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ABSTRACT

Development of biosensor for the detection of endocrine

disruptor Bisphenol A (BPA)

Yoo, Su-Kyoung
Advisor: Prof. Jung Heon Lee, Ph.D.
Department of Chemical Engineering

Graduate School of Chosun University

Bisphenol A (BPA) was used in raw materials to make polycarbonate or epoxy
resins and used extensively in everyday life. The 300 tons of BPA was produced and
consumed per year. Early studies have shown that BPA is an endocrine system
disruptor that the same action and estrogen from the core of the body. Endocrine
system disruptors act as the endocrine hormone and give the confusion in the endocrine
system. BPA is an endocrine disruptor that acts like an estrogen in woman's body and
also have a detrimental effect on child behavior and learning. BPA is a substance that
causes interference even at low concentrations. However, BPA in the plastics, canned,
and receipts was used in a variety of locations and is easily exposed to daily life.
Since BPA is absorbed even by contact with the skin, it needs to be deal with very

carefully.

In this study developed a BPA detection system using biosensor immobilized with
laccase. The detection was realized by immobilizing laccase on the working electrodes
which are Multi-walled Carbon Nanotubes (MWCNTs) and Polyaniline (PANI). When
laccase was immobilized on the surface of working electrode, the sensing activity
showed differences in accordance with the immobilizing method. After immobilizing the

enzyme on the electrode, cyclic voltammetry was measured with the changes of BPA

VII
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concentrations. The electrode potential was driven in the cathodic direction from 2 to -2
V at scan rate of 300 mV/s. In order to increase the sensitivity of the biosensor,
experiments were carried out with the addition of dyes which function as electron
transfer mediator at the stage of immobilization. Toluidine blue, Bromothymol blue and
Reactive red 120 were used as the intermediate dyes. The linear range of biosensor
was from 1 ppb to 10 ppm and the detection limit was as low as 0.01 ppb.
Amperometry was measured to observe the change in current value due to BPA

concentration change.
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Figure 1. Endocrine disruptors(EDCs) entry path.
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Table 1. Theorem based on endocrine disturbancel25]

Stages of hormonal action Endocrine disruptors

1. Hormone synthesis Styrene Dimer and Trimer

2. Hormone release
3. Hormone transport to target tissue

-Mimics:

DES, PCB, 4—Nonylphenol,
Bisphenol A, Phthalate ester
etc.

‘Blocked:

DDE, vinclozolin

4. Hormone—receptor recognition,
binding and receptor activation

. . ‘Trigger:
5. Modulation of gene expression and L .
) ) Dioxins, Organotin (TBT,
cell proliferation at DNA level TPT)
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Figure 2. Synthesis of (A) Bisphenol A, (B) poly carbonate and (C) epoxy resin.
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Type 3 Copper
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structure and (B) active site.

Figure 3. Laccase structure of (A) 3D
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Figure 4. Schematic for the enzyme immobilization strategies with PANFs, (a)
enzyme adsorption (EA), (b) enzyme adsorption and crosslinking (EAC),
and (c) enzyme adsorption, precipitation and crosslinking (EAPC)43l.

