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ABSTRACT OF THE DISSERTATION

Integrating New Methodologies and Materials Towards Advanced Surface Plasmon
Resonance-Based Bioanalysis

by

Alexander Scott Lambert

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, June 2022
Dr. Quan Cheng, Chairperson

Advances in life sciences in recent decades have revolutionized our understanding
of biochemical and biophysical interactions associated with diseases and disorders of the
human body. This newly acquired knowledge has fueled intense interest in a range of
biotechnological strategies that can improve health outcomes, spanning from biosensors to
drug development to tissue engineering. There is thus an increasing need for even better
understanding of biomolecular interactions at nanoscale to explore new medical frontiers,
and for powerful analytical tools of increasing complexity and diversity in multiplexed
bioanalysis. Surface plasmon resonance (SPR) is a core optical spectroscopic principle in
the bioanalytical sphere, and its label-free methodology for bioassays has been broadly
applied in drug discovery, medical diagnosis, and environmental monitoring. Advances in
materials sciences, however, have provided new opportunities for re-invention of the
technique and expansion of the range of analyses by SPR. The aim of this dissertation is to
develop and improve the fundamental technological diversity of SPR based techniques for

enhanced biosensing applications.
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The main strategy for the development takes the form of integrating novel
methodologies and new materials to the SPR bioanalytical workflows. First, an orthogonal
analytical platform was developed by combining SPR/SPR imaging with matrix-assisted
laser desorption ionization mass spectrometry (MALDI-MS). A multistep functionalized
plasmonic microarray was developed into a new mode (SPR-MALDI) for the sensitive
detection of bacterial toxin proteins in complex environmental matrices. The combination
of the techniques allowed for both quantitative determination and unambiguous qualitative
identification of biological identity of the target. Second, SPR techniques were integrated
with three-dimensional (3D) printing for enhancing analytical performance. A novel hybrid
3D printing and PDMS molding process was developed that overcomes fundamental
resolution limits of the 3D printed optical components for spectroscopy. Prisms of multiple
geometries were fabricated that demonstrated surface roughness comparable to
commercial, glass-based components, providing economical alternative while yielding
high sensitivity towards SPR biosensing of protein targets. Finally, we have developed a
high performing SPR platform based on a more fundamental shift, switching the plasmonic
material from gold to aluminum. Al thin films under Kretschmann configuration
demonstrated a 60 % higher optical sensitivity in imaging mode and reduced surface
fouling by 75 %. They proved excellent substrates for array-based chemical surface
modifications by ionic polymers that were further employed for successful analysis of
urine-based chemokine biomarkers. The work presented here should pave the way for more

complex modalities in developing the next generation of biotechnology.
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Chapter 1: Introduction and Background

1.1 Introduction

This chapter aims to present and discuss the relevant subject areas that form the basis
of the research presented in the proceeding chapters. Principle areas of discussion will
include the roles and technical aspects of optical biosensing, the fundamentals and roles of
surface plasmon resonance-based analysis within that broader field. The ever-advancing
march of technology constantly creates new avenues of investigation into every subject
area, including SPR and biosensing. The remaining sections will thus expand on the areas
of three-dimensional (3D) printing, mass spectrometry, and novel materials as they relate

to and improve the scope and applicability of SPR-related techniques.

1.2 Principles of Biosensors

Biosensors are a core component of biomedical analysis, disease and pathogen
detection, defense, agriculture, and environmental monitoring.!> The term “biosensor”
simply derives from the ability to recognize and signal a biological component of interest,
and the basic form of a biosensor requires three main features (see Figure 1.1): (1) a
recognition element of the target of interest; (2) a transducing mechanism that
communicates the recognition into (3) a measurable readout by a user.® The first
component, the recognition element, can be any biological molecule that can bind to a
target of interest, and is a huge area of research interest. Examples include antibodies,
aptamers, native binding pairs, DNA/RNA, and cells.’” The second component, a
transduction mechanism, is usually inherent in the materials or instrument used. This can

be an electric or magnetic field that is perturbed by the recognition event, or a fluorescent
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or luminescent emission induced at the site of recognition by components attached to the
recognition element, among many others. The final measurable readout is simply a
quantitation of the transduced signal by a detector, either optical, electrical or biological

(eyes).
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e "
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Figure 1.1. Summary of biosensor components. Reprinted from Reference 6.

Biosensors can be qualitative, indicating the presence of a given target of interest,
or quantitative, giving a specific concentration or amount of the target. A large portion of
biosensor applications is in the diagnosis and monitoring of diseases by monitoring specific
molecular components that point towards states of disease, such as small molecules like
glucose or hormones, proteins like antibodies or interleukins, or whole cells.® The most
common examples in consumer products are glucose monitors, a quantitative type of

electrochemical assay, and pregnancy tests, a qualitative type of lateral flow assay.



Biosensing schemes are typically much more user-friendly, faster, and more
portable than other detection types,® and so are well-suited to the problem of widespread
diagnosis and monitoring required in a large-scale health emergency. More intricate lab-
based assays, such as PCR and culture tests, take much more time (hours to days) than a
typical biosensor (minutes to hours), and require much more expertise on the part of the
user. The increasing need for easy to use and effective tools for medical diagnosis is
especially pertinent in light of the recent pandemic of COVID-19, the disease caused by
the virus SARS-CoV-2. Community monitoring of levels of viral spread is vital to health
outcomes in the near and long term of a given outbreak.

Additionally, biosensors are broadly used in the fields of drug discovery and
biomedical analysis, as they fundamentally quantify the interaction between targets of
interest. The biological centers of many internal diseases such as cancer and autoimmune
disorders are proteins that participate in signaling cascades that result in these negative
outcomes. Biosensors provide a means of analyzing disease-related biology in two primary
ways. First, sensing and quantifying the levels of disease related proteins acts as a way to
diagnose a disease or disorder, such as with antibodies to double-stranded DNA indicating
the onset of lupus-related illnesses. Most prominently, lateral flow assays have been
developed and distributed around the world for the diagnosis of COVID-19 based on the
quantification of the viral spike (S) protein or nucleocapsid (N) protein, tests that are
commonly referred to as “antigen tests”. Second, biosensors are a means to study the
biological pathways of a disease, as with studies that induce a disease or negative health

state and measure the changes in a given protein. Biosensors have been implemented



extensively in this capacity, as proteomic studies frequently use them as a primary means
of quantitation.®"!2

Biosensors can be further divided into labeled and label-free techniques. Labeled
techniques, such as enzyme-linked immunosorbent assay (ELISA), includes a non-native
component attached to the recognition element that is used as the means of signal
generation. In the case of ELISA, an initial antibody for the analyte of interest is incubated,
followed by a secondary antibody, such as an immunoglobulin G (IgG), that binds to the
stalk of the initial antibody. A horseradish peroxidase or similar enzyme is ligated to this
secondary antibody that catalyzes the formation of a fluorescent form of a small molecule
that is also added to the solution. These techniques are very high sensitivity but are complex
and do not directly sense the actual recognition interaction.

Label-free techniques, as the name implies, have operating principles that detect
the presence of an analyte without the secondary component. This can take the form of an
electric or magnetic field that is perturbed by mass changes or based on tension changes.
Common examples of label-free techniques include field-effect transistors (FETSs),
magnetoelastic sensors, quartz crystal microbalance (QCM) and optical biosensors like
surface plasmon resonance (SPR). Label-free techniques directly sense the analyte binding
interaction, and so give signal quickly, in realtime, enabling integration into constant
monitoring configurations. The lack of a tag also removes any hindering constraints from
the added material, a large benefit when sensing very small targets like small molecules,
peptides, or lipids. Label-free techniques are frequently very sensitive to mass or material

changes at the surface of any kind. Though this is a benefit, care is usually taken to ensure



that only the specific target interactions are being measured. While label-free techniques
have many benefits over labeled techniques, fouling and concurrent non-specific
interactions are the central challenge to their use, one that been the subject of much

investigation.

1.3 Theoretical Basis of SPR

The basic working principle of SPR is that the nanoscale optical environment of a
surface is sensitive to changes from the binding of new materials, thus shifting the “SPR
angle” in a linear response. While straightforward in analysis, the fundamental
underpinnings of SPR spectroscopy and related techniques rely on a delicate and complex
interplay of several optical relationships. Multiple chapters in this work revolve around
these fundamental optical interactions, so a summary of the relevant concepts is presented

here.

1.3.1 Total Internal Reflection and Evanescent Fields

Plasmonic absorption can occur and alter incident radiation under many different
conditions, including from directly perpendicular light sources, so transmission-based
configurations are not uncommon in the plasmonic research space.'*!> Perturbations from
plasmonic coupling form the basis of a wide range of techniques in this category, such as
surface-enhanced Raman scattering and extraordinary optical transmission.!'*!® However,
the most common modes of SPR involve the total internal reflection (TIR) configuration,
where incident radiation is passed through mediums of two different refractive index ni

and n2, above the critical angle, 6c such that the light is entirely or almost entirely reflected,



rather than transmitted or refracted, as shown in Figure 1.2. From Snell’s law, ' this critical

angle, Oc, is defined by:
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Figure 1.2. Reflection and/or refraction when (a) 81 < 8c. (b) 61 = 6¢, and (c) 01 > 6.

When using this effect for analytical purposes, the ni region is often an optical
component, or optical coupler, that is constructed of high refractive index material. This
TIR effect forms the basis of many basic and modern technologies, such as cameras,
telescopes, and optical fibers.?’ For analytical purposes, the TIR effect is most notable for
creating an evanescent field, a localized oscillation of the electrons at the surface, in the n2
region, i.e. the immediate vicinity of the surface.?! The amplitude of the standing wave
decays exponentially with distance from the surface, and the wave vector of the evanescent

field, kev, that runs parallel to the ni/n2 boundary is given as:

w
k,, = ?\/e_psine (1.2)



where ¢ and o are the speed of light in a vacuum and the angular frequency of the incident
light, respectively. Alternate formulations are possible given that 2nc = Aw, and that, for
non-dispersive media, the refractive index is the square root of the permittivity dielectric

constant, €:

k., = —mnsinf (1.3)

The penetration depth of the evanescent field is generally defined by the
wavelength of light being reflected at the ni/n2 barrier and extends a distance ~ A/2 nm.
Since the critical angle is partially defined by n2, chemical or physical changes in the n2
region will change the coupling conditions. Many electronically and optically active
materials can be used as a means of sensing the region outside the surface, and fiber optic

sensors have been developed that sense the many spectral ranges at the surface.??
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Figure 1.3. Cartoon depiction of an excited surface plasmon polariton at a
metal/dielectric interface.



1.3.2 Surface Plasmons

When the TIR effect described above is used in conjunction with a metal and prism,
surface plasmons are excited. Surface plasmons arise as a collective oscillating excited
state of the electrons in the conduction band of a solid material at its interface with another
material (or “surface”, if the other material is liquid or gas). Mathematically, surface
plasmons can be predicted from applying Maxwell’s equations to material surfaces. The
effect was theoretically predicted in 1957,%° and experimentally verification was reported
in 1959,%* but available technology limited their practical application across many fields
until the 1980s. The free electrons in the surface conduction band are resonantly excited
by the momentum transfer (absorption) of an incident photon of appropriate energy and
momentum. This removes that photon from being reflected, so the resonant absorption
creates a very large perturbation to the outgoing light intensity and resulting spectra,
generating the so-called “plasmonic dip” at angles higher than the TIR critical angle. This
plasmonic behavior can be predicted by multilayer Fresnel equations, and key empirical
parameters of a metal’s behavior are its n and k, the real and imaginary portions of the
refractive index. Reflected spectra in a two-layer system can be modeled with two of the

four classical Fresnel equations:

n, cos6; —n,cos b,

(1.4)

Te =
¥ mycosB; +n,cosb,

n, cos 8; — n, cos O,

T, = 1.5
P m,cosB; +nycosb, (1.5)



where n1 and n2 have been expanded to represent the complex refractive indices n1 = n; +
ik1 of the materials and rs and 1 are the s- and p-polarized portions of the reflected light. A
three-layer Fresnel system, using a prism, metal, and surface layer is more common (see
Figure 1.4) but also more complex, while full treatments have been reported,? in practice,
software packages can calculate expected spectra. The fundamental physical source of the
n and k of a given material is typically explained by the Lorentz-Drude model of electron
transport in materials.?® The reflectivity coefficient for a thin film independent of incident

angle via Lorentz-Drude is given by:

_ (n—=1)*+k?

— 1.6
(n+1)%+k? (1.6)

The n and k values are themselves defined by the material’s relative dielectric functions e

and €i and its relative magnetic permeability, pu:

n= P;—r (|e2+€*+€) (1.7)
#r 2 2
k = > (|ef t € —€r) (1.8)

Most metals used for plasmonics (Au, Ag, Cu, Al, Ti, Ta, etc.) are non-ferromagnetic, so
ur =~ 1. Pursued further, the dielectric functions are themselves defined in terms of the
frequency of the incident light ®, the metal plasma frequency wp, and the metal damping

frequency I':
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The plasma frequency is one of the fundamental physical properties most shaping the
behavior of materials towards plasmonic excitation, and is defined by:

5 Ne?
Wp = —— (1.11)

" me,
where N is the metal’s free electron density, e and m are the charge and mass of an electron,

respectively, and € is the permittivity of free space.

1.3.3. Surface Plasmon Resonance Spectroscopy

Though surface plasmon excitation is itself unidirectional, when the plasmonic
layer is a thin film of a metal, the increased absorption leading to the reflected spectral dip
is due to the evanescent field from the TIR reflection coupling to the collective plasmonic
excitation states of the surface. These collective states manifest as what is termed a

propagating surface plasmon polariton (SPP). The wave vector of the SPP is defined by?’:

k, _ 0| s (1.12)
P C\/emr+ss

When the ksp matches the kev of the incident photon (Eqn. 1.2), the photon is absorbed into
excitation of the SPP (see Figure 1.4). As the dielectric values or refractive index at the
surface shifts, the angle or wavelength of maximum absorption, i.e., minimum reflected
intensity, will also shift. The shift in reflected spectral intensity, plotted either angularly or

by wavelength, forms the basis of SPR spectroscopy.
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Figure 1.4. Kretschmann configuration of SPR, indicating the resonant matching condition
based on the incident light wavelength, angle, and relative dielectric values.

SPR instruments larger utilize the Kretscshmann configuration, as shown in Figure
1.4 and originally proposed in 1968.2% The geometry is an ATR setup, where a plasmonic
film is placed directly in contact with both the prism and the analyte solution, and forms
the basis of all commercialized versions of SPR spectroscopy. The source laser or LED,
usually 650-700 nm, is aimed at the desired angle, and scanned either angularly or by
wavelength. For angular versions, either the incident angle is physically rotated, or the
system is fixed and a photodiode array at the collection point generates the angular
displacement of the reflected light. In wavelength scanning mode, a broad white light
sourced is used, the system remains fixed, and a spectroscopic grating separates the
reflected intensities into the analyzed spectra. Some reports use the alternative Otto

2932 if one of the operating

configuration, that separates the prism from the sensing surface,
materials interacts unfavorably with aqueous solutions. Fiber optic SPR uses a form of

ATR in combination with a waveguide material, so that signals can be introduced and

drawn out in a very small space, such as a fiber optic cable.*® This method has high
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practicality and convenience towards experimental configurations, as the fiber optic can
function as a probe to dip into an analyte solution. The downside is that results are typically
difficult to make consistent, as the light path within the cable alters enough with the
movement of the probe arm that it alters the highly sensitive plasmonic response outside
of analyte binding.

The evanescent field from the TIR incident light can also couple to individual
plasmonic particles whose size is smaller than the wavelength of the incident light. When
nanoparticles and nanostructures of this size regime (approximately less than 500 nm) are
exposed to the corresponding radiation, a localized surface plasmon is excited and
oscillates from one side of the structure to the other. This behavior of the plasmonic
absorption and resulting scattering is highly dependent on the geometry of the
nanostructure, and the overall process is usually termed localized surface plasmon
resonance (LSPR).>* This effect is not directionally specific, so LSPR can be used in a

number of other configurations other than TIR.

12



Flowcell containing < {} N, - X;&@ D D N,
sample matrix < | | D {} >| r j r @ j r
Functionalized gold

sensor surface
Substrate
Reflected light
tector
Reflectivity Curve Sensorgram
=)
3
2 0o
2 €2 Bound
o 2« analyte (AB)
= 8 e
] AB e=
(14 S =
= 55 |
AN 4 & Bare Antibody (A)
Angle (deg.) Time

Figure 1.5. Typical SPR-based biosensing configuration with a single analyte and
sensing/receptor element, along with a diagram of the generation of a sensorgram based on
the shift in the angle of minimum reflected intensity. Reprinted from Reference 35 with
permission of Springer.

An experimental readout, known as a sensorgram, is shown in Figure 1.5, where a
single component is bound to the sensor surface.®® Technically, the shift in “binding signal”
is simply caused by a change in the dielectric environment or refractive index at the surface,
translated into a changing n2 or €1 in the above equations. This shifts the position of
minimum reflected intensity, sometimes called the “SPR angle”, to a new angle or
wavelength, which is tracked on the y-axis over time. Practically, the shift is representative
of the binding of solid or semisolid materials to the surface, as the experimental conditions
are usually such that the existing n2 layer is air, water or aqueous buffer. These typically

have refractive indices (RIs) of 1.00-1.34, while analytes such as biological materials have
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Rls of approximately 1.6.3¢ The shift in the sensorgram thus reflects a replacement and
increase of the average RI of the n2 region at the surface, and so a linear relationship can
be drawn to the deposited or bound analyte.*’

Alternatively, SPR spectroscopy can be used to determine film thicknesses and
absolute quantities of mass at the surface.3¥* This is accomplished via the well-established

relationship:

_2d
R=mMm,—nJ[l—e L] (1.13)

where R is the reflected signal shift (wavelength, angle, or intensity), m is the sensitivity
over small refractive index (RI) increments, na is the RI of the adsorbed layer, ns is the RI
of the overall solution, d is the layer thickness, and la is the decay length of the evanescent

field (based on the incident wavelength from the light source).*!

