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Graphite nanosheet (GNS)–Nafion composites were prepared for the immobilization of hemoglobin

(Hb) to construct a mediator-free H2O2 biosensor. Scanning electron microscopy (SEM), UV-vis

spectroscopy and Fourier transform infrared spectroscopy were used to characterize the Hb–GNS–

Nafion composite film. Due to good biocompatibility of the composite film, immobilized Hb

retained its native structure. The Hb–GNS–Nafion composite film-modified electrodes showed direct

electrochemistry with a fast electron-transfer rate (6.63 s�1) and high electrocatalytic activity to the

reduction of hydrogen peroxide (H2O2). The resulting biosensor exhibited a high sensitivity of

412.7 mA M�1 cm�2, a low detection limit of 2.0 � 10�7 M, and a small apparent Michaelis–Menten

constant of 37 mM. These results were comparable or superior to the biosensors based on the

carbon nanofiber (CNF)- and carbon nanotube (CNT)-based biosensors. Due to the lower cost of

GNSs, the GNS-based composite can combine with other redox proteins and widely apply in

mediator-free biosensors, bioelectronics and biofuel cells.
1. Introduction

The use of nanomaterials for the design of biosensors has

received much attention in recent years because the unique

properties of nanomaterials offer excellent prospects for

designing novel sensing systems and enhancing the performance

of biosensors.1–3 Among various nanomaterials, carbon-based

nanomaterials have been shown to be ideal for biosensor appli-

cations since they are conductive, biocompatible, easily func-

tionalized, and possess very large surface areas.4,5 They can be

used as immobilization matrices for biomolecules, while at the

same time they can relay the electrochemical signal, acting as

transducers. Of these carbon-based nanomaterials, carbon

nanotubes (CNTs) are most widely used in biosensor systems.6–8

The incorporation of CNTs has greatly increased biosensor

sensitivity, expedited response speed and promoted electron-

transfer rates. Recently, increasing attention has been paid to the

biosensing application of carbon nanofibers (CNFs).9–12 Due to

different stacking manners of carbon orbitals on the surface,

CNFs possess less order and more edge sites on the outer wall

and thus have a much larger functionalized surface area

compared with that of CNTs. Higher sensitivity as well as

improved operational and storage stabilities over those prepared

with CNTs could be obtained from CNF-based biosensors. In

addition, as another member of the carbon family, C60 could

significantly accelerate direct electron-transfer kinetics of

proteins in multiple walled CNT (MWCNT) composite films and

has showed potential in biosensing applications.13 Therefore, the

use of different structural carbon-based nanomaterials provides

a promising future for the development of excellent biosensors.

Graphite is a naturally abundant layered carbon-based mate-

rial and consists of superimposed lamellae of two-dimensional
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carbon–carbon covalent networks, referred to as graphene,

which stack along the c-axis. Microsized graphite particles as

a carbon paste14 or composite15,16 have been used in electro-

chemical sensors for years. However, the biosensors based on

these microsized graphite particle electrodes were normally not

very sensitive and their response was slow because of their rela-

tively low surface area. Recently, by exfoliating the graphite

layers, thin graphite nanosheets (GNSs) have been formed17,18

which possess high surface area. The theoretical surface area of

a graphite sheet is close to 2700 m2 g�1.19 Moreover, thin GNSs

exhibit intriguing properties such as remarkable electrical

conductivity, ultra-high Young’s modulus and high thermal

conductivity, which make them suitable building blocks in

many potential electronic applications20 or additives for high-

performance materials.21–23 As a promising and excellent carbon-

based nanomaterial, the application of GNSs in bioelectronics

and biosensors has been rarely explored.24–27

The objective of this work was to explore the ability of GNSs

in promoting direct electron transfer between redox proteins

and electrodes and to further use GNSs for the development of

mediator-free biosensors. Compared with first-generation

biosensors (mostly using oxygen as mediator) and second-

generation biosensors (using artificial redox mediators), third-

generation biosensors based on the direct electron transfer of

proteins (i.e. mediator-free) have some advantages,28 such as the

absence of the influence of oxygen concentration and the

poisoning of biomolecules owing to the introduction of artificial

mediators, more simplification for the fabrication of biosensors

and so on. More importantly, the absence of mediators can lead

to a superior selectivity because the operating potential of the

biosensors bases on direct electron transfer is closer to the redox

potential of the enzyme29,30 and they are therefore less prone to

interfering reactions.31 However, for the development of third-

generation biosensors, a critical challenge to the successful

realization of direct electron transfer between redox proteins

and electrodes must be overcome.
Analyst, 2009, 134, 2135–2140 | 2135
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Fig. 1 SEM images of GNSs (A) and Hb–GNS–Nafion composite

film (B). Inset in Fig. 1A: a high magnification SEM of GNSs.
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In this paper, hemoglobin (Hb) was selected as a model redox

protein. Nafion was employed as an effective solubilizing

agent24,32 for GNSs to form a GNS–Nafion composite for the

immobilization of biomolecules. The direct electrochemistry of

Hb immobilized in the GNS–Nafion composite film was studied.

