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Research Title: Numerical Analysis of Microparticle Motion under Combined Hydrodynamics
and Electrokinetics in Insulator-based Dielectrophoretic Devices
Researcher: Dr. Nuttawut Lewpiriyawong

Faculty: Engineering Department: Mechanical Engineering

ABSTRACT

The article presents a new application of the modified H-filter with insulating rectangular
blocks using dielectrophoresis (DEP) for separation of multiple particles by size and type in a
continuous pressure-driven flow. The multiple insulating blocks fabricated along the main
channel induce spatially non-uniform electric fields which exert differential attractive or repulsive
DEP forces on particles, depending on the size and the polarizability of particles relative to their
suspending medium. As a result, particles of different sizes and types can be separated into
different outlets of the H-filter. Numerical simulations are also performed to analyze the effects
of block gap and width on electric field distribution and DEP force characteristics near the
insulating blocks so as to provide design guidelines for optimal structural dimensions of the

microfluidic device.

Keywords : Continuous separation of multiple particles, Insulator-based Dielectrophoresis, Modified H-filter
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sansAtaLRsFulInal

CM Clausius-Mossoti
fQM uWnLas Clausius-Mossoti
iDEP Taawainsin3Rauuuldaundy (insulator-based dielectrophoresis)

nDEP Indanlnsin3dauuuay (Negative dielectrophoresis)

pDEP  ladianlnsl3@aunuuan (Positive dielectrophoresis)

() ANRAENNa0AN (Time average)

sm ANTLTN IFIesduN A N1e9199wan (Permittivity of medium, F/m)

Re[ ] AYIRIUIUATNTEIANLALITTaU (Real part)

ep NI uresANg TN lfresaun inaasaynia (Complex permittivity of particle,
F/m)
£7 Audsfeuresana1udnldeesauin lWinaeseaman (Complex permittivity of

medium, F/m)
i NUEvdauniomiig 1=VeI (Imaginary unit)
© AMTILTeyNE99auN 1WA @=2n f (Radian frequency of electric field, radian/s)

9 prnansnlunsinindnaesaynia (Electrical conductivity of particle, §/M)

<phuk  Auannsnlunisi g lugaaeseynia (Electrical bulk conductivity of particle,

S/m)
Ks AonaNngnlunsin e resaynia (Surface conductance, 9)
a fadaasoynia (m)
P AuAuanzwisludesuauszaululag (local pressure, Nwmn2)
9 ANINUNTAUDIBIUAT (absolute fluid viscosity, N-s/m2)
1l NAKMATAINEITRITALUAY (fluid velocity, m/s)
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1.1 anauilusnuazanudiAaaslym

e ¥ aal o/ 1 a
ANNAINITD LUNTRENTEARN A BIN1INRULIABAZUTTNNAINA1IF L9 19ENEN
(biosamples) WuFasidrAnyniesrunisunnduaziadl lnduanTngTwida (dielectrophoresis, DEP) 1lu
a ¥ el a a % E7 1 o aa
watlafunsuaneynIALazmaaiNlsz@ns, nngeuazlsignldeudaniuginsnilulasvgann
(microfluidics) a819n3192979 nalnwesnisuanaynialag DEP anAuANUANANT89N19iRnd T8
= o/ 1 & 1 U = 1 Q 1 o
ayn1ALazaIdmaioynIradeas Weanalfaun i ldadane eyniasislszinnaiuisaiy
usa DEP #iuluwunan (positive DEP, pDEP) %i3a #iluay (negative DEP, nDEP) waz@u1sapaauillmu

AZNANY

Aannsafrauu i liadnaneluginsnlladiaamsWdad 2 uuu wuuwsnairalag ng
g ldnszuaaduiaannsauuuiiiulany (metallic electrode) wazhuufigad AantsanslWnssia
paviivaliuaynaiidenseudesuausziulunlag deasiilaseafrsiduauaundligldeadnane
. (insulator-based dielectrophoresis, iDEP) @1915LuULLsn Bannsal IFVaIeuuy i WULWEWANAE
1aNLUTAINAITAAALLNG ITO [1-5], BaANIARINRRANNAENEIAN [6], NaIuAd [7, 8], Tanaw [9-12], TU-
8 [13, 14], wuniuzeswas [15] uazifaiiae uuuausuidlWin conductive PDMS [16-18] uaz tav
nanlugtlaunialulag [19, 201 lwuuuiiaes Fandt gunsnlladwansinsdauuuaucu luglnenfafiagl
IAraafreauanaseaunninnssuanseiliastnane ludesuavlulnsneafauseladianns n3da

WanFauauiugininiledwainslWidauuulddianinis deanvesainsnlladinainglnsd

A % ] 1 2 a . e | <1 1o a A =
auuuauu A a¥1ed1endt Tymduninads (fouling)ijaendn Arnudauseaniena Tivindjnsamiand
wazd1:130 I a1 IN9T93nen (biocompatibility) wazmailallfunllfuanmasuatadssinn @y uen
aaLwazANeUad Bacillus subtilis [19], waa Escherichia coli uginaan B. subtilis Jusin [20], «ia4a B.