10

Collection @ chosun



<y
33 T =
= ™ G T Ao
) _— _Z ~ vl r| _E
g~ R | N
= =) o EE =K . '
KO nE o o % N ~ ™
R b m_xﬂ& m X = W N
@_é i,_:u ﬂwﬁ1ﬂwrz@rw
Tor s o W N < X - L LT T
. T o © o = T X T S = o
Fn o T T @e N =) { Moo [y W H,/w = = ey
=R Sow o oT,_t_qu@ waof_we]
fnre) X —_ o N Ar = T =) 0 =0 S.L - ‘ml #E N %
K 4M}ur§ ] 1HE} = %@J%
N g 53 ?E 05z R : ek
" @ﬁ&@wﬂﬂ@amﬂﬁgwm:ﬁ.@md%ﬂ%%?
v o 5 rollcs ° % SOy o= WX
or ° o’ = < hoet =) - R
HA_._I 1o ) ~ o _LM olo WW on 0 | s ‘U| ok = = il m o vl il ol
ol S T T e - =) g o T hi i ZV
o N@ﬂiAwoimrzxMTQidnxﬁﬁwmﬂew
ol B < o Y o = R = zﬂ e o N . = = or =
N s T w ﬂ_ﬁaob Aﬂauﬂgqa =
~ ‘ulu&m —~ \Mu_! =K 3 = ) B — gu =) ﬂ_v m — Jﬂ = -
X B Qﬂ@%; miixﬂo1mr@;ﬂ w
= " % oo w0 - o " mrw . ol T g= W C w X
'H - M 7 X r— ~ ==Y
K M,\* oy = o8 N wui = & pea Eﬁ Mm = J_M m m ﬂ% =3 T 1011_
401%&}4?%} e map,_fa TN
‘Iv_AI X M X ol © O_o ;o.._ Lf ‘U| RKH HL = m =] ..oE —_ o
= g ® x o & po =7 M % 5 7 NS
o ey CARN o ~ & ~ ) L )
T ik o 35 & o5 & © w3 = ot T
"’ W o o & W < = o DA | ) N ne
o_.* i B 3 X Lf AT N m &O = rl m = XL
— T =< v oo 5 A up g5 = = _ El
) UT.E XO = T ;Inwﬂ ~ " ~ T 5 ,O ) o r o oy —~
vl o X ) = %O o o= % s ! o or £l X & o o
T T ) =T Ho =2 = =0 0 Nr oo o =2 il 0 ) il =3
= ~ o * ol & h = o of ™ ) mw o= T W <
o~ noﬂﬂ,_:ﬂowwwﬂ AMWH%HMJH T
—_ = = i _—
AN = B = T an] L mg W ) =z D = < M o A o X H
vy H E AR a 0 ro ) = I of T o] L i=I © Ho
CR T % ;ﬂ@ﬂ p M S 2 = 5T o )
Z_n s.L — —_ ﬁo s.L ﬂx_/l © N o ,D| N o = = = o v
ol CUR T . o r Al S o ﬂ.m of ® X
G+ = oy 3 < s T o 5 5 ¥ = o
; = — ) X p X g 10_! X o =
ik .l N = B o 3 = o e
o o . o= ) il o A = & A
“n 5 o of % g g g o G
%34ﬂ1ﬂ ﬂjul.mmﬂc
HECR S w © Sy
o T %! = m M m -
ol iy m =R oo
o] 2 = =y
o Dﬁlu a, x
o] E

11

Am
pe
rometric H}O|

ATt
Collecti
ection @ chosu
n



Cyclic voltammetry (CV)& H7|8}e4 FAIA WA Fu= Aoz A=
of Wy W ANA ougt wEgo] dojupe=A] AP AR mpold 4 Qe

471318 Stk CV 24 Ba 45-ado] Az o|Fo] A, A

A, AWEgS FrIH R MAotrty FAbstel dAFe] ®stE FAst A
4 4S cyclic voltammogrameo|2tal 3tc}. 715 A= tidte] Fig. 59 (A)¢} 2
o] Zd AT AYES FAsHHE B)9F 22 cyclic voltammogram= ¥ 4
o AR 24 Ev Z7IAAFH GHAAAA FAF 3 5 FA S 5Y

= = &3 CV
£ SAHd Fig. 5 B (v AAHozes AF7E 222 & Aottt o7
o A9E (HE FARHA Abst wkgo] oy Abst AR{7F 5438 Sk
k8l 913 AF (anodic peak current) (b)oll Egdlth of7|o AFE AL 7tstdA
Abst A7 ZaskA WA (od E=EetAl Ha oju] A9 FAF BEe ()9
WeEo 2 v A o] gkl wkEo] dojuAl WA e A[F7E SrkeA "o
2 oo]% FAe RS AbsaAdd o]l yEhdth ol #H A dojzl cyclic voltam-

Amperometry= A= WY ARFEFS
counter electrode, reference electrode®=
o] wE AR Algtel web vEkin o]
of ol3f JebH 4 9lth Cottrell equation?] & th&-ap 72t}

. nFAC] /D, "
1 = \/ﬁ
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Figure 5. Cyclic voltammetry.

