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ABSTRACT

Lead is a toxic element which is usually contaminated in meat. It has been
used in various fields. Lead poisoning can damage the brain and nervous system. Hence,
this research aims to develop a paper test strip to detect lead residuals in meat samples.
The paper test strips were created utilizing a reaction between the lead and a rhodamine
6G derivative, resulting in a color change from colorless to pink on the detection zone
of the paper test strip. The color intensity was determined with a smartphone.

Firstly, the rhodamine 6G derivative was synthesized. Then, the optimum
parameters of the paper test strips were determined and the effectiveness of paper test
strips for the lead detection was investigated. The results of the experiment revealed
that the color intensity was directly proportional to the lead concentration in the
concentration range from 0.1-1 meg/L. The limitations of detection and those of the
quantitative detection were 0.08 and 0.27 mg/|, respectively. The percentage of return
in the range was 83 — 103 %. It took only one minute for the analysis. The paper test
strips lifetime was ten weeks. Finally, the paper test strip was used to determine the
lead residues in meat samples. The analysis results obtained from the paper test strips
developed by the researcher conformed to those gained from the standard method.

This research showed that the developed paper test strips have advantages
including high accuracy and specificity to lead detection with short analysis time, cost-

effectiveness, and portability. That is, it could be used to determine lead in the field.

Keywords: lead, paper test strip, meat, rhodamine 6G derivative, smartphone
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(n) YUADUNNTES NUHUNAFDULUUNTEA Y
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< pszaelasulunsad
| (USL2EUR52I9)

UM 0.5 x 0.5 LYURLUANT

/=

N

ansavany 3-axdlulwsiales nsendledu LHUNAADULUUNSEANY

15



(V) TURBUNITNTIVIN
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(M) FUMBUNISUSEUIANE
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-4 i 1 Ly
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2.1 Az

v L3

o ¢ Aaa o A ~ Y
nznadussrusgnoumaniifidyanwainiaaife Pb diavesnouyiniu 82
fdnwuzidulangendnadiien daueeudids yanaeunadni JAUNEILEuEY
fnuautinasiuiiuniunisiansoulds anunuLiuvensil Ae 11.34 nSusegnuie-
a o 1 1% a 3 d‘w o‘dy QAI <) 3
WURAT [14] @snznig1unsawlsennlavaiesiin NaNaaasIenau waziidussnusenau
AusssuYIfvenldeonlan usiai nuazd adulngdnid uusiai dniseyende
A a = a ¢ Y a a Y Y

iU Usenaudanssuvesuywd [15] ned ndud deuldluduanainnssy
n1stinzAqlulssugaamnssuuisesndu 2 Uszan Ao a1susenaveiunidazin
(Inorganic lead) Nflpaldlugnaiingsunig 9 1wy NMsudaLumnesIsaeusd n1svasulans
a | & = ' v ] a a ¢ Y]
NSNANWALYOULSD ST NN BES 19 LT UAY [16-19] wazai1sUsenaudunsdnei
(Organic lead) d@alngdniunldlumenisinussdudiunauvesansidndngity [20] WWudu
v S o v = a a Yo O v o P SR R |
aruwnildeilvuseansianuidesaglasuasneiadngstamelauintu g edulvg

wasvaangduvginandwinden waganainisy [21,22]

2.1.1 9URREIMNTTY
wa = & [ a o v 1Y 1< aa o

Auantinsaivewnzid Wuamgiilieeinduntdeudunldlulssny
geamnssuviaeyszian Fadudumayiligussnavondndudadunziaannisu iRy

TAYEIUITOLUY LARIAINITIN 2.1

a Y] = v @ Y v a
M99 2.1 ﬁgﬂ‘Uf’nqﬂJLaEJﬂIuﬂ']331]Nﬁm%ﬂ'ﬁﬂqﬂiiﬂﬂqu@‘@aﬁlﬁﬂiiﬂSﬂaﬂﬁiﬂﬁgﬂ@ansﬁW [23]

ANNIAD I ANILABINANS ANNLEE SN
MsldenuAYvaoNnz i nsudsoeud NIKENYIEN
NINANLAZYRLISD nMskanaeLAla qmammsmsmﬁaq
MsuanvSeslelAany nMswilaangin QAANNNTTUA
MIHARLAYToULATE A nsuannsyautu
QRERRGERY NIHARLLIIEN
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uenand vod o iinarnnszuruntsudadndnsvuid ouvesngin
iy matdamznauiu uazinfignudosanlasnuniionns (23-25]
2.1.2 frudswanden
2.1.2.1 msvud sungdludwiad uldvarsdade iwu iinainanag
N195ITUYIR NITWAUIVBIYNTY Laznagaavnssy LT udu aunfiiinanniesssuea
W nsynseuveaudonlan [26] Msszidavesguuilil [27] TagUndnzdleyluguuuy
1A59519mAnus (Lattice-held metal) nM3fawzvoaUdonlanyiling Al eynatdnas
wazAnnsaraudilusuiuuTassdesdnusanniy silvinsdunsnszategdunndonldiety
N15UUANI9AAIMNTIN LATNITINYATAABAIUNITVEIEA 18T 8908 1959AL57
virliluansgowsmldSunansenuainnisuud euansasialud swandeu finnsiinsizs
wangdluduvinuyuruvendesialua f5lalasila ansgouing wused lufu
300 fiadn3udenlaniu dudumiiAunusiannsgiu [26]
2.1.2.2 nsvuid oungdalueinie lﬁﬁmu?f{i’awmﬁmﬁ’agﬂﬂamﬂa'aﬂ

1

4T uUITEINAlAEATIINSITUYIRBENUT UM 0.6 urlunsusegnuianiuns [29]
Weadnsimwguswdu i liinmsneainelssuanangsy demalilinemlutuusseinie
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Wudunauluaisidadngie waznisldviviuudu laewflednsdavuaisidndagity
= Y A ¢ a ' o ' a ° v < a
30n15ldLA3 U UanUdesniusanuiainvielaids agvilineiinanisifansgane
Yuauluainia [29,30] 573u890158EaRL0U N15RNV8E NISLLY DA Ui BN SHAR LT
LavgaannssunIsngalaveazi Wudu [31-33] sxminvuleulusniczaseieglueinie

Fearmnsaunsnszarvlanatsilaiuns uaznolvinnn1ssinanuaudaualvegu

' 1%
[y o

nemndivinluanauinnineanasdiiuaunou

2.1.2.3 msuueunyiiluii

o w £

1) WAeaInunasusy Lnainnistdutludindsgandu loun dni
U39019115 Fuae A159138319N18 A1nTegafennUselan 81A15UUT0U AARER S1UAN
UM Ann1Ans vewn Lsane1u1a danruneIuia 15wy @anuuInisgeusagun Ui
dl ! ¥ U 1 96’ d! 1 1 ! 1 9{; ra o U !
Aunsldanuazgniassunaneuilalasndediulugavlvaasguiunlagliiinmsiidanou
UBNAINUIN NV BTLUIBUILA D FITUITN NG BUUTUININT Inaadg wna a1
Aa o

TudnwueR i wruslidaau e 4IMARINNITANNURIAIUDIAISUIULS OU UIUURIOUY
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2) mevhunenanssy wu a5 w1 WS hanunadinsiins
fanuansdsznoumanifvedraunaniafu laun Joiad Jodunid wagingaff
llunainunsnssy Sududesiinisldals uazensiuuas Snisorainduainnisdisedng
A3 osflonazgunaninisinuns Fenuindasanysnuasansivasgunasiinlii fazen
\Annsdeunmunimuaznolifanansenusodanades [16]

3) 15991u@aa N Isuda nyazwnne197 Y A1uUseLanueelsaany
tu TssauuUsguindiu ndinums gaanvnssud 11304943 N159A N19NAU LAT B3d1979
.3 paUsEAU vaaLdulin i tadead ufumn Yanuseun Tavenan 3alada nszand
MUATURLAI NTvaUNANAZAY LUmMed vatndmSusasud snusnn wagninuiaeie
[34-41] 1wy msvhuniiesusiduanveiivilsiingu wasiingneuluusiindiss nosauiiu us
o19gnuzdaluaasgaists dauudaduniendearuazainlunisvudsadosus
vl Ausanate Tsseung s ogainduil sudund udund ofl vl branysn
Tnensisvssyadosviousaduuiiviinuaminden nsyandeahlifunussis
faneas waziianznewilisisnsiu nmsvuniieuenainasrhanuidsmennundaiug
Foilsiuiluusnasudemeluge wWesndewihnslauduls wasila pH g4 [42,43]

2.1.2.4 myvuidounzmluhddemsinandduieineliinanuduiy
neihazavauogluiuniedilndlungaanunssy Wevdfivudousenstundiunldagyly
Aadymmsanddluilednsly lesnneuslanomsiifinefvuideusmnannnazneliin
Sumsreunsrenield Senwideluussmalne [44] asresimmeiafivuidiouludniiugnlufu
Uuiloungiianieeds saianigauys dvlunismeassagyinmsulsdnulufounsaes
Frofuivud ou waglivuid ouned lasisusnismeassnsamiaedlunin ezl
wagialuwin nanisAnsmumsuul euresnsda Tunsn avtin wagsialuwin (52.42+9.59,
51.62+4.95 way 49.20+0.54 Aadnsusanlansy MUaInU) wara1ny waghu (37.48+11.38,
38.19+8.14 Uag 35.59+4.03 Hadnfusiedlaniu auady) Jadunasiinssnlunsuilan

f® 0.10 Nadnsusanlansy [45]
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o Y 1 P & H A A
agnIansadgsuneldannsuuleulusims Ul taTesdu erayulng
o < & = ! ¢ Y v
wrulusiae waznwugndegnduideu lnemdeylnaansagadungiiaineimisiaussuin
10 Wosiwudvaausinungnaluemis wazina1nnsogadunznalauinta 40 83 50 Seuay

lngumindeUsuinsvesUsuaneAtlueimis [46,47] ngAnuuleuluamsavgadudng

Y
nszualdenrialdidnadiudu uazainanldidnazidng dulaeruniadudendilnging

nszuaiiian [48] Nsgadungidluniaiuemstuegiuladevalgadn 1Y 81y uazn1e

Y

Lagunis lun1eivieeinam3oldsue1msivInsInueAaLdon 5IAMAaN KAZSINNDILA

'
v

visedasweaam gvilinenignanduingsianielanau [49]
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2.2.2 spuumela
mamelaganuaiu fuavess uareynmanziiivaosoonuisewinansining
fan i vud ounzia annsagaduriiugeauvendgnssuadonld Inon1sgaduasifindu
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Taetalu 35 §9 50 fovazlnguinindouiuinsvesneia [50] sgaduiiignszuaiion
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'
Y

mMsgaeIaiidle n3eeumanzia Usuna 1 luaseusiognuiaiiunsuesennia anunsowis
UsinangAnludonld 1 fis 2 fadnudeuTunaiden 100 dadiuns Insimuanududy
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9n7A dmsug v 8 4lusedu nie 40 fa 42 FalusdedUnvt [52] audefne
asusulaeanlas (CO,) TuenAfiiuSuasnn %ﬁﬂﬁmi@jmgﬁmmmﬁbﬂwamLsﬁwzji"mmsJ
Fini
2.2.3 MRl
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Tudhwuudy @onineududadsunielfiffuuuiudaiie wesiefaaiusnazais
Fulusuresimifsld ngfidsannsadusiuimds uandrgszuulvaisudon uasdngs
vilving i azanoglusisnels

Slosmelduansneiuhlianngefuiiuinudld antuneiasdige
Tneriumaduiend Utdugniveenainfuazgansy mnagiaudnguenyiilfduag

fnzAlnaidngnszuaidonlnenss azddaunsnszarelunndiuvessninigeg195ims)

v A

Tnglaaniiies 14 3uit ngafigngeduiingsnanieszezusnazegluaniivianlanealnn
(Lead diphosphate) [53] arMSvarauiidunauasioifadon Wy aues Jen shu fu wasla
vndnaravaulunszgnluaniazianlysoaalag 30 fovaslnsimindeusuinsvesnsi
Tusumeasiinnisavaniiieidogou wag 70 Jovaslasimindeusinnsasiinnisazay
Tunsean tadedrdiiviliingfgnldoseenainnszen Ao anefisameiinzaisniniy
Wu T19 a1vzanudunsa-a1svessanigdnund n1sanserunaaideulusianiense
ansziuLeadesluden nxMaznduseniinnszgnidignszuaiden slrAnnsazaunyiam
dodedounndu wilwsaneilddonisineinislsafivngd udeunduld [54]

1Rg91INTLSANYYINLNIDLLENIDINNTAIL
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fivyeangaideundu daulngnuluinegiind 3 9 azdaedy
TsAuil pauod oud sunady %LﬁmLﬁaizﬁumﬁ"'ﬂmﬁamquﬁu 120 lulasnsunelndans
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nsgAutunviledsedutunduanugiuazyilviianisaglnnewu (Emission of photon)
MbviAnaunasuluglangeoisawusd ATNEUINTEA UNTNNIBVeETUAaz YT [61]

WU 1UIT8Y09 Bandi kazang [62] ladin1sdaiasigit Nitrogen doped carbon dots (NCDs)
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INNATUNIUIAILIIUBSS 9rldansararsduiniaiduues NCDs Qﬂﬁﬂﬂ@i'sﬁmmﬁ"’;
Tuthéegne nansanwnu Tunsansninleglévatinngosisawudbivimnududuns
0 29 200 Wwluluans wazdInINANN1INIVIA WNAY 9.64 wluluans
2.3.4 wadalidad

nsnsniansiileeldinaiemaeiilni [63] Tneflnuiselsinmmusuna
pzAdludn ldun T dam ngman 91 da9lnenn dasen dunen finves uazdnazih
F93sildansavaredidninslad Inelhdndlnsinasd 7 1100 fadTad 1Tutan 60 3und
Tauqad 10 3undl Tanszualifiiiadl dnda3 swadvesnzdaled -410 dadlaad
wugrAdulseAns anduiusiauinin 0.9906 wasddaudsauuunsgruduing
WU 0.43 79 6.66 Yevazlngu ningousuns Y29t udunsavinfu

