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Development of Electrode for Fructose Analysis Using Biosensor

Pharunee Sarmphim' Kosin Teeparuksapun' and Supranee Wunsri'

Abstract

This study developed screen-printed carbon electrodes with versatile electrochemical
analyses and reduces production cost. The electrode consists of a working electrode, a counter
electrode and a reference electrode showed good electrochemical property which was
investigated by the cyclic voltammetry (CV) of ferricyanide at a low concentration. The electrode
gave standard CV characteristics with sensitive electrochemical behaviors. Due to the surface
roughness, the cathodic and anodic current peaks of the developed electrodes were significantly
higher than those of commercial electrode at a 90 % confidence level (P value 0.1). However,
the reproducibility of developed electrodes was lower than commercial electrode. The low
reproducibility of the electrode effected to low precision and accuracy of fructose analysis using
biosensor. However, fructose dehydrogenase enzyme can be immobilized on the developed
electrodes with specific for fructose measurement. The linearity of calibrate curve was in the
range of 0-0.8 mM with linear equation y=0.875x (R°=0.9923). The precision and accuracy of the

electrodes can be further improved with the use of more advanced screening techniques.

Keywords: electrode, screen printing, fructose, amperometry

1Depar’cment of General Education, Faculty of Liberal Arts, Rajamangala University of Technology Srivijaya,

Songkhla.
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Sundimaluanaien 3 vla As nglaa (slucose) Wnlna (fructose) Wagnwaning (galactose)
wnalanaiesuivasiaduiiaalueanag e denaglasa (sucrose) Urmianealna (maltose)
H < H A [ <) ! 1A 5 H 5
Umaudning (lactose) Wmanilegluemsiludnlvg Ae dimanglaa dnansnleg wazdinia

H < S o v H g H 2
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| ] | a I3 | & o g ¥ ) =i \
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wnnfismnglunain Wuesostafildvaia nsWnivvesuas 1undn Brix test (Kawahigashi, Kasuea,
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1.2 N8 auyAzIY

1.2.1 duuigu
5udnlnsaii T ulsznaudaeda 3 42 fie 929U (working electrode) 42871984
(reference electrode) wazdlwi1978 (counter electrode) @rwmiunistrddninsaldldiieadns
e iaUsinamsninatuasviinisndseulesinyninadlalasiiua (fructose dehydrogenase:
FDH) uagsdwnudidnaseuwmleslaenlus (ferricyanide [(Fe(CN)] > ) unfavesdianinga lagldisnis
p3anuudaing (absorption) Wiewgnlnaviufaseleed FOH azludaiseazlduadnsmuannisi 1
wazidlolidndlwingdidningn asfaufAzereendiadu auaunsi 2 fAawnsaianssualnii lag

nszuabilinninlaasdanuduiusiuusuamgnina

FDH
Fructose + 2[Fe(CN)g¢|>~ —— keto — fructose + 2[Fe(CN)g|*™ + 2H* (1)

Voltag

2[Fe(CN)g]* ———2° 5 2[Fe(CN)G]*~ + 2e~ 2)
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1.2.2 ngud

1) Wynlna (fructose)

W3nlna u1anAviuANTNwI8angy fructose anafldaidusgnedulun1wsingy wu
D-fructose Fulungninanilogluenms wyninaduuinia lanaie Wunilduauvesinialuben

nflauddguniign Snaeswiafindefenglaauasniuaniva wynivadunludiisuazualdsng 9 &

[y

IngunfAszegsiuduglasawaznglaa wenaintu wnlvadslauiainnisdesaarsylasa daduiinia

Y
luanaafusznaumenglaauaznning nsgesaaieavtsslagiouledluseniniansgeseImis vens
Winnagnuusih i duiaadmsudUielsaiuvu (diabetes mellitus) Falinnzidonaiuinatey

v a1

(hypoglycemia) tws1zsfuiian Gl (Glycemic Index) /1 wlaifisuivinniasindey (glasa) urogialsh
n1u Tofvosduiinduiiissdaasamngy wmszignlnaduadradesneludy (ipid) Tunaitaun
(plasma lipids) sninadiansieulniiafiediv nglaa (CoH;,06) uiazilgnsliassaiiaisneiu amil 1.1

Lanaanslaseasavesnsnina

H H HO

CH,OH | I | CH,OH

HO HO H ©

AN 1.1 danegnslasainevasninineg

2) lulawuas (biosensor)

Tulawuwedidusyuunmsiavsnauasuuunilsiiondendnnsmeduad Tnenisih
#1593 (biological element) Aifleudzianzasivansfegafidensnsey (tarcet analyte)
1PINUAINTIVIANTONTIUERILLS (transducer) ﬁmmzamﬁwﬁmLLa3§ULLuumaaé’zgzgmﬁLﬁmmﬂma
Y03UfATen anvarvesdyaraanuiseroradu Weneu ddnaseu leosu uiid Ausouniouas

lulaloulwesdalsenaunie 2 @1 Ao @IUU9ENSTINNARAMUTUNIELAN2A9 (recognition) wazEIY
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https://th.wikipedia.org/wiki/%E0%B8%8B%E0%B8%B9%E0%B9%82%E0%B8%84%E0%B8%A3%E0%B8%AA
https://th.wikipedia.org/wiki/%E0%B8%81%E0%B8%A5%E0%B8%B9%E0%B9%82%E0%B8%84%E0%B8%AA
https://th.wikipedia.org/wiki/%E0%B8%8B%E0%B8%B9%E0%B9%82%E0%B8%84%E0%B8%A3%E0%B8%AA
https://th.wikipedia.org/wiki/%E0%B8%81%E0%B8%A5%E0%B8%B9%E0%B9%82%E0%B8%84%E0%B8%AA
https://th.wikipedia.org/wiki/%E0%B9%80%E0%B8%AD%E0%B8%99%E0%B9%84%E0%B8%8B%E0%B8%A1%E0%B9%8C
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https://th.wikipedia.org/w/index.php?title=%E0%B8%A0%E0%B8%B2%E0%B8%A7%E0%B8%B0%E0%B9%80%E0%B8%A5%E0%B8%B7%E0%B8%AD%E0%B8%94%E0%B8%A1%E0%B8%B5%E0%B8%99%E0%B9%89%E0%B8%B3%E0%B8%95%E0%B8%B2%E0%B8%A5%E0%B8%99%E0%B9%89%E0%B8%AD%E0%B8%A2&action=edit&redlink=1
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https://th.wikipedia.org/wiki/%E0%B8%8B%E0%B8%B9%E0%B9%82%E0%B8%84%E0%B8%A3%E0%B8%AA
https://th.wikipedia.org/wiki/%E0%B8%81%E0%B8%A5%E0%B8%B9%E0%B9%82%E0%B8%84%E0%B8%AA
https://th.wikipedia.org/wiki/%E0%B8%84%E0%B8%B2%E0%B8%A3%E0%B9%8C%E0%B8%9A%E0%B8%AD%E0%B8%99
https://th.wikipedia.org/wiki/%E0%B9%84%E0%B8%AE%E0%B9%82%E0%B8%94%E0%B8%A3%E0%B9%80%E0%B8%88%E0%B8%99
https://th.wikipedia.org/wiki/%E0%B8%AD%E0%B8%AD%E0%B8%81%E0%B8%8B%E0%B8%B4%E0%B9%80%E0%B8%88%E0%B8%99
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Sample  Biorecognition Transducer
element
Analyte e e Sl Tl e
v i . 1
O e . Electrochemical :
A i :
o A O o . !
i Q Optical !
A A A i i Response
® O E 3 Electrical signal
A e A E Calorimetric 3
A = ® ' : PC work station
OA Ao Piezoelectric :
Analyte-biorecognition | ‘

i
element interaction " '-----------cocctoooecooce o y
Biosensor

2wl 1.2 wansn1siinaunazdaiulsznavveslulawuiges (Contreras-Naranjo and Aguilar,
2019)

dvesastinniiunldlivaneyin lowA euleyd wwufved (antibody) Wwadaduvisd esrUsenauves

o

Wede 1Judu Feavrhliinastivsedugruiineduuananeiu Toun dyanumslaimsedidnasou

[y 1

dnalossuvseunia dygruanudou dygiuuas Wudu silvdesdenldnsuafiwesineiu wu

v v
i &

Tunsalidudygrudiannseuasdodlinsuaiiwesiuunauinesiswunsn (amperometric) Tunseld
JudygalossunseuiasvldnsuaRumesuvulmnuilewnsn (potentiometric) 1Wudu Tunsdlves

o g v ¢ ° aa ) ) ¢ o g Yva ad = v 2
nsanninngninanldieuled nshufaserduvemisninaiueuledesinliiindidnaseudsauden

nuangesiuukelwelsuysnAduda e Sudy g

3) wanwaslsiunsnlulawwuiges (@amperometric biosensor)

womweslsiwnsnlulowuwes uwuwesiiinsuanmosnsodianinsniiane
UFATenliiiued Tnensliaudnadndudrinnszualiin enadseneudedalda 2 4o wie 3 4
(Erlenkotte, 2000) dwsusidnlnge 3 12 azUsznoudis $9vau 928198 wazdalaliiee awnse
asraTaUsunavesansiaula leannislianusesdngiaaluinviau euiud8ne8e udain

nszuallihiaduanuisevesansiaulanidmdivestaviney Alvaseninedvhanuiudiyieniy



w3osladansiniliedl 1Sunan Tmutleauan (potentiostat) NSIUERNTSLUULDUINOSLSIUASAANNS
Wi sa Lt N ueguugIuTeuuIAEN TunaInNa1eguiuuveINITeonkuy AI0819hanIAT
AN 1.3 uslazdvemsuaigesindleTaniivainuate 1avinuazidudafiansiinednisin

Anudasen dnihdelavendanuatos egraru nedaziiy uwiinguaiiddsaung Jeihlnianis

(%
a o v

Wawalniarsusunlisnaignas uazUsuwasiuiatangeuniaulueiinnne Wdalniiaiuise

kS

9UlARTY §IUTBVBITWINNURETINIE dIUVBITIONDY LazdIuLToumDIEnINTIR1ee Aulmnud

loauan dnvineelay Ag/AgCl

Reference
electrode Counter
electrode
Working
electrode L Substrate
Conector

AT 1.3 uanedanInsaNuWansULUULRINeSLSASN (Mistry, 2014)

N5ATIRTALUULBNINES SIS nanusavilalaeiSlua (flow injection) #3838n15Ha
(deposition) 38 flow injection Wuisn1sAliasinsaainlvuasdwdnludfedemeiiios Tussuuvesnis
Yo dofvaaitnnsiife Tdasimeg1suazsiolaus (reagent) oy wazuonanfdswmevauadlaiinaziinig
o o vl | | @ v v v s <1 P v v ¢ Aa v O
41 (reproducibility) 16d usegelsiniu nMsianiedsidndudeddaunsalianis Alsiage Ay
3813 deposition azlu3snsnliegen lngaunsanenansiisiensinasuuiavesdidaninsandaiy

