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a b s t r a c t

Bisphenol A (BPA) is a chemical found in polycarbonate plastics and epoxy resins which is biologically
harmful and toxicologically relevant at low doses. Electrochemical sensors offer rapid and accurate
detection of bisphenols but suffer from electrode fouling. Boron-doped diamond is known for its
exceptional capability to resist chemical fouling due to the weak molecular adsorption of sp3 carbon. In
this work, we use nanodiamond to overcome electrode fouling and detect BPA with a low detection limit
at 5 nM. Further, we demonstrate the use of nanocarbon-modified electrodes for BPA detection. One-
time use nanocarbon electrodes detect BPA through direct oxidation of BPA in a sensitive and repro-
ducible fashion. For continuous monitoring of BPA, we introduce a new approach based on the detection
of the by-product of BPA oxidation, hydroquinone (HQ), which acts as a proxy for BPA quantitation
without the need of electrode replacement. These findings aim to tackle the challenges of increasing
concern of BPA food and water contamination, as an alternative to the more costly and time consuming
central laboratory tests.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Bisphenol A (BPA), also known as 2,2-(4,4-dihydroxydiphenyl)
propane, is a cheap and durable synthetic compound used widely
in industry. The widespread use of BPA in polycarbonate consumer
products like cans and bottles has led to an increased BPA exposure
in food, drinks and water [1]. A similar structure to endocrine
hormones like estradiol and diethylstilbestrol makes BPA an
endocrine-disrupting compound (EDC) [2]. Exposure to excess
amounts of BPA in humans is known to cause diabetes, cardiovas-
cular diseases, breast and prostate cancer, reduced fertility and liver
damage [3,4]. BPA also poses a threat to aquatic environments
preventing the normal growth and development of many aquatic
species [5]. Concerns about the health impact of BPA have led
regulatory bodies around the world to restrict its use. Many
countries have banned BPA in polycarbonate infant feeding bottles
[6]. The Food and Drug Administration (FDA) set a dose limitation of
BPA at 40 mg/kg bodyweight (bw)/day [7] and it is regulated to 4 mg/
o), john.foord@chem.ox.ac.uk (J. F
kg bw/day by the European Food Safety Authority [8]. However, a
recent finding from the Consortium Linking Academic and Regu-
latory Insights on BPA Toxicity (CLARITY BPA) revealed a significant
increase of mammary cancer incidence in rodents at doses of BPA
administered (2.5 mg/kg bw/day) [9]. The study suggests that even
low doses of BPA are biologically harmful and toxicologically rele-
vant. Efficient measurement of low levels of BPA is therefore
paramount to reduce BPA exposure.

BPA detection is usually carried out in central labs with expen-
sive and time-consuming methods such as liquid chromatography
(HPLC, UPLC) [10,11], gas chromatography (GC) or mass spectrom-
etry (MS) [12e14]. The detection limits of these methods can be
down to the order of nanomolar but require special sample prep-
aration and treatment. Colourimetric enzyme-linked immunosor-
bent assays (ELISA) [15] are used commercially to detect BPA. These
assays requiremultiple steps, long operation times and have a short
lifetime due to the use of enzymes. Their sensitivity and repro-
ducibility are low compared with GC/MS tests carried out in central
oord).
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labs. The demand for BPA detection at community settings away
from centralised labs is increasing, therefore a low-cost, sensitive
and accurate sensor that allows on-site monitoring would be
beneficial.

Electrochemical BPA sensors have attracted great interest in the
past decade as a promising technology for on-site monitoring of
BPA. They benefit from speed, simple operation and low-cost
equipment. Electrochemical BPA sensors include metal nano-
particles [16e18], carbon-based particles [1,19,20], organic
framework-based [13,21], aptasensors [22] and enzymes [23]. The
most common principle of operation relies on the oxidation of BPA
into 1,4-Benzoquinone and formaldehyde. Most BPA electro-
chemical sensors oxidise BPA at a potential of þ0.4e0.6 V [1,24],
with a detection limit on the order of micromolar, which reduces
their effectiveness significantly. BPA forms an electropolymerized
film on electrode surfaces, resulting in larger double-layer capaci-
tance and lower electrode sensitivity. Electrode surface fouling is
affected by several factors such as the concentration of the analyte,
pH of the solution and the choice of surfactant agents. Electrode
fouling is the main bottleneck preventing more sensitive detection
and continuous operation [13,25,26].

