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Carboxylic-group-functionalized single-walled
carbon nanohorns as peroxidase mimetics and
their application to glucose detection†

Shuyun Zhu,a,b Xian-En Zhao,a Jinmao You,a Guobao Xu*b and Hua Wang*a

Carboxylic-group-functionalized single-walled carbon nanohorns (SWCNHs-COOH) have been found to

possess peroxidase-like activity for the first time. Similar to natural peroxidase, SWCNHs-COOH can cata-

lyze the oxidation of 3,3’,5,5’-tetramethylbenzidine by H2O2 to produce a blue color solution. Compared

with horseradish peroxidase, SWCNHs-COOH exhibit higher activity and stability under harsh reaction

conditions. The catalytic activity of SWCNHs-COOH depends on the concentration of H2O2. A colori-

metric method for glucose detection was developed by combining the SWCNH-COOH catalytic reaction

and the generation of H2O2 by the enzymatic oxidation of glucose with glucose oxidase. Taking into

account the advantages of good stability, high biocompatibility in aqueous solutions, being metal-catalyst

free, and high purity, SWCNHs-COOH are expected to have potential applications in biotechnology and

clinical diagnostics as enzymatic mimics.

1. Introduction

Natural enzymes with high substrate specificities and high
catalytic efficiency under mild conditions have been widely
studied and applied in various fields.1,2 However, they bear
some drawbacks, such as the sensitivity of catalytic activity to
environmental changes, low stability due to denaturation and
digestion, and the high cost of preparation, purification and
storage.3 Therefore, the search for enzyme mimetics is urgently
needed and they are under intensive investigation. To date, a
number of studies have been focused on peroxidase mimetics
such as heme, porphyrin, cyclodextrin, and so on.4–6

Nanomaterials have received considerable attention and
been widely used for biosensing over the past few decades
because of their unique optical and electrical properties, large
specific surface areas, structure-dependent properties, and fas-
cinating catalytic activities.7,8 In 2007, Yan et al. discovered
that Fe3O4 nanoparticles (NPs) possessed intrinsic enzyme
activity similar to natural peroxidases.9 Since then, various
nanomaterials, such as magnetic nanomaterials,10,11 metal
oxide NPs,12,13 metal NPs,14,15 metal nanoclusters,16,17 carbon

nanomaterials18–22 and nanocomposites,23–25 have been
reported to possess peroxidase-like catalytic activities and be
used for various biosensing applications. In comparison with
conventional natural enzymes, these nanomaterials may rep-
resent promising candidates as enzyme mimetics due to their
several superior advantages, such as low cost, high stability
against harsh reaction conditions, and the ease of preparation.
However, the catalytic mechanism of carbon nanotubes (CNTs)
is open to dispute due to the presence of metal residues which
result from metal catalysts used for the synthesis of CNTs. It
has been suggested that the catalytic mechanism of CNTs may
be related to the trace amounts of the metal catalyst in CNTs.22

The single-walled carbon nanohorn (SWCNH) is a new
carbon allotrope of the single-walled carbon nanotube
(SWCNT) family and is prepared by vaporizing pure graphite
rods via CO2 laser ablation in argon at ambient temperature
without the use of any metal catalyst.26 Therefore, SWCNHs
are essentially free of metal contamination. In addition, they
do not need further purification and thus are user-friendly.
Moreover, SWCNHs are much cheaper than SWCNTs. Due to
their unique properties, SWCNHs have been widely used for
various applications, such as adsorption, drug delivery, fuel
cells, super capacitors, biosensors and so on.27–31 Up to now,
SWCNHs have never been used as enzymatic mimetics.

Herein, we report the intrinsic peroxidase-like catalytic
activity of carboxylic-group-functionalized SWCNHs (SWCNHs-
COOH) for the first time. The SWCNH-COOH shows good solu-
bility in water and the solution has been stable for one month
at room temperature. The SWCNHs-COOH can catalyze the oxi-
dation of the peroxidase substrate 3,3′,5,5′-tetramethyl-
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benzidine (TMB) in the presence of H2O2 to generate oxidized
TMB (oxTMB) which exhibits a blue color change in aqueous
solutions. Combining the catalytic reaction of glucose with
glucose oxidase (GOx) and the SWCNH-COOH catalytic reac-
tion, a colorimetric method for glucose detection was also
developed (Scheme 1). The developed method exhibits a highly
selective response to glucose detection and also has potential
applications in clinical diagnosis. This study provides new
insights into the utilization of this peroxidase-like activity of
SWCNHs-COOH.

