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Abstract

Project Code: MRG5980063

Project Title: Low-cost paper-based microfluidic devices for measurement of CYP450 activity

Investigator: Assistant Professor Nantana Nuchtavorn

Faculty of Pharmacy, Mahidol University

E-mail Address: nantana.nuc@mahidol.ac.th

Project Period: 2 years

Abstract:

Paper-based microfluidic devices (UPADs) have emerged as inexpensive and portable analytical
platforms for achieving qualitative and quantitative measurements of various analytes.
Fabrication of yPADs using wax printing method addresses well the simple, rapid and low-cost
fabrication. A pPAD design featuring a 96-well plate format was developed for the study of
CYP450 subtype 3A4 (CYP3AA4) activity using resorufin benzyl ether as a fluorogenic substrate.
Since CYP3A4 is the most abundantly expressed CYP450 isozymes and it has also been
involved in clinically significant drug-drug interaction. Thus, incorporation of CYP3A4 enzyme
screening at an early stage of drug discovery is preferable in order to avoid drug interactions.
The optimal condition for enzymatic assay was in 50 mM potassium phosphate buffer (pH 7.4)
containing 0.1 mM dithiothreitol, 1.3 mM NADPH and 0.02% poloxamer188, incubated at 37°C
for 30 min. Measurement of CYP3A4 activity on yPADs format using handheld fluorescence
microscope and the fluorescence intensity can be accurately quantified by taking a photo of the
test zone and measuring the intensity by image analysis freeware (ImagedJ). The method
provided comparable results with those obtained from microplate reader. Furthermore, CYP3A4
was immobilized in sol-gel and coated on yPADs. The immobilized enzyme was stable for 3
weeks (activities of 86.8%) at 4°C, which offered an increased storage stability comparing to the
free solution (activities of 14.9%). The limit of quantitation was 0.71 uM with good precision
(RSDs < 5.2%). The developed pPADs provide simplicity, low cost (cost~3 Baht/uPAD) and
portability and approaches green analytical chemistry. The method was successful applied for
enzyme kinetic study and assessment of drugs and herbal extracts in the alteration of CYP3A4

activity. Finally, it would be useful for assessment of potential new drug candidates.

Keywords: paper-based microfluidic devices, cytochrome P450, sol-gel, enzyme kinetic, drug

discovery
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HUNY N\‘i"ﬂ::fﬂza']Uﬂﬂ§ﬂ§$@7HLLa$Lﬂ(ﬂLﬂu‘ﬂ']\‘iﬂ%v[,&l"ﬁaﬂ‘%’]

Ol Jo7em

@)

QO

8.5cm OO
100/0.0/000.0
30

<+}— Hydrophobic zone

l 12.5cm |

E‘ﬂﬁ 1 ﬂ’ﬁaaﬂLL‘]JTIJVLNI@‘I‘SLWE\WIVIT_I%LLN%ﬂil’@WHLLUU 96 ‘V\q&l
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o sonuubuazaieuldlulasnannuuuHwnIzA BULUL 96 BN (96-well paper
. v % aa = o @ . :
microzone plate holder) a2 iaqazaIda (jUN 2) dwiuldlulaswannuuwiunszaisly

L v dl 1 aaAaa
anadainsasanl jisonlululasiwan

o lulaTINAN UL WATZ A1

gﬂﬁ 2 mM3eonuuuuld W lannanNUBLHBNIZA LD 96 naw [28]

2 6 a 6 A aAad o ' A Q
o miwwfwgdninlamadianzivesinaganiegunzansluundug Ssiimudsany
g9 lulasmanuuudunszas we ddadldgiuezaita
~ ada 6
3.1.2 MIMEAMENRINLENVRIIDIATIZA
o AnmianudnnulevedlulasinanunupnnIzaBLazavnazassiadne g lagnis
& o v ' iy e . . 4 4
RUAAINNAZANE LaLA ethanol, methanol, acetonitrile, dimethyl sulfoxide, WasltWauwWiWas
a L 6 a a 1
waznIaiWies U3anas 5 lulasies aswunguunlulaswannuuuiunIzaBuuy 96 naw
WRLHILNANITUNIVBIAINAzA BRI UNINY bivauih
= Y ni- ] ana ni a 6 @ ni
o Anwatpndinadadisonlolunisiianzd asusasluaisen 3 luninasas
19" resorufin benzyl ether il ua13aadn waziaulosf cYP3ad iudarnszduldiianis

A a o 6 6 . A % oA A v
Lﬂaauuﬂmu‘juwamnmmﬂgaanamusﬁ resorufin ‘nmaﬁn@%wmmm’maumzquuaz

UaaUaay 570 waz 600 WlWNAT AINEGU [13, 14] (gﬂ'ﬁ' 3)

ni oo nid o o ni ada 6
ATNN 3 YAUNANBIFIRTUNTRIFNNICNLRUNCRNTAIITIUATICH

Uas8 Fransariandne
siavaitWines WasmnatWiwasuazniainines
AN NTUUaITWIWeS 50-200 dadluans

JraLIA MUY 0-50 Wil




N N
N CYP 3A4 N

0] o 0] HO @)
NADPH + H* NADP

resorufin benzyl ether resorufin

37U 3 wunuadduvadianlod CYP3A4 lasld resorufin benzyl ether ua3asdiu [13, 14]

%

o TUADUMIAIUNENTASAGNT G HAddh

NMILASUNRITNIAULAZL A T3]

v v

a . a A [ 4 o .
LATBNRITINEANY resorufin benzyl ether AULVNVYY 1.6 fadluas laon1319 resorufin
benzyl ether 5 §adn3¥ azanelu acetonitrile 10 §388a5 waz sonicate Useaunas 10 WIANUU
\ASBNENTAZANY resorufin benzyl ether AL NT® 1 Aadluans lagn1sdidaansazans
resorufin benzyl ether AMNLTNTY 1.6 Fad luarisnwin 625 Wlasaas WAL poloxamer188
200 lulasdas dimethyl sulfoxide 100 ‘lulasansuas acetonitrile 75 lulasans
= 6 U £ 6
W@SHNENTREANLaW T CYP3A4 anududs 5 wiluluans lasnisnsdidaansazans

