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ABSTRACT: Through vyears, the reported intracellular H,0, sensors just focused on the
unrelated measurements of the intracellular H,0, generated from the stimulus of cd?,
ascorbic acid (AA) etc., leading to difficulty in data interpretation. Here, a novel
reduced graphene oxide quantum dots (rGO QDs)/ZnO hybrid nanofibers-based electrochemical
biosensor for the detection of intracellular H,0, released from cancer and normal cells
under the stimuli of the corresponding anticancer drugs permits a quantitative study of
the interaction between the target drug compound and the cancer cell, which is suitable
for candidate drug screening. Nylon 6/6 nanofibers are used as robust templates for the
facile fabrication of novel rGO QDs/ZnO hybrid nanofibers wvia an electrospinning
followed by a step hydrothermal growth method. The as-made sensor was applied to
determine the H,0, released from prostate cancer cell (PC-3) versus noncancerous cell
(BPH-1) wunder the stimuli of the corresponding anticancer drugs (apigenin, antisense
CK2a etc). The amount of the H,0, released from the PC-3 cancer cell is about (320+12)
amol cell’ and about (210+6) amol cell™? for the BPH-1 noncancerous cell under the
stimuli of specific therapy drug antisense CK2a. These results demonstrate that rGO
ODs/Zn0O hybrid nanofibers-based electrochemical biosensor can efficiently detect the
distinct amounts of H,0, released from cancer and noncancer cells.

INTRODUCTION

Recently, ZnO nanofibers (ZnO NFs) have desirable properties, such as enhanced
attracted extensive interests in different sensing capabilities and catalytic
research fields because of their excellent performance. For instance, the
properties, repeatable and controllable hybridization of phosphotungstic acid (PWA)
fabrication process.’ Most notably, 2nO and Zn0O NF's through electrospinning
nanofibers-based sensors possess high technology leads to excellent
sensitivities, low limits of detection, electrocatalytic activity toward the
fast electron transfer kinetics, and they oxidation of dopamine at a low potential.’
have been widely used for the detection of And some metal or metal oxide particles
molecules, such as glucose, CO, ethanol, can either decorate the surface of the ZnO
etc.?* The analytical performances of NFs or be encapsulated within the interior
these sensors depend on the of the ZnO NFs to enhance catalytical
electrochemical activity and activity.®’ Besides these attractive
biocompatibility of ZnO NFs, which are features, hybridizing graphene sheets with
strongly affected by their surface hybrid Zn0 NFs to yield a large number of
components. Several strategies, including friction sites onto the ZnO surfaces is
electrospinning technology, hydrothermal proven to be an efficient method to
route, and spray pyrolysis method of regulate the structural and electronic
hybridization, have been developed for properties of the ZnO NFs. In principle,

fabricating the hybrid ZnO NFs to impart the zero dimensional nanomaterials of
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graphene oxide quantum dots(rGO QDs) with
more superior performance should be more
favorable for sensing. Considering these
interesting properties, we employ polymer
nanofibers as templates to fabricate novel
hybrid nanofibers of rGO QDs/ZnO via an
electrospinning technique and hydrothermal
process by one step and investigate the
sensing performance of the resulted sample
towards hydrogen peroxide (H,0,).

As is distributed in most of the
mammalian cells,® H,0, participates in the
signal transduction processes in a
concentration dependent manner.’ At low
concentrations, it serves as a second
messenger in cellular signal transduction
and plays an important role in protecting
the 1living body.'*® Whereas at a high
concentration, it can damage major
cellular constituents and harm to living
organisms, causing a number of
pathological events ranging from aging,
neurodegeneration, to cancer.37t¢
Therefore, the quantitative determination
of intracellular H,0, is of great wvalue in
elaborating its regulation of signal
transduction pathways and searching for
new therapeutic strategies for cancer and

other diseases. Recently, enzyme-based
electrochemical biosensors for the
quantitative detection of intracellular

H,0, have received considerable attention
due to their great advantages include high

sensitivity and selectivity, rapid
response, easy miniaturization and good
quantitative ability.?’™?° The main
shortcoming is that enzymes would not
maintain their activity under the
detection conditions because of their
intrinsic nature. Whereas, those which
were capable of measuring H,0, with
extremely high stability used
nanomaterials including precious metal

21,22 23,24

nanoparticles, carbon nanomaterials,
and metal compound nanostructures,
which would solve the problems of the low

25,26

long-term operational stability. However,
so far the reported intracellular H,0,
sensors just focused on the unrelated

measurements of the intracellular H,0,
generated from the stimulus of cd?,
ascorbic acid (AA) etc. which were added
in the detection system by researchers,

leading to difficulty in data
interpretation. Thus, it is necessary and
reasonable to explore a qguantitative
detection of the intracellular H,0,
released from cancer and normal cells

under the straightforward stimuli of the
corresponding anticancer drugs permitting
a quantitative study of the interaction
between the target drug compound and the
cancer cell, which may be suitable for
candidate drug screening.

