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Abstract

A novel and simple biosensor for the determination of bisphenol A (BPA) based on xanthine
oxidase (XOD) enzymatic inhibition has been developed. The biosensor was prepared from
xanthine oxidase immobilised by crosslinking with glutaraldehyde, with hypoxanthine as
enzyme substrate, and was successfully applied to the determination of BPA using fixed
potential amperometry. Biosensor performance was optimised with respect to the applied
potential, influence of pH of the electrolyte solution, XOD loading and the substrate
concentration. The enzyme inhibition mechanism was evaluated from Cornish-Bowden plus
Dixon plots and was found to be reversible and competitive with an apparent inhibition
constant of 8.15 nM. Under optimised conditions, the determination of BPA can be achieved
in the linear range up to 41 nM with a detection limit of 1.0 nM, which is equal to the lowest
reported in the literature, with very good repeatability and reproducibility. The selectivity of
the biosensor was evaluated by performing an interference study and found to be excellent;
and stability was investigated. It was successfully applied to the detection of BPA in mineral

water and in river water.
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1. Introduction

Concerns are growing among the public and the scientific community with respect to
chemicals, known collectively as endocrine disrupting compounds (EDCs), and which have
been extensively studied in relation to malformation, cancers, sexual precocity, neural and

behavioral changes in infants and children [1, 2].

Bisphenol A (BPA), one of the typical endocrine-disrupting chemicals, is suspected of
interfering with the normal function of the endocrine system causing adverse effects for
humans and wildlife [3]; it can mimic the body’s own hormones and lead to an increased risk
of cancer [4, 5]. However, BPA is important as a major component in the production of
polycarbonate (PC) and epoxy resin (EP), which are extensively used to make plastic food
and beverage containers, water bottles, baby bottles, and some dental sealants. Moreover,
what is more serious is that the migration of BPA from these materials into food has been
reported [6-9], and which can lead to acute toxicity to aquatic organisms and has also been
shown to occur in human cultured cells [10-12]. Additionally, BPA may even induce obesity,
diabetes, infertility, birth defects, prostate cancer and breast cancer [13, 14]. During the past
few years, the frequent environmental accidents resulting from BPA have been considered as
one of the most fundamental concerns at a global level. Bisphenol A is present in raw sewage,
in river water and sediments, and can also migrate into drinking water. It is released into the
environment due to domestic and industrial activities. Thus, it is very important to remove
BPA from the environment and to determine its presence in trace quantities. In this context, a
rapid, simple, sensitive and high-selective electroanalytical method for the determination of

bisphenol A would be highly desirable.

Until now, the analytical techniques for determination of BPA are mainly high performance
liquid chromatography (HPLC) [15], gas chromatography (GC) [16], mass spectrometry [17],

immunochemical methods [6], immunochromatographic lateral flow assay [18], and enzyme-



linked immunosorbent assay [19]. However, all these technologies are time-consuming, use
expensive instrumentation and require large sample volumes [20]. Electrochemical
biosensors, on the contrary, have shown advantages like simplicity, rapidity and low cost and
have the benefit of high sensitivity, potential for miniaturization, specificity, the possibility of
in situ analysis and allowing the determination of environmental pollutants. Nowadays, the
various biosensors that have been fabricated for bisphenol A analysis involve incorporation of
different biomolecules such as peptides [21-23], antibodies [24-26], aptamers [27—-29] and
enzymes [30-34]. Most of the enzyme biosensors for BPA are based on tyrosinase [30, 33,
34], or laccase [35]. The major drawbacks of most of these is that some chemical species can
be interferents and behave like the enzyme substrate, interact specifically with the
immobilized enzyme or can bind to the immobilized enzyme, causing changes in its active
site. Enzyme inhibition is the result of a reduction in observed enzymatic activity caused by
the presence of an inhibitor in the system [36]. Thus, biosensors based on enzyme inhibition
are reliable tools for the detection of many toxic compounds and are extremely useful for

application in clinical, food and environmental samples [37].

In the present work, xanthine oxidase (XOD) enzyme-based electrodes are proposed for the
first time for inhibitive determination of bisphenol A. The experimental conditions
influencing the analytical performance of the XOD biosensor were optimised. The response
of the sensor to bisphenol A was evaluated by measuring the activity of xanthine oxidase after
adding different concentrations of BPA. The biosensor exhibited an attractive performance for
determination of BPA, with good selectivity and stability. Practical application of the

developed modified electrode to the determination of BPA was successfully carried out.



