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ABSTRACT: Superwettable microwell arrays were con-
structed for the first time by the synergic photocatalysis of
silver-doped-ZnO (Ag−ZnO) nanorods patterned on indium
tin oxide (ITO) electrodes for electroanalysis of glutathione
(GSH) in hela cells through the signal output of AgCl
electrochemistry. The newly prepared Ag−ZnO nanorods
with high photocatalysis were dispersed into an octadecyltri-
chlorosilane (OTS) matrix to be deposited onto ITO
substrates, yielding superhydrophobic Ag−ZnO−OTS coat-
ings. Superhydrophilic microwells were further created by the
Ag−ZnO photocatalysis under UV irradiation to produce
Ag−ZnO microwell arrays featuring the superwettability
profile. The resulting Ag−ZnO microwell-modified ITO electrodes were employed further for electroanalysis of GSH through
solid-state AgCl electrochemistry, in which the specific Ag−GSH interactions would trigger a rational decrease in the sharp
AgCl peak currents at the potential approaching zero. Moreover, benefitting from the superwettability feature, the microwells on
the ITO electrodes could facilitate the condensing enrichment of GSH analytes from the sample droplets, achieving improved
analysis sensitivity. The as-developed electroanalysis strategy was subsequently demonstrated for the detection of GSH in hela
cell supernatant with levels down to about 27.30 pM. Additionally, this synergic photocatalysis-based preparation route can be
tailored for the large-scale fabrication of various array platforms with the superwettability feature for high-throughput and
sensitive biological analysis.

KEYWORDS: microwell array, photocatalysis fabrication, silver-doped-ZnO nanorods, superwettable profile,
glutathione electroanalysis

■ INTRODUCTION

Glutathione (GSH) in human body plays a vital role in
maintaining the biological functions.1,2 It may serve as an
antioxidant to remove excessive free radicals for protecting any
cell damages.3,4 Particularly, intracellular GSH is well
recognized as an important clinical biomarker for the diagnosis
of some serious diseases, such as liver damage, heart problems,
and cancers.5−7 To date, many analytical techniques have been
developed for the evaluation of GSH, typically, such as the
mass spectrometry,8,9 high-performance liquid chromatogra-
phy,10,11 colorimetric test,12,13 electrochemical analysis,14,15

and fluorimetric techniques.16,17 Among these detection
methods, the electrochemical techniques may feature some
unique advantages of cost effectiveness, rapid response, simple
operation, and portability of devices.18,19 Yet, the analysis
performances of electrochemical assays largely depend on the
electroactive signaling probes or functional interface materials
modified on the electrodes. A variety of electroactive materials
or labels have thus been fabricated and applied in the
electrochemical sensing techniques.20,21 As the most interest-

ing representatives, noble metal nanomaterials like silver
nanoparticles (AgNPs) have been employed as the electro-
active probes for the design of various electrochemical sensors
for detecting targets of biomedical importance22−24 because
AgNPs can present some advantages such as high electro-
catalytic activity, cost effectiveness, and easy signal output.25,26

Especially, the electroanalysis strategies by solid-state Ag/AgCl
electrochemistry have been recognized to be advantageous
over the conventional ones in terms of low redox potentials
and large signal output with high sensing sensitivity.22,24 For
example, Zhang et al. developed an ultrasensitive DNA
biosensor by the solid-state Ag/AgCl redox process.22 An
ultrasensitive electroanalysis method was also developed by
our group for probing micro-RNAs by the amplified signal
outputs of silver deposition.24
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Because some meaningful levels of targeting biomarkers in
cells may be considerably low at the early stage of diseases, the
enrichment of the targets from the testing samples prior to the
detections is highly desired. Recently, superhydrophobic
surfaces have been employed for the design of sensing
platforms for target enrichment,27 in addition to the common
applications for antifouling, oil−water separation, and self-
cleaning.28,29 It is well established that the contact area of a
droplet on a superhydrophobic surface can be minimized,
mostly known as the “lotus effect”.30,31 Because the sample
droplets can possess small interfaces on a superhydrophobic
substrate, the targets in the droplet may be enriched and
concentrated into a small area, that is, the superhydrophobic
surfaces may hold great potential for enriching targeting
samples. For example, Wang et al. developed a unique sensing
platform by spotting superhydrophilic microwells onto a
superhydrophobic substrate for the target enrichment-based
sensitive detection of nucleic acids.27