Herein, the novel hybrid nanofibers of
rGO QDs/ZnO with random or quasi-aligned
were prepared using polymer nanofibers as
templates via an electrospinning technique
and hydrothermal process by one step. The
experimental procedure is shown in Scheme
1. The obtained hybrid nanofibers exhibit
high electrocatalytic activity towards
H,0, and achieve highly sensitive
detection of H,0, at the nanomolar level,
which are ascribed to their large surface
area as well as their synergistic effect.
Moreover, the as—-made sensor can also be
used for monitor intracellular H,0, by
quantitative electrochemical measurements.
By studying the effects of the stimulator
loading (anticancer drug), distinct H,0,
generation is site-detected in cancer
cells as compared to the normal ones.
Therefore, comparing to the tedium of
animal models of drug screening, this
work has demonstrated a simple and
effective sensing platform for detection
of dynamic release of H,0, from cells,

which has potential utility to drug screen.
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Scheme 1. (a) Illustration of the synthetic
route of rGO QDs/ZnO hybrid nanofibers and
(b) fabrication of the cell-based
intracellular H,0, Sensors.

RESULTS AND DISCUSSION

Electrospinning is a simple and convenient
method for fabricating 1D nanomaterials,
especially for nanofibers, which is easy
in geometric control, diverse in
composition, and has a low cost.?” The
terminal diameter of the whipping jet 1is
therefore controlled by the flow rate, the
electric current, and the surface tension
of the complex fluid. Recently, Sigmund et

al.?® gave the relations between the
nanofiber diameter and the process—
governing variables as below:
_ I -nEKd’
eny=2nd’ (—————)x(2In (—) 3)

2 d \]I nk Kd2 (1)

where & 1is the dielectric permittivity of
air, y as the surface tension, Q as liquid

Page 2 of 12



Page 3 of 12

jet flow rate, I as the total current
directed toward the lower electrode, K as
the electric conductivity, ¢ as a constant
and d as the jet diameter. Based on the
above theory, the terminal jet radius d
can be adjusted Dby the corresponding
parameters. In addition, the aligned
fibers could be controlled by applied the
electrical field during the
electrospinning processes.?

By comprehensively considering the
parameters mentioned before, we fixed the
nylon 6/6 concentration at 20 wt. % and
the applied voltage at 15 kV accordingly
(other data not shown in the ©paper).
Figure 1(a) reveals the SEM images of

electrospun nylon 6/6 nanofibers with
average diameters of 168 nm. The
electrospun nanofibers have uniform
diameters, smooth surfaces, and are

randomly oriented on the indium tin oxide
(ITO) glass slides. The density of the
nanofiber networks can be controlled by
varying the electrospinning duration. 1In
order to align the fibers in parallel to
each other along some axis, two stripes of
aluminum wires were placed along opposite
edges of the substrate and connected to
the ground terminal of the power supply
that applied the electrical field between
the Jjet and the substrate during the
electrospinning processes. This imposed a
directional distribution of the electrical
field flux lines between the jet and the
aluminum wires, as depicted in Figure la,
facilitating alignment of segments of the
fibers across the aluminum wires.?° The
difference Dbetween the nonaligned and
quasi-aligned nylon 6/6 fibers is clearly
observed in the scanning electron
microscopy (SEM) micrographs in Figure la
(left and right graphs, respectively).

ZnO NFs(002)
d=0.260 nm

N
N

Nylon 6/6 NFs

rGO QDs/ZnO hybrid NF

Figure 1. (a)SEM micrographs of as-spun
Nylon 6/6 fibers (left, nonaligned; right,
quasi-aligned); (b) the rGO QDs/zZnO hybrid
NFs (insert with the high magnification);
(c) tilted view image of a broken part of a
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Nylon 6/6 fiber coated with rGO QDs/ZnO
hybrid composite overlayer; (d)high
resolution of rGO QDs/ZnO hybrid NFs.

Following the electrospinning process
nylon 6/6 nanofibers were coated with ZnO
nanoparticles as seeds (Figure S1) by a
dip-coating technique.?® Subsequently, the
nylon 6/6 nanofibers covered with ZnO
seeds were immersed into a aqueous
solution of an equimolar mixture of zinc
acetate dihydrate (Zn(CH;COO),*2H,0, 0.025
M), hexamethylene tetramine(C¢H,,N;, 0.025
M) and graphene oxide quantum dots (GO QDs,
~1 mg/mL, an optimum amount of content,31

see Figure S2). The hydrothermal process
was conducted at 90 °C for 6 h. After this
reaction, rGO QODs/ZnO hybrid

nanostructures were grown successfully on
the electrospun nylon 6/6 nanofibers that
penetrate the fiber network and cover the
entire length of the nanofibers (Figure
1b). On the basis of the previous works by
others,®* a possible mechanism for the
formation of rGO (QDs/ hybrid NFs may
contain the following process. Firstly,
due to the electrostatic attraction, the
GO QDs were adsorbed on the surface of ZnO
seeds. Meanwhile, a part of 7zn’** ions were
adsorbed on the surface of GO to form
coagulation. Then, the 2zn?** ions were
converted first to Zn(OH)f’ and then to
Zzn0 (Egs 2, 3). During the process, the GO
ODs were also reduced to rGO QDs.

