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loounssusenannayiusuonunzieddy (Glhelicene) ifinsaeuadlusasyi-iada lnevigestsa
wudldugesyiausn (Cy7C) Ysznoumeayiiudued cyanine amisansiainlossuneonliogig
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naAsunlasivesansazargnindnndudulaliddldfema Saanudutuiitiianiiduess
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noauasldlufiegna wadueisaues uenanidanansatulilunsiinssiuuudnlvald fow
injection analysis) @113UN15957970 leeoUNDILAILUUSALULR LAD N W@JaaLiamjuﬁh%ul,%%mﬁmﬁaaa
(M201NHP) Usgnausheeysitisues [shelicene daiiin Stokes shift in¥1a ansnsamsiainlossulsenls
agdumzzadlufiazats 40:60 v/ 581319 H0: acetonitrile Sannrunduduiivhiianiifues
annsansaninlessutsenlaiiniu 1.94 ppb lnsfiGuiwesilaydashnazamnudimzianzasgeie
lovouvseniiissviinfpaieoiisuiulessusunuvinduq Adevusgsuuiieniu ausanduunld
Tnalldnansasauazanunsodiludszgndldlunamsaiaszsinsuidioulsenlufodianduma 1
f19819 Lazlgaauywe (U251, HEK-293 Lag HaCaT) yonandgafinnsuiusuiedidnlnsadly
PMMA/RBH Wz PMMA/R6GH Thiuiasusenaudsayiusves odamine fitusulnsimaiadidnly
sauflanmageuanuannsaluniniinlaseulsan wudusuiesansiadanuaunsolunis
arialossutsonliersimelawadufnaniidud fsanunsodunansdsunuasianduriiu

duumlamenilaiegnainene



61317803 : Major CHEMISTRY
Keyword : FLUORESCENCE SENSOR, CYANINE, [5]JHELICENE, SELECTIVITY, HEAVY METAL ION
DETECTION, NEKED EYES

MISS NIRUMON CHAILEK : DESIGN AND SYNTHESIS OF VISIBLE AND NEAR-
INFRARED FLUORESCENCE SENSORS FOR HEAVY METAL IONS SENSING AND
APPLICATION AS A STRIP TEST USING ELECTROSPINNING TECHNIQUE THESIS ADVISOR :
PROFESSOR DR. NANTANIT WANICHACHEVA

Two new fluorescence sensors were designed and synthesized. For the detection of
Cu” using cyanine derivative offered the emission in the near-infrared (NIR) regions and the
detection of Hg2+ using [5]helicene derivative offered the emission in the UV-visible regions.
Fluorescence sensor (Cy7C4) based on cyanine derivative show high selectivity to detect Cu®* in
50:50 v/v HEPES buffer (pH 7.4): acetonitrile with the chromogenic change from blue to colorless
via naked-eye observation. The detection limit was estimated to be 1.56 ppb. Cy7C4 was capable
to distinguish the contaminated Cu”* in real water samples and brain tumor cell. In addition, this
sensor was adopted in flow injection analysis (FIA) for automated monitoring Cu”" with dual
channel detections of UV-Vis and fluorescence signaling. Fluorescence sensor (M201NHP) was
synthesized from [5]helicene derivative with a very large Stokes shift. The sensor exhibited the
highly selective recognition of Hg®" in 40:60 v/v H,O: acetonitrile, with the low detection limit
down to 1.94 ppb. Remarkably, the sensitivity and selectivity toward Hg”™" of M201NHP did not
receive any influences from the existence of other competing ions in the system. This sensor
showed a reversible behavior to determine ng+ using cysteine for several times. Morover,
M20INHP was capable to distinguish the contaminated Hg®* in skin-lightening gel, real water
samples and human cell lines (U251, HEK-293 and HaCaT). Additionally, electrospun sensor strips
(PMMA/RBH and PMMA/R6GH) containing rhodamine derivative by electrospinning technique were
tested for detection of Hg”*. The sensor strips shows high selectivity to detect Hg™* in agueous

media and show colorimetric change unique to Hg2+ (white to pink) by the naked eye.
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Al 86 LAAIHANTITANEUAINgOBLsAIUA (Ag, 373 nm, Ao, 565 nm) Vouduies
M201NHP (50 uM) Tugnsazanewas H,0 waz acetonitrile (40:60 vA) Tunnisfidlessy

TavzU0UNAAADLIATUARIEE TAVLTLTURAN oo 104

ANi 87 Msdsunlasdvesansazaeduwas M201INHP (50 uM) Tuansazanemau H,0
way acetonitrile (40:60 v/v) Aoulaznasnsiinloooulangastingnee astl He?*, Cu®*, Ag*,

Pb?*, Cd*", Zn**, Fe®*, Mn?*, Ni**, Co®*, A**, Mg®*, Ca**, Ba**, K, Li* ez Na® (20 puM)

ATl 88 WARINANITVIAGBUNITTUNIY (competitive experiments) voilesaulanzviln
sinee Tiilreruesinalad 87adu SuiudR (normalized emission intensity; /1 71 565
nm) Ao, 373 nm) vesvansugeeLsawUAdues M20INHP waz He?" (M201NHP:Hg?) lu
asavanunay H,0 uag acetonitrile (40:60 v/v) Tagaansliiutuaas [M20INHP] = 5 uM;

[He?*] = 10 pM wazlooaulane [M™H] = 100 UM . oot eeseeseeeens 106
A 89 Tassadramaniives 9,10-diphenylanthracene .. ..o, 106

AT 90 nSuARISRTIEIUsEI LN aveduwes M20INHP Aulessudsendildlunis

AR binding AN IIAEAT JOD’S PLOT..o.oii ittt oot e 107
mwﬁ 91 NFMRAINMITANANNANNT Benesi-Hildebrand vaaduiaos M201NHP Lﬁa n=1....108

AT 92 Lansdnuaglassasaagmala molecular modeling w94 a) 1AT9a319U09
W M201NHP Tuannznausniulesoulsen b) lassadsveadueas M201NHP Tu

danmendeniulonoulsen (M201INHPHGZ SRTMEI 111) ..o 109

AT 93 LARIHANTTAB AN HADBLTEYUR (Mg, 373 Nm, A, 565 nm) vauduiges
M201NHP (50 uM) Tugnsazanenas HEPES buffer waz acetonitrile (40:60 v/v) lunnazdi
T000UUTEN (10 M) 1 PH 39 3.0-10.0 oo essesess s eer s 110

Al 94 wansnisthnduaildvsiveadumes M20INHP (50 pM) Taeld Cys Wuansiidiuss

nszvhiuloseuUsemdlewdy [(He?'] = 6.7 UM WaZ [CyS] = 20 UM 111

A 95 Msdsuulasdnieglduasgivenduimes M20INHP fadl (a) LaLiiununszang
14, (b) WwaliuAUNTEINGLE+M20INHP wag (0)-(h) Laaiuanunsea19ba+M201NHP Tagdl

AN UTDIlaauUsan 0.01, 0.03, 0.04, 0.05, 0.07 Wa% 0.13 MM..oooovvoeeeeeee.. 112



Al 96 MaAsunlasdvesansazansneldaseivesduwed M20INHP (50 uM) Tuth
#0619 (a) Udl (OW) (b) U (MW) (©) szt (TW) uag (d) hangrafiut (Pw)

NOULATIAIAL HG® (5, 10 WAL 15 M) 113

Al 97 (A) ammsiFeuasgesisamudneluead U251, HEK-293 wag HaCaT
Usznaunicontrol cells; 20 pM U89 HgCly; 10 uM V99 M20INHP wag HgCl, ANuLTuTy
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NS3UIUNTT (processing parameters) 13U WisdulwN1adia (hydrostatic pressure),



Fnglnl9ld (electric potential), wawmiwdfmﬂmaL%uﬁuifaqiaa%’u (tip to collector
distance) kagn1313no3IT9EWINGBN (ambient parameters) LU gUNNTVBIAITALAY
(solution temperature) AMNTU (humidity) wazA2111579898710A (air velocity) Tues

Sianinsatuils [24, 25]

Counter electrode

Polymer solution

Fiber formation

Fiber film
High voltage

AN 5 wasInINARLNUEanaAWwasnamatadianlnsatuis [22]

TuAneinudlssidumsoonuuuuazdaarzian mgeaisawudidumes tielddu
Wuiwesnilaawlige (high sensitivity) tazilaaudmiziazasgs (high selectivity) fu
leosulanzainvgoalswasniinisnonasna slnddumsiisn (near infrared) waziaila
(visible) tiellunsnirninlessulaventinduasie fe lossunatuns warloosunasisen
1y venniiainsthudubedidninsatuifnimauduesfiamnsonsainlesey
Usenuazilinismeuasiedlusiefiveaiulidienndan uimuesenduyanaaoy
A1AAUIY (test kit) TugUluuuHUnAaoU (striptest) fanuasaldauldazean suazdu
dugniunmsilidldasuesinuludondsdld dwesaunsniauludueioiovionn
e eldlunismsatrlunaaaudfistanliunsldsnde uasineinusdddauasy
nswdlutlyniingedsnadeunasiaunnuidenaingimans auLuIMYowHUNAIL

a

\AsugRakardPLuiIvIRatunduass w.a. 2560-2564 ensaansi 4 Msiulailuiinsiu

AwINARULNENIHAWIRENNEIEY warensAansh 8 N1simuIne1eans walulad 33e

LALUINNTTY

o/

AUTTAIAYRNIUIRY

1) iieesnuuukazdunsigiaisngesisaudiduresyialninmenasdalngd
USSR wazdlrala @1MsUnTITA e UNBILAY kaLlaaauUTeaN FIANUITONTID

Basiludaliina wazaunmlamelimagesisauianinsalny



2)  essnwuudiuwesvialuldviunsiainlossunans warlessulsenlalusinalaidl
undussAuszneu (aqueous solution) fiaulilunisnsiaiags (high sensitivity) uazfidnniz
1@1zasgs (high selectivity)

3)  Wedndumesyialununduasizilalunsiainlossunaanne wazlovaulsean

Tuseeg19939

A a

4) ierhuiudedidininsatiu (test kit) NTugUlnemadindidninsaludslugluuy
WHUNAGBY (strip test) TiMsiungeaisauiduwesadly awnsansiainlossulsenla

ag19dmzza warlianubilunisnsiaings wasneadunsiasuudadldimenian

Usglonildsuannauise

1) annsnduasgiduresvialmiiaosmin waraunsansoinlesounsuns
wazleseusevlsifisuiniuinsesilafitisiaumns

2 awsnduwessialniiaesriaunasiaiavnlosounsuniazlessy
Usenliogrsdunizianyasuariianaiadags A7 detection limit s wazaunsavly
Usggnaldiusegsasdudandould

3)  aunsnddudedifinnaiudue FtusUlasmatiedid nlnsaludsusuuuy
WHWNAGBU (strip test) 1nsaaaleosuusenliog1adunizianzas wazaunsaueuiunis

Wasuwladlamesian

YBULUAVDITUIY

s
=S

1) 0onwuU duAsIinazuenuiansasngoasaudiduesviinlng 2 via

2) iwigessaudiduwesydalvindueszsildlunaaovandinnsaeuasriges
LsaLusl (fluorescence properties) Tu@avinazaIedunis ®I0a1508a9NANYIETAZANY
Suvisduaziile

3)  dnuduwedlnifiduaseildlunaaevantinisdoas Tuaniziifleseu
Whmnedieusulessusuniugibug

a) thduweslnifduaseildlunaaevandinisiiewadduanneiiflossulany
winlusetasdludundon

oy

° I A Ao a & A a a  a |
5 dwkuesninisiudugesndusilaemaidadianinsaluilslusiuuuunu

Ne@y (strip test) mmaauauﬁamimaLLaanaaLiamwﬁ (fluorescence properties)



UNi 2

NUNIUITIUNIIA

Tutlagtiunmsesnuuungesisaeudifuigeiiflduvemigoslsesmouasigesisa
WUl Tug9lnadunssn (near infrared region, 650-900 nm) waz3dida (visible region,
400-800 nm) MaslFFuALaule esandvsslovflunsiluuszgndldluaudiuieg
FU F1UT0W wazIneraniniawnmd Wudu uenanniainueiaduludaslnded
Sursuse Saluslendlunmsinlu@nniuiegn@innuazadidin Wesnuadugaslng

a a 1A [ o A a [y a 1 PN < .. .
AUNTLIA QE]FJF]NW@\N']U@']LN@L‘V]EJ‘UﬂUﬂ’J']lIﬂqjﬂausLuGUFNLLaﬂmmr]N@QLﬂu (visible reglon)

'
fa aaa

ilildidudunsienewaddadidiawashignsuniulneansdu q Ngandusaslaluwad

9170 f9tiu Tuntsesratalessulaneninluwaddedldisdaluinisvinaediads a1

(%

anturnaulunIswseudIoe9l U Nsgesaaafiog1y N1sesiadadadululsegisazain

< ¥ Y P (%] cglj [y o 1
5957 aunsalgnuladafisnsiatnnisvuilauvestessulansdunsielumiog19ain

'
calal o [

sysuIAkardsnnden lunuddelaveanuuungessauidugesiifeyiusues cyanine
YA . A A v < ¢ o ) Y] v v a
waraunusves [5lhelicene siialvaiiwaldiluduwasdmsunsiainlaventniemain

WaealsawusaUnlnsalnd

(%
av Aaa

Ausulunuiseiilwunslunisiauidueesdavsunsiainlesaulanemin Al
Ay (sensitivity) kaEdIIZII12AT (selectivity) 89 FINIT0RNLUUNGOBLSAIUAT YRS

Y o = = | ¢ A 3 ! a o ¢
ssnildisdnngeslsnes Wewmiluduiuandynnnmesamgeasauiiasigosls

cal o ¢

Wosazidudruiivansnalasnssduainuliveudvuiwas Mlnduge sNFasIen

|
o

fanuansansivinlesoulangniea1Indnnan1sn$1339 (detection limit) @19 1o @elu

a a s X vaw v ¢ a ¥ v & . a P
neniinusi Hdelalvianvaulangeslsies 2 viin lawn euiusues cyanine Nganaulay
mewadlutglnddunsiise (near infrared region) Wagayiusves [Slhelicene Nganduuas

a aa a

aouaslugasgiAdida (Uv-visible region) uas uenaniinisuiudsulasadines
cyanine way [5]helicene thignunsavildine Samnzdmsunsiunldou Taeludamans
YitrusnfisenulilusAsenasatuiifeadesiueyiusues cyanine uay [Slhelicene 7
T dudureinrainlosoulanyaieg

TnssmATeiAdeaiueyiusues cyanine Mffudumesnmainlosoulanssing
Faiimsaeuaddutadlnddunnse fel Wl a.d. 2012 Zheng wavany [26] e@uanis

o ¢ v ¢ . ° v gy = I ) a 4 ] a '
dunszroyiusves cyanine dwsuldluduwesnsainlosoulu (Ag) danmi 6 wuin

[
a S

Wuwasylafdilainudniziansasselessuktuluaisazatanauseniig MeOH:H,0
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lugns1diu 1:4 v/v 91 pH 5.40 Inefidinisaeuasigoaisasudagluyidlnddunsnsad

731 nm wazdl detection limit WU 34 nM

2000

3

"

o

o

t=3
L

g

2

Fluorescence Intensity

o

=3

=]
L

650 700 760
Wavelength(nm)

Fluorescence Intensity
2
=3
o

550 600 650 700 750
Wavelength(nm)

a 9] ¢ & s I3 s Y]
A7 6 lssasnavesansvigeaisaudlilesved Zheng wazane (Guweinisivinleosy

[3) wazn1smeuasvigealsaludluaniznillossy

wonantuateludiiennu Guo wasany [27] laauenisduasisiayiusves

. o [ Y @ [ 4 [ o/ a 2+ o ::1' 1 3 & a a’{ld
cyanine @ wsuldiluduleasnsiainlonsudensd (Zn?) fenndl 7 wulldulresviniil
ANNTUNIZITAID lopuRIngdlualsasany 10% acetonitrile Tu HEPES buffer (pH 7.4)
lngdAnsanguasngeaisaisuiegiuyidlnadunsaisei 730 nm wazdinisiduesiu

NAADUNST Ul UYARAINTINTUA C2C12 way NIH3T3 8nsne

480

4004

Fluorescence Intensity (a.u.)

690 720 750 780 810
Wavelength (nm)

a Y ¢ & s I3 s Y
AN 7 Iﬂiﬂﬁi’]\‘i‘ﬂ@ﬂﬁ’ﬁﬂ@j@@LiﬂL‘(JuG]L‘?JULGZI’e]iSUEN Guo LhazALY (L“EJ“IJLGZI’E]W]TJ%’NWIE)@@U

dangd) uarnsmeunagesisauiluangnilessuy

U A.A. 2013 Wang wazane [28] lalauanisdunsnsvioyiusves cyanine dmsuld
I I 4 [ a 2+ % A 1 < & a asl’d o
Juwguseinsiainlosouunatafen (Pd?) fan i 8 nwuliguwesyiaiianudunig

WIzrelepauLnaamsnluaIsavaneNaNsEnIUNNes PBS:PEGA00 (1:1) iU NaBH,
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(100 mM) 91 pH 7.40 fensAewaangeaisaisudogluyislnasunsisail 750 nm wavdy

fimsiduwesluneageunisldnulumaduiin Hela cells wagnydnsae

100+

Intensity(a.u)

o

700 800 900
Wavelength (nm)

a Y ¢ s I3 s )
AINN 8 IﬂiﬂﬂiqﬂsﬂaﬂﬂqiwqaaﬁﬂLGU‘UWLGUUL“U@?UEN Wang LagAEUY (L%m%mmmmlaaau
= 2 A a .
LNALALA YY) LLam’liﬂ’lﬂLLmWQaawawumiuaﬂﬂzmﬂaaau (AW inset LE@MINTT

=~ = o s o Y] a v a
WasuLUaIdvunIasasanelduLyas ﬂauLLagﬂaﬂmij"ﬂ'}@l@a'QULLWﬁLaL(ﬂEJlm']EJIG]LLaQUmﬂ)

maunlul a.p. 2015 Datta wazany [29] liausnisdunsigrioyiusued cyanine
o v 9y < ¢ o A 3y @ P & ¢ a Ao
dmsuldiduduwesnsrainlossuszgiiion (AP Asnmi 9 wulnduiwesvilaild
ANTINITANzAweleeauargiifluyluaIsaraenaNsEniIne MeOH:H,0 ludnsidiu 2:3
v/v 1 pH 7.4 (Gviule3 HEPES) Teedid1nisaiguasngesisawudeglugidlnddunsisad
730 nm wagleinisthduweslunaaeunmsidauluiwaguiin Hela cells wanainifanuin
Wuwasutinilaunsaiindunsnseiiu CT-DNA faanunsatiluiaundusifnniunisvinaiu

R IGRRGI

C

Intensity (a.u)

650 700 750 800 850
Wavelength (nm)

=1

AT 9 IAsaasevesasigeeLsa Ui Yed Datta warAe (Wuweininainlossu
avaliillun) warn1sAekaIgeRLTauRluan1IENillopsu (MW inset wansn1TUaEULUAS

SoaUBIATaYaIuTueeS NeukasainTIvinlessusrglileunieliuace?)
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Tud A.e. 2019 Zhang wazane [30] latauanisdansigioyiusves cyanine
dwsuldiiudumesanainlosouidu (Ac) fnmil 10 wuinduwesadntdmusine
19122900 oAU Nl UANTAYANNANTENINY EtOH/PBS buffer (pH = 7.0, 10 mM)
Tudnsidau 1:9 v Inedidnisaouamigostsawudogluvasinddunsisad 760 nm
Lazannsadanansiasunlasdvesansazaredugeslgienvaneliuasnd Gawm)
Tooluanzfiliilosoutuarsazatsazfai Wefinisiiulessuduasivansazany
szwdsudulaldfld vonandilsdmsiidumeslunageumsldnuluiifedisnde wui

Wuwesvlalansaihluuszandldlumsnsainlossutuluidediidddnie

4500
4000
3500

3000
25004
2000+
1500

Fluorescence Intensity(a.u.)

1000
500

700 750 800 850
Wavelength(nm)

a o ¢ & ¢ I3 s o
ATMNN 10 Iﬂiﬂﬁi’]\iﬂ@ﬂa’]ﬁ/\]@@@LiaL%umL%UL%aﬁsﬂa\i Zhang LazAuy (WULYDINTIVIN
logouiv) wazmimeuasgoalsawudluanizniloseu (1w inset wanin1sasuwlas

Fupsasazansidules neullasnawsaialessuunieldalaand)

TnganAdeniigadesivoyiusaes [Shelicene ldiluduwasnsiainlossulany

A199) Fedinrsmrenaslurisidida (visible region) fall Tud a.a. 2012 Li wazaadz [31] 14
'Y & YA . ° Y v = ¢ 'Y a

l@uaNIsauAIIERaYRusues [5lhelicene dmiuldiduduesnsivinlossulans 3 vila

loun lossudengd (zn?), lovoulaniiou (Cd*") wazlesoulsen (He?) luaisavaie

HEPES buffer (10 mM, pH=7.2) flan1mi 11 TagdlAnisaneuasigeasawudeglugiiiada

wimnluaisazarednimesil cysteine saumeazylriduresaunsaduiuloosudingdla

DYV WNIZLNL DY



13

Intensity

350 400 450 500 550 600
Wavelength/nm

P v ¢ & . I & 'Y}
a1nn 11 Iﬂﬁ\iaiﬂlﬂm@\ﬁ?ﬂﬁwa'ﬂ@LiaL‘ﬁumL%UL%@?ﬂ@Q Li bagAdey (L‘?jumjaimiﬁﬂ?ﬂl@@au

daned, waallon wazUsan) uaznsmesasigeelsawudluan1izillosousiigg

saunlud a.e. 2014 Li kazame [32] liauanisdunsisioyiusves [Shelicene
dudulddudumeinmainlessulavzusan (He?) fanwil 12 Tuansazaroway CH,CN/
HEPES buffer (10 mM, pH=5) shsndau 19:1 v/ Ineidugesianunsonsiatnlosaudson
Iefetnsdmzianzas Ineiidiniseeuasigestsaieudogludisiadadt 517 nm dAiAdny
dutureslessulseninigaiiainisniiasizile (detection limit) indu 5.0x107 M
uenniifansadunnnisidsuiuasdvesansararsdumesiousasdsiuleseulson

lovianelauasund uazlauaseladnaag

uw FL R = (CHy)1oCH3 R = (CHa)1oCH3 UV FL

[

a o ¢ & s . < s
AMNN 12 Iﬂiﬂﬁi’]ﬂsﬂﬁlﬂﬁqﬁ/\]@j@@LiﬁL‘(ﬁumL“ﬁum@ﬁﬂJ@ﬂ Li LAy (L‘?IUL%E]ﬁ@i'J‘U’J@i@@@U

Usam) uarmsivasuniadaseaine uaznswfsuwdasdneliuasUniuaglduag?

Tl A.6. 2018 Petdum wavame [33] Malauanisdunsizvioyiusves [Slhelicene
dwsuldduduresnnainlossulansBu (Ag) aesn it 13 Tuaisazanenan H,O/MeOH
lusnaiu 1:9 v/v lnadumesiannsansiainlossululasgisduniziatzas dan Stokes
shift And19u7n (187 nm) TnediA1nsaeuasigoaisawudeglugdiididan 534 nm e

I Y] a o a A a v v . L. Y
AU UTedlonauRUAINgANa1u1903A3121 LA (detection limit) Winfu 10 ppb

YonNLFausadunan1sasundasdvesaisaranoduasnoutasndssulosauduls
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nelduated wenainiifianunsaldiduwesdmiunisnsiaineyniauiluidu (AgNPs) fae
Uffsemendwdulagld H,0, ludaneiiilunsaifisadunauiien faudsausalddues

n31930 AgNPs/Ag* Tududaulnauilnauagludanindoula

0 Iﬁl .
A~ . ; 0
) a9 LDy

Fluorescence intensity (au)

Wavelength (nm)

a Y ¢ & ¢ & ¢ )
ATNN 13 Iﬂiﬂai’mﬁuadaﬁﬂ\lgaaLiaL%um%uL‘UE]?UEN Petdum LLagAUy (LEULYDINTIAIN

logauiu) waznismeuasigeelsawunluaniiznilloseuy

Tud 2020 Petdum wazpme [12] lauanisduasigvioyiusuad [5lhelicene
dusultidudumeinsiainloosulaneusen (He™) fannd 14 laganunsansiainlooou
Usonldegednniziangasluaisagarongy MeOH:HEPES buffer (pH = 7.2) 8asndau 1:1

= a [ < ¢ a & Ql' [
v/v Wafianisnivinlessulseniduweivilniiasuaninswdsunlasdyyinvlgestsa
wudwuuln-Un (OFF-ON) bazdsudvesarsazaisaindindsndudvuydulinasuns
fmanududuvedlseauusandfigaiaunsndnsnzils (detection limit) WAy 1.5 nM
a Q’JI o o

dnvadaanusni luArszmisunaleasulsenlumagnsasalavatesia iy nansue

a o a & A A (3 < o
ANUITINIVTI DIMNINSLE PUBLYDNY WaZLTaaNTlIny

Fluorescence intensity (a.u.)

500 520 540 560 580 600 620 640
Wavelength (nm)

o o ¢ & ¢ < ¢ o
AINN 14 Iﬂi\‘iaiwﬁuaﬂa’]iv\lg@aLiﬁL%H%L%UL“H@i‘U@Q Petdum tagmly (LBULGDINTIAIN
IQQQUUiam) LLagﬂqiﬂqﬁLLaQWQ@@LiaL%Uﬁiuaﬂqjgﬁﬁlgaau (AN inset L@MINTS

=~ A <] s 1 [ [ v =
LAY ULUAILIDILEIVDIEITAZANULTULY DT ﬂE]“L!LLa5Mﬁﬂmiﬁ%3@1@@@u‘ﬂi@ﬂﬂ%ﬂ@LLE‘NQ’J)
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oulul 2021 Kaewnok uagmniz [34] lalauanisduasizieynusves [Slhelicene
dmsuldduduresnraialessulansusen (He?) fanmd 15 neduesanunsansiada
losauusanldagadunizianzasluaisaralsnay MeOH:H,0 $n51d3u 3:2 v/v wawiile
Ls‘z‘iuLszia%5&131ﬁ]ifulaaauﬂiamwammﬁmﬁ'EJuLLUaQéngzgwm%lqaamamuﬁwu%—LTJ@
(OFF-ON) fiemnuitutuvedlonsuusensfigniiiiasziild (detection limit) Wiy 6.0 nM
wazduesyiaiinmuansalumsinszilessulsenivudoulufedseieldvans
iln Wud i Yivzia Wededusouvesduinnine wavwadiilewenluaues vonani
fFeuszgndldiuganeaeunuuLaUnIEATY (paper test strips) titelilineilosauusevily

wnlevidludanunmuazdeUsualadneie

Fluorescence Intensity (a.u.)

Wavelength (nm)

H,CO

a Y] ¢ & & 2 I Y]
A 15 laseasnevesansngealsawudiduesves Kaewnok wazang (WuLwesngivin
leaulsen) uagnisaiguasngontsaivudluaniisiidlessuy (A1w inset wanenIs

= & 4 ¢ 1 ) Y v =
LWUAgULUAILIDILAIYBIANTALANULTULYD S ﬂ@uLLa31/7@\‘19]5’3Q?@l@@@u‘ﬂﬁawm‘ﬂqfﬂmLL?NEJ'J)

uanmnﬁmu%%’aﬁfé’aﬁmsu"uwim?im?i%ugﬂimL%ﬂﬁﬂﬁl,é‘ﬂima@uﬁﬂ
(electrospinning) Aiflnswamunindnedinesiasiuwesfianusansiainlossulsenlaly
sULUULHUMAGBY (strip. test) invhnsAnenautfinisisesuaavigestsaieusifiaifiy (e ld
fresonmaiildu Sedisenuteunihiisatunisiduresunauiuansndnediues
wdtugtiduniudoildlunisnnainlossulanzeineg uastusuurubofemaiadidnlns
auilaeansonseluil

1wl A.A. 2011 Wang hazpauz [35] Iauan1sdansizi poly (MMA-co-NAAP) 910
Tanwodmalsiwdu (copolymerization) 551114 1,8-naphthalimide functionalized (NAAP)
waz methyl methacrylate (MMA) Iﬁiijﬂ’]‘ﬁLUEmﬂ‘IﬂEJG]’NLLaZ%UEULLE\iuL?jagLﬁﬂiﬂﬁaﬂuImﬂ%
wmaledidninsatudatanini 16 dmsuldduduwesnsaiaamnslossunsung (Cu®)
dlodunsudeddninsatiuasluansazaty CH,CN: H,0 (1:1 vAv) dnanslidiuisanulase

' [
= a

n13971970 Lesanlassairwwesduleniiiuiianeysuinsige 1 detection limit Wiy
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[ '
a

20 uM wenaniianmseulaaunsadrlulduselovimedudgadulunisiide Cu

9

2+

1%

Tuansazarefduinliegefivssdnsnm duszaninmlunisgadu (adsorption capacity)

A 10.39 mg/g (adnSuves Cu® AonSuvasunudadidninsatu) uansliviuitunuie

o ada A ]

a = = va o 2+ ! A
’e)Laﬂi‘lfﬁﬁ{jUNﬂ’ﬂﬂl’JLLﬁSNﬂﬂJﬁNUG}G}’]ﬂWUUW@LEJEJlIG]’eJ Cu mﬂmﬂaaauﬁuaﬂamau 9

Y

Polymer solution

Fiber formation

Fiber film

High voltage

-+
’ | Cu % ion solution
hVe
Emission at 487nm Emission at 460 nm
Il I
_—

ada

AT 16 NMNUTTNBUAMTUNTATIULEULED poly (MMA-co-NAAP) Taeasaianinsatuds

dusunisnsiadnlesounaawng (Cu??)

Tud p.A. 2013 Ongun uazANy [36] aauan1TdLATIERoYRLEVRY carbozole Ap
2-(9-methyl-9H-carbazol-3-yl)-5-(pyridin-4-yl)-1,3,4-oxadiazole (ODC-3) Faldnsaa¥n
losauusen (He?) WAnasluuvsndnedwesiidu ethyl cellulose (EQ) Tasnasiuaud
Tnonss MndutuguiduurubodidnTnsatiulasizaidnlnsatuiefanini 17 wasnuuiida
U9 IAgNANIINAGDINUIT ODC-3 @unsansa9inusunu He?" Tuaneanuaudu 1.0x10™
f4 1.0x10° M wagnuiwimedidninsaliu EC/ODC-3 finnuhlunsleseifiunnnia,

A1 LOD f1s1nin wagldianlunisnsiadn He?t MSininuuuilduuie EC/ODC-3
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AINA 17 2NNde9ansIALdanATouLUYdeINSIA (SEM) vasunuiiadianinsalu

FC/ODC-3 neldnaaugneiuansienu

a

Tud e.;. 2014 Saithongdee uavamy [37] lalausnistusuunubememaiingian
Wsatudls lngld zein ilwuvindnauivaisngesisaaudviin curcumin adld a1ntuis
Uluneasuanuamasalunisesisinlessulany wuiwiuigsddanuaiuisalunis

o =3 D ° = A =3 34
nsvinloveuninldeg1idimeiayas lnalloudwluiBoadluasazanglossuman (Fe*)
1 = t:l' = = A @ Ao = o v Y ! £4 a 1
wiwgeaiUdsudnndmfondudiinig faunsodanalamenivainieliuasnd uagan
pH Adwmasednusangdnnae tnednldainnisnsiainasdaauninludiesgluaisazaiy
Tanzmandil pH ene aenanstunani 18 wenanddadinsiududolaluinsieiids

AN MLAzIBUTINaluLFIBE 1999 BNneaY
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pH 1 pH 2 pH 3 pH 4 pH <

DI water

I mgL Fe’

10 mg/l. Fe™’

AN 18 wansnisiasunlasdlunisnsainlessulansidnfinnuuduvedlosaunan

WAz pH #1499 AIBUNULEDUDY Saithongdee LazAuy

Tud .. 2016 Cho Wavany [38] IFlauemstuguuiudesemaiadidninsatuds
1aedl poly(2-hydroxyethylmethacrylate-co-N-methylolacrylamide) Wuamsndnedines
nanfuansigessaudldulgevesayiuslsmiiy 4 faamil 19 Aflenudumzianzasio
lovaudsen nuiukudedleiinnsiainlessuiusenayanunsadaunafiunsiasudves

weudaulamenUa1n18TALEIUNR (Laewn)

(b)

Increased

-~
e =N -=q0

\\““ [H g24(-]

PL Intensity (a.u.)

560 580 600 620 640 660 680
Wavelength (nm)

AWA 19 A ndnwazduguinewesdulelag SEM vadusudaves Cho uazAue Lagnis

meuaigeaisasudluanisillessy

Tu¥ .. 2017 Chen wazaz [39] IfauenstusUuiudodemaiadidning
aduilslned poly(2-hydroxyethylmethacrylate-co-N-methylolacrylamide) Wuunsnd
wodwe$ naufuansngeslsaleuddulwosvesoyiuslsnfiuganind 20 Fausiudedlad
A nzzaselessusen (He?) warneuwdadluansazaslooaulsonuiuionsiidu

diefinnsnsiainlessudsenssivasuludvuy@ausadunadiunislamentainield

wasun® (Lasw1a)
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132.19 £ 1.4pm

AN 20 LanIN1SUATULUAIAYDILNULE VDI Chen hasAMLNIULALaILYATLY

asazanglessulsen

Tul a.6. 2019 Rijin wazaue [40] Iauenisdaunsiziuduiedidninsaluy
polycaprolactone (PCL)/ 4,4 -fluoresceinoxy bisphthalonitrile (FPN) 1 unauiduieses
(sensor strips) dnsunsaainlesauman (Fe*) Fald L Wuunindnodiwes laanns
waudlagnss uddusuurubodidninsatulae¥sdidninsatuiafanind 21 armifuthusy
LgaﬁlﬁlﬂaLﬂiwﬁIﬂﬂLwﬂﬁﬂ SEM, FTIR, contact angle, mechanical strength wae
emission properties laeldinaila fluorescence spectroscopy N1SNAABUAIINTILNE
Wzasrelonsu Fe¥ vasmauduwasdaninsallu PCL/FPN Tngdiasiziannaanuaunsaly
asavanslavelesausingg A1 LOD vesnsasIanilesauimangnasIvaeuiitisendudu
10-70 nM wagnuidiandu 2.94 nM 3101 LOD Msiiigasdlsidunuiduisesaianinsatiu
PCL/FPN firnusimnzianzasuaziimnahlunisinssielessumaniias

PCL/FPN membrane fabrication
hbeadeoReE
\
NN N
7\
\ ~>” AN DCM/DMF
FPN Electrospinning

NC

PCL/FPN electrospun

+ ° membrane

NN TN :
PCL n

Metal ion sensing by PCL/FPN membrane

Fet Fe**

Ne
INC

Metal solution

PCL/7.5 FPN Fe* ion chelation

a a a v J [y 1 A a g
AN 21 LLﬁfﬂﬂﬂ’]iLﬂG‘lﬁ’]iUiZﬂ@UL%Q‘(J@Ui%ﬂ’]’]ﬂl@@@ﬂiﬁ%%ﬂ‘ULLNULH@@LaﬂIWiﬁ{]u

PCL/FPN



20

waglud 2021 Tonsomboon wazamz [41] lausnisduasiziuduedidnivsa
U u cellulose acetate (CA)/ polycaprolactone (PCL)/ mercury-sensitive organic dye
(NFO6) 1unaunaaau (test strips) dmsunsiaialossudsen (He?") 3414 carcL 1y
wdndnediued Tnan15vih NFO6-coated strips wuswduwdefilffiausiniziaizasie
lopautsen annsaussiuniaiudsuuladddeniva selduasnfuarlfuasyifnmd
22 wennidafinsthuimdeluvssgndlflunisnsafnlessuusevlutmesnaniuarly

wiuU13aRBnee

(a) Under (b)
whitelight

Under UV

= = = [P i o |
AN 22 kanen1sUREULUAEUO NI YRS Tonsomboon WazAMy NouLazvaIwtadly
a1saranglossuusenargldvasind (waannd) uaznglanasyd uwasnmdnvaedugiu

Anenvenaulelae SEM

1 a

nFpg1nEITetulandnuasulanifidenarenquilinnuaulanay
Anwiieatunesiaunlasasiduanavesasigesisawuidugesniinisaauadlugiding
a aa a 1 < a a =1 2/ [
dursusauazidita egulsinnu luinendnusiagidunsesnuuunasysuusanulalunis

Ansivesduigesinenisldayiusves cyanine waw [5lhelicene Wudiuvearigeslses

Y

Fawanadeygrnnisaelaagessaudlugieniuegaaulnasaddunusauaziada

1%

Iagldm3113919 fon recognition concept SIUNIVIINITNAFBUAIYTLUVAITALAYUINTO
ansaraleNaNveETazaeduVEuarl) TaiITeaIninvzanunsaduaTsiiugesylnln

fansatnimusesenduganageudmiuldnnaiatasfianunisiuidouremeung

[

wazUsenluunasil wazdwinaanluniaauinld wazaziuilauIdeneuntNaIulsa

a & @ a6 v

a A aa A a I =~ a a
wisnwiwBaddnnsaluniiwunindilunedwesineinafuluanadunsdnlulunis
nsrinlossulanzaney astulusuidedaininazaiuisaiunulboNnauduigasn

ANNENNNIaRTIRInlenaulsen asiinn1sUulouleoouusenlaognsdinizlangas
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una 3

gunsaluazaAd

1. gunsal

1.1
1.2
1.3

1.4

1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15
1.16
1.17
1.18
1.19
1.20

1399 Nuclear Magnetic Resonance 300 MHz: Bruker 300

1389 UV-visible spectrometer: HP-8453

\A384 Fluorescence spectrometer: Perkin Elmer Luminescence spectrometer
model LS-55

A8 9 Mass spectrometer: ESI-FT-ICR (High resolution) Bruker BioAPEX 70e
spectrometer

A3 Rotary evaporator: Buchi Rotavapor R-114

1383 Vacuum pump: Tokyo Rikakikai Co., Ltd. model A-3S

1384 Hot air oven: Binder model ED115 (E2)

\3esdsasiBun Maflow & fuviia); Denver instrument model S-234
\3osdsaniBun (Adlow 4 dauvitia): Mettler Toledo model AB204
1A389 Hotplate and stirrer: Framo model M21/1

Micropipette: Finnpipette, HH10711 94 1-10 pL

TLC Silica gel 60 Fysq4 aluminium sheet, Merck
gUNIldMSUMIeNLNY preparative TLC: Desaga Brinkmann
N3eA1uNToY Advantec TuIRLEUNILALUGNA1S 110 mm

N3A1ENTOL: Advantec YUIALTUKNIUALENAI 70 mm
PSoauffiug L

ﬁﬂﬂi@ﬂLLUUa@ﬁ’ﬂlﬁu

Clamp wag Clamp Holder

A3 peristaltic pump: Ismatec model ISM827

Fibre optic coupler

2. #@15eAd

2.1
2.2
23

Acetonitrile: RCI Labscan (99.7 %)
Argon gas: Masser Specialty Gas Co., Ltd. (99.999%)
Barium chloride dihydrate: Strem chemical (99.999%, M,, = 244.27 g/mol)



