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Abstract

Microfluidic devicesare extremely populdn the area of analytical researalthey reduce
sampleinput requirementshave low operationalcost, fastanalysistime, high separation resolution
and low detection limits.A multitude of analytical techniques has been adapted to the microdevice
format, including prdreatment separation, and detection. Depending on how the fluid is addressed
and manipulated, micfloidics can be sudi vi ded into filmevd A@ammt i dhiugiu
microfluidics (DMF) approacheg.his thesis aims to demonstrate thezsatility of microfluidic field
of research, where a number aftuationapproaches, fabrication methods and mater@ts;hip
operations and applicatiomsereexplored.

fiContinuousflowd  mi c r oaflolwsi mashipuating the bulk of the sample through the
narrow channels under the applied foreabrication techniques unigue to thermoplastics were utilized
to fabricate afi c o nt if h W dewice capable of separating smehugs and largebiological
molecules, where microstructired fibre servedas a electrospray ionization mass spectrometry (ESI
MS) emitter.

Interest in DMF, where discrete droplets addressed anohanipulatedindependently has
grown rapidly due to the versatility that arises from-finaar control of fluids. The most common
approaches to droplehanipulation are based on either electrowettinglielectric (EWOD) or
magneticinteractions EWOD devies were fabricated with standard photolithography procedures,
where coatingwith varying degres of hydrophobicity were explored for EWOD actuatiomatural
leaf surface, Teflon® AF, and a series of fluorinated silica nanofgslotised materials.

The magnetic actuation approach is based on the interaction of an external magnetic field and
magnetically susceptible material inside the dropMtich can be transported over a Idkiction
surface.Natural superhydrophobic leaf, hydrophobic Teflamd a ommercial superhydrophobic

surfacewere compared for their suitability fane particlebased magnetic actuatioie demonstrated



thata commercial coatindhasexcellentcompatibility with magnetic actuation, where higbtuation
speedvasreproducibly ackeved.

We also developedrovelil p a r-ft i enétld of magnetic manipulation, whénstead of
magnetic particlesdroplets contaied paramagnetic salts withigh magnetic susceptibilitiesvere
used Droplets of five paramagnetic salts were effidgn@actuated over the commercial
superhydrophobic surface, where salts with higher magnetic susceptibility required lower
concentrationsand achievecdhigher actuation speedThe fparticlef r ee 0 appr oach was

online fluorescence detectiof an ani-cancer drug
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Chapter 1

| ntroducti on

1.1Introduction - Microfluidic Approach to Chemical Analysis

1.1.10verview and Advantages

Microfluidic devices, also known as a tab-a-chip (LOC) or micro total analysis systems
(eTAS) , aizee platfiorme thadimtegnate one or several steps of chemical anatysis a
single devicé? A functioning miniaturized gas chromatograplC) analyticaldevice was first
reported in 1979 however separation efficiency and limit of detectiovere very poor®
Miniaturization technology wasnitially lacking fast and efficienfabrication techniques, thushe
analyticalmicrochip format did not b&tne popuhr at that timeNew microfabricationmethods have
been developed over the years, especially in the field of microelectronics, anddevesin
chemistry experienced rabirth in the early 1998," andhhavebeengrowing exponentially since then

(Fig. 1.1)*®

——— Microfluidics in engineering journals ~1.200
——— Microfluidics in multidisciplinary journals ’
Microfluidics in biology and medicine journals
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Figure 1.1: Increasing number of publications in the microfluidics area in various scientific
journals ®



There are now severdlighly rankedspecialized journals othe subjectof microfluidics
includingLab on a ChipJournal of Microelectromechanical Syst&mournal of Micromechanics and
Microengineering and Microfluidics and Nanofluidics A significant number of standard chemical
operations and techniqueshave been integrated onta microfluidic platform, including
purification/extraction, fluid manipulation, enzymatic digestion, separétimmmonlybased on either
capillary electrophoresis (CE) or liquid chromatography {jL.@s well as avariety of detection
method, the most conmon of which include colourimetrfluorescence, electrochemical detection
and mass spectrometi$1S).° Significant researcheffort is being directedto the fabrication of
complge systers, which consist of anintegrated fluid manipulation system, including pumps and
valves, wherenear zero deaeiolume interconnectionsire desired® The reducedsize of these
platforms allowsone towork with smaller volumesdpwn topicolitres) of sample and solventhich
in turn leads to reduced cost of operatidaser analysis times, higlseparatiorresoltion, and low
detection limis.>” Working onthe microscale caralso lead to other advantagewhere diffusion
limited processes occur fastérLOC devicescan be completely isolated systems, thamaking
possiblesafe handling of toxic or otherwise dangerous materiaf®

Due toa variety of neWy developed materialand manufacturing techniques, mittnadic
deviceshave becomenore popular atheir cost has declineéarly prototypes were generally based
upon costly glass or silicon substrates and lafitensiwe fabrication method$ With the need for a
more coskeffective approach, polymers became widely popular in microfluidic research, as they offer
a variety of prperties suitable for most common applications and opened up the possibility of single
use device$"'® Reently, papetased devices have been receiving significant interest for point of
care applications as they are widely available, inexpensive and easily fabtic&tethexpensive
mass productioenablessingleusese T Avghich eliminatescarry-over or contamination concerrs
soughtafter trait in biological and clinical studié$Microchips are also effectivelysed for high

throughput aralysis, where multiple separation/detection steps are performed on the same'device



this is an attractive feature in genomipsoteomics and drug discovery field§*?* Depending on
wheter the sample is addressed in bulk or in small discrete quantities, microfluidics can be further

subdivided into continuous flow or digital approaches.

1.1.2Continuous Flow Microfluidics

Microfluidic approaches based on channels filled with analytes/reatetare addressed in
bul k ar e known as Nn-clboanma@luousni ¢t ofwlbuiodri c8i.n Thi
envisioned as the miniatuchamaneélod itséparbidnraglaedsy e s
detection. A mul t i t urdgaes laffe béemirealized coh anitrodevicés, as e ¢ h
separation (e.g. LC and CE) and detection (e.g. optical and MS) are compatible with miniaturization.
Continuous liquid flow through the narrow channels with a controllable speed and direction is the
basis of catinuous flow microfluidics. The external force is applied to the bulk of the fluid, moving it
in a predetermined pathway. A variety of forces have been used to control and direct the flow,
including pressure, electroosmotic, acoustic, magnetic, andifn@]atrforcesz‘r”26 Pumps, valves,
injectors, and power controls are required for sample manipulatidnexareme care must be taken
when designing these components and connections to minimize dead volume, which becomes crucial
at such small dimensions. Miniaturization of the separation column is advantageous for many
applications, where smaller sample canption and faster analysis are achievable. However, there are
several technical and instrumental requirements for successful miniaturization. For example, LC
separation requires channels to be able to withstand high pressures (>50 bar), therefore robust
materials and high fidelity fabrication techniques are necessary. Detection methods should also be
adjusted accordingly to accommodate the decrease in sample size; the reduced quantity of analyte
demands increased sensitivity and lower detection limits. $tewer channel geometries and detector
arrangements have been implemented in optical detection techflidNasoelectrospray ionization
(ESI) has been specifita developed to accommodate the low volumetric flow rates provided by

microfluidic devices®



1.1.3Digital Microfluidics

Independent control of snhalolumes of liquids is a fundamental advantage of microfluidic
devices however tcrhaadninteil oon arhi civionf | ui di cs only al | ows
reagents/solvents, as they are confined to the microcharidigisal microfluidics (DMF) is an
dternative approach to chanrminfined flow, where individual dropketcan be addressed and
manipulated in greciseand reproducible mannéfF°DMF of fer s advarmtaaqed 00 f
microfluidics, such as high processing speed, small samplelisited waste production, precise
control, and the variety of sample preparation/analysis strategies ahabec implemented and
multiplexed on a single deviéé* Furthermore, DMF devices often offer reduced fabrication
complexity, as there is no need for flow cahtsystems (e.g. pumps, injectors, valves etc.). DMF
devices offer more spatial control, as the droplets are not confined to the chitorelsver,due to
the absence of channels, clogging is of no concBiMF relies on the discrete and precise conifol
the individual droplets of various sizes, where droplets can be moved, split, merged and mixed and
analyzed on a small platforin® There are various types ofaplet manipulation mechanisms on
DMF devices, including electrowettiran-dielectric (EWOD),**>3%° dielectrophoresi§" acoustic
wave*? andmagnetic actuatioff*®> The most common method for droplet actuation on DMF devices
utilizes he electrowettingon-dielectricohenomenon, where droplet movement redut® the shift in
the distribution of electrohydrodynamic forces due to an applied voft&yéccurate control over
droplet movement is provided throutlte applicationof voltage to a photolithographically patterned
metallic electrode array (e.g. chromium or gold) coated with both acttieland a hydrophobic layer

(Fig. 1.2)%3%%
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Figure 1.2: Sthematic of the EWOD phenomena.
An alternative actuation method for the DMF platform is based on magnetic actuation, where

a ferromagnetic fluid oanaqueous droplet containing particles with high magnetic susceptibility is
manipulatedby an externalmagnéic field.*** Like EWOD devices, magnetically actuate®Cs

require a hydrophobic layer to reduce thetiion between the aqueous droplet and surface, enabling

the droplet to slide over the surface with little resistdfFag 1.3)*

<—

Magnetic

Hydrophobic
material

surface ~.©
(g External
W magnetic
<> field

Figure 1.3: Schematic of magnetic actuation DMRpproach and a typical device.
The addition of a magnetically susceptible material (e.g. superpgrestic particles) to the

droplet enables an actuation force to be easily appliddetaroplet through an externaldagnetic
field. Commer ci al beddtma §oet itcri s purpose are based upon
where an iron oxide core is saunded by a layer of silica, which can be functionalized as ddsired

an intendedpplication®***



A large portion of this thesis (Chapters 3 to 5) describes the investigation of the fundamental
mechanisms of digital actuation techniques, thus a more extended introduction to each EWOD and
magnetic manipulationis appropriate here. Surface properties, specifically interaction of aqueous
droplets with the substrate, are of crucial importance for the actuation methtiasDiviF platform,

thus they are further discussed below.

1.2 Surface Interaction with Aqueous Drogets

An apparent advantage of the digital approac
precisely control a discrete quantity of the sample. The forces required to achieve that independent
control are discussed further in sections 1.3 and 1.4, howlesdénherent properties of the surface
determine the efficiency of droplet translation over the device. Surfaces with high surface friction do
not allow for facile actuation, thus lefsiction surfaces or coatings are extensively employed in DMF.

Chapters3, 4 and 5 examine the use of lniction, i.e. hydrophobic and superhydrophqlioatings
in droplet based microfluidic devices using EWOD, partidsed and paramagnetic dadised
actuation. The theory behind superhydrophobicity and the fabricagbimods for these surfaces are

discussed below.

1.2.1Superhydrophobic Surfaces

Surfaces can be differentiated and classified based on their wetting behavior, i.e. their
interaction with aqueous droplets. Depending on the water contact angle (WCA) and¢fearaile
(ROA) between the surface and a water droplet, the surfaces can be classified as hydrophilic,
hydrophobic and superhydropholfleig. 14). Roll-off angle, also referred to as sliding or tilt angle
measures the ability of the surface to retain wditeplet. Large (>10°) ROA implies that the surface

friction is high, i.e. surface strongly retains water; small (<10°) ROA signifies low surface friction.
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Figure 1.4: A schematic structure (left) and a photographic example (right) of an aqueous
droplet on a hydrophilic, hydrophobic and superhydrophobic surffacevher e d i.s t he WCA

Hydr ophi Hioo,i nfgwat esrur f aces have a WCA of | ess
the surface; e.g. clean glass, many metals and fused silica are hydrophilic. If the surface has a WCA
above 90° but below 150° it is known asdhyphobic. Many plymer surfaces are hydrophobic; for
example, Teflon® AF (d ~ 120°)is a common commercial surface coating often applied to increase
the WCA of the surfac® Superhydrophobisurfaceshave a CA with water in excess of 150&hich
is generally attributed to aombination of surface roughness and low surfaeeergy. The
superhydrophobicity is also deéd by a ROA of less than 10°, where only small tilt is required to
remove the droplet off the surface. It is postulated that the reason behind surface superhydrophobicity
is small air pockets trapped between the droplet and the surface, which is ealfydatiorable as the

watersurface contact is minimized Hierarchical surface structures provide micamd nanometre

7



scale roughness and enable the entrapment of air between the andaite droplet, thus specific

surface geometries are required for the surface to be superhydro(figbic.5)>%>

0q,c< O 0

~0 . <0.. .
nanostructure microstructure hierarchical

Nanostructure Microstructure Hierarchical structure

Figure 1. 5: Schematic structure of the surfaces
is the lowest for a flat surface and the highest for hierarchical, which exhibits the combination of
both nano- and micro-structure (adapted from ref. 58).

The water droplet does not wet the hydrophobic surface between these features, leaving them
filled with air and keeping contact between the liquid and surface to a minimumcdrhésponds to
the heéerogeneous wetting regime and droflehavioris described by the Casdsaxter malel (Fig.
1.6).>° The Cassi®Baxter mal e | describes Atrueod superhydrophobic
and the ROA of less than 10°. In a particular cése,droplet can still have a WCA of above 150°,
however due tthes peci fi ¢ mi crostructure r egiunface,duthe wat er
thatthe ROA is greater than 108hich isknown ashe Wenzel model (Fig. 8). As the result of this
high ROA, the Wenzel model does not describe a truly superhydrophobic surface, even though the

WCA exceeds 150°.



Wenzel Model Cassie-Baxter Model

Figure 1.6: Schematic repesentation of wetting regimes: (left) Wenzel model, where surface
features are filled with water; (right) CassieBaxter model, where surface features are filled with
air, resulting in a true superhydrophobic surface®

It is also important to mention the volume of the aqueous droplet when talking about
superhydrophobicity. Ideally, a superhydrophobic surface minimizes the contact area between the
surface and the droplet, where spherical shape of the droplet provides theimionomtact area
possible, with the WCA approaching 180°. However, due to the gravitational effects the droplet shape
is deformed, and the observed WCAs are in practice lower thar’18Be larger the dmplet, the
greater its mass, and the more gravitational deformation it experiences. Commonly, aqueous droplets

over 10 €L are not used in surface studies due t c

1.2.2Fabrication Methods

Severapl ant species have e v-aelavneidn gsou pl eerahvyedsr otphhaotb i
dust and debris following a rain to maintain high photosynthetic effici&Byperhydrophobicitys
achieved through a combination of leaf surface roughness and low surface energy provided by
hydrophobic waxy compound®®* The roughness of the lotus leaf, for example, arises from a

hierarchical structure with features on the micrometrenammetre scales (Fig7).



Figure 1.7: The superhydrophobic lotus leaf (a), where surface roughness anicroscale (scale
bar is 10pum) (b) and nanoscalgscale bar is 1um) (c) is attributed to the waxy compound$*

Inspired by nature, synthetic superhydrophobic materials are often referred to as
fi bi o mi.®@eheraltydthere are two major approaches to creating a superhydrophobic surface: 1)
processing a lowurface energy material in order to increase its surface rougiX)essting arough
surface with a low energy materraf®

Since the first artificial superhydrophobic surfagas reportedy Onda et af’ using fractal
growth of alkylketene dimer (wabke) to createa rough surface, many ways of synthesizing
superhydrophobic surfaces have bedscribedin the literature. Synthetic surfaces with both
micrometre andnanometrescaled roughness havraditionally been produced in the laboratory using
chemical vapour deposition, sgél processing, colloidal assembly, silicon nanowire growth,
electrospinningelectrochemical etchingnd templatdased techniqué&®™ It is common to use
inherently lowenergy materials such as polymers (e.g. PDMS, PS etc.) to create surface roughness;
otherwise,surfaces aed to be further functionalized with nonpolar (e.g. perfluoroalkyl, long chain
alkyl, etc.) substituents to produce fully superhydrophobic surfac&s’? One of the common ways

of creating superhydrophobic surfaces is using nanoparticles to create surfgiceessuon both
10



micro- and nanescale.The degreef superhydrophobicity can be precisely controbgdvarying the
size andcomposition of thenanoparticle materialwhere other desired properties (opagitsurface
chemistry, etd.can also be introducédNanoparticles can be easily functionalized in bulk, i.e- one
step process, thus creating rough material with low surface energy, which asilypel@posited over
a desired surfacé” It is also not uncommon to use a nanoparticle approgithpolymer bnders.
This can often enhance surf ace adnheeasliionng 6o fp rnoapneorpt:
the material® Recently, seeral commercial silia nanoparticldased coatings (e.jleverwWet® and
UltraEver Dry® have beenntroduced to the market, which also include a polymer binder layer for
enhanced coating stability.

Superhydrophobic surfas@ossess manyseful propertiesuch as seléleaning, anticing’
and antifouling,®® which have been agted to numerous applications suchnasnufacturing stain
repellent textileg’ anti-biofouling coatings for marine applicatigifswater/iceresistant paint& etc.
Superhydrophobic sfaces have been also employed as the inner coatings of closed channels to
prevent norspecific adsorption, achieve high velocities and provide enhance control over droplet
manipulation® They are becoming very relevant in digital microfluidics appiiee (discussed

below) as they provide reduced surface frictiat facilitates droplet motion over the surfd¢é&

1.3 Digital Mic rofluidics 1 Electrowetting-on-Dielectric

1.3.1Electrowetting-on-Dielectric Theory

The term fAelectrowettingo refers to the &elec
surface due to a reduction in contact afglEWOD requires an additional insulating layer of
dielectric material, which serves to separate a working electrode from the liquid droplet. In this way a
much higher electric field can be applied to the electrode without causingctiicaldreakdown and
droplet electrolysis. Higher electric field results in higher contact asfideageand the effect of the

applied potential can be defined by the Lippmatoung relationship (egn. 1.:1%%
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WEl —0ET — Equation 1.1

where— is the initial contact angle dhe surface,—i s t he angl e wunder applie
di el ectric const antsthedieledtric eonstamt of @it, as the sugface tangienr |, 0
of the liquidvapour interfaced is the thickness of dielectric layand V is the applied potential
difference It must be noted that the contact angle would not be further reduced past a certain applied
potential, due to contact angle saturation, the phenomena which is not yet fully understood and is often
attributed to meerial failure due to charging and electrical breakddt?°

The applied potential results in larger droplet spreading/contact angle change, which in turn
leads to the droplet displacement due to the shift in electrohydrodynamic.¥dfceke analysis of
force distribution is beyond the scope of this thdsis the change is the result of charge accumulation

in the electrode and the droplet, and charge separation in the dielectric layer (Fig. 1.8).

Conductive liquid

Dielectric solid

Electrode

S © © =) S

Intrinsic surface charge

Figure 1. 8: Schematic of EWOD . @hargecaecsisulatfiomand a st at
separation isdemonstrated in liquid-s ur f ace boundary () and in the o
change in charge distribution | eads tg> gMopl et s
The interfacial surf acepdwmmslisadd i (qoi) dbtesminethe n s ol i c
shape of the droplet and the contact angl&.

1.3.2DeviceFabrication

There are several required design elements for EW@d@ddevices including individual

electrodes for droplet manipulaticsoated with adielectric layer for charge accumulation aad

12



hydrophobictop layer A surface with reduced friction is desired to facilitdteplet movementhus
highly hydrophobicsurfaces are eomonly employed in DMF devicé8 The devices themselves can

befit wd adre oftopred systems, i .e. closed or open geome

Ground Electrode

Z

- Hydrophobic Layer
/ Dielectric \

l ' I :EE : § Substrate b

; ; \/
< = o=
Worklng Electrode /

Figure 1.9: Two geometries commonly used in EWOD DMF approach: closed (left) and open
(right) (adapted from ref. 36).

I n t hpel ditewvd approach the array of working ele

followed by a hydrophobic dielectric (or an additiohgdrophobic layer), and the hydrophobic top
layer serves as a counter electrode. The droplets sandwiched in between two substrates can be
dispensed and split more easily; moreover they exhibit slower evapdrdtion t h & ofp@p o r ma't
only the bottom plate is present, where the electrode array contains both working and counter
electrodes. Open geometry does not permit droplet splitting, however it allowsttr féxing,the
ability to move larger droplets, and easier access to the surface for a more facile integration with
detection technique Vertical andiner t ed actuati on has been previous
topo Hevice

Electrodes (Cr, Au, Cu etc.) can be patterned on the surface using commomacteanr
techniques, such as photolithography and-etehing. The process is discussed in detail in section
1.5.1. The electrode arrayprovides multi-functiondity, and hndividual device can be easily
reconfiguredfor use inmultiple applicatios.?® A thin layer (micron thickness) of dielectninaterial
can be deposited using chemical vapour deposition (parylene) eccagird (SkB); other dielectric
materials ad deposition techniques have been reported, but are not as cSHfifibme nature and

properties of the dielectric layer often dictate the EWOD efficiency; eqn. 1.1 demonstratas that
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higher material dielectric constartd,, and r ed ugcresudt inthigherccéntaet angle change.
The friction force between the surface and the leading droplet edge -penilgg of the contact line,
determines the onset of motidhThis friction interaction is reduced by usiadydrophobic coating,
which enhancedroplet motion over the surfacéhe most popular hydrophobic layer used is Teflon®
AF, which although common, has severatitations. The WCA of Teflon is approximately 120°,
which renders the surface sufficiently hydrophobic for droplet manipulation, however the surface
coating is not very robust or durable, and Teflon can be removed from the surface of the device during
normal use®*® Teflon is also sensitive to other commonly used solvents, and has reported biofouling
which limitsthe number of uses per devité!

Reduced surface friction is the driving mechanism behind robust EWOD actuétien.
LippmannrYoung equationdictates that a higher initial WCA would require lower voltage to achieve
a WCA reduction® A superhydrophobi@oating which exhibis initial WCA of aboze 150°, should
serve as an excellent substrate for electrowetting testing and EWOD actaltiongh thisis not
entirely true. Indeed, the electrowetting process is enhanced, where the reduction of a static contact
angle can be observed at significgritiwer voltages. For example, Accardo et al. demonstrated WCA
reduction of ~60° at 5V and almost 115° reducti30V for a siliconpillar-based superhydrophobic
surface” However, siperhydrophobic surfaces are composed of highly structured roughness that
promotes air entrapment (Section 1.®@here under applied voltage capillary wetting of these fine

structures results in irreversible transition to Wenzel state (Ri@). .

Wenzel

Cassie
Saline \ state

2

Figure 1.10: The transition of the water droplet in CassieBaxter state into irreversible Wenzel
wetting state due to electrowetting on a superhydrophobic surface (adapted froraf. 93).
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An excellent review by Heikenfelt provides the reasoning behind this transition to the
irreversibleWenzel statewhere charge redistribution leads to this permanent change. An aqueous
dropl et becomes fAentrappedod in the surface as it
impossible. This phenomena limits the applications of superhydraplmitface to the EWOD
actuation, however superhydrophobic surfaces serve as excellent substrates for an alternative digital

approacli magnetic actuation.

1.4 Digital Microfluidics - Magnetic Actuation

Magnetic actuation is an alternative way of manipulatiisgrete droplets over hydrophobic
surfaces, where magnetically susceptible materials are introduced into the droplet, in order to enable
droplet actuation by an external magnetic field. This approach does not require any additional power
supplies, pumpsrdight sources, where only a low friction surface and a reasonably strong magnet are
needed. Mgnetically susceptible matesgdtommonlysuperparamagnetic particles ferrofluidg are
added tothe dropletso it can be controlled by magnetic field.In order to achieve facile droplet
movement, surface friction must be minimized, thus it is common to use either superhydrophobic
surfaces or hydrophobic surfaces with an additional oil lajany devices using magnetic actuation
have been reportedyhere lasic operations such as transport, mixing and extraction have been
demonstrated and evaluaféd® As therei s no need to create any predeée
droplet (channels, groves, electrode pads, etc.) the droplet has ultimate movement freedom over the
entire hydrophobic surfacend droplet movement has beeportedin three dimensions, including

aduation of an inverted droplét

1.4.1Magnetic Theory and Materials

Before discussing the mechanism of magnetic actuation on DMF platform, it is important t
discussthe basic concept of magnetish. mat er i al 6s response to an app
described by its magnetizatig®®, whi ch is a function of *ihet eri al 6

magnetic susceptibility value is an inherent property of the material, determined by its atomic
15



magnetic momentum alignment, which describes the response of the material to external magnetic
field (©:
b .00 Equation (1.2)

Magnetic properties of a material originate on an atomic |&&bending on the interaction
with an external magnetic field, major types of materials can be identd®e diamagnetic,
ferromagnetic and paramagnetic (Table 1.1). Diamagnetic materials repel external magnetic field,
where the repulsion can be highly wvariable depen
diamagnetic materials have very smaljatve susceptibilitiess(~ -10°). Paramagnetic materials are
attracted to the external magnetic fields, as they form an induced internal magnetic field. Paramagnetic
materials have a small positive magnetic susceptibility and do not retain magnetic alignment without
an externalmagnetic field ¢ ~ 10°-10%). Their magnetization iproportionalto the applied magnetic
field, and paramagnetic materials can be controlled by an external magagbmagnetic materials,
including Apermanent magnetso, are materials thai
their magnetization even without an external magnetic field; they are described by large positive
susceptibility ¢ ~ 10*-10°). Further subdivision of ferromagnetic materials is beyond the scope of this

thesis®®®’
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Table 1.1: Major types of magnetic materials characterized by their interaction with an external
magnetic field.

. Magnetic : : Atomic
Material Type Susceptib Magnetic Behaviour VIS
_ -No magnetic momentum in atoms
Diamagnetic Small, negative
-Repel permanent magnets
-Randomly aligned magnetic : 2 _’ :
Paramagnetid ~ Small, positive momentum \' ‘_ ’ (
-Attracted to external magnetic field| _ o _ _
S aass
_ - -Parallel magnetic momentum S Sas
Ferromagnetiq Large, positive o o
- Maintain magnetic field oeowe
e )
An additional class of magneti c mawhehdamm| s can

be regarded as a compromise between paramagnetic and ferromagnetidsm8tgyexparamagnetic

materials have a largeagneticsusceptibility,which arises from the coupling of many atomic spins

however they behave assingle paramagnetic atom, where magnetization is not maintained when the
external magnetic field is remov&UThis effect is observed for very small particle sizes (< 100 nm)

of otherwise ferromagnetic materials (ferrite, magnetite etc.), and due to large thectoaltions the

overall magnetic momentum is zero, howeagrapplied external field induces parallel momenta
alignment . These materials have Felodandael y hig

materials of choice for magnetic actuation in DMF.