=

0.02 §9 0.20 TAANTUADANT UTAIINANITATIVIALNINU 0.0103 TAANSTUADANS
LazdlAUAINAN1IATIVIATIAMNINYNAY 0.0343 adinsusiadng [64]
23.5350157AS181 M 28LAS DI UAATINE ANLR anatdukuaalunlansdmes

N1536As1ERMUS U Unen uldon TAgASIUA108199 8NSALUASN ANLTUTY
0.5 SpsazlasumidnmaUsuins WuItinanalun1snsIanuLYInAU 0.0001 tulAsnsuse
WATANT ATTAINNAUNITATIVIAUSUIU 1WINAU 0.001 llASNSURABLARARS [65]

91NINAETNIULRENTIATIgRzNImemallaLInsg Y Wudlitedinn
lun193asient 1y desldindealetugelunisinsiendadsings vilidenldanegs

v o a fY A w a v oA P
waginsiaseiseiivinweanueInglunsldesedie
2.3.6 @"13\30ua4 vi3ongealsALTUA
= a ' Y P

41545 09UAY ABAITT A1UITOATENA 131U08NUILA bugUvBILad

wazdvadnisiiosuasarunsausuiuldtanizid ansee udlsuasdansililoan
A ' S A =3 | | o a

arsiiosnandunauaisdunidussianni s daulugdlaseasraduiveslsunfn
P 1 ra o = [~ v a Aa v =
Fedlngdunianssesiamudifaniuifraainneaisiseuas (Fluorescent probe)
Usznausme 3 du laun (1) Wgeslswes (Fluorophore) inthiluansaudivesigeaisaigud
lun1sgandu niearekadluyieanueiad uivaivay (2) lelelues (lonophore)
imtfiandulessulavy uag (3) dndou (Linker) vinminfidausasenitageslsnes
Aulelalunes §99zAnn1u91nn1siAnd unsNse1vadluiana wanaINUaIsi3auas
A131190052979waUle9aU hazkAnloaauld WU laeaunEn AIUUIIEIUITOUIAITLS DILAY

wszendldlunisnsirinlosounsiiluilednils [66]
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2.3.6.1 MENNSYINUYBITEUUNGRBLTALTUA
VANNIYINUVDITEUUAINGoRLTA AR aEin1TuARdty sy 0
msnsaiaaiounsida-Oeaindlu nanade Welifllessulanzluszuy leleluves
Liduleseulanziinlingeslsneslivaninismeunasigeaisaiguieanin uimnillessulans
luszuu leeaulanzaziinnisdudulelelunesegaduniziatzasilvngeelsnes
Aannseeuasigestsawudoonuidusnsdmiiusiunsafuanududuveslessulany

LAAIRINING 2.2

@ )

loaaulans

v

A7 2.2 ¥aNNSYINUYeITEULASIRBLTAlTURIgeS [66]

N39UIUNITNIUTBIETNG DBLTA UM T UwaT AR INlATIAT 1
I s a a4 a Y o = a av o
Wuwesinsiudsuwlaudafianisiulessu uansianini 2.3 fie luaisazarenlidlessu
WuigeszUaalusvlswanuni (Spiro lactam) Liiifinnisaneuaanlgesisaisus (OFF state)
= . p v I3 ¢ o ] =
1 899 1n32UUABUYLNA (Conjugation system) Tulassasraduivesdunazlineolias
Falunanduiudleansrgessawusiduigesiindunsisernulossutdy azinliiAanis
Uasalulsuaaunu ileswinnismdenhlididnnseululassasradgszuuasuging

ilAansauLaslgesisagudaani (ON state)

\/\

OO~

NS¥UIUNTSUA (OFF State) Wanealulsuaauny (ON State)

AR 2.3 nszuaunsa (OFF state) wazidanealsluuanums (ON state) [66]
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2.3.6.1 lsa3ud (Rhodamine B)

Tsadud WuansdunsienianwastJunadunadswi9linisis ouas

= 14

Aoundedu Ndlassairalsznoualgianinelslondn JgnslaTeasne Ao CyHsCINO;

U

lagdanyaen19N1g0In Ao wialutana infu 479.02 nTusolua 3ANABLLNAY

WiNAU 210 919 211 B9 NTALTEANNEIIAG UVBINITNTEH U +WIAU 510 U LULUAT

[
a

ANNEIAAUVDINTANEUET 542 UTluns 1sadiud Ivnanvaneeuius awialuil [67]

Wi 2.4 Tassadnslsaniiud [67]

2.3.6.2 15A13u 110 (Rhodamine 110)

v
caa o < a o

T5andu 110 Wuasduasevinfidnvazdunsdiinialinisseauas
087 fgnslaseasng A CyuHisCINO; ddnuwaen1an1gaIn Av wIaluiana winfu
332.35 nSusislua IvaBNIaIleend1 300 BIATALTEE AIUE1IRAUVDINITNTEAY Y

458 WLULLAT ANUYTIAFUVDINITANBLEN VAU 530 WILULLAS [68]

A 2.5 Tassadnslsanilu 110 [68]
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2.3.6.3 Laaniiu 123 (Rhodamine 123)
Tsandu 123 Wuansduaseinddnvausdundunsdulinissouas
Aded lasuauidey 9 edaululnnounislulwadved a9 3nlug Uuuuiuuiusy

¥

ﬁ%uagfﬁ’ué’fﬂamw finsldtuegrsunsnanslunisanelnaslelnuniiferdesiudnanim
YDILUULUTU Imaaﬁ' Dihydrorhodamine 123 wagindensalalasaaein danslaseasia
AD CyH7CIN,O05 TdnwaEnIINI8AIN A WIaluLaNa AU 380.824 nTusalua
ANADUVAT WINNU 235 ALY d mmmaﬂ?{ummmimzéju WINAU 505 WLULUAS

AMUYIIAAUVDINITANBET VAU 560 WILULLAT [69]

Wi 2.6 Tasaadnslsanilu 123 [69]

2.3.6.4 150131 6 G (Rhodamine 6 G)
Tsaiiu 6 G Wuansduaswiidsnvasdundihwnadundniing
NIdAIMN1TIT 0 UAIETUN AgATlATIAaTI AR 31 CueHaN,O5CL dN¥UENIINIEAIN
Aefunaluiana Wiy 479.02 nduselia ANeNAAUYEINITATEAL 1NAY 525 wilulns

AN TINAUVDINITANBUES WINAU 560 UIlULUAS [70]

HsC

A 2.7 Taseadnslsaiiu 6 G [70]
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2.3.6.5 lsiud lansiled
Tsafiud lensiles uansdansizii danvasidunsdangu

An19iToquasdyuny a9 Tanslaseasna Ao CuHiNO, 8 nuaEN1IN18AIN

e faaluiana Wiy 456.6 nuselua ANNEIIAAUVBINITNSEAY WU 500 wiluwmms

AU NIAAUVDINITANBUES LYY 580 UIlulums [71]

Wi 2.8 Tassadnslsanilud lensiles [71]

2.3.6.5 133w 6 3 lenslen
Tsndu 6 3 lansaleaiduansdaunsiziidanvaziiunsdananu

a A = 1 a L% A U
Tn19150auaId vun 29 T4mTlATase A0 CgHaNO;, A NYaENIINIEAIN

Ap dudaluanawiniu 456.6 nsusialia AINNEIAAUYDINITNTEAU WU 500 wIlwans

AU NIAFUVDINITATBUEN VIIAU 550 WILULUAT [72]

A 2.9 Tassadslsanilu 6 G leasiles [72]
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2.4 WHUNAFBULUUNTZAY

o UnsaiTtAs1esi M 1 nsearwdud Joueg1auinlunisnaaeuninauiy
Hagtudinmsiaumntuioutladgmnmaaeuluniauy samfenisud dymidesiuny
Tunsinsgifiroserdoiniesdotugdunsnmaindlisngs uaglinovauowionsnsinia
ARawIN §aukunaaouLUnIEA v uUTsuladousaustsies fuAntsadlunseaie
\ieuntiien (Lab-on-paper) wiefii3andn wiunadeuwuunszae (Paper base device) [73,
741 Jugunsainganindiviiannseay amnsawnmildazaan dminiuiiesningunsal

Tauaan Tinan1snaInnsasy waziinnuwiug Ingafenannisnszaiulasuiinns i

1 '
= a %

WuRdnveudLilavienasazateniiianizasuuiiunng 1 inveinseawasiau jisenduans

g}

v a L3 o a

7 6909n1574A518% 3nTodaenavlidnideidenldaunsalnsiadanuunseane
Wielasevingia L

$UATeve Sun uazamey [75] Iadiesgimnzaalu 3 Uszian fe diussun
hiussgun wagiluusiih fegunsaiasatauuunszny Taswsougunsainsinszy
vunszaei ldmadan1siu daeial andennesiiunisindeusstannodiues
fi3anPolydimethylsiloxane (PDMS) Lﬁa%ﬁugwquuuﬂizmw Tnelvishesalwalufivia

M319TAKAEYIUYAT 1A UBTIABN 111N199599T6ATILUAIULTUTUVDINLA 1N WANG 1Y

LY [

VULNUNAFDURUUNTEANE LAAINNISANEINUIINARARINANGIEIU0ITAAD Ao9buAIaaRUn

fis1Anas dmsleiagmefiuesdditunsundudeunate1fennnuiis 1y

=3

9 ¢ o v a o , a a Y]
ﬂ']iai']ﬂ@:dﬂimmi?‘ﬂ?@@'ﬂﬂLV]?]U?]ﬂ']ﬁm@ﬂﬁgﬂqﬂLﬂULWﬂUﬁWUQmuauiﬂu{]ﬁ]ﬁlUu

'
1 )

Wewwnduisidne sia1gn dduneunisimieulidudou wazlinanisinsiziudug

[
v =

setilundeidadonasnegunsalnsandanuunsemulugulu U IuiunAa ULUUNTEAY

lagldimalianisdansgny W odrsieimusuiunsilageidenisiaujise1sening

a [

o & = ° aaa ) 1% a I3 a v
'e]quuﬁiiﬂf]uu 6G V]’]Ui]ﬂiﬂ']ﬂ‘U@]gﬂ’J Lﬂﬂﬁ\lamﬂm“ﬂlﬂ‘juasﬁmv\d LLa%GLGU@Hﬂ']ﬂU']IUV]@\T

a al

VA 2b3 1AL TUNIST LRSS AR UEN b9 ASAUNUS A UAIIULT UT UVDINL N

£
=

] v a Y ! Y aa a v s
Qqﬂuumijﬂjﬂﬂiﬂqmﬁgﬂ’J'“U']ﬂﬂ']ﬂ'ﬂllL?JiJﬂVlLﬂﬂsUUIQEJISUaﬁJqﬁVlIWU
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uni 3

AT EUIUINY

3.1 @191Adl

3.1.1 1aa (II) Aaslsa (Lead (II) chloride, Analytical Finechem, AUS)

3.1.2 sx@lalulnga (Acetonitrile, RCI Labscan, TH)

3.1.3 3-pzdlulnsia nsnsendladu (3-Aminopropyl) triethoxysilane; APTES
Sigma-Aldrich, USA)

3.1.4 wnuea (Methanol, RCI Labscan, TH)

3.1.5 l9m1ilu 6G (Rhodamine 6 G, Sigma-Aldrich, USA)

3.1.6 lgn31@u lawnse (Hydrazine hydrate, LOBA CHEMIE, IN)

3.1.7 3,4, 5- lastuvend iuugean Lae (3, 4, 5-Trimethoxybenzaldehyde,
Sigma-Aldrich, CN)

3.1.8 tanuea (Ethanol, RCl Labscan, TH)

3.1.9 toViaezdien (Ethyl acetate, RCI Labscan, TH)

3.1.10 lamaalsilinu (Dichloromethane, RCI Labscan, TH)

3.1.11 @&n" 1@ 60 (Silica gel 60 (0.063-0.200 mm), Merck KGaA, GER)

3.1.12 nsmeedAn (Acetic, RCI Labscan, TH)

3.1.13 Inan (II) Aaslsalnslaass (Gold (lll) chloride trihydrate, Sigma-Aldrich, USA)

3.1.14 TiRendmsn (Sodium citrate, Ajax Finechem, AUS)

3.1.15 Tpeululslalase (Sodium borohydride, Sigma-Aldrich, USA)
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3.2 1a0sile wazaunsal

3.2.1 anivlviu 8vio Alcatel Shine Lite Ju 5080U auagtdenndos 13 dufiniga
(TCL Communication Ltd., Chin)

3.2.2 N3z elATInATIW Les 4 (Whatman, UK)

3.2.3 |ASOIRANTZATY U Paper trimmer NO.8005 (Deli, Chin)

3.2.4 130470 pH j:u Model UB-10 (pH meter, Denver instrument, USA)

3.2.5 NEAYI0UIUR TUANIY

3.2.6 lulastius wuin 2 Wlasans (Micro pipet, BRAND, Ger)

3.2.7 \nvestdliliuuuasden nafleudsumis Ju AZ Series (Sartorius Instrument,
USA)

328 1A309g3-7a10a atunlasluladines 5'u UV - 1601 (UV-visible
spectrophotometer, SHIMATSU, JP)

3.2.9 1A3 83NULIWEN TUIA 10.0 WUFRINAT (Magnetic Stirrer, IKA RH basic 1,
GER)

3.2.10 1A5 aenausina nuuuldaiiudeu (Hotplate stirrer, IKA RH basic 1X
Laboratory & Medical Supplies, CA)

