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Simple, rapid and sensitive analysis of drug-derived pollutants is critically valuable for environmental
monitoring. Here, taking acetaminophen, hydroquinone and catechol as a study example, a sensor based
on an ITO/APTES/r-GO@Au electrode was developed for separate and simultaneous determination of
phenolic pollutants. ITO electrodes that are modified with 3-aminopropyltriethoxysilane (APTES),
graphene (GO) and Au nanoparticles (Au NPs) can significantly enhance the electronic transport of
phenolic pollutants at the electrode surface. The redox mechanisms of phenolic pollutants include the
electron transfer with the enhancement of r-GO@Au. The modified ITO electrode exhibits excellent

electrical properties to phenolic pollutants and a good linear relationship between ECL intensity and the
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separate and simultaneous determination of AP, CC and HQ is feasible with the ITO/APTES/r-GO@Au
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1 Introduction

Simple, rapid and sensitive analysis of drug-derived pollutants
is critically valuable for environmental monitoring.* Phenolic
pollutants, which are hypertoxic and non-degradable pollut-
ants, lead to severe damage to the environment and human
health.>* Acetaminophen (AP) is widely used as an over-the-
counter drug to relieve pain, fever and headaches.>® However,
AP poisoning is currently the leading cause of acute liver failure
in United States and Europe.”” According to the International
Agency for Research on Cancer, catechol (CC) and hydroqui-
none (HQ) are both listed as the possible human carcinogens.*’
The exposure of AP, HQ, and CC to humans may lead to toxic
effects on the lung, heart, liver and central nervous system.
Therefore, it is highly necessary and urgent to develop a simple,
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determination of drug-derived pollutants.

rapid, and real-time method for the determination of phenolic
pollutants for environment pollution and monitoring.

Several analytical techniques have been developed to
phenolic pollutants analysis, including capillary electropho-
resis, chromatography, colorimetry,'***> spectrometry, spectro-
photometry, and chemiluminescence.'>'* These methods are
with high sensitivity, high selectivity, and high resolution.">"”
However, they are laborious, high-cost, time-consuming, and
need skilled personnel to manipulate.’® Electrochemical (EC)
technique has attracted enormous attention due to its
simplicity, low-cost, and ease of operation, and offers a portable
for phenolic pollutants detection.***

Graphene (GO) is composed of layers of sp*-hybridized
carbon atoms, with high mechanical strength, extraordinary
electron transfer capability and excellent thermal conduc-
tivity.?> GO-based nanomaterials (e.g., metals, metal oxides, and
quantum dots) could improve the electron transfer rate and
electrical properties,**~° which have been applied to improve EC
performances.””*® Since AP, CC and HQ exhibit similar struc-
tures and properties, they usually coexist in the environment.
Simultaneous detection of these compounds is rather chal-
lenging, and no EC method exists for the simultaneous detec-
tion of AP, HQ, and CC.

Here, an ITO electrode modified with 3-amino-
propyltriethoxysilane (APTES), graphene (GO) and Au NPs (ITO/
APTES/r-GO@Au), was developed for phenolic pollutants anal-
ysis.?> We characterized ITO/APTES/r-GO@Au by cyclic voltam-
metry (CV) and scanning electron microscopy (SEM). We

© 2022 The Author(s). Published by the Royal Society of Chemistry
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investigate EC behaviors and redox mechanisms of phenolic
pollutants at ITO/APTES/r-GO@Au electrode by CVs and
differential pulse voltammograms (DPVs). ITO/APTES/r-GO@Au
electrode has excellent electrocatalytic activity to phenolic
pollutants, and enables simultaneous determination of
commercial tablets. The sensor shows great promise for low-
lost, sensitive, and rapid method for simultaneous determina-
tion of phenolic pollutants.

