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ABSTRACT OF THE DISSERTATION

Shrink-Induced Silica Structures for Improved Biological Detection
By
Sophia Lin
Doctor of Philosophy in Chemical Engineering and Materials Sciences
University of California, Irvine, 2016

Associate Professor Michelle Khine, Chair

Routine surveillance for infectious diseases results in earlier detection and better
prognosis. However, current diagnostic measures for infectious diseases are not directly
translatable to low-resource settings as they are expensive, time-consuming, and require
heavy medical infrastructure and trained personnel. The need for effective point-of-care
(POC) diagnostics is critically important: the vast majority of deaths from infectious diseases
occur in developing countries.

Here, a platform for producing enhanced fluorescence signals with applications in
POC technology is presented. Dense multi-scale silica (SiO2) structures are fabricated on pre-
stressed polyolefin (PO) film and characterized. Linkage of fluorescent biomolecules on the
SiO2 structures results in far-field fluorescence signal enhancements (~116-fold with
respect to a planar glass control and ~50-fold with respect to a flat unshrunk fluorescently
conjugated polymer film) with increased signal-to-noise ratio (SNR) that are robust and
reproducible. Optical characterization of the SiO2 structures point to the concentration effect
and optical scattering as the underlying mechanisms responsible for the far-field

fluorescence signal enhancements.
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Using the biotin-streptavidin hybridization as a model system, improved limits of
detection (LOD) of the model target streptavidin were achieved on the SiO2 structures
relative to a flat glass control. Disease detection applications are demonstrated using the
SiO2 structures. Sandwich immunoassays for TNF-a and p24 antigen are performed on the
SiO2 structures and lower LODs are achieved (550 pg mL-1 and 30 pg mL-1 for TNF-a and p24
antigen, respectively). The SiO2 structures demonstrate potential for POC applications as

enhanced signal correlates to increased sensitivity.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Infectious diseases result in approximately 15 million deaths a year, collectively the
second leading cause of deaths worldwide.! Despite advancements in countermeasures such
as diagnostics, therapeutics, and vaccines, infectious diseases remain prevalent not only due
to human activity such as global interdependence and world travel, but also due to microbial
evolution and antibiotic resistance. Examples of modern infectious diseases (both newly
emerging and re-emerging) are shown in Figure 1.1; these include HIV/AIDS, H1IN1
influenza, malaria, severe, and diarrheal diseases.?
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Figure 1.1 Schematic illustration depicting newly emerging and re-emerging infectious
diseases that occur globally, where the blue text represents re-emerging infectious diseases,
the red text represents newly emerging diseases, and the black text represents a
‘deliberately’ emerging disease.? Reprinted by permission from Macmillan Publishers Ltd:
Nature 430 (6996), 242-249, © (2004).



Diagnosis of infectious diseases is traditionally done through microbial cultures,
serology, microscopy, and more recently, molecular diagnostics.3-> The diagnostic process in
regions with readily accessible health care facilities usually involves patient check-in,
physician examination, pathological testing, and sample analysis. The turn-around time for
a diagnosis ranges from hours to days.®” This process is not easily translatable to low-
resource settings that suffer from lack of accurate diagnostic tools and weak healthcare
infrastructure. Typically, these diagnostic methods are also far too expensive and treatment
is merely based off of clinical symptoms. The fact that over 95% of deaths due to infectious
diseases occur in developing countries further highlights a need for rapid, inexpensive,
portable, and accurate method for disease diagnosis.8° This would not only enable individual
treatment, but timely diagnosis also is crucial for global surveillance and disease control.
Therefore, a need exists for effective point-of-care (POC) devices. POC diagnostics are
generally described as tests that do not require laboratory staff or facilities to provide a
timely result at the patient’s site.10 They should, as the World Health Organization (WHO)
set forth, be “ASSURED” (Affordable, Sensitive, Specific, User-friendly, Robust, Equipment-
free, and Deliverable).411

Most existing POC diagnostics for infectious diseases are based on antigen-antibody
binding in the form of lateral flow assays (LFA) or rapid diagnostic tests (RDT).> While many
POC diagnostics are simple, cheap to fabricate, and require little equipment, on-going
research to develop technologies for lower limits of detection (LOD) persist. Detecting lower
LOD at an earlier stage can potentially allow for earlier diagnosis and containment.
Improvements to POC technologies are crucial. This work aims to develop a POC technology

for enhanced detection of surface bound analytes using optical readout methods.



1.2 Dissertation overview

This dissertation is structured as follows. Chapter 2 gives a brief background to
fluorescence phenomenon, characterization typically done regarding fluorescence samples,
introduces the need for improved fluorescence sensing, and our proposed alternative
towards improving fluorescence signal detection. Chapter 3 introduces the shrink
technology platform as a fabrication method for multiscale micro- and nano- structures, and
characterizes the tunable micro- to nanostructures generated using the shrink technology.
In Chapter 4, we demonstrate proof-of-concept on the wrinkled structures that indicates
potential of our platform for improved diagnostic capability. We characterize the tunable
wrinkles to understand the optical properties and the mechanisms arising from the
enhanced detection capabilities achieved on the wrinkles in Chapter 5. We then show clinical
applicability of our platform through improved detection limits in Chapter 6. We conclude

with a discussion of future directions and some work done in this area in Chapter 7.



CHAPTER 2: FLUORESCENCE AND SENSING APPLICATIONS

2.1 Principles of fluorescence and characterization

Fluorescence is a natural phenomenon that has become a widely used optical read
out method. Naturally occurring molecules such as aromatic amino acids, NADH, flavins, and
chlorophylls exhibit intrinsic fluorescent properties.12 When fluorescent properties are not
present, extrinsic fluorescence can be induced by using fluorophores. Fluorescence is due to
the absorption of a photon by an electron, its resulting transfer to a higher excited electronic
state and the subsequent vibrational relaxation and energy loss that results in the emission
of a photon at a longer wavelength. A simplified Jablonski diagram is shown in Figure 2.1.
The Jablonski diagram is an energy diagram that illustrates the electronic states of a
molecule and the transitions between them. Fluorescence occurs when an electron (typically
at the lowest energy state) absorbs a photon with a particular energy and is transferred to a
higher eigenstate. The absorbed energy can be dissipated in multiple ways, either through
non-radiative or radiative processes. Non-radiative decay of a fluorophore manifests itself
via processes including vibrational relaxation, internal conversion, intersystem crossing,
energy transfer, and quenching. On the other hand, the energy loss can also occur through
radiative decay. This involves the emission of a photon at a particular wavelength, either
through fluorescence or phosphorescence, as the electron drops from the lowest singlet
excited state to the ground state. The fluorescence lifetime (1), or the time a fluorophore

spends in its excited state is defined in Equation 1:

1
kr+kpr

T =

(1)

Where krand kyr are the radiative and non-radiative decay rates, respectively.



! High energy state

td. Lowest singlet energy state

Fluorescence

Energy absorption
Energy loss

¥

Ground state

Figure 2.1 A simplified Jablonski energy diagram illustrating the absorption of a photon by
an electron and its subsequent transfer to a higher excited electronic state, vibrational
relaxation, and energy loss in the form of fluorescence.

To assess changes in a fluorophore’s fluorescent properties, the quantum yield is
typically quantified. The quantum yield (®) is reported as a measure of fluorescence
efficiency, and is defined as the ratio of the number of photons emitted to the number
absorbed. It can be expressed as shown in Equation 2:

kr
ky+knr

D= (2)

where (kr) represents the radiative rate and (ksr ) represents the non-radiative rate.

For information about the fluorophore orientation, fluorescence anisotropy (r) is

often measured, and is defined in Equation 3:

e (3)

Iy+2I;

Where i is the observed intensity when the emission polarizer is oriented parallel to the
direction of the excitation and I. is the observed intensity when the emission polarizer is

oriented perpendicular to the excitation. When a sample is excited with polarized light, the



molecules with absorption transitions that are aligned parallel to the electric field of the
polarized excitation light have the greatest probability of being excited. This characterizes
the extent of linear polarization of the fluorescence emission. Time-resolved anisotropy
studies measures the depolarization of the fluorescence emission and can give insight to
biomolecule mobility within its environment.12 Lower anisotropy values indicate molecule
depolarization. The schematic for fluorescence anisotropy measurements is shown in

Figure 2.2.

X Sample

Light source -

Polarizer y /

<«

/ Polarizer

Detector

Figure 2.2. Schematic diagram for fluorescence anisotropy measurements.

2.2 A continual need for improved fluorescence signals

Fluorescence is widely used for chemical sensing,1314 biomolecule detection,516
disease diagnostics,1718 and various applications in biology.1%20 Fluorescence based
detection has high levels of sensitivity, low background noise, and can be easily translated to
multiplexed systems. Additionally, fluorescence based detection methods for POC
technologies are further being realized with the development of field portable fluorescence

microscopes.17.2122 Efforts to improve detection sensitivity and signal-to-noise ratios (SNRs)



of low-abundance target molecules have resulted in the development of brighter1? and more
photostable fluorescent labels,2324 advancements of traditional imaging devices and

techniques,?> and engineered surface structures or particles for signal enhancement.26-28

2.2.1 Nanostructures for enhanced fluorescence signals

One method for increasing fluorescence signals involves leveraging the localized
surface plasmon resonance (LSPR) effects of metallic nanostructures or nanoparticles. This
phenomenon couples light with surface plasmons for increased electromagnetic field
intensity.2930 Increased electromagnetic field confinement enables surface enhanced Raman
spectroscopy (SERS), which takes advantage of the inelastic scattering of photons and metal
enhanced fluorescence (MEF) techniques, and takes advantage of the increased absorption
of the local light field by a fluorophore and reduced non-radiative decay.3132 [t has been
shown that metallic nanostructures have been able to enhance averaged fluorescence signals
based on MEF effects from 2-fold to up to more than 5000-fold.33-35

These structures, which include islands, nanoparticles, dimers, pillars, and bow-tie
antennas, can be fabricated through various methods such as electrochemical growth,
electron beam lithography (EBL), nanoimprint lithography (NIL), and colloidal lithography.
Each method offers certain advantages, which will be briefly discussed. Metallic islands such
as silver island films (SiFs) and roughened surfaces represent inhomogeneous structures
that exhibit MEF effects. Fabrication of metallic islands and surfaces typically involve
deposition of the metal onto an inert surface, and chemical growth of these metallic regions.
3637 Moderate fluorescence enhancements have been reported. For example, Shtoyko et al.

reported an average fluorescence enhancement of 7-fold with more than 100-fold



fluorescence enhancement on “hot spots” of their silver structures.3® Zhang et al. reported a
7-fold and 13-fold fluorescence enhancement of Cy5 molecules on silver monomers and
silver dimers relative to a Cy5-oligonucleotide in the absence of a silver particle.3? While
processing for these inhomogeneous nanostructures is relatively inexpensive, the resulting
fluorescence enhancements are unpredictable and therefore do not represent a suitable
platform for a diagnostic tool.