2. Experimental

2.1. Reagents and solutions

Xanthine oxidase (E.C. 1.1.3.22, from buttermilk 0.068 U/mg) and glutaraldehyde (GA) (25
% v/v) aqueous solution were acquired from Fluka, bovine serum albumin (BSA) and

hypoxanthine were from Aldrich. BPA was obtained from Sigma—Aldrich.

All solutions were prepared using Millipore Milli-Q nanopure water (resistivity > 18 MQ
cm). The phosphate buffer solution (PB), 0.1 M was prepared over the pH range of 6.0-8.0
and was used as supporting electrolyte for biosensor evaluation and for all the electrochemical
measurements. A stock solution of 0.2 M BPA was prepared in methanol and stored in a
refrigerator at 4 °C. For BPA detection, the stock solution was diluted with buffer to 1.0 uM
and from this solution small aliquots (2-10 pL) were added to the cell. Experiments were

performed at room temperature, 25+1 °C.

2.2. Electrochemical instrumentation and measurements

All electrochemical measurements were performed with a conventional three-electrode
system in an electrochemical cell of 2 mL volume, containing the glassy carbon electrode
(GCE) as working electrode with 0.00785 cm? surface area, a platinum electrode as counter

electrode and an Ag/AgCl electrode as reference electrode.

The amperometric measurements were carried out at room temperature using a computer
controlled lviumsStat electrochemical analyser with IviumSoft software (version 2.024, Ivium

Technologies, The Netherlands).

The pH measurements were carried out with a Crison 2001 micro pH-meter (Spain) at room

temperature.



2.3. Enzyme immobilization

The immobilization of xanthine oxidase (XOD) onto the surface of the GCE was done by
cross-linking with glutaraldehyde and bovine serum albumin (BSA) as previously described
for several enzyme biosensors [38-40] in order to increase the attachment of the enzyme to
the transducer and facilitate electron exchange between substrate and enzyme active centre. A
mixture of 3 mg of XOD and 3 mg of BSA in 30 uL phosphate buffer (pH=7) was prepared.
From this solution, 1 L (which is equivalent to 0.0068 U XOD) was placed over the GCE,
and immediately 1 pL of the cross-linking agent glutaraldehyde (2.5 % v/v in Milli-Q water)
was added and then dried at room temperature for 1 to 2 h. The electrodes were kept at 4 °C

in phosphate buffer, pH 7.0 until needed.

2.4. Enzyme inhibition measurements

In order to evaluate the inhibition of the activity of xanthine oxidase, the XOD/GCE modified
electrode was dipped into a stirred phosphate buffer solution at pH 7.5, and a fixed potential
of —0.5 V vs. SCE was applied. After stabilisation of the baseline current, a fixed amount of
hypoxanthine (substrate) was added to record a steady-state current (lp) before adding the
inhibitor. The concentration of added bisphenol A was increased to inhibit the xanthine
oxidase activity, and the current decrease (l1), which is proportional to the final concentration
of the inhibitor in solution, was recorded. In order to evaluate the percentage of inhibition (I

(%)) due to the bisphenol A inhibitor, the following expression was used:

I, —1I
1(%) = 2—2x 100
'{D



3. Results and discussion

3.1. Biosensor for bisphenol A development and optimization

Experimental variables that can affect the performance of the amperometric inhibition
biosensors, namely the pH of the supporting electrolyte, the applied potential, the substrate
concentration, and the enzyme loading, were studied in order to optimise response to

bisphenol A by inhibition.

3.1.1. Effect of pH

Taking into account previous work based on XOD [40] initial measurements were performed
at an applied potential of -0.3 V. The effect of the pH value of the 0.1 M phosphate buffer
solution was examined in the range from 6.0 to 8.0. The response of the biosensor to 10 nM
bisphenol A, in the presence of 0.3 mM hypoxanthine varied significantly with pH. The
dependence of the current response on pH is illustrated in Figure 1. As can be seen, the
amperometric signal rises with increase in pH from 6.0 to 7.5, where a maximum is exhibited,
and then decreases. Thus, phosphate buffer solution pH=7.5 was chosen as the most suitable

for amperometric measurements.

