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|l ntegrated Mani pul ati on, Detect i
Bi ofl uids

by

Mary O'" Sullivan

Abstract

The manipul ati on, trapping, detection an
critical i mportance to theelaireasy odnddic
applications in Dbiomedical research. I n
utilising the superior metering, separ at
o f centrifugal mi crofl ui di c efsL atbo otnha c& |
chall enge of handling numerous types of
simultaneousl! y. Further mor e, i ntegrated
i n parallel to the afor ementaitoen etdh emiaccrcoufr|
i nexpensive detecti on, i maging and count
novel centrifugal mi crofluidic approache
of white blood cell s fr ormewhew eodbftl bébaa s tF
research in theiare&dsubptlicenelrl fhgadling
Secondl vy, a series of physical size filt
the capture and det eecst iarne ode skciranbiendet i Fi
assesses thegslbimaberifysofosowaveguidin
LOAD platforms and outlines areas of fut
undertaken in this thesis.



List of Figures Page No:

Figure 1.1: Schematic of centrifugal labn-a-chip platform rotating at an

angul ar velocity vYveéeé. . eeeepéeée.l

Figure 1.2: Schematic of the sedimentation of a particle snded in a

l i qui d medi um, under the actuation of t hi
Figure 1.3: (a)(c): Overflow and siphon based metering structures on

centrifugemi cr of | ui di ¢ pl atformséeéééeééecééée.
Figure 1.4: (1)}(2) Centrifugdly driven valve metering, mixing and

sedimentation unit operations on a feale colorimetric alcohol

concentration assayeeééecéeééeeééecé.

Figure 1.5: (D-(11) Various cell lysis schemes on inertial and centrifugal

mi crofluidic platformsééééeececeeeeéeécéce.
Figure 1.6: (I)-(1ll) Schematic of the operating principle of pinckkxv

particle/Cell SEPAratioN...........ooo i 16
Figure 1.7: (I)-(I) Schematics of the operating principle of coultew
L= 10 1= U1 o o SRR 17

Figure 1.8 (1)-(V) Examples and operating principles of(lll)

dielectrophoretic and (II#VVI) magnetophoretic cell separation schemes....19
Figure 1.9: (1) Photograph of magnetophoretic, centrifugalhiven

LOC deviceéeéeéeéeéeée. . ... ... . . ... ....
Figure 1.10:(l) Schematic of the-®LD microfluidic device, with particles
moving along different displacement paths due to the gravity

L To [UTod=To 1 0 T I T SRR T PP PR 24
Figure 1.11:(1) lllustration of single cell isolation onshaped geometric

Figure 1.12:Schematic of the PDMS stamp fabrication and mawntact

PIINTING PrOCESSES. ...ceiiieeieiiiiiiee e e e e e e e e e e e e ettt e e ee et a s e e e e e aeaeeeaeeeeeeeenesnnaaaas 27
Figure 1.13(a}(c) Various optical detection regimes for biomedical

diagnostics on microfluidic platforms .............ooeviiiiiiiii e, 29
Figure 1.13:(d)(e) Surface plasmon resonance detection regimes for
biomedical diagnostics on microfluidic platforms............ccccceeeeiiiiini, 30
Figure 1.14 (a) Schematic of typical digital in line holography (DIH)
configuration, with coherent light SOUICe..............ccooeeiiiiiiiiiiii, 31
Figure 1.15: (1)-(11) lllustration of lensfree holographic imaging using
inexpensive and compact optical and electronic components........................ 32
Figure 1.16lllustration of the working concept of absorbance based

centrifugal microfluidic platform using total internal reflection techniques..35
Figure 1.17: (a) & (b) Fluorescent based detection of beads and cells on
centrifugally actuated microfluidic platfosm............ccccoeeiiiiiiiiiiiiiii, 36
Figure 1.18: (A) Schematic of the optical path direction of Supercritical

Angle Fluorescence detection prinCiple...........ccooviiiiiiiicciicceeee e, 37
Figure 1.19(A) Schematic of the modified 2D scanning DVD drive

detection platform developed by Ramachandraiah et al................cccccooooeees 39
Figure 1.20A simplified schematic of a typical optofluidic device.............. 40
Figure 1.21ARROW optofluidic configiration.............cccccoeeeevviiiiiineceeennnnnn. 41
Figure 1.22Ray schematic of the focusing of |i
mi crosphereo.



List of Figures Page No:

Figure 1.23(@)Swi t chi ngf li mi o iewtl o fdl ui di ¢ devi ce
Figure 1.24Schematic outlining the general set up of the fluorescent L2

Waveguide lIgNt SOUICE.........uuueiiiie e e e e e e e e e e e e e 44

Figure 1.25:Gener al outline of optical switchéé
Figure 1.26:Gener al outline of an evanescent <co
Figure 1.27:Schematic of the fabrication steps involved in creating an

integrated sol gel optofluidic platform.............cccooiiiiii s a7

Figure 1.28:Intersecting microfluidic channels and planar waveguides......47
Figure 1.29:(a) Schematic of the materials used to fabricate the integrated
optofluidic lab on a chip device. (b) Photograph of the optofluidic chip......48
Figure 1.30The proposed integrated centrifugptofluidic sotgel

platform, with four SENSING areas.........ccceeeeeiiiiiiiiiiiiee e 49
Figure 2.1: Photograph of OAI 206 CE mask aligner...............ccccvvveeeeeeeeen. 50
Figure 2.2: Laurel 4006NPP SPiN COAter...........uuviiiiiiiiieee e 51
Figure 2.3: HOt roll 1aminator............ooooiiiiiiiiiiiieiie e 52
Figure 2.4: (a) Image of PDMS slab fabricated using slitfiography.

(b) Side view of completed PDMS/PMMA diSC.....cccceveeeeiiiiiiiieeiiiiiiiiinnn 53
Figure 2.5: Photograph of gold sputteoater apparatus...............ccccceeennnn. 54
Figure 2.6: Gold sputter coated SBmould.................cccociiiiiiiiiiiiie, 55

Figure 2.7: Optical profilometer image of 10um pillars on the
PDMS stamp for microcana ct pri ntingeée. . . Coe
Figure 2.8 Series of diverging 10:2.5:0.25 hybrid gl WavegU|des ....... 61
Figure 2.9 Schematics of the stepwise fabrication proceséafor

embedded waveguides afil) raised wavegaes............cccccvvveiiiiiiieeeeeeennn, 63

Figure 3.1: Schematic of autocad design used to create PMMA/PSA chips

to test the sedimentation of 10um and 20um beads at 10Hz......................... 65

Figure 3.2: PMMA chip holder and lid (inset) for single PMMA

chip testingééeéeééeecéeéeecéée.....éeeééeééee

Figure 3.3: Schematic ofa) initial PMMA/PSA chip for bead
sedimentation an¢b) lengthened chip, including size filtration structures...66

Figure 3.4: Scheméc of size filtration chips...........cccoooiiiiiiiiiiiiii e 61.

Figure 3.5Schematic outlining the working principle of the centrifugally

driven V-Cup bead capture platform by Burggral.................ccccvvvivininenen. 69
Figure 3.6:1l mages of 20em particles (yell ow) c:
L1 L1 7 PSPPSR 69
Figure 3.7:1 mage of ¢l ogging of 20em particles
ad 10em beads from moving through the chi
Figure 3.8:1 mage of 10em beads (blue) and 5em |
BEM CUPS. . . .« o v ot e e s e 4
Figure3.9(a)-(e)l I l ustration of a time | apsed seq
fl owing over/past 10em filters.

Figure 3.10:Reversed optical profilometer imagespbiotolithographic

OVErexXposure 0N SB fEAIUIES. .......ccuiviii i 73

Figure 3.11 Reversed optical profil ometer 1 mac

and 15egm fil t8e.r....f.e.a.t.u.r..e.s.....i..n....S.U73



List of Figures Page No:

Figure 3.12:Schematic of assortedoup features, with zoomed in view

of the 6em, 10em and..lbem.NM..shapdd cups

Figure 3.13:l mage of 6egm, 10em and 15&em cups (r
occupancy of 5egm (red), 10em (blue) and .
Figure 3.14:(a)Zoomed i n i mage of 6em (right and
10em (left) cups. . . . . . . . . . 0 s e

Figure 3.15:(a)-(e)Ti me | apsed sequence of 20&em bea
and 20em CUP.S..S.l.n.Ql Y 77

Figure 3.16:Schematic of the parabola filter chip, with zoomed in view

of the top filter structure, parabolas and stop features.............ccccevvvvvvviininnnns 78

Figure 3.17:Schemati c of the parabolic funnel r
Figure 3.18:Sequence of images illustrating flo
through all paraboliC filters. ... 80

Figure3.191 mage of 10em beads caught in rows

with 8egm, 7e&em and 6¢em.f.i.l.t.er..g.8ps. .. ... ..
Figure 3.20:Capt ure of 10em beads (blue) and si
A Shake MO 0 e 82

Figure 3.21:Outline of flow inlets and outlets for microfluidic funnel

ratchet device by McFa@t al...............ccooooeiiiiiiiiiccee e, 83

Figure 3.22:(a) lllustration of the PDMS/PMMA WCup chip, with

magnetic actuation for bead redistribution................cccviiiiii 84

Figure 3.23:Conceptual image of 3D magnet holder............ccccvvvviviiininnnnn. 85

Figure 3.24: (a)3D visualisation of magnetically actuated parabolic funnel

ratchet filtration disc an¢b) photographic image of same disc.................... 85

Figure 3.25:Timelapse sequence of 10em particles |
embedded magnet on chip and external magnet off chip..........cccccccvvvvennnnn. 86

Figure 3.26:Ti me | apse i mages of 5em particles
parabolic filter chip under 15Hz centrifaifon.............eeeveevviiiiiiieiiiiis 87

Figure 3.27: SSAMOA filter chip, with zoomed in schematic of size

amplified CTC cell captured in a multiple obstacle architecture trap............ 88

Figure 3.28Schematic of the effect of size ampldton of CTCs with

3em beads, towards the differentiation o
Figure 3.29:Schematic of the centrifugally driven multiple obstacle

architecture (MOA) filter Chip........ooo i 90

Figure 3.30:(a)1 (d)Ti me | apse sequence of decloggi |
(blue) using centrifugally driven shake mode...............coooiiiiiiiiiiiiie, 91

Figure 3.31(a) 1 (f) Examples of delogging and single bead capture. 92
Figure3.32Magnet i ¢ actuation of 10em beads in
Figure 3.33 (a)i (d) Time lapsed images of HI6O cells clogging in the

first set of paraboliC filters. ...........uev e 95

Figure 3.34 (a)i (f) Time lapsed series of images of HI6O cells flowing

through parabolic filter structures and being captured singly using the

Ashake moded procedure. ... 96 0 L L L L L L.
Figure 3.35Image of clogging of MCH and HI60 cells at rldge and fllter

structures of MOA platform..........ccoooriiiiii e 97

Figure 3.36: Image sequence of a multiplexed immunoassay using

COlOUIEd DEAUS. ... e e e e e e e e e eeeeeeees 98



List of Figures Page No:

Figure 3.37:Schematic of proposed centrifuggcrofluidic platform......... 99
Figures3.38(ad): 1 0em, 20em, 30 cepcampridted4d 0e m Ant i
spots on APTES functionalised glass..........ccceeeiiiiiiiiiiiieeeeeciee e 101

Figure 3.39: Fl uor escent i mages of 20em, 30&em an
ant-Epcam spots following a wash Step .....ceeevvvvviiiiiiiiiiiiiiieee, 102

Figure 3.40:DAPI fluorescence microscope image of MZIells on

APTES functionalised and argpcam microcontact printed

0laSS SUDSLIAtES.......cccoe e —————————————— 103
Figure341 (@i (c)FI TC fl uorescent microscopy i mag
30em and 40em anti bodlylysisepot s printed ont

functionalised glass substrate.............cccocoiieie 104....

Figure 3.42Image of MCF7 cells adherent to antibody spots on

POly-I-lysine coated SHAE..........ccooeiiiiii i 105

Figure 3.43: (a)1 (b) DAPI fluorescent microscopy images MTkcells

on polyl-lysine functionalised glass Slides..............uevviiiiiis 105

Figure 3.44:(a) & (b) ] mages of 20em and 30e&em spots u
filter on a fluorescenCce MICIOSCOPE. ......uuuvririiiiiiieieeeeeee e e e 107

Figure 3.45(a)-(I) FITC and DAPI filter fluorescence images of
microcontact printed slides following cell incubation using a variety

Of PrOTOCOIS. ..oviiieiie e 108.....

Figure 3.46DAPI image of MCF7 cells aggregating at the edge of the

0l1aSS SUDSIIALE......uuviiiii et 109

Figure 3.47DAPI fluorescent microscopy image of MGF cel | s on 20e&em
antibody spot microcontact printed slide. .........ccccceeeeeeiiiiiiiiiie 110

Figure 3481 mages of 20em spots recorded wusing
fluorescence microscoge) before (b) and after blocking and washing

5] (<] O TP 110

Figure 3.49 Series of diverging 10:2.5:0.25 hybrid gm@l waveguides

on a buffer layer of 10:2:2.25 solgel materials............ccccceevviiiiinnn. 112

Figure 3.5Q Near field image of 1.55em | ight ¢
rectangular zirconium s@el waveguide.............ccoooiiiiiiiiiiiiiie e 112

Figure 3.51(a) 1 (d) Images of a diverging rectangular waveguide on

A PMMA SUDSIIALE. ... e e e e e e e e e e e e eees 113

Figure 3.52: Side-on image of PMMA edge following machining on

EPIlOg ZING JASEN ... 114

Figure 3.53 Image of PMMA edge following hand smoothing with

a selection of diamond PoliSNES............cooiiiiiiiiiiii e 114

Figure 5.1: Optica | profil ometer height measur emen
SOFQEl WAVEGUIAES. ...t 134

Figure 5.2:0pt i c al profil ometer width measur e me
SOFJEIWAVEGUITES. ..o ittt 134

Figure 5.3:0pt i c al profil ometer i maging of 6¢&gm
sokgel

LTz A< 0 10 o =PRI 135

Figure 5.4: Optical profilometer height and width measurements of

6 em x -BEWAIBGUBAOSL........ceiiiiiin 135

Figure 55:0pt i c al profil ometer iomeage of 6em hi
SOFQEI WAVEQUIAES. ... e 136



List of Tabl es: Page No:

Tabl eSUWB. teature height as measured on a
profil ometer. e e
Tabl d&a®l 2 of contact angle values record
gl ass sslsi dsel,i dae gfluancti onal i sed with ol d A

slide functionalised wi.th . new . ARTMS...........
Tabl eOp5t.ilc:al profilometry data for parabo
Tabl eOp5t.i2c:al profil ometclyedata., . for. mult.
architecture filter structures. ..........



