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Abstract

Project Code : MRG5180309
Project Title : Polyeletrolyte multilayers-adsorbed coating on poly(dimethylsiloxane) microfluidic
devices for biopolymer separation
Investigator : Dr. Luxsana Dubas et at
Department of Chemistry, Faculty of Science, Chulalongkorn University
E-mail Address : luxsana.l@chula.ac.th
Project Period : 14 May, 2008- 31 August, 2011
Abstract:

This study consisted of two parts. The objective of the first part is to improve the hydrophilic
property of microfluidic device or microchip made of polydimethylsiloxane (PDMS). The surface of
microchip channel is modified by polyelectrolyte multilayers (PEMs) to obtain more reproducible and
controllable electroosmotic flow (EOF) and to tune the adsorption of bovine serum albumin (BSA).
The studied parameters are the types of polyelectrolyte, the numbers of coated layers and pH of the
BSA solution. Poly(diallyl dimethyl ammonium chloride) (PDADMAC) and poly(sodium 4-
styrenesulfonate) (PSS) as a strong polyelectrolyte pair, and chitosan and alginate as a weak
polyelectrolyte pair were chosen in this study. Contact angle measurements were used to monitor the
hydrophilic property of the modified PDMS substrate. The hydrophobicity of PDMS coated with
PDADMAC as the outestmost layer was found to be higher than the one coated with PSS as a top
layer. The hydrophilic property of chitosan/alginate modified PDMS was enhanced comparing to
surface modifying with PDADMAC/PSS. Furthermore, the fully coated surface with the PEMs is
required more than 8-10 coated layers. The effects of PEMs-coated microchip on EOF were also
investigated. In comparison with uncoated device, the EOF obtaining from PSS-coated microchannel
was higher than the uncoated channel. In addition, the EOF of (PDADMAC/PSS), layer-coated
channel was stable after performing 100 runs at pH 3, 7 and 11. The adsorption of BSA on the
unmodified PDMS surface was controlled by the pH values of BSA solution and buffer concentration.
At pH around isoelectric point of BSA (IEP ~4.8), the maximum amount of absorbed BSA on
unmodified PDMS via hydrophobic interaction was observed. The amount of BSA adsorbed on the
PDMS surface was found to be higher for 1 mM PBS buffer. The effect of the different charged
surface was studied. Based on the ATR-FTIR results of PDADMAC/PSS systems for all pH conditions,
we found that BSA molecule can be adsorbed on oppositely charged surface, via electrostatic
interaction. The amount of adsorbed BSA on PDADMAC/PSS was more than amount of BSA on
unmodified PMDS at all pH values. Amount of adsorbed BSA increased with the increase in the

numbers of coating layer and thickness of the thin film. However, the amount of adsorbed BSA on the



f
like-charged surface was found to be smaller comparing to unmodified PDMS. Comparison with
strong polyelectrolyte system, the little adsorbed BSA was measured on the chitosan/alginate film.
For the second part of this study, the measurement of BSA was investiaged using microfluidic device
employing the PEMs-gold nanoparticles microelectrodes, developed in our laboratory as the

detector.

Keywords : Polyelectrolyte multilayer, Bovine serum albumin, Protein adsorption
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Executive Summary
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| '
A

glycol) iasannannuiilutlszauan asasnsnduiullssiun pH 7.4 167~
Tunsimunduisuineannsgaduaestisiuiu vuddtdounngefnsiiaiiiauge
& A A A o gy a = A a o A Ay = A o o \
whaasiuRavizein nuadlszqnumdaunudszqaesidsiunfiosnsfneiieiinusananssningtlozq
Liu wazansy ™ MHU5udgeiuiaouulatasinumuuaiivinarnufialunisnamadn DNA nanisieaey PB &
& o = =iy o g = & o o
uuiuises i lnsnugua nafilfife reversed EOF uanaintinisiaday PB uddsaannisgady
294 non-selective 183 oligonucleotides e nsnaasBaumsuiunsaadululmuaLan
i AR . & a = | A A A Y
UANANUNAN chitosan Laz methyl-poly(ethylene glycol) LWNUEAU89 PDMS TanuINNURIATEN LA
= ¥ o a % | a dl 3 v rdl = v
HponamnInlunssinuniuniegadullsiulfedapiden vinligUnsniwsasliianuannsalunis
Yy A a a 41 PR /PP o & A A a = P
uwenanslfeenedilsr@ngnm®’ wananilFineimuniuiananniainizinresilsiiulnelde

polyelectrolyte 284 poly(allylamine hydrochloride) (PAH) was poly(acylic acid) (PAA)* chitosan waz
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£ '
o c a

. [ -=lln=l A ] % = 5| ) ar a
alginate LT polyelectrolyte NiNNsldatinannlun s wreslutudaunannsgaduesll iy

ﬁu“' 44

o

annsAuAANge i s enunnsAnE RN A LR Ine N1 743199 PEMs 299 PDADMAC/PSS

Wwaz chitosan/alginate IeARAWLINURAT89 PDMS Nanunsniinviseantiuimunisgaduaedllsiuuy

£

WuRa wazdqslunisfneatasnInaesAl EOF 484 PDMS microfluidic device 1 satislunis@niil

i
1 e A

AN AU AN TOAARLILY PDMS WiiaNAL gLt faaan polyelectrolyte multilayer 184

3

TEUL strong WAL weak polyelectrolyte
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unn 2

AFN1TNARRY

2.1 @5Ad

Sylgard® 184 silicone elastomer kit (L1 Dow Corning, USA) polyelectrolyte ‘ﬁﬁlumﬁ‘ﬁﬂwﬁ
ﬂ%\‘i‘fﬂﬁm poly(diallyldimethylammonium chloride) (PDADMAC) (Mw ~ 200,000-350,000) A2
Wsdiv 20% Iuifﬂ, poly (sodium-4-styrene-sulfonate) sodium salt (PSS) (Mw ~ 70,000), alginic acid
sodium salt, (viscosity of 20.0-40.0 cps.) A1NLFHN Sigma-Aldrich, chitosan (Mw 57,000) was
purchased from A.N. Lab, Thailand

Bovine serum albumin (Mw 66,000 Da) &< bicinchoninic acid protein assay kit RINLTEN
Sigma-Aldrich; sodium chloride (A.R. grade), sodium hydroxide (A.R. grade), sodium acetate
trihydrate (A.R. grade), potassium dihydrogen phosphate (KH,PO,) (A.R. grade), disodium hydrogen
phosphate anhydrous (Na,HPO,) (A.R. grade), sodium phosphate (Na,PO,.12 H,0) (A.R. grade),
sodium borate (Na,B,0,.10H,0) (A.R. grade), potassium chloride (KCI, M, =74.55) /1NL3EY Carlo
Erba; potassium chloride (A.R. Grade), phosphoric acid, glacial acetic acid, hexane (HPLC grade),
hydrogen peroxide 30% (for synthesis), sulfluric acid 95-99% (A.R. grade) ANy Merck g13LAi
savaaiFlumemasasiiinundlagildEnmin iiqvsanad meazanaynaiinsianuazieans
EaelaeFin it unnssndnlaeeuudn (‘flyﬁ DI) @Al lunsAnEndiuiaes gold (Ill) chloride
trinydrate, 99.9+% (HAuCIA-SHZO, M, =393.83) LAz sodium citrate dehydrate, 99+%
(Na,C.H.O

376 577

-2H,0, Mw =294.1) 410 Aldrich; sodium borohydride (NaBH,, M, =37.83) annwisEm

Labchem, Australia

2.2 1ATRIND

LAzRINe é‘umml,ﬂ'?';‘mﬁ'a
1. UV-visible spectrophotometer Hewlett Packard 8453
2. Standard Contact Angle Goniometer with DROP Rame-hart Model 200
image standard
3. Zetasizer Nano ZS, UK
4. pH meter Precisa pH900
5. Attenuated Total Reflectance Fourier-Transform Nicolet 6700

Infrared Spectroscopy (ATR-FTIR)

6. Lﬂd?"aqﬁﬁLﬁmVLWﬁ”/\hﬁnﬁLm@q CZE 1000R 13 Spellman

7. AAaNARNLAT 1310 Uni-Trend International Limited 14 UT
60F interface with computer (mfrwmmmuﬁ'

A.1) ae Nano voltmeter, Keithley Model




14

2182A, USA
8. Vacuum Pump 131 Vacuubrand §1 ME2
9. Function Generator GW INSTEK SFG-2110, Taiwan
10. Microscope MICROS AUSTRIA LILY MCX500, Australia
11 DC a8z AC current source Keithley Model 6221, USA

2.3 MSLATENAITAZAE
231 @nsazaetilmes il lunsAnenTlEun arsavans borate buffer AN 1 mM 7 pH 9.2;
#3828 phosphate buffer pH 3, 7 waz 11 Inelulsias pH FnnswaeNTiAanadindn 9 uaz
10 mM sl,‘u‘ﬁ”ﬁ Milli-Q Immm‘?ﬂuﬁl pH 3, 7 1Az 11; 4179218 acetic-acetate buffer A1
1 mM 7l pH 3.5 uaz 5 W lunnsfnenisgedurediilsiuluinde A.1.7; a19arans acetic-
acetate buffer ALAELEW 10 mM 71 pH 4, 5.5 uaz 6 M lunnsAnmviadie 2.4.1.2; pH 7.4
phosphate buffer saline (PBS) Aauidindiuiiaen1lunis@nenae 10 mM uaz 1 mM
2.3.1.1 PBS 10 mM
7MnN13aza1e NaCl 8.0 + 0.1 g, KCI0.20 £0.01 g, Na,HPO, 1.4 £ 0.1 g, kAT
KH,PO, 0.24 £ 0.01 g faeiin DI 800 mL UfuAn pH 1evasazaneflu 7.4 o
0.1 M HCI uaz 0.1 M NaOH annviutlfusunmsgadingifhs 1000 mL Faesih DI*
2.31.2PBS1mM

NINITRBANNANTALAE PBS Windu 10 mM 10 win

2.3.2 4178<Q1¢8 polyeletrolyte
2.3.2.1 @41782a7¢ 1 LAz 10 mM PDADMAC waz PSS 11 1 M NaCl
e lagiAnansansazane 100 mM 189 polyelectrolyte lu8RIELRIMLN
ax luansazany 1 M NaCl
2.3.2.2 @a198¥ANe 5 mM chitosan lu 1 M NaCl
SudsinnsLENE3azA stock solution chitosan TatA¥ANEIS chitosan
16+ 0.1 g 1t 10 mL glacial acetic acid fhunan 120 wn FANTnduaLd]
Bmatlsyanas 800 ml 1Tunanldie chitosan azanemunlaeiiclitinumy e
chitosan azanevuALAaliitiuFNInsresasazategafineiii 1000 mL fiqe
“LOIW DI
TUNNSLAREINENaZAE 5 mM chitosan 1 1 M NaCl shsinnnsazane 5.8 +
0.1 g NaCl 1 25 mL 20981982818 10 mM acetic-acetate buffer Wz 50 mL
984 10 mM chitosan tTunaulfiansazanedinihuiladen s annvhuls pH
29941982818 chitosan §9e 0.1 M NaOH %38 0.1 M HCI asfuiliunmsgaiing

134 100 mL #ag acetic-acetate buffer tu pH ‘Ll'u"”]
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2.3.2.3 41700818 5 mM alginatesl,u 1 M NaCl
Tududiusinnnauey stock solution 194 alginate laeiazans alginic acid
sodium salt 2.0 + 0.1 g A28 800 mL ¥ DI fhunauauazanemun Usnfunns
gadinenili 1000 mL Sz DI
lunsimTanansazane 5 mM alginate vhiinnsazans 5.8 + 0.1 gNaCllu
50 mL 183 10 mM alginate Laz 25 mL 489 10 mM acetic-acetate buffer AU
ansazaneifluiladens aniuali pH 98 0.1 M NaOH ¥ise 0.1 M HCI

winAsFuLinnmsqavinenilu 100 mL fae acetic-acetate buffer s pH 1147

ansazaneynatiaf i lunisfnmnlu microfluidic device ax11N19N984H Nylon

fiter 0.2 m niawinlL/14

2.3.3 419824818 Bovine Serum Albumin (BSA)
a19avane BSA nnanudindusizanlu 1 mM e arsazanatiinedsinge duiuynnis

NARAIENLAIUNIIANYTE A1.7.1 B9a13azans BSA azanelu 10 mM PBS

2.3.4 1382418 sodium citrate ANENAW 30 mM
#198a18 sodium citrate ANLENGY 30 mM T wizanIngAaaand 0.1 M sodium citrate 11

