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2. AnwidviEwaves H,S dsonrunduuasmigesisaeuduss CdS-MAA QDs uaz CdSAg-MAA QDs
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UNAALa

mmmﬂs:qnmﬂ’ﬁi’aqmiuﬂ%aﬁaﬁuLmﬂLﬁﬂusﬁ'aVLWﬁﬁﬁﬂﬁiLﬁuLL@idﬁaUiamtﬁu waziuean
N3@ mercaptoacetic (CdSAg-MAA QDs) lunisasivialalasiaudalng (H,S) laga1dun1iasnaia
mm”mmeQaaLimmwfmaa CdSAg-MAA QDs 3'ﬁ'f‘tﬁ°ﬁaamwmﬂmﬁumﬂumimni’ﬂagﬂuma
§aud 0.01-500 LM ﬁﬁm‘hﬁ'ﬂiumimaﬁ@agﬁ 3.0 "M UAZANDBILWINATIIUFNWNTS (RSD%) 910
M3A32230 H2S ANUEITU 10 M 5 38 JANAY 0.54% 3§ftl,ﬂu3§ﬁﬁmmﬁﬁwazmzmgaLLa:
Lifnssunimanuanlesaudns gfienasuniu (ANUTNTUFINI H,S 100 1111) Anmstlszandld
CdSAg-MAA QDs s'éamﬁauaguuﬂizmHﬂsaaﬁﬁvlﬂimﬁmmﬂuﬁwﬁaﬂwﬂquﬂuq@ﬂmamﬁiammi’ﬂ

' v l}‘ 4 QI v v L '
UWNe H,S W‘J.J’]’]“IZ@‘Y]@@E]Uﬁ?(L‘HﬁENL“Illl"IJ%LﬁE]LWNﬂ’)’]NL“Illl"IJ‘I/L“IJE]\‘i H,S q@ﬂﬂaaumﬂa’nmm‘m

aviauia H,S laluszauanudutuiiainnii 50 UM

o A v =3 > 6
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Abstract

The application of nano-materials, silver doped cadmium sulfide capped by mercaptoacetic
acid (CdSAg-MAA QDs) to determine hydrogen sulfide (H,S) based on fluorescent quenching of
CdSAg-MAA QDs was successfully developed. The linear range for determination of H,S were in the
range of 0.01-500 LM with a detection limit of 3.0 nM and the relative standard deviation (RSD%)
from the determination of 10 nM H,S (5 times) was 0.54%. This method provided the selective method
for H,S determination in real sample without interference from anions at 100 times higher than H,S
concentration. According to the results obtained from the using of CdSAg-MAA QDs coated on filter
paper containing chitosan as the test kit for detection of H,S gas, the test kits color was more yellow

intense with increasing of H,S concentration at concentrations higher than 50 UM.

Keywords: Nanoparticles; gas test strip; Dissolved sulfide
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ﬂ%qﬂ"u ladmyianefuiresnduszaninmlunisanaia H,S fenudutuszaudndn
Fwnunn Geiagifeuiinahaduasssialnidmlngesdu Faqualu uaz Indwe$ aeulwdn
1139132970 H,S a:aguuﬁugmmaa MIQATU H,S uuﬁuﬁn"’a@; LLﬂ:ﬁ’]lﬁﬁﬂ’]Wﬂ’]‘SﬁﬂWﬁﬂJa\‘i’lyﬁ@lq
Wasuuss aghelsfanuduimafinadt fseuna a‘hLflw?ia:ﬁaal‘*ﬁqﬂmmﬁﬁmwjmwwzma Lae
w3osiiagadianududon luUSS@]ﬁ'a@;uﬂu meﬁﬂwﬁ'avlwﬁmauﬁmaw%dﬁuﬁamuaimﬂmz"?j
@in (CdS-MAA QDs) ﬁmmaufla]Lﬂuamamﬂﬁﬁlzﬁﬁmﬂi:qn@ﬂ*ﬂumsmqai’@ H,S 1lagan
ATFUUALANIZNI LTU NMTTBIURT msﬁﬂWﬁwga suNInFLATEA ldi1e danuadosgiuazdunu
@"hLfiaLﬂ%mﬁﬂuﬁ'ui'a@!uﬂuﬁﬁ@ﬁu atnalsneny i’a@gﬁﬁﬂﬁﬁﬁuﬁ%ﬁwﬁ'@lumﬂ%ﬂm Ao Aananw
I%ﬂ’]iLLEJﬂ‘]JﬁQﬂSZﬁ;@%'ILLa:ﬁﬂ’J’lﬁJLﬁﬁﬂliL%\‘iLLEN@%’I Fadrnaasnann sunsadsuud lalasnaeds laun
mMIFaaNeARILnuNaILazilaen mw”@LL‘}Jﬂﬂmawm@ﬁﬁsza 217ILT% NAIRIT12 NBY WazLIW
nmadumgdasznazisdaaiali cds abs ﬁﬁ’nUn'lwsl,uﬂﬁLLanUﬁﬁ;Ui:qga‘fu lasananna
wand19HIaInNN T aIRa LN IR WA uand o %aa:ﬁﬂﬁﬁu%ﬁmaa&ﬁnmauﬁgﬂ
ﬂi:@f;fuag;uuunuﬁwvlwﬁw (conduction band) Tewnudn mstdnlanzinazgrslianunmusinnssus
luﬂWSLLaﬂLﬂﬁﬂugﬁﬂummzﬁlﬁwé’amum:é}mﬁw

Taquilu CdSAg QDs pniudismaiuallnasdniunuszlaniaudzning Cd-s

U8y Ag,S Uninin daiilu s 2zaaua NNy Inaaa (thiol) vaainaiuallnez@dn uaz QDs Jau
javhlumafedfAso3aendiumsau uaz H,s udTadiusudonSoufioutt MAA davu 39
fanundulyldadgrsnnni H,S 3z1inawaIN381nL CAdSAg-MAA QDs a39R A8 CdSAg-MAA
aDs 39ianaudulyledn S azaan 91 H,S ATues LAAWUDY Cd-S 1138 Ag,S UNk S azaay NNY
noas wenantiu sawuinile H,S arauinazdanwidunsadeasrinls pH vasmsazazanaarin
9% MAA 7ifiein pKa LYinnNu 3.73 WaAeanaINAIvay QDs v‘iﬂﬁﬁ@‘hl,l,uﬂﬁ;ﬂunwiaa (defect site)
\Aedu Sesanalitszansnwnmsitesuasas CdSAg-MAA QDs 8AAaY

Qmjmmmlaamuﬁ%ﬁbﬁﬁamm”@umLsﬁul,snaﬂum'immi'@ H,S fiflszaninn 319190
wazldauldine lasld cdSAg-MAA QDs LLa:Hﬂi:mHﬂsmLﬂufa@ﬁugm (paper substrate) W
ﬂi:@ﬂ'}:m’iadLﬂuLE%/ulilL‘Haﬁiaa‘ﬁdLﬂuiﬂ‘ida:f’]dﬁvl,liL‘Iﬂll’]xﬂbUﬂ’]iNu:W‘]”J CdSAg-MAA QDs vihl#aanu
[T UAZANLEAD T CASAG-MAA QDs LHNTzANEN5096N a3tttk 9danuanlafiaziinlalamu
(chitosan) ¥ ndudanansfigroifindss@nsaiwnsiainizaas CASAg-MAA QDs UNIZAIENTB
LﬁaaaﬁnvlﬂimsrjwuLﬂuwaﬁmas’ﬁsmmaﬁﬁqmawﬁ'ﬁmwwz i Gnssauisausiiuaslirausin aw
wisd uazdovaaoled ﬁmu‘?a'i’m‘i'lmuu'mﬁslﬂﬂ‘[wmmﬂumslﬁmLLm"i'aquu s'fiowu’jﬁa@;m
Tudanuiadiosuindu wenanin nsldlalasulunisiedaufnszany azvilwnszensdaina
uTsussnnndu asin lalaausadunedmafMmunzaufiazinufuds=an snwnsiainnzaas
CdSAg-MAA QDs Uwnszan#nsas @9luifosudasiinnnuiafiosues CASAg-MAA QDs UHNIZaN
nsoaii U7 ﬂﬂ%’ﬂﬂﬁ;aqmauﬂ"ﬁmaam:mwmaﬂﬁﬁmﬂummsnlumi@@%uﬁﬂa(ﬂaa

muﬁ%ﬁ'ﬂi{mm‘mﬂizqﬂmﬂlf*ﬁmwﬁﬂﬁmaLL@@WgaaLsaLsﬁwﬁﬂnm CdSAg-MAA QDs 1113
asviaufia H,S uazdalndiiazanslusin Iml‘*ﬁ’m?aamﬂnimﬂ@aakﬁma? SEmiavaaieiduisi
ﬁﬂ'smaﬁwmmw:mgaLLafzﬁ‘*ﬁNmmLﬂuLﬁumaﬁﬂ'j”’m aalufinssuninanlessudis g Anulu
unssin@dn iy uasiagenndsnadendn 9 sansnihanltusslamilumseramuissiie

tluszavululuanfld annsdganaseuuia H,S laslinizaisnsanduizgiugu (paper



substrate) wazlg lalaanu (CS) s iduainasngrswnyszansnwnsiainzaas CdSAg-MAA QDs
vunIzaENIas wohganageufianudnniznizaiauszianallunsasam H,s ludatai

weluszaululasluans laglifinmssuniuainuia SO, H, uaz 0, 8ALik NH, waz HCI
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1. Farzim lnasanaanuaatisata llaniauuasnlalansin (CASAg-MAA QDs)

a o ; va v 6 a e A = r {ai a ' v a Y v
lwawddpd lddnsdaansinluaiadaduuaaiiionda lndniduud o lanzduuazlfaiudu
nyawaualanad@nfiazansluin uaz wluadadaduuaaliouta Wdndadudunsaweuntlaue
FanlandszyndainiTuas Winter uazame [1-2] lasazany CdCl, 3.7751 n3u (18.75 Aadlua) luth

100 HARAAT INNWILAN MAA (37.50 Tadlua) melansniuuazdsu pH vasansazansnlvidu 8 lag
4 NaOH AN GUT% 1 mol L' ha9annuudaznsazats Na,S - 9H20 (18.75 Sadlua) USu1as 10

—2

Aa '

1a88ay ad190132 Lﬁuaqmﬂn“ﬁl,ﬂu 65 °C \luiam 1 Talas aneanendazdes gnadudinios
?Tﬂﬁ’lﬁuﬁqmn“ﬁﬁaﬂummﬂﬁamﬁﬂmm

1. %9 CdCl, 0.1518 N34 (10 mM) 84142 IAAUNANENABLUIA 125 ARANT s seann
lasaud3nnas 100.00 daddas naulaslt Magnetic stirrer bar meldaanzudalulasiawduia 15
W

2. 188 AgNO, 0.01699 N34 (1 mM) aslua1TasananaNda 1 nauanInaun1eldagniae
Tulasiawduian 15 wif

3. 1@ 37% (wiv) nsawauadlauadda (MAA) U3u1as 870 lulasdas (10 Gadluans) adlu
arazanenanluda 1. udnmuasnaumealdaniizlulasauduia 30 wif

4. 1dn 2 M NaOH asluminawluda 2. iiadsue pH va3anIazane wladn pH L¥inAL 8.0
maldmsnnansdaiiio

5. 53 Na,S. 9H,0 0.1300 W (5 Hadluand) sranoludindaannlaseutsunas 5.00
findanTudrdan g wuamIazaete 4. aslumsazmonauda 2. moldminiuednadaiitosuazanne
Tulasiau

6. LﬁNQM%nﬁLﬂu 65 asrmaidus 1uian 1 92lus ausIneasasdilaswduiiniasen

a A9 e ¥ a o
LU ﬂdlﬁLﬂuﬂqmﬁQuﬁad

7. ANAZNOBEITAZANLAILLANIUAR 3 T (LNORIIAZNOBUAZAANIINIZANUAIVDIFTT
duidaun)

Tugua aﬁ%msé’ame:ﬁuﬂuﬂ%é’aﬁmm@Lﬁwsﬁavlw&dﬁﬁaﬁmﬂuﬂmLmaLLﬂﬂTmLa%ﬂ

HUuaauTwALIAWALMNTRIA AT IAUILE LITNTIEN AgNO,

2. Agavianansaluaz@nwaaanlifiBiuaizasw lnasaaaawuaniiiaaga e

WAIANTIINIIFUATIZA CASAG-MAA QDs Ui lagasiianansal uazdnsguantiavas
CdSAg-MAA QDs Aigaaseilalasldinaiia asdalyd

1. mﬂﬁﬂg%—?&ﬁa sinlnsinwlaiun3 (UV-visible spectrophotometry) ATIIROUAARULIA
nIganfuusngeasmautiazrnaayMavauaalsngs Wdaauduaan

2. wnaflangaasaoud sinlnslwlawn3 (Fluorescence spectrophoto metry) A3738a L
Auaudan1Inoussngeasssutuasuaaiiisuda lndalauduaanuazn1INIZINLEAITAITUIA

@l&ﬂ’]ﬂ“ﬂﬂdﬂ’]ﬂu@ﬁl(ﬂﬂﬂ



3. inaftaWisuinauaaiudunaisa adnlnslWlaiund (Fourier trans- form infrared
spectrophotometry; FTIR) L aA379 8008 N oAz Eusun1siianuszsznitsunaidonda e
maunauaannunsaanallawadda (MAA)

