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Lay Abstract

Wrinkling is a phenomenon often seen in real life, such as on the skin of a dried plum or
human. It is possible to fabricate such wrinkles through having a stiff thin film adhered to
an elastic foundation and compressing the foundation. The wrinkles are useful for
fabrication of stretchable electrodes as their structure allows the film to stretch without
breaking through unfolding. Here, we fabricated stretchable electrodes by transferring such
wrinkled structures onto elastic foundation. These stretchable electrodes are shown to be
able to detect the concentration of glucose in solution even when stretched. These
electrodes are important for creating wearable devices that can monitor glucose levels or
other substance continuously. Wrinkles also work as part of hierarchical structure which
are helpful for trapping air beneath droplets of fluids. Here we incorporate wrinkles with
nanoparticles which helps to make surfaces repellent to both water and oil. Such a function
is important for self-cleaning surfaces and can also be used for patterning of surfaces for

selective deposition of fluid.



Abstract

The buckling of stiff film on a substrate had been of great interest as this response happen
spontaneously and is self-organizing. This provides an unconventional, scalable and easy
way to fabrication surfaces with tunable structures from the range of nanometers to
micrometers. We optimized a process to fabricate stretchable electrodes by transferring
wrinkled gold onto elastomer. We tested their electrochemical sensing functionality
through detection of glucose concentration with or without strain. Results showed that the
stretchable electrodes provide high sensitivity for the detection of glucose (860 = 60
HA/mM.cm?), comparable to electrodes before transfer. The current detected was also
consistent under strain. Investigation of the resistance indicates that the electrode
configuration under strain is important as current running parallel to direction of strain is
much more affected under tension. We also developed a fast and facile process to fabricate
surfaces that consisted of wrinkles and nanoparticles. Using such surfaces, we tested the
omniphobicity effect of hierarchical structures consisting of wrinkles and nanoparticles.
Results show that all the fluorinated structured surfaces were hydrophobic, ranging from
water contact angle of 125° for wrinkled surfaces to 155° for hierarchical surfaces. The
surfaces that were either wrinkled or decorated with nanoparticles were oleophilic with low
hexadecane contact angles (~26° and ~55° respectively). The combination of both
structures achieved oleophobicity of more than 110°. The effectiveness of nanoparticles for

low surface tension liquid were due to its re-entrant like structure. The omniphobic surfaces



were also shown to be repellent to blood (>135°), making it a potential material for use

medical devices.
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Chapter 1

Wrinkles

1.1 Introduction

Wrinkles, folds and creases can be seen commonly in daily life, on human skins, in the
folds of flowers and earth terrains. They are the physical manifestation of responses to the
elastic instabilities caused by strain in different systems. As these buckling responses are
spontaneous and self-organizing, the creation of wrinkles, folds and creases are easily

manufactured on surfaces 1.

With exploration into the field of nanomaterials/nanoscience, there have been an increase
in comprehension of the unique physical impact of systems of such length scale. These
systems are often referred to as the meso-scale systems where structures have dimensions
larger than ~2-20 nm but smaller than ~1-50 um &7, With reduced sizes, there is an increase
in specific interfacial effect and finite size effects and these effects can be used to control
the optical, electrical and magnetic properties of systems 8. Some examples of such effects
are quantized excitation °, single-electron tunneling *° and near field optical behavior 2. It
had also been reported that nanoscopic surface areas caused by pores in electrodes increase
currents associated with kinetic-controlled electrochemical events 2. Hence, the fabrication

of systems with structures of such sizes is of great interest in many different fields.
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Many of the conventional fabrication techniques are capable of fabricating detailed
structures. Even so, they have their limitations. Photolithography is a widely used technique
that is scalable with high throughput. lon beam lithography, while having better resolution
than photolithography, is limited by its low throughput as a serial technique °. Both
techniques also require various specialised equipment. The use of moulding, while cost-
effective and high throughput, requires the initial purchase or fabrication of the mould. This

makes most of the conventional techniques expensive or unsuitable for rapid prototyping.

Even though buckling responses are mostly limited to rippled and wrinkled structures, the
ability to rapidly achieve features with sizes ranging from nanometers to micrometers -1
through a simple process has great potential as an unconventional fabrication technique in
many fields. The importance of making use of such technique for rapid prototyping cannot

be understated as it allows a new idea or a new product to be more efficiently introduced

into the market through reduction of the time and cost required for testing.

The study of wrinkles was initially motivated by it being a response that was to be avoided
in sandwich panels 6. However, it was later found to be a useful phenomenon for formation
of structures from nanometers to micrometers for numerous applications. In literature,
wrinkling had been reported as a viable way to determine elastic moduli of thin films 1718,
to improve electrochemical sensing 1°?! and photovoltaic efficiency 2, to create surfaces
that are hydrophobic 32326 or has changeable wetting 2/, stretchable electrodes 334,

transistors 3 or photovoltaic 3¢, biointerfaces with alignment of cells 3" and many others.

As shown, wrinkling had been studied and applied to various applications but there are still
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areas where studies have been lacking. This work will focus on two areas of applications,

stretchable electrochemical sensing and omniphobicity.

1.2 Objective of thesis

Objective 1:

In these two areas, the first objective is to design and develop a rapid and cost-effective
procedure to create wrinkles that are easily functionalised. To keep the processes cost-
effective and compatible with rapid prototyping, the processes shall be done on bench-top
without the use of expensive specialised instruments, shall not take more than a few days

and reasonably scalable in that more than ten samples can be created in one go.

Objective 2:

The second objective is to assess the functionalized wrinkles’ viability in the two areas of
stretchable electrochemical sensing and omniphobicity by measuring their performance.
For stretchable electrodes, there are several performance categories: sensitivity, linearity
and robustness. For omniphobicity, there are several performance categories: contact angle,

sliding angle and robustness. In this work, robustness will not be examined.

Obijective 3:

The third and final objective is to look at the feasibility of the devices created through the
processes for more applications through tests for specific type of stretchable

electrochemical sensing and omniphobicity.
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1.3 Motivation
Both stretchable electrochemical sensing and omniphobicity were chosen for the studies as
they are areas where their applications are in high demand and in-depth studies could

provide useful improved insights.

1.3.1 Stretchable electrode for glucose detection

Diabetes is a chronic disease which had reached epidemic proportions 3. Continuous
glucose monitoring has been used for type 1 diabetes by an invasive device, an indwelling
catheter inserted into the subcutis . The creation of a less invasive glucose monitoring
device, or of any other less invasive monitoring device, is paramount to the patient’s quality
of life. Other than electrochemical sensing through blood, it had been reported that sweat
glucose is correlated to blood glucose level *°, which provides another pathway for glucose

or other chemical monitoring through the patient’s perspiration.

To achieve these, an electrode needs to conform to the surface of the skin “°, a property
fundamental to stretchable materials. Stretchable electrodes had been developed either
through the modifying the materials’ intrinsic property or the materials’ extrinsic structure
4142 One major method of using intrinsic property is by embedding conductive components
into stretchable medium (S/n 1 to 4 of Table 1.1). In general, such a strategy has a major
drawback where the conductivity decreases with applied strain #*. Their performance can
be improved in combination with modification of the materials’ extrinsic structure using

geometries such as wrinkles, coils, sponges and meshes (S/n 5 to 8 of Table 1.1). As shown
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in the tabulated data, extrinsic structures are more effective in increasing the performance
of material at high strain. Specifically, wrinkled structure had exceptionally high
performance of up to 400% strain as it allow unfolding under stretching, minimizing breaks

and maintaining conductivity even at high strain.

Table 1.1: Examples of stretchable materials and the approximate strain they can withstand.

S/n | Description Withstands | Ref

1 Silver and platinum nanoparticles on reduced grapheme | 35% strain 43
oxide sheets embedded into nitrile butadiene rubber.

2 Silver nanowires screen printed on substrate and embedded | 50% strain a4
onto polydimethylsiloxane (PDMS) film.

3 lon gel printed on graphene and transferred onto rubber | 5% strain 45
substrate.

4 Carbon nanotube with silver nanoparticles were soaked | 90% strain 46
into sponges.

5 Reduced graphene oxide coated onto expanded polyacrylic | 400% strain | 4/
ester substrate which is then cooled, forming wrinkles.

6 Boron-doped silicon nanowire coils formed by buckling on | 104% strain | 48
ultraviolet-ozone (UVO) treated pre-strained PDMS
substrate.

7 Coating of metal thin film onto functionalized porous | 100% strain | 4°
polyurethane sponges which is also filled with PDMS.

8 Graphene grown through chemical vapour deposition onto | 5% strain >0
copper mesh and copper removed. Mesh was then
transferred onto PDMS substrate.

There had been several stretchable electrodes proposed for glucose sensing (Table 1.1). As
seen, only one of the detection methods is non-enzymatic. There are advantages in using
non-enzymatic sensors %*: stability (enzymes are affected by temperature, pH and humidity),

simplicity (enzyme immobilization involves complex and reproducibility issues) and no
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limitation from oxygen (lack of oxygen negatively affect most enzyme electrodes). Some
issues of non-enzymatic sensors are °: low current/sensitivity through glucose oxidation

due to slow kinetics and interference of signals from adsorptive species on electrode.

As the electrooxidation of glucose is a kinetically controlled electrochemical events °2,
nanoscopic surface areas due to wrinkles can help to increase currents detection. Wrinkles
had already been shown to increase both electrochemical signal *' and analytical sensitivity
%53 with 2.93 increase of non-enzymatic glucose detection sensitivity for wrinkled gold
compared to flat gold surfaces *. The interference of signal were also overcome through

cleaning steps using pulsed amperometry detection %,

These indicated that wrinkled gold electrode will work well as a stretchable electrode for
electrochemical sensing. Hence, it is valuable to determine how well wrinkled electrodes

work for electrochemical sensing under strain.
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Table 1.2: Summary of stretchable electrodes tested for detection of glucose concentration.
Description Fabrication Strain | Solution | Method Sensitivity | Range Ref
(mM)

Au/Cr and chlorinated silver | Photolithography, electron beam | - Neutral CA 2.3 pA/mM | 0.05-0.2 54
electrodes  with  parylene | evaporation/disposition, acetone Enzymatic
insulating layer on PET lift-off, oxygen plasma etching
CNT on patterned gold | Vacuum filtration with mask, | 30% Neutral CA 10.89 pA | 0.05-0.3 5
nanosheets with chlorinated | spin coating, layer by layer Non- /mMcm?
silver nanowires on PDMS masked self-assembly of CNT enzymatic
Au/Cr and graphene electrodes | Thermal evaporation, | ~30% | Neutral CA 1 pA/mM 0.01-0.7 5
on PDMS photolithography, wet etching, Enzymatic

chemical vapour deposition
Ag/AgCI ink tattoo Screen-printing with purchased | - Neutral CA 23 pA/mM | 0.01-0.1 5

framed stencils Enzymatic
Au/Ti electrodes with graphene | Electron beam evaporator using | - Neutral CA 2.5 pA/mM | 0.1-10 58
adhered on silk substrate nickel mask, chemical vapour Enzymatic

deposition, wet etching
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1.3.2 Omniphobic surface through hierarchical structures

Hydrophobicity and oleophobicity lead to surfaces with self-cleaning %%, anti-icing 662
and anti-fouling %3®* properties. These surfaces are useful for various parts of aircrafts,
marine vessels, automobile and medical devices because of such properties. In particular,
omniphobic surfaces show repellence towards blood %, which will be important for point
of care devices that requires transfer of such fluid. Point of care is a growing market,
expecting to reach US$36.96 billion in 2021 . Hence, there are significant industrial and
academic interest in advancing such surfaces (examples of surfaces proposed are tabulated

in Table 1.3).