Twesuiselaay (Faaswa, 2543)

4) Audwiziazaslumsiangnlng

aaa =

n13iavsutamisnina vlaainnisiinuiseadinuuesndiadu (oxidation) (11
Sidnasew) vessninaiiiuarsfinsaaeuiieniassufisen (catalyze) vosioulesi FOH lnoidl
ferricyanide [(Fe(CN)s]* tusdanansiudiannseu (mediator) (Trivedi, 2009) UA3anaziluniuaunis
1 wag 2 Wyninagnieandladluiliu keto-fructose 9nnsLseUfAzeves FDH Avemsnaiages
ﬁﬂﬁlﬁm@ﬁ%m’%@fﬂﬁﬁl’maﬁ’mma [(Fe(CN)s)* %3 [(Fe(CN)¢> %agﬂ%ﬁa% Toglasudidnnseu nanewu
ferrocyanide [(Fe(CN),J* faamns?t 1 ndsantiu [(Fe(CN)]* sesiosgneandled Tianydedidnnseu

(%

srenslidnsluiifidavhauvedidnivse fiawnsaeendlad [(Fe(CN)]* Tinaredu [(Fe(CN)> Bn



g a d‘ a « dy o Y a A & [ ] [y a v v &
AT Msiedeunvesdidnaseud i liiAnanssualniiidudadiududsunuveamsning anuduius
szmnenududuremigninadunszualnihaztusgiunateiuls wu Yssdnsnmueadidnivsm nis

Y

p3aoulwyl (immobilize)

5) lgmanlaamsutuns (cyclic voltammetry)

1< a va = a & v a
WHuwmeadalunisnisasivaeuauandanislnidiaiivesdidninsaare lnnud
Loawsn watla cyclic voltammetry #38 CV @1un3algn1siinU)ise1snend (redox) 109813 1101599730
nsLAdouNueediannseu (electron transfer process) UuAIYBIT3lHH YL Dalnnazgnsialtiiu

I a®

WUt lodannn kazaudaninsninadluansaranedausenaumeaNsNABINITIASIZNFIVINaraNuLaY

q
1%

arsdidninslas Jsaunsauandndudesuldienandusaviliasazarefialwihfiftu dndlnines
eliudahnuiiouiuiageddeeiinswasulamunaiiudunsidesns (scan rate) Ay
wazasusou Tnsenasudufidnsiduuinudnuasundasdndlniiwuudunssdifidranandu 0 au
Huau udidwdndlwihdesnduidudunssluuiu dnvazvesdndlniizduguanuivaey fnmi
14 n1sideunsinseudanszualdf1ifumnum19dngt3ena 1 cyclic voltammogram %3

voltammogram 1Ay scan rate %ﬁwaﬁugﬂimmsﬁwm voltammogram

Potential

Time (s)

o

A f 1.4 Arpua1sdngndnelivaluiaiianlag (surians, 2548)

o [ d'

N3130U1EN WAL voltammogram veeUfAse3AeNT FeUsenaumeufisensandu feaun1sn (3)

waz Uise10anTieadu Asaunisn (@) lunislimiusneding 1 sou wans dan1mi 1.5

Ox+ e~ — Red (3)



Red — Ox + e~ (4)

Andluihvesaad Yusgivanudutuvesasluufiser auaunisves Nemst fsaunisi (5)

2. = E0 + 230226 l0g; (5)

— g0 4 RT
E=E ln(R d) 0 Red

We E Ae Andlnivaawadlndwadl

E° fia Andlnihunasgiuvesvesansitinuiinufizewall (species)

o))

9 AIAIINNSUAY (Faraday’s constant)

9 ARV (Universal gas constant)

o)

F
R

9 IUUBLENNTOU

>
o))}

a

T Ao gaunqdl

U

Angluihndiadeenindndluiuinsgiuveswadazgnisuli Inedifiemalunsdngluirau

(Negative Potential) Ox 2z n3@7% 1Ju R AusiaRvesdianivsn viliiianszualiinsonan

v '
IS ISP a

Cathodic current nszualnfinazdiAniiuduanga a wazdegean N3a d 138091 Cathodic current

= 1

peak (I,) Tnadndlnidilaziindngega 13undn Cathodic potential peak (Epc) Wielsidn sy
AU TSRS Fagnatd O Tlamasilsinszuaanasudugud Tusundufiamslieusnsdngly
n139u3n (Positive Potential) R azgnoandlad 10u O viliiAnnszualniwienin Anodic current
nszualaliindasdanintuanga fuazdadgean A j138nd7 Anodic current peak (I.,) Tas
dnglafinifliasdieigegn 3und1 Anodic potential peak (E,,) Wiali@ngluiiduuaninnduliun

o a ¢ .«.:4' o § v o 4
Y04f7139n08nTlad R Nanasilvinszuaanasaudugud

anodic
N
+}

-

o

Current (pA)
[+]

)

cathodic

-20

N A N
os o6 0.4 02 o -0.2
Potential (V)

AN 1.5 wans voltammogram ¥a3Ujisen (suAans, 2548)



'
=2

WM N3N (Epc + Epa)/2 = E, A1ANI1IATIIUNTRRGATIT0ENeNae

[
v

FENIN Epe waY Ey, 01UJATETAnTuau1saindunaulils dasenuaseniiinuisedundula
9

o)

o LY 1 |

(reversible process) AN peek-to-peak separation (AEp) mmuﬂﬁﬁ%mﬁﬁm n=1 agdlANyIIAU 57
mV i 25 °C (Elgrishi, 2017) fsauns? (6)

RT
AE, = Ep, — Epe = 222—=57mV (6)

o ) v & Aa A A ~ ' 4 ) a a ~
AsEUIUNSHKUURUNAULA Lunszulun1sndannsauiwasunseniner iniuaisinsiaaeunaoun
196 f1n157a719 (barrier) Uas FngluiAlwaud i aziduluaiuaunisues Nerst n15iAA0UNRYDY
Sidnnsowdunisung (diffusion) USRIV AdngluiAtauaziimuduRuSAUAINULTUT UV

Ao w a aaa v d' A A a & [ aaa [~ o
asimaLinufnsen Tumanssduiienisiafeunvedidnaseugndnuiein Ufaserasduwuuiu
naulally (rreversible) vinlidlanasaunaaulaeniazmaauitdadali@ngluinfudiunty wWisyi

ThAnUjiteeendinduniosindu Juili A1 AE, fidwnniu

AANUEARYVDY scan rate

AUy scan rate ylwAunS1sesduntsuns (diffusion layer) anas nszualiii
Fiutu dmsuufsenuuiunduld ﬁﬂﬂiLﬂ?{auﬁmmﬁLﬁﬂmawﬁuaQﬁumzmummwﬂﬁmasmlﬁm
nszualwihvesufAsenesuieldfeaunisues Randles-Sevcik Fngiivduetaduduiuarsniiaes

9849 scan rate : v (V s a9g@uni1si (7)

-~ o (nFvDy 1/2
ip = 0.446nFACC (22 ™

e n Ao Sunudianeseuiilinsaewlulfisesnend
A (cm™) fio NUARIVBIT
D, (cm ?s7) fa duuseansnisunsves analyte Nigneanelad

C°(mol cm™) e bulk concentration of analyte

aun1sansavenfisaunvaInIsindeufivesdidnnsouluaisazats lunsalildunaainnisunsiiies
1
9EufeT ddaunsvsendng i, AU V2 nsazludunsy



6) NM3UTUWART (modified) AagayniAuly

Yanunlu Juiagiilassasrssnulasunids desnimsemndu 100 wiluues 9

q

v [y

v A o d' d' A k4 U !
ﬂmﬂﬂ‘lﬁm%LQW’WV]ﬁ'WﬂQJﬂJ@Q'Jﬁ@UWIuVI WA ?JULLU@QI"U&HﬂLllaa@ﬁLﬂﬁiﬂiﬂﬁﬁ?ﬂ‘U’]ﬂi%@UlﬂJIﬁﬁﬁLﬂaaﬂQU’W

q
(% '

Tuaina fe f8nsdrussminsfiuiifianasUsinmsgs nedaduiiuiifiavesesmeuiigendsnasili
sunaulufiauaut@nuansnaluanfouliunsvesianlurualug dufevilifinamadinisise
U581 Yeveedayyo wavthefiulszansnmlunisanemdidnaseuvesasfideanisdwsz 91n
Audnuuziameilansudngn Juinstheymaulumuivuiudashe efuaussnuzves
wueslvliaudnme auly Tanugneies LasladusnmiARTy (1503 §mqms, 2555) laganigniu
Hrmsveudifiarunivluih (conductance) s ifteandunumakanannislisanyidafifanuiluiigs

LASIATLNIDE 1V DAL LY

7) M3A3eIan¥anIn (immobilize)

asTineSiauudihaureddning Tau asmnsinanuaziouled e
Sritasumitnesanslioguuiiuia fvinvhansiidieamnsaaiaufiseldn nismfaeulesiaunsnh
I8lnensuaudiuysznauseg wdnilunsshemadafiane wu
1) MInselaen158aLnIg (adsorption)

2) NM339lae sy lAAaNusEyuall (chemical bonding)
3) Msnadlneslndueslaedu (polymerization)
4) N13939lAI5NnN (entrapment)

[

drulngiuaaisntealdlunisniansidnazende 35n139adU (absorption) Li8437n

o 1 %

Jwisae Tneansiifsazgnaadueg uudidainigse jasemiesnmenin saeusseeu q Jalddiwa

a

NIENUADNITYINIUVBIDUNIATIATS (Winotapun, 2014) BENLYU KSIHIUABSINAH (Van der Waals
forces) wsalAtaud (covalent) (Peng, 2015)

Nicholas wagaty (2018) YinsUsuudsiusidninsnaivousseynauluns
Inlst TngvinlAansdainzsnensiadeusynauluns e carboxylic acid fiviliAnusausalan
audBamienuuiiufiaaiveu

Biscay wazAue (2012) wul1 toulwsl FDH dusunisisaufizeniseandinduves
Winlna a1unsanialanigisnsdainig nniswseuansazate FOH luansavarstnilaseaine
(phosphate buffer solution: PBS) 0.1 M nemasuw 81ninsa ferrocyanide/carbon udafisb3luse 1

a1
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1.2.3 91UI8Y ¢ MN8IT09

Sys wavAny (2017) @5198Laninsamsusuinansu mensilidiazinadaisuau (classy
carbon) Uug1U ceramic W31 N13REL Poly (vinyl chloride) (PVC) 3% fiuayniansld uag glassy
carbon lua1sagans Cyclohexanone wag paraffin oil (PO) vilWeuniagadnaiugiuseslanuazd
s slialifuanzan nsld PVC annnd 3% T ohmic resistance gedsnaidesonasau i
yalaimand wasdle 14 PVC osndn 3% wuheyniamiveulimefifnvesgiusessy uenanids
wuiAnuvesiimfvsudinaderu e fiTen eumuivesinasveuifistuagyinlin
Frumuanas dssalianuanulivesfAseniintu wuianavniiiAaan Saasueufunianiudiv