13

Collection @ chosun



A2 A wprpAE 429
25 Agsed 288 Fi
S g A A uAAE £20 2B ukgo] W= Eok A
dak Eabelolq Abs-gd WS # o
: 1

Agsd] GoiEl oled Ax A wAAY e 7] AN Eae W=

il

MAE ARESHA
A A o]#d Ax A mijARE 7GR Frlol2Ey vtk o 7}

2|7} g,
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A3 A9 A= R WH
3.1. & 143

3.1.1. Alek H 717]

Aol AbgE &4 ugst gAY Alxet dA ARGl dag Aok 5 ani-
line, ammonium persulfate®} H.SO,= Sigma-Aldrich(Missouri, USA)ol| 4] ol &}
gom  HCl, HNOst Junsei(Tokyo, Japan)E AF-&3t3ith &4 (Laccase from
Trametes versicolor)®t &4 &4 A A A% & syringaldazine, &2 A&ES

#3k 7]FE 42 BSAS Sigma-Aldrich(Missouri, USA) A& o & 2339t}

3.1.2. A3}
3.1.2.1. A &4

1.Polyaniline nanofiber (PANF) A&

1 M HCIel 99% Anilineg 15%7F Al ¥ F &50°] Axd &43 1 M
HClel ammonium persulfates 0.1%%F 9 & &50] Alxg §H7 4o A3}
A EEd F &0l whgate] A Mol gk Aol HW 150 rpme® o
FH X orbital shakerol] 24A17F& <t shakingdll=th. 244 37Fe] Ay 4°C, 6000 rpm
o2 AAd A rld 2@a 1083 #ZEAZl F 63] o4 TFTE washing

& ¥ vholato] ol mygch

2.Multi-Walled Carbon Nanotubes (MWCNTs) A A &

Multi-Walled Carbon Nanotubes (MWCNTSs)2] A 2] HNO; HxSO,9 F-9]
HI7F 1:30.2 4l &Hel MWCNTs &3S ¥l 130°Coll A 301t 71k & 5
FrHE AFESte] pHZE 7.0°] 2 w7bA]  washingdtith. Washinge] &
MWCNTSs+= 40°C dry ovenoll Al ¢F 24A17b&?F A1ZA1Z1 & ARE-3t).

e
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31.22. 24 A3t 4y

A= Laccase from Trametes Uerszcolor«] SEgd2 100 mM potassium

phosphate buffer (pH 6.5)% 5% washing 3
kS Al 71th 71 % ammonium sulfateS
S H7Fsko] 17A13F &<QF adkA] 71T},

31.23. 4 1AsS

o

4= T8 229

Bradford-& 92

e
=
fr o
B\
K
o

i
2
%2

&S AL

AF-&3}+= Bradfordd &

15|
o)

[e) =
gt (Fig. 6). Bradford& ¥} sample2 30: 19 HFyH|2 Y A= JFH

(eppendorf tube)E vortexingdt ¢
BFEAE
albumin BSA)o. 2 H& vz 7

)
F20 RARAEES AL,

Collection @ chosun
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Ao A 58 FoF ¥Fx 3 & 505 nmollA
AHE5te] SFE=E 43 A3} kS protein standard (bovine serum
O

el st 4

A3s Fa wAlel wE



08

0.7

06

05 4

Absorbance (595 nm)

04 7 — y=07451x- 0004
R =09991
03-
02-
0.1 -
O-O T T T T
02 04 06 08

BSA conc. (ng/m)

