Biosensors and Bioelectronics 25 (2010) 2194-2199

journal homepage: www.elsevier.com/locate/bios

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

Functionalized single-walled carbon nanohorns for electrochemical biosensing

Xiaoging Liu®P, Haijuan Li®P, Fuan Wang??, Shuyun Zhu®P, Yuling Wang®P, Guobao Xu®*

a State Key Laboratory of Electroanalytical Chemistry, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,

5625 Renmin Street, Changchun, Jilin 130022, PR China
b Graduate University of the Chinese Academy of Sciences, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 5 December 2009

Received in revised form 20 February 2010
Accepted 23 February 2010

Available online 3 March 2010

Single-walled carbon nanohorns (SWNHs), distinguished by their high purity and distinct structure,
were noncovalently functionalized with poly(sodium 4-styrenesulfonate). The functionalized SWNHs
were characterized by scanning electron microscopy, atomic force microscopy, ultraviolet-visible spec-
troscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, and thermogravimetry. Heme

protein myoglobin was adsorbed onto surface of functionalized SWNHs to prepare electrochemical

Keywords:

Carbon nanohorns

Carbon nanotubes
Noncovalent functionalization
Biosensors

Heme proteins

biosensor. Surface assembly process and direct electrochemistry of immobilized myoglobin were inves-
tigated by electrochemical impedance spectroscopy and cyclic voltammetry, respectively. The proposed
biosensor exhibited good electrocatalysis to the reduction of hydrogen peroxide. The response was lin-
ear over the range 3-350 wM with a detection limit of 0.5 wM. Good reproducibility and stability of the
biosensor were obtained toward hydrogen peroxide detection.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured carbon materials such as carbon nanotubes
(CNTs) have been extensively studied in electrochemistry and
biosensors due to their excellent mechanical and electrical prop-
erties (Hu and Dong, 2008; Kato et al., 2008; Kim et al., 2007;
McCreery, 2008; Tasis et al., 2006). CNTs can improve the elec-
trochemical activity of biomolecules and redox proteins and have
numerous applications (Chen et al., 2009; Katz and Willner, 2004;
Merkoci et al., 2005; Wang and Lin, 2008). There are also differ-
ent opinions concerning fundamental electroactive site of CNTs
(Banks et al., 2005; Chou et al., 2005; Gong et al., 2008). How-
ever, CNTs often contain impurities, and the purification treatment
will result in extra disadvantages for CNTs such as degradation,
defects, loss of electronic and mechanical properties. Impurities
such as metallic impurities in CNTs are difficult to remove even
after extensive treatment (Pumera, 2007). In addition, metallic
impurities will take part in the redox reaction of many biomark-
ers, resulting in potential experimental misinterpretations. It has
been reported that metallic impurities within carbon nanotubes
exhibit redox activity toward the oxidation of hydrazine (Banks et
al,, 2006; Pumera and Iwai, 2009a) and amino acids (Pumera et
al., 2009). More seriously, these impurities can catalyze the elec-
trochemical oxidation of glucose (Batchelor-McAuley et al., 2008;
Siegertetal.,2009), which is a biologically vital molecules, and even
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can direct the reduction of hydrogen peroxide (Pumera and Iwai,
2009b; Sljukic et al., 2006), which is also one of the most impor-
tant biomarkers and popular analytes for biosensing (Cass et al.,
1984). As residual impurities may dominate electrochemical activ-
ity of CNTs in some cases, amount of metallic impurities in carbon
nanotubes that can dominate redox properties is studied (Pumera
and Miyahara, 2009). Noteworthily, high purity metal catalyst-free
CNT (Jones et al., 2007) and multilayer graphene nanoflake films
with sharp edge planes (Shang et al., 2008) have been smartly used
to avoid the problem. The performance for dopamine detection at
multilayer graphene nanoflake films with sharp edge planesis even
comparable to that of edge plane pyrolytic graphite.
Single-walled carbon nanohorns (SWNHs) are horn-shaped
sheath composed of single-wall graphene sheets. SWNHSs have a
conical structure with a particularly sharp apical angle. Different
from CNTs, SWNHs usually assemble into roughly spherical aggre-
gates with high surface area and excellent porosity (lijima et al.,
1999; Yang et al., 2005). The distinct structure of SWNHs con-
duces to novel mechanical and electronic properties, which have
attracted considerable attention (Yudasaka et al., 2008). SWNHs
are produced by the laser ablation of pure graphite with high yield
in the absence of metal catalyst. The metal-free property of SWNHs
is a significant advantage of SWNHs over CNTs in practical use,
especially in electrochemistry to avoid potential interference from
residual metal impurities. Because of their unique structures, high
yield, high purity, and low toxicity (Isobe et al., 2006; Miyawaki
et al., 2007), SWNHs have substantial promise for applications
in many fields largely complementary to applications of carbon
nanotubes. Furthermore, SWNHs have some prominent features