The potential application of the protein electrode as a mediator-

free biosensor for the detection of hydrogen peroxide (H2O2)

was explored.

2. Experimental

2.1. Materials

Graphite nanosheets were donated by Prof. Chen (Huaqiao

University, China), which were synthesized and characterized

according to their previously reported method.17 Hemoglobin

(from bovine blood) and Nafion (5 wt% in lower aliphatic

alcohols and water mixture) were purchased from Sigma.

All other reagents were of analytical grade. Phosphate buffer

solutions (PBS) with various pH values were prepared by mixing

the stock standard solutions of Na2HPO4 and NaH2PO4.

All aqueous solutions were prepared with deionized, doubly

distilled water.

2.2. Preparation of film electrodes

To obtain good cyclic voltammetric response and stability of the

biosensor, the concentrations and mass ratios of Nafion, GNSs

and Hb in the Hb–GNS–Nafion mixture were optimized in

control experiments. Herein, a mixture containing 0.85 wt%

Nafion, 0.17 wt% GNSs and 0.3 wt% Hb was selected as the

optimal fabrication parameters for the preparation of the

biosensor.

Prior to use, glassy carbon electrodes (GCEs, diameter 3 mm)

were first polished with 1.0, 0.3, and 0.05 mm alumina powder,

respectively, rinsed thoroughly with doubly distilled water

between each polishing step, and then sonicated in doubly

distilled water and dried with a purified nitrogen stream. The film

electrode was prepared by a simple casting method. Firstly,

a 1 wt% Nafion solution was prepared by diluting the 5 wt%

Nafion stock solution with a water–alcohol (65% alcohol, v/v)

solution. Secondly, a 0.2 wt% GNS–Nafion suspension was

obtained by adding GNSs into the 1 wt% Nafion solution by the

aid of ultrasonication and stirring. Then an Hb–GNS–Nafion

suspension was prepared by mixing 85 mL of the GNS–Nafion

suspension with 15 mL of an Hb solution (20 mg mL�1, dissolved

in 0.05 M pH 7.0 PBS) and sonicating for 5 min. Finally, 4 mL of

the Hb–GNS–Nafion suspension was cast onto the surface of

a clean GCE and dried at room temperature to prepare the

Hb–GNS–Nafion/GCE. For comparison, the Hb/GC and

Hb–Nafion/GC electrodes were also prepared according to the

same procedure. Prior to electrochemical experiments, the

modified electrodes were rinsed thoroughly with doubly distilled

water and kept in 0.05 M pH 7.0 PBS at 4 �C when not in use.

2.3. Electrochemical measurements

Electrochemical measurements were carried out on a CHI 660B

electrochemical workstation (Shanghai Chenhua Instrument

Co., China). A conventional three-electrode system was used
2136 | Analyst, 2009, 134, 2135–2140
with the as-prepared film electrode as the working electrode,

a platinum wire as the auxiliary electrode, and a saturated

Ag/AgCl electrode as the reference electrode. All experimental

solutions were deoxygenated by bubbling highly purified

nitrogen for 20 min and a nitrogen atmosphere was maintained

during electrochemical measurements. All measurements were

performed at room temperature.
2.4. Spectroscopic analysis and morphological characterization

