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Abstract

Graphene nanoplatelets (GNP) have emerged as a promising electrode material for
electrochemical sensing applications because of their high conductivity, large surface-to-volume
ratio, biocompatibility, and low cost. However, GNP are not soluble in water. We dispersed GNP
in water with the assistance of a tri-azo dye, Direct blue 71 (DB). Thin films prepared with
GNP/DB dispersion were characterized by scanning electron microscopy (SEM), Raman
spectroscopy, and UV—vis spectroscopy, which indicated the binding of DB with GNP films. The
GNP/DB film coated glassy carbon electrode (GCE) exhibited high electrocatalytic activity to
oxidation of bisphenol A (BPA) and reduction of hydrogen peroxide (H,0O;). The GNP/DB film
greatly enhanced the BPA oxidation peak current at +524 mV, and the H,O, reduction peak
current at -400 mV vs. Ag/AgCl in pH 7.0 phosphate-buffered saline (PBS) solution. The
oxidation peak current was proportional to BPA concentration from 10 nM to 100 nM and 100
nM to 25 uM, with a limit of detection of 1.23 nM. The GNP/DB-modified GCE also showed
remarkable decrease of over-potential for the reduction of H,O, with a fast amperometric
response of less than 2 s, good linear range of 10 uM to 1.9 mM, and high sensitivity of 57.6
LA/mM. The fabricated sensor shows good reproducibility and stability with limited
interference. Furthermore, the sensor was successfully applied to determine BPA in spiked

commercial milk and juice samples.

Keywords: Bisphenol A, graphene nanocomposite, hydrogen peroxide, electrochemical sensor,

modified electrode
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1. Introduction

Bisphenol A (2,2-bis(4-hydroxyphenyl)propane, BPA) is an endocrine disrupting
compound'. BPA is widely used in plastics and epoxy resins and the widespread presence of
these materials in everyday objects means that humans are being exposed to potential health
risks?, particularly following fetal or early life exposure’. The United States Environmental
Protection Agency (US EPA) had regulated BPA intake of humans to not exceed 0.05 mg/kg of
body weight per day, and the actual exposure should be far less®. Therefore, it is important to
develop a highly sensitive and reliable method to detect the presence of even trace levels of BPA
in foods and environmental samples.

Traditional analytical methods such as liquid chromatography (LC), high performance
liquid chromatography (HPLC)’, and immunoassay’ are widely used for BPA detection.
However, these laboratory tests are not amenable for point-of-use monitoring. Electrochemical
sensors are highly advantageous for on-site detection of variety of analytes when the electrodes
are suitably fabricated and functionalized. Metal nanoparticles (NPs) and their derivatives, e.g.,
gold (Au)’, cobalt (CO)S, nickel (Ni)g, iron (Fe(II,III))lO, zinc (Zn)”, Mg-Al-CO312, ruthenium
(Ru)", and tungsten (W), are popular candidates for electrode modification. However, when
using electrodes modified with metal NPs, detection of BPA suffers from the inherent structure
and oxidation susceptibility of BPA, which leads to inactivation of NPs and their derivatives due

to the formation of electro-polymerized films".

Furthermore, inadequate treatment of BPA in aqueous environment involves, in some
cases, the production of hydrogen peroxide (H,0,), leads to the presence of both H,O, and BPA
in water. H,O, is an important analyte in many industries, food and clinical laboratories, and the

environment'® . H,0, also plays an important role in many biological and enzyme-based
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reactions (e.g., the enzymatic reaction of glucose oxidase). Methods of H,O, determination

19

include traditional titration, spectrophotometry'® ' chemiluminescence®® enzymatic and

2122 otc. Just like BPA, trace amounts of H,O; is also encountered in

electrochemical biosensing
food sampleslg. The typical analytical methods for H,O, detection suffer from interferents in real
samples and they are also time-consuming as they involve many steps®'. Recently, graphene and
nitrogen-doped graphene have been used for effective electrochemical reduction of H,0,>*.
Graphene sheets usually irreversibly agglomerates or stacks to form graphite-like structures,
mainly owing to the m-7 interaction and hydrophobic attraction®. This phenomena has generally
been considered an insurmountable challenge, which prevents dispersion of graphene sheets? in
water without the aid of a dispersing agent’” . However, stabilization of graphene sheets in
water without a surfactant has been achieved via electrostatic stabilization?’ or partial oxidation
on graphene sheets during electrochemical synthesis® **. At the same time, there is an ever
increasing interest in chemical-doped graphene with foreign atoms as an effective method to
intrinsically modify the properties of the pristine host material’'. For example, nitrogen-doping
plays a critical role in regulating the electronic properties of graphene materials®>. The
heteroatoms present in the graphitic framework, make these catalysts non-electron-neutral and
consequently favors the molecular adsorption and enhances some redox reactions at the electrode
interface™. Doped graphene is a highly efficient, metal-free, and cost-effective electrochemical
catalyst for sensor applications.

