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Abstract

A novel poly(ethylene glycol) (PEG) based microchip with nanoporous alumina
membrane was developed for the study of human esophageal cancer cells (KYSE 30) in
vitro behavior with impedance spectroscopy. Nanoporous alumina membrane was
successfully fabricated by a two-step anodization technique while the nanopore size was
controlled by applying different anodization voltages. The PEG hydrogel microwells
were fabricated using photolithography on nanoporous alumina surface modified with a
3-(Trimethoxysily)propyl ~ methacrylate ~ (TPM)  monolayer. During  the
photopolymerization reaction, and hydrogel microwell arrays were covalently bonded to
the substrate via the TPM monolayer. In the surrounded areas of the microwells where
PEG was UV polymerized, solid hydrogel was covalently bonded with silane-modified
membrane and the PEG hydrogel covering layer prevented electrolyte flow through the
portions underneath the membrane The surface modification effect was characterized by
X-ray photoelectron spectroscopy (XPS), water contact angle and protein adsorption
experiments to confirm the existence of PEG and silane. The diffusion studies for
various biomolecules including bovine serum albumin (BSA), insulin and the anti-
cancer drug molecule of cisplatin were carried out with the microfabricated membrane
array using a mini-diffusion chamber. The diffusion properties of the nanoporous
alumina membrane with nanopore size of 20nm and 100nm were studied by a UV-Vis
spectrophotometer. The biocompatibility of nanoporous alumina membrane was
demonstrated by using two types of cells, rat bone marrow derived mesenchymal stem
cells (RMSCs) and human KYSE-30 esophageal squamous epithelial cancer cells. Then,

human KYSE-30 esophageal squamous epithelial cancer cells were successfully
[



patterned within the PEG microwells and selective cell adherence on the TPM modified
alumina surface inside the microwells was realized. Cell morphology changes due to
cells adhesion, spreading, and proliferation were detected by nanoporous membrane
based impedance spectroscopy in a real time and non-invasive way. The effects of
various anti-cancer drugs of retinoic acid (RA), 5-Fluorouridine (5-FU) and Cisplatin
(CDDP) were studied using this nanoporous membrane based cellular array with
impedance spectroscopy. The initial concentration effects of 5-Fluorouridine (5-FU) on
impedance spectra were also studied with concentrations of 0.1 mg/mL, 0.2mg/mL and
0.5mg/mL. Finally, biochemical control experiments for apoptosis enrichment factor
detection under the effect of 5-FU with the concentration of 0.1mg/mL was studied at
different treatment time points. The apoptosis enrichment factor results were also
compared with impedance spectra and the correlation was found between them. This
showed that this new nanoporous membrane based morphology-sensitive
electrochemical system could be an effective and sensitive platform to indicate the

degree of apoptosis.
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Chapter 1 Introduction

1.1 Nanomaterials for Biological Application

Nanoscience and nanotechnology got started in the early 1980s and have changed our
daily life as well as the research work in the past decades. Recent studies within the
research fields involve a wide range from fundamental sciences (such as physics,
chemistry and biology) to applied sciences (such as applications in life science and
biomedical engineering) at the nanometer size scale (1nm=10"°m). The nano-scale is
particularly important and relevant in biological and biomedical applications. As shown
in Fig 1.1.1, the diameters of some large bio-molecules such as DNA molecules,
antibodies and many other proteins fall into 1~100 nm range. And the dimensions of
virus and bacteria (known as smallest prokaryotic cells) are around 100~1000 nm, while
the sizes of most sub-cellular compartments such as nucleus, actin filaments within
eukaryotic cells are within 1~1000 nm range (Bauer, Birenbaum et al. 2004). In the past
twenty years, numerous different types of nano-structured materials were employed for
biological applications, such as nanoparticles, carbon nanotubes, nanowires and
nanoporous membranes. These common types of nanomaterials were discussed briefly

below.
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Fig 1.1.1 How small is small?

(http://publications.nigms.nih.gov/chemhealth/cool.htm)

Nanoparticles are studied due to their size-dependent material properties, mainly for
physical and chemical properties (Murray, Kagan et al. 2000). Optical properties and
magnetic effects are also currently studied as important factors and they have several
advantages for applications in biological science (Liu 2006). Some nanoparticles, such
as semiconductor nanocrystals, can be utilized as fluorescent probes in biological
staining, direct immune-labeling, in situ hybridization, cytometry and diagnostics,
because they have a narrow, tunable, symmetric emission spectrum, which are
photochemically stable. These optical features can make them superior to existing
fluorophores in some cases (Alivisatos 1999). The magnetic nanoparticles-based drug
and gene delivery are proposed in the late 1970s by Widder, Senyi and colleagues and

there are even some clinical trials with promising results in recent years. Nanoparticles


http://publications.nigms.nih.gov/chemhealth/cool.htm

have potential to be effective tools for treatment of a variety of diseases (McBain, Yiu et

al. 2008) .

Carbon nanotubes (CNTSs) are well-ordered, all-carbon hollow graphitic nanomaterials
with a very high length-to-diameter ratio. In the past years, it has been very hot to
conduct research on CNTs and apply them in various scientific areas. The large surface
area, high mechanical strength but ultra-light weight, rich electronic properties, and
excellent chemical and thermal stability make them the good candidates for biological
and biomedical applications since their discovery in 1991 (Baughman, Cui et al. 1999;
Yang, Thordarson et al. 2007). Different methods have made it possible to solubilize and
disperse  CNTs in water or organic solvents by chemical modification and
functionalization of their surfaces. The methods help researchers to manipulate and
process them in physiological and biological environments (Liu, Zhao et al. 2006). After
surface modification, some biomolecules such as proteins, carbohydrates and DNA,
RNA molecules can be conjugated with CNTs and play an important role in the potential
applications (Cui 2007). These conjugation and integration of biomolecules enable the
hybrid systems to become electrochemical biosensors such as enzyme electrodes,
immunosensors or DNA sensors etc (Wang 2005). CNTs are also excellent substrates
for cellular attachment and growth, and they also affect cell behavior, cell differentiation
and induce cellular functions by adsorbing more proteins. The properties recommend
CNTs to be a candidate for scaffold material in tissue engineering (Miyawaki, Yudasaka

et al. 2008; Usui, Aoki et al. 2008; Li, Gao et al. 2009).



Undoubtedly, CNTSs are being considered to be a good substrate for the growth of cells,
and also a possible candidate for many biomedical applications. But their toxic effects
have become a strong concern for the environment and for human health. Toxicological
impacts of nanotubes on a biological system should be studied more carefully. The
needle-like fibre shape of CNTs has been compared to asbestos, so CNTs may lead to
lung cancer, which are easily caused by exposure to asbestos. These dangerous factors

restrict the use and development of CNTSs in biomedical field.

While silicon nanowire is the most commonly used one, there are also some other
nanowires such as gold nanowires, nickel nanowires, gold-platinum or gold-nickel
nanowires. Most of them can be used for biological applications (Reich, Tanase et al.
2003). Semiconductor nanowires exhibit a conductivity change in response to variations
of the electric field or potential on the surface, which could be used as field-effect
transistors (FETs). The potential applications in biological science include highly
sensitive biosensors, tools for drug discovery, detection of DNA & RNA enzymatic
processes, multiplexed real-time, label-free detection of proteins, and even detection of
single virus (Patolsky, Zheng et al. 2006). The fabrication and production processes of
nanowires have attracted much interest by using bottom-up or top-down approaches,
which both have their own advantages and shortcomings. For template-assisted

fabrication of nanowires, nanoporous materials are very widely used in recent studies.

Among the different types of nanomaterials used for biological applications, nanoporous

materials are of scientific and technological importance because of their unique surface,



structural, and bulk properties. They are used in various fields such as ion exchange,

catalysis, sensor, biological molecular separation, isolation and purifications etc.

1.2 Nanoporous Materials for Biological Applications

Nanoporous structure material is a kind of porous materials, which usually has pore
diameters between 1~500 nm, and have high porosities at nano scale. They are very
attractive for many biological applications. The advantages of porous materials and the
functionality of the material itself can be combined together, and the physical-chemical-
biological properties can be enhanced or inhibited by the nanometer-size porous

structure.

The very high surface area to volume ratio is probably the most important property of
nanoporous materials. The increased pore surface is able to interact either with
adsorbents, with particles embedded into the pores or the flow passing through the
materials. The control on pore size, morphology and specific distribution enables
enhanced absorption, and ultimately leads to substantial improvements on functional
applications such as catalysis, membranes, electrodes, chromatography, separation, and

sensing element.

Nanoporous materials can be classified on the basis of their material constituents or their
properties. Table 1 shows the available nanoporous materials according to the chemical

compositions and technical characteristics. For pore size, following the International



Union of Pure and Applied Chemistry (IUPAC) classification, mesopores are those with

2 to 50 nm in diameter and macropores are pores with 50 to 100 nm in diameter.

Table 1.2.1 Classification of nanoporous materials

Alumino-
Polymeric Carbon Glass Oxides Metal
silicate
Pore Size Meso-macro | Micro-meso | Meso-macro | Micro-meso | Micro-meso | Meso-macro
Surface Low High 0.3- | Low High Medium Low
Area/Porosity | >0.6 0.6 0.3-0.6 0.3-0.7 0.3-0.6 0.1-0.7
Low- Low- Low-
Permeability High Low High
Medium medium medium
Weak-
Strength Medium Low Strong Weak Strong
medium
Thermal Medium- Medium-
Low High Good High
stability high High
Chemical Low-
High High High Very high High
stability Medium
Low-
Costs Low High High Medium Medium
medium
Medium-
Life Short Long Long Long Long
long

The topography of nanoporous surfaces and the spatial distribution of different

functional groups on or inside nanoporous materials can be used to control proteins,

cells, and tissue interactions, and also for separation of biological samples. Different

applications of nanoporous materials are discussed below.




Separation and sorting of biomolecules are very useful for isolation and purification in
many fields including pharmaceutical industry, food industry and biotechnology.
Biomolecular separation in nanopores was recently explored for various applications.
The nanoporous membrane can act as a scaffold for cells, and as a blood filter that
retains serum proteins and allows smaller waste substances out (Fissell, Humes et al.
2007). And also, the nanoporous materials can be used to externally regulate the flow

volume and speed through them.

Biosensing device, which combines biological components with physiochemical
detection components, is used to detect analytes in biological samples. Nanoporous
materials can be used as biosensing devices. The materials immobilize enzymes or
antibodies on them for further detection and determination. For example, TiO, and ZnO
nanoporous thin films are shown to be capable of sensing blood glucose and cholesterol

(Li, Luo et al. 2001; Singh, Arya et al. 2007).

Single-molecular analysis is very important for probing biomacromolecules such as
DNA, RNA and proteins one by one. When biomolecules are drawn through nanopores
embedded in insulating nanoporous materials, it is possible to access information on the
concentration, structure, size and sequence of them, by measuring the frequency,
magnitude and duration of blockage in ion-current of electrolyte. Individual molecules
of single- and double-stranded DNA or RNA can be detected by this new method
(Akeson, Branton et al. 1999). The nanopore size, pore surface chemistry, nanoporous
topography could be controlled in nano-scale during fabrication process of many

materials. It makes possible to regulate analyte - surface interactions and it has the



potential to support the engineered pores for single-molecule detection and analysis

(Bayley and Cremer 2001).

Immunoisolation needs encapsulation of implanted cells or drug release system and
protects the cells from immune reaction. Small molecules such as oxygen, glucose and
insulin can pass the small pores of nanoporous semipermeable membrane, but the
passage of much larger immune system molecules such as immunoglobulin can be
impeded by the nanopores. For example, nanoporous silicon membrane interfaces were

explored to treat diabetes in implantable artificial pancreas (Tsujino, Ako et al. 2007).

Controlled drug delivery is very important for drug release in a chosen way for more
effective therapy and to eliminate the possibility of improper dosing. The nanopore size,
porosity, permeance, depth and thickness can be well-controlled for many nanoporous
materials, especially nanoporous membranes. It provides a promising method for

making capsules that may be used for giving controlled release of pharmacologic agents.

Among the different nanoporous materials used in biological applications, nanoporous
alumina membranes have attracted lots of interest and effort due to its excellent
biocompatibility and well established fabrication process, which makes it a good

candidate in many research fields.



1.3 Nanoporous Alumina Membranes

Among the nanoporous materials which are widely used in biological science and other
research fields, nanoporous alumina membrane, also known as anodic aluminum oxide
(AAO), has raised a great attention due to its excellent biocompatibility and well
established fabrication process. Nanoporous alumina membranes can be used as
template material for fabrication of other nano-devices such as nanowires and nanofibers,
detection and sensing of various biological species, applications in tissue engineering
and artificial membrane formation, and also for micro- and ultra- filtration of small

biological molecules.

1.3.1 Template for Fabrication of Nanowires

Due to the simple two-step anodization process, controlled pore size and uniform pore
distribution, nanoporous alumina membranes are widely used as templates to fabricate
nanowires. There is a lot of research for the fabrication of magnetic nanowires that are
comprised of different metals or alloy by electro-deposition into nanoporous alumina

membranes (Sharma, Pishko et al. 2007).

Whitney has reported fabrication of nickel and cobalt nanowire by electrochemical
deposition into nanoporous alumina membrane template, and the system displayed
distinctive characteristics because of their one-dimensional structure. Paulus filled
nanoporous alumina membranes with different metals by an AC electro-plating

procedure at a voltage of 16 V, and controlled the length of nanowires by controlling the



plating time. They successfully produced a series of ferromagnetic nanowires with
different length, made of Fe, No or Co (Paulus, Luis et al. 2001). By using similar
electrodeposition technology, Fodor fabricated CojxFex alloy nanowires with 40 nm
diameters and x=0-1.0 and the nanowires showed a highly anisotropic magnetization
with the easy axis along the length of the wire (Fodor, Tsoi et al. 2002). Other research
efforts include the nanowires fabricated by nanoporous alumina membranes on
substrates for device applications and the detailed electrodeposition behaviors of metals

on the templates (Wu, Leu et al. 2005; Chong, Zheng et al. 2006).

1.3.2 Detection and Sensing of Biological Species

Nanoporous alumina membranes can be fabricated with a regularly arranged hexagonal
pattern of nanopores with controlled diameters. Such nanoporous oxide membranes have
high surface area densities and allow binding relatively large amounts of target
molecules on each spot of the surface. Especially, when using in fluorescence detection,
the nanoporous oxide membranes can afford a substantial increase in the fluorescence
signal intensity. Thus it can be used as a convenient substrate detection and sensing
application for biological species, such as protein, DNA or RNA, by using fluorescence

technology, immune-labeling, or other techniques.

Smirnov demonstrated the application nanoporous alumina membranes as substrates for
fluorescence detection of labeled biomolecules (Takmakov, Vlassiouk et al. 2006). They
fabricated 450-nm-deep, 60-nm diameter membranes, used biotin covalently bound to

the surface to detect streptavidin modified with Alexa Flour 488 dye, which gave out
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fluorescent signal. The fluorescence intensity in nanoporous alumina membranes
increased by a factor of 5 compared to flat aluminum and enhancement as high as 7
times is observed compared to flat glass surface. The membranes offered significant
advantages such as convenient preparation, increased density of binding sites, enhanced
amounts of target molecules, and improved collection efficiency of fluorescence

(Takmakov, Vlassiouk et al. 2006).

Pan et al. reported the detection approach of DNA (DeoxyriboNucleic Acid)
oligonucleotides based on reflection from functionalized nanoporous alumina
membranes (Pan and Rothberg 2003). The large surface area in nanoporous materials
allowed for a substantial change in refractive index after binding of analyte molecules,
enabling relatively high sensitivity to be achieved to detect DNA oligonucleotides. They
functionalized the surfaces of the approximately 40 nm diameter membranes with
alkanoic acid to spontaneously adsorb proteins from solution onto aluminum oxide. 2
nmol/cm? of complementary DNA could be sensed as a 3.4 nm shift in a spectral
minimum. This technique could obtain sub-picomole sensitivity straightforwardly with
0.1 mm probe spots. But rinsing and drying are required for the measurement so the

binding kinetics could not be real time monitoring (Pan and Rothberg 2003).

1.3.3 Tissue Engineering

Due to its excellent biocompatibility, nanoporous alumina membrane is a good scaffold
for cell culture. Pure alumina has already been used as s substrate for tissue constructs

due to its chemical and mechanical properties. For nanoporous alumina membrane,

11



tissue culture and co-culture of cells on the surface also have been investigated. It is
known that the surface chemistry including surface topography is one of the important
factors to influence the cellular response. The impact of the nanoscale pores on cell
response is an important issue which can be investigated by evaluating cell adhesion,
cell growth, morphology changes, and extracellular matrix production via different
methods. Alumina surfaces incorporated with nanoscale porous features show high
biocompatibility. Moreover, the cell response can be improved with nanoscale

architecture.

Tejal’s research group in Boston University studied osteoblast cells response on
nanoporous alumina membranes. A two-step anodization process was optimized for the
fabrication of nanoporous alumina membranes with uniform pore dimension and
distribution (Swan, Popat et al. 2005). The impact of the nanoscale pores on osteoblast
response was studied by evaluating cell adhesion, morphology, and matrix production
via different methods. The advantages of using alumina with proved biocompatibility
and incorporated nanoporous features for improvement of cell response were

demonstrated in their research (Swan, Popat et al. 2005).

Tejal’s research group also compared the long term osteoblast cell response to the
nanoporous alumina membranes surface with those cultured on amorphous membranes,
Anopore™, glass, latex and aluminum. Cell adhesion was first investigated by counting
the trypsinized cells 1 day and 4 days after seeding on different surfaces. The total
protein content of the viable cells cultured for 4 weeks was used to determine the

amount of protein adsorbed on various surfaces after cell lysis. The cells cultured on the
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nanoporous alumina membranes showed higher protein content. Results also indicated
osteoblast cells adherent on the nanoporous alumina membranes produced more
extracellular matrix protein compared to cells adhered on other surfaces (Popat, Swan et
al. 2005). Nanoporous alumina surfaces could also be modified by physically adsorbing
vitronectin and covalently immobilizing RGDC peptide to enhance adhesion of

osteoblasts (Swan, Popat et al. 2005).

Moreover, the cellular response of adhesive cells can be regulated by modification of the
surface chemistry of the substrate. Substrate surface modification with polymer, proteins
or peptide could influence cell adhesion and growth on the substrate. Methods of surface
modification include physical adsorption, chemical conjugation, mechanical methods,

covalent attachment, and biological methods.

1.3.4 Support of Lipid Membrane

A lipid bilayer is an artificial membrane composed of lipid molecules (usually
phospholipids). It is an essential component of all biological membranes, including
mammalian cell membranes. And it is important for the permeability properties of cell
membranes. The functional coupling of lipid bilayer with inorganic solids has become a
very attractive topic in the past twenty years (Sackmann 1996). Many labs are focusing
on fabricating artificial lipid membrane structures attached to a solid surface to allow for
the functional insertion of trans-membrane peptides, measurement and detection of
transport activity, which is a prerequisite for biosensor devices (Romer and Steinem

2004).
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Steinem reported the application of using nanoporous alumina membrane as support
substrates for lipid bilayer to make artificial membrane (Steinem, Janshoff et al. 1996).
The nanoporous alumina membranes with different pore diameters were produced by an
anodization process. One side of the porous material was covered with a thin gold layer
followed by chemisorption of a hydrophobic thiol compound, which was a prerequisite
for the formation of suspending membranes with the name of nano-black lipid
membranes (nano-BLMs). The bilayer formation process and long-term mechanical
stability of the nano-BLMs were tested by electrical impedance spectroscopy. The
membrane exhibited high membrane resistances which were suited for single-channel
recordings. Gramicidin and alamethicin were successfully inserted into the artificial
membranes to demonstrate the functionality of the nano-BLMs (Steinem, Janshoff et al.

1996).

1.3.5 Filter for Biomolecules

Due to the high pore density, fairly well-defined nanopore distribution, and high
mechanical strength, nanoporous alumina membrane is popular in membrane filtration
and ultrafiltration for biotechnology applications such as detection, separation, diffusion,

DNA extraction and purification.

It is possible to combine detection and separation/purification for unmodified target ss-
DNA (and RNA) together by using nanoporous alumina membrane as an affinity filter.

Vlassiouk demonstrated nanoporous alumina membrane filters modified with DNA for
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“label-free” detection and separation/purification of the target ss-DNA. The filter was
very promising for development of various ss-DNA (or RNA) detection methods
because of the high surface density of DNA, high efficiency of hybridization, and

increased effective surface area (Vlassiouk, Krasnoslobodtsev et al. 2004).

After surface modification, nanoporous alumina membranes could be combined with
other organic membranes such as polymer monolayers to increase the efficiency of
preventing nonspecific protein adsorption. This can finally result in filtration or
separation of biological molecules. In Sang’s research group, poly(ethylene glycol)
(PEG) monolayers were grafted to nanoporous alumina membranes using covalent
silane grafting or physical adsorption methods to form hybrid organic-inorganic
membranes. The effect of PEG modification on the gas, liquid and protein permeabilities
of the membranes were demonstrated. It suggested that hybrid membrane could provide
significantly improved functional behavior over existing organic or inorganic

membranes (Lee, Shang et al. 2005).

