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ABSTRACT

Sugar factories have encountered problems with the quality of sugar. During
the sugar production process, sucrose can be converted to fructose and glucose,
resulting in reduced quality in manufactured sugar. Therefore, the objective of this
research was to develop a paper-based analytical device for detection of sucrose,
fructose and glucose using specific enzymes for sucrose, fructose and glucose. Different
colored detection products were obtained: brown for sucrose, blue for fructose and pink
for glucose. The color intensity was measured with the Image J program.

In the first step, a paper-based analytical device was fabricated using polymer
screen-printing  method. The optimum conditions and the performances of a
paper-based analytical device for detection of sucrose, fructose and glucose were
investigated. The results were found that a paper-based analytical device for detection
of sucrose, fructose and glucose provided high precision, accuracy and specificity. The
linear ranges for detections were 1 - 25 mM for sucrose, 2 - 20 mM for fructose and 0.5
- 10 mM for glucose. The limit of detections of sucrose, fructose and glucose were 0.9
mM, 0.8 mM and 0.4 mM, respectively. The limit of quantitative detections were 2.9 mM
for sucrose, 2.6 mM for fructose and 1.2 mM for glucose. Finally, the paper-based
analytical device was applied for detection of sucrose, fructose and glucose in sugar and
sugarcane samples by comparing with the chromatography method. Both methods
showed no significant difference at the 95% confidence level.

The developed method for detections of sucrose, fructose and glucose has

advantages that are simple to use, fast and cost-efficient.

Keywords: sucrose, fructose, glucose, sugar, paper-based analytical device
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prafanuunseay gunsalanaianuunszmwidunsairsgunsaingaiaiie Tasnsaia
drudildeaviiasvunszarwlasulnnsail (Whatman fitter papen) Tneldwadiues
TusAteiiaulaazadiguniainmatauuunsgauiomaianisiuiwuuniufoneduos
(Polymer screen-printing) G'TfaLﬁumﬂﬁﬂwﬁaﬁﬁam’muﬂwﬁu osndudsfiseannsarile
Tngldudenaniu nmil 1.1 wansdunounisadsgunsninsatauuunszns (@ud 1) eenuuy
pattern 994 S @UTUNYAAIDENS gﬂmﬂﬁwmﬁauﬁm%’uwammimﬁﬁm%’umaﬁ]’;’msgima
sUnsanandmiunsiaiasnina wazsunssdmasndmivaainnglaa 9ntiy (fuil 2)
MevBenaniuasuunszgaivlasiiinns@l (§uil 3) azarensaneduaninlulanaelsfing
wEamasuuvdenaniu (Guil 4) Maunsaltiaudenyinisuinatsazarsnsaneduanin
($ufl 5) Ugeeliarsaganensaneduanfnuiis (Fuil 6) ldgunsainsratauuunszaiy
Tngduindu pattern (WiImEv17) faudiveuti (Hydrophilic LL@%U%L’Jmﬁ’Juﬁ@E‘juaﬂ
pattern (A1113u) aiiaudlivaudn (Hydrophobic) UjAzenalif 1.2 89 1.8 AN U
Uinndiveuih
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UaananIud

nszAulAsUn NN

B aunsaivaufon

o o

=y

(4)

b

ok 55

P = = = g
e < = = =4

(5)

v YAUUN
lsdwauin
(6)

Ai 1.1 Jumeunisaieunsalnsiviawuunseany

&

dmsutumeunsnsainuiinuglasa signina uaznglea uansfanmd 12 4uil 1
vemansaslugunsimasy Usznoufe Bunesna nglaaeendina 1Weseending uaz
arsavanelolnosl@nu) dugunsenay Wseneusg Winlnadlalasdiua arsavany
Tnunadeumesinleenlud wazansazaneiosinaaslse) uazgunssdmasy Wsznouse
ngladoendina Wosoonfna ansazane d-oxilunouiliu wavansanefiuen) Mntuven
asvangsedisadlutes S msazanedegaaziedeudiluiisunseinivaes 2anau wagdvdoy

aaa

lngufisenagiinvulusunsavinmioy dsaunisi 1.2 89 1.4 lugunsananaziinufisen

(@)



Faun1sf 1.5 uay 1.6 waggunssinaon URATenAndannisdl 1.7 wag 1.8 dedudlu
arsazaneiognsilglasa vynlva uaznglaa Tusunssiimdsnaziaddiana sunsnay
wAndf wazgunsadimdsnaziinduuy nduinufAtenesauysafluduil 2 digunsal
pntanuunszavliaunuieeiesauny uazanveludud 3 insasataeaduadls
Tgldlusunsuuszanananiw (image)) teinmnuduvesd Weunafadunswansgiud
ANUNTURN9 Y vReglaTa WInlna waznglaa LadAuIMMIANUNTuYeglaTa Wnlna
waznglaa Tusegaldanaunisdunsaweansminnsgiu

2. TUABUNITATIVIA

(1) (2)

a gj Y v L4 (%
Al 1.2 Jumeunisniainglasa Wnlva uwazngleamegunsalnsiaiauuunseany

1.5 Uszleviiianinazldsu
1.5.1 lagunsalnsiaiauwuunseavlunsiaindSuaglasa winlva waznglaa
15.2 Ifanngivingauvesgunininmainuuunsyans
1.5.3 lsgunsainsrainuuunsemuiianansansaainusunuglasa Winlna uas
ngledliegaiuszavanin
1.5.4 lansramusunaglasa vgnina uazngladlusiiegnslagldaunsalnsiainuuy
n3eAY



uni 2
= a Vv d' d' 1%
1550UNTTUNIDINUIBTNY VD4

4
2.1 1na
Unna MaInerenans vuneds wluudnalsed vselaudnanlsa Wungquansiulawss

=

NUsznaus18519A15UaY (Carbon; O) talasiau (Hydrogen; H) Lagaan@iau (Oxygen; O)

=

fignslutanavild Ae (CH,0), Bsamnsawuldnusssund uazosvaresia 1wy us loiidn
fn waldl wasnyie Judu dnaduarsemsilindsnuuiienie lasduunnguues
arstulatnse 19 3 ngu laun Tulusdnarlsduazlaudnailsed (Monosaccharide and
Disaccharides) laalnudnalsa (Oligosaccharides) wazneadudnailse (Polysaccharides) [12]

AN 2.1

arslulawmse
| |
Tuluwdnanlsanaslaudnanlsa Toalnugnanlse naawdnAlse
Agnina 1 wsilua — e
- —  lnalewau
nglaa —  aundlea
—  waglaa
ylasa

AN 2.1 uunUsELANYaIAsiulaase



2.1.1 vynlna

Wyniva vise wajlaa (Levulose) Wuanslulawmsnngulalundnailse 1oann
nsgevaavesglasa deglasaidulaudnanlsd Aszneuse Wynlna waznglaa lned
ssnTnaifudlou (Ketone) gnwusinlunalivatsyin 1y uetia adu wazdu 1Hudu
Tessadremnand fannil 2.2 gninadenuanansalunisazaneias anslnana CoHy0, 3
Aviaauwiad 103 asAlwaldea a1susznaunninaliudaluiana windu 180.16 nFusielua

wagdlauvuuiy 1.69 nfusegnuiAliuRling

HO O HO

OH

OH H
A 2.2 Tassaiamaaiivesmgning

2.1.2 nglaa

a = a ! = [ 6 < a 13

nalaa Hyeisendnagraniledn LAndlnsa (Dextrose) nglaailuleadlas

(Aldehyde) 1upslulawmsangulaluundnailsd anddnaluvesnglaa laun gasluiana

CeHi20¢ Humtinluiana 180.16 nSuselua 3Avaeuinal 146 aeAlwalfoa AUNUILYLY

1.54 nfussgnuiAdiuRiuns dlassasimiuenil Aunni 23 nglasaiunsaavateuiladngly
= FERRES @ =t I ¢

sUBuURNa Asavinu Tiid Lifindu wasnglaailudiunilavedlaudnailse 1y glasa (nglea

way Mgniva) uaniva (nalea wae nwaning) Wusiu

OH
H
OH H
HO OH
H OH

A 2.3 lassasananiivesnglaa



2.1.3 glasa

ylasa viadenialudn danansie glasaduanslulamsangulaudnanlsd
Usznouse 2 luianavesluluudnanlsddude wynlna waznglaa dudeuduseiusy
1nala@fin (Glycosidic bond) Tassairsmaiaiivasglasauansdianmi 2.4 glasassnuann
Tusos wazsiin glasaamnsafnujisornisaaresmant lffigamaias wazannznsn
I8 dunsning waznglaa Fondn 110183779 (Reducing sugar) Tamslanana CiHuOy
dhwidnlaana 342,30 ndudelaa AramuiLtY 1.59 nfuregnuiAfisufiuns Iaidon 186
pamwaLioa dnvauzvesglasadundnuosude Lifid lfindu fsavau anunseazaneldlud
woaneged wavlusviavaneiifiineuy

CH,OH
H o_H
H
oH H
HO
H  OH

A 2.4 Tassafamanilvesglasa

174
2.2 AFEIMNITUUING
Sg A < Ao W = 1 |

gra1vnssuuIntatoldugnaImnITukUssUNdAveIUsEmalng Feluudasy
geannssutnaaunsaaseelalinuiasegiavedvedudiuwiuuin Anduyariuinnii
250,000 auum lnetagtulssmalnediiunugneseuinndt 11 a1uls 3alul 2560 nandes
Iauseann 92.95 ausu wardiasenelaliunineninsiiugneesnia 430,000 AFITBY B9
Uszindalneduddseaniimansiesisluaiududu 2 vedlan [1] Inenandnuiniansiy
5 a b4 [~ 6 % a a f < & Qi.l/ 4 = I~ £ a (%
Mavun NanINgey 70 Wesiaud wagainauindn 30 WesiGud fatusesduduingaunan
lunsudndimnansie [13, 14] lngaunmvesiintansigasdusgfuusuiuglasa [15]
N9N1sTeUETeY AvunligeuiedosnugunInaNnIIL Ty §.3.1ea. (Commercial
Cane Sugar : C.C.S) lay @..1ea. Ao A1AumuvseUsunahnanilegludey dvungaiy
11 51199898 HUlUAINANAINTTEAIIUNITU AIUUL NINRETAIIUMIIULIN F2TAT
.08, g9
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2.2.1 ASTUIUNISHANUINIANTY
nszuaunswaniiaanselasdiulngvesgeainnssy azduunseniy
4 VURDUNAN LEASIAINING 2.5

o - N1INER
N153UD0ELAY NSHER v
|:> UIR1aNTI8VILaY |:> N13U559

Fuannaae Teans1efiu

WIAIANITLVIUIGND

AN 2.5 NSLUIUNISHARUIRIANT Y

2.2.1.1 41m1ans18au (Raw sugar)
(1) nMsanauoey (uice Extraction)

