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Project title: Affinity Smart Polymer Gel for Glucose Detection
Investigator: Chongdee Thammakhet, Prince of Songkla University
E-mail address: chongdee.t@psu.ac.th

Project period: May 15, 2008 to May 14, 2010

The first part of this research is the development of a simple non-enzymatic glucose
sensor named “on-column affinity smart polymer gel glucose sensor”. Copolymer of 3-
acrylamidophenylboronic acid and acrylamide (smart polymer gel) was synthesized in a 5 cm long
capillary tube with a detection window to provide an on-column light absorption measurement at 500
nm. The smartpolymer gel swell when it binds with glucose and the optical density of this gel
decreased with the increase of glucose concentration. After the coated capillary was incorporated into
a flow injection system and under the optimum conditions, the linearity and the limit of detection of
this sensor was 0.5-16.0 mM and 0.5 mM, respectively. The analysis time was 6 minutes with a
very good operational stability (250 consecutive injections with RSD only 5%). In order to evaluate the
performance of the on-column affinity smart polymer gel sensor, 10 unknown glucose samples
prepared in distilled water were analyzed with the conventional DNS (dinitrosalicylic acid) and the
proposed methods. It was found that the results obtained from both methods agreed well (P>0.05).
For a real sample analysis, three urine samples with known glucose levels were analyzed with the
developed method. The results showed that the on-column affinity smart polymer gel glucose sensor
provided the comparable results to those from the normal strip test technique. An acceptable range of
recoveries, 88+2 to 103+4 %, was also obtained.

The second part aims to improve the selectivity of the glucose sensor by coupling a
separation column in front of the detection part. A monolith column was synthesized using
phenylboronic acid as a monomer and act as a function group to retain different sugar. It was found
that the monolith column could be successfully synthesized but it could not separate glucose from
sucrose. Glucose and sucrose were eluted from the momolith column with almost the same retention
time. Therefore, the focus is shifted to the development of a flow injection amperometry for better
detection sensitivity by using copper particles modified glassy carbon electrode. Copper particle

modified glassy carbon electrode provided good calalytic acitivity for glucose oxidation. The method



used to modify electrode in this work is very simple. The operational stability was also good, at least
350 times of injection can be performed on a single modified electrode (2.5% RSD). The reduction of
%response was only 0.0018 per injection. Under the oprimum conditions, the copper particle modified
electrode coupled with the flow injection amperometry provided wide linear dynamic range, 0.0010-

10.00 mM, with low lomit of detection, 0.0050 mM or 5.0 M.

Keywords:  Affinity smart polymer gel, glucose sensor, phenylboronic acid, monolith column,

copper particle modified electrode



2. Executive summary

Usrnainglaatudsdutiadenieiliuniaddnasmaiinlsawmeny  Seaomdinge
wazresnglaaludiiunsmunfiaragaindne 4 &9 7 fadluans (Park et af, 2006) Tneasdnis
awnsielan (World Health Organization, WHO) (HanesnulBdnanisiiavszannavialansauaildtias
A1 220 Fmauiithedaalsaumany wasiwalinesRsdutiv 2 winludasd 2548-2573 (WHO,
2011) Fasiumafianisirasiiananglasflinagndios ushn Sedauddnetnsdaie i
foyaaznaumainestlsnsnmd  usneninnsiesivsinanglafincsdidaysiosm
NFmA I laE RN NI N1TAILANNTT LN THAR (B ARIMNTIHENNS sasanty
ﬂi:mumimﬁﬂw%ﬂfmﬁymL%ymhuafm;j%f%ﬂ@ﬁmmﬂumﬁm:ﬂ@uﬁqﬁm?ummﬂﬁmL%y@ A8
mqm’ﬁLﬂué’mmwiﬂﬂ%mmmﬂﬁﬂfﬁ@ﬂmzﬁuﬁmmmm@ﬂ’ﬁw%fyLﬁﬂmmlﬁy@ﬁmﬁmﬁﬁ
$84N15 (Blake and McLean, 1989)

weiafifenl¥dmsuninssiviinnnglaa dadigjazenduniadanasnugisen
symdwnglas (Fuianan) duenloddiduianianm uanidasennewlmiazduduasnsduniz
\9zasALFU AR g A Fwihinaiianisimanzilae Hewlsivisnzdmsonis
paradanglasufittusnotneinesfiesfisznaufideuiinedudeu adrlafmunistinmzilaninn,
nglaalaandunisineenenlaiiiidoddanaiaUszniafieedy  Anuadssasonledd
ddasganmdutiommaniifedunazenlmiduianginimdsesiniadananmasoan
uazufiduonladnglassandinadeionidudasanjitseeontiniuensnglaaenduenlniig
psadesrauingadafeuiueulnisfedy o Ann wifditaddade bismnenlinmlEa
gomgRgendn 40 avm@alBranIIzANEDWIN ARy ReUsyAnEnwesnesanse (Park
et al., 2006) ililigmnanilUlszendlfifiednssinglaalunszuaunsminyidentanseadng
fasfiniasinidofigumnfiqe (steriization) (Park et al, 2006) WananiilymiaasEinaandian
axay (dissolved oxygen) Windnilamnilsinulias Wasneulsiimdinfiduiadegisen
apndinturasnglaaudndoinudidnasaniideiuluieandieuiteogiansazans WU et al,
2004)  FhuAsnomandianaraeiiagiiansaransinnasiviinadanisfnuUgAaseandinis
ypanglasuazasgniastaanansiiast  vinlifesnauaulEinomandiarazans i Aadi
(Park et al., 20006)

Fagtadndmmanidvinlifnaiamnmatianisnaaedmsuonglasuuu el
Tnaanssavierinesnt fe nseiifalulsnndoduuenfANfaunus (offinty ligond) 7ianxnsafia
B

Wuse A anFLuLAWNaUTH (reversible covalent bond) "NfﬁﬂLWW:L@%:@Q?TU%gfmmmmﬂ@m



ARNITTAINFIUNUILULBE (cis—configuration) (Lorand and Edwards, 1959) LLﬂzLﬁ@ﬁ’]mﬂh:ﬂqﬂm’T%
1 o/ -3 a I'd dl dl o = =
FINALANIIN WORLNBSL9E (smart polymer gel) ARTHITLU AL UUUAIENURNNALNINATENSLA
Wainigi51enilequniean (Annaka and Tanaka, 1992; Ivanov et al., 2005: Kataoka et al., 1998:
Suzuki and Tanaka, 1990) ynasanmuuauswedmasian  Aiansanis
wasnulaspudiniuaninglaald (Alexeev et al, 2003; Gabai et al, 2001; Lee et al, 2004;
Matsumoto et al., 2004a; Matsumoto et al., 2004b)
mﬂ'ﬁfmmumﬁ%’ﬂﬁmumm'ﬁﬁflmﬁLN@%W@Tﬁ@ngugﬂﬁLmnmuﬁfm%’mfﬁmwd”@

o/ dl =Y dg, 1 ) 2 =% dl 1 v 1 1 o/ dl QI/
ARDATRNITNTITIANANLTATN Z\I’J%TMEQT”D’W]ﬁuﬁ‘ﬂﬂ’ﬂuﬂ’ldﬂqdﬂ’m W34 N19RFIFIAANNTUBINITNIS
fdsmuasll (raewedasa lasunaind) nswdsuulawesnmasion (gosmanaianeus
Tousdne) n9iAsnulasasAdniuaud @NARINYIA3) (Gabai et al, 2001) Waan15lEN&as CCD
(CCD camera) AMSUTgnAINNaRINANITUINGI28919a (Matsumoto et al., 2004a) WaNaINTies
A umsnasirendnudndes wu Tunstmszinglasfimnsdadn 25 fadluand T
AT 40 WNTIRanN19aAaNsiniiNAaIesne (Gabai et al, 2001) FeiulNHATEsEaInIg
Anwuaziannannsmmedwmesieadmsumsinsinglaafisnunsaliomlfde  Sdueeunis

[ a &

Ansii bigeenuazinanlimsimesidn  Tnedunafaluinaihmefiaaitlaaddidninelas
1 lnnail (capillary electrochromatography) mﬁ’izﬂqﬂﬁ%
asannnaniialulsfinasnsafiaiussduansiifivg lneaaiidannedaludwnidalivn
¥a  Asasnsaduiihmalivaneein  Faluieiennssiuniansednnglaatianaetmag
W1zasEnndn  Aufindarasnediniluniausninanausiazsiinaansinideuiiandngarununs
memaaadn  anmefdeyaieaiusiaiiuiniaifimiusyasndwnaeiiialulsiaduimanio
9 7 WudHAUANs1eTW (Lorand and Edwards, 1959; Springsteen and Wang, 2002) SO
Andinsnnaiasdanansineneanaeduiifingaiialulanaudumg i et tuntsuen
sipnausiazefindeuniananadn danalFaruunnenaaedaiivmmndy Saudmnzanzasdinsy

nansaadnnglaasndeai



3. InguazaeA
W madauenidfiannsmnedmeiiea amsuniasnsaeianglaaiiansnsalionlidng
uazlfinantun1siesngian sonednedsnisiinlinnsnseedafianesmnzenzasionglaa

uazlsrend i unnsaiasziBinunglaalusiaatineeds

4. FENANDY

(2
= 1

ymAdeiuisesniiugasdon danusnAemaimwmailaiiassinglasastnsdefianung

a ¢ o/ 1 A A [ s o 1 4' [ o PP o
’ZlLﬂ‘iqzﬁﬁl’]@HqGVINﬂQTﬂNLﬂuﬂQﬂﬂ‘izﬂ@‘u‘iﬂ@ﬂ muwmw:mum‘aw&mm'ﬁ:uusfﬂu AAITHNITNTS

lWnzassansnsedanglas  Welifnsgisedsfienaiinmnaduiibildnglaasansgsioa A

4
v A

wisAsnanaassaanidy 2 daudsil
4.1 AnwruasWau e Nafas1sineainasiaadmsunisassviang lasag9i1e

weniiflannsnnedmesieanglaaimuans  Anannisviemlaeendanisuii
ALWNTUNIZLTIZA9 (affinity binding) ﬂ@ﬂﬂ%ﬂi@ﬂﬁﬂiﬂi‘iﬁﬂ?ﬂ%@ﬁLN@%LW@ﬁﬁ/\‘iLﬂﬁﬂtﬁ%ﬂﬁu%@j%ﬂ—
Tnooa (cis-diol) Afaglunglaa eatluasraraeiithiniinesduaznoy (aqueous media) N5l
Aalulsiinazeguannaszning 2 Taseaing (gﬂﬁ 1) fa Tmm%’]mwm?iwLLuu‘aﬁuﬁfsiﬁﬂ‘azq
(neutral trigonal planar form %8 uncharged form | Gfu’gﬂﬁ 1) fTuTmm%Nﬂﬁzﬁmﬁmmmm’ﬁ'mﬁﬁ
U529aU (tetrahedral anionic form #3@ charged form |l Gfugﬂ‘ﬁ 1) %x‘iﬂzﬂﬂﬂﬂﬂm‘mLﬁﬂﬁuﬁﬂﬁﬁﬂ'ﬁﬂ
Lﬁ@ﬂ'ﬁmﬂﬁﬂﬂﬁﬁmﬁﬂmaN%’NLLuuﬁﬁﬂ'ﬁ:fg Lﬁ@ﬂ'ﬂﬂL%N%uﬂﬂﬁﬂgiﬂmﬁﬂ%u ﬁﬂ?ﬁm@mﬁ'@ﬂﬂ
Aludirnsivintidafnanssznauiifilasrquasnaafifalulsiannniu (Uil 1) Ainraauansag
ﬁ’wﬂmﬁ%uﬁmfﬂﬂﬂuﬁ@%'mﬂ?wﬁ@waﬁuefum‘ammm@u 7 199 AINAAAA Donnan potential 11
Tinedwesaafinnsuansaiuuasiidnunslaiundfis (vanov et of, 2008) & M19ASANTS
Wasuasrnisgananussnanuasdoniaduiunglaals TnaAinsganauuasiinaeuual
azulsmasiunsiiniuresnglnafiogumsazans  wWustlaviandiiinduszndnonssitiialy
Tshauaznglaadiuuuuiundul  sedufleluanaeesnglragnudssaanainminanifalulsia
rosuanARf S medmesian  awinlileafinniaadauazAiniagenfuuasfazAaunauTy
whiudrnnagenfuuastennisduiunglag asanneaiidanssiduiinisuandaidiefinnsdudiy
nglrauazfionglnangaesniinafesfinnamadanduniegiuandn vinliidenaadngnnd

