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Abstract
Digital microfluidics (DMF) is an emerging liquid-handling technology that enables the
manipulation of small, discrete droplets (picoliters to microliters) in a precise and reproducible
manner. The important applications of DMF involve droplet dispensing, moving, splitting and
mixing contents within a droplet. Superhydrophobic (SH) surfaces are used in DMF for facilitating
magnetic actuation of droplets and formation of microarrays. A surface is considered
superhydrophobic if a water droplet displays both a water contact angle (θCA) >150◦, and a sliding
angle (SA) <10◦. SH surfaces provide low frictional forces between a liquid droplet and the surface
itself allowing for actuation using minimal force. Magnetic actuation uses an external magnetic
field to manipulate droplets containing magnetisable particles (MPs).
This thesis focuses on the actuation of organic and aqueous droplets on patterned (Super)
hydrophobic surfaces. Different commercial coatings used in this study are Ultra-Ever Dry™,
Never wet™ and Aculon®. Different surfaces can be patterned to higher surface energy patches
called surface energy traps (SETs). Droplets can be pinned to the SETs and dewetted from the
SETs. We utilize the contrasting behavior of patterned surfaces to quantitatively determine the
ethanol in beer samples. The application of functionalized superparamagnetic particles (PMPs) in
combination with magnetic separation techniques has been used for the fractionation of complex
proteolytic digest of lysozyme. Droplet kinematic parameters are explored (e.g., volume, size of
the SETs, particle concentrations, etc.). Furthermore, we utilize the patterned omniphobic surface
Aculon® in combination with the magnetic actuation technique to extract a peptide (bradykinin)
from artificial saliva. The fifth chapter of the thesis demonstrates the proof of principle of liquid
chromatography (LC) archiving using high-density microarrays (HDMs) platform.
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Chapter 1
Introduction
1.1 Microfluidics
1.1.1 Overview
Microfluidics is the science of manipulating and controlling fluids, usually in the range
of (10-9 to 10-18 L) by using channels with dimensions of tens to hundreds of micrometers.1,2
This technology originated in early 1990’s when it was motivated by an interest to
miniaturize in bio (chemical) analyses.3,4 Since then, the term “lab-on-a chip” or micro
total analysis system (µTAS) has been utilized5 to describe chip-based platforms that
perform a wide variety of chemical, biochemical transformations, syntheses and analyses.
Manz et al. originally proposed the concept of µTAS,6 in which silicon chip analyzers were
used to perform sample pretreatment, separation, and detection. In such a system, sampling,
sample transport, necessary chemical reactions, chromatographic or electrophoretic
separations and detection are performed automatically. A µTAS can perform all sample
handling steps extremely close to the place of measurement or need.6 The first applications
of microfluidic technologies were in chemical analysis, for which they offered a number
of advantages: the ability to use very small quantities of samples and reagents, and to carry
out separations and detections with high resolution and sensitivity, faster analysis, and
smaller device footprint.7 George Whitesides, another pioneer in the microfluidics field has
suggested that microfluidics has four “parents”: molecular analysis, biodefense, molecular
biology and microelectronics.2 The first of the four is related to chemical analysis using
micro analytical methods - gas phase chromatography (GPC), high-pressure liquid
1

chromatography (HPLC) and capillary electrophoresis (CE). These methods, in capillary
format, revolutionized chemical analysis and made it possible to achieve both high
sensitivity and chromatographic/electrophoretic resolution using very small amounts of
sample. Micro-scale analytical separation methods were some of the first applications of
microfluidics. Following, researchers have continued to find additional applications of the
lab on chip (LOC) devices in chemistry and biochemistry. The second parent stems from
the end of the cold war where the potential proliferation of chemical and biological
weapons posed a major threat to society. To counter these threats, the Defense Advanced
Research Projects Agency (DARPA) of the US Department of Defense supported a series
of microfluidics researchers in the 1990s.The aim of the research supported was to develop
field-deployable microfluidic devices for detecting chemical and biological weapons. The
third parent concerns the explosion of genomics in the 1980s, which motivated
microfluidics research for molecular biology. Microanalysis related to molecular biology,
such as high – throughput deoxyribonucleic acid (DNA) sequencing, required analytical
methods with higher sensitivity and resolution. Microfluidics provided a potential solution
to these problems. The fourth parent of microfluidics was the field of microelectronics and
its microfabrication techniques (e.g. photolithography) previously developed for silicon
microelectronics. The initial promise was to incorporate photolithography techniques used
for microelectromechanical systems (MEMS) directly to microfluidics. In the earliest
examples, micromachined/etched silicon and glass substrates were used to construct
microfluidic devices. Silicon being expensive and opaque to visible and ultraviolet light
was then eventually replaced by plastics. Being non permeable to gases, glass and silicon
substrates are not appropriate for working with living mammalian cells. Elastomers have
2

become the most popular materials compared to rigid material for fabricating components
of micro analytical systems.2 Much of the experimental research in microfluidics has been
carried out using devices constructed using polydimethylsiloxane or PDMS. PDMS is
optically transparent, soft and oxygen permeable and can be easily molded using soft
lithography, which has made it the most popular material for early stage device
development.8,9 Furthermore PDMS can be easily bonded to itself enabling the formation
of structures such as pipes, valves,10,11 mixers12,13 and pumps,14 which are the essential
elements in microfluidic systems.
1.1.2 Continuous – flow microfluidics
In continuous-flow microfluidics, the flow of single liquid phase or multiple phases
take place continuously through a microchannel by means of valves and pumps. Whereas
in digital microfluidics (DMF), discrete, or an individual droplet(s) is manipulated. Mixing
and separation are essential steps in most lab-on-a-chip platforms, as sample preparation
and detection are required for a variety of biological and chemical assays. Especially,
mixing of reactants is required to initiate the interactions involved in biological processes
such as, protein folding and enzyme reactions.13 Separation also plays an important role in
sample preparation for both analytical chemistry and biological applications. 15 Depending
on the mechanism of inducing flow in the micro-channel, these devices can be categorized
as capillary,16 pressure,17 centrifugal,18 electrokinetic19 and acoustic force dependent.20
Advanced mixing/separation methods are required especially for LOC applications, where
a number of components need to be integrated on a single chip. Conventionally, these
methods are classified as passive (without external energy) and active (with external
energy) techniques. Passive mixing is achieved by altering the structure or configuration
3

of fluid channels. This type of mixing is combined into the system during fabrication and
is not externally controlled by the user. The main advantage of passive mixing is that there
are no moving parts within the mixer, resulting in potentially easier fabrication and
operation. Johnson et al. developed a passive mixer by using an excimer laser system to
create slanted wells along a pre-fabricated polycarbonate microchannel. Both a high degree
of lateral transport within the channel and rapid mixing were obtained due to the presence
of wells.21 (Figure 1.1)

Figure 1.1. Experimental setup showing white light microscopy image of an imprinted
T-channel with a series of ablated wells. Figure reproduced from reference 21.

4

Passive mixing could also be enhanced for non-miscible liquids in a device that allows for
multiphase flows. Some researchers have created devices that produce droplets of reagents
suspended in an immiscible carrier fluid (e.g. oil). Tice et al. developed a method to
generate plugs containing multiple reagents within a device, and show that recirculation
occurs inside the plugs even without the use of a winding channel. 22
Active mixing offers direct control over mixing compared to passive mixing. The
fabrication can be more complex and expensive due to the moving parts required. Active
mixing enhancements can also require an external power source or field for operation. For
example, Lee et al. used ferromagnetic particles that could be manipulated with a rotating
magnetic field in order to enhance mixing.23 The particles aligned together like stir rods
under low flow conditions and aggregates under high flow conditions to increase mixing.
Acoustic waves are another way of promoting mixing in microfluidic devices. Frommelt
et al. studied the use of surface acoustic waves (SAWs) to generate time-dependent flow
patterns that promote mixing in microfluidic devices.24 They used two inter-digital

5

transducers (IDTs) as a SAW source to generate different flow patterns in a sample for
separate operation (Figure 1.2).

Figure 1.2. (a)Two tapered inter digital transducer (TIDT) exciting SAWs in x and y
directions. An envelope controller runs predefined programs modulating the amplitude of
the SAW arbitrarily. When operating in dual-jet mode, TIDT I work at constant power (solid
line), and the power of TIDT II is modulated (dashed line). (b) A 3D view of the SAW mixer
chip. Figure reproduced from reference 24.

Another important application of continuous microfluidics is separation. In the last
two decades, significant advances have been made in the development of continuous-flow
microfluidic separation. The separation in the continuous microfluidics can be done using
a number of external forces such as hydrodynamic, electrophoretic, magnetophoretic,
acoustic, and inertial.25 Zhou et al. introduced a microfluidic device that employs a single
permanent magnet to continuously trap and pre-concentrate diamagnetic and magnetic
particles in ferrofluid flow through a T-shaped microchannel (Figure 1.3). They also

6

demonstrated the ability to trap magnetic particles in a different location of the same
microchannel via the same magnet.26

Figure 1.3. Photo of a PDMS based microfluidic chip for the separation of
particles using a permanent magnet. Figure reproduced from reference 26.

Furthermore, Wu et al. introduced an efficient method for size-selective separation
of magnetic nanospheres using a magnetofluidic device. 27 Other methods have been
employed to carry out for particle separation in continuous microfluidics. Ng et al.
designed a flow rate insensitive device that uses surface acoustic waves that combine both
standing and travelling wave components to create pressure nodes. The different sized
particles are trapped in different locations with stable pressure and separated through a
distinct exit.28 Yang et al. presented dielectrophoresis (DEP)-active hydrophoresis for
sorting particles and cells. The hybrid chip consisted of pre-focusing and sorting steps and
was able to separate both viable and nonviable Chinese Hamster Ovary (CHO) cells from
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media.29 Kotari et al. used optical radiation pressure for microfluidic particle transportation
without precise focusing or alignment of the laser beam to the device and target.30
1.1.3 Paper-Based Microfluidics
The field of paper-based microfluidics has experienced rapid growth over the past
decade. The Whitesides group introduced the first paper based microfluidics device using
a lithographic method and it was used for a protein - glucose assay.31 SU-8 2010 photoresist
was employed to create chemical-resistant solid barriers to form well-defined millimetersized channels on chromatographic paper (Figure 1.4). However, it is not an ideal method
for mass production due to the high cost of the equipment needed and the device vulnerable
to cracking when the substrate is bent. In order to reduce cost and increase flexibility, the
same group used an epoxy negative photoresist32, and SC (cyclized poly(isoprene)
derivative photoresist.33
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Figure 1.4. A schematic diagram showing a method for patterning paper with millimetersized channels: (a) Photolithography was used to pattern SU-8 photoresist embedded into
paper; (b) Patterned paper was modified for bioassays. Figure reproduced from reference
31.

Continuous flow microfluidic devices with a connected network of channels
contrasts digital microfluidics where discrete droplets are independently manipulated to
carry out chemical and biochemical assays.
1.1.4 Digital Microfluidics
Digital microfluidics (DMF) is an emerging liquid-handling technology that
enables the manipulation of small, discrete droplets (picoliters to microliters) in a precise
and reproducible manner.34,35 The important applications of DMF involve dispensing
9

droplets, moving droplets or mixing contents within a droplet. DMF devices can have a
basic open planar form, where the droplet is placed on a solid planar surface. Generally,
the plate is adjusted to provide an energy gradient for driving the droplet. In some cases, a
top plate is added to facilitate the control of the sandwiched droplet. With proper design,
droplets can be moved across the plate in three dimensions.36 DMF devices typically utilize
a planar geometry and can be fabricated using photolithography.37,38 Droplet manipulation
in digital microfluidics doesn’t require external modules or complicated geometries such
as pumps or valves.39 Droplets are be manipulated using techniques such as electrowettingon-dielectric (EWOD),40,41 dielectrophoresis (DEP),42,43 surface acoustic waves,44,45
magnetic force,46 thermocapillary force,47,48 optoelectrowetting,49 and magnetic
actuation.50 Currently, the most popular of the droplet actuation mechanisms in DMF is
electro wetting-on-dielectric.
1.1.4.1 Electrowetting-on-dielectric (EWOD)

DMF platforms control the wettability of liquid droplets on the dielectric solid
surface using electric potential. The actuation process is called electrowetting-on-dielectric
(EWOD)51 where the driving force in EWOD is created by applying a voltage difference
across a droplet. The voltage can be applied in a single or two-plate “sandwich” design. In
the two-plate design, the top plate consists of a continuous ground electrode formed by a
transparent, conductive indium tin oxide (ITO) layer on a rigid or flexible substrate.
Alternatively, the bottom plate is equipped with an array of actuation electrodes and the
electrodes are covered by an insulating dielectric layer. All surfaces in contact with the
droplet are coated by a hydrophobic coating typically (a fluorinated polymer). 38 The
function of the hydrophobic layer is to reduce the surface energy of the substrate making
10

the droplet actuation easier and to minimize sample loss and substrate fouling. The voltage
difference across the droplet generates asymmetric droplet contact angles and droplet
movement takes place after switching the voltage difference in a timely manner.40,52 Geng
et al. presented work related to dielectrowetting to manipulate both conductive and nonconductive droplets. According to this concept, droplet actuation can be performed only in
the bottom plate that provides easy handling of a wider range of droplet volumes.52 Basic
operation of this technique is shown in Figure 1.5.

Figure 1.5. Basic principle of EWOD. Figure reproduced from reference 52.
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The basic principle of EWOD is shown in Figure 1.6. In the single plate format a droplet
sits on the single substrate containing both ground and actuation electrodes. The single
plate device is suitable to transport micro-droplets (splitting/dispensing is not possible) and
has the added benefit of easier optical inspection of droplets.53

Figure 1.6. Four steps involved in droplet generation using dielectrowetting. (1) Droplet of
polypropylene carbonate on the electrode pads. (2) Three electrode pads are turned on,
spreading the droplet. (3) The middle pad is turned off to neck and spread the droplet. (4)
All the pads are turned off and droplet separation is complete. Figure reproduced from
reference 53.
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1.1.4.2 Magnetic Actuation

In conventional microfluidic devices, external pressure driving forces or electrical
fields manipulate the flow of the fluid. Instead of an electric field, a magnetic field can be
applied to move droplets containing magnetic particles using magnetowetting.46 Magnetic
actuation is an alternative way of manipulating discrete droplets over hydrophobic surfaces
on a DMF platform. Magnetically susceptible material is introduced into the droplet to
enable droplet actuation with an externally applied magnetic field. Unlike other fluid
manipulation methods, this approach does not require any additional power supplies,
pumps or light sources. However, to facilitate droplet movement, superhydrophobic or
hydrophobic surfaces with an additional oil layer are required to minimize surface friction.
The integration of magnetic manipulation technology with microfluidics has advanced
rapidly in the biological and chemical fields, and has given rise to a new scientific field
known as micro-magnetofluidics.15,54 Long et al. systematically investigated the droplet
transport, merging and splitting on an open hydrophobic surface.55 They used a permanent
magnet and analyzed the behavior of the droplet at various magnet velocities and magnetic
particle concentrations. By changing these two parameters, they found three different
operating regimes: droplet transport, particle extraction and magnet disengagement.
Alternatively Mats et al. demonstrated the use of paramagnetic salt dissolved within
droplets for the actuation of aqueous droplets.56
1.1.5 Magnetic Theory and Materials
All materials are magnetic to some extent, with their response depending on their
atomic structure and temperature. The magnetization (M) induced in the material in
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presence of an external magnetic field (H) is the function of the material’s magnetic
susceptibility (χ),57 and can be expressed as:
⃗⃗ = χH
⃗⃗
𝑀

(1.1)

The magnetic susceptibility value is an inherent property of the material, determined by its
atomic magnetic momentum alignment. Depending on the response to external magnetic
field, materials can be classified as diamagnetic, paramagnetic and ferromagnetic.
Diamagnetic materials repel external magnetic field, where the repulsion can be highly
variable depending on the material’s magnetic susceptibility. Most diamagnetic materials
have very small, negative susceptibilities (χ ~ -10-6). Paramagnetic materials are attracted
to external magnetic fields, as they form an induced internal magnetic field. Magnetization
of these materials is proportional to the applied magnetic field and they generally have
small positive susceptibility (χ ~ 10-6-10-4).57 Ferromagnetic materials exhibit ordered
magnetic states and may be magnetic even without a field applied, and they have large
positive susceptibility (χ ~ 104-106). An additional class of magnetic materials having large
magnetic susceptibility (χ ~ 10-2 – 102), which arises from the coupling of many atomic
spins are called “superparamagnetic” particles. However, they behave as a single
paramagnetic atom, where magnetization is not maintained when the external magnetic
field is removed.58 Superparamagnetic particles can be listed as magnetic beads or
ferrofluids based on their size. Small monodispersed superparamagnetic particles (<100
nm diameter) tend to form homogenous suspensions known as ferrofluids. Large
micrometer

sized

particles

with

proper

configuration

can

maintain

overall

superparamagnetic properties59 (Figure 1.7). These particles have relatively high mass
(compared to particles <100 nm diameter) and can be easily manipulated using an external
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magnetic field. Magnetisable particles (MPs) can serve as a solid substrates for molecule
absorption and separation.60

Figure 1.7. Schematic diagram of typical functionalized magnetic particles, where the core has
high magnetic susceptibility. Small single-core particles (right) form suspensions known as ferro
fluids, while large multi-core particles (left) are known as “magnetic beads”. The surface
coating (typically silica or polymer) can be functionalized for a particular application. Figure
reproduced from reference 59.

1.1.6 Dynamics of Magnetic Particle Extraction
Magnetic actuation uses an external magnetic field to manipulate droplets
containing magnetisable particles (MPs). It is convenient to be able to dispense or split a
large droplet into smaller aliquots. When a droplet containing MPs is pulled over a surface
energy traps (SETs) on a superhydrophobic surface, one of three phenomena are observed:
i) particle extraction, ii) droplet dispensing, and iii) magnet disengagement. In particle
extraction, the entire droplet is pinned by the hydrophilic patch, while the MPs travel with
the magnet and are extracted from the droplet. MPs extraction is a complex process, which
depends on the interaction between magnetic force, capillary force, and frictional force. 55
15

In droplet dispensing or splitting, the hydrophilic patch only holds a small portion of liquid
within its boundary, and the majority portion of the droplet travels with the MPs, leaving
behind a daughter droplet. In magnet disengagement, the hydrophilic patch contains the
entire droplet, including the MPs, disengages from the moving magnet. A simplified force
distribution in the system, which determines the outcome of magnet-cluster (MPs)-droplet
interaction, is defined below.
Three separate forces can be used to describe droplet-magnet interaction:
magnetic force, 𝐹𝑚 , friction force, 𝐹𝑓 , and capillary force, 𝐹𝑐 .

55

Magnetic force (𝐹𝑚 )

depends on the volume of the magnetic bead cluster, susceptibility of magnetic beads,
strength of the applied external field and permittivity of free space.
𝐵
⃗⃗⃗⃗
𝐹𝑚 = 𝑉χ 𝜇𝑚 ∇ 𝐵𝑚

(1.2)

0

Where: V is the volume of the magnetic bead cluster inside the droplet, χ is the
magnetic susceptibility of the magnetic material, Bm is the strength of the applied external
field, and μ0 is permittivity of free space. 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 actuation.57
Friction force, which resists droplet/cluster movement over the surface, is
determined by the inherent surface properties and the size of the droplet:

⃗⃗⃗
⃗
𝐹𝑓 ≅𝐾𝑓 𝑅𝑏𝑎𝑠𝑒 µ𝑈

(1.3)
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Where: Kf is a friction constant, Rbase is the radius of the bottom contact area between
droplet and the surface, ⃗⃗⃗
𝑈 is the droplet velocity and µ is the dynamic viscosity of the oil.
As the magnet is moved underneath the substrate/surface, the packet of paramagnetic
particles is moved in the same direction due to magnetic force gradient, and the droplet can
be actuated over the surface while 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 droplet. The maximum F c at
which the cluster is contained within the droplet is determined by eqn. 1.4:

1

2

1

𝐹𝑐𝑀𝑎𝑥 ≅ 63 𝜋 3 𝛾𝑉 3

(1.4)

Where: 𝛾 is the interfacial tension between the bulk of droplet and the outside medium, i.e.
water-air interface. V is the volume of the magnetic bead cluster.
To achieve the desired droplet outcomes, various parameters can be varied. A
strong magnetic field and high concentration of magnetic particles are required for dropletcluster movement. It follows from eqn. 1.4 that, in order to contain the bead cluster within
the droplet, the particle concentration must not be too high, otherwise the bead cluster is
removed from the bulk of the droplet. It is 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 within it, i.e. larger droplets and higher particle loading
leads to easier extraction. The strength of the external magnetic field and the speed of
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magnet movement also affect the outcome of the actuation. Force analysis for the three
different phenomena can be explained as follows.55
(i)

Droplet transport occurs if 𝐹𝑚 is exactly balanced by 𝐹𝑓 and 𝐹𝑐 is greater
than both forces.