To achieve high hydrophobicity, it had been shown repeatedly that a rough texture is
necessary 28671 As an example, water contact angle increased from 113° for smooth to
172° for hierarchical structures (S/n 19 of Table 1.3). For oleophobicity, hierarchical
structures also work better than smooth or single scale texture. In the same study,
hexadecane contact angle improved from 67° for smooth to 153° for hierarchical structures.
To improve stability of the contact angle, the importance of re-entrant properties (convex

structures such as the cavity single-scale structure of Table 1.3) was also introduced %72,

Fabrication for such hierarchical or re-entrant structures includes oxygen reactive ion
etching, chemical vapour deposition, electrospinning, imprinting and photolithography.
The ease and scalability of creating wrinkles through spontaneous buckling makes it a

competitive fabrication method for engineering hierarchical structures in the length scale
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necessary for omniphobicity. Previous paper had reported only on the use of wrinkles
(formed from buckling) for hydrophobic surfaces (highlighted in Table 1.3) (highest water
contact angle achieved: 172° 2). The effect of these surfaces to lower surface tension liquid
is important. For example, blood has a surface tension of approximately 55 mJ/m? ™ and
biofouling of oceanographic sensors from oil ”°. There were also few studies (S/n 7, 19 and
20 of Table 1.3) focusing on combination of structures. In addition to fabrication, the use
of polymer (e.g. availability of biocompatible polystyrene thermoplastic “®) as substrates
and materials for wrinkles is a more versatile option than some of the structures using metal

and fabrics.

In this thesis, the potential of using wrinkles as the foundation for the creation of structures
for omniphobicity was studied. It will provide insights into the type of hierarchical
structures useful for creating omniphobic surface, which is important for repellence of

complex liquid, such as blood.
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Table 1.3: Summary of studies on hydrophabicity, oleophobicity or omniphobicity of different surfaces. (&:contact angle, 6a: advancing
contact angle, 6r: receding contact angle, «: sliding angle)

S/n | Description of structure Structure Liquid % 0, o, a Ref

1 Spin coating of Fluorodecyl polyhedral oligomeric | Smooth Water - 128° 116° - 8
silsesquioxane’’ blend onto surfaces. Hexadecane | - 82° 74° -

2 Isophorone  diisocyanate and aminopropyl- | Smooth Water - 106° 65° - &
terminated PDMS polymer brushes on PDMS.

3 Glass hydrophilized by alkaline treatment, and | Smooth Water ~96° 102° 93.9° 28.7° 8
treated with either decyl-group precursors spin Hexadecane | ~28° ~30° ~27° -
coated on the substrate

4 Electrospinning polystyrene, fibre-like (um). Single scale | Water 168° - - 2.7° 81

(fibre)

5 | PVA crystallized into honeycomb structure. Micro- | Single scale | Water 133.6° - - <3.6° 82
cavity structures (um) fabricated. (cavity) Hexadecane | 94.8° - - -

6 | Graphene adhered to PDMS by etching off from | Smooth Water 105° - - - 25
wafer and wrinkled on pre-strained elastomer. Single scale | Water 152° - - -

(wrinkles)

7 Silica nanoparticles (nm) on oxygen plasma treated | Smooth Water 112+2° | ~112° | ~82° Pinned 28
uniaxial rippled PDMS (um) (pre-strained). | Single scale | Water 124+3° | ~140° | ~95° 37+6°
Contact angle measured in direction along ripples. | (ripples)

Single scale | Water 128+3° | ~142° | ~80° 58+7°
(particles)
Hierarchical | Water 150+2° | ~150° |~138° | 16+1°

10
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S/n | Description of structure Structure Liquid 0 0, o, a Ref

8 Grooves (nm) (imprinted) on wrinkles (um) | Hierarchical | Water ~157° 162° - <5° 26
(swelled poly(2-hydroxyethyl methacrylate)). (wrinkles)

9 Nanowrinkles on microwrinkles on polystyrene | Hierarchical | Water 166+2° 166+2° | 150£2° | 12.5° 3
(oxygen reactive ion etching). (wrinkles)

10 | Microchannels with wrinkled micropillars on | Hierarchical | Water 162+2° | - - 1° 8
polystyrene (oxygen reactive ion etching). (wrinkles)

11 | PA-CVD of carbon coating forming wrinkles (nm) | Hierarchical | Water 160° - - - 24
on prepatterned PDMS pillars (um). (wrinkles)

12 | Teflon AF wrinkles on polyolefin (pre-strained) Hierarchical | Water 172° 175° 172° <5° 23

(wrinkled
branches)

13 | Electrodeposition of polymer with fluorinated tails | Hierarchical | Water 158° - - 3° 84
for “wrinkled” (more like rough surfaces than | (semi
wrinkles) surface with spherical structures. wrinkles) Hexadecane | 101° - - -

14 | Fractal-like templated silicon oxide layer (nm-um) | Hierarchical | Hexadecane | 154+2° - - 7+1° &
on macroporous steel meshes.

15 | Coating of clay particles (~1-15 um) with fluoro | Hierarchical | Water 155° - - - 8
solution onto glass slides. Surfaces was rubbed Olive oil 151° - - -
gently.

16 | Silica TLC plate (8-22 um) surface coated with | Hierarchical | Water 156° - - <10° 87

Perylene diimide treated silica nanoparticles
(40nm).

11




M.A.Sc. Thesis — Y. Chan

McMaster University — Engineering Physics

S/n | Description of structure Structure Liquid 0 0, o, a Ref
17 | Multifaceted alumina nanowire forest through | Hierarchical | Water 170° - - <1° 88
electrochemical etching/anodizing. Hexadecane | 153.2° - - 3°
18 | Fractal-like network of soot created by candle | Hierarchical | Water 165+1° |- - 1+ 89
flame coated with silica shell (hm to pm) Hexadecane | 156 £ 1° | - - +
19 | Ultrathin metal films deposited on glass surface and | Smooth Water 113+£3° |- - - %
etched into nano-pillars (nm). Secondary structures Hexadecane | 67 £ 2° - - -
(nm- pm) deposited by nanospray combustion | Single scale | Water 144 + 4° | - - -
chemical vapour deposition process. (nanopillars) | Hexadecane | 104 +3° | - - -
Hierarchical | Water 165+£3° |- - <3°
(branching) Hexadecane | 150 + 3° | - - <6°
Hierarchical | Water 172 +4° | - - <3°
(pillars & | Hexadecane | 153 +3° | - - <6°
branching)
20 | Electrospun surfaces from fluorodecyl POSS | Single scale | Water - >160° | >160° |- 2
molecules blended with PMMA to create beads | (beads) Hexadecane | - 156° 150° ~5°
(um), beads-on-strings (nm- pm) and fibre (um) | Single scale | Water - >160° | >160° | -
structure. Micro-hoodoo (cavity like) re-entrant | (fibre) Hexadecane | - 153° 134° -
surfaces (3-20 pum) from photolithography. Single scale | Water - >160° | ~160° | -
(cavity) Octane - 162° 144° -
Hierarchical | Water - >160° | >160° |-
(beads on | Hexadecane | - 153° 141° -
strings)
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S/n | Description of structure Structure Liquid 0 0, o, a Ref
21 | PDDA layer, silica nanoparticles layer and other | - Water 163+£1° |- - 2+1° o
chemical sprayed onto glass (using spray gun).
Optical micrographs are unclear on structures, Hexadecane | 157 + 1° | - N 4+1°
AFM seems to suggest hierarchical.
22 | Silica nanoparticles mixed in methylphenyl | - Water 170 £ 2° |- - 1+1° 92
silicone resin and dip coated onto poly(ethylene
terephthalate) substrate. AFM unclear on structure. Hexadecane | 153 £2° | - - 4£1°
23 | Small with thick and long silicone nanofilaments | - (strings) Water 173.1° - - 1.3° 9
stacked into 4 um thick layer on glass. No SEM for Hexadecane | 174.4° - - 2°

the specific conditions listed for the contact angles.
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1.4 Background

1.4.1 Various methods for creating wrinkles

One of the earliest techniques used for fabrication of wrinkles is the deposition of metal
films onto thermally expanded PDMS . The deposition of a stiff film onto a substrate and
subsequent compression of the substrate causes the stiff film to buckle into wrinkles to
relieve the compressive stress. There are generally two strategies used for creating such
stiff films on a substrate, deposition of a secondary layer on the substrate or modification

of the surface of the substrate.

There are various methods to deposit secondary layers onto substrates, ranging from the
conventional sputtering or transfer of metal/film onto pre-strained PDMS %7, spin-coating
of conducting polymer or Teflon onto thermo-retractable/pre-strained polystyrene sheet
2337 to electroless deposition of gold onto pre-strained polystyrene °. Examples of
modification of the surfaces of substrate are the use of oxygen reactive etching of pre-
strained polystyrene 3, oxygen plasma treatment of pre-strained PDMS 3, UVO treatment
of pre-strained PDMS #>% argon ion beam treatment on PDMS % or UVO treatment of

polystyrene with swelling induced compression 7.

In this thesis, a technique from each strategy was used, electroless deposition of gold onto
pre-strained polystyrene ** and UVO treatment of pre-strained polystyrene. UVO treatment
was reported to increase the cross-linking between polymer chains, increasing the elastic

modulus with longer treatment time *. Surprisingly, to the best of the author’s knowledge,
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UVO treatment has yet been reported to be used on pre-strained polystyrene in literature
for the fabrication of wrinkled substrate. Both methods do not require expensive specialised

equipment and can be done rapidly.

Pre-strained polystyrene has the advantage of being widely and cheaply available. It also
provides a high strain in two dimensions through a simple thermal treatment. The
polystyrene used in this thesis will shrink approximately 60% in two dimensions when

heated to approximately 140°C for a few minutes.

In the following section, a common model for describing the buckling of film relevant to
this work will be introduced, showing the importance of having increased elastic modulus

(through metal film or UVO treatment) and constant strain.

1.4.2 Buckling of film into wrinkles

The wrinkling studied in this thesis uses compressive wrinkling as oppose to tension-
induced wrinkling. Such systems involve thin films bonded to substrates. The stiffness
differential between the film and substrate leads to buckling of the surface into wrinkles
after compression (Figure 1.1). A commonly used model for low strain uniaxial buckling
of a film in sinusoidal pattern provides several well-known equations. These equations are
solution to a system with compressive force on the elastic film on an elastic substrate with
shear stresses between the film and substrate neglected %. The system can be described by
a differential equation, the classical equation for bending of a stiff film on complaint

substrate, with sinusoidal deflection as valid solution %1%,
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Thin film Compression
:\ — —
Substrate

Figure 1.1: lllustration of the buckling process.
Solving for the wavelength that minimized force with respect to wavelength, the expected

wavelength is 99100

( Efilm JUS
A=2xd| =" 1)

substrate

where E=E/ (1—v2) is the plain-strain modulus and V is the Poisson’s ratio.

Using the critical stress (applied force at critical point divided by cross-sectional area of

film) 1%, the critical strain required for the film to buckle is *°,

E 2/3
&, 1 M : 2)
4 Efilm

Using the difference between applied strain and critical strain, the amplitude of the buckles

is approximated by 1%,

A:d(i—lj , 3)

&
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Another analytical method is based on minimizing the total energy of the film and substrate
101 and provides the same results. These equations assisted in understanding wrinkles in
many literature #192-194 However, these equations are shown to be valid only to strain of

up to approximately 5% 19,

The random buckling of a substrate experiencing much higher strain is more complex. For
UVO treated pre-strained PDMS, it was suggested that the amplitude will saturate at a
certain strain and this will cause the wrinkled surface to act as a thicker and stiffer film for
subsequent repeated buckling 1°. From the scanning electron microscope (SEM) image of
3 min UVO treated and shrunken polystyrene, the subsequent buckling may be referring to
the boundaries of the wrinkles as indicated by the arrows (Figure 1.2). In our samples, there

are clearly more than one or two generations of wrinkles.

Figure 1.2: SEM of shrunken 3 min UVO treated pre-strain polystyrene. White arrows indicate
the boundaries showing folds. Scale bar is 1 um.

To study large strain, another set of equations are suggested based on geometrical
nonlinearity and nonlinear constitutive model 1%. This results in a model with wavelength

given as 1%,
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A= A (4)
(1+e)(1+&)”

where /4, is the wavelength given by the previous set of equations and & =5¢(1+¢)/32

and

A= ol (5)

where A, issimilarly given by the previous set of equations. These set of equations suggest

that wavelength and amplitude decreases as strain increases which is consistent with
experimental results of buckled silicon structures on pre-strain PDMS %, This is different
from the first set of equations which predicted that wavelength only depends on modulus

and Poisson’s ratio.