1.3.4 SPR Imaging

A major alternative mode of SPR based analysis, SPR imaging, makes use of the
shift in plasmonic dip in a different way.** As shown in Figure 1.6, if a specific angle
between the TIR angle and the SPR angle, then the intensity of the reflected light will be
shifted higher upon binding of analytes to the surface.* Most centrally, SPR monitoring at
a fixed angle greatly expands the total analyzable area; since the tracked signal is a pure
intensity, full images with a camera can be dataset. As a result, the spatial resolution of the
image and substrate may be taken into account, enabling array-based analysis. SPR

imaging is thus considered to be the high-throughput version of SPR spectroscopy. Higher-
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throughput traditional SPRs are offered with increasing frequency by major manufacturers
such as Biacore and Bruker, but SPR imaging is natively highly multiplexable and high-
throughput. Technically, each pixel on the image can serve as an individual experiment,
though Regions of Interest (ROI) are usually chosen by the user or a software algorithm.
Fixed-angle intensity-based analysis is typically more practical to implement in a device,
so SPR imaging has good potential to be used as the method for practical devices. SPR
imaging with microarrays has been reported for biomarker panels of proteins, cells, and

nucleic acids.**°

reflectance &

analyte
molecules

reactant dots

angle of incidence (°)

parallel CCD array
beam

SPR image

Figure 1.6. SPR imaging with a fixed angle, detecting change in reflected intensity. Wells
with bound analyte shift the reflectivity curve further, and thus have higher intensity.
Reprinted from Reference 43 with permission of Springer.
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Additionally, fixed-angle imaging modes have the upside that they can be further
converted into microscopy-based methods, or surface plasmon resonance microscopy
(SPRM). Multiple sources have pursued SPRM and found that individual cells and even
proteins can be analyzed and quantified in their binding and motion.>!">3 This is a highly
useful aspect, as single-cell imaging can analyze for both their collective behavior and
individual cell heterogeneity, a point of significant interest in modern cell-based studies.

Drawbacks of imaging modes include the potential for noise at individual spots and
minor surface inconsistencies leading to slightly altered spectral shapes and different
sensitivities. These issues can be overcome by utilizing the high volume of data that is
natively obtainable with SPR imaging. Control regions can account for the variation in
sensitivity between individual surface preparations and the collective use of a high number
of large regions of interest (and many wells when in microarray form) serve to normalize
out any variations. Additionally, data processing and machine learning algorithms have
been reported that further improve the data classification from high-volume imaging

analysis.>*

1.4 Plasmonic Materials

In principle, many metals may be used for their plasmonic properties. A broad range
of metals have the plasma frequency to be used in the visible or IR regions as a plasmonic
substrate, such as Cu, Al, In, Ag, Pt, Pd, W and Ti. However, the most common and most
commercialized form of SPR, thin films in the Kretschmann configuration, almost
exclusively uses Au films of ~50 nm, with over 99% of reported SPR spectroscopy

applications.>® This is for three principal reasons. First, Au films have a very well-defined,
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sharp, “plasmonic dip” that is easy to pinpoint regardless of the quality of surface
preparation. Second, gold films are considered to be chemically stable across many
experimental conditions. This is in particular comparison to Ag films, which have similar
positive plasmonic properties to Au, but suffer harsher sulfur fouling in ambient
conditions.’® Third, Au films have a very straightforward functionalization pathway, that
of the Au-thiol bond. For bioanalytical purposes, many types of biological components
need to be immobilized to the sensor surface, and thiols are both an easy functional group
to synthesize onto the end of a small-chain molecule, such as 16-mercaptohexadecanoic
acid, as well as a naturally-occurring amino acid component of proteins. While the exact
nature of the Au-thiol bond is still a matter of investigation, the relative ease of use with
Au film functionalization, along with the other benefits, make Au films a relatively
practical choice for SPR thin film applications.

However, there is an increasing interest in alternative materials with strong
plasmonic characteristics.”’” While Au films have good benefits, the scope of possible
research is necessarily limited to the capabilities of Au films. First, Au films have an optical
absorption range that cuts off below 500 nm, and plasmonic absorption signal significantly
degrades in quality below ~600 nm.*® This is due to the fundamental band structure of gold,
as the interband threshold (IT) for gold is ~500 nm, and electrons excited above the energy
cut-off (i.e. lower wavelength) will predominantly excite electron-hole pairs, thus not
participating in the conduction-band excitation of plasmonic absorption.>® By comparison,
multiple other metals, including aluminum, indium, and titanium, have alternate band

structures that allow them to maintain their metallic character at higher energies and thus
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lower wavelengths.®® Second, while the Au-thiol bond is very useful for immobilization, it
places a cap on the space of targets that can be functionalized to the surface. More
functionalization pathways via a wider variety of coupling chemistries would allow more
flexibility in methodological development. Finally, Au films present specific challenges in
medical devices due to its natural affinity for fouling interactions even while being
chemically inert. Gold as a material is naturally hydrophobic, thus is vulnerable to non-
specific sticking from the many protein components present in blood, serum, plasma,
sputum or cerebrospinal fluid matrices common in medical applications. Furthermore, the
gold-thiol bond is a double-edged sword, as while it is a convenient means of immobilizing
most proteins, it is also a source of direct pull-down of non-target proteins with cysteines.
While there is a broad depth of literature directed towards surface chemistry that protects

61-65

the Au surface from non-specific binding, it is a fundamental issue that must be

accounted for in essentially every biosensing application that uses Au films.

1.4.1 Aluminum for Plasmonics

The original observations of plasmonic behavior in aluminum films can be traced
back to the original experimental confirmation of surface plasmons in 1959, with the
observation of a plasmonic peak in electron energy loss spectra of aluminum.?* In more
modern times, aluminum has attracted increasing interest as a plasmonic substrate. Its
positive traits stem from its basic plasmonic parameters. As a result band structures
discussed previously, aluminum has an op of ~15 eV, while gold is ~8 eV.%" % The quasi-
static surface plasmon frequency is s = wp/N2 at a simplified metal-air interface, and

plasmons are expected to be generated in the range of 0 < » < ®s.%” This higher frequency
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for aluminum thus allows plasmonic coupling with higher-frequency radiation and thus a
broader plasmon tuning range than silver or gold,’® as shown in Figure 1.7. This
characteristic has several further downstream effects, as the imaginary portion of the
refractive index, £, is highly determinant of a metal’s plasmonic behavior and & is ~7.5 for
Al and ~3.0 for Au in the red-visible range.®” Aluminum also presents an opportunity due
to its plasmonic absorption in the UV range. Recent reports have shown that organic
materials can be quantified using the far-UV range as the probe beam.”® 7! This analysis is
enhanced by the absorption of organic materials in the same range, which couples to the
incident beam through plasmon-exciton coupling, a phenomenon well-established since
the early days of SPR spectroscopy. This type of analysis is not possible with Au or Ag

films.
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Figure 1.7. (a) Plasmonic tuning ranges of the plasmonic materials of Au, Ag and Al.
Reprinted from Reference 68 with permission of IOP Publishing. (b) Real part of the
dielectric functions for aluminum, gold and silver. Reprinted from Reference 67 with
permission of IOP Publishing.

Furthermore, the potential use of dual-wavelengths for SPR analysis has been
reported since the mid-1990s.7>7* The increase in parameters has many potential avenues
of benefits of analysis. First, the determination of objective dielectric optical constants is
possible along with film thickness, but only through the use of two separate wavelengths

setting up a system of equations with Eqn. 1.13.*! Refractive index is typically assumed to
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be constant in this mode of analysis to simplify to the standard form,” but this does not
hold for optically active materials, such as metal nanoparticles or fluorescent proteins.
Additionally, wavelengths of different sensitivity to near- vs far-range binding or surface
vs bulk response allow sensors to be self-referential and normalize binding response.’ 7®
Finally, multiple wavelength channels allow simple addition of their change in values, at
minimum doubling or tripling the sensitivity of a given scheme.”’”””” With Au films, this
potential is limited by the smaller range of visible wavelengths. Multiwavelength models
of SPRs are commercially available,*’ but the close wavelength proximity between the
channels (e.g., 670 nm and 785 nm) limits the differentiation in response.

Aluminum is well-known as a plasmonic material in nanostructure form,%!"%7 but
aluminum as plasmonic substrate is often associated with a number of challenges that
hinder its analytical implementation, especially in thin film form. A primary concern is the
chemical and structural stability of aluminum and aluminum oxide in aqueous
conditions.?%° Additionally, oxidation along the surface area of aluminum nanostructures,
especially at sharp tips, can decrease the sensitivity of spectra to changes in refractive
index.”® For larger-scale aluminum films and larger-feature nanoscale materials, the
oxidation could be impactful on aluminum’s plasmonic performance. The range of
experimental reports that have utilized aluminum is very limited. If robust experimental

work is to be conducted, much fundamental work about Al thin films plasmonic behavior

and performance is greatly needed and is discussed in Chapters 4 and 5.

1.5 SPR-based Biosensing and Bioanalysis

1.5.1 Fundamental Approaches
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SPR provides several of the biosensing benefits discussed in previous sections. It
is label-free, so the signal readout is a direct detection of interactivity at the surface. It is
also real time, so results are essentially immediate, not requiring the successful applications
of a slate of secondary steps afterwards. As such, SPR can be employed both as a quick
method of bioanalyte detection’ or as a means of constant monitoring of environmental
contaminations.”? As a further expansion of the realtime data acquisition, the binding of
material to the surface, as represented in a sensorgram, is subject to the standard
relationships of mass transfer kinetics. The association, steady state, and dissociation
regions of the sensorgram (see Figure 1.8) at a range of concentrations can be converted
into affinity (Ka), association rate (ka) and dissociation rate (ka).”> This makes up one of

the long-time core applications of SPR, as a means of determining drug-target affinities.”
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Figure 1.8. Diagram of the kinetic regions of an SPR sensorgram that are used for affinity
calculations. Reprinted from Reference 93 with permission of Springer.
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In SPR biosensing applications, amplification of initial signals is frequently
conducted via the binding of additional materials to the initial binding events, as shown in
Figure 1.9.°° Antibodies are a common source of amplification, as they have or can be
conjugated to a variety of chemical moieties that can serve as means of amplification, such
as biotin, HRP, and their tyrosine residues. The mechanism of amplification is
straightforward: the increase in mass at the surface further shifts the binding signal, leading
to easier quantification. Further shifts and perturbations in the minimum intensity can arise
from optically active materials, such as gold nanoparticles, being used as ‘“signal
enhancers”. This is based on plasmon-exciton coupling of the optically active material to
the surface plasmon states. The coupling radically alters the dispersion curve of the incident
radiation, an effect known as “back-bending”.’” As a result, gold nanoparticles are a
£ 98-102

common means of signal enhancemen
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Figure 1.9. Illustration of mass-based SPR binding signal amplification. Reprinted from
Reference 96 with permission of Elsevier.

23



1.5.2 Biomimetic Lipid Bilayers

The surface-based analysis of SPR is also synergistic with the implementation of
biomimetic configurations such as supported lipid bilayers (SLBs), shown in Figure 1.10.
SLBs are an increasingly popular means of generating an analysis surface and form the
basis of a wide variety of bioanalysis in the current analytical literature.!®-1% Lipid bilayers
form a fundamental component of cell biology, as they separate the exterior of the cell from
the interior, while also playing host to a wide range of proteins, glycans, and lipids that
participate in many central biological functions, such as ion-gating, cell-to-cell
communication, adhesion, and immune response.!%1% Lipids of a desired composition are
mixed and extruded into vesicles for deposition onto the surface interface. The vesicle then
unfurls and fuses to the surface, though this process can be controlled by vesicle
composition. Most commonly, a “matrix” lipid such as palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC) or dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) is the
primary constituent, and 0.1-5% are other lipids. A benefit of this methodology is its
flexibility, as different lipid components can be incorporated into the vesicle that impart
both functionality and biological specificity. For example, a head group of nitriloacetic
acid (NTA) is frequently used with a dioleoyl-sn-glycero-succinyl lipid and complexed
with Ni** or Co?" ion (e.g., Ni:NTA-DGS). This lipid headgroup binds strongly to
polyhistidine tags that are frequently expressed at the end of recombinant proteins as a
means of pulldown in the purification steps of the protein production. Recombinant
proteins can thus be immobilized to the membrane surface, mimicking the cell surface

environment. Towards biological specificity, a wide range of tissue-specific lipids and
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membrane components can easily be incorporated, such as glycolipids like gangliosides
and sphingomyelin, sterol lipids and cholesterol, and phosphoinositides. SLBs can also

serve as a means of anti-fouling in biosensing, as the presented charged outer surface is not

10

subject to the same hydrophobic non-specific binding from biological matrices.!
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Figure 1.10. Illustration of (a) supported lipid bilayers and (b) tethered lipid bilayers on an
SPR or silica surface. (c) A biomimetic lipid bilayer with membrane lipid and protein
components. In this form, non-specific proteins cannot reach the surface and adhere to the
Au film.

In SPR reports, while lipid bilayers are a common means of both anti-fouling and
generating biomimetic interfaces, bare Au films are not optimal surfaces for direct
immobilization of lipid membranes. This is due to the slight native hydrophobicity of the
Au surface, which slightly repels the highly polar head groups of the lipid components.
Multiple means are used to overcome this challenge. First, the Au surface can be modified
with functional groups amenable to SLB formation. This includes hydrophobic alkyl chains
that induce fusion of the vesicle as a monolayer, and so functionally serve as one half of
lipid bilayer. Alternatively, thin films (<5 nm) of silicate (SiO2 or SiOx) material may be

deposited onto the Au surface by either wet or dry deposition techniques as an adhesion
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layer. The silica layer is thin enough that it does significantly affect the plasmonic
absorption and may even enhance the sensitivity.!!! Additionally, the vesicles themselves
can be constructed to include PEG-ylated or thiolated lipids that “tether” the resulting
bilayer to the surface, aka a tethered lipid bilayer (TLB). Any affinities generated from
these biomimetic interfaces have an advantage over traditional dextran-based surfaces, as
has been noted in several recent reports. Additionally, the label-free nature of the SPR
analysis is itself more representative of the native states of interactions, as no labels can
interfere with binding. Labeled techniques frequently report binding affinities, but the data

obtained is limited to the steady-state overall affinity K4, and cannot obtain the ka and ka.

1.6 Integration of SPR with Mass Spectrometry Techniques

While surface plasmon resonance can provide excellent quantification of surface
binding events, the binding event, even if strictly specific in its interactions, only reflects
the binding moieties themselves, and not greater biological information about the material
that binds outside of its refractive index. SPR, along with the other prominent label-free
techniques, can thus benefit from a coupling to methodologies that can give qualitative
information about the identity of the binding molecules. Mass spectrometry, as such, is a
natural fit for this integrated form of analysis, and a number of studies have been published
that combine SPR with a variety of mass spec techniques.!'*!!® In this mode, SPR can
function as a means of pulldown that both gives real-time kinetic information and specific
molecular information about the analytes that have been pulled down. However, the
surface-based analysis of SPR leads to a practical limitation for coupling to electrospray

ionization (ESI)-based techniques, which typically require samples to be in solution phase.
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Some work has reported collecting elute from the SPR device for use with ESI,''? but many
more literature reports use the other major mass spec methodology for biomolecules:

MALDI-TOF-MS.!13-118

1.6.1 MALDI-TOF-MS

Laser desorption-ionization as an analytical tool was posited in the late 1960s, but
came to prominence in the 1980s, when researchers found that light absorbing matrices
aided in the ionization of otherwise non-absorbing analytes. This developed into the
technique now known as matrix-assisted laser-desorption ionization mass spectrometry
(MALDI-MS). While there are other surface-based methods of mass spectrometry,
including desorption electrospray ionization (DESI), laser ablation-inductively coupled
plasma ionization (LA-ICP), and direct analysis in real time (DART), MALDI is the most
popular for a wide array of bioanalytical and medical applications, such as profiling studies
of proteins,'!? lipids'?® and metabolites.'?!

The fundamental mechanism (see Figure 1.11) involves a light-absorbing organic
molecule, such as 2,5-dihydroxybenzoic acid (DHB) or a-cyano-4-hydroxycinnamic acid
(CHCA), that usually has an aromatic benzene ring that absorbs in the ultraviolet region.!??
The analyte is deposited onto a steel MALDI “plate” surface and dried, followed by
deposition of a highly concentrated aqueous mixture of the UV-absorbing molecule.
Drying co-crystallizes the “matrix” UV-absorbing molecule with the analyte, and upon
irradiation with (usually) a UV CO:z laser, the matrix crystal both ablates and ionizes the

contained analytes.'® The resulting gas-phase material is then uptaken into the mass
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spectrometer, which is, for MALDI-MS, most commonly in the form of time-of-flight

(TOF) mass spectrometry.'?*
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Figure 1.11. Illustration of MALDI operating principle. Reprinted from Reference 123
with permission of Wiley. (b) Full MALDI-TOF-MS process. Reprinted from Reference
124.