Other fabrications methods such as EBL, NIL, and colloidal lithography have yielded
homogeneous metallic structures for MEF effects. Corrigan et al. used EBL to fabricate silver
nanopillars and demonstrate tunability of the fluorescence enhancement ratio upon
changing the nanopillar size and spacing. They observed up to a 20-fold increase in
fluorescence enhancement factor in this systematic study.*! Kinkhabwala et al. showed
enhancements of 1340-fold for the near-infrared dye N,N’-bix(2,6-diisopropylphenyl)-
1,6,11,16-tetra-[4-(1,1,3,3-tetramethylbutyl)phenoxyl]quaterylene-3,4:13,14-
bis(dicarboximide) (TPQDI) using gold bowtie nanoantennas fabricated using EBL.40 While
EBL offers direct writing of precise structures at high resolution, it suffers from low
throughput due to long write times and high cost. Alternative methods for homogeneous
nanostructure fabrication that have emerged include NIL and colloidal lithography. NIL
allows for large surface area (mm?) patterning of uniform structures. It involves using a mold
to imprint nanostructures into a coated substrate, removal of the mold, and additional
processing steps such as reactive ion etching (RIE) for further refinement of the
nanostructures.*2 Chou et al. showed increases of the average fluorescence intensity of
immunoassay of Protein A and human IgG by over 7400-fold and uniformity of averaged

fluorescence enhancement across the spatial area (+9%).34 Das et al. used NIL methods to



create large-scale plasmonic 3D nanoCones structures that yielded a 10-12-fold increase
fluorescence intensity for adsorbed FITC dye.*3 While NIL methods for fabricating
nanostructures offer higher throughout at lower cost, they still require fabrication of the
master mold (typically done with EBL), imprinting systems, and efficient delaminating
processes for successful scale up. Colloidal lithography for plasmonic nanostructures relies
on the close packed self-assembly of nanospheres as a shadow mask, followed by metal film
deposition, and removal of the nanospheres.#** This method also allows for large surface of
uniform nanostructures. Xie et al. showed a 69-fold fluorescence enhancement of the near
infra-red (NIR) dye Alexa Fluor 790 on gold triangles.#> Silver triangles yielded a
fluorescence enhancement factor of 83-fold for the NIR dye Alexa Fluor 790. The authors
also demonstrated that by merely changing the oxygen plasma etch time, they were able to
tune the plasmonic effects of the resulting silver triangles.#¢ Despite the increased area of
homogeneous nanostructures achievable by NIL and colloidal lithography, challenges to use
these nanostructures for reliable biosensing applications persist since the plasmonic-based

enhancements are typically limited to the near-field and distance dependent.

2.2.2 Silica substrates for enhanced fluorescence signals

Silica (SiO2), otherwise known as silicon dioxide, is the oxide of silicon. It is an
abundant crystalline material with applications in microelectronics, drug delivery,*”
imaging,*® and sensors.4?->1 Silica is widely used as a sensing support because it is an
optically clear, mechanically and thermally robust, and versatile surface that is amenable to
many surface chemistries. Grant et al. used SiO2 nanobeads as a platform for protease

sensing applications. The increased surface area owing to the spherical geometry, optical



clarity, and surface compatibility for silane chemistry allowed for protease detection with
fast response times. > Other groups have also leveraged these properties of SiOz for analyte
detection. 52-54 In addition to the aforementioned characteristics that support SiO2’s use as
an effective sensing platform, it has also be observed that SiO2 can impart interesting optical
effects on fluorescence, which have been leveraged for sensing applications.

In the 1990s van Blaaderen reported the direct incorporation of fluorescent
molecules into SiOz nanospheres.>>5¢ Enhanced fluorescent properties upon SiO2
nanoparticle encapsulation has been reported. These effects not only come from increased
surface area of the SiO2 nanoparticles, which allow for increased dye loading, but
enhancements of fluorescent properties are achieved through covalent encapsulation of dye
into SiO2-based nanoparticles.>’->° Ow et al. reported in 2005 exceptional brightness (up to
20-fold) of their synthesized core-shell SiOz nanoparticles.®® A follow up study done
demonstrated that the fluorescent dye’s photophysical properties changed based on the SiO2
internal architecture.®! Immobilization of the fluorescent dye within the SiOz core-shell was
suggested to restrict rotational mobility, which can lead to reduced nonradiative relaxation
and subsequently increased quantum yield.6162 Si02 encapsulation has also been reported to
resultin enhancement of radiative decay rate due to differences between the refractive index
between rhodamine dyes and SiO2z surroundings.61-63 Since then, there have been numerous
studies done encapsulating different dyes within SiO2 nanoparticles with various degrees of
fluorescence enhancements reported. 3%62.64-72 The dye doped SiO2 nanoparticles have found
applications in bioimaging, labeling, drug delivery, and diagnostic testing, and are an
attractive alternative to organic fluorophores because of their low toxicity, photostability,

and brightness.

10



2.3 The shrink platform for enhanced fluorescence

The Khine lab at UC Irvine leverages prestressed, heat-shrinkable thermoplastic
polymer film for fabrication.”3 Heat-shrinkable polymer films, a type of shape memory
polymer (SMP) comprised of cross-linked polymer chains, such as polyethylene,”4
poly(ethylene terephthalate),”> and polystyrene (PS),’® are extruded, molded, and cross-
linked. The semicrystalline materials are then heated, stretched, and then cooled to “freeze
in” the oriented polymer structure.””78 Release of the stored elastic stress and recovery to
original shape occurs when the polymer film is heated past its glass transition temperature
Ts.

Prior work done in the lab demonstrated the ability to increase the surface density of
protein microarrays by simply pattering antibodies onto the surface of a prestressed
polyolefin (PO) film and leveraging the heat-induced retraction properties of the PO sheet.”®
Biological activity of the adsorbed protein was retained despite the application of heat for
substrate shrinkage, and functionality was verified through a simple fluorescence
immunoassay. Modest increases in fluorescence signal (~2-fold) were observed from
concentrating the biomolecules. This suggests to us the potential for improving

immunoassay sensitivity by merely concentrating the number of proteins per area.”®

2.3.1 Our strategy and project rationale

As previously discussed, nanostructures used for enhanced fluorescence signals can
use expensive materials such as gold and silver, require extensive fabrication steps for
precise control of homogeneous or periodic surface features, and necessitate specialized

equipment (e.g. 2-photon microscopy). Importantly, while large fluorescence enhancements
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have been observed, such plasmon-coupled effects suffer from practical limitations
including: localized near-field effects with enhancements occurring only within nanometric
lengths from the surface, heterogeneous enhancements with small areas of ‘hot spots’, and
enhancements which are wavelength dependent. Such practical drawbacks impede progress
in translating these large enhancements into solutions for deployable robust detection.
Therefore, a continual need persists for a robust, low-cost, sensing platform for POC
diagnostic applications.

Here we present a simple strategy to create a robust and scalable fluorescence
enhancing platform based on low-cost commodity shrink wrap film. Instead of using multi-
step processing techniques for fabrication of fluorescence enhancing nanostructures or dye-
doped SiO2 nanoparticles, we look to pattern at the large scale and then use the heat-shrink
properties of the thermoplastic polymer film to improve fluorescence signals by bringing
biomolecules closer together. We hypothesize that by covalently linking the biomolecules
onto the shrinkable SiO2 substrate, we can more efficiently conjugate biomolecules onto our
PO film surface and subsequently bring the fluorescently labelled biomolecules closer
together, resulting in signal concentration. This low-cost rapid method to improve the
fluorescence signals is amenable to current roll-to-roll manufacturing processes and
supports existing biological assays. By patterning at the large scale and then shrinking, we
avoid having to deal with wetting behaviors of solutions on nanostructured surfaces and

steric hindrance effects on the biomolecule binding.
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CHAPTER 3: MULTISCALE STRUCTURES

3.1 Wrinkles

Micro- and nanostructures have a wide range of applications in the electrical,
mechanical, biological, and optical fields. As such, much work has been done to fabricate
structures at these length scales. Traditional fabrication methods for structures at the micro-
and nanometer scales use techniques inherited from the semiconductor industry. While
successful, these methods, such as photolithography, thin film deposition, and etching, face
drawbacks such as the need for expensive cleanroom facilities and the use of harsh,
environmentally damaging reagents. Resulting structures can also suffer from limited
resolution and planarity. These properties hinder progress towards rapid and inexpensive
scale up that many emerging applications, particularly lab-on-a-chip (LOC), necessitate.

Alternatively, soft lithography methods have been employed to fabricate wrinkles.
Surface wrinkles arise from the stiffness mismatch between layered dissimilar materials. For
example, elastomeric materials such as polydimethylsiloxane (PDMS) (which easily
compresses and expands) can be used as a substrate for a stiff skin layer. Release of the
elastomer’s elastic stress causes the skin layer to buckle and fold, forming wrinkled
structures.80 A schematic is shown in Figure 3.1, and extensive studies have been done
characterizing wrinkle formation from a bilayered materials with an elastic substrate.81.82
The wrinkle amplitudes and wavelengths have been shown to be dependent on the thickness

of the skin layer and the films’ elastic properties, as shown in Equation 4,

3 (1-v3)Ef

A= Znh[%] 1/ @
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where h represents the thin film thickness, vfrepresents the Poisson’s ratio of the thin film,
vsrepresents the Poisson’s ratio of the substrate, Efrepresents the elastic modulus of the thin
film and Esrepresents the elastic modulus of the substrate. The film is also assumed to be

finitely large in the lateral dimensions.

A
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Figure 3.1 Schematic illustrating the wrinkling phenomenon, where A is the wrinkle
amplitude, A is the wavelength, and h is the skin thickness.

While PDMS has become a staple of the microfluidics community, its material
properties present drawbacks such as swelling, leaching, and limited deformation.8384
Fabrication with PDMS is a low throughput process and is mostly used for benchtop
development in a laboratory setting. These drawbacks limit the use of PDMS for wrinkle
fabrication in consumer products due to its limited scalability and disadvantageous material
properties. Therefore, an alternative material for wrinkle fabrication suitable with

commercial manufacturing processes is proposed.