Liset Abbreviati ons

BSA Bovine Serum Al bumin

CCD ChafCpapl ed Device

CD Compact Di sk

CEC Circulating Endothel i al Cell s
CTC Circulating Tumour Cell

DC Direct Current

DLD Deterministic Lateral Di spl acement
DVD Digital Versatile Disk

FI TC Fl uoresceine |Isothiocyanate
FOV Fi eoldi e w

HI V Human | mmunodeficiency Virus
Il g G | mmunogl obulin G

LOAD LabreDi sk

LOC LabrmChi p

LOD Limit of Detection

LUO Laboratory Unit Operations
NA Numerical Aperture

ODD Optical Di sk Dri ve

OTS Octeaxdy |l trichl orosil ane

PBS Phosphate Buffered Silane
PCR Pol ymE@mhaise Reacti on

PDMS Pol ydi methyl sil oxane

RBC Red Bl ood Cel |l

RPM Revolutions Per Minute

WB C White Blood Cel |l



Chapter 1: Background and

1.1 I ntroduction

The capture, mani pul ation and analysis o
di agnostics in recent -§pamand ft-IZjnt the s €
di scovery applications [13,14]. |l espéaoti
|l ow resource environments such as third
devices becoming smaller, cheaper and r
Mi crofl uidics, and more specificaltl ygf ce
bi ofluid and cell handling capabilities
di agnostic tests, typically carried out

| aboratory environment .

This work focuses on choammbdIniimgy ¢ ahpea bfi

centrifugal mi crofluidics and novel opti
i nexpensive and integrated-fpl atfdorfrhereap
bl ood <cell count . Physi cahvest izgatfad tomt
centrifugal microfluidic platform to dif
sizes (section 2.1). As an alternative a
approach, mi cr ocont acgl apsrsi nstliindge so nw afsu ntcet s
towards the integration of this technolo
detection components i-gelt hwavegm ods plert
in parall el to the , akkhwomvecrwarlk -fasecsoweolne |
di agnostic platform. The methodol ogi es,

wi | | be discussed in the chapters that

how to build upon twettwomnkeasdeft aké&ere) ya
in this field. Before the work carried o
di scussed,-1. secwibhs ottRPRine the theory a
centrifugal mi crovidedacbpl atfoemsewndf p-
st @ttehaert devel opments i-masad ha pplaitd atrimsn ¢
a review of the I|iterature on optical de
pl atforms wnllinbeseocnhdent 4k 6, with partic

field of integrated optical detection f ol



1.2 Centrifugal Mi crofl uidics

1.2.1 Background

The field ofasmiwer okinodW dii icstveday n sfi oamoff h
mi cro electro mechanical syst ems, MEMS,
[ 15, 16] . Early research into developing
many of the fabrication and machdnbwngthe
MEMs i ndustry. Mi crofl uidic systems, i n

t he worketof[allMdnz with the devel opment of

Systems (uUTAS) in the early 1990s. Since
a diverse field of technicabtfctand dedguoat
| aboratorlyi ttersyt i hgf,emde research, drug di
[ 18, 19]. Mi crofluidic devices maneklputlaat e
ml  vol umes, i n micron and submicron chan

upon mue hexdertthi se of MEMs technol ogi es,
as core materials for microfluidic platf
microfluidic devices are manufactured i
( PMMA) adnidmeptonlyyl si | oxane (PDMS) due to t|
the ease and speed of fR2&bPp.ication associ
From the inception of this field of
using micr of lould adri ec sdtifiamgn ap@il-&@ £Ja.t i Mn s r d f213
shows great potenti al i n catering for i
chall enges, with a growing need to deliwv
and heart di sease -Ofwandedifagmadstwocrsl dc ou
aforementioned tests being carried out i
waiting times for consultations and rapi
di agnostic devicesimcodéldi weeriangkdaynedpiewns
di agnostics for di seases in resource po
mi crofluidic technologies have made some
a number of commer ciaol c asluloeeae $i7E lpab [t 2&]h,n o
have been hampered by the frequent need
drive the fluid flow within these device
to this probl em, byoruwtei Itios idirgi vteh ea ncde nmha n

mi cron and submicron channel s. Anot her S

2



systems is thecheilp milnaitd ohamdl!| iofg steps.

fluids and biopar tancilpeul,atee.dg.r ecgealridsl,e scsa n

t her mal properties, pH viscosity and sur
control associfatcedal wigtrhavi h$ecftdrotmie2 ,[ 2wWhi
foll ows, outl inestitihtuddaleomiychbefli middicc p

uni que advantages associated wi thhas e i s

applications.

1.2.2 Centrifugal Hydrodynami cs

The theory associated with f1l uidr dfl lowi Gin
pl atforms has been di s€QO$sddtimwi deét diel op

bel ow for compl eteness. As noted in th
concerns the handling and maniipnudg &ltridorm o
m| vol umes, i n mi cr on and submicron ch

mi crofluidics advances this concept thro

i . e. the centrifugal force, thlat asirt wes c
rotationally generated (pseudo) forces,
outlined in Figure 1.1 bel ow.

Figuré&chemati c of-ormemitpi pugtfodmbr ot atyi,ng at
with the velocity vector pointing out of the
the diagram indicates t he ycafnfdden otfe rtoheatd em
force density, the Coriolis force density a
l' iquid plug of | €Ehgthjréectiaod @fi sit dep&odent
whet her the disk is rotating iTrmnet he qali adc lpwius
at vel ocity vV, in a microfluidic channel on

rrandf ar a cc;mplerttedtyedapjlilag.l y[ Madiefi ed from |
The centri,faqgtad dioreect,l yf away from the ¢

3



scaling with the square wf the angul ar r

f,=rrw

(1.1)

Particles of fluids at a distance r fron

densjigxperience the radially directed ce
forces 1. e. ther Eoles force and t hduc€ed
frame of the disk. The Euler force densi
fl ovowel gcirteysul ting in sbwrihegraouaticiosh s o
denoted as foll ows:

dw

fe=rr—

dt @a.2

Finally, the Coriolis force density act s

particles/ fluid and iBpfprntdmrorltiigtuh ak tptl autgeg
Figure 1.1

fC:2f w. 1)3

These three (pseudo) forces can be <con
consequentl vy, bi oparticle actuation and

val vingpl iftttoiwng and mixing without exter

experiments performed in this work are ¢
sedi mentation plays an i mportant rol e ir
cell s wuinfdegalceac¢truati on. The sedi mentat.

fluid medium is represented by the buoyal
F, = Dmrw/ (1.4)

The buoyangrcy @et eermansesd dbiyf ftereence, &em, b
and the l i quid vol ume it di spl aces i n |

direction of tghei bubhanecysfouseSte&kes dr
F, =6p Rn

4

(1.5)



wher e @Qr eapnrdesent the radius of a (spheri
respectivel y. Equilibrium between the bu
speed of sedi mentfadrn oa, g ic\afem ebgewvaaadtaii,a nozeld ,h
direct proportiongtotyhefrattealSt esgesddof
suspending fluid.

A final point of i nterest for partic
platform is the dbbundatg@ahlo®ed s dleo cpkh ais
bet ween tfhree ep asrutpiecrlneat ant and the concent
Figur2 bel ow.

suspension

r=0
Figur&chethati c of the sedimentation of a pai
the actuation of[t2hddh ec elnitgruiifdu gpall u of oirsc ec orft ai
height h and outer agandnméare maedipalr tlodu ted airsi
by the buoyancywhciocrhr eicst edle tfeorrmienefd by t he ma
the mass of the particle and the fluid it di
The radial speed of this shock interface
g [@30], modi fi ed hceolnoswwstttod nkitelreg friort Bautli aen |
— quid
n =—nrg- —=Q (1.6)
f &/ parice=
particle =
wher e
f @p Rn (1.7)
denotescatthedsdriction coefficient [ 30] ,
acting in the opposing direction to the
angdiqgaingbarthi @Rresent the | i quid and partic

5



should note that the above equation for
known as the drift velocity of the part
l aminar flow conditions, and neglects mu

compare the sedimentation rates between

sedi ment ati gn ccame fbfei awiseerdt;, s

s = mp a rliquid8

p ) 0 (1. 8)

610 R(; rparticle+

wherpyd smt he mass of the particle. Di ffer
particles of different sizes i1s wutilised
3.1, in order to optimise the performanc
pl atfor m. The use of sedi ment atoiftohaer &8s w
approaches for <cell handling and capture

sectidns,1 which foll ow.

1.3 Metering, Purification and Separation of CH# Suspensions on

Centrifugal Microfluidic Platforms

Centrifugal mi crofluidics offers a multi
and purification of whole blood sampl es,

techniques preed®gsnaray vtaor i ety of bi ol ogic

detection operations typically begin wit
more of the foll owing:
1. Cell free liquid fraction e.g. plasma

2. The removian toleicreldmstirety from their

of RBCs from whole blood or, mor e Cc O mi
3. The retrieval of a particular cell p o
white blood cells from whole bl ood.

A number of c¢compwidhe rpsairid crud vairewse,l evance

recentodt baeratt e bi omedi cal and cel l based
mi crofluidics have k¢ ¢ @23 ]unaredtt @dBedali .l yT hB |
thesis wildl brikél gommonemesbmds obf met e
suspensions wusing centrifugal mi crofl uid

6



|l ook at recent advances in cell and bi op:

1.3.1 Sampl e MetBeroipnagr,t iVealleviSegd ianmednt at i on

For a comphHetnesilwers acnepniter i f ugal mi crofl ui
undertaken to derive a precise vobamedof
assays, pl as ma i s usual ly extracted froc
sedi mentati on, as discussed in the sectic
approaches.

Metering on a centrifugal microfl ui di
use of an overfl ow channetl [&8l8F cdeannbrnisfturga
platform for plasma extraction. Under ce

used to extract the predetermined bl ood

shock interface moving radialilnyedouitrwas ec
1.2. 2. The pl asma, measured to contain
coll ection chamber, to the right of Figu

by Stet gl@Ritgure 1.3 (b)dXxtagodiantofrom ma [ Bb
s

overfl ow channel i used to meter t he se

cellul ar component of the Dblood through
The extraction channel pri mes ff dalhleo wcienlgl
pell et from the plasma and the centrifug
coll ection chamber, proavi océdtheatdoiwwhet ne
and the |iquid |evel iIin the separation cl



(a) (b)

extraction sample inlet
channel  (whole blood) air vent

center of = | |
rotation 3
e L
overtiow
shock i A
interface P pure F,
plasma
overflow X cellular
channel hydrophobic pellet
stop
metering drain decant { waste
s v At e -k separation chambe
chamber channel chamber .Sh()(.k‘ separation cham chhambcr
interface
( C ) disruption of
liquid plug by
air bubble
F, metered he: X
whole
blood cellular
sample pellet |
V=50 Hz v=0 Hz p"\ll v=100Hz | | O
1. Filling & 2. Capillary priming 3. Aspiration of —
pre-metering of extraction channel air bubbles
er after sedimentation is .
finished purified
plasma
Figure-(xt@P8@e(falow and siphon based-mmetrefi nugd:
pl atfor ms. (a) Bl ood in excess of the wvolu
stop flows into the overflow channel and th
bhood in the metememgr ethalmbeui d Ths st prettl ed
channel under centrifugation, ensuring that
in the decant c¢hambaayla.i i ZA0g eo(vke)r f | Dtwe icdhearntn e |
vol ume, with a siphon structur e, separati ng
sedi mentation by the sequenti al centrifugat:i

Sedi mentation has gained widespread wuse

( RBCs) from purified plasma as il 1l ustra
researeh [Bi]LetZh&@&nh] andt Ga@8Bi]lnoamongst ot
samplod umes of up to 2ml of bl oeotd, ahivaivteh b

purified plasma achieved within 2.5 minu:
centrifugation on microfluidic platfor ms
pl atmsa elLecarleeat edi &am Opbhofluidic microsen
screening or I|light filters in integrated
sedi mentation of silica and monodi sper s
[ 40 G@o rcdeatr wleelv.el oped a cytometry device
through the udeivénceatdrméngadt gali |] 4spd

8



centrifugal force to create packed sili
dei ces for appectabiponessmbhgc and l i qui d
chromatography [42].

Val ving presents another alternative to
l i quid volumes and carrying outpogsenteiroanli t
of sacrificial valves to control reatgent
al[.43], who wutilised paraffin wax valves
extraction epl [aatld.or mmpPav é&d uplonby hemkaddddi
i ron oxide nanoparticles to reduce the ¢
needed to open the edalcald.]f i ciiali vyad vieydrSa
burst valves to meter 4dismmam@ibemnoifpe avhot em
al cohol concentration in bl ood. By modi f
channel cross section, as illustrated in
at differing centrifugalthepsamppeedsadwer
a detection chamber. The sample was then
and speed of rotation i .e. Ashake modeo
final spin speed of 30Hmt a&brodMO0Ooketctbadsei
the bottom of the assay, eliminating thei



(1

filling cut off capillary burst
v=0Hz v=10 Hz v=35Hz

metering
=

read-out under rotation

(1

Figure (12C& ni{d)fougabhy val ve metering, mi xi n
operations men colrmealmetric al cohol concentr a
of the patient Dblood sampl e, the capillary
10Hz rtshte cfaipi | |l ary valve breaks and excess s
35Hz the metered sample is driven into the
val ve breaks. (I'r) This process ficr ftoheé oaveadr
colorimeuti ofreddohol concentration by optic
As valving is a key wunit operation on cé¢
reagent storage, and reagent and sasnpl e
have been developed. The reader is dire

di scussion of-5B8Bhesénstbdmag|[ 4dut not [
[ 468], seri al siphon valving[49] ‘52tapnidl
t he afor pmeaMafixonwvead ving [ 43, 44, 53] .