Nanodiamond consists of crystalised sp3 diamond carbon doped
with boron, making it a conductive material, known as boron-
doped diamond (BDD). The versatility of BDD has enabled its use
as electrodes for a wide range of electrochemical and analytical
applications [27]. BDD electrodes offer advantageous properties
such as high stability and oxidation power, wide potential win-
dows, reduced background current and rapid charge transfer [28].
In particular, BDD electrodes are favoured for systems suffering
from high interference and electrode fouling due to the low elec-
trochemical reactivity of nanodiamond and weak molecular
adsorption.

This work presents three methods to detect BPA electrochemi-
cally while avoiding the detrimental effects of electrode fouling.We
achieve this first by using boron-doped nanodiamond modified
electrodes known for their low fouling properties (Fig. 1 a). Another
way to eliminate the effect of fouling is by using single-use elec-
trodes. Nanocarbon electrodes, while susceptible to electrode
fouling, offer low-cost, easy fabrication and highly reproducible
BPA sensors (Fig. 1 b). To completely circumvent electrode fouling,
we devised an indirect detection method for the first time. The
nanocarbon electrode oxidises BPA first into quinone, and it then
detects the redox reaction of quinone to quantify the initial BPA
concentration (Fig. 1 c). This indirect method enables continuous
monitoring of BPA at nanocarbon electrodes.
Fig. 1. Scheme of electrode modification and Bisphenol A detection methods in this
work. (a) Electrode modified by nanodiamond detects the oxidation of bisphenol A. (b)
Electrode modified by nanocarbon detects the oxidation of bisphenol A. Each mea-
surement was carried out at single-use electrodes. (c) Electrode modified by nano-
carbon detects the by-product hydroquinone.
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2. Experimental methods

2.1. Materials

The commercial Monarch 430 amorphous carbon (Cabot Cor-
poration, CB M 430) was purchased from James M Brown Ltd
(Staffordshire, UK). Nanodiamond powder (ND-105/G4) was ac-
quired from Yorkshire Bioscience Ltd. Bisphenol A powder was
purchased from Sigma Aldrich. Other chemicals were obtained
from Sigma-Aldrich of A.C.A. reagent grade unless otherwise stated.

2.2. Electrode preparation

Glassy carbon electrodes were cleaned before use by polishing
with alumina powder, which was then removed by ultrasonication
in water for 3 min. A total of 5 g milling beads were mixed with
1 mg powder of amorphous carbon or nanodiamond powder and
5 mL Milli-Q water. The mixture was sonicated for 12 h, and then
centrifuged three times for 5 min at 10,000 rpm. 10 ml carbon
materials suspensions were drop-coated onto a glassy carbon
electrode with a surface area of 0.0707 cm2 and subsequently dried
under a fume hood. A physical characterisation of the nanodiamond
electrode can be found in our previous work [29e31].

2.3. Electrochemical measurements

Electrochemical measurements were performed at room tem-
perature (20±2 �C) with m-AUTOLAB III potentiostat (Eco-Chemie,
Netherlands), running GPES software (Version 4.9). A three-
electrode system was used consisting of a working electrode, a Pt
wire as counter-electrode and an Ag/AgCl reference electrode. Ex-
periments were carried out in 0.1 M phosphate buffer solution (pH
7.4). All solutions and subsequent dilutions were prepared with
Milli-Q water (>18 MUcm). Square wave voltammetry (SWV) was
performed at a frequency of 10 Hz, a sensitivity of 1 mV and an
amplitude of 10 mV.

3. Results and discussion

3.1. BPA detection at nanodiamond electrode

Electrodes were prepared following the drop-casting method,
illustrated in Fig.1 and described in Experimental methods.We first
characterised BPA oxidation through cyclic voltammetry at a glassy
carbon electrode (GCE), nanodiamond-GCE (ND-GCE) and
nanocarbon-GCE (NC-GCE) (SI Fig. 1). An oxidation peak appears at
ca. þ0.54 V in 0.2 mM BPA. The peak currents are highest at NC-
GCE, followed by ND-GCE, also observed in our previous work
Fig. 2. Cyclic voltammograms of the first (solid line) and the second scans (dashed
line) in an electrolyte containing 0.1 M phosphate buffer and 0.2 mM BPA at (a) bare
GCE; (b) ND-GCE, with a scan rate of 50 mVs�1. (A colour version of this figure can be
viewed online.)



