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ARTICLE INFO ABSTRACT

Keywords: Bisphenol A is one the most relevant endocrine disruptors for its toxicity and ubiquity in the environment, being
Carbon black largely employed as raw material for manufacturing processes of a wide number of compounds. Furthermore,
Nanomaterials bisphenol A is released in the drinking water when plastic-based bottles are incorrectly transported under
Eﬁ:ﬁ:&e voltammetry sunlight, delivering contaminated drinking water. For the health of human beings and the environment, rapid

and on site detection of bisphenol A in drinking water is an important issue. Herein, we report a novel and cost-
effective printed electrochemical sensor for an enzymatic-free bisphenol A detection. This sensor encompasses
the entire electrochemical cell printed on filter paper and the reagents for the measurement loaded in the
cellulose fiber network, for delivering a reagent-free analytical tool. The working electrode was printed using ink
modified with carbon black, a cost effective nanomaterial for sensitive and sustainable bisphenol A determi-
nation. Several parameters including pH, frequency, and amplitude were optimized allowing for a detection limit
of 0.03 pM with two linear ranges 0.1-0.9 uM and 1 uM-50 uM, using square wave voltammetry as electro-
chemical technique. The satisfactory recovery values found in river and drinking water samples demonstrated
the suitability of this sensor for screening analyses in water samples. These results revealed the attractiveness of
this paper-based device thanks to the synergic combination of paper and carbon black as cost-effective materials.

River water
Drinking water

1. Introduction

Endocrine-disrupting compounds encompass pharmaceuticals, di-
oxin and dioxin-like compounds, polychlorinated biphenyls, pesticides,
and plasticizers and they are listed as emerging pollutants because able
to affect human hormonal activities [1-3]. Among several endocrine-
disrupting compounds, Bisphenol A (BPA) has attracted relevant at-
tention by the scientific community for its toxicity and presence in the
environment, being used in the industrial production of epoxy resins,
polycarbonate plastics, and lacquer coating, to name a few [4-7].
Several studies demonstrated estrogens-like property of BPA, corre-
lating the BPA exposure with diabetes, heart diseases, obesity, breast
and prostate cancer, lowered sperm quality, neurotoxicity problem, and
polycystic ovarian syndrome [8-11]. The detection of BPA by using
rapid and sensitive sensors is thus a key issue in analytical chemistry for
easily assessment of safety of water and food samples, as well as the
pollution of surface waters. Several analytical methods have been

developed for BPA quantification by using high performance liquid
chromatography [12,13], gas chromatography-mass spectrometry
[14], enzyme-linked immunosorbent assay (ELISA) [15], and molecular
imprinted sensors [16]. Among these, the electrochemical ones have
the advantages to be cost-effective and miniaturized, suitable for in situ
analysis by unskilled personnel. In this overall scenario, several elec-
trochemical sensors have been developed for BPA detection using glassy
carbon electrodes and screen-printed electrodes [17-21].

Paper has recently taken a huge attention being an eco-friendly
support to design microfluidic devices [22]. Undeniably, paper-based
devices possess many unique advantages including cost-effectiveness,
easiness to use, portability, sample-flow without the need of external
pumps, and suitability for high throughput analyses [23-27]. Further-
more, the analyses carried out by paper-based devices required small
sample volume and the final device containing the sample analysed can
be safely disposed by incineration [28,29]. To supply an eco-designed
device, we fabricated the paper-based sensor by combining screen-
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printing for electrochemical cell manufacturing and wax printing for
designing hydrophilic regions surrounded by hydrophobic ones. In
addition, we selected filter paper because it is able to load the reagent
needed for the analysis exploiting its porosity for reagent-free mea-
surement.

To improve the sensitivity, carbon black has been selected as
carbon-based nanomaterial to modify the ink used to print the working
electrode. Carbon black is a form of amorphous carbon characterized by
high surface area to volume ratio. Up to 2010, only few examples of
carbon-black based sensors were reported in literature for analyte de-
tection in solution, while, starting from 2010, there is an increasing
interest in this cost-effective nanomaterial. For instance, it showed
outstanding features in terms of electrocatalytic properties towards
several analytes such as NADH, thiocholine, and hydrogen peroxide
[30,31]. Among different molecules, phenolic compounds namely ca-
techol, gallic acid, caffeic acid, tyrosol, p-nitrophenol and p-cresol have
been detected using carbon black-modified electrode, demonstrating a
giant improved in terms of sensitivity and low applied potential
[32,33].

Herein, we present the first example of paper-based device able to
detect BPA directly on river and drinking water samples without any
extra-task of end-users, exploiting the porosity of filter paper to load the
reagents as well as to threat the sample. The lab on a chip on paper
developed requires the only addition of some pL of sample for BPA
quantification. The high sensitivity was achieved exploiting the low-
cost carbon black as nanomaterial for the direct BPA detection, de-
monstrating for the first time the effectiveness of carbon black and
paper-based sensor for on-site environmental monitoring and drinking
water analysis at the point-of need.

2. Experimental
2.1. Reagents and equipment

BPA was purchased from Sigma-Aldrich. 0.1 M BPA solution was
freshly prepared before use by mixing acetonitrile with phosphate
buffer solution 20% (v/v). Phosphate buffer solution was prepared by
mixing stock solution of 0.1 M K,HPO,4 and 0.1 KCl M and the pH ad-
justed with HCl or NaOH. Commercial carbon black (CB) N220 powder
was kindly supplied as gift by Cabot Corporation, Italy. Graphite based
ink (Electrodag 421), and Ag/AgCl ink (Electrodag 4038 SS) were
purchased from Acheson, UK. Square wave voltammetry measurements
were achieved using a portable EmStat Instrument (Palm-Sens,
Netherlands) connected with a laptop. The substrate for paper-based
sensor fabrication was Labor filter paper (67 g/m?), purchased from
Cordenons, Italy. All other reagents were of analytical grade and used
as received without further purification. All measurements were carried
out at room temperature.