(ii)

Magnet disengagement occurs, if both 𝐹𝑓 and 𝐹𝑐 are greater than maximum
magnetic force, 𝐹𝑚,𝑚𝑎𝑥 .

(iii)

MPs extraction occurs, if,𝐹𝑚,𝑚𝑎𝑥 is greater than 𝐹𝑐,𝑚𝑎𝑥 but 𝐹𝑐,𝑚𝑎𝑥 is smaller

than the 𝐹𝑓 .
A fundamental study by Long et al. summarizes the observed operational
mechanism depending on the magnet speed and the particle loading for their droplet-oil
system (Figure 1.8)
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Figure 1.8. Operational diagram demonstrating possible actuation mechanisms for a 50 μL
aqueous droplet with increasing concentration of magnetic beads and magnet speed. Figure
reproduced from reference 55.

It is important to note that if the concentration of the magnetic particles is too low
and/or the magnet is moved too quickly, the droplet can often disengage, and the particlecontaining droplet is left behind. Disengagement is more common on surfaces with higher
friction, i.e. not superhydrophobic. In order to facilitate particle cluster extraction from the
bulk of the droplet, it is common to modify surface topography or surface energy to
selectively anchor the aqueous droplet and remove the beads by magnetic force.
Introducing surface topography to promote extraction usually includes creating obstacles
or channels,61 while surface energy modification creates alternating regions of
hydrophilicity/hydrophobicity on the surface.60

For

DMF

applications,

larger

superparamagnetic particles (~1 μm) called commercial magnetic beads are used. These
particles have an iron oxide core (Fe2O3 or Fe3O4) that is surrounded by a layer of silica,
which can be functionalized as desired for various applications.62 Most common
19

applications of superparamagnetic particles (PMPs) include separation, extraction and
detection of analytes in solutions. One of the important strategies for the separation is
pinning a droplet on the surface and removing magnetic particle from the droplets. Some
reports utilize hydrophilic patches, confined chambers and changing surface topography.
Lehman et al. presented a method in which aqueous droplets were pinned in hydrophilic
spots on hydrophobic surface (Teflon coating) and magnetic particles were manipulated by
means of actuation with an electromagnet.63 The same group also demonstrated an on-chip
washing procedure for the magnetic particles. Zhang et al. presented the application of
surface energy traps (SETs) to move the magnetic particles using permanent magnet. 60
SETs are areas of high surface energy on the glass substrate coated with a low surface
energy Teflon®-AF film. Zhang et al. demonstrated the full range of magnetic operations
including droplet transport, merging, particle extraction and dispensing on a magnetically
actuated platform. Shikida et al. have introduced confined chambers for different reactants
to physically retain the droplets while transferring the magnetic bead cluster from one
chamber to another through connecting channels (Figure 1.9).64 By using these confined
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chambers, they were able to carry out enzymatic reactions using a hydrolysis reaction using
alkaline phosphatase and p-nitrophenyl phosphate.

Figure 1.9. Schematic view of enzymatic reaction system. Figure reproduced from reference
64.

Shah and Kim presented a considerably different method for magnetic particle
separation. This method used an EWOD platform to anchor the droplets and create a liquid
neck for a fluidic conduit between a sample droplet and a buffer droplet. 65
The incorporation of a permanent magnet combined with EWOD is the most popular
approach for bio-applications. Pollack et al. introduced a DMF platform towards
polymerase chain reaction (PCR) applications for the actuation of droplets containing
standard PCR reagents.66 Lehman et al. introduced a droplet manipulation system where
magnetic particles are used both as force mediators and as substrates for adsorption and
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desorption of biomolecules.67 Droplet splitting and magnetic separation was performed
with a hydrophilic/hydrophobic pattern on the surface of the chip to perform DNA
extraction and purification. Immunoassay uses the affinity and specificity in binding
between an antigen and antibody to detect and quantify biomarker(s) and is another
important DMF application. Among all immunoassay formats, the most popular uses an
antibody-antigen immobilized on a solid surface to bind an analyte of interest followed by
washing the unbound molecules away. Pamula and coworkers introduced the first magnetic
particle-based immunoassay implemented on a DMF chip.68 They first prepared a solution
containing a mixture of magnetic particles, antibodies and blocking proteins off-chip.
Following, reagents were dispensed and mixed with a droplet of the antigen solution to
form the antibody-antigen complex. An external magnet was then used to immobilize the
magnetic particles, and unbound reagents were washed using a serial dilution method.
Next, detection was performed on re-suspended magnetic particles. Mei et al. demonstrated
a method of protein depletion in an integrated EWOD-DMF set up.69 The method is based
upon magnetic particles coated with specific antibodies or proteins towards highly
abundant proteins (HAPs) which were brought into contact with the sample solution.
Besides their use in biological separations, they have also been used in the actuation of
discrete droplets for DMF applications.68,70 One of the key components in the magnetic
actuation is low friction surfaces, i.e. non-wetting surfaces. The next section explores
surface wettability and methods to lower surface energy and droplet friction.
1.2 Surface Wetting
Wetting is the ability of a liquid to maintain contact with a solid surface. Wettability
results from intermolecular interactions between the liquid and solid surface when the two
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are brought together. The degree of wetting (wettability) is determined by a force balance
between adhesive and cohesive forces. The wettability of a solid surface is an important
property71–73 because controlling the solid surface wettability is crucial in many practical
applications.74 The contact angle (CA) of a water droplet on a solid surface is used to
classify a wettability of a surface. Experimentally, contact angles are measured using a
sessile drop method where a small volume of liquid is placed on a surface and an optical
image is taken. A contact line is then traced between the solid, liquid and gas three-phase
interface and the is used to calculate (vide infra) the contact angle of the drop. Initially, the
contact angle was commonly used as a standard to evaluate the hydrophobicity of solid
surfaces. However, Jiang et al. demonstrated that contact angle alone was not sufficient to
evaluate hydrophobicity because contact angle could not assess the sliding properties of
fluids on the surface. The sliding angle (SA) of a given surface is the angle at which the
droplet at rest will start roll off or slide from the surface when tilted. SA can also be defined
as the difference between the advancing and receding contact angle, and its value is
represented as the contact angle hysteresis (CAH) on the surface. 75 High wetting surfaces
(θCA < 90°) are called hydrophilic while the surface with (150° > θCA > 90°) is called
hydrophobic. A sub-classification of hydrophobic surfaces is reserved for those with the
least wetting properties. Superhydrophobic surfaces should exhibit high water contact
angle (θCA > 150°) and low sliding angle (SA < 10°).76 The wettability of a flat surface,
expressed by contact angle of water droplet (θCA) [Figure 1.10 (a)] is given by Young’s
equation. This was proposed in 1850 and is the most basic theoretical model to describe
the wetting process.
𝑐𝑜𝑠𝜃𝐶𝐴 =

𝛾SV−𝛾𝑆𝐿

(1.5)

𝛾𝐿𝑉
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This equation relates θCA (contact angle of the liquid drop) with the interfacial tensions
acting between the solid-liquid (𝛾𝑆𝐿), solid-vapour (𝛾𝑆𝑉) and liquid-vapour (𝛾𝐿𝑉) interfaces.
This equation is only valid for perfectly flat surfaces. The Young’s model assumes that
the bulk phase, surface of the droplet and substrate are consistent. 71
The Wenzel model and Cassie-Baxter model were developed to explain the
behavior of a drop on rough surfaces. The Wenzel model takes topological features on the
surfaces such as protrusions and pores into account.77 The surface roughness can be
measured using a roughness parameter (R), which is the ratio of actual surface area of the
surface to the apparent area [Figure 1.10 (b)]. The contact angle in the Wenzel regime is
derived using the equation as follows:
𝑐𝑜𝑠𝜃𝑊 = 𝑅

𝛾𝑆𝐿−𝛾𝑆𝑉
𝛾𝐿𝑉

= R𝑐𝑜𝑠𝜃𝐶𝐴

(1.6)

It is obvious from the Equation 1.6 that if: θCA > 90°, cos θCA< 0, and the value of
R increases, θW also increases. There is increase in contact angle (θW) in Wenzel state
compared to the Young’s state (θCA). It means increase in hydrophobicity. For hydrophilic
surfaces, θCA < 90°, cos θCA > 0, and θW < θCA resulting a lower contact angle in the Wenzel
state compared to the Young state. This suggests that surface roughness has an enhanced
effect on both hydrophobicity and hydrophilicity. For example, a hydrophobic surface
becomes more hydrophobic and a hydrophilic surface more hydrophilic when surface
roughness is introduced.
The Cassie-Baxter model explains situations where air is trapped within the small
protrusions of a rough surface. In this case, it is predicted that the trapped air pushes the
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liquid off the surface and reduces the surface wettability. 78 The wetting phenomenon of a
liquid in Cassie-Baxter regime can be described using the equation:
𝑐𝑜𝑠𝜃𝐶𝐴 = −1 + ф𝑆(1 +

𝛾𝑆𝐿−𝛾𝑆𝑉
𝛾𝐿𝑉

)

(1.7)

Where: ɸS is the fraction of the surface that is in contact with the liquid. In this regime,
liquid touches only the top of the surface with a limited contact area [Figure 1.10 (c)]. The
contact angle of a liquid in three different regimes usually follows this trend θCA(Young) <
θCA(Wenzel) < θCA(Cassie-Baxter).

Figure 1.10. Liquid droplet on (a) Flat surface (b) in Wenzel and (c) Cassie – Baxter state.

1.3 Superhydrophobic Material
Some solid surfaces that strongly repel water droplets are called superhydrophobic
surfaces.79,80 A surface is considered superhydrophobic if a water droplet displays both a
water contact angle (θCA) > 150◦, and a sliding angle (SA) < 10◦. Superhydrophobic surfaces
generally require two essential features. The surface is composed of a low surface energy
material with a micro or nanostructured (hierarchical) surface texture. It is postulated that
the reason behind surface superhydrophobicity is small air pockets trapped between the
droplet and the surface, which is energetically favorable as the water-surface contact is
minimized.81 Hierarchical surface structures provide micro- and nanometer scale
roughness and enable the entrapment of air between the surface and the droplet, thus
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specific surface geometries are required for the surface to be superhydrophobic. 82,83 (Figure
1.11)

Figure 1.11. Schematic structure of surfaces with increasing hydrophobicity, where WCA (θ)
is the lowest for a flat surface and the highest for hierarchical, which exhibits the combination
of both nano- and micro-structure. Figure reproduced from reference 83.

The combination of physical morphology and surface chemistry contributes to
minimize the water droplet interaction and surface contact area. 84 A high quality
superhydrophobic, surface will have uniform pinned and trapped air that produces a high
contact angle (>150°), a low sliding angle (<10°), and small contact angle hysteresis
(approaching 0°) for water droplet volume 5 µL. The low wettability of superhydrophobic
surfaces has led to a large number of applications in the area of self-cleaning surfaces,85,86
drag reduction,83 anti-icing,87 anti-contamination,88 antibiofouling paints89, antifogging,90
oil/water separation,91 and water harvesting.92 The concept of superhydrophobicity is
derived from nature. In nature, many natural surfaces exhibit water contact angle higher
than 150° such as lotus leaves86 (Figure 1.12 a). The extreme water repellency behavior of
the lotus leaf has inspired scientists to explore and understand the superhydrophobic
surface phenomenon. The basis for the superhydrophobicity of the lotus leaf is the
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combination of distinctive hierarchical structure consisting of papillae with a dense coating
of agglomerated wax tubules in the upper epidermis. The waters strider’s leg is another
example where it is covered with a large number of oriented, sharp needle shaped structures
that are slightly inclined from the surface.93
Furthermore, the wing of the cicada further illustrates a naturally SH surface. The
wings surface possesses periodic array of nanoposts with an embossed base to prevent dust
particles buildup94 etc.

Figure 1.12. Natural examples of superhydrophobic surfaces and the multiscale structure of
the materials. Figure reproduced from reference 95.

Some additional examples of biological materials with superhydrophobicity and
corresponding multiscale structure are shown in (Figure 1.12). 95 Interestingly the rice leaf
has directionally arranged micro papillae causing the surface to have a capacity to
directionally control the motion of water droplets called sliding anisotropy (Figure
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1.12b).96 Directionally arranged flexible nano-tips on ridging nano-stripes and microscales overlapped on the wings at the one-dimensional level makes the butterfly wing also
show directional wetting behavior (Figure 1.12 c).97. The compound eyes of the mosquito
exhibit antifogging properties due to the presence of hexagonally close – packed ommatidia
covered by nanonipples.98 There are many more examples of biological materials showing
superhydrophobicity in nature. Hierarchical surface structures (micro- and nanometer scale
roughness) and low surface energy materials are a requirement to prepare SH surfaces.
Inspired from biological materials, there have two ways to prepare SH surfaces: one is to
create roughness on the surface of low-surface-energy material, i.e. hydrophobic materials,
and the other is to modify the rough surface with low-surface-energy materials. Many
methods have been developed to prepare SH surfaces in a simple and environmentally –
friendly way. Some of the methods include plasma treatment,99–102 laser treatment,103–105
phase separation,106–108 template methods,109,110 spin coating,111,112 spray coating,113,114
electrospinning,115,116 sol-gel method,117,118

electrochemical methods,119,120 chemical

vapor deposition (CVD),121,122 and etching.123 Lee et al. fabricated superhydrophobic
surface using a self-assembly method by growing peptide nano-wire film in the presence
of pentafluoroaniline vapour at high temperatures.124 Some less common methods that have
been reported125 include that by Quan et al. who prepared a SH surface by producing an
alkyl ketene dimer on the surface of untreated paper by a rapid expansion of supercritical
carbon dioxide.125
1.4 Microfluidics Chip Fabrication
The chip fabrication is a fundamental step in microfluidics. Microchannel with
specific geometric structures and physicochemical features and surface properties are
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required to generate and manipulate droplets.126 As a result, a wide variety of materials in
combination with appropriate fabrication methods are required. Currently, there are a
number of techniques used for microfluidic chip fabrication, such as glass/silicon-based
micromachining/etching, polymer-based replica molding, modular assembly, 3D printing,
as well as others.127–130
Techniques borrowed from the semiconductor industry were initially used to
fabricate first generation microfluidic chips on silicon/glass substrates.131 Three steps are
involved in a typical micromachining process. The first step is lithography 132 where a
substrate is first cleaned and spin-coated with a photoresist (PR) layer. Following, a mask
with patterns consisting of transparent and opaque areas is used to cover the PR layer. After
illumination and development, the PR is selectively eliminated to complete the transfer of
the geometric micro-pattern on the mask to the substrate. The second step is etching133
where an etchant is used to selectively remove exposed substrate to generate micro
channels with the desired geometry. Following etching, the remaining photoresist is
removed. The third step is bonding134 where through thermal fusion or adhesive bonding,
the two substrates are assembled to generate a sealed microfluidic chip.
The low-cost replica molding method is typically used to rapidly prototype chips.
Low cost/single-use devices can be used in applications to avoid contamination or sample
carryover. Whitesides and co-workers first proposed soft lithography, which uses an
elastomeric material, typically polydimethylsiloxane (PDMS), to transfer structures or
patterns from a solid master.135 In conventional polymer chips, microchannels are quasi2D planar and droplets are susceptible for contacting the channel walls. To overcome this
problem, researchers started making 3D symmetrical microchannels for industrial and
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biomedical uses.136 Weitz et al. set up a more explicit droplet microfluidic system that uses
cylindrical and square glass capillaries as modules assembled on a glass slide. Takeuchi et
al. inserted cylindrical glass capillaries into PDMS channel molds, which were simply
prepared using optical fiber templates as shown in Figure 1.13. The 3D axisymmetric flowfocusing geometry confined the droplets in the central axis of the channel and prevented
contact with the walls.137

Figure 1.13. Optical images of the microfluidic chip fabrication using fiber embedment in
PDMS and capillary insertion. Figure reproduced from Reference 137.

Despite gaining popularity and showing potential by out – performing traditional
analysis methods in some applications, it is still essential for microfluidics to find a “Killer
App”.138,139 This requires 3D systems with the integration of different components and
increased complexity.
3D printing is a rapidly growing field which involves a class of techniques for
directly generating three dimensional structures in a single step. An object is built by
applying successive layers of material under computer control. The 3D geometric
information is stored in a computer assisted design (CAD) file and automatically processed
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by a computer-controlled printer system. Among the many types of 3D printing techniques,
stereo lithography (SL) is one of the best-established methods and is most appropriate for
microfluidic chip fabrication.140 Bertsch et al. first applied SL to microfluidic chip
fabrication and demonstrated that it is convenient and efficient in time and cost. 141
Recently, Malmstadt et al. employed the SL technique to generate a library of standard
components and connectors which they assembled into droplet emulsification circuits
(Figure 1.14).142
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Figure 1.14. 3D printing SL manufacture of microfluidic standard components, including the
connector, mixer, T-junction sub circuit, and flow-focus emulsifier. Figure reproduced from
reference 142.

