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Abstract

The rapid development of micro/nanofabrication techniques have enabled engineering of
material interfacial properties. Micro/nanostructures with unique electrical, mechanical, thermal,
magnetic, optical, and biological properties, have found applications in a wide range of fields such
as electronics, photonics, biological/chemical sensing, tissue engineering, and diagnostics, etc. As
such, numerous strategies have been developed for structuring materials into micro/nano- scale.
However, the challenge still lies in the high cost, low throughput, complexity in fabrication, and
difficulty in scaling up. This thesis aims to explore fabrication strategies for micro/nanostructured
surfaces that are versatile, simple, and inexpensive. The thin film stencil lift-off technique with
both Parylene and self-adhesive vinyl has been explored for this purpose. Further applications of
the resulted micro/nanostructured surfaces are also presented in this thesis.

Through improved Parylene stencil fabrication process, both spontaneously phase-segregated
and arbitrary binary supported lipid bilayer patterns have been achieved. Also, the microstructured
Parylene surfaces have been ddemonstrated for patterning stacked SLBs that are either
homogeneous or phase-segregated. Without any lithography technique involved, vinyl stencil lift-
off offers as a facile and inexpensive benchtop method for patterning thin films such as metal and
glassy films. Combining the thermal shrinking of shape memory polymer, the patterned feature
sizes are further decreased by 60% in both x and y dimensions, pushing the patterning resolution
to down to sub-100 um range. In addition, the shrinking process induces micro/nanostructures onto
the deposited thin film, and the structure sizes are easily tunable with film thickness deposited.
Further applications of such patterned micro/nanostructured surfaces has also been explored. The
structured gold films have served as high-surface-area electrodes for electrochemical sensing. By

introducing photoresist as a sacrificial layer, the structured gold thin films can be lifted off and
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transferred onto elastomeric substrate, and serve stretchable and flexible sensors. Such sensing
devices exhibit great stability and reproducibility even when working under external strain. Finally,
the micro/nanostructured glassy surfaces have been employed as substrate for cell growth to study
topographical effect on cell morphology. It has been concluded that rougher surfaces lead to cell
elongation, and finer structures promote filopodia generation.

These results underscore the strength and suitability of thin film stencil lift-off as a powerful
technique for creating micro- and nanostructured surfaces. These structured surfaces could find
applications in many other areas, due to their great properties such as tunable structure size, high

surface area, flexibility, and long-term stability.
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Chapter 1 Introduction

Microfabrication refers to the process of manipulating structures of micrometer scales and
smaller, and nanofabrication is the manipulation of materials with at least one dimension in the 1-
100 nanometer size.' The rapid development of micro/nanofabrication techniques have enabled
engineering of material interfacial properties. Micro/nanostructured surfaces and films have been
designed to control mechanical,” thermal, magnetic,®’ electrical,*” and optical'®'? properties,
as well as to influence biological processes such as protein adsorption and conformation, cell
behavior,14 bacterial adhesion,'® etc. Combined with various surface modification and
functionalization approaches, these structured surfaces are becoming increasingly important in a

819 sensing  devices,”’ tissue

variety of applications, such as electronics,'’ photonics,
engineering,'**' biodiagnostics****, among many others.

Micro- and nanostructured surfaces have been targeted as powerful tools to investigate
biomolecular interactions because they yield high-density arrays of biomaterials at biologically
relevant scales. The ability to control, monitor and study biomolecular interactions, such as
recognition, binding, catalysis and signal transduction, is critical not only for understanding
fundamental cell biology but also for the design of efficient high-throughput biosensing and
diagnostic methods. Biomolecular micropatterns can produce motifs that can be used as simplified
surrogates for the complex cellular microenvironment. The successful fabrication of DNA, protein,
and biomembrane patterns have enabled the study of targeted biomolecular interactions in vitro,
which would be hard or impossible to study in vivo. Moreover, the demand for efficient detection
of proteomic and genomic biomarkers, as well as the need for rapid detection of pathogenic threats

has placed great emphasis on the production of biofunctional micro/nanostructured materials. Such

materials can act as recognition elements in high-throughput biosensing platforms, and enable the
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specific binding and sensing of target biomolecules in complex mixtures with hig8h sensitivity
and low noise.

Micro- and nanomaterials are also attractive candidates for high surface area electrodes, which
can be achieved by either structuring thin films or conducting polymers into micro/nano scales, or
by using high-surface-area nanomaterials such as graphene, carbon nanotubes, metal nanoparticles,
etc. On one hand, high surface area electrodes are very important components in the development
of electrochemical energy conversion and storage technologies such as batteries, fuel cells, and
electrochemical supercapacitors.”*® As electrodes with high surface area provide a higher
capability for charge accumulation and storage, they can increase the device energy density.”” On
the other hand, such electrodes could increase the sensitivity of electrochemical sensors and lower
the detection limit for the quantitative detection of chemical and biological species.”**’ High
packing density of electrode materials can more effectively support a large number of electroactive
species, and thereby greatly enhance the mass and electron transfer efficient.”~°

In addition, micro- and nano-sized topography has been intensively explored to mimic the
cellular microenvironment for cell and tissue engineering, and to study the extracellular matrix
(ECM) effect on cell behavior.’’ The ECM provides cells and tissues their unique
microenvironment in vivo, with certain geometry, architecture, composition, as well as many
mechanical and dynamic properties (Figure 1-1).** These factors can direct cell behavior by
providing spatial and mechanical cues to which cells respond. However, in traditional culturing
conditions, cells are grown in a very different environment from their ECM, on polystyrene or
glass petri dishes that are rigid, uniform, and static. Therefore, micro/nano- topographies have been
explored, and it has been shown that they can provide cues to stimulate cells and lead to changes

in cell properties such as morphology, architecture and contractility, as well as changes in cell
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behavior such as adhesion,'® proliferation,® and differentiation.’* The ability to control cell
morphology and function through structured materials would lead to more accurate prediction and

better interpretation of cell behavior in vitro.
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Figure 1-1 Schematic illustration of various types of physical cues that ECM can provide for cell growth in
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vivo, and comparison with conventional in vitro culturing environment. (Reprinted from reference ™)

1.1 Micro/Nanofabrication Strategies

Due to the unique properties and various applications that micro/nanostructured surfaces can
provide, numerous approaches have been explored to produce a broad range of surface structures
with desired functions. According to the way how materials are treated, we can categorize the
fabrication strategies into the following three types: 1) adding materials in micro/nano scales, 2)
removing materials within chemically or physically defined boundaries, and 3) direct structuring

of bulk materials or thin films.
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1.1.1 Material Addition

Adding materials onto a substrate in a controlled manner at micro/nano scales is one of the
strategies for micro/nanostructure construction. To control material addition accurately, a mask is
often used during the process (e.g. photoresists, polymer films, and metal masks). In the lift-off
approach, the mask is removed after material deposition or growth. Alternatively, direct transfer
of material could be used to move an existing pattern onto another substrate (microcontact
printing), or to write out patterns with automated control system or computer-aided design -driven

techniques (e.g. inkjet printing, pin microspotting, etc.).

1.1.1.1 Vapor Deposition

Deposition refers to the process creating a thin layer of a specific, solid-state material with
structural or functional properties on the surface of a substrate.” Vapor deposition techniques are
based on physical or chemical processes, or a combination of both. In a physical vapor deposition
process, a physical force is applied to remove atoms from the target source (either solid or liquid)
and transform them into a gaseous phase, which are then deposited onto sample surfaces. The
driving force to remove source atoms could be a thermal process or a plasma. The former
evaporates the source material into gaseous phase, while the later ejects the atoms off a solid target
due to collision and thermal spike.*® The plasma driven deposition is also called sputtering, very
commonly applied in semiconductor fabrication involving materials such as Au, Pt, Cr, Ti, TiO,,
ITO, Si3Ny, etc. Chemical vapor deposition (CVD) is a method for depositing a thin solid material
from the gas phase by a chemical reaction (e.g. pyrolysis, reduction, oxidation, nitridation, and
carbidization, etc.). CVD is capable of providing uniform, conformal surface coverage over large
areas, which is one of the major advantages over physical vapor deposition. It is a very versatile

technique that can be used to deposit materials with high degree of purity and control in amorphous,
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epitaxial, polycrystalline, and monocrystalline forms. Materials that can be deposited by CVD
include silicon and carbon-based materials, fluorocarbons, filaments, tungsten, titanium nitride and
various high- « dielectrics.*

Polymerization by CVD has significantly increased the capabilities of designing and
fabricating polymeric surfaces. In CVD polymerization, the thin films are formed through
polymerization of vapor-phase monomers, which enables insoluble polymer coating and
eliminates solvent damage to the underlying substrates.”’ Poly-xylylene (also known as Parylene)
thin film deposition is a commercially available CVD process for microelectromechanical system
and medical device fabrication. Parylene is the generic name for a polymer series including
Parylene N (poly-para-xylylene), Parylene C (with one chlorine atom in each unit), Parylene D
(with two chlorine atoms in each unit), Parylene F (perfluorinated), and Parylene AF4 (fluorination
of the four aromatic positions), etc. Among them, Parylene N, Parylene C and Parylene D are
widely used as coating materials, with structures shown in Figure 1-2. The Parylene N exhibits
high dielectric strength and very low dissipation factor, but it has too weak strength for some
applications. With the chlorinated Parylenes, higher film density can be achieved, due to their
higher molecular weight. While Parylene D suffers from poor film uniformity across large area,
Parylene C maintains the balance of good electric and physical properties, allowing the formation

of highly conformal film with very low permeability to moisture or other corrosive gases.’*’

Figure 1-2 The chemical structures of Parylene N, Parylene C, and Parylene D.
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Vapor phase deposition of the Parylene polymer allows the formation of a continuous film
which is pin-hole free and truly conformal to the substrate surface. The deposition process through
gaseous processors was first discovered as a product of the pyrolysis of para-xylene, by Szwarc in
1947.%° Later in the 1960s, Gorham improved the Parylene deposition method and it has since
become commercialized and widely used.*' This method starts with the sublimation of Parylene
dimer (di-para-xylylene) at 150-200 °C, followed by its pyrolysis at 550-650 °C into para-xylylene
monomers (Figure 1-3). The monomers are then physisorbed onto a substrate surface (25-30 °C),
and polymerize through surface migration and possibly bulk diffusion.*” The resulting Parylene
film thickness is usually controlled by the amount of solid-phase dimer that is loaded into the

system, which can be from tens of nanometers to several micro meters in thickness.*
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Figure 1-3 The mechanism for Parylene thin film formation using chemical vapor deposition. The Parylene dimers
go through vaporization and pyrolysis, and the resulting monomers are then physisorbed onto substrate surfaces and

polymerize into uniform coating.
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1.1.1.2 Growth

Guided and controlled nucleation and material growth have also been used to fabricate
micro/nanostructured surfaces. These fabrication techniques are bottom-up processes such as self-
assembly and electrodeposition. Self-assembly forms well-defined and functional micro/nano-
geometries through the local interaction and organization of pre-existing components including
atoms, molecules or nanoparticles.*** Various fundamental interaction forces can govern self-
assembly processes, such as Van der Waals forces, electrostatic forces, hydrophobic effect, steric
and depletion forces, hydrogen bonding, etc. Electrodeposition creates micro/nano structures via
electrochemical reactions, and is used widely for growing metal, alloy, and polymer structures.
These bottom-up approaches are versatile and cost-effective, and practically realizable.**

Electrodeposition has been highlighted as an attractive approach for growing nanostructured
materials. Different from physical and chemical etching in a dry environment, in electrodeposition
the substrate is submerged in liquid, an electrolyte solution. Figure 1-4 (A) shows the setup for
electrodeposition process, where an external source is applied to generate an electrochemical
reaction to achieve deposition.®® As the electrochemical process involves electron transfer, the
substrates are required to be conductive. The deposited film thickness can be accurately controlled
by monitoring the charge involved in the reaction, and deposition rates on the order of tens of
microns per hour can be routinely achieved.*® The formation of nanostructures is greatly affected
by nucleation and growth modes of metal or polymer electrodeposits, which depends on the
binding energy between the reduced atom and deposited substrate. With simple equipment and
low cost, electrodeposition can aid in the preparation of nanostructures from various materials,
including metals, alloys, ceramics, polymers and composites.*’ These nanomaterials can be

formed either as coatings or as freestanding structures in desired shapes (e.g. foils, wires, nanorods,
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etc.). Figure 1-4 (B) presents an example of triangular Pd nanorod structures fabricated by

electrodeposition.
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Figure 1-4 Electrodeposition process and an example of nanostructured surfaces created with this technique. (A)
Schematics depiction of the electrochemical setup for the electrodeposition process (reprinted form reference °'). (B)

SEM image of triangular Pd rod structures electrodeposited, and the inset shows a cross-sectional image (reprinted
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from reference ™).

1.1.1.3 Transfer

Micro/nanostructures can also be created by transferring materials as pre-existing patterns or
as printable ink. Example for such techniques include microcontact printing (uLCP), inkjet printing,
pin microspotting, and screen printing. Direct-writing techniques with printable ink are flexible,
inexpensive, and convenient for design customization, but they suffer from low resolution and are
not the best option for mass production.’ In contrast, pattern-transfer through pCP is well suited
for large scale production in a cost-efficient manner, and is very popular technique for
micropatterning.”

uCP is a relatively new soft lithography technique, which was first proposed by Whitesides

and Kumar in 1994.°* As illustrated in Figure 1-5, in uCP, an elastomer and hardener mixture is
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cast onto a master mould and cured to form a structured surface. The cured elastomer (e.g PDMS)
can then be used as a tool to stamp an “ink” containing the molecules to be transferred to a solid
surface. Due to the patterned structure of the stamp, only the areas with protrusions are able to
contact the substrate surface, and the target molecules are area-selectively transferred according to
the pattern of the template, with a reproducible resolution of down to 500 nm.> Major problems
with this technique is the shrinking and deformation of stamp which leads to unfaithful transfer of
the designed pattern and limits the pattern resolution. By modifying PDMS stamp or employing
new stamp materials, the capacity of pCP has been greatly improved to form patterns within sub-

100 nm range.%*58

UCP achieves high throughput with relatively low cost, via the use of
reproducible and reusable elastomer stamps with easily adjustable stamping area. However, this
technique could cause sample contamination, as uncured siloxane oligomers can potentially be left
and transferred from the stamp to the sample, decreasing the pattern quality.”

In the initial implementation of uCP, such a stamp was used to transfer patterns of self-
assembled monolayers of thiolated molecules onto a gold surface. With the improvement of
printing methods and stamp materials, pCP is becoming an increasingly reproducible surface-
patterning technique with higher pattern resolution,” , and has been utilized for patterning a variety

of other materials, such as nanoparticles,’’ thin metal layers,®' conducting polymers,** proteins,”

and cells.%*
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Figure 1-5 A schematic representation of microcontact printing technique

1.1.2 Material Removal

Another way of creating micro/nanostructured surfaces is to selectively remove some
materials from a thin film or from the surface of a bulk material. To manipulate the position where
materials should be removed, the processes mostly involve using a mask to expose the desired area
either optically or physically. Nevertheless, with some techniques, direct writing is feasible and no
mask is required (e.g., electron beam lithography, focused ion beam). Lithography and etching are
two common methods for micro/nanofabrication involving material removal, and due to the

importance to the research presented in this thesis they will be discussed respectively.

1.1.2.1 Lithography

Lithography is a conventional and classical technology for micro/nano patterning which
removes part of the resist layer through masking or controlled writing by energy source of photons,
electrons, X-rays, and ions, etc. Standard techniques include optical lithography, electron beam

lithography, soft X-ray lithography, and ion beam lithography. Novel lithography techniques

10
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include nanoimprint lithography, scanning probe lithography, and two-photon lithography.®® Table

1-1 compares the throughput and resolution of standard lithographical techniques.

Table 0-1 Comparison between standard lithography techniques of their resolution and throughput. (The table is

adapted and modified form %)
Lithography Technique Resolution Throughput
Photolithography (Contact and Proximity Printing) 2-3 um Very High
Photolithography (Projection Printing) 37 nm High- Very High
Electron Beam Lithography 5 nm Very Low
X-Ray Lithography 15 nm Low
Ton Beam Lithography 50-300 nm"’ Low

Photolithography is one of the most important technologies in the microelectronics industry.
It is based on the ultraviolet (UV) light radiation of photoresist to create desired patterns. A
photolithography system consists of a light source, a photo mask, and an optical projection system.
The resolution of photolithography is not only limited by the wavelength of UV, but also affected
by the printing method. Contact and proximity printing have a resolution of 2-3 um, and projection
printing possesses a higher resolution. By implementing extreme UV which possesses a smaller
wavelength, the resolution down to 37 nm could be achieved. Photoresists is a mixture of
photoactive compounds, polymeric backbones (e.g. resin), and suitable solvent. There are two
types of photoresist: positive tone resists are ones that becomes more soluble after being exposed
to radiation, while negative tone resists show decreased solubility upon exposure. Most positive
photoresists use diazoquinone (DQ) or diazonaphthoquinone (DNQ) as photosensitive compounds,
which is not soluble in the base developer solution. However, DQ or DNQ undergoes molecular
rearrangement forming a ketone under UV radiation. During development, OH™ group from the
basic developer solution attaches to the carbon atom of the ketone, forming an acid, and then
dissolves in the basic solution.®® On the other hand, negative resists form highly cross-linked,

chemically resistant polymers (e.g. styrene, maleic acid polymer) upon radiation, where the

11
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initiator absorbs photons forming radicals, and initiates polymerization process.”” As shown in
Figure 1-6 photolithography starts with the spin coating of photoresist with controlled thickness.
When the resist exposed to UV through a photo mask, the exposed areas become either soluble
(positive resist) or insoluble (negative resist) in the developer. The developing process removes
the soluble materials, leaving defined patterns on the substrate. Photolithography is common lab
technique, but the process is relatively time consuming and is not ideal for scaling up.

Compared to photolithography and X-ray lithography, electron beam lithography has a much
higher resolution of ~5 nm, achieved by using electron beam which has a shorter wavelength than
UV or X-ray. The process for E-beam lithography, similar to photolithography, involves spin
coating of e-beam resist, exposure to the beam, and development, as shown in figure 1-6. Instead
of using projection masks, a scanning system is mostly used for pattern generating with electron
beam. In this mode, a highly focused electron beam is scanned over the surface of the resist with
the diameter as small as sub-10 nanometers. Since electron beam lithography has ultra-high
resolution, and ease of prototyping, it is usually used at the very beginning of a multiple technique
and a multiple step process in a top down approach in order to transfer the nanostructure into the
substrate or subsequently build up a device in a layer by layer fashion. The disadvantages of this

techniques are low throughput, high cost, and complex operation.

12
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Figure 1-6 The schematic presentation of photolithography (left) and electron beam lithography processes (right).

1.1.2.2 Etching

Etching refers to the techniques that remove materials from a substrate, by dissolving it with
liquid or gaseous chemically active compounds or by electrochemical processes. To create micro
and nano-patterned surfaces, a mask layer (e.g. photoresist and thin metal film) is used to protect
areas that are not to be etched. The protective layer is usually removed after the process is
completed. Etching can be achieved through either a wet or a dry process.

Wet etching utilizes a liquid etchant and requires the target material to be reactive with or
soluble in the etchant solution. The reaction products must also be soluble in the liquid or can be
removed from the system by other methods. Moreover, neither the masking material nor the
substrate should be insoluble in the etchant solution. Table 1-2 shows some examples of thin film
materials and their etchants as well the etching conditions. Some etchants show different reaction
rate for different crystal faces of a material, thus making anisotropic etching possible. For
conductive films, electrochemical etching could also be used, where the target film is employed as

an electrode in an electrolytic cell, and the electrically driven reaction would lead to film

13
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consumption. The biggest limitation of wet chemistry etching is the low resolution compared to
dry etching, due to the isotropic nature of the etching which leads to the undercutting of the mask

film, as illustrated in figure 1-7.

Table 0-2 Examples of thin film materials and their liquid etchant in wet chemical etching. (Adapted from references

36.70)
Film Etchant Temperature of Etch Bath (C)
SiO, HF 20-25
SizNy H;PO, 160-180
HNO;+HF 20-25
Si KOH 50
Ethylenediamine Pyrocatechol 110
Pt HNO;+ HCI 108
Au HNO;+ HCI 108
L+KI 20-25
Al H;PO4+HNO;+CH;COOH 40-50
ITO HCI+HNO3 40

s ——— Protective layer
Etching —> Target Film <«— Etching

Substrate

Figure 1-7 The schematic illustration shows the undercutting effect of protective layer in wet chemical etching.

In dry etching, typical etchants are vapor, plasma and ions. The target materials can either be
removed chemically (vapor phase etching and reactive ion etching) or physically (sputter etching).
Vapor phase etching uses one or more type of gases to dissolve the target material through
chemical reactions. For example, silicon dioxide can be etched using hydrogen fluoride (HF) and
silicon can be etched with xenon diflouride (XeF,). In sputter etching, an ion beam is directed onto
the surface of target material and remove it by bombardment, very similar to sputtering deposition
which was introduced in section 1.2.1.1. The selection of substrates and resist layers should be
based on relative sputter rate of the materials. However, the fact that sputter rate of most materials

does not differ much, limits the choices and applications of this technique.
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In contrast to sputter etching, reactive ion etching (RIE) can remove materials more selectively
using plasma of a reactive gas. lons in the plasma are not as energetic as in sputtering, so the
reactive components do not bombard the surface, but just adhere to it and undergo chemical
reactions. The reaction products are desorbed and released from the system by constant pumping.
Another advantage of RIE compared to wet etching is that it can etch into depths of several hundred
microns without undercutting the resist layer, because the higher etching rate on the horizontal
surface than the side walls. RIE was first used to strip photoresist in integrated circuit fabrication,’"

and has matured and used for numerous applications over the past decades.

1.1.3 Direct Material Structuring

The third strategy to create micro/nanostructures is to change the shape or morphology of a
material directly through applying external force, such as molding, compressing, and electrical
force, etc. Here, micro hot embossing, soft lithography, and polymer compressing methods will be

introduced in details.

1.1.3.1 Micro Hot Embossing

Micro hot embossing is a very inexpensive replication technology to transfer microstructure
patterns from a master mold onto thermoplastic polymer substrates under appropriate pressure and
temperature.”” This technology has over 40-year history, and has been partially applied in
industrial production,” as one of the most promising techniques to fabricate high-precision and
high-quality features at the micro/nano scale in academia and industry. Briefly, the micro hot
embossing technique involves four major steps (Figure 1-8): (1) heating of the mold and substrate
to molding temperature; (2) isothermal molding by embossing through either velocity control or

force control; (3) cooling the mold and substrate to demolding temperature, with the pressing force

15
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being maintained; (4) Demolding of the embossed material from the mold. Steps (1) and (2) isa
stress application and strain hardening stage, while steps (3) and (4) is a stress relaxation and
deformation recovery stage.”* Molding temperature, pressing force and holding time are the most

important factors that affect the micro hot embossing process.

Step2:Embossing  Step4:Demolding
(velocity controlled by relative motion of mold

Substrate plate /force controlled) insert and substrate plate

with rough
surface \

2 / Adhesion of the
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film the substrate plate
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microstructured

mold insert

Step1:Heating
of mold and substrate

plate up to molding  Residual layer, Step3:Cooling
temperature produced by a surplus  of mold and substrate to
of polymer material demolding temperature

Figure 1-8 Schematic representation of a typical micro hot embossing process with four major steps: heating, molding,

cooling and demolding. (Reprinted form reference &)

Thermoplastic polymers are the most used materials in micro hot embossing, due to their low
cost, light weight, and low molding temperature.”® The process temperature is critical to the local
fidelity and global uniformity of microstructure formation with such polymers. With the increase
of temperature, thermoplastic polymers go through three phase states: glassy state, rubbery state
and flow state (figure 1-9).”® When the thermoplastic polymers are pressed in the glassy state, the
deformation is elastic and is majorly contributed by the increase of atomic distance. When pressed
in rubbery state, the thermoplastic polymers act like an incompressible or approximately

incompressible rubber, because chain segments begin to move but are still fixed by the temporary
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network of entanglements. When polymers reach the viscous liquid flow state, the entire polymer
chains are mobile and the polymer flows by chain sliding, so deformation at this stage is
irreversible.” At this state, the polymer flow have relative easy access into the corners of the
embossing mold, and thus results in microstructures with high fidelity.”” Although high process
temperature (above T,) is important for faithful transfer of microstructures, it introduces difficulty
in demolding and bending or distortion of embossed devices on large scale due to excessive heat.
especially for large area and high aspect embossing. "® With low temperature micro hot embossing
(lower or near Ty), the global flatness can be significantly improved, but both instantaneous and
retarded recovery after becomes an issue.”’ Therefore, the molding temperature needs to be

optimized according to the material properties and the fabrication requirements.
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Figure 1-9 Thermoplastic polymers deformation versus temperature in three states: glassy, rubbery, and glow state.

(Reprinted from reference’®)

1.1.3.2 Soft Lithography

Soft lithography refers to a family of low cost non-photolithographic techniques first
introduced by Bain and Whitesides in early 1990s.”’ This strategy is based on self-assembly and
replica molding of organic molecules and polymeric materials for carrying out micro- and

nanofabrication.*®' Many techniques have been developed using this concept: microcontact
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printing (uCP), replica molding, micromolding in capillaries, solvent assisted micromolding
(SAMIM), microtransfer molding (uWTM), phase-shifting edge lithography, nanotransfer printing,
decal transfer lithography, and nanoskiving. Although with different approaches, they are all in
principle based on printing, molding and embossing processes. LCP has been introduced in the
previous section /.2.1.3 as a technique to transfer patterned materials. Here we will briefly
introduce two other methods which can directly structure materials into micro/nano sized features.

Fabrication of elastomeric stamps is the basis for all the soft lithography techniques, as shown
in Figure 1-10. Typically, the stamps are created by mixing elastomer precursors and curing agent
and cured the mixture in the mold with desired shape. The molds for stamp casting can be made
of various materials, such as photoresist, Si3N4, and metals, etc. Figure 1-11 illustrates the
fabrication processes of pTM, replica molding, and SAMIM. In pTM, the stamp is filled with a
pre-polymer, placed on a substrate and cured, while in replica molding, the prepolymer is applied
onto the substrate, and the stamp is pressed against it. When the stamp is removed, the patterned
structure is left on the substrate. In SAMIM, the surface of the elastomeric stamp is wetted with a
solvent and pressed against the polymer film deposited on the substrate at ambient conditions. The
polymer is softened by the solvent, and conforms to the shape of the stamp. The main problem
associated with this technique is that the solvent can swell the elastomer mold, and thus decrease
the accuracy of pattern transfer. Both uTM and SAMIM can be used to form isolated

nanostructures.
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Figure 1-10 A schematic illustration of the elastomeric stamp fabrication in soft lithography.
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Figure 1-11 Schematic illustration of three major soft lithographic techniques: microtransfer molding, replica molding,

and solvent-assist micro molding.