UV-vis experiments were performed with a Shimadzu UV-2501

PC spectrophotometer. Circular dichroism (CD) measurements

were carried out on a Jasco J-1200 spectropolarimeter. Fourier

transform infrared (FTIR) spectra were recorded on a Bruker

Vector 22 FTIR spectrometer. Field emission scanning electron

microscopy (FESEM) images were obtained with an Hitachi

S4700 scanning electron microscope at an accelerating voltage

of 20 kV.
3. Results and discussion

3.1. Morphological characterization of GNSs and Hb–GNS–

Nafion composite film

Fig. 1A shows the SEM image of the GNSs. As seen from

Fig. 1A, GNSs have sheet-like structures with the diameter

ranging from 0.2 to 2 mm. The thickness of the GNSs is estimated

about 10–50 nm from the inset of Fig. 1A. Fig. 1B shows the

SEM image of the Hb–GNS–Nafion composite film. It can be

seen that GNSs were uniformly embedded in Nafion to form

a stable composite film, which was essential for the stability of

the prepared enzyme electrode.12 Most of nanosheets in the
This journal is ª The Royal Society of Chemistry 2009
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Fig. 3 FTIR spectra of (a) Hb and (b) Hb–GNS–Nafion composite.
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composite film were laying flat. However some edges of sheets

were sticking out of the surface, which makes a relatively rough

surface. This rough surface is generally beneficial in increasing

the sensitivity of an amperometric electrode.24

3.2. Spectroscopic characterization of Hb–GNS–Nafion

composite film

Hb immobilized in the GNS–Nafion composite film was inves-

tigated by spectroscopic analysis. UV-vis spectrometry is an

effective technique to probe the characteristic structure of

proteins. The position of the Soret absorption band of heme can

provide some information about the denaturation of heme

proteins and conformational changes of the heme group region.

Fig. 2 shows the UV-vis absorption spectra of Hb and Hb–GNS–

Nafion composite film. The Soret band of Hb in the composite

film is located at 410 nm, which is nearly the same as the position

of a native Hb film of 411.5 nm. This indicated that Hb retained

its native structure in the GNS–Nafion composite film.

Furthermore, the circular dichroism (CD) spectrum was used to

study the conformational information of native Hb solution and

Hb–GNS–Nafion diluent suspension solution (data not shown).

The native Hb showed double minima at 210 and 222 nm. Similar

peaks as native Hb were found in Hb–GNS–Nafion CD spec-

trum, confirming that most of the secondary structure of Hb in

the GNS–Nafion solution was retained.

The IR vibrational bands of the amide group of Hb are also

sensitive to the protein secondary structure. The amide I band

(1700–1600 cm�1) is attributed to the C]O stretching vibration

of peptide linkages in the backbone of the protein. The amide II

band (1620–1500 cm�1) results from the combination of N–H

bending and C–N stretching. The FTIR spectra of free Hb and

immobilized Hb are shown in Fig. 3. The spectra of amide I and

II bands of Hb immobilized in the GNS–Nafion composite film

(1643 and 1540 cm�1) are at essentially the same positions as

those obtained for native Hb (1650 and 1540 cm�1), suggesting

that Hb retained the essential features of its native secondary

structure in the GNS–Nafion composite film. The slight shift of

the amide I band (from 1650 to 1643 cm�1) indicated that there

might be some interaction between Hb and the GNS–Nafion

matrix. The results of spectroscopic characterization demon-

strated that the GNS–Nafion composite film had good

biocompatibility.
Fig. 2 UV-vis absorption spectra of (a) Hb film and (b) Hb–GNS–

Nafion film on quartz glass.

This journal is ª The Royal Society of Chemistry 2009
3.3. Direct electrochemistry of Hb–GNS–Nafion composite

film-modified electrodes

Cyclic voltammetry was used to study the direct electrochemistry

of Hb immobilized in the GNS–Nafion composite film. Fig. 4

shows the cyclic voltammograms (CVs) of different electrodes

measured in 0.1 M N2-saturated PBS (pH 7.0) at a scan rate of

0.1 V s�1. No obvious redox peaks were observed at the Hb/GCE

(Fig. 4a). However, the Hb–GNS–Nafion/GCE (Fig. 4c) gave

a couple of stable and well-defined redox peaks at �0.277 and

�0.318 V, corresponding to the Hb–FeIII/FeII redox couple.

Although the Hb–Nafion/GCE also displayed a couple of redox

peaks of Hb (Fig. 4b), these peak currents were much smaller

than those of the Hb–GNS–Nafion/GCE. This indicated that the

introduction of GNSs into films could greatly enhance the direct

electron transfer between Hb molecules and GCEs. The formal

potential (Eo0) of the heme FeIII/II couple in the Hb–GNS–Nafion/

GCE, estimated as the midpoint of reduction and oxidation

potentials, was �0.298 V. A small peak potential separation

(DEp) of 41 mV between the reduction and oxidation peak

potentials was obtained, indicating a fast electron-transfer

process.