¥

Fe38levin (Homemade) axilmnumunnindaivihanniedesfinst (printing machine) Inedaansuau
fuanIuividedsleviunasiiaumnunussana 250 um drudansuoufiuianiufivhainiadesiiud
wAANURUIUTEN 100 pm

Mikysek wazanz (2012) Wyl mmﬁmmuﬁuaasﬂ%ﬁLﬁmmﬂmiwamumﬂms‘muﬁu
PVC fnafiunssualiiiniaifinovaussuuiiufinvesdidninse sen1sianmudiuniulesiin (ohmic
resistance) wag Cai wagAfsy (2009) SINUTIANNFIUNIY (resistivity: p) Feinanimaiia four-point-
probe wastadluagfunumuarsUavas

Wang tazane (1997) Anw1Ussansninuesnina1suauluunieg aiemaida CV 910
U581 Ferrocyanide wu31 wiln grassy carbon Iﬁﬂizﬁwmﬂwgﬂﬁi’m i AE, = 58 mV

Cinti wazAng (2015) WisuisuauauTAvesdidnlnsnasveunuufiuianiy Afnns
USuusis fiufvasivhaseouneauiluaiueiin Ae Cabon Black, Cabon Nanotube wag Graphene
Ineldudnnsnlue (Graphite base ink) LI working Wag counter electrode niiniiu (Silver ink) 1u
reference electrode Uug1U394 polyester Iﬂmﬁuﬁ%a\‘i working electrode ﬁlﬁur}hu@uéﬂm\‘i 3 mm
wisuasazanseyniauluaivauiletasuuiiuindenisven aannsliteuluasueu 10 g waufy
d@15aan8 N,N-Dimethylformamide (DMF) Futh (1:1V:V) W& anSUSULATUA %ﬁiﬂ/\lﬂwgﬂmmaau
Aaautinsiiiwaddrsmaiia CV Inonisld Ferro/ferricyanide [Fe(CN)g*/> 10uans (analyte) Tu

UiAse3nend Adanudutu 2 mm lua1s8idninslad Potassium chloride (KCD 100 mM wudn A

[ 1

AE, maai’?ﬂﬂﬁwﬁﬁmaﬂ%’uﬂqmaaaﬂgmﬂuﬂuﬁqmmﬁm fif1 80, 100, 130 way 120 mV @ ailen
unnIin i Agslaifinsusuussituiafifian 430 mv 7 scan rate 0.05 V/s waznuin AE, 993911
USUusade carbon black (CBN220) Uunilnnsilndueseuided faieuninaues Vicentini uaz
Ay 2014) 3 insuSuussiuinvesdaunadansueu (slassy carbon) wuuRinwWan3u §2¢ carbon

black fishaifi @awuu (VXCT2R, BPAT50, E2000)
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Biscay wazmny (2012) wuanaulesl FOH WWan15Tafi @i pH 4.5 (0.1 M phosphate
buffer solution (PBS)) WauuiwesuaminelsiuninanvaeuUimamsninanniansvaufinianiud
USuuseituiagemlelsloenlus (Ferrocyanide modified screen-printed carbon electrode) ﬁﬁa&ﬂu
pana wiuiuan3uilgiu (substrate) WWulwesiin (ceramic) ¥u1m 33 x 10 x 0.5 mm dnsiideusio
wazdagadadaelanziiu (Sitver) davhaudu weflslesnlud/a1suou duruqudnais 4 mm
(diameter) uazd2978 uazdviauduaisuou wasufuugeiaaueuuudwheudedadsy
Bidnnsou welsleenlus drlvifignuageu de Buffer PBS (0.1 M pH 4.5) Idaudumesnszudllih
1.8 pA Wedoudndluiin +0.25 v udeaniu n3seulsy FOH Tnewen FDH (0.125 U/uL) 10 uL 1%
n139n9U (adsorption) vufiuthuastavha Udesialiliuts (Ussunm 1 wa) figumguies thand
wedinamsning lneveaninlng 40 pL wawin1stuiin chronoamperogram tagnistadng i
0.25 V ifutaan 100 s ndaaintunud wuwesdiiaaula (sensitivity) Aungninaeglussdud (1.25
uA/mM) freeutureInIsiUasuulad (+0.02 uA/mM) wartienidudunss 9851314 (0.1 and 1
mM) saswgning wardinamsidalunisia (limit of detection) 71 0.05 mM Lwuiwesausavenle
(good reproducibility) wazdinnuiatiesgs (high stability) anansainusuunsninaludiognais 1y
e 1smau Cola vhuald (orange, tomato, apple and pineapple) 111ilag (red wine) DIULALLAY
84u¥173 (red and white grapes) musts and liquor of peach mgANULLUEF

Nicholas uazamg (2018) ﬂ’wm%ﬁmwmgﬂé’m%’ui’m’%mmwiﬂ‘lwa AENITUTULAS
fiufi Ferrocyanide /msuau fistaniudsoymaulunsilnd lnswieuenududurosoyneuilun
1l 1.787 mg/mL ann1sUsuiiufisvesnansilid faecarboxylic acid wazneaasazaIzaynIA
uilunslidasuuta wudreyaiaulunslid arunsodefaduitvesgiusesdu Volox dudu semi-
crytalline fiviharnanswanedimes feoanaudd Ay Hydrophilic veseynAmsUBUiUgIUTOITY
dewirTnunnsnaeudiemaia Cv wuiidaiainnuldeufiseuazianuuiug msdnwaey
\Wigu (Calibration studies) sewnaila choronoamperometry anansavinlalaenisld Ysuiamsnina
(fructose) fadenudidnnsay way wulesl FHD saufuliies 40 L Heaauuiinvesnsuouiunansy
nsnevauasdiammdudadulugag 0.1 mM fs 1.0 mM. shnsesaaeutwaliifsmieluiomain

WNaN153In 477 mM fanuwsiugnagi 3 % (n=5)
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1.3. TngUseaeAvalasanIsiadY
4.1 WewmunddnTnsalagldinaiafiuniadu
4.2 nadauUsyansnmvesdianinsalunsinniumaiaeumelswysnlulawwuiees
4.3 Wefnwianmzfimngaunasssaninmmslinseiininasomaialuleduies

4.4 wWemsUssenaldwuwaslumsiwnseivsunamsninaludiegeanss

1.4 Ysglgvinandnazlasu
3.1 aunsathszuuuges e T ulUlEInusunavgning Tundadusionmsuasiaioany
Welideyaseruilaa Fulunsfiuyan rnudeduwazniseeusulupainlulsenauaznisdenn
o a ¢ @ 5 v Y ° 1Y a a ¢
3.2 inwddninsauazisuwesiduntosinsuwuudmiuludandyd

3.3 Ieuns91198 15819391013 Tuszuu TC scopus %ie IS]
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una 2

ASN1sAIUIIUIRY
2.1 MsnaIuIdanInsafamAdaANUNEnIU

2.1.1 d@51981anInsa
1) a99aeuUsardnvasdianinsauuukatinelsiunin 3 1 mennsdn Biie
Methrom $u DropSens 110
2) opnuuudianinsalvillvualazdnvauzlnalAsaiudianlnsnnianism
3) a3n9Bianinsamewmaiafiuianiy
- AaLHuLE (mask) muuuy TagldunuaRninesiuvaonaenls Anasuumiy polyester
Fifimnuviun 0.3 mm udrdneenuilifivun Tugniwuudndes Aeduiidonfiuviin @adudiugen

Y191UA) DON

[
v Y a

- an3uniing91984 agldniin Ag/AgCl Mreniiu Uasefidliliuisngumgivios ud?
ansuniintiinunagdadeds ngldmin Carbon faewiu  dndigeu gaunll 60 © C1uan 30 wiil
eenuniieliliiuiangiives Undrudousedutayiy Tavihnunasdigndeeatony udidns

Dlnfmetinay Aald 24 Flug neunIsNeEaU

2.1.2 a529dauUsEanSnmvasdianingg
1) wSsna1sazany ferricyanide (Fe(CN)g>) Aattatu 0.5 mM wag 0.8 mM Tu 0.1 M
phosphate buffer pH 7.5 (0.1 M Potassium chloride (KCL))
2) ¥a CV vosdidnlnsananisiuazdidninsefiad1siu deideaIos Potentionstat
890 Metrohm $u 910 PSTAT mini sarnis¥n Tiausiednduseanas +0.8 V 1unan 20 s iewmdey

(%

N linsauyinau waglvauniefngan + 0.8 V 84 — 0.3 V 9 scan rate 10 mV.s

2.1.3 n3nsnsvsauyalastaiievadianinan

WBannInlunsiaaeulassasnsmendaiganssmidiannseuluudeinsIn (Scanning

electron Microscopy: SEM) LLazﬂﬁaa@amsﬁﬂLmazmam (Atomic Force Microscope: AFM)
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2.2 mavFuudeituinvinanuvesdidninsndasayniaunlunslwddeisgadu

221 wisuarsazargayniaulunsilud aududy 0.5 me/mL lunsamisuendan
(carboxylic acid) 50 mM (lu 0.5 M sulphuric acid) udaurarsazarsuilunsilud 10 pl 11 Kenauu
Favhemedidninga MWinadamsilsasaelnih (electrodeposition) Fenslrausisdngan + 0.8
V&t- 03Vl scan rate 10 mV.s? udaiisliliurisiigantivies Ineldinandssanm 24 2l

2.2.2 A539@8UUTLANSNNUDIUIIemMATA CV WiuLRenule 2.1.2

2.3 MsnauugaingIadangninademaialulamwuiges

2.3.1 W38uda15azane

1) w3gaeulednisninadlalasiiua (FDH) Tu Mcllvaine buffer Tifiauidudu 50 U/mL
Tu Mcllvaine buffer pH 4.5 (05 81210 A1SHAN 0.2 M citric acid (0.2 M KCD) f'u 0.4 M disodium
phosphate) iulilugesudidsvosiiu gamgll -20 ©C

2) Ww3suasazany ferricyanide (Fe(CN)s®) Aanutdudy 12 mM Tu 0.1 M phosphate
buffer pH 7.5 (0.1 M Potassium chloride (KCL))