L lTNaNUTuTw 1 Wlasluans 31w 5 lulasaas neunutwiwas 995 Lulasaas

= a 6
NMISLAIVNRIIREALUNLN DT

wisnasazaewasWatWinas (dipotassium hydrogen phosphate (K,HPO,) uay
potassium dihydrogen phosphate (KH,PO,)) st uT% 400 fadluans laonsss K,HPO,
6.9672 N3¥ WAz KH,PO, 2.7218 N3N adlu volumetric flask U11@ 100 T8RAAT waz 50 Aadaas
ANEAU LazUsUUSINasmet ntueSounamnatWiWasaNTNdw 200 Jadluans pH
7.4 lagnInaNanTazans K,HPO, 42 IaddnT uazansazans KH,PO, 8 dadaas swsunaamna
Tasanududu 50 uaz 100 Jadluans wesoulasnsidaswasmnWatninasanuiudu
A A 6 v 2/
200 fadluanienain
a a o 6 L a A 6 o . s
W@SpNnIaUWINaTANNTNTH 200 TaRluans lasmsad Tris-HCI 2.4228 Ay adlu
volumetric flask 1@ 100 AaddnT LANKUsz1oe 80 Hafdas nuudsuantazaslila pH
7.4 lagi@n HCl 1 Twans w38 NaOH 1 luans wadsuysunasiiasy 100 Safaas
a 1l A o > a% 4
MIAuanIazasnaNadun lulasiwannusiEwnszamiNe lUiagnivesianlsoyd
v A ] aaa o . . . CZ2K 2 A a
droasasarnlfisenlululenwaniilasnislidasnsazans dithiotreitol aautdutn 10 I8
[ a % £z A A 6 a
Tuans 0.99 lulasdas, B-NADPH anuttuds 1.3 Aadluans 1 lulasdas, poloxamer188 A1y

WuTw 2 WasioudlasuiadatSuias 0.99 ulatdas, a138=an8 resorufin benzyl ether AW



Wutn 1 Jadaluas 1 lulasaas wazsnsazatstwinaInlsznauaiatanlasd CYP3A4 au

a

WNTw 5 wiluluas 5 ulasaas tufigunnil 37 aseniaidos uszuziaan 0-50 wafl
o n:i ada 6 1
hanzfimanzanzesiiienziuululasnannusuiunszaisuuy 96 nanulglu
=) =) A L= v 1 v
nmydenziuwadnisianalianzivesinazaniagunizans Saamaiadionisaisnineis
ndasganIIriuuuWgaaLssiws (Dyno-Lite® j% AM4115T-YFGW) 1l light emitting diodes

(LEDs) flipduundifnfiauss uazdianzinmweiodinldsunsy Imaged (U7 4)

NRBIFANTIAURUUWDBLTFLTUS

’,/'g Results

File Edit Font Results
[area [mean  [Min [Max |
69616 98456 49 117

1

2 65616 100.346 50 122

3 65616 97.797 28 117

4 65616 99234 33 122

5 65616 99670 38 122

6 65616 96922 22 117
6 a 6 a 6 ' v

aUnsalandinnzivesinaganagu myaanzinwdiselsunsy Imaged

37U 4 myllensiuugdninianalieneivadinaaanagiunizansfianaiadismationw

@7 Uﬂﬁadﬁ;amiﬂﬁLLuuwQaammsnwf

313 msﬂi:Lﬁummgﬂﬁawaﬁﬁ’imﬂzﬁ
miﬂixl,ﬁummgﬂﬁawaﬁ'ﬁ"iLmﬂ:ﬁuuqﬂﬂitﬁmaﬁﬁmﬁzﬁmad"l,mﬁ;amﬂg'mmzmw
A o o , o o & ¢ Ao X
‘Y]@]TJ%’J@@’JElﬂ’]iﬂ’]&l.ﬂ’]‘W@]’JUﬂaadﬁgaﬂﬁﬂuLLUUWQaaLimﬁlju‘ﬁ FIOKRT
o ANMURNNWTLEUATI
3NN V169337 (calibration curve) VaJIR1INZANLUNIAIZNN resorufin benzyl ether

WU 5 AnTuTH (2.5-15 lulasluans) lasudazanududuri 3 $1 I nnuaIwIUnI
L [

correlation coefficient (r2), TouacEIwDBIlU UG 331 UTUANTD (percent relative standard

deviation, %RSD) 184ANNTH UAZIAAAUNY Y
o ' A o o ¢ . A . A
Touard I duIURNNIATPIURUANT = (Iu Do uuNIaIgIw/eaLaae) x 100 (1)

o ANNULAILEN
AMNLAREI 8975 TR uIMAINTo R EI LT NIl UUNIAIFINTUNNT VDY

AN Y LLﬁ@WgaaLiaLsﬁwﬁ ANuuingraIN Izt lwiui@sins (intra-day precision)



AN 3 3zAUAMNTNTUIINTINNIAIZIH (2.5, 7.5 uaz 15 tulasluans) lasTezdnisly
MLALING FIUANVLABENVBINTIATIEHIZWINGIW (inter-day precision) ANEIN 3 TeALANN
WaTuradnWuIagIn (2.5, 7.5 uaz 15 lulasluas) las3iaszdlu 6 34 Nuandi9ns
nniudwmasaziwdsiuwINaIUusNRNIvaIANNITuLaINgoaLIRITUE
o AlamMIaTIIRUAzRTANTIATIEALSII

Aaa L2 o Al [ v C# 1 1

fdananannduanududuildanuduuasngeasmaudidu 3.3 ivesdin
W H9l U UNINIZIUVDITAAAUNY Y/AURRBVIAIINTU (3.3SDy.nercepdSlOPE) AHANITILAIITH

s q
Usnaduanududunldanuduussngaassaud du 10 irizasdudssuuanasgiuues
0AAUN Y/ANLRAEVBIAINTH (10SDynercepdSlope)
¢ ANDNABY
v ada g A a 6 Aa 6

ANNYNEaIraI ATz ldnnnalisuifisuns guninlamalianziveslnagania
mnza U lulATWANUULHINIZABEIBMINARDUNEAN WU t-test
3.2 MINAWIITU sol-gel LazNNT immobilize Lo luxasly sol-gel

NRUENIRZANE sodium silicate ANNLTNTY 0.125-2.5 luans wuaz Ludox® colloidal silica
anududn 8.3 luas lusanaudnsg adluininesuaznauliidnnulasls magnetic stirer 1@
pH SuduuastsulAld pH 7.4 é28 HCl anududu 4 luas &nasnsmensiialaan
panndvasuazTinaniindeagludiiu sol-gel (9) NUWIEITL sol-gel MMNNzANNN
immobilize Loy lasn3dide sol-gel 950 lulasaas uaztawloyd 1,000 Alalua 50 lwlasans
naNlAidnu aeld sol-gel MUsznavumsawloy 50 Alaluausidsdiwa 10 lulasdasasun

& a & A a A &
aUnsalarndiensivasinaranmagunizay Sazfienaefeuduiiduuunszans laolu

\ . A & A o & a & A

udaz reservoir azfilanlmi 0.5 Wlalua shadniniamalianeivadlnaganiagiunizansi
\ARaude sol-gel NEN3 immobilize towlmal CYP3A4 ivlumzuzdasfinfignnd 4 asen

\TALDuE (FUN 5)

