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Abstract
A superhydrophobic (SH) surface is characterized by a water contact angle of >150 and a
sliding angle <10. The water fearing properties result from significantly stronger cohesive forces of the
resting liquid compared to weak adhesive forces with the surface material. Microfluidics is a discipline
in which minute liquid volumes (10–9 to 10–18 litres) are actuated, mixed, merged, split, and/or analyzed
on uniquely engineered devices. SH surfaces have aided digital microfluidics by facilitating magnetic
actuation of droplets and the spontaneous formation of droplet microarrays. SH surfaces offer low
friction between a liquid droplet and the surface itself, allowing for actuation using minimal force.
Magnetically susceptible material (paramagnetic salts or superparamagnetic particles) can be added to
the droplet, making it possible to manipulate the liquid droplet with an external magnetic field.
This thesis focuses on the magnetic actuation performance of aqueous droplets on different SH
coatings including Ultra-Ever Dry, (a commercial coating), fluorine-containing and more
environmentally friendly “fluorine-free” SH porous polymer monolith (PPM). Droplet kinematic
parameters are explored (e.g. volume, acceleration/deceleration, particle concentration etc.) SH surfaces
can be patterned with hydrophilic regions to create surface energy traps (SETs). In this way, the liquid
can be pinned to the SETs for small volume deposition and droplet anchoring, respectively. We utilize
the contrasting wetting behavior to conduct a droplet-based quantitative DNA assay using fluorescence
detection. Furthermore, we examine the use of patterned hydrophobic PPM surfaces to conduct an ice
recrystallization inhibition assay that allows the side-by-side comparison of up to a dozen samples
treated in an identical, higher throughput manner. A novel method of droplet manipulation is explored
termed biologically-driven magnetic actuation (BDMA), which uses magnetotactic bacteria (MTB).
BMDA is used to transport droplets along various trajectories (e.g. square and eight-shaped tracks). We
further demonstrate the use of BMDA for sequential merging and mixing of multiple droplets. SH
surfaces are typically limited to aqueous droplet manipulation.

Alternatively, slippery liquid-infused

porous (SLIPS) surfaces have been shown to exhibit low friction for both organic and aqueous droplets.
ii

We demonstrate the magnetic actuation of aqueous and organic (hexadecane) droplets on SLIPS using
paramagnetic particles. The sixth chapter of the thesis demonstrates the proof of principal application
involving functionalized superparamagnetic particles for the extraction of asphaltenes from crude oil on
omniphobic surfaces. This thesis successfully explains different ways (super)hydrophobic and SLIPS
surfaces can be used for performing different DMF operations on aqueous and organic droplets.
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Chapter 1
Introduction
1.1 Microfluidics
1.1.1 Overview
Richard Feynman, an American physicist gave a presentation at the annual meeting of the
American Physical Society at Caltech on December 29, 1959 titled, “There’s Plenty of Room at the
Bottom”.1 In this lecture he talked about the possibility of writing the entire 24 volumes of the
Encyclopedia Brittanica on the head of a pin, miniaturizing the computer by miniaturizing the
electronics involved, building a tiny, swallowable surgical robot and manipulating things on a small
scale. Richard Feynman envisioned the concept of “atom by atom fabrication” and proposed a variety
of new miniaturized tools for the future. Many of these tools, such as the scanning tunnelling microscope
and atomic force microscope, have already come to reality enabling us to manipulate and image
individual atoms.2
It took scientists a few decades to utilize the concepts of miniaturization and apply them to
solving chemical and biological problems. Microfluidics has been both an area of interest and focus to
address some of these problems. Microfluidic devices usually employ micromachined features (such as
electrodes, surface energy traps (SETs), channels and filters) and can manipulate small (10–9 to 10–18 L)
amounts of fluids. Manz et al. first conceptualized a miniaturized total chemical analysis system (µTAS) in 1990.3 According to Andreas Manz, a ‘total analysis system’ (TAS) periodically transforms
chemical information from a sensor into electronic information. A TAS can be called µ-TAS if it
“performs all sample handling steps extremely close to the place of measurement”.3 A comparison is
made between a TAS and a µ-TAS in Figure 1.1. They both use an ideal sensor, which is specific to the
compound of interest and converts the concentration of the same compound into an electrical signal. It
can be seen from Figure 1.1 that in a µ-TAS, the sample handling steps (such as sample storage, sample
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transfer and waste disposal) and sensing is done close to one another whereas in a TAS, sensing and
pre-treatment is done further away from the sensor. This is where miniaturization can be helpful in
allowing the possibility of performing sample handling and sensing close to one another by reducing the
component sizes of a TAS.

Figure 1.1. Schematic diagram of an ideal chemical sensor (top), a 'total chemical analysis system'
(TAS) (center) and a miniaturized TAS (µ-TAS) (bottom).3
According to George M. Whitesides (an American chemist and professor of chemistry at
Harvard University best known for his work in the areas of molecular self-assembly, soft lithography
microfabrication, microfluidics, and nanotechnology), the field of microfluidics has four parents:
molecular analysis, biodefense, molecular biology and microelectronics.4 First of the four was the
introduction of microanalytical methods such as capillary electrophoresis (CE), high-pressure liquid
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chromatography (HPLC) and gas-phase chromatography (GPC). These methods allowed for chemical
analysis with high sensitivity and high resolution using very small amounts of liquids. After World War
II, chemical and biological weapons posed major threats to society. This motivated the Defense
Advanced Research Projects Agency (DARPA) to support microfluidics research in the 1990s. The aim
of this research was to develop field-deployable microfluidic devices for detection of chemical and
biological warfare agents. In the 1980s, molecular biology required higher-throughput screening of
DNA with greater sensitivity and resolution. This motivated researchers to use microfluidics to
overcome these issues. The fourth parent of microfluidics was the field of microelectronics. The initial
hope was to incorporate photolithography techniques used for microelectromechanical systems
(MEMS) into microfluidics. Despite the initial use of glass and silicon in microfluidics, their use has
started to be replaced by plastics because of plastics’ properties such as high permeability to gases
(which is needed for studying living mammalian cells), high solvent and acid/base resistivity and low
sample absorption .4
Initially, it was difficult to fabricate custom microfluidic devices, however, improved
prototyping methods have been developed. Processes that have been employed for microfluidic device
manufacture include: injection molding, reaction injection molding, hot embossing, injection
compression molding, and thermoforming.5 Injection molding incorporates a variotherm process6 where
a thermoplastic polymer is heated above its glass transition temperature (Tg), formed and then cooled
below its glass transition temperature. The heating allows for the injection of the viscous polymer into
the mold where it is then cooled and de-molded. Reaction injection molding uses a similar methodology
to injection molding, however, two components that react to form a solid are injected into the mold
instead of one.7 This expands the range of materials that can be used for injection molding, beyond
thermoplastic polymers alone. Hot embossing8 uses a thermoplastic film heated above the glass
transition temperature and pressed into a mold insert with high pressure. The pressing action fills the
mold insert with the plastic material and replicates the microstructures. Injection compression molding
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is a combination of injection molding and embossing to overcome the problem of heating the polymer
with the tool. The advent of improved micromolding fabrication techniques has made it easier for
researchers to make microfluidic devices for multiple applications such as gene sequencing,
electrophoresis, immunoassays, cell-based assays, point-of-care (POC) diagnostics and many more.9-14
Paper-based microfluidics was introduced in 2007 to tackle the fabrication complexity and highcost of production associated with micro-molded devices. Due to its compatibility with numerous
chemical/ biochemical/ medical applications and inexpensive cellulosic material, paper-based
microfluidics has risen as a popular field of research.15-16 Martinez et al. first described a simple method
to pattern paper using hydrophilic paper bounded by the hydrophobic polymer. They used SU-8 2010
photoresist to create well-defined millimeter-sized channels using a photolithography technique on
chromatographic paper (Figure 1.2).16 The porosity in combination with the hydrophilicity of the paper
allows the pumping of fluids without the use of external pumps and stimulus. This makes paper-based
microfluidics one of the least expensive microfluidic techniques to date. The World Health Organization
(WHO) has set standards for diagnostic devices in developing countries. According to the WHO, paperbased microfluidic devices should fall into the ASSURED (affordable, sensitive, specific, user-friendly,
rapid and robust, equipment free and deliverable to end-users) category.17 Although paper-based
microfluidic devices are easy to use and inexpensive they still have disadvantages, such as the inability
to precisely control the flow of the pumped liquid.18 Some research has been done to improve the liquid
flow but this increases the overall cost of the devices.19 Li et al. first reported the fabrication of a hollowrivet-assisted movable valve for paper-based microfluidic devices. Their device consisted of movable
arms (channels) around a pivot which allows the valve to open and close (Figure 1.2 C-F).19
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Figure 1.2. A) A schematic diagram depicting a method for patterning paper for paper-based
microfluidic applications16, B) an example of a paper-based microfluidic device20, (C) images
showing hollow-rivet-assisted movable valves in open and (D) closed positions, (E) shows the
wicking of a blue dye through the open valve and (F) shows the wicking stop due to a closed
channel.19
3D-printing, additive manufacturing and solid-freeform technology21 were developed by
Charles Hull in the early 1980s at Ultra-Violet products Inc. in California.21 In the last five years, its use
in rapid prototyping has increased exponentially. The method requires minimal expertise and has the
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advantages of low cost per unit, high prototyping speed and reduced energy consumption.18 There are a
number of different ways to 3D print objects, however, those most frequently employed for microfluidic
device fabrication are fused deposition modelling (FDM), multijet modelling (MJM) and
stereolithography (SL).
In SL, a photopolymerizable resin is cured by selective light exposure to layer-by-layer build a
3D object. Renaud’s group made the first SL based 3D-printed microfluidic device which incorporated
a microfluidic mixer with an arrangement of rigid elements to enable superior mixing (Figure 1.3 A). 22
SL has also been used to build microfluidic devices for applications such as cell separation,23 DNA
assembly24 and emulsion droplet generation.25 The second technique is called MJM where an inkjet head
deposits a liquid photopolymer onto a tray, which is rapidly photo-polymerized using UV light. MJM
has been widely employed to create anatomically accurate models for orthopedic26 and intracranial
surgeries.27 Finally, FDM or thermoplastic extrusion technique is based on extrusion of a thermoplastic
material from a heated nozzle driven by motors. FDM was invented by Scott and commercialized by
Stratasys.18 FDM has turned out to be one of the least expensive 3D-printing techniques available with
the help of low-cost biocompatible polymers like poly-lactic acid, polycarbonate polyethylene
terephthalate, acrylonitrile butadiene and polyamides. The Rusling group has been able to 3D-print 800
µm channels using polylactic acid (PLA) filament for the amperometric detection of hydrogen
peroxide28 and of biomarkers of cancer (Figure 1.3 C).29 The McAlpine group customized an FDM
printer to fabricate a compartmentalized nervous-system-on-a-chip device.30
Microfluidic systems are categorized as either continuous-flow (also known as in-channel) or
digital microfluidics (DMF) irrespective of their method of fabrication or application. The fundamental
difference between continuous-flow and DMF is based upon the sample manipulation/handling method.
In continuous-flow devices, the sample is injected and flows through the device in bulk while DMF
devices address individual discrete droplets of the sample.

6

Figure 1.3. A) SEM micrograph of the first micro-mixer printed with SL.22 B) A multi-flow
controller device printed using MJM.31 C) A microfluidic device printed using FDM for cancer
biomarker detection.29
1.1.2 Continuous-flow Microfluidics
In continuous-flow devices, the sample is manipulated and handled in bulk. Continuous-flow
microfluidic devices require an external means of pumping single or multiple phases of liquids through
the channels.32 Continuous-flow microfluidics involves the pumping of fluids through narrow channels
and complex 3D geometries, which are fabricated using soft lithography or machining techniques. To
control the flow of fluids inside the channels, external pumps and valves are used. Based on their
mechanism of inducing flow, these devices can be categorized as capillary,33 pressure,34 centrifugal,35
electrokinetic36 and acoustic force dependent.37 Most chemical and biological reactions require mixing
and separation of different compounds. Hence, incorporating these two steps in continuous-flow
microfluidic devices is essential. Diffusion-based mixing is non-homogeneous and slow in most cases,
hence it does not fulfil the requirements as a rapid and precise microfluidic device. Therefore, over the
years, a number of techniques have been developed for efficient mixing in microfluidic continuous-flow
devices. One way to enhance mixing is to introduce an external disturbance into the system (e.g.
magnetic force). Hejazin and Nguyen incorporated a permanent magnet and a diluted ferrofluid for rapid
and enhanced mixing.38 The permanent magnet induced a non-uniform magnetic field, which in turn
produced a secondary flow enabling the mixing of a non-magnetic stream with the magnetic stream.
Venancio-Marques et al. introduced the concept of optofluidic mixing in a microfluidic device.39 In their
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device, a photosensitive azobenzene surfactant flows between two oil streams. In the absence of
illumination, all three streams are separate from one another. As soon as illumination is provided, water
micro-droplets are generated which stir and mix the two continuous oil streams.39

Figure 1.4. Design of an optofluidic mixer showing A) Top: no mixing, Bottom: application of UV
induces mixing. Reproduced from reference39 B) Picture of PDMS-base continuous-flow device
made for particle separation using magnetic force. Reproduced from reference 40
Separation is the next key component of a continuous-flow microfluidic device. A variety of
continuous-flow microfluidic devices have demonstrated the separation of cells and particles. These
separations can be performed using a variety of external forces such as electrophoretic,
dielectrophoretic, acoustic, magnetophoretic, hydrodynamic and inertial forces.41 Zhou et al. presented
a microfluidic device for simultaneous separation of non-magnetic and magnetic particles by placing a
permanent magnet next to a T-junction in the microchannel (Figure 4 B).40 Cui et al. demonstrated
retention, elution and extraction of small, mid-sized and larger particles respectively using pulsed
dielectrophoresis.42 In general, a given continuous-flow microfluidic platform is designed for a single
application and it is difficult to miniaturize the entire set of sampling and measurement steps on a single
device which is unfavorable for point-of-care applications. In addition to these issues, the fabrication
(soft lithography and machining) and use of external machinery for pumping fluids demand a different
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approach towards microfluidics. Digital microfluidics is one such branch of microfluidics, which is
aimed towards making device fabrication and fluid handling relatively facile.
1.1.3 Digital Microfluidics
Digital microfluidics (DMF) involves the manipulation of small, discrete nano- to microlitre
liter droplets in a reproducible and precise manner.43-44 It can be said that DMF is a droplet-based
microfluidic system with a chess board like geometry.45 In general, the fabrication of a planar geometry
is relatively easier using techniques such as photolithography.46-47 In most cases, fluid manipulation in
DMF doesn’t require bulky and complex external stimuli such as pumps and valves.48 A single DMF
device can also be configured for multiple applications, as they can possess a generalized design/pattern
of actuation stimulus (electrodes, magnets, etc.).46-47 Having control over individual droplets in DMF
allows for parallel discrete operations on the same device,49-50 which in turn speeds the processing steps
in the device.50 DMF also allows for more spatial freedom of the droplets and reagent as the droplets are
not confined to channels. DMF also eliminates the clogging issue involved with most continuous-phase
microfluidic devices.51 Due to these advantages, DMF devices are suitable candidates for mass
production and point-of-care applications such as immunoassays, water quality testing, medical
diagnostic, etc. Droplet manipulation in DMF devices is done using techniques such as electrowettingon-dielectric (EWOD),48, 52 dielectrophoresis (DEP),53-54 surface acoustic waves,55-56 magnetic force,5758

thermocapillary force,59-60 optoelectrowetting61 and magnetic actuation of liquid marbles.62 Despite

the advent of these droplet actuation methods, EWOD is the most widely used technique in the DMF
community.
1.1.3.1 Electrowetting-on-dielectric
DMF devices can be in open (single-plate) and closed (two-plate) formats. In the two-plate
format, a droplet is sandwiched between two substrates that are patterned with electrodes. In a two-plate
EWOD device, the top plate is usually coated with a uniform conductive layer of indium tin oxide (ITO)
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and works as a continuous ground electrode. The bottom plate contains an array of electrodes
(chromium, aluminium, gold, copper) used for actuation of the droplets. In single-plate format, a single
substrate contains both ground and actuation electrodes. An insulating dielectric layer (parylene,
amorphous fluoropolymers, and silicon nitride) is used to cover the bottom plate electrodes. The
dielectric layer provides the build-up of charges for droplet actuation.46 The final layer is a hydrophobic
coating, typically Teflon® AF (polytetrafluoroethylene – a fluoropolymer). The function of the
hydrophobic layer is to reduce the surface energy of the substrate to facilitate facile actuation of the
aqueous droplets. The droplet actuation mechanism involves applying AC or DC voltage to the
individual substrate on the device systematically.46 The application of voltage to a droplet resting on an
electrode causes a wetting phenomenon, which results in an overlap of the droplet with neighboring
electrodes. This, in turn, leads to droplet movement due to a shift in electrohydrodynamic forces. 63
EWOD-based DMF devices have been employed to perform various complex operations and intricate
biological assays.64-66 Despite being advantageous in many ways, EWOD suffers from problems like a
multiple step fabrication process, the requirement of clean room facilities, biofouling and inherent
complexities associated with actuation. Recent advancements in techniques such as magnetic actuation
look into mitigating problems associated with EWOD by having minimal requirements of external
modules and make DMF more feasible for point-of-care applications.67
1.1.3.2 Magnetic Actuation
A magnetic actuation is an alternative approach to EWOD actuation in DMF devices. In this
DMF approach, magnetically susceptible material is added to the liquid, which is intended to be
manipulated. An external magnetic field can be applied underneath the surface using either electrical or
rare earth magnets making it possible to manipulate the liquid droplet (Figure 1.5). This approach does
not require any additional power supplies, pumps or light sources. Instead only a low friction surface
and a reasonably strong magnet are needed. To achieve facile droplet movement, surface friction must
be minimized, thus it is common to use either superhydrophobic surfaces or hydrophobic surfaces with
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an additional oil layer on the surface. Many droplet manipulation operations such as mixing, merging,
splitting and transport using magnetic actuation have been previously reported.58, 68 Recently Hutama et
al. reported a method for performing droplet actuation, splitting, and dispensing using only magnetic
force and physical confinement on a 3D-printed microfluidic device.69

Figure 1.5. An artistic rendition of the mechanism for magnetic actuation showing a permanent
magnet (with representative field lines) underneath a (super)hydrophobic substrate containing a
droplet with magnetic material in it.70
The most common method of magnetic manipulation is the addition of magnetic particles
(ferromagnetic, paramagnetic or superparamagnetic particles) to the droplet to serve as the actuator.
There have also been reports of other ways of magnetic actuation. Mats et al. demonstrated the use of
droplets containing paramagnetic salts for actuation of aqueous droplets.71 Ferrofluid-based magnetic
droplet manipulation techniques use ferrofluids (a colloidal suspension of nanoscale magnetic
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particles72) for the actuation of droplets. Liquid marbles are a relatively new way of actuation which
uses a liquid droplet encapsulated with a layer of hydrophobic or amphiphilic micro/nanoparticles. The
coating of hydrophobic particles on the liquid droplet stops it from wetting the surfaces and allows it to
roll or slide freely on the surfaces (Figure 1.6). The use of magnetic hydrophobic particles allows for
the magnetic manipulation of such liquid marbles.62, 73-74 A new and unconventional method of magnetic
actuation uses a magnetically susceptible flexible substrate. The flexible substrate is composed of elastic
polymers infused with magnetic materials. When a magnet is brought near the substrate, this creates a
dent, which causes the droplet to roll towards the dent.75-76 Most of the work in this thesis, however, is
based upon actuation using magnetically susceptible particles on SH surfaces.

Figure 1.6. (a) A magnetic liquid marble depicting high contact angle, (b) principle of formation
of a magnetic liquid marble and (c) image of a magnetic liquid marble.77
1.1.4 Magnetic Materials
Materials can be divided into three main categories based on their interaction with the external
magnetic field. Diamagnetic materials are those that repel a magnetic field. Most diamagnetic materials
have a very small negative magnetic susceptibility (χ ~ 10-6). The second material type is called
paramagnetic materials which have a small positive magnetic susceptibility and do not retain magnetic
12

alignment without an external magnetic field (χ ~ 10-6-10-4). In contrast to diamagnetic materials,
paramagnetic materials form an internal induced magnetic field in the direction of the external magnetic
field.78 Third material type is ferromagnetic materials which include “permanent magnets”. These types
of materials have a permanent aligned magnetic moment, which they maintain even after the removal
of the external magnetic field. Ferromagnetic materials possess a large magnetic susceptibility (χ ~ 104106).
A subclass of magnetic materials is “superparamagnetic” materials. These are regarded as a
compromise between paramagnetic and ferromagnetic materials. Superparamagnetism arises from the
coupling of multiple atomic spins, which results in a behavior similar to a single paramagnetic atom.
These materials have a large magnetic susceptibility (χ ~ 10-2-102) resulting in a high magnetization
under the influence of the external magnetic field, which is lost due to high thermal fluctuations in
absence of an external magnetic field. Hence, they are a suitable choice for magnetic actuation.
Superparamagnetic particles (SPMPs) with a diameter less than 100 nm tend to form monodisperse
homogeneous suspensions known as ferrofluids.79 SPMPs with a diameter greater than 100 nm tend to
sink in droplets/solutions due to their relatively high density but can be easily manipulated by an external
magnetic field. These particles are termed “magnetic beads” and a typical magnetic bead contains an
iron oxide core (Fe2O3 or Fe3O4) surrounded by a layer of silica. The silica layer provides magnetic
beads a high aspect ratio (spherical) configuration while maintaining overall superparamagnetic
properties. The silica layer also makes it possible to functionalize the surface of SPMPs for different
applications.80-81
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Figure 1.7. Schematic diagram of a functionalized magnetic bead. The core containing a collection
of small iron oxide domains has high magnetic susceptibility and the silica coating is covalently
attached to the chemical functionality “F”.
The main purpose for functionalizing magnetic particles is to a) provide stability in a solution
to overcome flocculation due to van der Waals force,82 b) attach specific groups to the surface for
biological applications (protein tags, enzymes, fluorescent tags, etc.),83 or c) provide additional
functionality for applications such as chemical separation.84 Stabilization of magnetic particles was
demonstrated by the pioneering work of Ugelstad et al. In this work, they prepared a coating of
polystyrene on the magnetic particles to prevent their coagulation.85 Most common applications of
SPMPs include separation, extraction and detection of analytes in solutions. Nam et al. developed a way
to detect specific proteins by functionalizing magnetic particles with the specific antibodies.86
Berensmeier reported a method for using functionalized magnetic particles for separation of nucleic
acids.87 Apart from their use in biological separations and extractions, they have also been used in
actuation of discrete droplets for DMF applications.88-89 As mentioned earlier, a key component of
magnetic actuation is non-wettable surfaces. The next section of the introduction will talk about surface
wettability and the different ways we use to attain non-wettability.
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1.2 Surface Wetting
Surface wetting is a result of the interaction of a liquid with a solid surface. A significant amount of
fundamental and application-based studies have been done on the topic of surface wetting.90-91 Surface
wetting has a key role to play in several industrial processes, such as: liquid coating, oil recovery,
lubrication and printing.92-95 Contact angle is the primary data measured in most of the wetting studies,
which indicates the degree of wetting for a liquid on a solid substrate. Calculations using the measured
contact angle can also be used to yield solid surface tension which quantifies the wetting behavior of a
solid material.96
The shape that a liquid assumes on a surface is a result of a combination of the surface tension of
the liquid and the surface energy of the surface. In a pure liquid, each molecule in the bulk is pulled
equally in every direction by neighboring liquid molecules, resulting in a net force equal to zero. The
molecules on the surface of the droplet, however, do not have neighboring molecules in all directions to
zero the net force. As a result, they are pulled inward by neighboring molecules creating an internal
pressure (Figure 1.8). Hence, the liquid tends to reduce its surface contact with a surface to lower its
surface area to provide the lowest surface free energy. Spheres have a minimum possible surface area
for a fixed volume. As a result, small droplets tend to form spherical shapes on surfaces to reduce their
surface free energy. This intermolecular force to contract the surface is called the surface tension, and
it is responsible for the shape of liquid droplets. Practically, other factors such as gravity also play a role
in affecting the contact angle of a droplet by deformation. In theory, the contact angle is expected to be
characteristic for a given solid-liquid system in a specific environment.97
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Figure 1.8. A figure showing the presence of unbalanced forces on the surface molecules of a
droplet.
Experimentally, contact angles are calculated using a sessile drop method where a small volume of
a liquid is placed on a surface and an optical image is taken. This optical image can then be used to trace
the contact line, which is used to calculate the contact angle for the drop. Liquids that spread on the
surface have a small contact angle compared to liquids that form a more “spherical” geometry on the
surface, which presents higher water contact angles. In more detail, a liquid with a contact angle < 90°
indicates that the liquid prefers to wet the surface (hydrophilic); while a liquid with a contact angle >
90° (hydrophobic) indicates that the liquid will minimize contact with the surface to form a more
rounded droplet. Surface wetting can also be characterized by measuring sliding angles. The sliding
angle of a given surface is the angle at which a droplet at rest will disengage from the surface when
tilted. Thomas Young, an English polymath,- first described the forces acting on a liquid droplet sitting
on top of a flat surface using the equation as follows (Figure 1.9):
cos 𝜃𝑌 =

𝛾𝑆𝐿 −𝛾𝑆𝑉
𝛾𝐿𝑉

(1.1)

This equation relates θY (Young’s contact angle of the liquid drop) with the interfacial energies
acting between the solid-liquid (𝛾𝑆𝐿 ), solid-vapour (𝛾𝑆𝑉 ) and liquid vapour (𝛾𝐿𝑉 ) interfaces. Contact
angle is defined by the angle between the liquid-vapor interface, with respect to the solid. A line
originating from a point of intersection of solid, liquid and vapor is called the contact line. This is the
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point at which each of the phases coexist.98 This equation is only valid for perfectly flat surfaces.
Young’s model also assumes that the bulk phase, and the surface of the droplet and substrate are
consistent.99 This is not true in real life as surface molecules of the liquid droplet behave differently to
those in the bulk due to an imbalance of forces. The Wenzel model and Cassie-Baxter models were
developed to explain the behavior of a liquid on rough surfaces.

