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UNANED

Q‘Uﬂiaim’a’«ﬁLm‘ﬂxﬁﬁuaﬂ%aqamﬂgmmmw (microfluidic  paper-based  analytical
devices, pPADs) L“fJuLquIa'ﬁmaLﬁaﬂwﬁwmmia%ﬁqQUﬂiiﬂmﬂﬁﬁaﬁﬂiﬂmméﬁﬂ fviledng
dunusin wonld annsoldudaiie dmsulfluvssmaidaiann lunudded 6w ppADs
dmunansanliaseidaiiessainidonnsudu laeldisquning faduislul seeulas
Anziite JanfliUsznousenszaiunses Whatman No.1 uaznszavdniunenidon el
Feudnfulponsgunseauwitusznuiuwivuuiiduman asdluwindifdmasumanenin
Sou Tnouduvuiidumdniidedinlifizuuuuuazmunaiidesnisionisldiaiaawes simind
Jostulaliuinddudngnazany Judnduvinaiveviuarliveutheguunseay guugiid
WangaNdMTUNNTaEa UPADs Ae 120-130 ssmwaldua szoganiivinzanlunisiuuindde 1
At wwaeinaveuihiidndigaiiaunsoadild 639 « 7 lulasiuns uasdauanansaly
n15l¥adn (reproducibility) Tnefien RSDs wiifu 1.48% way 6.30% dnsunisadisveuian
Ushaweuwes test zone waz sample zone ANUAINU

AsEARENE ATz aNd M uas1e pPADs fevdn LF1 Ty LF1-uPADs a13nsald
wonideniifiandunlnan (hematocrit)  AududusENing 24-55% 1dnelu 2 il illeltiden
Uums 1522 pL Ieglidndudeaieanadendeu Woldmaasuneldndosqanssed nuin
wanaunfiuenlduy pupADs i Lifinnsvudeuvendadeaunmionisuanvondadoauns n1s
A3IIAUGNSEINSIAAAUN UPADs fladnsusiuggs difn within-day precision Wiy 2.62% (n
~10) uaw between day precision WU 5.84% (n =30) Wleth pPADs TUUszyndlingaaia
Ysunalusiuludon (n = 5) Tagldndnn153uiud bromcresol green NANIINAABINUIINENTID
Taeld LF1-pPADs laifianuunndnafuegiitioddyduisildluresufiinsnisummdily (p >
0.05, pair ttest) lmgasl pPADs Finauslunudsed ddneamhlvldesaitadons
soafuinisnisunng Tnslddedwsaiiiudennsudinldluduneuies vildanssesinainis
wisniiognnazansseznansaia JuAsIlAe fdunud Savangdmivyssmaig
fimunduegnads
Adfy - gUnsalnnRliasizivedlaganiAgIunIeny,  Ismaguuing,  vesufURnisuu
ASEANY, NSHENLEBR, N15A53IAUSHIUTAY
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Chemistry, Faculty of Allied Health Sciences, Chulalongkorn University
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Abstract

Microfluidic paper-based analytical devices (UPADs) are an alternative technology
for fabricating simple, low-cost, portable and disposable platforms for clinical diagnosis in
developing countries. In this paper, wax dipping, a new method described by our group,
was used for fabricating the uPAD for blood separation. The final device was composed of
a blood separation membrane combined with patterned Whatman No.1 paper. The
designed pattern was transferred onto paper by dipping an assembly iron mold into
melted wax. The optimal melting temperature was in the range of 120-130 °C, and the
optimal dipping time was 1 second. The smallest hydrophilic channel that could be
created by the wax dipping method was 639 + 7 pm in size. The reproducibility of the
MPAD fabrication for hydrophilic channel width of the test zone and sample zone was
1.48% and 6.30%, respectively.

The LF1-uPAD was shown to be functional with human whole blood of 24-55%
hematocrit without dilution, and effectively separated blood cells from plasma within 2
minutes when blood volumes 15-22 ul were added to the device. Microscopy was used
to confirm that the device isolated plasma with high purity and showed no blood cells or
cell hemolysis at the detection zone of the PPAD. The colorimetric measurement
reproducibility on the YPAD was 2.62 % (n =10) and 5.84% (n =30) for within-day and
between day precision, respectively. The efficiency of blood separation on pPPAD was
studied by plasma protein detection using the bromocresol green (BCG) colorimetric assay.
The results revealed that protein detection on the pPAD was not significantly different
from the conventional method (p > 0.05, pair t-test). Our proposed blood separation on
MPAD has the potential for reducing turnaround time, sample volume, sample preparation
and detection processes for clinical diagnosis and point-of care testing, especially in

developing countries.

Keywords: Paper-based microfluidic devices, wax dipping, lab-on-paper, blood separation,

protein determination
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Executive Summary
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("Mw189nge) Development of microfluidic paper-based analytical devices for
determination of biomarkers from whole blood sample

o

AU LariunvaslymIninIdY

Mn9aATIINRIUiTRN IsNsuLImETaudAryeeeds 1lesainanunsndae
Aladelsn avvdnnsedsa axafemunsatiuvedsauasinaunanssnula usegislsiny
NM3nTIvlATIEINesUiRnsnsumddiuinn SududedtiniediolinmeisnluliAfiisem
uns eRakudneadeureldliaznin Snitadsldthenlunsmsatauiuaenn shlidunulunis
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ATIIRES (1, 2) kazn15ns19inansunesile amisavilalanizlssneiuiavuia gt

Y

v
v A

Fodrfnildsilimaluladnensumdliannsadifauuniiegialnanimiaials Tasang
agneBalutssmaidataw deoineraansuazimaluladiasafmiuniy Tnidelainng
Wunsnsiaiatuguuuuiesuf UAnsuudy (Lab-on-a-Chip, LOC) WeanUsnaiheuazuue
yoarzesilofililunsnnainas lnsldinaluladvednagamadnuntiogedulunsnsainlidl
yumidnas (1, 3) awnsannaialdmiiowtesuftinsmlusogluguuuuuudy delvundnin
yuensyandlas gunsalnsaaintuseuy LOC daunninisly polydimethyl(siloxane) (PDMS) R
HuneBesfivdernuiiuuudaneu Jugdldiowazisailiung @) dfsdinme wazdam
Tusauasinnuenaduinnndt 230 wluwns (5, 6) edrlsfimuduneunisiuiuuudano 14
ansindififiseuns 1wy SU-8 Fadumsluas dmiuldluduneumsaimamouuuinuudbnou
fremedalnlnalnsnsiil (photolithography) Sntaasesileild \uedesilofiruiisnaiuns wWu
wpnndauiuuutiumies (spin coaten), wdossuas usu wenani mansratalusuuuy
LoC  éadedldgunsaiiuszneuiirluszuunsnsiain 1 wniesdgansazarsUiunston
(syringe pump) 187 guUNsalngTIaueyeyId (detector/sensor) LUusiu (7) sauverumelung
afeduaznsaissuunsanaiadanududou geein uarldgunsalfifisinune wazenise
drunnn Selaidau LoC  fauysal marsadiesgsitansgniuniadifesendeiniasiiodumn

N
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wndoutherieenlulflunnaunsldedeiiuszansam

lolauuant Whitesides uazamz (8) IWaungunsalnsaineivesinaganingu
n3zA1Y (Microfluidic paper-based analytical devices, uPAD) #savasUfjURAn1suuNIzA1Y (lab-
on-paper) %aﬂﬁzmw”l,éjﬁwmmé’ﬂﬁzyslumiLﬁuﬁaﬂawagﬂﬁuém%’umimaaimﬂﬁﬁ%mamﬂuuaa
weluguwuunisivanwiueu (lateral flow immunoassay ¥3algnisnaaeuluukaUY (9-11)
wadalasanlnne@l (12),13) wardiaalnsliida (10) wenaini nsgaubutaniitdweniun
wdouduazain desensiniunieansis uagnszawnsealiduUszneuuaglaa g
arnsadndulatuansdiegimiedinm lduszendldnsainaismedaninlavainvany
wé’fﬂmimaﬁmuuﬁaaﬂﬁﬁ’ﬁmiuuﬂszmwhjmﬁauﬁ’umsmaﬁmuumzmmw&La:u \flo9a1n
mmmmwi’mmﬂﬁwmamﬁﬂw§auﬁ’uuuqﬂﬂiﬂimaa’iﬂ%wﬁmﬁ’u (15) uanand namTI IR
USunas anunsadnsisriuunseanulaaenindiendnnisnneg wazn13nsiaiaufiseinisiinduu
nszauldldodnesnirenne iesnanunsaueudiuldie dufinldielaeldgunsaifugiu
ndesidnea Insdwifledt vieinTesaunuiued (15, 16) Belundatdu uPAD diamnsaussgndldlsd
funanni1snsaaiasine wu il (17, 18), mydeinueas (19) Wgesisawuy NMIganauwas
(19, 20) Wusiu

1ATs18UITYRRUNITN58519 UPADs mewmatianee 1wy Tonseuiunsinladlnnsd
(Photolithography) %!ﬂL‘ld]ul,ﬁ/lﬂﬁﬂm’imﬂl,l,ﬁﬂLﬁlaﬁﬂﬁuﬂ’EULLUU FJuduisusniilddmsunisadns
wosUftRnsuunszay  Teanlay Whitesides uazame (8) lnsidlanszanuiindevanslanas
(Photoresist) warduiafuuas UV anfsunmaudiannsevinluduldveu viliAavouin
sgwinsuinavevituazliveuin udewmnslnailidnuazaziden fiauaudaga (high
resolution) @unsaaSevUIALANUUNTEAWTANInhadnTigade 200 lulasing 35 PDMS
plotting (21) Tnel#ia3aq desktop plotter Tunsfinsgewmwdiuvesinaiildosnwuuliasuy
nszasnses Sududedldans PDMS uideanslu hexane iduniindiant Gamdinfanidananag
Furuddonseaunses wazsiinduuinaliveuin (21) 33 Plasma etching  (22) finany
Supounarldansinfiuaziniosiiofiay 1y alkyl ketene dimer-heptane  uawiA3es vacuum
plasma reactor Hieasaramalvauunszany (23) 35 Inkjet Printing (24) 3udenisiinsean
nsosflaluRuigeninfiiu alkenyl ketene dimer-heptane solution (5%, v/v) AuaInanei
Ivinseenuuuly deansazanesenanitu agluviufasenfuansiedeulineuntii vilhde

s

vSnamdudunveudnTuan (23) n5asne uPAD @aedsnsiiunuing (Wax printing) (25-27)
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Tngnsfiamiansazanewindlidususnandesnistivunszaunses ntuihlnseawllvany

$au 2y liRAng N A uUUTUNIUNTEATYNTD9ad U USauRwdngduniuasluty nseauay
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Wasuduguaudliveuih Jufaduainane Yeamaiuveslnamuiisenwuuld 3Bldesinis
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AUIUNITWINT N AL NNV IANTUUNTZATENTDY (15) wazldiaTaaiuiwindiey aziiulain3s
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#1499 Ainannandsiifedifavansusznis wu Sdunouiigsendudeu dosfinsanientdarsiadi
diultunszmunsearlddsaeasfogieiivginismegeu nsiilonsyanuduiigoss
sonuuulumaiuvesiva dilnsdudatuasiaiivieufiseruneiin orevhilfituiveanszas
fnsBeuudasnnaudluly Snifarludunounisane ppADs Fe3Beney findraan dasesld
waesilofiay wavansiiiuiednaiisieune deiusedillmnyauiudssmamd ot

Frsadrsvomnilnavumdnuunszay Mvildie dunudn mnzdniuusemaids
W wwiinisanduwing (Wax screen printing) (28) hisndudedldinsosfiofimy andudios
iesliinudoudu hot plate waglildansieillaq THuindmdufoundsgriuaduvunsiugad
anufieanuuuananglitiuludinszaenses IngliuindasaruasludiuinaidosnisTmiy
Unadlilveurn ntuihnszavldlinnufeusunindnasuduriuadliuluilonsymunseaia
Fuvsialdveuih (28) edhslsimuiaifauanunsalunisvhdrdeudisng scv  dsvana
11%) 1iles91nilnnauuUsusuainussiiquindriunszsay Ssdwasonuaudavestosmisla
999 LPADs ustazduiivihldfieuuusuiugs