2. Experimental section
2.1. Reagents and apparatus

Professor S. Iijima generously offered SWCNHs that were pre-
pared at room temperature by CO2 laser ablation. TMB, H2O2

solution (30 wt% aqueous), glucose, fructose, lactose, maltose,
and horseradish peroxidase (HRP) were purchased from
Aladdin Chemistry Co. Ltd (Shanghai, China). GOx was pur-
chased from Sigma-Aldrich. All other reagents were of analyti-
cal reagent grade, and used as received.

Absorption spectra were recorded on a Varian cary-300 UV-
vis spectrophotometer. HRTEM measurements were performed
on an FEI TECNAI G2 F20 microscope that was operated at an
accelerating voltage of 200 kV. X-ray photoelectron spectroscopy
(XPS) was performed on a Thermo ESCALAB 250. Raman
spectra were recorded on a LabRAM HR800 (Horiba Jobin Yvon)
Raman spectrometer. Fourier-transform IR (FTIR) spectroscopy
experiment was performed on a Magna-IR 380 (Nicolet).

2.2. Preparation of carboxylic-group-functionalized SWCNHs
(SWCNHs-COOH)

SWCNHs were treated with a dilute solution of HNO3 to obtain
SWCNHs-COOH according to our previous reports.31 Typically,
SWCNHs were dispersed in 30% HNO3 and then heated at
reflux (140 °C) for 24 h to obtain SWCNHs-COOH. The result-
ing suspension was centrifuged and the sediment was washed
with doubly distilled water until the pH value reached 6.0. The
SWCNHs-COOH were dried at 60 °C overnight and then dis-

persed in doubly distilled water to form a stable suspension
with a concentration of 0.5 mg mL−1.

2.3. Kinetic measurement and relative activity comparison

The reaction kinetic measurements were carried out in time
course mode by monitoring the absorbance change at 652 nm.
Experiments were conducted using 20 µg mL−1 SWCNHs-
COOH in 0.1 M phosphate buffer (pH 3.5) containing 0.8 mM
TMB or 100 mM H2O2. Absorbance data were back-calculated
to concentration by the Beer–Lambert law using a molar
absorption coefficient of 39 000 M−1 cm−1 for TMB-derived oxi-
dation products.21 Steady-state reaction rates at different con-
centrations of the substrate were obtained by calculating the
time-dependent slopes of the initial absorbance (absorbance
determination was performed in 5 min at a frequency of one
time per minute). The Michaelis–Menten constant was calcu-
lated using the Lineweaver–Burk plot: 1/ν = (Km/Vmax)(1/[S] +
1/Km), where ν is the initial velocity, Km is the Michaelis con-
stant, Vmax is the maximal reaction velocity, and [S] is the con-
centration of the substrate.

The stability of SWCNHs-COOH or HRP was tested by incu-
bating SWCNHs-COOH or HRP in 0.1 M phosphate buffer with
a given pH at given temperatures for 2 h, and then measuring
their activities under optimal conditions of pH 3.5 and 35 °C.

2.4. Glucose detection using GOx and SWCNHs-COOH

Glucose detection was performed as follows: 50 µL of GOx
(1 mg mL−1) and 50 µL of glucose with different concentrations
in 0.1 M phosphate buffer (pH 7.0) were incubated at 37 °C in a
water bath for 30 min. Then, 40 µL of 10 mM TMB, 20 µL of
0.5 mg mL−1 SWCNHs-COOH, and 340 µL of 0.1 M phosphate
buffer (pH 3.5) were added into the above solution, and the
final mixture was further incubated at 35 °C for 15 min. Finally,
the resulting solution was taken for absorption spectroscopy
measurement. The control experiments were run with maltose,
lactose, and fructose, instead of glucose, in a similar way.