MALDI-MS is typically known as a “soft” ionization method, where the analyte
ionization is indirect and low-intensity enough so as not to fragment the analyte

significantly. As a result, ions in MALDI-MS tend to be singly charged or whole

molecules, making for simple m/z to mass identifications. An additional limitation of

28



MALDI as an ionization method is its low efficiency at ionizing large mass biomolecules.
This is partially due to the non-linear response of the detection plates in TOF spectrometers.
Impact velocity on the detector is inversely proportional to m/z, and increasingly lower
velocity impacts (i.e. higher m/z) generate increasingly lower electron counts at the
detector.'”> While the technical upper limit of analysis is ~100 kDa, the practical limit for
reliable high sensitivity use in most instruments is ~15-20 kDa. Thus, larger proteins are
often required as a digestion down to their constituent peptides for MALDI-MS. Profiling
of other biomolecules, especially lipids and small-molecule metabolites, which all typically
have masses < 3 kDa in their native forms, is not hindered, and MALDI-MS is very

commonly used.

1.6.2 Surface-assisted MALDI with Plasmonic Substrates

As an alternative to light-absorbing matrices, there is much development towards
solid substrates and nanomaterials that themselves generate ionization in deposited analyte.
This can alternatively remove the need for matrix-based preparation, or work in
combination with the MALDI matrix to further enhance ionization and resulting analytical
signal. Many nanomaterials that either have high photothermal conversion efficiency or
high charge-transfer properties or both, such as metals and semiconductors, have been
reported as surfaces of ionization for LDI, also known as surface-assisted LDI (SALDI).!2¢-
130" As recently demonstrated,'*!" 132 plasmonic materials also appear to participate in
assisting ionization. This is not unexpected, as conversion of incident light into thermal
radiation with plasmonic nanomaterials is a common application of plasmonic absorption.

Au and Ag nanoclusters are used as a means to target and locally heat regions of interest
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as a potential treatment for a variety of diseases.'** In the context of MALDI-MS, the
plasmonic conversion of incident radiation on the substrate aids in both the desorption by
direct heating and by the excited hot electron bands of the metal aiding in ionization.
However, Au’s plasmonic absorption of the UV radiation (usually 337 nm) is low-
efficiency, so this technique type may be enhanced by the use of a plasmonic metal with

higher UV absorption, such as aluminum or indium.

1.7 Three-Dimensional (3D) Printing

The popularity and rising interest in the general culture toward 3D printing
technologies has correlated well with its rapid propagation across many fields of academic
research. Originating in the late 1980s, 3D printing is a form of additive manufacturing,
where an object is built layer-by-layer and some process fuses the individual layers into a
contiguous whole, as opposed to subtractive manufacturing techniques, like etching, that
take a block of material and remove pieces until the design is complete. Objects to be built
are designed software, though some versions will convert images of real objects into
software models first. The models are then converted into universally-recognized .STL
files, which are sliced into the individual component layers by the 3D printer software
before they are physically printed. Though there are a wide range of materials that can be
used for 3D printing, the archetypal use is with plastic and polymer-based components.

The software model-to-completed object process forms one of the fundamental
benefits of 3D printing over older methods of lab component creation: ease of manufacture.
Hot embossing and injection molding, two standard industrial techniques for plastic parts,

are far too costly and inconvenient to set up practically outside of a large-scale purpose-
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built facility.!** The dominant form of small parts manufacture in academic laboratories
before 3D printing was soft lithography, the most common form of which involved
molding and curing a viscous solution of polydimethylsiloxane (PDMS).!** 3¢ PDMS has
many upsides, including excellent stability, chemical inertness, and good optical
properties, but suffers if modifications are needed to the prototype. A mask or mold is
required for the PDMS to be molded to, which must be machined via traditional methods
like photolithography, and can be a costly and time-consuming process. 3D printing, on
the other hand, requires only a few clicks of the mouse to change the model and reprint.
Furthermore, complex internal structures are trivial to make in 3D printing that would be
nearly impossible to the average user using previous methods. This ease of manufacture
leads to so-called “rapid prototyping”, one of the most useful aspects of 3D printing, which
allows a user to quickly optimize the component for their purposes.'*” PDMS still has
several advantages over to 3D printing; most crucially, the resolution and subsequent
component feature size that can be manufactured via a PDMS mask is much smaller
(nanometer scale) than can be achieved with most current 3D printers (micrometer
scale).'*® However, with the level of interest in 3D printing, improvements to the
technologies are likely to equal or surpass the capabilities of PDMS-based soft lithography.

The term 3D printing actually refers to a suite of additive manufacturing techniques
that all share the same core steps from software-design to automatic layer-by-layer
construction. The complexity and sophistication of current techniques has also expanded
as key patents on two major technologies (stereolithography and fused deposition

modeling) have expired in recent years.!?® The work in the proceeding chapters is focused
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around a single technique, stereolithography, but the other deserve mention as a contrast.
Fused deposition modeling (FDM) is a popular, less-expensive technique, where the
desired material, initially in the form of a long filament, is pulled through a heated nozzle
onto the working surface, where it binds with the previous lower layer in a semi-liquid
form.!4’ The bonding between layers is fundamentally weaker for FDM than SLA because
there is no chemical polymerization reaction to bond the layers, but FDM as a consequence

can use a wider range of materials,'*!

and has been reported for a wide range of analytical
methods.!**!%7 Inkjet printing is another form of 3D printing still in the early stages of
development, wherein the preexisting mechanical structure of ink printers is adapted to
trace the active layer of fabrication.'*® Inkjet printing, in both a powder-based and ink-
based form been reported for a number of analytical applications,'*!>2 and while the

resulting parts are relatively low strength compared to SLA and FDM, '3 inkjet printing is

well-suited to dense microfluidic constructions.

1.7.1 Stereolithography

The most prominent current form of 3D printing as implemented in academic
research is stereolithography (SLA). The working principle begins with a working surface
submerged in a reservoir of photocurable resin. A movable laser then polymerizes the resin
at the working surface into a solid form; the stage is moved, and the process repeats. Each
2D layer solidifies and melds into the previous layer, creating a continuous solid object.
There are two primary physical configurations for SLA. The free surface, or bath,
configuration, places the working surface at the top of the bath, and the stage is lowered

for each successive layer."** The inverted “bat” configuration, or constrained surface
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configuration, as shown in Figure 1.12. instead places the working surface at the bottom of
the reservoir over a transparent window.!> The stage is raised with each layer, lessening
the height restrictions and limiting the oxygen inhibition of the polymerization reaction
because the working surface is submerged, significantly speeding up the curing time.
Another advancement, CLIP, makes the bottom window oxygen permeable so that the
lowest layer of the resin is oxygen-inhibited, preventing adhesion of the still-forming object
to the window. Many alternate forms of SLA are used in the literature, including 2 photon
polymerization (2PP), a high resolution version where a femtosecond laser sends ultrafast
pulses that initiate two-photon absorption and polymerization on a very precisely targeted
small volume of the photopolymer,'*® and digital light processing stereolithography (SLA-
DLP), where, a digital micromirror is used as the laser source projector, which can
simultaneously shine on and polymerize the entire working fabrication surface at once

instead of scanning with a single source, significantly increasing build speed.'>’
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Figure 1.12. Diagram of inverted bath stereolithography, the most common form in
commercial instrumentation.

1.7.2 Analytical applications of 3D printing

The customization and rapid prototyping capability of 3D printing have made it
highly appealing for use in academic research, where development of new methodologies
and analyses are a constant. A core use-case for of 3D printing for analytical purposes is in
the manufacture of microfluidic components, as complex internal designs are more facile
with the layer-by-layer additive fabrication than with conventional subtractive fabrication.
Many printed components have been reported as parts of analytical sensing and

158-161

bioanalysis, such as preconcentrators, complex separation and mixing chambers,'%*

166 small-volume sensing channels for optical detection.'®”'% Even simple structures such
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as fluidic flowcells for larger-scale devices can be easily designed and molded with PDMS.
Structural components can also be created to offer precise and complicated arrangements
for conventional optical equipment.!’%!" These pieces indicate the true flexibility and
utility of 3D-printing in the lab, as any design can be aided in its implementation by fully
customized parts. The focus in successive chapters will be on the implementation of 3D

printed optics, so a fuller background is presented here.

1.7.3 3D-printed Optics

Another significant development in the use of 3D printing in labs was the
introduction of transparent polymer resins that enable the basic form of optical components
to be printed with refractive indices in the range of commercial glass (~1.5-1.6). A number
of reports have shown the successful implementation of prisms, lenses, mirrors and
waveguides into analytical methodologies.!”> 18! A primary benefit of 3D printing in this
case is that the optimization of the experimental setup can tilt in more than one direction:
the optical configuration can be optimized to the rest of the system rather than the rest of
the system having to comport to the available optical components. An additional benefit of
the 3D printed optics is that additives can be included in the resin, filament, or ink used
that alters the optical properties of the resulting part. Examples in the literature include
Ti02-SiO2 core-shell nanoparticles to tune the refractive index,'®* and silver'®* and gold'®*
nanoparticles to generate plasmonic responses in the final product.

Glass itself would be the ideal material to 3D print for optical components, as it is
more structurally and chemically stable than polymers and have higher transmission in the

UV and IR regions.!® However, glass has been one of the more difficult materials to 3D
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print, due to the high temperatures needed to soften it enough to work with (>1000 °C) and
its quick hardening upon exposure to lower ambient temperatures. As a result, most
research until recently has only been able to produce transparent glass for decorative
purposes.'® The quick cooling makes the final product ribbed, and so not suitable for
optical measurements. Much research is ongoing that seeks to create hybrid methods that
can reliably produce glass with automated additive manufacturing of 3D printing,
especially the inclusion of silica particles in the resin or ink, followed by part manufacture
then decoupling the resin or ink from the silica via a high-temperature sintering step,
leaving the fused silica object. For now and the near future, the most effective means of

3D printing optics is still transparent polymers.

1.8 Aims and Scope of Dissertation

The aims of this dissertation are to develop and improve the underlying
technological diversity of SPR based techniques for bioanalysis and biosensing. This will
primarily be conducted by the addition of new techniques and materials to the core SPR
functionality, especially MALDI-MS, 3D printing, and aluminum thin films. These
techniques and materials have been described in the preceding sections, along with their
applicability to SPR spectroscopy and how they may solve various pitfalls in current SPR
application development. Each succeeding chapter will address the use of these new
additions, along with the methodological adaptions required to incorporate them into SPR
analyses. The overall scope is the diversification of SPR applications; As more and more

optical and biological technologies operate at the nanoscale, there is a strong need for
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exploring new aspects of photonic-plasmonic interactions at the basic knowledge level, so
that new technologies can be effectively developed.

Chapter 2 begins with a study of the integration of SPR imaging with MALDI-MS
for detection of environmental pathogens. The coupling of the techniques was achieved
with a silicated gold microarray substrate previously used for both SPR imaging and
MALDI separately but had not yet been combined into an integrated package. A novel
surface immobilization scheme utilized self-assembled monolayers of fluorinated
hydrocarbons and a natural ganglioside sensing moiety to quantitatively pull down cholera
toxin, followed by a tryptic digestion and MALDI analysis on the same chip to analyze and
identify the protein-specific peptide profile. This method was additionally able to identify
the presence of CT even in a complex biological matrix at environmentally relevant levels.
This work serves as a starting point for the further implementation of array-based coupling
of SPR and MALDI-MS.

Chapter 3 expands on previous work with 3D printing and plasmonic analysis to
incorporate a hybridized 3D printing-PDMS molding process to the optical components
used for SPR analysis. A challenge to 3D printing for optical components is the
technological level of 3D printing is far from the high-quality surface roughness
requirements for spectroscopy. This has previously been overcome by traditional means
such as polishing, but this report details an alternative means of fabrication that sidesteps
the issue almost entirely. PDMS molds of the printed part or other smooth surface were
made, followed by spin-coat smoothing and pouring of photocurable resin into the molds

to make high-quality prisms. The optical performance of the final prisms in SPR
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configurations was almost identical to the much more expensive glass prisms, and this
method allows geometrical flexibility inherent in 3D to be maintained in polymer prisms.

Chapter 4 shifts the focus of development from new technologies to new materials,
namely plasmonic aluminum thin films in place of traditional gold films. Basic information
of the analytical merits of Al films was lacking in the literature and investigated here. Films
were predicted and fabricated, and spectral characteristics were found to match predictions
well, and several key unexpected traits were found. First, while Al films were
approximately equal to Au films in angle-tracking sensitivity, Al was substantially more
sensitive in the SPR imaging mode than Au. Interestingly, aluminum films were also found
to be significantly more antifouling than Au films. Finally, the Al films were found to be
very stable over the lifetime of experiments, in contrast to previous assumptions about their
chemical stability and usability.

Chapter 5 builds on the work from the previous chapter with an emphasis on the
bioanalytical applications of plasmonic aluminum thin films. Chemical reactions at the
aluminum and aluminum oxide surface were investigated, starting with phosphate-oxide
interactions for enrichment of phosphorylated proteins from biological digests.
Furthermore, functionalization of Al2O3 layer was accomplished with a silane-conjugated
sensing moiety for sensing of bacterial proteins. Additionally, physical modifications of
the Al surface with ionic polymers were compared with the bare surface for qualitatively
comparing pulldown of charge lipid vesicles. The physical modifications were then used
in tandem with the high sensitivity SPR imaging mode to analyze biophysical binding

dynamics of charged peptide biomarkers with the charged polymers across a full
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microarray simultaneously, both in standard buffer and in a more complex biological
matrix. Each type of analysis points towards a broad potential of applications going
forward for plasmonic Al thin films. These further applications also form the basis of
discussion in Chapter 6, where active and ongoing research on each of the primary subject
areas (SPR-MALDI, plasmonic 3D printing, Al thin-film SPR) are detailed and discussed

in regard to their future potential.
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Chapter 2: Orthogonal Analysis of Bacterial Protein Toxins by Carbohydrate
Microarray-Coupled SPR Imaging and MALDI-MS

2.1 Introduction

Surface plasmon resonance (SPR) has long played a central role in biomedical and
pharmacological research.! The label-free technique allows for analysis of many types of
binding interactions between biomolecules in a simple and convenient manner that is real-
time, highly sensitive, and non-destructive.? This fundamental ability of SPR has unlocked
many applications across a broad spectrum of fields, such as drug delivery,* * cell-based
analysis,”” biomarker profiling,> ° and disease diagnosis.'® '! Recently, label-free
techniques like SPR have become more popular for food and environmental testing, as they
are typically very fast, simple and straightforward compared to labeled techniques.'?"!*> The
fundamental sensing interaction is defined by the molecular binding of the target analytes,
without requiring any additional reagents or complex procedural sequences. Despite their
broad use, conventional SPR instruments are somewhat limited in the number of samples
that can be analyzed at once, which has led to the increasing popularity of SPR imaging.
Instead of measuring the change in angle of maximum incident light absorbance like
conventional SPR, SPR imaging instead measures the change in light intensity at a fixed
incident angle.'® The benefit of this construction is that SPR imaging can collect reflected
data using a camera, which can be aimed at an array composed of many individual
elements. This drastically increases throughput and enables multiplexed analysis, making

SPR imaging appealing for wider-spread sensing applications.!”- '8
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One area of weakness for SPR screening techniques is that the binding signal lacks
a source of more complex information about the interacting molecules themselves. The
unique configuration of SPR measurement allows for development of new methods and
strategies with integration with other analytical tools that are surface based. Matrix-assisted
laser desorption ionization time-of-flight mass spectrometry, or MALDI-TOF-MS, is a
natural fit to couple with SPR, as depicted in Figure 2.1. Coupling to mass spectrometry
techniques allows for specific molecular physiochemical determination.'” MALDI-TOF-
MS is the most synergistic technique for pairing to SPR, as both techniques are surface-
based and generally label-free, and the ability of qualitative identification and analysis of
captured analytes by MALDI is a great strength. The coupling of SPR to MALDI-TOF-
MS, or SPR-MALDI, has primarily been reported for biological fluid-based protein

20-23

analysis, with more studies demonstrating proteomics analyses,?* medicinal pathology

> and drug screening®® and have all been conducted using SPR-MALDI. For

studies,’
sensing applications, MALDI allows for unambiguous identification of captured target
analytes. Quantitative biological immunosensors have been developed that couple SPR and
MALDI-MS for sensing of proteins using antibodies as the surface recognition element.?”
27.28 QPR imaging has also been applied to SPR-MALDI methods as a way to increase
throughput.?> 2 SPR-MALDI is an emerging technique, with excellent potential for
development into new types of analytical sensing. Previous work in our lab utilizing SPR-
MALDI has used self-assembled monolayers (SAMs) of perfluorinated alkanes as a means

of immobilizing carbohydrate-based sensing molecules.?” 3 Perfluorinated arrays show

excellent compatibility with both the capture of proteins in SPR and subsequent release for
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MALDI-MS analysis. This super-hydrophobic SAM-based immobilization presents a
dense and ordered surface of sensing molecules in order to maximize capture efficiency.?!