BRINAIVTUNEANFILN DI

2.4 98NSNARDY
2.4.1 AN NASNLNLLLEBA AT
2.4.1.1 AnEN13LFTENAENL19 PDADMAC/PSS
nsAdeLRnTeeLELUREN DA saR RN FanNsTaAINIs ANALLAS
JaANLNLULHUAeRTlne HLAEee UV-vis spectroscopy Tneluduginin
ANavarawsiuAtendalaslnaudian luasazane piranha (H,S0,:H,0,, 3:1)
Hluna 30wt ensummnenitusliEneuiunendiantii DI UANE"]
pfe antuthauusunseadui ﬁﬂLLtium@msﬁﬁﬁﬁmwmmmLLz’ifm;ﬂu
139288 10 mM PDADMAC 11 1 M NaCl fluiaan 2 wnft arntiuénadagtin DI
WU 2 U7 A1uau 3 a%e aglEANLN9Tee PDADMAC \ARLLILLEUAYEAT
Fudhadi 1 mm‘fuﬁwiﬂﬁjﬂummzmﬂ polyelectrolyte ﬁﬁﬂi:mﬂu@u 10 mM
PSS T 1 M NaCl e 2 unl anifudnadaenin DI 1w 2 it sauaw 3
A% arlEMAuLNTUT 2 InAeULIELAeRT s Re LT LAl
SandumiEeans  lnnsdhAnsAdeLRaTe AL NI AN

NIAANAULANIBIAANLNTAINE1IAAY 228 nm
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2.4.1.2 ANEINTFATENAANLN chitosan/alginate

Tunsfinmdaui e pH Aunzanlunnsaiaildunmvaneduaes
chitosan liazalginate Fafly polyelectrolyte finnsumnsn dudlszquansinaiu
ldmuan pH snaf IaeinnnsAne chitosan 7 pH 4 ez 5.5 T
alginate RN pH 5.5 WA 6 NNSRABLTFNLNILLLELAeRdlatLAReL
Fuft 1 Baeiansazans 5 mM chitosanly 1 M NaCl £liaan 51 anthung
fingl acetic-acetate buffer ‘17{?1"1 pH Wweniuansazanechitosaniflungn 5 w1
SMU3 AN A NLRLARSLTIFNLNTUR 2 Faaansazae 5 mM alginatelit 1 M
NaCl 1flunan 5ufl anntiudnediag acetic-acetate buffer i pH LRERAL
gsazansalginateliliaan 5 i anuau 3 pfs smsieReLTiduLedraulE
St ETideans  lunnsdarnseReLRnresFILNIasinnsdaRn

N3 ANAUUAITINAANLNNTANLNIAAL 201 nm

A19199 2.1 AN pH 2898719a2A"8 chitosan LAZ@NIazA1e alginate A1MFUANHINTLARBLAANLNG

/1N chitosan wazalginate

pH of chitosan solution pH of alginate solution
4 5.5
4 6.5
55 55
55 6.5

2.4.2 NN3UaBLLNL PDMS
naN PDMS precursor il curing agent 1amsda1s 10:1 Tagtinuiin ALdaunNanyisaasanu
uwazth lilganasaniaeeniagltugyninie mansazans PDMS asuuusiuin (mold) wilile

Ngaunni 65°C lwnan 2 daTug Haliidu udsaenueiu PDMS aanannuiviw

2.4.3 ANENAN2YANIE39 PEMS 1134411 PDMS
2.4.3.1 MasTELRUEA189 PDMS
W11 PDMS Tunuen 5 uift anntiusinanagzenausit POMS dael
Magic tape QUEWINALENA ANt 1 M NaOH Thunan 15 wifi - annti
%n9F1 PDMS Baeinin DI titerinda NaOH avmun

2.4.3.2 17AABUNAN PDADMAC/PSS 1114 PDMS
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¥innsLsseFldN PDADMAG/PSS 11@weny PDMS finAnnuszenaudnly
Windia 2.4.3.1 mumeazanluindae 2.4.1.1 ANNTRARNNNAALEY PEMS LW
PDMS fnginatia ATR-FTIR
2.4.3.3 NAALWAN chitosan/alginate 1134 PDMS

'
a o

MN9ATENAAN chitosan/alginate 1131971 PDMS Ainannuazanaudialy
fndie 2.4.3.1 museazidenluindie 2.4.1.2 Taeidenld pH AlEannnnmaaes
ROWR 2.4.1.2 MU HAN1SARANNNNIAAT8Y PEMs 11u PDMS Femaiia
ATR-FTIR
2.4.3.4 NNIRARINNIEINS PEMs LUAWUR PDMS Seinafin ATR-FTIR
TunsfnEnTlEmadia ATR-FTIR 1 3Ran1annsaing PEMs Lufiiia
PDMS Tuan19zsinee 1 Tnrdnsunusnesing 2 faths uiaziaathaineda

Fanua 3 AFeluA WA AANaiY

Part A MsANHINAYRINITIARBUTUIINIBY PDMS Aag PEMs siaA1 EOF uasn1saadulilsiu

A.1 N19ANHIEIATINITAALLIINLEY PDMS sagl PDADMAC/PSS sinA1 EOF

v
o

Tunsmassiivinnismaauiuiafioag PDADMAC/PSS vanuaulszqsaananefiuedlitueiv
pH 1 microfluidic device tNaANEIAY EOF LazANidDes1e9A7 EOF whauiauiuaAmstes

o

ez ldauinaesiuian vy lngAnsnanudindues polyelectrolyte WL 1 waz 10 mM

A.1.1 NM9UARLNY PDMS
TunnsAneNineadasiu microfluidic device 1 mold M1 lunNsAn® MEWA silicon wafer #1
Tifiuuulae et blank dwiutlszneuidlu microfulidic device wazuULNR microchannel

\flugn straight channel Asfiwanalugilil 2.1

4 )

Channel

N
—

5U% 2.1 AmanaegLuuy microchannel

L A8 ANENa channel lun1snaaadildAniueia 3.8 — 3.9 cm

d An ANNA channel Tunnamaasstlianuning 50 tm

1
4

a oa P S ¥ v - = a a
un1eLne wRNAN g lunnameaeall wizenlaad i ngudinaluladlulastiannsefingd

(TMEC) witaudinalulatididnnsatinduazraniaimeiuieani (NECTEC)
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A.1.2 119 seal TN AQeRT reversible
NIANNAZBIALEY PDMS HaLEBNE channel bazwbtllaNAeimanuea Nn19Usenu by

v
o

Mageadnfoenu uwaanldeud 65°C Wunan 15 Wi

A1.3 ANTLARDL PEMs 114 microchannel

luniaiday PEMs Tu microchannel Mtlugeyayanielunisgaansazanasine ding
microchanne! teiduusnyinnggatin Milli-Q dinlululnlasindisesluda udsainiiuein
methanol 81AINATAIA channel WAZHIULN Milli-Q BnA%Y WAaMIIN191799 0.1 M NaOH 9

13

sl channel 791 15 W7l wdasinn9&neBaein Mill-Q Ana%s ndsanniisinnnaiaiey PEMs Tu
‘7‘1' 1 Imamaf«gmm:ma 100 L 299 PDADMAC (polycation) L?‘ﬁ’lzjl microchannel auLAN channel
7915 15 w7t uladnadinerih Mili-Q ixnms 100 UL itedne microchannel luduau 3 s uda
FnnaaaaLduTiaad Tneiu999 microchannel #iae 100 L9849 PSS (polyanion) 798 15 17t i

N3A19aaNEnLn Milli-Q anasemunldinaaluudn nndnldauasy 10 41

A1.4 nsdAAN EOF R2eR3 current monitoring method
11n139mA1 EOF 224 microchannel m@mﬂfumﬁﬂu TngnsnEnnaTesdudy
WwaRL LazANEinduaeg polyelectrolyte TneiAnadindiui 1 lunnsinenie 1 uaz 10 mM lu 1
M NaCl lun133mrn EOF v‘hmﬁmmﬂmzﬂﬁwmﬁagﬂ 2.2 TnaldAn e i 600 V uazsn
B 1.007 KQ wazlunsdifinsulasuuasesnnusedndiantiaand 0.2 mv azulaey
msfunuue 2 k2
1. 1399 phosphate buffer Axdindil 10 mM agli/lumicrochannel auisis u&a1l
wnansazanganudindi 9 mM 289 phosphate buffer ﬁmurﬁ;u pH Winry 7
139911 reservoir Funile uastlialn phosphate buffer ANdNdW 10 mM a9l

reservoir anduniltlnaaruanlitiiiuasviniuisassdng IneldEunmns 70-100

UL Buagjiuaruunaeslulasin Asgiliineans

9 m'V') 10 mM (10 mM

2. Widndlw#unginend uazauainszualilnnifiniu uazssazinaniinig

4 o A4 4 e Ay A A
wasuwlasnszualineei Teramnanaasnadli reservoir Auuila lAAAaLN

'
a v =<

DNANFIUNIN LATATUILAT EOF MNNANANIT 1

v v '
o o =

3. Mgduneun 1 lnennnisnauda i (@sazaeiwas 10 mM azipdeuidin

14 channel unuNAMNENTYW 9 mM) sinflu 1 saUn1MAa8s
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4. pdiunIneaeaduiataiude 1-3 Tnanimeaeaiadnusen EOF ol @n1ay
‘wﬁ\‘ij ALNININAABIDENTIRE 6 AT (3 7aulU-naL)
5. Microfluidic device AigniAdaLA2Y PDADMAC nalutBnutisaziiluilsyquan

v
o o o 1 o ¥ 1

FaiuN139RAN EOF R9fiaanini1saan1svaaadisludi 1 dusasidneana

al

10mM  1omMm O mMm

R — ﬁ@

L

Buffer Reservoir

51U 2.2 uanan13dnegLingaidmidu current monitoring method

Wa  HV An wizaanln lWinAndgs (High voltage power supply)
v Aa Taasamas (Voltmeter)
= o Y
R Aa Faf1 N
L Aa ANENT28d channel

A1.5 AnELanesnINee9A EOF 289 microchannel Maaau@ag PDADMAC/PSS (91810 10

v
o

TU)

unnsAnELaTIsnNIRAY EOF 2194 microfluidic device TamELNNsAnLsiufiafae
PEMs Tnasaen EOF Wiatinugnsazane phosphate buffer # pH 7 a1uauainetiay 10 A%s Uasd
pH 11 8natinatias 10 p%s MAsaNTRIAAY EOF 71 pH 7 8natingiies 10 A%s WazSAAN EOF 7
oH 3 sieltl naiiaas channel 7lsi1&1ARBL PEMs a¥¥innn33m EOF 7 pH 7 wintiu Tne 438013

a o
bAEIINY
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A6 AnmeuTen liretninaesiuiia POMS Tiautlséag PEMSs
TunnamaaestiasAnenAudiniiutes PDADMAC/PSS dannsasnaifhuusiilduis POMS
LazANTRLN TaiTaLtnTeditn TneminnsdnryudNEa (contact angel) TR TARaL
fngl polyelectrolyte Tuusiadi
A.1.6.1 ANNENTLaa polyelectrolyte
Tunsnaaeneuiiayl¥ homemade robot N34 PEMs Taeildioanli

m?fwmnmq"lfﬂumm@ 2411 IG]EIF’WQWNL‘IIN‘HHV]SL"HMHHW’VB 1 uaz 10 mM 198l

lunn39n contact angle lumsAnsdauiiinnasuanthh DI vemaz 10 UL a9Lw
Wiy PDMS uaald Webcam mmmumum"mmnmwmmmmwumLLavumm
mﬂﬁuﬁuwﬂmwLmzjﬂfamﬁqmmmﬂiﬂﬂmm Microsoft Vidcap #1n133mx

Auaannnnn e foelsunsy MB-Ruler 1.52 Iagivingn 3 nem

A.1.6.2 NAURTUALAN polyelectrolyte fisinariu
lunmasesdauivinsAnmamauTRasNTaLTinzes PDMS Tindeudag
PEMs meiliTuum static Tnemen 4 pL 18 DI Imm‘hmad”mﬁﬁm,l,miqmm i
10 Aumiiwudney Taelélsunsu DROP image standard lunisdnAtys
Aula
A1.7 Annifnuinsgaduestilsiiu bovine serum albumin (BSA) LuuRamLN Ll
R ienAuEe PDMS ﬁﬁ”téiﬂ?"uﬂa;ﬂmﬂ] (unmodified PDMS)
”Lumimmmmuf:gqﬁﬂmmmm{”umﬁ@u PEMs ifluszuu PDADMAC/PSS uas
chitosan/alginate fian13aAdLa@s bovine serum albumin InaRARNG9E UV Visible
spectrophotometer, ATR-FTIR uag 130U albumin ﬁLuﬁfa‘lumm:ma
TunnsFnENsINzRaTes BSA thauauutluansazane buffer Kuaandnadu aanthsia

a

Fusuliuglu 4 mL 289 1 mg/mL BSA Tuansazans buffer Ngauugd 37°C s 2 dalug ©
o % Q’l % 05-// 1 Ayl v v o ng o Y
1N9E9TNLEAE 10 mL 289819azany buffer 1) Whauenuliiuieaihdunulldnfan ATR-

