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ABSTRACT Cytochromes P450 (CYPs) enzymes are involved in

catalyzing the metabolism of various endogenous and exogenous o
compounds. A rapid analysis of drug metabolism reactions by CYPs is
required because they can metabolize 95% of current drugs in drug
development and effective therapies. Here, we describe a study of
piezotronic-effect enhanced drug metabolism and sensing by utiliz-
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ing a single Zn0 nanowire (Zn0 NW) device. Owing to the unique
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hydrophobic feature of a Zn0 NW that provides a desirable “microenvironment” for the immobilization of biomolecules, our device can effectively stimulate
the tolbutamide metabolism by decorating a Zn0 NW with cytochrome P4502C9/CYPs reductase (CYP2C9/CPR) microsomes. By applying an external

compressive strain to the Zn0 nanowire, the piezotronic effect, which plays a primary role in tuning the transport behavior of a Zn0 NW utilizing the created

piezoelectric polarization charges at the local interface, can effectively enhance the performance of the device. A theoretical model is proposed using an

energy band diagram to explain the experimental data. This study provides a potential approach to study drug metabolism and trace drug detection based

on the piezotronic effect.
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ytochromes P450 (CYPs) are a large
Cfamily of auto-oxidizable heme pro-
teins that are found in almost all
types of organisms and play an essential
role in the metabolism of most drugs and
chemicals.' > As a member of the CYP
family, cytochrome P450 2C9 (CYP2C9) is
involved in the oxidation of approximately
16% of therapeutically important drugs.*
However, in the process of drug metabolism
mediated mainly by CYPs, interactions
between drug—drug/drug—food can result
in toxicities and other effects.® Therefore, it
is necessary to study drug metabolism reac-
tions using CYPs to identify the associated
issues such as in the field of drug devel-
opment.
In vivo, CYPs catalyze drugs via a typical
cycle of electron delivery from nicotinamide
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adenine dinucleotide phosphate (NADPH)
to CYPs reductase (CPR) for subsequent
delivery to CYPs heme (the active center of
CYPs consists of an iron protoheme that is
activated via electron transfer reactions).”
On the basis of this mechanism, numerous
studies have been carried out to explore the
drug metabolic pathway by use of different
systems, such as biocatalytic systems, elec-
trochemically driven enzymatic system,
electrochemical oxidation systems, and
other types of in vitro systems.? In the last
decades, electrochemical systems had at-
tracted extensive interest because the elec-
trode could be used as an alternative
electron source, instead of a high-cost con-
ventional electron-supply source (NADPH),
for providing an easy and economic method
for CYPs catalysis metabolite formation
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Figure 1. (a) Scanning electron microscopy (SEM) image of the as-synthesized ZnO NWs. Schematic of ZnO NW decorated
with CYP2C9/CPR-microsomes combined with tolbutamide molecules under (b) no strain and (c) compressive strain.

(d) Optical images of a fabricated ZnO NW device.

in vitro. In 2005, electron transfer occurring via CPR
molecules to recombinant CYP1A2 and CYP3A4 en-
zymes was proposed by Rusling et al. but lacked
experimental proof.” The same group reported elec-
trochemical probing of interactions between CPR and
CYP molecules in 2011."° Gilardi and his co-workers
immobilized CYP2C20 on a gold electrode modified
with gold nanoparticles to study the activity of
CYP2C20."" Liu's group constructed a mixed film con-
taining indium—tin-oxide nanoparticles (ITO NPs) and
CYP2C9/CPR-microsomes on a glassy carbon electrode
to drive the drug metabolism via electrochemical
method.” Nevertheless, application of these systems
has to face some difficulties, such as adsorptive dena-
turation of proteins, rate limited diffusion of substrate
to the electrode, structural changes of enzyme during
immobilization, and a lipid bilayer environment.'?'?
Most of all, an external power source is mandatory for
stimulating the process.