1.1.3.3 Pre-stressed Polymer-Based Structuring
By pre-stressing a polymer substrate and releasing the tension, a material film deposited on
top can be structured. There are generally two ways to achieve this: (1) Mechanically pre-stress

the stretchable elastomer within its elastic recovery range, deposit thin films, and then release the
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external force; (2) Pre-stress and mold a shape memory polymer under high temperature, deposit
thin films, and reheat to retract. Both methods apply a compressive force on the deposited thin
film, which cause the surface to wrinkle and buckle either on one axis or both axes, depending on
where the strain was applied.

Polydimethylsiloxane (PDMS) is probably the most widely used elastic substrate for wrinkling
thin films, a phenomenon that was first reported by Martin et al. in the early 1980s.** Later,
Whitesides et al. studied ordered structures on PDMS and further developed a model that relates
the stresses to the wave patterns.* Figure 1-12 depicts the wrinkle formation process, where the
mismatch of the mechanical properties of the thin film and the elastomer substrate leads to the
buckling. The wavelength of uniaxial wrinkling can be determined by equation (1), where A is the

wrinkle wavelength, h is the film thickness, v5 and vy are the Poisson’s ratios of substrate and thin

film, respectively, E; and Ef are their Young’s modulus.

(1 USZ)Ef] /3

A=2m h[(1 ey

(1)

As, the wavelength A is proportional to the thin film thickness 4, for the same material, the
wrinkle sizes increase with increasing film thickness. A also increases with the increase of thin film

rigidity and the decrease in substrate rigidity (described by the Young’s Modulus E; and E;). The
amplitude of the wrinkles is also linearly proportional to film thickness, and can be quantitatively

evaluated by equation (2):***

A=h (i - 1)1/2 )

€c
Where A is amplitude, € and €, are the buckling strain and the critical buckling strain, respectively.

The critical buckling strain must be exceeded for wrinkling to happen.
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Figure 1-12 Schematic presentation of the wrinkle formation of a thin film on elastomeric substrate, where h represents

thin film thickness, A is wavelength, and A is amplitude.

When larger strain is applied, the film can buckle in multiple scales to release the excess strain.
After the first generation of wrinkles saturates, a secondary wrinkling appears on much larger
wavelength, forming hierarchical structures.®® The secondary winkle wavelength can be

determined similarly as the first generation using equation (1), using the effective height (hesf) of
the first generation wrinkled film and the effective Young’s moduli of the film (Ef.fr) and
substrate (Egqrr) at the corresponding buckled condition.®” The wrinkled structures are not only

useful as a component in functional devices, but can also be used to transfer patterned materials
onto other planar surfaces such as glass, or Si wafers. For example, colloidal particles can be
patterned with this method, which is then accessible for studying their optical, electronic, and

physical properties.®®

1.2 Thin film Structuring Techniques Used in This Thesis

In this section, three patterning and structuring techniques that our group has developed are
introduced in detail: Parylene stencil lift-off, vinyl stencil lift-off, and shape-memory polymer
thermal shrinking. All the techniques we use aim at decreasing fabrication cost and simplifying

fabrication processes.
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1.2.1 Parylene Stencil Lift-Off

Parylene stencil lift-off (PSLO) is utilized for in this thesis work for micropatterning, due to
its good biocompatibility, pattern transfer fidelity, and its applicability to patterning under aqueous
conditions. PSLO is a relatively new patterning method that enables the formation of arrays of
micro- to nanometre-sized biomaterial domains over large surface areas. In this approach, Parylene
C (dichloro-[2,2]-paracyclophane) is the most commonly used polymer because it produces
chemically inert, pinhole-free, thin polymer films. Furthermore, these films do not swell in the
many solvent and can be mechanically peeled off from the surface under aqueous conditions,
which makes them excellent templates for patterning biomaterials that need to be kept in hydrated
environments (e.g. lipid membranes and cells).

The principle behind PSLO is illustrated in Figure 1-13. First, a thin conformal polymer film
is deposited onto the solid surface through chemical vapor deposition. A photoresist layer is then
coated on the polymer and patterned using photolithography. With the patterned photoresist as a
mask, the sample is subjected to a controlled oxygen plasma reactive ion etching process that
removes the exposed polymer, thus effectively creating a polymer stencil. The materials of interest
can then be applied and bound onto the exposed substrate, while the polymer stencil keeps all the
covered areas protected. After the excess materials are washed away, the stencil can be
mechanically peeled off due to its weak adhesion to the substrate, leaving the micropatterns on the

surface.
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Figure 1-13 Schematic of Parylene stencil lift-off technique. Inset is a photo showing the lift-off process of a ~600

nm Parylene thin film on a SiO, wafer.

1.2.2 Vinyl Stencil Lift-Off

Adhesive films, such as self-adhesive vinyl, can also be used as simple and cost-effective
stencils. A pattern on the vinyl film is cut out through a computer-aided design (CAD)-driving
cutter, where cutter motor and cutting step size are the determining factors of the resolution (100-
200 pum).”® After application of the vinyl mask on the solid substrate (e.g. polystyrene, glass, Si
wafer, etc.), thin film material can be deposited by various techniques, such as sputtering, dip
coating, spin coating, and blade casting, etc. This method is a truly lithography-free, bench top
patterning strategy, which is great for prototyping of preliminary device design, and for fabricating
low-cost, disposable devices for sensing, bioprocessing, tissue engineering and photovoltaic
devices. In combination with shape-memory polymers, the pattern size can be further decreased to
sub-100 um scale, which could replace photolithography for some purposes. The limitation
regarding to the use of polystyrene shrinking process is that the material must be heat resistant,

since thermal shrinking of polystyrene occurs above 100°C.
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Figure 1-14 Schematic of vinyl film stencil lift-off technique. Inset is a photo showing the lift-off process of a cut-

out vinyl from a polystyrene sheet.

1.2.3 Thermal Shrinking of Shape-Memory Polymer

Very recently, the thermal shrinking of shape-memory polymers was proposed as a facile and
quick approach developed to form micro/nanostructured surfaces. Shape-memory effect refers to
the ability that a material can gain back its original shape when activated with suitable stimulation
(photo, chemical, or heat). The Whitesides group was the first to report the use of a shape-memory
polymer for microfabrication purposes in the late 1990s.**** For thermoplastic polymers, the glass
transition temperature is usually a range where polymer transit from glass state to rubbery state
(Figure 1-9). Below this temperature, polymer molecules are in glassy state with limited chain
mobility and flexibility. Above T,, the bonds between the polymer chains become weak and the
macromolecules become mobile. Figure 1-14 illustrates the molecular mechanism of programming
the temporary shape and recovering the permanent shape for a linear thermoplastic polymer. Under
no external strain, the polymer chains mostly form compact random coils as this conformation is
entropically favored, compared to the elongated conformation. When proper external force is

applied under heat, the polymer chains tend to disentangle and to stretch along the direction of
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external force. The decrease in temperature can freeze the chain mobility in a stretched state even
after stress is released. When the temperature is brought back to above Ty, the polymer chain can

relax back to an entropically favored state, recovering its original configuration.”

Above Tg
Original shape

Apply strain
Cool below Ty

Heat above Tq
Shape recovery

Figure 1-15 Schematic illustrations of shape-memory effect a linear thermoplastic polymer.

The shrinking process of a shape-memory polymer exerts compressive stress on the deposited
thin film material causing it to wrinkle and form the micro/nanostructured surfaces in a
controllable and reproducible fashion. The surface structure sizes and roughness are tunable by
varying thin film thickness. The general fabrication process involves just three major steps: (1)
Cleaning the shape memory polymer, (2) depositing a thin film of the desired material onto
polystyrene surfaces, with adhesive masks applied if necessary, and (3) heating above the glass
transition temperature of the polymer to shrink it. Many shape-memory polymers have been
explored for structuring thin films including polystyrene,”’ polyolefin,”* and polyethylene.”*”*

Polystyrene (T, round 100°C) is the most widely used material, as it is commercially available at

very low cost. The shape-memory polystyrene sheets are produced by Shrinky Dinks® for making

25



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Chapter 1

plastic arts and crafts, but has very recently find its application in micro/nanofabrication for
scientific research. The industrial fabrication of Shrinky Dinks follows a roll-to-roll process where
the polystyrene is pre-stressed under heat, and cooled down to below its glass transition
temperature to maintain in the stressed state. The films shrink uniformly with a decrease of 60%
in size in both x and y dimensions, and an increase in film thickness (z axis) to 600% to 700% of
its original. The Khine group at the University of California, Irvine, was the first to report the use

of such material for microfluidic device fabrication in 2008,”" and later many other applications.
1.3 Applications of the Thin Film Structuring Techniques

1.3.1 Micropatterning of Supported Lipid Bilayer

The biological membrane is arguably the most important structural component of cells because
it not only provides a protective container for the cell and its sub-cellular compartments, but it also
mediates cellular communication, the transport of ions and molecules, and participates in a variety
of biological processes.”” Specific recognition and binding activities associated with biomembrane
components form the basis of many biosensing assays, where robust patterning techniques can
help reduce cross-contamination between patterned species and improve signal-to-noise ratio. As
a supported lipid bilayer (SLB) retains a number of the structural and dynamic properties of

96,97 and

cellular membranes, SLB micropatterns have been employed in biosensor design
biophysical studies for cell membrane behavior.”® Moreover, the easy integration of SLB patterns
with miniaturized platforms such as microfluidics and lab-on-a-chip, has provided a powerful tool
for studying biomolecule interactions with low sample consumption in an automated and high

throughput manner.””'*
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1.3.1.1 Supported Lipid Bilayer and its Formation

In cellular membranes, lipid molecules are held together by hydrophobic/hydrophilic
interactions and self-assemble into a continuous bilayer, and various proteins are embedded within
cellular membranes or transiently associated with them. Since the lipid bilayer was recognized
four decades ago as the basic unit to design lipid models, various model lipid bilayer systems have
been developed to investigate biomembrane structure and biological processes at the cellular level.
Large multilamellar liposomes, as well as small and large unilamellar vesicles were applied in the

101102 55 well as in

early characterization of lipid bilayer structure and thermodynamic properties
protein insertion and binding studies.'®'** Black lipid membranes, single unsupported planar
bilayers, have also been applied to study the formation of ion channels in phospholipid bilayers by
peptides, proteins and antibiotics.'”>'% In early 1980s, Tamm and McConnell first introduced the
SLB system which is a fluid but highly ordered planar lipid bilayer structure formed on a solid
support.'””!'% Compared to liposomes and monolayer models, SLBs have the advantage of easy
access to a wide variety of high-resolution analytical techniques such as fluorescence

109,110

microscopy, atomic force microscopy,''' and surface plasmon resonance.''> The SLB is also

a more stable system that allows changes in their properties and environment for specific

applications. To date, SLBs have been used for chemical and biological sensing,”>''*''* drug

115,116 117,118

screening and delivery, membrane-associated compound separation, protein

purification,'"” and fabrication of matrices for cell and tissue engineering.'>*'**
Supported lipid bilayers are typically ~5 nm in height, with ~1 nm water layer in between the
bilayer and the substrate.'” The hydrophobic tails of the lipids point toward each other and

hydrophilic head groups point toward the water, as illustrated in Figure 1-15 (B). The thin water

layer is crucial in maintaining the mobility of the lipid molecules on a solid substrate. SLBs are
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mostly created through two techniques. One is the Langmuir deposition technique which involves
two processes, Langmuir-Blodgett and Langmuir-Schaffer (Figure 1-15 (A))."** In Langmuir-
Blodgett step, a lipid monolayer is first spread at the air-water interface of a Langmuir trough, and
transferred onto a solid substrate. Then in the Langmuir-Schaffer step, the monolayer is transferred
horizontally onto the monolayer at air-water surface by Langmuir-Schaffer pushing. This method
is particularly useful for the formation of asymmetric bilayers, but is not suitable for incorporating
proteins into the bilayer because some portions of the proteins would be exposed to air and may
denature during the process. The other method is vesicle fusion where SLBs are formed on solid
substrates directly through the fusion of small unilamellar vesicles (SUVs),'* as illustrated in
Figure 1-15 (B). SUVs can be created through either vesicle extrusion or sonication. The SLB
formation involves the adhesion and rupture of vesicles on the support and the evolution of
supported bilayer patches. A continuous SLB grows by successive vesicle fusion and lateral
bilayer patch mobility.'"”® The process depends on a number of environmental parameters,
including substrate roughness and hydrophilicity, lipid-substrate electrostatic interactions and
incubation conditions.'?”'*® These parameters affect the integrity and the fluidity of the SLBs, so
appropriate conditions are required to form homogeneous and fluid SLBs with little defects and

high mobility.
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Figure 1-16 Two techniques for SLB formation: (A) Langmuir-Blodgett pulling for the bottom layer and Langmuir-
Schaffer pushing for the top layer and (B) vesicle fusion to form SLB directly on the substrate.

1.3.1.2 Phase Segregation in SLBs

The study of phase segregation in lipid membranes has attracted much attention because it
provides useful information about lipid-lipid interactions and can shed light into the formation of
important cellular membrane structures. Phase segregation of lipid membranes into liquid-
disordered (lg) and liquid-ordered (l,) domains (so called lipid rafts) has been recognized as a
fundamental principle for the functional organization of proteins and lipids within the plasma
membrane.'?”'*° The description of which membrane molecules are clustered together and which
are kept separated, helps us to understand more complex systems such as cell membranes. SLB is
one of the most popular model systems that can mimic the key features of plasma membrane
domains for such studies. The ease of integration of proteins into SLB allows the exploration of
protein functions in the context of lipid phase segregation under controlled conditions in vitro."'

Moreover, fluorescent probes with different partition coefficients make it easy to observe and

29



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Chapter 1

characterize individual phases of lipid molecules, as well as labeled proteins. AFM is also a robust
tool for this purpose by probing the height differences between lipid phases.'' "'

The phase segregation in a lipid bilayer is a spontaneous process, which is stochastic, time and
lipid composition dependent. Changes in temperature, cholesterol concentration, ionic strength,
and lipid components during vesicle fusion are factors that can trigger the segregation of different
lipid components in membranes."**"** Figure 1-16 depicts the phase separation process of two
types of lipids with different transition temperatures. In this thesis, we have used DOPC with T,
of -20 °C and DSPC with T, of 55 °C. With the same carbon chain length, saturated lipids (e.g.
DSPC) have higher transition temperature than unsaturated lipids (e.g. DOPC). When the

temperature decreases to below the higher T,, saturated lipids decrease in their mobility and form

gel phase domains, while unsaturated lipid remain fluid, forming liquid disordered phase.

A
Rttt
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l Temperature decrease
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Figure 1-17 Schematic presentation of SLB phase separation. When the ambient temperature decrease from above to

below saturated lipid transition temperature, the unsaturated and saturated lipids separate into two phases.
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1.3.1.3 SLB Patterning through PSLO
Different from DNA and protein patterning, supported lipid bilayer (SLB) and cellular
patterning are more challenging because they require the materials to remain in ‘never-dry’

condition which is not as easily achievable. A host of techniques have been used for SLB

135,136 138,139

patterning including barrier separation, quill-pin spotting,"*” micro-contact printing,

140,141 143,144
ff, 14 ,

polymer stencil lift-o nanoshaving lighography,'* and micro-fluidic networks, etc.
However, shortcoming of the current techniques lies in the ability to deposit a multiplicity of
biomaterials to form intricate patterns. Techniques that could create complex SLB patterns will
enhance our ability to study membrane and cell behavior under controlled environmental
conditions. Furthermore, such techniques should also expand the range of platforms available for
diagnostics based on membrane-binding analytes, and for the screening of drugs that target
membrane associated proteins.'"® Polymer stencil lift-off is a robust technique for patterning in
aqueous condition, which we utilized and improved to create complex SLB patterns. In chapter 2,
we present the use of PSLO technique to create micropatterned SLB arrays, and use them as
models to study the effect of domain size and environmental factors on the lipid mixture behavior.
In chapter 3, PSLO is demonstrated for patterning stacked SLBs that are either homogeneous or

phase-segregated. Through these simplified model systems, we aim at understanding more

complex systems such as the plasma membrane and its interaction with other biological systems.

1.3.2 Micro/Nanostructuring of Thin Films

Thermal shrinking of shape-memory polymer has been recently used as a simple and low-cost
micro/nanofabrication method for structuring thin films. Various materials have been structured
with this technique, such as metal thin films,”*'** hydrogels,'*® and silica."*"'** Due to the high

surface area, and the tunable micro/nanotopography, such structured surfaces have found broad
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applications in chemical and biological sensing, flexible electronics, tissue engineering, and cell
lysis. Here, we introduce a few specific application areas that relates to the work presented in

Chapter 4, 5, and 6.

1.3.2.1 High Surface Area Electrode for Sensing and Flexible Electronics

The micro/nanostructured thin films are excellent candidates for the implementation of high
surface area electrodes that can be applied in electrochemical sensing for increased sensitivity or
photonic devices for higher energy conversion efficiency. In our pioneering work, we combined
the thermal shrinking of a patterned gold film with subsequent electrodeposition, and fabricated
hierarchical high-surface-area gold electrodes which demonstrate up to 1000% enhancements in
electroactive surface area. In chapter 4, the development of this benchtop fabrication method is
described in detail, as well as the electrode surface characterization and electrochemical sensing
ability. Sonny et al. has later incorporate this high surface area electrodes into microfluidic devices
for sensing.'*” The Soleymani group has also applied the wrinkled gold electrode for building a
proof-of-concept electrocatalytic DNA biosensor which can distinguish between complementary
and noncomplementary oligonucleotides.'*® They have also used the structured gold electrode for
bacteria lysis, and achieved lower voltage lysis with high efficiency.'”' Zhang et al. employed the
structured Pt/ITO film as photocathode in the dye-sensitized solar cells, demonstrating an energy
conversion efficiency enhancement of 34%.'**

In addition to high surface area, the shrink induced micro/nanostructures also contribute to the
stretchability and bendability of the thin metal films. Taking advantage of this property, we
fabricated stretchable and flexible electrodes that have shown high stretchability and
reproducibility. In chapter 5, we describe the structured film lift-off and transfer techniques for

creating the stretchable and bendable devices which have shown great stability as flexible
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electrochemical sensor. Some other recent work has also demonstrated the suitability of the
wrinkled metal films to serve as electrode component in flexible electronics. Khine group reported
the use of wrinkled metallic films as stretchable wires, which have been demonstrated to have

robust conductive performance in excess of 200% strain.'>>

1.3.2.2 Tunable Nanotopography for Tissue Engineering

How cells respond to external guidance cues from their microenvironment has been an
interesting question, as the understanding of cell responses to the stimulations is key in tissue
engineering and regenerative medicine. Engineered topographical substrates which mimic natural
topographies can help reconstruct tissue like environment in vitro, and allow us to accurately
predict and control cell behaviour. Various geometrical features have been fabricated for this
purpose, including grooves, gratings, nanofibers, and nanopillars, etc. Table 1-3 summarizes the
studies that have been carried out with various topographical feature designs. Very recently, the
shrink induced structure has also been used for macrophage phenotype study, where the wrinkled
PDMS surfaces promote macrophage alternative activation.'”*

In chapter 6, we present the use of micro/nanostructured glassy film for fibroblast morphology
study, where we have shown that rougher surfaces lead to cell elongation, and finer structures
promote filopodia generation. This finding is in good agreement with previously reported trends
and suggest the possibility of using the structured surfaces as platforms for the polarization and

differentiation of specific cell lineages.
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Table 1-3 Summary of the effects of sizes of the micro/nano- topography on cell morphology and alignment.
(Reprinted from reference '*)

Sizes
Fe;;:)uere Width/ Gap/ Depth/ Materials Cell type Effect on cell behavior
diameter | spacing | height
. Cells showed increased length,
Nano- 155 N.A. N.A. 13,35, Demixed Fibroblasts | width, and area on the 13 nm high
islands 95 nm Polymer .
islands
s 150-800 | 50-800 | 200-500 | PEG Rat . CGI.IS showed 1ncr§ased area gnd
Gratings am am am hvdrogel ventricular | perimeter on the biggest gratings
yarog myocytes (800x 800 x 500 nm)
TiO Cell elongation was increased up to
2
nanotube 30- 100 NA NA Tio2 hMSCs 10 folds on larger nanotubes of 70-
arrays'’ nm 100 nm as compared to on small
Y nanotubes (30 nm) and flat surface
20- Gratings of 100 nm width and 35
Grating5158 20-1000 1000 5-350 Polystyren Fibroblasts nm depth was the s.mall.est.
nm nm e nanotopgraphy which significantly
nm . .
influence cell alignment
Aliened poly(D,L- Cells were strongly aligned to
& 80- 760 lactic-co- . electrically aligned nanofibers and
electrospun N.A. N.A. . Fibroblasts . : . .
nanofibers' | M glycolic nanoimprinted gratings with feature
acid) sizes larger than 100 nm
Cell focal adhesions were
significantly smaller and more
Gratings'® 0.25-10° 1 025- 101 0.25-10 | 5y /g hMSCs elongated on nanoscale gratings (<
pm pm pm . ;
1 um) than on microscale gratings
(1-10 um)
Cells aligned closely and elongated
Electrl(z?pun 0.16- N.A. N.A. PMMA Fibroblasts | along the fiber axis when the fiber
fibers 8.64 uym . .
diameter is > 1 pum
Cell area, aspect ration, and length
of the long axis were decreased on
Elec“fé?pun 0.14-3.6 N.A. N.A. PLGA Fibroblasts | smaller fibers (< 1 pum) as
fibers pm .
compared to these on bigger fibers
(3.6 um) and smooth surface
Human Cell.s aligned parallell on 4 um-pitch
70- 1900 330- corneal gratings and perpendicularly on
Gratings'® 2100 600 nm Silicon e 1 400 nm-pitch gratings and
nm epithelial . .
nm cell perpendicularly on 400 nm-pitch
gratings
Human
foreskin
fibroblasts;
Gratines'6* Aspect ratio (depth: width) polystyren | Smooth Cell alignment increased with
& 0.05-1 e; silicone | muscle aspect ratio
cells;
endothelial
cells
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Chapter 2 Micropatterning of Phase-Segregated Supported Lipid Bilayers

and Binary Lipid Phases through Polymer Stencil Lift-Off

Yujie Zhu and Jose M. Moran-Mirabal designed the experiments. Yujie Zhu optimized the
Parylene stencil fabrication and cleaning process, and conducted the SLB patterning and
characterization experiments. Yujie Zhu and Jose M. Moran-Mirabal analyzed the data and wrote

the manuscript.

2.1 Abstract

Supported lipid bilayers (SLBs) provide an excellent model system for studying structural and
functional characteristics of biomembranes. Patterning model membranes on solid supports has
elicited much interest because lipid bilayer arrays at cellular or sub-cellular scales provide
attractive platforms for reconstituting tissue-like conditions for cell culture, and for creating
simplified physiological environments to study biological processes. Phase-segregated SLB
patterns can be especially useful for such studies, as the selective functionalization of the lipid
phases with different lipids, receptors or proteins can be achieved to mimic the key features of
plasma membrane. However, it remains challenging to pattern phase-segregated lipid bilayers and
to spatially control the lipid phases at the micron scale. Current methods to achieve this involve
multiple surface modification and patterning steps, elaborate techniques such as microfluidic,
microcontact printing, or electrochemical control, among others. To overcome the complexity in
producing phase-segregated patterns, we have developed simple and rapid strategies to pattern

SLBs with phase separation utilizing the polymer stencil lift-off (PSLO) technique. PSLO is a
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powerful technique for SLB patterning, since it allows the faithful pattern transfer of micron-sized
lipid domains onto solid surfaces under aqueous conditions, which eliminates the need for
controlled humidity and reduces the risk of bilayer disruption through drying. By integrating post-
etching substrate cleaning and a blocking treatment, well-defined homogeneous and phase-
segregated SLB patterns were achieved with lipid mobility that matches that of SLBs formed on
clean SiO, wafer substrates. A two-step incubation method was also developed for patterning
binary lipid phases, which allowed precise control of their position and geometries. The created
phase-segregated SLB patterns were used to study lipid phase behavior within confined areas, and
quantitative analysis showed that smaller pattern sizes resulted in smaller gel phase domains,
which also covered a smaller fraction of the total patterned SLB area. This was attributed to the
decreased mobility of the bottom leaflet of the SLB which lies in close proximity to the substrate,
and the resulting hindered exchange of lipid molecules between the bottom and upper leaflets
through the SLB boundary. By further integration with functional groups, the phase-segregated
lipid bilayer patterns might find relevant application in tissue engineering, biophysical studies of

biomolecular and cellular interactions, and biosensing platforms.

2.2 Introduction

The membrane is one of the most important structural components of cells, and the study of
its structure and organization is key to understanding cellular responses to the environment. The
supported lipid bilayer (SLB) system provides an excellent experimental model for in vitro studies,
as it retains a number of the structural and dynamic properties of cellular membranes.'? The ability
to control the chemical composition of SLBs on the micrometer scale allows the creation of
engineered physiological environments for the study of membrane properties,” biomolecular

5

interactions,™ or cell behavior.”’ For example, SLBs have been used to study the receptor
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segregation patterns that arise from the interaction between T-cells and antigen presenting cell
receptors.® Patterned membranes can also serve as the basis for biosensor design with enhanced
detection signal.” Especial interest lies in developing micropatterning strategies for the precise
spatial control of lipid phase geometries, since lipid bilayer phase segregation is known as a
fundamental principle for the functional organization of lipids and proteins within the biological
membrane.'*!!