In this work, we report the fabrication of a perfluorinated carbohydrate array using
plasmonic patterns for SPR-MALDI, and its application for high-throughput pathogen
analysis from environmental samples (Figure 2.1). Cholera toxin (CT) was chosen as a
model water-borne pathogenic target. Many bacterial proteins including CT have strong
native binding to the carbohydrate moieties of natural receptors, which make an ideal

platform for affinity capture and analysis by SPR-MALDI.>*

Affinity capture of bacterial
proteins for MALDI-MS has been shown to be feasible,* but a high-throughput microarray
that can additionally quantify the binding and robustly sense the target in a complex
environmental matrix, river water, would be of great use for water quality measurements.
Highly sensitive functionalized silicate gold microwell arrays were developed and used for
coupling of SPR and MALDI-MS. A sensing surface was generated by embedding GM1,
the cell membrane carbohydrate moiety to which CT initially binds in host organisms, into
the surface fluorocarbons. This served as a densely-packed sensing apparatus for highly
efficient native CT capture, which could then be quantified in an array format via SPR
imaging. An on-chip digestion of the protein leaves a peptide fingerprint that can be
identified via MALDI-MS. Furthermore, the MALDI-MS step adds a means of qualitative
identification even in extremely complex background, as the peptide peaks are clearly
distinguishable even when mixed and digested with lysates of full bacteria Escherichia coli

and V. cholerae, as could be found in a highly-contaminated water source. The method

here is highly flexible, requiring only a strongly hydrophobic tail joined to the sensing
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moiety. Since a wide range of water-borne bacterial protein toxins rely on similar types of
cell binding interactions to cholera toxin, this substrate and methodology should have good

applicability to a number of other diseases and could serve as a broader water-screening

platform.
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Figure 2.1. Schematic of the fabrication of the microarray substrate, along with
subsequent steps of SPR-MALDI analysis.

2.2 Experimental Methods

Materials and Reagents. /H,1H,2H,2H-Perfluorodecyltrichlorosilane (PFDTS)
was obtained from Fisher Scientific (Pittsburgh, PA). Monoganglioside GM1, as NH4" salt,
was obtained from Matreya (Pleasant Gap, PA). Cholera Toxin (CT), trypsin, a-cyano-4-
hydroxycinnamic acid (CHCA), LB broth (Miller), Triton X-100 and

tris(hydroxymethyl)aminomethane (tris) were obtained from Sigma-Aldrich (St. Louis,
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MO). BK-7 glass substrates were obtained from Corning (Painted Post, NY). Gold and
chromium targets used for electron-beam evaporation were acquired as pellets of 0.9999%
purity from Kurt. J Lesker (Jefferson Hills, PA). Bacteria Escherichia coli 25922 and
Vibrio cholerae 39315 were purchased from ATCC (Manassas, Virginia) as powder.

Fabrication of SPR chips. Both SPR and SPR imaging chips were fabricated using
BK-7 glass microscope slides as initial substrate, as reported previously.>* The slides were
cleaned with boiling piranha-etching solution (3:1 H2SO4:30% H203) for 1 hr, followed by
rinsing with ultrapure water and drying with ethanol and compressed nitrogen gas. For
conventional SPR chips, 2 nm of chromium (0.5 A/s), followed by 48 nm of gold (2.0 A/s),
were deposited on one side of the slides via electron beam physical vapor deposition
(EBPVD) (Temescal, Berkeley, CA). To form the final silica layer, 4 nm of SiO2 was
deposited onto the gold layer via plasma enhanced chemical vapor deposition (PECVD)
using a Unaxis Plasmatherm 790 system (Santa Clara, CA).

High-sensitivity gold well microarrays for SPR imaging analysis were fabricated
according to previously developed methods®* with some modification, as depicted in
Figure 2.1. The cleaned glass substrates were spin-coated with hexamethyldisilazane
(HMDS) to promote adhesion, then with AZ5214E at 4000 rpm for 45 s. After one minute
of baking at 110 C, the photoresist was patterned into an array by UV exposure using a
Karl-Suss MA-6 system and a patterned photomask, followed by standard photoresist
development protocols. To form the well walls, a 2 nm layer of chromium followed by a
200 nm layer of gold were deposited via EBPVD. The remaining photoresist was lifted off

using acetone, after which an additional 2 nm of chromium and 50 nm of gold were
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deposited onto the surface with EBPVD to form the surface of the actual wells. The final
microarray consisted of a 10 x 10 array of wells that were 600 um in diameter and 250 nm
deep. A final PECVD deposition of 4 nm SiO2 created the full array substrate to be
functionalized.

Surface Functionalization and Preparation. Prior to use, each SPR and SPRi
substrate was rinsed with ethanol and dried with nitrogen. In order to form the fluorinated
monolayer, the chips were then submerged in 1 mM [HIHZ2H2H-
perfluorodecyltrichlorosilane (PFDTS) diluted in toluene, for 30 min, then rinsed with
toluene, ethanol and deionized (DI) water, then blown dry with N2. 20 pL of a solution of
100 pg/mL of GM1 in chloroform was then pipetted onto the chip and was quickly covered
with a glass cover slip and allowed to incubate to dryness. Control experiments were
conducted without the incubation of GMi. Contact angle measurements of the relative
surfaces were performed on a home-built device with deionized water (1 uL). The images
for water droplets on substrate were collected by a computer controlled 12-bit cooled CCD
camera. All measurements were made in ambient atmosphere at room temperature.

SPR and SPR imaging analysis. A dual-channel SPR spectrometer, NanoSPRS-
321 (NanoSPR, Chicago, IL), with a GaAs semiconductor laser light source (A = 670 nm)
was used for all spectroscopic measurements for conventional SPR. The device was
equipped with a manufacturer-supplied prism of high refractive index (n = 1.61) and a 30
puL flow cell. Surface interactions at the functionalized substrate-liquid interface were

monitored using the angular scanning mode and tracking the resonance angle.
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SPR imaging was conducted via a home-built setup, a detailed description of which
was reported in previous work.® In brief, each functionalized gold well microarray was
mounted onto an optical stage that housed an S-shaped flow cell. The array was placed in
contact with an equilateral SF2 prism (n = 1.616) with a layer of refractive index matching
fluid (n = 1.616, Cargill Laboratories, Cedar Grove, NJ), The optical stage was fixed to a
rotatable goniometer that allowed manual tuning of the incident angle of a 648 nm light
emitting diode (LED) source that was used for SPR excitation. Reflected images of the
microarray were captured by a cooled 12-bit CCD camera (QImaging Retiga 1300) with a
resolution of 1.3 MP (1280 x 1024 pixels) and 6.7 um X 6.7 um pixel size. Real time
changes in reflectance upon injection of sample solutions were recorded every 300 ms
inside the individual well elements. Difference images were obtained by digitally
subtracting the images, before and after incubation, from each other. Intensity data was
normalized by dividing the intensity from p-polarized light by the intensity generated by
s-polarized light.

During analysis for both SPR and SPR imaging, home-built fluidic systems ran
1xPBS as the running buffer at 5 mL/h at ambient temperature. Solutions of cholera toxin
at varying concentrations in 1 x PBS were incubated for 30 min before rinsing.
Additionally, CT was spiked into water samples collected from the Santa Ana River in
Riverside, CA.

Cell Culture and Lysis. Each bacterial cell line was cultured in LB broth in culture
flasks for 48 hr. Initial reconstitution of pellets, culturing and final aliquoting was done in

a BSL-2 biosafety cabinet. Bacterial concentrations were determined with a 0.0025 mm?
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cell counting chamber (Zenith Lab, Changzhou, China) and a light microscope. Cell lysis
was conducted in a lysis buffer consisting of 1% Triton X-100, 5% glycerol and 25 mM
Tris HCI with a pH of 7.4. Solutions were mixed and incubated on ice with agitation for
30 min, followed by centrifugation at 15000 rpm for 5 min through a 3 kDa cutoff
centrifuge filter to remove debris and lysis buffer, and remaining lysate solution was stored
at -20 °C until use.

On-Chip Digestion and MALDI-MS analysis. Cholera toxin that was captured
on the surface was enzymatically digested by spotting on each microwell 5 pL of 0.05
mg/mL trypsin in 100 mM Tris buffer pH 8.3. The digestion was carried out at 37 °C for 8
h in a humidified chamber to minimize solvent evaporation. Multiple digestion times were
tested, and 8 h was chosen as sufficient to distinguish the peptide peaks in the resulting
MALDI-MS spectra. After digestion, the chip was then removed from the chamber and
allowed to dry, followed by a 5 pL DI H20 desalting step to remove buffer salts. As
MALDI matrix, CHCA was diluted to 10 mg/mL 50 % acetonitrile, 49 % DI H20, and 1%
trifluoroacetic acid. One microliter of matrix solution was pipetted onto each digested
microwell and allowed to dry. Chips were mounted on a steel MALDI plate and analyzed
with an AB SCIEX TOF/TOF 5800 spectrometer operating in positive ion reflector mode
with a laser fluence of 4500.

Peptide masses in the resulting spectra were confirmed with the FindPept tool in
Expasy,*® as well as compared to literature sources. At low concentrations, CT detection
was defined as containing at least four of the characteristic peptide masses. Cholera toxin

b subunit was detected on the surface as a control using linear mode. The surface was also
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analyzed for standard GM1 peaks after GM1 incubation in negative ion mode. GM1 was

spotted onto a standard stainless-steel plate for comparison peak analysis.

2.3 Results and Discussion

Surface capture of cholera toxin and detection by SPR. Protein analysis via
coupling MALDI and SPR has been an active area of interest in recent years,”’ as the
techniques have very synergistic strengths and weaknesses, along with using similar
surface-based substrates.. SAMs of perfluorinated hydrocarbons have shown promise as
the basis for microarrays, as their ordered nature and intense hydrophobicity can strongly
adhere to a hydrophobic tag that is attached to analyte, presenting the antigenic sensing site
in an ordered arrangement.*® We have reported that a silicated gold surface shows high
plasmonic response to even unamplified surface binding, so we sought to combine the
concepts into a capture surface for bacterial proteins, which have strong native binding to
their host cell targets. To generate the fluorodecan monolayer, the silicated gold surface is
immersed in a solution PFDTS, and the chlorine substituents quickly hydrolyze and
polymerize to form oxygen bridges with both nearby PFDTS molecules and the SiO2
substrate surface,* as depicted in Figure 2.2. The hydrophilic nature of the silica substrate
further promotes the ordering of the monolayer out away from the silica surface. The
incubation of ganglioside GM1 on the surface embeds the sensing apparatus into the
monolayer, which serves to display the molecule in a dense, ordered arrangement. Cholera
toxin’s B subunit (blue in Figure 2.2a) is the recognition element of the protein, and it

targets the GM: displayed on the surface of host cells before endocytosis, binding very
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tightly to the sialic acid and carbohydrate moieties of the GM1.*’ The ABs structure of CT

has been shown to lead to multiple-site binding,*'***

which this microarray takes advantage
of through the dense packing of the sensing molecule. This concept, in principle, could be

applied to a range of other bacterial proteins, as they are of similar ABs structure and

44,45

frequently target surface glycans of the cells of host organisms.
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Figure 2.2. (a) Surface functionalization scheme for the capture of cholera toxin protein.
(b-d): contact angle measurements of substrate at varying stages of functionalization. ()
MALDI-TOF-MS of incubated GM1 post-wash.
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To confirm the surface functionalization of the microarray, some surface
characterization was carried out. First, contact angle was used as a check of the
hydrophobicity of the surface, and so confirm the perfluorination, and is shown in Figure
2.2b-d. Initially, the thin SiO2 top layer of the chip creates a slightly hydrophilic contact
angle (64 °). Once the PFDTS SAM is polymerized onto the surface, the contact angle
drastically increases to 127 °, which is near the standard range of a superhydrophobic
surface.*® This indicates a successful PFDTS surface assembly. After incubation of the
GM. onto the surface, the contact angle decreases somewhat, to 119 °, as the carbohydrate
groups of the ganglioside present a hydrophilic molecule amongst the PFDTS monolayer
without completely removing the hydrophobic character of the surface. This is important
for the flexibility of the microarray, as a retention of the surface hydrophobicity aids its
effectiveness for MALDI chip preparation techniques such as desalting.*’ Second,
MALDI-MS was conducted on the microarray surface after GM1 incubation and thorough
rinsing with DI H2O to remove unimbedded ganglioside. Standard GM: ions were
identified in their two native forms, with a sphingosine tail (m/z 1544) and an
icosasphingosine tail (m/z 1572).*%:% This indicates that the microarray surface will retain
the embedded ganglioside across exposure of aqueous solutions throughout the later steps
of analysis. To confirm that the perfluorinated SAM is the source of the retention of peaks,
we also spotted GM1 onto a conventional stainless-steel MALDI plate and analyzed for the

GM1 ions before and after on-plate rinsing, and found no comparable m/z signal.

70



To test and optimize the protein capture effectiveness of the microarray, initial
analysis was carried out via conventional SPR. Since most of the surface modification is
off-line, the actual SPR analysis is very straightforward, consisting of simply the
incubation of the sample CT solutions. This is followed by a rinse, which gives the final
resonant angle shift due CT captured by the surface. As shown in Figure 2.3, nearly all of
the SPR angle shift due to CT incubation remains after rinse, which is indicative of the
strong binding between the CT and the GM1 array. The angle shift also correlates well to
the concentration of CT being incubated, an important characteristic for the use of the
surface for a microarray sensor. To account for the effect of non-specific binding to the
surface, CT was incubated onto a chip that had been prepared identically except that GM1
was not incubated. At most concentrations, this non-specific signal was ~20-25% of the
specific one. This indicates that this capture interface is largely interacting based on the
binding pocket interactions of CTB and GMi, rather than hydrophobic-hydrophobic
interactions between the PFDTS and the overall protein. In total, when subtracting for the
non-specific binding, the SPR signal a linear calibration can be constructed over a portion
of the analyzed CT concentrations, the lowest being 1 pg/mL, shown in Figure 2.3c. This
gives a good indication that the fluorinated surface can be used in further sensing

applications.
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Figure 2.3. (a) SPR sensorgrams of varying concentrations of CT via conventional SPR.
(b) Comparison of sensorgrams of cholera toxin capture for specific (red) vs non-specific
(black) binding. (c) Conventional SPR Calibration of angle change versus CT
concentration.

SPR Imaging detection of cholera toxin by microarray in river water. There is
a need for high-throughput strategies for monitoring of water-borne diseases such as
cholera over a long period of time. SPR imaging overcomes the low-throughput limits of
conventional SPR, as many elements can be analyzed at once. Here, we combined this
fluorocarbon-based surface capture scheme with an SPR imaging microarray that gives
high plasmonic response and low background. We have previously reported SPRi arrays

based on gold microwells with thick gold walls for attenuating background plasmonic
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signal,* and a layer of silica to improve plasmonic response.>’ Here, we used an updated
array fabrication, that both simplifies the procedure and increases the structural stability of

the chips, which is crucial to their usability in multi-platform methodologies.
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Figure 2.4. (a) Image of SPRi-mounted array. Microwells (a) before and (b) after 100

pg/mL CT capture, and (c) difference image. (d) Calibration of SPRi reflectivity change
versus CT concentration in PBS.

To demonstrate the effectiveness of the array at CT quantification via SPR imaging,

CT solutions were added to a flow cell that incubated onto microwells that had been spotted
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with GM1. Images of the microarray can be seen in Figure 2.4a. The binding of CT to the
surface shifts the reflectivity curve, increasing the brightness of the array elements. The
intensity was measured before and after CT incubation (Figure 2.4b), and a calibration of
CT concentration to intensity change as a percent of maximum intensity is given in Figure
2.4c. As with conventional SPR, the response is linear, and, as expected, is somewhat more
sensitive, as the 3o limit of detection is 242 ng/mL, or 2.8 nM, The native binding affinity
of GM1 to CT has been reported to be ~10 pM,’! indicating that the microarray is
approaching the lower limits of possible detection for an unamplified technique. This
reflects the dense, ordered presentation of GM: binding moieties to the CT proteins
effectively maximizing the possible surface binding interactions. This detection limit is on
the higher end of the clinically relevant range for CT detection,> but as a proof of concept,
still reaches acceptable levels for CT water quality monitoring.

An important feature of any methodology for water monitoring is the ability to
accurately quantify the target analyte in the native medium. This removes the need for
pretreatment or dilution sample preparation steps. To demonstrate the effectiveness of our
microarray surface at quantifying bacterial toxins in the water supply, water samples were
collected from a local water source, the Santa Ana River, which has a history of significant
pollution.>* CT protein was spiked into the water before injecting into the SPR imaging
flow cell and analyzing similarly to previous. There were no noticeable interferences with
analysis aside from the slight refractive index mismatch between the running buffer and
the incubated river water, which dissipated upon rinsing. This introduced some noise into

the data, but the resulting LOD for CT was 3.3 nM in river water matrix, indicating the
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robustness of the surface to interferences from the river water. The nearly super-
hydrophobic property of the surface, while also serving as a link to MALDI-MS analysis,
functions here as an ideally robust surface for analysis in even a environmental river water
matrix.