“UENARTFINISNINDALNDS IR



G ' H @71{ OH Charged form (II)
“om \
OH

Uncharged form (I) g OH
H o
HO
HO H D-Glucose
H ‘on
HO H OH
OH H
OH
R H
oH H
/ H
B—O 0 Charged form (I1I)
ok

U 1 zmmmJm@uwuﬁﬂmﬂﬁquﬁUTﬁﬁﬂLmzmﬁamﬂ%ﬂ (OH)) uasdanNalAn uaTasansi
P=}
NANNTIR

q
(aqueous media)
4.1.1 rsFAsIERuaNNBsan s iwamnasiaanie uviaartlans
APz laneamasans nan 3-avesanillaidalulsilnesrsanug (3
'3 a g

acrylamidophenylboronic acid-acrylamide copolymer) e W lFuenAfifansnnefimesias 7
yNEATWLAENLARTR ANz AR w1 siimnsedunglaaimugas Seanungn
‘il o

o

a A
A
=14
N
4.1.1.1 ATRYFIUNTNUDINDUDLNDS (monomer mixture) 1USzNaUANY N96
3-8 mmﬂm&mfﬁ[‘mm 9.6 HAANTH B ﬂ%@qTNﬁ 30.6 HAaANTH Gfuliﬂﬂﬁﬁﬂ@’]ﬂfﬂﬂ@uﬂ‘m’]@i

SRR GG
0.50 HAAARTNDUNNHN 60°C 9NUUIIFN N,N,N’,N’-tetramethylethylenediamine (TEMED) U/aN1%15
ion)

Py a a
U
2.0 ulas@ns wehlidnmu udashURsedaauialnseuiiotdneisandiausen
4.1.1.2 winansaraefinga3 Guuffizen (nitiator solution) Ingnsazans
Hadaang

uanlNflenlasFans 19.9 34@ﬂﬂiuTuuﬂﬂﬁﬂﬂ@ﬁﬂf@@@uﬁ%uﬂm 0.50



10

4.1.1.3 HIFI9RZANYVNADINIUTINGN AP FI9ATAIYFIUNENYDINDWDLNDS

|
¥ A A aan aan a 4

LmszimmﬂﬁLﬂumﬁlﬁuﬁgmm NaNTUIuERTEIN 201 %LﬁmﬂgmmwmLN@ﬁTﬁLsﬁ%’uTﬁ
a [ % & @) araa 4 a 4 dld o/ 1
N@mﬂm%LU%LL@WW%WNN’]’?‘WW@NLN@ﬁL@NWN@ﬂHm‘TJ“MQ“QH
4114 wasnvieadaa1d leedaviaFiannena 5 wudiwns e lEvianii
WUHINANENANTUIA 0.32 HARWNAS WWantaveaauluiasdiuian e lfviefifarueaafidgasnig
wan ﬁﬁﬂﬁﬂﬁfﬁﬂ@mL%WTUTuﬂﬂﬂifﬁﬁﬂﬁ%/ULN’]%A‘B@GW@@L@ﬁﬂ (polyimide) 88  YinlH (Faauid
Ao lALB I UAaNN AN BSYIBANTIRANS T%ﬁm%“umﬁmwﬁ’mﬁfmmrﬂﬁﬂgﬁ—ﬁﬁlﬂﬂ adnlesinle
a I'd
Amas
4115 siviawdanldannda 4.1.2.4 ﬁjmffum'mmfmﬁLm%ﬂuféi@fm%@
4.1.2.3 FUTRRINTHENTHIEHsNasramdndnaniy  duaeuianees Hudalulnsiedusagaayin
Wansazarsmaniastaaddaan  wae  o199zliansazats an uiasiaussptlaatas
%@%ﬁmﬁmiﬁﬂmdﬂ%ﬂﬁfmzﬁmmmmmmmﬂﬁqm
4116  ueWRARRENISINeAwmesasniintwiuTin e lviantasd  lag
UBNIPTUN AT A A TIFB NI U IUUAAZASS ANHITLARELVEATTAaTEIHaNMIN 3 Y18 9INTIUAS
ﬁwi@ﬁ\imumﬁi@memuwmuTmzuufw@muﬁﬁLWﬂmﬁﬂuﬁLﬂumfmmflﬂW@ﬂLWWﬁWLWE% i
181 30 Wl IiNeTTaIRsAUAmARIINN1eYinli3e1een uasnuanRRAaN S INeANeS 19 ad
o/ d? 3 dy % araa 3 a -4 dl =} 1 1 =y dd‘ %
ATNANFININTL Tmumum:fmLL@WWumﬂmﬁwwmLaqml,%mLmﬂmﬁummﬂ@mwmm
Faunigin [
d' aad o I'd o d‘ U
4.1.2 z«m'mzmwmzﬁm:mLL@WWummrﬁwwamw@ﬂ@ﬁﬂgyfﬁmszrmW@s isre
AuszuyIWasiaadis
HYIDATTANTETIARD LA LANARATNISIND RN DS LI RLASNIUNITAE AL
anaazatgNadNaTvNesa Nt 4.1.1.6 NsadindussuuInadue AT ANNFUT 20 B9azisenau
Tuginetfudmsuiuindonasaransiszuy (400 Solvent Delivery System, Applied Biosystem, USA)
Bulamdi 11499 (6 port valve, Valco Instruments Co. Inc., USA) @%5LRAARITATA1ENINTIIN §19
fapgne  uavansazangdmsUsAaNeiusElaaudszndnamnsaifalulsinvesuenidfiannin
wmLN@%L@@ﬁumﬁﬂ—Tﬂ@@mmﬁﬂm@ﬂng LLﬂzﬁ’]Wﬁ’W"fﬂLLUU@@uﬂﬂﬁNﬁgﬁ—aﬁLﬁ@m‘UﬂTﬁ]‘i

lnfwes (Absorbance Detector, Applied Biosystem, USA)



11

Injection valve
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P o aad o I'd I'd
'JLm’r::mla\m@WWummJ'ﬁwwmmaﬂ@wngyfﬁm‘zrm‘zr@s
dl % 1 4 ] a a I o ©°
mm@’mﬂmmLﬂumu@maﬂmamﬂfu‘mmmmﬁamﬁ@uﬂummwum

ad

UBNIDasLENRRRaN SN ameseafiasraau En1etuvie AINEANANEINRYBIIUIALE AT

gudnanseewiafidsennu@nsed  (Aewdlsnsminasye)  ssumresiimuiy lag

= o

ﬂuﬁﬂﬂﬂdLﬁuﬂﬂuquﬁﬂﬂﬁdﬂﬁﬂfuﬂﬂdﬁﬂﬂﬂﬂﬂﬂ’l’iﬁﬁﬂﬂ’ﬁﬁﬂwﬁ Ao 0.25 AaANAs 0.32 JaAuMT
way 0.53 AARLNAT Lmzfiﬂfm‘m:mﬂmmgf]u’amﬂ@ﬂﬁuﬁwmwLﬁu%u 1.0 — 20.0 fadlM
ANe mﬂﬁuﬁeﬁqﬁfyfyﬂmmimuﬂu@qﬁTﬁ@qﬂLL@W‘Wﬁﬁﬂm%wwmLN@%L@@ﬂQTmLSﬁuLém%mL%u
naERsgIRaAsANEenna  wesRsuifsnannduiliannmsTivieatiaanan
Favnadiurinugudnansnneuuansineiu
4.1.4 Llszﬁw?‘n'rwuﬂzﬁg@ifms?ﬁfﬁwmLL@WWﬁﬁNm{wwamwaﬁﬁfnm ngyfmf
T T e
4.1.4.1 dnrsaauauas i AunssuazIasnanisasaain
D AN NN AN AT Z L FIWINNITFANEILIINTG
TR ST T PR IR T@mmﬁﬁm’ﬁmmg’mﬁmmﬂmﬁmwL%u%uéiy’\uwi 0.50 -
18.0 Aadluan? TngarRansondaspadudunssainrandiiugidatum RY) Seaagaziien
dintng 1 wianuAnEAsEiniusngeTimaTasaEnsansaadnla Tnefifansnnannanadid
7l Fymyroun1smauanes (signal) FINIIREYEYIUTLNIU (noise) HINNTWTBYINAL 3 1in
4.1.4.2 m’rmﬁwwmuaﬂﬂﬁﬁﬂwﬁwwaﬁzw@ﬁ@ﬂngfﬁﬂtwuz*ﬂ@é' Wfia
hIN153ATIEHNE BT BRan (intra-day precision) URE5E#I199% (inter-day precision)
FMFUNTHVRY intra—day precision  YINNIFVARBILALNTTALATITH
asazaprmsgnglaaiiacdndn 8.0 fadland  (Aewidningenglunsnansasnam
NIMTZIM) 91U 15 4 mﬂﬁ?uﬁwhz’&’igimmmﬁmﬂmmmﬁfﬁmﬁwmmmﬂ'ﬁL‘ﬁlmmummggm
ANYNS (RSD)
dulungdlues inter—day precision ¥NN1TVIAABILANNNTALATIEI
ATATANENIATTIMIEINg ATiAslinEREat (8.0 AaAlNa1E)  HoseeumndniuowARR
arnfmedweseasuRsatudailestn 3w Trefatiduar 15 ase wdaindndtyyioans