2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
212
2.13
2.14

2.15
2.16
2.17

2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26
2.27
2.28
2.29
2.30
231

22

Barium perchlorate trihydrate: Strem chemical (99.9%, M,, = 390.29 ¢/mol)
Aluminum chloride, anhydrous: Strem chemical (99.99%, M,, = 133.34 g¢/mol)
Aluminum perchlorate nonahydrate: Sigma-Aldrich (98%, M,, = 487.47 g¢/mol)
1-Butanol: BHD (M,, = 74.12 ¢/mol)

Cadmium chloride, anhydrous: Strem chemical (99.995 %, M,, = 183.32 g¢/mol)

419.39 g/mol)

Cadmium perchlorate hexahydrate: Strem chemical (99%, M,,
Calcium acetate: Fluka (M,, = 158.17 g¢/mol)

Calcium chloride hydrate: Strem chemical (99.999+%, M,, = 147.01 g¢/mol)
Calcium perchlorate hydrate: Strem chemical (99%, M,, = 238.98 ¢/mol)
Chloroform-d : Cambridge Isotope Laboratories (D, 99.8%)+silver foil

Cobalt (II) chloride, anhydrous: Strem chemical (99.999+%, M,, = 129.84
g/mol)

Cobalt (I) perchlorate hexahydrate: Sigma-Aldrich (98+%, M,, = 365.93 g¢/mol)
Copper acetate monohydrate: Fluka (M,, = 199.65 ¢/mol)

Copper (Il) perchlorate hexahydrate: Strem chemical (98+%, M, = 370.53
g/mol)

Copper (Il) chloride dihydrate: Strem chemical (99.999%, M,, = 170.40 g¢/mol)
Cysteamine hydrochloride: Fluka (= 97.0%, M,, = 113.61 g¢/mol)

L-Cysteien: Sigma-Aldrich (97%, M,, = 240.30 ¢/mol)

Cyclohexanone: Fluka (d'=0.779 ¢/mL, M,, = 84.16 g¢/mol)

De-ionized water: Departmentment of chemistry, Silpakorn University
1,4-Dibromobutane: Fluka (> 99%, d-=1.989 ¢/mL, M,, = 201.89 ¢/mol)
Dichloromethane (distillation)

N,N-Dimethylformamide: LAB-SCAN (analytical reagent; A.R., M,, 73.10 g¢/mol)
Electrospun/sensor strips sUALaYATIZAAIN WA, 7. d58 LAnmN
Ethylenediamine: Sigma-Aldrich (299 %, M,, = 60.10 g¢/mol)
Ethylenediaminetetraacetic acid: Fluka (M,, = 292.24 g/mol)

Glacial acetic acid: Sigma-Aldrich (M,, = 60.65 ¢/mol)

Hydrazine hydrate: Sigma-Aldrich (80%, d = 1.03 ¢/mL, M,, = 50.06 g¢/mol)
Hydrochloric acid: RCI Labscan (M,, = 36.46 ¢/mol)
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2.33

234
2.35
2.36
2.37
2.38
2.39
2.40
241
242
243
2.44

2.45

2.46

2.47
2.48
2.49
2.50
2.51
2.52
2.53
2.54
2.55
2.56
2.57

23

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid: PubChem (M,, = 238.31
g/mol)

[5]helicence derivertive (M201) l5uA11101AS1£%91N AT, SUAIEAT dUATLIIDY
(MTEQ)

Iron (II) acetate: Fluka (M,, = 232.98 ¢/mol)

Iron (II) acetate: Fluka (M,, = 650.90 g¢/mol)

Iron (II) chloride, anhydrous: Sigma-Aldrich (98%, M,, = 126.75 ¢/mol)

Iron (Il) perchlorate hydrate: Sigma-Aldrich (98%, M,, = 254.74 g/mol)

Lead (Il) acetate: Carlo (M,, = 235.29 ¢/mol)

Lead (Il) chloride: Strem chemical (99%, M,, = 278.10 g¢/mol)

Lead (Il) perchlorate trihydrate: Strem chemical (97+%, M,, = 460.15 g/mol)
Lithium chloride: Strem chemical (99%, M,, = 42.39 ¢/mol)

Lithium perchlorate trihydrate: Strem chemical (98%, M,, = 160.45 ¢/mol)
Magnesium chloride: Strem chemical (97.5%, M,, = 95.22 ¢/mol)

Magnesium perchlorate hexahydrate: Strem- chemical (99%, M, = 331.33

g/mol)
Manganese () chloride, anhydrous: Strem chemical (99.995+%, M,, = 125.84
g/mol)
Manganese (ll) perchlorate hexahydrate: Strem chemical (99%, M,, = 361.93

g/mol)

Mercuric acetate: Fluka (M,, = 318.68 g/mol)

Mercury (I) chloride: Strem.chemical (99+%, M,, = 217.50 g¢/mol)

Mercury (Il) perchlorate trinydrate: Strem chemical (99+%, M,, = 453.51 ¢/mol)
Methanol (distillation)

Methanol (for analysis): MERCK (99%)

Nickel (I) chloride, anhydrous: Strem chemical (98%, M,, = 129.62 ¢/mol)
Nickel (Il) perchlorate hexahydrate: Strem chemical (99%, M,, = 365.70 ¢/mol)
Potassium acetate: Fluka (M,, = 98.14 ¢/mol)

Potassium chloride: Strem chemical (99+%, M,, = 74.56 ¢/mol)

Potassium perchlorate: Sigma-Aldrich (99+%, M,, = 138.55 g¢/mol)

Phosphoryl trichloride: Sigma-Aldrich (99%, M,, = 137.33 g¢/mol)
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258 Silica gel 60 (0.063-0.200 mm) &@1%15U column chromatography, Merck

259 Silica gel 60 F,5, containing gypsum @ 1 % § U  preparative thin layer
chromatography, Merck

2.60 Silver acetate: BDH (M,, = 166.91 ¢/mol)

2.61 Silver chloride: Strem chemical (99.9%, M,, = 143.32 ¢/mol)

2.62 Silver perchlorate, anhydrous: Strem chemical (97%, M,, = 207.32 g/mol)

2.63 Sodium acetate: Fluka (M,,= 82.03 ¢/mol)

2.64  Sodium chloride: Strem chemical (99.999%, M,, = 58.44 g¢/mol)

2.65 Sodium hydroxide: Fluka (298.0%, M,, = 40.00 ¢/mol)

2.66 Sodium methoxide: Fluka (>98.0%, M,, = 54.02 ¢/mol)

2.67 Sodium perchlorate, anhydrous: Strem chemical (98%, M,, = 122.44 g/mol)

2.68 Sodium sulfate anhydrous: Sigma-Aldrich (99.0%)

2.69 Sodium sulfide: Sigma-Aldrich (M, = 78.04 ¢/mol)

2.70 Tetraethylammonium iodide: BDH

2.71 Triethanolamine (TEA) : CARLO ERBA (d = 1.124 ¢/mL, M,, = 149.19 ¢/mol)

2.72 Triethylamine: Fluka (>98%, d = 0.726 ¢/mL, M,, = 101.19 ¢/mol)

2.73 1,2,3,3-tetramethyl-3H-indol-1-ium iodide: Sigma-Aldrich (M,, = 301.17 g¢/mol)

2.74 Toluene: MERCK (99%, M,, = 92.14 g/mol)

2.75 Zinc acetate dehydrate: Fluka (M,,= 219.51 ¢/mol)

2.76 Zinc chloride: Strem chemical (97%, M,, = 136.28 ¢/mol)

2.77 Zinc perchlorate hexahydrate: Sigma-Aldrich (M,, = 372.36 ¢/mol)
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uni 4

A5N15MAavg

muATeildoonuuuuazdungivgeaisaudiduvesiidanuarnsalunis
nrainlessuneunuarloooutsenvislval 2 via fuansnmi 23 l6un Wgesisaiud
Guwesuiindl 1 (Cy7C4) uazvgosisavudifuigosviail 2 (M201NHP) Tneiduises
Cy7Ca Usznausieayiusuatlsaniiu (cyanine) ﬁmﬁﬁﬁL‘T]qujJaakvxlai%amiaﬁ’ulaiaiuﬂa%
¥ia 2-(4-(2-aminoethylsulfanylbutylsulfanylethanamine @7utduiw 835 M201INHP
Usgneusieeysiusus [Slhelicene anhydrous simiinfilungeslsvlesiteusetulelolumes

Y

phenyl isothiocyanate saumadnuautBeadianinsatdundusulnomaindidninsaluis

Y

(electrospinning) 7iviN1snaNa1sHgoRTARUMT DS A INT NIz 1zeloay

Usan tlunaaeunisnieiasngosisaiaus

Cy7C4 M201NHP

awil 23 Tassasrsvesigeeisaeudidulees Cy7Ca uas M201NHP

1. asngoaLsauiTuwas CyTCa
nsfanszsingesisauATulesdmTUnTIvInlossune s nlm Afin1sane
wawlgeaisawudegludidlnddunisn uazdinnudninizianzasgeielosounaunsiy
Tulnssaiisazuszneudiediuvedlesslunesfiflosneudames uazoznenlulnsiamiy
aarUsznau iun 2-d-(2-aminoethylsulfanylbutylsulfanylethanamine Wousafuans
Waeslsalwuivlialegiilu (cyanine dye) %aﬁnwﬁwﬁﬁuvﬂqaakﬂa% a8 Retrosynthesis

Yo fules Cy7Ca uwanalananing 24



26

Al 24 Retrosynthesis VOUFULYDS Cy7C4

(%

TuduneunsduATIzRaIsduwes Cy7Ca hariusannidu 2 @ nanife awdag
dunszvidiuveslosslunes wavdiuveingoalsuasvuniney 1NUUIRLINERIE LN

WaimeiulaeduUAsen T ukuuilealeildn (nucleophilic substitution)

1.1 msduasizilalolunes 2-(4-(2-aminoethylsulfanyl)butylsulfanyl)

ethanamine (I-1)

AsdaAsIzvaslenalunestuaiu1savilaiies 1 Tumnau laga1Aenis

AnUAAzensunuiwuuiindleldn Tuaniizwa denni 25

NaOMe/MeOH

10 h, 40°C Sq
SN Br —
H:N  SH + Br™ "~ j \L
+
- N N

Cl H,
1a 1b 11

H,

i 25 UfATeIMIdunsen 2-(d-(2-aminoethylsulfanylbutylsulfanylethanamine (I-1)
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I8n15F9LAT1ER  2-(4-(2-aminoethylsulfanylbutylsulfanyl)ethanamine (I-1)
T§AnwIn1u3Fve9 Wanichacheva wazams [42] lnadsladouuneanles (sodium
methoxide, NaOMe) 0.68 n¥a 130 12 fiadlua adluvanfunauvun 50 addans a1nty
azanesiy WmueaUsFaInii (dry methamol) U3unau 3.00 dadans waztiu cysteamine
hydrochloride (1a) 1.14 A3u %50 10 dadlua asluasasany uagniunauneluussenia
91518 (argon atmosphere) Viqmwgﬁﬁaﬂ (room temperature) LUuL1a1 30 U9l gt
L 4 1,4-dibromobutane (1b) USu 1o 050 faddms e 419Tadlua
uwEmuUisemiealiaudeu 40 esmwaidea °0) iWunaideiiles 10 Falus Weasu
NALAIUIENTATANININTDY WAIANNLNBUAIBLUNIUBA (methanol) kaldluA1dnsavin

AazaueDn 1ANITIZABLULEAAIINGY (rotary evaporator)

¥ ¥

nduiRnasazanelefeslensonlyn (sodium hydroxide, NaOH) ludu 30%

(%
o £ % %4

wndnlagusuans wa) Usuia 15 1addns adluaaaufasendresuainiuniuiung

=b.
alee L

amgivesduna 18 9alue udniluanamelapaelsiiinu (dichloromethane) 3 A3

Jay 20 fladdns naviulanizaisazalredulanaslsimu (dichloromethane) 52119

o}

¥ o ¥

Frefu wdhunatadaediUsirenlossy (deionized water, 11 DI) 2 a¥s adsay 60
fiadans Inoidoniiudulanaslsimy (dichloromethane) Wazanfdnuieenlagnisiii
ToiRsudamnusimainiin (sodium salfate anhydrous, anh. Na,SO,) asluUsunananiias
mntuthanslusemelaraslsiin (dichloromethane) sanuuvananusy agldans -1 #dl
Snunzduihfudinde ey Anduesdusnananifou 100% hlulluufasendusely

' s £
Inglainunsuenuians)

1.2 nsdaasizransvigaalswesyilaleeniiu (Cyanine dye, F-2)
mié’qLﬁmsﬁmiwQaa‘bwg%ﬁuﬁmlﬁjmﬁu‘tfummmﬁﬂiﬁmaiu 2 fumou luduusn
1?1!%@1%8miLﬁ@ﬂﬁﬁ%aﬂmﬂﬂsjj Vilsmeier Haack reagents U381y cyclohexanone
I¢ans F-1 fannil 26 uazlutuneud 2 audunsviufisen alkylation sewineans F-1 fiu
Indolium lodide fanmi 27 3uAnduarsngeslswesvinlosniu F-2 Feaunsanans

SeazPYnNTELASIERlAeana U
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1.2.1  nsdATIZRENs F-1

0
0 cl
Dry CH2C|2
+  POCl, +\NJ\H

AA 26 URAsEINsduATIEEns F-1

Bsdauamegians F-1 awsavldmuaunsuiisenisdaaszidanmi 26 ag
laAnwmuisves Reynolds wavmeuy [43] L?MﬂﬁﬂLamﬁaﬁwazmalmadiﬁmuﬂammnfﬂ
(dry dichloromethane) Usinal & Saaansluvasfunautasipulawiavesunlugusiaainii
(dry dimethylformide) Usa1au 4 fadans vinnisniunauiunielaussenideisneu
(argon atmosphere) TugsnauauAIuEufm et (@af 1) anduniesrnfunasivsl
(@107 2) nlanaslsiimuysnaannya (dry dichloromethane) Usunas 2.00 fadans
nduinrleanea lasnaslsd (phosphoryl trichloride) 3.00 faddns Tuggantu (fume
hood) ¥n1snaunanfunieldusseInresney (argon atmosphere) 9Mnius s 0
asazanenanluvind 2 Guaduasazanslurandl 1 egedng auasu 2.00 Jadans andy
Fulad lapaelsfiiny (dry dichloromethane) aslulunand 2 8nussuia 1.50 fiaddns

<

wavihnseaarsazateluind 2 nnaduaisasatgluvani 1 aunue uwasaansliauliviu

a

loanstnevn 31nUuLRY cyclohexanone Usuaay 1-dadans dalulviannufoungungl
40°C \Junian 3 Falus anntuselibu wdwnasludnne siussquudsnusiaanlossu
(Uszanas 20 n51) wdinwune Navigiienduaat 30 il (svieglilanaslsdmuuis)
& o o v 2 o a Y o o v &
ndudldifvlugidudune 12 9lus Weasunauaidlunsesmiegyainia waiy
nznaunnseslaluganmuiy (desiccator) Uszana 3-4 Tilusauansuiie a1silasenunfe
1 [ = a 2/ = o aaa ! [
ansseminananaluansuseneu F-1 Gadlanuaiesdosuin Jwviiiseselagliiiunis

inliu3gms
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1.2.1  A1SEATITIRES F-2

N+
o c i\
H = ~OH -
n-Butanol : Toluene (7:3)
Reflux, 3 h
F-1 F-2

Al 27 URRseInsduasieiansleeniiy F-2

Bnsdauasgians F-2 aunsovildmuaunisufizensduasmeidnnd 27 lag
IhAnwInIu3Tves Narayanan wayae [44] Suanyiilalaeds F-1 11 0.06 n¥u w3e 0.3
fiadlua uaududiavatsnaussninelngdu (toluene) wazdaniuea (n-butanol) lu
gn91dU (7:3 v/v) hagldiu 1,2,3,3-tetramethyl-3H-indol-15um iodide 0.18 N¥u %38 0.6

fiadlua Tuvinnunanvwin 50 Taddns 3nUuUIlUINENG (reflux) 3 Talus Mgl

(%
Y O ¥ o o

100°C asazatefleazididen antuselmiu wainldidndivinazatuean lnen1ssewe
LUUAAAINUAY AZLRAISNARS NS lLUSanT andutNdadueinlavinn1skenusansline

9 9

n151335lAsuN NN Taglaaiviasaranay 3% taeUsunns (vAv) wni1uea (methanol,
MeOH): lamaslsilinu (dichloromethane, CH,CL,) 1A1805INSARBUNTDIETUURIGATY
(retention factor, R)winiu 0.3 ndasumnlslungeslsnes F-2 fdnvasduvowdedden

0.13 fadnsu Andudosiudnanantowiniy 99%

1.3 nsduasziansvigaasawudiduiyes Cy7Ca
[ '3 & @ [ gj o v :.’/ a
msdaumseiasansigealsawudiduges Cy7Ca duanmnsavlanislutuneuiien

lage1funi1siinUfizen alkylation AenIni 28

S S

I

HoN 1-1 NH,

DMF, 90°C, 3 h

Al 28 aunsufisenisdaasgiansigeelsamudiduses Cy7C4
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nMsFuATITAGuLLes Cy7Ca fdan il 28 laeda F-2 0.21 nSu “se 0.43 Nadlua

aaa

avanelulawfianesuilus (dimethylformamide) 10 18ans 9 nUULAY -1 0.18 NSUN38

0.86 fadlua Wrluvinisniunauiunigldussernidesneu (argon atmosphere) 3 Falug

a

Pounndl 90°C MNUUUNLUSLMELD192Y1182a1890NRUVAAAINNAY AL AANSHANA T

9 Y

Ldusans andudmdadaailavinisuenu3anslaenisldisnu wweslasuiinn i

q

(preparative thin layer chromatography) lagld@ivinazanunau 2 %lasusuing (%v/v)

'
IS o A

WNUea (methanol): tamaalsivu (dichloromethane) HANPATINISIARDUNVDIAITUUA

Andu (retention factor, R) Wiy 0.2 londadmeinlamdugeesawuiduees Cy7cCa

e

[

Snvauzidureadadinku 57.9 fadnsy Anluasidudnandnlawindu 19.5%

2. @15WgeaLsaLTURIdYes M20INHP
mMsdunszirigoalsalnudiduesdmiunsiainlessutsenuialus Adnnsane
wasgoalsalrudoglutagiAtda uazlienusiwiziaizasgeiolosoulsenty
TulassadrsazUsznevdidiuneslossluslesfiflosnondamofilussdusznou Tfun
phenyl isothiocyanate L%@Wi@ﬁﬂﬂ'ﬁif\lqaaLialﬁnuﬁ%ﬁﬂ \NuRzLEATY ((Slhelicene) 34

v dumgeslsnles Iy Retrosynthesis vaaiduies M20INHP uanslawsnmi 29

NH,;NH, H,O

A 29 Retrosynthesis vaaduimes M201NHP
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Tudunounisduasiziasiduiges M20INHP duazwuseaniluassdiu naafe
fosdunTeduvesgeslsnestuuiney antuishugeuiulelelunesidnaieiu

Inenuufizenisaiilslegise (formation of thiourea)

2.1 msdansnzvingealsnas [5]helicene imide (M201NH)
nsdaaT1eingeslsnes [5Helicene imide (M201NH) anunsadunsizvlaniu
U§ A58 imidation 58113149 [5]helicene anhydride (M201) iU hydrazine hydrate 1u
an127d olacial acetic acid vhwmthfiilunsa lushvihazate dimethylformamide (DMF)

lnefiann1sU)Asendunssilanananing 30

glacial acetic acid
+  NHoNH,.H,0 >

DMF, reflux 110°C, 1 hr

M201 Hydrazine hydrate M201NH

A9 30 aunisUfAzen1sdnAIIEE M201INH

AnsdaAs1z9 [5]Helicene imide (M201NH) lafinw1a1u3Svae Kaewnok wae
Ay [45] 1aei3u97nA1599 [Slhelicene anhydride (M201) 0.10 n¥u (0.24 fiadlua)

ntuazaresolmuiianesunslususirainia (dry dimethylformamide; dry DMF) 3.0

addns nelausseaniAensnaw (Ar) renaAunsaezdanlsiraint (clacial acetic acid)

(@) )

8 adans waziiulansn@u (NHNH,H,0) USunes 0.8 faddns (16.40 falua) 3nn1uy
INEND (reflux) neldusserniaersney (A Wusseziia 1 $2lue WeaasuninuaLan
Y <@ d' a v % ) a" v 9«; QIJ
seansavangliibuasionmgiivies uawihnmswansazareilaasluludinauusaainlessu
(deionized water) U110 20 §addns wazniuaisavalsagragunsudunian 15 ud
WNUIAALNOUANADIADYS LARTU (M201NH) HBATUATMUALIAIIINTDILUUANAI LAY
A aAv v 9 P H ) 2 a A aa & =
WaLnunznaunlakaraanznaumguInduUsIAanteesudiuysuiu 40 Jaddns 91nUudg

nznouliiwiuagldiluansdulunsduaseivgessawuiiduises M201NHP

2.2 MIdaATIRaIIHgRaLTEUUAIYaS M201INHP
MsduATIEMTELYes M20INHP anansadunsielaniuljiseinisaindlsleyise

(formation of thiourea) 5¥1379 [5]helicene imide (M201NH) Aiu phenyl isothiocyanate
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Tuannziiilasefaedu vimdiduua Tudavinazaney acetonitrile lnadaunisujasen

FUATILALANININING 31

o
Et;N
N-NH, C N=C=8  cH.CN, i, 24 hr
+ —_— =
(0]
M201NH Phenyl isothiocyanate M201NHP

ARl 31 aunsUATEINIELATIEE M201INHP

A5EATIZRTULES M20INHP F9nIndi 31 13091001599 M201INH USunes 0.98
n5u (0.23 fiadlua) avanengesdlalulnsd (CH5CN) Usune 4.0 addns nelausseinie
915n8u (AN Wuwalnsiefiatediy USuias 130 lulasans wavidufidalolalslalosun
Usinas 110 lulasang (0.92 fiadlua) thluniuansaganefigangiiviesnieldusseinia
913nau (A0 Wuan 24 4209 leasuimuanal tasazanedlalussmesiviazans
senuuvanAMusy Intumlanaslsiimy (CH,CL) 20 fiaddns iieavaneansilaiunaia
Frethndudsirannleasy (deionized water) 3 ASa Asiay 20 fiadans Livasazatedu
CH,CL, 9Nt lUseime CH,CL 98N Giamﬁfmamﬁm%ﬁléfﬁwmiLLaﬂWU‘%qm‘éﬁwm@ﬂ
Tasulans il leeldansasatana wniuea (MeOH) : lamaslsiinu (CH,CL,) 8@y 1:99

vv lendndumduansigeesaaudiduges Tanvusiduvewdsdinies 0.11 ndu Andu

NANAALWNNU 86%

3. nsnagaulszansnnlunnsnsladulessunssunsuazlossusuniudug vauduiwes

Cy7C4

n1sAnwUszdnsamlunisnsradulessulansndnvesduiwes Cy7Ca 15uain
nsAnwrandalunisisesuasigesisalwud lnefnwiauandflunisganfuunas
dans1lalelan (excitation spectrum) WAXNITANELAINGBBLTALYUA (emission spectrum)

'
aa v o

YpaEnsavanudulees Cy7Ca ludvinazatedunsdurazailn Lavansavanenauniliiyii
araneBuviadiui ilevnssuusazanefimnsausonsineinisindulesouditiang
Tuagamnusnizianzasivlessuneuns dieldszuudivhazaeflmnzaunda seldfe
Anwuszansnmlunisiauresdueosifertunisnsiadulossunswns (Cu®) sy

wallavigeaisauianlnsalnt wemanulilunsiesent (sensitivity) A1AsaLRaYDS



33

n1ssunulesauneanng (association constant; Kueoo) 31A@1N1S Benesi-Hildebrand
ANT NIz U loReuNBILAY (selectivity) lUSauTiaufuloeausuniu viindug
saneAnwdelszansamlunisnsiaduleseunswundduniisdiilosousuniusug
(competitive) wazdnsndiuvengosLsawuiduresraUsualossunauns (Job’s plot)
wenandiinisinduwes cy7ca idszndldlunsnsantalossunesuasluadaues
(U251) Tuthiedn9939 wazmsiiasevinUsInalossunosunadasunalufiet1sa3ee

szuUlWaduLaATURE UNATE (flow injection analysis, FIA) Bnaae

3.1 msnaaaunull (sensitivity)
asanwiauiedhlunisnsiadulessuneainsaaduwes Cy7Ca vinlalae

a aa

watlagI-3d0a awnlnsalnt wastvetiavgeasawudalnlnsalnd lngdnwiauaiuise
Tunsdsuudasdygiunisganiunasiaznisaeuasigeaisaigudiiedinisiiuleseu
NI 1neeziNTInNIgRnduaTaNISAELAINgo LT LAY TaYA1E LTS

Usums 3.00 Jadans Tuannziliifunasinlonouyouwnana i a1

3.1.1  msesEudEsaransldures

Wisna1TavaIefulees Cy7Ca Wudu 1.0x10° M lu dicloromethane 10.00
fladans 9ntudennansavanadulges Cy7Ca §ae3s serial dilution Tneliarududy
anas 10 winlugavinazade acetonitile NS a9 e 158z a e wwes Cy7Ca Fae3d
serial dilution TagliAanududuanas 10 wirlusvinasaunansznIgdIvinazaedunsg
(acetonitrile) wazansagargtuines 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES buffer) 1dfudu 5. mM pH 7.2 Gduen pH wdsludonvesyudludasdiu 50:50

v/v uldaududugavineliniu 1.0x10° M Y3119 10.00 faddns dmsunisinmsame

looaunawunslagISngeaisasudaiunlasalny wazautuduanineiniu 6.0x10° M

Y

)

U311915 10.00 fiaddns dwunisinmsamelossunsuwaslagisei-dada anlasalnd

3.1.2  Mseseuasazanylonaunadlag

nsAnwehvesdules Cy7Ca zmsouansazaenounuloinastsn Tuth
Usiaannlesou (DI water) gy 1.0x102 M 31105 10.00 fadans a1ntuiiesns
aNTaraeneIuAeis serial dilution WulfgIfuAIsWIsNETazae@uLes tnalrAli
duduanasndsas 10 wh aulderududuaninesiidu 1.0x10° M Uuas 10.00 fadans

F4N15309WNATIUTUUTUAIAE DI water
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a a

3.1.3  nsnageudlemailagi-iaila awunlnsalnd

dnasazaneduees Cy7Ca aududu 6.0x10° M Tudivnazanenausening
acetonitrile tazasazaty HEPES buffer 19udu 5 mM pH 7.2 Tudnsidau 50:50 v/v Ui
fyaanisnandunas luanieiliflessunswuns lnglddvinazarssiadudu blank
ndurnisinmseansazatelessuneuas aduaisazaneduweiudardananis

WiguuwlaswesdygunisganiulaafiaugInauigadign

3.1.4  msvagaudlemaiangaaisawudauninsalnl
iansazargidugesanududy 1.0x10° M lUindygangeaisawud dunanis
PN o e a dg” = = 1
WaguuUawesdyaangeaisawuaniadu lnewWssuieusenitanisinnsnaisazany

MDA TasAUAAIITIIWeTA199 TUNSNAGBUAINAIT NN 2

A15197 2 Arndmesaie dusunsuageunnula (sensitivity) vpadues Cy7Ca

wWisfimasidne ANIsITnasTiTAUn
anmefivhau 1w HEPES buffer (5 mM pH
7.2):acetonitrile (50:50 v/v)
Ao (nm) 640
Scan speed (hm/min) 500
Ex slit width (nm) 10
Em slit width (nm) 20
F19AUENAEUTRNYY (hm) 630-800

3.2 n1sAIALEINIIangalun1saTiadnlassunaunsvaudulwes Cy7Ca
(detection limit)
nnsnagsuauiedhilunisnsiainloosunssinsvesudulges Cy7cs

(sensitivity) anunsaAuaInAIAmanTagalunsaadulossu (detection limit) Ingn1s
waennsMANLdITLS ST didure measiRnadluirudndusige (wnu x)
fuAnade fluorescence intensity (1) ﬁﬁ;mimﬂ maaé’zgagmvxlqaamamuﬁﬁ 720 nm (NY )

= o & o ° -
WRINAMUTUVBINIIN (slope) INUUUINIAUIURINENNITN 1 [12]
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SDpank

3 o
Detection limit = Aunsn 1

slope

1089 SDpiank A ANANLTEAUULINTFIU (standard deviation) Ve blank

3.3 mamAnAsiisugaveinisivlessunaunsradultas Cy7Ca (Kyyod
nnrsnadeuaudeshalunisanduleosunesinsusaduites Cy7ca
(sensitivity) azannsaiAdya amgesisawudiinldanmsinmsnselessuneundly
165114mim@hmﬁamaﬁuaqmiifulaaau (Kassoo) 910@UNTS Benesi-Hildebrand [46]
Faauns 2

aun1s Benesi-Hildebrand;

1 1 1 -
- = - + FAUNTN 2
|O'I Kassoc(lo'lmin)[Q] I0'|min

IS (% v 6 Aa ¥ U v 6 ! 1
PNFNNTUAN WU ANNFURUSITUEUATIAYRAAIAINAUAUS SerI1e — Tunny y
lo-

way $ Tuwwwnu x fﬂwwmmﬁamamaqmﬁuﬁ’ulaaauwaaLLm (Koesod) 161 ilorionunlsr
b = mmL%’uLLmWQamsawjuﬁsﬂmmiazawL%L%@%L‘%Mé’u
| = mmr&'fmmvdqaaLiawwﬁmaqmiazmsL%umaiwé’uamiaaauﬁmmLﬂmsﬁuimq
| = mmLS?J’mLmW@JaaLﬁaL%uﬁﬂjaamiaxmaLe‘fjuma%ﬁaaﬁqﬂ

n = uwamdulag u 1, 2 uag 3

[

wuhAAsaunavesnsTuiulegauiuInliaNAMUTUYRINT MNATITY Al

1 o
Slope = TA5S dunsn 3

assoC (lo'lmin

1 \
Kosoe = ————— @UNIS7 4
Slope (lg-lyin)

3.4 n1MAEaUAMNTIIITRNzasTunANIUleoauNBILAS wazlaaausuNIuBLY

Yaudugas Cy7Ca (selectivity)

NINARDUANNAUTUNZLAE VBT USRS CyTCa 51461’3&1/1?1%1/\1@@@5&%6?
aUnlnsalndiu %ﬁwmﬁﬁﬂmé’@mmw%aaLiamum‘ﬁuaqmiazmsm%uvaa%ﬁﬂ?ismuﬂaﬂﬂ
Sefimsiiulovssunssuasuarlossusuniuwiindug Miiutu Tnenmsteasazareduges
UTums 3.00 Hadans L‘U%EJ‘ULﬁﬂUﬁUﬁmmﬂmWQaaLiﬁL%uﬁﬁLﬁ@%uf\]’mﬂﬁlﬁ/lmw}éliﬂ

ansazaenewatiarlorausuNIuTlnuY dunanisidsuiuaesdyqiungossaisus
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SEUINMTIINIAITaITazatelopouneasLazN1sinmsaalvasazatelooousuniu
¥iadue wazdianunsadnwlddenisdunanisisuwlasdvesasazarenielduacund
(W) lameauandneag

Tooauiildlunsneaeufundeoinasisn Useneude lessunatuns (Cu?, Cu’)
Tooauusen (He?") losaunsia (Pb?) loveudnzd (Zn?") lossuwanilay (Cd*") losauiiu
(Ag") lemawndn (Fe?) looounusnidla (Mn?) lessuiniia (N?) lessulausas (Co®)
Toooununilidon (Me®") lovsunaalfon (Ca*") lopsunuiion (Ba®") lesoulnunaiduy (K)

looaudiiion (L) leseuluifion (Na*) uazloosusrgiliilen (A

3.4.1  NISNARIUAIINTINILINILAN (selectivity) Areinaiiavigaatsalsus
anlnsalnd
1) MsmseNdITazaneduges
a1savanodulres Cy7Ca aun3oud uauidudy 1.0x10° M ludnvay
Ferfunsdnwannah IngldaaduduBuduiazenutudugariiomitty winnsdnw

] a ¥ ¥ 4 aQ a aa
ﬂ’ﬂll"\]’]LW’]SL%’W‘R)Q‘RWLG]?‘EJMWJ’]ZJL“UWU‘IJ@@VI’]EJIU‘U%J’]QJ 50.00 uagaans

2) nmswsguasazaglosaunasuasnazlassusuniusiindus
lun1sfngranudamagianzasvesgosisaauiifiuges Cy7C4 azin3oy
asavarglessunewny wavlesulangindeilasaasisnaiinmige lu DI water lnawnsaw

uludnwauziierfiunisnegeuanuly eldanududuisuiutagadudugaewiiu

3) N1SNAEU

asazanoduges Cyrcs mwssnliluindyaragoaisaisud dunnnis
Waguwlaswasdyaamgesisaigudiindu IngwSeuiisuseninenisininsnaisazang
looaunesuns Aunistnmsnaisazatvlessundailainantsnasingieg launuun

ANNTIELRB A9 TunsnageuLARIRUNTagaUAUlY (ANAS99 2)
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3.4.2 NISNAEIUAMUINNIZLINZAS (selectivity) Aren1sdananisilasunlag

fvasarsazangneldnasuni (waewin)

1) MsmsPuaEsazaneduas
WIeNANTATANUG UL Cy7Ca AinSauTuAdUdY 1.0x10° M Tu

asazangnay HEPES buffer: acetonitrile (50:50 v/v) anwazligItunsAneAul

2) msinseuansazaglossunasuauazlesausuniuviindus
Tun15@n¥IAUTUNIZIIZ29U0INGORLTARUALTWTDS CyTCA AZnTY
asazarglossunewuns wazlessulanzindeiasnasisnyiingnes Tu DI water Inainsgy

Juludnvazdeiunsmagauauly deldanududusuiulasanududugainawintu

3) ASNAgaY
Yunansarvareifuwes Cy7Ca asluvan vial USuns 2.00 Jadans a1nuuin
a a ! PN a v ¥ £ [ . 7 = =)
nsiulessuriianige Amssnlinanududuinduasly vial wazdsnanisildsuulacd

Yosansara1emen el wazyinistuiinnmmenaesae sy

3.5 mMsnadauadaNIsalunisasaadulessunasunsluniziiilessusuniuviin

ﬁluﬁ] (competitive)

NINAFDUANNAIWNTAIUNNIATI9YU oo auNesas Tunedlessusuniusin
auq mewatiangeaisawuianlnsalnt lnensindnaagesisaiwudvesansavaney

I3 4

Wuwes Cy7ca TuraizneulpuLarndafvansazanelosaunadunasluaisazanaidumes

[
] a =

a a aa [ < a o & &
gninseNAuUTUINg 3.00 Tadans udunaiunsuasuwlasdyginvgeaisawuddaiau
AAMNNAIMEe ntuiNasazaelooousunusinausg luusuiu 10 wihvesasavany
lepaunasuaiifiuacll wazindyqrungessauiniendinisiidlossusuniudug
a I & ¢

dnass lavansazanudulwes Cy7C4 arsazaulonaunoinny Lazasazaislonsusuniu

wilnf199 duanusawssuladuieatun1svegeuaNT Iz 2B AT wes Cy7Ca

3.5.1 MSASINENTATANELTULYDS
a15avateifulges Cy7Ca avimsaufin1ududu 1.0x10° M ludnwaugifgaiy

n135fnw1Auly Teeld arududususuwazaududugnyineminduy win1sAny)
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AUEN130IUN1IRI99U e UN DA IUNENT oD UTUNIUDUS ALLATINAMNLTNTY

gavneluduing 50.00 Taddns

3.5.2  nswseudnsazaelossunaunsuazlessusuniusindue
wisuasazaulonounaas waglessunasilosnasisnaiing1ee Wsldnaasu
AuENITalunsaTIadulessuneaslunisiiilossusuniuviindue WwuheItunIs

WSEUL Bl INAZDUAINUIWNILLINE DS

3.5.3 nmnagau

o 3 s A a = v o ¢ o
u’]ﬂ’]ﬁagarlﬁlL%UL%aﬁLLmageﬁU(ﬂWLmiﬁ]ﬂeﬂulﬂf‘]@a@mqquaQLiaL%u@ gNHANT

o

1

Qq' o fa a & A a a
WasuuwUasvesdygruvgeeisagudiiiatuidedinisiiuaisazaiglossunaund uag
ansavarulesouindeivasnanisauineieg asluaisazaiaiduwes lnafmun Amndmes
A199 Tun1sade U INANS 9N 2 ludganun1snageunl1uly anduasensinuans

o v & ' ' $ A - Qq' A A v
AMUFUNUTIENINAN /]y (Normalized fluorescence intensity) NAITUEIIAAUNAINULVY
a a i A o v
wndign (A, Tuwuauny y was stevesanseineg Tuwumwnu x Wesmuali

lo = ANUDLYRILATIRBIS A URYRIANTarAETwduloray

I = ANULYBILAsigRBLTALTUAYR N TaTAETa sl B Y

3.6 A1SMI9ATIEINYRINISIRETISUSENBULTTBUSENIduwas Cy7Ca fulasau
Naane (Job’s plot)
AMSMIORTIEAIUVRINTANENSUSENBULTTaUTe NIt d ulaes Cy7Ca fulasau

nouasumalinvgesisawuna UningalnUaieds Job’s plot lnwIsuansavaunay
synadued Cy7ca fulovaunsuns Tnsliisnsdrulneluaveaduwossaus 0 8 1
TudSumsansavanevionun 3.00 Jadans WM TInAdy g eaLsaTUs AT wNe
nsnAaRIINaennsIANFELTUSsEnI1RTdulnsTuave L i uWwes (WY X) LAY |-
(whu y) laeAmnualn

lo = ANATNTRIATIgRBITAUAYRANTara e UL laaaY

| = ﬂ'l'mLSZRJIlI“U’eNLLﬁQWQ@@LﬁaL‘U'L!(ﬁ‘ﬂ@flﬁ’]iagaﬂEJMEQ{QL@N»L@@@‘L!

dieasiansnudiazuansdnsidiunsiinusanserinseninuduwesivlessulans
PnAnsilasunlasigeigalaslunismeassildidumes Cy7Ca Wudu 1.0x10° M uay

looaunNoAduTY 1.0x10° M
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3.7 nsAnwIn1siinansusEnaulBedaussuinuduiwas Cy7ca nuloaaunasung
A1835N1385191UUTR0UANEaNI9ABNNLABS (computational molecular
modeling)

= a ISA ! < s LY
N135AN®INI5ANEITUTENOUITITRUTENINUTULLDS CyTCa fulopaunauag
ausoaszilanlassasiniindsusiianvesdumesiuaniiznou wazndidulossy
VadAY MgIaN1sas L uLTIaadliiananierauiiwes nuseileuds Density Functional
Theory (DFT) wW&ndn 6-311G** dm3usianguudn uaz Lan2DZ wazgua1mainlusunsy

Visual Molecular Dynamics (VMD)