FTIR

A1.7.1 Ansnarednadidinduates buffer sanisgadiiaes BSA Luuia unmodified
PDMS
Tun1singfned BSA uuuialuetiuaudinduaasansazans buffer
o 09// d’lo =2 ¥ Y dl Y v
AailunmmeaaesiinsAnEnazespNdnduaes PBS Nasamanudindu 1
waz 10 mM

A.1.7.2 msiatiunalusiuluansazaigaieaisazaiy Bicinchoninic acid (BCA)
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Tunnsmanudindiuees BSA ﬁmmmqmﬁmﬁuﬁ”umu NANNIBNNT
naaesaslFmenul¥ing Hoven uazansy 7 TnatinduanuiigiosnnmmnBunas
BSA Lufufiaan sonicate 114 2 mL 284 1% wt SDS 411 20 Wi Litete BSA 7
ﬁm@gﬂ'uu%ymm@@ﬂ Tlulnansazane SDS Aanaa 250 pL ldluvaanannass

v

NANTIL 2000 pL 289 BCA working reagent U&2%11n13 vortex Lazialin

gounni 60 °C {lunan 15 Wil antiuse lignamniansuanwingnimniivies
Wi lddpAinisganauLasfiaYINeN9AAY 562 nm 1edansLszneu e

N

A.2 N12ANHIEATBIFINIASAENANLTUEE PDMS

lunsdfulgeiuiinzes POMS Miflpugeuniniu lifinmsmaanuisnegodaresaann
AaaLTiasuRsRnaaEena iy ‘Lumiﬁnmmuﬁﬁ%mﬁm oligomer 284 PDMS 8814a1N
Funu iieannsAundUTe RN
A2.1 AnsuatedEniause POMS Th5uitufiafng PEMs layer
NI ENT Y PDMS 1110 1x4 om? $nA9tazen s PDMS &
wynuea a1ntiusnguen PoMS Tuutluwanmwiiunan 30 it iWensumuinuunnan i

F14911 PDMS 71315 usialuanna

dd‘v o

TunsdinfaanssauilsNuiafio PEMs az1inT14a11 PDMS walis 1 M NaOH 1fluiaan 15
U sz IHNLEY PDMS waz@nafingiin DI iann4m NaOH aanainiiuia PDMS wéo
AL SRR LTULALNA LA TN AR e 2.4.3.2 a1niii Tneld PDADMAC/PSS %N

FusunFlldnryndnialuium 1 uas 3 naivduwnuliluediemes

Part B n15a5999m1/58784 albumin A3g microelectrode U@ gold nanoparticles
TunsAnegauil Wunnsdsuannsudetasen ifaue i lunis@nennisuanidsiu Tu
microfluidic device Hasantlymlunisnsmada Auiunisanedisalflszgndasdanuginaaiunig
wires microelectrode WU TUTne I naTia layer by layer Wag flow deposition 9241974 poly(dially
dimethyl ammonium chloride), PDADMAC a2 gold nanoparticles Wangaadadiunn albumin
B.1 wiTen gold nanoparticles
NINNFANRNTATANENANTDY auric acid (HAUCH,) ANdindin 1 mM il a19azant sodium

citrate A NENEL 30 mM

B.2 nsa3eviaszaululasmumsive ldluduuinlunisainsio i seaqanianaseayniauny
G
AunEna1anuan lunnsaseda iniinfiazendumaiia flow deposition 1898178za"8 gold

nanoparticles fu@17aza1e PDADMAC #7114 mold 2asdafisisansiag PDMS lunnsvin mold 284
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d01iu Mnannianeniunisa31s microfluidic device InsdufiuinnisesnuuugluuLds was
a5 9guuiniugian SU-8 degilinssiunuuaasiaszitlulasmnsfilitaziiiuassvianuiuiud
211AN%19 200 TulAgiums g9 200 lulasiums uazseazineszudnavianunm 200 ulasums A9
wanslugy 2.3 (lAFuangudmalulagdidnnsafinduazaanfiameiuians) ulainnimae

mold Tnemansuan sylgard 184 asuusiuuuuvieszavlulasumsudoaugmnil 65°C 1iluaan

2 d2T1a mndiaeinnisaanueii POMS NfgldesiuuuLaesiessaululasumsann

gﬂﬁ 2.3 AUWULIR9 microchannel

B.3 mum?‘m%ﬁﬂ%szﬁm@mmmwmmm‘iuwm

lunsa$1a microelectrode 1 Mnasanzgueiu POMS 7iiuguuundiag hole puncher uia
Mnssenuiunszanlafieiunnuea (reversible sealing) BNuanTazanan1eviaszaululasiumg
wqqg‘ﬁlLm:%l,l,éiffﬁmﬂ’l%ﬁuqmﬂ;}mﬂ lududfuinnnaaing primer layer #agWda PEMs svu
PDADMAC/PSS Aipansidiariivs 10 mM 419w 5 41 udadarinnnsivatuansazangeunaunty
nesfsenluihde B.1 adLifuansazans 10 mM PDADMAC aunserialidnuandis 10 $u ay

Nn13AnEUszananinlunisasmadavesda Wi Awras 1@ 1 vacuum pump Tuniswa

A19aza18 albumin
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(a)

Repeat the cycle until get 5 layers

Flow PDAD solution Flow PSS solution

PDADMAC Remove
_—

Metal nanoparticles

sUN 2.4 Aan193eN microelectrode Tngid flow deposition (a) TuABRANTWEIENTU primer (b) NNT

Q

WigeH electrode™

B.4 n13dan1sin N Tunmadueiaiae microelectrode 284 gold nanoparticles tagild vacuum
pump
dusumanmadaaudindures albumin duazinisiiuasazans albumin fag pump a9
Az saeuasarasaYRUEIUNS microchannel 2ua 50 Tulasines uazdanis
WaenulaesnsinWiineesansazane albumin finansdiadiulugas 0.1 to 10 g/iL
Tunasaniai Wi taelidalwihseseynaunlumesiien 1 TavinnnmesdagUi 2.5
Taavinnssiadn e asane I s uaady (AC generator) Tmﬂiﬁzﬁ’tyzyﬁgﬂmguiﬁﬁﬁ IUNA

v '

And i 3 Toasl wananniivinnissasafinunuuuuaynss (awa 1 Alataxsd) Wiadudalwilm

[ 4

nedpAAng N uazAwumAnszualinanuaguiszudneaAng i Aus fiaunau




K]

1

&
i1

200y & |§
: 200p !
' 200p !
________ i————---"""'_____- AC generator
E 1kQ
: - - /
___________ = AVAVA

]

solution

) Lo

Vacuum
pump

50 ym micro-channel
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2.5 uananisngaadadayiasasnisianisin i ing L Iniiseiuqaninresenniaun unes™
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unn 3
NANISNARDY

v v
o 1 o

TU39A T U INEWN AURINIAAR LU PDMS TIANANTLTY AN EOF WAZAYLANNNT
ARTBUNNZAAL8 bovine serum albumin (BSA) U1 PDMS Taelfmadia layer-by-layer iivaimsasiili
polyelectrolyte multilayer film lagazin1s@ne PEMs @84s2UUAR 32UU189 PDADMAC/PSS LAz
21U chitosan/alginate LAZMINNIANHINATRINNTANA oligomer 189T1NU PDMS Arefiainazaneid

o a a X Lo . Ao o o @ oo
nuny wananilfiAnunise@nninaes microfluidic device NdFaRadATludaNETANAMNBYNIANES

seaun i TunisnevdueasarIANdindLaae albumin

3.1 N13ANHINITAABLINANLNTE NI PDADMAC/PSS

v
o o

dusuailufiasinisAnenniasimsanzanlunisas1e PEMs 1aeld quartz slide new 4115y
Wdnu19szuL PDADMAC/PSS 11 PDAMAC vinuiniiilu polyelectrolyte fiuansiszqiilutnnuay
pss iilunaagidnmslasmuanatszqfluay  nsfnEnisedeLRnTe SN LI WA BT

%0 Fauang

amnsnmasNlng 1N sdnAINIgANALLAIIRY PSS NIAWMLNANENIARL 228 nm
Tugi 3.1 waz 3.2 wusrawnsawisasan PDADMAC/PSS 15 Taglutdasusnnisindeusnges
Aduunaisdwineadniios  WAHaAUIBTUIBHANUNUIRNNINTUNLIAN AN IR ANRULAUAY

UINTU LA HIETNULD9 PSS ARRURA LENINTY

' v

3109 3.1 qulnAFunnIgANAULAIRSTFNLN 3919 PDADMAC/PSS fidnuaudu 2, 4, 6,8, 10, 12, 14

uaz 16 41 Inaausuduniiluiaag uansde PSS luduuangnaas PEMs Aan
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5uU% 32 naluanspuduRutszud19AINIIgANANEITaSIANLN S AUA WU R AN LY

PDADMAC/PSS

3.2 N1ANMINITAABLWANLNIEUIN chitosan/alginate

Chitosan ua alginate 1l polyelectrolyte Niszquansnsiuliaiua pH 1838198288
polyelectrolyte  Tqazdanafan1sa3 19N ANLaMa891 AasilueugiuiiaginnsAnena1ed pH
Ine pH Aden i lunnsasaildnunedviuansazane chitosan Ae 4 Laz 5.5 1ag 04 pH & chitosan
azuansszqifluuanitiesaindn pH NdenldiAmAindiAn pka 284 chitosan (pKa = 6.3) luanuzi
AN pH 2894198248 alginate Aa 5.5 UAY 6.5 3 pH 1 alginate azuansiszqiiluau (pKa = 3.5)
NFANHINITIARBLAATBINANLN9TZMIS chitosan iU alginate Uu quartz slide Tnafian1uAINg

N a o Ao . | A dl 51 A o o
AANAUUAILDINANL NN chitosan aguugafiAANEN9AaL 201 nm’' Tneiiaanuiuduaeg
WENLNANNNTUANNTRANABLANALNNTY UATAINNNIATITENLNT pH #1397 284 chitosan

. | ale A A v ~ \ o \ o o
uae alginate wuIAENAsTEN AN A MM ALANANTUANAT pH Tnedn pH 289anrazanslng
o :; a a | dl 1 1 2 al 6 1
iU pH 284 polyelectrolyte Yagasrinuniiulliflun1nzildwansansanissas1sian Inawudn

Ao

pH 28381TATATRARYINAL 5.5 LTUN10ENANgAN194319 PEMS 294 chitosan/alginate
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5u% 3.3 NINANNANAUSIENINAINIIANAUAITDINANLNG chitosan/alginate NANWINTUFNG A pH

2Ny

3.3 Anwn1nAafLUNaN PEMs 52111 PDADMAC/PSS 113 PDMS

unnsAnEnsiAReuAntesiidl PEMs 5211 PDADMAC/PSS Uuitufinaes PDMS tusinnis
fasnulngldmaiia ATR-FTIR ununsfinanion UV Lﬁ@qmnmi@mﬂﬁuum UV 293 PDMS Tae
Atyrunnd ATR-FTIR 289 PDMS 1Huandlunnsfl 3.1 Tne PDADMAC Tdtyns IR fisumis
wavenumber ~1450 uaz ~1600 cm’' %mﬂuz@tmmmmmg amine Lmzzﬁ”mcyﬁmﬁﬁ‘i’n,l,mi\%a’soo

18, 33

cm” Faflusiuuieans O-H uaz N-H'™ * aenglafimudtyoyin IR 289 PDADMAC wiidaudngn

o :// =® 3 d’jo a = a6 d” 1o a %
muuslumiﬂm:mm\iummmmWmmﬂ,mﬂuw@um\ﬂ,uixuuumfawsfmiwLumélum'ﬂ‘wammm