In addition to SL, there are other 3D printing techniques relevant to
microfluidics.143,144 For example, Lin et al. used the multijet modeling (MJM, also known
as PolyJet) method to construct microfluidic circuit components.145 This is a process of
creating 3D structures with curable polymers using inkjet printers. Cronin et al. used the
fused deposition modeling (FDM) technique to quickly build lab-on-a-chip reactors
(Figure 3D) at low materials cost.146 In this method, layers of thermoplastic polymers are
deposited through a heated extrusion nozzle to build up 3D structures. FDM was invented
by Scott Crump and commercialized by Stratasys.147 It is one of the least expensive 3Dprinting techniques which uses low-cost biocompatible polymers like poly-lactic acid,
polycarbonate polyethylene terephthalate, acrylonitrile, butadiene and polyamides.
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1.5 Objectives
The primary objective of this Ph.D. thesis is to improve sample preparation
techniques by using different (super) hydrophobic surfaces via different microfluidic
operations. Specifically, the main body of the thesis focuses on the on-chip fractionation
of analyte using magnetic actuation. As explained in section 1.3, SH surfaces (WCA>150°
and SA<10°) provide low friction due to low surface energy material with micro- and
nanometer scale surface roughness and can be used for magnetic actuation. SH surfaces
with hydrophilic patterns can be used to precisely control the adhesion of water droplets
and have various applications.
In chapter 2, the concept of difference in wettability of the patterned SH surface to
measure the adhesion force of liquid droplets on SETs was used. It was found that adhesion
force depends on the surface tension of the droplets (binary mixture of water and organic
modifier) and significant change in adhesion force was observed.
As explained in section 1.1.4.2 we introduced simple, fast and cost-effective
method of sample fractionation using magnetic beads on 3D-printed microfluidic chip in
chapter 3. We were able to fractionate complex tryptic digest of lysozyme using WCX
beads on the same microfluidic chip. We tried to further simplify the fractionation process
as compared to conventional tube-based method.
In Chapter 4, we developed a SETs-based magnetic droplet manipulation platform
on a chip employing automated system that enables droplet confinement and PMPs
extraction. We introduced new coating material Aculon®, which is compatible with various
organic solvents. We also conducted parametric study for PMPs extraction on the same
SETs platform.
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In chapter 5, we presented simple, facile, cost effective and robust droplet – based
nanofractionation system on HDMs on chip, which overcomes the disadvantages of
standard nano-LC fractionation. We introduced automated system by introducing
fractionated analytes into mass spectrometer via open port interface (OPI).
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Chapter 2
Adhesion of Aqueous and Modified Solvents on Laser Patterned
Superhydrophobic/Hydrophilic Substrates
2.1 Introduction
Superhydrophobic surfaces with hydrophilic patterns can be used to precisely control
the adhesion of water droplets and have various applications in biomedical and chemical
analyses.1 A surface is considered superhydrophobic if a water droplet displays both a
water contact angle (WCA) >150◦, and a sliding angle (SA) <10◦. Superhydrophobic
surfaces generally require two essential features. The surface is composed of a low surface
energy material with a micro or nanostructured (hierarchical) surface texture. The
combination of physical morphology and chemistry contributes to minimize the water
droplet interaction and surface contact area.2 The impressive water shedding capabilities
of superhydrophobic surfaces has led to their use in a number applications including selfcleaning surfaces,3–5 drag reduction,6 anti-icing7 and oil/water separation8.
Mixed wetting surfaces have been fabricated in a number of ways including soft
lithography,9 plasma treatment,10,11 laser irradiation,12,13 ink patterning,14–16 and electrolyte
jet machining.17Particularly relevant to the current study, Yoo et al. utilized a femtosecond
laser ablation approach on polydimethylsiloxane and polytetrafluoroethylene to produce
superhydrophobic cage structures to confine individual droplets. 18 Surfaces that exhibit
heterogeneous wetting characteristics find both natural and anthropogenic utility. Many
applications arise from the combination of materials with extreme differences in
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wettability. In particular, superhydrophobic surfaces patterned with superhydrophilic
bumps are widespread in nature and have inspired biomimetic designs for controlling
surface wettability. Contrasting surface wetting is attracting increasing attention due to
potential uses in biomedical and industrial applications for water harvesting,19 droplet
manipulation,20,21 diagnostic devices1 and

other micro total analysis systems.22–24

Microfluidic uses involve the precise control of both geometry and position of
liquids.25Examples include the prefilling of micropatterns with aqueous solutions without
using surfactants;26 using a superhydrophilic pattern as surface tension confining fluids
within microchannels;27 high density droplet positioning on a surface;28 creating
spontaneous droplet arrays.12
In the present work, we describe a facile method to produce a large number of
hydrophilic patches on a SH substrate. The laser machining system employs a picosecond
diode-pumped solid-state ultraviolet (UV) laser (355 nm) to remove the SH coating leaving
precisely patterned hydrophilic regions on the glass substrate. Both patch size and shape
can be accurately controlled using G-code programming.29 In this way the sliding angle
and adhesion force of droplets positioned upon the hydrophilic patches can be controlled
and used to sequentially deliver droplets on an inclining substrate. 30,12 Moreover we show
that droplet composition affects the sliding angle and adhesive force. Several different
droplet compositions were explored including (methanol, ethanol, acetonitrile and ethylene
glycol) and the corresponding sliding angles were determined. The adhesion measurements
for the droplet compositions closely follows surface tension trends with all compositions
studied showing reduced adhesion relative to pure water. The sensitivity of the adhesive
force measurements is shown for droplets with concentrations compatible with the coating
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material. As an example application, the microfabricated patches were used to probe the
relationship of sliding angle and droplet composition for lager beer samples. The sliding
angle is shown to be an approximate indicator of ethanol concentration for a variety of beer
samples.
2.2 Experimental
2.2.1 Reagents and Materials
Deionized water and acetonitrile were purchased from Fisher Scientific and other
organic solvents utilized in this study were purchased from various manufacturers: ethanol
(Commercial Alcohols, Brampton, ON); methanol (ACP, Montreal, Quebec); and ethylene
glycol (Anco Chemicals Inc., Maple, ON). All solvents used were analytically pure. Seven
different beer (lager) samples of Canadian, American and European manufacturers were
obtained from a local beer store. The investigated beers included Blonde Lager (Metro
Brands, Toronto, ON), Grolsch (Royal Grolsch Holland, Brouwerijstraat, Postbus,
Netherlands), BudLight (St. Louis, MO), Bavaria 8.6 Extreme 10.5% (Bavaria Brouwerji,
The Netherlands), Molson Canadian (Molson Coors Canada, Etobicoke, ON), Carling
Lager (London, ON), and Stella Artois (Leuven, Belgium). Glass microscope slides (Fisher
Scientific, 76 x 25 x 1.0 mm) were used as the device substrate. Different hydrophobic
materials were explored for patterned surface.
Teflon®AF (DuPontTM) a standard hydrophobic material was used to prepare
hydrophobic surfaces on glass slides. The spin coating condition was applied using the
method previously developed by our research group.31 The cleaned and dried Teflon®AF
coated glass slides were exposed to air plasma using different exposure times (2, 3 and 4
min), 10.15 W discharge power and 350 mTorr pressure. Coated etched glass slides showed
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super hydrophilicity (surface completely wet with water).
Another standard hydrophobic material PDMS sample was prepared by mixing
10:1 mixture (by weight) of the silicone elastomer base and the curing agent (Sylgard 184,
Dow Corning). The PDMS was placed in vacuum desiccators for degassing. It was spin
coated on glass slide with a Laurell WS-650 spin coater (North Wales, PA, USA) using
6000 rpm for 4 min. PDMS coated glass slides were cured at 100°C for 12 hours. The
prepared surfaces showed hydrophobicity (WCA-111.2±3.2°). The cleaned and dry PDMS
coated slides were exposed to air plasma with 10.15 W discharge power, 350 mTorr
pressure and various etching times (2, 3 and 4 min).
2.2.2 Fabrication of Superhydrophobic Surface
To generate a SH surface (WCA>150o), Ultra-Ever Dry® was obtained from
Hazmasters (Ottawa, Canada) and applied to glass substrates as per Ultra Tech
International, Inc. (manufacturer) specifications. The commercial product is a two-part
coating comprised of a base coat (adhesive) and a top coat (fluorinated silica nanoparticles
(FSNPs)).31
2.2.3 Surface Tension, Contact and Sliding Angle Measurements
TensioCAD-M (CAD instrument, N serie-132, France) Tensiometer was used to
measure surface tension. All contact angle and sliding angle images/videos were captured
using a USB microscope equipped with a camera (Veho X400, VMS-004D), and ImageJ
software equipped with the DropSnake add on. Pinning and dewetting behavior of droplets
was carried out with the substrate material mounted on a manually operated z-stage. Sliding
angles were measured experimentally by placing a droplet on the hydrophilic patch and
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slowly raising the glass substrate. The point at which the droplet disengages from the SET
(and thus slides off the surface) was considered the sliding angle. After doing a SA test for
each beer hydrophilic patches were washed with water and the slide placed inside the petri
dish containing water to prevent matrix fouling on the patches.
2.2.4 Fabrication of Hydrophilic Patches on Superhydrophobic Surface
Laser ablated hydrophilic patches were fabricated using a method previously
developed by our research group.29 Briefly, a SH substrate is fixed on the stage of an
Oxford Lasers A Series/ Compact Laser Micromachining System that employs diodepumped solid-state laser, 355 nm, 400 Hz, 6 ps pulse. G-code programming and Cimita
software are utilized to mill circular hydrophilic SETs having different diameter (250, 500,
750, and 1000 m) on the UED-coated glass slides. The SH substrate is fixed onto the x/y
stage using adhesive tape to avoid unnecessary movement while the stage is in motion.
Once the substrate is fixed and focused using the on-screen optical image, the milling
process can be initiated. Different milling parameters such as power, speed and pitch, were
explored29 and an optimized protocol (15% power ≈ 44 mW - 46 mW, a 1 mm/sec writing
speed, and 10 μm pitch) was used. Complete ablation of the SH coating could be
monitored/ensured by removing the coating from the glass substrate after milling and
determining where the underlying substrate had been removed through milling.
2.2.5 Characterization of Patterned Material
Surface morphology and the milled pattern fidelity was inspected with scanning
electron microscopy. SEM analysis was performed with a Quanta MLA 650 FEG ESEM,
where samples were analyzed under low vacuum without the use of a conductive coating.
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2.3 Results and Discussion
2.3.1 Stability of the Patterned Surfaces
Adhesion stability of the SET is required for pinning and dewetting the liquid from
SETs. To study the stability of the SETs after plasma treatment, the samples (Teflon AF
and PDMS) were stored in air. The contact angles were measured as a function of storage
time. Figure 2.1 (A) and (B) shows the effect of storage time as the function of wettability
change in the standard hydrophobic materials (Teflon®AF and PDMS). Hydrophobicity
was regenerated after certain time.
Due to the change in wettability over time, both hydrophobic materials were not suitable
for the control of adhesion of droplets on the surface.
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Figure 2.1. Changes in the contact angles as a function of storage time of plasma etched
slides, (A) Teflon AF coated (B) PDMS coated.

2.3.2 Differential Wetting
A planar surface that exhibits heterogeneous wetting characteristics can be
fabricated in a variety of ways. In general, surface energy traps (SETs) are patterned on
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nonwetting (super-hydrophobic) surfaces by creating wetting (hydrophilic) patches. When
immersed and removed from an aqueous liquid the patches wet through a discontinuous
dewetting mechanism. The size of the hydrophilic SETs can be adjusted to alter the volume
of liquid wetting the patch or modified to change the adhesive force on a droplet. Figure
2.2 (A) shows a scanning electron microscope image of the fluorinated silica nanoparticlebased coating on a glass slide. The two-part FSNP coating yields surfaces with WCA >
150o. Figure 2.2 (B) depicts a 10 L droplet placed on a level FSNP surface. The average
contact and sliding angle were found to be 154.3o ± 1.5o (n=5) and 1.8o ± 0.3o (n=5)
respectively on the FSNP areas without laser treatment (Cassie-Baxter state). Figure 2.2
(C) shows a 500 m SET produced using the optimized laser micro machining parameters.
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Figure 2.2. Scanning electron micrographs of (A) hierarchical structure of the FSNP
superhydrophobic surface coating utilized in this study and panel (B) is a photograph of a 15
L water droplet deposited on the FSNP surface exhibiting a 154.3°± 1.5° WCA. Panel (C)
shows a laser-ablated 500 m (diameter) hydrophilic SET on a superhydrophobic coated
glass substrate with laser pitch 10 m and speed 1 mm/sec. Panel (D) is photograph of a 15
L water droplet adhering to a 500 m hydrophilic patch tilted at 25°. Scale bars: (A) 1 m
(C) 300 m.

The wettability of superhydrophobic surface was tested by 10 L droplets at five
different positions on the slide. The average contact and sliding angles were found to be
154.3 ± 1.5 and 1.8 ± 0.3 respectively on the area without laser treatment, indicating
successful coating and significant water repellency [Figure 2.2 (C)].
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2.3.3 Hydrophilic Patches with Controllable Adhesion
To analyze how the nature of the patch and the liquid composition affect the overall
droplet adhesion, circular hydrophilic patches with various diameter (250 m, 500 m, 750
m and 1000 m) were milled in SH surfaces. Figure 2.2 (B) and (D) show a comparison
of a water droplet on the SH substrate compared to a droplet resting on a hydrophilic patch
with 25 degree tilted. In this case the sliding angle increases from 1.8o for the SH coating
to higher for the hydrophilic patch. This increase in sliding angle is directly related to the
local hydrophobicity/philicity and indicates that the laser ablation has removed the SH
coating,
In order to probe how patch diameter affects overall droplet adhesion, four
different patch diameters (250 m, 500 m, 750 m and 1000 m) were used for the sliding
angle test. Figure 2.3 (B) shows the measured SAs of different volume water droplets (20
L, 50 L, 75 L and 100 L) on the different sized hydrophilic patches, which indicate
that adhesive force on hydrophilic patches is controlled by patches diameter.
Five solvents (water, acetonitrile, ethanol, methanol and ethylene glycol) with
different concentrations were selected for the sliding angle test to compare the adhesive
force. When a droplet rests on a laser ablated area the overall adhesion force (pinning force)
can be calculated using the following equation14: See reference for complete derivation.
Foverall = FHD-adh + Fs-adh = [WdotγLV (cosθRHD – cosθASU)] + [(Wdroplet -Wdot) γLV (cosθRSU –
cosθASU)]

(2.1)

Where FHD-adh is the adhesion force on hydrophilic patches and Fs-adh is the adhesion force
on superhydrophobic surface. Wdot is the diameter of the milled hydrophilic patch, θRHD is
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the receding contact angle of hydrophilic dot, θASU and θRSU are the advancing and receding
contact angles on SH surface, γLV is the liquid surface tension and Wdroplet is the overall
droplet substrate interface. Experimentally, it has been found that Fs-adh has minimum
contribution on Foverall as (cosθRSU – cosθASU) is very low on the SH surfaces.
On the basis of equation 2.1, different sliding angles of a droplet can be realized by both
adjusting the diameter of the milled hydrophilic patch (Wdot) and modifying surface tension
(γLV) of the droplet.

Figure 2.3. Experimental sliding angles as a function of volume (A) and the patch diameter
(B) for various water droplet volume.

Four different patch diameters (250 m, 500 m, 750 m and 1000 m) were tested
for sliding angle when a 20 L water droplet to probe how patch diameter affects overall
droplet adhesion. The plate was slowly tilted until the droplet slid off sequentially, and the
sliding angle was measured using a goniometer. The sliding angle measurements of each
were determined, and adhesion force was calculated. Alternatively, different droplet
volumes can be placed on the same patch diameters and sliding angles determined. Figure
2.3 (A) shows the measured SAs of different droplet volumes on the hydrophilic patches
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with different diameter. As one would expect, a larger volume droplet disengages from the
patch and slides from the substrate at a relatively smaller angle. The most significant sliding
angle change with patch diameter occurs for a 20 L volume droplet in sliding using the
patch diameters tested. As droplet size is increased the difference in angle with different
patch diminishes until little to no change is observed for >100 L. At larger droplet volume
a larger portion of the droplet rests on the SH surface. This generates more contact with
the SH material relative to the hydrophilic patch. At some point the adhesion between the
droplet and the surface becomes large enough so that the droplet no longer disengages from
the substrate even when it is completely inverted. For the system studied this occurs for
droplets of less than 20 L volume on a 1000 m patch.
Sliding angle/droplet volume measurements are important to determine the
preferred dimensions to resolve small adhesive force differences. A patch that is too large
prevents a droplet from disengaging at any angle, while too large a droplet limits the ability
to discern between differences in adhesion.
Sliding angle (θ) measurements were conducted and adhesion force (F) was
calculated using the following equation:
𝐹 = 𝑚𝑔𝑠𝑖𝑛θ……………………………………………………. (2.2)
Where: m is mass of the droplet and g is acceleration due to gravity.
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Figure 2.4. Calculated adhesion forces from sliding angle measurements of water droplets
with increasing volume on a 500 m patch.

With droplet volumes ˂ 10 L, complete inversion of the substrate can occur without
droplet disengagement. The relatively small difference in adhesive force with droplet
volume (Figure 2.4) suggests the minimal contribution of the portion of the droplet
contacting the SH surface to the overall adhesion force.
2.3.4 Effect of Solvent Composition on Patch/Droplet Adhesion
A previous study showed that the adhesion force that restricts droplets from sliding
off a patch was a function of the patch diameter.12 For the same patch size and droplet
volume, it is clear from equation 2.1 that overall adhesion force (F overall) is influenced by
the surface tension of the liquid droplet. The surface tension of a liquid depends upon the
relative amounts and surface tension of its constiuents. 32,33,34 Figure 2.5A shows the
variation of liquid surface tension with the addition of different organic solvents where the
surface tension value at zero volume percent is the surface tension of pure water. Four
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solvents were chosen based upon their miscibility with water and their different surface
tension. Ethanol in particular was selected for the intended application of monitoring
ethanol content in samples of beer. The addition of ethylene glycol has the smallest effect
on surface tension relative to the other solvents tested. For each of the solvents tested the
largest change in surface tension occurs with 5% modifier composition.

Figure 2.5. The effect of droplet composition on the (A) surface tension and (B) adhesion
force of water/modifier mixture.

According to the equation (2.1) surface tension (γLV) is a significant factor in
droplet adhesion and it appears in the adhesion force calculation in both of the additive
terms [WdotγLV (cosθRHD – cosθASU)] and [(Wdroplet - Wdot) γLV (cosθRSU – cosθASU)]. We
conducted sliding angle/adhesion force measurements of 20 L droplets with different
modifier concentration on 1000 m hydrophilic patches and the results are presented in
Figure 2.5B. One immediately notices that as the concentration of organic solvent
increases, the adhesion force decreases. Furthermore, mimicking the surface tension trends,
the most significant changes associated adhesion force occurs in 0-10%.
The smallest adhesion force change is observed for ethylene glycol, commensurate
with its lowest impact on surface tension when compared to the other modifiers at similar
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concentrations. The adhesive force behavior of ethanol and acetonitrile closely follows the
surface tension properties of the liquid composition. For the same patch size and droplet
volume, surface tension changes in the droplet dictate the relative adhesion force (Figure
2.5B). For ethanol, 50% concentration was limited due to noticeable surface treatment
degradation (manufacturer recommendations suggest the surface coating is limited to
solvents with a surface tension higher than 30 mN/m which excludes ethanolic solutions
of >45%). Two layered coating utilized in this study produces a patch with composite
structure.29 Due to the composite nature of hydrophilic patches, other solvents (ethanol,
methanol, acetonitrile and ethylene glycol) having concentrations above 50% were not
possible.
Adhesion of solvent on patches is also determined by the interaction of solvent with
(super)hydrophobic region surrounding the patches. Any solvent that interacts more
strongly with the (super)hydrophobic region can alter change the relative adhesion force.
For example, ethanol has a lower surface tension than methanol, however at certain
concentrations the adhesion force of ethanol exceeds that of methanol. In these examples
the portion of the droplet interacting with the (super)hydrophobic region contributes to the
overall adhesion force.
2.3.5 Controlling the Adhesion with Surface Tension of the Water/Modifier
Mixture
According to Figure 2.6 there is nearly linear relationship between surface tension
and adhesion force for all types of water/ organic mixture.
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Figure 2.6. Effect of change of surface tension to the adhesion force of different water/organic
mixture: (A) ethylene glycol (B) acetonitrile (C) methanol (D) ethanol

Experimentally, the sliding angle value for 20 L water droplet on SH surface was
found to be 1.8 ± 0.3° and adhesion force calculated was 6.7 ± 1.0 N. The adhesion force
for same size (20 L) water droplet on 1000 µm hydrophilic patch was 165.5 ± 4.1 N.
Superhydrophobic surface has only 4% contribution on total adhesion force for sliding
resistance to the droplet on hydrophilic patch. So, from the equation (2.1) the overall
adhesion force is determined mostly by the term [WdotγLV (cosθRHD – cosθASU)]. Wdot is
constant for particular patch size. The contact angle hysteresis term (cosθ RHD – cosθASU)
was calculated for different solvents with different concentrations and was found to be
nearly constant (Figure 2.7).
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Figure 2.7. Variation of (cosθRHD – cosθASU) with different concentration of organic solvents.

The overall adhesion force (F overall) from the equation (2.1) could therefore be
modeled as the following equation
Foverall = [WdotγLV (cosθRHD – cosθASU)]

(2.3)

Equation 2.3 indicates that sliding resistance of droplet on same size hydrophilic patch is
determined by the surface tension of liquid and (cosθRHD – cosθASU). There is no significant
dependence of (cosθRHD – cosθASU) on different concentration of organic solvents Figure
2.7. So, it has small effect on adhesion force and from equation 2.3 surface tension of liquid
mostly controlling the adhesion on same sized patches. For ethylene glycol, no significant
decrease in surface tension can be observed on increasing the concentration. However, the
rest of the other solvents (acetonitrile, methanol and ethanol) show a significant decrease
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in surface tension on slight increase in concentration Figure 2.5 (A). Nearly same trend of
variation of adhesion force with concentration Figure 2.5 (B) is observed. So, this
demonstrates a good agreement with equation 2.3.
2.3.6 Ethanol Determination in Beers
To test the adhesion of different beers five 1000 m diameter SETs were fabricated
on a SH glass substrate. Sliding angle tests were performed using 20 L droplets using
seven different beers (lager) samples from Canadian, American and European
manufacturers. To attempt to minimize matrix differences, lager beers were chosen as a
beer produced with a “bottom” fermenting yeast. In addition to producing ethanol yeast
produces a number of by products (esters, acetaldehyde, phenols etc.) that influence the
character of the beer and more importantly contribute to matrix differences. Figure 2.8
(black symbols) shows sliding angle measurements of the beer with the highest ethanol
concentration in our study (Bavaria 8.6) which has an ethanol concentration of 10.5%. This
beer sample was diluted with appropriate volumes of DI water to yield solutions of lesser
ethanol concentration. Figure 2.8 shows the variation of sliding angle, with different neat
beers (red symbols), plotted against ethanol percentage. The curve follows a general trend
of higher adhesion force with decreasing ethanol/matrix concentration. Alternatively, we
can examine the sliding angles of beer samples from different manufacturers that are
labelled to possess different ethanol concentrations. Similarly, one can observe a general
trend that sliding angle increases with reduced alcohol content of the beer. One product in
particular “Grolsch” (ABV< 0.5%) does follow the trend of ethanol concentration. Beer
contains a number of different compounds (matrix) besides ethanol and water. 35 Some
contributions to adhesion can therefore be expected from the matrix. Although one could
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perform a more comprehensive analysis of the beer sample this was not attempted.

