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ABSTRACT

SELF-ASSMBLED LITHOGRAPHY-FREE FABRICATION OF MICROCHANNELS AND
MICROFLUIDICS IN POLYMERS
Wintana T. Kahsai, MS.
University of Texas at Arlington, 2012
Supervising Professor: Samir M. Igbal

Rapid, reliable and easy to implement approaches are needed for fabrication of circular
microchannels in polymeric microfluidics. PDMS has been a choice of material in microfluidics
and it is being used as prototype due to its unique property such as flexibility and transparency.
Traditional method of fabrication such as photolithography and soft lithography are complicated
and time consuming. In this thesis, a non-lithography and bottom-up self-assembled approach
is shown. The resulting devices can have uses in many applications such as assays,
biosensing, separation of mixtures, micro-mixing and bioreactors.

This thesis presents novel approaches of manufacturing self-assembled microchannels
in polydimethyleneoxide (PDMS) membranes. The underlying principle is based on the
hydrophobic-hydrophilic interactions of different molecules with PDMS. Iron-oxide nanoparticles,
acetone, and polymers such as polyurethane (PU) and poly (ethylene oxide) (PEO) are
hydrophilic materials used to induce channel formation in the membranes of PDMS which is
hydrophobic. The process is systematic, flexible in design, easy to implement, rapid,
inexpensive and does not require lithography.

The technique yielded a controlled way to fabricate microchannels with a range of pore
sizes, porosity and lengths. This was done by tweaking various parameters such as
temperature, curing agent concentration, magnetic field, and different types of hydrophilic

particles. Results showed channel diameters ranged from 500 nm - 900 ym. Fluid flow and

iv



mixing of fluids in plasma treated microchannels under capillary action was also demonstrated

and analyzed.
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CHAPTER 1
INTRODUCTION

Microfluidic devices provide a number of advantageous features for microscale systems.
The volume of fluids needed in these devices is in micro and nanoliter ranges. Many
biochemical reactions can be done on such small volumes of samples in controlled
microenvironment of microfluidic systems.

To make microfluidic systems, polydimethylsiloxane (PDMS) is widely used. Molds for
microfluidic channels are made by producing a master pattern in photoresist on the surface of
the silicon wafer by photo- or e-beam lithography in most applications. These techniques are
usually time consuming and expensive.

This thesis presents, develops and analyzes a technique of microchannels fabrication in
PDMS which is carried out using bench-top tools, without the need of lithography or any
specialized facilities or equipment. The fundamental principle is based on the self-assembly and
directionality of microparticles through simple entropic and enthalpic interactions to construct
well controlled microchannels in PDMS membrane. Our method reduces cost as well as avoids
the complicated steps and materials involved in standard microchannel fabrication.

1.1 Objective
The aim of this thesis is to develop an efficient and rapid fabrication method of
microchannels for applications such as microfluidics and bioreactors by simply using the surface
property of particles.

1.2 Overview of Thesis

This thesis explores different techniques of fabrication for microchannels inside a PDMS

membrane. The techniques are based on a simple bench top, self-assembled method using



hydrophobic and hydrophilic interactions of particles. This is done using PDMS as a base
membrane which is hydrophobic. Different hydrophilic particles are explored and analyzed to
fabricate various channel types. The next chapter explores literature review over current
diagnostic devices, fabrication methods and their limitations. Fabrication concept and evidence
of the proposed method is discussed in chapter 3. This chapter also shows results found using
non polymeric hydrophilic materials such as iron-oxide nanoparticles and acetone. Chapter 4
covers channel formation using two different hydrophilic polymers, polyurethane and poly
(ethylene oxide). The last chapter discusses some proposals that can be basis for future work.

1.3 Non-Polymeric Hydrophilic Particles

Various types of hydrophilic particles were used in the experiments. The non-polymeric
hydrophilic particles were made of vaporized particles, acetone droplets and iron-oxide
nanoparticles. Variations in curing agent and temperature were used to control pore size and
porosity. Different ratio of acetone was used to fabricate ranges of pore sizes while a magnetic
force was used to control the direction and alignment of iron-oxide nanoparticles. The general
technique involved mixing of hydrophobic matrix with hydrophilic particles led to phase
separation. During this process, hydrophilic particles were pushed to the top leaving hollow
channels inside the PDMS membrane.

1.4 Polymer Hydrophilic Particles

Polymeric hydrophilic particle were also explored using a similar technique. Two types
of polymers were explored: polyurethane (PU) and poly (ethylene oxide) (PEO). These were
heated to form a viscous solution prior to mixing with PDMS. The change in entropy and
enthalpy during PDMS polymerization and diffusion of low molar mass hydrophobic PDMS
chains slowly pushed the molten polymer from bottom up. This movement resulted in the hollow

voids in the form of empty channels in the PDMS bulk.



All the techniques mentioned above did not require any specialized equipment and only
used hydrophobic-hydrophilic interactions of various microparticles incorporated with PDMS.
We were able to fabricate channels with controlled depth, pore size, and porosity by using
different type of hydrophilic particles and tweaking parameters such as temperature and curing
agent. The membrane fabricated can have many applications such as in drug delivery, cell
culture studies, separation of mixtures, and lap-on-a-chip technology. Fluid flow inside the
microchannels was also analyzed. Fluid was transferred to the microchannels using capillary
action and the velocity of fluid flow was analyzed. The system was also used as bioreactor to

mix different solutions inside the microchannels.

Figure 1.1 Schematic diagram of hydrophobic-
hydrophilic interaction resulting in channel formation.



CHAPTER 2

LITRATURE REVIEW AND BACKGROUND
2.1 Microfluidics
Microfluidic devices have many applications in sensing, assaying, implants, etc. The
amount of fluid in these applications is miniaturized to micro and nano ranges. Miniaturized
devices offer many advantages over macroscale devices due to their high surface area to
volume ratio. This contributes to their small requirements for solvents, reagents, reaction times,
analysis of DNA chips, and lab-on-a-chip [10]. The reduced scale of the devices provides better
manipulation of biological samples, since the dimension mimics those of a biological system
[11-16]. The miniaturized devices are also favorable due to reduced cost for processing

biological samples like DNA, enzymes, and media.

Microfluidic devices can allow precise control of the environment surrounding individual
cells and the volume used in these experiments. Also, by using computer control system and
running a number of assays in parallel, analysis time can be reduced. This way the results are
more accurate and efficient. In addition to that, miniaturized samples have advantages in
reduction of harmful chemicals. Thus waste products dumped are reduced to produce a safer

environment.

Microfluidics is based on transport of bio/chemical samples at the micro-scale. The
purpose of these devices is to reduce cost, work efficiently and rapidly. Currently, most
systems use external macro elements attached to microdevices for transportation purpose.
Some of the external processors used are pumps, temperature, and computers. While these

techniques have advantages such as precision and high throughput, the systems are complex



and costly. To replace these macro processors to a microscale that can perform multiple tasks,

efficient and inexpensive ways are still under investigation.

The three major ways of achieving fluid flow in microchannels are pressure-driven,
electric-driven, and capillary action driven. High pressure difference is dependent on volumetric
flow rate (Q). The flow rate is related to the pressure difference and the size of the channel by
Q=APR'/ 8 nl. AP is the pressure difference between the ends of the vessel, R is the radius of
the vessel, | is length of the vessel, and n is the viscosity of the blood. The velocity of fluid on
the other hand changes depending on the position across the channel. Even though pressure
difference works well to control flow in a channel, the difference in velocity change which
creates a parabolic type profile disperses samples. Pumps are also used to push or pull liquids
as macro scale external elements attached to the micro devices. While the system in general is
convenient in research facilities, it defies the very goal of miniaturizing all the equipment

involved.



