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a b s t r a c t

Self-powered active biosensor has been realized from ZnO nanowire (NW) nanogenerator (NG). The
piezoelectric output generated by ZnO NW NG can act not only as a power source for driving the device,
but also as a biosensing signal. After immersing in 10�3 g ml�1 human immunoglobulin G (IgG),
the piezoelectric output voltage of the device under compressive deformation decreases from
0.20370.0176 V (without IgG) to 0.03870.0035 V. Such a self-powered biosensor has higher response
than transistor-type biosensor (I–V behavior). The response of self-powered biosensor is in a linear
relationship with IgG concentration (logarithm, 10�7–10�3 g ml�1) and the limit of detection (LOD) on
IgG of the device is about 6.9 ng ml�1. The adsorption of biomolecules on the surface of ZnO NWs can
modify the free-carrier density, which vary the screening effect of free-carriers on the piezoelectric
output. The present results demonstrate a feasible approach for actively detecting biomolecules by
coupling the piezotronic and biosensing characteristics of ZnO NWs.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Biosensors for detecting biomolecules have great applications
in medical diagnostics, food/nutrition industry and environmental
monitoring (Song et al., 2010; Mello and Kubota, 2002; Dennison
and Turner, 1995). In recent years, semiconducting metal oxide
nanowires (NWs), such as ZnO, SnO2 and In2O3, have been
confirmed as good candidates for highly-sensitive biosensing due
to their high surface-to-volume ratio (Yeh et al., 2009; Hu et al.,
2010; Li et al., 2010; Curreli et al., 2005). In particular, ZnO NWs for
biosensing have been intensively investigated because of their
biological friendliness and low cost. The biomolecules adsorbed on
the surface of ZnO NWs can change the conductance of the NWs
by modifying the surface charges and states (Cui et al., 2001;
Patolsky and Lieber, 2005; Lieber, 2003), disturbing the gate
potential (He et al., 2007; Heller et al., 2008; Gui et al., 2007),
changing the gate coupling (Besteman et al., 2003), and/or altering

the carrier mobility (Maroto et al., 2007). Thus the adsorption of
target biomolecules on ZnO NWs is equivalent to adding a
potential gating that leads to a change of electron density within
the n-type ZnO NW field effect transistor (FET) (Dong et al., 2010).
Additionally, ZnO NWs with wurtzite structures have attracted
world-wide attention due to their high piezoelectric output under
externally applied deformation, and ZnO NW piezoelectric nano-
generator (NG) has been integrated in various self-powered
nanosystem (Wang and Song, 2006; Xu et al., 2010; Zhang et al.,
2012b). When the c-axis of ZnO NW is under external strain, a
piezoelectric field can be created on the surface that can not only
drive the electrons in the external circuit flowing forward and back
(the output of NG), but also make the carriers in ZnO NWs migrate
and partially screen this piezoelectric field (piezotronics effect)
(Pan et al., 2011; Yang et al., 2008). If the biosensing and piezo-
tronics properties of ZnO NWs can be coupled into a single
physical process then a new type of self-powered active biosensor
can be realized through its biomolecule-adsorption-dependent
piezoelectric output.

In this paper, new self-powered active biosensors have been
realized from ZnO NW piezoelectric NG with bio-functionalization.
The piezoelectric output of the ZnO NW NG acts as both the
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energy source and biosensing signal. The piezoelectric output
response of ZnO NG to human immunoglobulin G (IgG) has
been studied, aiming to explore the mechanism of coupling the
biosensing and piezotronics properties of ZnO NWs. As the
concentration of IgG increases, the piezoelectric output of the
device decreases. The experimental data demonstrate that the ZnO
NG can act as a self-powered biosensor for actively detecting
biomolecules without requiring external electric power. Our
results can stimulate a new direction for the development of the
next generation of biosensors and will further expand the scope
for self-powered nanosystems.

2. Experimental details

2.1. Synthesis and functionalization of ZnO nanoarrays

Vertically-aligned ZnO NW arrays were firstly synthesized by a
wet-chemical method (Li et al., 2008). All chemicals (purchased
from Sinopharm Chemical Reagent Co. Ltd.) were analytical-grade
reagents and used as purchased without further purification. Prior
to growth, a piece of Ti foil (the thickness is 0.1 mm) as the
substrate was cleaned with deionized water and alcohol, respec-
tively, then dried at 60 1C. 0.416 g of Zn(NO3)2 �6H2O was dissolved
into 38 ml of deionized water. After magnetically stirring for
10 min, 2 ml of NH3 �H2O was added into the solution drop by
drop. Then the Ti foil was immersed into the solution, and the
reaction flask was sealed. After being kept at 70 1C for 24 h, the
substrate was removed from the solution, rinsed with deionized
water, and dried at 60 1C.