Recent decades have witnessed wide applications of
photocatalytic materials of metal semiconductors such as
ZnO because of their high physiochemical stability, low

toxicity, and ease of availability.32−34 However, ZnO photo-
catalysts may generally suffer from reduced photocatalytic
efficiency under the UV−vis light due to the quick
recombination of their photoexcited electrons and holes.35

Alternatively, heterogeneous metal/semiconductor nanocom-
posites such as silver-doped ZnO nanocomposites have been
utilized to expect increased photocatalytic efficiencies because
silver can trap the photogenerated electrons from the
semiconductors.36−38 For example, Sun et al. fabricated Ag/
ZnO nanocrystals with enhanced photocatalytic performances
using glucose as a reducing agent.39 Zhang and co-workers
reported the controllable synthesis of hollow Ag−ZnO
composites showing the increased photodegradation and
electrocatalytic activities.40

Inspired by these pioneering discoveries, in the present
work, Ag−ZnO nanorods with high photocatalysis were
initially prepared and dispersed into an octadecyltrichlorosi-
lane (OTS) matrix to be deposited onto the indium tin oxide
(ITO) substrates to form superhydrophobic Ag−ZnO−OTS
coatings. The photocatalytic creation of the superhydrophilic
Ag−ZnO microwells was further performed under UV

Scheme 1. Schematic Illustration of (A) the Fabrication Route of the Superwettable Ag−ZnO Microwell Array Created on the
ITO Electrode Including the Superhydrophobic Coating with the Ag−ZnO−OTS mixture, Hole Making by Screening, and UV
Irradiation-Induced Formation of Superhydrophilic Microwells, with the Changing Contact Angles (CAs); (B) the Formation
Principle and Sensing Procedure of a Ag−ZnO Microwell Created on ITO for GSH Electroanalysis through the
Electrochemical Output of Solid-State AgCl Signals, Where the Superhydrophobic Ag−ZnO−OTS Coating and UV
Irradiation-Induced Formation of Superhydrophilic Ag−ZnO Microwells were Continuously Conducted on ITO to Interact
First with Cl− Ions and Then with GSH; (C) the Condensing Enrichment Process of Targeting GSH in the Droplet on the
Ag−ZnO Microwell on the ITO Substrate
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irradiation. The so-resulted Ag−ZnO microwells were
discovered to display the superwettability feature so as to
endow the as-modified ITO electrodes with condensing
enrichment for GSH from sample droplets. Moreover, the as-
prepared ITO electrodes were employed for electroanalysis of
GSH through solid-state Ag/AgCl electrochemistry, in which
the specific interactions of Ag atoms with sulfydryl-containing
GSH41 would trigger the rational decrease in the Ag/AgCl
signals that can display a stable and sharp peak at the potential
approaching zero. The photocatalysis-aided fabrication proce-
dure of the Ag−ZnO microwell array on the ITO electrodes
for GSH electroanalysis is schematically illustrated in Scheme
1, in which the microwell array on the ITO electrode could
feature the superwettability profile for the condensing
enrichment of analytes from the sample droplets. Remarkably,
the superwettability profile of the microwell arrays developed
in this article would aid to depress any crossover contami-
nation of testing sample droplets,42−44 so as to expect high-
throughput and selective analysis of targeting GSH in hela cell
supernatants. To the best of our knowledge, this is the first
success of creating the superwettable microwell array onto the
ITO electrodes by the synergic Ag−ZnO photocatalysis for
ultrasensitive and high-throughput electroanalysis of low-level
GSH through the signal output of solid-state AgCl electro-
chemistry.