3.8 N1SNAFIUANEINTO LN TN lovaUNB LRI VRIS Cy7Ca Tu
f298149939

v
s o

Tuingninustinsiansiduwes Cy7ca luAnwludeg1sase WunisAnwn
dy g o [ o [ I~ a & 1 el'dy Ve %} I a a A
Jaswudmsumsiluianndugaeiediedeld Tuniladnwludiedase 3 vliafe N3
Y ' fa ada o v a
NAFOUIULN9819 LWaddItTIN (U251) LagnsyndaunIsnsivinbonaunoaunanigmaina
FIA
3.8.1 AMNEIN15AIUNI5ATIIN e UNBAIlULNAIBES
AINAFDUNITNTIVIN Lo DBUNBILAILLLIRIBg19lALA UIAL (DW), Wis (MW), 11
NBIBAVLN (PW) 11wt (RW), divzta (SW) wasiindssd (TW) eawseuaisazans
Wulwes Cy7C4 Wudu 1.0x10° M lufyhagatenausyuinaiifiegis: acetonitrile
R37187U 50:50 v/v warins o laoauna Aty 1.0x10° M 9101 R loaaunaduaed
ANMNTY 1, 2, 3,4 Lag 5 uM asld uazdananisiasuilasdvesasasaeluvuz nlid

Lazillo9oUNOIAINAMUITNTUAIE

3.8.2  ANUEIsalUN1IATIInlovaunaLasluwas U251

a ada

nsmadeufuwadadidin iunsnuidesiudmiunsiandiuseneuyws
Tnedegsiiinld fe wadidesenluauesnud via ndelovaralnun woalasledlnun
(glioblastoma astrocytorna, U251) Tagvinisinulaevusadiuanizilill vazillessu
noauasiinaduduniieg (50, 100 uar 200 uM) warllwadrefsaisazareiduges
Cy7C4 (10 pM) mﬂﬁu%ﬁﬂﬂmaauﬁaSﬂé’aqqamiﬁﬁ%ﬁmwQaaLialﬂjuﬁ (fluorescence

microscope)
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383 n1snsrainlossunsundlasuszandiumaialva dulady azundds
(flow injection analysis, FIA)
TuAnednusiuenanldfimsliduaneilgeasamudifue sifnisaouamgos
sawudogluradndduriisauda daldfininhans cy7ca fflanusunizianzasivlessy
NeILAINAAEUANAINTaluN1INTI9TnlesBuN LA IEINATiA FIA AUy FIA-
spectrophotometry ey FIA-spectrofluorometer LazuenaNiasaranefuees Cy7C4
Fagnin i seiiBaUTanal (FIA-spectrofluorometer) LilemuTanaveslossunaiuns
TudegsdaaseinldluiesdfURnnsiadl (chemical laboratory) InsiuSeuifisufunis

Inwmseuulelalaunsn (reference iodometric titration)

1) Mmswseuasazaengeasaudidues Cy7Ca
Tngn1sieseuansazateLfuees Cy7Ca Wudu 4x10°M ludavnazany Tu

HEPES buffer (5 mM pH 7.2):acetonitrile (50:50 v/v) luaaU3innsaunn 100 daddns

2) ASMs8NANTaraelaaaUNBILAY
TunsneaauilazwseualsazanylpaounownlasAaBLsA UL NAUTNTY
#1499 bawn 0.05 MM, 0.10 mM, 0.50 mM, 1.0 mM, 3.0 mM, 5.0 mM, 7.0 mM wag 9.0
il

MM ANUINTUAY 10 Tadans

3) ANSNAFAUNIIATIVIALDDDUNDILAIAIYISNISHUU FIA
Tunseeszuy FIA @usunsiaintoesunadadaiisayinlansninig 32 Tngly
AANLUVAITAINIALA VB NANTENINS HEPES buffer (5 mM pH 7.2): acetonitrile (50:50

v/v) Ineidsunnsnisdnsied1awindu 30 ul wayensnasiva (flow rate) 2.0 mL.min™
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Std. Cu*

(30 L)
\ Mixing coil —
(immid.,
100 cm) I
@I D> ] '
- Peristaltic pump Spectofiluorometer
(2 mL.min) A SH
A, =720 nm
or
UV-visible spectrophotometer
A o= 640 nm
Carrier Reagent Waste
11w (Cy7C4)
CH,CN : HEPES
buffer
(PH7.2)

A 32 1158952 UU FIA d15unsiainlooaunaduwnd

2
= v

lnansnsrainasaliasdunanisiasuiuasesdypinnisganiuieas wavdyaio
Wgeaisalwud Wain15@aleoouneaunud1gseuy FIA-spectrophotometry wag FIA-
spectrofluorometer lagMnuaAIN153LABSH199 lun1snaaeudyy1avigesisaioud

AN 3

P 1 a sal o o o (9] < 3
A15197 3 AMNIARBSNAMUAFINSUATIVINLDDDUNDIUAITBLLTULLDS CyrCa

W50 NBTNANE ATNIIALNDSNAUA
A (Nm) 640
Ay (AM) 720

4. nsnadaulssansninlunisnsiadulessuysenuaslesausuniudue veuduiwas

M201NHP

SuannsAnwandilunisisesuaigesisaud lneAnwinuandalunisgandu
uaedansibilelan (excitation spectrum) WBlINTIUAIINYIIATUEIFAVDINITAANTUULES

(o) wazn1sAeuaigeeLsawud (emission spectrum) LialinsTuAINE1IAAUEIEAVDS

I 1

nsANewas (A.,) Yasa1sararoiduiees M20INHP ludivinaranedunsidurasaiin way

6 L4

AN5a¥ANUNAUNLAIVNALAN8DUNITOINULN WNOMNTLUUAIYINAZAIETLAUNLAUADNITIATIZY

nsandulessunianulivazanudniziangasiuleesulsen Welassuusivinazanen



a2

wngaunnds aeluednuinisuszaniamlunisyiauvesadumedifsatunisnsiadu
lesautsen (He?) Memadnrigestsawusianinsalad wemmullunisinses
(sensitivity) ﬂ"]mﬁau@amaqms%’uﬁulaaauﬂsam (association constant; K,eo.) 31NENUNTT
Benesi-Hildebrand A udtw1zLa1zasnuleasulsen (selectivity) Wsuiisuniulossu
sunuwiadug saumeAnudasyansnmlunisnsadulossulseviuaneiiilessusuniu
319 (competitive) nMsnagauANaLNsalunsnTIinloseuUsenluan1LAid pH fnsy
(pH effect) dnsnduvasigenisauidugesralsualossulsen Job’s plot) n1smiA
UsedAnSarmifanteuduniavigesisaiwus (fluorescence quantum yield) hagfnun
auaruisalunisiinduunldlug (reversibility study) uenaini finisinduwes
M201NHP snUszegndldlunansaainleseutseviluthsedne afua warluwaddsddin

a 1%
2NAIY

4.1 msnaaaunula (sensitivity)
nsAnwIAuIadtlun1sasadulessulsenveuduwas M201NHP vinldlae

a aa

watlagI-3dla awnlnsalnl waviedageaisalwudailnlnsalnd lngdnwiauaiuise
Tunsdsuudasdygiunisganfulasiagnisamenasigoalsagudidedinisiiuleseu
Usen lngazyinisianisganiunatiaznisaeanlgesisawuivetasazaisiduies

U3nms 3.00 Jaddns luanenliduazifuloooulsenia s dudusnige

4.1.1 AswIENAITAYANULTULYDS
WIsNaNsaza1gguwes M20INHP Wyt 1.0x10° M 11 dicloromethane 10.00
183805 NUUT09@15aga8 DU eS M201INHP #2833 serial dilution Taelial1u

v 1%

Wuduanas 10 winlusivinarany acetonitrile anuLIa9@15aza18LduLr0s M201INHP
728735 serial dilution Taglaiududuanad 10 winlusavinazalewdy H,0O (DI water):
acetonitrile (CHsCN) Tugnsrdau 40:60 v/v aulanududugavinewindu 5.0x10° M

Y195 10.00 Uagans

4.1.2 nswssuansazaglosauusan
AsAneIANveudumeas M20INHP azwsSeuansazaloUsanmaslsmluun

Usiaanteasu (DI water) ANUTUTUY 1.0x102 M USU19s 10.00 §a3a0s 97101ULI9974

A1582a79UTaM92833 serial dilution WuLAgITUNISIASENAITATAaTeLT UL TaeTiaAnu
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WnduanaInsiag 10 W auldanududuanyinewiniu 1.0x10° M U315 10.00 faddns

F9N15138919nATIUTUUTUN AT DI water

4.1.3  mmadeunlewmaiingd-ada aiunlnsalny
dnansaratuidulres M20INHP aududy 5.0x10° M ludvinazanemas H,O:

v v I

acetonitrile (40:60 v/v) lUindayaaunisgandunas Tuaniziiliiilessudsen Ingldda

A O & o < ¢
avangyuauuLllu blank "U']ﬂuquﬂqi‘lmL‘V]ima']iaza']ﬁ‘l@@@uﬂiﬂw aﬂluaqiagaqﬂL%UL“ﬁ@ﬁ

LndnansAguLUaIvedyY UM IAANAULEINIANNEIAG UGN

4.1.4  nsneagauslewmaiiangeaisawudaiuninsalnd
ansazarsidumeianududu 5.0x10° M luindygrangeaisawus dunanis

WaguuUasesdyarageasalwuanintu lnawssuiieusenitamsinmseaisazane

Uson lnerinuaansimesnigg Tunsveaoununisnsi 4

A15199 4 Admesaneg dmsuntsnedeuninla (sensitivity) UauduLges M201NHP

wisfiwasiidne Arwsfiasiinnun
AnERivine 11 H,0: acetonitrile (40:60 v/v)
Ao () 373
Scan speed (nm/min) 500
Ex slit width (nm) 5
Em slit width (nm) 5
F19ALE1AAUARAY (nm) 400-700

4.2 nswArAuEnsangaluninsainlessulsenvaaduigas M201INHP
(detection limit)
nnsnaasuaNaedhilunisasiainlossulsenvesdulres M201INHP

(sensitivity) anansafumAIALEIsIsgalunsaTaialoosu (detection limit) Ing
nswaeansmlaLduiussEminsnaududuvesUsenfidinasluiinnudiudusineg wnu x)
! d'

Tueiage fluorescence intensity (o) 19ala) vedqyayrungosilsalwuil 565 nm (nu y)

= o & o ° -
WRINAMUTUVBINTIN (slope) INUUUINIAIUIURINANNITN 1 [12]



aq

SDpank

3 o
Detection limit = Aunsn 1

slope

1089 SDpiank A ANANLTEAUULINTFIU (standard deviation) Ve blank

4.3 ms‘m¢hmﬁauqa%aamsﬁ'ﬂaaauﬂ‘sawaw‘z‘iuwa% M201INHP (Kysso0)
nnsnageumIdiodhailunisandulessuUsenveaduiyes M201NHP
(sensitivity) azansnsaiidyamgesisawudninldannsinmndelossuusenluly
iumimmmﬁamQammmﬁulaaau (Kassoo) 3INEUNS Benesi-Hildebrand [46] IngA1uue
Amsfieesiie lunsnaaenusnsed 4

@un19 Benesi-Hildebrand;

1 1 1 -
- = - + FAUNTN 2
|O'I Kassoc(lo'lmin)[Q] I0'|min

IS (% v 6 Aa ¥ U v 6 ! 1
PNFNNTUAN WU ANNFURUSITUEUATIAYRAAIAINAUAUS SerI1e — Tunny y
lo-

way $ Tuwwwnu x fﬂwwmmﬁamamaqmﬁuﬁ’ulaaauwaaLLm (Koesod) 161 ilorionunlsr
b = mmL%’uLLmWQamsawjuﬁsﬂmmiazawL%L%@%L‘%Mé’u
| = mmr&'fmmvdqaaLiawwﬁmaqmiazmsL%umaiwé’uamiaaauﬁmmLﬂmsﬁuimq
| = mmLS?J’mLmW@JaaLﬁaL%uﬁﬂjaamiaxmaLe‘fjuma%ﬁaaﬁqﬂ

n = uwamdulag u 1, 2 uag 3

[

wuinmpsalnavetn1sduivlsesufuIldIINANNTLYRINTINTAT 9T Aall

1 o
Slope = TA5S dunsn 3

assoC (lo'lmin

1 \
Kosoe = ————— @UNIS7 4
Slope (lg-lyin)

4.4 nsnagauAMuTuNIznzasTunsinduleasuusen uasleaausuniudus
YauGULgas M201NHP (selectivity)
NINAADUAINTUNILLNE VO LTULDS M20INHP ﬁ?ué’amm%ﬂqaamamuﬁ
auninsalndiu %ﬁﬁmsﬁﬂmé’@mmmaaLiamuﬁ%qmiazmEJLG‘?iuL%%ﬁLﬂ?iEJuLLUmVLU
definspulossulsonuazlossusuniuriniug innududuiiiiuiu Inen1ste

' ¥
fal a =

ansaraldugesUsuing 3.00 faddns Wisuileuiudyaangoaisasudiiiniuanns
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lmmimé’wmiazm&J'UsamLLaﬂaaauiumusﬁﬁm?ﬁuq é‘i’ammﬂ'mﬂ?i&JuLLanaaé’zgzyﬂmwQaa
SaUATERIINISImsamgansazatglessulseniaznisinimsanisaisazaiglonou
sunuaiindug wazdanunsadnwldienisdunansudsunlainisiouaweasazans
neleas UV lamenidaisnme

losaufildlunisnageufuindenaslsd Usznaudie lessunewas (CU2) leoau
Uson (He?") losaunzia (Pb?) lessudined (Zn?) lessuuanmiey (Cd2) lopaudu (Ag")
lesouwman (Fe*) losaunusniia (Mn?) lessuiiniia (Ni*) lessulaueaa (Co?) lonou
wnunili@en (Mg?) lovauuaai@on (Ca?*) loosuluiioy (Ba®") loosulnunaiuy (K lovsu

a a

auien (L") loosulafioy (Na*) uazlosaussgiilley (A

4.4.1 NINAFBUANUTUWILLRIZA (selectivity) AremaliangoaLsaiud
dnlnsalnd
1) MswsBNAIsAZABIDS
ansazaeLiuiges M20INHP axiaSunduiiiudu 50x10° M ludnwaus
errumsanwinul Tngldanudadusudulaganundudugaiewinduy uinsdnw

ANNTNIZIZINNTENAPUTL VUG eTuUSUI 50.00 Haddns

2) mswseuasazatelossulsenuazlesausuniurindus
Tun3ANEIANTINILLII D goRLTa uAduYes M201INHP azin3ey
arsazaslesuuseniaslossulanyvindonaslinsingiee Tu DI water lasinsouaulu

anvazpgiunvegauauly FddrnudututuduuasanudLtuaaiewiniu

3) NsNAdaU
asazateduigas M20INHP fweuliluindyaiungeaisawud dung
N o e a &£ a a '
n1sdsuulasvesdyrangeaisaludmintu lnsTeuiiousenitanislninge
arsazatwlessulson Aunisinmsnaisazatvlossunionasolsnsinnieg lnaniwun

ANIIIRBSA9 Tunsnage U ULAgIfuNTAgaUAULlIN LRI 4

4.4.2 MINAFIUANINNILIANZAN (selectivity) Frensdanansiasunlas
AsL3Ruavasansazataneldugs UV aranuan
1) MswsENaTazaNeLduYas
M3UuAISAaYaNE ULweS M20INHP avwnsouduiiidudu 1.0x10° M lu

asavananay H,0: acetonitrile (40:60 v/v) dnwaugtiginunsAneanula
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2) mswseuasazatglosaulsanuazlossusuniusiingus
TunsfnyiauTnglanzaewlgesisaudduIges M20INHP azin3ey
arsazavlonoulsen uazloooulanzinfonaslsasiingnee Tu DI water Inowm3ondulu

anwaieInuNmegeunuly Faldmnududusunusaranududugavingwiniu

3) N1INAEaU
Ywnasazaneidueos M20INHP asluwan vial Usuns 2.00 faddns antu
mnsiaulesouriineneg Awssnlinanududurinduasiy vial wagdunanisalildoundas

nsiseuavaIansaraeneldlas UV agnndan wagvihnsduiinammendesdigsy

4.5 MINAFaUAMNAINITALUNIINTIIUeRRUUTINTUNzNTleRaUsUNIUTTN

U (competitive)

NMINAFRUAIINENINTALUNITATIIUleauUsan Tuamznillessusuniuviindus
¥ a 2 = (7 U I3
arumallangeaisalwudaidninsalnd Ingnsindyaimngeaisaudvesalsazany
Wulwes M201NHP lurnzneutinuayuasinaisavatsleosulsonasiuasasaroidumes
r-:l' a X a a aa (Y2 3 N [ &
gninseuTulsung 3.00 TaddnT audunariunisiisuulasdynangosisawuidniau
Neuuanils antuinarsazaselessusumuriinduglulsuiu 10 wivesasazaiy
lopaulsoniiivasly wagindypiumgoaisaunnieviansiFinleasusunIudug anaAss
Tngarsavansldues M20INHP d1sazatelonsudsen wavarsazaiglessusuniuain

M99 tuansamssalufeI iU IaEeUANLT LIS B EuILeS M201INHP

4.51 MSMEENAITAZAIBITULYDS

dsazaneiiuges M20INHP azinSout uildadu 5.0x10° M ludnvasiieaiu
ns@nwiaul Tagld anududuBudunaganududugaiieomafu win1sAne
Ayasalunisnsavduleseulsenlunneiidlossusuniudug azwisuaududy

gavnegluu3ung 50.00 daddns

452 nswssuarsazatglesaulsenuazlesausuniusingus
wwmIsnansazatelossulsen wagloosuindonaslsnvslinmieg weldvaasu
Y] Al a o Y} a
ANUEIsatunInTdulessulsenlunmzidlossusuniusindue WwuReaiunIswmIsy

B lINAEBUAIMUTUNIZLIIEY
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4.5.3 n1InnEaU

[

° < s = X o s o al'
u’]ﬁ'ﬁaza']EJLGUULsdﬂiwLmiEJﬁJGU'UVL‘U'Jﬂ igmﬂmWQaaLiaL%um ganeN1sUasULUaUDY

”ﬁgzywzu'vxlgjaaLiamjuﬁﬁLﬁmsﬁulﬁaﬁﬂmammiazmdaaauﬂiaw wagasazarvlonoulnie
Aaslsaviinf19q asluansasansifuwes lnafvun Amindwmeinieg lunimageuniy
AN5197 4 WuReafumsedeuawly antuadiansnuannuduRuSsEINeA 1/,
(normalized fluorescence intensity) ﬁﬂammméuﬁmmLsﬁmnﬂﬁqm M) MIMUIUAY

way ¥HAveENTRN99 Tuualnu x Weanviuali

lo = ANATNYRIATIgRBLTAUAYRATaraneuIRN saaY

AnsdivedLamlgeaisauivetasaraevdnfulossuy

¢

4.6 n1snageUAlINAINNTAlUNITAII T lesauYsenTuan12zdl pH A1eq (pH
effect)

msnegeumNatnsalunisniainleesutsenluan1iedl pH fneg Anwidae

wadangeaisawuiluvardsukasnduiulessulsenluszuvaisazatonauszning

ansazaneUnives HEPES (5 mM, pH 7.2): acetonitrile (40:60 v/Av) 71 pH #in39

4.6.1 MSASEUEIETANELIUTDT

ansaraneidulges M20INHP azdsnguiiidudu 5.0x10° M ludnuwmusiieafi
nsfnwiaula lngldrnmdududuiunazanududuaaomiu wiwIeulussuy
asavangnaUIyriasazatginines HEPES (5 mM, pH.7.2): acetonitrile (40:60 v/v) 7

pH #1399 A9 pH 3-10 98Nag 10.00 Taaans

4.6.2 mswessuaIsazanglossunasuastazlossusunIusindue

a Y aa 1 a Y] = A § v
Q%Lmiﬂﬂﬁ’ﬁagaqﬂi@@@ucljiaw @'3EJ'JﬁLGUULﬂEJ'Jﬂ‘Uﬂ"IiLW?EJlILW@I%W@E‘?@U@T‘I@JI’J

4.6.3 NIINAFDU

thasavarsduweslun1ie pH A1eq Medeutudiuing 3.00 fadans luia
dyaavlgeaisawudnoukasnduinlossulsenlasmnuaa1nisiinesaneg lunis
VAAEUALANTIGT 4 mﬂﬁ?ua%?mﬂ3’11/\|mm§mﬁuéiwdwmmmLﬁﬁmé’ig@wmvdqaawm%uﬁﬁ

565 nm TULUILAL y kay pH A199) UasansasasidulsasIuLUuILAY X
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4.7 N1SW1BAIIEIUVRINITIAAENTUTENOULTIFaUTENINTULLDS M20INHP AU
lovauusan (Job’s plot)
MMIYENTIEINTBINSNAETUTE NRUITtRUSY I TUes M201INHP fuloosu

Usanmumatinvigesisaunainlinsalnlaie3s Job’s plot lnewmieualsazangnay
sywinadumed M20INHP Fulsesuusen lngliiisnsanlneluavoadumesdausd 0 fa 1
TudSumsansazanevioun 3.00 adans WY TInAEyuvigeaLsALTUR Mntutwa
NMSNARRIINADANIINANNFUTUSSEUIedRTdulneluavesduw s (LAY X) kAL Iyl
wny y) lnefruald

lp = ANUNTRLLAigRITAUAvataTaraunouileaay

| = F’]’J’lllL“EJIQJGUENLLﬁQW@JE]E)LiﬂL%Ué%@ﬂﬁﬂiagaﬂﬂﬁﬁﬂLalleE]E]E)‘LJ

doadansmudrvzuantsnsdunisfiausnsgyiseniraduwesivlossulany
nAMsiUdsuslasigaantaslunisnaaesildiduiges M20INHP 1ty 1.0x10° M

warlooaUNDIANINTY 1.0x107 M

4.8 A1sNIAIUsEANTAINLBIRIBUAUNIIWgBaLIaIUA (fluorescence quantum
yield)

MIMATSEANS AT IATEUAUV NIgRaIsAIUATEUFUIYDS M20INHP Uun1s

(% ! [ P A a a (3 a1 v

monTdvasiuIulineungnanndu lngansiianismeuaangeelsalsuiuInElAL

18 1 Tnefuanmldanaunisn 5 [12]

Q Slope r]2 A
2 =2 aunsns
Qg Slope r]é

Wie Q« = quantum yield ¥99a15670¢4

Qs
Slopey

quantum yield Y93e1701M351U

A1ANUTUIINATIMANUFUTUSTENINAINITAELAIgRBLTH
LHUANUNMIAANAULEIVDIANTFIBE
Slopes = AMAIUTUIINNTINAMUFURUSTENINAINITALLAINGBLTA

WUANUNTAAN UL YBIANTUINTIIY

N, = refractive index vowvinazaluasningls

g

refractive index ¥@eYaYaYaTUINTTU
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4.8.1 nswseuaEsaraneueiuazasazaneleasaulsen

ansazanefiueed M20INHP axndeutuludnuaiioafumsaneiauls Tngld
ANUNTUAATIEWINAY 1.0x10° M Turinu3uins 10.00 daddnslu acetonitrile dmsu
asazarvlesaulsenimssuludnwuzifeitunisdnuanuliguiestu Inglidaiu

UYWAY 1.0x107% M

4.8.2 NISASENEITAZAND19D
W3BUAITAZA18NINIFIU 9,10-diphenylanthracene tJua1561984 [12] Tu
acetonitrile 1Wudy 1.00x10* M U3u1¢5 10.00 faddas weldiduaisuinsgiulunis

AUIUAT quantum yield veuduLtas M201INHP

4.83 MINAEBY

Ua1sagatoi@uwes M20INHP U3uias 3.00 fiaddns nodmuaainisidmes
1 d' 3 o (% ! A A dll I
#1199 AUA599 5 3nUUdIlY InAINIIANAULAIIAIINETIATY 373 nm KATAINITATY

sl o % I ' J
uaelgoolsalwuAf 565 nm (A, 373 nm) 191 5 A5Y lnoudasAsuieansaisasane
AINANIATIAE 2/3 Wi WaIHIAINIsARNEURAEAINITATERATLY aSensIdALdNRUS
sEnInAINIIANekaigenlsalsuRluLyILY y TunsAtaenaukaluluILny x NUwIh
5 q‘ o ¢ & cz fal a
mnaaesdilagildeuasasatuduigeiiiuamsazaiaifulgesniiasazangleosulsen
LAUINAYTEANSATNTIRIDUAUNNINGDBLTALTUR 111D
N

N, = refractive index ¥4 hexane Winfiu 1.4262

refractive index 189 acetonitrile tinfu 1.3441

A13199 5 M1enanAn s ostldlunisinnaoaisawwudiia AU sesansnimias

AIBUANNIINGDBLTALTUA

WIsIRAasTAANY ANISITRBsTRAUN
anmzfivhay Tu acetonitrile
Ao (NM) 373
Scan speed (nm/min) 300
Slit width (nm) 5.0
FI9ANLEIPALTRNEY (nm) 400-700
Xem (nm) 565
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4.9 nsAnensiinarsusznauledoussnitaudueas M201INHP Aulassudsen
A1835N158 519 UUTIABLULANENINABNNIADS (computational molecular
modeling)
n1sfnwinisiinasuszneuldadouseninaduimes M20INHP dulessulsen

annsnilensildanlasaieiindanuigaveduesluaniizneu uazvdsivlessy
Uson sreIsnsaisuuinaeduiananisneuiamnes ausesileuid Density Functional
Theory (DFT) wW&ndn 6-311G** dm3usianguumdn uaz Lan2DZ wazgua1mainlusunsy

Visual Molecular Dynamics (VMD)

4.10 msAneIn1sUINaunlglud (reversibility)

nmsAnwnsiinavanltlmiveaduges M201NHP Tnen1sindmannnisaeuas
Wgealsaduivendues Tunnizouwasndiiuasazaiglossulsenadluduesusas
a a a d’( a a aa [ =3 P [ '3
vUANNLATENTU UIN1nT 3.00 UadanT audunawiunisilasuliasdgygrungoatsaiyun
TALauNANUITNAIMTN PNTU BNaTazawaTniLsinszviiuleseulsen wazindyau
WgeaLsalwuAnIEndINIsRNaIsaratvasdusinszvidulessulsendnase Gsdnduees
au1satnaun g lugle avausadlansaraneloeaulseniazasara1eaIsNaLsINTEyin

fulossulsenaaununalensd

4.10.1 n1sBNEITAYaNLTULYaS

arsavatuulees M201INHP azwIsuduludnwusiderdunisaneiniula Taeld

Y Y a v Y o e A _5 | = ° o v
AMULTLTUSUA LA AN TUEATIEWNTUAD 5.0x10° M wein1sAnwinisdnduunly

Tlagwlsuanudutuanyinaluiuns 10.00 1a8ans

4.10.2 n1swseuansazagloaauusan
dzmSsuansazatslossulsemialdnaasunlnuaiuisaludinduunlalng
WULRgINUNISIAS sl nadauAIINl) NAuNTY 1.0x1072 M T DI water USunng

10.00 {adans

4.10.3 N15M38NETAZANEE1SNALIINTETINNUleaauUsaN
nsAnEINIsUInduL gl rduadduiges M201INHP 2205 eua15azaneansnilngg
nszvinnulessulsendudy 1.00x10% M Tu DI water USu19s 10.00 Hadans lagansid

ussnsgyihiuleseuuseniliaentiunly Ae cysteien (Cys)
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4.10.4 n1INAEdU

£
= & o

asazateduiees M20INHP Mwseuduluindygiavgosisasud dunnnis

<

¥
a = v = 7

Lﬂﬁsmuﬂawmé’ﬁyaumwdqaaLial,szjuﬁﬁmmﬁu YUy amapmﬂqaaLsamwﬁ,ﬁaﬁmi@m
asavanslosaulsen wasdloduasavaeansiidusnsevhiulossuusevlunneiidlesey
Usen Feagyndnuaisigui lﬂﬁam auﬂizﬁ"thﬁmim?{&JuLLﬂawaqé’ﬁgmmwQaawamwﬁ
Jeiulessuusenuazansiifiusinseiiulossuusen lnefvuninsfnes A199) Tuns

NAADUANUAITNN 4 WiuRefunIsnaaauaula

4.11 a1snadaumnd1nsalunisnslainlossudsenvasduiwas M201NHP Tu
f29819934

T dnustinisiiasdues M201NHP TuAnunlusnogneess Wunisinen

Jesdudmsunsinluiamuiduganiosiedold uiidlé@nulusedinis 3 viade

NSNAFBUNULNFIDE1S ASHLIA LASLUAAAINT I

4.11.1 anuausalun1snsladnlesaulsenluniuaa

nsnageunnsivinlessutsenlunsuiaa lnewsenasasansduiwes M201NHP
avanelunduioa wasinisslessudsendudy 1.0x102 M 910ty Wnlessudseniiain
Wty 0.01, 0.03, 0,04, 0.05, 0,07 waz 0.13 mM aslU wazdunanisiasunlasdvensy

waluvaliiivasiilosauusennnuiiutusinge lakase?

4.11.2 AuEunsalunisnsiadnlessutsaniuinfioens

Asnaaeun1Insrinlessulsenlusiedidldun tia (DW), vug (MW),
szl (W) wazthannerafui (PW) Tnewmiouansazaneiduieod M20INHP Wudy
5.0x10° M lufvinavanenausywintingaegne: acetonitrile §n51au 40:60 v/v Uasisey
Tosputsomdudu 1.0x10° M arntu winlessudsendimnudady 5, 10 waz 15 M asld
wardunansdsunlasivesasazarelurasifvazliflesouuseniimnududusiag 16

W98
U
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4.11.3 arudru1salun1snslvdinlessudsenlutwaa U251, HEK-293 uag

HaCaT

nsmeaeuiuleaddsditin Wunmsinvidesiudmiumstaululdiusnisuywd
Tnudieg19fitunld Taun human glioblastoma astrocytoma (U251, ATCC), Human
embryonic kidney 293 (HEK-293, ATCC) W @ ¢ human immortalized keratinocyte
(HaCaT, ATCC) Inevinnisanunlneunwadiuanisilad wazilleosuusoniianududu 20
UM LazUNwadrefiuaisaratsdulmed M20INHP (10 pM) a1ndudsilunaaousie
ﬂﬁ@ﬂﬂ!ﬁﬂiiﬂﬁ‘ﬂﬁ@ﬂ@@@lﬁﬁleju(ﬁ (fluorescence microscope)

14 a

5. N1SNAFaUNITASIATIAleRauUsaNVDIRkULEaDEAN INTaduNVYUsURamATADLAN

u

satuiis (electrospinning)
Tudnendnusisslalimnuauladenisimuiaisgeaisaudiifumosliieuay
aznansenistnlUldey Tasvraiswgestsawusmiduwessiia RBH uay R6GH 1
A usazsiulassulseniiasduangituidilunduite indusuduuiuibode
wadeddnivsatuils Tneldwediwes polymethyl methacrylate (PMMA) Wuiviindwedies

vaw\lvu 6

TnefAdulasuausiasisindwdsdidninsatuiinaudmgosudininnquideves

Y

aa a A Y &
WNE.AT. d0U LNALNN %Ql@u’]m’]m@ﬁ@ﬂ@ﬂ@@lﬂu

q

5.1. n1s3wnsizndneasdagiuineavaadule vu1e wazn19n32187 2909
PMMA/RBH a2 PMMA/R6GH nanofibre membranes fiqgndasganssay
BLANATBULUUEDNTIA (scanning Electron Microscopy, SEM)
ieg1gnasivaeulaslinassranssalBidnasounuudeansin MIRA3 TESCAN

warynistuiinnmdidadsens 1,000 win Tunsdnsvuiavesduleululdvinisindy

Toananans SEM 1uduau 100 @usie 1 nsneass tagldlusunsy Image J

5.2 nsnagauadula (sensitivity) AdematiangeaisawudaunInsalnd
N1SRALKULEe PMMA/RBH wag PMMA/R6GH (sensor strips) 11aaesudin 1

2u1n 1 cmxlem nduidiuiudendallludluaisazatsusenszdwn (pH 7.4) finau

£ £ 1 a a 14 o U [ & o =
LUUYUANG 381 20 U LmelﬂmaiyiyﬂmWQaaLsamjum A9NANITUAY UL YAV

1%
=

fuauvigeaisawudiindu lnemvuadmisiivesaneg lun1snaaeununised 6
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A9199 6 ANNTTLNDIANY dnsunITagauAUll (sensitivity) UasiauLEe PMMA/RBH

e PMMA/R6GH (sensor strips)

\FuLwes wsiuida PMMA/RBH wag PMMA/R6GH
(sensor strips)
Ao (NM) 500
Scan speed (hm/min) 500
Ex slit width (nm) 5
Em slit width (nm) 10
FIALEIPALTRNEY (nm) 450-650

5.3. ms'vmﬂ"\ﬂ'memiasi"'lqﬂiun'lsﬁ'né’u‘laaauﬂsawmLwiul,?ia PMMA/RBH wag
PMMA/R6GH (sensor strips)
annsnadaunrdedhilunsandvlessudsenasuniuio PMMA/RBH was

PMMA/R6GH (sensor strips) @1ansasuaaa1Auasisamanlunisfndvlossuuson
(detection limit) Tnan1snasansiaudunussenieataududuresUseniiinaslud
mdudusingg wnu x) fudeag fluorescence intensity (1 -ly) Aaalag (WA y) 1o

AMNTUYDINTIN (slope) MNUUUINIAIUIURINFNNTTH 1

> 5 N9 1

Detection limit =
slope

1089 SDpian A8 AL DB UULIATEIU (standard deviation) Uad blank

slope Ao AAAILFUTDINTIN

5.4 MsnagauANsIIznzasTuntsinsulessuUsean waslosausuniuiug
YoauHuLEa PMMA/RBH waz PMMA/R6GH (sensor strips)
N15NAROUAIUAIINT N2 0uH U PMMA/RBH way PMMA/R6GH

(sensor strips) f?hsJwmﬁm/\IQaamamuﬁawﬂima‘lﬂﬂﬁu wvhMsAnudyuvlgesisaus
veunuieniuasuuladuiinounasndanutluasavaslossulsenuaylessusuniu
giladue Wuan 15 wd LLé’aﬁwLu:uLUium‘?méfzgapmwQaaLiamuﬁﬁﬁm%u () Tnelooaud
Tlunsnegeuduinieesdwmnusenaume laoauusen (Heg*) lossunauns (Cu?*) leaou

wundiden (Me?) losauiiu (A¢") losaunzia (Pb?) losswmlesn (Fe*) lonaumlada
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(Fe?) lopauwnat@ey (Ca%) losaudinzd (Zn?) wazlosaulatiey (Na*) Ingtinang

asazanyloaunieg Med serial dilution lnglirududuanasnsag 10 Wi

5.5 nmamagauauawnsalun1snstadulessuusenluniaziifilossusuniusia
5uﬂ (competitive)
nsneaeuAaansalun1snsadulossulsen lunenilessusuniusiaduy
femaiangosisawudaidninsalnd lnonsindyyiungoeisawudvasusiuiie
PMMA/RBH wag PMMA/R6GH (sensor strips) luaugnaunazndusluaisavaiefiilosou
sunuiadus Afanududu 10 whveserududuasazarelossuusoniiiadly uas

)

Adtysy1uNgRBLTAL YU

5.6 MsAneIN1sUINauInlYlng (reusability)
nsfnwnsinduanldlmivewsiuide PMMA/RBH uway PMMA/R6GH (sensor
strips) lnan13indygraniseewaingeosaduivenduees lunngioukasnauly
ansazanglossulsenidunal 15 unil udrindyanmgenisawus e
udluansazany ethylenediamine (EDA) LLazi’ﬂé’zgzgmwQaaLiamuﬁ%ﬂﬂ%ﬂ Faduniuiie
anunsathnduu ldlndld ssanunsaiukndouiwiluaisazaislessuusenuavaisavany

EDA @aununanaasy
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una 5

NANISAIIUIIUIY

Mnmsdunziasiesuamigooisaisusivg 2 vl Ae Cy7C4 uaz M20INHP Tng
finnsiduesfidunszildufne wazdudulasiadrsveadumosmeomaiin nuclear
magnetic resonance spectroscopy (NMR) itag high resolution mass spectroscopy (HR-
ESI MS) 91ntiudsidumed e 2 viailad umeaeuuszansamlunisnsiaivlessulans
Funnenafu nafedued Cy7Cs astlunaaeuszansnmlunissniulessunouns
TuansazaunausznIvalsazatsdullnes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES buffer) 11 5 mM pH 7.2 kag acetonitrile Tudnstd@iu 50:50 v/v @su
Wuwas M201NHP azilunnasudseansammlunisanivlessulsenluaisazanonay
5¥119191U1U517910 te 9o U (deionize water) Wa e acetonitrile Tudnsidau 40:60 v/v
uaﬂmﬂﬁﬁmiﬁﬂmmmi’ﬂaaauﬂiawéf’wLLNuL?jaﬁﬁugﬂLé'uiaimaLwﬂﬁﬂalﬁﬂimafﬂuﬁa
(electrospinning) 91NN1SHANATSE WS TIAUSURTIv TR losauYsen wiithududely

naaavUszansninluniseniuleesudsen nunleranisunassnsmalull

1. msgudulaseaiig
INNTHUATIZAEIIITDIEINGORL TR UAN AR HANINTT N TVAR B ULAT B9
Tuundl 4 nuildasvigesisawudduwesdmsulosounawunslalnininismenaimges
& 1 Ya = a s = ) 1 a
sawudegludadlnddunusanieile tazasigoelsaludiduitesdviulosaudsenyila
lnindniseeuasgeaisalwudegluyidfidadnvileria geau1salinsizikazgudy

1A598371999981599@ 09 Rn ke A8 saUn Tnsalnd

1.1 asvigeasaiwudidugas Cy7Ca

mﬂm'sé’ameﬁmiﬁammmaawaLezmﬁmﬁ%mimaaﬁﬂfmmdawﬁwﬁ?u
WuindupeunsE LA IEEsISuIes Cy7C4 Tuazuiseandu 2 diu Ao duasievidinues
Tololunes LLasﬁaumaaﬂgaaﬁﬂa%ﬁumﬁau st 2 dhunndendndetulaens
UFRsemsunuiiuuuiinaledidn (nucleophulic substitution) szninsvgjaaslsduaariges
IsWed F-2 1ilea¥ramyduiiuduaisusznavlelelunes 1 lulawdanesurlud
(dimethylformamide, DMF) &aanunsodinsieiwasBudulnsiadmesansidanszildug
azgfinaieisnisaunInsalny laua nuclear magnetic resonance spectroscopy (NMR)

waz high resolution mass spectroscopy (HR-ESI MS) lngiinan1svnasdnil
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1.1.1 laseadramaaiives 2-[4-(2-aminoethylsulfanyl)butylsulfanyl]

ethanamine (I-1)

1 1

2(—\2
SN
H,NT 4 4 “NH,
5 5

il 33 lasaadamanives 2-[4-(2-aminoethylsulfanybutylsulfanyllethanamine (I-1)

1NN15ANYIlATIaS19M1aAdivee 2-[4-(2-aminoethylsulfanylbutylsulfanyl]
ethanamine (I-1) fanwdl 33 Tnedanismeaininsdlnlannsadusulasadslasai

A5LATIERIUIMRUOULENB1S (‘H NMR, 300 MHz, CDCLy): O 1.51 (br s, 2NH,),
1.68-1.72 (m, 4H), 2.54 (t, J = 6.0 Hz, 4H), 2.62 (t, J = 6.33 Hz, 4H), 2.88 (t, J = 6.32 Hz,
aH) ppm (AWl 34)

N193LAS1EAISUB UL ULB NS (°C NMR, 75 MHz, CDCLy): O 28.8 (2CH,), 31.4
(2CH,), 36.4 (2CH,), 41.16 (2CH,) ppm (m‘wﬁ 36) ; HR-ESI-MS 21nn15A1U84 CgH,iN,S,
(M+H)" 209.1146 m/z aanAIsunday 209.1073 m/z (A i 37)

J—

S\ |

1 1
zmz
.
HoN™ 4 4 “NH,
5 5
Heo H-1 H-5

i;";

hﬁ
|
1 IS 1

i
|

[
S

T T T T T T T T T T T T T T 1

31 30 29 28 27 26 25 24 23 22 21 20 1%

[ L I J
=]
=

25 1|.4 I ppm
r.,v,,--.m. l-,_,h,_,-' l-v_,_m_..-J
B R E.