3) WIENENTALAILNINITFIUNTNING 8 AULTNTY 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 uay 1.4

mM Tutnau

2.3.2 {19 FDH wag ferricyanide Lazns2379

a

1) 1 FHD asidudu 50 Uml-! senananndesududs idlviazanslugifu fgungf -4 ©
C u&h FDH 20 pl snvgnasunivheuvesdidninsefiadiedy lunssuiumste 2.1

2) wem ferricyanide (Fe(CN) %) anudiudu 12 mM 10 pl asuuiviheuwesdidninse

3) nemansazananAsgUgnIva 60 pl asuudidninn Adly 2 und

a) n519iad1swmata tastuuesnalsiundn (chronoamperometric) A 184A3 84
Potentionstat § We Metrohm 51 910 PSTAT mini Tagl#aa1us1adng asil udainnszualyifing

Wasuwlaanunailuylaaial 0-100 Jui

2.3.3 asnmdndlniimuzanlunisnsiaianining

1) vn1sils FDH wag ferricyanide (Fe(CN)g?) auisnistute 2.3.2 1) - 2)
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2) Mansazaneunsgiugning anududu 1 mM ainnszuaunsiude 2.3.1 3) uuiy
AINAFU MUITNISIUTD 3.3.2 4) Taglganum1ed@ng 0.1 0.2 0.3 wag 0.4 V ¥NN1SNAae9nIuaIadne

az 3 A%a Welddidningm 3 du AupnA1ey

2.3.4 wvinsunsgu (calibration curve)

1) Y159 5IinUSuamgnina Aanududy 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 wag 1.4 mM
srewmedialastusemmnelswesn lngldamusisdndnsd fuuizan mnnsieszide 2.3.3 Tnevinis
i3 FDH wag ferricyanide (Fe(CN)6?) waznsiainauisnislute 3.3.2

2) tanseualniuazanuidudundeuns Weafansmiunasgiu mnnswlugied
Fudunss maumsidunsaiifimdulszansanduius (correlation coefficient: R) 1nd 1.00

3) fiansanula (sensitivity) U9 UIRDIINAIAIINTUYDINTIVEUASS

4) fianandasanvesnisnsrawy (imit of detection): mstutusanuieosdigai

anunsadiereildluiesfiansonsiaiald nefiansanldaindnsdiuseninsauinvese
Desuunesguuugadauny y sennudureinsiminnggiu
LOD =3Sa/b
Wo  Sa fie AndssuuLMIHIUULRGALNL ¥
b fi® AMUTUVBINTINUINTFIY
5) Taranuean1snsaaia (imit of quantification): lWusgFuAMIdLTUmAATIamTe
Ainziildlushogafianunsamuinnald Tnefinrsanldnsnsdiuseninadurinvesandesuy
UINTFIVVUIAAALNY Y FHDAUTUYDINTINUIATIIY
LOQ =10Sa/ b
fo  Sa e AndesuuAsRILULYRdaLNY v

b fim ANUTUYBINTINUINTFIY

2.4 Mmyvszgnaldiuiwaslunisinszinieegnease

2.4.1 ardeutiinuslsninaluiiedieads Wun diistulsaas tnaldl Frewmaida HPLC uas
INN13RTINEUANTTUNIUNITIANgINE laun drmauinaug uariniiug fremedaemzay 9

2.4.2 hietnsass sdendiianudutuiminzanlunsinuinamsninasiomaia
lulowwwes wdIIATILYHANITIN

2.4.3 AnwIN155UNIU (interference study) U99A1IDURBNANITILATIZY
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2.4.4 NsanUszansnmvedsuweingiaiangninanaiely aneAruiugl (accuracy)
Tun1sin laenisilssufisuanuuanasvesaning laannnadalulowulgesiumaida HPLC way
NANTAIAIAIIULI B9 (precision) 138 ANAINITAIUNITYNGY (reproducibility) Taeld Andesiuu

UINIFIVFUNNS (relative standard deviation; RSD)



o a < ¥ a A 1 L=
3.1 wan1snaudlanlnsanlgmaianunansuy

a 3 a L3 a 14
3.1.1 BLANINIAAISUDUNUNANIUNINITAN

NANTSIVYLAZIATIZIING

uni 3

17

Anw1d1anInInAIS UBURNNANT UN9NTTAT B89 Methrom DropSens 110

X Ao v a a [ a{' ] 1
NUNYU 4 mm SNWULANYUDNVBIBLANINTALARIAININT 3.1 (A1) YUAVDIAIUANY i

LARIRININT 3.1 (3) wag (A)

02 Metrohm
DropSens
110

(n)

30 mm

2 Metrohm!
DropSens
10

AW 3.2 uansn1shansaunsaldmsunisinan CV
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AnvignaniAniugiumaniilifiinesdidnlnsm DropSens 110 faensin Cv
y0sUfi3en3nend aq fer/ferrocyanide feLa3ain Potentionstat ¥94USEN Metrohm
S 910 PSTAT mini Ingldanstanuuaiy (n1anuan n) msdadagunsaluansdanind 3.2
Tngldasazane ferricyanide mnandudusii 0.5 mM uazaandudugs 8 mm anududu
av 3 #0879 MNuATefeg1 dmsuiieeiild ferricyanide ATy 0.5 mM 1Hu
F108197 1 Fr08197 2 way Faee el 3 fae819ild ferricyanide AUty 8 mM 1Hu
fee9fl 4 dreenedl 5 wag daeeedl 6 Ieinswidaniwd 3.3 uay 3.4
#Fegaii 1

o oA
§0E97 2
o 4
" | fnegain 3

Current (UA)

. ; 5 . : . ; .
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
Potential (V)

A7 3.3 N5 CV U89 A2081991 1 A208199 2 was Aa819f 3 7lY ferricyanide

AMULTNTY 0.5 mM

20 4

9 oA
— | MRy 4
o oA
MAIDYNN 5
o o
FIDLNN 6

15

10 4

Curent (uA)

-10 4

-15 4

-20 -

-25 4

430 T T T T T T T T
-04 -0.2 0.0 02 04 06 08 1.0

Voltage (V)

2H 3.4 uaaensan CV va9 #198197 4 A1e819% 5 waz A208199 6 NY ferricyanide

AMULINTY 8 MM
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Wwa1swia AE, I, was I vosineuns Wa 64 aan peek-to-peak
separation (AEp) LLamﬁawé’mmaﬁﬁuaqm'ﬁm?{auﬁma@,ﬁﬂmau (electron transfer
kinetics) BeagiinaseruiadhivesfizemForusiniilunmeain wazanszualvi
gegaualudn (Ip, a) wazAlndn (Ip, o) uansiaUinueadiinnsouiindoutilduuiiuinves
Bidnlnsn Feaginaienuannsalunisnsnnasuarsluiinadesq dmiunansinves
§1081991 1§13 Fre9fl 6 uandlunised 3.1 e AE, Iy, wag I v0sunazyn

MagvumARdskazA s uuIIRSEIULAAT AIR191991 3.2 wAEA1S19N 3.3 ANUEIAU

A9 3.1 AE, I, waz [ v89 A79819 DS110-1 DS110-2 uaz DS110-3

DropSens 110 AE, (mV) Ipa (LA) Iy c (MA)
Fregnait 1 190 3.184 3,789
Fregeil 2 200 3.109 3.677
et 3 180 3.034 3.675
et 4 380 19.631 24.588
Fregnal 5 400 17.57 22.588
et 6 390 19.231 21.256

a 1 a 1 a a & <
A9 3.2 ARAYLLASANUYILUUNINTITUVDY AEp Ip,a LA Ip,C alﬁﬂiﬂiﬂﬂqiﬂau

7179n15A1 DropSens 110 il ferricyanide AuLdudY 0.5 mM

AN Atade Andeauunnsgu
AEp(mV) 190 10
Iha (LA) 3.11 0.08
[ (MA) e} 0.07

AT9N 3.3 AnadeuazAndsavunnsgiuves AE, I, uaz [, . Sidninsaniueu

7179n15A1 DropSens 110 74 ferricyanide autduty 8 mM

AN Alade Andeauunnsgu
AEp (mV) 390 4
Ipa (HA) 18.8 0.6

Ipe (LA) 23 1




20

a < 3 a a Ay =1
3.1.2 BlanInsaAsUBURNENSUNE519TU

sUwuvrRsdianinsafiuansy sonwuuliivuie lndidssiudidnivsanianis
#1 Methrom DropSens 110 vt el a1unsali fuanedn Electrode cable 6.2163.000
Budnlnsausznoude 41 3 4a A davhan 9281989 waetatae 1A 10 x 30 mm Wy
AUINAIIDITVINL 4 mm $ataenarda1eBieginedu 0.15 mm drudeusovesusiayds
il

AMUNING 0.8 mm  AININA 3.5

0.8 mm

0.4 mm

0.15 mm
0.25 mm

30 mm

10 mrm 0.8 mm

al a & a a A v g
AN 3.5 E‘ULL‘U‘U‘U@\‘]E)LaﬂIVI‘JﬂLLU‘UWSJﬁﬂi‘NVIﬁ‘ﬂ\‘l‘U‘N

gudninsauuuiivaniu §1usu 3 daege gnaslu Anuadediegie 1y

AI0819N 7 $I08719% 8 WAL M98 9 LAAIAININT 3.6

0PRG>0

01 fneg1en 7
02 §98199 8

03 $I98199 9

AN 3.6 DANINTAAITUIULUUNUANTUTNEST19TU
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3.1.3 namInsIvsoUANaNTRvasBanInIaLUURNaNIUNaS 19Uy

AM3ATIRdeUUTEANS AneeediEninsanSusukuuRNanI U a$19dy 3
fees Ae Faegnedl 7 daegedl 8 wag faegedl 9 fen1snsandeuns Il CV anUFAend
Aandues ferri/ferrocyanide AIMINTY 0.5 MM fa8a3 09TA Potentionstat U8IU3 W
Metrohm §u 910 PSTAT mini l@uiAgaiun1sasivadeunuaudAveddianinganiinisai

fog1ansay Jaaaudlniuedl fensm CV uansfanini 3.7

FIDYNN 7
o oA
MDYV 8
o A
<o | 97981 9

Current (nA)
1

T T T

- -
04 -0.2 0.0 0.2 04 0.6 0.8
Potential (V)

ANA 3.7 N5 CV vasdianInsanunansunas19uu

Wansane AE, Ip, uas Iy wesdnedievisany uanseglumsneil 3.4 e
U1 AEp I, uaz e vevisenudegrsnmeanadsuavandosvunnsgiulaan ds

ANS199 3.5

meen 3.4 @1 AE, I, uag I, . vesdidnInsanunanIuniainey

dnlnsaiuwansuiiadnety  AE, (mv) [pa (LA) [ (LA)
Feg1en 7 410 3.695 5.389
Freeadi 8 170 3.426 3.874