3.2 Wrinkle formation via heat-shrinkable thermoplastic films
Heat-shrinkable thermoplastic polymer films represent an attractive alternative as a

platform for wrinkle formation because they are inexpensive, chemically inert, and
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compatible with roll-to-roll manufacturing (thereby allowing for potential scale-up of
fabricated technologies).”3

We have previously demonstrated fabrication of micro- to nanoscale wrinkles using
heat-shrinkable polymer films.8> A thin layer of gold was deposited onto 2D blown PS film of
PS. The substrate was shrunk by heating the PS at T= 160 °C (below the specified melting
temperature of T = 240 °C). Biaxial retraction of the PS film (which has a stretch ratio of
approximately 2.5) caused the stiff non-shrinkable gold layer to buckle and fold, thus
creating multiscale wrinkles, as shown in Figure 3.2. Both uniaxial and biaxial wrinkles were
formed by simply changing the boundary conditions. Control of wrinkle dimension was done
by varying the thickness of the deposited gold skin layer from 10 to 50 nm. Using the heat-
shrinkable PS, we created wrinkles with feature sizes down to 200 nm and 300 nm for the
uniaxial and biaxial wrinkles, respectively. Even smaller structures with improved aspect
ratio were fabricated using polyolefin (PO) shrink wrap film (which has a stretch ratio of
approximately 4.3).7 This polymer can shrink reproducibly 77% in length, allowing for
formation of smaller features compared to those made on PS. The structures made using the
shrink technology have been used for many applications such as cell and tissue
engineering,86-92 cell microarrays,?3-9> microfluidic components,?6-101 and surface

sensing.102-109
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Biaxial wrinkles Uniaxial wrinkles

Figure 3.2. Micro- and nanofabrication on heat-shrinkable SMP film via surface wrinkling.8>
a) Scheme of fabrication of biaxial (left) and uniaxial (right) wrinkles on polystyrene sheets.
SEM images of resulting b) biaxial and c) uniaxial wrinkles using gold. Adapted from C. C. Fu,
A. Grimes, M. Long, C. G. L. Ferri, B. D. Rich, S. Ghosh, S. Ghosh, L. P. Lee, A. Gopinathan and M.
Khine, Adv Mater, 2009, 21, 4472-+ with permission from John Wiley and Sons.

3.3 Formation of silica structures on the thermoplastic shrink wrap film
3.3.1 Silica structure fabrication

We leverage the stiffness mismatch between the thin SiO2 layer and the PO film to
create Si02 micro- and nanostructures. To fabricate the SiO:z structures, SiO2 was sputtered
onto clean prestressed polyolefin (PO) film (a polyethylene and polypropylene copolymer)
of thickness of 1 mil using ion-beam deposition system (MODEL IBS/e, South Bay
Technology, Inc.) for a select period of time. 1 min of sputter deposition time was measured
to deposit 1 nm of material. The coated film was then heated for 3 min at T = 145 °C. Heating
the coated film past the melting temperature stated by the manufacturer (90-125 °C) causes
the PO film to retract to 95% of its original area. Shrinkage of the stiff SiO2 layer, which
cannot shrink, instead buckles and folds, results in the formation of multi-scale SiO:2

structures. This process is illustrated in Figure 3.3.
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Figure 3.3. Schematic illustrating fabrication of the SiO2 structures.

3.3.2 Characterization of silica structures

Deposition time of SiOz onto PO film was varied at 5 min, 10 min, 20 min, and 40 min
and the deposition rate was measured to be 1 nm min-!via an ellipsometer. 5 min, 10 min,
20 min, and 40 min of SiOz deposition was carried out on the clean PO film and top down
Scanning Electron Microscopy (SEM) images of the resulting shrunk SiO2 substrates (hereon
referred to as PO-SiO2) are shown in Figure 3.4. To prepare the substrates for top down SEM
imaging, shrunk PO-SiO2z substrates were sputter coated with 10 nm iridium (MODEL IBS/e,
South Bay Technology, Inc.) and SEM images were obtained with 3.00 kV beam and 4 mm
working distance (FEI Magellan 400 Scanning Electron Microscope). The 3D laser scanning
confocal microscope (Keyence VK-X100K), which has a lateral resolution of 230 nm and z-
axis resolution of 50 nm, was used to measure wrinkle height.

As expected, longer sputter deposition times resulted in features of bigger
wavelength, as observed by the top down SEM images shown in Figure 3.4.8> The cross
sectional SEM images of the PO-SiO2z substrates shown in Figure 3.5 reveal that shrinkage of
the PO-SiO2 film results in the formation of hierarchical wrinkles ranging from the micron

scale to nanoscale. Measurement of the higher generation wrinkles was done using the laser
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scanning microscope at 100x (NA = 0.95, Nikon), and the resulting heights corresponding to
the different thicknesses of deposited SiOz are shown in Table 3.1. We were also interested
in the size distribution of the smaller nested nanoscale wrinkles. To determine the frequency
distribution of the nanoscale SiO2 wrinkles, two dimensional Fast Fourier transform (2D
FFT) waveform analysis was performed using the upright SEM images using MATLAB. The
results are shown in Figure 3.6. The probability distribution per individual substrate reveals
a rather broad size distribution for the SiO2 wrinkles on the substrate. However, the graph
confirms a distinct red shift in the peak, from ~250 nm to ~500 nm as the deposited SiO2
layer increased from 5 nm to 40 nm. This red shift can be explained by Equation 4, which
describes wrinkle formation of bilayered films, where increased thin film thickness results

in bigger wavelength sizes.

o

40 nm Si

R

Figure 3.4. Top down SEM images of SiO2 substrates generated on shrink wrap polymer film
with different thicknesses of SiOx2.
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5 nm SiO, 10 nm SiO,

Figure 3.5. Cross-sectional SEM images of PO-SiO2 substrates generated on s.hrink wrap
polymer film with different thicknesses of SiO2.

Table 3.1. Shrinking the SiO2-coated PO polymer films results in substrates with different
wrinkle heights.

Deposited SiO2 Shrunk Wrinkle
Thickness (nm) Height (um)

5 4.7 +0.2

10 6.4+0.9

20 9.6 +1.3

40 10.6 + 1.7
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Figure 3.6. The FFT graph shows the probability distribution of the nested secondary SiO2
wrinkles. Increased SiO: thickness causes a red shift in probability, as described by the
wrinkling equation.
3.4 Summary

We leveraged the heat-retraction properties of the shrink film polymer to fabricate
hierarchical SiOz structures. By changing thickness of the deposited SiOz layer, we were able
to change the thickness (referred to as “height”) and wavelength of the SiO2 structures. The
resulting structures following shrinkage of the bilayer films follow the wrinkling equation:
thicker deposited films result in bigger wavelengths. This is confirmed through SEM images,

laser scanning confocal analysis, and FFT analysis of the SiO2 wrinkles. Following SiO2

structure fabrication, we looked to apply the SiO:z structures as a sensing platform.
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CHAPTER 4: SURFACE FUNCTIONALIZATION

4.1 Biomolecule immobilization
4.1.1 Improvement upon prior work

As mentioned previously, we had demonstrated the ability to increase adsorbed
immunoglobulin G (IgG) surface density using the PO film.”° Briefly, PDMS stamps were
oxygen plasma treated, dipped into rabbit IgG solution, and then incubated on the PO shrink
film surface. The surface was blocked with 1% bovine serum albumin (BSA) to prevent
nonspecific binding, then incubated with Alexa Fluor 555-conjugated anti-rabbit IgG to bind
with the primary rabbit IgG, and then shrunk. The fluorescent intensity of the resulting
shrunk microarray density was analyzed using fluorescence microscopy, and it was
determined that a ~2-fold increase in the fluorescent intensity was observed from bringing
the molecules closer in proximity. Since the flat polymer film is slightly hydrophobic, the
proteins, when suspended within an aqueous solution, do not prefer to bind to the
hydrophobic surface as the hydrophobic residues of the proteins are found within the core.
This contributes to the low and inefficient surface adsorption. We theorized that by
covalently linking the biomolecules, we obtain more specific and selective surface binding
for sensing applications. Thus, we devised linking system to bind molecules onto SiO2

substrates.

4.1.2 Biotin-streptavidin model linking system
The biotin-streptavidin complex has an association Kq of 101> M-1, being one of the
strongest non-covalent linkages known in biochemistry.110 The complex is composed of the

protein streptavidin and a ligand biotin. Streptavidin is a tetrameric protein (66 kDa)
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isolated from Streptomyces avidinii that contains four biotin binding sites. Streptavidin has a
high thermostability with Tm = 73 °C, and it has been shown that upon biotin binding, the
thermostability increases to Tm = 112 °C.110 The biotin-streptavidin complex has been shown
to be robust, withstanding extreme pH, denaturing agents, and enzymatic degradation.!11
Further making this affinity technology attractive is that biotin is a small molecule (244.31
Da). Its small size subsequently allows for conjugation to biologically active macromolecules
without affecting their biological activity.112

Because of its tight binding capability and specificity, the biotin-streptavidin
technology has been widely used and has found applications in biodetection,13 cell imaging,
114115 recombinant protein purification,116-118 fluorophore tagging,11® and protein
immobilization.120-123  Here, we use the biotin-streptavidin complex as a model linking
system to immobilize protein for the initial protein binding studies. The substrate surface,
either glass, PO film, and PO film sputtered with SiO2 (PO-SiO2), will be biotinylated and then

reacted with streptavidin to represent protein binding to the surface.

4.2 Substrate preparation and biomolecule attachment
4.2.1 Surface silanization

Prior to linkage of biomolecules to the SiOz structures, cross-linking chemistry was
verified on a glass slide. The glass surface was oxygen plasma treated (5 min). Introduction
to atmospheric conditions after plasma treatment resulted in formation of hydroxyl groups
on the plasma treated glass surface. The glass slide was then immersed in a solution of 2%
v/v 3-aminopropyltrimethoxysilane (APTMS) for the attachment of reactive primary amines

(Figure 4.1a). A change in contact angle (CA) was observed following silane treatment

22



(Figure 4.1b), which correlates with the presence of primary amine groups that render the

glass surface slightly hydrophobic.124125

a. Glass slide APTMS (2% viv)

Figure 4.1. Schematic demonstrating the cross-linking chemistry done to chemically
activate the surface using 2% v/v APTMS (a). The cross-linking chemistry was confirmed by
measuring the CA of the treated surface. Addition of the primary amine groups change the
glass CA from ~20 ° to ~60° (b).

The amine functionalized surfaces were biotinylated using EZ-Link Sulfo-NHS-LC-
biotin (Piercenet ThermoScientific). For linkage studies, the Tetramethylrhodamine
isothiocyanate (TRITC)-conjugated streptavidin (Aex = 550 nm, Aem = 570 nm) served as the

model protein of interest and was incubated on the biotinylated surface (50 min). Following

incubation, the surface was washed and imaged on an upright epifluorescence microscope.

