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Abstract

Project Code: RSA6080062
Project Title: Novel composites of molecularly imprinted polymers (MIP)-coated

nanoparticles for electrochemical sensing in food analysis

Investigator: Maliwan Amatatongchai Ubon ratchathani University
Sanoe Chairam Ubon ratchathani University
Purim Jarujamrus Ubon ratchathani University

E-mail address : maliwan.a@ubu.ac.th, amaliwan@gmail.com

Project period : 3 years (30 May 2017 - 29 May 2020)

This work consists of three approaches to create novel molecularly-imprinted
amperometric sensors coupled in a flow-injection analysis (FIA) for pesticides
determination in food. In the first part, a new approach for selective determination of
carbofuran (CBF) in vegetables, based on a carbon-paste electrode decorated with
carbon nanotubes and gold-coated magnetite (MIP-CNTs-Fe;O,@AuU/CPE) coated with a
molecularly-imprinted polymer (MIP) was carried out. The MIP was synthesized on the
electrode surface by electropolymerization using a supramolecular complex, namely 4-ter-
butylcalix [8] arene-CBF (4TB[8]A-CBF), as the template and o-phenylenediamine as
functional monomer. Secondly, a new and facile method for selective measurement of
profenofos (PFF) using a three dimension molecularly-imprinted-polymer-coated carbon
nanotube (3D-CNTs@MIP) amperometric sensor was proposed. The 3D-CNTs@MIP was
synthesized by successively coating the surface of carboxylated CNTs with SiO, and
vinyl end groups, then terminating with MIP shells to obtain 3D-CNTs@MIP. The 3D-
CNTs@MIP was coated on a glassy carbon electrode (GCE) surface and the imprinting
template was removed by solvent extraction. Finally, a novel sensitive and selective
amperometric CBF sensor using an amino-containing molecularly imprinted polymer
coated on magnetite-gold core (Fe;O,@Au-MIP-NH,) was constructed. The Fe;O0,@Au-
MIP-NH, was synthesized by successively self-assembly of organic thiols, 11-
mercaptoundecanoic acid (MUA), on magnetite-gold (Fe;O,@Au) core surfaces then
coupling with MIP-NH, shells. The developed imprinted pesticide sensors were
successfully applied in vegetables and fruits.

Keywords : molecularly imprinted polymer (MIP), nano materials, gold-coat magnetite

(Fe;O,@Au), amperometric sensor, organophosphate, carbofuran
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S 04 ot

E Fa

&) -0.5-
-0.6-
-007 T T T T T T T

250 500 750 1000 1250 1500 1750 2000 2250

Time (S)

3Uf 5 SygsuaznWIasIneIanslufauswauesestialnd (MIP-CNTs-

Fe,0,@AU/CPE) fiaTaladitinaiiauaswasisiunsluszuuianlate

msﬁnmwawaaﬁasumuuazm‘sﬂ‘szqnmﬂﬁuﬁmzhaa'%a
=2 o A A ' a & A A
TAITANBINATDIAITUNIRNANRADTZUUAITILATIZA LU LA NINDT LT UNTA
& { o X o { o (Y ' .
27 lWAY MIP-CNTs-Fe;0,@AU/CPE AN@WIT% @25UNwNYinn13@ns laun caffeine,
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phenol, hydroquinone, 8138 Aunsd 3w (NH4),S0O,, MgS0O,,Na,CO,, NaNO;, KCI,
NaCl, CH;COONa, uaz CaCl, iilawnammanasvadionlauaunsufildainnimaass
arataaTaraoNaENiAnTIsLNIUAaNuTuTwEng g snUSeufisuiusuawnszus
Aldnnnsanaiaasazasinasguenslufusudlifidsuniu Sdyarunszuad
amaialdfanuuandanu £ 5 % waasidmsuniuzasasaasunmuiiuaslde
FUUMIIATIER Naﬂ’mmaaw,am@”agﬂﬁ 6

10-fold S0-fold 100-fold
0.030 - N o { ] ‘
2 0:025 . OAO J\Af? ©
= 0.020 -_ _________________________________
e 0015 4 1 +5%
By 0.005 A
0.000
& o*\g 6‘?’ § %Ob‘ coov od’ S Q\W
& & & @@ QO ¥
&'P\ &00‘?\ o‘§ ¥ @Q@ > %@ <F Q&OQ
O i
S, S

P = [ A o
3UN 6 LRAINANIIANBINRVDINITUNI Lwaa@a’liaza’lﬂu’lmig’mmﬂuﬂ’lLLiuﬂ

u

MULTNTH 10 UM

31n3UN 6 WudrdrTunIunvianisdneans 7 séla ldun MgS0,Na,COs,,
NaNO; KCI, NaCl, CH;COONa W&z CaCl, hilaainIsunindatsuudinnziasluia
{ a J v v v 1
WIWAWA N DU ziia TN TwEINe 1,000uM (100-fold) 3% (NH,),SO,, phenol Waz
caffeine lisuniudaszuvieneianslufusunanududugatis 500 uM (50-fold) waz
. ] 1 a { o J { v v
hydroquinone lHIUMUABTZLLAATEAN WAL UNAMNLNTH 100 uM (10-fold)
JTUUATITAULUUBNLN DI LT NNINV2 1WA CNTs-Fe;0,@AU/CPE 1 'l¢
£ c? Aa (n:i o Y a 6 a
wandu uszuviensdnaunniandszendlsnunmsiiensdnigiunmanslofia
% 1 ol =& 1 a [ ]
WIRLUENITRAAANDT LT% NERA1UR AUTIE WIN BINON LATRITZUAUL HANIITNARDY
o A A a a o  &a & v A A o X o P
LEAIAIANT19N 1 WaldTaunsunaantiasiziarainadanwawidunnuinaia

¥10937% (HPLC) wudndnfl balnatdssnu lase % Recovery f1ldainnisasinaiia
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wanensnulugig 0.2-5.2 % uaaaliifiuinga lWin CNTs-Fe,0,@Au/CPE Aiwaudud

Usfninmngalunisasada @hﬁvl,ﬁmmimn’imiwzﬁﬁmmgﬂﬁaaLLazmmmL%aﬁa
@15197 1 wan133aTzUsnmenslufausu (CBF) ludradrssissnnaindn

fromafiauauiweslsanifnoa lWin CNTs-Fe,0,@AU/CPE AWaIuIT% Uazn3s

= = o a
LﬂiﬂﬂLﬂUUﬂULﬂﬂ%ﬂN?@lig’]%

Samples Concentration (uM) Relative Recovery RSD
Added HPLC Proposed error (%) (%)
method* method* (%)
Cabbage - <LOQ <LOQ - - -
1.00 1.01 1.03 1.98 102.6 0.6
5.00 5.30 5.29 -0.18 105.7 1.5
Celery - <LOQ <LOQ - - -
1.00 0.99 1.03 4.01 107.9 1.8
5.00 5.19 5.44 4.82 109.0 0.9
Chili - <LOQ <LOQ - - -
1.00 0.97 1.02 5.15 102.8 3.5
5.00 5.01 5.10 1.80 104.2 2.6
Onion - <LOQ <LOQ - - -
1.00 1.06 1.05 -1.51 95.3 4.1
5.00 5.24 5.08 -3.05 99.7 3.3
Peppermint - <LOQ <LOQ - - -
1.00 1.01 1.03 1.98 103.7 1.9
5.00 5.45 5.34 -2.02 104.9 27

* Each value is the mean average of three measurements.

mslSaumfgulszansnnlunsasiaiauuunasineslaanIng M
CNTs-Fe,0,@Au/CPE NG W12I%
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dszansamwlunsanaiaaislofusuuuunaswaslauninaa Wi CNTs-
Fe;0,@AU/CPE NINaWIunuIzuuaaiadiedd i naaudsioiaguiluuundu
v o A
LEAS lAAIANTIN 2
@13199 2 Wisuisuquansmzlunisiiaszdanslufausu (CBF) daw

LTULTATTRAG

Electrode Linearity range (uM) LOD (nM) Techniques Ref.
CoPc/rGO/GCE 0.20—70 18.9 DPV, Batch [1]
NiOPc/GO/CPE 5—140 1, 700 Amp, FIA [2]
GO-AuNPs/SPCE 1—250 220 DPV, Batch [3]
Hm/GO/CPE 5—95 9 SWV, Batch [4]
Heated-SPCE 0.4—400 50 DPV, Batch [5]
MIP/rGO@Au/GCE 0.05—20 20 DPV, Batch [6]
MIP-CNTs- 0.1—100 3.8 Amp, FIA This work
Fe;O,@AuU/CPE

CoPc = cobalt phthalocyanine, rGO = reduce graphene oxide, NiOPc = nickel (II) 1,48,11,15,18,22,25-octabutoxy-
29H, 31H-phthalocyanine, GO = graphene oxide, AuNPs = gold nanoparticles, Hm = hemin, MIP = Molecularly
Imprinted Polymer, MB = methylene blue, CNTs = Carbon nanotubes, Pd-Ir = palladium-iridium, GCE = glassy
carbon electrode, CPE = Carbon-Paste Electrode, SPCE = Screen-printed Carbon Electrode, DPV = Differential

Pulse Voltammetry, Amp = Amperometry, SWV = Square Wave Voltammetry

ANANTNILARIINITATINI AT LURILIULULLD VWA LILUNTA MIP taswienasn
L é/ { v g 04 a aaa a a 1
WalwUu NessduanirnassianinialjisoreondatuvasasluRiwsulugas
v o A v a o Ao A AAd o @ o A v v A A '
ANuTuTwNlnalfssnuwIdeang wazddasnalunisanaiananudutuiisui
A = [ a o di dg v & =3 > ;15 €d'
NI0ANINNUIIBAK 9 Daugadliidnisanugnwhlunsasiaia 49 MIP towimash

o X A a a a A e A A, aw do, = a s =
NABIWBAUTLENTNINALNLULYINNURIDANINIWIU N NNUTIUINYY TIaNLTwNA
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A & e o A’ dd” Aa A o va
Wadw1an2 Wi MIP e siwawdndiuffdinuinvinlvianuauisalunig
RIHUBLANATO 321319 CNTs-Fe;0,@Au/CPE LLazﬁmﬁwaam”a"LWW']go waaslALAL
1 Qqﬂ/ { L z a a o
7 IWAN MIP isuira iAW wIduidszdnsnawuazniiiauniauilu (CNTs-
Fe;0,@Au) anaivtasiuwdszriuluanaduitnddszdninmwvlinslienediing
W huazanudumzianzad

' > o A eaa A € @ A & A

damh 2: midueTzilnfweiniresRundszviuluananfauuuiuiiva

6 | aa
A3y B%%’]I%‘ﬂ'}ﬂLLUU 3 A

> a ¢ a a 6 a A d? a 6
nmydanzilndiweiniisesRundszvivluianainfeuuwnuiivasnnivaumlu
ffuuy 3 88 IEnszuiunsaasialomaiia loa-1aa lagasgauaeilnainesad
dy a 6 | o [ [ [ 4
VUNUEIVBIANTU WU 1A TUN® (CNTs) NIZUIUNNTFILATIZALAZANTFN LU S
waadasununInluzdf 7 drarfvenddinarivenuilufiaduafendqn
Tanawlaoanlodwiia tetracthoxysilane az'ld (CNTs@Si0,) nnuliviid jAssny

. . 4 v v . . A
vinylmethoxysilane (VTMOS) Lﬁa‘lﬂﬂmwaaagmmﬁuﬂy vinyl (CNTs@SiO,-Vinyl) 3
a aaa Aa L [ [ a ¢ a %

zmannifiadfAselnfwalaatuld uazdanzilndfweindsesyserivluanalas
IHlwsitluasduluanawivuy weidnuede (MALDululwwas emdulnaneala
WHAALEN (EGDMA) iuainsaafen wazld 2,2'-azoisobutyronitrile (AIBN) 1Juaq3134
2216 (3D-CNTs@MIP) lumsasstsutrasazing) i sianaadaisuauuafoueae

a { ) { o X [y '
Infweiniiresdszvivluanandnasnziiu (3D-CNTs@MIP/GCE) uazd1duluuuaan

MUABMIFNAMLGITNAZANY NI TULTISUFAIAT LLN%ﬂ’]WluEﬂﬁ 7

Imprinting and

polymerization
—

L
PFF, MAA,
EGDMA, AIBN
CI\ITs@SiO2 in DMSO, 70 °C Drop
casting

3D-CNTs@MIP/GCE

CNTs@MIP
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3U7 7 N138$19 3D-CNTS@MIP/GCE  laun13iafiay tetraethoxysilane (TEOS)
ez vinylmethoxysilane (VTMOS) U%iH2284 CNTs LasRILATIEA INAWasNATa Ny
luanalagldlwsflunasiduluanauduuy (CNTS@MIP) dnlwdiwasndsasdseniy

luanatadauuud IWiuazdsuduuuaanazle 3D-CNTs@MIP/GCE

Infwesfifsendszrivluianafitafiauuudalwfn 3D-CNTs@MIP/GCE 1
o o 6 aa 6 a 6] A 2 [
fFuanzilasnisinansvandanaisvewm luitdauafeualsansdsznavaasnisle
lau ialiansvasaumaidunylila (CNTs@Si0,-Vinyl) uazdaiamzvlndinaingd
soudnnuluanalasldlwsfilunesidulaanauiuoy wse3dnuaa (MALDululu
wat lemiulnanaalawmafian (EGDMA) iudndan ldgniunanaseuanmme
NINEATNLALATIRF9A Scanning electron microscopy (SEM) L@z transmission

electron microscopy (TEM) wamimaaal,t,am@”agﬂﬁ 8

ENT = 0.00 KV

—— 100 nm

3111 8 7N (A) SEM uaz (B) TEM 284 3D-CNTs@MIP fsaereile

U7 8 AW (A) SEM uaz (B) TEM 789 3D-CNTs@MIP figataszile nw
SEM an3u 8A LLamlﬁLﬁuﬁogwgmaai’aqﬁm%wiﬁ%ons:msé’aagjmmia CNTs &%
AW 8B 31 TEM 9z1An31 via CNTs muﬁ"l&igﬂmﬁauﬁm MIP azﬁl,ﬁ?umuquﬁﬂmoﬁ
~14.3 wilwuas vociignd MIP Lﬂﬁauayjﬁ]zﬁﬁumuguﬁﬂa’mﬁ ~78 W IULNAT

HAIINNITIATIERE 8 FTIR (3U 9A) usasfisnnuduialunisdauazd MiP

LLazﬂ’liﬁﬁ'@ImaqaLmeu 28NN 1ATIRI9U0I MIP Wauad AFM Iugﬂﬁ 9B ¥inlw
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AUANHULNIINEANY BINUANAIINHIZW IS 3D-CNTs@MIP kaz3D-CNTs@NIP lag
MIP 223N T899 (cavities) DAL Tuame NIP ldiAugasinsuninuids wan1s

A) FT-IR ] d

—

N\

:

9% Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cnt?)

a 1 v & 1 a 6 v
maam\‘mmaLLa@ﬂﬂmmwmmmmLm’lzv\ MIP VL@]
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3111 9 (A) FTIR spectrum 284 3D-CNTs@MIP 7iaun13a14 template (a) #83370

ANI8 template (b) L8 non-imprinted polymer (3D-CNTs@NIP 2N (B) LWL&ed AFM

images 183 MIP waz NIP films ﬁﬁ'dl,ﬂi’lzﬁuu 3D-CNTs@MIP/GCE

TalwsAlunasanisosshialng (3D-CNTs@MIPIGCE) fidananlauas

ﬂ']’m’i(]”lL‘W’]$Lﬁ]’lZ'ﬂx‘]%ﬁx‘]ﬁﬂ’lﬁﬂﬂ"li@]i’l%f@ﬁ’) gnadALadNLN aﬂimw?’lm:umawvla 18 1o

ﬁﬂwsmuwaamumaﬁm’%mﬂﬁmﬁnmqmauﬂ'ﬁmﬂﬂﬁﬂmﬁmaﬂwsmuwaa WU

InsflluresfineanBiatundndlnih +0.67 laad Ufisenffadwdulidazdf 10

7777777

-&/’////

v

GCE

CNT
RSA 6080

MIP Matrix

Br.
¢ H
[
[+
" |

% BCP
Y

Profenofos

3D-CNTs@MIP/GCE




3U7 10 na'lnmsiAas g amsiwiiadaianlwih 30-CNTs@MIPIGCE

Wathwsiluwesimuiwasinldidumasiaiawuuuaunasisansluszuuienle
1o lasldasazanawasiatninas (0.1 M, pH 7.0) Liuansazanuainn aasnsinag
0.8 indfardauwf uaz lhdndIWduvinny +0.70 Taad wudldnmiduass U 11)

Tugr9nuidutu 0.01 69 200 lulasluans (2 = 0.995) wazdidainnalunisasiaia

(LOD; 30)7 2.0 wiluluas

Current (pA)

8
A) 200 M 1201 B)
005 M 01 M 05 M
0.01 )M 0025 )M L
61 —rmAmnAANNNA N
100 M 90+
¥ y=0.573x+1.697
= 2
_ v r=0.995
N 50 M = 60
e 4
]
o
30 1
2 4
[]_
0 T T T I | ) : I
1000 2000 3000 4000 0 50 100 150 20
Times [PFF] (uM)

%

3N 11 sy muaznuiasznsedlnsiluesisuisassialng (3D-

o

CNTs@MIP/GCE) iaiaiamisinaiauasiwasiauniluszuuianlate

ﬂ’liﬁﬂﬂ’lﬂ’)’l&dﬁ’nﬂ’lzm’lz%ﬂLLE&ﬂ’J’INLﬁﬁﬂi
Tun13ENBIANEINIZLA1229 (selectivity) LAZANLRE ET (stability) 284015
a { Qq/’ { Qs &J o
AaNzAuuuLaNwaslsiuninu W 3D-CNTs@MIP/GCE AWau1a% AN ILwIe
a 6 o =3 (>3 A o =S v 1 .
L’lﬂ’]ﬁ]x‘]l%ﬂ’]i’)Lﬂi’]:ﬂ“ﬂ'm'ﬁﬂﬂi:ﬂﬂaGI’JiTJﬂ’J%VWI'm']i?mH’]VL(ﬂLLﬂ chlorpyrifos (CPF),

carbofuran (CBF), hydroquinone, caffeine, phenol unIzTadunIdlann MgSO, Laz
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NaCl athnanimasaszasanlasaunsuildannimanssasiaiassazaonaui
udrsuniufianudududng g sndSeufisuiudyaimnszuaildannisanaia
arazatoinaszulnsilunesd lifidrsuniu Srdyaimnzuaianaialdfiany
LANGIINH £ 5 % uandidniTsuninaesssaasuniuiaussludaszuunmsiames
wamimaaw.am@”agﬂﬁ 12 A