From these theoretical equations, it is clear that by introducing a layer of controlled stiffness
on the surface of pre-strain polystyrene and a consistent strain via thermal shrinking,
buckling can be induced, and wrinkles of consistent dimensions can be formed on the
polystyrene substrates. After fabrication of the wrinkles, the devices were tested for their
performance through different characterisation techniques. The techniques are described in

the following sections.

1.4.3 Electrochemical sensing
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Electrochemical sensing is the detection of the flow of electrons during reduction and
oxidation in a solution. The presence of certain analyte in the solution will result in
oxidation or reduction given the right conditions, changing the current which can be

measured. This provides a method to determine the concentration of said analyte.

The usual set-up for electrochemical sensing is an electrochemical cell, which includes a
working electrode, reference electrode, counter electrode, electrolyte solution and
potientostat. The working electrode is where the analyte chemical reaction of interest
happens. A potentiostat is fixed to the working electrode, providing it with selected applied
potential difference to the reference electrode. As the reaction of interest happens at the
working electrode, it is important for it to be clean. Hence, it is usually polished before use
to remove unwanted species 1%, This can be done electrochemically through sulphuric acid
cyclic voltammetry (CV) scans %, As some analyte adsorb on the surface during

measurements, causing interference, cleaning steps can be required between measurements

107

The reference electrode provides a stable and known potential which applied potential for
the other electrodes can be based upon %, In this work, a common reference electrode, the
Ag/AgCl electrode, was used. Pseudo reference electrodes are sometimes used when macro
electrodes are not suitable. These electrodes can be simple metal wires and one major
difference with usual reference electrodes is that they do not have a potential that is

independent of the electrolyte 1°°,
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The counter electrode serves to complete the circuit through the solvent, allowing current
to flow from working electrode. The size of the counter electrode is usually bigger than the
working electrode, to ensure that its kinetics of reaction will not affect those at working

electrode 177,

The solvent used should dissolve the analyte and the electrolyte, and be stable in the
potential range under study . The analyte will receive or transfer electrons at the
electrodes while the electrolyte, used to decrease the resistance of solution, balances the

charges being moved.

After setting up an electrochemical cell, one important characteristic of the working
electrode is the electroactive surface area, also known as the real surface area. As the
surface of the electrode is not always smooth, the actual electrochemically active area can
surpass the geometric area *°. As electrochemical activities occur on surface active areas,
it is important to monitor the electroactive surface area during changing conditions in

experiments.

For a gold working electrode, the electroactive surface area can be determined by sulphuric
acid CV scans. A positive sweep of potential will result in formation of gold oxide layer,
with anodic peaks relating to various oxidation reactions ! (at ~1-1.4V with reference to

Ag/AgCI °3):

Au+H,0 —> AuOH +H" +e”
AUOH — AuO+H" +e”

(6)
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The return sweep results in a cathodic peak due to the reduction of the oxide layer (at ~1-
0.8V with reference to Ag/AgCl *3). The charge involved in this process was approximated
to be 0.386 mC/cm? *2, By integrating the cathodic peak, considering the baseline, the

electroactive surface area can be estimated using the approximated charge.

Finally, the sensitivity of the electrodes for detection of glucose concentration can be
examined. For non-enzymatic glucose sensors, signal is generated by directly oxidizing
glucose on the surfaces of the electrodes. It was believed that the metal will form a metal
oxide layer, which forms surface bound OH radicals, which can oxidize reactants near the
surface, such as glucose 3. As the reduction potential of oxygen is more positive than
glucose oxidation, a potential can be chosen to minimize this issue 3. With the right
potential, which can be determined via cyclic voltammetry through observation of the
appropriate glucose oxidation peak, amperometric measurement can be used to record
signals for different glucose concentration. By fitting a linear line through the current

measured for different concentration, the sensitivity (slope) can be determined.

1.4.4 Sheet resistance

Resistivity p (Qcm), is described as the ratio of electric field, E (Vcm™) to current

density, J (Acm) '* In this work, the resistivity of the strained wrinkled electrodes is an
important performance indicator as it provides a way to predict the current density that
could be detected with an input electric field, which is relevant to electrochemical sensing.

While resistivity is the property of interest, resistance is the quantity to be determined first.
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The standard way to determine resistance is by measuring the voltage drop between two
points by running a known current though the electrodes. This is usually inaccurate as it
includes the voltage drop due to contact resistances at the probes. Even though the reported
contact resistances of gold, the material used in this work is low, in the range of milliohms
> for accuracy, the measurements in this work were done via 4-point probe technique
(Figure 1.3). This technique makes use of the assumption that if the current is injected
through separate probes from the voltage probes, there will be no voltage drop through the
voltage probes. This assumption will hold if the impedance of the voltage probe can be
considered to be infinite.

Current
A

Voltage
. v
Sample

Figure 1.3: lllustration of a 4 point probe set-up.

Now that the resistance can be measured accurately, the resistivity or sheet resistance of
the material can be determined. For a thin film, sheet resistance, is proportionate to
resistivity, and is a more common performance indicator than resistivity. As the thickness
of the gold film used in this work was approximately 50nm *, sheet resistance will be used.
When the ratio of the thickness of the gold film (~nm) to the spacing between the probes
(~mm) is much less than one, the gold film can be assumed to be an 2D sheet ''*. With

probes placed on the edge of the sample, it can be considered to be the case of a semi-
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infinite 2D sheet and a well-known correction factor can be used to determine the sheet

resistance from the measured resistance '*“,

— (7)

The sheet resistance measurements will assist in determining if the electrochemical sensing
results are reasonable and reliable. Other than electrochemical sensing and resistance
measurements, the other important characterisation done is this work was for

omniphobicity.

1.4.5 Omniphobic characterisation

Omniphobicity is the study of the wettability of surfaces, specifically examination of the
ability of surfaces to repel both low and high surface tension liquid. Characterisation of
such surfaces starts from examining the behaviour of a sessile droplet placed on the surface.
Such experiments are done generally through commercial goniometer, which provides a
liquid dispensing unit, movable sample table, backlight for the droplet and a charge-

coupled device camera with a software that does curve-fitting on the profile of the droplet.

On an ideal smooth surface, the droplet, as shown in Figure 1.4, will result in a static contact

angle (@) which depends on three interfacial surface tensions, solid liquid (y, ), solid

vapour (7, ) and liquid solid (5 ). The relationship between these three surface tensions

and the static contact angle is given by a well-known equation (Young’s relation) '*°,
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Ysv =¥y COSO+yg (8)

This relation indicates that low surface tension liquid will have lower contact angle, &, due

to smaller 6, .

Substrate

Figure 1.4: lllustration of vectors in a sessile droplet in relation to the Young’s relation. Adapted
[from paper 117.

There are several common performance categories for such surfaces '**. Depending on the
water contact angles, a surface is hydrophilic (& <90°) or hydrophobic (€ >90°).
Depending on contact angles of low surface tension liquids (oil, alcohol or organic solvent),
a surface is oleophilic ( @ <90°) or oleophobic ( 8 >90° ). Surfaces that are both
hydrophobic and oleophobic are consider omniphobic. In extreme cases, surfaces can be
categorized as super-repellent. With high water contact angles (& >150°) and low contact
angle hysteresis (usually <5°) ', the surfaces are considered to be superhydrophobic.
Similarly, for low surface tension liquids, if there are high contact angles and low contact
angle hysteresis, the surfaces can be referred to as superoleophobic '°. Surfaces that are
both superoleophobic and superhydrophobic are referred to as superomniphobic ' or

superamphiphobic .
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To achieve such repellent surfaces, the usual strategy is by having textured surfaces. For
non-textured surface, the maximum reported contact angle is approximately 130° 1*°, which
was achieved through having a low surface free energy coating *?%. To go beyond such
limitations, studies 251 have shown the viability of textured surfaces. The two popular
and widely used models describing the behaviour of sessile droplets on such textured
surfaces are the Wenzel model % and Cassie model %°. Wenzel model describes scenario
where the droplet fully wetted the surface of the textured surface while Cassie model
describes scenario where there is non-wetted area of contact between the droplet and

textured surface (Figure 1.5).

" @
Figure 1.5: lllustration of a droplet on textured surfaces. a) Wetted contact between a droplet and

a textured surface in the Wenzel regime. b) Non-wetted contact between a droplet and a textured
surface in the Cassie regime.

The Wenzel relation for estimating the static contact angle, 6,,, for the wetted stated is °,
cos6, =rcosé , 9

where r is the ratio of the actual surface area in contact with the droplet to the projected

surface area of the droplet. The equation indicates that with r >1 for a rough surface, when

6 >90°, 6, will be higher butwhen 6 <90°, 6, will be lower. Hence, the Wenzel regime
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accentuates hydrophobicity and hydrophilicity. This means that for low surface tension

liquid with 8 <90°, a high contact angle is still not possible.

However, not every scenario will have the droplets fully wetting the textured surfaces. For

the Cassie regime, the contact angle for a droplet, &, can be estimated as 19122
cosf, = f, cos@+ f, cosz = f, cosd— f, (10)

where fg is the ratio of the total area of solid-liquid interface to the projected area of the
dropand f,, is the ratio of the liquid-air interface to the projected area of the drop. Due to
the addition of the term f,, it is possible for even low surface tension liquid with low

Young’s relation contact angle, & <90°, to achieve a high contact angle, 6. >90°.

In addition to having single length scale textured surfaces, contact angle can also be

approximated for hierarchical structures by rewriting Cassie relation recursively 123,

cosf,, = (1— fivn)cos,,,—fi,, (11)

where N=1,2,3,... corresponding to the number of length scale of texture, with larger n

corresponding to larger length scale. This equation indicates that increasing the number of

length scale will increase the contact angle, cos@, , ***.

For droplets in the Cassie regime, when considering liquid of different surface tension, it

is also important to look at the local geometric texture. This is because the liquid is expected
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to form a contact line at the local structure equal to the angle based on Young’s relation 1°.
For a stable Cassie regime, the Young’s relation angle (&) must be higher than the local

contact angle (v ) 1%°. Hence, it is to be noted that a convex structure, also known as the re-

entrant texture 1%, is much better for low surface tension liquid (Figure 1.6).

a) b)

Figure 1.6: lllustration of interaction between a droplet and local texture. a) A concave structure
(w >90°) with a high surface tension liquid (& >90°). b) A convex structure (y <90°) with a

low surface tension liquid (& < 90°). Adapted from paper *°.

Other than contact angle, as mentioned earlier, contact angle hysteresis (6, —6; as shown

in Figure 1.7) is part of characterisation of superhydrophobicity or superoleophobicity.
However, for self-cleaning surfaces, the property of interest is the adhesion of the droplet
on the surfaces, which relates to sliding or rolling-off angle. Hence, in this work, the sliding
angle will be measured instead of contact angle hysteresis. Regardless, it is useful to note
that contact angle hysteresis was shown to be well correlated to rolling-off or sliding angle

124

for droplets in Cassie regime ““* and is an indicator of the changes in liquid solid interfacial

tension due to the different condition when droplet is advancing compared to when receding

124

Sliding angle, «, is the tilt angle when the droplet starts sliding and directly shows the

adhesiveness of the surface. A higher sliding angle means higher adhesiveness. The sliding
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angle is dependent on the gravity (mgsin« ) and the friction ( f ) due to the adhesiveness

of the surface (Figure 1.7).

Figure 1.7: lllustration of droplet on a tiled surface with an angle « .
1.5 Thesis overview
Chapter 2 reports a process to create stretchable electrodes by transferring wrinkled gold
electrodes onto elastic substrates. The electrochemical sensing area of the electrodes were
quantified and compared to electrodes pre-transfer. The electrodes are tested with glucose
to show the applicability for electrochemical sensing with and without strain. The resistivity
of the electrodes was studied under strain to provide understanding of the electrochemical

sensing behaviour.

Chapter 3 reports a process that can be used to create surfaces with different types of
structures: nano-structures, micro-structures or both. The wrinkles are decorated with
nanoparticles to achieve hierarchical structures. The different surfaces are tested for water,

oil and blood repellence

The final chapter summarises the conclusions in chapter 2 and 3, elaborates on the

contributions of this thesis and introduces some future work that can be done.
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Chapter 2

Stretchable electrodes

2.1 Chapter introduction
This chapter detailed the fabrication of stretchable wrinkled gold electrodes. The electrodes
were used for electrochemical sensing under strain and tested for specifically for detection

of glucose concentration. The various objectives for the thesis are addressed here.