3.1.2. Effect of the applied potential

In order to optimise the response of the XOD/GCE biosensor towards bisphenol A, the
amperometric response to 10 nM bisphenol A was tested in the presence of 0.3 mM
hypoxanthine at fixed potentials from —0.5 V to —0.1 V vs Ag/AgCI (Figure 2). As can be
seen, the response to BPA decreases with a less negative potential value. The higher current

response is exhibited at —0.5 V vs. Ag/AgCl, which was chosen for further studies.



3.1.3. Effect of substrate concentration

The substrate concentration can influence the monitoring of enzymatic activity under
inhibition conditions. The effect of substrate concentration on inhibition can be tested by
measuring the activity of XOD with varying concentrations of hypoxanthine substrate and
injecting the same concentration of BPA inhibitor. Thus, the sensitivity of the biosensor to
bisphenol A as a function of three hypoxanthine concentrations 0.3, 0.5 and 1.0 mM was
examined (not shown). The sensitivity to bisphenol A increases with decrease in
hypoxanthine concentration. The highest sensitivity for BPA determination was achieved in
the presence of the lowest concentration of hypoxanthine tested, namely 0.3 mM, the response
decrease being 89 % of this for 0.5 mM and 53 % for 1.0 mM. In order to achieve high
sensitivity of the response to BPA, a concentration of 0.3 mM of hypoxanthine was selected

for further experiments.

3.1.4. Effect of enzyme concentration

The amount of enzyme was varied in order to optimise the response, by keeping the
concentration of BSA (10 %) constant and varying the concentration of XOD. Figure 3 shows
the response of bisphenol A for various enzyme concentrations: 0.0034, 0.0068 or 0.0136 U
immobilised on the GCE. An increase of the response toward bisphenol A by 48 % is clearly
observed when increasing the enzyme concentration from 0.0034 to 0.0068 U, but a decrease
of 40 % for 0.0136 U compared with 0.0034 U. Thus a XOD concentration of 0.0068 U

immobilised on the GCE was chosen for future experiments.

3.2 Analytical performance of the biosensor for bisphenol A

The amperometric measurement of bisphenol A at the XOD/GCE biosensor was carried out in

0.1 M phosphate buffer solution, pH 7.5, at an applied potential of -0.5 V vs. Ag/AgCl and in



the presence of 0.3 mM hypoxanthine. Aliquots of stock solution of bisphenol A were added,
leading to a decrease in the hypoxanthine response, that can be deduced to be due to
inhibition of XOD activity, as illustrated in Figure 4(a). Although in other work [41],
performed under different experimental conditions, it was found that BPA can activate XOD,
here there is inhibition. Their matrix (animal models and cell cultures) is significantly more
complex than that used by us and XOD is in solution rather than immobilised. Immobilisation
often leads to restrictions in the enzyme conformations, which can greatly influence the
apparent enzyme activity. In [41] it was found that BPA induces secondary structure
alterations of XOD and this probably forms the basis of the explanation for the different

observed behaviour.

In Figure 4(b), the calibration curve for bisphenol A gives a linear response between 1.0 and
41 nM of bisphenol A following the equation —Aj (LA cm?) = 0.0245¢ (nM) + 0.00065 (R? =
0.9998), and a detection limit calculated as (3XSDpjank)/slope was 1.0 nM. A comparison of
the performance achieved by the new biosensor and other BPA biosensors in the literature is
shown in Table 1. The detection limit for bisphenol A achieved here is significantly lower

than most of the biosensors and is only equalled by two tyrosinase-based biosensors [2, 3].

The inhibition constant, K;, can be determined from the Dixon plot [47], Figure 5(a), in which
the inverse of the enzyme activity is plotted vs. inhibitor concentration for at least two
different enzyme-substrate concentrations. For the evaluation of this constant, the Dixon plot
was made for three different substrate (hypoxanthine) concentrations: 0.3, 0.5 and 1.0 mM.
Following this method, the extrapolated abscissa intercept of each linear plot corresponds to

the inhibition constant, which was determined to be K;= 8.15 nM.
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3.3. Determination of the type of inhibition

For the evaluation of the type of enzyme inhibition, the data were analysed using Dixon and
Cornish-Bowden plots. The Dixon plot by itself cannot clearly distinguish between
competitive and mixed reversible inhibition. In the Cornish-Bowden plot [48], the ratio of
substrate concentration over enzyme activity is plotted vs. inhibitor concentration, but cannot
always distinguish between mixed and uncompetitive inhibition. By using both Dixon and
Cornish-Bowden plots, it is possible to elucidate the type of inhibition. Figure 5 (a) and (b)
show Dixon and Cornish-Bowden plots using three different concentrations of hypoxanthine,
0.3, 0.5 and 1.0 mM. From the Dixon plot, the crossing lines enable it to be deduced that the
inhibition is mixed or competitive. The same inhibition data in the Cornish-Bowden plot show
that the inhibition is competitive because the straight lines drawn through the experimental
points are parallel. Further evidence that the mechanism of inhibition by bisphenol A is
competitive is the fact that inhibition is decreased by increasing the amount of substrate, from
48.4% in the presence of 0.3 mM hypoxanthine to 22.1% in the presence of 1.0 mM

hypoxanthine.

