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a b s t r a c t

�-Fe2O3 nanoparticles prepared using a simple solution-combusting method have been dispersed
in chitosan (CH) solution to fabricate nanocomposite film on glass carbon electrode (GCE). The as-
prepared �-Fe2O3 nanoparticles were characterized by powder X-ray diffraction (XRD), scanning electron
microscopy (SEM). The nanocomposite film exhibits high electrocatalytic oxidation for nitric oxide (NO)
and reduction for hydrogen peroxide (H2O2). The electrocatalytic oxidation peak is observed at +0.82 V (vs.
eywords:
-Fe2O3 nanoparticles
hitosan
itric oxide
ydrogen peroxide

Ag/AgCl) and controlled by diffusion process. The electrocatalytic reduction peak is observed at −0.45 V
(vs. Ag/AgCl) and controlled by diffusion process. This �-Fe2O3–CH/GCE nanocomposite bioelectrode has
response time of 5 s, linearity as 5.0 × 10−7 to 15.0 × 10−6 M of NO with a detection limit of 8.0 × 10−8 M
and a sensitivity of −283.6 �A/mM. This �-Fe2O3–CH/GCE nanocomposite bioelectrode was further uti-
lized in detection of H2O2 with a detection limit of 4.0 × 10−7 M, linearity as 1.0 × 10−6 to 44.0 × 10−6 M

21.62
on-enzymatic amperometric sensor and with a sensitivity of
temperature conditions.

. Introduction

Nitric oxide (NO) has been shown to be an important bioreg-
lator molecule involved in physiological functions such as blood
ressure control, neurotransmission, and immune surveillance [1].

n order to clarify the function and to control the concentration
n biological systems, selective and sensitive detection of NO is of
reat importance. However, the detection and quantification of NO
s particularly difficult because of its low concentration, short half-
ime, low stability [2], and high reactivity with superoxide and
ther very active free radicals present in biological systems [3].
mong a variety of techniques for probing NO, electrochemical

echniques are reported especially well suited for the develop-
ent of analytical approaches for NO because of their inherent

ensitivity and possibility of giving results in real time. Monitoring
f NO with electrochemical sensors has been achieved at mul-
iwalled carbon nanotubes modified electrodes [4,5], manganese
orphyrin/polypyrrole films [6], nickel porphyrinato complexes
7], vitamin B12 film [8], and TiO2–Au nanocomposite film elec-
rodes [9], as well as proteins such as cytochrome c [10],

emoglobin and myoglobin [11,12] immobilized at electrode sur-

aces. Although some chemically modified electrodes have been
roposed to reduce the large overpotential required for the direct
xidation of NO [4–10], it is interesting to develop new materi-

∗ Corresponding author. Tel.: +86 553 3869303; fax: +86 553 3869303.
E-mail address: nyh314@mail.ahnu.edu.cn (Y. Ni).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.04.018
�A/mM. The shelf life of this bioelectrode is about 6 weeks under room

© 2010 Elsevier B.V. All rights reserved.

als with high efficiency and small dimensions for the detection
of NO.

Like NO, H2O2 is another often studied analyte in various
fields including clinic, food, pharmaceutical and environmental
analyses because H2O2 is a chemical threat to the environment
and the production of enzymatic reactions [13]. Many meth-
ods have been developed for the determination of H2O2, such
as spectrophotometry [14], chromatography [15] and chemilu-
minescence [16]. Compared with the above detection methods,
however, the electrochemical detection of H2O2 attracts wider
interest owing to its low detection limit and low cost. Electrochemi-
cal sensors, such as amperometric biosensors, have been appeared
as the most convenient tools for hydrogen peroxide determina-
tion; especially enzyme modified electrode has been usually used
[17–19]. However, native enzymes gradually lose their catalytic
activity after repeated measurements. Therefore, a development
of novel electrocatalyst which overcomes the disadvantages of
native enzymes is desired. In recent years, with the development
of nanotechnology, many ways have been tried to circumvent this
problem. Many kinds of nanoscale materials, such as ordered meso-
porous carbon [20], Ag microspheres [21], CuO nanoparticles [22],
Mn–nitrilotriacetate acid nanowires [23], and MnO2 nanoparticles
[24,25] have been used in the construction of biosensors because

of their unique and particular properties.