A & @ & a & A A @ Aa
Etl_l'ﬂ 5 ﬂ’]iLﬂUSﬂH’]QﬂﬂimﬂijﬁljLﬂi’]z'ﬁ"ﬂﬂdi%aﬂﬂﬂqﬂﬂquﬂﬁzﬂqﬂﬂtﬂﬂaU@'JU sol-gel YNNI

a

immobilize Lauvlsmﬂummu:ﬁmﬁwﬁqmﬂnu 4 93AL AT

U



¥}6TU sol-gel Mwanzanluns immobilize taulwsl CYP3A4 tafauasunnIzans b
ﬂiiﬂaauﬁﬂﬂmzﬁaUﬂﬁ’adﬂaﬂﬁﬁﬁﬁlﬁﬂ@liammuE%a\‘iﬂi’m (scanning electron microscope,

SEM) LmzﬂﬁaaqamsﬂﬁﬁLﬁﬂmammua'aamu (transmission electron microscope, TEM)

3.3 MIANHIANNAIRIVILE LN immobilize 1w sol-gel

o & a & Aa A o ea .
mqﬂﬂsmmammﬁwmaﬂmgamagmm:mwwumsmaaummauvlﬁﬁw immobilize

a

=) =) Qq: o a Qs‘
lu sol-gel lamousdaahiniiunamnnil 4 asruoaBos nnuwanIenzignivean kol

9 U

v ada el a 3 v a &l A a af
AYLIBTILAINCH N']%ﬂ'ﬁﬂi&&l%ﬂ'ﬁ&lgﬂ@lQGLLE‘]’JI%QUWW%V] 0-8 L‘]_ISEI‘]JW]EI‘]JE]Y]‘ETQGLQ%VLGIJ&TL%

a dl 3 et a Qs
3‘1_] LL‘lJ‘]Jaﬁitﬂmﬂiﬂiﬂ"ﬂuﬁﬂ’]’lzm gINh

af o a% ) A a% ) A
anfvesanlyy (Sauay) = (qnivesenladizlanin xgntaadenlodslarn 0) x 100 (2)

%

U =) H &/
3.4 ﬂ’]iﬂi:iﬁ@ﬂ“ﬁ’)%’uﬂi’]z AW
3.4.1 miﬂiuﬁuwamaamua:mmn”@ﬁma,‘luvlwsﬁﬁ@iaLauVLSﬁﬂ

a 6

igUnialasiadinnziaesinaganiagiunizaisuinase uiuaIIaza 0L
v o & o H ° a5

ketoconazole tua28U89 [29] Waz phenytoin, carbamazepine tualnhaaiin1seangndve
CYP3A4 anudal iWenasaudszaninmaasgininianalianzivedlnaganiagiunizens

nniuiigdnintanadianzivedlnaganiagunsza BuIMaga UALAIIRNAN D
auwlng ldun wlanuin (Areca catechu) lus (Camellia sinensis) unzaininiladunziils
. a [ 4 o a o & & o
(Eclipta prostrata) M3IL@31# control fnlasmslaNansaza st WWesaIuunI=ons a1TAIauay

ansdjitendasuulandumaiaussngoamaudniiawlsd CYP3A4 ludanszdu
3.4.2 MIANENRUMEATVILaU LTS (enzyme kinetic)
L= Qg dl v 09’/ U dl v v 1 1
myiagnivadianlodlugnziumanzay lagldasasaunaanuituiuanig lugie 0-20
& o oA A A @ a% & A
lulasluas uazinlddungungdl 37 aseaaifos anaiagniveewladnng 5 uif 1w
AR 40 w7 I TayanaienI W Lineweaver-Burk plot Tasuwnu x 1Judn 1/anudutn
VBIFNTAIAH Uazun y A1 /0210157 (3UN 6) NNTUWPIAT maximum velocity (Vi) 184
] Ve = . . ' A &
Lo w g dud18a31a21015189§9 waz Michaelis constant (K,,) tudrafianizuasionlss
Qq/, v A ] Q v v QQI/ v dld v aAaAa = @ = [} L lé ld!
WazRIIAIAW UazdarinuaNuduTusassIRIawnIna vl AsendansnIvinnua3enie

VDI Viax
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7 0 [S]

3‘1]“7]' 6 Lineweaver-Burk plot

3. WHHATALHIH

WHWANTE AU ULRZNANEA (output) iAainazlasunaasluaen 4

AN N 4 LHBMIA AU BULIZNANAANANAT192 1a 31

A
U8 (LADW)

UL RUANTE AR UITE NANRANANAT192 beTU

AN| WV O «|
AR BABABARNE
~— M N O M © O N
~ v~ v~ «~ N

Ac A A o o A A

1 NUNIWITIUNTTY INUIBNNLITaINU LaTINITHA

Lﬂuﬂ%ﬁ;ﬂ'u
2 N1IN W W1G13U sol-gel LAZNIS

immobilize CYP3A4 adlu sol-gel

@131 sol-gel NRNLRNEINILNNT

3 miﬁm:rmmé'ﬂwmwad CYP3A4 ﬁ
! immobilized CYP3A4

immobilize 1w sol-gel matrix

A{
4 mIfAnsgndvas CYP3A4 lu sol-gel
A A . ad A A
5 n3tnaay CYP3A4 11 immobilize 1‘% aﬁﬂmmmwlumimaau CYP3A4
sol-gel U#NITANW 1 immobilize 1u sol-gel YunIza

miﬁiuﬁumwgﬂﬁawaﬁ%

6 NM3ANHIAINAIRITEI CYP3AS 71 JEHZIALATEANIENNTALUTNE
immobilize 1w sol-gel UWNITaN CYP3A4

7 mﬁh:qﬂmﬁlﬁﬁﬁmﬂzﬁﬁﬁwmﬂfu iaga@”aazmmuazﬁmquvlmﬁﬁ
nueaatInuasRTayw N HaaMIBangN3uay CYP3A4
MIANBIVAUANRATUDILD W bus]

8 mﬁmm:ﬁ"ﬁaga %ﬁzﬁua:a;ﬂwa - THHANUANIAIN
MINARDI - Nonvatusuy I

9 NI BUASI D g UA WAL L - EIFURUUFIRIUANNN

o v Aa 6 .
RIRIUANNN (manuscript )
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AANIINAaa

o aaqga 3
1. MINAWIIBILATIER
1.1 nselulanwanuuudunszaisuazadninsianaiiansivesinaganiagunszais

\ A o R AX A & ® T .
VLNIQQJLWﬂ‘ﬂﬂuLLNuﬂfz@’]‘]ﬂ'WNW@j JRUNVNIWNUNUUNTEATY Whatman qualltatlve filter paper

grade 1 waziafaugudioununaa@n Mnwuwi lUldlugunvainezeiae qun 7)

\ L i
)(\;f')’.;::‘(j i \(“‘
DL BB

2 5-3(157’{'!}}‘(1..