http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:guobaoxu@ciac.jl.cn
dx.doi.org/10.1016/j.bios.2010.02.027

X. Liu et al. / Biosensors and Bioelectronics 25 (2010) 2194-2199 2195

compared to CNTs (Yudasaka et al., 2008), therefore, SWNHs are
attractive alternative to CNTs for biosensing (Kase et al., 2004; Zhu
etal., 2003), electrochemical applications (Liu et al., 2008), and may
suggest potential application in biofuel cell. However, the low sol-
ubility in conventional solvents hinders practical applications of
SWNHs.

To overcome the problem of solubility and extend the appli-
cation of SWNHs, covalent or noncovalent functionalization of
SWNHs has been achieved. The covalent functionalization of
SWNHs usually involves the decoration sidewalls of SWNHs
with organic species such as pyrrolidine rings, porphyrin, and
diblock copolymer by direct nucleophilic addition, amidation of
the carboxyl groups, 1,3 dipolar cycloaddition, or anionic poly-
merization with the grafting-to approach (Cioffi et al., 2006, 2007;
Mountrichas et al., 2007; Pagona et al., 2007a; Tagmatarchis et
al., 2006). Another covalent method is based on opening of the
cone-shaped tip of SWNHs and attachment of various organic
amines, alcohols, and thiols to the cone-ends of SWNHSs (Pagona
et al., 2006a). The covalent functionalization can enhance sol-
ubilization and signify the potential application of SWNHs as
electron acceptors for novel donor-acceptor nanosystems. How-
ever, the covalent functionalization will result in the perturbation
of the continuous -electronic network of SWNH. Noncovalent
functionalization is another promising approach to improve the
solubilization of SWNHs and explore application of SWNHs (Britz
and Khlobystov, 2006; Chen et al., 2001). The supramolecular
-1 stacking interactions between the sidewalls of SWNHs with
pyrenes or porphyrins make SWNHs dispersed without signifi-
cantly disrupting their m-electronic network (Zhu et al., 2003;
Pagona et al., 2006b, 2007b,c). It is attractive to explore non-
covalent method to extend the application of SWNHSs. Polymers
are appealing candidates for the formation of supramolecular
complexes with carbon skeleton through noncovalent attach-
ment (O’Connel et al., 2001; Zhao and Stoddart, 2009), because
polymers usually have more involved interaction sites for sur-
face adsorption (Jonsson-Niedziolka et al., 2009; Ugo et al.,
2002).

In this study, we describe a new way for the noncovalent
functionalization of SWNHs. A polymer named poly(sodium 4-
styrenesulfonate) (PSS) was used to disperse SWNHSs in aqueous
solution. Myoglobin (Mb) is an oxygen-transport protein in mam-
malian muscle with a molecular weight of about 17,000 and a
known structure (Rusling and Nassar, 1993; Li et al., 2006). It is
generally much cheaper than peroxidases, and is very suitable for
large scale production by recombinant means well known in the art.
Extensive studies show that its activity can be greatly enhanced by
suitable modification (Wan et al., 1998). The features above make
Mb promising in hydrogen peroxide biosensors. Moreover, Mb has
an isoelectric point (pl) of around 7.2, and can adsorb to negatively
charged PSS easily (Ma et al., 2000). Therefore, the PSS modi-
fied SWNHs (PSS-SWNHs) were utilized to further assemble Mb
to facilitate electrochemical communication between protein and
composite modified electrode (Guiseppi-Elie et al., 2005; Rusling
and Zhang, 2001). Application of the constructed biosensor for the
determination of H,O, was investigated. SWNHs exhibit favor-
able electrochemical properties in the experiment. The study will
facilitate applications of SWNHs in the fields of biosensor and elec-
trochemistry.