Remarkable achievements in the field of drug me-
tabolism can be attributed to applications of nano-
materials, which control CYP orientation or form an
electron transfer path."* The list of nanocomposites
consists of ITO NPs," colloidal gold/graphene nano-
composites,’> and carbon nanofibers,'® and so on.
Among nanomaterials, ZnO, one of the wurtzite struc-
tured semiconductors, exhibits the piezotronic effect
that uses strain-induced piezopotential as a “gate
voltage” for tuning/controlling the local Schottky bar-
rier height (SBH) across an interface/junction within a
piezoelectric device.'” Therefore, the performance of
ZnO-based nanodevices can be enhanced by the
piezotronic effect for UV sensors, strain sensors, and
photodetectors.’®~2° In addition, nanostructured ZnO
materials possess high surface area, no toxicity, and
good biocompatibility,>'*? and therefore have great
potential applications in biosensors and biomedi-
cine* % What's more, ZnO nanomaterials exhibit
unique hydrophobic features that could provide a
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desirable “microenvironment” for the immobilization
of biomolecules such as enzymes, DNA, antibodies, etc.
and preserve the bioactivity of the immobilized mate-
rials, which qualify it as a good matrix for biomolecules
immobilization.?**” Up to now, lots of research about
ZnO nanomaterials biosensors have been reported.?8~3°
In this paper, we present the first study of piezo-
tronic effect enhanced drug metabolism at the surface
of a single ZnO NW, which is decorated with CYP2C9/
CPR-microsomes. Our results indicate that the piezo-
potential produced by ZnO NW, under a static applied
external strain, could effectively promote drug metabo-
lism. A theoretical model is proposed using the energy
band diagram to explain the observed behaviors.

RESULTS AND DISCUSSION

In0 Nanowires Synthesis and Characterization. ZnO nano-
wires were synthesized using a solid—vapor process
at high temperature®' =33 (Figure 1a). A schematic in
Figure 1b displays a strain free ZnO NW device deco-
rated with CYP2C9/CPR-microsomes combining with
tolbutamide molecules, which is one of the typical
CYP2C9 drug substrates, and CYP2C9 is essentially
involved in the hydroxylation process of tolbutamide.
Moreover, tolbutamide is widely accepted as a proto-
type substrate for the assessment of CYP2C9 activity,
both in vivo and in vitro.3* The same device on which
external strain was applied is shown in Figure 1c. As
shown in Figure 1d, optical images of the practical
fabricated ZnO NW device were obtained by utilizing
stereoscopic microscope (SZ660TP).

To characterize the hydrophobicity of the nano-
wires, 2 ul of distilled water was dripped onto the NW
surface using a suitable microsyringe. It can be seen
that the droplets stand on its surface (Figure 2a).
Because of its excellent film forming ability, chitosan
(CS) was used to functionalize microsomes for obtain-
ing well-dispersed homogeneous microsomes—CS solu-
tion. After this solution was dropped onto the surface
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Figure 2. Optical microscopy images of ZnO NW on which a water-drop was dripped (a) and ZnO NW decorated with CYP2C9/
CPR-microsomes (b). (c, d) SEM images of single ZnO NW before and after being decorated with CYP2C9/CPR-microsomes.

of the ZnO NW, a layer of uniform microsomes—CS film
was formed (Figure 2b). Although it is known that
ZnO may be self-dissolved by solution after some time,
we found that this process was rather slow and it did
not affect our measurement results. To better show
the successful immobilization of microsomes on the
surface of ZnO nanowire, the size and morphology
of the nanowires were examined by SEM. Figure 2c
shows that the ZnO NW had a smooth surface before
being decorated with CYP2C9/CPR-microsomes. How-
ever, decoration with CYP2C9/CPR-microsomes can
result in a ZnO NW with a rough surface, as presented
in Figure 2d. All of these results demonstrated satisfac-
tory immobilization microsomes on individual ZnO
nanowires.