Zn**+40H" —» Zn(OH),* (2)
Zn(OH),> — ZnO+H,0+20H" (3)

The diameter of the rGO QDs/ZnO hybrid
NFs is about 800 nm (Figure 1b), much
larger than the diameter of nylon 6/6
nanofibers (168 nm) due to the attachment
of rGO QDs/Zn0O hybrid nanostructures. From
the high-magnification image (Figure 1D,
inserted), it can be seen that the nylon
6/6 nanofibers were capped with brush-like
nanostructures uniformly. For our amazing,
SEM images showed that the nylon 6/6
fibers template was not scratched off and
removed during the proposed hydrothermal
process (Figure lc). Lattice images
obtained at even higher magnifications

displayed lattice fringes that can be
identified with crystallographic planes of
the Zn0 and rGO QDs structure.” For
instance, lattice fringes having

interplanar spacing of ~0.246 nm and ~0.26
nm, corresponding to rGO QDs (100) planes
and Zn0O (002), respectively, are
highlighted in the Figure 1d. The high-
resolution TEM (HRTEM) image also suggests
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that rGO QDs did not enwrap ZnO nanofibers

completely.
X-ray diffraction (XRD) pattern
obtained from electrospun rGO QDs/ZnO

hybrid NFs 1is presented in Figure 2a.
Bragg peaks corresponding to ZnO and rGO
QDs are observed simultaneously,
indicating that the rGO QDs/ZnO hybrid NFs
have been successfully synthesized from GO
QDs and zinc acetate dihydrate powder. The
existence of the rGO (QDs on the ZnO
nanostructure is confirmed by the

exhibition of a broad intense G (002)
diffraction peak at 20=26.1 ©°. The XRD
analysis further showed that the main

diffraction peaks of rGO QDs/ZnO composite
were similar to that of pure ZnO and
corresponded to wurtzite-structured ZnO
(JPCDS 36-1451), which indicated that the
presence of graphene did not result in the
development of new crystal orientations or

changes in preferential orientations of
ZnO. No typical diffraction peaks of
carbon species were observed, which was

attributed to the low amount of graphene
in the composite.??
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Figure 2. (a)XRD patterns of rGO QDs/ZnO
hybrid NFs; (b) Raman spectra of rGO QDs/ZnO
hybrid NFs.
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The major Raman features as seen from
the Raman spectra of these rGO QDs/ZnO
hybrid NFs in Figure 2b are the D band at
around 1345 cm™! as a breathing mode of k-
point phonons of Alg symmetry, which is
assigned to the local defects and disorder,
especially at the edges of graphene, and
the G band at around 1591 cm', which is
usually assigned to the E2g phonon of C
sp? atoms.’®*® However, the intensity ratio
of the D and G bands (Ip/Is) of the
hybrids was much higher than that of oxide
graphene (see Figure $S2b), attributed to
interactions between the ZnO nanostructure

and the reduced oxide graphene.?’ The
hybrid fibers also shows the 2E,(M) mode
of ZnO at 326 cm'.*® Moreover, in

agreement with the earlier literature the
Raman spectrum of rGO QDs shows two new
bands, 2D band at 2762 cm' and the D + G
band at 2933 cmt, showing the
graphitization the carbon framework.>? *°
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Figure 3. Voltammetric responses of the rGO
QODs/Zn0O hybrid NFs/ITO (a), ITO (b), 2ZnO
NFs/ITO (c), and rGO QDs/ITO electrodes (d)
in N,-saturated PBS (0.1 M, pH 7.2) with
(red curve) and without (black curve) 0.2 uM
H,0,. Scan rate was 100 mV st