ABAUAUBIT BTN ATt AL SUUNIRTFIUANND
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4.1.4.3 arnadeshunisidaueasueniddausinemuasiaang lag
[t Lo
WWenasauinuaniRfannsnnweAmesiaang lasingasiidunsngd
FunelwierDaatd 1 vie awnsliAAgeign Fauauinss vnisAnelaenisinansazans
mmsgunglasaasdindn 8.0 Radlnandatsnifies uariun Rdymmnsnauaunii(#
ann1sdaasausnidy 100%  udadryeyrniiliisnnnisanuassdalUsnfifisudagouein  100%
Aanan  udaAsddeyaii Fnndaunsuanepaudniutssndeduauasidauay  %atya o
NTABLENBIT (A
o g’ 2 o/ -4 aSad -8
4.1.4.4 pnwan1salunrsvinelAaesn1saaasieiueWnaaaN15m
a2 -4 1 =) =
womnasivanglamauaasiuisaillaas
yinnsAnenlrgn1sdaassiiasiafauieAaa3Aag uanias
annvnedmasian vioine 6 v (HansavasneuswmeiuaransazaedErUiAsenEannss
Weaf) ernthuiudasia (innanasesassas 1 vie) wisiedindusruuinaduendi wiaiia
A19ATANEHIAITINNG IAA NTeAEdNdW 1.0 - 16.0 AaRlnand shdygnnsneuauesi (i
= % =1 = ! a -4 o/ dl\til 1 1
Beunamnimag uwialsuiflauriann(iBieansd (anndueansininggn) Aldainviews
ATHU
4.1.4.5 ATINI NN TSI UDIUBNAHATNISINDRIND 5198
Cﬂl 1 aHa a a o/ (-4 o/ o/ v
dasanngnanifialulsiaaunsaiaiuszlanauduuuinaul
fum@a-lnona  vpenglea  Foluanufiuedaudainmananariiaim@a-laoas  Fefiasnis
VANBLAMHI NI T a s INmWENsemaedinsng  q d1ldkaetnels  Tagden
Anwminmafiuansinegs 2 ngu Ae sienaluanahisn Ussneusitengles  (imafifinants
Aaszsd) wnulua waznuanlag uasienalianag fe glass uay uanlas Foinnsfnunlag
dnansazatannsgiuasianausazeiin lutosmnadindu 1.0 - 16.0 Aadlnans shdmymimnis
pauanesilANdeunamanpsg udBsuideudiaoialAeensd (awdeesnsm
HIm3g) AlFanNnITRes sl ausiazsin

- =4

4.1.4.6 WEHLTIIUNANTTIATIZHNUTENIATTIH

ad v A

Wadlnnnsigeinis ¥ lfeeds AefesdinsuBaudiouna AlFenn

I'4 o

MsRsEAfns B TNRNN AN LABRTgIN  vinnnsRnunleedinsnzisaesnenglaaiinFas

e lwieslfiiRinsfinansdiadiugng o 41uan 10 fasdns Tnawdanlingiudaspanudiniu 5.0-
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[ [ % '

50.0 ARANATS uiFrassAInatnaeniinaasdan duusnaiaseidaauanAasfansinaames

| 2
g o/ =3 a

wang lAaLTEesTINAWNEY Bndounildiaszidaeitnsnlnulasendledn (Dintrosdlicylic acid

1
aaa

(DNS) method) ~ Beazendniaifinufffeneendindianmydad afaesimanglas  uazng
AafAzen3dndunes 3,5-dnitrosalicylic acd nneldianmaziifiuus alindndomidimaunsas
3-azfill 5-nsallnsmnalaan LL@:f“fmmi@mﬂﬁmmmﬂmmﬁaﬂmqﬁmmm'mz”ﬁ'u 575 wlu
wes (Miler, 1959) Waguiflsunantsiissiilianni 2 38 Taeniaeasuniesdfsaomaiia
Wilcoxon Signed Rank
4.1.4.7 31A512 098819959

Hamayassdsandnsiiasaz 3 fastainlsmenunassean
WABUNS B. MAGY 9. A9YA" et HHINTBINIHNTZATENTEY (Whatman® grade 1, pore
size 11 ym, Whatman International Ltd., Maidstone, England) Lﬁ@ﬁfmmﬂl,@miéﬂﬂmm T fivhutiaw

@%'wah@ﬂwﬁmmz@@ﬂ TrsfauasAAnTIeidnesneesy fasfnenfauinasflsynauau 7 7o
MFeNNTUNINNNTALATIZNE D (W mmﬁm‘ifm’ﬁﬁﬂmfﬁﬁmmmm%wmmzmﬂmmgm
ﬂgTﬁﬂ 2 WUY hUUA 1 A L(’?mm'mmfmmmgmﬂ@ﬁmﬁmfmL%N%Wm T asusnag9ilaaae
] % ] dl % % ] = Y3V 4' 1 o dy 2 ] .

LARZAIDL LW@TMTummwﬁmmwmwmmmmn@ﬂmmmﬂmmu LUUHRIZBEYNTT matrix
matched calibration curve ®IUWULT 2 @:L‘ﬂum‘aLm’%ﬂNm'ﬁ@:mammﬁgﬂmmuﬂﬂﬁ Aa wdenlu
NFRAENDANAUNNES wuUHIzEeNd1 standard curve ﬁqqmwL%’N%’mmmﬂﬂmm%ﬂuﬁmm
LLUU@:@%’TuﬁNLﬁmﬁu Am 0.0 2.0 4.0 uaz 8.0 AALNES

o a I'd d' = 4?’ 3 % aad 3 a

YINNI9LATIZANITREALTLATENARINN AR LD NARATNISNIND R
wpsanglaaimees  udaduunsmuanspaudninsszndaudiniviesnglaaiudmyanos
ANTABUAUBNALF AR TA ENLEaUTeuTY I aneaaun AR RLEINLINAT AN (5
9INNTMHIRTFINIIBILU L AHUANFAN9TUeE el d ATy Tunsimangdsineneds
o [ @ Y] . . . a I'd a2 o/ 1 v v
@ﬂmummsﬁj matrix matched calibration curve Tum'if;Lﬂ‘m:wmﬂ‘ammmﬂmefummw AEUBYR
HafiuautTaA I UesEudn s EnduAn (recovery) lmesineBaannisnismnuanifiungiin(y
Tmel EURACHEM (Guide EURACHEM, 1998)

INTUFINNITUIeLTSUNAT [FRa1n N1 LATLisinasiNa39Fne
uanAAFannsnednesieanglnaimuansiiaug  funanisimszidiagnufeatiufen strip
test (ARKRAY AUTIONTM Sticks, ARKRAY, Inc. Kyoto, Japan) 71 {Ae1n 99ngnu1assaaumsiuns .

o/ Add‘

1 pry @ A o aaA =4 £ a e A 1w ¥ o
W‘I@T‘ﬁiy 9. ®NI[1 L‘W’rﬂLﬂuﬂ’]‘iﬂuﬂw)’]’]ﬁwwGNL!"I‘EI‘LATVTNNT”I"I‘E’JLﬂ‘i’]t'ﬁi’lLVIEIULV]’WﬂU’JﬁVIT%@‘NTH

T‘NW?_I’TLI’]’N
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4.2 ANHIAS AR IMANABEANISINORIND SR T RATINT UNIZIIIEIIATAS
msoai’mngfﬁﬂ

EVARDIATNBANKNTITATNWITHTTENAN

dpsannnanitilalulsfinaunsafiniussiuansifinegda-lnesaliuvesdilsznou

2
=

%ﬂﬁﬂgj?ﬂﬁ’]@]ﬂﬂLﬁ@Uﬂﬂ%ﬁﬁ LANARR NS IND RN DS AN HEN W T TN A9 NI N9 299
fumanglasiessiafies Aobdiesnisfnuuasiamnssssnsnmedainfaiuisausn

n39danglaaenianariingy q Asansadudaiuasnsmedmesiaald Tagnsindeuueniiin

|
=

anSneamNaseante iartaadnaantasaNgmTvnasan e liiiuisnaes duiiie

U
v

LENUIAATRAGINY 7LL@$T%’L‘§H1J%L’Jmﬁ"l‘iﬁ:ﬁ/ﬂJﬂ"l‘m‘iﬁ’ﬁ/ﬂﬁ’mﬂa Adida Inafiilasafifasrnunsie

U

P~y

4.2.1 ATINYTIIVBIRENNIARNI N RND S IRADINITANIE AN
WnisedeuuenRdfaN1Snedmeswanie iwisatlaa1dnaannaneg
pe9via S dudasanfnistusuansaransWidnlunte hwisles Huiallngew anwnsawiey
Tneusenntlaad Fmslantunmeassdudasiusn deseinannenirewiedidaraunnis lng
TdausnANENRANETT 15 EWRINAT NAIIINEHEIAREAAVEBIRNATNENITEWe ITBMIAIN
gnay IneRenTonennAtdNLUssAanEnIsuen (separation factor) WAZFNNILNAYINNE B
(theoretical plate) FaRVaIaN T HNNsAATZHA
4.2.2 ATWAINI5A TUNTSYID A 0BINTISAUASILURE N SIARBULO WA
ANISVINDRINDSI9A
AnunAEaIIsnTHNTROAT IR LAY NS IARBLE (F TneRenTanan
A INNTABLANENT [Fa1NTTLUNNIRT99TALaT A EHUSTANENI5ULIN (separation factor) 47N
Tasnnunssdit
4.2.3 AA1IE NI aNaIISUNISUENIaAus A o n
adudnfyfigesdine fe e aresnmadewd e WiueWiafan v
woRweflaanadniifilaraninminnnsuangsfign shifte eV WuenAffaunSmmeaines
\WaRadiaEInuenng laaaansininaaniingu o T4
4.2.4 UsEANBANATSHNIMIBINITEUY

a

tladeadufas@nen 1 N19ReUaNaITIF e LaNRRFaN1SIND R

i ] o ' = 1o £ o o o o
Wwaslaaisaumausazsin (ﬁﬂﬁsl"l@’mﬂ’]ﬂﬂﬁ‘iz@mﬁﬂ’]‘i@‘m@’]@ >0.99) AAINPNITATIFTAUD
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Wpnausiazaiia (signalinoise > 3) 1afigsn nasuaNARfar e Rmeilea Insgainuanis
Amszien warengnns e (Anwnenniesidudnisanaasdmyainnisneuanss) Wigu
] 4 ]
4.2.5 wasunuinaaImitmaidad q

Tmﬁﬁﬂmﬁffm%mmmw (UazanBnmTunisuen) wasidel3unn (faysyiod

a e APy
AN9ALATIZIN (H)
4.2.6 Uszqnm’?ﬁ?ums?tﬁsﬁzﬁﬁ%@eiw@?\?
PYIATANITUENLANITATI93 AT ENUNT N 1 N9 3LAaneisinasing

£ g . A Ao = Py a gAY o a
AINIALITD (culture medium) 1198 #AFN T@f—_lL‘]J‘i?_l‘LlLVIEl‘LlNﬂﬂ’]‘i’]Lﬂ‘i"ltﬁi’l\tmﬂUW]ﬂuﬂN’m‘ﬁﬁ’]u

ENARBININUNEAISAN NI4T T8 s

AINLHINIHATANTILAUD [T AINITORUATIZALENARA AN INRINDS 1A AR AN
THuazansasadinduszunees p-HPLC T8 uadgmfifialwbuineinn1sieassinnisuansda
dl a o/ o/ = %/ a dl o Y A 4‘ 1 a =4 4‘
WefimiuseiunglasvEsiaaningn q vl lanafieaszngresnainvieanans waoed

A19AZANINIATTINYBIIANATTARN 7 Ak AeinTiufainisAauuwsmsnfinenadn sl

Y o/ R

AAsuLNHNIga e e fRdessFdATsinaueanAaaNIAtnTaRRaly

Y

a @ 1 LA A ' aa a a o an [ o A 1 o 1
T’iumﬁumjﬁmﬁu Lu@ﬂ@qﬂﬁﬁjﬂﬁmwuﬂTUT’iuﬂﬂqN'T'ﬁﬂLﬂ@@u@ﬁﬂ’iﬂ’]@]’lﬂﬂm’i’]‘ﬂLLWﬂGl’NﬂH’iKC‘Vi']’I\T