ﬁnﬂgﬂ'ﬁ' 12A wuinarsumuaiiaindeafiunisd 2 afia lawd MgSO, waz NaCl
"LaJ'LLammsiumu@iaizuuﬁmiﬁ:ﬂmﬂiuwaaﬁw‘"@umﬁuuﬁa:ﬁmmLﬁuﬁugaﬁa 5,000
UM (1000-fold) @3TUNIU caffeine WAz phenol JiLEAINIITUAIUABTZULILATIZA LN
T,umlaaﬁw"’wmﬁuuﬁazﬁmmL?T;J?Tugaﬁa 500 uM (100-fold) §IHAITUNIH 3 THa LalA
813119auNaITHA chlorpyrifos (CPF), carbofuran (CBF) Waz&13 hydroquinone baj&a
mﬁummiaszuu’imiw:ﬁ‘[wsmuwaaﬁw”wmmguu,ﬁazﬁmmLﬁuiugaﬁa 250 UM (50-
fold)

HANNINAROUAINNLEHLTVOINITILATZWUUL L NN e 15Lan3 A2 I 3D-
CNTs@MIP/GCE ﬁw”eum%uuam@”agﬂﬁ 12B lagiiunasiaiaainszusany §isen
sandiatuosInsilunaganuidudn 5 M Fnnsansnanuauduszeziig 2
§Ua9 nan1inanasuaasliiiuing s Wi inamndulwnisaausnasenszuad 95%
Pasansuan taifivaa lWdnly 1 dlenst LLa:ﬂ’ﬂﬁ@lauauao@hmmaﬁgoﬁo 82% 1ilo
Aot Wi B wuds 2 denst nansmasasituaasliiiuisnnuaiosvosna Wi 3D-
CNTs@MIP/GCE

RSA 6080062 18



100-fold 1000-fold

|
| —k

IIIHE]

0.000 :
S o» O
& W

A)

1.800

1.500

1.200

0.900

Peak area

0.600

0.300

S Q \
C@'
a"‘@ S

Tolerance = max. conc. of interfering substances that cased signal alteration >+ 5%

B)

Relative signal (%)
£ 2 8 8 8

[ o]
[
1

=]
1

14

0 1 2 3 4 5 6 7

Storage time (days)

35U 12 (A) Wan1IANBINAVEIAITUNIN IBRasTazansunas Ul lunes

(PFF) @21 Nt u4% 5 uM (B) storage stability 28322 1W W1 3D-CNTs@MIP/GCE

(RUWIMVDI 5 UM PFF)
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Wan15ruUaTITARLL LB NINASITINNSAY IWRAN 3D-CNTs@MIP/GCE #1'l6
L J v a a s v
Wl w191 mﬂixqmﬂmnummLmﬁ:ﬁmﬂimmiwmuwaaIummnmmﬁmmmﬂu
LT GuvaN Vang KNN1AT1 NEVREIUR WINWEIN LAZWIN WANIINARAILRAIAI
AN39N 3
dl a 6 1A [ N [ a
A13199 3 WanmFenzRUSualwsi lunes (PFF) luaratssnsanaanenuas

Na lddsnafiauanineslsiuninal Wi 3D-CNTs@MIP/GCE waznsilSoutisuny

WalauaIgIn
PFF (uM)
Samples Recovery RSD ‘Bias
Content Added Found
(%) (%) (%)
Spring onion n.d. 0.05 0.051 103.0 24 2.1
0.1 0.104 103.6 2.3 3.6
Tomato n.d. 0.05 0.050 101.0 24 3.0
0.1 0.101 101.0 21 29
Chinese cabbage n.d. 0.05 0.050 100.2 1.8 -1.0
0.1 0.104 104.0 0.8 1.6
Cabbage n.d. 0.05 0.050 100.1 1.2 1.2
0.1 0.101 100.7 1.0 -0.9
Green pepper n.d. 0.05 0.051 102.6 1.6 2.0
0.1 0.104 103.8 1.1 1.8
Chili pepper n.d. 0.05 0.050 100.9 1.5 0.9
0.1 0.105 105.4 2.0 1.1
n.d. = not detection or the samples were contaminated with concentration below LOD.

® bias calculated from the different between recovery measurement results and reference

values from HPLC method.

uDaTiaLuULaunadlsaunifiaa lWin 3D-CNTs@MIP/GCE #ilawainmdn
Lf’lmzuu?Lmﬂzﬁﬁmmmﬁwmﬂizqﬂ@ﬂ%ﬁuﬂﬂiiLﬂiﬂzﬁﬁwﬂ%uwmIWiﬂiuwaalua15
snaanizuazne b ldadnadidsziniaiw Sanugndasgs 1wen %Bias afluda 0.0-
3.6%
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1 A o a A A a 6 a A
d39N 3: ﬂ’]iﬁdLﬂi’]:ﬁIWﬂLN 83NVID UW&IW‘].I?:Y]UI&IL&Q&Lﬂﬂ@‘]JiJ%LLﬂ%‘llaG

akm’mmiumﬁ@LLuﬂﬁvl,mT-ﬂaquuI@ﬂlﬂwﬁmafﬁﬂi:ﬂaﬂﬂ@ﬁ ﬂmga:ﬁiu

mié'amezﬂwﬁma%ﬁﬁsaﬂﬂuﬁﬂi:ﬁ'ﬂuLaqaLﬂﬁauummmaaagmﬂmh
mﬁﬂLLwﬂﬁ"Lﬂﬁ-ﬂaauquI@mlﬁwﬁmﬁﬁﬂizﬂaﬂﬂ@hwyj’azﬁiuuamlugﬂﬁ 13 310
aumauunitinduuafovdianes laslflmdsadinsadudaidag azldeymauund
Indindaunas (Fe,0,@Au) biial 11- mercaptoundecanoic acid (MUA) tWagsnawuszla
MAUFTERING Au-S INWAY EDC/NHS L‘ﬁalﬁﬂmwaaagmﬂmmmLﬁ@w”uﬁzﬁ'uiw
Sasndye pRuWsziuluanald Tumssaesresilndwesidsznovlea wyja:ﬁiuﬁﬁ
sopaWUszriuluana (MIP-NH,) azlgnsawmieian (MAA) uaz 1au-lalowsaWaazad
alud (NIPAM) Wusanatues lasunsaos WSy basazasian (TRIM) was LuLEu-
wisauiiaazasalud (MBA) tudaidandan, 2,2-t0loia-2-Tnslnlalulass (AIBN)
Hueasisw wazldaslufuswduluanawivuy wazdsudunyaandieiinsaiadan
fvinazany 9216 (Fes0,@AU-MIP-NH,) lunsasiouimesazinga Wi sfiiananad
ANSLAUNILARBUG UTW§Lua§ﬁﬁiaﬂﬂizﬁ'ﬂmaqaﬁﬁamﬁzﬁiﬁ (Fe;0,@Au-MIP-
NH,/GCE)

(o]
o ﬁ
% -OH N
c ¢ ©

Q.
. -OH i
5 5 \C
S S

HAuCl, 11-mercaptoundecanoic

@ Sodium Citrate @ acid (MUA) EDC/NHS
NH, & NH:
Y o < 40 ,{d,
Mathacrylic acid st olymerization S ;—3 2" polymerization Y\Q\% = /1%’ MIPAN. 30 fﬁ.{
+ _— = - 2 E 2 o |
S : c
Carbofuran 0 - NIPAM ,::2 O JQ’Q%
NH,
MIP-NH,

5
NIPAM : N-Isopropylacrylamide 1. MUA (5 mM in methanol), 24 hr
NHS : N-hvdroxvsuccinimide 2. EDC/NHS (400 mM/100 mM in methanol). 3 hr
’ ’ 3. MIP-NH, (2mg-mL) in acetronifrile, 16 hr
EDC : I-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride

31UN 13 n138379 Fe;0,@Au-MIP-NH, HIWNTTUIRNITRILATIZAINA LB

UsznavlddrpnyezdlunisesRuwdserivlaans (MIP-NH,) ansuiiuiafanun

A a & A
WNWNAT (core) ﬂLﬂua%ﬂqﬂLLuﬂ%vLﬂ@]Lﬂﬂallﬂa(]
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Iwﬁmas"‘ﬁ'ﬁsaUﬂs:ﬁ'ﬂmLaqaﬁmﬁauummuﬂmmmﬁ"lm@TLﬂﬁa‘u*‘naa
(Fes0,@AU-MIP-NH,) figstasnzdlasldnsaiuninsan (MAA) uay t5u-lale
wyaNaazasa1buad (NIPAM) iusauaiuas lasiundaaalwiins basezasian (TRIM)
uaz uwdu-wisanisazasanlud (MBA) iuaafentw uas 2,2-10lads-2-lnslnle
wlass (AIBN) Wuea5i5u ﬁwi’aquﬂuﬁé’ame:ﬁ“l@wl,ﬂm'maauES'm:}m:mamﬂmw
AIULNAKA transmission electron microscopy (TEM) 8z atomic force microscopy (AFM)

Namiﬂ@aamam@ﬁgﬂﬁ 14

A Fe,0,@Au-MIP-NH,

Fe,O0,@Au-MIP-NH, Fe,0,@Au-NIP

3ufl 14 (A) 7W TEM uaz (B) AFM 183 Fe,0,@Au-MIP-NH, sz Fe,0,@Au-

NIP AFILATIEN be

v & { & =
N TEM ﬁ]’lﬂg‘ﬂ 14A LL&@GI‘VEL‘V\%ﬁGa‘%ﬂ’lﬂu’liuﬁﬁuﬂuﬂa’lﬂﬂu Fe304@AU 3

Ao A v & A v A a oa a
AN B IUSNINNIN Tuq@agﬂqﬂNLaquuﬂuﬁﬂaqﬁﬂ ~27.5 ‘quLsJ@l‘i 'Ja@lﬂLGISEJNVL@NIWQ

WasIARBUTAULAKNANY §IUATW AFM 31N g‘ﬂ 14B ABANBIUSNINNNLATNYDIN
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A19191 4 HamIazidSumensluAausw (CBF) lualatnsasanaannma ol

wazNnaIsnadauaNtnaslsiuniNe NN Fe;0,@Au-MIP-NH,/GCE WLazns
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WIsunauny LNAURANIANIZTY

Samples Added Proposed method HPLC method Relative
(nM) Found +S.D. Recovery Found +S.D. Recovery error (%)
(uM) (*%) (uw) (*%)
Grape - <LOQ - <LOQ - -
0.50 0.520 + 0.007 104.0 0.522 + 0.006 104.4 -0.4
1.00 1.012 £ 0.006 101.2 1.011 £ 0.006 101.1 0.1
Dragon fruit - <LOQ - <LOQ - -
0.50 0.502 + 0.002 100.4 0.499 + 0.001 99.8 0.6
1.00 1.009 £ 0.001 100.9 1.004 £ 0.023 100.4 0.5
Chinese - 0.309 + 0.016 - 0.298 + 0.001 - 3.7
kale 050  0.813+0.003  100.8 0797 £0.002  99.8 1.0
1.00 1.282 £ 0.001 97.3 1.295 £ 0.005 99.7 -2.4
Cantonese - 0.303 + 0.001 - 0.291 + 0.010 - 4.1
vegetable 550 0.805+0005 1004  0.813+0.005  104.4 4.0
1.00 1.280 £ 0.020 97.7 1.310 £ 0.009 101.9 -4.2
Lettuce - 0.255 + 0.001 - 0.245 + 0.002 - 4.1
0.50 0.729 + 0.012 92.8 0.739 + 0.031 98.8 -4.0
1.00 1.197 £ 0.020 94.2 1.226 £ 0.008 98.1 -3.9

FTUUAIIVTAUVULaNIWDS 15NN 12 10 Fe,0,@Au-MIP-NH,/GCE 1
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(2014) 191-197.
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M. Amatatongchai*, W. Sroysee, P. Jarujamrus, D. Nacapricha and PA.
Lieberzeit, Selective amperometric flow-injection analysis of carbofuran using a
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Manuscript
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International conference

-M. Amatatongchai*, W. Sroysee, P. A. Lieberzeit, P. Jarujamrus, D. Nacapricha
“Selective amperometric flow injection analysis for carbofuran based on molecular
imprinted polymer and gold-coated magnetite modified carbon nanotubes-paste
electrode” 21% International Conference on Flow Injection Analysis and Related
Techniques (21st ICFIA), Saint Petersburg, Russia, 3-8 September 2017, as oral
contribution.

-M. Amatatongchai*, P. Sodkrathok, W. Sroysee, N. Kesangam, S. Chairam
and P. Jarujamrus “Novel molecularly imprinted polymers (MIP)-coated nanomaterials
for amperometric sensing of pesticides in food analysis” 14th International Conference
on Flow Injection Analysis (Flow Analysis XIV), Bangkok, Thailand, 2-7 December 2018,
as oral contribution.

-M. Amatatongchai* , S. Thimoonnee, P. Jarujamrus, D. Nacapricha, P. A.
Lieberzeit “Novel Amino-containing Molecularly Imprinted Polymer Coated on Magnetite-
gold for Sensitive and Selective Amperometric Detection of Carbofuran in Food” 22"
International Conference on Flow Injection Analysis and Related Techniques (2 2 ™

ICFIA), 31 May to 05 June, 2020, in Marseille, France, as poster contribution.

RSA 6080062 32



RSA 6080062

TN I

33



Talanta 179 (2018) 700-709

Contents lists available at ScienceDirect

talanta
j Talanta
4 i)
ELSEVIER journal homepage: www.elsevier.com/locate/talanta
Selective amperometric flow-injection analysis of carbofuran using a 7))
molecularly-imprinted polymer and gold-coated-magnetite modified carbon &&=

nanotube-paste electrode

Ve, Y v

Maliwan Amatatongchai™’, Wongduan Sroysee”, Purim Jarujamrus®, Duangjai Nacapricha”,

Peter A. Lieberzeit*

* Department of Chemistry and Center of Excellence for Innovation in Chemistry, Faculty of Science, Ubon Ratchathani University, Ubon Raichathani 34190, Thailand
" Department of Chemistry and Center of Excellence for Innovation in Chemistry, Faculty of Science, Mahidol University, Bangkok 10400, Thailand
“ University of Vienna, Faculty for Chemistry, Department of Physical Chemistry, 1090 Vienna, Austria

ARTICLEINFO

Keywords:

Carbofuran sensor

Molecularly imprinted polymer
Carbon-paste electrade

Gold-coated magnetite (Fes04@Au)
Amperometry

Flow injection

ABSTRACT

Herein, we propose a new approach for selective determination of carbofuran (CBF) in vegetables, based on a
simple flow-injection system using a molecularly-imprinted amperometrie sensor. The sensor design is based on
a carbon-paste electrode decorated with carbon nanotubes and gold-coated magnetite (CNTs-Fe;0,@ Au/CPE)
coated with a molecularly-imprinted polymer (MIP) for CBF sensing. The MIP was synthesized on the electrode
surface by electropolymerization using a supramolecular complex, namely 4-ter-butylcalix [8] arene-CBF (4TB
[8]A-CBF), as the template. We used o-phenylenediamine as the functional monomer. Our results demonstrate
that incorporation of the MIP coating improves the electrochemical catalytic properties of the electrode, in-
creases its surface area, and increases CBF selectivity by modulating the electrical signal through elution and re-
adsorption of CBF. The imprinted sensor (MIP-CNTs-Fea0,4@Au/CPE) was used in a flow-injection analysis (FIA)
system, Experimental conditions were investigated in amperometric mode, with the following optimized para-
meters: phosphate buffer solution (0.1 M, pH 8.0) as the carrier, flow rate 0.5 mLmin~"', applied potential
+0.50 V. When used in the FIA system, the designed imprinted sensor yields a linear dynamic range for CBF
from 0.1 to 100 pM (" = 0.998) with a detection limit of 3.8 nM (3S;,), and a quantification limit of 12.7 nM
(108S,). The sensor exhibits acceptable precision (%RSD = 4.8%) and good selectivity toward CBF. We suc-

cessfully applied the electrode to detect CBF in vegetable samples,

1. Introduction

Carbofuran (CBF) is a broad-spectrum carbamate pesticide used
worldwide by the agricultural industry to protect a wide variety of fruit,
vegetables, and other crops [1,2]. However, its high toxicity and ac-
cumulation in living organisms has resulted in public concerns re-
garding food safety and human health [3.4]. Owing to its high toxicity,
the Acceptable Daily Intakes (ADIs) of CBF as recommended by the
Codex Alimentarius Commission is 0-0.002 mg.(kg of body weight) ~*
[5,6]. To monitor the safety of food supplies, government agencies of
most countries have established maximum residue levels (MRLs) of
pesticides and have set up crop pesticide-residue monitoring programs.
The United States Environmental Protection Agency (EPA) set MRLs for
CBF at 0.1 mgkg ' in selected agricultural product including green

bean, banana, coffee and rice [7,8]. Therefore, it is necessary to detect
and monitor CBF residues in farm products and in the environment
[9,10]. Detection of carbamate pesticides is generally carried out using
high performance liquid chromatography (HPLC) [11,12], gas chro-
matography (GC) [13], capillary electrophoresis (CE) [14], mass spec-
trometry [15], piezoelectric immunosensing [16] and amperometric
immunosensor apparatus [3,17]. Although these techniques are sensi-
tive and well-established, the methods somehow require expensive in-
strumentation as well as complex and time consuming clean-up pro-
cedures, which carry risks for analyte loss. This limits their application
and makes them one way or another unsuitable for routine field op-
eration [7,11-14]. Moreover, these methods do not easily allow con-
tinuous in situ analysis, and often require highly trained operators
[11-15]. Consequently, electrochemical techniques are considered
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suitable complementary tools for real-time detection of CBF in real
samples [2,3]. The use of electrochemical sensors coupled with flow-
injection analysis (FIA) is a highly promising approach. It provides
numerous advantages, including analysis of samples in real time, ver-
satile instrumentation, low cost, high sample throughput, and
offers high sensitivity with modest reagent consumption and waste
generation.