Fig. 3. Square wave voltammograms of increasing BPA in 0.1 M phosphate buffer at (a)
bare GCE, (c) ND-GCE, scanning from 0 to 0.8 V; (b) and (d) show the resulting plots of
peak current vs. BPA concentration.

Fig. 5. (a) Cyclic voltammograms of consecutive scans, (i) first, (ii) second and (iii)
third, in electrolyte containing 0.2 mM BPA and 0.1 M phosphate buffer at NC-GCE; (b)
cyclic voltammograms at NC-GCE in 0.1 M phosphate buffer with the sequential
addition of BPA from 0 to 200 mM. (A colour version of this figure can be viewed
online.)
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with other phenolic compounds [31]. However, the BPA oxidation
peak reduces by 80% at the GCE after sequential CV scans (Fig. 2 a).
This decrease is due to electrode fouling caused by electro-
polymerisation of BPA [25,32].

Both ND-GCE and NC-GCE show enhancement in BPA oxidation
peak current. For ND-GCE, the main enhancement is from the
reduced noise, which dropped from 1 nA to 0.21 nA, while the
sensitivity increased from 0.03 mAmM�1 to 0.13 mAmM�1. As for NC-
GCE, the main contribution to an enhanced peak current is the
increase in sensitivity from 0.03 mAmM�1 to 0.3 mAmM�1. The main
difference is due to the interaction of electrodes with the analytes.
NC-GCE shows stronger adsorption than bare GCE while the ND-
GCE adsorbs less strongly. The strong adsorption of BPA on NC-
GCE leads to a high oxidation current, likely due to the porous
structure of nanocarbon. As for ND-GCE, its sp3 carbon limits the
adsorption of electrolytes and slows down the electrokinetics,
resulting in low background current, reduced noise and fouling.

In contrast, the BPA oxidation decreases by less than 20% at the
ND-GCE (Fig. 2 b), indicative of low electrode fouling. Weak
adsorption of polar functional groups on the nonpolar surface of
nano-diamond causes minimal surface fouling [31], which enables
the use of ND-GCE to detect BPA. To study the electrochemical
behaviour of BPA at the ND-GCE surface, we carried out cyclic
voltammetry at scan rates from 20 to 200 mVs�1 (SI Fig. 2). The
linear relationship between peak current and scan rate indicates
that the main contribution to the measured current is coming from
adsorbed BPA at the surface, rather than by diffusion from the bulk.
The surface coverage for all electrodes is reported in SI Fig. 8.
Fig. 4. (a) Square wave voltammograms at freshly prepared NC-GCE in 0.1 M phos-
phate buffer and 1, 10, 20, 30 and 50 mM BPA respectively and (d) plots of peak current
vs. BPA concentration. (A colour version of this figure can be viewed online.)
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We used square wave voltammetry (SWV) in a potential win-
dow from þ0 to þ0.8 V to detect BPA at ND-GCE. Continuous
addition of BPA yielded the voltammograms and the resulting plots
of peak height vs. concentration of BPA at GCE (Fig. 3 a and b) and
ND-GCE (Fig. 3 c and d).

ND-GCE displayed a linear response in a range between 0.1 mM
and 50 mM and sensitivity of 0.13 mAmM�1, calculated as the ratio of
current and concentration. The detection limit was 5 nM (S/N¼3).
The low detection limit at ND-GCE is due to low noise, i.e. the
fluctuation of non-faradaic current in the absence of BPA.
3.2. BPA detection at single-use nanocarbon electrode

Different from the weak adsorption of nanodiamond, NC-GCE is
an efficient electrochemical sensor for phenolic compounds due to
the high signal resulting from strong adsorption. This is supported
by the linear dependence between peak current and scan rate, as
shown in SI Fig. 6. However, direct detection of BPA using NC-GCE is
limited due to strong electrode fouling. SI Fig. 3 shows that the
detection range only reached 4 mM, making it not suitable for
continuous environmental BPA monitoring.