The emergence of nanotechnology is opening new horizons
for electrochemical sensors [26,27]. Nanoparticles, nanotubes,
nanowires such as Au [28], CuS [29], Fe2O3 [30], MWNTs [31]
and Si [32] have been extensively used in the field of electro-
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hemical biosensors due to their small size, large surface area,
igh surface reaction activity, high catalytic efficiency and cor-
esponding potential electronic and chemical properties [22].
mong these nanomaterials, magnetic nanoparticles have recently
ained increased interest due to promising applications as drug
elivery and biosensors, etc. [33,34]. Hematite (�-Fe2O3), as an
nvironment-friendly n-type semiconductor (Eg = 2.1 eV) and the
ost thermodynamically stable phase of iron oxide under ambient

onditions, is drawing intense interest not only for its unique prop-
rties but also for its applications in many fields such as catalysis,
as sensors, magnetic recording media, lithium-ion batteries, anti-
orrosive agents, water treatment, and pigments [35–38]. Chitosan
long with nanoparticles has been utilized as a stabilizing agent
ue to its biocompatibility, film-forming ability, nontoxicity, and
igh mechanical strength [39]. Herein, we report the preparation
f �-Fe2O3 nanoparticles via a simple solution-combusting method
nd their applications to the electrochemical biosensing of NO and
2O2 by embedding �-Fe2O3 nanoparticles in chitosan matrix.

. Experimental

.1. Reagents and apparatus

Chitosan was obtained from Hefei BoMei Biotechnology Com-
any. Saturated NO solutions were prepared as the previous

iterature [40]. In detail, the double-distilled water was bubbled
ith high purity nitrogen for 30 min to remove oxygen and then

he water was bubbled with pure NO gas for 30 min to prepare a
O saturated solution. The water used in all experiments was dou-
le distilled with a quartz apparatus. NO standards were prepared
y making serial dilutions of saturation NO solutions with deoxy-
enated phosphate buffer solutions (pH 7.0) [41]. We first prepared
O saturation, and then extracted the required volume of NO solu-

ion with an injector. After that, we infused the above NO solution in
he injector into the basic electrolyte. High purity nitrogen gas was
sed for de-aeration. 30% H2O2 solution was purchased from Bei-

ing Chemical Reagent Factory (Beijing, China). All chemicals used
ere analytical grade. Double-distilled water was used for prepa-

ation of buffer and standard solutions. H2O2 solution was diluted
aily before the electrochemical measurements.

Electrochemical experiments were performed with CHI 440a
lectrochemical analyzer (ChenHua Instruments Co., Ltd., Shang-
ai, China) with a conventional three-electrode cell. The �-
e2O3–CH/GCE, an Ag/AgCl and a platinum electrode was used as
he working electrode, the reference and the auxiliary electrode,
espectively.

.2. Synthesis of ˛-Fe2O3 nanoparticles

The synthesis of �-Fe2O3 nanoparticles has been reported in
ur previous work [42]. In a typical synthesis, FeCl3·6H2O of
.02 mol was dissolved in 100 ml mixed solvents of ethanol and
thyleneglycol with the volume ratio of 60/40. After the solution
as transferred into a spirit lamp with an absorbent cotton lamp-
ick, the spirit lamp was fired. For a moment, some red substance
as produced on the top of the lampwick. When the lampwick was

xtinguished, the red product was collected, repeatedly washed
ith distilled water to remove the impurities. Finally, the product
as dried at 50 ◦C in air for 5 h.

.3. Characterization of the samples
Powder X-ray diffraction (XRD) of the product was carried out on
Shimadzu XRD-6000 X-ray diffractometer equipped with Cu K�

adiation (� = 0.154060 nm), employing a scanning rate of 0.02 s−1

nd 2� ranges from 15◦ to 80◦. Field emission scanning electron
2 (2010) 196–201 197

microscopy (SEM) was obtained by JEOL JSM-6700 FESEM (operat-
ing at 10 kV).