TusAded IfiiaueiBnisaiie ppabs  wuulual Taglidodn “3Bnnsguuing (wax
dipping  method) Tngldusifanimaniignesnuuunazdsinauiosnisiasliinaiaawes 119
Usznuuunsgaensesuazdniafunszanaladiewindnons Wethdululuasazarsuingd
fdaaenman UshaiiduduuumanusznuBarfmsanmiluusnameuh Jaiilaie sini
fisunuen uazd reproducibility 7 ansnsnhludssgndlinsalusiunagnglaalumataunls

g9l UsEaNS AW

'
v a

oglsfnu LesnnmsnmaindsdinsaluviesufoAnisnisunmg danlngdealdas
fegniidudsiionatann (29) Fafesidunounsuusniiaidensenannanauinounsng
Ansedt ilidendenatlunmasdousetiadon uagdiluseddiniosdiowiniiu fseaunis
14 uPADs  dudumisnsaufAzeinisiindnion fuvanevie lnglddwinegisiidunatann 7
NUNSESEIABUMG (18) dueuiseves Yang uazans 1Es1eeinannseld LPADs wen
wanananidenasudnld (30) Taeldudnmsnmsinmenguuoaiindonuns elvmanaunluausn
ponutsLLAiaas Inglddosldussdunnniguen wimedaifiaulvl wazaunsoldien
donldegiiuszandnm useddlsfiniu Bdanandndudedddweufivefrevyidennnmy sal
vunszay teliAnnisinenauveaiindoauns wagldnaraulvaneneenly mslduoufved
Fadumsiiiualdieluduneuniseiendsshosanoulins ey

TuruAdedaaldimuniinisads uPADs dmsuiinseiansudniadinmanidennsy
d38ln Tngeenuuuliifindenunsgnusnsenanmanasn Tnonislénseauiigaaudilunis
Fnfiuidaidoaunudendefunszawnsesdmivlfiduuinanain lnsldinadansguuing

UPADs  Aimunduil anunsonendindenwataanainnanaunlieg1aiuseansain wazaiunse
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senuuulinsietaaseilludeavanssilanentuandsegaieaiulslutunouie Tnglid
nsldusesumenen ldfinsldansed vieweufivefadeuuuinnsyaurou fedsd dewndla
vunseawuinuveuth ldduiaasailag Fuildiasanminiian Jeildveunaranunsn
\nApufiuunsEaieLsIAfiaaauund iliuenwarauldegnefiuszansaim 35Mhiuaue
ANNT0anTEEYIAIN RS LEWEN winngdmsutlunsiainluguiuu point-of-care testing
St duisiidunush 1iadestiefiugiiifluiesufiinisitily Fsannsanevaussnistily
UszgnalilulseimaidsinnnliIued1si aonadesiuiuuzihvesesdniseunsiolaniing1ni
nsnsvialaelifes foRnsuunseanuiinnudululduasiifnenmgefiazianlidueiosile
andadelsalulszswmendaiau (15)
19 UILaIAYa9lATINTS
1. fanngunsainsivienevivedluaganiagiunseayislel Mvsnefulssimamdsinu
2. WwgunIaingaaiinseivedlnaganingunseay dMSULENEeNATUAI WAZEILIID

luuszyndldnsasansusdinimlugon
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1. aq unsal ansiAdl uazdenaaeng

N32A¥N389 Whatman No.1, LF1, MF1, VF1 uag VF2 {Juduf1uesuism Whatman
International  Ltd. (Maidstone, England) diauSndavngenniudnususmided  lu
ngammamuns nszandladifudufues Sail Brand (Jiangsu, China) Wsiuuudsiarnivanid
a1 fadwes dwhdsuuuuiidesns Tngldinadaaiwes andnilungavmaumiuas

WENAS FanIuAalY

gunsaifliusenaumendesidnea (Canon, Powershot A570 IS 7.1 &ufiniea) 1wy

anusou (IKA® hotplate (C-MAG HS7, Wilmington, USA) ﬂﬁ@ﬂﬁgﬁﬁ/ﬁ'ﬁﬂﬁ (Olympus BX50,
Tokyo, Japan) wr3ostusuiinesa (Hawksley, England) LazlASesUBIINASA  (Micro

Capillary Reader Cat No. 2201, International Equipment Co, Neckham Heights, MA)

nalaa (D-(+)-Glucose) teulminglaaeendina (310 Aspergillus niger - Type 1)
ulelionanding Inuvaden lelolail (potassium iodide), ethylenediaminetetraacetic acid
disodium salt (EDTA), BrijTM 35 uaz@5udayiiuainds (bovine serum albumin) 1ududiive
MNUSTM Sigma-Aldrich lmieslensenles (Sodium hydroxide) waznsadadiin Ges1nusdn
Merck Usoe3woa n3u (Bromocresol green) @p3NU3EM BDH chemicals wminennsiain
nalaa (GLUCOSE liquicolor) kaz@sumiuaunnnInn1snTadn (Humatrol N uag Humatrol P)
Dundnsuaivosusen HUMAN (Wiesbaden, Germany) \3omsathmannUaneia  (Accu-

Chek) {uAUAIBIUTEN Roche Diagnostics evnaiafildlusmddewionainiivda MiliQ

Awhothadenldanoiaalinsaua i 23 1o Taseniaded Tikiunssusesan
ANENIINNITITUFTIUNTIVTUNYLES  Anizunwemans  guiainsaluwiimends  (COA
N0.079/2011) Tnesheeadonsiuiu 6 518 ivlunaenfidieui3u (heparin) Juansiudonuds
drmsunsiadausunaluseiu duuﬁaaéwqguq Aulunaonia KEDTA Wuanstudenuds Tuudas

NINAADY URafet199zIngn 4 a5 Menuraliuanade + Andosuunsgiu (mean + SD)

megrndoniuliMonmgll 4 ssrwadua uwasldaneluniedUani dmsunisinseivg
nlnesn nuiegdennsudniiizanasinlunassuafisasuazanieiuiiduneuild
Yud 10,500 rpm 1Wuran 5 undl IngldinIestuguninasa (Hawksley, England) andutiwaen

waaansnidindenunsdnuuuluinlneldnieseusulnasn (Micro Capillary Reader Cat No.
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2201, International Equipment Co, Neckham Heights, MA) sneauluesidusivesdaibon

LARBUSUNULADATTINUA

2. 3Bn1sadegunsalnsaaiinsisivadluaganiagiunseane  (Microfluidic  paper-based
analytical devices, uPAD)

2.1 P985 9AULUUVBY PPAD fa835n153uL 3G

vhnsadausinuumdn (ron mold) dwsuadamaansuunseany lnedsianudoanis
lneSudamandenisldiawes lunuideldsenuuuilugudinieg (Y-shape)  frue1ives
sample zone 5 Tadluns UShial test zone fiapssnu 1ugUrnay Sidurugudna1e 3 Taduns
wazwsituuwdndanumundszanas 1 dadiues (GUA 1) reusgimsiuuing thseaunses
Whatman No.1 dalsiflvuinntie 15 fadwes 81125 fadmwas nevunszandlas arnduii
wiuumanusiuuunsEAunses thuslwmanansussnusnuvdanszanaladiitedausuulvin
funsyane (U 2a) mﬂfuﬁwéauﬁﬂssﬂauﬁuiﬂsjuiuﬁﬂ%ﬁwaaumaaﬁqmmﬁ 120-130 @4¢
wardoa Wunan 1 it (Quudreniuiiud) Tnevaouuindlutninesdenisldinivhanuiou
(hot plate) AiRndadumasmuaugamgl (U 2b) eduiataudselviuinduiafigumnfivos

Y = ' ° I & 1% Aa = a
LLa’JﬁNLL‘EJﬂLLlILL‘U‘UE)'P]ﬂﬁ]qﬂﬂﬁgﬂ’]‘iﬁiﬁﬁlﬂqiuqLL@JLWaﬂﬂqaﬁaaﬂ ﬁ]giﬂ UPAD VISJV]E]“UENIMBWSJ

wa Y Y & o eda way 1 H P &, P Y
ﬂmamu@%@uu’]gﬂﬂu@?ﬂLuaLLrJﬂGUV]NﬂmaQJU@vLNGU@UN'] (ETJ‘V] 3) IﬂEJLﬂua?ﬂa’]ﬂ@nﬂmaaﬂLLUUTﬂ

JUT 1. vuneuargussvauduuuman dmsuldlunisadne uPAD faedSquuing
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©) (b)

Glass slide Glass slide

nszandladusenunu

———  NITANPLATLULUUWIAN
WANGNNA

waARULRAY \

Iron
mould Y Permanent
Paper magnet

Front side Back side

JUT 2. 23AUT¥NBUTBINTTASIE UPAD Medsn1sguwing (a) Msuszneunseamuuasiiuuumin

vunszanaladneudiluduwing (b) gunsalitlddmiunis uPAD fae3sguuing
— paper

mould

An assembly mould /
I

mi__— PAPEr
—glass slide
~ permanent magnet

\

Wax dipping method

hydrophobic
barrier

———__ hydrophilic

areas

UPAD

JUT 3. URuNMLanINTsiinuT v kazuTadliveutul pPAD Naseiiedsn1suuing
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2.2 N158519 PPAD dwmsuteniaanasuaIu

d1m5UN15a319 pPAD dmsuueniionasuaIutuiiion1sAaneiun1sas1e uPAD 185u1e
Tude 2.1 sneiui msoonuuulrlidmuusnunendonduinatvuiniie wagldnseavuenidon

ilareq Wua LF1, MF1, VF1 sdeufiunszane Whatman No.l lagliwdeusudszane 1

fadluns deuthusgneuvunszanaladuayluduwing Awandlusud da uas db

(b)

Iron mold

//Overlapped paper layer

T~ Permanent magnet

I mm

JUN 4. wanen1saie pPAD dwsuleniionasudiu 1ngdsn1sguuning : (A) Landuses Ut
agAUNAS; (B) LAAILNLOINUEI 91NN15UTENOUNTZATY NIEAHLENEN Laskiuuumanuy

nszandladneuiluguuwing
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3. MINAdaUANEIN1Tavas uPAD luldnsaadmsnziinnemaiin
3.1 n1svagdauaulglavuas uPAD Nad19dae353uuing

aaa a

Tunsvnaesduusn unsussidiunmsiaufazouinduu uPAD fiafilagldmaiiansg
fuind Tageenuuunszaulififuguinme (Y shape) FaUsznause two test 2 ¢y wiagiu
fidnvasiduinan Sanunine 3 fadwns dmsunsaninnglaauaziusfiuniouy du

dmiunsasaianglaa 5ﬂaﬂmﬁﬂizqﬂﬁuwmﬂ Self-Stik reagent strips (Chungdo
pharm. Co., LTD, Korea) ¥n1sUiUnansazaly potassium iodide AMuLutu 10 meg/mL
U3ams 0.5 Tulasans asuunszneuiian test zone warieliluiadsyana 5 wit 9ntunen
ansavanefitdiunanveeuley glucose oxidase (451 U/mL) way 186 U/mL peroxidase
U313 5 lalasans asuunseauudion test zone Snass

dwmsuldnsiadelusiu Ywmben 10x bromocresol green (BCG) [24] U3uns 0.5
lulasdns asuuBndunes test zone ntuseliinssmuuisfigumgivos  evsvhmsinds
e Jusnulateves pPAD avdwinedne uarselidsneddluaidouiiindsuiinm test zone