Figure 1.9. A schematic of a droplet resting on a flat surface and representing gas, liquid and
vapor phases as well as surface tensions associated with those phases.
To better understand the surface wetting phenomenon, Young's equation may be modified using a
roughness parameter (r). The resulting Wenzel model accounts for topological features on surfaces such
as protrusions and pores, through taking surface roughness into account.100 The roughness parameter is
the ratio of the actual surface area of the surface to the apparent area.
Consideration of surface roughness in the model leads to the assumption that spreading of the liquid
on the rough surface allows the contact line to follow topological features on the surface. As the contact
line follows the topological features, the liquid fills the pores of the surface. If a surface behaves
differently than an ideally flat surface, the roughness factor must be greater than one. Practically, most
surfaces possess roughness factors greater than one. The contact angle in the Wenzel regime is derived
using the equation as follows:
cos 𝜃𝑊 = 𝑟

𝛾𝑆𝐿 −𝛾𝑆𝑉
𝛾𝐿𝑉
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= r cos 𝜃𝑌

(1.2)

It is evident from Equation 1.2 that if: 𝜃𝑌 > 90°, cos 𝜃𝑌 < 0, and as the value of r increases,
arccos(cos 𝜃𝑌 ) i.e. 𝜃𝑊 also increases. The increase in 𝜃𝑊 indicates a higher contact angle than 𝜃𝑌 , which
in turn indicates an increase in hydrophobicity. The same is true for superhydrophilic surfaces where 𝜃𝑌
< 90°, cos 𝜃𝑌 > 0, and 𝜃𝑊 < 𝜃𝑌 resulting in a lower Wenzel contact angle than predicted by Young’s
model. This suggests that an increase in roughness has an enhanced effect on hydrophobicity and
hydrophilicity by making hydrophobic surfaces more hydrophobic and hydrophilic surfaces more
hydrophilic. As expected, the liquid-solid contact area is higher in Wenzel regime as compared to
Young’s regime due to consideration of surface roughness. This should in theory result in lower WCAs,
but we still see an increase in contact angle in the Wenzel regime. This is due to the use of apparent
contact angle which makes the angle appear higher.

Figure 1.10. A droplet sitting on a rough surface in Wenzel state.
The Cassie-Baxter model, on the other hand, accounts for the air trapped within the small protrusions
on a rough surface.101 In this case, it is predicted that the surface reaches enough roughness that it can
trap air in its pores. The trapped air then creates a “cushion” for the liquid drop and pushes it off the
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surface and reduces the surface wettability (Figure 1.11). The wetting phenomenon of a liquid in the
Cassie-Baxter regime can be described using the equation:
cos 𝜃𝐶𝐵 = −1 + ɸS(1 +

𝛾𝑆𝐿 −𝛾𝑆𝑉
)
𝛾𝐿𝑉

(1.3)

Where ɸS is the fraction of the surface that is in contact with the liquid. This is calculated by
calculating the fraction of surface coming in contact with the rough surface compared to the liquid
coming in contact with the trapped air. In this regime, liquid touches only the top of the surface with a
limited contact area (Figure 1.11). The contact angle of a liquid in three different regimes usually follows
this trend θCA(Young) < θCA(Wenzel) < θCA(Cassie-Baxter). CB and Wenzel states are typically differentiated by their
sliding angle where the Wenzel state SA is often larger.

Figure 1.11. A droplet resting on top of air "cushion" on a rough surface in Cassie-Baxter state.
A better understanding of solid-liquid interactions has led to the development of synthetic materials
with tailored wettability towards not just water, but also organic liquids.102 Chapter 4 of this thesis will
elaborate on a new class of these materials called slippery liquid infused porous surfaces (SLIPS) which
are capable of repelling both organic, as well as aqueous liquids. By tailoring surface, liquid and
environmental properties, it is also possible to transition from the Cassie-Baxter to Wenzel state.103
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1.3 Superhydrophobic Materials
Due to their self-cleaning, anti-icing and anti-biofouling properties, these superhydrophobic
surfaces have received significant attention. Superhydrophobic surfaces have a water contact angle
(WCA) more than 150° and a sliding angle of less than 10°. The idea of superhydrophobicity was derived
from nature. Many surfaces in nature use hydrophobicity for self-cleaning purposes.

Figure 1.12. Examples from nature exhibiting superhydrophobicity.104
Some examples of superhydrophobicity in nature include the lotus leaf which uses a random
distribution of micropapillae covered by branch-like nanostructures (Figure 1.12 a),105 rice-leaf
possessing lotus-leaf-like micropapillae in one-dimensional order (Figure 1.12 b),106 butterfly wings
containing multi-scale structures for fluorescence emission, chemical sensing and superhydrophobic
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properties (Figure 1.12 c),107 water strider legs using needle-like microsetae with helical nanogrooves
for superhydrophobicity (Figure 1.12 d),108 mosquito compound eyes show antifogging,
superhydrophobic and antireflection properties due to the presence of hexagonally closed-packed micro
ommatidia covered by nanonipples (Figure 1.12 e),109 and many more. From these examples, it was
established that a combination of micro-nano surface roughness and low surface energy materials is
required to prepare superhydrophobic (SH) surfaces.
Inspired by these examples from nature, a wide variety of synthetic SH surfaces have been
fabricated using different methodologies. Wang et al. outlined 311 different methodologies to prepare
SH surfaces reported in the literature in a review published in 2015. Some of those methods include
plasma treatment,110 laser treatment,111 phase separation,112 template methods,113 spin coating,114 spray
coating,115 electrohydrodynamics/electrospinning,116 ion assisted deposition,117 in situ polymerization,118
sol-gel methods,119 solvo thermal methods,120 electrochemical methods,121 layer-by-layer,122 selfassembly,123 vapor deposition,124 etching,125 and other less common methods.126 Synthetic SH surfaces
have been used in a variety of applications ranging from anticorrosion,127 antifogging,128 anti-icing,129
drag reduction,130 medicine,131 oil/water separation,132 patterned wettability (DMF),133 self-cleaning134
and water harvesting.135 In this thesis we use primarily spray coating and in situ polymerization methods
to prepare SH surfaces for use in DMF applications. The spray coating is used due to its ease of
fabrication and coatings made via in situ polymerization methods are used due to their versatility in
terms of variation in surface chemical functionalities.
1.3.1 Spray Coating
Spray coating is one of the most well-known methods for graphic arts, painting, and also
industrial coating.136 Aerosol spraying is a reagent dispensing system that creates an aerosol mist of
liquid particles. In general, the sample is contained under pressure with a propellant in a bottle. As soon
as the container valve is opened, the sample is forced out of a small hole in a form of aerosol or mist.
The propellant is used to drive the sample out of the can and it rapidly evaporates, leaving the sample
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as a suspended fine particle or droplet to be deposited on a given substrate placed in the way of the
spray. To prepare SH surfaces a suspension of fluorinated silica nanoparticles is used as the sample. The
nanoparticles play a dual role of imparting roughness as well as a reducing surface energy. For example,
commercial coatings such as Ultra-Ever Dry™ and NeverWet containing fluorinated silica nanoparticles
can be sprayed on any substrates to make them SH.
1.3.2 In situ Polymerization
Alternatively, others have utilized a porous polymer monolithic approach to preparing SH
surfaces. The “monolith” word originates from the Latin word Monolithus, which means “made of one
stone”. The term has been widely used by chemists to describe materials that exhibit properties like “a
single piece of material”. One example of such materials is porous polymer monoliths (PPMs). The term
PPM refers to a material comprised of a large, interconnected network of polymer globules. 137 These
materials are highly versatile as they allow the variation in porosity, pore size, and a wide variety of
chemical functionalities just by controlling precursors and chemistry during polymerization. The ability
to tune the intrinsic properties of the material has led to its extensive application in the preparation of
monolithic chromatography columns for various separations.138 The PPMs are formed as a result of
phase separation between the growing polymer of a monomer mixture containing appropriate amounts
of cross-linking monomer and porogenic solvents.139 The invention of PPMs can be traced back to the
early 1950s. It is believed that the idea of PPMs emanated from theoretical discussions between Noble
prize laureates Synge, Martin and Tiselius.140 The monoliths did not receive as much attention at that
time as the gel-like material collapsed under the high pressure required for the flow of liquids through
it.141 Interest was again sparked by Hjertén in the year 1990 who first prepared a polymer from the
aqueous solutions of N,N’-methylenebis(acrylamide) and acrylic acid in the presence of ammonium
sulphate. The material was highly swollen and cross-linked and showed very high permeability towards
flow. He then called this monolith a “continuous bed”.142
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There are three main free radical approaches taken to prepare PPMs. The first one is called
“thermally initiated polymerization” which uses a thermally active initiator and heat to polymerize the
monomer solution. The second is “photoinitiated polymerization” which uses a photoactive initiator and
UV light to polymerize the monomer solution. The third method is termed “radiation polymerization”
and does not require any initiator. Rather this method uses high energy radiation such as γ-rays or an
electron beam to initiate polymerization143 The specific details of “thermally initiated polymerization”
and “radiation polymerization” are beyond the scope of the thesis, so we will focus on photoinitiated
polymerization.
The idea of photoinitiated polymerization to synthesize PPMs was first introduced in 1997 by
Viklund et al.144 They carried out a systematic study to prepare monoliths of glycidyl methacrylate and
trimethylpropane trimethacrylate. The materials were prepared in a quartz tube with an inner diameter
of 2.4 mm. In particular, they demonstrated that photoinitiated polymerization is significantly faster than
thermally initiated polymerization and its potential in future applications.144 Photoinitiated
polymerization didn’t receive much attention at first, as thermally initiated polymerization was a wellestablished technique at the time. However, as it provided certain advantages over thermally initiated
polymerization such as photo-patterning and reduced polymerization time, it became increasingly
popular in later years.
A photopolymerization mixture consists of a photoinitiator, monomer, cross-linker and
porogenic solvents. After this mixture is transferred to a mold, it is irradiated with UV light of a required
wavelength to initiate the polymerization. As this polymerization can be carried out at room temperature,
low boiling point porogenic solvents such as methanol, ethanol, chloroform, ethyl acetate and hexane
can also be used, which was not possible with thermally initiated polymerization. 145 The two main
limitations of the photopolymerization technique are the requirement for UV transparent molds with
small size in one dimension and UV transparent monomers. The capillaries can be coated with Teflon
to achieve UV transparency for molds, and the second issue can be dealt with by eliminating aromatic
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monomers such as styrene and divinylbenzene (aromatic monomers can be polymerized with UV
irradiation but with more energy compared to non-aromatic monomers). This still leaves us with a large
range of polymerizable monomers including glycidyl methacrylate, butyl acrylate, sulfobetaines,
butanediol diacrylate, etc. For example, our lab developed PPM columns using 1H,1H-heptafluorobutyl
acrylate and 2,2,3,3-tetrafluoro-1,4-butyl diacrylate monomers which were used for the separations of
fluorous tagged molecules using aqueous acetonitrile as the mobile phase (Figure 1.13). 146
Photoinitiators play an important role in photopolymerization as they are responsible for initiating the
reaction leading to the formation of the polymer chain. A popular initiator is azobisisobutyronitrile, it
decomposes under illumination at 365 nm to produce free radicals.147 Aromatic ketones such as 2methoxy-2-phenylacetophenone (benzoin methyl ether) and 2,2-dimethyl-2-phenylacetophenone are
designed specifically for photoinitiated polymerizations and work at different wavelengths. A great
advantage of PPMs is the control over the porosity of the polymer. The porosity of the photoinitiated
polymer can be controlled by modifying porogen composition and amount of crosslinker.

Figure 1.13. SEM image of a PPM comprised of 1H, 1H-heptafluorobutyl acrylate (monomer) and
2,2,3,3-tetrafluoro-1,4-butyl diacrylate (cross-linker) formed in a fused silica capillary.146
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1.3.2.1 Porogenic solvent’s effect on PPM porosity
Controlling the type and composition of a porogen/ porogenic solvent for polymerization is an
efficient tool to modify the porosity of the final polymer. Microporous morphology in the PPMs is
caused by the phase separation of the cross-linked nuclei. There are two possible reasons for the
reduction of solubility of the polymer in the polymerization mixture leading to its phase separation. The
first reason is the molecular weight exceeding the solubility limit of the polymer in the solvent phase.
The second reason for the phase separation can be a high degree of cross-linking leading to reduced
solubility in a given solvent system.148
Introducing a porogen that is a better solvent for the polymer reduces the pore size of the
resulting PPM. Reduced pore size is due to the late onset of the phase separation of the polymer where
the phase separation process is dominated by cross-linking. Addition of a poor solvent has the reverse
effect as the phase separation occurs in the early stages of polymerization resulting in larger pore sizes
for the PPM. In the case of a poor solvent, the newly formed polymer phase swells in the presence of
the monomers as they are better solvents than the porogenic solvents. This results in a higher
concentration of the monomers in the swollen gel nuclei than the surrounding solvent. The
polymerization reaction proceeds primarily in the swollen nuclei than the solution itself. The new nuclei
are likely adsorbed by the large preglobules formed earlier from the coalescence of multiple nuclei. This
results in the formation of a PPM containing large globules with larger pores. We will explore the effect
of porogen composition on the PPM porosity in Chapter 2 of this thesis.
1.3.2.2 Cross-linking monomer’s effect on PPM porosity
A cross-linker will not only affect the porosity, but it can also change the composition of the
final PPM. A higher content of the cross-linker can result in a more cross-linked polymer and leads to
its earlier phase separation. Although this change is similar to introducing a poor porogenic solvent in
the system, the nuclei being more cross-linked cannot swell as much with the monomers. Hence, the
pore size of the resulting PPM is smaller. The high cross-linking density also results in smaller globule
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sizes. As this approach also effects the chemical properties of the PPM, it is not often used to control
the porosity unless really needed.148
As mentioned in Section 1.3.2.1 and 1.3.2.2, PPMs were primarily formed inside confined
molds such as capillaries. In 2009, Levkin et al. introduced a method to fabricate PPMs onto a planar
substrate instead of glass capillaries.118 He used an assembly of two glass slides sandwiched together to
form a mold and injected the polymerizable solution between the glass slides to form the PPM.

Figure 1.14. A figure showing template assembly for PPM formation on a glass slide. On the left
are two functionalized glass slides fastened with binder clips separated by a 25 µm spacer and on
the right, is a butyl methacrylate-co-ethylenediol dimethacrylate PPM formed using the same
assembly.
Levkin et al. were able to prepare non-fluorous SH PPMs from butyl methacrylate monomer
using a templated approach (Figure 1.15).118 The development of such SH surfaces has opened pathways
of a new area of microfluidics which uses patterned wettability to adhere droplets of liquids in small
sizes. The use of SH PPM surface for magnetic actuation is described in Chapter 2 and as a substrate
containing hydrophilic patterns in Chapter 5.
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Figure 1.15. Images showing water droplet sitting on (left) and SEM (right) of a poly(butyl
methacrylate-co-ethylene) PPM on a flat glass substrate.118

1.4 Patterned wettability
Interest in SH materials have led to the development of surfaces with contrasting surface energy.
The ability to deposit small and desired amounts of liquids in an easy fashion has led researchers to
explore the area of patterned surfaces. These patterned surfaces consist of hydrophilic patches/ SETs
surrounded by hydrophobic regions. Patterned surfaces work on the principle of differential wetting.
Differential wetting was inspired by the Namib Desert beetle, Stenocara gracilipes, which has a pattern
of hydrophilic spots on its otherwise waxy, hydrophobic back (Figure 1.16).149 Being in the desert, they
must survive in dry and arid conditions. The beetle travels to the top of the nearby dunes during the
morning winds. It tilts its entire body into the wind and spreads its wings. The hydrophilic parts on the
back capture the condensation from the fog, which grows in volume over time. There comes a point
where the volume of the droplet reaches a critical limit and the mass of the droplet overcomes the
adhesive force of the hydrophilic patch. This results in the droplet rolling down the back of the beetle
into its mouth. The surfaces with patterned wettability have been utilized for applications including
water harvesting, anti-icing, anti-fogging, drug release, etc.104,

150-151

The wetting of droplets on

hydrophilic regions of a surface significantly increases droplet-surface adhesion and when a sufficiently
sized SET is employed, the droplet is pinned. Depending upon the adhesive forces, there is a possibility
to release the droplet from the SET which has been used for liquid dispensing.152 Patterned surfaces can
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be prepared by methods such as laser micromachining, photopatterning and micro-contact spotting.13,
153

In particular, laser micromachining is an attractive approach for rapid prototyping of patterned

surfaces with high fidelity152.

Figure 1.16. (a) An image of the desert beetle Stenocara sp., (b) SEM image of depressed waxy
areas of the otherwise black back have a positive stain (waxy, colored), whereas the peaks of the
bumps are not stained (wax-free; black), (c) An SEM image of the textured surface of the depressed
areas (c). Scale bars, (a) 10 mm, (b) 0.2 mm and (c) 100 μm.135

1.5 Objectives
The main objectives of this Ph.D. dissertation are to explain different ways SH surfaces can be
used for different microfluidic applications. As explained in Section 1.2, the SH surfaces provide low
surface friction due to inherent roughness such that they can be used for magnetic actuation. In Chapter
2 we use concepts explained in Section 1.3 to prepare different SH (commercial UED™ coatings with
a spray coating method and PPM coatings with in situ templated polymerization approach). In the same
chapter we use the concepts explained in Section 1.1.3.2 to characterize magnetic actuation performance
of different volume droplets containing paramagnetic salt and SPMPs on SH surfaces. Section 1.1.4
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elaborates on different kinds of magnetic materials available for magnetic actuation in microfluidics. In
Chapter 3 of this thesis we present a new biologically-driven droplet magnetic actuation method. This
method uses magnetotactic bacteria to actuate aqueous droplets on SH UED™ surfaces. By introducing
a new material for magnetic actuation, we attempt to further simplify the process of magnetic actuation
compared to continuous-flow microfluidic devices as explained in section 1.1.2. So far, we have
discussed actuation of aqueous droplets. In Chapter 4, we explore the use of SLIPS surfaces for magnetic
actuation of organic as well as aqueous droplets. These surfaces can be prepared from SH PPM surfaces
(Section 1.3.2). SH PPM surfaces, when infused with a slippery liquid such a perfluorinated ether, turn
into a surface that can repel organic as well as aqueous liquids. A detailed study of actuation of
hexadecane droplets on SLIPS surfaces furthers our understanding of the use of organic liquids for
microfluidic applications. In Chapter 5, we use concepts of patterned wettability described in Section
1.4 to study IRI activity of IBPs on a microfluidic device. The microfluidic device is made by laser
micromachining certain area of a SH PPM surface making them hydrophilic which allows us to deposit
small volumes (1 µL) of IBPs on the device for further analysis. As explained in Section 1.1.4, magnetic
particles can be functionalized with organic moieties for their use in chemical extraction. Chapter 6 of
this thesis talks about the use of functionalized magnetic beads for extraction of asphaltenes from crude
oil. In later parts of Chapter 6, we also discuss the development of a superamphiphobic surface for
potential on-chip extraction of asphaltenes from crude oil.
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Chapter 2
Multiplexed Automated Particle and Particle-free Magnetic Droplet
Actuation on Different Superhydrophobic Surfaces Employing Surface
Energy Traps for DNA Quantitation
2.1 Introduction
A superhydrophobic (SH) surface, defined by a water contact angle (WCA) of >150 and a
sliding angle <10, is a result of stronger cohesive forces within the molecules of the droplet resting on
the surface compared to weak adhesive forces acting between the droplet and the surface material. 1 In
1997, Barthlott and Neinhuis performed a systematic study highlighting the super water-repellent and
self-cleaning ability of the lotus leaf (Nelumbo nucifera) and attributed the observed
superhydrophobicity to nano- and micro-scale waxy surface texture.2 Since then, there have been many
techniques applied to the fabrication of SH surfaces.3-7 Sun et al.8 created a replica of the lotus leaf via
a double casting approach using PDMS to produce a substrate with the same surface morphology as the
lotus leaf and a WCA of 160°. Alternatively, Lee et al.9 utilized nanoimprint lithography to pattern
polystyrene substrates with different nanostructures resulting in an SH surface. More recently, porous
polymer monolithic coatings have also been used to generate superhydrophobic-superhydrophilic
micropatterns.10-12 Levkin et al.13 reported on the fabrication of SH surfaces produced via porous polymer
monolith (PPM) coatings on flat substrates. Surface preparation involved sandwiching a polymerization
solution between two vinyl-functionalized glass slides and UV-initiated polymerization thereafter. In
this case, the material (coating) thickness is controlled using a spacer separating the two plates14. Using
this approach Levkin et al. report WCAs as high as 172°.
In addition to self-cleaning and the various other applications, low adhesion surfaces have also
found applications in digital microfluidics (DMF)11, 15-17 where small volume liquid droplets (on the
order of microliters (μL) - picoliters (pL)) are actuated, mixed, merged, split, and/or analysed on micro46

patterned substrates.14 In many cases, a surface with low friction (adhesion) is required in order to
facilitate the fundamental operations. Magnetic actuation is conducted using droplets that contain a
magnetically susceptible material in combination with the application of an external magnetic field on
a low friction SH surface. In many cases, the magnetically susceptible material is in the form of
superparamagnetic particles (SPMPs)18-19 and more recently, paramagnetic salts have been employed
and manipulated with either permanent20 or electromagnets.21
Interest in SH materials have led to the development of surfaces with contrasting surface energy.
The surfaces with patterned wettability have been utilized for applications including water harvesting,
anti-icing, anti-fogging, drug release, etc.22-24 The wetting of droplets on hydrophilic regions of a surface
significantly increases droplet-surface adhesion and when a sufficiently sized SET is employed, the
droplet is pinned. Depending upon the adhesive forces, there is a possibility to release the droplet from
the SET which has been used for liquid dispensing25. Patterned surfaces can be prepared by methods
such as laser micromachining, photo-patterning and micro-contact spotting.26-27 In particular, laser
micromachining is an attractive approach for rapid prototyping of patterned surfaces with high fidelity.25
Various techniques such as DNA sequencing, DNA amplification and molecular cloning require
determining the accurate concentration of DNA in solution. The most common way of determining DNA
concentration is by collecting UV absorption at 260 nm. This method has problems associated with it.
For example , if the product is contaminated with RNA or proteins it can produce false readings due to
their concomitant UV absorption at 260 nm. A different way of quantifying DNA uses Hoechst 33258
2′-(4-hydroxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5′-bi-1H-benzimidazole trihydrochloride hydrate
fluorescent dye (Figure 2.1).28 The binding of Hoechst dye occurs in the minor groove of the DNA and
it has a preference for the AT sequences (Figure 2.1).29As soon as the dye binds to the DNA, the
efficiency and the maximum wavelength of the fluorescence output shifts to 460 nm. Due to the same
reason, the wavelength for the fluorescence excitation is ~360 nm and emission is recorded at ~460 nm.
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In presence of high salt concentration and at neutral pH, the Hoechst 33258 dye preferentially binds to
DNA compared to RNA or proteins, nucleotides or dilute buffer reagents.30