age 1 [~3 av aa % 1 a

subtilis uaNaINAYNIATWIA 200 WN [21] atelafiany aannisumauuldEiigadas wudumalulat
WUINAINEANY IDEP FBan1snewmuWn iunisAnEnIsuenayniasasauniinnszuaady (AC
electric field) uaz nanniseenuuuaniaudenluginsolladinanslnsdaliivuizanieazlFFuuss

ladnanslnsdalanngn
12 dnguscasAreansiNe

Anminisaanuuurwinudenlugilniniladiaansiwsdalivunzanieasldfuusdledian
slWsdalnanszualninaduligeiign
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a a % a 3

ArgnaiaLTnaiuden Tnaldldsunsy COMSOL Multiphysics
1.4 FFANHUN994Y

1. aFwunuanaey/lnsva¥gunsnlfiazdnunlullsunsu COMSOL Multiphysics

2. Anmnisnszanadazesauin it nslnasesaesvas uarussladianinssiafignaing
UFInUAeA
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naEHuazuIFaiiediag
2.1 mqwﬁim@mmiwﬁﬂ?ﬁ@ (Dielectrophoresis theory)

ladannsinsda (Adea DEP) d19denisiadauiizaseyniafigninlinifiadonielninluaesinan
Aaldaninareaauin i anag lalwaluwus (dipole moment method) AMKILRALUBIBEP U1
AYNIANTNANAIYTAN a Aa [22]

He { ) uNuAIIUNIsANRAs, £11 AaAnNTuTN lFaaun N W aa9re9an
foxi (7)) =(£7- £0)/(E7+2£ 1) AR complex Clausius-Mossotti (CM) Iag Re[fQV («y)l ABANUIUAT
289 CM T9iF1 -0.5 TN +1. sp uaz £1A8 Awiwidauresangudulfaasauinininaeseyninuay

189187 ANa1sy (Ine e =e-icr/co  AMuUaREITauTaIANTILTNInER 5 war T WA AUIWARTed

ANINTNLENLAZAINAINTD N9, /= 4--T 1uaz ©=17tf) Wesayniaiarmnnfiadaléuinndd

mmumﬁ@q’mm AN Re[fcM (<»)] >Omémm:§mmﬁl,ﬂumn (positive DEP, pDEP) lunnenaunu
= a i %4 Y v 1 P 1 1 [ =

aynaianiniadalddesndnzeanadniiagseus A Re[f M(<y)] <0 aunIAaziuusafitiuay

(negative DEP, nDEP) ayn1Afil#uuse pDEP azipdauillguinuidacinumesauuinings uay
aun AT AU nDEP aziadauil hildusinnmnnuussrasaunaWing

A1289 CM factor annsnilasulnaidendraainfaesaunliinliuunzan Wanauiigs

¥
wnepgnld,

(2a)

Tunanauiuiaudausninfin 1w 0 (DC) e 10 kHz

(2b)

guiuauniaiidauimdnndnlulasimes Anuainisnlunisnili ap Waswlduazdeulderluglaes

N1999071ABY mwmmﬁ:miunﬂiﬁﬂWv’\hmﬂuﬁwmwmﬂ (crpMKk) waz ﬁﬁwmwmﬂ (2Ks/a) pd



o~ (7 42Ks/ (3)

up p.bulk T

e Ks Ae An19uinsliinuuiaeyniaBy 0.2 D9 2.1 n9 [23, 24] uaz crphik HeAufaunTuAuddmiy

aynplszinninaalasu (polystyrene dielectric particles)

2.2 naudniriuaresaaanas (Fluid dynamics)
= i~ | o - , .
nsadeufiaasaaamrad ludasuauszaululnsaauauinaannisalaning (Stokes’equation)

e Re « | Insuanglamail
-Vp +9'Au=0 (5)

Inel p ﬁ’ﬂ ﬂQ’]NﬁMLﬂW’]%LLﬁ\ﬂM“ﬁ@\‘ILLﬁUTzﬁ‘UVLNIﬁﬁ‘,N ﬁ@mwuﬁm LS ﬁﬁfmf;mm{mwm%mwmmm

anunsin hindenduanasns (streamlines) WeALAZINIIIAABUNUIBYNA
2.3 naudnisnszanafazesauin i (Electric field distribution)

aunlinfinszardaluseumnasfieg ludasuauszaululpsingfinssuninannisaidana

(Laplace’s equation) #ail
vV =0 (6)

e e AaANANANgN1lin (V) waz wamesauinlninAe E =A< (V/m)

o

2.4 U1

soandannissnuunasin iiiawmatianainuanaluniseenuuuginenl iDEP uwilslusuiiludiae
nsuaaus iniuuuassuazadun ldsuiulunisinaiuaueynia (particle concentration) Tne
doulvg) it lddiaueauisilqaiudauduhlfinisuanayniawuuassauiauazaiin [25-28] Asaviiuld
Annnd 2,10 Wunisuenayniaaestun A) 5 pm uaz 15 pm dasaudilinszuanselu Modified
H-filter [26] uaz NWA 2.19) WuNsuENaUNIAReaUIA 2 pm waz 3 pm aosaudiinscuanax
521979 DC uaz AC [25] atalsfianu euddnfanuisaundouldainsnfeer uwuuldswamanuhluen
aYNNANINNGT 2 18A [29] Nsuanaunianatzatinuazauataliliinnsfneluglnsal iDEP



WA 2.1 NUBNERNIAABITWIA N) 5 1N uaz 15 pm Aaaauiniinszuansslu Modified H-filter
[26] uaz 2) 2 pm uaz 3 pm FraaunINiINszuANANITHINe DC way AC [25]