7% fauanslugiil 3.4 Avaziliupnngenesdtyoyn

PSS 4 wavenumber ~1033 lay ~1178 cm
o \ . P S z o P Y & a4 a z
‘Vlmmemmmﬂsﬁ@‘ﬂwLumua;wmmmmumummw@zu'm\'imeul,mmﬂumum?mmummmmmu

ARNUUUNBEL299 PDMS"

A19719% 3,1 uansdtyoynod IR Ml characteristic peak 989 PDMS

RUWLIATY Uo7 wavenumber (cm”) wuge %
~1027 wag~ 1072 stretching U84\ UsE Si-O-Si
~2906 Laz~2962 C-H,
~1260 deformation vibration 184Waz CH,
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suf 34  aunpin ATRFTIR 289 uncoated-PDMS  uaz PDMS  7tARBUAYTHANLNI18
PDADMAC/PSS Na1uaudusiaus 2-18 du (wansanigianunsidaruauduiluaug) nanunsn
dlunwaenavesdyoin IR 1He4nld baseline  AssriulNauanIn TN ta9dy U949

sulfoante peak #~1033cm”

3.4 AnWIN1PARLNAN1I1NT2U9N chitosan/alginate

ANHANIINAREST 3.2 NudnazmsnzaslumsREa PEMS film 1e9svLUE Aen1ash
AauANLit pH 18941902808 alginate UAY chitosan HAWINTL 5.5 safulunmaaesdauiins
ieuTdu PEMs e ldnazsanan mﬂgﬂ'ﬁ' 3.5 LamATYa10d ATR-FTIR 89WANLNNIvUL
chitosan/alginate ‘ﬁlmﬁﬂmfguu PDMS ’ﬁfmé’nmwﬁgumﬂ fiu 1ot chitosan meﬁr:ya&mmﬁ'
AWMLY 1420-1500 cm”’ %‘qﬂwﬁﬁLmuf\‘rﬁlﬁmmﬂ‘wgLﬂﬁumﬂuimm’éﬁwm chitosan usAY NN
asdynyuAeuiine sariulunishamuninaReLAnesiduLNeITIL chitosan/alginate 1havin
ma‘ﬁmmmﬁmmwmﬁ'ﬁ%mm ~1412 uaz ~1601 cm’ ﬁ@luﬂuﬁmmﬁmﬁ'ﬁmm symmetric WAz
asymmetric stretch 99313 carboxylate (COO") s alginate™ ™ %I\‘lmﬂgﬂ ud A ATYYNUTRS W

4 a &L oA o < 8 Y & = =
carboxylate 1 LWNAWLNBANUIWTUNINTU GINLL@@\ﬂfﬂLﬂuqqﬂq’lzﬂqﬁ‘wm@@\?u@qlnﬁ‘ﬂLmﬁ‘ﬂll PEMs

film 484 chtiosan/alginate 114 PDMS i



A1519% 3.2 uansdtyny o IR Ml characteristic peak 9949 chitosan™

Wavenumber (cm'1) Assignment
3290 O-H ez N-H stretching
2864 C-H stretching
1645 amide |
1584 N-H bending

A15199% 3.3 wansdtyeunnd IR il characteristic peak 994 sodium alginate56

Wavenumber (cm™)

Assignment

3700 - 3000 (broad)

OH stretching

3000 - 2850 CH stretching
1596 Antisymmetric CO,
1412 Symmetric CO,
1081 - 1027 Antisymmetric stretching C-O-C

3‘1]“7"1 35  Aunmdu ATR-FTIR 284 uncoated PDMS Way PDMS #iA@aalsing PEMs WAN1UDY

£ £
o

chitosan/alginate NauAUdUAIULFT

(Auuduilueag) nwunsnifluniwaensaesdayoins IR Wednli baseline AsaiuLNaLanIn1TINy

19981y ry104a89 carboxylate peak 1 ~1412 waz ~1601 cm’’

29

= o o e S ) o
Un 2 - dun 18 lnguandanITHaNLNNg alginate BEMUUDNEAA

Part A MSANHINAYBINISIARDLUTWIIULEY PDMS Al PEMs siaA1 EOF uasn1sandulilssu

AN ENAN LAY $11RSEduTliie NN ANNTa LY (hydrophillicity) WNeLANAD

electroosmotic flow (EOF) a4 PDMS microfluidic device TaflAauazldaii uazaipunisgn
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FuraalLlsFugnensAdeLRuRII9s PDMS ot oolyelectrolyte multilayer (PEMs) awsaeisldann
wAllA layer-by-layer self assembly 1ae/'ld poly(diallyldimethy lammonium chloride) (PDADMAC)
way chitosan Lilu cationic polyelectrolyte Wag poly(styrene sulfonate) (PSS) uax alginate 1ilu

anionic polyelectrolyte LAY AN RN saANInAUALTaAK i TeL TR BaRAeN

oligomer

A.1 Anwaaredn1siaaaL PDMS microfluidic device aagl PDADMAC/PSS sinA electroosmotic flow

ECF,

o

ANEANIAceLFaLLARUA1 EOF 289 PDMS micorfluidic chip Adelllfiadauuazindad
$ingl PEMs 3211 PDADMAC/PSS WU31ANRA8U89 EOF 984 uncoated microchannel M1 NaOH
AN 3.6x10™ cm’V.s (2.1-4.8 x10™ cm’/V.s) @aln&Asariup EOF Asneulng Bao waz
AE (3.0 x10™ cm’/v.s)” aeinglafinuen SD NAeuinegeuanitiapNadasaes EOF NAaudngs
4 A .  z.,

Faariuananis Maunsamans
1 microfluidic device NRN13AAKLS microchannle 38l PEMs WU AAnN91ea9 EOF

wWanuulaslunuaiinaeslszques polyelectrolyte Nagdunangn (317 3.6) lunstil PDADMAC

q

(FuR) agdunengaiinliinuiio PDMS Hilszquan aqliidn EOF nda1uay Tnarsasusnaauil

U Q

| v v
- D% v A a A

LLZQﬂdﬁ\?ﬂ?i‘ﬂfﬁlﬁuﬂj’mﬁﬁﬂﬁﬂmﬁ EOF (reversed EOF) WaZLNDLARDLAIEL PSS (TUA) NUHNIAE

al

1 £ '

A a A

Uszqaudearliian positive EOF %13fiAn absolute EOF ludumiatiaandneniliainiuiaiinaey
Fngl PSS 719HanaLHaannann steric effect 19915 ammonium G9@134a¥AANI3LAA ion interaction 7
13104 double layer U1a849 microchannel 14

dl o :/J A QI dgl 1 a QI ﬂ!/ o o Aa| 6 d‘ = :/I v v

WaautuARaLINTL A1 EOF AAindud miuidunimrananyisaasanudindu uas
a1nnsAnENareIAdinduaesdansazane polyelectrolyte iaAn EOF 1uwuan microchannel
WRBUAEANTATANE polyelectrolyte Windin 1 mM Hasindauatingiies 4 duRsazlfian EOF Nigeqn

& A @ ' Ay y Ao oo o ! ) PR %
uazinauasi aenelsfimuan EOF AldanszuuigslAiainan microchannel Mpdaufag
ansazangl polyelectrolyte isdiu 10 mM GsliiAn EOF geiigalilaindaifiaaaiuudiuiies 2 4u

o A [V = ] a4 A& a vy ] ] P
‘V]\‘]LLLLL@\?N’]@Wﬂﬂ']qNLﬁlﬂmum@ﬁ'&q?@z@qﬂWNqﬂﬂqqﬂqﬂ'ﬁ‘ﬂLﬂ@@uwumqiﬁﬁqﬂﬂqq Tﬂﬂﬂ’]L’ﬂ@ﬂ@]\i'Z‘lﬂ

294 EOF 73l PDADMAC Liludunangawiniy 2.30 x10™ cm?/Vs (%RSD 9.11) uaziile PSS 1l

v v !
o a g a 1o

dunangn 16 EOF HAntafevinfiu 4.40x10™ cm’/Vs (%RSD 9.27) visiiAadegegailliauagiy

U

CRRPS FRATS TN, polyelectrolyte
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A Nusgava EOF aiay PDADMAC/PSS waainiiau
ANNL2N2U 1 uar 10 mM

T

A
[\ / \ /
[\ )\

EOF (x10™ cm?/V.s)

/

3
P
~_

| =

S~

/

I

Number of layer

——1mM —8—-10mM

519 3.6 LAASANANANNUSTZMIN9A EOF 289 PDMS microfluidic chip Aladaufae PDADMAC
(cationic coating, §14#) and PSS (anionic coating, F14#) Auduauduacay Waldaisazaradindu 10

mM (L) uaz 1 mM (A)

A.2 AN uADeIsNINYAY EOF M1#a1n channel Mpanl PEMs %84 PDADMAC/PSS

TunsAnEduTeA N LATIN N9 STIFY PDADMAC/PSS Ti@etiiu microchannle Tag
TEAuidinduaes polyelectrolytelviniil 10 mM finanumn 10 Fu Aedi PSS Lﬂu%uufaﬂzgm Ingl
Aasue EOF fasuuasitidernistiiuansazatsd pH AT mﬂgﬂﬁ 3.7 aunsnagy/lfdaen
EOF ansfiufinfifputlsiitirnmait wagliilasuulaadlowfanulasd pH Ta9aNTazaatWWes
VT”Q?ILﬁmmﬂmgj sulfonate Ui PSS i1 strong polyelectrolyte TneiAnieagwes EOF luusazdna pH
Sl lumnsinefueenafidtidndty uasliien EOF Aifadasnmiialunnsmaasnnndn 100 seu e
WRaufiausy microchannel AiTlELARBLEAE PEMs WUdAn EOF finnsitlasudlacasineunn (1.2
4 4.4x10" cm’/V.s) TatiAnRdn BTl AN AT ATlEaNN PEMs coated microchannel avanaifhy

IWg1Z3N9LAARYL PDMS $iel PEMs Hau3nLiiaen zeta potential 1aavuiinlfigediv
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1 1 1
] A | | ]
50 | mo ] an A 1 1 :
o 1] DDD d AA &A A: : :DEI o
o o O AN Lo + o
8 o o™ B AR gy L
! [ [} +
40 1 mo i 4 A 4 t’r‘f‘n-&t o ++++h+++ *4t o
| ! + e +
2 ' oo, :
£ | o :
530 : Lo :
?O ! 1 1 :
> | P :
v ' o .
G 20} PH7 | pH1L2 pH7 | pH 3 pH7
w | b !
| 1 | |
] 1 ] |
] 1 ] |
] ] ] :
! | | i
| G |
] 1 ] |
i L |
0.0 . . .
0 20 40 60 80 100 120

Number of runs

gﬂﬁ 3.7 W@hesnIneesduAdeL PDADMAC/PSS ALANUILNsaL WAy pH 284 running buffer

A.3 ANEAINTE LN Y8 NA1IS

v o

TunsfnmuAINTaLTTINUEY PDMS nlilnanisdndyududasesduanu™® feuddnlu
naAnEdautiazyinuuTuam PDMS 7ildetilugi microchannel usansmuzaasilan PEMs luiis
4 P o A @ o a o o . ~ v
aesvLLBIaduNeuiy Wesaniduianatiafeaiis uay microchannel Hauwalugindnmanu
WLNIBINAN PEMs 171 waziiaudidnniadaudsiuinu POMS ludauitldnaniieandinaildlunis
= A e . ' =< ) P
waaLAN W microchannel uslanAtN1sAUaNIazATY polyelectrolyte datatlunisunsantansléin

AU wazanna lun198319 PEMs 15%

A.3.1 HaaasAudinduLes polyelectrolyte fanuTaLin liTettiresiuiio POMS Tisnuls
fnel PDADMAC/PSS

angfl 3.8 wudnAraNTeL warliteutimesiuisiuesiusuauiundey

LavALEnsanTazane polyelectrolyte IngfiuAinans POMS RilléLAdew (447 0) i

AN liTa L Aeudinage (AyNdNTatAININNgT 100°) TasenAdedriunisAnau

63, 64

o o

waztiarnnssaulsiutanun s asunlasesayudiiadugUifulan Tnaiuion

]

v
o

LARBLAYY PDADMAC (114#) uanspaugasinfieandinuiaiadausian PSS (due)

1H93312N1A394519289 PDADMAC 71ding methyl Mlaigaumuiuniiaussmegaszndnelseq
o” d‘ = ] dl | 1 o Y 1

uazveatn luanieh PSS Uy sulfonate il strong electrolyte LL@ZVLJ\IQH‘U@UQMEMHTM

=X o gua = o Iy L= Y o A P

e liussmnaiunaain lfinnndt Gsaanndeaiuan EOF Taawudnfiaauudindu 10

mM HArANgaLtsInndIiANdindy 1 mM guiunne dunvianisedey Gailuuann
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anANNENiuNNINNItiaNEAIINIeY polyelectrolyte NATNNIDLARDLIBELUNLRY
NINNGT (ANUUILULLBILTZANINNLN) NURAINANTDLINNINNGN