Then the surface of ZnO NWs was modified with gold nano-
particle–anti-Immunoglobulin G (Au NP–anti-IgG) conjugates.
Colloidal Au has been recognized as a versatile and efficient
template for the immobilization of biomolecules due to its easy
preparation, relatively large surface and good biocompatibility (Cai
et al., 2001; Chen et al., 1998; Rembaum and Dreyer, 1980). The
colloidal Au can not only enhance the amount of antibodies

immobilized on the surface of ZnO NWs, but also preserve the
activity of the immobilized biomolecules. Anti-IgG molecule is also
anchored to the surface of ZnO NW through Au NPs (Mao et al.,
2010). 0.1 ml of Au NP–anti-IgG colloidal solution (purchased from
Ted Pella Inc.) was dropped upon the ZnO NW arrays, and then
incubated in the fume hood for 1 h. After that, the sample was
modified with block buffer (BB) (0.1% Tween 20 (purchased from
Ted Pella Inc.), 0.1% fish gelatin (purchased from Ted Pella Inc.),
and 1% bovine serum albumin (BSA) (purchased from Sigma-
Aldrich Co. LLC.)). It was reported that BB could efficiently block
the nonspecific binding of IgG (purchased from Sigma-Aldrich Co.
LLC.) to the samples (Mao et al., 2010). Thus, treating the sample
with BB can effectively diminish the undesirable response from
the nonspecific binding to the sample and is necessary for the
specific function of the sensor. Samples treated by BB were dried
at room temperature for 2 h, and then cleaned with phosphate
buffer solution (PBS) (Yu et al., 2013b).

2.2. Fabrication of the self-powered active biosensor

Finally the device is fabricated as follows: A sheet of flexible
aluminum foil (0.05 mm thick) was positioned on the top of the
ZnO NW arrays as the counter electrode. And two terminal copper
leads were glued with silver paste on the Ti foil and Al foil
for electrical measurements, respectively. Then the finished device
was fixed between two sheets of Kapton board firmly. Before the
measurement of self-powered biosensing, the device was immersed in
a certain concentration of IgG solution for 1 h, rinsed, and completely
dried at room temperature.

The design and brief fabrication process of the ZnO NG for self-
powered active biosensing is shown in Fig. 1. Firstly, a piece of
titanium foil as the substrate of ZnO NW arrays is pre-cleaned
(Fig. 1a). Then vertically-aligned ZnO NW arrays are grown on the
titanium substrate by a wet chemical method (Fig. 1b). As shown
in Fig. 1c, before detecting IgG, the surface of ZnO NWs needs to be
modified with Au NP–anti-IgG by a physical adsorption method. It

Fig. 1. Fabrication of the self-powered active biosensor. (a) A pre-cleaned Ti foil is used as the substrate. (b) Vertically-aligned ZnO NWs are grown on the Ti foil. (c) The
structure design of the self-powered active biosensor after the anti-IgG being assembled onto the surface of ZnO NWs. (d) Schematic image showing the self-powered
detecting of IgG. (e) An optical image of the self-powered active biosensor.
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should be noted that anti-IgG antibody bound to Au NPs is
immobilized on the NW surface. A layer of aluminum foil acting
as an electrode is placed on ZnO NWs, and two terminal copper
leads are glued with silver paste on both electrodes for piezo-
electric measurements. After that, the device is tightly fixed
between two sheets of flexible Kapton board as the support frames
to ensure the electric contact between the aluminum foil and the
NWs. It has been confirmed that flexible Kapton layers as sub-
strates can follow the height profiles of the NW arrays and make
effective contacts between the tips of NWs and electrodes (Lee
et al., 2011b). When detecting IgG, the device is immersed into a
certain concentration of IgG solution for 1 h to bind IgG molecules
on the antibody. The device is rinsed with PBS and dried at room
temperature. Then the device is tested by outside circuit and the
data is collected by computer (Fig. 1d). Under applied force, the
piezoelectric output of the device can act as both the energy
source and the biosensing signal. An optical image of the device is
presented in Fig. 1e, revealing that the NG has a length of 3 cm and
a width of 3 cm, and also showing that the device is very flexible, a
good feature making it efficiently convert external compressive
strain into an electrical signal.