TassaFreresginanindundaslddrviuuanaisusaeyninsesainviaauinmae guirass (H)
wazlfFanasneunsuanadsiansasgthiia (H-fiter) [30] wsigUnsnitivinaulimieennialualuaunly
Tns Wudaden HasainAinisunsaeteyn1azuialulasAinin Aaruasiinisiiauelaiss DC-DEP 11
T lunsuanaunia Iaaldaunliiauuunse (OC electric field) luginsnlfiiFandn Modified H-filter us
daifunisuananningestuin Wit [26] NnngntiuninsgIunIseenwuLLfen (design guidelines) £
TdgnAnun
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3.1 Tasaieuarauinaesglninl Modified H-filter §193LUENAUNIANANLTUIA

il 310 uasaislagvaeuazauingesglnand Modified H-filter #ldlunnsuanaynie
natgaun Tuldsunsy COMSOL Multiphysics 13190 main channel (ﬂ’giﬂ\‘i 100 pm) %ﬁ‘uﬁ@ﬂ'ﬂgj
e 5 6 Tneliauiandeaes uden Aa 50 pm UAYAYINAIAD 80 pm UAr TrErUINIEUdINUAeA FE
100 pm gUnsafinIEIaeINIg uazngeanatune nedn A ldldaynaedeuiidngailnaal uas

¥ 4 k7 > A o o v ¥ 1 a
adn Bl duniadnaesi@nniaietsduliauniaainniadi Alualdnisesn uwazeglifuuuanany
\WanuLdn uden aiuuss dielectrophoresis launniign lunisaanuuuauianiseanluimiiuiie
1 v aa 1 1o 2 & = 1l A =
doglinsuanayniaiidawia liwinduuenldhedu e eayniefilugigaazindauiieannisean C awn
NANAZIARAUTIABNNINEEN B UATIUIAENAAAZIAABUTIaNNINBEN E

NINT 319 WAAIUNUANNLITINIENNLUAUNIATI AT LAY (drag forced a¥Wsa. NQEP. AN
W amaieaauiiing. S3n T . uaea. a.enelstinuile. aunAAALW NNNN3LE WA uaL 6. 51us.9. pD.EP-a1.MA.

A = % <
azipdaundilnauaen

il 3.1 n) IasvaFsuazauinaesglnnd Modified H-filter ldlunsuaneyniavanaauin o)
UWHUNINWS NDEP UAY A) WNWNINWS pDEP



3.2 nvuakenlazeuam (Boundary conditions)

&MmFuaNN13 Stokes’ equation Reulazeunlsznavldsdae 1) mnnmduduguainindes
wAL (Non-slip velocities) 2) ANNNIERAE 100 pm/s finnadn A uaz B uay 3) ANNNAULIIENNAT

nNean C way D

@mfuannng Laplace’s equation Weulrvevwndsenevlddae 1) awinlwifAssandunds
dasuaatiugue uaz 2) Muualiiaausredndmiliiuuuady (635 Volt) finnadn A uaz B us

AuualEn19een C way @ luiAanusnadns (0 Volt)
3.3 ngnszanasareguN i way fluid streamlines U3niUAeA

a ¥ v a 1 ISR = o 3
/INATNNN 3.2 @uW‘NVLW‘ﬁ’]L‘HN%IMU?L’]M“H@QLLV’WU LL@xNﬂWNWﬂ@mWM’JHNﬂ]@@U@@ﬂ NRUBN
=2 1 < o1 o = 3 v a = = '
miﬁﬂmwummmwumﬂ’lmmﬂmmummma?%wﬂummﬂ’mﬂ@ﬂuuﬂmm@mmuivmwmnmm
J 3 1 = = ¥ 1 a A =) a = v A
TEUIN UADA |1 A 3.2n Wnnsdasuldasdasndn nw 3.29 waldgpaitainanialagunlasiasae

. . IS DR 2 1% o =2 ] = = XK a A
39 dielectrophoresis NANUALAIAIE ﬁ\‘i‘l_luﬂ’]iﬂﬂtf’]ﬁ‘:iﬂ&VT’NVlLMN’]%V]Q@@\?LﬂM@\W@&ﬂM

Tudaunisdnu fluid streamlines UMINI9AUNINTBIYNIARZIARBUTRNIEY fluid
. A = £ o ' (3 a = g
streamline Tngazipdouiianndieliean Avtlugiisass wazpanuifazeseynaluLFonfivauasien

NINNIIUTIE W]

3.4 NANTENUIDITLZUNNTLUINNUADAADULIALIS DEP

Aanmwii.3,2a. W.uh. Seufesaglnanuaan-o. ansalazaieus.a. diokctrophQtes.is. ha gl
\Thuna @ e samsuensns. (Unwanted. nDEP). @1 %emn 5authim sy maldnanwTuRes widhsegms
Aa.nDEP azwan laymaaanlnaanuaaamniign uaslAimsiiia sz azazaansorinliiuse. unwanted
nDEP-W.£l1l. Waif 111 0. pro. wnliilsiganein. s finszee. sewring. uaan. 4T 2. amynfil..  Me—ch.aDD.eiruthy

design..§uideLi.n.e. Vlﬁﬂﬁtﬂu—mﬁ‘ﬂ@n—tmmgﬂn‘a‘tﬁ..d.i.ele.c.tropho.resj.s.m“ﬁ’ug@ﬁ
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3.5 HANIENULRIANNNINNLARAARTIUIALIY DEP