3.2.11 Apaul YA 2.0 x 30.0 lwulums (Column, CT Laboratory Co., Ltd.)

3.2.12 NA 9 ULAIE IS UNITTALN UNAFO ULUUNTEATYAINT UNISILATIZN
IR 5.0 x 5.0 x 10.0 LYURIANT

3.2.13 waUnaLAtU Color Picker 1oitu 3.3.4

32.14 uluegdideuioad 40198 60 F254 YUIA 20.0 x 20.0 bYURALUNT
(TLC silica- gel 60 F254, Merck, GER)

3.2.15 viaenduwiesuun 0.6 wag 2.0 fadans (Axygen products, USA)

3.2.16 Lﬂ?la\‘iizmaqzyzyﬂmﬂLL‘U‘U‘Vianu q'u Hei-VAP core (Rotary evaporator,
Heidolph, GER)

3.2.17 Nd049anssAuBIannsauLUUdakIY Ju JEM-1400 (Transmission electron
microscope (TEM), JEOL Ltd., Tokyo, JP)

3.2.18 BusaninadnLiianarauutaaUnlasilimes Ju 7500-C (Inductively Coupled

Plasma Mass Spectrometry (ICP-MS), Agilent Technologies, California, USA)
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3.3 A5N151MaB9

14 1 ¥ |
2ONLUY uazadsurunagautuunszaelagltnszaulasunlnnsii

v

Anw1ISnT9AnENNne THLHUNAFDURUUNTEANY

v

ANWNENM I FUYBIHUNATBULUUN T2 AT

- Anwenudutuansazate 3-esdlulnsiia lnsnsendlediu vuuHuvegey
WUUNIZANY

- AnwAudutuves ayuslsnniiy 6G

- AnwTunasivanganues oyiudlsaniiu 6G

- FAnwnilesingaud miuifaufitesevineyiuslsaniiu 6G

= o aaa d‘
- ﬂﬂ‘i‘iﬂL’Jaﬂim’]ﬁ/l']ﬂgﬂiﬁﬂ‘ﬂL‘Vill’]%ﬁll

v

NAFUUSZANTAINYBINITNTIIN

AU YD UMARBULUUNTEANY

- ANUYNABIVDIUHUNAADURUUNTEATY

- 4PN T UEUNTIVDILH UNAFBURUUNTEANY

[ I

- YATIAANITNTIINUVO LN UNAFDULUUNTEAY

[

- AT ﬂﬂ?iﬁ]i?ﬁ]WUL%\‘iﬂﬂJﬂ?W‘U@x‘lLLNI'LWW]?{’EJU BUUNITATY

- AU UNIZLANZ VDN UN AR UL UUNTZAY

v

N13ANE1818N15 UV IUHUNATIULUUNTEATY

v

M523RN LULLaEA
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3.3.1 99NUUUBNUVAFBULUUNTEA WAL ATNNABITIULASE T U8
3.3.1.1 9BNWUULHUNAZBULUUNTEANY
PONLUUKAZAT MUK UNAABULUUNTEAIWUTENOUAIY 2 d79U AD
UFI959979 LaguTiugudmsuiv eantuuludiuvesuinunsiainlagldnssany
lasulnnsmiliues 4 auin 0.5 X 0.5 lwuduns wazdiuvasusnugiudmsuduldnssany
Soptouduilianeu 1ua 0.5 X 3.0 wufluns Mnduhduvesusnaunsaiausznouasuy
druvesgrudmiviu lneldimunnaeswmivdaunadududensenitanseanslasinlnn il

AUNTEAYSDeUaUATTIANEIU LARIRININT 3.1

0.5 lURLIAT

—t—

nszawiesUaunvianey (§rdmiudv)

YUA 0.5 x 2.0 LYURLUAT
3.0 LWURLIAS -

nsrAwlasuInNs W (WShansaln)

PUIA 0.5 x 0.5 LYURALUAST

AN 3.1 SULUUTDIUHUNAFDULUUNTEA BdmMTUATIA AR

3.3.1.2 NaDINULENEIASUaI8ATN
2NLUULAYAT19nanaTiukasd ns uld ld N unaapuLUUNTEAY
W 0 18 NTAYAT 1991 NTEA1YS B UBUATT ANEIUAIUNUY 0.17 LEURLUAS
fyum 5.0 X 5.0 X 10.0 wufkang Amuatesdmsulduiunaaauiuunszny g931ngiunages
Juan 3.0 WwuRiums uaztesdmsudenmdsaniinlnufevuiinguninegduuundes
45@d 0.5 wudiwns nelunassiivuasiiviaanly LED waadv13vuin 5.0 x 20.0 L9URLUAT

a A v gj ' ! A 4 ! ! v PN
FANYBUAUUUIY 4 AUVBINasd WeliANNEIInNelunans LaAIRININg 3.2
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10.0 LWURLLAT

AH 3.2 NaesanSUldLNUNAADURUUNTEANEABDE18AN

3.3.1.3 N9 UAIAMUTLFVLLNUNAGDULUUNTZABRAIBLaUNELATY Color Picker
a ¢ a o [ A v X vy
nsaAsEmUsiunsNlaglduiunageuluunseauRas ety avlad
YasasnanfuaUIINgIUI Tngluruddeilmihuoundiadu Color Picker unlglunisnsiadn
' | a [ Al a c’é’ (Y] 3 =~ o ) 2 = 1 | aa
ANANULUNE R G LAz B Uoa1SNARAUANIAATY AUl uduanne1uadnivunzas
1AgVINITATIVINAITALAININTTIUALAD 5 ANUTUTY LasUIUH UNAFDULUUNTEAY
Tdanenmw lngloaunsvlnulunassiiuuas WaueUnaiatu Color Picker Lamnanind 3.3 (n)
ndudena N 0181y 2119loABUINNANUUUSIUATIATAVEILA UNAADULUUNTLANY
USurunveslonoutenanlidanianef AuusaunII9in 21NUUB1UAIAMNITNEYDI R G B
) P o 1 Y aa % & o v €
WAnafanIng 3.3 (1) dhAenududneulaluaiadunsinuinsgiudunss uansanudunus
5¥NI19A1ANUL TN T LAz A1AINTUTUYRIA Y180 IM 5T tnedinaugin1s i TaunAe

\WenmanliA1Autu (Slope) gaiign
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B & 9 v

Out of range (1000 = 40000K)
Out of range (450 - 620 nm) v
Luminance: 0% v

RGB(1,1,1) v

CMYK (0%, 0%, 0%, 100%) v

HSL (0°,0%,0%) v

wsveLonon) v QO

CIELAB(0,0,0) v

CIEXYZ(0,0,0) v

100% BLACK

010101

a ! ! Y ' Y a ) .
AN 3.3 N991UANANULVNFUULNUNAADULUUNIEAN LU UNELAYU Color Picker

B & /v

Out of range (1000 = 40000 K) ~
Ot of range (450 - 620 nm) ~
Luminance: 0%

RGB(LL1) ¥

CMYK (0%, 0%, 0%, 100%) ~
HEL (0, 0%, 0%) ~

v ones - ()
CIE LA (0,0,-0) ~

CIEXYZ(0.0.0) ~

T00% BLACK
#omno

Out of range (1000 ~ 40000}
Out of range (450 - 620
Luminance: 0% v
RGE(2,1,3) v

CMYK (33%, 67%,0%, v
HSL (270", 50% ~
wsvaners, v O
CIELAB(0,1,-1) ~

CIEXYZ (0.0,0) ~

100% BLACK

#020103

(®)
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3.3.2 duATwieyuslIniiu 6G
Fuit 1 Fuaseilsanilu 66 lensdu Inodaudasuneunisdansiziunan
Sheng Wang wazamz [76] Tnad alsndu 66 urndn 2.0 nsu laadluviadunay
Lasiumiuea Usunas 40 daddns auauaisararoidunaneiduidewdeaty anduliy

= v

lonsiuleinsn Usunns 2.5 adans wardndndigamall 70 ssmwaidoa unan 8 dalus
ntutiudnSuriflduldiinduiiiuines 800 faddns daidliigamgivesdunan 1 fu
azlanznouvaslsniiu 6G lansdu

fuil 2 Auasgouiulaniiu 66 Tsazdauasi unounisduasgiinen
Sunnapu uazamy [77] Tnedanznoulsanily 6G lensndu Aldanduil 1 dviih 0.50 nfu
wazd 3, 4, 5 lasuvendiuuveadles vividn 0.2138 ndu ldasluviadunay 10t
Wuen1uea Usu1ns 40 fladans Ausuarsavatenateduileiieaty unsnesdan

1Y

U3ums 30 lulasdns dilusndndfigaugll 80 esrnwaidea 1Juian 6 4alua feviinis
a v € & o | o & < yya a v a Y a W &y
SSngauTunoudINaIaY Aansazatenalingunadvies 1 Au wlandndueife
AuNUSlsnTU 6G

Fui 3 vilieunuslsnidiu 6G 7 baindunaudl 2 \inAuusans
lagi1aywuslsniu 6G azatunlglanaelsdinu 9N wiINILenA8Tan119aA0a U
Tasuingns A Taeldszuudivinazatslunisasreauyd awn 3 99 25 Savazlaguuun
AoUSu1ns e aosTnn/laraslsdnuy Y1a1s5asaen e tUsenef1v1azaneasn
P a Y Y] P A A a A ) )
MELAIBTEmEgYINALUUYUagliayiuslsiiy 6G Nusgvaiieldlunisnsiainneia

3.3.3 N3dBATIZROUNIALIIUNDY

yMAuaze1nas adun2laaldnsalunsnanud Uty 10 Saeazlasu1unin
| a | = v vy & ) o % Y % o = P &
AaUSUIM5 WYLAS aIwN A TUAT 12 2139 Y118 19R 28U NA Y hastgaliwia 97nu
WS suaTara1ulee sugInsnazaleen18u1Us1A9n le0au AU U Y 0.448 Tuais
U3u1ns 500 daddns Jusgemeilesniginiosniuiimani gungivenduad 5 uid
wazsaulnas () Aaslsalaslatnss AULILTY 0.30 Jadluais YSuins 150 lulasans
wazimseulananlulslalasa Aty 125 daatuans Usuins 1 dadans Jusatilaq
% d' ] =3 [~ n'/ ) d' [ 1 a
Aagiasaanukmanduna 12 Flus harsagatefla lunsiaianiAinisaaniuuteadadn
lagldyran1sgandunasiiaueInay 400 89 650 Wluilns wazaTIinaudaninIgnm

MBLATEINABIYANTIAUBLENATOULUUAB IR [80]
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3.3.4 Anwianefivunzanluniseseansazate 3-evdlulnsia lnsnsendledu
VULNUNAZDULUUNTEANY
3.3.4.1 Anwaudutuiivansauvesasazany 3-exilulnsiia lasnsendledy
AN URSIVULHUNAZDULUUNTEAY
Anwanuud Ui sauvesasazas 3-exilulnsiia lnsvsondledu
F28A U uTy 1.0 20 3.0 40 50 60 waz 7.0 evazlasuindnneUsuins
Tnevenansazans 3-osdlulnsfia lnsnsendledu fanududusiig 9 asvuudnunsiaia
Usuns 2 lalasdang a1ntuiilusufigamgd 100 esrneadea uaan 30 undt nadey
N3R5 IR AveIa1sazane 3-asdlulnsia lasnsondl9du VULHUNAFBULUUNTEANY
Tneldansavanefiulersu Aty 2 Yevazlngtmindousunns nenasuuusunTIain
i nsRasanfodenanudiduresasazans 3-exdlulnsiia lnsnsondledu fianunse
vilviansazansiiulaniunszaevhuinamnsaia uasiindudiaduiig
3.3.0.2 Anwrg amn i miganlunisnisaisazate 3-exdlulnsiia
Insnson@lodu vuuRUNARULUUNTEAY
Anwigungd 7 imunzalunisniarsazats 3-ezilulnsiia
TasnsonTloduuuui undaULUUNTEAY ﬁqmmﬁ 80 90 100 110 uay 120 peALwaLged
Tnonenaisazats 3-oxdlulnsiia lasnsendleduasuuuiiiansiadn anududud e
210t 3.3.4.1 USuas 2 lulasdns anduilveudgumgfisng 9 Wwaan 30 undl
NAFaUUSEANSAINNISHSIRRveId1saraty 3-azdlulnsiia wsnsendlofu vuuwHunaasy
wuunseany Ineldaisazateidulonsunnududy 2 SesavlnouiminaoUsuins
NUABIVUUTIUATIVIA LnawainIsiatsanfedengamailunisevaisavans 3-oxdlulnsiia
Tnsnsendledu fiamnsaviliaisazaredulessunszaiemusinansiain wasdadudiiady
3.3.4.3 Anwaaii inuizanlunisnieansazats >esdlulnsfia
Iasnson@lodu vULRUNAABULUUNTEAY
Anwiaand urzaulunisnisaisazane 3ozdlulnsfia
TpsnsonTleay VULHUNAOULUUNTEATY 11387 10 20 30 40 50 waz 60 Uil Tneven
ansavany 3-evilulnsiia lnsvsendledy asvuudnansatn anududuiilaande 3.3.4.1
U3uas 2 lulasdns anduilveviigumgdfildands 3.3.4.2 Tagldnadng 4 naaeu
UsgdnSamnisnsafineesdnsazaie 3-avdlulnsia lasnsend lwdu vuLHUnAgau

wuUnsEae lneldasazatetdulansumnututu 2 Sovazlagu1ninaaUsuIng nenasuu
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USUATI970 Lnain1siansandeidennatlumseuansazaiy 3-oxdlulnsia lnsnsendledu