Figure 6. Standard curve for the determination of protein concentration.
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3124. 24 HE &4

a4 AL Laccase from Trametes versicolor®t 100 mM potassium phos-
phate buffer (pH 6.5), 0.216 mM syringaldazineZ 17: 73: 109] 3 H]Z HES-A|
7 =43t 0216 mM syringaldazinee WEHZo] o] WEQ O™ Jaccase £
& A7t FFFol =9 A&} laccase®t 100 mM potassium phosphate buf-
fer (pH 65)5 =33 &9 30°CE AW thermomixerd] 1587F Yo whg &
=2 9wE F (0216 mM  syringaldazineS Yi 2 4& 3 UV-Vis
SpectrophotometerE AF&3to] 530 nme] oA 10E ¢ T3=E =AY

(Fig. 7). 535 SAA F4%= o] 1200 FH&

O

3
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35

—@— Laccase adtivity

Absorbance / 530 nm

Time/ mn

Figure 7. Laccase activity.
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3.2 47 HapH B4
3.2.1. Al 2 7]7]
Al FulstR e, d71serA ZA G ALEE = A4 Ao
DropSens(Chennai, India)?] #|&& A3t SPEE 110-CNT,

o ATl S4E

RS |
191 Bisphenol A (BPA)¥= Sigma-Aldrich(Missouri, USA)o]
By

trode (SPE)+
110-PANI = do]H CHIAMS 660c
voltammetry 2} Amperometry

7} screen printed elec—

A7138k8 A=712 AFE35Fe] Cyclic

o2 w50l
R REERS

ndls
= le=
1 M Sodium phosphate buffer (pH 7.0)9} &=F< 1 L
A A eke 0526 mMY FEE
B8 AES A2

3.2.2. Bisphenol A sample A

=0
ke,
buffer®} =/

18

Bisphenol A 120 mg
O

at7] 913l 1 ppm

o]] 7L7L by 1y o}
ZHAA EH o] &As
=
3.2.3. Cyclic Voltammetry (CV)
BPAS] CVE =Asl7|d UdA ZAHo| &2rd scan rates +
BPA 50 plZ scan rates WA 7Y CVE SA3 Ao Algd AL 29
A -2 VolH, A4 005 sZ& AAIT 759 100 mM sodium phos—
phate buffer (pH 7.0)2 =43 T #5% BPA &do|A5EH %o BPA &9
Lo 7 ZAEAT. Ado] By Fo= buffers AMgste] FE3| washingdt &
AT, BE SAo] gu¥H CV A4S 3 42 cyclic voltammogram-=
39 I EA S s
20
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3.2.4. Amperometry

& Asz ARG A8 AZse =

A HAYE A% 3 SPEY 3d=9el SAEL S &8 AFS APk Azt
o WE AF =&AL 100x% 7tFA 22 100 mM sodium phosphate buffer (pH 7.0)
S Ao R o] AHs% BPA & A AHH 3’—%‘5—9] BPA &9 Add= &9

=3t A k. Ado] # Fo = buffers AFE3Fe] 73] washingdt & H 3135}

=

AL 3T

21

Collection @ chosun



A4 Ay L 3F
41. &4 133}
41.1. SA9Y &4
4.1.1.1. Polyaniline nanofiber (PANI)

Polyaniline (PANDS AEA 182 24 FoAx dgeo 7}
I 7REA ol Holutde oS A edA 8 AT
PANIZ A=A Ade AY At 54 A5=2 /‘}%Qi Jom, TAHe =
3 glo] nASE FARE Hsirh B Ao w3 w@x
aniline®} HCl9] F&wgo 7 FAHH vks AAAZE v F4 *Pﬁ]rﬂ]«] g T
©] ammonium persulfate ((NH4)2S:08)5 AF-&3te] 2H #|Zs}ith. A Z3 PANI
£ nanofiber EH|E ¥ 1L 219 polyaniline nanofiber (PANF)2}1 % 2t}
93 PANI= SEME #of @4el & ofFo Hi=A st Fig. 89

SEM=S Fate] uAst dA=z Adst 725 7B g4V AdEdeS = 5 3

4.1.1.2. Multi-Walled Carbon Nanotubes (MWCNTs) # 3] 3

Multi-Walled Carbon Nanotubes (MWCNTs):E= A93] 543 7| A4, 944,
714 EAE A AL 9o, gt FokellAl &85 gl sk gk CNT«]