Figure 2.8. Sliding angle of seven different domestic and international lager beers with
reported alcohol content (red circle) and strong beer diluted to various ethanol percent (black
circle).

2.3.7 Surface Tension Experiment
Experiments were performed to examine the effect of surface tension on adhesion
force. TensioCAD-M (CAD instrument, N serie-132, France) Tensiometer was used to
measure surface tension. This instrument employs the Wilhelmy plate method.36 A vertical
plate of known perimeter was attached to the balance, and force due to wetting was
measured. The software used directly calculate surface tension. Table 2.1 shows the surface
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tension value of different beer samples and adhesion force measured using 20 L droplet
on 1000 m hydrophilic patches.
Table 2.1. Beer samples used for sliding angle measurements listed with reported alcohol by
volume, surface tension and adhesion force. Both surface tension and adhesion force were
experimentally determined.

Beer Sample

Alcohol by Volume (%)

Surface tension
(mN/m)

Adhesion Force
(N)

Blonde Lager

0.5

48.78 ± 2.31

138.1 ± 5.5

Grolsch

0.5

48.73 ± 2.11

120.9 ± 4.1

Budlight

4.0

45.80 ± 1.38

120.8 ± 4.6

Carling Lager

4.9

46.68 ± 2.06

113.3 ± 5.6

Molson Canadian

5.0

45.95 ± 1.66

119.2 ± 3.8

Bavaria 8.6

10.5

44.73 ± 1.87

102.6 ± 4.2

Stella Artois

5.0

44.25 ± 2.13

109.4 ± 3.6

Interestingly for some beers, there is no correlation between surface tension and adhesion
force most likely due to matrix effects.
2.4 Conclusion
In summary, circular hydrophilic patches on the SH surface were constructed by
laser micromachining, which is facile, environmentally friendly, direct and cost effective.
By regulating the size of the hydrophilic patches, the adhesion force on droplets can be
controlled. Sliding resistance of hydrophilic patches on droplet with different concentration
of organic with water has been examined. It has been found that adhesion force goes on
72

decreasing with increasing percentage of various organic solvent in water. The most
significant changes associated with sliding angle occur in the 0-10% range for all organic
solvents. Ethanol concentrations greater than 30% are not possible with this type of coating
due to surface degradation. For ethylene glycol, there is no significant decrease in adhesion
force on increasing the concentration. Adhesion of droplet on hydrophilic patches is mostly
controlled by the surface tension of the liquid droplet.
Beers having different percentage of ethanol show different adhesion on laser
ablated hydrophilic patches. Sliding angle continues to decrease with increasing ethanol
concentration. Due to matrix effects some beers do not show the usual trend which was
found in ethanol water mixture.
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Chapter 3
Magnetic Bead - Based Fractionation of Analytes Using 3D- Printed
Microfluidic Chip.
3.1 Introduction
Digital microfluidics (DMF) lab-on-a-chip (LOC) technology has developed as a
promising liquid handling platform for many applications. DMF is based upon the
manipulation of discrete and independently controllable liquid droplets, which provides a
solution for many problems in chemical and biological analysis, especially in field or point
- of - care testing. Many different mechanisms including electrowetting on dielectric
(EWOD),1 magnetic actuation2,3 and surface acoustic waves4, have been employed for the
droplet manipulation.
Sample preparation is a major challenge in many biological analysis protocols.
Clean-up, pre-concentration, and fractionation of samples are time consuming steps in
analytical procedures. Solid phase extraction (SPE) is a sample preparation technique in
which analytes partition between two phases: a liquid solvent and a solid sorbent.5 SPE is
the most frequently used procedure for clean - up,6 extraction, class fractionation,7 and preconcentration of trace pollutants from environmental, 8 clinical,9 biological, food and
beverage samples.10,11 The combination of functionalized super paramagnetic particles
(PMPs) with magnetic separation techniques has received considerable attention in recent
years. The use of magnetic particles is growing, especially in bio-applications due to large
specific surface area for chemical binding and the ability to manipulate using magnetic
fields.12 Droplet movement by magnetic actuation of suspended particles can be achieved
with an external permanent magnet.13 Many conventional methods used for sample
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preparation require a large number of steps and are time-consuming. These steps can
include substrate binding, washes, liquid transfers, and/or dilutions. The time-intensive
nature of these steps can result in sample loss and/or degradation.14 Employing magnetic
forces, the PMPs-bound analytes can be isolated and purified via a bind, wash, and elute
protocol.15 In tube-based PMPs isolation protocols, the sample mixture, buffer and PMPs
are incubated in a microtube. Following PMPs-analyte binding, an external magnet collects
the PMPs-bound analyte against the side of the tube and the supernatant is removed by
pipette. The collected PMPs-bound analyte is then washed several times by adding wash
buffer, mixing via pipette or vortexing, re-collecting the PMPs, then removing the wash
buffer. After washing, an elution buffer is often added, facilitating desorption of target
analyte from the PMPs. Several alternative techniques called exclusion-based sample
preparation (ESP) have been developed, that enable faster analysis time and the reduction
of sample loss during analysis.16,17 In ESP, PMPs are taken from the sample rather than
removing sample from the analyte bound PMPs. Sample droplets need to be pinned on the
surface to remove PMPs from sample.
Various methods of droplet pinning have been described in the literature, i.e.
hydrophilic patches, confined chambers, surface topography. Zhang et al.18 presented a
surface energy trap (SETs) – based platform that enabled a full range of magnetic
manipulations using a permanent magnet. SETs are an area of high surface energy on the
glass substrate coated with a low surface energy Teflon film to facilitate droplet
manipulation. Shikida et al.19 have developed confined chambers to physically retain the
droplets/reagents while magnetic particles are transferred from one chamber to another.
Zhang et al.20 have demonstrated surface assisted droplet manipulation by introducing
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elevated surface microstructure to extract magnetic beads from the droplet. In this work,
we have developed surface energy traps (SETs)-based magnetic droplet manipulation
platform on a chip that enables both droplet confinement and PMPs extraction. The surface
was coated using a commercial hydrophobic coating (Never Wet

TM

). A semi-transparent

top plate was prepared by coating a glass slide with Never Wet TM. The top plate provides
the actuation surface for PMPs from one droplet to another. The commercial carboxylic
acid (-COOH) functionalized PMPs, that possess an iron oxide core with a silica
surrounding layer were employed to adsorb protein based upon the protein’s residual
charge. Using a combination of magnetic force and SETs it was possible to fractionate two
proteins (cytochrome c and lysozyme) on a chip. Moreover, we utilised this method to
fractionate peptide mixture produced by the tryptic digestion of the protein lysozyme.
Different parameters such as droplet volume, mass of magnetic beads, time for mixing and
SETs

dimensions

were

explored

to

improve

the

efficiency

of

analyte

fractionation/recovery.
3.2 Experimental
3.2.1 Reagent and Materials
Two-model proteins cytochrome c from equine heart and lysozyme from chicken
egg white were obtained from Sigma-Aldrich (St. Louis, MO, USA) for the on-chip
fractionation. Solutions were buffered to pH 5, pH 7 and pH 10 using sodium phosphate
(Sigma) and sodium hydroxide (Sigma). For the on-chip fractionation of a tryptic digest of
lysozyme, trypsin (sequencing grade, 5 x 20 µg, catalog number V5113) were obtained
from Promega (Madison, WI, USA).
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Silica coated iron oxide paramagnetic particles with carboxylic acid functionality
(BcMagTM 1 µm, catalog number FN-101) were purchased from Bioclone Inc. (San Diego,
CA, USA). HPLC grade acetonitrile was obtained from Fisher Scientific (Ottawa, Ontario).
Trifluoro acetic acid was obtained from Sigma- Aldrich (Oakville, Ontario). The PMPs are
initially suspended in ethanol and were prepared for use by initial centrifugation followed
by removal of ethanol. An equivalent amount of water was added as a wash to the original
concentration of 50 mg mL-1. For PMPs extraction, rare earth magnets (K&J Magnetics,
Inc., PA) of dimension (8x8 mm) and magnetic strength of 1.8 kG were used. A gaussmeter
was utilized to measure the magnet strength (Model 410, LakeShore Cryotronics Inc.,
Westerville, OH).
3.2.2 Chip Design and 3D Printing
All microfluidic chips were designed in Solid Edge9, a computer aided design
program and printed using a Felix 3.0 (FELIXPrinters, IJsselstein, Netherland) 3D printer
with polylactic acid (PLA) as a material. Several prototypes were fabricated to refine the
PMPs extraction. The designed chip consists of 6x2 arrays of four pillars structure to
confine the droplets. The pillars allow for x and y translation and provide a trap to promote
the magnetic particle extraction. The smallest pillar shape of consistent size was 1.8 mm
diameter and 2 mm height. The smallest possible distance between the adjacent pillars was
1.5 mm (Figure 3.1). The chip was designed to enable a cover plate (76 × 102 mm glass
slide coated with Never Wet TM) to be placed on to the top of the 3-D printed substrate.
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3.2.3 Surface Preparation and Characterization
In the present work, Never WetTM (Rust Oleum Corporation, Canada) a commercial
coating was used to make a hydrophobic surface. It is a two-part coating comprised of a
base coat (adhesive) and a topcoat. An aerosol spray method was used for surface coating.
Base coat was shaken vigorously until the mixing ball begins to rattle in the bottle.
Following, the mixed base coat was sprayed approximately six inches from the surface
with two light passes (right to left, then up and down), then left thirty minutes for air drying.
Topcoat was mixed by vigorous shaking and sprayed over the base coat with two light
passes and left for two minutes. Two more additional passes were sprayed and left thirty
minutes before use. A cover slide was required for the 3D printed chip to act as a top plate.
The slide was prepared by coating a glass slide (102x76 mm, Ted Pella Inc.). Wettability
of the prepared surfaces was tested with contact angle measurements using a Data Physics
OCA 15Pro goniometer. The Never WetTM coated glass was found to be hydrophobic
(WCA=145º ± 2º). Contact angles on Never Wet

TM

coated PLA surfaces were also

measured for phosphate buffer with different sodium chloride concentration. X-ray
photoelectron spectroscopy (XPS) was carried out in order to evaluate the chemical
composition of the top coating. The XPS method and results are included in appendix.
3.2.4 Fractionation on Chip
Overall fractionation was performed on chip in six different steps shown
schematically in Figure 3.1. Droplets including suspended PMPs, preconditioning buffer,
wash buffer, analyte mixture and elution buffer were pipetted onto the different SETs on a
chip as shown in the Figure 3.1(A). Cytochrome c was used as a model protein for
extraction using PMPs. The minimum droplet volume for successful extraction of 500 µg
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of PMPs was determined to be 25 µL. Different buffer solutions were prepared by changing
sodium chloride concentration (100 mM, 200 mM, 300 mM, 400 mM, 800 mM, 1 M and
2 M) in phosphate buffer. Several buffer solutions with different pH (pH-5, pH-7 and pH10) were explored to optimize the extraction conditions. A permanent magnet was used to
transport PMPs from one droplet to another via the hydrophobic surface of the top plate.
The PMPs were activated with preconditioning buffer (1 M NaCl in phosphate buffer) and
washed with washing buffer (20 mM NaCl). Extractions then proceeded with sample
loading and incubation. To remove any carryover analyte, PMPs were rinsed with washing
buffer for 30 sec. Analyte loaded PMPs were then mixed with different elution buffer
droplets with increasing sodium chloride concentration. The entire fractionation process
was completed in ~ 4.5 min. Then, the top plate was removed and droplets of each elution
buffer were analyzed. Tube-based fractionation was also performed according to the
protocol provided by Bioclone Inc.21 and used for comparison with on chip fractionation.

84

Figure 3.1. (A) Schematic diagram illustrating the process for fractionation of proteins onchip (B) Schematic showing interaction of analyte with WCX magnetic particles in ionic
strength gradient (left) and interaction of analytes cytochrome c and lysozyme with WCX
magnetic particles. Increased ionic strength (µ) causes analytes to be eluted due to increased
competition for exchange sites.

3.2.5 High Performance Liquid Chromatography (HPLC-UV) Analysis
All eluted droplets were analyzed using HPLC-UV system (Agilent-1100). The
analytical column used was a reversed-phased XBridge C18 (75×4.6 mm, i.d. 3.5 µm;
Waters, Ireland). The following LC solvent program was used: (1 mL/min) 0-2 min, 20%
ACN; 2-10 min, linear gradient from 20-50% ACN; 10-15 min 50% ACN; 15 to 17 min,
linear gradient from 50-20%; and finally, 17-20 min 20% ACN. Sample injection volume
was 5 µL and detector wavelength of 220 nm.

85

3.2.6 In-solution Tryptic Digestion of Lysozyme
In solution tryptic digestion of lysozyme was performed according to procedures
provided by Thermo Scientific.22 Sequencing grade modified trypsin, frozen (Promega,
WI, USA) was used for the digestion procedure. Trypsin solution was prepared in a
resuspension buffer (50 mM acetic acid). Trypsin specifically hydrolyzes peptide bonds at
carboxyl side of lysine and arginine residues. Different peptide fragments were observed
in the tryptic digest by recording MALDI – TOF MS.
3.2.7 Fractionation of Tryptic Digest of Lysozyme
Tryptic digest of lysozyme was loaded and extracted on a 3D-printed chip using
weak cation exchange (WCX) PMPs as described above. Five elution buffers with different
sodium chloride concentration (50 mM, 100 mM, 200 mM, 300 mM and 400 mM) were
used. All fractions were collected and individually analyzed for peptide fragments via
MALDI-TOF MS and ESI-MS/MS.
3.2.8 Matrix-assisted Laser Desorption Ionization, Time-of-flight Mass
Spectrometry (MALDI-TOF MS)
A saturated matrix solution was prepared by partially dissolving 5 mg of α-Cyano4-hydroxycinnamic acid in 400 µL of a 50% water/50% acetonitrile solvent. The
digest/matrix solutions were prepared by combining a 1:1 (v/v) ratio of digest and matrix
solutions. Several 1 µL drops were placed on a standard, ground steel MALDI plate.
Analysis of tryptic digestion mixture of lysozyme was performed using an Autoflex Speed
MALDI-TOF MS (Bruker). The instrument was operated in reflector mode with a mass
range of 900-4500 Daltons and 80% laser intensity. The software used to analyze the
instrument data was Flex analysis 3.4.
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3.2.9 Nano LC-LTQ Orbitrap Mass Spectrometry
Samples were analyzed using Orbitrap Velos Pro (Thermo Scientific, Bremen,
Germany) mass spectrometer coupled to a nano-LC system and nano-ESI source (Thermo
Fischer Scientific, Bremen, Germany). A 10 µL aliquot of the mixture (tryptic digest) were
injected by the autosampler onto the trap column C18, 2 cm×100 µm i.d.:5 µm (Thermo
Fisher Scientific, Bremen, Germany). Peptide separation was carried out on a C18
analytical column (10 cm×75 µm i.d., 5 µm, Thermo Fisher Scientific, Bremen, Germany)
using the following solvent system: Eluent A was aqueous formic acid (0.1%, v/v) and
eluent B HPLC grade ACN with formic acid (0.1%, v/v). For lysozyme digest a linear
gradient from 5% to 50% B (75 min), followed by a gradient to 100% B (25 min) and then
keep 100% B over 8 min with a flow rate 20 µL/min. The HPLC was directly coupled to a
nano-electrosparay ionization source (New Objective, Berlin, Germany). An LTQOrbitrap Velos Pro mass spectrometer (Thermo Scientific, Bremen, Germany) was
operated in positive ionization mode. The transfer capillary temperature was set to 270 °C.
An ion spray voltage of 2.0 kV was applied to a PicoTip™ on-line nano-ESI emitter (New
Objective, Berlin, Germany). MS scans were performed in the FT cell recording a window
between 300 to 2000 m/z. The Orbitrap resolution was set to 60,000.
3.3 Results and discussion
3.3.1 Protein extraction
Tube-based PMPs isolation techniques are time consuming and susceptible to
potential sample loss as they involve several washings, pipetting and mixing steps.
Magnetic particles are useful in a wide range of heterogeneous applications since they
possess high surface area. In this work, we use 1 µm diameter weak cation exchange
87

(WCX) magnetic particles to carry out sample fractionation, in which (1) a droplet with
beads is dispensed in the SET, (2) the carboxylic acid functionalized (COOH) beads are
preconditioned with appropriate buffer, (3) the beads are washed with washing buffer, (4)
analyte mixture is loaded and incubated on the beads, (5) the beads are again washed, and
(6) the analyte (s) are eluted from the beads. A 3D-printed microfluidic chip was developed
for the extraction of cytochrome c at variable pH and ionic strength. Two different mixing
times (30 secs and 60 sec) were explored for extraction (Figure 3.2). Then, fractionation
efficiency of the on-chip method and tube-based method was compared. Different elution
buffers were explored with increasing sodium chloride concentrations (100 mM, 200 mM,
400 mM, 800 mM, 1 M and 2 M). However, none of the protein was eluted at
concentrations lower than 800 mM NaCl. Area under the curve (AUC) of chromatograms
was used to compare the relative amount of analyte present in the droplet. Some fractions
didn’t have a detectable peak in the HPLC-UV traces during analysis and these were
considered to contain no proteins (i.e. zero area under the curve). Both methods showed
the majority of the analyte is eluted at buffers with high sodium chloride concentration.
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Figure 3.2. Comparison of area under the curve of original analyte (cytochrome c) solution,
supernatant, 1 M and 2 M sodium chloride buffers.

As we can see from Figure 3.3(A) majority of cytochrome c is eluted at buffer (pH7) with 2 M NaCl solution. In Figure 3.3(A) the area under the curve (AUC) represents the
relative amount of analyte present in the droplet originally, remaining after extraction with
WCX (for supernatant), and the relative amount after eluting with 1 M and 2 M sodium
chloride elution buffers. Variation of sodium chloride concentration will change the ionic
strength of the solution and cause the analytes to be selectively desorbed from the PMPs.
Percent adsorption in the Figure 3.3(B) represents percentage of analyte adsorbed to the
PMPs as compared to the amount of analyte in the original solution. Similarly, percentage
recovery represents the percentage of analyte eluted in both droplets (1 M and 2 M sodium
chloride elution buffers) as compared to the amount of analyte in the original solution.
Both better adsorption and percent recovery for cytochrome c is found with an elution
buffer at pH-7 and 2 M sodium chloride concentration. Lysozyme was also extracted using
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a chip with phosphate buffer at pH-7 and different sodium chloride concentrations. Better
recovery is found to be with an elution buffer of 1 M sodium chloride concentration (Figure
3.4).

Figure 3.3. (A) Comparison of area under the curve of original analyte (cytochrome c)
solution, supernatant, 1 M and 2 M NaCl elution buffer at pH-5, pH-7 and pH-10 on-chip (B)
change of adsorption and recovery percentage as a function of varying pH.