1.4.2Magnetic Particles

Depending on their size, superparamagnet parti cl es can be define
Amagnetic beadso. Small monodi spersed super par ame

homogenous suspensions known as ferrofluids, which are not discusséd Lisege micrometre
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sized particles can maintain overall superparamagnetic properties with proper configuration (Fig.
1.11). Due to their relatively high mass (compared to particles < 100 nm)tdehdyto sink in

droplets/solutions, but can be easily manipulated by an external magnetic field.

Figure 1.11: Schematic diagram of typical functionalized magnetic particles, where the core has

high magnetic susceptibility. Small singlecore particles (right) form suspensions known as
ferrofluids, while large multi-c or e particl es (1l eft ) aThesuaneo wn as
coating (typically silica or polymer) is functionalized (F denotes possible surface
functionalization) for a particular applicat ion (adapted from ref. 95).

Commerci al A ma g MOME applicatibesard dbased fupod ar g e (~1 € m)

supeparamagnetic particles, where typically amimxide core(Fe,0O; or FeQ,) is surrounded by a

layer of silica, which can be functionalized as desired for a given appli¢atioh Standard

applications utilize magnetic particles as a substrate for separation, extraction and detection, however
recently they have been shown as a means of actuating discretéiegiah samplé®'® Surface
functionalization is application dependent, but commonly the surfagmouified with organic

molecules to a) stabilize the nanoparticles in biological solyffbhy derivatize the surface with

specific groups for biological says (protein tags, enzymes, ett)or ¢) modify the surface of the

particles to have additional functionality (modifications for separation, fluorescent tadstéation

102

etc.)”° The large variety of available surface modifications and the ability to precisely control the

position of magnetic particles maké®m an indispensable tool in microfluidics.
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1.4.3Droplet Actuation Force Model

When an external magnetic force is applied to a droplet containing magnetic material, the
initially suspended patrticles are pulled down to the bottom of the droplet, creatirey aflparticles.
As the magnet is moved horizontally, the particles form a magnetic cluster at the edge of the droplet,
and as the cluster enters the dropletor dropletoil boundary, the droplet shape is deformed and
elongated. Depending on the fordstdbution, three distinct outcomes can be observed: the droplet
cluster system is translated along the motion of the magnet, the cluster is removed from the droplet, or
the magnet is disengag®d A simplified force distribution in the system, which determines the

outcome of magnatlusterdroplet interaction, is outlined below.
Three separate forces can be used to describe droatgtet interaction: magtic force,"C,
friction force,"®, and capillary force ®*

Magnetic force, which enables cluster movement following the magnet, is dependent on the

magnetic mateail inside the droplet and the strength of the external magnetic field:

"P=@ .—"0 Equation 1.3
where V is the volume of the magnetic cluster in:
magnetic material, Bis the strengthofte appl i ed e xqis@armittvity offfreeespade, and ¢

It is important to note that the magnetic field is experienced as a gradient, which allows for the
translational application of the force; a uniform magnetic field does not allow for acttratio
Friction force, which resists droplet/cluster movement over the surface, is determined by the

inherent surface properties and the size of the droplet:
"®e LY VY Equation 1.4
whereK;s is a friction constanRy,siS the radius of the bottom contact area between droplet and the

surface and¥is the droplet velocityAs the nagnet is moved underneath the substrate/surface the

packet of paramagnetic particles is moved in the same direction due to magnetic force gradient, and
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the dropletcan beactuated over the dace when the particles remain in the droplet due to surface
tension.

Capillary force determines if the magnetic bead cluster is held within the droplet as it follows
the magnet (i.e. droplet containing magnetic cluster is actuated), or whether the magnetic cluster is
selectively removed from the bulk of the dropleheTmaximum Fat which the cluster is contained

within the droplet is determined by eqgn. 1.5:

® ep‘Tw Equation 1.5

wherel is the interfacial tension betweerethulk of droplet and the outside medium, i.e. waieior
wateroil interfaces.

This simplified force model determines the outcome of madrailetcluster interaction,
where various parameters can be varied to achieve a desired outcome. To achoxhecibde
movement of the droplatluster system the magnetic force should be high enough, i.e. a strong
magnet and high concentration of magnetic particle are required. On the other hand, from egn. 1.5 it
follows that in order to contaithe magneticluger within the droplet, th@olume of the particles
must not be too high, otherwise the bead cluster is removed from the bulk of the droplet. Surface
resistance must be minimized, thus superhydrophobic surfaces are often desired, as they allow for
higher operational speed and larger droplet volumes (egn. t.43. also important to note that
ultimately the continuous motion/extraction mechanism is determined by the size of the droplet and
loading of the magnetic material in it, i.e. larger droplets d@gtlen particle loading leads to easier
extraction. The strength of the external magnetic field and the speed of magnet movement also affect
the outcome of the actuation. A fundamental study by Long &t simmarizes the observed
operational mechanism depding on the magnet speed and the particle loading for their dodplet

system (Fig. 1.12).
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Figure 1.12: Operational diagram demonstrating possible actuation mechanisms for a 30
aqueous droplet with increasing concentration of magnetic beads and maggic speed™

It must be noted that if the concentration of the magnetic particles is too low and/or the
magnet is moved too fast, the magnet can often disengage, leagiqgrticlecontaining droplet
behind. The disengagement is more common on surfaces with higher friction, i.e. not
superhydrophobic. The addition & oil layer to the system is a common way to enhance the sliding
motion, but than in turn can make the Gin morecomplex® In order to facilitate particle cluster
extraction from the bulk of the droplet it is common to modify surface topography or its eaergy t
selectively anchor the aqueous droplet and remove the beads by magnetic force. Introducing surface
topography to promote extraction usually includes creating obstacles or ctiéhadide surface
energy modification creates alternating regions of hydrophilicity/hydrophobicity on the stifface

Surface obstacles require additional fabrication steps, which can significantly increase complexity of
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manufacturing The surface energy modification method is often preferred, as patterning can be done

with high reproducibility and precision.

1.5Device Fabrication

Traditionaly, glass and siliconvere thematerialsof choicefor manufacturing miniaturized

devices takingits roots from thesemiconductoindustry*°

Both materialscan be patternedsing
similar techniqueshavegreatfeaturereproducibility, high spatialresolution and are compatible with
most chemical applicationslass/silicon patteiing is mainly basedupon photolithography, which
requires microfabrication infrastructure (i.ecleanroom rendemg the prototypingof a single
microdevice an expensive and laborious proceG$ass and silicorsubstratesare also brittle and
expensive moreover, silicon is also opaque in bothe ultraviolet (UV) and visible range, which
limits its use formany analyticalapplicatiors. An alternativeis foundin polymeric materials, which

areinherentlymore versatilerugged andcan be patterned by lessstlytechniques®"%

1.5.1Glass and Silicon Photolithogaphy

Silicon and glass remain popular substrates for rfligcidic devices, and are highly utilized in
DMF microchip fabricatiot®® Glass and silicon patterning for both semiconductor and microfluidic
technologes is based on photolithography. Photolithogralffers great versatility along with high
resolutionof fine features (down to tens of nanometré®wever to obtaithe best results it must be
performed ira cleanroomenvironment'%!**

Mask design is the first step ghotolithography, which definethe position ofchannels
electroder other micofeatures on theubstrate A thin metal layer (Cr, Au)s depodied onto the
substrate to facilitate the adhesion of photoresisthe substrate and/or eventually serve as the
actuation electrodes for the EWOD deviBhotoresist ishenappliedby spin coating on the substrate
at a desired thickness dictated by bibtl viscosity and spin rate during deposition. The phagkis

placed onto the photoresist surface to blpekdetermined areas the photoresist layefThe mask is

exposed to a light beam (typically UV) worder to transfer the mask pattern to the sabes the
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feature resolution is determined by the light source. For a typical UV source (~250 nm), features
below half that wavelength are not well resolved and often merge todeéernative masking
techniques (i.e. nedield, deep UV, etc.) can offer feature resolution to-80bnm**?'** Upon
exposire to UV radiation the photoresistan either harderfnegativé or soften positive thus
beconing resistantor susceptiblgo certain developingolvents respectively As the photoresist is

being selectivelyemoved, the underlying metal layer/substrate becomes exposed, which can then be
etched away with an appropriate etchant as desired. For EWOD devices, the metal layer must be
etched to create an array of well separated electrodes; the choice of etdictatésl by the initial
choice of metal-fl w0 tbei éesntchaonsel s and ot her
etching away glass/silicowifle infrg). Fig.1.13 summarizeshe basic photolithograpb scheme used

to pattern aglass subséite, which includes photoresist deposition and development featdre

etching.
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Figure 1.13 Basic steps involved in photothography to produce etched glass grooves (left) or
metal electrodes (right) (adapted from ref40,110113).

For a fclosedo conformation DMF EWODdoedevi ce t
not haveto be bound. The top plate simply rests on top of a separator, which is often comprised of
multiple layers of adhesive tape; it can be removed at any time allowing for direct access to the
platform during the experiment. The most comnbop-plate material is indium tin oxide (IT&@)pated
glass, as it is both conductive and transparent-dd&ed glass is available commercially in a variety
of sizes, however for EWOD applications it is spoated with hydrophobic material, so the detgl

have minimized friction with both top and bottom plates.
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A micronsi zed channel is often t hfel oowedn tmiadr off d auti
device. Wethemical etching methods are most commonly used to fabricate these channels, where
potassiumhydroxide KOH) is used for silicon antdydrofluoric acid HF) for glass.The glasstching
process is isotropjd.e. theetchrate is equal in all directien Isotropically etcing channed often
produces undercutting, making it more difficult to obtain features with high aspect ratié™
Conversely, silicon etches anisotropically, i.e. preferential etching in one direction over another, which
can produce a necircular channel shapee.g.rectangular, trapezoidal or 3haped, whicHimits
separatiorefficiency duringCE or LC'*® Finally, a cover fate is bonded to the substrate to seal the
device; the seal needs to be ldasde and must be able to withstand high pressures (e.g. LC
separations)For most methodbondingrequires high temperature40(0 e C and edrénely e) or
long bonding time (owve100 hours), ohigh voltages foranodic bonding*® Photolithography is a
popul ar method of fabfliowdbi andf ®MFDbdtrersha® nt howe

become widely popular in recent years.

1.5.2Polymer Materials

The low costandvariety of materias availablehave driven microchip manufacturing towards
polymer substrateslhe materialcostis considerablylower for most polymers compared éithe
glass or silicon. Most polyme(se. thin sheetsire priced in the range of 62cents UB/cnt while
glass can range from 15 to 40 centsDUSr?.*° Polymeric materialsre available wittvastly different
propertied.e. optical transmission, stress resistance, surface chenadstiheat and solvent stability.
Two of the most commonly usedhaterialtypesare elastomers and thermoplastics. Elastanzae
dominatedalmost entirely bypolydimethylsiloxane RDMS), thesematerials are weakly crodisked
andcan easily deform undan appliedstressand reform #er the stress is remové¥ Thermoplastics
are also weakly crodimked maerials, but are rigid at room temperattfte Elastomers and
thermoplastic materials are becoming more popular, and their sharerochip manufacturing has

significantly increased in the paltcadeas seen in Figl.14
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Figure 1.14 Number of publications for academic and commercial applicatios of microfluidics
for the last decade, showing the choice sfibstrate material .**’

Commonly used thermoplastics inclugelystyrene RS, polyethylene IPE), polycarbonate
(PO), cyclic olefin copolyme(COC) andpoly(methylmethacrylateRQMMA). The ultimate choice of
material is determined by the intended application of the device. For example, spectroscopic detection
methods often dictate which polymer is to be used, as most polymers have a high UMManyff
polymers are also associated withnificant autofluorescence, whighcreaseshe detection limit by
increasing the backgroumbise® For other applicationssuch asliquid chromatographyL(C) or
capillary electrophoresiCE), solvent stallity and zeta potential of the surface are vanportant.
For examplePC is unstablén acetonitrile, thus it is not compatible with revergddise LC. On the
other handPMMA and COC are unstabli@ nonpolar solventsmaking them incompatible with
nomal phasé.C. Zeta potentia of most polymes aremuch smaller than that of glass, thus CE is not
asreadily implemented ontpolymeric devices'® Hydrophobicity of most polymeric materials causes
problems in filling the channels with aqueous solutions, attemniring higher pressures for fluid flow

or a surface treatment to be perfornmredrder to lower hydrophobicit}?°
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1.5.3Thermoplastic Fabrication

Thermoplastics are rigid materialssuallygas impermeablevhich makes thenappropriate
for high-pressure applications. All thermoplastics haveharacteristic temperature, refertedas a
glass transition temperatureg;Tat which the polymer becomes soft and elastomeric, and can be
deformed by applyindnigh pressuré’’ Only pressuraffected regions are deformed, thus selective
patterning can be done. Upon coolitlge substrate becomes rigid again, and as the mold is released
the patterned surface revealed. This property is commonly used by replication technigtésh
require high temperature, pressuamd a mold; however thesurface can be also patterned
directly.*?*#
1.5.3.1Replication

Replication refers to a process that produces multiple identical structures withreceamiary
Afinegativeodo features, has evd t bn aa fi gComniph @plicaian! d eb i e &
techniquesused to fabricate polymeric microfluidic devicélude injection molding and hot
embossing A variety of materials can serve as molds, where metals, silicon, quartz and other hard
materials arehte most popularThe choice of a mold is dictated Hye number ofdesireduse cycles
and micrefeature resolution requiredMetallic molds havesuperior mechanical stability and
robustness, andan withstand multiple heating/cooling cyclesyd thus can & used to fabricate
hundreds of polymeric devicdgetallic molds are expensive, however, and more difficult to fabricate.

Conversely, icon molds canbe susceptible to fracture and breakage if used with hard plastics,

howeverexceptional resolution care achieved with silicon molds (down to nanongtt&'*

1.5.3.1.1njection Molding

Injection moldingis a very common procedure the plastics industry, whera hot, liquid
polymeris injected intoa chamber containing mold, and as the temperature is lowered the polymer
takestheform of the desired shap&*?*'*>* A mold can be implemented @oth thetop and bottom of

the chambersimultaneouslythusa fAmi ddl edo | ayer can be easily me
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Fabrication of an entire device often takes less than 10 minutes, and submicron features can be
successfully replicatetd* This method ishowever relatively expensive and cumbersongignificant

temperature optimization trials amquired to achieve high fidelify’

1.5.3.1.2Hot Embossing

Hot embossing is oftethe technique of choice in microfabrication, as itcast efficientand
operates on rigidsheet substrates A substrate can beoftened andpatternedunder sufficient
temperature and pressufemold with a positive relief is pressed into a polymeric substrate to @eate

negative pattern (channghambergtc.) as shown ifig. 1.15'°%%°

Figure 1.15 Schematic diagram of the hot embossing processusing high pressure and
temperature to create structuresin a plastic substrate?®

W
-

=
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Upon cooling the material becomes rigid and the mold can be easily releastdhe
patterned substrate can fogther processed as desir88Hot embossings relatively inexpensivand
fast a single mold structure can be usemhdreds ofimes

The required temperature and pressane determined bigoth thesubstratematerial, and by
the resolutionof the features being reproduced. Eaththe materiat (PC, COC, PMMA) have a
specific hardness andgTThermal expansion of the material caegatively affect the feature

reproducibiliy and induce stress, thus care must be taken to not overheat the substrate/pblymer
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However with properly seleied mold and embossing conditions some spectacular rbsusbeen
achieved, where sumicromete featuresare accurately reproduce® Another reason for the
popularity of hot embossing is thatsingle instrument can be used as a complete station for polymeric
microchip manufacturingi.e. hot embossing care use for both substrate patterning and bonding,
where various parts of the devices are sealed tegtiltreate a complete device

1.5.3.2Bonding

There area few commonapproaches to the bonding thiermoplastiddevices wher¢hermal,
solvent, and adhesive bonding or any combination of these can be employed; eachhagthed
benefits and drawback®uring thermal bondingthe substrates are heated closthér Ty, andunder
high pressure the polymer chainscdonformal contact interdiffuse and boH@ This is the simplest
methodbut care must beaken when selecting the temperature and pressunditions as at extreme

conditions the micréeature shapand resolutiortan be affected or channels can collg{psg. 1.16).

Figure 1.16: (left) Bonding under optimized conditions with no observablechannel deformation;
(right) extreme heat/pressure leading to channel collapges c al e baf? = 200 & m)

Some clever methods have been introduced to provide better bonding strength and limit the
deformation of the micréeatures. Some materials (notably COC) can have a varietyfefedit T,0 s
associated with them, depending on the manufacturer and the grade of fiteriahe example, the
top and bottomsubstrate are made from the sae material COC), where different grades were

employed for each plate, (e:f, was lower for the top plateDuring the bonding step the temperature

29



128
€

is selected to be lower than thg df the bottom platend higher than that dhe top plate™ Less

channel deformatiois observed for this methdéig. 1.17.
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Figure 1.17. Comparison between channel profiles for thermally bonded COC microchips
(experimental and numerical simulation-based design model). a) Top and bottom plates are

made from the same material (f= 78¢ C) and embossed at 80¢C. It
is completely closed; b) Top plate is as above; bottom plate hag @ f 158eC. telihe top
slightly deformed, howeverthe channel is fully functional.*?®

In some caseghe low energysurfacesneed to be activated before thermal bonding. In this
case cleaning with plasnfair, oxygen, ozonegan be performed, or exposure to UV radiati@b4
nm) has been siwn to improve bonding strengtff This surface practivation can also result in
shorter londing time or lower temperature, which can be beneficididatsensitiveapplicatiors.
Instability of thermoplastics inertains ol vent s can be used to oneos
softened surface is prone to diffusion and stronger bond form&@awent bonding usually provides
the strongest substratever plate boding, and can be used in bammpatible apptiations as little or
no heat is required On the other handolvents can leach into the channels and block thathmay
even modifythe surface properties of the microchip. A solvent must be carefully chosen, as if it
softensthe polymer too strongly, surface deformatiorinisvitable (Fig. 1.18); while less effective

solvents often do not createstrong bond®
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Figure 1.18 (left) Surface deformation of a polymer due to prolonged exposure ta solvent
which resultsi n @ wr i; kidht) Depanation of COC sheet as a result of the application
of toluene.

It can also be hard to expoasurfacesufficiently for bonding without compromising channel
integrity, thus exposure to solvent vapour has becomee popular recently®®'?® Upon vapour
exposure the surface is softersgnificantly without affecting channel shapas there is no excess
solvent no additionaldryingis required

In some casesgespite optimization, bondingcan lead to chanrdedeformation, or even
completeblockage'*?® In these casea sacrificial layertechniquewas developed, here channel
shape isnaintained while bondings performedusingharsher conditions’he channel is filled witla
sacrificial layerthat is resistant to the solvent or heat usefterAthe bonding iscomplete,the
sacrificial material is removed! The scrificial layer matefals arebasedupon waxes, and under
harsh bonding conditiortee channel shape is lesssthrted

Bond strength is especially important fam-chip separations, where operations aressure
demanding For LC, another important consideration is the chiashape which ideally should be
round or semtircular for the bestseparation performancét has been previouslgoted that most
molds aremade from silicon or metal, whiatan produce nenircular geometry. The most common
way to achieve a round charnrshape is to make both top and bottom substrate containing a semi

circular channel, and then bond themith precise alignment. @mmy aligned channels were
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demonstrated témprove fit precision where channelsvere filled with a solid spacer duringpe

bording step (Fig1.19)."*?

ALIGNMENT

CHANNELI

O BONDING OF TWO

STRUCTURED LA‘ERS

FLUIDIC,

CHANNELS

Figure 1.19 (top) Schematic setup of using dummy channels to align semgircular channels
together; (bottom) the resulting channelcrosssectionthat is still not perfectly circular .**?

Another type of bonding is based on applying a thin layer of an adhesive, usually epoxy, to
one or bothsubstrates. This way is faslbes not require external heatd is the most universal as it
has lastmaterial consideratiors’ The layer must be kept thin to prevent epoxy leaching into the
channels and cloggirid® Unfortunately, ranyadhesives are also sensitive to commongdusolvents
in LC or MS Another drawback of using adhesives is that by appliligextra layer the surface
properties of the channel are modified, whiclhelevant tasome electrochemical applications. Bond
strength is alstow, limiting the devicesa low pressure applicatiorgs 10 bar)"*

1.5.3.3Direct Manufacturing : Micro -milling and Ablation

Thermoplastics are hard materitlisit arestable under mechanical strese they can also be
directly patternedvith mills and drills. Generally the desired design is fievelopedn a specific

computeraided design (CADprogram €.g. Solid Edge, {Edit, AutoCAD, etc.). An imagbased

design can be converted irdseries of commands later performed by a computer, thus making-micro
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milling fast, reproducible and not prone to human erfofrhe individual processing time faach
substrates determined by the complexity of the etelvice The drilling/milling process often leads to
rough channeburfacesand the size of some fine structures is limit€dme hard plastics require
multiple mills to complete a single substrate, thus the cost can be relatively high.

Ablation has been used to produce microchips from a variety of materials, including PC, PS,
COC,andPMMA.*® A variety of different wavelengths tiebeen employed in micrmanufacturing
proceses including IR, UV and xay. The mosicommon source of focused radiation is a laser, which
has sufficienppower to heat up anablatematerial from the polymeric surfacan infrared CQ laser
is often used to ablate materials such as, PMMA and PDMS'™ CO, lases cancreatedeep
channels (>1 mm)butthe channel profileoften hasa Gaussian shapdue to defocusing effect8'*®
Ablated materiatan bedeposited onto the edges of the channel, whiely later lead tgproblems

during bonding (Fig1.20."*’

Figure 1.20 Laser-ablated surface showing material deposited on the side§aussianshaped
channel**®

1.6 Microfluidic Analytical Techniques

1.6.1Separations

Analytical separation, in the form of gas chromatography, was the first operation ever reported
on a &€TAS device, where a mixture of simple compc¢

a few second$Miniaturization in analytical separations leads to reduced analysis time and increased
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performancé where both electroosmotic and pressuatéven flow approaches aravidely
represented™®

Electrophoresis oa microchip was first reported in 1992, and since then has become one of
the dominant separation approaches in a microchip fdfthhitially, electroosmotic pumping was
the technique of choice, as this approach does not require mechanical moving parts or connectors that
add complexity to device fabricatiSrBoth the injection and the separation flow are controlled by
applying appropriate voltages to specific locations along the channels or reservoirs. A variety of
different classef compounds have been separated using electroosmotic appréatiiedyes,
amino acids, small drug molecules, proteins, DNA, and whole cells have bparated on a
microchip where highesolution separations have been demonstrated ooesiimetre columns in
just a few second$*'*” Regardless of its populgy, the electroosmotic approach is not without its
flaws and challenges; the analyte charge, buffer pH, and channel material must be carefully selected
for compatibility. High applied voltage and the resulting Joule heating can further limit the
performac e of ¢&€TAS, and often contributes to fabrica:

is explored in Chapter 2 and is discussed in further detail below.

1.6.2Liquid Chromatography

LC is a more established technique in analytical chemistry, where wrtaajl class of
compound can be efficiently separated under appropriate conditions. However, due to more
sophisticated fluid control and fabrication limitatipnsC is not as easily implemented onto a
microchip format. Fluid flow in microchannels requiragthpressures, where specific infrastructure
(i.e. pumps, injectors) and fabrication considerations (i.e. device robustness) must be accounted for.
Smaller microchannels offer the advantages of faster diffusion and more efficient separation; however,
thatin turn requires even higher pressures to efficiently move the mobile phase and analytes through

the channels®® There are reports of miniaturized pumps amjedtors implemented directly onto the
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microchip’®*****® however for LC separations it is common to have external pumps, which can limit
portability of such a device.
The first miniaturized LC column wademonstratedn 1967 by Horvati® prior to the

15 The main

introduction of microchip formatand was popularized in late 1970s by I$Hi
advantages of miniaturized LC include low sample requirements, fast analysis time arising from small
volumetric flow rates and enhanced detection sensitivity due to low dilutiorrdadtds no surprise
that this highdemand technique, first demonstrabec microfluidic deviceby Manz et al. in 1995

has beerurtherimplementefdeveloped for over two decade¥arious stationary phase approaches

have been imgimented in microchannels, where standard bead pagkingus polymer monolith

(PPM) and open tubular are the most popular (Fig. 1.21).

Figure 121: Schematics(top) and examples(bottom) of stationary phases commonly used in

microfluidic LC. (left) 180 e m.DI c ol umn p a c k e-ohodified panticles; > §centrel 1 8
monolith col umn LD. fusedsiliea capilary;5°Q ré mht ) .FuSedglica | . D
capillary modified with two layers of graphene oxide®’ The scal e bar is 50 em f
electron micrographs.

Short channels allow for fast separations, while narrow channels lower diffusion distances and
increase resation. Reduced dimensions of the particles in the stationary phase allows for better
packing |l eading to superior performance; 3.0 and
and submicron particles are not uncommf™® The adaptation of mickohromatography was not

without challenges, where smaller channel dimensions and rs@ed stationary phaseequire
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ultrachigh pressures t@nablethe liquid flow through the channels. Higbsolution separations
depend on tight, voiftee packing, which in turn requires even higher pressures. Therefore, efficient
separations require pumping systems capable lofedi@g such high pressures, as well as devices
capable of withstanding pressures in excess of 70.'%P@e highpressure demands can limit the
choice of themicrochip material, e.g. many polymeric devices tend to deform under applied higher
pressures (i.e. elastomers) or split open in the weakest spot (i.e. thermoplastics). Significant effort has
been dedicated to researching and developing new microchipiatsaterd fabrication methods that

can improve device robustness and allow them to withstand high anflighraressures.