MALDI-MS identification. While SPR can give excellent, stable long-term
quantitative data, it lacks the type of absolute determination of protein identity afforded by
mass spectrometry techniques. MALDI-TOF-MS, as a tandem technique, can serve as a
way to qualitatively confirm the identity of analytes captured by the perfluorinated
microarray. Perfluorinated surfaces have been shown to be advantageous for MALDI-MS
array analysis, especially for display of carbohydrates for protein capture. Therefore, we
can couple MALDI-TOF-MS analysis onto the end of our SPR imaging technique by
removing the flow cell and carrying out a tryptic digest on the wells that had been in the
flow path. Though cholera toxin A and B subunits are 28 and 11 kDa, respectively,>* which
fall in the analyzable MALDI range, ionization efficiency for MALDI is significantly
reduced above ~1 kDa,> lowering the effectiveness of a sensing methodology. Digestions

19,2756 and so was

of captured proteins are common when analyzing for high-mass proteins,
employed here. A large protein will have many resulting peptides with which to construct
a biological “fingerprint” for protein identification, and hydrophobic of the microwell

assists in retaining the peptides on the surface. A benefit of this procedure is that a subset

of peptides which should be enough for positive ID even if not every mass is present.
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Figure 2.5. MALDI-TOF-MS spectra of (a) CT direct on-chip digestion and (b) CT in

river water after SPR imaging incubation followed by MALDI on-chip digestion. Green
indicators show CT peptide peaks from Table 2.1.
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Table 2.1. CT peptide peaks identified from on-chip digestion.

m/z Cholera Toxin Peptide

845 QSGGLMPR

973 EMAIITFK

1001 GQSEYFDR

1080 GLAGFPPEHR

1371 IFSYTESLAGKR

1449 HDDGYVSTSISLR

1532 GTOQMNINLYDHAR

1781 QIFSGYQSDIDTHNR

2594 YYSNLDIAPAADGYGLAGFP PEHR
2741 NVNDVLGAYSPHPDEQEVSA LGGIPY

Determination of available peaks was carried by spotting higher CT concentrations
(10 pg per well) onto the functionalized microwell array. A typical spectrum after tryptic
digestion is shown in Figure 2.5a, and Table 2.1 details the peptides corresponding to each
mass, as previously identified in literature.>* >’ In testing the lower limit of this qualitative
detection, CT was spiked into river water solutions, and the lowest level of positive
qualitative detection was found to be 50 ng of CT per well, a spectrum of which can be
seen in Figure 2.5b. On wells where river water with no spiked CT was incubated, the
characteristic peaks were not observed. This detection level indicates good compatibility
with SPR imaging sensing, as the MALDI sensitivity is higher, ensuring that any protein
detected with SPR imaging can be confidently identified by the subsequent MALDI
analysis. This analysis simplifies oftentimes dense and complex data analysis associated
with MALDI. In a complex medium like river water, shrinking the identification process
into a straightforward band of peptide peaks. In addition, further development is possible,
as this is likely not the maximum sensitivity possible with an on-chip digestion, as some

sample loss is created in the post-digestion desalting. Further work could focus on

77



developing techniques to concentrate the peptide peaks on the well surface to explore the
possibility of extremely high sensitivity via MALDI-MS.
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Figure 2.6. (a) Average SPR imaging responses from various complex mixtures.
MALDI-TOF-MS spectra of in-tube tryptic digestions of (b) E. coli and (c) V. cholerae
spotted on functionalized microarray.
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SPR-MALDI in highly-contaminated matrix. For the monitoring of water-
quality, a sensing system would need to be robust enough to be able to identify the specific
toxic agents even in water that is highly contaminated. Outbreaks of diseases like cholera
frequently coincide with natural disasters,”® as flooding renders many water control
methods moot, and these disasters are only becoming more prevalent with the escalation
of climate change.” As such, the SPR-MALDI methodology was applied to cholera toxin
spiked in a highly bacterially rich matrix. Both V. cholerae and E. coli were separately
cultured and lysed, then a 1:1 mixture of the resulting lysates was used as the matrix for
the SPR and MALDI analyses. Figure 2.6a shows the relative SPR imaging responses of
the individual lysates and the mixture spiked with 10 pg/mL of CT. The binding response
of the CT-based mixture was strong and much higher than the mixtures, indicating that
while a background response is present, it does not necessarily pose a challenge to effective

quantitation.

The MALDI-MS profiles of in-tube tryptic digestions of the two bacteria are shown
in Figure 2.6b,c, and in comparison with the CT spectrum in Fig. 5a, the overlaps in the
spectra not appear to be significant enough to interfere with the identification. To more
thoroughly confirm this, full SPR-MALDI analysis with the CT-spiked lysate mix was
conducted, and an averaged MALDI-MS spectrum is shown in Figure 2.7. Peaks for m/z
= 845, 973, 1001, 1080, 1449, 1471 (sodiated peak of 1449), and 2594 from the CT
identification were still clearly distinguishable and did not overlap with any peaks in the
lysate that had a S/N ratio > 5. Notably, the very high initial concentration of the lysed cells

(~10° cfu) did not significantly alter the identification of CT peptide peaks. The peptide
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peaks being clearly visible reflects the toxin protein much stronger binding to the surface

than the contaminants, so the relative amount of material to be digested and detected is

accordingly much higher.
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Figure 2.7. MALDI-TOF-MS portion of SPR-MALDI of CT-spiked mix of E. coli and

V. cholerae lysate mixture. Green indicators show previously-identified CT peptide
peaks.

2.4 Conclusion

The combination of SPR imaging and MALDI-TOF-MS into an integrated sensing
platform for high-throughput sensing of bacterial proteins was achieved via a fluorinated
gold microwell array. SPR imaging was able to detect cholera toxin protein at clinically
relevant levels across a wide swath of microwells in an array. After a trypsin digestion of
the captured protein, MALDI-TOF-MS analysis was able to identify a profile of

characteristic peptides that qualitatively confirmed the identity of the analyte. The
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fundamental advantages of both techniques were largely unaffected by the use of river
water environmental matrix, and the SPR response and MALDI profile of target peptide
peaks was still clearly visible even when spiked into a mixture of cell lysates. This platform
should be very flexible for different types of protein sensing, as the type of sensing
molecule can be substituted as long as it has a hydrophobic tail with which to insert into
the perfluorinated SAM. This methodology should serve as an excellent basis for
optimization and future development into a larger, multiplexed, and even more sensitive

type of environmental screening technology.
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Chapter 3: Hybrid 3D printing and PDMS Molding Methodology for Polymer

Prisms to enable High-Performing SPR Biosensing

3.1 Introduction

One of the most important innovations in the analytical sciences in recent years has
been the rapid growth of three-dimensional (3D) printing. 3D printing has a number of
important applications that are under heavy ongoing development in the analytical
sciences.! While 3D printing has been known and demonstrated since at least the 1990s,?
the expiration of patents in the last decade has led to high innovation for the printers
themselves and, as a result, the applications that the process can be applied to.? 3D printing
is an additive manufacturing technique that directly translates a digital design to a solid
object by building it layer-by-layer, adhering each layer either by an adhesive in the build
resin or by a UV laser polymerizing a photo-sensitive material, such as polyacrylic acid
(PAA). A large portion of the analytical development around 3D printing takes advantage
of the “rapid prototyping” and no geometrical constraints to prototype new microfluidic
configurations for analytical and bioanalytical applications, as reported by many
researchers.*® At a broader level, 3D printing facilitates new instrumental configurations
in the lab through the easy prototyping of simple structural components that can integrate
multiple pieces in a custom-made process.” !

Another important implementation of 3D printing for analytical sensing is in the
manufacture of the optical components used in optical analyses. This has been enabled by

the development of optically clear resins for 3D printing, and the ability to manufacture
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custom components for individual applications allows for experimental setups that are not
constrained by the availability of specific optical components. Instead, the optical system
can be built to suit the analysis. However, while the potential resolutions of 3D printers
have improved dramatically over the past two decades, with feature sizes as low 15 um
being reported in the literature with custom setups,'!* 1? the practical step height limits in
commercial devices are on the order of 25 pum. This is in comparison to the surface
roughnesses of optical quality SF2 and BK7 glasses, among others, which are typically <
2 nm. We have previously reported!® the manufacture and use of 3D-printed optics for
biosensing utilizing plasmonic techniques that overcome this challenge by a multi-step
polishing method. Furthermore, there is another challenge to high-quality analytical optical
applications with 3D resins, which is the refractive index of the polymers themselves.
Higher-quality glasses such as SF2 have a refractive index of ~1.62, while the cured resin
designed for 3D printers is ~1.45. This puts strains on optical configurations designed for
higher-RI materials.

In this chapter, an alternative fabrication method is presented that takes advantage
of the high curing smoothness available from polydimethylsiloxane (PDMS) to generate
an even smoother and more repeatable set of polymer optics for SPR biosensing. PDMS is
used broadly to make a variety of parts across the sciences, including masks, molds, and
microfluidics, among many other components.'*!'® However, the malleability of cured
PDMS renders it largely unusable for direct optical components. Here, PDMS molds were
made of either already-smooth parts or of 3D printed pieces. Photopolymer resin, such as

that used for 3D printing, could be poured into the mold and polymerized to the final optical
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component geometry. The low surface roughness from the mold is transferred to the final
prism, which could be used for highly-sensitive surface plasmon resonance (SPR) imaging.
The surface roughness was reduced from ~12 nm with polishing to ~ 4 nm with the hybrid
method, presenting the additional benefit of removing polishing requirements and
homogenizing the preparation. Traditional 3D printing resin was found to have significant
morphological challenges in bulk polymerization, so an alternate photopolymer was
substituted. The analytical performance of the prisms towards plasmonic sensing was
characterized and the results showed a highly sensitive measurement, both for bulk
refractive index testing and for the detection of environmental pathogen cholera toxin (CT).
Multiple benefits of the flexibility and ease of manufacture of the polymer prisms were
demonstrated, as the prism itself could be patterned by a 3D-printed mask and used
disposably, and chemical additives could be incorporated into the process to alter the
optical properties of the generated prism components. This hybrid methodology should

serve to widen the space of possibilities offered towards optical analysis by 3D printing.

3.2 Experimental Methods

Materials and Reagents. Chromium and gold targets for electron beam physical
vapor deposition (EBPVD) were obtained as pellets of 0.9999% purity from Kurt J. Lesker
(Jefferson Hills, PA). Sodium chloride, sucrose, and streptavidin protein were obtained
from ThermoFisher Scientific (Pittsburgh, PA). BK-7 glass substrates for Electron-beam
deposition were obtained from Corning (Painted Post, NY). 1-Palmitoyl-2-oleoyl-glycero-
3-phosphocholine (POPC) was obtained from Avanti Polar Lipids (Alabaster, AL), and

monosialoganglioside (GM1) was obtained from Matreya (Pleasant Gap, PA). 1-ethyl-3-
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(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxylsuccinimide (NHS) were
purchased from Chem Impex (Wood Dale, I1). Cholera toxin (CT) and anti-CT antibodies
were obtained from Sigma-Aldrich (St. Louis, MO). PDMS was obtained as Sylgard 184
Silicone Elastomer Kit from Ellsworth Adhesives (Germantown, WI). PEG-thiol and
biotin-PEG-thiol were obtained from Nanocs (New York, NY).

Thin-films and lithography for SPR substrates. Electron beam physical vapor
deposition (EBPVD) (Temescal, Berkeley, CA) was used to deposit 2 nm Cr films followed
by 50 nm Au films. All EBPVD was conducted in a Class 1000 cleanroom facility (UCR
Center for Nanoscale Science and Engineering). The prisms were stored in a desiccator in
room temperature before use. Conventional SPR and SPR imaging substrates were
fabricated with BK-7 glass microscope slides that were cleaned with boiling piranha
solution (3:1 H2S04:30% H202) for 1 hr then rinsed with ultrapure water and ethanol and
dried with compressed air. For conventional SPR chips, similar 2/50 nm Cr/Au was
deposited with EBPVD as described above.

Microarray substrates used in conjunction with molded prisms for SPR imaging
were fabricated according to a previously reported procedure with some modification.!” '8
In brief, piranha-cleaned glass slides were spin-coated at 4000 RPM for 45 s with
hexamethyldisilazane (HMDS) and AZ5214E in succession, followed by a 1 min bake at
110 ° C. Photopatterning via UV exposure was conducted with a photomask and Karl-Suss

MA-6 system followed by AZ400K development using standard protocols. 2/200 nm

Cr/Au were deposited via EBPVD, followed by removal of wells with acetone. Finally, an
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additional deposition of 2/50 nm of Cr/Au was added to form the plasmonically active
wells, generating a 10 % 12 microarray of 600 pm diameter circular wells.

Atomic Force Microscopy and Ellipsometry. For molded prisms, AFM
measurements were obtained using a LabRam/AIST-NT AFM (Horiba Scientific,
Palaiseau, France). Data was acquired in tapping mode using a 42 N/m tip from
NanoWorld. All AFM data was plotted and calculated using Gwyddion 2.59 software.
Ellipsometry measurements were conducted on a UVISEL M200 (Horiba Jobin Yvon,
France).

Digital Component Design and 3D printing. The 3D models of the prisms were
designed by SketchUp software (Trimble, Inc., Sunnyvale, CA). A Formlabs Preform
software was used to upload the 3D models to a commercial 3D stereolithography printer,
Formlabs Form 3 (Somerville, MA) for a rapid prototyping process. Specifically, a
compact system of lenses and mirrors were integrated in the Light Processing Unit (LPU)
within the printer and a 250 mW UV laser power was used for accurate prints (XY
Resolution: 25 pm). The cured prisms were placed in an isopropanol bath for 20 min and
washed by isopropanol one more time before dried by compressed air. A CL-1000 UV
crosslinker (UVP Inc., Upland, CA) was then applied to post-cure the prisms for 1.5 h.

PDMS Molding and Polymer Prism Manufacture. To generate PDMS mold,
elastomer base and curing agent were thoroughly mixed in a 10:1 w/w ratio, respectively,
then degassed in vacuum for 30 min. A BK7 prism (surplusshed.com) was placed in a small
truncated-conical plastic container, followed by pouring of the mixture around the prism.

After an additional 30 min of degassing, the assemblage was placed in a 100 ° C oven for

92



2 hr to harden. The prism was removed, followed by pipetting of photopolymer resin and
polymerization with no further degassing in a UV Crosslinker oven, either CL-1000L (365
nm) or CL-1000S (254 nm).

SPR and SPR imaging analysis. For conventional SPR experiments, a dual-
channel NanoSPR6-321 spectrometer (NanoSPR, Chicago, I1) was utilized, which included
a GaAs semiconductor laser light source (A = 670 nm), a 30 pL flow cell, and a
manufacturer-supplied prism of high refractive index (n = 1.616). Online experiments were
conducted in angular scanning mode. SPR imaging measurements were conducted on a
home-built device, a detailed description of which can be found in previous reports.!” 1
Briefly, each substrate microarray was mounted onto a 3D-printed optical stage, and
matching fluid mediated contact with an equilateral prism composed of either PDMS-
molded polymer or SF2 glass (n = 1.648) depending on the experiment, along with a 300
uL flow cell. The optical stage was fixed atop a goniometer that could be manually rotated
to tune the incident angle of an incoherent light emitting diode (LED) source of 648 nm
that initiated SPR excitation across the microarray. Reflected images were captured with a
cooled 12-bit CCD camera (QImaging Retiga 1300) with a resolution of 1.3 MP (1280 x
1024 pixels) and 6.7 um x 6.7 um pixel size. Online experiments were conducted by
recording change in reflectance in individual wells every 300 ms during injection and
incubation of analyte solutions. Intensity data was normalized by dividing the intensity of
p-polarized light by the intensity generated by s-polarized light and multiplying by 100 to
generate a percentage value, and percent intensity values are reported as the average of at

least 15 individual wells. Solutions of NaCl and sucrose for bulk sensitivity testing were
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diluted with ultrapure water and respective refractive indices were measured with an Abbe
refractometer (American Optics, Buffalo, NY). Membranes used in SPR and SPRi CT
biosensing experiments were composed of POPC and GM1 (5% molar weight) and were
generated by mixing the lipids and drying in nitrogen and placing under vacuum for 4 hr,
followed by sonication and extrusion into 100 nm lipid vesicles (Whatman 100 nm
membrane filters).

UV-Vis Spectra. Visible-range transmission spectra for the hemicylindrical prisms
with dye additives were obtained using a previously reported SPR transmission setup with
some modification.’’ A home built optical stage held the flat prism face perpendicular to
the incident light source and collector. White light was generated from a HL2000 tungsten-
halogen lamp, transmitted light was collected with a USB2000+VIS-NIR-ES spectrometer,
and signal through 200 um optical fibers (all components from Ocean Optics, Dunedin,

Fl).

3.3 Results and Discussion

PDMS Molding of Conventionally Fabricated Components. To determine the
feasibility of PDMS molds being an appropriate strategy for generating smooth polymer
prism surface, the initial investigation was conducted by molded around commercially
purchased 25 mm equilateral prisms. This was due to the prisms already been
conventionally grinded to an optically smooth level, and in principle, any smooth enough
surface of the appropriate geometry could take advantage of the following methodology.
First, pre-polymerized PDMS was poured around the prism in a disposable container. After

thermal curing of the mold, the prism was removed, leaving a clear equilateral mold (Figure
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3.1a). The new mold was with the 3D printing resin, FormLabs Clear, and the combination
was photocured in a UV oven, after which the resulting prism was removed and analyzed
or used for analysis. The final polymer prisms retained good clarity compared to the glass
part (see Figures 3.1b-d) and the procedure was extremely simple and repeatable. The
primary benefits of this method are two-fold. First, the surface roughness would potentially
be much lower than what can be accomplished via the polishing. While some loss of
smoothness can be expected across the multiple steps of the procedure, the final product
still retains a significant reduction than the polishing. This, in turn, leads to the second
benefit of not requiring the post-processing steps that can complicate the overall process
and lead to heterogenous preparations, such as polishing by hand.