A host of techniques have been used for SLB pattering including physical or diffusion barrier

121314 micro-contact printing (uCP),"* non-contact printing,'® polymer stencil lift-off

separation,
(PSLO),*'""™® 2D or 3D micro-fluidic networks,'*?° pre-patterned functionalized substrates,”’ and
pattern-guided self-spreading.”” Despite the success with these micropatterning techniques, most
of them created single-component or single-composition SLB patterns. Recent efforts have
focused on patterning multiple lipid components: Smith ef al. created micropatterned lipid bilayer
arrays with spatially addressed compositions on a glass substrate using a continuous flow
microspotter,” Roder et al. used fatty acid functionalized PEG polymer patterns as tethers to
anchor two different lipid phases and achieved the controlled spatial organization of polymer-
supported membranes,”* Adams et al. exploited the destabilization effect of lipopolysaccharide,
combined with soft lithography, to generate voids and then backfilled them to introduce different
membrane components,”> and Yamada er al. used inkjet printing of lipid bilayers onto pre-
patterned polymeric bilayers to make bilayer microarrays.”® While SLB micropatterns with
different compositions can be obtained through these methods, they either suffer from low

resolution or involve multiple patterning steps and technically elaborate microfluidic, spotting, or

electrochemical techniques.
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To provide an alternative to these techniques, we report a simple and direct approach to pattern
phase-segregated domains in spatially controlled geometries with micron-scale resolution using
the PSLO technique. PSLO, first introduced by Ilic and Craighead,”’ is an efficient and robust
patterning technique that employs microfabricated polymer coatings as stencils and has been used
with biomaterials such as nucleic acids,” lipids,'” proteins,” and cells.*® Individual micron-sized
SLB domains can be formed without using permanent barriers or substrate surface modification,
which allows the lipid molecules to diffuse freely across all patterned areas. The use of a
micropatterned polymer coating in the PSLO technique means that large surfaces (e.g. whole
wafers) can be patterned with smaller and more uniform features, something that could not be
achieved with the pCP technique, where PDMS deformation can be a significant problem. In
addition, the fact that the polymer coating can be lifted-off while the substrates are immersed in
aqueous buffers translates into the ability of patterning SLBs without the requirement of strict
humidity control or the risk of disrupting the bilayer through drying. In the present study, we have
improved the PSLO process, as applied to lipid bilayer patterning, through post-etch cleaning and
BSA treatment after lift-off to achieve well-defined and highly fluid lipid bilayer patterns that
retain the patterned shapes over several days of storage. Such improvement allowed phase-
segregated SLB patterns to form within micron-scale patterns, and the effects of pattern size and
cooling rate on lipid phase segregation were studied. It was found that smaller patterns and higher
cooling rate led to smaller gel phase domains, and that the phase segregation was strongly
influenced by the patterned feature boundaries. Moreover, we established a simple two-step
incubation approach for patterning two contiguous lipid phases in sequence, which allowed us to
further control the distribution of lipid phases. The proposed micropatterning strategies for phase-

segregated and binary SLBs could open up new possibilities to localize membrane-associated

50



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Chapter 2

proteins or other biomolecules within the sub-cellular sized domains and further study the effects
of lipid bilayer confinement on phase-segregation dynamics. Such platforms are also attractive for
in-vitro studies of biomolecular interactions and cell behavior, such as cell signaling, ligand-

receptor interactions, pathogen attack, and enzymatic reactions occurring at the cell surface.

2.3 Experimental Section

2.3.1 Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC) and  1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) were purchased from Avanti Polar Lipids (Alabaster, AL), and were
suspended in chloroform at a concentration of 10 mg/ml. Lissamine rhodamine-labeled 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE-LR) and Oregon green-labeled 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE-OG) were purchased from Molecular
Probes-Invitrogen (Eugene, OR), and were suspended in chloroform at 1 mg/ml concentration.
Sodium hydroxide, 10x phosphate buffered saline (PBS, pH 7.5) solution, L-ascorbic acid, bovine
serum albumin (BSA) and sodium hydroxide (NaOH) were obtained from Sigma-Aldrich
(Oakville, ON, Canada). Sulfuric acid (H2SO4, 98%) was purchased from Caledon Laboratories
(Georgetown, ON, Canada). All reagents were of analytical grade and were used without further
purification. Parylene-C was obtained from Specialty Coating Systems (Indianapolis, IN).
Deionized water was obtained from a Milli-Q Reference A+ Purification System (Millipore,
Billerica, MA) with a resistance of 18.2 MQ-cm. Single side polished four inch (100) Si wafers
with 100 nm thermal oxide layer were purchased from University Wafer (Boston, MA) and were

used as substrates for forming SLBs.
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2.3.2 Formation of SLB

Small unilamellar vesicle (SUV) solutions were prepared by the vesicle extrusion method.
Briefly, lipids dissolved in chloroform were mixed in the appropriate molar ratios to obtain the
desired lipid bilayer compositions. The chloroform in the mixture was evaporated under a dry
nitrogen stream. After desiccation under vacuum overnight, the dry lipids were rehydrated with
1x PBS, until the lipid film completely resuspended, forming a cloudy solution containing large
multilamellar vesicles (LMV) of various sizes. The LMV solution was pre-filtered through a 0.45
um pore polyethersulfone membrane to reduce the vesicle size and was then extruded ten times
through a 100 nm pore polycarbonate membrane (Whatman, Maidstone, UK) at a temperature
above the highest transition temperature of the lipids in the mixture. This resulted in a clear
solution containing ~100 nm diameter SUVs.

SLBs were formed by applying the SUV solution onto the substrate surface and incubating
under the appropriate conditions. To form homogeneous SLBs, 0.1 mM DOPC:DHPE-LR (99:1)
mixture was incubated for 1 hr at room temperature, or 0.1 mM DSPC:DHPE-OG (99:1) was
incubated for 30 min at 60°C in a moisture-saturated box. To remove excess vesicles after
incubation, the samples were washed 5 times with 1x PBS supplemented with 5 mM ascorbic acid
(used as oxygen scavenging agent to reduce fluorophore photobleaching). For phase-segregated
SLB formation, 0.1 mM SUVs with DOPC:DSPC:DHPE-LR (49.5:49.5:1) composition were
incubated at 60°C for 30 min on hydrophilic substrates. After incubation, the samples were washed
5 times with 60°C warm 1x PBS buffer to remove excess vesicles. The formed SLBs were cooled

down to room temperature to allow the lipids to phase segregate.

52



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Chapter 2

2.3.3 Fabrication of polymer stencils

Si0, wafers were cleaned in piranha solution (sulfuric acid: hydrogen peroxide in a volume
ratio of 3:1, 100°C) for 10 min, followed by two successive 5 min rinses in deionized water, and
then dried under a nitrogen stream. A Parylene-C film of ~700 nm thickness was then deposited
onto the clean SiO, wafer substrates through chemical vapor deposition (CVD) in a Labcoater2000
Parylene deposition system (SCS, Indianapolis, IN). S1808 positive photoresist (Shipley,
Marlborough, MA) was spin-coated on the polymer-coated coverslips at 2500 RPM for 30 seconds
and pre-baked at 90°C for 2 min to obtain a nominal resist thickness of 1.1 pm. A chrome photo
mask with 2-200 um features fabricated by Fineline Imaging Company (Colorado Springs, CO)
was used in the patterning process. Photolithography was performed in soft contact mode using a
Karl Suss MJB3 contact aligner (UV wavelength 365 nm, Suss MicroTec, Garching, Germany),
with an exposure of 30 mJ. The samples were developed in Microposit 351 developer (Shipley,
Malborough, MA) for 25 s to remove the exposed photoresist, followed by deionized water rinsing
and drying under a nitrogen stream. Exposed regions of the polymer film were reactive ion etched
in an oxygen plasma chamber (Technics, Series 800, Pleasanton, CA) for 7 min (30 sccm O,, 100
W). Residual photoresist was removed by washing successively with acetone, isopropanol and
deionized water. To remove any remaining polymer residue within the etched openings, the etched
substrates were treated in a UV/Os cleaner and further cleaned in an alkaline solution. A series
UV/O; and base treatment conditions were tested, from which it was determined that 1 min
exposure (10 mW/cm?, UV 254 nm), followed by 1 min soaking in 100 mM NaOH solution
provided the optimal surfaces for SLB formation. Substrates were soaked in deionized water for 1

min and dried under nitrogen stream after UV/O3 and base treatment.
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2.3.4 Patterning homogeneous SLB with PSLO

Prior to use in lipid bilayer patterning, all the polymer-coated SiO, wafers were cleaned in a
plasma chamber (Harrick, Ithaca, NY) for 60 s at high power (30 W) and using a partial air pressure
of 600 mTorr. The SUV solution of interest was then applied over the surface of the patterned
substrate and incubated under appropriate conditions until a uniform SLB formed. Excess vesicles
were removed by washing the surface five times with 1x PBS (supplemented with 5 mM ascorbic
acid). After washing, the polymer stencil was mechanically lifted-off under aqueous conditions,
leaving behind patterned SLBs. BSA solution was used as a blocking agent to prevent fluid lipid
bilayers from spreading. 10 mg/mL BSA in 1x PBS was used to wash off the vesicles after
incubation and during the stencil lift-off step instead of pure buffer. Excess BSA was washed off

after the lift-off using 5 rinses with 1x PBS.

2.3.5 Patterning binary SLBs

The binary SLB patterns were achieved using the backfilling method. Homogeneous DSPC
patterns were first formed using PSLO as described above. After the polymer stencil was lifted-
off, concentrated DOPC SUV solution was added to the buffer solution containing the substrate to
reach a lipid vesicle concentration of 0.1 mM. The sample was then incubated for 1 hr at room

temperature, and washed five times with 1x PBS buffer.

2.3.6 Fluorescence microscopy and image analysis

SLB patterns were imaged using a Nikon Eclipse LV10ON POL epifluorescence microscope
(Nikon Instruments, Mississauga, ON, Canada) equipped with excitation and emission filters for
FITC and Rhodamine dyes, and a UMPLNFL 60x/1.00NA physiological objective. Images were

acquired with a Retiga 2000R cooled CCD camera (QImaging, Surrey, BC, Canada) and recorded
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with NIS-Elements AR software (Nikon Instruments, Mississauga, ON, Canada). Fluorescence
recovery after photobleaching (FRAP) was used for quantitative SLB mobility tests. An image of
the sample was acquired at low illumination intensity before photobleaching, after which the
illumination intensity was increased and focused onto a small area of the SLB. This caused the
fluorophores on the SLB to bleach quickly, leaving a partially darkened region behind. For SLBs
with good mobility on the substrate, fluorescent lipid molecules would diffuse into the bleached
region, and the fluorescence could recover. The fluorescence recovery was followed by acquiring
successive images every 2 seconds over a total of 12 minutes. The recovery kinetics were analyzed
using the simFRAP plugin of ImageJ,’' where the experimental recovery kinetics are fitted to a
simulated fluorescence recovery. The analysis algorithm allows the accurate determination of
diffusion coefficients of bleached areas of arbitrary shape contained within bounded domains (e.g.,
cells or in the case of this manuscript patterned SLBs).

Fluorescence images of spontaneously phase segregated SLB patterns with features sizes of
10- 100 um were analyzed using Image J.** The fluorescence images were first converted into
binary images, and then the areas of gel phase domains were measured (cf. Figure 4A). Through
calculation, the average gel phase domain size and fractional area covered by gel phase domains
in the SLB pattern were obtained, and compared for different patterned feature sizes. A minimum
of three replicate sample images (containing multiple replicate features) was analyzed for each
feature size, and statistical analysis of the differences between the phase segregated domains was

performed using the statistical program Prism (GraphPad Software Inc., La Jolla, CA).
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2.4. Results and Discussion

The polymer stencils used for SLB patterning were fabricated on SiO, wafers thorough
photolithography and reactive ion etching (Figure 1). The fabrication process consisted on first
depositing thin Parylene-C films onto clean SiO, wafer substrates. The films were subsequently
etched through a photoresist mask to define the openings in the polymer stencil. The stencil
fabrication process was accomplished within a day, yielding a number of wafers containing
patterned stencils which could be stored indefinitely for future experiments. After cleaning the
patterned substrates with acetone and air plasma, an SUV solution was incubated under appropriate
conditions to promote vesicle fusion and SLB formation. The polymer stencil was then lifted off,
leaving behind intact SLB patterns. Homogeneous micron-scale SLB patterns were easily achieved
using this procedure. In addition to the simplicity of patterning by just mechanically lifting-off the
polymer coating, a key advantage of the PSLO lift-off procedure is the ability to pattern the lipid
bilayers under fully hydrated conditions, as the polymer lift-off process can be done in aqueous
media. This eliminates the need for controlled humidity conditions during the patterning step and
avoids the risk of lipid bilayer disruption due to drying. Initial FRAP tests performed on patterned
bilayers in the L, (liquid disordered) phase showed complete fluorescence recovery at room
temperature (Figure S1), while those in the Ly (gel) phase showed the anticipated lack in recovery
(Figure S2). However, it was noted that the diffusion coefficients obtained for the L, SLBs
patterned with the etched stencils were only ca. 33% of those obtained for bilayers prepared on
clean Si0O; surfaces (Figure S3), indicating that while the patterned lipid bilayers retained their
integrity, their mobility was compromised. Methods to improve the quality of the patterned lipid

bilayers were explored and are discussed in detail further below.
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Figure 2-1 Schematic illustration of the polymer stencil lift-off for patterning supported lipid bilayers. (a) Polymer
film is deposited on a SiO, substrate. (b) Photoresist is spin-coated onto the substrate and (c) exposed to UV light
through a photomask. (d) Photoresist is developed and areas that have been exposed are removed. (¢) Exposed polymer
is removed by oxygen plasma reactive ion etching, yielding a stencil with micron-sized features of exposed SiO,. (f)
Lipid vesicle solution is applied onto the substrate, and incubated to form bilayers in the stencil openings. (g) Polymer

stencil is lifted-off and (h) lipid bilayer patterns are left behind.

The temporal stability of patterned SLBs was studied for lipids in the L, and Lg phases. DSPC
SLBs that were patterned in the Lg phase showed uniform and stable patterned shapes after the

polymer stencil lift-off step (Figure 2A) and for several weeks of storage at 4°C. On the other
hand, DOPC SLBs patterned in the L, phase showed pattern deformation due to bilayer spreading
at the edges after the stencil was removed (Figure 2B). The pattern deformation was followed over
a period of 24 hours and it was observed that after the initial spread following the stencil lift-off,
the domains equilibrated over a time span between 6 and 12 hours (Figure S4). The spreading of
the SLBs was thus limited by the amount of material contained within the patterned stencil and the
area that this material could cover on the SiO, surface after the stencil was removed. Similar
spreading behavior has been previously reported by Burridge et al.** for SLBs patterned using

microfluidic channels after the PDMS template was removed. To prevent the DOPC SLB from
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spreading and maintain the patterned feature shape fidelity, we performed the polymer stencil lift-
off in 1x PBS buffer containing BSA, and subsequently washed away the excess BSA. Using this
approach, the resulting SLB patterns had better defined edges compared to the ones without BSA
treatment and the SLB did nor spread over time (Figures 2C and S4). The proposed mechanism
for the observed effect is that BSA physically adsorbs onto the exposed bare SiO, surfaces once
the stencil is lifted-off and effectively competes with lipid bilayer spreading. This was
corroborated by imaging surfaces where the BSA treatment contained a small fraction (0.1%) of
fluorescently-tagged BSA, which was seen to absorb preferentially on the spaces devoid of lipids
(Figure S5). Furthermore, the addition of the BSA treatment did not alter the mobility of the
patterned lipid bilayers, as evidenced by quantitative FRAP experiments (Figure S3). An
additional benefit of the BSA treatment is that after lift-off, the SLB patterns had cleaner surfaces
due to the blockage of non-specific binding of lipid vesicles during the washing steps. Thus, the
use of a blocking agent during the polymer stencil lift-off step allowed us to produce well-defined
homogeneous, and fluid SLB patterns with different shapes and sizes ranging from 2 to 200 um

(Figure S6).
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Figure 2-2 Epifluorescence images of homogeneous SLB patterns with and without incubation with BSA as a
blocking agent. (A) DSPC:DHPE-OG (99:1) patterns exhibit no spreading, due to the DSPC bilayers existing in the
Lg phase at room temperature. (B) Images of DOPC patterns without BSA treatment show lipid bilayer spreading
beyond the patterned boundaries after the polymer stencil was lifted-off, as DOPC remained in the L, phase at room
temperature. (C) Images of DOPC SLB patterns with BSA treatment to prevent spreading. Better-defined pattern

edges and cleaner bilayer surfaces were obtained. All images were obtained at the same magnification.

Next, we aimed to pattern phase-segregated SLBs from equimolar DOPC:DSPC mixtures
doped with 1% DHPE-LR. On clean SiO, substrates, SL.Bs that were formed at 60°C showed
spontaneous phase segregation after the bilayers were cooled down below the mixture’s transition

temperature (Figure S7). At room temperature, DSPC molecules with T;,, = 55°C become more
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ordered and coalesce into Lg phase domains, while DOPC molecules remain in the L, phase due

to their low transition temperature (T, = -20°C). Initial attempts to form phase-segregated SLB
patterns were unsuccessful and it was observed that although vesicles had adsorbed onto the
substrate surface, no continuous bilayer was formed. This was further confirmed by qualitative
bleaching experiments, where little or no recovery was observed (Figure S7). We hypothesized
that the lack of SLB formation could be due to polymer residue inside the patterned openings,
which increased surface roughness and prevented vesicle fusion. This assumption was verified
through scanning electron micrographs that showed polymer residue left along the edges and
within the etched openings after the stencil was lifted off (Figure S8). SLB formation could not be
improved through over-etching, indicating that the residual polymer could not be efficiently
degraded through oxygen plasma reactive ion etching alone. Polymer contamination left behind
after etching has been previously observed by Goddard et al.,** who reported a UV/O5 and base
treatment to remove polymer residues from silicon sensor surfaces after etching. The treatment
utilizes UV/Os; to partially decompose organic residues and the base to clean the oxide surface by
etching into it. A key consideration for SLB formation after the cleaning treatment is that the etch
step should be strong enough to remove the polymer residue without significantly roughening the
surface. Thus, a range of UV/O; cleaning times (1-10 min) and NaOH concentrations (0.01-1 M)
were tested for the cleaning protocol. By assessing the quality of the SLBs formed on the cleaned
substrates through fluorescence imaging (Figure S9), it was determined that the optimal cleaning
procedure was 1 min UV/O; followed by a 1 min 100 mM base treatment. The improvement in
the quality of the patterned SLBs after the optimized cleaning procedure was further validated by
a marked improvement in FRAP recovery kinetics. DOPC SLBs patterned on etched and cleaned

stencil openings had excellent mobilities, where the diffusion coefficients for the full bilayer
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(Figure S3) and for the lower leaflet (Figure S10) matched those of the SLBs formed on clean SiO,
substrates. Using the optimized substrate preparation conditions and BSA blocking treatment led
to high quality, fully mobile SLBs that enabled the formation of well-defined patterned arrays of

phase-segregating DOPC:DSPC SLBs through the polymer stencil lift-off technique (Figure 3).

--

Figure 2-3 Epifluorescence images show phase-segregating DOPC:DSPC SLB patterns of various shapes and sizes

produced through the polymer stencil lift-off technique. 1% DHPE-LR (red) partitioned preferentially with DOPC (L,
phase), rendering the DSPC (Lg phase) domains dark. All images were obtained at the same magnification. The insets

are magnified images of the small circular and square patterns.
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Given the high quality of the patterned SLBs, the gel phase domain sizes within the
micropatterns could be adjusted by varying the cooling rate. Lower cooling rates led to larger gel
phase domain formation, a well-known effect. Using the phase segregated patterns we studied the
cooling rate effect in confined lipid bilayer patches. In a fast cooling process, the temperature was
decreased directly from 60°C to room temperature, while a slower cooling process was to reduce
the temperature in the incubator from 60°C to 25°C in 5°C steps with equilibration times of 5
minutes. When comparing the two cooling conditions, much larger gel phase domains were formed
when the SLBs were cooled down slowly (Figure S11), as the slower cooling process allowed
enough time for DSPC molecules to diffuse and coalesce to form larger gel domains before the
mobility of DSPC molecules was drastically reduced.

It was also observed that in the SLB patterns formed through the slow cooling protocol, the
smaller SLB patterns led to smaller gel phase domains. To study the effect of patterned feature
size on lipid phase behavior, fluorescence image analysis was used to determine the average
domain size and the percent area occupied by the gel phase within the patterned areas. The analysis
algorithm separated the gel domains from the liquid disordered phase based on a fluorescence
intensity threshold. Representative fluorescence and binary images of this process are shown in
Figure 4A. The bar graphs in Figures 4B and 4C show a positive correlation between the average
gel domain size and the patterned feature size, which is also observed in the percent area occupied
by the gel phase. Similar trends were observed in the circular and square patterns. While the larger
patterned features exhibited higher variability in the gel phase domain size and the fractional area
occupied by the gel phase, the differences with the smaller patterned features were statistically
significant, evidencing a clear effect of patterned domain size on the phase segregation kinetics in

the SLB patches.
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The observed trends were attributed to the strong influence of the boundary conditions, as a
strong depletion of domains near the edges of the bilayer patch was observed. If diffusion is
hindered near the boundary of the SLB pattern, because a) there are obstacles (polymer residue)
associated with the fabrication process, b) the diffusion of the lower leaflet of the lipid bilayer (in
close contact with the SiO, surface) is significantly lower, or ¢) the boundary is not perfectly
reflective (due to a curved edge of the bilayer), we expect that the ability of DSPC molecules to
coalesce near the boundary would decrease and the formation of gel phase domains would be
diminished. FRAP experiments performed on the center versus the edge of large patterned domains
did not show any appreciable mobility difference (Figure S3), arguing against scenario (a). On the
other hand, FRAP experiments conducted on the patterned bilayers in presence of 100 mM CoCl,
showed that the diffusion coefficient of the bottom leaflet of the patterned bilayer is only 68% of
that measured for the full bilayer (Figures S3 and S10). This observation supports scenario (b),
which can explain the depletion of gel phase domains near the boundary and the reduction in the
size of the gel phase domains throughout the SLB patch. For this scenario, the smaller patterns
with a larger perimeter to area ratio experience more pronounced effects, which is in good
agreement with the experimental observation (Figures 3 and 4). To the best of our knowledge, this

is the first observation on pattern size and boundary effect on lipid phase behavior.
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Figure 2-4 Quantitative analysis of lipid phase behaviour in micropatterns (A) Typical image processing steps
including converting fluorescence image to binary, measuring the patterned feature size, and measuring the average
gel phase domain sizes. (B) Average gel domain size in circular (black) and square (red) SLB patterns increases with
the increase of the patterned feature size. (C) Percent area of gel phase increases with the increase of patterned feature
size for circular (black) and square (red) SLB patterns. Error bars represent the standard error of the mean of replicate

measurements performed on the patterned SLBs (n = 3). Statistical significance evaluated through ANOVA: *p<0.05,

*#p<0.01, ***p<0.001, ****p<0.0001.

Employing the established UV/Os5 and base treatment, Lg phase lipid bilayer patterns were
also successfully fabricated. DSPC doped with 1% DHPE-OG vesicle solutions were incubated on
patterned substrates at 60°C, and formed homogeneous SLB patterns as small as 2 um, shown in
Figure 2C. In contrast to DOPC bilayers, no spreading of lipids happened after lift-off, since DSPC
lipid bilayers were in the gel phase with very limited mobility at room temperature, therefore

obviating the need for BSA blocking treatment. For the same reason, no recovery was observed
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after bleaching with the patterned DSPC bilayers (Figure S2). With the ability of patterning Lg

phase SLBs, we further investigated the strategy for patterning binary arrays containing two lipid
phases. A two-step incubation method was implemented (Figure 5A). DSPC SLBs were first
patterned at 60 °C, followed by polymer lift-off and DOPC incubation at room temperature, which
formed a continuous liquid disordered phase surrounding the DSPC patterns. With this simple and
quick method involving only the mechanical lift-off of the polymer coating and successive SLB
formation, well-defined binary SLB patterns were produced and visualized using two different
fluorescent probes (Figure 5B). Recovery after photobleaching was observed in the DOPC liquid
disordered phase but not in the DSPC gel phase (Figure S12), which was the expected behavior at
room temperature but shows that even the SLBs formed on the substrate that was under the
polymer coating exhibit excellent mobility (Figure S3). After being heated up to 60 °C and cooled
down again, the two phases mixed together and spontaneous phase segregation occurred (Figure
S13), which demonstrates that the binary patterns were connected and could exchange lipids under

the appropriate environmental conditions.
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Substrate Parylene | Lipid A

Bl Llipid B

Figure 2-5 Binary lipid patterning process and fluorescence images. (A) Schematic illustration of the two-step

incubation method for patterning binary lipid arrays. Lipid A vesicle solution is incubated to form lipid bilayer gel
phase within the opening areas. Lipid B is then incubated to form fluid disordered phase after the stencil is lifted off.
(B) Epifluorescence images of binary lipid bilayer patterns with DSPC (green) and DOPC (red) using DHPC-OG and
DHPE-LR fluorescent probes, respectively. An overlay image is shown to demonstrate the perfect registration of the

two lipid phases. All images were obtained at the same magnification.
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2.5 Conclusions

In conclusion, we have improved the fidelity and quality of SLB patterns produced through
the polymer stencil lift-off technique through a combination of a UV/O; and NaOH cleaning
procedure and BSA blocking treatment, and achieved uniform 2-100 um patterned SLB features.
The use of BSA as blocking agent effectively prevented lipids in the liquid disordered phase from
spreading and resulted in cleaner SLB surfaces by reducing non-specific binding. The use of the
UV/O; and base cleaning procedure improved the quality of the patterned lipid bilayers, which
exhibited mobilities comparable to those of SLBs formed on clean SiO, wafer substrates. This
allowed us to produce SLBs with enough mobility to spontaneously phase-segregate. Using the
phase-segregating SLB patterns, we studied the effect of cooling rate and pattern size on lipid
phase behavior. Control over the cooling rate translated into the ability to control the gel phase

domain sizes within the micropatterned SLBs, with slower cooling rates producing larger Lz phase
domains. Smaller patterned feature sizes also led to smaller Lg phase domains and fractional area
covered by the Lz phase, which is attributed to diffusion hindrance in the bottom leaflet of the

SLB, which impacts the exchange rate of lipids from the top to the bottom leaflet at the SLB
boundaries. In addition, a precise control over the spatial organization of binary lipid phases was
achieved by patterning two lipid components with the two-step incubation method. The presented
patterning strategies based on the PSLO technique are simple, quick and robust, since they rely on
microfabricated stencils that can be produced at large scales and stored indefinitely until needed,
the patterning of the SLBs can then be done by mechanically peeling the stencil under aqueous
conditions without need of strict humidity or environmental control (similar to how it would be
done on mica or any other hydrophilic flat surface), and the patterns are stable over weeks of

storage under refrigerated conditions. While the peeling of a continuous sheet of polymer imposes
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some limitations on the type of patterns that can be achieved and the number of bilayers with
different compositions that can be deposited, the PSLO technique is also compatible with quill
pin, microcontact, or inkjet printing and combinations of such techniques could be exploited to
provide complementary technique strengths and benefits. We anticipate that the developed
patterning strategies could be used to develop surfaces that can serve as useful tools for biophysical
studies of membrane and membrane-associated biomolecules, as well as platforms for biosensing

applications.
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Chapter 3 Multi-Stacked Supported Lipid Bilayer Micropatterning through

Polymer Stencil Lift-Off

Yujie Zhu and Jose M. Moran-Mirabal designed the experiments; Yujie Zhu fabricated the
Parylene stencils and optimized the supported lipid bilayer patterning and imaging conditions;
Ahmed Negmi performed most of the patterning and imaging. Yujie Zhu, Ahmed Negmi, and Jose
Moran-Mirabal analyzed the data; and Yujie Zhu and Jose M. Moran-Mirabal wrote the

manuscript.