Performance Characterization of Zn0 NW Device. The
piezotronic effect enhanced drug metabolism was
investigated by gradually applying a compressive
strain on the ZnO NW device along the nanowire
direction when it is totally immersed into the different
concentration of tolbutamide solutions. As shown in
Figure 3a, I—V curves of the ZnO NW device decorated
with different substances under —0.39% strain were
obtained. The output signals were weak when the
fabricated device was without any decoration or when
the undecorated device was immersed into tolbuta-
mide solution. However, a high current response was
observed when the ZnO nanowire device was deco-
rated with CYP2C9/CPR-microsomes. Furthermore, a
higher current was obtained when the decorated ZnO
NW device was immersed into the tolbutamide solu-
tion. A significant difference was observed between
the current signal obtained in the absence and pre-
sence of CYP2C9/CPR-microsomes. This also confirmed
that CYP2C9/CPR-microsomes are essential to facilitate
target drug metabolism based on the piezotronic effect.
The experimental facility consists of a three-dimensional
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mechanical stage with movement resolution of 1 um
(Figure 3b). One end of the device was firmly affixed on
a manipulation holder that was to be bent, while the
other end was set free to apply a strain. The compres-
sive strain can be derived according to the previously
reported methode.*® To better understand the piezo-
tronic effect on drug metabolism, four drawings
were given to show the response of ZnO NW device
under different compressive strain with a bias voltage
from —1.1 to 1.1 V in Figure 3c—f. The response of a
ZnO NW device in pH 7.4 PBS solution under different
compressive strains without combining with tolbuta-
mide molecules was measured (Figure 3c). The overall
output signals were increased slightly. However, the
response signals of the device increased significantly
with the increase of tolbutamide concentrations
from 0 to 4 uM (Figure 3c—f). This result demonstrated
that the CYP2C9 isozyme-decorated ZnO NW device
had a sound response to tolbutamide. For example,
Figure 3e depicts the -V characteristics of a device
when the externally applied different compressive
strains increased from 0%, —0.19%, —0.43%, —0.62%
to —0.80% with 3 uM tolbutamide. We can see that at
a bias voltage of 1.1 V, the output signals increased
from 0.638 uA to more than 5.4 uA, which is an
~9 times increase after applying —0.80% compressive
strain. Similar trends were observed for all of the [-V
curves.

To systematically analyze the ZnO NW device
response to constantly changing compressive strains
and target drug concentration at a fixed bias voltage of
—0.4V, a three-dimensional (3D) graph was plotted, as
depicted in Figure 4a. An overall changing trend of
current signals with a difference of compressive strains
and tolbutamide concentrations can be simulta-
neously calculated from this 3D graph. We can see
that current obviously increased as the compressive

voL.9 = NO.3 = 3159-3168 = 2015 ACNJANIC)

WWww.acsnano.org

1101 L

3161



15]—2ZnONW
) ZnO NW+tolbutamide
——ZnO NW+CYP2C9/CPR
1.00__ ZnO NW+CYP2C9/CPR+tolbutamide

Current (pA)

04 00 04

0.8 0.8
Voltage (V)
(C) 064 o.00%
—0.22%
-0.43%
03— 0.62%

—-0.80%

Current (pA)
°
e

-0.34

CYP2C9/CPR-microsomes+0 uM tolbutamide

0.6 . ; . . .
-0.8 -0.4 0.0 04 0.8
Voltage (V)

(e)5_0_ ——0.00%
—-0.19%
-0.43%
2.5{ ——.0.62%
——-0.80%

Current (pA)
o
i

-5.01 CYP2C9/CPR-microsomes+3 uM tolbutamide
08 04 00 04 038
Voltage (V)

(b) &
— T Y
Compress X
| 3D Stage
Zn0O NW device
(d) —ooo%
3.0{ ——-0.21%
-0.43%
—_ —-0.65%
L 151 — 0.82%
-
5 ool /
£ 0. -
s /
(8]
-1.5
CYP2C9/CPR-microsomes+2 uM tolbutamide]