1.4. Electrochemical Impedance Spectroscopy (EIS) for Biosensing

Electrical impedance is the measurement of the material opposition to the flow of
electric current, and it is the ratio between alternating voltage and alternating current,
described by Ohm’s law. Impedance includes both resistance and reactance. The
resistance component arises from collisions of the current-carrying charged particles

with the internal structure of the conductor. The reactance component is an additional
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opposition to the movement of electric charge that arises from the changing magnetic

and electric fields in circuits carrying alternating current.
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Fig 1.4.1 Plot of the electrical impedance Z

Impedance, Z (Ohm) is a complex measure of the resistance, R (Ohm), and reactance, X
(Ohm), as shown in Fig 1.4.1. It contains two parts and can be expressed in the complex
impedance plane according to: Z= R+ jX, where the real part of impedance is the
resistance R and the imaginary part is the reactance X. The resistance and reactance

together determine the magnitude, |Z| (ohm), and phase of the impedance, 6 (deg),

through the following relations: Z = |Z|e”, |Z| = ¥R? + X ? and @ = arctan(X/R).

Impedance biosensors measure the electrical impedance of a system in AC steady state
with constant DC bias conditions, by applying a small sinusoidal voltage to the system at
a particular frequency and measuring the electrical current go through the system. The
measurement procedure can be repeated at different frequencies to get spectra. This is
known as electrochemical impedance spectroscopy (EIS). It was used in a variety of
electrochemical phenomena over a wide frequency range. When the target biological
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sample is captured by the probe, the impedance of the electrode-solution interface or

whole measuring system will change in EIS (Daniels and Pourmand 2007).

Impedance biosensors can detect many kinds of target biological molecules by
measuring impedance changes of the capture probe layer or the whole system. By using
different probes, there are many different types of impedance biosensors including DNA
sensors, protein sensors, small molecule sensors, lipid bilayer sensor, cell-based
biosensors etc. Overall, impedance biosensor is a simple, rapid, label-free, low-cost
detection method for biomolecules detection. Moreover, it does not require special

reagents in most applications (Daniels and Pourmand 2007).

1.4.1 Impedance Biosensors for DNA

For DNA impedance biosensors, applied electrochemical potential can induce
morphology change such as thickness increase or decrease of a DNA monolayer,
possibly due to the interaction between the charged gold electrodes and the charged
DNA monolayer (Kelley, Barton et al. 1998). Certain metal ions and/or pH conditions
can induce the conformational changes of dsDNA, which can also result in electrical
impedance changes (Long, Li et al. 2003; Liu, Bard et al. 2005). Also, ssSDNA is
relatively floppy and thus tends to lie near the surface while dsDNA is quite stiff, which
suggests more ions might have access to the surface after hybridization (Mearns, Wong
et al. 2006) The increase in DNA conductivity after hybridization may also induce
detectable impedance change, which can be applied for detection of DNA hybridization

using redox labels or redox-active intercalators (Mearns, Wong et al. 2006).
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Thiol modified DNA can combine with gold surfaces including gold thin film and gold
nanoparticles very easily, and this principle can be utilized to fabricate or improve
impedance DNA biosensors. Keying et al. reported a simple, sensitive DNA impedance
sensor based on gold nanoparticles (Zhang, Ma et al. 2008). They electrodeposited gold
nanoparticles on electrode surface, and then immobilized probe DNA on the surface
through a 5’-thiol-linker. Impedance spectroscopy was used to detect probe DNA
immobilization and hybridization process. The gold nanoparticles modified electrode
could improve the density of probe DNA attachment and sensitivity of DNA sensor
greatly, compared to the bare gold electrode. This DNA sensor could be reproduced for
a few times and had good stability during repeated regeneration and hybridization cycles

(Zhang, Ma et al. 2008).

Other nano-materials or micro-materials can also be used to design impedance biosensor
for DNA detection. Zhang et al. designed a novel architecture for electrochemical
impedance sensing of the immobilization and hybridization of DNA (Zhang, Yang et al.
2009). The membrane integrated the strong adsorption ability of Fe,O3 microspheres to
the DNA probes and excellent conductivity of self-doped polyaniline nanofibers on
carbon ionic liquid electrode. Impedance spectra were used to characterize the resulting
conductive microsoheres/nanofibers membrane on the electrode. Immobilization of the
probe DNA on the electrode surface was dramatically enhanced, and the sensitivity of
DNA hybridization recognition was also improved, both due to the remarkable
synergistic effect of microspheres, nanofibers and ionic liquid. The procedure of DNA

hybridization was monitored with a label-free EIS spectroscopy. This work suggested a
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simple, rapid, specific and label-free EIS strategy to prepare a conductive interface for

detection of DNA hybridization (Zhang, Yang et al. 2009).

The impedance biosensors for DNA also have the potential for detection of other
samples or elements, which may change the properties of DNA at presence. Cao et al.
designed a novel DNA-based biosensor for mercury detection using EIS (Cao, Zhu et al.
2009). Thiol functionalized poly-T DNA was used as gold electrode modifier through
formation of Au-S bond between DNA and gold electrode. In the presence of Hg*",
parallel ssDNA can change from linear to hairpin structures because of the specific
coordination between Hg®* and thymine bases. This structural change can induce the
release of partial DNA molecules from the surface of the gold electrode. The density of
DNA on the surface correlated with the concentration of Hg?* in the solution and could
be monitored by EIS. In addition, this method showed excellent sensitivity and high

selectivity of other metal ions (Cao, Zhu et al. 2009).

DNA aptamer is a very hot concept in protein detection, which can be used as a probe in
impedance biosensors for DNA or protein detection. Wang et al developed a novel
protein assay method, in which human immunoglobulin E and its DNA aptamer were
used as an analytical model (Wang, Xu et al. 2009). The target protein was captured by
the aptamer in homogeneous solution and then the resulted complex was hybridized onto
probes self-assembled on the DNA array. By impedance spectroscopy, the charge
transfer resistance of electrode before and after hybridization could be compared. The
result showed that the complex could be hybridized and detected on the modified

electrode.
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1.4.2 Impedance Biosensors for Protein

EIS is widely explored for detection of various proteins due to its high sensitivity. It
provides accurate mechanistic and kinetic information from repeatable adsorption and
desorption measurement on the sensor transduction surface of an electrode. The
antibody-based reaction allows for direct and label-free electrochemical impedance
sensing, which may speed up detection and analysis of biomarkers, also with high

sensitivity (Vestergaard, Kerman et al. 2007).

EIS, combined with bioaffinity reactions, can be used for accurate and rapid detection of
the binding events on the surface of modified electrodes. Sadik et al demonstrated an
experimental approach for monitoring the interfacial biomolecular reaction using the
novel differential EIS. The reaction between immobilized antibody and the antigen
binding partner was used as the base for the approach, but it may be also applicable for
monitoring other biomolecular reactions such as DNA-DNA interaction, DNA-protein
interactions, and DNA-small molecule interactions. An ion displacement model was
described as a theoretical approach to explain this antibody-antigen binding process

(Sadik, Xu et al. 2002).

EIS and cyclic voltammetry (CV) are utilized in a combined framework, for many
studies of impedance protein biosensors. Hennessey et al investigated the associative
interactions of C-reactive protein (CRP) with CRP antibody (aCRP) immobilized on a

gold electrode surface. They used EIS and cyclic voltammetry to obtain differential
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pulse voltammetry and charge transfer resistance. It was demonstrated that the
impedance spectroscopy was an efficient method to detect the interactions (Hennessey,

Afara et al. 2009).

By utilizing different detection and characterization methods including EIS, very low
concentration proteins can be detected. Jie et al developed a novel label-free biosensor
for the detection of low-density lipoprotein by using self-assembly and gold nanoparticle
amplification techniques. The gold nanoparticle layer was first assembled onto a
cysteamine monolayer and then conjugated on the gold electrode surface. After
treatment with cysteine and reaction with CdS nanocystals, ligand for the lipoprotein’s
receptor was covalently bound to the biosensor. Impedance spectroscopy was used to
characterize this modification procedure with excellent sensitivity, good reproducibility,

rapid response, and long-term stability (Jie, Liu et al. 2007).

In order to increase detection efficiency, the detection surfaces may be modified before
protein capture and EIS measurement. Huang et al developed a reagentless
electrochemical impedance biosensor for detection of a peanut protein, using a gold
substrate to immobilize an antibody film. After the immobilization of antibody by amide
bond formation, stable impedance spectra could be obtained for the biosensor substrate
at different stages of substrate preparation. The relationships between charge transfer
resistance/the differential capacitance and protein concentrations were investigated
separately by fitting the impedance spectra to a Randles equivalent circuit (Huang, Bell

et al. 2008).
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The thiol monolayer may also be used for capturing protein before EIS measurement in
the impedance protein biosensor. Tlili et al investigated a new immaobilization procedure
for biological molecules that was based on the formation of reactive w-functionalized-
self-assembled thiol monolayers onto a gold electrode. Impedance spectroscopy was
used to characterize the homogeneous self-assembled monolayer (SAM). These SAMs
could immobilize biotin hydrazide by covalent binding, and impedance spectroscopy
was used to examine the interaction between biotin and avidin, as a typical protein-
ligand model system for an affinity biosensor. The impedance data were fitted and

described with a Randles equivalent circuit (Tlili, Jaffrezic-Renault et al. 2008).

1.4.3 Impedance Biosensors for Other Species

EIS is also widely used for sensing other samples, such as glucose, virus, bacteria, cells
or even tissues. Glucose is a very important carbohydrate in biology. Glucose sensing
has attracted a lot of interests both in research and clinic fields. EIS was also used for
glucose sensing in the past years. Kang et al fabricated a new sensitivity-enhanced
glucose biosensor with impedance spectroscopy to measure the properties of resulting

biosensor (Kang, Mai et al. 2008).

Avian influenza virus H5N1 is of global concern as a potential pandemic threat which
has killed millions of poultry in a growing number of countries throughout Asia, Europe
and Africa. Detection of H5N1 is very helpful to decrease the global threats. Wang et al
developed an impedance immunosensor as a new application for sensitive, specific and

rapid detection of avian influenza virus HS5N1. Target H5N1 viruses were captured by
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the immobilized polyclonal antibodies immobilized on gold microelectrode surface. The
impedance change induced by the virus was correlated to the concentrations of virus in
the solution. Target Al H5NL1 virus at a high titer could be detected by the impedance
immunosensor within 2 hours. Equivalent circuit analysis of the impedance data
indicated that the double layer capacitance were responsible for the impedance change
due to protein A modification, antibody immobilization and bovine serum albumin

(BSA) blocking (Wang, Wang et al. 2009).

Fast detection and sensing of bacteria is the first step for rapid treatment or removal of
pathogens to reduce the risk for humans. Impedance spectroscopy was widely used for
fast detection of bacteria. Yang et al presented a new, simple, rapid, inexpensive, and
label-free impedance method to detect bacterial cells by making use of the impedance
properties of bacterial suspensions (Yang 2008). It was found that bacterial cell
suspensions in deionized (DI) water with different cell concentrations could generate
different electrical impedance spectral responses, but cell suspensions is phosphate
buffered saline (PBS) solution could not produce any significant differences spectra in
response to different cell concentrations. Impedance at a fixed frequency decreased with
the increasing cell concentrations in DI water suspensions, which was due to the cell
wall charges and the release of ions or other osmolytes from the cells. This study
demonstrated that bacterial cell concentration could be inferred by measuring the
impedance of cell suspensions in DI water. This new detection mechanism could be an

alternative to current impedance methods for quantifying bacterial cells (Yang 2008).
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The electrical properties of the biomaterials are very important for the applications in
biomedical field. Tissue structure and chemical composition of one biological material
may correlate with its electrical properties such as its frequency characteristics. EIS
which measures the impedance properties of tissues can be utilized in tissue engineering.
Dean et al investigated the electrical impedance properties of rat lung and other tissues
ex vivo using EIS. The relationship between the structure and the functional
characteristic was confirmed by the results. Both conductivity and relative permittivity
varied for different biological tissues. The values of impedance magnitudes were higher
at low frequencies compared with those at high frequencies. This study is of practical
interest for some biological applications of electrical pulses including electroporation,
whose efficacy depends on the cell type and its electrical impedance characteristics

(Dean, Ramanathan et al. 2008).

1.5 Electrochemical Impedance Spectroscopy (EIS) for Cell Based

Sensing

Electrical impedance spectroscopy is one of the best electrochemical methods for fast
detection of cellular activities. Cellular activities can be monitored in a non-invasive
way by measuring the impedance of culture medium, buffer solution, or interfacial
impedance between electrodes and cells. The impedance changes are caused by the
release of metabolic products, which finally change the composition of culture medium
and magnitude of dielectric forces at the interface (Katz, Lioubashevski et al. 2004). The

impedance changes have provided researchers with a direct method to study the
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mechanisms of regulating cell growths and the effect of various chemicals on cell

adhesion, proliferation and viability (Yang, Li et al. 2004; K'Owino and Sadik 2005)

1.5.1 Electric Cell-substrate Impedance Sensing (ECIS)

Recent development of micro fabrication technologies and the lab-on-a-chip concept
have encouraged researchers to design and miniaturize electrical impedance
spectroscopic sensing devices to measure small-sized samples rapidly, stably and to be
integrated with other analytic methods (Han, Han et al. 2006). There are many
references describing the applications based on the measurement of cell-electrode

impedance with serveral types of sensing mechanisms.

There is an established technique widely known as electric cell-substrate impedance
sensing (ECIS). In ECIS the cells are cultured and spread on small gold film electrode.
Information related with the morphology of the cells on the gold electrode surface could
be extracted and analyzed quantitatively by measuring the electrical impedance of the
electrode (Keese, Wegener et al. 2004). In operation, the sensor devices with cultured
cells are connected to device station placed inside a CO; incubator. An impedance
analyzer was connected with the device station using electrical cables. Cells were seeded
into the devices and attached to the gold electrode surfaces. The presence and absence of
cells, and also the change of cell morphological properties such as cell density on the
electrode, cell shape and cell adhesive properties, affect the electronic and ionic passage
on the gold electrode sensor surfaces. Information about biological status and properties

of cells cultured on the surfaces could be acquired by measuring the impedance between
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or among electrodes. Electronic impedance data are measured automatically in real time,
which were converted to digital signals for more detailed processing and analysis

(Wegener, Keese et al. 2000).

ECIS was successfully applied to monitor cell shape changes in various cell types under
different experimental conditions. For instance, Tiruppathi et al. have used ECIS to
detect the cell shape change of bovine endothelial cells in real time, which was
modulated by activation of second messenger pathways (Tiruppathi, Malik et al. 1992).
The high sensitivity of the ECIS measurement was demonstrated by detecting the
periodic morphology changes of cultured cells caused by PH changes, which was
resulted from the periodic injections of CO; in ordinary cell culture incubators (Lo,
Keese et al. 1994). ECIS was also used to monitor the fast changes in cell shape
associated with elevated cAMP levels in human orbital fibroblasts after addition of

prostaglandin E (Reddy, Wang et al. 1998).

The attachment and spreading of mammalian cells on different protein coatings, the
influence of divalent cations on spreading kinetics were investigated by using ECIS.
Wegener et al described the optimization of ECIS to monitor cell adhesion, cell
attachment and spreading of mammalian cells on the surfaces quantitatively and in real
time. Small gold-film electrodes deposited on a culture dish were used as growth
substrate and AC impedance amplitude was altered as the cells attached and spread on
the electrode surface. They demonstrated that high-frequency capacitance measurements
(f = 40 kHz) were well suited to serve as a direct measurement for the degree of cell

spreading and surface coverage of the electrode. The excellent time resolution of this
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technique and computer-controlled measurement of several samples at the same time
allowed an in-depth analysis of cell spreading kinetics under various experimental
conditions. The detachment of confluent fibroblastic cell layers after addition of soluble
peptides that mimic the recognition sequence of fibronectin and other extracellular
matrix proteins (RGDS) was also detected by ECIS technique (Wegener, Keese et al.

2000).

Different types of cells are also investigated by ECIS techniques. Xiao et al. studied the
attachment and spreading of fibroblast V79 cells cultured on a small gold electrode
surface coated with fibronectin or ovalbumin by a modified ECIS sensor (Xiao,
Lachance et al. 2002). The sensor device equipped with a detecting gold electrode and a
counter gold electrode was used to culture cells. The impedance data between electrode-
electrolyte interface and a cell monolayer was accurately obtained for frequency spectra
ranging from 1 to 10 kHz. The linear relationship between resistance of the electrode-
electrolyte interface and the number of fibroblast cells attached on the detecting
electrode was observed. And the slope of the linear relationship was dependent on the
types of coating proteins. The resistance change was proportional to the area covered by

the cells (Xiao and Luong 2003) (Xiao, Lachance et al. 2002).

ECIS was also utilized to monitor cells other than mammalian cells. John monitored the
behaviors of insect cells such as attachment, motility, and mortality. An array of eight
small gold electrodes deposited on the bottom of tissue culture wells was used to culture
adherent cells and the cells were immersed in a culture medium. The impedance data

increased after the cell attachment and spreading on the gold electrode because of the
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cells acted as insulating particles to restrict the current flow. Con-canavalin A is proved
to be the best promoter to accelerate the rate of cell attachment since impedance data
shows differences form that insect cells interacted with various proteins used to precoat
the gold electrode. The measured impedance data still fluctuate to reflect the constant
motion and metabolic activity of the cells even after the cells were fully spread on the
surface. As the cell behavior was sensitive to external chemicals, three chemicals were
used as model systems to demonstrate the applicability of ECIS. Better than other
conventional assays, the quantitative data obtained from impedance spectroscopy are
taken continuous and in real time to depict cell motility and mortality of cells (Luong,

Habibi-Rezaei et al. 2001).

1.5.2 Other EIS Techniques for Cell Based Sensing

ECIS utilize electrode, mostly gold electrode as platform for cell based sensing, there are

also many other types or derivatives of cell based impedance biosensors.

Planar microelectrode arrays were used as an improvement and replacement of sensing
electrode. Jung developed a cell-based biosensor consisting of a planar microelectrode
array to detect extracellular potentials and their modulation when some toxins or other
active agents applied. The microelectrodes were electroplated with platinum black to
improve cell-electrode coupling. Impedance measurement was used as one of the
methods to assess the effectiveness of the procedure. The total electronic coupling of

cellular biopotentials to the microelectrodes was demonstrated by recordings obtained

28



from two different excitable cell types, myocytes and neurons cultured on

microelectrode arrays (Jung, Cuttino et al. 1998).

Monitoring of cellular behavior by impedance measurements on interdigitated electrode
structures was also reported. Ehret described a new method for on-line and real-time
monitoring of concentration, growth and physiological state of cells in culture. The
biosensor was based on impedance measurements of adherently growing cells on
interdigitated electrode structures (IDES). Cell attachment, cell spreading, cell growth
and killing of the cells were tested. Since there was no detectable electrical influence on
the cells, the impedance measurements could be performed for several days. Impedance
spectroscopy data could be changed by cell density, growth and long-term behaviors of
cells on the electrodes. The influence of serum components (deprivation of fetal bovine
serum) was used to indicate morphological changes and the toxic effects of heavy metal
ions (cadmium) could be visualized from impedance signals (Ehret, Baumann et al. 1997)

(Ehret, Baumann et al. 1998).

In cell related biomedical field, EIS is also an important technique. Edwin presented the
development of a cell clinic by using EIS.A micromachined cavity, which could be
closed with a lid. It was used to perform impedance studies on single or a small number
of cells. Impedance measurements on Xenopus leavis melanophores were reported.
Impedance changes could be detected after cell spreading and identify intracellular
events also could be monitored, such as the aggregation of pigment granules. The
measured impedance changes could be correlated with the optically visible movement.

(Jager, Immerstrand et al. 2002)
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Overall, EIS is an important tool for cell related sensing and many cell based impedance
biosensors were developed successfully. ECIS was widely used for monitoring cell
morphology changes, and were developed and utilized as one of the most promising

label-free technique for studying cell behaviors in recent years.

1.6 Cancer Cell Morphology Change during Apoptosis

Cancer is a class of diseases or disorders characterized by uncontrolled division beyond
the normal limits of cells, and the cells have ability to invade other cells or tissues, either
by direct growth into adjacent normal tissue through feet invasion or by migration of
cells to distant sites through metastasis (Wikipedia). Cancer was the leading cause of
death in Hong Kong for decades. In 2003, it claimed about 12,000 lives, or one in every
three deaths. The proportion of lung cancer patients is the highest among all cancer
patients. In 2001, among the 21,000 cases of cancer, 3,800 or 18% were cases of lung
cancer. (The Hong Kong Anti-Cancer Society, HKACS) Actually that’s one of the most
important reasons why the HKSAR government extends the no smoking areas from Jan

1%, 2007.

Apoptosis is one of the main types of programmed cell death, but evasion of apoptosis is
an essential capability of cancer cell. Apoptosis is a strictly regulated and genetically
controlled cellular ‘suicide’ program. It could be induced by cytokines, absence of
growth factors, radiation, chemicals or some physical conditions. Cancer cells have the

special ability of avoiding apoptosis and continue to proliferate, and this is one of the
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fundamental and important steps in cancer development. Actually almost all cancer cells
have mutations which enable avoiding of apoptosis. Cancer cells bypass apoptosis
utilizing a wide variety of mechanisms including dynamic interplays between oncogenes
and/or mutated tumor suppressor genes. Tipping the subtle balance between cell death
and proliferation in favor of cell survival may result in uncontrolled proliferation or

excessive cell loss, and finally induce tumor formation.

