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ABSTRACT: The contribution of advanced nanoscale
chemical and biological devices to life science has been limited
to a small number of nanomaterials, due to the absence of
effective surface modification routes. Herein, we demonstrate a
polymer-like nanosheath synthesized by nonthermal plasma
technology (NPT) that can protect the core nanomaterial
from the solution environment and provide a multifunctional
platform for chemical and biological nanosensors. For ZnO
nanowires (NWs) which are unstable in solution, we demonstrate that this nanosheath makes it possible for ZnO NW field-effect
transistors to act as a pH sensor for 24 h and a biosensor for the real-time, label-free detection of liver cancer markers.
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Nanoscale chemical and biological sensors are emerging as
one of the most impressive platforms for the specific

identification of biomolecules and chemical species in the life
sciences, with the nanotechnology revolution up to the scale in
concert with biological systems.1,2 Among the various
approaches to nanoscale biosensors, field effect transistors
(FETs) using semiconductor nanowires (NWs) have been
demonstrated to be outstanding platforms for the real-time,
label-free, highly sensitive, and multiplexed detection of
biological and chemical species.1,3,4 The sensing principle of
NW-based FETs is based on the monitoring of the conductance
change resulting from the specific binding of a charged species
to the surface of the nanostructure. Although various NW-
based materials could be applied to this paradigm, silicon (Si)
NWs are well placed to achieve this purpose on account of their
controllable size and electronic properties and wide range of
available information about the chemical modification of their
surfaces.1,3,4

One of the promising materials for NW-based FET
biosensors is zinc oxide (ZnO), due to its unique optical,
electrical, mechanical, chemical, and n-type semiconductor
properties,5,6 which can provide a large variety of novel
applications by the coupling of these properties, such as
piezoelectric FET,7 optomechanical devices,8 optoelectronic
devices,9 and chemical and biological sensors.10,11 Furthermore,
it can be used to create a wide range of nanostructures,
including NWs, nanobelts, nanotetrapods, and nanosheets, by
relatively easy, cheap, and safe synthesis routes, leading to
fascinating platforms for use in nanoscale sensor applica-
tions.5,6,12,13 The additional benefit of ZnO NWs is an oxide
semiconductor with good stability in an air environment, as
compared to that of nonoxide semiconductor, such as Si NWs.

For example, it may be desirable to remove native oxide on the
Si NWs by a harsh wet etching process, in order to achieve
more effective surface modification platforms with optimization
of chemical and biological NW sensors.14,15 In spite of these
advantages, the use of ZnO nanostructures in chemical and
biological sensing applications has not been successful, due to
their inherent drawbacks related to their chemical instability in
liquid solution.11,16

Herein, we demonstrate a robust and multifunctional
nanosheath based on nonthermal plasma technology, which
can overcome the problem of the chemical instability of the
core ZnO NWs in a solution environment and make it possible
for them to serve as pH sensors and biosensors. As shown in
Figure 1a, the NPT-based chemical modifications on the
surface of the synthesized ZnO NWs were performed by the
deposition of polymer-like amorphous carbon (PAC) and the
subsequent formation of amino groups for the effective
immobilization of biomolecules. The transmission electron
microscopy (TEM) image in Figure 1b shows a single ZnO
NW surrounded uniformally by a PAC shell with a thickness of
approximately 5.5 nm. The corresponding selected area
electron diffraction (SAED) analysis is shown in the inset of
Figure 1b, indicating that the ZnO NW in the core region with
a diameter of ∼100 nm is able to retain its single-crystal
structure of hexagonal wurtzite without any damage or
contamination after the formation of the PAC shell by NPT.
As shown in Figure 1c, the synthesis of the ZnO-PAC core−
shell NWs (ZnO/PAC NWs) is confirmed by the wide scan X-
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ray photoelectron spectra (XPS), which present the chemical
compositions before and after the chemical surface modifica-
tions. Furthermore, this approach allows the thickness of the
PAC shell on the ZnO NWs to be controlled up to a few
nanometers without any significant changes in the electrical
properties of the ZnO NWs, as reported in our previous
work.17