■ EXPERIMENTAL SECTION
Reagents. Zinc acetate, oxalic acid, silver nitrate, and OTS were

purchased from Sinopharm Chemical Reagent Co. (China).
Phosphate-buffered saline (PBS) was obtained from Aladdin Reagent
Co., Ltd. (Shanghai, China). Glutathione (GSH), valine (Val),
threonine (Thr), lysine (Lys), leucine (Leu), trytophan (Try),
phenylalanine (Phe), histidine (His), cysteine (Cys), ascorbic acid
(AA), glucose (Glu), bovine serum albumin (BSA), and GSH assay
kits were purchased from Sigma-Aldrich (Beijing, China). Hela cells
were purchased from Shanghai SunBio Biomedical technology Co.,
Ltd. All other reagents were of analytical grade. Deionized water (>18
MΩ/cm) used was obtained from an ultrapure water system (Pall).
Apparatus. The prepared materials were characterized using

scanning electron microscopy (SEM, Hitachi E-1010, Japan). The
water contact angles were analyzed by the contact-angle measurement
machine (Jinhe, Jiangsu, China). Electrochemical measurements were
conducted using an electrochemical workstation CHI830 (CH
Instrument, Shanghai, China) connected to a personal computer. A
three-electrode system was applied consisting of an indium tin oxide
(ITO, cut into 3 × 1.5 cm rectangular pieces) working electrode, a Pt
wire counter electrode, and a Ag/AgCl reference electrode.
Synthesis of Photocatalytic Ag−ZnO Powders. Silver-doped

ZnO (Ag−ZnO) nanocomposites were prepared according to a
modified nonaqueous sol−gel synthesis and calcination route
reported previously.46 In a typical experiment, zinc acetate (2.19 g)
and a certain amount of silver nitrate (0.051 g) were dissolved in
ethanol (100 mL) and reflux-stirred at 60 °C for 30 min. Then, oxalic
acid (2.51 g) dissolved in ethanol (40 mL) was introduced into the
above mixture and was continuously reflux-stirred for 2.0 h at 60 °C.
Afterward, the resulting thick white colloidal semigels were dried at 80
°C overnight in the dark. Subsequently, the dried products of Ag−
ZnO powders were further calcined at 400 °C for 2.0 h and cooled
down to room temperature to be stored in the dark for future use.
Preparation of the Ag−ZnO Microwell-Modified ITO

Electrodes. The fabrication procedure of the Ag−ZnO microwell
array is schematically illustrated in Scheme 1A. The ITO electrodes
were first cleaned under UV light for 15 min. An aliquot of Ag−ZnO
nanorods was dispersed into 1.0 mL of methylbenzene containing
10.0 μL of OTS to be sonicated for 2.0 min. Furthermore, 150 μL of
the above mixture was dropped onto the surface of the ITO
electrodes to be air-dried, yielding the superhydrophobic Ag−ZnO−

OTS pattern. Then, a photomask with designed drill holes was
utilized to cover the Ag−ZnO−OTS region on ITO electrodes and
then aligned, clamped, and finally irradiated with a UV lamp for 15
min. The superhydrophilic Ag−ZnO microwell array was thereby
created on the ITO electrodes with the superwettability profile.

Intracellular GSH Extraction from Hela Cells. The extraction
of intracellular GSH from hela cells was performed according to the
reported procedure.45 Hela cell lines were incubated in DMEM
containing glucose and fetal bovine serum (10.0%) in a humidified
incubator (5.0% CO2−95.0% air) at 37 °C. After being harvested
through trypsinization, the cells were centrifuged (3000 rpm, 5 min),
washed, and then re-dispersed in PBS solution. Furthermore, the cell
lysates were obtained using an Radioimmunoprecipitation assay lysis
buffer (100 μL) to be further centrifuged (12 000 rpm, 20 min). The
intracellular GSH concentrations in the resulting samples of
supernatants were determined according to the colorimetric
instruction available in the GSH Assay Kit.

Ag−ZnO Microwell Array-Based Electroanalysis of GSH.
Electrochemical measurements with the ITO electrodes modified with
Ag−ZnO microwell arrays were performed in phosphate buffer (0.10
M, pH 7.4) containing Cl− ions (40 mM) by the signal outputs of
solid-state AgCl electrochemistry. Typically, an aliquot of GSH
samples was separately introduced into the phosphate buffer above for
the electrochemical measurements of linear sweep voltammetries
(LSVs), which were performed in the potentials ranging from −0.20
to 0.40 V at a scanning speed of 100 mV/s. Moreover, the Ag−ZnO
microwell-modified electrodes were used accordingly for the control
tests for other ions and possibly interfering compounds including
Ca2+, K+, Na+, NH4

+, Cl−, Br−, F−, Val, Thr, Lys, Leu, Try, Phe, His,
AA, Glu, and BSA, especially some common sulfides like S2− and Cys
as example.