3. Results and discussion

3.1. Morphological and crystalline characterization of ZnO
nanoarrays

Fig. 2a is a typical scanning electron microscopy (SEM) image of
ZnO NW arrays from the top view, showing a good uniformity. The
average diameter of ZnO NWs is about 200 nm. Fig. 2b is the SEM
image of ZnO NW arrays from the side view, revealing that the
length of the vertically-aligned nanoarrays is about 3 μm. Fig. 2c is
an X-ray diffraction (XRD) pattern of ZnO NWs. The sharp diffrac-
tion peaks indicate the good crystalline quality. The peaks marked
by trigon can be indexed to Ti (JCPDS File no. 44-1294) arising
from the Ti substrate; the peaks marked by asterisk can be indexed
to ZnO (JCPDS File no. 36-1451). As the bottom of the nanoarrays is
a seed layer with multicrystal structures (as shown in Fig. 2b), the
diffraction peak of (101) has high intensity. Fig. 2d is the high-

resolution transmission electron microscopy (HRTEM) image of
the tip region of a ZnO NW, clearly indicating that ZnO NW is
single crystalline with a growth direction along the c-axis.

3.2. Work mechanism of self-powered active biosensor

It has been demonstrated that ZnO NWs have a high density of
point defects, such as oxygen vacancies, which provide n-type
carriers (electrons) for the measured conductivity (Wu et al.,
2012). The output of ZnO NG is largely influenced by the carrier
density inside ZnO NWs. For example, after annealing in air, ZnO
NWs have fewer surface defects, resulting in less n-type carriers
within ZnO NWs; the screening effect of the free carriers on the
piezoelectric polarization charges is weak, thus the output of ZnO
NG is high (Hu et al., 2012). Our previous report also shows that
the free-carrier density at the surfaces of ZnO NWs is affected by
oxidizing or reducing gas adsorbed on the surface, which greatly
changes the screening of the piezoelectric polarization charges at
the interface, thus affecting the piezoelectric output of the NG
(Xue et al., 2013). And from previous theoretical and experimental
works, the change in free-carrier density can also affect the
intrinsic potential of the Schottky contact or p–n junction in
piezoelectronic devices (Zhang et al., 2011, 2012a). Alternatively,
the electron density of ZnO NWs can probably be affected by the
adsorption of biomolecules, which can establish a local electric
field and greatly change the screening of the piezoelectric field,
thus affecting the piezoelectric output of the NG. In the following
measurements, ZnO NG under the same strain has different
piezoelectric outputs when modified with different concentrations
of IgG. ZnO NG has two functions: one is as an energy source
because the ZnO NWs can produce piezoelectric output power; the
other is a biosensor function because the output of NG is a
measure of surface adsorbed IgG.

The detailed working mechanism of the self-powered active
biosensor driven by compressive strain is shown in Fig. 3. The
compressive force applied on the device is 34 N at the frequency of
1 Hz. The area of the hammer for applying the compressive force is
larger than that of the device. The hammer is controlled by a
programed motor, and the force and frequency are constant. Thus
the hammer can provide stable and uniform strain on the device