Figure 2.1 Visualization of flow profiles. (A) electroosmotic flow (EOF) and
(B) pressure-driven flow [6]

Electrokinetic flow is another method of controlling fluid in miniaturized devices.
Electroosmotic flow uses movement of counterions around the surface of the walls by applying
electric field. Unlike pressure-driven velocity which has a parabolic profile, electro-driven flow
has flat velocity profile as shown in Figure 2.1. This is due to the bulk solution being driven
close to the wall or surface of the capillaries. Similar to pressure-driven system, this method
also involves external macro elements attached to micro devices. These arrangements are
usually complex and require multiple power supplies. In an effort to have a complete
miniaturized device, the external macro elements can be avoided by using capillary action-

driven flow. This passive pumping technique which doesn't require any external energy is based
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on interfacial surface energy between the fluid and walls. Fluid flow is mainly controlled by the
surface chemistry and channel geometries.

The wetting properties of microchannels have significant effect on this method. This
concept can simply be understood from how water reacts toward hydrophilic and hydrophobic
surfaces. PDMS is used in many microfluidic systems. This is due to ease of pattern fabrication,
chemical stability and good optical properties which are desirable for microfluidics. While PDMS
has all the qualities mentioned above, its natural property of hydrophobicity is inconvenient.
This is because it is hard to attain surface tension flow in bare PDMS for most fluids used in
microfluidics. Typically PDMS is treated with plasma to give it hydrophilic surface and maintain
ease of fluid flow. The following section goes over details of using PDMS as well as other
materials used in microfluidics.

2.2 Polydimethylsiloxane (PDMS)

In the past several years rapid microchannel fabrication has grown tremendously due to
the demand in miniaturized devices and microscale flows. Silicon and glass have been
materials of choice for fabrication of such devices for long time. Silicon micromachining
fabrication technique is relatively inexpensive and is very amenable both to highly complex,
multiplexed devices and also to mass production [17]. However, using silicon has many
drawbacks including geometrical limitations. Some of these are crystallographic planes, non
transparent to most wavelengths of interest for biological applications, and the process involves
using complex and time consuming procedures. In recent times, different polymeric materials
such as polyurethane, poly (methylmethacrylate) (PMMA), polystyrene, polycarbonate (PC),
and polydimethylsiloxane (PDMS) have been used as base materials for microchannel
fabrications.

PDMS is receiving an increasing amount of attention. It is initially a liquid matter which

has two components: a silicone elastomer and a cross-linking or curing agent. The liquid



components are combined in various ratios but mostly 10:1 elastomer to cross-linker ratio.
Once PDMS is cured, it is optically transparent which makes it suitable for imaging experiments.
PDMS can cure at room temperature and cures faster at elevated temperatures [18, 19].
Special advantages of PDMS are its ability to bond well on a number of surface materials, low
cost and unique properties such as transparency in the optical range of 230-700 nm
wavelength, high permeability to gases, high elasticity, ease of processing [20],
hemocompatibility/biocompatibility, and biologically relevant young’s modulus [21]. Due to
these facts, PDMS is being used as prototype for testing various microfluidic devices. Especially
it has been important in the field of micromixing [22].

2.3 Microchannel Fabrication

A number of techniques have been reported for fabrication of microfluidic devices by
several groups [20, 21, 23-30]. In general fabrication method can be divided in to two groups.
The first is a top-down approach. This is used commonly and practiced frequently in commercial
and research devices. The technique includes standard lithography, soft lithography,
nanoimprint lithography, chemical etching and many similar types of techniques.

Photolithography and chemical etching are used widely for microelectronics and
microelectromecanical systems [6, 31, 32]. The issue with using this type of fabrication
technique is that they are expensive, require specialized tools, are complicated, and time
consuming. Furthermore the end results of these approaches are rectangular shaped cross-
sections of channels [33-35]. Another shortcoming is that these use harsh organic solvents that
can easily harm and disturb the protein and cellular environment. Generally, photolithography
shows to be difficult and pricey to use as foundation for protein or cell patterning. Soft
lithography seems relatively a better method in fabricating these materials. The second is
bottom-up approach. This is relatively new and much more is yet to be explored. This heavily

depends on specific arrangements of natural assembly of atoms and molecules to create micro
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and nanostructures [5]. In the past, bottom-up approach has been used to fabricate structures

like quantum dots and carbon nanotubes [36].

Nanochannel-fabrication Techniques
|

v '

l Top-down Approach } [ Bottom-up Approach ]
# y ¢ 4
Bull/film Surface Micromolding Self-assembly of
micromachining micromachining atoms and molecules
; Y Y

Sacrificial layer (/I\-ﬁcronlolding h

Direct Machining etching L v
Focused-onbeam (= ]-—e‘:lml‘querj Self-assembled monolayers
Lithography (FIB) Soft Lithography > '

(SAMs)
Biological Self Assembly
Self-assembly Lithography

Micro-contact Printing

Laser Machining ! Nk
Micro-molding in

v capillary
. _ ™ Nano-imprint
Lithography techniques Lithography
Patrglllhlg Step-and-Flash
Etc hn}g imprint Lithography
Bonding ;/
Examples

Standard Lithography

Electron Beam Lithography (EBL)
Interferometric Lithography (IL)
\Self-assembly Lithography Y,

Figure 2.2 Classification of various micro and nanochannel fabrication [5].

2.3.1 Lithography

Even though photolithography is a standard method of lithography, different types of
lithography processes have evolved over time. Some of these are soft lithography, electron
beam lithography (EBL), ion beam lithography (IBL), nanoimprint lithography (NIL). All these
processes carry some advantages and disadvantages. For example, a disadvantage of using

photolithography is that it is limited to micron size and also difficult to work with preexisting



topography. On the other hand EBL and NIL fabrication methods produce nano-sized
structures.
2.3.1.1 Photolithography

The first step in a typical photolithography process is spin coating of the photoresist (Fig.
2.3). It is dispensed at the center of the wafer and spun to cover the entire surface of the wafer.
Next, the sample is exposed to UV light through the mask. The alignment of mask must be done
by careful adjustment of mask and wafer. Each wafer must be placed in the proper position to
allow the pattern to transfer. The final step is to develop the pattern. The developer is a solution
that selectively reacts and dissolves the exposed resist (in case of positive resist). A bake then

glassifies the resist for subsequent processing.

resist
Spun cogt
base

mmask

negative | positive

! 1
L 1
L R —

| l

Figure 2.3 A general representation of lithographic process [2].
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2.3.1.2 Electron Beam Lithography (EBL)

Electron beam lithography is similar to the basic concept of photolithography but it is a
commonly used method for nanostructure fabrication. Since electrons are smaller than
photons, this method has an advantage in having better resolution. The disadvantage is that it
is a serial process. The process thus takes time and is expensive. lon Beam Lithography (IBL)
is a similar process to EBL except it uses ion beam instead of electron. The advantage of this
method is that ions scatter less due to the weight they carry. Another advantage of using this
method is that ions can directly be used to machine surface of substrate without any resist.