Figure 2.1. A figure showing (top) Hoechst 33258 dye bound to the DNA and (bottom) chemical
structure of the Hoechst 33258 dye. Reproduced from reference31
This chapter focuses on the automated actuation of SPMP and paramagnetic salt-containing
aqueous droplets on three SH coated glass surfaces. Actuation performance is tested on Ultra-Ever Dry,
a fluorinated PPM and a “fluorine-free” SH PPM surface.13 Droplet kinematics and the disengagement
forces for droplets with magnetically “responsive” material actuated on a SH surface and the parameters
for their disengagement from hydrophilic SETs are assessed using a programmable XY stage. The effect
of droplet size and concentration of salt/SPMPs on droplet disengagement acceleration was examined
on all three surfaces. Optimized SPMP concentration, SET diameter, and SH surfaces are used to
conduct a multiplexed quantitative droplet-based DNA assay.
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2.2 Experimental
2.2.1 Reagents
Glass microscope slides were purchased from Fisher Scientific, ON, Canada (Economy Plain Glass
Micro Slides; 76 × 25 × 1 mm) and were used as substrates. For DNA quantitation and multiplexing
studies, larger (102 x 76 x 1 mm) slides were used (Ted Pella, Inc., CA, USA). Ultra-Ever Dry™
(UED™) was obtained from Hazmasters (Ottawa, Canada). 1H,1H-heptafluorobutyl acrylate (FBA)
was sourced from Oakwood Chemicals, SC, USA. 2,2-Dimethoxy-2-phenylacetophenone (DMPAP), 3(trimethoxysilyl)propyl methacrylate (γ-MAPS), benzophenone, butyl methacrylate (BuMA),
cyclohexanol,

decanol,

ethylene

glycol

dimethacrylate

(EDMA),

trichloro(1H,1H,2H,2H-

perfluorooctyl)silane, hydroxyethyl methacrylate (HE), manganese(II) chloride tetrahydrate and tertbutanol were all purchased from Sigma-Aldrich, ON, Canada. All monomers were used without removal
of inhibitors. Acetic acid was obtained from Fisher Scientific, ON, Canada. Acetone and methanol were
purchased from ACP Chemicals. SPMPs were obtained from Bioclone Inc. (San Diego, USA). The
SPMPs have a diameter of ∼1.0 µm, the magnetization of ∼40 emu/g and an iron oxide core, which is
coated with a layer of silica. The NdFeB cylindrical magnets used for actuation were purchased from
K&J Magnetics, Inc., PA, USA. The magnetic field strength of the magnet was measured to be 5.64 kG
before and 3.24 kG after placing a glass slide (1 mm thick) between the gaussmeter probe (Gaussmeter
Model 410, LakeShore Cryotronics Inc., Westerville, OH) and the magnet. Fluorescence-based DNA
quantitation kit was purchased from BIO-RAD, CA, USA.
2.2.2 Ultra-Ever Dry Preparation and Application
Ultra-Ever Dry is a two-layer coating, and each layer was applied separately as an aerosol as
per the manufacturer’s instructions. Typically, the slides were left under ambient conditions to dry for a
minimum of 20 minutes between the application of the respective layers and further dried overnight
before use.
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2.2.3 Porous Polymer Monoliths Synthesis on a Planar Substrate
2.2.3.1 Slide Pretreatment and Functionalization
A procedure described by Levkin et al.13 was followed to prepare PPMs on glass
substrates. First, clean glass slides were activated by exposure to 1M NaOH for 30 minutes followed by
exposure to 1M HCl for 30 minutes. After activation, the slides are functionalized following a previously
developed protocol13. The functionalization mixture is comprised of 20% v/v solution of γ-MAPS in
ethanol and adjusted to a pH of 5 using the drop-wise addition of acetic acid. This mixture is applied to
the top of a glass slide, and another glass slide is placed on top. The slides are functionalized for 60
minutes with re-application of functionalization solution after 30 minutes. After functionalization, the
slides are thoroughly rinsed with both methanol and acetone and dried under nitrogen. All glass slides
were kept in a desiccator and used within a four-day period.
2.2.3.2 Pre-polymer and photografting mixtures
Table 2.1. Abbreviations and solution compositions for the polymer monolith synthesis.
Initiator

Monomer/Cross Linker

Abbreviation

Solvent
Composition

Low-density BuMA-

DMPAP

20 wt.% BuMA

40 wt.% decanol

co-EDMA (LDMA)

(1 wt.%)

30 wt.% EDMA

10 wt.% cyclohexanol

High-density BuMA-

DMPAP

20 wt.% BuMA

25 wt.% decanol

co-EDMA (HDMA)

(1 wt.%)

30 wt.% EDMA

25 wt.% cyclohexanol

HE-co-EDMA

DMPAP

20 wt.% HEMA

25 wt.% decanol

(HEMA)

(1 wt.%)

30 wt.% EDMA

25 wt.% cyclohexanol

FBA photo-grafting

Benzophenone

15 wt.% FBA

84 wt.% 3/1 t-BuOH/

solution

(0.25 wt.%)

1 wt.% EDMA

water (v/v)
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2.2.3.3 Template Assembly
Thin strips of Teflon® (50 µm; McMaster-Carr) were cut and placed along the long edges of a
functionalized glass slide (Figure 2.2). The pre-polymer mixture was applied to the slide with a
disposable pipet, followed by placing another slide on top of the bottom slide such that there were no
air bubbles present. The assembly forms the template and the thin strips define the thickness of the
eventual material. The slides are fastened together with four pressure clips to maintain slide position
during polymerization.

Figure 2.2. Schematic representation of the PPM coated slide fabrication.
2.2.3.4 Polymerization and Photografting
Following template assembly (filled with pre-polymer mixture) (Table 2.1), the template is
placed under an ultraviolet lamp (254 nm) for 30 minutes. After polymerization, the clips and Teflon®
strips are removed, and the glass slides are carefully disassembled using a sharp blade. Lastly, the
material is thoroughly washed with ~20 mL of methanol and acetone and dried under nitrogen flow.
For photografting, a HEMA-PPM was left to soak in methanol for one hour to remove unreacted
monomer. Effective photografting requires the repeating the sandwiched template approach and using a
fluorinated top plate.27 To fluorinate the top plate, a glass slide treated with 1M NaOH and 1M HCl for
30 minutes each, was placed in a desiccator (~12h) with a small watch glass containing ~50 µL of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane to fluorinate a top slide via chemical vapor deposition.13
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The HEMA substrate is first saturated with FBA photografting solution (~100 µL) and the
fluorinated top plate was then placed on top. The Fluorinated top plate is used to stop any of the growing
polymer from sticking to the top plate. Following, the template is placed under the UV lamp for 60
minutes and carefully disassembled, and then rinsed with methanol, acetone and then water.
2.2.4 Water Contact Angle and Sliding Angle Characterization
Rapid measurements of WCA and SA of surfaces were made using a USB microscope (Veho
VMS004D). ImageJ software was used to process the images, and when necessary, more precise
measurements were carried out using a Dataphysics OCA 15Pro optical contact angle measuring system.
2.2.5 Magnetic Actuation
Aqueous solutions of 1, 1.5, 2, 2.5, 3, 3.5 and 4M MnCl2 and SPMP solutions of 1, 1.5, 2, 2.5,
3, 3.5 and 4 mg/mL were prepared in 3 mL vials. During the preparation of the SPMP solutions, the
SPMPs were extensively washed with water as they were received in a stock suspension in methanol.
The SPMP stock solution was vortexed each time before use for homogenization. Magnetic actuation
was carried out by coding an XY stage (H2W Technologies) fitted with a magnet array. The center-tocenter distance between the magnets was 11 mm. In order to optimize the multiplexed droplet actuation
parameters, systematic studies were performed on each of the hydrophobic and superhydrophobic
coatings using droplets containing paramagnetic salts and SPMPs. Each slide was separately placed on
a static 3D printed frame with a seven-magnet array mounted to the translation stage directly below the
slide such that the magnets rested < 1 mm from the glass surface. The magnets were repeatedly translated
horizontally under the SH slide with increasing acceleration after each transit. The design of the stage
allows for an unobstructed movement of magnet array underneath the suspended SH substrate. A
photograph of the magnetic actuation assembly can be seen in Figure 2.3.
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Figure 2.3. Photograph of the magnetic actuation assembly. The magnets are visible under the SH
surface and are mounted on the XY stage. The SH-coated glass substrate can be seen resting on a
3D-printed holder.
2.2.5.1 Actuation Code and Velocity Profile
The XY stage can be automated using a simple standalone code. Here v1 and v2 are variables.
Speeds and accelerations inputs are provided in pulses per second which are later converted in m/s and
ms-2 given 1 pulse = 0.5 µm. The accelerations are provided in milliseconds, which is the time taken for
the stage to reach the highest speed from starting the point. Accelerations are converted into m/s2 using
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equation a = (vf-v0)/(tf-t0) where vf, tf are final velocity and time and v0, t0 are initial velocity and time,
respectively.
In the code given below (Table 2.2), LSPDX refers to the stage starting speed in the x-axis,
which is set to the lowest possible speed. HSPDX refers to the stage high speed (Figure 2.4). ACCX
refers to the acceleration of stage in the x-axis. EO command enables the x-axis movement. X70000 and
X1500 are positional moves. The wait command allows the stage to pause at a particular position before
executing the next positional moves.
Table 2.2. Magnetic actuation code for XY stage to move it with increasing accelerations.
v1=800

assigning v1 variable a value of 800

v2=1

assigning v2 variable a value of 1

LSPDX=1

assigning stage lowspeed

EO=1

enabling X-axis

while v2<13

start a while loop to move the stage 12 times between two x positions with
increasing accelerations

HSPDX=400000 assigning stage high speed
ACCX=v1

assigning initial stage acceleration as v1 (800)

X70000

starting X position

waitX

Allowing stage to wait before next positional move

X1500

final X position

waitX

Allowing stage to wait before next positional move

v2=v2+1

increasing value of v2 to start the second loop

v1=v1-50

increasing acceleration but decreasing v1

endwhile

end of while loop

end

end of code
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Figure 2.4. A trapezoidal velocity profile for the XY stage.
Once a typical move is issued, the axis will immediately start moving at the low speed setting
and accelerate to the high speed. Once at high speed, the motor will move at a constant speed until it
decelerates from high speed to low speed and immediately stops (Figure 2.4).
2.2.6 Laser Micromachining
Laser micromachining was performed using an Oxford Lasers A Series Compact
Micromachining System, equipped with a 355 nm solid-state diode-pumped picosecond-pulsed laser.
The system contained an integrated power meter, which indicated a laser power of 45.7 ± 4.5 mW,
which is variably attenuated with motorized optics. The associated software used G-code programs to
manipulate an XY stage and laser optics (in Z) to perform the machining. Programs were created to mill
circles in a substrate with the ability to vary the size and spacing of the array, the circle diameter, laser
power, pitch between laser passes, and the speed at which the stage moves during the process. The code
was written such that the laser would write concentric circles starting from the outermost circle (equal
to the programmed diameter) and moving inward by the defined pitch, with a small spot to fill in the
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core of the circle.
The superhydrophobic-coated substrate is placed inside the enclosure of the laser micromachining
system and fixed onto the XY stage using tape to prevent any movement whilst the stage is in motion.
Once in place, using the system’s software (Cimita), the substrate is brought into focus by adjusting the
height of the laser optics (with mounted camera) and focusing using the on-screen optical image. When
the substrate is in focus the G-code machining routine can be initiated and the milling process begins.
The substrates bearing hydrophilic SETs are washed with deionized water after removal from the laser
micromachining chamber before use.
SETs with diameters of 250, 500 and 1000 µm with a milling speed of 0.5 mm s-1 and a 10 µm
pitch were machined into the superhydrophobic surface following a method previously developed by
Bachus et al.25 Laser milling conditions employed remove specific regions of the SH coating, exposing
and roughening the underlying glass substrate. Center-to-center SET spacing was chosen to be 11 mm
to match the magnet spacing.
2.2.7 DNA Quantitation Sample Preparation
Seven standard solutions (1 µL total volume) of calf thymus DNA were prepared with
concentrations of 0, 20, 50, 100, 200, 500 and 1000 µg/mL to perform the DNA quantitation via
fluorescence. Seven solutions (20 µL), each containing 10 µg/mL of the Hoechst dye and 2 mg/mL of
the SPMPs were mixed and placed on each of the SETs. The intercalating dye enables the DNA to be
detected using fluorescence (375 nm Excitation and 480 nm Emission) (Figure 2.5).
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Figure 2.5. An image of the DNA quantitation setup. It contains a 600 nm OD fluorescence
detection probe placed directly above a fluorescent drop containing Hoechst dye, DNA and
SPMPs on a UED substrate placed on a 3D-printed holder.
2.3 Results and Discussion
2.3.1 Development of Porous Polymer Monoliths
A porous polymer monolith is a material comprised of a large, interconnected network of
polymer globules32. Pores in the structure are a result of solvophobic interactions between the porogenic
solvents and the partitioning polymer33. Several groups have investigated templated, acrylate-based, in
situ photopolymerization techniques to synthesize porous polymer monolith (PPM) materials33-34. The
same polymerization chemistry can be utilized to functionalize a planar surface with a PPM to tailor the
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wetting and/or sorption characteristics. Levkin et al.13 demonstrated PPM functionalized surfaces that
exhibit superhydrophobicity with a WCA as high as 170°.
We followed a similar approach to produce the PPM coatings13 (Section 22.2.3) and UED
coatings were prepared using the method described in section 2.2.2. PPM and UED coated glass surfaces
were chosen to examine the effect of porosity on magnetic actuation of paramagnetic salt and SPPM
containing droplets. It can be seen from the SEMs in Figure 2.6 E-G that the superhydrophobicity results
from the inherent surface roughness of the PPM, and roughness induced through template disassembly.13
Porosity and density of a PPM material are inversely proportional and throughout this report, we
differentiate and compare different PPMs with respect to their material densities (Figure 2.6 E and F).
A low-density BuMA-co-EDMA PPM (employing increased decanol content relative to cyclohexanol
in the porogenic solvent) and a high-density analogue (equivalent decanol and cyclohexanol content)
were developed (Figure 2.6 E and F). The low-density monolithic coating produced a WCA angle of
143  1 compared to that of the high-density coating, which had a WCA of 1453. While avoiding
fluorinated material promotes a more cost-effective and environmentally-friendly approach to material
synthesis, the water contact angles did not satisfy the superhydrophobic criterion. However, the material
was still employed for actuation testing. The fluorinated coating (Figure 2.6 G) is the only PPM coating
that satisfied the superhydrophobic criterion due to its WCA of 151.6  0.6 and SA of 4.3  1.5.
Images of 5 µL water droplets on UED and the different PPM coatings can be seen in Figure 2.6 (A-D)
below with associated scanning electron micrographs of the surface (Figure 2.6 E-H).
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Figure 2.6. Images of 5 µL water droplets on and SEM of (A, E) HBMA, (B, F) LBMA, (C, G)
FBA-co-EDMA and (D, H), Ultra-Ever Dry. Scale bars are all 5 µm.
2.3.2 Magnetic Actuation on (Super)hydrophobic Surfaces
For magnetic actuation, magnetically susceptible material within a droplet creates a “raft” which
after being placed within a magnetic field makes the droplet movement possible. Paramagnetic salts
(such as MnCl2.4H2O) and superparamagnetic particles (SPMPs) are two types of magnetically
susceptible materials that can be employed to generate magnetically-responsive droplets. The way in
which these materials interact with aqueous media presents an interesting difference in their actuation
mechanisms. When paramagnetic salts are employed in aqueous droplets, the salt remains dissolved and
is homogeneously dispersed throughout the droplet when the magnetic field is applied. In this case, the
entire droplet is responsive to the applied magnetic field. Conversely, the SPMPs are a suspension and
are attracted to the base of the droplet when a magnetic field is applied from below the substrate. This
creates an agglomeration of magnetically responsive particles at the bottom of the aqueous droplet. As
the magnet is translated under the material, the SPMPs are constrained within the droplet due to surface
tension. The agglomerated SPMPs create a moveable SPMP “raft” for the aqueous droplet to travel on.
In this case, the droplet will remain attracted to the magnetic field so long as the surface tension is not
overcome by other active forces such as gravity, inertia and momentum. The strength of the magnetic
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“raft” in the droplet and the magnetic field also greatly depends on the magnetic susceptibility of the
materials and these are summarized in Table 2.3.
Table 2.3. Magnetic susceptibility and amounts used for each material.
Material Concentration
Magnetic Material

Magnetic Susceptibility (cm3/mol)18
(mg mL-1)

MnCl2.4H2O

1.325 +/- 0.0028 x10-2

197.91 to 791.64

SPMP

10-2 to 102

1 to 4

During actuation, the droplet can disengage from the magnet if the frictional force, Ff and
maximum capillary force, Fc, max exceeds the maximum magnetic force, Fm,max.35. The frictional force can
be described as:
⃗⃗⃗
𝐹𝑓 ≅ 𝐾𝑓 𝑅𝑏 𝑈

(2.1)

where: Kf is a friction constant, Rb is the radius of the bottom contact area between the droplet and the
surface, and 𝑈 is the droplet velocity and the maximum capillary force is given by:
1

2

1

𝐹𝑐,𝑚𝑎𝑥 = 63 𝜋 3 𝛶𝑉 2

(2.2)

where: V is the volume of the magnetic “responsive” material inside the droplet and 𝛾 is the interfacial
tension between the bulk of droplet and the outside medium, i.e. water-air interface. Capillary force is
generated by the droplet deformation caused by magnetic “responsive” material pressing against the
side of the droplet in the direction of magnet travel away from the droplet (Figure 2.7). The magnetic
force that must overcome the latter is described as:
𝐹𝑚 = 𝑉𝜒

𝐵𝑚
⃗ 𝑚.
∇𝐵
𝜇˳

⃗ 𝑚,𝑚𝑎𝑥 𝜒𝑉
𝐹𝑚,𝑚𝑎𝑥 = 𝐾
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(2.3)
(2.4)

where χ is the magnetic susceptibility of the magnetic material, Bm is the strength of the applied external
field, μ˳ is permittivity of free space and Km,max is the maximum value of

𝐵𝑚
∇𝐵𝑚
𝜇˳

that can be achieved

for a given magnetic actuation device.

Figure 2.7. A schematic of the magnetic actuation mechanism of droplets containing magnetic
“responsive” material on SH surfaces.
A parametric study was conducted on all (super)hydrophobic coatings to determine the
acceleration at which a droplet disengages from the magnet as a function of droplet volume,
paramagnetic salt concentration, mass of SPMPs, and morphological/chemical properties of the
substrate material. The acceleration data outlines boundary conditions for analytical droplet operations.
In particular, the paramagnetic salt (MnCl2·4H2O) and the SPMPs were independently evaluated for all
four surfaces at seven different concentrations and at four different volumes as described in Figure 2.8
and 2.9. Figure 2.8 shows the droplet actuation performance for the UED coated sample. UED exhibits
the highest contact angles and lowest sliding angle of the coatings tested.
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Figure 2.8.

Droplet volume effects on droplet disengagement acceleration for SPMPs and

MnCl2.4H2O on UED. The dashed lines represent SPMP-based actuation while the solid lines
represent salt-based actuation. The labels on the curves represent concentrations of SPMPs
(mg/mL) and salts in (M). Open circles represent droplets which do not disengage at the highest
tested acceleration (1.2 m/s2) while solid circles represent droplets which disengage at the
respective acceleration.
Droplet acceleration is dependent upon paramagnetic salt concentration (solid lines, Figure 2.8)
concentration where droplets containing higher salt concentrations tolerate increased acceleration
without disengagement (Eq. 1.1, 1.2 and 1.3). Furthermore, droplets with salt concentrations 2 M and
above (Figure 2.8) did not disengage on the UED surface at the highest acceleration (1.2 m/s2) tested.
For SPMP-based actuation (dashed lines, Figure 2.8), an increase in droplet disengagement acceleration
was observed when SPMP concentration was increased from 1 to 1.5 mg/mL. However, contrary to the
salt–based actuation, increasing the SPMP concentration beyond 1.5 mg/mL did not result in a
significant increase in droplet disengagement acceleration. It follows then that droplet volumes with
SPMP concentrations from 1.5 to 4 mg/mL have attained a critical concentration that increasing SPMP
concentration further will have a negligible effect on droplet disengagement acceleration within the
tested regime.
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The droplet mass is an essential parameter for droplet disengagement (Equation 2.1). For UED,
droplets with higher volumes, i.e. greater mass, disengage at lower acceleration when using both salt
and SPMPs. Droplet disengagement was observed for the 1, and 1.5 M salt concentrations and maximum
droplet disengagement acceleration decreased with increasing droplet volume. This can be explained
using equations 2.1, 2.2 and 2.3. It is evident from equation 2.3 that Fm increases with an increase in the
droplet volume. An increase in volume is also responsible for an increase in F c,max and Ff (increase in
Rb) (Equation 2.1 and 2.2). Hence, it is possible that the combined effect of an increase in Fc,max and Ff
is greater than the increase in Fm which results in a decrease in droplet disengagement acceleration. We
observed a similar trend for SPMP droplet actuation. However, the impact of droplet volume is more
pronounced, where 40 µL droplets could not be accelerated with particle concentrations of 2.5 mg/mL
or less, which is presumably a result of the ratio between “raft” mass and droplet mass.

Figure 2.9. Droplet volume effects on droplet disengagement acceleration for (A) SPMPs and
MnCl2.4H2O on FBA-co-EDMA, (B) LDMA and (C) on HDMA. The SPMP-based actuation is
represented by the flat line at 0.0 m/s2 acceleration for all concentrations due to the inability of
actuation while the solid lines represent MnCl2.4H2O salt-based actuation. The labels on the
curves represent concentrations of SPMPs (mg/mL) and salts in (M). Open circles represent
droplets which do not disengage at the highest tested acceleration (1.2 m/s2) while solid circles
represent droplets which disengage at the respective acceleration.
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Although SPMPs have been utilized for droplet manipulation on other hydrophobic and
superhydrophobic surfaces, SPMPs-based actuation was not possible on the PPM coatings studied here
(Figure 2.11 B-D)36-38. The presence of a magnetic field causes any SPMPs within a droplet to both
aggregate and move toward the magnet. In the case of the PPM coatings (low and high density), the
SPMPs become entrapped in the larger pores of the material, which causes droplet pinning (Figure 2.10).
In fact, once the magnetic field has been applied and subsequently removed, the droplet remains pinned
on the PPM substrate and the substrate can be completely inverted without droplet disengagement
(Figure 3.8).