In drug-curable cancers, apoptosis is a primary mechanism associated with the induction
of cancer remission (Hanahan and Weinberg 2000). Thus, a drug that activates apoptosis
might achieve significant efficacy in treatment of cancer. (Sellers and Fisher 1999)
Currently, many therapies used for treatment of cancer kill cancer cells mainly depends
on activation of apoptosis programs in cancer cells (Fulda and Debatin 2004). Because
the initial definition of apoptosis was based on morphological grounds, identification of
apoptotic cells also could be morphology-based (Rodriguez and Schaper 2005). A cell
undergoing apoptosis can be characterized by typical morphological and biochemical
hallmarks including cell shrinkage and rounding, irregular projections blebs on the cell
membrane, cell detachment, nuclear DNA fragmentation, disassembly into apoptotic
bodies and disintegration of cell-cell contacts etc. (Hacker 2000) The images observed
and captured by a microscope are mainly structural properties of the cells or the tissue,
such as size, shape and orientation of the cells, amount of intra and extra cellular water,
and structure of the cell membranes. These structural properties are to a high degree

reflected in the impedance spectra (Glamann and Hansen 2006).
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Morphological investigation with common features of apoptosis are present in the
specific drug treated cells suggests the drug might be an efficient anti-cancer regimen in
vitro(Chui, Gambari et al. 2006). One standard for the identification of cells undergoing
apoptosis is ultrastructural evidence of chromatin condensation, which is the earliest
characteristic morphological feature. But the process is extremely labor intensive and the
costs of electron microscopy for this purpose are prohibitive, it is not recommended for
routine work although it is an excellent parameter with high reliability (Rodriguez and

Schaper 2005).

Many existing methods to monitor apoptosis in vitro are based on fluorescence probes or
by flow cytometry. The probes are always invasive and designed to specifically label
relevant molecules in apoptotic cells. Some biochemical assays also measure the activity
of apoptosis-related enzymes or determine the degree of DNA fragmentation to detect
apoptosis (Yin, Wang et al. 2007). The microscopic techniques were widely used to
study cell morphology such as cell attachment and spreading, but the direct results are
images described only in qualitative terms. Although these events can be quantified by
microscopic techniques coupled with image analysis, it is still a time-consuming work to
assess changes of cell morphology (Giaever and Keese 1993; Wegener, Keese et al.
2000). So, a real-time and label-free method for monitoring cell morphology is of

special interest in anti-cancer drug screening procedure.

1.6.1 ECIS for Detection Morphology Changes During Apoptosis
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ECIS is very useful for monitoring cell morphology changes during apoptosis. In ECIS
the cells are cultured directly on the surface of small gold-film electrode. It is possible to
deduce alternations in cell-cell and cell-substrate contacts, by measuring the electrical
impedance of the cell-covered electrode, performed with non-invasive, low amplitude

sensing voltages.

Arndt applied ECIS in order to monitor the apoptosis-induced changes in cell shape in
an integral and quantitative way with high time resolution. Endothelial cells derived
from cerebral micro-vessels were used as cellular model systems to improve the
sensitivity of this impedance assay, because of these cells are well known to express
electrically tight intercellular junctions. Apoptosis induced by chemicals could be
verified by biochemical and cytological assays. The relationship between time courses
and cell shape changes was followed with unprecedented time resolution by impedance
measurements at 1 kHz and it was correlated with biochemical parameters. The observed
impedance changes could be assigned to alternations on the sub cellular level from the
impedance measurements along a broad frequency range or 1 — 10° Hz. The disassembly
of barrier-forming tight junctions preceded changes in cell-substrate contacts and it
correlated strongly with the time course of protease activation (Arndt, Seebach et al.
2004). Besides of endothelial cells, the apoptosis of cancer cells were also investigated
by ECIS. Hongying applied ECIS to monitor apoptosis-induced changes in human colon
cancer HT-29 cell shape also with high time resolution and the apoptosis was verified by
transmission electron microscope. The capability of ECIS for monitoring the dynamics
of aspirin-induced apoptosis was demonstrated. The ECIS technique could be applied as

a whole-cell biosensor both in cytotoxicity studies and in the course of drug
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development because of the non-invasive performance and the quantitative nature of the

method (Yin, Wang et al. 2007).

Not only apoptosis, ECIS also can be used as a monitoring tool even for viral-induced
cell death. Campbell has recorded the dynamics of viral infection in cell culture.
Dramatic impedance changes were recorded because of infection inducing cytopathic
effect, and the changes were mainly due to cell death. In their study, two different fish
cell lines and one virus were used. The impedance changes caused by cell response to
virus were easily measured and converted to resistance and capacitance. The impedance
data suggested an approximate linear correlation between log of virion concentration and

time of cell death (Campbell, Laane et al. 2007).

1.6.2 Our Improvement of ECIS

When used for detecting cell morphology changes, ECIS also has some limitations. If
the cell concentration is relatively low, the size of electrodes may need to be decreased,
but the impedance caused by the small electrode polarization is increased at the low
frequency range (Connolly, Clark et al. 1990). While the impedance related with cell
morphology changes is much smaller than this high electrode impedance, it is not easy
to extract the impedance information of cells from total measured impedance data. So it
is necessary for us to develop a new morphology-sensitive electrochemical micro-
system with nanopore structures which can detect the small cancer cell morphology

change induced by anti-cancer drugs even in trace quantities.
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When the electric fields are applied in the cell culture medium through the nanopores on
the insulated membrane, ionic current are generated through the nanopores. After cell
cultured on the surface for many days, the nanopores are covered by the adherent cells
formed monolayer, the current is partially blocked and the impedance will change to
reflect the effect. After treatment of specific anti-cancer drug and the cell morphologies
having been changed by certain drugs, electric current can go through many more pores
and changes in impedance changes may occur. These procedures can be monitored by
EIS. During the entire process, the non-conductive nanoporous membrane could avoid
the electrode polarization effects during the impedance monitoring compared with the

traditional gold or other metal based electrode impedance biosensor.

As described before, nanoporous alumina membrane are non-conductive and has good

bio-compatibility for cell culture, it can be a suitable candidate as electrochemical

platform for detection of cancer cell morphology change during apoptosis.
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Chapter 2 Methodology

2.1 Fabrication of nanoporous alumina membrane

Nanoporous alumina membrane is generally prepared by two-step anodization technique.
Two-step anodization is considered to be the most successful technique to make a
nanoporous surface with aluminum foil. It has gained importance due to particular
characteristics such as controllable pore diameter, periodicity of patterns on surface and
extremely narrow distribution of pore size, which offers a promising route to synthesize
a large surface area and ordered nanostructure with high aspect ratio. The two-step
anodization method was first introduced by Masuda and Fukuda and was improved in

the past several years (Masuda et al. 1997).

Nanoporous alumina membrane was fabricated from pure aluminum (Al) foil (99.99%
purity, thickness = 0.5 mm, Alfa Aesar) by the standard two-step anodization technique.
Pure Aluminum foil was cut into small pieces of 5 cm by 5 cm dimension. After washed
in ultrasonic bath with deionized water, acetone and deionized water again, it was dried
with nitrogen jet. The first anodization process was taken in 0.25M oxalic acid and the
aluminum was used as anode while copper (Cu) sheet was used as cathode. The
oxidation layer was characterized by numerous defects, originally caused by defects in
the aluminum surface. Owing to the decreasing current with the increase of the thickness
of the barrier layer, the formation of pores was initiated at defect positions. Supported by

electric field, aluminum oxide and hydroxide at the pore walls were preferentially
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dissolved by the acidic electrolyte which consists of 4% (w/w) chromic acid and 8%
(w/w) phosphoric acid in the etching step. The second anodization step was taken
followed using the same conditions. When the electric field increased, the dissolution
process was accelerated, and nanopores with larger diameters were formed. An ice bag
was attached on the beaker to keep the temperature of the electrolyte around 10 °C
during the anodization. Finally, the amorphous barrier layer of alumina was etched away

using a solution of 8% (w/w) phosphoric acid and 0.1 M copper chloride (CuCl,).

5cm X 5¢cm X 0.5 mm Aluminum foil

Woash: diH,0, acetone and diH,O
Dry: nitrogen

1% anodization: 0.25M oxalic acid

1% etching: chromic acid & phosphoric acid

2" anodization: 0.25M oxalic acid

+ 2" etching: phosphoric acid & copper chloride

Fig 2.1.1 Fabrication of nanoporous alumina membrane with two-step anodization
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This process was capable of fabricating nanopores in the range of 30-200 nm depending
on the anodization voltage used for oxidation. In order to control the sizes of the
nanopores and find the realistic relationship between anodization voltage and nanopore
diameter, different voltages between 40 V to 120 V were chosen to apply for different
experiments. Membranes fabricated could be characterized using scanning electron
microscopy (SEM) and atomic force microscopy (AFM) analysis. The SEM images
could be analyzed by the image analysis software (Metamorph analysis software, Nikon)

to examine the nanopore sizes.

2.2 Surface modification and characterization

2.2.1 Silane Treatment and PEG micropatterning

To precisely define sensing area, Polyethylene glycol (PEG) hydrogel, an organic
polymer layer, was used to fabricate micropatterning on the surface of nanoporous
alumina membrane. With the goal of improving PEG hydrogel adhesion on nanoporous
alumina membrane by covalent binding, the substrate surface was firstly silanized with

3-trimethoxysilyl-propyl-methacrylate (TPM) (Aldrich).

0 M‘D Name: 3-trimethoxysilyl-propyl-methacrylate (TPM)
DMSi! Molecular Formula: C10H2005Si
J ™0~ Molecular Weight: 248.35
Y,

Fig 2.2.1 Information of TPM, the silane used to do surface modification
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The nanoporous alumina membrane was treated in 10mL 30% boiling hydrogen
peroxide (H20,) for 30 minutes at 158°C, in order to clean the surface and introduce -

OH group on the surface, which will facilitate subsequent modification by silane. Then it
was boiled in deionized water for additional 15 minutes for cleaning. After completely
dried with air in oven, it was soaked into a 5% (V/V) solution of TPM in anhydrous
toluene (1 mL TPM and 20mL anhydrous toluene) at 50°C in the incubator for about 48
hours. Then the membrane was washed in toluene, followed by methanol, and finally
water, to eliminate unreacted silane. At last membrane was gently dried and stored in

nitrogen.

Polyethylene glycol diacrylate (PEG, 500Da, Sigma-Aldrich, Inc., louis, MO 63103
USA) was dissolved in PBS (1:3, v/v) solution, while Irgarcure 2959 in ethanol (1:10,
v/v) was used as photoinitiator to initiate the polymerization procedure. A UV lamp
(EXFO, OmniCure Series 1000) was used to supply the necessary UV light for the
procedure. After mixing with PEG and the initiator, about 20uL solution was deposited
on the TPM modified surface in the SU-8 chamber confined area. A glass slide was
covered on the chamber tightly, and then a photomask with desired pattern was put on
the glass surface. UV exposure with energy 10 mW/cm2 was then taken and the
exposure time was 90s. The exposed parts became insoluble and the desired
micropatterns such as microwell arrays were achieved by washing away the unreacted
regions with deionized water. The exposure energy and exposure time were optimized
for many different parameters, and the pattern was formed while there was no remained

PEG solution in the micro-holes, finally the nanoporous alumina membrane surface with
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silane treatment was revealed in the microwells. PEG with other molecular weight was
also tested for fabrication. In order to make sure that there was no remaining PEG
solution after the procedure, a green fluorescence dye fluorescein diacetate (FDA) was

added for observation.

OH 0] .
Boiled in 30% OH Silanized in TPM © o
H,0, for 30 min —OH toluene at 50°C for 48h 0 )
_— | > o-——Si )
OH o .4
Drv in oven —OH Wash 0
—OH o——Si @)
—OH (o] o)
membrane TPM Modified membrane
(o] .
o—Si @)
0 o]
Deposit PEG & initiator R 8 Si o PEG diacrylate
UV Exposure underneath mask O 0
(o] .
o-——Si o)
0 o}

Fig 2.2.2 schematic illustration of surface modification and micropatterning

2.2.2 X-ray photoelectron spectroscopy, water contact angle measurement and

protein adsorption

The TPM graft on nanoporous alumina membranes was studied by X-ray photoelectron
spectroscopy (XPS) measurement. The XPS used in the experiment was a Shenyang
SKL-12 electron spectrometer equipped with a VG CLAM 4 MCD electron energy
analyzer while X-ray source was a dual anode source from VG (type XR3E2). Mg Ka

radiation (1253.6 eV) at a current of 15 mA was used.
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Static water contact angles were measured with a goniometer (Rame-hart 250-F1
standard goniometer with dropimage advanced 2.1, NJ, USA) equipped with a video
camera before and after silane treatment or surface modification. Drops of about 30 pl
distilled water were deposited onto the glass surfaces, and then the static contact angles
after 20 s were recorded. The reported values were averaged based on 20 independent

measurements.

To see the efficiency of protein adhesion and adsorption on the different surfaces,
Rhodamine-labeled bovine serum albumin (BSA) (Sigma) were dissolved in phosphate-
buffered saline (PBS) (Sigma) at a final concentration of 50ug/ml. To test for BSA
protein adhesion, a few drops of the protein solution was evenly distributed onto the
surfaces and stored at room temperature for 30 min. The samples were then washed and
analyzed under a fluorescent microscope (Nikon Eclipse 80i fluorescence microscope,
Nikon, Japan). The fluorescent images were quantified using the image analysis
software (Metamorph analysis software, Nikon). The overall and average intensities of

the whole image or interested areas were calculated and analyzed.

2.3 Diffusion experiments

A mold made of stainless steel was used for the fabrication of a PDMS chamber, then a
nanoporous alumina membrane was placed horizontally on the device and the inside of
the chamber was sealed with glue. The chamber has two holes on its two ends, for

adding medium into the chamber and inserting of electrodes.
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Nanoporous Alumina Membrane

PDMS Chamber

Fig 2.3.1 Demonstration of device incorporated with nanoporous alumina membrane

In order to show the diffusion property of nanoporous alumina membranes, 1 mL protein
solution with concentration C; was added in one part of the device while the other part
of the device filling with 500 uL distilled water. After a specific time interval which
allowed the solutions in one part diffuse to the other, 100 uL of solutions with final
concentrations C, in the other part was taken out for measurement. The solutions were
mixed fully before measurement to make it homogenous. Ultrospec 2100 Pro
UV/Visible Spectrophotometer (Biochrom, England) was used to measure absorbance of
the solutions for a given wavelength range. The wavelength between 190 nm and 500
nm was scanned at the scan speed 750 nm/min. Peaks could be read at 206 nm and 280
nm. The value of the peak at 280 nm was used to calculate the concentrations of the
solution by a standard curve of measured peaks versus known concentrations acquired

before the measurements.

2.4 Cell Culture
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Different types of cells were employed in our project. Human esophageal squamous
epithelial cancer cell line KYSE30 and human osteoblast-like cell line Saos-2 were
purchased from American Type Culture Collection (ATCC, USA). Rat stem cells were

obtained from the marrow of 7-month-old Sprague-Dawley rats.

The cells were cultured on a 35mm diameter tissue culture dish (Nunc GmbH & Co. KG,
Germany) in a humidified incubator at 37°C with 5% CO,/ 95% air. They were
maintained routinely in Dulbecco's Modified Eagle Medium (DMEM) with 4,500mg/L
glucose (Invitrogen) as basic medium supplemented with 5% Fetal Bovine Serum (FBS,
Invitrogen) together with 50U/ml penicillin and 50g/ml streptomycin (Invitrogen). The
culture medium was refreshed every 2~3 days. The medium was removed and the dish
was washed by sterile phosphate buffered saline (PBS) (Zymed) three times before
culture medium refreshment or subculture into new dishes or nanoporous alumina

membranes.

The subculture was done at a ratio of 1:3 when they reach confluence. Trypsin is a
proteolytic enzyme which can be used to detach adherent cells from the surface of a cell
culture vessel. This procedure is called trypsinization and performed whenever the cells
need to be subcultured or to be harvested. The concentration of Trypsin/EDTA was

0.25%.

SEM was applied to analyze the detailed status and morphology of cells cultured on

nanoporous alumina membranes. After cell culture for some days on membranes, the
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membranes were washed with PBS for three times, then fixed in 2.5% glutaraldehyde in
0.1 M PBS (pH 7.4) for around 1 hour at room temperature, then they were washed
thoroughly in 0.1 M PBS for three times, 15 minutes each. After that, the samples were
dehydrated in graded series of ethanol in PBS for 15 minutes each: 70% ethanol, 80%
ethanol, 90 % ethanol, 95% ethanol, 100% ethanol. After drying by nitrogen gun, the
samples were carefully mounted on studs using double stick carbon tapes or silver paint ,
then put into chamber of the sputter coater and coated with a layer of gold before SEM

observation (JEOL 6490 and Leica 440).

Fluorescent staining was performed to observe the concentrations or morphology
changes of cells cultured on surfaces, mainly on nanoporous alumina membranes.
Phalloidin-TRITC (Sigma-Aldrich) was used to stain the cells by binding to actin in the
cells. Phalloidin has the ability to bind to F actin in live cells, and as a result of binding
phalloidin, actin filaments become strongly stabilized. DAPI (4, 6-diamidino-2-
phenylindole) was used to stain nucleic acid since it could easily enter live cells and bind
tightly to DNA. The sample was finally viewed using a fluorescence microscope (Nikon,

ECLIPSE 80i)

2.5 Impedance spectra with electrolytes

AC impedance analysis was performed using the impedance analyzer controlled by a
personal computer. An Ag/AgCI counter electrode was placed in the lower chamber and
a Pt wire was immersed into upper chamber as the working electrode. The whole system

had been connected with an impedance analyzer VersaSTAT3 (METEK), and the
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impedance data had been recorded by using V3-Studio (Princeton Applied Research)
during the whole procedure of cell adhesion. The absolute values of the impedance |Z| (f)
and the phase angle ¢ (f) between voltage and current were recorded within a frequency

range of 0.1-10° Hz, which took ~5 min.

To testify whether the nanopores are open and ions could go through nanopores, a series
of NaCl solutions in different concentrations (from 0.001 M to 1 M in distilled water)
were applied to perform impedance measurement and analysis. The temperature was
kept around 25 °C and all other conditions were remaining the same during the whole

measurement process, to ensure the system is stable enough.

After data recording with V3-Studio, Excel 2003 (Microsoft) was used to sort and
analyze the data, plot images. ZSimpWin (EChem Software) was used to fit circuit

model.

2.6 Micropatterning of cells in the microwells

After PEG micropatterning on TPM modified nanoporous alumina membranes, PEG
could not interact with any protein but silane can combine with protein tightly. Before
cell seeding, fibronectin, a type of extracellular matrix proteins which can enhance cell
adhesion during cell culture process, was used to treat the whole surface then followed
by briefly washing. There was no fibronectin left on the surface areas with PEG
hydrogel binding but the surface areas with silane modification but no PEG hydrogel has

fibronectin.
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The cells were seeded on the patterned surface treated with fibronectin and cultured for a
specific time. Fluorescent staining was performed to observe the cells constrained in the

microwells.

. Cells
Nanoporous alumina membrane

PEG hydrogel
Fig 2.6.1 Schematic diagram of cell micropatterning

2.7 Impedance measurement of cells cultured on membranes

The impedance properties of the cells cultured on the nanoporous for different days were

investigated after cell seeding on the surface, to observe cell adhesion and proliferation.

When the cell concentration reached confluent monolayer, the different effect of three

different anti-cancer drugs is tested. During the treatments of the anti-cancer drugs, the

impedance data is measured and collected.
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Cisplatin (CDDP, Sigma-Aldrich) is a platinum-based chemotherapy drug used to treat
various types of cancers and it can induce morphological changes of cancer cell lines.
CDDP is dissolved in cell culture medium and the final concentration of 0.5mg/ml was

applied.

Retinoic acid (RA, Sigma-Aldrich) is an immunomodulator and both a preventive and
chemotherapeutic anticancer agent; and its derivatives were used to treat many cancer
and tumor types. The anti-cancer effects of retinoic acid are in part due to their ability to
inhibit proliferation of cancer cells and it can interfere with the growth and development
of cells. RA inhibits the cell-substrate adhesion and motility, and it also induces
morphological and functional terminal differentiation of a cell line. It was reported that
the modulation of proliferation and adhesion in epithelial cells and fibroblasts of human
skin by RA is associated with changes in the extracellular matrix production of Ca*
metabolism. RA is dissolved in absolute ethanol at the concentration of 0.01M (3
mg/mL). Subsequent dilutions were made in cell culture medium with a final ethanol

concentration of 0.1% (v/v) and the final concentration of RA is 1X 10°M.
5-Fluorouridine (5-FU, Sigma-Aldrich)is also used for chemotherapeutic treatment of
certain cancers because it is a potent inhibitor of the incorporation of formate into DNA

thymine both in vitro and in vivo. 5-FU is dissolved in cell culture medium and the final

concentration is 1X10° M

2.8 Detection of Cell Apoptosis
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Besides of impedance measurements, cells were also analyzed for apoptosis by a cell
death detection ELISA (Roche Applied Science) after treatment with 5-Fu (0.1mg/mL)
for different time. The mono- and oligonucleosomes in the cytoplasm fraction of cell
lysates was specific determined by anti-histone antibody and anti-DNA-peroxidase
(POD) respectively. And it is calculated by using the following formula: Enrichment
factor = absorbance of the sample (dying/dead cells)/ absorbance of the corresponding

control (viable cells). Enrichment factor was used as a parameter of apoptosis.

