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Polymer Base Nanostructure for Biological Application

Abstract

Nanotecnology has been wildly used for biological applications. One of the most
interesting examples is the so-called superhydrophobic surface. This type of structure is
influenced by material property (hydrophbicity) and surface mophorogy (nanostructures).
Since most cells can’t express celluar behavior without adhere on surfaces, it is very
important to investiget the cellular adhesion on surface. For example osteoclast cells have
to attach on the bone to behave normally. To understand the cell-substrate interactions, it is
very important to investigate how cells adhere to the substrates and how the substrates
respond to forces exerted by cells. There are two parts in this thesis; one is using low
toxcisity polymeric nanostructure with different morphology to study the celluar adhesion
behavior by it. Further more, the cell can be controlled to pattern on seleted area, as cell
arrays. In the second part, the three dimentional periodic nano-porous structure in the

integrated microfludic channel was-used to study single DNA behavior.

In the first part of the dissertation, there were two simple techniques to impart
superhydrophobic properties to the surfaces of microdevices. In the first approach, thin
films of a fluoropolymer were spin-coated on the device surfaces followed by an oxygen
plasma treatment. By varying the oxygen plasma treatment time, the water contact angles
on device surface could be tuned from 120° to 169°. In the second approach, a
nanoimprint process was used to create nanostructures on the devices. To fabricate the
nanoimprint stamps with various feature sizes, nanosphere lithography was employed to
produce a monolayer of well-ordered close-packed nanoparticle array on the silicon
surfaces. After oxygen plasma trimming, metal deposition and dry etching process, silicon
stamps with different nanostructures were obtained. These stamps were used to imprint
nanostructures on hydrophobic coatings, such as Teflon, over the device surfaces. The

water contact angle as high as 167° was obtained by the second approach.
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In the second part of this dissertation, the patterned nanostructure fluropolymer
surfaces were used for the study of the cell adhesion. By a combination of
photolithography and oxygen plasma treatment, patterned fluropolymer surfaces with
various roughnesses have been obtain. The water contact angles measured on the surface

were range from 120° to 163° , and surface roughness was measured from 2 nm to 65

nm. When these pattern surfaces were used as the substrates for the cell cultures of HeLa,
NIH3T3, and CHO cells, it was found that those cell lines did not adhere to the flat
fluropolymer surfaces. However, the number of NIH3T3 and CHO cells adhered on the
surfaces increase with the surface roughness. Such nanostructure materials could be used

as scaffold for selected cell growth.

In the third part of this dissertation, I will describe an approach to fabricate
addressable cell microarrays, which are based on the patterned switchable
superhydrophobic surfaces. The switchable superhydrophobic surfaces were prepared by
roughening the surface of fluoropolymers on the electrodes. Upon the application of 150 V,
the water contact angle on the roughened fluoropolymer surface could be changed from
163° to less than 10° allowing the deposition of fibronectin, which could guide the growth
of the cell. To patten the cells ‘on such device,the HelLa cell was first seeded on
pre-patterned fibbronectin area for incubatoring. After 3 hours incubation and removing
suspension cell, the NIH 3T3 cell was incubated on same chip. Two different cell lines can

be patterned on the same chip using the technique.

In the last part of this dissertation, I will describe a simple approach to fabricate
robust three-dimensional periodic porous nanostructures inside the microchannels. In this
approach, the colloidal crystals were first grown inside the microchannel using an
evaporation-assisted self-assembly process. Then the void spaces among the colloidal
crystals were filled with epoxy-based negative tone photoresist. After subsequent
development and nanoparticle removal, thewell-ordered nanoporous structures inside the
microchannel could be fabricated. Depending on the size of the colloidal nanoparticles,
periodic porous nanostructures inside the microchannels with cavity size of 330 and 570
nm have been obtained. The dimensions of interconnecting pores for these cavities were
around 40 and 64 nm, respectively. The behavior of single A-phage DNA molecules in

these nanoporous structures was studied using fluorescence microscopy. It was found that
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the length of DNA molecules oscillated in the nanoporous structures. The measured length
for A-phage DNA was larger in the 330 nm cavity than those measured in the 570 nm

cavity.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background

Surface engineering plays an important role in various biological applications, including
biosensor technology [1-3] and tissue engineering. [4] In biosensor technology, the ability
to create patterns of proteins and cells on the surface is very important, since it is required to
monitor living cell behavior when it attach on the surface for studying cell-substrate
interaction. Tissue engineering can control the shape of cell adhesion on the surface and the
chemistry and topography of the surface where the cell adhered are also important for
understanding the relationship between cellular attachment and material surface. Cell
adhesion is an important key to biomedical and biotechnological applications. The
understanding of the relationship between cell adhesion and substrate are particularly
important issue. It has been known that cell attachment contain many proteins including
fibronectin, serum albumin and extra cellular matrix (ECM) protein. Therefore, by
controlling cell adhesion proteins onto implant surface, the cell attachment behavior is also
influenced. For example, if the micro contact printing is used to print fibronectin onto
patterned area, the cell can be selected to attach on that area. [5, 6] However, the properties
of substrate surface also affect to cell adhesion such as hydrophobicity, surface charge,
surface chemistry and roughness. Some reports have shown that cells prefer to grow on
surface with specific morphology such as porous and roughness surface. [7] However, there
are very limited research activities in exploring the possibility of using the surface

morphology as tool for biological applications. We believe that there are many properties



Chapter 1 Introduction

should be discussed between cell-substrate interactions. Especially, by using the materials
which can be changed surface morphologic to study cell adhesion.

In this thesis, | describe that use simple approach to prepare polymeric nanostructure
arrays with the so-call “superhydrophobic surface”, which can be used to pattern proteins
and cells. We also in investigate how the nanostructure affects the surface hydrophobicity
and how is it to influence the cell adhesion. Furthermore, the behavior of cell adhesion can
be controlled to attach on the selected position of the surface and two different types of

cell can be cultured on the same surface.

1.2 Superhydrophobic surfaces

Superhydrophobic surfaces, inspired by the water-repellent behavior of the micro
and nanostructured plant surfaces [8, 9], with a water contact angle larger than 150°, have
attracted a lot of research attention recently. Because of their unusual large water contact
angle, superhydrophobic surfaces”can be used as self-cleaning, anti-adhesion, and
oxidation-resistant coatings, [10] and it was demonstrated recently that blood cells did not
adhere to such type of surfaces [11]. The water-repellent behavior of superhydrophobic
surfaces has been explained by two models, [12] the Wenzel and Cassie formulations,
which both predict that a nanostructured surface may amplify the surface hydrophobicity
as long as a layer of low-surface-energy materials is present on the surface.

In Wenzel’s formulation, it is assumed that the liquid fills up the rough surface,
therefore forming a wetted contact, and the apparent water contact angle (6*) can be
written as

cos &* = 1 cos 6,

where A is the roughness factor which is the ratio of total surface area to the projected

area on the horizontal plane and @ is the intrinsic contact angle measured on the flat

surface. In Cassie’s approach, it is assumed that the liquid forms a line of contact on the
2
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rough surface with air trapped below the contact line and the apparent contact angle can be
formulated as

cos g* = @s (cos 6 +1)-1,
where @s is the area fraction of the liquid-solid contact to the projected surface area. In
previous work, [12] we have fabricated well-ordered, tunable superhydrophobic surface
whose water contact angle can be tuned from 132° to 170° (on a double-layer sample)
using a combination of nanosphere lithography and oxygen plasma treatment. The water
contact angle on these surfaces can be modeled by the modified Cassie’s formulation
without any adjustable parameter (Figure 1.1). The dynamic water contact angle
measurement indicates that well-ordered two-dimensional nanostructured systems have
relatively large water contact angle hysteresis (Figure 1.2).

It has been suggested that contamination, oxidation, and current conduction can be
inhibited on such superhydrophobic surfaces, and the flow resistance in the microfluidic
channels can also be reduced using super water-repellent materials. [13] However, to fully
utilize the water-repellent properties of the nanostructured surfaces, it is necessary to
investigate the relationship between the nanostructure and the water repellent behavior on
surfaces and to fabricate the nanostructured surfaces with desired surface hydrophobicity.
To fabricate superhydrophobic surfaces, a typical procedure is to create a rough surface
covered with low surface energy molecules, such as fluoroalkylsilanes, [14] or to roughen
the surface of hydrophobic materials. Several superhydrophobic surfaces have been
prepared by these approaches including fluoroalkylsilane-modified inverse opal surfaces,
[15] plasma polymerization, [16] anodic oxidation of aluminum, [17] gel-like roughened
polypropylene, [18] plasma fluorination of polybutadiene, [19] oxygen plasma-treated

poly(tetrefluoroethylene), [20, 21] densely packed aligned carbon nanotubes, [22] aligned
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Figure 1.1 Measurement of the apparent water.contact angle on various size-reduced

polystyrene surfaces. The solid line is calculated using the modified Cassie’s formulation.

The dashed line is calculated by Wenzel's-model. The star is the water contact angle of

double-layer polystyrene arrays that underwent 120 s of oxygen plasma treatment. [12]

polyacrylonitile nanofibers, [23] and solidification of alkylketene dimmer. [24] A common
observation in these experiments is that the water contact angle increases as the surface
roughness increases. However, in other experiments [25, 26] it has been demonstrated that
smooth well-ordered microstructured surfaces could also produce superhydrophobic
surfaces as long as the ratio of the liquid-solid contact area to the overall projected area
remains small. It has also been pointed out [27, 28] that the three phase contact line plays a
very important role in the contact angle hysteresis, which determines the sliding behavior

of water droplets on surfaces.
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Figure 1.2 SEM images (60°) of the size-reduced polystyrene beads and the water contact

angle measurement on the corresponding modified surfaces (insets). The diameters of
polystyrene beads and water contact angles on these surfaces were measured to be (a) 400

nm, 135° (b) 360 nm, 144°, (c) 330 nm, 152°, and (d) 190 nm, 168°. Bar: 1 um. [12]

From the above disscution of fabrication procedures, it can be used to prepare
superhydrophobic surfaces. However, if the superhydrophobic surfaces are to be used in a
microdevice, the modification process should be compatible with the micro-fabrication
techniques. For example, if one would like to engineer the surface of a microfluidic device
with superhydrophobic properties to reduce the flow resistance, the superhydrophobic
material should be integrated into the microfluidic system [17, 29]. Since the surfaces of
the microdevices are always flat and smooth, superhydrophobic surfaces can be produced

only by roughening a hydrophobic coating. However, almost none of the above-mentioned
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techniques can be used directly in such type of applications. Therefore, an alternative

approach for producing superhydrophobic coatings on the device surface is needed.