2 Materials and methods
2.1 Chemicals and materials

All reagents and materials were purchased and used as received
without  further purification. Potassium ferricyanide
(K3[Fe(CN)g]), acetaminophen (AP, 99.0%), hydroquinone (HQ),
catechol (CC, 99%) are from Sigma-Aldrich Inc. (St. Louis, MO,
U.S.A.). HAuCl, is purchased from Shanghai Sybridge Chemical
reagent Company. Sodium hydroxide (NaOH), ferrocene meth-
anol, acetone, methanol, and ethanol are from Sinopharm
Chemical Reagent Co. Ltd. The indium tin oxide glass (ITO, <17
ohm per square) is from Kaivo Electronic Components Co. Ltd.
3-Aminopropyltriethoxysilane (APTES) is purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. GO powder
was purchased from Jiangsu XFNANO Materials Tech. Co., Ltd.
ITO was immersed in 1 M NaOH and methanol (1 : 1) overnight,
followed by sonication in acetone, ethanol, and water, sequen-
tially. Then ITO was washed with water and dried under an
argon stream.

2.2 Fabrication of ITO/APTES electrode

The photolithographic technique and chemical etching were
used to pattern the ITO glass. ITO glass was cut into 1.25 cm X
5 cm pieces. It was sonicated in 1 M NaOH and methanol (1 : 1)
for 20 min, MiliQ water for 10 min and dried at 60 °C. ITO
electrodes were immersed in 5% APTES solution (26.3 mL of
APTES in 500 mL of ethanol) for 12 h. Then electrodes were
washed with ethanol and distilled water, and heated to 100 °C
for 6 h. Fig. 1A shows the fabrication of APTES modified ITO
electrode.

2.3 Preparation of ITO/APTES/r-GO electrode

GO powder was exfoliated in distilled water (50 mL) by sonica-
tion (2 h) to form a 2.4 mg mL ™' GO dispersion. CVs and DPVs
were performed with a CHI 660 C electrochemical station (CH
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Instrument, Shanghai). CV was conducted in the GO dispersion
(scan rate, 0.02 V s~ ') and 10 cycles were applied for the elec-
trode modification. Then the electrode was washed with ultra-
pure water, and baked at 40 °C for 30 min. The electrode was
kept at room temperature before use.

2.4 Preparation of ITO/APTES/r-GO@Au electrode

A conventional three electrode system was used for the experi-
ment, where ITO, Pt wire and Ag/AgCl were used as working
electrode, counter electrode and reference electrodes, respec-
tively. The deposition potential of —1 to 1 V and the scan rate of
0.1 V s~ were selected for the experiment, and the oxidized
graphene solution was electrolytically reduced for 30 min. The
oxygen-containing functional groups of GO get electrons at the
cathode and are reduced to ITO/r-GO. In the three-electrode
system, ITO/r-GO glass was exfoliated in 1 mM HAuCl,. The
electrochemical behaviours of Au on ITO/r-GO electrode were
studied by CV. CV curves were recorded in the potential range
from 0.1 V to 0.5 V, with scan rate of 0.1 V s~'. Finally, the
prepared ITO/r-GO@Au electrode was baked at 40 °C for 30 min.
The tape is used to fix the deposition area, and the tape does not
need to be removed during the experiment. Fig. 1B shows the
fabrication of ITO/APTES/r-GO@Au electrode. Scanning elec-
tron microscopy (SEM) images with Hitachi-SU8010 electron
microscope, respectively.

2.5 Phenolic compounds analysis

EC measurements were performed in a three-electrode system
with a modified electrode, a Pt wire and Ag/AgCl electrode. A
series of acetic-acid solutions (0.1 M, pH 4.5) containing
different concentrations of AP, HQ and CC were measured with
the modified electrodes.

HPLC analysis was conducted on Agilent 1260 equipped with
a VWD detector. Chromatographic separation was performed
with Agilent 5 TC-C18 (250 x 4.6 mm) at 30 °C. The mobile
phase was methanol: water (20 : 80, v/v). The flow rate was 1.0
uL min~ ', and the injection volume was 10 pL.