Fig. 2. (a) SEM image of ZnO NWs from the top view. (b) SEM image of ZnO NWs from the side view. (c) XRD pattern of ZnO NWs. (d) HRTEM image of the tip region of a
ZnO NW.
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for the experimental measurement. When testing, the two elec-
trodes of the device are connected to a low-noise preamplifier
(Model SR560, Stanford Research Systems) through coaxial lines.
The data is collected by a computer through a data acquisition
card. As shown in Fig. 3a and b, ZnO NWs modified with Au
NP–anti-IgG have not been immersed in IgG solution. Without any
compressive force, the device is in the natural state without any
piezoelectric output (Fig. 3a). When an external stress is applied
on the device (Fig. 3b), a piezoelectric field is created along the
ZnO NWs due to the deformation of c-axis (Wang, 2010, 2012).
Under the driving of the piezoelectric field, free electrons in the
conduction band tend to flow and screen the positive ionic
piezoelectric charges at one end, leaving the negative ionic piezo-
electric charges alone, which reduces the piezoelectric output
(Gao and Wang, 2009). As shown in Fig. 3c and d, after the device
being immersed in IgG solution, IgG molecules combine with the
Au NP–anti-IgG on the surface of ZnO NWs. IgG molecule contains
four peptide chains (two heavy chains and two light chains) (Mao
et al., 2010), and the end of the peptide chain are amino groups
which are positively charged. The IgG molecules adsorbed on the
surface of ZnO NWs can change the carrier density of the NWs by
modifying the surface charges and states, disturbing the gate
potential, changing the gate coupling, and/or altering the carrier
mobility. This can be regarded as a “floating gate” effect on the
conducting channel of the NWs (Pan et al., 2013). Thus the
positively charged IgG is equivalent to a positive potential gate
on the ZnO NWs, and this process can increase the electrons
density on the surface of ZnO NWs. When the device is under a
compressive strain (Fig. 3d), the piezoelectric potential is created
along the ZnO NWs, and the increased carrier density of ZnO NW
surface enhances the screening effect, resulting in lower piezo-
electric output. As ZnO NWs have different charge–carrier
densities in different concentrations of IgG, the piezoelectric
output of NGs influenced by carrier density contains the biosen-
sing information. Fig. 3e is a color scale bar that represents

the different piezoelectric potentials when the device is under
compressive force.

3.3. Detection of IgG using self-powered active biosensor

As shown in Fig. 4, the dependence of the piezoelectric output
on the concentration of IgG demonstrates the feasible approach as
a self-powered active biosensor. The room-temperature piezo-
electric output voltage of one device with a size of 3 cm�3 cm is
measured by a low-noise preamplifier under the same applied
strain (�0.01%, 1 Hz). The test numbers are 10, 15, 13, 11, 15 and 13
with the IgG concentrations of 0, 10�7, 10�6, 10�5, 10�4 and
10�3 g ml�1, respectively, as shown in Fig. 4a–f. The standard
deviations (SD) of the piezoelectric output in each concentration
of IgG is calculated, as shown in Fig. 4a–f. When the device is not
modified with IgG (Fig. 4a), the piezoelectric output voltage under
the compressive force is about 0.20370.0176 V. After the device
being immersed in IgG solution (Fig. 4b–f), the piezoelectric
output voltage decreases due to the increasing carrier density
induced by the adsorption of IgG. When the concentrations
of IgG solution are 10�7, 10�6, 10�5, 10�4 and 10�3 g ml�1, the
piezoelectric output voltages of the device are 0.12470.0104,
0.10570.0068, 0.08370.0066, 0.06470.0048 and 0.0387
0.0035 V, respectively. And the relative standard deviation (RSD)
ranges from 6.48% to 9.21%. The positively charged IgG is equiva-
lent to a positive potential gate on the ZnO NWs, and this process
can increase the electrons density of ZnO NWs. The increasing
concentration of IgG increases the electrons density of ZnO NWs,
thus the screening effect is enhanced, resulting in lowering down
the piezoelectric output.

The calibration curve fits the equation y¼ aþblog 10x (with
R2¼0.99593, a¼�0.0237, b¼�0.0213; y is the piezoelectric
output voltage, x is the concentration of IgG). The response of
self-powered biosensor is in a linear relationship with IgG con-
centration (logarithm, 10�7–10�3 g ml�1). The limit of detection

Fig. 3. The working mechanism of the self-powered active biosensor. (a) Schematic illustration of the charge–carrier density in ZnO NWs without compressive force, and the
device has not been immersed in IgG solution. (b) The piezoelectric output of the device without IgG functionalization under compressive force. (c) The charge–carrier
density in ZnO NWs without compressive force, and the device has been immersed in IgG solution. (d) The piezoelectric output of the device with IgG functionalization
under compressive force. (e) The color scale bar represents the different piezoelectric potential.
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(LOD; the signal to noise ratio (SNR) is 3:1 (Toribio et al., 2002;
Field and Reed, 1996)) can be calculated to be about 6.9 ng ml�1

using the fitted linear equation in Fig. 4g. Many other methods
have been reported for detecting IgG molecules, such as electro-
chemical, quartz crystal microbalance (QCM) and surface plasmon
resonance (SPR). The comparison of LODs between these methods
and our result is shown in Table 1.