= 4 [=3 N 14 L4 |4 1 [ (=3 |4
AMNNTNNG,.3. NUM. UARANHNRNMNNINURLKINITM 97291L59.Q EP I .nan.aend .ulﬁﬂ AMNNTATN

(=3 [=3 < a
1a.A. WLANMNAIND 29 8N6N.2ANYANINSTIMS aLinseila s,



=]
Unn 4

asUmanisiteuazdoiduonus

4.1 d7Unan19qae

nuidpdlauaadaniseinunlulsesginaniledaainsiwsfanlglulusindauasdudangi
= =l = = o & v o/
Awdgy (Block) e ldlunisuanayniaruislulasluresmasfigndundausounnusii wazuananig
asnuuUuAaaliaN1sna¥1euss DEP launnfigaaaeasn1sdnasiideiame Ingwansnngeaswnasendng
UAAA WAZAINNNINUBNUABA HATIAAATL L UINTENINLADAAITALNUUNAYINA LU AUDITAININUAN
NN7ANWLLANNTL LU NI NUARARAN AN N1 nans Il HU 22 @nTnALiasanin AL
unwanted DEP lufidmsanudnuiuiisadnis

4.2 TRLAUD LY
a o a E% a a & v a  a & a
NuAde e uIARAfINANTIUN AN TR U ATUIUIEIIAT INTIZTNRUUNYHINNTUNINT KaLAE

pa aynalunsalidumagenaazanelsd uas aresnsresmanavidaauliagnanndadilaniagefivnlinas

=~ = 1 = 1 v a a a
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Lewpiriyawong, N., and Yang, c., Continuous Separation of Multiple Particles by Size
and Type Using Insulator-Induced Dielectrophoresis in a Modified H-filter,
Electrophoresis, 2014. 35: p. 714-720.
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Continuous separation of multiple particles
by negative and positive dielectrophoresis
in a modified H-filter

The article presents a new application ofthe modified H-filterwith insulating rectangular
blocks using negative and positive DEP for separation of e W tiple particles in a continuous
pressure-driven flow. The multiple insulating blocks fabricated along the main channel
induce spatially nonuniform electric fields which exert differential repulsive (negative) or
attractive (positive) DEP forces on particles, depending on the size and the polarizability of
particles relative to their suspending medium. As a result, particles of different sizes and
polarizability can lie separated into different outlets of the H-lilter. Numerical simulations
arealso performed to analyze the effects ofblock gapand width on electric field distribution
and DEP force characteristics near die insulating blocks so as to provide design guidelines
for optimal structural dimensions of the microfluidic device. The device performance is
demonstrated by separating a three-sized particles mixture, including 2 (J.m fluorescent
particles with an attractive DEP force and both 5and 10 Ij.m nonfluoresceut particles with
differential repulsive DEP forces. High separation rate 0f 99% is successfully achieved.
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Continuous separation of multiple particles/Insulator-based dielectrophoresis/

Modified H-filter
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Additional supporting information may lie found in the online version of this
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1 Introduction

The ability to discriminate multiple target cells of different
sizes and typesfrom complex biosamples (e.g. blood) isall im-
portant issue in chemical and biomedical applications. DEP is
apromising separation technique broadly used for differenti-
ating target cells in microfluidics il|. The mechanism of DEP
separation is based on relative electric polarizability between
the cells and their suspending medium in a nonuniform
electric field. Ill other words, under an applied nonuniform
electric field, two types of cells possessing different polariz-
abilities suspended in a liquid medium call lie separated by
positive and negative DEP (pDEP and nDEP).

w1 microfluidic DEP devices, a nonuniform electric field
can be created by applying either AC voltage over metallic
electrodes deposited oil a channel substrate or DC voltage
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DEP: nDEP, negative DEP; pDEP, positive DEP
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across reservoirs connecting a tnicrofluidic insulating chan-
nel with variation in geometric structure. In the literature,
various kinds of DEP electrodes have been reported, includ-
ing planar metallic or indium dIl oxide (1TO) electrodes |2.3|,
3D electrodes (made of gold 14|, copper [5.6], Si [7-9], su-
8 [10.11)), liquid electrodes [12) and recently developed 3D
composite conductive PDMS electrodes [13-15], and metal
alloy microspheres [16.17). On die other hand. DC insulator-
based DEP (DC-iDEP) devices usually involve insulating posts
or blocks embedded in microfluidic channels. Tile presence
ofgeometric variation can cause achange of electrical current
density around insulating posts, giving rise to a nonuniform
electric field for generating a DC-DEP force.

u ¢l ike electrode-based DEP. iDEP offers numerous ad-
vantages such as no need offabricated complex metallic elec-
trodes. less fouling issues, mechanical robustness, chemical
inert, and biocomfXttibiliiyl 18], Hence. DC-iDEPdeviceshave
broadly been employed to separate binary target samples ei-
ther by size or by type such as microparticles of two different
sizes [19-21], live and dead Bacillus subtilis [22). EschcricifM coli
from B. subtilis in water [23). and 8. subtilis from 200 run par-
tides [24] as well asto manipulate proteins [25), In addition to