Figure 2.10. An optical microscope image of SPMPs (orange) trapped on LDMA PPM after
attempting to actuate a 20 µL droplet (4 mg/mL) on it. (Magnification = 10x)
Figures 2.9 A, B and C shows that in most salt-based actuation cases, droplet disengagement
acceleration required increases with an increase in droplet volume until 30 µL. The increase is attributed
to the more magnetically susceptible material being available, i.e. larger handle (Equation 1.2 and 1.3).
An increase in volume causes increases in Fm, Fc, max and Ff. In this case, it is possible that the combined
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effect of an increase in Fc,

max

and Ff is less than the increase in Fm, which increases droplet

disengagement acceleration. At volumes beyond 30 µL the droplet disengagement acceleration remains
constant or decreases. It is likely that at volumes greater than 30 µL the combined effect of an increase
in Fc, max and Ff is greater than the increase in Fm which results in a decrease or little change in droplet
disengagement acceleration.
Although LDMA and HDMA had statistically the same WCA, LDMA coating showed the
lowest droplet disengagement acceleration of the two PPMs. This result is likely due to the difference
in their sliding angles. The siding angle for LDMA is > 40°, but for HDMA, it was found to be 8 ± 3°.
Sliding angle is directly proportional to Ff a higher SA for LDMA translates into higher Ff , which results
in lower droplet disengagement accelerations (i.e. the less slippery surface results in the earlier
disengagement of the droplet from the magnet). Similarly, the FBA-co-EDMA coating having higher
WCA (151.6  0.6 ) and lower sliding angle (4.3° ± 1.5°) than HDMA (145.0  3.0 / 8.0  3.0)
shows higher droplet disengagement accelerations. Based on the discussion above, UED shows superior
performance for salt and SPMPs mediated magnetic actuation. Droplets could be accelerated and
decelerated as quickly as 1.4 m/s2 with SPMP and salt concentrations as low as 1 mg mL-1 and 1 M
respectively. UED was consequently chosen to conduct experiments that enabled a droplet to be docked
and undocked on SETs patterned on the surface.
2.3.3 Docking and Undocking Droplets from SETs
Generating hydrophilic regions (i.e. surface energy trap, SET) on an otherwise superhydrophobic
surface is important for many applications including water harvesting, small-volume deposition, and
droplet pinning.14 In our application, we utilize SETs to temporarily anchor or “dock” droplets, ease
droplet placement on the SH surface, and position the droplets at regular intervals that correspond with
permanent magnet spacing on the XY stage (Figure 2.11). UED coated slides were laser micromachined
with 250, 500 and 1000 μm diameter SETs following a previously reported method25. Figure 2.12 shows
a scanning electron micrograph of a typical 250 μm SET. A systematic study was performed to
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understand the effects of salt/particle concentration, droplet volumes, SET size, and acceleration on the
magnetically-induced undocking of droplets from the SETs using the XY stage.
To undock a droplet from a SET, the adhesive force, Fadh, must be overcome. The adhesion force of
a droplet placed on the SET can be estimated with a sliding angle experiment by 𝐹𝑎𝑑ℎ = 𝑚𝑔 sin 𝜃,
where θ is the sliding angle, m is mass of the droplet and g is acceleration due to gravity. The adhesion
force for 20 μL droplets placed on 250 and 1000 µm SETs was found to be 57 ± 2 and 166 ± 8 μN
respectively, not surprisingly indicating that the adhesion force increases with an increase in SET
diameter. Under these magnetic actuation conditions, the adhesive force of the 1000 μm patch (166 μN)
was too large to overcome and thus prevented any undocking of droplets. It was possible to undock
droplets volumes 20-40 µL with SPMP concentrations ≥ 2 mg/mL, using accelerations from (0.25 -1.4
m/s2) from a 250 µm SET. Below 2 mg/mL concentrations, SPMP droplets remained docked regardless
of diameter. Similar to the SPMP containing droplets, droplet undocking using salt-based actuation was
contingent upon salt concentration and SET diameter. For the smallest SET (i.e. 250 µm) it was not
possible to undock droplets regardless of volume using 1 M salt solution. For 1.5 M salt solution, all
droplets but 10 µL were undocked, but disengaged from the magnet at all accelerations. For 2, 2.5 and
3M salt concentrations, only 10 µL droplets could be undocked from the SET without being disengaged
from the magnet. For 3.5 M salt concentration, 10 and 20 µL droplets and for 4 M salt all droplet volumes
examined could be undocked from the SET without being disengaged from the magnet. The 250 µm
diameter were used to design an automated DNA fluorescence assay allowed the droplets to be
undocked, mixed and subsequently interrogated.
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Figure 2.11. Figure depicting undocking of 5 µL green dye droplets from 250 µm SETs using a 20
µL droplet containing 3 mg/mL SPMPs placed on top of the UED surface. Dashed arrows show
direction of the droplet movement. Scale bar is 1 cm.
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2.3.4 DNA Quantitation Using Fluorescence
The UED coating showed the best performance for droplet actuation of the SH materials tested
(Sections 3.3 and 3.4) and the particle-based actuation exhibited the larger dynamic range in
concentration with limited interference in the way of fluorescence quenching compared to magnetic
salts18. A DNA quantitation assay was performed using UED coated on a large microscope slide with
seven ablated 250 µm circular SETs (Figure 2.12). A seven-element linear permanent magnet array was
mounted to the stage (below the substrate) to facilitate automated multiplexed droplet transport. An LED
matching the Hoechst dye excitation region (375 nm) was mounted orthogonally to a collection fiber on
a 3D printed substrate holder (Figure 2.12). Individual droplets (20 µL) containing SPMPs and DNA
were dispensed on the SH surface directly above each of the magnets. Custom coding produced desired
droplet motion toward the SETs to merge DNA containing droplets with the “docked” 1 µL intercalating
dye droplets. The individual merged droplets (21 µL) were then undocked from the patch, and mixed
while being accelerated at 0.2 m/s2 to a velocity of 0.5 m/s1 and translated across the substrate and
decelerated at 0.2 m/s2. The undocking action generates a “wobble” which contributed to reagent mixing
in the droplet. Following, the stage and magnet array was programmed so that the resultant droplets
moved sequentially through the detection zone. The emission intensity of each droplet was monitored
at 480 nm and averaged over triplicate measurements to generate a calibration curve for calf thymus
DNA (Figure 2.13). DNA was tested over the range of 200 to 10 000 ng and a blank correction was
applied to all the samples by subtracting fluorescence of a droplet without DNA. All droplets were
translated through the detection zone at a constant velocity to ensure reproducible excitation/detection
time (Figure 2.14).
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Figure 2.12. Schematic of the 3D printed device used for fluorescence DNA quantitation and SH
substrate which contains seven laser micromachined 250 µm SETs. Scale bar for the inset SEM is
100 µm. Red numbers and dotted lines represent the movement direction and sequence for all the
droplets simultaneously. Step 1: DNA sample is actuated to the intercalating dye droplet for
mixing. Step 2: Removal of the labelled DNA droplet from the SET. Step 3: Delivery of the mixed
DNA samples to the detection zone for analysis. The horizontal and vertical movement direction
of magnet movement is labelled as X and Y respectively.
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Figure 2.13. Standard curve generated using droplet-based fluorescence detection for DNA
quantitation. Insets are examples of fluorescence response generated from the spectrometer with
(black) and without (red) the use of a hydrodynamic rail. Colors are used to correlate calibration
curves to the curves in the insets.
Initial experiments showed a relatively weak correlation and significant variability between
relative fluorescence intensity and the DNA concentration (an example is shown as the red curve in
Figure 2.13). It was suspected that variation in droplet position within the detection zone was causing
significant differences in the fluorescence emission and collection. A hydrophilic rail (163 µm) was
laser micromachined into the surface acting as a continual SET in the ‘Y’ direction, which improves the
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linear correlation between relative fluorescence intensity and DNA (Figure 2.14). This is exemplified
by the black curve (R2 of 0.9941) in Figure 2.13.

Figure 2.14. Movement of droplets on the milled rail for consistency in the fluorescence signal.
The red solid line shows the position of the rail and yellow dashed lines show the direction of
movement of the droplets. Scale bar is 1 cm.
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In comparison to the standard method of performing the assay, the total time is reduced from
20 mins to 1-2 min. Furthermore, sample volumes are significantly reduced from the standard 2 mL dye
and 10 µL DNA to 20 µL dye and 1 µL DNA with the chip method.
2.4 Conclusions
(Super) hydrophobic materials including a commercial (silica nanoparticle-based) and custom
synthesized porous polymer monolith (high and low density as well as fluorinated and fluorine-free)
were systematically examined with magnetic actuation. Both SPMP and paramagnetic salt laden
droplets were actuated on each surface with increasing acceleration and deceleration, and droplet
disengagement was noted. Both salt and SPMPs-based actuation were possible over a broad set of
conditions (e.g. droplet volume, paramagnetic material concentration, acceleration/deceleration). Porous
polymer monolithic materials are compatible with paramagnetic salt-based actuation. However, droplets
containing SPMPs are not actuated, and after magnetic field application, the SPMPs laden droplets
become pinned. Surface energy traps can be fabricated by laser micromachining a coated surface to
expose the hydrophilic glass substrate. The SETs are used to dock an aqueous droplet temporarily. A
parametric study is done to identify the conditions that facilitated undocking of the aqueous droplets
from SETs. A digital microfluidic platform is constructed that utilizes an array of permanent rare earth
magnets for droplet actuation and LED/fibre coupled collection for detection. The magnetic array is
used to carry out a rapid droplet-based fluorescence DNA assay. A laser machined fluidic rail provides
better linearity stemming from improved droplet positioning as the droplet transits the detection region.
In conclusion, this study presents a platform which allows for the mixing of two reagents in a
simultaneous manner combined with fluorescence detection for future DMF applications.
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Chapter 3

Facile Actuation of Water Droplets on a Superhydrophobic Surface
Using Magnetotactic Bacteria
Abstract
Magnetic actuation provides a low-cost and less complex method for droplet manipulation for digital
microfluidic (DMF) platform. Magnetic actuation of droplets involves the use of superparamagnetic
particles (SPPMs) or paramagnetic salts on a low friction surface. Recently, the use of microbes for bioactuation has gained a great attention. The thrust produced by microbes may be exploited to exert force
required for droplet actuation. This study presents biologically-driven magnetic actuation (BDMA) of
droplets on a superhydrophobic surface using magnetotactic bacteria (MTB). MTB-droplets are actuated
along various trajectories such as square and eight-shaped paths. We quantify the speed and response
time of droplet actuation as a function of magnet speeds. Droplets are reproducibly actuated with speeds
up to 30 mm s-1. We also demonstrate the ability to sequentially merge and mix multiple droplets. The
reorientation of the MTB in the droplet enhances mixing of the fluids involved, in contrast to the rather
slow conventional mixing at low Reynolds numbers. BDMA is compared with actuation with SPPMs
and paramagnetic salts, in terms of controllability and speed, demonstrating its potential for DMF labon-a-chip platforms.
3.1 Introduction
Recently, the use of bacteria for bio-actuation has received a significant attention.1 By attaching
bacteria to the surface of an object, researchers have been able to propel latex beads,
polydimethylsiloxane structures, and double microemulsions.2–4 Free-swimming bacteria such as
Escherichia coli and Bacillus subtilis have been utilized to actuate micro saw-toothed objects floating
in a bacteria suspension (Figure 3.1).5,6 The ability to control the resulting trajectories of bio-hybrid
actuation is an important asset for controlled transport. Magnetotactic bacteria (MTB) are a group of
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flagellated marine bacteria that possess an intercellular chain of 15 to 20 ferromagnetic nano-crystals
called magnetosomes.7 The magnetosomes allow MTB to passively align to magnetic field lines and
present an active directed motion towards the South or the North Pole of a magnet – a phenomenon
known as magnetotaxis.8 Magnetotaxis is believed to make MTB’s search for microaerophilic
environments more efficient by suppressing the rather random three-dimensional (3D) motion to a
directed one-dimensional (1D) motion. Different morphologies of magnetosomes have been reported in
the literature, including cubooctahedral, bullet-shaped, elongated prismatic, and rectangular.
Magnetosomes are made of either greigite (Fe3S4) or magnetite (Fe3O4) and mature crystals have typical
size and reach highest possible magnetic moment per unit volume, in a range from 35 to 120 nm.9–11

Figure 3.1. A bacterial driven micromotor in action. The micromotor consists of a nanofabricated
asymmetric gear 48 µm in external diameter, and 10 µm thick. The micromotor rotates clockwise
at a speed of 1 rpm when immersed in an active bath of motile E. coli cells, visible in the
background. The micromotor is placed at an air-liquid interface for friction reduction. The yellow
circle on the gear can be used to track the motion of the gear. 5
Due to their unique characteristics, MTB have found their use in a variety of different
applications. Bahaj et al.12, Arakaki et al.13, and Qu et al.14 used magnetotactic bacteria for removal of
heavy metals and radionuclides from wastewater. A suspension of MTB has been used as a tunable
photonic device, where the orientation of the bacteria controlled the intensity and phase of light.15 Due
to their directional magnetotaxis behavior, MTB have also shown great promise as microbiorobots in
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the emerging field of bioactuators.16–18 By controlling the direction of an externally applied magnetic
field and attaching micro- and nano-size objects to the bacteria, Martel et al.19 and Ma et al.20 exploited
MTB to generate propulsion for the transport of cargo along pre-defined paths in microfluidic channels
(Figure 3.2). MTB has been used as a biocompatible microsystem for in vivo targeted drug delivery, in
which bacteria were utilized as couriers to carry drug-loaded nanoliposomes to cancer tumor regions in
mice.21,22 Lately, MTB adhered inside mesoporous silica microtubes loaded with antibiotic have been
employed to power bio-hybrids targeting infectious biofilms.23 More recently, Rismani Yazdi et al.24
have shown that magnetotaxis enables magnetotactic bacteria to both swim upstream, and cross-stream,
in fluid flows relevant to aquatic environments and biomedical applications.

Figure 3.2. (A) Directional movement of the MTB towards an external magnetic field, (B) path
followed by a single MTB not attached to the microbead, (C) Controlled manipulation of a 3 µm
melamine-formaldehyde microbead resin attached to Magnetospirillum gryphiswaldense bacteria.
It also shows a voluntary change in the path of the microbead attached bacteria in the direction
of the applied magnetic field represented by B1 and B2.19
DMF is a discipline in which liquids at a very small range of volumes (from microliters (μL) to
picoliters (pL)) are actuated, merged, mixed, split, and/or analyzed on uniquely engineered devices.24
DMF can further be classified into electrowetting on dielectric (EWOD), magnetic, surface acoustic
wave (SAW) and others based on droplet actuation mechanisms.25
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In the magnetic actuation DMF approach, the magnetically susceptible material is added to the
liquid to be manipulated. The low frictional forces between a liquid droplet and surface allow for
actuation using minimal force, enabling manipulation of the droplet by means of an external magnetic
field. To facilitate low friction force between the surface and the moving droplet, the surface needs to
be a low surface energy material. The magnetically susceptible materials used in this process can be
ferrofluids, paramagnetic salts or SPMPs. Mats et al.11,26 reported actuation of SPMPs and paramagnetic
salts on coatings formed using the commercial fluorinated silica nanoparticle-based material (UED™).
Recently, Hutama et al.27 reported splitting of droplets using magnetic actuation and physical
confinement on a 3D-printed device. A key feature of magnetic DMF is the dual functionality of
magnetic particles. Besides acting as means of actuation, the magnetic particles can also be used as a
solid substrate for molecular adsorption. Pipper et al.28 used silica-functionalized magnetic particles for
droplet manipulation and purification of RNA from the sample matrix for targeted RNA detection using
PCR. To the best of our knowledge, biologically-driven magnetic droplet actuation (BMDA), using
MTB has not yet been explored. Magnetospirillum magneticum strain AMB-1 are used due to their high
motility, ability to be remotely controlled by means of weak magnetic fields, and rapid high-density
culture cycle.
Here, we present the MTB-driven droplet actuation on a superhydrophobic surface, with actuation
speeds up to 30 mm s-1. We demonstrate that BMDA enables transport of droplets along various
trajectories made of straight lines, such as square and eight-shape tracks. We further demonstrate the
use of BMDA for sequential merging and mixing of multiple droplets. Finally, we show that the MTBactuation is comparable in terms of both control and speed with previously reported paramagnetic
particles and salts-based magnetic manipulation of droplets, suggesting that the MTB-actuation can be
used for droplet transport in microfluidic platforms. Such a system can be used to perform biological
analysis of MTB in small volumes where droplets can be transported over chemically treated patches.
Inspired by this work, one can also study the fundamental questions such as will the droplet co-swim
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with the MTB as swimmers and the swimming velocity of the droplet compared to the swimmers
brought by Reigh et al.35 and investigate the kinematics of microswimmers encaged in a droplet.
3.2 Experimental
3.2.1 Reagents
Glass substrates with dimensions of 101.4 × 76.2 × 1.0 mm were purchased from Ted Pella Inc.
(California, USA). Ultra-Ever Dry™ was purchased from Hazmasters (Ottawa, Canada). Manganese
(II) chloride tetrahydrate was purchased from Sigma-Aldrich. SPMPs were obtained from Bioclone Inc.
(San Diego, USA). These particles with an iron oxide core had a diameter of ∼1.0 µm, the magnetization
of ∼40 emu/g and were coated with a layer of silica. NdFeB cylindrical magnets used for actuation were
purchased from K&J Magnetics, Inc., PA. The magnetic field strength of the magnet was measured to
be 0.56 T but was reduced to 0.32 T after putting a glass slide (1 mm thick) between the gaussmeter
probe (Gaussmeter Model 410, LakeShore Cryotronics Inc., Westerville, OH) and the sample. ATCC
1653 revised magnetic Spirillum growth medium (MSGM 1653 ATCC® Manassas, USA) was used to
grow the MTB.
3.2.2 Ultra-Ever Dry Preparation and Application
A two-layer coating of Ultra-Ever Dry was applied, one layer at a time, as an aerosol as per
manufacturer’s instructions. Typically, the slides were left under ambient conditions to dry for a
minimum of 20 minutes between the application of the respective layers and further dried overnight
prior to use.
3.2.3 MTB Culture Preparation
MTB were grown in ATCC 1653-revised magnetic Spirillum growth medium (MSGM 1653
ATCC® Manassas, USA). MSGM is composed of ascorbic acid, tartaric acid, succinic acid, sodium
acetate, NaNO3, KH2PO4, Wolfe’s vitamin solution (ATCC® MD-VS™ Manassas, USA) and Wolfe’s
mineral solution (ATCC® MD-TMS™ Manassas, USA). Resazurin was added as pH indicator. Ferric
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quinate was added as a source of iron for the MTB. The culture flask was placed on a magnetic stirrer
to observe light scattering and confirm magnetic field effect on growing MTB. The concentration of
bacteria used in experiments corresponded to an optical density (OD) of 0.2 to 0.3 obtained after three
days of growth at 37 ºC after three days of growth at 37 ºC. We use OD (600 nm) to estimate the number
of MTB in the culture based on measurements made for E. coli. A culture of E. coli with an OD of 1.0
has approximately 1x108 E. coli cells. We made the assumption that MTB would absorb light similar
to E. coli and thus, an MTB culture with an OD of 1 would have approximately 1x108 MTB cells.
For experiments with non-motile bacteria, Sodium azide was added to a suspension of bacteria
to a final concentration of 0.1% w/v to kill the bacteria without causing cell lysis. The fresh bacterial
solution at a concentration of ~ 2.4x108 cells mL-1 was used to replicate experiments.
3.2.4 Microscopy and Image Analysis
The UED surface was coated with an approximately 50 nm-thick layer of gold (Hummer
Sputtering System, Anatech, Denver, NA, USA) and scanning electron microscopy (SEM), FEI Quanta
650 FEG ESEM, was used to characterize the surface. Transmission electron microscopy (TEM) was
used to capture high-resolution images of the MTB. An aliquot (10 L) of the bacteria suspension was
air-dried on a 400-mesh copper grid coated with a carbon film (Cedarlane Co. Canada) and rinsed with
DI water to remove salt and debris. A transmission electron microscope (Hitachi H-7000, Tokyo, Japan)
operating at of 75 kV was used to capture TEM micrographs of the bacteria at x20,000 and x100,000
magnifications. MTB loaded into the microfluidic device were imaged using an inverted microscope
(Olympus IX83, Germany) equipped with a high-speed CMOS camera (Zyla-4.2-CL10, ANDOR,
Ireland), with 10x and 40x magnification in bright-field mode. To extract quantitative data on bacteria
swimming behavior, droplet actuation, and mixing rate, image analysis was performed. Image
processing software ImageJ and MTrackJ plugin were used to manually track the cells in the timesequenced images. For mixing experiments, 1 µL of blue dye was added to a 15 µL droplet from the
top. The magnet on the XY stage was moved back and forth under the sessile droplet to induce the
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SPMPs and MTB movement inside the droplet. Image series were recorded at 60 frames per second by
HERO5 (GoPro, USA) with mounted microlens and analyzed using ImageJ to extract the RGB
histograms and calculate the mixing time for an experiment involving a control droplet with water and
no actuation, and droplets with SPMPs and MTB. The change in the standard deviation of the intensity
over time was used as a measure for the homogeneity of the mixing in the droplet.
3.2.5 Microfluidic Device Fabrication
The microfluidic device was fabricated using photolithography and soft lithography
techniques.30 Briefly, a 40-m layer of photoresist SU-8 50 (MicroChem, USA) was coated on a 4-inch
silicon wafer using a spinner (spread cycle: 500 rpm for 5 s and spin cycle: 3000 rpm for 30 s)and was
selectively exposed to UV light using a maskless photolithography system (Intelligent Micro Patterning
Co., USA). The master was then developed to reveal the negative microfluidic patterns. A mixture of
PDMS precursor and crosslinking agent (Sylgard-184, Dow Corning Corp., USA), at a 10:1 mass ratio,
was used to cast microfluidic devices from the master mold. After baking for 2 hours at 70 °C, the
devices were cut on the borders and inlets and outlets were punched for fluidic access. Then, the PDMS
layer was bonded to a glass slide by exposing the PDMS layer to an air plasma (Harrick Plasma Inc.,
NY, USA for 5 minutes and adhering it to the glass substrate plate to complete the microfluidic device
(Figure 3.5).
3.2.6 Magnetic Actuation
Magnetic actuation was carried out using an XY Gantry linear translation stage (H2W
Technologies, CA, USA). The coated glass slide was placed on a static 3D-printed frame with an array
of permanent magnets directly mounted to the XY stage under the glass slide. A photograph of the
magnetic actuation setup is shown in Figure 3.3. The use of permanent magnets simplifies the operation
of the system with reduced costs.
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Figure 3.3. Photograph of the magnetic actuation setup. The magnets are placed under the SH
coated glass substrate and are mounted on top of the computer-controlled XY stage. The SH
surface can be seen resting on a 3D-printed holder.
3.3 Results and Discussion
3.3.1 SEM and TEM Characterization
The SH surface morphology was characterized using SEM. The micrograph in Figure 3.4A
shows the rough morphology of the UED-coated surface imparted by silica nanoparticles. This
roughness along with the low surface energy of the fluorine functionality on silica nanoparticles
provided the reduced friction required for magnetic actuation atop the UED-coated surface. A water
droplet with a contact angle of 164  1 (Figure 3.4A inset) confirmed the superhydrophobicity of the
surface. Contact angle and sliding angle of MTB medium on UED-coated surface were determined to
be 162 ± 0.3° and 1.7 ± 0.4°, respectively. Figure 3.4B shows a TEM image of a Magnetospirillum
magneticum strain AMB-1 bacterium and its magnetosome chain. Figure 3.4C shows a detailed TEM
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image of the magnetite nano-crystals at higher-magnification. In the presence of an external magnetic
field, the magnetosome experiences a magnetic torque, which results in the alignment of the bacterium
along with the magnetic field lines. Magnetospirillum magneticum in particular, swim by means of two
flagella located each at either end of their body.