Wenausazein  Aaiiseaeanndniesieednineweanfidanseiiun Eunisuentiina

a o/ R

wiazednaenantuld  fAdeasfFnuimeianisdined  aeeneuansaifideciients

1
A

cé'f\‘iLmﬂzﬁmu@ﬁwﬂ@ﬁuuwmﬁmﬂﬁﬂﬂﬁﬁﬂLﬂum;iﬁeﬁﬁu warAuAddayafigaiumAANIg

paaadnineng  annnnsfnaindiayanudmafiantisivinaulafentansiadnlae mafians it
Wi mssimaszgnesndlndidnd e lasead tnansaransfifignantuua  Taaemns
atnsdaflofinasunaiuinsniften  Fuiutasnsonewsinedniidanmsiaulunisusn
spnaefiading 7 eanainii wazmssdmlasmatiannsiiiued TaefinisusulssRaniinnes
Bdnnandasoynanasns s Bilimaliannsnsasdmitmaiismnsniimaizsiinana
parerinlueandeady  TasliRnewisludaasniadunnginausanaodiniuazasuuranis

o

nTadnlUnWEaN o il Aol
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4.2.7 BunsauAs e TNauANADANITUAL ANEINISUEN IR AUARE IR
4.2.7.1 105 9aA AR A RS UNISAIASTIENDHDANADAN
Frafnnslialasnisriiuansazaty 0.1 Tuans Tndanlangan loe
Faan 1 41 viasannsiudednedneindunan 1 Faluaguin fisvn B fendunats udaas

a

yinlivisantlaandutslaenisiisasnoufialulnsian sesndesunisiiuiitaneuieswiaania
a3 lANTSHIUANTAZANL 2B Y-MAPS (Y-methacryloxypropyltrimethoxysilane) fiavans Tuazdlnu

(20/80 lagfAnnms) Wanehwiefinlifcaasazats Y-MAPS  Tatansviavisaassinuias
septum uAIAWIN[UvinUfRBenAigomgR 60°C Aiel3daAn (Choodum et al., 2009°) HAIIINHWAS
&ansefifidnainnisiniiisesaanzdlon fazlivisatlaardinsanamsunisinlEem
4.2.7.2 AUASISHNDUDRNADANIY
Foiminaaaiilugnsnd 2 Tneddadauda 3-nsnasiluifialy
Tsflauaziafiasulammanlagian 1 40% 1-Tnawues uay 14-Tamulaees 1w 60% Tnaly
60% % & 1-Inswupant 45% uay 1,4-Tamlnens ag 55% uazli ABN 1fiu 1% anaiminas
& b o & o & . { o
VINANA (Choodum et al, 2009") NAIIINHIUFINFIUNEHIBIANTAZANLINA L sonicate iaYIN
Wiilwmsaraneiiaien viins degas Traniafidaseufialulpsien iealsasndeuiazaasg
aanlinuen  Wuasazarefiwaen i wisantaadfwdenlihdie 4.2.7.1 fiflannuena 20
wfins WennehisfinlUsieasaraiesondns TaUanavianaaeddinudiog septum wiaFin
UffBemeRma lslsiuiigoungf 75°C #1ufiu (Ren et al, 2009) MAIINUWISIHDUBANABANIT]
Fupseh 3 wnspdinduilnsssiassanaslasanlnnsflanssourgs (HPLC) aRnssnsayans
! a 1% & ¥ a v ed v o o o o
doifinanndsvuea fezlfneusanaedndiindondmiuniain e
4
4.2.7.3 IANBUAISULNUINIAAIUNDHNDRIADANI

nasaulszansnmiunisusnimaidesdiulneHinaia HPLC #id
o o o [ 1o oA o P ) o o A a ¢ ¥ 2/ 0
fanaednamsudnduilinm  Hesannidudansaeiafianansniinazsiiianaldlnenssdnedl
U o o/ I'sd ;ﬂl 1 1 o/ e’zdlo/ (4? 901 = | 1 1 A o
fowinewins  evassuaudirednlfidsaseiiuansnsousniiaafivseld  dowiawnin

paaNsAInan [UsadinduszuungaaTanae MW wad
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L3

AT 2 FI9LATIT T NIRRT N UD AV AR AN

Pifmgileiiuiunsefifialulsiadmsy

NITHENKIAR

a 2
NIFLAN UNUIN/AUHIN
n9m 3-azraani einalulsdnazrdanneg lanadmas NOUBLNDS

aa . i v
wiaulamalasian (ethylene di- methacrylate) a5@en a4
1-Twanues (1-propanol) mfiﬂ'@gwqu
1,4-Dawulaaaa (1,4-butane—-diol) AINBINTH
AIBN (Azobisisobutyronitrile) ATRaENLEeN

4.2.8 ﬁny'ln'ismso@'fﬂngfﬂﬁﬁ?mVmﬁﬁu@mwafsmwg
4.2.8.1 mszl%’m.l;aﬁmﬁwmunﬂﬂsﬁﬁ7§uau@“tﬁﬁfwsm (glassy carbon
electrode) AILIBHATANBIUAY
42.8.1.1 TaviannarepRonTinBian nsndogriegiuiaun 5.0
1.0 uaz 0.3 WlAsns muasy dnefneinnauBrnomnn iadaudalnsian ssvinas
ArpARITINENASIRnLmATAlEARN AUNEVE TuasazanansnlElnsnassn 0.2 Tuans auld
Tepannawslnunsnfiades axldunas@dasuendianmsnfinsandmsunisint
42.8.12 ﬁﬂﬂgmmwmumﬁm%ﬂu 0.5 % Nafion AIMNETNTU 10%
Uasns 5 TulnsAnsumanasuAanineesdidalnanfiliannds 42.8.11 dsalliusiodugidn
pdsa g &Angaf Fundnedasinds iarsianenAneauasi (l FEninnziiRamii
Barlnanaan
4.2.8.2 ﬁ?’ﬂﬂ’fﬂﬁ'l?ymsmsqaﬁ'@ng%ﬂﬁqmW)ﬁﬂfﬁfﬂﬁnfqmmmww%'
Anwdndiindmsuniaatadanglaaideiuliazu batch Taal
Budnlnaans 2 wou eRdalaTiusutas (bare glassy carbon) uazLsgsRamindasaA1ANDILA
w&a (copper particles modified glassy carbon) IneM@iEAnaasananaiugamivines % Agagcl
Aannasadiuiningsss uasviasumuaadudamindas Tnasunuingintugas 0.2 Taad
9 0.8 Toad Tuansazanslzdenlansaniasd 0.05 Tuans ﬁﬁmwﬁu%mmﬂ@mﬁy’mﬁi 2.0-22.0

Aadluans
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4.2.8.3 gndlwinimscanfuszuuinadusaduuaminea lsiuns
Halidnd i fnglaadufinifsesnseiiiifamiinadnlnem
winAsinniaRnudng iz andmsuniadmiiseeentinduansnglaatuszuunaau
lAFuRNsmATALENNE 15YAT 0.20 0.30 0.40 0.45 0.50 0.55 waz 0.60 lad lnanisan
asRTaENIRggIHInsnglaafiaIidingy 1.0 Aadluans Ussneadansng 100 TulasAng uasld
sns bianesssazanaladanlansantss 0.05 Tua47i 0.5 Radanssowi
4.2.8.4 SRS AAUAE AT NTUTU AN ANDBUNTARD T
Tunsfnunildansaranslnfenlansenlofdunanand e
annglasenAnfiseeantinduliitusnasiifuus  wasiellidygiunsreuaiasige
figpasinnnsfnundnanasassnsazaslnfenlansenladdousd 020 030 040 uay 050
fadanssan? uazadndueesasazanslafeanlansanlsd? 0.01 0.05 0.10 0.25 uay 0.50
Tuans Tnsliansazanssnnsginnglaaiinonmdingy 1.0 faaluans Tunnsfnen
4.2.8.5 mqmﬁwﬁuﬁ'znmzm«wmmgn’mwmum
IPBHNBYNANDILAT HENTAZAY 0.5% Nafion Tuienues FiAnn
dadudous 1.0 25 50 uay 10% (Haaselsnims) IeeliBunnsuessnsazaasonann 5.0
TulnsansTunsvenasuuRaMinuasunas@AnsuousLa A saf Fiiiuin avina anedie 5Tk
TufigomgR 4°C A ndssmindaididalnaafinaunissilqRaminsndnsfaeringy uas
ﬁ@Lﬁﬂﬁ’mﬂwg@uL@ﬂ%’mLmLW@T‘&LW%LWIm‘i’]m‘amq@fi’mﬂ@m T@mLwimm”lm%u%’mmmémm
Vasuas azinnsdnansazataninsgiweenglaaludasaanudinin 0.01-1.0 Aadluans Aw

Wndiuar 3 91 deN AR sEi R FSeudisu i WarANNdNdNIaenIANEILeT

1
=t

NN RHTIRR
}- %4 1
4.2.8.6 mwzNﬁﬂs?ums?z’f'\?wwm2/9?14/1377ﬁﬁmsz/sm/;:dﬁmﬁ'lﬁoﬂ

BUSTTANIBIUON

|
a 4

Snansazarnnnsgueaenglaaiinanudiniu 1.0 uaz 5.0 fadly
a3 aduiudugas o i lulesuunaduseduuenmelsumaffdidalnaniifinnsusulgeRionti
Haeynaasuasiiuia invihem TnalidmaodiFeinnisiansowsnds 100 wesifud

¢ = A ! ° < da o ¢ ® & o Py v ! A &
INUNFNTEUNTINTTNINTIUIRATTRAT U S uiaesday 10l [ uiamAneRgsanyari

\DeUWNIRTg 1L BINSYINENT IR
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4.2.8.7 dan1sanuaHaI A unTIuazEasnatun1sasIeia
gaensnauauasdiiudnunssesfciiAandniusZa B (R)
dnlnd 1 wazinnnsfnulaenisfinansazaennnsgmnglaslugasranadisndu 0.001 - 30.0 883
a1 wazinsnfinnisnsnasaroanudinddi idyaimnisnsedmdn 3 winesdmygios
FUNIU (S/N=3)
4.2.9 u@uaﬁwmﬁuﬁmu@ﬁusxuuTWa%uL@ﬂ%“uLmuLw'afsmw‘%

o/ dl

NAIFINTUYNFNLITIS IHETHIDINITUE N LA AIUIBIN19A9I9T A B LS DY
WAT HIHEUD AV ARANIITIRIATIEIN S BN AU UL TN AB U ATHLENING LS LHETIEN 1SN aN
FINIHAVIAFA LT RNE NN IHNT LN ANA LA RS RARENT NN ey mefianiangaadna

nglAsTNmWIEN FANNIINNZI9Ze 9NN T

5. HANTSVIANBILALITISHNANISNIARDY
nan1vAaasiLeaniurasdEfeNiuAtn1TIeany  lnanan1TaaasaauLInazii
mqmﬁﬁ%mmmﬁm’ﬁLmﬂzﬁﬂ'gg%mﬂwdmﬁmm‘mﬁLquﬁﬁmﬂwﬁﬁﬂgﬂﬂmﬂumﬁﬂizﬂ@‘u
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A15199 3 qu:ﬁmuﬂmmm@@uﬂmﬁ’mﬂu@v\lﬂﬁﬁﬂméwwﬁLN@%L@@ﬂQTﬂﬂL%uLGﬁ@%muVjﬁu
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pH 7.75
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Anunarassnaduiuguinasneisantlaatd  Afwasoaania

