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ABSTRACT

Copper is a heavy metal that plays an important role in a variety of biochemical
processes. However, excessive intake of copper ions is deleterious to human health.
Therefore, this research aimed to develop an immobilized silica nanoparticles paper test
strip for the detection of copper ions in drinking water. The detection was achieved via
the reaction between copper ions and rhodamine B derivatives resulting in pink complex
production. The color intensity was detected with a smartphone.

Firstly, silica nanoparticles and rhodamine B derivatives were synthesized and
characterized. Then, optimal conditions and performance of the paper test strip were
studied for the detection of copper ions. Finally, a developed paper test was applied
to detect copper ions in drinking water.

The results were found that the developed paper test strip provided high
precision, accuracy and selectivity. Color intensity increased with copper ion
concentrations in the range of 1-17 mg/L. The quantitative detection limit was 2.6 mg/L.
The percentage of recovery was in the range of 96 - 104 %. The analysis time was 3 min.
In the next step, the developed paper test strip was used to detect copper ions in
drinking water. The results of the analysis were consistent with the standard method.
The developed paper test strip was successfully applied for the detection of copper

ions in drinking water with a simple to use and low cost process.

Keywords: copper, paper test strip, silica nanoparticle, rhodamine B derivative, drinking water
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nszamvasUsiinfestouduuunery Mntuliulssiamiveansearslasunlnniidae
auNAUILUTAN

fuitastunounisnsata (sU 1.19) venansduasisieuiuslsniu © uazuen
A138a1801M U9 O UNDIUMINIDATTALANLFIDE WAIUUUTLIUNTIVTR ﬁﬂi’ﬂﬁlﬁmﬂﬁﬁ%m
nduthuaunszaludenmlundesfivuasieaudolsy

TulamdunounisUszaana (Ui 1.10) s1udianududlagldueundindy
Color Picker 1#21n#lafiu R G B (red-green-blue) e ududdldluasransmuinsgiu
seminsmnuduturesasararginsgIuneakaeiuadud et lumusunalessy

PNoILAIlUAIBEN
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N) TUABUNNTASNUNTUNAADUBUUNTEANY

-
aumAluEdn §f
51y ’

_h - ER

D» USUATIVIN 5 Wl T

—— §IEWIUAU 5 x 40 1y,
— -

Q) YURDUNITHTIVIN

z z
y y
aswaiilanig dasaralefiegny :
> =
Switch
7
EI/

A) TuMdUNITUTELIENE

o ‘

< Setect from Image

R: 194 G: 165 B: 200

il

" ©

sUN 1.1 Jumsunmsnsiaianeuns migaunsalnsiviaiuunseaulaeldaunsalulsenou

e f) TUADUNITATNUOUNTEAY ) TUADUNITATIAIA WAy A) TUNBUNITUTZIIANE
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o'dl 1 Yo
1.5 Usglagvuinainlinazlasuy
1.5.1 lonaunseanuinilnnuliimseikasanusniesani1snsiain e oo unong

1.5.2 lansruusunaadlessunaswadudliognaiing
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uni 2

= awv o d v
3UNIFUNIBITUIVYNLNYIVDY

2.1 N29LLAY

nouns dgdnwaimaaiide Cu ilulavensudduifiauaiios anumuiu 99
\AenuargAnasNIvaIgs Jeiliaveznouvindy 29 waszaeuyindu 63 1ulansfiwuldna
s39uv1R MaluAu fiu dwazernie envedlugUsindasevieasusznou 1wy Afasenlys
(cuprous oxide ; Cu,0) Aalalas (chalcocite; Cu,S) ApULUBS (II) Fawnm (CuSO,) Wags
Aalalwlse (chalocpyrite ; CuFeS,) [36] vosunsilan i eseu thanudeuLay
T led Sadufifeniuldouludondedivainvate wu awlil vie 11ddere wiery
auglgeems wazdanneadne degluensynlsunsalidulanenanuazaisindeu [37]
ansUszneunawasgninanliiluingaeuueims Wy a1591m3 wara1sused [38] @1unsn
thafinasluemsdnivazdeduasemaiieriglunmsasyivlnvesdninaziiy [39,40)

§ﬂﬁqmiﬂizﬂawaqLLmﬁqgﬂﬁmﬂ%’Lﬂumﬁﬁmﬁmgﬁ% 951 Wudu [41,42]

2.1.1 fudsndey (environments)
2.1.1.1 msvuiounewnaslusinia (air)
WNLmqgﬂﬂdaaaaﬂmlummﬂﬁLme{aﬁmmnﬁismwﬁLLazmﬂmqwé
Tnansswandudiulsznovvenddsnlan wWaenlansuduwna s umdnasmeuns
ANUSTIUTIR BILMAIVNBIUAININTITUYIRDY Viﬂfﬂ'a&laaﬂamﬂmmﬁsﬂizmm 1.3-38.8x10°

Alansusal WaANIRINITIN 2.1 [43]

A1519% 2.1 L.Lamﬁ"]LaﬁamiﬂéawaﬂLLmqjﬁi'fumimﬂ’mﬁﬂaﬂmﬂmeﬁmmmﬁmﬁ

Wi msUdpemesunsgiuuIssInIe (Alansused)
Waenlan 0.9-15x10°
T 0.1-7.5x10°
ARRIAY 0.9-18x10°
NTZUIUNITNNTINN 0.1-6.4x10°
RERRMIEIS 0.2-6.9x10°
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noaLAsAAnaINAINTINvRsIYWE THLA nndnlany nadnlsl nswdaman
n9ivey ugaamnTsa mawludiduiiu mevhoiedansuenndguimdn nisiwnlvgihiiy
wazinfuuudy wasmandnionean madilifissfesas 0.04 vemesnsiudesgdernialy
Aauanden mUdosmowuasnuywduassssumAluiuusseimavadanaaiiazedi 35x10°
wag 28x10° AlanSusieUnudsiu [44-46]
2.1.1.2 myvudioulovsunoauasiui (water)
looaunpaunsnuldluth Aafu dilddu dmes wasthiy Tasdaumin
wdgunaniludsnndeuaniAndestuluaromioounia [47) nesusadudiuuszney
PusTTITRYRIRuLATgnindoudelUSE151s wazmatilva Wesananmauiheinianiy
555UR v sTUNUALAAnNYed Yszanuiesas 68 veansUanUdeslessuneiunsg
ihenainagldunannszuaunismand lunsdilifuvdsgramnssmanznisivadwenindy
ﬁ%ﬁ&lﬁ’]ﬁ@ﬁﬁﬂﬁigﬁUﬂmLLNIH&’]IULLQJ&’]QQ%TA wazAnudLtuveslopouneanintudivi
Umethwedlssioatide (48]
ideduundsiiiinnsuuteuneslonsunasunsiiddy dldaind
fanaingaamnssuuaraiifou fefinisudosneuasadlurioszunei Tnsdiudinaads
42 fiadnsureausotu [49] lurneiiloosunasunsundiugnidnesnanlasszuusiin,
Ao udlosounasunssiuauanndsasegluthivuazaninefiazgnudesasdunaninsoly (501
iaaawmLmemmL“ﬁﬁicjmeﬁéﬂfmﬂﬂaﬁué’mﬂumammﬂmsﬁﬂﬁ"q

o+

NNNSNYAT LY asiafiusuAng e 1 egwg wavenauas Jowed Jedunisussan
#19 9 TudsemealngnnsUsenAresAMNTTINTAWIAEBNIIYA 1309 vuAINATEIL
AunwTluwvasiniAy IdtmuanesgiuUiinaleosunswwndlinigi 0.1 dadniusie
ans [51]
2.1.1.3 mytuitleuneuastufu (soil)

oaunsfignnuludsindeuinannisgnuaesasnginaudundni
Uszanaifosay 97 JuAnaingranvnssundnviions wilemeuns uazsnausanlsed Afun
Auly vesuadlumauns nunefadruvemeunsiiliamnsaldnduauainusle waglailuas
ogfluguvosdalildviodfinadiliazanei (9] Feveadoimariiinainnisyn warUdesasghn
fiu uazveadsiiAnanveyaies TnedlvgazgnilsnaulnonsasesglugUvesansnndng
NAIIINNTLHT LLazmﬂmzﬂaumﬂIﬁqﬂwﬂ'ﬂﬂ}]L?ﬁaLfJuLma'waqLLmﬁﬁwﬁ’mﬁUéaﬁéﬁuﬁu Wy

= a o ¢ = Y A 1a
YoUAYIINHEATUNNINSINYRTHUTEINUT0EAY 2 YowmawaIUdesdiu [52]
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2.1.2. myduiaveuywe (human exposure)
2.1.2.1 voundlue1uis (food)
prmsidutfadendndrdalunisdsedia lnsunasiinunaauasly
amsTiiUSamoaann T fu iedns ensvza dr wiawwazwdasyity (53] 910
Had1599N15U3LNANDIMATIUEINITVBINTENTINNYATANI FOLNTNIY 25322534 TUseu
Zouaz 40 TuomsTiunanvuniledad Tulds usidome Safiv d1 wazidoth [54] mswsey

<

a a & ' o 1Y [ " Y a A a a o ' =)
’mﬂll‘u‘ﬁi@LLiﬁ’W({]ﬁ’Mi‘ULﬂﬂLLﬁZ@M@IﬂEJV]’JIUNU?NWNV]@QLLGN 2 maﬂimmmmmmﬂﬁa el

~ v

wukIEms UM InUsenaumlenaas 0.6-2 lulasniusenlawnass [55] Fetayalnvuinis
wisRvesanszoisniinisdsianisuslaaemnsveiasunnaag19seiiles seyinUTinu
NoANAAEIINEMITAB 1.2-1.6 Tadnsusedu dwsunmeiiduding waz 1.0-1.1
a a o - o 1Y ! a 2 =~ o [ [ < A = = I
fadnsusiodu dwsudlvalinavds uazUTunauadud miumsniasianan (6 Wweuds 3 U) Ao
0.6-0.7 daanJuredu [56]
[ Ao & v & [ a 14
noundlua1semisnIndu dsiulssmaanigowsniuasiaunils
dn1smvuausuiuarsormsiwusdiliusazaulasuluwnas Ty (recommended dietary

allowances ; RDA) 1n8U3u10089Ma96bAINAIS LASUILWERIANTIAINITIN 2.2

A131991 2.2 LansAAvuAUIINME I sLugin [56]

¥399Y Unamounsiieslésu (ulasniusedu)
0-6 Lo 200

7-12 oy 220

137 340

4-8 1 440

9-13 ¥ 700

14-18 ¥ 890

wnndn 19 Pauly 900

fanssd/Wusyas 1,000-1,300
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2.1.2.2 loosunanasluiay (drinking water)

dndusnniadadoddnlunismsedin senevesyud Sy
dhulsznovaniedosas 70 Fsnshuthednedosiuas 6-8 ui aztheUsuaunaludane sh
T nudeuss Urgeiila szaate Rawiaia Prenssiuszsuumraiy winlalids saludai
Tfensuaid [57] wiimiagiiFlausenafimsudiouvewuaiFeviolansuiinegluthiiuilna
14 Tnenamizlesauvosunaiaasnduisasomnsiisndu wimnldsulululadifudmun
pdmansENUio e asrnmawssiufiinnlusssurfassufnanfanssuvosuyss
ypsunsgninanldlugnaivngsy nnszuaunsHAnihANLArUTISIsiTiuTSY WU vie 218
1 Tavgnau ansindourio wasn1surussy [37) vasainisfunetivesdaumlamunleanse
(copper(l)sulphate(pentahydrate) aﬂufwc‘?aﬁmﬁamuqmmiw Feilemafiazuuiouly
widwiiu Felsinameslossunewasuiunnsnaiusenlumuuasiiu dlndnazidu
nsftndeuvasioysztmasunsnielu waglosounasuasluthfiiunstisadnasnduty
Tutamsnszaslasianizeswisluszuuiiianinsunsaniothasveiungefifan sy
e Fansauinlesulessunssuadludiing 0.1-1 fadnduseTuludaiunisaldailveg fae
wndl vinlifosd nnsewnielanld mmualiduiunnlessunosunsgagalund wldluify