3.4. Interference studies

Several phenolic compounds and inorganic ions were measured to examine whether they
interfere with the determination of bisphenol A. Under the optimal conditions, the influence
of some potential interferent species on the current response of 30 nM BPA was studied. The
results indicated that the presence of 100-fold concentration of interfering substances had no
significant influence on the signals of BPA with the deviation below +7%. The results are
shown in Table 2. The proposed sensor is thus demonstrated to show good selectivity for the

determination of BPA in real samples.
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3.5. Reproducibility, repeatability and lifetime

Reproducibility, tested by measuring the same concentration, 30 nM, of BPA at five different
electrodes prepared in the same way, gave a relative standard deviation (RSD) of 3.2 %
(Figure 6a). The repeatability of the modified electrode was investigated by recording the
response at a fixed concentration, 30 nM BPA five successive times (Figure 6b). The RSD of

these five measurements was 2.4%.

The lifetime of the biosensor was monitored daily by measuring the response to BPA in the
presence of hypoxanthine during 15 days. After this period, the response to BPA dropped to
75 % of the initial value (Figure 6¢). This is a bit less than for other biosensors for BPA [2,
22], but is similar to that obtained in [30] with tyrosinase, and can be ascribed to a decrease in
xanthine oxidase activity, as previously observed [40]. However, such a loss of activity does

not compromise use as an effective inhibition biosensor.

3.6. Application

To evaluate the fabricated enzyme inhibition biosensor for bisphenol A determination in
environmental samples, application of the biosensor was examined by recovery measurements
in mineral water and in river water in which no BPA was detected previously. The results are
presented in Table 3. The average recovery was in the range of 97.9-103 %, which indicates

the efficacy of the biosensor for practical analysis.

4. Conclusions

A novel, easy to prepare electrochemical enzyme biosensor for inhibition assays, based on
xanthine oxidase immobilised on glassy carbon electrode has been developed for bisphenol A.
The optimised biosensor exhibited high sensitivity and low detection limit, with good

selectivity and stability, and enabled successful detection in water samples. The inhibition
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constant was determined by using a Dixon plot together with the Cornish-Bowden plot, and
the enzyme inhibition mechanism of BPA on the XOD activity the inhibition was shown to be
competitive. The biosensor described here has a simpler architecture and showed much better
performance than other biosensors reported in the literature for BPA and is a new and

promising approach for its detection.

Acknowledgments

NBM thanks the Tunisian Ministry of Higher Education and scientific research for a “Bourse
d’alternance” fellowship. The authors gratefully acknowledge the financial support from the
European Commission 7" Framework Programme Marie Curie Actions People IRSES
N°294993 SMARTCANCERSENS and Fundagdo para a Ciéncia e a Tecnologia (FCT),
Portugal projects PTDC/QEQ-QAN/2201/2014, in the framework of Project 3599-PPCDT,
and UID/EMS/00285/2013 (both co-financed by the European Community Fund FEDER).

MEG thanks FCT for a postdoctoral fellowship SFRH/BPD/103103/2014.



13

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

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 (2010) 2003—-2008.

M. Han, Y. Qu, S. Chen, Y. Wang, Z. Zhang, M. Ma, Z. Wang, G. Zhan, C. Li,
Amperometric biosensor for bisphenol A based on a glassy carbon electrode modified
with a nanocomposite made from polylysine, single walled carbon nanotubes and
tyrosinase, Microchim. Acta 180 (2013) 989-996.

D. Pan, Y. Gu, H. Lan, Y. Sun, H. Gao, Functional graphene-gold nano-composite
fabricated electrochemical biosensor for direct and rapid detection of bisphenol A, Anal.
Chim. Acta 853 (2015) 297-302.

A.M. Soto, C. Sonnenschein, Environmental causes of cancer: endocrine disruptors as
carcinogens, Nat. Rev. Endocrinol. 6 (2010) 363-370.