2. Experimental

2.1. Reagents

Dahlia-like SWNHs were prepared by CO, laser ablation.
Mb from horse heart (90%, PhastGel) was purchased from

Sigma and used as received. PSS (30 wt.%, Mw =200,000 g/mol)
was obtained from Aldrich. Other reagents were of analyti-
cal grade. All solutions were prepared with doubly deionized
water.

2.2. Apparatus and measurements

Electrochemical measurements were carried out in a con-
ventional three-electrode cell with an 832B potentiostat (CHI
Inc., USA). The working electrode was a glassy carbon (GC)
electrode. An Ag/AgCl electrode and a Pt wire were used as ref-
erence and counter electrode, respectively. During the course
of the experiments, the solutions were first deoxygenated by
bubbling ultra-pure nitrogen for 15min, then were kept in a
nitrogen atmosphere. Ultraviolet-visible (UV-vis) spectra were
carried out using a Cary 500 UV-vis spectrometer (Varian Co.,
USA). Fourier transform infrared (FTIR) spectroscopy experiment
was operated using BRUKER Vertex 70 FTIR (Germany). Raman
spectra were recorded using a Renishaw system 2000 Raman
spectrometer operating with an Ar* ion laser (514.5 nm). Transmis-
sion electron microscopy (TEM) measurements were performed
using a JEOL 2010 transmission electron microscope operated
at an accelerating voltage of 200KkV. Field-emission scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) measurements were carried out using a PHILIPS
XL30 ESEM-FEG at an accelerating voltage of 20kV. Tapping-
mode atomic force microscopy (AFM) was conducted using an
SPA400 equipped with an SPI3800N controller microscope instru-
ment (made in Japan, Seiko Instruments, Inc.). Thermogravimetric
analysis (TGA) was performed using a Pyris Diamond TG/DTA
thermogravimetric analyzer (Perkin Elmer Thermal Analysis). Sam-
ples were heated under nitrogen atmosphere from 40 to 900°C
at 10°C/min. Electrochemical impedance spectroscopy (EIS) was
carried out using a Solartron 1255B Frequency Response Ana-
lyzer and a Solartron 1470 Battery Test Unit (Solartron Inc.,
UK), and 5mM K3[Fe(CN)g]/K4[Fe(CN)g] was used as a redox
probe during the measurement. The direct current potential and
alternating current amplitude were set at 0.22 and 5mV, respec-
tively.

2.3. Preparation of PSS-SWNHs

Polymer wrapping was performed by the reported method with
variation (Correa-Duarte et al., 2004). SWNHs were dispersed in
1wt.% aqueous solution of PSS to a concentration of 0.05 mgml~!
by strong sonication. The dispersed solution was stored at 50 °C for
12 h. Excess PSS was removed through repeated centrifugation and
redispersion cycles, and stable colloid of PSS-SWNHs in water was
obtained.

2.4. Preparation of Mb/PSS-SWNH/GC and Mb/SWNH/GC
electrodes

Before modification, the bare GC electrode was polished with
0.05-pm alumina slurry, sonicated in deionized water, and then
dried in highly purified nitrogen stream. PSS-SWNH/GC electrode
was made by dropping 0.2mgml-! of PSS-SWNHs onto bare GC
electrode, dried at room temperature, and thoroughly rinsed with
water. Mb/PSS-SWNH/GC electrode was fabricated by immersing
the PSS-SWNH/GC electrodes in 1mgml-! of Mb solution (pH
5.5) for about 3 h. Mb/SWNH/GC electrode was prepared in a sim-
ilar way, and the difference is that pristine SWNH dissolved in
dimethylformamide instead of PSS-SWNH dissolved in water is
used. The modified electrode was rinsed with buffer and stored
at4°C.
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Fig. 1. (A and B) SEM images of SWNHSs (A) and PSS-SWNHs (B) on GC electrode. (C) AFM image of PSS—-SWNHSs on mica. Insert: cross-sectional profile of the AFM image

along the black line. (D) EDS pattern of PSS-SWNHs. The scale bar is 500 nm.