fanunsovinlviansazatefiulaniunszateniviiinn 51990 uasinddinduiian

'
[y

3.3.5 AnwanmgiivsnzauvesuiumadaULUUNTTAYd M ULAT YN
3.3.5.1 AnwUTesiungauvesansazaeildlunainufizen
AnwUiu1nsi imungauvesarsazatei llunsiinufAse
lnevigaansarateiulansu anududy 2.0 Tadlua1s Usums 4 6 8 10 12 14 uag 16
11lA3805 AUUUTHUATIVINVILRUNAFBULUUNTEAY LNATINITNINTNIAD LHONUTUINS
vosansazaneiililunmafnjisefiaunsafe fiseldduiiuiivesnansata
3.3.5.2 Anwimanmzfivnzaslunisnsafansm
1) Anwanuiduduiimngauveseyiuslsaiiu 6G
Anwianuiduturesoyiuslsniiiu 6G fnnuidudu 0.10 0.50
1.0 1.5 uag 2.0 Tadluans lnenenayiuslsniiiu 6G aquuusNmIIInYeI U UNAgaY
WUUNTEAY mmfum@aﬁazmﬂmﬁmigﬁumzﬁaﬂaﬂmLﬁﬁmﬁﬁu 0.3 fadnfudedns USunsild
91nde 3.3.5.1 ieblmAnUGATewHunaT 2 vl antuhusuneaeusuunszanyluldlundes
fivuas aregudeaniviny uazgurraududi ldlaglduounaiadu Color Picker
inusinsisanfeidenanudidureseyiuslsaniiu 66 Mlvranndudgan
2) Anwan pH Avszaslunainufisen
Anwien pH Mimsnganlunanfnujisen lnowmsuarsazans
1A 5 Rz TUNAUA pH 1.0 2.0 3.0 4.0 5.0 6.0 7.0 80 9.0 10.0 11.0 12.0
13.0 uay 14.0 mnmaesiinlaeldoyiuslsailu 66 anududuildande 3.3.5.2 40 1)
MEANUULANTIT TR TOIUNLYIAEOULUUNTEAY DINTUNBAAITaANEUINTIFILAZRIAN
dudu 03 dadndudedng Usuinsiildan de 3.3.5.1 AslilhiAauiasendunat 2 v
Mnduthusunageuuuunszawldlundesiivuas dresufsaunivivy wagsuraumdud
Alalnelduoundindu Color Picker inausinisiiansanderdondianu pH Tiranududgean
3) Anwiaimangauildlunsinu §izen
Anwiaaniiviangauildlunmaiaufizen insmeaedlagnen
ouWuslsafiu 6G Anuidudui ldande 3.3.5.2490 1) A1 pH i lda1nde 3.3.5.2
19 2) AULUTINATIVIAVDILHUNAADULUUNTEAY INTUMEAATTAYAILIATEIUAE AT
it 03 Tadnsusiodns Usinesiiléainde 3.3.5.1 AsllRAnUARS1 050 1 2 3 4 5 6

78 9 war 10 Wi nduihulunagdeukuunseauldlundesiivias aegumeauininu
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ware1uAIANULINA el waUnarATu Color Picker LNEUa NISNAISUIABLE BNLIANT b bU

nsiinudisennlvienanududgen

asvanei@nwivianiizimuizaddviunisnieansaraty 3-azllulnsiia

Tasnsondlodu VUL UNAGDULUUNTEANY Lazan 1z unzaulun1snsiadnng Ny

LAMIAINNTIN 3.1

A1519% 3.1 AN51LEAINISANANMNENLNzauTUNISNARD Y

ANSAN®N

ANNZNFANEN

YRNENWN

A15M39 3-pedlUlnsia 1. AT LT UVRIA1TAYAY 3-08d Lu-

losnsondlodu asuy

LAUNAABULUUNTEAY

Insia lnsnsendledu Sevazlay

Y |

UIRUNABUSUI9T)

. gaunniinmuivanlunisnieaisazany

Y

pedlulnsia lasnsend ladu

(9ALTALTYH)

e muzaulunisnseansazany

3-aziilulnsia lnsnsendledu (W)

80 - 120

10 - 60

ANSHTIVINALA

- USHINTUS IR TIVIAVDI LN UNAA DU

wuunseay (lulasans)

v v % s =
S ANULYNVUVBIDUN USLIA1AU 6G

@iadluais)

1 d‘ a aaa
. A1 pH WLWZJWSGEJIUﬂ’]iLﬂﬂUQﬂiEﬂ

d' a aaa )
- aniwsngadlunsiiauisen (ui)

0.10 - 2.50
1.0 - 14.0
0.50-6

3.3.6 ANWIUIEAVBAIMNVDUHUNAFDULUUNTEAEIUNIA I TAUS MR IREAD

3.3.6.1 ANWIANUTIEUDIUHUNAADULUUNTEATY

1) ANYINISVITIVDILNUNAFDULUUNTEANY

ANEINITVINY1Y0 LN UNAFBULUUNTEANE YINN1SNAaBIlA8NEn

I = ° aaa o o A I A a o 1 a
ﬂwwuﬁiﬁﬂqﬂ\lu 6G WWUQﬂimﬂumiazmammgmmm NAMULYUYU 0.3 UAANTURNDANT

N5 ALATIEN UL T

€

P11 N1Y

(%

a1

Taanzifeny ndud bl unaaaukuunsza1wllin



Araududiiand ulagldausninu wazthaanududildannimaasddmuamm
AaudssuunasgELInG [78]

2) NMIMIUTIVBIHUNAGBULLUNTEAY

fANEIN13719 1N UNAGBULUUNTEATY VNS Vaaedlaenen
ouWuslsnfiu 6G viufAsenduansazaenziafimnuntudu 03 fadnfusiedns vinnns
s 7 91 meldannavenetu fie Wasugmaass waziasutu nan lunisnaaes
nnthuhusunedeusuunszmyluTamarunduafiintulag lauivivu wasthaanudud
Aldannisaaedludmunmmedndenuunpsgruduivg (78]
3.3.6.2 ANWYIAINYNADIVBIUHUNARB ULUUNTEATY

ANB1AINUYNABIVOIUHUNAFBUKUUNTTAT B LA INLUOSLEUG
n3léndufu (% Recovery) vinsnaasslagldansazaneunsgiungiafinsuanududy
wuasluifodns (sample Spike) uazAnnalesidudnugnsnslindufulanafiannisi (3)

naeinsiiansanfeilesidudnislindufudoseglugie 80 - 110 (78]

Cs 'Cs
% Recovery = [ - ] x 100 (3)
G,
ey C, = ANUNTUYRIAIBENTANANTaTaN 8NN
C 3 ANUINTUYDIRIBE N NDURNAITALAHUINTTIU
G 5 ANUINTUYBIENTATAIBUINTTIUTLALA U TaiRaIN

X o <
bUBDEAR

3.3.6.3 ﬁﬂmsdaﬂmmtﬂwﬁumq

ANEIAL T WA UATIVII LN UNAADULUUNTEANY taeldansazais

v

o A v v = PR A ° o A
INTFIUNLAMAIUTUTYE 0.005 89 10 Hadnsusedns vin1snsiadnnnielaaniie
Mnnzaunlaannnisanelute 3.3.5 MATULILHUNAZDULUUNTEANYIAAIAMUINENLARATY

Tgldaunsnlny wazudiAianudud@nlauiadnansnuinsgiu kananudunus sening

a

ANANULTNETUANULTUTUYRIAN TR AU UINTTIUAN NAUIINITHATNAD ANdFNUTEEND

s

anduiiug azvaiiA1egsening 0.995 s 1.0 [78]
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3.3.6.4 ANWIWATINALUNITATIVIAVDIUN UNARBULUUNTLAY
Anwmidasfalunisnsaindnsunisasinians Tnevhnsmeass
AT Tnansarateuuasd 10 91 meldanneiildannde 3.3.5 mntniusdunadeuwuunsyay
TUSarpnududvosuuasadiintulagldndosfivuas wazausnlnly dharaududale
:,Jwﬁm’smmdauL'ﬁ"&muummgm Woumwamdasiialunisasiany lngldansindnin
Tun1smsrany = 35D/Slope [78] SD fA® @iwdaulﬁmwummgm, Slope AD ANAUTUVDS
NINUINTFI)
3.3.6.5 ANW1IIAIINALUNITATITIATIUTU
Anwmidastalunisnsiindnsunisasinians lnevnnsvaaes
AT Tnansarateuuasd 10 91 meldannedildainds 3.3.5 antniuslunadeuwuunseay
TUSaAAnududvesuuasdiming ulngldnaesfivuas wavaudnlvy tharanuduale
ufas@mdsauunIgIu emfmummdndidalunisnsainiuna tneldgns
Fagaialunisnsiany = 10SD/Slope Tnsdingaian1snsainideusunaagdesdaamuiies
uazAPLgnFes aglunusineeusuls (78]
3.3.6.6 AU NN VBILNUNAGDULUUNTEAY
ANWIAIUANNNZVDILHUNARBULUUNTEAY LABNISIASENANTATANY
Anninenasunusioayiuslsaniiu 6G [77] 1w lavead (Co?) unaldou (Ca®) wunilifoy
(Mg?") udtanila (Mn?) wutSen (Ba?) Aniia (Ni%) dangd (Zn?!) uaadleal (Cd?) wan (Fe?)
Tasulon (@) wazdwion (UY) an1sveassnieldaninsfwnizaui baainds 3.3.5
ntuthuueaeuLuunssaslUadanuuET AR ulneldaun sl
3.3.7 fAnwianuaisvesuiunageuluunsza1ulunsn s inne i
3.3.7.1 Anwamnuaiosvesasaiifilivageunz i
Anwiauiaissvesansadi i dmSunadounsia Tnsaisiad Ald
dmiunaaeuazgniAvliionmail 4 uay 25 esrwaldea vinnsvaasameldaniiz il
31099 3.3.5 10 9 1 §Un1% aunIInIsnevaustIzanatat 1l ved1Ayvinnisiaasy
Tnel4ad t-test Aiszauauidosiu 95 Wosidus
3.3.7.2 ANw191gN15IEUTDILHUNAADURUUNTEAY
An¥1918015 M UVBIUN UNARBULUUNTZATY VLA Laufny)
AIULAT SV IUNUNAADULUUNTEAT BT ITa M UNAdaunzia TnguNUVAZoULUUNTZAY

I3 v al a v ° v av v Y Y] I3 !
QgLﬂUIQWQﬂJWQNﬁE’JQ Wqﬂqimﬂaaﬂﬂqﬂimﬁﬂqjg‘ﬂlﬂQ'WﬂGU@ 3.3.5 Vlﬂ 9 1 d@Um1vt aun
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NsReUAUBIITanateg1dteddy vnisneaeulagldadf ttest i seiuanud oy
95 Wasidud
3.3.8 WnseimUSnamyiluidednd feuiuneaeunuunsEany LazlUSeUTioy
NAN1SHTIVIANUNATABUAATINAANLNANAEULLEALUNLASIUANS
asaammzialuedn s Taun Uam vy 1 ¥ uazvanila vimsadnnzin
Tuiilodns 8198 938anun91n (AOAC Official Method 2015.01) [79] Tngvinn1sunsagis
Iazidundeiadesulii Faiminiddedns Usuna 1 nfu dendosdmeaiion 4 sumnds

Tdaslunasanaasadunsalunsniiudulsungs 6 Jadans wazidulalasiauilaseanlan

(%
o o

Usums 2 Taddns aenaliseauninneseinimnell anntudidegaiwssuasawaildasly
A3 pegaua1Inleszuululasian (Microwave digestion) ademasln 1,000 Tne g ungdl

150 peFwatdea vduan 10 ud anduselimdu wazliainusaudnass araunidelu

& a

1,000 Sn6 Aannil 200 aerwarded Wuai 20 w1 wlegesiiadniudifariioanun

9 Y
'

<@ a

aandbilviduneamaiivies ntuuiuusimsmedinauliasy 50 Iaddns draisazaneile
Tuns19mmmzi7 Tuan eI aUNANEI LS AISLNUNAADUKUUNTEANE

:’I AQ. a 1 a :’I = v

FUN 1 LHFYULHUNAZDULUUNTEATEUUIN 0.5 X 3.0 LYURLIAT INUURTIAEY
d1582818 3-2xdlulnsia LlWsnsend lwdu AUl UYL 5 Sevazlneundnmausuing
aufigaumall 100 osrnwaiBed Wuian 30 wiil

g a o o £ a av v v v

JUA 2 MInTRTaMIREn1n1elaan1eAmNIgauTi lwa1nds 3.3.5 1aeld
ansanaaznaflaaniedniunuansazalenIngiuazil INTULILNUNAZOULUUNTZATY
Tuamanududnindulagldaunsniny wast1A1ANUtUER W U1AILINKIANULTUTUY
Y9IALA N LAAINNTINUIATFIU WAL UT UL BUNAVD LN UNAFOULUUNTEAWEINTU

A15AFIARLNINUIDNITAATIENAELNALADUAATNINA AN NANAFU UL UNINTIUAS

aaq



uni 4

NAN15I8aZaNUs18NE

4.1 9ONUUULKHUNAGTDULUUNTZANEILAZES 19NE0 9T ULEIARTUG18ATN
4.1.1 @5 1UNUNAFDULUUNTZANY
431K UNAFOULUUNTEABE NS URSIATAREA A1 Feand 4.1
Tngulsoanidu 2 du Ao USRI inas 199 InNTEAENTaRUeS 4 AUATe 0.5 WURLIAS
ANNYT 0.5 [WURIAT LazUInNEINEmMSUTUasIaInnIznysosUaunslinngy AUNINe
0.5 LWURLUAT AI1UE77 3.0 LWURLUAS 91N ULdIUYe USRI T AUSENB UULAILT8Y

U3hagudmsuiu lngldwmunnasmdhedauisdudutonnsaesdiudimeiu

0.5 LWURLUANT

—t

nszAYsoelauAY ANy (FIUEMTUIV)

UIA 0.5 X 3.0 LYUALLUNT
3.0 WURLUAS .