988 YNANTLIRINALNIUGLTEP0Y NIULATOIFUDDY WaY

\P3D9ERUTRY WAINULIYAaNTY (5 ¥n) Wevinnisanauides dddutuneuiazliiidey was

1%
o

nndes Tnsnindesangnitugaiing azgninluudemauslndlundelodr weldlu
nsrUILNISHAMINNA
(2) n1svinbila (Juice Clarification)
ihdesitlinnnisataianunazidngnazurunmsilifla tiewen
Asanusnsneeon Tasthdesasgnindadimiiedulimudounausuyumuiievilvinnaznon
Tudwinla azldhdesla
(3) NM3528 (Evaporation)
idaefiiiunszuruntsililandrazdndgyandos
Weszmaienthesn sgldiidey (Syrup) Aiflmnuduuszana 60 S 65 V3T (Brix)
(@) nsvilmnu@n (Crystallization)
ddeuninmsssmeasidiguiiaifissuuaney 1n1A (Vaccum

(%
o

Pan) Witeszmeteen auiidenduia wziiandniiniaty Tnendniiaa wazddondn
FAnty Bondn unE@ain (Massecuite)
5) nsdunennaniina (Centrifuging)
Lma%ﬂ%mvaﬂﬁ'ﬂﬂﬂmwnmﬁﬂﬁwmaaaﬂmmjwLgaqmﬁﬂ el
oy (Centrifugals) ) Iimnansediv deas mmmmwaiamimumﬂ wazldiduingau
Tunsuantmanseen LLavmmamwmamammdﬂ [16]
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tnutnglaae
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1INNaNsIuAU

7
UINIANITIBAU

5
nsilnnNEn

J

6
nsUUKENEEN

unna
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2212 119NaNT18917 LaTINANanIIeYIIU3 EGUE
(1) n1sazane (Remelting)
UnaansgRuaunIngs dnazatendniinia leduunden
29N31 (Remelted Liquor)
(2) MIINANMUELDR LAazanANEYIULTeY (Carbonatation Process)
ﬁ’]ﬁﬂL%amﬁiéfmﬂmsavmaﬁwmamﬁsaumniaqmumvLmiq
Lmea:umnuﬂumﬂwmaﬂaﬂ (Cabonator) Imwm%miuaulmaaﬂlemLﬂumwgﬂa fioanen
asuadmlfuau mﬂuumummuaﬂiaumﬂﬂjmﬂmu (Pressure Filter) Wipnsosngnouoenain
dudeu mﬂuumL%auwlm%mummaﬂL‘Uaauﬂigf\g (lon-Exchange Resin) Wieviin1sand
& v v o A = ¢ . .
Tugnving wazazlmdulngeuslni (Fine liquor)
(3) NMSYINLALAAREN
o o A a ¢ v v A = H
mmLﬁzjamﬂ‘l/\IuLsmmammiwuqmmﬁmm WBUTELREUDDN
MlmAsnantiaalenduluadain
(@) nMsUuLenNANLING
=~ 3 a a Y v o Yy =< o
wonuanuimalukuadaineen nelgnieadu aglananiinia
NIYVIMALUINTIENTIHVIVIAND
(5) 159U (Dry)
YwAntaansien LLavmmavmmnmawﬁmuwmmau
(Dryer) wislaanuaueen fmﬂuummsmsaﬂaﬂszaauLwammsmwmamalﬂ [17]
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nowuulfusei  uanwdouvssy
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AN 2.7 ATTUIUNSHARLUINIANTIEUN?

14



23 AsiARINAIAdUNEM

Tunszuaumskaniimansisaindes asinastuneulunszuiunsnandianunsa
DuamvhliiAanisaanefnaadl wioiinnszuiunisasuulas (inversion) vasinmia
HlAse %wvﬁﬂﬁlﬁmLﬁuﬁfﬂmamﬂm LLavﬁwmaﬂa‘Eﬂa Fiaun1si 2.1 Tnethanaiinginns
amammaammasﬂmaumsamﬁ “Yrpnaduiesy (nvert sugar)” miwmmmaammmmw
YA FTManse uuﬂaamﬂsmmuwma%hmwamaq Lummaﬂmmwmmmmamw
ﬂwmuaqﬂuﬂimmaa%ﬂma

OH

T
O
T

H
OH H
OH
HO
H OH
nglas
+
HO O HO o
OH
H HO H HO
H H
OH OH
OH H (|)H H
aglasd vgning

.(2.1)

'
=

TagnstintimadunesniuazindulalusenItenszuIunIseantnanse tnetadenina

a

Gial,ﬁmﬁwmaéuna%w gNAI981YU Tuneun1siiuyurIndeuiulvniuioungungiigs

§”®Uﬂ’JWNLGUZJ6Uu5UE]\‘1U'W]’]a WOY UAZITYLIAINITNER VI']IM’%’ILUU@]@Q‘GE]Q?]U ﬁiﬁlﬂ’JUﬂN{jﬁ]"ﬂﬂ

mqqﬁuaqmil,ﬂmumﬂa@w,’miw (W3nlna uaznalaa) TAntulussminnszuiumsuaminma
nieesiian
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2.4 BmlUlunsnsraiaglasa Winlna waznglag
2.4.1 Fmalwaiswas (Polarimetry)

U AA. 2013 Hemant Desai wavmau [18] lansiainglasa lusiveenandusiom
fe3alnansiuns wisufedndnedasedng 2.5 ndu luth 1.25 Tadans antaelmdniu
waamnaynouslsalsazareleieuoawn Wuat 10 i drluduwiesfinanuda 3,000
sousioud Wuan 15 uid uwdwihnisnsesansazarsiils tiluesiatail 20 esrwaldeos
Tnelduasdindosveslaion-n (sodium-D) finnue1indy 589 wilulums 31nA15ITENUI
glAsEviUsTUIULAST +66.7 B3 I9n1snsIniavesylasaianudidy 10 fs 70 fadniu
Rofiadans Tasaialunismsranudl 0.076 fadnsudefiadans wasdndidalunisasianu-
\BeaAaNIN 0.231 Hadniureliatans

2.4.2 3nslasunng il (Chromatography)
2.4.21 lasulvnsiiuuuveuvalaussauzgs lagldnisnsziduas
Wuins1970 (Evaporative Light Scattering Detector)

Chunmei Ma kaganiz [7] viinsasiainninina gasinea nalaa
wazglasalunald Wun gnits ueuida undlus uaziwess wisusodlaeldidededunans
sildudoieatu taisuvuaseludumies uagnsesiodadned wausu anduh
fhegeluiianesideiniedasunlnnsfluuvvesmaiaussausgs 1¥aeduy Phenomenex
Luna 5u NH, 100A 190¢@lalulasdret (82.5:17.5 Usunsseuiuns) iumaiioud
T¥nsnsziduadlunisnaata fenisdaiszutrasinsainninssduas delud
fagaunif 82 sswadea Tsnsnsluavesielulnsiaudl 2 Snssoundt arnkanisfinu
WU Preanududuiianansoingizsingnlna fie 20 §a 1000 fadnsusiedns vosdvea
20 fl4 1500 Hadn3usedns nglaa 20 fs 2000 dadinsusiedns uazglasa 40 s 2000 dadniy
siodns fdndrianisasaiamanvesmisning wesivea nglaa uazglasa wiiiu 0.07 0.27
0.07 uag 0.27 Hadniusiedns auadu Wesidudnsiandumuvasning vesinea nglaa
wazglasa ld 96.05 103.32 102.28 uag 98.53 mua1siu wagldlianlunsinsien 25 wii
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2.4.2.2 lpsuvnaluuuresvanaussouggs lneldassyiinmueuaniy
AT
91n9U3T8Ve Miut Filip wazameg [8] vinnsniainglasa nglaa
signlna wazeosinea lufedislu wWion wazsnveweuila sniswieusesslnsun
fogaliaziBon ndutiiegsilldunatadiediinazatsieniueanududu 70
Wosidust Uims 10 fedans antiuiluiudoedosdufedesuigs waensewiiogng
NunsEAwnIes iansafnilldluimssidededasulnnniluvurenvalanssnuz g
aneildlunisvaaes 1¥neduil Carbosep Corecel 87H3 aeldaniizfiwmuizay fe
wawedouiiduansazarensadaiinin anududu 0.005 Tuans f8nsnnslva 0.3 Saddnsee
Uil wazemnfinoduvogil 35 esrmwaldea anaiadeassuilinimuesuas 91nn3An
WU awnsadasizviuTinuglasa lalugasanududu 277 fs 5540 lulasnSusieliaddns
nalaa 255 s 5100 lulasniusedaddng Wgnlna 255 89 5100 lulasniusedaddng waz
go3Unen way 283 i1 5660 lulasniuseliadang mua1Au

2423 lasnlnnyfluvuresnadaussousgs lngldasselinmesuandu
GeloF el
Wanxia Xu wazane [19] Mn1sasiadaninina nglaa uazylasa
Tugheenenininnia memadalasuninnsifluuuvewnatanssouzgs Wnelduealvadu
internal standard w¥auduldassvilinivvesuaadudinsiade nSeuding1elng
Fanantima 50 ndu Turi 150 n3u wdmanldidriu antutsedneiinIoudsdunas
@13 internal standard vilvu3avdsensatauuuigeduvesuds (Solid-phase extraction)
C18 waznsondae 0.22 lalasiums Aewinisan antuinisnsaaindeinioslasunlnns i
WUUYBUMAIANTTOULES ansiild fie Mnaduddeda C18 aunA 5 lulaswns uinneaul
250 fiadwns x 4.6 fadwns Wianasuiilussdlalulasdsetin (75:25 UunsseU3uins)
gnsmslvia 1 Taddnssewnil Aedulgamgil 30 asmiwaltva uaziinsaaianssyilinmuaas
gl 35 psrnwaldea INWATENUTIELTAnTITangnInalalugiemnududy 3.30 A
16.48 nYusiodns nalaa 1.80 f9 9.02 NFusieding uazylasa 5.94 s 29.70 nTusedns lag
f7nd1inlunisnsranuvessnina nglaa glasa 7 0.16 0.04 uaz 0.08 N3uredns AMAG
wagldianlun1snsiain 18 w1l
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2.4.3 Fmsawnlnsalad
2.4.3.1 suhuanlasalat