Similar to the definition of response (r) of transistor-type
biosensor (r¼ ðjI0� Iij=I0Þ � 100%, where I0 and Ii are the currents

Fig. 4. The piezoelectric output of the device after being immersed in different concentrations of IgG solution. (a) None IgG, (b) 10�7 g ml�1, (c) 10�6 g ml�1,
(d) 10�5 g ml�1, (e) 10�4 g ml�1, (f) 10�3 g ml�1, (g) the relationship between the piezoelectric output of the device and the concentration of IgG, and (h) the dependence of
the response r on the concentration of IgG.

Table 1
The LODs of the different detection methods and the references.

Detection method LOD (ng ml�1) Reference

Self-powered active biosensing 6.9 This work
Electrochemical with microfluidic 10 Dong et al. (2007)
Electrochemical with polyaniline 3 Lee et al. (2011)
Quartz crystal microbalance 3.5 Chu et al. (2006)
Surface plasmon resonance 7.5 Wang et al. (2010)
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of the sensor without IgG and with IgG, respectively) (Yu et al.,
2013a), the response (a voltage variation in function of the
concentration of IgG) of the self-powered active biosensor can
simply be defined as

r¼ jV0�Vij
V0

� 100% ð1Þ

where V0 and Vi are the piezoelectric output without IgG and with
IgG, respectively. The responses against 10�7, 10�6, 10�5, 10�4 and
10�3 g ml�1 IgG are about 38.973.06, 48.372.94, 59.174.42,
68.574.83 and 81.377.04, respectively (shown in Fig. 4h). And
the RSD ranges from 6.08% to 8.66%.

As discussed above, the free-carrier density inside ZnO NWs
plays a crucial role in affecting the output of the NG, and the
adsorption of IgG can increase the carrier density in NWs by a
“floating gate” effect. Such a change of charge–carrier density can
be directly demonstrated by the resistance of the ZnO NWs. Fig. 5a
shows the room-temperature I–V curves of one NG without
deformation. There is a typical metal–semiconductor–metal (M–

S–M) structure in our device (Al–ZnO–Ti). The nonlinear I–V
characteristic is caused by the asymmetric Schottky barrier heights
formed between ZnO NWs and the two metal electrodes (Zhang
et al., 2011). Compared with the curve of the NG without IgG
functionalization, the I–V curves shift upwards when the device
has been immersed in IgG. As the concentration of IgG increases,
the resistance of the device decreases, further confirming that the
change of carrier density in ZnO NWs arises from the adsorption
of IgG. Under the applied bias voltage of 1.9 V, the currents of
the device are 0.67470.0140, 0.75770.0047, 0.85470.0099,
0.98170.0154 and 1.06970.0328 mAwith the IgG concentrations
of 0, 10�7, 10�6, 10�5, and 10�4 g ml�1, respectively, as shown in
Fig. 5b (test number n¼5). And the RSD ranges from 0.62% to
3.06%. This behavior can be treated as a transistor-type biosensor
(I–V behavior). The response against 10�7, 10�6, 10�5, and
10�4 g ml�1 IgG is 12.370.96, 26.771.26, 45.572.26 and
58.673.27, respectively, as shown in the inset of Fig. 5b. The
RSD ranges from 4.72% to 7.80%. Higher response is obtained from
the new piezo-biosensing device compared with the transistor-
type biosensor (I–V behavior), suggesting that biomolecule-
adsorption-dependent piezoelectric output of the new device
has great potential for realizing high-response biosensing. How-
ever, with the same concentration of IgG, the response of the new
device is still lower than the results in the previous reports (Yu
et al., 2013b; Mao et al., 2010). And the sensitivity of the new
device is about 10.5 (the slope of the fitted line in Fig. 4h), lower
than the results in the previous literatures (Yu et al., 2013b; Mao
et al., 2010). Thus further work needs to be done on enhancing the
response and the sensitivity of the new device.

4. Conclusion

In summary, self-powered active biosensor has been realized
from ZnO NW NG. The piezoelectric output generated by ZnO NW
NG can act not only as a power source for driving the device, but
also as a biosensing signal. The biosensing response of the
new device is high, and the LOD on IgG is about 6.9 ng ml�1.
The present results demonstrate a feasible approach for actively
detecting biomolecules by coupling the piezotronic and biosensing
characteristics of ZnO NWs. Our work can also stimulate a research
trend on designing new device structures and material systems for
the future development of self-powered active biosensors.
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