We evaluated the electrocatalytic
activity of the rGO QDs/ZnO hybrid NFs (in
our experiments, we select the nonaligned
fibers) modified ITO electrode toward
reduction of H,0, in 0.1 M PBS (pH = 7.2)
with the protection of N,. Figure 3 shows
the cyclic voltammetric (CV) of the (a)
rGO QDs/Zn0O hybrid NFs/ITO, (b) ITO, (c)
Zn0O NFs/ITO, and (d) rGO QODs/ITO
electrodes in the absence (black line) and

presence of 0.2 puM (red line) H,0, in the
N,-saturated 0.1 M PBS solution (pH 7.2).
In the absence of H,0,, no reduction peaks
were observed at (b) bare ITO, (c) ZnO NFs
/ITO, and (d) rGO QDs/ITO electrode.
Similarly, in the presence of H,0,, there
is no obvious reduction peaks generated on
(b) bare 1ITO, and (c) 7znO NFs /ITO
electrodes, except only a weak reduction
peak of H,0, at -0.28 V was observed on
the (d) rGO QDs/ITO electrode. In contrast,
(a) rGO QDs/ZnO hybrid NFs/ITO displayed a
pair of small oxidative and reductive peak
in the potential range of -0.6 ~ 0.3 V in
the absence of H,0, and a remarkable
reduction peak 1in the presence of H,0,
from -0.6 to 0.3 V. These results suggest
that the rGO QDs/zZnO hybrid NFs electrode
possesses efficient electrocatalytic
activity toward the reduction of H,0,,
which provides an approach for detecting
H,0, at the low reduction ©potential.
Chronoamperometry could be used for the
evaluation of the catalytic rate constant
(index of electrocatalytic activity) with
the help of the following equation:

i_czlo.s [ erf (1%%) + exp(—4) )

05
. A
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where I. and I, are the currents in the
presence and absence of H,0,, respectively,
A = K,.C. 1s the argument of the error
function, K... 1s the —catalytic rate
constant, and t 1is elapsed time. In the
case where A > 1.5, erf (AY?) is almost
equal to unity, the above equation can be
reduced to:

I 05,05 05,05

—<£=2"n" =(K_C)"n (5)

L

From the slope of the plot: I./I;
versus t'/?, as shown in Figure 4a, the
mean value of K. for H,0, oxidation was
calculated to be 2.1x10" cm® mol™ s™'. This
value 1is higher than that obtained at
graphene/poly (3, 4—ethylenedioxythiophene)
/iron hexacyanoferrate electrode (4.0x10°
cm® mol™ s™') *but less than that obtained

at cubic nickel hexacyanoferrate
/polyaniline/carbon nanotubes/platinum
electrode (1.29x10° cm® mol™ s™). ** The

results showed the catalytic rate of H,0,
on rGO QDs/Zn0O hybrid NFs electrode 1is
fast.*

The high electrocatalytic activity of
rGO QDs/Zn0O composite may arise from the
following aspects. Firstly, the study of
the adsorption of a H,0, molecule on the
Zzn0 and O-vacancy defected ZnO showed that
the =zinc atoms of the defect are more
reactive toward H,0, reduction to H,0.*
During the adsorption process, the H,0,
was reoriented in such a way that its O
atom has diffused into wvacancy site, so
that 0/0 and O/H bonds of the molecule
were dissociated and an H,0 is formed.
Thus, we think that ZnO may be a candidate
for electrochemical reduction of H,0, and
inferred the following reaction:

Oi/0i*+H,0, —» Oy(g)+H,0+e/2¢” 6)

Secondly, it can be attributed to the high
density of edge-plane-like defective sites
on graphene, which might provide many
active sites for electron transfer and
reduced the H,0, (Egs.7).%*

rGO-(C-OH)n+H,0, — Oy(g)+H,0+rGO N

The structures of ZnO graphene-like®
made it easy for the form of rGO QDs/ZnO
hybrid composite, which leading
synergistic effect of the rGO QDs and ZnO.
Other plausible reason for the enhanced
catalytic activity can be ascribed to the
oxygen-containing groups in ZnO nanofibers
providing large amounts of anchoring sites
for the deposition of rGO QDs during the
synthesis of the rGO QDs/Zn0O composite and
control the rGO QDs without aggregation.
The well-dispersed rGO QDs on the surface

Journal of Materials Chemistry B

of ZnO renders more accessible surfaces of
rGO QDs over the bulk ones for the H,0,

reduction, leading to their higher
electrochemical activity.
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Figure 4. (a) Chronoamperograms obtained at
the rGO QDs/ZnO hybrid NFs/ITO in the (a)
absence and presence of (b) 5, (c) 70, (d)

120, (e) 250, and (f) 350 nM of H,0,, first
and second potential steps were -0.6 and -
0.3 \Y vSs. SCE, respectively. Left:
dependence of I./I;, on t'? derived from the
data of chronoamperogams of (a) and (f) in
the main panel. (b) Amperometric i-t
response at rGO QDs/ZnO hybrid NFs upon
successive additions of 1-22 uM H,0, into
continuously stirred N, saturated 0.1 M PBS
(pH 7.2). Applied potential: -0.4 V. Inset
(below) is the plot of response current vs.
[HyO0,]. (c) The typical selectivity profile
of the present biosensor obtained at
different applied potentials: -0.3, -0.35, -
0.4 V versus SCE (derived from the data of
Figure S3. (d) ROS selectivity obtained at -
0.4 V versus SCE.