ANNANAUSTTMINAN T LN BINURITIARBL A8 polyelectrolyte uAazTiin iU
. 24 4 T e d dd A ¥
AUIUTUNLARDL WLINH UL TN WA NAYNAN AN AAS LATAITIHDLARBLIFIUS
9 Fuflusiuliuansdnisiadeuinuiia PDMS fagl polyelectrolyte THanysalfiasinaanating
fiee 9 duawl

AINUANNINAAEY WLANNNTSFENAWE IR AMNTaLTINNTIgAfadAREL PEMS 111

2 v
o v o

agiatias 9 4u FauAnseaIne EOF GeliiFgaganataniaaaniies 2 4u asiulunig

naaesduse llazldAanudings 10 mM 11 1 M NaCl

AU AR TR UUNUEY PDMA fiadausia
PDADMAC/PSS 31unutiueane 9

110

100

90

80

. N\ AE\E] N\
5 ¥ \¥/ \/\/

40
30

AR
¥/ \T/\S

o
]

contact angle (degree)

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Number of layer

—— 10 mM —a—1mM

NgINT 3.8 UARIANANNUDIENIWANANTA (contact angle) TB9URALAAGLIAIE PDADMAC
(cationic coating, §14A) and PSS (anionic coating, 146) AUAUIWTLLIRY PEMS fiaaiaaudinduaed

AN9AZALLVINAL 10 mM (@) waz 1 mM (L))

A.3.2 Hal89THiAYRY polyelectrolyte ABANNTELYNTBY PDMS AlAReaLfae PEMs
TunnsAnedauiifsdAnsnazesaiin polyelectrolyte slapantaun Tng
polyelectrolyte M@aanuAN1A2 PDADMAC/PSS uae chitosan/alginate aINKAN1INARSY
lunaud 3.2 Tawudn pH 5.5 WunnsfiwangAannsade PEMs luszuu chitosan/alginate
d‘ o o 6 1 1 o o o oa// & d‘ a o 3|
Ang1n 3.9 uansANANRUS Iz IR NANTALAT A UITARe U Tel ansnuzTluiu
UantneArresiuidnueniauuduiluaugidl alginate agdunangnavianyududasi
AN Aalo < L ) P | A e = .
naduianunsiRauuduiluaaatedl chitosan agfduuangn uansiWuU9NT alginate
2 -

agduuangaiantiinsreaunInnIiaN AT laguegduuengs Tnaiuioaes PDMS 7

U
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VINNI9ARDUAITUNANLNIT9 chitosan/alginate AIus 8-14 duaslAyNdNEaanasAININ

v

50° uazAyNANTaNTiasNgadaA1nIngn 20° Tsaannasaiianeuaed Yuan wazane”

s 3.9 NeINULARIAIINANTUT Ty NANFa LU R A LS T uFuLeI AN U920

chitosan/alginate fanuawte 8-14 44

WalBeumeuamuan A ugaUinaasiaNu19naT191uan PDADMAC/PSS uay
chitosan A% alginate WLAMANUNAATWIUN 2 FTULANIORNANTEULNIRS PDMS
o ' o o sy N o o & o ey i 4 ale o
1§ anneyndudantioandnpyndudaesiuiio PDMS Nesliunisndauilsuune
uanslugiln 3.10 Tnautanes PDMS Aivwdaufiag chitosan waz alginate HAaNLTR
ANTELTNNINNITWANL9AIN PDADMAC/PSS 11483a1n1A994519989%1 chitosan Uay

alginate HAnuaNtiRANTaLININNT1IATIA319289 PDADMAC/PSS

o 1

519 3.10 naANANRUSIEIdaNNANTALURWRN 299 PDMS At unsindeuldnLng, PDMS
A
7

ENUNNTIAARLIARE PDADMAC/PSS ( ) WAz PDMS fEunnsARaufe)

o

chitosan/alginate (mm m= == == . ) N1UTU 8-14 T4
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A.4 Anwnisgagililsfiy BSA yuiuliauey PDMS uasiNurafianuilssas PEMs

U

nszuaunisnisgadullsiuuuiuiadufalfanussmaneio M usspnaszndnlszy

hydrophobic interaction Lag hydrogen bonding lusiu ImﬂLL?\‘iﬁ\‘i@mW'ﬁ%‘iﬂizﬂ 182}

hydrophobic interaction Hununid1Atyunisgadulsiuuuiuia ™ > * * fuiulunis@nm

doutlazvinnisAnmnanudinduaes buffer sanisgadunesiilshuuuy PDMS AR AR ALY

1
=

WeAns A Ndindiuges buffer MMNIZAN uAZHATEY pH FEN19RATURY BSA LUNUEL PDMS

v
o o

ansanlsuarilFsnuls

A4.1 uareapudinduaes buffer sanisgadultlsAuuuiuio PDMS NRlAAAuLS
Tunsinpnlinnninisgaduvesilsiuuuiuie PDMS Tudiutiazinnisfnsndos

ftycynnd FTIR Luivuiia PDMS Tngld ATR-FTIR mode wazyinnaunifinnmuans BSA Ui

Fuussraazuanmeaedluiaie A1.7.2 Tnaldshu BSA Tidtynnos FTIR if1umils

1650 . cm”' (amide 1) udtyoynoiaeeniaifia stretching 289%Us2 C=0 uazi 1540 cm’’

18459 qnAnINARDY

| £
a o =

WU AN UIa9a1 38z AN e PBS ANafa1Fu1nsad BSA NonanduLuNuio

AU A

(amide 11) ludtynyr1nuaa9naiia CN stretching and NH bending
PDMS t Ao dindinaes PBS 1 mM 131Nt BSA Nanunsngnaaduuuiuie PDMS Hengs
niuieandindiuaes PBS 10 mM sistianaiiiessnannuanazeslilsiuanaiinusamg e

1 o 1 b % 1 o :// =2 1 o A ¥
sendnaniu uazleaausine) luinndy AniulunisAnesellasinnsidenldansazane

buffer NAMNEINSL 1 mM

.........
. .,

51l#1 3.11 ATR-FTIR spectra 289fuiia PDMS #filEanuls ndsannduluaisazane PBS avmdiadi 1

MM (——) % 10 MM (—)
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A.4.2 nsgaduaas BSA Ui unmodified PDMS tW pH 5147
lunsinunifleAnnazes pH Ae1fiuninnsgatuaedlilsfiuug unmodified
PDMS L‘]"Juﬁ”uaqﬁiﬂﬁﬂazﬁ Tael pH aziinaselaseasnsrelsfiuunnanaii pH A%
nsAnmAe pH 3.5 74BSA Azl net charge Llutlszauan, pH 5 Galndfu pl (isoelectric

point) 484 BSA (pl = 4.8) uaz pH 7.4 { net charge tiluilszqay

'
a

mﬂgﬂ‘ﬁ' 3.12 ugnan1spadl BSA L unmodified PDMS 4 pH N7 i wazgly
3.13 WAANAMNANIUTIENINENIEIUTEUINNANGIB9FEY e 10U amide I/Aeyeyed
289 PDMS i wavenumber ~ 2960 cm’ ﬁﬁlqmm@wmﬁm%quﬁﬁuﬁuﬁﬁuﬁmm BSA
QnAAFULLALRL PDMS Feaziiiliidn o pH 5 3snos BSA fianunsngaduuiiugia
unmodified PDMS §lAnannfig 497l pH 3 net charge Indeu Tulsiueelugyl N form Faudhy
compact state usanANTzMINeTANATes BSA flAntiagann ¥ fuiunisgadusestilsiu
unmodified PDMS a1a1inanugy hydrophobic

04 pH %'uj 54 net charge 184 BSA ffulszquan viseilszqaunudinisgaduaes
Wsiuilrnmas ieteailasnanmafisdurespamnuinasalszqasllsiudonain
Elﬁmﬁmfauﬁ”wmim@q@ BSA iy M WinspaduIe9 BSA LAY PDMS Feazifinann
w3 hydrophobic iludauviiuiuualiinanas deualiiBaunnmes BSA ‘ﬁl%qﬂ@mbﬁumu

Nl PDMS anaa®

Amide Il

~ 1560 cm”'

Amide | ~ 1650 cm’”

3‘1]17'.1 3.12 ATR-FTIR spectra 1829 unmodified PDMS Lﬁ@aju%umu‘l,ummmw BSA tl pH m"Nj NN

'
a

WNINLLAAN characteristic infrared peak 129 amide | N wavenumber ~1650 cm’ uay amide Il #1

wavenumber 1560 cm’.
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0.30 -

0.25 -

0.20 -

0.10 -

peak amideI ratio
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— 3rd — 4th
7th — 8th
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51l#1 3.15 l@DasN NB93 PEMs 5211 PDADMAC/PSS MiadawLiLu PDMS i pH 5 Taaduiuuansdiags

U
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ANgLl7 3.16-3.17 Tauan ATR-FTIR spectra WAz NAFN9311919 spectrum

I84T1I1% PDMS Anuil3@ae PEMs 9211 PDADMAC/PSS 9299790 AT uadas

Q

luansazans BSA pH 3.5 Inen13in1eAned BSA 1iMn13AARINAIN characteristic
peaks AANUVL ~1650 cm' (amide 1) WA ~1540 cm’' (amide I1) AadilE
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modified PDMS ififuuangeiflu PDADMAC (1817) iilesann PDADMAC fiilszquily
uanuhgaiulszqun BSA Aufinnisuaniu LLmLﬁ'ﬂ%uu@ﬂqmﬂu PSS ﬁﬁlqﬁﬂi:@g

o o

dluay wudnifaniainizinaes BSA waluiBunmildunnsisednaliadAnyide

wWhauiguiiees unmodified PDMS Tunn Auaudu (37 3.17 b)
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gﬂﬁ 3.17 ATR-FTIR spectra 284n199Ad0 BSA t4 pH 3.5 Ul PDMS Nsnutlsfiae PDADMAC/PSS
multilayer NNAMNUUIANAUR IAUATUAAIN ( ), FURA ( ), FuAAR ( ), Tunwn
( ), TURALLEA ( ), FunAuaed ( ), FURAUTIN ( ) wastunAunn ( )T

Wunuuansdiayaresdiueuioudnluasarany BSA uazidutlszuansdtynyin IR 2e93uanundsquly

AN38zaE BSA JUANUAMNNINTE LB ATY Y 104089410 [NATIF UM ~1650 uaz ~1540 cm’
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51091 3.18 HaseI8d ATR-FTIR spectrum semMdnneauguiazduTuulugnsazate BSA i pH 3.5
Tnendullszuansdnyoyns IR 989 unmodified PDMS (= — —) hazifufiuuansdtyoynod IR 209 PDMS A
Anuilsfine PDADMAC/PSS multilayer iaWandunangniili (a) PDADMAC (positive charge) ua (b)

PSS (negative charge)

A.4.3.2 nMagatuaeslilshiu o pH 5

5\1LLﬁfi’l@mmuuﬁmwm@uﬁwm PDMS Afputlséagl PDADMAC/PSS Azl
mqﬁyu %ammmmi@msﬁuﬁ@Lm:ﬁmm BSA WHAINN1IANEINLINN BSA €418190)
\nnzRALLALAYT8 PDMS Aisinuilsiag PDADMAC/PSS 71 PDADMAC dsfitlsq
mmﬂu%uuuw (qum';{) c-ﬁ“ummlugﬂﬁ 3.18-3.19 asenaifluiflunaann pH 5 HAn

NNN9AN pl 984 BSA ianilatasdanaliilugna BSA § net charge Liluaviantias A
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1%
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) wasTunAunn (
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=2

(2
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A a
Amide | ~1650 cm”’

A Py
Amide Il ~1540 cm

b

PR N
Amide | ~1650 cm™ | Amide II, ~1540 cm”’
A

3‘1]“7"1 3.20 wasi1aves ATR-FTIR spectrum seudnananquuasnatquduiuluaisazae BSA 7 pH 5
Tnedullszuansdnyoyns IR 989 unmodified PDMS (= — —) hazifufiuuansdtyoynod IR 209 PDMS A
Anuilsfine PDADMAC/PSS multilayer iaWanduuangniili (a) PDADMAC (positive charge) ua (b)