6

A [l A a = a (ngl"&’ aa
E‘UY] 7 VLNIQSLWﬂ‘Y]‘Yl‘]J%LLN%ﬂ‘JZ@']HLL]J‘]J 96 %ﬂq&l NWNUNNILAUNNINWTNI LRSTIUBSATRA

1.2 Anwranatinwlavaslulasiwanuuurwnszansuazalvinazat oshad1d g woinlulas
WanuwkHwnszansianunulanuwasnatiwimwes nSauwmas wadanugnuleny
ethanol, methanold acetonitrile, dimethyl sulfoxide Vl,@ﬂué'mnmugaq@ 55 911 7:3 uaz 9:1
AR Lﬁa‘l‘*ﬁé’aﬁmzmﬂgdﬂdﬂé’@ﬁd’;%@”@ﬂdﬂ ALUAANTUNIVBIATINAEAN BN ®ANNII

Aulaiwauin (@391 5)
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@390 5 ANAENUITRIIAITNazaN86 9nu lu A TIWANUBLHIN Iz 1

avinazans/AWIWes

3

AANFINAITIN

y Dimethyl WortWa IR
RERIYLASIN Ethanol ~ Methanol Acetonitrile . . . .
sulfoxide Uniwas UWinas

\
<
<

0:10 v - -
1:9
2:8
3.7
4:6
5:5
6:4
7:3

8:2

x X x x N <X

9:1

v v

x NN X X X X X X X
x x x N N X X X
x N X X X X X X X

10:0 X

/ A A A v o o ' ' '
WANBLAG: = gaednlFlunImasasianunn ke lula TN aNUWLHBNTE A BILAS L3 LN T
2aNWANFIRNTAVIN

X = g5 a N M TN ARaIAANTENIaa N KA NFIUNTALIN

- = lylavinnmeaas

=2 A ,

1.3 @nwniadunsinadalfisonltlun1iieszi laald resorufin benzyl ether Luans

& o = v a % & . A & ' ') &
AdA W TITANRAN TN resorufin LﬂuaﬂsLiaaLLaJWQaameu@l WUIT WartWauWtWas
(15,349+614.62) IWenanuiduusingoaissaudganimisdwinas (12,044+460.97) :niuiin
WartWaUWiWasnauLTuT% 50 100 Las 200 ﬁaﬁiums{mﬁﬂmua:ﬂuﬁqm%nﬁ 37 24en
wwadomiuszozion 0-50 wit (UM 8) wud WamariWainanuidudu 50 Jadluansld
ﬂ'ﬁmﬂmifwLLMWQaameuﬁfﬁaq@LLazmiu’wﬁnm 30 mﬁ@hmmﬁmmﬂgaaLsmﬁﬁuﬁgaq@

a A = A o & A Ada &

LATHAIAINAUAIIAT 50 WA AI%h1 FNIISARNIZRNTBIITI AT zRunlIulaTIWaNL
wHwNszae laun WastWwatwinaes 50 Sadluans pH 7.4 ﬂwﬁqm%gﬁ 37 a9FNLTALTUR
28281 30 WA a’mﬁfuﬁﬂann:ﬁmm:awmlfnuqﬂmtﬁmmﬁmﬁ:ﬁmaavlmaqamﬂgm

NILANHNATINIALAUNITHNLNING ﬂﬂﬁaaﬁ;amiﬂﬁuuuwQaaLiaLsﬁu@T
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1) @t ItWines

20000
-]
[T
x
"8 15000 $._
g "‘"-.,
b3 B S 2
S 10000 - R
&7
=
%
Z 5000 -
&
=
g
& 0 T T 1
50 100 150 200
AnuuTuastWwes (Fadluans)
2) szaznanlumsuy
20000
5
L
c —
g 15000 - - Sl
a -
B 7
(4 /
S 10000 - y
< /
E A
2 5000 - .
& ,..f
=2 - -
& g
& -
0 | | | | |
0 10 20 30 40 50

SZEIZL'JEI']SL%ﬂ']TLiN (‘Hﬂﬁ)
A = T . Aaaa & ! Y A :
E‘l_l‘ﬂ 8 ﬂ’]iﬂﬂ‘]&l”]‘]_]'i]’i]El“/]ﬁ\‘iNa(ﬂE]l]g;]ﬂiil’]‘ﬂﬁ]\‘lLE]%VL‘IiSJ‘]J%VLNIﬂiLWa‘ﬂ‘]J%LLN%ﬂﬁZ@]’]‘M@nElLﬂii’J{'li’]’]‘Ha

Uinselululasiwan
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2. m‘sﬂ‘mﬁumwgné\’awaﬁ%ﬁsLm'lzvf

Uzifiuanugndaszasnmsiianziuugninlanalianzives lnaganiagiunizensd

%

771930 lauMIELAING ﬂﬂﬁﬂdﬁ;ﬂﬂiiﬂﬁuﬂﬂwgaﬂ LIRLTUG aadh

AN 6 ANUFUNUTLFUATI

S ANMUTU  990AUNY  Correlation coefficient
1 0.7407 8.7798 0.9941
2 0.7185 8.8164 0.9974
3 0.6478 8.7176 0.9963
Anady 07023 87713 0.9959
mmﬁmmummg’m 0.0485 0.0499 0.0017
%”aﬂa:f,%’ml,ﬁmmummgm 6.91 0.57 0.17

AN N 7 ANULNBENTINITILATIER A LI WL A LI NWLRZTZRINIT

v o . FRURZEIWLT LI UBIIATIIWIUNNT (n=6)
ANt (lulasluans)

muluwIn@enu LRI
2.5 4.81 0.81
7.5 1.96 4.32
15 4.91 512

o AfanI9Tam 0.23 lulasluans wazdlanisieziusunm 0.71 ulasluans Gaoay
Fwdsaumnasusuinsionndt 6.91)
o ANDNGBY
igunialaadiendedlnaganiegunizapuazndasaanssaiuuungaa s sud

wa & = a o a o
NqﬂﬁﬁﬂﬁqﬂmauﬂmLQW’]ZT@GLQ%VL‘.U@J (Vinax b8 Ki) Ll]iilllWlU‘Uﬂ‘ﬂ“ﬂﬂ’]iﬂ@aaﬁﬂ‘lﬂﬁ]qﬂ‘lwIﬂﬁ

'
A 1

anuuLiunIzasnantaaisiasessuljisorlulaleswan wudnldvandsagned
a ° % ada 6

UOFIAYNIIRDA (P < 0.05) LLamdnmmﬁ:vmuqﬂﬂsrﬁmaﬁmﬁ:'ﬁmaﬂm@am@gm

ﬂiz@ﬂ‘]ﬂ'ﬁﬂ’)’]&lgﬂ(ﬁad

Q (-] Q - g {
3. MINAIWIA1IU sol-gel LaznN17 immobilize Lawloaiadl sol-gel
MINWUWIEITL sol-gel dremMIUTULUREUEATEIRIZNI19 Ludox® colloidal silica Waz
. ™ ot v 4 A o o { o o/
8138z sodium silicate wazUsUlA e pH 7.4 (9131971 8) F9FTU sol-gel MRNNZFNEIRTUANT
) . . 6 % a o a Y .s' B
il immobilize towlmal azdasfiansuzmufaaaluszaun 3 walilnamunisuzusn uas