Colour Online: Seethearticle online to view Figs. M ill colour.
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DC electric field, a DC-oflset AC electric field has actively been
employed to induce DEP force near insulating constrictions
or microstructures for transporting, sorting, separation, and
focusing of binary mixtures of microparticles (26-29). Hie
DEP-based applications are noi limited to the binary particle
separation, and they have been successfully extended to the
separation of more complex' samples such as multiple bane-
rial target cell types using DEP tags [30], However, an exam-
ination of the current literature studies shows that the iDEP
technology for separating multiple particles has not been es-
tablished (31-33). To our best knowledge for separation of
multiple particles in a continuous flow, no study has been
reported to develop an AC insulator-based DEP (AC-iDEP)
device using nDEP and pDEP and guidelines for designing
multiple insulating blocks.

w this work, we introduce a modified 11-filter design
dial incorporates insulating rectangular blocks to generate
AC-DHP forces for continuous separation of multiple par-
ticles by nDEP and pDEP. The commercially available mi-
crofluidic H-fdter developed by University of Washington
offers continuous extraction and separation of analytes on
the basis of analytes mass diffusion as a driving force J34).
However, the Separation functionofthis device suffers low ef-
ficiency and can even fail forlarge-sized panides/cells whose
mass diffusivity is very low. The modification of H-lilter uti-
lizing AC-iDEP allows for introducing a lateral DEP force to
manipulate particles traversally. In addition, using COMSOL
Multiphysics software, we numerically analyze the effects of
block gap and width on dearie field distribution and DEP
force characteristics near insulating blocks such that opti-
mal geometric dimensions of insulating blocks in the mod-
ified H-filter are selected in the device design, Ilhe device is
demonstrated by separating a three-sized particles mixture in
a continuous pressure-driven flow.2

2 Materials and methods
21 DEP theory

DEP is referred to as the motion of a polarized dielectric
particle suspended in a dielectric medium under an applied
uouuniform electric field, and it is based on a physical phe-
nomenon of elertrical polarization effects [35). Based on the
dipole moment method, die time-average DEP force exerting
on a spherical particle of radius a is expressed as [35]

(fW) = 2we,,aJRe[xaAMu v VIE™ j\ (1)

where () denotes the time-average operation, £ is the
medium permittivity, and *;i-.mfji represents the gradi-
ent of the square of the root-mean-square electric field.
/cv(o) = (5?- £0)/(B, * 25_) is the complex Clausius-
Mossotti (CM) with being its real part ranging
from -0.5 to +1. 81 and £0L are the complex permittivity
of the particle and the suspending medium, respeaively.
£=£—it7/X is the complex permittivity, where £ and <
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are, respectively, the electrical permittivity and conductivity,
i =v-1.and()—2ir/ is the radian frequency oftile eiearic
field. When the particle is more polarizable than its suspend-
ing medium, one has ReJ/” (w))] > 0 indicatinga pDEP force
to attract the particle from iow to high eiearic field regions.
Conversely, when the suspending medium is more polariz-
able than the particle, onehas R e [ (W)I < 0.suggesting an
nDEP force to repel the particle from high tolow electric field
regions.

The CM factor can Ire modulated by choosing different
frequencies of an applied electric field. Specifically, at high
frequencies.

Relck X «>>T" W

On tire other hand, at low frequencies (i.e.. from 0 [DC field]
to about 10kHz),

Fora submicron or micron-sized particle, the particle conduc-
tivity GJ, is due to both the particle bulk conductivity (af Mji)
and tile particle surface condtiaivitv (2Ks/a). and is given by

op = Ojdalik + ©)

where Ks is the surface conductance ranging from 02 to
2.1 nS [36,37], and 0?.5uuis nearly zero for polystyrene dielec-
tric particles.

Eq. (1) suggests that tire separation ofthe same type of
particles can be achieved based on particle size because tile
DEP force for a spherical particle is scaled to the cubic power
of particle radius. Furthermore, examination of Eq. (2b) and
Eq! (3) suggests a possible separation of particles based on
different DEP polarities. It is also noted from Eq. (3) that
for a given medium, tile particle conductivity increases with
decreasing particle size. Tints at low frequencies. Eq. (2b)
indicates that through appropriately choosing the conduc-
tivity of suspending medium, one can ensure that smaller
particles experience pDEP and larger particles experience
nDEP.

22 Device design and separation principle

The present microfluidic device is a modified H-tilter with
insulating blocks, and its microstrucmres and dimensions
are schematically illustrated in Fig. 1A. Such a modified H-
filter device was fabricated using PDMS. and the fabrication
follows standard photo- and soft-lithography protocols with
details described elsewhere |27). Tire device consists of the
Wet A to introduce test samples containing a mixture of
particles with three different sizes (termed as small, medium,
and large thereafter) 1the inlet B to iutreduce abuffer solution
for generating hydrodynamic focusing effea, die outlet C
to collea large particles experiencing nDEP. the oudet D to
collea medium particles experiencing nDEP, and the outlet
Eto collea small particles experiencing pDEP. Except for the

www.electrophorests-ioumal.com

19


http://www.electrophorests-ioumal.com

716 N. lewpiriyawong and C. Yang

Inlet B: buffer solution A Outlet c
100 pm 35 pm
100 pm

/
PDMS microstructures Outlet D
Block: 50 pm X 80 pm
Gap: 100 pm

100 pm

Inlet A: samples Outlet E

Electrophoresis 2014. 35. 714-720

POMS Insulating
Block

POMS Insulating
Block

figure 1. (A) Schematic diagram showing the microstructures and dimensions of a modified H-filter with multiple outlet channels for
separation of multiplo particles. iS-CI Force diagram, electric field distribution, fluid flow streamlines near an insulating block comor
where a panicle experiences 3 hydrodynamic drag force and a repulsive nDEP force as shown in (B) or an attractive pDEP force as shown

wiQ.