1.3.2 Celll Lysis

Cel | |l ysis is another blood preparation
sampl es, as wel |l as DNA, RNA, @tr chéakvien a
recenehyewed emer ging l ysi s techniques
mi crofluidic platforms i mtcldamaomat inbenc,hamh
|l aser lysis, as well with other novel ap
the degree to which the cell membr ane of
before | ysis wildl occuri.n Ftome exasng | ef RER

through the addition of a |ysing agent a
10



et [a&l5.] . I n thes uakdmpleed Lissthzake modeo ce
RBC | ysis ¢tfiomda;alfmosnto@®gett 0 @QtOser Hbi omol

E. Col i and S. Cerevisiae bacteria requi:H
t her mal treat ment [ 56] , el ectrical Il ysi
[ 58, 59]. As t bée adtds iodgtehseortsyt nat e, centrif
i's particularly wel tailored for <cell I
mode mi xing capabilities it offers. DNA

effectively on a nunbnerr-mbfogonfilcuiodil is dipt

outlined in a redclefl@.] .r eVh e wurbiyguwa nmi xi ng
with the ability to carry out multiple a
time and i mproves ddamplhosmogeneée ngaotf o H the

[ 61] ancet Alr@x]i ain their RNA analysis anc
respectively. etnraldemntli ynvalSieagredta cent
for nucl eic acidalexsampteosi p88hoggbeonc
have also been coupled with external ma
mechani cal l ysi s, as il | astedddtjed Fiimgutrkee 1
il lustrates a naodnhaerrt oifnerrddendt antdatceent r

schemes, with a brief di scussion of t hei |

11



( I ) ( I ) Direction of cell movement

GND

Sample
reservoir

+
Receiving
reservoir

L
(Lysis section)

2 ot I -
T,

mixing chamber ‘spinning direction

(111)
simulated bead B

ermanent magnets v il
A P € trajectory @ v=6Hz

(fixed in lab-frame)

inlet 1

|21

90mT

60mT

| 30mT

orbit of mixing

bead trajectory

chamber

Figure -(1I.1Ma) i(dus cel l |l ysi s schemes on i ne
pl atfor met uali)l ilstmtad ébamichi ng on a COC di sc,
bl ood cells in 20 seconds through the combi
[ 55]I.]1) eWaumsgleed a DC curr-éab009fcmh00DO06VI gmme GFP
Col i cells [57] Cells were inserted into t
reservoir, which is exposed to &aabD@etedckchai
section of the microfluidic device. (111) 11
embedded magnet s d eevte | [abbde]d. Db(yA) GrTuhnea n@mb e d d e
orientated within and outside the mean c¢hamt
the magnetic beads on the chip experience mo
This is dueon ooft hteheordne nahaitg magnets, which
centrifugal force acting radially outwards.
1. e3 !l Volume Fraction Measurement

A final bl ood sample preparation step of

fractirmmaangerofa bi omedetcpdbl5.hspagduc &®&d gg ek |
vol ume t hrough capillary pri ming and o]
Subsequent centrifugations | ead to the s

t he haelmavteolcrbei ng measured from the top

chamber. A further extension to the abov
where a density gradient materi al such a
to selpamrds eof cell s according to their d

by SehafafWwho skepaeabadds ofOnmiObGramarién cl e
12



size) by |l ayering the mixture on top of
driven chamber [ 66]. Under centrifugatio
of microparticles are separated. This de

experiment demonstrating the separation

from culture, through the | ayering of th
solution. Agai n, the disc was spun at

mircoscopy was wused to image and quantify
density medi a. This density gradient t e
whol e blood samples as wel l as stem cel |l
by i ®maeo [86]7., 68] . Il n et hdeefmowmosrtk a$kRi drhe s
human cells from fibrobl ast stihelwes sypteinlsii
this method towards the retrieval of cir
seapg ation rates of 99% and 86 %7 dad&BPiSng
cells wused to model CTCs off chip [70]

EpCAM/ TROP1 antibody conjugated microbee
bet ween the scamcder!| ecuekocyt es i n whole b
approach onto a centrifugaét pah} foom]da:

another alternative to existing CTC retr,]

1.4 Cel | Separation, Ha€@Init mg f uagn

Mi crofluidic Pl atfor ms

Foll owi ng on from the mor e gener al bl o
approaches outlined in section 1.3, t hi
handling and capture of ¢tasl | | mopmultaytpii ocnas

scenari o these functions would be carrie

utilises fluorescence detecti on, i mpeda
deter mi ne cel | count s of I ndmai daoaal owe
mor phol ogy and composition of the cell s.
fluids is used to separate and direct ce
While flow cytometry has gainednwindersmpe rel
due to its atclcruowglrepuatndcehlilghquanti fi cat.
bul ky and expensive technology, whi ch r ¢
sheath |l iquids. Il n addition, of thishahd

13



aforementioned points, i's not suitable f
and more recently, centrifugal microfl ui

and easy to use alternatioce atedtiwet bonet

and i maging. The following section wil/
mi ni aturised flow cytometry platfor ms, a
approaches to celll handl i ngf laonwd firnavcetsitoil

courtleorw el utri adtiiedre,ctcepthioir ersagneand hoe re

As these approaches have already been co

both inertial [ 71, 72]-34anditcleing sddmugwal | Ip
However, a more focused discussion of gr
cel | capture using geometric traps wil!/@
to the work in this thesis.

1.4.1 Mini ayuroinsegd yFIl ow

The transition of flow cytometry from be

gathered increased momentum in recent ye
l'itera?7ble A73ange of cel | sortings sch
I mp e dmansced [ 76dt, ophoagsfilsyorr7els;&k]n c e [ arn8d

di el ectroe8p3hjloreasesd 82yt omet regt udtin.l adeidt isg
mi crochannels to combine Dean forces wi
removi ngsitthy mfecassheath fluid typically
The chall eamgeoughphiglscreening has al so L
t he wor ketofianHurmheir sheat hl ess cel l pos

i nterrogafti om tratEeSwitlH itome ceddrsopri at e i

[ 85]. As the reader wild/| see in section
and cemircirbbdgai di c pl atfor ms, a number
mi cr of | umidniicast uanncsed opti cal detection co
photodi odes with <cell phones to create
cytometry devices. Thi s wor Kk i s-ofaar e he
di agnosti-<e®sotmnovd pwnment s, wi t h-oft ® mene r ¢

microfluidic platforms being discussed f

14



1. 4. 2Ba&deodv Cel | Sorting and Handling Sche

I n addition to flow cytometry approaches

fldwsed methods have been adapted to cer

fractionat i-folno wa nedl uctoruinatteiron . Pinchedetll ov
on inertial mi crofluidic platf e88ns ubsyi na
external pumpi ng mechani sms t o dri ve t
microfluidic wal.l to achieve a fApinchin

varyigngeede depending on the size and t he
resistances in the outl et channel s dete
Yamadt sadparleébmmecB8Gme pol ystyrene beads un
condi ti othisr eadh dt cempseparate bead typets in
altested t wo di fferent pinched flow fr
microfluidics with syringe pumping to S
separati on é&4d faindi e8rbc%y roefs pe®G i vely [ 89].
of thefpobwchedhni que has bedn ailwnglhe nseenptaer
of3en aman pol ystyr enbem bseialdisc aanhdeads i n
demonstrating a inomreschdmei ®@ner stelparaxt e
alternative.

Anot her dmaweld fcledw and bioparticle se
couftleorw el utriation or CCE. This etealHni

demonstratingfamebadacelchas qiu®Bdalsi mp be@yatrad

monocytes [91]. Motr delv.ecepétiya Banhtiakbvipr
vein, sepa&matichgegdpBBadbpopul ati ons from Ch
However, as with conventional flow cy
compl ex and expensi ve t o acquire. Cent
i nexpensive and simplified alternative,
chamber oo mhi tehde compact rotor scheme d
pl atfor ms. During elutriation, a cone sh
t he bal ance of the centrifugal force,
counterflowxdragdfomcparticles. These f o
the rotation speed and, consequently, th
separation of cells and bioparticles ba

residimgrrowehepart of the elutriation ¢

with smaller/l ess dense particles residi
15



examples of céehowi eugaéafFriabupnner vt athbot h
sepadapol ymeric part tbaulnme saswiwteh | diassmeRBeQss
a PDMS platform [93].

Figures 1.6 and 1.7 describe the func

pi nefhleodw fracti onation and el uitewaby oRami

et al for further di scussion of continu
techni q! . 4 Smaller size
7 ﬁ ! Lower density
/ .
Curved channel ;,/ ! / 0’ » Larger size
\ Z PO / higher density
Sedimentation for} ) /
(1) W e @
Inlet 1 \-» £
Particle suspension‘¢.° MLl T 3| © o
& - size
net2 < /77
Fluid without panicles, Pinched segment
@) 2, | i) e
A ! @
g 8 1 :
! Pinched e o

i segment

' :
g ' :
. ] o .

8 i 06 P ‘ :
Sedimeritation force E ?&é E:e'd@ '

2 Vo :

. . .

. . 13

D

-

Silica 5 ym ) F"olystyrene -5;101 Polystyrene 3 um
100 um ~ 100 urh 100 pm
g 100. 759 rpm . 1500 rpm _ 3000 rpm
= I , !
(||§800P83pm " W
S 60} : 1
@ « PS5um .
@ ;g‘. SL5pum . | "
2 ! ! ; . n
3 0 . i 2 : 3 1 ! 2
123456789101112 4567 8 9101112 4 56 7 8 9101112

Outlet No. Outlet No. Outlet No.

Figur(el()Ll ) Schematic of thd |l omwermpatritng | er/icred
with an example of a cetn{®0fjugdll )plZavimedmi ny
(b) are of sections | abelled (a) and (b) in
of the <ch

ip in the pinched segment . When t&h
outwards dirmrtcritiifongglbyf drhee ckue to the disc
curved mi crochannel , t he | arger particles
separation of particles according to3.d@asity
ansl.@Mepol ystyrmasi laincda particles following r ¢
rotational | yf | drwi vdeenv i ientchiy@ldMo)r iRegul t s of tr
polystyrene (PS) and silica (rSepr esaeantiicng st |
including error bars indicating the standard
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Separation chamber Outlet reservoir

(a)Step 1 Fraction 1

i i /| Particle focusing  Fy litti
(a) Particle loading P by tho St fos low spli |n°g
& % 2

B o k|
i i L00" e
Low density fluid o 5 0ece Qoo H‘: €°
\ s~ Separation é h 4
g

Inlet Sy chamber 3 pl
[0 ere0|-arien o 5
9 e 9
poioly 1 /i o Fraction 2
'y Ot )
Outlet Centrifugal alignment ¢ 9
(b) Particle retention (c) Stepwise recovery of particles
Low density fluid High density fluid Fractiorl 4
Y &
Q % & (O] %
¥ . 5
T = O - = o (d)step 6“'\\\ Fraction 6
Fluid drag force <«— —» Centrifugal force Fluid drag force <— —> Centrifugal force = L
( | ) ( I (e)S!epY
Figurédll.ld: Schematics of t heflopare redtuitnrg apriiomc iapnlde
centrifugal i mpl ement atietn [8IB8.]t hi($) (arhPaquecbegs
density in a | ow densityibhtgondchambémwmadsdngnt b
Particles are separated by size when the <centri
equil ibrium, with the smallest particles e»witing
flowed into the device to elute the(eg)mBiondees oe

mi crographs of separation and wo wetllugtr i ah &ad mme rdse v i
Mor iejti (ral)b ) l nput ofofpéafn,tOc3n.l @n &m Xptdlryest yr ene parti
densijty=gl@mi quid. (c) Sel enctparet iedluets iwastiimog a fhi?

} = gl.dmd)e) Selectivemeparntriialte o nubifggi &, di.@®M den
5Scale bar = 1mm, with chambers and outlets outli
1.4.3 Dielectrophoretic Cell Separation

The -bheswd cell separation techniqgues out
di fferences betweehytbé bibwppamnhdcldes and
and separation operations. Dielectrophor
bet ween the inherent characteristics of

whi ch | sbyafcfeddt esd ze and morphol ogy, to

typeset treeficiemt |l y reviewed theisappbi matroh
pl atf&®mimber biologi cal organi sms asalcsho as
separ atlids utse[cbigon]it qusei,ng a concentric cel/l

et [®®F more relevance to this thesis how
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on centrifugal pl atfor ms, whi cmumher bete
research -9PrlaupFsor[ e7x ampl e, the centrifug:
Duaet edelmonstrated the separ at i-winabdfe vyieaa

cell s. [ 97] . FOnu aaedtdesailc.oas s Malr it ¥ ema mpiap uli
through the use of an array of novel 3D
chip, I nsed4+i &@ phtaofar @Df or centri feugat: i

alused a centrifugal diel eberowp@®mIr®itdcd sc
15 polystyrene beads as well as U937 ce
1.8y [99].

1.4.4 Magnetophoretic Cell Separation

Centrifugally driven magnet ophoresi s i s
separation -onfat hiopd &ppl il@adti ons. 't diffe
i n that it i's not | abel free, with cell

conjugated magnetic beads to enalalse bazehi
empl oyed by a | arge numb@eb] oandroeptr iofnu
pl atfoflML]|[,10G®r positive and negative se
di scussion of al/l of the afor e¢merst iwom&«d
a few notable exampl es of magnetic SOor
systems wil |l be discussed and outlined i

Pl owftf @elv.i sed a pump driven magnetoph
witlheaedled copper wires on either side of
a magnetic fie(l\M))F[ilg@3IleellMBF (éNVJdot heli a
and hemat opoi etic stem c eclolnsj ugvaetred cma
mi cropaenabl esstepamatginen ifcrcamlnen Cel | S
of 85% and >96% were recorded respectiyv
separation approacht wd.4dev dwlacspead omy t Htee
char actfertihset iccesl los t hemsel ves and a repul
an external magnet , ni ckel mi crostructur
mi crostructure enables the concentratiorl
magnet ,stgrreenagtitlhyeni ng t he magnetic field e
medi um. Figure 1.8 (V) illustrates the ¢
devi c8e,m wh@bh pol ystyrene beads successful

937 TterdMsRBCs with >90% purity.
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slereo microscope

Y rotation irequency
-~ 4
disk playar « triggrer signed

tigger signal

slrabosconlc flash

(1)

Current-carrying wire

Non-Target Cells
Target Cells

Figure- (VY
magnetop
icroflu
separ atd9dmMm

Magnetic b

Permanent magnet

Microchannel

- iy 5
Q o (@) y I_’ Particle flow /\Q' . == Magnetic force
—w(if3 O M 1 Magnetic field
X W) s, ‘Q‘ e & uos7 el
x=w(2/3) — Focusing flow e FlOw direction . Red blood cell
- . TR
-
.
o o ®

Ay,

m Target Cell O Non-Target Cell

(V)

Bx8anipdl)es and oper(altli)ngdipeali enccti rppdv/pehso roeft
horetic céel) Sepeamationasdhpmesograp

i dic channel and-upl Iby cBeerttrteidfhuegtaHe
odl s from whole blood [99] (1)

mi desefect D& di el ectrophoresis | cated
driven magnetophoretic sepeatrq’tallloalj pI( &ty
ead coated target cells arehdefl ec
rection | aminairr édtoiworstmaegmmgtaiedi xi @ladt i No e
l aminar flow stream, while magnetically

Di fferentiation of R&8rCsalfrmang rUOt3,7 Niel misc

paramagnetic suspension medi um. As il 1l ustr ai

um to a paramagnetic salt suspension gr
s, resul tiomg oif93dhreedt s separ KBCs [ 105]
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Centrifugal systems have also wutilised n
separation opegtatdtaloabopwnghaKdebyce towa
cells from whenheangnoBa@nptioiD6] beddE®m, nn@as we
magnetic beads were separated (Wildh, 1Ww0 %h
approach already being applied to other
cel | removal from whodlel bd eopoadr g tli0o8n .s cAh es|
by Sietg(fale.t] for the -7s ecpearlast iforno no fHeMGF c
(1rrtaenpv)). By taggiarggetthec eMQs cwii omail meedc
beads, over 90% separheet | MOF aenfdf i ldeé lean c ¢ e Ik
achieved.
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2N NIs
A&

@« = Magnetic Immuno Particle
@ =Uncaptured Cell (HeLa)
@ = Captured Cancer Cell (MCF-7)

gur e PhoY:og(lajph of magnedroipvheormr et OC ,d ewind g i d
réty [all0.6] , with enjbedadicke de mhaegindeetds .magnet s s
netic particles to varyingmdaogdae éfhgndkdpe!
clems nmmdne@0Dic particles separated to 1
n stopped  Aflehowa groetdiid i parst i cl es are def
mal | si ze, and ther2Bmormagaledwc s @air mé
ed (iBn)t wh ichha&agmbeetni ¢ particles sedi ment

hot her centrifugally driven magnetopl
n.t Bal0.epedevel oped a disposable platf
a’ft ecdke IMGF from HelLa cells to over 90% e

Oﬁ;r—rm
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Fur ledan[i.l 09] &nd a@ilj]s conducted recent rev

magnet ophoaormchisp twl dtafbor ms f or di agnostic

directed to this work and the | iteratur
applications cofs cnmaegmeest.ophor et i
1.4.5 Alternative Cell Separation Techni c

I n addi tion to the aforementioned cel |
approaches such alsld4gc o ucsetlolp heomreasp sy lldtli o
force mani-pal]ableaewnme¢ 1 h¥esti gated for cell

and handling. eA [rdd2.l ]Je wd ebtya iTlssutrsauaent dev
noinnertial forces for cell separation anc
di scussedonfrlom.slecttoi t his one. Readers s

organi sms have been separat-24]on imicdruaf
El egans[ 122, 123] and Drosophila embryos]|.