U809 Kerem llaslan wagae [20] vi1n153tAT18RUTUIN
nglaa vigniva uasglasaegrsnniluedesiuiiliiuoaneses lneliinadnsuuanlnsalat
yhmstesigilugogn thus Tean didudu uay Schorle (Thannmsideansiueuidade
thémnaw) wisusegslaglaufaluiniesninuigs iunan 15w saniutiiegily
Tinsreilaelidendenis an1iz@ild laser power 75 wnnedad 9100 15ANBINUT
ndinlun1snsiany 0.2 nSusde 100 HaddnT uag TAIANIUNITATIANULTIAUAIN 0.7
niuse 100 Hadans

2.4.3.2 awunlaslviladiwes
Tt a.a. 2017 ladewideves Borji wavauy [21] lavinA1swaIunig
Tunsamatannududuglasa lussuuiiviqvduaslivians @nglaa wazvignina) dae
awnlaslullafiwmef vimsasaiadedsiianmenadu 420 lulasuns 2nnnsAnymudn
ausansivinglasalaluyie 0.3 fs 1.9 niudeliadang
nsRenantunuidden fe fllaszt uasliauudugigs wisgndlsinng
fafidesnin fe deslniswieuieganeunsiingest Werdndsuniuinge Fosdedaogng
WAnseidaiesufoinisviidu Snaretuneudeunmslinsed idesdiofismgs uazlding
Tunshinseiuiu Jeildiidnifeaulafiiauinadalulewueesiy ensatnglasa
visnlna waznglaa Wosnnidumededitinnudumnziaizesgs uazasiaialdognsmni

2.5 lulawwuiwas (Biosensor)

Tulowwuediudulunaissuil 1960 Tne Clark waz Lyons [22] lnglulawuwes
fo gunsaiifmunTuduinmatamsdanin efnnuansfidesnsiinsed Usznaude
2 d Ao FanTanm (Biological elements) wazian193M (Transducer) Fadnwaizn159u
voslulowwuiwes Ao JanTanmazyhufiteredrsdumeiaizasivansidiosnsnsiain vinls
Todayan WaoNARFUNTY mmﬁ?uﬁ’mmﬁm%LLﬂaaé’aumunmﬁLﬁmmﬂmﬁuﬁmwm
asthnmfuasiidesnimsate fednvusdyyraiiietueaiulossy Bilnnsou wazuas
Hudu andurzuasdyguiifatududygranisliiiugidiueiessudyg i
gruAfilddninnysznans axliuTinumidesnsnsate wansisnmi 2.8 ddlutlagiiu
lulatguweslagniiuivszgnaldlusiuaiudie 9 Wy dudinintazenainnssy
FUAInaD [23-25] uadunsunng [26, 271 Wudu Lﬁaqmmﬂuﬁﬁﬁﬁmmh%meﬁqq
fAmdumzlanzas uariiaseildsndy ilrnedalulewueesduiilominnldluns
ATzatansaing o anndu
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* waufvad ‘
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Ausau
Fandanm Aauuasdyn

O asfineansinsiei + O 7:\\( fa3uUNIY

AN 2.8 nsvihaeueslulowuses

2.5.1 @rnuusznauvadlulawuwes
25.1.1 Fandinm

'
a a

TanZ10m (Biological elements) yiwmihiliinujizeag1ednmieg
19713INVAITNRADINITIATIZY Larlvdg1un1staiedl 1l %3eildnd unAl0e19a137310 W
oy Laulasl (Enzyme) Mduia (DNA) nsadinadadn (Nucleic acid) 1ilai8e (Tissue) wag
weuAUBA (Antibody) tUusu slulagiueulaiiluiandanmadeniunldlunsnsiainans

- ¢ & = a =% o Y ! aaa =
Wesneuledidulysiuaanis Miniailunisisesd§isenis@nin awisoan

wasnuneiuiudiliAaufAzenlisTu wasinnudingiageg

2.5.1.2 77057970
#1m53930 (Transducer) WWududdnlunsvhuifuasdya i
AA1INNSTURUTEMI @ STIAMAUESTFe9n 1A IE Ferdinvesiansratniiteuiiiun
Uszgnaldlunislulowuaes lawn naaiilifin (Electrochemical) 1o Twinunlownsn
(Potentiometric) woutwalstunsn (Amperometric) 19& (Colorimetric) N19uas (Optical)
nemdudes (Acoustic) wazn1amaudau (Thermal) tHudu d1msusinsratafideusiu

Uszgndldlunisnsiainanslullaqiu Ae n1ed eenniided fe 918 wazsansa (28]
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2.5.2 a5vinglasa Winlna wasnglaamewadalulowuiyes
2521 nisnsiainglasalagldioulesiduiiesina Zaanlsina way
ngladeending
Pnuddeasniamglasamamatalulawuees Inglddngiaia
maniilntih Fwinsesaeulaii 3 sdauudaliin (Interdigitated planar electrodes) NNt
Lﬁmﬂﬁﬁ%mé’aﬁ %"’uLLiﬂsgImanﬂ&Jaaaawé’w%una%ma (Invertase) Wagdianlsina
(Mutalotase) l#nAnsasidunglea uaznsnlna andunglaasiufiizenfueeandiau Taod
nglageontnailudassuizen indadnmiulelasaudesoanlas (Hydrogen peroxide) uay
A-nglaluuanina (D-gluconolactose) Faaunnsit 2.2 [29]

invertase

Sucrose + H,O D-glucose + D-fructose

mutalotase

glucose oxidase
D-gslucose + O, — > D-gluconolactose + H,0,

D-gluconic acid + H,O = acid residuum + H* .(2.2)

2,522 mansviangninalagldeuladngninadlalasiua
31338 Riccarda waganiy [30] ¥n13053ainngninalunisinsey
91913 Tudegeini dinald Tuan waziadosdiugids lnglfieulesivigninadlalasiiua
FalumsnsatansninaagyitufAsereondinduivesaidion (Osmium; Os) Ingiioulss]
Wiﬂimamlaimiﬁ]l,ual,ﬂumLiﬁJQﬂism leindndauailu 5-keto-D- fructose uaz paaLiley ()
mﬂuuaaamﬂm amm%wmlﬂﬁw (Carbon nanotube paste; CNTP) 7ifnd +200 fadlaad
Fyaunnsd 2.3

Fructose dehydrogenase
D-fructose + 20s>* ——————  5-keto-D-fructose + H+ + 20s?*

CNTP electrode

20s% —>  205%" 4 2e .(2.3)
+200 mV vs Ag/AgCl
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2.5.2.3 minnnianglaalagldieuluinglaaeenting
31N91U3E Sabriye wazaue [31] lawmu1ignsnsiadianglaa lag
Tdoulesl 2 ¥dasiuiulunisnsiain asweulednglaasending (Glucose oxidase; GOX)
YU Selenium nanoparticle-mesoporous silica composite (MCM-41) sntueIemdudaliih
(Carbon paste electrode; CPE) vhmsvaaasniaaiilnil Tnennaedlutalnih udriaufasen
yageudlsanufisereendiatu (Oxidation) vesansivinliAnd MinannsissUfizonves
Wasean@ma (Peroxidase; POD) WA IENNTT 2.4

GOx
D-slucose + O, + H,O ————— » glugono-1,5-lactone + H,O

POD
H,O, + o-dianisidine (reduced) — o-dianisidine (oxidized) ...(2.4)

2.6 gunIalngIIALUUNTEAY

gunsainmatanvunszmwdugunsaifllunisasraialunirauiuguuuuln
Taglu® e, 2007 Martinez uazaniz [32] ldAndugunsainsnsafauunseauiy Jady
wellaiinsnsaiaasuunseaiy 1wy nsvaulasunlnnsil gunsalnsaiauuunseaway
Usznoudae 2 dau fie daudtveuth (Hydrophilic) warlsiweurh (Hydrophobic) Tngdauiiveu
ihsdudfiansasanedaujiser afadudeanisivavesarsazarsludssnairesnis
n5197ald Tngazaruauiianianisinavesaisazatsvunszaulasunlnnsfidiediud
livouih ansazanefiedeuiilunutdesnsivaugunsninsafauuunsgauaziadeuiive
L5IwATaans (Capillary action) Tneldanfensinieuan [32, 33] uaﬂmﬂﬁqﬂmaim'mi’mwu
nszany 1ugunsaiiatsldine sumdn wannlfde s1angn uasldasiadides vinlimada
gunsalnsarfanuunszawann s luyszendld ldvanvangsnu 1wy danndey [36-37]
NINIsuNnE [38-60] wazems [41-43] Hudy

2.6.1 FBmsasigunsainsivinnuunseany

pdnnsadisgunsainsratauuunszate azadrsdrududildvovin
(Hydrophobic barrier) Lilod1infianianisunsvesasazarsvugunsalniraiauuunseas
éfm%’uu%nmﬁmﬁaeuaqqﬂﬂiaimmi’mLLUUﬂﬁzmmzﬁamﬂ’a%auﬁw a1t lunmaiAeuizeiie
nnaovasfidesnisnsiate A5AlFlun1sadisdiududildyevitvugunsaingiata
wuunsaeiinatsnaia Wy n1siusiaasly (Wax printing) [44] n1sRusidaedmiingda
(Ink jet printing) [45] miﬁj:uéhaim (Wax dipping) [46] N15AnNTzA1Y (Paper cutting) [47]
1lndlnsns il (Photolithography) [48] Wazn1SANWLUUANTY (Wax screen printing) [49, 50]
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2.6.1.1 weallamsiuviogle
lng Gregory uazany [44] laai1gunsalnsiainiuunszniyaie
wadamsfuigely vinsadisuuuilaeldiedosiiniuing nduiaasdnidunies
nsznw soluindsadutudhenisnagnnas gavnedagunsaiudastu uanstunaunisadins
gunsalnTaiauuunszauiemaliansiuisnely fanind 2.9