L. Wu, D. Deng, J. Jin, X. Lu, J. Chen, Nanographene-based tyrosinase biosensor for
rapid detection of bisphenol A, Biosens. Bioelectron. 35 (2012) 193-199.

A. Ballesteros-Gomez, S. Rubio, D. Pérez-Bendito, Analytical methods for the
determination of bisphenol A in food, J. Chromatogr. A 1216 (2009) 449-4609.

N.C. Maragou, E.N. Lampi, N.S. Thomaidis, M.A. Koupparis, Determination of
bisphenol A in milk by solid phase extraction and liquid chromatography—mass
spectrometry, J. Chromatogr. A 1129 (2006) 165-173.

Z. Brenn-Struckhofova, M. Cichna-Markl, Determination of bisphenol A in wine by
sol-gel immunoaffinity chromatography, HPLC and fluorescence detection, Food Addit.
Contam. 23 (2006) 1227-1235.

C. Brede, P. Fjeldal, 1. Skjevrak, H. Herikstad, Increased migration levels of bisphenol
A from polycarbonate baby bottles after dishwashing, boiling and brushing, Food Addit.
Contam. 20 (2003) 684—689.

C.A. Staples, J.W. Davis, An examination of the physical properties, fate, ecotoxicity
and potential environmental risks for a series of propylene glycol ethers, Chemosphere
49 (2002) 61-73.

N. Suzuki, A. Hattori, Bisphenol A suppresses osteoclastic and osteoblastic activities in
the cultured scales of goldfish, Life Sci. 73 (2003) 2237-2247.

Y. Nakagawa, T. Suzuki, S. Tayama, Metabolism and toxicity of benzophenone in
isolated rat hepatocytes and estrogenic activity of its metabolites in MCF-7 cells,
Toxicology 156 (2000) 27-36.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

14

L.N. Vandenberg, R. Hauser, M. Marcus, N. Olea, W.V. Welshons, Human exposure to
bisphenol A (BPA), Reprod. Toxicol. 24 (2007) 139-177.

H. Mielke, U. Gundert-Remy, Bisphenol A levels in blood depend on age and exposure,
Toxicol. Lett. 190 (2009) 32-40.

S.H. Yang, A.A. Morgan, H.P. Nguyen, H. Moore, B.J. Figard, K.A. Schug,
Quantitative determination of Bisphenol A from human saliva using bulk derivatization
and trap-and-elute liquid chromatography coupled to electrospray ionization mass
spectrometry, Environ. Toxicol. Chem. 30 (2011) 1243-1251.

A.R. Fontana, M. Mufoz de Toro, J.C. Altamirano, One-step derivatization and
preconcentration microextraction technique for determination of bisphenol A in
beverage samples by gas chromatography- mass spectrometry, J. Agric. Food Chem. 59
(2011) 3559-3565.

J. Zhang, G.M. Cooke, I.H. Curran, C.G. Goodyer, X.-L. Cao, GC-MS analysis of
bisphenol A in human placental and fetal liver samples, J. Chromatogr. B 879 (2011)
209-214.

Z. Mei, Y. Deng, H. Chu, F. Xue, Y. Zhong, J. Wu, H. Yang, Z. Wang, L. Zheng, W.
Chen, Immunochromatographic lateral flow strip for on-site detection of bisphenol A,
Microchim. Acta 180 (2013) 279-285.

M.-P. Zhao, Y.-Z. Li, Z.-Q. Guo, X.-X. Zhang, W.-B. Chang, A new competitive
enzyme-linked immunosorbent assay (ELISA) for determination of estrogenic
bisphenols, Talanta 57 (2002) 1205-1210.

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
nanoparticles, J. Appl. Electrochem. 41 (2011) 1323-1328.

L. Yang, H. Zhao, S. Fan, B. Li, C.-P. Li, A highly sensitive electrochemical sensor for
simultaneous determination of hydroquinone and bisphenol A based on the ultrafine Pd
nanoparticle@ TiO 2 functionalized SiC, Anal. Chim. Acta 852 (2014) 28-36.

Y. Qu, M. Ma, Z. Wang, G. Zhan, B. Li, X. Wang, H. Fang, H. Zhang, C. Li, Sensitive
amperometric  biosensor for phenolic compounds based on graphene-silk
peptide/tyrosinase composite nanointerface, Biosens. Bioelectron. 44 (2013) 85-88.
K.S. Kim, J. Jang, W.-S. Choe, P.J. Yoo, Electrochemical detection of Bisphenol A
with high sensitivity and selectivity using recombinant protein-immobilized graphene
electrodes, Biosens. Bioelectron. 71 (2015) 214-221.