1.5 I ndividual Bi oparti cl ePlaantdf dcCrerhd

Whil e the quantification and separation
number of bi omedi cal applications, t he
mul ticellular organisms enabl es aedr ea
from a clinical sampl e. For exampl e, t he

di sease diagnosis (discussetdi martdact ii on

to various stimul. such as druge oel los ha
captured individually. For such anal ysi s
in individual mechanical traps.

1.5.1 Gravity based Traps for Cell and Bi

The simplicity of eglrlasvianyd bhbaiscepda rctaipctluerse

number of groups to great effect i n micr
[1228] . A gravity based separation tect
Devewredrabtilising gravity drivenDIDR) etrani
separate 10um silica particles from 4. 32
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of
Di
re
pu
vV a
en
1.
de
mi
tr
fr
w a
mu
de
ce
br
Fi

em,5 e 0 dm 3@ndm 1Di | i ca particl es [ 125]
spl acreanteindnsf uon the principle that par"

main within the stream if they have a
shed |l aterally by the posts in the pla
tye of forcing (tilting) aén g mi@ervowe e e t ¢
courage particle separatAsnputbimédush
6. 2 on optical detection appto@dhes f
ved opecentri fugal platform which traps
crofluidic channel [ 126] . Thi s assay

eat ment with paraformal dehyde and to f

om EKZ®3 Hcell s as a result of UV il lun
s obtained for a sample sizetofasl®I0ODt ek
|l tiple and singl erpackangcahids bwianhbkhn
signgo]l®PWjng rotation at 4500 rpm f o
lls were found to be alive wusing -a flu
anching microchannel designs and resu

gure 1.10.
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Double sided

Glass cover slip
adhesive tape

Region with
no obstacles

SU8 posts or
obstacles  Silica particles

suspended in 1 mM
KOH solution

Standard
Microscope
glass slide

Inverted

objective lens 16 degree tilt of

microscope for
gravitational drive

Main

channel
-

200 um

(I cheémati eDL®Of mike ofl ui dic devi ce, wi t
ent displacement paths(ldl)éusodortabheogratv
. YEOng,15ne aBhOne beads, showing differenti
|l es at a ¢j veint i ogrcawnigt mnigh et kéd H&ri zo
r ¢ wiSkihresnmattiha amfc hread and branched net wo
mi crochambers on the centrifugadt mdl27pf | Godi
nomr anched network, which consisted of 24 mi
wer e obseraledveoarbd 7% were found to be dea
30seconds, in good agreement with the origil
of 12 microchannel s, with hVveep bmédgeceaFl oal
mi croscopy i-maagaershed mi mmromchamber, with [|ivi
dead cells (h®Bbtaoendi mageedFl uorescence micr
mi crochamber wi t h a single l i viumegd|j drok dtov
i

centrifugation at 4500 rpm for 30 s.

1.5.2 Arrays of Geometric Traps for Cell

The use of geometric traps for <celll and
we-t il ored for centrifugal microfluidic
addi ti on, as the reader wil/l seeelilns sleecn o
itself toward optical detection and 1| ma

di agnost-Cep.gdbmedric trap techradlBdR2dy fwtri
2 4



mul ti pl éoxasce dbehaali edeli mMmmunoassays wa®nowoif g
theshlaped trapping strucdtuf @B3Ilevehopedel
pumped microfluidic pl atdtouvardi (iseed Fggome |
on a pumipased fmioeowr of l ui dic ppaufecméneyu!
HelLa, an@3TJur kat edeiahipr ovBaud gepon the abo
optimising and integrati-hgowhctcenttreicthingd]l
altering shape of the cups and t hlee aamdan
cel | captur e. Figure 1.11 illustrateal th
[ 133] and the centrifugaéet y[aldXd3 Z]e.n FRdrtte
di scussion of the relevance ofbea haar pil ad

i n section 3.1 of Chapter 3.
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Figurellhhllastrati on of sihmaplead agelolmeit s olca tpil ar

by Die&Hnrl38] The 40um high PDMS structures i
and glas$esabkingta quantity of the fluid

pressure driven flow. -sOapedatcabl!| da&diamg stue
decrease in the streamlindsPhaveeednhgasthr o
array of capt(urdPdds=ei cplnd raslitl sni crograph i ma
of 10um, 15um, 30um and téhCGummuimb elmeiodghtc.el Ass
geometric trap incr-ealslescapt bhr si mer, e wiiikelsyn
This scaling effect &t daEI8s20 ,o0 bsnertvheedi b yalBRue
fl ow and c eretnr ipfluag af (ollr yml B (FHjiXoMBreeads ar e captur
shifLeg ¥rrays by sedi mentation due to the
wi t h al most 100% captmorde f ied dli2]@®ir elmciyg oplseetr
demondt b-haded -Bmadedemul ti pl exed i mmunoassays
of the singl(d RPaMI| pdaptmar ecedfl s (red)7 icreld sl
(red, and bl ue for mu(lMHiedlae xceed | &si s{cf reidnli, naaat di d
green for multiplexed discrimination).
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1.5.3 Microcontact Printing for Cell Capt

A final cel l capture and counting techni
i's microcont alc3dt7] pr iTrhtei ntgy p[i IcZa4 process f
outlined in Figure 1.12. A functipomnalise
with a protein e.g. an antibody by a pho
stamp is Ainkedodo with the binding protei
functionalised surface. Thi s enaoblae ss ucrefle
and be detected wusing typical optical de
Mi crocontact printing will be further di:
A /!' o B .ﬁ e o o » .’/ Protein

4 T - *® ® X

o (= @

prepolymer Elastomeric stamp

o [ WO 5 W 5 W F
Siliconmaster =~~~ - |

* Cure polymer
: monolayer
Print ‘ of protein

LRI | Substrate

e ST
Elastomeric stamp

Fi gureSclhelni2aati ¢ of the PDMS -chtaant f@birmiciamg o
[ 134] Once the liquid PbME dpolremérn chagaaut
hydrophobic stamp. The protein of interest
monol ayer of protein obhhebhsbsesuutaedetoTheeds
nanometer sized spots on functionalised subs

1.6 Optical Detection -Dmi Merer Mii arf o f

Pl at f or ms

l1.86nxroduction to Optical Detection

To compl ement the rapid expansion of
and centrifugal mi crofl uidic devices i n

technol ogi es have been devel opesdahlne pamr

accurate diagnostic pl atfor ms. Optical
detection on these platforms due to its
of sensing techniques avail abl encl WHi hg
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el ectrochemical, i mpedance or <colorimetr

coseffective when compared to conventi one

devices have moved towards smaller and
wh ¢ h can avoid t hese i ssues. A range
interferometric, absorbanceRamap ddturood ecsa

have been used for a vari-bt gaesdsfa ydsi4faf|3c8 ears!
I 1| usnFn gtué& celi
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@ disk-center

( )1 e sample inlet (whole blood)
reagents
{ ’ tear-off point with capillary hold
laser| | metering
,3 : 2 i
—— " .......................... ' é I
detection ——————— = 3 2
cell :’)l g
~ outer perimeter -
(b)
Sample
Ium\\
Color
Filter
Cellphone Bt
X L=as CMM:
7 s or
Fluorescence
Absorption filter
Fluorescence
Q External lens
P
(€) Cellphone
camera unit
(c)
Figure-(lc\/)aBinas) optical detection regimes fo
pl at f orlmis4(] &lt4eli egte rdaelv.el oped adrcievnetnr i flugtafl d rym
measur ement of al cohol concentration in who
favourably with common breath analysers and
68 mi nutes,acpuodtei mesults (bhzhetusdudcd66s fswlc
performed flow cytometry on a miniaturised n
smal | optical and electronic comppcaddrntustomt:
the resolution of green #thuanses @dimte -Pplmavd & ew il
i mages of these fluorescent beads is illust
comparative series of imagesOofx Mmherosameppal
l ens (NA = 0.65) on a standar ctfdalrafrersmed twir
bl ood cell flow cytometry i8000cchbeétismansbnat
good agreement bet wedmolt g B anm e i dther i semdmet
haematamladgyyzer ®3IW3 mex KX
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(d) (e)

PDMS SERS chip Ag/PDMS Nanowells

Mirror

Vs = ¢

Biomolecules | Objective | CGlass Microfluidic Chip
Lens

LI
WT,, L

\ :
LED Polarizer Diode Memory
array

Figure .epV}Pur(fdgc e pl as mon resonance det ec
diagnostics on microfluidic platformstThd .Sgp

[143] . utilises Surface Plasmon Resonance t
mouse | gd&viTkRi sproduced a | i mit of detectio
comparable to standard ELI SA assays,(é@&nmua co
and Lee demonstrated the potenti al t hat S ER
mcrofluidic sensing platforms [ 14wdr.e |rmpo oorve
when the Ag/ PDMS naf( ea)peolvie dnveassi gcro mipma r Feidg uwroe a
PDMS for the detectadeanosi Rbosdamphes 6G and

These platforms have demonstrated detect
their much more costly and bulky | abora
subject of a numberl®dd] .ex@feldeaerntti auleahre wisn
community is the application of | ensfree
inertial and centrifugal microfluidic p
effectiveness of employing these temhnig
very attractechep fopcoairnetabappl i cati ons. Th
principle of ho-l mggapi csaadt conéedcin Fi
of these techniqgques for cell deteatitdhe a
grodbmeéaki ng research being <carriedetout
al142], as referred to previously. Furt

l ensfree techniques for cell i maging can
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(a) Coloront Semrch (b) Incoherent Source
d~1pm I
Aperture 5 d~S0pm
A~
Z A
Object ‘ x
Z
Zy

i |

1€

Hologram -
y - S"”?*\J?A 2
\— Image Sensor ' .
Figure(achematic of typical di gital in | inq
coherent i ght sour gies t{hVeo ddif s teande ofmr d m 4161 4
wi tohr epresenti ng tthhee idmasgea niclea Mf@boind md thiec odfji et
contact i maging configuration, wi t hyiisnctothee r
di stance from t he paJdrnehporlees etnat itnhge tdbej edcits,t awict
to thde .objne contrast to coherent DI H, the ob
( ~Bmm) , with a distance frd®Otmme object to t
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cr " s Pinhole
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(D~50-100um) E
-
A g
Micro-array
A
R LS N o s
gy S
2\1{ \ V ‘“,4 ’
Sensor-array (Area: 24 mm?) J
$
a) e
) .
Guided light source .
AN
£
Light §
"
o
12mm Microscope Count : MC Automated Count : AC
|
Micrafluidic chip 'l light diversion
Captured cells atport: 1.7° Chip battom glass
l "X 100 pm thick
T e )
B S Protecton glass
l } - — I: /_ 760 pm thick
_____ Ei- Ty (1
. 4 Air gap: 640 um

Figure(H)1%lustration of l ensfree holograp
compact optical and el ecettr[ced. ] .c oTmpEls)e@fivts ibry
the experimental configuration (Fbpmpahriess dter
restolomn of CD4 adthLBDBtickdody oOmots obtained
mi croscope lens, the raw i mag®ety b sweawadido | tohger a
reconstructed hol ogr a(pah)i ch)einmd gess. CHaltyntgominil ne
microfluidic et ddd 487 m MWheModmght falls on tt}
|l ight source, the cells diffract and trans mi
1 second. This device de&/manoxntirt aotré chgChivd + hd omu A
whol e bl ood sampl e.



These groups have taken advantage of the
cost effective electronics coupled with
mobile phonesr abvegp,rodompacdcint @agd cost eff
mi crofluidic technologies. With the pric
continued expansion of wireless networ K:¢

l i kely to harvel napnacetv eonn gbreearttei di dgobspoca

come. This wil!/l be discussed further in
As stated above, recent devel opment s
bi omedi cal platforms il lusteabee hmwvismg ¢

from the typispalcley olpulilkcys famele det ecti on

more integrated systems. The miniaturi sa
LEDs, | aser diodes, CCDs andi oM@St cah i ppuisml
timensuming and cumber somehiapd ghmght S D
detectors. This is of key importance not
the integration of l i ght sourveeens nmancd od ¢

pl atfor ms.

Whil e al/l of the aforementioned metho
coupled with inertial microfluidic platf
technol ogies onto centrilfygsatlagds.t fAs msh
thesis is to devel op ¢ omp dmennstweao raa waabmpd s
devicd of dr WBC differentiation, the follo

of the approaches to loppliaztafiordrad ,ecthotoinng@
of state of -aphtei caarlt tceecnhtnriigf uuegso. The focu:
t o optofluidic pl atfor ms; i . e. i ntegr a
mi crofluidic technol omagitd d.neFihmavl Ity,i st hoet.
could be integrated onto a centrifugal p
for cell detection, counting and i maging.

1.6.2 Optical Detection and I maging for

Asel uci datedeccdli ®@ar Ily. 22dni ¢ s acfelnuirdifawgpl at f o

advantages over their inertial counterpa
applications. These advantages <can lal so
detection technologi es. For example, the
on all centrifugal mi crofluidic platform
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the static nature of the spinnnggcapéabr|l

of the platform |l ends itself to aut omat e
1D scanning capability of the platform c:
simple | inear motor, creatimcpEla dd cslte e i a

approach has been used t o great effect
bi omol ecules by ODDs and modified ODDs,
fol llotwss.houl d be noted, however, attleat wt hd&
carrying out optical detection at a comp:
i ssues are dissocwalbkelde wdahi ng rotation,

therefore the disc, at a predehipedpt bc
detection systems and the rotating disc.

