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Abstract Nonylphenol (NP) was determined using electro-
chemical method based on ionic liquid-functionalized gra-
phene nanosheet modified electrode. The fabricated electrode
was characterized by electrochemical impedance spectroscopy.
The different influence parameters, such as pH value, scan rate,
accumulation potential, and time, were investigated. Under the
optimum conditions, the linear relationship between peak cur-
rent value and concentration of NP was obtained with differ-
ential pulse voltammetry in two ranges from 0.5 to 30 uM and
30 to 200 uM with the detection limit of 0.058 uM (S/N=3).
Moreover, this modified electrode was applied to NP determi-
nation in water and soil samples with the recoveries from 94.8
to 104 %, which showed the method could be applied to
determine NP in environment. In addition, to explore the
damage to DNA, the interaction between NP and DNA was
investigated with the association constant (3) 0f0.4867 and the
Hill coefficient (m) of 3.75x10° M, respectively.

Keywords Nonylphenol - Ionic liquid-functionalized gra-
phene nanonsheet - Electrochemical determination -
Interaction - DNA

Introduction

Nonylphenol (NP), as a toxic xenobiotic compound classified
as endocrine disrupter [1], is the main biodegradation of
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nonylphenol ethoxylates which are used extensively as indus-
trial surfactants. Due to its high hydrophobicity and low
degradation rates, NP shows a persistent condition in soil
and sewage sludge [2]. NP has received a great deal of
attention in environmental protection because of the toxicity
to the estrogen with the nonyl chain structure [3]. Some
reports illustrated that NP had carcinogenic and histopatho-
logical effects on many organisms, such as aquatic hyphomy-
cetes [4], freshwater organisms [5], male silver carp [6], and
rosy harb [7]. Yao et al. presented that NP would induce
apoptosis of Jurkat cells by a caspase-8 dependent mechanism
[8]. The use of NP and its ethoxylates was prohibited by the
European Directive no. 2003/53/EC in the European Union
due to their toxicity [9]. Therefore, an efficient system to
determine NP is required.

Until now, there are many methods for NP determination,
such as fluorescence [10], ultraviolet-visible spectroscopy
[11], enzyme immunoassay [12], biosorption [13], high per-
formance liquid chromatography—fluorescence detector
(HPLC-FLD) [14], and gas chromatography—mass spectrom-
eter method [15]. Although these methods have low detection
limit and high sensitivity, there are many disadvantages, such
as time-intensive, expensive instruments, laborious treatment,
and professional operator [16]. Recently, electrochemical
methods have received increasing attention due to advantages
of fast response, good sensitivity, low cost, simple operation,
time-saving, and excellent selectivity. Few studies about elec-
trochemical determination of NP were reported because it is
hard to be oxidated. Therefore, a novel and effective material
for improving catalytic ability was needed.

Graphene nanosheet, an atom-thick graphite, was the
thinnest known material ever measured up to date [17]. As
one of the carbon-based nanomaterials, graphene nanosheet
possesses lower cost, larger surface area, better thermal
conductivity, and special nanosheet structure than carbon
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nanotubes [18, 19]. In recent years, graphene nanosheet has
been applied in wide-ranging and diversified technological
fields due to its unique physical, chemical, and mechanical
properties [17, 20, 21]. Moreover, graphene nanosheet has
been used as the electrode material due to its properties of
promoting electron transfer reactions, large surface, excellent
conductivity, and super catalytic activity, which provide a new
way to develop novel biosensors and electrochemical sensors
[22-25]. Wu et al. developed a sensitive biosensor based on
graphene nanosheet to analyze the organophosphate pesticide
[26]. Chlorpromazine was successfully determined by using
graphene paste electrode with low detection limit [27]. In
addition, we also determined 4-aminophenol [28], catechol,
resorcinol, and hydroquinone [29] with graphene—chitosan
composite film modified glassy carbon electrode.