<>

Step 1. Pattern paper
using a wax printer
paper

Step 2. Spray adhesive on
one side of the paper

adhesive

Step 3. Align next layer
then press with roller

Repeat steps 2 and 3
to add more layers

Step 4. Cut out
individual devices

o & Y ¢ Y] Y a A ey
ANN 2.9 mUWQUﬂqiaiqﬂQﬂﬂimmiTﬂfJﬂLL‘U‘UﬂiSWWT‘Jﬂ'}ﬂLVW"I‘L!ﬂﬂ'ﬁWlI‘Wﬂ'JUVL“U [44]
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26.1.2 wadansiuigioimiinga
fou Tallis wagamg [45] lalgisn1snaunina1suauuiluiay
Fwautu Tneldsnsrdruves Multi-walled carbon nanotubes (MWCNT) fU Sodium n-
dodecyl sulfate (SDS) Tufiusiaanlessu drunanildludusenduauigauduim
30 unit soluirlddumisaduiian 5 uniid 12,000 seudeund arntdudidiulald
aduniin wadrldiadesfuisinnisiuisreniinarsuouuilufinvasvunseny azls
gunsainTIRTALULNTEANY UansdsnInd 2.10

“@H@

CE

Oy

WE
RE
< Printed CNT electrodes

- Hydrophobic barrier
J (Printed mineral oil)

~—— Paper

(b)

a ] Y ¢ o 1Y a a sy Y = oa
AN 2.10 ﬂHWQUﬂqiﬁﬁqQQUﬂﬁmﬁiﬁfﬂﬁﬂLLUUﬂi%@WT’JW}EJWlﬂUQﬂ'ﬁWNW@I'JEJU’VWQJﬂQ@ [45]

2.6.1.3 weliamsgueigly
wiadian1sgueagly Tee Julaluk wazauz [46] FBULHwiRuimanTy
A159P9AUNUITBINTEMENTEITNUUNTZANalan uazAundIvenszanalanfnuiinan
A = o J o | = = a P =
delunsdndans1d anduiluduaslulaivasuazatefiaamgil 105 A 130 sergaded
gneanufisliliuie udrdinszandlasuazudfiniiuaneen fazldgunsalasaiawuunszany
WARAINING 2.11

- 1.6 - - 1.6em
Smm, . 18em -

@ & ==

5.0cm

S
=4~ Scparation zone

i 2 epoticwe
EEN =
o

| = Hydrophilicarea

AN 2.11 Funsunisaigunsaingiainuuunseaymemaianisguaagly [46]
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2.6.1.4 wealdAnsein
Erin way andz [47] loashegunsalnsiadauuunseatumeinain
N30 lagyiin15eenkuugunsalnTITALUUNTEATYAINABINTT awmﬁuﬁwnwaﬁmqﬂnaaﬂ
n3I9auUUNTEAEFIBLASaRANTEANY (Knife plotter) titednfnfiAnisnisivavesans 1%
AnUfATe ez UTMifeIs Lansisnni 2.12

AW 2.12 gunsalnsaviawuunseawmsmaliangda [47]

2.6.1.5 wellalnladlnnsii
Tul A, 2008 Andres Uazaug (48] lavinn1sasiegunsalngiadn
wuunsearwlagimadaliladlnnsadl Ae naslduasiusisuuuvvesgunsaingiain
wuunseay vildlageenuuugunsainatanuunseany anufiuiguuuuaeinosiiun
awwad dudeluiinszatvlasunlnnsflatsuasyd (UV) wdaildudaisaratsliuas
(Photoresist) udhlsiudlagldinlinnudeunigumgdl 130 ssmwaidoa 1an 5 A 10 W7
¥ rntudnadoordlay uae 70 Wesidud lolslnawuea azldgunsalnnaiouuunseany

wieuldanu Suneunisadiauansianing 2,13

A) cross section _.transparency B) _
< film
———————%.}
"DaD‘ErWilh -

. photoresist

lprint black
ink paper

—

l 2.expose

i

3.remove film
and black paper
4.bake

5.develop
- paper

.:.:Elupho(oresns(

F)'j:.__ -—- ..v_‘_

- -

A 2.13 JupeunisassgunsalnsaTanuunsemumsmelalilladlasnsil (48]
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https://th.wikipedia.org/wiki/%E0%B9%84%E0%B8%AD%E0%B9%82%E0%B8%8B%E0%B9%82%E0%B8%9E%E0%B8%A3%E0%B8%9E%E0%B8%B2%E0%B8%99%E0%B8%AD%E0%B8%A5
https://th.wikipedia.org/wiki/%E0%B9%84%E0%B8%AD%E0%B9%82%E0%B8%8B%E0%B9%82%E0%B8%9E%E0%B8%A3%E0%B8%9E%E0%B8%B2%E0%B8%99%E0%B8%AD%E0%B8%A5

2.6.1.6 ANANUNLUUANTY
Tud A.p. 2011 Dungchai wagAue [49] a5199UnsalngIainluy
nsEauiemadafiuiuuaniudedig (Solid wax) Ingnsudenaniuuunsyaulasunlnnsii
LLé’m%ﬁyquﬁaﬂﬁ’;aﬁﬂmué‘aﬂ ntudRafianIuasnszaelasinlnns i QNATALAY
mﬂwmwmauwammu 100 EN?T’]L‘ZiaLGUEJa Junan 60 Jundl Gumwzmiﬂsmmmw‘llmmiwﬂmw
iioadreusnadiliveuth wansfinnd 2.14

Cross-section

S paper
1. Printing with solid wax l
solid wax
screen
paper
2. Melting wax into paper l :
usingahotplate ¥ e solid wax
E—— . hot plate
l s Wax barrier

%

=] ) o ¢ o o A a ¢ =~
AINN 2.14 sUuC‘la‘Hﬂ']ﬁaiq\'iQUﬂiﬂJ@ﬁ?Q?@lLL‘U‘UﬂﬁSﬂT@ﬂ'JEJL‘V]ﬂuﬂWﬂJWLLU‘Uﬁﬂﬁuﬂ?U%NQ [49]

#ou Saeed wazmniy [50] lomu1isnmainnglaa wazlusiu lag
ldgunsalnsrainuuunszay fadrsiemadafuianiudddnedlaniadlawy
(Polydimethylsiloxane; PDMS) iluansitadsanudilaiwouti %umaumm%’wqﬂmzﬁmﬁm
LuUNIEAwATafiianiy wansianwd 2.15

0&

Chromatography paper Putting the patterned mesh Pouring !he PDMS on the
(T420) on the paper

6 / mm panotrs m}
~_Pooe OQ-»
s
Curing at 120 "C in oven for 30 min Penetration the PDMS through Rubbing the PDMS by a
mesh holes squeegee

A 2.15 TumaumsasgUnIalngR TalUUNSEMYemAdaTiLUUANI WY PDMS [50]
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3NM3ANYIIBNITaTIgUNIalnTIRiaLuUNTEAY WU nallansiiusisagly
nsfinsidretmiindn nsudasly n1sfanszaty wagllndlngnsiil Sulidesidn fe
lafisangs funounisliamuoundmnisfiont msfusisnedniindndesiituneulunisiey
dhwiinvaneduneu liwanefunsissififizuuoulng uargunsaifisiaune duluondded
Jadenldiaiafuiuvuaniusenedweslunisairsgunsainaaiauunseawileannd
fofl Ao umadiafiie gunsalfilifunui aunsaadngunsalnnaiawuunszmulinat

2.6.2 Tnmseinglasa vgnlva waznglaa fegunsalngiainwuunsEay

dmiunisasiainglasa Winlna uaznglaa lngldgunsain1snsiain
wuunszgaw deulddansrataniaailluiln (Electrochemistry) wagn1sd@ (Colorimetry)
ety IdlnuideRmuigunsainsafauvunszaslunisesaianglaaluiadesiy
dn5a3U Twfumeialulewuges wasasiatadmemaiamaaiiliih lneaseunsainginia
LUUNsEAEREIBLULURA Mntuadisdaliiiviinu Sl wasdaliiEsts ndsmmiy
p3anglagoending waranstisdsinudidnnseuasuugunsainganiauuunszany dmsiada
nalaalafidndluii -0.30 Tad wuinaunsalnsrniauuunseae THUSuaasfeg i
0.5 lulasdns THr9mnududuiiainnsaitasngsinglaald fe 0.25 fs 2.00 Hadluans
FadrAnlun1snsramy windu 0.01 fadluans uazillowSouifisunanisnsraianglaaly
\n3esiudsa andlsdangunsninmaiauuunseauiumaila Benedict’s test WuinHanTs
nsadanglaaliunnsdnaiu udinatiagunsalnsiadauuunseauildesnii e l¥arsiegis
tlon uarlvimmifleaifinia (51)

uana1ni Tu A 2013 Noiphung uazAme [46] ldWaungunsainmaiauuy
nsgay Sufumetialulowwees wazasadamemaiamaailiin lnsasisguniaingaia
LuunsEAYAIIsLUUMITNMmeludwsunisnsiadanglaaludiegraiennsudiu (Whole
blood sample) nsra¥anglaaidnslufia -0.10 Taadt wuiranunsonsataldlutunouien
Tngliidndudeaniousedwimenistusendiaiden silianszezinainimsiainas uas
dfegnaiies 200 lulasdns

wazsioulul a.a. 2015 Adkins wag Henry [52] laas1sgunsainsiadiauuy
nszauiematiansiisneluitensiaianglea vignlna wazglasa luedosdu uaznsdain
Framaianaaiilnd lneldarnnsswnuinlulaswnsdudalin (Copper microwire
electrode) Hiaifiuanuladinsiinlfmeiaiidnsidanisasatasfeseduululuans
uenanisiléinisadregunsainsnsaiauuunseany Ingldinsatanied dmdunsanie
nalaa 1Wu n51danglaa uaznsnginludagruion as1egunsaln1snsiainiuunszan
lagldimalialiladlnne il dvsunisnsiadanaglea [53] linseanglaasanding wag
d-pxfiluleudlngiu (4-amino antipyrine) wag Wou-teniia-1ou G-4alnlnia)-3-uniia-aydl
au-lotfieq ¥oas (N-ethyl-N (3-sulfopropyl)-3-methyl-aniline sodium salt) a1lusa0813
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finglaa vgldndndmaiduansavaiedig waznsiainauduvesdlagldlusunsy
Gel Document system tflosngnm uazUszanana nan1siiaszivuiuanglaaludiosis
FoiSsuiiisuiuisilsmetunald nuiilirszaunglaaliunndisty wigunsaimsasiate
wuunszauiifednin e lifedradentionnitisilsmeuiald
uanNa Nt Dungchai wazaniy [54] léfmurgUnsainsiaiauvunszaiy