Figure 4b shows the typical steady
state amperometric response of the rGO
QDs/Zn0O hybrid NFs electrode with the
successive addition of H,0, 1into the

stirred N, saturated 0.1 M PBS at -0.4
V(from the Ccv electrocatalysis and
selectivity test). After the addition of

H,0,, this sensor could achieve the
steady-state current within 3 s, which
indicated fast response time. The
corresponding calibration curve for the
H,0, sensor 1s shown 1in the inset of
Figure 4b. The response displays a good

linear range from 1 to 22.48 uM with a
correlation coefficient of 0.997 and a
slope of (6.49+0.15) pA pM'. Therefore,
the sensitivity is calculated to be 101.46
uApM' cm™? (see inset of Figure 4b). The
detection 1limit 1is estimated to be ca.
(0.025%0.001) uM (at a signal/noise of 3),
which is much lower than those reported
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previously.?”* These analytical parameters

are compared with other reported H,0,
sensors (Table 1). These results indicate
that the rGO QDs/Zn0O hybrid NFs electrode
is a good platform for the detection of
H,0, and <can be wused to detect the
physiological levels of H,0,. Therefore,
the tests of reproducibility and storage
stability are very important. The relative
standard derivation (RSD) of its current

response for the addition of 0.2 upuM H,0,
was 5.5 % for 8 successive measurements,
which suggested good precision (see Figure
S3a) . The electrode-to-electrode
reproducibility was also estimated from
the response to 0.2 uM H,0, at six
different electrodes. The RSD of 5.8 % was

obtained, indicating acceptable
fabrication reproducibility (data not
shown) . In order to investigate the

stability of the current

response to 0.2 uM of H,0, was monitored
periodically. The results demonstrated
that the variation of the response current
at the rGO QDs/Zn0O hybrid NFs electrode
decreased to about 95 % of its initial
response current on the fifth day (see
Figure S3b), indicating the excellent
stability of the sensor. The loss of the
response current may ascribe to the
adsorption of species on the surface of
the electrode.’ Adsorption of the species
could block contact of the rGO QDs/ZnO
hybrid NFs electrode surface with H,0, and
the electron transfer between the
electrode and solution, decreasing the
reduction of H,0,.

Meanwhile, the selectivity of the rGO
QODs/Zn0O hybrid NFs for the detection of
H,0, was also evaluated. Figure 4c shows
most commonly existing interference under
different applied ©potentials. At the
negative potential, e.g. -0.3 Vv, the
present H,0, biosensor was free from
anodic interferences 1like 1 mM ascorbic
acid (AA), 1 mM uric acid (UA), 1 mM
dopamine (DA), and 1 mM glucose, but 8 %
of cathodic response current from 4 uM O,

was observed relative to 2 uM H;0,. On the
other hand, at the more negative potential
e.g. -0.35 V, 3 % of anodic current of 1
mM DA was obtained relative to 2 uM H,0,,
indicating that the AA interferes with the
response of the sensor to H,0,.
Fortunately, at this lower potential of -
0.4 V, the oxidation of DA did not occur
at rGO QDs/ZnO hybrid NFs. Importantly,
the reduction peak currents of H,0, had no
change in the presence and absence of O,.
Therefore, for fulfilling both the
selectivity and sensitivity of the present
biosensor, low-potential was selected as
the working potential. In addition, the

sensor, the

selectivity of the ©present H,0, over
reactive oxygen species (ROS) was also
examined. As demonstrated in Figure 4d,
negligible interferences were observed for
other typical ROS including O, , Cl0O~, NO,
HNO. These results convincingly indicated
that the present rGO QDs/ZnO hybrid NFs
electrode showed high selectivity for
typical ROS, O0,, and other Dbiological
species at the low-potential detection.
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Figure 5. (a) Amperometric responses of the

rGO QDs/ZnO hybrid NFs/ITO electrode for the
reduction of H,0, released from BPH-1 cells
without (a) and with (b) the addition of 0.2
uM TBB. (b) The time course of H,0, released
from the BPH-1 cells induced by (a) 0.5, (b)
0.4, (c) 0.1, (d) 0.3, and (e) 0.2 uM TBB.