PSS (negative charge)
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A.4.3.3 nagaduvasidsfiu o pH 7.4

luansazans buffer 7 pH 7.4 Tuiana BSA azil net charge Wluilszaat
P g o = a & a Ao ¥ '
\He9an pH Hg9ng1A pl AsaNnsninERALURURaNHLsyquan lHganu
electrostatic interaction AeuaAalUgLN 3.20-3.21 (a) uazwuINLBNIUNSINNZRARAN

d‘/ dl 3 :/l A d’j | a o dl

NNTuaawuiuAdsUNINT WA A UNANIAaesluRaul A4.3.2 uay
AMFUN9INITAATEY BSA LWNUR9T09 PDMS 1fl PSS agdunangn (317 3.21 b)

WUIIHANEING1 unmodified PDMS ilaswinduiafausinnan 8 i
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Amide | ~ 1650 cm™" Amide Il ~ 1540 cm

gm‘?‘} 3.21 ATR-FTIR spectra 984n199a41 BSA fu pH 7.4 Ul PDMS Nsnauilsfiael PDADMAC/PSS
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(
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q
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) LasTunAunn (

v
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), TURALLER ( ), FunAuaned ( )Tnes
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Amide | ~1650 cm’

Amide Il ~1540 cm’”’

1

Amide |, ~1650 cm’”’

T

Amide 11~1540 cm’”’

1% 3.22 HasneIed ATRFTIR spectrum semdnneuguiazmdsiudunuluansazate BSA i pH 7.4
Tnenduilazuansdtyryrne IR 299 unmodified PDMS (= — —) wazifiuiluuansdyoyind IR 299 PDMS 71
Anuilsfine PDADMAC/PSS multilayer iaaudunangniili (a) PDADMAC (positive charge) ua (o)

PSS (negative charge)
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A4.4 n3aaduaes BSA Uy PDMS fiFauLlsdine chitosan/alginate n4 pH 7.4

lunsiinendl innnausiesfidn PEMs svuL chitosan uae alginate tneAquAN L
pH 28981982 A"8 chitosan Wag alginate Winfiu 5.5 Gaannuanismaneslunde A 3.2 4
W3R ALLIsAEY PDMS Bagl chitsan/alginate gAY NTa L LR 1
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Wiltnsmdng chitosan Wax alginate 1w PEMs anaq™ N1INQABENTEY PEMs Tusund o

pH 7.4 1AHnN99e 1wl autin g i

3‘1]“7"1 3.23 N3 ATR-FTIR 2129 PDMS Nn lsmuls uay PDMS Neauilaéiag PEMs seiiu

v
o o o S

chitosan/alginate AANWAUTUAILA 8-17 Fu uasanudTuUluansazane BSA 9 pH 7.4
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e la a5
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o
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NUR2e19TARY 88N lIARTNNLAN TN BN RILNANTITLENTY wazAADLAY PEMs 1314 iiatiulEuny

o

Aﬁ” ' | ] oi’ Q' dg’ d' @ -:1' @ E% QD d' % a =2 |
WUNLIN mm’miu%um AN TR L‘IJLLN@’I.I@QLEﬂLﬁuWﬂﬂLﬂU%IWﬁu\‘ﬂu N [ﬂ’ﬂ\ﬁ\lﬂ’]ﬁ‘ﬂmﬂ’m@iﬂ
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”Lumiﬁm:mmu?:lﬂum?ﬂ?:ﬂqﬂﬁmﬁm’m:ﬂﬁ'mﬁmmm?m microelectrode atied el
R Seanansatinli fusansaadalu microfludic device ilamsadaLiun. BSA Aanadiadi 0.1
o/ ltlauda 10 g/l Baennsdnannnavi i aenulaala 1 e Wi Tsenan gold
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Tusauativiiuiailuassdon Tnadeuivilsssiazifuantifannugantinaesiuiio PDMS

fingl polyelectrolyte multilayer flim (PEMs) FassanFaamala layer by layer deposition 284
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AuTRLtannnd el polyelectrolyte A 1 mM TaewignAn EOF 2199 microchannel #

dutugeailu PSS (Uszqau) WiAngindnaas microchannel N& AR ULATERANIRERTY wazHAN

v
vl
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a

WuRafdnusfiae PEMs 289 PDADMAC/PSS WAz chitosan/algainte #Nun9ainanLia
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Abstract

The layer-by-layer deposition technique (LbL) was used to
modify the surface of poly(dimethylsiloxane) (PDMS) to tune the
bovine serum albumin (BSA) adsorption. The LbL was done
using two different which

polylectrolytes  pairs  of

poly(diallyldimethyl ammonium chloride) (PDADMAC) and
poly(sodium 4-styrenesulfonate) (PSS) were selected as strong
polyelectrolytes pair, and chitosan and alginate as the weak
polyelectrolytes pair. Since weak polyelectrolytes have an
ionization that is pH dependant, the pH of the chitosan and
alginate solutions used in the film growth was varied and the
thickness of the film was measured using UV-Vis spectroscopy.
The optimum condition was found to be with a pH of 5.5 in each
chitosan and alginate solution as it provided the thickest film.
Contact angle measurements were used to monitor the change
from hydrophobic to hydrophilic of the PDMS substrate as a
function of the number of deposited layers for both strong and
weak polyelectrolytes. The chitosan/alginate film was found to be
more hydrophilic with a lower contact angle value when
compared to PDADMAC/PSS. Films of each polyelectrolytes pair
were then constructed with either positive or negative
polyelectrolytes on the outermost layer and exposed to BSA
protein. ATR-FTIR results showed that the protein adsorbed
favorably on the PDADMAC/PSS with little protein adsorption was
measured on the chitosan/alginate film. These results are of
importance for the development of protein resistant coating to be
used in PDMS microfluidic devices.

Keyword:Layer-by-layer/Poly(dimethylsiloxane)/Protein adsorption

1. Introduction
Poly(dimethylsiloxane) is a popular polymeric alternative

material for building microfluidic devices instead of silicon, glass

* Corresponding author: E-mail: Luxsana.L@chula.ac.th

and quartz mainly because of its biocompatibility, optical
transparency, ease of molding and bonding with other materials
as well as non-toxicicty and low manufacturing costs [1-2].
However, surface modification is often required due to the
hydrophobic nature of PDMS surface causing protein or analyte
adsorption on its surface. This phenomenon tends to decrease
the device performance and increase the sample loss [1, 3]. In
recent years, the layer-by-layer approach (LbL) to fabricate thin
films has attracted great interest because of its simplicity and
versatility. The films are fabricated between oppositely charged
species by taking advantage of electrostatic and hydrophobic
interactions, as well as hydrogen bonding and van der Waals
interaction. Several studies have shown that proteins may be
adsorbed on either positively or negatively charged
polyelectrolyte-terminated film via electrostatic or hydrophobic
interactions [4-6]. However, the amount of adsorbed protein
depended on the charge difference between the adsorbed protein
and the charge of the outermost layer. Various PEM systems
comprised of weak/weak or strong/weak polyelectrolytes were
fabricated as a film to control the adsorption of protein on various
types of substrates including [7-10]. Although PDADMAC/PSS [6,
11-12] and chitosan/alginate [13-16] were previously prepared on
various substrates for protein adsorption studies, there is no
report of such study on PDMS for microfluidic device application.

Here, we investigated the adsorption of bovine serum
albumin on polyelectrolyte multilayer films for two PEM systems
that are of PDADMAC/PSS and chitosan/alginate fabricated on
the PDMS surface. The influence of the buildup pH when using
weak polyelectrolytes and the number of deposited layers on the

protein adsorption were investigated using Fourier transformed

infrared spectroscopy in the attenuated total reflectance mode



(ATR-FTIR), contact angle measurement and UV-Vis

spectroscopy.

2. Materials and Methods
2.1 Materials and Reagents

Sylgard 184 silicone elastomer kit (PDMS) was purchased
from Dow Corning (Midland, MI, USA). The polyelectrolytes used
in this study are shown in Figure 1. Poly(diallyl dimethyl
ammonium chloride), PDADMAC (M,, 200,000-350,000, 20 wt%
in water); poly(sodium 4-styrenesulfonate), PSS (M, 70,000);
alginic acid, sodium salt (viscosity of 20.0-40.0 cps.); and bovine
serum albumin (BSA) (M,, 66,000 Da) were used as received
from Sigma-Aldrich (Germany). Chitosan (M,, 57,000) was
purchased from A.N. Lab, Thailand. Sodium chloride was from
Carlo Erba, sodium acetate trihydrate and glacial acetic acid were
from Merck. Phosphate-buffered saline (PBS) was prepared with
sodium chloride, di-sodium hydrogen phosphate anhydrous and
potassium dihydrogen phosphate obtained from Carlo Erba and
potassium chloride obtained from Merck. All chemicals were used
as received. The de-ionized water was used throughout this
study.

The polyelectrolyte solutions of chitosan and alginate were
prepared in 100 mM acetic-acetate buffer. The pH of PDADMAC

and PSS solutions were not adjusted.

Cl
/N\ n
HsC™ "CHs
PDADMAC PSS
CH,0H
COOH H H
OH 0 H 0 OH HO
OH HOQ. COOH o——
OH H H o
NH, H H ml H h
Chitosan Alginate

Fig.1 Structures of polyelectrolyte.

PDMS fabrication.

The PDMS oligomer was mixed with curing agent in the ratio
10:1 to form a PDMS prepolymer mixture and degassed under
vacuum. The mixture was poured into a Petri dish. After curing at
65°C for 2 hours, the PDMS substrates were peeled off. The
PDMS substrates were cut into square shape (size 1x4 cm2). All
PDMS pieces were cleaned with magic tape before further usage.
Polyelectrolyte multilayer film on PDMS.

The cleaned PDMS was alternatively dipped in either
polycationic or polyanionic solution. Sequential adsorption of
polyelectrolytes was performed by hand dipping.

PDADMAC/PSS

A PDMS piece was dipped alternately to the 10 mM
PDADMAC in 1 M NaCl or 10 mM PSS in 1 M NaCl for 2 min

with three rinsing steps of fresh DI water, 2 min each in between.
The dipping cycle was repeated until 2-18 layers achieved.

Chitosan/alginate

First, the suitable pH for chitosan and alginate film fabrication
was evaluated using the quartz slide was used as substrate. The
growth of PEMs was monitored using UV spectrometer (Hewlett
Packard 8453). Each polyelectrolyte solution (5 mM with respect
to the monomer repeating unit) was prepared in 1 M NaCl. The
studied pH values were 4 and 5.5 for chitosan and 5.5 and 6.5
for alginate. The pH of polyelectrolyte solutions were adjusted
using either 1 M HCI or 1 M NaOH. The quartz slide was cleaned
with piranha solution (H,SO4:H,0, 3:1). The cleaned quartz slide
was subsequently dipped in a chitosan solution and an alginate
solution alternately for 5 min each followed by three rinsing steps
of acetic-acetate buffer at same pH of polyelectrolyte solution, 5
min each, between. The dipping cycle was repeated to build
successive PEMs of chitosan/alginate layers. The absorption
signal of chitosan/alginate was collected at 3, 7, 11, 15 and 19
deposition layers.

PEMSs was fabricated on the PDMS substrate according to
the suitable condition found in this study.

Surface characterization.

The hydrophillicity of coated and uncoated PDMS was
assessed by static contact angle measurements using Ramé-hart
Model 200 (USA). The volume of the DI water droplet was kept
constant at 4 pL. Each data point given was based on ten
measurements at different positions on PDMS surface.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra was acquired using a Nicolet 6700 FTIR spectrometer
(Thermo scientific) to monitor the buildup of PEMs and the
protein adsorption on the PEMs assembled on a PDMS.

Protein adsorption assay.

Protein adsorption assay was performed following the method
previously reported [17]. Modified and unmodified PDMS were
immersed in 1 mM phosphate buffered saline (PBS, pH 7.4)
overnight prior to performing the protein adsorption study. After
being immersed in PBS buffer, the PDMS substrates were placed
in 4 mL of freshly prepared 3 mg/mL BSA solution in 1 mM PBS,
pH 7.4. Adsorption was allowed to proceed at 37°C for 2 hours.
After being removed and washed with 10 mL of PBS buffer to

remove reversibly adsorbed BSA, the amount of BSA adsorbed

onto the substrates was investigated by ATR-FTIR.