Aaszidinanglaa wanen waznsagsaluditegiuden waslaaniz as1egunsalningivia
wuunseanulegldinalialilndlasns il dmiunsasinianglea IWnglaaeenting Weteendina
Inglaans d-oxdilulounlniu (d-aminoantipyrine) 3,5-lapasls-2-lensenda-iundudalnsia
Wada (3,5-dichloro-2-hydroxy-benzenesulfonic acid) le-laoridaulalalasaaslsa
(o-dianisidine dihydrochloride) waglnunaidoulolalan (potassium iodide) nsaiflusee
finglaa gUnsainTrataLuunIzatwIziUAsudaindduunaduddinaonden andu
Farnuduvesdlngldgunsainsaiauvunsemuildlvaununin waznnuiduvesdlagly
lUsunsuuszutananignIn (Image J) nudraruisansiaianglaasglugae 0.5 fa 20
fladluans lnedited Ao ldansiregetoy Madensldnu siangn wazaunsatluuszendly
nsnsavianglaalusiiegeasala

MnmMsnumulssanssy feliflinuidelafinsiainglasa wynlna uaznglaaly
fegnades wazinana laeldgunsainsaauvunsgans deiuluauidedfeaulafiogiam
gunsalaTaiauuunszay samdumedalulewuees waglindnnsnsaaiamed Jaavain
gunsalnsIvinkuUnsEAwaleAtialuuiiansy dmsunsiainglasa Winlna uavnglaa
Tushed1edos uazthmma
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http://ipcs.fda.moph.go.th/csNETNEW/ebook/list/icscPDF/1470.pdf
http://ipcs.fda.moph.go.th/csNETNEW/ebook/list/icscPDF/1470.pdf

uni 3
A5N15A L HUIUINY

3.1 @5l

3.1.1 ﬂqiﬂaaaﬂ%ma (Glucose oxidase from Aspergillus niger, EC 1.1.3.4,
Sigma-Aldrich, USA)

3.1.2 waseandma (Peroxidase from horseradish, EC 1.11.1.7, Sigma-Aldrich,
USA)

2.1.3 duaswa (Invertase from baker's yeast, EC 3.2.1.26, Sigma-Aldrich, USA)

314 V\Iqﬂimaalaiﬂﬁma (Fructose dehydrogenase from Gluconobacter sp.,
EC 1.1.99.11, Sigma-Aldrich, USA)

3.1.5 nsaweaanin (Polylactic acid, Nature Work, LLC, USA)

3.1.6 lapaslsilmu (Dichloromethane, RCI Labscan Ltd., Thailand)

3.1.7 d-giilluloulniu (d4-aminoantipyrine, Sigma-Aldrich, USA)

2.1.8 fluea (Phenol, Fisher scientific, UK)

3.1.9 Inunadesinasinlaelua (Potassium ferricyanide, Ajax Finechem,
Australia.)

3.1.10 wasinaanlsn (Ferric chloride, PanReac AppliChem, Spain)

3.1.11 Ggiﬂiﬂ (Sucrose, Sigma-Aldrich, USA)

3.1.12 ﬂfqﬂ:ﬂa (Glucose, Sigma-Aldrich, USA)

3.1.13 wynlna (Frutose, Sigma-Aldrich, USA)
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3.2 \nsasilauazgunsal
3.2.1 vaanansu (Patterned screening blocks, Chaiyaboon Brother Co., Ltd.,
Bangkok, Thailand)
322 E;'Uﬂiﬂjﬂ’m‘uﬁaﬂ (Squeegee, local shop in Thailand)
3.2.3 Asganulasuilnng il (Chromatography paper) 1o3 4, Whatman, UK)
3.2.4 laulastun (Micro pipet) aunm 20 uag 100 lulasans (BRAND, Germany)
3.2.5 lulasiwunsiadiag (Microcentrifuges tubes) aum 0.6 1.0 uag 2.0 Jaaans
(Molecular Bio Product, USA)
3.26 \A3esiloiarulunsn-e (pH meter) §u Model UB-10
(Denver Instrument, USA)
327 nsesdslwiimedoudsmums U AZ Series (Sartorius, USA)
3.2.8 \AS09ALAY Canon (CanoScan Lide 120, Vietnam)

3.3 3/N15MAa09
33.1 afegunsalnnainluunseany
33.1.1 n1seanuuy (Pattern) gunsalnsIviaLuUNTEANY
2Nk UURUNTAINTITALUUNTEATY UTENOUAIEY 2 UTIIN fiD
UILIUAI98719 (Sample zone) d1NTUNEAAITAI0879 LAEUTIUATIVIA (Detection zone)
dmiuiindfisen eanuuuaunsainsiaianuunseaulagldlusunsy Adobe Ilustrator
Favun 3 JUNUU Fanndt 3.1 smualfuinuseguaruinansaninvemnsuuuuiiud
winfu dwiuuinannaiavssneumnesunssimasudnunsainiinuglasa sunsanay
dmsunmainuTinamsnlna uazgunssdmasudmiunnaiavinanglea

0.52 gy, 0.40 @y,

VINUATIIN

V3maaeng

Mwi 3.1 MseeniuvgunsalnsIvianuunsEay
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3.3.1.2 Usghvgaunsalnsandnluunseamumieisnsiaiuuansuienedwes

fuil 1 dsUuuuresgunsaiaTatanuunszas Aldainde 33.1.1
uataudenaniulasufonaniufiouin 10x12 i1 1¥¢medioamesfifignguauin 100 mesh
Favuanldmenums 10 Gasu

il 2 Mavdenaniuasuunszarslasuiinnsi

il 3 azanensaneduaninlularaslsiiny uasimasuudenaniu

fuil 4 Meunsaitreudenuinansazanensaneduanin

fuil 5 Udeelansavansnsaweduanfinuiis

fuil 6 Idgunsainmiaiauuunszay Tsdniifusuuuy (Winadm)
fautRveui (Hydrophilic) uaguImdIufieguengluvy (Bi1Su) sxdauddldveuih
(Hydrophobic) fsnwil 3.2

. PV
ladwauiih

s

AN 3.2 F5N15USERAETUNTAINSIATARUUNTEANEAIEITNISRUNLUUANTUAIE WD RLUDS
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3.3.1.3 ANWIANUUNTUYIENTATANINIANDALANAN

Anwanududuiiinzauvesansazarensaneduanin lnvazane
nsaneauaninlulanaslsimu Aeududusiieg § 05 1 5 10 wer 15 Wedduslae
1raseUsuns andumansazatensanednaniniinaududusineg asuuuienaniuy
warUnansazanensaneduaninmeaunsaiiinuden Yaseliasazaiensaneduanfinuing
wl¥gunsaianninuuunszaui 3 Uuuy sudelunenasazansiituug (Hdunsdnu
dWesmluaisazateiidddaew) anududu 1 9adluans Usuins 100 lulasdns
asluuinasnedns nasilunsfisnsanazidenannmsnaassilisuuuuidaauian

3.3.1.4 wduvvvesgUnsalnsiafauuunsenvimizandiviuasiaia
USinaglasa vgnina waznglaa
‘mgﬂLLUUGU@QE;‘Uﬂiﬁimaﬁ]i’mmummwﬁmmzau Imsﬁwgmwuﬂ%
3 sUuuuiildannde 3.3.1.2 umenarsazatsiuiiduugainaduty 1 fadluand Usuins
100 lulasang asusnaiods tnusinsinnsanazidenainguuuuiidisnsilunisinavesans
MnuinameglUiuTnuna i

2.3.2 A5msuUsnaneluIwnsuUSEUIaNaNIN
2.3.2.1 WalUseNSUUSEUINaN N ALLEARINLNIANUBIlUSHATY AININT 3.3
FeusznoumeymauarlenaulanidyanuaivaunIedile

¢ Imagel - X
File Edit Image Process Analyze Plugins Window Help

B ojc|o||« N [Ala|o|0)] Qlefs|e]s] | |»

&

Color picker (255,255,255/0,0,0)

AN 3.3 UUIASLUSHASUUTZUIaNAN N
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3.3.2.2 maUaldnmiisesnsusua 1l File = Open a1nuudaniug
AMAABINITUUING FININT 3.4

_é Imagel _ %
Edit Image Process Analyze Plugins Window Help

New JAla|ol0] aleds]els] | |-

Open... (o1 L0 pht click to switch)

Open Next Ctri+Shift+O

Open Samples 4
Open Recent 4
Import 4
Close Ctrl+W

Close All Ctrl+Shift+W

Save Citrl+3

Save As 4
Revert Ctrl+R

Page Setup...