3. Results and discussion

3.1. Morphology and spectroscopy characterization of
PSS-SWNHs

SWNHs generally exist as spherical aggregates (Fig. S1) and
the SWNH aggregates have low solubility in water. After func-
tionalization, solubility of SWNHs increased and the homogeneous
black solution of PSS-SWNHs was stable for over a month. The
improved solubility is based on the thermodynamic preference of
PSS-SWNH interaction (Correa-Duarte et al., 2004; O’Connel et al.,
2001). Hydrophobic portion of PSS can cover surface of SWNHs
to eliminate hydrophobic interface between SWNHs and their
aqueous medium (Correa-Duarte and Liz-Marzan, 2006). Scanning
electron microscopy, atomic force microscopy, ultraviolet-visible
spectroscopy, Fourier transform infrared spectroscopy, Raman
spectroscopy, and thermogravimetry were used to characterize
PSS-SWNHs in the following experiments. Fig. 1(A and B) shows
that both pristine SWNHs and PSS-SWNHs assemble into spherical
nanostructures, suggesting that the noncovalent functionaliza-
tion does not significantly alter the morphology of SWNHs. The
PSS-SWNH composite has also been investigated by AFM (Fig. 1C).
Representative image showed that individual spherical aggregate
of PSS-SWNHs was 70-85 nm in height. The result demonstrates
that the average diameter of spherical aggregate is consistent with
the particle size obtained by SEM. The presence of PSS is confirmed
by EDS (Fig. 1D). The major element of O, S and Na indicated that
PSS was functionalized onto the surface of SWNHs.

Fig. 2 displays UV-vis spectra of SWNHs, PSS-SWNHs and PSS.
The absorption band for SWNHSs appeared at 262 nm with a broad
peak, and the spectrum of PSS displayed a strong absorbance at
225nm and a minor absorption band at 261 nm. The UV-vis spec-
trum of PSS-SWNHs exhibited a sharp absorption peak at 225 nm,
implying the wrapping of PSS onto SWNHs (Zhou et al., 2004).
Fig. S2A compares FTIR spectrum of SWNHs and PSS-SWNHs. The
spectrum of PSS-SWNHs is in agreement with typical spectrum

of PSS. The characteristic peaks of the bands for PSS-SWNHs at
1171 and 1375cm~! were ascribed to sulfonic group. Peaks at
around 1462,1536,and 1575 cm~! were ascribed to benzene group.
The C-H stretching and bending active vibrations were identified
at about 2844, 2915, 2950 and 3064 cm™!. The spectral analysis
suggests that PSS can either thread themselves onto or wrap them-
selves around the surface of SWNHs, similar to the interactions
between polymers and CNTs.

Raman spectroscopy of PSS-SWNHs reveals the presence of two
prominent bands at 1334cm~! (D-band) and 1580 cm~! (G-band),
which s characteristic of SWNHs (Fig. S2B). The G-band is related to
the vibrations of the sp?-hybridized carbon network. The D-band is
attributed to the loss of basal plane lattice periodicity of SWNHs and
to the sp? single-bonding carbon atoms existing within aggregates
(Cioffi et al., 2007). Relative intensity of the D-band to the G-band
can monitor the density of defects generated on the network of
SWNHs after functionalization. The spectroscopy revealed that the
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Fig. 2. UV-vis absorption spectra of SWNHs (dotted line) and PSS-SWNHs (solid
line) monitored in aqueous solutions. Insert: absorbance of PSS in aqueous solution.
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Fig. 3. TGA of SWNHs (dotted line) and PSS-SWNHs (solid line).

relative intensity for the two peaks showed little change after func-
tionalization. The comparison indicated the noncovalent nature of
interactions between SWNHs and PSS (Pagona et al., 2007b).