AsEAYlATIINNS W (USIURTIIA)

E UIR 0.5 X 0.5 LYUALUANT

AN 4.1 JULUUTDIUHUNARBULUUNTEA SEMTUATIV AR

4.1.2 naaafivuasdmiuaenn
4519N8 8V UkAIdINTUNNEAINYNAT NN TEATWUTITVUIA AIIUNTNS
5.0 lWUALIAT ANNE 5.0 Llwufluns A1NES 10.0 lwudluns uansian1nd 4.2 aelunaes
gnAUANUAsEviaanlil LED (14 Jad) duvundesditesdmiuienmilidurigudnalsaue
0.5 LBUALUAT A528Ea18AINTENTNENITNINY WAz UHUNAFDULUUNTEAY VAU

7.0 WURLUAT
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AN 4.2 NABINTULENEIMSUNNEN NN UNARABDULUUNTE A

4.2 M3nTasaUlATIAS19Ya9A1dUATITR D YWUSTIANIIY 6G

' [
fal a =

4.2.1 9579aUNANN UIANRTUMEMATARULaL S IATU NN

' ¥
fal a =

ATRdeUNanfnTTAnTUluNSFRTIEieuRuSLIntY 6G aeldlsniiu 6G
laasladiduasisdu aemedaniuaieeslasuilans @ nanisnaasndudanind 4.3
wulsmdu 6G lenslendszugniandoun Wnu 0.8 LuAlins wazeyiuslsnidu 6G
= d‘ d‘ ! U a U o 14 g v 1 Gy
fszpgnandoudl Wi 3.1 wumiwes lussuudnhasats 10 Sevaslngunindeusunns

ofiaazdne/laraslsiliny waninanuiiserdunszilaaisudnduslninin i

3.1 LWURLLAT
0.8 LURLUAT

AW 4.3 MInTvdevauiiuslinniiu 6G Mmeumailaniuageslasuilansiil (n) lsanilu 6G-

lanslon waz (1) sunuslsniiu 6G
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4.2.2 7573aULAIA3 199898 UWUSLIATU 6G AaumATAT AT YT UUNLUAN-
lauwuug adnlnsalnd
NNANITANBIVUNATATIAG oS LUALUA nLslaluus aunlnsalnd
yeoyuslsniiu 6G ild uansnisiuSeuifisunanisiingsiveslusnseu wazaiuey
SEMINATFUATIES UAYAITFUATIZNE1959 FIAN15197 4.1 wazaINT 4.4 WUFIWAUS
9031UIATOU LazAITUBUALE1DT Bnfaage 1y sundsiinulusnsouvesansdauasIz
T AWMU 8.46- (s, 1H) Laz@15d1AT189 81959 nulUusasout fiuwnys 8.445 (s, 1H)
LA AUUTINUATS U LB IENTEAATIZATIR UL 164.81 uazaISduATIZRENsBa NUATSUY
Asunie 164.6 lusuniasiag 4 nuirdwlusuniiilndifsstusuansinsedsneda

aguhanunsaduasieriouiiuslsniiu 6G AlATIasIuanfenIng 4.5
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H H

AN 4.5 IAseasneveseuiuslsniiiu 6G

M13197 4.1 uanansiTeuiisulusnsou wazAsuausEniteuuslsnniiy 6G NduATIERla

AUANTAUATIZID19DY

Wsnsou (*H) Ansuau (13C)

AN58AT1EN

A195891A329 A19891ATILNO19 [77]  ansdaaszii . -
971994 [77]

8.46 (s, 1H) 8.445 (s, 1H) 164.81 164.6

8.03—8.01 (m, 1H), 8.034-8.019 (1H, d) 153.08 152.9

7.53—7.48 (m, 2H), 7.517-7.490(2H, dd, J %4 151.59 151.5
12 Hz)

7.11(dd,J=28,58 7.119-7.094 (1H, m) 151.55 151.4

Hz, 1H),

6.77 (s, 2H) 6.801-6.774 (2H, d, J Y4 147.56 1479
8.1 Hz)

6.39 (s, 2H) 6.421 (s, 2H) 145.93 1459

6.32 (s, 2H) 6.348 (s, 2H) 133.43 139.4

3.84 (s, 6H) 3.93 - 3.840 (s, 6H) 133.43 1333
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M19199 4.1 uanensilSeuiieulusnseu uazmsuausyninteuuslsniu 6G Nduaszila

¥ a 1

AUANTAWATILI019D9 (A1D)

Tusasou (*H) Asuau (1°C)

. . . vy - . . @3RuATIEREN9BY
dsdansei dsdans1esneds [77]  ansdaaszid -
3.80 (s, 3H) 3.747 (s, 3H) 130.94 130.8
3.49 (s, 2H) 3.502 (s, 2H, Br) 129.36 129.3
3.20(q,J = 7.2 Hz, 4H) 3.237-3.214 (m, 4H) 128.39 128.2
1.87 (s, 6H) 1.874 (s, 6H) 127.70 127.5
1.31(t,J = 7.3 Hz, 6H). 1.361-1.310 (t, 6H, J % 123.85 123.75

9 Hz)
123.39 123.26
117.93 117.8
106.51 106.4
104.41 106.3
96.60 96.50
66.12 66.0
60.86 60.7
56.12 56.0
38.37 38.2
16.71 16.5
14.73 14.6
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4.3 wan1sAn¥INIALATIEaRNIAUNUND Y

a

4.3.1 nan13nsIREsvUMAUlunasmewealingI-Ididaanlnsalal

d

NAN13A3I9a0UDY AAUITUNEIT dalAT1g e wansdanInd 4.6
dethlunsaniamemaiagi-adidaaunlnsaled fansgandunasgaad 532 uiluwns
ilesaneynmauilunedldgandunasdiden shliidusynauluneadudunady Tnsanue
i ureInsganduuasiueg furuiaveseynauilunes uansliiiuinansfidansedls
#o aynaulunes [80] Mntuthouniauilunesunmadeudnumsmenienindeinaie

NapIgansIALBLanATaULUUdDINIY

3 =
o
© 2
=
1@
'~
(N
&>
s
c
<
-& 1
o 1 1 1 1 1 1
400 450 500 550 600 650 700
ﬂ’s'mmmé"u (‘Ll']I’LlLlIGﬁ)

a i a 1Y A aaa a =
AR 4.6 AN1sgANAuLEdEIEnvataunIAulunesemating-3diaanlnsalad
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4.3.2 NAN13ATIVABUOUNAUIIUVIDINENABIYaNITIAUBLANATOULUUAB Y
HANITASIVADUA NBUENIINIEAINUBIBUAIAUILUNBIA I8N ATA
ndesganssatdidnasounuunsuaiaty wansfanmi 4.7 wuirguirweseynieulunes
f&nwauzdunsenay suaduiiqudnainads 100 uiluwes feduisagulddnanuse

duasizeymeauilunale

Micméénpe Accaleraling \Iorlage Magniﬁcaliah
JEM-1400 a0 kv 300000 x

100 nm

AMWA 4.7 A NEN8NABI9aNIIAUBLANATOULULEDINIUTBsYNIAUTUNES (FdIuene 80

Alalian)

4.4 NafnNEIEN1EIANNZENTUNTISASY 3-0Rlulnsia bnsnsond luauuuLEY

NAABDULLUUNIZAY
4.6.1 Anwraudutuilmuisauvesdaisazate 3-ezilulnsia lasnsondleduy
F1TUATIVUUHUNARBULUUNTEATY
a1sazats 3-ezdlulnsia lasnendlaiau Juasildlunisnienssane
fatus s ndudeefnwrand uduiimunzay lueuisod viinsAnei g udy
999 @15azane 3-oxfilulnsialnsnendloiau 7 1.0 2.0 3.0 4.0 5.0 6.0 waz 7.0 Sevazlae
PN aUsuInT HANISANBILEAIFIAIS197 6.2 LAz N 4.8 Wu3n AU Ly
yoda15araty 3ozdlulnsia lnsnendlatautes awrsoiiaufasenlaialusdu

(Salinization) 1ada8 WaMINAMULT LT UVDIEITAEANE 3-Beilulnsiia lnsnend laiay
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wnifulvagiliiinnisinengainnaisdvdunieluluana viliiindjisenanas [81]
aatudsasUladnanuduturesaisazany 3-ezdlulnsiia svendloiauiivuizay e

5.0 SpgazlagumunsaUsuIng

A1519% 4.2 NaN1SANYIANUUNTUALN S dNYRIaNTaray 3-azdilulnsia lnsnendlodu

ALTLTUAITAYAE ANANULTUE drudeauu
3-prdilulnsiia lnsveondledu Aol ansgIuding
(GovarlnetwmiinsoUsums) ’ ’

1.0 6.0 5.0 5.0 53 0.6
2.0 10 12 10 10.7 1.2
3.0 13 13 14 13.3 0.6
4.0 16 16 17 16.3 0.6
5.0 20 20 19 19.7 0.6
6.0 19 19 20 19.3 0.6
7.0 18 20 19 19.0 1.0
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4.4.2 nadnwigamn if vanzaulumsnssansavane -exdlulnsia lnsvsendledu
UULNUNAFBULUUNTEANY
dgnselunisiianuselaviaudsendnany lansendaveuwaglad
Lagviy lglaueavesarsazaty 3-ozdlulnsia lasvendloiau dese1dugmngdl
W eliifinufAser Fedufedesinis@nvigung i musanlunisnisaisazans
3-oefilulnsfia nsvendlolau flgamail 80 90 100 110 uay 120 ssmLwaATea HaNsAN
Fam39fi 4.3 wagnwdt 4.9 wuinigaunad 80 A 90 sriaiea luanavestiAnn
Wuszlalasiausenitmylansenda waznyloauealiaunsanqaeenls JwvilAaujisen
Ifeevinlitansazane 3-exdlulnsiia lnsnendluau n3sAnuunszanuliven uazgamyl
110 fa 120 esmwaidoa Tenanududanas ilosangamgiigedmalianuiizensuiuly
vl lauuoauiniuseiulensondaldlianysal uasdoiinssnuln fufuTsagulf

aa = A a A oa A =
’qm‘wgm‘wmmzaﬂw}’ﬁm%mia%aw 3-@33JIUIW§W6 VLmVliEm"Ui“Uau A® 100 D9ALYaLYYA

=] = aal = N a aM o
M19199 4.3 Naﬂqiﬂﬂﬂ"lqmwﬂmwLﬂquamii(lﬂrﬁmi\‘]arﬁa36’]8]3-@31]1”17\]37\]?1 lﬁliwaﬂ‘dl%au

QNI GRGPRHIENT 4 dudoauu

. GRIDBE y

(D9 LTALTEE) 1 2 3 WRTFIUARNG
80 10 9.0 9.0 9.3 0.6
900 15 17 14 15.3 15
100 20 21 21 20.7 0.6
110 20 21 20 20.3 0.6
120 20 20 20 20.0 0.0
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WA 4.9 wansanweamaiinmizadlunisassansaraty 3-ezilulnsiia lnsvendledu

4.4.3 padnwnatmianzaulunisnsaaisazany 3-azilulnsia wsnendlady
' - a aaa a & e ~
HAN11AABINUI N 01381 luNSAAUA AT A UT UIIN 10 69 20 W9
aunsainuisenlaaluduliiiudu Arrnudud anudu wavasiinujizenlaauysol
7 30 YN FWABNIAIN LTI UNISASIE15azane 3-oxdlulnsia wsnendledu A 30 ulfl

AIAT19N 4.4 LaznIWA 4.10

AN5199 4.4 nadnwnatPmunzadlunisnsaaisazaty 3-azilulnsia wsnendledu

QAU GRIPRHIER dnudeavy
(DepnvaLTea) 1 2 3 Aueds  aesgIudeinG
10 7.0 9.0 8.0 8.0 1.0
20 15 14 14 143 0.6
30 19 21 21 20.3 1.0
40 19 21 20 20.0 1.0
50 20 20 20 20.0 0.0
60 21 20 20 20.3 0.6
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4.5.2 nafnymAnudutuilvaganvaoyiuslsnii 6G lun1snaiangni

HAANYINAURIANUTUTUT N ANVDIDYWUTLIAETY 6G 7IAULTUTY

a

0.25 0.5 1.0 1.5 2.0 waz 2.5 fadluad wanisveaeudufinssdl 4.5 uazniwd 4.12
wudreadudi ul uanueudutureseyiuslindiu 66 windurnliiAaufazen
fuleoounzdalduindu wazanududuiivinnd 1.5 fadluand WWaenududanas
esaneuiuslsdfu 66 Mnmdolildduiulessunsia Taviliuuatsdndndusi

v =< A

AatiudndenAnududuretayiuslsniiu 6G 1 1.5 dadluans

M13197 4.5 HANTANIMANUTUTUNMINZALYR sRYIUS L3niiu 6G

ANULLTURIUSLIANT 6G AP D dnudeauy
(Radluand) 1 2 ;e UIATPINENINS
0.25 11 13 12 12.0 1.0
0.5 14 25 14 13.7 0.6
1.0 17 A 17 17.0 0.0
1.5 21 22 21 213 1.0
2.0 22 21 21 213 0.6
2.5 21 21 20 20.7 0.6
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10 I I
0
0.25 0.5 1 1.5 2 25

AMuduTuvaIRUNUSTIAliu 6G (Hadluats)
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4.5.3 nan13ANYIAN pH vaeYRuSLIAEY 6G
Nan3ANYIAT pH Tislwadenisiudsudveseysiulsaniiu 6 3 luansazans
figninsenlishe pH wiidu 1.0 2.0 3.0 4.0 50 6.0 7.0 80 9.0 10.0 11.0 12.0 13.0
Loy 14.0 wan1s@nyndudenisned 4.6 wazami 4.13 wuirluanngiaisazane
fieih pHunnd1 5.0 lLiiensdsudveseyiuslsafiu 6 3 1osanandvsnalusneu

Tuansazarey vinlieywuslsndu 6 9 wansanwuziduaivineslooou (Switterion)