Print... Citrl+P

Quit

AH 3.4 N5 UalWanN MAFBIN1skUSHANLUSWASHUSEUIANANN

33.2.3 1HentensuluuunIugunsIveusiinns13innfen1sulsue
LAt lUNIIUInARsIain dannd 3.5

dr
File Edu Image Process Analyze

@GIUI/'AI I\IAIQIOIEH QlWIlIOIﬂI JBIE

File Edt Image Process Analyze Plugins Window
E@GIOI/IAI INIAla o] Qo a]alz] | |

'Oval*, elliptical or brush selections (right click to switch)

¢ dadew Ajpg
267x258 pixels; RGB. 269K

{ e Ajpg
267x258 pixels; RGB; 269K

A 3.5 FenlersuuluuLiveitnIsulsHa
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3.3.2.4 éfﬂmﬁmummmiaﬂausﬂLLUUmmﬂmwaau’%nmmﬂﬁmﬁé]’aams
wUsua aglul Edit — Selection —» Specify a%amgummwummwm 3.6 9NTUALA
‘ummﬂmﬂummmLmﬂ‘uummm’gﬁmmmaaﬂ’mlﬂimam Width way Height waiadn OK

- X

Image Process Analyze Plugi
cutez HAI‘\MDI OJD"Jllolﬂi |_|»

Ctri+X

) e ile édl Image Pr¢ Analyze Plug Window -
o/ 10 Sysiem et o i ocess e Plugins
Pase OV | Shecinone  Cuteshae a8 || ~4: ’i\lAlqlfVIDI Q]""J/|@V| |_|»
£e9 Control | Restore Selection  Cr+Shit+E
Clear Fit Spine

Clear Outside F# Circle

Fa CulvF

Draw CuisD

Invert Ctri+Shift+l

‘Oval®, elliptical or brush selections (nght click to switch)

4 i hjpg
267x258 pixels; RGB; 269K

Width: |65
Height |65

X coordinate: |10

Y coordinate: |21

¥ oval
I™ Constrain square/circie
™ Centered

o] o

4 oo Ajp
267x258 pueels. Rt Options

AN 3.6 miéf@ﬂ'wﬁmummmgﬂwsﬂummﬂiwa

3.3.2.5 damaudud ilun Analyze —» Histogram 9zUs1ngninsnetu
AINTNT 3.7 AAN Live WAIAANT RGB LNBBIUAIAIIULTNENADINTT 91ATUB U
Arrududna Mean Using sadusdildainnsdszuianin

i
File Edit

ELEGIOJ/W Ny A|°~|°|D] Q.WJJIOIFI |Sif=

4 Histogram of thdos
300x240 pixels: RGB; 281K

4 deo Ajpg
267x258 pixsls; RGB; 260K

g .
267x258 pinals; RGB; 269K

uun 68894 In 153

Mode: 52 (80)

] con| o] e 58]

dl U 1 v a
AN 3.7 A1TRIUAIAINULVUEA
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3326 wanmsidensiuaimiududlunsuusnatiiorinisnsiatausune
glasa vignlna uaznglaa lngazidensiudinnudud (RGB) AlviAranuidudgeiige
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Abstract

A biosensor for determination of glucose has been fabricated by employing paper-based analytical device (PAD). A PAD was
fabricated by wax screen-printing technique. Glucose oxidase and peroxidase were used as catalysis the oxidation reaction of glucose
resulting in gluconic acid and hydrogen peroxide. Then this product reacted with 3,3',5,5'-tetramethylbenzidine lead to blue color
solution. The color intensity was measured by the imaging J program. Under optimum conditions, the PAD glucose biosensor showed
a good linear relationship between the color intensity and glucose concentration ranging from 5 mM to 30 mM. The developed PAD
might be an alternative tool for detection of glucose on field work due to its simplicity, low cost, disposability and portability.

Objectives Results and Discussion

% To develop a biosensor for detection of glucose

Methodology
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ARTICLE INFO ABSTRACT

Keywords: Herein, we propose the first fabrication of a microfluidic paper-based analytical device (UPAD) as a simple, rapid
Sucrase and selective method for the simultaneous detection of sucrose, fructose and glucose for quality monitoring in
Fructose the sugar industry. Multiplex detection of the three analytes was achieved by three detection zones designed on a
Glucose single device. Fach detection zone on the pPAD was modified with + ic reagents and specific
;::’:sz?k Papetiaied anatyilcal device substrates. The enzymatic reactions between the specific enzymes, chromogenic reagents and their corre-

sponding substrates yielded different colored products: brown for sucrose, blue for fructose and pink for glucose.
All the reaction conditions were evaluated. The limits of detection were determined to be 0.9 mM, 0.8 mM and
0.4mM for sucrose, fructose and glucose, respectively. The d pPAD 11} d sucrose,
- fructose and glucose within 11 min using a signal device and obtained a spike recovery of 100-103% for sucrose,
98-103% for fructose, and 100-102% for glucose, The yPAD was applied to detect sucrose, fructose and glicose
in real samples, and the results were in good with those obtained using high-p liquid
<k graphy (HPLC). The p d uPAD provides several advantages, including ease of use, fast results and
low cost. Therefore, the developed PPAD is suitable for application in the sugar industry for monitoring sucrose,
fructose and glucose in parallel.

1. Introduction

Sugar is produced from sugarcane, sugar beets, palm trees and
maple trees [1-3]. Most sugar worldwide is produced from sugarcane
[4,5]. Therefore, sugarcane is an important resource and serves as the
world's primary source for industrial sugar [6]. Sugar quality depends
on the sucrose content [7,8]. During the sugar manufacturing process,
the conversion of sucrose to fructose and glucose decreases this quality
[9,10]. Therefore, monitoring sucrose, fructose and glucose is quite
important for quality control in sugar manufacturing. Many methods

expensive instruments and specialized technicians, and it is time-con-
suming. Recently, optical methods have been used for sugar detection.
This assay is based on the synthesis of gold nanoparticles in the pre-
sence of glucose as a reducing agent. However, this method is non-
selective other reducing compounds. In additi electro-
chemical enzymatic methods continue to be used for sugar analysis due
to their high sensitivity and selectivity. These methods have some
drawbacks, such as the need for several steps, skilled personnel and
expensive instruments. In comparison with the methods mentioned
above, microfluidic paper-based analytical devices (uPADs) detect

have been used to measure sucrose, fructose and glucose, includi

polarimetry [11-13], spectroscopy [14-16], high-performance liquid
chromatography (HPLC) [17-21], and optical [22-25] and electro-
chemical enzymatic methods [26-28]. Polarimetry is generally used to
detect sucrose in sugar factories, but this method requires sample pre-
paration and lacks sensitivity. Spectroscopy is sensitive but has lim-
itations, such as the need for expensive instrumentation and the in-
ability to detect sucrose, fructose and glucose simultaneously. Although
simultaneous detection is possible with HPLC, this method requires

* Corresponding author.
E-mail address: siriwan@mail.rmutt.ac.th (S. Teepoo).

https://doi.org/10.1016/j.talanta.2019.120302

Itiple targets si ly using a single strip, which increases the
detection speed and decreases the cost [29-33]. Such devices provide
many advantages over traditional methods, such as faster analysis time,
lower reagent and sample consumption, lower cost, simple operation
and better suitability for on-site detection. However, the yPAD appli-
cations have some limitations regarding sensitivity, accuracy, and mass
production [34,35]. Since the early 1990s, biosensors have been de-
veloped for applications in environmental [36-40], medical [41-43],
biotechnological and industrial fields due to their sensitive, selective
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Scanner

Invertase Glucose oxidase ¥

Scheme 1. Principles of the pPAD-based simultaneous

and rapid methods. Now, pPADs are becoming the preferred devices for
biosensors because of their many advantages.

Here, we describe the simultaneous detection of sucrose, fructose
and glucose using a single paper-based device, as shown in Scheme 1.
We achieved simultaneous detection by distributing samples from the
sample zone (8) to three detection zones (A, B and C) for three assays
(Fig. 1A). Each detection zone was modified with chemicals that caused

hacose (mM)

analysis of sucrose, fructose and glucose detection.
specific enzymatic reactions, as well as their substrates, to form colored
prod Then, we d pt hs of the colors using a
scanner and evaluated the average color intensities of the detection
zones using ImageJ software to calculate the concentration of each
analyte.

To the best of our knowledge, this is the first simultaneous detection
of sucrose, fructose and glucose on a pPAD based on the biosensor

A

HPAD patterns design

Patterned screening block

Polylactic acld solution

/ Squeegee

A

AN

.

.

S
. T

Chromatography paper

- Chromatography paper
Adkd oty bactic acid

§ Pabvinctie i mmgnphy kot
==~ Hydrophobic

Patterned screening hlock

Hydrophilic

Cut

Hydrophobic

Fig. 1. Design of the yPAD for sucrose, fructose and glicose detection on one-step (A). The pPAD production process using the polymer screen-printing technique (B).
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technique. The proposed analytical device detects sucrose, fructose and
glucose in real samples within 11 min using a simple, portable and in-
expensive device.

2. Materials and methods
2.1. Chemicals and instruments

Invertase from baker's yeast (S. cerevisiae) =300 unit/mg solid (EC
3.2.1.26), glucose oxidase from Aspergillus niger 163,314 unit/g (EC
1 1.3.4), pero)udase from horseradish 327 units/mg (EC 1.11.1.7), D-

from Gl bacter sp. 162 units/mg (EC
1.1.99.11), sucrose, D-fructose, o-dianisidine and 4 ipyrine
were purchased from Sigma-Aldrich (St Louis, USA). Phenol was ob-
tained from Fisher scientific (Leicestershire, UK). D-glucose, sodium
dodecyl sulfate and potassium ferricyanide were purchased from Ajax
Finechem (Taren Point, Australia.). Iron (III) chloride 6-hydrate pure
was purchased from PanReac AppliChem (Barcelona, Spain). Polylactic
acid was purchased from Nature Works LLC. (Minnetonka, USA). All
other chemicals used were analytical grade. Sugar and sugarcane juice
samples were collected from Thai Sugar Industry (Rajburi, Thailand).
Whatman Cluomalography paper gmde 4 was obtained from GE
Health Life Sci UK). A block screen was
fabricated by Chmyaboon (Bangkok, Thailand). A scanner (CanoScan
Lide 120) was acquired from Canon Marketing (Thailand) Co., Ltd.
(Bangkok, Thailand). The HPLC apparatus consisted of a Waters 2690
Alliance HPLC with refractive index detector and Shodex Asahipak
NH2P-50 4E column (Waters, Milford, MA, USA).

2.2. Design and fabrication of the uPAD for simultaneous assay of sucrose,
fructose-and glucose

The pPAD patterns were designed with Adobe Illustrator and then
used to create a screen. A WPAD consists of a central sample loading
zone d by microch Is to three d zones, as shown in
Fig. 1A. Three detection zones were d d for the 1

Talanta 207 (2020) 120302

used to evaluate the color intensity using the blue channel for sucrose,
the red channel for fructose and the green channel for glucose. The
average intensities of zones A, B and C were used to assess the con-
of sucrose, fi and glucose, respectively. The quanti-
tative detections of sucrose, fructose and glucose in real samples were
calculated from the regression equations of their calibration curves.