Obijective 1: Here, a process that takes less than three days to create stretchable electrodes
are introduced. More than ten samples can also be done using the process in one batch.
Specifically, the process includes electroless deposition of gold on polystyrene, thermal
treatment to induce wrinkles, curing of elastomer (Ecoflex) onto the samples and the
dissolution of polystyrene. It is entirely solution based, requiring only the use of bench-top
craft cutter, air plasma cleaner, heat plate and oven. The process allows us to fabricate good
quality wrinkled electrodes on elastomer in a few days. Such easy and fast procedures are

valuable for rapid prototyping of devices.

Objective 2: The stretchable electrode’s viability towards electrochemical sensing under
strain was considered. To increase the robustness of the stretchable electrode, aminosilane
was used to provide improved adhesion between the Ecoflex and the wrinkled gold surface.
Based on the CV scans of the electrodes and polystyrene and Ecoflex, the transfer process

had not affected the electroactive surface area significantly. The sensitivity of the
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stretchable electrode to glucose was determined, using pulsed amperometric detection
using conventional Ag/AgCI reference electrode. The current measured had good linearity
of from 0.1 to 10 mM glucose concentration. The sensitivity was 860 pA/mM.cm?, which
is approximately 8% larger than wrinkled and nanoporous gold electrodes previously
reported °3. It was also shown that electroactive surface area remained consistent up to a
45% strain. These show that the electrodes fabricated is feasible for stretchable

electrochemical sensing.

Obijective 3: In this work, it was also shown that the stretchable electrodes are viable as a
glucose sensing device. An on-chip electrochemical cell was fabricated, using a pseudo-
reference electrode, which brings it closer to an applicable device. The sensitivity towards
glucose was measured to be 730 + 80 pA/mM.cm?, which is a comparable value to external
reference electrode. For strain, the current was measured for 5 mM of glucose. It slightly
increased up to 25% strain and stayed consistent up to 45%. The resistance measurements
are consistent was the electrochemical measurements. It showed that when the strain is
perpendicular to the current, similar with the electrochemical set-up, the resistance
decreases gradually when strain increases, concurring with the increase in current
measurements for 5 mM of glucose. In addition, when the strain is parallel to the current,
the resistance is constant up to 30%. Both the electrochemical sensing and resistance
measurement demonstrated the potential of the fabricated electrodes for use as skin-tight

electrochemical glucose sensing device.
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As reproduced from the preface, this paper consisted of contributions by Marta Skreta and
Hannah McPhee, Sudip Saha and Ryan Deus who, with inputs from the author, assisted
with: (a) refinement of the electrode transfer process initiated by the author, (b) collection
of electrochemistry and resistivity data, and (c) providing written preliminary analysis of
electrochemistry and resistivity data. Strain set up and surface characterisation was done
by the author. Overall analysis and presentation of data was adjusted and revised by the
author. Manuscript was written mainly by the author. Dr. Soleymani assisted with helpful

suggestions and revision of the manuscript.

Paper is submitted to Analyst (published by Royal Society of Chemistry) on 22 Aug 2018,

under revision
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2.2 Abstract

Wearable biosensors are critical for enabling real-time and continuous health monitoring
and disease management. Conductors that retain their conductivity under strain are an
essential building block of these systems. Strategies based on stretchable materials or
structures have enabled the development of electrodes that can withstand impressive strains
before loss of conductivity. In spite of this, it remains challenging to develop three-
dimensional and high surface area electrodes that combine stretchability with high
analytical sensitivity. Here, we develop stretchable electrochemical biosensors using
solution-processed wrinkled gold electrodes. Wrinkling enhances the surface area of the
electrodes and allows glucose to be detected with a sensitivity of 860 pA/M.cm2.
Furthermore, wrinkling enables electrodes to be strained by up to 100% without significant

loss in conductivity.
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2.3 Introduction

Wearable biosensors are envisioned to improve human health by enabling continuous
disease management and real-time health monitoring 2. Stretchable conductors are a key
building block in constructing the transducing elements 3 or the interconnects %2 of
biosensing systems. Specially-designed materials or structures ®° are used to create
electrodes that preserve their conductivity upon stretching. Stretchable materials are created
by combining conductive elastomers with networks of conducting building blocks such as
silver nanoparticles 1! or nanowires 2, graphene 3, or carbon nanotubes 4. These materials
have moderate conductivity under strain as the contact between their conductive building
blocks diminishes °. Stretchable structures are created based on geometries such as wrinkles
15 coils °, sponges 17, and meshes 8, which allow the conductor to unfold or deform under
strain. These structures enable high conductivity materials to be incorporated in a

stretchable framework and maintain conductivity by minimizing breaks.

Wrinkled films are created when a compliant substrate modified with a stiff skin
experiences compressive stress or the removal of tensile stress. The wrinkled geometry
allows the applied strain to be relieved through unfolding and alignment of the wrinkles.
As a result, stretchable electrodes, withstanding strains of up to 400% are created using
conductive wrinkles %2 Additionally, the micro/nanoscale features of the wrinkled films
22,23 of

significantly increase the electrochemical signal ?* and analytical sensitivity

chemical and biological sensors.
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The combination of enhanced analytical performance and stretchability makes wrinkled
electrodes ideally suited for use in wearable sensors. Our goal was to develop stretchable
biosensing electrodes with a wrinkled architecture using a facile, yet scalable, fabrication
method. Solution-processed electrodes, where the precursors or building blocks of the
conductive film are dispersed in a solvent removed during processing, offer great promise
for this purpose. Solution-processing eliminates the need for vacuum-based equipment
operated in cleanrooms and it is also applicable to large-area and high-volume

manufacturing using roll-to-roll processes 4,

2.4 Results and discussion

2.4.1 Fabrication of stretchable wrinkled electrodes using solution-processing

To create wrinkled electrodes on stretchable substrates, we fabricated solution-processed
wrinkled electrodes 232 on the surface of pre-strained polystyrene and transferred them to
stretchable elastomers "?°, Pre-strained polystyrene shrinks when it is heated above its glass
transition temperature 26. When the surface of pre-strained polystyrene is modified with a
stiff skin, the compressive stress imposed on the skin layer causes it to crumple, leading to
the creation of wrinkled films 2. To create wrinkled electrodes on stretchable substrates,
we used the process schematically demonstrated in Figure 2.1(a). We defined the electrode
pattern using a vinyl mask adhered onto a pre-strained polystyrene substrate modified with
an aminosilane linker. We then deposited a gold nanoparticle seed layer on the polystyrene
surface by leveraging on its electrostatic interactions with the linker layer. We created a

continuous gold film on the seed layer using electroless deposition. Following heat
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shrinking, a wrinkled gold film was created on the shrunk polystyrene substrate (Figure
2.1(b)); however, this substrate was rigid and not applicable to stretchable biosensors. To
transfer the electrodes to a stretchable substrate, we poured Ecoflex, a silicone elastomer,
onto the wrinkled electrodes, and dissolved the polystyrene substrate after the Ecoflex had
cured 7. This transferred the wrinkled electrodes from rigid polystyrene to stretchable

Ecoflex.

We compared the sheet resistance of the electroless deposited gold on polystyrene to the
transferred gold on Ecoflex (Figure 2.1(b)). The sheet resistance of gold on polystyrene is

28 \whereas the

0.33 + 0.03 Q/o, and is comparable to a previously reported value
transferred wrinkled gold has a higher value. This higher resistance in the transferred film
is expected since the transfer process introduces breaks into the previously continuous film
due to the swelling of the Ecoflex during solvent processes "?°. The value obtained here is

lower than the previously reported resistance for stretchable wrinkled gold electrodes (85

+3Q/n).”

To understand the structural differences between the wrinkled films created on polystyrene
and those transferred to Ecoflex, we performed top-view and cross-sectional imaging using
electron microscopy. The top-view scanning electron microscope (SEM) images showed
that wrinkles on the surface of Ecoflex are significantly smaller in wavelength than those
on polystyrene (Figure 2.1(c)). To further examine this structural difference, we performed
cross-sectional transmission electron microscopy (TEM) on the wrinkles positioned on

Ecoflex and polystyrene (Figure 2.1(c)-inset). We observe that the wrinkled gold film is
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rooted in the polystyrene substrate, interfaced with polystyrene on the bottom side and with
air on the top side. When the wrinkled film is transferred from polystyrene to Ecoflex, the
side of the wrinkles interfaced with polystyrene becomes the top-most surface. We
hypothesize that when the gold film is compressed on the polystyrene substrate, it is easier
for the crests, surrounded by air, to overlap one another forming folds while the troughs,
embedded in polystyrene, rarely overlap. As a result, the surface of the wrinkled film on
polystyrene is dominated by large folds, whereas, the surface of the wrinkled film on
Ecoflex is dominated by small troughs, leading to the significant structural difference

observed in these two materials architectures.
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Figure 2.1. Fabrication of solution-processed electrodes on stretchable substrates. (a) Schematic
of fabrication process for wrinkled electrodes on Ecoflex. (b) Sheet resistances of wrinkled gold
film on polystyrene and Ecoflex. (c) Scanning electron microscope images of wrinkled film
before (left) and after (right) transfer from polystyrene to Ecoflex (scale bars are 10 um). Insets
show the transmission electron microscope images of the cross-section of the wrinkled film (scale
bars are 1 um).

2.4.2 Enzyme-free glucose sensing and electrode sensitivity

Following the successful fabrication of solution-processed wrinkled gold electrodes on
stretchable substrates, we investigated the suitability of these electrodes for electrochemical
sensing. We analyzed their electrochemical surface area using cyclic voltammetry (CV)
and their ability to oxidize glucose using chronoamperometry. Lastly, we compared their
performance with the wrinkled gold electrodes fabricated on polystyrene (Figure 2.2). The
CV of the gold electrodes recorded in an acidic solution demonstrated the expected redox
signature for gold (Figure 2.2(a)). For wrinkled electrodes before and after transfer to the
stretchable substrate, oxidation of gold occurred between +1.0 and +1.5 V in the forward
scan. In the reverse scan, the characteristic reduction peak of gold oxide occurred at
approximately +0.8 V. Additionally, transferring the wrinkled gold layer from polystyrene
to Ecoflex did not significantly vary the electroactive surface area (< 5 % variation). These
results indicate that the transfer process allows the electrical and electrochemical properties

of gold to be preserved.

We investigated whether it would be possible to use the wrinkled electrodes created here

for developing biosensors. We used pulsed amperometric detection (PAD) to monitor the
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concentration of glucose in the clinically-relevant range of 1-10 mM 2°%, PAD is ideally-
suited for use in wearable biosensing systems because it offers built-in surface cleaning
3132 and extends the linear range of the biosensors 23, This method uses a multistep potential
waveform (Figure 2.2(b), (c)) for anodic cleaning (+0.80 V), cathodic regeneration (-0.60
V), and detection of glucose (0.27 V) 23313, The current obtained following the detection
pulse was averaged and plotted as a function of glucose concentration (Figure 2.2(d)). We
compared the performance of the polystyrene and Ecoflex electrodes for enzyme-free
oxidation of glucose by comparing their sensitivities. To calculate the sensitivity, the slope
of each curve was taken and adjusted for the geometric surface area. It was found that the
polystyrene and Ecoflex electrodes had sensitivities of 710 and 860 pA/mM.cm?
respectively (Figure 2.2(e)). The enhanced sensitivity of the Ecoflex electrode is related to
the reduction in the geometric surface area following the transfer process (Figure 2.2(e)).
The solvent steps used for dissolving polystyrene swell and shrink the Ecoflex layer "%,
which decrease the two-dimensional footprint of the gold electrode. The sensitivity of the
Ecoflex electrodes is slightly (~8%) larger than the wrinkled and nanoporous gold
electrodes previously reported for enzyme-free glucose biosensors made from gold Z. This
demonstrates that fabricating wrinkled gold electrodes by solution-processing and

materials transfer leads to stretchable biosensors with excellent analytical performance.
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Figure 2.2. Electrochemistry using solution-processed wrinkled electrodes on stretchable
substrates. (a) Cyclic voltammogram of polystyrene (dash) and Ecoflex electrodes (solid) in 0.05
M H2SO; at a scan rate of 0.05 V/s versus a Ag/AgCl reference electrode. The electrode is
illustrated in inset: (I) contact pad, (I1) insulated gold wire, and (111) working electrode surface.
(b) A multi-step potential waveform was applied to the working electrode for detecting glucose.
The portion marked A indicates the first step of the waveform (anodic cleaning), the portion
marked B indicates the second step of the waveform (cathodic regeneration), and the portion C
indicates the third step (analyte detection). (c) Pulsed amperometric signal of the wrinkled gold
electrode. During the first three pulses (indicated by arrows), 1 mM KCI was added to ensure
signal stability. Each signal thereafter was generated by adding 1 mM glucose. (d) Calibration
curve plotting current as a function of glucose concentration for polystyrene (triangle) and
Ecoflex (circle) electrodes. The current was extracted from the first 5 seconds of the C pulse in
the pulsed amperometric signal. All error bars represent one standard deviation. (e) Table
summarizing the analytical sensitivity and geometric surface area for each class of electrode.