Ay A | o v @ A ] o o A o o A 2L A
vLN;J%’]L%ﬂE]Q%I%@nﬁTJ 2 LL&@GI%EI]V] 9 IINNITINAR/INUII §13UN 20 Lﬁ%@l’]iﬂ?’lmmzaw ENEY
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Usznause Ludox® colloidal silica 8.3 luans waz &1382ane sodium silicate 0.125 luans lu
803181 1:1 NUUI sol-gel F1TUN 20 N1 immobilize Lau brsilaziafaUaILUNTZANE Loy
NINEN sol-gel MU tawlmilugasndin 95:5 wia 90:10 WU sol-gel ananIn@aduiawnlsdle

& P VA g A \ o @ A & i . v &
NINUA L%aﬂﬁnﬂiuu%’u%aaaglu@’]iu LN@LQ%VLGITNQT] immobilize a\ﬂu sol-gel LLa'ﬁNﬁLﬂ@]aG'ﬂu

& a & A a A & =
Qqﬂﬂim@]?ﬁ]'uﬂi’]zﬂ?] aﬂmqamagmm:mw HITLNANIILANDL Lﬂuﬁﬂ&lﬂ%ﬂizﬂﬂﬂ' LNy

a

‘Lum"ﬁuzfl@aﬁﬂﬁqmwnu 4 AIFTALTH

U

Eﬂﬁ 9 ANWMENIIAALIR 4 IZAU: 1) liiian1snatas (no detectable gel formed) 2) laaLie
A Iuaz Man UM IUzLII (flowing gel) 3) 1aa L nalnaa1un1TUzL333 (non-flowing gel)

4) \aaLliauds (rigid gel)
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N3N 8 MINWUWIFITL sol-gel

@3u AATRIU ANWIUTNILNALIA
7 Ludox® colloidal silica 8.3 81382808 sodium silicate (Iuan3) ﬁwﬁmﬁaagj’tu 32AUMSLAN
Tuans 25 04 025 02 018 015 0125 pH5ué%  pH gavine #3u LAR*
1 1 1 - - i 4
2 1 2 - - i 4
3 1 3 - - i 4
4 1 4 12.1 10.7 i 3
5 2 1 - - i 4
6 3 1 - - i 4
7 4 1 - - i 4
8 1 1 11.4 - i 4
9 1 4 - 10.0 i 2
10 1 12 11.8 10.0 i 2
11 1 24 12.0 9.8 i 2
12 1 124 11.9 9.7 i 2
13 1 124 11.8 9.0 i 2
14 1 1 11.2 8.8 aifi 2
15 1 1 11.1 8.1 aifi 2
16 1 1 11.0 8.0 i 1
17 1 124 11.7 7.6 i 2
18 1 62 11.7 7.4 i 2
19 1 31 11.6 7.4 i 2
20 1 1 10.9 7.4 laifi 3
21 1 2 11.1 7.4 i 2
22 2 3 11.1 7.5 i 2
23 1 1.25 11.1 7.7 i 2

*dgrsundnisiiaaaszay 4 Wwastitauds vinldldanansada pH la
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v v Qs 1 ~ 1 ng qul v
ketoconazole ANLTNTH 6 Tulasnsuda lulasias wuineangniaudaanlsl CYP3A4 Sasas
é L= a W@ H v v
60.5 + 0.16 TILUTHLINBLNUTNBINWIBNNAFAL YT ketoconazole AMULTNTY 6.84 + 1.02
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1 Araf Qq: 6 v dq, ) 6
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A cost-effective alternative lab-on-paper for food and pharmaceutical applications
Nantana Nuchtavorn1*, Mananya Laosuksakul1, Jiraporn Leanpolchareanchaiz, Leena
Suntornsuk’

1Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Mahidol University, 447 Sri-
Ayudhaya Rd., Rajathevee, Bangkok 10400, Thailand

’Department of Pharmacy, Faculty of Pharmacy, Mahidol University, 447 Sri-Ayudhaya Rd.,
Rajathevee, Bangkok 10400, Thailand

*E-mail: nantana.nuc@mahidol.ac.th

Microfluidic analysis platforms are enabling technologies for portable, rapid and high throughput
analysis. Lab-on-paper / paper-based microfluidic devices (UPADs) are particularly attractive as
a low cost, easy to fabricate and enabling a wide range of colorimetric and fluorometric assay
applications. The fabrication relies on patterning hydrophobic regions on a hydrophilic filter
paper in order to create reservoirs or capillary channels within impermeable fluidic brakes. We
have fabricated several designs of uyPADs either by a desktop digital craft plotter/cutter with
technical drawing pens, or wax printer. With these devices, assays can be performed within
minutes to an hour to allow for quantitative colorimetric/fluorometric analysis by use of a
microplate reader or a camera phone/handheld fluorescence microscope with Imaged to
measure color intensity. These methods found applicability in the areas of food and
pharmaceutical analysis i.e. determination of active pharmaceutical ingredients (e.g.
paracetamol, salicylic acid, memantine and phenytoin) in dosage forms and screening of
antioxidant activity in food and cytochrome P450 activity of potential drug candidates. The
developed pyPADs provides short fabrication time, simplicity and low cost and have capability for

determining a variety of analytes.

Keywords portable; paper-based microfluidics; food, pharmaceuticals
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Low-cost and sensitive lab-on-paper-based devices for measurement of CYP3A4 activity
Nantana Nuchtavorn® Mananya Laosuksakul®, Jiraporn Leanpolchareanchai®, Leena Suntornsuk®

@ Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Mahidol University, 447 Sri-Ayudhaya
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Lab-on-paper-based devices or paper-based microfluidic devices (WPADs) have emerged as
inexpensive, disposable and portable analytical platforms for achieving rapid quantitative
measurements of various analytes. Fabrication of yPADs relies on patterning hydrophilic-
hydrophobic regions on a sheet of paper. Wax printing method addresses well the simple,
rapid and low-cost fabrication. A yPAD design featuring a 96-well plate format was developed
for the study of CYP3A4 activity using resorufin benzyl ether as an enzyme substrate. Since
CYP3A4 is the most abundantly expressed CYP450 isozymes and it has also been involved in
the drug metabolism as well as in clinically significant drug-drug interaction. Thus, incorporation
of CYP3A4 enzyme screening at an early stage of drug discovery is preferable in order to avoid
drug interactions. The optimal condition for enzymatic assay was in 50 mM potassium
phosphate buffer (pH 7.4) containing 0.1 mM dithiothreitol, 1.3 mM NADPH and 0.02%
poloxamer188, incubated at 37°C for 30 min. Measurement of CYP3A4 activity using the
fluorescent detection at excitation/emission wavelength of 570/600 nm, on PPADs format
provided comparable results with those obtained from plastic 96-well plates. However, yPADs
offered higher sensitivity than well plates due to the greater facilitating the enzymatic reaction.
Moreover, UPADs (cost~$0.1/uPAD) is more cost effective than plastic well plates
(cost~$2.6/plate). The optimal condition was then transfer to determine the enzyme activity on
MPADs using handheld fluorescence microscope. The fluorescence intensity can be accurately
quantified by taking a photo of the test zone measuring the intensity by image analysis freeware
(Imaged). The limit of quantitation was 0.71 yM with good precision (RSDs < 5.2%). Moreover,
CYP3A4 was immobilized in sol-gel formulation containing 8.3 M Ludox® TM-50 colloidal silica
and 0.125 M sodium silicate solution with the ratio of 1:2, then coated on puPADs. The
immobilized enzyme was stable for at least 1 week at 4OC, which offered an increased storage
stability comparing to the free solution. The developed uPADs provide simplicity, low cost and
portability and approaches green analytical chemistry. The method would be useful for