Under the optimized detection conditions, the Ag−ZnO microwell-
modified ITO electrodes were utilized to detect GSH with different
concentrations in buffer (0.030−100.0 nM). Besides, the developed
electroanalysis method was subsequently applied for the evaluation of
intracellular GSH samples extracted from hela cells above.

■ RESULTS AND DISCUSSION

Fabrication Procedure and Sensing Principle of Ag−
ZnO Microwell-Modified Electrodes for GSH Electro-
analysis. It is well established that by doping silver into ZnO
improved photocatalytic efficiency can be attained.36−38

Herein, superwettable microwell arrays were constructed
onto the ITO electrodes initially through the synergic Ag−
ZnO photocatalysis under UV irradiation for GSH electro-
analysis. Scheme 1 illustrates schematically the fabrication
procedure and sensing principle for the microwell arrays
created on the ITO electrode. As shown in Scheme 1A, Ag−
ZnO nanorods, which were synthesized by a nonaqueous sol−
gel synthesis and calcination route,46 were dispersed into the
OTS matrix to be further deposited onto the ITO substrate to
yield the superhydrophobic Ag−ZnO−OTS pattern. Further-
more, UV irradiation was applied for the photocatalytic
creation of the Ag−ZnO microwells using a photomask with
the designed drill holes. It was found that the super-
hydrophobic pattern on the ITO substrate could present the
average contact angle (CA) of about 153.8°. In contrast, the
resulting irradiated region of microwells would display the
average CA of about 0°, indicating the formation of
superhydrophilic Ag−ZnO microwells. Notably, such a
wettable profile of the microwell arrays could provide a
lotuslike “self-cleaning” interface between the testing micro-
wells so as to avoid any in-between fouling or crossover
contamination of sample droplets.42−44 As a result, the
construction of denser microwell arrays could be expected
for high-throughput and selective analysis of multiple analytes.
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Scheme 1B describes the formation and sensing procedures of
a microwell modified on an ITO substrate, as an example, for
GSH electroanalysis through the output of solid-state AgCl
electrochemistry. One can note that under UV irradiation, the
exposed region of OTS matrix coatings on Ag−ZnO nanorods
could be dissolved photocatalytically so as to form super-
hydrophilic Ag−ZnO microwells on ITO substrate with the
superhydrophobic pattern featuring superwettability. Further-
more, when Cl− ions were introduced, the as-prepared ITO
electrode would produce a stable and sharp AgCl peak at the
potential approaching zero. Once GSH was added further, a
ligand exchange between GSH and Cl− ions would occur in the
Ag−ZnO microwell because of the stronger Ag−GSH
interaction.41,45 As a result, a rational decrease in the AgCl
signals was observed to facilitate electroanalysis of GSH.
Moreover, Scheme 1C discloses the condensing enrichment
process of a superhydrophilic microwell on the super-
hydrophobic substrate for concentrating the analytes from a

sample droplet. Accordingly, the sensing signals of the as-
prepared ITO electrode with the superwettable Ag−ZnO
microwell array would be thus amplified toward the ultra-
sensitive GSH detections afterward.
The changing morphological structures of Ag−ZnO nano-

composites with the OTS matrix for creating microwells on
ITO substrates were characterized by SEM imaging (Figure 1).
It was observed that the original Ag−ZnO nanocomposites
could display the uniform and well-defined rodlike structures
(Figure 1A). After they were dispersed into the OTS matrix to
be deposited onto ITO, a morphological composition of
nanorods decorated with numerous particles was witnessed
(Figure 1B), as more clearly shown in the amplified view
(insert), showing the varying surface of the Ag−ZnO−OTS
coating. Notably, the introduction of Ag−ZnO nanocompo-
sites would additionally increase their surface roughness so as
to improve the superhydrophobicity of the Ag−ZnO−OTS
pattern, showing a CA of about 153.8° (Figure S1A).

Figure 1. SEM images of the surfaces of ITO electrodes modified separately with (A) Ag−ZnO nanorods (the control), and Ag−ZnO−OTS (B)
before (insert: the magnitude-amplified part) and (C) after UV irradiation to yield Ag−ZnO mcirowells, followed by the continuous additions of
(D) Cl− ions (insert: the magnitude-amplified part) and then (E) GSH.