We circumvent this limitation by using single-use electrodes for
each experiment. This approach is possible for NC-GCE due to its
Fig. 6. (a) Square wave voltammograms in solution containing 0.1 M phosphate buffer
with sequential addition of BPA from 1 to 10 mM (after initial oxidation at þ0.6 V for
60 s) at NC-GCE and the (b) plots of peak current vs. BPA concentration (added con-
centrations are represented by a triangle). (A colour version of this figure can be
viewed online.)



Fig. 7. The square wave voltammograms in solution containing 0.1 M phosphate
buffer, 10 mM HQ and DHB and increasing concentration of BPA at NC-GCE.
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low-cost and facile electrode modification. Fresh NC-GCE elec-
trodes were prepared before each measurement following the
procedure in Experimental methods. Fig. 4 demonstrates that
freshly prepared electrodes detect BPA in solution in a concentra-
tion range from 0 to 30 mM with a detection limit of 0.56 mM and
sensitivity of 0.85 mAmM�1. To test the reproducibility, ten NC-GCE
separate sensors were prepared and tested with the same BPA so-
lution, yielding a measurement error of less than 5%.

3.3. Indirect BPA detection at nanocarbon electrode via quinone
redox reaction

The previous methods detect the oxidation of BPA directly,
which is the mechanism adopted by most of the reported electro-
chemical BPA sensors. Such an approach is vulnerable to fouling
because the cyclic sweep up to a high potential (above þ1 V) leads
to electropolymerisation and prevents further BPA oxidation at the
surface. Here we propose another method to use NC-GCE for BPA
sensing by detecting the secondary redox reaction corresponding
to quinone and hydroquinone (HQ), which is a by-product of BPA
oxidation (Fig. 1 c). GC-MC analysis indicates that BPA oxidation
results in three intermediate products, amongwhich quinone is the
main by-product [33,34]. This is in agreement with the experi-
mental observation that the redox potentials of the BPA oxidation
by-product and that of HQ co-localise, as shown in SI Fig. 9. Due to
Table 1
Sensors for BPA detection.

Sensors Method LO

BDD SWV 0.0
Nanocarbon (direct) SWV 0.5
Nanocarbon (indirect) SWV 0.0
Carbon black/MWCNTs Amperometry 0.0
SWCNT/GCE Amperometry 7.3
graphene oxide/MWCNT DPV 0.1
Casein/carbon black LSV 0.2
PtSi/graphene/GCE DPV 0.1
Carbon black/paper SWV 0.0
Modified graphene oxide DPV 0.0
Carbon black paste eletrode DPV 0.1
BDD DPV 0.7
nanoporous gold leaf (NPGL) SWV 0.0
FeNi3/CuS/BiOCl DPV 0.0
imprinted polyimide sheet DPV 0.0
beta-CD/ionic liquid DPV 0.0
PEDOT/ionic liquid FIA 0.0

MWCNT: multiwalled carbon nanotubes.
SWCNT: single wall carbon nanotubes.
DPV: Differential pulse voltammetry.
LSV: linear sweep voltammetry.
SWV: square wave voltammetry.

393
the strong adsorption of quinone by nanocarbon, the by-product is
strongly attracted to the electrode surface, thereby facilitating its
detection. This indirect measurement of BPA allows for continuous
use of NC-GCE.

Fig. 5 a shows the emergence of a secondary peak atþ0.1 V, after
an initial sweep to oxidise BPA. Continuous scans up to 10 cycles
show that a plateau is reached after three scans. At the same time,
the secondary peak increases continuously (SI Fig. 4). The result
shows that a clean NC-electrode rapidly loses the ability to oxidise
BPA efficiently due to fouling but retains the ability to respond to
quinones which develop in the solution even when fouling occurs.
This opens the door to the possibility of detecting BPA through the
secondary peak. First, BPA was oxidised at þ0.6 V for 30 s to
generate the HQ as a by-product. Then SWV was carried out at a
lower potential fromþ0 toþ0.3 V to detect HQ adsorbed on the NC-
GCE surface.