Generally, electrochemical detection of pesticides in food analysis
applications relies on enzyme bio- and chemical-sensors. Although
these two sensor types can be sensitive and selective, they do have
drawbacks. For example, biosensors, which normally use acet-
ylcholinesterase (AChE) enzyme immobilized on electrode materials
such as glassy carbon [18], gold [19], and platinum [20], are limited by
their relatively high cost and by the inherent instability of the enzymes.
Enzymes require particularly critical operational and storage condi-
tions, including pH, ionic strength, and temperature requirements. Non-
enzyme pesticide sensors provide an attractive alternative to enzymatic
biosensors. However, they suffer problems with electrode fouling and
lack of selectivity; non-enzyme systems require high potentials for
analyte detection and suffer interference from the sample matrix [21].
The most important and challenging aspect in the development of CBF
chemical sensors is the enhancement of sensitivity and selectivity
[2,21]. Chemically modified nanomaterial-based electrodes have been
reported for determination of carbaryl [2,22] and carbofuran [2,23,24].
These electrodes used carbon nanotubes (CNTs) with cobalt phthalo-
cyanine [22], cobalt oxide decorated with reduced graphene oxide
(rGO) [2], graphene oxide (GO) with gold nanoparticles (AuNPs) [23],
and GO with hemin modified carbon electrodes [24]. Nano-materials
play important roles in improving the performances of electrical com-
munications and electrocatalytic activity, and have been applied to
decrease surface fouling of electrodes [21,24]. However, analytical
features, such as precision, sensitivity, and selectivity need further
improvement.

Recently, molecularly-imprinted polymers (MIP) have seen wide
application in electrochemical sensors. MIPs provide selective analysis
due to their tailor-made affinity and specificity to a target analyte
[25,26]. They are suitable to rapidly identify a template molecule, and
are easily synthesized and incorporated into an electrode to provide a
sensitive and selective electrochemical sensor with reproducible ana-
lytical results. However, as a sensing material, the rate of analyte dif-
fusion across the MIP film needs improvement to reduce response time
[25]. Furthermore, an efficient signal transducer is needed to effec-
tively convert molecular recognition binding signals into detectable
electrical signals, and so to enhance sensitivity of the sensing system
[25,26]. The electroconductivity and recognition sites of MIPs are poor.
Therefore, various nanomaterials have been extensively used in the
development of MIP based sensors to promote electroconductivity,
electron transfer and recognition sites owing to their unique properties
of high conductivity and large specific surface area allowing for high
density of chemical binding and large surface area to the synthesis of
MIP [26-28]. In terms of improving the sensitivity of MIP sensors for
pesticides and herbicides, nanomaterials such CNTs [26,27], gold na-
noparticles [28], AuPt alloy nanoparticles [29], and gold-coated mag-
netite (Fe;04@Au) nanoparticles [30] were reported. These examples
include CBF [26,28], carbaryl [29], diuron [27], and parathion-methyl
[30], for glassy carbon (GC) [26,28,30] and carbon-paste [29] elec-
trodes.

Herein, we report a novel CBF sensor, fabricated using nanomater-
ials comprising CNTs and Fe;04@Au nanoparticles to increase elec-
trode sensitivity, and MIP to provide a specific binding site for the CBF
target molecule. The MIP-sensor design is based on a carbon-paste
electrode modified with CNTs and Fe;0,@Au (CNTs-Fe,O,@Au/CPE).
A MIP for CBF was synthesized at the electrode surface by electro-
polymerization with a 4-ter-butylcalix [8] arene-CBF (4TB[8]A-CBF)
supramolecular complex as the template, and o-phenylenediamine as
the functional monomer. Hybrids nanostructure formed with carbon
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nanotubes (CNTs) and Fe;0,@Au have exhibited a synergic effect
leading to significant improvements in the electronic and mechanical
characteristics of each single component. In this context, the use of
CNTs-Fe;0,@Au which possess unique properties including high elec-
trical conductivity, good electrocatalytic activity and large surface area
offers significant enhancement in the sensor performance. To our
knowledge, this is the first report of using CNTs-Fe;0,@Au/CPE to
enhance conductivity and electron transfer to achieve the electro-
polymerization of 4TB[8]A-CBF supra molecule and selective of CBF
detection. The synthesized MIP was characterized by Fourier trans-
formed infrared (FTIR) spectroscopy and atomic force microscopy
(AFM). The CBF imprint has a porous structure, with cavities formed on
the surface of the polymer film during electrodeposition. We applied
the imprinted sensor (MIP-CNTs-Fe;0,@Au/CPE) to on-line ampero-
metric detection of CBF in a FIA system, and the sensor successfully
quantified CBF in vegetable samples. The proposed method is highly
feasible, and provides excellent sensitivity, selectivity, and stability
with a sample throughput of 61 samples per hour.

2. Experimental
2.1. Reagents and materials

All chemicals were analytical grade. Deionized-distilled water
(WaterPro Ps, USA) was used for standard and reagent preparation. o-
Phenylene diamine (CgHgN;), graphite powder, 4-tert-butylcalix [8]
arene (CggHy120g) (4TB [8]A, 97%), and hydrogen tetrachloroauric
(1) acid trihydrate (HAuCly-3H;0) were purchased from Acros or-
ganics (Geel, Belgium). Carbofuran (C;2HsNO5, 98%), sodium acetate
(C,HzNa0,), acetic acid (CHzCOOH), sodium phosphate monobasic
dihydrate (NaH2P0,4-2H.0), and sodium phosphate dibasic (Na,HPO,)
were obtained from Sigma-Aldrich (St. Louis, USA). Carboxylated
functionalized multiwall carbon nanotubes (CNTs-COOH, diameter:
15 = 5nm, length: 1-5um, purity: > 95%) were purchased from
Nanolab Inc. (MA, USA). Poly(dimethylsiloxane) or PDMS (Sylgard®
184) were purchased from Dow Corning (Wiesbaden, Germany). A
stock solution of 10 mM carbofuran (CBF) was prepared using methanol
and then stored in the dark at 4 °C. The hydrolysate of CBF was ob-
tained by dissolving CBF in NaOH (0.1 M), and then placing in a water
bath at 60 °C for an hour to ensure complete hydrolysis [23,31,32].

2.2, Apparatus

2.2.1. Cyclic voltammetry

A cyclic voltammetry (CV) study was performed in batches using a
self-assembled three-electrode cell, comprising a MIP-CNTs-Fe;04@Au
carbon-paste working electrode, an Ag/AgCl (sat.) reference electrode,
and a platinum wire counter-electrode. We performed CV measure-
ments using an eDAQ potentiostat (model EA161, Australia) equipped
with e-corder (model 210), and e-Chem software v2.0.13. The working
electrode was built by packing the paste inside a glass tube (inner
diameter 0.2 cm, length 7.5 cm) with a fixed copper wire for the elec-
trical contact. The CPE active surface area was approximately
0.031 em®. Phosphate buffer solution (0.1 M, pH 8.0) was used as a
supporting electrolyte for all electrochemical measurements.

2.2.2. Amperometric detection using a simple flow-injection (FI) system
We employed a simple FI system for the amperometric detection of
CBF [33,34], using the MIP sensor. The system comprised a Shimadzu
pump (model LC-10AD, Japan), a Rheodyne injector (model 7725,
USA), fitted with a 100 pL sample loop, and an electrochemical detector
(ECD). Amperometric measurements were performed using an eDAQ
potentiostat (EA161), equipped with e-corder 210, chart v.5.5.11 soft-
ware, and an in-house three-electrode thin-layer flow cell. The MIP-
CNTs-Fe;04@Au/CPE served as the working electrode, Ag/AgCl as the
reference electrode, and a stainless-steel tube as the counter electrode.
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Fig. 1. The MIP sensor serves as the working electrode in a thin-layer flow cell for amperometric measurements in a simple Fl system, and preparation of the MIP-CNTs-Fe,0,@ Au/CPE

SENSOT.

A silicone gasket (flow channel = 0.1 x 0.6 cm) served as a spacer in
the ECD between the base of the cell, and the working electrode, to
provide an electrode area of approximately 0.06 cm®. Fig. 1 outlines the
preparation of the MIP sensor (MIP-CNTs-Fe;0,@Au/CPE). CBF mole-
cularly-imprinted polymers were fabricated on the CNTs-Fe;04@Au/
CPE surface by using electrochemical polymerization.

2.2.3. Characterization

A thermogravimetric analyzer (TGA) model TG 8120 (Rigaku,
Japan) and an X-ray diffractometer (X'Pert PAN, Philip, Finland) were
used to study the behaviors of 4TB [8]'CBF inclusion. Structure, com-
position, and morphology of the nanocomposites were evaluated by
Fourier transformed infrared (FTIR) spectroscopy (Perkin Elmer, USA)
and AFM; images were obtained using a scanning microscope probe
(Park Systems Corp., Korea.) controlled by XEI software.

2.3. Preparation of the MIP sensor (MIP-CNTs-Fe304@Au/CPE)

2.3.1. Preparation of Fe;0,

Magnetite nanoparticles (Fe;0,) were prepared by co-precipitation
as described in our previous report [33]. Fe(NO3)39H0 (0.02 mol) and
FeS0,7H,0 (0.01 mol) were dissolved in HCl (60 mL, 0.2 M) with
vigorous stirring under nitrogen. NaOH solution (100 mL, 1.0 M) was
then added dropwise to the suspension. Stirring was continued at 70 °C
for another 2 h. The resulting brown precipitate (Fe;04) was collected
by magnetic decantation, washed three times with DI water, and then
dried in a desiccator.

2.3.2. Preparation of Fe;0,@Au

Although Fe;0, nanoparticles possess high surface-to-volume ratios,
they are easily oxidized in air with the trend of highly aggregation,
which could reduce conductivity. Therefore, we prepared gold coated
magnetite (Fe;0,@Au) nanoparticles to avoid the aggregation or oxi-
dation and plus further acquire excellent conductive of the combine
nanocomposites. Moreover, gold nanoparticles also have been reported
as excellent materials to fabricate MIP because of their catalytic ac-
tivity, high stability, easy surface functionalization, and excellent con-
ductivity [25,33].

Fes04 nanoparticles were coated with Au to obtain FesO,@Au as
previously described [33]. Fe;04 nanoparticles (30 mg) were dispersed
in 10 mL deionized (DI) water in an ultrasonic bath for 30 min. The
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dispersion was transferred to a 250-mL round-bottom flask containing
40 mL of water. Then, HAuClL; (20 mL, 0.1%) was added while stirring
vigorously. Stirring was continued while the solution was brought to
reflux. Tri-sodium citrate (4 mL, 1 wt%) was then added rapidly to the
boiling solution. The mixture was kept at reflux for further 15 min.
During this process, the added Au®* ion was reduced to Au” on the
Fe;04 surface, to form red-brown Fe;0,@Au. The synthesized
Fe;0,@Au nanoparticles were separated by magnetic decantation,
washed three times with DI water, and then dried in a desiccator.

2.3.3. Preparation of 4TB[8]A-CBF assemblies

4TB[8]A-CBF assemblies were prepared by self-assembly, as de-
scribed by Li et al. [26], with some modification: Briefly, a stock so-
lution containing CBF and 4TB[8]A in equal molar quantities in acet-
onitrile (2.2 mM) was prepared. A mixed solution of 0.1 mM CBF and
4TB[8]A solution was blended with 0.05 M phosphate buffered saline
solution (pH 7.8) for 30 min in an ultrasonic bath. The solution was
cooled, filtered, and washed with ethanol, to yield the 4TB[8]A-CBF
assemblies. The solution was stored overnight in a refrigerator at 4 °C.
Finally, the 4TB[8]A-CBF assemblies were purified by recrystallization
in ethanol and dried at 60 °C for 2 h.

2.3.4. Preparation of CNTs-Fe;0,@Au/CPE

The CNTs-Fe;0;@Au/CPE was fabricated by thoroughly mixing
graphite powder (0.900 g), CNTs-COOH (0.020 g), Fe;0,@Au nano-
particles (0.025 g), and PDMS (0.015 g) to homogeneous consistency
using a mortar and pestle. The composite material was then heated to
60 °C and incubated for 30 min. Mineral oil (30 uL) was added and
thoroughly mixed with the composite materials. CNTs-Fe;O,@Au paste
was either packed inside a glass tube (inner diameter 0.2 em, length
7.5 cm) fabricated in-house for cyclic voltammetric study, or packed
inside the Teflon block (Fig. 1) of a thin-layer flow cell for ampero-
metric study. The CNTs-Fe;0,@Au/CPE surface was polished with
weighing paper to a smooth finish before use.

2.3.5. Preparation of MIP-CNTs-Fe;0,@Au/CPE

MIP was prepared on the CNTs-Fe;04@Au/CPE surface using elec-
trochemical polymerization. Electropolymerized film was produced
from a solution containing o-phenylenediamine (0.3 M), 4TB[8] A-CBF
assemblies (0.1 mM), and acetate buffer (0.1 M, pH 4.5) by CV, in the
range of 0.0-1.0V for 25 cycles at a scan rate of 0.05VS '. The
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Fig. 2. Characterization of electropolymerized films: A) (a) FT-IR spectrum of MIP films before template removal and (b) MIP film after template removal, and (c) NIP film. B) AFM

images of NIF and MIP film synthesized on the CNT-Fes04@Au/CPE.

electrode was washed with a mixture of formic acid and ethanol (1:1 (%
v/v) ratio) for 9 min to remove remaining template molecules. Non-
imprinted polymer (NIP) was prepared on the CNTs-Fe;04@Au/CPE
using the same method, but without the CBF template.

2.4. Sample preparation

Vegetables were purchased from a local market in Ubon
Ratchathani Province, Thailand. Five vegetables (cabbage, celery, chili,
onion, and peppermint) were selected as samples for CBF analysis. We
adopted an extraction scheme reported by Wang et.al., for fruits and
vegetables [2]. Fresh vegetables were cut into small pieces. Samples
were weighed into 40 g aliquots and then, each was added to 100 mL of
phosphate buffer (0.1 M, pH 8.0). Samples were then homogenized in a
blender for 2 min. The homogenized samples were centrifuged at
3000 rpm for 5min and the supernatant were collected and filtered
(Whatman no. 1 filter paper). NaOH (5 mL, 1.0 M) was added to sample
solution aliquots (45 mL) and then heated at 60 °C for one hour to
hydrolyze any CBF present in the vegetables. Finally, the sample solu-
tion was filtered through a PTFE syringe filter (33 mm = 0.22 pm)
prior to CBF determination.
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2.5. Method validation

CBF concentration results obtained from the proposed FI-MIP sensor
were compared to those obtained from a standard HPLC method [2].
Analysis was performed in triplicate using HPLC equipment, model
CTO-10AC (Shimadzu, Japan), coupled to a SPD-20A UV/Vis detector.
Separation was carried out at the following conditions: Inertsil ODS-3
(150 % 3.9 mm, 5 um) separation column, isocratic elution with acet-
onitrile: water (70:30 v/v) mobile phase, 0.8 mL min~" flow rate, 20 uL
injection volume, 213 nm absorbance detection, and column tempera-
ture of 25 °C.

3. Results and discussion
3.1. Characterization

3.1.1. 4TB[8] A-CBF assembly Study

Fig. 51 shows DSC curves and XRD spectra for the 4TB[8]A-CBF
assemblies. The figure shows a sharp DSC endothermic peak for CBF
(curve a) at 400 °C, and two sharp endothermic peaks, from 4TB[8]
(curve b), at 156 and 225 °C. Endothermic peaks obtained from the
physical mixture of CBF and 4TB[8]A] mixture(curve c) are simply the
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superposition of the CBF and 4TB[8] peaks. The assembly 4TB[8]A-CBF
(curve d) produces two new endothermic peaks at 430 and 445°C,
indicating that a new state of matter is present. Fig. S1B shows XRD
patterns. The main diffraction peaks for CBF (curve a) occur at 20 an-
gles of 10°, 127, and 257, and those for 4TB[8]A (curve b) occur at §
and 20°. The main diffraction peaks for the physical mixture (curve c)
appear as a superposition of the single component peaks. On the other
hand, the expected peak for the 4TB[8]A-CBF assembly at a new 20
value is not seen, because they are obscured by the CBF peaks at 10°
and 12°. These DSC and XRD results indicate that inclusions were
formed. The observed formation of the 4TB[8]A-CBF assembly is in
good agreement with a report for 4TB[8]A-CBF imprinted polymer
modified on an MWCNT/Pd-Ir coating on a glassy carbon electrode
[26].

3.1.2. MIP polymerization

We investigated electropolymerization of MIP films on the CNTs-
Fe,0,@Au/CPE using CV over the range 0.0-1.0V. Fig. 52 shows an
irreversible oxidation peak present at +0.60 V. Oxidation peak current
decreases with increasing numbers of cycles, because a non-conducting
polymer film forms on the modified carbon-paste electrode surface.
After 25 cycles, the oxidation peak current decreases to a very small
value that indicates formation of MIP film on the surface of electrode
[26]. Polymer film thickness increases with the number of cycles,
blocking electron transfer to the electrode surface, and so the oxidation
current decreases. Thus, we chose 25 cycles as optimal condition for
film fabrication, because no reasonable amount of deposition occurred
after that.

3.1.3. Evaluation of the MIP-CNTs-Fe;0,@Au carbon-paste electrode

Synthesized MIP and NIP films on the CNTs-Fe;04@Au modified
carbon-paste electrode were characterized by FTIR and AFM. Fig. 2A
shows IR spectra obtained from MIP films before and after removal of
the CBF template and NIP film. Fig. 2A, curve a shows the FTIR spec-
trum for MIP films before removal of the CBF template; we assigned
bands at 3370 cm ™' and 1760 em ™! to C-N and C-O stretching vibra-
tions, respectively. Curve b in the figure shows the spectrum after re-
moval of CBF. The two absorption bands we assigned to CBF in curve
(a) are no longer present. Furthermore, the NIP film (curve ¢) does not
show adsorption bands at 3370 em ™' or 1760 cm ™ . These results in-
dicated the successful removal of CBF from the MIP film.