Fig. 5 shows the CVs of the Hb–GNS–Nafion/GCE at various

scan rates. The peak currents increased linearly with scan rates

from 0.05 to 0.5 V s�1 (the inset of Fig. 5), indicating a surface-

controlled electrochemical process. From the peak-to-peak

separation of CVs with scan rates from 0.05 to 0.5 V s�1, the
Fig. 4 CVs of (a) Hb/GCE, (b) Hb–Nafion/GCE and (c) Hb–GNS–

Nafion/GCE in 0.1 M PBS (pH 7.0). Scan rate, 0.1 V s�1.

Analyst, 2009, 134, 2135–2140 | 2137
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Fig. 5 CVs of Hb–GNS–Nafion/GCE at different scan rates in 0.1 M

PBS (pH 7.0). Inset: plots of oxidation and reduction peak currents versus

scan rate. (From inner to outer CVs: 0.05, 0.10, 0.15, 0.20, 0.25, 0.30,

0.35, 0.40, 0.45 and 0.50 V s�1.)

Fig. 6 CVs of Hb–GNS–Nafion/GCE in 0.1 M PBS with various

pH values. Inset: plot of formal potential versus pH value. Scan rate,

0.1 V s�1.
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average electron-transfer rate constant ks of the Hb immobilized

in the composite film was estimated to be 6.63 s�1 according to

the model of Laviron with the formula ks ¼ mnFv/RT,33 where

n is the number of electrons transferred, F is Faraday’s constant,

m is a parameter related to the peak-to-peak separation, v is the

scan rate, R is the gas constant, and T is the temperature. Here,

T¼ 298 K and n¼ 1. This value was more than two times of that

of 2.4 s�1 for Hb entrapped in a CNF–Nafion composite film,12

and was more than five times of those for Hb immobilized in

CNT-based films (0.062 s�1,34 0.58 s�1,35 1.02 s�1,36 and 1.25 s�1 37)

and C60-MWCNT (0.39 s�1 13), suggesting that the GNS–Nafion

composite film was much more effective in facilitating the direct

electron transfer of Hb than CNF- and CNT-based films. The

faster electron-transfer kinetics in the GNS–Nafion composites

was possibly attributed to the abundant edge sites on the GNSs,

since a high proportion of edge sites is known to lead to more facile

electron transfer.38 From the integration of the reduction peaks of

the Hb–GNS–Nafion/GCE at different scan rates, an average

surface coverage of Hb was calculated to be 3.1� 10�10 mol cm�2,

which was comparable to the reported value for the CNF–Nafion

composite film,12 and was much higher than that for the

CNT–Nafion film.37 The percentage of the electroactive Hb on the

electrode surface was estimated to be about 18.7%.

In most cases, the redox behavior of proteins is often signifi-

cantly dependent on the solution pH. The CVs of the Hb–GNS–

Nafion/GCE showed a strong dependence on solution pH. Fig. 6

shows the effect of solution pH on the response of the Hb–GNS–

Nafion/GCE. With the increase of the solution pH from 4.9 to 8.1,

the negative shifts of both reduction and oxidation peak potentials

were observed. The plot of the formal potential versus pH

showed a slope of�54.5 mV pH�1 in the inset of Fig. 6. The value

was reasonably close to the theoretical value of�59.0 mV pH�1 at

25 �C, indicating a reversible, one-proton-coupled single-

electron-transfer process.39 In addition, all changes in voltam-

metric peak potentials and currents with pH were reversible.
Fig. 7 CVs of Hb–GNS–Nafion/GCE in 0.1 M PBS (pH 7.0) containing

(a) 0, (b) 100, (c) 200, and (d) 300 mM H2O2. Scan rate, 0.1 V s�1.
3.4. Biosensor applications

Apparently, the good biocompatibility and abundant edge sites

of the GNS–Nafion composite film offer great advantages for the
2138 | Analyst, 2009, 134, 2135–2140
fabrication of a mediator-free biosensor. The determination of