TEDIPUTIANUT UV FANLNToUBWTULAIEAUET B18AWANAATUUSI test zones Mg

NABIRINDA WAZUNNINANBNILATIZRAMUTNVDIE AaelUsnTy Adobe Photoshop CS2

3.2 mMsnagauauldlavas pPAD dwmsuldueniianasudau

deld uPAD dwduusnidenudr vhnisedeheildlunismsintasauadise Aunis
naaost Wunsesratausinadusiuluden) vunseaulugiu detection zone antuseliiien
wie dlatheutwds annsaldliinsedld TnevenshethadennsuduiliiouBuduasi
Feauda dlinaiduesnsdu Usinesndendléidu 8 lulasdns dmiunszavuenidonyiin LF-1
fifuil 28 meladwns adudiu separation zone wanauninenldarlvaluluduiing
detection zone ¥ntudsFhegdlunaamagUFASe R uhewhlRARETY  snsaaseRy
Tshuluden agldnanmsduivansd laeldd  bromcresol green (BCG) lunisiuiivdayiiuly
Hon BCG anmnsnfufusayiiuesnssimeinniaasuuasinnddeniuiitu enuduves
dzuusiumuanududuvesdayiivlubion N1saEAMYIEALNUAIMUTIIN detection zone
warinauduvesdlagldlusunsy  Photoshop  wanas1ensviInsgIUsenInem U dutuYes

a1382a18lUSAUNINTIULALANUTLTDIENANTY
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NaANIINAadN

1. wammageuguugiuazavangaulun1saiia pPAD daedsn1sduuing

iesangamgiiuazailunssuwing fraronuanTnsEihnareu ey liveu
ihuugUnsaimansinuunszany  Feduldldvhnmmaaeugumgiiuassrernaniionnyasing
Msgunszwlunindiigumail 90-160 ssrwaldea Mnandinag lurie 1-20 Fund Tneldusiuuy
fiuseneudne sample zone fiAuni1e 1 fiadwns wavdiu detection zone finnuning 4
fiadluns wamsveaesui eamgiiiuanzaslunsaiigunsaimInnainuunseaweluta
120-130 ssmiwaldea uaznafimnzauie 1 Juni eumgiifitesndn 120 esrniwaidea viily
Windliannsadudignazald shlsuinuveutuesliveuiwesgunsainsninuunszniulsl
audn Weldannandt 1 3udl lunisgunind windesduthgnszarvannifuly asnsaaonsiy
wiuuumniitanszanwlild shlliAaduievinaseuiunszne venandgungivesing
fnnndn 130 ssenwaea waznatlumsguuindannndt 5 und Wugumaindowiuly way
wamuAuly likiuuy nsgay wazwimdnldanunsanuaruiould Jufnnisueneendainiu

ldanunsaasieainaneuunseaula Aawandlun1san 1
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2. WAvaIN15E31e PPADs Aa8IBN1sguwng

wadansaiin  pPAD  feBinisdunind  vihliuind@uluvudensenwuazadadu
youimvasuinliiveuih dutinameuinvunszey Aouinadignlndeuiuuuman ot
UPADs ‘ﬁ'a%fwléflﬂamBiﬁﬂﬁaﬂﬂaMiiﬂﬁ (Olympus BX50) titedunanisidsundasweile
nILATY Wmfﬁ’mENﬂszmw%nmhisuauﬁﬂﬁmiL‘U?i'sJuLLUmasmifmLﬁ]uLﬁmmﬂﬁLﬁﬂsﬁmﬁauag
Fauandluzuil (U 5a) fudnevessuidudonsemuiissliduianing furniuindedouotuay
WasunuaRduliveuthesauysal U 5b uandliifuidnauemsivenady Tvalus
Uinaveutmosnsrmehtuliansduiuludiuinaliveuthld 3U sc wansnuamiRnnm
liveutwes pPAD Vinaufifiuindindeuay Welinsveadnanesadly Anauoimsdsnsgusng
Huneathlainszareslumudenszavfunndsannismendasuutinmseuinosatiulddn

AMBIFULUY pPAD Tanslnemadiansguuindsauandlusy 6a uaz 6b awuiulédn

1 =

uPAD dmsuldusnnataunanidenasudin dnsldnseavassuiladeudeiuagiaiiuladn 1ng

' '
[y A a a a

mMagenveensyay lifinnslen viseTanduiiudy nszanvassilnaunsagnideusefiumelile

q

wWindvagihnsqunssavadlunindvasuman  wasdleadaasansyauisaeawiulidendudu

LRULAE
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JUN 5. wansnnaansemuiasslaewmaianisy: (@) vshnageutwasliveuinvensyniuwile
dunaldndesganssetl (40x magnification); (b) dnwurveINTEAHleendnaNoIAlY

USnawaul; () WisuisuanwuzIasdnataImsiionenasuuusnuvaviiwas lveuiives

AEANY

A B

Test zone

Sample zone

JUT 6. uansdIusng ¥ae LPAD Naf1uasauds (a) nmuesiuuuy pPAD Niasilaeinafinnig

Juwing (b) nmwes pPAD dmsulduennataunainienasudiu
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3. AMNANNUSTEUINIUIRvRuLLUUAUTiaUY pPAD

Arunfsvesvieuy PPAD Fuagiuruiavesutuuuiifuman lumuddedifldusiuuuiia
A11N319 500-3,000 lallAsiaums @ uSuAnwAUdURLSTERINaIUIAURLlLUUAUTiBUY UPAD
fasldl vauzshnisvaaes axlinsmuaugamgiivesuindididmassileglutag 120-130 e
waldua wagltinanlunisgu 1 3undl Wold uPAD Aiflenunhevesvievunasingg udn dufinnm
Fendosianea  udrinenuniievesioun pPAD fiadistu Taglilusunsy Images thun
Wisuifsuiunrunhaveasiuuumanild  sansveaesmuimwavienidnianfianusaaiielé
TneFsmsquuinddo 639 + 6.7 lalasiuns (n = 3) JU 7 uansdiiudseminaunaunis
YouluuUiuAINnsvesieul  UPAD Tiasnsld wuiaunsvesuiuuURuTIAYeiouy
nszawiilafinudiiusiu (= 0.998) wasliaunsmnuduiudio We = 1.067 Wy, + 121.78
Ty We Aepnuninsvesviouunszay uaz W, Aeanunitsveswsiwuumandly deiunisly
Bnsguwing aunsoviuearunisveieres LPAD Idinanuniisvesuuuiild Tagld

AUNTTAINAN

SUT 7. WanIANNFLTLSTENINUIUINANNN TR IR UUMANTUANUN INsYBiBUY PPAD 71

Y

Y oy PN i & & v o & 2
aiﬂdmamﬂummmmnﬂ% FUNITAUFUNUS W = 1.067 Wy, + 121.78, (r = 0.998)
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4.  Reproducibility 48158513 pPAD A2835guwing

¥msanwrLanssalunsYng (reproducibility) 98901158319 PPAD fe35N13guing
Tneadne UPADs $1uau 20 Ty anusluuuiill sample zone ¥ 1 Tadwms way detection
zone AU uAUgNa1 4 Taduns MntutufinamuasSaauniiwewiouy pPAD Taeld
TWsun3Y Image) Aunaiduussansanuudsusau (Coefficient of Variation, CV) Aaunswes
viofiadslda3san pPAD v 20 Hu nansnnasLandluzuil 8 Aedsvesmiuniaveaieusina
detection zone uag sample zone A 3.91 + 0.06 uaz 1.04 + 0.07 Jaans wazdA1 RSDs
1.48% way 6.30% muddiu Jeuansliituinnisadns uPAD AeIBN139uwingdl reproducibility
a0 Tumsguuindiiioadns pPAD usiastuldnuneiilndidety oglsfoy Tutumeunisadhs
UPAD  feTBmsguuindil  asdesfinsmunugmngiiuassresinatlunmsiunindlined el

HPAD wsiagduiiusnantdvinlfisenvesansideanisnsindaming fu

U 8. wana reproducibility ¥8InN15a319 uPAD mesn153uwing (M) vieuSiaay sample zone

and (@) viausie detection zone
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5. ¥UAU8INITATENIMNSANSINIUNISHENAaAUY UPAD

o nnszaenses Whatman No.1 llanunsaneniionlanssanngnutenseny
nsasflvwalng uaseiEdaldnssaueiasineg wasgunsalnTiauunszavdmiunsien
Sdadensonmnnanan  warvhnmsesairdhetdunardunludunewiieauy uPAD e
nszauithunldlunisadie pPAD dmsunsuenden lun n2A1e Whatman No.1 4aznszae
wondenuila MF1, LF1, VF1 uaz VF2 Tnefinsgaunsessiin MFL, LFL way VF2 WWunssanwedn
polyvinyl alcohol-bound glass fiber wag VF1 Wunsgawuia binder-free glass fiber %
ﬂi%G]’]Hﬂi@dﬁﬁ?ﬂ?%ﬂaavﬁuﬁnﬂiﬂLLUﬂﬁﬂiﬁﬁ“ﬂu’]ﬂIWﬁgﬂj’] 2-3 lulaswmns sonarnaisinld lne

dindenuazininidenizgnineguunszaiunies  dumanaunvzgnuenesnuiuasnaludiuiiim

v '
aaa v o =

detection zone wagvigisenduiiemldlunsnsiain lneduneunisasegunsalngiainuu

1%
o o

NsEAYEIMTUNSHENLGaAtY A81I1NTEAINTEY Whatman No. 1m1deuiunseawienien i
nszwdeLAuUszINa 1 faduing nelvinszauwuenidensgsiuuy wdussnuiuusiuuuiiiive
Aruninue 1 fafns MNsuunsswiansin imsunseavadilunindfonmniuas
naNEaN KaNSYIRABINUINEINIA AINANsUUNTEA WYl MF1 way LF1 lédniau us
ogdlsfiny llanansaiwiomadussinsuinaseuiusnesnanuinalsiveuiunszany
wenidonaiin VFL woy VP2 18 flesainnszmwuenieniidessiiafianumun Tnenseanuuen
Fonvila VF1 uay VF2 fiavumun 632 way 785 lulasims suddu Sevinliduulsianunen
wuuiunsEAy Whatman No.1 leauysel dawalviwind@uidndnseaunasnuay a1ansaniudn
lUusnaiifuiuvumdnussnvegld  Suhliliamnsnaimnasuinaliveutivunszasld
Frfunszmwuendesiivnzdmiuiiah uPAD TaeTmstuuinddenseaueda MF1 wew

LF1

6. Usumsiasafiunsaudniun1sueniaanuu uPAD

Tunsuesndadonsanannatauilagld uPAD Aaundulunuised dosdusunsiden
fimnyay Woswndldfegadenfidusiesunniuly ssvilidadenunsinalumndunanan
Tuusins detection zone waze1asuNMIUUA3E1N15992930 usvnU3uesidentssiiuly 9
Tulausumsnataunliiisane wazlnalulifeusim detection zone vinlilianunsadaufsenta
FatugwhnsnedeuUsinasdeaiivnzaslunisuenidenuunsyauildesnuuuls Taonnsadn
UPAD Tneldualuuudidnanuniiswesdu separation zone WANANNAUAD 5, 6, 7 Laz 8 Nadaluns
(ifufinszaudmiuuenidon 19, 28, 38 uay 50 msefiadwns audy) Tnsldnszawuen
Woavlla MF1 wag LF1 Tunisasisgunsalnsindnuunseausiuiunsenunses Whatman No.1

AaguN 9a ntwihnisuenifenlagliuunsiiensneg venasuu uPAD wiazuuin Usunsiden
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flduazvilinataunanynsanenesninan separation zone AUNTEIANAIY detection zone
ilnglsifisindonunsuin  Aevumsidondimnzandmiunmshanldlunisnsain 5Uf 9b
wEnsPdITUS S siufivenssasuenidonsln MF1 uay LF1 Audsunnsidendmngas
SMTUNSLENERAULNTEAY  HANSIARDINUINSEABLENE o Eesiinanansolduonida
Bensananidenasudnls Tnsiivsunnsdonildifiuiumuiiuiivesnssasuenidon Tneilauns
iUy winsiuTivesnszauuenidensulinsidenldie v = 0.4989x - 1.70 uay y =
0.431x — 2.60 dmSunsEavLEnEenYin MF1 was LF1 muddu sgnslsiny fufinszansuen
Featiounin 19 msndaawns ldanunsawenidenldidesaniiuilunmsuenidontosdulusily
dadeavunfuwananiuenld  dudhinendeniitesiiganlilunisuenidenvasnszareien
Boavla LF1 uay MF1 Iegldifufivesnszawuoniden 28 msuiedwns fe 8 waz 10
lalasans suaneu wansliviuinnseawienidensila LF1 TduSunnsidentioeninnsgamsien
Heoawia MF1 efiufivesnsyauwusnidenvintu Ssgnienldlunudded vnuanismasedlugy
7b Andeauunasgiuiandiiiuinuiinesdenitannsaldlide 8-11 pL, 11-17 pL, wag 15-22
ul lold LF1-uPAD fidnsymwuenideniudl 28 mseliedums, 38 mseliadwasuas 50

AT NHAAUANT HINAIAU

30

25 4

20

15

10 -

Optimal blood volume (uL)

0 77/ T T T T T T T
015 20 25 30 35 40 45 50 55

Paper area (mm?)

