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Abstract

In this study, conductive polymers and the enzyme tyrosinase (Tyr) were deposited on the surface of a screen printed carbon
electrode (SPCE), which can be fabricated as a disposable sensor chip, and applied to the detection of bisphenol F (BPF),
an endocrine disruptor with proven links to male diseases and thyroid disorders, using electrochemical methods. On the sur-
face of the SPCE working electrode, which was negatively charged by oxygen plasma treatment, a positively charged con-
ductive polymer, poly(diallyldimethyl ammonium chloride) (PDDA), a negatively charged polymer compound, poly(sodium
4-styrenesulfonate) (PSS), and another layer of PDDA were layered by electrostatic attraction in the order of PDDA, PSS,
and finally PDDA. Then, a layer of Tyr, which was negatively charged due to pH adjustment to 7.0, was added to create
a PDDA-PSS-PDDA-Tyr sensor for BPF. When the electrode sensor is exposed to a BPF solution, which is the substrate
and target analyte, 4,4'-methylenebis(cyclohexa-3,5-diene-1,2-dione) is generated by an oxidation reaction with the Tyr enzyme
on the electrode surface. The reduction process of the product at 0.1 V (vs. Ag/AgCl) generating 4,4'-methyl-
enebis(benzene-1,2-diol) was measured using cyclic and differential pulse voltammetries, resulting in a change in the peak
current with respect to the concentration of BPF. In addition, we compared the detection performance of BPF using an ionic
liquid electrolyte as an alternative to phosphate-buffered saline, which has been used in many previous sensing studies.
Furthermore, the selectivity of bisphenol S, which acts as an interfering substance with a similar structure to BPF, was
investigated. Finally, we demonstrated the practical applicability of the sensor by applying it to analyze the concentration of
BPF in real samples prepared in the laboratory.
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2.1. A2t H =2

Benzyl chloride (ReagentPlus®, 99%, contains = 1% propylene oxide
as stabilizer, Sigma-Aldrich), 1-butylimidazole (98%, Sigma-Aldrich),
= 99.5%, Sigma-Aldrich), potassium hy-
droxide (reagent grade, 90%, flakes, Sigma-Aldrich), bisphenol F
(CHx(C¢H4OH),), Sigma-Aldrich), tyrosinase from mushroom (lyophilized
powder, = 1000 unit/mg solid, 8503 units/mg, Sigma-Aldrich), poly
(diallyl dimethylammonium chloride) solution (PDDA, 35 wt% in H,O,
Sigma-Aldrich), poly(sodium 4-styrenesulfonate) (PSS, average Mw
~70,000, Sigma-Aldrich)& AH8-3F3iTh 14FekE"82] 2] 9<F(phosphate
buffered saline, PBS)2] 73-%-, PBS 10x (pH 7.4, Thermo Fisher)E >

T2 108 3Aste AFstaL, pH 7.00 SEeo] EAF £ A%
ul A7)3ksr o) ARSIt BE 292 Millipore ZEE &
ato] ojitel FFRTFE ARESEo] AlxERT

ethyl acetate (ACS reagent,
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b A7, Ol% KOH &7} 1:1 & nl&= Z3eh § A2ollA
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2 9 F HdzxEihii). 5 mg/ml PSS (PBS, pH 7.0) (iii)2} PDDA
FENiv)E SAHCR 3 pLA Lxeka 99k 22 o R Hx
skgith wiREto 7 A7) AFEEe] 0.5 mg/ml Tyr &2(PBS, pH
7005 £33}, 4 °C APFEgdelA QI5fHlo)ld SF3ithy). Alxd &
2= xHe el AAWE  FARIAER] % (Field  Emission
Scanning Electron Microscope, FE-SEM, Hitachi, SU8220 & SU8230)
£ olgato] ZAlsIGith 7138k 54 AdHAR BHAE mul-
tichannel 77 $]7](PalmSens OEM EmStat MUXS, Netherlands)$}
Palm Sense (PS Trace) 2 13(ver 5.3)% ©]&38}%1 o™, cve] 4%
A7 HE= 50 mV/isRom, DPVE -9 A8 d9lE 10 mv, A
ELEE 50 mvise xHeld AFslth BPF AE: wbES
[BZzBIM]OH (pH 6.3) ©]/ A H&l|2 7} PBS (pH 7.0) 255

Appl. Chem. Eng., Vol. 34, No. 3, 2023



260 AL - o) - olal1
4,4’-methylenebis
BPF (benzene-1,2-diol)
2ot
(i) O, Plasma HO on "2H:0 HO 2 OH
° s [
/ (i) PDDA* @ Iy

_—

Bare SPCE

1/ nA

-20

-0.2 0.0 0.2 04
E/V (vs.Ag/AgCl)

(iv) PDDA* @
gaa8 (U700, 333%
=T P O RV ¢

oo

(o] o]
4,4’-methylenebis(cyclohexa-

3,5-diene-1,2-dione)

PDDA-PSS-PDDA-Tyr layered SPCE
L B E— ——

1/ pA

04 02 00 02 04
E /V (vs.Ag/AgCl)

Figure 1. A simplified scheme showing the procedure of fabricating PDDA-PSS-PDDA-Tyr layered SPCE sensor. Representative SEM image of
bare (i) and PDDA-PSS-PDDA-Tyr layered SPCE (v). CV data are also shown in the absence (-----) and presence (—) of 20 pM BPF in a

[BzBIM]OH ionic liquid electrolyte.
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Figure 2. (a) A series of CV data for various concentrations of BPF
from 10, 20, 60, 80 and 100 pM in [BzBIM]JOH solution using
PDDA-PSS-PDDA-Tyr layered SPCE sensor. (b) Linear plots showing
the oxidation (i) and reduction (ii) peak currents versus the BPF
concentration. The data points were taken from (a).
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Figure 3. Representative DPV data for different concentrations of BPF ranging from 1, 5, 10, 15, 20, 40, 60, 80 and 100 uM in (a) [BzZBIM]OH
and (b) PBS (pH 7.0) using PDDA-PSS-PDDA-Tyr layered SPCE sensor. (c) Comparison of linear plots of DPV peak cuirents as a function of
BPF concentrations in (a) [BzBIMJOH and (b) PBS (pH 7.0). Data points in (c) are taken from (a) and (b).
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Figure 4. Representative DPV results for the selectivity test of
PDDA-PSS-PDDA-Tyr layered sensor. (i) 1 mM BPS only, (ii)) 10 pM
BPF only and (iii) a mixture of 1 mM BPS and 10 pM BPF in (a)
[BzBIM|OH and (b) PBS (pH 7.0) solution.
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Figure 5. (a) A set of DPV data for the analysis of a sample
containing components of latex gloves dissolved in [BzBIM]OH
electrolyte using PDDA-PSS-PDDA-Tyr layered sensor. The added
BPF concentration to the sample was 5, 10, 20, and 30 pM. (b) A plot
of DPV peak current versus added BPF concentration. The marker (2)
is the sample only.
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