Initial prisms made via this method using the FormLabs Clear resin had significant
practical challenges. The final prisms, while hard, retained a “sticky” texture even after
additional polymerization, and the surface was significantly bowed inward and visibly
textured (Figure 3.1b). After the additional step of drop-casting more resin, leveling with
microscope slips and a further 1 hr of polymerization, the prisms could be mounted onto
the spectroscopy setup for data acquisition in further sections. However, an alternative was
sought in the form of photocurable adhesive Norland 61 (N61). The N61 polymer was
similarly cured in the PDMS molds and resulted in a much more visually even and hard
final component (Figure 3.1c¢), and though it is classified as an adhesive, no significant
adhesion to the PDMS was found after photopolymerization. Though the composition of
the FormLabs resin is proprietary, this effect is potentially due to the resin being used

differently than intended. The polymerization depth of penetration required on the build
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platform is on the order of ~100 pm, the typical largest step size of the printer. Lower
penetration depth can more easily lead to regions of heterogeneity or incomplete
polymerization. Multiple polymerization wavelengths were also considered in the curing
step, and both for the FormLabs and Norland resins, significant differences were observed
in the final prisms based on the wavelength used. With a 254 nm curing wavelength, the
Formlabs resin was as described above, but with a 365 nm oven, the prism was significantly
yellowed and developed a “splatter” pattern on multiple faces (Figure 3.1¢). For the N61
resin, switching to the 365 nm oven for curing resulted in a “bubbling” pattern at the top

edges of the faces (Figure 3.1f).

Figure 3.1. Prism molding process. (a) PDMS mold after curing and removal of original
glass part. (b) FormLabs Clear molded prism. (¢) Norland 61 molded prism. (d) Norland
61 prism next to conventional BK7 prism. (¢) FormLabs Clear and (f) Norland 61 molded
prisms cured with 365 nm oven.
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The reuse of the PDMS molds would be a highly beneficial trait in practice.
However, trace amounts of resin remained on the PDMS mold walls after removal of the
prisms. As such, we implemented a cleaning step for the reuse of the mold that used strong
base, which efficiently degrades both the crosslinking agents and base mercapto-ester
components of the Norland photopolymer.?! Used molds were immersed in a solution of
~1 M potassium hydroxide diluted in isopropanol for 2 minutes followed by rinsing with
DI H20 and drying with N2. We found this method to reproduce clear and smooth prisms

for up to five uses of a given mold.

Surface Characterization. Though the polymer prisms themselves had many
visually observable differences in morphology and clarity, a more quantitative assessment
was additionally pursued via atomic force microscopy (AFM). Micrographs of the polished
and unpolished 3D printed prism, the prism-face of the PDMS mold surface, and the
molded Norland61 prism, along with a summary comparison of RMS roughnesses, are
shown in Figure 3.2. As expected, the native 3D-printed part surface was very uneven and
had a high surface roughness of 78 nm. This is improved significantly by polishing via the
previously reported procedure, down to 12 + 2.8 nm. However, both stages of the hybrid
molding process have significantly lower surface roughnesses. The PDMS mold, being the
initial step, is the lower of the two, with Rims = 2.8 = 0.6 nm. This approaches the
smoothness of commercially available polished glass (1-2 nm), and indicates that the mold
effectively retains the surface quality of the initial BK7 part. The Norland 61 prism is
slightly higher, with Rims = 4.6 + 0.9 nm, though this still indicates smoothness effectively

transfers across steps and that the minor manual step of removing the polymer prism from
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the mold did not significantly affect the final quality. Additionally, the variability as given
by the measurement standard deviation of the polished prisms (2.8 nm) is ~300% higher
than that of the molded prisms (0.9 nm). This supports the likelihood that removing the
need for manual repetitive procedures such as polishing leads to a more consistent final
surface state. The surface roughness of the Norland prism after repeated reuse of the PDMS
mold was also measured to test the efficacy of the cleaning procedure. The average Rims
increased to 20 nm + 2.7 nm, indicating a good retention of clarity and usability in the part,

though perhaps also an area of potential future development and improvement.
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Figure 3.2. AFM micrographs of (a) unpolished and (b) 3D-printed prism surfaces, (c) the
prism face surface of the PDMS mold, and (d) the face of a molded Norland 61 polymer
prism. (e) Bar chart summary of the RMS roughness of each surface.

SPR-based analytical performance. Actual optical performance of the prisms in
an analytical setting was conducted with the standard optical technique of SPR imaging,
which uses equilateral prisms as an optical coupler to excite surface plasmons at a surface

interface and thus analyze interactions at the surface. Compared to conventional SPR, SPR
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imaging is a more comprehensive test method for the polymer prisms due to the need for
consistent optical signal across the whole image and analysis surface. SPR imaging
typically uses arrays or large regions of interest which must be compared spatially, as
opposed to conventional SPR which only requires individual analysis spots. Here, we used
a microarray substrate that we have previously reported with 50 nm Au wells and 200 nm
Au walls to damp the plasmonic response in all regions except the wells,!” incorporated
into a home-built SPR imaging setup.

Array images taken after loading the substrate onto the polymer prisms, attachment
of the flowcell, and flowing of 1 x PBS running buffer is shown in Figures 3.3a and 3.3b.
The morphological features affecting the imaging of the FormLabs clear resin prisms are
visually apparent, but more specifically, an important potential challenge that has been
reported for bulk polymerization of photopolymers for optics is the presence of
birefringence. In this scenario, incoming light passes through an anisotropic region where
the polymer is not well ordered, and splits into multiple polarized components. This would
be a particular difficulty for SPR-based applications, as the resonant absorption by the
plasmonic metal at the interface is highly dependent on light being p-polarized relative to
the surface. Polarization filters are utilized in this and other SPR imaging setups to restrict
the incident light to p-polarized light that can be absorbed, as s-polarized light functions
essentially as background signal. Thus, birefringence in the imaging would be marked by
regions of significantly higher overall brightness, rendering them incomparable to other
regions and unusable. This effect can be seen in the FormLabs resin-based prism (Figure

3.3a) but is essentially non-existent from the Norland-based prisms (Figure 3.3b).
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Figure 3.3. SPR images of unpatterned Al film substrate with (a) FormLabs Clear and (b)
Norland 61 molded prisms. (¢) SPR imaging reflectivity curves comparing molded prisms
and conventional SF2 prism.

Another important aspect to consider is the overall refractive index of the cured
polymer. Higher refractive indices are generally preferred in spectroscopic applications,
and in the case of SPR imaging, lower refractive index generates a more warped image, as
the incident angle is further from perpendicular to the plane of the array chip. Full
reflectivity spectra of the FormLabs, N61, and conventional SF2 prisms are shown in
Figure 3.3¢c which gives minimum reflectivity angles (a.k.a SPR angles) of 79 °, 73 © and

62.5 °, respectively. Additionally, the morphological challenge of the FormLabs clear



prism was reflected in the actual optical data, as the plasmonic dip was broader and slightly

misshapen, compared to that of the N61 and SF2 prisms.
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Figure 3.4. Polymer prism analytical performance. (a) Bulk SPR imaging sensitivity
comparison for N61 molded prism and conventional SF2 prism. (b) SPR online array
image. (c) Biosensing scheme diagram, with CT binding to GM1 embedded in a POPC
supported lipid bilayer. (d) Calibration curve of CT sensing.

Calibration curves of the bulk refractive index for both the polymer prism and a
conventionally-fabricated SF2 prism are shown in Figure 3.4a, which show almost
identical performance towards the plasmonic response to refractive index shifts. The well-

to-well variation remained small, further reinforcing the minimal impact of birefringence
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on the performance with the Norland polymer prism. A fuller incorporation of the polymer
prisms into a biosensor was conducted via the quantification of cholera toxin (CT), an
important environmental pathogenic protein produced by Vibrio cholerae. A scheme of the
experimental setup is shown in Figure 3.4c and utilizes the strong binding and specificity
of CT towards monosialoganglioside (GM1). While some previous work coupled the GM1
lipid to the surface via fluorinated hydrocarbons, here the GM lipids were incorporated
into a biomimetic lipid membrane, an increasingly popular form of surface analysis.
Incubation of the membrane produced a consistent binding shift across the wells, showing
little variation from the polymer prism. A calibration curve of CT concentration versus
optical response is given in Figure 3.4d that shows consistent linear response with a 3¢
limit of detection of 1.1 pg/mL or 13 nM, on par with previous reports.?>2* This indicates
the polymer prisms can easily be inserted into current biosensing and detection schemes

with no loss in performance or sensitivity.

3D-printed mask for direct Au deposition. An additional benefit of the ease of
fabrication is the polymer prisms is their disposability. As reported in previous work, gold
films may be evaporated directly onto the prisms, removing the need for matching fluid
and reducing the mechanical integration steps in the optical setup. Here, this process was
further developed by the addition of another 3D designed and printed component, a
deposition mask, as shown in Figure 3.5. 50 nm of Au was evaporated with the mask held
in place over the surface to generate plasmonically-sensitive well spots directly onto the
prism. After loading the prism into the SPR imaging setup and placement of the flowcell

directly onto the prism surface, images, reflectivity curves, and bulk refractive index
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sensitivity were obtained similar to previous. Notably, there was loss in visual fidelity in
the images. This is likely due to small variations in the prism surface that are filled in with
matching fluid when a separate chip substrate is mounted onto the prism. Reflectivity
curves (Figure 3.5¢) show an effective dip on the visible wells that is only ~2 © shifted from
the chip-based dip, and the RI sensitivity (Figure 3.5d) is 93% that of the chip-based setup

(1690 vs 1810 %/RIU, respectively).
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PDMS Molding of 3D-printed components. Finally, we sought to integrate the
3D printing of parts of higher geometrical difficulty. While a simple equilateral prism is
easy to obtain as an already-smooth surface, a rounded prism is significantly higher cost to
produce conventionally due to the rounded surface. This demonstrates the geometrical
flexibility of 3D printing, as the layer-by-layer style of additive manufacturing has few
specific barriers to any contiguous shape. Two components were initially tested by this
method: 1) a hemispherical prism (Figure 3.6¢) and a 2) hemicylindrical prism (Fig 6f).
The prisms were designed in-software and 3D printed with standard settings. Tough resin
(blue) rather clear resin was used, as the initial shaping piece had no requirement of
transparency. Identical steps were taken for the initial PDMS molding, but key to this
method is a further smoothing step with uncured PDMS and a spin-coater. After the PDMS
mold was formed and the 3D printed part removed, cloudiness remains in the mold surface
(Figure 3.6¢) that was representative of the resolution of the 3D printer. A few drops (~0.5
mL) of additional uncured PDMS were dropped evenly along the center of mold shape,
followed by a spin coating of 4000 rpm for 60 s. The smoothed mold was allowed to cure
at 100 ° C for 1 hr in an inverted position so that uncured PDMS would not pool. The final
rounded mold (Figure 3.6d) was optically clear and immediately usable for the
photocurable polymers, which resulted in prisms (Figure 3.6¢) of high clarity and usability
in further aims. A typical price for a round prism is $100-200 USD, while the printed and
molded component is < $1 of polymer material and only ~ 2 hr of significantly lower

technically intensive work time by the user.
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Figure 3.6. Polymer molding of 3D printed parts. A (a) software-designed part is (b) 3D
printed, followed by (c) PDMS molding and removal of 3D part, then (d) smoothing with
additional PDMS spincoating, and molding of (e) final hemicylindrical polymer prism. (f)
A hemispherical prism made with the same process.

Resin Additives for Property Modification. A benefit of the mold-based form of
fabrication for the final optical component is that additives can be more easily included in
the process that alter the component’s optical properties. This concept has been reported in

the 3D printing of glass parts,?*?7 but the complexity of the 3D printing process is a
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challenge. As seen with the bulk polymerization of the 3D printing resin, the 3D printing
process is delicate and fined-tuned such that minor variations in the resin can result in large
changes in the final product. As such, introduction of additives is impractical in the
hardware itself without using an entirely home-built instrument and resin combination.
Here, the step that creates the final component part is separated from the 3D printing step,
opening up the possibility of including additives. This concept was demonstrated here by
the addition of colored dyes to aliquots of the Norland resin, followed by photocuring using
the smoothed hemicylindrical prism mold. Manufactured prisms showed good visual
clarity (Figure 3.7a) and were able to be used in a transmission-based spectroscopic
configuration (Figures 3.7b,c). Visible-range spectra for the “blue” prism are shown in
Figure 3.7d, which show the prism having clean absorbances and effectively acting as a
basic color filter. The capability for this functionality to be easily included in the fabrication
of the optics itself, rather than with an additional color filter component, furthers the

potential for in-lab custom part creation.
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Figure 3.7. Additive-modified hemicylindrical molded prisms. (a) Variety of fabricated
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3.4 Conclusion

In summary, we have demonstrated an alternative methodology for fabrication of
ultrasmooth optical components for analytical spectroscopy. A PDMS mold of sufficient

smoothness can be made of appropriate geometry as the final optical component. This can
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be accomplished simply by molding a conventionally fabricated glass prism or other
smooth object, or by 3D printing an optical component shape and molding it, followed by
smoothing with spin-coating. This method overcomes the limitations of surface roughness
and refractive index seen in previous reported methods while maintaining the space of
geometrical possibility inherent in 3D printing. Of note is that the bulk polymerization of
the FormLabs Clear photopolymer in the mold was found to require the use of an alternate
material (Norland 61) that was more suited to the application. The analytical performance,
both in basic bulk optical behavior and in a more complex biosensing scheme, was found
to be of the same high quality as conventionally manufactured parts, even with the delicate
and highly sensitive SPR imaging technique. Furthermore, a concept of a fully 3D printed
package was developed with the addition of a 3D printed mask that generated a plasmonic
array, creating a custom optical configuration that was completely disposable. Finally, the
flexibility of the methodology was demonstrated by the incorporation of dye additives that
shifted the transmission of incident white light in a visible-range transmission-based
spectroscopy setup. This methodology is an important step in the development of facile

means of custom optical component fabrication.
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Chapter 4. Plasmonic Biosensing with Aluminum Thin Films under the

Kretschmann Configuration

4.1 Introduction

Surface plasmon resonance (SPR) spectroscopy is a well-established analytical
technique for label-free quantification of molecular interactions at an interface.! The
method relies on detecting the minute changes in refractive index of a dielectric medium
in contact with a nanometer-scale thin metal film.? The metal layer used has traditionally
been gold due to its high plasmonic activity and inert chemical character. Increasing
attention, however, is being invested toward other metals such as chromium,* copper,* and
aluminum® as plasmonic materials. Aluminum is particularly attractive as it has a high
electron density (3 electrons per atom in its conduction band versus 1 electron for gold and
silver) and a generally higher negative permittivity than silver or gold.® This property leads
to plasmonic resonance in a very large wavelength range, making aluminum plasmonically
active from the ultraviolet to near-infrared regimes. Aluminum is also appealing for
commercial applications due to high abundance, low-cost, and easy integration into
manufacturing processes such as CMOS.’

Up until now, the study of aluminum as a plasmonic material has been almost
entirely confined to aluminum nanostructures, with a range of reports exploring structures
such as nanorods and nanodiscs, among others.®!> Aluminum as a surface-enhanced
Raman scattering (SERS) substrate has also been reported.!®'® However, the use of

aluminum in the standard configuration for SPR spectroscopy (i.e., Kretschmann
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configuration), where thin metal films are attached to an ATR optical coupler, has not been
rigorously studied. Some reports investigated the resonances in the ultraviolet region to

19,20 \while other

probe organic and biological systems that exhibit strong UV absorptions,
attempts with aluminum films were impaired by substrate stability issues and failed to
generate meaningful results.?!

In this chapter, plasmonic characterization is presented of Al thin films in ATR
mode, employing both FDTD and the Fresnel models to predict the surface plasmon
polariton (SPP) behavior on the aluminum film and conducting an extensive experimental
study to understand and verify the fundamental SPR characteristics of the metal. This
analysis of Al film is essential to fully expanding the scope of potential biosensing

applications, which seek to characterize various SPR refractive index sensing and

biosensing performance in the standard Kretschmann configuration.

4.2 Experimental Methods

Materials and Reagents. Bovine serum albumin (BSA) was obtained from Sigma-
Aldrich (St. Louis, MO). Sodium chloride was obtained from Fisher Scientific (Pittsburgh,
PA). Biotinylated bovine serum albumin (Biotin-BSA) and streptavidin were obtained
from Thermo Scientific (Rockford, I1). BK-7 glass substrates for deposition were obtained
from Corning (Painted Post, NY). Aluminum, gold and chromium targets for electron-
beam evaporation were acquired as pellets of 0.9999% purity from Kurt J. Lesker
(Jefferson Hills, PA). Whole human serum was obtained from Innovative Research (Novi,

MI) as single donor human serum off the clot.
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SPR and SPR imaging substrate fabrication. Both SPR and SPR imaging
substrates were fabricated using BK-7 glass microscope slides as the initial substrate.
Slides were cleaned using boiling piranha solution (3:1 H2S04:30% H202) for 1 hr,
followed by rinsing with ultrapure water and ethanol and drying with compressed nitrogen
gas. For conventional SPR chips, 15 nm (5.0 A/s) of aluminum was evaporated onto one
side of the slide via electron beam physical vapor deposition. (EBPVD) (Temescal,
Berkeley, CA). For Au chips, evaporation instead consisted of 2 nm of chromium (0.5 A/s)
and 50 nm of gold (2.0 A/s). All EBPVD was conducted at 5 x 10" Torr in a Class 1000
cleanroom facility (UCR Center for Nanoscale Science and Engineering). SPR imaging
arrays were fabricated in accordance to previously described methods*? with some
modification. Cleaned glass slides were spin-coated with hexamethyldisilazane (HMDS)
to promote adhesion, followed by AZ5214E, both at 4000 RPM for 45 s. After baking for
1 min at 110° C, the photoresist was patterned by UV exposure using a Karl-Suss MA-6
system and a photomask, followed by development with AZ400K developer and standard
protocols. 150 nm of Al (or 2 nm Cr/200 nm Au for gold microarray) was then evaporated
onto the surface via EBPVD to form the well walls. The photoresist well spots were then
removed using acetone, after which an additional 15 nm of aluminum (or 2 nm Cr/50 nm
Au) was evaporated to form the well surface. The final microarrays consisted of a 10 x 10
array of circular wells that were 165 nm (or 250 nm for gold microarray) deep and 600 um
in diameter. Both SPR and SPRi substrates were stored in air for 3 days prior to use.