outlet channel ¢ having 35 wmwidth, other inlet and outlet
channels are 100 pan wide. The choice of smaller channel
width forthe outlet channel c than dial for the outlet channel
D is to prevent tile medium panicles from entering to the
outlet c. All inlet and oudet channels are connected to their
respective reservoirs of 5 mm in diameter. Of a particular
note is the inclusion of five PDMS blocks aligned along one
side ofa 100 pin wide main channel, and each block has so
p-m width and 80 pm height and is separated by a 100 pm
wide gap. As will be discussed in Section 3. the choice of
these insulating block dimensions is based on die numerical
simulation results using COMSOL Multiphysics software.
The device is used for die separation of multiple pani-
cles by utilizing DEP forces that are present nearthe dornerx
of the insulating blocks. For a particle traveling near an in-
sulating block corner, electric field distribution, fluid flow
streamlines, and physical forces exerting Al the particle ex-
periencing nDEP and pDEP are shown in Fig. IB and c.
respectively. Ill die absence of an electric field, the particle
moves following the flow streamline. When an electrical volt-
age is imposed dirough the reservoirs of the inlet and outlet
channels, the presence of insulating blocks causes variations
of electrical current density that induce nonuniform elec-
tric fields, giving rise to DEP forces. A repulsive nDEP force
causes the particle to move away from the comer (Fig. IB),
and an attractive pDEP force draws the particle to move close
to the comer (Fig. 1C). As a result, separation of particles
can be achieved according to different magnitudes and kinds
of die DEP forces. In particular, large particles experiencing
stronger nDEP will move into the oudet channel c. medium
particles experiencing weaker nDEP will move into the oudet
channel D, and small particles experiencing pDEP will move
into the oudet channel E. Based on this separation principle,

<02013 WILEY-VCH Verlag GmbH & Co. KGaA. Weinheim
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it is dear diat increasing the number of insulating blocks can
lead to belter panicle separation.

2.3 Sample preparation and experimental setup

Two micrometer fluorescent polystyrene partides and 5 and
10 pm polystyrene partides (Duke Scientific. USA) sus-
pended ill a 13 pus/cin NaHCOi buffer solution were used in
experiment. To prepare the sample suspension. 0.02 mL of
2 Jj.m fluorescent polystyrene panicles (of 1% solids original
concentration in DI water), 1niLof 3pm polystyrene particles
(107/mLin DI water) and 2 mL of 10 pm polystyrene partides
(10f/mL in DI water) were added ill a microcentriftjge mbe.
The particle mixture was first centrifuged at 13 300 rpm for
3 min and dien transferred into 1 ml. NaHCCb buffer solu-
tion with its conductivity of 13 ps/ern.

Prior to separation experiment, die fabricated PDMS
microchannels were thoroughly flushed with a 13 ps/cm
NaHCOi solution for three times, and then the sample sus-
pension was injected via the inlet channel A. After platinum
electrodes were placed in both inlet and outlet reservoirs, the
NaHCOi buffer solution was withdrawn from outlets to pro-
duce suction effects that induced a pressure-driven flow for a
desired particle velodty. Subsequently, the liquid level at two
reservoirs was balanced so that the symmetric hydrodynamic
focusing was realized at the entrance T junction (Fig. 4A).
The 5 nun reservoirs were experimentally proved to allow for
such steady flow to last for 5 min. AC voltages were produced
from afunction generator (Agilent 33250A) and were ampli-
fied by a customized high AC voltage amplifier (Optrobio,
Singapore). The generated sinusoidal wave monitored by an
oscilloscope (CombiScope® HM 1008. USA).

www.electrophoresis-ioumal.com
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3 Results and discussion
3.1 Numerical simulation results

As shown in Eq. (1). the magnitude of DEP force is propor-
tional tothe gradient of the square of electric field. Numerical
simulations using the finite-element-liased COMSOL Multi-
physics software were performed to obtain the electric field
distribution, flow streamlines as well as the gradient of the
square of electric field (tile last can be used to represent the
magnitude of DEP force). Specially, the effects of block gap
and width on the magnitude of DEP force were examined,
and die resultant optimal geometric dimensions of a block
were adopted in the device design used in experiment.

Indie simulations, the thin electric double layer assump-
tion was used such diat die electric field distribution is gov-
erned by Laplace's equation. Referred to Fig. 1A. two bound-
ary conditions include; (i) a specified AC voltage of 635 V is
applied at bodi inlets A and Bwhile the oudets c. D. and Eare
electrically grounded, and (ii) die electric field components
normal to insulating walls and blocks must vanish. Based
on the low Reynolds number (Re <K 0.1), the flow field is
governed by Stokes’s equation widi the boundary conditions
comprising no-slip velocity on channel walls and blocks, an
inflow velocity of 100 (jLm/s at two inlets, and atmospheric
pressure at three oudets.