4. Transmission electron microscopy (TEM) Lﬁaﬁm&wu’mawﬂmmad{ﬁ@lmiuuazﬁ'ﬁyg’m

5. Particle size distribution L‘ﬁ'aﬁﬂmmimzmmT'mawm@agmﬂi’a@lm‘[uﬁéﬁmezﬁvlﬁ

6. Scanning electron microscopy (SEM) Lﬁaﬁﬂwﬂmiﬁ@g’mﬁﬂm“ua\‘mizmwﬂiad'ﬁlmaau
o lalasiuiaz CdSAg-MAA QDs

3. Anwanefimanzaalunisnsnia 1,8 dan wlnasadaswuaaidonga id
ANMATNTUAMANZ M09 CASAg-MAA QDs
Tuauisoil la3suasazans H,S lasazans Na,S.9H,0 Tu sinUsaanlosaudiviuuia N, 1w
181 30 wiliiaisauia 0, uazanazfldlunnasasiie 10 mM axiantwinas pH 5.0 vinlw
dainataglunaiuzes H,S la sansaranpilezdesaiualiiuda i
3.1. @nw1 pH uazasazansinas
utisaanidusasiuaan fio pH 7 CASAg-MAA QDs IﬁmwLﬂT&lLLaanaaLimﬁnwﬁgaﬁqﬂ Az
pH Aitnunzanlunisasiata H,S Imﬁmimﬁmn@hmmLquLLaMQaaLimmwfé‘mﬁﬂﬁ (/1) F9724
pH 'ﬁ'ﬁﬂmayﬂumu 4 - 8 laglauinines 3 ofia laun azGiantwinas (pH = 4-5) Naawatiwinas
(pH = 6) uaznialalasana lidUnnat (pH = 7-8) lapanuidutusainiwainngis pH iu 10 mM
lagld CdSAg-MAA QDs et 0.8 mM uaz H,S ANLTNTH 50 UM
3.2. afimsnzanlunisriydjasen
Ansafminzanlunisiasuasisen3ening CASAg-MAA QDs uss H,S lagldaniaz

pH uaztiniwasanmsdns pH lauld CdSAg-MAA QDs ANULTNTH 0.8 mM waz H,S Attt

50 LM I@]uﬁﬁmma’mmmmLﬁuLLaaWQaameusﬁé'Mw°wﬁ (Ig/l) NFINFQ
3.3 HngwANNnHIL BN

T 3san 190N VLT UL ERATIINITATING TAFTINANITATING LATANRINITDLUNT

[
o o

107 azvinmInaasdlasdnusian I/l 189 CASAg-MAA QDs AMULTuL% 0.8 mM fiLéiu H,S A1w

g (0-900 UM) luanedad3unasuuia 5.00 mL (Finsmasss 3 sg'flunﬂﬂ’a’mvﬁmj"u)
3.4 ANB1BNDNAVDIFITIUNIN
MITUNIWAYNSANE fia Na*, K*, Ca*, Mn?*, Fe®*, AP, CI, SCN., NO,, SO, % iaz CO,*
lasAnsanananuduusIngaai s ousuas CASAg-MAA QDs (0.8 mM) Afmadw 15 UM H,S
1w 10 mM asBianiiwiwas (pH 5.0) Lﬂ%'ﬂ‘uLﬁﬂ'ﬂﬁ'ﬂﬂgaaLimmwﬁﬁ"l@i’mmﬁlﬁumiiumu'ﬁmm
Wutuwandan la uﬁmfﬂﬁwLaumsiumuuﬁaﬁﬂﬁmmLﬂTuLLmv\Ig]amim&nwﬁﬂﬁﬂuuﬂadLﬁwfaﬂ
82 5 ANMUTRTUIEIANTIUNIG B ANUTRTUIN SUNIUMTATIIA
3.5 natszgyna 1y CdSAg-MAA QDs Tunisitaszidalnssa Tudadonn
n3uszyndld CdSAg-MAA QDs Tunsiaszigalndruludregroindsluumiingas
Trusnadan MITmaesoudedfinandrsiugesisimeSouifisunanimanss 993350s

nasaIndea b



3.5.1 iha19819 (1.00 Jadans) nsaswwdaluson 0.45 Lm 91niwdn 0.8 mM CdSAg-
MAA QDs kazt5u15una35nliidu 5.00 mL drsasazanstniwesezBian (pH 5.0) aNLTNTH 10
mM udih lddadenuduusageasssudiSoudsuiun ldinadudadgiaiige

3.5.2 dindragng (100.00 UARAAT) nyasrniialusan 0.45 Hm Gldsl,wumgﬂ"ﬁmjmm@
125 mL GedadrdroimlaunaznndraninAnisy I duiasndn 1% (v) HCl USu1a3 5.00
afaay Lﬁal,madsﬁ'avl,wa‘ﬁazmﬂagﬂuﬁmmﬂﬁmsﬂmﬂu H,S 1913 1 $2lus 1dduAnuiaan
fna8191U30195 2.00 mL 5:6]Lfﬂqﬂlumﬁﬂﬁﬁdﬁﬂﬁﬂ@ﬁ’aUL‘ﬁﬂﬁ&m’mluUiiﬁ! CdSAg-MAA QDs (0.8 mM)
Tusnsazaesiniwadasian (pH 5.0) AuEutn 10 mM wenwaa 3 wift aafield 9nsiwinly Sad

v 6 1 = o A =) a o [l :/ a
ﬂTWJL“].INLLﬁGWQBGLSﬁLSﬁHSﬁLﬂEU‘ULY]EJUﬂUV]vLN&Jﬂ’]SL@]N@]'JBEJ’]\“JWWLE"IEJ

4. M3U3z8n6 15 CdS-MAA QDs/CS Twms3tas1zH H,S

41 Anwransfwanssaiaa1snaa CASAg-MAA QDs/CS wazn15Uszend iy CdS-MAA
abps/CS lun1531As1e9 H,S

gsazaneasglalasin (CS) 1% (wiv) Aldlunuispiiasoulagnsazany CS 1% (viv) ued
&n twwnrwdwam 6 Falus

411 fnmsansmluafitannzanszning CdSAg-MAA QDs ez CS

WEN CASAG-MAA QDs ez 81382878 1% (wiv) lalaanu (CS) Neasdin 1:1 1.5:1 2:1
1115 waz 1:2 lagUsutsunasidn 10 mL ¢28 10 mM azFrantiwiwasd (pH 5.0) 3nniuiinlyTadie
NAILLAT8Y ultra-sonic bath 1Twaa1 10 w1 @ﬁﬁavﬁﬁqmﬁgﬁﬁauﬂunm 5 w7 nawinldiadae
\A384 spectrofluorometer I@]muﬁaﬂam's:ﬁmwmﬁuLmeQaanamjuﬁmaa CdSAg-MAA QDs il
mnﬁq@tﬂuam’a:ﬁmm:au

412 ENBUIA AR EUNFNARIZHIN CASAG-MAA QDs uaz CS lasldiazaslofiian
(ultra-sonic bath)

WEN CASAg-MAA QDs Laza138:a18 1% (wiv) talasnu (CS) fisandan 2:1 lagysy
U3unasidu 10.00 mL é2e 10 mM azdBiantwinas (pH 5.0) antiwi U Tofliandasiaias ultra-
sonic bath luga9tanfinandarii @a 5 10 15 waz 20 wift nasNIWINTUERITLTS 4.1.1

4.1.3 @nwdnFwaves pH

lunsAns8ndwazed pH danNNTULRIVEI CASAG-MAA/CS pH ﬁﬁﬂmagiwﬁw 3-7
lagltiwiwes 3 vhia laun azBiantiwines (pH 3-5) WestWatiwWiwes (pH 6) waznialalasaaalss
JWwas (pH 7) I@]UmmLﬁuiumadﬁwMai’nn"ﬁm pH tJ% 10 mM uazld CdSAg-MAA/CS AW
DUt 0.4 mM Gaiasoulagsadinlun CASAG-MAACS 1l 2:1 uaziinlunsurnluadas ultra-
sonic bath tJwa 15 Wi

4.1.4 dnwgsenuiduiduasslunmsasaia

L83 CdSAg-MAA/CS Twliaamaiuluaidu 2:1 lumsazasezGiantininas (pH 5.0) Au
g 10 mM wazinldnauiuluiaias ultra-sonic bath tuiaan 15 wift ansiudidasnsazany
NI H,S Aiamuitutunandnaiuaaue 0-1450 UM wdnduiaa 30 Twift uazaafield 3 und

ilIaaasinIad spectrofluorometer

5. n13U328n@ 1% CdS-MAA QDs/CS tARaUUBNTZAIBNTAIIMNITIATIZA H,S



uAs H,S Tunuisedt 3uulaonnsazans Na,S.9H,0 1u 1 M HCl lunaanrhindsn
5.1 msﬁnmam'szﬁmmzau’lumsﬁﬁ’aqm‘[umﬁanuumimwnsaa
- N3za1=N389 (Whatman No.1) uzlu CdS-MAA QDs/CS fisamaaulua 2:1 tuiaan
15 wifl udrdouws 3 $alus dewhlusiufa H,S Nenudutunandrsin lunasadinde?
- AnmUSunme CS fiuandsnuifnadanInszanssivas CASAg-MAA QDs URNIzaN S

n389 lauiaSua CS 0.1 0.25 0.5 1.0 % (wiv) SaWuasUUNIzaBNIed Asursials 3 Talus 9aniiu
11Ja 20 UL U89 CASAG-MAA QDs AJLHNTEAHNTaI (10 mM) Aurkafisly 3 Falusrawinlunasey

nugrsazansloidoudalwdluaisazatsiwineiuadiaa (pH 5.0) USu1a3 10 UL (0.042 M)
WIsuieuiuaznIINIEaNeaIV8d CdSAg-MAA QDs

- mdSunawadlalamuimanzanlunsieneduia HS vinnnasaslasiinszanui

L038ud83saIna1T9an lUnasaunuwia H,S NAuduTuuanedn9ns 0 50 100 250 waz 500 LM
UsudTunasdu 10 mLaas 3 M HCI
- fmanzaulumsl asen Fsldavimmaessslesiinszansiill CS 0.25 uaz 0.5 (wiv)

lé v a ﬂ/ 1 v v a 23 { v v 1 a
‘INL@%UN@’)U’]%@]Oﬂﬂ??ﬂ]’]d@]%ﬂﬂﬂﬂﬁﬁ]ﬂﬂuLLﬂﬁ H,S NONMUTUTHUANGIINH 50 100 250 WAz 500

UM U5ud5unandu 10 mLdas 3 M HCL wazlfiaanlunsilwuia HS dudaiunizaiunsasd
LANAN9N® Aa 15 30 60 120 Wl
- WisifisumaeisuuuniunizasniadadlumineasasduazmIdan
LASUUNTZANBNTEY 0.25% (wiv) Aaukafisld 3 $alug aaniiu inszanwluiuly CdsAg-MAA
QDs (10 mM) tinaan 15 Wit A9ussniald 3 salus wWisuifsuniumsinnszaunsasuuuians
CdSAg-MAA QDs 8IUUNIZANENTEI (10 mM)
- @nsanswavasiiwindrlunsianumInaanassuilu CdSAg-MAA QDs
LA3HNTZANENTAI 0.25% (whv) A9ustafialy 3 $2lag 91N Sawn CASAg-MAA QDs 89U

A v A Ve o &, a ' a
A3zANBNTBI (10 mM) Asureniald 3 Talus annsiushlUfanu CdSAg-MAA QDs 8nsau

5.2 fiuduanuidenovasds
5.2.1 2anudniduasouaznaanasgin
gPWnWeIasgIuLazAnsisaududuasslunisasiadauia H,S 628 nIzaw
CdSAg-MAA QDs/CS Tasminanas assialuit
5.2.1.1 Tida 1 M HCI 10.00 mL aslunaaalAUaITUULELARET 8 274
5.2.1.2 danszaunInifiafaudis CdSAg-MAA aDs/Cs Twiiansmzduwrinandumalng
ndsasIaRUEIIIANtaY
5213 1de a138zany NaQS.HzolﬁﬁmwL"ITmTuﬁLmﬂ@haﬁ'u@gaLwi 0- 1500 UM
Wisuifisununasafitfiuianiz 1 M HCI
5.2.2 @AN¥1ONSNAVDIFIITUNIN
dadunsfuswinmaddsuudasdvasnizasniasinieanmaig jisensewing H,S
fusnsnaaassdunlu CdSAg-MAA QDs Wit 39ldvinnminasaslasniseisuasazans oo
dalndnnnudutuandsnuluansazats 1.0 M HC WSsuifisuriunisnasonlu 1.0 M NaOH was

81382878 1.0 M HCI AUs1@91na3azano Lo uusa bia wa1iinIzaunIadnuInnITaRauN1as
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w1 1alud wudnvesnszanwinadfswulassaanianzlunsdiasouasazaiolofon
T8 b6 lsa1382818 1.0 M HCI

& o s a a = A A a a 2

wannuudd ladnsdninavasufariadudamadfsuulasFuasnizaiwnes laafnm
anSwavasuna SO, NH, H, 1w3sutiisuny H,S lasiaisuuisandjiseuasiuaan adelui

1. MIL@384 SO, (5 ppm) B9 Na,S,0, talunasaliuasrinds? anuudua1sazaty HCI

a o ‘é v a t:/

(1 M) J331@7 10.00 mL 1#nvea#n1ad09lafauaiy CdS-MAA QDs/CS unasuunaaalazlanfg

11 Balasganianaaasnly H,S
Na,S,03(aq) + 2HCl(aq) — 2NaCl(aq) + SO,(g) + S(s)

2. NN3L@384 NH, (5 ppm) Jida NH,OH lalunasaiiuasdiinier andulduaisazans
a o A o o
NaOH (1 M) 30163 10.00 mL $nsza=nIaddanfauais CdS-MAA QDs/CS anasuunaaauazia

rfisld 1 alusganianasesnls H,s

NH,OH(aq) + NaOH(aq) » NH3(g) + H;0%(aq)

3. MILA38Y H, (5 ppm) 39 aaadnsd lalunasalAuaneinied nuulduansazans HCl
a o A v s :
(3 M) 430107 10.00 mL $NIza¥NTBITILAREUA1E CAS-MAA QDs/CS anasunnaaaiazdarfia

171 Tlusgamananasnls H,S
Zn(s) + 2HCl(aq) = ZnCly(aq) + H,(g)

5.3 msﬂszg‘mmﬁl%‘ CdS-MAA QDs/CS ‘ﬁtﬂgaﬂﬂuﬂizﬁ’lﬂﬂiadi%ﬂ’li%Lﬂiﬁ:ﬁ%ﬁlﬂﬁi‘)u T
Fratenn

n3uszyndld CdSAg-MAA QDs 1un73imw:ﬁsﬁ'a"[ﬂﬁmulmﬁaai’mﬁ’m’ml,ﬂﬁiauéhgauu
SImiauasaan $5Emamasasasee Uil