2.4. Electrode modification

The dispersed �-Fe2O3 nanoparticles on the electrode were fab-
ricated by the following way: firstly, the glass carbon electrode
(GCE, ˚ = 3 mm) was polished with a 1700# diamond paper and
washed successively with double-distilled water and ethanol in an
ultrasonic bath, then 15 cyclic scans were carried out in the poten-
tial of 2.0 to −2.0 V (vs. SCE) in the solution of 1.0 mol/l H2SO4.
Secondly, a CH solution was prepared by dissolving CH (25 mg) in
50 ml of acetate buffer (0.05 M, pH 4.2) solution. The optimized ratio
of CH and Fe2O3 nanoparticles was 5:1 by stirring at room temper-
ature after it was sonicated to prepare �-Fe2O3–CH nanocomposite
film. Then 15 �l solution of �-Fe2O3–CH composite was cast onto
a glass carbon electrode and dried in air. Thus, an �-Fe2O3–CH
modified GCE was obtained.

2.5. Electrochemical analysis of nitric oxide and hydrogen
peroxide

For optimizing the determination conditions of NO and H2O2,
a number of buffer systems were tested, including 0.1 mol/l
HAc–NaAc (pH 5.6), 0.1 mol/l NaH2PO4–NaOH (pH 7.0), 0.1 mol/l
KCl. In general, the similar results were presented, but some-
what higher sensitivity was obtained in the phosphate buffer.
Hence, measurements were carried out in NaH2PO4–NaOH buffers.
Another reason we chose the phosphate buffer as the supporting
electrolyte is that it is closer to the natural environments of NO in
organisms as well as H2O2 in real samples.

The effect of the applied potential on the response current of the
�-Fe2O3–CH nanocomposite modified electrode was also studied.
The maximum response current was observed at +0.82 V for NO and
−0.45 V for H2O2. Thus a potential +0.82 V and −0.45 V was selected
as the optimum applied potential, respectively.

3. Results and discussion

3.1. Structures and morphology characterization

Fig. 1a shows the XRD pattern of the as-prepared product. All
diffractions can be indexed as the hexagonal-phase �-Fe2O3 by
comparison with JCPDS card files No. 86-0550 (a = 5.035 Å and
c = 13.74 Å). No characteristic peaks of other iron oxides such as
Fe3O4 and �-Fe2O3 are detected. The strong and narrow diffraction
peaks reveal that the product has high crystallinity and rather big
particle size. A typical SEM image is shown in Fig. 1b, from which
the average size of nanoparticles is measured to be ∼100 nm.

3.2. Electrochemical property of ˛-Fe2O3–CH composite modified
GCE

Fig. 2 shows the cyclic voltammetric responses of various elec-
trodes in an oxygen-free 0.1 M phosphate buffer solution (PBS, pH
7.0). No redox peak was observed when the CH/GCE was used
as the work electrode (Fig. 2a). While the �-Fe2O3–CH/GCE was
employed as the work electrode, a pair of well-defined redox peaks
was obtained (Fig. 2b) with an average formal potential of −0.088 V.
The cathodic peak and anodic peak were −0.141 and −0.035 V at a
scan rate of 0.05 V/s, respectively. This agrees well with the previ-

ous report on the direct electron transfer of nanostructured Fe2O3
onto tin-doped indium oxide (ITO) [43,44] and nanotube Fe2O3
onto Au disk electrode [30]. The redox peaks can be ascribed to the
redox reaction of �-Fe2O3 nanoparticles entrapped in the chitosan
composite film.
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functional sensing of NO, and thus dramatically facilitate oxidation
Fig. 1. (a) The XRD pattern and (b) SEM image of the product.

Fig. 3 depicts the cyclic voltammograms of the �-Fe2O3–CH/GCE
n 0.1 M PBS (pH 7.0) at different scan rates. As can be seen, both

athodic and anodic peak currents increased linearly with the scan
ate (v) from 0.02 to 0.2 V/s. This result reveals the electron transfer
f �-Fe2O3–CH complex with the GCE in an adsorption electro-
hemical process.

ig. 2. Cyclic voltammograms recorded in an oxygen-free 0.1 M PBS (pH 7.0) at
he scan rate of 0.05 V/s, using various modified electrodes: (a) CH/GCE and (b) �-
e2O3–CH/GCE.
Fig. 3. Cyclic voltammograms of the �-Fe2O3–CH/GCE in deoxygenized 0.1 M PBS
(pH 7.0) at different scan rates (from inside to outside: a → j: 0.02, 0.04, 0.06, 0.08,
0.10, 0.12, 0.14, 0.16, 0.18, 0.20 V/s, respectively).