Another way around minimizing pressure requirements is the introduction of highly permeable
alternative packing materials, likgporois polymeric stationary phase and/or open tubular
methods®**** PPM can be easily introduced inside amels as a liquid solution, which will
polymerize with a proper trigger (light or heat initiatioff) Due to the high porosity of these
materials, longer columns can be efficientlyefil and operated under relatively low backpressures
and/or high flow rate¥® It is also possible to control both the exact length and position of the PPM
material with the photinitiation approach,which can be beneficial for certain applicatidffs
Combinations of solvents and monomers dictate the porosity and functionalizatio@ wionolith
produced, which can be tailored for specific applicatf6f§’ The porous nature of PPM is, howeve
irreproducible from device to device even under the same polymerization conditions. Furthermore, the
presence of the irregular voids in the material can lead to reduced separation perfdtinance

Open tubular approaches, adapted from GC, are based upon modifying the channel walls with
appropriate functional groups and flowing the reagents through the unpacked ¢Hafietfective
separation is possible as the reduced channel diameter increases theswudhoae atio and allows
for increased wall interactiofi’ However, to compete with packed columns, chadmaénsions of 10
em or | ess are required, which is challenging

(high pressures) stand poiff8 The operubular approach is more populaithvelectroosmotic
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separations, which requires no pressntkiced flow to operaté™’> Opentubular appoaches offer
low column loading capacity, limiting the volumes of the analytes that can be analyzed. A major
concern for micrechromatography is the dead volume arising due to the presence of pumps, valves,
interconnections, frits and emitters. A deaduwoé of several microlitres can go unnoticed in standard
chromatographycolumns, but a few nanoliseof deaevolume can have devastating effects on
resolution of microcolumn¥®’®

Packing frits, small obstacles in a channel that allow for liquid flow but retain stationary
phases, can significantly contribute to dead volume, thus they often pose a aignifasign
challenge. Frits can be microfabricated into glass channels by standard photolithography and wet
etching techniques, however they tend to be unstable under high pressures or add significant
complexity to the desighChannel obstructios (e.g.weir) can also be introduced, but particle size
and packing density must be reproducible from device to d&ité'” The keystone effect®’”

where a narrow opening blocks particles <causing

approach, and is often used to minimilzad volume (Fig. 1.22).

Tapered /&
column

70 um
3 um particle

Figure 1. 22: An exampl e of the Akeystoned phenol
and block the microfluidic channelas a means of retaining the stationary phase in the coluntf?

Short sections of PPM can also serve as frits for high resolution silicebbead packing, but

it can also further contribute to demdlume by adding postolumn spacé Integration of emitters for
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online ESIMS detection (discussed in 1.6.4) can lead to similar-slehdne concerns, and must be

addressed accordingly.

1.6.3Detection

Limited quantities of the analytes and their inherent properties dictate the choice of the
detecton technique, which should be compact, versatile and sensitive. A variety of detection methods
and techniques have been realized on a microchip format, where optical detection, electrochemical
sensing and mass spectrometry are the most common. Fluorescence o mmon f or € TAS
can be easily adapted to the reduced dimensiBhsw divergence excitation sources (lagetuced
fluorescence, lighemitting diodes) can be precisely focused on minuteusamts of analyte, and result
in unmatched sensitivitf Standard UWis absorbance is more versatile in terms of analytes and
wavelength selection, however due teduced optical path length its sensitivity is reduced
significantly. Multiple designs have been introduced to counter the problem of short path length, but
not without an increase in fabrication complexXiy/*® Electrochemical detectiome. potentiometry
and amperometry is based on changes in electrical properties of anabgesresult of redox
reactions'®® Theseapproacks are cost effective and & low resource demand, thtisey arevery
popular on singlaise devices, and especially papased LOCS® Electrochemical detection can be
easily implemented into microfluidic devigES however it is analyte specifand strongly dependent
on the properties of the bulk solution (e.g. pH, ionic strength"&tdass spectrometeese not easily
miniaturized however they offesendivity, selectivity and compound identificatipmaking them
popul ar choi ce $£%Various mdsARctronetryimeteosls have been successfully
implemented with latof-a-chip devices (both digital and continuous flow approaches) and these

coupling strategies are discussed in detail below.

1.6.4Coupling MassSpectrometry with Microfluidic Devices

MS separtes gasphase ionized molecules based on their Aasharge ratio, and can be

used toidentify and quantify virtually any class of chemical compouhdorganic and inorganic
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molecules, small drug entities, catalysts, large biological molecules and ewén avpanisms have
been analyzed. MS iswell-establishedechnique that is routinely used in various areas of modern
analytical chemistry. In fact, thousands of scientific publicationd&nresearctare produced each
year and there are specialized jalsndedicated to the methods, techniques and instrumentation of
mass spectrometry (e.gournal of Mass Spectrometminternational Journal of Mass Spectrometry
Journal of American Society of Mass Spectromettg.). Different MS ionization techniquesear
compatible with miniaturization, making MS a popular choice in microdevice®. &f the most
common ways of interfacing microchips with MS are done through electrospray ionization
(ESIP3%18 or matrixassisted laser desorption ionization (MALPE'® but alternativemethods such

as atmospheric pressure photoionaati (APPI)'®

atmospheric pressure chemical ionization
(APCI),'®%*9 and desorption electrospray ionization (DESRre also utilized.

AContinuous flowdo ¢€eTAS, i-driven chrenamgrdphigaseds mot i ¢
devices,are readily coupled with nar®S| becauséboth operateat similar flow rates(nanolitres to
few microlitres per minutg and analyte ionization happens under aphesic pressur&? The nano
ESI processs very similar to tke standard ESI, where a fine dropéetrosolis produced undeapplied
high voltage'®® As the dropletsmove into vacuum the solvent evaporated, and in a series of
Coulombic explosionggasphase ionsare producedwhich can be detected and identified (Fig.
1.23)'*1%° Dye to the smaller initial droplets produced under low flow rates, solvent evaporation and
the resulting ion formation is enhat; thus increased sensitivity through better desolvation is often

observed with nan&S|.1%
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Figure 1.23: Schematic of the positivenode ESI process to generate ggshase ions™>*
ESIi s a f s o fteclnigueomoesmat tesulb in significaminalytefragmentatiorand

decompositionand producesingle and/omultiple chargés) on an ion, making it suitabléor large
molecule analysis. Combined with microchip technology,-ESl has become a powerftdol for
proteomics, metabolomics, pharmacokinetics, glycomics:*®f'%” An important consideration for

the ESI process is the formation of the ions under applied potential, typically realized with an
electrospray emitter, which is coupled to the liquid sample delivery system on one end, and the mass
analyzer atthe other end. Introducing these emitters onto the microdevices is one of the major
challenges of microchigSl integration, mainly due to fabrication limitationEhere are three
common ways to couple microckipvith ESFMS: directly from the edgeattahed emitters and

integrated emitter@=ig. 1.24).
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microchannel

Blunt-end
®)
| -
Attached ES|
emitter
P &

B
Integrated emitter

Figure 1.24 Schematicdiagram showingthree common ways of couplingan ESI-MS emitter to
amicrochip: a) from the edge; b) attachedemitter; c) integrated emitter.**’

Due to its simplicity, the edgspraying, was the first microch#SI| coupling method
introducedn the 1990s, wherdné electrospray is generated directly from the microchannelrapan
the edge of the chif¥® Due tothe hydrophilic nature of the materigland flatend geometry of the
edge, the cone tends spread over the edge of the chigadingto surface wettingand spray
instability. The wetted surface volume can be high enough to praigeiicant dead volumayhich
lowers the sensitivity and causes band broaderifig’he formation of large droplets on tneicrochip
edge can lead to unstable electrospray, and can somégiateto cor repositioning® To minimize
these effectsseveral techniquesan beimplementd; however, they tend to be npermanent (e.qg.
hydrophobiccoating$, or can further complicate the device fabrication/operation (e.g. aerodynamic
interfacing)'***® Along with these standard approaches, monolithic emitters have been integrated
successfully to aid spraying from the ed¥g*

An improved couplingnethod is achieved bseparately}conneding commerciafused silica
emitters to the channel exivherethe potential is applied e emittettip. The electvspray produced

tends to bestable and reproducible, howevhe difference in inner diametef the microchannel and
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the emitter introduces significant dead volume, whadn cause band broadening alogvers
resolution significantly®®

The most efficientvay of coupling microchips with ESI is by usimgegrated micrabricated
emitters. The generalesign is similar to attached emitters, wharstable electrospray generated
from a protruding taperedhollow tube, where multiple geometries materialsand manufacturing
methodshave been successfully utilized (Fig. 1.258% these emitters are integrated into the device,
they are usually not associated with significant dead volume, and produce stable and it#produc
electrospray®'841°%?% The only drawback of these emitters is their production, where most designs

require costly, time&onsuming and elaborated cleanroom fabrication, limiting their widespred® use

Figure 1.25: Several example®f microfabricated emitters integrated into microchips®
Overall, the coupling f fAconti nuous f | o0aM8, whie challendiregvhasc e s

been successfully realized. A much more interesting challenge lies in coupling digital microfluidics
with ESI, as there is a need for converting the digital format ictmapatibleconinuous flow format.
Several coupling approaches have been proposed by the Vitf8&t1d Ropel” groups,where a
connecting capillary or an emitter is attached to the edge of the device, and the emitter/capiltey
filled with an actuated droplet using capillary action and/or pneumatic assistance. Kirby et al.
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devel oped a more direct Aorigami 0 appr oESEt h, wh e

emitter. The device is folded on itself to produce a auitte a fine orifice (Fig. 1.263%

Figure 1. 26: Mi crofluidic Aorigami 6 device, wher
produce a cone with anarrow opening which can be used for direct ESI analysi€®

Another commommethodof microchipMS coupling is done through MALDAhich has been
demorstrated in both continuous and digital forma@ALDI employs daser toablate andlesorb a
sample cecrystalized withmatrix, the mechanism of which is still highly debaf88Due to a ce
crystallization requiremeniALDI is normally usedor offline analysis. Offline methods allow for
the microdeviceprocessedamples tde further enhanced or optimizeeforethe MS analysis’ by
using filtration, preconcentration or enzymatic digestidfi’ Co-crystalized samples can be-
analyzel usingdifferent conditions or with different instrumextion, which can be advantageous for

forensics or biomedical applicatiof§**°

Parallel detection is better suited for offline MALDI, where
multiple samples can be awyakd on the same target, even though the actual analysis is done in a
sequentiaffashion?*?*? Neverthelessways of coupling microchips with online MALChave also
beendeveloped.

Musyimi proposed a design containingodatingball, wherethe analyte is being continuously

eluted on theotating surfacefollowed by matrix depositioonto the balf*®

The sample and matrix
depositionsteps are done under atmospheric presbutes thewheelrotates it enters intavacuum,
where laseinduced ionization occursOnline reaction monitoring was demonstrated with MALDI

directly through the channels, where a transparent portion of the channel allows for laser ionization,
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e?** Microdevicesthemselves can be

and the ions can travel into the MS through a-midron hol
used as a target; in some cases, as the sample is, ¢hgedatrix is appliegimultaneouslyand
following the co-crystallization themicrochip can be directly subjected ttee laserpulses®”**’ This

is a common method of analysis in commerciallgilable CD microchip$'® In another approach the
sample and the matrix are both injected into a microchip, armtystallization occurs in the open
capillaries of the chip. The solvent tilsen vapaurized, and the mixturef sample and matrix are
analyzd directly in the sample channelé& similar principle is commonly used in coupling DMF
devices with MALDI, wheréandividual droplets containing analyte can be easily merged with ratrix

containing droplets. These combined droplets can then batedtio the desired locations on the

microchip surface to be ewrystalized by evaporatigh**%2*’

1.7 Project Objectives

The main aim of this thesis is to demonstrate the versatility and the metesroicrofluidic
field of research, where a number of microfluidic approaches, fabrication methods anidlmain
chip operations and applications are explored and demonstrated.

Aficont i nuous -bdsedomierdchiCfor@.C separatiarith online ESIMS detection
is demonstrated in Chapter Part of this chapter has been published Microfluidics and
Nanofluidics Fabrication technigues unique to thermoplastics were utilized to fabricate a robust
device capable of separating snaalligsand largebiological molecules, where microstructured fibe
(MSF) was useds anancESFMS emitter.

Chaptes 3 to 5 exploit the merits and challengestbé DMF format, where discrete droplets
are addressed as opposed to bulk fldwo droplet actuation approaches, EWOD and magnetic
actuation, are demonstrated on custom and commercial superhydrophobic surffec&V0OD
approach is explored on a variety of natural aydthetic (super)hydrophobic surfaces, where

systematic analysis demonstrates feasibility of this approacha a@ustom fluorinated silica
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nanoparticle FSNB-based surfacéChapter 3)The main body of Chater 3 has been published in the
Microelectronic Engineeringpecial issue on micro/nano emerging technologies.

Chapter dexaminegarticlebased magnetic actuation on DMF devices, wheter contact
angles roll-off anglesand adhesion forces are usedcharacterize the surfaces suitable for this
approachWe looked at a natural superhydrophobic surface, commercial hydrophobic surface (Teflon)
and a commercial superhydrophobic FSRed surface, and determined that FB&ed surface is
best suited fomagnetic actuation, due to its high robustness and low surface friction. Parts of chapter
4 have been published 8ensors and Actuators B: Chemical

The first report of particldree magnetic actuation is presented in Chapter 5, where droplets
of various paramagnetic salts have been successfully actuated over a superhydrophobidrsthiface.
case we look at the magnetic susceptibility properties of each salt, and determine the minimum
concentration required to actuate droplets of each salt. We deaterteat salts with higher magnetic
susceptibility can be actuated at lower concentrations and with higher speed; we also calculate
magnetic force for each of the five salts tested. Online fluorescence detection of-ttameatidrug in

a salt containig droplet is also reported.

1.8 References

1. D. R. Reyes, D. lossifidis, P. A. Auroux and A. MaAnal. Chem.2002,74, 262336.

2. C. T. Culbertson, T. G. Mickleburgh, S. A. Stewdaines, K. A. Sellens and M. Pressnall,
Anal. Chem.2014,86, 95118.

3. S. C. Terry, J. H. Jerman and J. B. Andelke Transactions on Electron Devic#&979,26,
18806.

4, A. Manz, N. Graber and H. M. Widmesgnsor. Actuat. hem, 1990,1, 2448.

5. G. M. WhitesidesNature 2006,442, 36873.

6. T. Sikanen, S. Franssila, T. J. Kauppila, R. Kostiainen, T. Kotiaho and R. A. Kidta,
Spectrom. Rey2010,29, 351:91.

45



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

X. C. Wang, X. H. Yang and X. M. Zrangnal. Sci, 2006,22, 1099104.

E. K. Sackmann, A. L. Fulton and D. J. BeeNature 2014,507, 1819.

P. A. Auroux, D. lossifidis, D. R. Reyes and A. MaAnal. Chem.2002,74, 263%52.

P. Woias Sensor. Actuat. €hem, 2005,105, 28-38.

T. Nissila, L. Sainiemi, S. Franssila and R. A. Ket8lansor. Actuat. hem, 2009,143
414-20.

G. Deng and G. E. Collind, Chromatogr., A2003,989, 3116.

J. M. Gillies, C. Prenant, G. N. Chimon, G. J. Smethurst, B. A. Dekker and J. Zplit,
Radiat. Isot, 2006,64, 3336.

D. Mijatovic, J. C. Eijkel and A. van den Beiiggb Chip 2005,5, 492500.

G. S. Fiorini and D. T. ChiBioTechniques2005,38, 42946.

H. Becker and L. E. Locasci®alantg 2002,56, 267-87.

D. M. Cate, J. A. Adkins, J. Mettakoonpitak and C. S. Hesnal. Chem.2015,87, 1941.
W. K. Coltro, D. P. de Jesus, J. A. da Silva, C. L. do Lago and E. CaEllxirophoresis
2010,31, 248798.

T. Songjaroen, W. Dungchai, O. Chailapakul, C. S. Henry and W. Laiwattanapals&thip
2012,12, 33928.

X. Yang, N. Z. Piety, S. MVignes, M. S. Benton, J. Kanter and S. S. Shevkopyfas,
Chem, 2013,59, 150613.

R. EhrnstromlLab Chip 2002,2, 26-30.

B. Teste, A. AliCherif, J. L. Viovy and L. Malaquir,ab Chipg 2013,13, 23449.

S. Koster and E. Verpoorteab Chip, 2007,7, 1394412.

H. Chen, A. Abolmatty and M. FaghMicrofluid. Nanofluid, 2011,10, 593605.

N. Pammelab Chip 2007,7, 164459.

46



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

O. Strohmeier, M. Keller, F. Schwemmer, S. Zehnle, D. Mark, F. von Stetten, R. Zengerle and
N. PaustChem. Soc. Re\2015,44, 6187229.

S. Gotz and U. KarsAnal. Bioanal. Chem2007,387, 18392.

M. Karas, U. Bahr and T. DulckBresen. J. Ana.l Chen2000,366, 66976.

M. Abdelgawad and A. R. Wheeledv. Mater, 2009,21, 9205.

R. Sista, Z. S. Hua, P. Thwar, A. Sudarsan, V. Srinivasan, A. Eckhardt, M. Pollack and V.
Pamulalab Chip 2008,8, 2091104.

F. Mugele and 3C. BaretJ. Phys.: Condens. Matte2005,17, 70574.

D. Chatterjee, B. Hetayothin, A. R. Wheeler, OKihg and R. L. GarrelllLab Chip 2006,6,
199-206.

I. Moon and J. KimSens. Actuators A: Phy2006,130-131, 537%44.

M. Abdelgawad and A. R. Wheeldjcrofluid. Nanofluid, 2007,4, 34955.

S. K. Cho, H. J. Moon and C. J. Kith,Microelestromech. Syst2003,12, 70-80.

D. Brassard, L. Malic, F. Normandin, M. Tabrizian and T. Veltab, Chip 2008,8, 13429.

A. Banerjee, Y. Liu, J. Heikenfeld and I. Papautdlah Chip 2012,12, 513841.

A. Accardo, F. Mecarini, M. Leoncink. Brandi, E. Di Cola, M. Burghammer, C. Riekel and
E. Di Fabrizio,Lab Chip 2013,13, 3325.

S. K. Cho, S. K. Fan, H. J. Moon and C. J. Kinfteenth leee International Conference on
Micro Electro Mechanical Systems, Technical Dig2602, 325.

S. C. Shih, H. Yang, M. J. Jebrail, R. Fobel, N. McIntosh, O. YDibashi, P. Chakraborty
and A. R. WheelerAnal. Chem.2012,84, 37318.

Y. J. Zhao, U. C. Yi and S. K. Cha, Microelectromech. Sys2007,16, 147281.

D. Beyssen, L. Le Bzoual, O. Elmazria and P. Alnd@gnsor. Actuat. hem, 2006,118
380-5.

N. Pammelab Chip 2006,6, 24-38.

47



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Z. Long, A. M. Shetty, M. J. Solomon and R. G. Lardaaty Chip 2009,9, 156775.

L. Mats, R. Young, G. T. T. Gibson and R. De&thuk Sensor. Actuat. hem, 2015,220,
5-12.

K. H. Kang,Langmuir, 2002,18, 1031822.

J. Zeng and T. Korsmeydrab Chip 20044, 26577.

R. Baviere, J. Boutet and Y. Fouillédjcrofluid. Nanofluid, 2007 4, 28794.

H. Moon, S. KCho, R. L. Garrell and €l. C. Kim,J. Appl. Phys.2002,92, 408G7.

A. EgatzGomez, S. Melle, A. A. Garcia, S. A. Lindsay, M. Marquez, P. Domin@sazia,
M. A. Rubio, S. T. Picraux, J. L. Taraci, T. Clement, D. Yang, M. A. Hayes and D. Gust,
Appl.Phys. Lett.2006,89, 034106.

A. A. Garcia, A. Egattoomez, S. A. Lindsay, P. Domingu€arcia, S. Melle, M. Marquez,
M. A. Rubio, S. T. Picraux, D. Yang, P. Aella, M. A. Hayes, D. Gust, S. Loyprasert, T.
VazquezAlvarez and J. Wangl. Magn. Magn. Mter., 2007,311, 23843.

J. F. Nie, Y. Zhang, H. Wang, S. P. Wang and G. L. SBimsens. Bioelectron2012,33, 23
8.

N. S. Mei, B. Seale, A. H. C. Ng, A. R. Wheeler and R. Oleschnéll. Chem.2014,86,
846672.

H. Zhang and S. G. Webdrpp. Curr. Chem.2012,308, 30737.

M. Ma and R. M. Hill,Curr. Opin. Colloid Interface Sgi2006,11, 193202.

J. Genzer and K. EfimenkB8jofouling 2006,22, 339-60.

B. Bhushan and Y. C. Junyanotechnology2006,17, 275872.

B. Bhushan and Y. C. Jun@rog. Mater. Scj.2011,56, 1-108.

A. B. D. Cassie and S. Baxtdr, Faraday So0¢.1944,40, 054650.

J. A. Watson, HM. Hu, B. W. Cribb and G. S. Watsofinti-wetting on insect cuticie

structuring to minimise adhesion andigld, InTech Publishing, 2011.

48



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

L. Afferrante and G. Carbon8pft Matter 2014,10, 390614.

Y. T. Cheng, D. E. Rodak, C. A. Wong and C. A. Hayd¢smotechnology2006,17, 1359
62.

K. Koch, A. Dommisse and W. Barthlo@yyst. Growth Des.2006, 6, 257 18.

H. J. Ensikat, P. Ditschéuru, C. Neinhuis and W. BarthloBgilstein J. Nanotechno2011,
2, 15261.

J. Lin, Y. Cai, X. Wang, B. Ding, J. Yu and M. Wamgnoscale2011,3, 125862.

X. Zhang, F. Shi, J. Niu, Y. Jiang and\&ang,J. Mater. Chem.2008,18, 621-33.

T. Onda, S. Shibuichi, N. Satoh and K. Tswangmuir 1996,12, 21257.

Z.J. Cheng, H. Lai, N. Q. Zhang, K. N. Sun and L. Jidnghys. Chem. 012,116,
18796802.

A. EgatzGomez, J. Schneidd?, Aella, D. Yang, P. Domingudézarcia, S. Lindsay, S. T.
Picraux, M. A. Rubio, S. Melle, M. Marquez and A. A. Garéippl. Surf. Scj.2007,254,
3304.

M. S. Dhindsa, N. R. Smith, J. Heikenfeld, P. D. Rack, J. D. Fowlkes, M. J. Doktycz, A. V.
Melechko and M. L. Simpsori,angmuir, 2006,22, 903G4.

X. Men, Z. Zhang, J. Yang, X. Zhu, K. Wang and W. Jiadey J. Chem2011,35, 8816.
J. Schneider, A. Egat2émez, S. Melle, S. Lindsay, P. Dominguearcia, M. A. Rubio, M.
Marquez and A. A. Qaia,Colloids Surf., A2008,323 19-27.

H. M. Shang, Y. Wang, S. J. Limmer, T. P. Chou, K. Takahashi and G. ZThiacsolid
Films, 2005,472, 37-43.

H. Wang, J. Fang, T. Cheng, J. Ding, L. Qu, L. Dai, X. Wang and TQtiam. Commun.
2008,877-9.

N. Gao and Y. Y. YanNanoscale2012,4, 220218.

L. Cao, A. K. Jones, V. K. Sikka, J. Wu and D. Gaamgmuir, 2009,25, 124448.

49



7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

D. Xiong, G. Liu and E. J. Duncabangmuir, 2012,28, 69118.

X. M. Li, D. Reinhoudt and M. Creg6dama,Chem. Soc. Re\2007,36, 135068.

M. C. Draper, C. R. Crick, V. Orlickaite, V. A. Turek, I. P. Parkin and J. B. Rdll.
Chem, 2013,85, 540510.

Z. G. Guo, F. Zhou, J. C. Hao, Y. M. Liang, W. M. Liu and W. T. S. HAgil. Phys. Let}.
2006,89, 081911

X. Hong, X. F. Gao and L. Jiand, Am. Chem. Sq2007,129, 14789.

E. Bormashenko, R. Pogreb, Y. Bormashenko, A. Musin and T. Sgigmuir, 2008,24,
1211922.

W. C. Nelson and C. J. Kind, Adhes. Sci. Technp2012 26, 174771.

F. Saeki, J. Baum, H. Moon, J. Y. Yoon, C. J. Kim and R. L. GaAbfitr Pap. Am Chem
S, 2001,222, 341-2.

A. G. Papathanasiou, A. T. Papaioannou and A. G. Boudauvigpl. Phys.2008,103
034901

M. JonssorNiedziolka F. Lapierre, Y. Coffinier, S. J. Parry, F. Zoueshtiagh, T. Foat, V.
Thomy and R. Boukherroubhab Chip 2011,11, 4906.

M. Abdelgawad, S. L. S. Freire, H. Yang and A. R. Whetla, Chip 2008,8, 6727.

M. Dhindsa, S. Kuiper and J. Heikenfelhin Solid Films$2011,519, 334651.

H. Liu, S. Dharmatilleke, D. K. Maurya and A. A. O. Téjicrosyst. Techngl2010,16, 449
60.

V. N. Luk, G. C. H. Mo and A. R. Wheeldrangmuir, 2008,24, 63829.

S. H. Au, P. Kumar and A. R. Wheelegngmuir, 2011,27, 858694.

A. Accardo, F. Gentile, M. L. Coluccio, F. Mecarini, F. De Angelis and E. Di Fabrizio,
Microelectron. Eng.2012,98, 6514.

J. Heikenfeld and M. Dhindsa, Adhes. Sci. TechnpR008,22, 31934.

50



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

U. Lehmann, S. Haidlj, V. K. Parashar, C. Vandevyver, A. Rida and M. A. M. G3ensor.
Actuat. BChem, 2006,117, 457-63.

Q. A. Pankhurst, J. Connolly, S. K. Jones and J. Doldsdhys. D.: Appl. Phys2003,36,
167-81.

M. C. Weston, M. D. Gerner and |. Fats Anal. Chem.2010,82, 34118.

R. E. Rosensweid;errohydrodynamigsCambridge University Press, Cambridge ; New
York, 1985.

T. Neuberger, B. Schopf, H. Hofmann, M. Hofmann and B. von Rechenbdfiggn. Magn.
Mater., 2005,293 48396.

A. K. Gupta and M. Gupt&iomaterials 2005,26, 39954021.

A. E@amez, S. Mel | e, A . A Garc2a, -GaorckR.a,Li
M. A. Rubio, S. T. Picraux, J. L. Taraci, T. Clement, D. Yang, M. A. Hayes and D. Gust,
Appl. PhysLett, 2006,89, 034106.

