfactant during surface modification (Fig. S5,
Supporting information). The zeta potential measurements of these
dispersions were performed after re-dispersion into aqueous solu-
tion. On the basis of dispersion, 0.1 M SDBS was chosen as the
optimum concentration to achieve a stable and functional surface. It
was relatively stable over a range of pH values (pH 6–10) with low
zeta potential values (−28 to −40 mV). It was also found that when
the SDBS concentration of the aqueous solution increases, the
isoelectronic point of the surface (IEP) shifts to that of the lower
pH values. The partially reduced nature of the graphene surface and
the presence of negatively charged –COO− functionality may cause
repulsion of negatively charged anionic surfactant molecules via
coulombic interactions between the two negative sides thereby
shifting the EIP to lower pH values. These measurements show that
SDBS is a good dispersant in terms of delivering a zeta potential in
the range from −28 to 50 mV, even at relatively low concentrations.

In order to prepare hierarchically self-assembled graphene based
composites the graphene surface was first functionalised with
anionic surfactant to produce a negatively charged graphene surface
in well-dispersed solution. In the second step, enzyme and nano-
particles were assembled on the functionalised graphene surface
via electrostatic and hydrophilic–hydrophilic interactions, respec-
tively. As a model system, cholesterol oxidase enzyme was chosen.
Due to the positive surface charge of this enzyme in physiological
media (pI¼4.7), self-assembled structures could be easily achieved
through electrostatic attractions as in layer-by-layer methodology.
To incorporate gold nanoparticles into the self-assembled system
via hydrophilic–hydrophilic interaction, graphene–enzyme solution
was centrifuged and re-dispersed in 0.1 M PBS solution containing
10 nm gold nanoparticles (mg mL−1).

The hybrid structures prepared as a hierarchical self-assembly
were examined by SEM and TEM as shown in Fig. 2a–d.
The samples were prepared by dropping 10 mg of each solution
and cast on a TEM grid. The inset of Fig. 1a represents a typical
TEM image of the as-prepared graphene nanosheet, in which the
sheet displays wrinkled structure and high surface area without
any stacking. It shows that this graphene is suitable for colloidal
surface-modification and enzyme immobilisation. Fig. 1a and b



Fig. 1. SEM images of graphene nanosheets before (a) and after (b) surface functionalisation. Zeta potential measurement of graphene at various pH values before and after
surface modification (c). Inset: photographic images of dispersions prepared with unmodified and modified graphene sheets in PBS solution.

Fig. 2. TEM images of enzyme and gold assembled structures (a) and (b). SEM images of graphene–gold nanoparticles (c) and graphene–enzyme–gold nanoparticle
self-assembled structures (d). Inset: TEM image of unmodified graphene.
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Fig. 3. Enzyme loading on functionalised graphene as a function of total amount of
enzyme (a). Effect of enzyme loading on the graphene surface with various pH
values (b).
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shows TEM images of the graphene–enzyme–gold assembly. As
can be seen in these figures, gold nanoparticles are selectively and
homogeneously assembled on graphene surface without any self-
condensation and aggregation. A higher magnification of Fig. 1c
can be seen in the supporting figure (Fig. S3, Supporting informa-
tion). In this image, all particles are well-ordered single crystals
with an appropriate fringe distance corresponding to the lattice
plane of gold. Although higher magnification of graphene–
enzyme–gold nanoparticles (Fig. 1b) shows good homogeneity
and dispersion, it is difficult to identify enzyme structures in these
images. Notably, in some graphene–enzyme conjugation studies,
dark spots on graphene surface have been attributed to the
enzyme structures (Zeng et al., 2010); it is apparent that more
images of such an enzyme–graphene conjugate are necessary to
comment more precisely (Fig. S3, Supporting information). It is
worth mentioning that the presence of enzyme structures on the
graphene surface was proven in our case by using electrochemical
and enzyme activity assay experiments as described in proceeding
section. The SEM images of graphene–gold and graphene–
enzyme–gold nanoparticle assemblies are shown in Fig. 2c and d,
respectively. In panel (c), gold nanoparticles on the graphene
surface were seen in a well-dispersed state, although their sizes
were not uniform throughout the structures. There is a low degree
of aggregation that could be due to the centrifugation process
during the preparation. In the graphene–enzyme–nanoparticle
assembly, enzymes and gold nanoparticles can be seen on the
surface of the graphene. Homogeneous dispersion has been
achieved on the surface of graphene not only for the gold
nanoparticles, but also for the enzyme molecules. The surface
modification provides a more accessible surface for enzyme
attachment and generates a flexible surface structure which can
comply with the enzyme molecules with the help of electrostatic
self-assembly.