- Asample
Acontrol

E

E: Enrichment factor
Asample: absorbance of the sample (dying/dead cells)/

Acontrol: @bsorbance of the corresponding control (viable cells)

Fluorescent staining also was performed after treatment with 5-Fu for different time,
then fluorescence images were acquired and analyzed to find out average covered areas
per cell. The relationships between measured impedance data, fitted parameters for
equivalent circuit model, enrichment factors from ELISA results and cell covered areas

from fluorescence images were evaluated.
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Chapter 3 Results

3.1 Fabrication of Nanoporous Alumina Membranes

Nanoporous alumina membrane is known for its self-assembled periodic pore structure
with the size of nanometers and is widely used as a template for various nanostructures

and nanosystems, as well as an important component in many biomedical applications.

3.1.1 Characterization of nanoporous alumina membranes

The two-step anodization technique is the mainly adopted method to form highly
ordered arrays of nanoporous alumina membrane. Masuda and Fukuda are the first
researchers who reported the two-step anodization electrochemical procedure to prepare
alumina with highly ordered nanopore arrays (Masuda et al. 1997). During the
fabrication process, the nanoporous layer is stripped out by an acid etching solution after
the first anodization is performed. Then the second anodization produces a highly-
ordered, hexagonal close-packed pore array. This method is cheaper and easier to obtain
a regular array of nanopores comparing to electron beam lithography method. The
nanopores have a uniform pore diameter in the range of 4-400 nm, high pore density in

the range of 10° — 10 cm™ and an aspect-ratio of over 100 is easily obtained.
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In this project, we fabricated nanoporous alumina membranes at different voltages with
the temperatures of 10 °C. Under these conditions, the ordered nanoporous arrays were
acquired. Scanning Electron Microscopy (SEM) was the primary tool used to observe
the nanoporous structure of nanoporous alumina membranes surface, as well as the pore
diameter and membrane thickness. Fig. 3.1.1 illustrates the top surface view of the
fabricated nanoporous alumina membrane by SEM. It demonstrates the micrograph
collected with sample anodized at 120 V. It showed that alumina nanoporous

membranes were successfully fabricated by two-step anodization method.

MAG = 200.00 K X Detector = SE1
EHT = 20.00 kv Date :22 Jan 2007

Fig 3.1.1 SEM image of nanoporous alumina membrane
In order to find the best conditions for highly ordered nanoporous pattern, analysis of the
geometrical properties such as shape, pore size and density was explored by MetaMorph
Offline software (Molecular Devices). Most of the nanopores have the similar values for
width and length. But a few of them are rectangular and hexagonal which have many
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sides with different width and length. Even for the rectangular and hexagonal nanopores,
they also can be considered as circular while calculating the diameter and sizes by using
mathematical method. From the analysis of Fig 3.1.1, the average nanopore diameter is
142.8 = 34.0 nm while the smallest one is around 48.3 nm, and the largest one is around
204.5 nm. The width of the frameworks between adjacent nanopores is around 21.0 nm,
so the interval between nanopore centers was around 163.8 £ 34.0 nm. The pore density
is 38 pores/um? (~3.8 x 10° pores/cm?), which agrees with the earlier report by Le &
Martin et al (Martin et al. 2003). Le & Martin changed the anodization parameters while
controlling the expansion factor and prepared ordered pore structures with interpore
distances of 50, 60, 100, 150, and 420 nm, which corresponded to a nanopore density

range of 6 x 10%to 5 x 10'° pores/cm?.

As we described in the introduction part, the nanopores should be fully open to allow the
passage of ion current during the impedance spectra measurement. We compared the top
and bottom views of the surfaces of different nanoporous alumina membranes to make

sure the fabricated nanopores are fully exposed on both top and bottom surfaces.

Generally, comparing the differences of the surfaces from SEM images is an effective
method to distinguish types of nanopores on the membranes. (Hoess et al. 2007). Fig
3.1.2 shows three SEM micrographs of nanoporous alumina membranes from different
fabrication sources with the same magnification. Fig 3.1.2 (a) shows one sample
fabricated in our lab with the conditions mentioned before. The nanopores are black and
dark while the framework is white and bright, and the contrast between nanopores and

framework is very obvious. The darkness of all the nanopores is at the same level, which
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was shown by measuring the grayscale intensity values of nanopores using MetaMorph.
It indicates that the nanopores are uniform in depth due to the similar darkness level.
And they are completely exposed and fully open on both top and bottom surfaces of the
membrane, comparing with other membranes. Fig 3.1.2 (b) shows another nanoporous
alumina membrane purchased from United States. The framework is also white and
bright, but some of the nanopores are black and with higher gray value while the others
are not black and with lower gray value, which indicates there are height differences
between these regions. The reasonable explanation is that some of them are exposed on
both surfaces but the others of them are just exposed on one of them, either the top
surface or the bottom one. This situation happens when the fabrication time is not
enough since the fabrication processes may begin from either of the surfaces. If
anodization time is not enough, some of the nanopores could not be fully opened, and
the differences could be directly observed through SEM micrograph. Fig 3.1.2 (¢) shows
another nanoporous alumina membrane purchased from a lab in China. Only in part of
the surface nanopores and framework can be observed, and in other parts only very
small holes or even ripples can be found. And the contrast between the small ripples and
surface is not obvious, and it may be defined as “closed” nanopores. Actually it indicates
the anodization process only happen on some areas but not through the whole membrane.
This shows that the lab-made nanoporous membrane in our lab has good uniformity and
periodic structures with the optimal conditions. By comparing the differences of
nanoporous alumina membranes from three sources, we concluded the fully open
nanopores were successfully fabricated in our lab, which is useful for other experiments

after fabrication such as ion diffusion and impedance measurements.
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Fig 3.1.2 Top views of different nanoporous alumina membranes (a) Fabricated in our
lab, indicating fully open nanopores; (b) Bought from the US, indicating fully open and

half open nanopores (c) Bought from China, indicating open and closed nanopores
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Tapping mode Atomic Force Microscopy (AFM) is another tool used to determine
surface topography and uniformity of nanoporous alumina membranes. Fig. 3.1.3 shows
two- and three-dimensional 1.25-um scans for the membranes with fabrication voltage
60 V. It can be seen from the AFM image that the membrane surface is very uniform,
and nanopore diameter is around 95 nm, but the value is not very accurate because of the
view angle is not 90°. The pore density can be calculated by counting the numbers of
nanopores on the scanned area in the two-dimensional image. The result is 44 pores/um?,

which also can be written as around 4.4 x 10° pores/cm?.

Fig 3.1.3 AFM images of nanoporous alumina membranes (a) Two-dimensional, 1.25-

pm (b) Three-dimensional, 2-um
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Since AFM is a surface analysis tool which is mainly used to detect surface topography,
the nanopores appear to be as valleys in the thee-dimensional image. The depth of the
valleys can be measured from the image to be around 40~50 nm. Actually, these
nanopores extend through the membranes and it is concluded that the real depth of
nanopores is more than 50 nm. From the references, the thickness of nanoporous
alumina membranes could range from 21 nm ~1000nm. (La Flamme et al. 2007, Marsal

et al. 2009, Ran et al. 2008, Sharma et al. 2007)

3.1.2 Control of nanopore diameters by adjusting anodization voltages

The nanopore sizes have dominating effects on diffusion rate for ions through the
nanoporous membrane during the impedance spectra measurement. We could control the
nanopore sizes by adjusting anodization voltages. After optimization, membranes with
nanopore sizes ranging from 20nm-200nm were achieved by modulating the voltage
from 15V to 150V. Fig 3.1.3 shows the different nanopore diameters under different
anodization voltages. For Fig 3.1.3 (a), the anodization voltage is 60 V. The distribution
of nanopores is very uniform and the diameter of nanopores is 76.3 £ 14.5 nm. For Fig
3.1.3 (b), the anodization voltage is 80V. No big difference can be seen from the image
with bare eyes. By software image analysis, the diameter of nanopres is 91.7 + 13.5 nm,
which is about 20% larger than the one under 40 V anodization voltages. For Fig 3.1.3 (¢)
the anodization voltage is 100V. The nanopores are obvious larger than the two samples
fabricated under lower voltage with the diameter of 119.8 £ 11.3 nm, which is about
57% and 31% larger than the previous two samples, prospectively. For Fig 3.1.3 (d), the

anodization voltage is 120V, we can see easily that the nanopores are much larger than
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the ones before and the diameter of nanopres is 162.8 = 22.8 nm, which is 113%, 78%

and 36% larger than the pervious two membranes, respectively.

Fig 3.1.4 Effect of anodization voltages on nanopore size (a) V=60V, d=76.3 + 14.5 nm
(b) V=80V, d=91.7 £ 13.5 nm (c) V=100V, d=119.8 + 11.3 nm (d) V=120V, d=162.8 +

22.8 nm

A theoretical linear relationship between anodization voltages and pore diameter of
1.29nm/V was described. (Losic and Simovic 2009) The four nanopore sizes under
different anodization voltages were plotted in Fig 3.1.5. A linear trendline for the curve
was fitted while intercept was set as 0 to simplify the rules. The equation is y = 1.2625x

when R?= 0.9408, which means the theoretical linear relationship between anodization
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voltages and pore diameter is 1.2625 nm/V for the two step anodization process. In our
experiments, the two-step anodization method were successfully setup and the nanopore
sizes could be controlled by monitoring anodization voltages while other conditions
keep unchanged.

Diameters (nm)

200 ~

== \oltage vs Diameter .
130 y=12625x
“ — Linear (Voltage vs Diameter) R*=0.9408
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120 +
100 -
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Fig 3.1.5 Relationship between anodization voltage and nanopore diameters

3.1.3 Distribution of nanopore sizes for different average diameters

Fig 3.1.6 shows the nanopore size distribution for different nanoporous alumina
membranes which were fabricated by applying different anodization voltages. From the
images, when anodization voltage is 60 V, the nanopore sizes are mainly between 60 nm
and 80 nm, which occupy 65%. of all the nanoores. At the same time there are also 21%
of the nanopore sizes which are between 80 nm and 100 nm. When the anodization
voltage is 80V, 65% of the nanopore sizes are between 80 nm and 100 nm, which is

larger than the previous one. And only 17% are below 80 nm while 13% are between
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100 nm and 120 nm. When anodization voltage is 100V, the diversity is not high and the
nanopore sizes are very uniform since most of the nanopores are between 100 nm (data
not shown) and 130 nm. They are nearly 23% between 100 nm and 110nm, 33%
between 110 nm and 120 nm, and 27% between 120 nm and 130 nm, respectively.
When the anodization voltage is 120V, the nanopore sizes are much larger than the
previous ones. 42% of the nanopores are between 160 nm and 180 nm, while the
previous three samples only have a very few nanopores in this range. And 19% of the

nanopores are even larger than 180 nm while 24% are between 140 nm and 160 nm.

From the distribution of the nanopore sizes, it can be concluded that the nanopores
diameter can be controlled by adjusting the anodization voltages, because the higher
anodization voltage can increase the dissolution speed. And the theoretical linear
relationship mentioned before can be used to predict the average nanopore sizes during
the two-step anodization. However, not all the nanopores have the same size or within in
a very narrow range. It may be due to the non-uniform conditions of the surface
properties before anodization since the aluminum is not a 100% pure metal, and the
purity is around 99.9%. There must be impurity on some sites of the surface as well as
inside of the aluminum, and this may lead to the differences among the nanopores. The
nanopore size distribution condition also has an important effect on the ion diffusion rate
of the whole membrane, although the average value of the nanopores diameters is the

main parameter.

58



Nanopore Area(nm?) Percentages
800 1 70%
700 4 60%
EmPore Size Distribution (V=60V)

600 1 50%
== Percentage 0

500
1 40%

400
41 30%

300
200 1 20%
100 1 10%
0 0%

>120nm  100~120nm 80~100nm 60~ 80 nm <60 nm

Nanopore Area(nm?) Percentages
400 r 9 70%
350 EmPore Size Distribution (V=80V) 4 60%
300 | —Percentage 1 50%

250
1 40%

200
1 30%

150
100 1 20%
50 41 10%
0 0%

>140 nm

120~ 140 nm 100~ 120 nm 80~ 100 nm

<80 nm

59



Nanopore Area(nm?) Percentages

120 40%
EmPore Size Distribution (V=100V)
41 35%
100 =Percentage
41 30%
80 1 25%
60 4 20%
. 0,
40 15%
41 10%
20 1 506
0 0%
>140nm  130~140 nm 120~ 130 nm 110~120nm <110 nm
nopore Area(nm? Percentages
Ngnop (nm?) 9 45%
60 EmPore Size Distribution (V=120V) 40%
==Percentage 35%
0 r { 30%
40 41 25%
30 F 1 20%
. 0,
20 | 15%
1 10%
10 B i 5%
0 0%

>180nm 160~180nNm140~160nm120~140nm <120 nm

Fig 3.1.6 Pore size distribution under different anodization voltages

3.1.4 Anodization results when high electrical current applied

As we described before, anodization voltage is the main factor to control nanopore
diameters and nanopore size distribution. The anodization voltage needs to be controlled
during the two-step anodization fabrication while electrical current is less important.

Fabrication process may change the temperature of the solution or the ion concentration
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of oxalic acid, which may finally result in higher electrical current and change the

surface properties.

MAG= 200KX Detector = SE1
EHT =20.00 kV Date :19 Sep 2008

Fig 3.1.7 SEM image of fabricated alumina membrane when V=120V, I>500mA.

Fig 3.1.7 shows a SEM micrograph of fabricated alumina membrane when voltage is
120 V but current is above 500 mA after 2 hours anodization. No nanopores can be
found and only topography like mountain chains and valleys appears on the surface. Too
high current may etch the surface heavily and connect all the nanopores together to form
this mountain and valley like topography, which was far from the nanopores topography.
So, the electrical current should be kept less than 200 mA during the whole fabrication

process. If higher current is noticed during the process, the fabricate process should be
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paused, the oxalic acid solution should be replaced with new one, and the environment
should be cooled down to the initial one to ensure the conditions recovery. This may be
helpful to acquire nanopores with uniform pattern and similar sizes. Other researchers
also reported a stable high-field anodization method. In that case, they controlled the
nanopore sizes by changing acid electrolytes without raising the anodization voltages (Li
et al. 2006). From the above results and analysis, the nanopores were successfully
fabricated by the two-step anodization method and the average nanopore sizes could be

controlled by adjusting anodization voltages.

3.2 Surface modification and micropatterning

Alumina surfaces show significant biocompatibility for cellular ingrowth (Swan et al.
2005b) (Wang and Liu 2009). However, the biocompatibility of the nanoporous alumina
membranes may be different from the alumina, since surface topography were shown to
influence cell adhesion, spreading, attachment, orientation and migration. Surface
properties are important for long term biocompatibility, reliability, and durability for

cells cultured on nanoporous alumina membranes. (Popat et al. 2005)

Adhesion of cells to biomaterials is an important prerequisite for the successful
incorporation of implants or the colonization of scaffolds for tissue engineering
(Marquis et al. 2009). Conventional biomaterial surfaces such as those formed by
different biopolymers may possess a large degree of surface heterogeneity due to many
different factors including the type and distribution of functional groups, presence of
hydrophilic and hydrophobic domains, and surface roughness etc (Faucheux et al. 2004).
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To prevent protein adsorption and cell adhesion, surface modification using hydrophilic
polymers is one of the most effective methods (Jo and Park 2000). It was successfully
used to change the properties of material surfaces to obtain controlling over the
molecular composition and the resulting integral properties (Faucheux et al. 2004).
Recent studies have used surface modification to evaluate the effect of surface charge,
wettability and topography on protein adsorption and cell behavior using in vitro assay
systems. Different molecules are used to modify the biomaterial surfaces, such as
albumin, heparin, poly(ethylene glycol) (PEG), self-assembled monolayer (SAM), and

phospholipids.

Among these different molecules or chemicals which can be used to change surface
properties, PEG is most widely for surface modification because of its excellent
properties such as hydrophilicity, flexibility, high exclusion volume in water, no toxicity,
non-immunogenicity, and good biocompatibility. There are mainly two different
methods for surface modification by PEG: simple physical adsorption and chemical
bond formation, such as chemical coupling and graft polymerization. For research of
long-term effect about PEG on the surface, it should not be removed easily from the
surface, so covalent grafting is most preferred. A most widely used approach for
covalent grafting is to introduce functional groups either to the surface or to the

hydroxyl (-OH) group of PEG for chemical reaction between PEG and the surface.

OH
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Fig 3.2.1 Chemical structure of PEG

Silane is commonly used as a function group coupled to the surface and PEG, to
immobilize and graft PEG on the nanoporous alumina membranes. In this project, self-
assembly of silane was used to create modified surfaces capable of covalent bonding
with PEG-DA during the photo-initiation of polymerization. A dense work of Al-O-Si
bonds was formed during the silanization process and the hydrophobic silane monolayer
was formed on the surface. When there was no silane treatment before PEG hydrogel
deposition, it was hard for the hydrogel to adhere on the surface firmly but very easy to

detach.

The nanoporous alumina membranes were treated with one kind of silane, 3-
trimethoxysilyl-propyl-methacrylate (TPM). TPM has the chemical group MeO-Si-O-
which can react with the —OH group. The OH- group is introduced on the surface by
boiling in H,0,. TPM molecule also has vinyl group -C=C-, which can polymerize with
vinyl group of PEGDA. Therefore, the PEG hydrogel can attach to the surface of

nanoporous alumina membranes by covalent bonding.

To ensure the presence of PEG on the nanoporous alumina membranes, the modified
surface was characterized by X-ray photoelectron spectroscopy (XPS), water contact

angle and protein adsorption.

3.2.1 Analysis of XPS spectra for different surfaces
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The unmodified and silane modified nanoporous alumina membranes were characterized
by XPS measurement. XPS is a powerful tool to measure the elemental composition of
materials, especially for the top 1-10 nm surface. Though the quantitative accuracy of
XPS depends on many factors such as signal/noise ratio, peak intensity, surface volume

homogeneity etc, it is still an effective quantitative spectroscopic technique.

Fig 3.2.1 shows XPS spectra of unmodified nanoporous alumina membrane. The
general band including all the elements on the surface can be observed during the
binding energy range from 0 eV to 1100 eV. The highest peak between 500 eV and 600
eV shows the existence of O 1s. The peak between 26 eV and 36 eV shows the existence
of Al 2p. The existence of O 1s and Al 2p approves that the sample is made of alumina.
But it is also noted that there is a peak between 279 eV and 300 eV, which is the peak of
C 1s. It may be due to the remaining of oxalic acid (HOOC-COOH) on the surface. It is
reasonable that the anodization process may introduce some carbon elements by using
oxalic acid. The distribution of sulfur elements in nanoporous alumina membranes
prepared by sulfuric acid electrolyte was investigated carefully by XPS and other

methods (Ozao et al. 2003).

65



35000 X
30000 -
25000
20000 |-

15000 - C1
. S
10000 N Al 2p

5000 |- /

0 | | | | [
1100 1000 900 800 700 600 500 400 300 200 100 O

Fig 3.2.1 XPS spectra of unmodified nanoporous alumina membrane

Fig 3.2.2 shows XPS spectra of silane (TPM) modified nanoporous alumina membrane.
Similar to the previous one, O 1s, C 1s and Al 2p peaks can be found from the spectra
and a small peak between 106 eV and 110 eV shows the existence of Si 2p. Si element
only exists in silane during the whole modification process, so it can be concluded that
silane has been modified on the surface. Since it is only combined on the surface, so the
amount of Si element is much less than other elements. And the amplitudes of O 1s and
C 1s peaks are dramatically decreased. The amplitude of C 1s peak is much higher than
the previous one, which also indicates the existence of silane since there is high C
element in TPM (C10H2005Si). The XPS spectra measurements of different unmodified

and modified alumina surfaces are consistent with the previous report. (Lee et al. 2005)
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Fig 3.2.2 XPS spectra of silane modified nanoporous alumina membrane

3.2.2 Water contact angle measurements for different surfaces

Contact angle analysis measures the surface energy and ability of liquid, usually
deionized water, to “wet” the surface, which is known as wettability. Surface energy is
the free energy per unit area for creating new surfaces and is proportional to tendency of
molecules to adsorb. Wettability gives information about whether a kind of material is
hydrophilic or hydrophobic. A liquid droplet is first put on a solid surface. If the liquid
droplet is very strongly attracted to the solid surface (for example water on a strongly
hydrophilic solid), the droplet will completely spread out on the solid surface and the
contact angle will be close to 0°. Less strongly hydrophilic solids will have a contact
angle up to 90°. On many highly hydrophilic surfaces, water droplets will exhibit contact
angles of 0° to 30°. If the solid surface is hydrophobic, the contact angle will be larger
than 90°. On highly hydrophobic surfaces, the surfaces have water contact angles as high

as ~120° on low energy materials e.g. on fluorinated surfaces. However some materials
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with highly rough surface may have water contact angle greater than 150°. These are

called super-hydrophobic surfaces.