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

15

M.-H. Piao, H.-B. Noh, M.A. Rahman, M.-S. Won, Y.-B. Shim, Label-Free Detection
of Bisphenol A Using a Potentiometric Immunosensor, Electroanalysis 20 (2008) 30—
37.

M.A. Rahman, M.J. Shiddiky, J.-S. Park, Y.-B. Shim, An impedimetric immunosensor
for the label-free detection of bisphenol A, Biosens. Bioelectron. 22 (2007) 2464-2470.
X. Wang, S. Reisberg, N. Serradji, G. Anquetin, M.-C. Pham, W. Wu, C.-Z. Dong, B.
Piro, E-assay concept: Detection of bisphenol A with a label-free electrochemical
competitive immunoassay, Biosens. Bioelectron. 53 (2014) 214-219.

Y. Zhu, C. Zhou, X. Yan, Y. Yan, Q. Wang, Aptamer-functionalized nanoporous gold
film for high-performance direct electrochemical detection of bisphenol A in human
serum, Anal. Chim. Acta 883 (2015) 81-89.

K.V. Ragavan, L.S. Selvakumar, M.S. Thakur, Functionalized aptamers as nano-
bioprobes for ultrasensitive detection of bisphenol-A, Chem. Commun. 49 (2013) 5960
5962.

L. Zhu, Y. Cao, G. Cao, Electrochemical sensor based on magnetic molecularly
imprinted nanoparticles at surfactant modified magnetic electrode for determination of
bisphenol A, Biosens. Bioelectron. 54 (2014) 258-261.

J. Kochana, K. Wapiennik, J. Kozak, P. Knihnicki, A. Pollap, M. Wozniakiewicz, J.
Nowak, P. Koscielniak, Tyrosinase-based biosensor for determination of bisphenol A in
a flow-batch system, Talanta 144 (2015) 163-170.

P. Sun, Y. Wu, An amperometric biosensor based on human cytochrome P450 2C9 in
polyacrylamide hydrogel films for bisphenol A determination, Sens. Actuators B Chem.
178 (2013) 113-118.

X. Jiang, W. Ding, C. Luan, Q. Ma, Z. Guo, Biosensor for bisphenol A leaching from
baby bottles using a glassy carbon electrode modified with DNA and single walled
carbon nanotubes, Microchim. Acta 180 (2013) 1021-1028.

K.K. Reza, M.A. Ali, S. Srivastava, V.V. Agrawal, A.M. Biradar, Tyrosinase
conjugated reduced graphene oxide based biointerface for bisphenol A sensor, Biosens.
Bioelectron. 74 (2015) 644-651.

N. Wang, H.-Y. Zhao, X.-P. Ji, X.-R. Li, B.-B. Wang, Gold nanoparticles-enhanced
bisphenol A electrochemical biosensor based on tyrosinase immobilized onto self-
assembled monolayers-modified gold electrode, Chin. Chem. Lett. 25 (2014) 720-722.
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—



16

carbon black nanocomposite, for bisphenol A detection, Electrochim. Acta 109 (2013)
340-347.

[36] S. Kurbanoglu, S.A. Ozkan, A. Merkoci, Nanomaterials-based enzyme electrochemical
biosensors operating through inhibition for biosensing applications, Biosens.
Bioelectron. 89 (2017) 886-898.

[37] A. Amine, F. Arduini, D. Moscone, G. Palleschi, Recent advances in biosensors based
on enzyme inhibition, Biosens. Bioelectron. 76 (2016) 180-194.

[38] M.E. Ghica, R.C. Carvalho, A. Amine, C.M.A. Brett, Glucose oxidase enzyme
inhibition sensors for heavy metals at carbon film electrodes modified with cobalt or
copper hexacyanoferrate, Sens. Actuators B Chem. 178 (2013) 270-278.

[39] M.E. Ghica, C.M. Brett, Glucose oxidase inhibition in poly (neutral red) mediated
enzyme biosensors for heavy metal determination, Microchim. Acta 163 (2008) 185—
193.