2 dadnsunedns [12,13]

2.2 auduing

=

noawnndulanzminfianunsagngadulaluald Gsasduruuinavewilseld way
waeunlugsiu gaviearlusiuiiiudig uargniueenuniouiuglasewIeenazgnaanau
winlulusemelaladn lngasidillazaveglunszan Webeveinduile dwvaraueguiniian

I~ Y

AD AU LasauDy [6]

2.2.1 NYNBILAIUUUIRBUNAY
nslasunesnsuuidsunaue1avilidediale dwsudlngusunalessu
yiosunsagisziing 4 fs 400 fadniuvedloseunssunsiemiindailansu Tnserdedeyaan
nsndufulaglifdlaagnsdinissndame [58-60] uazdlolésulossunounadluluyianmi
wnagvhliAnidensenlumaiues ennistaaizsluben lsannuduladings Waden
waawan Anuduiiviewadiu waglamedeundu Wudu [60] mnsulossuveuadluuzun

d' oI 1 ) Y a e.'/ < a ] = d' % a ¥ 1
AsnnInenavinlmineinistaeiiluvesermsiuie wu Undsee aauld o 1isu waryindasid
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Tagiirluennsazusinguasnnlasuans 15-60 uiil enseauldendsuduiosunfiunnnia

81N5Y1849534 [61,62]

2.2.2 NeNIbAbUULI D5
A v a ° Yo o v | ' )
Walasunawadlussezinanfenuiu agvinbisuyinmunnunnses ldausadu
loopunasniaanansenelaniuund evinlriinsazavsglusianiadulsuiaunn 91auin
Y
nswasuwlasan1izaunaveswaavinliiAnlsanensatussuulssam wu lsedaluwes
Tsmladuviolsanesunadslusnenie Wudu [6,7)
= ¢ &
2.3 35351292l
NATNHULNATNTRRILLAE VTN T TPNUS Il aUN B IWAY FIITNALUN

1lunsAs1eiinasds wu

2.3.1 wadanaaiilnili (electrochemical)

1ay Cano wazamy [14] ladwmuiisnisesiainnilessunesiasluinlagly
wadan1aad i lneusudgesdmmdrvest lndviaulaeldildendulonasify
lpeslansenlenuaznsnddin iedsundilindulvanansaduivleossunawnals fsgun 2.1
¥ = a aaa a v v a ¥ ng (3
aluaisazaredlossunasunsaziinlfisensanduuuinuivesd i nsiadanis
wWasuwlasmaad i lasldmatdaavinesisudvanad liaunuuns (differential pulse
voltammetry ; DPV) nud ninadad dua9adnud uidunse 15 - 60 lulasnsunodns
a o v £ r.:l' ¥ ¥ (2 1 a aa o v [ a a
Padrian1snsiviniaududy 2.5 lulasniuaedns wazidndinn1nsainlgsusunm

15 lulasnsusmadng
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! MO NG ; Carbon
NaOH + Citricacid | I§ )| : paste -

| |
IIJ1 0, * 0 0
\Mo‘\ Y "\ ot ' 2 INZERCKC i electrode
c . o b o ’: —w> i i H ) 0, H ) (e} 0\ ;
\"Bio—TempIate - S NN NN
L L B PN W s N
New material functionalizated U /
(OM-COOH)

OM-COOH

1 o
| Electrode Y\ o
i surface

| o
| Electrode Y
| surface = M Experiment |

@ Experiment 2

10 15 20 25 30 35 40 45 50 55
Conc. Cu(ll), pg L'

=

sUn

U

2.1 n395997nleoaunaan e b1y un Usulssaminaedendule

WARARNBS LS LT yaNadlIawNULNS [14]

Flores wazane [15] laiussandldmatawad liiwiediasieinivsunu
loaunsawas Ingldusuugstalniviinusiae ferrocenyl crown ether Lialdiduaunuadu

Aulessunealns wazaainmewmatiaaualsnnteluinansudaliaunumns (square wave

a &

anodic stripping voltammetry) #uadigsaunTuAdudunss 10 - 70 lulasnsusodns
o U U =

al U IAa Y adA ) v a
wazddndninn1smsiadn 0.11 lulasnsusedns waslidefmoainunsainlunsiaianiusunn

looaunaswnalaludiotalaanzlaglusesdtunaunisimsguseg19naunIsIASIEH

2.3.2 wintlavgealsawud (fluorescence)

Tne Saleem uaz Lee [16] l8inisnsaainlossunsunsluiidouarluwad
dsfiTinsnomaingosisaeud lnuendunisinu§izonseninslossunssunsiuansdansies
rhodamine B semicarbazide 3 \AnnanAmaiiduasisoguas ﬁ@gﬂﬁ 2.2 J9@1115095993A 1A
lnswallinngeeisalwud ‘WU’J"]ﬁﬂ"]ﬂ’]i@Jﬂﬂﬁuuﬁﬂ&jﬂﬁﬂﬁﬂ’ﬂwm’mgu (Ao 560 UNTULLAT WAy
ﬂ’]EJLLEN‘WQ@EJLiﬁL%uﬁi‘QGﬁ‘ﬂﬁﬂ’J’m&ﬂ’mgu (A..) 596 wluLuns taeddnsinanisnsiade

1.6 x 107 Tuans
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Colorless Colored

rhodamine B semicarbazide 3

sUN 2.2 n1sesiaialessunssundloimainngoaisaiwudlagn13e1fe rhodamine B

semicarbazide 3 [16]

Gao wagany [17] laWautgugesvgessasuduuulndiiianuly uag
JunzAan13nsIvinlossunatasluiifny Inswuwesisewaidinnuludnuvuenisda-Un
= N £ aaa % ¢ a a A ead a .
Falooaunaundigrsiseufisennaielesaonding azinn15eandlaginuiaves resofurin
diefilelasiuleseanlen aglindnsdaeiduy Amplex RED Niinnsi3euas aegunl 2.3 Feain

=

ANV AINANITHTIVTIANAIDS 1 wluluans

JUN 2.3 nannismsenvinlessunswuasniemaiiargeaisawudlagnisende resofurin [17]
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2.3.3 wallpeznoulinlouresnduaiunlnsing
Supong @z Usapein (18] ld 5189119103881 89iuisnsra Tamusuna
lopsunswndduiude Wwadaanesneuiinuovgesnduadnlnsiing (flame atomic
absorption spectrophotometry) wuinfigasauiduduiidudunss agluais 1 - 5 dadniu
ARANT 508arMSIANAUALYINAY 85.02 JARTINANIIATIAINU WU 0.0042 Hadnsunodns
wazdlInIAnNITIATIUTUIM WU 0.014 ladnSusiodns
Neri wazaniy [19] léfiseauauddeifenduisifnnuliinnegigslunsasainm
USuadlooouneowuwns Ingldimaiinnsainfiog1auuy single-drop microextraction (SDME)
1neld 1-(2-thiazolylazo)-2-naphthol 1Ju chelating agent suiuleesunssunainily

d15Usenauldegdou a1 uunluTIAs1¥v A 28 graphite-furnace atomic absorption

£
av aaa o

spectrometry (GF-AAS) wu11 Tusuideiiddedninnisnsaadn windu 0.025 lulasniunedns
LaEININNANITNTIVTATIUS U iU 0.085 TulasnSusedns a1ndulaiAsdlunsiam

lopaunaswnalutinyszUwazimeta

2.3.4 watiaduinyin AUlanataun saUsinea dilatu awnlalums
Escudero wagang [20] I¥asramuSunalossunewadlusiogrniyssun
Uus wazumeia daemailn afnwuy solid phase extraction (SPE) wuuseulal fefu
inductively coupled plasma optical emission spectrometer Iagld ethyl vinyl acetate Ju

Aagadudmsunisana AU 2.4 wuinnuddelivenas aunsansivinfieg1elaegng

1
= [

faLilnd 15 feg1aratilud wazliiniifanisnsiada 0.26 lulasnsusodns
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—

gilﬁ 2.4 M3nTvinlessunasuasnamaila inductively coupled plasma optical emission
spectrometry $aufumAllA solid phase extraction wuusaulau (S: sample (flow rate: 8.0
mL min~Y); B: buffer solution (flow rate 2.5 mL min~!); E: eluent (flow rate 1.5 mL min~?);
W: waste; P1, P2: peristaltic pump; MC: minicolumn; V: injection valve. Valve positions:

(a) sample loading; (b) injection) [20]

2.3.4 wiatinduaniin Avllanandu uwuaaunlnsiues (inductively coupled plasma
mass spectroscopy)

Tu A.A. 2021 Fei wazamy [21] ladauimatianisasiamlosounssiag lagldy
wadAN1san awuy solid phase microextraction n18lupedudussy imprinted hybrid
monolithic Laznsrainmematiadusniin Alllanaiau) eeUfnea dilatu anlawuns lng
Tuaanlnsiines (mass spectrometen) lusansrata fgui 25 nudunedaiial
1A589igs 10991n5ARALUY solid phase microextraction anunsaLfinANLIduduNoY

AA1EALS 10 Wi N lRTTRI NSRS RAMUNTY 0.008 Jadansusaans
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A \y/
L LY
D
A ./ N\
‘*\ TEOS _ EN NH—
an—/ " : . . :
~o Chelating CTAB = . 45 °C
O-Si + @ i —_— /
(o H,0,EtOH |  TMAOH X 24h
. B
AEAPTES Template ion
CH;OH | HC1
s
\0
4
e 5
= I8 ’
Lo e 7’.1’
*® @ Matrices V > | z
A L \_//l HN NH,
e Cu(ll) . P N\ /
lJ ] ICP-MS
\\;f \Sr’ / \
H>oN NH—
Load sample Elute Detect e —_

sUN 2.5 MansiainlessuneundlegldinaiinnisinAinisuanddesavnounioninseeu

waaunswAumALlA solid phase microextraction [21]

2.3.6 NNSAIVIANNGE (colorimetric sensor)

Chaiyo kagang [22] #wun15n5193anadnegunsaluunseaunininula

aaa 1

wazdmnzgalagardenisiiaujiserseninlsledamn euniauilulu uazlosaunawas lay

A o

Fozdsuandvaduliiid figunl 2.6 imstuiinanmendesdiosUuazasianndud
FaelUsunsu Image J nan1sMaaenUINIsdRTnsiAnIsAsIeTaiinududy 0.3 wilunduse
fadans uarlduszgndldgunsainuunssasilunsnnatnlessunssuadudiegrnia
9113 wardeg1aden WudNanSIAsIvRT ladenadesiumaila inductively coupled

plasma-optical emission spectrometry
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T

JUN 2.6 nsnsavinlessunasiememalianisdenfugunsalnsiaianuunsealy (n) nw
UNIlNTIVTALUUNTEANY LaznMeUNTalndaaInNN1TnTIAInteaaunawad (v) 0 ulunsy

a

fafadans (A) 50 wlunsuseliadans way (1) 100 wlunsusieliadans [22]

2.4 mAdAULYasNIAll (chemical sensor)

wallawugeseall Ao wuwesildlunisnsainaisadsng 9 JDuwedansain
langlpgandenisduiuseninduanavedlelalurlesiuuanlessunazuoulossu lngisuiges
maaiiusznousie 2 @ laun [23]