MINATR  (ANHEHIDINT MRS sesuenRfifiansneaweieanglassunes  lag
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=3 ! Sy ¥ ' 4 A W2 & o v A a '
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1% APy A ~ ! o o 2Py @ ¥
fyarnsmpusuesd FiEndesuulleingasnisaeuanssBadn  vinWilAgasmansnduduns
(linearity) #iupu (371 5) Wpdunanudnlagazdaanudnfuenidfiansnnadmesiaauisay
ngaaan1anUaevisniivesssruunaduant  visilanadlesnainnseieuuanififansy
woRwoieame e a3 ifunisiadeuiionfenisinnziatuianialwienesnneaming
(Hoare and Pelton, 2007; Kuzimenkova et al., 2008) wanainiiun1sdansnziiaaluiinstéans
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E R? = 0.9956
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Wusr SRliaresWaAReuil 0.08 AaAansdew? Uswiesansfangne 300 (ulnsans uas
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5.1.4 zls:,'ﬁzw?ﬂ'lwunzmiﬁg@ﬁmi?ﬁfﬁﬂmuQWWﬁﬁzm'ﬁ'wwaﬁmaﬁfom

ngfﬁm‘zmm@%
5.1.4.1 dvarruiildnnsy (linearity) uazdas1nan1sasaadn (limit
of detection)
yinsAneEdwanuiuiunssuazdadndanisnsaadnnield

aanazfimsnzaniouanslumnaei 3 Trensdaasazanesnsgunglasfinonsdisiy 05-18.0
faAluans Tﬁﬁ’fyfyﬂmmﬂmummﬁagﬂﬁ 3 ED @ ennINULERIAHE NI A I
WATHEYTYIMNITABUAWBTIH WL Faeanuudunss e sueeSANmWIEW fe 0.5-16.0 Aad

Twars (Gilduamanamianmsgy lnedannsdunseiis ymv) = (7.1£0.2) X(mM) — (4£2) HA
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ARNTHEIBIANM (') 1T 0.994 uaziiAndndniinniansaadnegi 0.5 fadluans (SN > 3)
5.4.1.2 armiiigszasn1siasieinre tududeani (intra-day
precisions) UAZSEATINTY (inter-day precisions)
AnsnAnITieNensnn ATt FearfianannannaAndeaun
HARSEIHANTNET (Hanniavingn wudiannaiiesresniainsisinetudiudeaiudmsuiug 1 2
uaz 3 11 3.7 1.5 uaz 2.5% auaIAl daurnaaaiiesresnsiiaanssissndnedu (3 4w S
2.8%  AnANTEUMNASTILANET FEmnsaagUlid  uenAffandmeAwesieanglna
oarnSARA U A sTiean U TinsinomiunggIHes AOAC (AOAC International, 2000)
5.4.1.3 ATNIANE5YBIUBNARBARNISINBRINDSIAMI I YRS
iannsgniiasuazasidsfierastieya il FsAnunaansaties
Tunnslemmesueniifauimefmedisanglaasusesfindoued hyioantlaa3 971
msfnEmudiuenRRR e e Rmesiaanglaaansansnanfendetsiaifiodide 250
Ass (U7 6) Taefiduafaunes %dyannianeuaunsagil 98+5% wazitadiuantiaesniiia
f9 250 As9 if’fyfyﬁmmimﬂuNumﬁfﬁé’mﬁuﬁw +10% (t.10) (Taverniers et al, 2004) ¥84

Y YIUNNTRBLAURIA (FI1NN1TAAATILGN  NMTRARIYBINEY YIHINNITRALARZASIT AR e
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g o/

0.036% wiri Zeuansifiuinasunediueniifiaunsmmefinesaanglaasueasiimu

fanuafisstunsdeuge uazldanmevinandid (Andeauusnnsgiudning 5%)
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FINNaARaULeaNRRRaN S IneANeSwansTwiaaTlaa1d 6 vie
Tnausiazviedinsnsdansazanannsgiunglaafimosudindudous 1.0-16.0 fadluans Aasdind

az 3 91 WasuWauannimaszd annhimsziiiFennvieusazsluansiugUf 7
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viotlaa 3t tidines aselafnmiieseinuenidfaunsmeanesaaiindouiluudacyie
Aamiades e lismngs uidhfiansduiudioatdon nsvinnamsnasgisansnsaintidne Tl
doenn  dodesludasiinadnidbidugassatuniafiasineusesiinuntuanuszgndilinns
Anwinglas  dwseAdelusnandndanudesniaiinanannsa innsingn (Fansnns
ReuuenARRa S e Rmesiabrientaatd  e1eszamnsnvinlileelfimaianisindeud
anfunafinineznefiantneisssndneatiuiuRaATlaa ErKnazLIUNIA sianisation WAz
ynliAnnsdenlainelmedmeseawslneandoas@onlad (cross-linking agent) (Kuzimenkova
et al., 2008)
5.4.1.3 AT UNIZIIZIIABNG IANYBIUBNARAANISINDAIND5I9A

snn1alasiiiang 5 ¥ia fe nglas wiulia nuaslaa glasa
uazuaAlng Dutasmanmidindi 1.0-16.0 Aadluans wudy Fasnsseusiesiifuduasesinglaa
sAaduavininfioghteg 1.0-16.0 fadluad Tuasfitwmsmeuaussiifudnassnunlug

nuanlng glasa was uanlng el 4.0-16.0 1.0-8.0 2.0-8.0 uaz 4.0-16.0 ARANAF AHAIF

! v
=

TngannbAnsnsirasusnidfiaunsnnefesinamugasifidaiimausazein uamneiegi 8
HANIVIAABT FLans Ui uan AR arnSne RS 19a N8l
AINIIINzIaNzassianInsaadanglaa  Inaacniadnsneifiifennnistiasnziusuuauaznn
waalas  HeninfiAssiudiannlBmssdifiifannsdmsdngles Soimeaiduinena
Tanapian  Twaiidinanadmiuglassuazuanlnafaiwitnalianag  andidimnls
- ccbrx A ¥ 4 da s B4 ¥ -
sz Farnnisiransiimaluanaiiafifinefis 9 win isiiaradaseiniinnaluanagd
wuszlnalaBAn (glycosidic bond) s iiugmiidenszndreinmaluanadios vintHslnygdala

apafimassmsunsfiniusriunsafifialulsiintien (Lee et af, 2004) wenannflinmaluianag)

k1l

P . = o b a s o ' A ¥
21992 ANIIINAIINLNZAL (steric effect) @GWWTWWJ’TNT’]TWW‘?’JLﬂ‘iﬂi‘lﬂ@]’]ﬂ’)ﬁﬂ‘im%ﬂdu"lm’]ﬂiﬂL’NQN
Wign ag9EfauansusidseiuewInn a9t AIINI NI La1Ya B WERS TN N UNT WAL
AnaUsuasulassadsrasnaaialulsnn A Hduannue FIDNIILHNAFDFATLAUILALNITIA

esinremgilsiiusonans  enataeinliiausunnzianzestiunglasanndy wn nstineus

sda

WBSAANY tertiary amine THN1983A5IZ polyacrylamide hydrogel Asingy 3-neppA3andlaifialy

U

Tsfinagargaeianusnunnzianzastiumsiwasinglnaifis@usdnafinlfdn (Dean et al, 2006)
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5.4.1.4 1Sg g uUNan1s3ASILRALAE dinitrosalicylic acid (DNS)
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AL RN98 RSN ARADE LA ANULANAHR AN ITNNERLNDILIRT

v ad a

simsnausilaransnmiunisiinnsilsnanglaaieuwinmasanegudedsines iy

flaqif Avlivinisinsisidetne 10 fetswdandeingy vetlidasanndosmainiiomi
Annasunuiu 1 fieneflogtusetsaantuden s 10 daetsfinglasagy huaspanandadiu 5.0-
50.0 fadlans  (Anudindnfidandnunagiudasnaudiuiianinsansadnligaamaia stip
test (2.8-55.0 AaAIHA"S (Urine test AUTION™ Sticks, 2010) @uifumafiafinislsonanunaientil
nsnsreinszilannmunglastuiiaanny) vinnadnunlasuivusiazietsaanify 2 @ i
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wafla DNS  lagfinnsideanusazdangnsfsansaranenasmainmnesiddunanteniifas
wimaasimnzan e liaudniuitinszifegiugasnisseumuesdidudunssnusiay

a < o= A P P ¢ = oA o o
wafia AnidaBaufiaunantsimesd (Aedesandesuuninsgin) nglaale 10 saadned
{Hannispameila (U7 9) waziflanaaaunanisdnsnzisiaamafia Wilcoxon Signed Rank wudd

NABINARATIHAN1TAATIET T A nusandwetaiedAyfissiuannudeds 95 % (P >
0.05)
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5.4.1.5 M5AUATILYIAIDLINTTY

A & e a LA 4 aad '3 a <

Wailunstuiudiinaiinesunsdniieniafauivnefineiiaa
nglasimgasiimuntn amnsns UETunsimsnsisaedeede @ Saldeannueynsnsi
fpdnstlaanasniasianan1sinsgiiBununglasludaagnsssnanadiaameadia strip test 90
TsangnunaseraIua3uwms 8. malig) 9. 9287

NHANIIANENATaUNIMEDIDIAsznauan  q  TiflegTusaedi
TrannsuBaudisusaauduiilfann matrix matched calibration curve FUNTIWHARTFIUASELH

aasrareNInTgHnglaawaszaenasatnmed Taedinszianisuansitseesdaansdui (3
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Faawafla two ways ANOVA Tae?¥l15unas R (R Development Core Team, 2006) WU41ANANT
YoINTMEIRTgIIRDIR AHIAn e wTad A Tissiuaidei 95% (P>0.05) Buuans
Iasddazneviu q Afedluiedwinasunaunisinszsinglaadaseueasiimnnty dilu
mersiUsinanglastudanstsiiaanaysdntiugiosl¥ matrix matched calibration curve iiana
meAimazsiigniias
mm‘fuﬁflmﬁfym’lmmﬁmummﬁfﬁfﬁcﬁ?flmmmmmL%]N%wum

nglaaiifteglusatineiaamamis 3 fatw nudansdisiiveesnglnafingseanulugnatneg 1 fe
1.8+0.2 AaANATS Ffetiefl 2 Aa 2.5:0.4 AaAluas uazdansnefl 3 Ap 2.840.1 Aadluans
LARIAIRNT9T 4 HantalnTsiEnng IaaluiTaaazdasmeiia strip test AilFa1nlamea
i 3 inmeing sz lEdiin “trace level” (glinyatunnansit 4) Famsnsanudimadnduansnglaa
Tughatnsilasnnzis 3 Msdneinfiditiosndt 50 Aaansudaindans vide Haundy 2.8 Aaaluans
Fafl@nsinnisnsnainzesmain strip test (Urine test AUTION'" Sticks, 2010) shFannudini
G‘?ﬂqﬂﬁmmﬁmmmﬂéﬂmﬁm'ﬁm'ﬁflzﬁﬁfmmﬂﬁﬂ strip test 1y 2.8 Aadluans Tuanufinans
dndsngafiaananssanFenumumesinauntuiuegi 0.5 Aadluans axiulFdifidasind
wAflA strip test f9 5.6 Win annsfudisyanudn aanmdindulnfvesnglaaluilaanzegtas
0.0-0.8 findlnans vidalimansaanuias wazdnBunanglashudanidifndinnuasnsaiil
ar5ulAn aglutdas 10-12 Aadlnans nglaaszgniusenumneilasnay vlAisasnsansaany
ﬁ%mmag%ﬂ?uﬁﬂﬂm: Femnusaliunsusdning  renal glycosuria 38 A19ELLNNINUIA
(Position Statement-Urine Glucose Monitoring, 2010) ﬁqﬁ?uﬁﬁﬁﬁef%sfumﬁLﬂ‘aﬂzﬁﬂ%m&m@ﬂﬁu