_l

o @ olg
Bt o
o

o Qs olBgwt AR Ak Avk: BA Ak oleld BA

Ashe] ole] Pojol 2 §4717] SlsIM CNTS] 2abe 493 $28 84 F
shtolth, ONT #4b71%0le Z1ARA, G0 5& B 22, 2248 o] §
g wgy ol At

MWCNTs®| 4% dAe A3 5 vusiry dxe dol vsf dxe 59
MWCNTs9] #4t= 7HtRas AT AAe d MWCNTsol A= 287
7h EASA eFob EALE A Rstal wpde] sheh gkol Sle FEE HAIRE Ao
2 AAYE A W MWCNTse xHel carboxylZ} hydroxyle] ¥#53} = o
HHE 2% (Van der waals) ol 98] A4tk dAg] Ay $9 vlue FTIR
= &3 sttt (Fig. 8).

Collection @ chosun



P

£z

15.0kV 8.3

B) Pretreatment- before Pretreatment- after

VT PR R
~ m00d

VAN AP A S (A

(b) e - E2S |
P R e

Figure 8. Images of immobilization media (A) SEM images of PANI and (B)
pretreatment of MWCNTSs (a) before pretreatment and (b) after pretreatment.
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4.1.2. Laccase 1A 3}
41.2.1. ¥4 =3 84

agste o ZAE 35, AAEsH] A sHoR AT "A Hdg

WM AESr nAYE A gEo] uABH T4 free enzymed FAS B F)

a9 2, = #AetE Ao 200}5}53] o=

g o s HA e uAst xS nAQGsEN GAFA & L] FHEAT
2 A Ags A6 oA HA 21 skt tubeoll Al

71 laccase®} tyrosinase,

W 7 AE A lac-

WS
caseE AHsle] AFS Pt Ao AHgH aaxv FEHA (Trametes

=
versicolor)| A 2] 7 laccaseE A&}
2 Age FEAH F syl HA 1A} xS Syst=d o] Has
S 2 Hbg 2% gAe JAY T, nAgstel] AgE = AL gaihe

¢k, ammonium sulfate®] % & WHIFEE T A
MWCNTsE HA=Z dAstg o MWCNTse A7 s dolrr] 93|
MWCNTs®] A2l A3 & Z2jar PANIZRAL & 37HA19] JAE 7HA L A3dE
A3yt Ao Ag¥ 7= Carbonyldiimidazol (CDI), Glutaraldehyde (GA),
1-Ethyl-3(3-dimethylaminopropyl) (EDC), Hydrazine® % % 4&Fo|H Fx224L&

Table 20 e} WA

3 Aveln T A x}om Aol gl Aow lﬂ_o} dFe 27 %)
EoAL B @ 4 AT B AQNE 44 52 Ares] 946 1 AnE
o AAEI HEE ok Fe mHse] Eaol WE 5L wux 4TS WELE

H
2 AR o5 e A2 4°ColA st
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Table 2. The list of linkers used in the experiment

Linker name Structural formula of linker

O

N
)

Carbonyldiimidazol

INZ2N
(CDI) \Q/

Glutaraldehyde

(GA)

/ N

(EDC)
H +
\ /
Hydrazine /N— Iﬂ\
H +

25
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O

F71el Fek Gl WE IS wlusr] s FAvd CDI, GA, EDC,
Hydrazine= A 3438t H319] 0.1, 0.3, 05 0.7%< F37F =HA o] FAoH
(Fig. 9), ammonium sulfate®] &S &olR 7] $3] ammonium sulfateE 7 7}sh
A Fe AU EACS ammonium sulfateE 713t EAPCH S AM£3te] 1
Al 3 & @45 vud Fig. 10= Fig. 99 & FAdA ¥ A4S} E&S
19l hydrazine2 A1¢]3 CDI, GA, EDC #7129l EAC A4S 100%= A sl
EAPCH 9| 245 vehdl Zefzolr