Herein we report using sulfonate functionalized tri-azo dye, direct blue 71 (DB) (i.e., 1,5-
naphthalenedisulfonic acid, 3-[[4-[[4-[(6-amino-1-hydroxy-3-sulfo-2-naphthyl)azo]-6- sulfo-1-
naphthyl]azo]-1-naphthyl] azo]-, tetra sodium salt) to obtain an aqueous dispersion of graphene

nanoplatelets (GNP) (Scheme 1). GNP have platelet like morphology with a diameter of ~500
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nm to 25 pm and thickness of about from 5 — 25 nm. They possess high thermal, electrical, and
mechanical properties. Because of low cost and easy large-scale production, GNP have received
much attention in applications such as fabricating nanocomposites®, biosensors®,

36,3
37 ete.

supercapacitors®®, lithium-ion batteries

We observed that GNP could be dispersed in water with DB molecules through
electrostatic repulsion. As expected, longer aromatic naphthalene based DB could effectively
exfoliate GNP sheets in water and stabilize them individually even after centrifugation®®. The
dispersibility of GNP in water was enhanced with DB because the strong hydrophobic aromatic
backbone of DB was stacked on graphene surface, and the sulfonic (-SO) acid functional
groups of DB aided in solubilizing them in water due to electrostatic repulsion®® *. We formed

stable thin film of GNP/DB on glassy carbon electrode (GCE) by drop-casting GNP/DB

dispersion and used the GNP/DB-GCE for selective and sensitive detection of BPA and H,O,.

2. Experimental section
2.1 Reagents

Grade xGnP GNP was purchased from XG Sciences, Inc. DB and BPA (97% reagent)
were purchased from Sigma-Aldrich. Stock solution of 10x10° M BPA was prepared in ethanol
and used for further dilution. Other reagent-grade chemicals were purchased from Fisher
Scientific and used as received. Stock solution of 0.1 M H,0, was freshly prepared from 30%
reagent (Fisher Scientific) in 125 mM PBS (pH=7) and used for further dilution. All aqueous

solutions were prepared using deionized water of 18.2 MQ.cm resistivity (EMD, Millipore).

2.2 Preparation and characterization of GNP/DB dispersion
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The GNP powder (20 mg) was dispersed in 20 mL of 1 mM DB in deionized water. The
solution was bath-sonicated for 10 min, followed by probe sonication (Sonics, VibraCell
VCX130) for 60 min in pulse mode (5 s on, 2 s off) at 60% amplitude. The GNP/DB dispersion
was centrifuged for 30 min at 4,000 rpm (Sorvall Super T21) and was quickly decanted from the
tube without disturbing the precipitate. The supernatant was used to form GNP/DB film and for
further characterization. All experiments were performed at room temperature (25+3 °C).

A portion of GNP/DB dispersion was vacuum filtrated (membrane pore size ~0.4 pum)
and washed with deionized water until colorless filtrate was obtained. The filter paper containing
the residue (GNP/DB) was dried at 60 °C. The resulting dry powder fraction (GNP/DB), pristine
GNP, and DB were used for all characterization experiments.

The surface morphology of GNP and GNP/DB films were observed by scanning electron
microscopy (SEM) (LEO1530, Gemini FESEM, Carl Zeiss, USA). Raman spectroscopy was
performed on pristine GNP, GNP/DB, DB and on annealed GNP/DB samples using LabRAM
Aramis Horiba Jobin Yvon Confocal Raman Microscope (wavelength=532 nm).

DB was removed from GNP/DB samples by heating in argon atmosphere at 500 °C for 1
h at 2 °C/min heating rate in an annealing furnace tube (NT-MDT NTEGRA). UV-vis spectra of
GNP, DB and GNP/DB dispersed in DMF were obtained using a spectrophotometer (Lambda

25, PerkinElmer, USA).

2.3 Electrochemical sensor preparation

GCEs were cleaned first by polishing with alumina powder then by rinsing with
deionized water, and subsequently by ultrasonicating successively for 5 min each in 0.05 M
HNOs; and ethanol solutions. Finally the GCEs were modified by drop-coating with 10 pL of

GNP/DB dispersion or GNP dispersed in DMF. The modified GCEs (GNP/DB-GCE and GNP-

Page 6 of 32



Page 7 of 32

RSC Advances

GCE) were left to dry at 60 °C for 1 h and washed with deionized water before use. We also

prepared GNP/DB film similarly on a polyethylene terephthalate (PET) for film stability studies.