As shown in Figure 1a, we employed stepwise functionaliza-
tion procedures for the immobilization of the biomolecules
(biotin or anti-α-feptoprotein (AFP) antibody) on the ZnO
NWs using plasma polymerization and NH3 (or O2) plasma
treatment. First, the ZnO/PAC NWs were fabricated by
sequential thermal evaporation and plasma enhanced chemical
vapor deposition (PECVD), as reported elsewhere.17 Briefly,
the ZnO NWs were synthesized on the Si substrate by thermal
evaporation using Zn powders at 900 °C for 30 min in a
horizontal tube furnace. Then, the PAC shell was created on
the as-synthesized ZnO NWs on the Si substrate using propane
(C3H8) plasma deposition at room temperature for 10 min in a
13.56 MHz radio frequency (RF)-PECVD system. The key
process parameters for the formation of the PAC shell are as
follows: C3H8/Ar flow rate of 40/4 sccm, chamber pressure of
100 mTorr, and RF power of 300 W. To fabricate the NW
FETs or nanosensors, the ZnO/PAC NWs were immersed in
ethanol solution and dispersed by sonication. The ZnO/PAC
NW FETs or nanosensors can be formed by the conventional
electric-field-assisted assembly between two predefined Ti (10

nm)/Au (10 nm) electrodes.17,18 The top contact electrodes of
Ti (40 nm)/Au (60 nm) were deposited on the substrate with
aligned ZnO/PAC NWs after O2 plasma ashing at 100 W for
100 s to remove the outer PAC shell near the metal contact
(refer to the white circle inserted in Figure 2a). For the
formation of amino groups on the ZnO/PAC NW surface, NH3
plasma treatment was carried out in a 13.56 MHz RF-
inductively coupled plasma (ICP) system. The key parameters
are as follows: NH3 flow rate of 50 sccm, chamber pressure of
100 mTorr, source power of 200 W, no bias power, and plasma
treatment time of 5 min.
For the immobilization of the anti-AFP antibody, the ZnO/

PAC NWs were dipped in a solution of the anti-AFP
monoclonal antibody (10 μg/mL in phosphate buffered saline
(PBS) at pH 7.4, AbFrontier) for 12 h at room temperature. To
study the orientation of the anti-AFP antibody on the ZnO/
PAC NWs, the sandwich binding method was adopted in this
work.19 In this approach, a solution of the AFP antigen (10 μg/
mL in PBS at pH 7.4, AbDserotec) and serum of a liver
carcinoma patient (diluted 10× in PBS at pH 7.4, Chonbuk
National University Hospital) was reacted with the anti-AFP
modified ZnO/PAC NWs for 12 h at room temperature. Then,
these samples were dipped in a solution of the anti-AFP
polyclonal antibody labeled with tetramethyl rhodamine iso-
thiocyanate (TRITC, 10 μg/mL in PBS at pH 7.4) for 12 h at
room temperature. After the immobilization of the AFP
antibody−antigen, the unbound species were removed by

Figure 1. Synthetic method and characterizations of amino functionalized ZnO/PAC NW. (a) Schematic illustration of sequential processes used to
form the PAC shell (orange, C3H8 plasma) and amino groups on its surface (violet, NH3 plasma) outside the ZnO NW by nonthermal plasma
technology. (b) TEM image of the ZnO/PAC NW. The inset is the corresponding SAED pattern of the ZnO NW. (c) Wide scan XPS spectrum
from the ZnO/PAC NWs before and after the NH3 plasma treatment. (d) The deconvoluted XPS spectrum of the C 1s energy region obtained from
the ZnO/PAC NWs before and after the NH3 plasma treatment.
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rinsing thoroughly with PBS. The fluorescence microscopy data
were collected using a conventional confocal fluorescence
microscopy with a 10 mW He−Ne laser excitation emission for
the generation of a wavelength of 543 nm, which is suitable for
TRITC.
For the fabrication of the effective NW-based biosensor, its

surface should be modified chemically with functional groups,
such as CHO, NH2, and SH, in order for it to be able to bind
biological molecules. For example, the Si NWs with their
natural oxide layer could utilize the extensive data from wet
chemical modification of glass surfaces with the conventional
self-assembly monolayer (SAM) for biological sensors.1,20