[40] A.C. Torres, M.E. Ghica, C.M.A. Brett, Design of a new hypoxanthine biosensor:
xanthine oxidase modified carbon film and multi-walled carbon nanotube/carbon film
electrodes, Anal. Bioanal. Chem. 405 (2013) 3813-3822.

[41] L. Ma, J. Hu, J. Li, Y. Yang, L. Zhang, L. Zou, R. Gao, C. Peng, Y. Wang, T. Luo, X.
Xiang, H. Qing, X. Xiao, C. Wu, Z. Wang, J.C. He, Q. Li, S. Yang, Bisphenol A
promotes hyperuricemia via activating xanthine oxidase, FASEB J. 32 (2017) 1007-
1016.

[42] X. Lu, X. Wang, L. Wu, L. Wu, L. Fu, Y. Gao, J. Chen, Response characteristics of
bisphenols on a metal-organic framework-based tyrosinase nanosensor, ACS Appl.
Mater. Interfaces 8 (2016) 16533—-16539.

[43] N. Singh, K.K. Reza, M.A. Ali, V.V. Agrawal, A.M. Biradar, Self assembled DC
sputtered nanostructured rutile TiO2 platform for bisphenol A detection, Biosens.
Bioelectron. 68 (2015) 633-641.

[44] R. Li, Y. Wang, Y. Deng, G. Liu, X. Hou, Y. Huang, C. Li, Enhanced biosensing of
bisphenol A using a nanointerface based on tyrosinase/reduced graphene oxides
functionalized with ionic liquid, Electroanalysis. 28 (2016) 96-102.

[45] L. Liu, X. Kang, C. Chen, H. Zhang, C. Chen, Q. Xie, L-tyrosine polymerization-based
ultrasensitive multi-analyte enzymatic biosensor, Talanta. 179 (2018) 803-809.

[46] X. Xu, Q. Zheng, G. Bai, L. Song, Y. Yao, X. Cao, S. Liu, C. Yao, Polydopamine

induced in-situ growth of Au nanoparticles on reduced graphene oxide as an efficient



17

biosensing platform for ultrasensitive detection of bisphenol A, Electrochimica Acta.
242 (2017) 56-65.

[47] M. Dixon, The determination of enzyme inhibitor constants, Biochem. J. 55 (1953)
170-171.

[48] A. Cornish-Bowden, A simple graphical method for determining the inhibition
constants of mixed, uncompetitive and non-competitive inhibitors, Biochem. J. 137
(1974) 143-144.



18

Tables

Table 1. Performance comparison of the developed biosensor for BPA detection
with other biosensors in the literature

Electrode configuration Linear range/pM  Detection limit  Reference
InM
Tyr/SWCNT-PolyLys/GCE 0.004-11.5 0.97 2]
Tyr-GR-Au-CS/GCE 0.0025-3.0 1.0 3]
Tyr/TiO,-MWCNT-PDDA-Nafion/GCE 0.28-45.05 66 [30]
CYP2C9-PAM/GCE 1.25-10 580 [31]
CtDNA-SWNT/GCE 0.01-20 5.0 [32]
Tyr-rGO-CS/ITO 0.01-50 0.74 [33]
Tyr/nano-Au/T-NH,/AuE 0.399-234 133 [34]
Lacc-TH-CB/SPE 0.5-50 200 [35]
CuMOF-Tyr-CS/GCE 0.05-3.0 13 [42]
Tyr-APTES-nTiO,/Ti 0.01-1.0 10 [43]
Tyr-DAPPT-rGO/GCE 0.001-38 0.35 [44]
PLT-Tyr-GOx/AuUE 0.05-1.0 16 [45]
Tyr/Au@PDA-rGO-CS/GCE 0.012-3.68 0.1 [46]
XOD/GCE 0.001-0.041 1.0 This work

Tyr: tyrosinase; Lacc: laccase; XOD: xanthine oxidase; CYP2C9: human cytochrome P450 2C9; ctDNA: calf
thymus DNA; SWCNT: single-walled carbon nanotubes; MWCNTSs: multi-walled carbon nanotubes; GR:
graphene; rGO: reduced graphene oxide; PolyLys: poly(lysine); PDDA: poly(diallyldi-methylammonium
chloride); PAM: polyacrylamide; T-NH,: thioctic acid amide; TH: thionine; CuMOF: copper centered metal-
organic framework; APTES: 3-aminopropyltriethoxysilane; nTiO,: nanostructured titanium dioxide; DAPPT:
1,3-di(4-amino-1-pyridinium) propane tetrafluoroborate ionic liquid; PDA: polydopamine; PLT: L-tyrosine
polymer; CS: chitosan; GCE: glassy carbon electrode; SPE: screen printed electrode; 1TO: indium tin oxide