3. Results and discussion
3.1. Characterization of SWCNHs-COOH

Fig. 1A shows the HRTEM image of SWCNHs-COOH, the func-
tionalized SWCNHs remain in a dahlia-like morphology.26 XPS
studies (Fig. 1B) show that SWCNHs-COOH are essentially
metal-free. And the contents of oxygen increased from 1.56%
to 14.15% after functionalization. A C 1s peak at the binding
energy of 284.8 eV was assigned to sp2 CvC. FTIR spectra
(Fig. S1†) revealed absorption peaks at around 1716 cm−1

(CvO) and 3400 cm−1 (O–H). These peaks confirm the intro-
duction of carbonyl to the SWCNH surface, which is in accord-
ance with the XPS of the SWCNHs-COOH (Fig. 1B). Fig. 1C
shows the Raman spectra of the as-grown SWCNHs and
SWCNHs-COOH. Both of these materials have two bands. The
G band is related to the vibration mode in graphite-like
carbon, whereas the D band is induced by disorder or edges
within the structure.32 For SWCNHs-COOH, the intensity of

Scheme 1 Schematic illustration of colorimetric detection of glucose
by using GOx and SWCNH-COOH catalyzed color reaction.
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the D band increases with respect to that of the G band, which
should be attributed to the increase in defect concentration on
the walls of the nanohorn during acid treatment. Moreover,
the SWCNH-COOH has good dispersibility in water, and the
solution has been stable for one month at room temperature.

3.2. Peroxidase-like activity of SWCNHs-COOH

To investigate the peroxidase-like activity of SWCNHs-COOH,
the catalytic oxidation of the peroxidase substrate TMB was
tested in the presence of H2O2. As shown in Fig. 2, the
SWCNHs-COOH can catalyze the oxidation of TMB by H2O2 to
produce the typical blue color solution. The absorbance peak
of the reaction mixture is located at 652 nm, which results
from the oxidation products of TMB.33 Additional control
experiments using TMB in the absence of H2O2 or SWCNHs-
COOH showed no oxidation reaction, indicating that both the
components are required for the reactions. These findings also
indicate that SWCNH-COOH possesses peroxidase-like cata-
lytic activity.

The relative catalytic activity of SWCNHs-COOH is depen-
dent on pH, temperature, H2O2 concentration, and

SWCNH-COOH concentration (see ESI, Fig. S2†). The
maximum catalytic activity of the SWCNHs-COOH was
obtained under the following optimal conditions: pH 3.5,
35 °C, 400 mM H2O2, and 20 µg mL−1 SWCNHs-COOH. Our
results suggest that SWCNHs-COOH required a H2O2 concen-
tration about two orders of magnitude higher than HRP to
reach the maximum level of peroxidase activity. This indicates
that the catalytic activity of SWCNHs is more stable at high
H2O2 concentrations than that of HRP.

3.3. Kinetic analysis of SWCNHs-COOH as peroxidase
mimics

The peroxidase-like catalytic properties of SWCNHs-COOH
were further investigated using steady-state kinetics. The kinetic
data were obtained by varying one substrate concentration while
keeping the other substrate concentration constant. As shown
in Fig. 3, typical Michaelis–Menten curves can be obtained for
SWCNHs-COOH with both TMB and H2O2 as substrates in a
certain range of concentrations. The Michaelis–Menten con-
stant (Km), which is an indicator of enzyme affinity for its sub-
strate, was obtained by using the Lineweaver–Burk plot:

1
v
¼ Km

Vmax

� �
1
½S�

� �
þ 1

Vmax

� �

Fig. 1 (A) HRTEM image of SWCNHs-COOH. Inset: photograph of a
0.5 mg mL−1 aqueous solution of SWCNHs-COOH. (B) XPS of SWCNHs-
COOH. (C) Raman spectra of (a) as-grown SWCNHs and (b) SWCNHs-
COOH.

Fig. 2 Typical absorption spectra and images of 0.8 mM TMB in the
presence of (a) 100 mM H2O2, (b) 20 µg mL−1 SWCNHs-COOH, and (c)
20 µg mL−1 SWCNHs-COOH and 100 mM H2O2.

Fig. 3 Steady-state kinetic assays of the SWCNHs-COOH. (A) The con-
centration of TMB was 0.8 mM and the H2O2 concentration was varied.
(B) The concentration of H2O2 was 100 mM and the TMB concentration
was varied. The insets show the Lineweaver–Burk plots of the double
reciprocal of the Michaelis–Menten equation.
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where ν is the initial velocity, [S] is the concentration of the sub-
strate, and Vmax is the maximal reaction velocity (Table S1†).
The apparent Km value of SWCNHs-COOH with H2O2 as the
substrate is significantly higher than that for HRP and compar-
able to those of other carbon-based nanomaterials, consistent
with the fact that a higher H2O2 concentration was required to
achieve maximal activity for SWCNHs-COOH. Moreover, the Km
value of SWCNHs-COOH with TMB as the substrate is similar to
that of HRP and smaller than that of helical carbon nanotubes
(HCNTs), which demonstrates that the SWCNHs-COOH have
comparable affinity to TMB compared with HRP and better
affinity to TMB in comparison with HCNTs.