4.2.2 Optimization of model linking system
Optimization of biotin concentration was performed by ranging the concentration of
EZ-Link Sulfo-NHS-LC-biotin. Concentrations of EZ-Link Sulfo-NHS-LC-biotin tested were 10

mg mL1, 1 mgmL1, 0.1 mgmL1, 10 pyg mL-L, and 1 ug mL-1. 10 pg mL? of streptavidin-TRITC
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(here on referred to as STRITC) was incubated on the surface, and the resulting fluorescence
intensity per concentration of surface biotin was plotted as shown in Figure 4.2. Surface
biotinylation was optimized to find a working concentration that would allow for maximal
STRITC binding. It is also important to fine tune the amount of surface biotinylation as steric
crowding has been shown to influence subsequent target binding.>123.126 By varying the EZ-
Link Sulfo-NHS-LC-biotin concentration, we showed that the optimal concentration to
maximize STRITC binding and minimize reagent volume use for the current set up to be 0.1

mg mL-1L
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Figure 4.2. A logarithmic plot of the fluorescence intensity derived from bound STRITC per
biotin concentration shows that the optimal concentration for surface biotinylation is 0.1 mg
mL-1L.
4.2.3 Thermostability of model linking system

Because it is necessary to heat the PO-SiO: film past the PO melt transition

temperature for the formation of SiO2 structures, it was important to test if the biotin-

streptavidin complex could withstand this temperature. To test the thermostability of the
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biotin-streptavidin complex, the glass surface was first imaged using an upright
epifluorescence microscope using a 2x objective (NA = 0.055, Edmond Optics) and then
heated at T = 145 °C, the same temperature used to shrink the PO film. The surface was
imaged again with the same settings and the signal following heating was compared to that
before heating (Figure 4.3). 92 + 0.02 % of the signal was maintained following heating,

suggesting that the STRITC was still viable following heat treatment.

Pre-heat Post-heat

Figure 4.3. Fluorescent images of the STRITC bound glass surfaces pre- and post-heating at
T =145 °C. The fluorescent images are both artificially enhanced 98% for visibility.
4.3 Fluorescence signal enhancements
4.3.1 Binding on the silica structures

After establishing the binding conditions of STRITC to a glass surface, linkage of
STRITC was then carried out on the SiOz coated PO film, which was then shrunk to create a
functionalized PO-SiOz substrate. The fabrication procedure is outlined in Figure 4.4. First a
shadow mask composed of a four-by-four array of circles with radii of 7.0 pum was designed
using automated Computer-Aided-Design (AutoCAD) software and cut out of a sealing tape
mask (Nunc™) with a VersaLASER cutter. The sealing tape mask was applied to the clean PO

surface and then sputter coated with SiO2. Here, we conduct the binding studies on 20 nm
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SiOz surfaces. Binding studies on the flat PO-SiO2 substrates were carried out with the same
conditions as on glass. The PO-SiOz substrates were treated with oxygen plasma and
immersed in an APTMS solution. The surface was biotinylated (0.1 mg mL-1) and then
spotted with STRITC (10 pg mL-1). Following STRITC incubation, the surface was imaged on
an upright epifluorescence microscope using a 2x objective (NA = 0.055, Edmond Optics).
The functionalized PO-SiO2 substrates (hence forth referred to as PO-SiO2-STRITC) were
shrunk at T = 145 °C to concentrate the molecules and induce structure formation. The

shrunk surfaces were imaged again, and results were analyzed using Image].

SiO,
deposition

O, plasma
OH OH OH OH treatment

APTMS

treatment
NH, NH, NH, NH,

é Surface
@ 6 biotinylation

Figure 4.4. Schematic illustrating the fabrication of a shrunk PO-SiO2-STRITC substrate.
Clean PO is coated with a thin layer of SiO2 through ion-beam sputter deposition, treated
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with oxygen plasma, and reacted with APTMS for the attachment of reactive primary amines.
The silanized surface was linked with biotin, reacted with STRITC, and shrunk.

The resulting fluorescent images and their respective 3D plot of their fluorescence
intensities are shown in Figure 4.5. The change in fluorescence intensities of the shrunk PO-
SiO2-STRITC substrate was compared two ways: 1. To itself following shrinkage, referred to
as the fluorescence signal increase (SI) and 2. With respect to the planar glass surface. The
fluorescence SI (Equation 5) was calculated to be the fluorescence signal obtained after
shrinking minus the background (here defined as the substrate without the presence of dye),

over the fluorescence signal before shrinking minus the background:

Intensitypostshrunk— INteNstiypostshrunk,bg (5)

Signal increase (SI) = , .
Intensitypreshrunk— INteNStLYpresnrunk,bg

The enhancement over glass (Equation 6) was calculated to be the fluorescence intensity of
substrate minus the background over the fluorescence intensity of the comparison substrate

minus its respective backgrounds:

Intensityexp‘postshrunk—Intensityexp‘bg (6)

Intensity gigsspostshrunk—INtensity gigss g

Enhancement over glass =

The fluorescence SI will first be addressed. As previously mentioned, the PO film
experiences a 77% reduction lengthwise upon heating, which results in a theoretical 20-fold
increase of surface area.’? The PO-STRITC exhibited a fluorescence SI of 14-fold (standard
error (SE) = 0.57) due to concentration of the surface bound fluorophores. This slight
decrease in experimental value compared to the theoretical calculation was attributed to

thermal degradation effects from heating. Interestingly, an approximate 50-fold (SE = 1.9)
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fluorescence SI was observed on the shrunk PO-SiO2-STRITC substrates, which drastically
exceeds the calculated 20-fold increase. (This effect will be discussed in the optical
characterization section.) Notably, the fluorescence SI was accompanied with a significantly
increased SNR (defined as the ratio of the raw fluorescence signal to the background signal)
from 11:1 to 76:1. The SI obtained from shrinking the PO-SiO2-STRITC substrate exceeded
that observed from just concentrating the fluorescent molecules (as seen on the PO-STRITC
substrate). This suggests that the additional increase of fluorescence signal on the shrunk
PO-Si02-STRITC substrate is due to presence of SiO2 structures and not from bringing the
fluorophores into close proximity of each other. It was also shown on the glass surface that
the application of heat did not cause signal amplification or significant signal degradation (SI,
glass = 0.92, SE = 0.019) and that the SNR did not change considerably (from 5.7:1 to 5.2:1
following heating). From this, we conclude that the difference in fluorescence SI on the
shrunk PO-STRITC and the shrunk PO-SiO2-STRITC is not due to thermal effects on the
fluorophore, and that the SiO2 structures are an important contributing factor in creating

these significant fluorescence signal enhancements.
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a. Glass-STRITC PO-STRITC PO-SiO,-STRITC

Figure 4.5. Fluorescent images of patterned surfaces for heated glass, thermally shrunk PO,
and thermally shrunk PO-SiO2 bound with biotin and STRITC (a) and the corresponding 3D
fluorescence intensity profiles (b).
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Next, a comparison to a planar glass surface was done. The shrunk PO-STRITC had an
enhancement value over glass of 25 (SE = 3.1). The shrunk PO-Si02-STRITC substrate had an
enhancement over glass value of 116 (SE = 9.7). A higher fluorescence signal was observed
on the flat PO-Si02-STRITC relative to glass-STRITC; we attribute this increased fluorescence

signal to the inherent reflectivity of the PO film (as shown later in Chapter 5).

4.3.2 Wavelength independent fluorescence signal enhancements

While fluorescence enhancements that arise from plasmon resonances are highly
dependent on nanostructure size and shape,127 we show that increased fluorescence signal
and fluorescence enhancement factors on our PO-SiO2 substrates are not restricted to a

particular wavelength or structure size. 10 ugmL-! Cy2-conjugated streptavidin (Aex = 492
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nm, Aem = 510 nm) were spotted onto unshrunk biotinylated substrates as previously
performed. Upon shrinking the substrate, a 39-fold (SE = 1.6) and 11-fold (SE = 1.2) increase
in the fluorescence signal is observed on the shrunk PO-SiO2 substrate and the shrunk PO
substrate, respectively. The increases in fluorescence signal correspond to averaged
enhancement factors of 106 (SE = 9.5) and 5.0 (SE = 0.27) for the shrunk PO-SiO2 relative to
the heated glass and shrunk PO substrate. An increase in SNR is also experienced on the

shrunk PO-SiOz substrate from 13:1 to 29:1.

4.4 Summary

We used a model-linking system to covalently link fluorescently labelled protein onto
the surface of the SiO2 structures. We optimized the concentration of the EZ-Link Sulfo-NHS-
LC-biotin and verified that the biotin-streptavidin model linking system was able to
withstand the thermal conditions associated PO film shrinkage. Biotin was crosslinked to the
surface of the substrates (glass, PO, and PO-Si02), and a fluorescently conjugated STRITC
served as the target protein of interest. We showed that by heating the conjugated PO-SiO2
film, thus creating the SiO2 structures, we were able to achieve robust, far-field fluorescence
signal enhancements that exceeds those expected from merely concentrating the molecules
on the surface. Fluorescence SI of the shrunk, labelled PO-SiO2 relative to planar glass was
~116-fold and the Enhancement over Glass of the labelled PO-SiO2 was ~50-fold.
Furthermore, the enhancements are not wavelength dependent, and was also observed
using an alternate protein of interest Cy2-conjugated streptavidin. Here, proof-of-concept

was demonstrated using 20 nm SiO2 sputtered polymer films. Next we look to characterize
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the optical properties and identify the mechanism(s) responsible for the fluorescence signal

enhancements on the SiOz structures.
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CHAPTER 5: OPTICAL CHARACTERIZATION

5.1 Optical properties of the functionalized surfaces

To understand the effects of the SiO2z structures on the fluorescently labelled
streptavidin, the optical properties of the fluorescently conjugated substrates were
examined by measuring the absorbance spectrum and emission spectrum of the conjugated
surfaces. 20 nm thick SiO2z coated PO films were prepared and conjugated with STRITC using
the methods described in Chapter 4. The functionalized substrates were shrink and UV-
visible absorption spectra were collected using a PerkinElmer Lambda 950 UV/Vis/NIR
Spectrophotometer with a 60 mm integrating sphere detector. Fluorescence spectra were
measured with an excitation wavelength of 561 nm and emission was collected from 416 -
728 nm (Zeiss LSM 710) using a 20x objective (NA = 0.4, Zeiss Korr C-Apochromat) and an
argon laser.