5.3.1 N3891e18879 (10.00 mL) fenszanunsadiieluasm 0.45 um lalunaaaiiugns
AraeuuuEnie

5.3.2 1@ conc. HCI (0.83 mL) aslwinerating

5.3.3. nszensnIasfandandis CdS-MAA QDs/CS inasuunaaauasdarhiald 1 talus

WIBUABUALMINTINNNAI3IU H,S

1 o o o @ [
5.4 ﬁﬂ‘]ﬂ"\ﬂ?"l&llﬂﬁﬂﬁﬂaﬂaﬂixﬂ'\ﬂﬂa%uazﬁa\‘]ﬂ&lwﬂﬂﬂllﬂﬂ H,S

ﬁwmzmmﬁﬂdqawmaaﬂ%ﬂﬁaﬂlwﬁaaL:nm 2 10an @msmﬁﬂuuﬂmﬁmamszmw



11

WNANIINA[DY
1. igobanansaluardnsamdaitiBonasvasmluasaaaawuanifiaaga e
NN TEM LEAIIUWINDUNALAZEILIIHINGNUDI QDS CdSAg-MAA figaaed az

Lﬁuiwﬁﬁﬂﬁm:maﬂauLLa:ﬁmmﬂag‘,mm%LL@i 2-10 wilwluas (1Fwshgudnand) douaaslugui 1A
S'fiaé}’uw"’ufﬂ”umim:mwm@agmﬂ CdSAg-MAA QDs fiasa3adiuia3ad particle size distribution
analyzer (138379 10 Lﬁﬁ@i’ﬁﬁﬁﬁné’ﬁ) ﬁLLamlugﬂ 1B LLa@ﬂﬁLﬁumini:mﬂﬁwaa"umﬂagmﬂ‘ﬁ'ﬂu
ﬁLLﬂmLazmm@]Lﬁumg{uﬁﬂmam?iwaa CdSAg-MAA QDs fa 60 w1lwiaas wanannAIans
AINENTIGULEEI LA A NIRRT mumawmﬂmﬁ'waa CdSAg-Maa QDS 686N IANALE
Togld99nnueinaunsnil CdSAg-Maa QDS QANALLEY (absorption onset) (Eﬂﬁ' 10) lagldauns
284 He wazamue [3] lunsduin wudn auiaaun1nas CdSAg-MAA QDs fia 3.3 wlnaasged
1A lHYNI1 CdS-MAA QDs (2.9 w1 luluas) fFneMeieeiniany Gefusunsnasives Ag,S
UWHIVBY CAS-MAA QDs [4]

Lﬁaﬁmimmﬂmsmmsg@ﬂﬁw,l,awao CdS-MAA QDs (440 wl1iuas) Lag CdSAg-MAA
QDs (460 u’lIuLum) TOITNINRITU (band gap energy) 283 CdS-MAA QDs 8a8431N 2.82 eV 1))
2.70 eV BAINNINILANLGAIGIE Ag 6‘5\1aa@a@”aaﬁ‘mumagn’mﬁiﬁmn TEM

ﬁ]’mmﬂﬂ@ﬁuﬂ’ﬁﬂ’]EJLL@(IWQE]E]L?&L"IJWE 289 CdSAg-MAA QDs (31. 1C UnNaTy C) AW
flanuduusivgeassiaudidusedirinzas CdS-MAA QDs (3. 1C munaiu D) wana Nt 9nua
MIANBNFWANITLAY Va9 H,S (0.1 mM) WU NS eI aInN TS0 uEIeITIIEes
QDs NMILAN H,S Hduand19nu 1aaRansanannanaulduuaInITiSaduadqunNT (1/1) 284
CdSAg-MAA QDs (gﬂﬁ' 1C aLdnaiu C uazaldnaiu f) Ad1gininvas CdS-MAA QDs (gﬂ‘ﬁ' 1C

(2
=

fUNATY D Uaz E) 10 1111 @98un13a31A H,S Tuauidodt Sadanls CdSAg-MAA QDs

2.0
€ L1000
151 =)
3 1800 g
:$ 8
2] a d 600 8
. f51.0' g
£ 5
2 >
= § 6 400 2
e 054
g 200
g “ f
TR Y I 0'0 . : ' = = 3 : 0
; : ' ‘ 300 350 400 450 500 550 600 650 700
0 1 10 100 1600
Size (r.nm) Wavelength (nm)

iﬂﬁl 1 (A) A typical TEM micrograph of CdSAg—-MAA QDs with a 20-nm scale bar. (B) Particle
size distribution of CASAg—MAA QDs (10-fold dilution in distilled water). (C) Absorption
spectra of 1.0 mM CdS-MAA QDs (a) and 1.0 mM CdSAg-MAA QDs (b) with
fluorescence spectra of CASAg—MAA (c), CdS-MAA QDs (d), CdS-MAA QDs in the
presence of 0.1 mM H,S (e), CdSAg-MAA QDs in the presence of 0.1 mM H,S (f).
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fLUNATY FT-IR CdS-MAA QDs (a) ez CdSAg-MAA QDs (b) LL&@GI%EU“?{ 2 azdngwea
RO TAUDBIN UM TSN B Az 09N UDE Ag-S 71 500-600 CM™ §11151 CASAG-MAA QDs Safingi
114l Ag 85 UnAIVBI CdS-MAA QDs [5-6] SEmssaansigaduitnisuszmansaring ladefudu
nAUnasINISeIuAIingNEU89 CASAG-MAA QDs TIFIATIEAAINLANGIITH (gﬂ'ﬁ' 3)

v v 1 1 v A
Lm:mﬂmiﬁﬂmmmLaﬁmmﬂ@mm’mn@aauwmwﬁmmLaﬁynﬂunmamma HRILILABY

s |\
f..% 570
)
£ .b) 620
)
[
o
= 1229
(@]
> C)

1388

1582

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
31]"7; 2 The FT-IR absorption spectra of CdS—-MAA (a) CdSAg-MAA QDs (b) and CdSAg-MAA QDs

in the presence of 0.1 mM H,S (c)

800

700 1 —— 1" batch

—— 2" batch

600 - rd
—— 3 batch

500

400

Fluorescence (nm)

300
200

100

0+ Y T T T T T T T T T T T T
400 450 500 550 600 650 700 750
Wavelength (nm)

gﬂ‘ﬁ 3 The fluorescence spectrum of the synthesized CdSAg-MAA QDs acquired at ambient

conditions from three different batches of synthesis
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2. MImEnEwInENlwnIMAaag

aﬂuﬁﬁ'ﬂfm@‘fﬁnmmmﬂma§ﬁﬁwa@iaﬂxﬁw%mwmm‘“uumﬂgaaLimmwﬁmaa CdSAg-MAA
QDs lag H,S laun wansznuaes pH (pH 4-8) wazszaziaan lumsvindfisen lunsdinea pH 1o
et 3 7fia Ao axdian (pH 4-5) Waaia (pH 6) uaz Tris-HCI (pH 7-8) lagldanuidadu 10 mm
mngﬂﬁ AA WUTIAMUTUURING0BLTRITUTVBI CASAG-MAA QDs Uaz I/l NERAILAY H,S fd7
WRudwidla pH tRuandn LLazﬁmgaﬁq@ﬁ' pH 5 usadas 9 aaadiiowiy pH qaﬂfu INNAAINAT?
Traduaiunodanannsidinneldaniz pH 5 s ﬂgmmﬁlzazmﬂaglumiazmﬂugﬂmm H,S
wazifla pH 1N91 5 S2 Nanueazdu SH $99z1fia deprotonated uwazgnaandladatnariadalu
21 [7] uazdnadalIunmued H,S ﬁﬁ]zwﬁﬁﬁﬁﬂﬁﬁ%mﬁu CdSAG-MAA ¥li# pH §IN31 5 61 g/l
8RB WazNI pH @1n91 5 71 CASAG-MAA a:gzyl,ﬁﬂqmamﬁmmLﬂuuﬂmﬁaommﬁﬂmmq@aan
289 MAA 9MnAuAY QDs %aiuﬁﬁﬁﬂﬁﬁﬁﬁLﬂuﬁawqaLLaz‘ﬁ’u QDs Wiadios [8] aoin lwnudsoil 39
anmIazaoniasasdian (pH 5.0) Anututu 10 mM usnzimanzanlunsiemed H,S
dumnaiiaainlnsngaalswmi

400 1.25
] Ar
— = — Effect of pH on fluorescence intensity of CAAgS-MAA QDs | 1.20
— —e— Effect of pH on florescence quenching efficiency of H S '
= 350 - 2 I
e 3
= -1.15
= I
g 3001 -1.10
= ] — -
8 * 105
S 2504 @ \ [
§ \I i |
% 1 \I +1.00
S
T 200 I
- L 0.95
150 T T T T T 0.90
4 5 6 7 8
H
1.14 P
1124 R
1.10 4

ros] &
—©1.06 \
1.04 4

1.02 4

1.00

0.98 T T T
0 5 10 15 20

Time (min)

gﬂ‘ﬁ 4 A)The pH effect on the fluorescence intensity and the relative fluorescence intensity (/ /)

of 0.8 mM CdSAg—-MAA QDs in the presence of 50 LLM of H,S. B) The relative

fluorescence intensity (///) of 0.8 mM CdSAg-MAA QDs in the presence of 50 UM of H,S

vs. the reaction time.
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nadJisondanidelssanTnwmiduuaingasLiasusues CdSAg-MAA d1g Liadan

audashlunsifiedAsen H,S szwdnuas CASAg-MAA snnmsdnsialunisiialjisen

321919 CASAG-MAA AMNTNTYU 0.8 mM Uaz 15 UM H,S Gue 1-20 W WU aAiLanaNInwd
waaahomﬂ@iamsa@mwvﬁuLL@NWgaaLimsnm? mng'ﬂ‘ﬁ' 4B ms@TmLaJWQaaLsmmwfmaa CdSAg-
MAA Lﬁu*’fuamﬁ’mﬁ'aLﬁaLﬁm'amﬂmLazﬁmgdq@ﬁ 3wt waziiioanuuundu wuinaud
wwaldiuanas vafanatinannnis deprotonation 184 AgSH UuA%A7 QDs LAa AgS, inl#nifia
2ONTLATWLWAIVDI QDs [9] T JaRennmluwmaialfizenszning HS uay CdSAg-MAA w38

) aﬂumsﬂu 1w 3 Wl

3. maiarzidsamlalasandalndlaaly cdSAg-MAA QDs
a’mmsﬁnmmﬂﬂﬁﬂmlﬂmLLaowQamsmmwfmaa fasusiWgoaLIRIUTUDI CASAG-MAA
QDs ilaidin H,S ludsumiuandrariu gasneldnssauudalar (mwmmﬁuﬁlﬁm:{fuﬁa 366
nm) mngﬂ‘ﬁ' 5A aziiwiuaIWgaaLIaiTutuad CASAG-MAA QDs Wasnanfnsassududuaada
IVt H,S IUNTLRIAY LLﬁ\‘]mJHini (CdSAg-MAA QDs Vlai@mumﬂgaammmwﬁ) \Hadnuna9
AnuduusIngoaLImiautuad CdSAg-MAA QDs I@U’L%Lﬂ‘%f'aam,ﬂﬂimw;euzaaisﬁm aswuInddaand

advaNNlBlNIANUITUTUDDI H,S @Tmamlugﬂﬁ 5B

600

A .

[$2]

o

o
1

o

o

o
1

300 ~

Fluorescence (AU)

200 4

100 ~

T T T ——
550 600 650 700
Wavelength (nm)

= ;
450 500

gﬂﬁ 5 (A) Photographs of 0.8 mM CdSAg-MAA QDs in the absence and presence of different
concentrations of H,S. From left to right: the concentration of H,S is 0, 10, 50, 100, 200 and
500 LLM, respectively. (B) The fluorescence emission spectra of 0.8 mM CdSAg-MAA QDs
upon addition of different H,S concentrations (10 mM acetate buffer, pH 5; Xem =570 nm

and A, = 375 nm).
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tﬂl & ' v € o el 6 o ¥ v
LNBW&@@]?:%’NG@’NNL‘UNLL@GWQQQLS@L‘E%T@&JWYW (lo/l) nuaANULVNTBUBY H,S (0.1-900
1 t&l t§/ Qs s v 4 t&l v v 1 Qq: 1

MM) WU g/l WY BLazdauFNABS LU UL s WA T BN AT T H,S l‘uﬂﬂd@]\‘lLL@] 0.1-600

UM (Iy/l = 0.0032x + 0.888, R? = 0.994)

2000 .. 28] B
u
150 24  R%=0.9940
_ y=0.00319x + 0.8879
" 100- = 207
L]
1.6 1
50
1.2
0—-- - L] L] - L ] -
0 200 400 600 800 0 100 200 300 400 500
H,S concentration (uM) H.S concentration (uM)

gﬂ‘ﬁ 6 (A) The dependence of relative fluorescence intensity (/,//) of 0.8 mM CdSAg—MAA QDs on
increasing concentration of H,S in the range of 0.01-900 IM. (B) The linear relationship

between I/l and the concentration of H,S from 0.01UM to 500 AM. The error bars illustrate

the standard deviations of three independent measurements.

nnsanasaudaiinalunisaaia (LOD) 28935 lasnisaannududues H,S &3
Fau g au deuiu 3 whuasdymuaiwgoalairuduas CdSAg-MAA QDs Wudnil LOD 1w 3
M ANULDBILUUWNATIIUFURNT (RSD%) 91NN13 5 F0E189NTTATIEA H,S AMaidus 10 nM
wu*jwﬁ@hmwmﬁ'mLuummgmé'uw”ﬂﬁagﬁ 0.54%

800

700

[=2]

(=3

o
1

500

400

300

Fluorescence intensity (AU)

N

(=]

o
1

100

0 T T T T T
400 450 500 550 600 650 700
Wavelength (nm)

31U 7 sulnafunmimsusvgeamaudi ldannsdnmdadnnalun1iasaia H,S



16

4. ANMATUNZINLIIUALATANHIFNTIUNIB
Idimsdnmanuinmzianzasesislasmsidusssuniwlesaurialy valesauuanuaslosan
sundTanmanuludasnatiiuazsinige Idun Na’ K* Ca? Mn®* Fe®* AP* CI SCN' NO* SO, uaz
co, lasmuduleaaudsnanfianudududie g asldlunsiiaszd 1,8 anudutu 15 pm Tag
14 CdSAg-MAA QDs ALt uth 0.8 mM luansazaratwiwesesdian (Wiat 5.0) ANULTUTH 10
mM Iﬂm:ﬁadwmwmﬁuﬁwaamssumuﬁﬁﬂﬁmmmL°1T11LL&@WQaawmcﬁwﬁmaamimm H,S