3 Results and discussion
3.1 Characterization of modified electrodes

The surface morphology of electrodes was characterized by
SEM. As shown in Fig. 2, SEM image of ITO electrode exhibits
a smooth surface. ITO/r-GO electrode image reveals the typical

ITO/APTES
APTES

EtOH

HAuCl,

A

ITO/APTES/r-GO/Au ITO/APTES/1-GO

(A) Scheme of the silanization reaction on ITO electrode. (B) Fabrication of ITO/r-GO@Au electrode.
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Fig. 2 SEM images of (A) ITO, (B) ITO/r-GO, and (C) ITO/r-GO@Au electrodes.

crumple and wrinkled GO sheet structure on the rough surface
of the film. AuNPs spots was observed in image of ITO/APTES/1-
GO@Au electrode.

Fig. S21 shows the Raman spectra of ITO glass, ITO/r-GO
glass, ITO/r-GO@Au glass, ITO/APTES/r-GO glass and ITO/
APTES/r-GO®@Au glass electrodes. The red curve exhibits

A B

obvious characteristic peaks at 1597 em™* and 1350 cm !,
which can be assigned to G band and D band of --GO. When Au
nanoparticles were modified, the D and G peaks of the ITO/r-GO
electrode were significantly enhanced as shown in Fig. S2c.}
Comparing Fig. S2b and e, Fig. S2et has an additional peak at
1500 cm ™, which corresponds to the vibration mode of NH,. As
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(A) CVs of different electrodes. (a) ITO; (b) ITO/r-GO; (c) ITO/r-GO@AU; (d) ITO/APTES/r-GO; (e) ITO/APTES/r-GO@Au electrode in PBS

(pH 9.18). (B) CVs of different electrodes. (a) ITO/APTES/r-GO@Au; (b) ITO/APTES/r-GO; (c) ITO; (d) ITO/r-GO; (e) ITO/r-GO@Au electrode in
0.05 M H,S04. (C) EIS of different electrodes. (a) ITO; (b) ITO/r-GO; (c) ITO/r-GO@AU; (d) ITO/APTES/r-GO; (e) ITO/APTES/r-GO@Au electrodes
in 0.1 M KCl solution containing 5 mM [Fe(CN)e]*~. (D) CVs of ITO/APTES/r-GO@AU electrode in different pH solutions (3.5, 4.0, 4.5, 5.0, 5.5, and
6.0, respectively). (E) Plot of oxidative peak potential as a function of pH (3.5, 4.0, 4.5, 5.0, 5.5, and 6.0, respectively). (F) CVs of ITO/APTES/r-GO
electrode at various deposition time (200, 1000, 1600, 2000, 3000, 4000 s) in 0.5 mM ferrocene methanol solution. (G) CVs of ITO/APTES/r-
GO@Au electrode in PBS (pH 4.5) containing 0.2 mM AP at various scan rates (10, 20, 50, 100, 200, and 500 (mV s~ )2, respectively). (H) Plot of
oxidative peak current versus scan rate. () CVs of ITO/APTES/r-GO@Au electrode at various scan rates (10, 20, 50, 100, 200, and 500 mV s7L,

respectively) in PBS (pH 9.18).
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1 1

shown in Fig. S2d,} three main peaks (1597 cm ™, 1350 cm
and 1500 cm™ ') are enhanced, due to the surface enhancement
effect of gold nanoparticles.

ITO/APTES/r-GO@Au electrode was characterized by CV and
EC impedance spectroscopy. Fig. 3 shows EC behaviors of ITO,
ITO-rGO, ITO/r-GO@Au, ITO/APTES/rGO and ITO/APTES/r-
GO@Au electrode in PBS (pH 9.18) and 0.05 M H,SO,, respec-
tively. No current peak was observed for ITO electrode in the
swept voltage range. However, after the electrode deposition of
rGO on ITO, a rising oxidation peak was observed, indicating
that the electrode area increased and the electrode surface
properties changed. After the deposition of Au NPs on ITO/r-GO
electrode, the current continued to increase. It indicates that
phenolic pollutants analysis at ITO/APTES/r-GO@Au electrode
is possible.