3.1 Abstract

Complex multi-lamellar structures play a critical role in biological systems, where they are
present as lamellar bodies, and as part of biological assemblies that control energy transduction
processes. Multi-lamellar lipid layers not only provide interesting systems for fundamental research
on membrane structure and bilayer-associated polypeptides, but can also serve as components in
bioinspired materials or devices. Although the ability to pattern stacked lipid bilayers at the micron
scale is of importance for these purposes, limited work has been done in developing such patterning
techniques. Here, we present a simple and direct approach to pattern stacked supported lipid bilayers
(SLBs) using polymer stencil lift-off and the electrostatic interactions between cationic and anionic
lipids. Both homogeneous and phase-segregated stacked SLB patterns were produced,
demonstrating that the stacked lipid bilayers retain lateral diffusivity. We demonstrate patterned

SLB stacks of up to four bilayers, where fluorescence resonance energy transfer (FRET) and
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quenching was used to probe the interactions between lipid bilayers. Furthermore, the study of lipid
phase behaviour showed that gel phase domains align between adjacent layers. The proposed
stacked SLB pattern platform provides a robust model for studying lipid behavior with a controlled
number of bilayers, and an attractive means towards building functional bioinspired materials or

devices.

3.2 Introduction

In living systems, multilamellar membranous structures are present as lamellar bodies and as
key elements in many active biological assemblies that control energy transduction processes'. In
vitro models of lipid multilayers that can mimic these natural systems are important tools for
biophysical studies of membranes. Such stacked lipid bilayer systems have been previously used
to study interactions between neighboring bilayers, such as membrane fusion® and anomalous
swelling®, as well as the structure of membranes as they interact with polypeptides®. Stacked
bilayers are also of interest for practical applications such as cell sensing’, drug delivery® and
disease diagnosis’. For example, it has been recently reported that stacked SLBs can be used as a
tunable substrate to study dynamic, mechano-regulated cell linkages and cellular mechano-
sensing™®. Therefore, methods for reconstructing lipid multilayer structures at the nano- or
microscale in vitro need to be developed for better mimicking the complexity of natural
biomembranes.

A number of strategies have been developed for building stacked SLBs from the bottom-up in
vitro. Electrostatic interactions between cationic and anionic lipid bilayers’ and between
phospholipids and silica templates'® have been used to form double stacked bilayers and highly
ordered hybrid multilamellar assemblies respectively. In addition, specific biological interactions

involving biotin-streptavidin coupling'' and DNA hybridization'?, as well as covalent bonds
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involving inter-bilayer maleimide-thiol coupling® have been used to form double bilayer systems
with variable stability. Despite the efforts made in building stacked bilayers, to date there are no
reported techniques that can easily pattern them at the micron scale and in large array format. A
key limitation for the in-situ patterning of stacked lipid bilayers is the need to conduct the
formation of the bilayer stack and the selective patterning under aqueous conditions. Thus, the
majority of techniques reported have been limited to patterning of a single SLB. Microcontact
printing has been used for patterning multiple lipid bilayers, but with poor control of lipid
organization and stack thickness'®. Similarly, capillary assembly and dip-pen nanolithography
(DPN) and have been successfully used to pattern multi-stacked SLB through the use of

microstructured surfaces' and by direct writing of arbitrary patterns'®"’

, respectively. Moreover,
a method combining microcontact printing, nanoimprint lithography and dip-pen nanolithography,
has been developed to create nanostructured lipid multilayer arrays'®. However, these techniques
are resource intensive, are not able to control the number of bilayers accurately or have difficulty
in patterning phase-segregated SLBs. Therefore, new techniques that allow simple patterning of
lipid multilayers in large areas with accurate stack thickness control and which can pattern phase
segregated bilayers are needed.

Polymer stencil lift-off (PSLO) is a robust technique that uses a microfabricated Parylene
stencil'’ to pattern a wide range of biomaterials, such as proteins®’, DNA?', cellulose fibrils*%, or
cells™, at the micron scale (its patterning resolution only limited by the lithographic technique
used to define the stencil openings). The PSLO technique has also been successfully applied in
functional SLB patterning”*, which allows faithful transfer of uniform SLB patterns in aqueous

condition with sub-micron resolution””. Here, we report the extension of the PSLO technique as a

simple and direct approach to pattern a controlled number of stacked SLBs under aqueous
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conditions. SLB stacks were formed by electrostatic interactions between cationic and anionic
lipids. This strategy allows patterning large areas of SLB stacks of micrometer dimensions, with
accurately controlled number of layers and compositions. Both homogeneous and phase-
segregated stacked SLB patterns were achieved. To our knowledge, this is the first report of
patterned SLB stacks that are built form the bottom-up with controlled distributions of lipids,
which opens up possibilities for new biophysical studies on interactions between membranes and
between membranes and membrane associated proteins, as well as future applications in cell

culture and drug screening.

3.3. Results and Discussion

3.3.1 Supported Lipid Bilayer Micropatterning

Supported Lipid Bilayer stacks were deposited into micron-sized patterns through the use of
Polymer Stencil Lift-Off (PSLO, Figure 3-1). In this process, Parylene was first deposited through
chemical vapor deposition onto SiO, surfaces to form a 500-1000 nm thick, conformal, pinhole-
free film. Parylene films were then patterned thorough standard photolithography and reactive ion
etching processes. This resulted in polymer stencils with arrays of features with 2-200 pum critical
dimensions, which were subsequently cleaned with acetone, UV-Os, and 100 mM sodium
hydroxide solution to remove any photoresist and polymer residue in the opening areas, producing
smooth surfaces suitable for SLB formation through vesicle fusion. By incubating small
unilamellar lipid vesicles (SUVs) on the substrates under the appropriate temperature, SLBs
formed within the Parylene stencil openings. For single lipid bilayer patterning, the stencil could
be removed after the first incubation step, while for multiple SLB stack formation the stencil

remained in place until after the last bilayer was deposited. The Parylene stencil served as a stable

75



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Chapter 3

physical barrier preventing the SLBs from spreading and remained intact during the whole SLB
stacking process, which was conducted under aqueous conditions. The deposited lipids formed
micron-sized single and multiple SLBs domains, demonstrating the suitability of PSLO for

patterning stacked SLBs.
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Figure 3-1 Illustration of the PSLO patterning process for stacked SLBs. Parylene film is deposited onto a clean
substrate, and photoresist is patterned using photolithography. After reactive ion etching of Parylene and removal of
photoresist, small unilamellar lipid vesicles are deposited on the stencils and incubated to form SLBs. The final step
is to lift-off the stencil, revealing stacked SLB patterns. Inset: side view illustration of a double lipid bilayer with

cationic and anionic lipids, and fluorescence images of a two-bilayer stack.

3.3.2 Homogeneous SLB Stacks

The ability to pattern SLB stacks through the PSLO technique was first tested using lipid
mixtures that formed homogenous bilayers. Two kinds of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) vesicle solutions were prepared: one was doped with 10% cationic lipid
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1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and the other with 10% anionic lipid 1,2-
dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS). As the SiO, substrate was negatively
charged under slightly basic buffer conditions, a positively charged SLB containing DOTAP was
formed first by vesicle fusion directly on the substrate. With the first cationic bilayer formed, the
anionic lipid vesicles were then incubated to form the second SLB. The electrostatic interactions
between the oppositely charged lipids promoted the fusion of anionic vesicles on top of the
underlying cationic bilayer. By alternating the charge of the subsequent layers, three- and four-
bilayer stacks could be similarly formed. We demonstrated the formation of up to four
homogenous SLBs with DOPC as the main component through this bilayer-by-bilayer approach.
However, it must be noted that any number of bilayers is possible provided the thickness of the
resulting stack does not exceed the stencil thickness. The stacked SLB patterns were visualized by
fluorescence microscopy during the stack formation (Figure 3-2). Oregon Green labeled 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE-OG) and Lissamine Rhodamine B
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE-LR) were added to the vesicles at
low concentrations (0.1% molar ratio) to label the SLBs, and were imaged in the green and red
fluorescence channels respectively. The images show that fluorescence intensity of both channels
changed with the addition of each new bilayer. Specifically, after the second bilayer (labeled with
DHPE-LR) and third bilayers were formed, the intensity of DHPE-OG in the first bilayer and the
DHPE-LR in the second bilayer greatly decreased, a change ascribed to fluorescence resonance
energy transfer (FRET) or collisional quenching mechanisms respectively. On one hand in FRET,
Oregon Green, as a donor chromophore, initially in its electronic excited state, transferred energy
through non-radiative dipole—dipole coupling to the acceptor chromophore, Lissamine Rhodamine

(LR), resulting in decreased green channel intensity; on the other hand the addition of a third
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bilayer and the close proximity of DHPE-OG molecules to DHPE-LR could cause collisional
quenching, leading to reduced intensities in the red channel too. Quantitative fluorescence analysis
was conducted by measuring the absolute and relative fluorescence intensities of each bilayer
(relative intensity normalized to the intensity of the first bilayer added in each channel), as shown
in Figure 3-3. The ratio of red over the green channel raw intensities (Figure 3-3¢) increases with
the deposition of LR labeled SLBs, and decreases with then addition of OG-labeled SLBs. The
trend for fluorescence intensity change was in good agreement with expected intensity variations
based on the successive addition of fluorescent bilayers taking into account FRET and quenching
effects, further confirming the formation of patterned SLB stacks. In addition, fluorescence
recovery after photobleaching (FRAP) experiments were performed on each successive bilayer
added (Supplemental Figure 1), where the observation of homogeneous recovery indicated that
each bilayer of the stack retained good mobility at room temperature. The fluorescence background
observed outside the patterns in bilayers 2 and 3 of Figure 3-3 was generated by vesicles adhered
on the Parylene stencil, as the stencil was not lifted off until all four bilayers had been deposited.
The fluorescence images, fluorescence intensity analysis, and FRAP tests demonstrated that fully
mobile SLB stacks could be formed by layer-by layer deposition and easily patterned using the

PSLO approach.
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First Bilayer Second Bilayer Third Bilayer Fourth Bilayer

Green Channel

Red Channel

Overlay

Figure 3-2 Epifluorescence images of four-bilayer homogeneous stacked SLB micropatterns. The first and
third bilayers were composed of DOPC:DOTAP:DHPE-OG and can be observed in green channel. Second
and fourth bilayers were composed of DOPC:DMPS:DHPE-LR, and can be observed in red channel (middle).
The bottom row presents an overlay of both red and green channels. All images were acquired at the same

magnification.
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Figure 3-3 Quantitative fluorescence intensity analysis of stacked SLB formation. (a) Raw fluorescence intensity of

green (DHPE-OG) and red (DHPE-LR) channels of the four-bilayer SLB patterns after each stacking step. (b)
Normalized intensity of each stacking step (green channel normalized to bilayer 1 and red channel normalized to

bilayer 2 values). (c) Ratio of the raw intensities of red to green channels at each stacking step.
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3.3.3 Stacked SLBs containing phase-segregated domains

The same bilayer-by-bilayer deposition and PSLO approach was applied to create stacked SLB
patterns containing phase-segregating lipid compositions. The anionic and cationic lipids used in
these experiments (DOPS, DOTAP) partition preferentially into the liquid-disordered phase due
to their unsaturated carbon chains, which result in lower transition temperatures (T, = -11 and -
11.9°C, respectively). Phase segregation was achieved by introducing 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC, a fully saturated lipid with T, = 55°C) into the
DOPC:DOPS/DOTAP:DHPE-OG/LR lipid mixtures. Homogeneous, fully mixed bilayers were
successfully formed at 60°C (above the DSPC transition temperature), after which cooling to room
temperature (21°C) resulted in the formation of visible phase-segregated lipid domains. Since the
DHPE-OG/LR dyes preferentially partition into the liquid-disordered phase (primarily composed
of DOPC), the gel phase consisting mostly of DSPC would be observed as dark domains. First, we
demonstrated the ability to form two-bilayer stacks composed of a phase-segregated bilayer on top
of'ahomogeneous one (Figure 3-4). As expected, the first lipid bilayer deposited, with composition
DOPC:DOTAP:DHPE-OG, was uniformly fluorescent in the green channel. However, upon
formation of a second phase-segregated SLB, with composition DOPC:DSPC:DOPS:DHPE-LR,
it was observed that the green channel now showed a complementary pattern to the red channel,
as shown in the overlay image of Figure 3-4. This phenomenon can be readily explained by the
close proximity and interaction between the fluorescent probes in each of the bilayers within the
stack, which results in FRET. Since FRET could only occur between DHPE-OG molecules (green)
in the first bilayer (homogeneous) that came into close proximity with DHPE-LR molecules (red)
in the second bilayer (phase-segregated), and given that the DHPE-LR molecules partitioned

preferentially to the fluid phase, areas of the first bilayer overlapping the gel domains in the second
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bilayer appeared brighter than the surrounding areas. This phenomenon directly probes the
interactions between the two bilayers, and demonstrates that the stacked bilayers are in close
proximity. Additionally, the observation of phase segregation in the second bilayer, coupled with
FRAP measurements on both homogenous and phase-segregated layers in this experiment
(Supplementary Figure 2), confirmed the formation of fully mobile heterogeneous SLB stacks

through the PSLO technique.

One Bilayer Two Bilayers Two Bilayers Overlay

Figure 3-4 Epifluorescence images showing patterns of two-bilayer SLB stacks consisting of a homogeneous bottom
bilayer and a phase-segregated top bilayer. The first lipid bilayer (composed of DOPC: DOTAP: DHPE-OGQG) is
observed in green channel, while the second lipid bilayer (composed of DOPC: DSPC: DOPS: DHPE-LR) can be
observed in red channel. The formation of the second bilayer leads to significant fluorescence intensity changes in the

first bilayer. The overlaid image of the two bilayers shows the fluorescence patterns are complimentary, due to FRET.

Next, we explored the possibility of patterning two-bilayer stacks where both bilayers would
phase-segregate, and investigated the phase behaviour of the stacked bilayers. Small unilamellar
lipid vesicles composed of DOPC:DSPC:DOTAP:DHPE-OG were deposited and incubated at
60°C to form the first bilayer. It was observed that when the substrate was properly cleaned (i.e.
the bilayer mobility was appropriate), micron-scale gel domains formed on the cationic bilayer
upon slow cooling. As expected, the DHPE-OG molecules preferentially partitioned into the liquid

disordered phase, leaving the gel phase dark (Figure 3-5a, green channel). A second anionic phase-
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segregated bilayer (with composition DOPC:DSPC:DOPS:DHPE-LR, Figure 3-5a red channel)
could then be formed on top by incubating the lipid vesicles at 60°C followed by slow cooling.
The formation of this second bilayer also led to decreased fluorescence intensity from the first
bilayer due to FRET. When both lipid bilayers phase-segregated, it was observed that the gel
domains aligned between the two bilayers (Figure 3-5a, overlay), indicating coupling between the
phase-segregation processes of both bilayers. Tayebi and collaborators'® have previously reported
the long-range alignment of phase-segregated lipid bilayer domains across hundreds of membrane
lamellae. They postulated that such alignment originated from the surface tension associated with
differences in the network of hydrogen-bonded water molecules at the hydrated interfaces between
the domains and the surrounding phases. In our case, in addition to surface tension effects, the
alignment could also be promoted by charges within the lipid bilayer, since the cationic and anionic
lipids both partition preferentially into the liquid disordered phase. On the other hand, when the
first cationic bilayer was not highly mobile, due to improper cleaning or cooling rate, it did not
show visible phase segregation and the fluorescence intensity remained homogeneous (Figure 3-
5b, green channel). Under this scenario, formation of the second anionic lipid bilayer led to phase
segregation only on the second layer, where gel phase domains appeared dark (Figure 5b, red
channel). In this case FRET between the two layers caused the green channel intensity from the
first bilayer to show a complementary pattern to the phase segregation of the second bilayer (Figure
3-5b, overlaid image), resembling the results obtained from patterned SLB stacks where the first
bilayer was homogeneous and the second one was phase segregating. These experimental results
demonstrate that it is possible to pattern lipid bilayer stacks with heterogeneous lipid bilayers
through the bilayer-by-bilayer and PSLO approach, and observe interactions between phase-

segregating lipid mixtures across lipid lamellae. However, it must be noted that sample preparation
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and substrate cleanliness are key to obtaining highly mobile lipid bilayers that enable such

interactions.

One Bilayer Two Bilayers Two Bilayers Overlay

Figure 3-5 Epifluorescence images of stacked phase-segregated SLB patterns. The first lipid bilayer was composed
of DOPC:DSPC:DOTAP:DHPE-OG (green channel), while the second lipid bilayer was composed of
DOPC:DSPC:DOPS:DHPE-LR (red channel). Insets show zoomed-in areas of the patterned bilayers. (a) When the
first bilayer showed good phase segregation (green), the second lipid bilayer would phase segregate in the same pattern
(red). The fluorescence intensity of first bilayer would decrease due to FRET, and the overlaid image of the two
channels showed alignment of gel phase domains in the two bilayers. (b) When the first bilayer did not phase-
segregate, the second SLB would still show gel-phase domains. The first bilayer appeared dimmer in areas that
overlapped with the liquid disordered phase of the second bilayer. Image contrast has been adjusted to facilitate the

visualization of the overlapping patterns in the stacked lipid bilayers.

3.4 Conclusions

In conclusion, we have demonstrated a simple bottom-up approach to pattern stacked
supported lipid bilayers using bilayer-by-bilayer deposition together with polymer stencil lift-off.
Mobile SLBs were successfully stacked through electrostatic interactions between cationic and

anionic lipids. This technique allowed patterning of both homogeneous and phase-segregated
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stacked SLB with controlled number of bilayers and lipid compositions under aqueous conditions.
We have demonstrated stacked SLB pattern formation with up to four bilayers consisting of all-
homogeneous bilayers, phase-segregated on homogeneous bilayers, and phase-segregated on
phase-segregated bilayers. The formation of patterned SLB stacks could be monitored through
quantitative fluorescence microscopy. In addition, the fast fluorescence recovery in FRAP tests
confirmed the good mobility of each stacked bilayer. For all patterned stacked SLBs, interactions
between neighboring bilayers could be observed through fluorescence resonance energy transfer
between the dye molecules embedded in each bilayer. Furthermore, a study of lipid behavior in
neighboring bilayers showed that phase-segregated domains align across the stack, provided the
underlying membrane is fully mobile. We anticipate that the proposed stacked SLB patterning
approach will be useful tool for biophysical studies of biomembrane and membrane-associated
proteins. With the ability to control the number of bilayers in a stack, the multilamellar bilayer
model could be an excellent platform for integrating transmembrane proteins, as it would prevent
protein denaturation. Such a system can overcome the low fluidity, which arises in single SLBs
due to the close proximity to the substrate, by increasing the distance between the top lipid bilayer
and the substrate without modifying the lipid or introducing additional polymer layers. The ability
to pattern stacked SLBs at the micron scale could also contribute to studying cell behaviour in
vitro, because the patterns can be used to mimic cell microenvironments providing tunable
substrate stiffness and adjustable biological components. The micropatterned multiple lipid
bilayers are expected to be further applicable in building functional lipid-based devices for cell
sensing and drug screening, where changes in bilayer stack thickness or order can be explored in

a controlled environment.

3.5 Experimental Section
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3.5.1 Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine,  chloride salt, (DOPC), 1,2-dioleoyl-3-
trimethylammonium-propane, chloride salt, (DOTAP), 1,2-dimyristoyl-sn-glycero-3-phospho-L-
serine, sodium salt, (DMPS) 1,2-dioleoyl-sn-glycero-3-phospho-L-serine, sodium salt (DOPS)
and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) were purchased from Avanti Polar
Lipids (Alabaster, AL). Lissamine Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium Salt (DHPE-LR) and Oregon Green 488 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE-OG) were purchased from Life
Technologies (Carlsbad, CA). Parylene-C was obtained from Specialty Coating Systems
(Indianapolis, IN). Sodium hydroxide, 10x phosphate buffered saline (PBS) solution (which was
diluted to 1x for buffer use), hydrochloric acid, hydrogen peroxide (30%), sulfuric acid (40%) and
ammonium hydroxide (27%) were acquired from Caledon Laboratories (Georgetown, Canada). L-
ascorbic acid was obtained from Sigma-Aldrich (Saint Louis, MO). Deionized water (18.2

MQ-cm) was obtained from a Millipore Milli-Q Purification System (Millipore, Billerica, MA).

3.5.2 Methods

3.5.2.1 Microfabrication of Parylene Stencils

Si0; (100 nm thermal oxide) on Si <100> wafers were cleaned in piranha solution (sulfuric
acid:hydrogen peroxide 3:1 v/v) for 10 minutes, followed by two successive S-minute rinses in
Milli-Q water, and then dried under a nitrogen stream. Then an ~800nm thick Parylene film was
deposited onto the clean wafers through chemical vapor deposition in a Labcoater 2000 Parylene
deposition system (SCS, Indianapolis, IN). S1808 positive photoresist (Shipley, Marlborough,

MA) was spin-coated on the Parylene-coated substrates at 2500 rpm for 30 seconds to obtain a
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nominal resist thickness of 1.1 um, and then baked at 90 °C for 2 minutes. A chrome photo mask
with 2-200 um features (fabricated by Fineline Imaging Company, Colorado Springs, CO) was
used in the patterning process. Photolithography was performed in soft-contact mode using a Karl
Suss MJB3 contact aligner (UV wavelength 365 nm, Karl Suss, Garching, Germany), with
exposure energy of 30 mJ. The samples were developed in Microposit 351 developer (Shipley,
Malborough, MA) for 25 seconds to remove the exposed photoresist, and then rinsed in Milli-Q
water and dried under a nitrogen stream. Exposed regions of the Parylene film were reactive ion
etched in an oxygen plasma chamber (Technics, Series 800, Arlington, TX) for 9 minutes at 30
sccm O,, 100W. Residual photoresist was removed by washing successively with acetone,
isopropanol and Milli-Q water. To remove any remaining Parylene residue within the etched
openings, the etched substrates were treated in a UV/Oj; cleaner and further cleaned in an alkaline
solution. Various UV/base conditions were tested, from which it was determined that one minute
UV/O; cleaning (10 mW/cm?, 254 nm), followed by 1 minute soaking in 100 mM sodium
hydroxide solution provided the optimal surfaces for SLB formation. After this treatment,
substrates were soaked in Milli-Q water for 1 minute and dried under a nitrogen stream. Prior to
use in lipid bilayer patterning, all the substrates were cleaned in a plasma chamber (Harrick, Ithaca,

NY) for 60 seconds at high power using an air flow rate of 30 sccm.
3.5.2.2 Preparation of Small Unilamellar Vesicle Solutions

Small unilamellar vesicle (SUV) solutions of different compositions were all prepared through
the vesicle extrusion method. The lipids dissolved in chloroform were mixed at the desired ratios
to ensure a homogeneous mixture of the lipids. Afterwards, the chloroform was removed by
rotatory evaporation using a stream of nitrogen to produce dry lipid films, and then any remaining

solvent was evaporated under vacuum overnight. The lipid films were hydrated with the required
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volume of 1x PBS until the lipid films completely resuspended forming a cloudy solution
containing large multilamellar vesicles (LMV) of various sizes. The LMV solutions were pre-
filtered through a 0.45 um pore polyethersulfone filtering membrane to remove impurities and
reduce the vesicle size. Then, the solutions were then extruded 10 times through a 100 nm pore
polycarbonate membrane filter (Whatman, Maidstone, UK) using a mini-extruder (Avanti Polar
Lipids, Alabaster, AL). This resulted in clear solution containing SUVs of approximate 100 nm
diameter. Lipid compositions are expressed as molar ratios. The solutions used for these
experiments were 1| mM DOPC:DOTAP:DHPE-OG (90:10:0.1), ImM DOPC:DMPS:DHPE-LR
(90:10:0.1), ImM DOPC:DSPC:DOPS:DHPE-LR (80:10:10:0.1) and ImM

DOPC:DSPC:DOTAP:DHPE-OG (80:10:10:0.1).

3.5.2.3 Formation of Stacked Supported Lipid Bilayers

Supported lipid bilayers were formed by applying the SUV solution onto the substrate surface.
Prior to SLB formation, the wafers with Parylene stencils on top were air plasma cleaned for 1
minute using the Expanded Plasma Cleaner & PlasmaFlo (Harrick, Ithaca, NY) to remove
adsorbed impurities and increase the number of silanol groups providing a more negatively
charged surface for better electrostatic interactions with the charged lipids. Afterwards, 0.2 mM
lipid SUV solution of interest was deposited on the micropatterned surfaces and incubated under
appropriate conditions until a uniform SLB formed. The incubation temperatures were set higher
than the transition temperatures of the lipids in the solution to ensure all lipids are at the liquid
phase. The homogenous SLBs were prepared by incubating the appropriate SUV solutions on the
patterned substrates for 60 minutes at 30°C, while phase-segregated SLBs were prepared by
incubating the appropriate SUV solutions for 30 min at 60°C. In order to remove excess lipid

vesicles, the surface was carefully washed three times with 1x PBS (pH=6) supplemented with 5
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mM ascorbic acid, followed by another three washes with 1x PBS (pH=9) supplemented with 5
mM ascorbic acid. Both the ascorbic acid and PBS buffer at pH 9 were used to reduce the rate at
which the DHPE-OG fluorophore bleaches for better imaging and analysis with the fluorescence
microscope. The formed SLBs were then allowed to cool to room temperature. For both the multi-
layer phase-segregated and homogeneous SLB, the Parylene stencil was removed after the

formation of all the layers and right before the characterization was conducted.

3.5.2.4 Mobility and Intensity Characterization by Fluorescence Microscopy

The distinctive bilayers were imaged using a Nikon Eclipse LV100N POL epifluorescence
microscope (Nikon Instruments, Mississauga, ON.) equipped with excitation and emission filters
for Oregon Green or Lissamine Rhodamine dyes, and an UMPLNFL 20x/0.5NA objective. Images
were acquired with a Retiga 2000R cooled CCD camera (QImaging, Surrey, BC) and recorded
with software NIS-Elements AR (Nikon, Tokyo, Japan).

Fluorescence recovery after photobleaching (FRAP) was used for SLB mobility tests in all the
experiments. This technique began by saving an image of the sample before photobleaching. The
light source was then briefly focused onto a small area of the SLB. The fluorophores in this region
received high intensity illumination and bleached quickly, leaving a dark region behind. The
sample fluorescence was monitored at subsequent time intervals. As diffusion proceeded, the
bright molecules diffused into the bleached region. So the fluorescence could recover after a while,
demonstrating that the lipids retained their fluidity on the substrates.

The fluorescence intensity for each of the four layers in the multilamellar homogeneous SLB
was measured and compared to prove the presence of each lipid bilayer. The intensity profiles
were obtained for five different micropatterned areas on each layer using the NIS Elements

software, and the average intensity was calculated for comparison. The parameters used for
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acquiring pictures of green fluorophore (DHPE-OG) labeled layers were 3.0 gain and 100 ms
exposure time; while for the bilayers containing the red fluorophore (DHPE-LR), the parameters
were set to 5.0 gain and 100 ms exposure time. However for the phase-segregated layer labeled

with LR dye, the exposure time was 50 ms.
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Chapter 4 Bench-Top Fabrication of Hierarchically Structured High

Surface Area Electrodes

Yujie Zhu and Jose M. Moran-Mirabal developed the benchtop fabrication strategy for patterning
gold films on pre-stressed polystyrene sheets using self-adhesive vinyl masks designed and created
by craft cutter. They also introduced the thermal shrinking process of patterned polystyrene which
resulted in sub-millimetre sized pattern features and micro/nanostructured surfaces. They
optimized the fabrication conditions and characterized the surfaces roughness of gold films.
Chrinstine M. Gabardo and Leyla Soleymani implemented this fabrication strategy to create high-
surface-area electrodes, and further created nano-sized structures through gold electrochemical
deposition. They characterized the electrical and electrochemical properties of these electrodes,
and demonstrated their suitability for electrochemical sensing. Yujie Zhu optimized the vinyl
stencil lift-off and polystyrene thermal shrinking process, and film surface roughness
measurements. Christine M. Gabardo conducted the electrical measurements, the electrochemical

measurements and electrodepostion. All the authors participated in writing the manuscript.