Surface morphology was imaged using AFM. Fig. 2B shows 3-D to-
pographical AFM images of NIP film and MIP film. There are significant
differences between CBF-imprinted and non-imprinted films. After re-
moval of the template, the MIP-CNTs-Fe;0,@Au/CPE exhibits larger
surface roughness compared to NIP/CNTs-Fe;04@Au/CPE, indicating
that the CBF imprinted polymer has a more porous structure, with
cavities formed on the surface of the film during electrodeposition of o-
phenylenediamine. These cavities are not present on the NIP surface.
Moreover, topography of the imprinted surface features distinct cavities
formed by CBF template molecules. These observations are in good
agreement with the previous reports [28,35], that increased roughness
of the MIP layer increases surface area, and facilitates adsorption of
template molecules.

3.2, Cyclic voltammetry of CEF

3.2.1. Electrochemical behavior of CBF at the modified electrode

The electrochemical behavior of CBF at (a) MIP-CNTs-Fe,0,@Au/
CPE and (b) NIP-CNTs-Fe;0,@Au/CPE were studied using CV. Fig. 3
shows a well-defined oxidation peak at the MIP sensor (curve a), while
there is no obvious electrochemical response for the NIP sensor (curve
b). The CBF oxidation peak at the MIP sensor appears at +0.60V,
implying that cavities formed in the MIP provide electron transfer sites
for CBF molecules in the electrode surface, which then modulate the
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Fig. 3. CV plots obtained from 2 pM CBF in 0,1 M phosphate buffer (pH 8.0) on the (a)
MIP-CNTs-Fe;0,@Au/CPE and (b) NIP-CNTs-Fey0,@Au/CPE, using a scan rate of
0.05V s~ '(solid line); the background voltammogram is shown as a dotted line.
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Scheme 1. (1) Hydrolysis of CBF and (2) Oxidative reaction of carbofuran phenol.

2)

electrochemical signal. The oxidation current arose from diffusion of
CBF molecules from binding sites on MIP to the surface of the electrode.
The NIP sensor shows no peak, implying the polymer effectively pre-
vents CBF diffusion to the electrode surface.

According to previous reports [23,31,32], alkaline solution can
hydrolyze CBF at high temperatures to form carbofuran phenol
(Scheme 1, Eq. (1)), which shows good electrochemical response
(Scheme 1, Eq. (2)). Hence, CBF can be directly determined by elec-
trochemical detection of its hydrolysate, carbofuran phenol. Eq. (2) il-
lustrates the reaction mechanism associated with the observed oxida-
tion peak on MIP-CNTs-Fe;0,@Au/CPE at 0.60 V (Fig. 3 curve a).

3.2.2. Time required for template removal and the effect of buffer pH on the
CBF signal current

We investigated the time required for template removal and the
effect of buffer pH on CBF detection using CV to ensure sufficient time
for complete removal of the template from the imprinted polymer film.
Imprinted electrodes were immersed in formic acid: ethanol solution
(10 mL, 1:1 v/v) followed by measuring the current every 3 min Fig. 4A
shows the CBF signal increasing with elution time, and then remaining
constant after 9 min. We thus chose 9 min as the optimal time for CBF
removal and applied this value to all further experiments.

The pH of the supporting electrolyte is a key factor in achieving an
excellent electrochemical response from the MIP sensor, as pH plays an
important role in interactions between template molecules and of MIP-
sensor binding sites [30,35]. We investigated the effect of buffer pH on
the current signal of 2 pM CBF over the range of pH 6.0-9.0. The results
shown in Fig. 4B reveal that the CBF current increases with pH, and
reaches a maximum at pH 8.0. Further increase in pH results in weaker
signals. Therefore, we used phosphate buffer at pH 8.0 to determine
CBF to achieve the maximum sensitivity.
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3.3. Amperometric detection of CBF in an FI system

3.3.1. Optimization for CBF analysis

The FIA system was coupled with amperometric detection on the
madified CPE working electrode, as previously described [33,34]. In
this present work, the proposed amperometric sensor measured the CBF
oxidation response at the MIP sensor (MIP-CNTs-FeyO,@Au/CPE)
(Fig. 1). We investigated how the MIP and NIP sensors, the applied
potential, and the flow rate affect the sensitivity and repeatability of the
CBF determination. Fig. 5A shows the amperometric detection results at
the NIP (curve a) and MIP (curve b) sensors over a potential range of
0.0V to +1.0V. The MIP sensor produces a much stronger current
responses than the NIP sensor does. Over the range 0.0-1.0 V (versus
Ag/AgCl), current responses increase dramatically with increasing de-
tection potential between 0.0 and 0.50 V, and then remain constant.
Thus, we chose an optimal detection potential of 0.50 V for the FIA
experiment.

The CBF detection performances of NIP and MIP sensors were
compared by amperometry at +0.50V. Fig. 5B shows amperometric
responses to CBF standard solutions (100 pL and 10 pM) by (a) NIP and
(b) MIP sensors. The observed very low current signal for the NIP-
modified CPEs indicates the presence of a compact polymer film with
good blocking efficiency on the electrode surface. Sensitivity of MIP-
CNTs-Fey0,@Au/CPE is much larger than that of the NIP-CNTs-
Fe;0,@Au/CPE; we ascribe this superior performance to the larger
surface area and excellent adsorption characteristics of cavities in the
polymer film. These factors increase the rate of interaction between
CBF molecules and the MIP binding sites. We investigated selectivity for
MIP by calculating the peak area ratio (I./ly, where L, and I, are the
oxidation peak areas of MIP- and NIP- sensor, respectively). The greater
ratio for MIP indicated a much greater capacity for substrate adsorption
by the template formed cavities in MIP [36] compared to NIP. The peak
area ratio of 14.70 for CBF (Fig. 5B) indicates that our sensor possesses
a strong affinity toward CBF, because of the CBF matched cavities in the
MIP sensor.

Flow rate is an important parameter in FIA-amperometric detection
because it defines duration of the reaction time between electrode and
analyte. We investigated the effect of flow rate on the analytical signal,
in the range 0.1-1.5 mL min ', Our measurements reveal that sensi-
tivity decreases with increasing flow rate (Fig. 5C). High flow rates
result in shorter reaction times and consequently, weaker signal re-
sponses. However, increasing flow rate increases sample throughput.
So, we chose an optimal flow rate of 0.5mLmin ! for satisfactory
sensitivity and sample throughput.
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3.4. Analytical features

We performed CBF determination using the designed MIP-CNTs-
Fey0,4@Au/CPE sensor, with amperometric detection in an FIA system,
and under the optimal conditions listed in Table 1. The proposed system
provides well-defined and reproducible peak profiles (Fig. 6), with a
sample throughput of 61 samples per hour. Furthermore, we obtained
linear calibration graph over the range of 0.1-100 pM (1% = 0.998),
with a sensitivity of 0.001 pA (M)~ ', The detection limit and quanti-
fication limit values were calculated based on ten consecutive mea-
surement of the lowest concentration of the analyte in the analytical
curve (0.1 uM) to estimate the standard deviation (S;,). The detection
limit, determined by three times of the standard deviation of the blank
(35;,), is 3.8 nM for CBF. The limit of quantification, estimated by ten
times of the standard deviation of the blank (10S,) according to
18011843 [33,37] is 12.7 nM.

For comparison, Table 2 compares analytical characteristics of the
designed MIP sensor to those of related modified electrodes from lit-
erature, Linearity range and detection limit of the new MIP sensor are
comparable with, and even exceed those obtained by other modified
electrodes. Outstanding features of the developed MIP sensor are its
robustness, high sensitivity, and excellent selectivity. We can generally
increase the sensitivity of an electrochemical sensor by coating the
electrode surface with nanomaterials; the large surface areas of these
materials help to improve electron transfer. We used hybrid nanoma-
terials, comprising CNTs-Fe;04@Au, to enhance electron transfer effi-
ciency, and synthesized MIP on the electrode surface to create binding
sites specific to the CBF molecule. Our strategy of applying CNTs-
Fe;0,@Au nanomaterials in the sensor increases the electrode surface
area, increasing the number of imprinted sites available for electron
transfer, and improves sensitivity and selectivity for CBF determination.

The MIP sensor exhibits good precision (4.8% R.5.D. for 30 injec-
tions of 10 uM CBF) and good stability for CBF. Repeatability of the MIP
sensors was satisfied (4.1% R.5.D. for 10 uM CBF peak-current response
obtained from six different MIP electrodes). Stability of the MIP-CNTs-
Fe;0,@Au/CPE was investigated by measuring the current signal for
10 uM CBF at various intervals. Fig. 7A shows that the MIP sensor re-
tains 99% of the initial current response after repeated use for one
week, when stored at ambient temperatures. These results indicate that
the MIP sensor is highly stable.

3.5. Interference and application to real samples

CBF, a carbamate pesticide, is frequently used in many areas,
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Fig. 5. A) The effect of an applied potential on (a) NIP- and (b) MIP- modified CNTs-
Fey0,@Aw/CPE at a flow rate of 1.0 mL min ', B) Comparison of CBI response at the (a)
NIP- and (b) MIP-modified CNTs-Fe;04@Au/CPEs. C) The effect of flow rate on CBF
response, at the MIP-CNTs-Fe;O0,@Au/CPE; 10 yM CBF; applied potential +0.50 V; flow

rate 0.5 mLmin ™",

Table 1
Optimal condition for amperometric detection in our FIA system for determination of
CBE.

Parameter Optimum condition

Carrier solution 0.1 M phosphate buffer (pH8.0)

Flow rate

sle volume
Working electrode
Silicone gasket

MIP-CNTs-Fez0,@ Au/CPE
Flow channel = 0.1 % 0.6 cm

Reference electrode Ag/AgCl
Auxiliary electrode Stainless steel
Applied potential +0.50V
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Fig. 6. Amperometric response of the MIP-CNTs-Fe0,@Au/CPE for successive CBF in-
jections in the FIA system with phosphate buffer (0.1 M, pH 8.0) at 0.50 V, flow rate
0.5 mLmin~". The Inset shows a linear relationship between concentration of CBF and
peak area.

Table 2
Comparison of analytical methods for the detection of CBF.

Electrode Linearity range LOD Techniques  References
(uM) (nM)

CoPe/rGO/GCE 0.20-70 189 DPV, Batch

NiOPe/GO/CPE 5-140 1, 700 Amp, FIA

GO-AuNPs/SPCE 1-250 220 DEV, Barch

Hm/GO/CPE 5-95 a9 SWV, Batch ]

Heated-S5PCE 0.4-400 50 DEV, Barch 31]

MIP/rGO@ AN/ GCE 0.05-20 20 DEV, Barch 28]

MIP-CNTs-FesOg@An,  0.1-100 3.8 Amp, FIA This work

CPE

CoPe = cobalt phthalocyanine, rGO = reduce graphene oxide, NiOPc = nickel (11)
1,48,11,15,18,22,25-octabutoxy-29H, 31H-phthalocyanine, GO = graphene oxide,
AuNPs = gold nanoparticles, Hm = hemin, MIP = Molecularly Imprinted Polymer, MB
= methylene blue, CNTs = Carbon nanotubes, Pd-Ir = palladium-iridium, GCE = glassy
carbon electrode, CPE = Carbon-Paste Electrode, SPCE = Screen-printed Carbon
Electrode, DPV = Differential Pulse Voltammetry, Amp = Amperometry, SWV = Square
Wave Voltammetry.

particularly in Southeast Asia, in leaf vegetables and fresh herbs pro-
duction [39]. The developed MIP sensor was designed for quantifica-
tion of carbofuran in vegetable samples acquired locally. Selective re-
cognition of the template molecule is an important benefit of the MIP
sensor. To evaluate selectivity of the proposed MIP sensor, we in-
vestigated the effect of other organic compounds, including caffeine,
phenol, and hydroquinone, and inorganic compounds such as
(NH4)2504, MgS50,, NayC0Os, NaNO; KCI, NaCl, CH;COONa, and CaCls,
on the FI signals obtained from 10 pM CBP. These foreign compounds
were selected to study their effect because they could be found in ve-
getable extracts or similar food product. Apparently, MIP provide se-
lective analysis due to their recognition or binding site that specific for
target molecule. The binding sites were formed during the poly-
merization process and the cavities revealed after removal of the tem-
plate. The foreign compounds that selected for interference study
should have the chemical structure similar to carbofuran phenol (the
product of reaction in Eq. (1)). The analogs organic compounds were
tested due to its electrochemical activity and structural similarity. We
therefore did not investigate the effect of other pesticides which the
chemical structures are not similar to carbofuran phenol. The tolerance
limit is defined as the maximum concentration of a substance that
causes a variance greater than * 5%. Fig. 7B shows the tolerance limits
of interfering substances. The results reveal that a 100-fold excess of
MgS0,, Na,C0s, NaNO; KCI, NaCl, CH;COONa, or CaCl; have no ob-
vious effects on the oxidation response to CBF. Fifty-fold excess con-
centrations of (NH4).50,, phenol, or caffeine, or a 10-fold excess of
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Fig. 7. A) The storage stability of the MIP/CNT-Fe;0,@ Au/CPE
using 10 pM CBF, B) Selectivity of the developed MIP sensor for
CBF determination; comparison between the peak area obtained
from 10 pM CBF (control) and the peak areas of 10 yM CBF with
interfering substances. Dotted lines show the * 5% signal altera-
tion range.
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Table 3
Comparison of CBF determination in bles 1 the developed MIP-CNTs-FesOq@Au/CPE and the reference HPLC method.
Samples Concentration (pM) Relative error (%) Recovery (%) RSD (%)
Added HPLC method” Proposed method”
Cabhage - = LOO < LOO - - -
1.00 1.0 1.03 1.98 102.6 0.6
5.00 5.30 5.29 0.18 105.7 1.5
Celery = LOQ < LOG
1.00 0.99 1.03 4.01 107.9 1.8
5.00 5.19 5.44 4.582 109.0 0.9
Chili - = LOQ < LOG - - -
1.00 0.97 1.02 5.15 102.8 3.5
5.00 5.01 510 1.80 104.2 2.6
Onion - = LOQ < L0, - - -
1.00 1.06 1.05 -1.51 95.3 4.1
5.00 5.24 5.08 —3.05 99.7 3.3
Peppermint - = LOQ = LOQ - - -
1.00 1.01 1.03 1.98 103.7 1.9
5.00 5.45 5.34 -2.02 104.9 2.7

“ Each value is the mean average of three measurements,

hydroquinone, do not interfere with CBF determination. We conclude
that our designed MIP sensor provides good selectivity for ampero-
metric determination of CBF.

The MIP-CNTs-FeyO4@Au/CPE was applied to determine CBF in
vegetable samples (cabbage, celery, chili, onion, and peppermint) and
thus to evaluate the practical application of the sensor. The respective
experiments were carried out by FIA with amperometric detection
under optimized conditions, using a standard addition method. As
shown in Table 3, all samples were either contaminated with CBF
concentrations below the limit of quantification (< LOQ) or absolutely
free of CBF. The determined values obtained from our sensor compared
well with measurements obtained using the reference HPLC method.
The relative differences between data obtained from the sensor and that

RSA 6080062

707

obtained using the HPLC method fall in the range 0.2-5.2%.

In this work, simple liquid extraction was performed using blender
and centrifuge to separate and phosphate buffer as the extractant. The
method can be carried out easily and does not require further pre-
concentration or clean up step. Whereas the sample preparation in the
other works, for example, in the previous report [14] using acetonitrile
as extractant and the extract need to purge with Ny gas to dryness prior
to re-dissolved in acetonitrile and determined by CE. The sample pre-
paration for GC [13] and HPLC [11,12] are often required clean- up
step or pre-concentration after extracted by using the organic solvent.
On the other hand, our sample preparation needs only extraction with
no further clean up or pre-concentration step and trends to reducing the
amount of organic solvent wastes generated in the sample procedure.
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From the sample preparation, 40 g of vegetable was extracted using
100 mL buffer followed by mixing 45 mL of the extracted solution with
5 mL of 1.0 M NaOH to hydrolyze CBF. After filtration, this solution was
analyzed by the MIP-CNTs-Fe;0,@Au/CPE sensor. Suppose the vege-
table sample contains CBF at the MRLs (0.1 mg kg~ ') and the extrac-
tion is completed. The amount of CBF in the resulting extraction is
~0.036 mg or ~0.16 uM whereas our calibration linear ranged from
0.1 to 100 uM. Therefore, this preliminary result clearly demonstrated
that our method is sensitive enough for measuring CBF in vegetables.
These results reveal that our MIP-CNTs-Fe;04@Au/CPE sensor is suf-
ficiently accurate, and is suitable for the quantification of CBF in ve-
getable samples.

4. Conclusion

We propose a simple FI system with a novel molecularly-imprinted
amperometric sensor (MIP-CNTs-Fe,0,@Au/CPE) for sensitive and se-
lective determination of CBF in vegetables. The MIP sensor was suc-
cessfully fabricated by polymerization on the surface of a carbon-paste
electrode, decorated with carbon nanotubes and gold-coated magnetite
(CNTs-Fe;04@Au/CPE). The CBF MIP-sensor was fabricated in a solu-
tion of o-phenylenediamine in the presence of 4TB[8]A-CBF inclusion
as the template molecule. Incorporating CNTs-Fe;04@Au nanomater-
ials in the sensor significantly increases its surface area, and increases
the number of available imprinted sites, resulting in improved sensi-
tivity and electron transfer. Thus, our designed MIP-CNTs-Fe;0,@Au/
CPE is well suited for sensitive and selective CBF determination. CBF
was quantified using amperometric measurements at the MIP sensor,
which was assembled within an in-house flow cell at an applied po-
tential of +0.50 V and flow rate of 0.5 mLmin~'. The proposed MIP
provides a linear range of 0.1-100 uM and a detection limit of 3.8 nM.
The MIP sensor exhibits high stability, and provides reproducibility
with good performance when applied to CBF determination in vege-
tables.
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A new and facile method for selective measurement of profenofos (PFF) using a simple flow-injection
system with a molecularly-imprinted-polymer-coated carbon nanotube (3D-CNTs@MIP) amperometric
sensor is proposed. The 3D-CNTs@MIP was synthesized by successively coating the surface of carbox-
ylated CNTs with Si0; and vinyl end groups, then terminating with molecularly imprinted polymer {MIP)
shells. MIP was grafted to the CNT cores using methacrylic acid (MAA) monomer, ethylene glycol
dimethacrylate (EGDMA) as cross linker, and 2,2'-azobisisobutyronitrile (AIBN) as initiator. We con-
structed the PFF sensor by coating the surface of a glassy carbon electrode (GCE) with 3D-CNTs@MIP and
removed the imprinting template by solvent extraction. Morphological and structural characterization
reveal that blending of the MIP on the CNT surface significantly increases the selective surface area,
leading to greater numbers of imprinting sites for improved sensitivity and electron transfer. The 3D-
CNTs@MIP sensor exhibits a fast response with good recognition when applied to PFF detection by cyclic
voltammetry and amperometry, The PFF oxidation current signal appears at +0.7 V vs Ag/AgCl using
0.1 M phosphate buffer (pH 7.0) as the carrier solution. The designed 3D-imprinted sensor provides a
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linear respanse over the range 0.01—-200 uM (* = 0.995) with a low detection limit of 0.002 uM (3). The
sensor was successfully applied to detection of PFF in vegetable samples.