@ LFl- uPAD M MFI-uPAD |

JUN 9. (A) uansgunsalnmadinuunseavdmsunisieniien (B) Anuduiusseninsiuives

U

nszauwuenidenyin MF1 wag LF1 AudSunsideniiminzaudmsunisuenionuuaunsel

as19avunseay () nseawnenidanuiin MF1 (@) nseawLenaonsin LF1
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7. N5 lnaveINaIENIUY pPAD

Unfiveamanavirdeuiiluvunszaslagendousiaifiaans (capillary  force)  3ell
Jududedddusannaeuenlunmsndnaisdigszuuninsnda lunisuenwataunlagldaunsal
as1adauunsEaeiL San1sinavesatauda Aevildaiunsansiatadeiiedndldnga 3
Snrmslvaveswanautiuduegfuamududuvesiiodnudon suidedildmaaeunuiilu
MslavemanaNIUL LPAD Tladrstusiensyanuwuenidenyiin MF1 uas LF1 Tagldusiuuuman
fifiannunievesusion separation  zone Wy 8  fladwns wazdenuninswesieuunszaie
Whatman No.1 aua 1 Jadwns 811 10 Jadwes dldussvinunansuunszatludiunszay
Whatman No.1 u&menaiden Aunisvaassd l4ieradeniidaaunnesn 38%) asuy LPAD
Tugu separation zone antuiaszezmMefinanauadsuiiluuunszay Whatman No.1 wio
Sudunatlunsindeuiivesmataxn thefildunadansin lnenaenseninsesnidesweiaiiu
szggvneiinanannadouiild nanismeassmuitnisinavesnaauluszezusng aenadaariu
Lucas-Washburn model (31, 32) #iisveznisvesnisiranatanaziiudadiuiusniidoswes
nan ansihvesmsideuiivesvedlvaanasmunaniesanwaaludenasudrugnuenesnn
unluszezusnuds Wenariulumdeysunsanas uaznanamiuenladduseglunseauwidl
@mauﬁ’a%uﬁw Fanginssunslvavesnananiiuenldd adrefunisivavesiuy uPAD fiadhs
saewmaila ink jet printing (23) usluauddeiiissesmemsinavesansiduniniiosnnanaund
Auianndnh

NAN1IMARB AagUT 10 WuImaaLLARBUTIUY LF1-uPAD IéiSandnuila MF1 uandly
Wiunsyawuenidenvin LF1 @mnsawenwanaunladiuss@nsnimannniinseanwieniionsin
MF1 lneiimanuduresnsmldmsugunsalnsiaiauunsearedmdu LFL uag MF1 Wity 0.990
uaz 0.859 AwAU FeanunsassunsldainaruuanssiulunmantBivenseaty WuaLmu
uaz blood wicking rates mufisiealasuinikannsyany iy lunuideiadenldnseay
wonidoaviln LF1 wa1sgunsainsaiauunszany esnnlidshegisiinpsliosuazanunen
wenwanau s,

NIRRT LF1-UPAD (8 mm diameter) ugniden LLazammmé’ammaLﬁmaamﬁiwa
$r100n117iian 2 udl 5 wift uar 10 Wit Weveadegrudontsuns 15 lulasdns Tnedunai
USIU Y-junction warUsnamTeiaedesy wuimdsnanuatriuly 10 wit nszanwiisl
wanawn vashuwsis Wedunasendosqanssend (Mdwens 40 win) wuimanandiuenlglsidng
Vuideureudindeauntlnaoonuiias wandlifiuindnisuenidenldodsanysal lumanssdiu
nsdifinsvendegadeniaglivsumsinniull luiidlsmeasdldusunms 30 lulasans wuiuda

donunsliasenunlutesmaiuvedlua warnsianulaf Y-junction lauwadidinidenisieanuni



w21

5UNIUMSNTITANSARELY (115197 2) Tneunddinidenuasivuadusiugudnats 68
lulesiuns Sefutudegnivliuunssmuensesitansadndveymaiifouslvgndt 2 lulesuns
1¢ Wisuiiisufunsdnwdunuiinisuenwanaunlagldusadulussuuvedluagania aunso
anedadeaundiiianisuanveufindenuntld 29) dnwazieaiu Wadengniinanslely
anmefirnudunsa-rsgs wasidenaunsagndianlnsladluannsiifiauuliings Wowanaun
gnusneeninlasmslinsmuaunisivase electro-osmotic (7) Wdonfifimsunnveadnideauns
Liwsngaudmiunsnsaiaduas iesndveadindensuniulfises Yang  wavang 1a
swuideiinsldmeadeniiiidininainuinnii 300% mlilidindenuisdiusioonsiauie

nslnagania (33) egalsinumswenwanaumeussanfisansliusyaulymil

Plasma penetration distance (mm)
Distance (mm)

4 6
(Time)1/2, s1/2
1 T !

o‘llllllllll
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

(Time)m, s1-'2

@ LFI- uPAD B MFI- uPAD

= v W & ] = 1Y) =i P - A 9v
UM 10. WEAIANUANNUSTERINIINNEDIVDIIAT NUTLLLNNNNAAUMAFDUNUU uPAD el

Y

nseanwwenaenyia MF1 () nseawuenidonsiin LF1 (@)
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M50 2. ananelagnislindesganssat o USand Y-unction Uag detection zone Ul pPADs MAIAININSNEARIBEIUABATIUSIIN separation zone

Overview of labeled areas on yPAD

Time after
applying whole
blood (min)

Y-junction

Detection zone (left)

Detection zone (right)

Optimal blood volume

(15 pL)

<« Fully wetw

ith plasma and clear of red

v

blood cells

+«— Fully wet w

ith plasma and clear of red

v

blood cells

10

<« Fullywetw

ith plasma and clear of red

v

blood cells
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Overview of labeled areas on yPAD

Time after
applying whole
blood (min)

Y-junction

Detection zone (left)

Detection zone (right)

Excessive blood volume

(30 pL)

<«— Fully wetw|

ith plasma and clear of red

blood cells

v

Leaked red blood cells

10

Leaked red blood cells

Red bloo

\

d cell leakage

l
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8.  ANUFUNUSTENINeABUNINASANUAINEINTa luNTSHENRBAUN PAD

midedldFnwmeududuvendoniidduninasasneg 7 pPAD dwiuwenident
Wanlueaselannsawenld lnetideniitiisuinase senine 24-55% Y3ums 15 lulasans
1MEAaIUL LF1-pPAD 7iflannuninauesusions separation zone 8 HadwAs Wan1svaaed
WUTUPAD fananansanenideniitlsysuduilnasannududu 24-55% ldetgediuszansam
wandlifiuin aunsai LF-pPAD  ldssgndldfusegnadentsnnauniviionniaeiia
AnuRaUnfvesUSinaudindenuns  laglddesdinisideansdennon  aunsaldidenasudiule
Toeass Tneldnatlunisuendontssina 2 Wit Tneszevnanfilduendoniinuduiusinense

fuendanlnasaludeniliiuay (Fsgun 11)

240 -
220 A
200 -

'

o E ¢
e, TH !

Plasma separation time (sec)

40
20

0

T T T T T T T T T T T T T T T T

22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58

Hematocrit level (%)

JUN 11, wamsanuduiussenieseauduninasaluiiegadion fuszegianlunsieniionuu
LF1-uPAD

9.  n5u1 pPAD TU1Hlunsmsraindenaedreamieadin

9.1 wan1snagauaNlylavas uPAD Nad19dae353uuing

lonaaenin  pPAD  flafraiigTsguuindunldlunisnsinindsununglaauaslusiuly
waraun legldvdnnisnsialanied (colorimetric assay) lnggunsalniainuunszawingin

nN3eANYNI89 Whatman No.1 fdnwazilugudine Svienie 1 fadwns uazlldin detection
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zone Wudnwuznnay durugudnas 3 Saduns vnsesaiadsunanglaawazlusiulagly
ﬁ‘;wmmm"imﬂgiﬂa (enzymatic assay: 10 mg/mL potassium iodide, 451 U/mL glucose
oxidase Waz 186 U/mL peroxidase) #3alUsfu (bromocresol green (BCG) working reagent)
Y3uws 05 lulpsdns veeasuugunsainsadauunszay selviuis 10 Wil udndegueu
sample  zone  wesgUnsainmainuunszewadunanan  Wenwanauadeuiunfaudng
detection zone nglaavidelusiulumananagyinujiteriuiheruunssay Ramsdeudues
518%@‘14?&%5@&LLasﬁwL‘Eue‘i’m%ﬂﬁmmi’mﬂ%mwmﬂgiﬂaLLaeJLUsau MudU (JUT 12A) N
Juiinammisndeshidnea udthurinanutndnielusinsy Photoshop €S2 laglaluun gray
scale  udnhendildnaransmumspudmivnmsenainuinunglaauaslusiy - wuiinis
avataUsinanglaaitasenududunss 0-500 me/dl (F = 0989) uaznsnTIIIAUINA

TusAuitasnanduidunss 0-6 ¢/dL (¢ = 0.990) Kauanslusy 128 uay 12C Ay

Protein Glucose

JUN 12. wansnageuauldlaves pPAD fiadeaiiedBduwing : (A) nsnsindavsununglaauay
TUshuuy pPAD ; wannsanasgudmiumsesiniadinunglaa (8) ; nsmuinsgudmsu

159599 nUSualUsAu (Q)
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9.2 wan1snagauaultlaves pPAD dmsulduenidenasudiu

UPAD dmdunsiatransisitanmanndenasudiulunudsel deonuuuliiuiin
wonidiadenlnedniivlunseauuenidon LLagwmammmaalwalﬂmmiaﬁﬁ@mauﬂ’aﬁuauﬁwu
nszaulUdauiinn  detection zone wazmsialUsAudayiuluden lagldudnnis BCG
method lagasegunsalnsraiauunsemulagldnseavienidensin LF1 diduiugudnaisves
vinaiilduenden 8 faduns wasnszatwnses Whatman No.l &afidau detection zone 7if
anwaziluguanan Tidurugudnans 3 Tadwns Min1sreadonaIuuNIzAULeNdon Wanau
awgnusnoanuludiu detection zone wagyUFisefuthen BCG iansdsudveninendud

Y
a ¥

hdudy 307 132 wansnsmaaspuannEaseintinalusivludenlnelfidenfinauan
Wiy nuinsmitnsenundudunsedi 1653 ¢/dl (F = 0.993) (31J17i 13b) 9 nturing
nsiaUsunalusiuluiegiuden 31U 5 Meg1e lagion1SMTIRTALUNTEATY YINAIATITIA
sihetar 4 asy thranisaneinildnssuieuiuisildhlulutesufoinsmsunme &
m5197t 3 Tael4add Pair t-test nspnudesiu 95% wuiniaesitlifinuuandisty wanis
veaouandliiuITis A uansadanldusnidenuaznsiatausinalusivldluduney

e nglidasinistulendinidonasnatnnaiauineuinuingiaia

35

(a) (b)