A. H. C. Ng, K. Choi, R. P. Luoma, J. M. Robinson and A. R. Wheatsl. Chem.2012,
84, 880512.

Q. A. Pankhurst, N. T. K. Thanh, S. K. Jones and J. Doldséthys. D: Appl. Phys2009,

42, 224001.

N. Vergauwe S. Vermeir, J. B. Wacker, F. Ceyssens, M. Cornaglia, R. Puers, M. A. M. Gijs,
J. Lammertyn and D. Wittersaabi@ensor. Actuat. hem, 2014,196, 28291.

M. Shikida, K. Takayanagi, K. Inouchi, H. Honda and K. S&ensor. Actuat. £hem,
2006,113 5639.

Y. Zhang and T. H. Wand\dv. Mater, 2013,25, 29038.

Y. N. Xia and G. M. Whitesideg®Annu. Rev. Mater. S¢i1998,28, 15384.

H. Becker and C. GartnegJectrophoresis2000,21, 12-26.

51

nd:



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

124.

125.

P. S. Nunes, P. D. Ohlsson, O. 6igland J. P. KutteMicrofluid. Nanofluid, 2010,9, 145
61.

J. T. Santini, Jr., M. J. Cima and R. Landg¢ature 1999,397, 3358.

J. M. K. Ng, I. Gitlin, A. D. Stroock and G. M. Whitesid&ectrophoresis2002,23, 3461
73.

S. E. Chug, W. Park, H. Park, K. Yu, N. Park and S. Kwéppl. Phys. Lett.2007,91.

R. J. Blaikie, D. O. S. Melville and M. M. AlkaidVlicroelectron. Eng.2006,83, 7239.

R. P. SeisyanTech Phys+, 2011,56, 106173.

C. lliescu, B. T. Chen ahJ. Miao,Sens. Actuators A: Phy2008,143 15461.

L. Ceriotti, K. Weible, N. F. de Rooij and E. Verpoottécroelectron. Eng.2003,67-8, 865
71.

X. X. Zhang and J. P. Raskih, Microelectromech. SysR005,14, 36882.

C. W. Tsamand D. L. DeVoeMicrofluid. Nanofluid, 2009,6, 1-16.

M. Vijay, E. Ghandehari, M. Goedert and S. J. J. Leteynational Mechanical Engineering
Congress and Exposition 2007, Vol 11 Pt a and Pt B: Micro and Nano Sy2@08s 3516.
H. J. Jacbasch, F. Simon and P. Weidenhamn]oid Polym. Scj.1998,276 43442.

S. M. Mitrovski and R. G. Nuzzd,ab Chip 2005,5, 63445.

F. Bundgaard, T. Nielsen, D. Nilsson, P. X. Shi, G. Perozziello, A. Kristensen and O.
GeschkeMicro Total Aralysis Systems 2004, VqlZD05, 3724.

C. W. Tsao, L. Hromada, J. Liu, P. Kumar and D. L. De\l@d, Chip 2007,7, 499505.

J. C. McDonald, D. C. Duffy, J. R. Anderson, D. T. Chiu, H. Wu, O. J. Schueller and G. M.
WhitesidesElectrophoresis2000,21, 27-40.

M. Nakao, K. Tsuchiya, T. Sadamitsu, Y. Ichikohara, T. Ohba and Tl@aod. Adv. Manuf.
Tech, 2008,38, 426:32.

V. Studer, A. Pepin and Y. Chefyppl. Phys. Letf.2002,80, 36146.

52



126. M. Schelb, C. Vannahme, A. Kolew aidMappes,). Micromech. Microeng2011,21,
025017

127. H. Becker and U. Heingens. Actuators A: Phy2000,83, 1305.

128. R.K.Jena, S. A. Chester, V. Srivastava, C. Y. Yue, L. Anand and Y. C.Sexmapr. Actuat.
B-Chem, 2011,155, 93105.

129. M. D. Douma, L. Brown, T. Koerner, J. H. Horton and R. D. Oleschtigofluid.
Nanofluid, 2013,14, 13343.

130. C. K. Fredrickson, Z. Xia, C. Das, R. Ferguson, F. T. Tavares and Z. Hl.Fan,
MicroelectromechS, 2006,15, 10608.

131. R.T.Kelly, T.Pan and A. T. WoolleyAnal. Chem.2005,77, 353641.

132. M. E. Wilson, N. Kota, Y. Kim, Y. D. Wang, D. B. Stolz, P. R. LeDuc and O. B. Ozdoganlar,
Lab Chip 2011,11, 15505.

133. C.S.Goh, S.C. Tan, K. T. May, C. Z. Chan and S. H2809 11th Elecbnics Packaging
Technology Conference (Eptc 2002009, 73740.

134. C. Friedrich, B. Kikkeri and T. NagarajaProceedings of the Tenth Annual Meetirije
American Society for Precision Engineerii®95, 2847.

135. B. A. Fogarty, K. E. Heppert, T. Cory, K. R. Hulbutta, R. S. Martin and S. M. Luntée
Analyst 2005,130, 92430.

136. J.Y.Cheng, C. W. Wei, K. H. Hsu and T. H. YouBgnsor. Actuat. hem, 2004,99, 186
96.

137. H.Klank, J. P. Kutter and O. Geschkab Chip 2002,2, 2426.

138. D. Erickson and D. Q. LiAnal. Chim. Acta2004,507, 11-26.

139. A. Manz, D. J. Harrison, E. M. J. Verpoorte, J. C. Fettinger, A. Paulus, H. Ludi and H. M.
Widmer,J. Chromatogr,. 1992,593 2538.

140. R.L. StClaireAnal. Chem.1996,68, 569-86.

53



141. M. C. BreadmoreElectrophoresis2007,28, 25481.

142. M. C. Breadmore, J. R. Thabano, M. Dawod, A. A. Kazarian, J. P. Quirino and R. M. Guijt,
Electrophoresis2009,30, 23048.

143. P. Schulze and D. Beldeknal. Bioanal. Chem2009,393 51525.

144. S. Terabe, M. R. N. Monton, T. Le Saux and K. Im&puire Appl. Chem2006,78, 105767.

145. P. Schulze, M. Schuttpelz, M. Sauer and D. Beldai, Chip 2007,7, 18414.

146. |. Ali, H. Y. Aboul-Enein and V. K. Gupta&Chromatographia2008,69, 13-22.

147. P. Hommerson, A. M. Khan, T. Bristow, M. W. Harrison, G. J. de Jong and G. W. Somsen,
Rapid Commun. Mass Spectro2009,23, 287884.

148. J.P. C. Vissers]. Chromatogr., A1999,856 11743.

149. J. W. Munyan, H. V. Fuentes, M. Draper, RKelly and A. T. WoolleylLab Chip 2003,3,
217-20.

150. H. Suzuki and R. Yoneyam&gnsor. Actuat. hem, 2003,96, 3845.

151. C. G. Horvath, B. A. Preiss and S. R. Lipskyal. Chem.1967,39, 14228.

152. D. Ishii, K. Asai, K. Hibi, T. Jonokuchand M. Nagaya). Chromatogr,.1977,144, 15768.

153. T. Takeuchi and D. Ishi{]. Chromatogr.1981,213 25-32.

154. G. Ocvirk, E. Verpoorte, A. Manz, M. Grasserbauer and H. M. WidArl. Method.
Instrum, 1995,2, 74-82.

155. S. Ehlert, T. Rosler @hU. TallarekJ. Sep. Sci2008,31, 171928.

156. K. K. Unger, R. Skudas and M. M. Schulie Chromatogr., A2008,1184 393415.

157. Q. S.Qu, C. H. Gu and X. Y. HAnal. Chem.2012,84, 888G90.

158. Q. Luand G. E. Colling]. Chromatogr., A2010,1217, 71537.

159. K. K. Unger, D. Kumar, M. Grun, G. Buchel, S. Ludtke, T. Adam, K. Schumacher and S.
Renker,J. Chromatogr., A2000,892 47-55.

160. I. Gusev, X. Huang and C. Horvath,Chromatogr., A1999,855 27390.

54



161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

G. Guiochon,). Chromatogr., A 2007,1168 101-68.

E. C. Peters, M. Petro, F. Svec and J. M. J. Fregéhnel, Chem.1998,70, 228895.

K. W. Ro, R. Nayak and D. R. Knapplectrophoresis2006,27, 354 758.

Z.P. Xu, G. T. T. Gibson and R. D. Oleschiike Amlyst 2013,138 6119.

J. KSvenkov§, Z.J $p.Sd200588 165%8. F. Foret,
M. Bedair and R. D. Oleschukhe Analyst2006,131, 131621.

K. J. Bachus, K. J. Langille, Y. Q. Fu, G. T. T. Gibson and R. D. Oles&uler, 2015,
58, 11320.

Y. Saito, K. Jinno and T. Greibrokk, Sep. Sci2004,27, 137990.

A. Manz, Y. Miyahara, J. Miura, Y. Watanabe, H. Miyagi and K. Saémsor. Actuat. B
Chem, 1990,1, 24955.

J. H. Knox and M. T. Gilbert]. Chromaogr., 1979,186, 40518.

G. Zhang, C. Qian, Y. Xu, X. Feng, W. Du and B. F. liuSep. Sci2009,32, 37480.

E. Guihen and J. D. Glennoh,Chromatogr., A2004,1044 67-81.

S. Ehlert, K. Kraiczek, J. A. Mora, M. Dittmann, G. P. Rgzamd U. TallarekAnal. Chem.
2008,80, 594550.

G. A. Lord, D. B. Gordon, P. Myers and B. W. Kidg,Chromatogr., A1997,768 9-16.

R. D. Oleschuk, L. L. Shultzockyear, Y. B. Ning and D. J. Harrisofinal. Chem.2000,72,
585-90.

L. Ceriotti, N. F. de Rooij and E. Verpoort&nal. Chem).2002,74, 63947.

M. PumeraTalantg 2005,66, 104862.

D. Witters, K. Knez, F. Ceyssens, R. Puers and J. LammédipnChip 2013,13, 204754.
K. B. Mogensen and J. P. Kutt&ledrophoresis 2009,30, 92-100.

J. Wu and M. GuJ. Biomed. Opt.2011,16, 080901.

55



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Z. Nie, C. A. Nijhuis, J. Gong, X. Chen, A. Kumachev, A. W. Martinez, M. Narovlyansky and
G. M. Whitesidesl.ab Chip 2010,10, 47783.

J. Wang,Talantg 2002 56, 22331.

A. SchucherShi and P. C. Hausehknal. Biochem.2009,387, 2027.

W. C. Sung, H. Makamba and S. H. ChElectrophoresis2005,26, 178391.

J. Srbek, J. Eickhoff, U. Effelsberg, K. Kraiczek, T. van de Goor and P. Causalp. Scj.
2007,30, 204652.

D. L. DeVoe and C. S. Le&lectrophoresis2006,27, 355968.

J. Lee, S. A. Soper and K. K. Murrgdmal. Chim. Acta2009,649, 180-90.

T. J. Kauppila, P. Ostman, S. Marttila, R. A. Ketola, T. Kotiaho, Shdsila and R.
Kostiainen,Anal. Chem.2004,76, 679%801.

P. Ostman, S. Jantti, K. Grigoras, V. Saarela, R. A. Ketola, S. Franssila, T. Kotiaho and R.
Kostiainen,Lab Chip 2006,6, 94853.

L. Luosujarvi, M. M. Karikko, M. Haapala, V. Saarela,Hihtala, S. Franssila, R.
Kostiainen, T. Kotiaho and T. J. KauppiRapid Commun. Mass Spectro2008,22, 425
31.

A. K. Sen, J. Darabi and D. R. Knaggensor. Actuat. hem, 2009,137, 78996.

Q. F. Xue, F. Foret, Y. M. Dunayevskiy, P. Eavracky, N. E. McGruer and B. L. Karger,
Anal. Chem.1997,69, 42630.

J. B. Fenn, M. Mann, C. K. Meng, S. F. Wong and C. M. Whiteh&sence1989,246, 64
71.

P. Kebarle and L. Tangynal. Chem.1993,65, 97286.

P. Kebarle and U. Hverkerk,Mass Spectrom. Re\2009,28, 898917.

M. Wilm and M. MannAnal. Chem.1996,68, 1-8.

J. Lee, S. A. Soper and K. K. Murral,Mass Spectrom2009,44, 57993.

56



198. R. S. Ramsey and J. M. RamsApal. Chem.1997,69, 11748.

199. J.J. Li, P. Thibault, N. H. Bings, C. D. Skinner, C. Wang, C. Colyer and J. Hawisah,
Chem, 1999,71, 303645.

200. J. Grym, M. Otevrel and F. Foréfab Chip 2006,6, 130614.

201. T. Koerner, K. Turck, L. Brown and R. D. Oleschial. Chem.2004,76, 645660.

202. X.Sun, R.T. Kelly, K. Tang and R. D. Smiffhe Analyst2010,135, 2296302.

203. D.E. Lee, S. Soper and W. Wamdicrosyst. Techngl2008,14, 17516.

204. G.T.Gibson, S. M. Mugo and R. D. Oleschilgss Spectrom. Re2009 28, 91836.

205. S. L. Freire, H. Yang and A. R. WheelBtectrophoresis2008,29, 183643.

206. M. J. Jebrail, H. Yang, J. M. Mudrik, N. M. Lafreniere, C. McRoberts, O. YDifthashi, L.
Fisher, P. Chakraborty and A. R. Wheelaxb Chip 2011,11, 321824.

207. C. A. Baker and M. G. Ropefnal. Chem.2012,84, 295560.

208. A. E.Kirby and A. R. Wheelet,ab Chip 2013,13, 253340.

209. R. Zenobi and R. Knochenmudgass Spectrom. Rew1.998,17, 337%66.

210. F. Foret and P. Kus¥lectrophoresis2006,27, 487787.

211. M. Petkovic and T. Kamcev&jetallomics 2011,3, 550-65.

212. X.Wang, L. Yi, N. Mukhitov, A. M. Schrell, R. Dhumpa and M. G. RogeChromatogr., A
2015,1382 98-116.

213. H. K. Musyimi, J. Guy, D. A. Narcisse, S. A. Sopedah K. Murray,Electrophoresis2005,
26, 470310.

214. M. Brivio, N. R. Tas, M. H. Goedbloed, H. J. Gardeniers, W. Verboom, A. van den Berg and
D. N. ReinhoudtlL.ab Chip 2005,5, 37881.

215. M. Gustafsson, D. Hirschberg, C. Palmberg, H. Jornvall afgefigman Anal. Chem).2004,

76, 34550.

57



216. F. Lapierre, G. Piret, H. Drobecq, O. Melnyk, Y. Coffinier, V. Thomy and R. Boukherroub,
Lab Chip 2011,11, 16208.

217. K. P. Nichols and H. J. G. E. Gardenigksal. Chem.2007,79, 8699704.

58



Chapter 2
Pl astic LC/MS Microchip with an Embec

Having the Dual Rol e of a Frit and ¢

2.1 Introduction

Microfluidic devices, or micro total analysis systems (UTAS), are miniaturized platforms
which are particularlyvaluable for integrating one or several steps of chemical analysis in a single
device. Advantages of microchips include reduced sample and reagent consumption, and rapid, high
throughput analysis. Various functions can be integrated onto a single deciceling pumping,
sample prdreatment, separation and detectién

For microscale separations such as liquid chromatography (LC), such integration is essential
for reducing extracolumn dead volume that contributes to poor separation efficiency. LC analysis in
microfluidic devices is particularly challenging since the chip must be able to withstand the high
pressures applied by the pump, and as such LC microbhipes seen less use than other separation
techniques like capillary electrophoresis (CE) despite LC being more established, robust and versatile.
For conventional chromatographic packing material, a retaining frit must be incorporated into the
channel. Monlithic stationary phases, su@s porous polymer monolith®PM), circumvent frit
related issues but can be challenging to fabricate in their own*figh-chip detection is typically
preferred, but can be very complicated and/or limited in sensitivity (e.gvi§/\absorption),
selectivity (e.g. refractive index), or the kinds of analytes that can be detecteflu@escence
Massspectrometes, on the other hand, are sensitive, informative detectors especially useful for online
LC analysis. With a goal to interface LC with MS detection, a simple, robust, inexpensive LC
microchip that has an integrated retainirigand ESI emittexvas prepared

Integration of features into traditional microfluidic devices fabricated from glass or silica

tends to be limited to microfabrication techniques such as photolithography and chemical etching.
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When applied to microfluidiclevices these methods and materials can be expensive and not well
suited for singleuse application For example, frits have been patterned within glass channels by
UV-initiated polymerization, but they can be irreproducible or unstable under high pfessataer
common apprach is the use of a channel obstruction such as a weir, whereby particles are retained
while the mobile phase may pass through a small tapered opéhiMigrofabricating such features,
however, adds additional time, cost, and complexity. Integrating features into PDMS microdevices,
another commomiTAS substrate, is much simpler as the material is easily formed against a mould
with good spatial resolution, however PDMS devices have a number of issues that make them
unsuitable for LC including solvent incompatibility and poor robustneser pressar'*'*

Polymer devices are a promising alternative as they are inexpensive and can be rapidly
prototyped using hot embossing techniques. Furthemntheochip material properties can be tuned
for the application, as a wide variety of polymers exist with vastly different physical and chemical
properties. Cyclic olefin copolymer (COC; Zeonor) is an example of such material; it is cheaper to
process than glass, hgeod mechanical properties and can be embossed with microstructures with
high reproducibility. Further, COC is chemically inert to most commonly used polar LC and MS
solvents and shows no reported camwer, thus allowing for longer term deviase®

Another benefit of polymeric microfluidic chigabricated by hot embossing is the ability to
embed other microfluidic components in the polymer prior to bonding the cover plate. In this way, for
example, capillary tubing can be embedded directly into the separation channel, which allows coupling
with aL.C pump without the need for a specialized port or drilled hole in the ptater'® At the other
end, an electrospray emitter may also be embedded in the channel, which is a much simpler and
potentially more precise integrationpmpachcomparedo attacing an external emitter to a glass chip,
for example. Indeed, a great many approaches have been tried to effectively integrate nano

electrospray emitters intoraicrochip™*’
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The central feature in our microchip design is a microstructured fibre (MSF). Designed and
marketed as optical fibres, MSFs are fabricated in silica and typicalprege an array of evenly
spaced parallel channels of homogeneous'siZeSEM image of one example of MSF having 54

holes isshown in Fig2.1.

Figure 2.1: An SEM image of a 54ole MSF with the outer polymer coatingremoved.Holes are
~3.8e m, diameder of the holey region is ~7% m a n ddiametereof the stripped MSF is
~230e m. Scal esemar is 100

The outerdiameterof the fibres is similar to that of standard capillary dimensions, allowing
facile coupling with external fluidic systems and components. When using standard capillary fittings
and connections, the optical fibres can be used in fluidic applications twigémyumodification.
Independent of the microchipie have demonstrated thélity of MSFs for CE,* opentubular liquid
chromatographf® and most relevantly, narelectrosprayonization MS* whereby subr./min flow
ratesproducesmaller charged droplets and hence greater sensitivity witrséesple”> MSFs were
found to be excellent ESI emitters, giving comparable signal intensity and stability as commercial
taperechanoESI emitters but without their tendency to clog. Coincidentally, the size of the holes in the
MSF is on the order of-8 nm, suitable for retaining chromatographic packing material. In this way,

the embedded nafteSI| emitter also functions as the iietag frit. Because the emitter and frit are the
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same piece, which is integrated directly into the column on the microchip, thecelkinan dead

volume is minimized and fabricatiosgreatly simplified.

2.1.1Materials and Fabrication Methods

There is a greavariety of materials used for microchip manufacturing today, where most
commonly glass, silicon and various polymers are used. Glass and silicon were the first materials to be
used; both have somewhat similar mechanical properties, and most microfabrieakiniques used
in microelectronics can be transferred directly into manufacturing of microchips for chemical
applications® Both materials can be used to prototype well defined amddapible features both in
nane andmicro-scale’ They are resistant to most commonly used solvents for chromatography and
MS, have negligible solvent swelling, and maintain stable channel architecture even after multiple
uses. Glass is also optically transparent (including UV region), which allovpdesoptical orchip
detection with both UV and fluorescence. Silicon is opaque, thus optical detection methods are not
applicable to it. Some disadvantages of using glass and silicon include initial price of these materials
and their fragility; microfabriation methods for these materials also require cleanroom facilities
and/or dangerous substances (HfF)hich results inhigh manufacturing cost. Because of that, a

cheaper and more versatile alternative was found in polymers.

Cost of polymer production is much lower; manufacturing techniques do not often require
stateof-art facilities, thus overall price of the devieesignificantly reduced, and single use polymeric
chips are common. There are, however, some common drawbacks for polymeric materials, including
lower resolution of micro features, solvent instability, water swelling, and partial opacity in UV
region. Forexample, some materials like polydimethylsiloxane (PDMS) showspenific absorption
of small and large bimolecules, allow evaporation or gas permeability and can even leach un
crosslinked oligomers, thus creating interferences in detecfidbRlowever, due to their populty, a
variety of polymers have been developed, where a material with desired features can be easily selected

for any particular application. Some common polymers used extensively in microchip technology
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include PDMS, poly(methyl methacrylate) (PMMA), polybonate (PC), and currently becoming

more and more popular cyclic olefin copolymer (COC).

COC is an excellent material for replication of miniature structures onto its surface; most
studies have been dealing with micretre sized features, however thehave been reports of
successfully implementing structures down to the tens ofmetmes.”” COC is stable in most polar
solvents commonly used in chromatography and MS, it has very low water absorpt@d®gx®hich
allows multiple usesf same device with negligible channel swelliig*® COC is also resistant to
weak and strongcéds, thus it can be effectively used in positive 8 mode, which typically has
some weak acid added to facilitate fmnmation™ COC is transparent down tear UV region, thus
optical detection and inhannel UVpolymerization igpossible® Currently several manufacturers offer

COC, where somewhat different properties are observed depending on the grade.

2.2 Experimental

2.2.1Materials

Acetonitrile (HPLC grade) and toluene were pl
without further puriycation. Formic acid (anal yti
(Toronto, ON, Canada). Leucine enkephalin (synthetic acetate salt), Imadgkietate and insulin
were purchased from Aldrich (Oakville, ON, Canad
froma Milli-Q Gr adi ent water puriycation system (Millirg
3.0 um silica particles (P$3.0) were ol#tined from Kisker Biotech GmbH & Co. KG (Steinfurt,

Germany) and 3.5 um Zorbax SEB particles were purchased from Agilent (Wilmington, DE, USA).
An aromatic drug candidate with the general structiaed fluoxetine Z) were kindly provided by Eli
Lilly and Company (Indianapolis, IN, USA) (Fig. 2.Zhe microstructured fibres with Hable pattern
(LMA-PM-15) were purchased from NKT Photonidsirkerad, Denmark). Fused silica capillaries
(O.D. =90 pm, I.D. = 20 pm; O.D. = 153 um, I.D. = 74 pm; O.D. = P87, I.D. = 102 pm; O.D. =

363mm, I.D. = 74mm) were purchased from Polymicro Technologies (Phoenix, AZ, USA).
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Figure 2.2: Structure of small drug moleculesl (proprietary drug candidate) and 2 fluoxetine),
successfully separated andetected on the microchip.

2.2.2Microchip Fabrication
COC plates (CO€420R, 150 x 150 x 2 mm and 150 x 150 x 1 mm) were obtained from

Zeon Chemicals (Louisville, KY, USA) and cut to size (75 x 25 mm) using a mechanical punch. One
of these sheets of COC was ayabed with a capillary using a HED4 hot embosser from Jenoptik

AG (Jena, Germany), which precisely controls the upper and lower plate temperatures and embossing
force in an evacuated chamber. Capillaries having aliggnetes of 90, 150, 230 or 368m were

used for channel embossing, but only 158 and 230 mm O.D. capillaries produced functional chips.

The glass transition temperatureg)(df COG1420R is 136 °C. To avoid direct contact of the steel
press with the COC, flat, hard aluminum alloy etai{7075T6, OnlineMetals, Seattle, WA, USA)

were placed above and below the COC substrate. In the round channel formed by the embossed
capillary, a 7 cm length of capillary having the same O.D. as the chdiangterwas placed at one

end (1.75 cm intohie channel), to become the fluidic inlet to the chip. At the other end of the chip was
placed a 2 cm piece of MSF (1.25 cm into the channel), to become the frit/emitter. The MSF was cut
into 2 cm pieces using a fibre cleaver (FiTel, Furukawa Electricn)apth the acrylate coating on.

The coating was removed prior to placing the MSF in the chip by soaking the cut MSF pieces in
acetone for 5 min and manually stripping the coating off. Another piece of COC was placed on the

substrate and thermally bondedenclose the channel with the capillary and MSF embedded in it. To
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prevent leaking of the chip around the capillary and fibre, the chips were further bonded with pieces of
aluminium covering only the ends, ensuring the channel would not be blocked Inygkieppieces 1

mm from the open channel. As an added step to improve chip robustness at higher pressures, toluene
was added to the edges to soften the polymer directly contacting the inlet capillary and outlet fibre,
andthethird bonding step was perfoed with plates only at the ends. Optionally, an annealing step
was performed, whereby the chip was heated under contact force only, to better bond the cover plate to
the substrate across the entire chip without deforming the chimatetes:*® A schematic design of

the chip from a side view, showing stepped ends due to second and third bonding steps, is shown in

Fig. 2.3 along with a photograph of a completed chip.
a

& & &

inlet capillary channel MSF fritfemitter
for packing

Figure 2.3: a) Schematic design of top and side view of the microchip, showing an inlet capillary,
an open packing channel, a MSF having a dual role of a frit and an emitter, and two levels of
depresson on each side of the chip resulting from the second and third bonding steps; b) A
photograph of an operational device with a 150

2.2.3Microchip Packing

A slurry of commercial silica particles (Agilent 3.5 pm Zorbax-68) was prepared in
acetonitile at 5370 mg/mL and sonicated for 15 min to ensure full particle wetting by the solvent.