PANI®] 49 CDI® ¥%& =9 =55 148380 S7tetArt. 12208 am-
monium  sulfate®] g&o] Zw H9rhe AIAE Ao, GAe EDCE AH&-3td

a3t sie W P v= Mg E 14gskE g Sk 1jr BT am-
monium sulfate® % 7}8} A&
=2 A3 & 71 CDIR
Ae de] MWCNTs= #7119 =7 S7bgel wet CDI, GA®] 143588 57
stRom A Aoz :14g38t &o] $eko ™, ammonium sulfates % 7}st EAPCH
& PANIS} AHE 73 MWCNTsHEL tiA 8o sdret u4stg SHo
A ogte IS YAk W Ato® Mgk MWCNTsE CDIEERE ofbvel GASt
EDC olA&= aAst&o]l E%XARE hydrazineo] 3 unAst&2 vaeds I &

ﬁ\l_@_\,i

—_

THH R TAe] Fek Aaglel dAH oz CDIS] g shge]l e g7
| =55 &l dov, JA o] SVt E4E nAE
& Bolth E3 EACHEY EAPCH O @7 S7ha olft= &a7le] I
ojuf He Gl Bk w2 &t nAsE Y]
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Inrokilization (%)

Linker conc. (%9

(B)

Inmrohilization (%)

Linker conc. (%9

©

Inmrohilization (%)

O T T
01 03 05 07

Linker conc. (%9

Figure 9. The changes of immobilization rate with the changes of linker

concentration (A) PANI, (B) MWCNTs and (C) pretreatment MWCNTs.
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A T e

300/ = EAPC(AS)

Actiity ()
8

100
7 I I I
o . . ;
Carboryldiimideznl  Gutaraldehyde EDC
Linker
250
N EAC
(B) [ EAPC(AS)
200 | —
150 4 ]
g
g 100
0
o . . ;
Carboryldiimideznl  Gutaraldehyde EDC
Linker
250
N EAC
(C) [ EAPC(AS) ™
200 | —
150
g
g 100
0
o . ;
Carboryldiimideznl  Gutaraldehyde EDC
Linker

Figure 10. The immobilized enzymes activity according to precipitation (A) PANI,
(B) MWCNTs and (C) pretreatment MWCNTSs.
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Riative adtivity (%)

(B)

Riative adtivity (%)

©

Riative adtivity (%)

o 3 6 <) 12 15
Time (Day)

Figure 11. Long Long term stabilities of laccase and immobilized laccase (A)

PANI, (B) MWCNTs and (C) pretreatment MWCNTS.
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42.1. 133} Wy wE cyclic voltammetry, amperometry

UM 41e Mol A st= FRAAA UYL JAR 4204 = 7] g8t FAH4S 9
3l screen printed electrode (SPE)o] 11435 Zla 3ty SPE= working electrode
(WE), counter electrode (CE), reference electrode (RE)& 2.2 ©]Fojx 9low
WEH-2°l PANI, MWCNTs' 5] ZdEH ] glrf. WEe| &2 u43ts 3133t
sk AR ZHEF Sle HAd e Hd7]setd 548 skt

agst el wE ArskehA 48 dstriel kA MWCNTs SPES] WE
of AAg #A4E WY &S wl washingo]l d&stAl o] FolA A Rt HA
7HAl EgE Aol M=ol ol 2ad ZTYEHC 9Jd MWCNTsE A=A B3A

© ¥4 Sol dojutth wepd 2 Aol = PANISH HAPE A ¥
MWCNTsoll wis] d71spsh4] 245 3 sttt

Fig. 12¥} 13& WE<2] PANI, MWCNTsl laccase g3} A3 ¥ 514 3)sh
SPEE oW AAHE & F SPES] WEH-&S& SEMS ol&3sto] ##s RFol

143t A PANI= Fig. 8¢ SEM¥# H|5=3 345 HAom, MWCNTs= A%
2o BYs Ha ARt ngsrh x18E Fig. 123 139 (B)E ¥ Z47F 24
of agst wo] Zeff FAe] Zgd t2A B9e] smoothdl AW FALHA TS B

e

st H 2 SEMe|th). (B)E 30-40H A% 4] AMEs & 2WHS Z9e (09
1A= Bk vlastsls w &40 §Fo] o] @A FHe] (A H=alldS
= |