2.4 Electrochemical measurements

Electrochemical measurements, namely cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and differential pulse voltammetry (DPV), were performed using
an electrochemical workstation (PGSTATI128N, Metrohm Autolab, B.V., The Netherlands). A
10-mL volume, three-electrode system was used with GCE, Ag/AgCl (3 M KCI), and platinum
wire as working, reference, and counter electrodes, respectively. Both bare and modified GCEs
were used.

EIS measurements were performed in a solution containing 2.5 mM [Fe(CN)6]4_/3_ and
0.1 M KCI supporting electrolyte in the frequency range of 1 to 10° Hz. DPV measurement of
BPA was performed applying stripping steps with the following parameters: initial potential, 0.2
V; final potential, 0.6 V; amplitude, 0.05 V; pulse width, 0.2 s; pulse period, 0.5 s; scan rate =
0.01 V/s. The DPV voltammograms were recorded upon injection of BPA in the range of 10.0
nM to 25.0 uM in 125 mM PBS (pH = 7). The interferences of some organic and inorganic
species such as H,0O,, ascorbic acid, citric acid, oxalic acid, glucose, caffeine, magnesium
(Mg2+), calcium (Ca2+), sulfate (SO42'), iron (Fez+), copper (Cu2+), zinc (Zn2+), and mercury
(Hg*") were investigated against 10.0 uM of BPA.

The response of GNP/DB-GCE toward H,O, was measured chronoamperometrically in
Ny-saturated 125 mM PBS (pH = 7) at a constant voltage (-400 mV) and the current was

measured after spiking with H,O,.

3. Results and discussion
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3.1 GNP/DB Characterization

The Raman spectra of the (i) DB, (ii) pristine GNP, (iii) GNP/DB and (iv) annealed
GNP/DB film are presented in Fig. 1a. The Raman spectrum of GNP shows a disorder band (D)
(at 1364 cm™), G peak (at 1585 cm™) and a 2D peak (at 2734 cm™) (curve ii). The G mode is a
characteristic of graphene originating from the in-plane vibration of sp2 carbon atoms*’. The
presence or variation of the G mode and 2D mode can be directly used to test if the symmetry of
the hexagonal graphene backbone framework has been preserved after probe sonication with DB.
The Raman spectra of the GNP/DB sample exhibited a high D peak (at 1383 cm™) as well as
several other new peaks besides the previously existing G and 2D peaks (Fig. 1a, curve iii).
Generally, the D band arises from the defects involved in the double resonant Raman process and
it is widely used to monitor the formation of bonds in chemically functionalized graphene*'. The
defects in the GNP/DB are caused by the formation of sp3 bonds as well as the breaking of the
translational symmetry of sp2 C=C network. These are distinguished clearly from upshifting of
D, G and 2D by 16, 8, 20 cm’! respectively, as well as from the increases in the D peak as
compared with that of the pristine GNP**. The upshifting of the 2D peak is due to electron
doping, with charge transfer inducing the modification of the equilibrium lattice parameter®’. The
modification of the pristine backbone is also confirmed by the presence of new peaks in the
GNP/DB spectrum at 1004, 1152, 1192, 1283, 1324, 1422, and 1479 cm'l, which are those,
attributed to the DB molecular groups grafted onto the graphene structure and was not water
washable. These peaks are consistent with the original DB peaks, with almost low degree
shifting. The Raman vibration bands of DB correspond to SO; at 1004 cm’ (symmetric

38, 44
> ,C

stretching vibration) N at 1155 cm™ (symmetrical stretch), C-N at 1193 cm’ (symmetric

bend), CH at 1282 cm™ (naphthyl bend), naphthalenic rings at 1324 cm’ (symmetric vibration),
phthy p
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N=N at 1419 cm™ N=N (stretch), N=N at 1481 cm™ (valence), naphthalenic rings at 1526 cm’
(stretch), C=C at 1587 cm™ (stretch), and second naphthalenic rings at 1624 cm™ (stretch).

Based on the Raman spectroscopy data in Table 1, the type of DB bonding with the
graphene material is difficult to distinguish. However, it has been reported that under many
reaction conditions, a combination of both covalent binding or chemisorption is accompanied
with an increase in D band to G band intensity ratio (Ip/Ig); whereas, non-covalent doping or
physisorption is accompanied with the G and 2D peaks shifting as well as a decrease in their
intensity ratio (Lp/Ig)* (See Table 1)** *°. Thus our results provide clear evidence that DB is
attached to the graphene basal plane.