Tasnnzansnsnszyi uBeiannld feziuszlombnndenisifiadelsn uazennnanisvaaesd

g o

Thauindn  saunedniuonRfanimeamefaanglnaaueasinmntuiunsassy s
dndmnenglaatusnasneliaaaia 3 dnthaiudBasnadeifuineliey hoosidoya
#lEann strip test 3z {Hudifies “trace level” i

A e e fEuin s ANAUAN (%  Recovery) mnaAE
spgg i Funzin(3lag  EURACHEM (Guide EURACHEM, 1998) fsuamstuannnsfi 1 aqnnnsg

Awansnudesidudns induAues g 88+2% G 103+4%

% Recovery = [2£] x 100 (1)

(o}

1‘ = v v dl\tw o | oAa a 1‘
4 A AB ATTHIDNAUN m@fmmﬂmwumimummm’mmmggmﬂq AN



35

= v v d'\ft_u o 1 d"’[ = a <[
B A AITHLANARVTEAIINGIREIY 34Nﬂ’ﬁL@]NN’ﬁfi\lzﬂf]ﬂN’]m’iﬂfluﬂq AN

C fia audindueasansazangunmsgiunglasfidnasilugaesing

o

A15199 4 quzﬁmmmmmmuﬂ@ﬁmﬁu@WWﬁﬁﬂM%mm@ﬁLm%w@ﬂ@ﬁmmuvﬁ@%muv;i 1

syuvInadwAa AT
mﬁm"ﬁuiiwmﬂg‘fﬂﬂ AaRlnas) Lﬂ@%t%%ﬁﬂﬁi?ﬁﬂé’ﬂﬁmﬁmﬁmngﬂﬂa
d' 2 2 4 a a I'4
_ fiarradingn’ (Raflnans)
AN
aauAaaNtLaNARRaNISN Strip test
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Abstract

An on-column affinity smart polymer gel glucose sensor was developed as a non-
enzymatic glucose sensor. A copolymer of 3-acrylamidophenylboronic acid and acrylamide,
the so called “smart polymer”, was synthesized in situ in a 5 cm long capillary tube with a
detection window to provide the on-column detection. The optical density of this
semitransparent affinity smart polymer gel, coated inside the tube, decreased with increasing
glucose concentration and was detected using a UV-Vis detector at 500 nm. The capillary
tube was incorporated into a flow injection system. Under optimum conditions, a linear
dynamic range of 0.5-16.0 mM with a limit of detection of 0.5 mM (S/N > 3) was obtained. A
single coated affinity smart polymer gel had good stability for up to 250 consecutive
injections with relative standard deviation of less than 5%. The analysis time for each
injection was 6 minutes. Ten glucose samples prepared in distilled water were analyzed by
the developed method and the results compared well with those obtained from the
conventional dinitrosalicylic acid (DNS) method (P>0.05). Real urine samples with known

glucose levels were analyzed and the developed sensor provided comparable results to those
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from the normal strip test technique. Acceptable percentage recoveries, ranging from 88+2%

to 103+4% from the spiked urine sample, were obtained.

Keywords: non-enzymatic glucose sensor, on-column detection, phenylboronic acid, affinity

smart polymer gel

1. Introduction

The determination of glucose is very important in various processes, for example, the
monitoring of glucose level in either blood or urine for the treatment of diabetes or the
monitoring of cell growth in biotechnology and food industries where glucose is the primary
carbon source in most fermentation processes [1, 2]. The most commonly used method is by
an enzyme based sensor [3] because of its high selectivity to glucose. However, one of the
major problems is the low stability of the test enzymes. Their activities can be easily affected
by temperature, pH, humidity and toxic chemicals [1, 4-6]. Moreover, immobilization of an
enzyme on the electrode surface is needed and this may also decrease enzyme activity [6]. In
addition, the amount of dissolved oxygen in the sample can affect the accuracy of the results
and needs to be controlled [1, 4, 7]. For these reasons, a non-enzymatic glucose sensor has
been considered to overcome the previously mentioned drawbacks [6, 8]. One interesting
approach is the use of a smart polymeric material containing a glucose selective ligand, such
as phenylboronic acid [9, 10] because the smart polymer can reversibly change its physico-
chemical property according to the change in glucose concentration [11-14].

A number of phenylboronic acid based smart polymeric glucose sensors have been
studied in the past few years. Kabilan and co-workers constructed a holographic sensor that
showed a wavelength shift after binding with glucose [11]. This sensor worked well at pH

9.0. In the same year, the same group improved their holographic sensor to be able to operate
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at under pH 7.4 by changing the monomer from 4-vinylphenylboronic acid to 3-
aminophenylboronic acid [12]. This supported a former finding that incorporation of an
amino group into a phenylboronate polymer protected the borate-diol complex from
hydrolysis under physiological conditions of pH [2, 15]. In our earlier work, we also
presented an optical polymeric gel glucose sensor by detecting the optical density change (at
500 nm) of the copolymer of 3-acrylamido phenylboronic acid and acrylamide coated on a
glass slide in the presence of glucose. However, the response time of the sensor, 40-60
minutes, was too slow for practical use [13, 14].

In this article, we have proposed a capillary microfluidic flow injection system to
overcome such a limitation. The concept is based on the advantages of the microliter flow
detection system employed in both micro-high performance liquid chromatography (p-
HPLC) and capillary electrochromatography (CEC) because such a system uses a small
column, a minimal amount of mobile phase, a small sample volume and on-column detection.
This was applied in combination with the convenient detection of the change in optical
density of the affinity smart polymer gel in the presence of glucose. This was done by
incorporating a small capillary, with an inside coating of the smart polymeric gel network,
into a flow injection system. Glucose was then passed through the polymeric network of the
smart polymer gel coated inside the capillary instead of only on the polymer surface as in the
earlier work [13, 14]. It was expected that the analysis time would be improved and the shape
of the signal would be easier to handle. To obtain the highest sensitivity of the sensor, the
affecting parameters were first optimized and the analytical performances of the sensor were
then evaluated. The developed sensor was then applied for the analysis of glucose in real

samples, i.e., glucose in urine samples.
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2. Experimental
2.1 Materials

3-Aminophenylboronic acid monohydrate (98% purity), D-galactose, D-mannose,
sucrose and lactose were from Aldrich (St. Louis, MO, USA). Acrylamide (>99% purity),
N,N,N’,N’-tetramethylethylenediamine (TEMED) (99% purity), ammonium persulphate (> 98%
purity) were the products of Sigma Chemical Co. (St. Louis, MO, USA). Acryloyl chloride (>
96% purity) and D-(+)-glucose anhydrous were obtained from Fluka (Stienheim, France).
Sodium hydroxide and hydrochloric acid were from LAB-SCAN Analytical Science,
(Labscan Asia Co., Ltd., Bangkok, Thailand). Sodium dihydrogen orthophosphate and
disodium hydrogen orthophosphate were products of APS Finechem (NSW, Australia). N-
acryloyl-m-aminophenylboronic acid (NAAPBA) was prepared as described elsewhere [16].
Fused silica capillary tubings with various internal diameters (I.D.) were from Polymicro

Technology (Arizona, USA)

2.2 Instrumentation

The flow injection system (Fig. la) consisted of a pump (400 Solvent Delivery
System, Applied Biosystem, USA) to drive the carrier buffer, an injection valve (6 port valve,
Valco Instruments Co. Inc., USA) where the sample and regeneration solutions were
introduced and a UV-Vis detector (757 Absorbance Detector, Applied Biosystem, USA) for
on-column detection. The detection window in the middle of the coated capillary was
positioned at the level of the detection cell (Fig. 1b). The on-column detection was based on
the optical density change caused by the swelling and shrinking of the gel, observed at 500

nm [13-14].
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2.3 Procedures
2.3.1 In situ synthesis of the on-column affinity smart polymer gel

To obtain the affinity smart polymer gel of a 3-acrylamidophenylboronic acid
acrylamide copolymer (NAAPBA-co-AA), 9.6 mg of NAAPBA and 30.6 mg of acrylamide
were dissolved in 0.5 mL of ultrapure water at 60°C. The mixture was gently agitated by
manual shaking for dissolution. Two microliters of TEMED was added and gently agitated by
manual shaking for 1 minute for the solution to be completely mixed. The solution was then
degassed by purging with nitrogen. This solution was the “monomer mixture”. The “initiator
solution” was prepared by dissolving 19.9 mg of ammonium persulphate in 0.5 mL of
ultrapure water.

A fused silica capillary tube, 5 cm long with an I.D. of 0.32 mm, was first
used to optimize the affecting parameters. A detection window was made in the middle of the
tube by heating the capillary with a custom-made heating coil. In this process, an
approximately 2 mm length of the polyimide layer was removed from the tubes outer surface
leaving a clear portion of the capillary for the on-column UV detection window.

Twenty microliters of the monomer mixture was mixed with 10 pL of the
initiator solution. One end of the capillary tube, with its detection window, was immediately
dipped into the solution and the solution was drawn into the tube by capillary action. This
amount of solution could prepare 3 tubes. After a few minutes the semitransparent affinity
smart polymer gel was formed inside the capillary without further treatment, ready to be set
into the flow injection system. Phosphate buffer which was used as the carrier buffer in the
flow injection system was run through the three serially connected coated tubes for 30
minutes to stabilize the coated gel and to flush any remaining excess monomer mixture out of

the tubes. The tubes can be stored at room temperature before use.
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2.3.2 Detection principle of the sensor

In principle, the functional groups of the phenylboronic acid affinity smart
polymer gel exist in equilibrium between the neutral trigonal planar and tetrahedral anionic
forms. Glucose favors binding to the charged form. Therefore, when the concentration of
glucose increases, the equilibrium shifts increasingly towards the direction of the charged
borate. The concentration difference between ions in the gels and those in the surrounding
solution induces the Donnan potential and results in the swelling of the affinity smart
polymer gel [14]. The level of swelling is reflected by the decrease in the measured optical
density. Since the binding of boronic acid with glucose is by a reversible covalent bond,
when glucose is released from the affinity smart polymer gel, the gel shrinks and the optical
density returns to the original signal prior to the binding.