Figure 3.4. SEM image of the UED-coated surface with an image of 5 µL water droplet on the SH
surface shown in the inset. Scale bar represents 5 µm. TEM images of Magnetospirillum
magneticum strain AMB-1: (B) Bacterial morphology, magnetosome chain, and a flagellum; (C)
Close-up of magnetite (Fe3O4) nano-crystals. Scale bars represent B) 400 nm and C) 100 nm.
3.3.2 Magnetic Actuation
In our initial experiments, we were able to reproducibly move droplets containing MTB for 20
mm at the speed of 2.5 mm s-1. The experiments used a permanent magnet that moved underneath the
substrate via an automated stage, demonstrating the ability of MTB to produce droplet actuation.
Microfluidics and high-speed imaging were used to observe the behavior of MTB when exposed to a
constant magnetic field (Figure 3.5 shows the microfluidic device used). Microfluidics allowed for
single-cell-level imaging of MTB during the application of an external magnetic field. In the absence of
the magnetic field, motile MTB swam randomly, with no preferred orientation (Figure 3.6A(a)).
However, when the external magnetic field was applied, the bacteria aligned with and swam along the
magnetic field lines (Figure 3.6A(b)). A change in the direction of the magnetic field triggered an instant
change in the swimming direction of the bacteria, navigating along the new direction of the magnetic
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field lines (Figure 3.7). In a different experiment, a non-motile suspension of MTB contained in the
microfluidic chip was exposed to a rotating magnetic field (180° s-1). Figure 3.6B shows time-lapse
images of three floating, non-motile MTB that experienced an instantaneous orientation change in
response to the rotating magnetic field –resembling a compass needle. The experiment was repeated in
both clockwise (CW) and counter-clockwise (CCW) senses of rotation and resulted in the same
alignment of bacteria to the field lines.

Figure 3.5. The PDMS device comprises microchannels 40 µm in height, with side-microchannels
and connecting microchannel having widths of 300 µm and 25 µm, respectively.
When bacteria were confined in a droplet and exposed to an external magnetic field, MTB was
observed swimming toward the magnet, to the region of higher magnetic field strength (Figure 3.6C)
and responded immediately when the magnet was relocated. These results suggest that MTB actuation
originates from a combination of i) a behavior similar to the droplet being dragged/propelled by SPPM
actuation, and ii) induced torque due to the interplay between the magnetosome and the change in
magnetic field direction, which causes the rotation of the droplet.
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Figure 3.6. A) Trajectories of random and directed MTB. Swimming trajectories of bacteria at
(a) absence of an externally applied magnetic field - and (b) presence of a magnetic field of 5 mT.
The bacteria swimming direction can be controlled by the magnetic field. B) Image sequences of
three non-motile MTB responding to a constant magnetic field rotating at 180 s-1. The non-motile
bacteria promptly oriented along the magnetic field direction. The red and yellow arrows show
the direction of the applied magnetic field and aligned MTB, respectively. C) MTB cluster in the
droplet and its position changes in response to the change in the magnetic field direction. Scale
bars represent: B) 5 µm and C) 0.5 cm.
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Figure 3.7: Simultaneous traverse of multiple swimmers along trajectories defined by the
direction of the magnetic field. White arrows show the direction of the applied magnetic field.
We tested the feasibility of BMDA to actuate a droplet containing MTB along predefined
trajectories made of straight lines. Figure 3.8A shows a droplet containing MTB mapping a trajectory
in the form of a square, achieved by moving the magnet underneath the substrate. Figure 3.8B shows
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actuation of a droplet on a path with number-eight shape, achieved by combining the top-bottom and
left-right motion of the magnet.

Figure 3.8: Actuation of an MTB-droplet on SH surface along predefined tracks in shapes of A)
“□” and B) Figure “8”. Predefined tracks are shown with black dashed lines. Black arrows
indicate the actuation directions of the droplet. The driving magnet is always the same and is
shown with red dashed circle. Actuation speed was 2.5 mm/s. Scale bars represent 2.5 mm.
We further characterized the actuation of the MTB droplet by varying the average speed of the
magnet with a linear motion. The average speed was calculated by averaging the speed over the magnet
speed profile - during acceleration, target speed and deceleration periods. Figure 3.9 shows the MTBdroplet speed as a function of the magnet speed. MTB- droplet speed increases linearly (R2 of 0.99) with
90

an increase of the magnet speed. The droplet was successfully actuated up to an average speed of 30
mm/s, in a back-and-forth manner along a straight line. The actuation MTB droplet was irreproducible
above a magnet speed of 30 mm/s, and no droplet actuation was achieved for speeds beyond 60 mm/s.
The potential reason behind the lack of droplet actuation is attributed to the lagged response of the
bacteria to a new magnetic field direction at high speeds.

Figure 3.9. MTB droplet speed as a function of magnet speed. The droplet speed linearly increases
with the magnet speed. The black line shows the linear fit to data points. Values are reported as
means ± standard deviation for n = 3.
To further test the applicability of BMDA, a droplet containing MTB was actuated in order to
merge and mix sequentially with other droplets. To achieve BMDA droplet merging and mixing, two
stationary droplets colored yellow and blue, containing no MTB, were placed at two different locations
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on the substrate. The XY stage was programmed to actuate the MTB droplet in a square path having
two of the vertices at the colored droplet locations. Figure 3.10 shows the two-step merging and mixing
process involving a square trajectory. The MTB droplet was actuated at 2.5 mm s -1, merged with the
yellow droplet (Figure 3.10 a, b), and subsequently merged and mixed with the blue droplet (Figure 3.10
b, c). The resulting green droplet, which was noticeably larger in volume after the two fusions, was
further transported to predefined positions along the square trajectory in order to increase the residence
time (Figure 3.10f). Digital microfluidics handles microliters of liquid at low Reynolds number where
mixing happens at a slow rate, and thus, it is desired to facilitate the fluid mixing in the droplet. 26 We
have quantified the mixing rate of blue dye added to a control droplet (water), and droplets containing
SPMPs and MTB (Figure 3.11). Results show that mixing rate in a droplet containing MTB is 41%
faster than the control experiment were no actuation was used, and 33% faster than the mixing rate in
droplets of SPMPs (Table 3.1). This enhanced mixing by MTB is attributed to: 1) local flow generated
by the suspension of bacteria when they are in a confined environment31–34; and 2) the motility and the
reorientation of the MTB within the droplet during actuation – a peculiar action that bears resemblance
to steering magnets (Figure 3.11). Together, the merging and mixing operations along with the
movement of the droplet in different directions demonstrate that BMDA can be used to execute different
operations in DMF devices.
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Figure 3.10. Merging and mixing of multiple droplets. MTB-droplet actuation was exploited to
accomplish sequential merging operations with first a yellow droplet and then with a blue droplet.
The resulting green droplet was further actuated along the predefined path. The driving magnet
is always the same and is shown with red dashed circle. MTB droplet and colored droplet volume
were 10 µL and 4 µL, respectively. The actuation speed was 2.5 mm/s. Scale bar represents 2.5
mm.
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Figure 3.11. Images showing the difference in time taken for 1 µL blue dye be homogeneously
dispersed in a 15 µl control (water), SPMPs, and MTB droplets. Scale bar 1 mm.
Table 3.1. Table showing time taken for homogeneous mixing of 1 µL blue dye added to 15 µL
control (water), SPMPs, and MTB droplets. The red boxes show the enhanced mixing percentage
for SPMPs and MTB compared to control case. The yellow box shows the enhance mixing of MTB
compared to the SPMPs.

Sample

Std. difference [a.u.]

Time taken [s]

Water

11.5

119

NA

NA

SPMPs

11.5

104

12.6

NA

MTB

11.5

70

41.2

32.7

94

Percentage diff. [%]

To compare BMDA with droplet actuation methods reported previously,11,27 an experiment for
the simultaneous actuation of droplets via MTB, SPMPs, and paramagnetic salt (2M MnCl2.4H2O) was
implemented. Figure 3.12 shows the image sequence of three droplets each containing MTB (grey),
SPMPs (orange), and paramagnetic salt (transparent), actuated over a defined distance of 15 mm, at an
average speed of 10 mm s-1.

Figure 3.12. Image sequences showing actuation of an MTB droplet (grey), a droplet containing 2
mg mL-1 SPMPs (orange), and a droplet containing 2M MnCl2.4H2O paramagnetic salt (white).
All three droplets were simultaneously actuated along a ‘square’ track. For each droplet, the
driving magnet is always the same and is shown with dashed circle. The arrow shows the direction
of the actuation. Scale bar represents 2.5 mm.
Figure 3.13 shows how the droplet response time changes with magnet acceleration phase (the
time lag between the start of magnet movement at target speed) for different magnet target speeds for
MTB, SPMPs, and paramagnetic salt droplets. For a droplet containing paramagnetic salt, at all speeds
and accelerations, the response time is zero, meaning that the droplet moves as soon as the magnet starts
moving. This is due to the homogeneous dispersion of salt within the droplet resulting from both its
complete solubility and lower friction at the droplet-SH-surface interface, and therefore a minimal lag
in response to the magnet motion.
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Figure 3.13. (A) Response time of a droplet containing MTB for magnet target speeds of 0.015,
0.02, 0.025, 0.03 ms-1 (

,

0.015, 0.02, 0.025, 0.03 ms-1 (

,

,
,

,

), SPMPs (3 mg mL-1) for magnet target speeds of
,

) and MnCl2.4H2O paramagnetic salt (3

M) for magnet target speeds of 0.015, 0.02, 0.025, 0.03 ms-1 ( the inset shows the actuation
mechanism for SPMPs and MTB in a droplet). (B) Stage movement profile depicting different
magnet/stage target speeds and different magnet/stage acceleration phases associated with them.
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The MTB droplet and droplet containing SPMPs exhibited a lag in the response to the magnet
movement. Lag arises from the additional friction generated from drag experienced by the bacteria or
the SPMPs (Figure 3.13A inset). Both MTB and SPMPs, swim/move towards the bottom of the droplet
after the application of the magnetic field. The droplet response time increases with magnet acceleration
phase and decreases with an increase in stage target speed. This general increasing trend can be
explained as the time taken for the MTB and the SPMPs to move towards the edge of the magnet (where
the magnetic field is stronger) during the acceleration phase, hence the droplet takes longer to respond
to the movement of the magnet. Also, the droplet response time decreases with an increase in stage
target speed for a given phase. This is due to the increase in acceleration of the magnet, which results in
a faster response from the droplet. When the time taken for the magnet to reach stage target speed is
lower (Figure 3.13B), the MTB droplets take longer to respond to the magnet movement compared to
the SPMP droplets. The difference in the observed response can arise from the morphological and
behavioral difference between MTB and SPMPs, such as the size/shape and swimming ability of the
bacteria. Together, these results demonstrate that BMDA is comparable in terms of control and speed
with droplet manipulation achieved by other means of magnetic-driven transport.
3.4 Conclusions
This paper proposes and investigates, for the first time, the use of magnetotactic bacteria to
actuate an aqueous droplet, without the use of any synthetic compound. We demonstrate the BMDA of
droplets containing MTB on a commercial SH surface, using an automated XY stage with rare earth
magnets. Droplets are actuated along predefined trajectories made of straight lines such as square and
8-shape tracks. The speed of the droplet increases linearly (R2 = 0.99) with the magnet speed. Droplet
actuation is reproducible at magnet speeds up to 30 mm s-1. At magnet speeds higher than 60 mm s-1, no
droplet actuation is achieved. We further demonstrate the sequential merging and mixing of multiple
droplets on predefined paths. The reorientation of the MTB in the droplet enhances mixing of the fluids
involved, in contrast to the rather slow conventional mixing at low Reynolds numbers. Our experiments
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also show that BDMA is comparable with previously reported means of magnetic droplet actuation,
including actuation with SPMPs and paramagnetic salts, in terms of controllability and speed,
demonstrating its potential for DMF lab-on-a-chip platforms. The presented biologically-driven
magnetic droplet actuation can be considered as a building block for the development of more
sophisticated microsystems driven by MTB.
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Chapter 4

Use of Slippery Liquid Infused Porous Surfaces for Facile
Actuation of Organic and Aqueous Droplets
4.1 Introduction
Liquid repellency is widely applicable in areas such as biomedical devices, fuel transport,
architecture (e.g. water-repellent paints for walls) and microfluidics.1 These surfaces can be categorized
into (super)hydrophobic, (super)amphiphobic, (super)oleophobic and (super)omniphobic based on their
ability to repel different liquids and their degree of repellency. All of the above-mentioned surfaces use
a combination of surface texture and surface chemistry for their liquid repellency capabilities.
Superhydrophobic surfaces are known to show extreme water repellency. The motivation for the
synthesis of superhydrophobic surfaces comes from nature. Barthlott et al. first demonstrated the
importance of epicuticular wax crystalloids and nano/microtexture on lotus leaf surface for water
repellency.2 One of the biggest problems is that the terms of wettability are not well-defined. A term
used in different reports (by different authors) may have different meanings. Yong et al. have attempted
to define these terms more clearly in a review article. [Yong, 2017 #705] Surfaces that exhibit
superhydrophobic and superoleophobic properties are generally known as the “superamphiphobic”
interfaces. Sometimes “superomniphobic” is also used to describe a surface that repels various liquids
from high-surface-tension water to low-surface-tension oils. However, in most current cases,
“superomniphobic” is confused with “superamphiphobic”. Since “amphi” comes from the Greek word
for “both” and “omni” comes from the Latin word for “all”, there is a relation: “oleo” ⊂ “amphi” ⊂
“omni” (in terms of their ability to repel different liquids). The review states that “Constructing a
“superomniphobic” surface should be more difficult than a “superamphiphobic” surface, therefore, we
suggest that superomniphobic surfaces can super-repel almost all liquids, especially very low surface
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tension fluids (10–20 mN/m), while superoleophobic/superamphiphobic surfaces tend to only work
above this 20 mN/m limit.” In the past decade, research on (super)hydrophobic surfaces has become
increasingly popular, while the field of superamphiphobic surface research is comparatively new.
Fabrication of superamphiphobic surfaces usually requires fabrication of intricate surface morphologies
(Figure 4.1). Tuteja et al. first reported superamphiphobic surfaces in 2007.4 They used a re-entrant
surface curvature design to create superamphiphobic surfaces. They synthesized polyhedral oligomeric
silsesquioxane (POSS) that contained highly fluorinated 1H,1H,2H,2H-heptadecafluorodecyl organic
functionalities.5 Since Tuteja’s work, there have been several reports of novel SA surfaces.6-8 Tingyi et
al. developed omniphobic surfaces (a surface which can repel liquid with the lowest possible surface
tension) using a doubly re-entrant geometry that enables very low liquid-solid contact (i.e. contact
fraction as low as ~ 5%). The surface they developed was able to repel perfluorohexane which has the
lowest known surface tension (10 mN/m).9
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Figure 4.1. Intricate rough morphologies fabricated using lithography for superamphiphobic
surfaces. (A) Pillars with wavy side walls10, (B) structures with straight smooth side walls10, (C)
overhang re-entrant structures10, and (D) grooved textures.5
Despite over two decades of research and development, superhydrophobic, superamphiphobic
and superomniphobic surfaces suffer from inherent limitations, which restrict their applicability. For
superhydrophobic surfaces, the air trapped between the textured surface is an insufficient cushion to
repel organic liquids as their low surface tension destabilizes the suspended droplets. 11 An increase in
pressure is also detrimental towards the performance of superomniphobic surfaces.12 Even with a slight
increase in pressure or upon droplet impact, the air trapped within the surface texture destabilizes
resulting in penetration of the liquid within that texture (Figure 4.2).12 Most of the synthetic textured
surfaces are also prone to irreversible physical damage (Figure 4.2).13
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Figure 4.2. An image sequence of liquid (diiodomethane) impalement on a superamphiphobic
surface with fabricated by preparing silicon nanowires coated with a low-surface-energy
fluoropolymer. A small drop can be seen detached and stuck on the surface (white circle) in the
last image as the rest of the droplet bounces off the surface. The bar in the first snapshot scales to
1 mm.12
As usual, nature provided means for scientists to overcome these issues by taking inspiration
from Nepenthes, also known as pitcher plant. The pitcher plant uses microtextures on its rim surface to
lock-in an intermediary liquid that acts as a liquid repellent surface by itself (Figure 4.3).14 In pitcher
plants, the intermediary lubricating liquid is aqueous and fills the microtextural rough spaces on the
surface creating a highly stable continuous overlaying film.15 This assembly is effective enough to make
the insects slide down from the rim to the bottom containing digestive juices due to the repulsion of oils
on their feet.16 Wong et al. took inspiration from the pitcher plant to synthesize first slippery liquid infused porous surface(s) (SLIPS) in 2011.17 Their SLIPS design was based on three criteria. Firstly, the
lubricating liquid must wet and be stable within the substrate. Second, the solid surface must have a
preference to wet the lubricating liquid compared to the liquid to be repelled. Third design criteria was
that the lubricating liquid and the test liquid should not be miscible with each other. Based on these
principles, they designed porous substrates containing Teflon substrates distributed throughout the bulk
substrate and infused it with low-surface-tension, non-volatile and water immiscible perfluorinated
liquids. Using this design, they were able to repel water and hydrocarbons at pressures as high as 685
bar.17 Since then, a significant of work has been done to synthesize SLIPS.18-21 For example, Li et al.
used porous polymer monoliths on a glass slide infused with a perfluoroalkyl ether to create SLIPS. 22
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SLIPS have been used in a variety of applications such as ice nucleation inhibition, anti-biofouling, antifrost and anti-corrosion.18, 20, 23-24

Figure 4.3. A figure depicting slipperiness of pitcher plant. (A) Image of a pitcher plant with
labelled lid and peristome (the parts surrounding the mouth). (B) Image of a prey (butterfly)
harvesting nectar from the peristome surface. (C) Tooth-like projections and nectar pores (arrow)
on the underside of inner margin of the peristome. (D and E) Surface morphology of the peristome
with first and second order radial ridges. Arrows are pointing towards the inside of the pitcher. 14
Repellent surfaces have been widely used in DMF. Electrowetting-on-dielectric (EWOD)
devices generally use a layer of Teflon® AF (polytetrafluoroethylene – a fluoropolymer) to reduce the
surface energy of the substrate to facilitate facile actuation of the aqueous droplets.25-26 Digital
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Microfluidic (DMF) devices implementing magnetic actuation usually incorporate superhydrophobic
surfaces for easy actuation of droplets containing magnetically susceptible material.27-28 Droplet
microarrays can be formed on superhydrophobic surfaces by using differences in extreme wetting
between (super)hydrophilic and (super)hydrophobic regions.29-31 There have been only a few instances
of SLIPS for use in DMF. For example, Chen et al. used nanoporous cellulose lauroyl ester films infused
with lubrication fluid to actuate glycerol droplets.32 They were able to actuate, mix, merge and split
glycerol droplets containing magnetic particles via magnetic actuation on these surfaces (Figure 4.4).32
Tian et al. used a ZnO nanoarray infused with a superparamagnetic fluid to actuate water droplets using
the external magnetic field.33 Despite their omniphobic properties, SLIPS’ use has been very limited in
microfluidics.

Figure 4.4. (a) Magnetic actuation of a glycerol droplet (25 µL) on a SLIPS surface prepared via
nanoporous cellulose lauroyl ester films. The scale bar is 10 mm. (b) Mixing of a 25 µL glycerol
drop with 30 µL water drop, and the mixed drop was moved to a SET. This helped in removing
the magnetic particles from the mixed drop. (c) Splitting of a magnetic glycerol drop (60 μL) into
two droplets by application of two magnets beside the drop. (d) Magnetic glycerol drop (15 μL)
transferred from a lower to an upper SLIPS surface and back by a moving magnet. The scale bar
in panels b−d is 5 mm.32
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In this thesis, we present a facile method of actuating organic as well as aqueous droplets on
SLIPS surfaces formed using porous polymer monoliths infused with lubricant fluid. We present a
systematic study for facile actuation, disengagement and particle extraction for different size hexadecane
droplets on the SLIPS surfaces. Using these surfaces, we further demonstrate the multiplexed actuation
of various droplets (eight) simultaneously. We also present liquid-liquid extraction on SLIPS surfaces
with the use of magnetic actuation for the first time.
4.2 Material and Methods
2,2-Dimethoxy-2-phenylacetophenone

(DMPAP),

1-decanol,

3-(trimethoxysilyl)propyl

methacrylate (γ-MAPS), hexylbenzene, benzophenone, ethylene glycol dimethacrylate (EDMA),
trichloro(1H,1H,2H,2H-perfluorooctyl)silane, ethylene glycol, hydroxyethyl methacrylate (HE), tertbutanol, hexadecane, tetradecane, hexane, heptane, cyclohexanol, 1-octanol and butylbenzene were
purchased from Sigma-Aldrich, ON, Canada. Acetic acid, ethanol, methanol, benzene, toluene and
xylenes were purchased from Fisher Scientific, ON, Canada. Octane was acquired from Green Centre
Canada. DI water was obtained from a Milli-Q water purification system. Carbon-coated iron particles
and iron oxide powder were obtained from Sigma-Aldrich. Krytox 100 and 103 perfluorinated ether
lubricants were obtained from Miller-Stephenson Chemical. Anazolene sodium was obtained from
Pylam dyes. Glass microscope slides were purchased from Fisher Scientific (Economy Plain Glass
Micro Slides; 76 × 25 × 1.0 mm). 1H, 1H-heptafluorobutyl acrylate (FBA) was sourced from Oakwood
Chemicals. The NdFeB cylindrical magnets used for actuation were purchased from K&J Magnetics,
Inc., PA. The magnetic field strength of the magnet was measured to be 5.64 kG before and 3.24 kG
after putting a glass slide (1 mm thick) between the gaussmeter probe (Gaussmeter Model 410,
LakeShore Cryotronics Inc., Westerville, OH) and the glass slide.
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4.2.1 SLIPS Fabrication
Glass microscope slides were first cleaned with acetone, and a porous polymer monolith
synthesized on them using the following method developed by Levkin et al.34 The glass slides were
activated by exposure to 1M NaOH for 30 minutes followed by 1M HCl for 30 minutes. After activation,
the slides were functionalized with 20% v/v γ-MAPS in ethanol and adjusted to a pH of 5 using dropwise
addition of acetic acid. This mixture was applied to the top of a glass slide, and another glass slide was
placed on top. The slides were functionalized for 60 minutes with re-application of functionalization
solution after 30 minutes. After functionalization, the slides were thoroughly rinsed with both methanol
and acetone and dried under nitrogen. All glass slides were kept in a desiccator and used within a fourday period. Thin strips of Teflon™ (McMaster-Carr, ~25µm) were cut and placed along on the long
edges of a functionalized glass slide.
A 4:1 w/w mixture of cyclohexanol and 1-decanol was used as a porogenic solvent. A monomer
solution was made, consisting of 24% wt. of HE, 16% wt. EDMA, 0.4% wt. DMPAP and 60% wt. of
the solvent mixture. This was applied to the slide with a disposable pipette, followed by placing another
slide on top such that there were no air bubbles present. This forms the template as seen in Figure 4.5,
and the thin strips define the thickness of the eventual material. The slides are fastened together with
four binder clips to keep the slides in place during polymerization. This process/template can be
modified to have either a clean or functionalized template to generate smooth or rough porous polymer
monoliths, respectively. After assembling the template (filled with pre-polymer mixture), it was placed
under an ultraviolet lamp (254 nm) for 45 minutes. After polymerization, the binder clips and Teflon™
strips were removed and the glass slides were carefully disassembled using a razor blade (Figure 4.5).
The smooth surface of the PPM was roughened by applying and removing the clear tape to it 3-4 times.
The PPM was then thoroughly washed with methanol and acetone and dried under nitrogen flow.