30

25

20 -

15 -

Intensity (unit)

10

Plasma protein concentration {g/dL)

JUN 13. HAN1SNARBINITLENNAIANIINEBAATUEIUME LPAD ALY (3) NMNUAZ81NS

U

ayainlusAvludenuu uPAD (b) wanwnsmannsgiudmiumnsiniadsunalusiulubfenuy
UPAD
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A19197 3. Wananan13n s Iausualusiulunanguivenuy uPAD 9 nldeanAsUdIU

Wisuieuiuasnlemaluluiesufifinisnisunme

Conventional

Samples (n = 4) pPAD (g/dL)
method (g/dL)
sample 1 4.55 + 0.47 4.55+ 0.13
sample 2 4.25 £0.28 4.13 £ 0.06
sample 3 3.82 + 0.37 3.67 +0.09
sample 4 3.00 £ 0.35 3.27 + 0.09

sample 5 4.24 + 0.16 4.06 0.06
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ayUuarIansalnan1maaas wazdaauauuzdmivauidglusuing

M3as1s pPAD FeABnstuuindiuislnd Mhldhe snd wazsegn 38l
Sududeddqunsaifigeenn Hfesgunsaitugnidlufos fifimehly Wwuemanufeu (hot
plate) vioanunsathgunsallimnuieudnuardundssyndlisaig uisududesiinismuny
onmgiilyinsiinaonnisaine uPADs Lilesangamgiivazfuninddnasenuvudaves uPADs 7
WaAdld st weumauinaliveuthuunsza Wansfimldie foagn Aewind
dieseghadien lilddnsldasiall wiesvhazanesug Wiy vhlvinedatdauisaannisly
ansiniifdusunsiesedindenld Junounisadis pPAD demadaiivtaue ildde lideddd
arudsmngfiey  SfsstureunsduusiuuniivsenuiunssnsiasBafusivinansady
Windfiveomman  Sutumeuiasldnantiesni 1 wid warluewamanansneeniuuli
gunsaliadulutumeumsgunindiielianinsavldnsiasmaneq du szuifin throughput Mg
AR UPAD @ag3atiunniu uenaind LUPAD fnanldusastu flauaudaiidl reproducibility #i7
AUNweIieve LPAD usavdulimnufosuudn (Heendn 1.5%) WewSsudieufuisnig
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Paper-based microfluidic devices are an alternative technology for fabricating simple, low-cost, portable
and disposable platforms for clinical diagnosis. Hereby, a novel wax dipping method for fabricating paper-
based microfluidic devices (WPADs) is reported. The iron mould for wax dipping was created by a laser
cutting technique. The designed pattern was transferred onto paper by dipping an assembly mould into
melted wax. The optimal melting temperature and dipping time were investigated. The optimal melting
temperature was in the range of 120-130°C, and the optimal dipping time was 1 s. The whole fabrication
process could be finished within 1 min without the use of complicated instruments or organic solvents.
The smallest hydrophilic channel that could be created by the wax dipping method was 639+ 7 pm in
size. The reproducibility of the wPAD fabrication for hydrophilic channel width of the test zone and sample
zone was 1.48% and 6.30%, respectively. To verify the performance of the wPAD, multiple colorimetric
assays for simultaneous detection of glucose and protein in real samples were performed. An enzymatic
assay and the bromocresol green (BCG) method were conducted on the paper device to determine the
presence of glucose and protein in a test solution. The results of the assays were not significantly different
from those of the conventional methods (p>0.05, pair t-test and one-way ANOVA method). The wax
dipping provides a new alternative method for fabricating lab-on-paper devices for multiple clinical

diagnostics and will be very beneficial for developing countries.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lab-on-a-chip (LOC) devices have been developed to minimise
the scale of laboratory tests. These LOC devices only need a small
volume of the reagents and samples, therefore providing portable
and disposable diagnostic devices [1,2]. However, the fabrication
processes of LOC devices are quite complicated, as demonstrated
by the need for mechanical components, such as pumps or valves,
to control the flow of the solution within the microfluidic device.

Currently, paper tests or strip tests are widely used in clinical
laboratories for diagnosing various diseases. The strip tests are
utilised in several areas of healthcare, such as screening tests,
self-monitoring by patients, treatment monitoring or preventive
medicine. Recently, Whitesides’s group has developed microflu-
idic paper-based analytical devices (wWPADs) [3], also known as a
lab-on-paper technology. The concept of a wPAD is to perform an
experiment on a small piece of paper. Unlike the conventional strip

* Corresponding author. Tel.: +66 02 218 1081x307; fax: +66 02 218 1082.
E-mail address: wanida.k@chula.ac.th (W. Laiwattanapaisal).

0039-9140/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2011.08.024

test, the lab-on-paper devices can be configured for multiple tests
or detection of several analytes simultaneously on one device [4].
Furthermore, quantitative measurement using a WPAD is feasible
based on a variety of detection methods. Colorimetric assays on
paper [5,6] are widely used to quantify the colour intensity of
the test zone because it is easy to actualise and only requires
simple equipment such as a digital camera, cell phone or scanner
[4,7]. Moreover, a pPAD is able to perform several types of mea-
surements, including electrochemical [8-11], transmittance [12],
fluorescence and absorbance measurements [12,13]. According to
WHO guidance, lab-on-paper devices are very promising for use
as diagnostic tools in developing countries [4].

Currently, lab-on-paper devices have become an attractive
technology for a number of research groups, resulting in the
development of numerous methods for their fabrication. Vari-
ous methods for fabrication of the wPAD have been proposed in
the literature, including the following: photolithography [3,14],
polydimethylsiloxane (PDMS) plotting [15], inkjet printing [16,17],
cutting [18], plasma etching [19], wax printing [20-22] and
wax screen-printing [23]. Photolithography was the first reported
fabrication method, which involved the use of hydrophobic
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SU-8 photoresist and UV light to construct the hydrophobic and
hydrophilic barriers on the paper [3]. This method can create a
small barrier (200 wm width) and yield sharp resolution between
the hydrophilic and the hydrophobic channels. However, the pho-
tolithography technique requires several organic solvents, which
can damage the flexibility of the paper. In addition, photolithog-
raphy requires expensive instrumentation and the fabrication
process involves many complicated steps. The PDMS plotting
method uses a desktop plotter and a hydrophobic polymer, namely
PDMS, to create hydrophilic patterns on paper [15]. Although PDMS
plotting does not destroy the flexibility of the paper, this method
requires special preparation of PDMS diluted in hexanes [15]. The
inkjet printing method involves removing a hydrophobic coating
from the paper by using a modified an inkjet printer to print a sol-
vent onto paper that has been coated with a hydrophobic polymer.
The solvent melts the hydrophobic polymer, resulting in the for-
mation of hydrophilic areas on the paper [16,17]. This method can
create direct patterning on paper, which is a benefit for high mass
production. Plasma etching is a method to remove a hydrophobic
coating on paper by using plasma treatment [19]. However, the
hydrophilic areas generated by both the inkjet printing and plasma
etching methods are still exposed to solvents and polymers during
the fabrication processes. In cutting method, a knife plotter is used
to cut paper into designed microfluidic channels [18]. Neverthe-
less, the paper devices have to use tape to help support the paper
structures, limiting the ability to produce variety of free-standing
hydrophilic patterns [4]. Wax printing has several advantages such
as fast and easy to produce, use commercially available printer and
hotplate, and preserve native paper chemistry [20,22]. However, it
is difficult to produce the exact designed patterns with high reso-
lution due to the spread of the wax. Careful determination of wax
spreading must be considered before production of the channels
[4,22].

Common obstacles to fabricating lab-on-paper devices for most
developing countries are the cost of the instruments used in the
fabrication process, such as a spin coater, UV lithography system,
and plasma cleaner. Although wax screen-printing, which requires
only a hot plate for patterning wax onto paper, is economical
and therefore promising for developing countries, it suffers from
poor reproducibility [23]. Hence, a simple, rapid and cheap fabrica-
tion technique that also provides good resolution and repeatability
needs to be developed.

This paper proposes a novel method for the fabrication of paper-
based microfluidic devices by wax dipping. Wax is a material
generally used worldwide because it is inexpensive and non-toxic.
The wax dipping procedure requires only a hot plate for patterning
hydrophobic and hydrophilic areas on Whatman No.1 paper. The
fabrication of the wPAD is simple and only involves a single step.
Moreover, the wax dipping method can create patterns on paper
without using any chemical compounds, so that the hydrophilic
area is not exposed to any solvents or polymers. To demonstrate
its applicability to real world situations, we also employ the paper
device for colorimetric assays for simultaneous detection of glucose
and protein in real human samples.

2. Materials and methods
2.1. Materials and chemicals

Whatman No.1 filter paper was purchased from Whatman Inter-
national, Ltd. (Maidstone, England). White Beeswax pellets were
purchased from a stationary shop in Bangkok, Thailand. Glass slides
were obtained from Sail Brand (Jiangsu, China). Iron moulds (1 mm
thick) were made-to-order by a laser cutting shop in Bangkok. Per-
manent magnets were purchased from a local area shop. Other
equipment that was purchased included a Canon digital camera (7.1

megapixels, Powershot A570 IS), an IKA® hotplate (C-MAG HS7,
Wilmington, USA), and an Olympus Microscope (Olympus BX50,
Tokyo, Japan).

D-(+)-Glucose, glucose oxidase (from Aspergillus niger-Type
II), peroxidase (Type I from horseradish), potassium iodide,
ethylenediaminetetraacetic acid disodium salt (EDTA), Brij™ 35
and bovine serum albumin were purchased from Sigma-Aldrich.
Sodium hydroxide and succinic acid were purchased from Merck.
Bromocresol green was supplied by BDH Chemicals. Glucose
reagent (GLUCOSE liquicolor) and human control serum (Huma-
trol N and Humatrol P) were obtained from HUMAN (Wiesbaden,
Germany). Accu-Chek for blood glucose monitoring was obtained
from Roche Diagnostics. All chemicals were prepared in MilliQ
water.

2.2. Wax dipping fabrication method

To create a mould for wax dipping, a local laser cutting shop cut
an iron bar into the desired shape and size using a laser cutting
technique. The price for cutting an iron mould was about $0.35 US
per piece. An iron mould can be repeatedly used to produce numer-
ous pieces of wWPAD. In particular, based on our experience so far,
more than 1000 pieces of WPAD have been fabricated from the same
iron mould without affecting the resolution. For the wax dipping
method, white Beeswax pellets were put in a beaker and heated
until they melted using a hotplate. To ensure that the temperature
was kept in the range of 120-130°C, the temperature was moni-
tored throughout the experiment by means of an electronic contact
thermometer (IKA® ETS-D5). Whatman No.1 paper was cut into a
1.5cm x 2.5 cm piece and placed onto a glass slide. Then, the iron
mould was put onto the paper, and it was temporarily attached
by means of magnetic force using a permanent magnet placed on
the backside of the glass slide. Next, the assembly was dipped into
a chamber of melted wax for 1s. After the paper was cooled to
room temperature, it was peeled off of the glass slide, and the iron
mould was removed from the paper. The wax-dipping fabrication
process for the wPAD is shown in Fig. 1. Then, the hydrophobic and
hydrophilic areas of the wPAD were observed under a microscope
(Fig. 2).