With this principle, the carrier buffer was initially passed through the affinity
smart polymer gel to obtain the absorbance baseline (Fig. 2 inset). When the standard
solution of glucose was injected, the binding of glucose and phenylboronic acid in the affinity
smart polymer gel caused the gel to swell. At this moment the observed optical density
decreased. The chart recorder (BBC Goerz Metrawatt, Australia) was connected in such a
way that the measured signal (mV) will rise when the optical density decreases, (signal “a” in
Fig. 2 inset). Since the binding between glucose and phenylboronic acid is favored by a basic
solution, an acidic solution (phosphate buffer with an acidic pH) was employed to speed up
the release of glucose from the gel and to allow the gel to be reused. This regeneration
solution was introduced into the system via the injection valve; the dissociation between
glucose and phenylboronic acid caused the gel to shrink. This could be observed by the rapid
decrease of the signal (signal “b” in Fig. 2 inset). After the flow of the carrier buffer the pH
was quickly adjusted and the optical density returned to the original baseline within a few

seconds (signal “c” in Fig. 2 inset) and the next analysis can be immediately performed.
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To obtain the best performance of the sensor, affecting parameters such as the
concentration and pH of the carrier buffer and regeneration solutions, carrier flow rate and
sample volume were optimized (Table 1) by varying a single parameter and keeping others
constant. The highest signal with the shortest analysis time was used as the criteria to select
the optimum conditions. Under optimum conditions, performances of the sensor, for

example, linearity, limit of detection, accuracy, and precision were evaluated.

2.3.3 Methods comparison

In order to compare the performance of the on-column affinity smart polymer
gel sensor with the conventional method, 10 glucose samples, prepared in distilled water so
that any matrix effect was minimal were first tested. Each sample was analyzed with the
developed sensor and the conventional dinitrosalicylic acid (DNS) method [17] based on the
oxidation of the aldehyde functional group present in glucose and the reduction of 3,5-
dinitrosalicylic acid in an alkaline solution. The absorbance of the red-brown color compound
of 3-amino, 5-nitrosalicylic acid was measured at 575 nm with a spectrophotometer. The
results analyzed by both methods were statistically tested with the Wilcoxon Signed Rank

technique.

2.3.4 Real sample analysis
Three urine samples from Songklanagarind Hospital, Hat Yai, Thailand were
analyzed. The samples were first passed through a filter paper (Whatman® grade 1, pore size
11 pm, Whatman International Ltd., Maidstone, England) to remove any particulates. Urine
samples spiked with a series of standard solutions of glucose were prepared to produce a
matrix matched calibration curve to investigate the matrix effect [18]. A standard curve was

also prepared using standard glucose solution. The slopes of the two curves (standard and
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matrix matched curves) were compared. If there is a significant difference between the
slopes, the matrix matched calibration curve will be used for the analysis of glucose in real
samples. The obtained concentrations of glucose in the urine samples as analyzed by the
affinity smart polymer gel sensor were then compared with the values obtained from the
hospital, analyzed using the strip test (ARKRAY AUTION™ Sticks, ARKRAY, Inc. Kyoto,

Japan), and the recoveries were calculated followed the EURACHEM guideline [18].

3. Results and discussion
3.1 Affinity smart polymer gel morphology

The morphology of the affinity smart polymer gel as observed by scanning electron
microscopy (SEM) (JSM 5200 microscope, JEOL, USA) showed a porous three dimensional
network (Fig. 1¢). This connected network of pores and channels allows fluid to flow through
the gel inside the capillary tube. This porous network also provides a high surface area for the

binding between glucose and phenylboronic acid.

3.2 Optimization of the on-column affinity smart polymer gel sensor
3.2.1 Flow injection system

To obtain the best performance, parameters affecting the binding between the gel and
glucose in the flow injection system were optimized as follows.

3.2.1.1 Concentration and pH of regeneration solution

Since glucose prefers to bind with borate in the charged form rather than with

its neutral form, in the acidic pH range a reversible reaction will occur and glucose will be
rapidly released from the binding. To obtain the quickest dissociation of the binding between
glucose and phenylboronic acid, the regeneration solution was optimized. The concentrations

of phosphate buffer used for the regeneration were investigated at 15, 20, 25 and 30 mM,
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each with pH values of 5.00, 5.50, 6.00, 6.50 and 7.00. The initial conditions were: carrier
buffer 10 mM phosphate buffer at pH 7.30, sample volume 200 uL and sample flow rate 0.05
mL min™.

Neither the concentration nor the pH had a significant effect on the peak
height but had some effect on the analysis time. When the pH was decreased from 7.00 to
5.00, the dissociation time (time from point “1” to “2” of signal b in Fig. 2 inset) between
glucose and phenylboronic acid decreased from a few minutes to a few seconds while the
return to the baseline time increased. In the case of the concentration, the higher the
concentration the shorter was the time to return to baseline. For example, at 15 mM pH 5.50,
the return to baseline time (time from point “2” to “3” of signal ¢ in Fig. 2 inset) is 10
minutes, whereas it only took 5 minutes for the 20 mM to 30 mM buffer. Therefore, a 20 mM
regeneration phosphate buffer at pH 5.50 was used for further optimization since it provided

a relatively fast dissociation time (15 seconds) and a short time to return to the baseline (5

minutes).

3.2.1.2 Concentration and pH of carrier buffer

The concentrations of carrier phosphate buffer were investigated at 10, 15, 20
and 25 mM each with pH ranges from 7.00 to 8.00, at 0.25 intervals of pH. The optical
density change increased with buffer concentration from 10 mM to 15 mM for all studied
pHs then leveled off for higher concentrations, whereas the optical density change increased
with pH for all concentrations (Fig. 3). This is because in the basic range phenylboronic acid
is mostly in the charged form favoring glucose binding. For all concentrations, when the pH
was increased from 7.50 to 7.75, the optical density increased by 3.8+0.3 times while the
increase of pH from 7.75 to 8.00 increased the optical density change by only 1.3+0.1 times.

Therefore, 15 mM phosphate buffer pH 7.75 was chosen for further experiments.
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3.2.1.3 Sample volume and carrier flow rate

Sample volumes of 100, 200, 300 and 400 pL and a carrier buffer flow rate of
0.02 to 0.10 mL min™' (0.02 mL min™ interval) were then simultaneously optimized. For all
sample volumes, the smaller the flow rate the higher and broader was the peak. The analysis
time was also longer. For example, the signal from a 100 uL volume at 0.02 mL min™' was
15.54+0.2 mV with an analysis time of 11 minutes whereas for 0.10 mL min™ the signal was
only 6.5+£0.3 mV with a 2 minute analysis time. This is because at a slower flow rate, glucose
has a longer time to be retained and to interact with the phenylboronic acid. For a larger
sample volume, the signal was higher with a longer analysis time. For example, at a 0.10 mL
min”' flow rate , when the sample volume was increased from 100 pL to 400 pL, the signal
increased from 6.5£0.3 mV (2 minutes) to 14.9£0.7 mV (5 minutes), respectively. Creating
the right balance between a high signal and a short analysis time, a sample volume of 300 uL
and a flow rate of 0.08 mL min™ were selected for further use.

All optimized parameters and their optimum values are summarized in Table
1. With these conditions the analysis of glucose can be complete within 6 minutes and a

signal of 15.6+0.3 mV from a glucose concentration of 10.0 mM was obtained.

3.2.2 Internal diameter of the on-column affinity smart polymer gel sensor

The effect of the 1.D. of the capillary tube (0.25 mm, 0.32 mm and 0.53 mm) on the
sensitivity (slope of the calibration curve) of the on-column affinity smart polymer gel
glucose sensor is shown in Fig. 4. The wider capillary tube provided a higher sensitivity. This
was because the larger tube can accommodate more affinity smart polymer gel that can
interact with glucose and result in a higher optical density change. In addition, the wider tube
also provided a longer path length for the light resulting in an increase in the sensitivity

according to Beer’s law.
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However, when the glucose standard solution higher than 8.0 mM was injected into
the 0.53 mm capillary tube, the signal leveled off from the linear range at a rather low
glucose concentration (10.0 mM) (Fig. 4). During this time, some gel was observed to be
emerging from the tube at the outlet of the flow injection system. This might be because the
affinity smart polymer was only maintained inside the tube by physical adsorption without
any cross-linking agent, and the polymeric network of the gel formed inside the capillary tube
is physical cross-linked during polymerization [13, 19]. Therefore, with a wider tube, it is
likely that the gel in the middle could be removed from the capillary tube during the swelling
especially at higher concentration of glucose when there is more swelling. After some of the
coated gel was removed, the optical density change did not increase with glucose
concentration resulting in a narrower linearity and higher RSDs. Even though the 0.53 mm
I.D. provided the highest sensitivity, in order to maintain the repeatability of the signal at the

higher concentration, the 0.32 mm LI.D. capillary was selected for further investigations.

3.3 Analytical performance and method validation
3.3.1 Linearity and limit of detection

Using the optimum conditions (Table 1), the linearity of the on-column affinity smart
polymer gel sensor was evaluated by injecting glucose standard solutions from 0.5 mM to 18
mM (Fig. 2). The optical density changes were plotted against the concentrations of glucose
(data not shown). The linear dynamic range was found to be between 0.5 and 16.0 mM
[y(mV) = (7.140.2) x(mM)- (442), R*= 0.994] with a limit of detection of 0.5 mM (S/N > 3).
These detection range and detection limit are comparable to some recent glucose sensors
based on phenylboronic acid [20-22]. However, the method proposed in this work is easy; the

detection of glucose is simple and possible to be carried out automatically.
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3.3.2 Intra- and inter-day precisions

The sensor precision was evaluated within a single day (intraday precision) and on
three consecutive days (interday precision). On each day, 15 repetitive injections of an 8.0
mM standard glucose solution (midpoint of the linear dynamic range) were performed with
the same coated gel. For the intra-day precision, the relative standard deviations were 3.7%,
1.5% and 2.5% for the first, second and third days, respectively. The inter-day precision was
then calculated based on the same data as the intra-day precision and the relative standard
deviation of 2.8% was obtained [23]. Both sets of these values indicated that the on-column
affinity smart polymer gel sensor provided acceptable precision as recommended by AOAC

(RSD of 3.7% at the concentration of 8.0 mM glucose) [24].

3.3.3 Operational stability of the smart polymer gel sensor

The operational stability was studied for the number of injections that a single coated
affinity smart polymer gel could be used. The standard solution of glucose (8.0 mM, the
middle point of the linearity) was consecutively injected into the flow system. Peak heights
obtained from each injection were converted into a percentage response based on the 100%
response of the first injection. The plot between percentage responses against the number of
injection (Fig. 5) showed that for the affinity smart polymer gel the average response for 250
injections was 98+5%. With this injection numbers, the responses are within £10% (t.19) of
the signal from the first injection [23]. The reduction of the signal was only 0.036% for each
injection showing a very good repeatability with a relative standard deviation of 5%. This
250-times-injection was therefore considered to allow for enough use for each sensor and to
finish at least one set of experiments. In addition, the proposed sensor does not need to be

stored at 4°C as is always the case for an enzyme based sensor. As reported in the previous



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

13

work, a freshly prepared affinity smart polymer gel can be used every day for at least one

month without changing its sensitivity [14].