Ionic liquid (ILs) has attracted much attention in the fields
of electrochemical sensors fabrication due to its specific prop-
erties such as negligible vapor pressure, wide electrochemical
windows, and good solubility [30—32]. Many materials were
prepared using ILs as template solvents and exhibited large
surface areas and good electrocatalytic performance [33, 34].
Besides, ILs proposed a green way to synthesize graphene
nanosheet and showed a relatively high conductivity in elec-
trochemistry [35, 36]. Ionic liquid-functionalized graphene
nanosheet (FGNS™)-based electrochemical sensors have been
reported for the detection of many compounds such as hydro-
gen peroxide [35], dopamine, guanine and adenine [36],
NADH, and ethanol [37]. Nevertheless, to the best of our
knowledge, electrochemical determination of NP using
FGNS™ modified glassy carbon electrode has not yet been
reported.

In this work, an electrochemical sensor based on (FGNS'™)
modified glassy carbon electrode for determination of NP was
developed. Due to the catalytic ability of FGNS', the oxida-
tion peak current increased and the peak potential of NP
decreased based on modified electrode. Moreover, the effect
factors were investigated and the optimum conditions were
chosen. Besides, the interaction between NP and DNA was
discussed.

Experimental
Reagents and apparatus

NP was purchased from Aladdin Reagent Co. Ltd (Shanghai,
China). The stock solution (1.0x 10" M) of NP was prepared
with anhydrous ethanol and stored in darkness at 4 °C. Herring
sperm DNA was supplied by Shanghai solarbic Bioscience &
Technology Co. Ltd (Shanghai, China). Ionic liquid (1-butyl-
3-methylimidazolium hexafluorphosphate) was provided by
Cheng Jie Chemical Co. Ltd (Shanghai, China). A high-
purity graphite rod was purchased from Qingdao Duratight
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Carbon Co. Ltd (Qingdao, China). Other reagents were of
analytical grade and used without any further purification.
Phosphate buffer solution (PBS) was prepared by mixing stock
solutions of 0.1 M NaH,PO,4 and 0.1 M Na,HPO, and the pH
was adjusted with 0.1 M H3PO, or 0.1 M NaOH.

Cyclic voltammetry and differential pulse voltammetry
(DPV) were performed with CHI832A electrochemical work-
station (Shanghai Chenhua Co., China). Electrochemical im-
pedance spectroscopy was obtained using CHI660C
electrochemical workstation (Shanghai Chenhua Co., China).
The experiment was performed with a conventional three-
electrode cell which comprised a bare glassy carbon electrode
(GCE) (d=3 mm) or a modified GCE as working electrode, a
saturated calomel electrode as the reference electrode, and a
platinum wire as the auxiliary electrode. Transmission elec-
tron microscope (TEM) was conducted at Hitachi S-3000 N
instrument (Japan).

Preparation of FGNS"/GCE

The pure graphene (PG) and FGNS'™ was synthesized accord-
ing to the previous reports [38, 39], respectively. The FGNS'™
was prepared as follows: two graphite rods were inserted into
IL/water with static potentials of 10 to 20 V. After 3 h of
electrolysis, a black precipitate was taken out from the bottom
of the reactor. The precipitate was thoroughly washed with
absolute ethanol and redistilled deionized water, respectively,
then dried at 60 °C in oven for 2 h. The obtained product was
named as FGNS'™. FGNS™ solution (0.5 mg mL ") was
prepared with redistilled deionized water and dispersed suffi-
ciently for 20 min in an ultrasound bath.

Before modification, the bare GCE was first polished
clearly with 0.3 and 0.05 pum alumina slurry on chamois
cloth, then cleaned by ultrasound in absolute ethanol and
redistilled deionized water for 3 min, respectively, and lately
dried in air before use. Then FGNS'" suspension was de-
posited on the surface of GCE and dried in the air. The
modified electrode was noted as FGNS'/GCE and stored at
4 °C in a refrigerator when not in use.