¥
v @

aadumnidr Ul dudnsiatalessunsia wazdnisiud sudveseyiuslsnndu 6G

WERIINANTULLDIINNSUAvRstAsIasealulswarwnulaglopauns i warluvusLRgIiy

|
aaa U v a a v L3

# pH 5.0 ayiiuslsnnilu 6G aunsaiinufisedunsninudndundvunlaanududgean

=

Jud9n pH 5.0 Tun1sAnwliaraududeasan

Y 9

M990 4.6 HANSANYIA pH YeoyRusLInaiY 6G

, . AAIULTLE o

AIANULTLE . . dunleauy
pH aywuslsmdiu 6G + pzin  ALadY

auNuslsaiiu 66 —— UIATPINENING
1 2 3

1.0 154 153 154 153 153 0.6
2.0 154 53 154 152 153 1.0
3.0 153 152 151 1o 151 0.6
4.0 143 145 145 146 145 0.6
5.0 119 142 143 140 141 1.0
6.0 119 139 138 139 138 0.0
7.0 117 137 136 135 136 1.0
8.0 117 133 133 132 132 0.6
9.0 118 128 129 127 128 1.0
10.0 118 119 117 118 118 1.0
11.0 119 119 118 120 119 1.0
12.0 120 120 121 119 120 1.0
13.0 119 118 119 120 119 1.7
14.0 118 119 117 118 118 1.0
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Tun1sifaUfiisenigen 0.5 1 2 3 4 wag 5wil nanmsAnwndufwmsad 4.7 waznmil 4.14
WU ANPNITUA LT DA WAL wastilalaa) 1 Wit wudiawsainuisenlagsen
MIAlAA1IANUTNTg9an wazill 9l3a11nN3 1 U7 AP NE Vedan SN AT 9115 wanas
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A15199 4.7 nan1sAnwatmvanzaunldlunisiinufisenlunisnsiaiangia

. AR dnudeauy
87 (W) L4 v o
1 2 3 ALadY UINTFIUFUNG
0.5 20 20 19 19.7 0.6
1 24 23 22 23.0 1.0
2 22 22 22 22.0 0.0
3 18 19 20 19.0 1.0
a4 18 16 17 17.0 1.0
5 15 14 15 147 0.6
25 -
20
w 15
2
=
(g 10 4
&
5 4
0
0.5 1 2 3 4 5

a0 (W)

NN 4.14 ﬁ\laﬂ'ﬁﬂﬂ‘@'ﬂﬁlﬁ’]‘i’lL‘ViiJ’]8?13J°I/I1°ﬂ14ﬂ’1iLﬂ@‘lﬂ{]ﬂiﬂﬂuwﬁmﬁ’m?ﬂﬁgﬂﬁl

ayunansfinwmanmzimunzanlunisnsiansni [Wudinisei 4.8

'
[y

A1579 4.8 aguransAnwmansivinzaulunTiessinsi

#15UATFIU anaziAnwn ansiivanzay
Ay 1. AN TUYRsYRUSLIANIY 6G 1.50 dadluans
2. pH MwsngaslunsiAaUfizen 5.0
3. nafwnzadlunsiAnuFAzen 1 Ui
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4.6 AnwszAnsnmvsusunasaunuunszawlun1InsIninUsuMYeInzia
0.6.1 HAAULTBIUBILHUNAOULLUNTEAY
0.6.1.1 HAMSYNEUBIUHUNAFDULIUNTEA Y

Anw1n15ME 110Ul UNAdEULIUNTEA1YE BN snaaelagly
asaratsunsgIungda fanududu 0.3 dadndudedns vnsiasgsidiui 7 %1
meldannufiortu anduihuiumaseuuuunssmulyinrmenaududiintulag el
uazhmaudidilFannsaasslufmumumAdndonuumnsguduing

NaNISANYINITIAT TR UTINMLARSRIAT197 4.9 wudndiendau
Heauusnasguduivg wihiu 1.7 nansfinwresnsyingvesukumadeukuun sz wdmsuy
FiasgsivIiuneia wudn St savunesguduimdeyluinusifisensuld [78)

o & = I | A o £ & a A
ﬂ\‘iuu‘ﬂﬂaiﬂlﬂjqLLNUVW‘I?{@‘ULLUUﬂigﬂ’]UWWWUWGUUUUNﬂrJWNLV]EN

M990 4.9 NANISANBINITYINTIVDILNUNAFDURUUNTEANIUNITIHATIZIINZIY NANUTUTU

0.3 4adnsUFDanS

[
v a

ASIN AIAULTLE
1 22
2 22
3 22
q 23
5 22
6 22
7 22
ALady 22.1
dnudoauusnnsgiu 0.4
A denunannsgduing 1.7
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4.6.1.2 HANSANYINTNILUB VB HUNAADULUUNTEATY
NANTSANEINITNIUT T8I LHUNAGOULUUNTEABIUN5ILAT1 29
vinsneanslagldansazaneunsgiuagia aruidudu 0.3 dadniusedng vinsiase
Fauau 7 91 neldannsfiunnsnety Ao Lﬂﬁau{{maaq waziUasuty varlunismeass
Induthurunedousuunseaslatsnnlunaesluiivuas saoausnlny waze1ua
anutudilafuamAd i donuunasgiuduing
nan1sNaaIRaLandlumsed 4.10 wuinlunishasisiuusuna
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A15797 4.10 KaNISANYINITNIULIVBIMH UNAABULUUNTEATYIUNITILATIZ AL

d‘ ¥ ¥ a a U U a
NANUYNVY 0.3 HAANTUNDANT

Al AIAULLLE
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3 22
4 23
5 22
6 22
7 22
ALady 22
dnudeauusnnsgiu 0.58
A denunannsgEInG 2.6

NANTISANWYIVBINTISYIL T AZNITNIUY ] VDI WA UNAFDULUUNTLANY
dmsuiseiuTunaesia wudndandsudesvuainnsgiudunmseslunasiiseusula
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62



4.6.2 NAN1SANYIAVINYNADIVDIUNUNARBULUUNTEAY
AnwiAnugndesvauwiunagoukuunIzmwmlaanUesiduinslandudiu
yhmaveaeslngldansaraeunsgungiiimsueududu iuaduiiovay devy deld
ot wariiovania mﬂﬁguﬁmmLﬂai‘wﬁuﬁmuqmaﬁié’ﬂé’uﬁu NANISANEINUIN
LUaif’Lsz“juﬁﬂ'ﬁlﬁﬂé“uﬁu’LuﬂflﬁLﬂiwﬁmamzﬁ"’sagjslmm 82 #9103 wanslup1519 4.11
mamiﬁﬂmmmgﬂé’amqLLm'umaaULLUUﬂizmwém%’ﬁmﬁwzﬁﬂ%mmmﬁ"a wudeglugag

Mweusule [78] Auasulaiuiunaaeuiuunseaentauutulannugnses

M19197 4.11 NanAn¥IANNNABIvBILUNAFULUUNTEAElUNTIATIEnEN

ANMUINTY (NaanSUMADanS)

IPLIAN — B — Woesiurnslanaudu
NDULAU LA ZNIAZEY
Uay ND 0.20 0.17+0.0 82+0.0
Wy ND 0.30 0.26+0.0 88+0.0
1A ND 0.40 0.41+0.0 103+0.0
et ND 0.80 0.75+0.0 93+2.3
Uaila ND 1.0 1.01+0.0 100+1.0

ND = @529y

4.6.3 wan13Anevasnududunss
nan1sAnwAnuLduldunssvosui unagauLuunszaulaeldaisazany
o A Y v = A a v 1 a o v A t%
UINIFIWAAINAMWTNTY 0.005 83 10 Hadnfusiodns Man1snsiiniaeldanioe
T AUNZaUT 1A 91NN15ANEY NT LN UNARDULUUNTEAIYIAAIAIINTUETLANTY
Teldau1snlny wazdiA1Atudn liunas19nsInNuIa g LEnIANdURUS 21319
ANANULTUE A UAIULT LT UYIATALANUINTFIUNANITANYILAAIAINITIN .12
wagn il 4.15 wudn vrenududunsdunisinseiviiinansn eglutig 0.10 81 1.0

[y

UaanSuMNBans
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A13199 4.12 LARINANITNUAIANUTNEVDIATaLABUINTFIUAL

GRRFU-GAITTER GRGPRFERT o
D4 dudeauy
A1388a78NINIFIUY ALY v o ¢
o - 1 2 3 UNTFIUANNNG
(HaanIunans)
0.05 15 16 15 15 0.6
0.1 16 18 18 17 1.5
0.2 19 20 19 19 0.6
0.4 25 24 24 24 0.0
0.6 29 28 28 28 0.6
0.8 32 32 32 32 0.0
1.0 35 )= 35 35 0.0
2.0 35 35 35 35 0.0
3.0 36 38 37 37 1.0
4.0 38 38 38 38 0.0
5.0 39 38 37 38 1.0
40 -
# # # &

35
30
25

20

] 73
ANNIULDUF

15
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ANAATULTY

y=19.763x + 15.9

R? = 0.9939

0.2

0.4 0.6 0.8

o a

1 1.2

= . a

0.0

10 20 30 4.0
AU UTUEITAaza18uInIAZN) (Haansunaans)

5.0

6.0

70 80 9.0

10.0 11.0

a = | I3 Y a ¢ a Y]
ATNN 4.15 Naﬂ']iﬁﬂ'@']sﬂ'lﬂﬂ'g']llLﬂULaumiﬁiuﬂqi'JLﬂﬁ']Z‘VWﬂUﬁ@J']ﬂJ@Sﬂ'J
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4.6.4 HANSANYIVATINAUAITATIINUVDILNUNAABULUUNTLAY

4.6.4.1 nansAnTIasinlunsnTIInUd U TnRE
HANIANEITATIAAIUAIIATIANY dmSURTITARET S9vinnTmeass
Wenua 10 61 neldan1neiimunzay 9ndudinansayasuuatfasuuUs nansIa
YOILHUNAADULUUNTEATYUILA UNAFDULUUNTE AN IAA1ANMLTNE laldnaesiulag
wazanesUmeauInily mﬂﬁ?uﬁ’]mmmdamﬁmLuummgﬂué’mﬁmé NANIIANYILEARIA
AN319T .13 wazdaunsf (@) nuan i efuiaridasiialun1snsianudAvagu 0.08

o

18anSUADANST

A15199 4.13 NANISANWIVATINALUNITHTIINUVDI LEUNAADULUUNTEAREINSTUIATIZN

Ui
asil AIAULTNEVDIATALANLURIA

1 118

2 119

3 119

4 118

5 119

6 118

7 119

8 118

9 118

10 119
ALadg 118.5
dnudeauunnnsgiu 0.5
A denunannsgdung 0.08

IngAndndntunisnsanuaiulaaingns
LOD = 3SD/Slope (4)

ile SD Aedrudeauunmsgiuildannimsninagls
LOD = 3(0.5)/19.763
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= 0.08 IadnTuseding
4.6.5 NANSANYIVATINALUNITATIVNUTNUTUUVDIHUNATBURUUNTZANY
Anwdaditalunsamanudsuinnalunisesaianeia deinimeass
wanun 10 1 aeldanneimuizan andudiunasazaisuvadasuuuinanain
YDIUHUNAFDULUUNTEA UM UNAFDUKUUNTEAIBUIAAIAIT LA aeldnaasviulas
wazanegUMBausNli pdanmiusnumdudssvunesgu fetinduadadite
Tunsananudsliinm wanadsaunisi (5) nuifidadinlumsssanudsiana vy
0.27 fadnfudedns lnediadnudosvumnasgiuduivdingu 1.71 Weddudnsldndudu
Wiy 83 914 103
lngdndninlunisasanumuinlaainans
LOQ = 10SD/Slope (5)
e 5D Aedmudeauunasgiuildannisnsninagld
LOQ 10 (0.5)/19.763

0.27 4a8n3UADANT

4.6.6 NANSANYIAUIUNILLIIEIVDILNUNAADUKUUNTEAY
NANISANYIAINUTBNILLAIS VDI LA UNAFBULUUNTEA1WIUNISILATIZI
mUSinamemi lngvegeuiuasiinindieiafianissuniudesyiuslsniiiu 6G i laveas
a a A = = a a U =) = @ = a
wAALTEY LUNTTeY kuanIdd wulSey o d9ned wankdley wian lasulen wazdwiey
NANWTUTU 0.3 0.6 WAy 1.2 FAANSUADANST HANISANWIANINING 4.16 WUINRITUNIUNLY
Tun1sfnwldiiauAsendveaynuslsniiiu 6G aviudsaguledn euwuslsaniiu 6G

RO IR TR RPE R R P G
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0.3 mg/L 0.6 mg/L 1.2 mg/LL

pp+ Ph2* Ph-
Co? Co® Co*
Ca* Ca? Ca?'
Mg? Mg** Mg
Mn?' Mn?* Mn?
Bal- Ba?' Bal
Ni** Ni2* Ni*
7n* 7n** Zn?
Ca cax car
Fe Fe¥t Fed'
Cre Cre s
Li* Li* Li'
Blank Blank Blank