assessment of potential new drug candidates.



nsitive lab-o

-paper-based devices for measurement of CYP3A4 activity

Nantana Nuchtavorn?’, Mananya Laosuksakul?, Jiraporn Leanpolchareanchai®, Leena Suntornsuk?
aDepartment of Pharmaceutical Chemistry, Faculty of Pharmacy, Mahidol University, 447 Sri-Ayudhaya Rd., Rajathevee, Bangkok 10400, Thailand
bDepartment of Pharmacy, Faculty of Pharmacy, Mahidol University, 447 Sri-Ayudhaya Rd., Rajathevee, Bangkok 10400, Thailand
*Email: nantana.nuc@mahidol.ac.th

Introduction

Cytochrome P450 (CYP450) enzymes are the main enzymes that catalyze drug and other xenobiotics metabolism.
The most abundant CYP450 isoenzyme is CYP3A4, which metabolize about 50% of all drugs available in the markets.
It also plays roles in clinical drug-drug interaction. Measurement of CYP450 activity is essential at an early stage of

drug discovery. Paper-based microfluidic devices (UPADs) in a 96-well format was developed for the enzyme assay
because of its low-cost, portability and low reagent consumption.
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Abstract

Paper-based devices using smartphone-based detection has been widely used for
colorimetric analysis due to its simplicity, ease of operation, and handheld capability.
Here, we present a simple and low-cost colorimetric measurement of dopamine on paper-
based devices, which was based on the 3,3',5,5'-tetramethylbenzidine (TMB)-silver
nitrate redox reaction. In the presence of dopamine, the detection mechanism was based
on the decrease blue color of the oxidized TMB according to the reduction of the oxidized
TMB and the binding of dopamine to silver ions. The responses were fit to the logarithmic
curve with r2 0f 0.9932. The method shows good precision (%RSD<6.6%), and recovery
(92.8-106.2%) with the detection limit of <0.6 mM. The method did not require any
complex or time-consuming preparation and was successfully employed for the
determination of dopamine injections. This work shows the potential of paper-based
devices with the smartphone as convenient and low-cost methods for the quality control

of pharmaceutical products, which could be an alternative for resource-limited setting.

Keywords: dopamine; 3,3',5,5-tetramethylbenzidine (TMB); paper-based devices;

colorimetry



Introduction

Dopamine belongs to a group of catecholamine neurotransmitters which plays an
important role in mammalian cardiovascular, endocrine and central nervous system
(CNS).! Several disorders of the nervous system are associated with the disturbances of
dopamine transmission including Parkinson’s disease, depression, and schizophrenia.>”
Therefore, determination of dopamine in biological fluids has a great importance for
clinical purposes. Moreover, dopamine hydrochloride intravenous injection has been
prescribed for the treatment of the shock syndrome due to various serious conditions such
as low blood pressure, myocardial infarction, trauma and renal failure.*> Hence, efficient
analytical methods for quality control of dopamine dosage forms is mandatory. The
United States and British Pharmacopeias recommend non-aqueous titration for the assay
of dopamine in raw material and high performance liquid chromatography (HPLC) for
the assay of dopamine injections.®’ In addition, several analytical methods have been
investigated for determination of dopamine in biological fluids and pharmaceutical
products e.g. spectrophotometry,® fluorescence,’ electrochemistry, '’

I electroluminescence,'? capillary electrophoresis-electrochemical

chemiluminescence,’
detection (ECD),"® and HPLC-ECD/fluorescence detection.'* These methods are time
consuming, high cost and require skilled operators, complicated maintenance. Thus, a
simple, rapid and low-cost method for determination of dopamine becomes essential.
Microfluidic paper-based analytical devices were firstly introduced by Whiteside
group,'® which have gained attention due to their simplicity, low-cost, low reagent and
sample consumption, portability and disposability.'6'® Several detection techniques have
been implemented to paper-based devices 1i.e. colorimetry, fluorescence,

electrochemistry, electrochemiluminescence, and chemiluminescence.!*>* Among these

detection techniques, the colorimetric detection is the most commonly used because it is



easy to perform and requires simple equipment.'® The color products can be visually
observed or quantitated using a smartphone or a scanner to take the images of the colored
area and analyzing by image processing software.?* Imagel is an image analysis freeware
developed by National Institures of Health (NIH) which can be used to convert RGB to
grayscale images. Then, the mean grayscale intensities are plotted against the analyte
concentration.

A simple colorimetric method for the determination of dopamine has been
reported, which based on the 3,3',5,5'-tetramethylbenzidine (TMB)-silver nitrate
(AgNOs) redox reaction.”> Subsequently, the blue color solution was generated from the
oxidized TMB (oxTMB). The presence of dopamine could cause the fading of the blue

23 Herein, we

color that can be quantitatively measured by UV-Vis spectrophotometer.
demonstrate a simple and low-cost paper-based device using the colorimetric reaction of
AgNOs3-TMB for the measurement of dopamine in pharmaceutical formulations. Then,
a smartphone photograph of colored areas was taken and analyzed by ImageJ. Up to the

present, colorimetric measurement of dopamine on paper-based devices based on the

TMB-AgNOs redox reaction has not been reported.

Experimental

Chemicals

TMB,  3-hydroxytyramine  hydrochloride  (dopamine  hydrochloride) and
dimethylsulfoxide (DMSQO) were purchased from Tokyo Chemical Industry (Tokyo,
Japan). AgNOz was obtained from POCH (Gliwice, Poland). Acetic acid was purchased
from RCI Lab scan (Bangkok, Thailand). Sodium acetate was obtained from Ajax
Finechem (New South Wales, Australia). All chemicals were of analytical grade. Sterile

water was purchased from Thai Nakorn Pattana (Nonthaburi, Thailand). Whatman® filter paper



No.1 was supplied by GE Healthcare Life Sciences (Chicago, USA) and laminating film

with the thickness of 125 um was purchased from HIC (Osaka, Japan).