.08 04 00 04 08

Voltage (V)
(f) 104 —0.00%
——0.18%
0.41%
51— .0.63%
< |—-0.85%
2
o 0'
c
o
-
3 -5
10 CYP2C9/CPR-micr +4 M tolbutamid
08 -04 00 04 08
Voltage (V)

Figure 3. (a) I-V curves of the ZnO NW device in pH 7.4 PBS solution under approximately —0.39% strain with a bias voltage
from —1.1 to 1.1V, decorated with nothing (black solid line), nothing, but in the presence of tolbutamide molecules (green
solid line), CYP2C9/CPR-microsomes (red solid line), CYP2C9/CPR-microsomes combining with tolbutamide solution (blue
solid line). (b) Schematic diagram of the experiments setup, a three-dimensional mechanical stage. /—V characteristics of
the ZnO NW device in pH 7.4 PBS solution under different compressive strains with a bias voltage from —1.1 to 1.1V, when the
device was decorated with (c) CYP2C9/CPR-microsomes. (d) CYP2C9/CPR-microsomes combining with 2 uM tolbutamide
solution, (e) CYP2C9/CPR-microsomes combining with 3 uM tolbutamide solution, (f) CYP2C9/CPR-microsomes combining

with 4 uM tolbutamide solution.

strains or tolbutamide concentrations increased. Four
2-dimensional (2D) graphs are presented in Figure 4b—e
for more details, which are generated from Figure 4a
by projecting on the I-strain surface and the I-drug
concentration surface, respectively.

Figure 4 panels b and c illustrate the absolute and
relative current response of CYP2C9/CPR-microsomes
decorated ZnO NW device to different external strains,
ranging from 0% to —0.8%, while concentration of
tolbutamide was fixed at 0, 2, 3, 4 uM in every curve. All
curves were obtained by measuring the transport
current of the device under different compressive
strains. The results indicate that increasing the com-
pressive strain results in an enlarged output signal,
which again proved that the performance of the device
can be enhanced by the piezotronic effect at different
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drug concentrations. What's more, with the increase of
strain, the difference between currents at two adjacent
drug concentrations is increased. For example, without
applying external strain, the difference between cur-
rents at 2 uM drug and 3 uM drug was about 0.155 uA,
while the differences under —0.62% strain went up to
0.42 uA, which was more than 150% increase in
magnitude. In Figure 4c, the relative change in current
was up to 420%, when applied increasing compressive
strain. The results indicated that the sensitivity of the
ZnO NW device can be significantly enhanced by the
piezotronic effect and may serve as a sensor for drug
detection. Certainly, the high sensitivity is also attrib-
uted to the nonlinear /—V transport characteristics as
for the Schottky barrier at the contacts of the M—S—M
structure. Likewise, Figure 4 panels d and e reveal the
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Figure 4. Piezotronic effect on the performance of ZnO NW device. (a) 3D graph illustrating the current response of the device
in pH 7.4 PBS solution under different strains and tolbutamide concentrations at a fixed bias voltage of —0.4 V. (b, c) Absolute
current response and relative current change of the device under different compressive strains, with the tolbutamide
concentration ranging from 0 to 4 uM. (d, e) Absolute current response and relative current change of the ZnO NW device at
different tolbutamide concentrations, with compressive strain between 0 and —0.80%, respectively. The inset in graph d
shows current response of the ZnO NW device under lower concentration of tolbutamide solution. Data of panels b—e were

extracted from panel a.