2.2. Paper-based sensor fabrication

The fabrication procedure of the paper-based sensor is described in
our previous papers [34,35]. Briefly, the working area was defined by
using a wax printer Xerox ColorQube 8580 then the waxed paper is
treated in the oven for 2 min at 100 °C. The step in the oven allowed the
melting of wax and its diffusion through the cellulose fibers network,
creating hydrophobic barriers. The three-electrode system was then
screen-printed on paper using 245 DEK (UK) screen-printing machine.
The pseudo-reference electrode was printed using Ag/AgCl ink for the
first layer, and then the conductive graphite-based ink containing CB
5% w/w was used to print the second layer. The CB-modified graphite
ink was prepared by mixing 9.5 g of graphite based ink with 0.5 g of CB.
To cure the ink after the printing step, each sheet was placed in the
oven at 70 °C for 20 min.

Talanta 216 (2020) 120924

2.3. BPA detection in standard solution

Measurements of BPA were performed using square wave voltam-
metry technique (SWV). All voltammetric measurements were per-
formed loading 10 pL of phosphate buffer 0.1 M + KCl 0.1 M at pH 8.0
onto the paper-based sensor and wait to become dry. After, 10 uL of
BPA standard solution was added and BPA measured by SWV using a
potential window comprised between 0.0 and 0.8 V, a potential step of
15 mV, frequency of 100 Hz, and amplitude of 50 mV.

2.4. BPA detection in river and drinking water sample

Samples of river water were collected from Aniene Valley (Rome,
Italy), while drinking water from a commercial drinking water bottle.
Before water analysis, 10 pL of phosphate buffer 0.1 M + KCl 0.1 M at
pH 8.0 were loaded onto the paper-based sensor, waiting until it gets
dry, to deliver a reagent free sensor. Then, the real water sample was
loaded without any pre-treatment, on the backside of the printed
sensor, in order to filter the sample.

3. Results and discussion

The paper-based device was conceived to detect BPA by analyzing
directly the sample without any sample treatment, exploiting the fil-
tering properties of filter paper due to the presence of pores with di-
mension comprised between 1 and 3 pm able to block the particulate
[35,36]. To achieve this task, the sample was loaded on the backside of
the printed sensor to exploit the filtration property of the paper (Fig. 1).

Previously, some pL of buffer were loaded on paper waiting for
solvent evaporation. In this way, the buffer salts remained into the
cellulose fiber network and the added sample allows their dissolution,
delivering a working solution at the pH selected for sensitive and re-
producible BPA detection. Square wave voltammetry was selected
being a technique widely employed for BPA, using the conventional
electrodes such as glassy carbon or carbon paste electrodes [37,38].

3.1. Cyclic voltammetric behavior of BPA at bare and CB-modified paper-
based sensor

The first study aimed to evaluate the effect of CB in the direct
electrochemical detection of BPA, analyzing the response by cyclic
voltammetry in the potential range of 0.0-1.0 V at scan rate of 20 mV/s
in phosphate buffer. As depicted in Fig. 2, a peak around 0.5 V was
observed using both bare and CB-modified electrodes, due to the elec-
trochemical reaction reported in Equation 1.

Equation 1. Redox reaction of BPA at the working electrode

surface-
-2 H*

oD 2 =D
) 2e

As shed light by Fig. 2, using a bare electrode a current intensity of
ca. 8 pA was observed, while the presence of CB allows for an improved
sensitivity, with a peak intensity of ca. 40 pA. Furthermore, the high
sensitivity in presence of CB is combined with the low background
(around the same observed in case of bare electrode), succeeding in a
higher signal/noise ratio when compared with the response obtained
using the bare electrode. Indeed, often the modifications of the working
electrode surface with (nano)materials allowed for increasing both the
response but also the background current [39]. For instance, Dong et al.
modified the glassy carbon electrode surface with graphite nano-
particles, observing a peak at around 0.55 V but as well a higher ca-
pacitive current [6]. In this overall scenario, the results achieved de-
monstrated the advantage of using CB, being able to improve the
sensitivity jointed with low background current just printing the elec-
trode with a commercial graphite ink modified with only 5% (w/w) of
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Fig. 1. Schematic representation of the configuration of paper-based sensor and measurement procedure.

(o3
o

(2]
o

Current / pA
S 8

00 02 04 06 0.8 1.0
Potential /| V

Fig. 2. Cyclic voltammetries in phosphate buffer 0.1 M + KCl 0.1 M in absence
(dashed) and in presence (solid line) of BPA 1 mM, in the potential range from 0
to 1 V (vs. Ag/AgCl) with scan rate of 20 mV/s using bare (black line) and CB-
modified paper-based device (red line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

CB. This behavior can be ascribed to several key features of CB, in-
cluding nanodimensions, the onionlike carbon structure, and the high
number of defect sites as reported in literature [40,41]. In addition,
another relevant feature of CB relies in its low cost (around 1 for 1 Kg)
and the possibility to use this nanomaterial as received by the supplier
without any further physical and chemical treatment. For the higher
performances observed using CB-based sensor, the nanomodified paper-
based sensor was selected for the further study.