4.1 Abstract

Fabrication of hierarchical materials - with highly optimized features from the millimeter to
the nanometer scale - is crucial to applications in diverse areas including biosensing, energy
storage, photovoltaics, and tissue engineering. In the past, complex material architectures have
been achieved using a combination of top-down and bottom-up fabrication approaches. A
remaining challenge, however, is the rapid, inexpensive, and simple fabrication of such materials

systems using bench top prototyping methods. To address this challenge, we develop and
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investigate the properties of hierarchically structured electrodes by combining three bench top
techniques: top-down electrode patterning using vinyl masks created by a CAD-driven cutter, thin
film micro/nanostructuring using a shrinkable polymer substrate, and tunable electrodeposition of
conductive materials. By combining these methods, controllable electrode arrays have been
created with features in three distinct length scales: 40 um - 1 mm, 50 nm - 10 um, and 20 nm - 2
um. We analyze the electrical and electrochemical properties of these electrodes and demonstrate
that they are excellent candidates for next generation low-cost electrochemical and electronic

devices.

4.2 Introduction

Recently, there has been increased interest in fabricating hierarchical materials with
morphologies tunable in the micron to nanometer scale. Natural hierarchical materials - optimized
over multiple length scales through evolution to answer specific functional demands - have
inspired the synthesis of hierarchical materials with unique characteristics unparalleled by bulk
materials." The properties of such materials can be tuned for specific applications by adjusting
the material composition, geometry, and size of the structured features. In photovoltaic and photo-
electrochemical energy conversion devices, hierarchically branched nanowires enable
considerable improvement in light absorption efficiency due to enhanced surface area and light
scattering properties.™* Hierarchical structures have also found wide application as tissue
engineering scaffolds because they mimic the multi-scale features found in biological niches,
which not only offer structural support but also provide the microenvironment needed for cell
proliferation.””’ In drug delivery, hierarchically-structured dendrimers are tuned to provide the
required geometry, size, and surface chemical functionality to entrap or transport small drug

molecules.*’ Similarly, the integration of high surface area hierarchical structures on sensing
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electrodes dramatically improves the speed and sensitivity of electrochemical biosensors.'®™"

These applications highlight the potential that hierarchically structured materials present in the
development of functional devices.

Various methods for the fabrication of hierarchical materials have been developed, such as
multilayer photolithography,'® electron-beam lithography,' templated self assembly,'® and soft
lithography.'” While these methods have been used to create nature-inspired hierarchical materials,
they often need to be combined in order to span the entire millimeter to nanometer length scale.
As aresult, they rely on at least one step that requires a mask, template, or a master that cannot be
rapidly fabricated in the laboratory. Thus, it remains a major challenge to develop such materials
systems using simple laboratory processes and to implement the entire process - from design to
fabrication - in timescales from minutes to hours.

A facile and quick approach has been recently developed to fabricate micro- and
nanostructured materials, which takes advantage of the thermal shrinking of pre-stressed polymer
films, such as polystyrene (PS),"® polyolefin (PO),'® and polyethylene.’ Printing onto PS substrates
and shrinking has been used to generate micropatterned templates, which allowed the fabrication
of rounded microfluidic channels with critical dimensions as small as 65 pum.”’ Through this
shrinking approach, Fu and collaborators also created uniaxial and biaxial wrinkles on gold-coated
PS sheets. They demonstrated that the wrinkle wavelength could be tuned by adjusting the
thickness of the metal film.'"® More recently, the shrinking approach has been applied to create
micro and nanoscale structures with cross-linked PO thin films, which exhibited larger shrinking
ratios (up to 95%) and greater shrinking uniformity than PS substrates.’ These shrinking methods
offer an attractive route to the fast, easy and inexpensive bench top fabrication of micro- and

nanostructured devices, which can aid in the development of functional microdevices.
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In this manuscript we present a method combining millimeter patterning through vinyl
masking, micrometer stress-driven wrinkling, and nanometer electrodeposition for the controlled
fabrication of electrodes with hierarchical structures spanning multiple length scales. This process
offers speed, ease of fabrication and cost-effectiveness in producing micro- and nanostructured
surfaces. In addition, we show that electrodes fabricated in this fashion display excellent
conductive and electrochemical properties, and can be used to monitor charge transfer and
reduction/oxidation reactions. Furthermore, the hierarchically structured electrodes exhibited
electroactive surface area enhancements in excess of 1000% when compared to flat electrodes.
Altogether these results show that our approach to structuring conductive surfaces produces high
surface area electrodes that can be incorporated into a variety of microdevices. This newly
developed method could facilitate the design and prototyping of tunable material systems
applicable to the fabrication of low-cost biosensing, bioprocessing, tissue engineering and

photovoltaic devices.

4.3 Results and Discussion

4.3.1 Quick Prototyping of Patterned Electrodes

Bench top fabrication techniques offer capabilities to prototype devices in a quick, facile and
cost-effective manner. In particular, the ability to rapidly fabricate and test electrodes in a variety
of configurations, shapes, and sizes ranging from the millimeter to the micrometer scale, could
prove valuable in the development of new sensing electrode architectures for functional devices.
To produce patterned electrodes with designed shapes and sizes, we have combined two bench top
fabrication techniques: vinyl film masking and pre-stressed polystyrene (PS) sheet shrinking. The

fabrication steps followed to produce patterned thin gold electrodes using the vinyl masking and
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PS shrinking approach are depicted in Figure 4-1a. Self-adhesive vinyl film was employed as a
masking material not only because of its ease of use, ability to bind to a wide range of materials,
ease of removal without leaving adhesive residue behind, and adequate resistance to solvents and
mild acidic conditions, but also because it can be effectively patterned using a bench top craft
cutter. To produce the pattern masks, self-adhesive vinyl films (red film, Figure 4-1a) were bound
to clean PS sheets (black sheet, Figure 1a) and flattened using a roller. Patterns designed in a CAD
program were then scored into the vinyl film bound to the PS sheets using a craft cutter. The
optimization of the force, speed and acceleration with which the blade cut into the vinyl film
allowed us to obtain parallel line cuts with spacings as small as 100 um (limited by the step size
of the cutter motor) and circular features with diameters as small as 200 pm (limited by the turning
radius of the blade). The optimized parameters also ensured that the blade did not cut into the
underlying PS sheet, which would introduce undesired topography in the final electrodes. The cut
out vinyl was peeled-off using rounded tip tweezers to avoid scratching the underlying PS surface.
Peeling the vinyl with a uniform force applied parallel to the thinnest features prevented tearing of
the vinyl and ensured that it was removed as a continuous film. Once the desired pattern was
exposed, a thin gold coating of controlled thickness (20-200 nm) was sputtered onto the devices.
Finally, the remaining vinyl mask was lifted-off to reveal a patterned electrode on the PS sheet
(Figure 4-1a). Occasional tearing, similar to that obtained in resist lift-off processes, could be
observed after the vinyl lift-off in SEM images taken from the edges of thick gold films
(Supplemental Figure 1). This patterning approach allowed us to quickly produce electrodes with
various shapes and sizes (Figure 4-1b) and with different film thicknesses (Figure 4-1c). Although
for this study we report on the patterning of gold films, the same approach can be used to produce

patterns of a number of different conducive, semiconductive and insulating thin films.
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The size of the gold patterns was reduced through biaxial shrinking of the PS substrate to
generate electrodes with features as small as 80 micrometers. When heated above their glass
transition temperature of 100°C,?' pre-stressed PS sheets have the ability to shrink to under 50%
of their original size due to polymer chain relaxation. We have taken advantage of this effect to
reduce the dimensions of the features on our patterned gold films. PS sheets containing patterned
gold films of thicknesses ranging from 20 to 200 nanometers were heated at 130 and 160°C and
their shrinking behaviors were characterized. The higher temperature shrunk the devices
significantly faster (full shrinking in 2 minutes) than the lower one (full shrinking in 10 minutes).
It was observed that at both temperatures the shrunken PS sheets and the patterned gold films
retained their original overall shape and that shrinking was highly reproducible (Figure 4-1c¢) if
heat transfer to the PS sheet was uniform. Yet, slight differences were noted between the devices
shrunken at the two temperatures. It was noted that devices shrunk at 160°C reached transverse
dimensions that were ~38% of the original size, while those shrunk at 130°C only reached ~40%
(Figure 4-1d). Conversely, the devices shrunk at 160°C reached ~700% of their original thickness,
while those shrunk at 130°C reached only ~650% of their original value (Figure 4-1e¢). These small
differences are most likely due to the higher fluidity of the PS chains at higher temperatures, as
well as the more rapid relaxation of the strain in the pre-stressed film during the shrinking process.
Finally, it was also observed that the shrinking process induced the gold films to become more
firmly attached to the PS substrates, as shrunken films could not be removed from the surface by
the scotch tape peeling test (5 successive peels), but they could be partially removed in unshrunken
devices. The increase in adhesive strength has been previously observed'® and is attributed to the
fact that at elevated temperatures the shrinking PS surface becomes soft enough to integrate with

the metallic film. Thus, the combination of patterning gold films through vinyl masking and
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shrinking of the underlying PS substrates has enabled us to quickly produce robust gold electrodes

with critical dimensions as small as 80 micrometers in a reproducible fashion.
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Figure 4-1 Bench top fabrication techniques can be used to produce patterned electrodes with critical dimensions <
100 um. (a) Depiction of the fabrication of patterned electrodes through vinyl masking and pre-stressed PS substrate

shrinking (from left to right: clean polystyrene, apply vinyl film, cut out designed shape, deposit gold film, lift off
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vinyl stencil, thermal shrinking). (b) The bench top approach developed allows the fabrication of patterned electrodes
with a wide variety of geometrical shapes. (c) Patterned electrodes were fabricated from a variety of gold film
thicknesses. Shrinking of the patterned electrodes at 130 and 160°C was highly reproducible, with (d) final transverse

dimensions ~40% of the original size and (e) axial dimensions ~650% of the original size.

4.3.2 Stress-Driven Micro and Nanostructuring of Gold Electrodes

The surfaces of the crumple-structured gold films were characterized through white light
interferometry to assess their roughness. Interferometry is a powerful technique that allows the
measurement of surface height differences based on fringes, which arise from the interference
between a reference and a measuring light beam. The pixel size of the interferometer camera used
to image the surfaces was equivalent to 112 nm, which meant that the best lateral resolution that
could be achieved was ~200 nm. While this prevented measuring the nanoscale structure of the
thinnest wrinkled films with the same resolution as that of the electron microscope, our
measurements revealed significant trends. Interferometry images showed that all crumple-
structured films had similar overall surface features with islands of high elevations surrounded by
valleys of lower height (Figure 4-3 a-b). Although the surface structures looked similar, their
heights were significantly different. As figures of merit we chose to characterize the surfaces using
their root mean square (RMS) roughness, which indicates the average deviation from the baseline,
and the peak-valley spread (PV), which is calculated as the height difference between the highest

and the lowest points and reports on the range of height measurements.
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Figure 4-2 Shrinking of the polystyrene substrate causes an adhered gold film to buckle and wrinkle. (a) The size of
the resulting wrinkles depends strongly on the film thickness. (b) The shrinking temperature also affects the wrinkling

process, with higher temperatures producing rougher surfaces. (c) Schematic depiction of the stress-driven wrinkling

of gold films.

All the crumple-structured gold surfaces exhibited RMS surface roughness values that were
higher than that of the shrunken PS sheet alone (19 and 23 nm for sheets shrunken at 130 and
160°C). The RMS roughness for crumple-structured films ranged from 250 nm for 20 nm thick

films shrunken at 130°C, to 1200 nm for 200 nm thick films shrunken at 160° (Figure 4-3c). The
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increase in surface roughness was directly correlated with increasing film thickness. This is to be
expected, as the thicker films are less pliable and do not buckle as easily during the shrinking step.
In addition, we observed that the surface roughness was significantly higher for films shrunken at
160°C as compared with those shrunken at 130°C. These differences confirm our observations
from SEM images, where the films shrunken at the higher temperature seemed to have deeper
valleys and higher peaks. The PV values for crumple-structured films ranged from ~2 pum, for 20
nm films shrunken at 130°C, to ~12 pum, for 200 nm films shrunken at 160°C, and were also
significantly higher than those for shrunken PS sheets alone (ca. 450 nm for films shrunken at both
temperatures). The PV followed a similar trend to that observed for the RMS roughness, with
increasing PV values for increasing films thickness and higher PV values for films shrunken at
160°C (Figure 4-3d). The characterization of the crumple-structured thin films through
interferometry demonstrates that the gold electrodes fabricated through vinyl masking and PS
sheet shrinking have surfaces that are significantly roughened, and that this surface roughness can

be controlled by the choice of film thickness and shrinking temperature.
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Figure 4-3 White light interferometry was used to characterize the surface roughness of crumple-structured gold films.

(a) Sample interferometry image and line profile for a 20 nm thick crumpled film. (b) Sample interferometry image

and line profile for a 100 nm thick crumpled film. Comparison of (c) RMS roughness and (d) PV spread for crumple-

structured films fabricated at 130 and 160°C. Error bars represent the standard deviation of replicate measurements

performed on the structured films (n > 3).

The increased surface roughness of the micro- and nanostructured films also influenced their

wettability. To characterize the wettability of the patterned gold films we measured the contact

angles of water droplets on the films before and after shrinking of the underlying PS substrate
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(Supplemental Figure 3). The contact angle of unshrunken gold films of all thicknesses was
statistically equal with a value ~65°, and close to that of unshrunken PS film, which was 70°. Upon
shrinking, all the micro- and nanostructured films had increased contact angles, ranging from 104°
for 20 nm thick shrunken films, and increasing with thickness to a plateau value close to 120° for
100 and 200 nm thick films. In comparison, the contact angle for the shrunken PS sheets was ~90°.
The increase in contact angle is a direct result of the structured surface and can be understood in
terms of the crevices and clefts that are inaccessible to water, resulting in a Cassie or mixed Cassie-
Wenzel wetting pattern.”’ These results show that the wettability of gold surfaces can be tailored
by controlling the size of the structures induced by the shrinking of the underlying PS substrate.
The ability to tailor the wettability of thin film surfaces has attracted much attention, as it can lead
to applications such as self-cleaning coatings. The ease with which these structured surfaces are
fabricated makes them attractive for the development of multiplexed biosensors and microfluidic
devices that exploit the hydrophobic nature of the structured films to integrate multiple samples

on a single substrate.

4.3.3 Electrochemical Characterization of Electrodes Patterned on PS Sheets

Electrical and electronic devices created on polymeric substrates hold great potential in next
generation display,’ chemical and biological sensing,” and photovoltaic** technologies because
their mechanical flexibility and light weight is complemented with rapid and cost-effective
manufacturing. In addition, reproducibility in conductivity, electron transfer kinetics, surface area,
and electrochemical activity are essential to material systems used in electrochemical sensing. To
assess the suitability of metallic films patterned on PS sheets as functional electrodes, we used
cyclic voltammetry (CV) to compare the electrochemical behavior of two sets of devices: patterned

electrodes on glass substrates and patterned electrodes on unshrunken PS sheets (Supplemental
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Figure 4). Self-adhesive vinyl masks with a square cutout were immobilized on the devices to
ensure that the electrodes fabricated on glass and PS substrates exposed the same geometric gold
surface area (Supplemental Figure 4a). CV curves of unshrunken PS devices measured in sulfuric
acid solutions displayed a well-defined redox signature associated with the oxidation of gold and
the subsequent reduction of gold oxide, which compared favorably to the voltammograms obtained
from electrodes fabricated on glass (Supplemental Figure 4b). It was observed that the unshrunken
PS devices exhibited a slightly lower electroactive surface area than their glass counterparts
exposing the same geometric area, as estimated from the integrated charge contained in the
reduction peak of CV scans acquired in H,SO4 solutions. We attribute the reduced electroactive
surface area to irregularities on the PS substrate surface, which is rougher than the flat polished
glass, and to the fabrication conditions where the sputtering of the gold film onto the PS substrates
heats the polymer enough that it can partially mix with the metal being deposited. CV curves from
PS devices were also obtained in solutions containing the redox complex potassium ferrocyanide.
The CV curves taken from unshrunken PS devices exhibited well-defined oxidation and reduction
peaks associated with the redox couple ferrocyanide/ferricyanide, which also compared favorably
to the voltammograms obtained from devices fabricated on glass (Supplemental Figure 4c).
Analysis of the CV curve characteristics showed that PS devices exhibit redox potentials and peak
shapes that closely match those of glass devices and do not display any undesired background
electrochemical activity. In addition, PS devices demonstrated exceptional device-to-device
reproducibility as the variations in peak potentials and peak currents observed were less than 1%
and 8% respectively (Supplemental Figure 4d). Altogether these experiments show that devices
fabricated on PS substrates exhibit electrochemical behavior that closely resembles that of devices

fabricated on glass, making them suitable for electrochemical device fabrication.
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4.3.4 Electrical and Electrochemical Properties of Crumple-Structured Electrodes (CSEs)

Tunable high surface area inorganic materials are important to many scientific and industrial
applications including catalysis, sensing, separations, and energy storage.”®’ The ability to
fabricate micro- and nanostructured surfaces through bench top techniques is an attractive route
for the rapid development of high surface area electrodes with tunable characteristics. To
demonstrate the suitability of CSEs fabricated through bench top techniques as functional, high
surface area electrodes, we conducted a series of measurements of their electrical and
electrochemical properties. The continuity and integrity of CSE devices were first evaluated by
measuring the sheet resistance of the patterned gold films through the van der Pauw method.*® The
sheet resistance measured for PS devices before shrinking showed decreasing values for increasing
gold film thicknesses, with the sheet resistance values tending towards an asymptotic value of 0.28
ohms/square (Supplemental Figure 5). The sheet resistance for the PS devices after shrinking
exhibited a similar trend, with CSEs made from thinner films showing higher sheet resistance than
those made with thicker films (Supplemental Figure 5). In addition, shrunken devices displayed a
significantly lower sheet resistance than their unshrunken counterparts. We hypothesize that the
decrease in sheet resistance in CSEs arises from the contact between adjacent creases and folds
present on the wrinkled films, which yields a shorter path length for current to travel through and
results in a lower effective sheet resistance. The observation that the decrease in sheet resistance
after shrinking is more significant for thinner films supports this hypothesis, since SEM images
(Figure 4-2) show that wrinkles are more closely packed in thinner films and have a higher
probability of contacting adjacent structures. The ability to successfully and reproducibly measure
sheet resistance values from devices fabricated on PS substrates demonstrates that the gold films

before and after shrinking are continuous and suitable for electrical measurements.
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An attractive feature of the wrinkled topography of CSEs is that these devices could present
significantly larger active surfaces per projected geometrical area than flat electrodes. To measure
the active surface area of CSEs, we quantified the total charge involved in the electrochemical
formation of a monolayer of gold oxide (Figure 4-4a). The active areas of PS devices fabricated
with different film thicknesses were compared before and after shrinking at temperatures of 130
and 160°C (Figure 4-4 a-b). All unshrunken devices, regardless of film thickness, showed the same
electroactive surface area, which was expected as no surface structuring is present and all devices
present the same geometrical area. On the other hand, all shrunken devices exhibited significantly
larger electroactive surface areas, with enhancements as high as 665% of the area presented by
unshrunken devices. This result is readily explained, as the shrinking process crumples the original
film into a geometrical area that is ~16% of the original device. Figure 4-4b also shows that the
measured electroactive surface area enhancement for shrunken devices is larger for thicker than
for thinner film devices processed using identical methods. This supports our hypothesis that
coalescence of adjacent wrinkles is more frequent in CSEs fabricated out of thinner films where
the wrinkles are more closely packed. Additionally, we observed that the temperature at which the
devices were shrunk could influence the resulting electroactive surface area. Figure 4-4b shows
that shrinking of 20 nm thick devices at 160°C yielded lower enhancements than shrinking at
130°C, while the enhancement was not statistically different for all other film thicknesses. This
observation can be explained by the faster shrinking kinetics at higher temperature, which results
in secondary wrinkles (seen in Figure 4-2) that leave some of the primary wrinkles inaccessible to
the oxidation process. This effect is more pronounced in thin film devices because the wrinkles
formed are more closely packed, and are more easily shielded by secondary wrinkling than in

thicker film devices. The results from the characterization of the electroactive surface area of CSEs

107



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Chapter 4

demonstrate that the shrinking process is a facile method to create high surface area electrodes
where the surface area enhancement can be tuned through experimental parameters such as film

thickness and shrinking temperature.
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Figure 4-4 Crumple-structured electrodes are suitable devices for electrochemical measurements. (a) A comparison
of cyclic voltammograms obtained in dilute acid solutions for electrodes before (blue line) and after shrinking at 130
(black line) and 160°C (red line). (b) Quantification of the charge transferred during the formation of a monolayer of
gold oxide reveals significant enhancement of electroactive surface area after shrinking at 130 (black) and 160°C (red),
as compared to that of the unshrunken electrodes (blue). (¢) Cyclic voltammograms obtained from three different 200
nm CSE devices immersed into a potassium ferrocyanide solution demonstrate the high device-to-device

reproducibility. (d) Chronoamperometric measurements performed with 200 nm CSEs immersed into solutions
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containing various concentrations of potassium ferrocyanide demonstrate exceptional linearity in sensing the redox

complex.

To investigate the possibility of using high surface area CSEs in electrical and electrochemical
devices, we assessed their performance and device-to-device reproducibility in electrochemical
measurements. CV measurements were conducted with 200 nm thick CSE devices immersed in a
2 mM solution of potassium ferrocyanide. The CV curves generated from these devices showed
peak oxidation/reduction currents and reduction/oxidation potentials (Figure 4-4c) that compared
favorably with those measured from devices fabricated on glass and unshrunken PS substrates
(Supplemental Figure 4 c-d). Furthermore, the CV for three CSE devices tested displayed close to
identical curves, with variations in peak redox currents and potentials that were < 1%. Thus, CSEs
are suitable for electrochemical measurements and display an extraordinary device-to-device
reproducibility, which translates in highly reliable electrodes for electrochemical device
applications. Because electrochemical sensing relies on the accurate and quantifiable detection of
redox analytes, we further tested the suitability of CSEs fabricated from 200 nm thick films as
electrochemical amperometric sensors. The CSEs were used as working electrodes in a three-
electrode electrochemical cell and were used to detect increasing concentrations of potassium
ferrocyanide. Chrono-amperometric measurements were used to characterize the electrodes’
response to the analyte concentration in solution. Figure 4-4d shows that the peak current response
is linear and highly reproducible for potassium ferrocyanide concentrations in the 50 uM to 100
mM range, which is in accordance with the Cottrell equation for changes in current due to the
diffusion limited oxidation of the target analyte. These electrochemical measurements show that
CSE:s are suitable for the fabrication of electrochemical devices because they exhibit properties

that mimic those of electrodes fabricated on traditional substrates, high device-to-device
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reproducibility, and linearity in sensing of electroactive species. CSEs could thus present an
attractive alternative for the fabrication of highly sensitive electrochemical sensing devices with

applications ranging from toxic gas to biomolecular detection.

4.3.5 Hierarchical Nanostructuring of CSEs through Electrodeposition

Three-dimensional nanostructured electrodes with features in the 10-50 nm range have
demonstrated superior sensitivity in detection of biomolecular analytes (e.g. nucleic acids and
proteins) than materials comprised of larger grains.'' In an attempt to develop electrodes suitable
for biosensing applications, we sought to bring another level of hierarchical structuring to CSEs
through electrodeposition. To this end, gold was electrodeposited from a solution containing
HAuCl,; and HCI onto flat electrodes and CSE devices fabricated out of 50 nm thick gold films.
Our hypothesis was that the folds and creases present on the CSEs would present regions of local
electric field enhancement where electrodeposition would occur preferentially. The resulting
nanostructures would increase the electrode surface area, making CSEs even more sensitive and
suitable for biosensing applications.

Systematic sampling of the electrodeposition parameter space, allowed the controlled
formation of sub-50 nm structures on patterned electrode surfaces. Electrodeposition tests were
performed on unshrunken devices to compare the effect of variations in the applied potential and
in the concentration of HAuCl, on the shape and size of the electrodeposited gold structures. SEM
images of electrodeposition on flat, unshrunken electrodes (Figure 4-5a) show that as the cathodic
potential is decreased from -0.2 to -0.3 V, the resulting electrodeposited gold structures shift from
hemispherical and cylindrical grains to two-dimensional leaf-like structures, where the leaf’s plane
lies perpendicular to the electrode. This difference in grain morphology can be explained as a shift

from kinetically-controlled to diffusion-controlled electrodeposition. Previously, the
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electrodeposition of gold has been categorized as: kinetically controlled at small nucleation
overpotentials, mixed kinetically/diffusion controlled at moderate nucleation overpotentials, and
diffusion controlled at large nucleation overpotentials.”” Images of electrodes where the deposition
was performed at -0.2 V show hemispherical structures, which are indicative of the radial transport
of metal ions associated with mixed kinetically-diffusion controlled electrodeposition. On the
other hand, for samples where electrodeposition was performed at -0.3 V the faster reaction
kinetics shifted the deposition towards a diffusion-limited regime, where growth instabilities
resulted in the formation of irregularly shaped vertical dendrites that coalesced into leaf-like
structures as they grew. Furthermore, increasing the concentration of HAuCly translated into an
increased deposition rate (Supplemental Figure 6), which increased the size of the structures.
However, changing the HAuCls concentration did not affect the morphology of the deposited
structures.

Having established specific electrodeposition parameters for precisely tuning the size and
morphology of the deposited structures on flat electrodes, we proceeded to use these conditions to
integrate nanostructured morphologies onto CSE devices fabricated from 50 nm thick gold films.
To understand the role of the micro/nanostructuring of the CSE materials on the morphology of
the electrodeposited gold structures, we compared the SEM images obtained from
electrodeposition experiments on un-shrunken and shrunken substrates (Figures 4-5 a-c). Analysis
of high magnification images (Figure 4-5b) showed that deposition on CSE devices yielded
structures with similar morphology to those deposited on their unshrunken counterparts. However,
the structures formed on CSE devices were significantly larger than structures formed on flat
substrates under similar electrodeposition conditions. This indicates that although deposition on

CSE devices does not change the electrodeposition regime, it influences the growth kinetics of the

111



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Chapter 4

deposited structures. Local electric field enhancement™ along with increased heterogeneous
electron transfer kinetics®’ have been previously observed on nanostructured metallic films and are
likely responsible for the enhanced deposition rate on CSE devices. The analysis of low-
magnification SEM images showed that the deposition of nanostructures on CSE devices was not
as homogeneous as the deposition on unshrunken devices. Under all deposition conditions, CSE
substrates exhibited regions of nanostructure formation alternating with regions where no
significant deposition occurred. The reasons for these differences are unclear, but might be related
to the existence of regions that are inaccessible due to poor wetting of the surface by the electrolyte
solution.