Unfortunately, these approaches are not the best alternative
for ZnO NWs which are unstable in aqueous solution during
wet chemical modification. Even after careful surface
modification with conventional SAMs, it was observed that
the ZnO NWs could not be protected from acid/base solutions,
because their surfaces were only partially covered with the
SAMs and, therefore, still reacted with the solution (ref 21,
Figure S1, Supporting Information).
As part of our effort to address this challenging issue, we

formed a PAC shell on the unstable ZnO NWs to protect them
from aqueous solutions, in order to be able to use them in the
field of chemical and biological sensor applications. The PAC
shell in our approach consists of a polymer-like structure in
which the carbon atoms are sp2-and sp3-hybridized (284.5 and
285.2 eV, respectively),22 as shown in the deconvoluted XPS C

1s spectra (Figure 1d). Considering only the relative ratio of
the sp2 and sp3 bondings, the proportion of sp3-hybridized
carbon atoms in the PAC shell is around 70%, which is close to
that of diamond-like amorphous carbon. Furthermore, the PAC
material can be easily incorporated with the conventional SAM
technique, because its surface can support the effective
adsorption sites with hydrophilic groups (OH and NH2) by
subsequent processes using various approaches.23−25 For
example, subsequent NH3 plasma treatment on the surface of
the PAC shell can be an effective method of creating amino
groups, as shown in Figure 1c,e. The C 1s peak shows that sp3

C−N bondings related to amino groups were created on the
surface of PAC shell after the NH3 plasma treatment (Figure
1e). It is noted that the small oxygen-related peaks in the XPS
analysis are most likely due to the natural oxidation of the
dangling bonds on the surface in air (Figure 1d,e).
As shown in Figure 2a, the chemically modified ZnO NW is

positioned between the predefined metal electrodes by
conventional electric-field-assisted assembly.18 Before forming
the top contact metal electrodes with good ohmic contacts, the
PAC shell at the contact position was removed by oxygen
plasma treatment, as shown inside the white circle inserted in
Figure 2a. Then, a thin photoresist (PR) layer was patterned on
the metal electrode to prevent electrochemical reactions
between the metal electrodes and solution. The microfluidic
channel for the transport of the sample solutions was fabricated
using thick PR (150 μm) and polydimethylsiloxane (PDMS)

Figure 2. pH detection characteristics from an individual ZnO/PAC NW nanosensor. (a) Schematic illustrating the ZnO/PAC NW nanosensor
integrated with a microfluid channel. The enlarged white circle illustrates the metal contact with the ZnO NW after the removal of the PAC shell. (b)
Real-time responses of ZnO/PAC NW with different pH values ranging from 4 to 12. The PAC surface is partially oxidized by the oxygen plasma
treatment. The inset is the FESEM image of a typical NW device. (c) Schematic view of the enlarged NW surface illustrating the variation of the
distribution of holes on the partially oxidized PAC surface with the pH. (d) The response of an individual ZnO/PAC NW FET to different pH
buffer solutions for 6 h.