3.3. Electrooxidation behavior and amperometric response of NO
on the ˛-Fe2O3–CH/GCE

Fig. 4 shows typical CVs of the �-Fe2O3–CH/GCE in the absence
and presence of NO, at the scan rate of 0.05 V/s in the oxygen-free
0.1 M PBS (pH 7.0). With the addition of NO into solution, an obvious
anodic peak was observed at 0.82 V and the peak current increased
significantly with NO concentration increased (see b–e in Fig. 4).
In phosphate buffer solution containing 100 �M NO, the cyclic
voltammograms of NO at the �-Fe2O3–CH/GCE and CH/GCE were
shown in the inset of Fig. 4. At the CH/GCE, the CV of NO demon-
strated a wave with anodic peak potential (Epa) at 0.928 V. While at
the �-Fe2O3–CH/GCE, the anodic peak potential shifted negatively
to 0.821 V and the peak current (ipa) increased significantly, which
implied that �-Fe2O3 nanoparticles entrapped in the composite
film greatly facilitated the oxidation of NO. �-Fe2O3 nanoparti-
cles distributed in chitosan matrix provide abundant active sites for
of NO.
Regarding the oxidation peak of NO at �-Fe2O3–CH/GCE, the

potential scan rate was investigated clearly as shown in Fig. 5.
The peak current is proportional to the square root of scan rate

Fig. 4. Cyclic voltammograms of NO in 0.1 M PBS of pH 7.0 for �-Fe2O3–CH/GCE in
various concentrations: (a) 0 �M, (b) 25 �M, (c) 50 �M, (d) 75 �M, and (e) 100 �M at
scan rate of 50 mV s−1. Inset: CVs of 100 �M NO at CH/GCE (f) and �-Fe2O3–CH/GCE
(e) in the same condition.
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Table 1
Comparison of performance of various NO sensors.

Electrode materials Applied
potential (V)

Detection
limit (�M)

Reference

MWNTs/GCE/Nf 0.72 0.08 [4]
MWNTs–ACB film 0.75 0.028 [5]
ig. 5. CVs of 100 �M NO at the �-Fe2O3-CH/GCE in deoxygenized 0.1 M PBS (pH
.0) at different scan rates (from inside to outside: a → j: 0.02, 0.04, 0.06, 0.08, 0.10,
.12, 0.14, 0.16, 0.18, 0.20 V/s, respectively). The linear dependence of peak current
ith the square root of scan rate was shown in the inset.

n the range of 20–200 mV s−1, ipa/�A = −1.839–1.233v1/2/mV s−1,
= 0.9992, while the Epa shifted positively. The results suggested

hat the oxidation of NO was undergoing a diffusion controlled
rocess.

The mechanism of NO oxidation can be assumed as follow-
ng: NO is adsorbed by the hybrid material firstly and then the
emoval of electrons from NO to the hybrid material does occur.
he results are from the collective role of the chitosan (CH) and �-
e2O3 nanoparticles, because it has been shown that the oxidation
f NO occurs at CH, but its detection is less sensitive than at CH-�-
e2O3. This highly sensitive determination can be explained by the
H-�-Fe2O3 structure. Having the sponge-like porous structure, CH
an provide a base for the mediation for NO at CH-�-Fe2O3 modi-
ed electrode with Fe2O3 as a mediator. In that case, the oxidative
e (III) and the reductive Fe (II) on Fe2O3 are reduced and oxidized,

espectively [20].

Fig. 6 illustrates current–time plots for the �-Fe2O3–CH/GCE
nder the optimized experimental conditions with successive step
hanges of NO concentration. As the NO was injected into the

ig. 6. Amperometric responses of �-Fe2O3–CH/GCE upon the successive addition
f NO into gently stirred 0.1 M PBS at 0.82 V. Inset: the linear relationships between
he catalytic current and the concentration.
Mn (II)TCPPyP 0.72 0.1 [6]
Cyt c/l-cysteine/Au 0.824 0.3 [10]
�-Fe2O3–CH/GCE 0.82 0.08 This work

stirring PBS, the steady-state currents reached another steady-
state value (95% of the maximum) in less than 5 s. Such a fast
response implies that the �-Fe2O3 can promote the oxidation of
NO. The linear relationship between the catalytic current and the
concentration is shown in the inset of Fig. 6. As can be seen, the
�-Fe2O3–CH/GCE displays linear response range of 5.0 × 10−7 to
15.0 × 10−6 M (correlation coefficient: 0.9972), with a detection
limit of 8.0 × 10−8 M at a signal-to-noise ratio of 3 and a sensitiv-
ity of −283.6 �A/mM. We have summarized various NO sensors in
Table 1 with respect to the operating conditions and the detection
limit. It can be seen that the performance of the developed sensor
is comparable to most of NO sensors in literature in one or more
categories.