2.3. Applicability of the PAD for clinical analysis

To evaluate the colorimetric assays on the wPAD, the paper
device was designed to be a Y shape, which was composed of two
test zones (circular shape, 3 mm width) for the simultaneous detec-
tion of glucose and protein. For the glucose assay, the reagent ratio
was adopted from Self-Stik reagent strips (Chungdo Pharm. Co.,
LTD, Korea). A volume of 0.5 L of a 10 mgmL~! potassium iodide
solution was spotted onto the paper test zone and allowed to dry
for 5 min. Then, a 5 p.L mixture of 451 U mL~! glucose oxidase and
186UmL-! peroxidase was dropped on the same test zone. For
protein detection, 0.5 L of 10x bromocresol green (BCG) working
reagent [24] was dropped on the other test zone. Then, the paper
was allowed to dry at room temperature. To detect glucose and
protein, the bottom side of the paper devices was dipped in sam-
ple solutions until colour developed at both test zones and could
be observed by the naked eye. The colour of the test zones on the
WPADs were captured by a digital camera, and then, the colour
intensities were analysed using Adobe Photoshop CS2.

3. Results and discussions
3.1. uPAD made with the wax dipping method

The wax dipping method uses melted wax to coat a hydrophobic
barrier onto paper while the hydrophilic channel is protected by an
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Fig. 1. Fabrication process of the wPAD using the wax dipping method: (A) simple wax dipping set-up system and (B) procedure for patterning paper by wax dipping in top

view (left) and lateral view (right).

iron mould. When the paper was dipped into the melted wax, the
melted wax penetrated into the membrane of the paper whereas
the area obscured by the mould did not absorb the melted wax.
Therefore, patterns of hydrophobic and hydrophilic areas were gen-
erated on paper. The fabricated pattern on the paper was observed
by a microscope (Olympus BX50), as shown in Fig. 2A and B. It was
clearly observed that the surface of the paper was changed as a
result of the wax coating (Fig. 2A). The left side of the paper is the
native surface, whereas the right side was coated with wax and
completely turned into a hydrophobic surface. Fig. 2B indicates
that coloured food dye could not percolate into the hydrophobic
area because of the wax coating. The patterned paper fabricated
by wax dipping could retain fluid within the hydrophilic channel;
therefore, this area could be used for the reaction of a reagent and
sample. Fig. 2C shows the hydrophobic property of our wPAD com-
pared to the hydrophilic zone. The droplet of coloured food dye was
apparently observed. It was not readily absorbed into the paper due
to the hydrophobic surface of the paper.

3.2. Optimisation melting temperature and dipping time

The melting temperature and dipping time influenced the pen-
etration of the melted wax into the paper and also affected the
resolution between the hydrophobic and the hydrophilic areas. The
optimal melting temperature and dipping time were investigated.

The results demonstrated that dipping the paper into the melted
wax when the temperature was lower than 120°C for 1s did not
result in good resolution, in that the hydrophobic and hydrophilic
areas were not completely separated. On the other hand, using
a melting temperature above 130°C resulted in excessive wax
spreading into the paper. For the optimal dipping time experiment,
the paper was dipped into the melted wax for varying amounts of
time, from 1 to 20s. It was determined that the optimal time for
dipping the paper in the melted wax was only 1 s (just dipped and
immediately lifted out). Dipping times longer than 1s could not
generate the patterns on the paper because of excessive spreading
of the wax into the paper. In addition, using a high temperature
(>130°C) and long dipping time (>5s) can boil the paper, causing
it to separate from the glass slide. Therefore, the optimal melting
temperature for wax dipping was 120-130°C, and the optimal dip-
ping time was 1 s (see supplementary data Table S-1). However, the
temperature used for wax dipping in all subsequent experiments
was at 125°C.

Our wax dipping process is simpler and quicker in comparison
to other wax printing methods because it only requires a dipping
step, while wax printing needs both printing and heating steps.
This wax dipping method takes less than 1 min to complete the
whole process, whereas photolithography methods require at least
15 min [13] and wax printing methods use 5-10 min for prototyp-
ing the paper [20]. With consecutive dipping, the throughput of this
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Fig. 2. Pictures of paper fabricated by wax dipping method: (A) hydrophobic
and hydrophilic area captured under a microscope (40x magnification), (B) the
hydrophilic zone soaked with food dye colour and (C) comparison of hydrophilic
and hydrophobic area of the paper after applying a drop of coloured food dye.

method can be up to 90 pieces per hour. Moreover, wax printing
methods require rather expensive printers and heating equipment,
whereas this wax dipping method uses only a common hot plate
or similar heating device.

Besides being a simple and rapid process for the fabrication of
the wPAD, the proposed wax dipping protocol is also inexpensive
and environmentally friendly. Every developing country can set
up the wax dipping method for fabrication of wWPADs. Beeswax is
inexpensive and can be obtained worldwide, and the system set-
up requires only a common hot plate, iron mould and permanent
magnet. The total cost for a piece of WPAD fabrication by wax dip-
ping is inexpensive at less than $0.05 US per piece. Some materials
are reusable, such as the iron moulds, permanent magnets, and
glass slides. From our point of view, the wax dipping method is
a novel alternative technique to produce a simple and low-cost

3500

E 3000
=
2
S 2500
2 2=0.998
Q
© 2000 |
£
[=%
2 1500
e
>
=
S 1000 -
=
£
s
2 500
0 ; ; : ; ; ;
[) 500 1000 1500 2000 2500 3000 3500

Width of mould (um)

Fig. 3. Comparison of the width of the mould and the resulting hydrophilic channel
on paper with the linear equation Wc =1.067 Wy + 121.78 (r2 =0.998).

lab-on-paper device, which is valuable for point-of-care testing,
especially in developing countries.

3.3. Width of hydrophilic channel

The actual width of the hydrophilic channel after the fabrica-
tion process is dependent on the width of the iron mould used.
To study the relationship between the widths of the hydrophilic
channel and the widths of the initial mould, various sizes of moulds
(500-3000 p.m) were used to fabricate paper devices at the optimal
melting temperature and dipping time. Unless otherwise stated,
the dipping temperature was controlled at 125 °C and the dipping
time was 1s. The fabricated paper devices were imaged by a dig-
ital camera, and the dimensions of the channels were measured
using Image]. Fig. 3 shows the width of the hydrophilic channel
versus the width of the mould. The results show that the narrow-
est hydrophilic channel that the wax dipping method can generate
using a 500 pm width mould was at 639+ 7 wm (n=3). Compared
to other methods, the smallest hydrophilic channel that our pro-
posed method can generate is on a similar size scale as the wax
printing and wax screen-printing methods, in which the channels
canbe fabricated at 561 +£45 pm[22]and 650 + 71 pwm [23], respec-
tively. Even though the wax dipping method did not effectively
produce hydrophilic channels as small as photolithography can
(186 £ 13 wm) [14], the width obtained by wax dipping is accept-
able to use in the paper-based microfluidic field. Furthermore,
the relative standard deviation of the smallest hydrophilic chan-
nel using our proposed method (~1%) was found to be lower than
other methods (~10%) [23]. According to the graph shown in Fig. 3,
the resulting width of the hydrophilic channel can be calculated
by using the linear equation W¢=1.067 Wy +121.78 (r2=0.998),
where W is the width of the hydrophilic channel and W) is the
width of the mould.

3.4. Reproducibility of uPAD fabrication

Reproducibility is the variation arising when an experiment is
repeated under the same conditions. To evaluate the reproducibil-
ity of the fabrication of the hydrophilic channels, 20 pieces of paper
(n=20) and a Y-shape mould composed of a 4 mm test zone and a
1 mm sample zone, were dipped in melted wax under the opti-
mal conditions. Pictures of the paper devices were captured and
used to measure the widths of the hydrophilic channel by using
Image]. The relative standard deviation (RSD) of the widths of
the obtained hydrophilic channels was calculated from the width
measurements. Fig. 4 displays the reproducibility of the wax dip-
ping fabrication for each piece of paper. The average width of
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Fig. 4. Repeatability of the width of the hydrophilic channel in (W) the sample zone
and (@) the test zone on the same device.

the hydrophilic test zone and sample zone were 3.91+0.06 and
1.04 +0.07 mm, respectively. The RSDs for the width of the test
zone and sample zone were 1.53 and 6.73%, respectively, which
indicates our wax dipping method has good reproducibility. The
proposed wax dipping method is more reproducible than the wax
screen-printing method, which has a RSD around 11%[23]. The wax
screen-printing method suffers from poor reproducibility because
it is difficult to control the force applied to the solid wax to push
it through the mesh screen. However, in our case, to fabricate the
desired wPAD, the melting temperature and dipping time must be
perfectly controlled in the optimal range throughout the process,
as both factors affect the penetration of the wax into the paper.

3.5. Applications

The proposed wPADs fabricated by wax dipping were investi-
gated for their applicability for the detection of glucose and protein
in real samples based on colorimetric assays. Detail of the size and
shape of an iron mould used in the experiments display in Fig. 5A.
A 5pL volume of 10x BCG working reagent or glucose reagent
was spotted onto the separate detection zones of the wPAD device.
After the reagents were allowed to dry for 10 min at room tem-
perature, the bottom end of the wPAD device was dipped for 1 min
into either a standard solution of glucose of varying concentration
(0-1000 mg dL-1), a standard solution of BSA of varying concentra-
tion (0-10gdL-1) or a sample solution.

Then, the colour intensity was allowed to develop from colour-
less to a strong blue or yellow for the protein and glucose reactions,
respectively. Images of the colorimetric reaction of protein and glu-
cose are shown in Fig. 5B. To measure the colour intensity, Adobe
Photoshop CS2 was used to convert the images from RGB into grey
scale format before analysis. A calibration curve was plotted for
glucose or protein concentration versus colour intensity. The cal-
ibration curves are shown in Fig. 6A and B. The linear range for
the glucose assay was 0-500mgdL-! (r2=0.989) and 0-6gdL"!
for the protein assay (r2 =0.990). The range of glucose concentra-
tions that is linear for the assay in our proposed method is broader
than for the conventional method based on the glucose oxidase
spectrophotometric method, in which the linear range of GLUCOSE
liquicolor is only up to 400 mgdL~!. Similarly, the assay range for
protein detection in our method is also better than the conven-
tional BCG method, which is only linear up to 5 gdL~!. Both results
demonstrate that the wax dipping method for wPAD fabrication
can be potentially applied for detection of glucose and protein

Fig. 5. Paper based microfluidic device fabricated by the wax dipping method used
for colorimetric applications: (A) detail of the size and shape of an iron mould and
(B) paper device after fabrication by the wax dipping method (top) and after use for
the detection of protein and glucose (bottom).

simultaneously at levels that are clinically significant. Subse-
quently, the wPAD was utilised for quantitative detection of glucose
and protein in real samples, and the results were compared to
the conventional methods. Two samples of control serum with
different levels of protein and glucose were tested by the wax
dipped wPAD and conventional methods. The comparison of the
results demonstrated that both methods were rather similar. When
analysed by a paired t-test, no significant difference was found
between the two methods at a 95% confidence interval. In addi-
tion, the wPAD was also used to measure the glucose level from
real plasma samples, and the results were compared with both
conventional enzymatic glucose oxidase and Accu-Check point-of-
care-testing methods. The analysis of the results using one-way
ANOVA demonstrated that the concentration of glucose in the
plasma as determined by the three methods was not significantly
different (p>0.05) (Table 1). It can therefore be concluded that
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Table 1
Determination of glucose and protein in real samples.
Control serum sample (n=3) Glucose (mg/dL) Protein (g/dL) p-Value
Wax dipping Conventional method Accu-Check Wax dipping Conventional
WPAD (glucose oxidase) wPAD BCG method
Control N 944+79 947 +£ 1.5 nd 4.08+0.51 4.10+£0.08 0.956°
Control P 229.7 £ 5.1 2233 +11.9 nd 531+0.35 5.81+0.18 0.209?
Fasting blood glucose 89.7 £ 3.7 93.6 + 0.6 86.5+0.7 nd nd 0.1320
1 h postprandial 136.2 + 5.8 138.0 + 4.6 137.0+14 nd nd 0.919°

nd =not determined.
@ Results of paired t-test.
b Results of one-way ANOVA, p <0.05 significance level.
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Fig. 6. The wPAD for colorimetric assay (A) standard curve of glucose (12 =0.989)
and (B) standard curve of protein (12 =0.990) by using grey scale mode of Adobe
Photoshop program.

the wPAD fabricated by the wax dipping method can be used for
quantitative assays in the human samples.