2.3.1.3 Nanoimprint Lithography (NIL)

Nanoimprint lithography uses completely different method of fabrication compare to the
ones mentioned above (Fig 2.4). It uses mechanical pressure to define patterns in the resist on
substrates. This can give high throughput to define nanoscale patterns. The beauty of this
method is that micro to nanoscale structures can be patterned in parallel and the patterns can
be used repeatedly. Therefore good resolution structure with relatively low cost are fabricated.
With all that being said, this method is still in its development stages to improve resolution and

etching resistance before it can be used in commercial applications.
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Figure 2.4 lllustration of the process of nanoimprint lithography [1]

2.3.1.4 Soft Lithography

Soft lithography is a key process for microfluidic polymer devices. In this technique,
patterns are transferred to substrate differently. It provides an alternative method of fabrication
of micro and nanochannels. The advantages of this method are high throughput, low cost, ease
of defining patterns on a variety of substrates. As the name indicates, the patterns in this
method are made out of soft materials such as PDMS. The disadvantages are reproducibility,

shrinkage of polymer during curing, swelling by non-polar solvents, sagging and deformation.
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Table 1.1 Advantages and disadvantages of different type of micro and nanofabrication

methods [9]

Method Advantages Disadvantages
Bulk e Simple concept and processing e Trench depth is limited
nanomachining methodology by its width to prevent
and wafer e Allows for easy fluid visualization trench collapsing
bonding . . . .
when using an optically clear e Requires bonding to
cover plate or substrate realize device (need an
e Possible to achieve stacked additional substrate to
structures with one or more enclose channels).
bonded substrates ¢ Difficulties with bonding
Surface e Simple concept. e Long etch times of

nanomachining

Buried channel
technology

Nanoimprint
lithography

Fluid visualization is possible with
transparent surface layers

Large freedom of design
Absence of assembly of wafer-to-
wafer alignment steps or bonding
Surface is available for integration
of electronic circuits or fluidic
devices which leads to more
efficient use of the substrate
surface and to further overall
device miniaturization

Channel shapes may be varied
(pear-shaped, circular and v-
grove)

Easy to fabricate nanosized
channels in 2-D

Low-cost process which is
capable of high throughput

Mold can easily be adjusted to
make large and small lateral
features (nm to mm size)

Easy to fabricate nanosized
channeli in 2-D

sacrificial layer.

Upper limit of channel
lengths is about 3—-5
mm

Need to consider thin
film stresses when
fabricating channels
Fluid visualization is not
possible

Need to develop
processing technology
to exploit ability to build
sensors/electronics on
top of nanochannels for
overall device
miniaturization

Fluid visualization is
possible if mold is
fabricated from glass
Difficulty in
accommodating wide
ranges of feature sizes
into a single mold
Lifetime of mold may be
an issue

13



2.3.2 Self-assembly

Self-assembly refers to atomic/molecular level affinities that result into formation of
nano/microstructures with little top-down intervention. A two or three dimensional component
can self-assemble spontaneously in a predictable way. Recently, self-assembled structures in
block copolymers are under investigation in an effort to tune the materials, properties and
functions [37-39]. Different routes have been shown to tune the self-assembled structures using
covalent and/or noncovalent bonds [40]. Another method of self-assembled polymeric
microparticles is done through simple entropic and enthalpic interactions. This approach of
fabrication method has many advantages. The process is straightforward, rapid, and involves

inexpensive material to build structures.

Figure 2.5 Self-assembled structures results in the formation of a nanowire [4].

2.4 Conclusion
Microfluidics has important applications in sensing, assaying, implants and more. Such
miniaturized devices offer many advantages in reducing the amount of solvents, reagents and
the power used to run the devices. Reaction and transport at micro/nano level also occur at
higher rate compare to the macro scale systems. On top of that, the biological systems at

micro/nanoscale are mimicked better using such devices. Three methods of transportation in
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microfluidics were discussed in this chapter. While pressure and electroosmotic driven fluid flow
techniques have their own advantages, both defy the very purpose of complete miniaturization
by integrating external macro pumps. Capillary action driven fluid flow shows a promising future
to be an efficient and effective method of transportation by only manipulating the surface
chemistry of materials and eliminating external macro elements involved. Hydrophilicized PDMS
is used in transporting fluid through micro/nanochannels and offers many advantages in
microfluidics.

The purpose of this thesis is to present a novel approach to fabricate microfluidics. This
chapter presents detailed background on current methods of micro/nanochannel fabrication
techniques. While microfluidics are intended to reduce cost and power used to drive the device
and increase efficiency, the way it is fabricated currently is costly and uses harsh chemicals that
are not favorable for biochemical analysis. Lithography, which is used widely in fabrication of
micro/nanochannel, involves many steps, complicated procedures and expensive equipment.
Therefore another approach is needed to improve the efficiency and cost of fabrication. Self-
assembly is another approach that is in its developing stages. This thesis focuses
micro/nanochannel fabrication using self-assembly of particles. The technique builds up on the
surface properties of materials such as covalent/noncovalent bonds or entropic/enthalpic
interactions. There is a minimal need of specialized equipment and only few steps are involved

in this technique.
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CHAPTER 3

SELF-ASSEMBLED MICROCHANNEL FABRICATION, CONCEPTUAL FRAMEWORK AND
EXPERIMENTAL RESULTS

This chapter elucidates the experimental results and scientific explanation of
microchannel fabrication. Previously, researchers have explored self-assembly in various
scenarios. Among these, self-assembled polymeric and non-polymeric micro/nanoparticles
resulted into micro/nanochannels due to entropic and enthalpic changes of the system [3, 7,
and 41]. The abundance of self-assembly in biological system to form structures at micro and
nanoscales is guided by molecular interactions and thermal fluxes[8]. We use these as
inspiration for our fundamental principle behind the fabrication concept. The technique
presented is based on a bottom-up and non-lithography approach of microchannel fabrication.
The main aim of this thesis is to define a simple, cost-effective, energy efficient and rapid
approach to fabricate microchannels in polydimethylsiloxane (PDMS). The materials involved in
this experiment are inexpensive and the porous membrane structures have been fabricated
without any need of specialized tools. The main equipment and materials needed to fabricate
the microchannels are shown in figure 3.1. A magnet is shown in figure 3.1A which is used to
direct the motion of iron-oxide nanoparticles inside PDMS. This resulted in strands of particles
that were aligned to each other. Figure 3.1B shows a vacuum chamber used to remove trapped
air bubbles which were formed while mixing liquid PDMS and curing agent. Figure 3.1C shows
the hotplate used to control the temperature. This was used to characterize temperature
dependence of microchannel sizes and porosity during PDMS polymerization. Figure 3.1 (D-F)

shows different hydrophilic particles used in the experiments.
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Figure 3.1 Equipment and materials used i fabricating microchannel. (A) Magnet (B)
Vacuum Chamber (C) Hotplate (D) Iron-oxide nanoparticles (E) Poly Ethylene Oxide (PEO)
(F) Poly Urethane (PU)

Polydimethlysiloxane (PDMS) is base membrane used in this thesis at all times. Silicon
is a Group 4 (IVA) element found in the periodic table beneath carbon, and it is naturally found
in abundance. It is usually found bound to oxygen as either SiO, or SiO4 These are stable
bonds compared to Si-Si bond, thus are more favored. These bonds can easily be opened and
closed in a scissor-like fashion, giving PDMS a very elastic property. Many litratures show the
outstanding mechanical properties of PDMS [42, 43]. It is optically clear, flexible, permeable to
gases, inert and non-toxic. PDMS has a chemical formula of (H3C);SiO[Si(CH3).O]nSi(CHjz)s.
The number of repeating monomer unites of [Si(CH3),] are represented by n. A different
physical property of PDMS is achieved by altering n in the chain. PDMS synthesis begins with

adding dimethylchlorosilane and water together. The chemical reaction is given below:

n Si(CH3).Cl, + n H,O — [Si(CH3),0]n + 2n HCI
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The chemical structure is shown in figure 3.2 by assembling the units of this polymer chain in a
network of polymer. The vinyl group is present at each end for a long PDMS polymer chain. The
PDMS chains are linked by a short crosslinker. In this thesis, the PDMS network was
synthesized by mixing the base elastomer and curing agent. The mix can be prepared using
different ratios. This provides strength of cross-linking. If the curing agent is smaller, the degree
of PDMS network cross-linking is less. This forms a softer and more flexible PDMS network. On
the other hand, when the curing agent is used in a higher ratio, the sample is stiffer because of
the formation of the high degree of cross-linking. Even though 10:1 was the ratio between base
polymer and curing agent for most of the cases in this thesis, other ratios were also

experimented to analyze the effect they had on the formation of micro/nanochannels.