ANuTTY 15 UM wiasuuilasnnndy 5% duanuiduduiisuniunisenaia
nmsAnsmssumusyyisvedlessudinsndiuaasluanmed 1 losaudiulna 'l
FUMUNIATIATA H,S faudazduadliluSanmdiannnit 1,8 fs 1000 i sniiu M2 uaz Fe** 1
AxTUMIUNIATI330 H,S Tuansmesivinlwd 11 iinannninanuduess Safennmasdoiuse
i:mwﬂamvlaaaun”usﬁ'avlwﬁﬁay;uuv{uﬁwaa CdSAg-MAA QDs iatduansisznauda lWe laineds

ﬁwav’iﬂﬁmmLﬁuLLadWQQQLSaLmufﬁmaa CdSAg-MAA QDs R13130aAR4 L6

A19191 1 HaMIANHINMITUNIBANN leaaudng lwn15A51970 H,S 628 CASAg-MAA

Added ions Concentration (M) Percentage change of

fluorescence intensity

Na* > 0.06 <1.0%
K* > 0.06 <1.0%
ca” 8.3 x 10 2.8%
Mg** > 0.06 <1.0%
Mn** 2.4 x 10° 4.1%
Fe 1.5 x 10° 4.8%
AP 3.4 x10* 1.5%
cr > 0.06 <1.0%
SCN’ 6.5 x 107 4.4%
NO* 1.0 x 10° 1.5%
Clo ) 6.2 x 107 1.8%
co” 8.3 x 10 2.8%

5. n31328n6i 1% CdSAg-MAA QDs Tumianzvigalnidniazarsluinds
fmsum e nzias Wdnazasludmainsingsluusnmuminosomaluladnausnadau 9
Andeiuuudaslunndiadiuazd pH sasiriniy 6.5 91435 seanwinaTg iy
standard addition wazldn1siaSsadragaSouisuiusesifineduiuindtnisanaialiing
sumuanlosandug fdlwi a3 1 9250 H,S luztuasmsszaolasniasdradnosiiunszans
NTBIUEINTNNL CASAg-MAA QDs lussszaatimnasordianugiluiannuduuss 53 Msasas
Lﬂé"ywﬁ'aVLWﬁﬁa:myiu&haﬂwﬂﬁagluanwuzLLﬁaﬁauI@ULﬁu 1% (viv) HCI aslusindragnaudisld
dugaowimniiossazaslunauiy CdSAg-MAA QDs lussazaadwinasazdian 99210300
813003 IUMIFINTINNIAITINVY H,S IuuDuEeanununIsa3ouaiadng anNanMImasad
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dausaslugun 8 iunmanaszunlainnnsienzi H,s wuiTunuda idnazansludiagieh
\Fof ldannigesdflenlnaifesnu do 45.4 UM (350 1) usz 48.7 UM (357 2) enwshau
mmgﬂﬁawaﬁ'ﬁ'ﬁﬁwLauavl,ei”{umimwaaﬂ@Umiﬁnwﬁaﬂazﬂﬁﬂﬁ'uﬁusl,unﬁm%'wm“aasha
Mu357 1 lagmat@uansazansunasgiulalasawss IWananududwiandsnuasluarogranidn
A v [ o & . <& ' A A o o
(@13797 2) wodddesaznmanauduvaslalasaudandaglusiiaud 98.0-102.2% Sebiuguldn

Aad o A Aada o caa A
5asnan T uI T lalastanda anaanuine s

400
2.2 A

350~ \
. : 2.0
< 300- N
..Z‘ | .
' 2504
2 = 161 y = 0.0042+1.1906
Q 1~ R’= 0.9978
T 2004 14
8 | 12
S 150 /
(<5}
(&) LG T T T T )
g 100 - £ 0 50 100 150 200 250 /)
8 Hydrogen sulfide concentration (uM) ‘“N
o
E 50 1 /

0 >

200 250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

450 -
400 ] 1451 B
} 1.404
350 1.35]
1 1.304
3004 _ 1o
120
250 _ 1.15 y = 0.0019x+1.0584
200 _ 1.104 R2 =0.998

4 1.05
150 . % ————————————— [
4100 6‘6 0 50 100 150 200 250 300 350 400/

Hydrogen sulfide concentration (uM) |
100

i

Fluorescence intensity (AU)

a1
o o
M

200 250 300 350 400 450 500 550 600 650 700
Wavelength (nm)
gﬂ'n 8  Fluorescence intensity of CdASAg-MAA QDs as a function of H,S concentrations. The insets
show the plot of / /I vs H,S concentration. A) The sample was filtered and mixed with CdSAg-
MAA QDs. The concentrations of H,S were 7-220 LIM. Each point was averaged from three
replicates, acquired at ambient temperature. B) The sample was filtered and 5.00 mL of 1%

(v/v) HCI was added. The concentrations of H,S were 20-350 LLM. Each point was averaged

from three replicates, acquired at ambient temperature



18

= a I e = 1y o A
MN139N 2 NIIATIER H,S I%WQQUWG%WLLE‘J:ﬂ'ﬁﬂﬂ‘H’WEF_JE‘IZﬂ’]‘SﬂE‘l‘]Jﬂ% (n=3)

Sample pretreatment Added (UM) Measured (LLM) Recovery (%)

procedure

First method 0.000 45.4 -
0.025 0.026 1022 +1.1
0.050 0.049 98.0t 07
0.080 0.081 1010+ 16

Second method 0.000 48.7 -

5. n3U328n@ 15 CdS-MAA QDs/CS 1un1331a3124 H,S
Tudunanitezutisaanin 2 mgu@laulmkie] o snsfimanzanlunIngy CdS-MAA QDs uas 'la
laanu (CS) uazdnmdniwavas H,S
5.1 ﬁﬂmama:ﬁmm:auLﬁ(ﬂmwau CdSAg-MAA QDs/CS LLa:msﬂ‘i:qﬂ@ﬂ"ﬁ CdS-MAA QDs/CS
lumsieneyt H,S
5.1.1 s dnluanimanzaasz#ing CdSAg-MAA QDs 1az CS

dnziinadequant@ifuaizas QDs HlianuauysalusinmAizes QDs finade
UseAnTnnlun13ai13ia H,S FIrunsLdn CS ﬁl:ﬁﬁhwﬁ’sUlﬁ’qm&ufﬁﬁdLLada’f%LLa:‘ﬁ’JEIEL‘VT
CdSAg-MAA QDs flenuafiosuindedn a1nnswas CASAg-MAA QDs fiU CS fisasndan 1:1 1.5:1
2:1 1:1.5 war 1:2 1Wisuifisuny aDs Aaududurintunsfiwnslafianuaslidmwnsauls
fuan wunflewdiv cs azthlianuiduuaiwgeaisaisusuas CdSAg-MAA QDs ga’i‘fw,ﬁal,ﬂ%smﬁﬂu
fiu QDs fiauuTuLrinin (gﬂﬁ' 9) watdloindSunos CS wntfin 0.5 i azvihldanuduuss
WRoalIRITUFU0I CASAG-MAA QDs AAad it lesunanidiadn cs sdlulussnassasdazyinle
mi,mﬂﬂaaaaUﬁiaué'hﬁ'uua:ﬁmm@lmﬁfuﬁaﬁﬂﬁ@ﬂaammamuﬁaﬁﬂﬁﬁwmum&mﬂﬂaaaaU@Tﬁ

Iﬂuﬂs:éjua@aa
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—— CdSAg:CS(1.5:1)
200 -
——CdSAg (1:1)
180 -
——— CdSAg after sonicated

160 -
——— CdSAg

140 -
—— CdSAg:CS(2:1)
120 -
= CdSAg:CS(1:1.5)

100 CdSAg:CS(1:2)

80
60

Fluorescence Intensity (AU)

40

20

400 450 500 550 600 650 700
Wavelength (nm)

(o]
o

o]
o

N
o

N
o

o

CdSAg CdSAg 1:1 1.5:1 2:1 1:1.5 1:2
(after
soticated)

Mole ratio of CdSAg-MAA QDs : Chitosan

31l 9 mfinmaandiuluafinunzauszninly CdSAg-MAA QDs uaz CS

5.1.2 IAIMANE AN NENNWIE1HI19 CASAG-MAA QDs uaz CS laglfia3aslafiian (Ultra-

sonic bath)

tanlumslafianinadenInguiwLazNINITNLRITaInannans aeiniIanEaNnIne
pagrmndilelumslafianlaonan CdSAG-MAA QDs uas CS fisamain 2:1 sl lofiandag
L3849 ultra-sonic bath (ﬁﬁa CEST level 4) Tugrsmfiuanananu da 510 15 waz 20 Wit sl
Jasnanuidunsangoalmud wusnfadiunanlumslafieninndu anudy usangoaLIRLTuD
284 QDs auv‘i'ugai'fuamﬁm Wariuarlunslafitanunnduudidaiin 15 uiiezddaans
Wndesiandunannnmmudanidueumelngjuazanaznon ldUSinmnessasdAinszany
lupaanalIanad
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250

200

10 WA

150 — 5w

—— 15U
100

—— 20 ¥l

Fluorescence Intensity (AU)

50

0 T T T T T

430 480 530 580 630 680
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5.1.3 @n¥19NdNavas pH
nmdnsnawnininuin pH ﬁwa@iaamwﬂs:qmaaﬁruﬂmaa QDs m3ld €S 1duan
TIUNPIUATAIR NI AAHIULTITEN 9 329 \#8991nfAv89 QDs azidudazgay LLa:ﬁ]’mﬁ’]LWﬂﬁl
nguaziilululalomuasfidszaduuinuazanslddlugag pH 3-6.5 Fyazinlilalamuazanoinlad
wazWiouazsuniy QDs ﬁﬁﬁuﬁuﬂuﬂizﬁgau [10] 3918anT29 pH Iuﬂwa?w@aadagjlumd@ful,@i 3-7
INHANTNARAI WU mmnTaJLL'MWQaaLsamuﬁpﬁg@lua:&wﬁwW\Iai: (pH 5) ANULTNTW 10
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Wi Cs avlunald naunazin cdsag-MAACS liinRauuunszansnsas lagifuaniazaisnnaigiu
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mwmimmwl@aanmsnwf (3ﬂﬁ 12) WuIHTIA NI UEUATI 10-60 LM f‘ﬁoﬁ‘*ﬁaammlﬁuﬁuﬁgjﬂ
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6. n31szyndld CdS-MAA QDs/CS fitadauunnszaunsaslun1sIaszv H,S
6.1 @nran1ziianzanlnvnisiaiou CASAg-MAA QDS/CS LWNIZAENTE
nMIfnEanzirzaulunENIzning CS U CSAg-MAA QDs luda 5.1 wudiad
manzanlumslofiianda 15 w11 uwazsamsnluainunzanszning CdSAg-MAA QDs v 0.1 %
wiv) lalasulunadanidugu 1% (viv) sfidﬁﬁ‘lﬁmmmm]”uLLMWQQaLsmsﬁwﬁmaﬁaquﬂmﬁugdifu
Wnga fa 2:1 uazanzimunzanlumsiny fi3o1swing CdSAg-MAA QDs/CS waz H,S fia 10
mM ssazansiwinasuadiaa (pH 5) aIu3ta38u CASAG-MAA QDs/CS lag3Fasnanudaiin
N32A®NIBLLBT 1 (Whatman No.1)
wu'jwmsﬁﬁm:mwmaa'ﬁuiummau CdSAg-MAA QDs/CS UaTUNagauNuLis H,S 92
lwsvasnsranmuaouwutas de Sfmaeaduinniwdafinnnududuas H,S sﬁoLLa@aﬁogﬂﬁ 13
wAFpaINTTABNIRIaITINT I MagaLnLLiE H,S liminauaiiiasainminizansiizesminas
CdSAg-MAA QDs/CS 'lai@

311 13 n3zaNIINARBUAILENTHAN CASAG-MAA QDs/CS Uazinunagauny a1 (a) H,S

50 LM (b) H,S 100 LM (c) H,S 200 M H,S (d) waz 400 UM H,S (e)

ldddouitninaioudunisiann ¢S 0.1 mm) nauudr3siinniulusnsnasanasd
CdSAg-MAA QDs (0.2 mM) LWl unuITnsiaIsuuuuLEN WUINIANURNNLENETIRNTZA

a_ a oA a o o A o & Av A= q o &
nIasazdinimaeisamaafeuuniay Funaaizun 14 danu nuidoidaldnsefou cS wuy

ﬁﬂ?\iuuuni:@mmaaLmumsﬁju

311 14 nezensnIaangnLaen (insnaaad 5 1) daisnIdunszaisnasluanInay CdSAg-

u

MAA QDs/CS (a) Lazn1shuufans CS riau,ag;usl,u,zemﬂaaaamir CdSAg-MAA QDs (b)

6.2 n1sAans1ansnazasdSualalasin
QDs ﬁﬂi:ﬁ;LﬂuauuuﬁmazmzmwmadLﬂuwagiaaﬁoﬁﬂi:ﬁ;tﬂuauLﬁuLamﬁ'u RN R
cs vududdouitosandez fluangrssuiy QDs eatin Usunm CS S9inalavassdorSunm
CdSAg-MAA QDs fifiaimzfiaunnizasnses Wawdswdinaesoudunisdann Cs naumiaa
Wi CdSAg-MAA QDs 34 lavimsAnsndsunm cs Auandaniu msdnsdasduazvilasnsaanu
CS NAMUTUTULANGITH (0-1% wiv) LilanszasnTasuiindismans1snasasoss CASAG-MAA

QDs (20 ML) aslunszanmnias anuuih ldnesaunussssanslodouga lWd luasszaainiwes
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WaTLAa (pH 5) UY3u1@3 10 UL (0.042 M) WUIINTZa BN TN EANYE CS AIULTHTU 0.25% (Wiv)
U8z 0.5% (W/V) Iﬁwamimaadﬁﬁqﬂ {8 RINTWIINNIINIZA8AIV9 QDs T uusmidd
WAaIuuNTzANENTes uadaivanuIuTuYes CS anuwilavasansarans CS szandn Sevili
MINTFALAIa CS unnszansnsasliadiaus Lm:ﬂi:mwnaaw:gnﬁﬂﬁuﬁaﬁauﬁmﬁu QDs 34
vl aDs nsvanwdalalifitasandasldinalumsild cs amsuansiials abs W luunsn

@T’Ja;uivl,@‘f@‘i'qgﬂﬁ 15

EIDIC (¢

0.10% CS +QDs

!