3.3.2 Fractionation of Protein Mixture
Fractionation is an important separation technique when many analytes of interest
are present in a mixture. By selectively/ sequentially desorbing each analyte from the
stationary phase, analytes can be collected in separate fractions for individual analysis. An
aqueous mixture of cytochrome c and lysozyme (15 µg of each in the solutions) was loaded
and extracted via a 3D-printed chip (picture in appendix, B-11) using WCX beads as
described above. The first elution step was performed with an 800 mM sodium chloride
solution followed by 1 M and 2 M sodium chloride solution. The three eluted fractions
were collected and individually analyzed for cytochrome c and lysozyme via HPLC-UV.
For comparison of recovery percentage, the area under the curve of chromatograms for
each fraction is calculated.
90

Most of the proteins bear total non-zero electrostatic charges at all pHs except at
pH=pI (isoeletric point). At a pH>pI of a given protein, that protein becomes negatively
charged (an anion), while at the pH<pI of that same protein, it becomes positively charged
(a cation). Ion exchange-based fractionation occurs due to both electrostatic attractions
between charged protein/peptides dissolved in buffer to the oppositely charged binding site
on a solid ion exchange adsorbent. WCX beads have carboxylic acid functionality (pKa~5)
on their surface. WCX beads bear net negative charge at pH above 5 and may provide
binding sites for cations. During the application of the protein mixture onto the ion
exchange adsorbent, proteins adsorb from the solution to the oppositely charged ionexchange adsorbent by displacing buffer cations. The adsorption is reversible analyte/
buffer cations are in continuous competition for binding sites. In low ionic strength buffers,
the concentration of competing buffer ions is low, and proteins spend most of their time
adsorbed to binding sites on the solid ion exchange adsorbent. Addition of salt (increased
ionic strength) increases the number of ions competing with proteins for acid functional
groups (COO-) on the solid adsorbent. Thus, adsorbed proteins can be selectively desorbed
by elution with a salt gradient (ionic strength) and/or pH change.
Increasing the pH of the solution can be expected to decrease the positive charge
of the adsorbed proteins, thus decreasing the electrostatic attraction to the solid adsorbent
and accelerating the elution. In this case, both proteins have net positive charge at neutral
pH (pH-7), since isoelectric point of each protein cytochrome c23 is 10.5 and lysozyme24 is
10.7. WCX beads bear net negative charge at pH-7 and facilitate the electrostatic attraction
with positively charged proteins. To investigate the optimal pH for elution, buffers with
different pHs (pH-5, pH-7 and pH-10) were used. Neutral pH (pH-7) is found to be
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preferred for cytochrome c recovery (Figure 3.3B). The best elution solvent for cytochrome
c is found to be 2 M NaCl solution (Figure 3.3B) and for lysozyme is 1 M NaCl solution
(Figure 3.4) since high salt concentration increases the number of ions competing with
protein for acid functional groups on the solid adsorbent and accelerates elution.

Figure 3.4. Area under the curve of lysozyme in different droplets after extraction.

Tube-based fractionation was also performed using the same PMPs (BcMag™
WCX magnetic beads) using the protocol provided by Bioclone Inc. (San Diego, CA,
USA). The fractionation of a protein mixture using both methods (on-chip and tube-based)
is shown in Figure 3.5. On-chip fractionation was largely successful with little co-elution
approximately 20% at most. (e.g. in Figure 3.5 (B) at 2 M NaCl as elution solvent, AUC
for lysozyme was 229.13 and for cytochrome c was 46.97. AUC of cytochrome is 20.4%
of AUC of lysozyme).
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Figure 3.5. Area under the curve showing the fractionation of a protein mixture using (A)
tube-based and (B) on-chip methods

Mixing of PMPs and analyte is important step in the extraction process. Mixing
enhances the collision between PMPs and analyte. Vigorous mixing increases the
interaction between analytes in solution and solid adsorbent of magnetic beads. That
increases the amount of analyte adsorption and desorption from PMPs resulting higher
recovery of analytes. The tube-based method has higher recovery percentage (10-12%)
than the on-chip method (Figure 3.6) as previous method has vigorous mixing (vortexing)
as compared to later. Two mixing times (30 secs and 60 sec) were explored for on-chip
method and no significant change in percent recovery is found.
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Figure 3.6. Comparison of percentage recovery of analytes (cytochrome c and lysozyme)
using tube-based and on-chip methods.

The on-chip method is better in terms of analysis time and sample consumption
than the tube-based method (Table 3.1). Using this on-chip method, it was possible to
reduce experimental time by factor of 6. As we can see from Table 3.1, the on-chip method
consumes only 12.5% of the reagent volume as compared to the tube-based method. This
method offers the ability to perform analysis with very limited quantity of samples and
make bioanalysis feasible in unspecialized point-of-care centers. Moreover, the on-chip
method has a positive impact on the environment and allows a high level of automation in
the measurement. This method can be potentially used with even smaller amount of sample
by decreasing the size of SETs. This also helps to reduce the amount of PMPs used and
reduces experimental costs.
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Table 3.1. Comparison of on-chip and tube-based method.

Time (minutes)
PMPs amount (mg)
Reagent volume (µL)
% Recovery

On-chip method
4.5
0.5
25
53.7±1.9

Tube-based method
27
1
200
63.2±1.8

3.3.3 On-chip Fractionation of Tryptic Digest of Lysozyme
Lysozyme is a protein with molecular mass of 14304 Da and 129 amino acid
residues.25 Eight cysteine residues in this protein form four S-S linkages. Tryptic digestion
of lysozyme was performed according to the procedure given in the instruction manual
published by Thermo Scientific.22 Trypsin hydrolyzes peptide bonds at the carboxyl side
of lysine and arginine residues. Theoretically, tryptic digestion of this protein can produce
fourteen peptides. The tryptic digest of lysozyme was loaded and extracted on a 3D-printed
chip using 500 µg of weak cation exchange (WCX) PMPs as described above. Five elution
buffers with different sodium chloride concentrations (50 mM, 100 mM, 200 mM, 300 mM
and 400 mM) were used in an attempt to fractionate the peptide mixture. To investigate the
peptides, present in digestion mixture of lysozyme, MALDI-MS was first performed
(conditions were described above). The MALDI spectrum of the digestion mixture of 70
pmol of lysozyme showed six peptide fragments (Figure 3.7). The same digestion mixture
and all of the elution fractions were collected and individually analyzed via ESI-MS/MS
to yield more precise peptide molecular weight information obtained from digestion
mixture.
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Figure 3.7. MALDI-TOF-MS spectrum of tryptic digestion mixture of lysozyme.

3.3.4 Data interpretation
Fragment ion data were interpreted using Mascot (Matrix Science) web version.
Orbitrap-generated MS/MS data were converted to an. mfg (Matrix Generated File) format.
For all experiments, a precursor ion mass tolerance of 0.5 ppm was used. One missed
cleavage site for trypsin were allowed. Carbamidomethyl at cysteine residues was set as a
fixed modification and oxidation of methionine and cation: Na as variable modification. In
digestion mixture, six different peptides were matched with lysozyme having a Mascot
peptide score greater than 22. All the peptides present in the digestion mixture are
selectively fractionated using three phosphate buffers with sodium chloride concentration
of 50 mM, 100 mM and 200 mM. None of the peptides were found in buffer with sodium
chloride concentration 300 mM and 400 mM. Three peptides (m/z-437.7151, m/z877.4238, m/z-663.3209) were eluted in 50 mM sodium chloride buffer. Peptides (m/z714.8333, m/z-838.9011, m/z-1055.5016) were eluted in buffer with sodium chloride
concentration 100 mM and two peptides (m/z-523.2777, m/z-1255.1028) were found in the
elution buffer with 200 mM sodium chloride concentration. Two peptides with m/z1055.5016 and m/z-1255.1028 were observed as mis-cleaved peptides. All charge states
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were verified by comparing with predicted fragments. Some of the eluted peptides with
their extracted ion chromatogram (XIC) and mass spectra are shown in Figure 3.8.

Figure 3.8. Extracted ion chromatograms (XIC) and mass spectra (inset) of some of the
peptides eluted in elution buffers with different sodium chloride concentrations, (A) 50 mM
(B) 100 mM and (C) 200 mM.
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3.4 Conclusion
We have demonstrated a new format for the fractionation of analytes mixture using
3D printed microfluidics chip and functionalized magnetic particles. The new method
enables one to explore the pH and ionic strength gradient for the selective extraction of
protein and peptides. Using this method, we were able to fractionate the protein mixture
successfully with co-elution (<20%) and the complex proteolytic digestion mixture. Due
to the limitation of surface compatibility of NeverwetTM with organic solvents, we are only
able to work with aqueous droplets for fractionation. With a coating compatible with
different organic solvents, we propose this technique will form the basis for the
fractionation of complex biological and clinical samples.
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Chapter 4
Magnetic Bead-Based Fractionation on Patterned Hydrophobic Surface
Employing Automated Magnetic Actuation
4.1 Introduction.
Sample preparation is a major challenge in many biological and chemical analysis.
The main purpose of sample fractionation is to isolate one or several target analytes from
the other components of the sample mixture (matrix). If matrices are not removed from the
sample prior to the analysis, co-components of the sample matrix can influence the
sensitivity or quantitation of target analyte(s) during subsequent liquid chromatographymass spectrometry (LC-MS) or tandem mass spectrometry (LC-MS/MS) experiments.
Matrix compounds co-eluting with target analytes during the chromatographic separation
prior to MS analysis can cause a change in the response of the analyte, either positive (ion
enhancement effect) or negative (ion suppression effect).1 The chemical structures and the
concentration levels of both analyte and co-eluting mixture components are responsible for
matrix interference during analysis.2 Conventional sample preparation methods include
protein precipitation,3 solid-phase extraction (SPE),4 and liquid – liquid extraction (LLE).5
Many common interferents can be removed with these strategies, but optimization of these
techniques for specific applications is complex, time consuming and involves many steps.
New and promising sample preparation methods have been reported such as, supported
liquid extraction,6 phospholipid removal plate,7 monolithic spin column extraction,8
microextraction by packed sorbents,8 immunosorbents,9 and magnetic beads.10
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Functionalized (super) paramagnetic particles (PMPs) are becoming increasingly
interesting for sample preparation. Due to large specific surface area for chemical binding,
the use of PMPs is growing especially in bio-applications. These particles can be easily
manipulated by an external magnetic field. The magnetization of PMPs depends on both
the particles material properties and magnitude of external magnetic field. Agglomeration
of PMPs take place when the magnet is brought near the droplet containing PMPs. The
magnetic moments of PMPs align causing particle agglomeration in presence of an external
magnetic field. In absence of external magnetic field, magnetic moments of PMPs
randomize and lose the remnant magnetization causing dispersion. These materials are
used for the isolation and enrichment of analytes, often from samples characterized by a
complex matrix, such as a biological,11,12 environmental13 or food sample.14 PMPs consist
of a magnetic core (Fe3O4) coated with a polymer material functionalized with different
groups.15 In droplet-based microfluidics platforms, magnetic actuation of suspended
particles can be observed by the movement of an external permanent magnet16 or by
activation of electromagnet.17 Long et al. investigated droplet movement, coalescence and
splitting on an open hydrophobic surface.18 They used a permanent magnet and analyzed
the behavior of the droplet at different magnet speeds with different amounts of magnetic
particles. Droplet dispensing was observed at low magnet speeds, while particle extraction
required faster magnet speeds and a higher PMPs amounts. High magnet speeds and low
amounts of PMPs resulted in magnet disengagement. In the particle extraction regime,
analyte bound PMPs are physically pulled from the original sample droplet along the
surface of a device, through different droplets.19,20 This work focuses on pinning a droplet
on a patterned hydrophobic surface and extracting PMPs from droplets.
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Different methods are described for pinning droplets on a surface, such as
hydrophilic patches, confined chambers and surface topography. Chiou et al.21 have
demonstrated surface topography-assisted droplet manipulation, where they utilize surface
microstructure to extract magnetic particles by immobilizing/anchoring the droplet. An
alternate way of droplet pinning was demonstrated by Fouillet et al.,22 where they
immobilized the magnetic beads by means of a permanent magnet and the surrounding
solution was exchanged with new solution in consecutive steps for efficient washing. In
this work, we have developed a surface energy traps (SETs)-based automated magnetic
droplet manipulation platform on a chip that enables both droplet immobilization and
PMPs extraction. A commercial hydrophobic coating, Aculon

®

was used for surface

coating. A plasma etching tool was used to surface modify the Aculon

®

coated slide in

selected regions using a mask, making it hydrophilic. Plasma is an ionized gas and is used
to temporarily change the chemistry of the hydrophobic surface by providing energy and
making the area hydrophilic. Reverse phase, commercial C18 functionalized (super)
paramagnetic particles, that possess iron oxide core with a silica surrounding layer were
employed to extract the analyte. Using the combination of magnetic force, magnetic speed
and SETs, it was possible to extract bradykinin from artificial saliva on chip. Droplet
volume and acetonitrile percentage were optimized to enable the magnetic particles to be
extracted from the droplet. Different elution buffers (varying the concentration of
acetonitrile) were explored to optimize the extraction condition of the protein bradykinin.
Moreover, we utilized this method to extract bradykinin spiked into a more complex
mixture of artificial saliva. To compare the efficiency of the newly developed method, it
was compared with the conventional method (tube – based).
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4.2 Experimental:
4.2.1 Reagent and Materials.
For on-chip extraction, HPLC grade acetonitrile was obtained from Fisher
Scientific (Ottawa, Ontario). HPLC-grade α-cyano-4-hydroxycinnamic acid (HCCA),
analytical standard bradykinin acetate, and trifluoroacetic acid (TFA) were purchased from
Sigma Aldrich (St Louis, MO, USA. Different buffers (equilibration buffer – 0.5% TFA in
5% ACN, sample binding buffer-2% TFA in 5% ACN, washing buffer 0.5% TFA in 5%
ACN and elution buffers with increasing percentage of acetonitrile) were prepared
according to the protocol provided by Bioclone Inc. Glass microscope slides (Fisher
Scientific, 76 x 25 x 1.0 mm) were used as the device substrate. Aculon AL-A (adhesive
surface treatment-base coat) and Aculon A (hydrophobic coating-top coat) were purchased
from Aculon (San Diego, California, USA). Silica coated iron oxide paramagnetic particles
(PMPs) with C18 functionality (BcMagTM 1µm, catalog number FL-101) were purchased
from Bioclone Inc. (San Diego, CA, USA). The PMPs are initially suspended in ethanol
and were prepared for use by initial centrifugation followed by removal of ethanol. An
equivalent amount of water was added as a wash to the original concentration of 40 mgmL1

. For PMPs extraction, rare earth magnets (K&J Magnetics, Inc., PA) of dimension (8x8

mm) and magnetic strength of 1.8 kG were used. A gauss meter was utilized to measure
the magnetic field strength (Model 410, Lakeshore 3Cryotronics Inc., Westerville, OH).
4.2.2 Surface Preparation and Characterization.
In the present work, Aculon® a commercial coating, was used to prepare
hydrophobic surfaces on glass substrates. It is a two-part coating comprised of a base coat
(adhesive) and a topcoat. A dip-coating method was used for coating the surfaces of glass
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slides. The glass slide was dipped in a container (height – 9.5 cm, diameter – 2 cm)
containing base coat and withdrawn using syringe pump/ pulley system. The method
previously optimized by other members of our group, 23 involves using a clip attached to a
string, which is connected to the plenum of the syringe pump. The pump is set at 0.69 mL
per minute which results in the slide being retracted at the rate of 3 cm min-1. After applying
base coat, the glass slide was cured at 60°C for 2 minutes in an oven. The same procedure
was repeated using a container of topcoat. The prepared surfaces were challenged and
tested for water contact angle using a Dataphysics OCA 15 Pro goniometer. The Aculon®
coated glass was found to be hydrophobic (WCA=116.0o±1.2o). The surface was tested for
contact angles with different organic modifier.
4.2.3 Surface Energy Traps (SETs) Fabrication and Characterization.
A SET is an etched area of high surface energy on a glass substrate coated with a
low surface energy material to assist droplet manipulation. A plasma etching method was
used to fabricate SETs on Aculon coated glass slides. 24 Subjecting the hydrophobic
surfaces to air plasma leads to the formation of radicals on the surface that combine with
polar functional groups. Longer exposure leads to increased amounts of oxidized species
resulting in greater hydrophilicity.25 Briefly, masks were designed in Solid Edge9, a
computer aided design program and printed using a Felix 3.0 (FELIX Printers, IJsselstein,
Netherlands) 3D printer with polylactic acid (PLA) as a filament material. Several
prototypes were fabricated to refine the super paramagnetic particles (PMPs) extraction.
Different sizes (1.0 mm, 1.5 mm and 2.0 mm) SETs were tested for PMPs extraction. The
minimum size SETs for consistent PMPs extraction without dislodging the droplet was
found to be 2.0 mm. The designed mask consists of array of (5x2) circular holes with
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diameter 2 mm and positioned 1.5 cm apart, the mask was 1 mm thick (Figure 4.1A). The
3D printed mask was placed over an Aculon coated glass slide and fixed with clamps
(Figure 4.1B). By subjecting the substrate to an air plasma at 400 mTorr and 10.5 W for 5
min, the exposed Aculon

®

coating was etched, yielding hydrophilic SETs while the area

protected by the mask remained hydrophobic (Figure 4.1C). The number of SETs on the
chip will determine the number of fractionation steps that can be carried out. Magnetic
actuation was carried out using an X/Y Gantry linear translation stage (H2W Technologies,
CA, USA). The coated glass slide was placed on a 3D-printed frame with an array of
permanent magnets directly mounted to the X/Y stage under the glass slide. The design of
the stage allows for the free movement of magnet underneath the suspended hydrophobic
substrate. Overall set up for the fractionation on-chip is shown in Figure 4.1D.

Figure 4.1. Photographs of (A) 3D printed mask with circular holes (B) Clamp with 3D
printed mask above the Aculon® coated glass slide (C) Plasma etched Aculon® coated
glass slide with droplets pinned on the SETs (D) overall magnetic actuation setup where
magnets are placed under the Aculon® coated glass slide and are mounted on top of the
computer-controlled X/Y stage.
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The plasma etched slide was characterized by dipping the slide in a container
containing red food dye dissolved in water (Figure 4.2). All eighteen hydrophilic SETs
contain an aqueous dye droplet demonstrating that the mask/plasma etching process is
effective at simultaneously patterning hydrophilic regions. Reproducibility of the SETs
fabricated on SH surface using air plasma was studied by Hermann et al.26 SETs diameter
was modified by changing the mask hole diameter. The most reproducible SETs diameter
was found at 5 min plasma treatment time. The droplets are pinned and even when inverting
the slide are not dislodged from the SETs. The SETs will be used to pin the different
droplets containing analyte mixture, equilibration buffer, washing and elution solvent
droplets.

Figure 4.2. Droplets of red food dye residing in 18 SETs of 2 mm diameter created by plasma
treating an Aculon® coated slide with 3-D printed PLA mask.

4.2.4 Droplet-based Extraction on a Chip using PMPs and SETs
Overall extraction was performed on-chip in different steps shown schematically
in Figure 4.3. Droplets including suspended PMPs, equilibration buffer, wash buffer,
analyte mixture with binding buffer, and elution buffer were pre-pipetted onto the different
SETs on a chip. Bradykinin was used as a model analyte/peptide for extraction using PMPs.
Different droplet volume with different acetonitrile concentration was explored for PMPs
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extraction. The minimum droplet volume for successful extraction of 500 µg of PMPs was
determined to be 30 µL with the minimum SET size 2 mm. Different buffer solutions were
prepared by changing acetonitrile concentration (5%, 20%, 40%, 60%, 80% and 100%
ACN) in water. A permanent magnet was used to transport PMPs from one droplet to
another via the hydrophobic surface using an automated X/Y translation stage. The
procedure for the on-chip extraction of analyte also needed to be optimized. Different
magnetic speeds were explored to first allow for PMPs to be extracted from droplets and
also reach another droplet without drying out in between the SETs. If particles dried out,
they became immobile. It was determined that a speed of 0.2 mm/sec would be sufficiently
slow enough to overcome the surface tension of a droplet by magnetic force to extract
PMPs from droplet. The possible minimum distance between the magnet and substrate was
0.5 mm. Increasing magnetic force on PMPs can be obtained by making closest possible
distance between the magnet and the droplets containing PMPs. The program then will run
and mix the PMPs within the droplet at a speed of 10 mm/sec. After removing PMPs from
the first droplet and translating and merging them with the second droplet, the PMPs were
activated with equilibration buffer (0.5% TFA in 5% ACN). The PMPs are then pulled
from the equilibration buffer droplet and introduced to the sample droplet. Extraction is
then carried out by mixing the PMPs with the analyte mixture. Analyte loaded PMPS are
then pulled from analyte mixture droplet and merged to the washing buffer droplet (0.5%
TFA in 5% ACN) to minimize any carryover. The analyte loaded PMPs are then removed
from the washing buffer and introduced to different elution droplets (i.e. increasing ACN
concentration and eluotropic strength).
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Figure 4.3. Schematic diagram illustrating the on-chip fractionation process: droplet E1-E6
correspond to elution buffers with increasing acetonitrile concentration. E1-20%, E2-30%,
E3-40%, E4-60%, E5-80% and E6-100% ACN.