The slurry was loaded into a small stainless steel tube and introduced into the chip using a
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conventional HPLC pump. An ultrasonic cleaner (Fisher Scientific me@#10) was used during the
packing process to help pack the beads more tightly, by fully immersing the microchip in the water.
The column was packed until the bed was ~2 mm from the end of the inlet capillary. The chip was left
connected to the pump wittonstant flow (only solvent) and sonication continued for 15 min to better
pack the column. Following packing, the chip was examined with an optical microscope for quality of

packing before use.

2.2.4LC/MS Experiments

An Eksigent nanoLC pump (Livermore, CA, Upavas used to provide fluid flow for all
separations and MS measurements. Mobile phases A (99% water, 1% acetonitrile, 0.1% formic acid)
and B (99% acetonitrile, 1% water, 0.1% formic acid) were used for separations and for electrospray
measurements. Thejgillary outlet from the nanopump was coupled with the inlet capillary on the
microchip viaa PEEK MicroTee (Upchurch Scientific/IDEX Health Sciences, Oak Harbor, WA,
USA). Spray voltage was applied through a platinum wire inserted into the same MicTdiEee.
microchip was mounted on the x,y,z stage of the MS ion source (Proxeon, Odense, Denmark) using
adhesive tape, and a CCD camera was used to monitor both the electrospray and position the emitter
~1.5 cm from the MS orifice. Mass spectra were recordedrbyAPl 3000 triplequadrupole mass
spectrometeMDS Sciex/Applied Biosystems, Concord, ON, Canadajaluation of electrospray

performance and online detection of analytes were evaluated using the abhgvérsgt 2.4).
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Figure 2.4: A photograph of the online monitoring setup of LC/MS microchip separation and
detection. A: MS orifice; B: MSF (emitter) of the microchip with the sample eluting from the
tip; C: An x, y, z stage used to position the emitter next to the orifice; D: lonization voltage
applied through the liquid junction through the platinum wire; E: Connection to the Eksignet

pump.

2.3 Results and Discussion

2.3.1Microchip Fabrication

For LC/MS, the chip must be able to withstand the high pressures of particle packing, have a
homogeneous, symmetriazthannel for chromatography, and be resistant to chromatographic solvents
such as acetonitrile, methanol and water. In the interests of the latter, the substrate material is the most
important consideratiorCOC s particularly valuable in this regard fibs stability in the presence of
mid-to-high polarity solvents such as those used in reversed phase LC. It also has an accessible glass
transition temperature and good embossing behaviour, making it very amenable to fabrication and
thermal bonding using laot embosser. Furthermore, COC is established as an embossing substrate in
the literature and has documented ability to-belid in the presence of ngolar solvents such as

toluene and cyclohexane even under low temperattifes
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Sheets of COC commonly come in thicknesses of 1 mm and 2 mm. While 1 mm
pieces behaved well under some conditions, the second addethbossing steps to help prevent
leakage from around the inlet and outlet tended to cause the thinner sheets to bow, ultimately
weakening the substrate/cover bond in the middle of the chip. Thus, for their added strength, 2 mm
sheets were used in thisidy.

The shape and homogeneity of the channel are primarily determined by the initial
embossing step. Because the stamp is simply a round capillary, the embossed channel is expected to
have a round bottom, and at the ideal limit, perfectly vertical sallswHowever, upon depressing the
capillary into the COC surface, the surface dips near the capillary and does not reform around it,
leaving a rounded edge on the channel. After bonding the cover plate, these rounded edges leave a

space that runs the emtilength of the channel; a cross section of the channel is shown in Fig. 2.5.

Figure 2.5: a) Photomicrograph of a cross section of an early microchip embossed with a 450

¢ mO.D. capillary having significant space in the corner of the channel; b) Photomiograph of

a cross section of a more optimized microchip embossed with a 10w0.D. capillary having

minimal corner space; c) Photomicrograph of a packed 156 m channel in a chip
Note the regions at either side of the channel that are lightatue to less packing in the narrow

spaces along the channel corners
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This artifact is not uncommon, and this behaviour in COC was previously demonstrated
experimentally angimulated” Such a space adds significant volume with more surface area than the
bulk channel, causing different flow rates in these spaces (radial inhomogeneity of flow) and
subsequently poorer separation efficiency and peak tailing when padkedstationary phase
particles. The added dead volume in these spaces where packing cannot reach further due to finite
particlediametercontributes to poor efficiency. Being thus undesirable, the extent of formation of the
spaces was minimized by embiogsthe capillary under higher temperature and greater force for
longer periods. The optimizegdarametes for this step were limited mostly by the alilibf the
substrate to maintain its shape under high temperature and force conditions. In additien to th
embossing step, it was found that annealing the completed chip by heating it under contact force (~50
N) helped to reduce the actual size of the corner spaces, although the spaces were always present.

Perhaps the most limiting aspect of LC microchipther inherently poor robustness to the
high pressures required for flow through the packing material, especially during packing where high
pressures are required to achieve a more even packiparbéles®*** For polymeric chips, the
primary mode of failure under high pressure is leakage of the mobile phase at interfaces. The interface
between the inlet capillary or outlet fibre and the polymer sheets is the weakest. To prevent such
leakage at these junctiongraling of the cover plate to the embossed substrate required optimization,
and to this end several steps were added to the fabrication process. The initial bonding step was
optimized for the highest temperature, force and time combination that stoppedfstedforming the
embossed channel, requiring a temperature belowgt({E3® °C). It should also be noted that keeping
the mating surfaces dry and free of debris improved the quality of bonding. Unfortunately, however, in
order to prevent channel defortizen the bonding near the inlet and outlet was so weak that following
the initial bonding step, the chip leaked with flow through the open channel, even in the absence of
packing. A second bonding step was thus added, one where only the regions of tiowetiiiy the

inlet and outlet had force applied (indicated by the depressions on each end of the chip &). Ag. 2.
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channel deformation was less of a concern in these regions, harsher bonding conditions could be
employed, again optimized for strongesniding without chip deformation, effectively closing the
polymer around the tubing and preventing leaks. Because such chips were still not robust to high
pressures, however, n@olar solvent was used to help soften the polymer at these interfaces to
further improve bonding in these regions. For this step, toluene was applied to each end and allowed to
wick into the interface, at which time a third bonding step was used to seal the ends more completely.
The toluene could not be added after the initial bogditep, however, since it could wick all the way

into the channel and cause blockage there, necessitating the third bonding step. After completing the
bonding, annealing the chip as described in the experimental section provided further adhesion
between ©C plates and improved its robustness in the presence of applied pressure.

Packing the microchip was accomplished by coupling it to a HPLC pump which
delivered a slurry of 3.%m beads into the chip under sonication. Optimized chips, prepared as
describedabove, could be packed this way at pressures up to 100 bar without leaking. Microscope
examination of the channels packed under this pressure with the aid of sonication revealed that
channels were tightly packed with no observable voids. These examimaiee repeated several
times during regular microchip use, and the microchannel packing was apparently unchanged after
multiple runs. During normal operation, flewduced back pressure did not exceed 40 bar (600 psi),
so leakage caused by high pressugesiot a major problem. Indeed, microchips could be used
repeatedly over several months without leaking. The failure mode for most chips was not leakage, and
if a chip did not leak during its first use, it never failed by leaking. When leakage did dccur, i

typically came from the middle region of the chip, not from the extwaded ends.

2.3.2Performance of the MSF as a frit

A successful frit should be strong, should retain the chromatographic particles completely and
not significantly increase the back pressof the system. From previous studfigsis known that
short lengths of MSFs do not possess high fleduced back pressure at the relatively low flow rates

70



employed in microfluidics, owing to the plurality of channels tt@nbine to give a crossectional
area equivalent to a 3@m I.D. capillary’® Relative b the permeability of the packed bed, the frit
should not add significant flow resistance.

The strength of the frit in the LC/MS chip is very good. Because the MSF resides
embedded over 1 cm within the chip, the flonduced pressure reached in this stddgs not cause
the MSF to dislodge and chip failure has never occurred at the frit.

MSFs can be obtained with a variety of hole sizesshiaghes” For this study, the size
of the holes in MSF is 3.8 + 0.im?°, making them suitabldor retaining standard ~3m
chromatographic particles. Indeed, the Brb Zorbax particles used in this study were observed to
pack tightly against the frit with none observed in the channels of the MSF, and no packing material
was lost during chip opeiah. Despite the individual particle size being small enough to fit within a
hole of the MSF, the particles are retained bythe sol | ed fAkeystone effectod
forced together and against the walls or frit simultaneously, making theativeffe muchlarger* To
confirm that no microspheres were entering the channels, commenoal frticles functionalized
with a red fluorescent dye were packed into the chip. Using a fluorescence microscope, no
microspheres were observed anywhere in the channels. Furthermore, no MSF frit has been observed to
clog.

While particles were not found enter the MSF channels, they were able to get past the head

of the MSF in some cases, similaitihe image in Fig. B.
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Figure 2.6: Photomicrograph of a MSF (having 168 holes) embedded in the channel of a chip
embossed with a 36@m O.D. capillary. In this case, the MSF is much smaller than the channel,
causing packing material to enter the spaces that form beside the MSF frit.

In very early chips, with insufficient embossing in the first step, channels were wide near the
channel/frit interface and pking material was observed beside the frit, but further optimization in

fabrication protocols led to a channel with no such widening.

2.3.3Performance of the MSF as a nanoESI emitter

MSFs have been previously shown in our group to be excellent nanoESI ethétezghibit
high spray stability (RSD < 5%j)ver a wide range ofonditions® In this study, the electrospray
behaviour of the MSF was characterized while integrated in a polymeric LC/MS device, with voltage
applied to aifuid junction before the chip inlet capillary. Taylor cone formation was visually
monitored using a CCD camera and the signal was measured as a total ion current (TIC) while
spraying mobile phase into the MS. Under isocratic mobile phase conditionsgea agfusolvent
compositions from 09400% A (mobile phase compositions are described in the experimental section)
were tested for 20 min periods. Presented in Fig. 2.7 is a series of TIC traces corresponding to various

isocratic compositions at 300 nL/mincaB00 nL/min flow rate.
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Figure 2.7: TIC traces at various flow rates(300 and 500 nL/min)and isocratic mobile phase
compositions(from 0% A to 100% A), where all relative standard deviations are under 5%.

Electrospray at extreme solvent compositionsasriouslydifficult,** but from thischip the
signal is strong and consistent over a | ong peri
(O04.3% relative standard deviation). Further more
achieved at flow rates over the range5DD nL/mn, showing relative standard deviatioffSD) in
the TIC traces of O10% in all cases. I ndeed, at
(applied voltage, emitter position) to achieve stable spray within a mimbte.typical range of
appliedvoltage that leads to stable spray is2.8 kV.

Electrospray behaviour is dependent on system properties such as solvent composition,
applied voltage and emitter position, such that at a given position, a range of voltage will generate
stable spray frona given liquid. When the mobile composition is constantly changing, as it is in
solvent gradient LC, it is difficult to expect an emitter to behave well across the entire gradient under

otherwise similarconditions®® To demonstite the effectiveness of the LC/MS chip for gradient
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separations, a complete solvent gradient from 10086A was electrosprayed at the same flow rate

and voltage over a 15 min time period, as shown in Fig. 2.8.
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Figure 2.8: Evaluation of MSF performance & an ESI emitter for a gradient elution where
solvent composition was constantly changing from 100% A to 100% B (and vice versa) over 15
minutes.

As expected, the TIC signal intensity gradually changed with a change in mobile phase, but
the noise associed with the TIC signal was low at any given point in the gradient. The reverse
experiment, a gradient from 0%0% A in 15 mins, was also performed and the data is included in

Fig. 2.6. The inverse TIC profile was observed for this gradient and exhibiigar stability.

2.3.4LC Separation

The performance of the microchip as a separation device was evaluated by separating small
drug molecules in isocratic elution mode and larger proteins in gradient elution mode. Column
efficiency and peak shapes were usecdevaluate the chromatographic performance of the micro
device. The exact length of the packed bed, however, could not be precisely controlled using our

packing protocol and ranged from 3.8 to 4.5 cm. For this reason, retention times could not be reliably
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compared between chips. For the same chip, however, between runs on the same day, retention time
reproducibility was typically less than 4% RSD for the isocratic elution of the Eli Lilly compbahd

300 nL/min of 65% A mobile phase. From day to day, #tention time reproducibility was <6%

RSD.

LC/MS chips were prepared with different channel sizes arising from embossing
different size capillaries in the embossing step. In this study, capillaries withdanetes of 90nm,
150nm, 230mm and 360rm were used to prepare chips. The smallest channels, using ifme OM.
capillary, did not lead to functioning chips because the region of t@I|B4MSF containing most of
the openings did not align with the imprinted channel, i.e. most of the hold® iIMSF were
positioned above the embossed LC channel. The largest channel, using tihe 850. capillary,
provided a significant mismatch with the size of the MSF, leaving a taper near the channel/frit
interface that introduced dead volume and allowezkipg material to be deposited beside the frit.
The chromatographic performance of chips made usingrtb@nd 230ym O.D. capillary, where the
channel had similar dimensions to the embedded MSF, was evaluated in more detail.

A typical isocratic separatioof two smaltmolecule drugs in a 150m channel LC/MS chip

is shown in Fig. 2.9 top.
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Figure 2.9: Extracted ion current (XIC) traces showing the orchip isocratic separation of two

small Eli Lilly drug molecules (1 (m/z= 379.9 (M+H), and 2 n/z= 3103 (M+H"). Top: a 156
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While the peaks are fully resolved, it is clear that significant tailing is present. As described
above and showim Fig. 25, theshape of the channel in the microchip is not ideally round, but instead
contains spaces in the cornehewe the substrate and cover plate meet. These spaces provide
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alternative flow pathways and dead volume in which analytes can lag, contributing to peak tailing.
These spaces were observed for bothriiand 230vm channels, but the peak tailing for the larger
channel was not as pronounced (see Fig. 2.9 bottom). The extent of the asymmetry of the peaks was
determined by calculating the asymmetry factay),(#vhich is the ratio of the right to the lefams of

the peak at 10% of the peak height (Eqn. 2.1), where ftetention time, i§; is time at 10% peak

height on the right side of the peak aggi$ time at 10% peak height on the Igifie)*’

tigne - t
A =t R Equation 2.1

te - teq

For the 150mm channel, the asymmetry factor for the isocratic etutdof 1 under the
conditions in Fig. 2.9 top was 4.0 £ 0.4 and foit was 6.1 + 0.3. For the 23®m channel, the
asymmetry factors fat and2 were 1.7+ 0.4and2.6 £ 0.4 respectively, under the isocratic conditions
in Fig. 2.9 bottom. This differenda peak symmetry for the different sized channels can be attributed
in part to the relative contribution of the aforementioned corner spaces to the channel shape in each
case. While these regions of reduced flow in the i®0channel occupy less space thianse in the
230 mm channel, they are deeper, leading to slower mass transfer in and out of the regions.
Additionally, the greater surface areavolume ratio for the 15@m channel increases the influence
of the hydrophobic COC walls on the retentiorthe analytes, further leading to peak tailing. Indeed,
unmodified COC has been used as a stationary phase in reversedcpi@satography® To
exacerbate these issues, mass transfer between the channel emihéhespaces/wall has a greater
effect on the peaks in Fig. 2.9 top because the linear velocity of the mobile phase is greater than in Fig.
2.9 bottom under the conditions used.

With regard to band broadening, the column efficiency was calculated usicgrikientional
formula for theoretical plates with peak width taken at half the peak height. For the 150 pm channel,
the column efficiency calculated for the isocratic elution of fluoxetine under the conditions in Fig 2.9

top was 113 000 = 7 000 theoretigdates per metre, and for the 230 pm channel it was 59 000 +
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3 000 plates/m under the conditions in Fig. 2.9 botfbne theoretical plate number achieved is lower

than thatof a commercially available colunpacked with the same Bum C-8 partides® This is
expected, as the commercial columns have optimized circhkarnelgeometry, and can withstand
higher pressures. However, when compared with ®B&&d microfluidic device, more than four

times the number of theoretical plates is achiev&@ (DO plates/m vs. 2600 plates/m) on a 150m

channel devicé® The difference in efficiency can be attributed to the larger volume occupied by the
regions of reduced flow in the 23Bn channel. For this larger channel, the corner spaces contributed

to a much greater overall channel deformation, causing a wider distribution of flow paths and
consequently broader peak shape. The differences may also arise from poor packing neairthe wall
these channels. The-salled wall effects of particle packing describe the ordered packing structure of
spheres against a hard flat surface, which causes increased void volume between particles for several
particlelengths into the packing bed. It hazently been studied in sordetail"* and it was found that

the wall effects were worse for larger channels in a similar size range as those in the current study. The
increased corner spaces in our larger channels cause further packing inhomogertbiigmdiles

in these regions are not well packed, leading to poorer column efficiency.

The quality of the LC/MS chromatogram is dependent on the intensity and stability of the
electrospray signal, which is in turn dependent on separaimetes, one ofthe most important being
solvent composition. To demonstrate the ability of our polymer LC/MS chips to perform in gradient
mode separations, where solvent composition can change significantly within a few minutes, a

gradient separation of three proteingi150mm channel is shown in Fig. 2.10.
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Figure 2.10: Extracted ion current traces showing the oithip gradient separation of three
peptides ((bradykinin, BK (m/z=531.2 (M+2H)*); leucine enkephalin, LE (/z=556.3
(M +H)"); and bovine insulin, Ins (Mm/z=1,147.9 (M+5H)°")) in a 150& mchannel design.
Gradient conditions: 997170% A in 9 min, then 7030% A in 1 min at 300 nL/min with ESI
detection. Injection: 500 nL of an agueous mixture of 8 M e.a ¢ h

With decreasing polarity, bradykinin, lenei enkephalin and insulin were separated in ten
minutes using a complex gradient from 99% to 70% A in 9 min, then from 70% to 30% A in 1 min to
focus the insulin peak. Similar to the isocratic elution conditions, the added dead volume in the
reducedflow side regions of the channel contributes to broadened and asymmetric peaks.
Nevertheless, the successful separation of thesmblecules under gradient elution demonstrates the

chipbébs chromatographic versatility.

2.4 Conclusion

Overall, a simple and inexpensimicrofluidic device with a packed reversed phase separation
channel was fabricated featuring an integrated MSF serving dual functions as a frit and an electrospray
emitter. The rapid prototype device required only a few simple steps to be fabricatdebyblossing

and was able to withstand pressures of up to 100 bar. The same device could be used for several
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months (weekly use) without significant change in separation efficiency or electrospray stability. The
most significant drawback of the proposedide is a result of the therreastic properties of the
substrate material during the embossing step that results in deep corner regions along each side of the
channel after bonding. These spaces contribute to dead volume and ultimately peak broadening an
tailing. The dual functionality of the integrated MSF as a frit and emitter results in lessoposn

dead volume and simplifies coupling to MS detection. Thengéxy and size of the features in the

MSF are very suitabl em dnd for useeas a rolnust relgctroppeay eniitter] e s

integrating well with the channel in an embossed LC/MS chip.
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Chapter 3
El ectrowetting boinc SNagteurbayld s(bn @h 8y nt het

Surfaces Based Upon Fluorinated Si

3.1 Introduction

Superhydrophobic surfacese a subject of great interahie to their uniquevaterrepellent
properties thahave found utility in mangpplications. Superhydrophobic surfacese characterized as
having both awater contact angl@éVCA) above 150° ana very low rolloff angle (ROA), below
10°** The siperhydropobic properties oé surface are attributed tbhe combinaton o mat er i al 6 s
surface geometry and chemical composition. Surface roughness on botmetiesnd nanmetre
scalescauses aito beentraped between the surface and the water droplefered to as a Cassie
Baxter stat@ An appropriate chemical compositiga.g. significant fluorinationgan furthedower tre
surface energy of the materfdl

Superhydrophobic materials possess unique properties such-akeaeifg, anticing® and
anti-fouling,® which have been adapted aonumber ofapplications including manufacturing stain
repellent textiles’ anti-biofouling coating for marine application’ water/iceresistant paint$ etc.
Recently, there has been significant inteiesmplementing superhydrophobic coas intodigital
microfluidics (DMF). DMF has emerged as an alternatiee traditional ficontinuous flow
microfluidic approacks where individual droplets can be independently controlled in a pre
determined fashion. DMF offers other advantagerethameld microfluidics, such as high analysis
speed, specificity, small sample size and limited waste production, precise ,camdithle varietyof
sample preparation strategiéisat can be implemented@nd multiplexedon a single devicg™*
Furthermore DMF devices do not requirethe morecomplicated fabricatiorproceduresassociated
with somechannelbased devices, e.gumping systemsvalves etc DMF relies on he discrete and

precise control of the individual droplets of various sizes, where droplets can be moved, split, merged
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and mixed on a small platform'® Different approachesre used taliscretely move droplets on the
surface, including electrowettiran-dielectric (EW),"*?° dielectrophoresi&" acoustic wavé” and
magnetic actuatigfi** EWOD iscurrently the mostommonly usednethodologywith DMF devices,
where the dropleactuationresults from a shift in the distribution of electrohydrodynamic forces due
to an applied voltage, leading to the reduction in the CA between &eteom the surfacg®?*’
There are several required design elements for Ed@d2ddevices includingindividual electrodes

for droplet manipulatiorroated with alielectric layer for charge accumulation anldydrophobictop
layer. A higherinitial WCA often requires lower voltage faitiate droplet movementthus highly
hydrophobicsurfaces are commonly @toyed in DMF device&® The nostpopularhydrophobic layer
used is Teflo® AF, which although common, has limitatiofhie ontact angle of Teflon wh water

is & 120°, which renders the surface sufficiently hydrophobic for droplet manipulation, however the
surface coating is not very robust or durable, and siropkrationscan remove Teflorirom the
surface of the devic@* Teflon is also sensitive to other commonly used solvents, antehaged
biofouling which limits the number of uses per single deyicé Clearly, there is a need fona
enhancedmore robust material.

An inspiration for manysyntheticsuperhydropbbic surfaces comes frothose that occur
naturally, i.e. plant leaves like lotusNelumbd or dephantear (Colocasid.? Extensive studies on
these surfaces show that they have an optimal combination of surface rouginmssg from
microbumps formed by convex surface papjllaed low surface energyesulting from the formation
of acrystalline waxilm, to create aupehydrophobic surfacé®

In this chapter a series ofhydrophobic andsuperhydrophobic materials for EWOD
applicationsare exploredwhich arebased upon fluorinated silica nanoparticles (FSNP) of various
sizes and fluorine composition. This material is stable, robust and may be adapted for EWOD
applications. The EWOD propas of FSNP coatings on a simple device are compared to the EWOD

performance with a natural surfa€&glocasialeaf.
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3.2 Methods and Materials

3.2.1Materials

Deionized water (Fisher Scientific, Ottawa, Canada) mixed with various proportions of
acetonitrile and mbanol was used to form droplets on different surfaces. Acetonitrile, methanal,
ethanol, absolute ethanol and ammonia were purchased from Fisher Scientific (Canada);
trifluorotoluene (TFT) and tetraethoxysilane were purchased from (Sigma Aldrich, MO GliSk
microscope slides (Fisher Scientific, 76 x 25 x1.0%jrwere used as the device substrate. Surfaces
used in this study were selected based on varyin
was used as a reference as it is a standard hydrapsuntface coating used for DMF devices. It was
spin coated with a Laurell W&50 spin coater (North Wales, PA, USA) using a-step process: 500
RPM for 10 seconds and 306PM for 30 seconds. The measured thickness of the coating was about
150 nm* Natural superhydrophobic surface€olocasia plant leaves) were grown locally and
harvested when leaf sizes were >30 diameter The leaves were used either within hours of being
harvested, or driedfter being attached to theubstrate to prevent curlingeaf materials (fresh and
dried) were adhered to the dielectric surface using desibél adhesive tape, taking care to ensure
that the leaf surface was as flat as possible. {&ter Dry® (UED) wa purchased from Hazmasters
(Ottawa, Canada) as a tyart coating, a base coat (adhesive) and top coat, which contained the

FSNPs.

3.2.2Silica Nanoparticle Synthesis

Bifunctional silica particles were synthesized by a modified Stéber métHoda typical
synthesis to produce 90 nm particles the following procedure was used. Initially, the &l@ent
of absolute ethanol) was mixed with wafgr6 mL1 8 Mq ) a n @.5anbPvbimethanol) and
left to stir at 60°C for 30 min. Then tetraethoxysilane 2.2 mL (~2.0 g) was added to start the synthesis

of the silica particles. The mixture was left to stir aP@@®vernight. The ammonia concentratioasw
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changed to synthesize the silica particles with different sizes {16.rén, 2530 nm and 12450
nm).

The functionalization agents;(Rerfluorooctyl)ethyl triethoxy silane (Sigma Aldrich, MO, US) and
N-(6-aminohexyl)aminomethytriethoxysilane (Gel, PA, US) were then added and the heating was
continued for another 2 hours. In all preparaij@ntotal of 100 pL of functionalization agents were
used, respectively. The particles were recovered by centrifugation ERBI). The particles were
thenpurified by dispersion in methanol (25 mL) and centrifuged (3RPM) before the supeatant
was removed. The particles were therdispersed in TFT (25 mL) and centrifuged (39RBM) to
remove the supernatant. The particles were finallyispersed inmethanol (25 mL) and centrifuged
(3900RPM) for supernatant removal. Using the above protocol, particles with the volume fractions of
0 %, 10 %, 25 %, 50 %, 75 % and 90 % fep2rfluorooctyl)ethyl triethoxy among the two surface
functionalization agest (with thediameterof 8590 nm) were synthesized and characterized with

SEM.