1) duduliana (binding site) Wudunilswaslananalaad (host) Feduduilazsioad
AU L UANSTIS 09N 1A 12 WEBI5EnTT 1nas (host-suest)

2) drulsid o (signaling unit) 9xviantind WE sudyramiuaivesnssuiu
sewindleadiuinad Wiludyaaiiannsansinindenissdioineneans

wuwasnaall Suunsendu 2 vlia suviavesdyauiiuaniesnin il

1) wsutgasn1eliia (electronic sensor) tutgasn1sbni19zuansdygyianisg
Wasuuvadluguvesandimaniilin snsiaiamalatin 16ud Sinlnsadeidonsinulossy
(ion-selective electrodes) WantaWiWans UG aines (field effect transistor) way
lalasdidninse (microelectrode)

2) wuweivnauas (optical sensor) azifiunisuaninalnenisidsuulasaniiniauas
wuseontdu 2Useian Ao Lwulwes T onden1siAsuulasd vedaisazans
(chromogenic/colorimetric sensor) Faa1u15005993lddenUe" uaziwuwesiiondunis
13931a4 (fluorogenic sensor)

Y a s A vy a ada ° aaa
VOAUDIUNAUALYULYDILAU IWLLﬂ L{]ULVlﬂ‘Nﬂ‘V]llﬂ'l']ll"ﬂ'“W']SL"ﬂ']gijJQ L‘f]U’Jﬁ“VN’]EJ

=

Aldinelunisiieseian daulieszias waglinansnssinng [27]
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dmsunsnnainlossunswndagldmalinwugasmani diulvgldeuiusisniiiu

a

Juleleluresduiulossunewuns eyiuslsnndiu T dlassadamaniasgui 2.7 Tsadiu 9
Juansuszneveslsunfin (aromatic compound) fianunsaiseuadldwasirnananeoudy
yaWgeeLsaLTUAgs (fluorescence quantum yield) FslinsiFosuadlugrefinmeadiule
[31,34]

O .
O
‘ \‘

o L
Uil 2.7 Tassaamaniivedlseniiu © [31,34]

INMIANYIVEY Kim wazanz [63] wuitlsandiu O gnihluduaseisiudulansdu

= =~ v & v ea o v v & s 1Y LY 1
wazansdu q ielvlaiduesuiusivarnvatdmsuldiduguiresnsiadulaneningng o
agtu Nowns ayiudlsnfiy J Pdueszivutuiiandfdusumeslunisddewd Taenis
MnuressugeiianwaaieiunsiUalaging sxiinsdsuiuasusnanalulsuanuay

(spirolactam) voslsaiiu T ludnwuzlatUnmannu lnadiorwmulnaglilied uallednng

=

YY) °o g v a Y A a oA & Y
Juivlessunawaszilinawmutaeenuaidnsdsuilasvesdidudyunduun aegy

2.8

€aN
(il
=<2
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lun1swWasudiinainnisnadnduveseyiusisniu O Julessunaunals lag
N52UAUNISH LT UNISIA T IT U ulaed dunsAS e uuulaeafun lAlasIas19v99
auuslsniu U innswdsuutas inluansaneiiliilossuneswnasalilsuanuauazla vih
Tisguumaundu (conjugation system) lulasaseiudsduey warlifinnudeilioniisane
1 1 = ] d' =3 I d' al o v
son1stisluntsaandusadlugisinuesiu uilurusiluaisavaieiiloosunawnd vy
a o aa % %} 6* = =l o Y a ay d‘ o v
Wndunsiserdveynusisnidu 4 viliiianisidaisvesalulsuanuny wavimidedauilv
a & P A A v o = o P = ~ oA
dnaseululassasianfouiiiingssuunougindu Juihlilassaiiwendu uavinuseiles
\iganeronstIeganduLadiutafinme vl

MATERLIesIUsnalessunaawatlagldinatinmugosniuall Mldeyius
Tsandiudulelolunes 1wy

Huang wagay [27] ainsduaseigugesnaniivuulnilagldeyiuslsniiu 6 3
(R6GHP) dnsunsiainlessunewnduaisazate asgun 2.9 Weyuslsaiiu 6 3 Juiu
lovaunasunsazlaansararedvuniasndndaeiianisieaasld wuinisldeyiuslsaiiy 6
a a v P 9 ' PP o w o A v v
3 @A1UTOLANUANULTUYDINISLI DIAILA 36 1911 TaedTRI1AANI1TASIATAT A21ULT LYY
1.0x10° luans dmsunsadnaIn1saanaulas kazddndninn1snsiadni Adududu

1.0x107 Tuans @9sunsiainAInISiSaatkad

\

= OHo-/ N
\ / \ \\
N ) \ D
\\—W\ { N cu®'
\ e o s

=~ .X

R6GHP R6GHP+Cu?*

5UN 2.9 wuweimaeldmsunsivinlossunsuwasiagldouiusisaily 6 3 [27]

Arumugaperumal kagamy [31] laduasigvioywusisnidu Rh1 uag Rh2

'
a

Aegun 2.10 lneduasizianlsaniy laasi@u (thodamine hydrazine) uainea (catechol)

al s =~ VY] Y a [ & = oA o v L
ey BLno3T (ether) LWEJ"O‘UﬂUVLEJ’EJEJUVIENLL@ﬁ lmmammwﬂuawwj NUINYAIINANTITATIVIN
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Ly

dmSueyiuslsnidu Rhl uag Rh2 Aa 1.22x10° Tuans wag 8.0x107 Tuans muaau wieadl

1Y

o A A < =
pdnnAelinasuNIuInlensurantazloooulasilivy

e

o] o) \
O NN o) N
/‘N)O Q/\/‘B 08/\ :/

N
Rh1 a P

Colorless

O N—NJQ> o %NN? ;
fNO 0\_/qu0
N7\ N
/ Q / 4
Rh2 @

&
Colorless 7 Pink color r 7

~

Uil 2.10 FBasainlossunsaundlagldeyiuslsaiiu Rhl uas Rh2 [31]

Yu uazany [32] Insdaasigieyiuslinniiy U wuulnd degun 2.11 dwsuasiada
leoounauas eleosunawwasduniveuiuslsaiiu U sevhiiiandndusidvunuas

HARAMTEINTTElY Kan1InAassnyITeYRustsndy U wuulvy Nduas1vituund

)

ATz o lepRUnBILANgY liinasunuanlesauluifey Wy Usen axna duinyd

Wwian wanLluy wazdiniia
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NEt,

Et;N 0
NH,—NH, O O OHC—CHO

—— s 1S
ethanol, reflux Q N—NH;  ethanol, RT

S

o

NEt,

8§
1 s
auuslsndiu O wuulny

NEt NH
: @’\SJ\H" ? BN o
CHO %) O O
ethanol, reflux N—N/’ \\N
|
s ey’
(4] :<

EDTA

auuslindiu U wuulw

sUN 2.11 FEasiainlessunasundlagldouiuslsniiy 9 wuulva [32]

2.5 NMIATIVIAUVUNTZANY (paper-based device)

gunsalnTaianuunszay Wugunsninmatadivihainnseany 1w nszavlasunin-
3997 (chromatography paper) @w1safmunruIausans9iald dansnsainsiedsd
HuFsnsassgunsainie s1angn mslivsinaansiiven aunsansiadinszsiliodnssinid
a1n30n 5193 RlE B e R sUSINasi A9k (semi-quantitative analysis) uazU3unaiinsey
(quantitative analysis) [64-67] 39vIlWiin1sUseendldaunsalnsiadnnuunsenwluns
AATILINLATIANGY) LT

UITBUY Fernandes wazAmy [68] lauaunszae dmsunsiandiuulessu
nosatluas Insodeujisenvesdseninilessuneunsiu diethyldithiocarbamate 161
nanfauraimdoriina thuaunseareioTamaududaindd RGB st neldanied

[

a & v a{' Y v A a v 1 a aa o o A
WNNZAN LYIAMMUULFUATINAMUINYU 3 - 25 HAaNTUADANT LazlUAIINANITATIIAN
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ANULTLTY 1.6 Hadnsusiodns waznani1siaszinisunaleosunasunslugsmuiilbing

¥
a Y A a v ad v A

donndesfumalinoznaulinuougesnduanlnsling defvesnuidetfeduisnsiaind
imSaldianiies 5 wii gunsalnsiaiadivwimdn wanlade waslieldiglunsiesizi
VGl

fodriavesgunsninganiauvunsznuiinsninandvomdnduside AMAntuuy
nszawarliathiaue Vilkieanulieneiin fafuiddinuideutlatesifadindn wu

Tu A.A. 2014 Evans uazane [69] laimungunsainsainvadluaganiauuunseny
(microfluidic paper-based device) IngUSulgarmtvenseatymLaunAuIlugand lngld
3-aminopropyltriethoxysilane L‘f]umilﬁ'amwd’mﬂiwwﬁ’uaumﬂmiu%ﬁm d115u
asiainuannd nalaa wazngmiue ordenisiiaufiserduarsiaddinie lnedieuledily
Fussiisen Tndesasidudvam taa uagih susidu nansvaaomuindndndusii

a ‘g ° = a s a :’; [ d'
ENAYUUUNIEATEFUEUDLASUAINNILAINESWENNYU G]Q;J‘U‘VI 2.12

Without
SlOZNP

With

SiO,NP

(1) L) L ()

JUR 2.12 mInsraiananiaa nglaa wazngauelanegunsainsiainveslvaganiauuy
nszaeiviuUsmivesnseaeigoyniauludan (0 uaz U Ao uamma A LAy 3 A
nalaa 3 uaz a Ao NgaLun) [69]
friulunuideiisaulafiisfansweeimaedifiennainuiinulossunoundly
ity Tnedaameioyiudlsnndu 0 Welfidulelelunesdmiuiuiulosounauns uazay
USUU§aRIniNeaunIEA1I¥A8aUNAUNIUEANT M5ITAAUTNEUULAUNTEAYAIY

aunselnu
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UNN 3

A5n15a 1 HNUIIUINY

3.1 @9LAd
3.1.1 13a8u U (rhodamine B, Sigma-Aldrich, USA)
3.1.2 lans"@u lewwsn (hydrazine hydrate, LOBA CHEMIE, India)
3.1.3 . uea (methanol, RCI Labscan, Thailand)
3.1.4 3,4, 5- laswuvendLuugean laa (3, 4, 5-trimethoxybenzaldehyde, Sigma-
Aldrich, China)
3.1.5 lan1uea (ethanol, RCl Labscan, Thailand)
3.1.6 Loviaaz@en (ethyl acetate, RCI Labscan, Thailand)
3.1.7 lapaslsilmu (dichloromethane, RCI Labscan, Thailand)
3.1.8 luinew lensanlan (sodium hydroxide, Ajax Finechem, Australia)
3.1.9 ae@laululnsd (acetonitrile, RCI Labscan, Thailand)
3.1.10 ¥@n" 13a 60 (silica gel 60 (0.063-0.200 mm), Merck, Germany)
3.1.11 nsaz®fAn (acetic acid, RCI Labscan, Thailand)
3.1.12 wnszlefianaslodaing (tetraethyl orthosilicate, Sigma-Aldrich, USA)
3.1.13 wanlallaulensenles (@ammonium Hydroxide, RCI Labscan, Thailand)
3.1.14 paviUas (1) Aaalse (copper () chloride, Ajax Finechem, Australia)
3.1.15 nsalalasmasin (hydrochliric acid, RCI Labscan, Thailand)