§108991 9 330 3.149 4.46
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MTeN 3.5 AnadeuazAndsavunnsgiuees AE, 1), uag I, o Sidnlnsaniainedy

AN Alade ﬁ'\Lﬁ&qummgﬁu
AEp (mV) 300 120
Ipa (MA) 3.42 0.27
Ipe (LA) 4.57 0.76

3.1.3 Wisufisuaaautfivasdianinsnaisuauiunwaniufiasnsuiudianinse
1'%
N9N3A7
N = a a v a & -
maIsuiiey I, ua I, o 1wl vesdianlnsamenisAuagdianlnsay

[

afduiuandlunised 3.2 uag 3.5 wuli a1 I, 5 wae I, ¢ vesdianinsafiadieduilen

1INNIIA18IBIANINTANIINITAT 11 wag 12 Wasigu muaiy wansdanaaudAnan
a a A v & a « A v =1 a1 A o [y I Ao ' A v
Y93dLanInInNasndy Inedianinsanaistuazda@adnnalun1sinafisninii wseinans
Ysunautles 9 laanan wisedinaieshlunsinunnnin
a a i Qll a & 1 a & a4 v X A
maSouiisuen AE, wagvesdidninsanianismuazdianlnsniiaseiu ¥
uanslunisne 7 3.2 uag 3.5 wudt A AEp vesdianinsanaiistuiiaminnitAives
a Y 2 & = wady ! a & S v &
BLANINIANIINITAT 59 Wesiiud uansieanautRnseendvesdianinsaiiasny lng
dianivsafiadnvuaiienuiadhiveslfisersingd
Wisuiguandsavuninsgiulunisine AE, I, uas I o9
a & 1Y - 8/ a4 v £ A a P oA
SLannInn1eN1IALasBanlNIANas19UY Muandlun1snen 3.2 wag 3.5 wuinandeuu
WINIFIUVDIBIANINIATASITUTAININNIIBIANINIANINITADENIN UARITIAIINAINITD
lunswanglaraesdianiniafiaselu JeazdwanonULIUGMATAINLTBIATIVOIHE
N3
HonsivaeuaAnauUANInIURalaAsIasIe Adg SEM wag naes AFM wuin
a < dl 14 dgj = dy a 3 o 1
BLANINIAN A1V UL ANVYTVTEVBIN YR (Surface Roughness) U899 3M191UUINNTT
a < v 1 Ya < = U (% a v [% 1
SianlnianienisAn dmalidianinsadanulisenisinarsuiniudey 9 lauinnin
8iannIAn1en1sAn denpdesnunaniIsnsIvdeuaaautRnglini uazangusieauld
A ALDVDIVUINRATAIIUNUIVBIBIANIMSATIaS 1w IiBLanInsaas W udauaudfly

1%

N1SNERTIAN (Pharunee, 2021; Pharunee, 2020 AMAKNUIN U WAL A)
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o/

3.2 wan1sUSuwssivuRviuvasdiannsadasauniaulunslddleisgadu

nsUSuudsiuindidninsadunsuuudsiuitahauvesdidninae fuianiud
a9t S1uan 3 fhegs deeumewilunailid Tagisnsilsdadelaih smadsnstusde
2.2 $1u2u 3 Feg Ao Mol 10 fregnedl 11 uag fedwil 12 wuindlediuduiuseu
Tumslanussdndlunisilaneseyniaaglianszualifimesnsm oV sty uang
Fanmit 3.8 wiilloUdesfialisvanm 24 $2lus figamgiives audidninsauks udauian

A3IREaUNI N CV wudnseualniivesnsivl CV damias uazsnsin CV HdnwagRagy fa

A7 3.9 N15USTULANTILRI919YNaN 88 N YL NAUD91YIIILYeID AN INTANas 197U

1 U U F
ol ABUNISHIF | YL /]

04 02 00 04 06 08

02
Potential (V)

Al 3.8 N3l CV vauzvinnsilesnvaseyniaunlunsiiduudarinnuvesdianins

Current (uA)
o
|
|

02
Potential (V)

il 3.9 N3l CV vasBianinsaiiaisduniendinisuiuudsiadagauniaunlunsilug
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3.3 NANTWAILIYWLRIATI TN N Inaaemalialulawuiyas

3.3.1 AnuaedngNwmunzanlunisnsIIn

n3nT19deuALAAng i munzanlunisnsiatauinungnlnadoinaie
Taluuesinelsiunin seia3osin Potentionstat ¥9sU3HM Metrohm §u 910 PSTAT mini
ynsAnssgunaduieatunmil 3.2 widsunnld lneldaneauuuniu (nenuan n)
desnangtauuudey Bndgmnimvaauesansyiidaluineg melusilieiaiaund e
T¥Ausnedng 0.1 0.2 0.3 wag 0.4 V Tunan 100 s wamsimdusansin luami 3.10 1Ju
NaN3In M0ee 1uru 9 feehs Meenedl 13 fa 21 Avweednday 3 Meehs (Fees 1

19819 2 A f79819 3) LIaNANTUNAINTERALNHINEAT 90 FUNT WARIRINITINN 3.6

5 T T T
Al finaene 1 f78819 2 | YRR
3 \‘MH
T2r T } 0.4V
E —— N —
R — }osv
3 - e B e 4
>33 ~ Jo2v
ol
~ joav
1 e~ =i~ 7 e
2 L
0 20 40 60 80 100

Time (s)

AN 3.10 nSINANMUFUNUSTENI9NsEalniINuLan Y89A7UA1eANg 0.1 0.2 0.3

waz 0.4 V imAdAlAlULaNLNELSIUASN

M1919 3.6 nzudlninadevasnuiednd1eg lun1snsaiausunanining

AUA1SANg (V) AnaRenszudlwiiede (A)  Andsauuainsgiu
0.1 -0.55 0.21
0.2 0.75 0.1
0.3 1.42 0.13

0.4 1.7 0.42
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ANuAAngMmnzanlun1snsaialTunansnina sewmealalasiuwounels

LWA3NABANAANG 0.3 V LTBanliAINTuage LarAlleduuiIfIgIuYeIHanITIngm

3.3.2 N9NUIANTFIUY

nsmluasgiu i un1siatsansanuduiussendeanududures
wynlnafuenszualniih Aleusnedng 0.3 V asfl vaziaan 90 3undt annandududilaly
n13UsuLiBU (Calibration) @1 0 0.2 0.4 0.6 0.8 1.0 1.2 way 1.4 mM lulsiazauTudy
Fnsnaaes 3 asa Taglddidningn 3 Su Ghethsdl 22 81 faeehed 45) nan1sTanseualoiv
#in Airnadudusng q (Enans vesman1sin 3 feee ) uansiannd 3.11 Anseualvii

1aae (t=90 s) NATNTUAINE) wanslumisng 3.7

25 T T

Current (uA)

10 F 1.0 mM|
0.8 mM
05 P 0.6 mM
0.4 mM
02-mmM

20 0mM
0 20 40 60 80 100

Time (s)

2 d 3.11 nszualWndnfanududunng g annmadalalutaunwalsiunsn
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M1519 3.7 nszudlniadsuasAnlenuuannsgiuvainududunininasiig o

ALdUtY (mM) Aadsnszudlvin (A) Andsauumnsg

0 0.02 0.01
0.2 0.17 0.07
0.4 0.33 0.13
0.6 0.5 0.05
0.8 0.73 0.15

1.0 1.04 0.10

1.2 1.19 0.08

1.4 1.59 0.09

ASINAMUFUNUS TEUININTELA WA AL AMUTUTY 0-1.4 MM LAAIAININA 3.12

1.8 5

— —

e [=))

1 1
—a—

— —
(=) [ ]
1 1
—=—
=

Current ([LA)

(=] [
L= ==}

1 1
=

g \ T ¥ T . T U T y T . T T 1
0.0 02 0.4 0.6 0.8 1.0 12 14 16
Fructose Concentration (mM)

Af 3.12 nsaANENNUSsEuIansEna i uA T tudY 0-1.4 mM

WeNsuauNITANANTUS Szrienszualnidua Nt luresig 9 Taun

(% § o

0-0.8 MM 0-1.0 mM 0-1.2 mM Wag 0-1.4 mM l@aunisuazAduuseans andusing o

#1319 3.8
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o/ o ¢ J [ v v 1 a n‘
A15149 3.8 dUNNSAUFNNUSSZHIensEualnHAuAUTNTY wazAduUsEans

ARFUNUS UL 9

YA NUTUTY AUNTAIUAUNUS Fuuszavsandunus
0-0.8 mM y=0.875x + 0 0.99238
0-1.0 mM y=0.92286x - 0.3143 0.97829
0-1.2 mM y=1.00893x - 0.03677 0.98633
0-1.4 mM y=1.09821x - 0.0725 0.97942

v o sa o v 2 a a I
aunsanuduiusnannsadlvldlunsasaiaUsunusnivanungauian A

q

A1NNITVDIVIPNULTUTY 0-0.8 MM NilAFuUsEANSanduing 0.99238 faunisidu

y=0.875x + 0 nsmlauduiuduanslunnd 3.13

0.8
|
S
0.6 1
— | |
el =4
= 0.4 4
5}
g i y=0.875x + 0
R?=0.99238
0.2+
0.0 T T T T T Y T p T
0.0 0.2 0.4 0.6 0.8

Fructose Concentration (mM)

AN 3.13 nsaNAUFUNUSsERIensealniinuaUTuTY 0-0.8 mM

Al (sensitivity) vaadlaninsafias ey a1 6.96 pA mM? cm? WiswSeuliiau
AUIIUA I WU NTULYDS T W u1d udaraduliuinna191uTdeves Trivedi,
Lakshminarayana, Kothari, Patel, & Panchal, 2009 (amperometric biosensor using FDH)

FaflAwindu 2.19 MA mM™ cm™? wag91uid8u89 Antiochia & Gorton, 2014 (osmium-
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polymer mediated biosensor) fiflA¥1AU1.95 MA MM cm 2 usilansingn suideaes
Nicholasa, Pittsona & Hart, 2018 (graphite-nanoparticle modified screen-printed carbon
electrode) 71 1A 141 17U 58.56 MA MMt cm2 waz 91uTT8ves Biscay et al, 2012

(ferrocyanide modified SPCE) fifidnuinfu 9.95 PA mM-! cm2

AUAAIEAYBINITATIINU LOD Heninfiu 0.07 mM uag ANTAINEAYBINITATIVIA

LOQ TAwAU 0.25 mM

3.4 M3Uszandldlulawuiwaslun1siaseinieg19ase

27
o =

L% ] a Ql' o 1% a o a a’d' % dy S
A19819353 NavthanlduseliunsinUSunamsninaveseueesNasagu A Wi
Fulse UNUaIUadnn URaTulse hazunaud n5auny nenNanIsInM e UL NS 19Uy