The absorbance and emission spectra measured are shown in Figure 5.1. Optical
properties are important indicators of how the molecule of interest is interacting with its
environment. Figure 5.1a is the UV-Vis absorption spectra of STRITC, glass-STRITC (STRITC
bound to glass) and shrunk PO-Si02-STRITC. STRITC exhibited two absorption maxima at
520 and 549 nm which were attributed to the presence of dimeric and monomeric species.
The presence of dimeric and monomeric species was reported to occur for rhodamine dyes
at high concentrations (Asz0/549 = 0.89).128 Glass-STRITC also exhibited an absorption
maximum at 549 nm. Covalent linkage of STRITC within the SiO2 structures was not observed
to cause spectral shifts in peak absorbance. The absorption spectra of the shrunk PO-SiO2-

STRITC substrate shows higher optical density at higher energies, which fits well to Rayleigh
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scattering, suggesting that shrinking of the PO-SiO2 substrate creates rough 3 structures that
result in light scattering.12?

The emission spectra are shown in Figure 5.1b. The emission intensity maximum for
the STRITC occurred at 575 nm. While covalent attachment of the STRITC on glass did not
cause a change in the absorption wavelength, it was observed to cause a slight red shift of 3
nm for the emission wavelength for STRITC on the PO-SiO2 substrate. This slight red shift in
emission wavelength could be attributed to the change in molecular surrounding of the
STRITC dye since it is known that dye molecules are affected by microenvironment
polarity.12 However, the observed spectral shifts were insignificant and it could be suggested
that confinement of the dye molecules within the SiO2 structures does not result in

significant changes of the dye’s electronic structure.
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Figure 5.1. Absorption spectra of STRITC free dye, glass-STRITC, and PO-SiO2-STRITC (a)
and emission spectra of STRITC free dye, glass-STRITC, and PO-SiO2-STRITC (b).

The spectroscopic studies done on the functionalized substrates confirmed
biomolecule conjugation and verified the concentration effect as evidenced by higher signals
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on the shrunk SiOz structures. However, because there were no significant spectral shifts
were observed in the spectra, further studies are necessary to characterize the mechanism

behind the fluorescence signal enhancements.

5.2 Integrating sphere measurements

The scattering properties of the SiO2z structures were first explored through
integrating sphere measurements. The integrating sphere quantifies the transmittance and
reflectance of highly scattering surfaces. Clean PO films were sputtered with different
thicknesses of SiO2 (0, 5, 10, 20, 40 nm). The SiO2-sputtered films were shrunk to create the
multiscale SiO2 structures. The transmittance and reflectance spectra of the SiOz structures
were collected from 800 - 400 nm using the PerkinElmer Lambda 95 UV/Vis/NIR
Spectrophotometer with a 60 mm integrating sphere detector. The plotted spectra are

shown in Figure 5.2 and Figure 5.3.
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Figure 5.2 A graph of the percent transmittance of surfaces with different thicknesses of
deposited SiOz across the visible wavelengths. Increased thickness of SiOz results in reduced

transmittance of the substrates across the visible wavelengths.

34



30 _/
§ /
Q —— No SiO
(&) 2
= 20+ —— 5nm SiO,
ts] 10 nm SiO,
2 ’_\ —— 20 nm Si0,
o —— 40 nm SiO,
X 40

400 500 600 700 800
Wavelength [nm]

Figure 5.3 A graph of the percent reflectance of surfaces with different thicknesses of
deposited SiO2 across the visible wavelengths. Increased thickness of SiO2 results in
increased reflectivity across the visible wavelengths.

In Figure 5.2, the transmittance spectra of the SiO2 substrates reveals that as the
thickness of the deposited SiO2 layer increases, the measured percent transmittance of the
substrate decreases, as expected. The shrunk PO films (20 nm SiO2z and 40 nm SiO2) have
similar transmittance spectra and overlap in the graph. Figure 5.3 is a graph of the measured
percent reflectance of each substrate. The graph reveals that the PO film is inherently
reflective, which explains the increased fluorescence signal read on the flat, unshrunk
fluorescently-conjugated PO film relative to the glass control. Furthermore, as the deposited
thickness of SiO2 increases from 5 nm to 40 nm, the shrunk substrate exhibits higher percent
reflectance. The increased reflectance upon the addition of the SiO2 structures indicates that
the SiOz structures make up a highly scattering surface. Interestingly, the measured percent
reflectance and transmittance of the 20 nm and 40 nm deposited SiO2 samples are similar,

while incremental changes are observed from 0 nm to 20 nm deposited SiO2 substrates.
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5.3 Confocal pinhole experiment
5.3.1 Confocal microscopy

We devised an experiment that capitalizes on the confocal microscope’s ability to
reject out-of-focus light in order to characterize the scattering nature of the SiO: structures.
The differences between a wide-field epifluorescence microscope and a confocal microscope
are briefly discussed as follows.

A schematic of an upright epifluorescence wide-field fluorescence microscope is
shown in Figure 5.4. The fluorescence source produces a bright white light that is passed
through an excitation filter. The excitation light is directed to the sample through a dichroic
mirror and illuminates the entire sample. The emitted light from the sample is redirected
through the dichroic mirror, through the emission filter and into the detector. The wide-field
epifluorescence microscope collects all the light that is emitted and reflected back from the
sample. This property limits the effectiveness of wide-field microscopy when imaging
samples that have finer structures (smaller than the diffraction limit at about 200 - 300 nm)
or increased thickness (greater than 2 pm) as collection of all the emitted light can lower

image resolution.
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Figure 5.4. A schematic illustrating the workings of a widefield fluorescence microscope.
Confocal microscopy addresses this problem of lowered image resolution with the
addition of pinholes, which suppresses out-of-focus light from above or below the focal
plane. This produces images with increased optical resolution and allows for optical
sectioning and therefore 3D reconstruction of images. A simplified schematic of confocal
microscopy is shown in Figure 5.5. Briefly, a high excitation laser is used to excite the
sample. The laser passes through the excitation pinhole, which limits the illumination of the
sample to a small region in the focal plane. After sample illumination (thereby excitation),

the emitted light coming from the sample passes through the dichroic mirror and through
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the emission pinhole, which restricts the light reaching the detector to that from the focal
plane. A raster scan of the sample is done to create a composite image with the desired field

of view.

Detector
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: Confocal
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Objective

Focal plane
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Figure 5.5. A simplified schematic illustrating the workings of a confocal microscope.

5.3.2 Pinhole scanning experiment
We leverage the ability of a confocal microscope to suppress out-of-focus signals to
investigate the scattering properties of the SiO2 surfaces. We performed the scanning pinhole

experiments, which involved using the confocal microscope to repeatedly excite and collect
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the emission from the sample while moving the emission pinhole location. The pinhole
scanning experiment of the bio-functionalized SiOz substrates was performed using laser
confocal microscopy (Olympus FV1000) at the Laboratory for Fluorescence Dynamics
(University of California, Irvine). The substrates were prepared by first functionalizing the
SiO2-coated films (0, 5, 10, 20, 40 nm) with streptavidin-TRITC using the same conditions as
previously described. The surfaces were thermally shrunk to create fluorescently labelled
SiOz structures. The substrates were excited at 559 nm and emission was collected at 575 -
620 nm using a 20x objective (NA = 0.75) with 488 nm light. The emission of the
fluorescently labelled substrates was collected as the pinhole was displaced in the x-axis in
100 pum steps. Fluorescence images with the pinhole open were taken using a 10x objective
(NA =0.40). Images were analyzed using Image].

In this study, we repeatedly imaged the same region with different pinhole positions.
By misaligning the detection pinhole, which exists to eliminate out-of-focus light, we expect
to see significantly reduced fluorescence signal as the focal volume gets further away from
the detector. The results from this experiment are plotted in Figure 5.6, which is a graph of
the normalized fluorescence intensity as a function of the pinhole misalignment. As expected,
there is a drop in the collected emission as the detection pinhole becomes more misaligned
for all substrates (0, 5, 10, 20, 40 nm SiOz). More interestingly, Figure 5.6 reveals that as we
increase the SiO2 thickness from 5 nm to 40 nm, a higher fluorescence emission is collected
at each respective pinhole misalignment. The fluorescence decay due to pinhole
misalignment slows down as the SiO2 thickness increases until the SiO2 thickness of 20 nm
is reached. The collected fluorescence emission from the 40 nm deposited SiO2 follows the

same decay rate observed on the 20 nm substrates, suggesting a limit to the size or thickness
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effect on the emitted fluorescence intensity. Overall, more fluorescence emission on
substrates with SiO2 structures was collected through a misaligned detection pinhole. This
suggests to us that the SiO2 structures represent a highly scattering surface that scatters the

emitted fluorescence out of the focal volume that is detected when the pinhole is misaligned.
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Figure 5.6. Graphical illustration of the normalized fluorescence as a function of pinhole
misalignment on substrates with different thicknesses of SiO2. At each increased SiO:
thickness (5 nm to 40 nm), a higher fluorescence emission is collected at each respective
pinhole misalignment.
5.3.3 Confocal z-stacks

As previously mentioned, one of the advantages of confocal microscopy is its ability
to suppress out-of-focus light and isolate signals from a single focal plane. This allows for 3D
reconstruction of the sample with high resolution. We compared the total fluorescence on
the functionalized SiO2 surfaces quantified with confocal z-stacks to that obtained using an
upright epifluorescence microscope in order to isolate the fluorescence signal arising from a
single focal plane. To do so, STRITC was linked onto the flat PO-SiO: films (0, 5, 10, 20, 40

nm) using the previously described conjugation methods. The substrates were shrunk and
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imaged using laser confocal microscopy (Olympus FV1000) at the Laboratory for
Fluorescence Dynamics (University of California, Irvine). The surfaces were thermally
shrunk to create fluorescently labelled SiO2 structures. Confocal z-stacks (scan range 50 pm,
1 um steps) of the fluorescently labelled substrates were acquired by exciting the substrates
at 559 nm and collecting the emission from 575 - 620 nm using a 20x objective (NA = 0.75)
with 488 nm light.

Taking z-stacks allows us to eliminate light from outside the focal plane and quantify
the fluorescence from individual z-slices. A 3D reconstruction of the functionalized SiO2
substrates would only detect fluorescence from a single focal plane and eliminate all
scattered light. The results from the confocal z-stack experiment are shown in Figure 5.7a,
which is a graph of the fluorescence intensity of the functionalized surface as a function of
distance throughout the substrate in the z-axis. Both fluorescently conjugated SiO:
structures and shrunk PO film show similar trends throughout the sample, the integrated
intensity reveals that the two substrates have very similar total intensity, where the
integrated fluorescence intensity is about (4 + 0.5) x 103 AU and (4 + 0.2) x 103 AU on the
SiO2 structures and shrunk PO film, respectively. We opened the pinhole to collect all the
emitted light, which includes scattered out-of-plane light. The fluorescence images are
shown in Figure 5.7b, where the observed fluorescence on the SiO2 structures (left) is
greater than that on the shrunk PO film (right). The fluorescence intensity on the SiO2
structures measured ~2.6-fold greater than that obtained on the shrunk PO film. This
discrepancy between the fluorescence intensity measured from the integrated z-stacks and
that measured from the wide-field image validates that out-of-focus light contributes to the

enhanced fluorescence SI.
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Figure 5.7. Fluorescence imaging to characterize scattering effects of the SiO2z structures. A
confocal z-stack of fluorescently labelled substrates shows that the overall trend of
fluorescence intensity across the z-axis is very similar between substrates with SiO2
structures and without the SiO2 structures (a). Integrated intensity across the substrate
yields very similar total fluorescence intensity. Fluorescence images of the same substrate
taken with an open confocal pinhole show that the substrates with SiO2 structures have
greater fluorescence intensity compared to the shrunk polymer film without SiO2 structures

(b).