absolute and relative current response of the deco-
rated ZnO NW device to different concentrations of
tolbutamide under certain compressive strain. The 2D
graphs present five curves under different compressive
strains, each of which was derived by measuring the
transport properties of ZnO NW device at different
concentrations of tolbutamide. It is clear that at a
certain concentration of tolbutamide, the larger the
compressive strain is, the higher is the current signal:
at a very low tolbutamide concentration, under free
strain, the output signal was too small to be detected,
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whereas when a strain was applied, the output current
greatly enlarged and was detected. As shown in the
inset of Figure 4d, the device has a good response to
tolbutamide with —0.8% strain applied. The calibration
plot presented a good linear relationship between the
currents and the concentrations of tolbutamide in the
range from 1 nM to 50 nM. The linear regression
equation was expressed as | = —0.074 — 0.0025 x
Carug (NM) with a correlation coefficient of 0.99. The
detection limit was estimated to be 0.13 nM at a signal-
to-noise ratio of 3, which may be suitable for trace drug
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Figure 5. Analysis of inhibition effect on the metabolism of tolbutamide by sulfaphenazole. (a) -V curves of the ZnO NW
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Figure 6. HPLC chromatograms of pure tolbutamide solution (a) and tolbutamide solution after metabolism driven by
piezopotential (b). (c) Product ion spectra of the tolbutamide solution taken after the metabolism.

detection.>**” From the above, the proposed device is
utilized to not only facilitate drug metabolism but also
detect trace drug.

As a strong inhibitor of CYP2C9,*® sulfaphenazole
was used to study the inhibition effect on the hydrox-
ylation of target drug in our experiment. As depicted in
Figure 5a, I-V curves were acquired by varying inhi-
bitor concentration (0, 0.5, 1, 1.5, 2, 2.5 uM) with
4 uM tolbutamide under —0.61% strain. As the con-
centration of sulfaphenazole in the solution increases,
the current response of the ZnO NW device decreased.
The current difference between the one without sulfa-
phenazole and the one with 2.5 uM sulfaphenazole
reached to 1.05 uA (Figure 5b). This result can be
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attributed to the high-affinity of sulfaphenazole to
CYP2C9.2° That s to say, sulfaphenazole acts as a ligand
to coordinate to CYP2C9 iron, which can lead to
inhibiting the activity of CYP2C9 isozyme. Inhibition
experiment further confirms that CYP2C9 immobilized
on the surface of ZnO NW maintains its bioactivity.
To confirm drug metabolism reactions, high perfor-
mance liquid chromatography (HPLC) and electrospray
ionization-mass spectrometry (ESI-MS) analyses were
conducted according to previous study.” The chromato-
gram of tolbutamide solution after metabolism with
two peaks at 5.033 and 2.47 min was obtained, while
just one peak was found at 5.04 min of pure tolbuta-
mide solution (Figures 6a,b). So, the peak at 2.47 min
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source and drain contacts when they are (a) unstrained, shown as blue solid lines in the graph on the right; (b) compressively
strained, shown as red dashed lines; (c) compressively strained and decorated with CYP2C9/CPR-microsomes, but without
tolbutamide solution, shown as green dashed lines, arrows indicate the direction of electrons movement; (d) compressively
strained and decorated with CYP2C9/CPR-microsomes, combining with tolbutamide molecules, shown as blue dashed lines,

arrows indicate the direction of electrons movement.

was assigned to the polar 4-hydroxytolbutamide,
which is a strong polar substance, moving faster in a
polar mobile phase. To analyze the products, ESI-MS
was also utilized. As depicted in Figure 6¢, the reaction
products showed another peak at m/z 287.3, which
corresponded to the molecular ion of 4-hydroxytolbu-
tamide. Meanwhile, there was only one peak at m/z
271.1 for pure tolbutamide solution in its spectrum.
The results indicated that the metabolism process
generates 4-hydroxytolbutamide from tolbutamide.
Interpretation of Data. As for ZnO NW, the transport
process of charge carriers can be tuned at the metal—
semiconductor contact by two effects: piezoresistive
effect and piezotronic effect, which coexist for the data
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presented in Figure 3. The piezoresistive effect is most
determined by the volume of the nanowires, and it
usually responds in a linear way to the degree of strain.
The piezotronic effect is an interface effect owing to
the presence of the piezoelectric polarization charges
at the interface. This is usually a nonlinear effect. Since
Zn0 is a piezoelectric semiconductor, a compressive
strain generates piezo-charges at its interfacial region.
The polarization charges are ionic and nonmobile
located adjacent to the interface and thus cannot
be completely screened. The positive piezoelectric
charges may effectively lower the barrier height at
the local Schottky contact (®y); the negative piezo-
electric charges increase the barrier height (®y). Such a
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tuning at the effective Schottky barrier height (SBH)
would then greatly change the transport process of the
device, which is defined as the piezotronic effect. This
is the mechanism of the observed nanowire device in
responding to strains. In this work, the piezoresistive
effect is a “symmetric effect” regardless of the sign
of the applied voltages, thus, it increased the out-
put signals at both +1.1 V and —1.1 V in Figure 3
panels c—f. However, the piezotronic effect increased
the output current at +1.1 V and decreased it at
—1.1V, because this effect has a polarity depending
on the sign of the local piezoelectric charges. The
obtained /—V curves of the ZnO NW device were a
combination of piezoresistive effect and piezotronic
effect, as reported in a previous work.*® We now use
the piezotronic effect to explain the data presented in
Figure 4.