In contrast, the Raman spectrum of the annealed GNP/DB sample was very different.
Usually, Ip/lg ratio serves as a convenient measure of the amount of defects in graphitic
materials** *°, which is higher for annealed GNP/DB (0.18) than for pristine GNP (0.159)
indicating that unrecoverable defects have been introduced in the GNP lattice. In addition, the
2D peak for GNP/DB has upshifted by 4 cm ' compared to that of pristine GNP (Fig. 1a). The
defects in the annealed sample was also confirmed by the presence of D’ peak (at 1634 cm™)*.
These results demonstrate that DB is indeed grafted onto the graphene structure by probe
sonication, which has introduced unrecoverable changes in the graphene backbone framework.

The grafting of DB onto graphene was also observed by UV—vis spectra of GNP, DB,
and GNP/DB dissolved in DMF (Fig. 1b). The spectrum of GNP exhibits an absorption peak at
273 nm, corresponding to the m—m* transition of aromatic C—C bonds*’. Typically, DB exhibits
absorption spectra with strong peaks in the visible (595 nm) and UV (294 nm) regions. The
spectrum of the GNP/DB sample, obtained after probe sonication, exhibits a peak in the visible

region (597 nm) and a shoulder in the UV region (285 nm), indicating the presence of DB on the
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graphene. The peak in the UV region slightly blue-shifted, perhaps due to delocalization of the -
electron clouds based on donor/acceptor interactions between the functional groups in DB and
GNP. However, the peak in the visible region is red-shifted due to the electron withdrawing
effect between graphene and DB *°.

SEM images of pristine GNP and GNP/DB film are shown in Fig. 2a and b. The
uniformity of the films formed could be easily distinguished from the two SEM images. The
pristine GNP film shows randomly distributed, wrinkled or aggregated graphene sheets of
various dimensions (Fig. 2a); whereas, GNP/DB film exhibits a fairly uniform nanocomposite
structure (Fig. 2b). The resolution of SEM image of GNP/DB film is not as good as pristine
GNP film, which is perhaps partly due to the evaporation and/or some kind of molecule vibration

of DB under high energy x-ray beam.

3.2 Electrochemical characterization of the modified GCE

CV of Fe(CN)6]47/ " is an effective and convenient tool to monitor the surface
modification of electrodes during each step of functionalization. The electrochemical properties
of the GNP-GCE and GNP/DB-GCE were studied using 2.5 mM Fe(CN)6]47/ " and 0.1 M KCl
(Fig. 2, ¢ and d). The redox peak currents of Fe(CN)6]47/37 increased with GNP-GCE and
GNP/DB-GCE as compared with bare GCE (Fig. 2¢); for example, the oxidation peak current
increased from 11.60 pA at bare GCE (curve 1) to 13.47 pA and 16.15 pA at GNP-GCE (curve
ii1) and GNP/DB-GCE (curve ii), respectively (Fig. 2¢). These results indicate that both GNP/DB
and GNP films enhance the electroactive surface area of GCE. It has been reported, however, in
carbon nanomaterials, chemical doping has potential to enrich free charge-carrier densities and
enhance their electrical conductivity’>. Due to higher electrocatalytic activity of the GNP/DB

film, the redox current peaks at GNP/DB-GCE are higher than those at GNP-GCE.

10
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The Nyquist plots of the bare GCE, GNP-GCE and GNP/DB-GCE are shown in Fig. 2d.
The semicircular part in the high frequency region represents electron-transfer-limiting process
with its effective diameter equal to Faradaic charge transfer resistance (R.), which is responsible
for electron transfer kinetics of redox reactions at electrode-electrolyte interface™. As can be
observed, GNP/DB-GCE (curve ii) exhibited lower R (31 Q) than both of bare GCE (R.=243
Q, curve 1) and GNP-GCE (R.=112 Q, curve iii) confirming the higher electrocatalytic activity
of the GNP/DB nanocomposite film.

The stability of the GNP/DB-GCE was studied by repetitive CV measurements by
potential sweeping between 0.0 and 0.7 V for 100 cycles at a scan rate of 50 mV/s. The CV
background current of GNP/DB-GCE decreased slowly between 0.3 and 0.7 V, and after 100
cycles the electrode retained about 63% current (Fig. S1). This could be the result of the partial
removal of GNP/DB from the electrode surface. We also tried to prepare GNP/DB film on a
polyethylene terephthalate (PET) film using GNP/DB dispersion (see experimental section 2.3).
After dry and multiple water washing steps, GNP/DB film remained strongly attached to the PET
surface, which indicated that GNP/DB had relatively strong binding affinity to the hydrophobic

surface (Fig. S2)%.