© 2019 Elsevier BV, All rights reserved,

1. Introduction

A simple flow-injection system based on on-line amperometric
detection at the MIP sensor was developed for selective and sen-
sitive determination of profenofos (PFF), a moderately toxic and
common organophosphate insecticide used in agriculture in Asia
[1]. It is extensively used in many countries, such as Thailand,
Vietnam, and India, and in other countries, including Australia,
China, and Korea [2-5]. The World Health Organization (WHQ)
classifies PFF as a moderately hazardous (toxicity class 11) pesticide
[6,7]. Therefore, its detection is necessary for farm-produced
products. Quantitative analysis of PFF generally uses gas chroma-
tography coupled with a nitrogen-phosphorus detector [8], or mass
spectroscopy |9] coupled with high-performance liquid chroma-
tography [10] or biosensors with acetylcholinesterase (AChE)
enzyme [11,12]. Although these techniques provide high selectivity
and sensitivity, and are suitable for PFF analysis, the methods are
somewhat time consuming, require expert operators, reguire
expensive instrumentation [8—10], and are subject to denaturation
of the AChE enzyme and consequent loss of enzyme activity [11,12].

Non-enzymatic electrochemical sensors using chemically
modified electrodes are an alternative method for the sensitive
determination of organophosphate compounds. Molecularly
imprinted polymers (MIP) have attracted increasing attention in
recent years. MIP is an ideal material for artificial receptor design,
and offers high analyte selectivity [12,14]. Generally, MIP is used to
create recognition sites in synthetic polymers, that are chemically
and sterically complementary to a target molecule. MIP-based
sensors offer many benefits, including mechanical, chemical, and
thermal stability, short synthesis times, cost effectiveness, and high
selectivity. MIP sensors have the potential to replace enzyme- or
antibody-based detection methods [14—17].

Although using MIPs as recognition elements can improve
selectivity, there are limitations, including long response times,
uneven distribution of binding sites, slow diffusion of target
molecule across the imprinted film, and low sensitivity, and these
problems remain unsolved. To improve sensitivity, researchers
have reported new materials, including graphene-chitosan com-
posite [18], TiOz/carbon aerogel [19], mesoporous silica-coated
CNTs [20], carbon nanotubes (CNTs) [21], CNTs@Cu nanoparticles
[22], and CNTs/silica coaxial nano cables [23] to enhance imprinting
sites and electron transfer efficiency. Introducing nano-sized
structures by using CNTs to imprint sites offers several advan-
tages, including significant increases in the respective selective
surface area, which leads to greater numbers of imprinted sites and
consequent improvements in selectivity, sensitivity, and electron
transfer, while providing straightforward synthesis and low costs
[20-23].

Several MIP were proposed for PFF detection, such as using
quartz crystal microbalance (QCM) [15] and surface plasmon
resonance (SPR) on thin films [24] and fiber optics [7]. PFF-MIP
sensors using QCM and SPR, were synthesized using MAA/
EGDMA [15] and MAA/trimethylolpropane trimethacrylate (TRIM)
|7,24]. To the best of our knowledge, there are no reports of using
PFF-MIP in an electrochemical sensor. Moreover, this is the first
reported application of grafting PFF-MIP to a CNT surface and using
the designed electrode as an amperometric sensor in an FIA system.
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Herein, silica was selected to encapsulate the CNTs (CNTs@Si03)
to improve dissolution and electro catalytic properties. Function-
alizing CNTs with SiO; alters the exposed CNT surface without
disrupting CNT structure. Encapsulation endows a synergistic cat-
alytic effect between the porous silica and CNT electrical conduc-
tivity. We report fabrication of a novel PFF sensor, based on a glassy
carbon electrode [GCE) modified with MIP coated 3D-CNTs (3D-
CNTs@MIP/GCE). The synthesis was performed by coating carbox-
ylated CNTs with tetraethoxy silane (TEOS) to afford CNTs-5i0,.
Addition of vinyltrimethoxy silane (VIMOS) forms polymerizable
vinyl end groups, and finally, MIP is grafted to the CNTs-Si0z-vinyl
surface. To construction of the PFF sensor, a 3D-CNTs@MIP disper-
sion is coated on the GCE surface and the PFF template is removed
to furnish the imprinted 3DCNTs@MIP/GCE device. The proposed
imprinted sensor exhibits high stability, reproducibility, and good
performance for PFF determination in vegetables.

2. Experimental
2.1. Chemicals and reagents

All chemicals were analytical grade. Deionized-distilled water
(Water Pro-Ps, USA) was used for standard and reagent preparation.
Carboxylated functionalized multiwall-carbon-nanotubes (CNTs-
COOH, diameter: 15+ 5nm, length: 1-5pm, purity: >95%) were
purchased from Nanolab Inc. (MA, USA). Tetraethoxysilane (TEOS)
and ammonia (25%) were purchased from Acros Organics (New
Jersey, USA). Methacrylic acid (MAA), ethylene glycol dimethacry-
late (EGDMA),  2.2'-azobisisobutyronitrile  {(AIBN),  vinyl-
trimethoxysilane (VTMOS), and profenofos (PFF) were purchased
from Sigma-Aldrich (St. Louis, USA). A stock solution of PFF (5 mM)
was prepared by hydrolysis and then stored in darkness at 4 °C. The
hydrolysate of PFF was obtained by dissolving in NaOH-methanol
(3:1 ratio).

2.2. Apparatus

2.2.1. Cyclic voltammetry (CV)

Cyclic voltammetric measurements were performed using an
eDAQ potentiostat (model EA161, Australia) equipped with an e-
corder 210 and e-Chem v2.0.13 software. The active surface area for
the GCE (diameter 3 mm, CH Instruments, USA) was approximately
0.07 cm?. A conventional three-electrode cell assembly, consisting
of a working electrode (3D-CNTs@MIP/GCE electrode), a reference
electrode (Ag/AgCl), and a counter electrode (stainless steel) was
used. The cyclic voltammograms were recorded at a scan rate of
50mVS~! and a potential range between —1.0 and 1.0V using a
phosphate buffer (01M, pH 7.0) as the supporting-electrolyte
solution.

2.2.2. Amperometric detection using a simple flow-injection (Fl)
system

An in-house fabricated electrochemical cell was used for the
amperometric detection of PFF [25]. MIP sensor amperometric
measurement was performed using a Shimadzu pump (model LC-
10AD, Japan), a Rheodyne injector (model 7725, USA) fitted with
100 pL sample loop. An eDAQ potentiostat (EA161), equipped with
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an e-corder 210, Chart v5.5.11 software, and with a three-electrode
thin-layer flow cell (CH Instruments, USA). The 3D-CNTs@MIP/GCE
served as the working electrode, Ag/AgCl as the reference electrode,
and a stainless steel tube as the counter electrode. The active sur-
face area was separated by a silicone rubber spacer (flow channel,
0.1 = 0.6cm) that covered the GCE surface (electrode area, ca.
0.06 cm?).

2.2.3. Characterization

Nanocomposite structure and composition were examined by
Fourier transformed infrared (FT-IR) spectroscopy, recorded with a
spectrum Il spectrometer (PerkinElmer, USA) over the range of
4000-500cm™! (KBr pellet). Morphology and sizes of 3D-
CNTs@MIP nanocomposites were investigated using a JEM-1230
transmission electron microscope (TEM; JEOL, Japan) and scan-
ning electron microscope (SEM, JEOL, |SM-6460LV, Japan), operated
under vacuum at an accelerating voltage of 20 kV. Surface rough-
ness of the 3D-CNTs@MIP and CNTs@NIP were determined by
atomic force microscopy (AFM; Park Systems Corp., Korea).

2.3. Preparation of the PFF sensor

2.3.1. Synthesis of 5i0z-coated CNTs {CNTs@5i03)

CNTs@Si0; nanomaterials were synthesized by a method
adopted from Yang et al. [26] and Fan et al. [27]. Briefly, carboxyl-
ated carbon nanotubes (CNTs-COOH) were functionalized with
silica by dispersion of 40 mg CNTs-COOH in 30 mL ethanol in an
ultrasonic bath for 30 min. Next, 2 mL NH5 was slowly added to the
dispersion under vigorous mechanical stirring before 800 uL TEOS
was dropped into the solution. Stirring was continued for 3 hat
room temperature and finally, the CNTs-5i0; nanomaterials were
centrifuged, washed with water, and dried at 50°C in an oven.

2.3.2. Preparation of CNTs@SiO-vinyl nanocomposites

The CNTs@5i0; nanocomposite surfaces were grafted with vinyl
end groups using the following procedure. A 40-mg mass of
CNTs@Si0; was dispersed into 30 mL ethanol, then NH3 (2 mL) and
VTMOS (1000 pL) were sequentially added to the suspension under
continuous stirring, and stirring was continued a further 8 hat
room temperature. The suspension was centrifuged then washed
with water and methanol. Finally, the obtained particles were
soaked in 1M HCI for 12 h to remove any remaining particles un-
coated with silica. The vinyl-functionalized CNTs@Si0, particles
(CNTs@Si0z-vinyl) were centrifuged, rinsed repeatedly with water,
and then dried at 50°C 1 h.

2.3.3. Preparation of CNTs@SiOz-MIP

CNT@MIP particles were prepared by a method adopted from
Fan et. al |27]. First, 40 mg of CNTs@Si03-vinyl were dispersed into
25 mL of chloroform in a 50-mL round-bottomed flask. Then, PFF
template (0.26 mmol) and the functional monomer, MAA,
(1.20 mmol) were added to the solution. The mixture was sonicated
for 10 min and then stood for 6 hat room temperature to ensure
thorough mixing. EGDMA cross linker (1.20 mmol) and AIBN initi-
ator (0.02 mmol) were added. The mixture was purged with ni-
trogen for 5 min to remove oxygen, then the flask was sealed and
the mixture magnetically stirred at 60°C for 24 h. The resulting
product (CNT@Si0;-MIP) was collected by centrifugation and
washed thoroughly with ethanol to remove excess reagent. The
CNTs@MIP particles were dried under vacuum for 12 h. For com-
parison purposes, we grafted non-molecularly imprinted polymer
to the CNTs@5i0;-vinyl surface (CNTs@NIP) by following the same
procedure, without the PFF template.
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2.34. 3D-CNTs@MIP/GCE

Prior to modification, the GCE was polished using 1.0 and then
0.05 pm alumina slurries and rinsed with DI water, then sonicated
in DI water for 5min to remove residual abrasive particles. After
washing, 40 L of the CNT@Si0;-MIP dispersion (1 mgmL ') in
DMF was dropped onto the GCE surface and then dried at room
temperature. Finally, the PFF template was removed by immersing
CNT@Si0,-MIP/GCE into a solution of acetic acid and methanol (1:9
ratio) for 1 h.

2.4. Sample preparation and method validation

To evaluate the practical applicability of the prepared sensor,
vegetable samples were assayed using a spiked recovery experi-
ment. Spring onion, tomato, Chinese cabbage, cabbage, green
pepper, and chili pepper were purchased from a local market in
Ubon Ratchathani Province, Thailand. Samples were prepared
following an extraction method described by Wang et al. [28].
Briefly, 50 g samples of various vegetables were weighed and 45 mL
of 0.1 M PBS (pH 7.0) and 5 mL of a solution mixture of methanol
and NaOH were added. The mixture was homogenized in a blender
for 2min, then centrifuged at 10,000 rpm for 5min, filtered
through a PTTE syringe filter (33 mm = 0.22 pm), and the obtained
supernatant collected for PFF detection. PFF concentration results
obtained from the proposed MIP sensor were compared to those
obtained from a HPLC method. Analysis was performed using HPLC
equipment, model CTO-10AC (Shimadzu, Japan}, coupled to a SPD-
20A UV|Vis detector [29].

3. Results and discussion
3.1. Characterization

Fig. 1 shows a schematic representation of the synthesized 3D-
CNTs@MIP. Tetraethoxysilane (TEOS) was coated on the surface of
CNTs-COOH using a sol-gel technigue, to afford CNTs@Si0;. Poly-
merizable vinyl end groups were then added to the CNTs@Si0-
surface to create CNTs@SiOz-vinyl. Finally, MIP was grafted to the
CNTs@Si0z-vinyl surface, forming CNTs@MIP. MIP was successfully
attached to the surface using PFF as template, MAA as a monomer,
EGDMA as a cross linker, and AIBN as an initiator, to form
CNTs@MIP. The CNTs@MIP product was washed thoroughly with a
solution of acetic acid and methanol to remove PFF, leaving behind
imprinted cavities in the CNTs@MIP nanocomposite surface, thus,
3D-CNTs@MIP was obtained.

SEM and TEM micrographs show the morphology of 3D-
CNTs@MIP (Fig. S1). The SEM image in Fig. S1A shows that 3D-
CNTs@MIP has a rough surface with uniformly distributed pores.
The TEM image in Fig. S2B shows the diameter of the tubular un-
coated CNTs to be approximately 14.3 nm, whereas the thickness of
the 3D-CNTs@MIP coating is about 78 nm. The CNTs are covered
with an MIP lamella throughout the CNT tubular structure.

To confirm the formation of 3D-CNTs@MIP, structure and
nanocomposites morphology were investigated by FT-IR spectros-
copy and AFM. FT-IR spectra of 3D-CNTs@MIP (Fig. 2A) before
(curve a) and after (curve b) removal of PFF template molecules.
Also, CNTs@NIP (curve ¢) were compared with PFF (curve d). Before
template removal, MIP film shows absorption bands at 1456, 1293,
1044, and 958 cm ' (Fig. 3A, curve a), which we attribute to C—H,
P=0, P-0—C and P-S stretching in PFF, respectively. After tem-
plate removal, the MIP (curve b) and NIP film (curve c) exhibit
absorption bands at 1640, 1092, and 798 cm !, which we assign to
C=0, 5i—0-5i, and S5i—0H vibrations, respectively. These spectra
indicate successful silane coating of the CNTs and the subsequent
polymerization of MIP. The absence of any adsorption bands
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Fig. 2. (A) FT-IR spectra of a) 3D-CNTs@-MIP template before template removal, b) the MIP after template removal and ¢) 3D-CNTs@-NIP, and d) PFF. B) AFM images of 3D-CNTs@-

MIP and 3D-CNTs@-NIP.

characteristic of PFF as seen in curve ¢ (MIP film after template
removal) indicates successful removal of PFF from the MIP film. Our
observations are in good agreement with previous reports
[20,22,26], that CNTs@MIP forms via an organo-silane linkage.
Surface roughness of the as-prepared 3D-CNTs@MIP (MIP) and
CNTs@NIP (NIP) were imaged by AFM (Fig. 2B). The MIP film shows
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greater roughness and depth than the NIP. Moreover, the MIP-film
topography exhibits porous features, with well-defined cavities and
a rugged structure, while cavities are not present on the NIP sur-
face. We attribute the porous MIP morphology to the PFF imprinted
cavities formed on the surface, left after template removal by sol-
vent washing. These results indicated that the 3D-CNTs@MIP
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for PFF via 7-7 and p-7, interactions and toward hydrogen bonding
between the functional monomer, template, and matrix. The
observation that MIP has a stronger affinity for analyte molecules is
in good agreement with previous reports [20,22,26,29].

Solution pH affects both electron transfer rate and rebinding of
the template molecule [18,29]. The effect of buffer pH on oxidation
peak current and the peak potential was investigated for pH 5-9
using 01 M phosphate buffer as the supporting-electrolyte
(Fig. 52A). Fig. S2B shows that the PFF anodic peak current in-
creases with pH, reaching a maximum at pH 7.0. Further increase in
pH result in weaker signals. Thus, phosphate buffer at pH of 7.0 was
chosen for all further tests. Fig. S2C shows that the PFF anodic peak
potential (Ep ;) shifts toward less positive values with increasing
electrolyte pH. The linear dependency (r* = 0.994) observed over
the pH range of 5-9 has a slope of 47.7 mV/pH. This slope value
reflects an exchange of one electron during oxidation of the BCP
redox couple at 3D-CNTs@MIP/GCE.

The 3D-CNTs@MIP/GCE electrode produces an oxidation peak of
approximately +0.67 V (Fig. 3 curve b). The reaction mechanism
may be as follows: (step 1) PFF hydrolyzes in alkaline solution, to
produce 4-bromo-2-chlorophenol (BCP) and dialkyphosphoric acid
(Eqn. 1) [2,30,31].

o o Hydrolysis Be ﬁ
1l i e 0 +  Ho” li\o/"“‘cu;
PO~ 5 s (1)
1Yo e OH i
1 1
H3C
H3C 4-bromo-2-chlorophenol (BCP)
)

Br Br.
PO i
‘OH o
[} 1

BCP

formed with binding sites complementary to the PFF target
molecules.