Figure 2. (A) Electrochemical CV responses of the Ag−ZnO microwell-modified electrodes to (a) blank, (b) GSH (no Cl− ions), (c) Cl− ions
(40.0 mM), and then (d) GSH (25.0 nM). (B) Changing conductivities of the prepared electrodes in K3[Fe(CN)6] (5.0 mM) during the step-by-
step modification and sensing procedure of (a) bare and (b) Ag−ZnO microwells, followed by adding (c) Cl− ions and then (d) GSH, taking (e)
the Ag−ZnO−OTS-modified electrode without UV irradiation as the control.
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Interestingly, Figure 1C exhibits that the OTS particles on
Ag−ZnO nanorods could be partly dissolved at the regions
exposed to UV irradiation to attain superhydrophilicity with a
CA approaching 0° (Figure S1B). Here, the hydrolysis reaction
of trichlorosilane of OTS would take place by photocatalysis of
Ag−ZnO nanorods under UV irradiation. Furthermore, upon
adding Cl− ions into the Ag−ZnO microwell, the nanorods
could be mostly broken to yield the aggregation blocks
decorated with some particles (Figure 1D), as clearly revealed
by the amplified view (insert). Such a phenomenon might be
presumably resulted from the interaction between Cl− ions and
the Ag element of Ag−ZnO nanorods, leading to AgCl
precipitation. Yet, when GSH was introduced, a replacement
reaction would occur between Cl− ions and GSH to trigger the
formation of aggregative fusions (Figure 1E).
Electrochemical Responses of the Ag−ZnO Micro-

well-Modified Electrodes for GSH. Electrochemical studies
were conducted for the Ag−ZnO microwell-modified electro-
des in sensing GSH through the solid-state Ag/AgCl
electrochemistry (Figure 2). Figure 2A describes the cyclic
voltammetry (CV) responses of the developed electrodes to
Cl− ions and then GSH. One can note that the as-prepared
electrode could display only the silver oxidization peak at
about 0.48 V in the absence of Cl− ions (curve a). In contrast,
the introduction of Cl− ions could produce a couple of sharp
oxidization and reduction peaks at the potentials of about 0.10
and −0.041 V, respectively, which are thus defined as the
characteristic redox responses of solid-state Ag/AgCl (curve c).
Herein, their current responses to GSH in the presence (curve
d) of Cl− ions could display a large difference at 0.10 V of the
Ag/AgCl signal but showing no significant change at 0.48 V of
silver oxidization in the absence of Cl− ions (curve b). That is,
a rational decrease of the solid-state AgCl signal could be
specifically caused by GSH because of the stronger Ag−GSH
interaction, thus achieving selective GSH electroanalysis.
Figure 2B shows the changing conductivities of the Ag−ZnO
microwell-modified electrodes during the step-by-step addi-
tions of first Cl− and then GSH, by comparing with the bare
electrode (curve a) and the one modified with super-
hydrophobic Ag−ZnO−OTS coating (without UV irradi-
ation). As expected, the electrode modified with a super-
hydrophilic Ag−ZnO microwell could present a higher
conductivity (curve b), which could be reduced after the
addition of Cl− ions (curve c) and especially GSH (curve d).

In contrast, the electrode modified with the superhydrophobic
coating could display no conductivity (curve e).
UV irradiation would play a vital role in the Ag−ZnO

photocatalysis-based formation of Ag−ZnO microwells on the
ITO electrodes. A comparison of electrochemical Cl−

responses between the electrodes patterned with the super-
hydrophobic Ag−ZnO−OTS coatings before and after UV
irradiation is shown in Figure 3A. One can note that the
electrode with the Ag−ZnO microwell formed after UV
irradiation could produce a sharp peak of AgCl signal at about
0.10 V (curve a), which could disappear for the electrode
fabricated without UV irradiation (curve c). Also, the addition
of GSH would induce a large change of AgCl signal for the
electrode with the Ag−ZnO microwell (curve b), whereas no
significant change was obtained for the one created without
UV irradiation (curve d). Therefore, UV irradiation would
trigger the creation of superhydrophilic Ag−ZnO microwells
on the ITO electrode, which could additionally expect the
condensing enrichment of GSH from a sample droplet to
realize the improved sensing responses.
Furthermore, the Cl− effects on the electrochemical GSH