Nano Letters Letter

dx.doi.org/10.1021/nl204280d | Nano Lett. 2012, 12, 1891−18971893

http://pubs.acs.org/action/showImage?doi=10.1021/nl204280d&iName=master.img-002.jpg&w=417&h=311


(Figure 2a). We were able to measure the conductance of the
ZnO/PAC NW under the continuous flow of different pH
solutions. It was found that the untreated and amino
functionalized ZnO/PAC NWs are insensitive to changes in
the pH. However, the NW shows clear pH sensitivity (Figure
2b) after modifying the PAC shell with C−O bonds by means
of oxygen plasma treatment. It was observed that the current
under a constant source−drain voltage (1.7 V) decreases
stepwise with decreasing pH from 12 to 4 with significant
changes in each step. Furthermore, the current recovers up to
its original level with increasing pH from 4 to 12, indicating that
the modified NWs can function as a reversible pH sensor.
The basic pH sensing mechanism in conventional ion-

sensitive field effect transistors (ISFETs) with an insulator
(oxide)/semiconductor structure has been explained by the
site-binding model in which the semiconductor is directly
affected by the surface charge according to the ion adsorption/
desorption (H+ and OH−) on the oxidized insulator surface.26

However, our result in Figure 2b clearly shows that the current
of the core ZnO NW with n-type semiconductor characteristics
decreases with decreasing pH from 12 to 4, despite the increase
of the positive gating effect near the surface of the ZnO-PAC
NW. To explain the reverse response, Figure 2c shows a
magnified view of the oxygen plasma treated NW in solutions
with different pH values. The PAC surface would be expected
to be composed of partially O- and H-terminated carbon
surfaces, due to the oxygen plasma treatment of the ZnO/PAC
NW, as shown in Figure 2c. First, the H-terminated part of the

PAC shell in water solution can cause the accumulation of
holes, due to electron transfer from the PAC shell surface to the
solution. This behavior is known to be the origin of the p-type
conductive layer in a hydrogenated diamond surface with
mostly sp3 carbon bonds, which is similar to the H-terminated
surface of the PAC shell in this work.27,28 As the solution pH
decreases, the O-terminated surface on the PAC shell changes
from negatively charged groups (C−O−) to a neutral surface or
positively charged groups (C−OH or C−OH2

+), because of the
increase of the adsorbed protons at the O-terminated surface.
Then, the accumulation of holes underneath the H-terminated
surface would be expected to become more pronounced with
the increase in the number of positively charged groups on the
O-terminated surface, leading to the suppression of the current
flow in the core ZnO NW. In contrast, the accumulation of
holes is alleviated with increasing pH, as shown in Figure 2c, so
that the current flow in the core ZnO NW increases. Although
further studies are required to obtain a complete understanding
of these phenomena, we believe that this can explain why the
opposite response is observed in this study, as compared to that
of conventional ISFETs.
As shown in Figure 2d, it is surprising that the electrical

signals of the ZnO NW in the solutions with different pHs were
quite stable for almost 24 h in our experiments, considering the
previously reported instability of ZnO NWs in solution.16 This
result was confirmed by additional experiments which show
that the PAC coating prevents the ZnO NWs thin film from
completely reacting with acid and base solutions (Figure S1,

Figure 3. AFP bioimmobilization and electrical characterization of amino functionalized ZnO/PAC NW. (a) Schematic diagram of the sandwich
binding method used to examine the AFP immobilization and antibody orientations. After the sandwich binding of the anti-AFP antibody labeled
with TRITC immobilization, the fluorescence microscopy images of the (b) untreated ZnO/PAC NW using AFP antigen, (c) amino functionalized
ZnO/PAC NW using AFP antigen, and (d) amino functionalized ZnO/PAC NW using the serum of a liver carcinoma patent instead of the AFP
antigen. (e) Schematic illustrating electrolyte-gated ZnO/PAC NW FET for electrical characterization. (f) Transfer characteristics of the electrolyte-
gated ZnO/PAC NW FET according to AFP-related biomolecules immobilizations. The current level of the NW FET is higher than that of pH
detection (Figure 2) due to multiple ZnO NWs between two electrodes.
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Supporting Information). This can also be regarded as a
predictable result based on a previous report that PAC thin
films similar to those in our study can play the role of a gas
barrier in gas permeation experiments.29 In other words, our
surface modification platform of the conventional NWs can
provide a novel biosensing environment without any
interaction of the semiconductor NW with the solution. In
addition, we demonstrated that widely available inorganic
layers, such as the conventional Al2O3 ALD layers, are not
suitable as insulators for chemical and biological NW sensors
with robust solution stability, due to the amphoteric nature and
aqueous permeability of this material (Figure S2, Supporting
Information). To confirm the potential biosensor applications
of our approach, it was demonstrated that the amino
functionalized ZnO/PAC NW FETs could be directly
employed for the real-time detection of strong ligand−receptor
bindings, such as biotin−streptavidin and biotin−avidin, which
have commonly been used to characterize conventional NW
FET biosensors (Figure S3, Supporting Information).1,20