Ki negg haalv.e recently completed a comprehe
met hods on centrifugal pl atfor ms [ 149],

categori es:

T Labrac hi p sysitnetnesg rvaittehd | aboratory unit
rotor/on disc based optical detection
1 ABICDO platforms, which use a function
conventional) CD to carry out interf el

The fir stancadteedgarryt hedf reievichade adbhbept i adlel

schemes. Label free detection techniqgues
or total i nternal reflection (TIR), base
optli cdkeet ecti on-domveantmiichtrodgaluli yletc calhatbieor

seen in Ri4dure 1.16 |
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reagents

w
laser
+—
detector

measurement
chamber

45°
/

15

)x'
l direct incidence
’ "

V-groove

B0 ke = TIR setup /,,, = 10 mm

direct indicence /_, = 1Tmm
Figurdllukération of the working concept of
pl atform using total {AAernhéeé destectsi smpune
interest are driven i nt 6B\shhea pneeda sguer ccomeendt e dcehfa
beam from the | aser diode through the sampl
measured the concentration of glucose [150]
whol e Dbl ood, @M tahc hai elvOeDd offrog2 @G pulciocseet iseEMSS.i

I n this exarmpltehleb yo pSttieciaghgrtias hl ¢ eoggh én€d
o f 10 through the wuse of tot al i nterna
therefore the sensitivity of absorbance
Grumannwals. expanded to preciselfy omeasauree
viscositiest pagI5Ppff manHoff man's desi gn,
sensor array were mounted on a stationar
the-lgagsaid interface on thremcemttrof igabu:
30Hz. I n the case of scattering based o
form of Mi e and Rayleigh scattering [15
pl asmon [l154nhandeduptacembbdhpesomaerene [ul’
These methods have beenetudad. deucecacds sda rud
mi croparticl eset[[ldBH®.q],etwTelB. 7] Céitod dabbaBn hav
demonstr a¢teidaBRamdmtecti on of biomolecul e:

I nntoast to the technbases dipscueased
typically wused in the form of a fluores:
l i nked i mmunod®gsayt hELdeZtAe)c,t i on of anal
i nteresto.achhiimcapmrses the sensitivity of
used absorbance based ELI ZA platform an
assays by BABQRdr aentd &Pkebe] , as il lustrated
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Ol c(ri)

I Loading chamber ” Sample chamber

Cell trap image
with microscope

outlet
chamber

/

Channel wall

Cell at trap

)

Fi gur.el 7: (&) udrcefslacseend det ection of beads al
act umiterdof | ui dAs o¢pilacdosend. in section 1.5.1
pl at flLoerems ,haalv.e devel oped a <centrifugal pl atf
slanted pits in a spiUVali | hmiueni mfalt wiochi avacsh ant n é
taggi ngCBn@clar ge ccoaupelreaadf tfdeerve & Ka2t®e8 | dresa df r o
|l i MEK288) 1l as il Figigb@ctTehde-Ciipapt ure structure
section 1.5.2 detvpdidppdubyl Bsedefl uorescent 1
beadls2. 5d n di amebemn) ,( sacsalwee lblaras-6@elcles | sucth p
singly (d3bFivleur eThe optical set up mounted

incluidesr amed | aser for cell and bead mani pu
which is also equippedl-avdltcur6 foputoirceaslc efniclet
secondaryXGamdfa Baumer) to i mage ceeldptancdal

t weezers.

Further to the af or eente n[ell50%M]e dh awoer k @ x pNwaoai
techniques such as supercritical angl e f
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reduce cost and compl exi tmaionft atime ndett e
sensitivity adaceidatsgdgtwimsh IUsbhelg s mall
optical components suchm,ans\8 a afs@a u sdsiiondge
Il rel and) , a spherical rireg Iltearmse JtPrMaIgt ur
detection system capable of carrying ouf
[ 159]

SAF chip E

reflector

N
Contdiuo
N
opued ot
ooy _—— & z
— -

‘.-—-Allgnment Fixture

Optlél
Path

rin

lens

filter laser

j = lens

mirror %\ filte detector

NeutrAvidin|
DyLight 649

Biotinylated|
anti higG

Human IgG

Protein A

Litdud

[ Wdllp __aml

Figure XISch&magAx of the optical path direct
detection prinet p[ble5.9y, Mwaomkinrge t he col |l ectii
emi ssion using the novel SAF chip. Inset: Ph
the protective casing), centrifugal mi crof | v
systeoommalpti plier tube (PMT) (Hamamatsu, Japa
nm,nVW | aser dilodeel a(nki)t afcohri ,f | (B elsematciec exfc i
optical det(e@Bcihoenmageétc wpPp. the i mmunoatslseay b
fluorescently tagged biotinylated antibody a
the APTES functionalised|[ Madif faiced bfyr emreps @l

This centsi &ndal afipesach to ceglilngc ahpatsu rbes
devel oped, from its edrlayl6.0lncepodi det byt
variety of cells such as <circulating &en
mononucl ear cells, Jurkat and HL60 cells

review ebty[ a4.9]g.
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Anot her approach to optical detectio

spinning disc interferometry on standard
1D and 2D) [161,162]. These readout sche
detectiiomagamd of i mmobilised-mbcomalerd
pl atfor ms. The suitability of applying

microfluidic platforms is clearly eviden
[ 29] . I n loyh eNedixtaeeeplseensi ti vity of 100pg/ m

obtained uslisg sptenifegometr-Fpol advhmaht if @l
assay, with a totalCDgf 132 ,uk0 Gsactnsssi@yisvhgey

highrotglopusuch platforms. However, whil
empl oyed in ontltcernf tcendrkd?iggs aiyts 1| el6i3e s

expensive optical i nstrument s, particul a
detectitomm. t  Damewi despread availability ar
coupled with their associated high data

ot her spinning disc technologi es. I n adc
standarcdanODbDess expanded to carry out 2D ir

| aser scanning microscope|[ 166]. Figure 1
standard ODD and modified ODD detection
mi crofl ui dircowpdhmttilobe masddiTthi on of si mpl e |
Ramachandrai ah et al . created a 2D | ase!

successfully i magedbanimea o@ld&# iccdlelss a[nldé ]l
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Disc
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Power Supply Unit channel \ y Scattered laser
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Microfluidic \
Layer N Ng
Polycarbonate Errors
Layer ...0010001000100000000¢
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Protective Layer

A$chematic of the modified 2D scant
ed by Ramach(aBl)drlavisabhr a¢i oml t h¢ 1L6Pplr at
m which includes an additional phot
e polymeric platforaem, €D 8irma bas of
oo@D4s&s+ haeve bEe@MNc hreentadridce do.f t he mi
n pl atformtdeliieéTpbpadi by & maadndard
onate rewritable CD is written with
edh dnown into the polycarbonate | aye

hile maintaining the maxi mum CD t hi
terest are inserted into the pl ataser m,
t i nci dent on the CD. These errors can
ct the number of particles in the assay.
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As il lustrated in Figure 1.19 and in the
used for nt henddedcecwrtiiong of mi croparticl e
hybridizationpreanetnonseatepaotepbanvaddnbbo
monitored on a -Chunsuri Dales€i] § €L 8 \Bii toh Si mi
modi fications uto Hyro&amaedhagalbrdaila ha s adc
photodi odes or | aser based detector s, r
i nformati on, measure DNA microarra@B and
pl atfor ms.

For the further devel opment and futu

pl atforms for di agnostic applications,
devel oped towards ful/l integration and
detectowoms pleatérenced in the previous se
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devel oped by Ling Vitae and outlined in |
of or have already been made commercial |l
beenmpcobed beyt Q@R2i6nH . For furtheod erdcus
devel opments in -bhei takl debécteanyi fogbu

of the functionality and applications o
pl atfer meadeh i s directed to ethldla9jor emle
remai nder of this section wild.l focus or

optofluidic techniques for detection on |

1.6.3 Optofluidics

As outlktiheednnimoducti on, optofluidics 1is
and microfluidics on a single platform.

and enhanced sensing-oexmalpi Ibiitoimedifcad tdy

anal gygteive &le s . Fully integrated optofl uidi
unl i keehi @f fopti cal detection systems, ca
alignment steps by using embedded, mi ni
gener ale offr mannt wptofluidic chip is outlin
©® O O
i
(b ph AL
< &
| re— _y
| re— y
(c
Figuré& &simplified schematic. offada ttoyppilcaayl e ro pct
the inlet and outl et hol es and m§ keTrhoef |sueicdoi ncd
| ayer consists of mi cr o(fcdDhhieditchi r e s earnwdo i frisn ad
consists of the optical detection component s
|l ight detection el ements.

The devel opment of highly sensitive and
optofluidic wavegui des, |l enses, switches

of miniaturised optical sensors. Tae &hr.
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di scussion of some of t he most not abl e t

in the section that foll ows.

1.6.4 Opystéemsduct ure and Material s

Optofluidic devices can gener al Ifyl ubied sdiiv
solids, (2) fluids in fluids and (3) sol

explained bel ow.

(1) Fluids in solids

These devices wutilise the <control of I i
mi crofluidid Il gheannedismenuswans | arger tha
transfer and deflect | ight as needed thr
t his i s the ARROW-ap$obab?72]refl ecting o]
ARROWs operate onptbeofewmessesptind core
refractive indexresbndntcbayed, i enaasiang
air or liquid core. Figure 1.21 provides
well as an hSeEMsameam.ge of t

Figur eARRO2M optofl ui df t7Clontfhegulreftt ohhe holl
claddi ng ane ecdsiomlaemdt rliacy earst iof t he ARROW ar e
right is a transverse SEM image of the ARROW
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(250l i ds in fluids

Solids can be incorporated into the 11igq
coll oi dal suspensions. These solids can
the liquid or to control t.heSutsrpaennsdneidt tseodl
| ower in size than the wavelength of the
change the optical properties of t he f1
solids much | arger i n sglete parsasi ng et hwaovue
can be wused to focus the incident Il i ght

Figures 1.22 and 1.23 that foll ow. These

t weezers[173,174], orsoliinds hebgamagondét § e

device or suspended above it [ 175] . Th

compl etedt pglrfhleefor a more detailed di st

suspensions in optofluidic technology.
ENHANCED SIGNAL | | ycron

LENSING
MICROSPHERE

0.2 MICRON
/FLUORESCENT

MICROSPHERE

"

DIM SIGNAL

LIGHT PAT

LENSING
MICROSPHERE

o

POINT SOURCE

-0
-e- |
Figur&®ay¥y. 32hematic of the focusing of I|ight
much | arger than the wavelength of | ight tra
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\
\ Trapped Micro-sphere

Microfluidic Channel

X (pm)
Figurdalll.l2Bstration of how an optical t weeze
Asofllidi do optoMbdi fli ed d.vomed [opti cal t weez
mi crosphere in the path of the hgcidamtecansd

Finite di fference ti me domain ( FDTD) si mul
mi crogphmerteche begajfhfceaerthdavamd t he beam [ 176

(3) Fluids in fluids

These devices exhibit evaragqr gdtudard filne xsio

particul ar l-lyi ken owarvfeigguu rdeet i onest, [aal8.8 ] | | mst
L2 waveguides. A high refractive index ||
l' iquid cladding, enabling light to move
(TIR). While external pumpi nrge cainedn talcyt uuast
optofluidic systems, some recent researc

waveguides have beemn tal idleivsed d pb ya nV ei znet neogvi

4 3



|l ight source for optofluidiye atpgpltilceatl ioaq
as seen in Figure 1.24 [179]. Both [ iqu

mi crofluidic channel s.

A B

2 cm waveguide region
| "
outlet

cross-section of
waveguide region

LTS B o
I w IT

optically pumped
cladding region

(’ { inlet . ik

core e

inlet le—>|  outlet
4 mm
Figur&chematic outlining the gamegail deelti ght
devel oped ety awedrehneovmi crofl ui dic channel s ar e
core |liquid of Rhodamine 6G dye in ethelyne
region was opticallay epdumgeaedn dsiomg aa 16@1 IW ng
perpendi cul an bfroa ntshvee rcshea ncnreols.s secti on of th
area which was imaged using both a Si photod

By varying the compobbetemnssifonhewaVvelgend
be controlled [178]. Additional l vy, mani p
control over the output beam size of the
evidence abovee ELhelaseresouhat obOhfers &
providing a highly tunabl e, efficient a
optofluidic applications. Otehtefalla®dpl i catk
optical switches (Figure 1.25) and evane
created by changing the respective fl ow
over the guided | i ghthaawWer ddmadrcsatmt diynt eT
tunable 3D optical fiber by wutilising a |

4 4



A
Cladding Inlets "Push” Inlets ._

300 um

Fi gur eGeln.e2x5a:l outline of opteatcdl7(84Ni cclof d e v €l
optofluidic device, fabricated in PDMS. Dei o
5M aqueous sovawst iusredofasCaClhi gh r.e(fBpadtciave i r
mi crographs illustratiagtitbatofhehaskirgbants
controlling the fluid flow i-higbedcwaeegunidde
core fluid is dyed for ease of i maging.

A

Inner Cladding Inlet Transparent
Window

Core Inlet

-

1cm

Cladding
Inlets

Manually Core Inlet

B 50um  75um 100 pm
Inner CIaddin.gH

Cladding i

Outer 600 pxm
Cladding

Fi gur eGeln e2rba | outline of an evanets ¢ald@8AXx oupl
Microfluidic design of the dmBSohkematdic déevit
area of the migcC€Cpf RQp(t@iccalc hnaincnredgsr.aphs of th
regionlsi guigdi wavegui de.
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As a result of the aforementioned worKk
fabrication methods for the i ntegration
driveaof Ilmiicdi ¢ systems. One recent appr oa
i ntegrated optofluidic devices i s t he
pol ymers such-188] PMNAt ¢m@Btls have been m
n

umber of ot heat epsolsyurelr iaxas sCGORtand pol ys
|l aser s, but these polymers did not retai
t his, PMMA is generally favoured for t h
stability, opndcewl despmepdranseyia | ab or

example of this fabrication preft galk8.14an
where embedded symmetric wavegui des wer e
femtosecond | aser with | aser pul se wi dtt
refractive index of the cor% whither PMML
s ngle mode waveguide for transmission af
splits the incident |light into a ratio o
used to form diffraction gratings/|witt mign
microfluidic channels into PMMA substrat e
While fully integrated optofluidic pl
be realised on PMMA, at 24I8BB] pushlaiteat it

0
had successfeud |byotma nmifarcdfulrui di ¢ channel
h

the same glass substrate, enablinehfilpuor
It is clear, therefore, that the possibi
cent roipftuogid o«s research are vast. Although
straightforward or | ow cost due to the <c
|l aser, it il lustrates another field of r
opal c integraotaccdhn pompl dtabor ms. Anot her p
i nvestigation is the use of -gebanbc pbbe
irradiated polymers, such as PMMA, as op
usad an alternative to PDMS, whi ch, whi l
rapid and inexpensive fabrication for mi
l evel of optical t unabgielli tayn da sP MMAe neaft cerr e
casfe spel s and irradiated pol ymers, the s
both the microfluidic and optical compo

fabrication sdtepal89Coppegewhiaken the firs

i ntaged evanescent wave based-glkil s gms oma
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high quality, |l ow | oss waveguides and m

Figure 1.27 illustrates the fabrication
pl anavavegui des on a silicon substrate.
= = _I
Silicon 1 Spin- Stabilized BL 2 Spil"l- Deposited GL
Substrate T - 3. uv
coating coating
exposure

< \AAALA 4_|

<—m ) (
5. Spin- l:E: 4.

coating Etching
Deposited PL Pattern Development Photolithography
i
6. UV YV
exposure | | EEEERE - = (e 8.
L sy B Bl voravy (g
Photolithography ‘ Pattern Development ‘ Cap Layer Bonding
FigureScithenmatic of the fabrication steps in
optofluidic platfogml ][ Wa9pkguidéetislolaypir mge am
photolithography ‘technigwése pPobkewsdifibyg &t
microfluidic channel s.