We study the electrical properties of the modified ITO elec-
trode with EC impedance spectroscopy (EIS). Fig. 3C shows the
impedance spectra of ITO, ITO-rGO, ITO/r-GO@Au, ITO/APTES/
rGO and ITO/APTES/r-GO@Au electrode. The electron-transfer
resistance of modified ITO electrode was significantly
decreased, which indicates an enhanced electron transport
after ITO modification. Compared with ITO, the slope of the
curve decreases at ITO/APTES/r-GO@Au electrode. According to
the nature of the curve of the impedance detection spectrum,
the slope of the curve is directly proportional to the magnitude
of the impedance. The impedance decreases after coating GO
and AuNPs on bare ITO, which indicates that GO and AuNP
increase the conductivity of ITO electrode, and promote the
electronic transport. It consists with the results of CVs, further
confirming the formation of ITO/APTES/r-GO@Au.*

3.2 Influence of pH

EC behaviors of phenolic pollutants at different pH was inves-
tigated by CVs. Solution pH affects not only the peak shape and
peak potential, but also the peak current. CVs were performed
in acetate solutions ranging from pH 3.5 to 6.0 (Fig. 3D). As
shown in Fig. 3E, AP is used as the model drug, and the peak
current of AP increases first and then decreases with the
increasing pH. The maximum peak was observed at pH 4.5.
Thus, solution pH 4.5 was selected for further experiments.

3.3 Influence of deposition time

The effect of deposition time was investigated at ITO/APTES/r-
GO@Au electrode in 0.5 mM ferrocene methanol solution. As
shown in Fig. 3F, deposition time exhibit a significant effect on
peak current, which increased with the increasing deposition
time and reached a maximum at 4000 s. At higher deposition
time, the peaks became progressively broader, and the GO film
was too thick and easy to fall off. To save time and get a better
oxidative peak current, 2000 s was chosen for the subsequent
experiments.

3.4 Influence of scan rate

To study the effect of scan rates on ITO/r-GO@Au electrode, we
investigate the scan rate in the range of 10-500 mV s~ ' in PBS
(pH 9.18). As shown in Fig. 31, upon increasing the scan rate, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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current increases first, and then decrease. The maximum was
observed at 20 mV s, and 20 mV s~ ' was selected for further
experiments.

The effect of scan rates on the redox peak currents was
investigated in the range of 10-500 mV s~ . Fig. 3G shows CVs of
AP on ITO/APTES/r-GO®@Au electrode at different scan rates.
The results indicated that the redox peak currents increased
with the increase of scan rate from 10 to 500 mV s~ '. Fig. 3H
shows that both the oxidation and reduction peak currents were
linearly proportional to the scan rates in the range of 10-500 mV
s~'. The linear regression equations are Y = 46.91 + 0.35X (R*> =
0.9631) and Y = —25.21 to 0.26X (R* = 0.9759).

3.5 The redox mechanisms of phenolic pollutants

The redox mechanisms of AP, HQ and CC were investigated at
ITO/APTES/r-GO@Au electrode in 0.10 M acetate solution (pH
4.5) by CVs. With the addition of 0.2 M AP, the anodic and
cathodic peaks of AP are observed at 554 and 450 mV at ITO/
APTES/r-GO@Au electrode, respectively (Fig. 4A). The peak
potential separation (DEp) (104 mV) indicates that AP exhibits
an irreversible EC behavior at ITO/APTES/r-GO@Au electrode.
The redox of AP belongs to a two-electron and one-proton
process,®* and the possible redox mechanism of AP on the
modified electrode was shown in Fig. 4B. AP was oxidized to
generate the product, which is stable because of the m-7
interaction between the product and the graphene sheets. And
GO and AuNPs help to provide electrons for the redox process of
the redox of AP.

As shown in Fig. 4C and E, CVs of CC and HQ were investi-
gated at ITO/APTES/r-GO@Au electrode. It is generally believed
that the oxidation mechanism of HQ and CC is a heterogeneous
electronic oxidation process. The anodic and cathodic peak
potential of CC are at 423 and 251 mV, respectively, with a DEp
of 171 mV. The anodic and cathodic peak potential of HQ are at
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(A) CVs of AP. (B) The redox mechanism of AP. (C) CVs of CC.
(E) CVs of HQ. (F) The redox
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285 and 178 mV with a DEp of 107 mV. Fig. 4D and F show the
possible redox mechanisms, and CC and HQ electrooxidation
were mediated by the electron transfer.*

As shown in Table S5,1 we compare the ITO/APTES/r-GO@Au
sensor with other methods.***® Comparing with other methods,
the detection of AP, CC and HQ with our sensor is accurate, and
exhibit wide dynamic ranges and low LODs.