Energy band diagrams of the device are shown in
Figure 7 to elucidate the piezotronic effect on drug
metabolism and the improvement of sensing.
Figure 7a presents the original state of the energy
band diagram of a strain-free nanowire. There are two
equivalent SBHs formed at both contacts in an
M—S—M structure. Since the ZnO nanowire exhibits
the piezoelectric effect, a strain applied on the nano-
wire along the c-axis would produce piezoelectric
charges at the interfacial region. That is to say, a
piezopotential exists inside the NW. Under this circum-
stance, free carriers can only partially screen the ionic
piezoelectric charges but they cannot completely bal-
ance or neutralize out all of them. A positive piezo-
potential effectively lowers the local SBH at one end
(dp), while the negative piezopotential increases the
local SBH at the other end (®s) (Figure 7b). It has been
proven that the transport process inside the ZnO NW is
dominated by the reversely biased Schottky contact,
that is ®p. Therefore, the local @ becomes lower with
an increase in the externally applied compressive
strain, which results in a higher output current signal.

The working principle of the ZnO NW device deco-
rated with CYP2C9/CPR microsomes is demonstrated
by the corresponding energy band structure in
Figure 7c—d for explaining the data presented
in Figure 4b—e. When the CYP2C9/CPR microsomes
were attached on the surface of the ZnO nanowire,
the piezopotential produced by the compressively
strained ZnO NW can promote electrons to transfer
from CPR to CYP2C9, thus activating the active center
of CYP2C9 consisting of heme proteins, as well as
effectively change the local contact characteristics by
an internal field, which makes the charge carrier easily

METHODS

Reagents. CYP 2C9 microsomes with CPR, CS, tolbutamide,
and sulfaphenazole were obtained from Sigma-Aldrich Chemical
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go over the local barrier (®p). So, the output signal
increases. When the decorated ZnO NW was immersed
into tolbutamide solution, the metabolism could pro-
ceed effectively. This should be ascribed to the acti-
vated CYP2C9, which prompted the target drug to
perform a hydroxylation reaction. In the process of
hydroxylation, essential electrons were provided by
CYP2C9 (Figure 7d). In addition, more tolbutamide was
metabolized, more electrons were transferred from
CPR to CYP2C9 heme, then more electrons were
transferred to the target drug from the CYP2C9 heme.
That is to say, the more tolbutamide there was, the
higher was the carrier density at the surface of ZnO NW
device, and the higher was the current signal.*’
Furthermore, the hydrophobility of the ZnO NW
promotes its combination with microsomes and pro-
motes electrons to transfer from CPR to CYP2C9, then
the active site of the isozyme is more easily acti-
vated.”*** With the presence of a strong local piezo-
electric field provided by the piezoelectric polarization
charges, electrons can be effectively transferred from
CPR to CYP2C9. Therefore, the piezotronic effect can
enhance drug metabolism on a single ZnO nanowire
surface.

As for drug sensing, the modified SBH by piezo-
tronic effect can maximize the sensor sensitivity; This
occurs because the Schottky contacted device has
been shown to exhibit much more sensitivity and
response time than the Ohmic contacted devices for
optical,'” chemical,** gas,*® and biochemical sensing.*®
This is the result presented in Figure 4d.