Stock solutions of 40 mM TMB and 40 mM AgNO3 was separately prepared by
dissolving 0.0481 g TMB and 0.0339 g AgNOs in 5 mL DMSO and sterile water,
respectively.  The stock standard solution of dopamine was prepared by dissolving
0.0189 g dopamine in 10 mL sterile water (10 mM). Working standard solutions were
diluted from the stock solution with water to obtain 1-8 mM dopamine. The stock
solutions were protected from light and stored at room temperature, while the stock
solution of dopamine was kept at 4° C.

Fabrication of paper-based devices

Fabrication of paper-based devices relies on patterning of hydrophilic-hydrophobic
regions on a Whatman® paper in order to create capillary channels or reservoirs on the
paper.® The patterns of paper-based devices were drawn using Microsoft® PowerPoint
software. Whatman® qualitative filter paper sheet grade 1 with pore size of 11 pm and
thickness of 180 um was cut into the A4 size (21.0 x 29.7 cm). The designed paper
featuring a number of circular shapes with a diameter of 6 mm and line thickness of 0.8
mm (2.25 pt) was printed on the filter paper (ca 300 circular shapes/A4 paper size) using
Fuji Xerox® Colorqube8870 wax printer (Bangkok, Thailand). Subsequently, the
patterned paper was heated on a hot plate for 5 min to allow the wax to penetrate through
the paper. Finally, the paper-based devices were laminated underneath with a clear

laminating film (Fig. S1).

Determination of dopamine on paper-based devices
Firstly, 100 pL of 40 mM TMB and 100 pL of 40 mM AgNOz were mixed in 300 pL of

0.2 mM sodium acetate buffer (pH 5.0) and vortexed for 1 min. Then, 5 puL of the mixture



was added to the reservoir on the paper-based devices using micropipette and allowed to
dry for 3 min using a hair dryer. Next, 3 pL of dopamine solution was added and dried
for 3 min. After 12 min (total reaction time of 15 min), a color change on the paper-based
devices was visually observed and photos of the colored areas were taken in a light box
using smartphone camera (Samsung Galaxy A7 (2015) model (Seoul, the Republic of
Korea)). The setup for taking photo including the position of the desk lamps, the paper-
based devices and smartphone was fixed in order to control the light intensity for
reproducible measurement (Fig. S2). Then, the images were converted to grayscale and
the color intensity was analyzed using the freeware ImageJ (version 1.519).

Various parameters affecting the dopamine determination on paper-based devices
were investigated including the concentrations of TMB (5 — 10 mM), reaction times (3 —
23 min), and stoichiometric ratios of TMB and AgNOs (1:3, 1:2, 3:4, 1:1, 4:3, 2:1). The
optimized condition was evaluated from the color intensity and the stability of the color

product.

Method validation

The optimized condition for the analysis of dopamine on the paper-based devices was
validated in terms of accuracy, precision, limit of detection (LOD) and limit of
quantitation (LOQ). A calibration curve fitted to a logarithmic model was established by
plotting the gray intensity against five different concentrations of dopamine (1-8 mM).
Triplicate analyses were done for each concentration. Method precision was determined
from intra-day (n=3) and inter-day (n=3) experiments, calculated from the relative
standard deviations (RSDs) of the gray intensity. Recovery of the method was estimated

by spiking different concentrations (80, 100, 120 percent of nominal concentration, 1 mM



dopamine) into the sample solutions (n=3). The LOD and LOQ were based on the gray
intensity of blank and SD of blank, which were calculated from eq. 1 and eq. 2.2
LOD = 3.3SDuiank + gray intensity of blank 1)

LOQ = 10SDblank + gray intensity of blank (2)

Applications

The validated method was applied for the assay of two strengths of dopamine injections
(10 and 25 mg/mL). Sample solutions were freshly prepared by pipetting 303 pL and
153 pL of 10 and 25 mg/mL dopamine injections, respectively into a 5-mL volumetric
flask and adjusted to volume with water. Then, 3 uL of sample solution was added on

the paper based-device.

Results and discussion

Determination of dopamine on paper-based devices

The determination of dopamine based on the TMB-AgNOs redox reaction using UV-Vis
spectrophotometry has been demonstrated by Zhu et al. ®Firstly, the oxidation of TMB
by silver ions yielded the blue charge-transfer complex of diamine in TMB and the
diimine in the oxidation product (oxTMB)?’, which can be observed by naked eyes and
can be quantitatively measured using spectrophotometry at the wavelength of 655 nm.
Subsequently, the color of the reaction mixture from colorless to blue was observed.
Then, addition of dopamine resulted in the fading of blue color because it acted as the
reducing agent to oxTMB (Fig. 1). In the presence of dopamine, the absorbance gradually
decreased with an increasing concentration of dopamine. However, transferring the UV-
Vis spectrophotometric condition to the paper-based devices could not be achieved

because of the lower capacity of the reservoirs on the paper. The mass of reagents (TMB



and AgNOz) and dopamine on the paper reservoirs were 19-25 times and 5 times fewer
than those in the spectrophotometry, which were insufficient to produce the blue colored
product on the paper. Therefore, factors affecting the colorimetric reaction on the paper-

based devices were further investigated.

Effects of TMB concentrations

Initially, 1 mM TMB and 0.75 mM AgNOs (stoichiometric ratio of 4:3) was utilized in
the reaction mixture in order to produce the blue charge-transfer complex. The blue color
intensity on the paper-based devices was directly proportional to the amounts of oxTMB.
However, the blue color was not observed when the concentrations of TMB were less
than 1 mM. Therefore, varying TMB concentrations to 5-40 mM with 3.75-30 mM
AgNOs using the constant stoichiometric ratio of 4:3 was investigated. After the addition
of 5 uL of TMB and AgNOz mixture, the reaction zone was dried with the hair dryer for
3 min. The images of the colored areas were taken at 3 to 60 min in order to investigate
the color stability since TMB is light and air sensitive.?® The photos taken by the
smartphone camera were converted from red, green, blue (RGB) color to grayscale mode
by the ImageJ software, which has the intensity in the range of 0-255. The display
intensity of zero represents that the image is totally dark, while the completely bright
image possesses the intensity of 255. Fig. 2 shows the effects of TMB concentrations on
the blue color complex, it was found that the color intensity of blue charge transfer
complex obtained from the low concentrations of TMB (5 - 10 mM) significantly
decreased over time from 216.31+1.73 to 248.78+0.45 for 5 mM TMB and from
178.63+0.69 to 242.46+0.41 for 10 mM TMB. The decreasing rates were 0.4%/min and
0.9%/min for 5 and 10 mM TMB, respectively. Whereas the reaction mixture containing

TMB concentrations in the range of 20-40 mM offered the stable color product for



approximately 30 min with the remaining color intensity of 91.8- 97.9%. Then, the
intensity slightly decreased about 6.7-14.7% during 30 - 60 min with the rate of 0.1-
0.3%/min. TMB at the concentration of 40 mM was selected as the optimal concentration

for further optimization since it provided the highest blue intensity.