1.3 Aims and Objectives

In this thesis, it has been demonstrated that there are two approaches to impart
superhydrophobic properties to the surfaces of micro-devices. First, thin films of a
fluoropolymer were spin-coated on the device surfaces followed by an oxygen plasma
treatment. However, this approach can not be applied to every hydrophobic materials. In
some condition, the surface property will be changed after gas plasma etching. Therefore,
the process without changing the chemical properties of polymer should be developed. In
the second approach, a nanoimprint process was used to create nanostructures on the
polymeric devices. During this process, the polymer only change shape with heating and
pressuring when it is filled into imprinting mold. Those two fabrication techniques can be
used create superhydrophobic surface on the device which were used to study the adhesion
of biological molecule, such as protein and cell. Switchable surface technique is also
applied to the superhydrophobic surface to control proteins and cells adhesion by
eletrowetting effect.

Another developing of robust three dimensional nanoporous inside microfludic
channel will be used to study single DNA molecule behavior. The fabrication is conbined

colloidal crystals and micofludic system.

The objectives of this thesis are as follows:

B To develop a simple approach to fabricate superhydropohobic micro-devices.

B To develop a fabrication nanostructure on polymer without changing its chemical
property.

B To investigate cell-substrate interaction using different surface morphology.
6
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To use eletrowetting effect to control the surface properties. In additional the cell
adhesion protein can be patterned on superhydrophobic surface and the cell will
attach to the desired position.

To develop three dimensional nanonporous structure inside microfludic system.

To use different size of nanostructures to study single DNA behavior with fluoresce

microscopy.
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Chapter 2

Materials and Experimental
Techniques

A brief review of the materials used and the experimental details that we developed
for superhydrophobic micro-device and nanofludic system will be presented. The
fabrication include spin-coated, oxygen plasma treatment, nanosphere lithography,
nanoimprint, photolithography, microfluidic channel and electrode pattern. In the other

hand, the cell was chosen in this experimentincluding NIH 3T3, CHO and HeLa cell.

2.1 Materials

(1) Poly[tetrafluoroethylene-co-2,2-bis(trifluoromethyl)-4,5-difluoro-
1,3-dioxole] are spin-coated as 5-micron thick film on glass from Teflon AF, DuPont,

us.
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(2) Indium Tin Oxide (ITO) glass substrate: ITO glass substrates were first patterned by
lithograph as a design 200x200 um square arrays, then cleaned with detergent, and
ultrasonicated in acetone and isopropyl alcohol, subsequently dried on hot plate at

8
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150 °C for 5 min, and finally treated with oxygen plasma for 5 min. The thickness of
ITO is 200 nm.

(3) Polystyrene and Silica nanospheres were chosen by different size from Bangs
Laboratories, Inc., Fishers, IN

(4) S1813 is positive photoresist system engineered to satisfy the microelectronics

industry’s requirement for advanced IC device fabrication.

(5) SU-8is a negative, epoxy-type, near-UV photoresist (365 nm) from MicroChem.

2.2 Cell Line

(1) The NIH3T3 is a standard fibraoblastcell line, which is a type of cell that synthesizes
and maintains the extracellular matrix of many animal tissues.

(2) The CHO cell is a cell line derived from chinese hamster ovary cell.

(3) The HeLa cell is derived from cervical cancer cell, which belong an immortal cell

line.

2.3 Experimental Techniques

2.3.1 Preparation of Fluoropolymer Films

The  poly[tetrafluoroethylene-co-2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole]
was first spin-coated as 5-micron thick film on glass from Teflon AF, DuPont, US. and

heated with hotplate upon 250°C for 30 minutes to evaporate the solvent.
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2.3.2 Photolithography and Oxygen Plasma Treatment for

Superhydrophobic Micro Device

A layer of photoresist (51813, Shipley) was spun on top of the fluoropolymer coating
and a photolithographic process was used to define the superhydrophobic area on the
photoresist. The superhydrophobic microarray can be manufactured using an oxygen
plasma treatment (Oxford Plasmalab 80 Plus, 80W) with a gas O, (2 sccm) at a total
pressure of 25 mTorr. After plasma treatment the photoresist was removed by washing the
surface with acetone. Only the areas exposed to the oxygen plasma exhibited the

superhydrophobic behavior (Figure 2.1).

Figure 2.1 The superhydrophobic micro arrays was formed on substrate after oxygen

plasma etching and remove photoresist. (Squre size: 200um>200um)

2.3.3 Nanosphere Lithography

Nanosphere lithography [30-33]is a well-established technique for patterning
large-area periodic nanosphere arrays. By spin-coating the monodisperse polystyrene
beads solution on substrate surfaces, self-organized close-packed nanostructures can be
easily achieved. In this experiment, it has been shown that both single- and double-layer

close-packed polystyrene arrays over a few square centimeter area can be obtained by

10
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adjusting the speed of the spin-coater and the concentration of the surfactants in the

polystyrene solution.A monodispersed polystyrene dispersion with 400 nm diameter beads

(Bangs Laboratories, Inc., Fishers, IN) was used to produce self-assembled close packed

two-dimensional colloidal crystals on a silicon wafer (Figure 2.2).

100 ym —————

ot+PVP130

Figure 2.2 Single layer polystyrene beads close-packed in pattern area on silica substrate.
(Size: 400nm)
2.3.4 Fabrication of Nanostamp in Silicon Base

To prepare silicon nanomold for nanoimprint process, these two-dimensional
colloidal crystals were then used as the template to produce stamps for nanoimprint. To
vary the surface fraction of the nanoimprint stamp, the size of the polystyrene beads was

trimmed by oxygen plasma etching (Oxford Plasmalab 80 Plus, 50 W, 20 sccm O2), which

11
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reduced the diameter of the polystyrene beads while keeping their separation distance

unchanged. The diameter of the polystyrene beads could be changed from 400 nm to 200

nm. To fabricate nanoimprint stamp, a 50 nm thick chromium layer was deposited on top

of the trimmed polystyrene beads. Then the polystyrene beads were dissolved in

dichloromethane (Figure 2.3). A dry etching process was used to etch the silicon wafer in

an RIE etcher (Oxford Plasmalab 80 Plus, 110 W, 45 sccm SF6, 5 sccm O2). After the dry

etching process and removing chromium layer by CR-7 etchant, the silicon stamp (30 x 30

mm2) with periodic nanopores was obtained (Figure 2.4).

Figure 2.3 The periodic chromium network on silicon substrate after oxygen plasma

reducing the size of nanoshpere and metal depositing. (Hole size: 200nm)

12
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Figure 2.4 The silicon stamp was made after-the dry etching process and removing
chromium layer by CR-7 etchant.
2.3.5 Nanoimprint

To create a nanostructure on polymer as superhydrophobic microdevice by the
nanoimprint process, a 1 pm thick layer of fluoropolymer was coated on the ITO glass.
Then the nanoimprint stamp was pressed against the polymer coated ITO glass under 70
mbar pressure at 150.C for 30 min. After removing the stamp, nanostructures with desired
dimension can be fabricated on the device surfaces (Figure 2.5).
2.3.6 Switchable Superhydrophobic Surfaces

To fabricate a switchable superhydrophobic surface, electrowetting was employed to

modify the surface energy through charging the surface with electric field. To avoid

13
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breakdown of the fluoropolymer at high voltage, a layer of silicon oxide (~300 nm) was
deposited on top of the ITO electrode by PECVD before coating the surface with Teflon
AF. To induce a transition from the superhydrophobic state to the completely wetted state,
an AC voltage (300V, 150 Hz) was applied to the ITO glass. The water contact angle on
the roughened fluoropolymer surface could be switched from ~167° to < 10° as shown in

Figure 2.6

Figure 2.5 Polymeric nanostructure obtained by nanoimprint process.

a) b)

i

Figure 2.6 Optical images of water droplet on the roughened fluoropolymer surface before

(a) and after (b) applying 300 VAC to the ITO glass.
14
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2.3.7 Nanostructure in Microfluidic Channel

To fabricate size-controlled porous nanostructures inside the microfluidic channels, a

cover slip (Technical Glass Product, Painesville Twp, OH) was used as the substrate. A

layer of 15 um thick cured SU-8 photoresist was used as the base layer. A second layer of

SU-8 photoresist was then spun on the base layer and then the microchannels were created

in the second layer using a standard photolithography process. The microchannels were

then temporally sealed by conformal contact with a 5 mm think polydimethylsiloxane

(PDMS) slab. Well-ordered colloidal crystals could be grown in the microchannel using

evaporation induced self assembly process. The void spaces in the colloidal crystal were

then filled with SU-8 photoresist. A photomask was used to define the location of the

nanoporous structures inside the microfluidic'channel. After dissolving silica colloidal

particles in buffer oxide etch (BOE) solution, well-ordered nanoporous structures inside

the microfluidic system can be obtained (Figure 2.7). These nanoporous structures were

consisted of cavities with a diameter of d., which represented the size of the original silica

nanoparticles, and interconnecting pores with a diameter of d,. These interconnecting

pores and cavities could be used as the sieving materials for separating biomolecules. The

colloidal particles used in this experiment were 300 nm and 570 nm silica nanoparticles

(Bangs Laboratories, Fisher, IN, USA).

15
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Figure 2.7 Cross-sectional SEM images of nanoporous structures inside the
microchannels. Bar: 4 um.

2.3.8 Cell Culture on Superhydrophobic Micro Arrays

The entire cell was incubated in the chamber with superhydrophobic micro arrays

with total volume 1000ml at 37°C an¢ 5, in an incubator for 6 hours (Figure 2.8).
C.-In this process. Then the suspends cell
e DIC image by conforcal microscopy (1X

71, Olympus) for counting the number of the cell on different rough surface.

Figure 2.8 Cell seed on superhydrophobic micro arrays with volume 1000ml.

16
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Chapter 3

Superhydrophobic Coatings for
Microdevices

In this chapter, there are two simple techniques to impart superhydrophobic properties to
the surfaces of microdevices. In the first approach, thin films of a fluoropolymer were
spin-coated on the device surfaces followed by an oxygen plasma treatment. By varying
the oxygen plasma treatment time, the water contact angles on device surface could be
tuned from 120° to 169°. In the second approach, a nanoimprint process was used to
create nanostructures on the devices. To fabricate nanoimprint stamps with various
feature sizes, nanosphere lithography was employed to produce a monolayer of
well-ordered close-packed nanoparticle array on the silicon surfaces. After oxygen plasma
trimming, metal deposition and dry etching process, silicon stamps with different

nanostructures were obtained. These stamps were used to imprint nanostructures on

17
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hydrophobic coatings, such as Teflon, over the device surfaces. The water contact angle as

high as 167° was obtained by the second approach.