The contact angle of water was measured on unmodified nanoporous alumina
membrane, silane modified membrane and PEG grafted membrane. Images of water
droplet on different nanoporous alumina membranes were captured. Fig 3.2.3 (a) shows
the water droplet on the nanoporous alumina membrane without any modifications.
When water droplet contacted the surface, it elongated and expanded on the surface very
quickly and finally the height of the droplet is too short to be observed using eyes. The
contact angle measured by software shows the angle is 6.25 = 0.76° (N=20), which
indicates the nanoporous alumina membrane is highly hydrophilic. Fig 3.2.3(b) shows
the water droplet on the nanoporous alumina membrane after silane treatment of the
surface. When a droplet of water is placed on the silane modified surface, the droplet
tends to “bead up” and finally the contact angle exceeds 90°. The angles are 109.45 +
9.89° (N=20), which indicates the silane modified nanoporous alumina membrane is
hydrophobic. Fig 3.2.3 (c¢) shows the water droplet on the nanoporsou alumina
membrane with PEG grafting after silane treatment. The water droplet also expands on
the surface, but the speed is relatively slow and finally it still forms a droplet which can
be observed by eyes. The water contact angles are measured to be 55.33 + 4.40° (N=20),
which indicates the surface property is hydrophilic which is different from the surface

after silane treatment.
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Fig 3.2.3 Images 10 uL water drops deposited on different surfaces (a) without silane

modification (b) after silane treatment (c) after PEG modification
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Fig 3.2.4 Water contact angle measurement on different surfaces

The water contact angles measured are plotted in Fig 3.2.4. It shows the values are 6.25
+ 0.76° (N=20), 109.45 + 9.89° (N=20) and 55.33 £ 4.40° (N=20), respectively. From
the results, nanoporous alumina membrane is hydrophilic, and it became hydrophobic
after silane treatment, finally it became hydrophilic after PEG modification on the silane
treated membrane. From other references (Ran et al. 2008), different nanopore sizes may
also have influences on the surface properties. In this project, we use the nanoporous
alumina membranes with nanopore sizes around 50 nm, which should be hydrophilic

from earlier report, which is also approved in our experiments.

The big difference between the properties of surfaces before and after silane treatment
indicates the technique is effective to change surface properties. The nanoporous
alumina membranes are hydrophilic and become hydrophobic after silane treatment.
which is good for protein adsorption and cell adhesion. Then, PEG can be covalently

grafted to the silane treated surface and make it hydrophilic, which can repel protein
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adsorption and cell adhesion. If only specific areas are covered by PEG, the differences
between these coved areas and the left uncovered areas can show different protein
adsorption behaviors. Thus, either making cell micro-pattern on the surface or

microholes to confine cells can be acquired by this technique.

3.2.3 Effect of protein adsorption on different surfaces

After surface modification, the nanoporous alumina membrane surfaces without PEG
covering become hydrophobic, which is suitable for protein adsorption. The PEG grafted
surface is hydrophilic and it could repel protein adsorption. In order to testify the

properties of different surfaces, protein adsorption experiments were taken.

The interaction of unmodified and modified membranes with rhodamine-labeled
albumin (BSA) in solution was studied. Unmodified and silane-modified membranes
were incubated with fluorescence labeled albumin in PBS (1mg/ml) for 1h. The
albumin-adsorbed membranes were observed under a fluorescence microscope. PEG
hydrogel is known to have resistive effects on proteins and cells due to its hydrophilic
properties. Fig.3.2.5 (a) shows protein adsorption on unmodified nanoporous alumina
membranes. The whole image is nearly black, which indicates there’s even no protein on
the surface. The surface of unmodified nanoporous membrane is highly hydrophilic and
little protein is adsorbed on it. Fig 3.2.5 (b) shows protein adsorption on silane treated
membrane. Since the surface has become hydrophobic and suitable for protein
adsorption, the surface is red and it indicates lots of BSA were adsorbed on the surface.

Fig 3.2.5 (c) shows protein adsorption on PEG modified surface. PEG is hydrophilic and
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has shown to be effective in prevention of protein adsorption. It can be seen from the
image that only some areas are a little red, which indicate that only few protein has been
adsorbed on the surface. Fig 3.2.5 (d) shows BSA adsorption pattern on PEG/silane
modified nanoporous alumina membrane with micropatterns. The microwells are silane
treated membrane while the other areas were covered by PEG after silane treatment. It
can be seen in the microwells there are lots of protein, but there was only few protein
adsorbed on the other areas. The total protein adhered on the silane-modified microwells
is much higher than that on PEG coated areas. The big difference in fluorescence
intensity indicated the different protein adsorption capabilities. It can be concluded that
the micropatterns with different capabilities of protein adsorption has been fabricated

successfully.

Fig.3.2.5 The images of fluorescent BSA adsorption (a) Fluorescence graphs of BSA on

nanoporous alumina membrane without silane treatment, (b) silane-modified membrane

(c) PEG coated membrane (d) protein adsorption patterns
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The average fluorescence intensity for the entire images can be analyzed by MetaMorph.
Data was normalized using silane treated membrane and plotted in Fig 3.2.6. Comparing
with the silane treated surface, the surface without treatment could not adsorb any
proteins while the surface with PEG modification can have only a little adsorbed protein.
This data also can approve that the silane and PEG modification is effective to change
the surface properties of nanoporous alumina membrane. It is much easier to absorb
proteins on silane modified areas than PEG modified areas. And this will also enhance
cell attachment when cells cultured on the Ectracellular Matrix Protein (ECM) pretreated

surfaces.
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Fig.3.2.6 Average fluorescence intensity for different surfaces (Data was normalized

using silane treated membrane.)

Our results have showed that surface modification was taken successfully using silane

treatment, and the surface was hydrophobic after the treatment while the protein
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adsorption was increased. This will finally induce better cell attachment, spreading and
proliferation. Further grafting PEG on the surface after silane treatment makes the
surface hydrophilic which can decrease the protein adsorption. This will finally make the
surface effective in prevention of cell adhesion. By covering the selective areas of the
nanoporous alumina surface with PEG , micropatterns could be achieved to confine the

cultured cells and define sensing areas.

3.2.4 PEG Microwells on nanoporous alumina membranes

For the sensing purpose, the nanopores of the membrane should be open, and thus the
nanopore structures after PEG grafting during the fabrication was explored. In our
experiments, nanoporous alumina membranes with the size of 50 nm were fabricated
with the DC voltage of 40V. Based on the SEM images, the fabrication process did not
change the pore structure of the membrane and the “open” pores are exposed outside. No
obvious changes were observed for the nanoporous alumina membrane structures with
non-clogged pores on the bottom of the microwells. In the surrounding areas where PEG
was UV polymerized, solid hydrogel was covalently bonded with silane-modified
membrane, and this covering prevented the flow through portions underneath
nanoporous membrane. This is very important for the microarray sensing applications.
So each microwell is functionalized with the open nanopores for the sensing purpose

independently and the impedance signals will not interfere with other microwells.
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PEG hydrogel microwells were successfully fabricated on the functionalized nanoporous
alumina membrane. A 20x20 array photomask of 100 um diameter was used to fabricate
the negative patterns by UV initiated polymerization. The PEG micropatterns were
anchored by silane monolayer on the nanoporous alumina membrane which was more
stable than the physical adsorption methods. Before SEM analysis, the residual
unreacted PEG was washed away by water and the clear spatial distribution of
hydrophilic PEG and hydrophobic nanoporous alumina membrane was created. Fig
3.2.7(a) shows SEM image of four microwells in the array. For all the microwells, the
white edges show the PEG hydrogel layer, the thickness of PEG hydrogel can be
measured on the images and is approximately 10 um. Nanoporous surfaces modified
with silane was within the PEG hydrogel microwell. The diameter of the microwell is
about 100 pum while the distances between microwells are 250 um. Fig 3.2.7(b) shows a
microwell on the modified nanoporous alumina membrane. The round microwell could
be observed clearly in the image with a cleave in the edge area, which shows that region
of PEG hydrogel was broken. Actually PEG hydrogel is fragile, and it is easy to be
ruptured when it is dried. After the fabrication, the devices were always stored in
distilled water. But before SEM analysis, all samples needed to be dried with nitrogen
gun. So some indentations or gaps caused by the nitrogen gun could be found in some of

the microwells.
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Fig 3.2.7 SEM image of microwell on nanoporous alumina membrane

In order to observe differences between PEG covered areas and areas without covering,
an image with higher magnification was taken. Fig 3.2.8a shows a SEM micrograph of
the edge area of a microwell. The left white region shows PEG hydrogel cover layer on
the edge surface, and the right part shows nanoporous alumina membrane in the bottom.
The nanopores are clearly shown in the right part while PEG is fully covered on the left
part, which indicates the micro fabrication is successful to fabricate PEG microwells on

the nanoporous surface. Fig 3.2.8b shows the bottom nanoporous membrane area where

no obvious change is observed for the nanopore structures.

Fig 3.2.8 SEM micrograph of PEG and nanoporous alumina membrane
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These results show that PEG micropatterns can be fabricated on the nanoporous alumina
membranes after silane modification, which can be used to control spatial distribution of

cells and define sensing area in the following experiments.

3.3 Diffusion Property of Nanoporous Alumina Membranes

Diffusion property allows ions or molecules to travel from higher concentration area to
lower concentration areas. It is important to study the effects of nanopore size effects on
diffusion properties of nanoporous alumina membranes. In this part, a chamber that uses
nanoporous alumina membrane as filter membrane to separate solutions with different
concentrations is built to conduct the experiments of diffusion study. Fig 3.3.1 is the
schematic diagram of the chamber. A piece of nanoporous alumina membrane was
adhered in the middle of a PDMS chamber in order to separate solution with different
concentrations C; & C, in two compartments. In our experiment, the initial value of C; is

0, which is pure distilled water.
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Nanoporous Alumina Membrane

PDMS Chamber

Ci > C,

Fig 3.3.1 PDMS chamber with nanoporous alumina membrane as filter to separate

solutions with concentrations C; and C,

Nanoporous membranes with three different kinds of nanopore sizes of 20 nm and 100
nm are chosen. Three kinds of molecules with different concentrations are used in our
experiments, including bovine serum albumin (BSA), insulin, and Cisplatin (cis-
Diaminedichloroplatinum, CDDP). The concentration of molecule concentration can be
measured by a UV-Visible spectrophotometer. It is based on the near absorbance of
UV- light by the aromatic amino acids tryptophan and tyrosine, including small amount
of protein residues such as cystine (disulfide bonded) and phenylalanine. The measured
absorbance at wavelength 280 nm (Azg0) of the protein sample was acquired. For
Cisplatin, intensities of the maximum absorbance of cisplatin A = 301 nm was acquired.
To calculate the concentration, the absorption peak was compared to the curve from
standard protein solutions, whose peak values were measured with UV-Vis before with

known concentrations.
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3.3.1 BSA diffusion using membranes with 100 nm nanopores

Bovine serum albumin is a serum albumin protein that has numerous biochemical
applications, because of its stability, its lack of effect in many biochemical reactions,
and its low cost. We would investigate the diffusion effect of (a) different BSA
concentrations with same pore size; (b) the BSA solutions at the same concentration
with different pore size; (c) diffusion rate of BSA in different pore size. We prepared
BSA solutions in six different concentrations C;: 0.1 mg/ml, 0.5 mg/ml, 1 mg/ml, 5
mg/ml, 10 mg/ml, and 20 mg/ml (all in w/v). 100 uL solutions in the right part of the
chamber are taken out and the concentration are measured at different time points. Two
types of nanoporous alumina membranes with different nanopore sizes of 20nm and

100nm are used.

When using the membranes with 100 nm nanopores, the data was plotted in Fig 3.3.2. Y
axis represents the final concentration of the solution in the right part of the chamber (C,,
w/V), and X axis means the different time points (t, min) when the 100 pL solutions are
taken out and measured. For every initial concentration Cy, it is observed that all the
curves show the similar trend. The concentrations of C, increased over time, which
shows the protein diffusing process from the left compartment to the right compartment

through the nanopores over time.

The slopes of the lines between every two points indicates the diffusion rates in the time

interval between the points. For the first 30 minutes, the slopes are obviously larger than
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the following time, which means the diffusion rate is highest at the beginning. After 90
minutes, the slopes are close to 1, especially for the high initial concentration ones,
which means the final concentrations nearly remain unchanged after 90 minutes. The
slopes of the lines between 30 minutes and 60 minutes, and the ones between 60 minutes

and 90 minutes, are similar to each other.

0.3 - —— 20 mg/ml —=—10 mg/ml
5 mg/ml 1 mg/ml
0.25 - ——0.5 mg/ml ——0.1 mg/ml

Final Concentration (mg/mL)

0 T T T T T

0 30 60 90 120 150
Time (Minutes)
Fig 3.3.2 Final concentration of C, for BSA diffusion experiments at different time

points (average nanopore diameters D=100 nm)

For initial diffusion stage analysis, final concentration data C, between 30 minutes and
90 minutes is taken out for further analysis which is plotted in Fig 3.3.3, to find out the
relationship between the final concentrations of the solution in the left part and time
points for every initial concentration. Y axis is the final concentration C, by subtracting
the data at 30 minutes, X axis is the time points starting from T= 30 minutes. Data was

fitted and the equations were shown.
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Fig 3.3.3 Final concentration changes between 0 minutes and 90 minutes

For C;= 20 mg/ml, the equation between C, and t is C,=0.0016 t, where R’= 0.9842

For C;= 10 mg/ml, C,=0.0014 t, where R?=0.9641.

For C;= 5 mg/ml, C,=0.0013 t, where R?*=0.9857.

For C;= 1 mg/ml, C,=0.0008 t, where R?*=0.9842.

For C;= 0.5 mg/ml, C,=0.0007 t, where R?*=0.9923.

For C;= 0.1 mg/ml, C,=0.0005 t, where R?*=0.9882.

The slope of the lines can be described by the coefficients, which reflects the diffusion
rate over the time change, R? is close to 1, shows the final concentration is linear related

with diffusion time.

The diffusion rates for higher initial concentrations are obviously higher than the lower
ones. A solution with higher initial concentration C; would create a higher concentration
gradient between two compartments of the chamber, so the molecules from a high

concentration region will migrate to a low concentration region. The larger gap of the
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concentration gradient, the faster of the molecules move. Therefore in this case, when a
higher concentration of BSA is applied, the higher rate of diffusion will appear. But the
diffusion rates are not proportional to the initial concentrations. For the 20 mg/ml
concentration solutions, its diffusion rate is around 0.0016 mg/(ml*min), and for the 10
mg/ml the value is 0.0014 mg/(mg*min). The concentration for the first one is two times
than the second one while the diffusion rate for the first one is only 14% higher than the
second one. Similar relationships can also be found for other concentrations. The highest
initial concentration is around 200 times to the lowest one, but the diffusion rates for the
highest ones are only three times than the lowest one. The diffusion constant can be
calculated and it can be concluded even for the nanoporous alumina membranes with
average diameter 100 nm, not all the nanopores are the same sizes and open fully for the

protein. The conclusion corresponds to the pore size distribution analyzed before.

3.3.2 BSA diffusion using membranes with 20 nm nanopores

When using the membranes with 20 nm nanopores, data is plotted in Fig 3.3.4. The
meanings of Y and X axis are similar to Fig 3.3.3. For every initial concentration, the
final concentrations also increase over time and the protein diffuses through the
nanopores over time. But the final concentrations at every time points are smaller than
the ones for 100 nm membranes, which indicates the diffusion rates for 20 nm
membranes are smaller than 100 nm ones. For the first 30 minutes, the slopes are also
obviously larger than the following time, which means the diffusion rate is higher at the
beginning than the other times. But even after 150 minutes, the slopes are not close to 1,

which means the concentrations hasn’t reached equilibrium after 150 minutes. For every
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initial concentration, the slopes of each line between 30 minutes and 150 minutes are

similar to each other.
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Fig 3.3.4 Final concentration of C, at different time points (average nanopore diameters

D=20 nm)

For initial diffusion stage analysis, data of C, between 30 minutes and 150 minutes were

plotted and fitted as six lines in Fig 3.3.5. Using the same methods for 100 nm

membranes analysis, data was fitted with lines and the equations are shown.

83



0.07 7 4 20 mg/ml

0.06 7 = 10 mg/ml
0.05 | 5 mg/ml
0.04 1 *1mg/mi

Final Concentration Changes (mg/ml

003 | * 0.5 mg/ml
* 0.1 mg/ml
0.02 -
0.01 -
0.00 = \ \ \ \ \ 1

0 20 40 60 80 100 120
Time (Minutes)

Fig 3.3.5 Final concentration changes between 30 minutes and 150 minutes

For C;= 20 mg/ml, the equation between C, and t is C,= 0.00049t, where R?= 0.9684.
For C,= 10 mg/ml, C,=0.00045 t, where R?= 0.9590.

For C;= 5 mg/ml, C,=0.00040 t, where R°= 0.9694.

For C;= 1 mg/ml, C,=0.00036 t, where R°= 0.9715.

For C;= 0.5 mg/ml, C,=0.00032 t, where R?= 0.9792.

For C;= 0.1 mg/ml, C,=0.00021 t, where R?= 0.9773.

Different from the 100 nm membranes, the diffusion rates for higher initial
concentrations are not much higher than the lower ones for 20 nm membranes. For the
20 mg/ml concentration solutions, its diffusion rate is around 0.00049 mg/(ml*min), and
for the 10 mg/ml the value is around 0.00045 mg/(mg*min). The concentration for the
first one is two times than the second one while the diffusion rates for the two
concentrations are very close to each other. Similarly, the diffusion rate for

concentrations 5 mg/ml, 1mg/ml are around 0.00040 and 0.00036 mg/(ml*min),
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respectively. For the solution with concentration 0.5 mg/ml, the diffusion rate is around
0.00032 mg/(mI*min). Only for the lowest concentration 0.1 mg/ml, the diffusion rate
was decreased as 0.00021 mg/(ml*min). The highest concentration we measured is
around 200 times to the lowest concentration, but the diffusion rates for the highest ones
are only 2.5 times than the lowest one. It can be concluded even for the nanoporous
alumina membranes with average diameter 20 nm, it is harder for protein diffusion
through the nanopores, maybe only a few of nanopores allow the protein diffusion,
which make the higher concentration solution could not diffuse quicker than the lower

concentration ones.

The size of nanopores may have the influences on the diffusion of proteins when the
diameters are comparable with the size. The relationship between the two sizes was
studied during BSA diffusion procedure. In the diffusion experiments with different
nanopore sizes, other conditions are kept unchanged. To compare the different diffusion
rate of 20 nm and 100 nm nanopores, the values of coefficient for different initial
concentration were plotted in Fig 3.3.6. Y axis represents values of coefficient for the
equations which are the diffusion rates for the nanoporous alumina membranes between
30 minutes and 90 minutes, or 150 minutes, respectively. X axis represents the initial
concentrations, the bars with purple color are data for 100 nm membranes, and the bars
with red color are data for 20 nm membranes. For every initial concentration, the
diffusion rates with 100 nm membranes are significantly higher than the ones with 20
nm membranes. For 20 mg/ml initial concentration, the diffusion rate for the 100 nm
membrane is 3 times larger than the 20 nm one, but for 0.5 mg/ml solutions, the

diffusion rate for the 100 nm one is only 2 times larger than the 20 nm ones. For every
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initial concentration, the coefficient value for 100 nm nanopores is larger than 20 nm
nanopores, which suggests that 100 nm pore size has a higher permeability of BSA than
20 nm pore size. This shows that the diffusion rate is larger for nanoporous membranes
with larger pore size if other conditions are the same (i.e. room temperature, normal pH

and pressure).
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Fig 3.3.6 Comparison of diffusion rates between nanoporous alumina membrane with

different nanopore diameters (purple: 100 nm, red: 20 nm)

Similar experiments with two other biomolecules, insulin and CDDP, were also explored.
For all these biomolecules, it is illustrated that there are more diffusion taken place in a
relative larger nanopores. Furthermore, the relationship between molecular weight and
size of the testing molecules should also be considered. The molecular size should be
much smaller than the nanopores, to ensure the passage of them through the nanopores.
Those molecules with large molecular size may be constrained by the nanoporous

alumina membrane. Therefore, only suitable size of the molecules will be transported in
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the appropriate size of the alumina membrane. The nanoporous membrane with
appropriate nanopore sizes has a controlling function which can restrict the transport of

relative large molecules.

3.3.3 Diffusion properties for different molecules

To demonstrate particular characteristics of the nanoporous membrane, it is proposed
that the controlling system is based on the alumina nanoporous membrane with different
pore size. The diffusion of BSA, insulin and CDDP with same concentrations of 0.01,
0.05, 0.1 mg/ml was used. They are tested in a testing device with 20 nm and 100 nm,

respectively. The diffusion rate with respect to its concentration was plotted in Fig 3.3.7
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Fig 3.3.7 Diffusion rates of different proteins of nanoporous alumina membranes (upper)

average nanopores diameter D=20 nm (lower) average nanopores diameter D=100 nm

The measured diffusion rate in both membranes showed a descending order as below:
CDDP> insulin > BSA. For both 20 nm and 100 nm membranes, the measured
diffusion rate of CDDP is the highest. Based on the result obtained, it is suggested that
the diffusion rate is dependent on the molecular size of the molecules. The molecular

weight of the above molecules was shown in an ascending relationship with the
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increasing of molecular weight: CDDP (MW=300), insulin (MW=5808) and albumin
(MW=67000). As the nanopore size increases, each of the molecules diffusion rate
become larger. However, the diffusion rate of CDDP leads while those of other
molecules are far behind. The reason is that CDDP has a quite small molecular size that
can diffuse very freely in the two membrane pore size and the diffuse rate is even faster
in a larger membrane. The small molecules always move faster than the bulky molecules.
In addition, it is observed that the diffusion rate of CDDP measured using membranes
with 20 nm nanopores is substantially less than that of membranes with 100 nm
nanopores. This data suggest the diffusion rate of the molecules is constrained by the
nanopore size when a specific molecule is chosen, result in a slower efflux through

nanopore membrane.