A variety of mi crofl ui di c -gceH a nnmaetl esr ivadr, e

straight <channel s, serpentine channel s a
The platform outlined liyn fFabgruirceatle.d2 7 avsa
Figure 1.28 that follows. The miptrasimlaui @
make them hydrophillic and thus enabl e c:
(a) (b
¢ Optical )
Waveguide ;

e

Microfluidic

100 um ' Channel
—_— :

Figurelnlt.e2rx8:ecting microfluidic channels and
and (b) after crofp&Bff over the waveguide.

This resulted in fflebivmmaaedL/0nnd baeft wgereene nC
dye ,®On While the arei 489y sGopvse mwlgiet @ r
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tegrated systems, further work needs t

n
detection of this scheme when |1 mpl emente
t hex ehuge scope for adapting this platfo
than one that depends on capill aplyasfnaow
treat ment is used to enhance the capil!/l
tempomargi@ni ficant hydrophobic recovery
the medium to |l ong term suioaklge ad ftlhaw
significantly reduce over ti mepel At eccemnali
could paroduceble, efficient and sensiti v
a |low cost, easily fabricated and centr.i
used above would need to be replaced wit
be wWwssed further in sections 2.3 and 3.3
gel wavegui di ng madpetra fall i doinct opd taethddlor.re nisu. ¢
successfully demonstr at edormac hfipl Idye vii nctee girr
amoaohip optically pumped | iquid dye | ase

passive diffusive mixer8 ,poalylmedre f ianse dweilnl

photodiodes in the silicon substradtleiop [ 1
and an i mage of the main features of the
(a)

.
Crig

Borofloat (500 um)
PMMA (5 um) H-.L__j_‘
SU8 (10 pm)
Si0, (3 pm)— |

) Photodiodes | *
Cuvette

(T -
o= &

Dye laser =oAMVaveguides

Substrate (500 pm)-—T _——

_——
— Fluid mixer
Electrode (0.3 um)~" DA

Laser Waveguide Cuvette Photodiode

ur e al). 2¥Bc:hemati c of the materials wused t
p device. (b) Phot[ad®rodph of the optofl [

A distributeldasfeeredWas k carystt rgrcatidnguss,i ngl

mi crofluidic channel s, wBh,i cdhe |wevreer afllsuoo rfi
the | aser and provide mix8ng| adp avhaivileigtuii e
the transmitted | 1ight to an integrated,

measurements can be carried out on a sin:
resul ts and thet Wallf9k0] ofi nBal salcecvo unt-, a
gel / PMMA ©oentorfilfuuglo c device <coul dptlbiec f a

steps si milect itoon tlh.o3sO0e. iAn vd suali sati on
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segel / PMMA @©oe@ntorfilfuuglo c can be seen in Fiog

Optofluidic light source and detection componer Solgel microfluidic
reservoirs and channels

SolGel waveguides
PMMA substrate with cen
hole for spinning step using a
brushless motor.

gur &d&h®. 0 oposed i potpetgorfal tigeiedd i cqelnstarlfi d rurg,o0 wi t h
| ngteelgrwd vwagusiodes and micofluidic cha
bl emags @ IrPiMMMAS ,sudrst aat e,ecéa$ omwu 2 laidbd eedS
[ l ight sources and detectors coul
pl aopoboml uiTthiec ceinsci Eagot hen be
nal yte delivery, metering and mi

There are many advantages to this prop
fabricati on, rapi d fabrication ti mes, h
mi crofluidics and optics on a compact al
such &@osttow easy to use disposable -opti
mi crofluidic platforms would be a huge

research community and ttihoen wirbe eldapy edaedv i @«

sections 2|1 B depdcBiBewihe processes, chal
devel oping such a platform, with chapte
research, as well as areas of | ikely c¢omi
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Chapt-Mat2r iFaalbsr i& ati on Met hods

2. Plbhysical Size Filtration Capture

2.1.1 Mask Design and Soft Lithography

Photolithographic techniqgues were empl o)
di sposab-PMMAPDMISat f or ms phdtnadltiitaH d gyr, a pthh &
designed on Aut oCAD design software and 1
designs were thethooslentf oorf fprtoc elsbDspihnogt,0 wi
featureemsoof | #868s and aceteat elemagks .used f

2.1.2 Photollid hFpaglrraipd a&at iMon

An OAI 206 CE mask aligner, seen in Figl
f aibcrat i on, wi t he dthieone xZ.elp.t,i owmherfe st he Ka
used.

w @ 2600,

Figure@hdtbgraph of OAlI 206 CE mask aligner,
substrate and apNawi tcaarr royptoiuctal massekt al8i gn me |
photoresist (Microchem USA), a( WRRa210@, phuwp
USA) were deposited onto 4'' maeusl dfcoorn twhae e Pk
microfluid8cichapdigBlUy UV sensitive and st
popul ar material for t hmolushaholfiaklo ugrea iy h[i g

Different spin coater s&@iwersgpeeseasd achap en
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|l ayer thickmes$dbeedbdi 6 mmpi cmd ufsd berpisc aftoir

were as foll ows:
T The silicon wafieropwasp amlod-a nid ePdAWu saimndg aa
gun.

~5 ml of 83 PphtHVWesi st was deposited ont
A program for a certaunedhdIdPknessvawas,
to the model i I 1 ustr anmhoesdt 1icna skisg utrheer 2.
acceleration to a slow spin speed sucl
acceleration up to the top spin speed
~2én | ayer @f )3025 SU

Figurkea2r @ NRIR®Ospin coater [192].

T The waf er wbaask etdhoe no nii sao°Cht of to rp |1ad4t emi antu t €5
was carried out to-8prntevdmte gGtiaslki Mm@ st
T The wafer was exposed on an OAlImansaks k ¢
The exposure time and power varied dep
exposed. For smal l er featur e ien gsi zZfea,l
exposure time of ~10 secontwasoroplteisnsa,l
| ar gttur d eaon t h-2a00udcher aofil558emond expos
power of “4AGmWexmssary. 't should be

aligner was wused t oi ccrroefaltuei dsitcr udeecsuirggm o
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3. 1. Thet iemepso sfudgre t his mask aligner we
| amp used. The OAI ma s k aligner out |
photolithographic fabrication.

The -8SU ayer undeexrpwesnutr ea bpdkst fCGron3 ami ma

pl at e.

Once dfher whad cool ed, it was placed in
devel oper, which was rocked for 15 mint
Foll owing the development step, t he wa

with a nitrogen gun.

A 1 minute har’d Wwaksesnasrcye poedftorle50 he nex
deposited.

For tdme | 20/Cer 2 emM awepesntofdrlyof i | m r es
(Figure 2.38)Ysohiconhea®®r at° a rolling

Figuredo2. 30l | l aminator for the8 booat eng
silicon wafers.

The wafer was then exposed on the OAI
440mW,L cm

After exposure the waf €t awadcd alalkewe d otro
The exposed wafer was de@@fl ®mped5 imi rautse
rocker.

Foll owing a wash step with methanol a
coating was depddsdirtyendr edsniTsimeutvale S Ub mer g
in a solution of 10mM Octadecyltrichl or

in Hexane (Sigma Aldrich, | RELAND) for
which prevented the PDMS -& odrnydnedr yf rfoim re
Thwafer is then rinsed once aga®nowiah
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hot ©pl ate.
T The funct i8o maalfiesred sSWthoworndaldy sodtuseta

applications.

2.1.3 Fabrication of PDMS/ PMMA Microfl ui

To creatsectbhesphe fil tr a8moountl dfsecati ureeds afbre
ratio of 10:1 w/w PDMS polymer to curing

T A mixture of 10:1 PDMS polymer to cur
mi xed with a plastic r-®mwouandd then poul
T The PDMS was degassed wunder vacuum f
bubbles were removed from the pol ymer.
1 The PDMSttwan partially®Ccfioedli 8 hhe. o
was not fully cured to enable a good
backing | ayer.

Access holes were punchend hianrtroi st hpeu nPchhl
A mixture of 20:lo P®HDM8&' waPMBAuUdI P01 at
seconds. This PDMS | ayer was tHAGn parf
T Finally the PDMS | ayer and the PDMS/F
and placed it ooamuoeemvatr nT@hhe FO gl
PDMS sl ab, with access holes punched
the completed PDMS/ PMMA microfluidic ¢

(a) (b)

Figur € al2madge of PDMS s | abl iftahborgircaaptheyd uasiitrhg i
hol es r(ebBiodedvi ew of completed PDMS/ PMMA di s
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2.1Gdometric Trap/ FiliGet dCBauateer Cesati ar

Transparent samples, such as those f al

coat ed

An
f ol

in nanometer gold | ayers to obi

FigurPh@t égraph -obageltdappatateus.

Power
Sputt
Pump
Thi s

acr os

f ol l owi nugs esde titni nagl sl wearsee s :

setting of 100mA

er time of 2 minutes.

hold time of 10minutes.
process was repeated twice to

s the chip surface.

exampl e of a @g8olsdursfpasctes eceamnc 0 at &d g 8

| ows .
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FiguréolRdo6sput t-8moudodattedoGided by PDMS.

.1 GBometric Trap/ Fil-Optri €CalhrBcoeirli smet 0y

Foll owingcoaei spup treecfdsesctafvenocsmmpl es,
profil ometer was used to analyse the
t he-8@d&Jusl dt hi s was done to obtain the o
ti me f o%U8s niaelalteurr e s . TBe fehape ecf- i nlde
and wxdeorsure of sampl es, which facild.

time. These patterns will be discusse:

The process for ormdtariyniinmgaped i fcad mefol

carried out as foll ows:

The VSIlsemdadeg was sced esdafetdwaorne ,t hwei tVie es ¢
step and 3nm resolution. A scan | ength
The interference frinhbesa bbcubedpoonfti he
structures and the sampl e.

The sample was tid{3t ehd ghndcomotratsed wmoti
fringes were observed in the field of \
The scan functionfowandewaps of heaometuear,

profiilometry images in the sections tF
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2.1.6 Microfluidic Materials

While a number of photocurable pol ymers
devices such aspehytduvogeps|] $¥88Bher s( PFPI
plastics[195], el astomers-fé@bs] 1%Bhn,dl 9p8h ot
generally chosen over its counterparts d
The prototyping of PBDMISs mi apiod | windli ci ne
submicron resolution possible wusing high
I n addition, PDMS has been successfully
such as dye | asers[200R202av dHpwiedes [ 2 Ooh
of fers many advantages over ot her pol vy
fabricati on, some disadvantages stil/l re
vari et-ypodfarnmmgani c sol venthi[2W 3dan PiDiXS
bubbles into microfluidic systems and pr
commerci al devices due to the risk of €
aforementioned issues however, PDMBer emp
prototyping and testing of new microfl ui
I ntegrate mi croel ectronic and mi crophot
i rreversibly, proving a significant Bpdv:
combining PDMS and the more robust and
number of prototype designs were devel org
bi omi metic beads and cell s.

2.1.7 Bead Solution Preparation

For al |l of hhemdadecdptiumraet teecsdti 0 n o WBt. I1i,
bi omi metic bead solutions were prepared :

T 0.01g of bovine serum al bumin salt wa:
T 10 ml of PBS solution was poured into
1T The BSA salts wes®|l attded Btoadt het PBiSe «

mi nutes or until al l of the salts had
1T 26L of Dbead solutionewasf tthleen Oni X% W

PBS solution to gener dbeadslbbpad concel
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T The beads werley tseinnndlneganteldem down |
centrifuge (Fisher Scientific)egL rodmov
fresh solstuspendndg resing a Vortex Ge
l nc) . This process was r epadatsedadl uttwiocr

sufficiently cl ean.

2.1.8 Celll Preparati on

MCKF nal HelLa cell eampbtes3tesTedeia@a prepar

T Cells were removed fromuspendedulusung
(Sigma Aldrich) and cell media solutior

T Cells were washed in 3mM EDTA media s

seconds on a mif#iuspemdn nJuge, nghean Voe't

was carreetdoouat etawfi feihcei ecretl Il ys.

2.2 Microcontact Printing

As outleictednin.. 2, mi crocontact printin
for the inexpensive and rapid deposition
in a variety of bioRO0&|jcalPDMspliscathieomav
t heabricati on of stamps for mi crocont ac
permeability to gases and | iquids, ease
following sections wil/ outline the mate
stampand prepare these stamps and gl ass
addition, the microcontact ©printing proc

to capture single mammalian cells on a f

2.2.1 PDMabStiamp i on & Functionalisation

PDMS sta@ps OO O®Wan@n 4m di ameter were fa
desi gn, photoll thbggeapphy eocdpesoa®tu @l Bndd™
spin speed of 4000 rSpuBnowlds whseld fesultthec
high stamp features in the PDMS substr al
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i mage in Figure 2.7 that follows. The PD

met hods. The PDMS stamp wds tfoymhaents in@n aalt
1000mT f or 5 minutes. This ensured a hy
solution, resulting in a far more unifor
stamp.

epri dal profil opneltlear § mamg et tod ADM® st am
i ng.

2.2.2 APTES Functionalisation of Gl ass S

A number of variations on the APTES func

based on the Nat et eweelreo tuoncdoelr elayk emlir wigte 0 f

work [207]. Successful functionalisation
60in the case of post functionalised samj
the sample surface [208]. Foll owing tria

functionalization tumesené¢dohnhadthibdreag®.e2.v:

optimi sed protocol was established for t|

=

The gl ass substrate was first cleane
T Theubstrate was eXpoppeldastnoa a#hiod 0@ =, e
resulting in theOH ogrrmoautpiso ne nor ff ahcyed r ofxt

treatment facilitates binding of APT
T A 27ml solution of 90%0 vwdgd vpd e [Ed rOdd
T 3 ml of APTES |l iquid (Sigma Aldrich)

Et OHO Hs ol uptrioodnucteo a 90% vol / vol Et OH:

T The plasma activated gl ass substr al
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s ol
T The

water

t he

This approach
to the favourable

APTES fu

uti on

for

45

substrates

and

wer e

sol vent .

nct.i

onal

and

2. MiZrocontact Pr

T Fol | owdlnags noa

tagge
cell s
usi ng

t h

mi

e C

nut es.

were then ri nsed wi-t
fi nafClf prbhdouemds itno aenv ag

oncentration of 9

contdescthagl 8. MeAsubnDbh

i sed

i nt

gl

ass substrate.

ing Procedure

treat ment oc. bhet POMBI!| g bE

d anti begl/lymlodpaam eirresPB§ 3i A7 t he

) was

deposited careful |l ystamipo t

a pipette.