AN 4.16 HANSANYIAINTNNIZLANE VBN UNAFDULUUNIEAElUNITRTIa TR

4.6.7 HANIIANYIANMULANETOUNUSLIATU 6G LATWN UNAFOULUUNTEAY
Tumsnsaninngi
4.6.7.1 wansAnwaMuatissuesoyiuslsaiiu 6G filinaasunsin
NansAnwIANIaRssTeseyRuslIaniiu 66 Ailddmiunaaeunsi
Tngoywuslsniu 66 Alddmsunaaovazgriivlingumafl 4 uaz 25 ssmiwadea
thumeassneliannefivangaumn 9 1 d&avisuninisnovausavanasegiitudify
virnsnaaoulagldada t-test Aszduanudesiu 95 Weldud nan1sAnwiuanasanissi
4.14 uagnwdl 4.17 wui Wenadnlunsnevauesueseyiuslsaiiu 66 Mldlunmasey
arAa Tudeduansia 1 Geduanif 11 Fafinsnevaussiliuandsiuegefitodfy

o

LagNa99INdUAIMT 10 N15ABUANRIVBIBYNUTLIANTU 6G Wuanatag 1l fed gy

o

Jeagulaneyiuslsnniiu 6G Aldlunisasiaiaiiongnisldaugs 10 dUai lnaAusn

oaumnil 4 uay 25 perLwaLTLd

Y
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M13197 4.14 wansAnwIANLLEDEIVRIRURUSIANEY 6G Nldnaaauni

e ANPNAULINE (25 BeALYaLTY) ANPNULTILE (4 peFLwaTYa)
1 23.40.5 23+0.5
2 23+1.0 23+0.5
3 22+0.5 23+0.5
q 22+0.0 23+1.0
5 22+1.0 23+0.0
6 21+0.5 22+0.5
7 21+1.0 22+0.0
8 20+1.1 21+0.5
9 20+0.5 21+1.5
10 20+1.0 21+1.0
11 19+0.5 21+0.0
12 19+0.5 20+0.5
25 -
20
™ 15
=
E o4 DA NYALYLE
€10 -
€ —o—25 DIAALRYE
5
0 I 1 I 1 I 1 1
0 2 4 6 8 10 12 14
duaui

a = = Y )~ o v o o o Y
AN 4.17 Naﬂ'ﬁﬁﬂ'@qﬂ']']llLaﬂﬂimaﬂ@uwuaﬁﬂqﬂu 6G Vlimﬁ']ﬂiUGﬁ'JQ'Jﬂ@]%ﬂ?
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4.6.7.2 HaNIANYIDNENTIHNUTDIULHUNAFULUUNTEA Y

fnwengmslinuvesuiumedeuiuunszadmiunsainnzi vildlae
AnwAnuaisveusiunage LT ulTdmMIUnTIa TR FauNunAdBULUUNTEAY
vl ifigamgiivies vhmmeassmeldanneivanzauyn 9 1 @avauniinisnevaues
Jranasetelifedfynaaeulngldadn ttest Aisziuanudeiu 95 Weoddud wanaiinisng
7 4.15 uagnndl 4.18 wansAnwmud eszeynaninull NMImeUALEITRILHLTAAEULUY
n3zA1wlug19dUAT 2 89 10 Wuandietuedeidoddy wazndaainduaid 10
N15ABUANRIVBILH UNAFDURUUNTEAYanated 19T ud Ay Feaguladnununnasy
wuunseawitlilunisasatnnsiadeignisldaiuds 10 #avi lasiAusnuiusiunegey

wuunseaulivioamall 25 esmwaldea

i = a 1 e v &
19190 4.15 NamiﬁﬂwﬂmmLaaEJi“U’eNLLNU‘VI@&@‘ULLUUﬂiz@WHﬂ%W@ﬁE}UG}zm

dUavi ANANULTNE (25 DeAwalTea)
1 23+0.6
2 23+1.2
3 23+0.6
4 23+1.0
5 23+0.0
6 22+1.1
7 22+0.6
8 22+1.0
9 22+0.6
10 21+1.0
11 20+0.6
12 20+1.0
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A smartphone based-paper test strip chemosensor coupled with gold
nanoparticles for the Pb?>" detection in highly contaminated meat samples
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ARTICLE INFO ABSTRACT

Keywords: A rapid and selective colorimetric chemosensor based on a paper test-strip platform and smartphone detection
Lead ) were investigated to determine lead ions (Pb®7) in meat samples. The colorimetric chemosensor for Ph*
Paper test strip analysis, the rhodamine 6G ~1 (RD6G —1 probe), was synthesized through the Schiff base formation of
g:f;":ﬁ':‘:nides rhodamine 6G hydrazide and 3,4,5-trimethoxybenzaldehyde. The Pb? * sensing process was accomplished by the
S snm:lcs color on the detection zone change from colorless to pink within 1 min. The proposed chemosensor strip was
functionalized with (3-aminopropyl)triethoxysilane and gold nanoparticles (AuNPs) to enhance the colorimetric
response. Under the optimal conditions, the color intensity of the chemosensor strip increased linearly with the
Pb** concentrations in the range of 0.1-1.0 mg/L. This developed strip allowed low detection limit (0.12 mg/L).
The paper test strip modified with AuNPs provided a color response 9-fold higher than the one without AuNPs.
Moreover, the paper test strip was successfully applied for Pb** analysis in meat samples, consistent with the
inductively coupled plasma-mass spectrometry method. This work showed the proposed smartphone-based paper
test-strip chemosensor offers a highly selective and accurate quantitative detection of Pb?  ions without the

additional equipment.

1. Introduction

Food is a basic need for human growth, health maintenance repro-
duction, and good health [1,2]. With the growing global food-supply
industry, food safety has become very important for consumers. Un-
safe food is a leading cause of various disasters. One of the main haz-
ardous of food is food contamination and its effects on human health [3].
There are four kinds of food contamination: biological, chemical,
physical, and cross-contamination [4].

Heavy metals are one of the major sources of chemical contamina-
tions in food [5]. The primary sources of heavy metal contamination are
natural (erosion of bedrocks and ore deposits) and anthropogenic (in-
dustrial and agricultural) activities [6,7]. Lead is one of the most prev-
alent heavy metal that adversely affects human health [8]. Lead
contamination arises from industry, feed animals, pesticides, and fer-
tilizers and then transfers to bioaccumulation in organisms stich as fish,
pork, or chicken [9,10]. High lead contaminated were found in the
poultry sample [9,10]. Moreover, lead can enter food samples through
manufacturing processes and food packaging [11,12]. Lead is highly
toxic to living organisms, even at very low levels [13]. Lead ions (Pb*")

* Corresponding author.
E-mail address: siriwan@mail.rmutt.ac.th (S. Teepoo).
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act by the affinity with thiol and sulfhydryl protein groups, interfering
with cell membranes and enzymes as well as causing nerve damage,
cardiovascular diseases, and even death, even though the intake is very
low [14,15].

The codex committee of the Food and Agriculture Organization and
the World Health Organization food standards program recommended
that the maximum value of Pb®'contaminants fish is 0.3 mg/kg,
whereas poultry is 0.5 mg/kg. [16]. The World Health Organization has
established a maximum tolerable weekly intake of Pb*'. The acceptable
total intake of Pb?"should not exceed 0.025 mg/kg of body weight [17].
Therefore, sensitive, selective, and simple methods for lead detection are
needed. Many methods have been developed to date, including
including atomic absorption [18], spectrometry [19], inductively
coupled plasma mass spectrometry [20,21], atomic fluorescence spec-
trometry [22], spectrophotometry (23] and electrochemical methods
124,25]. These methods are all based on sophisticated instruments, with
the limitations of a high detection cost, tedious operation, time con-
sumption, and the required large sample volume for lead analysis
[26,27]. With the above limitations, their methods were difficult to
apply for monitoring Pb** contaminants in the food industry. Therefore,
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to meet the needs for rapid, simple, and on-site lead detection, the
development of rapid method for the Pb®'determination is very
important.

The development of paper-based analytical devices can potentially
pave the way to rapid food safety management. The advantages of a
paper-based analytical device are rapid analysis, simplicity, portability,
and low cost [28,29]. The paper-based analysis platform has developed
various forms such as paper-based microfluidic devices, lateral flow test
strips, and paper test strips [30]. A few publications are available on
paper-based microfluidic detection combined with electrochemical
[31], colorimetric [32,33], and electrochemiluminescence [34] detec-
tion for analysis of lead. However, the colorimetric paper-based detec-
tion has a drawback in poor color intensity and uniformity due to
uncontrolled diffusion of the chromogenic reagents [35]. Immobiliza-
tion nanoparticles such as AuNPs on the paper support have been
applied to address this problem due to their high absorption coefficient
and their distance-dependent color changes [36].

To date, the developments of chemosensors for the detection of metal
ions are of significant importance [37]. Chemosensors consist of two
components: a receptor and a signal transducer [38]. The receptor in-
teracts with the analyte via noncovalent interactions, and the signal
transducer reports the interaction between receptor and analyte in the
form of changes in optical or electronic properties [39]. The main
advantage of chemosensors is high selectivity towards specific metal
ions [40].

To the best of our knowledge, a paper test strip combined with a
chemosensor was developed and applied for the first time herein for
quantitative Pb%* in highly contaminated meat samples such as chicken
and duck. In this work, we designed and synthesized the RD6G-1
colorimetric  chemosensor probe based on a rhodamine-
trimethoxybenzaldehyde conjugate. The RD6G-1 probe showed high
selectivity towards recognition of Pb*", resulting in color changes from
colorless to pink, detected by a smartphone. Moreover, the proposed
chemosensor strip was immobilized with (3-aminopropyl) triethox-
ysilane (APTES) and AuNPs to enhance color change. Finally, the
approach proposed in this work was applied to detect lead concentration
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in meat samples for on-site evaluation of food safety.
2. Materials and methods
2.1. Chemicals and instruments

Lead (11) chloride was purchased from Analytical Finechem (Taran
Point, Australia). Rhodamine 6G, gold (IIT) chloride trihydrate, 3-amino-
propyDtriethoxysilane, 3,4,5-trimethoxybenzaldehyde, and sodium
borohydride were purchased from Sigma-Aldrich (St Louis, USA). Hy-
drazine hydrate was purchased from LOBA CHEMIE (Maharashtra,
India). Ethanol, methanol, ethyl acetate, dichloromethane and acetic
acid were obtained from RCI Labscan Limited (Bangkok, Thailand).
Chromatography paper No. 4 was purchased from GE Healthcare Life
Sciences (Buckinghamshire, UK). A 5080X smartphone model was pur-
chased from Alcatel Shine Lite (Shenzhen, China). Color Picker app was
download from Google play. A transmission electron microscope (TEM)
was obtained from JEOL Ltd (Tokyo, Japan). Inductively coupled
plasma-mass spectrometry (ICP-MS) was obtained from Agilent Tech-
nologies (California, USA).

Figure S1 shows the closed box (5 x 5 x 10 cm). It was created from
gray paper cardboard. The light in the closed box is controlled by a white
light-emitting diode. The distance between the camera of smartphone
and the test strips was fixed at 7 cm.

2.2. Synthesis of RD6G-1 probe

The RD6G-1 probe was synthesized by a two-step reaction with
rhodamine 6G hydrazide and 3,4,5-trimethoxybenzaldehyde, as sum-
marized in Fig. 1a [41,42]. First, a mixture of rhodamine 6G (2.0 g) in
ethanol (40 mL) and hydrazine hydrate (2.5 mL) was stirred and
refluxed at 70 °C for 8 h. After that, the solution was cooled to room
temperature and then poured into distilled water (800 mL). After 24 h,
the precipitated solid was collected and dried in a vacuum to give the
desired product, rhodamine 6G hydrazide. Second, rhodamine 6G hy-

Rhodamine 6 G

Rhiodamine 6G hydrazide

drazide (0.5 g) was added into the solution of 3,4,5-
(@)
7
o\
S5 N
s . po o
4] NH, ——NH, O N/NH) ~o %
——— - —
O \ MeOH, Reflux O O E{OH, Reflux
"l o \"\_ N o NHTSS

Probe Rhodamine 6G - 1 (RD6G-1)

(b)

Blue channd

—

Fig. 1. Schematic illustration of (a) the synthetic procedure of probe RD6G-1 and (b) the proposed paper test strip used for the detection of Pb?~ in meat samples.
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trimethoxybenzaldehyde (0.2138 g) in ethanol (40 mL) in the presence
of 30 uL of acetic acid. The reaction mixture was refluxed at 80 “C for 6
h. After cooling to room temperature, the precipitated colorless solid
was filtered and then purified via silica gel chromatography using
dichloromethane-ethyl acetate (9:1) as the eluting solvent to obtain the
RD6G-1 probe. The structure of rhodamine 6G —1 was characterized by
TH NMR and '3C NMR. 'H NMR (500 MHz, CDCl3) & (ppm): 8.46 (s, 1H),
8.03-8.01 (m, 1H), 7.53-7.48 (m, 2H), 7.11 (dd, J = 2.8, 5.8 Hz, 1H),
6.77 (s, 2H), 6.39 (s, 2H), 6.32 (s, 2H), 3.84 (s, 6H), 3.80 (s, 3H), 3.49 (s,
2H), 3.20 (q, J = 7.2 Hz, 4H), 1.87 (s, 6H), 1.31 (t, J = 7.3 Hz, 6H). °C
NMR (125 MHz, CDCl3) & (ppm):164.81, 153.08, 151.59, 151.55,
147.56, 145.93, 133.43, 133.43, 130.94, 129.36, 128.39, 127.70,
123.85, 123.39, 117.93, 106.51, 104.415, 96.60, 66.12, 60.86, 56.12,
38.37, 16.71, 14.73.

2.3. Synthesis of AuNPs

AuNPs were synthesized by a chemical reduction process described
in previously work with some modifications [43]. Briefly, 150 uL of 1.0
g/mL gold (III) chloride trihydrate was mixed with 500 pL of 5.8 mM
sodium citrate solution, and stirred for 1 min. Subsequently, rapid
addition of 1.0 mL of 150 mM sodium borohydride into above solution.
After that, the solution turned to wine red. The final product was keep
4 °C in the dark bottle until subsquent use. The characterization of the
synthesized AuNPs was performed by TEM.

2.4. Fabrication of paper test strip

The fabrication of the paper test strip was carried out by the cutting
technique. This is achieved by cutting the chromatography paper to a
0.5 x 0.5 cm square and then subsequently placed on 0.5 x 3.0 cm of
drawing paper. Two layers were connected by double-sided adhesive
tape. First, the 5% w/v APTES was added into the detection zone of the
paper test strip. Then the resulting chemical modified paper was incu-
bated at 100 °C for 30 min. The unbound APTES are removed through
washing with distilled water, and then dried in hot oven at 60 °C for 30
min.

2.5. Extraction of Pb*" from meat samples

Diverse samples (chicken meat, liver chicken, heart chicken, duck
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3. Results and discussion

In the current study, a chemosensor strip was developed for deter-
mining Pb?* concentration in meat samples. Fig. 1b shows the schematic
illustration of the experimental procedure for the detection of Pb*"
using smartphone-assisted paper-based strip.