109

Figure 4.5. A schematic of the PPM synthesis process. Two glass slides are positioned on top of
each other with a gap between them, and a monomer solution in a porogenic solvent is injected
into the gap. The monomer solution is polymerized with UV light and the fluorinated side chains
are grafted on.
To fluorinate the PPM, it was first soaked in methanol for 1 hour to remove unreacted monomer.
An activated glass slide was then fluorinated through chemical vapor deposition by placing it in a
desiccator overnight alongside a small watch glass containing 50 μL of trichloro(1H,1H,2H,2Hperfluorooctyl)silane. The HEMA PPM was then soaked in FBA photografting solution and the
fluorinated top slide placed on top. The PPM was then irradiated with UV light for 60 minutes to
photograft the FBA onto the PPM. The setup was then carefully disassembled, and the fluorinated PPM
was rinsed with methanol, acetone and then water. To form the SLIPS, the fluorinated PPM was infused
with 100 μL of Krytox 100 perfluorinated ether lubricant for 30 minutes, and the excess lubricant drained
off by tilting the slide at 90 degrees to the side (Figure 4.6).

Figure 4.6. Schematic for formation and function of SLIPS.
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4.2.2 Contact Angle and Sliding Angle Measurements
The contact angles of various organic droplets were recorded on SLIPS using a Dataphysics
OCA goniometer and determined using its companion software. The sliding angles of organic droplets
on SLIPS were recorded with a Veho VMS004D USB microscope and determined using ImageJ.
4.2.3 Magnetic Actuation
Magnetic actuation was performed by positioning magnets directly below the SLIPS coated
glass slide. These magnets were mounted to an XY stage with PMX-4CX-SA driver motor driver, while
the SLIPS slide was held in place by a custom 3D printed slide holder (Figure 2.3). The XY stage’s
computer interface allows the execution of programs for reproducible control of the magnet position and
speed. Hexadecane (27.47 mN/m) was chosen as a model organic liquid, and suspensions of carboncoated iron particles were made at varying concentrations. Droplets of varying volumes (5 μL-20 μL)
were then pipetted onto the SLIPS above the magnets, and the stage programmed to move. The droplets
were filmed with a Logitech HD Pro Webcam C920 positioned above the slide to determine the optimal
iron particle concentration, droplet volume, and driver magnet acceleration for facile actuation.
To determine the effect of droplet liquid on ease of actuation, suspensions of carbon-coated iron
particles in different organic liquids were made, at 20 mg/mL iron particle concentration. For more polar
liquids, the carbon-coated iron particles were replaced with iron oxide powder to aid suspension. Several
driver magnets (5.64 kG) were attached to the XY stage side-by-side, a 20 μL droplet of each organic
liquid was pipetted onto the SLIPS above each driver magnet, and the stage was moved so that the
different droplets could be actuated all at once.
4.2.4 Liquid-liquid Extraction
To demonstrate the capabilities of an organic liquid compatible microfluidic chip, a liquid-liquid
extraction of the dye anazolene sodium was performed. The dye was initially dissolved in an aqueous
suspension of 20 mg/mL iron oxide powder. The SLIPS coated chip was positioned over the XY stage
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with a driver magnet attached to it and a 20μL droplet of the dye-containing water pipetted onto the
chip. A 20 μL droplet of 1-octanol was pipetted onto the aqueous droplet, and the stage commanded to
drive the double-droplet around for 5 minutes to encourage mixing. This process was recorded with the
webcam, and the changing color of the 1-octanol droplet was monitored through ImageJ.
4.3 Results and Discussion
4.3.1 Contact Angles
Superhydrophobic surfaces are characterized by their contact angles and sliding angles, with a
required minimum water contact angle of 150° and a maximum water sliding angle of 10° for a surface
to be considered superhydrophobic. Thus, it was of interest to examine the contact angles and sliding
angles of droplets on the fabricated SLIPS.
Young’s equation for surface wetting states that the contact angle of a droplet on a flat surface
is proportional to the surface tension of the droplet liquid, according to Equation 1.1.
This equation is designed for flat solid surfaces but holds for SLIPS as well due to the presence
of the smooth liquid layer on the outer surface of the SLIPS. Therefore, it was suspected that droplets
with lower surface tension would possess lower contact angles on the SLIPS. From Figure 4.7 it can be
seen that the droplets with lower surface tension do possess lower contact angles. What is of more
interest, however, is that the correlation between surface tension and contact angles is confined to
molecules possessing the same functional group; both the n-alkanes and the alcohols have R2 values
approaching 1, but the slope of the n-alkanes group is almost 3x larger than that for the alcohols.
This grouping of droplet contact angles based on their functional groups is due to the
intermolecular interactions between the droplet and the perfluorinated lubricant on the surface of the
SLIPS. Different functional groups result in droplets being repelled by the SLIPS to a different degree,
as expressed in the first term of equation 1.1. The intermolecular interactions also explain why water’s
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contact angle places it in the alcohol family – it possesses OH groups, and thus is treated as “proton-ol”
by the surface.

Figure 4.7. The contact angles of droplets with various surface tensions. Compounds shown are
hexane, heptane, octane, tetradecane and hexadecane (n-alkanes, R2 = 0.9968), methanol, ethanol,
1-decanol, cyclohexanol, ethylene glycol, and water (alcohols, R2 = 0.9599) in increasing order of
surface tensions. Compounds of other functional groups were measured but are not shown, as
there were not enough data points per functional group.
The sliding angles of droplets on SLIPS were found to be 4-6°, regardless of droplet surface
tension and functional group. This suggests that friction is not affected by the droplet’s area of contact,
which is consistent with SLIPS’ mechanism -of-slipperiness.
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4.3.2 Optimization of Magnetic Actuation Parameters
There are three possible outcomes when attempting to actuate a droplet magnetically, the droplet
either: successfully actuates, fails to follow the magnet and disengages, or the magnetic particles are
extracted from the droplet. All three outcomes are potentially useful in a DMF device, but they must
occur consistently and reproducibly. To this end, we investigated the effect of droplet volume, magnetic
particle concentration, and driver magnet acceleration on the outcome of a droplet of hexadecane
actuating across a SLIPS. Figure 4.8 shows a time-lapse photograph of a droplet actuating across a
SLIPS.

Figure 4.8. An overlaid photo of a 20μL droplet of coloured hexadecane actuating on a SLIPS.
Arrow shows the direction of the movement of a 20 µL hexadecane droplet containing 20 mg/mL
carbon coated iron oxide particles and a red dye on a SLIPS surface.
From Figure 4.9, the maximum acceleration for which actuation occurs increases rapidly with
concentration before levelling out at 0.075 m s-2, with the larger droplets reaching the plateau at lower
concentrations than the smaller droplets. Additionally, the small droplets did not show any instances of
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particle extraction (Figure 4.9A, B). This is thought to be due to the size of the droplet approaching the
size of the magnetic particle cluster.

Figure 4.9. The actuation outcome diagrams of hexadecane at varying concentrations of magnetic
particles and driver magnet acceleration, for (A) 5 μL, (B) 10 μL, (C) 15 μL, and (D) 20 μL
droplets. Region boundaries were interpolated from measured data points marked on the
diagrams.
When particle extraction occurs, the particles pull a small amount of droplet liquid with them.
For smaller droplets, this amount of liquid becomes comparable to the size of the droplet and extraction
becomes too energetically unfavorable to occur. For larger droplets, all three actuation outcomes
occurred at their expected regions (Figure 4.9 C, D); droplet disengagement at low particle
concentrations and high acceleration, actuation at high particle concentrations and low acceleration, and
115

particle extraction at high concentrations and high acceleration. For the 20 μL droplets, the actuation
region can be seen to increase past the 0.075 m/s2 plateau for 20 mg/mL, but dip back down to the
plateau at concentrations of 25 mg/mL and higher. Based on this study, 20 and 25 mg/ mL particle
concentration provides the widest range of possible magnet accelerations for facile actuations. Hence, it
was determined that the optimal magnetic particle concentration for general use is 20 mg/mL.
4.3.3 Multiplexed Droplet Actuation
The ability to move several droplets at once is very valuable for many DMF devices as it saves
sample preparation and analysis time. To perform multiplexed actuation a SLIPS was fabricated on a
101.6 mm x 76.2 mm x 1 mm substrate following the same procedure described in experimental section.
To this end, we explored the possibility of multiplexed actuation on SLIPS by actuating droplets of
several different solvents on a single slide. Droplets of nonpolar solvents behaved similarly to
hexadecane – where 20mg/mL of carbon-coated iron coated particles resulted in similar responsiveness
to actuation. Droplets of methanol and toluene refused to actuate under any conditions, due to their
fluorophilic nature relative to water and a few other solvents. Droplets of more polar solvents actuated
with great difficulty, due to the carbon-coated iron particles failing to suspend properly. As a result, the
particles are not held inside the droplet as strongly. The driver magnet is then able to pull the particles
down into the SLIPS, penetrating through the lubricant layer and coming into contact with the PPM.
When the driver magnet is moved, many of the particles get caught on the tips of the PPM pores and
can no longer follow the driver magnet. Replacing the carbon-coated iron particles with iron oxide
powder resulted in smoother actuation of the more polar droplets.
4.3.4 On-Chip Liquid-Liquid Extraction
Liquid-liquid extractions are a powerful tool in organic synthesis that has found wide use in a
variety of applications. However, the inherently organic nature of a liquid-liquid extraction has forced
DMF devices utilizing superhydrophobic surfaces to perform their liquid-liquid extractions off-chip, in
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a preparation step. As a demonstration of the potential uses of SLIPS in DMF devices, we performed an
on-chip liquid-liquid extraction of anazolene sodium in 1-octanol-water. Anazolene sodium is a dark
blue dye that is soluble in alcohols and other polar solvents, which results in highly visible partitioning.
Decreasing concentrations of anazolene sodium were dissolved in water droplets containing iron oxide
particles, and 1-octanol droplets without any magnetic particles placed in contact with them. The contact
resulted in the two droplets fusing into an eyeball-shaped droplet, as seen in Figure 4.10. The iron oxide
particles remained fully in the water droplets, and actuation of the double-droplet resulted in the iron
oxide laden water droplet leading and the 1-octanol droplet following. Mixing was performed by
actuating the double-droplet around on the chip. After approximately five minutes of mixing, the dye
had partitioned itself into the 1-octanol droplet, turning it blue (Figure 4.10B). The mixing is enhanced
by acceleration and deceleration of the droplet at each of the four corners of the movement.

Figure 4.10. The 1-octanol-water double-droplet (A) at the beginning of the extraction, and (B)
after about 281 seconds of mixing via actuation. Initially, all the dye is in the water droplet with
the magnetic particles. After 5 minutes of actuation in multiple directions, the double-droplet is
thoroughly mixed and the dye is observed to have partitioned into the 1-octanol droplet.
This process was repeated for decreasing concentrations of azolene sodium and recorded by a
camera positioned above the chip. Individual frames near the beginning and end of each extraction were
selected, and the red color channel values were analyzed via ImageJ software. After incorporating the
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gamma correction factor (ℽ = 2.2) the difference in red channel values was found to increase linearly
with increasing pre-extraction concentration of azolene sodium. This confirms that magnetically
actuated liquid-liquid extractions on SLIPS are viable in DMF applications. This experiment can be used
to calculate the partition coefficient of the dye by finding concentration of the dye in water and octanol
in future.

Figure 4.11. A plot of the 1-octanol droplet’s colour post extraction as a function of initial dye
concentration in the water droplet. The colour of the 1-octanol droplet is plotted as the difference
in red channel value.
4.4 Conclusions
The potential of using SLIPS in magnetically actuated DMF devices is explored. The response
of various organic droplets to SLIPS was examined. The parameters for optimal magnetic actuation of
a model organic liquid is determined, and the possibility of actuating multiple droplets of different
liquids at the same time is explored. The parameters established in the previous experiments were used
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to perform a liquid-liquid extraction of a dye from water to 1-octanol. This extraction demonstrates the
usefulness of SLIPS in magnetically actuated DMF devices – previously limited to all aqueous systems,
SLIPS based DMF devices would be able to perform organic based procedures. This would allow for a
significantly wider range of reactions and sample preparation procedures to be performed on-chip, and
possibly bring magnetically actuated DMF devices one step closer to the “holy grail” of a true micro
total analysis system.
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Chapter 5

High-Capacity Ice-Recrystallization Endpoint Assay Employing
Superhydrophobic Coatings Equivalent to the ‘Splat’ Assay
5.1 Introduction
Ice-binding proteins (IBPs) have been found in a wide variety of organisms that encounter subzero temperatures.1-3 IBPs include antifreeze proteins (AFPs) found in a variety of organisms, including
some fishes and insects (Figure 5.1). The key property of AFPs is their ability to reduce the nonequilibrium freezing point below the melting point by binding to ice crystals. This temperature
difference is called thermal hysteresis, and the AFPs of many arthropods can confer over 5°C of freeze
protection when measured in the laboratory (Figure 5.2). The second consequence of their ice-binding
ability is ice-recrystallization inhibition (IRI) activity. Ice recrystallization is the process by which large
ice crystals grow at the expense of smaller crystals in frozen materials. This ice growth is thought to
occur by the movement of water across ice grain boundaries and is accelerated as the melting
temperature is approached.4-5 Recrystallization leads to a loss of quality in frozen foods and threatens
freeze-tolerant organisms with tissue damage and dehydration. IRI appears to be the primary function
of IBPs found in plants, such as rye grass and carrot, as they have poor thermal hysteresis activity (<1°C)
but strong IRI activity.6-7 Other functions have been found for IBPs. Some microorganisms secrete IBPs
to keep brine channels open in sea ice8. In another example, an IBP in the form of a membrane-bound
adhesion facilitates the binding of a bacterium to ice.9-10 Therefore, a thorough evaluation is necessary
to determine the biological function and potential applications of any IBP, and this should include an
evaluation of its IRI activity.
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Figure

5.1.

Phylogenetic

tree

(branching diagram or

"tree"

showing

the

inferred evolutionary relationships among various biological species or other entities) of
organisms that produce IBPs. The branches with orange labels originating from the center mark
the phylogenetic tree of life. The letters KPCOF on the concentric rings are a rough guide to
divisions among kingdom (K), phylum (P), class (C), order (O), and family (F). Organisms on the
perimeter marked with various colored symbols produce IBPs. Bolded names indicate that a
structure of the IBP has been solved by nuclear magnetic resonance (NMR) or X-ray
crystallography. AAT (brown) represents antifreeze glycoproteins; red corkscrews are Ala-rich αhelical type I AFPs; yellow squares are lectin-like type II AFPs; the purple square represents a βclip type III AFP fold; blue circles are β-solenoid–type AFPs; blue ovals are flattened silk-like
solenoids; the green rectangle represents packed polyproline type II coils; and blue triangles
under red dots represent the IBP with a β-solenoid fold alongside an α-helix. Names on the
perimeter without symbols are reference organisms that do not produce IBPs.2
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Figure 5.2. Ice crystal shaping and thermal hysteresis (TH) of three different IBP types. In plants
and fish, the crystal acquires a characteristic bipyramidal structure at temperatures below the
equilibrium melting/freezing temperature (Tm) and then stops growing until the freezing
hysteresis point (Tfh) is reached. The crystal grows rapidly along the c axis in fish or in both
directions in plants below Tfh. In insects, the TH is much higher and the crystal growth is
perpendicular to the c axis. In pure water, the crystals grow and melt continuously in the shape
of a flat disk. Tmh indicates the melting temperature in presence of IBPs. It is higher than Tm as
IBPs also slightly elevate the melting point above the equilibrium Tm. The direction of the c axis is
noted with black arrows.2
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The ‘splat’ assay, developed by Charles Knight et al., is a widely accepted and reliable semiquantitative method for assessing IRI (Figure 5.3B).11 A 10-μL sample is dropped from a height of 1 ‒
2 m onto a coverslip cooled to −80°C. This thin, flash-frozen ice wafer is then held at a low sub-zero
temperature (typically −4 to −6°C) for up to a day. The initial and post-incubation images of the multicrystalline layer are recorded and compared to see if ice grain size increases. Unfortunately, this
individual assay is time-consuming, exacting, and is not amenable to higher throughput. A variation on
this method, called the sucrose sandwich assay, employs a high concentration of sucrose (30-40%) so
that the sample placed between two coverslips prior to freezing forms a liquid-crystal mixture.7 Attempts
have been made to streamline these procedures. To assay large numbers of Antarctic bacteria for IBPs,
a 96-well microtiter plate assay using the sucrose medium was employed.12 The drawback of this
technique was that there were many false positives. A capillary assay was later developed that allowed
the simultaneous, side-by-side comparison of ten samples (Figure 5.3A).13 However, recrystallization
was sometimes difficult to visualize in the capillaries. Recently, a high-throughput colorimetric assay
was developed using gold nanoparticles.14 Although simple to perform, the authors suggested that the
splat assay should be used for confirmation as they did encounter false positives.
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Figure 5.3. (A) Apparatus for capillary IRI assay containing a set of 15, 10 µL capillaries held
together by two binder clips13 and (B) schematic for setup of the ‘splat’ assay where a 10-μL
sample is dropped from a height of 1 ‒ 2 m onto a coverslip cooled to −80°C.11
Here, we have developed an IRI assay that is as high-throughput as the plate or capillary assays
while producing results that are as unambiguous as those of the splat or sucrose sandwich assays. To
make an array of thin ice wafers in which recrystallization could be visualized, we generated slides with
thin, hydrophilic wells (surface energy traps (SETs)) surrounded by a superhydrophobic (SH) coating).
A top slide, coated with a fluorinated silane layer, was then used to flatten the droplet within each set of
SETs. SH surfaces containing SETs are an ideal method of separating hydrophilic samples. SH coatings
are based upon the surface of the leaf of the lotus, Nelumbo nucifera, which is self-cleaning and
extremely water resistant due to a nano- and micro-scale waxy surface texture.15 Droplets of water
placed on such surfaces attain water contact angles ≥150° and slide off at angles <10°. A variety of SH
surfaces have been fabricated using different techniques.16-18 SH layers consisting of a porous polymer
monolithic material can be generated by UV cross-linking polybutyl methacrylate-co-ethylene glycol
dimethacrylate injected between functionalized glass slides.19 Another organism, the Namib Desert
beetle, Stenocara gracilipes, provided the impetus behind the development of SETs. It has a microarray
of hydrophilic spots on its otherwise waxy, hydrophobic back20 that are used to trap moisture from fog.
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These spots work on the principle of differential wetting. Several methods have been employed to create
hydrophilic patterns in SH surfaces, such as laser micromachining, photopatterning and micro-contact
spotting.21-23
SH layers with SETs were generated on both sapphire and glass slides, but sapphire was found
to be superior. Sapphire is frequently used in cryogenic applications and has a number of properties that
make it ideal for IRI analysis relative to glass.24-25 First, sapphire transmits heat much more rapidly than
standard microscope slides made from soda-lime glass (~30 W/(m K) versus ~1 W/(m K) at room
temperature), and while the thermal conductivity of glass decreases as the glass cools, the reverse is true
of sapphire. Also, sapphire is stronger, harder and more resistant to breakage, so thinner slides can be
used. Therefore, samples sandwiched between sapphire slides should freeze faster. One slight
disadvantage is that amorphous glass is optically neutral whereas crystalline sapphire is not, which can
complicate viewing recrystallization through crossed polarizers.
Once the samples were loaded into the SETs and sandwiched, they were flash-frozen and
incubated, viewed and photographed in an identical manner to the splat or sucrose sandwich assays. The
images and results obtained were similar to these other assays, but with the advantage that up to a dozen
samples could be simultaneously tested side-by-side in the space usually required for a single sample.
This arrangement is ideal for doing serial dilutions as a way to measure the lowest IBP concentration at
which IRI is still attained and it minimizes variability as the samples are assayed in parallel.

5.2 Material and Methods
5.2.1 Fabrication of Bottom Slides Containing SETs
Two different methods were used to activate the glass and sapphire substrates due to differences
in their chemical composition. Functionalization and generation of superhydrophobic (SH) surfaces
were done by the procedure of Levkin et al.19 Glass substrates were activated by exposure to 1M NaOH
for 30 min followed by exposure to 1M HCl for 30 minutes.19 Sapphire substrates were cleaned and
activated by keeping them in piranha solution (3:1, sulfuric acid: hydrogen peroxide) for 10 min, after
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which they were thoroughly rinsed with DI water and dried in a nitrogen stream.26 After activation, the
slides were functionalized with a 20% v/v solution of 3-(trimethoxysilyl)propyl methacrylate (γ-MAPS)
in ethanol, adjusted to pH 5 by drop-wise addition of acetic acid. For glass slides, this functionalization
solution was applied to the bottom slide and another slide was placed on top. The slides were
functionalized for 60 minutes with re-application of functionalization solution at 30 minutes. The
sapphire slides were functionalized in the same way except they were placed in the functionalization
solution and incubated overnight. After functionalization, the slides were thoroughly rinsed with
methanol, dried under nitrogen, and then kept in a desiccator.
Polymerization to synthesize the SH layer on the glass or sapphire slides was carried out in a
templated assembly (Figure 5.4). To form the assembly, 50 μm thick Teflon® strips (McMaster-Carr,
Aurora, U.S.A.) were cut and placed unfolded (50 μm) or folded (100 μm) along the long edges of the
functionalized substrates (Fig. 1). The pre-polymer mixture containing 24 wt.% butyl methacrylate, 16
wt.% ethylene glycol dimethacrylate, 48 wt.% cyclohexanol, 12 wt.% decanol and 1 wt.% 2,2dimethoxy-2-phenylacetophenone was injected into the assembly. The SH layer was polymerized using
UV radiation (254 nm) for 45 min, disassembled using a razor, then thoroughly washed with methanol
and acetone before being dried under nitrogen. The top slide retained >90% of the SH material,
generating layers either 45 or 95 μm in thickness, with the remainder on the bottom slide, generating a
thin SH layer. A picosecond diode-pumped solid-state ultraviolet laser was used to mill 3-mm diameter
hydrophilic SETs on the SH substrate. Stock sapphire slides, 31 x 25 x 0.4 mm, were obtained from
Swiss Jewel Company, Philadelphia, U.S.A.
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Figure 5.4. Schematic of PPM synthesis on a glass slide.
5.2.2 Fabrication of Water Repellent Top Slides
Two different approaches were taken to prepare top slides used for flattening the droplets inside
each set of SETs. For glass substrates, a commercial SH coating (Ultra-Ever Dry) was used to prepare
the top slide. Ultra-Ever Dry is a two-layer coating and each layer was applied separately as an aerosol
as per the manufacturer’s instructions. Typically, the slides were left under ambient conditions to dry
for a minimum of 20 min between the application of the respective layers and further dried overnight
prior to use.
For sapphire slides, a fluorinated top slide was prepared. For this purpose, the sapphire slide
was first were cleaned and activated in piranha solution for 10 min, after which it was thoroughly rinsed
with DI water, and dried under a nitrogen stream.26 The slide was then fluorinated via chemical vapor
deposition by being placed in a desiccator for ~12 h with a small watch glass containing ~50µL of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane.
5.2.3 Handling of IBP samples
Samples were diluted in 25 mM Tris-HCl (pH 7.8), 150 mM NaCl and 0.01 mg/mL bovine
serum albumin. The albumin was present as a blocker to minimize loss of dilute IBP to nonspecific
surface adsorption. For IBPs with free Cystine, such as Shewanella frigidimarina IBP-1 (SfIBP), 1 mM
β-mercaptoethanol was also included to prevent protein multimerization through disulfide bonding. For
sucrose assays, IBPs in the buffer above were mixed 1:1 v/v with 60% w/v sucrose. Phosphate buffered
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saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM phosphate pH of 7.4) was used in one instance. Each
trap was filled with 0.8 µL of sample, then the top slide was carefully placed on top and held firmly in
place between thumb and finger, thereby flattening the droplets, while binder clips were clamped along
the long edge on each side (Figure 5.5).