3.2. The effect of pH

As highlighted in equation (1), the pH affects the reaction and thus
the detection of BPA; for this reason, pH was the first parameter in-
vestigated. To accomplish this task, we studied the voltammetric be-
havior over a pH range of 4.0-9.0 by using a Britton Robinson buffer
and a BPA concentration of 50 pM. From pH 4 to 8, it can be seen that
the peak current increased up to ca. 85 pA as the pH increased, but

when pH was higher than 8, the peak current decreased (Fig. 3A) in
agreement with the literature data [42]. In order to obtain a high
sensitivity, pH 8 was chosen in this work. Furthermore, the effect of pH
on applied potential was evaluated. As widely reported in literature, at
the increase of pH, a negative potential shift is observed. A good linear
relationship was obtained between the peak potential (E;) and solution
pH, described by the following equation y= (0.96 =* 0.01) -
(0.065 =+ 0.002) pH (Fig. 3B). A shift of 65 mV for each pH value was
observed, which is in line with the theoretical value of 59 mV per pH
unit, indicating an electron transfer process convoyed by an equal
number of electrons and protons, in agreement with Equation (1).
Furthermore, taking into consideration the width at half height of peak
around 100 mV, it can be concluded that phenol oxidation process in-
volves the transfer of one-electron and one proton [43].

3.3. Optimization of square wave voltammetry parameters

In order to develop a highly sensitive analytical tool, SWV para-
meters such as frequency, amplitude, and step potential were opti-
mized, being able to affect the height and resolution of the peak. Firstly,
the effect of frequency was investigated by increasing the frequency
from 10 to 100 Hz. The peak current increased with increasing of fre-
quency (Fig. S1). With the portable instrument we used, frequencies
higher than 100 Hz are not available, thus 100 Hz was selected as the
frequency giving the highest sensitivity within the experimental set-up
employed. The pulse amplitude is another parameter that strongly in-
fluences the peak current in SWV, thus determining the sensitivity of
the measurement. The step potential was investigated in range of
1 mV-30 mV (Fig. S2), observing an increasing of peak current of BPA
with the increasing of step size until to 15 mV, thus square wave step
potential of 15 mV was chosen for the successive experiments. The ef-
fect of square wave amplitude on the current response was studied by
varying the square wave amplitude from 10 mV to 100 mV. As expected
from theory [44], the peak current increases at the variation of pulse
amplitude, however combined with a worse peak resolution (Fig. 3C).
For the subsequent analytical applications, a value of 50 mV was chosen
as compromise between the resolution and intensity of the peak (Fig. 3C
and D).

3.4. Analytical features

Once optimized the pH and SWV parameters, the sensor was tested
to assess its analytical performances. The calibration curve was
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Fig. 3. Optimization of pH. (A) SWV measurements
of BPA 50 uM in Britton Robinson buffer at different

[
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pH values; (B) Plot of Ep vs. pH. SWV conditions:
Eampl = 50 mV, Estep = 15 mV, f = 100 Hz. (C)
SWV measurements at different amplitudes of BPA
50 uyM in 0.1 M phosphate buffer containing KCl
0.1 M, pH = 8; (D) Histogram of peak current vs.
Amplitude. SWV conditions: Estep = 15 mV,
f = 100 Hz.
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Fig. 4. SWV measurements of BPA at different concentrations up to 50 uM in
0.1 M phosphate buffer +0.1 M KCl, pH = 8, Eampl = 50 mV, Estep = 15mV,
f = 100 Hz. Inset: calibration curves.

constructed analyzing BPA at concentrations starting from 0.1 pM until
to 50 puM, observing two linear ranges (Fig. 4), described by the fol-
lowing equations: y= (0.5 * 0.3) + (6.2 = 0.5) x, in the range
comprised between 0.1 and 0.9 pM, with R?* = 0.978 and y=
(15 = 2) + (1.8 * 0.2) x, in the range comprised between 1 and
20 uM, with R? = 0.961. The detection limit was calculated as 3 times
the standard deviation of the blank solution divided by the slope of the
calibration curve, resulting in 0.03 uM. Repeatability inter-electrodes
was also assessed testing a concentration of BPA 1.5 uM, obtaining a
RSD % equal to 9.5% (n = 13). When compared with paper-based
electrochemical sensors reported in literature [45,46], the proposed

sensor is the only one able to detect BPA at uM level with the entire
electrochemical cell printed on paper. Furthermore, when compared
with other electrochemical sensors reported in literature, including the
electrodes modified with CB or based on screen-printed electrodes
(Table 1), the obtained device shows analytic features comparable or
even better, with the advantage to be the only sensor able to detect BPA
in few pL of water sample without any sample treatment e.g. dilution
and pH adjustment using. In this way, the porosity of the paper was
exploited to i) contain the reagents needed for the measurement (KCl,
phosphate salts), ii) treat the sample thanks to the structure of the 3D
structure of paper used, iii) deliver a fast measurement requiring less
than 30 s.

3.5. Interference study

To assess the selectivity of the sensors, several compounds including
pesticides such as 2,4 D, paraoxon, atrazine and heavy metals such as
lead and cadmium were tested using the concentration of 10 ppb be-
cause their EU legal limits in water samples are at ppb level. A slight
response (lower than 15%) was observed only in the case of cadmium
ions. To test the selectivity towards other phenolic compounds, 10 pM
of hydroquinone was tested without a measurable response, demon-
strating a satisfactory selectivity towards different types of pollutants.

3.6. Water sample analysis

In order to evaluate the performance of paper-based sensor for
practical analytical applications, BPA was determined in river and
drinking water samples without any sample treatment. Fig. 5 reported
the analyses achieved by using the standard addition method, analyzing
three samples fortified with three different concentrations of BPA 10,
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Table 1

Comparison of analytical performances of the proposed sensor for BPA detection with other sensors reported in literature, MIPs = molecularly imprinted polymers,
MNPs = magnetic nanoparticles, CTAB = cetyltrimethyl ammonium bromide, CPE = carbon paste electrode, NH2-MIL-125/RGO = amine-functionalized metal-
organic framework/reduced graphene oxide, GCE = glassy carbon electrode, AuNPs = gold nanoparticles, NPG = nanoporous gold, MIPPy-GQDs = molecularly
imprinted polypyrrole/graphene quantum dots, Fe;O4NPs = ferroferric oxide nanoparticles CB = carbon black, CNT = carbon nanotubes, CAS = casein,
RGO = reduced graphene oxide; CV = Cyclic voltammetry, DPV = differential pulse voltammetry, LS = linear scan, CA = chronoamperometry.