The proposed sensor was applied to
perform real-time detection of endogenous
generation of H,0, in the BPH-1 <cells
induced by 4,5,6, 7-tetrabromobenzotriazole
(TBB) . Without the stimulation of TBB,
BPH-1 cells did not generate any
measurable signal at the electrode under
the applied potential of -0.4 V (Figure
5a). When 0.2 pM TBB was introduced into
the solution, the current increased
sharply to a peak value, indicative of the
release of H,0, from the cells after being
treated with TBB. After a stable response
is reached, injecting 300 UmL™' catalase,
a selective scavenger of H,0,, into the
solution, the response of H,0, at the
electrode disappears (Figure 5a) since the
releasing H,0, was scavenged by catalase,
demonstrating that the addition of TBB may
induce the release of H,0, from the BPH-1
cells and cannot lead to the release of
other ROS or RNS. In the control
experiment, upon the addition of TBB in
the cell-free detection solution, no
obvious signal was observed (Figure S5),
further suggesting that H,0, was generated
from cells by the stimulation of TBB. A
maximum current of ca.l5 nA is obtained at
ca. 23 s after injection of TBB. This
current corresponds to the H,0, amount of
(10.45+0.1) nmol, which was <calculated
based on the calibration curve depicted in
inset of Figure 4b. Therefore, the mean
flux of H,0, releasing from the cells is
evaluated to be (690+7) amol cell™’. These
results suggest that the developed
biosensor could be useful in determination
of cellular H,0,. The cells were exposed
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to TBB at concentrations ranging from 0.1
to 0.5 mM was studied (Figure 5b). The
corresponding flux of H,0, as shown in
Figure 6a, the amount of H,0, in BPH-1
cell 1is significantly increased with the
enhancement of the TBB concentration, and
it reaches the highest wvalue (ca. 6918
amol cell™) at an TBB concentration of
0.2 uM, after that, the concentration of
H,0, generated by the cells decreases with
the enhancement of the TBB loading. This
may be because an extra high concentration
of H,0, induced by the high loading of TBB
can damage the lipid membrane of the cells
and even cause cell death (the image of
the cells on the ITO surface is depicted
in Scheme 1b).°? And this result leads to
the decrease 1in the amount of released
H,0,. Therefore, a concentration of 0.2 uM
for TBB is applied in subsequent treatment
of cells. In addition, the amount of H,0,
generated in BPH-1 cells is also affected
by the time of TBB treatment. Figure 6Db
depicts the time course experimental
results with TBB loading at a constant
concentration of 0.2 puM for TBB. The value
of H,0, in BPH-1 cells 1is significantly
increased after treatment with 0.2 uM TBB.
The concentration of H,0, increases with
the increase of the inducement time and
the highest value is attained at the time
of 60 min. Afterwards the concentration
decreases gradually and reaches a
relatively stable value (ca. 518+10 amol
cell™) at 5 h. These results demonstrate
that low concentration of H,0, in living
cells can indeed be successfully detected
by the developed electrode, which
represents a new biosensing platform for a
reliable collection of kinetic information

of cellular H,0, release and could be
potentially wuseful for oxidative stress
biosensors in study of downstream

biological effects of wvarious stimuli in
physiology and pathology.

As we know, relatively specific
chemical drug apigenin and TBB, much more
specific biological agent, CK2oll (casein
kinase 2a) are the anticancer drugs for
therapy against prostate cancer. Here, we
selected apigenin, TBB, and antisense CK2a
as the stimuli and three kinds of cells
(Prostatic cancer PC-3 cells,
nontumorigenic prostate BPH-1 cells, and
noncancerous cell line Chinese hamster
ovary (CHO) as model cells. The developed
electrode can be also used for measuring
the flux of H,0, releasing from the cells
induced by a variety of stimuli such as
apigenin, TBB, and antisense CK2a, which
were reported to induce the generation of
H,0, in cells. The amount of H,0, generated
in the cells and the flux of H,0, from the
cells are significantly dependent on the
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stimuli. PC-3 cells, BPH-1 cells, and CHO
cells were equally responsive to treatment

with apigenin or TBB as indicated by the
intracellular H,0, production. However,

treatment of these cells with antisense
CK2a oligonucleotide showed a distinctly
differential response 1in cancer versus

noncancer cells, such that although the
H,0, production was comparable in cancer

(PC-3) and noncancer (BPH-1 and CHO) cells

in response to apigenin or TBB it was

minimal in noncancer cells treated with
antisense CK2a oligonucleotide (Figure 6c¢).
This could be ascribed to antisense CK2ax
oligonucleotide as more effective in down-
regulation of CK2a and result in induction
of intracellular H,0,.°°®> These results

demonstrated that the antisense CK2all is

more specific to prostate cancer, which
agreement with the reported results.”®
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Figure 6. (a) Dependence of the amount of

H,0, generated in BPH-1 cells on the
concentration of TBB at a fixed treatment
time of 60 min, and on the treatment time at
a fixed TBB concentration of 0.2 uM. (b)
Comparison of intracellular H,0, production
in prostatic cancer and nontumorigenic cells
in response to therapy drug.