3. Results and Discussion

Much interest is given to the growth of PEM films on PDMS
since it is used as substrate for microfluidic devices. In these
devices, protein adsorption in the PDMS microchannels has been
identified as a major problem. Here, the coating of hydrophilic
PDMS substrate was

polyelectrolyte  multilayer film on



investigated using PDADMAC/PSS as strong polyelectrolytes and
chitosan/alginate as weak polyelectrolytes.
Fabrication and characterization of polyelectrolyte multilayer film.
The layer-by-layer deposition of the polyelectrolyte multilayer
on the PDMS surface was observed by ATR-FTIR. Figure 2
shows the characteristic infrared peaks for the sulfonate group of
PSS at 1033 cm ' [18]. It can be seen that the sulfonate peak
height increased with the number of deposited layers indicating

the growth of PEMs on PDMS surface [6].

0 laver

0 layer

18 layers

Fig.2 ATR-FTIR spectra of PDMS and PDADMAC/PSS 2-18

layers only even layers of multilayer (top to bottom) on PDMS

surface. Inset shows the increase in sulfonate peak at ~1033 cm’
4

Because chitosan and alginate are both weak acid and base,
the ionization of their functional groups is pH dependant and
plays a major role in their layer-by-layer self assembly. The effect
of the pH of the solution on the chitosan/alginate multilayer
growth on quartz slide was investigated. Chitosan and alginate
are both polysaccharide biopolymers with chitosan being the
deacetylated form of chitin, consisting of free amino groups (pKa
= 6.3) [19] while alginate is a polysaccharide consisting of two
repeating carboxylated monosaccharide units (pKa = 3.5) [19].
Due to the difference in pKa, it can be predicted that both
polyelectrolytes will be positively and negatively charged for
values comprised between 4.5 and 6.5. By monitoring the UV-Vis
absorbance at 201 nm [20], of films built with four different pH
combinations, it was found that chitosan peak increased with the
number of deposited layers in each conditions for all pH
combinations (Figure 3). The regular increase in absorbance
suggested film growth and the best condition being when the pH
was fixed at 5.5 for both solutions. Such result can be easily
understood when considering that it represents the median value
between each pKa suggesting the maximum charged groups
available for the film growth.

The pH of chitosan and alginate was adjusted to 5.5 since it
provided the best growth for the PEM films. The infrared peak of

chitosan/alginate multilayer on PDMS surface is shown in Figure

4 and the characteristic peak at 1412 and 1601 cm-1 can be
assigned to the COO symmetric and asymmetric stretch of

alginate, respectively [21]. The peak at 1420-1500 cm'1 can be

Fig.3 Effect of deposition multilayer at vary pH of chitosan and

alginate solutions in 1 M NaCl.

attributed to the amine group in chitosan [21]. In the case of the
chitosan/alginate films, also, the peak height was found to
increase with numbers of deposited layer confirming that the
PEMs system comprised of chitosan/alginate was fabricated

under the high ionic strength.

0 laver

18 lavers

%T

Fig.4 ATR-FTIR spectra of PDMS and chitosan pH 5.5/alginate
pH5.5 2-18 layers only even layers (top to bottom) on PDMS

surface. Inset shows the increase in carboxylic peak at ~1412

and ~1601 cm’".

The outermost layer of PEMs plays a crucial role in the

hydropillic  property of the surface. The changes in

hydrophilic’/hydrophobic property of the modified PDMS surface
can be characterized by contact angle (9) as seen in Figure 5
with the contact angle of the multilayer films for 8-14 layers on
PDMS. For PDADMAC/PSS and chitosan/alginate multilayers, the
contact angles were found to alternate in a “zigzag” after each
layer increment, indicating the change in property at the surface
of the PDMS as the function of the polycation and polyanion-

terminated layer. The contact angle values for PDADMAC/PSS



were higher than that of chitosan/alginate, probably because the
structure of the polysaccharide chitosan and alginate is more
polar than that of PDADMAC and PSS. The lowest contact angle
for the chitosan/alginate film was 20° [13] indicating that the
carbohydrate

PDADMAC/PSS. Both types of coatings displayed lower contact

coating was more hydrophilic than the
angle values than the uncoated PDMS which had an initial

contact value around 100°.

Fig.5 Contact angle of PDADMAC/PSS ( ) and
chitosan/alginate (- - — — — ) multilayer film. The PDMS without

modification (bare PDMS) (— .. — .. ) is layer zero.

Protein adsorption assay.

Since proteins contain both hydrophobic and hydrophilic
character, electrostatic and hydrophobic interactions between the
surface and the proteins play important roles in their adsorption.
In this study, the type of polyelectrolyte pair used had a major
affect on the protein adsorption onto the PDMS substrate. ATR-
FTIR was used to monitor the BSA protein adsorption onto
PDADMAC/PSS multilayer. In Figure 6, the characteristic infrared
peak for the amide | and amide Il group appeared at ~1650 and
~1540 cm"1, respectively [17]. The intensity of the amide peak
when the protein was adsorbed onto PDADMAC which is
positively charged was much higher than when the protein was
adsorbed onto negatively charged PSS as the outermost layer as
well as uncoated PDMS. This result is expected since the
adsorption was made at pH value above the isoelectric point (pl)
of BSA which makes the net charge of protein to be negative.
Through electrostatic interaction, the negatively charged protein is
expected to adsorb favorably onto the positively charged
PDADMAC. Interestingly, the amide | and amide Il peaks height
was found to increase with the number PDADMAC/PSS layers
deposited on PDMS surface. Salloum and Schlenoff also reported
a number of layer dependant adsorption which was explained by
atomic force microscopic measurement showing that an increase
in roughness of the film allowed more protein to be adsorbed [6].

In Figure 7, the spectra of unmodified PDMS and modified
PDMS with chitosan/alginate multilayers with and without BSA on

surface are compared. The characteristic infrared peaks for BSA

(~1650 and ~1540 cm-1) cannot be clearly observed suggesting
that no significant amount of BSA could be adsorbed on the

PDMS substrate modified with the 15" to 17" layers of

K Bare PDMS

%T

Amide | at Amide Il at

~1650 em-1 ~1540 cm-1

Fig.6 ATR-FTIR spectra of BSA PDMS and PDADMAC/PSS

multilayer surface. Inset show the increase in amide | and amide

Il peak at ~1650 and ~1540 cm’".

chitosan/alginate comparing to PDADMAC/PSS. The amount of
adsorbed protein on PEMs with chitosan as the top layer was

found to be smaller probably because the protein adsorption was
done at pH 7.4 which is above the pKa of chitosan, then most of
its amine groups should be in the neutral NH, form. This might
be the result of a less positive charges on the surface reducing
the electrostatic interaction or the weakeness of polymer
intereaction leading to a possible desorption of the chitosan layer
[14]. When alginate was coated as the outermost layer, BSA
which is protein rich in carboxylic acid, could not be adsorbed
onto the PEMs modified PDMS, due to electrostatic repulsion

between negatively charged BSA and alginate [22].

4. Conclusions

In this study, the PDMS surface was modified with two
different polyelectrolyte pairs using the layer-by-layer deposition
method to decrease the BSA protein adsorption on its surface.
The surface of PDMS was modified using PDADMAC and PSS
as strong polyelectrolytes and chitosan and alginate as weak
polyelectrolytes. The type of polyelectrolytes was found to play a
major role in the protein adsorption mainly through electrostatic
interaction. PDMS modified with PDADMAC as terminated layer,
cationic polyelectrolyte, were actually found to enhance the BSA
adsorption on PDMS, which can be developed as a online
preconcentration component on microfluidic device. Surprisingly,
the amount of adsorbed BSA on the PSS modified surface was
found to be larger than the uncoated PDMS. Regarding the
chitosan/alginate modified PDMS after contacting, there is no
siginificant amount of protein was adsorbed comparing to

PDADMAC/PSS modified PDMS or uncoated PDMS. These



results provide a very interesting option for the coating of PDMS

microchannels for protein analysis.

Fig.7 ATR-FTIR spectra of chitosan/alginate at 15 layers (a), 16

layers (b) and 17 layers (c) with ( ) and without (——) BSA

on surface compare with BSA on bare PDMS (——)
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Abstract

The layer-by-layer technique was used to coat the channels of PDMS
microfluidic devices. The coating was based on the sequential deposition of
polydiallyldimethylammonium chloride (PDADMAC) and polystyrene sulfonate (PSS)
into polyelectrolyte multilayers (PEM). Two experiments were performed to investigate
the effect of the different coatings on the properties of the microfluidic device. First, the
change in electroosmotic flow direction and magnitude were measured as a function of
the number of layers deposited. Second, the change in hydrophobicity and
hydrophilicity of the PDMS surface as a function of the coatings was evaluated. The
EOF measurements revealed that after the deposition of only 2 layers, the flow direction
and intensity reached its maximum value, oscillating between -2x10™* cm?*/Vs and
+4x10* ecm?/Vs as a function of the positive or negative top layer of the coating. In
contrast, the contact angle measurements revealed that the PDMS surface keeps its very
hydrophobic nature up to 10 layers. Only an increase in the number of layers above 10
allows the change from hydrophobic to hydrophilic. Stability tests were also performed

to demonstrate the stability of the coating inside the channel.

Introduction

For the preparation of microfluidic devices, many polymers including
polydimethylsiloxane (PDMS), poly(methyl methacrylate) (PMMA) and polycarbonate
(PC) have been used as substrates. Among all of these materials, PDMS has received
the most attention mainly due to its ease of preparation, low cost, good optical

transparency and low toxicity. However, PDMS based microfluidic devices show some



defects that need to be overcome including the generation of gas bubbles in the channels
and unstable electroosmotic flow (EOF) if this material is to become widely used.
Foremost among PDMS’s disadvantages are its extreme hydrophobicity and the
adsorption and absorption of hydrophobic compounds on the surface during separation.
These problems have been recognized as a major challenge toward the development of
many applications including protein analysis'.

A number of efforts have been made to improve the EOF stability, render the
surface more hydrophilic and reduce non-specific adsorption. Most of these concerns
can be addressed with surface modification strategies. The use of chemical modification
procedures including exposure to energy sources such as plasma ** or UV light*®,
radiation induced graft polymerization’, cerium (IV) catalysis®, silanization’, atom-
transfer radical polymerization'® or the sol-gel methods'' have improved the
performance of PDMS microfluidic devices. The dynamic modification of the PDMS
surface with surfactants such as tetrabutylammoniumchloride (TABCI), sodium dodecyl
sulfate'?, Brij-35", and an amine-containing polymer'* was used to control EOF and
reduce adsorption of the analytes as well but with moderate success. In these examples,
better performance was achieved but at the cost of significant modification time and/or
complexity of chemical modification. Simpler methods for the generation of hydrophilic
surfaces of PDMS would significantly improve the potential for the long term use of
PDMS in microfluidic devices.

Adsorbed polyelectrolyte multilayers (PEMs) have previously been
demonstrated as a non-covalent method for surface modification of polymer-based
microfluidic devices'>'®. Assembled by taking advantage of the electrostatic interaction
between oppositely charged polyelectrolytes and deposited in a sequential fashion, Liu
et al. employed the PEM technique to modify the surface of PDMS/glass microchannels
with a bi-layer film of polybrene (PB) and dextran sulfate (DS). This coating was stable
for more than 50 runs and provided a nearly pH-independent EOF between pH 5 and
10". Using the same method, the direction of the electroosmotic flow in a microfluidic
chip used for DNA hybridization was controlled by coating the channel with a single
layer of PB*. The use of PEMs for surface modification in polymer microfluidic
devices is attractive because the layers can be easily deposited and generally stable for

long periods of time across a wide pH range. Moreover, this technique does not require



the addition of a surfactant to the background electrolyte. The hydrophilic nature of
PEMs was also recently used to decrease the absorption of hydrophobic analytes in
PDMS microchips®'. One of the drawbacks of the layer-by-layer deposition method is
the lengthy preparation steps required especially if numerous numbers of layers are
deposited. Therefore, most of the PEM assemblies in microchannels are limited to only
few bi-layers. While the change in EOF direction can be observed even after one bi-
layer coating, the highly hydrophobic surface of the PDMS might require more layers to
render the surface hydrophilic. Barker and co-workers' suggested that the
modifications with PEMs might need more than a bilayer coating to obtain a relatively
constant EOF in polystyrene (PS)/polydimtehylsiloxane (PDMS) and poly(ethylene
terephthalate) glycol (PETG)/polydimtehylsiloxane (PDMS) microchips.

In the present article, we investigated the effect of PEM thin films on both the
EOF and the hydrophilicity of PDMS microchips. EOF was measured using the current
monitoring technique while contact angle as a function of the number of deposited
layers was measured to determine hydrophilicity. EOF reached stable oscillating values
after just two layers but generation of hydrophilic surfaces required the deposition of

more than 10 total layers.