3.6 Separate determination of phenolic pollutants

The dependence of the oxidation peak current of phenolic
compounds on their concentrations were investigated in acetic-
acid solution (0.1 M, pH 4.5) by DPV. DPVs at different
concentrations of phenolic pollutants were shown in Fig. 5. The
linear dynamic ranges for AP, CC, and HQ were 1 to 500 pM, 5 to
500 uM and 8 to 700 uM, respectively. The concentrations of
phenolic pollutants showed a good linear relationship with the
oxidation peak current. The linear equations were Y = 713.59 +
49.57X (R* = 0.9844), Y = —1163.62 + 59.21X (R* = 0.9960), and Y
= 2023.84 + 67.05X (R*> = 0.9912), respectively. The limits of
detection (LODs) were 0.82, 1.41 and 1.95 pM, respectively. As
shown in Table S1,} the limits of quantitation (LOQs) were 2.73,
4.71 and 6.51 pM, respectively.

3.7 Simultaneous determination of phenolic pollutants

For simultaneous determination of phenolic pollutants, firstly,
the concentration of AP varied from 1 to 180 pM with the fixed
HQ and CC concentrations. As shown in Fig. 6A and D and
Table S2,T the peak current of AP shows a good linear rela-
tionship with AP concentration with the regression equations of
Y= 68.22X +2325.89 (R* = 0.997, LOD = 0.12 uM). Secondly, the
concentration of CC varied from 5 to 140 uM with the fixed AP
and HQ concentrations. Fig. 6B shows an increase in peak
current with CC concentration with the regression equation of Y
= 75.50X + 2535.50 (R* = 0.9949, LOD = 0.13 uM). Thirdly, the
concentration of HQ varied from 8 to 200 uM with the fixed AP
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Fig. 5 Analytical results for separate determination. (A) DPVs of ITO/
APTES/r-GO@Au in pH 4.5 ABS containing various concentrations of
AP (1, 10, 100, 200, 400, and 500 pM, respectively). (B) DPVs of ITO/
APTES/r-GO@Au in pH 4.5 ABS containing various concentrations of
CC (5,100, 200, 300, 400, and 500 pM, respectively). (C) DPVs of ITO/
APTES/r-GO@Au in pH 4.5 ABS containing various concentrations of
HQ (8, 50, 100, 200, 500, and 700 uM, respectively). (D) Plot of various
concentrations of AP vs. square of current. (E) Plot of various
concentrations of CC vs. square of current. (F) Plot of various
concentrations of HQ vs. square of current.
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Fig. 6 Analytical results for simultaneous determination. (A) DPVs of
the effect of AP concentration at ITO/APTES/r-GO@Au electrode with
fixed concentration of CC and HQ. (B) DPVs of the effect of CC
concentration at ITO/APTES/r-GO@Au electrode with fixed concen-
tration of AP and HQ. (C) DPVs of the effect the of HQ concentration at
ITO/APTES/r-GO@Au electrode with fixed concentration of CC and
AP. (D) Plot of concentration vs. square of current the of AP at ITO/
APTES/r-GO@Au electrode with fixed concentration of CC and HQ. (E)
Plot of concentration vs. square of current the of CC at ITO/APTES/r-
GO@Au electrode with fixed concentration of AP and HQ. (F) Plot of
concentration vs. square of current the of HQ at ITO/APTES/r-GO@Au
electrode with fixed concentration of CC and AP.

and CC concentrations. Fig. 6C shows a potential change. Fig. 6
F shows the linear relationships with the regression equation of
Y = 59.04X + 5721.67 (R2 = 0.9948, LOD = 0.11 pM).