3.4. Electroreduction behavior and amperometric response of
H2O2 on the ˛-Fe2O3–CH/GCE

Fig. 7 shows the cyclic voltammograms of the �-Fe2O3–CH/GCE
in the absence and presence of H2O2. When H2O2 was added to the
pH 7.0 PBS, compared with the system with no H2O2 present (a),
an obvious increase of the reduction peak was observed in deoxyg-
enized environment (b–d). However, no electrochemical reduction
peak was observed when the cyclic voltammetric scan was per-
formed at CH/GCE under the same conditions (inset in Fig. 5). The
experimental results indicated that the �-Fe2O3–CH/GCE exhibited
excellent electrocatalytic activity to H2O2.

Regarding the reduction peaks of H2O2 at �-Fe2O3–CH/GCE,
the effect of potential scan rate was investigated clearly. As

shown in Fig. 8, the reduction peak current is proportional to
the square root of scan rate in the range of 10–100 mV s−1,
ipa/�A = 0.659 + 0.408v1/2/mV s−1, R = 0.9987, indicating a diffusion
controlled process.

Fig. 7. Cyclic voltammograms of H2O2 in 0.1 M PBS of pH 7.0 for �-Fe2O3–CH/GCE
in various concentrations: (a) 0 mM, (b) 0.05 mM, (c) 0.2 mM, and (d) 0.4 mM at scan
rate of 50 mV s−1. Inset: CVs of H2O2 at CH/GCE in various concentrations: (a) 0 mM
and (b) 0.4 mM.
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Fig. 8. CVs of 0.2 mM H2O2 at the �-Fe2O3–CH/GCE in deoxygenized 0.1 M PBS (pH
7.0) at different scan rates (from inside to outside: a → j: 0.01, 0.02, 0.03, 0.04, 0.05,
0.06, 0.07, 0.08, 0.09, 0.10 V/s, respectively). The linear dependence of peak current
with the square root of scan rate was shown in the inset.
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and 16.70 × 10−6 M, with the R.S.D.% of 7.3% and 2.1%, respec-

T
C

ig. 9. Amperometric responses of �-Fe2O3–CH/GCE upon the successive addition of
2O2 into gently stirred 0.1 M PBS at −0.45V. Inset: the linear relationships between

he catalytic current and the concentration.

The catalytic mechanism for the reduction of H2O2 can be
ssumed as following: Fe (III) was first electrochemically reduced
o Fe (II) on the hybrid material CH-�-Fe2O3, and then Fe (II) reacted
ith H2O2, which resulted in the conversion of H2O2 to H2O and

n the regeneration of the catalyst [19,22]. We also investigated
he electrode modified by �-Fe2O3 without CH, which showed that
-Fe O tended to peel off from the electrode surface. Thus CH in
2 3

he hybrid film provides a stable and high performance supporting
latform for �-Fe2O3.

Fig. 9 illustrates current–time plots for the �-Fe2O3–CH/GCE
nder the optimized experimental conditions with successive step

able 2
omparison of performance of various H2O2 sensors.

Electrode materials Applied potential (V) Dete

Nafion/Mb/CGNs/GCE −0.45 0.5
Ordered mesoporous carbon −0.2 0.03
Ag microspheres/Nafion −0.5 1.2
CuO nanoparticles −0.3 0.06
Mn–NTA nanowires/Nafion 0.7 0.2
�-Fe2O3–CH/GCE −0.45 0.4
2 (2010) 196–201

changes of H2O2 concentration. As the H2O2 was injected into
the stirring PBS, the steady-state currents reached another steady-
state value (95% of the maximum) in less than 5s. Such a fast
response implies that the �-Fe2O3 can promote the oxidation of
H2O2. The linear relationship between the catalytic current and
the concentration is shown in the inset of Fig. 9. As can be seen,
the �-Fe2O3–CH/GCE displays linear response range of 1.0 × 10−6

to 44.0 × 10−6 M (correlation coefficient: 0.9997), with a detection
limit of 4.0 × 10−7 M at a signal-to-noise ratio of 3 and a sensitiv-
ity of 21.62 �A/mM. We have summarized various H2O2 sensors in
Table 2 with respect to the operating conditions, sensitivity, and the
detection limit. Compared with other reported values [19–23] in
Table 2, �-Fe2O3–CH/GCE exhibits the comparable detection limit
and the highest sensitivity.