Experimental procedure

After a certain volume of NP stock solutions and 10 mL of
0.1 M PBS were added into an electrochemical cell, the
three-electrode system was installed. NP determination
was carried out using DPV with 350 s accumulation
at —0.2 V. DPV was recorded from 0.2 to 0.8 V with the
parameters as follows: pulse amplitude, 50 mV; pulse width,
50 ms; and quiet time, 2 s. The water sample analysis was
investigated with the same procedure of DPV. In addition,
different concentrations of NP (10 to 50 uM) were mixed
with a volume of DNA solutions, and the interaction was
discussed by DPV.
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Results and discussion
Characterization of FGNS'"

The surface morphology of FGNS'™ was characterized by
TEM. As shown in Fig. 1, the image of FGNS™ clearly
presented the transparent and wrinkled flake-like shape,
which was good for maintaining a high surface area on the
electrode.

Characterization of electrochemical behavior of FGNS'™/
GCE

In order to characterize the modified electrode, the AC imped-
ance was carried out. Figure 2 presented the Nyquist diagrams
of GCE (a) and FGNS™/GCE (b) in 5 mM [Fe(CN)s]* ™+
solution containing 0.1 M KCI. As can be seen, a large semi-
circle in the high frequency was exhibited at the bare electrode
(curve a), indicating a resistance into the electrode/solution
system. Whereas, the FGNS"/GCE (curve b) showed almost
a straight line, indicating a small interface electron resistance,
which proved the excellent electroconductivity of FGNS'™.
This phenomenon suggested that FGNS™ was successfully
immobilized on the GCE surface.

Cyclic voltammetric behaviors of NP

To test the catalytic behavior of FGNS™, cyclic voltammo-
grams at different electrodes were recorded in the absence (a, ¢)
and presence (b, d, ¢) of 0.1 mM NP at 100 mV s !, and the
results were shown in Fig. 3. No oxidation peak was obtained
at FGNS™/GCE (curve ¢) and GCE (curve a) without NP,
which indicated that FGNS™ film was electroinactive in the
selected potential range. When 0.1 mM NP was added into
PBS, an obvious oxidation peak was observed at FGNS'/
GCE (curve e), and in PG/GCE (curve d), no corresponding
reduction peak was observed, which suggested that the

Fig. 1 The TEM of FGNS™
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Fig. 2 Nyquist plots of GCE (¢) and FGNS™/GCE (b) in 5 mM
Fe(CN)¢>'*" solutions containing 0.1 M KCI. Scan rate,
100 mV s '. The frequency range was from 107" to 10° Hz at
the formal potential of 0.2 V

response of NP was a typical of totally irreversible electrode
reaction. Compared with the bare electrode (curve b), the
oxidation peak current obtained at modified electrodes in-
creased significantly, and the peak potential shifted negatively,
which can be attributed to the excellent electron transfer ability,
large surface, and good catalytic activity of PG and FGNS™.
However, the FGNS'™/GCE (curve ¢) showed a bigger peak
current at lower potential to NP than that of PG/GCE (curve d),
which illustrated that FGNS'™ had better sensitivity and was
suitable for the determination of NP.

Optimum conditions of the modified electrode

In order to optimize the response of NP at FGNS'/GCE, the
pH of supporting electrolyte was investigated over the range
from 4.0 to 10.0 (Fig. 4). The oxidation peak current in-
creased rapidly with increasing pH from 4.0 to 7.0. Then, it
decreased when the pH value exceeded 8.0. In brief, the
highest peak current was obtained at pH 7.0. Therefore, pH
7.0 was chosen for the subsequent experiments. As can be
seen from the relationship between E\,, and pH, the potential
decreased with the increase of pH. Moreover, it obeyed the
following equation: E,, (in volts)=—0.064 pH+1.026
(R=0.9949). A slope of 0.064 V pH ' indicated that the
numbers of electron and proton were equal in the electrode
reaction [40].

As shown in Fig. 5, the effect of scan rate on voltam-
metric behaviors of NP was discussed, and a linear relation-
ship of anodic peak current versus scan rate was obtained
over the range from 20 to 450 mV s~ ' with the linear
regression equation of Ep, (in volts)=2.0023 x 107* v (in
millivolts per second)+0.5665 (R=0.9919) (insert of
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Fig. 3 Cyclic voltammograms of the bare GCE (a, b), FGNS™/GCE
(c, e) and PG/GCE (d) in the absence (a, c¢) and presence (b, d, e) of
0.1 mM NP in 0.1 M PBS. Scan rate, 100 mV s

Fig. 5), which indicated that the reaction of NP on FGNS™/
GCE was mainly controlled by adsorption process.