Table 2. Interferences from other species on the inhibition response to 30 nM BPA,
concentration ratio 100:1 (3000 nM)

Interferent I change (%)
K* -6.8
Na"* 34
Mg** 2.8
Zn?* -1.3
Ethanol 2.4
Methanol 2.9
Hydroquinone -5.0

Phenol -3.6
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Table 3. Determination of bisphenol A in water samples

Sample Added (nM) Found (nM) Recovery (%)

Mineral Water 4.80 473 98.5
8.00 8.15 101.8

River Water 4.80 4.70 97.9
8.00 8.24 103.0




Figure captions

Figure 1. Effect of pH on the amperometric response to 10 nM BPA in 0.1 M PB at
XOD/GCE biosensor in the presence of 0.3 mM hypoxanthine. Applied potential -0.3 V vs.

Ag/AgCl.

Figure 2. Effect of the applied potential on the amperometric response to 10 nM BPA at

XOD/GCE biosensor in 0.1 M PB pH 7.5 in the presence of 0.3 mM hypoxanthine.

Figure 3. Calibration curves for the determination of BPA in 0.1 M PB pH 7.5 for three
different enzyme concentrations in the presence of 0.3 mM hypoxanthine. Applied potential

-0.5V vs Ag/AgCl.

Figure 4. (a) Amperometric response at XOD/GCE in the presence of 0.3 mM hypoxanthine
and (b) corresponding calibration curve and degree of inhibition for different concentrations

of BPA in 0.1 M PBS pH 7.5. Applied potential — 0.5 V vs Ag/AgCl.

Figure 5. (a) Dixon plots and (b) Cornish-Bowden plots for BPA for three different

hypoxanthine concentrations.

Figure 6. Graphical representation of (a) repeatability; (b) reproducibility and (c) stability of

the XOD/GCE biosensor.
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Figure 1. Effect of pH on the amperometric response to 10 nM BPA in 0.1 M PB at
XOD/GCE biosensor in the presence of 0.3 mM hypoxanthine.
Applied potential -0.3 V vs. Ag/AgCI.



180

150

- Aj/nAcm?
g 8 B

w
o
1 A

3

o
1 L

-0|.5 | -0|.4 | -0|.3 I -0|.2 | -0|.1
E/V vs. Ag/AgCI

Figure 2. Effect of the applied potential on the amperometric response of 10 nM BPA
at XOD/GCE biosensor in 0.1 M PB, pH 7.5 in the presence of 0.3 mM hypoxanthine.



24

3004 m 0.0034 U XOD
® 0.0068 U XOD
A 0.0136 U XOD
240 -
o
§180-
< (]
c
~ 1201
<
! A
60 -
0 T 1T T 11T 1T T 1T T 1T T T
0 2 4 6 8 10 12 14 16

[BPA]/ nM

Figure 3. Calibration curves for the determination of BPAin 0.1 M PB pH 7.5
for three different enzyme concentrations in the presence of 0.3 mM hypoxanthine.
Applied potential —0.5 V vs. Ag/AgCl.
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Figure 4. (a) Amperometric response at XOD/GCE in the presence of 0.3 mM hypoxanthine

and (b) corresponding calibration curve and degree of inhibition for different concentrations

of BPAin 0.1 M PB pH 7.5. Applied potential — 0.5 V vs Ag/AgCl.
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26



27

1.0

0.8 n I "
o
£ 0.6
o
— 0.4

0.2 4

0.0 T T T T T T T T T
0 1 2 3 4 5

Assay number

1.0

0.8 n ._

o
EO.G—

-Aj/pAcC

0.2

0.0 T T T T T
0 1 2 3 4 5

Electrode number

1001 ®-0_g

S o o)
o (=) o
1 1 1
[}
/
(J
|

Relative response / %
N
o

0 — T - T T T T T T T T T T T
0 2 4 6 8 10 12 14 16

time / days
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Highlights

e A novel electrochemical enzyme inhibition biosenor for bisphenol A was developed
e The biosensor uses xanthine oxidase enzyme and hypoxanthine enzyme substrate

e A very low detection limit of 1 nM was achieved

e The enzyme inhibition mechanism is reversible and competitive

e Application to analysis of mineral and river waters is demonstrated
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