3.2 \A30dile uazgunsnl

3.2.1 \n3eaiioTnnuidunsn-Ana (pH meter) 3u Model UB-10 (denver instrument,
USA)

3.2.2 lulasTiua (micro pipet) vu1a 10 20 100 waz 1000 lulAsa s (BRAND,
Germany)

3.2.3 \n3eadslifiuuuaziBn naflonddumis Ju AZ Series (sartorius instrument,
USA)
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3.2.4 Lﬂ%@qqa—’iﬁlﬁa awnlaslulnidines (UV-visible spectrophotometer) §1 UV-
1601 (SHIMATSU, Japan)

3.2.5 Nd833aN55AUBIANATOULUUABINIU (transmission electron microscope)
3 TECHNAI 20 (phillips, USA)

3.2.6 1A5 DINIULL LGN (magnetic bar) 3uUA 10 LGUALNAT (IKA RH basic 1,
Germany)

3.2.7 Lﬂ%@ﬂﬁ/\l@uaalﬁamuﬁ aalnsalnl (fluorescence spectroscopy)

3.2.8 AvaulAlATNIlanI W (column chromatography) Uu1a 30 x 400 AaALUAT
(CT Laboratory Co., Ltd.)

3.2.9 uHuegdilouiiuoad IANUIR 60 Fus YUIA 20 x 20 Lwumluns (TLC silica gel
60 Fysq, Merck, Germany)

3.2.10 n3zAwlasuIlnng W wes 4 (whatman, UK)

3.2.11 nsganwnaguviinsesUaus wuune1u

3.2.12 \A303fAN3EA1Y U Paper trimmer No.8005 (Deli,China)

3.2.13 Lﬂéaﬁummﬁqq (sonicator) 3 Transonic Digital S (Elma)

3.2.14 1A398198151 VORTEX-GENIE 2 (scientific Industries, USA)

3.2.15 Lﬂ'%lawgumﬁ'mmzﬂau (centrifuge) $u 30106889 (Jouan, UK)

3.2.16 audnlalu B1fo Apple U iPhone 6s plus A2296 (Thailand)

3.2.17 waUnaLATu Color Picker 13857 3.1.0

3218105 9458 WIEH UYINIALUUNU U (rotary evaporator) 5 W Hei-VAP core
(Heidolph, Germany)

3.2.19 ¥ngunsalsvlang (BUCHI (Thailand) Ltd.)

3.2.20 \p3esdlundosuaniudnslowuud wuuyiFesvisuanesy (fourer transform-
nuclear magnetic resonance (NMR)) (JEOL Ltd., Tokyo, Japan)

3.2.21 Nd039aN53AUBLANATOULUUE B 1 (transmission electron microscope
(TEM)) $u JEM-1400 (JEOL Ltd., Tokyo, Japan)

3.2.22 ndosqanssaididnnseuuvudosnsiavilaiindivdunazgunsailiaszsisny
field emission scanning electron microscope and energy dispersive x-ray spectrometer

(FESEM-EDS)) 'ﬁu JSM-7600F (JEOL Ltd., Tokyo, Japan)
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3.3 351159899
3.3.1 PONWUULALES1LIUNTEANWAINSUNTIVINLoDDUNDILAS
3.3.1.1 PONLUULALESLAUNTEANY
18 NNSES1UAUNTLANWAINS URTIAIA LoD DUNBILAY UTLNBUA I
2 du druusniduusnansiain lngldnseawlasunlnns iues 4 dauie 5 x 5 Jadwns
drufiaes afugudmivivlagldnssaunngusindesdeuduuin 5 x 40 Safuns a1ntu

o ! A & a L o v v 4 Y & v A [ a{'
‘Ll’]ﬁ’)‘L!LLiﬂ‘VIL‘U‘U‘UiL’Jmﬁ]3’3%’3ﬂ’)’Nng’W’dW‘MSU"ﬂUIG]Eﬂﬂimﬂﬂﬁ’)ﬁ@ﬂ'ﬁu’]L“U‘LW]’JL‘U@ll @QE‘U‘V] 3.1

Asyawlasunnng
5 11,

|_L|

WUNRE0InTN UINIUATININ 5 1.

T m) -

nszAMIIRUTUR UM / —— FIUEMIUIU 5 x 40 1.

JUN 3.1 nsasuaunseae dnsunsirinlosaunaduns

3.3.1.2 N@aIULaIE IS Ua18AIN
NAITULANEINSUENEANLAUNTEAY #5199 nNTEAwLdauas 20 4
YUIA 50 x 50 x 100 dadiuns wazdveaianaunsinaiesuuunaesdvuiaduniAugnas
5 fiadiuns dmsulflunmsdeguseanialiu anelundesiivasnl LED uasdun ienuau
auasenslunass dauarsvesnassdidesdmasuauin 10 x 5 fadwns @ msulduay

nszawdmsuIIEnIn AegUN 3.2

35



50 wal.
2‘/\ e <«— LED

| =

100 uu. 2
witc

EIE/

5UN 3.2 ndesdmsuldununszawiionienin

3.3.2 NN99IUANANUINAUULOUNIZATYMBLBUNBLATUA U gL SRl Y
nrinnnuduresdrayiiistuuutinuenaiaveuaunszas laslduey
WALATYW Color Picker n5337mAE R G wag B ﬁ'ﬂgﬂﬁ 3.3 (A1) wanIonNIsIUaALeUNALATY
Color Picker luaandnlny anndudenawiiansld 1slonsuusnmunsiainvesuaunseay

INUUSWAIMNULUE R G B Aagui 3.3 (@)

36



(n) ) SN

Colorpicker

R: 200 G: 181 B: 203

R G B
200 181 203
R G B
184 203 181
R G B
189 181 203

R G B
200 181 203

[E] =

(%)

< Select from Image

S—dengunm
R: 194 G: 165 B: 200

A

/

SOk Y

5UT 3.3 nseuaranududuuLaunsEaemskaUnalty (n) 5n1siUawaundndu Color

Picker Tuaunsalnu (v) N1581UANANUINEA R G B

3.3.3 dupsgieunauluresdanieisalnues (Stober method)
BsduaTeieunIAIluYeIdaNImeIBalaUesAaLUANaIN  Fernandes
warAmg [70] nanansazanslaulufonlansenlanUsuing 3 4adans eniuea 30 dadans
wazthusenlesey 0.5 fadans aduvandunay ndutharsuausananlulimnudeud
Uil 70 A LYALTE meldaniznisniuetesieiiies 1urian 15 uadt 9 ndulds
A15arauLAnTLleTianaslstanm AUNTY 0.015 Tua USuns 3.35 Jaaans adluansavany

' 1%
v 6 fal a =

Hes wazviin1ssnandilunan 3 43lue Neamgll 70 ssrwadea dindnduanfiintuludy
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m"?laqﬁ’mm%qm{um%mmﬂau fira5259U 14,000 soUADUT 1Wuan 60 wil avla
AENOURLATUALAYEITATA DY AUUUVBINABAGUATHIT LONLONENTAZALTY LaTLRU
nznauiiliiludsieieniuea 3 sy Mntdutheenouluevludayyime asaaoudnuasy
‘vmmstwsuaqmsﬂaué’asJm%«;ammﬁﬁLé‘ﬂmamwudaamu LazndnganssAudianmnsou

wuudeIng1nvinihdlintuuazgunsalins1edisg

3.3.4 duasievioyiuslsnniy 4
Jupaun 1 nsdansizilsaiiu O lanslas
Feduasenilsandu O lansilan ankladuiann Kim wazaue [71] Wnetalsady O
F1UU 2 N5 wauduLLNIUea 40 fadans tuvnnunal ntuRLasazatelansdulanse
2.5 faddns Nazven dlusnandidunal 7 97luq Noumail 65 sargaldyd MaAlmdun
a v ° a o ¢aly v H ) a A aa vy ) Y a o ¢
gauniivies Undnduainlainadludinauuiung 800 Iadans 319iiald 1 Tu 9z landnsdou
Juszneu nsesmznauilamensoinsesuuguainia Wnznauliauliuianigldaning
I3 9
geyeynd et 13y
3 a o ¢ Y = P
Tupauil 2 NsdATIERoYuslsTy
FBnsdeaTveyiuslsniu U deuUasunan Sunnapu wasan [33] lnadensnau
2a9l5018u U lansilon (AlAandunaud 1) 37u31 0.4984 AU NaUAULASINBNTLUULDAR-
la@ 371U 0.4276 nSu aslulenIuaaUsuns 40 faddns antuthluswand Wunan 6 42lug

Mamall 80 e waidea lagliunsnozdRnU3uns 30 lulasans Wieissfisen 1alilndu

'
=

Ngaungivies langnaudvn dmznsunlaluinlvuiansineldreduilasuilans iy
Fanuaa Wudigadu wazawinduriugudnanvesredulviiiu 3.0 wufwes Tdssuudavh
azanedunsglunisiafieuanshe lneaslsilinu ¢e lefiaesdingg ludnsidiu 9:1 9 ndui

prnaunbalunsrageulasasrwaainewaiadiadoswuniudnslawuudgaunnsalnl

3.3.5 manneivanzaslunmsnsieynieunludanuuuinannaiavesuounseany
3.3.5.1 Anwarunduduivangauvosoyniauludan
Anwinudutuiiivanganveseynauiludanfiaadudu 2 25
3 35 uae 4 fevarlngtmidndeuiung lnevenouneuludang fenudutusing 1 as
U3n19dn UTues 4 lulasdns mﬂﬁ?uﬁw"l,ﬂauﬁqmmﬁ 100 aernaidea 1uiian 30

W MNTURLoYTUSLIANNTN U nenaausiamnsiainrelaunseny Lagnenaisazany
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[y I a a

lesoumosuns prundudu 1 fadnudedns nanfumidldsdudvam Taoinasilunsfionsan
sgidenanuituduresoynauiludant Alviaianududasgauazinninszaneiivesdidu
UIIUATITIN
3.3.5.2 Anwenmgiiivsnzaslunmsaieoymaunlusan
Anwgaumgiimunzaslunisndseyniauiludanfigamall 70 80
90 100 110 @z 120 8aMLYALTEE LAENEABUNIAUIIUTANIAULUINAUNTIVIAAUTUTY
flFando 3.3.5.1 Usues 4 lulesdns nduihloufigamgiisng q bunan 30 uidt anity
Wineyuslsndu O venaiuiniunsiainvesaunseny wasreaasaraiglosounaduns
At 1 Sadnusedns nansuridldavdudvay Tasnasilumsfinnsanizidengumgl
fmnzaulunisesieynaunludan Alvmanududgegauaziinanszaesvesdifuuing
MTIVIN
3.3.5.3 Anwianmgadlunisesiouniauiludan
Anvinaumnzanlunsniieyninunluaniiing 10 20 30 40 waz
50 unil Ingmeneymauludamasuuuinasnaiaaududuildands 3.3.5.1 Usinas 4
lalasans 9nduthleufigungiifldannds 3.3.5.2 Wunawine @ Mndudueyiudlsniiu

=

T 19U IUATIVTAVBILAUNTEAY Lasrena1saratalooaunedlag AUty 1

fiadnSusiadng loginaeilunisiansanagdoniatmunzaslunisnisouniauilugang Al

Aanududgeaanaziinisnszneiivedifuuinnmsinin

3.3.6 Anwimanziivingaudmiuliassiloosuneuasiionaunssae
3.3.6.1 ANWIUSUIASVRIASLATIUSIUNTIAIN
Anwsmsvesanedivenuinunsnindlilunmainuiase T
nsanwagldasazaneiuiiaduugiluaisvaaeu 7USums 1 2 34 56 7 8 9uaz 10
13lAsaNT A9USARTIVTAVBILAUNTZANY NainsAsadenannefivuizay Aoasiden
USinasvesansazaneildlunisnadeuunsnsranaiufiuivesuinunsiaia
3.3.6.2 Anwianmefiunzaulunsnsiainleosunsauasenaunssay
1) Anwarududuivnzanveseyiuslsaniiu 9
Anwanuitaduresoyituslsnniiu § Aanududu 05 1 15 2
25 3uay 35 fadluans Usunsfildlaannds 3.3.6.1 nenasusiannsIinvesuaunssany