Atomic force microscopy measurements. AFM measurements were taken using

an AIST-NT instrument with a 42 N/m tip provided by NanoWorld. Data was acquired in
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tapping mode. Gwyddion 2.55 software was used to analyze the resulting data and
determined the root mean squared roughness of the surface to be 0.834 nm.

SPR and SPR imaging analysis. A dual-channel NanoSPR6-321 spectrometer
(Nano SPR, Chicago, I1) was used for all spectroscopic measurements for conventional
SPR. The device used a GaAs semiconductor laser light source (A = 670 nm), a
manufacturer-supplied prism of high refractive index (n = 1.616) and a 30 puL flow cell.
Fabricated chips were inserted, and online analysis was conducted in an angular scanning
mode that tracked the resonance angle every 5 s while also collecting the angular spectrum
at each point. For bulk refractive index testing, 18 MQ ultrapure water was flowed at a rate
of 5 mL/hr as a baseline and NaCl solutions were flowed over the surface. Sodium chloride
solutions were diluted from NaCl salt with ultrapure water, and refractive index of each
solution was measured with an Abbe refractometer (American Optics, Buffalo, NY).
Intensity measurements were extracted from angular spectra at a constant angle at ~20%
of the maximum to ensure maximum sensitivity for both Al and Au chips. Biosensing
experiments were conducted using 1XPBS running buffer at 5 mL/hr at ambient
temperature. Concentrations of BSA, biotin-BSA and streptavidin used in analysis were 2
mg/mL, 2 mg/mL, and 500 pg/mL, respectively. Analytes were incubated for 30 min to 2
hr, depending on the experiment, before rinsing, and all solutions besides the whole human
serum were diluted in 1xPBS prior to the experiment.

SPR imaging was conducted using a home-built setup, a detailed description of
which was reported in previous work.8 In brief, each microarray substrate was mounted

onto an optical stage that utilized an equilateral SF2 prism (n = 1.648) and a 300 pL flow
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cell. The optical stage was fixed to a rotatable goniometer that allowed manual tuning of
the incident angle of a 648 nm incoherent light emitting diode (LED) source that was used
for SPR excitation. Reflected images were captured with a cooled 12-bit CCD camera
(QImaging Retiga 1300) with a resolution of 1.3 MP (1280 x 1024 pixels) and 6.7 um x
6.7 um pixel size. Bulk refractive index testing was conducted similarly to conventional
SPR testing. Realtime changes in reflectance upon injection of NaCl analyte solutions were
recorded every 300 ms inside the individual well elements, and intensity changes were
reported as an average of at least 20 individual wells. Intensity data was normalized by
dividing the intensity of p-polarized light by the intensity generated by s-polarized light.
FDTD and Fresnel-based Simulations. FDTD based simulations were performed
using EM Explorer software. Simulations were conducted in similar manner to previously
reported,?? and parameters were as follows. Real and imaginary parts of the Al and A1>203
refractive indices across the wavelength spectrum were obtained from the Filmetrics
database.?* The Al thickness was varied from 9 nm to 18 nm, and AlO3 was kept at a
consistent 3 nm. The Yee cell size was set to be 5 nm cubes. The light was set to be p-
polarized. This was then used to probe the plasmonic activity with 500-800 nm wavelength
of light with a range of incident angles from 40-85 degrees. Table 4.1 lists the optical
constants used in the Fresnel-based angular spectrum simulations. Literature sources were
used to obtain values of Al and Au,?® and for value of A1203.2° Simulation was conducted
as previously reported?’ and was based on standard Fresnel multi-layer calculation model,
the layers of which are shown in Figure 4.1. For Au simulation, Al and Al.O3 were replaced

with 50 nm Au.

116



Table 4.1. Refractive index values used in Fresnel-based simulations.

Wavelength | Prism Al ALO3 Au H>O
650 nm 1.616 | 1.483+17.577 | 1.765| 0.169 +1i3.136 | 1.333

H,0

A|203 (t =3 nm)
Al (=12 nm)

Prism

Figure 4.1. Layer configuration for Fresnel-based calculation (t = thickness).
4.3. Results and Discussion

Simulations and Modeling. Initial modeling work was conducted by using a finite
difference time domain (FDTD) simulation and the Fresnel equation simulation (Figure
4.2c). The Fresnel equations determine the proportions of an incident wave that are
reflected and transmitted when it strikes the interface of materials with differing refractive
indexes. For the Fresnel equations to function, the materials must be universally
homogeneous thin films.?® FDTD solves for electrical and magnetic fields in all dimensions
by defining a Yee cell wherein cell size is dependent on the permittivity and permeability
of the material and the time step.?” Simulation results reveal that aluminum shows a sharp
peak in reflectivity before the dip (Figure 4.2b,c), whereas for gold films, a smooth total
internal reflection plateau prior to the plasmonic dip is typically displayed. Using the

Lorentz—Drude model,* this can be ascribed to the higher valence shell charge density of
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aluminum, i.e., three electrons in its conduction band versus one for gold. This results in a
higher metallic plasma frequency wp, which then results in increased real (n) and imaginary
(k) portions of the refractive index (see Chapter 1, Section 1.3 for further discussion).
Though the effects of n and k on angular reflectivity dips are complex,?® high k-values are
strongly correlated with plasmonic dips and increased plasmonic activity. Aluminum’s
higher n and k values also mean that standard film thicknesses used for Au (45-50 nm)
were not applicable to Al, and the FDTD analysis across a wide range of thicknesses

indicated that experimental investigation should target the 10-20 nm range (Figure 4.2¢).
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Figure 4.2. (a) Illustration of Kretschman configuration with the Al film. (b) Comparison
of experimental angular spectrum of 12/3 Al/Al2O3 film in water at 650 nm to theoretical
calculation from the Fresnel equations. (c) FDTD simulations of reflectivity of aluminum
thin films with a 3 nm alumina overlayer in water.

Fabrication and Material Characterization of Al thin films. In our study,

plasmonic aluminum films were fabricated by e-beam depositing Al onto glass slides, with
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the initial deposited thickness set at 15 nm. The films were stored in air for 3 days in order
to ensure a consistent and fully oxidized alumina layer, which can be approximated to a
final AI/AL2O3 thickness of 12/3 nm. The films were then mounted to a prism for SPR
measurement (Figure 4.2a). Figure 4.2b shows a typical angular reflection spectrum with
water using the Al substrate (in red), which shows excellent agreement to the

corresponding theoretical prediction (black dashed line).
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Figure 4.3. (a) AFM image of deposited Al/AL2Os film. (b) Angular SPR spectra of on-
line stability test of 12/3 nm Al/Al203 film with continuous 1X PBS buffer flow for 24 hr.
Inset: SPR sensorgram of same experiment.

Chemical stability of aluminum in aqueous-based systems is a concern for

biosensing applications®!" 3

as aluminum is more reactive than other plasmonic materials
such as gold and silver and thus can be prone to corrosion. We tested the stability of the
deposited aluminum surface using 1x phosphate-buffered saline (PBS) (Figure 4.3b).
Continuous flowing of PBS buffer over 24 h did not significantly alter the shape of the
spectrum, and the plasmonic dip did not show noticeable drift over the same period.

Soaking the chips in 10x PBS buffer for 24 h also resulted in essentially no visible changes

in the surface or resulting spectra. This indicates the formed aluminum oxide overlayer is
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an effective protection layer to prevent corrosion across the typical time scale of biosensing
experiments (1-8 h). Atomic force microscopy (AFM) of the surface after native oxidation
shows an RMS surface roughness of 1.5 nm (Figure 4.3a), suggesting the oxidized surface
is highly uniform and thus ideal for binding studies in SPR analysis.

Optical Characterization in Kretschmann Configuration. SPR sensitivity
characterization for the aluminum film consists of two parts: bulk and surface. A bulk
sensitivity test was conducted with NaCl solution in various concentrations flowed over
the surface. Angular spectra of a range of solutions are displayed in Figure 4.4a. Tracking
the shift in the minimum of the dip yields a calibration curve of resonant angle shifts versus
refractive index, displayed in Figure 4.4b (in blue). Clearly, bulk test showed a good linear
response with the Al substrate. From the curve, we determined the sensitivity with angular
scanning to be 59.25°/RIU for the 15 nm Al film.

From the reflection spectra, the resonance band appears to be steeper than that of
gold (Figure 4.4e). Therefore, we next moved to quantify the intensity changes at a fixed
angle, a strategy that is frequently used*® ** and is generally simpler to track (Figure 4.4c,d).
At a fixed angle, aluminum shows both a higher sensitivity (70041 IU/RIU, 13.9% higher
than Au) and a much longer linear range (~0.028 vs ~0.013 RIU) than gold. For angular
shift measurement, however, Au film shows a slightly better reported sensitivity (Figure
4.4b). This is largely because the aluminum’s plasmonic dip is broader compared to that
of gold and more complex than the gold band, compromising the angular shift tracking
reliability by the instrument. The varied sensitivity trend between the fixed angle and the

angle-shift data is a direct result of the spectral features of the plasmonic responses of the
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metal films, as shown in Figure 4.4e,f. The steep slope of the plasmonic dip for aluminum
suggests it is particularly suited for fixed angle measurements, where greater angle

reflectance change leads to better sensitivity.
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Figure 4.4. Experimental bulk refractive index testing. (a) Measured angular spectra of
aluminum film with varying refractive indices from 1.33 to 1.37. (b) Shift in angular dip
for gold and aluminum films. (c¢) Change in reflected intensity at a fixed angle and (d)
across the Au linear range. (e) Simulated spectra for aluminum and gold superimposed onto
each other and (f) a comparison of the reflectivities across the lower-angle side of the
plasmonic dip.
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Analytical Biosensing Characterization. The characterization of SPR biosensing
performance, i.e., surface sensitivity, was conducted by the well-characterized biological
interaction between biotin and streptavidin. As shown in Figure 4.5a, biotinylated bovine
serum albumin (biotin-BSA) was incubated on the sensing surface followed by injection
of streptavidin. A significant binding shift was observed after the final rinse, while in a
control channel where BSA was not biotinylated resulted in little angular shift in the
streptavidin step, indicating that biological affinity interactions at the surface were the sole
source of the binding signal. The binding signal was stable and is consistent with Au film-
based SPR experiments reported throughout literature.’>3® This indicates that the
fundamentals of protein attachment, surface sensitivity, and subsequent biosensing are
equally accessible on the Al films.

An interesting aspect of aluminum films for plasmonic sensing is their lack of
“stickiness” toward biological components such as proteins and lipids, as cell membrane
mimics were reported to adhere much more slowly to an Al/Al2O3 surface than to a silica
or gold surface.’ 4’ We observed when undiluted human blood serum was incubated over
the surface and was followed by rinsing, very little nonspecific binding signal remained
(Figure 4.5b inset), a reduction by more than 75% as compared with a gold chip under
similar conditions. This potential antifouling function of the Al/Al2O3 surface could be of
great use in biosensing in complex media. Figure 4.5b shows the sensorgrams with spiked
streptavidin in undiluted serum. Subtracting a control of only blood serum, the specific
binding signal was only slightly smaller in serum (0.17°) than in buffer (0.21°). This is a

remarkable result for a plain surface without any antifouling modifications or steps.
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Overcoming nonspecific binding is a strong challenge in implementation for all types of
plasmonic based biosensors. A large amount of work by our group and others*'~! has been
conducted in order to use Au chips with complex matrixes such as blood serum, but Al

chips will require much less of this type of effort in their use.
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Figure 4.5. SPR sensorgrams of biosensing with Al thin films. (a) Streptavidin sensing on
aluminum surface that had been incubated with biotin-BSA (red) and just BSA (black). (b)
Streptavidin sensing in undiluted human serum; inset: undiluted serum on the bare Al

surface.
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Surface Plasmon Resonance Imaging. The spectral characteristics of the
aluminum films in fixed-angle monitoring also make it an excellent candidate for SPR
imaging. SPR imaging measures at a fixed angle, and the only monitored parameter is
reflection intensity.3> As the method enables the capturing of a wide swath of analysis
spots, SPR imaging is frequently used with arrays, significantly improving throughput and
multiplexing capabilities of SPR spectroscopy.>? To test this potential use of aluminum thin
films, we fabricated an aluminum microarray for SPR imaging adapted from a design that
we have described previously.?? A summary of the fabrication is displayed in Figure 4.4a.
This includes photolithographic patterning and multiple deposition steps, which serve to
create 15 nm-thick wells of 800 nm diameter with 150 nm thick walls. The 150 nm thick
aluminum layer dampens effective plasmonic absorption, leaving the microwells the only
plasmonically active areas.

As shown in Figure 4.6b,c, the wells were clearly distinguishable from the
background surface, indicating that the plasmonic activity was effectively dampened.
Figure 4.4b shows the online imaging of the well substrate at an angle (58°) of high
plasmonic absorption in water (RI = 1.333). Bulk sensitivity testing was conducted
similarly to the spectral SPR analysis, and images of the changes in the microwell
intensities by varying refractive index are shown in Figure 4.6¢c. A calibration curve was
again constructed and compared to gold (Figure 4.6d,e). The sensitivity figure of merit for
the aluminum film is 2665% IU/RIU, which is 61.6% higher than that of the gold film
(1649% IU/RIU). The high response of aluminum again proves its excellent potential for

SPR imaging-based biosensing and bioanalysis.
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Figure 4.6. SPR imaging with Al thin films. (a) Fabrication scheme of the microarray
substrate. (b) Online image of an array with water over the wells. (c) Comparison of well
brightness with incubation of increasing refractive index solutions. (d) Comparison of
percent change in reflectivity using Al and Au films across full and (e) Au linear ranges.

4.4 Conclusion
In summary, we have demonstrated the feasibility of using thin aluminum films for

SPR analyses that are currently almost exclusively conducted by gold films. The Al films

125



can be fabricated by straightforward deposition techniques and show high stability toward
solutions of significant salt concentrations, an important consideration as compared to very
stable Au films. Bulk sensitivity characterization indicates good plasmonic response
comparable or even better than that of Au films, especially when measured at a fixed angle.
The surface was responsive to biosensing behavior while exhibiting antifouling behavior,
suppressing significant nonspecific interactions. Aluminum is also amenable to generating
background-free SPR imaging substrates of similar bulk refractive index sensitivity.
Furthermore, Al2O3 has a broad range of established funtionalization pathways for the
immobilization of biomolecules, such as silanization, carboxylation, and phosphonylation,
which can be used in a similar manner to that of the common thiolation-based Au surface
functionalization.”> We believe that this work has demonstrated some of the exciting
plasmonic properties of Al and could serve as a launching point for a multitude of

possibilities and improvements to SPR analysis in the future.
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Chapter 5: Expanding Biosensing and Bioanalysis Applications of Plasmonic

Aluminum Thin Films via Physical and Chemical Surface Modifications

5.1 Introduction

The search for improved plasmonic materials is wide-ranging, as the increasing
miniaturization of technological applications requires more and more optic and photonic
devices to utilize the nano-scale effects available from plasmonic absorption of photon.! In
the analytical sciences, the rapid growth of the bioanalytical and biopharmaceutical fields
requires more analytical methods that operate on the nanoscale to probe the fine dynamics
of cellular components such as proteins, lipids, and nucleic acids. For direct biosensing and
more complex bioanalysis, a large component of plasmonic applications come in the form
of SPR spectroscopy, which uses an attenuated total reflection (ATR) configuration to
sensitivity detect mass or solution changes at a surface in real-time at a range of ~200 nm.?
SPR applications are typically dominated by Au films, but we have recently reported on
the fundamental optical and biosensing properties of thin Al films in SPR configurations.’
In particular, Al films were demonstrated to be of higher native sensitivity than Au in the
SPR imaging mode that uses a fixed angle reflected intensity to widen the analyzable area
to an entire array. Aluminum also has the practical advantages of high abundance, lower
cost, and easier integration into a variety of manufacturing processes compared to Au and
Ag?