Nanostructures formed through electrodeposition on the electrode surfaces increased the
electroactive surface area of CSE devices. This process is schematically depicted in Figure 4-5d.
To quantify the change in surface area induced by the electrodeposited structures, we measured
the charge transferred by the electrochemical formation of a monolayer of gold oxide on the
modified electrodes. Figure 4-5¢ summarizes the measured electroactive surface area for devices
where electrodeposition was performed under the four conditions pictured in Figures 4-5 a-c.
Significant surface area enhancement was only observed for conditions where large structures
were formed, namely electrodeposition experiments conducted at 10 mM HAuCly. The largest
enhancement was observed for devices where electrodeposition was performed at -0.3 V and 10
mM HAuCl,, where the final electroactive surface area was ~200% of the surface corresponding
to the bare shrunken device and ~1000% of the unshrunken device. The results presented
demonstrate that it is possible to increase the electroactive surface area of CSE devices by the

controlled growth of nanostructures with different morphologies through electrodeposition.
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Figure 4-5 Electrodeposition of gold nanostructures enhances the electroactive surface area of CSEs. A comparison
of Scanning Electron Microscopy images of the nanostructures formed through electrodeposition on unshrunken flat
(a) and shrunken electrodes (b-c) shows that CSEs enhance the electrodeposition process. The deposition potential
and metallic salt concentration control the morphology and size of the deposited nanostructures. (d) Schematic
depiction of the electrodeposition process on CSEs. (e) The comparison of the electroactive surface area for
unshrunken, shrunken, and electrodeposited devices shows that through shrinking and electrodeposition, surface area

enhancements of up to 1000% of the flat electrode can be achieved.

4.4 Conclusions
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A rapid, facile and inexpensive bench top approach has been developed for fabricating
electrodes with hierarchical structures spanning from the millimeter to the nanometer range. The
use of self-adhesive vinyl as masking material and a craft cutter allowed prototyping of electrodes
with critical dimensions in the sub-millimeter range in timeframes of minutes to hours.
Furthermore, the use of a PS shrinkable substrate allowed the reduction of the patterned feature
dimensions to sub-100 pum sizes. The shrinking of the PS substrates induced stress-driven
wrinkling of the gold films, and it was observed that the size of the topographical features and
surface roughness could be tailored from the micrometer to the nanometer scale by adjusting the
thickness of the gold film deposited. We characterized the behavior of these crumple-structured
electrodes (CSEs) and found that they exhibit electrical and electrochemical properties that
compare favorably with electrodes fabricated on traditional substrates such as glass. We also found
that the CSEs exhibited high device-to-device reproducibility and robustness. The most attractive
feature of CSEs, however, is that they exhibit significantly enhanced electroactive surface areas
per geometric area (665% compared to flat electrodes). Further controllable nanostructuring was
produced on CSEs through the tuned electrodeposition of gold nanostructures. We observed that
the electrodeposition was improved on CSEs (compared to flat electrodes) due to the field
enhancement offered by the structured surface. Devices with electrodeposited nanostructures
exhibited further electroactive surface area enhancements (up to 1000% compared to flat
electrodes). Thus, we have shown that it is possible to produce hierarchically structured electrodes,
with features spanning the sub-millimeter to nanometer scales, through inexpensive, easy to
implement and rapid bench top techniques in timeframes less than one hour. We anticipate that

such materials will find wide application in the development of highly sensitive point-of-care
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devices, where high surface area materials can offer enhanced signal to noise ratios and

bioprocessing capability towards target analytes.

4.5 Experimental Section

4.5.1 Reagents

Potassium hexacyanoferrate(Il) trihydrate (K4Fe(CN)s - 3H20, >98.5%), potassium chloride
(KCl, 299.0%), hydrogen tetrachloroaurate(III) trihydrate (HAuCls-3H20, >99.9%), hydrochloric
acid (HCI ACS reagent, 37%) were purchased from Sigma-Aldrich (St. Louis, Missouri). Sulfuric
acid (H2SO4, 98%) was purchased from Calden (Georgetown, Ontario). All reagents were of
analytical grade and were used without further purification. Milli-Q grade water (18.2 MQ) was

used to prepare all solutions.

4.5.2 Device Fabrication

All devices were fabricated on pre-stressed polystyrene shrink films (Graphix Shrink Film,
Graphix, Maple Heights, Ohio). Shrink film sheets were cleaned under orbital agitation (50 rpm)
for 5 minutes in isopropanol, ethanol, and water baths, and were dried using a dry nitrogen stream.
Self-adhesive vinyl sheets (FDC-4300, FDC graphic films, South Bend, Indiana) were laid over
the cleaned shrink film sheets and evenly flattened with a hand roller. The desired gold film shapes
were cut into the self-adhesive vinyl using a Robo Pro CE5000-40-CRP vinyl cutter (Graphtec
America Inc., Irvine, CA) equipped with a CBO9UA supersteel blade, with force, quality and speed
set at 10, 1, and 1 respectively. The cut out shapes were peeled off from the shrink film using
tweezers. The remaining self-adhesive vinyl was used as a mask during gold sputtering. Gold was
deposited from a 99.999% purity gold target (LTS Chemical Inc., Chestnut Ridge, New York)

using a Torr Compact Research Coater CRC-600 manual planar magnetron sputtering system
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(New Windsor, New York) onto the masked shrink film. The argon (>99.999% purity, AlphaGaz,
Air Liquide, Montreal, Quebec) plasma was created by a DC current of 37 A, which allowed for a
typical gold deposition rate, monitored by the Quartz Crystal Thickness Sensor, of 1.1 A/s. The
sputtered thickness of the gold was estimated according to the deposition rate and the deposition
time. After sputtering the vinyl mask was removed manually using tweezers. Gold coated shrink
film devices were shrunk on aluminum boats at 130 and 160°C in an Isotemp Vacuum oven (Fisher
Scientific, Ottawa, Ontario). The use of an aluminum boat as a carrier for the PS substrates
provided uniform heat transfer, which ensured that there was no distortion in the shrunken devices.
Self-adhesive vinyl masks were used to expose a small region of the devices used for

electrochemical characterization.

4.5.3 SEM Characterization
SEM images of the gold films before and after shrinking were obtained using a JEOL JSM-
70008 Scanning Electron Microscope with an accelerating voltage of 3 kV, working distance of 6

mm, and low probe current.

4.5.4 Surface roughness characterization

The roughness of shrunken device surfaces was measured for gold coating thicknesses of 0,
20, 50, 100 and 200 nm using a Zygo NewView 5000 white light interferometer (Zygo
Corporation, Middlefield, CT). The root mean square (RMS) and peak-to-valley (PV) values were
obtained in 3-5 device areas and compared across devices. Measurements were taken with 10x and
50x interferometric objectives and both were with a 2ximage zoom setting, which resulted in fields
of view of 360%270 um and 70%50 um, respectively. Data was collected from a CCD camera with
an imaging pixel size of 11.2 um. The built in software, MetroPro, was used for data analysis. A

Fast Fourier Transform (FFT) band pass filter was applied, using cutoff frequencies of 183.35 and
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558.79 mm™'. Spikes with height values above 10¥RMS were removed from the analysis of the
imaged area to eliminate any contribution from contaminants (dust particles or defects on the

films) to the roughness values.

4.5.5 Electrochemical Characterization

Cyclic voltammetry was performed using a CHI 660D Electrochemical Workstation (CH
Instrument, Austin, Texas) and a standard three-electrode set-up. The electrochemical system
consisted of an Ag/AgCl reference electrode, a platinum wire counter electrode, and gold sputtered
on polystyrene as the working electrode. To ensure that the planar geometric surface area of the
working electrode was the same for samples before and after shrinking (0.25 c¢m?), a vinyl mask
was placed over the gold with a single 0.5 cm by 0.5 cm square cut out to expose the
electrochemically active surface. To determine the electrochemically active surface area of the
samples, a solution of 0.1 M H,SO4 was used to perform 10 cyclic voltammetry scans at a scan
rate of 0.05 V s and a voltage range between 0 and 1.5 V. The reduction section of the resulting
cyclic voltammograms were integrated using OriginPro 8 software to determine the charge and the
electrochemically active surface area was calculated (Surface area = charge/surface charge
density) using the surface charge density of a monolayer of gold, 386 uC cm™. To test the ability
to conduct electrochemical measurements, a solution of 2 mM K4Fe(CN)g in 0.1 M KCI was used
to cycle between -0.1 and 0.5 V at the following scan rates: 0.01, 0.02, 0.04, and 0.08 V s Also,
chronoamperometry was performed using solutions ranging from 50 uM to 100 mM K4Fe(CN)g

in 1 M KCl at a potential of 0.5V for 1 second.

4.5.6 Electrical Characterization
Sheet resistance(Rs) measurements were taken using the HL5500PC- Hall Effect Measurement

System with HL5500 Buffer Amplifier (Nanometrics, Milpitas, California). Four gold probe tips
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were used to take Ry measurements of the samples in a standard van der Pauw configuration. The

sheet resistance was calculated according to:

_2.2662(V43+V33) _ 2.2662(V43+V323)

R XFXQR; =0 XFXQ (1)

where [ is the applied current, V,;and V,5 are the potentials measured perpendicular to each

other on the film in response to the current, Q is the symmetry factor and is calculated by Q = 54—3,
23

and F is a correction factor for any asymmetry and is calculated by: F =1 — 0.34657A4 —

112
0.09236A4%, where A = [%] . In order to cancel thermoelectric and other effects, the currents

were applied in both directions between two tips, and then the measured potentials were averaged.

4.5.7 Electrodeposition

The CHI 660D Electrochemical Workstation (CH Instrument, Austin, Texas) was used for
electrodeposition with the standard three-electrode set-up described above. To ensure the planar
geometric surface area of the working electrode was the same for samples before and after
shrinking (0.25 cm?), a vinyl mask was placed over the gold with a single 0.5 cm by 0.5 cm square
cut out to expose the electrochemically active surface. Gold nanostructures were grown by
electrodeposition on the gold-polystyrene substrate using solutions containing 5 and 10 mM

HAuCl, in 0.5 M HCI at potentials of -0.2 or -0.3 V for 900 seconds.
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Chapter 5 Highly Bendable and Stretchable Electrodes Based on

Micro/Nanostructured Gold Films for Flexible Sensors and Electronics

Yujie Zhu and Jose M. Moran-Mirabal designed the experiments. Yujie Zhu conducted all the

experiments. Yujie Zhu and Jose M. Moran-Mirabal analyzed the data and wrote the manuscript.

5.1 Abstract

Building sensors or electronic components on flexible, stretchable materials requires retention of
conductivity under strain. Various nanostructured materials (e.g. carbon nanotubes and metal films) have
been used to make flexible conductors. However, most materials are limited in applicability due to
instability under high strain, low conductivity or high cost. Here, we present a simple, inexpensive method
to fabricate stretchable electrodes with excellent conductive properties. The unique feature allowing the
fabricated electrodes to withstand high strains is their micro/nanostructures generated by stress-driven
wrinkling of thin gold films on carrier shape memory polymer. The structured electrodes were transferred
onto elastomeric substrates via a lift-off process. The structured surfaces displayed similar topography and
electroactive surface area before and after transfer. The stretchability of electrodes on both PDMS and
Ecoflex was investigated by measuring the change in resistance under tensile strain. The relative resistance
remained close to unity for Au-on-PDMS electrodes until the substrate broke at ~105% strain; whereas it
progressively increased for Au-on-Ecoflex electrodes until the conductivity was lost at 130% strain. Great
mechanical stability of the electrodes was demonstrated by the fact that the initial resistance was recovered
after releasing the devices from stretching strains up to 100% and bending strains up to 60% over 100
cycles. Finally, a 3-electrode electrochemical cell was implemented from structured electrodes and used for

sensing ferrocyanide and ascorbic acid. The devices under bending strain displayed very similar
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electrochemical properties as the unstrained ones. We anticipate wide applicability of the

micro/nanostructured electrodes for flexible, stretchable electronics or sensors.

5.2 Introduction

Simple and inexpensive ways of fabricating electronics on flexible substrates are in high-

* and actuators,® where conductive materials need to

demand for wearable devices,' sensors,”
perform consistently under strain. To date, various nanomaterials, such as polymers,’ carbon
nanotubes, ® graphene,”® metal films,’ and nanoparticles,'”'' have been used as flexible conductors.
However, most of these materials are limited in their applicability due to instability, low
conductivity, or high material cost."> Thus, simple and cost-effective methods to make stretchable
electrodes from metal films are highly desirable. Metal films can be structured to achieve
stretchability through: (1) patterning thin films into spring-shape wire" or filament networks;'* (2)
introducing roughness at a metal/elastomer interface to produce non-percolating cracks during
stretching;"” (3) using pre-stressed elastomeric substrates during thin film deposition followed by
strain release.” The first strategy involves expensive and complex fabrication processes, while the
other methods are limited in the maximum strain that the electrodes can withstand. In this

manuscript, by combining shape-memory polymer shrinking'®"®

with patterning through
xurography'®?’ and lift-off, we introduce a simple and inexpensive method for fabricating
structured metal electrodes. Such electrodes exhibit excellent conductivity, electrochemical

sensing stability and great resiliency to stretching and bending strain on poly(dimethylsiloxane)

(PDMS) and Ecoflex® elastomeric substrates.

5.2 Results and Discussion

The bench-top fabrication of stretchable conductive films is illustrated in Figure 5-1A.
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Adhesive vinyl served as a mask during gold deposition to create centimeter to sub-millimeter
patterned electrodes. After vinyl lift-off, the polystyrene substrate (PS) was shrunk down to ~16%
of its original size, resulting in micrometer size electrodes. Additionally, the shrinking process
buckled and wrinkled the gold films, resulting in micro/nanostructured surfaces. The structured
films were lifted-off by dissolving an intermediate photoresist layer, whose thickness was
optimized to yield small micro/nanostructures on the gold film and to allow it to be readily lifted-
off (Figure S1). The last fabrication step involved transferring the gold film to the receiving
substrate. Figure 5-1 B-C show photos of structured gold films (200 nm-thick) transferred onto
PDMS and SiO, substrates respectively. To achieve the best adhesion on the receiving elastomers
(PDMS/Ecoflex), they were partially cured prior to the transfer of the structured metal films. It
was observed that the presence of bubbles or contaminants at the gold/elastomer interface led to
film delamination, resulting in low electrode stretchability. Using the optimized conditions, this
simple and inexpensive benchtop method allowed the patterning, structuring and transferring of

thin gold films.
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Figure 5-1 Fabrication of structured electrodes. A) Schematic of the bench-top micro/nanostructured metal thin film

fabrication and transfer. B) Depiction of the fabrication process of gold electrode transferred on to PDMS. C)

Depiction of the fabrication of patterned maple leaf-shaped Au film and the transfer onto a silicon wafer. D) SEM

images of 200 nm Au films before and after lift-off, and after transfer to PDMS. SEM images were taken with

accelerating voltage of 2.5 kV, working distance of 6 mm, and low probe current. All images taken at the same

magnification.

The structured films were characterized through electron and optical microscopy before and

after lift-off and transfer to the receiving substrates. Scanning electron microscopy (Figure 5-1D)

showed that 20 nm-thick films presented smaller structures than 200 nm ones, because thinner

films buckled more readily during shrinking.”' Little difference was observed in the morphology
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for the structured films before lift-off, after lift-off, and after transfer onto elastomer substrates. To
confirm this observation, the surface roughness of the structured films was measured through
optical profilometry. The surface root mean squared roughness was measured to be statistically
equal before lift-off, after lift-off, and after transfer to the receiving substrates (Figure S2). This
shows that the fabrication process does not change the physical attributes of the structured films.
To test the stretchability of structured Au/PDMS electrodes, their conductivity was tested
under strain. The structured electrode resistance was measured in a two-probe setup (Figure 5-2A,
bottom inset) at 5% strain increments. Typical I-V curves at 0, 50 and 100% strain are shown in
the top inset of Figure 5-2A. All electrodes remained conductive until the PDMS mechanically
failed (110-130% strain), suggesting that they are excellent candidates for PDMS-based devices.
The effect of electrode shape on stretchability was assessed by measuring the conductivity under
strain for electrodes with different form factors (defined as length-to-width ratio, L/'W, Figure 5-
2A). As L/W increased, the resistance at comparable strains also increased. This is explained by
film cracking perpendicular to the stretching axis, which reduces the number of available
conductive paths. For electrodes with high L/W, the number of cracks necessary to span the width
of the electrode, resulting in total loss of conductivity, is smaller than for electrodes with low L/W.
This is exemplified by Figure 5-2A, where the resistance for electrodes with W = 2, 0.8, and 0.8
mm and L/W = 3,5 and 7.5 at 100% strain is on average ~10, 30 and 100% higher than their initial
(relaxed) resistance. Thus, electrodes with large form factors could be useful as strain sensors,
while those with small form factors would be robust conductive elements for applications where a

constant resistance is required.
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Figure 5-2 Stretchability and mechanism. A) Relative resistance change measurement under various strains for
stretchable electrodes on PDMS substrates with L/W=3 (black square, W = 2 mm), 5 (red circle, W = 0.8 mm) and
7.5 (blue triangle, W = 0.8 mm). Top inset graph shows typical I-V curves where resistance was extracted for gold
electrodes (L/W=5) under 0%, 50%, 100% strains and when PDMS broke. Bottom inset photos show the two-probe
measurement for a gold electrode/PDMS device under 0%, 50% and 100% stretching strain, respectively. B) Relative
resistance change measurement under various strains for gold electrode (L/W=3, W =2 mm) on Ecoflex® substrate.
The electrode lost conductivity at 135% strain. Inset are representative I-V curves for gold electrode stretched on
Ecoflex® at 0%, 50%, 100%, 130% and 135% strain (conductivity broke). C) Biaxial stretchability. The relative
resistance change shows the same trend when Au/PDMS device was stretched along two orthogonal axes, indicating
similar electric properties of both axes. Inset is a photo of flower-shaped Au film on PDMS at 0% strain for biaxial
stretching measurement. D) Optical images show gold film morphology change during the stretching process. The top

row shows reflected (left panels) and transmitted light (right panels) images that reveal the unwrinkling and cracking
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process of the gold film. The scale bar in this image is 500 wm. The areas confined with blue (reflected light) and red
(transmitted light) squares were zoomed into for clearer observation. The reflected light images (middle row, blue)
reveal the unwrinkling of surface features when tensile stress (0, 40, 100%) is applied. On the other hand, the
transmitted light images (bottom row, red) show the evolution of defects or cracks in the gold film as tensile stress (0,

40, 100%) is applied.

To overcome the limitations of PDMS-based devices and explore the maximum stretchability
of micro/nanostructured electrodes, we used Ecoflex® elastomer as the receiving substrate
(~800% elongation at break). Resistance measurements under strain for Au/Ecoflex® electrodes
(L/W =17.5, Figure 5-2B) showed higher inter-device variability than those on PDMS. This is a
result of the variability in adhesion between the film and elastomer, where areas of the film that
did not adhere well delaminated more easily. The measured strain at conductivity break was 135%,
with the relative resistance remaining in the range of 1-2.5 for strains up to 130% (Figure 5-2B).
As controls, we tested the conductivity of planar gold electrodes fabricated directly on the
elastomer surfaces. The flat Au/elastomer films cracked and delaminated much more readily
(Figure S3), losing conductivity with little applied strain (< 5%). These results highlight the need
for a structured film and proper adhesion to obtain highly stretchable and conductive electrodes.

Biaxial stretchability is required for conductive elements that can be draped over arbitrary
surfaces. Various materials with such properties have been explored in the past, including silver
nanowires,” gold,” and graphene films.” To test the biaxial stretchability of structured Au/PDMS
electrodes, their conductivity was evaluated under strains along two orthogonal axes. For a design
with L/W =1 (Figure 5-2C), the relative resistance experienced little variation when 0-50% strain
was applied along orthogonal axes. The uniform behavior when the micro/nanostructured gold

films are stretched biaxially suggests that they could be attractive as electrodes attached to the
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surface of inflatable devices (e.g. balloon catheters).”

To understand the stretching mechanics of micro/nanostructured Au/PDMS electrodes, their
surfaces were imaged under strain. From reflected and transmitted light microscopy images
(Figure 5-2D), it can be seen that the wrinkles on the structured gold films contribute to their
enhanced stretchability in two ways. First, the wrinkles unfold as the film is stretched, which
maintains the integrity of the film by keeping the tensile stress low. Second, the cracks that
originate from the weakest points or defects on the film extend along the wrinkles as the strain
increases. The random orientation of the wrinkles prevents cracks from propagating across the film
and minimizes the loss of conductivity. Finally, micro/nanostructure size and periodicity does not
impact film stretchability and conductivity, as shown by electrodes fabricated from films with
different thicknesses (Figure S4). These experiments show that the stretchability of structured
electrodes derives from features produced during the shrinking process, and hints at alternative
methods that exploit surface structuring for the fabrication of flexible devices.

The implementation of flexible electronics also requires that the conductivity be reproducible
under stretching and bending. To assess reproducibility, changes in resistance were measured for
Au/elastomer devices (W = 0.8 mm, L/W=7.5) over 100 stretching and bending cycles. On PDMS,
the resistance measurements were done at 0 and 50% strain (Figure 5-3A). Over the first two cycles
resistance increased slightly at 50% strain, which was attributed to the development of the
necessary cracks to relieve tensile strain. After the initial “conditioning” of the electrodes,
resistance remained constant for the stretched and relaxed states. Similarly, Ecoflex® devices were
tested at 0 and 100% strain (Figure 5-3B), where the relative resistance under strain remained
constant at 1.4 for the first 20 cycles, and increased to 2.1 over the next 80 cycles. This increase is

attributed to partial delamination due to the weaker adhesion of the structured film to Ecoflex®. It
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must be noted however that the increase is among the lowest reported in the literature for metallic
film or nanostructure-based stretchable conductors.”>*® To determine if electrodes stretched
beyond their break point could recover conductivity upon relaxation, we measured the resistance
for Au/Ecoflex® devices released from 150% strain (beyond conductivity break point, Figure 5-
3C). No significant change occurred until after the 80" cycle and the relative resistance only
increased to 1.45 through the 100" cycle. Similar behavior was observed for a device stretched to
100% strain (Figure 5-3B), which indicates that the Au/Ecoflex® electrodes remain conductive

but exhibit slight degradation after ~80 cycles.
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Figure 5-3 Stretching and bending reproducibility. A) Relative resistance of an Au/PDMS electrode (W = 0.8 mm,

L/W=17.5) stretched from 0% to 50% strain over 100 stretching cycles. Inset photos show the device at 0% (black, left

inset photo) and 50% strain (red, right inset photo). B) Relative resistance of Au/Ecoflex electrode (W = 2 mm,

L/W=3) over 100 stretching cycles from 0% (black, left inset photo) to 100% (red, middle inset photo) strain, as well

as relative resistance of devices after being stretched beyond their conductivity break point (~150% strain) and

131



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Chapter 5

released back to 0% strain (green, right inset photo). C) Relative resistance of Au/PDMS electrodes (W = 0.8 mm,
L/W=7.5) released after being bent to 12% (black, left inset photo), 24% (red, middle inset photo) and 60% (green,
right inset photo) bending strains. Inset photos show the electrode bent along holders with radii of 5 mm (black), 2.5

mm (red) and 1 mm (green). Each stretching and bending test was performed with three replicate electrodes.

The reproducibility in conductivity of Au/PDMS structured electrodes after bending was also
investigated. Bending was performed by wrapping the Au/PDMS device around a Teflon mold
with known radius of curvature (Figure 5-3C,r =5, 2.5 or I mm, corresponding to tensile strains
at the film of 12, 24 or 60% respectively) and releasing it, after which the resistance was measured.
Figure 5-3C shows the relative resistance of Au/PDMS electrodes (W = 0.8 mm, L/W=7.5) over
100 bend and release cycles. Even for the highest strain (60%, r = 1 mm) the conductivity fully
recovered after the release, and remained unchanged over 100 cycles. These results coupled to
those from stretching experiments showcase the robustness of the micro/nanostructured electrodes,
which retain excellent conductivity over repeated stretching and bending cycles.

As proof-of-concept of the use of structured gold films as conductive elements in functional
devices, they were used as flexible electrodes for electrochemical sensing. First, cyclic
voltammetry (CV) was used to measure the electroactive surface area (ESA) of devices at different
fabrication stages: planar films on PS, structured films after shrinking, free-standing structured
films after lift-off and structured films transferred onto PDMS (Figure 5-4A). CV was performed
using the films as the working electrode in a 3-electrode electrochemical cell (Figure 5-4B, inset).
The voltammograms displayed well-defined peaks associated with the oxidation/reduction of the
gold surface. By quantifying the total charge transferred, the ESA of each film was assessed.
Structured films on PS exhibited an increase in ESA (~520%) that is consistent with the reduction

in the device footprint produced through shrinking. After lift-off, the ESA of the free standing
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films increased by 80%. This was less than the 100% increase expected, which was attributed to
photoresist or polystyrene residues left on the backside of the film after lift-off (Figure S5).
Conversely, the ESA of films transferred onto PDMS was statistically equal to that of the films
before lift-off. This showed that the surface of the structured films transferred onto PDMS
substrates was not damaged by the fabrication procedure and could be suitable for electrochemical

measurements.
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Figure 5-4 Electrochemical characterization and sensing. Electroactive surface area measurement through cyclic
voltammetry for planar gold films, structured gold films on polystyrene, structured gold films after transfer onto
PDMS and structured free-standing gold films. Inset graph is a comparison of cyclic voltammograms of each type of

samples obtained in 0.05 M acid solutions. B) Calibration curves of response current over potassium ferrocyanide
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concentration in chronoamperometric measurements performed with unbent (0% strain) and bent (30% strain)
Au/PDMS sensing device. C) Typical amperometric curves of unbent (0% strain) and bent (30% strain) sensors to
successive addition of ascorbic acid (final concentrations from 1 um to 5 mM) in 0.02 M phosphate buffer solution
(pH 7.0) at a constant applied potential of 0.4 V. D) Calibration curves of the current response over ascorbic acid
concentration for both unbent and bent (30% strain) devices. Error bars represent the standard deviation of

measurements performed on a minimum of at least three using different devices.