2. Experimental
2.1 Chemicals and solutions

Sylgard 184 (PDMS) was from Dow Corning (Midland, MI, USA). Cationic
polyelectrolyte (polydiallyldimethylammonium chloride, PDADMAC) (MW of
400,000-500,000) and anionic polyelectrolytes (polystyrene sulfonate, PSS) (MW of
70,000) were purchased from Aldirch (Figure 1). Na,HPO,4, KH,PO4, NazPO4+12 H,0,
CH3;COONa, Na,;B,07 «10 HO, NaOH and NaCl were purchased from Carlo Erba.
Methanol (HPLC grade), phosphoric acid and acetic acid (glacial) were purchased from
Merck. All polyelectrolyte solutions were prepared in 1 M NaCl. All solutions were
filtered through a 0.2 pum Nylon filter, 1.3 1.d. (Chrome Tech). All chemicals are
analytical grade and used without further purification. All solutions were prepared with
water purified with a Milli-Q water purification system (Nihon Millipore, Tokyo, Japan)
for the EOF studies and with double distilled water for the contact angle studies.



2.2 PDMS preparation

PDMS microfluidic devices were prepared as discussed previously'. Briefly,
the PDMS oligomer was mixed with the curing agent in the ratio of 10:1.1 to form a
PDMS prepolymer mixture and degassed in a vacuum. The mixture was cured against
either a bare silicon wafer that had been cleaned with the piranha solution (H,SO4:H,0,,
2:1), water and methanol and dried with a nitrogen stream for contact angle
measurement or an SU-8 patterned Si wafer (silicon master). The silicon master was
cleaned sequentially with water and methanol and air dried. After at least 2 hours of
curing at 65°C, PDMS replicas were removed from the mold. The cured PDMS sheets
were cleaned with methanol and water, and then dried in air. Buffer reservoirs were then
opened with a hole punch. Bare PDMS replicas were formed by casting the PDMS

mixture on a clean dry silicon wafer.

2.3 Measurement of hydrophobicity of PDMS surface

Flat PDMS substrates were cut to 2 cm” rectangular pieces and cleaned with
methanol. For the PEM thin film buildup, the substrate was first immersed for 5 min in
a solution containing 1 mM of PDAD in 1 M sodium chloride. The sample was then
rinsed three times in de-ionized water for 1 min. The purpose of the rinse bath is to
remove excess and loosely bound polyelectrolytes from the surface. These steps resulted
in the deposition of a thin layer of PDAD that reversed the surface charge of the sample
from negative to positive. The modified PDMS was then immersed for 5 min in a
solution containing 1 mM of PSS and 1 M sodium chloride followed by three rinses
with water. These steps resulted in the deposition of a bi-layer of PDAD-PSS. The

process was repeated for up to 10 total layers.

2.3.1 Contact angle measurement

The water contact angles were measured on uncoated and coated PDMS for
every deposited layer. Contact angle measurements were carried out using a homemade
goniometer with each data point representing an average of three 10 uL droplets each

measured three times, for a total of nine measurements.

2.4 Coating procedure and electroosmotic flow measurements in microchannels



Straight microchannels were used for all EOF measurements. Reversible sealing
was achieved by thoroughly rinsing a PDMS replica and a blank PDMS piece with
methanol and bringing the two surfaces into conformal contact with one another prior to
drying. The assembled microchip was then dried in an oven at 65 °C for 15 minutes.
Electroosmotic studies were done on a PDMS/PDMS microchip. The single straight
channel (3.6-3.8 cm long, see Figure 2) was used in this study, which the width and the

depth of the channel are 50 and 50 um, respectively.

2.4.1 Channel modification

After sealing, the separation channel was rinsed with methanol and ultrapure
water, respectively for 5 min each using a vacuum pump. Then 100 pL of 0.1 M NaOH
was pumped through the channel. The solution sat inside the channel for 15 min was
then rinsed with water for 5 min. Once preconditioned, the channel was filled with 50
uL of either 1 or 10 mM PDADMAC in 1 M NacCl solution and allowed to set for 15
minute followed by pumping water for 5 min (rinsing step). Coating with PDAD was
performed using the same procedure. After each layer coating, the EOF measurements
were performed. All filling steps were performed by applying a vacuum to the buffer
waste reservoir with the other reservoir filled with the respective rinsing solution. Up to
10 layers were deposited for EOF measurement. 1 mM (with respect to the monomer

solution) PDADMAC and PSS solutions were used in the coating optimization study.

2.4.2 Measurement of EOF

The EOF was measured by the current-monitoring method *°. The pH 7
phosphate buffer with concentrations of 10 and 9 mM were used as running buffer
solutions for current monitoring technique. For the uncoated surface and PSS (anionic)
coating microchannel, 10 mM buffer was pumped through the separation channel via a
vacuum pump for at least 5 min followed by rinsing with water. After reservoir A
(Figure 2) was filled with 70 pL of 9 mM solution, the solution in reservoir B was
replaced with a 70 puL of 10 mM buffer solution. Reservoir A was connected to a high-
voltage power supply through a platinum electrode, while the reservoir B was grounded.
This setup was used for all EOF experiments. In all experiments, 600V was applied to

reservoirs A and B while the current was monitored. After the current reached a plateau,



the chip was rotated. Reservoir B was refilled with concentrated buffer, then the
potential was reapplied. The time required for the current plateau was indicative of the
buffer filling the separation channel. Reservoir A was refilled with 9 mM buffer and the
above procedure repeated. Six consecutive measurements were obtained for each
experiment. For reversed EOF measurements (PDAD coated surface), reservoir A was
first filled with 10 mM, while reservoir B was filled with 9 mM. The value of EOF was
calculated using the following equation:
EOF = LtV (eq 1)

where L is the length of the separation channel, 7 is the time between the stable current

values and V' is the applied voltage (600 V). Calculate for EOF and %RSD.

3. Results and Discussion
3.1 EOF Measurements

PDMS can adsorb hydrophobic analytes due to its cross-linked hydrophobic
chain with a methyl side-chain. Significant work has focused on the resistance to
adsorption of solutes on the surface using dynamic coatings and polyelectrolyte
multilayers. Cationic PDADMAC and anionic PSS were selected for their stability
under a wide range of pH values, which they owe to the quaternary amine and sulfonate
functional groups present in PDADMAC and PSS, respectively. As can be seen in
Figure 3, the reversal of the EOF as a function of the deposited layers with the odd
layers being with PDADMAC on top and even layers with PSS on top was seen as
expected'”. Initially, two different polyelectrolytes concentration, 1 mM (commonly
used for PEMs coating) and 10 mM were used for the deposition to optimize the
suitable concentration for EOF measurements. The benefit of using the 10 mM solution
is that it will provide a more efficient coating of the surface but presents the
disadvantage of being more difficult to rinse. It can be seen on Figure 3 that when using
the 1 mM concentration, the EOF is slower to reach its maximum value and requires the
deposition of up to 6 layers whereas only 1 or 2 layers when using the 10 mM solution
under the same deposition condition. The average EOF value of the PEM coating with
PDADMAC as top layer is -2.30 x10™ ¢cm?®/Vs with % RSD of 9.11, while the PSS as a
top layer generates an average EOF of 4.40x10™ cm?/Vs (%RSD 9.27). The differences
in EOF can be rationalized by the lower charge density of the PDADMAC monomer



when compared with the PSS. Moreover, the PDADMAC positive charge is somewhat
screened by the two methyl groups from each monomer which tends to reduce the ion
interaction in the double layer near the micro-channel wall, therefore reducing its
absolute EOF value.

Figure 3 shows that when the PEM is built from 10 mM polyelectrolyte
solution only two layers are necessary to obtain a stable EOF. It is interesting to note
that the EOF values of the coating with PSS as top layers display a value which is
comparable to the value of bare glass under pH 9.2 running buffer,(4.21 x10™* cm?/Vs
22 This should allow for the exploration on microchips of separations of solutes
requiring strongly acidic conditions (for high EOF at low pH) which is difficult to

achieve with glass chips.

3.2 Contact Angle

The modification of a hydrophobic PDMS surface with hydrophilic
polyelectrolyte multilayers can be easily monitored by following the change in contact
angle. In the microchip channel, the successive deposition of the multilayer can be
expected to be similar to the deposition on a flat surface since the channel width is
much greater than the PEM thickness. Although we used 15 min for the dipping time in
the micro-channels, the samples prepared for the contact angle experiments were spun
in the polyelectrolyte solution for only 5 minutes. The spinning of the substrate in the
polyelectrolyte solution is known enhance the transport of polyelectrolyte to the surface
and reduce the time necessary to obtain saturation of the polyelectrolyte layer™.

During the layer-by-layer deposition on the PDMS surface, it is expected
that an oscillation in contact angle between each deposited layer would be observed.
These oscillations during the PEM deposition are due to the differences in chemistry of
the top layer being either the polyanion or the polycation. The oscillation of the contact
angle are also function of the differences in linear charge density of each

23,24 . . ..
“". In the present experiment, the successive deposition of

polyelectrolytes
PDADMAC and PSS lead to such an oscillation due to the difference in hydrophobicity
provided by the dimethyl group of the PDADMAC and the more hydrophilic sulfonate
group from the PSS. In Figure 4, the change in contact angles as a function of the

number of deposited layers and concentration is shown. One of the major observations



is that the contact angle values are not significantly reduced for the first few layers
deposited, regardless of polymer concentrations. This slow change in contact angles is
probably due to a slow nucleation growth of the PEM coating on the hydrophobic
surface. Nearly 10 coating cycles are required to allow the formation of a thin film at
the surface of the PDMS surface leading to steady oscillation in contact angle. These
results contrast sharply from the EOF data, which suggested a good coating after only a
bi-layer and represent an interesting parameter to consider when coating microfluidics
channels with PEMs. Furthermore, if one wishes to coat the microfluidics channels to
prevent the non-specific binding of a hydrophobic protein during separation, our results
suggest that monitoring the EOF only is not sufficient and does not provide a good

insight on the hydrophilic/hydrophobic state of the channel.

3.3 Stability

In order to test the stability of the 10 layer system, where PSS was the outermost
layer, a series of EOF experiments were performed and running buffer solutions at pH
3,7 and 11 were used. After a series of consecutive runs were performed at one pH, the
new series of consecutive runs were collected at different pH value immediately.

In Figure 5, the minor effect of the buffer’s pH on the EOF value confirms the
benefit of the surface modification step. It can be seen that even when varying the pH of
the solution, the EOF values remain relatively constant independently of the pH. This
stability is in contrast with measurement on the uncoated PDMS channel, which
exhibited significant change in EOF values from run to run (ranges of 1.2 to 4.4x10™
cm’/V.s). The ability to have a constant EOF regardless of pH is important for many
different applications. The stability of PEM coatings is important for achieving run-to-

run reproducibility over long operation times without the need to regenerate coatings.

4. Conclusions

The layer-by-layer deposition of polyelectrolytes multilayers was studied to
evaluate the formation of hydrophilic coatings inside microfluidic channels. The EOF
reversal data and contact angle changes were used to evaluate the effectiveness of this
coating for control of EOF and hydrophobicity. The data suggest that while the EOF can

easily be stabilized after only a few layers, the hydrophobicity of the surface is reduced



only after the deposition of five polyelectrolytes bi-layers. These results suggest that the
monitoring of the surface coverage with the EOF appears somewhat misleading when
assuming that it provides good information regarding the hydrophilicity of the channel
surface. Contact angle measurements are required to access the exact hydrophilic nature
of the modified PDMS chips especially when the objective of the coating is not only to
stabilize the EOF, but also prevents the non specific binding of the protein during

separation.
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Figure 1: Chemical structure of polydiallyl-dimethylammonium chloride, PDADMAC
and poly(4-styrene sulfonate, sodium salt), PSS



Figure 2:

Channel
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Figure 2: A schematic drawing of the microchip used for the current monitoring

experiments. (Channel: 50 pm width, 50 pm deep)



Figure 3:
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Figure 3: EOF of PDAD (cationic coating) and PSS (anionic coating) as a function of
number of layers and polyelectrolyte solution concentration10 mM (squares)

and 1 mM (triangles).
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Figure 4 Changes in contact angle at the surface of a PDMS substrate as a function of

the number of deposited layers from 10 mM (diamonds) or 1 mM (squares)

polyelectrolyte solutions.
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Figure 5: Stability of PDAD/PSS coating layer as a function of the number of runs and
pH of running buffer.