A 34 'H NMR 284 2-[4-(2-aminoethylsulfanylbutylsulfanyllethanamine (I-1)
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41.17
41.15

| N

L B R R L L B B B I B B B L B S B AL BRI L

AR RARRERA
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 ppm

A 35 1°C NMR 209 2-[4-(2-aminoethylsulfanylbutylsulfanyllethanamine (I-1)

| | | || |
O
HoN NH,
ltl T ‘TT"' ]
) FREIRIE LGS R 9T SR AT S R (U S SO LB R I Al L TS Bl s B PO RS ) R
55 50 45 40 35 30 25 20 15 10 5 0 ppm

AT 36 1°C DEPT135 NMR anasuves 2-[4-(2aminoethylsulfanylbutylsulfanyl]

ethanamine (I-1)
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intens,] P +MS3, 1.2-1.2min #(75-76)
x104 5
47 ]
=]
3 I \L
t'— HzN NH;
2_ wn
- [=2]
E 'I'}I' E 8 (=] 8 - W
1] Bg& T2 < § 8
8 o3 w R
) 100 200 300 400 500 600 700 800 900 miz

AT 37 HRESI MS 84 2-[4-(2-aminoethylsulfanyDbutylsulfanyllethanamine (I-1)

Wafiansalaseas1amaeiaisusenau -1 (w9 33) wag 'H NMR aunnsy (A0

a

71 30) wansdyralisnounianun 5ngu Usznaunie dyaraffidnwazilu siglet 7
s O 1.51 ppm 1inanTusmauvesngueiiu (NH,) dauide dyqrufifidnvuziu

multiplet Aisunte & 1.68-1.72 ppm iindnniesaulsnousunied 1 (H1) lesan

'
[ al

widulusnounguilegsainazaeuiiiinuaisalunsnadianaseu (S uaz N lnadl EN

Y

a

999 N §A1191131 EN 983 5) 1nfige dmaliusingdayanausnaiiiauiuudubngs (up

2 A a

field) daundudygyruifidnvazdu tiplet fisunia & 2.54 ppm fiA1 coupling

T o

constant (J) Wiy 6,00 Hz ABLesaulUsnaumuML 2 (H2). Tiuniineglnaeznouves

'
o a [

Fawnes (S) u1nnan Fesngdugrausnaitauuulmanaini wasdygyruidanvus

[ e

Ju triplet Usngiidumis 8 2.62 pom uay 2.88 ppm die1 ppm A1 coupling constant
U) In&estufolusmou 6.33 way 6.32 Hz aud1du wanvindulusneufisunisd 3 (H3)
uwae 4 (Ha) 1inn1s coupling Auefiansanannlassadianuinlusnauiisiunisd 4 (Ha)
oglndezmanilulanau (N) snnnin lulusnoudlésudvinaesuseididnnsounnnnii s
Lansdyn U naiiaumLlmans i (down field) tenanifdusiulasiadasan
HR-ESI MS (il 37) ldnanisvadauiinfu 209.1073 m/z fianlndidesfudildainnis
AU CeHayN,S,t (M+H) Taedidwindu 209.1146 m/z 3s8uduldinldans -1 1AnTuass

INNTANATILY BeanunsatauenalnnIsiinu)isendaning 38
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/\ OMe /\ ‘) 1b J/

+ +
CI H;N  S—H CrHN 8 ————— - %
\) 8
1a -/ N\
S NH
Cl™
Y NaOH i
S S D E— S S
AR T N
H,N NH, Cl H3N NH3 ClI

il 38 nalnmainufAsenves 2-[442-aminoethylsulfanylbutylsulfanyllethanamine (--1)

1.1.2  mssudulassadramaniivedlageniy (cyanine dye, F-2)

nsdeAsIeaIsHgealsresviinleeifiu F-2 1y Usznousiedsnisdunsisvies
FANUAADITUADY WA MIVUZNAIUATISATUNDURSN EPANT F-1 TU nuIndenuadesiuainie
Yesuin wWetluiudulasadiwesans F-1 mewaila NMR Anuinans F-1 duldaanesly

warlunandusIngy

AN 39 Tassasramaaiivedlaeiiiu F-2

1%
o

Fodulunddeisdilaiinstusilasaiwesans F-1 uwsansiildasiignvandun
Andes wazyhluvuiisentuseluiud wuininanslseniu F-2 fiflassadafnind 39
AMNNISANYILATIES1INNLATIRsET F-2 lagasnsnisaidninsalnlaiunsatudulassasng
el

MM5IAIIEALUSRauBWENe1S (H NMR, 300 MHz, CDCL): O 1.73 (s, 12H), 1.90-
2.00 (m, 2H), 2.75 (t, J = 6.1 Hz, 4H), 3.76 (s, 6H), 6.22 (d, J = 14.1 Hz, 2H), 7.20-7.43
(m, 8H), 8.36 (d, J = 14.2 Hz, 2H) ppm (n1wiil 40)

N153AsIERATURULBULEND1S (°C NMR, 75 MHz, CDCL,): O 20.7 (CH,), 26.8
(2CH,), 28.1 (4CHs), 32.6 (2CH5), 49.2 (2C), 101.7 (2CH), 110.9 (2CH), 122.2 (2CH), 125.4
(2CH), 127.7 (C), 128.8 (2CH), 140.9 (20), 142.8 (20), 144.4 (2CH), 150.6 (20), 172.9 (20)
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ppm (N il 41); HR-ESI MS 91nn15A1U8 CaHs6CIN," (M) 483.2562 m/z 91An1T

f579d8U 483.2562 m/z (mwﬁ 43)

o

| | \/
H-1
H-4
H-6
H-5 H-3
H-7 “ H-2
1 I , | .
I T 1 1 T T T T 1 T
8 ppm
1
2|
T ‘
Cl
UL~ SR, )
*\ /
| | HI HH ’ ‘ ‘ ‘ ’ |
T T T T T T T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm

AR 41 1°C NMR awnesuesloenily F-2
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"

T T T T T

T T T T T
180 160 140 120 100 80 60 40 20 ppm

Al 42 13C DEPT135 NMR awnwsavesloeniy F-2

o8 C32H36CI1N2 48326
15 483.2562

1.0

|

°'”:_”T.5”o' T a0 T a0 @ l"4s'ac>' T Ts0 T T st séomj

ﬂ’]‘W‘ﬁ 43 HR-ESI MS awunasuveslaeniiy F-2

WaRansaunanlaseds1eanstoeniy F-2 (01 39) wag H NMR a@lnasy (And

40) uandbiiudyaravediusnou 7 nau Tuanaeiu lnsdyarusiuniusnusnguin
chemical shift (0) ingnde 1.73 ppm fanwazidu singlet Wodufinalaavafdy 12

1UsADU HULAAIINANINIUTABUAILALY 1 (H-1) 1TU8991n119bnaa1ndnEnavadwsmd

[

didnasoundian dyaudaudsingi O 1.90-2.00 ppm fdnwauzilu multiplet inain

o

TUsRoUAILUUL 2 (H-2) 718015180 coupling AUTUTABUVUAITUBUAILAUIN 3 (H-3)
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foyeuraunanuildnwasidu triplet 91 O 2.75 ppm A1 J windu 6.1 Hz Wina1nns coupling

[y

fulusreuuuasUauwMLR 2 (H-2) dyaaudauildn 8 Usingit 3.76 ppm W singlet
fdnuaziAnanlusnouduned 4 (H-0) Fygrudaundsingd & 6.22 ppm fdnsuziy
doublet ff1 J 11U 14.1 Hz tAinanlusanoudIwmnuds 5 (H-5) coupling fuldsnauuu

ANSUBURIUVLST 7 (H-7) dau & ‘inngﬁm 7.20-7.43 ppm LAANTUTADUALALS 6 (H-

6) Fadulusmauvaingu aromatic ring Fuuiuns split vasdyaaludnuazsidu multiplet

drulusnousumia 7 (H-7) a1 O Uimgﬁ 8.36 ppm Fanudnwazdyarondu doublet @

o 1

A1 J WAy 14.2 Hz lagtinannis coupling AUTUSAOUUUAISUBUAWIAUST 5 (H-5) Lay
WBAMULULAUNINEITY @1u15a8udunasinnIsasIsdevIninluanasiudie lng

f915841910 HR-ESI MS (A1l 43) Tugmnslaanaidu CooHsCIN,T (M) lawindiu 483.2562

a1 1

m/z Faawinnunlaainaisenuruninedanviniu 483.2562 m/z edudulainleaans

[
=

F-2 \in0uasannNnsdauasienseaunsaauenalnnsiiaufizendnni 44-45



g: 5 5
o™i 'QI '(C?I
5 | B 1L Cl ®o~" L Cl
) S (N
SN OH SN H SNTH
| | |
l 0
I )~ 1
O/I\CI )|\ cl
NP - - N &H
o C SNl |
| <

|
®
N
PV
HCI
Q (e}
O(‘\ ||
o Cl pCl o el
—Cl =
< ® 1 Cl cl ..
o ov o N G o}
® ®
\ﬁ/ \ﬁ/ P B \ﬁ/ N - \T/ \T/
| Ho | | |

Al 44 nalnnisiinufisenvesansusenay F-1
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A 45 nalnnsiieUisenvesansiigeslsnesviialueniu (cyanine dye, F-2)

1.1.3  mstudulassaramaniiveuduigas Cy7ca

Al 46 lassaiemaniiveigesisawudiduites Cy7Ca

dleduasieasngeesawudifuges Cy7Cs NHlassadadaning 46 lauas 3

A v

futulpssaidlaeisnsmeaninsalndldeed

A53AsIERlUIRouLdudNe1S (*H NMR, 300 MHz, CDCLy): O 0.80-0.95 (m, 2H),
1.25 (s, 4H), 1.67 (s, 12H), 1.75-2.00 (m, 2H), 2.52 (t, J = 8.55 Hz, 4H) , 2.55-2.80 (m, 6H)
, 3.09 (t, J = 6.00 Hz, 2H) , 3.30-3.60 (m, 6H) , 4.00 (d, J = 4.5 Hz, 2H) , 5.61 (d, J = 12.6
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Hz, 2H), 6.91 (d, J = 8.1 Hz, 2H) , 7.00-7.40 (m, 8H) , 7.76 (br s, 2NH) , 8.20 (s, 1H) ppm
(i 47)

NM53AS1ERANSUBULBUBND1S (°C NMR, 75 MHz, CDCLy): O 21.49 (CH,), 25.17
(CH,), 28.65 (CH,), 28.80 (CH,), 29.34 (CHs), 29.67 (CH,), 31.15 (CH,), 31.23 (CH,), 31.69
(CH5), 31.90 (CH5), 32.25 (CH,), 33.56 (CH,), 37.67 (CH,), 41.54 (CH,), 41.79 (CH,), 48.55
(CH,), 63.03 (CH,), 94.62 (CH), 108.42 (CH), 120.64 (2C), 122.04 (2CH), 122.90 (2CH),
128.18 (CH), 129.71 (CH), 138.55 (2CH), 139.90 (2C), 143.55 (C), 161.79 (2CH), 164.50
(20), 165.42 (2C), 168.30 (20), 169.13 (C), ppm (AW 48).; HRMS (ESI) 21nN15AIUIA
CaiHssN4OS, " (M) 683.3812 m/z, nMsnNag@au 683.3816 m/z (MWt 50)

=3
=3

©

H-13

' . - 6 '
bW W e
SRk ER 8 EREEHEER R

AW 47 'H NMR awnn3uvesigesisateusiifuises Cy7ca

)
o
<
o



W //

L IJ l | lH |

T T T v T v T 4 T T T v T v T y T v T
180 160 140 120 100 80 60 40 20 ppm

Al 48 °C NMR avnasuvesigonsawuidues Cy7ca

© w oo =
@ [ - I R A Y b

. - MOV TANDANNHASAEROAY

o @ o® o e o« =maaRaRNnatanaRunantTs
@ - LR = QeHEMMNAAA AN S O
- - e - PRTOMAOMMOEO O NN NN NN N

—_94,63
—63.01

| R

] . II

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

AW 49 °C DEPT135 NMR alnaiuvesanswgosisaieudifuiees Cy7Ca

66
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Intens. +MS, 0.1min #3|

%108 f\\
S o
S 683.3816
S
H

1.0
HN
= Z
0.8 ‘ ﬁ,‘/ / b O
061

041 297.1592

L P 4197502 526.1621
0.0 [ ach J [.. l. | SV ¢ 'L o
100 200 300 400 500 600 700 800 900 1000 1100  miz

A9f 50 HR-ESI MS aneiuvesgesisawudidures Cy7Ca

WeRasaunanlasiddwasiues Cy7Ca (0l 46) wag 'H NMR alnasu (2w

o o

71 47) wanaliiudygraesiusneu 13 ngu Auananeiu Inedygiasiundusnising

T o

uStaeu chemical shift (O) Gi"’]qmagﬂwd’m 0.80-0.95 ppm HAdnwuridu multiplet LAinan
TUsmausunis 8 (H-8) Afnas coupling AUTUIAOUULAISUOURIWIALST 5 (H-5) ifiodu
Analdanindu 2 Tsneu Fyyrmudaniusingi O 1.25 ppm T&nwuzilu singlet
multiplet 1AnNTUSHBRAUALL 9 (H-9) 1leBuiinnladnifu 4 Wsneu dyayaufian
Ao 1.67 ppm Sdnuwaizadu singlet WioBuilnaldaiiiy 12 Weneu Tuwansininain

TUsmausumis 1 (H-1) Weosainluilusneudianes dyanmdaunidnuwuzidu multiplet

oglugia 8 1.75-2.00 ppm Wudyanailusreusumisit 10 (H-10) Wodufiinaldevindy

7}

2 Wsmeu 1Ane1nn1s coupling MulUsABUUUATUBUATLIUT 7 (H-7) dyaradauniian O
Usngi 2.52 ppm udggraiusnoudiuniai 5 (H-5) Weduilinaldavindu 4 Tusnou

fonwauniu triplet A1/ windu 855 Hz 1ina1nn1s coupling AulUsnouuun1suau

v a

Fuvisil 8 (H-8) dyauraudaundien O Uiﬂﬂgimmﬁ 2.55-2.80 ppm #dnwalg multiplet

ARINIUTADUA LU 11 (H-11) Wedudinalaaindu 6 TlUsneu duaiudauiiial O

Us1ng# 3.09 ppm Sdnwagidu triplet fidn J Wiy 6.00 Hz WWloduiinaldamifu 2

[y

Wsnou iinanlusnousuniad 7 (H-7) Neglndfunyieiu dygradauiusinglugag &

o

3.30-3.60 ppm Wedufinaldaruindu 6 Wsneu fdnvandu multiplet 203lusnau

I % v =

FUNUAT 4 (H-0) vionguiiateiu dayayradaunde O Usingi 4.00 ppm Tdnwaswuu

AR

doublet A1 J Wi 4.50 Hz Weduiinalaayindu 2 1Usaou 1NnanlusnousI kiU

12 (H-12) daunild1 & Using# 5.61 ppm dudiinaldivindu 2 WWsneu T&nwuzidu

doublet fA1 J 11U 12.6 Hz tAinanlusaoumIbmnus 2 (H-2) coupling Auldsnauuu
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ANSUBUSILIALAT 3 (H-3) ﬁﬂsmg S 71 6.91 ppm fidnwazidu doublet fifn J wiru 8.1

Hz Fedufiinalaindu 2 Tusmeu dundsdaun O Usingfidae 7.00-7.42 ppm A1

Tsmausunia 6 (H-6) Fadulusnouveingu aromatic ring 3aLun1s split vosdeyayradly

anwauziu multiplet Suilinalavindu 8 Tsneu d@wldsmausunmiladian O Usingd 7.76

ppm Fanudnwauzdygraidu board singlet peak Y8y —NH wasdgygyrungugaving

o 99

Us1ng) O 71 8.20 ppm 1HudnuUrda LU singlet YoakeantanusIMUasaeves
looslusles  wenvniansndusunasnnmsnmaaeudwidnluanatinde Tnsfinnsn
910 HR-ESI MS (a9t 50) Tugmslananaiiiu CoHssN0S,™ (M) vy 683.3816 m/z @
fianlndidsiildannnisiuinsnnlaefidimitgy 683.3812 m/z 3sdusuldinldasigesisa

wuALGUes Cy7C4 INATUATIINNIsANATIER Feeansaduanalnnisiinuffsensnw

7 51

A 51 nalnnisiinuiseveigessawuiiduites Cy7Ca
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1.2 @svigeaisalwudiidugas M201NHP

MNnsdaATiansfeuamigoaisaeudnuiinvaassiinauneuntiniy
WuUITuReUNIEATETE T uwes M201INHP duazuteonidu 2 dw Ao duaseidn
vo3vigoelsned M20INH Jusdeu 91nHuTe M20INH sndeusafulessluves
phenyl isothiocyanate H1uUffisa1n15a314lslegse (formation of thiourea) Tuanneiid
Tasiofiatefiuininiiduiva Tufviazane acetonitrile Fsa1u1503iAT 1z wazduiy
Tnssadmesansfidunsezilduiasedaseisnsanlnsalnd 16un nuclear magnetic
resonance spectroscopy (NMR) i@ ¢ high resolution mass spectroscopy (HR-ESI MS)

TReliNaN1SNAaDIRaLl

1.2.1 lasead1an1aadivae M201NH

Al 52 Tassadnamanilvas M201NH

NNSANYILATIASINWATUDI M20INH Aan1nid 52 Taeisnisnisadninsalnl

anusadudulassasielasad

M5ARUsTHouLdUENe1S (*H NMR, 300 MHz, CDCLy): O 2.47 (s, 2H), 2.84 (t,
J = 9.3 Hz, 4H), 2.82 (s, 6H), 4.03 (d, J = 13.8 Hz 2H), 6.50 (dd, J = 8.7 Hz, J = 2.7 Hz,
2H), 6.80 (d, J = 3.0 Hz, 2H), 7.13 (d, J = 8.7 Hz, 2H) ppm (Al 53)

N153AsIERA1ITUB LB ULE DS (3C NMR, 75 MHz, CDCL): O 24.3 (2CH,), 28.9
(2CH,), 55.2 (2CH,), 111.8 (2CH), 112.5 (2CH), 123.2 (20), 126.3 (20), 131.2 (2CH), 138.0
(20), 138.2 (20), 141.0 (20),159.4 (20), 167.4 (2C=0) ppm (mwﬁ 54) ; HR-ESI MS 2101
AU CogHoN,OuNat (M+Na)t 449.1472 m/z nn1snadau 449.1468 m/z (ANl 56)
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......

— B2

—4.058
S~4.012

H-3

H-6 H-2

L L] 1 L]

1 H-5
l_.l_‘ s | ! g

fgiollsi |0§.'Io 6.0 5.5 5.0 45 \I;H S[ 35 3(}3{ ﬁ;r 20

AW 53 'H NMR awnasiaes M201NH

T 1
15 10 05 00 ppm

o ™ Ve ™ @0 @ -
" - DO N N - o Q0w o o~ o~
. Bava) L e .. TOoWw ~ N~
~ o O@®D ~ VM o B . .
v m MM M NN - ~ew w ® -
- et e et - ~rer~ 0 ~N o~
N—NH,

T T T T

1 T T T T T ) T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

AH 54 1°C NMR anaauwes M201NH
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T T T T

T T T T ] ) T ' J
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

A 55 DEPT-135 NMR @lunasuwas M201NH

Intens. ) +MS, 1.4-1.5min #(86-88)
x105
4 4401468
34
2.
11 491.1577
0 2 . kil e 11 L . Gslggzeo ,
200 250 300 350 400 450 500 550 600 650 700 m/z

A 56 HR-ESI MS alunaiuuas M201NH

WaNA15UASIES19N1LATYEY M20INH (A1919 52) way H NMR gLUnnsueed

3 [

M201INH (1w # 53) wanaliiudyyiuvedlusnou 7 ngy Auandaiu Inadyayiu

FIWnURINUIINQUIIN chemical shift (O) Agafe 2.47 ppm ddnwazilu broad

singlet peak Waduitnalaaiiiu 2 TUsneu dulansitina1nlusnouess methylene

(-CH,) vuAUBuAuIALf 1 (H-1) a1 O 2.84 ppm wiedufinaldanvindu 4 Wsneu

AN INIUIMIUTDIASUBUAILULT 2 (H-2) Sanwuzidu triplet WosaniAn coupling v
2 WsmpuanAIsUBUmLALST 1 daun O 2.82 ppm Weduiitnalaanyindu 6 lUsneu Lin

nlUspauLuAISUBUA LML 3 (H-3) fdnwawilu singlet daun O 4.03 ppm fdnweuy



72

Y doublet fifAn J A 13.8 Hz dufiinalaanviidu 2 Tuseeu Wudggyinves

methylene (-CH,) UuASUBUAILILST 4 (H-4) daundunl O 6.50 6.80 wag 7.13 ppm
Soduiinaldauingu 6 Tusneu Hudygravestusnouuuns aromatic Jsusngdaannd
downfield ninTusnoungudu wazifionuitne Bty anunsndudunasinnng
prvapuivinluanasiudae Tasfinnsanain HR-ESIMS (il 56) Tugnsluanaidu
CagHaoN,0aNa* (M+Na)* Ieihiiu 449.1472 m/z SaiimlndidssdilgannisAuviasnnlayd
Ay 449.1468 m/z Seusulainlédn M201INH RnTuasennsdunsgy wazuans

nalnnisiin M201NH Fan it 57

AW 57 nalnn1siAnUfAse1nsdasizy M201NH

1.2.2 lAs9a31920anmeAivaddulsas M201NHP

AR 58 Taseadimnaaiives M201NHP
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nnstnelassadimaaiives M20INHP danndi 58 Tnedsnsvnsaunlnsaln
Yaunsadudulaswasalasad

MATIEALUIReUdUENB1S (‘H-NMR, 300 MHz, CDCLy): O 2.40-2.55 (br-s, 2H),
2.78-2.92 (d, J = 4.77 Hz, 4H), 3.83 (s, 6H), 3.98-4.07 (d, J = 16.62 Hz, 2H), 6.45-6.53
(dd, J = 2.67 Hz, 2H), 6.78-6.83 (t, J = 8.24, 2H), 7.08-7.17(dd, J = 4.19 Hz, 2H), 7.20-
7.29 (t, J = 9.89 Hz, H), 7.35-7.43 (t, J = 11.55 Hz, 2H), 7.49-7.57 (d, J =7.89 Hz, 2H)
ppm (Wil 59)

A153LA1E%ANSUBULDULEND1S (1°C NMR, 75 MHz, CDCLy): O 24.44 (CH,), 28.95
(2CH,), 55.24 (CH,),111.97 (CH), 112.53 (CH), 123.15 (CH), 124.88 (CH), 126.33 (CH),
126.68 (CH), 129.30 (CH), 131.30 (CH), 138.87 (CH), 141.06 (CH), 159.61 (C=0), 166.14
(C-0), 207.01 (C=S) ppm (& S 60); HR-ESI MS 92A015A1UI Ca3HN:0,S" (M+H)*
562.1795 m/z, INMINAFRY. 562.1798 m/z (AWl 62)

4

3

3

3

3

3

3

3

2.8318
<2.s159
—2.4798

N\
H-10:
H-7
H-6
H-8 H-9 H5 i3
| b » I
! Tt

T T I T U

1 T 1
75 T 65 60 55 50 3.0  ppm

" ﬁs;?f e O\Ef lsf Wﬂf e g

AWH 59 'H NMR adnnsaiues M201NHP

I
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AWH 61 DEPT-135 NMR aunasuuos M201NHP
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Intens. +MS, 0.2min #(13),
80001 562.1798
6000+
4000+

] 427.1660
2000 922.0043

722 5026 865.4219 l
; . L1, ‘L I\ | . ) A — 3.4 - .
100 200 300 400 500 600 700 800 900 miz

AT 62 HR-ESI MS awlnaduved M201NHP

Lﬁaﬁmsmﬂmqa%ﬁﬂmqmﬁsuaq M201NHP (ﬂWW‘ﬁI 58) way 'H NMR alnnsuves

M201NHP (a1l 59) uansliiiudagnavosiusneu 10 ngu Aunns1aiu lagdnyyia
MundansnUsINg Ui chemical shift (8) manfe 2.40-2.55 ppm fldnwazidu broad
singlet peak Wieduinaldanyiidu 2 Tusneu Husdnsininaniusneuves methylene (-
CH,) UUAISUBUAIWIAL 1 (H-1) dasn O 2.78-2:92 ppm AR nTUsnauveIuLAISUaY
Funed 2 (H-2) f8nwazidu doublet @A1 J wiafu 4.77 Hz Sufivnaldaindu 4
Tsneu flesniniin coupling AuluspanatnAIsususmuvus 1 daun & 3.83 ppm iiin
nveslusnauvuasusumundedl 3 (H-3) G8nwaidy singlet Bufivnaldatindu 6
TWsnau §aun O 3.98-4.07 ppm udnyeiiue methylene (-CH,) UuANSUBUFLWL 4

(H-a) Sledudinalaa1vindu 2 Wsneu saunduar 6 6.05-6.53 6.78-6.83 uay 7.08-7.17

ppm duitnagiuldawingu 6 Tusmeu 1udag aveslUsnouuuis aromatic 9MnNd@UY09

Wigoalswos M201NH wazdayanadiauluen 0 7.20-7.29 7.35-7.43 uaz 7.49-7.57 ppm
duilinaslarindu 5 1usneu Wudgyiuveslusneuuuls aromatic 3ndiulessly
Wos ﬁqﬂswr}gé’mmﬁmﬁ downfield ﬂ'jﬂﬂimaumjmﬁuq LLazLﬁammLLﬁuaumﬂéﬁu
annsnudunaannisnTnaeutminlianasiudie lefarsanain HRESI MS (n1wd
62) Tuamsluanailu CsHaeNs0,S" (M+H)" lewinfiu 562.1798 m/z Feflelnddusiilaann
nseaannlaefiawiniu 562.1795 m/z SeBuduléinléin M20INHP Aatuasannis

FUATIEY LAZLENINALNNISIAN M201INHP G0N 63
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il 63 nalnnsifinuisevesigesisaiudiduges M201INHP

2. nManagaulszaniainlunisnitainlossunaunivasasngaaisaguAlduLYes
Cy7C4 Tuansazangnanszningdnsazany HEPES buffer 1udi 5 mM pH 7.2 uaz
acetonitrile Tuans1du 50:50 v/v

idevigeaisawudiduives Cy7ca lnfunisduiulasearands Jsldindues

Cy7C4 indnwidsssansamlunisyhauiorfunisnsaduleseulanzndn seomaia

vgeaisaeusannsalntliuanneiifuasazaedunid uavarsazarstmauansazans

3un3d iemeannudashlun e (sensitivity) Ausziazasiurinvesienay

(selectivity) WW3suiisuivlosausuniueilnduq nenaniiddnvideussansamlunis

asradulosounsinadluaniznileseusuniudue 33UBYeIY (competitive) wazAAd

aunaveIN1sIuiulosaunauad (association constant; Kieod
Pndued Cy7ca fiduaszildundnuiussansamlunisnsadulossunauns

warlosausuniuyindus luasavarenaussninsasazaneiales HEPES buffer wiudu 5

mM pH 7.2 (Judn pH luldonvesuyud) wag acetonitrile Tudnsrdiu 50:50 v T

wissnaasrasisnvadlansirazyin Ussnaumelessunewuns leeeuveslanensiug

#u looouvedanzdamlal warlossuvedanzdanmlatidsmadinmieg azanelutiusiaan

looau (deionized water, DI)
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2.1 mMsAnwARuasnsalunsganduadansilalean wazn1sateuaangaalsa
Wwudvaudues Cy7Ca
AMIANYIANTEEEMIITENIIAINEIAA LTI uLwe SgAnduna (excitation

wavelength) fumueAduiiduiwesaionas (emission wavelength) #38 Stokes shift
svhnsanulngldiadesdle 2 vdia léun wes UV-visible spectrometer dusufinniu
dugidnig 9 AN Auudal wavin3 e fluorescence spectrometer: Perkin Elmer
Luminescence spectrometer model LS-508 LiteAamudayanamgesisaduiveaduiees

Cy7C4 fanndi 64

0.7 200
06 Absorption §E¢2l‘_“35_- _Srllf_t{ Emission

05 | - 150

04 -

- 100
0.3 1

0.2 1 [ 50

Absorbance (a.u.)
Fluorescence intensity (a.u.)

0.1 1

0 r r ‘ ‘ r 0
500 550 600 650 700 750 800

Wavelength (nm)

2N 64 LLﬁ@\‘iﬂlﬂﬂ’NllEJ’]'Jﬁau“UENﬂWiﬁJﬂﬂg‘ULLﬁQ LAZATIAINNENIARUVBINITANLLAIUD

\Wuwes Cy7Ca (10 pM)

NNANITNARDININT 64 WUTIATAINEIIARUVRINIAANAULATIgeNER (A

a

vpadulas Cy7Ca Aty 640 nm LLazﬁ’]ﬂ’J’lﬂJﬂ’l’mgu%@ﬂﬂﬁﬂﬂEJLLﬂQﬁQQ%?j@ (Aerr)
YaaduLwas Cy7Ca a1 720 nm vinluiian Stokes shift Ly 80 nm %QLﬁumﬁgq
w1nA11 50 nm) leedafvein1sil Stokes shift N34 azviliannsiin self-absorption uag
lLigesldimnsesuas (filter) Feavandunu uaziminvenedosdefldluniaauald wae

N15MSIATILITLDDDUNDILAI I UFIDE1TIN WA
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2.2 NSANYIIAINBUEUBIVBUIULLDS Cy7C4 ilansradnlovaunasuas (time

response for Cu?** detection)
140

120
100 -
80 -
60 -
40 -
20 -

Fluoresence Intensity (a.u.)

.
MER T
000000000000 00000000004
T T

0 . . .
0 5 10 15 20 25 30

Time (min)
A9 65 uansANNENTUSIEIIg florescence intensity (A 640 nm, Aurn 720 NM) LAY
na1veaduwes Cy7C4 (10 uM) WawRulesaunssuaslasnastsn (10 uM) @savatanas
syinsarsazaeUined HEPES buffer 109U 5 mM pH 7.2 uag acetonitrile Tusnsnau

50:50 v/v

INHANIINAABININT 65 LEAS florescence intensity WAELIAINDUAUBIVD
< ¢ A ) P = G o ~
U5 lon733Ule0uNaAd 720 nm N9 Niauniilunaienun 30 Wi nanis
naapuandliliug florescence intensity YpaduirasanatogneunluszezLsnuaLAIAT
LnaUszann 5 want satulueudsel avdunnnisasuwlasaiunnsudionaiiiuly 5 wii

nasniAulesounaIung wislesoulanzaus asly

2.3 wamsnasouautAnsganaunadunaziilessunsunsvaaduinas Cy7ca
nMIganduLaIvenduLes Cy7Ca ladnwluaisasaienausznineivines HEPES
buffer 19udu 5 mM pH 7.2 way acetonitrile Tugnsd@u 50:50 v/v laglavinnisinniu
dunniuvednisgn nauLas (absorption spectra) f1g A3 single-beam Agilent
Technologies spectrophotometer (Cary 60 UV-Vis) #sldaananduduveadueadiviiiu 60

uM wazldleounauntluguinfailosnneisn NANITVIAGOILARIRININT 66
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0.6 a(noion)
0.5 {i
S 0.4
£ 03 K (20x10°M)
&
2 0.2 -

200 300 400 500 600 700 800 900
Wavelength (nm)

Al 66 NMIPALAIBNTUDT CyTCa (60 M) anFasanenausEnInsasasatetnives
HEPES buffer 119U 5 mM pH 7.2 Wag acetonitrile Tusmsndiu 50:50 vAv AouLaznas
dulossuneaunalainasisaiiainududuma a0 uM, b 2.0 uM, ¢ 4.0 UM, d: 6.0 UM,

e: 8.0 uM, f: 10 uM, g: 12 uM, h: 14 uM, i: 16 pM, j: 18 uM lag k: 20 uM

NEanNITNAaeIn N 66 wandliifiuiinisesidulesouneunivenduiwes
Cy7C4 agfluraey3-38ida (UV-Vis absorption) waztfunuuszuuy ON-OFF §a1ina1nnns
Anansuszneuidadausuideunainmsidsuiladassasmeniuwesieduiulossu
Y99 0sunsluaITazauNansz a9 iWe s HEPES buffer LUuUu 5 mM pH 7.2 Lag
acetonitrile Tudns1danu 50:50 v Iagluanngiliflessunesuns vigeaisawudiduises
Cy7C4 azgandunddldaianiinntenindu 640 nm wazidlefinisiixlessuneunesnag
isefiaududusiigg Wgealsaruiduies Cy7Ca %LLﬁmé’q;aqumsamﬂﬁuLLaﬂﬁaﬂaﬂ
wonnigiEnsaiunsasuuUasdvesansavareldmennla Tnodleaisazaneladl
lopaunosuns WgesLsawudlfulses Cy7Ca aziidih usdlefniaiinlossuneunsles

aa

AasLsnadtuazyinlminasazanela ludia

2.4 wam‘mﬂaa'uauﬁ’amimau,aw\lgaaLsamuﬁiuamazﬁﬁlé}aauwmmeaa
\JuLwas Cy7Ca

n1sAekasgeelsaruivesduwes Cy7ca lavinnisdnwiluansazaienay

581190 oS HEPES buffer LlUUTU 5 mM pH 7.2 Lag acetonitrile Tudns1dau 50:50

v/v lagvinisinaiunisanguaengeetsaleus (fluorescence emission spectra) AI8LATDS
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Perkin-Elmer luminescence spectrometer LS5 e 19 Kex WINAU 640 nm  ANMLTNTY

Youdues Cy7C4 winiu 10 pM uagldlossuvamensluguindeiasnanisn

160 - a(noion)

120

1(15.33x10°M)

Fluorescence Intensity (a.u.)

650 680 710 740 770 800
Wavelength (nm)

AT 67 mimmLmWQaaLsamuﬁ (Aey 640 nm) vadLEULweS Cy7C4 (10 pM) @15azany
NAUTEING @1sazaraUnines HEPES buffer 1u9u 5 mM pH 7.2 wag acetonitrile (50:50
V/V) ﬂ'auLLawé’qLaulaaaumadLLmLU@%ﬂaaLimﬁﬂ’nuﬁmﬂuﬁm61 a: 0 UM, b: 2.0 uM, c: 3.3
UM, d: 4.7 uM, e: 6 pM, f: 7.3 uM, g: 8.7 UM, h: 10 uM, i: 11 M, j: 13 uM, k: 14 pM wag
L 15 uM

mﬂwamimaaﬂﬁqmwﬁ 67 NU11 N13M5IIUL00DUNDILAIVDUTULLDS Cy7C4
Ty runouagesisawuimdunuusshuy ON-OFF Feinennisinansusznau
Fedousuiilosnainaisisunladasiadresduwesiloduiulossuvamaundly
A41902a70NaNTENINTNWDS HEPES buffer 1iudu 5 mM pH 7.2 wag acetonitrile Tu
Sns1dau 50:50 v Tegluanneiiliilessuveuns WgoeLsarud@ULLes Cy7Ca 9zany
wawlgosisalsudfiiaudugs uazidelinsifulossunesaunstainasisniindnududu
f19q Wgeelsausildues Cy7Ca azmouamigeasawudninmdufiasiurisrue
AAY 650-770 nm Imammmm%umﬂﬁqmaamimaLLmWauaaLiaLedwﬁwiﬁU 720 nm @4
n1sAekasgessagudreuduges Cy7Cs axulsuniuivusuiulossunounsly

dnIazany
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2.5 ﬁi'\ﬂfmummsaei"'lqmaamsmfmﬁ'ﬂaaaumamm (detection limit)
N19AUIINIAT detection limit nszvilagn1snasanIIMAIANTUTUTD
nosunsifnasiufinnadudusingg wau x) fuAadsdiusiiswes fluorescence intensity
(Ip-1) ﬁg@im W y) WiemAudurainsn (slope) Mt Auan a1 leg

14 1 v PN b4 (% A
VOUARNE] WEAPNAIATITNY 7 hardInNIINEININg 68

3SD a'
Detection limit = — aun1n 1

slope

1089 SDpiank A ANAILTBULLINTFIU (standard deviation) U84 blank

a13197 7 uansdeyanldlunisduiair detection limit vesduiges Cy7Ca

[Cu®] Fluorescence Intensity

(uM) 1st 2nd 3rd Avg. lo-l SD
0.00 156.85 156.81 157.04 156.9 0.00 0.123
1.67 147.46 145.97 146.21 146.54 10.35 0.800
2.00 140.7 140.03 140.38 140.37 16.53 0.335
2.67 132.43 131.41 131.54 131.79 25.11 0.555
3.33 120.34 120.27 119.88 120.16 36.74 0.248
4.00 110.69 111.56 111.18 111.14 45.76 0.436
4.67 100.58 100.22 101.06 100:62 56.28 0.421
5.33 91.81 90.96 90.83 91.20 65.70 0.532
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80.00
y = 15.054x - 14.259
2 = 0.9991 .
60.00 - -
_S 40.00 - .
20.00 - -
s’
0.00 . .
0.00 2.00 4.00 6.00

[Cu*] (M)

AT 68 n3mluanInudUTUSIENINALRAsdIudvesdyIgeatsalud (o) 9

AMUEIAEY (Aoy) 720 nm lazANdduduvaImasinsfiidaaly

d' ] Yo 1 [ Y v [ ¥ '
I1NNINN 68 ﬁ]%L‘M‘LAlﬂ'}’]W] ol ﬂ‘Uﬂ’J’]lIL‘UN?JU‘U@QI@@@UVIENLL@QL“LJIJLﬂuG]NIu“U’N

'
o

1.67-5.33 uM Fedorludaenisvingu wazlidnsganisnsiadulossunasuas (detection

limit) winfu 24.5 nM %38 1.56 ppb

N13AUIN NATINLFENNISIEUNTIAD y = 15.050% + 14.259; R? = 0.9991 Laga1n

N5NAABILAA SDyu WINNU-0.123

ﬁqﬁ?umﬂaumiﬁ 1 Detection limit = (3x0.123)/15.054
=245 nM
= 1.56 ppb

(%
o I

TAUUAIAIEANITATINTU (detection limit) Aulessuveasvenduies Cy7ca

[y

WINAU 24.5 nM %38 1.56 ppb

2.6 wan1snageuautAnisAtsuaigestsalwudluniiziiiilessunauns
Wisuisuiulosausuniubug vauduwes Cy7cs
n1snAdeuUnNIIANELagoalsalsuAreuduges Cy7Ca lavinnisdnyily

4190280 NANTENIN HEPES buffer LUu9UU 5 mM pH 7.2 wag acetonitrile Tudnsnaiu
50:50 v/v luanneiiiflessunssunslusiinderesnasisn wWisuieuduluaniizii
lopousunaudug ldun Cu’, He?, Pb2, Zn®, Cd%, Ag", Fe?", MnZ", Ni**, Co?", Mg?,

Ca®*, Ba?', K', Li*, Na* uay A" F9nan1svaasquwanandnIng 69



Normalized Fluorescence Intensity
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+Cu(ll)

-—
R

S e o
f-N (=] oo
1 1 1

o
[N)
1

o

oF:

*
PXGE
€]
> R
XE
XE
SGE
X%
Xt

*

HE

mHg(ll)
APb(II)
*Zn(ll)
x Cd(ln)
®Ag(l)
+Fe(ll)
=Mn(ll)
Ni(ll)
Co(ll)
Mg(ll)
Ca(ll)
>« Ba(ll)
K(1)
+Li(l)
-Na(l)
AN

XE

o

2 4 6 8 10 12
lon Concentration (uM)

Acu(l)

16

AT 69 n1sAnewasgeaiseatyus (A, 640 nm, A, 720 nm) voufuigas Cy7ca

(10 pM) Tug1saraunaNT¥NnINg HEPES buffer t94Uu 5 mM pH 7.2 Wag acetonitrile

(50:50 vAv) TunmenillesoulanzvesindoiUainanisnuting1es NAUTNTURINe)

Fluorescence Intensity (a.u.)