Type of sensor Technique Linear range (uM) LOD (uM) Sample treatment Ref.
MIPs MNPs/CTAB/CPE Ccv 0.6-100 0.1 Filtration, concentration and dilution with buffer solution [47]1
NH2-MIL-125/RGO/GCE DPV 2-200 0.7966 Not reported [48]
MIP-AuNPs/GCE Amperometry 8-6 x 10* 0.138 Filtration and dilution [49]
NPG/GCE DPV 0.1-50 0.0121 Addition of phosphate salts to adjust pH value at 7.5 [50]
MIPPy-GQDs/GCE DPV 0.1-50 0.04 Filtration/Centrifugation [51]
Fe304NPs-CB/GCE DPV 0.1 x 107%-50 3.1 x 10°° - [52]
CAS-CB/GCE LS 0.49-24 0.25 Dilution, addition of tween 20 and phosphate solution [53]
CB/CPE SwWv 1-16 0.3 - [54]
CB/GCE DPV 0.01-3 0.0034 Dilution with supporting electrolyte [55]
AuNPs/CB/SPE DPV 0.07-10 0.0088 Dilution with phosphate buffer [56]
RGO/CNT/AuNPs-SPE DPV 0.00145-1.49 0.00008 - [571
dendritic platinum nanoparticles/SPE CA 0.01-1.0 0.00663 Dilution with phosphate buffer [58]
1.0-300
CB/uPAD SWvV 0.1-0.9 0.03 None This work
1-20

20 and 30 pM, in triplicate. The satisfactory recovery values obtained Table 2
(Table 2) demonstrated the effectiveness of this cost-effective and easy Recovery study.
to use paper-based sensor to detect BPA in water samples.

[BPA] uM added % recovery in river water % recovery in drinking water
. 10 9 * 2 100 = 20
4. Conclusions 20 88 + 6 101 + 2
30 94 = 5 92 = 6
Water stress, in terms of pressure on the quantity and quality of
water resources, is one of the most serious problem at worldwide level.
The detection of emerging pollutants on site is a need to address
River water Drinking water
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Fig. 5. SWV measurements and calibration curves obtained by using the standard addition method for water samples fortified with 10, 20 and 30 uM of BPA.
Measurement conditions as reported in Fig. 4.
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sustainable monitoring of water quality. In this context, the electro-
chemical paper-based devices are acquiring a prominent role for their
cost-effectiveness, capability to be used by unskilled personnel, the
requirement of minimal amount of reagents, and the suitability to be
applied in complex matrices. Herein, we reported the electrochemical
device able to detect BPA by requiring only the addition of the sample,
thanks to the use of the filter paper as support to print the electrodes, to
store the reagents, and to treat the sample. Moreover, the combination
of the cheap filter paper with the cost-effective nanomaterial carbon
black, allows the construction of a very inexpensive but at the same
time highly sensitive sensor for BPA quantification at pM level in river
and drinking water samples.

CRediT authorship contribution statement

Dhouha Jemmeli: Investigation, Data curation, Writing - original
draft. Eleonora Marcoccio: Investigation, Data curation. Danila
Moscone: Writing - review & editing, Resources. Cherif Dridi:
Conceptualization, Writing - review & editing, Funding acquisition.
Fabiana Arduini: Conceptualization, Methodology, Writing - review &
editing, Resources, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This work is partially supported by Tunisian Ministry of higher
education and scientific research and ERANETMED RQ3-2016
NanoSWS.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.talanta.2020.120924.

References

[1] C. Barrios-Estrada, M. de Jesis Rostro-Alanis, B.D. Muiioz-Gutiérrez, H. Igbal,

S. Kannan, R. Parra-Saldivar, Emergent contaminants: endocrine disruptors and

their laccase-assisted degradation—a review, Sci. Total Environ. 612 (2018)

1516-1531, https://doi.org/10.1016/j.scitotenv.2017.09.013.

C.L.S. Vilela, J.P. Bassin, R.S. Peixoto, Water contamination by endocrine dis-

ruptors: impacts, microbiological aspects and trends for environmental protection,

Environ. Pollut. 235 (2018) 546-559, https://doi.org/10.1016/j.envpol.2017.12.

098.

[3] A. Bhatnagar, I. Anastopoulos, Adsorptive removal of bisphenol A (BPA) from
aqueous solution: a review, Chemosphere 168 (2017) 885-902, https://doi.org/10.
1016/j.chemosphere.2016.10.121.

[4] C.A. Staples, P.B. Dome, G.M. Klecka, S.T. Oblock, L.R. Harris, A review of the
environmental fate, effects, and exposures of bisphenol A, Chemosphere 36 (1998)
2149-2173, https://doi.org/10.1016/50045-6535(97)10133-3.

[5] Y. Mutou, Y. Ibuki, Y. Terao, S. Kojima, R. Goto, Chemical change of chlorinated
bisphenol A by ultraviolet irradiation and cytotoxicity of their products on Jurkat
cells, Environ. Toxicol. Pharmacol. 21 (3) (2006) 283-289, https://doi.org/10.
1016/j.etap.2005.09.005.

[6] X. Dong, X. Qi, N. Liu, Y. Yang, Y. Piao, Direct electrochemical detection of bi-
sphenol A using a highly conductive graphite nanoparticle film electrode, Sensors
17 (2017) 836, https://doi.org/10.3390/517040836.

[7] R. Singh, S. Shahi, Chemical degradation of poly (bisphenol A carbonate) waste
materials: a review, Chemistry 3 (42) (2018) 11957-11962, https://doi.org/10.
1002/slct.201802577.