WisuieuiumsinUsunamsninaniswmadia HPLC

3.4.1 HAN5ATIATBUYTHIUNINING waza135UNUTUAT9E1993
nan1InTvdeuUSInamaviiacie o Tuihdsdulsaazihauinessn aae
wella HPLC [Wusennsns 3.9 (Meuuan 1)

[ ]
a

A1519 3.9 HaN15ASIVFUUINNATRAAY 9 TudReTulsaas d1aul aeean

Usuad (g/1009)

yinvewinaa
iadulse 1au3 meM
W3nlna 13.17 3.99
nalag 24.45 3.48
uaalva 20.84 5.62

NaN1SM5I9dUYsUNINNNLTIULNAUR Pewmalla In-house methode TE-

CH-177 based on Bull Dept. Med. Sci. 1998; 40(3): 347-357 wu3i1d3a1dudey 109.98

mg/100 ¢ (NAKWIN 1)
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NT1UANUTUTUIBIUINTTARS ) wazdnndiud TulhRetulsaazin

v 2 ]
o a a

AU MNONTIEIUVDY WaneUsuIng Ingurretulss 9n9ndu 1.48 ¢/mL uardnaud i
9R97189U 0.14 ¢/mL @11150A1UIUUTIIAUIAaSTAANN ¢ wazdnndud Tudeg19unis

v v

FUlTIwardnaud Tuntig mM Lansbumni1$199 3.10

71519 3.10 YSurauinmnavsidaning q wazanndiud Tualegrsuiistulswazuiauinasan

Tuniing mm
- y U3ua (mM)

FUAVBIUINA — - -
‘lJ’]B\I\‘i“UuT,iﬂ UAUI ABYAN

W3nlng 1081.9 314

nalas 2008.5 27.4

uoalng 901.1 23.3

AU - 0.09

3.4.2 11505998 UUTIN AN ININETUAI8E1993 90 LB S TN

Tnemsdniisdulsauazinauiundeas diute) Wianaududu 0.5 mm
(FraBeaninadia HPLO) udvnistannuidudureasninadasmugesitwuidu T
NSEUIUNT 2.3 msIasiuau 3 ads TagldBidnings 3 su (Ghognedt a6 s dhogned 48)
A8 BLardILULUNATEINYesHaNT TR kandlupnsed 3.11 wudrarududuves
wgnlnaiinsreaevldanmadalulewumesiduinndididneda finsraaouanmaie
HPLC Yaansiogns Tnawesiaunuuanaiswesranisiannududurewi et ulse e

'
1 5

14% wazvenauIneeian 18% wazAleauunInsgIuduivg (RSD) veewanisinaay

Y ¥
IS

Wnturasigninalutilstulsawasnauisian 16% uag 22%
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M1519 3.11 anududuvasUSunangninandadglulawuiyes

A798193%8  Aaduduvasnnina  Wasiwudauuansneiu RSD
(mM) waila HPLC

SRR 0.57 % 0.09 14% 16%

1dud 059 + 0.13 18% 22%

3.4.3 NANISANWINITIUNIU (interference study) YBIa15SIUABNANTITIATIZH

INNFIAUS LU A LR ST UL SazUNAUINUIN Aleg19dansiiiimia

(%
a aa a =

nalraaziinanealvaliovuey wavludduaiinidudilevuey fan51ei 3.10 dadiu

Y v o
[ o a A

< S H § & o <
wagilosiwuvesanssuniundegluimaluiieulswazinauivansly a15199 3.12

Y

M1319 3.12 dadruuazilasisuvasarssuniuniegluiinaludidetulssuasinauiney

. . DRIIAIUNITIUNIY wWeasi¥un1ssunau
MDY #133UNU
(Winlnaanssunau)  (Winlnaanssunaw)
vy nglad 1:1.856 185.7%
URatuls
uaalna 1:0.833 83.3%
nglaa 1:0.872 87.2%
AR wealna 1:0.741 74.1%
AU 1:0.003 0.3%

Tumstangninalutisdulswaziduinosdmud iinglaasuniuey
185.7% uay 87.2% Uay fluealna suniusy 83.3% waz74.1% uay fndud suniuey 0.3
% Fam329a0UNanIsTUNIUTRINSIFAN assunIuamisnnamInsgIu 0.5 mM TuuSuad
ATBUARNNITTUNILYBINIBENRTY udwhnsin Anututuvessnivavazilanssuniu

A9 9 TuszAUIINITIUNIU ANTIWAZIEUAIUAITIN 3.13
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M19197 3.13 HamsinANUdNduYaINInng 11AsgIu 0.5 mM Wiadianssunauluseiu

7199
as A3 Wastwud  AANMdNtY %Au %RSD
JUNIY dudu  mssunau vesgnlvadl  uansneann
(mM) nld A934

ﬂQIﬂa 0.3 60% 0.54 + 0.12 8 22
0.5 100% 0.58 + 0.08 16 14
1 200% 0.43 + 0.07 14 16
yoalna 0.3 60% 0.57 + 0.15 14 26
0.5 100% 0.45 + 0.06 10 13
ANNNUD 0.005 1% 0.56 + 0.13 12 22

=

IINNANINARBINUTT N1TTUNIUTBINGLAA Nealnauasngning warInnfiug
Lifinasionsinusuamsninaluiiedieass lneviliiAnanuuandisanaiaseegslaiiu
szuv Taemssumuvesnglaa fdesidudmnuunnsiraade 13% deesnin Wedlwuden
AuuAnAsesHansiangninaludaog1aaieisaniiiogwoy 1 way 5% wansdanis
sumuvesnglaalusedu 60-200% Lifinadenis¥ausumamgnivalusiogisadsisaosia
LarMITUMUTRsEAINa FuiliiAnanuunnA1saInAessedsliifussuuiduiu Tned
Wesiiudanuuandaade 12% dafesni Weslwudaianuuansisueuanisiavsnlva
Tushegeaseisansinogneeg 2 uay 5% wansdnssumuvosmoalnaluszdu 60-100% T
Tnasion15inUsuamsninaludiegease kaen135uNINYedIndug vinlitinauwane
1nMaTe Inefliefidudanuuansnaiade 12% dadesnindesioudmiuunnierenanis
Somignlnalusogneniaisaosiiogieey 2 way 5% wansdamssumuvosiaiiudlu 1% L

fnasianinUsunasninaludiegness

3.4.4 UszAnsnneaslulawuiwaingadaunin nanimnduluniingiaaauniag1eass

HanssaUsEavEamvedluleuwesfiegluszaum a1nnsiasaa

(%

WIE9M59 BALANULIUEIUNITIA A9l
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1) ANUTEIRTY
d' a L !
AissnssdianinsalumsinAnszuali (I, wag Ipe 71919 3.5)
Tuszau pA luduneunisasedidnings wuilirdudswuuunsgiuduivslunisia
geande 17% wazillounguwesuvaundululowugesnsisaeuniniva lnenisia
nszwaliiln Arewelialalukasnelsunin wudl AnuWismsslunisinanududures

s

Winlna #aueedng 0.3 V (11519 3.7) Widndrudesuuinasgiuduivsgega unisin

Y 9

21% wagiiloutrugasuinasIvaauUsiangningludiog19ass wudi Ardrudeauy

WnsgIudvslunsIngeanis 22%

2) AYNLLIUEN

v v

fsanauwiuglunsivaeurininaludiegiaiiadul sauasiaud

ABYAN WUIHANIATIVEBULAWANANAINAIDT BY 14 Uaz 18%
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ABSTRACT

Carbon pastes were applied in fabricating screen-printed carbon electrodes (SPCEs) for
versatile electrochemical analyses. The electrochemical behaviour of the homemade system,
consists of a working electrode, a counter electrode and a reference electrode, was
investigated by the cyclic voltammetry (CV) of ferricyanide at a low concentration. The
homemade SPCEs gave standard CV characteristics with sensitive electrochemical
behaviours. Due to the surface roughness, the cathodic and anodic current peaks
(Ipc and I,,) of the homemade SPCEs were significantly higher than those of commercial
DropSens 110 SPCEs at a 90 % confidence level (P value 0.1). However, the reproducibility
of homemade SPCEs (n=3) by manual pasting was lower than commercial DropSens 110.
The novelty in making electrodes on a polyester substrate by using carbon pastes
substantially reduces the production cost. The materials and process used for these
homemade SPCEs show potential for a variety of electrochemical sensors.

Keywords: Screen-printed electrode, carbon paste, cyclic voltammetry, potentiostat,
electrochemical sensor

1. INTRODUCTION

Bulky electrochemical electrodes and beaker-type cells have been very useful in electro-
analytical chemistry but lagging behind in many features such as cost, portability, usability and
on-site analysis. Screen printing on planar substrates by forcing suitable inks through a patterned
stencil or mask is an adaptive technique to overcome these disadvantages. The resulting screen-
printed electrodes (SPEs) have already been implemented in many real-life applications [1-3].
This is fuelled by a billion-dollar per year market of the glucose sensing. The incorporation of
SPEs enables individuals to measure their blood glucose levels at home [4]. In addition to the
commercially available electrochemical glucose sensors, these SPEs have been regularly utilised
for other biomedical applications, including determinations of fructose in beverages [5], glucose
in fermentation processes [2], as well as diagnosis of infectious disease and virus [6, 7]. The
potential use of SPEs in corona virus detections have also been suggested [8, 9].

The use of carbon in screen printing of electrodes has an important part in the commercial
success or glucose biosensors [10] and several other detections including dopamine [11] and
heavy metals in environments [12]. The carbonaceous nanomaterials possess unique
characteristics of high electrical conductivity and chemical stability with large active surface
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areas. Their reproducibility and low-cost are attractive for the mass production [13]. Screen-
printed carbon electrodes (SPCEs) are therefore highly promising for versatile electrochemical
sensors [14].

SPEs are conventionally produced by using printing machines. Most commercial SPEs with
excellent performances are mainly distributed at higher prices. Literature researches suggested
that DropSens electrodes from Metrohm corporation set a standard for electrochemical sensors
[15, 16]. The DropSens 110 electrodes have mostly been implemented in biosensors for detecting
neurotransmitter dopamine [11] and monitoring glucose concentration [2].

Itis still a challenge to develop a facile fabrication process for low-cost SPCEs. The novelty of this
work is to apply carbon pastes in SPCEs for versatile electrochemical analyses. The homemade
SPCE is designed to resemble commercial electrodes with suitable cable connections with a
potentiostat. The performance of this homemade electrode is compared to the DropSens 110.