3.4. Comparison of robustness of SWCNHs-COOH and HRP

As inorganic materials, SWCNHs-COOH are expected to be
more stable than natural enzymes. To confirm this assump-
tion, the stability of SWCNHs-COOH was evaluated and com-
pared with that of HRP firstly. Both SWCNHs-COOH and HRP
were incubated at 20–80 °C or at pH 2.0–12.0 for 2 h, and sub-
sequently their activities were measured under standard con-
ditions (pH 3.5, 35 °C). As shown in Fig. 4, HRP loses activity
significantly after the incubation at low pH, high pH or high
temperatures. In contrast, SWCNH-COOH shows stable and

high catalytic activity after the incubation over a wide range of
pH (2–8) and temperatures (20–80 °C). The robustness of
SWCNHs-COOH makes them suitable for a broader range of
applications in the biochemistry and environmental chemistry
field.

3.5. Detection of glucose using SWCNHs-COOH

As shown in Scheme 1, the oxidation of glucose was catalyzed
by GOx in the presence of oxygen to produce gluconic acid and
H2O2, and the resulting H2O2 can be used to oxidize the per-
oxidase substrate TMB to a colored oxTMB in the presence
of SWCNHs-COOH quantitatively. Therefore, a colorimetric
sensor for glucose detection could be established by coupling
these two reactions and estimating the concentrations of
glucose with the color change of the solution. Fig. S3† shows
typical absorption spectra of the colorimetric method by using
GOx and SWCNH-COOH catalyzed color change. The solution
has weak absorption in the absence of glucose. After the
addition of glucose, the colorless solution changed into light
blue with remarkably increased absorption. The standard
curve of the glucose response under the optimal conditions is
shown in Fig. S4.† The linear calibration range for glucose is
from 100 µM to 2 mM with a detection limit of 100 µM. In
comparison with other colorimetric methods based on enzyme
mimics for glucose detection (Table S2†), the present method
has a higher detection limit, which is in accordance with the
fact that the catalytic activity of SWCNHs-COOH needs a
higher H2O2 concentration. Moreover, our method possesses
the advantages of excellent water dispersibility and stability.
The reproducibility of the fabricated glucose biosensor was
estimated by six parallel measurements of 1 mM glucose. The
R.S.D. of the absorbance was 4.23%.

The selectivity of the proposed method was also studied.
The absorbance responses of three glucose analogs, lactose,
fructose, and maltose, were monitored and compared with
that of glucose. As shown in Fig. 5, the addition of 2 mM
glucose results in a remarkable increase in absorbance. More-
over, the blue color change induced by glucose can be easily

Fig. 4 Comparison of the stability of SWCNHs-COOH and HRP. (A)
SWCNHs-COOH and HRP were first incubated at pH 2–10 for 2 h and
then their peroxidase activities were measured under standard con-
ditions. (B) SWCNHs-COOH and HRP were first incubated at 20–80 °C
for 2 h and then the peroxidase activities were measured under standard
conditions.

Fig. 5 Selectivity of glucose detection with 5 mM lactose, 5 mM fruc-
tose, 5 mM maltose, and 2 mM glucose. The error bars represent the
standard deviation of the three measurements. Inset: the color change
with different solutions.
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distinguished by the naked eye. In contrast, negligible absor-
bance change was obtained even after adding 5 mM fructose,
lactose, or maltose. This indicates that the present biosensing
system has high selectivity for glucose.

4. Conclusions

In summary, we have demonstrated that SWCNHs-COOH
possess intrinsic peroxidase-like activity. SWCNHs-COOH can
catalyze the oxidation of the peroxidase substrate TMB in the
presence of H2O2. The peroxidase-like catalysis of SWCNHs-
COOH shows the Michaelis–Menten kinetics and good
affinity to TMB. Based on this finding, a simple and selective
colorimetric assay for glucose is developed. Compared with
natural enzymes, SWCNHs-COOH as peroxidase mimics show
several advantages such as the ease of preparation, low cost,
as well as high stability and activity under harsh conditions.
Moreover, SWCNHs-COOH are metal catalyst free peroxidase
mimics in comparison with other carbon nanomaterials,
which avoids misinterpretation due to the presence of metal
catalyst impurities. Taking into account the advantages of
SWCNHs-COOH, SWCNHs-COOH would have potential appli-
cations in biotechnology and clinical diagnosis as enzymatic
mimics.
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