Figure 5.5. PPM slide (bottom) and an Ultra-Ever Dry slide (top) containing 8 SETs fastened by
two binding clips.
The sandwich was then dropped into liquid nitrogen to flash freeze the samples before they were
placed in an IRI apparatus 13 for imaging. Annealing was always done at −5.3°C but time-zero images
were taken at −9.8°C as the rate of increase in crystal size, which is most rapid at the start, should be
about half as fast as at the annealing temperature (Figure 5.6).27 If sucrose was not used, the binder clips
were removed after freezing and the top slide was carefully pried off using a scalpel blade.
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Figure 5.6. Sapphire slide with 95-μm deep SETs, 3 mm in diameter, atop a glass polarizer in a
double-walled beaker filled with 2,2,4-trimethylpentane cooled to −5.3°C with a circulating bath
(~1:1 v/v clear ethylene glycol/water). The image was taken through a crossed polarizer and the
optical axis of the sapphire is aligned with the bottom polarizer. A lid is sealed on using vacuum
grease except during imaging and the beaker is insulated with Styrofoam. 2,3,4-trimethylpentane
is used to keep the temperature uniform throughout the bowl and because of its immiscibility with
aqueous samples.
5.2.4 Washing Sides for Reuse
Both the top and bottom slides were gently rinsed under a stream of water immediately
following use. They were soaked in a soapy solution of Hellmanex™ (at the manufacturer’s
recommended concentration) or Sunlight™ dish soap (approximately one drop/20 mL) for at least 1 h
to ensure protein removal, followed by several rinses in water for at least another hour. Following a
rinse with 95% ethanol or acetone, the slides were air-dried. The slippery coating on the top slide can
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be gently cleaned using a Kimwipe™, when necessary, but the SH layer is more fragile and should never
be touched or rubbed.

5.3 Results
5.3.1 Optimization of SET depth and other dimensions
The first slides used were standard glass slides, 1 x 25 x 75 mm in size, on which the SH layer
was constructed as shown in Figure 5.4. The surface was rough and porous on a microscopic scale
(Figure 5.7), which enabled it to resist wetting and maintain a high WCA (Figure 5.7 inset). Different
thicknesses of the SH layer (controlled by the height of the Teflon spacers) were tested (Figure 5.8). The
ice in the thinnest trap (~10 μm) was difficult to see through the microscope, and long exposure times
were required for photography (Figure 5.8A). The 45-μm deep SETs produced images that were slightly
crisper than the 95-μm SETs (Figure 5.8B). However, the deeper SETs (95 µm) held the same sample
volume (0.8 μL) in a smaller area that allowed for more SETs per slide, which was an important cost
consideration once sapphire slides were used (Figure 5.8C). We noted sample volumes below 0.8 μL
dried faster and were more difficult to accurately dispense, so there was no advantage to shrinking the
diameter of the 45-μm deep SETs. The optimal number of SETs per slide was determined to be 8 to 10,
to minimize drying that occurred while loading, and to allow sufficient time to photograph all of the
SETs, as control samples begin recrystallizing rapidly, even when the temperature was initially held at
−9.8°C.
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Figure 5.7. SEM image of the PPM surface showing rough morphology and a 10 µL water drop
sitting on the PPM surface exhibiting WCA of 150°  3 in the inset. Scale bar indicates 5 μm.

Figure 5.8. Effect of trap depth on the assay. Trap depths of 10 μm (A), 45 μm (B) and 95 μm (C)
were evaluated on glass slides using 10 mg/mL bovine serum albumin at time zero (top) and after
20 h incubation (bottom). The scale is the same for all images with the bar indicating 1 mm.
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5.3.2 Optimization of Top Coating
The first coating used was a commercial SH coating (Ultra-Ever Dry). Unfortunately, some of
this coating adhered to the sample and it was too fragile to withstand washing procedures. Next, a thin
layer of SH coating, identical to that used on the bottom slide, was used. As this coating was somewhat
opaque (Figure 5.7), the top slide had to be removed to allow viewing of the sample. This coating also
left a thin layer on the frozen sample, which is visible as dimpling, spots or cloudiness on the ice surface
(Figure 5.9, compare D to B). We postulate that upon freezing, the expanding ice intrudes into the pores
in the SH layer, trapping some of the polymer in the ice. After a few uses, the coating became degraded
and the sample began to adhere to the top slide. This coating was also abandoned.

Figure 5.9. IRI assay with different top slides and of crude bacterial lysate. Buffer frozen using a
fluorinated top slide (A, B) is compared to those frozen using an SH top slide (C-D) immediately
after freezing (A, C) and after 26 h (B, D). A crude bacterial lysate that was opaque and brownish
colored is shown at the start (E) and after 2 h incubation (F). The scale bar indicates 1 mm.
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surface

of

trichloro(1H,1H,2H,2H-

perfluorooctyl)silane deposited as a chemical vapor onto the substrate. This coating was transparent and
did not adhere to the samples, so the top surface of the crystals appear smoother and clearer after
recrystallization due to absence of adhered coating interfering with the crystal imaging (Figure 5.9 B).
On occasion, concentrated crude cellular lysates would partially adhere to this layer (not shown), but
enough material generally remained behind to allow determination of IRI activity. Alternatively, these
problematic samples could have the top slide left in place because the coating was transparent.
5.3.3 Comparison Between Sapphire and Glass Slides
After repeated use, the glass slides tended to break when submerged into liquid nitrogen. As of
yet, we have not had a sapphire slide break even though some have been used over 20 times.
Additionally, the samples often froze as coarse-grained crystals when the glass was used (Figure 5.10A).
Liquid nitrogen was observed to permeate the SH layer as cooling progressed (not shown), presumably
due to the pressure differential that arose as trapped air cooled. So, with glass slides, freezing sometimes
nucleated in SETs near the edges before the sample was sufficiently cold to freeze in a dendritic or finegrained fashion. Upon recrystallization, coarse-grained samples with few distinct crystal boundaries did
change (Figure 5.10B, C), but the difference was not nearly as pronounced as with finer-grained
samples. Central SETs showed a feathery dendritic freeze consistent with nucleation at a single point
with a high degree of supercooling (Figure 5.10A). In contrast to the results with glass slides, the freeze
obtained using sapphire was far more consistent and the ice was finer-grained (Figure 5.11A). Although
still not as fine-grained as in the splat assay (Figure 5.11C), it was more than sufficient to clearly observe
recrystallization (Figure 5.11B).
Some freezing variation was also observed with sapphire slides, where identical samples would
freeze either in a patterned, dendritic fashion (Figure 5.9A) or in a more random manner (Figure 5.9C).
These freezing differences do not alter or affect the clarity of the results (Figure 5.9, D). Initially, the
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SH coating did not adhere as tightly to sapphire as it did to the glass. Therefore, the sapphire was pretreated by etching in piranha solution, after which the coating remained steadfast.

Figure 5.10. Freezing of samples using glass slides. A) View of a portion of a glass slide where the
top and bottom wells are only 1-2 mm from the edge of the SH layer. B-C) Closeup of a poorlyfrozen well at the start (B) and after 22 h at −4°C (C). Scale bars indicate 1 mm.
One issue with sapphire slides is that they are cut from single lab-grown crystals that are
birefringent, whereas glass is amorphous and non-birefringent. Therefore, the slides have to be aligned
to the bottom polarizer to maximize contrast between ice crystals. When the top slide was not removed,
the discrepancy of ~10° between the optical axes of the two slides resulted in a colored background and
purple- or green-tinted crystals (Figure 5.12). This can be avoided if the slides are cut so that the c-axis
is oriented perpendicular to the plane of the slide. Oriented rectangular sapphire slides can be specially
ordered in lots of ten or more from the Swiss Jewel Company.
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Figure 5.11. IRI assay of ten-fold serial dilutions of SfIBP. The scale bars indicate 1 mm. Row A)
Samples loaded into SETs on sapphire at the start and Row B) after 26 h. Row C) Splat assay after
18 h (unpublished images from Sean Phippen, similar to published images)28. The last vertical set
of panels (marked 0) are buffer controls that do not contain SfIBP.
5.3.4 Comparison Between splat and SET Assay.
A ten-fold dilution series of SfIBP was used to compare the endpoint determined by the splat
and SET assays. The endpoint is the lowest concentration at which the IBP completely inhibits ice
recrystallization. The start and 26 h time points are shown for the SH trap assay (Figure 5.11, top and
middle row) but only the 18 h time point of the splat assay is shown (Figure 5.11, bottom row) as all of
the zero-time points resembled the first two panels (100 and 10 nM SfIBP). The two assays are
equivalent to the first two dilutions (100 nM and 10 nM) show complete inhibition of ice
recrystallization, with some recrystallization evident at 1 nM. Recrystallization in the next two dilutions
(0.1 nM and 0.01 nM) was rapid and similar to the buffer control (0). Although the starting grain size in
the SH trap assay is larger (top row), the difference between zero time and overnight is just as clear as
in the splat assay. Additionally, intermediate crystal sizes are observed at 1 nM in both assays. This
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indicated that the two assays are equivalent with both showing that the endpoint for the IRI activity
SfIBP lies between 10 nM and 1 nM.

Figure 5.12. Time independence of IRI endpoint determination and the effect of different buffers
and solutes using four different concentrations of SfIBP (100, 10, 1 and 0.1 nM) with buffer
controls (0 nM). A) SfIBP in PBS at the start (0 h, top row) and after 1 hr (second row). B) SfIBP
in Tris saline (pH 7.8) with 30% sucrose after 1 hr (the crystal size is hard to distinguish as the
imaging was done without the polarizer). C) SfIBP in Tris saline (pH 7.8) annealed from 1 to 312
h (bottom five rows). The scale bar indicates 1 mm.
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5.3.5 Time Dependency of the Endpoint Assay and Versatility of the SET assay.
The SfIBP dilution series was repeated using four SfIBP concentrations in PBS (Figure 5.12A),
or Tris plus saline, with (Figure 5.12B) and without (Figure 5.12C) 30% sucrose. In all three cases, the
crystals have increased noticeably in size after only one hour at SfIBP concentrations of 1 nM or lower.
When incubated for longer periods of up to 312 h (13 days), crystal sizes increased over time in both
the buffer control and in the lower SfIBP concentrations (0.1 and 1 nM) (Figure 5.12C). There was no
perceptible change in the sizes of the crystals at higher SfIBP concentrations (10 or 100 nM), even over
these very long-time periods. The same was observed when PBS was used (not shown). Therefore, the
endpoint is insensitive to incubation time and can be determined in as little as one hour. It is also
insensitive to small changes in annealing temperature, as recrystallization was visibly evident in samples
with < 10 nM SfIBP during the 5 - 10 min when they were being held at −10 °C for initial photographs
(not shown).
5.3.6 Slide Reusability
High concentrations of four different IBPs were added to SETs and the IRI assay was performed
(Figure 5.13A-D). The slide was then washed with Hellmanex™ and loaded with buffer and the assay
was repeated. The buffer in the four SETs that had contained the IBPs recrystallized just as rapidly as
the buffer control (Figure 5.11E). Similar results were obtained (not shown) when Sunlight™ dish soap
was used instead. This indicates that the washing protocol is sufficient to ensure that there is no carryover
of protein when the slide is reused, even when IBP concentrations three to four orders of magnitude
above the IRI cut-off were used.
Although the SH coating should not be touched, it is sufficiently robust if properly handled.
One sapphire slide has been used over 20 times, and the slight sign of wear, which is more noticeable at
the edges of the SETs where ice has likely penetrated, has not affected the assay. The top slide has been
used over 10 times and it also shows no signs of wear.
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Figure 5.13. Slides can be washed and reused even after using high concentrations of IBPs. A)
SfIBP 155 μM, B) Lolium perenne IBP 184 μM C) Rhagium mordax IBP 80 μM D) Tenebrio molitor
IBP 480 μM E) buffer. The top panel is shortly after freezing, the middle panel is after 26 h
incubation and the bottom panel shows buffer after 18 h in the same wells that were washed using
Hellmanex™. The scale bar indicates 1 mm.
5.3.7 Other Considerations
Although the slides are routinely incubated overnight as a matter of convenience, they can also
be used to assay large numbers of environmental samples in a shorter time frame. Figure 5.9E shows a
crude bacterial lysate that was brownish, opaque and full of particulates. Because the SETs are only 0.1
mm thick, light is still able to penetrate this sample. Recrystallization was evident after only 2 h (Figure
5.9F) and the brownish material was excluded from the growing ice crystals, thereby improving the
clarity of the image.
One minor problem can arise on humid days when photographing the initial images.
Microscopic ice crystals can be inadvertently introduced into the trimethylpentane when the lid is
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removed and the slide is inserted. These make the images less sharp than they should be. But as these
crystals settle over time, the clarity of the trimethylpentane solvent is restored. On particularly humid
days, this can be problematic and dehumidification is recommended.

5.4 Discussion
The SH trap slides produce results and images that compare favorably with the splat assay
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but with higher-throughput and the ability to compare multiple samples side by side. Another advantage
is that the assay is easier to perform as samples are simply pipetted into SETs rather than being dropped
from a height, where a steady hand and expertise are required to minimize sample wastage as droplets
often fail to impact the coverslip. Additionally, the sample size required for a single SET is less than 1
μL, one order of magnitude less than that required for the splat assay. This would make an analysis of
the hemolymph from individual insects or the exudate from the leaves of small plants more feasible.
The main difference is that the ice grain size during the freeze is somewhat larger and more variable in
the SH trap assay, but this does not alter the results. Recrystallization, or the lack thereof, is just as clear
and easy to visualize as in the splat assay when the before and after images are compared. For this
reason, the SH trap assay is very useful for plus/minus screening of large numbers of samples. If two or
three slides are incubated together in one apparatus and the results are scored visually after an hour, over
100 samples can be processed in a single day.
A variety of parameters were optimized, that include the number, thickness and diameter of
SETs and the characteristics of the coatings. The biggest improvement was gained by switching from
glass slides, which frequently broke and resulted in the uneven freezing of samples, to sapphire. Since
sapphire is stronger than glass, thinner slides could be used (0.4 mm vs 1.0 mm) and combined with the
30-fold higher thermal heat conductivity of sapphire, the samples should cool approximately 75 times
faster. Indeed, the freezing was far more consistent and finer-grained when sapphire slides were used
and the slides survived repeated immersion in liquid nitrogen. The SH coatings were very effective for
forming SETs that isolated the samples from one another but they were not ideal when used on the top
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slide. Instead, a transparent slippery coating was employed and this had the additional advantage of
allowing sucrose sandwich assays to be performed as the top slide could be left in place.
The kinetics of recrystallization has been examined with the sucrose sandwich assay29 and an
automated image analysis procedure has been developed30. Others have examined the effect of small
molecules on recrystallization using the splat assay, such as disaccharides based upon those found on
the antifreeze glycoproteins31, photoswitchable carbohydrate-based fluorosurfactants32 or selfassembling metallohelices33. These assays differ from the endpoint assay as they measure grain size
relative to the buffer control when recrystallization is only partially inhibited. The endpoint assay we
describe is only applicable when inhibition is complete, as with IBPs, where the ice crystals do not
increase in size over long periods of time (up to 13 days). However, it may be possible to measure the
kinetics of IRI for samples in SETs in a similar, but higher-throughput manner.
Different buffers have been used to measure IRI. Some groups use PBS31-33 and others add
sucrose29-30. PBS cannot be used with IBPs that require Ca2+ to properly fold, so we use a Tris-buffered
saline instead13, 28. Solutes have been shown to affect both the endpoint assay34 and crystal size during
recrystallization35. Although we did not observe a difference using either Tris or Phosphate buffer with
similar salt concentrations, or sucrose, when different IBPs are being compared, they should be assayed
in the same buffer.
Sapphire slides, particularly those that are optically neutral, are an expensive custom product
and generation of the coatings is labor intensive. Therefore, the slides should be reusable to be costeffective. With proper washing and handling, these slides can be used over twenty times and an upper
limit has not been determined, due in part to the exceptional hardness, toughness and thermal shock
resistance of sapphire24.

5.5 Conclusions
Ice recrystallization can be quickly, easily and directly visualized in the flat ice wafers that are
formed in SETs in SH surfaces. Recrystallization is far harder to detect in the thin cylindrical ice
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columns of the capillary assay13 or in the thick ice formed in 96-well plate12. The gold-nanoparticle assay
is also high-throughput, but it is more prone to false positives as it measures IRI indirectly via
nanoparticle aggregation14. Therefore, SETs offer a combination of reliability and high-throughput that
is not always possible with other techniques.
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Chapter 6
Separation and Characterization of Asphaltenes Using Magnetic Beads
6.1 Introduction
Organic liquid fouling is known to affect industrial processes such as polymer processing, oil
upgrading and petrochemical product manufacturing.1 The petroleum industry has been experiencing
problems regarding pipeline fouling because of the deposition of heavy organics from crude oils when
they are heated, blended or pyrolyzed in a vacuum distillation process. Crude oil contains various species
that are mutually soluble and continue to remain soluble as long as a certain ratio of each substance is
maintained. A change in temperature, pressure or addition of a solvent often results in precipitation of
one of the components of the crude oil . Due to these changes, the heavy and/or polar molecules such as
asphaltenes can separate from the crude oil mixture, which leads to deposition problems in pipelines.
Polar asphaltene flocculation has been known to cause fouling problems in both upstream and
downstream operations in the petroleum industry (Figure 6.1).2-3 Deposition decreases pipeline flow
rates negatively affecting oil refining and production. Severe cases of pipeline fouling may require
cleaning procedures which are very costly or may result in the replacement of pipelines.4
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Figure 6.1. Figure showing the build-up of asphaltene at places along the production system, from
inside the formation to pumps, tubing, wellheads, safety valves, flow lines and surface facilities.
These depositions occur due to changes in pressure, temperature, composition and shear induced
by processes such as acidizing treatments, injection of natural gas or carbon dioxide or primary
depletion.5
6.1.1 Asphaltenes
The term asphaltene was coined by J. B. Boussingault in 1837. He defined asphaltenes as the
residue of distillation of bitumen which is insoluble in alcohol and soluble in turpentine. 6 Nowadays,
asphaltenes are defined as a fraction of crude oil that is insoluble in low-boiling paraffinic solvents (npentane or n-heptane) but soluble in aromatic solvents such as toluene or benzene. They contain atoms
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such as nitrogen, sulphur and oxygen in addition to carbon and hydrogen (Figure 6.2). Molecular weights
of asphaltenes range from 1000 to 100,000 g/mol.7 Asphaltenes are known to be infusible i.e. they have
no melting points. They do however decompose when heated and tend to leave a carbonaceous residue.5

Figure 6.2. Image showing three possible molecular structures of asphaltenes. The figure also
shows a group of aromatic rings in blue containing alkane chains. It may also contain some
nonaromatic rings. These rings may also possess heteroatoms such as sulfur, nitrogen, oxygen,
vanadium and nickel as part of the aromatic rings. One such example is the molecule on the left
which contains a sulfur heteroatom.5
6.1.2 Asphaltene Extraction/Precipitation Methods
During the production of the crude oil, the pressure starts to reduce at constant temperatures and
reaches a certain pressure below which the asphaltenes start to precipitate. This pressure is called the
asphaltene-precipitation onset pressure. This precipitate starts to deposit in the separator and flow lines
(Figure 6.1). Generally, the asphaltene precipitation increases with a decrease in pressure. The
conventional method of asphaltene extraction follows the ASTM (American Society for Testing and
Materials) D6560 -12.8 According to this method, a crude oil sample is mixed with heptane in 1:40, oil
to heptane volume ratio and the mixture is heated under reflux. The solution is then passed through filter
paper to collect the asphaltenes, waxy substances, and inorganic material on the filter paper. The filtrate
is then washed with hot heptane to remove the waxy substances. Following, the asphaltenes are
separated from the inorganic material by dissolution in hot toluene, and the asphaltenes are then weighed
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after evaporation of the toluene8. Precipitation methods like these are used to study different asphaltene
properties such as the concentration changes in crude oil as a result of pressure and temperature, particle
size, stability, etc. These studies help to assess both the rate and amount of deposition of asphaltenes on
surfaces. Asphaltenes also have a tendency to adsorb onto solid-liquid and liquid-liquid interfaces
leading to their increase in precipitation and the eventual clogging of pipelines. Alternatively, a different
approach to assess asphaltene properties is to look at their adsorption on different surfaces. These studies
can then help to prevent or reduce their adsorption onto solid surfaces.9
6.1.3 Functionalized Surfaces
Chemically functionalized surfaces have long been used for the adsorption of hazardous
substances for separation, even before the nanotechnology came into the picture. However, using nanostructured surfaces for separation and absorption has its own benefits. One of these advantages is a high
surface to volume ratio where as little as 1 g of 10 nm sized nanoparticles is as much as 1018 particles.
High surface area provides a relatively large amount of potential extraction sites (surface area ≈100
m2/g) for contaminants.10 The high surface to volume ratio is ideal for binding substances to the particles
dissolved in water for extraction and purification. Furthermore, the amount of solvent used is
substantially less due to high extraction efficiency, reducing the amount of chemical waste. The
phenomenon of adsorption of asphaltenes onto solid surfaces is caused by the characteristics of the
asphaltenic solutions, including the asphaltene source and concentration, as well as the solvent quality.9
Akhlaq et al. treated glass surfaces with asphaltenes and looked at the change in contact angles of
glycerol droplets on those surfaces to characterize asphaltene adsorption onto the glass.11 The increase
in contact angles of glycerol droplets on asphaltene treated glass slides suggested that asphaltenes
repelled the glycerol droplets from the polar glass surface (Figure 6.3). Akhlaq et al. also performed a
systematic study where they deposited asphaltenes from different solvents of varying polarity i.e.
toluene, tetrahydrofuran, chloroform and n-heptane. The increase in contact angles with a decrease in
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solvent polarity suggested that higher amounts of asphaltenes deposited on the surfaces as the polarity
of the solvent was reduced.11

Figure 6.3. Contact angle measurements of a glycerol droplet on a glass substrate with different
concentrations of asphaltene deposited from crude oil as a function of time: (●) 10 mg/L, (■) 50
mg/L, and (▲) 100 mg/L asphaltene in toluene solution.11
Turgman-Cohen et al. reported the adsorption of asphaltenes onto self- assembled monolayers
(SAMs) of mixed aromatic and aliphatic trichlorosilanes (Figure 6.4).9 They used techniques such as
water droplet contact angle measurements and spectroscopic ellipsometry to characterize the amount of
asphaltene adsorbed onto SAMs of the trichlorosilanes with varying chain lengths. They established that
it was possible to adsorb asphaltenes from a solution of asphaltenes dissolved in toluene onto substrates
coated with different silanes which produced coatings of varying thickness.9 Their findings may
potentially lead to improved pipeline coatings that are more effective towards adsorption and
accumulation of asphaltenes.9
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Figure 6.4. Schematic diagrams showing asphaltenes adsorption on alkyltrichlorosilane-modified
silica substrates: (a) decrease in adsorption with increased SAM thicknesses; (b) increase in the
thicknesses of adsorbed asphaltenes with decreased solvent polarity.
The amount of asphaltenes is an important factor dictating the physical and chemical properties
of crude oil. For the same reason, measuring the asphaltene content is necessary. The conventional way
of measuring asphaltene content in a crude sample is by separating it from the oil mixture and weighing
it out. This process usually takes 2 days of wet chemistry work and up to 250 mL of solvent. Due to
these issues, researchers have been looking for different spectroscopic methods to make asphaltene
characterization faster with less solvent required.12-14
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6.1.4 Spectroscopic Determination of Asphaltene Content
Kharrat et al. devised a method of quantifying asphaltenes which involves subtracting the visible
spectrum of the maltenes (de-asphalted crude oil) from that of the oil.15 In the first step of their study,
they confirmed the Beer-Lambert law holds true for asphaltene concentration and asphaltene
absorbance. The asphaltenes were extracted by first adding heptane to a crude oil sample and then
centrifuging the solution to precipitate asphaltenes. The maltenes were decanted and asphaltenes were
collected. Asphaltenes were mixed with toluene and the difference in optical absorbances at 600 nm and
800 nm of asphaltenes extractions from different samples was recorded and plotted against their
asphaltene concentrations recorded via conventional method (Figure 6.5). The difference in optical
absorbances was to account for the spectral effect of the refractive index of a given sample and potential
baseline shifts. They found a good correlation between the optical absorbance and asphaltene
concentration with an R2 value of 0.999. This also confirms the validity of correlation between optical
absorbance and concentration of asphaltenes in crude oil.