CONCLUSIONS

An M—S—M Schottky contacted ZnO NW device was
fabricated as a drug metabolism driver. The piezotronic
effect on the drug metabolism with a CYP2C9/CPR-
microsomes decorated ZnO NW was systematically
studied via varying both external compressive strain
and target drug concentration. Our data indicate that
the nonlinear effect introduced by the piezotronic
effect in transport can significantly enhance the beha-
vior of the device. That is to say, the device can not only
improve the metabolism efficiency but also increase
the sensitivity. What is more, HPLC—MS analyses were
performed to demonstrate that the successful meta-
bolism process generated 4-hydroxytolbutamide from
tolbutamide. A theoretical model is presented for
interpreting the observed behaviors of the device.
The proposed self-powered approach in this work
may have potential application in drug metabolism
and trace drug analysis.

Co. (St. Louis, MO). All other reagents used in this work were of
AR. grade from the Beijing Chemical Factory, China.

In0 Micro/Nanowire Synthesis and Device Fabrication. ZnO nano-
wires were synthesized via the vapor—solid growth process.
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ZnO powder was placed at the center of a tube furnace, while
the alumina substrate was placed 25 cm downstream from the
center. The synthesis temperature was 1400 °C at a pressure of
75 Torr for 3 h.

The ZnO NW devices were fabricated by transferring and
binding individual ZnO NWs laterally onto polyethylene tere-
phthalate (PET) substrates. Silver paste was used to fix the two
ends of the NW, serving as the source and drain electrodes for
the device, respectively. A thin layer of epoxy was used to cover
both end-electrodes. This Ag—ZnO NW-—Ag device is an
M—S—M structure. To immobilize CYP2C9/CPR-microsomes
on the surface of the ZnO NW, 2 ulL of CS (0.5 wt %) and 5 uL
of CYP2C9/CPR-microsomes solution containing 1 uM CYPs
isozyme or 5 uL of 20 pM CYP2C9 isozyme solution were mixed
together and drop-coated on the surface of the ZnO NW, then
incubated for 1 h in the fume hood to dry naturally. The same
process was repeated three times, followed by rinsing with PBS
solution to remove the weakly adsorbed immobilized CYP2C9.
The decorated ZnO NW was ready to perform drug metabolism.

Drug Metabolism Measurements. Piezotronic-effect enhanced
drug metabolism measurements were performed on a synthe-
sized function generator (Stanford Research Systems DS345)
and a low noise current amplifier (Stanford Research Systems
SR570). The stock solution of 50 uM drug required in the
measurement was obtained by dissolving tolbutamide in
methanol, which can minimize the effect of organic solvents
on CYP activities. In the process of experiment, methanolic
tolbutamide solution was added to 5 mM pH 7.4 phosphate-
buffered solution (PBS) by a microsyringe.

Inhibition assay was conducted by the addition of different
concentrations of inhibitor, sulfaphenazole into pH 7.4 PBS
solution containing 4 uM tolbutamide. After each addition,
the solution let sit for 30 min to render the inhibitor binding
to CYP2C9.

HPLC, ESI—MS, Analyses. Separation of the metabolites was
achieved by use of a HPLC system (Agilent 1200, USA) with a
ZORBAX Eclipse XDB 150 mm x 2.1 mm of C18 column. A
mobile phase consists of 40% methanol and 60% water with a
flow rate of 0.3 mL/min at a wavelength of 230 nm. Five uL
sample under test was obtained by collecting the solution after
metabolism. In the process of ESI-MS, an Agilent 6400 mass
spectrometer (Agilent, USA) worked in the positive ion mode
under these conditions: gas temperature, 350 °C; gas flow,
8 L/min; nebulizer gas pressure, 45 psi; sheath gas temperature,
250 °C; sheath gas flow, 10 L/min; and capillary voltage, 4 kV.
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