Fig. 5 b displays CVs at NC-GCE in 0.1 M phosphate buffer with
continuous addition of BPA from 0 to 200 mM, and the resulting
plots of peak current vs. BPA concentration are shown in SI Fig. 5.
All experiments were performed at the same electrode. The peaks
corresponding to BPA oxidation and quinone/hydroquinone redox
were observed at þ0.6 V and þ0.1 V, respectively. Sequential
addition of BPA resulted in a linear increase in the peak current of
the secondary redox reaction (SI Fig. 5b). On the contrary, the BPA
oxidation peak is nonlinear (SI Fig. 5a). This suggests that electrode
fouling does not influence the secondary redox peaks significantly,
making it an adequate method for the detection of BPA.

To enable accurate detection of BPA through this indirect
method, we first oxidised BPA at a fixed potential of þ0.6 V for a
fixed time. We optimized the oxidation time to be around 60 s (SI
Fig. 7), after which the secondary peak reached a plateau. We
then used the standard curve method to detect BPA. First, we oxi-
dised BPA at þ0.6 V for 60 s followed by SWV. This step was
repeated with sequential additions of BPA to the solution, resulting
in a sequence of SWV curves (Fig. 6 a) and a calibration curve (Fig. 6
b). A new NC-GCE electrode was prepared and tested with known
concentrations of BPA. The concentrations extrapolated using the
linear relationship in Fig. 6 b are in close agreement with the added
concentrations. A linear response between 0 and 80 mM (R2 >0:99)
was obtained, which improved significantly compared with those
extracted from the direct detection of BPA oxidation. The detection
D (mM) Detection Range (mM) References

05 0e50 This work
6 0.5e30 This work
62 0.1e80 This work
8 0.1e130 [35]

10e100 [36]
4 0.5e25 [37]
5 0.49 to 24 [38]
1 0.3e85 [39]
3 0.1e0.9 [40]
17 0.2e10 [41]
2 1e16 [42]
1 0.44e5.2 [43]
6 0.3e100 [24]
5 0.1e300 [44]
08 0.05e5 [45]
83 0.1e11 [46]
2 0.1e500 [47]
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limit can be calculated to be 0.062 mM with a sensitivity of
1.159 mAmM�1 and noise of 24 nA.

In the interest of using this sensor in a context with several co-
existing phenolic compounds, we show the simultaneous detection
of phenolic compounds HQ, 1,2-dihydroxybenzene (DHB) and BPA
using this indirect method (Fig. 7). Consecutive addition of BPA up
to 5 mM showed distinguishable peaks for the three species, indi-
cating the high selectivity of this nanocarbon sensor.

4. Conclusion

Mounting evidence suggests that BPA is more harmful to
humans than expected. To tackle the challenges of tracking low
levels of BPA, we developed electrochemical sensors based on
carbon nanomaterials: nanodiamond and nanocarbon. In this work,
we proposed three strategies, namely: the direct detection of BPA
on boron-doped diamond electrodes and single-use nanocarbon
electrodes, and the indirect detection of BPA through the redox
reaction of the by-product quinone on nanocarbon electrodes.
These methods detect BPA in a concentration range from 0.1 to
80 mM with a detection limit down to few nanomolar. The perfor-
mance of these three methods exceeds many BPA sensors reported
in the literature (summarised in Table 1). The carbon-based sensors
presented in this work are capable of measuring BPA at concen-
trations lower than the daily dose limits set by recent medical
advice.

In addition to a lower detection limit and wide detection range,
the main feature of these three sensors are the avoidance of surface
fouling, which is the main challenge for electrochemical BPA
sensors.

This work offers different strategies that are suitable for various
BPA detection situations, either developing a highly sensitive and
reliable continuous BPA monitoring system, or an easy to use, low
cost, BPA sensor. The former, based on the nanodiamond electrodes,
can be used for portable on-site continuous BPA monitoring. The
latter, based on nanocarbon electrodes, for single-use rapid tests
and home use.We envisage that such sensors are promising tools to
meet the challenges of BPA contamination and stricter regulations,
as an alternative to the conventional ELISA tests or central lab
equipment.
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