\S .O Silo S -

n

Figure 3.2 Chemical formula of PDMS

3.1 Fabrication Concept

3.1.1 Phase Separation

The fabrication method shown here is based on intense repulsive interactions between the
hydrophobic PDMS and hydrophilic particles. This results in phase separation during the
polymerization process. Repulsive interactions between dissimilar molecules lead to phase

separation of the two molecular species. A typical example of this phenomenon is evident in
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mixture of oil and water. A clear separation of these two molecules due to interface of the
opposite property is obvious if they are not vigorously mixed. Phase separation is best
summarized in Figure 3.3. Parameters such as the relative proportions of molecules or
thermodynamics rules determine the stability of a mixture [8]. Symbols given in a Figure 3.3 are
defined as following:

X- Repulsive molecular interactions

Kg. Boltzmann's constant

T- Absolute temperature

®- Volume fraction of one molecule in the mixture

It has been reported earlier that the process of phase separation is the repulsion of a
thermodynamically unstable solution [44]. The mixture is considered stable when X is small
compared to KgT. When @ value is 0 or 1, it represents pure sample of molecule A or B. At 0.5,
it represents a one-to-one mixture of A and B. Figure 3.3 illustrates the relationships between
temperature, composition and stability of a mixture. In the graph, the solid curve divides the
phase diagram into homogeneous and heterogeneous regions. Above the solid curved line, it is
considered homogenous mixture. Below this line, it is heterogeneous mixture where
components are separated in their own region. A formation of bicontinuous channels of each
material result in a mixture below the dashed curve. These are unstable and will be phase
separated by spinodal decomposition (SD). Mixtures between the spinodal line and the phase
boundary are metastable, and can be only phase separated through nucleation and growth

(N+G).
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Figure 3.3 A schematic phase diagram showing the relationship between the temperature ,
composition, and the stability of a mixture [8]
The mixture of hydrophilic particles with PDMS falls between solid curve and the dashed line
where there is nucleation. Directional polymerization of PDMS pushes the hydrophilic particles

from bottom-up (Fig. 3.4). The phase separation occurs when free energy of two compounds

mixing is greater than zero.
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Hydrophilic
Microparticles

Figure 3.4 Schematics depicting steps for fabrication of microchannels in PDMS using
hydrophilic particles. Read plate denotes hot plate. (a) Hydrophilic particles before exposure
to heat (b) Hydrophilic particles after expose to heat (c) PDMS poured on the top of
hydrophilic particles (d) PDMS starts to polymerize and hydrophilic particles migrate forming
microchannels along the way. (e) PDMS fully polymerizes with in situ growth of
microchannels.

3.1.2 Entropy and Enthalpy

Free energy determines how well two compounds mix to form a solution. This is a
resultant effect of enthalpy and entropy as shown in equation 3.1 below.

AG = AH — TAS (3.1)

Past experiments demonstrate that particles can be entropically driven to self-assemble into 3D
polymer prior to complete cross-linking when surface energy forces are properly tuned [45].
Entropic forces were putatively the main reason that led to the migration of nanoparticles in the
solid substrate [46]. The justification was that the interaction between the translational entropy
of the drops and the configurational entropy of the polymer connections created an interface
between them and becomes the driving force for the phase transition [47]. Based on this, it is

predicted that hydrophilic particles’ random movement and collision driven by entropy lead to
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ejection of particles out through the PDMS matrix. It is important to understand the magnitude of
the thermal input which will play a critical role in the final outcome of the membrane. On a
PDMS based polymer, the decrease in entropy is a result of polymerization which reduces the
number of configurations that molecular sub-units can have [48, 49] . During polymerization,
the cross-linking reaction increases which decreases the entropy of the system. The molecular
weight and the macromolecular network extend to the whole sample and coexist with loose
branched networks that are not yet part of the network. This is known as the gel-point [7].
Particles immersed in PDMS during polymerization don’t get intercalated during gelation [50].
The method of fabrication presented here is based on this idea where repulsion forces of
hydrophilic’/hydrophobic interface are used to leverage the immiscible particles to be pushed out
of PDMS during polymerization. The opposing interfaces and applied heat increases the
mobility of cross-linking sub-units, while gelation reduces entropy of the system while PDMS is
cross-linked. This phenomenon allows the system to self-assemble from bottom-up in such a
way that hollow microchannels are formed.

3.2 Evidence of the Concept

Figure 3.5 is a simple demonstration of the basic principal of interface of
hydrophobic/hydrophilic liquids undergoing a phase separation process. At the beginning, blue
ink was homogeneously mixed in the liquid PDMS. Once it was well mixed, the homogeneous
solution was placed on the hotplate and exposed to heat. Initially, all hydrophilic particles, drops
of blue ink in this experiment, attracted each other and formed a cluster. Phase separation
occurred when PDMS started to cross-link, creating tight and dense networks from bottom-up.

The process pushed the hydrophilic clustered layer to the top (Fig. 3.5(C)).
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Figure 3.5 Photomicrographs of hydrophilic ink droplets pushed from bottom up while
PDMS is polymerizing. (A) Blue Ink in a well, (B) Ink clusters in hydrophobic
environment of PDMS, (C) Lift-up of round ball on heating when PDMS is heated
from the bottom [3].

In a similar manner, hydrophilic iron-oxide nanoparticles were used in experiment
instead of the blue ink to see if they are expelled through the hydrophobic network of PDMS
during polymerization. The mixing of iron-oxide particles and PDMS was a heterogeneous
process. Therefore, individual particles or small clusters of the particles were found unlike the
blue ink which forms one big cluster. Figure 3.6 shows the SEM micrograph of iron-oxide
nanoparticles on the surface of PDMS, where the mobility of the nanoparticles in this case was
from the bottom-up. The nanoparticles surfaced on the top of PDMS [7]. This was the result of

the force exerted by the hydrophobicity on the hydrophilic nanoparticles.
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Figure 3.6 SEM micrograph of

' 7 R
iron-oxide nanoparticles on the surface of the PDMS [7].

This behavior depicted simple particle interactions in the PDMS membrane. Using
optimum temperature and parameters like curing agent concentrations and magnetic field,
hydrophilic particles were pushed out leaving circular hollow channels behind.

3.3 Non-Polymeric Hydrophilic Particles

This section goes over micro/nanochannel formation using different types of hydrophilic
particles. Channel formation was controlled by manipulating different parameters such as
temperature, curing gent, and magnetic field. The particles produced micro/nanochannels with
pore size ranging 500 nm -1 mm. Each section goes over the different type of hydrophilic
particles used, the protocol followed, results found, and characterization of pore size and
porosity of the membrane.

3.3.1 Vaporized Particles

This particular experiment was something that was discovered at the early stages of

this project. When pure PDMS was placed in a clean Petri dish or on glass slide and exposed to
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heat, there was no channel formation throughout the membrane. However, it was interesting to
observe that a drop of pure PDMS which was placed directly on the hotplate with high
temperature had abundant channels. This was due to the topography of the hotplate which led
to trapping of humid air particles between the PDMS and the hotplate. Humid air contains water
vapors[51] which are of course repelled by hydrophobic PDMS. The temperature applied
increased entropy of the trapped vapor particles while entropy of PDMS decreased due to
formation of tight network. The hydrophilic vaporized particles are dynamic due to the force of
the hydrophobic environment that surrounds them. Direction of particle’s motion is guided by
law of thermodynamic which favors low entropy. This process pushes particles from bottom-up
which leaves behind a track of hollow channels resulting in porous PDMS membrane. Using
this approach further experiments were performed applying various parameters such as
temperature and curing agent to characterize channels. The protocol followed in producing such
porous membrane is explained below.