In order to calculate enzyme immobilisation efficiency, an
enzyme activity assay was performed according to the literature
(Allain et al., 1974). Enzyme loading efficiencies on the surfactant-
modified graphene surface with respect to enzyme concentration
and pH are shown in Fig. 3a and b, respectively. The enzyme loading
efficiency test (Fig. 3b) with different concentrations of enzyme was
conducted at pH 7.4. Enzyme loading shows a linear correlation from
0.1 mg to 1.5 mg, indicating 100% loading efficiency. With enzyme
concentrations of 2.0, 2.5 and 3.0 mg, loading efficiency reduced to
87.5%, 80% and 70%, respectively. The surface of graphene was
saturated above 3.0 mg enzyme due to the steric hindrance. The
effect of pH on the enzyme loading efficiency is shown in Fig. 3b.
Immobilisation was pH dependent and involved electrostatic attrac-
tion between the enzyme and surfactant molecules on the surface of
graphene. The surface modification of graphene created a tunable
surface whereby the immobilisation efficiency can be controlled by
varying the pH of the reaction medium. For example, at pH 4, the
graphene surface is positively charged and the immobilisation
efficiency was about 72%; this reduced to its lowest value at pH
4.7, which is the EIP of cholesterol oxidase. At this pH, the enzyme is
neutral while the graphene surface is still positively charged. Almost
the same loading efficiency was obtained at pH 5.2, which is the IEP
of graphene surface and the enzyme has a positively charged surface.
In this pH range (pH 4–5.2), immobilisation might be provided by
hydrophobic–hydrophilic interactions. Electrostatic attraction
becomes dominant at pH values above 5.5 because the surface
charge of graphene turns negative and enzyme is positively charged.
The highest loading efficiency was achieved at pH 7.4, which is also
the most stable point of the graphene dispersion. Here, 100% loading
was obtained, after which it declined to 90% at pH 10. It can be
inferred from these results that electrostatic attraction is the domi-
nant force for immobilisation efficiency and can be controlled by
changing the pH of the reaction medium.
3.2. Electrochemical properties of hierarchically self-assembled
graphene-modified electrodes

The electrochemical properties of all modified electrodes were
characterised by measuring voltammetric and electrochemical
impedance (EIS) responses in 0.1 M PBS solutions containing
5 mM Fe(CN)63−/4− and 0.1 KCl. The results were shown in Fig. 4a
and b and Figs. S7 and S8 (Supporting information). The CV
analysis of the redox reaction of Fe(CN)63− and Fe(CN)64− is a
well-known method to characterise electrochemical behaviour of
modified and bare electrodes and the simplest way to determine
electron transfer rate (Unnikrishnan et al., 2013). The CV responses
of all modified electrodes displayed a classical sigmoidal shape
with different peak-to-peak potential separations. The larger peak
separation indicated slow electron transfer kinetics (Nugent et al.,
2001). All electrodes containing graphene-based assemblies and
chitosan/PVA polymeric mixtures showed narrow peak-to-peak
separations, indicating that fast electron transfer was achieved for
each electrode. The polymer modified GCE (without any graphene-
based assembly) also showed exceedingly narrow ΔEp value
around 100 mV, which indicates a faster electron transfer rate
compared to the more commonly used negatively charged Nafion
polymer, which is most widely used in electrochemical devices as
a binder (Hrapovic et al., 2004). The relatively narrow peak
separation for the chitosan/PVA-modified GC electrode could be
due to the poly-anionic character of this polymer mixture on the



Fig. 4. Cyclic voltammetric (a) and impedance (b) response of bare and modified
electrodes in 5 mM Fe(CN)64− and 0.1 M PBS at 50 mV s−1 vs. Ag/AgCl reference
electrode. The inset in (b) is the equivalent circuit used to fit the data.
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surface of electrode enhancing electron transfer between its
positive charges and the negatively charged ferrocyanide. After
modification of the electrode surface with graphene–gold nano-
particle assembly, the peak current of Fe(CN)63−/4− increased
relative to electrodes modified only with graphene, indicating
that the incorporation of nanoparticles played a decisive role in
creating a higher electroactive surface area and providing the
conductive interlayer for the electron transfer of Fe(CN)63−/4−.
Moreover, when the peak currents and ΔEp of modified electrodes
are compared, it is clear that the presence of gold nanoparticles in
the assembled system enhances the electron transfer. The gra-
phene–gold nanoparticle/CHIT/PVA polymer assembly has nar-
rower peak-to-peak separation (80 mV) than its graphene/CHIT/
PVA counterpart (140 mV).