2.4.3 Electrochemistry under strain

To assess the performance of the stretchable electrodes, we sought to measure their
electrochemical current under strain. For this purpose, we created an on-chip

electrochemical cell, where the working, counter, and reference electrodes were integrated
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on a single substrate 28, Using this setup, the electrochemical response of the electrodes was
measured, directly in the electrolyte, while different amounts of strain were applied to the
substrate (Figure 2.3(a)). The performance of on-chip electrochemical cell was evaluated
by performing CV in 0.05 M sulfuric acid (Figure 2.3(b)). The CV showed the expected
redox signature of gold in acidic solutions with a broad peak related to the oxidation of
gold and a sharp peak indicating the reduction of gold oxide. However, the peak potentials
were shifted compared to the response observed when a conventional off-chip reference
electrode was used (Figure 2.2(a)). This is expected as the electrochemical potential for the
gold pseudo-reference electrode is different from the potential of the conventional Ag/AgCl
electrode 34, We also evaluated the on-chip electrochemical cell in detecting glucose using
the PAD method used with the single electrode chips (Figure 2.3(c)). The sensitivity of the
on-chip electrochemical cell in response to glucose is 730 + 80 uA/mM.cm?, which is
comparable to the values obtained with polystyrene and Ecoflex electrodes. This indicates
that using on-chip reference and counter electrodes does not significantly affect the

observed electrochemical behaviour.

To evaluate the ability of the glucose sensor to operate under strain, we measured the
electroactive surface area of the working electrode under different strain values (Figure
2.3(d)). The electroactive surface area did not change significantly as strain was increased
or decreased. We then tested the ability of the on-chip electrochemical cells to detect 5 mM
of glucose under strain (Figure 2.3(e)). As the strain was increased, the electrochemical

current showed an increasing trend up to a strain of 25%, after which the current remained
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constant. This increasing trend was different from the behaviour observed in previous

studies, where applying strain decreases or does not change the measured current ’°,
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Figure 2.3. Electrochemical responses for on-chip electrochemical cell. (a) Illustration of the
setup used for measuring electrochemical response under strain (strain direction indicated by blue
arrows). (b) Cyclic voltammogram obtained using the on-chip electrochemical cell in 0.05 M
H.SO, at a scan rate of 0.1 V/s versus Ag/AgCI. (c) Calibration curve plotting current measured
as a function of glucose concentration for on-chip electrochemical cell prior to stretching. (d)
Electroactive surface area of the working electrode integrated on the on-chip electrochemical cell
under strain. (e) Current measured as a function of strain for the glucose concentration of 5 mM
glucose for on-chip electrochemical cell.
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2.4.4 Resistance under strain

To understand the increasing current trend observed with small strains (< 25%), we
investigated the sheet resistance and micro/nanostructure of the electrodes under strain.
The resistance was measured using two different setups (Figure 2.4(a)). In the first setup,
we placed the current measuring probes such that the current path was perpendicular to the
direction of stretching. This measurement setup reflected the strain-current direction during
the electrochemistry scans. In the second setup, the current path was designed to be parallel
to the direction of stretching. In the perpendicular setup, the gold film was able to be
strained up to 100% before failure and showed a consistently decreasing resistance as the
strain was increased. In the parallel setup, the electrodes showed a stable resistance until
approximately 30% strain was applied. After this threshold, the resistance increased until

the electrodes were no longer conducting at a strain of 100%.

This significant difference in electrical characteristics when current flows perpendicular or
parallel to the direction of strain was previously reported. Applying strain causes cracks to
appear in the direction perpendicular to the strain 3%, which was also observed in SEM
images obtained under strain (Figure 2.4(b)). In the case where the strain and current path
are parallel to each other, the propagation of cracks perpendicular to the current path
increases the current path length and the resultant resistance . This is not the case when
the current path is parallel to the direction of the cracks. Additionally, when the substrate
is strained, the wrinkles come into contact in the direction perpendicular to the strain (also

observed in Figure 2.4(b)) and decrease the measured resistance in this direction *’. This
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study demonstrates that the stretchable biosensors developed here work reliably up to a
strain of 100% or 30% when the sensor is strained perpendicular or parallel to the current
path respectively. This indicates that the design of electrode configuration, in addition to

electrode material, is of paramount importance when creating stretchable biosensing

platforms.
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Figure 2.4. Resistance study of stretchable electrodes. (a) Relative resistance of wrinkled gold
film on Ecoflex strained to failure and released. Direction of current measured is indicated by
double sided arrow (red) and strain direction is indicated by the two larger arrows (blue). (b) SEM
images of surface of gold film on Ecoflex under different strain. Direction of strain is indicated by
the white arrows. Scale bar is 100 pum.
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2.5 Conclusion

We demonstrated the fabrication of stretchable wrinkled electrodes for applying
electrochemical readout to wearable biosensing systems. Previous work showed that
wrinkled electrodes enhance the performance of biosensors by enhancing their analytical
sensitivity 23 and increasing their detectible electrochemical current . Here, we
demonstrate that it is possible to create stretchable wrinkled electrochemical biosensors
using a facile fabrication method based on solution-processing. It was found that
transferring the wrinkled electrodes from rigid substrates to stretchable elastomers does not
significantly alter their electrochemical behaviour, electroactive surface area, and analytical
sensitivity. The stretchable biosensor created here showed an analytical sensitivity of 860
HA/M.cm? for detecting glucose, which is amongst the highest reported using gold
electrodes 233, It is found that the sensor shows dramatically improved strain resilience
when it is stretched in a direction perpendicular to the current path compared to straining
parallel to the current direction. Finally, these highly sensitive wrinkled biosensors can be
strained by 100% in the direction perpendicular to the current path without significant loss

in conductivity.

2.6 Experimental section

Reagents. Potassium chloride (KCI, >99.0%), (3-Aminopropyl)triethoxysilane (99%),
Gold (I11) Chloride solution (99%) and Toluene (>99.5%) were purchased from Sigma-
Aldrich (Oakville, Ontario). Ethanol (anhydrous) was purchased from Commercial

Alchohols (Brampton, Ontario). Hydrogen Peroxide (30%) was purchased from Fisher
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Scientific. Sulfuric acid (H2SO4, 98%), dextrose (CH20H(CHOH)4CHO, >99%), and
acetone was purchased from Caledon (Georgetown, Ontario). Sodium hydroxide (NaOH,
1.0 M) was purchased from LabChem (Zelienople, PA). All reagents were of analytical

grade. Milli-Q grade water (18.2 MQ) was used to prepare all solutions.

Polystyrene substrates preparation. Polystyrene substrates were prepared as described
in a previous paper 23, with the silanization duration reduced to 2 hours. Vinyl was cut into
the designed shape using the Robo Pro CE5000- 40-CRP cutter (Graphtec America Inc.,
Irvine, CA). The Polystyrene substrates were covered with a vinyl mask, fixed on petri
dishes using double sided tape and submerged in a solution of gold nanoparticles overnight.
Gold nanoparticles were synthesized as described previously. *® The polystyrene substrates
were rinsed with water and dried. Electroless deposition, as described in previously 2%, was
done for 20 minutes on the polystyrene substrates. After removing vinyl masks, the
polystyrene substrates were placed in an oven (ED56 Binder, Tuttlingen, Germany) at

140°C for 5 minutes.

Electrodes transfer. The shrunken polystyrene substrates were submerged in animosilane
bath (10% (3-Aminopropyltriethoxysilane) for 2 hours. The aminosilane improved the
bond between the Ecoflex and wrinkled gold surface as it works as a molecular adhesive
40 Afterwards, the polystyrene substrates were rinsed and dried. Part A and part B of the
Ecoflex (Ecoflex 0030, Sooth-On, PA) were mixed in a 1:1 ratio as outlined by the
manufacturer. The mixture was poured over the polystyrene substrates and placed in a

desiccator for 10 minutes. After 4 hours of curing, the Ecoflex enveloped polystyrene were
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placed in the oven at 80°C for 2 hours, followed by 100°C for another hour. The Ecoflex
on the side of the electrodes was sliced off such that the polystyrene was exposed. The
electrodes were placed in an acetone bath at 75°C for approximately 30 minutes. The
electrodes were then rinsed and placed into a toluene bath at 65°C for approximately 15
minutes until all the polystyrene was dissolved. The electrodes were then placed on a glass

slide to air dry.

Electroactive surface area. Electroactive surface area for polystyrene and Ecoflex
electrodes were found by recording stable cycles of cyclic voltammetry in 0.05 M sulfuric
acid at 0.05V/s scan rate. It was assumed that a monoatomic layer of oxygen was
chemisorbed on the gold surface, and the amount of charge from the reduction of gold oxide
was calculated by integrating the peak *'. The resulting value was divided by the surface

charge density of gold (386 uC/cm?) to yield the electroactive surface area *2.

Electroactive surface area under strain. The on-chip electrochemical cells were strained
by 11.5% increments and 10 CV scans were measured in a 0.05 M sulfuric acid solution
between 0.7 V and +0.8 V at a scan rate of 0.1V/s. The same set of measurements were

taken after the strain was released.

Glucose sensing. The sensitivity experiments were performed using chronoamperometry
on the Reference 600 potentiostat (Gamry Instruments, Warminister, PA, USA). For
polystyrene and Ecoflex electrodes, glucose concentrations from 1 to 10 mM were

measured in a solution containing 0.1 M NaOH and 0.1 M KCI. Using pulsed amperometric
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detection, 0.8 V was applied to the electrode for 20 seconds for anodic cleaning, -0.6 V
was applied for 20 s for cathodic regeneration, and 0.27 V or 0.35 V for 60 seconds for
detection. Glucose was added in increments of 1 mM and mixed at 200 rpm on a shaker.
The shaker was stopped during each detection step. The measured current over the first 5
seconds of the detection step was averaged, standardized by the electrode geometric surface
area, and plotted as a function of the glucose concentration. The on-chip electrochemical
cells were strained by 11.5% increments and a cycle of pulsed amperometric detection was
performed. The same set of measurements were made while strain was released. The
sensitivity of the electrode was found by taking the slope of the current versus concentration

curve and dividing the slope by the geometric surface area.

Sheet resistance measurement. Sheet resistance was measured using the conventional
four-point probe method with a sourcemeter (Keithley 2410). Sheet resistance of the
material under strain was measured using the van der Pauw method with a square four-
point probe configuration. Sheet resistances was calculated by assuming the sample is an
infinite 2D sheet *® as the thickness of the gold film was estimated to be approximately 55

nm 2,

Surface characterisation. SEM imaging was performed on a JEOL 7000F microscope.

TEM imaging was performed on a JEOL 2010F microscope.
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Chapter 3

Omniphobicity

3.1 Chapter introduction

This chapter detailed the fabrication of surfaces with nano-structures, micro-structures and
a combination of both. The surfaces were tested for hydrophobicity, oleophobicity and for
specifically for hierarchical structures, water droplet sliding angle and repellence towards

blood. The various objectives for the thesis are addressed here.