Based on the above studies, the ZnO NW biosensor with
NPT-based chemical modifications was applied to the real-time,
label-free detection of AFP, which is a representative
hepatocellular cancer (HCC) marker in the conventional
immunoassay to date.19,30 The AFP is negatively charged at
neutral pH due to its isoelectric point of 4.4−4.9, and its
binding with the monoclonal antibody is weak enough to lead
to reversible detections due to its dissociation constant of
∼10−8 M.19,31 To elucidate the inherent characteristics of the
PAC shell for biosensor applications, the immobilization of the
anti-AFP monoclonal antibody using noncovalent (electrostatic

and/or van der Waals) binding was performed for both the
amino terminated and untreated ZnO/PAC NWs, without
introducing any SAM for the purpose of covalent binding and
steric stabilization. The orientation of the anti-AFP antibody to
the target NWs was investigated by a sandwich assay method
with high reliability (Figure 3a). Based on the fluorescence
microscopy images (Figure 3b,c), it was found that the binding
of the labeled secondary antibody with the AFP antigen occurs
mostly in the case of the NWs with the amino functionalized
PAC shell (Figure 3c) as compared to the untreated PAC shell
with the mostly hydrogen terminated surface (Figure 3b). In
other words, these results demonstrate that the orientation of
primary anti-AFP antibody in terms of its antigen binding is
better on the amino functionalized surface than on the
hydrogen terminated surface. According to a previous work,
the physisorbed orientation of specific antibody (e.g., IgG1) is
improved on an NH2 terminated SAM surface as compared to a
COOH or CH3 terminated SAM surface.32 The surface
orientation of the anti-AFP molecules observed in this study
is similar to that in previous works, indicating that the amino
functionalized PAC shell can be an effective platform for HCC
biosensor applications. Figure 3d presents the fluorescence
microscopy image of the sandwich assay for the amino
functionalized NWs using the serum of a liver carcinoma
patient instead of pure AFP antigen, leading to the same result
as that in Figure 3c.
The electrical properties of the ZnO/PAC NW before and

after the immobilization of the AFP-related biomolecule were
measured using the electrolyte-gated NW FETs, as shown in
Figure 3e. The NW FET was immersed in an electrolyte drop

Figure 4. Reversible real-time detection of liver carcinoma biomarker. Time dependence for the response of the ZnO/PAC NW nanosensor with
and without anti-AFP antibody immobilizaition (a,b) according to the variation of the concentration of the AFP antigen in 10 mM PBS buffer at pH
7.2. Time dependence for the response of the ZnO/PAC NW nanosensor with and without anti-AFP antibody immobilizaition (c,d) for the serum
of a liver carcinoma patient in 10 mM PBS buffer at pH 7.2.
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(PBS buffer) with an Ag/AgCl electrode as the top gate to
minimize the environmental effects of the electrolyte solution.
Figure 3f represents the typical transfer characteristics of the
amino functionalized NW FET before and after the
immobilization of the AFP biomolecule (black and red lines).
In all cases, the NW FET before and after the immobilization of
the AFP-related biomolecule exhibits typical n-type semi-
conducting behavior, according to the applied electrolyte gate
voltage (VG). After the immobilization of the anti-AFP
antibody, it was observed that the drain current (ID) decreases,
while the threshold voltage shifts positively, due to the
adsorption of the negatively charged anti-AFP antibody on
the NW surface. After adding the AFP antigen to the anti-AFP
antibody modified NW FET, the drain current and threshold
voltage decrease and shift positively, respectively (blue lines),
suggesting that the net charge of the AFP antigen is negative.
The ZnO/PAC NW FET immobilized with the anti-AFP