T The PDMS

water

to

stamps

was covered wi

antib
M Foll o
usi ng

ody

wi ng

was reduced to

absorption

T Using

functi onal

of

mi

prevent

t h

5

t he

a tweezers,

1 The PDMS

being

carefully

i sed

st amp

Mf The substrate

cover

2.2.4 Ce

Il nder to

anti body

ed with

[ staini

I mage ce

spots, a

gl

a |

were then stored in a
t he

evaporation of t|
Fsde nasn d | foaielfs| tuanr sth

from bl eaching.
15
a pipette

nut es of Ai nki ngo, t he

amrd etdhetss tngmps nwdrre ge

mi nutes foe teacthhe uibr

an
t

ass

tibody into the pi
he PDMS stamps we

substrates and g

wwaist hl etfhte isnu bcsotnrtaatcet f o

wa s

ng

| | s
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then ready for i mag

and

foil-bteaphemgnt further |

Preparati on
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Hoechst 33342 dgll ¢ Sh g



the assay was tested.

T Cells were removed f rroenp |oaicletile sfe medi
solution.

f 1.2 drops of dye was added per ml of
i ncubated in a fridge for 15 minutes.

Al l samples were observed usimnhlye aagprumpre
filterHoefcthipet hetll EbObT E&Gphore.

2.3 Optical Detection -Dmi Merer Mii ar o f
Pl at for ms

2. 3.-GelSoMaterials and Synthesis

The hybr4d cddooggpammad €0l al used in this wo
wavegui des i s composaned hadr yhoxrygptriogp y lotfr
( MAPTMS) hybrid pr ecpurrospoorx i dzgia m(@Orng €im(alc\ )
acid (M®OAH,, @ chel ating talge nzi rwda rcihu s t mrbea
presence of strong nucleophilic groups |
varied to finely tune the refractive i n
formati omefofaat il wev i njex whutheenladbyes WBaAL
hi gher refractive index guiding | ayer (
(ZPO) concentration | eads to a | inear ir
whil wet habi |l tgye | o fmattlhemoi sadlil riesctd v r el ated t
the | evel of condensation i n eth¢allBAi er i
certain mi ni mum refractive i ndex di ffer
waveguide and the Acladdingo for single |
a differendmeetfied bxet Ween t he Bkmoded t
waveguadi ag, i nput wavelength of 635 nm.
usi ng tshe pt hprredecess outl i nedeti fallB.Bg, wwr k
more detailed description of tlit s[aslyOnt.he
Foll owglmgsygmid hesi s, l rgacure 184; a phot c
Chemical s, wa sg eald dleidg utiod {lmé yesnealrbil sea tpihoont ot
the materi al under Uv irradiation. Thi s
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concenttrlatie@nipevdit to the methacryl ate grc

to its high stabiliigelt ymatnerziialcsooni [u2nl 1bja
photoresi st anrdd nahtuesr,i allinkoesisttdih € roSEDMA t 2t r
regiongebf egpbsed to UV |ight remai n, W
away. Thereforegelt heo gptaesd swaffera nsootl expo

photomask (created wusing Ol ympl OS softwa

t hose expossevwavreegnaiidii nag structures. By a
materi al s, the waveguides and <cl adding
desired refractive index.

To establish wor king pargaenme twarvse gfuoird etsl
new surface such as PMMA, waveguides wer
i mage 2.8 that foll ows.

Figurie Rer8ies of di vergiged WwWavzaghbhide?5 omy bar |
10: 2. 1:g®.I25adgelri al .

Silicon is typically chosen as a base | ¢
cleaved along its crystallographic plane:
enabl ecog@pddng of Il i ght i nto and out of
waveguiding process, as we will see in t|

The fabrication odelwametgeauriidaelss uiss nwge rs

the creation -8f witrhc$soamessmal SUmodi fi cal

waveguiding structures; typically on the
rectangul ar wavegui des, the photomasks

created on glhaesshitgoh fraecsioliuttaitoen tnecessart
features. I n addition, as these materi al
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parameters must be carefully modified an
i ndex is produccaedd.priNooftie otmeatr yoptmages of
silicon wusi nagn tbhe sf auvencd niiegcutehen apprndi x

The-gedl deposition process for both ap

T Nitrogen was bubbl edsebonodght bPATrleiadq ei &
environment in the Laurell -6l 4@8s BZdd¢
the silicon wafer.

T 0. 8 ml of 19e?2. Wa®. A= poclited onto a qua
~170 seconds hafdored atplsee dspi.re.c g atsedr bleeg

1T The spin coater was accelerated to 200r
35 seconds, to create a 6um buffer | aye

T As the spin speed was reducedadowastbute
of f .

T Fo the final minute in the spin coater,
gradually, by opening a 2cm di ameter ho
The foll owing section wigédl owatvle gnuei deh ef anb

process.
2. 3.-@elSoWa vFeagburiidceat i on Process
I n this work two configurations of waveg

embedded waveguides and raised wavegui de

Figur RRai2s®d waveguides were t esstteidgadase &

suitability -gtl pwagdegundessobn P MMA . Em
composed of an initial buffer | ayer on t
| ayer embedded within, were also fabrica

wi dely used materials such agselPBMS fancdk R
an integrated optofluidic device.
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Silicon substrate Silicon substrate

A silicon wafer was cleaned with IPA 2 A silicon wafer is cleaned with IPA and dri

dried with Ngas with N, gas
A buffer hyer of 10.2.1:0.25 salel wa
deposited as outlined in the previou
section and is stabilisedwith 10mins

A buffer layer of 10.2.1:0.25 sgkl was
deposited as outlined in the previous
section and is stabilised -
- : exposure on the Karl Suss mask aligner

— —

Stabilised setiel BL on silicon Stabilised segjel BL on silicon

A guiding layer of 10:2.5:0.25 was deposite
before and stabilised and dried on a hotpl
for 30 minutes at 10QC. In this case th
subgrate was only selectively exposed for
600sto broduce a raised waveauide.

Stabilised GL on BL
Stabilised GL on BL
Finally the GL was exposed selectiv
for 25swith a photolithographic masl
creating anrembedded waveguide \AAA/ AL/
vVVY M \AAA/
The solgel coated silicon wafer was th
etched with IPA to reveal rais
rectangular waveguides.

( a Refractive index change induced ( b Raised sobel waveguide on BL
exposed section of GL (orange), leac and silicon wafer.
to an embedded optical waveguide

A guiding layer of 10:2.5:0.25 spl wa
deposited as before and stabilisednc
dried on a hotplate for 3amins at 106C
The entire substrate was exposed to

Figurchematics of the stdmymbeddadrwaad ) wind e
rai sed waveguciodaetsi.n gl nsitteipasl asrpei nt he same for |
photolithographild)eadiorsgirteo imaiFsgdirwvavegui de
|l ayer. I n contrast, t he enmnaiviegugdiedi meckay
exposure for sGd®cddoen ex,poasud e with a phot ol
seconds.
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ChaptiRresdil ts & Discussi o

3.1 Physical Size Filtration Exper
As outlined in chapter 1, a wide range of approaches have been utilised by the research
community such as cell |lysis[54], miniaturised flow cytometry§3j,
dielectrophoresis[95], magnetophoresis[l@®] as well as acoustophoresis[11114]

and cell encagulation[115116] for the separation, selection and capture of cells and
bioparticles from whole blood and from solution. Another method discussed was the
use of gravity based and centrifugaltriven physical size separation of cells, as
demonstrated bthe work of Leeet al.[125], Burgeret al.[129-132] and Di Carlcet
al.[133] Due to the numerous advantagegha physical size filtration approach over

the alternatives noted above i.e. ease of fabrication and, therefore, prototyping of
platforms, high sample throughput and the elimination of complex cell labelling steps,
this method was favoured in this work foretldevelopment of a suitable samjie
answer platform. In addition, the utilisation of the fluid handling toolkit afforded by the
centrifugal platform malkephysical size separation approaches such as tlip/
platform developed by Burger et al.[3283] a viable and logicalchoice for the
development of a-Bold differential WBC platform for single cell analysis.

The sections that followd o ¢ u ntelmet r esul t s of physi

experi ments carried out on novert ceht
di fferentiation and single cell capture.
gener al size and configuration of the mi
separ at itnigesc apfabti hée neicctrioofnl u3d tdh.ck)c.d e @n qes
established, a number of different physi
course of the research work, with the f
results of the mogiedi ed &inesadcioimok8so &3NFL . 2
3.1.1 Initial tests on assay dimensions

I n order to optimise the |likeluwuhodiod aé¢vil
being dewslsepmesdnenan of some of the fundan
for a new size filtration design were ne
beads and the following design (Figure :
chip ledgtlw meedee si ze sepfalroaw i man diotri ot
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design was made on AutoCAD software and

Epilog Zing Laser Cutter (30W power).

Input holes

Outlet holes

FigureSchemmati c of autocad design used to
sedi mentation of 10um and 20um beads at 101

rotation. The narrow channel, parall el to t
realsee of pressure and overflow of | iquid whe
nature are standard in al/|l centrifugal mi cr
foll ow.

The same design was then cut into the toc¢

used to bond the cut PMMA | ayer to a bac

chip. These chips were then inserted int

Figur ® MMA2chip holder and 1id (

inset) for s
secured in this holder using a PMMA dAlido. S
the chips within the holder was tdaksingnihfiig
quality stroboscopic measurements.
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Foll owing lebadin@. @il #oh wA velLB $nA xit neme B2@®.,0 4 |
20m beads was inserted into the chips, wh
that no notable sespdadrnanteindmtdwe tspee@idsf avre
chips. Therefore, it was decided to | eng
a physical size filtration design. Fol |l
l ength of theetchafndlidtetriséd cuipsstwas set
from the fluid inlet for all designs thei

O 2.6cm
] v
«> .\ V Cup Structures/
0.29¢m \\J#J Filters
0.29cm
FigureSchednat(iag niotfi al PMMA/ PSA <c¢chip f(obr) bea
|l engthened chip, including size filtration s
The next sections will -dutVvVenesithe ¥

designs tested over the coiuatseed owi tthhitsh ew
case the chips were designed on AutoCAD
sectsi on21113, chapter 2. Foll owing disc
degassed in a vacuum jar for dthel eastp Wl
removed from the vacuum jar arld 0.mneXdi BS /
i n PBS, to ensure stop flow conditions.
l i quid buffer into the whole clwhpchnwoubd
di srupt fluid flow into the chip.
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3.1.2 Fi-CuprDasidg Vv

Using t he -Guupc ccehsispfsulasVsaysetdéadl@Popad by bE
bead capture and separation, a new PDMS
Figure 3. 4. Poleps teheamam Rida d i @imhe the r we |
bi omi metic particles to devewoeVvanwuwsalbl e
tested with wmi Veshhped capbswebe pl aced
wi t bm 1la&0Onam ¥5 | t ers above.

00 DO 00 0O 0O 0O 0D 0D GO0 00 00 GO O
N S 00 00 60 0O 00 60 GO 00 GO GO GO 00 GO

I 30 00 00 G0 00 00 00 CO 0O 00 00O QD QO !

00 00 00 00 00 00 00 00 00 00 DO 00 00 00 00 00 0O 00 00 !
‘ ‘ 00 00 VDO 00 00 00 00 00 0O 00 00 00 00 00 00 00 00 00 00 O

0 00 00 00 ©0 DO 00 00 00 00 00 0O 00 00 00 00 00 00 00 00

‘ 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00

‘ 00 00 00 00 00 00 00 00 00 00 0O 00 00 00 00 00 00 00 00 O

0 90 00 00 00 00 00 0C 00 00 00 00 00 00 00 00 00 00 00 00

‘ ‘ 00 00 00 00 OO0 00 00 OO0 OO QO OO 00O 00 00 OO0 00 OO0 00 00

“ 2700 VU YUY VYU YUY YUY YV YUY YUY

O U YU YV U YU YvYvLUYUvVY YL YUY YUYV YUY
O Y0 YU YU YUYV YUY oOYUu YUY Y YU Y DL

17.5mm 10.5mm 6mm

D 0D O

11.4mm 8.1mm
Figur&cBematic of size filtration chips, wi:"
feat eme .stbaped cups were placesih angt S |t oetrts
above, creating a stamu atnam €b@tahdast h ssilhmoguld yd,| acwaipr
6em beads to filter thremgbuped become trappe
The maxi mum and minimum gap sSsizes in th
These sizes were chosen to allow smaller

tatgbeads singly. These chips smet2ohady i
wi tRne anz2lne cup/ filter heights fabricated
mouilndg techniques. The height of the cuj
checking the ri-8geawherghei ght $ healsiUi cat e
using a Dektak profil ometer. Fect?bhs3,de
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thee-8@Mbusl dwer e f abr~2Xxtact eeat urweo lod+ e an
feature height. The values recorded from

Moulld f e ¢S U8 Moul d2|SUSMou 2d

hei ght) 1T |featur  smbie[f eat ur € mh
3025-8S14([3025-8SWYpuli30258 Sdpy

at 3000r | |3500r pm 3500r pm

25. 2 21. 2 21. 8

25. 2 21. 2 21. 9

24 .5 21. 3 21. 6

21. 1 21. 7
Aver 25N0O0 . 4 21N20. 1 21N80. 1

Tabl eSB. feature height as measured on a Dekt

Different feature heights were tested to
effective and consistent resulbtes.ahlfe was
beads wede i nheernthe5S5amhbpadst tva ti|6dmh eccucpusp y
singly,10miflied tteres wWdml deaes asinng hye.

Results and Discussi on

A volume of 4ulL of beads in PBS was | oad
so thati ne rvegadleo of the bead behaviour en
the stroboscoquipc @&senttrhief wgall2 tsagratl2. ]l e s that
A...that the spinning frequency does not
bu only on the time required for the sed
wor k byetBwalg.espun at speeds of 40Hz init)
obstacles and then a speed of 20KZd. wlas t
alternately increased to 40Hz T oranMOst,he
decreased down t o 2 H-mo dfeoor  sit Oesp. rTenfee r @ &
aforementioned Lab on a Chip paper was

cl oggtimeg raitdg & 5na nfde aattu rtehse.
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, No flow through V-cup array (stagnant) . Flow through V-cup array i
]

Centre o>f< Rotation

.