2. THEORY

This work involves with the reduction and oxidation of ferri/ferrocyanide (Fe(CN)63_/
Fe(CN)54_) on the working electrode surface, referred to as a redox couple reaction. A typical
cyclic voltammogram is presented in Figure 1 [5]. When the potential is scanned negatively
(cathodically) from point a to c, Fe(CN)GS_ is steadily decreased near the electrode as it is
reduced to Fe(CN)64_ according to the process in Eq. (1). The corresponding current is referred
to as the cathodic current. After the peak cathodic current (1) is obtained at point b, the current
is decreased by the delivery of additional Fe(CN)63_ via the diffusion from the bulk solution. The
volume of solution atsurface of the electrode containing the Fe(CN)547, called the diffusion layer,
continue to grow throughout the scan. This slows down the mass transport of Fe(CN)g>~ to the
electrode. Upon scanning to more negative potentials, the rate of diffusion ofFe(CN)63_from the
bulk solution to the electrode surface therefore becomes slower, resulting in a decrease of current
in the continuous scan. When the scan direction is reversed and the potential is scanned in the
positive (anode) direction (from point c to e), the Fe(CN)64_ from reduction at the electrode
surface is oxidized back to Fe(CN)63_ as the applied potential become more positive with the
process in Eq. (2). After the anodic current reaches the peak (l,,) at point d, the current is
decreased by the diffusion mechanism.

Fe(CN)¢® ™ + e~ — Fe(CN)¢*~ €))

Fe(CN)g*~ — Fe(CN)> ™ + e~ )

Current (A)

02 01 0 01 02 04 05 06 07
Potential (V)

[}
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Figure 1. Typical cyclic voltammogram of a redox couple reaction.

The electron transfer rates from the reversible, quasi-reversible and irreversible electrochemical
reactions are different. The best performance of electrodes corresponding to the reversible
electrochemical reactions is limited. The electron kinetics are much faster than the rate of mass
transport according to the Nernst equation. The applied potential (E) is related to the potential
of species or analyte (E®) and the concentration of oxidized [0x] and reduced [Red] analyte in the
system at equilibrium as shown in Eq. (3),

[0x]

RT L0 _ go RT; o [OXI0
oF M ireq = EC + 230226 Clogroo 3)

E=E%+
where F is Faraday’s constant and R is the universal gas constant, n is the number of electrons
and T is the temperature. By applying the Nernst equation to the one-electron reduction of
Fe(CN)537 to Fe(CN)647, nis set at 1 and the activities are replaced with their concentrations
which are more experimentally accessible. Eq. (4) is obtained as follows:

[Fe(cN)s*]

_ 1o RT
E = B +2.3026 7 log ooy 4

Inthe case of electrochemically reversible process with rapid electron transfers, the peak-to-peak
separation, AEp = (E;" — E;ed) is relatively small at the reversible limit, where AElJ =
2.22 RT/nF corresponding to a value of 57 mV at 298 Kwithn=1 [17].

3. MATERIALS AND METHODS
3.1 Materials, reagents and apparatus

The carbon graphite paste (C2130925D1) and silver/silver-chloride (Ag/AgCl) paste
(€C2090225P7) were obtained from Gwent Electronic Materials. Potassium ferricyanide
(K3Fe(CN)s) and potassium chloride (KCI) were purchased from Sigma-Aldrich (UK) whereas a
0.35 mm-thick polyester sheet was obtained from an online supplier. Deionized (DI) water was
supplied by Central Equipment Division, Faculty of Science, Prince of Songkla University.
Commercial DropSens 110 SPCEs, obtained from Metrohm corporation, were used as a
comparison. The electrochemical data were collected by the 910 PSTAT mini potentiostat
(Metrohm Autolab), controlled by PSTAT software 1.1. The SPCEs were connected to the
potentiostat via electrode cables.

3.2 Fabrication and morphological characterization of the homemade SPCEs

To fabricate SPCEs for this work, the mask was designed using Illustrator CC 2019. The mask was
printed on a sticky paper and cut according to the designed shape with the cutting machine. The
mask was then placed on a 10 mm x 30 mm piece of polyester schematically shown in Figure 2.
Electrodes were manually pasted by the following steps. Firstly, the Ag/AgCl ink was applied on
the reference electrode track by using a small brush and then dried for 15 min. The carbon ink
was then applied in the counter and working electrodes as well as all conductive tracks before
drying in an oven at 60 °C for 30 min. After the curing step, the mask was removed, and a
protective layer was applied by using sticky tape to insulate the conductive tracks from the three
electrodes. Finally, the electrodes were rinsed with DI water and then dried at room temperature.
The fabricated SPCEs were kept in desiccator until being used. The surfaces of commercial and
homemade electrodes were compared by Scanning Electron Microscopy (SEM; Quanta 400 FEI).
The surface topographies were also recorded using Atomic Force Microscopy (AFM; Nanosurf
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AG., FlexAFM).In addition to the imaging, the root-mean-square roughness (Sq) of both
electrodes were also determined by examininga 100 pm x 100 pm area of electrodes by AFM.

Working Reference
electrode electrode

| | Insulating layer
+ ]
\_L—«-—
10mm | 4 mmI « Conducting track
—

Counter
electrode

Figure 2. Schematic representation the homemade SPCEs.
3.3 Electrochemical measurement
A schematic drawing of the electrochemical system is shown in Figure 3. SPCEs were connected

to the potentiostat via an electrode connector and a potentiostat was connected to the computer
via a USB cable.

SPCE

Electrode connector

Computer

Potentiosat

Figure 3. A three-electrode system connecting a computer-controlled potentiostat for CV experiments.

The cyclic voltammetry (CV) was performed by depositing a 200 pl of 0.5 mM ferricyanide, in
0.1 M phosphate buffer pH 7.5 containing 0.1 M potassium chloride, onto the surface of the SPCEs.
The scan rate was 10 mVs-L The initial and final potentials were +0.8 V whereas the switching
potential was —0.3 V. The potential was held at +0.8 V for 10 s before the initial cycle. To obtain
reproduced electrochemical signal, the surface pre-treatment of electrodes was carried out by
applying several CV cycles on an electrochemical assay until the CV characteristic was steady.
Then, the cyclic voltammogram was recorded and used to calculate the peak current intensity,
the peak potentials of the anodic and cathodic processes as well as the peak-to-peak separation.
The reproducibility of the homemade SPCEs was investigated by repeated measurements on
three samples, referred to as HSPCE-1, HSPCE-2 and HSPCE-3. A similar experiment was
performed using the commercial DropSens 110 for a comparative study of electrode
performances.
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4. RESULTS AND DISCUSSION

4.1 Morphology of SPCEs

The commercial DropSens 110 and homemade SPCEs are shown in Figure 4. Both types of
electrode are composed of a 4 mm diameter carbon working electrode, a carbon counter

electrode and an Ag/AgCl reference electrode with carbon conducting parts as well as a layer to
insulate electrodes.

Figure 4. Photograph comparing DropSens 110 and homemade SPCE.

Figure 5 shows the top view SEM images of homemade SPCE and DropSens 110. As illustrated in
Figure 5(a), the homemade SPCE exhibits rough surface and non-uniform morphology. Its surface
is covered by small carbonaceous particles and large holes are observed in the highly magnified
inset. By contrast, the DropSens 110 shows a relatively smooth surface in Figure 5(b) with rough
patches exemplified in the inset.

(@) (b)
Figure 5. Top view micrographs of (a) homemade SPCE and (b) DropSens 110 taken by SEM.

Figures 6(a) and 6(b) respectively show a three-dimension AFM images of homemade SPCE and
DropSens 110. The AFM characterization agree with SEM results that the surface of homemade
SPCE is rougher than the DropSens 110 surface. From five areas selected to evaluate the surface
roughness, the average Sq of homemade SPCE and DropSens 110 are 1457+148and 612+144 nm,
respectively.
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Figure 6. Three-dimensional AFM images of (a) homemade SPCE and (b) DropSens 110.

The manufacturing cost of the developed electrode is less than a half of imported commercial
SPCEs (around 6$ per piece). Using less silver or none at all substantially is cost-effective. In this
work, the carbon ink is successfully applied to define conducting tracks and electrode areas. Ag
in the reference electrode is replaced by a more stable Ag/AgCl. To prevent the reaction with an
analyte, the conductive tracks are insulated by sticky tape. Additionally, the substrate material is
replaced by polyester with a lower cost. The fabrication of homemade SPCEs in this work took
about 45 min and several electrodes can be manufactured at the same time.

4.2 Performances of SPCEs

Initially, homemade SPCEs were pretreated in order to obtain repeatable electrochemical signal.
From the pre-treatment, the cyclic voltammograms using homemade SPCE are uniform in shape,
and have high peak currents. The peak to peak is lower when more CV were repeated between
10 to 30 cycles. This observation is in accordance with the previous report by Carneiro etal. [18].

The performance of three homemade SPCEs interrogated by CV was compared to three
commercial SPCEs (DS110-1, DS110-2 and DS110-3) in Figure 7. The homemade SPCEs exhibit
the CV characteristics comparable to DropSens 110 Commercial SPCEs. Each cyclic
voltammogram was analysed in terms of the peak separation (AE,), cathodic (I,.) and anodic
peak (I,,). The mean values (AEp 4y, lpc,av @nd Iy, o) With their standard deviations are also listed
in Tablel.
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Figure 7. Cyclic voltammograms of the (a) homemade and (b) DropSens 110 SPCEs in ferri/ferrocyanide
for three samples each.

From Table 1, the I, and I, of the homemade SPCEs are significantly higher than those of the
DropSens 110 ata 90 % confidence level (P value 0.1). The average values of cathodic (Ipcav) and
anodic (Ipa,av) current peaks of homemade SPCEs are 4.5740.76 and 3.42+0.27 pA, respectively.
These current levels are comparable to those reported by Nicholas et al. [5]. In the work, the
SPCEs were evaluated with a lower concentrated ferricyanide (0.5 mM) and used in a fructose
detection [5]. The higher values of I, 5, and I, oy 0f homemade SPCEs in Table 1 are likely due
to the higher surface roughness of homemade SPCEs when compared to the Dropsens 110. It has
been reported that electrode roughness has a significant effect on the shape of cyclic
voltammogram and peak currents [19]. Thus, the roughness of the homemade SPCEs in this work
tends to improve electrochemical reactivities.

However, the homemade SPCEs yielded a lower electron transfer rate with a much larger
standard deviation (AE,= 300 +120 mV) than the DropSens 110. A larger variation in
performance is commonly expected from homemade products. Nevertheless, the AE, value as
low as 170 mV from HSPCE-2 suggests that a good electron transfer rate could be obtained in
SPCEs from this facile fabrication. In additions, previous work suggested that SPCEs with AE, as
high as 400 mV in a redox probe using [Fe(CN)e¢]4 /3~ can be modified by nanoparticles to improve
electron transfer rate for further applications [20, 21].