¢ 48 R - ,
T : FulsAuAN Aa NIEANEA
0.25% CS + QDs qutlsmauau 3
X .- anvulalnulazvengns
i G ] ! )
- ; | Panaad CASAG-MAA
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5 v ' (2 ‘ "5 ‘ - ok

1.00% CS

\

35Ul 15 nazanunsasndanulalasuuaznuasisneasaud CASAg-MAA QDs #innageunu

ssaranaloiduus aluasazaatnineiozBiaa (pH 5) Usu1as 10 UL (0.042 M)

WWaranuTudusaslalamuninanzaudslarinnmasadin nszanunIadNiafaudI8ans
N&U CASAg-MAA QDs/CS Na3audiadtaina1idnedwlunasaunuuia H,S NN iutwuandd
fits (20-100 M) 913 3 52l N3N 16 wuinszesnIaInd 0.25% (wiv) CS dmsildsuuilas
23F ANV NT U ILTR H,S wand9ny luvaeh nszanunIadnid CS unnin 0.25% (wiv) 4

A AA) . o P A A A a a o [y
madfsuudasdf laitalan Sevasidunaniann Cs AnfauuunszanuidSunaunniis vilvans
uwIzaIuia H,S ansd Tunsassnudiuganinanadzanizasniadind 0.1% (wi) CS fimiand

ad a < A a a o [ a wn

w048 5IianguINHaTaIuAs HOl Mdnasldunniiuwarild QDs guiFosut@anudum
1u [8]

0.1% (w/v) CS
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6.2 N15ANBN am'sxﬁmmzau’lumsﬂszqnm“l%’ CdSAg-MAA QDs/CS fitaRauuw
N3TANHNIAI LHATIATIZRUAS H,S
snmsAnmzasalunsidfAseanuuda H,S Tuga9asud 30 wrft - 3 5alua
WU 1 %’5Iualﬁwaﬂ'mﬂﬁimmmmﬁﬁﬁq@ iiosanngrislBuwanluasvlilaves HCl (1.0 M) 7
W@uadldvinlimnsneaaasdiduanin

NaanulalamuuazanInaaaasd CASAG-MAA QDs RRIINNINUNNATAUALULAR H,S

snnInasautsduinldmauinmsinlalaswldsuunnizarwnsesnoaniaziduas
AaaRauaw L1 CdSAg-MAA QDs 37 1#N1InIznuaITaIansnaaaau@ul L CdSAg-MAA QDs @
Ju 398enisnsdavimduitnisiedevlalamiuuazansnaasssduili CASAg-MAA QDs Ut
A3TANBNTAY 1a8N1TNUENTAZANY CS Iuuadfnitudu 1% (viv) RIUBNTzaBRaBLEITIAaNUaT
Aaanasduls CdSAg-MAA QDs

wonaniin lad@nmnaniwavesnadiaslflunmsvinlvnszanmnsesusis wuitnanmanzanls
mMsfalinszanenIasuiInaninnua1snaasasdun 1 CdSAg-MAA QDs fia 3 faimﬁlqmﬁqﬁﬁaa
LRZHRIAANURITABARLAR 114 CASAg-MAA QDs fia 3 fﬂiuaﬁqzwgﬁﬁaa (i‘fuagﬁumm‘ﬁ?u’tu
81me)

MNMIENEENENaTIT NG luMsAaN I IAaaa0sdun [ CASAG-MAA QDs Sedanut
AUANUTUTUUIFNITAEARELAW [ CASAG-MAA QDs UNT=AHNTEY WL QDs An1Inszansan
UWN3EABNITiIMIaanut 2 a%3 18 Tm3sunuues QDs WiasannUsunm QDs Awnuin CS
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MlAFldadnaue WaldSoufisununInueIneaaasauili CdSAg-MAA QDs ATILAH7 A=A
a ' & a a a a A ' o A A v @ a
mMIdannasadeIinmadfsuulasdnuanarsnuilaidfonulasanauitutiwuas H,S wasiuas
nizansdafianuminanadnean asuaaslugf 18 ainuauiioiidufondanu CS uaz CdSAg-

MAA QDs a81982n 39 Lﬁuam’azslumsm‘%ﬂuﬂq@]maaa

311 18 nezanmnIINigniaIsudIBIEnImIKumMIneasauduIli CASAg-MAA QDs 2 A3i (a) N3

AaWn 1 A39 (b) WahUJATLINL H,S NAMNTUTULANEAIINK (20-xxx UM)

A o a o @ aa [ ' ' v I3 & A
LNau’]ﬂiz@’]‘]ﬂ"q@aaﬂﬂl;@iﬂuﬂ’]ﬂl@]ﬁﬂq')zLLaz’]ﬁﬂ’]sﬂ\‘lﬂaq’]vLﬂﬁaﬂﬂ']Ul@]“aa@uuﬂﬂvl’ﬂ'ﬂ LND
o A & . oA Ay & a
ﬂﬂqiﬂizﬂqﬂ(ﬂjﬂﬂaﬂ QDs U#NITaA (31.]7] 20) ﬂznﬂuquﬂ’]iﬂizﬂ']ﬂ“ﬂa\ﬁﬁﬁusﬁﬁlaﬂuﬁﬂ’]ﬂﬂhli’]’]’]LLﬁ\'j

289 QDs UNNTeATENTAIaLNRNLFND

3111 19 nazenunIaINDNIETENAIBITNIINNINL CS uazanInaanandulli CdSAg-MAA QDs 1 A33

muldnaaauudnlar (Excitation wavelength; 366 nm)

6.3 msﬁ%ﬁ'%mwﬁ'n?}aﬁamaaﬂizqmﬂ%’ CdSAg-MAA QDs/CS #L1afauunnsza18n509l
MINATZAUAE H,S

Warlunsfusuihnmaasuulasdzasnzasnsarinfaannnsid §i5eening H,S fu
g5naanasduili CdSAg-MAA QDs i 39ldvinnsnasaslasnisiasouasazarslaidoa
FalWdnanututuandronuluasazans 1.0 M HCI Wisuifisunumsesoaln 1.0 M NaOH uaz
gIazany 1.0 M HCI dsaanansazanalodoudalue udaiinizansnsasfidiumiadouunnss
Wwas 1 galaus wudrFvesnszansdinmandfonudsstanuanizlunsdiesouamsszaoladoy
T8 WG LwaTaza1s 1.0 M HCI (gﬂ‘ﬁ' 19)
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311 20 nzasnIasfignieIpadisITnInIIiuaIIneanasdUIl CASAG-MAA QDs had1iN

UA%N H,S Nenudutusandrsnuuaziassaluamsszaanuandonis

wannu 89ladnudninavasuizsiadn ldun SO, NH, H, Uz aame wisuifisuny
H,S Iilwademudfsuudasivasgananasmiald wudl SO, H, uaz a1ma Aanuidudu 500 ppm
' o wat A ) A o @ AA A o £ A
livldFuasnszanmufouwudasaniiu NH, A linszansnsasdifndaadudn anafiesananlu
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a o d‘vl £ =S a a 1 = =3
NuIhlans@nsanuiaiiusves QDs (FraIntzans) WE9nan 2 hen lasiAunszany
ﬁﬁ'}ﬂﬁmaaumssumuﬁhgﬂﬁ 20 ldluqas‘ﬁﬂ59%51&'\1mmmsl,ﬂﬁﬂuuﬂaaﬁmmmzmﬂuma 2
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6.4 n131sz8na 1% CASAg-MAA QDs/CS fadavunnszasnsasiunmiiansiuds
H,s ludathein

ﬁnﬂmiﬁﬂﬁ‘aaﬂ'wﬁﬂmnL'ﬁauéwauu T3 IIaUATNTANT AN3LATIER launInTas
fas9ti1 10 mL dapnszensnIad (0.45 um) ldluanaiivansdingss niwdn Hel (12 M) 144

ANt 1 M uWlsuisuAunTIINesIUA NN ITUAILG 100-500 UM NIMNA 3 70 (a-c) LAY
a a o Ao, ¥ & 1 a
gamuguAsnIzasnIasnsilunasafidudssazats 1 M HCOI lwhunaanleasu auiui fves

Aad

NI BNIINAIBNIINARALNLAIDENS (d) VinagIzning 100-250 UM
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ELECTROANALYSIS

A Highly Sensitive Hydrogen Peroxide Biosensor Based on
Hemoglobin Immobilized on Cadmium Sulfide Quantum
Dots/Chitosan Composite Modified Glassy Carbon

Electrode
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Abstract: An L-cysteine capped cadmium sulfide-chitosan
nanocomposite has been synthesized, characterized and
used for surface modification of a glassy carbon electrode.
With direct electron transfer, hemoglobin (Hb) adsorbed
strongly on the nanocomposite and displayed excellent
bioelectrocatalysis for H,0,. The biosensor was capable
of reducing H,0, at —0.35V, with a detection limit of
3.13 nM, linearity in the range of 15nM to 10 uM and

a response time of less than 2s. The Michaelis—Menten
constant (Ky;) was 0.57 nM, attesting high bioelectrocata-
lysis of immobilized Hb for H,O,. Reproducibility of the
fabrication method was very satisfactory with a relative
standard deviation of 5.3 %. The biosensor lost only 6.5 %
of its original response after 7 days when stored in
apH 7.4 PBS at 4°C.

Keywords: Hemoglobin - Cadmium sulphide - Quantum dots - Chitosan - Hydrogen peroxide

1 Introduction

Quantum dots (QDs) have received considerable atten-
tion in bioelectrochemistry because of their unique prop-
erties such as catalysis, conductivity and biocompatibility
[1]. Cadmium sulfide (CdS) QDs have also attracted
great interest in biosensing applications due to their
unique electro-optical properties with a band-gap energy
of ~2.42 eV at room temperature, which can be easily in-
duced by visible light, resulting in easily transferable elec-
trons [2]. In general, CdS QDs must be functionalized
with other molecules to protect them from photoinitiated
surface degradation [3]. rL-cysteine (L-Cys), a versatile
thiol-containing molecule, has been used to functionalize
QDs in biological applications [4]. Macromolecular bio-
polymers also play an important role in QDs bioconju-
gate applications because their dimensional compatibility
and availability [5,6]. In particular, chitosan (1,4-2-
amino-2-deoxy-p-p-glucan; CS) has been widely applied
for bioconjugation with nanomaterials in electrochemical
biosensing. This popular biopolymer with amino and hy-
droxyl groups offers a unique set of properties including
hydrophilicity, hydrophobicity, biocompatibility and re-
markable affinity for protein and DNA binding [7,8].
However, a limitation of CS for electrode modification is
an extremely high degree of swelling in acidic and water
media because of its hydrophilic groups. By loading with
metal nanoparticles, the swelling behavior of CS can be
greatly improved [9].

Hemoglobin (Hb) is a well-known oxygen transfer pro-
tein in red blood cells. Hb has been widely used as an
ideal model protein for studying electron transfer in bioe-
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lectrochemistry because of its commercial availability,
good stability and moderate cost. Hb has 4 electroactive
heme redox centers in its respective porphyrin complexes
[10-12]. Considering sluggish electron transfer rate
(ETR) at pristine electrode surface, high electron transfer
and conductivity can be accomplished by modification of
the electrode surface with polymers [13], transition metal
oxides [14] or nanomaterials [15]. For example, Zhou
etal. [2] present the pyrolytic graphite (PG) modified
with CdS immobilized Hb exhibited the catalytic activity
towards H,O,. Hb is entrapped in CdS NPs before modi-
fied on PG. It was found that Hb cannot exhibit electro-
chemical response to H,O, without the help of CdS NPs.
Meanwhile, CdS NPs played an important role on the
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electrocatalytic ability of H,O, reduction by Hb. Besides,
Xu et al. [16] report that Hb can retain its bioactivity and
transfer electrons directly to a normal graphite electrode
when it is modified by CdS QDs. According to the
amount of Hb modified with CdS estimated by UV-vis
spectroscopy, only 21.3% of the total amount of Hb de-
posited on the electrode is involved in the electron trans-
fer, these suggested that only those Hb molecules in the
inner layers of the films close to the electrodes can ach-
ieve electrons exchange with the electrode. From these
results, CdS QDs was very important for the orientation
of Hb and their electrocatalytic ability. Recently, CS have
been widely used as the supporting film for CdS QDs.
For example, Pan etal. [17] reported the using of
CdS:Mn NPs capped citrate to immobilize Hb on the CS
film modified GCE through electrostatic interaction.
CdS:Mn-CS modified GCE provided the direct electron
transfer and electro catalysis of Hb with a detection of
0.75 uM. However, the effect of citrate and Mn were not
explained. Pan etal. [18] presents the layer-by-layer
(LBL) films fabricated with Hb and the nanocomposite
containing multiwall carbon nanotubes (MWCNTs) and
CdS QDs. CS was entrapped on the GCE surface before
immerged into CdS-MWCNT suspension solution. All the
results showed that the optimal MWCNT—CdS nanocom-
posite was excellent to assemble Hb.

Since L-Cys provided the suitable environment for im-
mobilization of Hb on CS [19], it is possible that a compo-
site film of CS and CdS QDs functionalized L-Cys modi-
fied GCE for immobilization of Hb will provide a high
sensitivity sensor for H,O,.

This article reveals the direct electron transfer (DET)
and electrocatalysis of Hb at the CdS/CS interface with
high stability and biological activity. The electrocatalytic
reduction of H,0O, and oxygen by the modified electrode
is very sensitive, showing the potential application of the
CdS/CS biocomposite film in the construction of a third
generation biosensor for H,0,, a simple molecule that
plays an important role in analytical and biological
chemistry.