Structured Au/PDMS electrodes were used for electrochemical sensing with and without
external bending strain. A circular working electrode and two arc-shaped counter electrodes were
fabricated on PDMS (Figure 5-4B, inset photo) and an external Ag/AgCl electrode was used as
reference. Chronoamperometry was used to assess the electrodes’ response to different
concentrations of redox-active molecules (ferrocyanide and ascorbic acid (AA)) in aqueous
solutions. In all electrochemical-sensing experiments, the current was normalized to the current
measured for the highest concentration, to account for any device-to-device variability. Figure 5-
4B shows that current is linearly proportional to ferrocyanide concentrations from 50 uM to 100
mM for electrodes under O and 30% bending strain, where they also exhibited similar performance
and limit of detection (50 uM). With a geometric area of the structured electrode of 0.196 cm?, the
sensitivity was calculated to be 0.05 mM"'cm™ for relaxed and strained sensors. We further
investigated the electrode response to temporal changes in AA concentration. Figure 5-4C shows
typical chronoamperograms for structured gold electrodes (held at a constat potential of 0.4 V) in
response to temporal increases of AA concentration. AA calibration curves constructed from three
replicate devices show excellent linearity in the 10 uM - 5 mM concentration range for relaxed
(/Tiax = 0.2027XCxpp + 5% 10'5, R’= 0.9999) and strained electrodes (I/I;ax = 0.2007xCas + 0.0034,

R’= 0.9994). Furthermore, the relaxed and bent devices had identical limit of detection (20 M),
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while strain caused only a 1% decrease in sensitivity (from 1.03 mM™cm™ for relaxed to 1.02 mM~
'em™ for strained devices). These results show that the structured electrodes are suitable for
applications where flexibility or stretchability of the conductive elements are required, such as in

flexible electrochemical sensors.

5.3 Conclusions

In conclusion, we have demonstrated a simple, rapid and inexpensive technique to fabricate
highly stretchable micro/nanostructured metal electrodes. By combining shape-memory polymer
shrinking and thin film lift-off, we successfully fabricated and transferred micro/nanostructured
gold electrodes onto stretchable elastomeric substrates. Little change was observed in the
conductive properties of Au/PDMS devices under strain until the substrate mechanically failed,
while the Au/Ecoflex® devices remained conductive up to 135% strain. Furthermore, the
structured electrodes showed uniform properties when stretched along two orthogonal axes. It was
observed that the micro/nanostructured surface contributed to the stretchability of the electrodes
in two ways: releasing tensile stress by unfolding of the wrinkles and preventing crack propagation
by the random orientation of the wrinkles. The structured electrodes also displayed resilience to
bending strains, as demonstrated by the complete recovery of their initial conductivity from tensile
strains of up to 60%. Finally, the structured electrodes also proved to be candidates for flexible
electrochemical sensors, as they performed very similarly in the detection of redox active
molecules with and without applied strain. We anticipate that such micro/nanostructured
electrodes could find use as conductive elements in flexible, stretchable, and/or inflatable

electronics and sensors.
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5.4 Experimental Section

Pre-stressed polystyrene films (Graphix Shrink Film, Graphix, Maple Heights, Ohio) were
cleaned and spin coated with positive photo-resist of thicknesses ranging from 100 nm to 1.8 um.

After being heated at 90°C for 3 min to remove residual solvent, the sheets were covered with self-

adhesive vinyl (FDC-4300, FDC graphic films, South Bend, Indiana), and the desired shapes were
cut out using a vinyl cutter (Robo Pro CE5000-40-CRP, Graphtec America Inc., Irvine,
California). Gold was deposited from 99.999% purity gold target (LTS Chemical Inc., Chestnut
Ridge, New York) using a Torr Compact Research Coater CRC-600 manual planar magnetron
sputtering system (New Windsor, New York) onto the masked shrink film. After removing the
vinyl mask, gold coated polystyrene films were shrunk at 160 °C. The metal films were lifted off
from the substrates by dissolving the photoresist in acetone. The lifted-off gold films were then
washed and transferred onto partially cured silicone elastomers, Sylgard-184
polydimethylsiloxane (PDMS) and Ecoflex® rubber, which were then cured to completion.
Addition of methanol helped to overcome the electrostatic repulsion between PDMS and gold

surfaces, thus making it easier to lay down the structured gold films.

The surface morphology of the gold thin films before and after lift-off was characterized using
a JEOL JSM-7000S Scanning Electron Microscope with an accelerating voltage of 2.5 kV,
working distance of 6 mm, and low probe current. An estimate of surface roughness by the root
mean square (RMS) and peak-to-valley (PV) values was obtained using a Zygo NewView 5000
white light interferometry microscope (Zygo Corporation, Middlefield, Connecticut). The
electrochemically active surface area of the gold films before shrinking, after shrinking on
polystyrene, and transferred onto PDMS, was measured by cyclic voltammetry (CV) using a CHI

660D Electrochemical Workstation (CH Instrument, Austin, Texas). A standard three-electrode
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set-up was used for electrochemical sensing, with the fabricated structured electrodes as working
and counter electrodes, and an Ag/AgCl electrode as reference electrode. CV scans were
performed in 0.05 M H,SO, at a scan rate of 0.1 V s and a voltage range between 0 and 1.5 V.
Self-adhesive vinyl films with a single 0.5 cm by 0.5 cm square cut out were used as masks to
expose the same geometric surface area (0.25 cm?®) of the gold films. The reduction peak of the
resulting cyclic voltammograms was integrated to determine the charge and the electrochemically
active surface area was calculated (Surface area = charge/surface charge density) using the surface

charge density of a monolayer of gold, 386 uC cm™.

2-probe resistance measurements were performed on gold film electrodes using a source
picoammeter (Model 2450, Keithley Instruments, Cleveland, Ohio). A droplet of eutectic gallium-
indium (EGAIn, Sigma-Aldrich, St. Louis, Missouri) was used to create better contact between
the Pt-wire probes and the structured gold films. The source voltage was swept linearly from 0 to
100 mV in 10 mV steps, and the resulting current was measured. I-V curves were recorded, and
resistance R was extracted using R = AV/AI. The Au/PDMS and Au/Ecoflex electrodes were
stretched on a home-built stretcher in 5% strain increments and resistance was measured at each
strain level. The film resistance was obtained at 3-6 probe positions and compared across a
minimum of three replicate devices. Bending measurements were carried out using custom
machined Teflon holders with radii of 5,2.5, and 1mm. Resistance was measured over 100 cycles
of stretching and bending. The stretching process of micro/nanostructured gold film was imaged
using Nikon Eclipse LV100N POL epifluorescence microscope (Nikon Instruments, Mississauga,
Ontario) equipped with a Nikon 4x/0.10NA objective. Reflected and transmitted light images were

taken from the gold electrode while it was being stretched from 0% to 100% strain at a 10% strain
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interval. A1l these images were acquired with an Infinity 1 color camera (Lumenera, Ottawa,

Ontario) and recorded with Infinity Capture software (Lumenera).

The flexible electrodes were used as working and counter electrodes to detect concentrations
of potassium ferrocyanide and ascorbic acid electrochemically. An Ag/AgCl electrode was used
as reference electrode in a three-electrode system. K ,Fe(CN), solutions from 50 pM to 100 mM
were measured by chronoamperometry at a fixed potential of 0.5 V for 1 s. IM KCI was used as
the supporting electrolyte. For ascorbic acid (AA) detection, all chronoamperometric
measurements were performed at 0.4 V in 1xPBS (100 mM, pH=7.4). The transient background
current was allowed to decay to a steady-state value before the addition of AA from 1 pM to 5

mM. The solution was stirred to provide convective transport.
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Chapter 6 Micro/nanostructured SiO, and TiO, Films Fabricated through

Polymer Shrinking as Tunable Topography Substrates for Cell Studies

Yujie Zhu and Jose M. Moran-Mirabal designed the experiments. Yujie Zhu fabricated the glassy
film substrates and characterized the surfaces with SEM. Yujie Zhu and Katija Bonin characterized
the surface roughness with white light microscopy. Yujie Zhu, Justin Boyle, and Katija Bonin
conducted the cell viability assays. Katija Bonin and Tanzina Chowdhury did the AFM imaging.
Yujie and Justin Boyle cultured the cells on each type of substrate and conducted fractal analysis
with the fluorescence images for cell morphology study. Yujie Zhu, Justin Boyle, Katija Bonin,
and Jose M. Moran-Mirabal analyzed the data. Yujie Zhu, Justin Boyle and Jose M. Moran-

Mirabal wrote the manuscript.

6.1 Abstract

The extracellular matrix plays a crucial role in the life of a cell because it influences numerous
cellular interactions and functions. The fabrication of materials and structures that can mimic the
ECM is of interest because they can control cell behaviour in vitro. Micro- to nanoscale
topographies can provide physical cues to stimulate cells and lead to changes in cell morphology,
migration, adhesion, proliferation, and differentiation. Numerous techniques have been utilized to
generate various geometrical features to study cell response, including laser inference lithography,
electrochemical/chemical etching, nano-imprinting lithography, and electrospinning. However,
there is still a lack of techniques that can produce nanotopographic features that are easily tunable

with low cost and high efficiency. In this work, we utilized micro/nanostructured SiO, and TiO,
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films fabricated through shrinking of a shape-memory polymer to investigate their impact on cell
viability and morphology. The size of surface structures was easily tuned from the nano- to
microscale by varying the thickness of the deposited glassy films. Fibroblasts were plated onto the
substrates and showed excellent viability. Fractal analysis was used to quantitatively assess the
cell morphology on the structured surfaces, and it was observed that larger surface structures
induced cell elongation, while smaller structures stimulated the growth of cellular protrusions or
filipodia. Such structured glassy surfaces are anticipated to provide in vitro platforms for the
investigation of other cell behaviour such as cell adhesion and stem cell differentiation, and thus
facilitate the reconstitution of tissue-like environments. It is further envisioned that these surfaces
will find application in the fabrication of biosensing devices for circulating tumor cell isolation,

and rare cell detection.

6.2 Introduction

The extracellular matrix (ECM) is a highly complex environment comprised of diverse
physical and biochemical cues which direct cell function and determine cell fate.'"” As such, the
ECM plays a crucial role in the initiation and maintenance of essential cell processes. Specifically,
micro- and nano-sized topographical features encountered in natural microenvironments (e.g. in
the bone marrow niche) can provide cues to stimulate cells, which lead to changes in cell properties
such as contractility and morphology,”® as well as different cellular behavior such as migration,”®
adhesion,”" proliferation,'" and differentiation.'>"” Despite the pivotal role the ECM plays in the
life cycle of a cell, it is underrepresented in traditional tissue culture techniques. As a result, there
has been much research into the fabrication of tissue culture substrates that replicate the micro-
and nanostructured cellular microenvironments observed in vivo. Furthermore, fabricating

substrates that mimic the physical components of the ECM allows for the investigation of the
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effects of surface topography on cell morphology and function, independent of any biochemical
cues. In the past, a variety of techniques have been explored to generate micro/nanostructures,
such as electron-beam lithography,'*'° laser inference lithography,'” electrochemical and chemical

18-20

etching,'®™ nano-imprint lithography,” electrospinning,”* stencil lift-off,** and microfluidics.”

14,18 1521 16,17,25

Using these techniques, a variety of features (e.g. pits,''® pillars,”?' grooves, wells,

roughened surfaces'*, fibers,”* etc.) have been fabricated for cell studies.

Numerous materials have been used to fabricate biomimetic substrates, such as metals or

*2% molded thermoset elastomers (e.g. poly(dimethyl siloxane), PDMS),>** polymer

oxides,
sheets (e.g. polyethylene and polystyrene), and electrospun polymeric and hydrogel scaffolds.”
While elastomers such as PDMS are valuable for their ease of fabrication, they possess a softness
and hydrophobicity that is not observed physiologically and may interfere with potential
biomimetic applications. For structuring metallic and glassy materials, the main problems
associated with traditional micro/nanofabrication techniques include the efficiency, economy, and
ease of the fabrication. Moreover, the resulting structure sizes cannot be tuned easily and
efficiently, as optimization of parameters and redesign of masks are frequently involved. As an
alternative, shape-memory polymers have been employed to structure various thin film materials
(e.g. gold, silver, platinum, ITO*?) in a quick and inexpensive manner. Micro- and
nanostructured surfaces can be generated through the stress mismatch between the thin film and
the shape memory polymer substrate during thermal shrinking process. Although glass substrates
have been used as conventional cell culture materials, the effect of continuous
micro/nanostructured glassy films on cell behavior has not been explored. Taking advantage of

thermal shrinking of pre-stressed polystyrene, in this work we present a simple, fast, and low-cost

method to fabricate structured glassy surfaces with features whose length scale can mimic the
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topographies encountered in natural cellular microenvironments. The structure sizes created on
Si0, and TiO, surfaces through this approach can easily be controlled by varying the film thickness.
Such surfaces are shown to be suitable for studying the effect of topography on murine fibroblast

morphology.

Previous work has shown that one-dimensional features (e.g., nanofibers,”® grooves™) can
induce cell elongation and alignment along the structures, but the effect of two-dimensional

structures on cell morphology has not been well studied. Wang et al®

compared the macrophage
cell morphology on 1D and 2D wrinkled polymer surface, and found that 1D wrinkles induce cell
elongation while cells on 2D wrinkles remained circular. Yet, this research explored only the
aspect ratio of the cell morphology, which does not quantify the complexity of the cell shape and
ignores the contribution of dynamic cytoplasmic protrusions. Fractal geometry is a mathematical
tool that offers a quantitative description of pattern complexity in biological systems (e.g., lipid
bilayers,” cells,* neurons and brains*), and thus is ideally suited for the study of cell response to
microenvironments with topographies in the micro- to nanoscale. However, to the best of our
knowledge, it has not been used to characterize cellular morphology on structured surfaces, as
most work has focused on measuring cell area, aspect ratio, circularity, and angular deviation. In

this work, fractal analysis of individual cells has been explored, which provides a wealth of

information on how cell shape complexity changes on structured surfaces.

6.3 Experimental Section

6.3.1 Micro/nanostructured glassy surface fabrication

Structured glassy films were fabricated using pre-stressed polystyrene shrink films as

substrates (Graphix Shrink Film, Graphix, Maple Heights, OH). The polystyrene sheets were
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washed under agitation at 50 rpm for 5 min in successive isopropanol, ethanol, and water baths,
and dried with a nitrogen stream. The clean shrink films were then cut into 2x2 cm squares using
a Robo Pro CE5000-40-CRP cutter (Graphtec America Inc., Irvine, CA) equipped with a CBO9UB
super steel blade. Three passes were required to cut through the film with force, quality and speed
setat 30, 1,and 1, respectively. TiO, and SiO, were then deposited onto the polystyrene films using
a Torr Compact Research Coater CRC-600 manual planar magnetron sputtering system (New
Windsor, NY). The argon (>99.999% purity, AlphaGaz, Air Liquide, Montreal, QC, Canada)
plasma was created by RF power of 100 W for SiO, and 60 W for TiO,, which resulted in
deposition rates of 0.2 and 0.3 A/s respectively. 1-100 nm glassy films were deposited using both
materials. The coated shrink films were shrunk on parchment paper covered aluminum boats at

115°C and 160°C in an Isotemp vacuum oven (Fisher Scientific, Ottawa, ON, Canada).

6.3.2 Glassy film surface characterization

Scanning Electron Microscopy (SEM) images of the glassy films shrunk at 115°C and 160°C
were obtained using a JEOL JSM-7000S SEM with an accelerating voltage of 2.5 kV, working
distance of 6 mm, and low probe current. The surface roughness was measured for glassy film
coatings of all thicknesses using a Zygo NewView 5000 white light interferometer (Zygo
Corporation, Middlefield, CT). The root mean square (RMS) and peak-to-valley (PV) values were
obtained in 3-5 device areas and compared across a minimum of 3 replicate devices. Measurements
were taken with 10x and 50x interferometric objectives with additional 2x optical magnification,
which resulted in fields of view of 360270 pm and 70x50 um, respectively. Data was collected
from a CCD camera with an imaging pixel size of 11.2 um. The built in software, MetroPro, was
used for data analysis. A Fast Fourier Transform (FFT) band pass filter was applied, using cutoff

frequencies of 183.35 and 558.79 mm'. Spikes with height values above 10*RMS were removed
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from the analysis of the imaged area to eliminate any contribution from contaminants (dust

particles or defects on the films) to the roughness values.

6.3.3 Cell culturing

DMEM media (supplemented with 10% FCS, 1% L-glutamine, 1% penicillin/streptomycin
[Invitrogen, Life Technologies, Burlington, ON, Canada]) was heated to 37°C. 30 mL of

supplemented DMEM was pipetted into a 50 mL conical tube and kept warm at 37°C. A cryovial
of frozen murine 3T3 fibroblasts (ATCC, Manassas, VA) was thawed as quickly as possible by
swirling vial in a 37°C water bath. The contents were poured into the warm media and centrifuged
at 500g for 5 minutes to remove the DMSO (Caledon Laboratory Chemicals, Georgetown, ON)
from the cryovial contents. The cell pellet was resuspended in 15 mL of supplemented DMEM
media and incubated overnight in a T25 tissue culture flask (Sigma-aldrich, Oakville, ON, Canada).
When cells had grown to 80% confluency, they were sub-cultured on the glassy substrates. To
subculture the murine 3T3 fibroblasts, the media from the T25 tissue culture flask was discarded,
with the flask being subsequently washed with 1x PBS buffer. Following this, the buffer was
removed and 10 mL Trypsin-EDTA (Invitrogen) was added to the culture flask. The flask was
incubated at 37°C for 15 minutes and once all the cells were lifted, the cell/enzyme suspension
was removed and transferred to a conical tube containing 20 mL of DMEM. The conical tube was
then centrifuged at 500g for 5 minutes. The supernatant was removed and the cell pellet was
resuspended in 10 mL of fresh DMEM. The cell concentration was estimated using a
hemocytometer to which 10 uL of trypan blue (Invitrogen) and 10 uL of the cell suspension were
added. Approximately 500 cells were added per substrate for the morphology assessments (i.e.

fractal analysis, epifluorescence) and incubated at 37°C for 24 hours prior to fixation.
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6.3.4 Cell viability assay

To test cell viability, a 0.4 mg/mL solution of dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich) was prepared in DMEM medium. 300 pL of the MTT solution
was added to each sample in the well plate. The samples were then incubated at 37°C for a period
of 4 hours, after which 500 pL of dimethyl sulfoxide (DMSO) was added to each sample to
dissolve the formazan precipitate that forms when the cells are viable. Samples were run in
triplicate. The absorbance for each sample was measured at both 570 nm and 600 nm using a multi-

well SpectraMax i3 plate reader (Molecular Devices, Sunnyvale, CA).

6.3.5 Cell Fixation

Following the 24-hour incubation period, the old media was removed from each substrate. The
samples were washed 3x with 1x PBS. A fixation solution comprised of 0.4% p-formaldehyde and
0.1% glutaraldehyde (Sigma-Aldrich) was added to each substrate in the well plate. The samples
were then incubated at room temperature for 15 minutes in a dark environment. The substrates
were washed 3x PBS once again and a 25 mM solution of glycine (Sigma-Aldrich) in 1x PBS was
incubated on each sample for 10 minutes to quench the fixation process. Then, the glycine solution
was replaced with a blocking solution (0.2% BSA and 0.2% Fish Gelatin in 1x PBS, Sigma-
Aldrich) and incubated for 15 minutes at room temperature. The blocking solution was then
removed and 1x PBS was added to each sample in the well plate. The substrates were refrigerated

until further needed.

6.3.6 Fluorescence staining

The fluorescent dye DAPI (4',6-diamidino-2-phenylindole, dihydrochloride) (Invitrogen) was

used to visualize the cell nuclei. The substrates were stained by adding 500 pL. of a 600 nM a DAPI
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stock solution in 1x PBS to each sample and incubating for 5 minutes. The DAPI staining solution
was removed and the substrate was washed with 1x PBS. To stain the actin filaments, the cell
membranes of the fibroblasts were first permeabilized using a 0.2% Triton-X 100 solution in 1x
PBS with an incubation of 5 minutes. The substrates were then washed with 1x PBS, and 5 pL of
stock AlexaFluor 488-phalloidin (Invitrogen) in 200 uL of 1x PBS were added and incubated for
20 minutes at room temperature to stain the actin filaments. Then, the staining solution was washed
with 1x PBS and the samples were imaged using a Nikon Eclipse LV100N POL epifluorescence
microscope (Nikon Instruments, Mississauga, ON) equipped with a physiological 60x/0.9NA
objective, and a Retiga 200R camera. NIS software (Nikon Instruments, Mississauga, ON) was

used to capture the fluorescence images.

6.3.7 Fractal Analysis

The box counting method®™® was used to quantitatively analyse the changes in macrophage
morphology when cultured on structured glassy films. Briefly, the box counting method involves
using boxes of different sizes and determining how many boxes are needed to cover the area or
perimeter of the cell. The images used in the fractal analysis were fluorescence images of cells
converted to binary maps, which were then used as input for a box counting program written on
MATLAB (MathWorks). Specifically, the binary maps were generated using an intensity threshold
of 20 above the mean background (defined manually in an area devoid of cells). For each image
processed, the fractal analysis program generated a plot of In(1/N) vs. In(s), where N represents the
number of boxes, and s the size of the boxes (in pixels or pixels®, for perimeter and area
respectively). When there is a scaling law represented by the shape of the cell, the resulting graph

is linear, with the slope representing the fractal dimension (Fp). Fractal dimensions were generated
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for the area and the perimeter of the cell, as shown in Fig. S1. A sample size of n = 30 cells from

each type of substrate was used for the fractal analysis.

6.3.8 Statistical Analysis

All the data are reported as the sample average and the standard deviation. Comparisons between
multiple samples were performed with one-way analysis of variance (ANOVA). Tukey’s post-test
was performed to a significance level of P<0.05. The Asterisks indicate **p- value <0.01, and

*#**p_value <0.001, and the same for dots where **p<0.01, ***p<0.001, ****p<0.0001.

6.4 Results and Discussion

6.4.1 Structured glassy surface characterization

The structured glassy films were fabricated by shrinking the SiO, and TiO, coated pre-stressed
polystyrene films above their glass transition temperature (~100°C), as illustrated in Figure 6-1a.
The two different conditions tested for shrinking were 115°C for 30 min and 160°C for 3 min,
which controlled the rate of compression of the glassy films. The area of the films decreased by
84% under both conditions, and the compressive stress induced micro/nanostructures on the film
surfaces, as revealed by SEM (Figure 6-1b). Structures formed with various film thicknesses (1-
100 nm) were compared. Similar to what has been previously observed for gold films,”*” the
thicker glassy films generated larger structures. However, unlike metal films, the glassy films
started to crack on the wrinkle folds at a 20 nm film thickness, and fractured for films with

thickness > 50 nm, due to the low fracture toughness of SiO, and TiO,.
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A 115 or 160 °C
Clean polystyrene sheet Glassy film deposition Shrunken sample
B 2nm 10 nm 20 nm 50 nm

Figure 6-1 Compressive stress induced structuring of glassy films. (a) Schematic of micro/nanostructured glassy film
fabrication. (b) SEM images show the topography of micro/nanostructured SiO, and TiO, surfaces of films with

thicknesses of 2 - 50 nm that were shrunk at 160°C.

White light interferometry microscopy (WLIM) was used to quantitatively assess the root
mean square (RMS) roughness and peak-to-valley (PV) values of the structured surfaces. Both
RMS roughness and PV values initially increased with increasing film thickness and plateaued for
thick films as they fractured during structuring, which was in good agreement with the observation
from SEM images (Figure 6-2). It was also found that the shrinking conditions had some impact
on the surface roughness: the higher temperature (160°C) resulted in higher surface roughness due
to faster shrinking, compared to the lower temperature (115°C), as shown in Figures S2 and S3.

Due to the small size of the structures of the thinnest films, atomic force microscopy (AFM) was
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used to characterize 1 and 2 nm films, and the results corroborated the roughness value obtained

by WLIM (Figure S4).
+0.8905
um
-1.0447
'\
E 0.5+ ‘,‘ “ 7 ” ’ l“
%00 Il‘ :“_\”\‘M Il J\‘|“.“-&J‘I |‘ Jr']’_‘}‘l\
VA Baienbevi + TR \ 24— aafl ! _
'§, \ w{ \‘ “. JV‘J I.”“""EIH | v i ‘[H\,ﬁ‘ C ( H—
‘@ ki \ v L |
$os 0T
-1.0-
I T T T T T T I
0.00 0.02 0.04 0.06

Distance (mm)

1200
B = sio,

e TiO,
1000

800 i
600 %

400 Se

RMS (nm)

T T T T

0 20 40 60 80 100 120
Film Thickness (nm)

14
C “ .o
12] @ TO,
10- *
84

PV (um)

T T T T T 1
0 20 40 60 80 100 120
Film Thickness (nm)

Figure 6-2 The surface roughness of the structured substrates was characterized via white light interferometry
microscopy. (A) Typical topographical map and height profile obtained for a 1 nm SiO, film shrunk at 160°C. (B)

RMS roughness and (C) peak-to-valley (range of height data) of structured SiO, and TiO, films of varying thickness.
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6.4.2 Cell viability on glassy films

To investigate the effect of surface roughness on cell behaviour, 2, 10, and 50 nm SiO, and
TiO, substrates were selected as films with structures of representative sizes. Murine 3T3
fibroblast cells were plated and on both flat and structured glassy films of different thicknesses, as
well as bare polystyrene substrates, and were cultured at 37 °C for 24 hours. The MTT assay was
then performed to assess their viability on these substrates. The results showed that for all the
structured Si0O, and TiO, substrates, the relative viability normalized to the polystyrene was ca.

100% (Figure 6-3), indicating that the structured substrates are suitable for continued cell culture.
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Figure 6-3 Relative viability of murine 3T3 fibroblasts on polystyrene (blue), flat (control), and 2, 10, and 50 nm

structured SiO, (black) and TiO, (red) surfaces. Viability was normalized to polystyrene control.

6.4.3 Fibroblast cell morphology analysis

The effect of substrate topography on cell morphology was investigated by fixing the cells
grown on the flat and structured substrates and imaging them using epifluorescence microscopy.
Cell morphology was visualized by staining with two dyes: DAPI for the nuclei and Alexa Fluor

488 labelled phalloidin to tag the actin filaments. Figure 6-4a shows representative images of

152



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Chapter 6

murine 3T3 fibroblasts on polystyrene, and flat and structured glassy surfaces. Qualitatively, it
was observed that cells were more elongated and spread out on structured surfaces, and more

cellular protrusions (filipodia) were generated on surfaces with finer topography.

A Polystyrene

Structured
Sio,

Structured
Tio,

Figure 6-4 Representative fluorescence images of 3T3 murine fibroblasts grown on flat (a) and structured (b) surfaces.
Blue shows the nuclei of cells stained with DAPI, and green indicates the actin filaments labelled with Alexa Fluor
488 phalloidin. (c) Comparison of the fluorescence images and the binary images generated for fractal analysis of a

cell. All images taken at the same magnification, except zoomed in images in panel (c).