The effect of scan rates on the cathodic (Ipc) and anodic peaks
(Ipa) of graphene–enzyme–gold nanoparticle self-assembled struc-
ture immobilised GC electrode together with polymer mixture is
shown in Fig. S7 (Supporting information). Both anodic and
cathodic peak currents increased linearly with increasing scan
rates (10–100 mV s−1), which suggest a typical diffusion-controlled
electrode process. The scan-rate dependence of both anodic and
cathodic peak currents and the respective linear regression equa-
tions are shown in Fig. S7 (Supporting information).

The electron transfer properties of electrodes with different
graphene based self-assembled structures were further charac-
terised by electrochemical impedance spectroscopy (EIS). The
Randles circuit was chosen to fit the impedance outputs (inset of
Fig. 4b). The results are shown as Nyquist plots of spectra which
contain semi-circular and linear portions (Fig. 4b). The plot
indicates both electron transfer limited (semi-circular portion)
and diffusion processes (linear portion) occurring at the same
time. The charge transport resistance (RCT) at the electrode surface
can be quantified based on the diameter of the semi-circular part
of plot and described by the following equation (Chang and Park,
2006):

ZðωÞ ¼ Rs þ RCT þ sω−1=2

ðCdsω1=2 þ 1Þ2 þ ω2C2
dðRCT þ sω−1=02Þ2

−j
ωCdðRCT þ s−1=2Þ2 þ sω−1=02ðsω1=2Cd þ 1Þ
ðCdsω1=2 þ 1Þ2 þ ω2C2

dðRCT þ sω−1=02Þ2
ð1Þ

where Rs is the solution resistance, Cd is the double layer
capacitance, ω is the 2πf, where f is the frequency, and s is defined
as

s¼ RTffiffiffi
2

p
F2A

1ffiffiffiffiffiffi
Do

p
Cn

o
þ 1ffiffiffiffiffiffi

DR
p

Cn

R

� �
ð2Þ

where A is the area of the electrode, and Do and DR are the
diffusion coefficients of oxidant and reductant, respectively. Co and
CR represent the bulk concentrations of oxidant and reductant,
respectively. According to calculation, RCT of CHIT/PVA mixture
modified electrode was found as 425 Ω which is higher than bare
GCE (59 Ω). Thus, the presence of polymer layer on the surface of
the electrode hinders the electron transfer. However, when the
chitosan–PVA matrix was mixed with graphene, the RCT values
decreased to 130 Ω. This shows that graphene improves the
conductivity and the electron transfer process. Moreover, when
the graphene–gold nanoparticle assembly was mixed with the
polymer mixture, electron transfer resistance decreased to 97 Ω.
Presence of gold nanoparticles on the graphene surface enhanced
fast electron transfer kinetics. When enzyme-based graphene–
enzyme–gold nanoparticle assembled structure was adsorbed on
the electrode surface together with chitosan/PVA mixture, slight
inhibition of electron transfer of the redox couple (189 Ω) resulted,
due to the insulating properties of enzymes.

3.3. Amperometric biosensing

Oxidase-based biosensors often rely on the determination of
H2O2 produced by the enzymatic reactions. The amount of
peroxide generated is readily detected electrochemically and is
directly proportional to the amount of substrate in the corre-
sponding sample (Behera and Raj, 2007). In the present study, the
electrocatalytic properties of the graphene–gold nanoparticle
assembly immobilised on electrode surfaces were investigated
by amperometry. Cyclic voltammetry of graphene–gold nanopar-
ticle assembly-modified electrodes was measured in the presence
of H2O2 (Fig. S9, Supporting information). The voltammetric
current was observed with increasing concentration of H2O2 from
0.01 mM to 20 mM at a potential of 0.6 V. The results show that
the modified electrode lowered the detection potential for H2O2

compared to the bare glassy carbon electrode, which oxidised
H2O2 only above +0.8 V (Chi and Dong, 1993).