3.2. Electrochemical behavior of PFF at the 3D-CNTs/GCE

Cyclic voltammetry is initially used to study the electrochemical
behavior of PFF at (a) CNTs@Si0O»/GCE, (b) 3D-CNTs@MIP/GCE, and
(c) CNTs@NIP/GCE (Fig. 3). The figure clearly shows that the sensor
without polymer encapsulation (CNTs@5i0-, curve a) has no elec-
trochemical peak current. Whereas the 3D-CNTs@MIP sensor ex-
hibits a well-defined oxidation peak (curve b) at a potential
of +0.67 V (ip = 0.79 pA). The CNTs@NIP sensor produces a very low
signal (curve ¢) at +0.74 V (i, = 0.20 pA). This enhanced signal
response can be attributed to good electrical conductivity by the
polymer and the resulting improvement in electron transfer be-
tween PFF and the electrode surface. The oxidation current arises
from PFF molecules that diffuse from the solution via binding sites
on the MIP film, to the electrode surface. In case of CNTs@Si0; (red
line, curve a) the lack of an oxidation peak indicates that this sensor
does not feature PFF binding sites at its surface. The MIP sensor
enhances the current response by a factor of four over that of NIF.
The greater electrochemical response seen for the MIP sensor has
two causes: (i) MIP coated on CNTs@SiO; enhances electrical con-
ductivity and electrocatalytic activity toward PFF redox activity and
(ii) MIP provides molecular recognition sites and a greater affinity
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(step 2) BCP, which produces a strong electrochemical response
at +0.67 V, undergoes electro-oxidation at 3D-CNTs@MIP/GCE
(Eqn. 2). Therefore, PFF can be directly determined by electro-
chemical detection of its hydrolysate, BCP. Scheme 1 shows the
reaction mechanism associated with sensitive detection by the 3D-
CNTs@MIP/GCE. The 3D-CNTs@MIP has good electrical conductivity
and a large surface area that enhance the PFF signal response. The
observation that MIP coated nanocomposites possess high elec-
trical conductivity and surface areas that enhance the signal
response are in accordance with previous reports [21,22,26,29,32].

3.3. Amperometric detection of PFF in FIA system

3.3.1. Optimization of detection potential and flow rate

We propose the selective amperometric sensor (3D-CNTs@MIP/
GCE) for determination of PFF. PFF detection is based on the elec-
trochemical monitoring of the BCP oxidation signal generated by
PFF hydrolysis at the 3D-CNTs@MIP sensor. Amperometric detec-
tion was achieved using a home-made flow cell, coupled with a
simple FI system set up, as previously described [25,29]. We
investigated the effect of applied potentials ranging from 0 to 1.0V
to determine the oxidation potential at which the MIP sensor is
most sensitive. Fig. S3A shows that the current response obtained
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Scheme 1. The mechanism of electrochemical response at the 3D-CNTs@MIP/GCE. PFF signal generated by electrochemical detection of its hydrolysate, BCP.

from 10 uM of PFF increases dramatically with increasing detection
potential, from 0.50 to 0.70 V and then remains at a steady state.
Therefore, we chose a potential of +0.70 V as optimal for detection
in our FIA experiments.

To optimize sensitivity and sample throughput, we examined
the effect of flow rate (0.2—2.0 mLmin ") on the analytical signal
obtained from a standard PFF solution (20uL, 10 uM). Fig. S3B
shows that sensitivity decreases with increasing flow rate. Higher
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Fig. 4. Amperometric response of 3D-CNTs@MIP(GCE (A) in the FIA system with 0.1 M
phosphate buffer at 0.7V and a flow rate of 0.8 mLmin~' and (B) the linear relation-
ship between PFF concentration and peak area.
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flow rates generally result in a decreased signal response because of
the shorter contact time between PFF molecules and the MIP
binding sites. This behavior is in accordance with previous
amperometric Fl studies on a sulfite chemical sensor [25] and an
MIP-based carbofuran sensor [29]. However, increasing the flow
rate increases sample throughput. We selected a flow rate of
08mLmin ' as a compromise between sensitivity and sample
throughput. It should be noted that the high specific surface area of
the 3D-CNTs@MIP sensor provides good diffusion and adsorption
rates between the PFF analyte and biding sites, providing shorter
response times, and a throughput of 200 samples h ' could be
achieved.

3.3.2. Analytical performance

We evaluated the performance of the 3D-CNTs@MIP sensor
under the optimized conditions discussed above by using amper-
ometric detection in an FIA system. The sensor exhibits well
defined and reproducible peak profiles (Fig. 4A). The calibration
plot is linear over the range 0.01-200puM (Fig. 4B). The linear
regression equation is 0.573 + 0.017 x + 1.697 + 0.007, with a
determination coefficient (r?) of 0.995. The slope of the equation is
corresponding to linear sensitivity of 0.573 pA (uM) . The calcu-
lated limit of detection (LOD) based on three times the standard
deviation of the blank (35, n=7) is 0.002 pM. The limit of quan-
tification (LOQ) estimated (10S,) according to 1SO11843 [33] is
0.007 uM. Moreaver, the MIP sensor provides good precision (4.8%
RSD for 20 injections of 0.5 uM PFF), We compared the analytical
performance of the 3D-CNTs@MIP sensor with related modified
electrodes for the determination of pesticides (Table 1). The 3D-
CNTs@MIP sensor exhibits the greatest linear range for PFF detec-
tion (0.01-200 uM) among all of the referenced methods [36,37].
Additionally, the LOD for our sensor (2 nM) is equal to the LOD for
the biosensor using tyrosinase immobilized on PtNPs/graphene/
GCE [36] and is less than that for DNA aptasensor [37]. These
literature comparisons demonstrate that our 3D-CNTs@MIP sensor
offers a lower detection limit and wider linear range for PFF
detection than previously reported sensors do. We attribute these
advantages to the large number of CNT imprinted sites, which
significantly increase the selective surface area, leading to greater
selectivity, sensitivity, and electron transfer rates between 3D-
CNTs@MIP and the GCE surface.

3.3.3. Selecrivity and stability
We investigated the interference effects of substances such as
pesticides, compounds with similar structures, and ions to assess
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Table 1

Performance comparison of the proposed MIP sensor with other pesticide-detection sensors.
Analyte Sensor Detection method Linearity range (jiM) LOD (uM) Ref.
Parathion-methyl CNTs-MIP/GCE DRV 0.001-0.034 0.0002 [34]
Triazophos PHP{AuNPs{CNTs-MIP/GCE o 0.2-10 0.093 |35]
PFF Tyr/PtNPs/Graphene/GCE Amp 0.003-0.03 0.002 136]
PFF AuNPs/PANI/GSPE DPV on DNA aptasensor 0.1-10 027 137]
PFF CNTs@5i0,-MIP/GCE Amp 0.01-200 0.002 This work

CNTs = Carbon Nanotubes, Si0; = Silicon dioxide, PHP = polyhydroxyphenol, AuNPs = Gold nanoparticles, Try = Tyrosinase, PtNPs = Platinum nanoparticles, MIP = Molecular
Imprinted Polymer, GCE = Glassy Carbon Electrode, GSPE = Graphite Screen Printed Electrode, DPV = Differential Pulse Voltammetry, HPLC = High Performance Liquid

Chromatography, CV = Cyclic Voltametry, Amp = Amperomety
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Fig. 5. (A) Selectivity of the proposed MIP sensor for PFF detection; comparison between the peak area obtained from 5 pM PFF (control) and the peak area of 5uM PFF with
interfering substances and (B) storage stability of the CNTs@Si0,-MIP/GCE (signal from 5 uM PFF), The dotted line shows the +5% signal alteration range.

the selectivity of the 3D-CNTs@MIP sensor toward the detection of
PFF. Pesticides chlorpyrifos (CPF) and carbofuran (CBF), frequently
used in many areas of Thailand [38,39], were used to evaluated
tolerance limits. The effects of hydroquinone, caffeine, and phenol,
and of ionic compounds MgS04, and NaCl, which are commonly
found in food products or vegetable extracts, were tested on the FIA
signal obtained from 1 uM PFF. Fig. 5A shows there are no obvious
effects on the PFF oxidation response when including up to 50-fold
excess concentration of CBF or CPF pesticides, or hydroquinone,
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100-fold excess of caffeine or phenol, or a 1000-fold excess of
MgS0, or NaCl. These results confirm that the MIP sensor provides
high selectivity and specificity. The excellent selectivity is a
consequence of the molecularly imprinted polymer film. We
ascribe the specificity by the successful of the imprinted cavity form
on the polymer film, which has cavities within the polymer matrix
that are complementary in size, conformation, and shape to the
target PFF molecule. These candidate interference molecules have
different structures from PFF and cannot diffuse or bind strongly to
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Table 2
PFF determination in vegetable samples (n = 3) obtained from the proposed MIP-
Sensor.

Samples PFF (uM)
Content Added Found Recovery (%) RSD (%) “Bias (%)
Spring onion n.d. 0.05 0051 103.0 24 21
0.1 0.104 1036 23 3.6
Tomato n.d. 0.05 0050 1010 24 3.0
0.1 0.101 1010 21 29
Chinese cabbage n.d. 005 0050 1002 1.8 -1.0
0.1 0.104 1040 08 1.6
Cabbage n.d. 0.05 0.050 1001 1.2 1.2
0.1 0101 1007 1.0 -09
Green pepper n.d. 0.05 0051 1026 1.6 2.0
0.1 0.104 1038 1.1 1.8
Chili pepper n.d. 0.05 0050 1009 1.5 0.9
0.1 0.105 1054 2.0 1.1

n.d. = not detection or the samples were contaminated with concentration below
LoD.

* bias calculated from the different between recovery measurement results and
reference values from HPLC method.

recognition sites and thus produce a very weak response. We
conclude that 3D-CNTs@MIP/GCE provides high selectivity for
amperometric determination of PFF.

Stability is an important characteristic for the feasibility of real-
life applications of the modified electrode. We investigated the 3D-
CNTs@MIP/GCE stability by measuring the current signal from 5 pM
PFF at various intervals. Fig. 5B shows that the MIP sensor retains
95% of its initial current response after repeated use for one week
and 80% after 2 weeks, when stored at 4 °C. These results confirm
that the MIP sensor exhibits satisfactory stability.

3.3.4. Analytical application

The proposed 3D-CNTs@MIP sensor was applied to the deter-
mination of PFF in vegetable samples (spring onion, tomato, cab-
bage, Chinese cabbage, green pepper, and chili pepper) to
demonstrate a practical application. PFF determinations of vege-
table extracts were performed using the standard addition method.
Table 2 summarizes results PFF and calculated recovery values in
vegetable samples. As shown in the Table, all samples were either
contaminated with PFF concentrations below the detection limit
(n.d.) or remained absolutely free of PFE. Detection limit of our MIP
sensor (0.002 uM) is lower than Codex maximum residual level
(MRL) for PFF residues in/on several food samples ranged from 0.05
to 2mgkg ' (0.13-53.5 uM) [40], indicating that the method is
suitable for quantitative analysis of PFF in food samples. The results
of non-contamination of PFF in the samples were confirmed with
HPLC (Fig. S4). The concentrations of PFF found by the developed
method and by the conventional HPLC were not significantly
different. The accuracy of the analytical process, evaluated using
percent recovery data for spiked PFF standards (0.05 and 0.1 uM),
falls in the range of 100.1%—105.4%. Our developed method pro-
vides good precision (¥RSD ranging from 0.8 to 2.4). We then
compared these measured recovery values with the reference value
from HPLC to estimate the bias according to Ref. [41]. The calculated
bias ranged from 0.9 to 3.6%, indicating that there are no significant
matrix interferences present in the analytical samples. These re-
sults indicate that our proposed amperometric system is suffi-
ciently accurate, precise, and is suitable for quantifying PFF in
vegetable samples.

4, Conclusion

We report the successful fabrication of 3D-CNTs@MIP, a PFF
imprinted CNT coating polymer, with recognition sites formed on

RSA6080062

the surfaces of tubular CNTs core nanostructures as a new highly
sensitive and selective electrochemical sensor for PFF detection. A
simple FIA system with a novel and facile method for selective
measurement of profenofos based on the 3D-CNTs@MIP ampero-
metric sensor was designed. The 3D-CNTs@MIP was synthesized by
coating the carboxylated CNT surfaces with SiOs, vinyl end groups,
and MIP shells to allow blending of the MIP with the CNT surface.
The synthesized CNTs@Si02-MIP was coated on the surface of a GCE
and the template was removed by solvent extraction. Incorporating
3D-CNTs@MIP in the sensor significantly increases its electrical
conductivity, and increases the electrocatalytic properties of the
electrode, resulting in enhancement of the sensitivity for PFF
detection. MIP printing on the CNT surface significantly increases
the selectivity selective surface area by providing large numbers of
imprinted sites for improved, sensitivity, and electron transfer from
PFF and the electrode surface. On-line amperometric detection with
the MIP sensor demonstrates very high sensitivity and selectivity
toward PFF at an applied potential of +0.70 V and flow rate of
0.8 mL min . As a consequence of the large specific surface area,
the sensing system provides a linear range of 0.01-200 uM and a
detection limit of 0.002 pM. The MIP sensor also provides fast re-
sponses (200 samples h ') and high diffusion and adsorption rates
between the PFF analyte and biding sites.
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Selective amperometric flow injection analysis for carbofuran based on
molecular imprinted polymerand gold-coated magnetite modified carbon
nanotubes-paste electrode

Maliwan Amatatongchai"z, Wongduan Sroysee’, Peter A. Lieberzeit’, Purim Jarujamrus’,
Duangjai Nacapricha™*

! Department of Chemistry and Center of Excellent for Innovation in Chemistry,
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*University of Vienna, Faculty ofChemistry, Department of Physical Chemistry, 1090 Vienna, Austria,
"Department of Chemistry and Center of Excellent for Innovation in Chemistry,

Faculty of Science, Mahidol University, Bangkok, 10400, Thailand.
E-mail:maliwan.a@ubu.ac.th or amaliwan@gmail.com

A new approach is proposed for selective measurement of carbofuran (CBF) in vegetables based on
simple flow injection system with molecularly imprinted amperometric sensor. The sensor was fabricated
based on carbon nanotubes-paste electrode (CNTsPE) decorated by gold coated magnetite (Fe;O0s@Au).
Fe;O4@Au nanoparticles were synthesized and used to modify the surface of a CNTSPE. Then a
molecularly imprinted polymer (MIP) for CBF was prepared by electropolymerization. The MIP was
prepared on the electrode surface with 4-ter-butylcalix[8] arene—CBF(4TB{8]A-CBF) supramolecular
complex as the template and o-phenhylenediamine as the functional monomer. Incorporated of the MIP to
this electrode improves the template selectivity via the controlled electrical signal through the elution and
re-adsorption of CBF. The imprinted sensor (Fe;O4@Au-MIP/CNTsPE) was used in a flow injection
analysis (FIA) arrangement. The experimental conditions were investigated in amperometric mode with
the following optimized parameters: phosphate buffer solution (0.1 M, pHS$.0) as a carrier,
flowrate0.5mLmin”, applied potential +0.50 V. The designed imprinted sensor in FIA arrangement
yielded a linear dynamic range for CBF from 0.1 to 100 pM (r* = 0.998) with a detection limit of 3.8 nM
(S/N =3). The sensor exhibited acceptable precision (%RSD = 4.8%) and good selectivity for CBF. This
method was successfully applied to detect CBF in vegetable samples.

Keywords: carbamate sensor; gold-coated magnetite; molecularly imprinted polymer; amperometry; flow
injection
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Novel molecularly imprinted polymers (MIP)-coated nanomaterials for
amperometric sensing of pesticides in food analysis
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Kesangam, Sanoe Chairam and Purim Jarujamrus

Department of Chemistry and Center of Excellent for Innovation in Chemistry, Faculty of Science,
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Ratchathani University, Ubon Ratchathani 34190, Thailand.
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Abstract

Molecularly imprinting polymer (MIP) is used to create recognition sites that are
chemically and sterically complementary to the target molecules in synthetic polymer.
Applying nano-sized structured or blending the MIP with nanomaterials can significantly
increase the respective selective surface area leading to larger numbers of imprinted sites
for improved sensitivity and electron transfer. In this work, a new and facile method is
proposed for selective measurement of profenofos (PFF) based on simple flow injection
system with 3D-MIP coated on carbon nanotubes (CNTs) amperometric sensor. The
CNTs@Si0;-vinyl-MIP was synthesized by successive coating of the CNTs surface with
Si0,, vinyl end groups and MIP shells. The sensitive and highly selective amperometric
PFF sensor was fabricated by coating of CNTs@SiOz-vinyl-MIP onto the surface of glassy
carbon electrode. This modified electrode was applied to detect PFF by cyclic
voltammetry and amperometry. The PFF oxidation current signals were detected at +0.7
Vvs Ag/AgCl using 0.01 M phosphate buffer (pH 7.0) as carrier solution. The designed 3D-
imprinted sensor exhibits the linearity over the range of 0.01 -200 pM (rz=0.995) with a
low detection limit of 0.002 uM (30). This method was successfully applied to detect PFF
in vegetable samples.

Keywords: Profenofos; Carbon nanotubes coated with silicon dioxide (CNT@Si02);
Molecularly imprinted polymers, Electrochemical sensor
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Abstract
A novel and facile method for synthesis of amino-containing molecularly imprinted

coated on magnetite-gold nanoparticles core (Fe:Oulg Au-MIP-NH:) for construction of robust

and sensiive carbofuran (CBF) sensors was reported. The FeaOu@Au-MIP-NH: was
synthesized by successively self-assembly of organic thiols, I l-mercaptoundecanoic acid

(MUA). on magnetite-gold (FesOuf@Au) core surfaces then coupling with amino-containing

molecularly imprinted polymer (MIP-NHz) shells. The MIP-NH: nanocomposite was
synthesized by two polymerization steps to form CBF imprinted pre-polymer nanoparticles and
then terminating the surface with amino-containing polvmer. The synthesized pre-polymer
nanoparticles possess a large surface-to-volume ratio for increasing the mumber of CBF
template molecule accessed into the polymer surface and leading the larger recognition sites
formation. We constructed the highly sensitive and selective CBI amperometric sensor by
coating the surface of a glassy carbon electrode (GCE) with Fe:Oyf@ Au-MIP-NH: coupled
with a simple flow injection system. Morphological and structural characterization reveal that
coupling of the MIP-NIL on the Fe; Oy Au core surface significantly increases the recognition
surface area and electron transfer efficiency for improved selectivity and sensitivity. The MIP-
NHz: modified electrode enhances the CBF current response by a factor of about twenty time
over that of non-imprinted polymer (NIP) elecirode. The Fe;Ou@ Au-MIP-NH2/'GCE exhibits
a fast response with good selectivity when applied to CBF detection by amperometry. The CBF
oxidation current signal appears at +0.50 V vs Ag/AgCl using 0.1 M phosphate buffer (pH 7.0)
as the carrier solution, The designed FesOy@ Au-MIP-NH: sensor provides a lincar response
over the range 0.05 - 100 uM (r* = 0.995) with a low detection limit of 2 nM (S/N = 3). The
sensor was successfully applied to detection of CBI in vegetable samples.