The entire extraction process (Figure 4.4B) is automated and complete within ~ 4
min. All droplets were individually analyzed using MALDI TOF – MS to characterize
elution fractions. A tube-based fractionation was also performed according to the protocol
provided by Bioclone Inc. and used for comparison with on-chip fractionation.
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Figure 4.4 (A) Schematic showing activation of C18 magnetic beads followed by interaction
with bradykinin (peptide). (B) photographs depicting the removal and reintroduction of
PMPs in two adjacent droplets. PMPs movement is driven by the movement of a permanent
magnet under the chip.

4.2.5 Actuation Code and Velocity Profile
The X/Y gantry stage can be automated using a simple standalone code. Here v0 and
v10 are variables. Speed input is provided in pulse per second (pps) and is converted to
mm/s given that 1pulse = 0.5 µm. In the code given below (Table 4.1), LSPD refers to the
stage starting speed, which is set to the lowest possible speed. HSPD refers to the stage
high speed. ACC refers to the acceleration of the stage. The wait command allows the stage
to pause at a particular position before executing the next positional moves.
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Table 4.1. Magnetic actuation code for XY stage to move it with increasing acceleration.

v10 = 1

Assigning v10 variable a value of 1

LSPD = 1

Assigning the stage low speed

While v10 < 5

Start a while loop to move the stage 4 times in a pattern

V10 = v10 + 1

Increasing value of v10 to start the second loop

HSPD = 400

Assigning the stage high speed (0.2mm/s)

Y-12000

Positional move in negative Y direction

WaitY

Allowing stage to wait before next positional move

WaitX

Allowing stage to wait before next positional move

INC

Incremental mode

ACC = 300

Assigning initial stage acceleration

Endwhile

End of while loop

End

End of code

Mixing of PMPs in a droplet was performed by moving the stage in square pattern
at high speed 10 mm/s. Speeds above 10 mm/s caused the droplet to detach from the
SETs. The code used to carry out the mixing procedure is shown in table 4.2.
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Table 4.2. Magnetic actuation code of XY stage for mixing procedure

HSPD = 20000

Assigning the stage high speed (10 mm/s)

X6000

Positional move in X direction

Y6000

Positional move in Y direction

WaitX

Allowing stage to wait before next positional move in Y
direction

WaitY

Allowing stage to wait before next positional move in X
direction

X-12000

6 mm move in negative X direction

Y-12000

6mm move in negative Y direction

X12000

6mm move in X direction

Y12000

6mm move in Y direction

While v0 < 5

Start a while loop to move the stage 4 times in a pattern

The mixing process starts by moving the magnet from the middle of the droplet
then moves 3 mm in the X direction and the 3 mm in the Y direction. This is followed 6
mm movements in each direction completing a square. The square movement is carried out
four times to complete the mixing step (Figure 4.5) as our automated gantry system allows
stage translation in X and Y direction only. Mixing occurs actively by moving PMPs inside
the droplets with the pattern of the movement of magnet.
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Figure 4.5. Schematic diagram showing magnet movement during mixing of PMPs in a
droplet.

Once the typical move related program is compiled, downloaded and executed, the axis
will immediately start moving at the low-speed setting and accelerate to high speed (Figure
4.6).

Figure 4.6. A trapezoidal velocity profile for the X/Y stage, used for
translational motion.
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4.2.6 Preparation of Artificial Saliva and Extraction of Spiked Bradykinin
The main component of saliva is water up (≈ 99.5%), while the concentration of
inorganic compounds is (0.2 to 0.9%) and the organic fraction (0.4 to 0.6%). Saliva
contains a wide range of electrolytes including the cations: potassium, sodium, calcium,
magnesium and ammonium. Anions consist of chloride, phosphate, carbonates and
micronutrients.27 Enzymes contained within the saliva are salivary peroxidase, lysozyme
and digestive enzymes, e.g. amylase, lipase, maltase, esterases, glucosidases and
proteases.28 Artificial saliva was prepared according to the protocol developed by Arvidson
et al.29 Enzymes such as amylase, lipase and lysozyme were added to the artificial saliva.
Bradykinin was spiked into the artificial saliva making concentration 212ng/mL and the
pH was adjusted to 6.7. Artificial saliva spiked with bradykinin was mixed with C18
functionalized PMPs and eluted with three elution buffers with different acetonitrile
concentrations (20%, 30% and 40%). PMPs amount, droplet volume, translational speed
and mixing time are used according to the method developed previously. All eluted
fractions were collected and individually analyzed for peptide(s) via MALDI-TOF MS.
4.2.7 Matrix-Assisted Laser Desorption Ionization Time-of-flight Mass Spectrometry
(MALDI-TOF MS)

The 30 L fractions were collected and were run through MALDI-TOF MS. A
saturated matrix solution was prepared by partially dissolving 5 mg of α-Cyano-4hydroxycinnamic acid (CHCA) in 400 µL of a 50% water/50% acetonitrile solvent (v/v).
The peptide/matrix solutions were prepared by combining a 1:1 (v/v) ratio of peptide and
matrix solutions. Several 1 µL drops were placed on a standard, ground steel MALDI plate.
Analysis was performed using an Autoflex Speed MALDI-TOF MS (Bruker). The
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instrument was operated in reflector mode with a mass range of 900-4500 Daltons and 80%
laser intensity. CHCA matrix is used for improving the detection of low concentration
protein digests on MALDI-TOF MS and it facilitates ionization of peptides and proteins.
The software used to analyze the data was Flex analysis 3.4.
4.3 Results and Discussion:
4.3.1 Surfce Wettability with solvents.
There is a growing interest in using microfluidic systems for manipulation of organic
droplets for organic synthesis.30 Compatibility of different organic solvents with surfaces
used in microfluidics is important. During extraction of analytes using reverse phase
adsorbents, elution solvents with high organic concentration is required. As a result, the
surface used for such processes should be compatible with a variety of organic solvents.

Figure 4.7. Variation of contact angles on Aculon® surface with different modifier percentage
using a 10 µL droplet. 5 measurements were conducted at each modifier concentration and
the error bars reflect the SD of the measurements.
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Surface wettability has an important role in many biological, chemical and physical
processes. Contact angles are a useful tool for quantitatively determining the wettability of
liquid on a solid surface, where the angle measured is that of the boundary between 3
phases – solid, liquid and gas. The wettabilitty of different organic modifiers on an
AculonTM suface was tested by contact angle measuremnets. On the same surface, the
contact angle of the liquid droplet will decrease with lower surface tension liquids. Three
organic modifiers [acetonitrile, methanol and dimethyl sulfoxide (DMSO)] were chosen
and

wettabilty

was

tested

by

measuring

contact

angles

with

differrent

modifiers/concentrations, shown in Figure 4.7. At low modifier concentrations (0-10%)
there is very little difference in CAs for droplets containing different modifier. Beyond
10% the difference becomes more pronounced and droplets containing DMSO (surface
tension 41.7 mN/m)31 show the highest CA as compared to both acetonitrile and methanol.
Although the surface showed lower contact angle for the two eluting solvents no observable
damage resulted from extended contact, even at 100% modifier.
4.3.2 Longevity of Etched Slides.
Longevity of the SETs is also important during the droplet based on – chip extraction.
Plasma treatment is effective at reducing the contact angle of liquids and some polymers,
studies have shown that the modification can be temporary.32 Regeneration of
hydrophobicity on the etched slides can decrease the adhesion between droplet and the
SETs. As a result, the SETs will no longer be able to hold droplets over extended periods
of time. Furthermore, storage conditions have also been shown to affect hydrophobic
recovery.33 To determine the hydrophobicity regeneration on etched slides, four different
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storage conditions (air, water, acetonitrile and methanol) were chosen. The slides were first
dip-coated and then plasma-etched for 2, 3, 4, 5 and 10 minutes at 10.5 W and 400 mTorr
of air pressure. A droplet of DI water was then placed on the slide each day until a contact
angle measurement could be determined with the use of a goniometer (prior to a
measurement being possible the surface completely wetted with the liquid (i.e. CA 0).
This procedure was repeated until the contact angle “leveled out” after approximately 15
days. In Figure 4.8, the slide kept in air was shown to regenerate hydrophobicity the fastest.
After 2 days the slide no longer completely wetted and a contact angle measurement could
be made. Storage of the slides in different modifiers (water, acetonitrile, methanol) also
showed regeneration although compared to air showed lower hydrophobic recovery rates.
Interestingly, even after 22 days following exposure the surface had not returned to initial
water contact angle. Different etching times (2, 3, 4, 5 and 10 min.) were explored and
etched slides stored in air. Slides etched for 2, 3 and 4 min showed quicker regeneration of
hydrophobicity (before 2 days). There was no significant difference in change in contact
angle between 5 and 10 min etched slides. As a result, 5 minutes was determined to be the
best etching duration and continued for further study. Although the slides kept in air
exhibited the fastest hydrophobic recovery, the impact was small enough, so that solution
storage was not further pursued. All etched slides were used within three days of fabrication
to minimize hydrophobic recovery.
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Figure 4.8. Graph displaying contact angle change with storage time in various storage media.
CA was determined using a 10 µL water droplet on an Aculon® coated glass slide.

4.3.3 Automated Magnetic Actuation for Peptide Extraction.
Following slide coating and plasma parameter optimization, the extraction protocol
was examined to determine the accuracy of this new method compared to other methods.
The PMPs manipulation procedure for the on-chip analysis of analyte needed to be
optimized and was carried out by varying speeds of the magnet motion. The procedure
involves the introduction of PMPs to droplets of different composition followed by their
removal. Introduction of the wet PMPs to a droplet is relatively facile as this is energetically
favorable (i.e. two droplets reduce their surface area by combining). Removal however
requires the PMPs to break the surface tension of the droplet. As a result, there needs to be
enough force to remove the PMPs from the droplet, and enough force pinning the droplet,
so the droplet does not disengage from the SET. Depending on the forces involved,
different actuation outcomes can result (i.e. magnetic disengagement or PMPs extraction).
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To determine appropriate actuation conditions a parametric study was conducted that
involved modifier concentration, PMPs amount and magnet speed. Droplet manipulation
was demonstrated on the SETs enabled magnetic droplet microfluidic platform. The
suspension of PMPs was pipetted into the first SET. First, the suspended magnetic particles
within the droplet are attracted to the bottom of the droplet by the magnetic force. When
the magnet is moved horizontally, the particles follow the magnet until they reach the
contact line, where they agglomerate at the edge of the droplet. Then, the magnetic pulling
force acting on the bead-cluster is transferred to the water/air interface that resulted in the
droplet stretching. PMPs continued travelling until they break the surface tension and
separate themselves from the droplet. By moving a magnet beneath the substrate, the PMPs
are pulled through the lower-energy (non-wetting) regions of the Aculon® surface and
transferring to another droplet (Figure 4.4B). The extraction of PMPs was facilitated by
large SETs which immobilized the entire droplet by pinning down the contact line.24 The
operating conditions, such as droplet volume, PMPs amount and acetonitrile percentage
were optimized at constant SET size (2 mm) for PMPs extraction (Figure 4.9).
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Figure 4.9. Graphs showing the variation in droplet volume and ACN % for magnet
disengagement (green region) and PMPs extraction (blue region) for constant SETs size (2
mm) with different PMPs amount (A) 250 µg (B) 375 µg (C) 500 µg.

With fixed SET size, the particle extraction is facilitated by increasing the PMPs
amount and/or acetonitrile percentage (lowering surface tension). 24 Increasing PMPs
amount will increase the magnetic force and PMPs will more easily break the lower surface
tension droplet. A higher amount of PMPs (500 µg) was extracted from the minimum
droplet volume (30 µL) at a relatively high surface tension (5% ACN) (Figure 9C). Under
the same conditions, PMPs extraction was also observed for higher ACN %. Magnet
disengagement is observed with lower PMPs amounts and higher surface tension droplets.
It was determined that a speed of 0.2 mm/sec would be sufficiently slow enough to ensure
PMPs removal but not too slow as to let the PMPs dry out between droplets. Some amounts
of PMPs were left behind in the droplet at the magnet speed higher than 0.2 mm/s. The
program then runs and mixes the PMPs within the 30 µL droplet at a speed of 10 mm/sec.
Faster movement (mixing) of PMPs inside the droplet will increase the interaction between
the analytes and C18 PMPs. Mixing was performed by moving magnet in square pattern
around the droplet. Fastest possible speed for mixing was 10 mm/s. Over this mixing speed,
droplet dispensing occurred. This procedure led to the extraction of bradykinin, and elution
in the 30% solutions of acetonitrile. Note the peptide was not found in further fractions –
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60, 80 and 100% ACN. This procedure could be furthered to automate the fractionation of
complex mixtures.
4.3.4 Peptide Extraction.
Reversed phase SPE techniques are optimal for analytes with moderate to low
polarity, and separate analytes based on hydrophobicity. Elution solvent with high elutropic
strength (low polarity) is required to desorb strongly retained analytes on reversed phase.
In this work, we used 1 µm diameter BcMagTM C18 (Reversed-Phase) super magnetic
particles containing hydrophobic C18 alkyl groups on their surface to carry out sample
fractionation, in which (1) a droplet with beads is dispensed in the SET, (2) the C18
functionalized beads are equilibrated with appropriate buffer, (3) beads are mixed with
mixture of peptide solution and binding buffer then incubated, (4) peptide loaded beads are
washed with washing buffer, and (5) the analyte (s) are eluted from the beads. A
microfluidic chip containing SETs was developed for the extraction of bradykinin at
variable eluotropic strength. Some fractions did not have detectable peak in MALDI TOF
- MS during analysis and these were considered to contain no peptide. Both methods
showed most of the analyte is eluted at buffers with 30% acetonitrile concentration (Figure
4.10 and 4.11). Tube-based method was performed according to the protocol given in
Bioclone Inc. Increasing acetonitrile concentration will increase the hydrophobic
interaction with adsorbed bradykinin in C18 functionality. Peak intensity of bradykinin in
elution buffer (30% ACN) of tube-based method is found to be higher as compared to the
on-chip method. It may be due to mixing of PMPs and analyte in the solution. Vigorous
mixing increases the interaction between analytes in solution and solid adsorbent of
magnetic beads. That increases the amount of analyte adsorption and desorption from
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PMPs resulting higher recovery of analytes. Tube-based method offers more extensive
mixing as compared to on-chip method. Even though the tube-based method has higher
recovery of analyte, on-chip method is better in analysis time and organic solvent
consumption. Overall analysis time for on-chip method is under 6 minutes but tube-based
method required ~55 minutes. The on-chip method consumes only 8.3% of the reagent
volume and ~11% analysis time as compared to tube-based method. Moreover, on-chip
method has a positive impact on the environment and allows a high level of automation in
the measurement.

124

Figure 4.10. MALDI-MS spectra of pre-fractionated bradykinin solution (A) and elution
at 30% acetonitrile (elution buffer) (B) using tube-based extraction method.
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Figure 4.11. MALDI-MS spectra of pre-fractionated bradykinin solution (A) and elution at
30% acetonitrile (elution buffer) (B) using on-chip extraction method.

4.3.5 On-chip Extraction of Bradykinin Spiked in Artificial Saliva.
Bradykinin, an active nonapeptide, has many biological roles. Bradykinin is also
considered as a chemical mediator of inflammation. Higher concentration of bradykinin in
human saliva is responsible for periodontal disease. 34 So, it is important to identify the
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trace amounts of bradykinin present in saliva. As a proof of principle for working with real
sample, bradykinin was spiked into the artificial saliva making concentration 212 ng/mL
and the pH was maintained at 6.7. Artificial saliva spiked with bradykinin was mixed with
C18 PMPs and eluted with three elution buffers with different acetonitrile concentrations
(20%, 30% and 40%). PMPs amount, droplet volume, translational speed and mixing time
are used according to the method developed previously. The method was automated. All
eluted fractions were collected and individually analyzed for peptide via MALDI-TOF MS
(Figure 4.12).
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Figure 4.12. MALDI-MS spectra of pre-fractionated bradykinin solution in artificial saliva
(A) and elution at 30% acetonitrile (elution buffer) (B) using the on-chip extraction method.

After analyzing all fractions (20%, 30%, 40% acetonitrile) using MALDI-TOFMS, it was found that bradykinin present in the artificial saliva is eluted only in 30 %
acetonitrile (elution buffer). The desorbing of analyte from the surface of hydrophobic C18
PMPs depends on the eluotropic strength of the elution buffer. The eluotropic strength of
a solvent is largely a measure of how well the solvent can pull an analyte off the adsorbent
to which it is attached. There was not any detectable signal of bradykinin in 20%
acetonitrile (elution buffer) it is due to insufficient eluotropic strength of 20% acetonitrile
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to pull bradykinin from C18 PMPs. Bradykinin peak was not found in the fraction with
40% acetonitrile since most of it desorbed in the fraction with 30% acetonitrile
4.4 Conclusion.
We have developed the automated system for the solid phase extraction of peptide
via SETs on the hydrophobic surface using functionalized C18 magnetic particles. The
method is fast, facile, cost effective and environmentally friendly. Additionally, we
optimized the PMPs extraction conditions by changing the droplet size, droplet surface
tension, PMPs amount and magnet speed. Using this method, we were able to elute
bradykinin selectively (30% acetonitrile) from a more complex artificial saliva sample. We
propose that this technique will form the basis for the fractionation of more complex
biological samples using an automated microfluidics platform We also believe that, our
system will be potentially useful for extraction of complex analytes mixture which require
higher percentage of organic solvents for elution.
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Chapter 5
Analysis of LC Archive on High Density Droplet Microarrays Platform
5.1 Introduction.
The use of liquid chromatography (LC) combined with mass spectrometry (MS) or
tandem mass spectrometry (LC-MS/MS) has proven to be one of the most popular
analytical methods for bioanalytical studies.1,2 MS methods are utilized in routine analyses
as well as research activities involving a broad range of analytes (elements and molecules)
and various types of matrices. The important features of MS include both high sensitivity3
and high resolution.4 These features enable the detection of molecules at low
concentrations, and the identification of molecules by matching their m/z, or comparing
fragmentation patterns. Despite being a powerful analytical technique for quantitative and
qualitative measurements, LC – MS coupling has some disadvantages such as the peak
elution window is too narrow to perform all the desired MS experiments.5,6 Additionally,
in very complex peptide mixtures, the number of ions co-eluting can exceed the number of
ions for which tandem mass spectra can be acquired.7 Various LC – MS interfaces were
developed but issues with sensitivity, stability and user – friendliness remain challenging.
The most commonly used interface between the LC and MS system is the LC system
coupled online to an electrospray ionization (ESI) source. Compared to online interface
(LC – ESI-MS) designs, off-line interfaces such as LC coupled to matrix-assisted laser
desorption/ionization mass spectrometry (MALDI - MS) via a fraction collection system
have shown some advantages over LC−ESI-MS.5 In off-line interfaces, the LC separation
is decoupled from the MS. An intermediate sample archiving step enables the analysis to