The curve shows an inversely proportion relationship between the diffusion rate of the
molecules. Herein, in extreme case, if the molecular dimensions are closer or larger than
the nanopores, there is only few or even no diffusion. Thus, when a specific molecular
was chosen, membranes with larger nanopores should be used to do the diffusion. For
nanopores which are much larger than the molecular dimensions of the solute, the
diffusion rate increase and the relationships are fitting to the Fickian diffusion model.
The diffusion rate is proportional to the concentration differences. Linear relationships
were found between 30 minutes and 120 minutes. For nanopore size that is slightly
higher or close to the molecular dimensions of the solute, the diffusion rate is

constrained; non Fickian diffusion model is observed.
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The diffusion effect of three protein molecules through a nanoporous membrane was
identified. The solution of bovine serum albumin (M,,= 67000 Da), insulin (M,,= 5808
Da) and CDDP (M,, = 300) in different concentrations were studied. The final
concentration is increasing over time. In the three testing solution, BSA also shows the
highest final concentration when the same initial concentration is applied. Although
both 20 nm and 100 nm membranes allow proteins to diffuse and transport, the 100 nm
membrane always shows a higher diffusion rate than 20 nm membranes. So we choose
100 nm in the following experiments which need ions diffusion. Higher molecular
weight results in lower diffusion rate when other conditions kept unchanged. When a
protein or drug is chosen to be a potential candidate for drug delivery, nanoporous
alumina membranes with larger nanopores than the size of the molecules should be

applied.

3.4 Cell behavior and biocompatibility of nanoporous alumina

membranes

The two step anodization technique to fabricate nanoporous alumina membrane proves
to be a reliable and repeatable method. Surface modification was shown to be effective
to change the surface properties to induce or prevent protein adsorption on specific areas
of the surface. The nanopores are fully open and allow the diffusion and transport of
proteins, which was confirmed by diffusion experiments. The next question is cell
biocompatibility of nanoporous alumina membranes. The impedance measurement can
be applied only if the cell behaviors are normal when cultured on the membranes. The
surface directly contacts with cells. Both chemical and topographical properties of the
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material surface can play an important role in determining cell behavior. For biomedical
applications, controlling cell responses to a bio-material is of interest with regard to
tissue culture. (Tan and Saltzman 2002) In our project, cells were successfully cultured

on nanoporous alumina membranes and monitored to testify the biocompatibility.

3.4.1 Stem cells cultured on nanoporous alumina membranes

Mesenchymal stem cells (MSCs, purchased from ATCC) were cultured on nanoporous
alumina membranes. The cells were visualized by fluorescence microscopy after
staining. Fig 3.4.1 shows the fluorescence images of MSCs cultured on nanoporous
alumina membranes after 4 days of cell culture. Fig 3.4.1(a) shows cells stained with
phalloidin-TRITC, from which we can see the cell cytoskeleton. Fig 3.4.1(b) shows the
same cells stained with DAPI, from which we can see the cell nucleus. The cells spread
on the surface very well while the cell nucleus were kept intact which could tell us the
cell status are normal after they were cultured on the nanoporous alumina membranes

surfaces for more than 4 days.
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Fig 3.4.1 Fluorescence images showing mesenchymal stem cells (MSCs) cultured on

nanoporous alumina membranes

MSCs are multipotent stem cells and they have ability to differentiate into specific cell
lineages including fibroblast, osteoblast, chondrocyte or other cell types by providing
different differentiation media. Recent studies have investigated the influence of
nanoporous alumina membranes on MSCs proliferation and differentiation up to 3
weeks. The surfaces demonstrated much better results than control surfaces. (Popat et al.

2007)

3.4.2 Cancer cells cultured on nanoporous alumina membranes

KYSE30, a type of human esophageal squamous epithelial cancer cell line, is well
differentiated human squamous cell carcinoma from esophageal cancer. It is widely used
to determine the role and mode of inactivation of some important genes such as p15, p16

and p53 in human esophageal tumors. We cultured KYSE30 on different surfaces for
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many days, especially on nanoporous alumina membranes, and SEM and fluorescence

staining was used to observe the cells.

Fig 3.4.2 shows SEM micrograph of KYSE30 cancer cells cultured on nanoporous
alumina membranes. Fig 3.4.2 (a) shows that cells maintain the morphology and spread
on the surface very well. Many cells could be observed on the surface. Fig 3.4.2 (b)
shows one cell in larger magnification. The cell is covered on the surface and it is
spreading very well. It shows high degree of spreading and normal morphology on the
surface. The length of cell cytoskeleton is many times larger than the cell diameters and

it indicates that many nanopores under the cells have already been covered.

Fig 3.4.2 SEM micrographs of KYSe30 cultured on nanoporous alumina membranes (a)

three cells shown (b) one cell shown in larger magnification

Fig 3.4.3 shows a KYSE3O0 cell in contact with the nanoporous membranes. The cell also
shows spreading morphology and it has covered many nanopores of the membrane. It
can be concluded that when ions intend to pass through the nanopores, they would only

go the nanopores which are not been covered. The nanopores been covered by cells
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would block the ions, hence the electrical current caused by the ions would decrease but
the impedance would increase at the same time. Any cell morphology changes would
change the numbers of nanopores covered by the cells, then to change the impedance. It

is possible for us to monitor cell morphology changes by measuring impedance spectra.

Nanopores

Cell

20KV X3,700  5pm 10 30 SEI

Fig 3.4.3 SEM images showing KYSE30 cells after 7 days in culture while covering

many nanopores

3.4.3 Cancer cell proliferation on nanoporous alumina membranes

During 9 days of culture, different cells were stained with phalloidin-TRITC. Fig 3.4.4
shows KYSE30 cells cultured on nanoporous alumina membranes for different days. Fig
3.4.4 (a) shows the cells on day 3, many of the cells have already spread and covered on
the surface. Fig 3.4.4 (b) shows the cells on day 5, there are more cells at the same sizes
of surface and they also spread very well. Fig 3.4.4 (c) shows the cells on day 7, the

concentration of cells are higher than before, but the difference between day 7 and day 5
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is not as large as that between day 3 and day 5. Fig 3.4.4 (d) shows cells cultured on the
surface for 9 days, the concentration is very high and cells have already form monolayer
on the surface. Though the nanopores were not observed directly by fluorescence, it can
be concluded that most of the nanopores were covered and blocked, to make the ions not
pass through them. The images of cells at different stages show they exhibiting normal

phenotype and morphology.

Fig.3.4.4. Fluorescence images of KYSE30 cells cultured on nanoporous alumina

membranes surfaces for different days (a) Day3 (b) Day5 (c) Day7 (d) Day 9

The numbers of cells were counted from the fluorescence images and calculated. Fig

3.4.5 shows the concentrations of KYSE3O0 cells cultured on different surfaces for 3~9
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days. On nanoporous alumina membranes, the concentration of cells has increased while
the culture time lasted. At day 3, the concentration is around 1.90 x 10° at day 5 the
concentration has increased to 2.68 x 10°, which is 41% higher than day 3. At day 7, the
concentration is around 3.71 x 10° and it is around 38% higher than day 5. At day 9, the
concentration is around 4.23 x 10°, which is around 9% higher than day 7. The
increasing speed is smaller than before, which indicates the cells may have already
formed confluent layer on the surfaces. Comparing day 9 to day 3, the concentration of

cells has already increased by 213%.

On glass surfaces, the concentration is around 1.85 x 10°atday 3 and is around 3.87 x
10° at day 9, which is less than nanoporous alumina membranes. Glass surface could be
considered as a control, and the membranes should have better biocompatibility than it.
On pure aluminum surface, the concentration is around 1.82 x 10°atday 3 and is around
2.32 x 10° at day 9, it indicate this surface has negative impact on KYSE30 cells though
other references reported alumina also supported cell growth and did not negatively
affect cell viability (Popat et al. 2005). Among these three surfaces, nanoporous alumina
membrane supports the highest cell proliferation and it has better biocompatibility than

the other two.
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Fig 3.4.5 KYSE30 cells cultured on different membranes

Different cell were applied to study the biocompatibility of nanoporous alumina
membranes. Cancer cells were used for apoptosis study, and other cells were used only
to prove the biocompatibility of the membrane. Using different cells open the door for
other potential applications. The results show that the membranes can provide a
biocompatible nanoscale environment which is suitable for cell culture. The reason for
the better biocompatibility is the surface property. After silane treatment, the surface can
adsorb more protein, which will increase the adsorption effect of cells cultured on the
surface, finally result in better spreading and proliferation. SEM images showed that the
cells not only covered on the nanopores, but also inserted parts of cell cytoskeleton into
the nanopores. These findings suggested the ions would be blocked when they wanted to
go through the nanopores, which would induce the increase of impedance finally during

impedance spectra measurement.

97



3.5 Impedance spectrum with electrolyte

After successful fabrication of nanoporous alumina membranes and incorporation of
them with PDMS device, electrical impedance analysis was performed to ensure that the
nanopores are completely open. A series of conducting solutions in different
concentrations, which are made by adding an ionic salt to an appropriate solvent, are
required for performing the impedance analysis. NaCl solutions with different
concentrations were chosen as the electrolyte solutions to perform impedance

measurement and analysis.

3.5.1 Impedance measurements of nanoporous alumina membrane

Impedance spectra of the chamber incorporated with nanoporous alumina membrane
were measured. Fig. 3.5.1 shows the impedance spectra of sodium chloride solutions
with different concentration from 0.001 M to 1 M, the nanopore size is 100 nm here. It
can be seen that the impedance spectra of solutions respond different with sodium
chloride concentrations in the frequency from 0.1 Hz to 10 KHz. It is obvious that the
magnitude of the impedance decrease with increasing electrolyte solutions
concentrations. When the concentration is 0.001M, the impedance is nearly as high as
that of distilled water, which indicates there was even no ions transport from the
nanopores. When the concentration is 0.01M, the impedance decreased dramatically and
it shows that there were some ions transporting through the nanopores. Solutions with
higher concentrations such as 0.2 M, 0.5 M and 1 M contain more ions in them and there

are more ions transporting through the nanopores at the same time, which are make the
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impedance data lower at any specific frequency. However, the magnitude of the
impedance was not inversely proportional to the concentration of the solutions, probably
because of the slightly variation of other conditions such as positions of electrodes,
existing of small bubbles under the nanoporous membranes. This relationship suggested
us the flow of electric current, which are carried by ions such as sodium (Na*), chloride
(CI") originated from electrolyte solutions, can go through the nanopores freely when

nothing is on the surface blocking the nanopores.

Impedance (Ohm) Impedance vs Frequency
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0.01M NacCl — 0.1M NacCl
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Fig 3.5.1 Impedance spectra of nanoporous alumina membrane in frequency domain

To find out the best frequency to take analysis, impedance data at different frequencies
was normalized by setting the impedance of deionized water as 1. Fig 3.5.2 shows
differences between NaCl solutions at different frequencies. At higher frequencies such
as 10000 Hz, the differences between solutions with different concentrations are very
large and obvious. At frequencies as low as 0.1 Hz, the differences is not so large but

also obvious enough to be observed. It indicates that even at low frequency, the electric
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currents which are due to the ions transporting through nanopores are also detectable and

correlated with the concentrations of ions in the electrolytes.
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Fig 3.5.2 Relative impedance differences between solutions at different frequencies
3.5.2 Equivalent circuit model analysis of impedance spectra

For analysis of the measured impedance spectra through the nanoporous membrane, the
impedance data must be modeled. Fig 3.5.3 shows the equivalent circuit model of the
device incorporated with nanoporous alumina membrane. The equivalent impedance of a
nanochannel is modeled as a RC circuit, which is widely used for simulating of porous
membranes. The electrical double layer capacitance of the device is represented
aracterized using a capacitor Q, which is an imperfect capacitor since it could not be
considered as a pure capacitor. The capacitance Q is consisted of two elements, Q-n and

Q-Yo. The resistance of the nanopores is modeled by a resistor Rp.

Rp
— ©)
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Fig 3.5.3 Equivalent circuit model of nanoporous alumina membrane incorporated
device
Q is also known as constant phase element (CPE), which contains Q-Yo and Q-n. Q-Yo
represents the dielectric properties of the membrane/ electrolyte and the effect of surface
morphology. Here, Y= Yo (jw)". If the n-value of a Q is a little less than 1.0, then the Q
behavior is close to that of a pure capacitance. The imperfect capacitor Q has two
parameters. The parameter Q-Yo is similar as a capacitor and another parameter n is
between 0 and 1. Since the surface property of the nanoporous structure is complex, it

should not be defined as a simple capacitor.

ZSimpWin (EChem Software), a software for circuit modeling and data fitting, was
adopted to calculate the resistance Rp and capacitance Q of the nanoporous membrane
from the Bode plot of device for different electrolyte concentrations. The parameters of
every element for the impedance spectrum for each concentration were fitted. Curves of

the values for different concentrations were plotted.
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Fig 3.5.4 Resistance of nanopores decreases while concentrations increases (frequency

100 Hz)

Fig 3.5.4 show the resistance of nanoporous alumina membranes, when frequency was
set at 100 Hz. When use distilled water, the resistance is around 3.00 x 10* Q, and the
resistance is around 1.86 x 10* Q when use sodium chloride solution with concentration
0.001M, it is about 38% less than the distilled water. It indicates more ions are
transporting through the nanopores when using 0.001 M solution than that of distilled
water. The resistances of higher concentrations solutions lead to lower resistances. For
the 1M NaCl, the resistance is around 470.4, which is around 97.5% less than that of
0.001M solution. R decrease while the concentration of electrolyte solution increase
significantly, which conclude the resistance changes are an important part of the
impedance changes. There are more ions in the higher concentration solutions to go

through the nanopores, which make the current higher and impedance lower.
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Fig 3.5.5 shows Q-Yo and Q-n of the nanopores. Q-Yo and Q-n are two parameters of
the imperfect capacitor Q. Q-Yo is the double layer capacitor. When used distilled water,
the Q-Yo is around 3.06 x 10° F, and it is 3.29 x 10 F when using 0.001M NaCl,
which is around 7% than that of distilled water. Q-Yo slightly increases while the
concentration increases. When using 1 M NaCl, the Q-Yo is 7.26 x 10° F, which is only
less than 2 times as that of 0.001 M NaCl. Comparing with the differences of resistance
between high concentration solutions and low concentration ones, the capacitance of the
double layer is also part of the impedance, but it is not the mainly factors of the
measured impedance. Q-n is another parameter for the imperfect capacitor Q, which is
used to show the degree of imperfection for the capacitor. If n=1, it is a pure capacitor.
The fitted Q-n is around 0.7~0.85 and increase slightly. The smallest one is 0.6931 for
distilled water and the biggest one is 0.8546 for the 1 MNaCl. It means the double layer
is a relatively pure capacitor and its property remain unchanged while the concentration

of the electrolyte solutions changes.
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Fig 3.5.5 Q of nanopores increases while concentrations increase

The equivalent circuit model suggests us the system consisted of two main parts:
nanoporous alumina membranes membrane and electrolyte solutions, the impedance
changes can be caused mainly by the changes of circuit current through the nanoporous

alumina membranes. It can be concluded that if the surface of the nanoporous alumina
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membrane has been covered and the nanopores were blocked by cells or other samples,

the impedance will change because of the blockage.

3.6 Patterning of cells in the microwells

In order to define sensing area, cell micropatterning is required for confine cultured cells

within specific microwells.

3.6.1 Single microwell for cell culture

Single well experiments were explored to verify the patterning effects. Protein/cell
repelling hydrogel layer with 500 um microwell was fabricated on the silane modified
nanoporous alumina membranes with the nanopore size of around 75 nm. Fig 3.6.1 (a)
shows the fluorescence image of the microwell before cell seeding. The round shaped
microwell could be observed by mixing with green dye. The PEG hydrogel
micropatterns on the silane modified nanoporous alumina surface created controlled
spatial distribution of hydrophobic and hydrophilic regions, which interacted differently
with cells. The PEG patterned substrates were incubated with KYSE30 cells for 1 day.
After incubation, the chip with adhered cells was removed from cell culture media
followed by washing. Then the cells were stained with propidium iodide (Invitrogen)
and observed using fluorescence microscopy. Fig 3.6.1 (b) shows the fluorescence
image of the nanoporous surface after cells seeding. The fluorescence labeled KYSE30
cells are captured within the microwell after cell seeding. There’re no cells adhered on

the PEG surface. The difference of cell adhesion between PEG and modified nanoporous
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alumina membrane surface enabled the spatial control of cells. The modified nanoporous

alumina membrane was more capable of cell adhesion than PEG surface.

Fig 3.6.1 Fluorescence images before (a) and after (b) cell seeding

3.6.2 Array of microwells for cell culture
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An array with 10 X 10 microwells was fabricated with PEG on silane modified
nanoporous alumina membrane. The diameter of every microwell is 200 um. After
seeding and culture for three days, cells were stained with phalloidin-TRITC. Fig 3.6.2
shows part of the array with 2 X 3 microwells, and background color has already been
subtracted. Cells could be observed clearly from the image. In some of the microwells,
several cells can be found. But in others of them, only one or two cells can be found

within one microwell. Most of the cells are spreading very well in the microwells.

Fig 3.6.2 Array of microwells with cells cultured within them

For the 100 microwells, cells per microwell were counted using MetaMorph.
The numbers of cells within each microwell was plotted. Fig 3.6.3 shows the numbers of

microwells which has specific numbers of cells within them. X axis means the numbers
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of cells within each microwell, and Y axis means the numbers of microwells. There’re 6
microwells which has no cells within them while 4 microwells has 8 cells within them.
Among the 100 microwells, 20 of them have 2 cells within them and 26 of them have 3
cells within them. The average numbers of cells within each microwell is 3.5, which

means around 3~4 cells were cultured within every microwell with the diameter 200 pm.
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Fig 3.6.3 Numbers of Microwells have specific numbers of cells within them

The results showed that PEG hydrogen microwell was successfully fabricated on the

nanoporous alumina membranes, and the cells were cultured and patterned within the

microwells, which define the sensing area in these microwells.
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3.7 Impedance spectrum for cancer cell adhesion

Cell adhesion and cell spreading are fundamental processes of adherent cancer cells.
Because of the complexity of cell adhesion and cell spreading processes, these cellular
processes were studied at many levels including the tissue, individual cell, and
molecular levels (Seriburi et al. 2008). Cell morphology changes when cells adhere and
spread, so the dynamics of cell spreading and cell adhesion can be monitored by
recording cell morphology changes. The cell morphology changes are measured using
different conventional optical methods. Electrochemical methods offer a non-invasive
and cost-effective technique compared to optical methods for measurement of cell
morphology changes. Some electrochemical methods such as a transistor probe and
impedance sensing using microelectrodes were previously used to study attachment,
adhesion and spreading of cells. As we described in the background area, electrical cell-
substrate impedance sensing (ECIS) was used as a tool to study properties of monolayer

of cells for many years.

But, this method has some limitation and restrictions. In many situations, the size of
electrode should be fabricated less than 100 um. The electrode impedance caused by the
electrode polarization is increased at the low frequency range when the size of electrode
decreases. If the impedance related with the cell morphology changes is too much
smaller than the high electrode impedance caused by the polarization, it is hard to extract
the impedance data of cells from the total measured impedance data. Micro hole-based
cell chip can be applied to avoid the problem of electrode polarization. When the micro

holes or even nanopores are on the insulating membrane and when the electric fields are

109



applied in the electrolyte, the current density nearby the holes should be high but no
electric double layer existed. The electrical current flowing through the hole or the
measured impedance should be changed sensitively according to the state and
morphology of the cell covered on the hole. Using the micro holes based impedance
sensor, the impedance of a small amount of cells or even single cell can be measured at
the low frequency range but not be affected by the electrode polarization. Sungbo have
fabricated a micro hole-based chip for fast positioning of a single cell on the hole. Using
the micro hole-based chip, the electrode polarization or viability of single cell can be
detected. The micro hole-based cell chip also can be utilized for the impedance
monitoring of cell cultivation on the chip. Comparing the electrode-based cell chip, the
micro hole-based cell chip can be used to measure the impedance of even single cell in
the low frequency range, due to avoiding the effect of electrode polarization. Further, the
micro hole-based cell chip can be utilized to position the cell on the required location of
the micro holes quickly by using micro fluid controller. It possible to do a fast bio-

sensing using this micro hole based cell chip (Cho and Thielecke 2007).

The electrical property of the micro hole-based chip is determined by the sizes of holes
and the insulating membrane. In order to increase the sensitivity of the micro-hole based
chip, we developed a novel nano-hole based chip with impedance spectroscopy. It is a
new morphology-sensitive electrochemical micro-system with nanoporous alumina
membrane which can detect the small cancer cell morphology changes, not only during
the processes of cell adhesion and cell spreading, but also the changes induced by anti-

cancer drugs even in trace quantities. Increasing surface area of the nanoporous material
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leads to the increasing of the surface chemical reaction rate of the electron transfer

through the solid-liquid interface.

The fabrication process of the device and cell biocompatibility have already been
demonstrated before, we have measured the impedance of nanoporous alumina
membrane according to the different culture periods of cells on the nanopores by
impedance spectroscopy. The electrical properties of different components were
separated and the influence of cell adhesion or spread on the total measured impedance

was calculated.

In our experimental setup, cancer cells were cultured on the modified nanoporous
alumina membranes, which were covered by ECM protein before cell culture. The
impedance spectra were recorded before and adding of cells, so that the characteristics
of the cell-free and cell-covered impedance-sensing system could be determined and

described with equivalent circuit models.