3.1 Introdution

In the development of modern technology, it is often useful to learn from nature.
Many new ideas and inventions have originated from the observation of the behavior of

natural materials. One recent example is the so-called “superhydrophobic” materials,
which exhibit a water contact angle larger than 150°. Such superhydrophobic materials

have lately attracted considerable attention because of their self-cleaning properties. In the
past, it was known that a very high water contact angle could be obtained by treating the
Teflon surface with oxygen plasma [34;:35]. However, it was only until the discovery of
the relationship between the microand nano-structures of the plant surfaces and their
water-repellent behavior [36, 37], that researchers started to realize that such
superhydrophobic materials might have some important applications. For example, it has
been suggested that contamination, oxidation and current conduction can be inhibited on
such superhydrophobic surfaces [38], and the flow resistance in the microfluidic channels
can also be reduced using the super water-repellent materials [39]. In another example, it
was demonstrated that the superhydrophobic surfaces could resist the adhesion of cells and
proteins [40]. The self-cleaning and anti-adhesion properties of the superhydrophobic
surface could be beneficial to various applications where a clean surface is always
required. However, one of the most important issues to incorporate superhydrophobic
surfaces into the existing applications is that the surface modification process should be
compatible with the current manufacturing techniques, especially the micro-fabrication

process.
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In the past few years, a variety of fabrication procedures have been proposed to
prepare superhydrophobic surfaces. In general, superhydrophobic surfaces can be
fabricated by coating a rough surface with low surface energy molecules, such as
fluoroalkylsilanes [41] or by roughening the surface of hydrophobic materials. Many
superhydrophobic surfaces have been produced by these approaches including
fluoroalkylsilane modified inverse opal surfaces [42], plasma polymerization [43], anodic
oxidation of aluminum [44], gel-like roughened polypropylene [45], plasma fluorination of
polybutadiene [46], oxygen plasma treated poly(tetrafluoroethylene) [34, 47], densely
packed aligned carbon nanotubes [48], aligned polyacrylonitile nanofibers [49], and
solidification of alkylketene dimmer [50]. If superhydrophobic surfaces are to be used in a
microdevice, the modification process should be compatible with the micro-fabrication
techniques. For example, if one would fike to engineer the surface of a microfluidic device
with superhydrophobic properties to reduce the flow resistance, the superhydrophobic
material should be integrated into the microfluidic system [39, 51]. Since the surfaces of
the microdevices are always flat and smooth, superhydrophobic surfaces can be produced
only by roughening a hydrophobic coating. However, almost none of the above-mentioned
techniques can be used directly in such type of applications. Therefore, an alternative

approach for producing superhydrophobic coatings on the device surface is needed.

Here we describe two simple fabrication processes to modify the surface of the
device to achieve a very high water contact angle. In the first approach, the device was
first coated with a thin film of hydrophobic materials, fluoropolymer in this case, and then
oxygen plasma was used to create superhydrophobic surfaces. However, only in some
cases, the chemical properties of the hydrophobic materials could be altered by the oxygen
plasma treatment [52]. Therefore, a second technique has been developed where the

nanostructures can be created on the device surfaces by a nanoimprint process [53]. Both
19
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of these approaches are compatible with the micro-fabrication process.

(a)

Teflon film

(b)

Oxygen Plasma

v v ¥

Figure 3.1 Schematic for producing a superhydrophobic coating on device surfaces using
oxygenplasma treatment. (a) The surface of the device is coated with a layer of
fluoropolymer (Teflon).(b) Oxygen plasma treatment is used to roughen the surface of
fluoropolymer. (c) A superhydrophobicsurface is obtained after the oxygen plasma

treatment.
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3.2 Experimental Section
3.2.1 Oxygen Plasma Treatment

One simple approach to create a superhydrophobic surface on a device is to coat the
device with a layer of hydrophobic material followed by an oxygen plasma treatment,
which roughens the surface of the coating material. The schematic for such process is
depicted in Figure 3.1. Since ITO glasses are widely used as the substrates in many
industrial applications, such as liquid crystal displays, touch panels, solar cells and
microfluidic systems, ITO glasses have been used to mimic
the device surface in these experiments [54-56]. In the first step of this process, a thin
layer of  fluoropolymer  poly [tetrafluoroethylene-co-2,2-bis(trifluoromethyl)-
4,5-difluoro-1,3-dioxole] (Teflon AF, DuPont) was spin coated on the ITO glass at 1000
rpm for 1 min. The thickness of the fluoropolymer was measured to be about 5 um. The
fluoropolymer covered ITO glass was then baked on a hot plate at 150.C for 30 min. After
baking, the water contact angle was measured to be 120.. The water contact angle was
measured by the sessile drop method where the image of a sessile drop on the sample
surface was recorded from its edge through an optical microscope and the contact angle
was evaluated from the image by a Dataphysics- SCA20 program. The superhydrophobic
surface could be produced by using an oxygen plasma treatment (Oxford Plasmalab 80

Plus, 80W) with O2 gas (20 sccm) at a total pressure of 25 mTorr.

3.2.2 Nanoimprint Process

An alternative approach to fabricate a superhydrophobic surface on a device is to
utilize the nanoimprint technique to create nanostructures on the chip surfaces, which are
coated with a thin film of hydrophobic materials. The fabrication scheme for a
superhydrophobic surface using nanoimprint is illustrated in Figure 3.2 To conduct

nanoimprint lithography, the first step is to fabricate the stamp for nanoimprint. Previously
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[57-59], we demonstrated a simple technique to fabricate nanoimprint stamp by
nanosphere lithography. In this process, a monodispersed polystyrene dispersion with 400
nm diameter beads (Bangs Laboratories, Inc., Fishers, IN) was used to produce
self-assembled close packed two-dimensional colloidal crystals on a silicon wafer. These
two-dimensional colloidal crystals were then used as the template to produce stamps for
nanoimprint. To vary the surface fraction of the nanoimprint stamp, the size of the
polystyrene beads was trimmed by oxygen plasma etching (Oxford Plasmalab 80 Plus, 50
W, 20 sccm O2), which reduced the diameter of the polystyrene beads while keeping their
separation distance unchanged. The diameter of the polystyrene beads could be changed
from 400 nm to 200 nm. To fabricate nanoimprint stamp, a 50 nm thick chromium layer
was deposited on top of the trimmed polystyrene beads. Then the polystyrene beads were
dissolved in dichloromethane. A dry.etching process was used to etch the silicon wafer in
an RIE etcher (Oxford Plasmalab 80 Plus, 110'W, 45 sccm SF6, 5 sccm 02). After the dry
etching process and removing chromium layer by CR-7 etchant, the silicon stamp (30 x 30
mm2) with periodic nanopores was obtained.

To create a superhydrophobic surface on the ITO glass by the nanoimprint process, a 1 um
thick layer of polymer (Teflon AF) was coated on the ITO glass. Then the nanoimprint
stamp was pressed against the polymer coated ITO glass under 70 mbar pressure at 150.C
for 30 min. After removing the stamp, nanostructures with desired dimension can be

fabricated on the device surfaces.

3.3 Result and Discussion
3.3.1 Oxygen Plasma Treatment
It has been demonstrated that the oxygen plasma can be used to roughen the surface of

Teflon to produce superhydrophobic surfaces [34]. The same concept has been modified
in this experiment by using the fluoropolymer coating (Teflon AF), which can be easily
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Teflon film

Figure 3.2 Schematic for creating a superhydrophobic coating on device surfaces using
nanoimprint process. (a) The silicon substrate is coated with a single layer of well-ordered
polystyrene beads. (b) Oxygen plasma is used to reduce the size of polystyrene beads. (c)
A layer of chromium is coated on top of the polystyrene beads. (d) Polystyrene beads are
then removed by CH2CI2 solution. (e) The silicon wafer is etched by RIE. (f) The
nanoimprint stamp is obtained by removing the chromium layer using CR-7 etchant. (g)
The stamp is pressed against the device coated with fluoropolymer. (h) After removing the

stamp from the device surface, nanostructure on the surface is obtained.

23



Chapter 3 Superhydrophobic Coatings for Microdevices

applied to device surfaces. Shown in Figure 3.3 are the SEM images of the fluoropolymer

before and after 12 min of oxygen plasma treatment. As a result of oxygen plasma
roughening, nanostructures with diameters in the range of 100 nm can be seen from the

SEM images. Depending on the time of oxygen plasma treatment, the surface roughness

increased from 0.5 nm to 35 nm, whereas

Figure 3.3 SEM images of (a) flat (b) roughened fluoropolymer surfaces. Inset: water

droplets on both surfaces.

the water contact angle on the roughened fluoropolymer surface varied from 120° to 167°
as depicted in Figure 3.4. In a word, the hydrophobicity of the surface can be tailored by
controlling the oxygen plasma treatment time.

In some applications, it may be desirable to use thin film coatings other than
fluoropolymer. However, the oxygen plasma treatment may change the surface chemistry
of the coating materials. In the case of Teflon AF, the major effect of oxygen treatment is
etching. No significant changes in peak shape and position were observed in the XPS
spectra of the fluoropolymer (Figure 3.5) before and after oxygen plasma treatment. And
the percentages of the XPS peak areas changed only slightly from 77% (F), 13% (C), 10%
(O) for the flat fluoropolymer to 75.6% (F), 12.7% (C), 11.7% (O) for the roughened

fluoropolymer (Figure 3.6).
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Figure 3.4 Water contact angle measured on the roughened fluoropolymer surface as a

function of oxygen plasma treatment time.

No peak shift or additional peak was observed in the in the FTIR for the roughened
fluoropolymer (Figure 3.7). However, if other types of coatings are used, such as SU8
photoresist, poly(dimethylsiloxane) (PDMS) or polyethylene, additional oxygen peaks in
the XPS spectra were observed indicating that the surfaces had been chemically modified.
In fact, the surfaces of the SU-8 photoresist and PDMS changed from hydrophobic to
hydrophilic after the oxygen plasma treatment [52]. Therefore, the oxygen plasma

roughening process may not be extended to other types of coatings.
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Figure 3.5 The XPS data of the fluoropolymer coating without oxygen plasma treatment.
3.3.2 Nanoimprint Process

In a previous experiment,- we had utilized nanosphere lithography to create
wellordered nanostructures with tunable hydrophobicity on the surface [59]. However,
such process is not compatible with micro-fabrication process. We have modified this
technique by transferring the pattern of nanostructure into the silicon stamp and the
nanostructures can be replicated by nanoimprint process. In other experiments, we had
demonstrated that it was possible to create nanoimprint stamp with different dimensions of
nanostructures by a combination of nanosphere lithography and oxygen plasma etching
[57, 58]. The silicon nanopillar arrays with different shapes and diameters have been
obtained by this approach. Following the fabrication process described in the Experimental
Section, arrays of nanopores with 200 nm diameter and 300 nm in depth were created as
shown in Figure 3.8. To prepare a superhydrophobic coating on the device, the device was
first coated with a layer of hydrophobic polymer (Teflon AF in this case). Then the stamp
was pressed against the device for 30 min. After removing the stamp, a layer of

nanostructure on the surface was obtained. Figure 3.9 shows SEM image of the imprinted
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Figure 3.6 The XPS spectra of a) F (1s),.b) C (1), c) O (1s) peaks for both the flat Teflon

AF (solid line) and the roughened Teflon AF after 10 min of oxygen plasma treatment
(dotted line).
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Figure 3.7 FTIR spectra of the flat (black) and roughened (red) Teflon AF.
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Figure 3.8 SEM images of the nanoimprint stamp created by nanosphere lithography. (a)
Dissolve nanosphere after deposit layer of metal(Cr) 50nm, br: 2 um; inset bar: 500 nm;

(b) Silicon nanomold, bar: 1 um, the angle of SEM view: 60°.

nanostructures on the ITO glass surface. A‘water contact angle up to 168. was obtained by
this approach. Both approaches described-here can be used to create superhydrophobic
coatings on the device. The advantage of the oxygen plasma is the ease in the fabrication
process. However, the oxygen plasma treatment often introduces chemical modification on
the surface. For example, the PDMS surface could be changed to hydrophilic after oxygen
plasma etching due to the formation of OH. groups on the surface. On the other hand,
there is no chemical modification on the surface in the nanoimprint process. Therefore, the

nanoimprint process can be extended to all types of hydrophobic coatings.