136

be potentially performed later with different acquisition methods (positive and negative
ionization mode or MS/MS).
The analysis of complex matrixes via direct ionization and introduction to mass
spectrometers can result in ion suppression and poor limits of detection. Fractionation is
the process of separating an analyte or group of analytes from a complex sample according
to physical and chemical properties. Lowering the number of different analytes in a single
eluate fraction significantly reduces ion suppression and increase sensitivity.
Conventionally, a nanofractionation approach uses a LC separation coupled online to UV
absorbance and MS detection, as well as to bioassay via continuous collection of microliter
fractions of the column effluent.8 The main drawback of this technique is the loss in
resolution from the separation step introduced by the fraction collection step, as fractions
are collected in the minute range (i.e. several micolitre volume). Moreover, most
fractionation systems compatible with nano-LC flow rates degrade the LC separation
through (a) the use of a carrier flow to increase the flow rate, (b) the use of long transfer
capillaries for eluate transport, and by (c) fractionating with a low rate to increase the
spotted volume (e.g. collecting eluate for tens of seconds up to minutes per spot).6,9
Various deposition approaches have been used for the fractionation of nanoLC
effluent and subsequent off-line chemical analysis of mixtures of components.10–12 Young
and Li13 have developed an impulse-driven deposition system for off-line LC-MALDI MS.
They used a solenoid operated with a pulsed voltage power supply to generate impulses
that remove the hanging droplets from the LC outlet directly to a MALDI plate.
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Droplet microfluidics has shown to be suitable for enclosing and dispersion-free
transport of a chemical reagents and analytes and has been used for bio-chemical
reactions14–17 and single cells.18,19 Moreover, droplet microfluidics has been used for
sample dilution,20 concentration,21 and separation22 and had been coupled with ESI-MS
instruments.23,24 High density microarrays (HDMs) are suitable platform for the high
throughput cell screening as compared to the use of microtiter plates. Each droplet in
HDMs can be regarded as an independent reservoir where different analytes, cells and
bioactive molecules can be trapped and analyzed without cross contamination. The
openness of the HDMs makes droplets easily accessible and addressable above the
substrate and can be analyzed directly on-chip using various techniques such as UV–vis,25
desorption electrospray ionization mass spectrometry (DESI-MS),26 and matrix assisted
laser desorption/ionization mass spectrometry (MALDI-MS).11 In this work, we present
the simple, facile, cost effective and robust droplet-based nanofractionation system, which
overcomes the disadvantages of standard nanoLC fractionation explained above. We used
plasma etching technique for preparation of the HDM platform. This work describes the
use of droplet-based microfluidics for the preservation of LC separation, and its potential
application as a high frequency fraction collector for complex biological sample. The LC
effluent emitted from the analytical column is directly deposited into the substrate having
HDM without using any immiscible oil or other surfactants. Thus, deposited droplets
enable the conservation of LC separation and narrow chromatographic peaks (peak width
at the base 10 s or more) are split over multiple fractions. We have used an advanced sample
introduction system called open port interface (OPI). In the OPI system, a sample is
injected into an open space in a solvent flow stream connected to an ESI source. The OPI
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provides a method to introduce and quickly analyse liquid and solid samples without
contamination of the sampling interface and ionization source. 27 Fractionated analytes are
subsequently analyzed by open port interface electrospray ionization mass spectrometry
(OPI-ESI-MS).
5.2 Experimental:
5.2.1 Reagent and Materials.
HPLC-grade acetonitrile (ACN), solvent for LC was obtained from Fisher
Scientific (Ottawa, Ontario). Formic acid was used as an additive to the LC solvents and
was obtained from Merck, Germany. Glass microscope slides (Fisher Scientific, 76 x 25 x
1.0 mm) were used as the device substrate. Aculon AL-A (adhesive surface treatment) and
Aculon A (hydrophobic coating) were purchased from Aculon (San Diego, California,
USA). HPLC grade phenacetin and caffeine were purchased from Sigma Aldrich (St.
Louis, MO, USA).
5.2.2 Liquid Chromatography.
Analyte separation was performed using HPLC-UV system (Agilent-1100). The
analytical column used was a reversed-phase XBridge C18 (75×4.6 mm i.d., 3.5 µm;
Waters, Ireland). The following LC solvent program (1.5 mL/min) was used: solvent A
consisted of 0.1 % FA in H2O, solvent B of acetonitrile and 0.1 % FA. An aliquot of 10 µL
of analyte mixture (caffeine and phenacetin) was injected and analyzed by an optimized
LC program: 0-1 min, 40% B; 1-3 min, linear gradient from 40-85% of B; 3-3.5 min 85%
of B; 3.5 to 4 min, linear gradient from 85-40% of B; and finally, 4-5 min 40% of B. The
retention times of caffeine and phenacetin with this LC program is found to be 0.69 and
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1.10 minutes respectively. The separation between two peaks was approximately 26
seconds. The base widths of each chromatogram is found to be approximately 15 seconds
(for caffeine) and 12 seconds (for phenacetin). Detector wavelength was set to 273 nm.
5.2.3 Surface Preparation and Characterization.
In the present work, Aculon® (Aculon Inc., San Diego, CA, USA) a commercial
coating was used to make a hydrophobic surface. Aculon® is a two-part coating comprised
of a base coat (adhesive) and a topcoat. A dip-coating method was used for coating surface
where the glass slide was dipped in the container containing base coat and withdrawn using
syringe pump at the rate of 3cm min-1, previously optimized by other members of our
group.28 After dipping into the base coat, the glass slide was removed from the coating
container and was cured at 60°C for 2 minutes in an oven. The same procedure was
repeated for the topcoat. The surface coating was characterized by measuring the contact
angle using a Dataphysics OCA 15 Pro goniometer. A 10 µL droplet of deionized (DI)
water was used and 5 repeated measurements performed on 5 different slides for contact
angle measurement. The Aculon® coated glass was found to be hydrophobic
(WCA=116.0°±1.2°).
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5.2.4 High Density Microarrays (HDMs) Fabrication and Characterization.
HDMs are defined in our application as a large number of hydrophilic patches on a
hydrophobic surface. Hydrophilic patches are also called surface energy trap (SETs). A
SET is an etched area of higher surface energy on a glass substrate coated with a low
surface energy material to assist precise deposition of nanoliter-sized droplets. A plasma
etching method was used for HDMs fabrication on Aculon® coated glass slides.29

Figure 5.1. Schematic showing fabrication of HDMs on Aculon ® coated glass slides
using plasma etching method.

Window cling (obtained from window whirlTM) was used as a material for mask
preparation. It is made up of polyvinyl chloride (PVC). A rubber layer on the underside of
the mask provided a good seal with the substrate. Briefly, masks were designed in alpha
cam, a computer aided design program and ablated using the laser machining system which
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employs a picosecond diode-pumped solid-state UV laser (355 nm) to remove the material
leaving a precise circular pattern on the mask.
Different milling parameters (100% power ≈ 48 mW - 50 mW, a 0.5 mm/sec writing
speed, 2 passes and 10 μm pitch were used for preparing mask. Several prototype masks
were fabricated to refine the precise nanoliter droplet deposition. Different size patches
were tested for droplet deposition and ESI-MS analysis. Smallest possible patch size was
1mm as that would capture enough analyte to produce ESI-MS analyte signals. In order to
avoid cross contamination between the patches, a minimum centre to centre patch distance
was set to 1.5 mm. The designed mask consists of an array of 432 circular patches with
1mm diameter and spaced 1.5 mm apart. The prepared mask was placed over an Aculon ®
coated glass slide ensuring there is no space between mask and glass slide. Plasma cleaner
PDS-001 (Harrick Scientific Corporation, Ossining, NY, USA) was used for plasma
etching. By subjecting the substrate to an air plasma at 100 mTorr and 10.5 W for 10 min,
the exposed Aculon® coating was etched, and the area protected by the mask remained
intact (Figure 5.1).
Every SETs acted as a recipient for one individual nanodroplet. Resulting
hydrophilic patches offer excellent adhesion for the aqueous and organic nanodroplets. The
wetting was tested by dipping a HDMs patterned substrate into the container containing
aqueous and organic green dye. It was observed that each microarray is covered with dye.
5.2.5 Depositing Nanodroplets on HDMs Substrate.
The fractionation and analysis process can be divided into two parts. Deposition of
analyte on the SETs is the first part, which we call (write) (Figure 5.2). The second step
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consists of analyzing (reading) the deposited analyte using a mass spectrometer (fitted with
OPI) (Figure 5.4).
Collection of nanoliter fractions of LC effluent was facilitated by capillary (i.d. 50 µm, o.d. – 360 µm) of length - 3.5 cm connected to the custom-made holder. The tip of
the capillary was coated with a hydrophobic coating (Aculon®) to prevent back wetting
during fractionation. The LC effluent was delivered by a length of tubing connected to the
flow splitter. Flow rate was optimized by characterizing the flow splitter. Flow splitter was
characterized by considering the amount of analyte required to deposit on SETs and
dimensions of SETs. The flow splitter was suitable to work in the flow rate ranges from
(10 – 200 µL/min). As mentioned earlier, the droplet volume deposited on SETs depends
on the flow rate. At lower injection volume in LC separation, larger droplet volume is
required to deposit on HDMs since lower amount of analyte would not be enough to detect
in mass spectrometer. In such a case a higher flow rate is required and adjusted with the
flow splitter. In order to avoid wetting to the adjacent SET during writing process, the flow
split was optimized for the given dimensions (1.0 mm diameter and 1.5 mm spacing) of
SETs. Higher flow rate would deliver more liquid from the writing head and wet the two
rows simultaneously leading to cross contamination. The outlet of the splitter was
connected to the glass capillary (writing head) that was inserted into a Teflon sleeve
connector mounted on the custom – made holder placed above the X/Y stage (Figure 5.3).
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Figure 5.2. Schematic diagram showing analyte deposition from LC effluent on SETs (writing
part). Inset shows a schematic of the writing process (drawing is not to scale).

To prevent wetting adjacent patches simultaneously, the flow rate, distance
between the patches, speed of the X/Y stage and writing pattern were adjusted. Writing
pattern was adjusted to inward rectangular as it gave time for droplets to dry. Droplets in
the middle part of the substrate have higher organic and evaporate more quickly. LC
effluent containing analyte mixture was fractionated by depositing individual analyte on
different SETs.
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Figure 5.3. Photographs of the interface showing the (A) X/Y - stage (B) HDMs plate holder (C)
Teflon sleeve connector (D) Writing head (capillary) (E) Deposited droplets (F) HDMs plate with
deposited nanodroplets (here with total 432 SETs with 1 mm diameter) in the holder. Droplets
are being deposited using an inward rectangular pattern.

5.2.6 Open Port Interface Coupled to Electrospray Ionization Mass
Spectrometry (OPI – ESI – MS).
Individual SETs loaded with analyte from LC effluent was analyzed using ESI-MS
via the open port interface (OPI). OPI sampling operates by flowing solvent into a vertical
tube that is sealed at one end to form a small reservoir of solvent that is open at the top
(open port). The small reservoir is constantly swept which carries analyte desorbed from a
surface to the ESI source. The OPI was attached to the stage of a 3D printer which can
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move in the X, Y and Z directions to make the reading process fully automated. The analyte
deposited substrate was clamped onto the bed of 3D printer in such a way that the orifice
of the OPI was just in contact with the SET (0.6 mm distance). OPI position was controlled
using 3D printer software (Repetier Host version 2.1.3). ESI solvent flow rate (150 µL/min)
and nebulizer gas pressure (40 psi) was adjusted to produce a stable bubble mode of solvent
at the orifice of OPI. Each SET was scanned automatically with OPI probe with 4 seconds
as a sampling time and 7 seconds as a pause time. The sampling time difference for
consecutive SETs was set to 7 seconds to avoid any carry over from the previous SET.
Then, analyte from SETs was sent by an inner capillary that extends to an electrospray
emitter (Figure 5.4). Electrospray ionization mass spectrometry (ESI – MS) analysis was
performed using an API 3200 triple quadrupole mass spectrometer (Sciex, Concord, ON,
Canada). The operating parameters were optimized as follows: All ESI – MS
measurements were performed in positive ion mode; nitrogen gases set at GS1 = 40, GS2
= 20; curtain gas = 50; heated nebulizer temperature = 300°C; and electrospray voltage =
+5500V. Pump flow rate was set to 150 µL/min. The Analyst 1.6.3 was used in Q1 scan
mode over the mass range of 175-200 m/z with a scan rate of 1 Hz. ESI – MS data were
analyzed using the Sciex Research Peak View and Sigma Plot 11.0.
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Figure 5.4. Schematic showing the analysis of fractionated analyte on HDMs using OPI – ESI
– MS. (reading part)

5.3 Results and Discussion
5.3.1 Characterization of HDMs with Surface Tension Based Droplet
Deposition
HDMs are an ideal platform to deposit droplets as each droplet can be regarded as
an independent reservoir and different analyte molecules can be trapped into these fully
isolated SETs. Pipetting of each individual droplet in HDMs is not convenient nor a
straightforward way due to time consuming. One of the best ways of depositing pico to
nanoliters of droplet in HDMs is discontinuous dewetting. 30 When rolling a bulk droplet
across the HDMs substrate, the extreme wettabilty contrast between hydrophilic and
hydrophobic patterns breaks the liquid films in to thousands of nanodroplets in each
SETs.31 The volume of the deposited droplets depends on various factors including surface
tension of the solution, geometry of the hydrophilic spots, the way solution is applied, the
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size of the hydrophilic gap between the SETs etc.32,33 In this work, we investigated the
deposited droplet volume by changing the concentration of organic modifier (% of ACN)
and the way the droplet is deposited. We already investigated the compatiblity of surface
coating material with different organic solvents including acetonitrile (included in previous
chapter). We chose a green dye solution for depostion at various acetonitrile concentrations
from 0 to 100%. It is important to explore different flow rates of deposition, as studies
have shown that deposited droplet volume on the SETs depends on the size of the mother
droplet.34 So, various flow rates (5, 10, 15 and 20 µL/min) were explored and controlled
using a syringe pump. An automatic X/Y gantry system was used for controlling the speed
of deposition. Two different speeds 10 mm/s (Figure 5.6A) and 20 mm/s (Figure 5.6B)
were explored for droplet deposition. All HDMs substrates were dried after dye deposition
and an optical image was taken and converted to grayscale (8-bit) and processed with
imageJ. Gray scale image was chosen for image processing as it has only one colour
channel that reduces the complexity in processing.The intensity of the gray scale was
obtained using a plot profile in imageJ. Higher values of gray scale intensity represents
lower intensity of deposited dye in the SETs i.e smaller volume deposition. At 10 mm/s
deposition speed (Figure 5.5A), decreasing gray scale intensity with increasing flow rate is
observed. Conversely, higher volume deposition is observed at higher flow rate. The
droplet volume dependance upon flow rate is due to a higher mother droplet volume
produced on increasing the flow rate. A higher flow rate will deliver a larger droplet at the
end of writing capillary (called mother droplet). A similar trend is observed at a higher
deposition speed of 20 mm/s (Figure 5.5B). At constant flow rate and speed, decreasing
gray scale intensity with decreasing organic percentage (increasing surface tension) is
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observed. The volume of aqueous droplets deposited is found to be higher than a droplet
mixture with ACN (50% and 100% v/v). At lower speed (Figure 5.5A), the gray value
intensity for each solvents (aqueous, 50% ACN, 100% ACN) is lower than the gray vlaue

Figure 5.5. Gray scale intensity profile as a function of flow rate for three different solvents:
aqueous (red circle), 50 % ACN (green square), 100 % ACN (blue diamond) at deposition
speed (A) 10 mm/s and (B) 20 mm/s.

intesity at higher speed (Figure 5.5B). Lower gray value intesity corresponds to the more
amount (higher volume) of dye deposition. So, the lower deposition speed is found to be
more effective to deposit droplets.
5.3.2 Caffeine Deposition in HDMs and OPI-ESI-MS analysis
To preserve LC separation performance, it is important to minimize post column
transfer capillaries, dead volume, and different connections which can cause peak
broadening.35 In the separation of more complex peptide mixtures, the co-elution of
peptides can be the cause some precursor ions to be missed. 36 A droplet-based offline
fraction collection system could be employed to overcome these difficulties. The HDMs
substrate can be used as a sample archive on which multiple analytes can be stored and
analyzed at a later time. In this system, LC separations are deposited on HDMs using an
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automated system and subsequently analysed offline. A 20 µL aliquot of caffeine solution
(2.5 mg/mL) was injected and eluted from the LC using the conditions identified above.
The LC effluent was delivered to the flow splitter and the change of the eluate composition
results in a change in the surface tension of the droplet being deposited. The surface tension
change with droplet composition resulted in adjacent SETs sometimes being wetted with a
single droplet especially at concentration of ACN above 80%. As a result, the flow rate of
deposition was optimized to 35.6 ± 2.7 µL/min in order to deposit LC effluent without
wetting adjacent SETs. The HDMs substrate used in this study had 432 circular SETs 1mm
diameter, 1.5 mm apart from center to center. Total deposition time for all SETs was found
to be 121 seconds at optimal deposition speed (20 mm/s) with 35.6 ± 2.7 µL/min flow rate.
The deposited volume on HDMs was 71.8 ± 5.4 µL. The calculated deposition rate and
volume was approximately 3.5 SETs/sec and 166.2 ± 12.5 nL/SET. The average width of
the base of the LC peak was 15 sec. Total number of SETs correspond to the peak are 52
(i.e., 3.5 SETs/sec x 15 secs). The deposited LC trace was air dried and subsequently
analyzed by OPI-ESI-MS. The operating parameters for OPI-ESI-MS is as follows:
nitrogen gases set at GS1 = 40, GS2 = 20; curtain gas = 50; heated nebulizer temperature
= 300°C; and electrospray voltage = 5500V. Pump flow rate was set to 150 µL/min. The
Analyst 1.6.3 was used in Q1 scan mode in the mass range of 175-200 m/z with a scan rate
of 1 Hz. ESI – MS data were analyzed using the Sciex Research Peak View and Sigma Plot
11.0. Each SETs on HDMs were read with ESI-MS via the OPI. The reading process was
fully automated where the Repetier Host version 2.1.3 software was used to direct the OPI
along a row of SETs. The OPI was kept at 0.6 mm from the surface HDMs substrate so
that only the solvent dome contacted the SETs. Following the OPI was raised 5.5 mm and
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transferred to the next SET. Several different OPI conditions were examined. Current
optimizations for 1 mm SETs involved a 4 second contact time followed by a 7 second
settling time as the OPI is brought into contact with the next SET. The contact and settling
times were critical to signal reproducibility and stability. Shorter contact times and reduced
settling times resulted in the TIC not coming back to base line (i.e. carry over) although
with additional optimization and signal processing time may be potentially shortened. The
mass spectrometer was set to acquire 194 - 196 m/z to monitor the (M+H)+ corresponding
to 195.2 m/z for caffeine. The extracted ion chromatogram (XIC) is shown in Figure 5.6
below. It is important to note that the time scale in this case does not correspond to
chromatographic time (write) but rather the length of time required for the OPI-MS to
interrogate each spot (seven seconds). To convert back to “chromatographic time” you
need to multiply the number of SETs by 1/3.5 sec. In this example, the 7 peaks would
correspond to a chromatographic time of 15 seconds. The trace shows seven individual
peaks indicating that seven SETs contain detectable amounts of caffeine (each peak
corresponds to a single SET). Each SET possessed a 166.2 ± 12.5 nL fraction that had been
dried down. Although the chromatographic peak should be significantly wider. It is not
unexpected given we were using a Q1 scan over a wide mass range (and flow splitting) for
mixture which results in significantly reduced sensitivity. Furthermore, the peak shape
resembles a “chromatogram like” Gaussian distribution similar to that shown in Figure 5.6.
The automated deposition system was able to store caffeine individually on each of the
SETs. The HDMs could be interrogated with an OPI mounted to a 3D printer chassis using
optimized flow conditions.
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Figure 5.6. XIC of caffeine deposited in SETs eluted from a reverse phase chromatographic
column. The caffeine peak corresponded with a retention time of 0.65 minutes. Each peak
corresponds one SET.