3.2.3EWOD Testing

A prototypical EWOD device was prepared using a standard glass microscopetstitie
served aghe devicesubstrate Adhesive singlsided copper tape (thickness3~4 e m) was cut
attached to the cleaned glass slides to serve as electrodes. -Eildatll@dhesive tape (thickness ~
164 e&€m) was used as a dielectric | ayer which had
top of it. FSNPbased superhydrophd ¢ coati ngs were either deposite
FSNPO) orspbgayiamgo( Asprayed FSNPadyoplet &f suspertddde A c as
nanoparticles (in TFT) was deposited oeedielectric layer and the extra solvent was allowed to
evgorate for at least 30 minutes. The samples were then further dried in the oven at 120° for 15
minutes. With this method an excess of liquid is deposited on the surface, to make sure that the whole
surface is evenly coate.or t he fis pr aRpNPd solutiore(in AFErdwas demprayed

using a hous®uilt device directly onto the dielectric surface, where no further evaporation was
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required® The samples still needed to be dried in the caet20° for 15 minuteto ensure good
adhesion.

The commercial FSNP surface (UED) was deposited using chromatogisphiger, as
recommended by manufacturer. Briefly, bdihse and top coats were applied with a-tajer
chromatography sprayer. The base coat was sprayed twice over the clean glass slide surface and air
dried in a fume hood for 20 minutes at ambient teatpee. Similarly, two layers of the top coat were
uniformly sprayed over the dried surface of base coat and then air dried in the fume hood for at least
two hours before use.

All EWOD experiments were performed am flopent o p 0  doafiguration where the
DMF microchips were placed inside a custorade drafreducing box to prevent droplet movement

due to air currestwithin the laboratoryFig 3.1)

A At No Potential At Applied Potential

0,>6,;

HYDROPHOBIC
e, COATING e,

DIELECTRIC ELECTRODE SUBSTRATE

Figure 3. 1: A) S cthoepmba t § tcy loef daenv i fcoep e nB) photograp
coated with synthesized FSNPs; C) experimental setp, where the EWOD device was placed

inside the draft-reducing box, and a USB camera was setup to take images for the measurement

of CA.
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3.2.4DMF Device Fabrication

Several device designs and manufacturing appesath DMF device fabrication were
explored. Early prototype design was based on printed circuit board (PCB) technology, however the
device was not functi@l as discussenh section 3.3. A fully functional DMF device was fabricated

usinga standard lithognahic approach, as described further below.

3.2.4.1PCB Microchip Design

PCB DMF device was kindly provided by CMC microsystems, obtained from a commercial
PCB manufacturer, where a standard multilayer printing approach was used. The design was
developed to includearious configurations of copper electrodese. spacing and shape; pads of

various sizes were also implemented. Fig. 3.2 demonstrates the final fabrication design.
i

: / 2200

—a) s 7

1500

Electrodes with pitch of Electrodes with pitch of Electrodes with saw pattern
60 pm 50 pm on the edge

Figure 3.2: Schematic design of PCB microchip, where electrode spacjrgizeand shge were
varied.

The size of the PCB substrate is 10.0 cm by 10.0 cm. Electrodes are 2.2 mm x 2.2 mm, where

the standard gap between them is 40 & m, unl ess

mm X 2.0 mm el ectr ode snFigi3.R)land2.0 mm mm xy20pnmlbctrades ar e a

with 60 em gap (orange area in Fig. 3.2). Two
six smaller pads are 5.0 mm x 5.0 mm with corresponding gap distance {ootmd from Fig. 3.2).

The electrodeare defined by green pattern, pads are red and the grey lies are the copper connections
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on the backside of the chip. The control pads (1.5 mm x 1.5 mm) on the outside of the chip are wired
to the copper electrodes/pad where the droplets are positi@mh&yaapplying voltage to the control
pads the droplets can be actuated on the inside

of ParyleneC by vapar deposition, and further coated by either Teflon® AF or FSNPs. Fig. 3.3

shows photograph albricated PCB EWOIDMF device.

Figure 3.3: A photograph of a EWODDMF PCB microchip, coated with ParyleneC and
Teflon® AF.

3.2.4.2Photolithographic Fabrication Method

Droplet actuation was tested on a DMF device fabricémedhe University of Toronto
Nanofabication Centre (TNFC) cleanroom facilitysing photolithographic methoddescribed
previously’” Device fabrication reagents included photoresist developeB2Ffrom Rohm and
Haas (Marlborough, MA), chromium etchant @Rrom Cyantek (Fremont, CA), photoistsstripper

AZ-300T from AZ Electronic Materials (Somerville, NJ), Teflon® AF from DuPont (Wilmington,
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DE) and Parylene C dimer from Specialty Coating Systems (Indianapolis, IN). DMF devices consisted
of an array of 80 interdigitated working electrode® (@m x 2.2 mm) connected to 10 larger reservoir
electrodes (4.5 mm x 4.5 mm). Glass substrates (49.5 mm x 74.2 mm x 1.1 mm) coated with
chromium (200 nm) and photoresist from Telic Co. (Santa Clarita, CA) were exposed to UV from a
Suss MicroTec mask align (29.8 mW/crfy 10 seconds) under an acetate photomask printed at 20,000
dpi (Pacific Arts and Designs, Inc, Markham, ON). The exposed substrates were then developed in
MF-321 (35 min.) and baked on a hot plate (1251 min.). Developed substrates weren etched in

CR-4 chromium etchant for 3 minutes before being stripped of remaining photoresistaA0xZ(5

min.). Substrates were rinsed in isopropanol, contact pads were covered in dicing tape and the
substrates were coated with ~7 um of Paraly@rmsy vapar deposition. Subsequently, Teflon® AF

was applied to the devices by spin coating as described above. Alternatively, superhydrophobic
devices were coated with UED using the chromatography spraying protocol referenced above. Fig. 3.4

demonstrates functional DMF device coated with Teflon® AF.

Figure 3.4: A photograph of an EWOD DMF device coated with Teflon® AFwi t h s ever al
aqueous droplets deposited on it.

Voltage was supplied thugh eithera micrdfluidic toolkit (UTK - Micralyne, Edmonton
Canada which was used to generate DC voltagp to2 kV, or through themicrofluidics integration

platform (MIP) system (PX#4130 SMU modulavith a Tegam High Voltage Amplifier Model 2350)

90
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provided by CMCMicrosystemgo generate DC voltages up to 200 CAs were recorded using a
microUSB microscope, and imageJ freeware was used to measure and @Aalyze

Surface characterization of the leaves and nanopatrticle coatings was performed using scanning
electron microscopy with energy dispersiveray (SEMEDX). SEM-EDX analysis was performed
on a MLA 650 FEG ESEM, where samples were gold coated prior to high vacuum scan in the

backscatter mode.

3.3 Results and Discussions

3.3.1Natural Surfacei Colocasia

Superhydrophobicity in nature is a wkilown phenomenon, wherplant surfaces in
particular were extensively studied and characteriZethe surface of theColocasia exhibits
superhydrophobity, however to our knowledge the electrowetting properties of the elephant ear have
not beenreported to dateFig. 3.5 demonstrates réace features of the elephant ear leaf, where the
surface roughness (microand nane scale) results in its superhydrophobicity The
superhydrophobicitisatti but ed t o the individual i mivhitkethe b u mp s 0
crystdlized wax provides a lowenergy surface. Arpviouselectrowettingstudy performed on the
lotus leaf demonstrated that substantially higher voltage is required for the EAdtO&tionto be
observed on a natural leaf surface compared to standard @eflBrcoating® Here wecomparethe
EWOD performance of aaturalColocasialeaf surface a new synthetic fluorinated silica nanopatrticle

coating, and deflon surface.
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Figure 35: SEM imagesat different magnification of a dried Colocasialeaf, where the surface
roughness can be observed on both micrand nanoscale; (left) view of the leaf surface (scale
bar = 50 ¢ ny; (centre) surface papillae attributing to micro -roughness (scale bar = 1@ nj
(right) micro - and nancroughness observed on individual papillaescale bar = 2¢ ny.

Initial experiments were performed by directly attaching the leaf to the surface obpiper
electrode (i.e. without a dielectric layer). Under an applied voltage (0.3 kV) ttmation of bubbles
in a droplet wa®bserved due to water electrolysis and the leaf surface is quickly damaged indicating
that theColocasialeaf is a poor dielddc. All the following leaf EWOD experiments were conducted
with a dielectric layer (adhesive tape) between the leaf and eleétrdtie effect of the applied

voltage to the water droplet is shownRig. 3.6.

Figure 3. 6: Contact angl e change Colécasimeatwadere r dr op |
an applied voltage of 2.0 kV where CA change of over 20° is observed
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The EWOD experiments were performedlmththe top andindersidesurfaces of the dried
leaf andthe results are summarized igF8.7.

165

160 -
155 -
150 -
145 1

140 - %

135 -

Contact Angle,°

130

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

Applied Voltage, kV

Figure 3.7: Contact angle observed for natural driedColocasialeaf surfaces (top and underside)
under increasing applied voltageError was calculated as an RSD value of 3 measurements.

The top and undersidef the leaf showedimilar WCA changeat the sameapplied DC
voltage,and SEM indicates similar morphologiestween the two surfaceBata presented here is a
combined characterization of both top and underside of the @Gfafchangeis determined as the
difference between initial CA under no applied potential and the CA as the voltage is increased (eqn.
3.1):

CAchange= CAv=0T CAvapplied Equation 3.1

No CA change was observed whére apgdied voltage< 0.3 kV, and theCA steadily
decreasdas higher voltage was appliaettil 1.5 kV where further increases in voltage resulted in no
observable change, presumably due to contact angle satdféfigrhus, while EWOD can be
demonstratean the Colocasialeaf it requirs a relativelyhigh voltage (above 0.3 k\Qompared to

synthetic suiices, which is not practical for geneEAlVOD applications. A probable reasobehind
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this high voltage requiremeit the thickness of the leaf (86um dried and 80 um fresh), which is
much thicker thara typical hydrophobic Teflo® AF coating(on the orér of tens tohundreds of

nananetres)**4°

used in EWOD applications:urthermorethe leaf wasdifficult to evenl adhere to
thedielectric layey and manual smoothing of the surfags found talamage the surface papillae and
wax (data not shown)Although interesting, de to its high voltage requirementbe natural leaf
surfaceis not wellsuited as a surface foDMF platforms, however its superhydrophobic properties

served as abasis of comparisorfor synthetic superhydrophobic surfasebased upon silica

nanoparticles.

3.3.2Fluorinated Silica Nanoparticles Coating Characteristics and EWOD Performance

Synthetic hydropobic coatings often employ heavily fluorinated species due to the high
surface energy of these materials when placed in contact with water. Superhydrophobic coatings can
be created by combining perfluoroalkyl substituents on a silica nanoparticle. Thesgals offer
significant flexibility through a range of particle sizes and surface functionalizations. We conducted a
systematic study that explored the effect of both degree of fluorination and particle size on the
electrowetting properties of a synfiieed surfaceThe comparison between different deposition
me t h osgrayed( ficastedi) was aTheeare niuatifferences betweenthe deposition
methodswherethe aeresprayed surface is more trautentand evenly coated than the dropletteds

surfaceFig. 3.8

e s r——————

Figure 3.8: Visual comparison of the custom FSNP coating deposited via aero spraying (left) and
droplet casting methods (righ), where droplet casting methoctcreates visibly thicker coatings
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For both material application methodsSNPs do not form a homogeneous film layer, thus

the coating thickness cannot be precisely measured. The FSNP coating thickness is estimated by

examining the number of particle layers present via SER 3.9)

Figure 3.9 The SEM analysis of aeresprayed surface (left) and dropletcasted surface (right).
Images show the layer thickness formed by the standard application method, where the FSNPs
are deposited ontoa substrate( scal e bar =  bBsprayiagnforms aTthinelayes e r 0
typically comprised of 1 to 2 layers of FSNPs, while droplet casting results in multiple layers-(6

10) of FSNPs deposited on top of each.

The FSNP coated tape is viewed edgeand the number of particle layers was determined.
The layer thickness is then calculated by miyiig the number of layers by thdiameterof the
modified particle. The droplet casting method generally results in 6 to 10 layers of the FSNPs, and the
aerosprayed methods results in single or double particle layer. The thickness can therefore vary
between 90 and 1600 nm for the droplet casting; an@8bnm for the aersprayed FSNP coating

depending upon particle size (TaBl&).

Table 3.1: Thickness measurements of the custommade FSNP coatings of different deposition
methods.

5-10 90-120 150200 1520 30-40
2530 210-240 350400 3535 70-80
8590 570600 950-1000 95-100 190200

125150 810960 13501600 135160 270-380
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Scanning electrommicrographs of surfaces coated with FSN#tiples(90% fluorination) in

four size ranges are shown in Fig.3.10.

Figure 3.10: 100 00017 magnified SEMdametrgd)s of t h
5-10 nm,B) 25-30nm, C) 85-90 nm, D) 125150 nm Scale bar is Imm in each image.

One evaluation criteriorfor electrowettingis the mininum voltage required fopbservable
CA change In this set of experiments, the minimabservablemovement is defined as slight
Aitwitchingo of the dr oThéresultsolthislewaluationhre presemtpdin ed v ol
Tabl e 3. 2 -sfparaytelded fdaeeprocsicastedd o d e me s h o Kfomaabdn 8.2 ih o d .
can be seen théte particle sizéas a significaneffect on the minimal voltage required for theset
ofobservabl e EWOD, whereas for t he sifesdpperalgneed 6 dep
appearsmore pronounced with larger particles requimg lower actuation voltaggTable 3.2).
Furthermore,actuation voltages or t he f c as fre tbwerinFevawyPcasihary those

required forthe fispraye® s u rsdggestieghat thedroplet castingmethodis more suitable for
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DMF applications.As the surface contact angle is related to the roughness and particle size, the

change in CAvas measured for eaglarticle size and deposition methadconstant voltage, the data

also appearing in Table 3.2

Table 3.2 DC voltage required for the onset of EWOD for the spray and cast coatedparticle

deposition method for particles of varying size but constant degre of fluorination (90%).

- : Droplet Casting Surface Aero-Sprayed Surface
S.'"Ca PEHEHE Minimum o Minimum o
Diameter (nm) Voltage (V) CA change (°) Voltage (V) CA change (°)

5-10 40 + 20 6.5+1.8 170 + 10 24+1.2
25-30 20+ 10 8.4+25 140 + 10 23+21
85-90 20+ 10 129+ 2.6 50 + 10 8.3+25
125150 50 + 20 9.7+1.6 50 + 20 9.2+2.0

The surface roughness increases with parti@deneter however the contact angle change is

not significantly impacted. That being said, the CA change for any gasitle size is always higher

f or fifcasted?o

particles vs.

produced by the two deposition methods.

Asprayedo

particl es.

A similar set of experiments was carried out to determine whether the dédteerimation

affects the performance of the fluorinated silica particles as a hydrophobic lay&Wa@D. It was

established from the previosgst of experiments th#te ficasting

actuation at lower voltages thanh sprayed

deposi tallowed dropiet h o d

m e ,tsdithee duorination study was performeding

t h eastdd surfaces For consistency, th&590 nm particleswere used to studyluorinaton

variation where fluorinating degreeanged from @0%. Stable particles with 100% fluorination

required a modified deposition proceduthus they were not tested helRarticles with 0% and 10%

fluorination did not exhibithydrophobic propertieé.e. the droplet wetted the surface). Fluorination

025 %,

h resule in & hydrophobic surface with a measureable water droplet contact Biggle.

3.11 indicates that surfaces with 25 and 50% fluorination are not strictly superhydrophobic, as the

obsrved CA is below 150°. The surfaces with higher degree of fluorination (75% and 90%) are both

superhydrophobic, with contact angles >150°, and there is no significant difference in initial CA

97



between them. The CA measured at a constant applied voltd&® &f was found to be independent

of the degree of fluorination, measuring 142.2 + 2.5° for all the surfaces tested.

160
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Percent of Fluorination

Figure 3.112 The effect of degree of fluorination on the initial contact angIeT() (at V=0) and the

contact angle Q) under applied potential of 150 V.Error was calculated as an RSD value of 3
measurements.

Higher percent fluorinationesults in moreeproducible EWODwhich can be achieved at a
lower voltage FSNPs fluorinated at 2% required at leas20 £ 10V to observe EWOD, while 50%
fluorination only requird 30 £ 10 V. EWOD can be achieved 20 = 10V for both 75 and 90%
FSNPs, however some irreproducibility in EWOD was observed for 75% fluorinated surface. The
minimum advardges associated with more extensive fluorination suggest particles with lower fluorine

content can be a cesftfective alternative tthe epensivefluorine derivatization reagents.

3.3.3Compatibility with Non -Aqueous Solutions

To better take advantage of thighhdiversity of applications that can be implemented onto a
DMF platform, it is necessary for the coating to be compatible with solvents other than water.

Aqueous mixtures of biological solutions, buffers, and salts have been extensively studied on both
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opentop and tweplate configurations of DMF devices, however techniques such as separation or
detection might require organic solvents to be used on the surface of th&*thmemical

compatibility and electrowetting behavior of fluorinated nanoparbeleed surfaces with several

commonly used solvents (i.e. acetone, acetonitrile, methammipganol anddiiodomethane) was
probed.Overall,the FSNP surface coatings were robust to metharalp2anol and diiodomethane

and the casted surfaces displayed superior solvent resistance compared to-speagedocoating.

The contact angles for both methanol @ropanol were less than 90° for surfaces prepared using

both deposition methods. On the fAcastedd surfac
becomes consistent at -s3pray&do Comvieacel yequhier
achieve eproducible movement. Acetonitrile droplets showCA of < 90°, although EWOD is

possible at significantly lower voltages than for the alcohols testeeddme change in contact angle

can be observed at 90 V), reproducible electrowettirag achieved atvoltages above 100 V.

Although acetonitrile damaged the asyrayed surface, it did not appear to have an adverse effect on

the thicker fAcastedo surface. Diiodomet hane, bei
form droplets withCA >90° on the surface, where EWOD can be observed at >80 V. This result
demonstrates the amphiphobic character of the fluorinated nanoparticle surface as both highly polar
(water) and nospolar (diiodomethane) solvents showed high CA. Experiments show that the
fluorinated nanoparticle surface is incompatible with acetone, where the droplet spreads over the
surface, often removing silica particles. Acetone droplets damage the surface, rendering it unusable;

this effect i s mor e-swmdyadi ocsws ffaccre tthhea nt hai mincears t fieadedr c

3.3.4Stability of the Superhydrophobic Coatings

Longevity experiments were performed on both types of surface particle depositibods
i.e. droplet casting and aesprayed, where particles of different sizes wested. A constant 110 V
was applied in each case, and the change in contact angle with a fresh water droplet was measured on

a weekly basis. The surfaces used in the longevity experiments were used for other multiple
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experiments during the first two weeksit only for longevity tests thereafter. Performance stability of
the surfaces was evaluated by examining how the initial water contact angle changes with time and use

for the fAcast i negpayedecthoddFd.3.82nd t he aero
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Figure 3.12 Effect of time on theWCA for 85-90 nm FSNPs with 90% fluorination, deposited

by either droplet casting € ) or aero-sprayed (T ) methods.Error was calculated as an RSD value
of 3 measurements.

The decline inthe WCA was measured for all FSNEgametes synthsized, and detailed

information is present iRig 3.13.
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V¥ 25nm
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Figure 3.13 The decrease intheVCA f or t he fAcastedo and fisprayedo
period of 35 days for various silica nanoparticlesliameters. Error was calculated as an RSD
value of 3measurements.
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A detailed comparison for each of the particle sizes is presented B.FHgand 3.15.

Figure 3.14

90% fluorinated. CA change was recorded at V = 110 V foall measurements. Error was

16

Contact Angle Change, °

-
£

-
N
2

-
o
5

N Day 0
== Day 14
mm Day 21
Day 28
= Day 35

©

—

T Ti
5-10 25 85-90 125-150
Nanoparticle Size, nm
angle change for

Cont act

calculated as an RSD value of 3 measurements.

Figure 3.15

90% fluorinated. CA change was recorded at V = 110 V for all measurement&rror was
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The contact angle change, under the same applied voltage, decreases with time for both
deposition methodé-ig. 3.12) Thes pimrazy®do surfaces generally sho
CA and CA changavith time (e.g. after two weeks of use the CA chandess thar6°). Coatings
with FSNPs in the range of ) nm and 280 nm do not show as significant a drop in CA change
with time; however even freshly prepareeB® nm particles exhibit smaller initizontact angle
changesi(e. 5°). Surfaces with 8890 nm and 12850 nm particles show the best performance, where
there is steady but gradual decrease in CA change, and after 4 weeks of tesfifi@Atlehange is
still above 4°. In terms of the most robssirface suitable for EWOD applications,-8% nm silica
particles deposited by fAcastingd method offers b
change is about 5T he ficastedo surfaces are generally more

with time and a smaller drop in CA change after prolonged use.

3.3.5Printed Circuit Board EWOD Device Characteristics and Performance

PCB technology is often a quick and inexpensive alternative to photolithographic methods,
and it is widely adopted in micrteetronics technology. Commercial PCB microchips could be
directly purchased with specifigghrametes (i.e. electrode size, gap, and shape) and it was a good
starting point to incorporate various electrode designs mardmetes. The performance of this
particular PCB microchip design did not result into droplet actuation, and this can be explained by the
unforeseen flaws in the device fabrication.

The performance of the EWOD device depends on mpasametes, including the
composition and thickness ofeetrodes, dielectric layer and the hydrophobic layer. A variety of
metals has been used in electrode manufacturing, including gold, silver, titanium, copper and
chromium; typically, the thickness of the electrodes is ranging from severahatteoto ~ 20 nm*’

The shape of electrodes also contributes to the effectives of droplet actuation, where intertwining or
Afcrossing overo electTbhedeBsawd $hapetiovohteheoekmert

droplet is overlapping two electrodes, can significantly lower the actuation voitdganother
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important consideration is the irntelectrode distance, which can also effect the actuation; the

narrower distance between the electrodes is reported to lower the actuation voltage. In our PCB design

we have tried vaous combinations of shapes (straight or saw) and-@éhetrode distances40, 50

or 60 &m. The height of the el ectrodestrspitus det er

in order to create an even dwasflequcetd.ri c | ayer, abol
The device did not demonstrate a reproducible performance, where the main reason for the

failure was the unexpected design flow, inherited from the fabrication procedure. The manufacturing

of PCB device requir edto donred the copper kelectroded ont differentu g h  h

| ayer s. The fAviaso were significantly higher tha
when coated with dielectric | ayer. Theseiriivi aso
actudion.