3.3 Electrochemical oxidation of BPA

CVs of BPA in 125 mM PBS (pH 7) at bare and GNP- and GNP/DB-modified GCEs are
shown in Fig. 3a. With bare GCE a small oxidation peak (at 0.551 V, 0.25 nA) was observed for
BPA (curve 1), whereas with GNP-GCE an unresolved oxidation peak was observed (curve ii).
The oxidation peak current of BPA at GNP/DB-GCE is considerably improved (0.524 V, 1.71

pA) (curve iv). Without BPA, no such peak was observed at GNP/DB-GCE (curve iii); hence the

11
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oxidation of BPA is undoubtedly attributed to the surface characteristics of the GNP/DB film
structure. The response of GNP/DB-GCE was recorded at various BPA concentrations (Fig. 3b).
The oxidation peak current increased linearly with increasing BPA concentration over the tested
range of 2 to 36 uM (Fig. 3c¢).

Information about the electrochemical mechanism of BPA at the electrode interface can
be acquired from the relationship between peak current and scan rate. Fig. 4a shows the CVs of
20 uM BPA at different scan rates of 0.01 to 0.15 V/s with GNP/DB-GCE. The oxidation peak
was well resolved at low scan rates, but became increasingly broad and shifted towards more
positive voltage with increasing scan rates, which suggests an irreversible electrode process. The
relationship between the oxidation peak current (I,, pA) and square root of scan rate (v, V/s) was
found to be linear (Fig. 4¢):

I, = 0.04575 ++0.98  (R? = 0.9973)

This behavior suggests that the oxidation of BPA at GNP/DB is a diffusion-controlled
process. A plot of anodic peak potential (E,,) vs. natural logarithm of scan rate was also linear
(Fig. 4b):

Epq = 0.0297 Inv+ 0.476 (R? = 0.985)

For a totally irreversible electrode process, the relationship between E,, and In v could be

expressed as *":

RT RTK?®° RT
Inv

— o
Epa =E T nF X nF T xnF "

where o is the charge transfer coefficient, K°is the standard rate constant of the reaction,
n is the number of electron transfer involved in rate determining step, E° is the formal redox
potential, R is the ideal gas constant (8.314 J mol™ K™), T is the absolute temperature (K), and F

is the Faraday constant (96,485 C mol™ ). From the slope of Epa vs. In v plot the value of an was

12
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calculated to be 0.926. However, in the irreversible oxidation process o was assumed 0.5 °'
indicating that n=2 for the oxidation of BPA at the GNP/DB-GCE.

The electrochemical behavior of BPA in aqueous medium is highly influenced by the pH
of the solution. To optimize the pH, BPA concentration of 20 uM was tested in 125 mM PBS at
pH 5.0 to 11.0 (Fig. 4d). The E,, of BPA decreased with decreasing pH values (Fig. 4d). At pH
7, a high peak current with well resolved oxidation peak was obtained at a lower potential, thus
pH 7 was chosen for optimization of BPA testing. The change in E,, was linear against pH
according to the following relationship (Fig. 4d, inset):

Epq, = 0.0618 pH + 1.0415 (R? = 0.9965)

Thus, the slope of the pH regression equation (0.0618 V/pH) is close to the theoretical
value of 0.0576 V/pH suggesting equal number of protons and electrons were involved in the
electrode process™. This fact and the above discussion indicates that the electrochemical
oxidation of BPA at GNP/DB-modified GCE is a two electrons and two protons process . It is
worth noting that a small cathodic peak appeared in low pH solutions in the potential range of -
0.2 and 0.0 V which may be due to the functional groups of DB molecules attached with GNP
(Fig. 4d). CVs of (i) bare GCE and (i1)) GNP-GCE did not exhibit this cathodic peak at the same
condition, so it should have come from the functional groups of DB.

Based on the above finding, a possible reaction mechanism of BPA at the GNP/DB-GCE
can be suggested. The observed oxidation peak could be attributed to the anodic oxidation of the
aromatic ring in BPA and the formation of resonance via a two-electron and two-proton process,
and can be illustrated by Scheme 2 '*. The resulting products form during the oxidation are very

unstable in the presence of nucleophiles and react immediately with aqueous solvent to form (I)

13
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3% which is a likely reason why electrochemically irreversible oxidation process was observed

for BPA (Scheme 2).