[8] P.M., L. Lind, Endocrine-disrupting chemicals and risk of diabetes: an evidence-
based review, Diabetologia 61 (7) (2018) 1495-1502, https://doi.org/10.1007/
s00125-018-4621-3.

[9] N.J. Cabaton, P.R. Wadia, B.S. Rubin, D. Zalko, C.M. Schaeberle, M.H. Askenase,
J.L. Gadbois, A.P. Tharp, G.S. Whitt, C. Sonnenschein, A.M. Soto, Perinatal exposure
to environmentally relevant Levels of bisphenol A decreases fertility and fecundity
in CD-1 mice, Environ. Health Perspect. 119 (4) (2011) 547-552, https://doi.org/
10.1289/ehp.1002559.

[2

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Talanta 216 (2020) 120924

M. Murata, J.H. Kang, Bisphenol A (BPA) and cell signaling pathways, Biotechnol.
Adv. 36 (1) (2018) 311-327, https://doi.org/10.1016/j.biotechadv.2017.12.002.
R. Nomiri, C. Hoshyar, C.R. Ambrosino, B. Mansouri Tyler, A mini review of bi-
sphenol A (BPA) effects on cancer-related cellular signaling pathways, Environ. Sci.
Pollut. Control Ser. 26 (9) (2019) 8459-8467, https://doi.org/10.1007/s11356-
019-04228-9.

Y. Watabe, T. Kondo, M. Morita, N. Tanaka, J. Haginaka, K. Hosoya, Determination
of bisphenol A in environmental water at ultra-low level by high-performance liquid
chromatography with an effective on-line pretreatment device, J. Chromatogr. A
1032 (1-2) (2004) 45-49, https://doi.org/10.1016/j.chroma.2003.11.079.

C. Musfeld, J. Biollaz, N. Bélaz, U.W. Kesselring, L.A. Decosterd, Validation of an
HPLC method for the determination of urinary and plasma levels of N1-methylni-
cotinamide, an endogenous marker of renal cationic transport and plasma flow, J.
Pharmaceut. Biomed. Anal. 24 (3) (2001) 391-404, https://doi.org/10.1016/
S0731-7085(00)00425-8.

S.C. Cunha, J.O. Fernandes, Quantification of free and total bisphenol A and bi-
sphenol B in human urine by dispersive liquid-liquid microextraction (DLLME) and
heart-cutting multidimensional gas chromatography-mass spectrometry (MD-GC-
MS), Talanta 83 (1) (2010) 117-125, https://doi.org/10.1016/j.talanta.2010.08.
048.

M.C. Estevez, R. Galve, F. Sanchez-Baeza, M.P. Marco, Direct competitive enzyme-
linked immunosorbent assay for the determination of the highly polar short-chain
sulfophenyl carboxylates, Anal. Chem. 77 (16) (2005) 5283-5293, https://doi.org/
10.1021/ac0502910.

C. Hou, W. Tang, C. Zhang, Y. Wang, N. Zhu, A novel and sensitive electrochemical
sensor for bisphenol A determination based on carbon black supporting ferric oxide
nanoparticles, Electrochim. Acta 144 (2014) 324-331, https://doi.org/10.1016/j.
electacta.2014.08.053.

K. Varmira, M. Saed-Mocheshi, A.R. Jalalvand, Electrochemical sensing and bio-
sensing of bisphenol A and detection of its damage to DNA: a comprehensive re-
view, Sens. Bio-Sens. Res. 15 (2017) 17-33, https://doi.org/10.1016/j.sbsr.2017.
07.002.

D.G. Mita, A. Attanasio, F. Arduini, N. Diano, V. Grano, U. Bencivenga, S. Rossi,
A. Amine, D. Moscone, Enzymatic determination of BPA by means of tyrosinase
immobilized on different carbon carriers, Biosens. Bioelectron. 23 (1) (2007)
60-65, https://doi.org/10.1016/j.bios.2007.03.010.

V.M. Ekomo, C. Branger, R. Bikanga, A.M. Florea, G. Istamboulie, C. Calas-
Blanchard, T. Noguer, A. Sarbu, H. Brisset, Detection of Bisphenol A in aqueous
medium by screen printed carbon electrodes incorporating electrochemical mole-
cularly imprinted polymers, Biosens. Bioelectron. 112 (2018) 156-161, https://doi.
org/10.1016/j.bios.2018.04.022.

M. Portaccio, D. Di Tuoro, F. Arduini, M. Lepore, D.G. Mita, N. Diano, L. Mita,

D. Moscone, A thionine-modified carbon paste amperometric biosensor for catechol
and bisphenol A determination, Biosens. Bioelectron. 25 (9) (2010) 2003-2008,
https://doi.org/10.1016/j.bios.2010.01.025.

M. Portaccio, D. Di Tuoro, F. Arduini, D. Moscone, M. Cammarota, D.G. Mita,

M. Lepore, Laccase biosensor based on screen-printed electrode modified with
thionine—carbon black nanocomposite, for Bisphenol A detection, Electrochim. Acta
109 (2013) 340-347, https://doi.org/10.1016/j.electacta.2013.07.129.

A.W. Martinez, S.T. Phillips, M.J. Butte, G.M. Whitesides, Patterned paper as a
platform for inexpensive, low-volume, portable bioassays, Angew. Chem. Int. Ed. 46
(8) (2007) 1318-1320, https://doi.org/10.1002/anie.200603817.

N. Colozza, K. Kehe, G. Dionisi, T. Popp, A. Tsoutsoulopoulos, D. Steinritz,

D. Moscone, F. Arduini, A wearable origami-like paper-based electrochemical bio-
sensor for sulfur mustard detection, Biosens. Bioelectron. 129 (2019) 15-23,
https://doi.org/10.1016/j.bios.2019.01.002.