5.4 Theoretical approximation of enhancement based off scattering effects
The optical characterization studies indicated that the SiO2 structures are highly

scattering. We observed with increased SiO2 deposition thickness, larger scattering effects
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are observed. We looked to approximate a theoretical scattering enhancement factor (SEF).
We attribute the enhancement to a combination of both scattered excitation light and

scattered emission light. This approximation is broken down Equation 6:

%Rnnm %Rnnm collection solid angle
SEF :( 0 /‘l,ex) ( 0 l,em) " ( g ) 6)

%R,O nml'ex %RIO nm/‘l,em 2n

where the %R,n nmaex is the percent reflectance of the substrate with n thickness of
deposited SiO2z at the dye’s excitation wavelength, %R,0 nmy.exis the percent reflectance of
the substrate with no SiO2 structures at the dye’s excitation wavelength, %R,n nmjem is the
percent reflectance of the substrate with n thickness of deposited SiO: at the dye’s emission
wavelength, %R,0 nmyem is the percent reflectance of the substrate with no SiO2z structures
at the dye’s emission wavelength, The collection solid angle is a factor that accounts for the
amount of light detectable with the microscope objective. The theoretical SEF for each
substrate at different thicknesses of SiOz is calculated based on the reflectance data obtained
from the integrating sphere measurements and tabulated in Table 5.1.

We looked to verify the theoretical approximations for the SEF. The effects of the SiO2
deposited layer on the resulting fluorescence enhancements are explored. SiO2-coated films
(0, 5, 10, 20, 40 nm) were functionalized with STRITC using the previously described
conditions, imaged at 2x (NA = 0.055, Edmund Optics) using an upright epifluorescence
microscope, thermally shrunk, and imaged again.

We observe increased fluorescence intensity on the shrunk surfaces with increased
deposited SiOz as seen in Figure 5.8. The SEF observed on the shrunk substrates with
different SiOz structures are calculated from the fluorescence intensities and shown in Table

5.1. As we increase the deposited thin film thickness from 5 nm to 40 nm, the experimental
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SEF increases until it plateaus at 20 nm of deposited SiO2. This trend follows that followed
by the theoretical SEF. The discrepancy at lower thicknesses of deposited SiOz, such as at 5
nm of deposited SiOz, can be attributed to discontinuities of the deposited thin film at that
thin of a layer.

The experimental SEF of the substrates at different thicknesses of deposited SiO2
complements the results obtained with the integrating sphere measurements, where
incremental increases in reflectance spectra are observed as the SiO2 layer is increased until
the differences become negligible at 20 nm of deposited SiO2. This trend is also observed in
the pinhole scanning experiment, where increased SiO2 thickness yielded higher scattering

effects, with the maximal scattering achieved at 20 nm deposited SiOa.

Figure 5.8. Fluorescent intensity images of the resulting shrunk PO-SiO2 surfaces at different
deposited thickness of SiO2.

Table 5.1. Increasing the thicknesses of deposited SiO2 results in higher enhancement
factors based on the scattering effects

Deposited SiO2 Theoretical SEF Experimental SEF

Thickness (nm)

0 - -
5 2.1 1.0+0.1
10 2.2 1.8+0.2
20 2.4 23+04
40 2.4 2.5+0.5
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The optical scattering dependence on the deposited SiO2 thickness can be explained
through the wavelength equation, as shown in Equation 4, where A is the resulting wrinkle
wavelength, h is the thickness of the film skin layer, vrand vsrepresent the Poisson’s ratio of
the thin film and the Poisson’s ratio of the substrate, respectively. Er and Es are the elastic

modulus of the film skin layer and substrate, respectively.80.85

A=2nhlwl Ys (4)

3(1-v23)Ef

We assume the Poisson’s ratios and elastic moduli to be constants for the substrate and
polymer film to be constants. Equation 4 shows us that as the deposited SiOz2 film thickness
increases from h =5 to 40 nm, larger feature sizes should be obtained on the shrunk polymer
substrates. This was confirmed through the SEM images of the shrunk SiO2 substrates in
Figure 3.4, and 3.5 (Chapter 3). Table 3.1 (Chapter 3) also revealed the SiO2 wrinkle
amplitudes upon shrinkage of the sputtered films plateaus at 20 nm of deposited SiOz. The
increased depth, or amplitude, associated with the shrunk 20 nm and 40 nm PO-SiO2
substrate offer more surface area available to scatter light, and the multiple scattering effects
that occur produce diffuse light that increases the absorption / excitation and subsequently

emission rate of attached fluorophores.

5.5 Summary
Initial spectroscopic studies of the shrunk functionalized 20 nm SiO2 surfaces

indicated that the SiOz structures may exhibit scattering capabilities. In this chapter, we
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aimed to further characterize the optical properties of the SiO2 structures. Transmittance
and reflectance spectra were obtained using an integrating sphere. As expected, the light
transmitted through the shrunk substrates across the visible wavelengths decreased as the
thickness of the sputtered SiOz layer increased. The reflectivity of the shrunk substrates
increased as the thickness of the deposited SiOz layer is increased. This suggested that the
larger SiO2 wrinkles scatter more light. Furthermore, the incremental decreases in
transmittance and increases in reflectance were observed as the SiO2 thickness was
increased from 0 nm to 10 nm, however the differences were negligible between the 20 nm
and 40 nm thick SiO2 substrates. The dramatic increase in reflectance that occurred due to
the presence of the SiO2 structures suggested the SiO2 structures are highly scattering. This
was confirmed through additional experiments. We showed with the pinhole scanning
experiment that increased thicknesses of SiO2 resulted in more light detected as a function
of pinhole misalignment. The increased fluorescence signal per pinhole misalignment
suggested the SiOz wrinkles scatter light out of the focal volume, and that a relationship
between SiO:2 thickness and degree of scattering exists. Confocal z-stacks of the
functionalized substrates were collected to further verify that the enhanced fluorescence
signal is attributed to out-of-focus light. We showed the total fluorescence intensity
integrated over the entire sample on the substrates with and without the presence of SiO2
structure yielded similar fluorescence intensities. When the confocal pinholes were opened
entirely, illuminating the entire functionalized substrate, the fluorescence intensities
between the substrate with and without SiO2 structures was ~ 2.5-fold. The difference in

fluorescence intensities that arose merely from using the confocal pinhole pointed to out-of-
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plane scattering as a major contribution to the enhanced fluorescence signals observed on
the SiO2z structures.

Using the results obtained from the optical characterization studies, we derived an
approximation for the fluorescence enhancements based on scattering effects alone. This
approximation, which we called the SEF was calculated and verified with experimental data,
which we obtained when we looked at the changes in fluorescence intensities on bio-
conjugated substrates with different thickness of SiO2 upon shrinkage. An increase in the
fluorescence SEF was observed upon an increase in deposited SiO2 thickness. The
relationship between the fluorescence SEF and the increased SiO2 thicknesses was explained
through the increased surface area that was produced upon the addition of the SiO: layer.
Thicker films have bigger amplitudes, therefore greater surface area becomes available for
light scattering. More scattered excitation light results in greater probability for emitted

light.
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CHAPTER 6: APPLICATIONS IN DISEASE DIAGNOSTICS

6.1 Disease detection

The driving motivation behind this work is to develop POC applicable technologies to
address the unmet need of inexpensive and effective diagnostic tools. Early detection of
diseases enable early diagnosis, and therefore treatment and containment. As previously
mentioned, surfaces for enhanced fluorescence detection typically involve complicated
fabrication techniques with multiple steps and use expensive materials such as gold or silver.
These factors impede translation of these effective substrates towards POC applications.
Here, we demonstrated the ability to fabricate fluorescence enhancing SiO2 structures
merely through heating shrink wrap polymer film. The method is rapid, uses inexpensive

materials, and signals are detected using a simple fluorescence microscope.

6.2 Improved limits of detection on the silica structures

Since it is of interest to use the SiO:z structures as a sensing platform, it was important
to assess detection sensitivity of the surface of this model-linking system. The detection
sensitivity of the PO-SiO2 substrates was evaluated by performing a concentration curve of
STRITC on the PO-SiO2 and glass substrate. The biotin-streptavidin hybridization was used
since this system can be applied towards real immunoassays through DNA, protein, or
aptamer linking.123 The results are plotted in Figure 6.1. The fluorescence signal
corresponding to the LOD is defined to be the mean of the background plus three times the
standard deviation of the background. The LOD is calculated to be an applied STRITC
concentration of 0.26 pug mL-1 (SE = 0.026) on the heated glass surface. In contrast, the shrunk

PO-SiO2 substrate is able to yield a lower LOD of STRITC concentration of 11 ng mL-1 (SE =
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0.0027). This proof-of-concept demonstrates that the PO-SiO2 substrate has higher detection
sensitivity relative to planar glass surface. The ability to reach lower limits of detection using
the biotin-streptavidin model linking system is promising as it suggested the possibility for

applications in disease diagnostics and point-of-care testing.
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Figure 6.1. A plot of the fluorescence intensity as a function of STRITC concentration on the
shrunk PO-SiO2 substrate and the glass surface. The inset graph is a zoom of the lower
STRITC concentrations, background subtracted for each respective substrate.
6.3 TNF-a detection

Tumor necrosis factor a (TNF-a) are pro-inflammatory cytokines secreted by
macrophages and monocytes in response to inflammation, stresses and infection. TNF-«a
exist at sub-pM level in healthy individuals but are elevated by several orders of magnitude

in patients with diseases such as in preeclampsial3? and sepsis.131 TNF-a also plays a role in

regulating disease inflammation and progression.132133 [t is important to be able to detect
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and quantify the low levels of TNF-a as TNF-a could represent an early stage indicator of
systemic infection. The gold standard for protein detection is the enzyme-linked
immunosorbent assay (ELISA). However, the limit of detection (2 pgmL-1) fails to capture
protein levels associated with early inflammation and infection. Here we develop a sandwich
immunoassay to detect human TNF-a using the SiO2 structures.