5.3.3 Nanofractionation of LC effluent of analyte mixture
Once we demonstrated the ability to collect  166 nL fractions and analyze the
contents of those fraction using the OPI, we looked to carry out a chromatographic
separation and “store” the separation as fractions. A mixture of caffeine and phenacetin (2
mg/mL of each) used as a model mixture for LC analysis. This separation was chosen
because it could be carried out relatively quickly (<2 minutes after optimization) so as to
not require an excessive number of SET patterned substrates. Using the 3”x1” substrates
containing 432 circular SETs with 1 mm diameter we could capture 3.2 minutes of
chromatogram (after flow splitting). The model separation was carried out at a flow rate of
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1.5 mL/min employing a reversed-phased XBridge C18 (75×4.6 mm i.d., 3.5 µm; Waters,
Ireland) analytical column. A fast linear gradient starting at 40% ACN and changing at
22.5%/min was used to achieve adequate resolution (1.68) of the two compounds. To
obtain adequate signal for the mass spectrometer, a 20 µL (2.5 mg/mL) sample mixture
was injected during LC separation. Figure 5.7 presents the chromatogram obtained using
UV detection, in which the two analyte peaks are completely resolved (peak resolution 1.68) with base peak widths 15 sec (caffeine) and 12 sec (phenacetin). The optimized LC
effluent deposition parameters including flow rate, dimensions of HDMs and writing speed
are explained in the previous section. The overall volume of deposited sample was 71.8 ±
5.4 µL and deposited volume per SETs was only 166.2 ± 12.5 nL.
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Figure 5.7 UV-chromatogram (273 nm) for the mixture of caffeine and phenacetin.

The LC effluent deposited on SETs was air dried for two hours and subsequently
analyzed by OPI-ESI-MS. The entire chromatogram was fractionated on a chip consisting
of 432 SETs, again in 166.2 ± 12.5 nL droplets. The optimized parameters for OPI-ESIMS (4 second contact and 7 second pause) were used to interrogate each of the SETs. The
SETs were read and a mass range of 175 to 200 m/z monitored which included that for the
singly protonated [M+H]+ ions of phenacetin (m/z – 180.1)and caffeine (m/z – 195.2). The
XIC’s for the mixture of caffeine and phenacetin are shown in Figure 5.8A (caffeine) and
Figure 5.8B (phenacetin).
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Figure 5.8. Separation XIC of mixture deposited on SETs (A) Caffeine (m/z - 195.2) and
(B) phenacetin (m/z - 180.1). Each trace contains the analysis of 109 SETs. Sample was a
20 µL injection LC with flow split 1:60.
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As we can see from the Figure 5.8 (A) and 5.8 (B), signals for caffeine and phenacetin are
observed from the different SETs. Since each SET corresponds to an eluate fraction of
approximately 0.3 sec (deposition rate-3.5 SETs/sec), neighboring spots do not possess a
composition and the compounds are completely resolved. This clearly illustrates that
HDMs can be used to nanofractionate analyte mixtures to resolve them in both time and
space.
To investigate the capability of our system for the fractionation and analysis of
lower amounts (half of the previously used) of analyte mixture (2.5 mg/mL of each), we
used a smaller 10 µL injection volume for the LC separation while all other LC parameters
were kept constant. The LC effluent was then delivered to the flow splitter to adjust the
flow rate. In order to deposit LC effluents without wetting adjacent SETs, the flow rate of
deposition was optimized to 25.5 ± 1.5 µL/min (split ratio – 1:60). The HDMs substrate
used in this study had a 432 circular SETs having 1 mm diameter with 1.5 mm spacing
(center to center). Total deposition time for all SETs was found to be 190 secs at a
deposition speed (12 mm/s). The overall volume of deposited sample was 81.6 ± 4.8 µL
and deposited volume per SET was only about 188.9 ± 11.1 nL. Each SET corresponds to
an eluate fraction of only about 0.5 sec (2 patches/sec). Following, deposited analytes in
SETs were analyzed via OPI-ESI-MS. As we can see from the XIC of both caffeine and
phenacetin (Figure 5.9), signals for caffeine and phenacetin are observed only in four
different SETs without cross contamination. LC chromatogram in this case showed two
peaks with base widths 12 sec (caffeine) and 10 sec (phenacetin) respectively. On the basis
of peak widths of the chromatogram, total SETs for caffeine and phenacetin deposition
156

should be 24 and 20 respectively. During MS analysis detectable signals are observed from
only four SETs. It is due to the most intense part of the LC chromatographic peak is
deposited in the SETs and the amount of analyte deposited was below the detection limit
of the MS. The results indicate that the system can effectively fractionate the analyte
mixture on the nanodroplet scale using a standard LC and flow splitter connected to the
custom-made holder.

Figure 5.9. XIC of an analyte mixture deposited on SETs (A) caffeine and (B) phenacetin.
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5.4 Conclusion
We have developed an automated droplet-based LC fractionation system that
enables fast deposition of individual nanodroplets on a HDMs substrate. Using this system,
it is possible to deposit analyte at various flow rates (10 - 35 µL/min). HDMs have been
fabricated using a mask/plasma etching method which is simple, facile and cost effective.
The interface we have developed here decouples the droplet-based microfluidics platform
from the mass spectrometer, droplets currently can be deposited at rates faster than the
processing speed of the spectrometer. Additionally, we have demonstrated the automated
system for ESI-MS analysis via OPI. The automated system for MS analysis on SETs
enables the reading process to be carried out in a faster more reproducible fashion. To speed
the analysis and reduce the MS analysis time, only those SETs with possible analyte
deposition may be scanned. As a proof of concept, we were able to fractionate the mixture
of caffeine and phenacetin on HDMs using standard LC and flow splitter. Furthermore, the
combination of our nanofractionation system with HDMs and OPI-ESI-MS creates a
sample archiving ability which is not possible to achieve with standard nano-LC – ESIMS. Although we were working with a conventional LC operating at high flow rates and
utilizing flow splitting to reduce eluate volumes to make them compatible with the HDMs,
the system is ideally suited to couple a nanoLC system with HDMs. With future nanoLC
capability in the lab we will be able to fully test the fractionation ability of the system for
smaller samples. Furthermore, the intent was to utilize the system to look at a more
complex separation (e.g. protolytic digest) however due to research restriction from the
COVID-19 pandemic I was unable to push the system capability further. We believe that
this system will widen the scope of nanodroplet-based systems especially in the areas of
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high-throughput screening application such as complex biological samples analysis and
single-cell proteomics.
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Chapter 6
Conclusions and Outlook
6.1 Conclusions
The main goal of this thesis was to explore different paths to use patterned (super)
hydrophobic surfaces for droplet-based microfluidics operations and applications. Chapter
2 of the thesis explains the characterization of patterned superhydrophobic surface using
varieties of solvents (water, methanol, acetonitrile, ethanol and ethylene glycol). Chapter
3 and 4 of the thesis provide detail about the fractionation of analytes using functionalized
superparamagnetic particles (PMPs) on a microfluidic chip. Specifically, chapter 5 looked
into the nanofractionation of an analyte mixture from LC effluent on a HDMs platform and
subsequent analysis using ESI-MS. Three different materials (Ultra Ever DryTM, Never
WetTM and Aculon®) were used for surface preparation in the studies. A superhydrophobic
material, Ultra Ever Dry (UED), was used for the surface preparation in the chapter 2. The
coating is compatible with different organic solvent/water mixtures (ethanol, methanol,
acetonitrile and ethylene glycol). Ease of sliding of droplets on the surface enables one to
compare adhesion forces of different solvent droplet mixtures. Never WetTM a commercial
hydrophobic coating was used for surface preparation in chapter 3. The coating
compatibility is limited to the aqueous medium only and the preferred elution solvent
droplets are aqueous buffer (phosphate buffer) with increasing ionic strength. PMPs with
carboxylic acid functionality (WCX) are used as the solid sorbent for the fractionation
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process. In order to work with a broader range of organic solvents, Aculon® (a commercial
omniphobic coating) was used in chapter 4 and 5.
A simple, facile fabrication technique for patterned superhydrophobic surface
based on laser ablation was described in chapter 2. Where, surface energy traps (SETs) on
the superhydrophobic surface were precisely constructed using an Oxford laser
micromachining system. The adhesion control of droplets was obtained by regulating the
size of the SETs. Sliding resistance of SETs on droplets with different concentration of
organic solvent with water has been examined. It has been found that adhesion force
decreases with increasing percentage of various organic solvents in water. The adhesion
measurements for the droplet compositions closely follows surface tension trends with all
compositions studied, showing reduced adhesion relative to pure water. The sensitivity of
the adhesive force measurements is shown for droplets with concentrations compatible
with the coating material. The most significant changes associated with sliding angle occur
in the 0-10% range for all types of organic solvents. For ethanol concentrations greater than
30% is not possible with this type of coating due to surface degradation. SETs fabricated
using laser micromachining were used to dewetting the droplets for the quantitative
determination of amount of organic solvent in a binary mixture as well as the amount of
ethanol in different beer samples.
The application of functionalized superparamagnetic particles (PMPs) in
combination with magnetic separation techniques on chip has received considerable
attention in recent years. A new format of sample fractionation on 3D printed microfluidics
chip using functionalized superparamagnetic particles (PMPs) was described in chapter 3,
where physical traps were used to pin the droplets and extract PMPs using external magnet.
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Different parameters such as pH, mass of PMPs, time for mixing, and ionic strength
gradients were explored to optimize recovery of the analytes after fractionation. The
minimum droplet volume for successful extraction of 500 µg of PMPs was determined to
be 25 µL. Mixing time was optimized to 30 sec. and entire fractionation time was
completed in less than 4.5 min. The new method enabled one to explore the pH and ionic
strength gradient for the selective fractionation of protein and peptides. The neutral pH
(pH-7) is found to be the optimal pH for protein extraction. The optimal concentration of
sodium chloride (ionic strength gradient) for extraction of cytochrome c and lysozyme are
found to be 2 M and 1 M respectively at neutral pH. Using this method, we were able to
fractionate both the protein mixture successfully with co-elution (<20%) and the more
complex proteolytic digestion mixture. Using this on- chip method, it was possible to
reduce sample preparation times by factor of 6 and reagent consumption only 12.5% of the
reagent volume as compared to the conventional tube-based method.
Chapter 4 explored an alternative droplet-based actuation technique, where a
droplet containing functionalized superparamagnetic particles (PMPs) is actuated by an
external magnetic field over a hydrophobic surface. In this chapter, we have developed a
surface energy traps (SETs)-based automated magnetic droplet manipulation platform on
a chip that enables droplet confinement and PMPs extraction. The surface is coated using
a commercial hydrophobic coating (Aculon®). Plasma etching tool was used to further
manipulate and change the surface of a glass slide altering the Aculon ® coating to make it
hydrophilic. Different plasma etching conditions, such as etching time, plasma power and
air pressure were explored to fabricate SETs on the Aculon® surface. The compatibility of
Aculon® was characterized with different organic solvents [Acetonitrile, Methanol and
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Dimethyl Sulfoxide (DMSO)] and measuring contact angles. The Aculon® surface was
found to be compatible with all three organic modifiers. The longevity of SETs produced
by plasma etching slides was tested by storing etched slides in different conditions (air,
water, acetonitrile and methanol).
Using a combination of magnetic force, magnetic speed and SETs, it was possible
to extract bradykinin from artificial saliva on chip. A parametric study was conducted
regarding droplet volume, acetonitrile percentage, magnet speed and PMPs amount to
extract PMPs from the droplet. With the SETs size of 2 mm, the minimum amount of PMPs
required to be extracted from 30 µL of aqueous droplet was 500 µg. It was determined that
a magnet speed of 0.2 mm/sec was sufficiently slow to ensure PMPs extraction from the
droplet. Different elution buffers (varying the concentration of acetonitrile) were explored
to optimize the extraction condition of bradykinin. Optimized acetonitrile concentration
was 30% for the extraction of bradykinin. Moreover, we compared this method of
extraction to the conventional tube-based method with respect to sample consumption and
analysis time. Overall analysis time for on-chip method is under 6 minutes compared to
the tube-based method which required ~55 minutes. Furthermore, the on-chip method uses
92% less reagent compared to the tube-based method.
In the fifth chapter we were able to “nanofractionate” analyte mixtures in high
density microarrays (HDMs) platform and subsequently analyse them using the open port
interface (OPI) coupled with electrospray ionization mass spectrometry (ESI-MS). We
presented the simple, facile, cost effective and robust droplet-based nanofractionation
system, which overcomes the disadvantages of standard nanoLC fractionation. We were
also able to analyze and LC trace that had been archived using the same platform. The LC
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effluent emitted from the analytical column is directly deposited into the substrate having
HDMs without using any immiscible oil or other surfactants. Thus, deposited droplets
enable the conservation of the LC separation and narrow chromatographic peaks (peak
width at the base 10 s or more) are split over multiple fractions. We have used a novel
advanced sample introduction system called the open port interface (OPI). Using this
system, it was possible to deposit analyte at various flow rates (10 - 35 µL). The interface
we have developed here decouples the droplet-based microfluidics platform from the mass
spectrometer and droplets can be deposited at rates faster than the current processing speed
of the spectrometer. Moreover, we have demonstrated the automated system for ESI-MS
analysis via OPI.
6.2 Outlook and Future Work
The work outlined in this Ph.D. thesis presents several opportunities for further
research. We examined the adhesion control of droplets using patterned superhydrophobic
surfaces. This work presents a potential opportunity of using fast, facile and
environmentally friendly method to look at the adhesion force variation of water/organic
binary mixtures. Sliding angle/droplet volume measurements are important to determine
the preferred dimensions to resolve small adhesive force differences. It would be beneficial
to look at a larger range of SETs sizes on similar substrates and probe the change in
adhesion force on the droplets. Differences in adhesion force related to the SETs size would
give the different volume of daughter droplets after dewetting droplets from the SETs. This
technique could be used for measuring the total protein concentration in a sample using a
Bradford assay on a small scale. Differences in SETs size would deposit the different
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amount of protein in daughter droplets and produce different colours (from brown to blue)
during the Bradford assay.
We explored a variety of parameters for sample fractionation using functionalized
superparamagnetic particles (PMPs) in combination with magnetic separation techniques.
Further optimization could significantly reduce the sample consumption and analysis time.
Decreasing the physical trap size in the 3D printed microfluidics chip could reduce the
sample droplet volume to confine the droplets and successfully extract PMPs. Traps size
reduction will also reduce the amount of PMPs consumed. As a result, the overall analysis
time and cost could be further minimized. Increasing the number of traps would enable a
larger range of ionic strengths/gradient (sodium chloride concentration) to be explored to
potentially improve fractionation of complex biological samples.
Many applications exploiting LC archiving have yet to be widely explored. The
combination of our nanofractionation system with HDMs and OPI-ESI-MS enables facile
sample archiving which is not yet possible to achieve with standard nano-LC-ESI-MS. We
used a conventional LC operating at high flow rates and employed flow splitting to reduce
eluate volumes to make them compatible with the HDMs. However, the system is ideally
suited to couple a lower flow, nanoLC system with HDMs. This system would be able one
to fully exploit the fractionation ability for smaller samples and carry out more complex
separations (e.g. proteolytic digest), archive the LC effluent on a large number of HDMs
and detect using OPI-ESI-MS.
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Appendix A
SEM images of 250 µm, 500 µm, 750 µm and 1000 µm

Figure A. SEM images of laser ablated SETs of different sizes.

171

Appendix B
B1 XPS analysis of Never Wet TM

Figure B1. Sample placement in Aluminum coated platen before analysis.

B2 Spectra collection
The XPS spectra were measured on a Kratos Nova AXIS spectrometer equipped
with an Al X-ray and Ag X-ray source. The sample was mounted onto a coated aluminum
platen using double-sided adhesive Cu tape and kept under high vacuum (10-9 Torr)
overnight inside the preparation chamber before it was transferred into the analysis
chamber (ultrahigh vacuum, 10-10 Torr) of the spectrometer. The XPS data were collected
using AlKα radiation at 1486.69 eV (150 W, 15 kV), charge neutralizer and a delay-line
detector (DLD) consisting of three multi-channel plates. Binding energies are referred to
the C1s peak at 285 eV. Survey spectra were recorded from -5 to 1200 eV at a pass energy
of 160 eV (number of sweeps: 2) using an energy step size of 1 eV and a dwell time of 200
ms. High resolution spectra for O1s, C1s and Si2p were recorded in the appropriate regions
at a pass energy of 20 eV (number of sweeps: O1, 5; C1s, 5; Si2p, 5) using a dwell time of
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300 s and energy step sizes of 0.1 eV. The analyzed area on the specimens was about 300
× 700 m2 (lens mode: FOV 1) at this position. The incident angle (X-ray source/sample)
is the magic angle of 54.74° and the take-off angle (sample/detector) is 90°.
Table B1. Sample (Position 1 on Cu tape):
Name

Position [eV]

Raw Area

Area/(RSF*T*MFP) %At Conc

O 1s, CO, SiO

533.49

19138.6

22790

36.48

C 1s, C=O
C 1s, C-OH, C-OC
C 1s, C-Si
C 1s, CH (sp3)

287.44
286.61
285.69
285

197.898
347.212
1301.9
6082.43

660.148
1158.07
4341.56
20280.9

1.06
1.85
6.95
32.47

Si 2p, SiOx
Si 2p, SiO2
Si 2p, -SiMe2-O
Si 2p, Si-C

104.92
104.22
103.61
102.46

740.683
2019.11
956.405
983.325

2087.47
5688.78
2693.97
2768.39

3.34
9.11
4.31
4.43

Table B2. Sample (Position 2 on Al coated platen):
Name

Position

Raw Area

Area/(RSF*T*MFP)

%At Conc

O 1s, CO, SiO

533.49

19075.4

22714.8

36.05

C 1s, C=O
C 1s, C-OH, C-O-C
C 1s, C-Si
C 1s, CH (sp3)

287.49
286.69
285.67
285

155.716
398.004
1421.15
6190.69

519.437
1327.47
4739.14
20641.5

0.82
2.11
7.52
32.76

Si 2p, SiOx
Si 2p, SiO2
Si 2p, -SiMe2OSi 2p, SiC

104.57
103.96
102.79
102.33

1529.35
2071.68
483.648
555.725

4309.46
5836.18
1361.79
1564.41

6.84
9.26
2.16
2.48
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Peak Area [Area (P)], Normalized Area [Area (N)]
The Peak Area is corrected for the total dwell time per channel, number of scans
and energy channel width.
The Normalized Peak Area is calculated as
Peak Area / (RSF * T * MFP)
The value for MFP, energy compensation factor, depends upon the library in use.
The value either corrects for the inelastic mean free path term (Scofield libraries), or for
the transmission function included in the original Wagner sensitivity factors (Wagner
libraries). RSF is the relative sensitive factor for the element analyzed. For processing the
data measured on the Kratos Nova AXIS XPS instrument the values from the Wagner
library are used for the relative sensitive factors.
Atomic Concentration [At %]
The atomic concentration of each peak (element) is calculated as,
Normalized Area * 100 / Sum of Normalized Areas
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Picture from the microscope:
Sample (Position 1 on Cu tape):

Figure B2. Microscopic picture of Never Wet TM on position 1 on Cu tape.
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Figure B3. Survey X-ray photoelectron spectroscopy (XPS) spectrum of Never Wet TM on
position 1.
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Figure B4. XPS of spectrum of O 1s of Never WetTM on position 1.
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C 1s
Etch Time 0 s
Pass Energy: 20 Energy Step 0.100 eV
Total Acqu Time 4 mins 31.500 s (300.0 ms x 5 x 181)
Acquired On: 18/ 6/26 18:26:7
Source: Al mono
Ins trument: Kratos Axis NOVA
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Name
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C 1s, CH(sp3)
Si 2p, SiOx
Si 2p, SiO2
Si 2p, -SiMe2-O
Si 2p, Si-C
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287.44
286.61
285.69
285.00
104.92
104.22
103.61
102.46

Area
17776.20
183.52
321.94
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5638.09
684.69
1865.92
883.62
908.03
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3.34
9.11
4.31
4.43
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Figure B5. XPS of spectrum of C 1s of Never WetTM on position 1.
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Si 2p
Etch Time 0 s
Pass Energy: 20 Energy Step 0.100 eV
Total Acqu Time 4 mins 31.500 s (300.0 ms x 5 x 181)
Acquired On: 18/ 6/26 18:26:7
Source: Al mono
Ins trument: Kratos Axis NOVA
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Figure 15 XPS of spectrum of Si 2p of Never WetTM on position 1.
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96

Sample (Position on Al coated platen):

Figure B7. Microscopic picture of Never Wet TM on position 2 on Al coated platen.

180

Figure B8. Survey X-ray photoelectron spectroscopy (XPS) spectrum of Never Wet TM on
position 2.
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Figure B9. XPS of spectrum of O 1s of Never WetTM on position 2.
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Figure B10. XPS of spectrum of C 1s of Never WetTM on position 2.
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Physical trap with four pillars

Figure B11. Chip design used for fractionation
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