3.4 Conclusion
In summary, we have developed two techniques to impart superhydrophobic
property to the surfaces of devices. In the first approach, oxygen plasma treatment was

used to roughen the Teflon coating whose surface water contact angle could betuned form
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120° to 168° by varying the oxygen plasma treatment time. However, the application of

the oxygen plasma process is limited to fluoropolymers. In the second approach,

nanoimprint process was used to create nanostructures on thedevice surfaces where the
water contact angle as high as 167° was obtained. In principle, the nanoimprint process

can be applied to all types of hydrophobic coatings.

Figure 3.9 SEM image of the imprinted nanostructure on the ITO glass surface. Bar: 1.5

pm, the angle of SEM view: 60°.
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Chapter 4

Observation of Enhanced Cell
Adhesion and Transfection Efficiency
on the Superhydrophobic Surfaces

The patterned nanostructure fluropolymer surfaces were used for the study of the cell
adhesion. By a combination of photolithography and oxygen plasma treatment, patterned
fluropolymer surfaces with various roughnesses have been obtain. The water contact
angles measured on the surface were range from 120 ° to 163 ° , and surface roughness
was measured from 2 nm to 65 nm. When these pattern surfaces were used as the
substrates for the cell cultures of HeLa, NIH3T3, and CHO cells, it was found that those
cell lines did not adhere to the flat fluropolymer surfaces. However, the number of NIH3T3
and CHO cells adhered on the surfaces increase with the surface roughness. Such
nanostructure materials could be used the scaffold for selected cell growth. In conclusion,
we report a surprising observation of enhanced cell adhesion and transfection efficiency

on the patterned superhydrophobic surfaces, which could be used as cell microarrays.
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4.1 Introduction

Ever since the discovery of the importance of the surface roughness to the water
repellent behavior of plant leaves, [60] material scientists have developed various
strategies [62] to produce the so-called “superhydrophobic surfaces”, whose water contact
angles are larger than 150°. It is generally believed that the water repellent properties of
the superhydrophobic materials could reduce the water contact area on the surfaces,
therefore, minimizing the adsorption of particles or molecules. In the past few years,
several potential applications of the superhydrophobic surfaces have been identified
including coatings for self-cleaning, fog condensation, contamination reduction, oxidation
reduction, oil water separation, and rapid water spreading. [62] However, there are very
limited research activities in exploring the possibility of using the superhydrophobic
materials for biological applications. The reduced contact area between the solution and
surface may minimize the adsorption of ‘biomolecules, therefore, improving the protein
resistance on the superhydrophobic surface.-It has been shown that the short —term protein
resistance on the superhydrophobic surfaces was very similar to the poly (ethylene glycol)
(PEG) surfaces, a well-known protein resistance coating, allowing the selective deposition
of proteins on the patterned superhydrophobic surfaces. [63] The bioanalytical readout in
the protein microarrays fabricated on the superhydrophobic surfaces have been greatly
improved owing to the reduced protein adsorption on the superhydrophobic surfaces.[64]
It was also shown that the superhydrophobic surfaces could suppress the protein
adsorption and promote the flow-induced protein detachment in the microfluidic
system.[65] The adhesion of the blood cells was found to be minimized on the
superhydrophobic surfaces.[66] Here we report a surprising observation of enhanced cell
adhesion and transfection efficiency on the patterned superhydrophobic surfaces, which

could be used as cell microarrays.
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One of the great challenges in material science is to engineer the surfaces of
substrates or devices to regulate the spatial and the temporal behavior of living cells while
maintaining their functions.[67] Most of the normal cells need to adhere on the surfaces to
proliferate. In vivo, cells are bound to the extracellular matrix (ECM) within tissues. [68]
In the cell culture, cells are immobilized to the substrate surfaces through ECM proteins.
Therefore, it is very important to investigate the cell-substrate interactions, which is
essential to the understanding of biocompatibility, cell culture, cell spreading and tissue
engineering. It is recognized that the adhesion of cells on materials depends on the surface
characteristics such as wettability, surface charge, surface chemistry, chirality and
roughness. [69] Among them, surface wettability is known to be a key factor to the
non-specific protein adsorption. It is known that proteins could adsorb rapidly on the
hydrophobic surfaces through non-polar interactions while hydrophilic surfaces are less
susceptible to the non-specific protein adsorption.[68] Some hydrophilic surfaces, such as
PEG modified surfaces, which could bind strongly to the water molecules, have been
engineered to resist the protein adsorption. On the other hand, protein adsorption on the
hydrophobic surfaces often leads to conformational changes, unfolding or denature of
proteins, therefore, permanently contaminating the surfaces. The situation is somewhat
different on the superhydrophobic surface. Because the contact between solution and
surface is greatly reduced by the surface nanostructures, the protein adsorption was
observed to be minimized on such surface for short time.[63] However, as the proteins
adsorb on the surface nanostructures, the surface wettability would be changed and the
protein adsorption would be accelerated. Since the superhydrophobic surfaces are
composed of nanostructures, their surface areas are much larger than the flat surfaces.
Therefore, we expect the superhydrophobic surfaces could accumulate more proteins than

the flat surfaces of the same materials, if the contact time with the solution is increased.
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4.2 Experimental Section

4.2.1 Fabrication of superhydrophobic arrays

To prepare a superhydrophobic surface, the approach was used the same with description
of chapter 2, which thin layer of fluoropolymer
poly[tetrafluoroethylene-co-2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole] (Teflon, AF,
DuPont) was spin-coated on a cover slip at 3000 rpm for 1 min(Figure 4.1A). The
thickness of the fluoropolymer was measured to be about 5 um. The fluoropolymer coated
cover slip was then baked on a hot plate at 110° for 30 min. After these processes, the
water contact angle measured on the fluoropolymer was about 120°. A fluoropolymer
surface were then roughened by oxygen plasma treatment (Oxford Plasmalab 80 Plus,
80W) with a gas O, (2 sccm) at a total pressure of 25 mTorr. The water contact angles on
the roughened fluoropolymer surfaces were measured to be 123° 135° 142° 148°
158°,163° for 2, 4, 6, 8,10 and 12 minutes of oxygen treatment whereas the surface
roughness for these surfaces were 10,.25, 35, 42, 52 nm and 65 nm, respectively. For the
cell culture, the chip was designed to have two different roughness states on the same
surface (Inside pattern: different rough surface; Outside pattern: flat surface). First, a layer
of photoresist (S1813, Shipley) was spun on top of the fluoropolymer and a
photolithographic process was used to define the superhydrophobic area (200 x 200 pum)
on the photoresist (Figure 4.1B). The superhydrophobic microarray was manufactured
using oxygen plasma treatment (Oxford Plasmalab 80 Plus, 80 W) with O2 gas (2 sccm) at
a total pressure of 25 mTorr. After plasma treatment the photoresist was removed by
washing the surface with acetone. Only the areas exposed to the oxygen plasma exhibited
the superhydrophobic behavior (Figure 4.1C and D). For cell incubation, the chip was
formed as a chamber which was stuck a plastic tube on the top and the area was about 1 cm

(Figure 4.1E).
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(A)

Teflon film

Glass substrate

Oxygen plasma

@ @ Photoresist

Figure 4.1 Patterning process for switchable superhydrophobic surfaces: A) the
fluoropolymer was coated on glass substrate. B) A layer of patterned photoresist was used
as the mask for the oxygen plasma treatment. C) After oxygen plasma treatment, the
unprotected area was roughened. D) The superhydrophobic microarray was obtained by

removing the photoresist. E) The cell was cultured on superhydrophobic microarray.
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4.2.2 Protein absorption with different different surface

To measure the amount of the fibronectin adsorbed on the superhydrophobic surfaces,
roughened fluoropolymers with a water contact angle of 163° was used in this experiment.
Clean glasses, PEG glasses (Microsurfaces, Inc), and flat fluoropolymers were used as the
control. These substrates were dipped into solution containing 50ug/ml fibronectin
conjugated with Oregon Green (Invitrogen) for a given amount of time and washed by
PBS buffer solution before the fluorescence measurement. The fluorescence of intensity
was measured by a fluoresce microscopy (IX 71, Olympus). All fluorescence intensities
were normalized to the fluorescence intensity measured on a flat glass after 6 hours of
incubation in the fibronectin solution.

4.2.3 Cell Culture on superhrophobic pattern

For the cell adhesion measurement, the patterned superhydrophobic surfaces were
prepared on the cover slips. The detail procedure for preparing the patterned
superhydrophobic surfaces can be found in a previous publication. [63] The dimension for
each pattern was 200 um x 200 um. Three cell lines, NIH 3T3, CHO and HelLa, were
seeded on the patterned superhydrophobic surfaces and placed on a confocal microscope
(Fluoview 1000, Olympus) equipped with an incubator (MIU-IBC-IF, Olympus) at 37°C
and 5% CO, for 6 hours. The density of the cells was about 10° cell/ml. To count the

number of cell attached to the patterned area, the suspension cells were removed by PBS
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solution and the DIC image was taken at each condition.
4.2.4 Transfection of Cell

For the transfection experiment, PolyFect (Qiagen) was used as a transfection reagent
and the Kaede fluorescence protein expression vector (PKaede-MC1, MBL International),
which can express a fluorescence protein Kaede, was used. To conduct transfection, the
CHO cells were cultured on the patterned superhydrophobic surfaces at 37°C for 6 hours.
After washing the suspension cells with PBS solution, the PolyFect mixed with plasmid
DNA was introduced at room temperature for 10 minutes. The fluorescence images were
monitored during the expression process on-a confocal microscope (Fluoview 1000,

Olympus).