H2O2 is of great importance in clinical, food, pharmaceutical and

environment analyses. The electrocatalytic properties of the

Hb–GNS–Nafion/GCE towards H2O2 are shown in Fig. 7. When

H2O2 was added into blank PBS, a significant increase in the

reduction peak current at about �0.318 V was observed

accompanying a decrease of oxidation peak current, displaying

a typical electrocatalytic reduction process of H2O2. In addition,

the reduction current at around �0.14 V increased with the

addition of H2O2, which was possibly due to the electrocatalysis

of GNSs to the reduction of H2O2.24,25

The Hb–GNS–Nafion/GCE employed as a mediator-free

biosensor for the detection of H2O2 was further investigated by

amperometry. The current was monitored at a constant potential

of �0.33 V while aliquots of H2O2 were injected in to the

pH 7.0 PBS. Fig. 8 shows the calibration curve of the H2O2

biosensor, and the inset picture of Fig. 8 shows typical current–

time plots for GNS–Nafion/GCE (a) and Hb–GNS–Nafion/

GCE (b) on successive injections of various concentrations of

H2O2 solution at �0.33 V. In the absence of biocatalytic activity

(Fig. 8a), the increase of the electrocatalytic current was much

smaller with successive additions of 2 mM H2O2. In contrast, the

Hb–GNS–Nafion/GCE responded more sensitively to the
This journal is ª The Royal Society of Chemistry 2009
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Fig. 8 Calibration curve of the biosensor as a function of H2O2

concentration. The inset shows typical current–time plots for

GNS–Nafion/GCE (a) and Hb–GNS–Nafion/GCE (b) on successive

injections of various concentrations of H2O2 solution. Applied potential,

�0.33 V vs. Ag/AgCl.
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change in the substrate concentration. Thus, the catalytic

response of GNSs to the reduction of H2O2 can be omitted.

The response time (achieving 95% of the steady-state current)

of the biosensor was less than 5 s, indicating a very fast

response to H2O2. The linear range of the biosensor is from

5.0 � 10�7 to 8.0 � 10�5 M with a correlation coefficient of

0.9995 (n¼ 16). The Hb–GNS–Nafion/GCE showed a sensitivity

of 412.7 mA M�1 cm�2 and a detection limit of 2.0 � 10�7 M

(S/N ¼ 3) for H2O2. Compared with Hb entrapped in the

CNF–Nafion film,12 the Hb–GNS–Nafion/GCE had a wider

linear detection range and higher sensitivity. The detection

limit was much lower than previously reported CNT-based

biosensors.34,35,37 These good properties were also observed with

the recently reported graphene-based/GCE,26,27 indicating that

thin GNSs hold great promise for biosensing applications.

When the concentration of H2O2 was higher than 150 mM, the

catalytic current tended to level off, suggesting a typical

Michaelis–Menten process. The apparent Michaelis–Menten

constant (KM
app), a reflection of both the enzymatic affinity and

the ratio of microscopic kinetic constants, was obtained from

the electrochemical version of the Lineweaver–Burk equation40

to be 37 mM. This value was much smaller than those of Hb

entrapped in the CNF–Nafion film12 and CNT-based films.34,37

Thus, the GNS–Nafion composites improved the affinity of

immobilized Hb to H2O2.

The reproducibility and stability of the biosensor were also

investigated. The relative standard deviation was 3.1% for six

determinations using a single-enzyme electrode at a H2O2

concentration of 1.0 mM. The fabrication of five electrodes,

prepared under the same conditions independently, showed an

acceptable reproducibility with a relative stand deviation of 3.4%

for the currents determined at a H2O2 concentration of 1.0 mM.

These results indicated that Hb immobilized in a GNS–Nafion

composite film was an efficient and reproducible immobilization

process. The stability of the biosensor was firstly tested by

comparing the cyclic voltammetric peak currents of Hb. After

continuously scanning for 100 cycles, the voltammetric response

remained almost unchanged. The storage stability of the
This journal is ª The Royal Society of Chemistry 2009
biosensor was investigated by testing every four days. When

not in use, the biosensor was stored in 0.05 M pH 7.0 PBS at 4 �C.

It retained 90% of its initial value after 3 weeks.
4. Conclusions

In this paper, for the first time, GNS–Nafion composites have

been used to construct mediator-free biosensors. Due to good

biocompatibility of the composite film, immobilized Hb retained

its native structure. Hb immobilized in the composite film

showed good direct electrochemistry and a fast electron-transfer

rate. The electron-transfer rate constant ks of Hb immobilized

in the composite film was more than two times that of a CNF–

Nafion composite film, and was more than one order of magni-

tude greater than most literature values for CNT-based films.

The biosensor based on the direct electron transfer of the

immobilized Hb showed good analytical performance, which was

comparable or superior to the biosensors based on CNF- and

CNTs-based biosensors. Moreover, the cheap cost of GNSs gives

them more potential than CNTs and CNFs in the mass

production of biosensors. Therefore, the GNS-based composite

is a promising bio-immobilizing material, which can combine

with various redox proteins and widely apply in mediator-free

biosensors, bioelectronics and biofuel cells.
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