Obijective 1: Here, a process that takes less than three days to create are introduced. More
than ten samples can also be done using the process in one batch. Specifically, the process
includes using 4 minutes UVO treatment on polystyrene, all-solution process for depositing
aminosilane, nanoparticles and fluorosilane onto the surfaces and thermal treatment for
shrinking. The UVO treatment on pre-strain polystyrene provides an easy way to create
wrinkled surfaces that can be easily functionalised through solution-based procedure.
Through the processes, surfaces that are micro-structured (wrinkles), nano-structured
(nanoparticles) and hierarchical structured (wrinkles with nanoparticles) were fabricated.
The nanoparticles used are 12 nm gold nanoparticles (AuNPs) and 22 nm silica

nanoparticles (SiNPs). The method provides easily controllable and achievable parameters.

Obijective 2: The various surfaces’ viability towards water and oil repellence were tested

through water and hexadecane contact angle measurements. The measured water and

55



M.A.Sc. Thesis — Y. Chan McMaster University — Engineering Physics

hexadecane contact angles are 125+4° and 26+7° (wrinkled surfaces), 132+2° and 69+6°
(AuNPs surfaces), 135+4° and 55+3° (SiNPs surfaces), 151+2° and 116+3° (wrinkled
AuUNPs surfaces) and 155+2° and 123+5° (wrinkled SiNPs surfaces) respectively. The
results demonstrated that the hierarchical structures did the best for both high and low
surface tension liquid. It also indicated that wrinkles are more oleophilic than nanoparticles
surfaces. The nanoparticles provide re-entrant texture and the wrinkles increase roughness.
In addition, the hierarchical surfaces also allow sliding of water droplet at 15+4° (wrinkled

AUNPs surfaces) and 8+7° (SiNPs surfaces).

Obijective 3: Lastly, the wrinkled AuNPs and wrinkled SiNPs surfaces were examined for
their blood repellence though contact angle (138+3° and 142+7° respectively) and adhesion
(reduction of ~90% compared to untreated polystyrene) tests. It was shown conclusively
that the omniphobic surfaces (wrinkles and nanoparticles) work well to reduce blood

adhesion, showing the potential of using such surfaces for medical devices.

As reproduced from the preface, the second paper consisted of contributions from Sara
Imani and Kenneth Rachwalski. Kenneth, with Sara, assisted with collection of data for
bacteria adhesion. Sara assisted with collection of data for contact angle measurements for
blood and adhesion for blood and bacteria. She also contributed in writing for the analysis
of these data. The writing of the rest of the manuscript was done by the author. Dr.

Soleymani assisted with helpful suggestions and revision of the manuscript.
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3.2 Abstract

Omniphobic surfaces are useful for applications that require repellence to either low or high
surface tension liquid. One such application is medical devices where resistance to fouling
by blood is important. A major strategy for achieving omniphobic surfaces is through
creation of hierarchical structures. One of the major challenges is finding a facile and
scalable fabrication method. Here, we proposed a procedure that made use of the
spontaneous and self-organizing buckling process together with all solution-based
depositions to create wrinkled surfaces decorated with nanoparticles. These surfaces

achieved the water contact angle of 155+2°, hexadecane contact angle of 123+5°. The

omniphobic surface demonstrated low adhesion to water (8 £+ 7° sliding angle) and blood.
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3.3 Introduction

Omniphobicity had been an intense subject of study to create surfaces that are self-cleaning
12 “anti-icing *>* and anti-fouling >®. These surfaces are important for applications such as
aircrafts, marine vessels, automobile, medical devices or microfluidic devices where water

and oil repellence are valuable properties.

In-depth studies had been done both experimentally and theoretically to show that a rough
surface texture is necessary to achieve high hydrophobicity "~*2 and it had been reported
that hierarchical structures with re-entrant texture are the ideal model for robust
omniphobic surfaces 134, In addition to hierarchical structures, another approach to achieve
enhanced repellency is through slippery liquid infused porous surfaces (SLIPS), which are
stable under high pressure and have extremely low adhesion with no dependence to surface
tension of liquid *>. However, because SLIPS depend on the infusing of lubricant into
porous substrate, continuous flow of fluid can wick away the capillary trapped lubricant
affecting its performance detrimentally. Such lubricant also blocks surface sites, reduce
biofunctionalization ability and increase difficulty for patterning surfaces for different
functionalities. As such, hierarchical structures with low surface energy coating are the

focus of our work.

The fabrication of such omniphobic artificial hierarchical surfaces are generally rather
complex 7. They range from the simpler emulsion templating 8, electrospinning onto
surfaces ° to the more complex electrochemical etching/anodizing ?°, reactive ion etching

2L or conventional photo-lithography °. The formation of wrinkles is a spontaneous process
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with features that can range from nanometres to micrometres 2224, which provides a
competitive alternative to the simpler methods. It also addresses one of the challenges for
commercialising omniphobic surfaces which is finding a fabrication method suitable for

large scale production 7.

Some of the highest contact angle values achieved for hierarchical structures are 172° for
water (nano-pillars and branching structures) 2* and 156° (fractal-like structures from soot)
25 or 174° (string-like structures) 2® for hexadecane. It was shown that structures improve
water contact angles measured along ripples in this sequence *2: flat (112°), micro-scale
uniaxial ripples (124°), nanoparticle film (128°) and nanoparticles on uniaxial ripples
(150°). These microscale ripples of approximately 2 um to 4 um wavelength, were formed
by release of 40% pre-strained polydimethylsiloxane. The compression of ultraviolet-ozone
(UVO) treated polystyrene by 60% strain in two dimensions generates more complex
morphology of wrinkles (0-1 um) mixed with folds. Compared to ripples, such complex
morphology is more analogous to fractal-like soot structure. In combination with
nanoparticles, it can be expected that this type of structures results in re-entrant textures

that are not only expected to be hydrophobic, but also oleophobic.

Due to the requirement of oil repellence for most applications, studies involving
oleophobicity of surfaces are becoming increasing important. In particular, blood has a

surface tension of approximately 55 mJ/m? 2

, and increasing oil leakage accidents can
cause marine biofouling of oceanographic sensors . Both relate to lower surface tension

liquid than water. However, for wrinkled structures formed via compression of substrates,
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previous papers had only focused on its impact on hydrophobicity 2%, achieving the high

water contact angle of 172° %,

In this work, we explored the wettability impact of micro-structures (wrinkles) and nano-
structures (nanoparticles) both separately and in combination. This provides relevant
insights for designing surfaces that are repellent to both water and other complex liquid.
Lastly, we tested the surfaces’ repellence to blood to show their potential for use in

applications relating to medical devices.

3.4 Results and discussion

3.4.1 Combination of wrinkles and nanoparticles for different surfaces

We designed processes (Figure 3.1) to create substrates decorated with micro-structures
(wrinkles), nano-structures (nanoparticles) and hierarchical structures (wrinkles with
nanoparticles) treated with fluorosilane coating. The fluorosilane is a common chemical
used for lowering surface energy *° which is a common method for increasing repellency

of surfaces.
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Figure 3.1.Schematic illustrating processes for fabrication of the different surfaces for contact
angle testing. (a) Processes for creating a wrinkled surface. (b) Processes for creating surfaces
with nanoparticles (b)(i-ii) Processes for creating wrinkled surfaces with nanoparticles.

The first step for creating micro-structures on surfaces consists of activating a pre-strained
polystyrene substrate through Ultraviolet-Ozone (UVO) treatment. After which, through
thermal treatment, the substrates were shrunk. The stiffness differential due to the UVO
treatment resulted in a buckling of the surface into wrinkles after compression. Using the
hydroxyl groups introduced to the surface due to the previous UVO treatment, fluorosilane

was covalently bonded onto the surface through hydrolysis and condensation reactions %.
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To create nanostructures on surfaces, the UVO treated substrates were coated with
aminosilane molecular linker layer. The layer allowed the deposition of 12 nm gold
nanoparticle (AuNPs) solution or 22 nm colloidal silica (SiNPs) as the amine terminus on
aminosilane had electrostatic interactions with the citrate surfactant of AuNPs 3" and the
negative surface charge of the SiNPs. An additional layer of aminosilane on the AuNPs
decorated substrates allowed deposition of the final layer of fluorosilane. For polystyrene
decorated with SiNPs, aminosilane was not required as the hydroxyl groups on the SiNPs

enable direct deposition of fluorosilane.

Finally, to create hierarchical structures, the fluorinated nanoparticles decorated substrates
were shrunk through thermal treatment. In addition to these surfaces, we also included non-
fluorinated surfaces with and without wrinkles: untreated polystyrene, shrunken
polystyrene and shrunken 4 min UVO treated polystyrene as a control group. These
morphologies were examined through scanning electron microscope (SEM) images (Figure
3.2 column 2). These images confirmed the fabrication of wrinkled surfaces (structures of
micrometre scale), nanoparticle surfaces (structures of nanometre scale) and wrinkled
surfaces with nanoparticles. Using these different surfaces, we investigated the effect of

having hierarchical structures on omniphobicity.
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Figure 3.2. Tabulated data listing SEM images and static contact angle measurements for different
liquid on various surfaces. The main SEM images’ scale bars are 1 pm and the insets’ scale bars

are 100 nm.
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The study of the wettability of a surface towards different liquid starts with the examination
of the contact angle of sessile droplets placed on the surface. An omniphobic surface would
demonstrate high contact angle (>90°) for both high surface tension (water) and low surface
tension liquid (hexadecane), known as hydrophobic and oleophobic surfaces respectively.
Previous literature involving wrinkles had achieved water contact angle of 172° 2°. For
wrinkled surfaces from buckling of surfaces, to the best of the author’s knowledge, there
was no studies on its repellence to oil. Other hierarchical structures, however, were able to
achieve 156° % or 174° 2 for hexadecane. There are limitations to some of the surfaces
proposed due to how the structures were engineered. Some examples are etching
(electrochemical % or reactive ion 2) to achieve nanopillars, photolithography ° or
templating using soot >3, The first two methods are complex, requiring precisely
controlled parameters, and the third, difficult to scale. Another example requires the use of
toluene 28, a solvent, which limits the use of polymer as a substrate. Some other surfaces
used spraying coating ** and dip coating “°. Our all-solution based and wrinkling method is
competitive with these, with its simple to control parameters. Here, we will first examine
the fabricated surfaces’ repellence to water and follow up with low surface tension liquid

and more complex liquid.

3.4.2 Assessment of hydrophobicity of surfaces

Static contact angle measurements were made for 5 pL droplets of milli-Q grade water
(surface tension of 72.75 mJ/m? #!) deposited onto the surfaces (Figure 3.2). The non-

fluorinated surfaces were shown to be hydrophilic with contact angles of approximately
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80°. Non-fluorinated wrinkled surfaces were hydrophobic, showing a contact angle (~100°)
higher than 90°. Based on the Wenzel model 8, for a fully wetted state between the droplet

and surface, the apparent contact angle can be estimated by &,

cosf, =rcosé , (12)

where I is the ratio of the actual surface area in contact with the droplet to the projected
surface area of the droplet and & is the contact angle based on Young’s relation. This
equation indicates that a rough surface, with fully wetted state, would result in a lower
Wenzel contact angle for & <90° and higher Wenzel contact angle for 8 >90°. Based on
this, as the non-fluorinate flat surfaces are hydrophilic (8 <90°), we can reasonably
assume that the water droplet on the wrinkled surface did not fully wet the surface and was

better described by the Cassie model °. The contact angle for a such a droplet, 6., can be

estimated as %1342,

cosf, = f, cos@+ f, cosz = f, cosd— f, (13)

where fg is the ratio of the total area of solid-liquid interface to the projected area of the
drop and f, is the ratio of the liquid-air interface to the projected area of the drop. This

enables prediction of a higher Cassie contact angle due to fraction of liquid-air interface

beneath the droplet regardless of the starting Young’s contact angle.