3.4 Differential pulse voltammetry (DPV) study

DPV is a very sensitive and commonly used electroanalytical technique to determine
trace level of elements’”. Fig. 5 shows the DPV oxidation peaks of BPA in 125 mM pH 7 PBS at
various concentrations and the corresponding calibration curve. The peak current of BPA
oxidation is linear over two BPA concentration ranges of: 10 nM to 100 nM

e = 3.4C— 0.007 (R? = 0.9994)
and 100 nM to 25 uM.
e = 040 C + 0.25 (R? = 0.9976)

Where, C is the BPA concentration (uM) and i, is the oxidation peak current (uA). The
current sensitivity of BPA is 0.4 pA/uM. The limit of detection (LOD) and limit of quantification
(LOQ) were calculated as 3.3 SD/b and 10 SD/b, respectively, where SD is the standard
deviation of five reagent blank determinations and b is the slope of the calibration curve™. For
GNP/DB-GCE, the LOD and LOQ were 1.23 nM and 3.73 nM, respectively. This LOD is lower
than what was obtained in some other electrochemical methods, e.g., molecularly imprinted
chitosan—graphene composite modified electrode (~6 nM)** and almost similar to the results
obtained using single-walled carbon nanotubes conjugated with p-cyclodextrin (1.0 nM) > or
reduced graphene oxide/carbon nanotube/gold nanoparticles nanocomposite functionalized
screen-printed electrode (0.8 nM)*°. The performance comparison of our sensor and several that
have been reported in the literature (Table 2) indicate that our sensor reports low LOD and wide
linear range and could potentially be used for sensitive detection of BPA. Furthermore, our

sensor also exhibited better stability and reproducibility with relative standard deviation (RSD)

14
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of 0.46 % for five successive measurements of 10 uM BPA on the same electrode and in pH 7.0
PBS.

The specificity of our sensor was evaluated in the presence of other organic and inorganic
species which are usually present along with BPA. The interference effect was calculated as:

IBPA - IBPA + Interferent

Interference (%) = X 100

IBPA

Where, Ipp4 = oxidation peak current for BPA, Igp4tinterferens = 0Xidation peak current for BPA
plus added interferent. The results presented in Table 3 demonstrate that BPA measurements (10
puM in pH 7 PBS) were unaffected (peak current change <5%) by the presence of about 100-fold
concentrations of H,O,, ascorbic acid, citric acid, oxalic acid, glucose, caffeine, Mg2+, Ca2+,

SO4*; and 10-fold concentrations of Fe**, Cu®’, Zn*", and Hg*".

3.5 Analysis of real samples

We also tested our sensor for its effectiveness in determining trace amount of BPA in
different commercial milk and juice samples. These samples, at our detection limit, were all free
of BPA; thus they were spiked with known amounts of BPA standard solution. The results
(Table 4) indicate that our sensor is a promising device for practical testing for BPA in real

matrices.

3.6 Electrochemical response of GNP/DB modified electrodes towards H,O; reduction

Biologically, it has been established that HO, acts upon eukaryotic signal transduction,
which is generated in response to various stimuli, and is involved in regulating diversity of
biological processes in mammals and in plants *°. These biological activities underscore the
importance of H,O, monitoring.

CV responses of bare and GNP- or GNP/DB-modified GCEs towards the reduction of 1

mM H,0; are shown in Fig. 6a. The reduction signal at GNP/DB-GCE shows a much higher

15
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peak at additional positive potential when compared to those of bare and GNP-modified GCE.
The GNP-GCE produced a peak current (curve ii) at about -0.9 V, this peak was significant as
compared to bare GCE (curve iii). The production of this peak could be due to the introduction
of graphene nanomaterial that can increase the electroactive surface area of the electrode® . In
comparison GNP/DB-GCE showed a prominent increase in the current peak appeared at about -
400 mV (curve 1). The results are in agreement with those obtained when H,0O, characterized at
nitrogen-doped graphene®, thus explain that the improvement of the electrocatalytic activity
mainly contributes to the presence of nitrogen groups in the DB molecules that doped on
graphene.

Amperometry, a fast and sensitive electroanalytical technique™®, was used to evaluate the
change in current response as a function of time. Typical amperometric response of GNP/DB-
GCE recorded at successive additions of H,O, at a static potential of -400 mV vs. Ag/AgCl is
presented in Fig. 6b. When the background current was stable, different concentrations of H>O,
were injected into the electrolyte under stirring (~300 rpm). The sensor response increased
rapidly to a steady level within 2 s. Such a fast response can be attributed to the high electro-
catalytic activity of DB with graphene nanomaterials. The detection limit achieved was 5.6 uM.