3.3.6Droplet Actuation of Digital Microfluidic Devices with Hydrophobic Coating
Hydrophobic coatingéTeflon® AF and=SNPs)were tested fodropletactuation performance

using abDMF platformideviceconsisting of an array of 80 interdigitated workigctrodes (2.2 mm x

2.2 mm) (Fig. 3.4). The droplets of -PO yL were actuated across several electrodes and the required
voltage and reproducibility of droplet movement was probed. The Teflon® AF coated devices
required an actuation voltage of 250+50 Wdashowed consistent droplet movement across the
electrode array. Similarly a surface coated with commercial FSNP showed reproducible droplet
actuation at a voltage of 300+100 V. In these experiments the voltage was applied to the electrode
intended for action, and ground voltage was applied to the electrode where the droplet was resting.
For the Teflon® AF coated devices the droplet would actuate to the next electrode and remain there
until the voltage was applied to the next adjacent electrode. Then®efA& surface with a contact
angl e ogfr cdvild2e0d enough droplet/surface adhesion t
often continues to slide beyond the actuating electrode after the first actuatiorfoistépe

superhydrophobi&SNP coated staces, as the friction is minimal on superhydrophobic surfaces. As
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a result, once the droplet was actuated its momentum carries it beyond the next electrode. This is
particularly problematic for devices that are manually actuated as the droplet moved theyoext
electrode before the voltage is applied. In automatic systems the voltage switching time can be
minimized and erratic droplet actuation should be minimized by the pinning force afforded through the

contact angle change with application of vgéia

3.4 Conclusion

Natural and synthetic superhydrophobic coatings that utilize both +aictba nanestructure
with hydrophobic coatings provide low friction surfaces for aqueous droplet actuation. Electrowetting
on-dielectric was examined for both natuesld FSNP coated surfaces and compared to Teflon® AF.
EWOD for the natural surface showed the highest voltage requirement at @00c¥ is undesirable
EWOD on FSNP surfaces occurred at significantly lower voltages (<50 V) and is shown to depend on
the mehod of coating application (i.e. casting or aspway), particle dimension and degree of
fluorination. The casting method showed enhanced robustness with minimal contact angle difference,
and contact angle change over a month of use. FSNP coated DMie dea$ used for droplet
actuation and showed similar voltage requirement to Teflon® AF coated devices (~ 250150 V).
Although the CA change observed on the FSNP surfaces was smaller than that of Teflon® AF, droplet
movement was possible but with lower pston, due to the lack of a pinning force (i.e. reduced

adhesive force) in the absence of an applied valtage
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Chapter 4
Magneti c Driopn ean AxealtucadiadpaflE!l uor i nated

Silica Na&Smugpearhtyidaologghobi ¢ Surface

4.1 Introduction

Precise and independent control of small volumes of liquids is a fundamental advantage of
microfluidic devices. Digital microfluidics (DMF) has re¢ingained popularity due to its ability to
independently address, move and position individual droplets in a precise and reproducible"manner
Moreover, DMF offers the advantages of chartreded continuous flow microfluidics, such as
reduced reagent consumption and the ability to integrate several sample analysis steps onto a single
device, while not beingusceptible to clogging. The most common method for droplet actuation on
DMF devices utilizes the electrowettiran-dielectric (EWOD) phenomenon, where droplet movement
resultsfrom a shift in the distribution of electrohydrodynamic forces due to an apglitadye, leading
to thereduction in the contact angl€A) between a droplet and the surfaceAccurate conbl over
droplet movement is provided throutlte applicationof voltage to a photolithographically patterned
metallic electrode array (e.g. chromium or gold) coated with both a dielectric and a hydrophobic
layer®® EWOD devices have suffered from robustness concerns that stem from surface contamination
and fragility of the hydrophobic layér

An alternative actuation method for the DMF platform is based on magnetic actuation, where
a ferromagnetic fluid or aqueous droplet containing particles with high magnetic susceptibility is
manipulated with an applied magnetic fieadsoknown as digital magnetofluidic§*? Like EWOD
devices, magnetically actuated devices require a hydrophobic layer to reduce the friction between the
aqueous drogt and surface, enabling the droplet to slide over the surface with little resiStdnce

Some plant speciesshv e evol ved supelrbdgdiropbobeavésel hat

dust and debris following a rain to maintain high photosynthetic efficiEnBuperhydrophobicity,
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defined as having €A with water in excess of 150°, is achieved through a combination of leaf
suface roughness and low surface energy provided by hydrophobic waxy compbritise
roughness of the lotuleaf, for example, arises from a hierarchical structuith features on the
micrometre and nanometeeales. The water droplet does not wet the hydrophobic surface between
these features, leaving them filled with air and keeping contact between theaiglislrface to a
minimum. This is in the heterogeneous wetting regime and its behavior is described by the Cassie
Baxter modef® Synthetic surfacesvith both micrometre and nananetrescaledroughness have
traditionally been produced in thaboratory using photolithography, chemical vapdeposition,
silicon nanowire growth, or electrochemical etchifig Functionalization of the surface with
nonplar (e.g. perfluoroalkyl) substituents produces superhydrophobic surfaces wittCAg>

150°) and lowroll-off angles (ROA) (<10°) with water***?* Superhydrophobic coatings are
commonly usedn magnetofluidicsbecause increased surface hydrophobicity further decreases the
surface friction, which results ia droplet sliding over the surface with minimal applied faf¢&s

With the reduced friction of the superhydrophobic surface, no additional oil phase is ngdessar
operate the device, which is oftdreneficial for hydrophobic surfaces such as Teflon®, making
overall operation more facitend efficienf’ Recently a rumber of new commercial superhydrophobic
coatings havebecome available for a range of consumer applications based on silica
nanoparticle$"?®?° The addition of magnetically susceptible material&e. superparamagnetic
particles and ferrofluids, to the droplet enables an actuation force to be easily appliedrtupléie
through an externally applied magnetic field. Extensive and comprehensive analysis of ferrofluidic
manipulation on DMF devices has bgaeviouslyreportedthereforehere we concentrate @gueous
droples containing paranagnetic particles only’***** Commer ci al p @& ma idan khis s @
purposeare based on (super)paramagnetic particles, where an iron oxide core is surrounded by a layer

of silica, which can be functionalized as desired for a given applicitidrMany devices using
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magnetic actuation have been reported, emahplex droplet movement has been demonstrated in
three dimensions, including actuation of an inverted dréplet

In this chapterthe interactionsof aqueous dropletsith three different materials with varying
degrees of hydrophobicitare investigatednamely Teflon® AF, a standardydrophobic DMF
coating; Colocasialeaf, a natural superhydrophobic plant surface; and a commercially available
superhydrophobic coating basedftuorinatedsilica nanoparticlesHSNPs), Ultra-Ever Dry® (UED).
Another commercial FSNBased coating, Never$¥®, was tested for the usability and stability;
however its performance was inferior to that of UlEwer Dry®. The FSNPs can be applied to a
glass, polymerfabric®® or metallic surfacethrough a simple spraying proceddfte

We examine the superhydrophobicity of the surfaces, including thet eff magnetic field
strength and superparamagnetic particle concentratidBAQrROA, ease of magnetic manipulation
and actuation speewe report adhesion force values determined using R droplets on the three
surfaces studied, and probhetUED suface stability with noraqueous solvent combinations
commonly employed in DMF application¥Ve also demonstrate the usability of our magnetic
actuation system in a variety of applications, where droplets can be precisely controlled to deliver
various volumes of reagents to a hydrophilic patch. The magnetic particle cluster can be removed and
reused, serving as the means of continuously supplying the reaction with additional reagents. We have
also looked at the twplate droplet manipulation system, whemgigus operations on the droplet
magnetic particles system can be performed depending on the distance between the two plates, droplet

size and particle concentration.

4.2 Experimental

4.2.1Materials

Deionized water (Fisher ScientifiQttawa, Canadamixed with vaious proportions of
acetonitrile and methanol was used to form droplets on different surfaces. Glass microscope slides

(Fisher Scientific, 76 x 25 x 1.0 mm) were used as the device substrate. Surfaces used in this study
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were selected based on varying lewef hydrophobicity. TeflonE AF (I
reference as it is a standard hydrophobic surface coating used for DMF devices. It was spin coated
with a Laurell WS650 spin coater (North Wales, PASA) using a twestep process: 5GRPMfor 10

secmds and 300RPM for 30 secondsThe measured thickness of the coating was absdtnm®’

Natural superhydrophobic surface3o{ocasiaplant leaves) were grown locally and harvested when

leaf sizes were >30 cnaiameter Ultra-Ever Dry® (UED) was purchased from Hazmasters (Ottawa,
Canada) as a twpart coating, a base coat (adhesive) and top edath contained théuorinated

silica nanoparticle (FSNPs) NeverWet ®, (RusOleum, Concord, ON) w& purchased from
Canadian Tire, as two ppackaged aerosol cans, containing the base adhesive layer and the top layer
containing FSNPs. There were two neodymium magnets used in this expédrianéat disk used for

CA and ROAmeasurements, arsinall cylindrical magnet used for droplet manipulation and velocity
measurement3.he drength of each magnet was measured using a gatesgModel 410, LakeShore
Cryotronics Inc., Westervill, OH) over a glass slide of 1 mm in thickness to determine the field
strergth. The strength was measured to be ~ 2.1 kG for the large disk magnet and ~fdr.8heG

small cylindrical magnetSuperparamagnetic particlegre obtainedfrom Bioclone Inc. (San Diego,

USA), having adiameterof ~1.0e m and an i 6ilic&coated sudeeparan@gnetic particles

(40 mg/mL; catalog #FR02) with reported magnetization of ~40 emu/g were used for all the

experiments.

4.2.2Surface Preparation

Both base and top coatsdEDwer e applied according to manuf a
thin-layer chromatography sprayer. The base coat was sprayed twice over the clean glass slide surface
and air dried in a fume hood for 20 minutes at ambient temperature. Similarly, two layers of the top
coat were uniformly sprayed over the dried surface sélw@at and then air dried in the fume hood for
at least two hours before uskhis method results in a uniform superhydrophobic coating of ~ 5.1

0.4¢ nmas measured by SEWig. 4.1).
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Figure 4.1: SEM of the side view of the FNSP (UED) surface, with bbtbottom and top layer
applied twice (scale bar is 30 &m)

To coat the slide surface with the NeverWet®, thes were vigorously shaken for about a
minute before eachuse, and then two layers of the base coat were sprayed onto the surface of the
methanoicleaned glass slide from about 30 cm distance. The coated slide was then left to dry for at
least 30 minutes in the fumehood. The can containing top layer was shaken for about two minutes, and
then two layers were sprayed on the basated glass slide no 30 cm distance. The coated slide was

left to dry in the fumehood overnight.

4.2.3Contact Angle and Rolloff Angle Measurements

CAs were recorded using a microUSB microscope equipped with a camera (Veho X400,
VMS-004D), and imageJ freeware was used to meamsndeanalyze CAsThe ame camera and
software were used to measuhe rolloff angles.A system of two laBacks was implemented, in
order to have either a leveled surface (for CA measurement) or to be able to adjust the incline of the

surface (foROA mesurementFig. 4.2.
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2.

Figure 4.2: The setup used to measure CAs and R@®, where two labjacks were positionedat
the same height, and the coated glass slide was positioneddaiween the lab jacks.

Fresh leaves o€olocasiaplant were grown locally andsed either within hours of being
removed from the garden or dried after being attached to the glass slide. Leaf materials (fresh and
dried) were adhered to the slide using dowdilled adhesive tape, taking care to ensure that the leaf

surface was as flats possible.

4.2 .4Surface Imaging

Surface characterization of the leaves, the Teflon® AF and both layers of UED coating was
carried out with scanning electron microscopy and endigpersiveX-ray (SEMEDX). SEM-EDX
analysis was performed on a MLA 650 FEG ESBEAhere samples were gold coated prior to high
vacuum scanning in the backscatter mo@i#emental composition was investigated byray

photoelectron spectroscof¥PS)using Thermo VG Scientific Microlab 3.
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4.2.5Droplet Actuation Velocity

A 30 mm distane was delineated on the underside of a glass slide ha8iNgscoated on its
top side. Theaveragespeed was determined by measuring the time itstdiedroplet to travel over
the 30 mm distancasingMi cr osof t E Wi n d o wsralyaWadeos scorddd vkite a
Veho USB microscope with millisecond precisiofhe maximum (peak) velocity during the
experiment was measured over a small distance around the midway point just prior to droplet

deceleration.

4 .3 Results and Discussion

4 .3.1Surface Characterization

Hydrophobicity/superhydrophobicity stems from both the physical and chemical morphology
of the surface. Typical superhydrophobic surfaces have a combination of mictonanescaled
roughness to facilitate air entrapment beneath the droplet, describit liyassidBaxter model.

Further increase in CA arises from lowering the surface energy, achieved by addition of a chemical
coating, which often includes fluorination for artificial surfaces or organic wax in plants. The
difference in hydrophobicity for Twn® AF, FSNPs andColocasialeaf can be explained by the
surface properties of each substr@teth commercial surfaces, UED and NeverWet®, were tested for
their performance in terms of CA and R@nd thereproducibility ofsurfacecoverage Overall, UED
demonstrated a superior performance, where either the deposition method or the material itself was
more suitable for magnetic actuation applications. The surfaces coated with NeverWet® demonstrated
poor, uneven coverage, where measured CA and Bauld vay greatly depending on where the
measurement was taken. UED coating was reproducible from slide to slide, where CA and RO angles
were consistent, and systematically higher than those for NeverWet®. Thus, UED was deemed as a
superior commercial materialnd it was further studied in terms of morphology, composition and
performance.SEM analysis was performed to probe the surface morphology of each material, where

for UED both top FSNP layer and bottom adhesiwaing were analyzed separatelyhe presene of

114



fluorine atomsin the top layer of UED was confirmed by both EBREectroscopyand XPS where
specific peaks corresponding to therXy emission (EDX) or electron binding energy (XPS) are

characteristic of fluorinésee Fig. 4.3).
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Figure 4.3: EDX (top) and XPS (bottom)spectra of the UED top layer, indicating the presence of
fluorine in the material.

Presented in Fig. 4.are representative SEM images for each of the surfaces studied on both

the micre and nanescale.
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Figure 4.4 Representative SB1 images of each of the surfaces studiedat various
magnifications. Top row showsmicro-scale features({ scal e bar = 2&),white for i m
bottom row shows nanescale features (scale bar=4 m f or D aredn H,0AdrFd :1
Teflon® AF surface with no defined micresized surface featuresB 1 micro-scalebumps on the

Colocasia leaf surface C 1 micro-scale roughnes®f FSNP coating; D i Teflon® AF surface with

no defined nanesized surface features; B closeup of a micro-scale bump on a leaf surface,

where nancscale features of each bump are visilbgld= 1 view of FSNP coating, with ~40-50 nm

nanoparticles.

Each of the surfaces studied for magnetic actuation were also examined for botW&tic
(different droplet sizes) and minimuROA. Shown inFig. 4.5are images o1 0 eaterdroples on
each surfacevith associated measurement of CA in each.ciie hydrophobic Teflon@F surface
(Fig. 4.5, left) shows a CAof only 115, while both theFSNPs(Fig. 4.5, centr§ with CA ~156° and
the Colocasialeaf (Fig 4.5, right) with CA ~152° are superhydrophobic as @& exceeds 150°.
Gravitational Bondhumbetr a di mensi onl ess me as margansphericalof dr or
shape determined by its surface tension and the density difference between the droplet and
surraunding mediumwas calculated to be less than unity for each of the surfaces confirming spherical

droplet shapé®

116



=
~ o

~115° ~ 156° ~152°

Figure 4.5 Contact angle of a 10 €L droplet of water
(left); FSNPs €entre); and Colocasialeaf (right) . In each case the inset shows the softwabased
contact angle measurement.

The effect of droplet size on the observeatistCA was examined for the three surfaces. Fig
4.6 shows the relationship between droplet size and the measured CA for each, sulnfreghe

measured CA decreases as the volume increases.
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Figure 4.6: The relationship between the water droplet volure and the measured CA forthe
FSNP, Colocasialeaf and Teflon® AF surfaces Error was calculated as an RSD value of 3
measurements.

As the mass of the droplet increases with volume, the effect of gravity forcing the droplet
against the surface begins tdeat the shape of the dropfétThis effect is not significant for surfaces
that are close to fAideal 0o, i.e. thoslkkeThefonekch ar e |
AF. Less chemical homogeity and more roughness lead to CA hysteresis, which in turn results in a

greater dependence of the CA on droplet.§i#eor this reason,;rdop | et s | arger than 1
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commonly used to measure CA. The data in ifis consistent with this theory, showing a greater
dependence of CA on droplet volume for the rougher, less homogeneous surfaces.

To facilitate magnetic actuation, superpasgnetic particles are added to the droplets. The
effect of particle concentration on droplet CA was examined using water droplets with
superparamagnetic particle concentrations ranging fred® SngmL dispensed on each of the
surfaces. CAs were measuredthvand without an applied external magnetic field for each

concentration of superparamagnetic partickeg.(4.7).
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Figure 4.7: Relationship between the contact angle and the increasing concentration of magnetic
particleswith () or without (06) appl!l i AFdsurface @eft)eQolocasiaf i el d o

surface (centre) and FSNP surface (right). Error was calculated as an RSD value of 3
measurements.

It is common to observe significant droplet deformation and decrease im@# applied
magnetic field for ferrofluidic droplets known as magnetowettiti In the heterogeneous system
described here, the initially suspended magnetic particledraven to the surface under an applied
magnetic field thus creating a thin layer between the surface and th tles aqueous droplet (Fig.

4.9).
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Figure 4. 8: Optical mi ¢ r ocentamipge20 mgimd ook suspendédd € L
magnetic beads (left) and the same droplet under applied magnetic fieldght). Inset shows CA
assessment.

The water CA for the Teflon® AF surface was independent oficiarconcentration,
indicating that particles associated with the surface do not appreciably alter the wetting characteristics
of the material. In the presence of a magnetic field, particles suspended in the droplet become
associated with the surface aadsmall 5°CA decreases observed for the Teflon® AF. Particle
concentration had a larger effect on the CAGotocasiasample where it dropped from >150° to 130°
with a particle concentration change (5/mg to 30 mg mL). For the waxy leaf surface,
swerhydrophobicity arises from the hierarchical roughnesbef®urface, as shown in Fig. 4We
postulate that particles in the droplet become associated with the surface and begin to cover the
nanostructures, diminishing the effect of roughness andgglirface wetting. For the FSNP surface,
which has only moderate micszale roughness but significant nanostructure, CA drops as particle
concentration increases in the same manner as for the leaf surface. In the presence of a magnetic field,
however, tle drop in CA relative to droplets without the magnet was insignificant above /OLmg

particle concentration.

4.3.2Roll-off Angles and Adhesion Force

ROAs measure the ability of a surface to sleedroplet and are determinbg finding the tilt

angle at which he surface can no longer hold the dropMtnimal friction with the droplet is
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particularly advantageous for seleaning surfaces commonly encountered in nature. RGvangles
(<10°) are another characteristic/requirement of superhydrophobic surfadesare similarly
beneficial for magnetic actuation.

RO angles were measured for each of the three surfaces using water droplets of varying
volume.The data in Fig. 4.8hows decreasinBOA with increasing droplet size. As the mass of the
droplet increasewith volume, so does the force of gravity acting to make the droplet roll off. The
additional frictional(adhesion¥orce arising from greater surface contact with larger droplets does not
increase asapidly with volume as the force of gravitand so th net force shifts towards rolling off

as the size increases
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Figure 4.9: Roll-off angles measured forColocasialeaf, Teflon® AF and FSNPs with varying
volumes of water droplets Error was calculated as an RSD value of 3 measurements.

For the superhydiphobic FSNP surface, it was difficult to stabilize the droplet, even on a
leveled horizontal surface. The RQvas measured to be ¥TThe RO angles of the superhydrophobic
leaf were found to range from 3° to 12°, and the hydrophobic Teflon® AF surfaceuvakto have
RO angles ranging from 6° to 30°. This trend follows the hydrophobicity of the surfaces as determined

by static CA measurements, where lower RO angteselate with higher CAs. ROAwere also
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measured for 10 ¢eL dr omadnetit partidles with aoivithouh appliesl u s p e n d €

magnetic field (Fig4.10. The RO angles for droplets in the absence of magnetic field had little
dependence on the concentration of magnetic particles suspended within them. Theaifotai@ing

droplet positbn stems from the friction induced by contact of the droplet with the surface, and with
such little contact, the droplets easily roll off the surface. When the particlestraducedin the
droplet, some become associated with the surfand so the fae holding the droplet in place
becomes a combination of the wetting forces between the droplet and particles (alongside surface
tension acting to hold the particles within the droplet) and the friction forces between the patrticles and
surface.In the absece of a magnetic fieldhe adhesion of particles to the surface does not
significantly changevith increasing particle concentratiogxplaining the lack of dependenceR©DA

on particle concentratior-or the Colocasialeaf surface, however, tHROA increases with particle
concentration. Unlike thESNPand Teflon® AF surfaces, the leaf surface has microstructure on the
same scale as the paramagnetic partickesne particles are retained by features on the surface
enhancing the frictional component oktforce holding the dropletnd¢reasing particle concentration
leads toa largerROA. Whenever magnetic particles were deposited on the leaf surface for either RO

tests or actuation, residual magnetic particles were observed on the surface of the leaf.

70

Roll Off Angle, °

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Concentration of Magnetic Particles, mg/mL

Figure 4.10: Roll-off angles for surfaces with 10 pL droplets having varying particle
concentrations with € ) and without () applied magnetic field Teflon® AF (left); Colocasia
Leaf surface (centre); FSNP surface (right). Error was calculated as an RSD viae of 3
measurements.
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The addition of superparamagnetic particles to the droplet enables the droplet to be easily
captured on a superhydrophobic surface whereR@eangle would otherwise be <lan ideal
situation for a device based on droplet manipafatRegardless of the intrinsic hydrophobicity of the
surface the forces retaining the droplet were strong enough to entirely prevent the droplet from rolling
off when the concentration of the magnetic particles w& >ngmL. In fact, surfaces could be
completely inverted without the droplet breaking contdtte relationship between RO angle and
particle concentration above 5 mg/mL is nearly independent of the type of surface suggesting the
component of the force associated with the friction betweedrtmet and surface is less significant
when magnetic particles are in the presence of the magneticHigldt.11shows the inverted water
droplets containing magnetic particles when an external magnetic field is appliedGoidbasialeaf

and theFSNPsurface

Figure 4.11 Inverted surface of a glass slide with attache€olocasialeaf (left) and FSNP layer

(right), where the 20 eL droplet of water/ i s ret:
mL paramagnetic particles in a magnetic fied.

A droplet with magnetic particles held on the inclined surface under applied magnetic field
experiences an adhesion force which is a combination of frictional force with the surface, a magnetic
force exerted on the particles, and a wetting force mtwbe hydrophilic particles and aqueous
droplet.ROA measurements establish that a gravitational force can move a droplet if it overcomes the

adhesionforce generated by the contact of the droplet on the surfdee collective total surface

adhesion fore (i.e. Bgnesio™ Riction + Phagnetict etting CaN be calculated from the RQusing Eqgn.

41):
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"Bghesion=M-g:S i N M (Equation 41)
where mis mass of the dropleg is standard acceleration of fredl fand M (in radians) is the RO

angle (Table 4.1). In the conditions explored here, the wetting force is always higher than the magnetic
force and particles were carrietvay by the droplet after the critical ROis achieved. At higher
particle concentratn and complete inversion, the droplet remains attached to the hydrophilic patch
formed by the particles. Complete inversion on all three surfaces is achieved at > 20 mg/mL particle

concentrations.

Table 4.1: Rolktoff angle and corresponding Pagnesion fO r a 10 e L dropl et wi t
concentrations of superparamagnetic beads on three surfaces under an applied magnetic field

Bead Roll-off Angle with Magnet, ° Total Adhesion For
Ezr/lr?ﬁ_mraﬁon’ Colocasia | Teflon® AF | FSNPs | Colocasia | Teflon® AF | FSNPs
0 9.0+0.5 16.6+1.0 0.6£0.1 | 15.3+0.9 28.0£1.6 0.910.1
5 38.1+£2.7 34.0£0.8 | 27.81.4| 60.3t4.6 54.7£1.3 | 45.6:2.0
10 56.0+1.1 59.7+1.2 | 55.0£1.0f 81.1+2.2 84.41.7 80.1+1.5
20 180° inversion >07.841.2

4.3.3Droplet Actuation and Superparamagnetic Partick Concentration

Droplet actuation on the surface of a device is governed by a collection of forces on the
droplet. With high enough surface particle density, the wetting force retaining the droplet was found to
overcone the force of gravity and the surfaceuld be completely invertedwith no droplet
disengagementThis strong wetting forcdetween the particles and the dropketat the heart of
droplet actuation by magnetic particl@he particles arstrongly attracted to the external magnetic
field, ard as the magnet is moveithe water droplestays attached to the partickesit is pulled by the
wetting force. Simply by moving a bar magnet, for example, the magnetic particles can be made to
lead the water droplet around a surface, the movement heidgred only bythe frictional forces
between the particles and the surface and between the droplet and the (sheemeterized by the

dropl gt 6s CA
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The ability of the external magnet to actuate droplets was explored for the three surface types.
Teflon® AF, a common hydrophobic surface used in DMF applications, shows much\W@is
than the other surfaces studied, resulting in poor magnetic actuation performance. This surface exhibits
too much adhesion/friction for smooth droplet motion, and wouldiireqconsiderably higher
concentrationsfamagnetic particles to operat&The natural superhydrophobic surface, @wocasia
leaf, displayaNCA of over 150°, where very facile droplet motion can be achieved with relatively low
concentrations of magnetparticles. However, the surface shows significant deterioration with time,
where magnetic particles damage the surface and individual beads become trapped in the surface
microstructure. Furthermore, the leaf cannot be attached easily to most surfacis, pragerties
change as it dries, which also makes it brittle and difficult to handle. Combined with seasonal
availability, these properties make the natural leaves impractical for DMF applications. The UED
surface, a fluorinated silica nanopartibase coating, showed the best magnetic actuation
performance. Smooth surface actuation was obtained and no difference in contact advancing and
receding contact was detectable with our experimental apparatus.

For these reasons, the FSNP surface was usediptbrieffects of particle concentration and
droplet size on droplet actuation. Droplets €0 containing various particle concentrations were
deposited onto the FSNP surface using a pipette with a disposable plastic tip, in the presence of a
magnetic feld. A practical lower limit in particle concentration was reached at 0.4Anigvhere it
became difficult to both deposit and maintain the droplet on the surface. To overcome this challenge,
10¢L droplets containing 0.4 mglL particles were deposited asdbsequently diluted with water to
reduce particle concentration. In this way, droplets diluted to O/inin¢j.e. 40¢L droplets) could be
magnetically actuated, but disengagement became more frequent. Actuatioilofdidplets was
however consistenff smooth and efficient at concentrations of magnetic particles abovemlmg
Actuation of droplets with different volumes (10 pL to 300 uL) containing 1 and/thingf particles

was also performed using a magnet. Larger droplets exhibited splittinindjrpredictable actuation
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behaviour t o Adtuatop of dropset vaenes tretkceeded @ uL generally produced

two smaller droplets in which only one contained magnetic particles.

4.3.4Droplet Actuation Velocity
An important consequence of the hMICA of the UED coatingis the ability of the droplet to

be actuated with little frictional resistance and rapidly slide over the surface. Fast actuation over the
surface is beneficial for many applications where sample processing or analysis time can be reduced
by rapid droplettranslocation. Actuation speeds achievable with magnetically actuated droplets have
been previously reported be in the range of 2 to 20 nsribr Teflon® AR*?” and around 7@nm/s

for superhydrophobic surfacEsThe FSNP coating offerseduced friction (higheMWCA), thus

allowing for higher operational speed under otherwise similar conditions. To determine the speed of

the droplet a glass slide was marked witlDangn region as shown in Fig.12

Figure 4.12 The experimental setup used to measure the actuatin speed of the droplet
containing superparamagneticparticles on superhydrophobic surface. A 30 mm distance was
marked on the underside of a glass slide coated witRSNPs and the droplet wasmanually
actuated over this distanceusing a magnet placed undethe slide. The average speed was
determined by measuring the time it taks the droplet to travel over the 30 mm distanceThe
small arrow above indicates the distance over which the maximum speed was measured.

There are three different events that canobeerved when a droplet is actuated over the
surface: steady motion, magnet disengagement, and particle réffovar smalld r opl et si zes (

elL), no bemdsengageémerias bbseovadt particleconcentratioaof 20mg/mL. Under
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these conditions, thESNP surface allowed for very smooth and steady droplet movement without

observable magnet disengagementaatragespeedsreadily exceeding 250 mra/ which to our

knowledge is the highest velocity reported with a manually controlled magmetnaximum (peak)

speed that was measured over a distance near the middle of the slide, as the magnet begins to

decelerate afteaccelerating, was in excess of 550 mn generalfor the UED surface, actuation

failure athigher speed was by particle removalat larger droplet volume>5 0

c 0 nc e n t20 mghil)pbut othedwise by magnet disengagement

4.3.5Solvent Robustness of UED

Traditional analytical techniques often require the use of various organic solventdEDhe
surface was tested in terms of its stability aploustness when employed with various proportions of

acetonitrile(ACN) and methanolCAs of droplets of these solutions on R8NP surface were also

investigated.

eL)

and

Presented ifrig. 4.13are CAs for pure ACN and pure methanol tre FSNP surfacas a

function of droplet volume, with wat&LAs included for comparison.
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Figure 4.13 Contact angle of droplets of water, acetonitrile and methanol were measuregs a
function of droplet size on theFSNP surface
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For each solvent type, the expected trend towdmigseasing CAs with increased droplet
volume was observed, a result of increasmituence of gravity with increasing droplet mass. In
general, the CAs for ACN droplets were lower than for water, reflecting the ability of the solvent to
better wet the gtace. Methanol droplets, on the other hand, almost completely wettedBbe
surface leading to CAs <10°. Increased wettiby these solvents on a fluorous surface is not
surprising as methanol , and to a lokentseommoalxt ent
used in fluorougphase chromatograp§In the case of UED, where fluorous particles are affixed to a
surface with a boridg material, wetting of the surface with organic solvents leads to the particles
becoming dislodged and the bonding material being damaged. Irn@8BifP, surfaces treated with
ACN became discoloured afterward, and when methanol was used, the surfacecagaeseged and
no longer exhibited superhydrophobic character with water. The manufacturer of UED, UltraTech
International Inc., indicates that UED has poor resistance to solvéhtswface tension below 30
mN/m.