Instead of covalently linking the capture antibody onto the SiO2 films, we tested
adsorption as a method for depositing the capture protein. First, we chemically
functionalized the unshrunk SiO2 film (20 nm SiO2) with APTMS (2% v/v) for 30 min to
introduce primary amine groups. The slight hydrophobicity increases protein affinity.
Following APTMS treatment, the surfaces were rinsed and incubated overnight with
monoclonal mouse TNF-a antibody (25 pg mL-1). The capture antibody was removed,
surfaces were washed, and blocked with StartingBlock buffer. Varying concentrations of
target analyte TNF-a were incubated with the surface overnight, and detected the next day
using rabbit polyclonal anti TNF-a antibody (1 pg mL-1). Goat anti-rabbit [gG H&L (Alexafluor
647) (2 pg mL-1) was then incubated for fluorescence visualization of the detected TNF-a.
The functionalized films were shrunk thermally and imaged with an upright fluorescence
microscope using a 5x objective (NA = 0.13, Olympus).

The results from the TNF-a immunoassay are shown in Figure 6.2. The concentration
curve for TNF-a on the SiO2z structures is compared to that on a planar glass surface. Both
surfaces were heat treated, and higher fluorescence intensities were found on the SiO2
substrates (as expected). The LOD, calculated to be three times the standard deviation above
the background, on the SiOz structures is 550 pg mL-! compared to that of 2.5 ng mL-1 on the

glass surface. Lower LODS are reached on the SiO2 structures, however it is noted that the
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performance of the TNF-a immunoassay still falls short from the gold standard ELISA assay.
This could be due to relying on adsorption as the main means of binding capture antibody to
the surface. Protein adsorption to the surface may result in irreversible protein denaturing
and subsequent loss of active sites.13* Many circumstances such as antibody affinity, activity,
and selectivity need to be taken into consideration when developing an immunoassay.
Furthermore, ELISA well plates are gamma irradiated for strong protein adhesion. Oxygen
plasma treatment and silane chemistry may not provide a strong enough adhesion layer for

the captured antibody.
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Figure 6.2. A graph of the fluorescence intensity detected per concentration of TNF-a, where
the fluorescence intensity on the glass substrate is represented by the black triangles, and
the fluorescence intensity on the shrunk PO-SiO: is represented by the red circles.

6.4 p24 detection

Human immunodeficiency virus type 1 (HIV-1) is a lentivirus that causes HIV
infection. If left untreated, HIV eventually leads to acquired immunodeficiency syndrome
(AIDS). According to UNAID, at the end of 2014 approximately 36.9 million people

worldwide are living with HIV, with approximately 77% of these HIV cases reported to occur
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in sub-Saharan Africa. Since 2000, 25.3 million people have died from AIDS-related
illnesses.135 HIV-1 diagnosis is essential for treating, monitoring, and preventing further
transmission of the virus. The most common test for HIV-1 involves detection of HIV-1
antibodies using the conventional ELISA and more recently rapid diagnostic tests (RDTs).
However, antibodies for HIV-1 are only detectable in blood 3-4 weeks after infection, leaving
a window of opportunity for further transmission of the virus. The timeline of HIV-1 onset

and appearance of biomarkers indicative of the HIV-1 infection are shown in Figure 6.3.
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Figure 6.3. The timeline shows onset of HIV-1 and corresponding biomarkers that become
present in the body.

The nucleocapsid protein p24 antigen is a marker for HIV-1. It presents itself in the
infected individual during the acute infection stage, and therefore is a useful target for early
detection of HIV-1 while antibody concentrations within the body is low.136-138 We look to
develop an immunoassay for p24 detection on the SiO2 structures. Previously, we
demonstrated improved LOD of TNF-a on our substrates, however detection capability fell

slightly short of that reachable on the gold standard ELISA. Here, we describe a new

52



approach where we covalently link the capture antibody to potentially improve its binding
efficiency and become a competitive immunoassay.

The immunoassay scheme is shown in Figure 6.4. We crosslinked the SiO2 surfaces
(20 nm SiO2) with APTMS (2 % v/v) for 30 min. The surfaces were rinsed, cured overnight,
and then incubated with pGlu (3 mg mL-1) for 1 h at room temperature the next day. After
washing with ddHz0, the substrates were incubated in EDC-HCI/Sulfo-NHS (75 mM/15mM)
solution for 1 h for protein crosslinking. 10 pg mL-! of monoclonal mouse anti-HIV1 p24
antibody was conjugated onto the EDC-HCl/Sulfo-NHS activated surfaces by incubating the
protein solution with the surfaces overnight at 4 °C. Surfaces were washed with 0.05 % v/v
PBST three times the next day to remove excess antibodies and blocked with StartingBlock.
Human HIV-1 p24 antigen was incubated with the surfaces overnight at 4 °C. Following
capture of the target analyte, polyclonal rabbit anti-HIV1 p24 antibody was incubated with
the surface for antigen-antibody recognition. Hybridization of goat anti-rabbit IgG H&L
(Alexa Fluor 647) to the polyclonal rabbit anti-HIV1 p24 antibody was performed for final
visualization of the p24 antigen. The primary and secondary antibody binding was carried
out at 37 °C for 1 h. After the substrates were cleaned, the films were thermally shrunk at T
= 145 °C, and wide-field fluorescence intensity images were taken using 5x objective (NA =
0.13, Olympus).
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Figure 6.4. Schematic illustrating the p24 sandwich immunoassay performed on the SiO2-
coated film prior to shrinkage. After incubation with the secondary antibody, the entire
substrate is shrunk and imaged using an upright epifluorescence microscope.
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The results are shown in Figure 6.5, which is a concentration curve of the
fluorescence intensity as a function of HIV-1 p24 antigen concentration. The LOD is
determined at 3 standard deviations above the background, and we observed an improved
LOD on the SiO2 structures (30 pg mL-1) over the planar glass substrate (253 pg mL1). 10 pg
mL-1 of p24 was reported to be detectable through ELISA.13° We anticipate with surface
chemistry optimization and improvement of the reflective nature of our SiO2 structures, our
p24 assay platform will be able to surpass limits obtained using the standard ELISA.
Furthermore, the SiO2 sensing platform offers the potential for multiplexing as we have
demonstrated improved DNA hybridization assay performance on the SiOz structures.140 As
seen in Figure 6.4, other biomarkers such as HIV RNA and the antibodies specific to HIV
arise in the body as the disease progresses. Therefore, the SiO2 structures can not only be
used to diagnose HIV during the acute infection stage, but also to serve as a versatile platform
for both RNA and HIV antibody sensing following the acute infection stage. This is

advantageous since traditional ELISA assays are limited to protein detection.
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Figure 6.5. Illustration of fluorescence intensity dependence on p24 concentration, where
data on the glass substrate are represented by the black triangles, and on the shrunk PO-SiO2
are represented by the red circles. Improved LOD is achieved on the SiO:z structures.
6.5 Summary

We first showed the SiO2 structures are able to enhance the fluorescence signals of
covalently conjugated model protein streptavidin-TRITC. This proof-of-concept indicated
that the SiO2 structures have potential to serve as a platform for disease diagnostics.
Following this proof-of-concept, we applied the SiO2 structures towards disease detection.
We demonstrated that the SiO2 structures were efficacious in disease diagnostic applications
through detection of clinically relevant molecules TNF-a and HIV-1 p24 antigen. Lowered
LOD of 550 pg mL-1 and 30 pg mL-! for TNF-a and p24, respectively, were achieved on the
SiO2 structures. This is an improvement over the LOD of 2.5 ng mL-1and 253 ng mL-! for TNF-

a and p24, respectively, observed on the planar glass control. The ability to reach better LOD

on the SiO2 structures suggests their potential for applications in POC diagnostics.
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CHAPTER 7: TOWARDS POINT-OF-CARE DEPLOYMENT

7.1 Translation towards point-of-care deployment

As mentioned in Chapter 1, this work aims to develop a POC applicable sensing
surface for rapid, low cost detection of analytes. Up to now, we have demonstrated the
fabrication of a fluorescence signal enhancing platform and shown the ability of the SiO2
platform to yield improved limits of detection for target analytes. Translation of the SiO2
structures towards a POC applicable platform requires additional work, and we present two
avenues of exploration to further move the SiO2-based fluorescence enhancing system
towards POC deployment. These avenues are improving: 1. Cost and scalability via sol-gel

derived silicate materials and 2. Portability through colorimetric detection.

7.1.1 Sol-gel chemistry

Ion beam sputter deposition was used for depositing SiO2 thin films in this project.
This expensive machinery contributes a substantial cost to this technology. Therefore, it is
of interest to explore other avenues of SiO2 thin film deposition for feasible integration of the
SiOz2 structures into actual low-cost POC technologies.

Sol-gel processing is a wet deposition method for fabrication of silicate based materials at
room temperature.’*42 This process has been developed and expanded towards multiple
applications in electronics, nanotechnology, chemistry, materials, and optics. Sol-gel processing
involves the hydrolysis of silicon alkoxide precursors such as tetramethyoxysilane (TMQOS) or
tetraethoxysilane (TEOS) and polycondensation to yield a network of siloxane bonds.'*® The
resulting silica-based matrix is physical robust, resistant to abrasion, chemically inert, displays

optical transparency, and is thermally and chemically stable. These properties make the sol-gel
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derived silicate materials ideal for biosensing applications. However, traditional sol-gel processing
can be disadvantageous for protein encapsulation due to the need for an acidic medium to
hydrolyze the silicate groups and the generation of alcohol groups during the hydrolysis
reaction.#

Advancements in sol-gel chemistry have resulted in biocompatible sol-gel processing
techniques. This involves the addition of glycerol or other small molecule “osmolytes” such as
sugars and amino acids during the encapsulation process to improve protein stability, the use of
biocompatible silane precursors such as polyglycerylsilicate (PGS), diglycerylsilane (DGS),
sodium silicate (SS) to eliminate the alcohol production, and the use of sugar-modified silica
materials.!*>146 Many reports of using sol-gel derived films for sensing surfaces have been reported
using both biomolecule encapsulation during processing and postgrafting.>+147-149.145150,151,146
Synthesis of sol-gel materials involves hydrolysis of an appropriate precursor, e.g., to form an
aqueous sol, during which the biomolecules is also added. Addition of various salts and catalysts
polymerizes the gel, resulting in biomolecule entrapment if biomolecule addition took place.'®?
Sol-gel processing for SiOz thin film deposition is explored as a low cost alternative for SiO2

structure fabrication. SiOz sol-gels are synthesized as described by Carrasquilla, C. et al.151

7.1.2 Sol-gel based silica thin films

We use an aqueous, biofriendly sol-gel processing method described by Carrasquilla,
C. et al. for the deposition of a SiO2 thin film on the PO film.15! Briefly, the SS solution was
prepared by diluting 2.6 g of stock SS solution into 10 mL of ddH20. The solution was mixed
with 5.5 g of cation resin (Dowex 50WX8, 100-200 mesh) to lower the pH to 4. The Dowex

resin was removed and the SS solution is mixed at 1:1 (v/v) ratio with HEPES buffer.
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Structure fabrication on the shrink film polymer is shown as seen in Figure 7.1a. The PO film
is oxygen plasma treated for 5 min. The SS solution is spin-coated at 1500 rpm onto the
surface of the treated film and allowed to cure overnight. SS sol-gel coated films henceforth
will be referred to as PO-SS.