IMNUUNERE1TaLa8 o0 UNDILAd ANULTNTY 1 TadnSufadns Usunsiiglaaintde 3.3.6.1
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FlMAMUARTeN 2 wifl nduduounszaslundesfivuatasdeguuinunnaiadae
aundalviy s1uANdLd R G B MAnUnamsIaiasowoundiadu Color Picker lniden
g1utesfilianududgean tnasilunisfiansananngdivanzauzidonaudutures
oysiudlanniu 9 Mlvmenududgeian
2) Anweauduna-ssivangadlunmafaufisen

AnwAnudunsa-dnsiimngalunisifaujiser nefnue
anuunsa-reit 1-14 viomsneaeslagldouiuslsaiiu T Aanandutuainde 3.3.6.2 4ei
1) Mndunenansazanslonaunesmas anududy 1 Sadnduredns fgnuiudarndunsa-
Assngansazatazatensnlalainanin visansaransluifuunaslsd Usuasildldande
33.6.1 7iA1Rdunsn-a19619 9 MEABIVLUSIUATIVTATDILAUNTEATY TRkt
AaURRSen 2 wiit niuhuounssavlundesfiuuasiasdiesuuinansatadeaun il
g1uAANNTLE R G B Aiausnanaiasheuaundiatu Color Picker Ingidangtutosdils

Aududasan tnawlunsiansananngiiviingauandenaanudunsn-ang Aliaiay

'
=

\indasian
3) Anwinaivingaulunainufizen
Anwnauzanlumninuite Tnefnsnailufnufazen
fi123456789 uay 10 Wi vimmesedasldasazareeyiudlsniiu 7 fanu
duduannde 33.6.2 4afl 1) nthunesansazangloouneduns anadudu 1 fadnfusedns
fieheudunsn-ansninds 3.3.6.2 i 2) Usinmsildldannde 3.3.6.1 HlilmAauRATend
nasing q MnsuiununszslundesfivuasuariiesUuinuenindsan el g1udn
mudud R G B MAnuinamsainmeueunaindu Color Picker Ingideng udositliiany
\dgeaninasilunsinnsananngivenzaazideninan Mlimeudidgeian
aganngifnuuitomanneimnzailuninnainlosounsuns

;4 U d‘
AIYLOUNTLAY ANAIT NN 3.1
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M15197 3.1 agun1sfnwanneivinzandmsun3eyn 1ALl uEan VLU IMNTIAINYDS

LOUNTEABLALEIMSUNTIT TN DB UNDILALMBLAUNTEANY

ASMENNIETMINZAYN  @NIENANY YN

MyisoumMAIluEAN 1. Anwiaandudui imainganves 2253 3.5 uag 4
UUUTLINATIVIAYRY  BUNIAUILUTAN ($evarlngtmiingo
WaINTTANY U3un3)
2. Anwigamgfifmuizaulunisnis 70 80 90 100 110 uag 120
aUNAUILUEEN (B9 LaALTeE)
3. Anwavanzanlun1snsaeunia 10 20 30 40 ua 50

PUTANT (W9)

nsnsiaTalessu 1 AnwiAnudutuivanzauves 05115225 3 uay 3.5
VOAIMIERAUNTEATY  auuslsndiy U (Wadluans)

2. Fnwidrarndunsa-ansivangay  1-14

Tun1sinufizen

3. @nwiaanv anurzanlunis 123456789 uag 10

AnuAsen (W)

3.3.7 AnwUsgansanveawaunszaulunisnsiadausuinlesaunauns
3.3.7.1 AnyImNUTENnIveILuNTEaY
1) Arwinsvindiveununsenit

Anwinisvinggeaununszaty shnsuaaedlaeasanaisazans
wmsgiulossunouns fenuidudu 1 fadnsureding vnsseinsiuau 7 61 meldanne
Fenfu MntuguemamududuinansaTaresnunismuisueundiadu Color Picker 1
AAuET AU e Yesazvesdmsauun s WENTINS (% relative standard
deviation; %RSD) [72]

2) ANYINIINIUTIVDIUOUNTEA Y

ANWINITNIUTIVDILAUNTEAY NISNARDILALATIVIAAITALAE

WnsgIUleoaUNaINAd ALY 1 Tadnsusedns vinsnsiaiadnuiu 7 91 angldaniie

a1



A9 ANTUBIUANAINUTUFUSIUNTIDIAVBILOUNTEANYA8WaUNALATU Color Picker 10

' Y aal ° v ! PN o o
ﬂ']ﬂ'l']llLmNﬂWImUﬂWUQmﬁqﬂqiaﬂagmaﬂﬁQUL‘UEJ\TLUU@J']G]ii']uaNWVlﬁ [72]

3.3.7.2 Anwvaeanududunse
Anwaududureslessunsnsidanuidudunss Tneasiada
A1585a181195514 09 UNBILAY fimududu 0.10 0.30 050 080 1 3 5 7 9 11 13
15 17 19 20 30 40 50 60 70 wag 80 Haansumedans yin1snsIvinnelaaniiznis
npaesfinzauildannisanedor 3.3.6 aantiusumeudud aeudEdldluadns
NIINUINTFIULANIAUFURUTTENTNANMUAUTUVDIANTaLA8UINTT1U LOBOUNBIAITUAT

ANUNE Inawin1sTiansanAe AduUsyanSavduiusIzaeailragsyning 0.995-1.000 [72]

3.3.7.3 ANWIANULLUGIVOIUAUNTLANY
AnwiAug NABITBILaUNTE1wlun1sIAY (spiked) @15azane
mmgmlaaawaqLLmaﬂué’aaszﬁm Tntuthaududiingatald Tusuum Sevay
NSLANSUAN (% recovery) laginainisiiansanvesiegaznisianduaudesegludiefosas

80-110 Bsimnafesazmslsndudu leanansi (1) [72]
o Y oA Csp—CS
fegezmislandudu = [=2—|x100 ... (1)
a

oy Cp = ANUNTUIRIRIRg RN Tara1811n g Ul 0BaUNBILAS
C, = AMUNTUTBIFIBENNBUANAITAZA18L19IFIU DB UNDIUAY

C, = M1uturaIasazatsuInIgIulosounasaifuaslludregns

3.3.7.4 @NW1ATINALUAITATIANY
Anundndnlunisasranudmsunsatnansaralonuasd (tndw)
Tngnsyinmsveass 10 91 meldansiildainds 3.3.6 srurAudud wasihaaadud
ufamaudonuuinasgu (standard deviation) Mnifuuaminsifnnisesraialy
mim’mwumﬂgmﬁ (2) [72]

YPAAALUNITNTIANY = 3.29 SD/slope (2)

(SD fip AdU e UUNINTEIU wae slope AR AIAUTUVRINTINUINTZIU)

a2



3.3.7.5 AnW1UAIARLUNITATINNULTIUT L0
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J a & @ ‘:Q{J % = aa v § @ 6V ]

AMNNSITINES Al WAKIUATUANAINY (if power) 1350 T9d §n31n1Ttravedniayle
(auxiliary gas flow rate) 0.9 @nssioul ensINNTAALAEA (nebulizer gas flow rate) 0.6 an36i0

W dnsnsluavasnataun (plasma gas flow) 13 aasaau [73]

a4



unil 4

NaN152gkasanUsIegNa

4.1 9DNLUUBAZES19HAUNTLATHEINSUNTIIN LD DDUNDILAY
4.1.1 99NLUULATASBOUNTEANY
A% UAUNTEAENAFRUASUNTITA L0 0aUNDILAS TIN5 x 40 Sadins

WagHIuIAUSIUATIAIAN 5 x 5 Taduns Asgud 4.1

—> USRI

—>  USLIUFIUTY

5UN 4.1 uaunszaunadey

4.1.2 NapINULAIENIUIB8AIN
A519NA9N VLA NS UN18A LA UNTEA T YNAdDRU duavienandnsulelunig
g1unm Fenaesdmsuateamivuin 50 x 50 x 100 Hadluas fesenandmsuaisnin
UShasuuuasInanaesiivnaduriquinans 5 fadns suawesnasdivesdivaey
1A 10 x 5 Taawas dmsulduaunseatvdnsuatenin wazaslunassdivasnl LED uad

dv17 flagun 4.2

a5



o > F9FWSUNIEAIN

> gpsdnsuldnaunseany

5UN 4.2 napsiiukasdmiuaienn

4.2 N138UAIAMNITNEUURAUNTZ AU LBUNALATUd BT UAN TR WU
Tunsieszimusunalessuneuns Inglduaunsenuiiadrtuasldavesansnansaa
Tnelusiseildiweundintu color picker uildlunsasainfnududvecasnansiam
MAnTu Ao AE R G uay B fedufsdnududotsudilmungay naiildainnisnsioda
asavaleuInsgIulessuvawal 5 AMduTY bun 15 10 15 wag 20 Hadnsusedns wull

a a Y o v ) Y ) PN
nMalaseiilessunauadiAinuudves G Wanutugeaalinanisinasdaguil 4.3

46



100 - —R
G
80 S =
m -
2 60
= =
<
€ 40 - r = 0.9742
- x
&=
20 S
r = 0.9878
0 1 1 1 1 1
0 5 10 15 20 25
anududuvedlosaunaane (Haansudedng)

JUN 4.3 Arpnuidudved R G uay B vesansuaadusilunisiasziilosaunaduag

o ¢ v = 4 o
4.3 nMsdanseioun1Auluvesdanineisalaiues (Stéber method)
Anwnanisduasizioyn1auludaninienaeeganssAuBIANATOURUUABINIY WU
aa gy I = a v = v @ d' 1% ¢
sunauluginiddnvasilunsinay Jvunilnaifgaiu qagua 4.4 (n) naesganssayl
didnaseunuudensinvliaidlivtunazaunsaliiasiziisig lufdavens 100,000 i1 wud
YUIAYDIDYNIAUITUTAN A UATIE AT vUInvetaNIAUSERIN 190 wiluuns NANdaeny
50,000 L1 fe3UT 4.4 (V) hagyinsnsainsmaiegunsaliasieisns wuind SidTesas
43.74 war O d5e8ay 52.26 Ae3UN 4.4 (A) aedudsasulanarunsodansign
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UM 4.4 dnvaruineyniauludinidiendesganssaudidnaseusuudeauiiidaveny

100,000 111 (1) UIRVRIBUAIAUIIUT AN d9iATIEY A A Iend 099 anT el

[

LANNTIULLUADINIAIRATIBTITUARMS w18 50,000 W1 (B) warIAs1EIis1e

q

14 fa 6
AIERUNTANIIATIZIEA (A)

4 o

4.4 n1saaAsIziounusIsanilu U

9

[

lunsfuasieieyiuslsnidu 4 duasegilaainuinserveddsaniiu U lansled uay
Tasiuvendiuugeanles azlmdueumesniaaidmsunisnsiasunesundlossy g9
SovaznanSunfduaszAlaingy 90.04 wazasivdoulassadmaaisemaiaivuades
wunuinislowuudaUnlnsalnd Feaziusulaseadradosmunialusneau (\H) wazasusy
(1*C) NMR namsnsivaeulassainsuansdagui 4.5 (n) ansduvedlusnou NMR (1) awnsy
¥9313UDU NMR uaz (A) uandlassainsveseysiuslsniundanesils uazased 4.1 wans
A1 chemical shift (8) vaslUsnounazaisuou NMR luaaslswosu-a 7 500 uag 125