PDMS prepolymer (base:curing agent in the ratio 10:1) was poured in a clean glass
beaker and vigorously mixed. It was then placed in vacuum chamber at 25 psi for degassing.
This PDMS prepolymer was gently transferred on to a clean glass Petri dish for curing with the
hydrophilic moiety under investigation already placed in the dish. In this case, the PDMS was
directly poured on a hotplate for polymerization, at different temperatures. The rough
topography of hotplate surface contributed to trapping of vaporized particles immediately after
PDMS came in contact with the hotplate. The vaporized particles went through phase
separation during PDMS polymerization from the bottom-up leaving empty tracks behind. This
resulted in abundant number of well aligned circular microchannels throughout PDMS
membrane.

The porosity and pore size of this phenomenon were heavily dependent on two

parameters, temperature and concentration of curing agent. Figure 3.7 shows the irregular pore
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size formation using curing agent concentration of 10%, 20% and 30%. It is illustrated that
increasing concentration of curing agent led to decreasing pore sizes. This was because the
higher concentration of curing agent strengthened the cross-linked PDMS. This tight network
reduced the ability of the vaporized particles to expand farther. Therefore, vaporized particles

were confined in smaller spaces.

Figure 3.7. Cross sectional views of channels formed sing direct polymerization technique
with various curing agent concentrations (A) 10%, (B) 20%, and (C) 30 % PDMS. (D) Top
view of channels formed in 30% PDMS.

A similar relationship was also discovered when characterizing pore size against
temperature ranging from 100 to 175 °C. Channel diameters tended to decrease when
temperature increased. The reason for this phenomenon is that as temperature increased, rate

of polymerization increased as well. This resulted into rapid PDMS cross-linking which
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decreased the time it took for vaporized particles to expand. On the other hand, number of
pores increased when temperature increased. At lower temperatures, PDMS solution had time
to slowly fill up any air pocket present between the thick viscous solution of PDMS and the
surface of hotplate. This resulted in nonporous membrane. However, increasing the
temperature gave less time for the viscous solution to move and high number of pores were

formed (Fig. 3.8).
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Figure 3.8 Effect of temperature on pore size and porosity. (A) A linear relationship
between porosity and temperature. (B) Inverse relationship between pore size and
temperature.
3.3.2 Acetone
Acetone is a volatile hydrophilic substance which was used as alternative to induce

microchannels formation. The general procedure of this technique starts with preparing mixture

of liquid PDMS with curing agent at 10:1 ratio as mentioned earlier. Acetone is then added to
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the mixture and stirred well. The mixture must be degassed before polymerizing to remove any
air bubble formed during stirring. Even though some percentage of acetone is lost due to the
volatile nature of the solution, degassing is vital to ensure fabrication of homogenous
membrane. While the heat polymerized the PDMS, it increased the entropy of acetone
molecules similarly as seen in the vaporized particles experiments. This led to penetration of the
cross-linked PDMS and generation of hollow channels throughout the membrane. In previous
work, it was reported that channel formation of such technique resulted in porous membrane at
low temperature [3]. The experiment used 25% of acetone mixed with PDMS. This was
degassed and a thin layer of the polymer was made over a glass slide and cured at 80 °C. This
phenomenon led PDMS network to self-assembled and form pores with diameters ranging

between 10-20 ym. (Fig. 3.9)

Figure 3.9 PDMS membrane ad usng acetone. (A) Optical image of porous membrane
(B) Optical image showing the transparent membrane [3].

Different percentages of acetone (1%, 2%, 3%, and 4%) were mixed to PDMS. After all
air bubbles were removed using vacuum chamber, the mixture was poured in Petri dish and
placed on the hotplate for curing. The temperature was kept constant at 275 °C for all

experiments. The results exhibited similar type of channels as those of vaporized particle
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experiment. The pores sizes increased as the percentage of acetone increased. This method
was used to control pore size while maintaining constant temperature. The relationship between

the percentages of acetone to pore size is shown in Fig. 3.10.
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Figure 3.10 Acetone molecules penetrate through cross-linked PDMS resulting in
microchannels formation at 250°C. The graph shows the relationship between acetone
percentages to pore sizes.

3.3.3 Iron-oxide Nanopatrticle

Hydrophilic iron-oxide nanoparticles with diameters around 30 nm were also used
alongwith magnetic force for micro/nanochannel formation. The PDMS was mixed with the
curing agent and degassed as mentioned before. The nanoparticles were placed spread out on
a Petri dish. The PDMS was then poured on top of the nanoparticles carefully and the Petri dish
was placed on hotplate for polymerization. During polymerization, a magnet was placed on the
top to give directionality to nanoparticle travel through the curing PDMS. Particles traveled

upward toward the magnet as shown in figure 3.11. The schematic diagram shows the general

process of this technique.
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Figure 3.11 Schematic of magnetic field effects on iron-oxide nanoparticles movement in
PDMS [3].

Apparent signs of channel formation were observed using this technique. The particles
that traveled at the same rate as the polymerization rate left traces of channel formation behind.
The channel diameters ranged between 500 nm to 25 ym even though particles used had
diameter of 30 nm. This was due to the aggregation of the nanoparticles prior to
polymerization. It was also observed that not all the particles produced channels. Some of the
particles came out of the PDMS without creating any channels. These were mostly the particles
that were placed close to the magnet. The speed of travel for these was faster than the rate of
PDMS polymerization. Thus, the particles were pushed out of the polymer without leaving
channels behind. In some cases, the particles were observed to be embedded in the middle of
the membrane. These particles were placed far from the center of the magnet field therefore
traveled slower than the rate of PDMS polymerization. Consequently, the particles were
trapped during PDMS polymerization and were not able to travel farther. The results found

using iron-oxide nanoparticles are presented in figure 3.12.
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Figure 3.12 (A) Confocal micrographs of channels formed by iron-oxide particles showing 8
and10 pm diameter channels [3]. (B) SEM micrographs of pores in the PDMS membrane
made using iron-oxide nanoparticles with 500 nm diameters [7]. (C) and (D) Confocal
photomicrographs of iron-oxide nanoparticles traveling from bottom to up away from the

hotplate. The red circle indicates hollow channel formation.

3.4 Conclusion

The science behind the fabrication method and results are discussed in this chapter.
The purpose of this technique is inspired by nature’s self-assembly of atoms and molecules to
form micro and nanostructures that provide important functions in a biological system. The
technique shows an approach of non-lithography that builds particles from the bottom-up using

bench-top tools. Images of these materials are shown in this chapter and their use is discussed.
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The self-assembly of the microchannels reported in this thesis is based on intense
hydrophobic and hydrophilic interactions of particles. Hydrophobic PDMS and hydrophilic
microparticles and nanoparticles were used to create the opposite force. This force between
particles led to phase separation during PDMS polymerization. During the phase separation,
hydrophilic particles traveled from the bottom up leaving empty and hollow channels that were
parallel to each other. Entropic and enthalpic interactions also played important roles in the way
micro/nanochannels were self-assembled. When heat was applied to hydrophobic and
hydrophilic particles, both responded differently. Entropy of PDMS decreased when heat was
applied due to polymerization which formed a tight network from the bottom-up. On the other
hand, entropy of hydrophilic particles increased with increasing temperature. High temperature
set hydrophilic particles in motion from the bottom-up and polymerized PDMS. This opposite
effect resulted in the formation of hollow channels throughout the membrane. The theory was
validated using two simple experiments by mixing blue ink and iron-oxide hydrophilic particles
with PDMS. Both of the hydrophilic particles surfaced to the top of the PDMS membrane due to
the opposite forces between hydrophobic/hydrophilic materials and the enthalpy/entropy change
in the system.