Figur®&cBermatic outlining the wor ki AQu pp rbienacd p
capture pl atefto(aBlultby eBuiti gern ntr odudc¢ &Jh e ndios ¢ hi
then spun trot ifnlidw ad en &if taipdifise) i ne @ dc es acnhp Ipe i ¢
into the chip and sediments through the buf/f
an already occupied trap sedi ment dowmwards
nature of the rows 0hOkt$raempy ec amdanrreayg.enfEi dgu
exchangeduipn ptltae f  dipf HhFei guraeggsent i s i ntroduc
the device is spun, |l eading to the exchange
Il iquid

I n this work the same rate of accelerati

to 25HzZf,oraglalisn at each speed. Unf ortuna
I mproving single occupancy of cups in th
del oggi n2g0 Geets ttehpe and at the filters in t

Mi xrteus5 e0,i One a2i@he beads were tested,5@ams wel
andOne beadlsbne bAads wer 2 0nu npaovl ayisltaybrieen,e b e a
to test the fillbeetri mgpiabg | $tyuotfu@ énge. F
beacdaspt urSmad fiinters:

Figuré mageéezsOneoparticles (yelllom) ficlapemns edPlsy sigd &l
featueBnes iareheight, with the centre of rotation t
the oédnttrmaeh i2M@d@gde DIMS tshe p.
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Unf ort unzaGne Ibye,adtsheof ten became cl ogged at
15 filters, |l eading to the rest of the
Figure 3. 7.

aly ‘;‘. |

Figuré mageé: of 2Onogpgarntgi cofes athbar iad@m, beoddgs r |
from moving through the chips. Whil e the fs
cl oggi ng ©2emnmppoarratriicllyses continued to crhndgati n
some bb5nm tfhid ters.

As this «c¢clogging persisted throughout t

i nputtingb5a ahGd wreea dosf wi | | primarily be
section. Over the course of a number of
6em cupsemvilidhadds was observed. Unf ortunat

manlyOons beads get @&msoupdsuck in the
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Figuréem8g8mfbeads bl bepdandr é&dn) cag@poupyAi mg X
of both beads aosc cweplile da st heea cthn plseoantde tcyapsee ss ian ¢
both beads occupied the <cubpes ,ahvdiei beads nghe
observed.

While these cups are tailored to be smal
| arger6m,hatnhere is <clearly some potenti a
occupy them, provided that the sizeediff
I's not too great. This challenget wals.anot
mi xture of beads of di fferent Sizes was

specifically for single bead ocauwmma nccuyp
di amet erreqgbal to one when single occupalt
chall enge of fabricatbhmgbesads abhyolresaol &
sides of the each cup, potentially teadi

10ne filters apmpeuwrde ddotoog Ilyaveodesi bly due
of Xdme filter structures 08 mMaAaskpodhi s ebke
10ne beads to fl owldmefi laner ¢ hr auwrgehs [ti3h&eX r(a

(e) that foll ow, preventing single occup:
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(d)

Flgur(ea()al)IQIustratlon of dOtei meadapsleadiviziee g ue wn e
filters rather than being captmoniédnlg dadthitshé sB
moudwe to high aspect ratios of the features

I n order tiosaueevasasecimotedodg withe pexpode
the8SWtructures during the photolithogra
for the Kar/l Suss mask aligner, in an ef
the small ed Uedtuveepoxmring the | arger f e
di fferent photolithographic €xpotsmgd® tthiem
mousl dand wusing an opticafcp2zoRidomet ¢ (
the filtectands.cupigumer 3.10 illustrates
photolithographi -8 daefrielxtpeorssur ewiotnh SU gur e

result of near opi8i mdlr ud¥ ueeposure on SU
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Surface Stats: e Stats:
Ra: 221.79 nm

Rq: 1.08 um

04 nm
4.57 nm

Rt: 19.32 um 7um

0 .
Measurement Info: rement Info:

— s fication: 20.72
Magnification: 20.72
. rement Mode: VSI |8

Measurement Mode: VSI
50 ing: 405.46 nm

Sampling: 405.46 nm 2
- Size: 736 X 480 2984 um

Array Size: 736 X 480

<8}

(a) (b)

Fi gur eRe3v.elrOs:ed opti cal profil ometer i ma8 efse atfu rpehsc
(aA spin speed of 3500¢8pm owadsrOmdduacdet wirtsh w3 @ h5 ad U e »
52s, with a slower sp

clearly distorted an

in speddvefl@d@TUH@ripmrusdd uicn
d much smaller than expected.

Surface Stats:
Surface Stats:

Ra: 1.22um

Ra: 3.29 um
Rq: 2.93 um

Rq: 5.03 um
Ri: 18.17 um

Rt: 18.47 um

Measurement Info:
Measurement Info:
Magnification: 20.72

Measurement Mode: VSI

Magpification: 20,72
Measurement Mode: VSI
Sampling: 405.46 nm
Amay Size: 736 X 480

Sampling: 405.46 nm
Amay Size: 736 X 430

(a) (b)

Rq: 4.52 um
Rt: 17.40 um

Measurement Info:
Magnification: 20.72

Sampling: 405.46 nm

Armay Size: 736 X 480

(¢c)

HE1Reversed optical6aproudpd @ameaibefne f mhges
r8s wnt8Ua 40D@i0r panp o@d 8@ 5a®Uexposure ti
| ometer i mages above are remcudse ®°®DM& i |
res, pmoouvindde pr bhessgeis successful. Al |
d @ref it hteer s are sl ight(lly) overexposed, Fi

Clearly, the exfosnanert iame hafs tahduglEe i mp
SUBmoubadd, consequentl vy, on the PDMS f eat
wi tLBne ebads passi Ad@net fhirlotugrhs t hedespi te t he
of 20s, due to the small size of the f
aforementioned fabrication <chall enges ir

di ffereditV ycuspsz was pursued,sact ioun.l i ned
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3. As3o0orteGupi BesvVgn

I n t

his second

arranged in order of size from small
(\ VR
J

YU YUY YoYU YooY oowoovoouooow
[(VARVIEVERVERVERVERVEAERV VAR RV AV A v BN A A
(VA wAVARVERVEEVARVARVAR- AR VAR VAL VAR BV A VAR VIRV A @A B )
VYUY YUY YUYUYUYvooooooIoouooo
(VAR VANVARVIEVERVARVERVERVAR VARV VAR I VAR R B A A
IVEEVARVERVEERVEEVARVERVERS VARV BV VAR iR v BV A N
\AVEVEVEVEWEEENZNEW NN/ NN NN N
YYUWIYYWIYYYVIVYIYYYVYIYOUWIIOLLIYUWYLOLY

YV YYVYY Y YOVYYWYVI YWYV YIYYVYYVYWILY
VYUYW YYIYVIYIYYWYVIYWIIOYOLY

Y Y YUY YVYVYUUVYUUYUOY

20um 10um 6um

Si ze6ehi Dng,t 5t iachrm@redesp gnwe a

t o |

FigureScahelnfaiti ¢ -ofipaksesartedsy witéeam,20m merdd i n
15% V shaped cups. Chips with combinations ¢
10mne ahGhe, abnd azx@e cup arrays respectively.

I n contrasesiton, hehifd ratr alngement was S¢
10ne alh@he V cup occupancy il l ustreatt pall2.® h. t

It w
arou

rat e

as observed that when a cup became o

nd t hi

wa s

E bbeyaal sounttcupied a cup

observed for a |l ow bead t
7 4

(0]

sSin

cup



design described in this téhee,80n8,alibhser e
arrangement , t-hle(®s 7ad Bhe uprsr amge ment and 17
1®&man@d0ne arrangement. As the concentratic
order’befhd®0 pefr solution, the ratio of be.
t héeen,1 0ne ahBhe camprangement, swmphe aof2 bead
tested.

Results and Discussion

Thi

si ze, from small to |l arge was tested wi

(7]

desi gn, based omumpn aagxagrst nemnrta ngfe dy

ottl ined for the pmgetvdi.mus2.c hlfihpe deesniggnh einn r

that was csactrd.ed. louwasi na cruci al el ement
design as, by the stop flow, and therefo
the | arger particles would reach the chi
around theasdiat beresuge in their specifi
the chip, reducing the |ikelihood of the

some single occupation of cupSm wals@htsobser

particl ems alésicdugpcs,i as wel | as mixtures
and 3.14 that foll ow.

Figur el nBa.gle3amdfone ah%he cups (right tobS5klmef(rledand
10ne (bl u2eOpeg &pdl | o2Me beads. get srpappeaetsabnvar
but only a very | i2igt edp seWOmfilEe a®eéhcbuphear e
occupied wi flbne aa5ra tewwrdes ,ofwi t h most cups fill
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(b)

Figure(adobmed i n6em@amgieghtf arndnceghefre) awmps.
sizabl e hammbeps odre bl bdadsngthnewi ahe al sc
10m beads, as wel | as withOmi gutpsesonfaibot &
10me beads but al5@m &lo@mb ibreftddscomnwsp aoff Ony adhfa

cups again, but with greattéw cwpsnOmwiTbhéea ddso uibs
particularly visible to the | eft of the i mag

Whil e singl e oacchuipeavnecdy6 smsdibmegnacht®he cup arr a
desi gn, results wer elbmi ghehed icaugpn talryr abye titne
single oldmplemadgs ofas il lustrated in Figt
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(a) (b)

FigureadefTl ne | apse @0memaueht fticdi@hen gups singl
Fi gyragsisshow the beads filling the cups singl
few areas. Foll owing a Aishake moded step, th
Figleke.

The successful Si fhgnk eaPodbsc cp@p2cOpei bbadset h
well as the mi xedl Gnec @t fih& nacryr aoyfs tihlel ust r at

the v cup design but also some of its I
mi xtures of particles that arecsumahay o°f
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20 dOne cup can be tightly regulated by
di ameter, r@auwtloineRet bjal Bul2ddo addnr beads

respectivel y. However, when a number of
dmonstrated that controlling the occupan
chall enging. Unf ortunat el yse ctgied3dt. hler2 aorrr e

proved to be selective enough to provid:i

beads. This problem would be greatly mag
of small di fferences in size,esughsabaiyeB
t he wor k etf [#dR4dulaentd [aRlil.@e]ctsf o3 1146) wet
devel oped, that were more suitable for t
deformability.

3.1.4 Parabolic Funnel Ratchet Design

Thi s physical si ze di fferenti-éti videensi @&s
devel opedeby@2Mc2ZHauMc Faul "s design consi st

to those used in the assay design 3.1.2

J
\‘ " JTOOoOoOoOOooO00000000O000C

RYATAYATATATATATATATATATATAYATAYATAYATATATATAYATS
ATATATATATATATATATATATATATATATATATATATATATATATATATS
JATATATATA[AATATATATA A ATATATATATA[AATATATATATAIS
NATATAIATAYATATATATATAYAATATATATATATATATATATATATATAY
[ATATATATAATATAATATAATATATATATATAATATATATATATATATATS
[IATATATATAATAATAATATATATATATAATAATATATATATATATATAA
ATATATA AT ATATATATATATATATATATATATATATATATATAIATATATATATA}
NATATATATATATATATATAYATATATATAYATATA TATAYATATATATATATATATAY
N ATATATATATATATA A AYATA A TATAYATAYATATATA A TATATATAYATAYAT
A AT AT TATATATATATAYA AT AYATATATATATATATAATATATAYA
AN A A A A TA AR ATATATATA
DOOOANONBOOANNOANONNOALANBANNANAN

2 <

42um 30um
B S/ 17um
FigureSchematic of the parabola filter chip
structur e, parabolas and stop features. The
used to prevent impurltles and c | agmtsh eorf, bfer
entering the parabolic filter structure. Th
frdme dowhemtion s~tleaps Tbfs is to facilitate th
smal | di fferences Trowt o€ii s edil ametse o.psFiwrealel
the assay, to prevent beadetpéaobihel ehifpsom g
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The operating principle of this elongate

Aiullalal
R E R

l 1
| [ | B
"| / H |l || || 'I ' \ || 'I |
|/ ! | | \ ,} \ / \I | \ 'II |l| '\ f
 Aad | Y (VW W W W
Direction of flow
' ® O

FigureSa@dhenatic of the parabolic funnel rat
Mc F aeutl [&11.2] . Smal ler particles (blue) squee:
while the |l arger red particles remaitnheb eshnmanld
particles cannot get back to their original
structures, while the | arger particles remai
a continuous fdAsiftiongbhedofr paoampil eltes selpaacdit n @
device

I n the microfluidic assay by McFaul et
oscillatory flow to circulate the microp
the parabolic funnel ratchets. This | eat

(LMPpsfrom microparticles of similar Si z
Similarly, LMOs were separated from peri
whose size8mabhdgeamdéimr Bonber espectivel y.

this desiagnsuwda abl e Dbasis for the-fdedel c

di fferentiation of white blood cells i.e
their variation in size and the smal/l di
mi arsa The design tested in this thesis
al one, to establish the performance of

capturing Seandahe alpegpadhsg. The fAshake modeo
thesi s was used as a wfalyowdf nprvad wigdiing ta
direction to the centrifugal force, to f
bi oparticle separation and flow control

i nfer to the design oudtl Tdledef ar ehet wocK:¢

t hat behaves analogously to the work in
the chip in the form of a magnet, winbedd
be discuss®dtdohd®gt ai l i n
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Results and Discussion

To gauge the perfor manbcee adhfGhet heads siay, PB

tested initially. Al t hough the beads wo
structures, these initial tests were use
other | imitations before a cell sample w:

5:m beads were introduced into the ass
parabola di mensions. As can be seen in t

5a:m particl es bgdtactl kersq usgain edalulcdibood i tchd i | t er
of the assay.

Figur eSe3g.ule8h:ce of imagésmsm plarutsct @asi ndprolugw a
The red cibmml pafbl tbwsfaom ent ry 5tah rpoaurgahb otl hi e

gaps.

This was an issue that persisted through
the challenges8 odnd abubsaguegt IS PDMS s
photolithographically was significant,

Underexposilmeeparabol ic structures or p O C
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phot omask #&ndchtlpe | 8dds-8 moousl gl pmioed ciSiJg
structures that were wider at the top th
5em particl esh pfaisistt magt itdhmr ofugat ur es, as il
ot her hand, oved exposutr er oF -8wdswtlrdo Ult euar de tt
sl oped i nwardsmouidrmgitsohg PPpM8Br ade potenti e
t hroughout trem pai pi. clAss tdalrovbe per si sten
16ém particles were used a benchmark inste

The typicallOnisepmarvtiioulresoftested in this
spun at 20Hz fobol owhegbethesi acsaerbeomeen i

13th nov1b_10umshakemode 20121113 122710.326)

Figur e nBa.glePmo fbeads caught i n r o8vws7afabpmhr abol
filtelrOmgbepads are captured in these featur es
assay.

The capgthiedne boefads i n thebaf,7Tent ads paitiocle
confirms that there were also fabricatic
features apfenrliiamgetro thhean expecbtbedbpeas o
tests.e A3. F9 gulblau sathi@e t lkesa d hrai xt ure are se
single capturelOandeadsupanmnytofachi eved 1

expected.
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However, foll owing a fishake moded ste
fl ow ildewed mpet MabBawlood degr eel ofg gfi inlgt rod
features is observed.

(e) (f)
FigureCa.t2arOeg btads (blue) and sifting of par

This result is promising, as the shake m

means optimal and was used as a proof of
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