4.3 Result and Discussion
4.3.1 Water Contact Angle and Surface Roughness Measurement

In oxygen plasma process, the roughness of the fluoropolymer was higher by
increasing etching time. The surface topography and roughness were measured by
commercial AFM (VEECO Innova SPM), stored with a standard silicon tip (Budget sensor)
on the cantilever, scanned with tapping mode. The resonance frequency of the cantilever
was 300 kHz. The topography of the flat and rough Teflon were measured in area 5x5 pm.
Figure 4.2a was shown the top view of fluropolymer coating without any plasma etching
and Figure 4.2b was roughed by oxygen plasma for 12 minute. Root mean square (RMS)
was measured on areas of 50 umx50 um by AFM and the water contact angle was
measured by homemade instrument and calculated by Dataphysics-SCA20 program. The

way of the measurement was that the image of a sessile drop on the fluoropolymer surface
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was taken image by digital camera from its edge so-called ‘sessile drop method’. The
Dataphysics-SCA20 program was auto-fix the contract of the drop image and measure the
water contact angle. The water contact angles on the roughened fluoropolymer surfaces
were measured to be 123° 135°, 142°, 148°, 158°,163° for 2, 4, 6, 8,10 and 12 minutes of
oxygen treatment whereas the surface roughness for these surfaces were 10, 25, 35, 42, 52

nm and 65 nm, respectively (Figure 4.3 and 4.4).

Figure 4.2 The AFM images of (a) flat.-and-(b) roughened Teflon AF. Bar: 1 m.

(Measured by VEECO Innova SPM)

4.3.2 Counting Cell Number on Pattern Surface

To realize the behavior of the cell attachment on various roughness surface, the cell
will first culture on micro-pattern chip for 6 hours then take the DIC image by conforcal
microscopy. It has been counted that the number of the cell between inside and outside
pattern area where combine 9 square pattern and total area keep in 1 mm?. Fig is shown
that the optical image of the HeLa cell growth on roughness micro-pattern arrays by
etching time 12 minute. The result is shown that the number of the cell inside pattern is
more than outside area. In a word, HeLa cell prefers to stay in the roughness surface more

than flat surface. For serious analysis, the HeLa cell has been cultured in different
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Figure 4.3 The contact angles on the roughened Teflon AF surfaces as a function of

etching time.

time and the result is shown in fig. With the increasing time of the etching, the number of
the HelLa cell inside pattern increased from 170 to 630 and outside area increased from 50
to 210. In NIH 3T3 and CHO cell case, there are conspicuously increased in the number
on inside pattern and without increased in outside pattern. Considering the PC12 cell, there
is abnormal distribution in the number of cell on different roughness area. Therefore, we
concluded that HeL a cell has preferred to grow on the roughness surface with increasing
time of the oxygen plasma treatment, but also increased in flat surface. Comparing NIH

3T3 and CHO cell, they both have particularly selected to attach on more roughness
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surface. In general, the size of the cell in suspension is similar but the size of fibroblast
(NIH 3T3) are larger and the number is less than epithelium (CHO) cell in etching time 12

minute chip. It is meaning that the fibroblast has well attachment on roughness surface.
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Figure 4.4 The surface roughness on the roughened Teflon AF surfaces as a function of

etching time. (Measured by VEECO Innova SPM)

4.3.3 Protein Absorption Analysis

To test how proteins adsorb on the superhydrophobic surfaces, | have investigated
the adsorption of a fluorescence dye labeled fibronectin, an ECM protein, on the
superhydrophobic surfaces, which were fabricated by roughening thin films of
fluoropolymers (Teflon AF, DuPont) using oxygen plasma. It has been demonstrated that
the oxygen plasma treated fluoropolymers could exhibit superhydrophobic behaviors
without altering the surface chemistry of the fluoropolymers. [63] The detail
characterization of the oxygen plasma treated fluoropolymers can be found in a previous

publication.[63] The water contact angle and the surface roughness of the roughened
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fluoropolymers used in this experiment were measured to be 163+5.6° and 65 + 3.4 nm,
respectively. The amounts of fibronectins adsorbed on different surfaces were measured
through the fluorescence intensity, which is plotted in Figure 4.5 as a function of solution
contact time. In the first thirty minutes, the protein resistance of the superhydrophobic
surface was very similar to the PEG surfaces whereas substantial amounts of fibronectins
were found to adsorb on the flat fluoropolymers within the same period of time. However,
when the fibronectin solution stayed on the superhydrophobic surfaces for more than one
hour, the accumulation of fibronectin molecules on the superhydrophobic surfaces became
evident and eventually surpassed those adsorbed on the flat fluoropolymers. It should be
noted that very little amount of fibronectins was observed on the PEG modified surfaces at
all time. This result is not surprising since the superhydrophobic surfaces were made of
hydrophobic materials with surface nanostructures. In a superhydrophobic surface, the
protein solution stays on the top-of the surface nanostructures with air bubbles trapped
underneath. The protein adsorption-is-minimized- in short term due to the reduced solution
contact area on the surfaces. However, as more and more proteins adsorbed on the top of
nanostructures, the surface wettability would be altered and the protein solution could
slowly fill in the nanostructures (a Wenzel state). [70] Since the Wenzel model predicts
that the surface nanostructures enhance the changes in wettability, [63] the protein
adsorption on the superhydrophobic surface would accelerate the wetting process and
results in increase in protein adsorption. Similar time-dependent adsorption behavior on
the roughened fluoropolymers was also observed for other proteins.

The result shown in Figure 4.5 suggested that the superhydrophobic surface could be
used as the protein resistance coating as long as the protein solution is removed in short
time as those demonstrated in the protein array applications. [63] When the contact time
with the protein solution is increased, the superhydrophobic surface can accumulate more

fibronectin molecules than the flat surface made of the same materials, which may be used
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Figure 4.5 The fluorescence intensity of the dye conjugated fibronetins on various
surfaces as a function of solution”contact time. Open triangles: glass surfaces. Close
triangles: PEG presenting surfaces. Open circles: roughened fluoropolymers with a

contact angle of 163°.  Close circles: flat fluoropolymers

to regulate the adhesion of cells on the surfaces. In the past two decades, a lot of surface
modification schemes have been proposed to promote the adhesion of cells on the surfaces.
Most of them rely on self-assembly monolayers or polymers that provide ligands for cell
adhesion.[71] One of the most commonly used approaches to regulate the spatial
arrangement of cells on the surface is to employ the micro-contact printing [72] where
ECM molecules such as fibronectins, vitronecin and collagens are first patterned on the
surfaces. Then the adhesion of cells could be guided through the binding to these ECM
molecules. Since the superhydrophobic surfaces can accumulate more ECM molecules

than the flat surfaces, we can fabricate the patterned superhydrophobic surfaces where the
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concentration of ECM molecules can be modulated spatially, which can be used to guide
the growth of cells. To fabricate the patterned superhydrophobic surfaces, a standard
photolithography was used to create patterns on the photoresist over the fluoropolymers.
After subsequent development and oxygen treatment, the patterned superhydrophobic
surfaces have been obtained. These patterned superhydrophobic surfaces were used as the
substrates in the cell cultures. Three cell lines, NIH 3T3, CHO and HeLa, were cultured on
the patterned superhydrophobic surfaces for 6 hours. The results are depicted in Figure 4.6
where all three tested cell lines were found to adhere preferentially on the roughened area.
For the adherent cells such as NIH 3T3 and CHO cells, the cells adhered mostly on the
roughened area. However, the effect of the selective growth on the patterned
superhydrophobic surfaces was not so prominent for HeLa cells, which can grow in the
suspension. To understand the origin of the preferential growth of cells on the patterned
superhydrophobic surfaces, time-lapse DIC images of the cells on the patterned
superhydrophobic surfaces were recorded as shown in Figure 4.7. The cells were observed
to be randomly distributed on the surfaces when the cells were first seeded. However,
more and more cells were found to migrate toward the roughened area during the
incubation. After 3 hours of incubation, most cells were found inside the roughened area.
When the patterned surfaces were washed with PBS solution, the weakly adhered cells
were removed as shown in Figure 4e. Since the cells prefer to stay on the more adhesive
surfaces, the preferential growth of the cells on the roughened area can be attributed to the
accumulation of more ECM molecules from the serum containing growth medium in the
roughened area.

To further explore the relationship between the number of the adhered cells and the
surface roughness, we have investigated the cell adhesion on the roughened fluoropolymes
with surface roughness ranging from 2 nm to 65 nm, and the corresponding water contact

angle from 120° to 163°. Shown in Figure 4.8 are the averaged number of cells adhered on
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Figure 4.6 The DIC images of (a) NIH 3T3 (b) CHO and (c) HelLa cells on the patterned

superhydrophobic surfaces after 6 hours of incubation. Bar: 200 zm.

various roughened fluoropolymers for three cell lines. It can be seen that very little amount
of cells could adhere on the flat fluoropolymer. However, the number of cells attached to
the roughened fluoropolymer increased as the surface roughness increased. When the
surface was in the superhydrophobic state (larger than 150°), the number of cells attached
to the roughened surfaces surpassed the surface coated with collagens. No measureable
cytotoxicity was observed for the cells grown on the superhydrophobic surfaces over
seven days. In another word, the biocompatibility of the fluoropolymers has been

improved by converting them into the superhydrophobic surfaces. Our result was different

43



Chapter 4 Observation of Enhanced Cell Adhesion and Transfection Efficiency on the
Superhydrophobic Surfaces

Figure 4.7 The time-lapse DIC images of NIH 3T3 cells on the patterned

superhydrophobic surfaces after a) 0 minute, b) 50 minutes c¢) 100 minutes d) 3 hours of

incubation. e) After washing the sample with PBS solution. Bar: 200 pum.
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from the rough poly (L-lactic acid) (PLLA) surfaces where no cells were observed to
adhere on the superhydrophobic PLLA surfaces.[73] Only when the rough PLLA surfaces
were treated with Ar plasma, significant amount of cell adhesion was observed. The
difference between these two experiments may be attributed to different cell lines used in

the experiment. It is known that the adhesion behavior of different cells can be quite

different.
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Figure 4.8 The averaged cell number attached on the roughened fluoropolymer surfaces

as a function of water contact angle. The patterned area is 200 «~m x 200 «m. The

collagen coated glass and flat fluoropolymer were used as controls.