Keyvwords: amino-containing molecularly imprinted  polymers (MIP-NHa). carbofuran,

magnetite-gold (Fe:Oy@ Au), core-shell nanocomposites, amperometry.
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1. Introduction

Carbofuran (CBF) is a carbamate pesticide widely applied to help increase agricultural
products in many field crops mcluding potatoes, com and soybeans, fruits and vegetables [1.
2]. The use and exposure of CBI have been associated with endocrine-disrupting acuvity,
reproductive disorders, negative effects on cellular metabolic mechanisms and mitochondria

function [3, 4]. Its high toxicity and accumulation in living organism have results in public

concemns regarding food safety and human health. China set its maximum residue limit (MRL)
at 0.1 or 0.2 mg kg"' in grain and oilseeds and United State Environmental Protection Agency
(EPA) setits MRL at 0.1 mg kg! (~0.45 uM) in selected agricultural products including green
bean, banana, coffee and rice [5]. Hence, the detection of CBF in farm products and in the
environment 15 crucial with regards to issues of consumer health and environmental quality |1,
6]. Various analytical methods to carbofuran detection have been developed. including

methods based on chromatography including GC [7]. HPLC [8]. immunochromatographic

assay [9] and CE [10], mass spectrometry [11], piczoclectric immunosensor [12], and

amperometric immunosensor [ 13, 14]. However, despi

the fairy s v and selecuvity of
these methods, they are relanively time-consuming, expensive instrument, complexity of the
assay and limitation by high cost and stability of the used antigen/ antibody.

Development of the methods that can provide time-saving, low-cost. or even on-site,
portable and household testing kits are undoubtedly needed to assess for food safety analysis

and the better quality of life. In this case. electrochemical techniques are considered suitable

complementary tools for fulfill the needs. Nanomaterial-based sensor for CBF detection have

been developed to improve sensitivity and selectivity as well as reduced cost and analysis ume
[2. 4, 5]. These sensors used CoO decorated on reduced graphene oxide (rGO) [2], nano carbon

black [4] and poly(3 4-cthylencdioxythiophene) polystvrene sulphonate/GO (PEDOT/PSS/GO) [5]
3
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modified on screen printed electrode (SPE) [4, 5] and glassy carbon electrode (GCE) [2].
However, sensitivity and seleetivity somehow need further improvement.

Recently, molecularly imprinted polymers (MIP) demonstrated wide application in
electrochemical sensors due to their tailor-made affinity and specificity to a target analyte [6.
15, 16]. Their synthetic recognition sites appear to be a better option that compared to
biological antibodies. In addition, MIP is straightforward to synthesis and significantly reduce
costs when compared with natural antibodies. Hence, MIP-based electrochemical sensors have
some great advantages such as simplicity, provide high selectivity and sensiuvity, low cost,
mechanical/chemical stability and long-term storage. Our previous works [6, 16-18] report the
use of nanocomposites coated with MIP to enhance the electroconductivity and recognition
sites of MIP-based sensors. Nanocomposites coated with MIPs exhibit a synergic effeet leading

to significant improvements in the electronic and mechanical characteristics of each single

component of selective sensors for CBF [6], profenofos (PFF) [16], creatinine [17] and

serotonin (Ser) [ 18]. Imprinting of CBF molecules on the carbon-paste electrode modified with
carbon nanotubes and magnetite-gold (CNTs-Fe;04@AwWCPE) was firstly reported via the
electropolvmerization with a 4-ter-butylealix |8] agene CBF (41B[8|A-CBF) supramolecular
complex as the template, and o-phenylenediamine as the functional monomer [6]. Although.
this developed MIP sensor is sufficiently accurate sensitive and specilic, itstill required 4TB[8]
supra molecules to form 41TB[#]A-CBE complexes and buried m the polymer and left the
recognition sites after CBF template removal. Despite the abovementioned  promising
characteristics, the remaiming challenges in MIP based sensor is that the target analytes are
difficult to be buried in the interiors of the MIPs to form biding sites.

Herein, we report a strategy to improve the sensitivity and selectivity of MIP sensors for

CBF

sing a novel amino-containing molecularly imprinted polymer coated on magnetite-gold

core (FesOu@Au-MIP-NHz). As the selective adsorption and recognition abilities of MIP
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depend primarily on the recognition sites or cavities formed during the imprinting process,

which is controlled by the non-covalent interactions leading to template-monomer aggregates

[15, 19]. In terms of improving the sensitivity and selectivity of MIP sensors for CBF, we
proposed a new method for mmprinting CBF template molecule on the surface of amino-
containing molecularly imprinted polymer (MIP-NHz). MIP-NH: was synthesized using 2
polymerization steps. The pre-form polymer nanoparticles were synthesized using CBF as
template, methacrylic acid (MAA) as monomer, trimethylolpropane timethacrylate (TRIM) as
cross-linker and AIBN as mutiator. This process led to the formation of CBI imprinted
nanoparticles that possess a large surface-to-volume ratio to enhance the accessibility of a large
fraction of template sites into the polymer surface area. The second polymerization was
synthesized using N-isopropylacrylamide (NIPAM) as monomer and N. N-methylene-bis-
acrylamide (MBA) as cross-linker o afford NHz-end group coted on the surface for further
activation and coupling with Fe:Oy@Au core. We constructed the imprinted sensor by coating
the surface of a glassy carbon electrode (GCE) with Fe:Ou@ Au-MIP-NHz coupled with a
simple flow injection system for highly sensitive and selective determination of carbofuran
(CBF). The synthesized FesOuy@Au-MIP-NH: was charactenized by transmission electron
microscope (TEM). atomic force microscopy (AFM) and attenuated total reflectance Fourier
transformed infrared (ATR FI-IR) spectroscopy. CBE-imprinted on the surface of amino-
polymer film coated on the FesOu@Au core was successfully created. Coupling of MIP-NH»
onto the Fe;Ou@Au core improves both sensitivity and selectivity. Sensitivity was enhanced
from the owstanding features of FesOs@Au, including high electrical conductivity, good
electrochemical catalyst and highly specific surface area. Whereas selectivity arises from the
permit ability of MIP-NII: that allowed only CBI molecules diffuse from the solution via

binding sites on the MIP-NH: film to the electrode surface. The proposed imprinted sensor
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exhibits high stability, reproducibility, accuracy and good performance for CBF determination

in vegetables and fruits.

2. Experimental
2.1. Chemicals and Reagents

All chemicals were analytical grade. Deiomized-distilled water (Water Pro-Ps, USA)
was  used for standard and reagent preparation. Hydrogen tetrachloroauric (IIT)
(HAuC1y, 3H200,1-(3-dimethylaminopropyl}-3-ethylcarbodiimide  hydrochloride (EDC), N-
hydroxysuceinimide  (NHS) N, N'-methylencbisacrylaminde  (MBA)  and  N-
isopropylacrylamide (NIPAM) were purchased from Acros Organics (New Jersey, USA).
Methacrylic acid (MAA), 2.2-azobis(Z-methyl-propionitrile) (AIBN). 11-mercaptounde-
canore acid (MUA), trimethylolpropane trimethacrylate (TRIM), Nafion and carbofuran (CBF)
were purchased from Sigma-Aldrich (5t. Louis, USA). A stock solution of CBF (5 mM) was
prepared by hyvdrolysis and then stored in darkness at 4°C. The hydrolysate of PIT was

obtained by dissolving in NaOll-methanol (3:1 ratio).

2.2 Apparatus

2.2.1 Electrochemical measurements

Cycelie vol ic m ements were performed using an eDAQ potentiostat
(model EAT61, Australia) equipped with an e-corder 210 and ¢-Chem v2.0.13 software. The

rea for the GCE (diameter 3 mm, CH Instrumer

active surface . USA) was approximately

0.07 em®. A conventional three-electrode cell assembly, consisting of a working electrode
(FesOu@ Au-MIP-NH2/GCE  electrode), a reference electrode (Ag/AgCl). and a counter

electrode (stainless steel) was used. The cyelic voltammograms were recorded at a scan rate of
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50 mV § and a potential range between -1.0 and 1.0V using a phosphate buffer (0.1 M,

plIl 7.0) as the supporting-electrolyte solution.

A simple fMow-injection (FI) system was employed for the amperometric detection of

CBF using the MIP sensor. Amperometric measurement was performed using a Shimadzu
pump (model LC-10AT, Japan), a Rheodyne injector (model 7725, USA) fitted with 100 pl.
sample loop. An eDAQ potentiostat (EAL61), equipped with an e-corder 210, Chart v5.5.11
software, and with a three-electrode thin-layer flow cell (CH Instruments, USA).
The Fe;Ou@Au-MIP-NH2/GCE served as the working electrode, Ag/AgCl as the reference
electrode, and a stainless steel mbe as the counter electrode. The active surface area was
separated by a silicone rubber spacer (flow channel, 0.1 * 0.6 em) that covered the GCE surface

{electrode area, ca. 0.06 cm?).

2.2.2 Characterization

Nanocomposite structure and composition were examined by attenuated total
reflectance Fourier transformed infrared (ATR FI1-IR) spectroscopy, recorded with a spectrum
1T spectrometer (Perkin Elmer, USA) over the range of 4000—300 em™. Morphology and sizes
of Fe;0y@Au-MIP-NH: nanocomposites were investigated using a JEM-1230 ransmission
electron microscope (TEM: JEOL, Japan) and scanning electron microscope (SEM, JEOL,
JSM-6460LV, Japan), operated under vacuum at an accelerating voltage of 20 kV. Surface
roughness of the Fe:O4f@ Au-MIP-NH: and Fe:Ou(@ Au-NIP were determuned by atomic force

microscopy (AFM: Park Systems Corp.. Korea).

2.3 Preparation of the CBF sensor

2.3.1 Synthesis of Fe;0da Au-MIP-NIT;
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The synthesis strategy for novel amino-containing molecularly  imprinted
polymer-coated on magnetite-gold core (FesOy@Au-MIP-NI:) employed three fundamental
steps. The method was firstly started with 1) synthesis of carboxyl-terminated on Fe; 040 Au
surface and 1) synthesis of amino-containing molecularly imprinted polymer (MIP-NI1:) and
then iii) coupling of the MIP-NHz on the FesOy@ Au core. Scheme 1 illusirates the preparation
of FesOu@Aui@-MIP-NI: via immobilization of MIP-NH: nanoparticles on the FesOu@ Au
core.

i) Preparation of carboxylated Fe; 0 faAu

In the first step. FesOu@Au core were synthesized using a process as described in
detail in our previous reports [6, 18]. First, FesOu particles were synthesized by co-precipitation
and then Au™ ion was reduced to Au® on the FesOu surface using tri-sodium citrate, to form
red-brown FesOu@Au, The obtained FesOu@mAu core nano particles were separated by

magnetic decantation, washed three times with delonized (DI) water, and then dried in a

desiccator. The synthesized FesOy@ Au nanoparticle was coated with MUA via a self-assembly
method [20] to form a carboxyl-terminated surface. For this purpoese, 20 mg of FesOufr Au was

mumersed in | mL of ethanolic sol

ion of 1 1-mercaptoundecanoie acid (MUA) (2mM) for 24

h, followed by washing with ethanol and then drying under nitrogen flow for further activation
and coupling with MIP-NI1,.
i) Preparation of MIP-NH;

Amino-containing umprinted core nanoparticles was synthesized using the procedure
described by S. Hajizadeha et al. [21] and T. Kamra et al. [20] with appropriate modifications.
The MIP-NH: nanocomposite was prepared by using carbofuran (CBF) as template,
methacryvhic  acid  (MAA) and  N-isopropylacrylamide  (NIPAM) as a  monomer,
trimethylolpropane trimethacrylate (TRIM) and N, N-methylene-bis-acrylamide (MBA) as

cross-linkers and 2,2 -azoisobutyronitrile (AIBN) as an imuator. CBF (137 mg, 0.6 mmol),
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MAATL (110 ul, 1.3 mmol), TRIM (610 pL, 1.9 mmol) AIBN (25 pL., 0.2 mmol) were firstly
dissolved in 5 mL of acetonitrile in a 50 mL- round bottom flask equipped with screw cap. The
solution was purged with a gentle flow of nitrogen for 5 min and then sealed and sonicated for
5 min in an ultrasonic bath. The reaction was relluxed at 65 °C while gentle stirred continuously
for 24 h under nitrogen atmosphere. The first polymenization step led to the formation of CBF
imprinted core particles. In the second polymerization step, NIPAM (5606 mg, 5.0 nunol), MBA
(77.2 mg. 0.5 mmol) and AIBN (22 uL, 0.1 mmol) were added into the resulting mixture from
the first step and sonicated for 5 min. The mixture was then purged with nitrogen for 5 min and
refluxed at 60 °C while gentle stirred continuously for 48 h under nitrogen atmosphere. The
reaction mixture was centrifuged for 15 min to collect the polymer particles. Finally, the
template was removed by soaking the polvmer particles in 50 mL of methanol containing 10%
acetic acid (v/v) and sonicating for 1 h. Non-imprinted polymer (NIP) particles were prepared
by the same procedure but without addition of CBF template molecules in the pre-
polymerization mixture.
iii) Coupling of the MIP-NH; on the Fe:04aAu core

In the final step. the carboxyl-terminated on FesOy @ Au surface is exposed to a solution

ol amino-containing imprinted core nanoparticles to form the covalent amide bond. 20 mg of

carboxyl-terminated on Fe;Os@Au particles was immersed in a 1 mL solution mixture of 400
mM EDC and 100 mM of NHS (1:1, v/v) in methanol for 3 h. The activated surlaces were
washed with methanol and then immersed in a 1 mL of MIP suspension (10 mg mL™) in a
mixture of acetomitrile: water (1:1, v/v). The mixture was sonicated for 10 min and lefi at room
temperature for 24 h. The obtained product (FesOui@Au-MIP-NI:z) were separated by

magnetic decantation, washed with deionized water, and then dried in an oven at 45°C for 3 h.

2.3.2 Preparation of Fe;O a0 Au-MIP-NIT,/GCE
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Prior to modification, the GCE was polished using 1.0 and then 0.05 pm alumina
slurries and ninsed with DI water, then sonicated in DI water for 5 min to remove residual
abrasive particles. After washing, 20 uL of the FesOu@Au-MIP-NIL dispersion (4 mg mL™")
m 0.5% Nalion solution was dropped onto the GCE surface and then dried at room temperature.

Finally, the CBF imprinted sensor (Fe;Oy@ Au-MIP-NH: /GCE) was obtained.

2.4 Sample preparation and method validation

Practical applicability of the prepared sensor was evaluated by CBF determination in
vegetable and fruit samples using a spiked recovery experiment. Chinese kale, Cantonese
vegetable, lettuce, grape and dragon fruit were purchased from a local market in Ubon
Ratchathani Province, Thailand. Samples were prepared following an extraction method
described by Li et al. [21]. Brietly. 20 g samples of various vegetables and fruits were weighed
and 30 ml. of acctonitrile and 10 g of sodium chloride were added. The nuxture was
homogenized in a blender for 2 min, then centrifuged at 10,000 rpm for 5 min, collected in a
conical flask and filtered. The filtrate was concentrated to dryness by rotary evaporation. The
final residue was re-dissolved with 3 mL of 0.1 M phosphate butler (pH 8). CBF concentration
results obtained from the proposed Fe;Oy@Au-MIP-NHa sensor were compared 1o those
obtained from a HPLC method. Analysis was performed using HPLC equipment, model CTO-

10AC (Shimadeu, Japan), coupled to a SPD-20A UV/Vis detector [6].

3. Results and discussion
3.0 Characterization

FesOu@Au core particles were prepared by co-precipitation followed chemical
reduction of gold, and the surface was interlayered with MUA to terminate with polymerizable
end-group and further coupling with MIP-NI: nanoparticles. MIP-NII: nanoparticles was
synthesized using the pre-formed polymer nanoparticle core that possess a large surface-to-
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volume ratio to enhance the larger numbers of imprinted sites. The amino groups on the MIP
particles gralting on the pre-formed nanoparticle enhances the porous surface area, resulting in
better effective adsorption, shorter response times, and tuming the MIP into suitable surfaces
to immobilize on the FesOu@Au core particles. Morphology and surface roughness of the as-
prepared FesOq@@Au-MIP-NII: and Fe: Oy Au-NIP nanocomposites were studied by TEM
and AFM. Fig. 1a confirmed that Fe;Oufw Au-MIP-NH2 and Fe:OuAu-NIF are core-shell
particle structures. The low- contrast dark cores of FesOu@Au particles, with an average

diameter of about 34.8 £ 6.1 nm (count = 4), were coated with lighter shaded shell of polymer.

Topography and surface roughness of MIP and NIP films investigated by AFM were shown in

Fig. 1b. The Fe;Ou@Au-MIP-NH: film displays surface roughness and a bulky film layer,

while the Fe:Ouf@ Au-NIP film exhiby lick and plane surface. The MIP film shows porous

character with cavities and a jagged structure. Cavities are not present in the NIP film. MIP
porous morphology is attributed to CBF imprinted cavities formed on the surface film
following template removal by solvent washing. These results suggest that the FesOu@ Au-
MIP-NH: formed with binding sites complementary to the CBF target molecules. ATR FI1-IR
spectroscopy provides direct evidence of MIP-NH: coating on the FesOu@Au nano-core
surface. Fig. 2 shows FTIR spectra of CBF molecule (curve a) MIP films betore (curve b) and
afier (curve ¢) CBF template removal and NIP film (curve d). There are significant differences
between MIP films before and after template removal. FI-IR spectrum for MIP films before
template removal (curve b) shows bands at 3300, 1541 and 810 and 666 cm™ which are
attributed to C-N stretching vibration, C=0O stretching, C-11 bending, and =C-11 bending from
CBF molecules adsorbed within the polymer layer. Whercas the MIP [ilm afier template
removal (curve ¢) does not present these adsorption bands, indicating that CBT template is
successtully removed trom the film. Both MIP film atter template removal and NIP film (curve

¢ and d. respectively) show C=0 stretching bands at around 1725 ey’ from MAA and NIPAM

1
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monomers or MBA cross-linker, and C-N stretching bands at around 1154 em™ from amino
containing in NIPAM and MBA, respectively. These results indicate successful removal of
CBF from Fe:Ou@Au-MIP-NH/GCE and the formation of imprinted sites in the polymer
layer. Our observances are in good agreement with previous reports [6, 23, 24], that CBF
molecules were successfully removed from the polymer film [i] and the facilitate of imprinting

sites on the polymer matrix [23, 24].