WINELEIAS AENUINNNEUNAUIUTNDU FLLARIALNUILUTADY -CH- 98979 UuTY (benzene)
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1%

Fuiishuvtadaynuil 6 windu 8.79 7.99 7.51 7.18 6.80 6.43 uaw 6.23 ppm Munislusmou

U84 -CH;- W8InL19ia (methyl group) Fuiidunisdyauil 8 wiidu 3.84 3.81 uay 1.15
ppm wazAmUnUalUInauYeas -CH,- vavajiuiiaiiu (methylene group) Gﬁuﬁﬁi’%mmé’mapuﬁ
& wirriu 3.32 ppm uagdunUIvBIAITUBY -CH- vaInyieiiadu (ethylene group) waziuy
Fu 7 128.08 146.96 148.90 150.80 153.08 LAz 153.62 ppr b UA U LAZHIWAU 17D
a15Usenau agdvan (aliphatic) Awnus -CHs- ﬁuﬁﬁWLLwﬁ35@wwuﬁ O Wiy 66.40 uag

60.81 uaglassainsveeyiuslsniundunTeilauansisgun 4.6

(n) = 23
N\
24 k=
=23
2
=]
3
2] |
53335333
JBEBAR3A
= 3 —
e g3z JEg=
2P bl s =3
i 4l .
90 80 70 60 50 40 30 2’0 10 o
! 7 AN JINTOR E.S - 2
8 £ A=_ S ] 8
X : parts per Million : Proton =
g
-
i
|
3
= |
5T 5E
sE2g
I/ | 2
g g !
F f
| I u
Lol L J
1500 1700 160.0 1500 140.0 130.0 1200 1100 1000 90.0 0.0 70.0 600 50.0 400 30.0 200 100 O
X : parts per Million : Carbon13

Ui 4.5 (n) awnm3uveslsmeu NMR (1) atnfuvesansuau NMR
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M15199 4.1 wa@nIA1 chemical shift ¥aslUsnauLazAsUaE NMR Tumaasalswasu-A 7 500 way

125 WneL8sng

TUsnou (*H) AsuaU (1°0)
LU O, U in Hz) RN O
CH 8.79 (s) 1H C 164.48
CH 799 (dd, 1.3, 6.3) C 153.62
1H
CH 7.51 (m) 2H C 153.08
CH 7.18 (d, 6) 1H C 150.80
CH 6.80 (s) 2H C 148.90
CH 6.50 (d, 8.5) 2H C 146.96
CH 6.43 (d, 2.5) 2H C 139.38
CH 6.23 (dd, 2.8, 88) C 133.24
2H
CH, 3.84 (s) 6H C 131.25
CHs 3.81 (s) 3H CH 128.44
CH, 332 (dg, 2.8, 6.4) CH 128.08
8H
CHs 1.15 (t, 7.3) 12H CH 124.05
CH 123.32
S 107.87
CH 106.50
CH 104.32
CH 97.68
CH, 66.40
CH, 60.87
CH, 56.06
CH, 44.33
CH, 12.58

'H = (500 MHz, CDCly), *C = (125 MHz, CDCly)
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A5 kINY 1.0 1.0 + 0.0 96 + 0.0
B ERRIEHTY 7.0 71202 101 + 2.4
ERRIEHIY 17.0 17.0 + 0.3 100 + 1.9
AT kINY 1.0 1.0 + 0.0 96 + 0.0
C ZERRIEHTY 7.0 7.0+ 0.1 100 + 1.4
asaldnu 17.0 16.5 £ 0.2 97 + 1.0
ERRIEHITY 1.0 1.0 + 0.0 96 + 0.0
D psaldnu 7.0 7.0 £ 0.1 99 + 1.4
AT kINY 17.0 16.3 + 0.2 96 + 1.5
A5 bNY 1.0 1.0+ 0.0 96 + 0.0
E AT lUNY 7.0 70+0.2 100 + 3.6
AFITLUNY 17.0 16.2 £ 0.2 95 + 1.5
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A15719% 4.5 NaN1IANYIALULUEIUDILAUNTEATY (#19)

L ANULTNTY (Haansusiodns) Souaznisla
FIDYN , = = o= o -
NBULAU LEId i3NIT2BN NauAU
ERRIEHNY 1.0 1.0 + 0.0 96 + 0.0
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A5 kINY 1.0 1.0 + 0.0 96 + 0.0
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AT kINY 1.0 1.0 + 0.0 96 + 0.0
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A5 kINY 17.0 16.3 + 0.2 96 + 1.0
ERRIEHITY 1.0 1.0 + 0.0 96 + 0.0
psaldnu 7.0 7.0 £0.1 99 + 1.4
AT kINY 17.0 16.5+ 0.2 97 + 0.2
A5 bNY 1.0 1.0+ 0.0 96 + 0.0
j A9 LNY 7.0 6.9 + 0.2 99 + 2.4
ANy 17.0 17.7+ 0.2 104 + 1.5
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Abstract

A new rhodamine B derivative (RDB) was synthesized and utilized for the colorimetric detection of copper ions (Cu®*). This
chemosensor utilized a paper strip as a support and a smartphone as a detector for on-site quantitative detection of Cu** in
water samples. Silica nanoparticles (SiNPs) were investigated as the modifier nanoparticles to achieve uniform color on the
paper strip and showed a color response 1.9-fold higher than the one without SiNPs. The RDB chemosensor-based paper strip
provided high selectivity toward Cu** with a detection limit of 0.7 mg/L, and the working concentrations for Cu’* ranged
from 1 to 17 mg/L. Parallel analyses of eight drinking water samples were conducted by inductively coupled plasma optical
emission spectroscopy. The results were in good agreement, indicating the practical reliability of the established method
with a short assay time and high selectivity. These indicate its great potential for on-site detection of Cu*.

Keywords Copper ions - Rhodamine B - Paper strip - Silica nanoparticles - Chemosensor - Smartphone

Introduction

Copper (Cu**), a common heavy metal ion, is an essential
nutrient for the human body [1]. Cu®* plays an important
role in various physiological processes, such as the growth
of new blood vessels, the development of the brain and nerv-
ous system, and the maintenance of a healthy and effective
immune response [2]. Moreover, Cu’* is an essential cofac-
tor in oxidative and reductase enzymes such as cytochrome
oxidase, superoxide dismutase, and tyrosinase [3]. However,
excessive intake of Cu®* is deleterious to human health,
causing kidney damage, vomiting, convulsions, bone abnor-
mality, Alzheimer’s disease, Menkes and Wilson’s diseases,
prion diseases, and even death [4]. Cu®* is found in differ-
ent types of food such as beef, pork, organ meats, nuts and
seeds, chocolate, and shellfish [5, 6]. In the environment, the
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contamination of Cu®>* can generally occur in surface water,

groundwater, seawater, and drinking water [7-9]. Because
of its toxicity, the World Health Organization (WHO) has
recommended the maximum allowable concentration of
Cu** in drinking water at 2 mg/L [10]. Thus, the detection
of Cu?* is highly significant for the safety and high quality
of drinking water. To detect this metal ion, many conven-
tional methods have been developed, such as inductively
coupled plasma mass spectrometry (ICP-MS) [11], atomic
absorption spectroscopy (AAS) [12], inductively coupled
plasma optical emission spectrometry (ICP-OES) [13], fluo-
rescence spectrometry [14], colorimetric sensor [15], and
electrochemical detection [16]. Although these methods
allow high sensitivity and accuracy, such methods require
expensive equipment, skilled operation, complicated pro-
cedures, and laborious operations, which are unsuitable for
on-site analysis.

To overcome the limitations of the conventional methods,
a paper-based device (PAD) has been developed [17-19].
The PAD has experienced rapid growth over the past dec-
ade because of its simplicity, low cost, and capability for
on-site detection [20, 21]. The chromatography paper has
been recently utilized as a support for PAD fabrication. Sev-
eral platforms of PAD including microfluidic PAD (nPAD),
lateral flow assays, and paper strip have been previously
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reported for application as analytical tools [22]. The semi-
quantitative and quantitative signal measurements of PADs
were achieved using various detection methods such as elec-
trochemical [23], colorimetric [24], fluorescence [25], and
chemiluminescence [26].

During the last few decades, various analytical methods
have been reported for the detection of Cu**. Among these
methods, chemosensors have been widely applied for the
detection of Cu®* due to their operational simplicity, high
sensitivity, and selectivity [27-29]. Chemosensor design
requires small molecules that react specifically with tar-
get analytes [30]. Colorimetric and/or fluorescent change
subsequently occurs after the intermolecular interactions
between the receptors and targets [31]. To achieve high
selectivity of Cu®* detection, a large number of small mol-
ecule fluorescent or colorimetric probes have been reported.
Rhodamine and its derivatives have been widely used to
design optical chemosensors for Cu** detection [32]. The
rhodamine derivatives are present in two forms: ring-closed
spirolactam form and ring-opened form [33]. The closed
form of spirolactam is colorless and non-fluorescent [33],
whereas the ring-opened form produces a pink color and
strong fluorescence when it interacts with Cu®* [34]. This
causes the rhodamine derivatives to gain great attention in
the development of “turn-on” chemosensors. Maji and co-
workers previously reported the synthesis of a salicylalde-
hyde appended rhodamine hydrazone derivative for selec-
tive Cu* detections [35]. Huang et al. developed a new
chemosensor to detect Cu>* based on arhodamine 6G deriv-
ative by a hydrazone formation of rhodamine 6G hydrazide
with pyridoxal hydrochloride [36]. Ren et al. proposed the
use of a rhodamine derivative with spirohydrazine as the
recognition unit for Cu®* determination [37]. Moreover,
other colorimetric probes have been reported to detect Cu**.
Sawminathan et al. [38] presented a colorimetric chemosen-
sor based on quinazolinone-isophorone to detect Cu>* in the
aqueous acetonitrile solution. Mohanasundaram et al. [39]
have reported a chemosensor using a pyridine receptor for
the selective detection of Cu®*. The color of this receptor
converts from vapid to yellow and cyan under normal light
and UV light with Cu*, respectively. Other colorimetric
probes, pyrazole derivatives, were applied for the detection
of Cu*. Receptors had a color change from colorless to
yellowish brown after Cu>* addition [40]. However, most
of the previous works have demonstrated the detection of
Cu’* in an aqueous solution, which was not enabled for
on-site analysis.

Here, in this work, a new rhodamine derivative (RDB
probe) was synthesized and applied as a high selec-
tive probe for Cu®* analysis on a paper strip. Normally,
the application of the color solution on paper support
results in less color intensity observation than its visible
color in an aqueous solution because the color solution
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product could be lost in the porous of fiber cellulose
structure. Several crucial advantages of silica nanoparti-
cles (SiNPs), such as large surface area, ease of function-
alization and white color nanoparticles, were integrated
applications for PAD fabrication. Thus, the chemosen-
sor-based paper strip was developed by using SiNPs to
increase the sensitivity of the assay in this work. To the
best of our knowledge, this is the first time for the detec-
tion of Cu** based-new RDB chemosensor using a SiNP-
modified paper strip with a smartphone platform and its
application for on-site Cu®* detection in drinking water
samples. The scheme of a new RDB probe synthesis is
shown in Fig. 1.

The proposed method demonstrated a high selectivity for
Cu’* detection with the low detection limit at 0.7 mg/L due
to anew RDB probe on the SiNP-modified paper strip.