CONCLUSIONS

In summary, rGO QDs/ZnO hybrid NFs were
synthesized by the combination of a simple
electrospinning and thermal treatment
processes. The rGO QDs are well dispersed
on the surface of ZnO nanofibers. Such rGO

QODs/Zn0O hybrid NFs exhibited high
electroactive surface area, and high
electrocatalytic activity toward the

reduction of H,0,. The fabricated sensor
based on rGO QDs/Zn0O hybrid NFs with high
sensitivity and selectivity against other
ROS, oxygen, and other biological species,
as well as Dbroad linear range and low

detection limit with satisfactory
stability and repeatability. Accordingly,
the present biosensor has been
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successfully applied in determination of
H,0, released from living cells. Meanwhile,
the proposed sensor was evaluated for the
H,0, released from prostate cancer cells
and noncancerous cells under the stimuli
of the corresponding anticancer drugs and
the results demonstrated that the sensor
could be applied in drug screen. In this
way, the proposed device is a promising
tool for further drug studies dealing with
living cells.

EXPERIMENTAL SECTION

Indium tin oxide (ITO)-coated glass plates

with a square resistance of ~ 10 Qcm™?
were purchased from Nanbo Display
Technology Co. Ltd. (Shenzhen, China).
4,5,6, 7-tetrabromobenzotriazole (TBB) and

uric acid (UA) were purchased from Alfa
Aesar. Apigenin, dopamine (DA) and
catalase were obtained from Sigma-Aldrich.
Ascorbic acid (Aa, = 99.0 %), 30 %
hydrogen peroxide (H,0,) and glucose were
obtained from Aladdin Chemistry Co. Ltd.
catalase (E.C. 1.11.1.6, from bovine liver,

lyophilized powder, 2000-5000 U mgt,
Sigma). PC-3 was maintained in RPMI 1640
(Sigma—-Aldrich) supplemented with 7 %
fetal bovine serum (FBS) and 2 mmol/L L-
glutamine and grown in standard T-75
flasks. Chinese hamster ovary (CHO) cell

line was purchased from Sigma-Aldrich and
maintained in Ham's F12 supplemented with
2 mM Glutamine and 10 % FBS. BPH-1 cell
line (benign prostate epithelial cells,
Shanghai Gene Core Bio. Technologies Co.,
Ltd) was maintained in Dulbecco's Modified
FEagle's Medium (DME H-21 4.5 g/L glucose)
supplemented with 10 % FBS. The sequence
for the antisense CK2a oligonucleotide
employed in the experiments was 5'-
CCTGCTTGGCACGGGTCCCGA CAT-3', which was
obtained from Shanghai Gene Core Bio.
Technologies Co., Ltd. All the reagents

were analytical grade and used as received.

All the aqueous solutions were prepared
with Milli-Q water (18.2 MQ cm’). Except
the interference test of 0, (under O,
saturated solution), all the experiments
were deaerated with high purity nitrogen
before experiments. Solutions of H,0, were
freshly diluted from the 30 % solution,
and their concentrations were determined

using a standard KMnO, solution. All

electrochemical experiments were carried
out at room temperature.
In the selectivity test, superoxide

anion (0,"7) was derived from dissolved KO,
(10 puM) in the DMSO solution. Hypochlorite

anion (Cl0O") was provided by NaClO (10
uM) .*® Nitric oxide (NO) and nitroxyl (HNO)
were derived from the solution of S-

nitroso-N-acetyl-DL-penicillamine (10 pM)

and Angeli’s salt (10 uM) ,
respectively.”’ %8
Commercial nylon 6/6 (Mw ~ 262.35

g/mol, Sigma Aldrich) was wused as the
polymer in the present study. Formic acid
and acetic acid were used as-received. 20-
wt % nylon 6/6 was dissolved in 4:1 formic
acid/acetic acid solvents. This solution
was stirred for 3 h at room temperature
and loaded into a 10 mL plastic syringe
fitted with metallic needles of 0.5 mm of
inner diameter. Then the syringes were
fixed horizontally on the syringe pump
(model SP 101IZ, WPI). The solution was
continuously fed through the nozzle using
a syringe pump (model SP 1011z, WPI) at a
rate of 0.5 mL/h. High voltage (15 kV) was

applied between the needle and the
grounded collector 18 cm below it. As a
result, a continuous stream was ejected
from the nozzle as a long fiber and
collected on the substrates. ITO glass
slides (lcmxlcm) were used as substrates
in specimens for microstructural

characterizations and used for biosensing
measurements. To obtain uniaxial alignment
of the fibers, two stripes of aluminum
wires (diameter=0.5 mm) were placed right
next to the ITO edges as shown in Figure
1b. The distribution of the electrical
field flux lines between the needle and

the aluminum wires led to uniaxial
alignment of the electrospun fibers
perpendicular to the wires. The

electrospinning processes were carried out
at 25 °C and 30 % relative humidity in an
enclosed box. After vacuum dried for 24 h,
the fibers were used for further analysis.