The amount of PSS in the functionalized SWNHs was evalu-
ated by TGA (Fig. 3). Pristine SWNHs had good thermal stability
below 645 °C under nitrogen. A loss of weight corresponding to PSS
wrapped on SWNHs was about 69% at 800 °C. Such a loss demon-
strated that the functionalization percentage of the SWNHs with
polymer was about 0.013% (molar percentage, molecular weight of
PSS: 200,000 g/mol). The result is consistent with the unchanged
relative intensity for D-band and G-band in Raman spectroscopy.

3.2. Assembly process and electrochemical properties of Mb
immobilized on PSS-SWNHs

The use of functionalized SWNHs in electrochemical biosen-
sor was investigated. Heme protein Mb was assembled onto
PSS-SWNHs modified electrode and electrochemistry of immobi-
lized Mb was studied. The surface assembly process of Mb was
monitored by EIS. When PSS-SWNHs were modified on electrode,
the charge-transfer resistance (Rct, the diameter of the semicir-
cle in the Nyquist plot) was greatly decreased compared with that
on bare electrode, indicating that the film had good conductivity
(Fig. 4, curves aandb). After adsorption of Mb onto the PSS-SWNHs,
a significant increase in Rct was observed. Moreover, the longer
the adsorption time, the larger the Rct (Fig. 4, curves c, d, and
e). The significant impedance changes imply that Mb has been
assembled on the electrode surface. Other interactions such as
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Fig. 4. Nyquist plots of bare GC electrode (a), PSS-SWNH/GC electrode (b), and

Mb/PSS-SWNH/GC electrode fabricated by immersing PSS-SWNH/GC electrode in
Mb solution for 2h (c¢), 3h (d), and 4h (e).
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Fig. 5. Cyclic voltammograms of Mb/PSS-SWNH/GC electrode in 0.1 M (pH 5.5)
acetate buffer solution at different scan rates. Insert: dependence of anodic and
cathodic peak currents on scan rate.

-1 stacking interactions and hydrophobic interactions may also
exist between Mb and PSS-SWNHs (Azamian et al., 2002; Lin et al.,
2004).

Cyclic voltammograms shows that a pair of well-defined redox
peaks appears when Mb is adsorbed on PSS-SWNH modified
electrode, whereas no peak is observed at PSS-SWNH modified
electrode (Fig. S3). The comparison implies a favorable orienta-
tion of Mb at PSS-SWNH modified electrode. By integration of the
reduction peaks according to the following equation:

Q =nFAI'

where Q is the charge involved in the reaction, n is the number
of electron transferred, F is the Faraday’s constant, and A is the
surface area of the GCelectrode, the active Mb adsorbed on the elec-
trode surface is calculated to be 9.94 x 10-'! mol cm~2 (geometric
area is employed). The value of the surface coverage was larger
than the theoretical monolayer coverage of 1.58 x 101! mol cm—2
for Mb estimated from the crystallographic data (Kendrew et
al., 1958), comparable with 5.18 x 10~ molcm~2 for heme pro-
teins entrapped in agarose hydrogel films (Liu et al., 2004a) and
8.85 x 10~ molcm~2 for a core-shell nanocluster films contain-
ing polyelectrolyte and silica nanoparticles (Liu et al., 2004b). The
larger surface coverage may be due to three-dimensional nanos-
tructured morphology of SWNHs.

The direct electrochemistry of Mb is demonstrated through
cyclic voltammetry by varying scan rate and solution pH. Fig. 5
shows that the formal potential is —0.270 £ 0.005V under differ-
ent scan rates, which agrees well with those obtained from Mb
entrapped in polyacrylamide hydrogel films (Shen et al., 2002),
Mb-titanate nanotubes composite film, and Mb-titanium oxide
anatase nanoparticles film cast on basal plane pyrolytic graphite
electrode (Liu et al., 2005). When scan rates were increased
from 0.02 to 0.5Vs~!, both the anodic and the cathodic peak
currents were proportional to scan rate, suggesting a typical
surface controlled electrode process for the electron transfer of
Mb on the electrode. When scan rate was larger than 0.5Vs~1,
the peak-to-peak separation (AEp) became larger than 0.2V,
and AEp increased rapidly with increased scan rate (Fig. S4).
When nAEp>0.2V, the direct electron transfer rate constants
(ks) can be estimated from the Laviron model equation (Laviron,
1979):