3.2 Electrochemical behavior of CBF at the Fe:0 0 Au-MIP-NHGCE

Electrochemical beh:

rior of CBF is initially investigated using the cyelic vollammetry
(CV) at bare GCE and modified GCL. Fig. 3 shows the comparison of the response of the bare
GCE, Fes04/GCE, FesOuim Aw'GCE and FesOyf@ Au-MIP-NH2/GCE toward electro-oxidation
of CBI at pll 7.0. CV responses obtamed from non-imprinted polvmer modified GCLE
(FesOyer Au-NIP/GCE) are also shown as inset in Fig.3. CBF oxidation 1s an ¢lectrochemically
quasi-reversible process. Dare GCE (curve a) shows no obvious oxidation signal while
Fe:04/GCE, FesOu@AwGCE and Fe:Oyfw Au-MIP-NH2/GCE show well-defined oxidation
peaks lor CBF at a potental of +0.45 V (1, - 0.98 pA). This suggested that both Fe:Oy and
Fe:Ou@Au are electro active. The electrode modified with Fe:Ouf@Au is more sensitive
whereas the electrode modified with FesOy@ Au-MIP-NH: is the most sensitive. The highest
signal for CBL is observed for the Fe:Ouf@Au-MIP-NH2/GCE. Thus coupling of MIP-NHz
onto the Fe;Ou@ Au core enhanced the redox response. The oxidation current arises from CBF
molecules that diffuse from the solution via binding sites on the MIP-NI; film, to the electrode
surface. On the other hand, Fe;Ou@ Au-NIP/GCE produces a very low signal (inset, Fig 3) at
048 V (ip ~ 0.05 pA). The lack of an oxidation peak in NIP modified electrode indicates that
this ¢lectrode does not feature CBF binding sites at its surface. The MIP-NH: modified
electrode enhances the current response by a factor of about twenty time over that of NIP

12
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electrode. The greater electrochemical response seen for the MIP-NH: modified electrode has
two causes: (i) MIP-NH: coated on Fe;Ou@Au core enhances electrical conductivity and
electrocatalytic activity toward CBF redox activity and (i) MIP-NH: provides molecular
recognition sites and a greater affinity for CBF wvia electrostatic interactions and toward
hydrogen bonding between the NH: contaiming functional monomer, template, and matrix. The

stronger affinity of MIP for analyte molecules in this current work is accordant with previous

reports [6, 16-18]. This confinmed that the sensitivity and selectivity ol analvte could be
promoted because the superior performance to the larger surface area and a strong affimty
toward CBF of the binding sites located on the electrode surface and the blocking efficiency of
the polymer matrix to other constituents.

We investigated solution pH that could be affected rebinding of the template molecule
and electrode transter. The effect of pH (5-9) on the oxidation peak potential and peak current
of CBF investigated using 0.1 M phosphate buffer as the supporting-electrolyte is shown in
Fig. S1a. The CBF anodic peak current increases with pH, reaching a maximum at pH 8.0 (Fig.
S1b). Further increase in pH result in weaker signals. Thus, phosphate buffer at pH of 8.0 was
chosen as the optimum pH. Furthermore, the CBF anodic peak potential (Ep ) shifis toward
less positive values with increasing electrolyte pll (Fig. Sle). The linear dependency
(r* = 0,999) over 5-9 pH range has a slope of 54 mV pH'! which close to the value (59 mV pH-
1) for the same number of electron and proton. This study shows that the oxidation of CBF at
Fe:Os@ Au-MIP-NH2/GCE mvolves one electron and one proton.

The reaction mechanism may be as follows: (step 1) CBF hydrolyzes in alkaline

solution, to produce carbofuran phenol (Eqn. 1) [1. 6, 25].
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(step 2) Carbofuran phenol, which produces a strong electrochemical response at +0.45
V (Fig.3, curve d). undergoes electro-oxidation at Fe:Oufa Au-MIP-NH2/GCE (Eqn. 2). The

Fe:Ou@ Au-MIP-NH:/GCE has a large surface area and good electrocatalytic activity that

high surlace arcas and specific binding sites with strong allinity toward target molecules that

enhance the signal response are in accordance with previous reports [ 16-18, 26-27).

3.3 Amperometric detection of CBF in FIA system

3.3.1 Effect of detection potential and flow rate

The etfect of applied potential on the sensitivity for amperometric detection in FIA
system was studied for voltages 0.0 to 1.0V, Fig, 82a shows that the current response obtained

from 5uM of CBF increases dramatically with increasing detection potential, from 0.00 o

(150 V and then remains at a steady state. Therefore, we chose a potential of +0.50 V as optimal
for detection in our FIA experiments.

In order to lower the analysis time, flow rate of the reaction zone to the thin-layer
detection cell was explored. Experiments were carried out at flow rate ranging of 0.2 1o 1.5
mLmin™ with injection of 5uM of CBF and applied potential of +0.50 V. Fig. $2b shows that
sensitivity decreases with increasing flow rate. Higher flow rates generally result in a decreased
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signal response because of the shorter contact time between CBI' molecules and the MIP-NH-
binding sites. This behavior is in accordance with previous amperometric FI studies on a supra
molecular complex MIP- based CBI sensor [6]. 3D-CNTs(@MIP of profenofos sensor [ 16] and
an CuO@MIP-based creatinine sensor [17]. However, increasing the flow rate increases
sample throughput. Thus, compromise between sensitivity and sample throughput could be

achieved at flow rate of 0.8 mL min™, with analysis time of 60 sample h''.

3.3.2 Analytical performance

The amperometric response of standard CBF was measured under the optimum
condition at room temperature (25°C). The MIP-NII» sensor exhibits well defined and
reproducible peak profiles (Fig. 4a). The calibration plot is linear over the range 0.01—100 uM
(Fig. 4b). The linear regression equation is 0.989 x + 0.082, with a determination coeflicient
(r*) of 0.997. The calculated limit of detection (LOD) based on three times the standard
deviation of the blank (38, n=7) is 1.7 nM. The hmit of quanufication (LOQ)) estimated
(10Sy) [6, 28] 1s 5.7 nM. Moreover, the MIP-NH:z sensor provides excellent precision (2.8%

RSD for 20 injections of (.05 uM CBTI). We compared the analytical performance of the

FesOuf@ Au-MIP-NH2/GCE sensor with related modified electrodes for the determination of

CBT pesticides (Table 1). Our proposed esOf@ Au-MIP-NIL/GCE sensor exhibits the widest
linear range for CBF detection (0.01-100 uM) among all of the referenced methods |2, 4-6.
29-31]. Addionally, the LOD of the new MIP-NHz sensor (1.7 nM) is comparable with the
LOD for the GCE modified with iron-carboxylated nano metal organic framework combined
with graphene oxide (MOF-MIL{Fe)@GO) [31], and even exceed those obtained by other
modified electrodes |2, 4-6]. Oustanding features of the developed MIP-NI: sensor are its
robusiness. high sensitivity. and excellent selectivity. We can inerease the sensitivity and
selectvity of CBI amperometric sensor by coating the electrode surface with FesOuf@ Au-MIP-

15

RSA6080062

365

370

375

380

385

NI nanoparticles that possess the large surface area and good electrocatalytic activity and
synergetic help to improve electron transfer. The synthesized Fe;Oy@Au-MIP-NH;
nanoparticles covered on the electrode surface have a large surface area and cavities or binding
sites with a strong affinity toward the CBF target molecules and a high blocking efficiency to

the other constituents. This observation is in accordance with previous reports [6, 16-18].

3.3.3 Selectivity and stability

The selectivity of MIP based sensors depends on their binding sites that allow specific
recognition of the template molecules. To investigated that whatever the analogues or other
compounds can bind the polymer and cause a current response or not. We mvestigated the
interference effects of substances such as pesticides, ions and compounds with similar
structures, which are commonly found in food products or vegetable extracts to assess the
selectivity of the Fe;Ou@Au-MIP-NH2/GCE toward the detection of CBF. The effects of

foreign compounds including profenofos (PIL) and chlorpyrifos (CPF) pesticides, 1onic

compounds of NaNO;, and NaCl, ascorbic acid, hydroquinone, calleme, and phenol were
tested on the FIA current signal obtained from 5 pM CBF in the presence and absence of these
foreign compounds. Fig. Sa shows there are no obvious ¢flects on the CBF current response
when including up to 10-fold excess concentration of hydroquinone, 50-fold excess of PTT or
CPF pesticides. or phenol, or ascorbic acid, 100-fold excess of caffeine or NaNOs or NaClL
These results confirm that the MIP sensor provides high selectivity and specifieity. We ascribe
the specificity by the successtul of the imprinted cavity form on the polymer film. which has
an excellent capturing ability and selectivity for the target CBF molecule. Therefore, these
candidate interference molecules which have different structures from CBL cannot diffuse or
bind strongly to recognition sites and thus produce a very weak effect. We conclude that

FeaOu@Au-MIP-NH:/GCE provides high selectivity for amperometric determination of CBE.
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The MIP modified electrode provides an impressively good precision (%R.S.1). = 2.8)
for 20 peak current values of 0.05 uM CBF as shown in Fig Sb. Reproducibility of the
electrode-to-electrode estimated from the current responses of three moditied electrodes was
3.8%. Stability was also investigated to demonstrated the feasibility of the MIP moditied
electrode by measuring the current signal from 0.05 uM CBF at various intervals. Fig. 83
shows that the MIP sensor retains 94% of its initial current response after repeated use for one
week when stored at 4°C. These results confirm that the MIP sensor exhibits good

reproducibility and stability.

3.3.4 Analytical application

The proposed Fe;Ou@Au-MIP-NH2/GCE sensor for the determination of CBF was
applied to the fruits (grape and dragon fruit) and vegetables samples (Chinese kale. Cantonese
vegetable and lettuce). CBF determinations of fruit and vegetable extracts were performed
using the standard addition method. Each type of sample was spiked with each of the following:
0.5 and 1.0 uM of CBF. The validity of the proposed method was investigated by recovery
determinations. The results were compared with a reference HPLC method as shown in Table
2. As shown in the Table. all fruit samples were either contaminated with CBI concentrations
below the limit of quantification (<LQD) or remained absolutely free of CBI. while vegetable
samples found CBF i the range of 0.255 to 0.309 pM. Results of CBF content in the samples
were confirmed with HPLC (Fig. 54). The results show that the analytical recoveries for spiked
CBF standards (0.5 and 1.0 uM) were in acceptable range of 92.8% to 104.0% [32, 33]. The
relative differences between data obtained from the MIP-NII: sensor and that obtained using
the HPLC method fall in the range 0.1 - 4.2%. It is 1o be emphasized that results obtamed from

all samples were in good agreement with the values obtained from the reference HPLC method.

The results also indicated that there are no significant matrix interferences in the analyzed
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samples and that the proposed method is sufficiently accurate. precise, and suitable for the
quantifying CBF in the mentioned samples. The limit quantification (LOQ) of our MIP-NII:
sensor (3.7 nM) is lower than Codex Alimentarins Commission’s maximum residual levels
(MRL) tor CBF residues in‘on several food samples including green bean, banana, coftee and
rice at 0.1 mg kg (45 nM) [34, 35], indicating that the method is suitable for quantitative

analysis of CBF in food samples.

4. Conclusion

A novel amino-containing molecularly imprinted polymer (MIP-NH:2) coated on
magnetite-gold nanoparticles (Fe;Ou@ Au-MIP-NHz), which is excellent catalytic activity,
inexpensive and easy to synthesis. was used to modify glassy carbon electrode (GCE) to be a
new highly sensitive, selective and robust amperometric sensor for carbofuran (CBT) detection.
The MIP-NH: nanocomposite was characterized by TEM. AI'M and ATR FT-1R. Printing of
CBF on the FesOu@Au core surface significantly increases the specific surface area by
providing large numbers of imprinted sites for improving selectivity and electron transfer from
target CBF molecule and the electrode surface. Incorporating Fe:Oy@ Au-MIP-NH: in the
sensor significantly increases its electrical conductivity, and increases the electrocatalytic
properties of the electrode. enhancing of the sensitivity for CBF detection. On-line
amperometric detection with the Fe:OuAu-MIP-NH2/GCE was successfully applied to
determine CBF concentration in fruits and vegetables. The MIP sensor is promising as an

alternative and highly sensitive and selective electrochemical method.
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Table 1. Performance comparison of the proposed Fe3Os@Au-MIP-NHz sensor with other CBF-detection sensors.

Electrode Modifier Techniques Monomer/ Linearity range LOD Ref,
Cross-linker (uM) (nM)
SPE Nano carbon back DPV - 0.1-100 49 [4]
PEDOT/PSS/GO LSV - 1-90 100 [5]
CPE 4-TB[8]A-CBF-MIP-CNTs- FIA-AMP o-phenylenediamine 0.1-100 38 [6]
Fe;O4@Au
u-Chip MIP/GO-AuNPs/DNA aptamer DPV MAA/ N N'- 0.002 - 0.05 0.07 [29]
methylene
diacrylamide
GCE AChE/Con A/PDA-rGO-AuNPs AMP - 0.02-0.18 0.05 [30]
CoO/rGO DPV - 02-70 190 2]
MOF-MIL(Fe)@GO DPV - 0.005-0.2 0.5 [31]
Fe304@Au-MIP-NH: FIA-AMP MAA/ NIPAM 0.01 - 100 1.7 This
and work
TRIM/MBA
FElectrode Modifier
SPE = Screen printed clectrode PEDOT/PSS = poly(3.,4-cthylenedioxythiophenc)/polystyrenc sulphonate, GO = graphenc oxide.
CPE = Carbon paste electrode 4-TB|8|A-CBF= supra molecular complex 4-ter-butylcalix [8] arene-carbofuran, MIP = molecularly
imprinted polymers, CNTs = carbon nanotubes, Fe;O4@ Au = gold-coated magnetite.
p-Chip = microfluidic chip GO-AuNPs = graphene oxide supported gold nanoparticles, DNA aptamer = Carbofuran DNA aptamer
GCE = glassy carbon clectrode AChE = acetylcholinesterase, Con A = Concanavalin A, PDA-rGO = Polydopamine-reduced graphene oxide,

AuNPs = gold nanoparticles, CoO = cobalt (II) oxide, MOF-MIL(Fe)@GO = Iron-carboxylate nano metal
organic framework combined with graphene oxide.
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Table 2. Comparison of CBF determination in vegetables and fruits between the developed Fe;Os(@Au-MIP-NH: and the reference HPLC method.

Samples Added (uM) Proposed method HPLC method Relative error
Found = S.D. Recovery Found £ S.D. Recovery o
(M) (%) (M) (%)
Grape - <LOQ = <LOQ - -
0.50 0.520 £ 0.007 104.0 0.522 £ 0.006 104.4 -0.4
1.00 1.012 £0.006 101.2 1.011+0.006 101.1 0.1
Dragon fruit - <LOQ - <LOQ - -
0.50 0.502 + 0.002 100.4 0.499 + 0.001 99.8 0.6
1.00 1.009 £0.001 100.9 1.004 +0.023 100.4 0.5
Chinese kale - 0.309 £ 0.016 - 0.298 £ 0.001 - 3.7
0.50 0.813 £0.003 100.8 0.797 = 0.002 99 8 1.0
1.00 1.282 £ 0.001 97.3 1.295 £ 0.005 99.7 24
Cantonese - 0.303 £0.001 - 0291 +£0.010 - 4.1
VB EE 0.50 0.805 £ 0.005 1004  0.813+0.005 104.4 4.0
1.00 1.280 +£0.020 97.7 1.310+0.009 101.9 -4.2
Lettuce - 0.255+0.001 - 0.245 + 0.002 - 4.1
0.50 0.729 £0.012 92.8 0.739 £0.031 98.8 -4.0
1.00 1.197 £0.020 942 1.226 +£0.008 98.1 -3.9

" Each value is the mean average of three measurements.
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Scheme 1. Preparing Fe:Os@Au-MIP-NH2 via the fabrication of the MIP-NH2 for CBF. Fig. 1 (a) TEM images of FexOs@Au-MIP-NHz and non-imprinted (NIP) films synthesized on
the Fe;Ou(@Au core (Fe:0a@Au-NIP). (b) AFM images of MIP and NIP films synthesized on
the FeaO4(@ Au core.
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Fig. 2 FT-IR spectrum of (a) carbofuran (b) Fe:Os@Au-MIP-NH2/GCE films before template
removal (¢) Fe;Os@Au-MIP/GCE film after template removal and (d) FesOa@Au-NIP/GCE.

75  Fig. 3 CVs plots obtained from 5 uM of CBF in 0.1 M phosphate buffer (pH 8.0) at (a) bare
GCE, (b) FesO«/GCE, (c) FesOa(@Auw/GCE and (d) Fe;O4@Au-MIP-NH2/GCE, using a scan
rate of 0.05 Vs™', the dotted line shows the background voltammogram.
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Fig. 4 Amperometric response of the Fe:O4@Au-MIP/GCE (a) in the FIA system with 0.1 M Fig. 5 (a) Selectivity of the proposed FesOs@Au-MIP/GCE for CBF detection; comparison
phosphate buffer (pH 8.0) at +0.50 V and a flow rate of 0.8 mL min" and (b) the linear 135  between the peak area obtained from 5 pM CBF (control) and the peak area of 5 uM CBF with
relationship between CBF concentration and peak area. interfering substances. (b) Current response of the twenty determinations (0.05 uM CBF) on

the modified electrode.
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