The effects of accumulation potential and accumulation
time were further investigated. The peak current increased
rapidly when the accumulation potential shifted from 0.3
to —0.2 V. Nevertheless, it slowly decreased under more
negative accumulation potential. Thus —0.2 V was selected
as the optimum accumulation potential. The suitable accumu-
lation time under the potential of —0.2 V was discussed as
usual. The peak current increased with the increase of accu-
mulation time. However, the current increased slightly when
the time was longer than 350 s, which would be explained as
the saturated adsorption of NP at GCE surface. Considering
the efficiency and sensitivity for NP determination, 350 s was
chosen as the optimum accumulation time.
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Fig. 4 Effects of pH on the current response and potential response of
0.1 mM NP on FGNS™/GCE with different pH range from 4.0 to 10.0
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Fig. 5 Effects of scan rate on the oxidation response of 0.1 mM NP.
Curves (a—h) were obtained at 20, 60, 80, 100, 150, 250, 350,
450 mV s, respectively. Insert the relationship between the peak
current and scan rate

Calibration curve

DPV was chosen for NP detection due to its high sensitivity.
Figure 6 showed the DPV curves of different concentrations
of NP. As can be seen in the insert of Fig. 6, the oxidation peak
current was proportional to NP concentration in the range of
0.5 to 30 uM and 30 to 200 uM under the optimum condition
with the linear equations of 7 (in microamperes)=0.380 ¢ (in
micromolars)+0.080 (R=0.9993) and 7 (in microamperes)=
0.071 ¢ (in micromolars)+7.024 (R=0.9991), respectively.
The detection limit was estimated to be 0.058 uM (S/N=3),
which was lower than the results obtained at surface plasmon
resonance biosensor (7.49 uM) [41] and T/pTH/GCME
(10 uM) [42]. Hence, it suggested that the FGNS™ exhibited
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Fig. 6 DPV curves obtained in different concentrations (a—; 0.5, 1, 5,
10, 20, 40, 100, 150, 180, and 200 uM) of NP at FGNS"/GCE. Insert
calibration curves
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excellent sensitivity due to its electrocatalytic ability, huge
surface, and excellent conductivity.

Reproducibility, stability, and interference

To investigate the reproducibility and stability of FGNS'™/
GCE, 50 uM NP solution was measured by ten modified
GCE prepared independently with DPV. The relative stan-
dard deviation (RSD) was 3.33 %, showing that this method
have good reproducibility. After the electrode was stored for
15 and 30 days at 4 °C in refrigerator, respectively, it could
retain 94.3 and 91.6 % of its original response of 0.1 mM
NP, which showed good stability of FGNS™/GCE.

The influence of some organics and inorganic ions on the
detection of NP was investigated. The results suggested that
100-fold of Ni**, Co*", Fe*', Cu®", Ba®', K*, Mg?', AI*",
Zn**, Ca**, CI", NO5~, HCO5, CO5*", Ac , hydroquinone,
pyrocatechol, 2-nitrophenol, 2,4-dinitrophenol, 4-
aminophenol, and 4-nitrophenol have no influence on the
signal of 0.01 mM NP with peak current change below 5 %
(see the supporting information), which indicated that
FGNS"™/GCE had a good selectivity to NP.

Analysis of NP in water and soil samples

To investigate the applicability of FGNS'""/GCE, different
kinds of real samples, tap water, Nai River water, and soil
samples (collected from Tai’an, China) were used for quan-
titative analysis. Five grams of wet soil was dried in air and
then extracted with 20 mL absolute ethanol for 1 h. Then,
the solution was centrifuged. After filtration, the filtrate was
collected in 25-mL volumetric flask and diluted to mark
with absolute ethanol. One-milliliter sample solution was
mixed with 9.0 mL PBS (pH=7.0). After accumulation for
350 s at —0.2 'V, the analysis for oxidation peak of NP was
measured by DPV. As no signals for NP was found in the
samples, the concentration of NP was determined with stan-
dard addition methods. All the samples were investigated
with three times at the same condition. As shown in Table 1,
the average RSD was 3.10 %, which indicated good repro-
ducibility. Moreover, the recoveries ranged from 94.8 to
104 %, illustrating FGNS™/GCE was able to analyze the
NP in real samples.