Three non-polymeric hydrophilic particles were tested in experiments. Vaporized
hydrophilic particles formed abundant channels throughout PDMS membrane. Pore size and
porosity were characterized using different percentages of the curing agent and temperatures.
Pore size decreased linearly when the percentage of curing agent and temperature increased.
However when the temperature increased, the number of pores increased. Acetone driven
channels were dependent on the temperature and the ratio between acetone and PDMS.
Increasing acetone increased channel diameter depending on the temperature applied. Iron-
oxide nanoparticles also exhibited hollow channels formation. These particles were used along

with a magnetic bar for direction and alignment of channels. For iron-oxide experiments,

33



channels were bigger than the diameter of particles used due to the aggregation of hydrophilic
particles which formed clusters. Channel diameters from 500 nm-900 ym were formed using

these hydrophilic particles.
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CHAPTER 4
POLYMERIC HYDROPHILIC PARTICLES

4.1 Microchannel Formation with Poly (ethylene oxide) and Polyurethane

Chapter 3 showed formation of micro/nanochannels through interface of non-polymeric
hydrophilic particles. In this chapter, self-assembly of microchannel through interactions of
polymeric hydrophilic particles with polydimethylsiloxane (PDMS) are discussed. Poly
(ethylene oxide) (PEO) and polyurethane (PU) are the two polymeric hydrophilic particles
explored in this chapter. Self-assembly of microchannels occurred when hydrophilic PEO/PU
were covered with hydrophobic PDMS as it cross-linked. The PEO/PU particles were pushed
out of the bulk PDMS. While PEO/PU particles were being pushed out, these left empty tracks
behind. PEO depicted ease of handling, better inherent alignment and excellent repeatability.
The following are the major discussion points of this chapter.

o Fourier transform infrared spectroscopy and optical/confocal laser scanning
microscopy to characterize the fabricated channels.

e Dependence of diameter, arrangement and height of the channels on curing
temperature.

o Self-assembled formation of concentric circular arrangements of molten
polymer.

e The flow behavior of ink solution to measure flow and micromixing
characteristics in the microchannels.

4.2 Experimental Methods

Two major procedures were followed in the experiments. The first batch of experiments
dealt with fabrication of channels using PEO and PU. Various techniques were used to fabricate

channels with different size and length. The second set of experiments showed microfluidic flow
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and micromixing using the fabricated microchannels. Capillary driven fluid flow was carried out

through one opening and through channels, and measurement of velocity profile was carried

out.

4.2.1 Fabrication of Microchannels

Commercial grade PEO powder and PU beads, both hydrophilic in nature, were used in

the experiments. PEO powder was composed of microparticles and PU beads sizes were

between 2.5-3.5 mm. Both PEO and PU are hydrophilic. PDMS was prepared in the same as

explained mentioned in chapter 3. The steps of these experiments are as following:

A.

The base was mixed with the curing agent in a ratio of 10:1 and stirred
vigorously for several minutes until the curing agent was homogenously mixed.
Degassing was performed by placing the mixture in a vacuum chamber at 30
psi until all trapped air was removed.
Experiments for PEO microparticles were on a pre-heated Petri dish. Ten
micrograms of the PEO microparticles were placed spread out on Petri dish
with temperature between 200-400 °C.
At these temperatures PEO microparticles completely transitioned to molten
and viscous fluid within a few seconds and started to evaporate.
PDMS (2-3 g) was poured on the top of the viscous PEO film. The opposite
affinities of PEO and PDMS made pouring of PDMS very critical.
The pouring of PDMS in the Petri dish on the top of the molten microparticles
was thus a key step which influenced the final sizes and positions of
microchannels.

i. When PDMS was poured from one side to another by gradually laying

it over the Petri dish, the microparticles were not disturbed and initial

position remained intact.
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ii. On the other hand if PDMS was poured at just one position spreading
in expanding circular pattern, the molten PEO moved away from the
center.

G. The different characteristics of microchannels evolved as a result of different
pouring techniques. Polymerization process took from a few seconds to about
2 minutes depending on the temperature used. Once PDMS was fully
polymerized, the Petri dish was removed from the hotplate and was allowed to
cool down to room temperature.
H. The same steps mentioned above, A- G, were used to perform experiments for
PU beads with exception that PU was replace instead of PEO. A few beads of
PU (6-8) were used for each experiment
I.  For characterization, channels were sliced open to measure pore sizes. It was
also sliced from top to bottom to measure the length of channels. Confocal and
optical micrographs of channels were taken and analyzed. Furthermore,
Fourier transform infrared (FTIR) spectra were done for PEO, PU, pure PDMS,
and the porous membrane fabricated in PDMS.
4.2.2 Fluid Flow Experiment
Fluid flow experiment with through channels and channels open from one side only
were performed. Since PDMS is hydrophobic it was important to treat the surface with plasma
before fluid flow experiments. The fabricated microchannels were treated with plasma for 15
minutes for characterization of fluid flow using capillary action. The steps for three experiments
performed for fluid flow in the microchannels are given bellow.
A. First experiment was carried out by opening only one side of the channels. The
open sides of the channels were placed down inside a blue ink solution to trace

fluid motion inside channels. Once fluid transferred to the channels of
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membrane, the channel membrane was removed and placed in a red ink
solution. This experiment was performed to analyze two fluids flow using same
inlet.

In the second experiments, channels were cut open from both sides and
membrane was placed horizontally. Red and blue ink drops were placed on
opposite ends of the channels using a syringe. Fluid motion was observed and
analyzed using optical micrographs.

In third class of experiments, a 300 ym channel was cut open from both sides
and a red drop was placed on one opening using a syringe. A quick
penetration of liquid was observed. This time was defined as =0. The capillary
action sucked in the fluids. The fluid motion was observed with optical
microscope, flow rate analyzed and the velocity of fluid inside microchannel
was calculated by measuring distance traveled against time.

4.3 Results and Discussion

4.3.1 Characterization of Surface Chemistry

This experiment was done to analyze the composition of fabricated channels. Figure 4.1
shows FTIR spectra of PEO, PU, PDMS, and membrane formed by PEO/PU interactions with
PDMS. PEO and PDMS are polymers with molecular structure HO-CH,-(CH,-O-CH5-),-CH,-OH
and CH;[Si(CH3),0],Si(CHs)s respectively. The most concentrated absorption peaks located for
PDMS were at 387 cm™ attributable to Si-O rocking mode, 791 cm™ to Si-CHj, bending mode, 1014
cm™ to Si-O stretching vibration, 1258 cm” to -Si-CHj stretching vibration and 2958 cm™ to —CH3
asymmetric stretching mode [52, 53]. A peak at 1113 cm” indicated C-O stretching, 2889 cm™” to —
CH, stretching vibration and 1470 cm” to —CHj; scissor, all these were inherent to PEO only. ltis
important to note that samples of PDMS membrane fabricated using PEO showed vibration modes

associated with PDMS only. This showed the absence of PEO from the porous membrane after

38



generating the channels. Similar to PEO results, porous membrane fabricated using PU has a result
similar to PDMS. Figure 4.1(b) shows that peaks related to PU were not found on the PDMS
membrane made with PU. For instant, the absorption peak at 3302 cm™ is due to urethane (N-H
stretch) stemming from PU. PDMS membrane fabricated using PU doesn’t show this and other
peaks of PU. It only shows bands associated with PDMS. The result indicates that PDMS and
porous membranes fabricated using PDMS/PEO, and PDMS/PU had similar FTIR results whereas
PEO and PU had absolutely different peaks. As a result the membranes were composed of PDMS
only. The importance of this finding is that original property of PDMS such as elasticity and

transparency and chemical compositions are not altered.
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4.3.2 Characterization of Porosity and Pore Size