3.3.4 Tube-to-tube coating reproducibility

The tube-to-tube coating reproducibility of the affinity smart polymer gel was studied.
Six capillary tubes were coated with the same monomer mixture and initiator solution and
tested in the flow injection system using 1.0-16.0 mM standard solutions of glucose. The
sensitivity (slope of the calibration curve) obtained from each tube was compared. The results
in Fig. 6 showed that the sensitivities of each gel are significantly different. This might be
because the coating of the gel inside the capillary tube merely relies on the physical
adsorption on the capillary wall surface. When the capillary tube was set into the flow
injection system and the carrier buffer was initially passed through the gel, some parts of the
gel that were not directly attached to the surface might be lost with the buffer resulting in a
different amount of gel inside the tube leading to the different sensitivities. However, with the
operational stability of 250 times (reported in section 3.3.3) the different sensitivity from the
different coating tube will not cause any problem since at least one set of experiment can be
finished with the use of a single coated affinity smart polymer gel. In the case where
fabrication reproducibility is required, chemically attachment of the polymer gel to the
surface might be employed. For example the capillary surface could be silanised and then
cross-linked with the polymer gel. Additional cross-linking agent could also be added to
provide the chemical cross-linked within the polymer gel [13]. With this procedure, the

coating reproducibility might be improved.
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3.3.5 Selectivity of affinity smart polymer gel

It is well known that phenylboronic acid is a ligand that can form a reversible
covalent bond to a variety of cis-diol containing compounds [12, 25-26]. Therefore, any
sensor system utilizing boronic acid ligands could be susceptible to interference from
competing Cis-diol containing compounds in the sensing environment. The degree of cross-
reactivity of the on-column affinity smart polymer gel to other saccharides was then studied.
Mannose and galactose were two monosaccharides selected for this test since they have
similar structures to glucose. Sucrose and lactose were the two disaccharides that were also
used in this investigation.

A calibration curve was prepared for each sugar in the concentration range of 1.0 to
16.0 mM. Only the response to glucose provided the linear relationship from 1.0 mM to 16.0
mM whereas the linear dynamic ranges obtained from mannose, galactose, sucrose and
lactose were 4.0-16.0, 1.0-8.0, 2.0-8.0 mM and 4.0-16.0 mM, respectively. The sensitivities
of the on-column affinity smart polymer gel are shown in Fig. 7.

As can be seen the affinity smart polymer gel sensor was not selective for glucose,
and this agreed well with previous work [14, 26]. This sensor responded to mannose and
galactose with almost similar sensitivity whereas the sensitivities to sucrose and lactose were
very poor (almost 9 times lower). This is probably because of the steric effect caused by the
presence of a glycosidic bond and the fact that certain diol groups were no longer available
for binding [12]. Therefore, the benefit of this newly developed sensor is to be used as a
glucose, mannose or galactose sensor where it is known prior to the test that either of these
sugars are the only monosaccharide present , or it could be used as a monosaccharide
screening sensor. For example, it can be used for on-line monitoring of glucose in a

bioprocess or fermentation process. To improve the selectivity future work might include the
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investigation of the different structure of phenylboronic acid receptor. The change of the

positions and orientations of boronic acid may favor one saccharide over the other [27].

3.3.6 Comparison with dinitrosalicylic acid (DNS) method

In order to compare the performance of the on-column affinity smart polymer gel
sensor with the conventional method, 10 glucose samples in the range of 5.0-50.0 mM,
prepared in distilled water where the matrix effect is minimal were tested. These glucose
concentrations are within the determination range of the strip test technique (2.8- 55.0 mM)
[28]. Each sample was analyzed with the smart polymer gel sensor and the conventional DNS
method [17]. Each sample was diluted with the different dilution factor to obtain the
concentration in the linear range and analyzed by both methods. The obtained signals were
converted to glucose concentrations by the linear equation of the calibration curve of each
technique and multiplied by the dilution factor. The comparison of glucose concentration
from both methods was shown in Fig. 8. Using the Wilcoxon Signed Rank test, it was found
that there is no significant difference between the two methods at the confidence level of 95%

(P>0.05).

3.3.7 Real sample analysis

To confirm the applicability of the on-column affinity smart polymer gel sensor for
the analysis of glucose in real samples, the developed method was used to detect urine
glucose. Although, the monitoring of glucose in urine cannot be used to substitute for blood
glucose, it can still provide useful information when blood glucose monitoring is not
available [29-30]. Three urine samples obtained from the Songklanagarind Hospital, Hat Yai,

Thailand were analyzed.
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The samples were filtered and first tested to see if there was any effect due to the
matrix. Filtered samples were spiked with three different concentrations of glucose to
produce the matrix matched calibration curve (4 calibration points including unspiked urine
samples with 3 replications for each concentration). The slopes of these matrix matched
calibration curves were compared with that of the standard curve. The significant difference
was determined using two ways ANOVA by R software [31]. The result showed that the
slopes of the matrix matched and standard curves were significantly different (P>0.05), and
clearly indicated that the matrix had some influence on the analysis. Therefore, the matrix
matched calibration curve was used to determine the concentration of glucose in urine
samples.

The signals from three un-spiked urine samples were 9.7, 7.2 and 9.0 mV and the
corresponding linear equations were y = (5.3£0.2)x + (9.6+£0.8), y = (2.8+0.2)x + (7«1) and
y = (3.1£0.1)x + (8.9+0.2), respectively. The concentrations of glucose in the samples were
calculated from the extrapolation of the y-intercept of the matrix matched calibration curve
obtained from each sample, and they were found to be 1.8+0.2 mM, 2.5+0.4 mM and 2.8+0.1
mM for samples no. 1, 2 and 3, respectively (Table 2). The results of these three samples
provided by the hospital using the strip test were labeled at “trace level” (Table 2) meaning
that the concentrations of glucose in urine samples were less than 50 mg dL™' (2.8 mM)
which is the limit of detection of this strip test [28]. In other words, the lowest concentration
of glucose that can be reported by the strip test is 2.8 mM. Whereas the proposed sensor, that
provided a 5.6 times lower detection limit, could report the lowest concentration of glucose at
0.5 mM.

Normally the concentration of glucose in urine is between 0.0-0.8 mM and when
glucose blood level exceeds the renal threshold of 10 - 12 mM, it is excreted in the urine.

This may indicate the presence of renal glycosuria or diabetes mellitus [32]. Therefore, if the
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method used to determine the concentration of glucose can provide more quantitative results,
it will provide further useful diagnostic information. From the results, the proposed sensor
can indicate very low quantitative concentrations that are normally identified only as “trace
levels” in the normal strip test.

To further validate the system, the recoveries were tested and calculated according to
the guideline from EURACHEM [18]. The concentration found in spiked urine sample was
subtracted with that of un-spiked sample and it was then divided with the fortified
concentration. The recovery was obtained by multiplying this value by a hundred. The

recoveries were obtained in the range of 88+2 to 103+4 (Table 2).

4. Conclusions

A simple on-column detection, non-enzymatic glucose sensor, based on the use of an
affinity smart polymer gel containing a chemoselective ligand, phenylboronic acid, was
obtained. This affinity smart polymer gel sensor provided good operational stability; a single
sensor can be reused up to 250 times with only a 0.036% reduction of the signal for each
injection and a short analysis time of 6 minutes per analysis. The limit of detection of the
sensor (0.5 mM) is suitable for analysis of glucose in several types of samples, such as urine,
human serum or cell growth media. Especially for glucose monitoring in urine, the developed
sensor provide more than a factor of 5 lower detection limit compared with that of the strip
test. Even though this affinity smart polymer gel does not display specificity to a particular
monosaccharide, in the case where it is known a priori that any of these would be the
dominant sugar, this sensor would be suitable. For example the use of this sensor to
determine glucose in the urine and blood as well as in some bioprocess where glucose is used

as the primary carbon source in cell growth media.
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Figure captions

Fig. 1 Schematic diagram showing the on-column affinity smart polymer gel glucose sensor
flow injection system (a), pictures of the detection cell and the coated smart polymer gel
capillary with the detection window in the middle (b) and a scanning electron microscopy

image at 1500x magnification of the gel (c).

Fig. 2 Characteristics of the sensor signals at various concentrations of glucose. Inset; the
optical density change after (a) 6.0 mM glucose was injected, (b) regeneration solution was
injected to the flow injection system, (c) pH adjusted to its original value. Analytical
conditions: sample flow rate 0.08 mL min™, sample volume 300 uL, carrier buffer 15 mM
phosphate buffer pH 7.75, regeneration solution 20 mM phosphate buffer pH 5.50, detection
wavelength 500 nm. The time taken between points 1 and 2 is the dissociation time and

between point 2 and 3 is the return to baseline time.

Fig. 3 The effect of pH and concentration of carrier phosphate buffer on the signal of the on-
column affinity smart polymer gel glucose sensor. Analytical conditions: sample flow rate
0.05 mL min™', sample volume 200 pL, regeneration solution 20 mM phosphate buffer pH

5.50, glucose concentration 8.0 mM, detection wavelength 500 nm.

Fig. 4 The effect of the internal diameter (I.D.) of the capillary tube on the sensitivity of the
on-column glucose sensor. Three replications were done for each point of the calibration
curves. Analytical conditions: sample flow rate 0.08 mL min™', sample volume 300 pL,
carrier buffer 15 mM phosphate buffer pH 7.75, regeneration solution 20 mM phosphate

buffer pH 5.50, detection wavelength 500 nm.



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

22

Fig. 5 The operational stability of the affinity smart polymer gel. Analytical conditions:
sample flow rate 0.08 mL min™', sample volume 300 pL, carrier buffer 15 mM phosphate
buffer pH 7.75, regeneration solution 20 mM phosphate buffer pH 5.50, glucose

concentration 8.0 mM, detection wavelength 500 nm.

Fig. 6 The sensitivities of six different coated affinity smart polymer gel sensors prepared
from the same coating solution. Three replications were done for each point of the calibration
curves. Analytical conditions: sample flow rate 0.08 mL min™, sample volume 300 pL,
carrier buffer 15 mM phosphate buffer pH 7.75, regeneration solution 20 mM phosphate

buffer pH 5.50, detection wavelength 500 nm.

Fig. 7 The sensitivities of the on-column affinity smart polymer gel for various saccharides.
Three replications were done for each point of the calibration curves of each saccharide.
Analytical conditions: sample flow rate 0.08 mL min™', sample volume 300 pL, carrier buffer
15 mM phosphate buffer pH 7.75, regeneration solution 20 mM phosphate buffer pH 5.50,

detection wavelength 500 nm.

Fig. 8 Comparison of glucose concentrations in samples obtained from the affinity smart

polymer gel sensor and DNS method (mean+SD, n=3)
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Table 1 Optimization of parameters for measuring glucose the on-column affinity smart

polymer gel flow injection system

Parameter

Studied range

Optimum value

Phosphate as carrier buffer
concentration (mM)
pH

Phosphate as regeneration buffer
concentration (mM)
pH

Sample volume (pL)

Flow rate (mL min™)

10-25

7.00-8.00

15-30

5.00-7.00

100-400

0.02-0.10

15

7.75

20

5.50

300

0.08
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Table 2 The results from the analysis of three urine samples compared with that from the

strip test provided by the hospital

Concentration of glucose (mM)

%Recovery at spiked concentration

Sample
of glucose? (mM)
no.
Affinity smart polymer gel sensor® Strip test 2.0 4.0 8.0

1 1.840.2 trace level’ 1034 991 1006

2 2.5+0.4 trace level® 98+9 95+10 88+2

3 2.8+0.1 trace level® 91+5 96+2 99+6
n=3

® Less than 50 mg dL™" or 2.8 mM of glucose
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