We also performed the simultaneous determination of AP,
CC, and HQ Fig. 7A shows the simultaneous determination of
AP, CC, and HQ within the measurable range. As shown in
Fig. 7B-D, the linear relationships are observed between peak
current and AP, CC, HQ concentration in the range of 20-130
uM, 20-120 puM, and 40-150 pM, respectively. Three oxidation
peaks were observed at 0.332, 0.44, and 0.616 V, corresponding
to AP, CC, and HQ, respectively. Hence, the simultaneous
determination of AP, CC, HQ is feasible with ITO/APTES/r-
GO@Au electrode.

3.8 Analytical applications

To investigate the application potential of ITO/APTES/r-GO@Au
sensor, we perform the recovery experiments for the samples

A ——HQ:40.CC:20:AP:20 B
 HasoccaoanT 10000, V=47.27X+1681.44
N ——HQT10.CCB0AP90
A HQ:130,CC.100,AP:110 R?=(.99778
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L wf A A ke
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R?=0.93970

16000
Y=51.81X+4301.53

R*=0.99395

14000

12000

(11 uAY

10000
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c/uM

Fig. 7 DPVs for simultaneous determination of (A) different concen-
tration of AP, CC, and HQ at ITO/APTES/r-GO@Au electrode, and (B—
D) their plots of concentration vs. square of current.
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Fig. 8 Recovery results for phenols of ITO/APTES/r-GO@Au elec-
trode. (A) DPVs of ITO/APTES/r-GO@Au in pH 4.5 ABS containing
various concentrations of AP (1, 10, 30, 60, 100, and 150 uM, respec-
tively). (B) DPVs of ITO/APTES/r-GO@Au in pH 4.5 ABS containing
various concentrations of HQ (5, 50, 100, 200, 400, and 500 puM,
respectively). (C) DPVs of ITO/APTES/r-GO@Au in pH 4.5 ABS con-
taining various concentrations of CC (5, 50, 100, 200, 400, and 500
uM, respectively). (D) Plot of various concentrations of AP vs. square of
current. (E) Plot of various concentrations of HQ vs. square of current.
(F) Plot of various concentrations of CC vs. square of current.

spiked with known added concentration of phenolic pollut-
ants.*® The results were shown in Fig. 8 and Table S3.1 The
recoveries were 106.43%, 105.94% and 108.57%, with relative
standard deviations (RSDs) of 0.63%, 0.10% and 0.31%. Hence,
the modified electrode could be used for phenolic pollutants
analysis in practical applications.

The stock solution contains 250 pg mL ™" of AP, 67 pug mL "
of Compound Paracetamol and Amantadine Hydrochloride
tablets and 20% of methanol in mobile phase. The AP stock
solution was diluted with mobile phase into a series of different
concentrations solution (2.5, 12.5, 25, 50, 100, 150, and 250 pg
mL ™", respectively). HPLC was performed with a flow rate of 1.0
mL min ', The retention time of AP was approximately
7.87 min. We compared the results obtained by our sensor with
HPLC. As shown in Fig. S1, and Table S4,f the regression
equations are Y = —27.70 + 39.09X (R*> = 0.99996) for HPLC, and
Y = —325.52 + 91.27X (R®> = 0.99390) for EC, respectively.
Satisfactory results were obtained with our sensor.

4 Conclusion

We have developed a rapid, low-cost, and sensitive EC sensor for
simultaneous determination of phenolic pollutants analysis,
based on an ITO/APTES/r-GO@Au electrode. The decrease of
electron-transfer resistance of the ITO/APTES/r-GO@Au elec-
trode indicates an enhanced electronic transport after ITO
modification. The concentrations of phenolic pollutants
showed a good linear relationship with the oxidation peak
current. Wider concentration ranges and lower LODs were ob-
tained with ITO/APTES/r-GO®@Au electrode, indicating that the
modified ITO electrode is a promising platform for drug-derived
pollutants analysis. To realize the simultaneous detection of
multiple samples, other EC methods need to use multi-channel
EC workstation or multi-stage parallel mode. Our method can
be applied to multi-component detection and drug-derived
pollutants monitoring.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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