160

120

(=}
o

40

Cy7C4, Hg?*, Cd2+, Al3+,
Mn2+, Ni2+,Zn2*, Pb2*,Fe2*,
Ag*, Co?*, Mg?*, Caz*, K+,
Baz+*, Li* and Na*

/Cuz“

680 710 740
Wavelength (nm)

770

ANd 70 n1sreuaIngoasawud (A, 640 nm, A., 720 nm) veuduwes Cy7C4 (10

uM) Tuansazanuuanszning HEPES buffer 1 5 mM pH 7.2 waz acetonitrile (50:50

vv) TunnznilleseulaveusaundetUssrasisnying1ee ANUULTY 15 M



84

1NNINN 69 kANIA1 normalized fluorescence intensity (AW y) VB I&EY QY10
WRoBLIAWUANIAIINENIAGUWINAY 720 nm UagANudutuvatloaauringm1ag (Wnu x)
& ¢ a ° Y] A o a a )
WUILFUERS Cy7Ca finudunizianzasnulossunaaiag Wevnnsilssuiisuiulessu
A A <@ 2 ~ a a A a dy o Yo .
windus) Invaziiulaindeidulosounsswasluusununinuinau vilwa1 normalized
fluorescence intensity fuwdlduanasegiuiulddauazainlunan luvazidodulossu
¥induq adluludsurauniuuindu ldlavinld normalized fluorescence intensity
Wasuwuas wazanang 70 Suanliiuindiedinsifulossunesunaianududy 15
UM aziinn1sanasuesdyauvigesisawudog e Tuvusndyaugeaisasuivas
Winlooouwtindug laua lown lessudsen (He*") looounzia (Pb*) lessudingd (zn*)
loeauuanilon (Cd*) lovsulu (Agh) lessundn (Fe*) loppunusniila (Mn*) looou
Aniia (N?) lessulavead (Co?’) lespuuuniii@eu (Me®) lopouunaiday (Ca) looau
wulsey (Ba®) lossulnuvasu (K loesudiiien (Li") lossulvifsy (Na*) warlosau
a a 3+ a Y v v v Y v )
azgililloy (AP) Nenududy 15 pM vniuduaadutuvedlessunauns (Juaiy
duduvedlossunewnsganiilidyniugessawudveaduiges Cy7Ca Jaenign)
LifinswWasuudamsadsundasiaguinilawisuiuanuiduvesdya ungeaisaigus

a v

LIUAU

2.7 nnangveeEIsasateidugas Cy7Ca TunizhillessunasuasuSeuiisuiu

looausunqudus
1 < s Ao A A

AaMgYetEITazanslgues Cy7Ca Tunmznillessunauninazlossusindus

£% a [J = o < ¢ 1 a aa

Melalasun® (Lasw17) IWun13AneIANa NIzl 2904 GulEe Sea oo unoIunsdnis

wils lngannsadunamennddidioarsazatgegnelanasund (waswn) lnvaisazaieay

wisnldvanlaediusuing 2.00 Haddns wazlunrazvinaziinmnuiduduveslossusiingnge

TudTunaiiving fu nan1smnaeazlanenwi 71
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(F= o o I mrdngy R e Z = o 5 | (Gl Gyl (aap e S ms
= 1 1 ], \

e — — ——— 4 3 S S = — S = ENREECS
+ Pb?* Zn** Cd* Ag* Fe* Mn? Ni#* Co? Mg? Ca? Ba* K*  Li* Na+| AR

noion Cu?* Hg?
——

AT 71 Fvesansavaneiduwes Cy7C4 (10 uM) Tuansagargnanszning HEPES buffer
WHUW 5 mM pH 7.2 wag acetonitrile (50:50 v/v) nelduasun® (Weew12) Noulasnadnis
WulevauiUasnasisa (perchlorate salts) votloooulanzafingnge Ae Cu?t, Zn*, Pb?,

Hg**, Mn?, Cd?*, Fe?*, Ag*, Ni**, Mg ?*, Co™, Ba®*, Ca?*, K*, Na*, Li* uaz A" (5 uM)

NN 71 uansdvesansazangifulaes Cy7Ca aelduasund (Waaun) 1deann
Wuleoauuiinfeg adulugnsavaly ssiulasgredalaui Wuwes Cy7C4 fmnusume

1 a [ a < 4 1A
1zRalopaunNewnegs Weadinndvesasasaiu@uiges Cy7Ca wuiniianizlosay

1 gj A o P @ 4 a a [ s = a A

oAy Avilidvesdrsararo@ugesivasuandinuldid Tuvusilooouviindue
laun He?*, Pb?*, Zn?t, Cd*, Agh, Fe?*, Mn?", Ni?¥, Co?*, Mg®", Ca®', Ba®*, K*, Li*, Na'uay
AP laifinswasuwdasdvesansavatsdlafieuivdvasansavanaiduiees Cy7Ca nauds
lovou agulainduwes Cy7C4 fanudnnigianzagisolosaunans Fsa1u150059970

meauala

2.8 wanisvagevaNtAn1saEnageasaiudlun1ziifilonsuneunssauegiu
lopausunaubus veudulwas Cy7cs
N1SNAdeUNIIATELAgoBLIALTUATE WTULEeS Cy7C4 LavinnisAnyily

d15azateNansenI19UWines HEPES buffer \Wudu 5 mM pH 7.2 wag acetonitrile Tu
§asndn 5050 v/ luannziflessunesunssinegivlessusuniudug lusuindewes
AABLIA LAWn Hg?', Pb?, Zn?", Cd?*, Ag', Fe?*, Mn?*, Ni**, Co?, M¢?*, Ca®*, Ba®', K, Li",

o

Na* uag AP galgvinisnmadndyaraumigesisawuiluaniieniilessusuniuaus wiu

10 wihwasUSualospunsunsluansarats wazldanududureaduees Cy7C4 winiu

10 pM TINANIINARDIULENIAININGA 72
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1.20

5

s 1.00

2

@ 080

| =t

kT

£ 0,60 -

[}

Q

S 040

H

S 020 -

3

L

0.00 -
b-'\\'\‘\ N '\‘\\‘\\‘\'\'\"\
o~i\°o\\~z§q@'\$‘@o@v"\\ﬁ°® TS S F S {&\O\‘\\"Q\
d- SN \\\,\0\‘\@\,\\\&\“ SRINR \\oo\ N @§
0 x C' 0 Cr bl

CEF FF F d"d’,\.,\“‘%\d‘ d‘c?
&t & c\ c;\ & & c;\ & A

A 72 n1sAeuLageaLTaEun (Ao, 640 nm, s, 720 nm) v0dduwes Cy7Ca (10
uM) Tuansazanenanszning HEPES buffer 1t 5 mM pH 7.2 waz acetonitrile (50:50
vv) Tunmsfieudiuduvesieseusuniusng devuluaisazats 33.3 uM (10 equiv.) 7

Taudutureslooounsad 3.33 pm

nsnaassiflunisnaasuauansalunisniulossuneunendues
Cy7ca Tunneiiilossunesanssmegivlesausuniudus aduinderesaasisn laun
Tonauusen (He?), losouneia (Pb2), looaudungd (Zn?), lesounaniew (Cd2), looau
[y (Ag), lesauindn (Fe?), loesauuisnifda (Mn?), losauilniia (Ni*), loseu
Taupan(Co?"), lopaununiil@en (Me?"), loepulaai@uu (Ca??), lovsuuuisuy (Ba?!), loaou
Inunaden (K9, loooudiiioy (L), leesuleifien (Na*) warlesouavgiillon (ALY 9
leoousuniumeg dnnudududu 333 um anlu 10 equiv. 989Nudureslonsy
NOIAY (3.33 M) Imaﬁwmsmaﬁmé@zymﬂqamsawuﬁﬁmmmfm?{u 720 nm 1NAMN
i 70 azuiuldndygrusigesisawudldainnsifulessusuniudug suidvlessu
noaundlifinsasuuas ierSoudisuivdyrangosisaeudfiinisiulessuneund
Weoswdaden wansdiduinduwes cyrca Suszandamlunisveuiifuiluaniiedsl
leppusuniudun Yuegie uansliiuitlussuunnaiaiiviunalessudus vuegiv
looouaInoIuns Wwwes Cy7Cs adinsazuansdyyinmgooisaisuiuuy ON-OFF
fluorescence switch 18 laguszansamveaduiwesfnaunilouny aunsasndulessu

7199bAIBENLAIINT NN
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2.9 dnsrdrun1siinansusenaulBedaustnituduisas Cy7Ca nulesaunadung
1a835 Job’s plot wazA1AiaNAavaINITAAlaRaULTIdaY (Association
constant; Kyoc)

~ [ 1 1 < 1 o g v
NsNAARREMENTIE@IUTENINlIaNaveRTULes CyTCa fulovaunaunily
Tun151in binding @nwilaeds Job’s plot lanan1snaassfinInig 73
60

50

40
30

lo-!

20 - kS

—
o
1

0 JI“’ T T T T T Ll T T ““‘
0 01 02 03 04 05 06 07 08 09 1

Cy7C4 Mole Fraction (X)

MW 73 nsuanssnsdIusEINlianavedduges Cy7C4 fulossunauasildlunis

\An binding Anwlaedd Job’s plot

91nHa Job’s plot wamsliifiuinduaes Cy7ca nilsluanaaunsadndulesoy
nowunadeinnoisavislaiana (Cy7Ca:Cu? = 1:1) amnduisinuwicasiiaunaveaniaie
looudisgou (association constant; Kyeoo) Lald@unis Benesi-Hildebrand ALENNIST 4
ANNTORARITINNT 74 UAZEIMNTOAIUINAT Koeroe WIVNAU 6.42x10% M

mMsAnuaiainaveininlessuidadou (assocation constant; Ky 108
T4a1n"3 Benesi-Hildebrand [44] ¥ildlagnasanswlen 1/[Cu>T W X) fU 1/(,-) 7ign

Toe (Wnu y)

1 ,
AUNNSN 4

assocC —
Slope (ig-hmin)

So 1y = evmituuasigesisawuivesasazaeduwefiiusuiliflessunosuadly
asavay
| = mmL%’uLLan@UaaLiaLsnuﬁﬁuaqmiasmaLs‘z‘juwa%wé’uamlaaauﬁmmL%’m%uim
|ooin= mmL%’uLLaQW@UaaLiaL%uﬁﬁummiazmaL%L%%ﬁf@sﬁqm

n = $wudulag W 1, 2 uag 3
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M13199 8 YayarAnududiureslessunawasiinasly [Cu™l, A1 1/[Cu] (Anududy
vaslopounauainadll) maruiduresuamgesisaruiveasavaIeduiLes Cy7Ca

wae A1 1/, Aldannmsann veadueas Cy7Ca, A, Windu 640 nm

[Cu®*], M Intensity (1) 1/[Cu®], M (n=1) 1/(1o-1)
4.0000 x10°® 111.14 2.50 x10° 0.0219
4.6667 x10° 100.62 2.15 x10° 0.0178
5.3333 x10° 91.20 1.88 x10° 0.0152
6.0000 x10°® 81.01 1.67 x10° 0.0132
6.6667 x10° 71.45 1.50 x10° 0.0117
7.3333 x10°® 61.60 1.36 x10° 0.0105
8.0000 x10°® 51.68 1.25 x10° 0.0095
8.6667 x10°® 41.12 1.15 x10° 0.0086
9.3333 x10°° 33.26 1.07 x10° 0.0081

0.03

y = 1E-07x - 0.0025
Rz =0.997
b4

0.02 o
= e
;c ’,c"
- M

0.01 e

- ',,.’
0 L] L] L]
0 100000 200000 300000 400000

1/[Cu2*], M-

AT 74 n5MRINNITFILIALENNNS Benesi-Hildebrand veaduites Cy7Ca (n=1)
N13ANUIN
naunsi 4 nsmildaunisdunsaiie v = 1.0x107x - 0.0025; R? = 0.997
%4 slope = 1.0x107, Iy = 156.9, |y = 1.17
Fot K = 1(10X107)x(156.9-1.17)
6.42x10" M
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o & o \ a A v < ¢ | v W
ANUUBATIFIUNSINAAITUTENOULTIYBU UBILFULYDS Cy7C4 maﬂ’liﬂﬂﬁ]‘uiaaau
WBQLLWQL{JUWﬁQ@]‘@WﬁQ (C)/?C‘I'ICUZJr = 1:1) LLasmmiaﬁﬂmmﬂ'ﬂmﬁauﬂaﬁuaﬂmsLﬁmlaaau

WIT0U, Koo sAWINNU 6.42x10% M (n=1)

2.10 wan1sAnwIn1siAsunUadlaseadsvaaduwas Cy7Ca Tuan1lsnaunasuas

n1sdulesaunatasflemaiinnie Molecular modeling

@ (b)

<

$ bl

2.15

AN 75 LansanwuglaTaieaemaila molecular modeling U494 a) 1ASIA319903
Wuwes Cy7Ca Tuannenausnivlesaunewad b) lassasswweaduwes Cy7ca luanieg

naanndulessunaalag (Cy7Ca:Cu® omsdiu 1:1)

nNsAnEIRIEmATlA molecular modeling Ueaduiwes Cy7C4 Tun1iznaudu
loaaunaadluasazay acetonitrile NUNRSUATASENSEMITGUweS Cy7Ca uarlapau
noaund lnelassasiewaaduwes Cy7cs luaniisneurniulessunssuniasiidnuauy
Tssasesannd 75a dowiuloosunewnsasivluansazaiy leosunswunsazlulnoofun
Aunenouvalulnsiay (N) LagosnouYnTatnes (S) AT8n5EUIUNIT electrostatic
interactions Ingloppunsiunaziinlaeeniuniu 1 agnoululasiau (N) Lag 2 avnouves
Faos (5) lussosniawindu 2.15 A, 2.41 A waz 2.29 A maudidu senandl 75b 39310
nseneiannsatieduiuindumes Cy7ca annsadndulessunaunaslalusnsidiy 1:1
ATINUNANITANEIA8ImNATIA Job’s plot LLaﬂun'1iﬁmammmﬁau@amammﬁﬂlaaau

WBITOU, Kaseor

2.11 nsnadaulszansniwnisandulessunasunsvanduires Cy7ca luundagng
nsdunan1sasudvesasazateduesaienlan iiegauaIN1sared
Wues Cy7Ca ludivinasatenay 50% unsiegny/acetonitrile &1msun1nsiainlosau

NoaAd Naulasraufulonsunawn (1, 2, 3, 4 uaz 5 uM) Tutda9819339 Usenaunie
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ddn (OW), s (Mw), dhanngaafiudn (PW) draanusith (RW), dinzia (SW) was
szt (TW) uandlunmd 76 azdiuldinidhedmnuiinasldlidd luuueddogaii
fiduwes Cy7Ca ansazaneasludin Weiuanududuredlossuvewadluy3uiasie
Tfushegrunluusaziegwilavesasaraneasunnaindudiheou SeSinames

logounesunigiuaisasarefazfowiulaliid uandiiiuindues Cy7Ca awnsn

A5797nUSUNuYedbeRaUNILAslLLNAIBE 1995 lnmenUaT lRag1siene
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(a
o)
(c)
(d)
(e)
e oS
’m“ﬂ ‘W%c‘” °°g§:ﬂl ‘W‘-!l"“ﬂ‘cmuﬂ
(U]

w ) ™w 4 ™ " ™ P ™ " ™
AR AR AR AT R

Awd 76 Msssuifisunisasunlasdvesansazatedumed Cy7Ca (10 uM) Tuth
g3 () iy (OW) (b) thus (MW) (©) tharnsrafuth (PW) (d) thannusith RW) (e)

Umgia (SW) () dhdszUn (TW) naulazndadu Cu®t (1, 2, 3, 4 uag 5 M)
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2.12 a1snadaudssansainnisanivlesaunasunvaduiwas Cy7cs luwas
fell¥3n
waaNziSENaIndlen (U251) gnidesluriaumizifeasadaige1s DMEM/high
glucose Nd1uNaNVDI FBS (10%) hazeUTiuy wldadu-amsUlndedu (penicillin-
streptomycin) AMLTNTY 1% Fevininizideswangnuud 37°C aeldusseaniand
AT wagdansueulaeenlen 5% Tunswlsuwaddmiumsaenimngestsawud waq
gnidedlunin 8 naunichUanszan lnediwadisudun 7,000 wadnevau lneunlinguud
a P o o & & ¢ = 2
AN karANFuTuIaT 24 Talus ndwRInty e msidssganazgndsudy
215l CU(ClO,),.6H,0 B lngaruidiutuildfe 50, 100, waz 200 lulasluans uag
[ ' ! [ o [ 3 [ 19 1% 1 ! dy 3
waagnUusaldunian 20 93lus nasIntuwadgnaeie PBS uazUuseluamisiiesead

73l Cy7Ca ag 10 lulasluas Wua 30 Wil 31AUY LWwadgnaamie PBS 1150V Lad

I3

douimdvaveawadnig Hoechst 33342 1UWa1 10, it deunaziluaesuuasviges

(52

sawudsiunaesrsulnaaalagldiaudingiasveievuin 60 Wik1udnty wasnseduy

9

Cy7C4 sulaleos 641 UlUIAS wag Hoechst 33342 daglaleas 405 ululuns a1msu

MylaszvigUane Tdeenwas image) 13osdu 1.52V

(3

nsUszendldurensuees Cy7C4 lunquaauywinaslovatalaun uaalnslas
Tnan (slioblastora astrocytorna, U251) Tuawidl 77 9anwanisnaaasnuithuaninsdilid
loooumosunsneluiwad \uwes Cy7Ca szuamnadynumgosisalaudiigs usidediuiinm
lospunosundhuiadiiiutu Fuges Cy7ca Jzuansdyaalgestsaleusisauandy

[

Wiudnduwes Cy7Ca grunrsaldnsiainlossunssunsnieluwaadedidinle lnedinig

'
A v v

WaguuUasdyyrungeesaguikuy ON-OFF fluorescence switch tanndulasau

newaauneInulusruvaTazane
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control Cy7C4 "
rAE
= rEE
AR
20 um w [
Cy?Cd Cy?Cd Cy7C4 %

+ Cu** 50 M + Cu* 100 pM + Cu®* 200 pM

20 pm
. . Cy7C4 Cy

c4
+ Cu S0 pM +0.| 100pM +Cu ZOOpM

3

Mean Auorescence of Cy7C4in LR51 Cells

°

A 77 Aunsieasigeasawuinieluwad U251 a) control cells; Yuaaey Cy7C4
(10 uM); Usise Cu(ClOg),; MIUUME CU(CLOL), (50, 100 waz 200 uM) Wuran 20 Flisreu
Useag Cy7C4 (10 pM) 80 30 Uil b) Toganisisodnasvaawad U251 (n = 40) fivudae
Cy7C4 (10 pM) ApuLaLRAUAN Cu?" (50-200 pM) wagdinasitasizinisannlaeglenig

NAFDULUU Student’s two tailed t-test (*P<0.05, **P<0.01, ***P<0.001)

2.13 n1sUszendldauveuduiwes Cy7C4 lunrsnsiainlosaunasundlanenis

Amsrzvinuudalia (flow injection analysis, FIA)

Wulges Cy7ca gnitluuszenaldluszuu flow injection analysis (FIA) wieldlu
msnainlessunesiailaeszuusnludfnasiiemansiniilunisnsiain daudsznou
flugiuressvuu FIA wansianind 78 nedaed Tneilléarsazarsvoaduwes Cy7ca (4o
lulasluand) Wuselaudsiuduansazanenansening HEPES buffer iudu 5 mM pH 7.2
LAy acetonitrile (50:50- vA) Lagdmsnislua 2.0 fadansdewdl (ml/min) lagiFuusn 30
lalasAnsvasnmsgiu Cu? vieasavmedtegtmgnamdlulundada 6-port aIntuds
wanliduiuIieaudlurnain (1.0 mm. id., 100 cm.) dexn @sazatsnausuAded
AasevaUnlasngeelsilines (spectrofluorometer) n3e UV-Vis atunlasinlndings (UV-

Vis spectrophotometer) Lalasnalndyaunsuauadlngsnlue
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Std. Cu?*
(30 L)

Mixing coil
(1immid.,

100 cm) —
@ O3 W ] '

- Peristaltic pump Spectofiuorometer

o A= 640 nm
(2 mL.min™) A =T20rm

or
UV-visible spectrophotometer
A o= 640 nm

Carier Reagent Waste
11w (Cy7C4)
CH,CN : HEPES
buffer
(PH7.2)

AT 78 LNURIeY1918893EUY flow injection analysis (FIA)

msUszgndldauresdues Cy7ca Tunisnsrainlossunsuaslunaiialia u
ATy ozu1ada (flow injection analysis, FIA) Tun1wdl 79 wanady i wagidy
Tdan1saeuiiisuléann (A il 79a) FIA-spectrofluorometer way (N7 79b)
FIA-spectrophotometer %amamwmam‘lu mwﬁ 79a LLamﬂﬁLﬁui’lmiLﬂwﬁu%ﬂU%mm
loppunaundluiieaud IzanmmduvessiSesamgonisaus 1A wnfigniiiaszs

18 (limit of detection, LOD) 111U 0.15 mM lagil sample throughput iy 33 @981

'
1w

fav2lud warluning 79b wasdlmiuiinisiiudursalsuialessunanaslusioaud 2l

' '
o A

AINNSAANAULAINanaY IngdiArNanniiasievila (LOD) Wiy 0.45 mM lagdl sample

throughput Wifiu 39 firegedadalus dmsumala FIA Lldagdia1nNanninseila

Aoudeguilaisuiuisnswuy batch analysis wamadatnddidefnssiiamnnsainiong
lduauunlussesiandudu wagarnuan1sn1snaaedwinliauiauInianiswaun

wallansagvidmiuansigeasawuiiielinsirinlessulangladnme



95

(@@
—~ 60 -
o —
g 50 - blank 0,05 mMO\:Y_,:'
2 40 -
1]
£
9 30 -
. 3mM
g 20,0 : i
g 10 = 11: - ] 7mM |\ )
™ ¢ (::n"](r:M) £ 9mM
o T T T T T T T T T
0 5 10 15 20 25 30 35 40 45
(b) Time (min)
0.10 -
g 0.08
=
©
2 006
o
(]
g 0.5
o e
£ 004 smm |
0.02 | Fom | vogmsso —
7 o
0 00 [Cu?*] (mM) 9mM
0 5 10 15 20 25 30 35 40 45
Time (min)

'
aa o

AT 79 a) uansdyannngeaisaud 8549y 7 720 nm b) AIN1IgANAULETT A, 640
nm 7iiinleopunedwninardutuigg lnelngesisaui@uiges Cy7ca Tu flow

injection analysis

uenniidueed Cyrca Ssgmirluliimseiidaliiudienuiinuresdloosy
nosunsluseesdaunmgildluieal fURn1siast (chemical laboratory) lagiIeuiiiey
funslamsnuuulelelalumin (reference iodometric titration) kagiilasanieendu
nafiloosunouns uaglossunan eldarsavarelafon Inlsneaa (sodium
pyrophosphate) 1 ua15nM U9 (masking agent) Tuinadani1slainsn @1usu FIA-
spectrofluorometry ansazanelduwesazgnaniluluszuulaenswmissi 9 uansdnade
voeUSunaleoaunesunsiildann FIA-spectrofluorometry waznistamsnlelolnwniniag
aauiisuiunsmunssuaududureslossunsunslunimd 80 91nmsldnismaaeu
WUUTH (t-test) WuT9ean i Z i nadwsAlndIAsafu (A1 tuge= 0.94, o= 2.05 (ST

ANUUAZU 95%)) fatiuszuu FIA 3adumaiiafazainsiasilunisasiatnusuialosau
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NoAazNIsIduwesrintlidasldarsiidednsunisrivsuialesounaannsdnaie

2L QNABINALLIUEN

M15199 9 uaRIARRY (mean) kagdidewuunInsgIu (S.0.) Mamusunalessunadlaey

T¥ASAunneneiy
Usunaulooaunaawny (Yow/v)?
A819 35y 331981954
(FIA- spectrofluorimetry) (lodometric titration)
1 0.475 + 0.003 0.424 + 0.031
2 0.514 +0.004 0.484 +0.053
3 0.462 + 0.007 0.443 +0.013
q 0476 +0.034 0.487 +0.004
5 0.476 +0.030 0.456 +0.004
* mean + S.D. 91NN15Y 3 41
40
y =2.2079x + 13.318

£ 30| Rz = 0.991

o J—

© e

e }

= 2 .-

P e« ®

o 10 |

0 T T T
0 2 4 6

[Cu?*] (mM)

AINA 80 NTIMNNINTFIUAUTUTUVDILODDUNBILAINLARIAIUTUTNUSTENINS peak

height fA111819AAU Aern) 720 nm kagAMudduveIoILasifuaslufildannaina

FIA-spectrofluorometer
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3. wan1snagauyszAninmlunisnitainlossulsenvasasvigaasaiwudiduiyes

M201NHP Tugnsasatenausening H,0 wag acetonitrile Tudnsndau 40:60 v/v

MaINgeaLTARURduLes M20INHP lasun1studulaseasnuds Jadiduees
M201NHP 7ildundnwniaszansamlunmsianuiertunisasiuleseulavenin dae
wefarlgeaisawudaunTnsalntluasasastnauaisazaiedunds Womanudeshily
NMTIATIEA (sensitivity) AU UNIzIa1zaenustanvaslessu (selectivity) WWSsulfisuiu
lesousunmuaiindug snreddnundeUssansnmlunisnsadulessulsonluanosii
lovousuniudueg 98978 (competitive) HaveeA1 pH Pflnasonisindulessulsen waz
ﬁhmﬁau@ammﬂ’lﬁuﬁ'ﬂaaau (association constant; Koeoo)

Tnemsuniduges M201INHP fidansazildudnwilszansanwlunisnsadulesouy
Uiamaﬂaaauiummﬁm%uq Tugsazanenay deionized water Wag acetonitrile Tu
§nsndIu 40:60 v TumIsindonaslsrvedlansusazeiia Useneusielooauneuns
loosuvaslanzniuddu looouveslanzdanilou wazlessuvedlanzdanilatidsnvin

Aee azangluiiusaainlessu (deionized water, D)

3.1 asAnwAugnsalunisganduuddansilalaan wazn1sareuasngaalse
\YUAYDUTULYDS M20INHP
MsANYIATTEOERIITE NIRRT ulEB SgAnduna (excitation
wavelength) fupteIRAuTE UL SABLaY (emission wavelength) #38 Stokes shift
awinsAnulaeldiadesiie 2 ¥fn 1Hun 1ades Uv-visible spectrometer dmsufinan
doyuaunn QAN Auuad wazin3o 9 fluorescence spectrometer: Perkin Elmer
Luminescence spectrometer model LS-508 ttefamudaygnamgesisadudveaduies

M201NHP TneuanssianIni 81
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1 800
absorption emission —_
3
Stokes shift ;
8 - | | L
_ 08 | 600 >
5 E
H ®
S 06 8
Q - 400 =
S 04 8
2 200 g
£ 02 [ g
o
=
0 T T T =L D -

320 420 520 620

Wavelength (nm)

AN 81 meﬂ'ﬁmmmmﬁumaamsamﬂﬁuum LAZAIAINNENIARUTDINITATLUAIVD

Wueas M201INHP (50 uM) luansazananasl H,0 wag acetonitrile Tudwnsidiu 40:60 v/v

cs' Vo A = PN PN
PNUANTIINAADINING 81 WUIIAIANYIIAAUVBINITAANAULEINEINER (M)

I )

y9afuLwes M20INHP fiA1sinAu 373 nm uagA1Aue1IAAUYRINISANELATigsTign
Aer) VOUGULDS M20INHP §iAn 565 nm vialsiiian Stokes shift Wiy 192 nm Fady
Afigeunn Tnedefueemsil Stokes shift n¥13 azvilsiann1sifin. self-absorption ¥3ensd
Léz?uLszja%@@‘wé’mmmaahulmmmmmm?{uﬁLs?iuvzja%ﬂgumsLLaquaaLiamuﬁaaﬂm oy
denaliiUsyansnmvesnisasuanigosisawudiveaduiesanas wazdmsanilymizes
Fruy1usunIUAINUvaEInwlauas (light source) Liisaaldansosua (filter) Jaeansunu

3 o 44 A A v a ) |
LL@%U'TVT‘UW‘U@QLﬂi@QN@WIﬁUﬂqﬂauqﬂJlﬂ LLagﬁqﬂqﬁﬂmi"JﬁnLﬂi’]%ﬁi@@@u‘ﬂi@mium?@ﬂqﬂ

Fannle

3.2 NMSANBIIAINEUALEIUBLTUDS M201INHP iansaadalesaulsen (time
response for Hg2+ detection)

HANISNAFOUNAINIINOUAUBDATUILES M20INHP Wansiainlesaulsen

naainloasulsenlumvinazatenay H,0 way acetonitrile Tudnsndiu 40:60 v/v Langns

A 82
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600

500

400 +

300 -

200 -

’-——_—__—_-_----

100 | $*+40% 0000004400444 % 4000000004

Fluorescence Intensity (a.u.)

0 5 10 15 20 25 30

Time (min)

AMA 82 wansAuduTUSsYIing florescence intensity (Ao, 373 nm, Aern 565 nm) Lay

nameudumes M201NHP (50 uM) wiledulassulsevinaslss (10 uM) luaisazatenay

H,O wag acetonitrile Tudnsndiu 40:60 v/v

PNNANITNAABININT 82 Lans florescence intensity waTnaIneUALDIURLTURS
= o q' = a ) & PN
Wensiaduleoounauasil 565 nm nne niauiiduiaiianun 30 U1l Han1sMnaes
wanalsisiuin florescence intensity vesfugosanasiarasnuiliionuloosulsenasly

v =

satulunuiIdedazdunnnsilasuslasaUnasusiuivasainiiuleessulsen vislaeay
lavzdue) asly

3.3 NamiwﬂaauauﬁamigﬂnﬁuLLa\ﬂum'wﬁﬁ‘laaauUiammLS‘fiuLezjai M201NHP
N15ANAULAIVDILTUIY DT M20INHP lidnwaluansazatenan HO way
acetonitrile Tudn31d31-40:60 v/ lagldvnasiaaiuanasuueanisganauuas
(absorption spectra) PEICEDR single-beam Agilent Technologies spectrophotometer

(Cary 60 UV-Vis) Fsldanuiduduvoaduweasivindu 50 uM wagldlossulsennaslsa na
NSNARDILANIAINING 83
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a
0.80 - |
h
[
(3]
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g |
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Wavelength (nm)

i 83 N139ARAVDNTULDS M20INHP (50 M) a1sazane H,0 wag acetonitrile Tu
8M31dIU 40:60 VAV ﬁauuawé’mﬁmleaauﬂiwﬁmmtfﬁuﬁﬁuﬁmV] a: 0 uM, b: 3.3 uM, c:

6.7 UM, d: 10 uM, e: 13 uM, f: 17 pM, g: 20 UM Wag h: 23 uM

nNanIsaagnInd 83 wanslifiuiinisnsadulessulsenvesiulses
M201NHP JuLuuszuy ON-OFF §afinainnasiinarsysyneutdsdousuiiomnainns
Wasuulaslassadrwe nduwofilosuivlesaudsenluaisavaronay HO way
acetonitrile Tushsday 40:60 v Tagluaniaziilifilossudsenduees M20INHP qz

& 1 a 41' A a ¢l 1]
ﬂﬂﬂauLLaﬁlﬂaﬂq@mﬂ’ﬂNﬂ’]'ﬂﬂﬁu 373 nm LLa3Lll@llﬂ’ﬁw]ﬂi@@@uﬂiawﬂa@li@mﬂﬁ’]@“%mﬂu

Y Y

' '
a

LT 1 GWEe3 M20INHP Iguanidyaan1sannaulafianas

D

3.4 wamiwrﬂaauauﬂ'ﬁmsmﬂLLaQWz;aaLsaLszmﬁiuamazﬁﬁ‘laaauﬂiawmm
\JuLwas M201NHP

nsmenaigeasalwuRvanduwes M20INHP lavinnisfinwiluansazanenay

58139 H,0 Uag acetonitrile ludnsndiu 40:60 v/v lngvinnsinmiunisaneuasngeetsa

L% u @ (fluorescence emission spectra) @ 2 8 LA 399 Perkin-Elmer luminescence

spectrometer LS5 ile 14 Ao, windu 373 nm anududuvesduiwes M20INHP wiidu

50 pM wagldleosuvasusenluguindenaslsn
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600

a (noion)

500

400 -

i (10.75%10 M)

300

200

100

Fluorescence intensity (a.u.)