Optical and confocal microscopies were used to characterize channels fabricated.
Figure 4.2 (a) and (b) show channels formed in PDMS driven by PEO and PU, respectively,
which are both hydrophilic polymers. Circular contoured pore formation is apparent from these
cross-sectional photomicrographs. Side views of hollow microchannels that were closed from
both ends are also shown on the top right corners of Figures 4.2 (a) and (b). Channels
generated using PEO tended to depict smaller diameters than PU particles. At 300 °C, PU
driven channels had diameter almost twice of PEO driven channels. After melting at 300 °C, PU
was more viscous than PEO. The inter-molecular force of attraction was weaker when the
solution was less viscous. In the case of PEO, when PDMS was poured on the top and the
weaker attraction between molecules resulted into smaller clusters that resulted in smaller and
higher number of microchannels compared to PU induced channels. Number of pores and pore
size were interdependent in each case. When pores were small, there was more PDMS bulk
space available for more number of channel formations. However when pore was big, hollow
space dominated and number of channels in a given area were small. PU being more viscous
formed bigger clusters resulting in larger channel diameters. Figure 4.2 (a) and (b) exhibit
higher number of channels formed for PEO than PU. Confocal laser scanning microscopy
(CLSM) images (Fig. 4.2(c) and 4.2(d)) show the depth of PEO driven microchannels through
3D reconstructions. The images also show that deeper channels are represented by intense

color like red and pink.
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Figure 4.2 PEO and PU driven microchannels. (a) PEO driven channels (b) PU driven
channel. Insets of (a) and (b) show the length of the microchannels. (c) and (d) Confocal
laser scanning microscopy (CLSM ) of PEO driven channels. (c) Shows cross-section along
the channel length while (d) shows top view.

Table 4.1 Relationship between Temperature, Porosity and Pore Size

Temperature (°C) # of Pores Average Pore size (um)
225 0 00
250 3 69+1.2
275 13 60 + 16
300 38 34+ 11
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4.3.3 Temperature Dependence

The porosity of the membrane and the PDMS pore sizes also showed a dependence on
the PDMS curing temperature. The data of Table 4.1 show channels that were cross-sectioned
close to the bottom of the membrane. It was observed that when PDMS membranes were
cured at higher temperature, pore sizes decreased and number of pores increased. The
smallest diameter was recorded at the highest temperature. At higher temperatures, the
intermolecular bonds were weak and solution became less viscous. This formed smaller but
many more clusters that resulted in many more channels formed with much smaller diameters.
Figure 4.3 shows channels that were cross-sectioned close to the top surface of the membrane.
Here it shows both pore sizes and porosity increased with increasing temperature. The data of
table 1 and figure 4.3(a), although seemingly contradictory, in fact shows the size of pores at
different planes in the PDMS membrane. At the bottom of the membrane (Table 4.1), the pore
sizes were smaller for higher temperatures. As we would go up in the membranes, the pore
sizes were larger (Fig. 4.3 (a)). This would bring forth funnel shaped pores at higher
temperatures. These two data sets also show that the top openings of all pores at various
temperatures were within 10-15% of largest pore sizes achieved at 400 °C but the lower size,
arguably the smallest constrictions of the pores varied considerable with temperature used for

curing.
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Figure 4.3 Effects of temperature on (a) Average pore size and (b) Porosity.

Figure 4.4 shows the distinct arrangements of microchannel resulting from the two
different approaches undertaken to disperse PDMS pre-polymer. PEO polymers clustered to
form micelles when these came in contact with PDMS. PU exhibited similar reactions. Micellar
shapes are common because of hydrophilic/hydrophobic interactions [54, 55]. After melting
PEO or PU, PDMS was gradually poured on the top of these hydrophilic molecules from one
end to another. This kept hydrophilic particles intact in their original positions (Fig. 4.4 (a)). This

phenomenon led to formation of microchannels that were in close vicinity localized in confined
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area. However when PDMS was poured in a way that disturbed the original arrangement,
channel formation was positioned in two ways. When hydrophilic particles were not completely
molten, the solution moved as small stream and branched to form channels (Fig. 4.4 (c)). At
times where the hydrophilic particles were completely molten and spread in a large area, the
channels were generated along the line where hydrophilic and hydrophobic molecules

interfaced each other (Fig. 4.4 (d) and (e)).

Figure 4.4 Microchannel arrangements at hydrophilic/hydrophobic interface. (a) PDMS is
placed gradually without disintegrating initial position of PEO particles. (b) PDMS is placed
gradually without disintegrating initial position of PU particles (c) When hydrophilic particles
are not molten completely these form thin dendrite like branches forming into channels. (d)
Channel formations at the interface line when PEO melts completely and (e) Channel
formations at the interface line when PU particles melt completely.

When PDMS was continuously poured at just one point, the viscous hydrophilic polymer

was pushed outwardly forming concentric rings. This was a result of phase separation when the
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two repulsive molecules, hydrophilic molten and hydrophobic matrices of PDMS, came in
contact. Stability of a mixture is favored by entropy and thermal fluctuation. When the mixtures
have repulsive forces toward each other, molecules favor the separation of the two molecular
species into two distinct macroscopic phases [8]. In the phase separation section of chapter
three it was described that phase separation due to hydrophilic’/hydrophobic interface occurred
in different way (e.g. nucleation and spinodal decomposition). When PDMS was continuously
poured on the molten, hydrophilic and viscous polymers, channels were separated by spinodal
decomposition. Spinodal decomposition generally formed unstable biocontinous channels.
However, in these experiments, the channels were stable because of PDMS polymerization.
Due to the way the PDMS was poured, the hydrophilic molten clusters were phase separated in
unique ways. When PDMS polymerized, several horizontal, continuous and concentric rings
were formed at almost equal difference in diameters. (Fig. 4.5 (a)) This method also formed
channels that were farther away from each other since particles pushed along the growing
rings. Some of these rings were closed hollow channels while some were open (Fig. 4.5 (b) and

6(c)).

el Rl &
Figure 4.5 (a) Horizontal rings of hollow space formed during contact of
PDMS with molten PEO. (b) and (c) Magnified views of single
closed/opened hollow space formed, respectively.
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Figure 4.6 Side view of channels formed at different temperatures. (a) A't7225 °C, there
are only dent like formations. (b) Formation of microchannels at 250 °C. (c) Channel
stretched out above the top of the membrane at 325 °C.

4.3.4 Characterization of Channel Lengths

Temperature showed a strong effect on the final outcome of channel length. Hydrophilic
materials were more mobile when PDMS was in its viscous form. When the system was
exposed to heat, entropy of these particles increased and these started to move upward while
entropy of PDMS decreased due to formation of cross-linked gel like structure. There was no
channel formation when temperature was less than 200 °C. At 225 °C, there were few round
dent like structures (Fig. 4.6 (a)). At temperatures above 250 °C full blown channels appeared.
The channels were larger at higher temperatures (Fig. 4.6 (c)). A monotonically proportional
relationship between channel length and temperature is shown in figure 4.7. At lower
temperatures, channel formation was slower compared to the rate of polymerization. Once
cross-linking was completed and PMDS polymerized, formation of channels stopped leading to
short channel formation. When the curing temperature used went from 250 °C to 325 °C, the
channel lengths increased dramatically from 600 um to 2274 um. At high temperatures channel
formation was slightly faster than PDMS polymerization therefore long channels were produced.
If polymerization of PDMS was delayed channels would have been closed as seen for some
iron-oxide particles in chapter 3. There it was shown that that when removal rate of iron-oxide

is faster than rate of polymerization, there was no channel formation.
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Figure 4.7 Channel length vs. temperature. Increasing temperature increases length of

channels.