4. Conclusions

The wax dipping method is a simple, rapid, and inexpensive
method for fabrication of wWPADs. Other advantages of this pio-
neering method are that there is no requirement for complicated
and expensive instruments or organic solvents. Therefore, this
technique provides an alternative and inexpensive platform for
fabrication of clinical diagnostic devices in developing countries.
A single dipping step can create microfluidic channels on paper
within 1min. Good resolution of the hydrophilic channel of the
WPAD was obtained (%CV ~2-7%). Additionally, the width of the
hydrophilic channel was highly correlated with the width of the

designed mould, so the exact size of the wPAD can be predicted from
the initial mould used. The crucial parameters to determine the res-
olution of the wWPAD were the melting temperature of the wax and
the dipping time. The smallest hydrophilic channel that can be fab-
ricated using this proposed method measures about 639+ 7 pum in
width, which is sufficient for fabrication of the microfluidic paper
based assay. Multiple colorimetric assays can be simultaneously
performed on the wPAD, and the results revealed the ability to anal-
yse glucose and protein in real samples. The wax dipping procedure
preserves the native paper surface, therefore this technique does
not face the problem of interference from residues remaining in the
hydrophilic channel.
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A microfluidic paper-based analytical device (LPAD) for the separation of blood plasma from whole
blood is described. The device can separate plasma from whole blood and quantify plasma proteins in
a single step. The pPAD was fabricated using the wax dipping method, and the final device was

composed of a blood separation membrane combined with patterned Whatman No.1 paper. Blood
separation membranes, LF1, MF1, VF1 and VF2 were tested for blood separation on the puPAD. The
LF1 membrane was found to be the most suitable for blood separations when fabricating the pPAD
by wax dipping. For blood separation, the blood cells (both red and white) were trapped on blood
separation membrane allowing pure plasma to flow to the detection zone by capillary force. The LF1-
PPAD was shown to be functional with human whole blood of 24-55% hematocrit without dilution,
and effectively separated blood cells from plasma within 2 min when blood volumes of between

15-22 pL were added to the device. Microscopy was used to confirm that the device isolated plasma
with high purity with no blood cells or cell hemolysis in the detection zone. The efficiency of blood
separation on the tPAD was studied by plasma protein detection using the bromocresol green (BCG)
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colorimetric assay. The results revealed that protein detection on the tPAD was not significantly
different from the conventional method (p > 0.05, pair ¢-test). The colorimetric measurement
reproducibility on the ptPAD was 2.62% (n = 10) and 5.84% (n = 30) for within-day and between day
precision, respectively. Our proposed blood separation on pPAD has the potential for reducing
turnaround time, sample volume, sample preparation and detection processes for clinical diagnosis

and point-of care testing.

Introduction

Blood tests are widely used in clinical diagnosis, however,
detection of analytes in whole blood is difficult due to the
chemical complexity of the matrix. Indeed, most biological
samples require steps to remove cells because cells often interfere

“Graduate Program in Clinical Biochemistry and Molecular Medicine,
Faculty of Allied Health Sciences, Chulalongkorn University, Patumwan,
Bangkok, 10330, Thailand

b Department of Chemistry, Faculty of Science, King Mongkut’s University
of Technology Thonburi, 91 Prachautid Road, Thungkru, Bangkok, 10140,
Thailand

“Electrochemistry and Optical Spectroscopy Research Unit, Department of

Chemistry, Faculty of Science, Chulalongkorn University, Patumwan,
Bangkok, 10330, Thailand

“National Center of Excellence for Petroleum, Petrochemicals, and
Advanced Materials, Chulalongkorn University, Patumwan, Bangkok,
10330, Thailand

“Department of Chemistry, Colorado State University, Fort Collins,
Colorado 80523-1872. E-mail: chuck.henry@colostate.edu;

Fax: +1-970-491-1801; Tel: +1-970-491-2852

TDepartment of Clinical Chemistry, Faculty of Allied Health Sciences,
Chulalongkorn University, Patumwan, Bangkok, 10330, Thailand.
E-mail: wanida.k@chula.ac.th; Fax: +66 02 218 1082;

Tel: +66 02 218 1081 ext 307

1 Electronic supplementary information (ESI) available. See DOI:
10.1039/c21¢21299d/

with the analytical measurements.! As a result, biochemical tests
are typically carried out in serum or plasma,’ necessitating a
separation method such as centrifugation or sedimentation. The
separation process is typically time-consuming, requiring large
blood volumes (mL).> Moreover, the conventional clinical
diagnostic laboratory requires expensive automated equipment
and skilled workers, adding to the overall analysis cost."* For
work at the patient bedside or in remote locations, it is important
to design and develop miniaturized diagnostic devices that are
capable of all aspects of a clinical assay, including reducing the
blood preparation processing and turnaround time.
Microfluidic technology has great potential for use in
miniaturized blood analysis devices due to its speed, low
volumes, and the ability to reduce cost and turnaround time
for point-of-care diagnosis.! Numerous techniques have been
utilized for blood separation in microfluidic systems including
electro-osmotic flow,® bifurcation (Zweifach-Fung effect),>®
geometric obstructions,”® acoustic standing wave forces,’ porous
filters,'® membrane filtration!! and cross-flow filtration.!>!>!3
However, a major disadvantage of these devices is the need for
an external force such as syringe pump or high voltage power
supply to control fluid flow in the microchannels. In addition,
the microfluidic chip fabrication is complicated and frequently
requires integration of valves and pumps for operation.’

This journal is © The Royal Society of Chemistry 2012
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Microfluidic paper-based analytical devices (WPADs) made
from patterned paper have been utilized for point-of-care
diagnosis. Paper plays an important role as a supporting
medium for lateral flow immunoassay or dipstick tests,'* !
chromatography'”!® and electrophoresis.!® Furthermore, paper
is a common material for colorimetric spot-tests because of its
high contrast for most of these assays.*?° Recently, tPADs have
been used for multiple colorimetric analysis of plasma samples
on a small paper device?! and plasma separation from whole
blood.?? In the first assay, plasma was not separated from whole
blood but instead added directly to the pPAD. In the second
example, agglutination was used to coagulate the blood cells. As
a result, plasma can penetrate through paper by capillary force
and thus, can be used without external pumping. While this
method was novel and effective, it did require addition of
agglutination antibodies that increase the overall cost of the
sample preparation method. Our method does not require
addition of antibodies to aggregate RBCs.

In this paper, a novel blood separation method based on
UPADs has been proposed. The device consisted of two types of
paper, blood filter paper and patterned Whatman No.1 filter
paper, and was fabricated by wax dipping. Plasma collection
from human whole blood and a colorimetric assay for albumin
proteins can be performed simultaneously in a single step on the
WPAD. In addition, the device does not require external pumping
forces to perform the system. Blood separation on the ptPAD
reduces the sample preparation steps and turnaround time for
clinical diagnosis from hours to minutes.?® The proposed pPAD
is simple, rapid, low-cost, portable, disposable, and single step
diagnostic platform for real world sample. It is valuable for
point-of-care testing, especially in developing countries that lack
expensive medical equipment.

Materials and methods
1. Materials and chemicals

Whatman No.l filter paper and blood separation paper
including LF1, MFI1, VF1 and VF2 were purchased from
Whatman International Ltd. (Maidstone, England). Iron molds
were made-to-order by a laser cutting shop in Bangkok. White
Beeswax pellets and a magnetic bar were purchased from a local
shop in Bangkok, Thailand. The glass slide was supplied from
Sail Brand (Jiangsu, China). Hotplate (C-MAG HS 7) was a
product of IKA® (Wilmington, USA). The digital camera (7.1
megapixels, Powershot A570 IS) used in these experiments was a
product of Canon (California, USA). The microscope (Olympus
BX50) was a product of Olympus (Tokyo, Japan). Bovine serum
albumin, ethylenediaminetetraacetic acid disodium salt (EDTA)
and Brij™ 35 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Bromocresol green (ACS grade) was obtained from
BDH chemicals (Poole, England). Sodium hydroxide and
succinic acid were purchased from Merck (Darmstadt,
Germany). Human control serum samples (Humatrol N and
Humatrol P) were product from HUMAN (Wiesbaden,
Germany). All chemicals were prepared in milliQ water.

All 23 blood samples from healthy volunteers were collected in
anticoagulant tubes following accepted protocols for working
with human subjects. Six samples were collected in heparinized
anticoagulant tubes for protein detection experiments, whereas

the others were kept in K3EDTA anticoagulant tubes. For each
experiment, each blood sample was subject to 4 replicate
measurements.

The experiments were approved by The Institutional Review
Board of the Faculty of Medicine, Chulalongkorn University,
Bangkok, Thailand (COA No.079/2011). The blood was stored
at 4 °C and used within 1 week of collection. To measure
hematocrit level, each whole blood sample was filled in a
capillary tube and sealed with clay before being centrifuged for
5 min at 10 500 rpm using a hematocrit centrifuge (Hawksley,
England). The packed cell volume was measured by hematocrit
reader (Micro Capillary Reader Cat No. 2201, International
Equipment Co, Neckham Heights, MA) and the hematocrit
value was recorded as the percentage of the volume of red blood
cells in a blood sample.

2. pPAD fabrication by wax dipping method

The previously reported wax dipping method was utilized for
patterning pPADs.?* Briefly, white bees wax was melted on a
hotplate and the temperature was controlled at 125 °C
throughout the experiment. Whatman No.l paper was cut into
1.5 x 2.5 cm and blood separation paper (LF1, MF1, VF1 and
VF2) was cut into 1.7 x 2.5 cm in size. For the pPAD
fabrication process shown in Fig. 1, Whatman No.l paper and
blood separation paper were overlapped approximately 1 mm on
a glass slide. The iron mold which defined the blood separation
and test zones was attached to the paper using a permanent
magnet on the back of the glass slide. The assembly was then
dipped into the melted wax for 1 s. When the wax was cooled to
room temperature, the paper was peeled off the glass slide and
separated from the iron mold.

3. Applicability of the pPAD for plasma separation

To evaluate the plasma separation simultaneously with a
colorimetric assay, protein determination based on BCG method
was performed. First, 0.5 pL of 10 x BCG working reagent was
dropped on both test zones of the uPAD. Then, the spots were
allowed to dry at room temperature for 10 min. After that, whole
blood was dropped on the separation paper and the plasma
flowed to the test zones. The color was developed after the
binding of protein to BCG in the detection zone. Next, images of
the detection zones were captured using a digital camera and the
color intensity was analyzed using Adobe Photoshop CS2.

Results and discussion
1. pPAD fabricated by wax dipping

In this paper, a blood separation membrane was combined with
traditional filter paper for the first time to isolate plasma from
whole blood in a pPAD. Using the wax dipping method, the
uPAD for whole blood separation approach was very simple to
fabricate. Different types of blood separation membranes
including MF1, LF1, VF1 and VF2 were investigated for the
utilization in the pPAD by the wax dipping method. MF1, LF1
and VF?2 are polyvinyl alcohol-bound glass fiber filters and VF1
is a binder-free glass fiber filter. These filter membranes are
suitable for use with whole blood or serum samples to remove
particles greater than 2-3 pm including red cells and platelets.

Lab Chip
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Fig. 1

Based on using 1-mm width channel of an iron mold, the yPAD
pattern could be created from MF1 and LF1 membranes.
However, the uPAD pattern was not developed when using VF1
or VF2 membranes because of their thickness. The 632 pm and
785 pm thickness of VF1 and VF2, respectively results in a large
step between the iron mold and the Whatman No.l paper.
Therefore the wax could penetrate into the membranes beneath
the iron mold.