Table 1. AE, I, Ipa, AEp oy, [pcav and I, oy using homemade and DropSens 110 SPCEs

Sample AE, AE, o L (nA) Leav (MA) I, (nA) Ipaav (HA)
(mV) (mV)
HSPCE-1 410 T 3.695
HSPCE-2 17D e S B e i ve || B0 | 3424027
HSPCE-3 330 e 3.149
DS110-1 190 e, 3184
DS110-2 200 Jace Sl aotkdes. BP9 J  3.11+008
DS110-3 180 S0k 3.034
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Figure 8. Top view SEM images of the working electrode of (a) homemade SPCE, (b) Dropsens 110, and
cross-sectional view SEM images of the working electrode of (c) homemade SPCE and (d) Dropsens 110.

The reproducibility corresponds to a relative standard deviation of 7% or less [22, 23]. The
relative standard deviations of AEP, Ipc and lpa of homemade SPCEs are 40, 16.6 and 7.9%,
respectively, whereas those of the DropSens 110 are less than 5.3%. The lack of reproducibility
in homemade SPCEs is likely due to the non-uniform shape of working electrode as a result of the
manual pasting.

The reproducibility of homemade SPCEs fabrication was investigated using SEM. As can be seen
inFigure 8 (a), the irregular shape and thickness are observed for homemade SPCEs. The working
electrode area was not circular. Such deviations occurred during the filling of carbon ink using a
small brush. This result referred to an irregularity of weight and quantity of carbon ink in the
fabrication. On the other hand, the shape of the DropSens 110 shown in Figure 8 (b) is circular
since this type of electrodes were fabricated with industrial machines. The cross-sections of both
electrodes are also investigated. As expected, the thickness of homemade SPCEs in Figures 8 (c)
is not uniform. On the other hand, the layer of DropSens 110 exemplified in Figures 8 (d) exhibits
much regularity in shape and thickness. The lack of reproducibility of homemade SPCEs lead to a
wide variation and shifting in reduction and oxidation peaks as previously observed in Figure 7.

Nevertheless, the fabrication of SPCEs could be improved in the future work. The materials and
process proposed in this worked can be incorporated into screen-printing electrochemical
architecture [4]. The reproducibility can be increased by using a screen frame with holding mesh
screen. In an embedded ensemble stencils design, the movements of the printing media or paste
towards the substrate are constant with a flexible and resilient squeegee [24].

5. CONCLUSIONS

In this work, the SPCEs in a three-electrode system are successfully produced and their standard
CV characteristics were obtained. The carbon electrodes and conductive tracks on polyester
substrates utilised inks and materials with a lower cost than commercial productions. Although
the performances of the three samples are significantly varied as a result of manual pasting, the
current sensitivity of these homemade electrodes is better than those of commercial electrodes
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because of higher surface roughness. Therefore, the prototype can further be developed for a
variety of applications.
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Abstract Screen-printed electrodes were fabricated by pasting carbon ink on a stencil mask
manually. These homemade electrodes were designed to resemble the commercial “DropSens 110”
with the working carbon electrode of 4 mm in diameter. Electrochemical behaviors were
investigated by the cyclic voltammetry (CV) of ferricyanide. The current peak was improved by
1.18 times suggesting that the sensitivity of the homemade electrodes was better than that of the
commercial electrode. From the surface characterization of electrodes, X-ray diffractometry (XRD)
peaks showed a graphite structure consistent with the energy dispersive spectroscopy (EDS). In
additions, morphology and thickness of working electrode were examined with scanning electron
microscopy (SEM). The homemade working electrode was not uniform and thinner than the
commercial working electrode. It was observed that the homemade working electrode exhibited a
higher surface roughness. This surface roughness likely affected the sensitivity of the carbon
screen-printed electrodes.

Keywords: Screen-printed carbon electrode, cyclic voltammetry, electrochemical, XRD, SEM

Introduction

In biosensor applications, screen-printed electrodes (SPEs) have advantages over traditional
electrodes in terms of cost, solution volume, as well as room temperature and point-of-care
operating. Conductive carbon inks have been used in SPEs because of their low-cost and accuracy.
Importantly, it can be used for a disposable blood glucose detectors for diabetes. Besides, several
other detections including dopamine [1] and heavy metals in environments [2] have been achieved.

Performance of screen-printed carbon electrodes (SPCEs) depends on electrode patterns, kind
of electrodes materials and microstructure. Electrode roughness has a significant effect on the shape
of cyclic voltammograms (CV) and peak currents [3]. Carbon inks are composed of graphite
particles, polymer binder and other additives to improve the ink’s adhesion on plastic or ceramic
substrates. Different carbon pastes affect the surface roughness.

This research aims to investigate the sensitivity of homemade SPCEs prepared by manual
pasting. The electrode pattern was designed to resemble that of the commercial DropSens 110
SPCE. The sensing characteristics were examined by the CV measurement. The results confirm the
influence of surface roughness of working electrodes effect on the electroclemical sensitivity of
SPCEs.
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Experimental

Carbon graphite paste (C2130925D1) and silver/silver-chloride (Ag/AgCl) paste
(C2090225P7) in this work were purchased from Gwent Electronic Materials whereas potassium
ferricyanide (K3Fe(CN)s) and potassium chloride (KC1) were used as received from Sigma-Aldrich.
A polyester sheet obtained from an online supplier is 0.35 mm thick.

To fabricate homemade SPCEs for this work, the mask was designed for working, reference
and counter electrodes. It was cut and then placed on a 10x30 mm? piece of polyester substrate. The
ink was pasted by small brushes. Firstly, the Ag/AgCl ink (C2090225P7) was applied on the
reference electrode track and then dried. The carbon ink (C2130925D1) was then applied in the
counter and working electrodes as well as all conductive tracks before drying in an oven at 60 °C
for 30 min. After the curing, the mask was removed, a protective layer was applied by sticky tape to
insulate the conductive tracks from three electrodes. Then, the electrodes were rinsed with DI water
and then dried at room temperature.

CV was performed by potentiostat (910 PSTAT: Metrohm Autolab). A 200 ul aliquot of 0.5
mM ferricyanide, in 0.1 M phosphate buffer pH 7.5 containing 0.1 M potassium chloride, was
dropped onto the surface of the SPCEs. The initial and final conditions were +0.8 V. The switching
potential was —0.3 V with scan rate of 10 mV s. The potential was held at +0.8 V for 10 s before
the initial cycle.

The surface and elemental composition of working electrodes were respectively examined by
scanning electron microscopy (SEM; Quanta 400 FEI) and energy dispersive spectroscopy (EDS).
The X-ray diffractometry (XRD; Rigaku Oxford Diffraction) was employed to characterize the
crystal structure of the working electrode.

Result and Discussion

Photograph of the commercial DropSens 110 and homemade SPCEs are shown in Figure. 1.
Both types of electrode have a 4 mm diameter carbon working electrode with a carbon counter
electrode. The reference electrode of the homemade one replaces the Ag in the commercial SPCE
with the stable Ag/AgCl. The conducting parts of the homemade SPCE are carbon with a lower cost
than Ag used in the commercial SPCEs. The sticky tape is employed to insulate electrodes of the
homemade SPCE, making it cost-effective compared to the commercial SPCEs.

(a) (b)

Figure 1. Photographs comparing (a) DropSens 110 and (b) homemade SPCEs.
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The cross-sectional surface and element of composition of the working electrodes are shown
in Figure. 2 and Figure. 3. Figures. 2 (a) and (b) show respectively the cross-sectional SEM images
and EDS element mapping of DropSens 110. The DropSens 110 surface exhibits uniform
morphology. The element mapping confirms as the majority of carbon (C) on the top of working
electrode. According to Figure. 2(c) the lower layer mostly contains aluminum (Al) and oxygen (O)
corresponding to the alumina ceramic substrate.

Figure 2. Cross-sectional SEM images (a), EDS element mapping
(b) and elemental distribution of C, O, Al (c) of DropSens 110.
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The cross-sectional SEM images and EDS element mapping of the homemade SPCEs are
shown in Figures. 3 (a) and (b), respectively. The surface of homemade SPCE is non-uniform and
thinner than the commercial working electrode. The elemental mapping shows the majority of
carbon (C) on the top of the working electrode. As shown in Figure. 3(c), the lower layer is
composed of carbon (C) and oxygen (O) corresponding to the polyester substrate. XRD diffraction
of the both working electrodes confirmed the carbon element. From the XRD patterns in Figure. 4,
both samples exhibit the peak at 26 = 26.6° corresponding to the 200 plane of graphite [4].

R L
10pm

(@

©

Figure 3. Cross-sectional SEM images (a), EDS element mapping
(b) and elemental distribution of C, O (c) of homemade SPCE.
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Figure 4. XRD patterns of DropSens 110 and homemade SPCE.

Initially, the homemade SPCEs was pretreated to obtain repeatable electrochemical signals.
From the pre-treatment, the CV using homemade SPCE is uniform in shape [5], and has high peak
currents. The peak to peak is lower when more CV was repeated between 10 to 30 cycles.

The performance of homemade SPCE and commercial SPCE interrogated by CV was
analyzed in terms of anodic peak (Ia) averaged from three samples. The Iy, peaks are 2.912 + 0.158
A for DropSens 110 and 3.425 + 0.391 pA for homemade SPCE. The anodic peaks of the
homemade SPCEs are significantly higher than those of commercail SPCEs at a 90 % confidence
level (P value 0.1) suggesting that the sensitivity of the homemade electrodes was better than that of
the commercial electrode. Examples of CV are compared in Figure. 5.

a

Current (UA)

04 02 00 02 04 06 08
Potential (V)

Figure 5. CV of the homemade and DropSens 110 SPCEs in ferri/ferrocyanide.

102



The 5™ International Conference on Smart Materials and Nanotechnology (SmartMat@2020)
14" December 2020, Nongnooch Garden, Pattaya, Thailand N 42

SMART b;&r

www.smartmat-2020.com

Although, the conductive tracks of the homemade SPCE are made by carbon of a lower
conductivity, the sensitivity of the homemade electrodes is still better than of the commercial
electrode. The Ipa in the case of homemade SPCE is higher due to a higher surface roughness of
homemade SPCEs than that of DropSens 110 as compared between Figure. 2 (a) and 3 (a). It has
been reported that electrode roughness has a significant effect on the shape of CV and peak currents
[3]. A working electrode roughness enhances electro-active areas and influences the current peak
according to the Randles-Sevcik equation [6, 7]. Thus, the roughness of the homemade SPCEs in
this work tends to improve the sensitivity to electrochemical reactivities.

Conclusions

In this work, a three-electrode system of the SPCE is successfully produced by manual
pasting of carbon ink and its standard CV characteristics are obtained. The carbon electrodes and
conductive tracks on polyester substrates employed inks and materials with a lower cost than
commercial products. The current sensitivity of this homemade electrodes is better than those of the
commercial electrodes because of a higher surface roughness. Therefore, the prototype can further
be developed for a variety of applications.
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