An interesting phenomenon was observed at 325 °C where the channel length
surpassed the thickness of the membrane. At this temperature, the energy of hydrophilic
particles gained from the temperature was enormous enough that some channels stretched
above the top of the membrane (Fig. 4.6(c)). Increasing temperature above 325 °C, led to more
channels surpassing the above surface of membrane. The reason these channels were above
the top of the membrane instead of penetrating through was due to PDMS elasticity.

4.3.5 Capillary Action Driven Fluid Flow
Capillary effect-driven fluid flow experiments showed the integrity of microchannels and

micromixing capability in these channels. Micromixing of solution was done without applying any
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external forces. Capillary force (F¢) transferred fluid inside microchannel based on the diameter
of channels (D), surface tension (o), and contact angle (6), as given below :[56]

Fc= 0 cosOrD (4.1)

Plasma treated microchannels with diameter of 250 um, and cut open from both ends,
were exposed to red ink and blue ink from two sides. Fig. 4.8 (a) shows a strong capillary force
pulling the fluid into the microchannels even when the channel inlet was not in direct contact
with the fluid. Figure 4.8 (b) shows results for the solutions that were placed at opposite ends of
the channels inlets. The two solutions migrated from one side to another, toward each other.
Fusion of these two solutions was evident at the middle of the channel. This could provide
potential device for controlled microchannel reactor for microfluidic system. Figure 4.8 (c)
demonstrates the two fluid flowing using one inlet. The advantages of using this system was
that the microchannel fabricated were capable of capillary action and PDMS being permeable to
gases showed no trapped air between the two solutions (Fig. 4.8 (c)). This could have important
implications in well-based immunoassays and simultaneous detection which is difficult to

perform in traditional well plate system.
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Figure 4.8 (a) Capillary force pulling fluid into the channels. The arrows inside the
optical images show the direction of fluid flow. (b) Mixing of red and blue fluids by
using capillary force from opposite inlets. (c) Red and blue ink flowing through same
inlet.

Optical microscope data was used to measure distance of fluid traveled over time which
enabled us to find velocity of fluid flow inside the channels (Fig. 4.9). The set of figure 4.9 shows
optical images of fluid flow inside microchannel with respect to time. Distance of the flow was

measured along the channel axis.

50



=
[

y = 1.6814x 0548

* | R*=0.8268

12 4)
-E- 12
-
it
£ os
(%]
= 05 W
g o

0.4 ‘\‘

0.2 ‘ o

- P
. L 20K $
] 20 a4 [TH] 20 100 120 120

Time (Min)

Figure 4.9 The flow of fluid inside microchannels. Plot shows decrease in fluid flow velocity
with time. Inset shows time lapse images of red ink moving under capillary force.

Velocity was seen to be non-uniform through entire channel length. Velocity was high at
the onset and started to decrease with distance and stabilized after certain time. Previously, it
has been was reported that average velocity decreased toward center of the channel [57].
When fluid flowed from wide area to a narrow constricted area, velocity should have increased
in order to maintain a constant flow rate but was seen to decrease [58]. There are surface
charges on PDMS that may have contributed to counter-intuitive observations. Velocity (V) was
calculated using Lagrangain description which states motion of a differential fluid volume using
fixed reference frame. Velocity was measured as rate of change of position of fluid (dx) with

respect to time (df):

dx
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At the entrance of the microchannels, the initial velocity was 6.25 um/s. For the first two
minute the velocity was maintained but then it dropped gradually. It went down to 1.4 ym/s and
all the way down to 0.085 pm/s in 30 minutes.

4.4 Conclusion

A self-assembled approach to synthesize circular microchannels ranging from few
micrometer to hundreds of micrometers is demonstrated by using a simple interplay of
hydrophilic and hydrophobic polymers. This chapter particularly dealt with channels driven by
polymeric hydrophilic particles. Channels were characterized for chemical composition, size of
channels, porosity and fluid flow. FTIR results showed that PEO traces were not detected in the
porous PDMS membrane. Therefore the original properties of PDMS such as elasticity and
transparency were maintained. Hydrophilic particles of PEO generated smaller pores compared
to PU beads. Pore size and porosity were mainly controlled using temperature. The number of
pores increased linearly with increasing temperature for all hydrophilic particles used in this
thesis. Channel distributions could be controlled by controlling the pouring of PDMS. Channels
in close vicinity were generated when PDMS was poured without disturbing the particles. But
when PDMS was poured at one position, it spread in a circular motion dislocating the original
position of hydrophilic particles along the way. This generated channels that were distributed
farther apart. This also resulted in concentric circular distribution of PEO at almost equal
distances apart. Various channel lengths were fabricated by controlling the thickness of the
membrane and temperature. Fluid flow inside the channels was also characterized by
measuring velocity change over time. High velocity was recorded at the inlet of channels and it

was followed by a major drop toward the center.
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CHAPTER 5
FUTURE WORK

5.1 Controlled Alignment of Self-assembled Channels

During the fabrication of micro/nanochannels, a high degree of precision and uniformity
is required to produce efficient functional devices. Highly organized micro/nanochannels are
useful to run large samples simultaneously. These can be also important for many applications
in biological sciences. The self-assembled channels focused in this thesis can be further
explored for better alignment, controlled porosity and custom-designed fluid flow. An experiment
was conducted to explore the alignment by replacing hotplate with concentrated source of heat.
Heat supplied through microwire was able to align the self-assembled channels linearly along
the wire (Fig. 5.1). The heat on the microwire was formed by passing 9 mA current. The voltage
and temperature through the microwire was measured to be 34.56 V and 80°C, respectively.
This technique formed channels that were only aligned along the microwire. By further exploring

this technique, it is possible to achieve well organized microwell devices.

Figure 5.1 Alignment of microchannel using microwire for heat supply
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5.2 Hydrogen Storage Container

This technique can also have important applications in the field of hydrogen storage.
Hydrogen is one of the important sources of clean energy. It has highest energy content by
weight however lowest energy by volume [59]. Thus challenges are encountered to develop an
effective way to store this energy. Even though researchers have found ways to store hydrogen
using high pressure and temperature, the system is complicated and inefficient [60]. Metal
hydride technique is one of alternative techniques proposed for hydrogen storage. Metal hydride
embedded in a PDMS membrane can potentially serve as a way to store hydrogen. The
motivation for this idea is based on the results found during iron-oxide nanoparticle experiments
of chapter 3. Instead of iron-oxide nanoparticles different type of metals such as iron, lithium, or
magnesium can be used effectively to absorb hydrogen molecules. The challenge with the
metal hydride storage is that it is unstable. Here we propose a second storage method to keep
the metal hydride stable. Metal hydride can be embedded inside while polymerizing the PDMS
to secure the stability. This technique is shown in figure 5.2 where iron-oxide particles are

embedded inside PDMS parallel to each other using magnetic field.

-
Figure 5.2 Aligned iron-oxide inside PDMS
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Since PDMS is highly permeable to gases and also has elastic behavior, it could be an
ideal material for such type of storage. Hydrogen can easily diffuse though the PDMS
membrane and react with the metals embedded inside the membrane to form metal hydride.
Most metal hydride bonds are reversible under certain temperature conditions based on the
type of metal used. The optimum temperature can be applied to release hydrogen when
needed. This PDMS storage can be light weight and inexpensive. In addition to that the system
can also be more efficient since metals will be stored in microchannel in strained form as shown

in figure 5.2, which maximizes interface of metals to hydrogen.
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