S.M.Z. Hossain, J.D. Brennan, B-galactosidase-based colorimetric paper sensor for
determination of heavy metals, Anal. Chem. 83 (22) (2011) 8772-8778, https://
doi.org/10.1021/ac202290d.

W. Dungchai, O. Chailapakul, C.S. Henry, Electrochemical detection for paper-
based microfluidics, Anal. Chem. 81 (2009) 5821-5826 ttps://doi.org/10.1021/
ac9007573.

J. Yu, L. Ge, J. Huang, S. Wang, S. Ge, Microfluidic paper-based chemiluminescence
biosensor for simultaneous determination of glucose and uric acid, Lab Chip 11
(2011) 1286-1291, https://doi.org/10.1039/COLCO0524J.

J.L. Delaney, C.F. Hogan, J. Tian, W. Shen, Electrogenerated chemiluminescence
detection in paper-based microfluidic sensors, Anal. Chem. 83 (2011), https://doi.
org/10.1021/ac102392t 1300 -130.

K. Yamada, H. Shibata, K. Suzuki, D. Citterio, Toward practical application of
paper-based microfluidics for medical diagnostics: state-of-the-art and challenges,
Lab Chip 17 (7) (2017) 1206-1249, https://doi.org/10.1039/C6LCO1577H.

D.M. Cate, J.A. Adkins, J. Mettakoonpitak, C.S. Henry, Recent developments in
paper-based microfluidic devices, Anal. Chem. 87 (1) (2014) 19-41.

F. Arduini, S. Cinti, V. Scognamiglio, D. Moscone, G. Palleschi, How cutting-edge
technologies impact the design of electrochemical (bio) sensors for environmental
analysis. A review, Anal. Chim. Acta 959 (2017) 15-42, https://doi.org/10.1016/j.
aca.2016.12.035.

F. Arduini, A. Amine, C. Majorani, F. Di Giorgio, D. De Felicis, F. Cataldo,

D. Moscone, G. Palleschi, High performance electrochemical sensor based on
modified screen-printed electrodes with cost-effective dispersion of nanostructured
carbon black, Electrochem. Commun. 12 (3) (2010) 346-350, https://doi.org/10.
1016/j.elecom.2009.12.028.

D. Talarico, F. Arduini, A. Constantino, M. Del Carlo, D. Compagnone, D. Moscone,
G. Palleschi, Carbon black as successful screen-printed electrode modifier for phe-
nolic compound detection, Electrochem. Commun. 60 (2015) 78-82, https://doi.
org/10.1016/j.elecom.2015.08.010.


https://doi.org/10.1016/j.talanta.2020.120924
https://doi.org/10.1016/j.talanta.2020.120924
https://doi.org/10.1016/j.scitotenv.2017.09.013
https://doi.org/10.1016/j.envpol.2017.12.098
https://doi.org/10.1016/j.envpol.2017.12.098
https://doi.org/10.1016/j.chemosphere.2016.10.121
https://doi.org/10.1016/j.chemosphere.2016.10.121
https://doi.org/10.1016/S0045-6535(97)10133-3
https://doi.org/10.1016/j.etap.2005.09.005
https://doi.org/10.1016/j.etap.2005.09.005
https://doi.org/10.3390/s17040836
https://doi.org/10.1002/slct.201802577
https://doi.org/10.1002/slct.201802577
https://doi.org/10.1007/s00125-018-4621-3
https://doi.org/10.1007/s00125-018-4621-3
https://doi.org/10.1289/ehp.1002559
https://doi.org/10.1289/ehp.1002559
https://doi.org/10.1016/j.biotechadv.2017.12.002
https://doi.org/10.1007/s11356-019-04228-9
https://doi.org/10.1007/s11356-019-04228-9
https://doi.org/10.1016/j.chroma.2003.11.079
https://doi.org/10.1016/S0731-7085(00)00425-8
https://doi.org/10.1016/S0731-7085(00)00425-8
https://doi.org/10.1016/j.talanta.2010.08.048
https://doi.org/10.1016/j.talanta.2010.08.048
https://doi.org/10.1021/ac0502910
https://doi.org/10.1021/ac0502910
https://doi.org/10.1016/j.electacta.2014.08.053
https://doi.org/10.1016/j.electacta.2014.08.053
https://doi.org/10.1016/j.sbsr.2017.07.002
https://doi.org/10.1016/j.sbsr.2017.07.002
https://doi.org/10.1016/j.bios.2007.03.010
https://doi.org/10.1016/j.bios.2018.04.022
https://doi.org/10.1016/j.bios.2018.04.022
https://doi.org/10.1016/j.bios.2010.01.025
https://doi.org/10.1016/j.electacta.2013.07.129
https://doi.org/10.1002/anie.200603817
https://doi.org/10.1016/j.bios.2019.01.002
https://doi.org/10.1021/ac202290d
https://doi.org/10.1021/ac202290d
http://refhub.elsevier.com/S0039-9140(20)30215-0/sref25
http://refhub.elsevier.com/S0039-9140(20)30215-0/sref25
http://refhub.elsevier.com/S0039-9140(20)30215-0/sref25
https://doi.org/10.1039/C0LC00524J
https://doi.org/10.1021/ac102392t
https://doi.org/10.1021/ac102392t
https://doi.org/10.1039/C6LC01577H
http://refhub.elsevier.com/S0039-9140(20)30215-0/sref29
http://refhub.elsevier.com/S0039-9140(20)30215-0/sref29
https://doi.org/10.1016/j.aca.2016.12.035
https://doi.org/10.1016/j.aca.2016.12.035
https://doi.org/10.1016/j.elecom.2009.12.028
https://doi.org/10.1016/j.elecom.2009.12.028
https://doi.org/10.1016/j.elecom.2015.08.010
https://doi.org/10.1016/j.elecom.2015.08.010

D. Jemmeli, et al.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

M.M. Lounasvuori, D. Kelly, J.S. Foord, Carbon black as low-cost alternative for
electrochemical sensing of phenolic compounds, Carbon 129 (2018) 252-257,
https://doi.org/10.1016/j.carbon.2017.12.020.