The calibration plot (Fig. 6¢c), shows a highly linear (R*=0.998) increase in signal with increase

in H,O, concentration in the range of 10 uM to 1.9 mM with a sensitivity of 57.6 pA.mM™.

4. Conclusions

GNP are dispersed in water with the assistance of DB, a tri-azo dye, and the GNP/DB
dispersion was used to deposit GNP/DB nanocomposite film on GCE. This sensor (GNP/DB-
GCE) exhibited high electrocatalytic activity to BPA and H,0,. DPV peak current of BPA

oxidation is linear over two BPA concentration ranges of 10 nM to 100 nM and 100 nM to 25

16
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uM. The LOD of BPA was 1.23 nM, and the sensor performance was unaffected by a number of
interfering organic and inorganic compounds. BPA detection was also validated in real matrices
using spiked milk and fruit juice samples. Electrocatalytic reduction of H,O, at GNP/DB-GCE
was performed and used to detect H,O, in the range of 10 uM to 1.9 mM, with a LOD of 5.6
uM; it also exhibited a fast amperometric response of less than 2 s. Thus, our sensor has the

potential for sensitive detection of both BPA and H,O,.
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Tables

Table 1. Raman vibrational bands of different GNP samples and their intensity ratios.

Sample Wavenumber (cm'l) Ip/Ig Lp/Ig Reference
D G 2D

GNP 1364 1585 2734 0.159 0.373 This work
GNP/DB film 1380 1593 2751 0.62 0.231 This work
Annealed GNP/DB film 1374 1603 2757 0.18 0.376 This work
Graphite (pencil) 1311 1583 2629 0.067 - 2
Graphene (single-layer) 1333 1587 2658 0.11 1.7 1617
3,5-TBD/Gn 1315 1580 2629 2.4 0.2 v
Dz/Gn "~ - 1,591.9 [2,649.8 [ 1.42 1.64 2,15
GO 1352 1594 2935 0.75 - »
" 3,5-TBD/Gr is 1 mM 3,5-bis-tert-butylbenzenediazonium grafted to single layer graphene,

Dz/Gn is diazonium functionalized single-layer graphene.
" GO is graphene oxide
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Table 2. Performance of different electrochemical BPA sensors reported in the literature

Method Electrode* Linear range Reference
detection (nM)

Amperometry SWCNT-CD/GCE ~ 10.8 nM —18.5 uM 1 Gao et al. >’

DPV ChS-Fe;04/GCE 50 nM—30 uM Yu et al.”

DPV BDD electrode 440 nM-5.2 upM Pereira et al.®

DPV Mg-Al-COs 10 nM—1.05 uM Yin et al."?
LDH/GCE

DPV CD-ILB/CPE 100 naM —11 pM Yu et al.®!

Derivative MIP ChS-Gr/ABPE 8 nM—1 pM;1 —20 6 Deng et al.**

voltammetry uM

DPV GNP/DB-GCE 10 nM-25 uM Present work

*ChS, chitosan; Fe;QOy4, iron oxide; GCE, glassy carbon electrode; BDD, boron-doped
diamond; SWCNT, single-walled carbon nanotubes; CD, -cyclodextrin; Mg, magnesium; Al,
aluminium; COs, carbonate; LDH, layered double hydroxide; ILB/CPE, ionic liquid-based
carbon paste electrode; MIP ChS, molecularly imprinted chitosan; Gr, graphene; ABPE,

acetylene black paste electrode.
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Table 3. Interference of different organic and inorganic species on the DPV measurement of
10 uM BPA in pH 7 PBS using GNP/DB-GCE (n=5).
Ratio of interfering BPA measured RSD (%) Interference

Material Material/BPA (uM) (meant SD) (%)

BPA __ 10.02+0.112 1.83 0.0

H,0, 100 9.79+0.21 2.07 915
Ascorbic acid 100 9.88 £0.20 2.03 -1.17
Oxalic acid 100 9.73+£0.36 3.71 -2.66
Glucose 100 9.76+0.14 1.43 -2.40
Caffeine 100 9.90+0.11 1.14 -0.90
Mg 100 10.13 £ 0.26 2.56 125
Ca® 100 9.79+0.31 3.21 506
SO> 100 9.53+0.14 1.45 471
Pt 10 9.82+ 0.45 4.54 -1.76
Cu* 10 9.77+0.22 2.22 -2.30
72t 10 9.68+ 0.43 4.45 -3.21
He™* 10 10.44+ 0.36 3.41 +4.36
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Table 4. DPV determination of BPA in spiked milk and juice samples (n = 5).