responses were studied using the Ag−ZnO microwell-modified
electrodes by the linear sweep voltammetry (LSV) output of
solid-state AgCl signals (Figure 3B). It was discovered
interestingly that the peak potentials of AgCl would decrease
gradually approaching about 0.10 V as the Cl− concentrations
increased till 40 mM, over which equilibrium would reach.
That is, the introduction of Cl− ions would help achieve the
sharp signals of solid-state AgCl at the desirably low peak
potentials (i.e., 0.10 V), as opposed to the ones of silver
oxidation (i.e., 0.48 V) (Figure 3B, insert). Therefore, the Ag−
ZnO microwell-modified electrodes would promise the
sensitive electroanalysis of GSH through the aforementioned
solid-state AgCl electrochemistry.

Optimization of Electroanalysis Conditions of the
Ag−ZnO Microwell-Modified Electrodes. The main
conditions for GSH electroanalysis were optimized using the
Ag−ZnO microwell-modified electrodes, with the results
shown in Figure S2. It was found that the GSH responses
could increase with increasing Ag in ZnO percentages until
6.0% (Figure S2A), which should be selected as the optimal
one in the experiments. Moreover, the Ag−ZnO dosage-
dependent responses to GSH were investigated (Figure S2B),
showing the maximum current changes at 4.0 mg/mL of Ag−
ZnO nanorods. Figure S2C shows the pH effects on the

Figure 3. (A) Comparison of the electrochemical responses to Cl− ions (40.0 mM) among the Ag−ZnO microwell-modified electrodes fabricated
(a) with and (c) without UV irradiation, followed by adding GSH (b, d), respectively. (B) Effects of Cl− amounts on the solid-state AgCl signals of
Ag−ZnO microwell-modified electrodes (insert: comparison of the LSV responses between the as-modified electrodes with and without adding Cl−

ions). The electrochemical measurements were conducted using GSH (25.0 nM) at a sweep rate of 100 mV/s.
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electrochemical responses to GSH. Accordingly, the highest
GSH-induced current changes could be obtained at pH 6.0 to
be chosen as the optimal one. In addition, GSH electroanalysis
was conducted with the Ag−ZnO microwell-modified electro-
des under different ion strengths of NaCl concentrations
(Figure S2D). To our surprise, the electrochemical responses
of AgCl signals to GSH could be basically retained in the
testing solutions containing NaCl up to 400 mM. Therefore,
the developed Ag−ZnO microwell-modified electrodes could
present a high environmental tolerance against harsh salinity,
presumably resulting from the advantageous electrochemistry
of solid-state AgCl.
Electroanalysis Performances of the Ag−ZnO Micro-

well-Modified Electrodes for GSH. The developed Ag−
ZnO microwell-modified electrodes were employed for
electroanalysis of GSH in comparison with some other ions
and amino acids commonly coexisting in biological media
(Figure 4). One can note that the tested ions and amino acids

alone could present negligibly low responses even with higher
concentrations (Figure 4A). Especially, some common sulfides
like S2− ions and cysteine (Cys) with the same concentration
could display much lower responses (Figure 4A, insert),
indicating that they might have no effect on GSH electro-
analysis. Furthermore, Figure 4B manifests that when these
testing substances were separately mixed with GSH, they still
showed no significant effects on the GSH responses, as
revealed by the data shown in Figure S3. Herein, the stronger
Ag−GSH interaction would trigger the specific S−Cl
replacement reactions, thus leading to a rational decrease of
AgCl signals for sensing GSH. Highly selective GSH
electroanalysis could thereby be expected to show the desirable
detection performance against any interference for probing
GSH in some complicated samples such as cell supernatant
afterward. Moreover, the electroanalysis reproducibility of the
developed ITO electrodes was explored in ten repeated
experiments of GSH detections, displaying basically similar

Figure 4. Electrochemical responses of solid-state AgCl signals of the Ag−ZnO microwell-modified electrodes to (A) different interferents (10.0
μM) alone (insert: comparable current changes among some common sulfides like S2− ions and Cys with the same concentration) and (B) the
interferents (10.0 μM) mixed separately with GSH (2.0 nM).