Quantitative evaluation of cell morphologies was carried out through fractal analysis for cells

1% in the

grown on each type of substrate. Fractal analysis was first proposed by Mandelbrot et a
1980s and later was applied for cell image analysis.***” In our study, the box counting method was

used to generate fractal dimensions for the cell area (FDA) and perimeter (FDP). To interpret the

values obtained and gain insight into the way cells change in response to topographical features, it
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is useful to keep in mind that a larger fractal dimension value means that the object (cell) becomes
more complex as the box size decreases. A smaller value means that the amount of detail of the
cell does not increase as rapidly with smaller pixel sizes. For a two-dimensional image, the fractal
dimension of area will lie between 1 and 2, with the value of 1 corresponding to a line and the

value of 2 corresponding to a square shape.

Comparing the FDA values obtained from fibroblasts (Figure 5a), we found that that cells
grown on flat SiO, and TiO, surfaces had significantly lower FDA values than cells grown on
polystyrene, meaning that they were more elongated. We attributed this to the higher stiffness of
the glassy films, since previous work has shown that fibroblasts spread more readily and display
elongated morphologies on stiffer surfaces.”*’ We then compared the structured surfaces to the
flat ones and observed that only the cells grown on wrinkled surfaces produced from 50 nm-thick
films showed a decrease in FDA value, making the cells even less square-like. Such elongation
behaviour has been demonstrated with 1D nano-topographical features such as nanofibers,'

gratings,”” and grooves™, but not with randomly oriented structured surfaces like the ones used in

this study.

Although the FDA values for wrinkled surfaces produced from 2 and 10 nm-thick films did
not significantly differ from the unstructured ones, we observed that a larger amount of filipodia
were generated by cells cultured on these surfaces. Therefore, fractal analysis on the cell boundary
(perimeter) was performed, as the FDP value would provide more information about the fine
details of the cellular morphology. A higher FDP value indicates more complex boundary of the
cell shapes. From Figure 5b, it is observed that cells grown on structured surfaces made from 2

and 10 nm-thick SiO, films had more complex boundary structures than those grown on flat
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surfaces. With this analysis, the structured surfaces made from 50 nm-thick surfaces did not have

much impact in the number of filipodia that the cells produce.
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Figure 6-5 Quantitative fibroblast morphology assessment through fractal analysis. (a) Fractal dimension for area and
(b) perimeter of fibroblasts grown on polystyrene (blue), flat (control), and 2, 10, and 50 nm structured SiO, (black)

and TiO, (red) surfaces. Statistical significance: **p<0.01, ***p<0.001, ****p<0.0001 when compared against

polystyrene control, and **p<0.01, p<0.0001 when compared against flat SiO, or TiO, control, n = 30 cells.

The different effects of the rougher and finer surfaces on cell morphology can be interpreted
by the structure size scales. The structures generated with the 2 and 10 nm- thick glassy films are
in the range of a few hundred nanometers, which is similar to filopodium-size (100-300 nm).”

These fine structures are too small to stimulate a change in the overall cell shape, but provide
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enough roughness to promote filopodia growth. This results implies that filopodia are able to sense
nanotopographies of a comparable size range, which has been previously suggested by Kang et al.
who reported that developmental acceleration of hippocampal neurons occurred on filopodium-
size nanotopographies.”* In contrast, the wrinkle sizes obtained with 50-nm-thick glassy surfaces
are in the micron range, which is comparable to the fibroblast cell size (10-15 pum). As a result,
they did not promote filopodia generation, but introduce cell elongation. The width of the wrinkles
are in nanometer scale, which provided the suitable size range for contact guidance, as proposed
in some other work.”®** The morphology of cells cultured on TiO, substrates follow similar trend
to those on SiO,, but with subtler differences. This observation suggested that the material
properties of the substrate are also an essential factor for changing cell morphology, beyond

surface topography.

6.5 Conclusions

In conclusion, we have demonstrated a quick and cost-efficient way of fabricating tuneable
micro/nanostructured glassy surfaces for cell morphology studies. This bench top fabrication
method involves only two steps which are SiO, and TiO, thin film deposition and thermal
shrinking of pre-stressed polystyrene. The surface structure size can be easily tuned by varying the
thickness of the glassy film deposited prior to shrinking. Such surfaces are suitable for murine 3T3
fibroblast culture, as the relative viability of cells was ca. 100% when compared to polystyrene.
According to the results obtained through qualitative and quantitative analysis of fibroblast cells,
it can be concluded that cell growth on micro/nanostructured glassy substrates can induce changes
in cell morphology. Specifically, the larger surface structures generated by 50 nm-thick glassy
films contributed more to changes in the general cell shape, while the smaller structures generated

by 2 and 10 nm-thick films did not significantly change the general shape, but stimulated the
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growth of cellular protrusions. These structured glassy films could be further used to investigate
how the morphological changes observed in cells influence any of their functional characteristics.
We anticipate that the ability of the structured glassy films to selectively influence cell morphology
could be used to enhance in vitro assays by mimicking the micro- and nanostructural components

of the cellular microenvironment.
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Chapter 7 Conclusions and Future Outlook

7.1 Conclusions

The development of fabrication techniques has made it possible to tailor material attributes
and thus micro/nanostructured surfaces are becoming increasingly important for a variety of
applications, such as electronics, photonics, sensing devices, tissue engineering, bio-diagnostics,
etc."™® The demand for fabrication techniques that can be easily scaled up in a time and cost-
efficient manner is one of the major driving forces in the development of micro/nanotechnology.
In this dissertation, we have presented the application of thin film lift-off to pattern multi-
component and multi-stacked supported lipid bilayers (SLB) and the use of pre-stressed
polystyrene film shrinking to structure and pattern thin film materials for high surface area
electrodes, stretchable electronics, and tissue engineering.

We have shown improvements to the polymer stencil lift-off (PSLO) technique and its
implementation in creating complex supported lipid bilayer (SLB) micropatterns. PSLO is a
relatively new patterning method that enables the formation of arrays of micro- to nanometre-sized
biomaterial domains over large surface areas.”'' In Chapter 2, we used bovine serum albumin
(BSA) during the stencil lift-off process to prevent SLB spreading on the patterned feature edges,
as BSA molecules adhered to the substrate and compete efficiently with the lipid lateral diffusion.
It was also demonstrated that an optimized UV/O; and base treatment could effectively remove
residual Parylene in the openings, and result in a cleaner and smoother surface for SLB formation
with higher mobility. The improved PSLO has been used to produce phase-segregated SLBs with
patterned feature size down to 2 um. In addition, the effect of patterned feature size effect on lipid

phase separation was studied for the first time: the percent area of gel phase and the average gel
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phase area size decreases with patterned feature sizes and gel phase nucleation is suppressed along
the patterned feature edges.

In Chapter 3, we further utilized the improved PSLO protocol to pattern multi-stacked
supported lipid bilayers. Through electrostatic interactions between the SLBs, the lipid bilayers
were successfully stacked within the micron-sized openings of the polymer stencils, and up to four
layer of homogeneous SLB were formed. The stacking of phase-segregated SLB was also
achieved, showing that the gel-phase domains of subsequent added layers register with each other.
The ability to pattern stacked SLBs with easy control of their components and layer orders,
provides a new approach for creating cushioned SLB micropatterns. Such elevated SLBs patterns
also have the potential advantage of being able to accommodate transmembrane proteins by
preventing their direct contact with the substrate. We believe that these facile and robust strategies
are easily transferrable to pattern other type of SLBs of interest, and thus can help in the design of
biosensing platforms.'* ™"

In addition to using polymer films as stencils, in this thesis we have also explored the use of
self-adhesive vinyl film lift-off to pattern various thin film materials.'® With the use of a computer-
aided design-driven cutter, accurate control of the feature shape and dimensions could be achieved
in the sub-millimeter range on timeframes of minutes to hours. Through thermal shrinking of pre-
stressed polystyrene substrate, we could further reduce the patterned feature dimensions to sub-
100 um sizes. Moreover, thermal shrinking of the polystyrene substrates induced stress-driven
wrinkling of the thin films deposited on top, ranging from micrometer to the nanometer scale
depending on the thickness of the film deposited.'”"” Combining vinyl stencil lift-off and shape
memory polymer shrinking, this inexpensive, rapid and easy bench top fabrication approach

allowed the creation of micron scale thin film patterns with micro/nano structured topographies.
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In this dissertation, we have presented three different applications of the micro/nanostructured
surfaces produced through the above techniques. In Chapters 4 and 5, we have reported the
patterning and structuring strategies of gold thin films, and further built them into high-surface-
area electrodes and stretchable electrodes on elastomer substrates. These micro/nanostructured
electrodes have been found to exhibit over 665% enhancement in the electroactive surface area
over the electrode footprint, high device-to-device reproducibility and robustness. In Chapter 4,
we characterized micro/nanostructured gold surfaces of thicknesses ranging from 20 to 200 nm,
and further added nanostructures through electrodeposition of gold to further increase electrode
surface area. Due to the field enhancement effect from the tips of the wrinkled films,
electrodeposition was greatly improved, and the devices with electrodeposited structures exhibited
increased electroactive surface areas of up to 1000% compared to flat electrodes. The
electrochemical analysis has proved that the structured electrodes exhibit properties that mimic
those of electrodes fabricated on traditional substrates, high device-to-device reproducibility, and
linearity in sensing of redox-active species. Such structured surfaces could provide an attractive
alternative for highly sensitive electrochemical devices.

In Chapter 5, we developed a technique to lift-off and transfer the micro/nanostructured gold
films onto elastomeric substrates. Lift-off was achieved through the addition of a sacrificial layer
before gold deposition, which was then dissolved after shrinking. As the lifted off films retained
the wrinkled morphologies after lift-off and transfer onto the elastomeric substrates, we explored
their use as stretchable electrodes. The structured gold films exhibited excellent stretching and
bending ability, contributed by the micro/nanostructures on gold surface which released tensile
stress by unfolding of the wrinkles and prevented crack propagation through the random

orientation of the wrinkles. We also demonstrated the electrochemical sensing ability of the
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stretchable electrodes through sensing of redox-active molecules with and without applied strain.
We anticipate that our strategy of flexible electrode fabrication could find use in flexible electronic
or sensing devices. The two cases presented in Chapters 4 and 5 have demonstrated that
micro/nanostructured gold electrodes are promising candidates for next generation of low-cost
electrochemical sensing devices for detecting various analytes such as toxic gas, biomolecules,
and cells.

To explore the possibility of using the thin film patterning and PS shrinking techniques for
other materials, we structured glassy thin films (SiO; and TiO;) and used them for cell culturing
studies. Wrinkled and buckled structures similar to those obtained with gold films were observed.
However, the glassy films started to crack at thicknesses > 20 nm due to the lower fracture
toughness of the materials compared to gold films. In Chapter 6, we presented the fabrication and
characterization of SiO, and TiO, micro/nanostructured films, as well as studied their effect on
murine fibroblast cell morphology. 100% relative viability of fibroblast cells was observed on both
structured and unstructured glassy films. Using fractal analysis, quantitative analysis of cell
morphology was performed. It was found that larger surface structure sizes contributed more to
the general cell shape, causing fibroblasts to elongate. On the other hand, cells grown on finer
structures with nanometer scales did not change the cell shape much, but the smaller topographies
were found to stimulate the growth of cellular protrusions, leading to more complex cell outlines.
The ability of the structured glassy films to selectively influence cell morphology could be used to
direct cell behaviour and enhance in vitro assays by mimicking the micro and nanostructured
components of the cellular microenvironment.**

The objective of the work presented in this dissertation has been to explore facile, rapid, and

inexpensive ways to fabricate micro/nanostructured surfaces, and to further build functional
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platforms and devices for biological and sensing applications. We believe that the thin film lift-off
and shape memory polymer shrinking approaches for making micro/nanostructured surfaces can
find applications in many other areas, and such techniques can be extended to structure other

materials of interest, such as polymers, nanocomposites, and alloys.

7.2 Future Outlook

With the increasing demand for understanding more complex biological phenomena as well
as the need for highly sensitive diagnostic techniques, micro and nanostructured materials will
play a preponderant role in the study of biomolecular interactions and the development of novel
sensing devices. Not only the ability to create more complex micro/nanostructures is important,
but also the ability to achieve this with low cost and high throughput. As has been shown in this
dissertation, polymer stencil lift-off and shape-memory polymer shrinking are two facile, robust
and versatile techniques that are easily adaptable for different systems. It is expected that in the
near future, these fabrication strategies will expand the range of biological systems that can be
studied and monitored in vitro, and further extend their application for patterning and structuring
many other materials.

There has been great interest in study biological systems under controlled environmental
conditions at micro/nano scales. In this manuscript, it has been shown that SLB pattern feature size
has an effect on phase separation at micro scale, and that the stacked gel phase domains register.
It can be foreseen that more research will be carried out either experimentally or theoretically how
to understand how confined area or physical boundary affect lipid diffusion and gel phase
formation. The SLB patterns should also be integrated into diagnostic platforms based on

membrane-binding analytes and drug screening systems that target membrane associated proteins.
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Reconstruction of tissue-like environments for in vitro cell culture and behaviour study has
been a popular research topic. We have shown that thermal shrinking induced
micro/nanotopography by itself changes fibroblast morphology. Further study of interest will be
to look into the substrate effect on other cellular properties (e.g. adhesion, migration, and
phenotypes, etc.) and potentially on stem cell differentiation. Moreover, by selectively integrating
proteins into the phase-segregated SLB micropatterns, this system can be modified into a platform
that can provide both dynamic and geometric properties to better mimic the extracellular matrix
for cell studies.

With the increasing demand for point-of-care devices, sensitive and inexpensive biosensing
platforms are of great interest. Our manuscripts have demonstrated the use of the simple polymer
shrinking technique for the fabrication of high-surface-area gold electrodes for electrochemical
sensing. Through further surface modification, the functionality of such electrode can be easily
tailored for specific species detection. The electrode lift-off and transfer techniques reported in this
dissertation have enabled fabrication of stretchable and flexible sensing platform. Such electrode
could then be integrated into microfluidic devices and further be development into functional
devices that is portable and disposable. In addition, the use of pre-stressed polymer shrinking
techniques have great potentials to structure various other thin film materials. Considering the ease
of fabrication and low material cost, we believe that it will find a wide range of applications in
photonics, tissue engineering, biodiagnostics, and electrochemical sensing.

As a final word, micro and nanotechnology has evolved for decades with numerous techniques
being developed, nowadays increasing attention has been placed on improving efficiency and

lowering the cost of fabrication. We believe that the thin film stencil lift-off and shape memory
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polymer shrinking techniques are attractive tools to add into micro/nanofabrication toolbox, for

their easy accessibility and versatility.
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Appendix A Supplementary Figures for Chapter 2

Micropatterning of Phase-Segregated Supported Lipid Bilayers and Binary Lipid Phases through

Polymer Stencil Lift-Off
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Figure S1. FRAP analysis of homogeneous SLB patterns. (A) Fluorescence images of DOPC:DHPE-LR (99:0.1) SLB
pattern shows the center of a circular area being bleached, and the fluorescence recovery over time. (B) The selection
of regions of interest are shown for simFRAP analysis using ImageJ software. Area 1 indicates the bleached area, area
2 is the “cell” around the bleached area and area 3 is the reference section used to correct for bleaching. (C) Typical
output of the the simFRAP plugin, which gives information of the normalized intensity of the bleached area that is

used to calculate the diffusion coefficient. All the images were acquired at the same magnification.
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Figure S2. FRAP test of homogeneous DSPC SLB patterns. The DSPC:DHPE-OG (99:1) patterns did not recover
after photobleaching at room temperature (picture taken 5 minutes after bleaching). Both images were acquired at the

same magnification.
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Figure S3. Diffusion coefficients extracted from FRAP measurements on SLBs formed on different substrates. The
substrates tested were bare clean SiO, wafers, wafers where Parylene coating was deposited and then lifted off
(Under Parylene), wafers where features were etched into the Parylene and the SLB was formed in the openings
before (Etched) and after the UV/O;+base cleaning (Etched+Clean), and wafers where the lift-off was performed in
buffer containing BSA (Etched+Clean+BSA). The key observations in these experiments were: (1) SLBs formed in
the substrates after etching only showed diminished mobility, (2) the UV/Os+base cleaning removed any polymer
residue and afforded SLBs with high mobility, comparable to that of piranha cleaned SiO, substrates (SiO,), (3) the
mobility at the center and edge of the patterned features is statistically equal, and (4) using BSA during lift-off does

not alter the bilayer mobility. Statistical significance evaluated through ANOVA: ****p<0.0001.
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Without BSA With BSA

Figure S4. Evaluation of the effect of BSA blocking treatment during polymer lift-off on pattern fidelity.

0 hr

3 hr

6 hr

12 hr

24 hr

Epifluorescence images show homogeneous DOPC:DHPE-LR (99: 0.1) SLB patterns without (left two columns) and
with BSA treatment (right two columns) during lift-off. The SLB patterns were imaged immediately after lift-off, and
at 3, 6, 12, and 24 hr after lift-off. It can be seen that without the BSA blocking treatment, the lipid spreads at the
edges of the patterned features, while this does not occur when BSA is used. Thus, the BSA blocking treatment during
lift-off produces faithful pattern transfer and prevents feature shape degradation due to bilayer spreading. All the

images were acquired at the same magnification using the same acquiring settings.
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Figure S5. BSA binding on the substrate after polymer lift-off. Epifluorescence images of both Rhodamine and FITC

channels were taken for homogeneous DOPC:DHPE-LR (99:0.1) SLB patterns without (left) and with (right)
fluorescein labeled BSA used in the blocking treatment. Increased fluorescein intensity in the FITC channel was
observed on area outside of the patterns containing the SLBs. The images for same channel were acquired at the same

magnification using the same acquisition settings.
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Figure S6. Epifluorescence images show homogeneous DOPC:DHPE-LR (99:1) SLB patterns of various shapes and
sizes produced through the polymer stencil lift-off technique using BSA blocking treatment. All images were obtained

at the same magnification.
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Figure S7. Qualitative bleaching tests of phase-segregating DOPC:DSPC SLB bilayers: (A) Quick fluorescence

recovery was observed on DOPC:DSPC:DHPE-LR (49.5:49.5:1) SLBs formed on piranha-cleaned SiO, wafers; (B)
No fluorescence recovery was observed on patterned SLBs with the same composition in substrates where there was

no UV/Oj; and base treatment after patterning. All the images were acquired at the same magnification.
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Figure S8. Scanning electron micrographs of SiO, wafers after Parylene film was patterned and lifted off. (A)
Patterned features were visible with SEM. (B) Image obtained within the etched openings show some residual

Parylene.
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10 mM 100 mM

Figure S9. Epifluorescence images showing the phase-segregating SLB (DOPC:DSPC:DHPE-LR) patterns on

1 min

5 min

10 min

substrates cleaned with a range of UV/Oj; cleaning times (1-10 min) and NaOH concentrations (0.01-1 M).
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Figure S10. Diffusion coefficients for the lower leaflet of SLBs formed on different substrates were extracted from
FRAP measurements performed in the presence of 100 mM CoCl,. The substrates tested were bare clean SiO,
wafers, and wafers where features were etched into the Parylene and the SLB was formed in the openings before
(Etched) and after the UV/Os+base cleaning (Etched+Clean). The key observations in these experiments were: (1)
The lower leaflet of SLBs formed in the substrates after etching only showed diminished mobility, (2) the
UV/Os+base cleaning removed any polymer residue and afforded SLBs where the lower leaflet mobility was
comparable to that of piranha cleaned SiO, substrates (SiO,). Statistical significance evaluated through ANOVA:

#p<0.05.
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Figure S11. Epifluorescence images showing the cooling effect on phase segregation of patterned

DOPC:DSPC:DHPE-LR (49.5:49.5:1) SLBs. Larger gel phase domains were formed when the SLBs were cooled
down slowly (B) than when cooled down fast (A). Rapid recovery was observed 5 minutes after bleaching for both
cooling conditions, demonstrating that both bilayers were mobile. All the images were acquired at the same

magnification.
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Figure S12. Qualitative fluorescence recovery after bleaching test on binary lipid bilayer patterns with DSPC (green)
and DOPC (red) using DHPC-OG and DHPE-LR fluorescent probes, respectively. Overlay image is shown to

demonstrate the perfect registration of the two lipid phases. All images were obtained at the same magnification.
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10 um

Figure S13. Epifluorescence images of spontaneously phase-segregating SLBs (DOPC:DSPC:DHPE-LR) after the

binary lipid bilayers patterns were heated up to 60 °C and cooled down. Both images taken at the same magnification.
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Appendix B Supplementary Figures for Chapter 3

Multi-Stacked Supported Lipid Micropatterning through Polymer Stencil Lift-Off

First Second Third Fourth
Bilayer Bilayer Bilayer Bilayer

1NN
4
1

Figure S1 Fluorescence recovery after photobleaching (FRAP) test for four homogeneous bilayer stack SLB

Bleached

Recovery

micropatterns. Epifluoresence images of each layer were taken before photobleaching, after photobleaching

and after partial fluorescence recovery. All images were acquired at the same magnification.
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Initial Bleach Recovery Recovery
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Figure S2 Epifluorescence images of fluorescence recovery after photobleaching (FRAP) test for a two-bilayer
SLB stack composed of a phase-segregated bilayer (red labeled with DHPE-LR) deposited on a homogeneous
bilayer (green labeled with DHPE-OG). Epifluoresence images of each layer were taken before

photobleaching, after photobleaching and after partial fluorescence recovery.
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Appendix C Supplementary Figures for Chapter 4

Bench top fabrication of hierarchically structured high surface area electrodes

P 7
MCMASTER SEI 2.0kV X300 WD 9.5mm 10um

Supplemental Figure 1. Scanning electron microscopy image depicting tearing of gold film at

pattern edges after vinyl lift-off. Tearing was more evident in thick gold films (100-200 nm).
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Supplemental Figure 2. Sample SEM images of pristine and shrunken gold films reveal a striking
difference in surface structuring. Images were taken from devices coated with 100 nm thick gold

films.
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Supplemental Figure 3. The contact angle for water droplets placed on the polystyrene (PS) and
gold films before (BS) and after shrinking (AS) was measured to assess the change in surface
wettability due surface structuring. The contact angles were measured for all gold film thicknesses
in four different areas on three different devices. Error bars represent standard deviations of the

measurements (n > 36).
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Supplemental Figure 4. Comparison of the performance of devices fabricated on polystyrene and

glass substrates. (a) Representative devices (and their shrunken counterparts) designed for

electrochemical measurements. From left to right: device layout as fabricated on polystyrene

substrate, polystyrene device with area masked by self-adhesive vinyl film, glass device with area

masked by vinyl film. (b) Comparison of the cyclic voltammograms obtained from glass and

unshrunken polystyrene devices (200 nm gold film) immersed in 0.1 M H,SO4. (¢) Comparison of

the cyclic voltammograms obtained from glass and unshrunken polystyrene devices (200 nm gold

film) immersed in 0.1 M KCl solution containing 2 mM K4Fe(CN)g. (d) Comparison of the cyclic

voltammograms obtained from three different unshrunken polystyrene devices (200 nm gold film)
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immersed in 0.1 M KCI solution containing 2 mM K4Fe(CN)g. The polystyrene devices show high

device-to-device reproducibility.
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Supplemental Figure 5. Sheet resistance measured using the van der Pauw method for devices
fabricated on polystyrene substrates before and after shrinking. Film thickness reported is the
nominal film thickness measured during gold sputtering. Error bars represent the standard

deviation of measurements performed on three different devices (n > 9).
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Supplemental Figure 6. Effect of change in HAuCl, concentration on electrodeposition rate at -200 and -300 mV.

Increase in charge transfer correlates with faster deposition rate.
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Appendix D Supplementary Figures for Chapter 5

Highly Bendable and Stretchable Gold Electrodes Based on Micro/Nanostructured Films for

Flexible Sensors and Electronics

Figure S1. Comparison of the surface morphology for wrinkled gold films fabricated with an intermediate
photoresist layer of various thicknesses. Scanning electron microscopy images of 200 nm Au films

fabricated using with photoresist thicknesses ranging from 100 nm to 1800 nm.

191



Ph.D. Thesis - Yujie Zhu; McMaster University - Chemistry Department Appendix

0.100 0.100

E 2500 & E 20

% 80 2 0.8
60 0.6
40 + 0.44

20 4 0.2 ,—X—‘

T T T T 0.0 T T T T

Planar Au  Wrinkled Au Wrinkled Au Wrinkled Au Planar Au  Wrinkled Au Wrinkled Au Wrinkled Au
before lift-off onSiO,  on PDMS before lift-off onSiO,  on PDMS

Figure S2. Characterization of the surface roughness for mirco/nanostructured gold films was carried out
by white light interferometry microscopy. Typical interferometry topographical images and line profiles
are shown for (a) 200 nm thick gold film before shrinking (planar), (b) after shrinking (wrinkled), and (c)
after being transferred onto a silicon wafer. The line of the profile is discontinuous because of missing data
points form areas that scattered light. Comparison of (d) RMS roughness and (e) peak to valley (PV) ranges
for planar gold films, structured gold films before lift off, and after transfer to SiO, and PDMS substrates.

Error bars represent the standard deviation of measurements performed on replicate films (n ~ 4).
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Figure S3. Resistance measurements were performed for 200 nm gold films deposited directly on PDMS
(a) and Ecoflex (b). Even without stretching, the films were not conductive. (¢) The SEM image reveals
that the planar gold cracks easily across the whole film on PDMS. Gold-coated Ecoflex surface is very
rough and also presents cracks, which leads to the discontinuity and lack of conductivity of the gold film.

Both images were obtained at the same magnification.
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Figure S4. The stretchability of 50, 100, 150 and 200 nm-thick structured gold electrodes was compared

on PDMS substrate. (a) Relative resistance change measurements over 0 to 100% strain show similar trends

for electrodes of all thicknesses, indicating that the stretchability is independent of film thickness. Photos

show the setup used for comparable resistance measurements at 0% strain (b) and 50% strain (c).
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Figure S5. Scanning electron microscopy images show that a 200 nm-thick lifted-off structured gold film
displays similar structures on both the top and bottom sides of the film. Closer examination reveals that
photoresist or polystyrene residue on the bottom side of the film, which led to a lower electroactive surface

area than that for the top side of the film.
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Appendix E Supplementary Figures for Chapter 6

Micro/nanostructured Si0, and TiO, Films Fabricated through Polymer Shrinking

as Tunable Topography Substrates for Cell Studies

I 3

2 25
N@ox Size)

i T

UNox Size)

Fig. S1 Illustration of box counting method for fractal analysis of cell area (top row) and boundary (bottom

row). The images show a fibroblast grown 2 nm structured SiO, surface.
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Fig. S2 SEM images of micro/nanostructured SiO, and TiO, surfaces of 1, 2, 5, 10, 20, 50, and 100 nm

thicknesses shrunk at 160 °C.
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Fig. S3 Surface roughness characterized by RMS of the structured (a) SiO2 and (b) TiO2 of different film

thicknesses at 115°C and 160°C.
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Fig. S4 AFM images of structured 2 nm SiO; (left) and TiO, (right) thin films
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