2 Experimental
2.1 Reagents

Bovine hemoglobin (Hb), r-cysteine (L-Cys), cadmium
chloride (CdCl,), sodium sulfide (Na,S), chitosan (CS)
and 30% (w/w) H,0, were obtained from Sigma-Aldrich
(USA). Na,HPO,, NaH,PO, and Tris-HCI [tris (hydroxy-
methyl) aminomethane hydrochloride] (Sigma-Aldrich)
were used for the preparation of phosphate (PBS) and
Tris-HCI buffer solutions. PBS (0.1 M) with various pH
values were prepared by mixing stock standard solutions
of Na,HPO,, and NaH,PO, and adjusting the pH with
H;PO, or NaOH. The Tris-HCI buffer solution (0.5 M)
was prepared by dissolving Tris hydrochloride into deion-
ized water and adjusting the pH with HCI. Working stan-
dard solutions of H,O, were freshly prepared from 30 %
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(w/w) H,O, and diluted with 0.1 M PBS buffer solution
pH 7.0. Other reagents were of analytical reagent grade
and used without purification. The water used was ultra-
pure water (18.2 MQcm).

2.2 Apparatus

Electrochemical experiments were performed on a CHI
660A electrochemical workstation consisting of a modified
GC working electrode (3.0 mm diameter), an Ag/AgCl
reference electrode and a platinum counter electrode. All
measurements were carried out in 5.0 mL of phosphate
buffer pH 7.0 at ambient temperature. The buffer electro-
lyte was bubbled with highly pure nitrogen for 10 min
and then kept under nitrogen atmosphere over the solu-
tion during the experimental process. A Shimadzu UV
PC-2401 spectrophotometer was used for absorbance
measurement, while a spectrofluorometer was used for
recording the fluorescence spectrum of CdS QDs. The
mixture was placed under ultrasonic irradiation in an ul-
trasonic bath (35W) for 15 min to improve the reactivity
of CdS QDs and CS. Electrochemical impedance spec-
troscopy (EIS) was performed in 0.1 M KCI containing
5.0 mM Fe(CN)g> /Fe(CN)¢*~ (1:1) as a probe at its open
circuit potential with a frequency ranging from 1.0x 1072
to 1.0x10°Hz at 5mV ac. Electrochemical impedance
data were recorded by a BAS-Zahner IM6 impedance an-
alyzer (USA) and analyzed using the ZSimpWin software
(Princeton Applied Research). The film morphology on
the electrode was examined by a JEOL 2100 high resolu-
tion (scanning) transmission electron microscope (SEM,
UK).

2.3 Fabrication of the Hydrogen Peroxide Biosensor
2.3.1 Preparation of Water-Soluble CdS QDs

Water-soluble CdS QDs were synthesized as described by
Lu et al. [13] with some modifications. In brief, 1.0 mmol
of L-Cys was added to 100 mL of deionized water under
vigorous stirring and nitrogen bubbling for 30 min. After
adjusting the solution pH to 8.0 with 0.5 M Tris buffer,
0.5 mmol CdCl, was added into the solution and reacted
for 30 min. Na,S (0.5 mM) was dropped into the reacting
solution which was kept under nitrogen bubbling at 47°C
for 2h, followed by nitrogen flushing for 10 min to
remove unreacted sulfide.

2.3.2 Fabrication of the Hb/CdS/CS-GCE

A 1.0% (w/v) CS solution was prepared by dissolving CS
flakes in 1.0% (v/v) acetic acid. The CdS QDs and CS
composite solution (1:1 ratio of volume) suspension was
prepared by dispersing the CdS colloidal solution
(3.85mM) 200 uL. and 200 pL of 1.0% (w/v) CS with
sonication for 15 min. Hb (10 mg mL™) was prepared in
0.1 M PBS (pH 7.4).

A GC electrode (GCE, 3 mm diameter) was polished
with 0.3 and 0.05 pum Al,O; slurry successively followed
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by thorough rinsing with deionized water until a mirror-
like surface was obtained. The electrode was respectively
sonicated in deionized water, absolute ethanol and deion-
ized water for 5 min each, and allowed to dry at room
temperature. The CdS/CS suspension of 4 pL was drop-
ped onto the GCE surface and the solvent was dried
under ambient temperature for 2 h. The electrode was
then immersed in 10 mgmL™"' Hb (dissolved in 0.1 M
PBS, pH 7.4) for 18 h, followed by washing with PBS,
pH 7. The modified electrode (Hb/CdS/CS-GCE) was
kept in 0.1 M PBS, pH 7.4 at 4°C when not in used.

3 Results and Discussion

3.1 Cadmium Sulfide Quantum Dots and CdS/CS
Composite Characterization

The fluorescence spectrum of CdS QDs in 5.00 mL deion-
ized water exhibited an excitonic absorption peak at
380 nm, corresponding to a narrow fluorescence emission
peak at 480 nm (Figure 1, curve a). The emission peak
tailing between 520 nm to 600 nm could be attributed to
the different size of CdS QD particles [20]. From the ab-
sorption onset at ~454 nm (Figure 1, curve b), an average
diameter of 2.4 nm was estimated for synthesized CdS
QDs using a hyperbolic band model [6]. As expected, the
absorption spectrum of the CdS/CS composite solution
(Figure 1, curve c) was significantly different from those
pure CdS QDs (Figure 1, curve b), confirming the bond-
ing of CdS QDs with CS [21].

Figure 2 shows the SEM micrographs of the CdS/CS
nanocomposite film (Figure 2B) and 1% (w/v) CS (Fig-
ure 2A). The CdS QDs in the CS matrix (Figure 2B) ap-
peared as spots of agglomerated QDs associated with CS;
each QDs is spherical with an average diameter of

1.0
F12
0.8 L 10
A e
=1
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Fig. 1. UV-visible absorption and fluorescence spectra of L-Cys

capped CdS and the CdS/CS composite a) Fluorescence emission
spectra of CdS QDs (80 uM) diluted in 5.00 mL deionized water;
Aem=480 nm (A,,=370 nm) b) Absorption spectra of CdS QDs
(80 uM) diluted in 5.00 mL deionized water c) CdS/CS (ratio of
1:1) 100 pL diluted in 5.00 mL deionized water.
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~4 nm. This was close to the value which estimated from
the absorption onset using the hyperbolic band model
(ca. 2.4 nm). The morphology of the CdS/CS nanocompo-
site film was different from that of unmodified CS (Fig-
ure 2A). Moreover, the cracking SEM image of the incor-
poration of CdS showed clearly indicated evidence of
CdS QDs can enhance the thermal decomposition stabili-
ty of CS [21].

Different features can be observed in every size distri-
bution profiles of CdS functionailized r-Cys (Figure S1 A1
Supporting Information), CdS/CS composite solution
(Figure S1 A2 Supporting Information) and 20 pL of 5 mg
mL™" Hb in CdS/CS composite solution (Figure S1A3
Supporting Information). The intensity distribution of
CdS/CS composite solution and Hb/CdS/CS was different
from pure CdS QDs. These large aggregates may result
from the formation of homogeneous complex between
CdS and CS. These aggregates are consistent with the size
distribution profile of the Hb solution (Figure S1B Sup-
porting Information). The different pattern of size distri-
bution was observed in pure Hb (Figure S1B1 Supporting
Information) and presence of CdS/CS composite solution
(Figure S1B2 Supporting Information). From these re-
sults demonstrated that the CdS/CS composite solution
associated with Hb, providing a complex mixture as men-
tioned in previous works [7,8,21]. Therefore, Hb is con-
sidered to bind to L-Cys capped CdS and CS through hy-
drogen bonding between Hb and amino/carboxylic
groups of L-Cys on the CdS/CS composite film [7,8,21].

As the immobilization of Hb onto the CdS/CS compo-
site film depends on both the CdS QD and CS composi-
tion levels, the effects of the CdS/CS volume ratio and
the Hb concentration were also investigated, with the re-
sults shown in Figure S2 (Suppporting Information). The
slope (sensitivity) of H,0, determination was maximal
with a volume ratio of CdS:CS of 1:1. Obviously, the se-
lectivity of the composite film was reduced at higher con-
tents of CdS QDs because CdS QDs can interact with
several ions in the supporting electrolyte and interfere
with the reaction between Hb and H,O, [22]. At high
contents of CS, the composite film was easily swollen
with lower surface adhesion because of the hydrophilic
property of CS [21]. Therefore, the optimal volume ratio
of CdS and CS was 1:1. The response current increased
with increasing amounts of Hb up to 10 mgmL ' and de-
creased above 10 mgmL~". Therefore, 10 mg mL™"' of Hb
was used for all subsequent experiments. The optimal in-
cubation time of the modified electrode in the Hb solu-
tion was established as 18 h.

3.2 Electrochemical Behavior of Hb on CdS/CS-GCE

Cyclic voltammograms (CVs) of the bare GCE and modi-
fied electrodes were recorded in an electrolyte consisting
of 0.1 M KCI and 5.0 mM Fe(CN)s " /Fe(CN)¢*~ (1:1) at
a scan rate of 100mVs™". As shown in Figure 3A, the I,
and I, ratio of the bare GCE was about unity, as expect-
ed from quasi-reversible one-electron redox behavior of
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Fig. 2. SEM images of CS film modified on glassy carbon (A) and CdS/CS composite film modified glassy carbon (B)
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Fig.3. A) CVs of the different electrodes in 5mM

[Fe(CN)¢]**~ in KCIl (0.1 M). The scan rate was 50 mVs~'. B)
Electrochemical impedance spectrum of the bare GCE (a), CS
modified GCE (b), the CdS/CS composite film-modified GCE
(c), the Hb/CdAS/CS composite modified GCE (d) in a back-
ground solution of 5 mM [Fe(CN)¢]*™*~ in KCI (0.1 M). The fre-
quency range was 5.0x 1072 to 1.0x 10° Hz at 25°C.
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ferricyanide. After the electrode was modified with CdS/
CS, the highest peak current (/) and the lowest AE, were
observed when compared with those of the bare GCE, in-
dicating that CdS plays an important role in increasing
the electroactive surface area. The [, and AE, of the Hb/
CdS/CS-GCE were higher than the bare GCE, CS-GCE
and the CdS/CS-GCE, due mainly to the attachment of
Hb on the CdS/CS composite film.

As anticipated, the electron-transfer resistance of the
bare GCE (Figure 3Ba) was larger than CdS/CS-GC
(Figure 3Bc), owing to higher electrical conductivity of
CdS QDs and the enhanced electron transfer between the
composite film and the underlying electrode. The semicir-
cle dramatically increased when CS was electrodeposited
on the GCE surface (curve b), suggesting that CS film
acted as an insulating layer and barriers which made the
interfacial charge transfer inaccessible. Once Hb was im-
mobilized on the CdS/CS-GCE (Figure 3Bd), the elec-
tron transfer resistance was noticeably increased com-
pared with those of the CdS/CS-GCE (Figure 3Bc) and
the bare GCE (Figure 3Ba), confirming the immobiliza-
tion of Hb on the composite film [23].

Figure 4 shows the CVs of the bare GCE and modified
electrodes (after immersed in 10 mgmL ™ of Hb for 18 h)
in 0.1 M PBS buffer, pH 7.0 containing 5 uM H,0O,. The
current response to H,0O, at the Hb/CdS/CS-GCE
(curve ¢) was significantly higher than that of the Hb-
GCE (curve a) and the Hb/CS-GCE (curve b). The Hb/
CdS/CS-GCE was very sensitive to H,O, due to a syner-
gistic effect in the electrocatalytic activity of CdS QDs
and CS together with favorable orientation of Hb on the
film. Therefore, the combination of CdS QDs and CS im-
proved the electronic transport capacity, resulting in an
ultrafast electron transfer between Hb and the CdS QDs
and CS modified electrode [24].
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Fig. 4. A) CVs of the different electrodes (after immersed in 5 mgmL~' Hb for 18 h) in 0.1 M pH 7.0 PBS containing 5.0 uM H,O,:
(a) Hb-GCE, (b) Hb/CS-GCE, (c) Hb/CdS/CS-GCE. B) Effect of pH on the cathodic peak potential of the composite-modified elec-
trode in 0.1 M PBS. Inset: CVs of the modified electrode in PBS at various pH values (4.5 to 8.0) at a scan rate of 50 mVs™".

A reduction current increase and oxidation current de-
crease occurred only with the Hb/CdS/CS-GCE (Fig. S3,
Supporting Information). This result indicates that the
immobilized Hb retains its ability to reduce H,O, and O,
electrocatalytically based on the following equation [12]:

Hb heme Fe(Ill) O, + 2H" +2¢™ —

1
Hb heme Fe(Il) + H,0, @
3.3 Effect of pH on the Electrochemical Behavior of
Hemoglobin

When PBS was deoxygenated by bubbling pure nitrogen
into the cell, the oxygen reduction peak disappeared [18]
and the reduction peak potential of Hb bound oxygen
changed with different pH values. At lower pH values,
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the response signal was affected and the reduction poten-
tial was shifted to less negative (Figure 4B). Such behav-
ior could be due to noticeable changes in the conforma-
tion of the protein and CdS/CS [18]. Therefore, PBS at
pH 7.0 was selected as the supporting electrolyte in all
subsequent experiments, given that Hb sensors would be
used under normal physiological conditions. The slope
was 24 mV/pH over a pH range of 4.5 to 8.0. This value
was much smaller than the ideal Nernst’s value for the
one electron and one proton process [25,26]. The reason
might be the biocompatible micro-environment provided
by L-Cys capped CdS QDs and CS resulted in the elec-
trode more stable to pH changes [26], influences the pro-
tonation state of trans ligands to the heme iron and
amino acids around the heme, or the protonation of the
water molecules coordinated to the central iron [27].
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3.4 Electrocatalytic Activity of the Hb/CdS/CS-GCE

The high sensitivity of the Hb/CdS/CS-GCE biosensor
can be attributed to the unique architecture of the elec-
trode surface. L-Cys capped CdS on CS acted as an elec-
tron transfer channel that offered an ultrafast charge car-
rier and charge transfer on the electrode surface. More-
over, L-Cys capped CdS and CS also possessed amino and
carboxyl groups on their molecules which directly bonded
with Hb. Indeed, a synergetic electrocatalytic mechanism
has been postulated by Zhiguo et al. [24] as follows:

Hb heme Fe(III) + H,0, — Compound I + H,O (2)
Compound I + e~ + H" — Compound II (3)
Compound IT + e~ + H* — Hb((Fe(III)) + H,O 4)

The reduction of the overvoltage and an increase of the
peak current of H,O, reduction confirmed that Hb exhib-
ited high bioelectrocatalysis for H,O, reduction. As
shown in inset Fig.S3 (Supporting Information), peak
currents were proportional to H,O, concentrations. The
calibration plot is linear (R*=0.9960) for a wide range of
concentration (0.3-10 uM).