Since the spatial distribution of cells on the patterned superhydrophobic surfaces can

be regulated, the patterned superhydrophobic surfaces may be used to produce cell
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microarray. Cell microarrays have been used to investigate the expression of genes and the
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Figure 4.9 a) Transfection efficiency measured for the CHO cells on the poly D-lysine
(red) and superhydrophobic surface(black). b) The CHO cells on the patterned
superhydrophobic surfaces transfected with fluorescence proteins, Kaede. Bar 50 um. (c)
The NIH 3T3 cells on the patterned superhydrophobic surfaces transfected with

fluorescence proteins, GFP-actin. Bar 50 um

function of proteins in living cells where the native environments could facilitate correct
biomolecular reactions. [74] However, the cell microarray technology is still far from

mature. There are several challenges needed to be overcome including the improvement of
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cell adhesion and transfection efficiency, and colony separation.[75] On the patterned
superhydrophobic surfaces, we have shown that the adhesion have been improved and the
cell colonies were already separated by their spatial patterns. The only question remained
for using the patterned superhydrophobic surfaces as the cell microarrays is the
transfection efficiency for the cells grown on such surfaces. To test the transfection
efficiency of the cells on the patterned superhydrophobic surfaces, CHO cells were
transfected by a commercial fluorescence protein construct PKaede-MC1, which can be
used to express a fluoresce protein, Kaede, in the cells. The CHO cells on the poly
D-lysine coated culture dish were used as the control. Figure 4.9a summarizes the
transfection efficiency measured on both surfaces after 3 hours and 24 hours of
transfection. It can be clearly seen that the transfection efficiency on the patterned
superhydrophobic surfaces were much higher than those measured on the normal culture
dishes in short time. After 24 hour of transfection, all CHO cells on the patterned
superhydrophobic surfaces exhibited fluorescence indicating 100% transfection efficiency
on such surface (Figure 4.9b).The enhanced observed transfection efficiency may be
attributed to the surface nanostructures. It has been suggested that the surface
nanostructures may help to retain the cells therefore, the gene delivery. [76] Similar result
was also observed for the NIH 3T3 cells as shown in Figure 4.9c.
4.4 Conclusions

In conclusions, the superhydrophobic surfaces were found to exhibit short-term
resistance to the protein adsorption. However, the superhydrophobic surfaces could
accumulate more fibronectins than the flat surface of the same materials. When the
patterned superhydrophobic surfaces were used in the cell culture, it was observed that the
cells attached preferentially on the roughened area allowing the formation of cell
microarrays. The biocompatibility of the fluoropolymer was improved by converting the

fluoropolymers into the superhydrophobic materials. It was also found that the transfection
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efficiency of the CHO cells and NIH 3T3 cells was greatly improved on the
superhydrophobic surfaces. Therefore, we conclude that the patterned superhydrophobic
surfaces could be used as cell microarrays with the advantages of improved cell adhesion,

nature separation of colonies and enhanced transfection efficiency.
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Chapter 5

Addressable Cell Microarrays by
Switchable Superhydrophobic
Surfaces

In this chapter, we describe an approach to fabricate addressable cell microarrays,
which are based on the patterned switchable superhydrophobic surfaces. The switchable
superhydrophobic surfaces were prepared by roughening the surface of fluoropolymers on
the electrodes. Upon the application of 150 V, the water contact angle on the roughened
fluoropolymer surface could be changed from 163° to less than 10° allowing the
deposition of fibronectin, which could guide the growth of the cell. Our result indicated
that it was possible to grow two different of cells on the desired area on the cell

microarrays.
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5.1 Introduction

In the era of genomics and proteomic, there are increasing demands in the
development of novel patterning techniques to create arrays of functional biomolecules or
cells on the miniaturized devices, which could be used in various large-scale biomedical
applications such as biosensing, proteomic, immunoassays or drug screening [77, 78].
Several processes have been demonstrated capable of patterning biomolecules with very
high degree of spatial control including dip-pen lithography, nanopipet, inkjet printing,
photolithography, nanoimprinting and etc [79-86]. While the serial writing techniques
provide the individual addressability, the parallel printing processes offer easy and fast
protein patterning. However, very few of the above mentioned techniques are capable of
patterning cells. The cell microarrays, which provide the native environments for various
biochemical reactions, are often used to investigate the expression of genes and the
function of proteins [87]. In the past few years, a lot of schemes have been proposed to
fabricate the cells microarrays [88]."One-of the most popular approaches is to print
biomolecules on a chip where the desired types of cells are cultured. However, in such
type of cell microarray, the cells are not confined. The separation of different colony
sometime becomes problematic. Another approach is to employ micro-contact printing
where the extracellular matrix (ECM) molecules such as fibronectins, vitronecin and
collagens are first patterned on the surfaces [89]. Then the growth of cells on the surfaces
was guided through the binding to these ECM molecules. However, in these two cases,
only one type of cells can be used on a chip. Here we report the use of the switchable
superhydrophobic surfaces to create cell microarrays where two or more types of cells can
be cultured on different area of the same chip.

Superhydrophobic surfaces, whose water contact angles are larger than 150°, have

been one of the most popular research topics for material scientists recently. The studies of
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the superhydrophobic surfaces allow the investigation of the influence of the surface
nanostructures to the water-repellent behavior similar to those observed in many living
organs [90]. The understanding of the origin of the water-repellent behavior may help us
in developing new industrial applications such as self-cleaning, anti-adhesion and
oxidation resistant coatings [91]. To prepare superhydrophobic surfaces, there are two
general approaches: roughening the surfaces of hydrophobic materials or coating the
surface with a layer of hydrophobic nanostructured materials [92]. In these processes, the
surface hydrophobicity can be controlled via proper surface engineering. However, the
surface wettability can not be changed using these approaches once the materials are
fabricated. A switchable surface is always desirable because of its great potential in many
applications including fluidic manipulation, actuation, and the study of cell adhesion [93].
In a previous publication [94], we.have demonstrated a novel class of nanostructured
material, switchable superhydrophobic surfaces, for the fabrication of functional
multi-component protein arrays where.the electrowetting effect was employed to convert a
superhydrophobic state into a complete wetted state, allowing fast but addressable protein
deposition on the otherwise protein-resistant superhydrophobic surfaces. In such
switchable superhydrophobic surfaces, the contact between protein solution and surface is
minimized. Therefore, the protein deposition is only taking place on the arrays, which are
activated by applying voltage. Because the protein solution only stays on the top of device
for a few seconds, it is very unlikely that proteins would accidentally deposit on area
already patterned with other proteins. To pattern different types of cells on such device, we
propose to prepare addressable cell microarray by patterning the extracellular matrix
(ECM) molecules, such as fibronetins, sequentially to the pre-determined areas, and then
the microarray is cultured with the desired cell type. By repeating this process, two

different types of cells can be cultured on to the same chip with spatial control.
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5.2 Experimental section

The detail fabrication process for the addressable superhydrophobic microarray can
be found in a previous publication [94]. In short, to fabricate the addressable cell
microarrays, the patterned switchable superhydrophobic surfaces were prepared on the
ITO glass. A layer of 5 um thick fluoropolymer poly [tetrafluoroethylene-co-2,2-
bis(trifluoromethyl)-4,5-difluoro -1,3-dioxole] (Teflon AF, DuPont) was first coated on
the ITO glass with pre-patterned electrodes, which were covered with a layer of silicon
oxide (~300 nm thick) for insulation purpose. Then a layer of photoresist (51813, Shipley)
was spun on top of the fluoropolymers and a photolithographic process was used to define
the superhydrophobic area on the photoresist. The superhydrophobic microarray can be
manufactured using an oxygen plasma treatment (Oxford Plasmalab 80 Plus, 80W) with a
gas O (2 sccm) at a total pressure of 25 mTorr. After plasma treatment, the photoresist was
removed by washing the surface:with acetone. Only the areas exposed to the oxygen
plasma exhibited the superhydrophobic behavior, whose surface contact angle was
measured to be 163° and the surface roughness was 65 nm. The switchable
superhydrophobic chip is shown in figure 1.

Shown in scheme 1 is the patterning process for ECM molecules and cells. To guide
the growth of the cells, ECM molecules such as fibronectins were patterned on the
superhydrophobic microarray (Figure 5.1a). A drop (~15 1) of fibronectin solution was
pipetted onto the top of the microarray, which covered the whole superhydrophobic
microarray. A platinum wire (0.1 mm in diameter) was inserted into the droplet, which
served as the counter electrode. A 150 V voltage was applied to the selected 1TO
electrodes for a few seconds to switch the surface wettability of individual
superhydrophobic microarrays (Figure 5.1b). After washing the chip with PBS solution,

the fibronectin patterned microarrays on the desired area could be obtained (Figure 5.1c).
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Figure 5.1 (a) The switchable superhydrophobic surface is fabricated by roughening a
layer of fluoropolymer on the pre-patterned ITO electrodes. (b) A drop of fibronectin
solution is added to the surface and a'150V-is-applied to the desired electrodes. (c)
Fibronectin molecules are deposited to the array with underneath electrode activated. (d)
The microarray is then used for cell culture. The cells will only attach to the area coated

with fibronectin. (e) The procedure is repeated to culture the second type of cells.

The chip was then used to culture the first type of cells for a short time. Cells would attach
to the area patterned with fibronectin (Figure 5.1d). The process was repeated once to
culture the second type of cells on other patterned area (Figure 5.1€)

To create cell microarrays, a 4 x 4 switchable superhydrophobic microarray was used.
The dimension for each array was 200 mx 200 m. Two cell lines, NIH 3T3 and HeLa,
were seeded on the patterned superhydrophobic surfaces and placed on a confocal

microscope (Fluoview 1000, Olympus) equipped with an incubator (MIU-IBC-IF,
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Olympus) at 37°C and 5% CO, for 6 hours. The density of the cells was about 10° cell/ml.

Before measurement, the suspension cells were removed by PBS solution and the DIC or

fluorescence image was taken.

Figure 5.2 Optical image of an addressable chip containing 4 x 4 switchable

superhydrophobic microarrays.

5.3 Results and Discussions

Shown in Figure 5.2 is an addressable chip containing 4 X 4 switchable
superhydrophobic microarrays. In a previous experiment [94], we have demonstrated that
the water contact angle on the switchable superhydrophobic surface can be switched from
163° to less than 10° by applying 150 V to the underneath electrodes and five different
proteins can be selectively deposited into the individual elements of the microarrays. To
produce cell microarrays with different types of cells, ECM molecules were deposited into

the desired area and followed by culturing the first type of cells. After the cells were
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attached to the desired area, the ECM molecules could be deposited into another area and

followed by culturing the second type of cells.

Figure 5.3 Fluorescence image of the patterned FITC conjugated anti-chicken 1gG (green)

and cy3 conjugated anti-rabbit IgG (red). Bar: 400 pum.