Materials and methods
Reagents and equipment

Copper (II) chloride was acquired from Ajax Finechem
(Taren Point, Australia). Rhodamine B (3, 4, 5-trimethoxy-
benzaldehyde) and tetraethyl orthosilicate were obtained
from Sigma-Aldrich (St Louis, USA). Hydrazine hydrate
was acquired from LOBA CHEMIE Mumbai, India.
Ammonium hydroxide was purchased from RCI Labscan
(Bangkok, Thailand). All other chemicals used were ana-
lytical grade. The paper strip was fabricated from chro-
matography paper no. 4 (GE Healthcare Life Sciences,
Buckinghamshire, UK). The photograph was taken by a
smartphone model iPhone 6 s Plus (CA, USA). The Color
Picker application was downloaded from the App Store.
The custom-made photo box (5x5x 10 cm) contained
white LED lamps.

The smartphone was placed in a holder of the custom-
made photo box. The distance between the smartphone
camera and the paper strip was fixed at 8 cm. The parti-
cle size of the nanoparticles was measured by dynamic
light scattering (DLS) (Delsa Nano C, CA, USA). A field-
emission scanning electron microscope and an energy-
dispersive x-ray spectrometer (FESEM-EDS) model
JEOL-JEM3100F (JEOL Ltd., Tokyo, Japan) were used to
investigate the obtained nanoparticles. An inductively cou-
ple plasma optical emission spectrometer (ICP-OES) was
purchased from PerkinElmer Inc. (Perkin Elmer Optima
4300 DV, MA, USA). The size and shape of the nano-
particles were characterized using a transmission electron
microscope (TEM) JEM-1400 (JEOL Ltd, Tokyo, Japan).
A nuclear magnetic resonance spectrometer (NMR; JEOL-
JNM-ECZR 500 MHz) was obtained from JEOL Ltd.,
Tokyo, Japan.
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Fig.1 Schematic of the SiNP-modified paper strip-based chemosensor with a smartphone platform for detecting Cu* in drinking water

Synthesis of SiNPs

The SiNPs were synthesized according to the previous
method [41]. Briefly, 2 mL of ammonium hydroxide and
30 mL of ethanol were mixed with 0.5 mL of deionized
(DI) water in a round-bottom flask. The mixed solution was
then stirred vigorously for 15 min at 70 °C before adding
0.015 mol tetraethyl orthosilicate. The solution was then
refluxed at 70 °C for 3 h and was left to cool at room tem-
perature. Centrifugation was performed at 14,000 rpm for
60 min allowing the nanoparticles to sediment. The SiNPs
were washed three times with ethanol and subsequently
dried in a vacuum oven; the obtained white powder of SiNPs
was characterized using TEM, FESEM-EDS, and DLS.

Synthesis of the new RDB probe

The new RDB probe was synthesized using a two-
step reaction (Scheme S1). In the first step, rhodamine
B-hydrazide was prepared according to Sunnapu et al. and
Kim et al. [34, 42] with slight modification. Two grams
(4.18 x 107> mol) of rhodamine B was dissolved in 40 mL
of ethanol in a round-bottom flask. The volume of 2.5 mL
(0.05 mol) of hydrazine hydrate was added to the rhoda-
mine B which was further heated to reflux at 65 °C for
7 h. After the solution was cooled to room temperature,
the obtained product was dissolved in 800 mL of DI water
and incubated at room temperature for 24 h. The precipi-
tate was filtered and dried in a vacuum oven to obtain
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rhodamine B-hydrazide whose structure was further con-
firmed by 'H and '3C NMR (Figs. S1 and S2).

'H NMR (500 MHz, CDCl3) & (ppm): 7.95-7.93 (m,
1H), 747 (t,/=3.8Hz, 2H), 7.11 (t, J=4.3 Hz, 2H), 6.46
(d, 7=9.0 Hz, 2H), 6.42 (d, J=2.5 Hz, 2H), 6.29 (dd,
J=2.8,8.8Hz, 2H), 3.61 (s, 2H), 3.34 (q, /=7.0 Hz, 8H),
1.17 (t, J=7.3 Hz. 12H). *C NMR (125 MHz, CDCl,) §
(ppm): 166.15, 153.85, 151.55, 148.88, 132.51, 130.02,
128.10, 123.82, 122.99, 108.22, 104.54, 97.95, 65.91,
44.37, 12.61.

In the second step, 0.4984 g (1.09x 107> mol) of the rho-
damine B-hydrazide and 0.4276 g (1.09 x 107> mol) of 3,
4, 5-trimethoxybenzaldehyde were mixed and dissolved in
40 mL of ethanol. Acetic acid (0.5x 107> mol) was used as
a catalyst. The volume of 30 uL was added to the reaction
mixture, following by the reflex at 80 °C for 6 h. After the
solution was cooled to room temperature, the white precipi-
tated product was purified by a silica gel column chroma-
tography, eluting with dichloromethane/ethyl acetate (9:1).
The final product of RDB was characterized by 'H and 3C
NMR (Figs. S3 and S4).

'H NMR (500 MHz, DMSO-d,) § (ppm): 8.95 (s, 1H),
7.64 (dt, J=12.5,7.5Hz, 1H),7.19 (d,J=7.5Hz, IH), 6.77
(s, 2H), 6.42 (d, J=2.5 Hz, 2H), 6.36 (d, J=8.5 Hz, 2H),
6.32 (dd, /=2.3, 7.0 Hz, 2H), 3.73 (s, 6H), 3.62 (s, 3H),
3.28 (g, J=7.2 Hz, 8H), 1.05 (1, J=7.0 Hz, 12H). *C NMR
(125 MHz, DMSO-d,) & (ppm): 163.20, 153.36, 153.05,
149.77, 148.48, 147.45, 139.19, 133.83, 130.53, 130.05,
129.08, 127.69, 124.16, 123.10, 107.88, 106.14, 103.90,
97.19,66.01, 60.13, 55.71,43.72,12.39.
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Preparation of the modified SiNP paper strip

The design and fabrication process of the paper strip are
shown in Fig. S5. As can be seen, the paper strip consists
of two layers. The upper layer was made of chromatography
paper and worked as a detection zone. The bottom layer was
a holder made of drawing paper. To fabricate the paper strip,
a piece of detection zone (5 mm X5 mm) was attached on
the drawing paper using a double-sided adhesive tape as a
connector. Subsequently, the detection zone was modified
with 4 pL of 3.5% w/v SiNPs and was incubated at 90 °C
for 40 min.

On-site detection of Cu?* in drinking water using
a paper strip-based chemosensor

Figure 1 illustrates the modified SiNP paper strip-based che-
mosensor with a smartphone platform for detecting Cu®>* in
drinking water. The colorimetric detection was performed
on the paper strip where 4 pL of 2.5 mM RDB probe was
dropped on the detection zone. A drinking water sample
(4 pL) was adjusted to pH 5 and then introduced to react
with the RDB. The color change on the detection zone was
monitored using a digital camera of the smartphone after
3 min of reaction time. The distance between the camera and
the paper strip was kept constant. The color intensity was
measured with Color Picker using red—green—blue (RGB)
channels, and the intensity value was obtained from a blue
histogram. The signal intensity was normalized by subtract-
ing the background signal. The concentration of Cu>* in
drinking water was calculated from the linear equation of the
calibration curve between color intensities and Cu>* concen-
trations. The developed paper strip-based chemosensor was
validated using ICP-OES.

Results and discussion
Colorimetric RDB chemosensor to Cu?*

In this work, the RDB probe was synthesized from the
condensation reaction of rhodamine B-hydrazide and
3.4,5-trimethoxybenzaldehyde. The obtained product was
in 90% yield and was as a chemosensor for Cu** recogni-
tion (Scheme S1). Rhodamine B-hydrazide was prepared
from the condensation of rhodamine B and hydrazide
hydrate. The structure of the RDB probe was confirmed
by 'H and *C NMR spectra. As shown in Fig. 2a, the
13C NMR spectra of the RDB probe in DMSO-dj; solution
showed a characteristic signal at 66.0 ppm corresponding
to the spirocarbon, an indication of the closing state of
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the spirolactam ring of rhodamine B. Moreover, the 'H
and '*C NMR in DMSO-d,, were used to investigate the
binding site for Cu®* (Fig. 2b, ¢). The RDB—Cu”* complex
was studied by adding CuCl, (1.0 and 2.0 equivalent). The
peak showed at 8.95 ppm in 'H NMR, which was attrib-
uted to the imine proton (Schiff base). Upon addition of
Cu?* (1.0 and 2.0 equivalent), the appearance of a new
signal in "H NMR spectra was clearly observed at 8.88
and 8.80 ppm, respectively (Figs. S6 and S8). For the Be
NMR, the peak of imine carbon was shifted from 163.2 to
161.7 ppm, corresponding to the '*C NMR (Figs. S7 and
S9). These results indicated that Cu® could chelate with
“O-N-N"" and then promote the opened spirolactam ring
form of rhodamine B (Fig. 2b).

Hence, based on the 'H and '">3C-NMR results, a pos-
sible mechanism was further proposed in Fig. 1 to explain
the binding mechanism of the RDB probe toward Cu®*.
The spirolactam ring opening process was induced by
Cu?* resulting in a color change to pink. Furthermore, the
formation of the RDB probe—Cu’* complex was also stud-
ied using UV-Vis spectrophotometry. Figure 3a depicts
the absorption spectra of the RDB—Cu?* complex between
the concentration of 1 and 9 mg/L Cu®*. The absorp-
tion band was observed at 565 nm where the absorbance
increased with the concentration of Cu®* (Fig. 3a). As
demonstrated in Fig. 3b, the formation of the RDB-Cu®*
complex caused the color change from colorless to pink.
The color intensities increased with the increase of Cu**
concentrations (1-9 mg/L). The results indicated that the
new RDB probe was feasible for turn-on colorimetric che-
mosensor for Cu*. Hence, the RDB probe was applied
to the SiNP-modified paper strip for the determination of
Cu’*. Figure 3¢ shows the change of color in the detec-
tion zone of the paper strip after the addition of Cu** at
different concentrations (1-9 mg/L). Upon the increase
of the Cu®* concentration, a significant color change was
observed from colorless to pink.

Characterization of SiNPs

The SiNPs were synthesized via the Stober method. The
morphology and size were characterized using DLS and
TEM, respectively. As shown in Fig. S10a, the TEM image
of the SiNPs showed a uniform spherical shape with a
mean size of 157 +5.9 nm (Fig. S10b). The elemen-
tal composition of the SINP powder was confirmed by
FESEM-EDS as shown in Fig. S10c. The EDS spectra
showed the component of Si and O as the base elements.
The composition of Si and O atoms was calculated to be
30.69 and 69.31%, respectively. There were no other ele-
ments that could be detected based on the EDS results
indicating high purity of the SiNPs.
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Fig.2 Partial 'H NMR titration
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Optimization study of the SiNP-modified strip test

The concentrations of the SiNPs modified on the detec-
tion zone were optimized in the range of 2 and 4% wi/v

(Fig. S11a), while other parameters were kept constant. Fig-
ure S11a presents the color responses obtained when differ-
ent concentrations of SiNPs were used on the strip test, and

1 mg/L Cu®>* was detected. The color intensity increased

(a)

Absorbance

(©)

600

‘Wavelength (nm)

mg/L

Cu®* with the addition of various concentrations of Cu®*

Fig.3 Absorption spectra results (a); images of color change in solution (b) and on the SiNP-modified paper strip (¢) of complex RDB probe—
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steadily with the increase of the SiNP concentration (2 to
3.5% wiv). However, it was observed that there was a slight
decrease in signal at a concentration over 3.5% w/v. This was
because a high concentration of SiNPs increased the thick-
ness of the paper. Subsequently, it caused a steric effect of
RDB adsorption on the paper surface. Therefore, 3.5% w/v
was chosen as the optimum concentration of SiNPs.