Atomic force microscopy (AFM) images of the PO film and the film after spin-coating
SS sol-gel are shown in Figure 7.1b. The amplitude images indicate that the PO film alone
has a softer surface. Upon coating with the SS, the PO-SS’s surface became less elastic with
increased uniformity. Thermal shrinkage of the PO-SS films resulted in wrinkle formation as

seen in Figure 7.1c.

a.

Figure 7.1 Schematic illustrating the use of sol-gel derived materials for SiO2 thin film
deposition (a). A clean PO film (i) is oxygen plasma treated to help with adhesion of the sol-
gel film (ii). Sodium silicate sol-gel is spin coated onto the oxygen plasma treated PO film
(iii). AFM microscopy shows SS sol-gel adhesion to the PO surface to change it’s the film’s
surface properties (b). Thermal shrinkage of the PO-SS film results in the formation of
sodium silicate SiO2 wrinkles.
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We show that the PO-SS is a suitable solid-phase platform for both protein
encapsulation and protein post-grafting with two simple proof-of-concepts, whose results
are shown in Figure 7.2. First we demonstrate protein encapsulation and subsequent
binding to the target protein by mixing streptavidin in the SS solution at a 1:1 (v/v) ratio of
20 pug mL-1 of streptavidin (Jackson ImmunoResearch) diluted in HEPES. The streptavidin:SS
mixture was spin-coated onto the PO surface and cured overnight. We reacted the surfaces
with Atto 550-Biotin (Sigma) and observed binding as indicated by fluorescence. Shrinkage
of the PO-SS substrates revealed similar levels of fluorescence SI (~58-fold). The PO-SS
substrates are shown in Figure 7.2a.

Secondly, we use the SS solution as a platform for binding on the surface. The SS
solution was mixed at 1:1 (v/v) ratio with HEPES buffer and spin-coated onto the surface.
After curing overnight, the PO-SS films were oxygen plasma treated and submerged in (3-
Glycidyloxypropyl)trimethoxysilane (2% v/v) to functionalize the surface with epoxy
groups. 10 pg mL-1 monoclonal mouse IgG1 (Santa Cruz Biotechnology) was incubated with
the surface overnight at 4 °C. The surface was rinsed and blocked with 1% BSA for 2 h, and
then reacted with 10 pg mL-1 polyclonal goat anti-mouse IgG H&L (Alexafluor 555) for 1 h.
Thermal shrinkage of the functionalized PO-SS surfaces, shown in Figure 7.2b, yielded a

~44-fold fluorescence SI.
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Figure 7.2 Fluorescence intensity images of the unshrunk and shrunk PO-SS surfaces. The
PO-SS contain encapsulated streptavidin that is reacted with Atto 550-Biotin (a). The PO-SS
surface is linked with monoclonal mouse antibody and visualized with goat anti-mouse IgG
H&L (Alexa Fluor 555)

Further optimization and characterization of the SS sol-gels need to be performed for
robustness and quality control. The ability to pattern discrete and homogeneous regions of

SS is important for functionality as a consistent immunoassay platform.

7.1.3 Colorimetric detection on the silica substrates

The reported fluorescence SIs were quantified using a standard upright
epifluorescence microscope. While it is less expensive than a confocal microscopy setup, a
standard wide-field microscope may still require resources that are not consistently

available in developing countries (where the predominant number of infectious disease
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occur). It is of interest to develop an assay based off colorimetric readout methods on the
SiOz structures render this system a truly simple, portable, and low-cost POC technology. For
proof of concept, we look to use gold nanoparticles for colorimetric visualization. We
leveraged the self-retracting properties of the shrink film polymer to concentrate the
colorimetric signal of a simple immunoassay. 20 nm SiO2 was sputtered onto clean PO film.
The films were silane treated with APTMS (2% v/v) for 30 min, rinsed, and cured overnight.
Glutaraldehyde (2.5% v/v) was used to crosslink monoclonal mouse IgG1 to the surface.
Following removal of the primary antibody, the substrates were washed and blocked with
StartingBlock. Biotinylated goat anti-mouse IgG (H&L) (10 pg mL-1) was incubated for 1 h on
the surface for detection of the mouse IgG, and the surfaces were hybridized with
streptavidin conjugated 20 nm gold nanoparticles for 1 h (1:50 dilution). GoldEnhance
(Nanoprobes), was applied for 25 min to enlarge the gold nanoparticles and for visualization.
The schematic is illustrated in Figure 7.3.
Au aggregates
& - §0id
Y Y Y Yl L Yi ":1 {,( #,i # Streptavidin - 20 nm Au conjugate
YQY 'YR'Y T X" . .i'l . .i'l A Polyclonal goat anti-mouse IgG-biotin
« StartingBlock buffer
Iﬁ Y Monoclonal mouse IgG

Figure 7.3. Schematic illustrating the immunoassay for colorimetric detection. Monoclonal
mouse IgG is crosslinked onto the SiO2 surface. Surfaces are blocked with StartingBlock,
incubated with polycloncal goat anti-mouse IgG-biotin, and reacted with streptavidin-Au
nanoparticle conjugate. GoldEnhance is applied for gold nanoparticle enlargement.
Substrates are then shrunk and imaged.

The surfaces were imaged using an upright digital microscope (Keyence, VHX-5000)
as shown in Figure 7.4. Image analysis was done using MATLAB and the blue channel of

region-of-interest (ROI) was quantified for changes in signal. A concentration curve for the
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lowest detectable amount of monoclonal mouse IgG was performed and the results are
shown in Figure 7.5. The simple immunoassay demonstrated sigmoidal behavior, with a
shift to higher colorimetric readout per mouse monoclonal IgG concentration on the shrunk
PO-SiO2 surfaces. An improved LOD of monoclonal mouse IgG was achieved on the SiO2
structures. The LOD, calculated as the value higher than three times the standard deviation

of the background, was calculated to be 18 pg mL-! on the SiO2z structures and 92.4 pg mL-1

on glass.
0 ng mL" 1 ng mL" 10 ng mL"! 50 ng mL" 100 ng mL" 175 ng mL™" 250 ng mL"! 500 ng mL"
Glass
250 pym 250 ym 250 ym & 250 pm 250 ym 250 ym 250 pm
Flat PO-SIO,
Shrunk PO-SiO,

gl 10 pm Ao 10 um sl 10 pm

Figure 7.4 Images of the functionalized surfaces with different concentrations of
monoclonal mouse IgG (0 - 500 ng mL-1).
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Figure 7.5 A concentration curve of the colorimetric signal per concentration of monoclonal
mouse IgG on the SiO2 structures (indicated by the red spots) and the glass surface (indicated
by the black triangles).
The improved LOD achievable on the SiO: structures using the simple model
immunoassay suggests the potential of the shrink-derived SiO2 structures as a successful

platform for colorimetric-based diagnostics. We are interested in demonstrating improved

detection capabilities of an actual infectious agent using colorimetric readout methods.
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CHAPTER 8: SUMMARY AND FUTURE WORKS

8.1 Summary of the work

In this work, we described a platform for disease detection with wrinkled surfaces
from conception to application. Tunable multiscale micro- to nano- SiO2 wrinkle structures
were fabricated using the shrink technology with simple top-down approaches (Chapter 3).
Structure functionalization and robust, far-field fluorescence signal enhancements (SI of
~116-fold and EF of ~50-fold) with improved SNRs were reported (Chapter 4). Optical
characterization of the SiO2 structures revealed the SiO2 structures to be highly scattering.
This is the main contributor (along with increased surface density) to the fluorescence signal
enhancements seen on the SiO2 structures (Chapter 5). Sensitive and accurate diagnosis of
infectious diseases is the driving motivator behind this work, and we demonstrated
applicability of our SiO2 substrates with improved detection of TNF-a and pZ24 antigen
(Chapter 6). Work done to further translate the SiO2 technology towards actual point-of-care
applications regarding: 1. Cost and scalability via sol-gel derived silicate materials and 2.

Portability through colorimetric detection were presented (Chapter 7).

8.2 Concluding remarks

The work presented in this dissertation focuses on developing a robust and
deployable platform for disease diagnostic applications. The SiO2 technology described in
this work is a promising sensing platform, though work still needs be done to improve this
technology to render it truly portable and effective for low resource settings. Work
important for translation of the SiO2 technology towards deployable POC diagnostics include

finding a more cost effective way for creating SiO2 thin films on the shrink film polymer,
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lowering the background to improve the SNR, and moving the system to support colorimetric
readout methods. We have shown preliminary data regarding those areas, but continual
efforts are needed for further development of the technology. Additional efforts to move of
the SiO2 platform towards a field- or clinical lab- appropriate technology include using a low
temperature polymer shrink film and a more reflective material for increased optical
scattering. A low temperature polymer shrink film would enable users to shrink, or create
the micro- to nanostructures at lower temperatures, eliminating the concern of denaturing
proteins and potentially allowing analysis of captured analytes. The use of a more reflective
thin film, or combining another material with the SiOz thin film to increase the reflectivity,
could potentially allow for more optical scattering, thereby improving the detection
capability of the SiO2 structures. Further work is required to explore this idea.

Overall, the SiO2 technology represents a promising platform for sensing applications.
The SiO2 structures are simple to fabricate and eliminate many processing steps associated
with traditional nanostructure fabrication methods. We are able to pattern on a large scale
and then shrink to create the SiO:z structures that yield robust, far-field fluorescence signal
enhancements. These structures are promising as the fluorescence enhancements effects are
not limited to the near-field and are wavelength independent. Furthermore, the SiO2
technology supports different assay types as both improved detection of DNA and protein
have been demonstrated. This potentially allows for the development of multiplexed assays
with different target molecules of interest. We have shown the ability to deposit silver and
calcium thin films which is amenable to roll-to-roll manufacturing for fabrication of micro-
and nanostructures.153 By moving the processing of SiO2 thin films onto the shrink film

polymer to large-scale, we bring the SiO2 technology closer towards a POC sensing platform.
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