G. Scordo, D. Moscone, G. Palleschi, F. Arduini, A reagent-free paper-based sensor
embedded in a 3D printing device for cholinesterase activity measurement in
serum, Sensor. Actuator. B Chem. 258 (2018) 1015-1021, https://doi.org/10.
1016/j.snb.2017.11.134.

F. Arduini, S. Cinti, V. Caratelli, L. Amendola, G. Palleschi, D. Moscone, Origami
multiple paper-based electrochemical biosensors for pesticide detection, Biosens.
Bioelectron. 126 (2019) 346-354, https://doi.org/10.1016/].bios.2018.10.014.

S. Cinti, R. Cusenza, D. Moscone, F. Arduini, Paper-based synthesis of Prussian Blue
nanoparticles for the development of whole blood glucose electrochemical bio-
sensor, Talanta 187 (2018) 59-64, https://doi.org/10.1016/j.talanta.2018.05.015
2018.

S. Ulubay Karabiberoglu, Sensitive voltammetric determination of bisphenol A
based on a glassy carbon electrode modified with copper oxide-zinc oxide decorated
on graphene oxide, Electroanalysis 31 (1) (2019) 91-102, https://doi.org/10.1002/
elan.201800415.

M. Najafi, M.A. Khalilzadeh, H. Karimi-Maleh, A new strategy for determination of
bisphenol A in the presence of Sudan I using a ZnO/CNTs/ionic liquid paste elec-
trode in food samples, Food Chem. 158 (2014) 125-131, https://doi.org/10.1016/j.
foodchem.2014.02.082.

J. Cai, B. Sun, W. Li, X. Gou, Y. Gou, D. Li, F. Hu, Novel nanomaterial of porous
graphene functionalized black phosphorus as electrochemical sensor platform for
bisphenol A detection, J. Electroanal. Chem. 835 (2019) 1-9, https://doi.org/10.
1016/j.jelechem.2019.01.003.

V. Mazzaracchio, M.R. Tomei, I. Cacciotti, A. Chiodoni, C. Novara, M. Castellino,
G. Scordo, A. Amine, D. Moscone, F. Arduini, Inside the different types of carbon
black as nanomodifiers for screen-printed electrodes, Electrochim. Acta 317 (2019)
673-683, https://doi.org/10.1016/j.electacta.2019.05.117.

F. Arduini, S. Cinti, V. Mazzaracchio, V. Scognamiglio, A. Amine, D. Moscone,
Carbon black as an outstanding and affordable nanomaterial for electrochemical
(bio) sensor design, Biosens. Bioelectron. 156 (2020) 112033, , https://doi.org/10.
1016/].bi0s.2020.112033 in press.

Y. Wang, Y. Shi, Y. Zhang, H. Wang, J. Huang, J. Zhang, Song, Sensitive electro-
chemical detection of bisphenol a using molybdenum disulfide/Au Nanorod com-
posites modified glassy carbon electrode, Electroanalysis 29 (11) (2017)
2620-2627, https://doi.org/10.1002/elan.201700411.

T.A. Enache, A.M. Oliveira-Brett, Phenol and para-substituted phenols electro-
chemical oxidation pathways, J. Electroanal. Chem. 655 (2011) 9-16, https://doi.
org/10.1016/j.jelechem.2011.02.022.

J.G. Osteryoung, R.A. Osteryoung, Square wave voltammetry, Anal. Chem. 57
(1985) 101-110, https://doi.org/10.1021/ac00279a004.

H. Li, W. Wang, Q. Lv, G. Xi, H. Bai, Q. Zhang, Disposable paper-based electro-
chemical sensor based on stacked gold nanoparticles supported carbon nanotubes
for the determination of bisphenol A, Electrochem. Commun. 68 (2016) 104-107,
https://doi.org/10.1016/j.elecom.2016.05.010.

A.H. Kamel, X. Jiang, P. Li, R. Liang, A paper-based potentiometric sensing platform
based on molecularly imprinted nanobeads for determination of bisphenol A,
Analytical Methods 10 (31) (2018) 3890-3895, https://doi.org/10.1039/
C8AY01229F.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Talanta 216 (2020) 120924

L. Zhu, Y. Cao, G. Cao, Electrochemical sensor based on magnetic molecularly
imprinted nanoparticles at surfactant modified magnetic electrode for determina-
tion of bisphenol A, Biosens. Bioelectron. 54 (2014) 258-261, https://doi.org/10.
1016/j.bi0s.2013.10.072.

L.J. Ling, J.P. Xu, Y.H. Deng, Q. Peng, J.H. Chen, Y. San He, Y.J. Nie, One-pot
hydrothermal synthesis of amine-functionalized metal-organic framework/reduced
graphene oxide composites for the electrochemical detection of bisphenol A,
Analytical Methods 10 (23) (2018) 2722-2730, https://doi.org/10.1039/
¢8ay00052b.

J. Huang, X. Zhang, S. Liu, Q. Lin, X. He, X. Xing, W. Lian, Electrochemical sensor
for bisphenol A detection based on molecularly imprinted polymers and gold na-
noparticles, J. Appl. Electrochem. 41 (11) (2011) 1323-1328, https://doi.org/10.
1007/s10800-011-0350-8.

X. Yan, C. Zhou, Y. Yan, Y. Zhu, A simple and renewable nanoporous gold-based
electrochemical sensor for bisphenol A detection, Electroanalysis 27 (12) (2015)
2718-2724, https://doi.org/10.1002/elan.201500349.