470 520 570 620 670
Wavelength (nm)

A il 84 n13A1ekagaolsaeus (A, 373 nm) vouduiwes M20INHP (50 pM) Tu
ansazanral Hy0:CH,CN Tudnsndiu 40:60 v/v neutazudaiulessulsennaslssiiniu
Fudurag, [He?*] 71 a: 0.0 uM, b: 0.75 UM, ¢ 3.3 UM, d: 4.5 UM, e: 5.8 UM, f: 7.0 UM,
g: 8.25 uM, h: 9.5 UM W@ i 11 UM

NNHANTVIAGBINTNA 84 Wi msnTadulessulsonveadulwes M201NHP 15
Ty umsuamigeatsawudduluussiuy ON-OFF BafinannmsiinansusznauiBetou
suilesnanmsasustadasiaiiveaduwesiloduiulessulsonluasazaronay
H,0 wag acetonitrile Tusnsndru 40:60 v/v Tneluaanzndilifinisiivlessuusen viges
saleusLduLeos M20ANHP 9za1audmigosisalwudiiauidugs uiieiinisifulesey
Usonianuitudusine Wuwes M20INHP agmpuasigoaisalusiiautusadiugig
ANNENIAAY 480-670 nm TaBANLENIRRLLINTIgAYEINSANEUANRBBLT AT IYINAY 565
nm e?fqmimaLLaanaaLiaL%uﬁmaaL%uwja% M201NHP 9zuUsunduiuUsunalessulsen

Tuansazane

3.5 AIMIUEINITOAEAVRINITNTIaTULERRUUTEN (detection limit)

ANSATUIMNAN detection limit NSEYIAEANISNABANIINAIANUIUNTUTDIUTONT

a

WnaslufaMaudusneg Wy x) AuALedudIun1aued fluorescence intensity (Io-l) 1190

q

o9 WA y) wieniAudueInsIn (slope) ntUNUIAIUINAINENNISN 1 Tnedaya

Y

F99) LARRIAITINN 10 LazasansWAInIng 85



1087 SDpank A ANANLTEAUUUINTFIU (standard deviation) ¥ad blank

Kassoc =

1

Slope (ig-hin)

AUNNSN 4

M157°9% 10 wanadayaildlunisiuiuan detection limit Youuges M20INHP

102

[Hg?'] Fluorescence Intensity
(uM) 1st 2nd 3rd Avg. lo-l SD
0.00 546.23 | 546.3 546 546.18 0.00 0.157
3.25 448.15 | 446.17 | 449.94 448.09 98.09 1.886
4.50 393.43 | 39350 | 391.10 392.68 153.50 1.366
5.75 346.81 | 344.19 | 344.67 345.22 200.96 1.395
7.00 278.17 | 279.49 | 279.15 278.94 267.24 0.685
8.25 212.27 '} 21400 | 215.20 213.82 332.36 1.473
9.50 149.04 | 150.12 | 149.75 149,64 396.54 0.549
10.75 85.12 86.96 89.91 87.33 458.85 2.416

500

y = 48.564x - 67.443 ®
400 - 20,9977
9
300 -
- @
= 200 - ¢
&
100{ e
0 L] L] L} T
2 4 6 8 10 12

Concentration of Hg?* (uM)

d' % % s ! ! d' ! ! o i3 d'
ATWN 85 NIINLAAIAINAUNUTTEWINAAAYAIUANVOIAY Y 1UNQoDLTAGUR (Io-)

ANNEIAAY () 565 nm wazAUdutuvasloosulseniivadll
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AMNANG 85 aziulaingn 1o fuanudutuvedlessulseniludunsduie 3.25-
10.75 pM Fadotduta9n13991u waziiaaganisnsiaduleseulsen (detection limit)

WU 9.70 nM %38 1.94 ppb

Al MnnlAduNISIEURSIAD y = 48.560x - 67.443; R? = 0.9977 Wagan

N5NAABILAAT SDpank WNAU 0.157

FaruaNnaunSa 1 Detection limit = (3x0.157)/48.564
= 9.70 nM
= 1.94 ppb

3.6 wan1sadsUANTANTsATBuEgesLsAlTudlun1aziillassuUsentUSsuLiiay
fulovausuniudue vauduwwos M201NHP
N1INAAOUNITANL AN DOLIAUAYBLTUIYDS M20INHP lavinisAnuilu
a1saraenay H,0 uag acetonitrile ludnsidiu 40:60 vA luaniediilesoulson
LU'%EJUL‘ﬁEJUﬁ’u’luamwﬁﬂaaauﬁumuﬁuﬂ lustindenaslss lown He?, Pb?, Zn®, Cd™,
Agt, Fe®*, Mn%, Ni**, Co?', Mg?t, Ca?", Ba®!, K, Li*, Na* wag A" FIHANTNNADILANISS
Al 86

1AM 86 waRIAT normalized fluorescence intensity (W y) Vo aday B0l
wgeaLsaluATiAINNEIIARWYTAY 565 nm uazasdudueslessuviingieg Wy x)
wurndedinislansalesswndenaslssuiinmg q adlUluasazaeifuges M201INHP &
Lﬁmi’aaauﬂiamwiWﬁ?uﬁﬁﬂ13Lﬂ§8ULLﬂaﬂm605@@wmwQaaLiawuﬁﬁmmmmﬁu 565 Uy
A5 Wuuanad (ON-OFF) agnadaau Turaziilessuviindu 9 Tufinswasundamie
Wasuulanfisadniiosvesdyaranismeuamgosisaivud uansliiiuinaisigesisa

WUMTULS M20INHP JA11usmnzlazasiunisnsainlooaulsoniiessdaifen
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o 1.0 = f W X . | [+Hamm
= $ 7 ] [ ] ol b | eAg)
2 ° ‘ A A X | «Cul(ll)
-E 0.8 - * ° APb(ll)
= . < cd(ll)
o PS ® ° ¢ Zn(ll)
@ 0.6 1 | @Feqm)
? - Mn(ll)
= * -Ni(l)
3 04 Colll)
L L 4 +Al(lll)
E Mg(ll)
= * ca(ll)
g 0.2 - & Bam
5 Ka)
4 Li(1)
0-0 T T T T T Na(l)

0 2 4 6 8 10 12 14
lon Concentration (uM)

AT 86 LAAINANTITAIBLAINGOBLIaEUd (Ao 373 nm, Ao, 565 nm) VB9 EULYDS
M201NHP (50 uM) luaisazareuay H,0 waz acetonitrile (40:60 vA) Tunzdifilessu

lanzvesnaenaslsnadnm1ee) NANULTLTURT

3.7 AWa18YReEITaza1e U3 M201NHP TuntqaziitilosaudsenlSouriaunu
loaausunaudug anelduased
ANa8YRIANTazaEEuEas M20INHP Tun1enillossulsenuazloasuwila
A v a & =3 o = ¢ 1 A aa
auq melduased unsfinwanudimnziaiziveiduiwesnelosauysendnisvil lag
asadunanlgaulanieasazargegniglanased lngarsazaisazinsesuluvinlagd
Usuns 2.00 Jadans waglulwazinazianuiduduveslosousdnmniee TuuSuuimnnu

NANTISNARDILAAIAINING 87

no ion ng. Cu?* Ag' Pb% Cd** Zn* Fe* Mn>* Nt Co* AP* Mgzo Ca* Ba* K*

T e T B S SR N R S -

nil 87 msildsunlasdvesansazateduwas M201NHP (50 uM) Tuansazatenas H,0
uag acetonitrile (40:60 v/v) naulazudenisiiuleseulansuiingnge asil He?!, Cu®, Ag',

Pb?*, Cd*, Zn%, Fe’*, Mn%, Ni**, Co?*, A", Mg?*, Ca?*, Ba®*, K, Li* @z Na* (20 puM)
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9NN A 87 wansmaiAsuulasdvesansazaneifuee’ meldnisnszsuseuasgy
Twosasavaengosisawuiiduges M201NHP nasannsiiulossusiingne) asly wans
THifiuinnevesansazanevigesisalvusiiduises M201INHP Aifinsifsleseutsoniinisdu
awesnsdesuawlgeaisausogsiniauiloiouiulessuriindug NinsSesasdindes

a =

agedaau lnganunsadunanisaldsusasiiniglauasel Jsaguladnansigeaisaud

& calv va ° Y} = a a = )
LGU‘UL‘?Iaﬁ‘Vl‘l@INF’\I'J']ﬂJ"U']LWWgLQWSQQIUﬂqif”]i?Q?ml@@B‘UUT@‘WL‘WEJQGU‘U@LWEJ'J YIANUNINHTIVIN

muagmngldnaseila

3.8 Namsmaauauﬁ'ﬁmsmﬂLLa\W\IQaaLsawwﬂunmzﬁﬁlaaauﬂiamwagﬁ'u
lopausunIUBUYY voudulwas M201NHP
n1sNA@aUNIsATERAIIgaaLTaEUATe L Euwes M20INHP tavinis@nuyily

a1savaenay H,0 way acetonitrile (40:60 v/Av) ‘Luamazﬁﬁlaaauﬂiamwa@jﬁuiaaau
SUNIUBU lusuindenasalsd lawn Cu®, Agh, Pb?, Cd**, Zn", Fe**, Mn®", Ni**, Co™,
AP*, Mg®, Ca®, Ba?*, KI, Li* wag Na* lneluaisavatedvsuraminududulosausuniu
giaduq uinnianududurasleseuysen 10w Taguaninanisnaaesdugunsim
AN USAMTITULAINgRRLTAITUA TENdeAT Hesunalad Shadu duiuda
(normalized emission intensity; /1o, wni y) kazwlinvesloosundonaslsnvinmige (wnu
X) BIHANISNAADINARITINTHT 88
mﬂmaﬂ’mnmaaawudﬂmsmfgﬁmﬂmﬂﬁauLLﬂaQﬁmmwmﬂﬂiﬂﬂaLmeQaaLiaL%uﬁ
dlefinsiiulossuusen luraeiiansasarsiilossusuniurdasy Usina 10 wihwesUSua
lepeuuseniiinaslulumsazats dmanisneasinmi 88 Jsuandliiiiuinansgesisa
usEues M201NHP anunsaviheulunisasiaialeesulsenlaluniziilosausuniu
ginaduq Wiun Cu?, Ag, Pb?", Cd2", Zn?", Fe®, MnZ", NiZ¥, Co?", A, Mg?*, Ca?", Ba®,
K*, Li* wag Na* LﬁaﬂuiuaﬂiazawaﬁﬁmmL%’u%’ugm’jﬂaa@uﬂiawﬁa 10 w1 lnedensiinag
Lﬂ?{auLLUaaa"’mmmmsmaLmeQaaLiaL%uﬁﬁmmmmﬁu 565 nm wuuanad (ON-OFF)
agetnan Jeagulddnansvgesisawudiduwes M20INHP §auduniziatzaclunis
nrvialovousenuassiamsavhauldiunnsafilosousuniudusindu 9 FeUustgs

nleeauUsendy 10 wi
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1.00
0.80 4
_QO.BO-
=
0.40 -
0.20 -
0.00 -
SN NS S S SS E e
x \\ \\
WQ\\\\\\\\\ @\\\\ \\\\\\\\\\QQ@\\\
"&\\Q‘ QQ .a\QQ\Q- 3 Q QQ\ Q\Q\Q.Q\ R Q‘QQ{:’QQ\

Q" & Q
&&&&&&&&&&&&**&&

AT 88 LARINANITVAABUNTTIUNTY (competitive experiments) vosloosulavzuiln
$1199 ffiseruoduialad Sadu Suiiugd (normalized emission intensity; I/l, 71 565

m) (A, 373 nm) V0IA1INQOBTAUAT LD M20INHP uay He®* (M201NHP:Hg?) Tu
d1vazanuNal H,O uag acetonitrile (40:60 v/v) 1naA 3l unduYed [M201NHP] = 5 pM;

[Hg*"] = 10 uM uazleeaulans [M™ = 100 UM

3.9 wan1AUIEENSAINIBeATRURNMINgaaLsHLYUA (fluorescence quantum
yield) va91duigas M201NHP
nnsuaassuinielindsusndues M20INHP @ A, 373 nm viliin
AsANBuAsigealsalTuAgIanil 565 nm lua1sazaie acetonitile Tnslun1snian
Quantum vyield ag14 9,10-diphenylanthracene T cyclohexane [10] TaSsa319ua@n 969
AT 89 Juasuasgrwiinisinain1sganaunas UV-Vis uazn1snieuasgoaisaiaud
vosasavarsdues luanziousasnduivlossulson anndutuingennsw
ANNALTUSTENINAINTAANAULAILA AN B DBLTAL YA dieldlunismeanaudu

99N INAUNTIRUALNTTA 5

A 89 Tassadavnaniives 9,10-diphenylanthracene
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nnsmwmamuitluanneiiliflessuusenduwes M201NHP fien quantum
yield wiriu 0.58 wagluannzdifinisiiulessuusenuiniune Wuwes M20INHP fia
quantum yield 11Au 0.46 wanaliiuiindsainlessulsemindulosowdsdoundn
loppulsenazannsniudidnasouanidumesly sililifinisaeuasigesisaeud Fady
NIMEANITAANTZUIUNTT photoinduced electron transfer (PET) anglulaana villvidinag

AEUageBLTaTUAanad

3.10 dns1dunIsinasUsznaudedaussninuduwes M201INHP fdulsasuusen
1n835 Job’s plot uazA1Asiaugavasnisiinlesautdedau (association
constant; K o)
nManaasaiiendnsdseninslianaveaduises M20INHP Aulesautsend

TlunsiAn binding @nwlagds Job’s plot lananisnaassninIng 90

350
300 i
250 PR N

1
o

IO'I

200 .

150
100
50

~
LN

~

[ PR
’

04—

02 03 04 05 06 07 08 09 1
M201NHP Mole Fraction (X)

A#l 90 neuuanITnIIEUsERINluanaveiulLes M20INHP dulessuusenildly

n15LAA binding Anwlaeds Job’s plot

91n0a Job’s plot wandlifiuinduiwes M201NHP nilsluianaausasnivlessy
Usenaaslsd 1 Tuana (M20INHP: He?' = 1:1) anduisfnuiarasiiaunavesnisiia
looaudetou (Association constant; Ku.o) Wneldi@inns Benesi-Hildebrand AUENNIST
4 ANTALAAITININT 91 WATANIIARILIAUA Koo WA 7.09%10% M

miﬁmammmﬁamaﬁummiLﬁ@laaauL%a%’au (association constant; Ku.oo) W0
T#aun13 Benesi-Hildebrand [46] vinldlagnaoansmer 1/ [Hg™] (wnu X) fu 1/0,-) Agn

a9 (unu y) fauandlunsed 11
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Kppoe = ———— unnsfi 4
Slope (ig-hin)
Wo 1y = emnudunanigesisawudvesansazaeiduwesBusdudiliflesouusenly
a1avany
| = muduuasigesisawudivesasaraeifumesndudulossulsendianuitudu
Tn9)
= mmL%’@JLLmW@JaaLiaLeziuﬁsummiazmsn%uma%ﬁaaﬁqm

n = Swnudula W 1, 2 uay 3

A15199 11 Yeyarauidutuvestlessuysenidiuasly [He™], A1 1/[Hg™'] (Anuidudu
vaslanaulsaniifinascil) A1A 1l Yo waINgooLsaUATedITaz A8 TULYeS

M20INHP way a1 1/(1,-l) Tlsainniseuinasadumes M20INHP, Ao, whiu 373 nm

[Hg?*], M Intensity (I) 1/[Hg**], M (n=1) 1/(,-1)
4.5000 x10°® 392.68 2.22 x10° 0.0065
5.7500 x10° 34522 1.74 x10° 0.0050
7.0000 x10°® 278.94 1.43x10° 0.0037
8.2500 x10°® 213.82 1.21 x10° 0.0030
9.5000 x10°® 149.64 1.05 x10° 0.0025
10.750 x10° 87.33 0.93 x10° 0.0022

0.010
y = 3E-08x - 0.0011
0.008 R2=0.9982
¥ ]
— 0.006 - .
~ 0.004 - &
.,--"'"
0.002 - o
0.000

0 50000 100000 150000 200000 250000 300000
1/[Hg*], M~

AN 91 NS ININAIANUINNELNST Benesi-Hildebrand vaaiuwes M201NHP Wia n=1
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N13AUIEY
naunsit 4 nsmildaunisdunsaiie v = 3.0x10% - 0.0011; R? = 0.998
% slope = 3.0x10°%, 1y = 566.18, I,y = 76.16
Foh Koo = 1/(3.0x10%)x(546.18-76.16)
= 7.09x10* M

FaUSNI1AIUNITIANETUTENBUTIE DUV IGULLES M201INHP #an1ssindulasau
Usonmdunilasionils (M20INHP:HE™ = 1:1) kagau150ALIMAIAINANADYDINITLAR

1000uUT9T0U, Koo WNNU 7.09x10° M (n=1)

3.11 Wan1svituIen1silasunUasuaudulwas M201NHP nauwaznainisaulesau

Usenlagimaiia molecular modeling

(b)

AN 92 LansaneuslaTaswagmasia molecular modeling 994 a) 1ASIAI19993
Wuwas M201NHP Tuannignauaniulesoulsen b) 1asas1svesduwas M201NHP Tu

anevasnndulossuysen (M201NHP:Hg?* ensndiu 1:1)

91nMsAnwIFemaia molecular modeling ilevihunelassaiafiadesfignues
Wutwes M20INHP lunniznsudulessuusenluansazane acetonitrile 3eiidnwe
Trssadasanindt 92a WewuloseulsenasiUluaisazats lessulsenazlulnosmuniy
PYMONUDIDENTLAU (O) havarnouvaIdaines (S) A18nszuIUnIs electrostatic
interactions laglassulsenaziinlAapasAuniy 1 aenauoandiau (O) kay 1 pLAauUDy
Faed (S) luszusnavindy 330 A uaz 2.74 A audsudanimd 92b 839100 sAnwd
#1508 uduinduiees M20INHP aunsanndulessuusenlaludnsidiu 1:1 asemiy

Han1sAnwIRIemAlla Job’s plot kazlunisAuiuAInanaveInisinlessulidou,

Kassoc
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3.12 wan1snadaunsindulessulsenvesduiwas M201NHP fidn pH fneiu
NMSANYINANTENUTBIAN pH Aousyansninnisandulessulsenveuduiyes
M201NHP agvinn1sAnwiluaisazatesuas H,0 Lag acetonitrile (40:60 v/v) A1 pH 3.0-

10.0 UL@AINANITNAABIAINING 93

600

500 -

400 f

300 -

200 +

100 { —e—m201NHP
—s—M201NHP+Hg(ll)

Fluorescence intensity (a.u.)

0

(R

2 4 5 6 7 8 9 10 M

pH
AT 93 LAAIHANIIATELAIN B BLSALYUA (Aex 373 0M, Aoy 565 NM) VUG ULGDS
M201NHP (50 uM) Tuansazangnas HEPES buffer ag acetonitrile (40:60 v/v) Tun1ei
fllooouusen (10 uM) 7 pH ¥33 3.0-10.0

9109 93 wLiiuiduiees M20INHP Inismeudsrigestsaieudiianasesig
diulddndoulossuuseniivas pH 5.0-8.0 FamnRalsugansiudsuularinisnig
waanlgoaisasuAly. pH Faiand1idugas pH i Lﬁaqmﬂagﬂusdw pH waeluFdiTInd
oglurag 7.2-7.4 9nuanavanesiviliiFiun M20INHP fénenmgdlunsnsiata He?

Tusheegrwaduedadidinle

3.13 nsAaneIn1sitnduun e vivesudueas M201NHP
= o [y} 1 @ I ) a dld o
AsAENEINSUINAUNNT T UTULEes @1U150YlalAeNISRUANSATLTINTEYIN
fulepaulsenasivluansazatsvesdumesnvauiulonaundl Wedwszilnilaanasilag

Tuns@nwllld cysteine (Cys) Wuansniiusnsyyiriulessuysen nansnaasssanIng 94
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600

500

400

300

200

100 +

Fluorescence Intensity (a.u.)

Cycle

Ad 94 wansnisinduinldlndve uduiwas M20INHP (50 pM) Taeld Cys 1Huansiidl

wsansehiulessulsendloiu [He™] = 6.7 uM Waz [Cys] = 20 uM

NHANITNAADINING 94 NUIG UMD SANLNIanTIdulepaulsevlduazanusatn
ndvanlglvallasnasalagnisidiy Cys AflAudududy 3 wihwesrnnududulsen Jeagidiu
Tneunfulessulson Wuwes M20INHP uansdggavigesisauanianuduasan
dawivleesulsenadldasinludgyrungosLsaauianaduaAinudunarvia uazile
a = [ Yy A & aa o o | o ¢ o X
WAy Cys Baviminiluasifiusinseiniulessudsennuin dygruvlgesisawuinduiuy
luwinduisuaudnase (infudyaiuveadues M201INHP neulAulooouUsenadliy)
wanaliiuINansiedou M201NHP:He® wenoenainiulag Cys Waznseuiunsiaansa
i laegateeinAselasnisiiu He”' wag Cys @aduiu anran1sveasstianunsaazuladi
N158ARIVINITALLAINGIDIALYUATDUTULLES M20INHP 91nn1sifuleoaulsen
ansadeunaulalag Cys wazfipstiuszansninlunisaniuleseulsenlanilounn feiy

[ s a AN o [} M Y =t 1 2/ [ & o 4
Fuwwes M20INHP faudilunisuinduuildndle seesdieansuyulunsdunsisi vl

Uszndmnauuszunadlunisiesizsisnagale

3.14 WAN1SANYIAIUAINITANITNTIIAlaauUTanvauduLas M201NHP Tulaa
-] a L% . .
U133%U (brightening gel)
IINANAINITONTTANLUAINGDOLTABUAVR TGOS M20INHP TiAnudadls
LATYAIINT NI ATIgesolorauUsen Felain1sundwges M20INHP uvadey

Uszdnsainnisnsiadnlessudsenludiog1eass lnevinisAnuilulatnyeianin
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(brightening gel) lneltlonauusonluguvesinianaslss iefnn1udyy1n1sAIwas
WgoeLsaluATaITLwes M20INHP nan1svnaeuanndtunIni 95 wandliiuinniegld
wasgd M20INHP Tuszansnmlunisnsininlossuusenluiied19ase 1iu waungeimi

(brightening gel)

Al 95 msiAsuuUasdnieliasgveaduines M20INHP fail (a) 1aaifiuAnanszdng
Ta. (b) 1RaLfinAUNTEI5Ta+M20INHP uay (O)-(h) Laatiinaanunsessla+M201INHP Tag

fanuuduvedlassuusen 0.01, 0.03, 0.04, 0.05, 0.07 waz 0.13 mM

3.15 n1snadauyssdnsSainnisandvlessudsanvaaduiwas M20INHP Tuin
f19819
° o a a < % | P a A
n1sdananisidaeudvesaisazateiiulge satennlainielanasyd iieg
AUENNNTAVRATURS M20INHP Tusiviavanenay 40% 1nsiaty/acetonitrile d1msu
N3R5 dnlossulsen neuwasnadaulanaulsen (5, 10 kay 15 uM) luU1A19819959
Usenaumieg 11ns (DW), 1ws (MW), 11dseda (TW) wazaiannwdidn (RW) waasbuning 96
] P P o % w ' a e A v ' % Aa &
giulanatelauasgiurdregranylinaglaldlid luvuendegraniduges
M201NHP @15azaeaziioslasddu aiinanuauduvedlossulsenlutTunusie Tudu
megrahluudazimegwiliansaraeiSesuasdduosas BsUSunuveslessulsongadu
A15ara8NLTUS DAY WARIIALTAUINTWLDS M201INHP a1115095237nUS U009

lopauusanluiiegnasalamennlalaegeirenenielivased
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No ions

Noions

Noions

Noions

Al 96 miLﬂ?iwu:daa%summiaxmEJmeﬂé’LLmq%aw?juma% M201NHP (50 pM) Tuin
Fa9819 (2) WAy (DW) (b) s (MW) (c) ¥adszaa (TW) kaz (d) dransrafiuin (PW)

noulazwauFN He? (5, 10 ag 15 uM)

3.16 Wan1sAN¥IANNE1N15aTUN1SAs29duleRauYsENVRLTULYES M20INHP
aeluwaa U251, HEK-293 was HaCaT
LﬁaﬂmﬂlaaauﬂiawﬁmmLﬂuﬂ‘wqaLLazmmiaasauagﬂua%wm*aiuimEJLawwz

a194 1o wazRnde Faladuduees M20INHP uwinasuluwwad U251, HEK-293 way
HaCaT (%ﬂLfJu human glioblastoma astrocytoma cell, human embryonic kidney cell
uwaz human immortalized keratinocyte cell) WiafnuUsyansnmn1snsadulessulsen

Tudegnuwada@alidin NanISNAADILARIAIUAINA 97
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A HgZ+ + B
Control Hg?* M201NHP M201INHP

20000

BM201INHP @Hg2+ + M201INHP

16000 A *

12000 A

8000 A1

Fluorescence

HEK-293

Corrected Total cells

4000 A

U251 HEK-293 HaCaT

HaCaT A

awmdl 97 (A) amnisiiesnasigentsawunatelulwad U251, HEK-293 waz HaCaT
Usznaumigcontrol cells; 20 uM w89 HeCly; 10 UM 289 M20INHP wag HeCl, AMILTNTY
20 pM F3UAULEULLDS M20INHP @udu 10 pM Taevianasud HeCl, 1utan 30 ufl uda
&aoonsie PBS Triwles 3 aSe 9aniuiiin M20INHP dudiuian 30 undl deuflavdseen
¢ PBS T3 3 adt warthludenmenendosganssainuuneuliaen (8) doyanises
uaseuad U251, HEK-293 wag HaCaT lu@sUsunalagld Tusinsu image J (n = 30) uwagd

NS ATILAN AN LAGLTNITNAGBULUY T-test (*P<0.05, **P<0.01, ***P<0.001)

o

NNANTINAAINITITIITUleeaNUTO IO LTUIYDS M20INHP neluwad U251,
HEK-293 uay HaCaT nudniwadiiiifuiens M20INHP azi3asuasiniuoonu danmi
97(A) waziilefinistinlosouuseniiaanadudu 20 uM ardsmalinnsmedesuasigesisa
udanas wandbiiunamnsadnguees M20INHP u1uszendldlunisnsainlosau

Usanneluwaadadlidinla

3.17 wan1sAnwiAudunuwvaaduiges M201NHP datwas U251, HEK-293 uay
HaCaT
NAUEINNTIN1IATIvInlesaulsenvesgeeisatuATauduLes M201INHP
melumadasdi®in U251, HEK-293 uag HaCaT Sslsvimsnageunnudufivresduosd
p19dWasaLwas U251, HEK-293 way HaCaT Iﬂsjmi*u'mL%ul,szja%ﬁmmvﬁu%wi'm Ao 0, 5,

10, 20, 30, 40 waz 50 pM e 24 F3lus kan1sNAaBIUERIRIlLAMT 98
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120

@U251 @Hek-293 @HaCaT

100 +

80 1

60 o

40 +

% Viability of cell lines

20 1

0 5 10 20 30 40 50
Concentration of M201NHP (uUM)

AW 98 HaTBLT S M201NHP sonuidinuensad U251, HEK-293 uay HaCaT (%)

Fianandudiusingg (0-50 uM) Hunan 24 Tl

IINNANTNAGBINUT LT ULaS M20INHP Fiensidudu 0-50 pM Siilasidus cell
viability Aetwad U251, HEK-293 way HaCaT 110131 80% wansliifiuinduiges
M201NHP finnudufiwsdowmas U251, HEK-293 way HaCaT Hesuin dea1u1savily

Uszgnaldlunisnsiainlessudsevinigleaaddiziald

4. wan1sAneNsTuzluiuladigmaiiadianinssUulie (electrospinning) 310013
NaNF1S I U NaINSUATI IR losauUsaN
TumﬁﬂmmimaLmeQaaLiamuﬁﬁmLLN'uL%%Lﬁﬂima{]uﬁmauL%uma%ﬁﬁw%’u

ns1inleosulseniiu (WuwesnldAs RBH way R6GH flassasrasuwanalunini 99)

N

FWelasuaueynseiuruBeddninsat uinaumdugesain ua.as. g59 e Jailng

e

A15NAAIRIRD LU

O
N-NH;

z
o
z

e N

RBH R6GH

AR 99 Tassadnennaaiives RBH way R6GH
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4.1 wan1sAmsizhanvuzduguIneIvandul au1n wAZNIINTTALRIVD LAY
\odianinsatu PMMA/RBH uaz PMMA/R6GH #aendasganssAudiannsau

LUUEDINTIA (scanning electron microscopy, SEM)

2.515+0.891 ym

Frequency (%)
iy

3

00 05 10 15 20 25 30 35 40 45
Fiber diameter (um)

243110872 um

&

g
g
g
£

0

00 05 10 15 20 25 30 35 40 45
Fiber diameter (um)

AMF 100 AMENE SEM wasn1snszasauinetsiulodidntnsatiy a) PMMA/RBH uway
b) PMMA/R6GH (sensor strips)

mamimawﬁasﬁugﬂLLﬁuL?jaaLﬁﬂImsaﬁu PMMA/RBH a2 PMMA/R6GH (sensor
strips) femadiadidnnsatuds wansdnvnrduguiverveaduly vuia uagn1snszany
Frvosusuedidninsatusie SEM nuilufvazaienay ethanol (ET): tetrahydrofuran
(THP) Tudn 31491 0.6:0.4 vA armrsadusvidulowduideldie PMMA/RBH uay
PMMA/R6GH Tagivunaduleauindniaznisnseangfivasuiaviniy 2.515+0.891 pm

waz 2.431+0.872 um muddusawanslunini 100

4.2 wanIsNAgaUANEINNTlUN1SATIR R lasauUsanvawHuEaBEnnsatly
PMMA/RBH waz PMMA/R6GH Tunnaziislossuuseniinnudutdudieg aneld
waaUn® (be99712)
91nAmd 101 wananmgenteliuasund (waswa) vesuduiedidnlnsaily

PMMA/RBH a2 PMMA/R6GH floulasndudaisazargusendinanududu 2 uM & 20
M axdiuldhdvesusiudonsaosinueddvn-suyseu-tumidy iWeaududuvesyson

a £ o w & d' av vy ! v a
LANNIAYURATINATINU LLaSa']N'ﬁﬂll@\iLVIUﬂ']iLUaEJuaI@@'JEJ@']L‘Ua']ﬂ']EJIG]LLaQUﬂ@ (We917)
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PMMA/RBH

PMMA/R6GH

DI 2 uM 20pM  200pM 2000 pM 20 mM
(0.20059 ppm) (2.0059 ppm) (20.59 ppm) (200.59 ppm) (2005.9 ppm)

ANd 101 nmaeuswedidninsatly PMMA/RBH wag PMMA/R6GH Rounasudsualy

AazauUTeNTIANLTLTURN

4.3 wan1suagauandAnisaIsuaigeaLsasudvasuiuLds PMMA/RBH uaz
PMMA/R6GH luaniaziisilosauuseniinuidudusinge
ﬂ’]’i‘l/](ﬂﬁ@‘Uﬂﬁﬂ’]EJLLﬂ\‘iWQaaLiaL“ﬁuﬁ‘UaﬂLLBJUL?JiE] PMMA/RBH k&g PMMA/R6GH

TutemueAAL 500-620 nm wanTsYiadedkansluAImA 102 afldnseouamigesisa
uAgsan he,) Wiy 545 nm aziilddailuannziliflooouusenazlvimnisaouss
vigeaisawudianian uiniendansusuiudefimududusiimg veslessutsennuin ms
AoLagoBLTATLRvesuE s sants T udlofiUsinalseeuUsoniliintu (OFF-ON)
uaznuirAandtinle (detection limit) vesmsnaiamyiaalessuusenvosisude
PMMA/RBH uag PMMA/R6GH HAYU52an0 0.8-1.099 g 3.6-4.3 ppb MIUAIAU LaznIN
LanINSARa1sUTEABY (complex) Taduiido PMMA/RBH was PMMA/R6GH n1emdsann

N153UNU20UUTINWANIAININT 103
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~~
Q
~
@

900

PMMA/RBH

750 —
Hg*
600

450

300

Fluorescence Intensity (A.U.)

150

T T T T hd T T T T T T
520 530 540 550 560 570 580 590 600 610 620
( b) Wavelength (nm)

600

PMMA/R6GH

Qo

500 ng
400

300

200

Fluorescence Intensity (A.U.)

100

0

T T T T T » T . T T * T 1
520 530 540 550 560 570 580 590 600 610 620
Wavelength (nm)

€

AINA 102 WAAINITATBUAINGDBLTALTUA (Ao 500 NM) UB9KHULED PMMA/RBH Lag

e

PMMA/R6GH sensor strips NoukazA181a1n15uasluasazatgUsonudunigg feil
a) 0 uM, b) DI water, c) 2 uM, d) 20 uM wag e) 200 uM
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—PMMA chains Hydrogen bond

A 103 wanenisiinansuseneu (complex) YoIunda PMMA/RBH uaz PMMA/R6GH

sensor strips AMgnasINAsIUiUlonsulsen

4.4 wanisnagauandAnisaisuasvigastsaisudvasuiulda PMMA/RBH uaz
PMMA/R6GH luanziifilosauusenuazlossusiindus Tuarsazane
dlethunwdoutluansavarslossusieg Ao He?', CUZ, Ag', Pb?, Fe*, Fe?

Ca?, Zn®, Na' uag K' fimnududuwifufie 20 mM fananisnaaesnindt 104a uansls
Fuiusiudersaondudvimaendinisurarsaraislessuson lusmsiinendsnisud
losaudug uiudoraadlifinisudsud Fsmsdsunladdiannsaeaiulddenidan

AelAwaIUnG (baI912) LATKNANISNAABININA 104b LanaA1 normalized fluorescence
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intensity 7 582 nm aewiude PMMA/RBH uaz PMMA/R6GH sensor strips N18%&4n13
wiluansavaneleoausineg Wudu 20 mM waz 200 uM zdiulduiudeiutluansazane
laaauﬂia‘wwhﬁ?uﬁﬁmnﬂéauuﬂaﬁag@mﬂ/\lqaaLiawuﬁ (OFF-ON) winuathedniau Tng
loosuriindy 1 lifimadsunlasedsuulanfondniosingu Feanimeassiagy

Tl NaaasrinNladausnzanzastunisasiainlessulseniieswdaLmen

(a)

PMMA/RBH
PMMA/R6GH
(b) DI Hg(ll) Cu(l) Ag(l) Pb(l) Fe(l) Fe(l) Ca(l) zn(l) Na(l) K()
PMMA/RBH PMMA/R6GH
ﬁ' 107 m Metal lon Concentration [ & "7 Metal lon Concentration

200 pM (1x10™*M
1M ( )

[ 200uM (1x10™ M)
120 mM (1x107M)

[ 20 mM (1x107 M)

e
@
1
o
@
1

o
=3
1
o
o
1

o
i
1
o
n
1

e
N
1

Normalized Fluorescence Intensi
o
o
1

Normalized Fluorescence Intensi

00+ -I”“'—“'—"TTTT—:—’ 0.0 rﬂ b
Hg(ll) Cu(ll) Ag(l) Pb(ll) Fe(lll) Fe(ll) Ca(ll) Na(l) Zn(ll) K(I) Hg(ll) Cu(ll) Ag(l) Pb(ll) Fe(lll) Fe(ll) Ca(ll) Zn(ll) Na(l) K(1)
Metal lons Metal lons

ﬂ"l‘Wﬁ 104 a) LLE‘WNﬂ’]iL‘U?ﬁJULLUﬁ\‘I%%@QLLﬂJUL?j@ PMMA/RBH tlaz PMMA/R6GH naullay
nasugluaisazatelooousieq (20 mM) b) wans normalized fluorescence intensity i
582 nm w0 UK uLBa PMMA/RBH Way PMMA/R6GH sensor strips n1endani1suslu

anvazanslooounied WLl 20 mM wag 200 UM

4.5 Namsmaauauﬁamimau,awlgaaLsal,szmﬁ%awamciuﬁa PMMA/RBH waz
PMMA/R6GH Tudaniaziifilossuusensaudulessusuniuiug Tuaisazane

LRgINU
mimfmi’mmuﬂ?iauuﬂmé’iy,ﬁymmﬁmsJLmeQaaLiamuﬁ%qLLﬂuLﬁaﬁgﬂaawﬁm
mMendnnsutluansazaeiiiilesousumuriinauiiiiaududu 10 whvesanududy
yadlonoulson fannd 105 Fauanddifiuinwiubdenaosinanunsavaulunisnsiain
Tooauusenldlunnieiifileosusunuefindus Moud Cu?, Ag', Pb?, Fe®*, Fe?, Ca®', Zn®,

Na* war K" \Weuuluasazareniinnududuainitlossudsenia 10 w1 lagdandinig
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[
=

Wasuwlasdymiunisaeuamgealsalguanai1lg1Inay 514 urluiins wuuiiuduy

e

o

(OFF-ON) ag1admau Feaguladnudutensaoasiia daaudunizianzasdunisnsiaia
lopsuuseanuazfanunsavitnuldanluneiiilessusuniudusiingu 9 Welusggnin

lopauusandy 10 Wi

(a) 10 (b) 10

9 = =
[=] -
8 8-
74
64 _ 6
- — o
S 57 ‘ — )
4 4
3
24 2
B IS |seS pee) (e Ll ..

| | o .M
\\\\ \\\\ N \\ﬁ\“ A0 a@( g\\“ o g\\\ RPN (.e\\\\ a\\\\ \\\\\\6\\\ A0

\\\‘ \\“9\“

SNIRNY

? ? "?‘ X' \\ V O

N\ x N\ \\ N \ \\ W

!,‘0 @\t \\\\ \\\ \\\ \\\\ \\\\ =\\“ 9\\\ \ \ \,‘,,0 5(.,\\ Q\\ 9\\ \\\\ \\\\ Q\\\ Q\\\\ \\\'\ ‘\q\
?& @E ?9 9& ?~ QSF’ Q@E q&c’ @60 v@ 55 @%r’ 5: ?j

AT 105 LAAYHANIIVIAADUNITIUNIU (Competitive experiments) Uaslooaulanzyiin
7199 NlRpAT normalized emission intensity; I¢/lo A 514 nm UauNLLED PMMA/RBH

waz PMMA/R6GH sensor strips 1ag [Hg”*1:[M™] = 1:10

4.6 nsAnemsinduinldintvesukuia PMMA/RBH waz PMMA/R6GH sensor
strips
nMsAnwAuasalun vty sesudonassiin viilalnenisu
wiuBessaoswdautluaisazaisloveudsen aniutuudluaisazarefidlansfiduss
nseviriulensulsonudinniiutluaisazarsusenuuda wWodnszilngdldsnadslagly
MsAnu il ethylenediamine (EDA) uansiiiiusinsyyinivlesoudsen nanisnnassds

A 106
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o PMMA/R6GH
10+ —=— PMMA/RBH
9 a * ® o
84 - /\ _
£ 5
™ 2 E
[7} ©
6 — o}
b 3 " n =
;.I. 5 g /\ /‘ ;" ke
— = \ / [\ ° " o ®
4+ &N s / { - N . // \ A 21;:
(=) \ { \ [\ (5]
3 :E / \ / \\ / \ / \ b3
3. / '-\ / \ \ [/ \ ;
24 2| / \/ \/ \/ \ |8
3 / '\\ { \\ ,/ \/ \
= o . & .
0 -
) I v I s I v I v I ¢ 1
0 1 2 3 4 5
Cycles

A il 106 n1svndunnldlng (reusability) 199uKuLEa PMMA/RBH Way PMMA/R6GH

sensor strips

INHANSVIAaBINUIEED PMMA/RBH wag PMMA/R6GH anunsansavinlesou
Usenld wazannsathnavsldlmiladnaddnonsinusudefiriunisurluansazans lesau
Usonudunurlugisavats EDA Ssasiiuindeuiissiuduibeliurluasavaislessuusen
LLm'uL?J'aﬁu’ﬂamLLamﬁ’zyﬁngQaaLﬁamuﬁﬁﬁmmLsfj’uﬁi"'lqﬂ dlethuiudeluudluasazane
1@aauﬂiamzﬁwiﬁé’fgfymwQ@miaL%uﬁlﬁwﬁuﬁmmmLGfJ'ﬂ,JLLawhm‘jq wazilotuniudoin
wrluaisazatey EDA WudﬁiyzymwQaaLiawuﬁﬂé’umlﬂwhr“{m‘%'uéfu%ﬂﬂ%gq (Winfiudayayod
voaunudeneuivlossulsenadll) waznszuiunisianinsarhdildedadesda filaonns
wiluansazans He?' uay EDA adufiu asnuamsvaastiiamsaaguliinnmsiiuiugeanis
msLLm‘V\IQaaLiaL%uﬁsuml,wiwﬁwé’qmﬂmiLLﬁdIuaWiazaﬂalaaauUiam gnsadounauld
Tne EDA uazdinsiiuszansnwlunsendulessudsevldmiloudy duiuwduidedfsaesd
autAlunsiinduanldlnild fsasdisandunilunisduasest vilisevdnsudszanallu

AATIZNA0819LA
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UNN 6

#3UNan15Y

egniinusianuisaesnuuunasduasigiiduresvialvg 2 ¥ida Aoduiyasi
Usznaumeeuiusues cyanine Nlnaaudinisaauadlutidlndssddunsnse uwazidumes

s a a

al' Y Y] . aa wa | a a Yo &
Msenaumeayiiusves [5lhelicene NilaauautnisasuasluyigIIadaladusa 9n

q
[

Gusnsdaeseidy warldansdaiuiiinagniliansuyulunisdaased Taoduses
ﬁﬂizﬂaw’haayﬁuﬁ‘%a cyanine Aa Cy7C4 Useneuailglaloluesviia 2-[4-(2-
aminoethylsulfanylbutylsulfanylJethanamine Wourofuw geolsvesydl aloyiiu
(cyanine group) §1UIU 1 vi3f INHANITNAFDUANLERNTAIUNS S suAwIgesisaLTuslile

JuNUl99aUNDILAILARILAFIANS19A 12

A13797 12 a5UNanTvInaeIvedasigoaLsaIsuildues CyTCa

W9 ELRa3 NANIINAADY
anmefivhey Tuasazanenansywisansazateinines
HEPES buffer t3u 5 mM pH 7.2 laz
acetonitrile Tugnsidiu 50:50 vAv
wiinvedlonou Cu?
Ae (nrn) 640
Ay (D) 720
Detection limit (ppb) 1.56
Association constant (Kyeoe, M) 6.42x10*
Ratio [Cy7C4:Cu*'] 1:1
Working range (uM) 1.67-5.33

Wulwes Cy7Ca Nduasieilaaiunsansiadulessunanilasgnsdimziatzas Tu

% o aa ;5 < I3 (%
sguumvazateniundussauseney @aruisansiadinlessunounslaluszuunis
Waguwlasdygrungeaisawuiwuuida-Ua (ON-OFF) Tutepugnaraunsuaaule
wazanunsadunansidsunlasdvesansazare Nausanaasiulanlenual anduituy
Julaldfdfiesinisdulessuneuwns fiA1 detection limit 11U 1.56 ppb F9A1NI1AN

N tugegavaameuninaunsavuideanluinauniivualag U.S. EPA fR31031LN12101239
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(selectivity) waganuliien1snsadn (sensitivity) @ ausaldiduduweaslunisnsiada
lovouneuns wavannsatidumed Cy7ca Tudszandldlunmsnsaieseinsuuiteou
nouaslufiegin waduziSeauas (U251) uananisesnsanuwndniumeia FIA o
WATzRlsNnulooaunowALUUsRludRlAluAInILUUaITaLa 1gNaNTEWINe HEPES
buffer lWNTU 5 mM pH 7.2 wag acetonitrile Tudnsdiu 50:50 v/v lasdin1sUseend
walla FIA Wdumsasiaialdu 2 ssuu Ussneunlemaila FIA-spectrofluorometer Wuin
ﬁszhﬂsi’fmuiumimaﬁ]i’miaaawaumaq"ﬁ 0.5-9.0 mM Taadan LOD i 0.15 mM Way
fi sample throughput 33 fegssiadalus wasinaila FIA-spectrophotometry figndldeu
Tunsnsainlessunosundeti 0.5-7.0 mM Inedia1 LOD witdy 0.45 mM wagdl sample
throughput 39 feag19edalus wonandseiinisun FIA-spectrofluorometer unldmn