3.2 Effect of the block gap

To understand the effect of the block gap on electric field
distribution and DEP force characteristics, simulations were
performed widi a 100 Jjjn wide microchannel consisting of
two adjacent insulating blocks (50 (1= wide x 80 Jj.m high),
widi the block gap varied from 25 Jim (Fig. 2A) to 100 Jim
(Fig. 2B). The simulated electric field distribution shows that
in all cases, electric field intensity is high at the constrictions
between the blocks and the wall with the local electric fifld
maxima at die corners, but the intensity shows significantly
lower at surrounding areas.

When a 25 (J.mwade gap is designed, tile insulating blocks
are located too dosely (Fig. 2A). Tile electric field intensity at
the top portion of the block gap sandwidied by two constric-
tions becomes relatively high due to the surrounding high
field intensities produced by the two constrictions as com-
pared to the case of the 100 Jj.m wide gap (Fig. 2B). This
spatial difference in sudi electric field intensities across the
block gap (along die vertical direction) leads to an unwanted
nDEP force which pushes the particle downwards and re-
duces the wanted nDEP force effects induced at the block
corners as schematically illustrated in Fig. 2A. To support
this simulation interpretation, the y-component nDEP force
is analyzed by computing the y-component gradient of the
square ofthe electric field (V,jEp) dong die x direction from
die center of the first block to that of the second block (as
labeled by a and a' in Fig. 2A). hi Fig. 2C, for the 25 Jim
wide gap. V,i £\~ expectedly reaches its highest values at the
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Figure 2. (A-B) Simulation results of electricfield distribution and
fluid streamlines near two 50 Jim wide insulating blocks spaced
IA) 25 pm and IB) 100 pm apart. The y-component gradient of the
square of electric field representing nDEP force Ifrom the center
of tho first block and that of second block as lubolod by aand a' w1
A) (O for the block gap of 25,50,100,150, and 200 (ini. It IS noted
that the nDEP force arrows in A and B are not drawn in scale.

right corner of the first block and the left comer of the sec-
ond block (as labeled by b and b'), implying dominant nDEP
forces for particle separation. Flowever. die negative value of
vy:E|l~ occurs at the block gap and it can be interpreted as
the downwards [iDEP force which is unfavorable for die sep-
aration. On the odier hand, the negative values of vy!Ej-
gradually and completely disappear for the wider gap of
50 and 100 Jim. respectively. These results suggest that at
100 Jim, the gap becomes as wide as the main channel,
and therefore the electric field has enough spaces to fully
re-distribute after compressed inthecoastnction. Hence, the
electric field intensity at tile block gap is negligible and the
negative value of V,| ¢ Ris not present. It is also found that
ill comparison widi the 100 Jim wide gap. the channel with
25 Jim wide gap creates die substantial negative value of
V,IEI" up to 158% although a slight increase in the maxi-
mum value of Wy F|- of about 2.4% is noted. Furthermore,
as the block gap increases more than the main channel width
(> 100 Jem), no noticeable change of Viyl E|-' can be observed.
Therefore, from the simulation results, it is recommended
that to avoid die unwanted DEP force, the block gap should
be as wide as the main channel.
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figure 3. The y-component gradient of the square of electric field
for three different block widths of 50. 75, and 100 (tm with a fixod
block gapof 100)le

3.3 Effect of the insulating block width

The effect of insulating block width oil the magnitude of
DEP forces is examined by computing the value of V,|Ej2
in the case of three different block widths of 50. 75, and
100 .am while keeping a fixed block gap of 100 p.m. The
simulation results in Fig. 3 show that the smallest (50 IXII
wide) insulating blocks produce the highest value of VylEI2 at
the block comers as compared toother cases. Ill this case, the
electric fields around the smaller blocks vary more rapidly,
thus increasing higher electric field gradients as compared to
those around the larger blocks. Inaddition, it is important to
note that die block width has no effecton die negative value of
VyIE - at the block gap area as long asthe block gap is as wide
as die main channel. Hence. bas«l oil the simulation results
ofthe effects ofblock gap and width, the design guidelines can
be established that the optim.Il gap width should be die same
as the main channel width, and smaller insulating blocks are
recommended to enhance DEP force effects for maximum
lateral deflection of particle motion arid thus higher efficient
particle separation, although subject to the soft lidiography
limitation at about 20 pun.

3.4 Separation of multiple particles by nDEP
and pDEP

According to the design guidelines presented above, the fabri-
cated device consists of five insulating blocks (50 Ij,m wide x
80jun high) which are spaced 100Jim apart in a 100 punwide
microchannel (Fig. 4A). The 50 pull wide blocks were chosen
because fabrication of smaller blocks could be more trouble-
some to maintain a rectangular shape. To demonstrate die
separation of multiple particles by nDEP and pDEP. 2 pull
fluorescent polystyrene panicles and bare (nonfluorescent)
5and 10 pun polystyrene particles were selected. Aldiough

©2013WILEY-VCH Veriag GmbH & Co. KGaA. Weinheim
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these particles are made of polystyrene, diey possess differ-
ent electrical conductivities according to the size-dependent
surface conductivity term in the CM factoras shownill Eq. (2)
and Eq. (3). Therefore, in astiffiriendy dilute buffer solution,
smaller particles could be more conductive dian the suspend-
ing medium and would experience an attractive pDEP force
while the larger particles became less conductive than die
medium and will undergo repulsive nDEP forces.