The electrospun nanofibers (collected
on the ITO) were first dip-coated with the
ZznO seed solution (0.1 M, see support
information) for 10 min, rinsed with
ethanol, heat treated at 90 °C for 1 h,
and then dried in air for 24 h. rGO
QDs/Zn0O hybrid NFs were grown on nylon 6/6
nanofibers using hydrothermal treatment of
as-prepared electrospun nylon 6/6.
Prepared aqueous solutions of zinc acetate

dihydrate (Zn (CH;C00) , *2H,0, 0.025 M),
hexamethylene tetramine (C¢H,,N,, 0.025 M)
were mixed and stirring for 0.5 h and
reduced graphene oxide quantum dots
(lmg/mL, see support information). As-
prepared electrospun mats (2cmx2cm) with

this mixture was then taken into a Teflon
crucible and kept inside the autoclave.
This autoclave was kept at 90 °C for 5 h.
The obtained mat after cooling was washed

several times with distilled water and
dried in air. By similar procedures, the
rGO QDs/ITO and ZnO NFs/ITO were also
fabricated, and their electrocatalytic

characteristics were compared with those
of the rGO QDs/Zn0O hybrid NFs/ITO.
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The fabrication process is
schematically shown in Scheme 1b. A piece
of punched adhesive tape with a hole
(diameter: 4 mm) was attached onto ITO
substrate surface, which modified by the
rGO QDs/Zn0O hybrid NFs and prepared as the
working electrode. Then H,0, suspension in
pPH 7.2 PBS with the volume of 8 pL was
dropped on the hole. Followed by a piece
of filter paper with 6 mm long and 6 mm
wide was covered on the hole. After that a
calomel electrode (SCE) wire and a Pt wire
were integrated with the ITO glass
(working electrode, WE) to form the
electrochemical detection system. And last
the three electrode detection device was
integrated in a PDMS cover.

The release flux of H,0, from cells was
measured with the use of the rGO QDs/ZnO
hybrid NFs electrode. Typically, Prostate
cancer cells BPH-1 were maintained in
RPMI-1640 supplemented with 10 % FBS and
incubated at 37 °C in a  humidified
incubator (5 % CO, - 95 % air). At the
logarithmic growth phase, the cells were
then washed three times with PBS (0.1 M,
pH 7.2) and the cell number was estimated
(1.5X10* cell mL™), and 80 pL PBS (0.1 M,
PH 7.2) was added for the electrochemical
experiments. Before measurements, the
buffer was deoxygenated by gently shaking
the <cells wunder a humidified nitrogen
stream. After a steady state background
was attained, 20 pupL TBB (0.2 upM) was
injected into buffer and response current
corresponding to the electrocatalytic
reduction of H,0, releasing from the cells
was recorded under the physiological pH
and temperature (pH 7.2 and 37 °C). The
effects of TBB concentration on the
release of H,0, from the cells were also
evaluated. Various concentrations of TBB
(ranging from 0.1 to 0.5 puM) were injected
into the buffer to induce the generation
of H,0, in the cells, and the flux of H,0,
from the cells was measured using the
developed electrode. For control
experiments, 0.2 uM TBB was added into a
PBS buffer without BPH-1 cells. To study
the stimulus type-dependent
characteristics of the H,0, releasing from
the BPH-1 cells, Antisense CK2aq, and
apigenin was added into the Dbuffer,
respectively, with each concentration of
0.2 uM. The release process and the
release flux of H,0, were monitored by
recording the change of the reduction
current of H,0, at the electrode with time.
Similarly, PC-3 or CHO (1.5x10* cells)
were treated with Antisense CK2a, apigenin
or TBB (0.2 uM) and
amperometric measurements.

monitored by

Journal of Materials Chemistry B

The morphology, uniformity and
microstructure evolution of the fibers
were 1investigated after each processing
step by using scanning electron microscope
(FE-SEM, S-7400, Hitachi, Japan) .
Transmission electron microscope (TEM,
JEOL JEM 2010) was used for the detailed
morphological investigation of the rGO
QDs/Zn0O hybrid NFs. X-ray diffraction (XRD)
data of rGO (QDs/Zn0O hybrid NFs were
collected within the range of 20=10-55 °
by using Rigaku D/max-2500 Diffractometer
with Cu Ka radiation, operating at a
voltage of 45 kV and a current of 40 mA.

Raman scattering of the hybrid
nanostructures were collected on a
Ranishaw 1inVia Raman microscope with an

excitation laser of 514 nm. Additionally,
all the voltammetric and amperometric
measurements were carried out with CHI
660E (Chenhua Shanghai) electrochemical
analyzer. Cell apoptosis was measured by
acidine orange (1000g/mL)/ethidium bromide
(1000g/mL) staining and examined with
confocal laser scanning fluorescence
microscopy (Nikon 300, USA).
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