=

Ysuruvedlessunasuaslnogrudugiludliogedunsizinldluiesujianisad

(chemical laboratory) U8 UL BUAUITUINITFIUBNAIE d1uSumalia FIA wiid1@1
detection limit #nlaagAudtaiudauIsainitetielddruiuanlusseviiatdudu
deiudsannsaldidusuamnanmsiauinadanisiesisidmsvaisngeesaigudiiield
nsrvinlesoulangdus nalula

< s a o [ & v ¢ § aa va

\Fulye SylinfldodainsnenaInayiusved [5helicene NilnnaudAnisaAuwas
luga9g3-3d10a Ag M20INHP Usznaunitlalalunesviln phenylthiocyanate Lousie
fungeelsvlosvllamunziaddu ([5helicene) F1uau 1 My MNNANITNAGRUAIINAINIOLY

a ¢ A v o Yo .«.:4'
ﬂ’]iLﬁENLLﬁﬂWQ@@LiﬁL‘UU@Lll@"\]UﬂUlEJEJEJU‘Uﬁ@V\LLaﬂﬂl@@ﬂﬁﬂ'ﬁ’]\‘i‘Vl 13

A13797 13 AJUNANITNINGIT8ENTHRDRLTA UL M20 INHP

WI935 NANISNAABY
AN TuansazanenauszniI1edn (DI water) wag

acetonitrile Tudnsau 40:60 v/v

winvadloaou Hg?*

Ao (NM) 373

Aery (NM) 565

Detection limit (ppb) 1.94
Association constant (Ko, M) 7.09x10*

Ratio [M201NHP:Hg?'] 11

Working range (uM) 3.25-10.75
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Fuiwes M201NHP fiduaszsildannnsonsindulessuusenldognsdumaiaizas
Tusyuudavhazareiiflivniuesduszneu Tnensiatnlessuuseniiunisuaninis
LﬂﬁﬂuLLﬂaqﬁmmmeQaaLsamuéﬁwuLTJ@—"TJ@ (ON-OFF) laaiiAn detection limit 111U
1.94 ppb Fsnanududugsanvesseniianunsnvudonluhfufidmualas US. EPA
firnsideuresaueninay (stokes shift) inf1e anansathnduanldlmlldinania 3 ad
fanudumnzianzasazinnuiedhgwionisnininlessutsonidleifisuiulessuniindug
wazaninsavhaulduiinlussuuinhazansazillossusuniusiadus UsUueg uazannsa
didumes M201INHP Tuszgndldlunisnsaniiesginstudeulsevludesiniuiaa
Y0819 waviwaauywe (U251, HEK-293 uay HaCaT) uenaniiarundufivves
M201NHP siawadsywe (U251, HEK-293 Lay HaCaT) Ssdlddisdndne

wonandldinisiiudile PMMA/RBH was PMMA/R6GH sensor strips 711
AU UNIZL1E9 (selectivity) hayA1ulinen1In1379 (sensitivity) alessulsen 11
AnwraudAnisansuangestsaisud nudiiiude PMMA/RBH way PMMA/R6GH fi
detection limit aglu¥39 0.8-1.099 war 3:6-4.3 ppb aud1du a1wsadinduunldlvala
wnndn 3 ads fefuFsanuisatiusiuibe PMMA/RBH uay PMMA/R6GH sensor strips aild
nsradnlossulsen wazldidusynsalnanidniunisngiada He?* wuuisealngd denis

Funanswasunlasdleneniuatlaegnaditenie
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s1edodnuste
AtiD ALAY
Q fluorescence quantum yield
°C degree celsius
A wavelength
pL microlitter
UM micromolar
AAS atomic absorption spectrometry
anh. anhydrous
br board (NMR spectroscopy)
CH,CL, dichloromethane
BC NMR carbon 13 nuclear magnetic resonance
spectroscopy
d doublet (NMR spectroscopy)
dd doublet of doublet (NMR spectroscopy)
DFT density functional theory
DI deionized
DMSO dimethyl sulfoxide
DNP double numerical polarization
U.S. EAP United States Environmental Protection
Agency
E bind binding energy
em emission
eq. equivalent
EtOAC ethyl acetate

EtOH ethanol



ex
FDA

PET

HCl

HEPES

'H NMR

HOMO
HR-MS
Hz

ICP-AES

Kassoc
K,CO,

LUMO

MeOH
min
mL

mmol

128

excitation

Food and Drug Administration
Photoinduced electron transfer

hour

hydrochloric
4-(2-hydroxyethyl)-1-piperazineethane
sulfonic acid

hydrogen nuclear magnetic resonance
spectroscopy

water

the highest occupied molecular orbital
high resolution mass spectrometry
Hertz

inductively coupled plasma-atomic emission
spectrometry

coupling constant (NMR spectroscopy)
association constant

potassium carbonate

the lowest unoccupied molecular orbital
mass (mass spectroscopy)

molar

multiplet (NMR spectroscopy)
methanol

minute

milliliter

milli mole

molecular weight
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m/z mass to charge ratio (mass spectroscopy)
NaCl sodium chloride

NaOMe sodium methoxide

NaOH sodium hydroxide

Na,SO, sodium sulfate

EtsN triethylamine

nm nanometer

ppb part per billion

ppm part per million

q quartet (NMR spectroscopy)
Re flow rate

S singlet (NMR spectroscopy)
t triplet (NMR spectroscopy)
THF tetrahydrofuran

v/v volume by volume

w/v weight by volume



NAIUNLASUNISRNUN

Journal of Photochemistry & Photobiology, A: Chemistry 421 (2021]) 113533

‘Contents lists available at ScienceDirect
Journal of Photochemistry & Photobiology, A: Chemistry

journal homepage: www.elsevier.com/locate/jphotochem

Chack for

Near infrared and colorimetric fluorescence sensor for ultra-selective s
detection of Cu?' level with applications in diverse water samples, brain

tumor cell and flow injection analysis

Nirumon Chailek *, Nirawit Kaewnok °, Anuwut Petdum h, Jitnapa Sirirak ?,
. . a - - a*
Sumonmarn Chaneam “, Anyanee Kamkaew °, Sutinee Girdthep “, Nantanit Wanichacheva ™

* Department of ChemistrY, Faculty of Seience, Silpakern University, Nakhon Pathom 73000, Thailand
® Thailand National Metal and Materials Technology Genter (MTEG), Pathumthani 12120, Thailand
© School of Chemistry, Instinure of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand

ARTICLE INFO ABSTRACGT

Keywords:

Cyanine

Near Infrared dye

Copper sensor

Cu*! selectivity

Flow injection analysiz (FIA)

A new colorimerric NIR fluorescence sensor based on heptamethine cyanine connected to 2-(4-(Z-amino-
ethylsulfanyl)burylsulfanyl)ethanamine (Gy7C4) was suceessfully synthesized and characterized in this work.
The sensor possessed high sensitivity to discriminate Cu”™ from other interfering ions with colorimetric change
and NIR-fluorescence quenching. Cy7C4 formed a complex with Cu®” in 1:1 ratio (Cy7C4:Cu”") derived by Job's
plot analysis and the possible structure of Cy7C4:Cu®" complex was predicted using molecular modeling. The
detection limit was calculated to be 1.56 ppb, which was lower than the highest of Cu®™ level in safe drinking

water defined by the U.S. EPA. In addition, Gy7C4 was capable to deteet Gu" in diverse real warter samples and
brain rumer eells. Moreover, this sensor was adopted in flow injection analysis (FIA) for automared monitering
cu® in dual channels of UV-Vis absorption and fluorescence signaling.

1. Introduction

Heavy metal ion contamination is one of very significant environmental
problem and being the cause of various health disorders. Copper is one of
crucial metal ion contaminants that widespread persists in environmental
sources, Human can incidentally get copper ions into body by several
pathways such as drinking contaminated water and consuming unhygienic
foods. Even though this element is necessary for the basic biological pro-
cesses, especially for typical functions and development in human brain
[11, the abnormal level of copper ion in human body is roxic and leads to
cause neurological symptoms such as Parkinson's, Alzheimer’s, Wilson's
and Menkes disease [2-7]. Therefore, the development of analytical
method for detecting race amount of copper ion in environmental and
biological contexts is highly demanded.

There are many traditional techniques used to detect copper ion with
high sensitivity, for example, inductvely coupled plasma atomic emission
specromety (ICP-AES) [2,9], atomic absorption spectrometry (AAS)
[10,11], surface plasmon resonance spectroscopy (SPR) [12], chromatog-
raphy [12] and voltammetry [14,15]. However, these techniques require
high equipment costs, highly skilled operator, and long operating time

* Corresponding author.
E-mail address: wanichacheva n{@su.ac.th (N. Wanichacheva).

hteps://doi.org/10.1016/j.jphotochem. 2021.113533

[16]. On the other hand, using fluorescence sensor has superior benefits
thar overcome the above mentioned problems including, easiness to use,
low cost, non-destructiveness to sample, highly sensitive and specific
detection [17].

In the past few years, numerous fluorescence sensors for selective
detection of Cu** ion have been reported [1,16,12-29]. However, these
sensors possessed the excitaton and emission wavelength in the Uv-visible
region, which suffered from the certain limitadons, including, auto-
fluorescence, dssue damage, light scattering and background distur-
bances. [30]. Conversely, NIR-fluorescence sensor presented the excellent
advantages of less tissue damage, low background of fluorescence less light
scattering [31,32]. With these attractive properties, NIR-fluorescence
sensor provided high potential to detect cu™ in not only biological but
also in medicinal fields. Thus, the synthesis of NIR-fluorescence sensors has
earned great interests,

In recent decades, cyanine dyes have been employed as a flucrophore of
NIR-fluorescence sensors for detecting numerous metal ions [33-45].
However, cyanine-based fluorescence sensors for determination of cu*t
have not been much reported. In this work, a new fluorescence sensor,
Cy7C4 consisting of nitrogen and sulfur atom-containing jonophore linked
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to heptamethine cyanine dye was designed and synthesized. The Cy7C4
had sensitive and selective efficiency to recognize Cu®* in 50% HEPES
buffer (5 mM, pH 7.2)/CH3;CN with fluorescence quenching at NIR region
(Aem = 720 nm) and colorimetric change that could be noticed by the naked
eyes. This sensor was able to discriminate cu®* from other metal ions,
including, Zn®**, Pb*, Hg™*, Mn**, cd®*, Fe™, Ag™, Ni*%, Mg®~, Co™~,
Ba®", €a’, K¥, Na®, Li¥ and AI**. Additionally, Cy7C4 effectively
menitored Cu>* ion in real water samples, human cancer cells and further
used as an on-line detection system of flow injection analysis (FIA) for
quick determination of Cu®*.

2. Experiment
2.1. Materials and instruments

In this research, all of chemieals were from Fluka Chemical and Sigma-
Aldrich and udlized without any additional steps for further purification.
All metal ion salts, including Cu(ClO4),, Zn(ClOy);, PBICIOL),, HE(ClOL),,
Mn(ClOyg)z, Cd(ClOs)s, Fe(ClO4)a, AgClOs, Ni(ClOs)2, Mg(ClOg)z, Co
(ClO4)2, Ba(ClOs)a, Ca(ClO4)z, KCIO4, NaClOs, LiClO, and AI(ClO;)s, were
used as metal ion sources and they were obtained from Strem Chemicals,
Inc. All of NMR spectra used CDCl; as a solution were taken in a Bruker
Avance 300 spectrometer that run at 300 MHz for 'H and 75 MHz for '°C.
Addidonally, internal standard was TMS. For mass spectra were measured
by a micrOTOF Bruzker, which was calibrated by sodium formate. For
spectra of UV—visible absorption and fluorescence emission were per-
formed on a single-beam Agilent Technologies spectrophotometer (Cary 60
UV-Vis) and Perkin-Elmer luminescence spectrometer LS 50, respectively.

2.2. Synthesis of 1, fluorophore 2 and ionophore 3
1, Fluorophore 2 and lonophore 3 were synthesized according to the

previous reports [46,30,47] and its synthetic step was displayed in
Scheme S1, $2 and S3.

2.3. Synthesis of Cy7C4

0.21 g (0.4345 mmol) of flucrophore 2 and 0.18 g (0.8649 mmol of
ionophore 3 were dissolved in dry DMF (10 mL) and stirred at 90°C for 3h

Nj

+

o c )

—_—
H = “0OH
n-Butanol : Toluene (7:3)
Reflux, 3 h
1

DMF, 90°C, 3 h
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under an argon atmosphere, After that, the reaction mixture was cooled
down o room remperature, followed by solvent removal using a rotary
evaporator. The crude product was purified by preparative thin layer
chromatography using MeOH: CHzCl; (2:98 v/v), (R = 0.20) to give 57.9
mg of the product (19.5 %). 'HNMR (300 MHz, CDCls, TMS): 4 0.80-0.95
(m, 2H), 1.25 (s, 4H), 1.67 (s, 12H), 1.75-2.00 (m, 2H), 2.52 (t,J = 8.55
Hz, 4H) , 2.55-2.80 (m, 6H) , 3.09 (t, J = 6.00 Hz, 2H) , 3.30-3.60 (m, 6H) ,
4,00 (d,J = 4.5 Hz, 2H), 5.61 (d, J = 12.6 Hz, 2H), 6.91 (d,J = 8.1 Hz, 2H)
, 7.00-7.40 (m, 8H) , 7.76 (br 5, 2NH) , .20 (s, 1H) ppm.; "°C NMR (75
MHz, CDCls): § 21.49 (CH2), 25.17 (CH2), 28.65 (CHa2), 28.80 (CH2), 29.34
(CH3), 29.67 (CHy), 31.15 (CH,), 31.23 (CH,), 31.69 (CH3), 31.90 (CHs),
32.25 (CH,), 33.56 (CH3), 37.67 (CHa), 41.54 (CHy), 41.79 (CH3), 48.55
(CHz2), 63.03 (CHz), 94.62 (CH), 108.42 (CH), 120.64 (2C), 122.04 (2CH),
122,90 (2CH), 128.18 (CH), 129.71 (CH), 138.55 (2CH), 139.90 (2C),
143.55 (C), 161.79 (2CH), 164.50 (2C), 165.42 (2C), 168.30 (2C), 160.13
(C), ppm.; HRMS (ESI) caled. for C41H55N4OSZ+ (M) 683.3812 n/z, found
683.3816 m/z (Scheme 1).

3. Results and discussion
3.1. Design and synthesis of Cy7C4

Novel chromogenic and NIR fluorescence sensor, Cy7C4, was designed
based on heptamethine cyanine derivative (2) as fluorescence dye con-
nected with 2-(4-(2-aminoethylsulfanyl)butylsulfanyl)ethanamine (3)
ionophore for detecton of cu®*. Heptamethine cyanine dye provided the
fluoreseence spectra in Near-IR region (650-800 nm) with the long wave
length excitation (=600 nm) which aveided the photoluminescence in the
biological system. The cyanine scaffold, containing of indolinium salts, had
benefit for water solvable behavior and easily dyed in cell imaging appli-
cation. Moreover, the ionophore 3, consisted of nitrogen atoms and sulfur
atoms in molecule, was designed for selective binding with Cu®* through
the principle of hard and soft acids and bases (HSAB). Thus, Heptamethine
cyanine dye bearing ligand 3 was udlized as NIR fluorescence sensor for
recognition of cu™ with high selectivity and sensitvity.

As elucidated in Scheme 1, Heptamethine cyanine dye (2) and
ionophore 3 were prepared by our previous publications [30,47]. Cy7C4
was conveniently synthesized through one-pot reaction of N-alkylation
of fluorescence dye 2 with ionophore 3 followed formylation of primary

Scheme 1. Synthesis steps of Cy7C4.
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amine with DMF. The new fluorescence sensor was successfully char-
acterized by 'H NMR, *C NMR and HRMS (Fig. 51-53).

3.2. Sensitivity studies

Spectral properties of Cy7C4 with the addition of various concentra-
tions of Cu>™ in 50% HEPES buffer (5 mM, PH 7.2)/CH;CN were explored
using UV-Viz and fluorescence spectroscopy. The specmral change was
recorded at 5 min after addition of Cu*™ according to the time response
study (Fig. 54). The Cy7C4 solution appeared in a blue color, with the
maximum absorption at 640 nm. Fig. | demonsmated that the increasing of
Cu®* concentration resulted in the significantly decreased in the absor-
bance of Cy7C4 solution at 640 nm and the color change of Cy7C4 solution
from blue to colorless, indicating that the Cy7C4 could be used as Cu®*
sensor with naked-eyes detection. To gain more informarion abour the
change in absorption spectra of the sensor after binding with Cu™, the
molecular orbitals of Cy7C4 and its cu® complex were conducted
(Fig. 59). The results showed that the molecular orbitals of the sensor
before and after binding with Cu™ were rather different. The electron
density of free Cy7C4 was almest disaibuted on cyanine core while those of
Cy7C4:Cu>" complex were lied on cyanine core and Cu®*-ligand moiety.
Moreover, the energy gap between HOMO and LUMO was increased after
cu*™ was bound with the ionophore, which related to the blue shift of
absorption wavelength. As can be seen in Fig. 1, the absorption spectra of
Cy7C4 around 530-750 nm was decreased while those of Cy7C4:Cu**
complex range of 300-470 nm was increased which was blue shift of the
sensor after binding with Cu**.

The fluorescence emission spectra of Cy7C4 containing cu® in (5
mM, pH 7.2)/CH3CN were shown in Fig. 2. It can be seen that, with the
excitaton of a wavelength at 640 nm, the Cy7C4 exhibited swong
fluorescence emission intensity at 720 nm. On the other hand, a domi-
nant fluorescence of Cy7C4 disappeared with the increase of cu®
concentration. These results clearly demonstrated that Cy7C4 exhibited
a very sensitive fluorescence quenching to detect Cu™". The detection
limir (DL) was found to be 24.5 nM or 1.56 ppb calculated by DL =
35Dpank/slope equation [48], where SDyan is the standard deviation of
the blank signal (S/N = 3) and slope is the slope of the linear calibration
plot (Fig. 55). The DL was also lower than the maximum cu®* concen-
tration in drinking water (1.3 ppm) defined by the U.S. EPA as well as
the DL of previously reported Cu™* sensors (Table 1).
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Fig. 2. Spectra from fluorescence emission of Cy7C4 (10 pM) at 720 nm (h.,
640 nm) in 50% HEPES buffer (5 mM, pH 7.2)/CH;CN with the addition of
Cu®*, a: 0 pM, b: 2,0 pM, ¢: 3.3 pM, d: 4.7 pM, e: 6.0 pM, £ 7.3 uM, g: 8.7 pM, h:
10 pM, & 11 pM, J: 13 pM, ke 14 pM and L 15 pM.

3.3. Binding studies

Job's plot analysis was conducted to explore the binding stoichi-
ometry of Cy7C4 and cu®, Fig. 3 showed that there was a maximum
change in fluorescence intensity at 0.5 Cy7C4 mole fraction, indicating
that the ratio of Cy7C4:Cu®* was 1:1, and ionophore 3 bound with only
one Cu**, The binding constant (K..,.) of the complex of Cy7C4 with
cu®* was 6.49 x 10* M~! with linearity of R*> = 0.9963 (Fig. 56),
caleulated using the Stern-Volmer equation [49], Ip/(Ig-I) = 1/A + 1/
KA-1/[Q], where Iy and I are the fluorescence intensity of free Cy7C4
and the Cy7C4:Cu*" complex, respectively, [Q] is the concentration of
Cu®*, A is the constant and K is the binding constant. Additionally, the
binding constant (Kg.) was evaluated by the Benesi-Hildebrand
equation [50,51], 1/(Ig-1) = 1/(Kassoc(To-Tmin) [QI") + 1/(Ig-Imin), where
Ip and I are the fluorescence intensity of free Cy7C4 and the Cy7C4:Cu’"
complex, respectively, I;, is the minimum fluorescence intensity of
Cy7C4 in the presence of Cu®* and K., is the association constant. It
was found that the association constant (Kg:.:) based on the Benesi-
Hildebrand equation was approximately 6.42 » 10% M~ with line-
arity of R® = 0.997 (Fig. 57), meaning that the ratio of Cy7C4:Cu®" was
1:1, which agreed with the result from Job's plot analysis.

To predict the binding between Cy7C4 and cu®*, DFT calculations
were performed using Gaussian09. The optimized structures of Cy7C4
and Cy7C4:Cu”* complex in three different conformations were ob-
tained at the DFT-B3LYP level where 6-311G** basis set was applied for
the main group elements and the LanL2DZ basis set was used for the

Absorbance
(=]
w

a(noion)

K (20x104 M)

200 300 400 500

600 700 800 900

Wavelength (nm)

Fig. 1. UV-Visible absorption spectra of Cy7C4 (60 uM) in 50% HEPES buffer (5 mM, pH 7.2)/CH3CN with the adding of Cuz', a: 0 pM, b: 2.0 pM, c: 4.0 uM, d: 6.0

pM, e: 8.0 pM, £ 10 pM, g: 12 pM, h: 14 pM, &t 16 pM. j: 18 pM and k: 20 pM.
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Table 1
Recently reported fluorescence sensors for the detection of Cu®’,

[

. N2
lN
F
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cyTCe
cu®t Working cystem Detection limit (M) Aex/ Ao (mm) Gtokes shift Applications Reference
senzor (nm)
A CH3CN/HEPES (95/5, v/v) buffer media 2.45 % 10°% 364,458 94 drinking water, mineral water [l
(pH = 7.0) (visible}
B THF 247 % 10% 413/629 216 test strips [16]
(wisible)}
c MeOH: Trie buffer (9:1, 10 mM, pH 7.4) 4.32 x 10% 385/465 80 actual water samples [18]
(wisible)}
D CHACN: H20 (3:1, v/v, pH 7.4) 215 = 107 450/550 100 real water samples, live cell 2]
(wisible)} imaging
E Tric buffer (pH 7.4, 10 mM) 1.71-2.12 = 10° 320/502 182 - [26]
(visible}
F 4:1 (v/v) aqueous CH,CN (pH 7.2, 10 mM HEFES ~ 0.44 x 10° 440/552 1z living yeast cells [29]
buffer) (visible)
cy7c4 50% HEPES buffer (5 mM, pH 7.2}/CH3CN 2.45 = 10% (156 640,720 (NIR) 80 real water sample, braincell, LA This work
ppb)
60 ionophore part of Cy7C4 folded around cu®. cu®™ was coordinated by
two sulfur atoms and one nitrogen atom of the ionophore part of Cy7C4
50 with the distances of 2.29 A, 2.41 A and 2.15 A respectively, supporting
. - that Cy7C4 showed an excellent binding with Cu**.
40
. .
30 ~® . .
o .. 3.4, Selectivity studies
20 g -
. Highly selective detection to target analyzing agent is one of the most
10 . important behaviors for efficient fluorescence sensors. In this experi-
0 ment, the sensitivity studies of Cy7C4 were performed by recording the

0 01 02 03 04 05 06 07 08 09 1
Cy7C4 Mole Fraction (X)

Fig. 3. Job's plot analysis of Cy7G4 with Gu>" in 50% HEPES buffer (5 mM, pH
7.2)/GH3CN. The total eoneentrations of [Cy7G4] and [Cu*t] were 10 pML (i,
= 640 nm, key = 720 nm).

cu®* (Fig 58). The integral equation formalism pelarizable continuum
model (IEFPCM) was also used for solvation model. The molecular di-
agram and energy calculated by DFT were also explored and displayed
in Fig.59. According to the optimized structure of Cy7C4 and Cy7C4:
cu®* complex shown in Fig. 4, it was found that, to bind with cu’,

fluorescence intensiry of sensor in the present of metal fons (cu®, Zn’*,
Pb‘”, HgﬂJ', Mn“, Cd“, Fe“, Ag*, Ni“, Mg 2+‘ CDEJ', B;\‘H, CazJ', K—L'
Na™, Li* and AI**) in 50% HEPES buffer (5 mM, pH 7.2)/CH4CN system.
As illustrared in Fig. 5, the sensor without metal ions provided the strong
emission spectra around 650-780 nm (near-IR region) with the
maximum intensity at 720 nm. The fluorescence intensity at 720 nm of
Cy7G4 with Cu™ was greatly decreased, while those of other metal ions
(same concentration to Cu®") was unchanged and similar to the fluo-
rescence intensity of free Cy7C4. As can be seen in Fig. 6, the sensor
provided a highly selective fluorescence quenching to recognition of
Cu®* over other metal ions. These results indicated that Cy7C4 had the
Cu’*selective detection behavior which had benefit for determination
of Cu®™ in the system containing other metal ions.
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. 4. The optimized structures of (a) Gy7G4 and (b) Cy7c4:Gu:' complex,
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Fig. 5. Fluorescence emission spectra of Cy7C4 (10 pM) at 720 nm (2., 640 nm) in 50% HEPES buffer (5 mM, pH 7.2)/CH3CN as functions of varying metal ions

(15 pM).

Since Cy7C4 exhibited the clearly color change toward Cu®~, the
selectivity studies of Cy7C4 with other interfering metal ions were also
investigated by naked eye detection. After adding Cu®*, the color of
Cy7C4 solution was evidently changed from blue to colorless.
Conversely, the Cy7C4 solution with other meral ions, including n*7,
Pb2+, ng+, M.n2+, Cd2+, Fe‘?"', Ag+, Niz"', Mg 2+, Coz+, Ba“, C:\2+, K+,
Na*, Li* and AI**, exhibited no color change as shown in Fig. 7. Thus,
Cy7C4 showed the efficiently potential as chromogenic sensor for highly
selective determination of Cu®™ which easily detected by visual
detection.

In addition, the competitive studies of sensor were performed by
recording the fluorescence intensity ar 720 nm of the sensor solution in

the present of Cu®* ions with 10 equivalents of other competitive metal
ions. As shown in Fig. &, the fluorescence intensity of sensor at 720 nm
containing Cu** with other metal ions (10 equiv. of Cu*") was similar to
those of the sensor with only Cu®~, indicating that Gy7C4 was able to be
used to detect Cu” even the system contaminated by other metal ion
with high concentration over Cu®* 10 time. These results suggested that
Cy7C4 permitted an excellently selective detection toward Cu®* over
competitive metal ions which have potential as an efficient fluorescence
sensor for determination of Cu®* in real samples bearing many other
ions in the system.
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Fig. 6. Normalized fluorescence emission of Cy7C4 (10 pM) at 720 nm (A.. = 640 nm) in 50% HEPES buffer (5 mM, pH 7.2)/CH3CN with adding up metal ions. a: 0
pM, b: 2.0 pM, c: 3.3 pM, d: 4.7 pM, e: 6.0 puM, £ 7.3 pM, g: 8.7 uM, h: 10 pM, i 11 pM, j: 13 pM, k: 14 pM and L: 15 pM.
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Fig. 7. Colors of the Cy7C4 sensor (10 uM) before and after the addition of cu®t,

Na” and AT (5.0 pM).
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Fig. 8. Competitive studies of Cy7C4:Cu”" system with 10 equivalent of other disturbing metal ions in 50% HEPES buffer (5 mM, pH 7.2)/CH3CN: [Cy7C4] = 10

pM, [Cu®'] = 3.3 pM, and [M*] = 33 pM.

3.5. Application in real water samples

To explore the ability of Cy7C4 for Cu®*-determination in real
samples, the detection of Cu®* in water samples such as drinking water
(DW), mineral water (MW), pond water (PW), river water (RW), sea
water (SW) and tap water (TW) using Cy7C4 were investigated. As
demonstrated in Fig. 9, the water samples without Cy7C4 were colorless
meanwhile the water samples containing Cy7C4 were blue. Moreover,
the addition of various concentrations of Cu®* to each water samples led
to the color change from blue to pale blue; the blue color was paler when
the concentration of Cu®* were increased. These results exhibited the
ability of Cy7C4 for the determination the trace levels of cu®* in actual
water samples which easily visualized by naked-eye detection.

3.6. Application in human brain mmoer cells

Human glioblastoma astrecytoma (U251) cell line was used as a
model in this study. Due to the abnormal functioning of brain cells
caused by abnormal copper balance, it affects the nervous system
leading to many of diseases. Live cell imaging experiment of U251
incubated with 10 pM of Cy7C4 was performed to investigate the effi-
ciency of dye toward Cu®~ sensing. Confocal laser scanning microscopy
(CLsM) images of U25] cells in the presence or absence of Cy7C4 and
cu®* were exhibited in Fig. 10a. The cells exhibited bright red fluores-
cence after incubated with Cy7C4 for 30 min, while the control cells and
the cells incubated with only Cu®* showed none observable fluorescent
signal. Nevertheless, when the cells were pre-treated with copper ions
(50-200 pM) for 20 h followed by incubating with Cy7C4, the

fluorescence became lessen, especially when the concentration of Cu®™
was higher than 50 pM, compared to those without copper ion pre-
treatment. Moreover, mean fluorescent signals from the cells incubated
with Cy7C4 in the presence of Cu®* at 100 and 200 uM exhibited ~ 1.7
and 2.1-fold fluorescence reduction, respectively (Fiz. 10b). Therefore,
Cy7C4 could be an indicator to probe Cu®* level in living cells.

3.7. Flow injection analysis (FIA)

The Cy7C4 sensor was applied in the Flow Injection Analysis (F1A)
system to enable fast and automatic detection of Cu’*. Basic components
of the FIA system was illustrated in Fig. 1 1. Briefly, a solution of C¥7C4
(40 pM) was used as a reagent in combination with a carrier solution,
50% HEPES buffer (5 mM, pH 7.2)/CHsCN and a flow rate of 2.0 mL/
min. Initally, 30 uL of the Cu®* standard or sample solution was injected
into a 6-pert injection valve which was then mixed well with the reagent
in a mixing coil (1.0 mm i.d., 100 cm). Next, the mixture selution passed
through the analyzer, spectrofluorometer or Uv—Vis spectrophotometer
resulted the signal responses automatically.

Signal profiles and calibration curves presented in Fig. 12 were ob-
tained from the proposed FIA-spectrofluorometer (Fig. 12a) and FIA-
spectrophotometer (Fig. 12b). In Fig. 12 a, the results showed that
adding of Cu®* into the Cy7C4 reagent stream resulted in fluorescence
decrease. The fluorescence intensity decreased as a function of the Cu®™
concentration, which was displayed excellent linearity over the Cu®™
concentration range of 0.5-9.0 mM {R‘! = 0.996) (inset). LOD was
calculated to be 0.15 mM, 4.73% RSD (1 mM, n = 6) with a sample
throughpur of 33 samples h™". In Fig. 12 b, depicted absorbance signal
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Fig. 9. Comparison of the color change of Cy7C4 (10 pM) in actual water samples (a) drinking water (DW) (b) mineral water (MW) (c) pond water (PW) (d) river
water (RW) (e) sea water (SW) (£) tap water (TW) without and with spiking by of Cu®* (1, 2, 3, 4 and 5 uM).
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ar b) Fig. 10. Detection of Cu®’ in U251 cells.
control cy7ca cu® " — a) Confocal images of U251 ecells; for
3 " P wreatment group, the cells were pre-treated
§ [ with Cu(ClOy)s (50, 100 and 200 pM) for
e 20 h before incubating with Cy7C4 (10
S pM} for another 30 min. Scale bars = 20
&*‘ pm. b) Correcred total cell fluorescence
cyrca cyrca cyrca E ., ((%TCP) of U251 cells (n = 40) incubated
+ Cu™50pM + Cu™ 100 pM + Cu® 200 pM E with Cy7C4 (10 pM) the presence and
E - abzence of Cu™' (50-200 pM). Statistical
] analysis was performed using Student's
T two tailed ttest (*P < 0.05, **P < 0.01,
2 £44p = 0.001).
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Fig. 11. Schematic diagram of the flow injection system for determination of Cu”" with Cy7C4 as a sensor.

profile in the same manner of the fluorescence results. The absorbance
decreased as a function of the Cu™ concentration, which was demon-
strated good linearity over the Cu®* concentration range of 0.5-7.0 mM
(R? = 0.995) (inset). LOD was also evaluated as 0.45 mM with 5.10%
RSD (1 mM, n = 6). Please noted that, slightly rapid sample throughput
of 39 samples h™" was achieved because of shorter arrangement of the
FIA system. Thus, the Cy7C4 sensor presented the potental to detect
Cu** by the FIA systems in two mode detections, spectrophotometry and
spectrofluorometry.

Finally, the Cy7C4 sensor was applied to analysis of copper content
in synthetic samples which were used in chemical laboratory. In this
worls, the reliability of our proposed Cu®* sensor by comparing with the
reference iodometric titration were demonstrated [52]. Since, the sam-
ple mainly contained of cu®* and Fe**, sodium pyrophosphate solution
‘was used as a masking agent in titration technique. In case of the FIA-
spectrofluorometry, the sample was injected into the system directly.
Table 2 lists the mean copper content values obtained from the FIA-

spectrofluoromerry and iodometric timration. Comparing with batch
iodometric titration, statistic t-test showed agreement between the two
methods. The calcutated teapizie — 0.94 and the result of the feritear =
2.45 (95% probability level). Thus our proposed FIA system is a
convenient and rapid technique for analysis of Cu>~ without require-
ment of any masking agent.

4. Conclusions

A new colorimetric and NIR fluorescence sensor, Cy7C4 was devel-
oped and successfully synthesized for selective detection toward Cu®~.
Cy7C4 permitted a highly sensitive fluorescence quenching respond to
cu®* over other metal ions in the HEPES buffer solution in physiological
pH. The sensor provided a chromogenic change observable thart easily
visualized by naked eye detection. Cy7C4 has a very low detection limit
of 1.56 ppb or 2.45 nM, which was below than the highest of Cu®*
concentration in drinking water specified by the U.S. EPA. Because of
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Fig. 12. a) Fluorescence emission signal profile at 720 nm b) Absorbance signal profile atA,, = 640 nm for various concentrations of Cu® ' solutions with Cy7C4 as

a fluorescence sensor with flow injection analysis.

Table 2
Results of copper content using different methods.
Sample  Copper content (¥w/v) *
Proposed method (FIA- Reference method (lodometric
spectrofluorimetry) titration)
1 0.475 + 0.003 0.424 + 0.031
2 0.514 + 0.004 0.484 £ 0.053
3 0.462 + 0.007 0443+ 0.013
4 0.476 + 0.034 0.487 £ 0.004
5 0.476 + 0.030 0.456 + 0.004

mean + SD from triplicate analysis.

the clearly color change of Cy7C4 in the present of Cu”", the sensor was
successfully applied for the determination of trace levels of Cu®* in
acrual water samples such as drinking warter, mineral water, pond water,
river water, sea water and tap water. Cy7C4 was productively used for
detection of Cu®* in brain tumor cells. Additionally, a fast Cu** deter-
mination based on Cy7C4 was utilized in flow injection analysis (F1A)
with spectroflucrometric detection (33 samples h™') and spectropho-
tometric detection (39 samples ") which showed not significant

different comparing to the reference jodometric titration (standard
method). The effective detection to Cu”* of the sensor, which could
overcome the matrix of various samples (water sample and brain cells)
and was applied with flow injection analysis (~30 samples h™ 1), ensure
that the sensor had high potential for controlling Cu>* contamination in
real samples and the environment.
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ARTICLE INFO BSTRACT

Keywords:

FMMA electrospun membrane
Visual eye strip test

Hg detection

Electrospinning

Solubility parameter

Homogenous electrospinnable solutions were prepared through theoretical solvent selection using the high
solubility parameters of rhodamine derivatives (rhodamine B hydrazide, RBH and rhedamine 6G hydrazide,
R6GH) and pely(methylmethaerylate) (PMMA). Results of the systematic method showed thart the best solvent
for the Hg**-sensing membranes was ethanol/tetrahydrofuran at 0.6/0.4 (v/v). PMMA/RBH and PMMA,/R6GH
membranes were fabricated using electrospinning. The optimal PMMA concentration was 11 wt%. The PMMA/
REBH and PMMA/R6GH membranes possessed a nanostructured smooth surface with a high surface area of ultra-
fine narrow nanefibres (abour 2.5 pm in diameter). Given their high surface area with narrow-diameter fibres,
the PMMA/RBEH and PMMA/R6GH electrospun membranes showed high selectivity and sensitivity fluorescent
sensing of Hg* ™ ion with low detection limit {ranges of 0.6-1.099 and 3.6-4.3 ppb, respectively) than the sensor-
encapsulated polymeric membranes prepared by spinning technique. The sensing membranes provided a vibrant
colourimetric response unique to Hg" ™ ions (white-pink) over other potential interfering metal cations that were
observed within 30 s by the visual eye. Furthermore, the membranes were effective for reuse up ro four times
with a high fluorescence intensiry. Therefore, PMMA /RBH and PMMA/REGH ean be used as portable colouri-
metric visual-eye and fuorescent sensors for the easy real-time monitoring of Hg>™ ions in dietary and envi-
FONMENt SOULCes.

Rhodamine derivative

1. Introduction These outstanding characteristics make electrospun nanofibre

membranes a great choice for various applications [1,9,10], including

Nanoscale materials have continuously gained recognition as novel
structural and functional materials [1-4]. Electrospun nanofibre mem-
branes are characterised by high porosity, high surface area, good
thermal stability and water permeability, interconnected pore structure
and well-controlled composition [1,5,6].

Electrospinning is employed to produce nanofibre membranes. This
technique is versatile and can be used in a wide range of polymer ma-
terials because of its simplicity, low cost and easy setup. Electrospinning
produces thin electrospun nanefibres with a high surface area per vol-
ume ratio of membranes [7,2].

* Corresponding author.
E-mail addresses: GIRDTHEP_S@5U.ac.th, 5.GIRDTHEP@g
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sensing. For instance, colourimetric chemosensors have been developed
for the visual detection and quantitative determination of heavy metals
[11-13]. Fluorescent chemosensors have been widely used for metal ion
detection. They also allow on-site and remote detections of environ-
mental samples or even “visual-eye’” and chromogenic change detections
[14-17]. Moreover, colourimetric strategies offer clear benefits in terms
of sensitivity, selectivity, response time and on-site monitoring as an
easily read-out visual eye [15].

Many methods for metal ion detection are time consuming [19].
Thus, fluorescent sensor strips with a rapid visual change in colour are of
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Fig. 1. structural, physical appearance and solubility parameter calculations for (a) rhodamine B hydrazine (RBH) and (b) rhodamine 6G hydrazide (R6GH).

the highest interest in heavy metal detection. Most recent studies have
focused on the production of portable sensor strips using polymeric
membranes with fluorescence chemesensor incorporation [19].

Among toxic trace heavy metals, mercury (Hg) is one of the most
dangerous pollutants and causes many serious human health problems
[20-22]. Aquatic systems can be contaminated by methylmercury,

soluble complexes of mercuric ions with organic or inorganic ligands.
Nowadays, different approaches have been developed for the sensitive
detection of mercury even at concentrations below nanomolar levels.
The most common fluorescence chemosensors for Hg”™ are rhoda-
mine derivatives. Their structure contains a colourless tricyclic lactam.
The colour changes result from the opening of this lactam ring in the
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Table 1
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Difference in solubility parameter (A8), relative energy distance (RED) and polymer-solvent interaction parameter (y,2) of ET/THF ar different volume fractions

(optimal binary solvent system).