9 mel ﬂw B0 WEE o] ol QAN EAY 54

o] aF
.
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(B)

Figure 12. SEM images of PANI chip (A) before immobilization, (B) after

immobilization and (C) after 50 times measurement.
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(A)

(B)

©

Figure 13. SEM images of MWCNTs chip (A) before immobilization, (B) after

immobilization and (C) after 50 times measurement.
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412 Fdl(a) 9 AA 048 219 GA YA Aol EAPCHOE T
Asted o A= dA FI 05%7F HAE HtslEte 21S 7HA L AR
ow ngsE AAste] ol wio] F A7A BAL 2 YehueA Sl
st shech e obels 2,

(1) Immobilization method 1 - Linker_ Enzyme_ Ammonium sulfate

(2) Immobilization method 2 - (Enzyme_Ammonium sulfate)_ Linker

(3) Immobilization method 3 - Enzyme_ Ammonium sulfate_ Linker

U (NS FGAE WA wLA7l & §49 #2332 E  (ammonium
sulfate)& <4 A AIES T AR YolFo] nAgstE APskla, W
(2)¢] 4 E(B) 229k ammonium sulfateE ®A W& A[A WEl 2% 5 7]
£ golFdn. Wy (32 ofxol nAst Aol ARgEE WHew #AedS
(WE)oll &4, ammonium sulfate, ¥7] AW ZE HFSAI7FS T3 H7Este] &4
S 24 o e S FROAAM FeHd aAstele] 2 Aol whgH

vjoltt. FHol Hsf 1000 &= FAE 20 pl FlA wgo] o] F A7 wiel
ko] Az o] Foy XA k& ThsAdel o 123 HA S| pi-

F 4°Ce) Wl ol W APtk

2
oo
i
i)
N,
Mo
1o,

Cyclic voltammetry (CV) &4 A] scan rate® tZA 3te] CVE =SAH3HA H
Ao EAstE Aks-3kdo) FHEE o]259 FXo wEl cyclic voltammo-
of Ad=9 T, 43t BY, 9459 7% T
thekeh W] g G3S Boh JEshA vl EA 8] 98 5 U E scan rates
2 93] ¥ Age =# EZ9 BPAS CV Ao odA dure
scan rateg AAst= ZFgo] APE At Scan rates AA #AHLS o 2ok 1
ppm %2 BPAE 50, 100, 200, 300, 400, 500, 600 mV/s9 HE2 ZuFHA
cyclic voltammogram< 942 & =Ao| HA3 AF{F £ HAAHSAL. 1
300 mV/s7} &Aoo dwre Ergty #dE o] scan ratel® A AsI T (Fig.
14). 2 Ade] & CV 542 300 mV/s 52 3k
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30

— S0nvis

-4. 0 T T T

Potenia /

Figure 14. Cyclic voltammograms of MWCNTSs of 1 ppm bisphenol A recorded at
different scan rates (from bottom the top: 50, 100, 200, 300, 400, 500
and 600 mV/s (Inset: Calibration curve of scan rate of BPA).
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Bisphenol A (BPA) 120 ppm< 0.53 mM%Z 1 ppm= 4.38 uM L2 53t

0.1 M Sodium phosphate buffer (pH 7.0)°l =<1 1, 5 10, 50, 100, 500 ppb, 1
ppm BPAE AF&3led PANI, MWCNTse] CVE &4 & #AA a8 42 1@
ZZ Fig. 15, 1741 YERH AT

Amperometry:= 0.1 M Sodium phosphate buffer (pH 7.005 AlZto & 3}
bufferel] =<1 0.1, 1, 10, 50, 100, 500 ppb, 1, 5 ppm BPAE 100* T
iz Fdstel SA4sAT Fig. 16, 182 WHE 2ddte] 1A 3ks PANI9
MWCNTs chip®] amperometry Z ¥} 10 tjsl A=EAHS F7]5FA