Before using the switchable superhydrophobic microarray for cell patterning, the chip
was tested by depositing two different protein solutions. To deposit proteins on the
switchable superhydrophobic microarray, a drop (15 ul) of phosphate buffered saline (PBS)
solution containing green-fluorescent FITC conjugated anti-chicken I1gG (5 pg/ml,
Sigma-Aldrich) was first placed on the superhydrophobic microarray for 1 second with

150 V applied voltage, and then washed by PBS solution. A second drop of protein
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solution containing cy3 conjugated anti-rabbit 1gG (10 pg/ml, red, Sigma-Aldrich), was
then added on the chip and the procedure was repeated. The result is depicted in Figure 5.3
It can be clearly seen that the area deposited with anti-chicken 1gG (green) and anti-rabbit

1gG (red) was well separated and there was very little cross contamination (<2%).

Figure 5.4 HelLa cells patterned on the switchable superhydrophobic microarrays. Bar:

200 pm

Knowing that the protein could be selectively deposited on the switchable
superhydrophobic microarray, the protein solution containing fibronectins (50ug/ml) was
then deposited into a 4 x 4 microarrays. The fibronectins as shown in Figure 5.4. Since the
HeLa cells can grow even in the suspension, some HeLa cells were found to grow on the

flat area (no fibronectin deposition). During the cell culture, the HeLa cells were found to
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migrate from the flat area to the patterned area. For those HeLa cells attached on the flat
area, they tended to aggregate. The situation is a little bit different for the adherent cell line.
When the fibroblast cells were seeded on the alternative patterned microarrays, it was
found the fibroblast cells were attached exclusively on the arrays patterned with
fibronectins as shown in Figure 5.5. No fibroblast cell was found in the roughened region
without the fibronectin deposition. chip was then placed in the cell culture dish and
seeded with HeLa cells at a concentration of 10° cell/ml. After 6 hours of incubation at

5% of CO, and 37°C, HeLa cells were found to attach to all the arrays patterned with

Figure 5.5 Fibroblast cells patterned on the switchable superhydrophobic microarrays.
Bar: 200 um
To culture different cells on the same chip, the fibronectin solution was deposited on

the alternative arrays similar to those shown in Figure 5.5 and then seeded with fibroblast
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cells. After 30 minutes of incubation, the fibronectins were deposited to the rest of the
microarrays and the HelLa cells were added to the culture dish. To distinguish two
different cells, the fibroblast cells were stained by a red cell tracker dye and the HeLa cells
were stained by a green cell tracker dye. Shown in Figure 5.6 is the fluorescence image of
the cells on the switchable superhydrophobic array. It can be clearly seen that two
different cells can be grown in the desired region in an addressable fashion. Therefore, we
conclude that our approach can be used to co-culture two different cells on the same chip
with spatial control. In principle, this approach can be extended to pattern more than two

types of cells.

Figure 5.6 Fibroblast cells (red) were first patterned on switchable superhydrophobic

microarray then followed by the HeLa cells (green). Bar: 200 pm.
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5.4 Conclusions

In conclusion, we have demonstrated a novel cell patterning technique using the
switchable superhydrophobic surfaces. It has been shown that each element on the
switchable superhydrophobic microarray could be addressed individually and different
types of functional biomolecules could be selectively deposited on the microarray. It has
also been demonstrated that two different types of cells could be cultured on the same chip

at any desired area.

59



Chapter 6 Behavior of single DNA molecules in the well-ordered nanopores

Chapter 6

Behavior of single DNA molecules in
the well-ordered nanopores
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In this chapter I describe a simple approach to fabricate robust three-dimensional
periodic porous nanostructures inside the microchannels. In this approach, the colloidal
crystals were first grown inside the microchannel using an evaporation-assisted
self-assembly process. Then the void spaces among the colloidal crystals were filled with
epoxy-based negative tone photoresist. After subsequent development and nanoparticle
removal, the well-ordered nanoporous structures inside the microchannel could be
fabricated. Depending on the size of the colloidal nanoparticles, periodic porous
nanostructures inside the microchannels with cavity size of 330 and 570nm have been
obtained. The dimensions of interconnecting pores for these cavities were around 40 and
64nm, respectively. The behavior of single A-phage DNA molecules in these nanoporous

structures was studied using fluorescence microscopy. It was found that the length of DNA
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molecules oscillated in the nanoporous structures. The measured length for A-phage DNA

was larger in the 330nm cavity than those measured in the 570nm cavity.

6.1 Introduction

Gel electrophoresis has been proven to be a very useful tool for separating biomolecules.
However, the extension of gel electrophoresis for the separation of larger biomolecules
was found to be problematic. To separate large biomolecules, there have been increasing
research activities in developing nano fluidic systems where the dimensions of
biomolecules are larger than the dimension of nanofluidic system. To optimize the
separation efficiency of the nanofluidic system, it is necessary to understand the influence
of geometric parameters in the nanofluidic system, such as channel dimension and
geometry, to the biomolecules. Therefore, it 1s‘very important to investigate the behavior
of single DNA molecules in various nanofluidic systems [95-98]. To construct nanofluidic
systems, MEMs (micro-electromechanical systems)-based fabrication techniques are often
used. One- and two-dimensional nanofluidic channels have been fabricated on the
silicon-based substrates for the separation of DNA and protein molecules, for example,
two-dimensional micron scale obstacles were integrated into microfluidic channels
allowing the separation of DNA molecules [99-101]. Larger DNA or protein molecules
could be also separated by nanofluidic devices consisted of entropic traps [102—105].
However, these fabrication techniques often required the use of sophisticated lithographic
techniques and the access to the clean room, which may deter many researchers in the field.
Self-assembly of colloidal particles, on the other hands, is an alternative approach to
construct well-ordered nanostructures without the access to the conventional lithographic
tools where the close packed colloidal particles can be used as templates to fabricate
various types of nanostructures. It has been shown by Colvin and coworkers [106] that

three-dimensional periodic nanostructures could be produced by the self-assembly process
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of colloidal particles using capillary force where the size of these periodic nanostructures
can be tuned using colloidal nanoparticles with different diameters. This approachwas later
modified by Ozin and coworker using micropatterns where the evaporation induced
self-assembly process drove the colloidal particles into the pre-designed patterns forming
colloidal crystals with controlled orientation [107]. Such approach allowed the
construction of heterostructure in the microchannels [108] as well as the integration with
the detection system [109]. Since the diameters of the colloidal nanoparticles are in the
range of nanometer, the void spaces between nanoparticles form nanofluidic channels,
which have been used as the sieving matrix in the microfluidic system for the separation of
DNA molecules [110]. Because the close-packed colloidal crystals offered well-ordered
size-controlled nanofluidic system, they have been utilized to investigate the behavior of
single DNA molecules in the confined spaces [111-113] as well as the separation of small
dye molecules [114] and biomolecules [115].- Previously, we have developed an
addressable microfluidic system to control the growth of colloidal crystals at any position
inside one- or two-dimensional microfjuidic system using electrocapillary effect [116,117].
Here, I present a similar approach to construct monolithically integrated periodic porous
nanostructures in the microfluidic system using SU-8 photoresist (MicroChem, Newton,
MA, USA) [118]. It is known that the cured SU-8 photoresist is highly resistant to acids
and bases and they exhibit excellent mechanical properties and thermal stability. It has
also been shown that the electrokinetic properties of SU-8 were similar to the commercial
glass microdevices [119]. In addition, the photo patternable property of the photoresist
would allow fabricating nanostructures at any desired location inside the microfluidic
system. Therefore, it is advantageous to use SU-8 to construct nanofluidic system. In our
approach, the SU-8 photoresist was used to fill up the void space inside the colloidal
crystals. Upon the removal of the colloidal nanoparticles, the SU-8 photoresist formed an

inverse structure of the colloidal crystals where cavities with diameter of the original
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colloidal nanoparticles as well as interconnecting nanopores could be obtained. These
interconnecting nanopores were then served as sieving materials for the separation of
biomolecules. The behavior of single DNA molecules was investigated in the nanofluidic
system formed by the interconnecting nanopores as a function of applied electric field and

cavity size.

6.2 Materials and Methods

6.2.1. Chip Fabrication

The size-tunable nanoporous chips were fabricated by a combination of
photolithography and self-assembly of colloidal crystal, as described previously [114]. The
schematic for the chip fabrication is illustrated in Figure 6.1 The close packed colloidal
crystal was first grown inside the SU-8 microchannels using an evaporation induced
self-assembly process (Figue 6.1a). The void spaces in the colloidal crystal were then
filled with SU-8 photoresist. A photomask was used to define the location of the
nanoporous structures inside the microfluidic channel (Figure 6.1b). After dissolving silica
colloidal particles in buffer oxide etch (BOE) solution, well-ordered nanoporous structures
inside the microfluidic system can be obtained (Figure 6.1c). These nanoporous structures
were consisted of cavities with a diameter of dc, which represented the size of the original
silica nanoparticles, and interconnecting pores with a diameter of dp (Figure 6.1d). These
interconnecting pores and cavities could be used as the sieving materials for separating
biomolecules. The colloidal particles used in this experimentwere 300 and 570nm silica

nanoparticles (Bangs Labs., Fisher, IN, USA).
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Figure 6.1 Schematic for the fabrication of well-order nanoporous structure in the
microchannel using SU-8 photoresist. (a) Silica colloidal crystals are first grown inside
the SU-8 microchannel. (b) The void spaces of the colloidal crystals are filled with SU-8
photoresist and cured in the desired area using UV radiation. (c) Inverse opal structures
can be obtained after removing the silica nanoparticles with BOE solution and sealing
with another layer of SU-8 photoresist. (d) The nanoporous structures are consisted of

cavity dc and interconnecting pore dp.
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6.2.2. DNA Separation

To investigate the behavior of single DNA in the well-ordered nanoporous structure,
A-phage (MW: 48.5 kilo base pairs (kbp), Sigma) and M13mp18 (MW: 7.25 kbp, Sigma)
DNA molecules were used. In this experiment, the DNA molecules were mixed with
YOYO-1 dye (nucleic acid dye, trade name, Invitrogen, Carlsbad, CA, USA) at a ratio of
5:1 (base pair/dye) in 5x Tris borate EDTA buffer (TBE, pH 8.3, Sigma—Aldrich). An
electrokinetic injection was used to introduce the DNA molecules to the sieving area.

The fluorescence images of DNA molecules were taken on an Olympus IX71 inverted
microscope equipped with a Cascade 512B CCD (charge coupled device) camera (Roper
Scienti.c, Duluth, GA, USA).

(&) {b)

Figure 6.2 SEM images of nanoporous structures. Silica nanoparticle size (a) 300 nm, bar:
300 nm; (b) 570 nm, bar: 500 nm.