To achieve such manipulation, a suitable buffer solution
was determined. We first conducted experiments lay observ-
ing DEP motions of all particle sizes near insulating blocks
to decide wiiedier they were attracted to or repelled from
the block comers under an AC voltage of 635V at 5 kHz in
a stagnant buffer solution. The buffer solution conductivi-
ties ranging from 13 to 80 .as/cm were tested. Experimental
results show that a 13 .ws/cm solution provided desirable
DEP conditions such tliat 2 pi.ni fluorescent particles experi-
enced an attractive pDEP force and dius moved to die comers
while 5and 10 p.m particles were repelled from the comers
by repulsive nDEP forces. For dte medium conductivity of
80 Iis/cm. only particle motion under 1IDEP was observed for
all partidesizes.These experimental observations are consis-
tent with the theoretical DEP behaviors predicted by die CM
factor which is based on the surface conductance of 1.3 ns for
microparticles larger than 1 pm in diameter [17]. In particu-
lar. for the 13 ws/cm NaHCOj buffer solution, the calculated
values ofdie CM factor for 2.5, and 10 (J.mparticles as shown
in Eq. (1) together with Eq. (3) are +0.25, -0.07. and -0.25
at 5 kHz. respectively. Moreover. Supporting Information
Fig. 1shows die plot of CM factor versus electric field fre-
quency varied from 1 kHz to 100 MHz. which gives the
crossover frequency of 0.42 MHz for 2 pxni particles where
die other two particle sizes have no crossover frequency (see
Supporting Information).

Figure 4 demonstrates panicle transport, focusing, and
separation of multiple particles by nDEP and pDEP in a
13 .ws/cm N'aHCOp bijffer solution under a continuous
pressure-driven flow. In Fig. 4A, a mixture of multiple parti-
cles introduced from the lower inlet A was hydrodynamically
focused by Ihe flow from the upper inlet B at an entranee T
junction. As aresult, the flowing particles could be confined
near insulating block corners where strong DEP forces are
present. In the absence of any applied AC voltage, all par-
ticles experienced only hydrodynamic drag forces and thus
randomly moved to die lower outlet E and the middle oudet
D as presented in Fig. 4B. By applying a sufficient (or thresh-
old) AC voltage 0f635VACat 5kHz. it was observed diat good
separation of multiple particles was successfully achieved as
shown in Fig. 4C. The equivalent electric field is 635 v/cm
with thechannel length of 1cm. The separation phenomenon
can be explained as followed. According to Eq. (1), since the
magnitude of a DEP force is scaled to the cubic power of
particle radius, die 10 pm particles experienced a more dom-
inant repulsive nDEP force and hence were repelled to the
upper outlet ¢ while the 5pin particles were deflected to the
outlet D with aweaker nDEPforce. Meanwhile. 2 pin fluores-
cent particles were fractionated by a pD EP force into the oudet
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Figure 4. <A> Particle transport and focusing by two-stream
pressure-driven flows atan entrance 1Itinction. iBj The locused
particle stream mthe absence of an applied AC voltage near the
three-outlet exit region. (Q Continuous separation of 2 urn lluo-
rescent particles by an attractive pDEP forco and both 5 and 10
lim particles by a repulsive nDEP force due to their different sizes
under 035 Vac 415kHz in a 13 Lscm NaHCOj bu ffer solution

E. Theexperimentswere repeated threetimes, and each lasted
for 3min. Hie separation efficiency for all particle sizes is of
99% in all experiments (see a movie in Supporting Informa-
tion). Hie particle velocity variesin arangeof200-1000Jim/s
in tne main channel and the constrictions. Hie average ve-
locity of particles traveling through the block area is about
600 pm/s. As the insulating block area is 850 ,um long, the
separation time window is approximately 1.4 5.
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Furthermore, it is known that Joule heating could be an
issue that can cause temperature rise and thus potentially
affect the performance of iDEP-based microfluidic devices.
However, we did not observe any noticeable Joule heating ef-
fects in our experiment. wn our case involving an applied
electric field o: 635 v/cm and a medium conductivity of
13 ps/cm. the loule heating (dsAAuUmME]) can be estimated
to beabout 5MW /m 1 According to Sridliaran et al. [38) who
studied Joule heating effects on electrothermal Sow near the
corners of insulating blocks in a glass/PDMS microchannel,
even with Joule heating of 19 MW (W' at 1 kHz. which is
-3.8 times higher than our case, the local temperature rise
was computed to be less than 5 K. suggesting negligible Joule
heating effects.

4 Concluding remarks

Tiiis work has presented a new application o f the modified
H-filter with optimal insulating PDMS blocks for continu-
ous separation of multiple particles using nDE? and pDEP.
Under an applied voltage 0 f635 Vac at 5 kHz. the device per-
formance is demonstrated by separating a three-sized par-
ticle mixture, including 2 jzrn fluorescent particles with an
attractive DEP force and both 5and 10 4um nonfluorescent
particles with differential repulsive DEP forces Hie reported
separation efficiency of 99% has evidently proved the "device
performance to be promising to deal with multicomponent
biosampies. Tne conducted simulation analyses taking into
consideration o f the effects o finsulating block gap and width
on electric Add distribution and DEP force characteristics
essentially leads to recommended design guidelines for the
optimal geometric dimensions Hilts, these guidelines can
also be considered as the criteria i I! designing other DC -and
AC-iDEP devices using insulating blocks as constrictions for
chemical and biomedical applications.
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