Figure 5. Electrochemical LSV responses of Ag−ZnO microwell-modified electrodes to GSH with different concentrations in (A) buffer and (C)
cell supernatant at a sweep rate of 100 mV/s; (B, D) corresponding standard calibration curves describing the relationships between current
responses and GSH concentrations, respectively.
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responses to GSH (Figure S4A). In addition, the sensing
stability of the as-prepared electrodes was investigated (Figure
S4B). As expected, the current responses to GSH might show
no significant change even if the Ag−ZnO microwell-modified
electrodes were stored for twelve months. These results
indicate that the electrodes developed by the electroanalysis
method can possess favorably high stability and reproducibility
for the detection of GSH.
Ag−ZnO Microwell-Based Electroanalysis of GSH.

Under the optimized analysis conditions, the Ag−ZnO
microwell-modified electrodes were utilized to detect GSH of
different concentrations separately in buffer and hela cell
supernatant (Figure 5). As shown in Figure 5A, the current
responses of the Ag−ZnO microwell-modified electrodes could
decrease with increasing GSH concentrations. A linear
relationship was thus obtained for the electrochemical
responses over GSH concentrations ranging from 0.030 to
100.0 nM (Figure 5B), with the limit of detection (LOD) of
about 11.25 pM, estimated by the 3 σ rule. Subsequently, the
application feasibility of the so-established electroanalysis
strategy was explored for the detection of intracellular GSH
in the hela cell supernatant, of which the initial GSH
concentrations were determined by the GSH assay kit. The
current responses of the developed electrodes were recorded
for different diluted GSH concentrations (Figure 5C). Figure
5D describes that GSH in cell supernatant could be detected
with the concentrations linearly ranging from 0.10 to 80.0 nM,
with the LOD of 27.30 pM. In addition, the advantages of the
developed electroanalysis strategy were investigated by
comparing with other electroanalysis methods documented
for GSH detections, with the results summarized in Table S1.
Accordingly, the developed electroanalysis method can present
better detection performances in terms of LODs and thus
promising for the extensive practical applications for the
analysis of GSH in biological media like cancer cell
supernatant.

■ CONCLUSIONS
In summary, superwettable Ag−ZnO microwell arrays were
successfully created onto the ITO electrodes initially by
photocatalysis of Ag−ZnO nanorods under UV irradiation.
The resulting Ag−ZnO microwell-modified electrodes were
further employed for high-throughput electroanalysis of GSH
by the signal outputs of solid-state AgCl electrochemistry. The
developed electroanalysis strategy possesses some outstanding
advantages over the current analyses for GSH using other
kinds of sensing platforms or electroactive probes. First, Ag−
ZnO microwell array could be fabricated on a large scale on
ITO electrodes simply by photocatalysis of Ag−ZnO nanorods
newly prepared, in which the doping of Ag element would
endow ZnO with stronger photocatalysis. Second, stable and
sharp electrochemical peaks of solid-state AgCl could be
obtained for the Ag−ZnO microwell-modified electrodes at a
considerably low potential approaching zero so as to
circumvent any redox interference from possibly coexisting
electroactive substances in the background. Third, the
powerful Ag−GSH interactions could trigger the specific S−
Cl replacement reactions, leading to the rational decrease of
AgCl signals and facilitating the direct detection of GSH in
hela cells with high detection selectivity and sensitivity. Finally,
the so-yielded Ag−ZnO microwell array with the super-
wettability feature could enjoy the condensing enrichment of
analytes (i.e., GSH) from the sample droplets so as to achieve

more sensitive responses. Especially, it would help to avoid any
possible crossover contamination between the sample droplets
on the microwell arrays for high-throughput analysis of
different targets. Therefore, the developed ultrasensitive and
high-throughput electroanalysis sensor may find field-deploy-
able applications for probing the low-level GSH in various
biological media (i.e., cell supernatant) for the early warning or
diagnosis of clinically serious diseases like cancers. In
particular, such a microwell preparation route by the synergic
Ag−ZnO photocatalysis would open a new door toward the
large-scale fabrication of a variety of functional microarrays,
whose superwettability feature would promise high-throughput
and sensitive biological analysis.
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