3.7.1 Impedance spectra for cells cultured on nanoporous membranes

For cells cultured on the nanoporous membrane for different days, the impedance

spectra were also recorded, which can be used to determine the components of the whole

system.
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Fig 3.7.1 Impedance spectra of cell growth for different days

Fig 3.7.1 shows the measured impedance spectra of KYSE30 cells with different
cultivation days on nanoporous alumina membrane. The impedance spectra were
measured in the low frequency of 0.1 Hz to 10,000 Hz from day 1 to day 8. It can be
seen that the impedance magnitude increase while the cells were cultured on the surface.
When the cells were just seeded on the nanoporous alumina membrane on day 0, the
average impedance amplitude was 276.2 + 7.8 KQ at 0.1 Hz. At day 1, the impedance
spectra increase a lot, and the average impedance amplitude was 370.2 + 9.3 KQ at 0.1
Hz, which indicate the cell adhesion on the nanoporous alumina membrane. During this
process, the cell morphology changes dramatically and causes large impedance changes.
In the following days, impedance also increases but the speed is not so high, which
indicates the normal cell proliferation and spreading on the surface. For day7 and day 8,
the impedance remains nearly the same, it can be seen that the cells have already form
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monolayer on the surface and the morphology changes is very small. When cancer cells
achieved confluence on the nanoporous alumina membrane after 8 days of cultivation,
the average impedance amplitude was increased to 793.5 + 14.3 KQ at 0.1 Hz. No
significant difference of impedance amplitude could be observed when the frequency

was above 10 Hz.

3.7.2 Equivalent circuit modeling for cells cultured on membranes

In order to correlate the variation of impedance of cells behavior, the impedance spectra
were fitted with the equivalent circuit. The cell-membrane interface is modeled for
coverage of the nanoporous alumina membrane by the cells. The impedance-sensing
system with cells can be represented by the equivalent circuit model shown in Fig 3.7.2.
Similar like the model we used before to simulate the membranes, the resistance of the
nanopores is represented by R,. While the electrical double layer capacitance of the
device is characterized using a imperfect capacitor Q. The resistance and capacitance of
the cell layer on the nanoporous membrane were characterized using a resistor R; and a
capacitor C.. This is the equivalent circuit model of the impedance-sensing system with
cells, which means cells have already cultured on the nanoporous alumina membranes.

So a new part with cells should be considered in the circuit model.
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Fig 3.7.2 Equivalent circuit model of the impedance-sensing system with cells

In order to evaluate the changes caused by the cells cultured on the nanoporous alumina
membrane, during the whole process, because the system is the same as that without
cells covering, Rp represented the resistance of the nanoporous alumina membrane, and
it should be kept unchanged when we culture cells on the surface. Before cell culture,
impedance signal with cell culture medium was measured and set at the fixed value Rp
=470 Ohm. Changes of circuit parameters can be read out by comparing different
impedance spectroscopy acquired at different time points. Then, the cell-membrane
connection can be monitored, and the cause of the impedance changes can be evaluated

based on physical meanings of different circuit parameters.

Q is also known as CPE, it contains Q-Yo and Q-n. If the n-value of a Q is a little less
than 1.0, then the Q behavior is close to that of a pure capacitance. As we described

before, it contains two parameters:.

Q(CPE) 1/Z=Y=Yo (jo)"
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Capacitor

1/Z=Y=Yo(jo)'= C (jo)

Where Yo is numerically equal to the admittance (1/|Z|) at ® = 1 rad/s. The value of Yo

could be associated for a Q with the capacitance value, C, for an equivalent capacitor.
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Fig 3.7.3 Circuit model parameters Q-Yo versus cell cultivation days

Q-Yo represents the dielectric properties of the membrane/ electrolyte and surface

morphological information. The capacitance of the nanoporous alumina membrane

decreases from day 0 to day 8. At the first day the value of Q-Yo is around 4.48 x 10°,

after a little increase on day 2, it decreased in the following days. At day 8, the value

decreased to 1.89 x 10, which is around 42% of the first day.
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Fig 3.7.4 Circuit model parameters Q-n versus cell cultivation days

The Q-n remains nearly unchanged during the whole process. The smallest value of Q-n
was fitted for the data of day 3, which is 0.7891. And the biggest value of Q-n was fitted
at day 1 and day 7, which are both 0.8322. The average value of Q-n is Q-n = 0.8193 £
0.01478. The standard deviation is very small and indicates that the Q-n is nearly a
constant for all the days. It can be concluded that the property of the nanoporous
alumina membrane kept unchanged during the days when cells cultured on the surface

for around 8 days, till they form monolayer.

The cellular circuit is modeled with the parallel-serial of a capacitor for cell layer

capacitance (Cc) and a resistor for cell layer resistance (Rc). These two parameters are

also can be contracted from the impedance spectra.
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Fig 3.7.5 Circuit model parameters Cc versus cell cultivation days
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Fig 3.7.6 Circuit model parameters Rc versus cell cultivation days

From the above two images, it is clear that Cc decreased and Rc increased when cell

were cultured and spread on nanoporous alumina membrane for 8 days. On the first day,
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the value of Cc is around 1.36 x 10°°F, it decreased everyday when cells cultured on the
nanoporous alumina membrane, and the value on day 8 is around 1.15 x 10, which is
less than 10% of the first day. At the first day, Rc is around 632 Ohm, and it increased a
lot when cell cultured on the membrane. From day 1 to day 3, the resistance increase not
very much, but it increased a lot from day 3 to day 7, and it reach nearly unchanged at

day 7 and day 8.

The Cc decrease more than 80% from day O to day 8, at the same time Rc increase
around 6 times. It can be conclude that the impedance changes are mainly caused by cell
capacitance changes and cell resistance changes, which was related with cell
morphology changes. The change of Rc and Cc may be related to the increase of
blocked nanoporous area by cell adhesion, cell spreading and cell proliferation, and also
the gap decrease between cells and the nanopores during the cell culture process. Other
properties may also change the values of Rc and Cc, such as membrane integrity,
membrane potential, adhesion strength, extra-cellular ionic distributions, and also
number and surface area coverage of cells above the nanoporous area. The above
analysis shows that cellular adhesion, spreading, proliferation, and morphology changes

can be monitored with this nanoporous alumina membrane based impedance sensor.

3.8 Impedance spectrum for drug effects

When cells are cultured on nanoporous alumina membranes for many days and form a
cell monolayer, the impedance spectrum will reach a stable value. This stable impedance
value could be used as the base line for the following drug testing.
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3.8.1 Impedance measurement for cells treated by different chemicals

Retinoic acid (RA, Sigma-Aldrich) is both an immunomodulator and a preventive and
chemotherapeutic anticancer agent and its derivatives were used to treat many cancer
and tumor types. Retinoic acid can specifically change the morphology of cells by
suppressing the synthesis of intermediate filament protein. The anti-cancer effects of
retinoic acid are in part due to its ability to inhibit proliferation of cancer cells and it can
interfere with the growth and development of cells. RA inhibits the cell-substrate
adhesion and motility and also induces morphological and functional terminal
differentiation of a cell line. It is reported that the modulation of proliferation and
adhesion in epithelial cells and fibroblasts of human skin by RA is associated with
changes in the extracellular matrix production of Ca®* metabolism. The anti-cancer
effect of retinoic acid is in part due to their ability to inhibit proliferation of cancer cells.
RA inhibits cancer cell-substrate adhesion and motility and also induces morphological

and functional terminal differentiation of a cell line.

In our experiment, RA is dissolved in absolute ethanol at the concentration of 0.01M (3
mg/mL). After 8 days’ culture, the impedance amplitude was stable around a constant
value and was normalized as 1 at 0.1 Hz. Then, retinoic acid with 0.01 M concentration
was added for the anti-cancer drug experiment. Fig 3.8.1 shows impedance amplitude
change with time under the effect of 0.01M RA. After the addition of RA with 0.01 M
concentration to the cell chip, the impedance magnitude decreased with time. After
taking effects for 12 hours, the impedance magnitude decreased to a stable value which

was close to the initial impedance base line of chips without cells.
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Fig 3.8.1 Impedance amplitude change with time under the effect of retinoic acid

(0.01M) at 0.1 Hz

5-Fluorouridine (5-FU, Sigma-Aldrich) can also be used for chemotherapeutic treatment
of certain cancers because it is a potent inhibitor of the incorporation of formate into
DNA thymine both in vitro and in vivo. 5-FU is dissolved in cell culture medium and the
final concentration is 0.1mg/mL. Fig 3.8.2 shows impedance amplitude change with
time under the effect of 5-Fu. After addition of 5-Fu, the amplitude of magnification
decreased around 55% after 400 minutes. After that, the impedance amplitude was kept

unchanged. It indicates the effect of 5-Fu on impedance amplitude is very quick.
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Fig 3.8.2 Impedance amplitude change with time under the effect of 5-Fu (0.1mg/mL) at

0.1Hz

Cisplatin (CDDP, Sigma-Aldrich) is a platinum-based chemotherapy drug which is used
to treat various types of cancers and it can induce morphological changes of cancer cell
lines. In this experiment, CDDP was dissolved in cell culture medium and the final

concentration of 0.5mg/ml was applied.

Fig 3.8.3 shows the relative impedance amplitude change with time under the effect of
CDDP with 0.5mg/ml concentration. After the addition of CDDP with 0.5 mg/ml, the
impedance decreased around 2.7% at the early 180 minutes. After that the impedance

did not decrease any longer.
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Fig 3.8.3 Impedance amplitude change with time under the effect of CDDP (0.5mg/mL)

at 0.1 Hz

3.8.2 Impedance for cells treated by 5-Fu with different concentrations

The concentration effect of drug on impedance amplitude change was also tested with 5-
Fu. Different concentrations of 5-Fu (0.1mg/mL, 0.2 mg/mL, and 0.5mg/mL) were used.
Fig 3.8.4 shows the impedance amplitude change with time under the effect of 5-Fu at
0.1 Hz for different concentrations. After addition of 0.1 mg/mL 5-Fu, the amplitude of
magnification decreased 55% after 400 minutes. The relative impedance amplitude
decreased 60% after the addition of 0.2 mg/mL at the same time. However, 0.5 mg/mL
addition changed the impedance amplitude much faster after 400 minutes and the value
decreased around 65%. After 400 minutes, impedance amplitudes of all the three cases

were kept nearly unchanged.
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Fig 3.8.4 Impedance amplitude change with time under the effect of 5-Fu at 0.1 Hz for

different concentrations

It is concluded that 5-Fu with higher concentrations could decreased the impedance
amplitude larger than the ones with lower concentrations. But the effect of 0.1 mg/mL 5-

Fu is also strong enough to make impedance changes detectable by our biosensor.

3.8.3 Equivalent circuit modeling for cells treated with 0.1 mg/mL 5-Fu

In order to correlate the variation of impedance spectra with cells behavior during 5-Fu
treatment, the impedance spectra were fitted with the equivalent circuit which is
described before. During the whole process, the resistance and capacitance Q-Yo of the
nanoporous alumina membrane were set at fixed values, which were fitted from the
measured impedance spectra without cells. Changes of the parameters of the circuit

model were read out by comparing different impedance spectroscopy acquired at
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different time points. Then, the cell-substrate adhesion could be monitored, and the
mechanism of the impedance changes could be evaluated based on physical meanings of
different circuit parameters from the fitted model. Fig 3.8.5 shows the circuit model
parameters Cc versus 5-Fu (0.1mg/mL) treatment time. C. represented the capacitance of
cell monolayer. In Fig 3.8.5, initially, C. is around 4.3 x10°F and increased with the
drug treatment time. After 400 minutes, it reached around 2.5 x10” F, which was
around 6 times of the value at the initial stage. After 400 minutes, C. kept nearly

unchanged.
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Fig 3.8.5 Circuit model parameter Cc versus 5-Fu treatment time

Fig 3.8.6 shows the circuit model parameter Rc versus 5-Fu (0.1mg/mL) treatment time.
Rc represents the resistance value of the cell monolayer, and it decreased with the
treatment time until 400 minutes. At first it was around 8.0 x10* Ohm, and it reached
around 3.2 x10* Ohm at 400 minute, which was just around 40% of the value at the

initial stage.
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Fig 3.8.6 Circuit model parameters Rc versus 5-Fu treatment time

From the above results, we could conclude that the changes for amplitude of impedance
during the drug experiments are mainly from the C. and R.. The C. and R are properties
of cell monolayer on the nanoporous alumina membranes. The changes of values of C,.
and R. are mainly caused by the changes of cells, including cell morphology changes,

cell adhesion, cell spreading, cell proliferation, cell apoptosis etc.

3.8.4 Relationship between apoptosis and cell morphology changes

Apoptosis was evaluated at different time points with cell death detection ELISA. Rate
of apoptosis is reflected by the enrichment of nucleosomes in the cytoplasm, which was
shown of four samples. Fig 3.8.7 shows the apoptosis induced by 0.1 mg/mL 5-Fu at
different time points. The enrichment factors increase with treatment time. After
treatment for 2 hours, the enrichment factor is around 3.17, and the enrichment factor

increases to 4.65 after 4 hours of treatment. After 6 hours treatment, it increases to 7.89
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and finally reaches 10.24 after 8 hours treatment. It is shown that the enrichment factors

which represent apoptosis degree increase with treatment time.
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Fig 3.8.7 Apoptosis induced by 5-Fu (0.1mg/mL) treatment for different time

In order to find out the relationship between the impedance changes and morphology
changes, fluorescence images after 0.1mg/mL 5-Fu treatment for different time were
captured. The average covered area per cell was analyzed by MetaMorph. Fig 3.8.8
shows the average covered area per cell after 0.1 mg/mL 5-Fu treatment for different
time. The average covered area was around 237.72 um? per cell without treatment of
drug. After 2 hours treatment, the covered area decreased to around 222.05 um?, this was
about 6.6% decrease of that without treatment. After 4 hours treatment, the area
decreased to around 200.08 um?, which had a 9.9% decrease of that at 2 hours. After 6
hours treatment, the area decreased to 177.40 um? which had an 11.3% decreased of
that at 4 hours. After 8 hours treatment, the area deceased to 166.69 um? which has

around 6.0% decrease of the value at 6 hours. The change between 6 hours and 8 hours
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was less than the changes during other time interval, which may indicate that the effect
of 5-Fu after 6 hours was not as effective as that before. Comparing with the average
covered area per cell without drug treatment, the area after 8 hour treatment has a 29.9%

decrease.
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Fig 3.8.8 Average covered area per cell after 0.1 mg/mL 5-Fu treatment for different

time

As described, enrichment factor is a parameter to reflect cell apoptosis by determination
of mono- and oligonucleosomes in the cytoplasmic fraction of cell lysates and average
covered area per cell is a parameter to reflect the cell morphology change by directly
measuring of cell covered areas during apoptosis procedure. So the relationship between
these two parameters is able to confirm the relationship between cell morphology
changes and apoptosis degree. Fig 3.8.9 shows trends of enrichment factor measured by
ELISA and average covered area per cell calculated by fluorescence image analysis
versus time. After 2 hours’ treatment of 0.1 mg/mL 5-Fu solution, enrichment factor is

3.17 while the average cell covered area is 222.05 pum? After 4 hours’ treatment,
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enrichment factor increased to 4.65 while average covered area decreased to 200.08 umz.
After 6 hours’ treatment, enrichment factor increased to 7.89 while covered area
decreased to 177.40 um® Finally after 8 hours’ treatment, enrichment factor increased
to 10.24 while covered area per cell decreased to 166.69 pum?®. From this analysis, the
average cell covered area decreased while the enrichment factor increased with drug
treatment time. A linear relationship was calculated as y = -7.5579x + 240.59, while
correlation coefficient R>= 0.9544. The R? is close to 1 and it indicates that the average
covered area should be a good parameter to reflect apoptosis due to its relationship with

enrichment factor.
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Fig 3.8.9 Trends of enrichment factor and average covered area versus time

3.8.5 Apoptosis determination by impedance analysis

After equivalent circuit modeling analysis, it is concluded R. could be used to monitor

the changes of cell monolayer cultured on nanoporous alumina membrane during the
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drug treatment process. From the ELISA data and the images taken by fluorescence
microscopy, it is concluded that average single cell covered area which described cell
morphology changes could be used to reflect apoptosis after drug treatment. So, it is
important for us to find the relationship between R and average single cell covered area,
to determine the effectiveness of our biosensor. Fig 3.8.10 shows the relationship
between resistance of cell monolayer (Rc), and average single cell covered area. After 2
hours’ treatment of 0.1mg/mL 5-Fu, average single cell covered area was 222.05 pm?
while R is 44000 Ohm. After 4 hours’ treatment, average covered area was 200.08 pm?
while R is 37500 Ohm. After 6 hours’ treatment, average single cell covered area was
177.40um? while R. is 33600 Ohm. Finally after 8 hours’ treatment, average covered
area per cell was 166.69 um? while R, is 30000 Ohm. It is obviously that R. increased
while average cell covered area increased. A linear relationship is calculated as y =
0.0041x + 43.393 while R? = 0.9865. R? is very close to 1, which indicates that there is a

highly linear relationship between R, and average covered area per cell.
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Fig 3.8.10 Relationship between R and average covered area per cell
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After the positive linear relationship was found, the Rc could be used to reflect average
covered area, and thus apoptosis could be monitored by the Rc. It could be concluded
that our biosensor is effective to monitor cell apoptosis by measuring impedance of cells

cultured on nanoporous alumina membrane.

130



Chapter 4 Discussion and Future Work

4.1 Fabrication of Nanoporous Alumina Membranes

We utilized two-step anodization technique to obtain highly ordered nanoporous
alumina membranes from pure aluminum foil, different conditions were optimized to
achieve best results. It is one of the most widely used techniques to obtain this
nanoporous structure while other methods were also applied and investigated. We also
tried a method called one-step anodization, which had similar anodization conditions but
only one step was required. This one-step anodization method was investigated before
the establishment of the two-step anodization method by Masuda (Masuda et al. 1997).
From our experiences, this method can save experimental time and decrease the cost of
materials after optimization while problems existed. For the two-step anodization
method, the purpose of the first anodization is making ripples where the second
anodization can take place. But for the one-step anodization, the development of the
nanopores is initialized and guided by the appropriate texture of the aluminum surface at
the initial stage of anodization. When we applied anodization voltage 60 V and
anodization time 4 hours, nanopores were achieved, but only on parts of the surface, not
the whole surface. The sizes of different nanopores are not uniform but varied, even on
some parts pores in micro scales were found, which indicated the dissolution of
aluminum happened heavily along these sites and formed micro-pores finally. But in

other sites without ripples at the initial stage, there’s no pores formed. So the one-step
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anodization is not the best way to fabricate nanopores but two-step anodization is
required. The fabrication process is relatively easy; the physical properties of the
nanopores could be controlled by changing some parameter during the fabrication

process.

Before fabrication, the aluminum surfaces were pre-treated to make it clean and smooth.
Acetone is a highly evaporative chemical and it removed soluble impurities and
contaminants on the surface of aluminum during the 5 minutes washing, after that
acetone was evaporated and removed by thorough washing in water. An additional
electro-polishing step was taken when we found some of the aluminum surfaces are not
clean and smooth even after acetone wash. The step used 5% H3PO,4 (wt/wt), 5%
H.SO,4 (wt/wt), and 0.2 M CrOs at 20 V for around 15 minutes. The electro-polishing
using these high acid solutions made the surface extremely smooth and clean. We
carefully controlled the time of this electro-polishing since the acid solutions also made
the aluminum thinner. It was totally dissolved and disappeared once when the electro-

polishing time was longer than 1 hour during that experiment process.

We investigated on the principle happened during the anodization procedure of the two
step anodization. The method was relatively simple, but the principles that taken place
were complex. The structure of aluminum/alumina/electrolyte interface during
anodization in acidic electrolytes is well established. The interface consists of three
distinct layers: metallic aluminum, a thin barrier oxide layer, and a relatively thick
nanoporous oxide layer. Understanding the anodization process and monitoring the

barrier oxide layer thickness can help us fabricate nanoporous alumina membranes with
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the regular nanopore arrays. To remove the barrier oxide layer, the anodization voltage
and current were optimized and kept constant. Fig 3.1.2 showed that the barrier oxide
layer was removed by using our anodization conditions, comparing with the membranes
purchased. The oxidation reaction of aluminum to produce alumina happens at the
metallic aluminum/barrier oxide layer interface. The thickness of the barrier oxide layer
has linearly relationship with the anodization voltage. If the anodization voltage is kept
at a constant value during the whole process, the rate of alumina dissolution on the
electrolyte side is equal to the rate of alumina production on the metallic side, and then

the thickness of the barrier oxide layer remains constant.

To achieve better result and find out relationships, all the conditions for the method were
monitored very well, and the conditions used every time were recorded and optimized.
Conditions were kept constant for the self-ordering nanoporous architecture can be
grown spontaneously, not only for each nanopore but for all the nanoporous patterns on
the whole surface. Among these conditions, voltage, current, time and temperature were
discussed below. The morphology, topography, sizes and other properties of the
membranes can be effectively modified by optimizing the anodizing conditions such as

electrolyte, temperature, voltage or time.