Further electrochemical properties of the modified electrodes
were investigated by chronoamperometry. Fig. 5a shows the
typical amperometric responses of the graphene–gold nanoparti-
cle self-assembly modified electrode for successive additions
of H2O2 at an applied potential of +0.6 V. The electrode exhibited
fast response times of just under 3 s to steady state. The calibration
curve for modified electrode is shown in Fig. 4b. The linear range
was 0.05–14 mM with a sensitivity of 124.5771.55 mA/mM/cm2.
The sensitivity was calculated by dividing the slope of the
calibration curve by the surface area of the bare electrode



Fig. 5. Chronoamperometric response for the sensing of H2O2 with the graphene–
gold nanoparticle structures modified electrode in phosphate buffer solution at
0.6 V vs. Ag/AgCl (a). Calibration curve of the graphene–enzyme–gold nanoparticle
structures modified electrode corresponding to amperometric response at 0.6 V vs.
Ag/AgCl in PBS (b).

Table 1
Detection limit, sensing range, sensitivity and response time of graphene–gold
nanoparticle assembly, only graphene and only gold nanoparticle immobilised
electrodes.

Base material Detection
limita [mM]

Dynamic
rangeb [mM]

Sensitivityc

[mA/mM/cm2]
Response
timed [s]

Graphene/Au NPs 0.025 0.01–14 124.5771.55 3
Graphene 0.042 0.04–0.5 49.7171.25 10
Au NPs 0.108 0.04–0.16 32.0070.85 15

a Detection limits were calculated from the characteristic signal-to-noise ratio
(S/N¼3).

b Dynamic ranges were determined the linear portion of calibration curves.
c Sensitivities were obtained from the slopes of each calibration plots (con-

centration of H2O2 vs. current signal).
d Response times were determined when the currents reach to steady-state

state at each addition of H2O2.
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(0.07 cm2). The detection limit for this modified electrode was
25 nM (S/N¼3). In order to see the effect of gold nanoparticles on
the electrochemical process, electrodes were prepared with sur-
face modified graphene and with immobilised gold nanoparticles
alone. The chronoamperometric response of graphene and gold
nanoparticle immobilised electrodes is shown in Fig. S11 (Sup-
porting information) and the results of all three electrodes are
summarised in Table 1. The typical amperometric response of the
graphene and gold nanoparticle immobilised electrodes exhibited
rather sluggish step increment compared to the graphene–gold
assembled electrode. As shown in Table 1, the times to achieve
steady-state current for these two electrodes were 10 s and 15 s,
which were longer than those for the electrode with the fully
assembled immobilised structure. The detection limits were cal-
culated as 42 and 108 nM (S/N¼3) and sensitivities were about
49.771.25 and 3270.85 mA/mM/cm2, respectively. On the basis of
these results, functionalised graphene–gold nanoparticle electro-
des exhibited better performance than both graphene that was
only functionalised and gold nanoparticles alone. The enhance-
ment in performance may be attributed to the homogeneous
assembly of gold nanoparticles and the electrical properties of
graphene materials. In addition, the strong adhesion between the
surface of the gold nanoparticles and the Cπ sites of the graphene
basal plane appeared to favour electron transfer (Antolini, 2003).
The highly sensitive electrode surface thus prepared was then
combined with cholesterol esterase (ChEt). The polymer mixture
and graphene-based self-assembled structure were mixed and cast
on the electrode surface. In electrochemical cholesterol sensing,
cholesterol and cholesteryl stearate are the substrates of ChOx and
ChEt, respectively. The H2O2 generated in this process is subse-
quently oxidised at the electrode surface, producing the signal
(Scheme 1).