2.3. Sample preparation

For the sugar sample, a 0.1 g of sample was weighed and then dis-
solved in 1 mL of distilled water. For sugarcane juice A and B, 100 pL of
each sample was diluted with distilled water. The sample solution was
diluted with distilled water to match the detection range of the cali-
bration curve prior to the analysis. Before the analysis, the sugar sample
was diluted 30 times, and the sugarcane juice samples were diluted 19
times with distilled water. The analysis for each sample was carried out
in triplicate.

2.4. The detection of sucrose, fructose and glucose using HPLC as a
reference method

The quantitative determination of the sucrose, fructose and glucose
in real samples was performed under the following conditions: a Shodex
Asahipak NH2P-50 4E (4.6 mm ID x 250 mm) column; a column tem-
perature of 30 ‘C; a mobile phase of 75% acetonitrile and 25% water;
and a flow rate of 1.0 mL/mL. The detection was performed using an
RID-10A refractive index detector.

3. Results and discussion
3.1. Fabrication of the uyPAD
The UPAD fabrication was performed in one-step (Fig. 1B), and the

polylactic acid solution was applied through the patterned screen to
create hydrophobic barriers on the pPADs. The polymer solution was

assay of multiple analytes: zone A detected sucrose, zone B detected
fructose and zone C detected glucose. The green part of the pattern was
used to generate a hydrophobic area on the paper, and the white areas
indicated the hydrophilic area.

The pattern screen was made from 100 mesh polyester with a
thickness of 200 + 10 um on a wood frame (purchased from a local
screen-printing printing shop in Bangkok, Thailand). Fig. 1B shows the
WPAD fabrication process. To create a hydrophobic area on the uPAD,
the patterned screen was placed on chromatography paper. A 10% w/v
polylactic acid solution, prepared by dissolving polylactic acid in di-
chloromethane, was poured over the screen. Subsequently, the poly-
lactic acid solution was squeezed through the mesh of the screen to
create a hydmphobxc area on the chromatography paper. Then, the

graphy paper was d from the screen and was dried at
room temperature. Finally, the patterned paper was cut into
3.5cm % 3.5 cm squares to use for sucrose, fructose and glucose de-
tection.

Sucrose was detected in zone A using a mixture of 1 uL of 60 U/mL
invertase, 1 uL of 82 U/mL glucose oxidase, 1 pL of 20 U mg/mL per-
oxidase, and 3 puL of 3.0 mM o-dianisidine. To detect fructose, 4 uL of
240 U/mL fructose dehydrogenase in pH 4.50 Mcllvaine buffer, 1 pL of
20.0 mM potassium ferricyanide and 1 pL of 0.01 M ferric chloride were
added to zone B. For the glucose test, 6 uL of a mixture of 0.8 U/mL
glucose oxidase, 2 U/mL peroxidase, 5.0 mM phenol and 2.5mM 4-
aminoantipyrine was applied to zone C. Next, a 30 uL sample or a
standard solution (sucrose, fructose and glucose) was introduced to the
sample zone. Then, all the enzymatic reactions on the detection zones
proceeded for 10 min. After the color developed, the pPAD dried for
1 min at room temperature and was imaged using a scanner. ImageJ
software (The National Institutes of Health, Bethesda, MD, USA) was

passed through the d screen into the chromatography paper.
After the solvent evaporated, hydrophobic regions were formed, which
provided hydrophobic barriers and hydrophilic channels on the chro-
matography paper. The concentrations of the polylactic acid solution
used were 1, 5, 10 and 15% w/v. Fig. 2 shows the top view of the yPADs
after we applied methylene blue solution to indicate the hydrophilic
reglons Conce_uu'auons lower than 10% w/v provided an incomplete
th | hydrophobic barrier due to the reduction in the
viscosity, and the permeablllty of the solution on the hydrophilic por-
tion appeared to be insufficient. Polylactic acid at higher concentrations
resulted in higher viscosity and did not penetrate the cellulose fibers of
the chromatography paper. When a droplet of reagent was deposited on
the paper, the solution penetrated the paper’s inner layer. Therefore, we
used a concentration of 10% w/v to fabricate the pPADs.

3.2. Principles of the uPAD-based sucrose, fructose and glucose detection

The simultaneous detection of sucrose, fructose and glucose was
achieved via the cascades of enzymatic reactions shown in equations
(1)-(3). Three enzymes were used to detect sucrose, one enzyme to
detect fructose, and two enzymes to detect glucose.

The analysis of sucrose was achieved by using invertase, glucose
oxidase and peroxidase for the catalytic reaction. Sucrose is decom-
posed into gl ic acid and hydrogen p ide (H,0,) by invertase
and glucose oxidase, and isidi. is then d to brown o-
dianisidine,y by H;0; in the presence of peroxidase [44].

i

nvertase, Glucose oxidase 5
Sucrose+H, 0I — Gluconic acid + 2H,0,
H,0; + 0 — dianisidinies TSN o gianisidineos

(brawn) @)
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Fig. 2. E poly acid

For the fructose , fructose dehydrogy uses fructose and

potass(um femcyamde as substrates to produce 5-keto-D-fructose and

ferrocy . The p ferrocyanide then reacts with

femc chloride, resulting in Prussmn blue production causing a color
change to blue [45

Fructose dehydrogenase
Fructose+Potassium ferricyanide ot

Potassium ferrocyanide+Ferric chloride — Pmﬂan) blue
ue)

Finally, for the glucose assay, glucose is oxidized by glucose oxidase
to form gluconic acid and H;O,. The H;O- then reacts with 4-ami-
noantipyrine to produce the pink color of quinoneimine dye [46].

Glucose+H,0+ 0, Slucoseoxidase o orie acid + H,0,
H,0, + 4 — aminoantipyrine + Phenol

Pemg'dase Quinoneimine dye + 2H,0
(pink) 3
To demonstrate the feaﬂbﬂity of the proposed UPAD, the specific
and were di d onto each d ion zone in the

presence of sucrose, fructose and glucose in the sample zone. The col-
orimetric results were captured with a digital camera, as shown in
Fig. 3A. The pPAD yielded muitiple colors for the three analytes. Su-
crose produced a brown color at zone A, while fructose and glucose
produced blue and pink colors at zone B and zone C, respectively. The
color was analyzed using a scanner, and the color intensity (RGB) va-
lues were determined using ImageJ software. Fig. 3B shows the RGB
intensities of sucrose, fructose and glucose. The blue channel provided
the highest intensity for sucrose detection, and the red and green
channels provided the best signals for fructose and glucose analysis,
respectively. Therefore, the blue, red and green values were selected for
the quantitative analysis of sucrose, fructose and glucose, respectively.
The intensity signal was calculated from I — I5, where Iy is the control
value obtained by measuring the white filter paper (blank) and I the
measured intensity value of the sample. The concentrations of all the
analytes were calculated via the calibration curve of intensity versus
analyte ion. The of sucrose was calculated by
subtracting the glucose signal from the sucrose signal.

3.3. Study of the reagent volume and sample volume

The reagent volume in the detection zone is an important factor that
influences reactions. The reagent and sample volumes were optimized
using methylene blue solution. To study of the reagent volume, a series
of 1, 2, 3,4, 5, 6 and 7 pL of methylene blue solution were applied to
the detection zone. As shown in Fig. 4A, volumes ranging from 1 to 5 uL

used to create the pPAD: (a) 1% (w/v), (b) 5% (w/v),(c) 10% (w/v) and (d) 15% (w/v).

were insufficient for the color to fully cover the detection zone. How-
ever, volumes greater than 6 L caused the reagent to spread outside the
detection zone. Thus, 6 UL was selected as the optimal reagent volume.
To determine the sample volume required to reach the reagent zone and
develop the color, various volumes of methylene blue were dropped

5 — keto — D— fructose+Potassium ferrocyanide

)

onto the sample zone. As shown in Fig. 4B, sample volumes of 10-20 uL
did not reach the detection zone. The sample with a volume of BOuL
successfully moved to the ion zone,

30 pL caused the reagent to spread over the hydrophilic area. Therefore
the sample volume was fixed at 30 uL for the subsequent experiments.

3.4. O

of the exp 1 cond

To achieve the best performance of the pPAD for detecting sucrose,
fructose and glucose, the parameter effects on the analytical signal were

= Red value

“ Green value

“ Blue value

Intensity

Fructose Glucose

Sucrose

Fig. 3. Image of the pPADs used to detect sucrose (1, 10 and 25 mM), fructose
(2, 10 and 10mM), and glucose (0.5, 7 and 10 mM) (A). Quantitative RGB
profiles of the three analytes (B).
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Fig. 4. Effects of reagent volume (A) and sample volume (B).

studied. All the experiments were performed in triplicate and averaged.
The effects of the invertase, glucose oxidase and peroxidase con-
centrations played important roles. For the enzymatic reaction of su-
crose, 60 U/mL invertase, 82 U/mL glucose oxidase and 20 U/mL
peroxidase were chosen as the conditions for sucrose d because
they provided the greatest color intensity (Flg S]A B and C). Fig. S1D
shows that, as the conc of o-di; d in the range
in of 0.5-3.0 mM, the color intensity increased as a result of increasing
o-dianisidone,y, products. With a further increase in the o-dianisidine
concentration, the color intensity became saturated; a concentration of
3.0 mM was thus selected as the opti condition. Subseq ly, the
PpH value of each enzyme was optimized by varying the pH from 4.00 to
7.00. As shown in Fig. S1E, the highest color intensity was achieved at
pH 5.50 (acetate buffer) for the invertase and glucose oxidase and pH
6.50 (phosphate buffer) for the peroxidase.