3.1. Synthesis and characterization of the RD6G-1 probe

The Schiff base RD6G-1 probe was easily synthesized in a 53% yield
by refluxing a mixture of rhodamine 6G hydrazide and 3,4,5-trimethox-
ybenzaldehyde in ethanol. The product was collected as a colorless solid
and characterized by 'H NMR and '*C NMR spectroscopic methods
(Fig. $2-3). For the 'C NMR spectrum, the characteristic spirocarbon
peak of the RD6G-1 probe appeared at 66.12 ppm, suggesting that the
spirolactam ring occurred in the closed form. Therefore, the solution of
the RD6G-1 probe was colorless and had no fluorescent emission.

3.2. Colorimetric response of the RD6G-1 probe to Pb?

In distilled water at pH 5.0, the addition of Pb%" ions immediately
caused the color change of the RD6G-1 probe solution from colorless to
pink (Fig. 2a). From the UV-vis absorption spectrum, RD6G-1 probe
solution in the presence of Pb®" ions showed the maximum absorption
band at 661 nm, which is assigned to the ring-opened form of spi-
rolactam rhodamine by the coordination of Pb?" ions (Fig. 2b). A sig-
nificant increase in the color intensity was observed after increasing lead
concentrations, demonstrating the RD6G-1 probe could be used as a
highly sensitive chemosensor for Pb?' detection.

3.3. Optimization of the APTES immobilization on the paper test strip

Although a paper strip offers several advantages of low cost,
simplicity, and portable workflow, it has a low sensitivity to colorimetric
determination. The diffusion of chromogenic reagents on chromatog-
raphy paper could not be controlled, resulting in a low color intensity
signal [45]. In this work, the modified paper test strip was achieved by
condensation reaction of APTES to improve the sensitivity because the
chromogenic reagents formed on the chromatography paper were ho-

meat and duck egg) were analyzed in the experiment. All les were
extracted following the AOAC Official Method 2015.01 with slight
modifications [44]. First, 0.25-2.0 g of each sample was transferred into
previously decontaminated vessels with 7.0 mL of concentrated HNO3
and 1.0 mL of 30% w/w H202. The microwave program was begun by
applying (a) 1,000 W at 150 °C for 10 min and (b) 1,000 W at 200 °C for
20 min. After the digestion procedure and subsequent cooling, the
digested samples were diluted to a final volume of 25 mL with distilled
water for further analysis of Pb? using the developed chemosensor strip
and ICP-MS.

2.6. Detection of Pb%>~ in meat samples

Developing a chemosensor strip based on a smartphone for visual,
potable detection of Pb*' in meat samples was performed by the
following procedure. First, 5 uL of AuNPs was dropped on the modified
detection zone of the chemosensor strip and left it dry at room tem-
perature before 5 pL of RD6G-1 probe was added to the AuNP-modified
paper test strip. After that, 5 uL of extracted meat sample was introduced
onto the modified detection zone. The pink color development was
monitored after 1 min using a smartphone reader in a closed box.
Finally, the concentration of lead was evaluated using the Color Picker
application for red-green-blue (RGB) color analysis on the smartphone.
The mean intensity value in blue histogram channel was detected. The
color intensity is calculated by subtracting from the blank background

146]. Thus, the effects of the concentration of APTES, tem-
perature, and condensation time were optimized.

3.3.1. APTES concentration

The APTES concentration for the modified paper strip was first
optimized (Fig. S4a). The results showed the color intensity was
enhanced with the increasing concentration of up to 5% (w/v) APTES.
However, the color intensity above 5% (w/v) APTES was reduced
because excess APTES caused a steric effect by binding to the RD6G-1
probe. Therefore, 5% (w/v) APTES was the minimum concentration
that would lead to the maximum coloration and it was used for further
experiments.

3.3.2. Temperature

‘The temperature effect on the APTES immobilization was carried out
ranging from 80 t0120 °C. The experimental results in Fig. S4b indicated
that when the temperature was higher than 80 °C, the reaction immo-
bilization of APTES on the paper test strip increased. However, it sharply
decreased with the increment of temperature greater than 100 °C
because these temperatures could destroy the chromatography paper.
Thus, 100 °C was utilized for the temperature of APTES condensation
reaction.

3.3.3. Condensation time
The condensation time was further designed to optimize the
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Fig. 2. (a) Photographs of the color changes and (b) UV-vis absorption spectra of probe RD6G-1 in the presence of Pb? " ions at different concentrations such as 1, 5

and 10 mg/L.

immobilization condition in the range of 10-60 min for the Pb*~
detection. Fig. S4c displayed the color intensities significantly enhanced
with condensation time consuming up to 30 min, indicating almost
complete condensation reaction of APTES on chromatography paper
(Fig. S4c). Thus, 30 min was regarded as the condensation time for Pb>"
detection in the paper test strip platform.

3.4. Optimization conditions for Pb?* detection using the paper test strip

34.1. pH

The pH effect on the color intensity of the RD6G-1 probe in the
absence and presence of Pb?” ions was studied at different pH value
from 1.0 to 14.0. From the pH titration experiment, the color intensity of
the RD6G-1 probe did not change significantly between pH ranges of
5.0-14.0 (Fig. S5a). In contrast, the color intensity increased towards
low pH because the protonation induced ring-opening phenomenon. In
the presence of Pb?" ions, the RD6G-1-Pb*" complex almost had a color
change due to the coordination of protonated RD6G-1 probe and Pb>.
From these results, a color intensity enhancement of the RD6G-1-Pb%*
complex was significantly observed at pH 5.0. Therefore, pH 5.0 was
selected for the following experiment.

3.4.2. RD6G-1 probe concentration

The color intensity of the product mainly depends on the concen-
tration of the RD6G-1 probe. Consequently, the concentrations of the
RD6G-1 probe were optimized from 0.25 to 2.5 mM (Fig. S5b). The
discernable color intensity elevated with the increasing concentration of
the RD6G-1 probe and remained constant at 1.5 mM, indicating that the
formation of the RD6G-1-Pb%! complex was remarkably observed at 1.5
mM. Therefore, the 1.5 mM of RD6G-1 probe was employed for this
experiment.

3.4.3. Binding time

The binding time between the RD6G-1 probe and Pb?*ions was also
investigated. The color measurements for the RD6G-1 — Pb?* complex
were performed from 0.5 min to 5 min. As shown in Fig. S5c, the
maximum color intensity was obtained within 1 min, suggesting that the
RD6G-1 probe exhibited a rapid response for Pb®“detection.

3.5. AuNPs to enhance the sensitivity of chemosensor-based paper test
strip

The colorimetric chemosensors almost displayed low sensitivity and
detection limits in the pM levels owing to the extinction coefficients of
chromogenic dye molecules in the range of 10°-10°. To enhance the

colorimetric sensitivity, AuNPs were added on the paper test strip sur-
face of functionalized with APTES for Pb>" detection. The size and
morphology of AuNPs was shown in Fig. S6. Fig. 3a shows the
improvement of the color intensity and uniformity on the detection area
of the chemosensor strip treated with AuNPs after the Pb** addition.

Due to using AuNPs, the apparent color change at Pb®" concentration
of 0.2 mg/L was observed by the naked eye with the detection range of
0.2-1.0 mg/L. In contrast, the paper test-strip-based chemosensor in the
absence of AUNPs could detect at the Pb>* concentration of 1.0 mg/L by
naked-eye observation. Fig. 3b showed that the use of AuNPs provided
greater color intensity than those without AuNP-modified paper test
strip did because AuNPs have very high molar extinction coefficients
and the color changes induced by interparticle surface plasmon
coupling. These results indicated that AuNPs enhanced the sensitivity
about 9-fold for Pb*" detection.

3.6. Analytical performance of the smartphone-based chemosensor strip

After the optimization conditions, the analytical performances of the
smartphone-based paper test strip chemosensor were evaluated in terms
of precision, linearity, detection limits (LOD), quantification limits
(LOQ), and selectivity.

Precision performance of the smartphone-based chemosensor strip
was evaluated by calculating relative standard deviations (RSDs) of
intra- and interday studies. Intraday precision was carried out by
analyzing 3.0 mg/L of Pb?* in one day (n = 7), indicating high precision
for quantitative analysis. In addition, the interday precision was tested
by analyzing the same concentration over 7 days. The results showed the
intra- and interday precision 2.1% and 2.8%, respectively.

The linearity was determined ranging between 0.1 and 1.0 mg/L of
Pb?" concentrations with the linear equation and uncertainties in slope
and intercept of y = 19.76 + 2.12 + 15.90 + 1.92 and a correlation
coefficient of 0.9969 (Fig. 4a). Additionally, ANOVA lack-of-fit (LOF)
model was employed in this work. This test, recommended by the In-
ternational Union of Pure and Applied Chemistry (IUPAC) validation
guidelines, is performed by the comparison of the experimental F value
and the tabulated critical F [47,48]. In this linear range, experimental
values of F were less than tabulated values of F, indicating that this
linearity was very well verified for working range concentration to
detect Pb%" using the chemosensor strip.

The LOD and LOQ were estimated based on a signal-to-noise ratio of
3.29 and 10, respectively, according to the IUPAC guidelines [49,50].
The LOD and LOQ of Pb*" were determined to be 0.12 mg/L and 0.36
mg/L, respectively.

The selectivity of the RD6G-1 probe towards Pb** was performed in
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Fig. 3. Sensitivity of the ch based-paper test strip using AuNPs (a) color change on the detection zone and (b) the calibration plot for Pb?!

detection with and without modified paper test strip.

the presence of various metal ions, including GoF, Fet*;.Ga?™; Mgz’,
Li*, Ba®", Ni*", Cd®', Cr®', Zn>" and Cu®'. The results were shown in
this Fig. 4b. The results were shown in this Fig, 4b. Co*, Fe', Ca*",
Mg?*, Li*, Ba®", Ni®*, cd**, Gr®" and Zn?" provided not response to
RD6G—1 probe resulting no color change. For Cu®" test, the RD6G—1
probe response towards Cu®’, little color intensity changes were
observed. However, it was not related to the concentration of Q¥

The stability of reagents and the APTES-immobilized paper test strip
were evaluated. The long-term stability of all chemicals used was
investigated at 4 °C and 25 °C by measuring its response color to 0.3 mg/
L Pb?*, The color intensity was nearly unchanged during the first 6
weeks of both storage conditions (Fig. 57a). After 12 weeks, the che-
mosensor strip showed good storage stability and retained 87.3% and
82.9% of its initial response at 4 °C and 25 °C, respectively. Thus, all
reagents should be stored at 4 “C to obtain good results. Furthermore,
the long-term stability of APTES-immobilized paper test strip was
studied. When not in use, the immobilized paper test strips were kept at
room temperature (25 °C). As can be seen in Fig. 57b, the proposed
APTES-immobilized paper test strips maintained 82.9% of color in-
tensity after 12 weeks, which suggests the proposed chemosensor strip
provided good stability for long-term reagents and APTES-modified
paper strip stability.

3.7. Andlysis of Pb>* in meat samples

The smartphone-based paper test-strip chemosensor was further
evaluated to detect Pb>* residues using the standard addition method in
several meat samples, including chicken meat, liver chicken, heart
chicken, duck meat and duck eggs. As shown in Table 1, high recovery
values were obtained in the range of 84-106%, and the RSD values were
received in the range of 1.19-2.47% (n = 3). Furthermore, the meat
samples were implemented by the ICP-MS method for Pb>" detection. As
shown in Table 1, the ICP-MS detection of all samples exhibited
87-110% of the recovery (%RSD = 0.12-2.33). These results are in good
agreement observed between the two methods. Comparing the ICP-MS
method, the proposed smartphone-based paper test-strip chemosensor
was cheaper, simpler, and faster. This research demonstrated the pro-
posed paper test strip could be an efficient protocol for quantitative
detection of Pb*" in food samples.

4. Conclusion

This work describes the development and validation of a
smartphone-based paper test-strip chemosensor for simple, rapid, and
portable detection of hightly Pb?" residues in meat samples. The RD6G-
1 probe on the paper test strip displayed a highly sensitive colorimetric
response to Pb*" ions by a color change to pink upon the addition of the
Pb?" ions due to the ring opening of the corresponding spirolactam ring.
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Pb?" detection and (b) selectivity test.

Table 1
Sample Concentration of Pb*~ in original samples (mg/kg) Spiked (mg/kg)  Concentration of Pb>~ in spiked samples (mg/kg) Recovery (%)
Paper test strip  ICP-MS Paper test strip ICP-MS Paper test strip 1CP-MS

Chicken meat ND ND 0.40 0.37 £ 0.01 0.42 + 0.02 87 +2.38 99 4+ 0.12
Chicken meat ND ND 0.80 0.74 + 0.01 0.75 + 0.05 89 +1.19 94 +1.23
Liver Chicken ND ND 0.40 0.42 + 0.01 0.43 + 0.03 102 = 2.43 105 = 0.85
Liver Chicken ND ND 0.90 0.78 4 0.02 0.85 + 0.04 85+ 1.83 93 +1.19
Heart Chicken ~ 0.05 0.09 0.70 0.70 £+ 0.02 0.71 £ 0.08 92 4 2.36 894211
Duck meat ND ND 0.90 0.79 + 0.01 0.83 + 0.03 84 +1.65 87 +1.15
Duck egg 0.06 + 0.003 0.06 -+ 0.005 0.60 0.70 + 0.01 0.72 + 0.09 106 = 2.47 110 + 2.33

The quantitative relationship was established between the color change
and the concentration of Pb?*ions, monitored by a smartphone. The
smartphone-based paper test-strip chemosensor excellent exhibited high
sensitivity, stability, and selectivity towards Pb2" ions. Furthermore, a
portable test strip based on an RD6G-1 probe was successfully applied
for rapid, accurate and on-site analysis of Pb?” in meat samples.
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