The completed pPAD ready for whole blood separation is
shown in Fig. 2a. The device is small, easily used and robust due
to the wax adhesion of the overlapping area on the paper. The
device is also unique relative to existing blood separation devices
made from paper because the assembly is achieved in a single
step using the wax dipping method and blood separation is
achieved by combining two separate types of paper. In other
blood separation devices, blood separation has been achieved
either by agglutination®>*>27 or centrifugal forces.”® The use of
a two-layer device made completely from paper provides a low
cost alternative relative to the other methods reported previously
as it does not require additional chemicals or antibodies.

The pPADs were kept in a dry place in the presence of silica
gel to avoid moisture. In each experiment, the pnPADs were

The assembly of the uPAD for plasma separation from whole blood using wax dipping method (a) top view (b) side view.

fabricated before use. The bottom part of uPAD is the blood
separation membrane that is utilized for receiving the whole
blood sample and trapping the blood cells. The top part of the
UPAD is made from the Whatman No.l membrane. The plasma
isolated from the whole blood sample moves along the channel
and passes into the detection zones via the Y-junction (see
supplementary data). As shown in Fig. 2b, the device can
separate plasma from whole blood followed by colorimetric
detection of protein in a single step. Compared to other LOC
methods that have been proposed for plasma separation from
whole blood sample such as photolithography!? and soft
lithography®® methods, the wax dipping method is simpler,
quicker, cheaper, and greener.

2. Paper area and blood volume

With the same paper area, different types of paper can use
different sample volumes. For high blood sample volume, blood
cells will overflow from separation zone to the detection zone,
resulting in contamination of the plasma. On the other hand,
applying too little sample may lead to inadequate plasma yield in
the detection zone. In order to obtain sufficient pure plasma, the

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 a) The pPAD for whole blood separation composed of
separation zone and detection zone, the arrow indicates the position
for blood application. (b) pnPAD applied with whole blood concurrence
with plasma separation and determination of human serum protein.

correlation of paper area of the blood separation membrane and
blood sample volume were studied. To optimize sample volume,
the MF1-uPAD and LF1-uPAD were fabricated with separation
areas of 19, 28, 38 and 50 mm? (lower circle diameter of 5, 6, 7
and 8 mm). All fabricated pPADs had the same detection zone
area as shown in Fig. 2. To investigate the optimal blood volume
to apply to each uPAD, different size blood samples were
dropped onto the separation zone to see if the separated plasma
fully wetted the detection zones. The results shown in Fig. 3
demonstrate that both types of blood separation membranes can
be used for plasma isolation. As expected, the results demon-
strate that when a larger paper area is used, more blood was
needed to obtain the sufficient plasma volume. By plotting the
blood volume as a function of paper area, linear equations were
obtained with values of y = 0.4989x — 1.70 and y = 0.431x —
2.60 for MF1- and LF1-pPAD, respectively. This relationship
could help to identify the exact whole blood volume needed to
apply to the specified blood separation area. However, in
practicality, to construct the whole blood-uPAD by wax dipping,

Fig. 3 The correlation between the paper area of blood separation
membrane and blood volume.

the paper area of the separation membrane was limited to not
less than 28 mm?. The lowest blood volume that could be used
for LF1-uPAD and MF1-uPAD were 8 and 10 pL, respectively,
based on using 28 mm? paper areas. Using a blood volume over
the upper end of the optimal range caused the plasma in the
detection zone to be contaminated with blood cells because
blood cells will overflow from the separation zone to the
detection zone. Between the MF1 and LF1-pPAD, that latter
consumed less blood volume, therefore, LF1-uPADs were used
for subsequent measurements. From the results shown in Fig. 3,
the standard deviation represents the range of optimal blood
volume that can be applied for the pPAD. For 28 mm?, 38 mm?,
and 50 mm? LF1-uPAD, the optimal blood volume ranges were
8-11 pL, 11-17 uL, and 15-22 pL, respectively.

3. Plasma penetration on the pPAD

Generally, flow in paper is controlled by capillary forces,
allowing fluid to move passively without external pumping
forces. High flow-rates also help improve turnaround time for
most clinical analysis. Therefore, the plasma penetration rates
for different types of pPADs were studied using 1.0 mm wide
hydrophilic channels made of Whatman No.1 paper. A ruler was
placed on the paper for measuring the distance of plasma
penetration and a stopwatch was used for timing. Using 38%
hematocrit blood, the optimal blood volume was calculated by
using the equation of separation pad area and applied blood
volume. The square root of time versus plasma penetration
distance is plotted in Fig. 4. The results of initial plasma
penetration were found to correlate with the Lucas-Washburn
model,”° in which the distance of plasma penetration was
proportional to the square root of time. The decrease in speed of
penetration rate at longer times is due to depletion of plasma
from the whole blood and saturation of plasma onto the
hydrophilic membrane. This flow behavior was similar to that of
WPADs fabricated by the ink jet printing technique in which
water penetration followed the model.®! The shorter penetration
distances shown for our ptPADs are due to the higher plasma
viscosity.
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Fig. 4 The plasma penetration rate on pPAD fabricated by wax dipping
method as a function of the square root of time versus plasma penetration
distance.

LF1 separation membrane provided a higher plasma
penetration rate than MF1, generating slopes for LF1 and
MF1 of 0.990 and 0.859, respectively. This can be explained by
the difference in material thickness of separation membrane
and blood wicking rates, as reported by the manufacturer.
From the results, LF1 membrane is the most suitable for
fabrication of pPAD for whole blood separation because LF1
requires less blood sample volume and achieves faster plasma
isolation.

Plasma purity was measured using microscopy. Using LF1-
pPAD, 8 mm separation membrane diameter, 15 pL. of whole
blood sample was dropped onto the separation pad. Blood
leakage was measured at 2, 5 and 10 min after blood addition at
the Y-junction and both sides of the reaction areas using a
stereoscope (40 x magnification). It was found that after 10 min,
paper saturated with plasma was dry. Microscopy of all observed
areas appeared clear of red blood cells, indicating complete
plasma separation from the whole blood. In contrast, when
applying an excessive blood volume (30 pL) to the separation
zone, blood cells were observed at the Y-junction and also the
detection zones, indicating leakage. These cells can interfere with
the colorimetric assays (see Table S-1, ESIt). Normally, red
blood cells are 6-8 um in diameter, therefore they are trapped on
the filter membrane that can remove particles greater than 2 pm.
Compared to other studies, plasma separation based on a
pressure driven microfluidic device can damage blood cells,
resulting in hemolysis.? Similarly, blood cells were destroyed at
high pH buffer, and blood could be electrolyzed in a high electric
field when plasma was separated by electro-osmotic flow
control.> The hemolysis blood is not suitable for optical
detection due to color interference. Yang et al report that
applying a blood sample with a hematocrit level of more than
30% can lead to leakage of a few cells into the microfluidic
channels, based on the bifurcation law for plasma separation.®
The plasma separation by capillary flow shown here does not
suffer from these problems.

4. Hematocrit and plasma separation time

Solution viscosity affects the separation and analysis time for
each pPAD. In addition, there are several other factors effecting
the separation process including temperature, humidity, channel
dimensions and the paper characteristics.>> However, these
parameters were fixed for this experiment. Therefore, only
viscosity effects from various hematocrit levels were studied.
Whole blood with different hematocrit (24-55%) or packed cell
volume (PCV) was tested using the LF1-uPAD. 15 pL of whole
blood was added to the separation pad of the LF1-uPADs and
the time was measured until the detection zone was completely
wetted with plasma. The results (Fig. 5) show that blood samples
in the tested hematocrit range of 24-55% could function with
LF1-uPAD and plasma was completely separated from each
sample without hemolysis (see Table S-2, ESI). Plasma can be
isolated from blood with a low hematocrit level faster than that
with a high hematocrit level due to its lower viscosity, however,
the normal reference range of hematocrit in human blood is 40 to
50%,! well within our workable range. Our proposed pPAD can
be flexibly used for plasma separation with various hematocrit
samples when compared to the previous reports which were
limited to 19%,' 45%.,% and 48%,* respectively. VanDelinder
et al. created a microfluidic device using a continuous cross-flow
filtration platform for separation of plasma from whole human
blood. However, the blood samples had to be diluted to 20%
hematocrit before analysis otherwise blood cells clogged the flow
channel. Moreover, using high flow rate for plasma separation
could damage blood cells and cause hemolysis.> In another
report, Crowley, et al. designed passive microfilter devices to
separate plasma from bovine blood, but the method was limited
to samples with low hematocrit levels. From their study, higher
than 40% hematocrit blood caused instabilities in capillary-
driven microfluidic flow.! In our study, although a high
percentage of hematocrit needed longer separation times, the
UPAD could still be used with unmodified blood. In addition,
plasma separation by this pPAD does not face the instabilities of
flow, red blood cell hemolysis or clogging problems because only
capillary force action was used to generate flow on the device.

5. Reproducibility

The reproducibility of the colorimetric measurements on the
WPAD was studied. The protein content from the same normal
whole blood sample for 10 replicate measurements for 3
consecutive days was determined. The within-day precision
RSDs and between day precision were obtained at 2.62% (n = 10)
and 5.84% (n = 30), respectively.

6. Protein detection on the whole-blood pPAD

The ability of pPAD for separation of plasma from real whole
blood samples was demonstrated by detection of human serum
protein using the BCG colorimetric assay. In this assay, BCG
binds with proteins to cause a dramatic color change. After
addition of blood, plasma flowed to the detection zones and the
color developed from colorless to deep blue, which was easily
observed on the detection zones of the pyPAD within 2 min. The
color was developed and the pPAD allowed to dry for 10 min.
The images of the reaction were then captured using a digital

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Standard curve of proteins based on BCG method on pPAD.

camera and the color intensity was determined using Adobe
Photoshop CS2 in gray scale mode. The sample intensity was
quantified using a calibration curve constructed from the whole
blood samples with known protein content. As shown in Fig. 6,
the linear range was from 1.6-5.3 g dL™' with the regression
equation of y = 3.12x + 13.38 (+* = 0.993). Blood samples were
assayed by UPAD and the results compared to the BCG

conventional methods using the conventional spectrophoto-
metric method. Paired sample z-test analysis revealed that the
experimental value of |7] was 0.437, a significantly lower than the
critical z-value (+3.18) so the null hypothesis assumed no
differences in means between the results of the two methods at
95% confidence interval (Table 1). As a result, the pPAD for
blood separation can be applied for plasma isolation and
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Table 1 Results of protein detection in whole blood samples

Samples (1 =4)  pPAD (gdL™')  Conventional method (g dL™")
sample 1 4.55 + 047 4.55+ 0.13

sample 2 425 +0.28 4.13 + 0.06

sample 3 3.82 + 0.37 3.67 + 0.09

sample 4 3.00 + 0.35 3.27 + 0.09

sample 5 424 + 0.16 4.06 + 0.06

quantitative analysis in whole blood samples simultaneously in a
single step.

Conclusions

A simple microfluidic paper-based analytical device for plasma
separation from whole blood was been designed and tested. By
combining a blood separation membrane with a filter mem-
brane and using the wax dipping method, it was possible to
isolate high purity plasma as well as measure the total protein
content. Importantly, based on the wax dipping method the
chemistry surface of the paper was perfectly conserved, there-
fore the capillary force action of plasma occurred and did not
require any external pumping force. On the other hand, this
event could not be observed on the uPAD that’s paper surface
had been exposed to chemicals during fabrication, such as
photolithography. Moreover, the passive capillary force of the
device eliminates the blood cell damage problems that occur
with pressure driven flow. The device can be used to separate
plasma from a single drop of whole blood in a wide range of
hematocrit (24-55%) within 2 min without the dilution. The
correlation between blood volume and separation membrane
area can be predicted from the equations for each type of
separation membrane. Using a microscope, blood cells were not
observed in the detection zones on pPAD, indicating that the
plasma is pure. Plasma separation and colorimetric assay for
protein detection were performed in a single step, in which good
reproducibility of the colorimetric measurements was achieved
at 2.62% within-day precision (n = 10) and 5.48% between day
precision (n = 30).
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