Several parameters, including the concentrations of fructose dehy-
drogenase, potassium ferricyanide and ferric chloride, allowed us to
create a highly sensitive pPAD for the analysis of fructose. The fructose
dehydrogenase concentration was optimized by testing three con-
centrations (80, 160 and 240 U/mL). However, concentrations higher
than 240 U/mL could not be studied, because this was the original stock
solution. A concentration of 240 U/mL was selected because it provided
the highest intensity, as shown in Fig. S2A. Then, various concentra-
tions of p ferri were d and the results showed

linearity, limit of detection (LOD), selectivity, accuracy and stability, under
the optimum conditions. These features are summarized in Table 1.

3.5.1. Calibration and linear ranges

Fig. S5A, B and C show typical calibration curves for sucrose,
fructose and glucose, respectively. The calibration curves provided
linear ranges of 1-25 mM, 2-20 mM and 0.5-10 mM for sucrose, fruc-
tose and glucose, respectively.

3.5.2. LOD

The LOD was calculated using signal-to-noise ratios of 3. The LOD
values were 0.9 mM for sucrose, 0.8 mM for fructose and 0.4 mM for
glucose.

3.5.3. The selectivity of the uPAD

To evaluate the yPAD selectivity for sucrose, fructose and glucose de-
tection, the possible interfering compounds, including maltose, lactose,
galactose and xylose, were introduced by adding the interfering compounds
or analytes on the sample zone. All the experiments used the same con-
centration of 10mM. Fig. 5 shows the results. The intensities of all the
interfering compounds were not significantly changed, whereas high in-
tensities were obtained for the three analytes. This phenomenon occurred
because a specific catalysis was achieved by each enzyme towards each
analyte; mvemse fmctose dehydrogenase and glucose oxidase catalyzed

a complete reaction at a p ferricy ation of
20 mM, which was consndered an optimum condmon (Fig. S?.B) As
shown in Fig. S2C, g the ferric chloride ¢ also
increased the color intensity, and there were no significant changes
when the concentration of ferric chloride was increased higher than

the ng sucrose, fructose and glucose, respectively. Thus, our
developed pPAD showed high specificity towards sucrose, fructose and
glucose and is suitable for detection of all sugars in real samples.

3.5.4. Precision and accuracy of tPAD

0.01 M. Thus, a ferric chloride concentration of 0.01 M was sel d To eval the p of the developed pPADs, we studied the re-
Finally, several effects were eval d, including the ion: peatability and reproducibility. We eval d the repeatability of the de-
of the enzymes glucose oxidase and p and the ation veloped assay by averaging 7 replicate analyses of 20 mM sucrose, 20 mM

of the substrates 4-aminoantipyrine and phenol. The concentrations of
glucose oxidase and peroxidase were optimized on detection zone C. As
illustrated in Figs. S3A-B, the optimized concentrations of glucose
oxidase and peroxidase were 0.8 U/mL and 2 U/mL, respectively. At
concentrations higher than the optimized value, the color intensity did
not change significantly. The effect of the substrates 4-aminoantipyrine
and phenol were studied. As shown in Fig. S3C, the color intensity in-
creased as the concentration of 4-aminoantipyrin increased from 0.5 to
2.5 mM, reached peak intensity at 2.5 mM, and then became steady.
Next, the phenol concentration, was investigated in the range of
2.0-7.5mM (Fig. S3D). The intensity reached its maximum value at
5.0 mM. As a result, the sub conc for 4-ami ipyrine
and phenol were optimized at 2.5 mM and 5.0 mM, respectively.

The reaction times for all three analytes were studied in the range of
1-30 min. Fig. 54 shows that the reactions were complete within 10 min
for all three assays. Therefore, a reaction time of 10 min was selected as

fructose and 10 mM glucose and the relative dard devia-
tion (%RSD). The %RSD was 1.3 for sucrose, 1.9 for fructose and 1.3 for
glucose. The reproducibility of the instrumental measurements, the de-
ter and the prep of the devices were studied for the de-
tection of 20 mM sucrose ZOmM fructose and 10 mM glucuse The re-
producibility of the i was d 1 using four
different scanners (Canon G2000, HP DeskJet Ink Advantage 3835, HP
DeskJet 2621 and Brother DCT-T310). The %RSD was 2.9 for sucrose, 1.2
for fructose and 1.1 for glucose. In addition, the reproducibility of the de-
terminations and preparation of the devices was analyzed using 7 different
uPADs, and the RSD values obtained were 3.1%, 3.4% and 1.5% for sucrose,
fructose and glucose, respectively. All the results indicated that the yPADs
had high precision. The pPAD accuracy was evaluated via a recovery test;
three concentration levels of sucrose, fructose and glucose were spiked into
a sample of sugarcane juice A. Based on Table 2, the recovery ranges were
100-103% for sucrose, 98-103% fructose and 100-102% for glucose. All
the results indicated that the yPADs had high precision.

The storage stability of the yPAD was determined by measuring the

the reaction time for the simul lysis of the three pounds.
3.5. Analytical performance 3.5.5. Stability of uPAD
We evaluated the analytical features, i the pPAD color i

o

of sucrose, fructose and glucose. The color intensity
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Table 1
y of pPADs’ analytical perfe
Analytes * Linear range (mM) Regression equation T 10D (mM) Accuracy (%)
Sucrose 1.0-256 ¥ = 1.6205x + 10.475 0.9996 0.9 100 + 0.6-103 + 1.3
Fruclose 2.0-20 ¥y = 3.6962x + 57.715 0.9997 0.8 98 + 20-103 = 1.5
Glucose 0.5-10 y = 7.2806x + 9.3507 0.9997 0.4 100 + 0.1-102 + 0.6

remained at 76, 82 and 84% of its initial value for the analysis of su-
crose, fructose and glucose, respectively, after a storage period of
4 months at 4 °C.

3.6. Analysis of sucrose fructose and glitcose in real samples

The pPAD performance was further evaluated by testing its detec-
tion ability in three real samples, one made from sugar and two made
from sugarcane juice, and the analytical results were compared with
those of the HPLC method. The sucrose, fructose and glucose con-
centrations were calculated using the calibration curve of the standard
solution (Fig. 6A). Fig. 6B shows the yPAD images of real samples for
simultaneous detection of sucrose, fructose and glucose. As shown in
Table 3, the concentrations of sucrose, fructose and glucose obtained by
the uPADs were not significantly different from those obtained with the
HPLC method, based on a statistics t-test at 95% confidence. The pro-
posed HPAD required less analysis time compared to that of HPLC. The
average analysis time for the yPAD was 11 min, while for HPLC it was
20 min. The preparation procedure for the pPAD included only duunon,
whereas the HPLC samples were filtered through a nylon

Table 2
The recovery of sucrose, fructose and glucose in the spiked sugarcane juice A
sample using the proposed pnPADs.

Analyte Initially detected Add M) Total found Recovery (%)
(mM) (mM)

Sucrose 165 + 0.0 29 19.4 + 0.0 102 + 1.2
165 + 0.0 5.0 21.5 * 0.0 100 * 0.6
165 + 0.0 10.0 26.8 & 0.1 103 # 1.3

Fructose 3.1 + 0.1 26 58 + 0.0 103 + 1.5
31101 5.0 8.0 + 0.1 98 # 2.0
X 0L 10.0 13.1 + 0.2 99 + 1.8

Glucose 2.0 + 0.0 1.2 32 + 00 102 *+ 0.6
20 £ 0.0 30 50 + 0.0 101 + 0.6
20 £ 00 7.0 9.0 + 0.0 100 + 0.1

paper using a polymer screening method; the materials were readily
available, simple to fabricate, and the process was equipment-free and
cost-effective. All the analytes were detected via enzymatic reactions
with selective substrates of each analyte. The change in color on the

prior to analysis. F , the developed pPAD is limited in term of
mass production for commercial use.

4. Conclusions

In summary, we demonstrated that our colorimetric pPAD is the first
method to facilitate the simultaneous detection of suctose, fructose and
glucose using one device. The yPAD was fabricated on chromatography

zone of each assay was recorded with a scanner, and the
concentrations were derived from the color intensity using Imagel
software. After the experimental conditions were optimized, the limits
of detection of sucrose, fructose and glucose were 0.9, 0.4 and 0.8 mM,
respectively. All the analytes were detected within 11 min without any
preconcentration or clean-up steps. The total cos( for the materials,
including the paper devices, enzy hy paper
and polylactic acid is estimated to be approxlmately $3/device for three
analytes. Our pPAD showed excellent performance in terms of stability,

100
80
® Sucrose detection

P
F » Fructose detection
=
&

o “ Glucose detection

20 B

— — — omme —
° — — — — —
Maltose  Lactose Galactose Xylose Blank  Amalytes

Fig. 5. Selectivity tested with maltose, lactose, galactose and xylose, which were compared with a blank pPAD and the three analytes.
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A Standard solution

Low concentration

Talanta 207 (2020) 120302

igh concentration

Sugar

Sugarcane juice A

Sugarcane juice B

Fig. 6. Image of the uPADs tested with various concentrations of sucrose, fructose and glucose standard solution (A) and real samples (B).

Table 3
Comparison of sucrose, fructose and glucose content in real samples using
WPADs and the HPLG method.

Bl

R. Hofer, M. Taherzadch, K.M. Nampoothir, C. Larroche (Eds.), Industrial

hite sevier, 2015, pp. 157-235.
M. Doble, AK. Kruthiventi, Chapter 9 - industrial examples, in: M. Doble,
AK. Kruthiventi (Eds.), Green Chemistry and Engineering, Academic Press,

Samples Analytes  pPADs HPIC method  tey
% + SD % + SD (teapie = 2.920)
Sugar Sucrose 90.7 + 0.1 99.4 + 0.3 1.0
Fructose  N/A N/A
Glucose  N/A N/A
Sugarcane juice A Sucrose 147 + 0.3 146 + 0.4 1.0
Fructose  0.83 + 003  0.83 + 0.02 08
Glucose 092 + 001 1.04 + 0.01 08
Sugarcane juice B Sucrose 121 + 0.3 129 £ 0.1 1.0
Fructose 054 + 0.02 0.50 + 0.01 0.8
Glucose 054 £ 0.02 062 £ 001 08
N/A: not detected.
recovery, bility and reproducibility for the detec-

tion of sucrose, fructose and glucose. Additionally, we used the yPAD to
analyze sucrose, fructose and glucose in real samples. This technology
provides a promising alternative method for monitoring sucrose, fruc-
tose and glucose in sugar industry.
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