Parameter Volume fraction of ET in ET/THF (v/v)
10 09 0.8 07 0.6 05 0.4 03 o2 0.1 0.0
A 572 229 1.40 051 0.38 1.27 216 3.05 394 483 318
RED" 1.55 072 0.75 0.81 0.89 098 1.08 1.19 131 142 0.71
Tz 4.22 234 1.78 117 0.50 019 0.3 1.71 252 336 284
* Hildebrand solubility parameters: A5 < 0.9 MPa"™® binary solvent likely to be miscible with PMMA, A8 > 0.9 MPa™®; immiscibility
® Hansen solubility: RED < 13 binary solvent likely to be miseible with PMMA, RED = 1: immiscibility
¢ Flory-Huggins parameter: 2 < 0.5; binary solvenr likely to be miseible with PMMA, y;2 > 0.5; immiscibilicy
(@ » (b) 7
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Fig. 2. Bagley solubility graph of PMMA containing the (a) binary solvent system of ET/THF at different ratios and (b) Hansen solubility parameter of REH, R6GH

and single solvent.

presence of a metal ion [23-25]. Moreover, it has a dual detection for
fluorgenetic and chemogenetic changes, which can be easily detected by
the visual eye [24].

Hence, portable electrospun sensor strips based on polymeric mem-
branes with fluorescence chemosensors could have high sensitivity,
selectivity and low detection limits because of their unique high surface
area [19,26].

Many studies reported on ngJr electrospun membranes. ng+-
sensing membranes were produced via encapsulation or loading of
fluorescence chemosensors on polymeric electrospun membranes. In
specific, a spirocyclic phenil thiosemi-carbazide rhodamine derivative
was loaded into hydrophilic polymer [27], RBH was meodified by
reacting with an electrophilic p-phenylene diisothiocyanate in
chitosan-based nanofibres [24], polyaniline-based nanofibres (poly-
mer-based sensor) and fluorescent gold nanoclusters with an electro-
spun bovine serum albumin-poly(ethylene oxide) mat were prepared
[18] and 9,9-dihexyl fluorene-2,7-bipyridine (bpy-F-bpy) in poly
(2-hydroxyethyl methaerylate-co-N-methylolacrylamide) (poly
(HEMA-co-NMA)) was developed [23].

Additionally, rhodamine derivatives of rhodamine B hydrazide
(RBH) and rhodamine 6G hydrazide (R6GH) were encapsulated on
PMMA by spin coating [29]. Nevertheless, portable sensor strips con-
taining RBH and R6GH have yet to be fabricated using electrospinning
for Hg®™ detection.

Solvent properties affect not only polymer spinnability but also fibre
morphology and diameter [30]. However, the selection of a suitable
solvent for electrospinning a given polymer is generally based on
experience with similar polymer systems or on solubility models limited
by the current physico-chemical database [20]. Thus, solubility pa-
rameters (&) are good indicators for choosing solvents to fabricate
nanofibres through electrospinning [32,33].

The objective of the present study is to fabricate easy-handling free
sensor strips based on PMMA electrospun membranes. PMMA is a highly
transparent thermoplastic frequently used in medical, dental and
membrane applications because of its non-toxicity and low cost [34-38].
This study is the first to apply theorerical solvent selection in electro-
spinning using the solubility parameters of PMMA and rhodamine de-
rivatives (RBH or R6GH). Theoretical selection would reduce a time to
find the best solvents. In this research, the solubility parameters of
rhodamine derivatives RBH and R6GH were first calculated and re-
ported. Additionally, Hg®" sensing electrospun membranes (sensor
strips) were fabricated containing PMMA with RBH or R6GH by using
the optimal solvent from theoretical selection. The effect of polymer
concentration and rhodamine derivative (RBH or RoGH) incorporation
on fibre morphology was reported. Hg**-sensing membrane strips
(PMMA/RBH and PMMA/R6GH) were studied for the sensitvity,
selectivity, competitive and colourimetric detection of Hg>* ion in
aqueous solutions. The relationship between the surface area and
detection limit of sensing membrane was also investigated, which have
been a very few literature reports. Moreover, the response time of
visual-eye Hg"* detection using PMMA/RBH and PMMA/R6GH mem-
brane strips was evaluated from the kinetic study of colour change. This
work suggests possible molecular phenomena during visual-eye strip
test in the PMMA/RBH and PMMA/R6GH sensing membranes when
attacked with Hg®”. The reusability of the PMMA/RBH and
PMMA/R6GH membrane strips was also investigated.

2. Experimental
2.1,

Materials

PMMA with M, = 120,000 g mol™ was purchased from
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Fig. 3. (a) Teas graph of PMMA for the binary solvent system of ET/THF (b) PMMA in ET/THF at different ratios after 24 h.

Sigma-Aldrich (USA). RBH and R6GH were synthesised and charac-
terised as described previously [29,39] Dichloromethane (DCM),
acetone (A), chloroform (CHCls), tetrahydrofuran (THF), toluene (T)
and N,N-dimethylformamide (DMF) were obtained from RCI Labscan,
Thailand. Acetic acid (AA), ethyl acetate (EA) and ethanol (ET) were
obtained from Sigma-Aldrich (USA). All reagents were of analytical
grade and used as received. Deionised (DI) water was purified by the
Barnstead water purification system (USA). All metal salts, such as ac-
etate of Hg>*, Cu**, Ag®, Pb**, Fe**, Fe?*, Ca®*, zn?*, Na* and K,
were purchased from Aldrich and used as received.

2.2. Solubility parameter calculation of RBH and R6GH

The Hansen solubility parameters (HSPs) of RBH and R6GH mole-
cules were determined from the chemical structures utilising the Hof-
tyzer/Van Krevelen approaches [40]. The solubility parameter of PMMA
was 22.68 MPa'/? [30]. The units of solubility parameters are MPa'/2, (J
m':")”2 or (cal em™%)'/2, where 1 (cal cm™3)2 s comparable to 2.0421
Mpa'/? [41,42]. The solubility parameters of RBH, R6GH and PMMA are
important to predict the optimal solvent for preparing the sensing
membranes via electrospinning.

2.3. Theoretical approach for the solvent sclection to produce ng e
sensing membranes

2.3.1. Hildebrand solubility parameter
The first step in selecting an appropriate solvent system, the theory of

Hildebrand solubility parameter is in supporting information S1: Theo-
retical approach for the solvent selection. Solvent-polymer interactions are
favorable if the miscibility parameter or the difference of solubility
parameter (Ad) is less than 0.9. This condition indicates that the solvent
could dissolve PMMA [43]. The solubility parameter of the binary sys-
tem solvent (Spiyeure) IS calculated as follows (Eq. S(2) in supporting
information S1).

2.3.2. Hansen solubility parameter theory

From the HSP theory, the relative energy difference (RED number) as
shown in Eq. (S6). RED values lower than 1 indicate that the liquid is a
PMMA solvent. Moreover, the solubility distance (D.opene.pmaa) could be
calculated in Eq. 5(10). The complete miscibility is obtained when the
solubility distance D.oiens-pmma is lower than the solubility radius of
PMMA.

2.3.3. Flory-Huggins solubility parameter

Flory-Huggins chi parameter ();2), as shown in Eq. S(11). The lower
the Flory-Huggins parameter value (¥, < o.5), the greater the miscibility
of the solvent. ¥, values much above 0.5 indicate non-solvency [43].

2.3.4. Developing solubility regions of PMMA on Teas graph

The Teas graph was used to confirm whether or not the optimal
solvent composition agreed with other theoretical approaches (Details in
Supporting information), such as the Hildebrand solubility parameter.
The ET/THF system (from theoretical selection), especially a ratio of
0.6/0.4 was confirmed by the Teas graph for the best solvents for PMMA.
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Fig. 5. Morphology micrographs of electrospun PMMA membranes of (a) PMMA/RBH(CHCIs), (b) PMMA/R6GH(CHCls), ( x 2000) (c) PMMA/RBH (ET/THF 0.6/

0.4) and (d) PMMA/R6GH(ET/THF 0.6/0.4) ( x 1000).

2.4. Fabrication of PMMA, PMMA/RBH and PMMA/R6GH nanofibre
membranes

Electrospun solutions were prepared by dissolving 10-20 wt% of
PMMA for 4 h under magnetic stirring in the optimal binary solvent
mixtures of ET/THF at a 0.6/0.4 ratio (the theoretical and systematic

hods for selecting sol ).

For the fabrication of PMMA/RBH and PMMA/R6GH, 0.008 g of
RBH or R6GH (7.0 x 10™* M or 0.3 wt% with respect to the weight of
PMMA in accordance with Kraithong et al. [29]) was added to 11 wt% of
PMMA solutions (optimal concentration of PMMA) in ET/THF.
PMMA/RBH and PMMA/R6GH prepared using the universal solvent of
CHCl; were denoted as PMMA/RBH (CHCl3) or PMMA/R6GH (CHCl3),
respectively.

Pure PMMA and a mixture solution of PMMA/RBH and PMMA/
R6GH (5 mL) were loaded into a syringe tipped with a stainless steel
needle with an inner diameter of 0.8 mm. The voltages were fixed at 25
kV and applied to the spinneret in a controlled system. A grounded metal
drum with the aluminium foil substrate taped on it was used as the
collector and placed 10 cm below the tip of the spinneret. Electro-
spinning was operated in a closed chamber with a relative humidity of
55+ 5% and an ambient temperature of 24.0 + 1.0 °C.

2.5. Characterisation of PMMA, PMMA/RBH and PMMA/R6GH
nanofibre membranes

The morphologies of the electrospun mats and fibres were analysed
using a MIRA3 TESCAN scanning electron microscope (SEM). Mat
samples were coated by a thin layer of gold using a sputter coater
operated at 18 mA under 0.1 mbar for 1 min. The fibre diameter size was
determined using Image J software (n = 100). Additionally, the effect of
PMMA concentration (10-20 wt%) on nanofibre diameter and

nanoporous was investigated.

2.6. Hg-sensing properties of PMMA/RBH and PMMA/RG6H
membranes

2.6.1. Sensitivity study

The response performance of the fibres towards Hg”™ ions was
evaluated as follows. The nanofibres deposited on aluminium substrate
were cutinto 1 cm x 1 cm pieces. Then, the membranes were immersed
in aqueous mercury (II) acetate solutions in physiological pH (pH = 7.4)
with different Hg>~ concentrations for 0-30 min. The utilisation of
polymeric membranes as simple visual-eye sensors was investigated
with a Cary 60 UV-Visible spectrophotometer and a Perkin Elmer
Luminescence spectrometer LS 50B with a fibre optic coupler. Fluores-
cence emission was measured at the excitation wavelength of 500 nm for
the PMMA/RBH and PMMA/R6GH sensors.

2.6.2. Kinetic study of sensing process (response time)

The kinetic sensing response was studied using a Cary 60 UV-Visible
spectrophotometer with a fibre optic coupler. The absorbance intensity
spectra at the maximum wavelength (Amax =~ 560 nm of PMMA/RBH and
520 nm of PMMA/R6GH) and the chromogenic change (redness
parameter in term of a* value, CIE Lab [46]) of the membranes were
plotted as a function of time after the addition of 20 mM HgZ* (100 L,
PH = 7.4).

2.6.3. Detection limit

The detection limits of the membrane were determined based on 35/
k, where & is standard deviation of the measured intensity of the blank
solution and k is the slope of the calibration plot [47,48]. The ng‘
solution (100 pL, pH == 7.4) had different concentrations in the linear
concentration range of 0.20059 ppm (1 x 107° M) to 20.059 ppm (1 x
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Table 2
Colour coordination values in the L*, a*, b*, C and H° systems of PMMA/RBH and PMMA/R6GH membranes in different aqueous solutions (pH =~ 7.4).
Aqueous solution L* a* b* Delta E1 Delta B2 [+ H*
PMMA,/RBH Neone 87.06 -0.71 6.37 87.06 96.4
ol 73.40 —-0:20 5.08 73.40 922
2 uM Heg*' (0.20059 ppm) 7277 12.07 1.62 12.76 19.33 72.77 7.7
20 pM Hz*' (2.0059 ppm) 69.95 1874 0.87 12.99 9.28 69.95 27
200 pM Hg*' (20.059 ppm) 58.78 25.00 3.03 20.20 1200 58.78 6.9
2000 pM Hg?' (200.59 ppm) 57.52 3374 017 37.78 728 5752 03
20 mM Hz"' (2005.9 ppm) 45.25 4612 —3.83 56.63 1276 45.26 355.4
PMMA/RGGH Mone £88.96 -1.91 7.57 7.81 104.1
DI 74.50 —0.20 5.06 5.07 923
2 pM Hg** (0.20059 ppm) 82.90 a1l 5.19 11.81 2269 9.63 327
20 pM Hz*' (2.0059 ppm) 72.50 12.45 177 9.02 1059 12.57 81
200 pM Hg*' (20.059 ppm) 65.36 17.56 3.84 20.01 0.02 17.08 123
2000 pM Hg*' (200.59 ppm) 6478 2774 0.98 20.86 1178 2776 20
20 mM Hz"' (2005.9 ppm) 49.88 3683 —1206 49.22 11.81 4066 3427

10~* M). The fluorescence intensity of the membrane was recorded
using a Perkin Elmer Luminescence spectrometer LS 50B with a fibre
optic coupler.

2.6.4. Selectivity and competitive studies

The selectivity of the membranes towards metal ions was investi-
gated using a method similar to the separate solution method (88M). The
membranes were immersed into aqueous solutions of metal ions
(20.059 ppm (1 % 10~%) and 2005.9 ppm (1 % 10~ M), including Hg>~,
cu®F, Mg™*, Ag®, Pb?F, Fe®*, Fe, Ca™*, Zn®*, Na™ and K~ (pH = 7.4).
The physical appearance and fluorescence intensity of the membranes

(Ig) were recorded before and after immersion (15 min) into aqueous
solutions.

Then, aqueous solutions containing Hg2+ (1= 1072 M, pH = 7.4) and
other metal ions (1 x 1072 M, pH = 7.4) at a rado of 1/10 (v/v) were
used in a study of interference effect. The Iz/Iy was reported where I; is
the fluorescence emission intensity of each membrane sensor (PMMA/
RBH and PMMA /R6GH) in the presence of ngJr (0.01 M) as areference.

2.6.5. Reusability of membrane
Membrane sensors immersed in a solution of Hg”™ (1 x 1072 M, pH
== 7.4) for 15 min were transferred into 1 M ethylenediamine (EDA)
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Table 3
Analytical parameters of PMMA/RBH and PMMA/R6GH sensing electrospun
membranes.

Sensors  Working syctem Detectionlimit ~ Werking Ref
range
RBH MeOH/H.0 solution (1:8  46.7-51.3ppb  500-2500 [29]
V) ppb
PMMa-spinning 0.137-0.263 50-750 ppb  [29]
ppb
PMMA- electrospinning 0.5-1.099 ppb  200-800 This
(ET-THF 0.6:0.4) ppb weark
R6GH MeOH,/HzO solution (1:9 4.8-7.0 ppb 100-250 [29]
viv) ppb
PMMA-spinning 9.3-14.2 ppb 100-700 [20]
ppb
PMMA electrospinning 3.6-4.3 ppb 200-800 This
(ET-THF 0.6:0.4) ppb waork
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Fig. 8. Proposed operation of sensors RBH and R6GH in PMMA/RBH and
PMMA/R6GH membranes after binding to Hg"".

(100 mL) to determine the reusability of the sensors. Then, the decol-
ourised membrane sensor was washed with DI water until neutral pH.

3. Results and discussion
3.1. Solubility parameters of RBH and R6GH

The estimates of the solubility parameter (&) have been used with
some success to predict the miscibility of RBH and R6GH, as shown in
Fig. 1. These values can be estimated in accordance with the methods of
Hoftyzer/Van Krevelen, which are in the HSPs [39,40,49]. The HSPs of
RBEH (8ggy) and R6GH (Bgsgy) molecule were 54.9 (MPa)'/? and 66.2
(MPa)'/?, respectively. This result indicates that dggy and Bgeqy are
important to predict the optimal solvent for the preparation of Hg>"
membranes containing PMMA and a rhodamine derivative.

3.2. Database and selection of solubility parameters

The solubility parameters of the single and binary solvent systems
were estimated in terms of polymer (PMMA)/solvent system in-
teractions for the solvent selection to produce Hg>"-sensing membranes.
All parameter data from the theoretical approach are shown in Sup-
porting information Tables 53-55 in 52: Results and discussion.

The binary solvent system ET/THF showed consistent parameters,
such as the difference in solubility parameter A5 (Hildebrand solubiliy
parameters), RED (Hansen solubility) and Flory-Huggins chi ji»
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parameter . The ET/THF system represented a good solvent for PMMA,
especially at the 0.6/0.4 v/v ratio, as summarised in Table 1. This ratio
suggests that this solvent is likely to be miscible with PMMA (white area
in Table 1). ET/THF (0.6/0.4) allowed the polymer chains to expand in
solution, with A& = 0.38, RED = 0.89 and y2= 0.50.

A PMMA Bagley diagram was constructed with a radius of 8.59, as
illustrated in Fig. 2(a). The composition of 0.6/0.4 in the Bagley solu-
bility graph (the HSPs) was in PMMA cycle. A working system for
rhodamine derivative sensors was the alcohol/water system (methanol/
water at 1/9 v/v). However, alcohol (ET, methanol) and water were
located outside the PMMA circle related to PMMA immiscibility, as
shown in the Bagley solubility graph in Fig. 2(b). Thus, the point
standing for methanol, ethanol and water lies outside the solubility
sphere, indicating that PMMA could not be dissolved. ET/THF is an
interesting solvent in membrane production because it contains a
mixture of alcohol for the solubility of highly polar rhodamine de-
rivatives (RBH and R6GH).

Furthermore, solubility maps (Teas graphs) for PMMA were devel-
oped to confirm PMMA solubility. PMMA was tested in various single
solvents, and the results are presented as a graph in Fig. 3. THF, DCM,
CHCly, T and EA were active solvents for PMMA as a high level (blue dot
marks and blue area on the graph).

Blue dot marks and blue area on the graph indicate that THF, DCM,
CHCl3, T and EA have high levels of solubility for PMMA. DMF, AA and A
are active solvents for PMMA with a partial-to-high level (grey square
marks and red area on the graph). ET (black wiangle marks) is a non-
solvent for PMMA.

Additionally, PMMA dissolved in ET/THF if the composition of ET
does not exceed the volume fraction of 0.6. The fractional cohesion
parameters (fa, f, and f») of ET/THF were plotted at different ratios on
the Teas graph. The ET/THF solvent at 0.6/0.4 was located in a pardal-
to-high level for PMMA. This phenomenon corresponded to the Bagley
selubility graph in Fig. 2(b) and the PMMA solubility graph in Fig. 3(b).
Consequently, the Teas graph confirmed the ET/THF ratio at 0.6/0.4,
which agreed with the results of the other theoretical approaches.

Due to the high solubility parameter of RBH (54.9 (MPa)"AZ) and
R6GH (66.2 (MPa)"/?), the &gr/yr at 0.6/0.4 ratio was closer to RBH
and R6GH (gy 1 at 0.6/0.4 ratio = 23.23 (MPa)'/2 and &gy ryp at 0.5/
0.5 ratio = 22.49 (MPa)'/%).

Hence, the thermodynamic criteria of the methodology proposed for
the preparation of homogenous electrospinnable solutions were ach-
ieved. The best solvent for the Hg” -sensing PMMA/RBH and PMMA/
R6GH membranes was ET/THF at a volume ratio of 0.6/0.4.
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Table 4
Kinetic parameters from maximum absorbance intensity and redness parameter
(a* value) of PMMA/RBH and PMMA /R6GH sensor membranes.

Maximum Membrane” Stage  Linear R* Rate
abeorbance regression constant
intensity equation (k, AU
B
PMMA/REH | ¥ = 0.0023x 100 230x10°
(Amax = 560 nm) + 0.3265
I ¥ = 0.0030x 0.06 300x10°
+ 0.3931
i y=6x 097 6.00x10°
107 % +
0.4731
PMMA/REGH 1 ¥ = 0.0005x 1.00 500 10°*
(Amax ~ 520 nm) + 0.0463 .
i} y=2x 099  200x10"
107 % +
0.0607
Redness Membrane Stage pinear R Rate
parameter regression constant
(a* value) equation (k. Unit
e
PMMA/REH | ¥ = 0.8523x 1.00 8523 x
+1.8712 10!
I ¥ = 0.0236x 092 236x 10?2
+ 27.315
n ¥=0006x + 099 6.00x10°
34.76
PMMA/R6GH | ¥ = 0.1444x 100 1444 x
— 18712 10t
I ¥ = 0.0052x 097 520x10°
+ 28808
m ¥ = 0.0024x 099 240x 103
+ 4.0817

* The linear regression equation of the PMMA membrane was y = 9310 °x +
1.2552, R® = 0.9218.

3.3, Membrane characrerisation

3.3.1. Effect of polymer concentration and loading RBH and R6GH on
membrane

The concentration of PMMA in ET/THF (0.6/0.4 v/v) was varied
from 5 wt% to 19 wi% to study itz effect on fibre morphology. The
spinning parameters were kept constant.

Fig. 4 shows the electron micrographs of the non-woven fibre mats
electrospun at different concentrations of pelymer solutions. The
average fibre diameters were determined by measuring the diameters of
100 individual fibres.

A ring-like particle shape of PMMA was obtained on the collecting
plate at a low PMMA concentration (above 10 wt%) as in Fig. 4(a). ET
and THF have higher boiling points of 78 °C and 66 °C than ambient
temperature, which could force some solvents out of the system during
PMMA electrospinning [36].

When the PMMA concentration was above 10 wit%, uniform and
continuous fibres were obtained. The increase in the viscosity of the
PMMA solution caused the formation of bead-free fibres. The viscosity of
the solution increased as the concentration of polymers was increased to
a critical value, at which point the beads disappeared completely [37,50,
511,

The SEM images show that the fibre diameter increased from 2.068
+ 0.479 pm (10 wt% of PMMA) to 7.417 + 4.115 pm (17 wr% of PMMA)
with increasing PMMA solution concentration.

The small diameter of the nanofibres from the low PMMA concen-
tration (10 wt% PMMA) can be attributed to the fact that the solution
was easily stretched during electrospinning (Fig. 4(b)). The large
diameter of the nanofibres from the high PMMA concentration (19 wt2b)
can be attributed to the fact that the viscosity of the solution was high
enough to lower the bending instability of the jet (Fig. 4(i)).
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The solution becomes resistant to stretching because of the electrical
charges on the electrospinning jet [52,53]. The results suggest that 11 wt
% PMMA is a good selvent to form nanostructure fibres with a smooth
surface and a diameter of 2.026 + 0.865 pm.

Membranes were prepared by RBH (or R6GH) loading in PMMA (11
wt24) solution using ET/THF (0.6/0.4) as a solvent. Upon rhodamine
derivative loading, the membranes slightly increased in fibre diameter
from 2.026 + 0.865 pm (11 wt% PMMA) to 2.515 + 0.891 pm (PMMA/
RBHIET/THF 0.6/0.4)) and 2.431 = 0.872 pm, as shown in Fig. 5(c and
d). The diameter fibre increased because of a slight increase in the vis-
cosity of electrospinnable solutions after rhodamine derivative loading.

As a universal polymer solvent, CHCl; was used to prepare the Hg”™
polymeric membranes containing rhedamine derivative in PMMA via
electrospinning [29]. Thus, the rhodamine derivative-containing mem-
branes were also prepared from 11 wt% PMMA solution with CHCl; asa
solvent (PMMA/RBH(CHCl;) and PMMA/R6GH(CHCl;). The
morphology of the membranes was compared with PMMA/RBH
(ET/THF 0.6/0.4) and PMMA/RGGH (ET/THF 0.6/0.4)).

The membranes prepared from CHCls (both PMMA/RBH(CHCls) and
PMMA/R6GH(CHCl3)) contained bead-like nanofibres, as shown in
Fig. 5(a). This result agrees with previous reports [36,54]. After the
splaying and splitting of an unstable jet, it undergoes rapid evaporations
[36] because CHCls is a low-beiling-point solvent (62 “C).

Moreover, the dielectric constant () values of ET (¢ = 22.4 [20]) and
THF (& = 7.6 [30]) were greater than that of CHCI; (e = 4.8 [30]), which
produced ulora-fine nanofibres with smooth surface and fine fibres
without other types of blemishes [36,55].

3.3.2. Characterisation of PMMA/RBH and PMMA/R6GH and their use as
visual-eye sensors

3.3.2.]1. Optcal colourimerric and fluorescence responses. The optical
colourimetric responses of the PMMA/RBH and PMMA/R6GH mem-
branes in the presence of different concentrations of Hg™* are illustrated
in Fig. 6(a). In general, PMMA used as a membrane mat does not lose its
sensing ability for Hg“. It cannot act as a visual-eye sensor for any metal
jons [11]. When adding RBH and R6GH in PMMA as PMMA/RBH and
PMMA/R6GH membranes, they suggested a visual eye with the colour
changes.

After being immersed in DI, the PMMA/RBH and PMMA/R6GH
membranes did not change in colour and exhibited a white membrane as
a free membrane. Additionally, it exhibited chromogenic changes and
displayed distinguishable colour changes of ‘white—whitepink-pink’
with the increase in Hg>* concentration. It could be clearly identified
with the visual eye or a charge-coupled device camera. The colour co-
ordination values (CIE Lab; L*, a*, b* and Hue angle; C, and H”) values
of the membranes before and after being immersed in the different of
aqueous solutions are listed in Table 2. After being immersed in aqueous
ng*', the membranes increased in redness (a* value) with increasing
ng+ concentraton (Fig. 6(b)). The hue angle (H") range of the mem-
branes was 0-35 when immersed in 2-2000 pM Hg>*. This phenomenon
corresponded to an increase in a* value (redness). Additionally, the hue
angles (H”) of PMMA/RBH and PMMA/R6GH when immersed in the
highest ng"' concentrations (20 mM Hg2+ or 2005.9 ppm) were 355.4
and 342.7, respectively. The colour was dark pink with purple
(=330-360). The colour changes of PMMA/RBH and PMMA,/R6GH
were due to the chromogenic changes (colourless to pink) of the Hg**
chemosensors RBH and R6GH [29]. A noticeable colour change from
colourless to pink occurred in the sensors dissolved in aqueous solution
(10% v/v MeOH,/warer) in the presence of Hg"~.

The Delta E (quantitative difference) between two colours is equal to
the Euclidean distance between the two tristimulus values. Delta E was
measured on a scale from 0 to 100, where 0 is less colour difference, and
100 indicates complete distortdon. The standard perception ranges are as
follows: < 1.0: Not perceptible by the human eye, 1-2: Perceptible
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Fig. 10. (a) Selectivity (concentration of 20 mM) and (b) fluorescence response of (A) PMMA/REH and (B) PMMA/R6GH sensor strips after incubation for 20 min in
the presence of various metal cations at the same concentration of 20 mM and 200 pM (pH = 7.4). Excitation/emission was selected at 530/582 nm. Slit: Excitation/

emission = 5.0/10.0 nm.

through close observation, 2-10: Perceptible at a glance, 11-49: Colours
are more similar than the opposite and 100: Colours are exactly the
opposite [13,56].

Fig. o(c) illustrates the colour difference (Delta E) of the membranes.
The colour difference of the test membranes and free membrane is
presented by the calculated sensitivity Delta E1. The colour difference of
each adjacent test membrane is presented by the gradient sensitivity
Delta E2.

The difference in colour change after detecting Hg*" ions at a low
concentration (2 pM) reflected a difference in the human eye. The
visual-eye colour test could detect this difference. For the detection of
10 pM Hg2+, which was the Environmental Protection Agency (EPA)
drinking water mandatory standard [12], is was clearly identifiable from
the pink colour.

The relevant fluorescence response of the membranes was monitored
upon the addition of metal ions to determine the binding capacities of
the cations. Fig. 7 shows the emission spectra of PMMA/RBH and
PMMA/R6GH in the presence of different Hg”*concentrations.

The fluorescence behaviours of PMMA/RBH and PMMA/R6GH
clearly suggested the ‘OFF-ON’ switching mechanism as a result of RBH
and R6GH chemosensors. They showed highly sensitive OFF-ON fluo-
rescence enhancement [29]. In the absence of ngJ', the PMMA/RBH
and PMMA/R6GH membranes showed non-flucrescence providing
weak emission signals. The Hg®® addition resulted in the ‘turn-on’
fluorescence with the increase in emitted fluorescence intensities as a
function of Hg** concentration.

Moreover, the fluorescence emission in PMMA/RBH and PMMA/
R6GH was a consequence of rapidly enhanced strong emissions at 540
nm. The PMMA/RBH and PMMA/R6GH membranes showed similar
performance in ngJr detection to pure sensors of RBH and R6GH in
water [29]. The detection limits for the membrane sensors PMMA,/RBH
and PMMA/R6GH were determined from the fluorescence intensity plot

as a function of Hg>* concentration as described in a previous report
[57]. The detection limits of the PMMA/RBH and PMMA/R6GH mem-
brane sensors were 0.8-1.099 and 3.6-4.3 ppb, respectively.

Table 3 shows a comparison of the analytical parameters of poly-
meric membrane sensors with RBH and R6GH (From spinning and
electrospining method preparation) for Hg>* determination in solutions.

The carbonyl oxygen and nitrogen atoms of the sensors in the PMMA
matrix form a chelation complex with Hg®" ion via electrostatic in-
teractions, resulting in fluorescence enhancement and colourimetric
change of the membranes similar to RBH and R6GH sensors [29].
Moreover, polarities of the sensors and PMMA film were influenced by
the higher detection limit of R6GH than RBH in sensor-encapsulated
polymer membranes, which agree with the findings of Kraithong et al.
[29].

When the sensors in the PMMA/RBH and PMMA/R6GH membranes
attracted the Hg>* ions, more conjugated double bonds in the spi-
rolactam (non-fluorescent or low fluorescence emission) of the rhoda-
mine structure changed to the ring-opening spirolactam (fluorescent or
strong fluorescence emission), which increased the fluorescence in-
tensity. The colour change was caused by the Hg>* complexation of the
rhodamine molecule in the PMMA matrix of fibres the same as neat RBH
or ReGH in aqueous solution. Moreover, the complexation of RBH or
R6GH:Hg"" as agree well with hard soft acid and base theory, in which
strong affinity of soft acid (Hg”™) and soft base (oxygen and nitrogen
atoms) was favorable via electrostatic interaction [29].

Given their high surface area with narrow-diameter fibres, the
PMMA/RBH and PMMA/RG6GH electrospun membranes had lower
detection limits (RBHalectrozpinning = 0-8-1.099 ppb and R6GHeiectrospin-
ning = 3-6—4.3 ppb) than the sensor-encapsulated polymeric membranes
prepared by spinning (RBH:pinning = 0.137-0.263 ppb and R6GH:pinning
= 9.8-14.2 ppb), as shown in Table 3. Moreover, the detection limits of
the PMMA/RBH and PMMA/RGGH electrospun membranes were lower
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Fig. 11. Competitive experiments of (a) PMMA/RBH (at 514 nm) and (b)
PMMA/R6GH (at 514 nm) sensor membrane strips towards Hg"‘+ (0.01 M, pH
= 7.4) in the presence of other metal ions (0.01 M. pH = 7.4) at Hz>*/Mn" ratio
of 1/10 (v/v) (10 times of other metal ions).

than the detection limit of the RBH (or R6GH) sensor dissolved in the
solution. A similar phenomenon was reported by Kraithong et al. [29].
They suggested that the complex between RBH (or R6GH) and Hg:H' ion
iz bonded by carbonyl oxygen atom and nitrogen atom as a chelation in
shorter distances than the complex in aqueous selution. The sensor
molecules (RBH and R6GH) that were encapsulated on polymer chains
were restricted. Sensor molecules are likely to be close together and a
chelation complex could form between Hg™ and two molecules of
sensors, The operation of the RBH and R6GH sensors in the PMMA/RBH
and PMMA/R6GH membranes is proposed and shown in Fig. 8. Addi-
rionally, the sub-micromolar detection limits of our membrane sensors
are sufficient for Hg>~ ion detection in environmental and many bio-
logical systems, such as ground water, drinking water and edible fish.

3.3.2.2. Kinetic study of sensing process. The kinetic sensing response
was studied by continuously monitoring the UV-Visible spectra of the
PMMA/RBH and PMMA/R6GH membrane sensors as a function of time
(0-900 5) after the addition of Hg>".

As shown in Fiz. 9(a and b), the maximum wavelengths of
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Fig. 12. Reusability of PMMA/RBH and PMMA/R6GH reacting with Hg>" (10
puL, pH = 7.4). The fluorescence specoum was acquired 20 min after
Hg®" addition.

Uv-Visible spectra were 560 and 520 nm in the PMMA/RBH and
PMMA/R6GH membrane sensors, respectively, The maximum absor-
bance intensities (Amaxsso and Amaxsso of PMMA/RBH and PMMA/
R6GH) increased as a function of time (Fig. 9(c)). This phenomenon is
concordant with the absorption spectral investigation of a red-pink
matter [57], leading to a rise in the positive values of the redness
parameter (a* value) in both membrane sensors (Fig. 9(d)). This effect
can be ascribed to the Hg™* complexation by rhodamine molecule
chelation (Fig. 8).

Moreover, the kinetics of colour change from absorbance intensity at
maximum intensity (PMMA/RBH =Amax, 560, PMMA/RO6GH =Amax. 520)
is shown in Fig. 9(c), Table 4. The kinetics of PMMA/RBH showed three
stages. The significant rate constants (zero order) at stages I and II from
the absorbance intensity at 560 nm were 2.30 x 107 and 3.00 x 107° A
U. 577, respectively. Moreover, the absorbance intensity at maximum
intensity was constant since 500 s (=8 min) with 6.00 x 10_5 AUs'of
rate constant (Stage III). Meanwhile, the kinetics of PMMA/R6GH
showed two stages. The rate constant at Stage I was 5.00 x 107% A U,
51, stage Il indicated the rate constant (2.00 x 10 °AU. s ") since 305
(<1 min).

Addidonally, the a* value (redness) of PMMA/RBH and PMMA/
R6GH increased with prolonged time (Fig. 9(d), listed in Table 4). The
high rate constant of the kinetics of colour change from a* value was
found in Stage L. The rate constants (zero order) at Stage I of PMMA/
RBH and PMMA/RGGH were 8.523 x 10~" and 1.444 x 107" Units™',
respectively. The a* value change of PMMA/RBH and PMMA/R6GH was
constant at Stage 1l since 450 s (=7 min) with rate constants of 6.00 x
107% and 2.40 x 1073 Unit 57!, respectively.

From the kinetic sensing response, the colour of the PMMA/REH and
PMMA/R6GH membranes changed from white to pink after immersion
in Hg2+ aqueous solutions within 30 s and then stabilised within
approximately 8 min.

2.3.2.3. Selectivity and interference studies. In sensor studies, the ability
to change colour is highly important for the visual-eye detection of any
ion [11]. PMMA/RBH and PMMA/R6GH showed chemosensor features
only for Hg>" ions in the visible light, as shown in Fig. 10(a).

The sensor membrane strips showed clear visual-eye colour change
(white to pink) in th solution. In other cation solutiens, they did not
change and retained their original white colour (Fiz. 6(a)). Moreover,
the selectivity of the PMMA/RBH and PMMA/R6GH membranes was
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tested by the SSM methed as shown in Fig. 10(b).

Other metal cations were rarely interfered with the Hg*™ recognition
of the sensors similar to RBH and R6GH in solutions [29]. This result
demonstrated that the PMMA/RBH and PMMA /R6GH membranes could
be conveniently used for on-site Hg>*detection with high selectivity and
sensitiviry.

3.3.2.4. Competitive experiments. Competitive experiments were per-
formed by observing the fluorescence spectra of the PMMA/RBH and
PMMA/R6GH membranes to explore their functions as ion-selective
flucrescence sensors for Hg>*. The fluorescence spectra of the PMMA/
RBH and PMMA/R6GH membranes were observed in the presence of
Hg** at 0.01 M mixed with 10 equiv of Cu**, Ag®, Pb**, Fe®*, Fe®",
Ca“, Zn2+. Na™ and K. The membrane sensors were selective to Hgg+
and provided fluorescence enhancement even in the presence of repre-
sentative competitive background metal ions, as clearly illustrated in
Fig. 11(a and b).

3.3.2.5. Reusability of membrane. Reusability is an essential aspect in
membrane sensor applications. As shown in Fig. 12, the reusability of
the PMMA/REH and PMMA/R6GH membranes was demonstrated by
the alternate addition of Hger and EDA (1 M, 100 mL). The membranes
enhanced the fluorescence at 514 nm after being immersed in Hg>*
solution with visual-eye sensors (pink in colour) due to the chelation-
induced ring opening of rhodamine spirolactam.

By transferring into EDA solution and decolourising the membrane
sensors with DI water until neutral pH, the fluorescence emission of the
membranes diminished with the original colours of the membrane
(white). This phenomenon indicated the regeneration of the free che-
mosensor RBH and R6GH, and the regenerated sensor was still able to
respond to Hg>*. These findings indicated thar RBH and R6GH in matrix
membranes uncoordinated with Hg>* caused by the Hg>* complexation
of EDA molecules via electrostatic interactions [58]. The similar phe-
nomenon result was reported by the literature [59]. This result
demonstrated that the PMMA/RBH and PMMA/R6GH membranes are
effective for reuse up to four times.

PMMA/RBH and PMMA/R6GH could be developed as portable de-
vices for real-time Hg>* detection based on the colour change principle.

4. Conclusion

The theoretical approach was applied to select suitable solvents of
PMMA and rhodamine derivatives for membrane production through
electrospinning. The solubility parameters of RBH and R6GH (54.9
(MPa)"? and 66.2 (MPa)"” Z,respectively) were calculated to engage in
optimal solvent prediction. Thermodynamic criteria of the methodeology
proposed to prepare homogenous electrospinnable solutions were ach-
iewved with the optimal condition of solvent system of ET/THF at a vol-
ume ratio of 0.6/0.4 for the Hg"*-sensing membranes fabricarion. The
PMMA/RBH and PMMA/R6GH electrospun membranes showed vivid
colourimetric response specifically to ng+ ion (white to pink) over
other possible interfering metal cations observed by the visual eye in
aqueous media. The high surface area of the electrospun PMMA/RBH
and PMMA/R6GH membranes from an ulwra-fine nanofibres with
narrow-diameter fibre suggested high selectivity and sensitivity fluo-
rescent sensing with low detection limits (0.8-1.099 and 3.6-4.3 ppb,
respectively). Both PMMA,/RBH and PMMA/R6GH were sufficiently
selective and sensitive to detect the maximum-allowed Hg>* contami-
nation in drinking water of EPA. The sensing response of membranes
from white to pink occurred within 30 s with a relatively stable colour
after approximately 8 min. Furthermore, the PMMA/RBH and PMMA/
R6GH electrospun membranes were effective for reuse up to four times
with a high fluorescence intensity. PMMA/RBH and PMMA/R6GH could
be developed as portable devices for real-time ngJr detection based on
the colour change principle in visual-eye colourimetric and fluorescent
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strip test. These devices could be used for the easy monitoring the Hg”*
ion in dietary and environment sources to prevent Hg-contaminated
food and drinking water.
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