Table 1 Determination of NP in local water and soil samples (n=3)

Samples Added (uM) Found (uM) RSD (%) Recovery (%)
Tap water 5.0 5.20 2.71 104.0

Nai river water 5.0 4.74 4.02 94.8

Soil 5.0 5.19 2.57 103.8

Interaction of NP with DNA

Figure 7 showed the relationship between log[ Al/Aly— Al
and log[NP] in NP (10 to 50 uM) solutions containing differ-
ent amounts of DNA. The insert graph was the DPV curves of
30 uM NP solutions in the absence (curve a) and presence
(curve b) of 10 pg mL™" DNA. The peak current decreased
when DNA was added into the original solution due to the
interaction between DNA and NP. Moreover, the oxidation
peak potential shifted positively, which indicated that the
binding of NP to DNA was via electrostatic interaction.

NP would be associated to a single complex DNA‘NP,,
with DNA according to previous report [43], and the reac-
tion can be expressed as the following scheme:

DNA + mNP = DNA - NP, (1)
The condition formation constant is as follows:
B" = [DNA - NP,,]/([DNAJ[NP]") (2)

where 3 was the association constant, and m was Hill
coefficient.

According to the overall Hill cooperativity model, the
fraction of NP bond to DNA is given by:
f= [DNA~NPm]/([DNA~NPm]

max )

= [DNA - NP,,]/([DNA - NP,] + [DNA]) (3)

where f was the fraction of NP binding sits filled,
[DNA-NP,, ]Jmax Was the maximum concentration of
DNA-'NP,,, [DNA‘NP,,] represented the concentration of
free DNA-NP,,, and [DNA] was the concentration of free
DNA.
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Fig. 7 The relationship between log[Al/Al.x—AI] and log[NP] at
FGNS™/GCE in 0.1 M PBS (pH=7.0). Insert curves the DPV curves
in 30 mM NP (@) and 30 mM NP+10 pug mL ' DNA (b)
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The Hill coefficient was concluded from Egs. (2) and (3):

log[f/(1 = f)] = mlog(B/M™") + mlog([NP]/M) (4)

and the following equations would be deduced:

[DNA] = [DNAJ, — [DNA - NP,,] (5)
[NP] = [NP], — m[DNA - NP,,] (6)
I = k[NP] (7)

Al = k(INP], — [NP]) = Iy — I = k x m x [DNA -NP,] (8)

Alpax = k x m x [DNA - NP, ] (9)

From Egs. (3), (8), and (9), the following equation was
obtained:

f:AI/AImax (10)

where Al represents the maximum peak current value,
which will be acquired when NP connected with DNA in the
largest quantity.

Insert Eq. (10) into Eq. (3) to yield:

log[Al/ Alpax — Al = mlog(8/M™") 4 mlog([NP] /M)
(11)

If DNA and NP form a complex, then the plot of log[Al/
(Al —AD)] versus log[NP] was linear with slope of m. As
shown in Fig. 7, the linear relationship was concluded as log
[A/(AlLyx—AD]=2.712+0.4871og([NP]/M) (R=0.9966).
The Hill coefficient m was calculated as 0.4867, and the
value of 3 was 3.75 x 10° M"'. The result showed that DNA
and NP formed a single complex.

Conclusion

In this paper, a reliable and sensitive electrochemical
method was discussed for NP determination based on
FGNS™ modified electrode. The oxidation peak current
of NP remarkably increased and the potential shift nega-
tively under the optimum conditions at FGNS™/GCE. The
proposed method has been successfully applied in practi-
cal investigations of water and soil samples with good
recoveries. The interaction between NP and DNA was also
explored, and the result indicated that NP binding DNA
formed a single complex. This fabricated electrode pro-
vided a new way for NP determination and the interaction
of NP and DNA analysis.
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