RT RT RT

AEp = nFa(1 — a) In v+ nFa(1 — o) In(1 - )+ %ln

1 RT\ (RT/nF) RT
a_oz(lfa) n(ﬁ) " nFa(1 - a) n s
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Fig. 6. Cyclic voltammograms of the Mb/PSS-SWNH/GC electrode in the presence
of O M (a), 3 wM (b), 5 M (c), 10 wM (d), 100 wM (e), 150 wM (f), 300 wM (g), and
350 wM (h) H>0, in 0.1 M (pH 5.5) acetate buffer solution. Scan rate: 0.2Vs~1.

Here « is charge-transfer coefficient and n is the number of elec-
trons transferred in the reaction. The electron transfer rate constant
was calculated about 3.50s~1, which was larger than the value for
Mb immobilized in biocompatible silk fibroin film (1.34s~1) (Wu
et al., 2006). This indicates a fast electron transfer between the
immobilized electroactive centers of Mb and PSS-SWNH modified
electrode. It can be attributed to the fact that the nanostruc-
tured spherical PSS-SWNHs provide a favorable microenvironment
for Mb and the good conductivity of SWNHs facilitates electron
tunneling. Further study showed that cyclic voltammograms of
Mb/PSS-SWNH/GC electrode depended on solution pH. The formal
potential decreased linearly as pH increased from 4.0 to 8.0. Slope
of the line was —0.43 V pH~! and the value was close to theoretical
value for the reversible one electron-transfer coupled by single-
proton transportation (Bond, 1980). The electron process can be
can be expressed by the following equation:

MbhemeFe(lll) + HT — MbhemeFe(Il)

Fig. 6 and Figs. S5 and S6 show the cyclic voltammograms at the
Mb/PSS-SWNH/GC electrode and the Mb/SWNH/GC electrode as
well as the corresponding calibration curves, respectively. By com-
parison, the Mb/PSS-SWNH/GC sensor is much more sensitive than
the Mb/SWNH/GC sensor. The best linear relationship was obtained
from 3 to 350 wM H; 0, with a detection limit of 0.5 wM H, O for the
Mb/PSS-SWNH/GC sensor. The sensitivity of H0, is much lower
than that at the soybean peroxidase/SWNH biosensor (Shi et al.,
2009) and that at activated SWNH paste electrode (Zhu et al., 2008).
Therelative standard deviation value of the measured cathodic cur-
rent for 10 successive assays of 10 wM H, 0, was 3.5%. The biosensor
displays almost unchanged current response to H,O, when stored
at 4°C over a week, and retains 80% of the initial response toward
H,0, after storing for half a month. The good reproducibility and
stability of the biosensor indicate that PSS-SWNHs can efficiently
retain electrocatalytic activity of Mb. The electrocatalytic current
began to level off with further increase of H,0, concentration. The
apparent Michaelis—Menten constant KiPP was 400.5 ..M obtained
from Lineweaver-Burk equation (Kamin and Wilson, 1980).

| L L et o I et

where I, Imax, and ¢ stand for the steady-state current after addition
of substrate, the maximum current measured under saturated sub-
strate, and the bulk concentration of substrate, respectively. The
results are comparable with Mb entrapped in titanate nanotubes
film (Liu et al., 2005) and Mb bound to interlayer of magadiite (Peng
et al., 2004).

4. Conclusion

This work describes functionalization of SWNHs with poly-
mer PSS through noncovalent interaction. The functionalization
improves solubility of SWNHSs and facilitates electrochemical appli-
cation of SWNHs. The electron transfer of Mb immobilized on
PSS-SWNH modified electrode was a surface controlled process
involving in a reversible, one electron coupled one-proton reaction
process. The constructed biosensor exhibited good electrocatalytic
response, nice reproducibility, and good stability for the determi-
nation of H,O,. The study shows that SWNH is a good candidate for
constructing sensor and biosensor.
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