RSC Advances

BPA measured
Sample’ BPA added mean + SD o RSD
(x 107 M) (x 107 M) Recovery (%) (%)
Pasteurized milk 5.0 5.11 £0.08 102.2 2.62
Pasteurized milk
with vitamin D
Cranberry juice 10.0 10.32 + 0.09 103.2 1.65
Lemonade 20.0 20.41+0.14 102.1 1.93

*Store-bought samples did not contain any BPA as measured with our sensor.
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Schemes and Figures

Y S " o
\@_\N

Directblue 71 (DB) Yo *

(i) Ultrasonication
(i) Centrifugation
(iii) Drop-castingon |

electrode surface |

Bisphenol A
oxidation

L

H,0, reduction

5 a9k Me7P
GNP/DB nanocomposite film

Graphene Nanoplatelets (GNP)

Scheme 1. GNP are dispersed in water with the aid of DB and the GNP/DB nanocomposite film
was used for electrochemical oxidation of BPA and reduction of H,0O,.
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Scheme 2. The electrochemical oxidation mechanism of BPA at GNP/DB-modified electrode.
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Figure 1. (a) Raman spectra of (i) DB, (ii) GNP, (iii)) GNP/DB and (iv) GNP/DB film after

thermal annealing. (b) UV-vis spectra of (i) DB, (i1) GNP and (iii)) GNP/DB dispersions in DMF.
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Figure 2. SEM images of (a) pristine GNP and (b) GNP/DB film. Cyclic Voltammogram (c) and
Nyquist plots (d) of (i) bare GCE, (ii)) GNP/DB-GCE, and (ii1) GNP-GCE (Inset is enlarged
Nyquist plot of (i) GNP/DB-GCE). Supporting electrolyte: 2.5 mM [Fe(CN)s]**~ + 0.1 M KCL.
Scan rate: 20 mV/s.
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Figure 3. (a) Cyclic voltammograms of 10 uM BPA at (i) bare GCE, (ii) GNP-GCE and (iv)
GNP/DB-GCE and (iii) GNP/DB-GCE in the absence of BPA (b) Cyclic voltammograms of
GNP/DB-GCE for BPA concentrations (C, uM) of: (i) 0, (i1) 2, (iii) 6, (iv) 10, (v) 14, (vi) 18,
(vii) 22, (viii) 26 (ix) 30, (x), 34, and (xi) 36. (¢) Calibration plot of BPA (data points are means
of four measurements each). Supporting electrolyte was 125 mM PBS, pH 7. Scan rate = 20
mV/s.
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Figure 4. (a) Cyclic voltammograms of 20 uM BPA were recorded using GNP/DB-GCE at scan
rates from 0.01 to 0.150 V/s (inner to outer), (b) Natural logarithm of scan rate (v) vs potential,
and (c) square root of scan rate (v'’%) vs oxidation peak currents, (d) Cyclic voltammograms of
20 uM BPA at different pH (from pH = 11 (i) to pH =5 (vii)) (Inset: oxidation potential vs. pH).
Supporting electrolyte= pH 7.0 PBS.
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Figure 5. (a) DPV curves of GNP/DB-GCE in pH 7.0 PBS for different BPA concentrations (X
107 M): (i) 0.1, (ii) 0.3, (iii) 0.5, (iv) 0.7, (v) 1.0, (vi) 5.0, (vii) 10.0, (viii) 50.0, (ix) 75.0, (x)
100.0, (xi) 150.0, (xii) 200.0, and (xiii) 250. Step Potential = 0.005 V, amplitude = 0.05 V,
interval time = 0.5 s, scan rate = 0.01 V/s; (b) peak current vs. BPA concentration calibration
curve (data points are means of four measurements each). (inset: BPA concentration range of 0.1

- 1.0x107 M).
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Figure 6. (a) Cyclic voltammograms in 125 mM pH 7 PBS for (i) GNP/DB-GCE, (ii) GNP-
GCE, and (ii1) bare GCE with 1 mM H,0O, and for (iv) GNP/DB-GCE without H,0O,. Scan rate
20 mV/s. (b) Chronoamperometric response of GNP/DB-GCE to successive additions of H,O; in
125 mM pH 7 PBS. Inset: magnified view at low concentration range. Applied potential= -400
mV. (¢) Current vs. H,O, concentration calibration curve (data points are means of four
measurements each). All experiments were performed in N,-saturated solution.
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TOC graphic:

A new electrochemical sensor is developed based on graphene nanoplatelets functionalized with
tri-azo dye (Direct blue 71) for selective and highly sensitive detection of bisphenol A and
hydrogen peroxide in pH 7 phosphate buffered saline solution.
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