To establish the tolerance of tRENPsurface to these solvents, CAs of droplets containing O
100% (v/v) ACN or methanol in water were measured. As the concentration of ACN in the droplet
increased, the CAs decreased (data not shown). The CA drops below 150° at ACN concentration of
50% and abee, resulting in the loss of superhydrophobicity. However, even pure ACN exhibits CA of
above 140%n FSNPsand can be reproducibly actuated over the surface. Increasing concentration of
methanol in a droplet also causes a decrease in the static CA BSNifRsurface, as shown in Fig.

4.14 There is a sharp drop in CA above ~80% methanol (v/v), presumably marking the point where
the solvent is able to wet the surface enough to damage the base coat and dislodge the particles.
Indeed, when the methanol comten the droplet exceeded 85% (v/v), the UED surface became
severely damaged and lost its superhydrophobiBitbytograph inserts iRig. 4.14 show theFSNP

surface with droplets containing 90 and 100% methanol, showing the rapid decline in CA with

methaml content associated with surface damage, which can be seen cléagly4rl5 Furthermore,
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methanol caused more damage to the surface than ACN at much lower concentration, where even at

25% methanol (v/v) thESNPsurface starts to deteriorate.
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Figure 4.14 Contact angle of a 20 eL dropl et wi t h
water on the FSNP surface Insert photographs show the droplets at high concentrations of

methanol: surface starts to wet at 90% methanol (A); completely wetted surface at 100%
methanol (B).

Figure 4.15 Top view of the FSNP surface following exposure to 100% methanol
4.3.6Magnetic Particle Cluster Extraction

It was demonstrated that droplets contacting magnetic particles can be precisely and
reproducibly actuated ovea superhydophobic surface; some applicattohowever require the
droplets to be stationary, where the magnetic beads can be removed and reused again. A requirement
for this system is the region of lower hydrophobicity on the surface, where the droplets can be

seledively anchored. A variety of ways exist to modify the hydrophobic/hydrophilic properties of the
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surface, including masking and UV exposure, composite films, plasma treatm&Hf &tcorder to

create a region of reduced hydrophobicity on the otherwise superhydrophobic surface, nitrocellulose
patches CA 58°) were created using nail polishn this case, the magnetic beads, i.e. the magnetic
cluster, can be selectively extracted from the droplet by a magnetic force, whereas the aqueous droplet

would stay pinnedn the more hydrophilic (less hydrophobic) pately. 4.16)

Figure 4.16:Re mo v a | of paramagnetic particle cluster (2
anchored to a spot with reduced hydrophobicity.

Optimal conditions for the particle extraction, i.e. concentration of the magnetic particles and
solvent compositions, were datgned. It was previously demonstrated that the magnetic force acting
on the cluster is proportional to the weight of the magnetic bead ¢ltisterdetermined the minimum

particle cluster weight at défent combinations of water/acetonitrile mixture (Table 4.2).
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Table 4.2: Minimum magnetic particle cluster mass and corresponding concentration in a

droplet with various water/acetonitrile compositions

% Acetonitrile Surface tension®® | Mini mum Particle Concentration of Magnetic
(VIv) mN/m ClusterMass,mg| Parti cles in 20
0 72.8 0.4 20
25 39.8 0.2 7
50 33.1 0.1

As seen in Fig. 4.16, the cluster extraction is initiated by the droplet shape deformation, where
the magnetic force otine cluster is causing droplet elongation. Aqueous droplets tend to maintain their
shape due to high surface tension, however when acetonitrile is added the surface tension significantly
decreases (i.e. from ~ 72.8 mN/m to ~33.1 mN/m at 50% acetorfitrila)s reduction in the surface
tension of the water/acetonitrile mixture aids in the droplet deformation, which in tutiafesi
cluster extraction. Froritable 4.2 it is evident that under the same applied magnetic force (i.e. the
same magnet used) less magnetic particles are required for reproducible extraction. A wide range of
dropl et sizes was t the exwadtion(eHfiflency was 8nly depdndent onathee r e
actual mass of the cluster, and not the droplet size. The largdrdstgglets weramore difficult to
anchor on the hydrophilic patch, and they often would break uimatier irregularlysized dropled.

A mixture containing 75% (v/v) of acetonitrile was tested, however both the coating and the
hydrophilic patch started to disintegrate, thus only concentgatibnp to 50% (v/v) are practically
usable.

Anchored droplets can be supplied with reagentdonduct sample dilution, colorimetric
assays and titrations. Fig. 4.17 demonstrates an example of a simple colorimetbasacidration,

where an anchored droplet of acetic acid (1.0 M) (with phenolphthalein indicator) was titrated with

basic droplet$0.5 M NaOH) until the colorimetric engoint, i.e. it turned pink.
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Figure 4.17: Titration of pinned acetic acid droplet (containing phenolphthalein) with sodium
hydroxide droplets, where magnetic cluster is repeatedly removed from the stationary acidic
droplet and additional basic solution is delivered by the same cluster until the color change can
be observed.
4.3.7Two-Plate Droplet Manipulation

We have also explored the possibly of usinfyvo-plate setup with our system, where two
UED coated glass slidesvere separated by a known distance, and the droplet containing
superparamagnetic beads was positioned between those plates. Depending on the distance, droplet
volume and the amount of paramagnetic beads different droplet actuation mesheaisrbe
observe: droplet can be actuated from the top while staying on the bottom plate; droplet containing
magnetic particles is transferred to the underside of the top plate and can be actuated from the top; the

bead cluster is extracted to the top plate, while tfieoleer aqueous droplet rolls away in a random

direction (Fig. 4.18).
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Figure 4.18: Various mechanisms of twaplate droplet actuation. (left) Magnetic bead cluster is
attracted to the magnet, however remains within the droplet on the bottom plate; droplatan be
actuated from the top, while remaining on the bottom slide. (cente) Magnetic bead cluster and
the droplet are both transferred to the top plate, and can be actuated from the top while
remaining suspended from the underside of the top plate. (rightMagnetic bead cluster is
extracted from the surrounding droplet and transferred to the plate, where it can be actuated
from the top; the remaining water droplet rolls-off in a random direction.

The mechanism of twplate actuation is determined by seVdaators: the length of the gap
between two plates, thenass of the magnetic particles in the droplédetermined from the
concentration dispensednd the size of the droplet, along with the strength of the magnet which was
not investigated here. If thgap is too big or the particle concentration is too low, the droplet cannot
be actuated; a large droplet in a small gap waudldtactboth plates, thus onlthe top actuation
mechanism would be possible. Fig. 4.19 summarizes possible actuation meclan#smonhstant
droplet size (10 e€L) with changing gap size and
possible actuation mechanisms for a droplet of constant magnetic particle concentration (6 mg/mL) at

varying gap distance and variable droplev ol umes (5, 10 and 15 ¢L).
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Figure 4.20: Possible actuation mechanisms of a droplet containing 6 mg/mL magjit particles
with varying volume at different gap lengths.
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Data presented in Figure 4.19 and 4.20 shows that at low concentrations (<3.6 mg/mL) the
actuation is not possible. No actuation was observed for large gap distances, i.e. above 6 mm for the
maximum concentrated tested of 10 mg/mL. As the concentration of magnetic particles increases at a
constant volume, it becomes easier to extract the magnetic cluster, where the extraction and mixed
mechanisms become predominant. Higher concentrations of rtagpetticles also allow
manipulating the droplet at larger gap distances. Larger droplet volumes are also more prone to
extraction/mixed mechanisms, as the droplet becomes heavier it becomes harder to transfer the droplet
to the top plate, and it is alsaséer to extract the particle cluster. Overall, it is possible to manipulate a
droplet contacting magnetic particles on a-late system, where gap length, droplet volume and

magnetic particles concentration determine the mechanism and the effigientyation

4.4 Conclusion

Digital microfluidic devices require surfaces that offer as little frictional resistance as possible
in order to facilitate droplet movement. Thikapterlooked onthree hydrophobic surfaces and their
effectivenesdn being used formagnetic actuation. Teflon® AF, a common hydrophobic surface used
in DMF applications, shows lowal/CAs than would be considered superhydrophobic, resulting in
poor magnetic actuation performance. This surface exhibits too much friction for smooth droplet
motion, and requires considerably higher concentrations of superparamagnetic partictis thean
other surfaces to exhibihagneticdroplet actuation. A natural superhydrophobic surf@mocasia
leaf, displays CAs of over 150°, where facile dropletiovotan be achieved with low concentrations
of magneticparticles However, the surface shows deterioration with time as the leaf dries and as the
magneticparticlesdamage the surface features)ereindividual particleswere found to be trapped
among thee featuresA commercially available superhydrophobic material, proved to be the most
amenable to magnetic actuation applications. High std@&s and very lonROAs demonstrated the
lack of frictional resistance to droplet movement on this surface. teetpé, strong wetting forces
between the water droplet and commercially available superparamagnetic pafieigsvith surface
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tension of the dropletkeep the droplet associated with the particles. Above a certain particle
concentration for a spedifidroplet volume, in the presence of a magnetic field generated by a simple
magnet, the droplet can be held in place at any tilt angle, even when completely inverted. Movement
of the magnet causes movement of the particles, and hence the entire dreplite aevice surface.

The very low frictional resistance to movement offered byRB&IP surfaceallows dropletsto be
actuated with relatively low cono@rations of magnetic particleend with high speeds of oves50

mm/s. TheUED surface also showed atively good robustness to magnetic bead abrasion, and was
found to be resistant t % v/vp AlltermativeA dCdglet anangpulatie t h a n o |
techniques, i.e. twplate actuation and surface patterning with hydrophilic regions was successfully
demorstrated on UED surface coatinglltimately, a commercial coating material comprising
fluorinated particles affixed to an adhesive undercoat, showed superior performance to a natural
superhydrophobic surfac€¢locasialeaf) and a commercial fluorinated poier film (Teflon® AF)

for droplet actuation by magnetic manipulation of superparamagnetic particles in a water diiplet.

possesasmany properties amenable to digital microfluidic agpgions for magnetic actuation.
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Chapter 5
AParfirele® Magnetic Actuation of Dropl

Surfaces UsPagambagselvedSalts

5.1 Introduction

Digital microfluidics (DMF) has being steadily gaining popularity in the field of analytical
chemi stry, as it of fershamheeladvaaethgiegueod &ltamg c
independently control indivigal droplets'? However, thehigh pressures and complex closed channel
architectures required to move liquids tilgh achannelcontainingdevice are negatédrurthermore,
complex pumps and interconnections are not needed, which can significantly reduce manufacturing
complexity, time and co$tDMF device fabrication is compatible with inexpensive and rapid batch
processing Individual nanolitre to microlitresized droplets can be actuated, split and combined as
desired, and these processes can be carried out in a parallel f&sBivemical and biochemical
sample preparatigfassays can be conduciaconfined dropleton a DMF platforn{™*

Multiple droplet actuation mechanisms for DMF deviaodst with electrowettingpn-
dielectrig™? acoustic wave'® and dielectrophoresisbeing the most popular. Magnetic actuation,
however, is both an interesting and facile alternative actuation method, where individual droplets
containing paramagrietparticles are moved over a (super)hydrophobic surface using a m&gnet
This technique requirdgtle fabrication, where only a low frictiosurface, particleontaining droplet
(i.e. superparamagnetlzeadsor ferrdluids) and a magnet are required Droplet movement is a
result of a magnetic field gradient, magnetic force produced by the paititdeacting with the
magnet, and the surfadensiorof the fluid whichmaintains the particles within the dropléiqueous
droplets remain attached to the paramagnetic particles, iiarathors the droplet to an otherwise
water repellant surfac&?® The magnetic force acting ondaoplet can be approximated byne&.1

(adapted frommeferencé8):
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ob W .—"No Equation5.1

wherew refers to thevolume of the magnetic material in the dropleis the magnetic
susceptibility of themagnetic materiald is theapplied magnetic field, and is the permittivity of

free space.
To actuate the dropl&DP the must exceed the force holding the droplet in place, i.e. the

frictional force {®):

"@ev'Y ¥ Equation5. 2
whereF; refers to the frictional force, #s a friction constanRysciS the radius of the bottom

contact area between droplet and the surface™®isdthe droplet velocityAs the magnet is moved
undeneath the substrate/surface the packet of paramagnetic particles is moved in the same direction
due to magnetic force gradient, and threpletcan beactuated over the dace when the particles
remain in the droplet due to surface tension.

Currently, magnetic actuation studies have focused upon the addition of particles with high
magnetic susceptibility to manipulate the droplets. Initial studies utilized crude rsizexh iron
oxide particle2’, howeversuperparamagnetic particles wire well-defined size, composition and
surface chemistries aremow employed™?* Here we present a novel approddn fi p a r-fte¢dc | e
magnetic actuatiorusing paramagnetic saltBaramagnetic saltsave been previously utilized in
applicationgo levitate normagnetic particle$** or to wntrol the fow of nonmagneticparticlesvia
negative magnetophore$ré®

Despite possessing magneticsseptibilities as much asur orders of magnitude leskan
that of asuperparamagneic and ferromagnetiterials’ we show that droplets containing sufficient
paramagnetic saltoncentrationscan be directly actuated over a superhydrophobic surface by a
magnet This actuation can be carried out without the need for an oil layer encapsulating the droplet, as
superhydrophobic surfaces provide reduced frictioffive paramagnetic salts with magnetic

susceptibilitiesbetween 45002 0 0 X108 cn® mol* anddifferentwater solubility are compared for
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their dropletbased magnetowetting behaviourgliding angle and adhesion forceSolution
susceptibility of each salt is measured for the concentration range used. Maximum acteatiosnsh
droplet disengagement is probeat different concentratien A facile and rapid dropldvased
doxorubicin assay is conducted by actuating paramagnetic salt containing droplets through an

excitation sources (532 nm laser) and measuring fluoresaenosity.

5.2 Methods and Materials

5.2.1Materials

Glass microscope slides (Fisher Scientific, 76 x 25 x 1.0 mm) were used as device substrate
Ultra-Ever Dry® (UED), purchased from Hazmasters (Ottawa, Canada) asfattveoating, a base
adhesive coat and a topat, which contained the fluorinated silica hanopartietes used to prepare a
super hydrophobic coating Two NdFeB magnets (K&J Magnetics, Inc., PA) were used in this
experiment a flat disk used for contact angle and roll off angle measureme8@ts(t.x 0.7 mm-~
2.1 kG), and a small cylindrical magnet used for droplet manipulation and velocity measurements (1.1
mmx 1.1 mm ~ 1.8 kG). Thefield strengthof each of thanagnes was measuretly placing a glass
slide on each of the magnets and pigdhe probe (@ussneterModel 410, LakeShore Cryotronics
Inc., Westervile, OH) on the glass slideéSalts withdifferent magnetic susceptibilities were obtained
as follows: MnCl,-4H,0O (Fisher Scientific, NJ, US), FeCk-6H,O (Sigma Aldrich, MO, U8),
EuCk-6H,0 (Sigma Aldrich WI, USA), En(SQy)s-8H,0 (Alfa Aesar, MA, U) and GdCJ (Sigma
Aldrich, MO, USA). These saltsvere mixed with deionized watéfisher Scientific, Ottawa, Canada)

andusedto prepare dilutions of variousoncentrations

5.2.2Magnetic Sugeptibility Measurement

Mass and mol ar ma ¢ a e ¢, respectvelyyot theppure baltsl andt thyeir ( 6

s ol ut g ab vasous(cancentrations was measured ugiGguy balanceMagnetic Susceptibility
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Balance, Johnson Mattheyayne, PA, USA Mass magnetic susceptibility can be directly obtained

from the instrument, using the eqn. 5.3:

20

5 Equation5.3

where Cyy is the calibration constant of the balantds the length of the salt sample in
centmetres, RsampidlS the instrument reading andlis the mass of the sample.
Magnetic susceptibility of the salt solutions at various concentrations was obtaineeqrsing

5.4.

Equation5.4

where... is mass magnetic susceptibility of wated.{210° cnt® g?), m, is the mass of salt
andm, is the mass of watéf

Table5.1 gives a summary of important properties of the salts used.

Table 5.1: Paramagnetic salts and their relevant physical propertieflisted in order of increasing
magnetic susceptibility).

Paramagnetic | Measured Literature Magnetic | Concentrati | Solubility, | Molar
Salt Magnetic Susceptibility, % on range g/100gof | mass,
Susceptibility, | 6nx10 ®cm® mol™ explored, M | H,O g/mol
Gx10 °cm® mol
1
EuCk-6H,0 4370+30 NA 0.87 3.0 Soluble* 366.42
MnCl,-4H,0 13250+280 14600 0.37 3.0 77.3 197.91
FeCk-6H,0 12780+£375 15250 0.37 3.0 91.2 270.30
GdCk 23320£160 27930 0.27 3.0 Soluble* 263.61
Ern(SQy)s-8H,0 73100£2000 74600 0.0571 0.67 16 766.82

*Soluble to at least 3 M, the maximum concentration studied.

5.2.3Superhydrophobic Surface Preparation

Both base and top coats of UED were applied according tofenztorerspecificationsvith a

thin-layer chromatography sprayer. The base coat was sprayed twice over a clean glass slide surface
and air dried in a fume hood for 20 minutes at ambient temperature. Similarly, two layers of the top

coat werghenuniformly sprayed over the dried surfacetioé base coat and air dried in the fume hood
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for at least two hourprior to challenging the surface. SEM image of the surface is presented in Fig.

5.1

Figure 5.1: SEM photograph of UED surface on a glass slide, demstrating roughness on
micro- and nanoscale due to presence of fluorinated silica nanopatrticles (scale batG €. m)

5.2.4Contact Angle, Roltoff Angle and Droplet BaseDiameter Measurements

Contact angles were recorded using a microUSB microscope equipped with a camera (Veho
X400, VMS-004D), and imageJ freewaneith DropSnake plugn was used to measuiedividual
cortact anglesThe sime camera and software were used to measureff@hgles(ROA) and the

droplet baseliametes for dropletof varioussaltconcentrations.

5.2.5Droplet Actuation Velocity

A 30 mm distance was delineated on the underside of a glass alitg the UED coated on
its top side. The average speed was determined by measuring the timeat talefdroglet to travel
over the 30 mm distance using MicrosoftE Wi ndows|
a Veho USB microscope with millisecond precisidime minimum concentration used in the table

refers to the lowest concentration thasuiéed in reproducible actuation for each salt, and the
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maximum concentration refers to the highest concentration tested (values from TabMagrigt
disengagement speed was measured as the speed at which the droplet could not repeatedly follow the
motion of the magnet i.e. if the magnet was suddenly stopped, the droplet would disengage from the

magnet due to excessive inertia.

5.2.6Fluorescence Measurements

Doxorubicin hydrochloride (DOX)Sigma Aldrich, MO, US) was prepared as a stock solution
of 10 mMin water. Further dilutions were prepared, where fioe control calibration solution, stock
solution was diluted ir80% H,O/ 10% MeOHto give concentrations ranging fron. 3 ¢ M (0. 75
€ g/ mlo) 5 3(3MIegnM). The same concentrations of DOX were preparate 0.3 and 0.5
M solution of MnC}-4H,0O in 90% HO/ 10% MeOH. Detection was conducted online, where
individual droplets were excited by a grediadelaser(Wicked Lasers, Hong Kong) @ 532 nwith 5
mW power Fluorescence emission spectra were re@brging a customCCD-basedOcean Optics
USB 2000+spectrometefFL, USA) with the range of 350 to 1000 nm and resolutioalmutl.5 nm
The excitationlaser was positionegarallel to the substraighile the collection fibre wagositioned
perpendiculato droplet movement (i.@0° to excitation) tominimize excitationscatter A schematic

drawinganda photograph of the seip is presented in Fig. 5.2.

Collection
> ribre
Droplet — e
(Salt &

Analyte)
- ’

-7

) . e - \ 4
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Superhydrophobic

N
Lastr . ~7 Glass Slide

Figure 5.2: Online fluorescence measurement of droplet®ntaining DOX and paramagnetic salt
on the superhydrophobic glass slide.

144



Another series of solutions was prepared to test the effect of increasing salt concentration on
the fluorescence dfulk DOX solution of constanteoc ent r ati on (10 ,©/M0%di | ut ed
Me OH) . 10 ¢M DOX Mn&ls4HJO sdiutioosd(20c%e D/ 109 MeOH) with the
concentrations ranging from 0.3 to 3.0 M. The change in fluorescence intensity was measured on a
Varian Cary Eclipsespectromeer with 532 nm excitatiorf5 nm slit width)and emission maximum at
592 nm.

To evaluatenline fluorescencea control serie®f dropletscontaining varying concentrations
of DOX with no saltadded were positioned over a marked hydrophilic spot on t&® Wurfacei.e.
pinning point)to prevent their spontaneous roff. Otherwise, lte droplets containing both salt and
DOX were dispensed over a magnet anywhere on the UED surface and then were actuated by the
magnet to a desired location directly under tietection fibrend perpendicular to the excitation laser
The position of the saftontaining droplets can be precisely controlled by a magnet and each
dispensed droplet was positioned under the collection fibre until the emission maximum was achieved.
It was crucial tacontrol the dropleto ensurgeproducibleexcitation and emission of each dreiplFor
both the control series and the salt series the position at which the reading was taken was first

optimized to produce maximum emission.

5.3 Results ard Discussion

5.3.1Paramagnetic Salt Concentration and RoHoff Angle

Equation 5.1 suggests that three factors are affecting the actuation of droplets containing
paramagnetic salts: magnetic field strength, magnetic susceptibility of the salt and the comoeftrati
the salt within the droplet. In this study the magnetic field strength was maintained at 1.8 kG and salt
concentration was varied within solubility limitgig. 5.3top) shows the magnetic susceptibility
values for different paramagnetic salts atuanber of concentrations. Magnetic susceptibility was
calculated from an experimentally determirggchnd Equation 5.4Salts with higher molar magnetic

susceptibility produce a more marked increase in solution magnetic susceptibility with increasing
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conceftration. The upperrange of concentrations is ultimately limited by the solubility of the salt
Four of the salts (Mn, Fe, Gd and Eu) are soluble to at least 3.0 M. The erbiuBr,£a(D,)s-8H,0
was much less soluble and so was studied to a maximucemation of 0.67 M (Table 1). Even at
this relatively low concentration, the solubility of the salt was exceeded andissmived salt was
presentsimilar todroplet containing superparamagnetic partiblaswith muchlower value ofG,
Theminimum concentration at whicdroplet containing a dissolvedlt can be reproducibly
actuated wagxamined.Droplets (10e L ¢ontaining different concentrations of salt were actuated
over the fluorinated silica nanopatrticle coated surfacegusih.8 kG cylindrical magneReproducible
actuation is characterized as the droplet being engaged by the magnet and linearlysittuf896
success (n=10)n general, salts with a largey, could be actuated at a lower concentratiBath
MnCl, andFeC} have a very similar magnetic susceptibiliglues, 13250 and 1278a6° cn® mol™*
respectively. These salts required a concentratioat déast 0.3 M to reproducibly actuateO L ¢
droplets Salts with higher magnetic susceptityilii.e. GAdC} (23320 x10° cn® mol™) and Ep(SQOy)s
(73100 X0° cn® mol™) require a lower concentration of 0.2 M and 0I5 respectivelyfor
reproducible actuatiorThe salt with the lowest magnetic susceptibility, B(&870 x.0° cm® mol™)
required at least 0.8 M sdlon for reproduciblemovement. Overall, the most suitable choice of salt
for a given application is determined by the solubility of the igathe droplet medium, magnetic
susceptibility of the paramagnetic salt and the cost/gram of the paramagneti@mé&iven these
considerations, Mn or Fe would be preferable, however analyte compatibility may dictate an alternate
choice. On the other hand, certain applications/reagents might benefit from using lower salt
concentrations; in this case erbium saluldoperform betterThe region of Fig. 5.3 (top) highlighted
with a framed black box is expanded in Fig. 5.3 (bottom) to more clearly show the solutions with
small magnetic solution susceptibilities. If we examine the minimum concentrations for actoation i
terms of their magnetic susceptibilities we can identify the minimum solution susceptibility required

for droplet actuation. Théivision line in between the red and green regiams=ig. 5.3 (bottom)
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designates the cutff for reproducible actuatignwhere all solution compositions to the right are
reproducibly actuatedgreen shadingWwhile those to the left were ndtred shading) For our
experimental magnetic field strength and superhydrophobic surface this translatesahte ofc; a
2.0x10°. Forthe surfacs with lower adhesiothis line would be shifted to theft, i.e. it should be
possible to actuate droplets with lower magnetic susceptibilite. surfacesvith higher adhesion

would shift it to theright, i.e. require highredroplet magnetic susceptibility for successful actuation

Figure 5.3 (top) The solution magnetic susceptibility ¢) of paramagnetic salt solutions at
different concentrations tested for magnetic actuation (bottom) shows an expanded view o&
region of Figure 5.3(top) that illustrates the solution magnetic susceptibility cuoff (i.e. left of
the line has noreproducible actuation) for 10 L d r cop & feudrisated silica hanopatrticle
surface
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