antibody was applied to the real-time, label-free detection of the
AFP antigen fed through a microfluidic channel (Figure S4,
Supporting Information). It is known that the average
concentration of AFP is typically 5−15 ng/mL in healthy
human serum and increases to greater than 500 ng/mL in the
serum of liver carcinoma patients.30 Figure 4a represents the
reversible response of the NW FET with the variation of the
concentration of the AFP antigen in the range from 10 to 10
000 ng/mL in 10 mM PBS at pH 7.2. The current in the ZnO
core NW decreased with increasing concentration of AFP
antigen and recovered to the initial value upon its subsequent
exposure to 10 mM PBS buffer at pH 7.2. The decrease in the
current of the ZnO NW is most likely due to the negatively
charged AFP antigen over the PAC shell, as described in Figure
3f. Moreover, the restoration of the current upon the removal
of the AFP antigen solution indicates the existence of a
reversible binding reaction due to the weak affinity of the AFP
antibody−antigen, as described previously. Figure 4b shows the
typical response of the ZnO/PAC NW FET without the
immobilized anti-AFP antibody according to the variation of
the AFP antigen concentration in 10 mM PBS buffer at pH 7.2.
In this case, there were no significant changes in the current for
various concentrations of the AFP antigen, indicating that the
current changes observed for the NW FET with the
immobilized anti-AFP antibody correspond to the specific
binding of the AFP antibody−antigen. For a concentration of
the AFP antigen of 10 μg/mL, it is noted that a slight decrease
in the current occurs due to the physisorption of the AFP
antigen.
Based on the above observation, the anti-AFP modified NW

FET was applied to the real-time, label-free detection of the
serum of a liver carcinoma patient diluted up to 10× with 10
mM PBS at pH 7.2. Figure 4c,d represents the real-time
responses for the serum of the liver carcinoma patient from the
ZnO/PAC NW FET with and without the immobilized anti-
AFP antibody, respectively. It was revealed that the anti-AFP
antibody modified ZnO/PAC NW FET makes it possible to
achieve the real-time, reproducible detection of the AFP
antigen from the serum of the liver carcinoma patient (Figure
4c). On the other hand, Figure 4d shows that the ZnO/PAC
NW FET without the immobilized anti-AFP antibody does not
lead to any significant current changes, regardless of the
presence or absence of the serum of the liver carcinoma patient.
These results suggest that the ZnO/PAC NW FET can be
applied successfully to the real-time, label-free detection of
cancer biomarkers in human serum. Furthermore, this platform

can be directly extended to high-performance biosensor
applications with higher sensitivity and selectivity, since the
PAC shell can be easily functionalized with conventional SAMs
for the purpose of covalent binding and steric stabilization.
In summary, we demonstrated an NPT-based surface

modification route that can provide a robust and multifunc-
tional nanosheath for chemical and biological nanodevices. The
PAC nanosheath was synthesized without any significant
changes in the chemical structure and electrical properties of
the NW material in the core region. Based on ZnO NW FET
with solution instability, it was concluded that the inherent
characteristics of the PAC nanosheath could provide multi-
functional platform for chemical and biological applications in
various aspects of solution permeability, electrochemical
properties in solution, and biomolecule immobilization via
additional functionization. Finally, we demonstrated the use of
the ZnO/PAC NW FET as a pH sensor for 24 h and a
biosensor for the real-time, label-free detection of the HCC
marker in human serum.
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