3.5. Accuracy, selectively and stability of the ˛-Fe2O3–CH/GCE

The accuracy was evaluated by successive determinations of
2.0 × 10−6 M NO and 4.0 × 10−6 H2O2 for 6 times using the same
electrode, respectively. The relative standard deviation (R.S.D.) was
calculated to be 2.7% and 4.8%, indicating the applicability and
acceptable accuracy of our built sensors.

Some chemical species were tested to check their levels of inter-
ference in the NO determination. The results showed that most of
the ions, such as K+, Na+, Ag+, Mg2+, Zn2+, Ni2+, Cl−, SO4

2− and PO4
3−,

50-fold amount of these ions had little effect on the determina-
tion. The compounds that could react with NO, such as oxygen,
etc., disturbed the determination of NO because they decreased
the concentration of NO in solution. NH3 was found little effect
on the determination of NO. The possible interfering species on
current response of H2O2 was also examined. Glucose, cysteine
and NH3 induced no effect on the steady-state current to H2O2.
The steady-state current to H2O2 was reduced to 92% of original
response by subsequent addition of ascorbic acid. Therefore, the
�-Fe2O3–CH/GCE possesses high selectively. The stability of the
electrode was also tested. When the electrode was stored at room
temperature for 1 week, the CV peak currents still retained 97.3%
and 96.5% for NO and H2O2, respectively. In the next 5 weeks the
response still retained 88% and 84.3% of the initial value, respec-
tively.

3.6. Real sample analysis

As an example of a real sample, the concentration of H2O2 in the
medical disinfectant (3%) was determined using the biosensor. The
real concentration of the store solution was firstly detected by the
potassium permanganate titration method, which was employed
as the reference method. The samples containing desirable concen-
trations of H2O2 were then prepared by diluting suitable amount
of medical disinfectant samples with 0.1 M PBS (pH 7.0). The mean
concentrations of H2O2 in samples were detected to be 2.42 × 10−6
tively. Compared with the real concentrations of 2.69 × 10−6 and
16.84 × 10−6 M, the results were in acceptable agreement and good
reproducibility. Thus, the proposed method could be used as in the
detection limit range.

ction limit (�M) Sensitivity (�A/mM) Reference

– [19]
6 8.4 [20]

– [21]
– [22]
5.58 [23]

21.62 This work
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The concentration of NO added to 0.1 M PBS (pH 7.0) containing
ossible interference of foreign matter was also determined using
he biosensor. When 800 nM NO was added to 0.1 M PBS (pH 7.0),
he average recovery of the biosensor was 94.3% (n = 4). The possible
nterference of foreign matter, which might occur in real samples,

as investigated. When the concentrations of K+, Pb2+, Cd2+, Zn2+,
i2+, NH3, Cl−, SO4

2− and PO4
3− in the sample were 50 times that

f NO, no significant interference was observed. However in the
resence of the same concentration of oxygen, the peak current
howed a decrease of approximately 10%. These results proved that
he sensor has potential applications in determination of NO real
amples.

. Conclusions

Polycrystalline �-Fe2O3 nanoparticles have been successfully
repared by a simple solution-combusting method without any
equirement of calcinations step at high temperature. A natural
olymer, chitosan, has been used as a dispersant of �-Fe2O3. The
anocomposite film is very stable on the surface of glass carbon
lectrode and exhibits high electrocatalytic oxidation for nitric
xide and electrocatalytic reduction of hydrogen peroxide. Its sen-
itivity, repeatability and stability are satisfactory. Furthermore,
his synthetic approach can also be applied for the synthesis of other
norganic oxides with improved performances and they can also be
xtended to construct other nanostructured functional surfaces.
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