F. Tan, L. Cong, X. Li, Q. Zhao, H. Zhao, X. Quan, J. Chen, An electrochemical sensor
based on molecularly imprinted polypyrrole/graphene quantum dots composite for
detection of bisphenol A in water samples, Sensor. Actuator. B Chem. 233 (2016)
599-606, https://doi.org/10.1016/j.snb.2016.04.146.

C. Hou, W. Tang, C. Zhang, Y. Wang, N. Zhu, A novel and sensitive electrochemical
sensor for bisphenol A determination based on carbon black supporting ferroferric
oxide nanoparticles, Electrochim. Acta 144 (2014) 324-331, https://doi.org/10.
1016/j.electacta.2014.08.053.

L. Vieira Jodar, L.O. Orzari, T. Storti Ortolani, M.H. Assumpcao, F.C. Vicentini,
B.C. Janegitz, Electrochemical sensor based on casein and carbon black for bi-
sphenol A detection, Electroanalysis 31 (2019) 2162-2170, https://doi.org/10.
1002/elan.201900176.

A. Ghanam, A.A. Lahcen, A. Amine, Electroanalytical determination of Bisphenol A:
Investigation of electrode surface fouling using various carbon materials, J.
Electroanal. Chem. 789 (2017) 58-66, https://doi.org/10.1016/j.jelechem.2017.
02.026.

M. Lawrywianiec, J. Smajdor, B. Paczosa-Bator, R. Piech, High sensitive method for
determination of the toxic bisphenol A in food/beverage packaging and thermal
paper using glassy carbon electrode modified with carbon black nanoparticles, Food
Analytical Methods 10 (2017) 3825-3835, https://doi.org/10.1007/s12161-017-
0945-8.

N.B. Messaoud, A.A. Lahcen, C. Dridi, A. Amine, Ultrasound assisted magnetic
imprinted polymer combined sensor based on carbon black and gold nanoparticles
for selective and sensitive electrochemical detection of bisphenol A, Sensor.
Actuator. B Chem. 276 (2018) 304-312, https://doi.org/10.1016/j.snb.2018.08.
092.

Y.C. Wang, D. Cokeliler, S. Gunasekaran, Reduced graphene oxide/carbon nano-
tube/gold nanoparticles nanocomposite functionalized screen-printed electrode for
sensitive electrochemical detection of endocrine disruptor bisphenol A,
Electroanalysis 27 (2015) 2527-2536, https://doi.org/10.1002/elan.201500120.
K. Shim, J. Kim, M. Shahabuddin, Y. Yamauchi, M.S.A. Hossain, J.H. Kim, Efficient
wide range electrochemical bisphenol-A sensor by self-supported dendritic pla-
tinum nanoparticles on screen-printed carbon electrode, Sensor. Actuator. B Chem.
255 (2018) 2800-2808.


https://doi.org/10.1016/j.carbon.2017.12.020
https://doi.org/10.1016/j.snb.2017.11.134
https://doi.org/10.1016/j.snb.2017.11.134
https://doi.org/10.1016/j.bios.2018.10.014
https://doi.org/10.1016/j.talanta.2018.05.015
https://doi.org/10.1016/j.talanta.2018.05.015
https://doi.org/10.1002/elan.201800415
https://doi.org/10.1002/elan.201800415
https://doi.org/10.1016/j.foodchem.2014.02.082
https://doi.org/10.1016/j.foodchem.2014.02.082
https://doi.org/10.1016/j.jelechem.2019.01.003
https://doi.org/10.1016/j.jelechem.2019.01.003
https://doi.org/10.1016/j.electacta.2019.05.117
https://doi.org/10.1016/j.bios.2020.112033
https://doi.org/10.1016/j.bios.2020.112033
https://doi.org/10.1002/elan.201700411
https://doi.org/10.1016/j.jelechem.2011.02.022
https://doi.org/10.1016/j.jelechem.2011.02.022
https://doi.org/10.1021/ac00279a004
https://doi.org/10.1016/j.elecom.2016.05.010
https://doi.org/10.1039/C8AY01229F
https://doi.org/10.1039/C8AY01229F
https://doi.org/10.1016/j.bios.2013.10.072
https://doi.org/10.1016/j.bios.2013.10.072
https://doi.org/10.1039/c8ay00052b
https://doi.org/10.1039/c8ay00052b
https://doi.org/10.1007/s10800-011-0350-8
https://doi.org/10.1007/s10800-011-0350-8
https://doi.org/10.1002/elan.201500349
https://doi.org/10.1016/j.snb.2016.04.146
https://doi.org/10.1016/j.electacta.2014.08.053
https://doi.org/10.1016/j.electacta.2014.08.053
https://doi.org/10.1002/elan.201900176
https://doi.org/10.1002/elan.201900176
https://doi.org/10.1016/j.jelechem.2017.02.026
https://doi.org/10.1016/j.jelechem.2017.02.026
https://doi.org/10.1007/s12161-017-0945-8
https://doi.org/10.1007/s12161-017-0945-8
https://doi.org/10.1016/j.snb.2018.08.092
https://doi.org/10.1016/j.snb.2018.08.092
https://doi.org/10.1002/elan.201500120
http://refhub.elsevier.com/S0039-9140(20)30215-0/sref58
http://refhub.elsevier.com/S0039-9140(20)30215-0/sref58
http://refhub.elsevier.com/S0039-9140(20)30215-0/sref58
http://refhub.elsevier.com/S0039-9140(20)30215-0/sref58

	Highly sensitive paper-based electrochemical sensor for reagent free detection of bisphenol A
	Introduction
	Experimental
	Reagents and equipment
	Paper-based sensor fabrication
	BPA detection in standard solution
	BPA detection in river and drinking water sample

	Results and discussion
	Cyclic voltammetric behavior of BPA at bare and CB-modified paper-based sensor
	The effect of pH
	Optimization of square wave voltammetry parameters
	Analytical features
	Interference study
	Water sample analysis

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Supplementary data
	References