Based on Faraday laws, I'*=Q/nFA, where Q is the
charge involved in the reaction, n is the number of elec-
tron transferred, F is the Faraday constant and A is the
effective area of the GCE, the surface concentration of
electroactive Hb (scan rate 10 mVs™') was estimated to
be 8.14x10"" molecm™ for the Hb/CAS/CS-GCE. The
value was significantly higher than the theoretical mono-
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layer coverage of Hb (1.89x 107" molcm™2) as reported
by Silva et al. [28]. Apparently, the CdS/CS composite is
a promising material to increase the functional density of
Hb, facilitating electric communication with the underly-
ing GCE.

According to Laviron’s Equation, the heterogeneous
electron transfer rate constant k, was estimated with the
following equation [29]:

Ink,=aln(l—a)+(1—a)lna

RT nFAE (5)
- ln(m> —a(l - a)—RT P

where a is the charge transfer coefficient, which is setting
to be 0.5 [30]; AE, (the potential differences between the
redox peaks) was 120mV at a scan rate of 200 mVs™.
Then, k could be calculated to be 1.2 s}, indicating L-Cys
capped CdS and CS provided the suitable environment
for electron transfer on GCE surface.

Typical CVs of the Hb/CdS/CS-GCE in PBS pH 7.0 at
different scan rates are shown in Figure 5. Both cathodic
and anodic peak currents were proportional to the scan
rate with the correlation coefficients of 0.9971 (I,,) and
0.9976 (I,.). The CVs remained essentially unchanged on
consecutive potential cycling, indicating that modified
electrode is stably confined on GCE and the reaction is
a surface-controlled process [31]. An unclear anodic peak
of Hb may due to the slow electron transfer of the oxida-
tion reaction (Fe*" to Fe’") on Hb at the electrode sur-
face which resulted from CdS QDs submonolayers which
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can be retard transferring of electrons on oxidation reac-
tion of Hb [16]. However, the cathodic peak was drasti-
cally increased after the addition of H,O, (Figure S3 Sup-
porting Information), assuming that the three-dimention-
al nanostructure of CdS QDs in CS film are especially at-
tractive to increase the immobilization amount of Hb
with helping of L-Cys and CS. It can be concluded that
CdS QDs have operated as an efficient electron conduct-
ing tunnel between Hb and GCE.

3.5 Amperometric Detection of H,0, at Hb/CdS/CS-
GCE

Figure 6 shows the steady-state current response of the
modified electrode at —0.35V in PBS buffer solution
(Figure 6a) and in the presence of 15nM H,O, (Fig-
ure 6b). During the successive addition of H,O, 15.0 uM
(10.00 pL each drop) into 5.00 mL of buffer solution (Fig-
ure 6¢), a well-defined response was observed. The plot
of the response current vs H,0, concentration was linear
from 15 nM to 10 uM. The calibration plot over the con-
centration range of 30-140 nM (5 points) has a slope of

ELECTROANALYSIS

6.66x 10" A/nM (sensitivity), a correlation coefficient of
0.9995 and the detection limit of 3.13 nM (S/N=3). For
comparison, the Hb/CAS/CS modified electrode shows
better sensitivity than other Hb biosensors reported in
the literature (Table 1).

For H,O, concentration higher than 10 uM, a response
plateau was observed, indicating typical behavior of the
Michaelis—Menten kinetics. The Michaelis—Menten con-
stant (Ky), estimated from the Lineweaver—Burk equa-
tion is used to describe the enzyme substrate kinetics
[32].

1

1_ (s (6)
I ss I, maxC

I is the steady-state current after the addition of sub-
strate, C is the bulk substrate concentration and I, is
the maximum current measured under saturated sub-
strate.

The K, in this work was estimated to be 0.57 nM,
smaller than that obtained at electrodes modified with
immobilization of other enzymes and proteins [33]. Such
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Fig. 6. Chronoamperometric responses at the applied potential —0.35 V of the Hb/CdS/CS-GCE in a buffer solution pH 7.0 (a), for
15 nM H,0, during a long period of time (b) and for the addition of H,0, 15.0 uM (10.00 pL each drop) into 5.00 mL of buffer solu-
tion pH 7.0 (c). Insets: plot of peak currents (anodic peak) vs. H,O, concentration obtained from peak (c).

Table 1. Methods for the determination of H,O, using hemoglobin and nanoparticle modified electrode. Reduced graphene oxide/
carbon ceramic electrode(RGO/CCE), CSNs=colloidal silver nanoparticles, MFIOH =the hierarchically porous zeolite with meso-mi-

croporous structure.

Linear range LOD Ref.
CdS/Hb-RGO/CCE 2.0-240 mM 0.24 uM [12]
Hb/CdS:Mn/CS-GCE 1.0-17 mM 0.75 uM [17]
Hb/CSNs/CS-GCE 0.75 uM—-0.22 mM 0.50 uM [23]
Hb/MWCNT/ZnO 0.1-36.6 uM 0.02 uM [34]
Hb/Fe;0,@Pt/CS-GCE 0.12 uyM-0.16 mM 0.03 uM [35]
Hb/CdS-Lcys/CS-GCE 15 nM-10 uM 3.13nM This work
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Fig. 7. Chronoamperometric response at the applied potential —0.35 V of the Hb/CdS/CS-GCE in a buffer solution pH 7.0 the effect

of UA, DA and AA on H,0, determination (0.78-10.96 uM).

a result confirmed that the immobilized Hb possesses
high bioactivity and biological affinity for H,O,.

3.6 Selectivity, Stability and Repeatability of the
Biosensor

The stability and repeatability of the biosensor was exam-
ined by determining its response signal for 30 nM H,O,.
When stored in a pH 7.4 PBS at 4°C and measured inter-
mittently (every day), after 7 days of storage, the biosen-
sor lost only 6.5% of its original response. Such a result
illustrated strong electrostatic interaction between Hb
and the CdS/CS film as well as the tight binding of the
composite film on the GCE. The relative standard devia-
tion (RSD) was 0.62 % for five successive assays. Five dif-
ferent biosensors were also fabricated to examine the re-
sponse for 3.0 nM H,0,. RSD of the five determinations
was 5.3 %, indicating good stability and repeatability of
the fabrication method.

Uric acid (0.44 mM), dopamine (73 pM) and ascorbic
acid (0.52 mM) interfered with the response signal for
H,0, in the range of 0.78-10.96 uM (Figure 7). Therefore,
the response signal obtained for H,O, at this concentra-
tion range had to be subtracted by the blank signal.

4 Conclusions

A nanocomposite consisting of CdS/CS was synthesized,
characterized and used for surface modification of
a glassy carbon electrode. Hb strongly adsorbed on the L-
Cys capped CdS/CS nanocomposite film-modified glassy
carbon electrode. The biosensor exhibited great capability
to catalyze the reduction of H,O, and served as an am-
perometric sensor for the determination of H,O, at low
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concentrations with satisfactory results. The synergistic
electrocatalytic effect of CdS/CS improved the electron
transfer between Hb and the electrode surface.
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Abstract Silver-doped CdS quantum dots capped with
mercaptoacetic acid (CdSAg-MAA QDs) were prepared and
are shown to be a quenchable fluorescent probe for hydrogen
sulfide (H,S). The optimized approach exhibits a linear re-
sponse in the 0.01 to 500 uM H,S concentration range and a
3.0 nM detection limit (RSD = 0.54 % for n =5 at 10 nM of
H,S). The estimated endogenous H,S levels in local wastewa-
ter were 45.4 uM and 48.7 uM and the assays were not
responsive to various ions often present in water and
wastewater. The method gave recoveries ranging from
98 to 102 % for the analysis of acidified wastewater
spiked with H,S. Consequently, a simple colorimetric
test strip was prepared by impregnating the filter paper
with a mixture of CdSAg-MAA QDs and chitosan. The
test strip exhibited good selectivity and sensitivity for
the quantitation of H,S in local wastewater samples.
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Introduction

Hydrogen sulfide (H,S) is known as a toxic and colorless gas
with a rotten egg smell that causes acid rain, corrosion of infra-
structures, leaching, and migration of heavy metals and acidic
components of sediments, etc. Although this is a natural gas, its
presence in the environment is mainly attributed to wastewater
treatment facilities, industrial activities and animal factory la-
goons. Hydrogen sulfide and its two ionic forms (HS™, %) in
surface waters affect dissolved oxygen and sulfate-reducing
bacterial metabolism [1]. The occupational exposure limit for
inhalation of this gas is 8 h (10 mg L™") [2], however, H,S can
reduce the blood oxygen-carrying capacity and eventually par-
alyzes the nervous system even at lower concentrations [3].
Therefore, an analytical approach with high detection sensitiv-
ity and selectivity is of importance to identify its presence/
treatment in waste treatment plants and effect on the ecosystem,
i.e., the metabolism of sulfate-reducing bacteria [4, 5]. In gen-
eral, H,S in aqueous solution is deprotonated in two different
forms: hydrosulfide anion (HS") and sulfide ion (S*") with the
pK, value of 7.04 and 11.96, respectively. The mixture has
about one-third of H,S and two-thirds as HS  at physiological
pH [6]. Therefore, we use the term H,S to generally represent
all species mentioned in this work.

The traditional methylene blue colorimetric method measures
H,S at concentrations from 0.1 to 20 mg L™ [7] whereas gas
sensors based on metal oxide and metal nanoparticles; In,O5 [8],
Au-doped WO; [9], Te [10] and Ag nanoparticles [11]; can offer
lower detection levels (ppm) of H,S. However, the latter must
function at high temperatures with complicated instrumentation
and operation. Among emerging optical chemosensors based on
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functionalized nanomaterials for H,S [12—14], of notice is the
specific fluorescence quenching of CdSe/CdS quantum dots
(QDs) by H,S in dichloromethane [12]. This sensing approach
is simply constructed by embedding CdSe/CdS QDs on a poly-
dimethylsiloxane (PDMS) film and unprovoked by other vola-
tile organics. Recently, graphene quantum dots (GQDs) com-
bined with Cu”" have been used as the fluorescence probe for
sulfide detection based on the higher affinity of S*~ and Cu*
over O*~ on GQDs [15]. This fluorescence probe is highly se-
lective and sensitive for S*~ in water sample containing anion
interferences with a limit of detection of 0.10 uM (o/S).
Among the visible light active nanoparticles, CdS QDs could
serve as a fluorescence probe due to their appropriate band edge
of 2.4 eV, which provides the high photocatalytic activity for
driving the chemical transformation [16]. However, the disad-
vantages of CdS QDs are the low charge carrier separation effi-
ciency and poor photochemical stability. Consequently, different
modification methods have been proposed including core-shell
synthesis and doping with noble elements. Doping of CdS with
the semiconductor of the elements with different band offsets
would facilitate a kinetic charge separation along the
heterostructure and the lifetime of the photogenerated carrier
could become longer than its individual counterpart [16—18]. In
particular, doping CdS QDs with Ag is popular and efficient
[17-21] owing to the high exchange current density with a low
activation energy of Ag [18, 19]. For example, Ag-doped CdS
capped by cetyltrimethylammonium bromide [17] displays a red
shift in the fluorescence spectrum with increasing Ag concentra-
tion and then levels off at an Ag: Cd molar ratio of 1:3. Another
approach involves the synthesis of CdS-Ag,S QDs capped by
thioglycolic acid at room temperature for the H,O, determination
with a detection limit of 0.3 uM [18]. In this sensing scheme,
CdS-Ag,S QDs are partially oxidized to CdSOy, in the presence
of H,O,. In brief, Ag can rapidly react with H,S in the air (K, of
AgS is 6 x 107°°) [22] and this reaction has been attempted for
H,S detection [23]. A bifunctional molecule, mercaptoacetic acid
(MAA) is an interesting capping agent because it is the simplest
molecule with carboxylic acids and thiols, which form well-

Fig. 1 a A typical TEM
micrograph of CdASAg—MAA
QDs with a 20-nm scale bar. b
Particle size distribution of
CdSAg-MAA QDs (10-fold
dilution in distilled water). ¢
Absorption spectra of 1.0 mM
CdS-MAA QDs (a) and 1.0 mM

packed monolayers on Ag surfaces [24]. Considering the com-
petitive adsorption of H,S and MAA on Ag, H,S can be replaced
MAA on the CdSAg QDs surface because it is a stronger reduc-
ing agent than MAA. Accordingly, this behavior can be
exploited for the improvement of sensitivity and selectivity for
H,S fluorescence detection by doping of Ag on CdS-MAA QDs.
In addition, chitosan with amino and hydroxyl groups has been
widely applied for bioconjugation with nanomaterials and used
as paper coating [25] because of its unique properties including
hydrophilicity, hydrophobicity, and biocompatibility. The
chitosan-coated paper exhibits improved color retention since it
has a significantly low water absorption capacity and also im-
proved mechanical resistance [26]. Chitosan with the suitable
propetties to protect and improve the performance of nanoparti-
cles forms the homogeneous film on paper. The incorporation of
chitosan as the co-stabilizing agent of CdSAg-MAA QDs in-
creases the stability of CASAg-MAA QDs as well as the detec-
tion selectivity for H,S.

This work describes a detection probe for H,S based on the
fluorescence quenching of Ag-doped CdS QDs capped by
MAA (CdSAg-MAA QDs). The capped acid with a thiol
moiety bonds strongly with silver to form Ag,S [27-29],
which can be reduced by H,S, a reducing agent to affect the
fluorescence intensity. To our knowledge, this combined ap-
proach has not been reported for the selective and sensitive
detection of H,S in wastewater. A plausible mechanism for
fluorescence quenching will be presented together with the
analytical performance of a home-made, colorimetric paper
test kit embedded with Ag-doped CdS-MAA QDs for the
detection of H,S in local wastewater samples.