The influence of the temperature on the SINP-modified
strip test was evaluated from 70 to 120 °C. The results are
shown in Fig. S11b. The color intensity increased when the
temperature was increased due to more SiNP adsorption on
the strip test. The maximum signal was obtained at 90 °C,
which was selected as the optimal temperature.

The optimum concentration of SiNPs (3.5% w/v) and
temperature (90 °C) were applied to investigate the effect
of adsorption time, and the results are shown in Fig. Sl 1c.
The color intensity increased upon the increase of adsorp-
tion time. Maximum color intensity was reached at 40 min
and remained constant up to 50 min of adsorption time due
to the SiNPs’ complete adsorption on the strip test surface.
Therefore, 40 min was selected as the adsorption time for the
modification of SiNPs on the detection zone of the strip test.

Using the optimum conditions of the SINP-modified strip
test resulted in a homogeneous intensive color at the detec-
tion zone. Therefore, 3.5% (w/v) SiNP concentration with
90 °C and 40 min adsorption condition were applied for
subsequent assays.

Optimization of the paper strip-based rhodamine B
chemosensor for Cu?* detection

To enhance the performance of the paper strip, various
parameters were optimized including pH, concentration of
the RDB probe, and reaction time between the Cu>" and
RDB probe.

The effect of pH on the color intensity of the RDB—Cu**
complex was studied in the range of pH 1 to 14. HCl and
NaOH were used to adjust the pH of the solutions. Without
Cu**, the paper with the modified RDB probe turned pink
in pH 1 to 4. It demonstrated that the RDB probe was sen-
sitive to high concentration of H* causing the spirolactam
ring to open. Hence, the pH in this range was not practi-
cal for this work. In pH 5-14, there was no significant
change in color which indicated that the RDB probe was
not sensitive to this pH range where the presence of H"
was in low concentration (Fig. S12a). After the addition
of 1 mg/L of Cu®*, the paper strip turned light pink in pH
8—14 indicating the formation of the RDB—Cu’* complex.
However, the difference between the background color and
the RDB—Cu?* complex was insignificant. Therefore, the
pH in the range of 814 was not considered to be used in
this work. A strong pink color was observed in pH 1-7
but at pH 1-4 provided an intense background color. pH 5

@ Springer

86

was considered as an optimum condition since it provided
a low background color and a big difference between the
background and RDB—Cu>* color.

The concentration of the RDB probe modified on the
paper strip was studied from 0.5 to 3.5 mM, and the color
intensity was evaluated. Increasing the concentration of the
RDB probe from 0.5 to 2.5 mM caused the color intensity
to increase. But the color intensity became constant between
2.5 and 3.5 mM of the RDB probe indicating that the reac-
tion between the RDB probe and Cu>* was completed
(Fig. S12b). So, 2.5 mM of the RDB probe was used in the
following experiments.

The reaction time between Cu”* and the RDB probe was
optimized between 1 and 10 min to obtain a completed reac-
tion. The results found that a longer reaction time allowed
the RDB to react more completely with Cu>* as depicted in
Fig. S12c. The highest color intensity was found at 3 min
of reaction time. Continuing to increase the reaction time
resulted in a relatively stable color intensity demonstrating
that the reaction was completed. Thus, the optimum reaction
time of 3 min was chosen for detecting Cu>*. In conclusion,
the optimum conditions of RDB—Cu?* formation were pH
at 5.0, 2.5 mM of RDB probe, and 3 min of reaction time.

Color enhancement by modification of SiNPs
on the strip test

The absence and presence of SiNPs modified on the strip test
were evaluated. The solution of the RDB probe was dropped
on the strip test as described in the experimental section, 4
uL of Cu®* was then added, and the color image was taken
after 3 min. The SiNPs clearly show an enhancement in
color intensity and color homogeneity compared with the
unmodified strip test, which were confirmed by color histo-
grams on the detection zone (Fig. 4a, b). The reason for the
successive color enhancement can be described as illustrated
in Fig. 4c. The SiNPs were trapped in the porous network of
cellulose fibers of the paper resulting in a solid surface for
the RDB probe to adsorb. However, without SiNP modifica-
tion on the detection zone, some of the RDB probe could be
lost in the porous cellulose fibers leading to the reduction
of color intensity. Thus, modified SiNPs on the detection
zone showed higher sensitivity than those without SiNPs
1.9 orders for detection of Cu”* (Fig. 4d).

Analytical performance for Cu>* detection
by paper-based rhodamine B chemosensor

To evaluate the feasibility of the developed strip test for
Cu?* detection, precision, linear range, limit of detection
(LOD), limit of quantification (LOQ), and selectivity were
studied under the optimal conditions.
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Fig.4 Images of strip tests (a), color histograms (b), SEM images (¢} and color intensity of Cu®* detection using with and without SiNPs-modi-

fied paper strip (d)

Intra- and inter-day precisions were carried out by meas-
uring the color intensity caused by the RDB—Cu®* complex
in one day (n=7) and seven different days, respectively. The
relative standard deviation (RSD) value obtained was 2.3%
for intra-day precision, while inter-day precision provided
the RSD value of 4.2%. These results confirmed the high
precision of the strip test proposed for Cu®* detection.

Figure 5a shows the linear range study. Color intensi-
ties increased rapidly when the concentration of Cu** was
increased. A good linear response was obtained in the
range of 1-17 mg/L. of Cu** with a good linear relationship
(r=0.9983).

The detection limit of the developed strip test was deter-
mined to be 0.7 mg/L of Cu** based on the ratio between
three times the standard deviation (SD) of the blank (n = 10)
and the slope of the calibration curve (m), (3 SD/m). The
limit of quantification (calculated as the ratio between ten
times the standard deviation of the blank and the slope of the
calibration curve, 10 SD/m) was 2.6 mg/L with acceptable
precision (% RSD =5) and accuracy (% recovery =85). The
analytical performance of the present paper-based rhoda-
mine B chemosensor was compared against those of other
optical probe—based chemosensors for Cu’* detection, as
shown in Table 1. It can be noted that the present chemosen-
sor showed, on the paper-based platform, on-site detection
with a detection limit lower than the corresponding WHO
safe drinking water guidelines [10].
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The selectivity of the new RDB probe toward Cu®* was
evaluated by measuring the color intensity changes as well
as the observation of color changes on the detection zone
by the naked eye in the presence of 1 mg/L of various ions
including Fe**, Hg>*, Mn>*, Pb%*, Cr®*, Cd**, and As™.
The results in Fig. Sh show that the target analyte (Cu**)
exhibited a discernible change in color (pink) due to the
opening of the spirolactam ring. Unlike the target analyte,
the tested ions were negligible in both color intensity and
color changes. This was because the spirolactam ring was
not activated by the alien ions. These results indicated that
the new RDB probe exhibited high selectivity for Cu®*, and
it was possible to use for a paper-based chemosensor for
Cu** with high accuracy.

Stability of the SiNPs modified on the paper strip

The stability of the modified SiNP paper strip was investi-
gated. The paper strip with SiNPs was prepared and stored in
a desiccator at 25 °C before use. The study was performed by
detecting 1 mg/L Cu* using the prepared paper strip once
a week. Figure S13 presents the color intensity obtained
between week 1 and 10. The color intensity still retained
89% of its original response after 10 weeks. The results
showed that the storage conditions used in this work were
appropriate to keep SiNPs in the porous network of cellulose
fibers form of the paper strip helping color homogeneity.

@ Springer
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On-site analysis of Cu?* in drinking water

Eight different brands of drinking water samples were ana-
lyzed using the proposed RDB chemosensor-based paper
strip and the standard ICP-OES method (Fig. 5c). The
results of detected Cu”* obtained from both methods are
shown in Table 2. The proposed paper strip and the refer-
ence ICP-OES method provided corresponding results. In
addition, the accuracy of the paper strip was also evaluated
by measuring the recovery of Cu’* in eight spiked samples
at 1 mg/L concentration. The results in Table 2 indicate
that all concentrations of Cu** could be detected and the

2+

recoveries ranged from 88 to 107% in water samples with
the SD (n=3) less than 5%, demonstrating that the SiNP-
modified paper strip with a smartphone-based device plat-
form was simple and accurate and capable of on-site Cu>*
detection in drinking water samples.

Conclusions

In summary, the SiNP-modified paper strip based on the
smartphone platform was successful in the fabrication of
a novel RDB probe chemosensor for on-site monitoring

Table 1 Comparison with previously reported Cu

detection based on thodamine and other probes

Method Platform Detector LOD Ref
Colorimetric rhodamine 6G-based chemosensor Aqueous solution UV-visible spectroscopy 0.063 mg/L [36]
Colorimetric rhodamine derivative-based chemosensor Aqueous solution UV-visible spectroscopy 0.063 mg/L [43]
Colorimetric acylthiosemicarbazide—based chemosensor Aqueous solution UV-visible spectroscopy 3.17 mg/L [44]
Colorimetric pyrene—based chemosensor Aqueous solution UV-visible spectroscopy 0.54 mg/L [45]
Colorimetric multi-dye-based chemosensor Paper-based Scanner 2.23 mg/L [46]
Colorimetric rhodamine B-based chemosensor Paper-based Smartphone 0.7 mg/L This work
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Table2 Comparison of the proposed paper strip-based chemosensor with ICP-OES for analysis of Cu®* in drinking water samples (n=3)

Samples Concentration of Cu”* in original ~ Spiked (mg/L) Concentration of Cu®* in spiked Recovery (%)

samples (mg/L) samples (mg/L)

Paper test strip 1ICP-OES Paper test strip ICP-OES Paper test strip ICP-OES
A ND ND 1.0 0.88+£0.02 0.91+£0.04 88+20 87436
B ND ND 1.0 0.94+0.03 1L11+0.01 94+34 111+1.2
C ND ND 1.0 0.98+0.04 1.12+0.02 98+3.7 11223
D ND ND 1.0 1.01+0.05 0.89+0.02 101+£5.0 80+1.7
E ND ND 1.0 1.03+0.02 0.90+£0.04 10325 80+3.6
F ND ND 1.0 1.00+£0.04 1.09+0.02 100£4.0 109£1.5
G ND ND 1.0 1.00+0.03 0.85+0.05 10025 85+47
H ND ND Lo 1.07+0.05 0.92+0.04 107+£5.0 92+4.0
ND not detected

2.

of Cu®* in drinking water. The synthesized RDB probe
showed high selectivity and sensitivity to Cu>* and was
successfully performed on a paper strip. Moreover, the
SiNP-modified paper strip was able to enhance color
homogeneity, overcoming the limitation of colorimetric
detection on the paper-based device. The developed paper
strip was utilized for the on-site detection of Cu®* in drink-
ing water samples. The analytical results of the developed
paper strip agreed with those from the ICP-OES method.
The developed paper strip was an alternative method for
Cu?* detection since the ICP-OES required expensive
instrumentation and skilled technicians. The ICP-OES
method also required many processes in sample preparation
which caused time-consuming and laborious operations.
With our proposed method, Cu®* can be detected within
3 min and there is no need for sophisticated instruments;
only a smartphone is needed as a detector. Therefore, the
developed SiNP-modified paper strip—based RDB chem-
osensor with a smartphone platform is capable of accurate
on-site detection of Cu®* in drinking water samples.

Supplementary Information The online version contains supplemen-
tary material available at https:/doi.org/10.1007/s00216-023-04754-z.
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