Effects of reaction times

Effects of reaction times on the colorimetric measurement of dopamine using TMB-
AgNO3 redox reaction was investigated. The mixture of 40 mM TMB and 30 mM AgNOs
(5 pL) was added into the reservoirs and the photos were taken after the addition of 1 mM
dopamine (3 pL) from 3 to 23 min. The gray intensity showed a gradual increase from
3-11 min and the maximum color intensity was obtained during 15-23 min. Therefore,

15 min was selected as the optimized reaction time.

Stoichiometric ratios of TMB and AgNOs

TMB is a chromogenic substrate that can be readily oxidized by AgNQO3, to form the blue
charge-transfer complex between the neutral amine (TMB) as a donor and diiminium
structure (dication, oxTMB) as an acceptor via the n—m interaction (Fig. 1).2° The
proposed mechanism indicated that two moles of TMB requires one mole of AgNOs3 for
the complete reaction. However, excessive amounts of AgNOs could be generated side
products such as silver nanoparticle, which may interfere the blue color formation.?
Stoichiometric ratios of TMB and AgNO3 at 1:2, 3:4, 1:1, 4:3 and 2:1 were examined.
The TMB: AgNO:3 of 2:1 provided the lower blue color product with the gray intensity
of 150.8+3.91 comparing with the ratio of 1:1 with the gray intensity of 117.3+2.53
(Fig.4). The blue intensity rapidly increased when the ratio of TMB and AgNO3 changed

from 2:1 to 1:1 and remain stable at ratio of 3:4. When the stoichiometric ratio of TMB



and AgNOz was 3:4, the color change from blue to purple. With the excess amount of
AgNO3 may cause the conversion from the silver ions to the neutral silver. Subsequently,
the silver aggregates into nanostructure possessed the purple color and could interfere the
colorimetric assay.?® Therefore, the stoichiometric ratio of 1:1 was selected as the optimal
stoichiometric ratio. The optimal condition for the measurement of dopamine on paper-
based devices was in 40 mM TMB and 40 mM AgNOz using the reaction time of 15 min

after the introduction of dopamine on the paper-based device.

Method validation

A calibration curve was established by plotting the gray intensity against the dopamine
concentration in the range of 1-8 mM. The responses fitted the logarithmic model with
r? = 0.9932 (Fig.5). Precision, recovery, LOD, and LOQ of the developed method were
evaluated (Table 1). The intra-day (n = 3) and inter-day (n = 9) precision showed RSDs
of < 3.5% and < 4.4%, respectively. The LOD and LOQ calculated from eq.1 and 2 were
0.57 and 1.01 mM (RSDs of < 4.4%), respectively. The mean recoveries of dopamine (n
= 3) was 99.9 with RSDs of < 6.8%. The recovery data indicates that there was no sample
matrix effect on the quantitation of dopamine in the samples. The validation data shows
that the method was appropriate for the analysis of dopamine in pharmaceutical

formulations.

Applications
Applications of the developed method was illustrated in the assay of dopamine in
pharmaceutical formulations. The method was applied to determine dopamine in

injections with strengths of 10 and 25 mg/mL. Percent label amounts of the samples (n



= 3) were within 100.5-100.8% (RSDs <1.7%), which was in the USP limit of 95.0 —

105.0%.

Conclusions

Colorimetric assay on the paper-based devices for the detemination of dopamine in
pharmaceutical formulations using smartphone-based optical detection offers reliability,
simplicity, low-cost, portability and environmentally friendliness. The cost of paper-
based devices with the reagents for assay of dopamine in triplicate was approximately
0.04 USD. This method illustrates the TMB-AgNOs redox reaction on the paper-based
devices that could be applied for the determination of various analytes e.g. thiols,
epinephrine and norepinephrine. Also, the reaction product could be alternatively
detected by an electrochemical detector, which is an altenative for paper-based devices.
Furthermore, the method shows the potential for equipment-free detection because the
chemical reaction on the paper is visible to naked eyes. The analytical platform is made
from cellulosic material, which is compatible with many chemicals, easily functionalized
and easy to store. Therefore, the devices can be used for other chemical reactions
involving in the analytical methods. From practical aspect, the simple and reliable method
using less equipment is desirable for the quality control of pharmaceutical products and

also other analytical purposes in the resource-limited setting.
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Table 1. Validation data

Precision (%RSD)

%Recovery (n = 3)

Concentratio  Intra- Inter- LOD LOQ %Added
Average
n (mM) day (n= day (mM) (mM,n=9) 80 100 120
(%RSD)
3) (n=9)
1 1.8 4.4
99.9
4 2.7 2.8 0.57 1.0(4.4) 1108 106.2 92.8
(6.8)

8 11 1.2




Figure 1. Mechanism of the TMB-AgNO3 redox reaction for colorimetric measurement
of dopamine.

Figure 2. Effects of TMB concentrations on the blue color of colorimetric probe and
their color stability after exposed to the ambient atmosphere for 3-60 min: a) a
photograph of the blue charge transfer complex on the paper-based device b) the
remaining percentages of the blue color product.

Figure 3. Effects of the reaction times.

Figure 4. Effects of the stoichiometric ratios of TMB and AgNOa.

Figure 5. A calibration curve of dopamine.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure S1 Fabrication of paper-based devices using wax printing technique.
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Figure S2 The setup condition for taking images of the colored areas on paper-based
devices; a) the positions of lamps around the light box and b) the screen of smartphone

camera demonstrating the camera mode and the grid line.
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Figure draft

Fig.1 The setup of paper-based microfluidic devices using fluorescence microscope for taking the
images of test zones and quantitative measurement of the intensity by image analysis software
(Imagel)

Fig.2 Gel states of sol-gel formulations: 1) no detectable gel formed 2) flowing gel) 3) non-flowing gel
4) rigid gel

Fig.3 Transmission electron microscope and scanning electron microscope images of the immobilized
CYP3A4 in sol-gel coating on paper

Fig.4 Stability studies of free enzyme solution and immobilized enzyme

Fig.5 Lineweaver-Burk plot of the immobilized CYP3A4 in sol-gel and coated on paper
Supplementary data

Figure S1 Excitation (Aex) and emission spectra (Aem) of resorufin

Figure S2 The design of 96-well paper microzone plate
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Fig.3
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Figure S2

N

8.5

o
Q
Q
Q
Q
Q

OOOO0T:

QOQ
000000
QOO0
000000
0100000
010/0/0/0/0)

F Q0O
10/0/0/0/0/0)0/0/0)0/0/01
1o 00000000000

| 12.5cm

The design of 96-well paper microzone plate

Insertion of 96-well paper microzone plate into the holder