Experimental

Chemicals

Cadmium chloride (CdCl,), silver nitrate (AgNO3),
mercaptoacetic acid (MAA) were purchased from Sigma-

CdSAg-MAA QDs (b) with

fluorescence spectra of CdSAg—

MAA (c), CdS-MAA QDs (d),
CdS-MAA QDs in the presence

Intensity (%)
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Fig. 2 The FT-IR absorption spectra of CdS-MAA (a) CdSAg-MAA
QDs (b) and CdSAg-MAA QDs in the presence of 0.1 mM H,S (¢)

Aldrich (http://www.sigmaaldrich.com/singapore.html).
Sodium sulfide (Na,S-9H,0) was obtained from BDH
(https://us.vwr.com). Deoxygenated water was obtained by
bubbling deionized water with N, under sonication for
30 min. The H,S standard solution was prepared daily by
dissolving Na,S.9H,0 in deoxygenated water containing 0.
1 M NaOH. The resulting solution of Na,S.9H,O is very
alkaline (pH 12), therefore, volatile H,S can be negligible.
The standard solutions of remaining ions and reagents were
purchased from Fluka (https://www.sigmaaldrich.com/
singapore.html). The acetate buffer solution was prepared

Fig. 3 a Photographs of 0.8 mM
CdSAg-MAA QDs in the
absence and presence of different
concentrations of H,S. From left
to right: the concentration of H,S
is 0, 10, 50, 100, 200 and

500 uM, respectively. b The
dependence of relative
fluorescence intensity (/y/I) of
0.8 mM CdSAg-MAA QDs on
increasing concentration of H,S
in the range of 0.01-900 uM. ¢
The fluorescence emission
spectra of 0.8 mM CdSAg-MAA
QDs upon addition of different
H,S concentrations (10 mM

(7]

2.0
200 uM H_S

S 1.5

<

51

£ 1.0

=

=

2

2 051

0.00 uM H.S
0.0 — : : ,

300 350 400 450

Wavelength (nm)

Fig. 4 The absorption spectra of 0.8 mM CdSAg-MAA QDs in the
absence and presence of H,S at different concentrations

from 0.1 M acetic acid/sodium acetate and adjusted to the
desired pH by 1.0 M NaOH. All reagents were of analytical/
reagent grade and used without further purification. All aque-
ous solutions were prepared with deionized water (18.2 MQ.
cm, Millipore, France).

Instrumentation

A Shimadzu RF-5301pc spectrofluorometer (http://www.
shimadzu.com) and a UV-2450 UV-visible spectrophotometer
(http://www.shimadzu.com) were used for acquiring

acetate buffer, pH 5;

Aem = 570 nm and A, = 375 nm).
d The linear relationship between
1y/I and the concentration of H,S
from 0.01 uM to 500 uM. The
error bars illustrate the standard
deviations of three independent
measurements
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Table 1  Analytical performance of different optical methods for the detection of sulfides (H,S, HS™ and S%°)

Reagents-Materials Technique Sulfide pH Linear range LOD Ref.
Cu(ID)-GQDs Fluorescence s 7.0 0.20-20 uM 0.10 uM [15]
4-hydroxy-1,8-naphthalimide Fluorescence H,S 74 1-10 uM 0.87 uM [13]
2-(3,5,5-trimethyl-2- cyclohexen-1-ylidene), Fluorescence HS™ 74 0-100 mM 0.13 uM [38]

Propanedinitrile and piperidine

Hg(PIPT), Fluorescence H,S - 0-1.3 uM 30 nM [39]
Ag,S and 3,3",5,5' tetramethylbenzidine UV-visisble absorption ol 4.0 1-80 nM 0.2 nM [40]
Cy—-NO, Fluorescence H,S 74 0-350 uM B [41]
CdSAg-MAA Fluorescence H,S 5.0 0.01-500 uM 3.0 nM This work

PIPT: 2-(pyridin-2-ylmethyl)imidazo[1,5-a]pyridine-3(2 H)-thione
GQDs: graphene quantum dots
Cy—NO,:cyanine dye

fluorescence and absorption spectra, respectively at room
temperature. IR spectrometry was performed by a Spectrum
100 FT-IR spectrometer (http://www.perkinelmer.com). An
FEI Tecnai G2 20 200 kV transmission electron microscope
(TEM) was also used to probe the morphology of CdSAg-
MAA QDs (http://www.fei.com).

Synthesis of silver doped cadmium sulfide quantum dots

CdSAg-MAA QDs were synthesized as outlined from our
previous work [30] with some modifications. CdCl,
(10 mM) and AgNOj3 (0.1 mM) were mixed together in
100.00 mL under N, and stirring for 30 min. MAA
(10 mM) was quickly added into the mixture solution and
the resulting solution was adjusted to pH 8 by 2 M NaOH.
Consequently, 5.00 mL of Na,S.9H,O (0.1300 g) aqueous
solution was quickly added into the mixture solution. The
reaction mixture was carried out with vigorous stirring at
65 °C under N, protection for 1 h and resulted in a yellow-

Table2 The interfering effect of ions on the CdSAg-MAA fluorescence
intensity
Added ions Concentration (M ") Percentage change
of fluorescence intensity
Na* >0.06 <1.0 %
K" >0.06 <1.0 %
Ca*" 83 x 107" 2.8 %
Mg >0.06 <1.0 %
Mn** 24 x107° 4.1 %
Fe** 15x107° 4.8 %
AP* 34 %107 1.5 %
cr >0.06 <1.0 %
SCN™ 6.5% 107 44 %
NO*” 1.0 x 107 1.5 %
S04~ 6.2 x 1073 1.8 %
COos> 83 x107* 2.8 %

@ Springer

orange colloidal solution. MAA-capped cadmium sulfide
quantum dots (CdS-MAA QDs) were also synthesized as de-
scribed in our previous work [30] and used for comparison.

Fabrication of the CdSAg-MAA QDs sensor for H,S

The fluorescence quenching of CdSAg-MAA QDs by H,S
was evaluated at different H,S concentrations. In this mea-
surement, various H,S concentrations were diluted from a
stock solution and added into 0.8 mM CdSAg-MAA QDs
(400.00 mL), followed by the volume adjustment to
5.00 mL by 10 mM acetate buffer, pH 5.0. The mixture solu-
tion was equilibrated for 3 min before the fluorescence emis-
sion spectrum was acquired at 570 nm (exCitation at 375 nm
using a Xenon lamp).

Results and discussion

Ag-doped CdS capped by mercaptoacetic acid quantum
dots characterization

TEM images of synthesized CdSAg-MAA QDs show no sig-
nificant difference in particle size and morphology, ranging
from 2 to10 nm in diameter (Fig. 1a). The particle size distri-
bution of CdSAg—MAA QDs (10-fold dilution with distilled
water) is also illustrated in Fig. 1b, indicating a homogeneous
size distribution with an average diameter of ~60 nm. In cor-
roboration with TEM imaging, the average particle size of
CdSAg-MAA QDs also was estimated from the UV-visible
absorption spectrum (Fig. 1¢). Based on Henglein’s empirical
curve [31], the particle size of CASAg-MAA QDs is estimated
to be ~3.3 nm which bigger than pure CdS QDs (2.9 nm),
confirming the formation of Ag,S on the CdS surface [32].
Considering the absorption onset of CdAS-MAA QDs (440 nm)
and CdSAg-MAA QDs (460 nm), the band gap energy of CdS
QDs shifted from 2.82 eV to 2.70 eV after doping with Ag,
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Table 3  The detection of H,S in pristine and H,S spiked samples
(n=3)

Sample pretreatment Added (uM) Measured (UM)  Recovery (%)
procedure
First method 0.000 454 -
0.025 0.026 1022+ 1.1
0.050 0.049 98.0 £ 0.7
0.080 0.081 101.0 £ 1.6
Second method 0.000 48.7 -

corresponding to the particle size from the above calculation.
CdSAg-MAA QDs (Fig. lc, spectrum c) displayed a red-shift
with a two-fold higher fluorescence intensity compared to
pure CdS-MAA QDs (Fig. 1c, spectrum d). The addition of
H,S (0.1 mM), effectively quenched the fluorescence intensity
of'both QDs; however, the relative fluorescence intensity (Z,/1)
of CdSAg-MAA QDs (spectrum ¢ and spectrum f) was 10-
fold higher than that of CdS-MAA QDs (Fig. lc, spectrum d,
and spectrum e). The FT-IR spectra of CdS-MAA QDs (a) and
CdSAg-MAA QDs (b) shown in Fig. 2 display the character-
istic vibration of Ag-S at 500-600 cm ' for CdSAg-MAA
QDs, confirming the doping of Ag on CdS QDs [33, 34].
The CdSAg—MAA QDs were stable in the dark under ambient
conditions for at least a month. The synthesis method was
robust and reproducible as confirmed by the similar fluores-
cence spectrum of the CdASAg-MAA QDs synthesized from
different batches (Fig. S1).

Principle of hydrogen sulfide detection

AtpH 5.0, CdSAg capped by MAA behaves as an anion with
Ag located on CdSAg-MAA QDs surface and sulfides are
entirely present as H,S [3]. Considering the competitive ad-
sorption of H,S and MAA on Ag, H,S can be replaced MAA
on the CdSAg QDs surface because it acts as a stronger reduc-
ing agent than MAA under the optimum condition [35, 36].
Owing to the very low solubility of AgS compared to other
metal sulfides and Ag salts, H,S was rapidly reacting with Ag
to form Ag,S [22]. The reaction between H,S and CdSAg-
MAA QDs can be ascertained by the formation of Ag,S on the
QDs surface [29], corresponding to a slight shift of the fluo-
rescence spectra of CdSAg-MAA with increasing H,S concen-
tration (Fig. 3¢). The UV-visible absorption spectra of
CdSAg-MAA QDs at high concentrations of H,S (Fig. 4)
Fig. 5 Typical photographs of r'

the Whatman filter paper with

embedded CdSAg-MAA QDs R el
and its responses to a air, b 50 uM :
H,S, ¢ 100 uM H,S, d 200 uM
H,S and e 400 uM H,S

show a strong absorbance of Ag,S and AgSH at 330 nm and
360 nm, respectively. Such results indicated the formation of
Ag-S bonding on the CdASAg-MAA surface [37].

Optimization of experimental condition

The optimal experimental conditions were established as
10 mM acetate buffer, pH 5 with a reaction time of 3 min to
achieve maximal detection sensitivity and selectivity for hy-
drogen sulfide (Figure S2, Electronic Supporting Material).

Quantitative determination of hydrogen sulfide

The fluorescence intensity of CdASAg-MAA QDs was drasti-
cally quenched by increasing H,S concentration as shown in
Fig. 3. The fluorescence color of CdSAg-MAA QDs changed
from yellow-orange to colorless when H,S was added to
CdSAg-MAA QDs at room temperature (Fig. 3a). The relative
fluorescence intensity (/,//) was linearly increased with an
increase in H,S concentrations from 0.01 to 500 uM (7,/
7=0.0032x + 0.888, R* = 0.994). From this calibration graph,
the estimated limit of detection (LOD) was 3 nM (a signal to
noise ratio of 3), at least, 20-fold lower than several fluores-
cence detection methods reported in the literature with a re-
markable linear range (Table 1). The relative standard devia-
tion (RSD %) for 5 repeated measurements of a solution con-
taining 10 nM H,S was 0.54 %.

Selectivity and interference study

Common ions in environmental samples and wastewaters
such as Na*, K", Ca®", Mn*", Fe**, AI*", CI", SCN ", NO; ",
SO, % and CO5® were investigated for their plausible inter-
ference from the fluorescence quenching measurement of the
reaction between 0.8 mM CdSAg-MAA QDs and 15 uM H,S
in 10 mM acetate buffer, pH 5.0. The effect was negligible as
the fluorescence intensity of the QDs-H,S solution were vir-
tually comparable (<5 %) before and after the addition of such
ions even at elevated concentrations, 1000-fold higher than
the H,S concentration (Table 2) except for Mn?" and Fe**.

Determination of dissolved sulfide in wastewater

For the determination of dissolved sulfide in local wastewater
samples, the effect of interferences in the water was verified
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by comparing two sample pretreatment methods. In the first
method, the sample (1.00 mL) was filtered through a 0.45 pm
nylon membrane, mixed with 0.8 mM CdSAg-MAA QDs and
adjusted the total volume to 5.00 mL by 10 mM acetate,
pH 5.0. In the second method, the sample (100.00 mL) was
filtered through a 0.45 um nylon membrane and transferred to
a septum-capped bottle, followed by the addition of 5.00 mL
of 1 % (v/v) HCI to convert dissolved sulfide to H,S. The
sampling 2.00 mL of gas over the wastewater sample and
injected into 5.00 mL of 0.8 mM CdSAg-MAA QDs in
10 mM acetate, pH 5.0. As shown in Fig S3, the endogenous
dissolved sulfide in the wastewater sample was estimated to
be 45.4 uM and 48.7 uM, respectively. The accuracy of the
proposed method was verified by spiking standard hydrogen
sulfide into the tested sample (Table 3). The recoveries were
98.0-102.2 %, compared favorably with the standard proce-
dure. Such results validated the applicability of this fluores-
cence quenching assay for H,S in the presence of the afore-
mentioned ions.

Considering the H,S level found in the local wastewater
sample (45.4 uM and 48.7 uM), a simple paper test kit of H,S
was prepared by immersing the Whatman No. 1 filter paper
into 1 % (w/v) chitosan solution and CdSAg-MAA QDs (1:1
ratio of volume), followed by air drying. The resulting paper
test kit was exposed to the wastewater containing spiked H,S
at different concentrations for 1 h. Obvious color changes
were observed only in wastewater samples with spiked H,S
whereas the control, wastewater with different other ions, pro-
voked no color change (Fig. 5). Apparently, the test kit serves
as a convenient means for the detection of H,S in “real-world”
samples with satisfactory selectivity. Paper-based diagnostic
tools are emerging as one of the ideal cost-effective assay
formats, especially for developing countries and remote field
testing. Apparently, the detection limit of this approach for
H,S is well above 50 uM but lower 100 uM if the color
development is simply visualized and compared with a
predetermined score chart. The detection sensitivity, however,
can be greatly improved by using a commercial test strip read-
er, a hand-held colorimeter or even a smartphone [42] to quan-
tify the color intensity.

Conclusions

The fluorescence quenching of CdSAg-MAA QDs by H,S
can be exploited for the detection of this toxic gas at
nanomolar levels with good selectivity and remarkable linear-
ity. This sensing approach is not affected by various ions com-
monly found in ground water, wastewater and other environ-
mental samples. The home-made paper test embedded with
Ag-doped CdS-MAA QDs exhibited good selectivity and sen-
sitivity for the detection of H,S in wastewater samples and this
approach might form a framework for the development of

@ Springer

paper-based assays for developing countries and remote field
applications provided the detection sensitivity is greatly
improved.
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