Cholestryl sterateþ O2 þ H2O⟹
ChEt

Cholestrolþ Fatty acid

Cholestrolþ O2 þ H2O⟹
ChOx

Cholest� 4en� 3oneþ H2O2

H2O2-2Hþ þ O2 þ 2e−

Amperometric cholesterol sensing was performed using a
three-electrode set-up and a working potential (0.6 V vs.Ag/AgCl).
Calibration curves for both cholesterol and cholesteryl stearate
were obtained by adding successive aliquots of increasing con-
centrations of cholesterol and cholestryl stearate and measuring
the steady-state signal responses, which were achieved within 4 s.
Fig. 6 shows the amperometric response and calibration curves
obtained for the sensing of cholesterol and cholesterol ester. The
calibration curve (Fig. 6c) is linear from 0.025 to 0.350 mM
cholesterol at 0.6 V, and from 0.001 to 0.090 mM cholesteryl
stearate (Fig. 6d) at the same applied voltage. The sensitivities
for cholesterol and cholestryl sterate were 3.14 mA/mM/cm2 and
2.57 mA/mM/cm2, respectively. The detection limits were calculated
as 0.05 mM and 0.22 mM (S/N¼3) for cholesterol and cholestryl
stearate, respectively. The novel biosensor had good reproduci-
bility. The relative standard deviation (RSD) values of the current
response to 0.1 mM cholesterol and cholesterol ester were 1.25
and 1.75, respectively, for three successive measurements at 0.6 V.

The apparent Michaelis–Menten constant (Km
app) was calcu-

lated using a Lineweaver–Burk plot (Fig. S11, Supporting informa-
tion) according to the following equation (Kamin and Wilson,
1980):

ð1=IÞ ¼ ðKapp
m =ImaxÞð1=CÞ þ ð1=ImaxÞ ð3Þ

where I represents the steady-state current after addition of
cholesterol. The maximum current (Imax) was determined at
saturated level of cholesterol, and C is the concentration of
cholesterol. The values of Imax and Km

app were calculated by the
analysis of the intercept and the slope of the plot and found to be
0.33 mA and 1.22 mM, respectively. The Km

app value reflects the
strong affinity between the enzyme and its substrate. The value
obtained is much smaller than that reported in the literature for
previous graphene-based cholesterol biosensors (Dey and Raj,
2010).



Fig. 6. Choronoamperometric responses for cholesterol (a) and cholesteryl stearate (b) at 0.6 V vs. Ag/AgCl in PBS. The calibration curves for cholesterol (c) and cholesteryl
stearate (d) based on amperometric responses for (a) and (b), respectively.
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The selectivity and specificity of the biosensor were evaluated
in the presence of common interfering species such as ascorbic
acid, uric acid and acetaminophen (paracetamol) in PBS solution.
As shown in Fig. S12 (Supporting information), for each addition of
0.05 mM cholesterol, the biosensor showed a rapid response.
However, no significant response was obtained on addition of
0.05 mM of uric acid, acetaminophen or ascorbic acid. This is
presumably because the negative charge on the surface of the
graphene effectively hinders the approach of negatively charged
interfering species by electrostatic repulsion.

The biosensor showed better analytical performance than
previously reported graphene-based cholesterol sensors on the
basis of sensitivity, selectivity and response time. For instance, a
cholesterol biosensor based on covalently attached graphene/
enzyme conjugate, which was operated at a potential of
−0.350 V, exhibited lower sensitivity (0.443 85 mA/mM/cm2) for
H2O2 and a higher detection limit (15 mM) (Manjunatha et al.,
2012). A gold nanoparticle decorated graphene nanoplatelet based
biosensor at 0.2 V potential showed narrower dynamic range
(0.135 mM) and 0.314 mA/mM/cm2 sensitivity (Aravind et al.,
2011). A biosensor containing platinum–graphene hybrid struc-
tures exhibited lower detection limit (0.2 mM) and lower sensitiv-
ity value (2.07 mA/mM/cm2). It is clear that, the currently reported
biosensor has higher sensitivity, lower detection limits and
faster response characteristics compared to previously reported
graphene-based electrochemical biosensors.
4. Conclusion

In this study, we have developed a facile self-assembly approach
to prepare hierarchically self-assembled graphene–enzyme–nano-
particle hybrids following a template-directed approach. As a
template, graphene surface was functionalised by anionic surfac-
tant. The surface modification of graphene was the driving force for
the self-assembly process, which allowed us to generate a smart
interface to control the assembly structure. The enzyme immobili-
sation on graphene surface was investigated under different pH
values. The electrode showed a higher sensitivity and faster
response time than any other reported study for a graphene-
based cholesterol biosensor. Thereafter, hybrid structures were
employed as an improved material for both H2O2 and cholesterol
sensing, demonstrating wide linear range and low detection limits
along with higher sensitivity. In contrast to previously reported
graphene-based cholesterol biosensor approaches, the template
directed self-assembly method provides an alternative for con-
structing hybrid structures with enzyme higher loading and uni-
form dispersion.
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