6.3 Results and Discussions
6.3.1 Monolithic Integration of SU-8 Microchannels

In this experiment, the three-dimensional ordered nanoporous structures were
fabricated using SU-8 photoresist. There were two different dimensions in the
well-ordered nanostructures: cavities (dc), which were an inverse replica of the original
silica nanoparticles, and interconnecting pores (dp) where the close packed silica

nanoparticles contacted each other. While the cavity size should be the same as the
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diameter of the silica nanoparticles, the diameter of the interconnecting pore was found to
be about 10% of the diameter of the silica. The size tuning in this approach was achieved
by varying the size of the silica nanoparticles. Shown in Figure 6.2 are the cross-sectional
scanning electron microscopy (SEM) images of two different nanoporous structures. The
nanoporous structure formed by 300nm silica nanoparticles is shown in Figure 6.2a, while
the nanostructure fabricated by 570nm nanoparticle is depicted in Figure 6.2b. From these
SEM images, it can be clearly seen that the cavities were arranged in hcp (hexagonally
close packed) close packed structures, which was the result of the self-assembly process.
The cavity and interconnecting pore sizes were measured to be 297 and 40nm when the
300nm silica nanoparticles were used, whereas the colloidal crystals formed by 570nm
nanoparticles produced cavities with 575nm diameter and 64nm interconnecting pores.
The dimension of the different nanostructures used in this experiment was summarized in

Table 6.1.

Table 6.1

The relationship between the silica beads, cavity size and pore size Silica particles size

milica particles size (nm) Cavity size d. (nm) Pore size d, (nm)
300 207 £ 8 40+ 10
570 75+ 10 G4 + 20

6.3.2 Behavior of Individual DNA Molecules

To see the influence of the nanostructure to the behavior of biomolecules in the
nanofluidic system, we have investigated the behavior of single A-phage DNA molecules
in the nanoporous fluidic systemat various applied d.c. electric fields. To observe the A-
phage DNA molecules in the nanoporous structure, the nanoporous structure was filled
with 5% Tris borate EDTA buffer and the DNA molecules were labeled with fluorescence
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dye (YOYO-1) and the images of single DNA molecules were recorded by a fluorescence
microscope (Olympus 1X71) equipped with high speed camera (Cascade 512B EM CCD).
Shown in Figure 6.3 are the sequential images of A-DNA molecules migrating inside the
nanoporous structure toward the anode at an applied field of 5 V/cm. The time interval
between each frame was 0.1 s. Two different sizes of nanoporous structures were used in
this experiment, the cavity size were 300nm (Figure 6.3a) and 570nm (Figure 6.3b),
respectively.

Since the radius of gyration for A-phage DNA molecules was larger than diameters of
cavities and interconnecting pores in both cases, it was found that the A-phage DNA
molecules were stretched when they passed through these nanoporous structures. And the
longest observed length was measured to be around 20 um, which was about the contour
length of A-DNA molecules. Therefore, the A- phage DNA molecules could be fully
stretched in these nanoporous structures. Comparing with the averaged length of A -phage
DNA molecules measured in two different cavities, it was found that the length of DNA
molecules measured in smaller cavity (300 nm) was larger than those measured in larger
cavities (570 nm). In another word, the DNA molecules could recoil back to the coiled
state more easily when they were in the larger cavities. The average length of the DNA
molecules in two different cavities as a function of time was depicted in Figure 6.4a. The
time origin was randomly selected at the frame where the length of the DNA molecules
was measured to be the smallest. The length distribution of DNA molecules in two
different cavities is shown in Figure 6.4b. It was found that the length of the DNA
molecules oscillated with the same frequency in these nanoporous structures. However,

the exact origin of this phenomenon was not known at this time.

6.3.3 Mobility Measurement
To utilize the nanoporous sieving materials to separate the biomolecules, it is very
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important to measure the mobility of the biomolecules in these media. Shown in Figure
6.5a is the measured electrophoretic mobility of A -phage DNA molecules in two
different sizes of cavities whereas the mobility of smaller M13mp18 DNA molecules in
the same media was depicted in Figure 6.5b. The electrophoretic mobility measured in the
cavities formed by nanoparticles with a diameter of 300 nm was similar to those measured
previously [118].However, the mobility of both DNA molecules in the cavities formed by
570 nm colloidal particles was slightly higher at higher applied field. Since the sizes of the
interconnecting pores in both cases were much smaller than the radius of gyration of both
DNA molecules, we expect the entropic trapping effect to dominate in such type of sieving

materials.
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Figure 6.3 Sequential images of A-DNA migrating inside the nanoporous structure toward
the anode at an applied field of 5 V/cm. Elapsed time between frames is 0.1 s. Cavity size:

(a) 300 nm, bar: 20um and (b) 570 nm; bar: 20um.

6.4 Conclusions

In summary, we have constructed well-ordered nanoporous structures inside the
microfluidic channels using self-assembly process of colloidal nanoparticles. It was found
that the cavity size of these nanoporous structures was the same as the diameter of the
original colloidal nanoparticles whereas the size of the interconnecting pores was found to
be about 10% of the cavity size. The influence of the nanostructures to the DNA molecules
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was measured on a single molecular level where the time dependent stretch-recoil

(a) . T T T T .r (b) 120F T T T T T T T T ™
®  300nm SiO, )
20t o sonmso, { o I 300 nm SiO,
g '™ 1570 nm SiO]
5 ©
£ £ aof
: =
5 S 60
< Y
e S
-~ 1
2 a0
E
=
Z 20
0 6 ; é é ill _:') ¢ 24 46 68 810 10~12 12-14 14~16 16~18 18-20 2022
Time (S) DNA Length (1)

Figure 6.4 (a) Averaged DNA length in two different nanoporous structures. Applied field:
5 V/iem. 300nm (black square), 570 nm (open circles). (b) DNA length distribution in the

nanoporous materials with two different cavity sizes (average of 500 DNA molecules).

(@) 25} ' ' (b) s
= Si300nm 5 gk & Foam
0 Si570nm o Sbitm
w
< iz t| ¢ % % %
< 20} Pas
AR B
~ o
o ¥
5 : :
st { x 04} § %
E ]
: :
: 3 :
ik S o2} 3
1 i L i L " 1 i [ i A A 1 i 1 i 1 i 1
0 20 40 60 B0 100 20 40 60 80 100
E(V/em) E(V/em)

Figure 6.5 The electrophoretic mobility of (a) A-DNA and (b) M13mp18 vector as a
function of the applied electric field with two different cavity size of nanoporous structures:

300 nm (black square), 570 nm (open circles) (average of 50 DNA molecules).

behavior of the A-phage DNA was recorded. The average length for A-phage DNA
molecules was found to be larger in the 300 nm cavity than those measured in the 570 nm

cavity. The mobility of both A-phage and M13mp18 DNA molecules was measured as a
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function of applied field. It was found that the electrophoretic mobility for the smaller
M13mp18 DNA molecules was smaller than the much larger A-phage DNA molecules,
which indicated that the well-ordered nanoporous structures could be used to construct

integrated nanofluidic system for the separation of large biomolecules.

70



Chapter 7 Conclusions and Prospects

Chapter 7

Conclusions and Prospects

In this dissertation, I report the fabrication and characterization of superhydrophobic
surface as a microdevice, which was used to study cell-substrate interaction. First, I
developed two ways to prepare polymeric superhydrophobic microdevice. The first one is
to combine spin-coated and oxygen plasma treatment on the fluoropolymer, which become
more hydrophobic by increasing etching time. After 12 minutes etching process, the
fluoropolymer become superhydrophobic surface with water angle more than 160° .
Second, the nanoimprint process was used to create nanostructures on the devices, which
included many thermal soluble polymers. The stamps were formed by silicon substrates,
which were fabricated by nanosphere lithography and inductively coupled plasma reactive
ion etching process. These stamps were used to imprint nanostructures on hydrophobic
coatings, such as Teflon, over the device surfaces. The water contact angle as high as 167°
has been obtained by the second approach. This approach was highly reproducible to make
nanostructure on polymer. Then, these superhydrophobic pattern surfaces were used as
substrate for the cell cultures of HeLa, NIH3T3, and CHO cells. It was found that these
cell lines did not adhere to the flat fluropolymer surfaces. However, the number of
NIH3T3 and CHO cells adhered on the surfaces increase with the surface roughness. Such
nanostructure materials could be used as the scaffold for selected cell growth. The
transfection efficiency was also enhanced when cells were attached on superhydrophobic
surface. Finally, the switchable surface fabricated by superhydrophobic coating and
electrowetting effect was used to pattern two different types of cells on the same chip.

Furthermore, I report the single DNA behavior detection by using three dimensional
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nanoporous inside microfludic channel system. The primary results obtained in this

dissertation and prospects are summarized as follows:

(1) I have developed two techniques to impart superhydrophobic property to the surfaces
of devices. In the first approach, oxygen plasma treatment was used to roughen the
Teflon coating whose surface water contact angle could be tuned form 120° to 168°
by varying the oxygen plasma treatment time. However, the application of the
oxygen plasma process is limited to fluoropolymers. In the second approach,
nanoimprint process was used to create nanostructures on thedevice surfaces where
the water contact angle as high as 167° was obtained. In principle, the nanoimprint
process can be applied to all types of hydrophobic coatings.

(2) The superhydrophobic surfaces were found to exhibit short-term resistance to the
protein adsorption. However, the superhydrophobic surfaces could accumulate more
fibronectins than the flat surface of the same materials. When the patterned
superhydrophobic surfaces were used in the cell culture, it was observed that the
cells attached preferentially on the roughened area allowing the formation of cell
microarrays. The biocompatibility of the fluoropolymer was improved by converting
the fluoropolymers into the superhydrophobic materials. It was also found that the
transfection efficiency of the CHO cells and NIH 3T3 cells was greatly improved on
the superhydrophobic surfaces. Therefore, we conclude that the patterned
superhydrophobic surfaces could be used as cell microarrays with the advantages of
improved cell adhesion, nature separation of colonies and enhanced transfection
efficiency.

(3) I have demonstrated a novel cell patterning technique using the switchable
superhydrophobic surfaces. It has been shown that each element on the switchable

superhydrophobic microarray could be addressed individually and different types of
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functional biomolecules could be selectively deposited on the microarray. It has also
been demonstrated that two different types of cells could be cultured on the same
chip at any desired area.

(4) I have constructed well-ordered nanoporous structures inside the micro.uidic
channels using self-assembly process of colloidal nanoparticles. It was found that the
cavity size of these nanoporous structures was the same as the diameter of the
original colloidal nanoparticles whereas the size of the interconnecting pores was
found to be about 10% of the cavity size. The influence of the nanostructures to the
DNA molecules was measured on a single molecular level where the time dependent
stretch-recoil behavior of the A-phage DNAwas recorded. The average length for
A-phage DNA molecules was found to be larger in the 300 nm cavity than those
measured in the 570 nm cavity. The mobility of both A-phage and M13mp18 DNA
molecules was measured as a function of applied field. It was found that the
electrophoretic mobility for the smaller M13mp18 DNA molecules was smaller than
the much larger A-phage DNA molecules, which indicated that the well-ordered
nanoporous structures could be used to construct integrated nanofluidic system for

the separation of large biomolecules.
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