The fluorinated wrinkled surfaces had higher contact angle (~125°). This is explained by
the lowering of the surface free energy which results in a higher Young’s contact angle and
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leads to a higher Cassie contact angle. The surfaces with fluorinated nanoparticles had
similar repellence towards water (AuNPs: ~132°, SiNPs: ~135°). For closed packed
nanoparticles, the surface area in contact with the droplet can be approximated to be the
same for different sizes, similar with the roughness approximation done for the Wenzel
model of hemispherical close-packed model “3. This means that the contact angle should
not be affected regardless of the sizes of the nanoparticles. This was observed in previous
papers for close packed nanoparticles *4*°. The contact angle measured for the two surfaces
were within standard deviation, showing good consistency with expectation. Based on the
contact angle results, the nanoparticles (~132-135°) had higher repellency towards water

than wrinkles (~125°).

The combination of both micro- and nano-structures on the surface achieved
hydrophobicity of more than 150°. For hierarchical structures, the contact angle can be

approximated theoretically by rewriting Cassie relation recursively °,

cos6,, =(1-f, ,)cosd,,, — fiy, (14)

where n=1,2,3,... corresponding to the number of length scale of texture, with larger n

corresponding to larger length scale. This means that the contact angle is expected to
increase as the number of length scale increases 3. It had also been shown in a previous
study that multiscale roughness assists to improve the stability of solid-liquid-air interface
10, Here, we demonstrated that having a combination of both nanoscale and microscale

structures improved the hydrophobicity by approximately 20°.
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3.4.3 Assessment of oleophobicity of surfaces

For our surfaces, to test for oleophobicity, 5 uL droplets of hexadecane (surface tension of
27.76 mJ/m? 1) was deposited onto the surfaces and their static contact angles measured
(Figure 3.2 column 3). The non-fluorinated surfaces performed badly for hexadecane, with
contact angles that are too low to be accurately measured. This was as expected since the
Young’s relation predicts a smaller contact angle for lower surface tension liquid. The
inclusion of non-fluorinated wrinkles on surfaces also does not assist in making the surface
less oleophilic. Fluorinated wrinkles made the surface less oleophilic (~26°). This is similar

with the effect of fluorinated surface on water because of its lower surface energy.

The nanoparticles decorated surfaces resulted in a significantly higher contact angles
(AUNPs - ~69°, SINPs - ~55°). The AuNPs and SiNPs surfaces were more effective when
compared to wrinkled surfaces for improving the contact angle for hexadecane than water.
This could be explained by the re-entrant texture of nanoparticles compared to that of
wrinkles. The wrinkles were not effective for keeping lower surface tension liquid in the
Cassie state. In a Cassie state, when pockets of air are trapped beneath the droplet, the liquid
forms a three-phase contact line at the local structure (Figure 3.3a), where the local
geometric angle, w , becomes equal to the equilibrium contact angle, & , based on
Young’s relation 2. The structure of a wrinkle is similar with that of a concave texture
where the local geometric angle has a high value, y >90° . Previous studies had concluded
that concave structure does not support a stable Cassie state *3#’. For a stable Cassie state,

the Young’s contact angle must be higher than the local geometric angle ** and Young’s
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relation equilibrium contact angle decreases for lower surface tension liquid. When the
angle decreases to below the local geometric angle, the net traction on the liquid-air
interface is downwards due to capillary forces *°, which will lead to a fully wetted Wenzel
state. For local geometric angles of high values, such as for wrinkles, the surface tension of

the liquid needs to be high for a stable Cassie state.

The combination of both micro- and nano-structures on the surface achieved oleophobicity
(wrinkled AuNPs - ~116°, wrinkled SiNPs - ~123°). The addition of nanoparticles
decreased the limitation of the concave texture of the wrinkles, allowing better repellence
of lower surface tension liquid. In the meantime, having wrinkles also provided for a higher
fraction of air beneath the droplet. The results showed that the surfaces created are

omniphobic, with oleophobicity (>110°) and hydrophobicity (>150°).
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Figure 3.3. Study of omniphobicity of surfaces. (a) lllustration of the Cassie wetting of local
texture with indication of local geometric angle, 1, and the Young’s contact angle, & 2.

Adapted from paper 2. (b) Graphical data representing the wetting characteristic of different

surfaces for liquid with different surface tension through variation of ethanol content. The letters

It was previously shown that live B. subtilis biofilms provides a contact angle plateau (~135

to 145°) from 0 to 80% ethanol concentration compared to the relatively linear decrease

indicate the type of surfaces as tabulated in Figure 2.

(~135 to 60°) of an artificial replica *8. To expand on the hexadecane tests, the fluorinated

surfaces in this work were also tested with different ethanol content (Figure 3.3b). We
found that the best performing surface is the wrinkled AuNPs surfaces, which maintained
contact angle above 90° till 80% ethanol. The range of contact angle (~90 to 150° for

wrinkled nanoparticles surfaces) from 0 to 80% ethanol did not provide a contact angle
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plateau and followed a linear trend till 70%. Regardless, the wrinkled nanoparticles

surfaces did maintain phobicity (>90°) up to 70-80% ethanol.

The AuNPs surfaces were similar with SiNPs in their repellence to liquid of different
surface tension while the wrinkled surface without any nanoparticles was the least effective,
agreeing with earlier hexadecane contact angle results. For AuNPs and SiNPs surfaces both
flat and wrinkled, the ethanol results imply a tendency for AuNPs to be more effective as
surface tension decreases. The hexadecane measurement also indicated that the AuNPs flat
surfaces were more effective than SiNPs flat surfaces. This may be due to the defects that
appears to be more significant on the surfaces with SiNPs, as can be observed from the
SEM images. The robustness factor *° for Cassie state is expected to decrease due to the
larger spacing between particles, leading more easily to fully wetted state and higher
fraction of wetted surface area. This instability was accentuated for lower surface tension
liquid. F/or wrinkled surfaces, the larger spacing caused by the defect was less pronounced
due to shrinking, which resulted in better performance for wrinkled SiNPs surfaces for a

larger range of surface tension.

3.4.4 Adhesive performance of hierarchical structures

Another important characteristic of omniphobicity is their low sliding angle. Having a low

50 35 it reflects the

sliding angle is an essential property for self-cleaning surfaces
adhesiveness of the surfaces to liquid. We chose the surfaces with the highest contact angle

values for the sliding angle tests. The sliding angles of 10 uL of milli-Q water droplets were
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measured for the wrinkled AuNPs and SiNPs surfaces. The measurements of 15 * 4° (see
Video 1) and 8 £ 7° (see Video 2) respectively demonstrated that there is low adhesion of
water droplet for such surfaces. The ability of the droplet to slide off such hierarchical
surface, shown by the <20° sliding angle, may be explained by the unevenness of the height
of the wrinkles in combination with nanoparticles. We can observe the roughness of the
morphology from the SEM images (Figure 3.2 column 2). This unevenness means that
when the surface is tilted, the droplet only needs to detach itself sequentially with small
areas, resulting in a smaller adhesive force . The ability for water to slide off these surfaces
will be useful in terms of self-cleaning, anti-fouling properties or transportation of

microfluid.

3.4.5 Interaction of omniphobic hierarchical surfaces with blood

The surfaces were tested with heparinized whole human blood as a complex liquid, to
further evaluate the omniphobic behaviour of surfaces and the potential use in blood
contacting medical devices and implants. The behaviour of 10 uL droplet of blood on each
surface was examined. Wrinkled AuNPs and SiNPs surfaces (micro- and nano-structured
surfaces) maintained a high contact angle of 138+3° and 142+7°, respectively (Figure 3.2).
The similar trend in blood contact angle was observed for other control groups as was

observed for water (Figure 3.2).

The omniphobic surfaces along with the proper control groups were dipped in blood in

order to allow for the blood to attach to each sample. The adhered blood to each surface
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was subsequently resuspended by adding water to wells containing a sample each and
further agitated to transfer the adhered blood in solution in order to quantify the extent of
blood adhesion to each surface. Figure 3.4a shows the relative absorbance of each well to
the absorbance of untreated polystyrene for each sample as well as representative images
of each well. The results reveal superior performance of surfaces with both micro- and
nano-structures (relative values of 0.1 for wrinkled AuNPs and 0.07 for wrinkled SiNPs)
which show more than 10 folds decrease in the relative absorbance than the non-fluorinated
flat surfaces (untreated polystyrene — 1, shrunken polystyrene - 1). Furthermore, the
fluorinated nano-structured surfaces and the micro-structured surface showed a reduced
blood adhesion (AuNPs - 0.4, SiNPs - 0.4, and wrinkled - 0.6) comparing to untreated
samples. However, the wrinkled AuNPs and wrinkled SiNP surfaces still showed a lower
relative absorbance which is an indicative of less blood attached to their surfaces.
Furthermore, samples were incubated in blood for 30 minutes to allow blood to adhere to
the surfaces and subsequently, washed 2 times with water. As shown in Figure 3.4b,
wrinkled AuNPs and wrinkled SiNPs surfaces have lower amount of blood adhered to them
comparing to the untreated samples as well as the flat AuNPs, flat SiNPs, and fluorinated

wrinkled samples.
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Figure 3.4. Study of blood adhrance to the omniphobic hierarchical surfaces. (a) Relative
absorbance of resuspension of attached blood to each surface, to the absorbance of the
resuspension of attached blood to untreated polystyrene for each sample. Representative images
of each well is shown at the botton of the figure. (b) Representative images of samples which
were incubated 30 minutes in blood after 2X wash.

3.4.6 Applications of fabricated hierarchical structured surfaces

The developed hierarchical structured surfaces were tested for application-relevant
conditions, to seek potential of incorporating these surfaces in blood contacting devices or
implants. It was demonstrated that having both nano- and micro-structures led to a higher
contact angle and repellent characteristic when coming in contact with blood as shown in
Figure 3.2 and Figure 3.4. As predicted by the contact angles, other samples showed more
blood attached to their surfaces which led to a higher relevant absorbance value in the blood
solution which correlates with the fact that more blood sticks to these surfaces. Also,
incubation in blood and the subsequent washing showed that the omniphobic sample did
not hold on to blood comparing the other control groups. These findings suggest that the

omniphobic hierarchical surfaces effectively repels whole blood and can be promising
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candidates for being utilized in blood-contacting environments. Incorporation of nano-
structures or micro-structures along with the fluorosilane treatment, showed an improved
relative absorbance comparing the untreated samples which was assumable due to the lower
contact angles that these surfaces had. Furthermore, comparing these surfaces to the
hierarchical surfaces, in all cases, the hierarchical surfaces revealed a significant reduction

in the amount of blood adherence.

In addition to the surfaces’ potential for use in blood contacting devices, there are also other
possibilities. Wrinkles had been proposed as ways to create biointerfaces with alignment
of cells 2, for improving electrochemical sensing >~ and photovoltaic efficiency *. The
ability for wrinkled structures to be omniphobic have great potential for patterning surfaces
for selective functionalisation % on devices. Using vinyl patterning >3, the surface can be
treated for different functionalities depending on requirements easily. The decrease in
dimension due to shrinking also provides a way to miniaturize designs easily. This has

potential for prototyping devices for different applications.

3.5 Conclusion

In this paper, we created surfaces with micro- and nano-structures utilizing wrinkles and
nanoparticles that can be fabricated easily through bench-top equipment. As such, the
procedure has simple to control parameters and is time and cost effective. These surfaces
were characterised through SEM and the omniphobicity of the surfaces were studied
through static contact angle measurements. We demonstrated that surfaces with only

wrinkles were not as effective towards low surface tension liquid compared to surfaces with
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only nanoparticles (~26° compared to ~55°) even when they were both hydrophobic (~125°
and ~132-135° respectively). Explanation for the behaviour was suggested by examining
the Cassie and Wenzel models, indicating the limitations of the concave structure of
wrinkles for low surface tension liquid. However, the hierarchical structures fabricated
showed good performances for water (>150°) and oil repellence (>110° for hexadecane)
and satisfactory performance for sliding angle for water (<20°). Even though the water
contact angle and hexadecane contact angles are lower than previous achieved for wrinkled
surface (172°) and hierarchical surface (156°), our work provides value by demonstrating
that wrinkles with nanoparticles is a viable design for achieving better repellence of both
water and oil. It was also the first work with wrinkled structure formed through buckling
shown to be oleophobic/omniphobic. Finally, with the shown repellency to blood (>135°)
and approximately 90% less adhesion compared to untreated surfaces, the hierarchical

surfaces engineered can be useful for medical devices that requires such property.