Figure 6.5. Graph showing (A) linearity of asphaltene optical absorption and concentration and
(B) optical absorption spectrum acquired by subtracting optical densities at 600 nm to that at 800
nm for crude oil, asphaltene and maltene.15
To simplify the analysis, they determined asphaltene optical absorption by subtracting oil
absorption from that of maltenes. Asphaltene concentrations derived from the difference in optical
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absorption of oil and maltenes was in a good correlation with the modified ASTM D6560 method for a
large crude oil sample set that covered a wide range of geographic locations of asphaltenes and
concentration (Figure 6.6).15 The total analysis time using this technique was reduced to 3 hours
compared to 2-3 days for the conventional method. This method also reduced the amount of solvent
usage from 250 mL to 50 mL for the complete analysis.15

Figure 6.6. Graphs showing (A) and (B) a correlation generated from comparing asphaltene
content predicted by spectroscopic approach vs asphaltene content generated from conventional
modified ASTM D6560 approach for 26 different samples.15
The sample preparation method used by Kharrat et al. for asphaltene extraction/determination
still takes about 3 hours, requires a change of filter paper after each successive measurement, produces
50 mL of chemical/solvent waste and requires instrumentation such as a centrifuge and a trained
professional. The aim of this work is to either eliminate or minimize some of these issues by using
chemically functionalized magnetic nanoparticles for the extraction of asphaltenes from crude oils and
combine it with the spectroscopic method described by Kharrat et al. for rapid, simple, solvent stringent
and precise characterization of asphaltenes.
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This first part of this chapter talks about a method developed for the separation and
characterization of asphaltenes using magnetic particles. Next, we will discuss the synthesis of a
superamphiphobic surface using candle soot. The superamphiphobic surface is further used for magnetic
actuation of organic liquids. Magnetic actuation on a superamphiphobic surface can potentially be
utilized for on-chip separation and characterization of asphaltenes in crude oil.
6.2 Experimental
6.2.1 Materials and Methods
It has been reported previously that polar silica has better tendency to absorb asphaltenes
compared to non-polar silica but in our study we used silica functionalized with a non-polar moiety as
the polar silica is not possible to dissolve/ suspend in organic solvents like heptane, toluene and CCl4.9
Two types of chemically functionalized magnetic particles were used for the separation of asphaltenes
from a solution of crude oil in heptane (C-18 functionalized and carbon coated). C-18 functionalized
silica-coated superparamagnetic particles with the reported magnetization of ∼40 emu/g, a diameter of
∼1.0 µm and an iron oxide core was purchased from Bioclone Inc., San Diego, USA. Carbon-coated
magnetic, nanopowder with a 25 nm average particle size was obtained from Sigma-Aldrich. A strong
neodymium cylindrical disk with a magnetic field strength of ~3.5 kG was used for the extraction of
magnetic particles. The crude oil samples were provided by Schlumberger Canada Limited.
6.2.2 Separation and Characterization of Asphaltenes using magnetic Beads
Crude oil and heptane were mixed in a ratio of 1: 40 v/v in a centrifuge tube. The resulting
solution was shaken on a vortex shaker for 30 minutes and 20 mg of magnetic particles were then added
to the solution. The solution was shaken for another 30 minutes to promote interaction of magnetic
particles with the asphaltenes in the sample. Magnetic particles were extracted by placing the
neodymium magnet close to the centrifuge tube for 5 minutes. The remaining solution was decanted.
The magnetic particles were washed 3 times with heptane to get rid of any maltenes. CCl4 was used to
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elute asphaltenes from the magnetic particles as the asphaltenes are soluble in CCl4. Finally, the solution
containing the asphaltenes was characterized using UV spectrometry (Figure 6.7).

Figure 6.7. A schematic of the experimental procedure for extraction of asphaltene from crude oil
using magnetic beads.
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6.2.3 Synthesis of Superamphiphobic Surface
This section focuses on surfaces prepared by following the method reported by Deng et al.16-17
Deng et al. used a templated approach to synthesize superamphiphobic surfaces. Candle soot is utilized
as a template and highly fluorinated polymer coats the template to produce a superamphiphobic surface
with high oil and water repellency. In our laboratory glass microscope slides were cut into 1"x1" pieces
and used as a substrate for the synthesis of the SA surfaces. The substrate is first cleaned with a 2% (v/v)
Hellmanex III solution in water. The entire substrate is then evenly coated with black candle soot by
mounting the slide on a moving xyz-stage on top of the burning candle (approximately one-minute
duration).16-17
In the next step, chemical vapor deposition (CVD) was performed on the soot-coated substrate
in order to create a robust silica layer around the soot particles. Soot-coated samples were left in a
desiccator with 3 mL tetraethylorthosilicate (TEOS) and 3 mL aqueous ammonia in two separate 20 mL
vials. The desiccator was sealed and 250 mbar vacuum was applied for ~30 s. After waiting for 1 minute,
the vacuum was slowly released by opening the desiccator valve. CVD was carried out for 5-6 h. The
mechanism of silica layer formation follows Stöber reaction, where silica is formed by hydrolysis and
condensation of TEOS catalyzed by ammonia.18 CVD-coated samples were heated for 2 h at 600 °C in
a calcination oven, burning (oxidizing the deposited carbon to CO2) all the candle soot away and leaving
the porous silica behind.16-17 removal of all the soot is confirmed change of coating appearance from
black to transparent.
CVD was carried out a second time in order to hydrophobize the material. To accomplish this,
the slides containing the porous silica were kept in a desiccator with 200 µL trichloro(1H,1H, 2H, 2Hperfluorooctyl)silane (PFOTS) for 2-3 hours. To remove the excess unreacted PFOTS, the samples were
placed in an oven at 60 °C and 200 mbar for 2 hours (Figure 6.8)16-17.
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Figure 6.8. Schematic diagram of the synthesis of an SA surface (modified Deng method).16
6.2.4 Surface Characterization and Magnetic Actuation
The surface morphological characterization is done by scanning electron microscopy. Surface
characterization was done to visually examine the process at each stage using a Zeiss field-emission
scanning electron microscope (FE-SEM). A silicon wafer was used as a substrate for SEM imaging.
Further surface characterization is done by calculating contact and sliding angles of various liquids on
the surface using goniometer.
For actuation of liquids, one cylindrical NdFeB magnet (K&J Magnetics, Inc., PA) was used.
The magnetic field strength of the magnet was measured to be 5.64 kG before and 3.24 kG after putting
a glass slide (1 mm thick) between the gaussmeter probe (Gaussmeter Model 410, LakeShore
Cryotronics Inc., Westerville, OH) and the glass slide.
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6.3 Results and Discussion
6.3.1 Separation and Characterization of Asphaltenes using magnetic Beads
A visual study was performed to support our claim of extraction of asphaltenes using magnetic
beads. To perform the visual study, pictures were taken of a mixture of oil and heptane, mixture of oil,
heptane and carbon coated magnetic particles under the influence of magnet after 30 minutes of mixing
and 5 minutes of particle extraction by an external magnet (magnetic particles can be seen at the bottom
of centrifuge tube) and final Solution of asphaltenes in CCl4. The change in color of the mixture of oil
and heptane from brown to orange after treatment with magnetic beads suggests that asphaltenes may
have been adsorbed onto the magnetic beads. The orange color of the final solution also suggests that
the asphaltenes may have been eluted from magnetic beads in CCl4 (Figure 6.8).

Figure 6.9. (A) A mixture of oil and heptane, (B) mixture of oil, heptane and magnetic particles
under the influence of magnet (magnetic particles can be seen at the bottom of centrifuge tube),
(C) Final solution of asphaltenes in CCl4.
The UV spectrum of a final solution of CCl4 containing asphaltenes was recorded and the
difference of absorbance at 600 nm and 800 nm was calculated (Figure 6.9). Asphaltene weight % was
calculated using y=0.2155x where y is ΔOD(600nm-800nm) as explained in section 6.1.4.15 Final value was
compared with values gathered from Schlumberger Canada Limited found using the modified ASTM
D6560 method.
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Figure 6.10. UV-VIS spectrum of asphaltenes extracted from sample 1 crude oil using carbon
coated magnetic beads. The graph also indicates optical densities at 600 nm and 800 nm the
difference of which was used to predict asphaltene concentration.
Sample 1 crude oil asphaltene extraction using carbon coated particles was found to be 1.38
weight % with an error of 8 %. The error is calculated by comparing the value generated from our
method with the value found using modified ASTM D6560 method. For sample 2 crude oil asphaltene
extraction using carbon coated magnetic particles the asphaltene weight % was 0.21 % with a 58 %
error. But for sample 2 crude oil asphaltene extraction using C-18 functionalized silica-coated magnetic
particles the value was 0.32 weight % with an error of 36 % (Table 6.1). High % difference in the amount
of asphaltenes extracted using magnetic particles and conventional method suggests that either the
extraction efficiency or the elution efficiency of the magnetic particle method needs to be optimized.
The extraction efficiency can be optimized by varying the chemical functionalization of the magnetic
particles for better asphaltene absorption. The elution efficiency can be optimized by finding a better
solvent for elution of asphaltenes from the magnetic particles. Variation in % differences for amounts
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extracted from two different samples also suggests that the method is not precise yet. The precision can
hopefully be improved by measuring large set of samples.
Table 6.1. A comparison between asphaltene content values for two samples gathered via the
ASTM D6560 method and magnetic particle extraction method.

Sample

ASTM
Asphaltene
Content
(wt. %)

Carbon Coated
Magnetic Particle
Extraction
Asphaltene Content
(wt. %)

%
Difference

C-18 Magnetic
Particle Extraction
Asphaltene Content
(wt. %)

%
Difference

1

1.5

1.4

8.0

1.1

25.3

2

0.5

0.2

58.0

0.3

36.0

6.3.2 Superamphiphobic Surface SEM Characterization
In Figure 6.11A the interconnected network of soot particles can be seen. Figure 6.11B shows
that even after the CVD process to coat a layer of silica, the interconnected network is intact. Figures
6.11C and D also confirm that the interconnected network is intact after the calcination and second CVD
step and also suggests the presence of spherical re-entrant geometry. The presence of mesoporous silica
also facilitates entrapment of air to push liquid out of the pores and making the surface
superamphiphobic. The thickness of all the coatings at different steps was also measured using side view
SEM imaging of the samples prepared on a silicon wafer (Figure 6.12).
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Figure 6.11. SEM images of (A) highly connected network of soot particles after a glass slide was
held over the flame of the candle, (B) a thin layer of silica deposited on top of soot particles, (C)
the coating after calcination for 2 hours removing the carbon and (D) the coating after treatment
with the fluorinated polymer (scale bars = 200 nm).
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Figure 6.12. Side view SEM image of (A) highly connected network of soot (thickness 6.4 ± 0.2 μm)
(B) a layer of silica deposited on top of soot particles (thickness 11.3 ± 0.5 μm), (C) image of the
coating after calcination (silica layer thickness 10.7 ± 0.4 μm) and (D) final coating (thickness 14.3
± 0.5 μm) (scale bars = 10 µm).
6.3.3 Contact and Sliding Angles
The surface was identified as superamphiphobic using two measurements, namely, contact
angle and sliding angle measurements (Table 6.2).
Table 6.2. Experimental contact and sliding angle measurements for 10 μL droplets of common
polar and non-polar solvents with their surface tension values.
Solvent

Contact Angle (°)

Sliding Angle (°)

Water
Diiodomethane
Ethylene glycol
Toluene
Hexadecane
Tetradecane
n-heptane

156 ± 3
151 ± 2
152 ± 4
154 ± 1
150 ± 2
149 ± 5
0±0

6±2
3±1
8±1
7±1
5±1
8±1
0±0
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Surface Tension( γ,
dyn/cm) 19
72.0
50.8
47.7
28.5
27.5
26.5
20.1

Based on these results it can be said that most CA and SA results fall under superamphiphobic
regime. We can also see that n-heptane wets the surface proving that it’s not omniphobic.

Figure 6.13. Images of 10 µL droplets of different liquids on the SA surface.
6.3.4 Magnetic Actuation
While water actuation was easy to achieve using silica-coated magnetic beads, only carbon
coated magnetic particles showed signs of hydrocarbon droplet actuation (Figure 6.14). However,
hydrocarbon actuation was highly irreproducible and destroys the surface. This, combined with other
reasons such as non-uniformity and fragility of the SA surface led us to believe that other means of
developing superamphiphobic surfaces needed to be explored for droplet actuation.

Figure 6.14. Snapshots from the actuation video of a 10 µL droplet taken from a 10 mg/mL
suspension of carbon coated magnetic beads in hexadecane on the SA surface.
6.4 Conclusions and Future Work
As explained in section 6.1.3, with further studies, it may be possible to separate and
characterize asphaltenes from crude oil using functionalized magnetic beads. It is evident from the
results that the errors associated with the asphaltene determination were still high. This project was
partly funded by Schlumberger Canada Limited through NSERC Engage grant. Unfortunately, we
weren’t able to secure the funding for the next leg of the project. If we were to resume the collaboration
with Schlumberger Canada in the future, various conditions for the separation and detection of
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asphaltenes would be optimized. These conditions include varying the time for mixing the oil with
magnetic beads and varying the extraction time in CCl4. Magnetic beads with different functionalities
could also be used to improve absorption and extraction efficiency and reproducibility of asphaltene
from crude oil can be optimized. Finally, solvent compositions for the extraction solvent can be varied
to maximize the extraction efficiency.
Next steps in this project would be to transfer the optimized separation of asphaltene method
from a centrifuge tube to an on-chip based system for an even faster, greener and cheaper analysis. The
idea is to use the patterned an amphiphobic surfaces to extract asphaltenes from multiple crude oil
samples on the same chip which will reduce the analysis time by a large magnitude (Figure 6.15). In this
approach, the magnetic particles will facilitate actuation of the organic liquid droplets as well as carry
out the extraction of the asphaltenes. This chip can then essentially be coupled with a micro UV
spectrometer to characterize the finally extracted asphaltenes.

Figure 6.15. A schematic diagram depicting a possible DMF device to perform asphaltene
extraction using magnetic beads.
To conclude, this method may enable the rapid quantification of asphaltenes in crude oils with
the advantage of low solvent usage, no requirement for filter paper or filtration of asphaltenes. Also, the
magnetic particles used for the first extraction may be reused for further extraction using this method.
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Chapter 7
Conclusions and Outlook
The main goal of this thesis was to explore different avenues to use (super)hydrophobic surfaces
for digital microfluidic operations and applications. Chapter 2 of the thesis successfully explains the
preparation and characterization of two kinds of (super)hydrophobic surfaces followed by their use in
DMF applications. These two surfaces can be categorized as commercial and custom surfaces. The
commercial surfaces are based upon a commercial coating called Ultra-Ever Dry™. The silica
nanoparticle-based coating was successfully applied to glass substrates using an aerosol spray process.
Alternatively, the custom PPM surfaces were prepared using a templated approach. The PPM method
enabled the preparation of surfaces with different chemical functionalities. The custom PPM surfaces
allow for facile manipulation of aqueous droplets. The commercial and PPM surfaces were not
compatible with droplets with significant organic content. To allow us to manipulate aqueous as well as
organic droplets a slightly different approach involving SLIPS surfaces was taken in chapter 4. All
prepared surfaces were characterized via surface techniques such as scanning electron microscopy, as
well as contact and sliding angle measurements. The surfaces were used for DMF applications via two
main approaches: magnetic actuation and SETs. Chapter 2 discusses in detail combining both magnetic
actuation and SETs to perform a DNA quantitation assay. In Chapter 3 we introduce a novel method of
actuating aqueous droplets using magnetotactic bacteria on SH surfaces. Chapter 4 examines the
parameters required for facile actuation of organic droplets, droplet disengagement and particle
extraction of on SLIPS surfaces using magnetic actuation. Chapter 5 is solely directed toward the use of
surface energy traps on PPM surfaces. Here we were able to show that it was possible to carry out an
ice recrystallization inhibition assay on PPM surfaces. In Chapter 6, we demonstrated the ability to
extract and quantify the amount of asphaltenes from crude oil using magnetic beads. The knowledge
gained from the fundamental studies was applied to analytical measurement. These projects show
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significant potential for future applications. The main conclusions and explanations for potential future
work for each chapter are discussed below.

7.1 Multiplexed Magnetic Actuation on PPM and UED Surfaces
In Chapter 2 of this thesis, we presented a method to prepare PPM materials on flat surfaces
using a templated approach. We were able to prepare PPM surfaces with different densities and different
chemical functionalities to be used for further magnetic actuation of paramagnetic salt and SPMP
containing droplets. Both SPMP and paramagnetic salt laden droplets were actuated on each surface
with increasing acceleration and deceleration, and droplet disengagement noted. Both salt and SPMPsbased actuation are possible over a broad set of conditions (e.g. droplet volume, paramagnetic material
concentration, acceleration/deceleration). It was found that porous polymer monolithic materials are
compatible with paramagnetic salt-based actuation. However, droplets containing SPMPs are not
actuated, and after magnetic field application, the SPMPs laden droplets become pinned. SETs
fabricated using laser micromachining were used to dock/undock droplets for a DNA quantitation assay.
The DNA was successfully quantified using fluorescence detection in the range of 20 to 10000 ng.
There is a significant amount of future work that can be done to further the understanding of the
magnetic actuation on SH surfaces. For example, we can explore the possibility of varying the SPMP
bead size for actuating SPMP droplets on PPM surfaces. The beads used in our experiments were 1 µm
in diameter. The commercial beads are also available in 5 µm particle size. Use beads with larger (5
µm) particle size can mitigate the possibility of particle entrapment in the pores of PPMs while
performing magnetic actuation. Successful quantitation of DNA using magnetic actuation also opens
doorways for other biological assays. One such example is Bradford assay for quantitation of proteins.
This procedure is based on the formation of a complex between the dye, Brilliant Blue G, and proteins
in solution. The protein-dye complex causes a shift in the absorption maximum of the dye from 465 to
595 nm. The amount of absorption is proportional to the protein present. As the absorption maximum is
in the visible range, the detection can be easily performed using a cell phone device.
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7.2 Actuation of Aqueous Droplets Using Magnetotactic Bacteria
In the fourth chapter we were able to come up with a “biological way” of actuating droplets on
SH surfaces using magnetotactic bacteria as a magnetically “responsive” material. Using biologicallydriven magnetic actuation we were able to actuate droplets along predefined trajectories such as square
and 8-shape tracks. The speed of the droplet increases linearly (R2 = 0.99) with the magnet speed.
Droplet actuation is reproducible at magnet speeds up to 30 mm s-1. At magnet speeds higher than 60
mm s-1, no droplet actuation is achieved. We further demonstrated the sequential merging and mixing
of multiple droplets on predefined paths. The comparison between SPMP, paramagnetic salt and
magnetotactic bacteria-containing droplets was carried out. Our experiments also show that BDMA is
comparable with previously reported means of magnetic droplet actuation, including actuation with
SPMPs and paramagnetic salts, in terms of both directional control and speed, demonstrating its
potential for DMF lab-on-a-chip platforms. The reorientation of the MTB in the droplet enhances mixing
of the fluids involved, in contrast to the rather slow diffusional mixing at low Reynolds numbers. This
was confirmed by carrying out a controlled experiment by mixing 1 µL blue dye in a 15 µL control
(water), SPMPs, and MTB droplets. Results show that mixing rate in droplet containing MTB is 41%
faster than the control experiment were no actuation was used, and 33% faster than the mixing rate in
droplets of SPMPs. Droplet-based microfluidic devices involving magnetic actuation can benefit from
MTB’s ability to facilitate droplet movement and enhance mixing. Use of MTB can potentially eliminate
the need for micromixers and acoustic mixers in DMF applications. The biologically-driven magnetic
droplet actuation can be considered as a building block for the development of more sophisticated
microsystems driven by magnetotactic bacteria. Such system can be used to perform microfluidic
biological assays where a droplet containing MTB can pick-up and transport analytes for the analysis.
Inspired by this work, one can also study and investigate the kinematics of microswimmers encaged in
a droplet. Experiments involving mixing of two or more droplets such as on-chip fluorescence detection
of a cancer drug doxorubicin may also be performed with the help of MTB.
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7.3 Use of SLIPS for Actuation of Organic and Aqueous Droplets
This study was successful in developing SLIPS surfaces, which allowed for facile actuation of
organic as well as aqueous droplets. The SLIPS surfaces were made via a porous polymer approach
where the porous skeleton of the polymer helps in “locking in” the infused slippery liquid. We were able
to repel water and organic liquids such as hexadecane, tetradecane, methanol, ethanol, etc. on the
prepared SLIPS (surface tension range: 18.43-72.8 mN/m at 20 °C). Two different infused liquids
(Krytox 101 and Krytox 103) were used with different viscosities for magnetic actuation. Krytox 101
having a lower viscosity (12.4 cSt) compared to Krytox 103 (82 cSt) performed better magnetic
actuation. Magnetic actuation was performed by positioning permanent magnets (mounted on an XY
stage) directly below the SLIPS coated glass slide (Figure 3.3). Hexadecane droplets of different
volumes containing different concentrations of magnetic particles were actuated at different
accelerations (Figure 4.9). We established that the droplet actuation was the preferred outcome for lower
accelerations for all particle concentrations and volumes. As the accelerations increases, the droplets
tend to disengage for 5 and 10 µL droplets. Particle extraction is only possible for higher accelerations
and volumes. We also performed a liquid-liquid extraction where a dye was extracted from a water
droplet to the decanol droplet.
This work presents a lot of future possibilities for microfluidic liquid-liquid extractions. One
such example can be microfluidic natural product extraction from marine bacteria. Marine bacteria such
as those from the genus Pseudoalteromonas 2ta6, are an abundant and untapped source for the synthesis
of small molecules, some of which have exceptional drug-like properties. P. rubra is known to produce
prodigiosin, a red compound with known anti-cancer and anti-bacterial properties, while P.
luteoviolacea is known to produce the purple pigmented indole violacein. The bacteria produce different
NPs and concentrations of NPs depending upon the conditions which they are grown, however,
screening of multiple growth conditions is burdensome and uses a significant amount of organic
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solvents. Our first few experiments show that we can take a microfluidic approach to make the extraction
process, faster, less expensive, facile and greener (Figure 7.1).

Figure 7.1. MALDI-MS spectrum acquired on ITO slides after microfluidic liquid-liquid
extraction of (A) reserpine extracted from water into butanol, (B) prodigiosin extracted from P.
rubra into butanol and (C) violacein extracted from P. luteoviolacea into butanol.
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A detailed description of conclusions on the study describing the use of surface energy traps are
provided at the end of chapter 5. To summarize, we were able to perform ice recrystallization inhibition
assay on SETs fabricated by laser micromachining a PPM made on a sapphire substrate. This technique
allowed us to perform multiple IRI assays simultaneously, reducing analyte consumption and offering
increased speed compared to the conventional method. This technique will aid biologists around the
world working in the field of ice-binding proteins enabling easier characterization of IRI activity of icebinding proteins. Chapter 6 of this chapter reported that it was possible to extract asphaltenes from crude
oil using functionalized magnetic beads. This chapter also reports quantification of such extracted
asphaltenes via a previously reported technique based on UV-Vis spectroscopy. For future work, this
approach can then further be transferred to a DMF platform for high-throughput analysis. Improved
microfluidic methods will provide powerful higher-throughput tools. In this vein, the development of
simple systems should translate into their use in POC applications improving the health and welfare of
Canadians.
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