Anodization voltage is one of the most important factors to control the sizes and patterns
of nanopores. The effect of the anodization voltage can be correlated with a voltage
dependence of the volume expansion of the aluminum during oxidation and also the
current efficiency for oxide formation It affected the growth rate of nanopores and the

inter-pore distance. Optimizing different anodization voltages and temperatures leads to
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highly ordered nanoporous membranes. Higher voltage increases the dissolution rate of
the aluminum to form pattern, which finally induce the widening of the nanopores, so
higher voltages lead larger nanopore sizes. And high voltages lead to wider pore size
distribution and low voltages made the size distribution more uniform. During our
projects, voltages were applied between 60 V and 120 V. The theoretical linear
relationship between anodization voltages and pore diameter is 1.2625 nm/V, as shown
in Fig 3.1.5. If the voltage was less than 40 V, it was too low to initial the formation of
ripples, so the fabrication process didn’t happen and no patter was formed. The
distribution of the nanopore sizes were shown in Fig 3.1.6. We also noticed when the
voltage was higher than 200 V, regular nanopores could not be formed but only
mountain and valley like pattern. It was because of the too high voltages made the
dissolution rate too quick and the pores were widened too much to form patterns in

micro scale.

Electrical current is another condition which has important effect on the pattern of
nanopores. The current increased when higher anodization voltage was applied, and it

also increased very quickly if the temperature was higher than 25 ‘C. The main driving

force in the formation of the channel in the anodic alumina is the electric field and it
allowed the fabrication of the initiation point by a mechanical deformation process and
continuous growth of the ordered nanoporous channels. When the current is too high,
nanopores were not formed and even the sheet of aluminum was broken. Mountain and
valley like patterns were found in Fig 3.1.7 when high electrical current were applied.
The principle is similar like the voltage, higher current lead faster dissolution rate and

made the pores widen. Anyway, there was no linear relationship found for the nanopore
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sizes and electrical current. To obtain nanopores with better hexagonal shape, current

should be kept less than 200 mA by controlling the temperature low.

The anodization time will also affect the formation of nanopores during the anodization
process. The procedure consisted of two different steps, so anodization times were
monitored separately. The first anodization time mainly affects the pore arrangement,
while the second anodization time only influences the pore length. The primary
relationship between parameters of fabricated nanopores and the anodization time was
investigated. For the first step, the anodization time was kept shorter than 4 hour. The
first step was used to prepare the initial points and holes on the aluminum surface. The
step introduced the development of nanopores and also guided the growth of channels.
Too less time was not enough to form ripples on the surface of aluminum, but only made
tiny dots. But longer time made the surface roughly because of the dissolution happened
too much. After careful optimization, we also found that 2 hours were good for the
second step. If the total anodization time is too long such as longer than 8 hours, it
makes the patter non-uniform and even break into pieces. If the anodization time is

shorter than 2 hours, only ripples were found but nanopores were not formed.

We also found that lower temperature was better for the formation of nanopores pattern.
When the temperature was higher than 40 °‘C, the solution became hot and the ion
current became extremely high, which induced the nanopores widen and destroy the
formed pattern. Without temperature control, the acid solution will become hot and the
diffusion rate increase quickly to form uncontrollable larger pores, and even dissolve all

the aluminum within one hour. In order to keep the oxalic acid solution cool, an ice bag
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was pasted on the outer wall of the container where fabrication procedure happened. A
magnetic stirrer was put into the solutions to make the solution homogeneous while it
also helped the solution to keep cool. The temperature of the solution was kept around
5 °C after optimization, and we found it could make the pattern more uniform to achieve
regular arrangement of nanopores. As we mentioned, magnetic stirring is important to
keep acid concentration distribution uniform in the anodization process. Without stirring,
the concentrations of the solutions were not uniform and only parts of the surface could

form nanoporous structures.

The two-step anodization was taken in different acid solutions, such as oxalic acid
solution, sulfuric acid solution, or phosphoric acid solutions. We found that both 0.3 M
oxalic acid and sulfuric acid are suitable for obtain highly ordered nanopore arrays when
other conditions are similar. But since sulfuric acid is strong acid, it also etch the
aluminum very quickly and made the final product too thin, so we decided to use oxalic

acid as anodization solutions.

Thickness of the most widely used aluminum foil is around 50 nm, which is easily to
fabricate, researchers are also interested in fabricating the nanoporous membranes with
ultra-thin aluminum sheet and on the support of other materials. But for the aluminum
foils which were thicker than 200 nm, the fabrication time required was too long. It was
better to use aluminum foil thinner than 50 nm to achieve better result in relatively short

time.
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4.2 Surface modification and micro-patterning

We used silane to make surface modification and PEG to form micro-patterning on the
surface. These patterned membranes can be used as substrates for define sensing areas.
As we described before, PEG is has excellent chemical properties. The PEG molecular
with different chemical groups was used in our lab and the binding efficiency of them
were tested and optimized. Fig 3.2.7 showed the SEM image of microwell on
nanoporous alumina membrane. The micro-patterns are attractive platforms for a
number of biological and biomedical applications including basic investigation of cell
adhesion, apoptosis, cell differentiation, phenotype expression. PEG also can be used to
fabricate a cellular microenvironment for co-culture for different cells, or three-
dimensional (3D) microenvironments with controlled spatiotemporal patterning physical
and biochemical factors. Control of the surface function for different areas of surfaces
by micro-pattern immobilization of different biomolecules were useful either for
investigating the mechanism of cellular signal transduction or for precise control of cell
behavior on biomaterial matrices used in tissue engineering. The biomaterials with
surface micro-patterning had the ability to regulate cell functions such as proliferation,
differentiation, and apoptosis. It is not only an essential tool to investigate the
fundamental roles of cell geometry in growth and apoptosis, but also means by which to
control cell function in specific areas. Combination of nanoporous membrane and micro-
pattern is of highly interests for many biomedical scientists who want to confine cells

into specific areas.
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After testing PEG with different groups, we found that chemical bonding between PEG
layer and nanoporous membrane is better than physical adsorption, since PEG layer can
firmly bond with membrane and not easy to detach. The basic chemical structure was
showed on Fig 3.2.1. Silane was used as a coupling agent for self-assembly on surfaces
with oxide layers, such as Al,Os, SiO,, and glass, for covalent grafting of PEG on these
surfaces. The incorporation of a hydrophobic link between PEG and silane could be used
to generate extra stabilization of the grafted polymer chains through hydrophobic
interactions between them. Different functional groups on silane have distinct properties
when binding with PEG and nanoporous surfaces. The silanated polymers can be used to
graft on various substrate with oxide layers, including silicates, silicon wafer, ceramic,
aluminum, stainless steel, and NiTi alloy. Because these materials are widely used as
biomaterials, PEG grafting with silane treatment could be a new method for surface

modification for improved biocompatibility.

We investigated on the approach of combining PEG with silane, especially for the
grafting efficiency of PEG with different molecular weights ranging from 200 Da to 800
Da. For the lower molecular weights, the grafting efficiency is relatively low. The
reason for this problem is the lack of contact between the end hydroxyl (-OH) groups of
PEG and the surface. In bulk solution, PEG with high molecular weight is a random coil
shape and the hydroxyl groups do not have any driving force to adsorb to the surface.
Consequently the density of the grafted chains is usually low when molecular weight is
high. Using of smaller PEG monomer with molecular weight less than 500 Da can

increase the grafting efficiency significantly. Thus, in many cases PEG less than 800 Da
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is applied to increase the effect of PEG grafting on the surfaces. We used PEG with

smaller molecular weight in our research because of this.

We also found another factor which should be considered: PEG molecule weight has an
important effect on the stability of hydrogel layer and the shape formation of micro-
pattern by UV curing. PEG with large molecular weight (MW=3400 or 800 Da) is easy
to swell in the solution, which will break into pieces. And also, high molecular weight
PEG has less sensitivity to UV light and difficult to be cured. So irregular micro-patterns
were formed When PEG with high molecular weight were applied. PEG with smaller
molecular weight (MW=300) can form uniform and stable micro-patterns for long term

recording.

We noticed several tricks during the fabrication procedure of PEG micro-pattern. The
ratio between PEG molecule solution and photo-initiator is important for the PEG
hydrogel UV curing. The optimal weight ratio in this experiment is 5:1. More photo-
initiator makes the curing process too fast to be controlled while less photo-initiator
requires relatively long exposure time which will decrease the resolution of the micro-

patterns.

After surface modification with PEG, study was carried out to investigate the
relationships between surface properties, protein adsorption and the activity of cells on
the modified surfaces treated with media containing serum. Fig 3.2.1 to Fig 3.2.6
showed the results monitored by three different techniques: XPS, water contact angle,

and fluorescence imaging. PEG is very widely used for micro-patterning. PEG micro-
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patterning could be incorporated with other techniques to fabricate stable, precise, well-
controlled patterns for cells. In our project, surface modification and protein adsorption
were both taken and the microenvironments were formed by micro-patterning of silane
and PEG, which were useful for controlling of cells distribution and co-culture for

different cells.

The designed cell patterning to control cell position and function on a substrate is a
fundamental focus for the development of cell biosensor technology and tissue
engineering applications. The micro-patterning technology is useful for construction of
biosensor devices and also for the investigation of the fundamental biology of cell-ECM
interactions. The surface modification we used is also very effective to change the
properties of the nanoporous membranes and also increase the protein adsorption, which

result in higher cell biocompatibility through the better adhesion effect of cells.

4.3 Cell culture and cell biocompatibility of the membranes

Behaviors of different cells cultured on nanoporous alumina membrane were studied.

We studied the impact of the nanopores on cell response by evaluating cell adhesion,
morphology, cell proliferation. Both short-term adhesion and long-term proliferation of
cells on nanoporous alumina membrane surfaces were investigated. As in Fig 3.4.1,
SEM images of cells fixed on the surface showed that the cells had extended their
processes into the nanopores and were indeed able to respond to the nanoscale features.
Analysis of fluorescence images of the cells at different culture days showed that the

cells exhibiting normal phenotype and morphology and the cell can respond to both the
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substrate topography and surface chemistry. The images were showed in Fig 3.4.4. The
cells performance can be significantly improved using nanoporous alumina membrane
as a culture substrate. Anyway, the surface properties may be different when the
materials were from different lab, and the cell lines are also different, so we need to do

biocompatibility experiments by ourselves.

In our project, because the properties of the culture device incorporated with nanoporous
alumina membranes were not the same as common culture dish, there were several tips
should be mentioned and noticed. We use UV sterilization instead of high temperatures
sterilization. Before cell culture, sterilization is required, but the only method could be

applied is UV curing, avoid using high temperature. The temperature above 80 ‘C will

make the PEG hydrogel broken and destroy the micro-pattern. The PEG monomer could
be cured using UV light, but cured PEG hydrogel will not be affected by UV, so UV

light can be used for sterilization.

In order to get subtle pattern of cells on the surface, we controlled the cell numbers
within PEG hydrogel microwells, to get low concentration of cells or even single cells in
every microwell. Fig 3.6.2 showed the array of microwells with cells cultured within
them, fig 3.6.3 counted the number of cells within each microwell. The size of
microwells is very important to contol the numbers. Smaller microwell size can achieve
a few of cells within it, while the larger microwell size can achieve more cells. After

optimization of microwell sizes, a 50 © m microwell can even achieve single cell

patterning with appropriate initial cell concentration. Anyway, the concentration of

initial cells is another important factor to achieve single cell within each microwell.

141



High concentration will make too many cells within each microwell, while too low

concentration will make most of the microwells empty.

Three types of surfaces were used to culture cells, in order to compare the effects and
find which one are most suitable for the proliferation of cells. From the results we
acquired, which were shown in Fig 3.4.5, among nanoporous alumina membrane, pure
aluminum, and glass, nanoporous alumina membranes we fabricated has the highest
biocompatibility. It indicates that the cells like the surface with nanostructures, which is
even better than the microstructures. The surface roughness and porosity also has
positive impacts on cell activity on it. The results showed that nanoporous alumina
membrane is an excellent biomaterial to culture cells. Overall, the results showed that
nanoporous alumina membrane is an excellent biomaterial for cell culture, and good for

the impedance measurements and analysis.

From the results we acquired from section 3.4, we found the conclusion that surface
topographical cues of biomaterials may have significant effects upon cellular behavior in
vivo and in vitro. The topography of different substrates plays an important role in
regulating cellular behavior, which could finally reflect as different biocompatibility of

the substrates.

Alumina has already been used extensively, in various forms, as a scaffold for bone
tissue engineering applications. And the alumina surface show significant biointegration
and cell ingrowth. When using nanoporous alumina, which has features on the nano-

scale, the surface topography has been shown to influence cell orientation, migration,
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and attachment. Nanoporous alumina surfaces demonstrated high cell adhesion and
promoted cell proliferation, when compared with amorphous alumina surfaces or
traditional micro-scale topography. The adhesion and proliferation phases are extremely
important because these factors will govern the long-term functionality of the cells
cultured on the surfaces. Thus, the nano-architectures on surface can facilitate the cell
culture and provide long-term cell viability and functionality. So, the topographical
properties make those alumina nanopores relatively more biocompatible than other

substrates, tested in our studies.

4.4 Impedance Analysis of our nanopore-based impedance biosensor

We used the non-conductive nanoporous alumina membrane as substrate to culture cells,
it has less polarization effect compared with metal electrode. Comparing with the
electrode-based impedance biosensor, nanopore-based impedance biosensors have many
advantages. In this project, the diameters of the nanopores are between 20 nm ~200 nm
which can be controlled by adjusting the anodization voltages. The impedance spectra
with different nanopore sizes were shown in chapter 3.5. While the diameters of
common ions in the electrolytes are less than 20 nm, the ions can go through the
nanopores freely when the electrical fields are applied in the electrolyte. Because
alumina is an oxide of aluminum, it is an electrical insulator which can resist the flow of
electric current, nanoporous alumina membrane is an insulated membrane which doesn’t
allow electrical current to flow through. That means when the electrical fields are

applied, the electrical current can only go through the nanopores but not other areas. So
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the current density nearby the nanopores is relatively high while the current density in

other areas is relatively low.

From Fig 3.7.1, we investigated the impedance spectra of cell growth for different days
when frequency ranging from 0.1 Hz to 10 KHz. For metal electrode, the working
frequency is between 10 KHz and 100 KHz due to the high surface polarization effect.
But for the nanoporous alumina membranes, the working frequency is between 1 Hz and
100 Hz, which is much less than the traditional metal electrode. For cell culture and
monitoring purpose, the best frequency range is within low frequency range, since most
cell activities are within this range. So the nanoporous alumina membranes are suitable

for cell activity monitoring.

When cells are cultured on the nanoporous alumina membranes, some of the nanopores
are covered and blocked by the cells. As shown in Chapter 3.1, the nanopore density of
fabricated membranes was calculated and the values were around 50 pores/um?.
Generally, the sizes of mammalian cells are between 10 pm and 50 um, so a normal cell
can cover more than 20,000 nanopores. The current flowing through the nanopores
should be changed sensitively according to the cell morphology changes since states of
large numbers of nanopores will be changed. The measured impedance should also be
changed according to the electrical current change. In this configuration and setup, if
there are only a few numbers of cells or even single cell cultured on the membrane or
within the sensing area, it also can be measured and the morphology changes can be

detected. There are several possible factors which may have influence on the sensitivity
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of this nanopore based impedance biosensor, such as average diameter of nanopore and

frequency of electrical current.

The first factor is nanopore size diameter. The diffusion rates of drugs were monitored
and shown in chapter 3.3. If the average value of nanopore diameters increase, the
nanopore density will decrease per unit area, then the number of nanopores covered per
cells will decrease. The same morphology changes altered status of fewer nanopores,
and finally the change of measured impedance was not as large as that of smaller
nanopore sizes. From this point, smaller nanopore diameters increased sensitivity while
larger nanopore diameters decreased sensitivity of this impedance biosensor. But if the
diameters are too small, the nanostructures could not perform their positive impact on
the cells. So, the nanopores which have the diameter near the scales of subcellular is best

suitable for the experiments.

The frequency of the electrical current is also an important factor to the sensitivity. Fig
3.7.1 showed the impedance data for different frequency. Because nanoporous alumina
membrane is insulating and the low frequency current should be blocked well because of
its low conductivity, and therefore the low frequency current tends to flow through the
nanopores, the sensitivity will be increased since most of the electrical field lines are
going through the nanopores. On the other hand, since a high frequency current can
penetrate the insulated membrane, the electrical field lines not only go through the
nanopores but also go through other areas of the insulated membrane. This will lead
higher electrical current and lower impedance data and the sensitivity about the

measured impedance will be decreased.
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As mentioned before, one advantage of this nanopore-based impedance biosensor is high
sensitivity which can be used for low concentrations of cells detection. It has the
potential for even single cell impedance sensing. To combine with the PEG surface
modification, it is possible to define sensing area, the area of which can be controlled.
After the first step of silane treatment, photoresist masks with different patterns can be
used to fabricate micro-pattern on the surface. The final PEG micro-patterns on the
nanoporous alumina membranes are defined by the patterns on the masks. If the
diameter of every microhole is less than 50 um, it is relatively easy to just culture only a
few cells or even single cell within one microhole. At the same time, if there’s only one
microhole in the pattern or the distances between microholes are very large, most of the
surface area would be covered with PEG, and the cells could not be cultured on these
area. Finally the number of cells cultured on the nanoporous alumina membranes with
PEG micro-patterns would be very low. This PEG modified membranes are very

suitable to monitoring cells with low concentration or even single cell.

4.5 Future Work

Furthermore, the drug delivery function will be added to this nanoporous membrane
based cell impedance sensing platform. The nanoporous alumina membrane will be
integrated with PDMS channel and micro-tubes which connected with micro-pumps will
be used to deliver and inject drug into the chamber. Different drug delivery patterns will

be designed and the cancer cell response under these patterns will be studied.
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More anti-cancer drug testing will be explored to improve the measuring accuracy of
this device. Since the system contains microwells which can have low concentration
cells or even single cell, it is possible for us to observe the single cell response under the

effect of several drugs at the same time.

The nanoporous alumina membranes will be integrated with silicon microfluidic chips to
add other functions. A layer of aluminum with thickness of 50 um will be deposited on
silicon wafer. Then two step anodization happened on the surface could make
nanoporous aluminum membrane on it. Traditional micro-fabrication methods will be
applied on the Si wafer to achieve different chips or devices. More functions will be

introduced by these steps.

This nanopore-based impedance biosensor also can be used to monitoring and detection
for other samples such as bacteria, DNA. Before silane treatment procedure, special
groups can be introduced on silane. After the silane treatment, bacteria antibody can
binding on the group and to be captured. Then the changes of concentrations or
morphology can be detected by measuring impedance of nanoporous alumina
membranes. Impedance amplitude could be used to monitor the biological sample

behavior study, and phase base sensing can be another potential area to explorer.
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4.6 Conclusion

The main contribution of this thesis is the fabrication and demonstration of a novel non-
conductive nanoporous membrane based cellular impedance biosensor with high

sensitivity in the low frequency range.

Nanoporous alumina membranes were fabricated by two-step anodization techniques,
and investigated by SEM. The method is straightforward and the nanoporous structure
can be fabricated either from bulk aluminum foil or on solid supports such as silicon
wafers with aluminum films. We also tried to combine many different techniques
including photolithography, plasma etching to fabricate the patterned nanoporous arrays.
All of these fabrication steps can be integrated into a easily controlled fabrication line,
and the advantages of the combination of these techniques will facilitate the
incorporation of patterned nanoporous alumina arrays into micro- and nanodevices, or

even fabricate nanopores on the solid base material like Si wafer.

The unique properties of the nanoporous alumina membranes, such as extremely high
aspect ration features, make them increasingly attractive and to be suitable candidates
for many applications in physical, chemical, electrical and other research fields. The
nanoporous membranes provided a wide range of potential applications in various fields,
such as filtration, duplication matrixes, evaporation masks, the high-density recording
media, rechargeable batteries, optoelectronic devices and template for the growth of
metal or semiconductor nanowire. The membranes were also used in biomedical

applications or tissue engineering applications, including fabrication of implantable
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device or artificial bone structures. The biocompatibility of nanoporous alumina
membranes should be studied and some surface modifications should be taken for
adhesion and spreading of cells when cultured on the nanoporous alumina membranes.
Our research also gave contribution to the usage of nanoporous alumina membranes in

biomedical fields, which will be discussed later.

The PEG hydrogel layer with micro-pattern was fabricated on the silane modified
membranes, and analyzed by XPS, water contact angle measurement and protein
adsorption. The micro-pattern controlled the spatial distribution of hydrophobic and
hydrophilic areas on the surface. This PEG microwell based cell patterning technique
can achieve low number or even single cell within microwells. A microfluidic chip
integrated with nanoporous membranes was developed for low concentration of cells
study. KYSE30 cancer cells were patterned within the microwells but not outside of
them. Impedance spectra of the nanoporous alumina membrane with cell cultured on it
were explored. It could be used to detect cell morphology changes by monitoring
impedance spectroscopy. Described in my thesis, impedance spectra of the nanoporous
alumina membrane with cell cultured on it were explored. Some biometric parameters
related with both cell growth and drug induced changes such as sizes, numbers,
spreading areas, or even concentrations of ECM were detected with impedance
spectroscopy. This new morphology-sensitive electrochemical micro-system was tested
by detecting the impedance change for both cell growth and drug induced changes. The
technique was also testified by detecting the impedance change for different anti-cancer
drugs induced apoptosis. ELISA and fluorescence images are utilized to confirm the

effectiveness of the impendence changes.
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Combined with traditional biochemical methods, nanoporous membrane based cell
impedance sensing platform can be a valid tool for study drug effects on cancer cell
apoptosis. This platform is also very useful for other cells and other biological species

sensing including bacteria, DNA, and protein.
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