3.6 Methods

Reagents. (3-Aminopropytriethoxysilane (99%), 1H,1H,2H,2H-
Perfluorodecyltriethoxysilane (97%), Ludox® TMA colloidal silica were purchased from
Sigma-Aldrich (Oakville, Ontario). Ethanol (anhydrous) was purchased from Commercial
Alchohols (Brampton, Ontario). Hydrochloric acid (36.5-38%) was purchased from
Caledon (Georgetown, Ontario). Milli-Q grade water (18.2 MQ) was used to prepare all

solutions.
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Gold NPs Synthesis. AuUNPs were synthesized according to protocol described previously

(Preparation 1) 8 and were kept at 4°C until used.

Wrinkled Surfaces Fabrication. Pre-strained polystyrene (Graphix Shrink Film, Graphix,
Maple Heights, Ohio) was cut into desired substrate sizes using Robo Pro CE5000-40-CRP
cutter (Graphtec America Inc., Irvine, California). The polystyrene substrates were cleaned
with ethanol, milli-Q water and dried with air. The substrates were placed in pre-warmed-
up (5 minutes) UVO cleaner (UVOCS model T0606B, Montgomeryville, Pennsylvania)

for the desired time.

For the deposition of fluorosilane, a mixture of ethanol and milli-Q water with volume ratio
of 3:1 was prepared. A catalytic amount of Hydrochloride acid (0.1 wt%) was added into
the solution with 0.5 wt% of fluorosilane. The solution was incubated at 40° for an hour

before use.

The activated substrates were submerged in desired solution (10% aqueous APTES or
prepared fluorosilane solution) for approximately 3 hours with agitation at room
temperature in an incubating mini shaker (VWR International, Mississauga, Ontario).
Following deposition of coating, the substrates were sonicated in Milli-Q water for 10

minutes and dried to remove 2 molecules.

SiNPs solution was created by vortexing 1-part Ludox TMA colloidal silica with 2-parts
milli-Q water for 10 seconds and sonication for half an hour. For the deposition of

AUNPSs/SINPs, the substrates were fixed in petri dishes using double sided tape and
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submerged in the AuNPs/SiNPs solution overnight. Following deposition, the substrates

were sonicated in Milli-Q water for 10 minutes and dried.

To coat the AuNPs covered substrate with fluorosilane, the substrates were first submerged
in 10% aqueous APTES for approximately 3 hours with agitation. The substrates were
sonicated in milli-Q water for 10 minutes and dried. Following silanization of the AuNPs
surface, the substrates were placed in the prepared fluorosilane solution for approximately
3 hours with agitation. The SiNPs surface were placed in the prepared fluorosilane solution
for the same duration without silanization. The fluorosilane deposition is similar with a
protocol used to create omniphobic micro- and nano-structured fabrics >°. The substrates

were then sonicated in milli-Q water for 10 minutes and dried.

Thermal treatment was performed by placing the substrates into an oven (ED56, Binder,

Tuttlingen, Germany) pre-heated to 140°C for 5 minutes.

Wrinkled Surface Characterisation. SEM imaging was performed on a JEOL 7000F.
Samples were coated with 3 nm of platinum prior to imaging. Contact angle measurement
was made on a goniometer (OCA 20, Future Digital Scientific, Garden City, NY) with
water droplets dispensed by automated syringe and other liquid by hand using pipette. The
sessile drop contact angle was provided via image processing software (Dataphysics SCA
20) through ellipse curve fit shape analysis of the droplets. Sliding angle measurements
were made on a self-made tilting platform with angle controlled by an automated servo.

Each value was averaged over at least three measurements.
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Whole human blood assays. Whole human blood was collected from healthy donors in
BD heparinized tubes. All donors provided signed written consent and the procedures were
approved by the McMaster University Research Ethics Board. Blood sessile drop contact
angle was measured at room temperature using the goniometer. The extent of blood
adherence was evaluated by dipping each sample in human whole blood and resuspending
the adhered blood to each surface by transferring each substrate in a well and adding 700

uL of water. To ensure the adhered blood was transferred in solution, samples were placed
on a shaker for 30 minutes. 200 pL of each well was transferred to a 96 well and the

absorbance was measured at 450 nm wavelength on a SpectraMax plate reader. To ensure
reproducibility, 6 samples per each condition was evaluated. Samples were also incubated
in blood for 30 minutes and washed subsequently by dipping in water two times to evaluate

the extent of stickiness of the surfaces.
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Chapter 4

Conclusion

4.1 Thesis summary

In this work, we had developed fast and easy processes for creating wrinkled structures for
use in stretchable electrodes and in hierarchical surfaces. We investigated the potential of
wrinkled gold as a stretchable electrode for electrochemical sensing. The potential of
wrinkles as part of a hierarchical structure for omniphobicity was investigated by

fabricating surfaces that are just wrinkles, just nanoparticles or wrinkles with nanoparticles.

The stretchable electrodes’ morphology with and without strain was characterised through
SEM imaging. The electrodes’ performances were examined through electrochemical tests
(for electroactive surface area and glucose concentration detection) and resistivity
measurements of the electrodes with and without strain. Through analysis of the results, it
was shown that wrinkled gold electrode transferred onto Ecoflex works well for enzyme-

free glucose sensing under strain.

For structured surfaces fabricated for omniphobicity tests, the morphologies were
investigated through SEM imaging. Wettability of the surfaces were characterised through
contact angle measurements for water and lower surface tension liquid. Adhesion of the
hierarchical surfaces were tested through sliding angle measurement. Viability of the

surfaces for medical devices were examined through blood contact angle and adhesion test.
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The results demonstrated that it is viable to use wrinkle with nanoparticles for creation of

hierarchical surfaces that are omniphobic.

4.2 Thesis conclusion

In chapter 2, it was reported that there were slight differences in the morphology of
electrode before and after transfer but the electrochemical sensitivity (measured using
external electrodes) of the stretchable electrode (860 + 60 pA/mM.cm?) is comparable to
electrode before transfer (710 + 30 pA/mM.cm?). By consolidating the electrochemical
electrodes onto the substrates, a sensitivity that is comparable to previous values were
determined (730 + 80 pA/mM.cm?). The electroactive surface area was shown to be

consistent up to 45% strain.

The stretchable electrodes fabricated have comparable sheet resistance with the electrodes
before transfer. In addition, the relative resistance of the electrodes in relation to strain was
measured. The resistance measured demonstrated that the stretchable electrode work well
up to 30% strain. The electrode configuration was also shown to matter as it works better
when the current is travelling parallel to the strain compared to when the current is

travelling perpendicular to strain.

In chapter 3, it was shown that we had successfully fabricated surfaces with different
structures. It was reported that hierarchical structures with both wrinkles and nanoparticles
are effective for creating surfaces that are omniphobic. The fluorinated surfaces with

wrinkles, nanoparticles and wrinkles with nanoparticles were all shown to be hydrophobic,
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with water contact angle ranging from 125° to 155°. However, for low surface tension
liquid, the surfaces with just wrinkles or nanoparticles were oleophilic with hexadecane

contact angle of less than 75°.

The combination of both structures resulted in an oleophobic surface, with hexadecane
contact angle of more than 110°. The results demonstrated that the hierarchical structures
were omniphobic. These omniphobic surfaces were also shown to be repellent to blood
(>135°), with 90% less adhesion compared to untreated surfaces, demonstrating the

potential of such surfaces for medical devices.

4.3 Contribution to the field

4.3.1 Simple fabrication method

The processes for both stretchable electrodes and omniphobic surfaces take just a few days
and can be done in batches of more than ten samples in a laboratory set-up. As the
fabrication method is solution based with many samples being able to be treated in parallel,

it can be scaled up as a high throughput industrial manufacturing process.

The equipment required in these processes are easily found bench-top instruments with
easily controlled and achievable parameters. The use of UVO treatment on polystyrene
provides an easy way to achieve wrinkles on the surface and the activated surfaces,

consisting of hydroxyl groups, also allow easy deposition of coating.
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As can be seen from Table 1.2, the use of wrinkling is one of the least complex fabrication
methods for stretchable glucose sensors, compared to other methods ©5+°68
photolithography, electron beam evaporation or chemical vapour deposition. Similarly, for
hierarchical structures, wrinkling is a competitive fabrication method compared to

electrochemical 88 or reactive ion *° etching, photolithography 72 or electrospinning 2.

4.3.2 Stretchable non-enzymatic glucose electrodes

As can be seen from the motivation section, there are still few papers studying non-
enzymatic detection of glucose on stretchable electrode. A previous paper > had
investigated the use carbon nanotube layers on gold nanosheets as a stretchable electrode

for non-enzymatic glucose sensing, usable up to 30% strain with 10.89 pA/mMcm? (0.05-

0.3 mM) sensitivity in neutral solution.

In our work, we achieved a much higher sensitivity 860 (external reference and counter
electrodes) or 730 pA/mMcm? (on chip electrochemical cell) (1-10 mM) in basic solution.
Even though the results in this work are done in basic solution and with pulsed
amperometric rather than the usual amperometric, we see from studies ° that electrodes
with sensitivity of 222 uA/mMcm? in basic solution have sensitivity of 38 uA/mMcm? in
neutral solution. This supports the supposition that our work had achieved a stretchable
electrode of higher sensitivity than the previous paper for glucose detection. The strain

achieved in our electrode is 30%, similar with the paper.
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4.3.3 Omniphobic surfaces

Previous literature reported surfaces achieving water contact angle of 172° 2 and
hexadecane contact angle of 174° %, For wrinkled surfaces fabricated from buckling of
surfaces, there were no studies done on repellence of oil. Few works had also been done on

combination of structures.

In our work, we have shown that hierarchical structures with wrinkles and nanoparticles
surfaces achieved water contact angle of more than 150°, sliding angle of less than 20° and
hexadecane contact angle of more than 110°. These contact angles are lower than what was
shown in previous studies. However, by studying combination of structures involving
wrinkles and nanoparticles for high and low surface tension liquid, we have demonstrated
that wrinkles with nanoparticles surfaces are omniphobic. Nanoparticles are also shown to
be more effective for oil repellence (~55°) compared to wrinkled structures (~26°). In
addition, these omniphobic surfaces are also repellent to blood and have reduced blood

adhesion and hence, have potential use in medical devices.

4.4 Future work
In this thesis, the focus was specifically on two areas, stretchability and omniphobicity of
wrinkled structures. To further expand on these two areas, there are improvements that can

be made as well as applications that can be explored.

The development of stretchable electrode as a wearable sensor to detect glucose in sweat

or blood can be improved by investigating ways to lower the detection range tested for
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glucose sensing to show its viability of glucose in sweat testing (0.01 to 0.7 mM %),
Electronic components such as integrated circuits to control the potential provided and
recorded from the electrodes can be incorporated. The device can be tested on the skin of

people working out or tested with blood of people with diabetes.

Nanoporous wrinkled structure can be investigated for stretchable electrode as it had been
shown to increase sensitivity for glucose detection 3. There are two possible strategies to
achieve this, through etching of the transferred electrodes or transfer of nanoporous

electrodes.

The hierarchical surfaces can be improved to achieve superomniphobic surfaces. This can
be done through investigating the deposition of nanoparticles of different shape or varying
the wrinkle wavelength/amplitude through changing the UVO treatment duration. These
omniphobic surface can also be used for patterning of target areas for fluid deposition

which may be helpful for biosensor development.

Biofouling, in terms of bacterial contamination leading to biofilm formation on medical
devices is a big issue as microbial biofilm can be linked to over 80% of human infections
125 Hence, the investigation of whether omniphobic surfaces would work to inhibit the
growth or adhesion of bacterial contamination would have great implication for medical

devices.

It had been shown that aquatic devices can be made from superhydrophobic material to

achieve buoyancy 1%, The fabricated omniphobic surfaces can be tested to see if it could
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be used as part of miniature robotic aquatic devices for buoyancy and if it would be able to

withstand fouling such as oil contamination.

In addition to the above, fundamental studies can also be done to enhance understanding
into the buckling of surface by investigating the effect of having different soft molecular
layers on the wrinkles created on shrunken UVO treated polystyrene. With such a study,
further insights may be provided on the basic buckling theoretical models mentioned in the

introduction.
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