W (1), (2), (3)9] amperometryE ¥ 1L5151S w] PANI SPEA A= (3)¢] v
=

o] (1), (2) Wl Hlg] €53 T2 AIFAHS Hdoe MWCNTs SPEE AFk
9] BPAJAE (1)9 AFZo] (2), Q)R =gdx AAH oz =21 (1), (2), (3)
S H e A3gks 2 ¢ 235 vE o2 10 ppme BPAE ZAdtha vt

A3tA PANI chipell #% 3oz 1A433S w7l (1)e WEes zxgﬁ}ggi
W ®Brh oF 31.8%, W (2)F AHERES AR 143%7F F7hE A F o]
Atk MWCNTs chipe] A% (D] #Hoz nAstE e wrrh 11.1%, %
(2) BFell= 76% Fde A3 s duh

PANI®} MWCNTSs chipel (1), (2), (3) W oz mAstste] 22 w9 BPA
g 5459 S W PANI chip®tt MWCNTSs chlpoﬂ o 2o AF{7 zEYE 4

s A 22 WHog 1AS 519 S wWl MWCNTs7F ZH E W chipe] PANI
I ZHEH chipitt A H o2 180%AHAE 2 AF#HS WY o= PANIH

o MWCNTse dxAo] ¢ 43517 ozt Alg =}
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(A)

(B)

Qurert/ 10°A
N : :

©

Qurent/ 10°A

Figure 15. Cyclic voltammograms of PANI SPE recorded at the different
concentrations of BPA (A) Immobilization method 1, (B) Immobilization
method 2 and (C) immobilization method 3 (Inset: Calibration curve of

concentration of BPA, scan rate: 300 mV/s).
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Figure 16. Amperometric response sensing system using PANI SPE with different
concentrations of BPA, concentrations range from 0.1 ppb to 5 ppm
(Immobilization method 1, Immobilization method 2 and Immobilization

method 3).

38

Collection @ chosun



(A)

Qurent/ 10°A

(B)

Qurert/ 10°A

©

Qurert/ 10°A

Figure 17. Cyclic voltammograms of MWCNTSs SPE recorded at the different
concentrations of BPA (A) Immobilization method 1, (B) Immobilization
method 2 and (C) immobilization method 3 (Inset: Calibration curve of

concentration of BPA, scan rate: 300 mV/s).
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Figure 18. Amperometric response sensing system using MWCNTs SPE with
different concentrations of BPA, concentrations range from 0.1 ppb to
5 ppm (Immobilization method 1, Immobilization method 2 and

Immobilization method 3).
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Table 3. The list of dyes used in the experiment

C h
hrpmophoer Dye name Structural formula of dye
type
Reactive red
Azo
120
Bromothymol
Triarylmethane
blue

HsC N cl
S
Thiazine Toluidine blue H,N j@[ s N I\T’ CHs
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Figure 19. Cyclic voltammograms of PANI screen print electrode (SPE) in different
concentration of BPA (from the bottom to top: 1, 5, 10, 50, 100, 500,

1000 ppb BPA) of (A) Reactive red 120, (B) Bromothymol blue and (C)
Toluidine blue (Inset: Calibration curve of concentration of BPA, scan

rate: 300 mV/s).
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Figure 20. Amperometric response sensing system using PANI SPE with different
concentrations of BPA, concentrations range from 0.1 ppb to 5 ppm (No
dye, Reactive red 120, Bromothymol blue and Toluidine blue).
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Figure 21. Cyclic voltammograms of MWCNTSs screen print electrode (SPE) in
different concentration of BPA (from the bottom to top: 1, 5, 10, 50,
100, 500, 1000 ppb BPA) of (A) Reactive red 120, (B) Bromothymol
blue and (C) Toluidine blue (Inset: Calibration curve of concentration of

BPA, scan rate: 300 mV/s).
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Figure 22. Amperometric response sensing system using MWCNTs SPE with
different concentrations of BPA, concentrations range from 0.1 ppb to 5
ppm (No dye, Reactive red 120, Bromothymol blue and Toluidine blue).
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