Aside from SPR-based applications, thin aluminum films have significant potential

towards high-sensitivity MALDI-MS-based analysis. Al foils and nanostructures as
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substrates have been investigated and reported as beneficial for matrix-assisted laser
desorption ionization mass spectrometry (MALDI-MS).>” In particular, the native
aluminum oxide layer is selective for the charge density of phosphorylated peptides,® so Al
can serve as a means for their enrichment prior to quantification. Furthermore, an attractive
plasmonic property of Al compared to Au and Ag is Al’s ability to plasmonically absorb a
broader spectrum of incident photon wavelengths. While Au’s plasmonic absorption
dramatically decreases at wavelengths lower than ~500 nm, Al can absorb well into the
UV range.’ This is highly relevant for MALDI-MS analysis due to the near-UV lasers
typically used to ionize sample matrices for desorption. The effect of plasmonic Au on

10,11 56 a similar effect could be used

MALDI- ionization has been demonstrated recently,
for plasmonic Al substrates. The coupling of SPR imaging and MALDI-MS analysis has
also been demonstrated in Chapter 2 with thin Au films arrays. The higher sensitivity of
plasmonic Al films in the imaging mode and the higher absorption of Al towards incident
UV radiation make it a good overall candidate for coupled SPR-MALDI analysis.

In this chapter, modifications and reactions at the aluminum surface are
investigated in order to broaden the scope of applications for plasmonic aluminum thin
films. Key to these applications are Al thin film microarrays that can be used
interchangeably with SPR imaging and MALDI-MS. First, the coordination of Al2O3 with
phosphate groups is used for enrichment of phosphorylated peptides on an aluminum array
for MALDI-MS analysis. Second, physical surface modification via coatings of ionic

polymers is employed to analyze charged-based interactions of biomolecules. The

expansion of surface chemistry routes via its native oxide layer of Al2O3 would serve to
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broaden its implementation into conventional SPR experimental setups. The high
sensitivity of Al in the imaging mode makes it a good candidate for array-based analysis
to compare performances of different surface configurations. As a model system, two
urinary chemokine biomarkers CXCL8 and CXCL10 were analyzed for their relative
binding dynamics in both buffer and urine matrices. Finally, the direct chemical
modification of the Al/A12O3 surface for SPR biosensing was achieved with a silanization-
based immobilization of the sensing moiety for determination of bacterial protein

streptavidin.

5.2 Experimental Methods

Materials and Reagents. Aluminum targets for electron beam physical vapor
deposition (EBPVD) were obtained as pellets of 0.9999% purity from Kurt J. Lesker
(Jefferson Hills, PA). BK-7 glass substrates for E-Beam deposition were obtained from
Corning (Painted Post, NY). Polyallylamine hydrochloride (PAH) was obtained from Alfa
Aesar (Haverhill, MA). Biotin-PEG(2K)-silane was obtained from Nanosoft Polymers
(Winston-Salem, NC). I-Palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1,2-
dioleoyl-sn-glycero-3-ethylphosphocholine (EPC), and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1'-rac-glycerol) (POPG) were obtained as powder from Avanti Polar Lipids
(Alabaster, AL). CXCL8 and CXCLI10 proteins were obtained as powder from Sino
Biological (Wayne, PA). Acetonitrile, sucrose, potassium chloride, sodium chloride,
calcium chloride, sodium phosphate monobasic, and sodium phosphate dibasic were
obtained from Fisher Scientific (Pittsburgh, PA). Polyacrylic acid (PAA), poly-L-lysine

(PLL), polystyrene sulfonate (PSS), “super” 2,5-Dihydroxybenzoic acid (sDHB), a-cyano-
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4-hydroxycinnamic acid (CHCA), phosphoric acid (H3POs), trifluoroacetic acid (TFA),
trypsin, bovine a-casein and B-casein, sodium sulfate, uric acid, sodium citrate, creatinine,
urea, ammonium chloride, potassium oxalate, and magnesium sulfate were obtained from
Sigma-Aldrich (St. Louis, MO).

Artificial Urine Preparation. Artificial urine matrix for biosensing experiments
was prepared according to a previously published protocol.!? Component chemicals were
added as solids at the concentrations provided there to ultrapure DI H20 held at 38 © C
under constant stirring. Solution pH was measured to be 6.0 + 0.1 by a UB-5 pH meter
(Denver Instruments, Arvada, CO), and solutions were kept for one week and tested for
pH and refractive index shifts before each use.

Fabrication and modification of thin film substrates. Conventional SPR and
SPR imaging/array substrates were fabricated with BK-7 glass microscope slides that were
cleaned with boiling piranha solution (3:1 H2S04:30% H202) for 1 hr then rinsed with
ultrapure water and ethanol and dried with compressed air. An Electron beam physical
vapor deposition (EBPVD) system (Temescal, Berkeley, CA) was used to deposit all Al
films, and all EBPVD was conducted in a Class 1000 cleanroom facility (UCR Center for
Nanoscale Science and Engineering). For conventional SPR substrates, 18 nm Al was
deposited.

Microarray substrates used for SPR imaging and MALDI-MS were fabricated
along previously reported procedures.'® In brief, piranha-cleaned glass slides were spin-
coated at 4000 RPM for 45 s with hexamethyldisilazane (HMDS) and AZ5214E in

succession, followed by a 1 min bake at 110 © C. Photopatterning via UV exposure was
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conducted with a photomask and Karl-Suss MA-6 system followed by AZ400K
development using standard protocols. 150 nm Al was deposited by EBPVD, followed by
removal of wells with acetone. An additional deposition of 18 nm Al was lastly added to
generate the plasmonically active layer in the wells. The final array was a 10 x 12 set of
600 pm diameter circular wells. For both conventional and imaging substrates, chips were
stored under vacuum until experimental use.

For polymer surface modifications, individual aluminum chips used for
conventional SPR were immersed in ~5 mL aliquots of solutions of a single polymer
diluted to 1o mg/mL in ultrapure DI H20 for 5 min, rinsed, and repeated before use. In
array configurations for SPR imaging and MALDI-MS, solutions of each polymer were
spotted onto individual wells in 0.5 pL aliquots, allowed to dry, then rinsed and repeated
before use. For chemical functionalization, Al/Al2O3 chip substrates were immersed in a 1
mM solution of biotin-PEG(2K)-silane in EtOH overnight (12 hr) with mild agitation,
followed by isopropanol rinse and N2 drying.

MALDI-TOF-MS analysis. Tryptic digestions of a-casein and B-casein were
conducted under standard conditions in 1 x PBS buffer. Solutions of 200 pg/mL of analyte
protein were boiled at 100 ° C for 1 min to denature the protein. Next, the analyte solution
and 5 pg/mL of trypsin were mixed in a 4:1 ratio, respectively, and were heated in a water
bath at 38 © C overnight (15 hr), then quenched by addition of 0.1 % TFA in a 1:10 ratio.
For on-chip enrichment of peptide peaks, ~1 pL of resulting mixture was spotted onto
individual microarray wells and allowed to sit in a humidity chamber for 30 minutes to

reduce evaporation. Microarray wells were then further washed with 0.1 % TFA three times
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for 5 min each. MALDI matrix consisting of 10 mg/mL sDHB in a 1:1 mixture of 1 %
H3PO4 and acetonitrile was spotted and allowed to dry. MALDI-MS spectra for peptide
peaks were obtained using an AB-Sciex 5800 MALDI-TOF instrument in positive reflector
ion mode. Spectra were compiled and analyzed for m/z peaks with a greater than 3 S/N
ratio by an in-lab Matlab package described in a previous report,'! and peptide profiles
were analyzed using Expasy FindPept tool.!* For polymer-coated microarrays without SPR
imaging coupling, solutions of each or both chemokine biomarker were spotted onto
individual polymer-coated wells. This was followed by spotting of MALDI matrix
consisting of 10 mg/mL CHCA dissolved in a 1:1 mixture of 0.5 % TFA and acetonitrile.
Mass spectra were obtained in in linear positive mode at a laser fluency of 5500 au on the
same instrument as above.

SPR and SPR imaging. Conventional SPR experiments were conducted using a
dual-channel NanoSPR6-321 spectrometer equipped with a GaAs semiconductor laser
light source (A = 670 nm), a manufacturer supplied reflector prism (n = 1.616), and a 30
uL flow cell. Experimental data and sensorgrams were conducted in angular scanning
mode, which measured minimum reflected intensity over time. For SPR imaging,
measurements were conducted on a home-built experimental setup, a detailed description
of which was reported previously."> Briefly, aluminum substrate microarrays were
mounted onto an SF2 glass 25 mm equilateral triangular prism (n = 1.648) with a layer of
high-refractive index matching fluid to facilitate even contact. A 3D printed optical stage
and flow-cell holder allowed mounting of a 300 uLL S-shaped flowcell that covered four

primary well rows and two half-rows during online experiments. The optical stage was
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fixed atop a goniometer that could be manually rotated to tune the incident angle of
incoming light from an incoherent light emitting diode (LED) source (A = 648 nm) that
could be either p- or s- polarized by a rotatable polarizer. Reflected images from the array
were captured with a cooled 12-bit CCD camera (QImaging Retiga 1300) with a resolution
of 1.3 MP (1280 x 1024 pixels) and 6.7 um x 6.7 pm pixel size. Online experimental data
acquisition consisted of recording the p-polarized reflected intensity of each well (regions
of interest manually selected) every 300 ms during baselining, injection and incubation of
analyte solutions, and rinse cycles, followed by an acquisition of the s-polarized intensity.
Intensity data was normalized in two ways. First, the p-polarized intensity was divided by
the intensity of s-polarized intensity then multiplied by 100 to generate a percentage value.
Second, during array-based experiments using polymers, a control channel was used to
normalize intensities across experiments. Final percent intensity values are reported as the
average of at least 6 wells per channel per experiment, resulting in ~20 wells per reported
value. Solutions of sucrose and sodium chloride for bulk sensitivity testing were diluted
with ultrapure DI H2O and their refractive indices were measured with an abbe
refractometer (American Optics , Buffalo, NY). Lipid vesicles used in conventional SPR
experiments were generated by pipetting lipids stored in 9:1 chloroform:methanol to a 1
mg/mL concentration, drying under N2 and placing in vacuum for 4 hr, followed by dilution
with buffer, sonication, and extrusion into 100 nm lipid vesicles (Whatman 100 nm
membrane filters). For SPR-MALDI coupling analyses of chemokines, after analytes were

incubated and rinsed, the microarray chip was removed from the SPR imaging setup and
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allowed to dry. MALDI matrix of 10 mg/mL CHCA in 1:1 0.5 % TFA:ACN was spotted

and arrays were mounted and MALDI analyzed as detailed above.

5.3 Results and Discussion

AlLOsz-mediated enrichment of phosphorylated peptides. Alpha and beta
casein’s presence in dairy products make them common sources of phosphorylated
peptides in human diets, so their enrichment and quantification are highly investigated.'-
20 We have previously reported nanostructured TIO-based arrays for the on-plate

' and the aluminum array

enrichment of phosphopeptides and MALDI-MS analysis,’
substrate should also be selective for phosphorylated peptides, as the phosphate group
coordinates with the oxygens of the surface Al2Os. Both a-casein and B-casein were
tryptically digested and deposited onto Al thin film microarrays both with a series of
enrichment and washing steps in a lightly acidic environment to promote phosphate groups
binding to the Al20s3. This was compared to a simple deposition and washing to highlight
the effect of the enrichment steps. Comparisons of averaged spectra are shown in Figure
5.1 along with lists of identified casein peptides. In both cases, the proportion of
phosphorylated peaks dramatically increases after enrichment, from 28% to 43% for a-
casein and from 33% to 66% for B-casein. Notably, all peptides initially identified with
multiple phosphorylation sites (DIGSESTEDQAMEDIK and

NTMEHVSSSEESIISQETYK for a-casein and RELEELNVPGEIVESLSSSEESITR for

B-casein) were retained after enrichment and washing steps, indicating that the enrichment
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Table 5.1. a-casein peptides from digest found via

. k%
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50 m/z a-casein peptide |m/z a-casein peptide
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Table 5.2. a-casein peptides from digest found via
60 4 1
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Table 5.3. B-casein peptides from digest found via
7 . MALDI-MS on Al array.
(c) B-casein __
50 m/z B-casein peptide
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(d) B-casein Table 5.4. B-casein peptides from digest found via
post-enrich. MALDI-MS on Al array after enrichment.
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Figure 5.1. MALDI-MS spectra of casein peptides from digest on Al thin film with and
without enrichment. Tables 5.1-5.4 of identified peptides are shown to the right of their
respective spectra, phosphorylated peptides in red and phosphorylated resides underlined.

140



is at least somewhat chemically driven. Significant optimization can be conducted for
retention of even more phosphorylated peaks, but this represents the first report of this type
of enrichment being successfully conducted on plasmonically active Al thin films.

Qualitative separation of charged vesicles via ionic polymer surface
modification. After confirming the utility of bare AI/Al203, we moved to physical surface
modification. As a measure of the qualitative feasibility of charge-based separation of
binding signals, lipid vesicles of varying composition were tested for their binding to
surfaces of different charge. Binding and fusion of lipid vesicles and membranes to a
surface is highly dependent on surface material characteristics;?>?> for example, the
addition of a silica layer to Au thin films reverses lipid bilayer fusion from poor to
excellent.?® Thus, relative changes in binding should be distinguishable here. Lipid vesicles
are popular for a variety of bioanalytical purposes, but here they have the benefit of being
easily tunable for the desired surface charge. Different lipid head groups compositions
serve to present essentially unified exteriors of positive, negative or zwitterionic charge. It
should be noted that aluminum oxide has a slightly negative surface charge in aqueous
conditions at physiological pH, as the surface oxide becomes slightly hydrolyzed,?” which
the case here with 1 x PBS running buffer.

Individual sensorgrams are shown in Figures 5.2b, 5.2d, and 5.2f of each surface to
vesicle combination. The most striking initial feature is the binding signal for the EPC and
POPG vesicles is substantially higher for the surface of opposite charge than for either the

Al203 or the similarly charged surface. There is little binding of the POPC vesicles to any
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Figure 5.2. Binding of charged lipid vesicles to AI/A1203 surfaces with and without ionic
polymer modification. (a) Surface diagram; (b), (d), (f) SPR sensorgrams of binding of
EPC, POPG, and POPC vesicles, respectively, to AI203, and PAH- and PAA-modified
surfaces; (c), (e), (g) Bar chart summaries of all experiments.
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of the three surfaces, which supports the need for a specific lipid-surface interaction for
significant fusion to occur. Notably, the Al2O3 surface did not have a vesicle of any
composition that preferentially bound to it over either the PAH or PAA, a characteristic
observed previously by us and others that is attributed to a strong hydration layer.?% % A
more quantitative comparison of the various binding combinations is given in Figures 5.2¢,
5.2e, and 5.2g, that shows similar trends.

Microarray analysis of urine biomarker binding dynamics. Microarray-based
bioanalysis is ideal for the high sensitivity of Al thin films for SPR imaging, so the charge
separation was further interrogated using large peptide biomarkers. Urine biomarker panels
are an increasingly popular means of diagnosing kidney, bladder, and prostate diseases and
injuries.332 The most popular biomarker type for this diagnostic method are peptides, with
many reports showing good diagnostic correlation of biomarker peptide libraries with
kidney diseases such as lupus, kidney injury, and bladder cancer.’**> Proinflammatory
chemokines (C-X-C and C-C motifs) are higher weight peptides (9-11 kda) that are highly
representative examples of these urinary biomarkers for these diseases.*®® The differences
in kinetic versus steady-state binding signal serve to shed light on the pulldown efficiency
of the ionic polymers. Polymers for the microarray were selected for an emphasis on the
expected preferential binding of the positively charged chemokines. At physiological pH
CXCLS8 is +5 and CXCLI10 is +10, so negatively charged polymers PAA (mildly negative)
and PSS (highly negative) were selected, with the positively charged PLL used as a
comparison. PAH was not usable in imaging mode, as the initial reflectivity curves for its

channel were significantly shifted to higher angles compared to the other polymers, while
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PLL was a much closer match (see Figure 5.3b). This match is vital for the imaging mode,
as the fixed angle is constant for each channel, and the relative intensity must be initially
approximately equal to have comparable results across the array. The shift in the initial
reflectivity curves from the polymers indicated high surface sensitivity, so as a test to
ensure differential bulk sensitivity between channels was not a colluding factor in the
binding analysis, solutions of NaCl were incubated over the microarray. The bulk shifts
are shown in Figure 5.4b, and show consistent response across channels, thus this potential

factor is minimal here.
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Figure 5.3. (a) Chemical structures of ionic polymer compounds considered for SPR
imaging; (b) SPR imaging reflectivity curves of polymer-modified Al microarrays.
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Figure 5.4. (a) Al SPR imaging microarray modified with ionic polymers. Solution flow
was “bottom up”, so top blue row was auxiliary blank channel. (b) Comparison SPR
imaging reflectivity changes in each channel from NaCl solutions of varying
concentrations.

A full SPR imaging sensorgram (showing average of well intensities) of incubation
of 20 pg/mL of the biomarkers is shown in Figure 5.5a, and comparisons of channel
responses are given in Figures (5.5b-¢). The “endpoint”, or irreversible, binding signal in
each case was relatively small, reflecting the low-intensity nature of the charge-based
interactions. The clearest representation of charge effects can be seen in the comparison of
the kinetic shifts between the two chemokines across the three channels (Figure 5.5d). For
the negatively charged PAA and PSS polymer, there is a stronger association between the
CXCLI10 and the surface than for CXCLS. However, for the positively charged PLL, the
kinetic data is reversed, with CXCLS8 showing stronger affinity than CXCL10. This reflects
the relative charge interactions for CXCL8 (+5) and CXCL10 (+10) at biological buffer
pH (7.4). The more positively charged CXCL10 has higher association with the negatively

charged surfaces but is consequently more repelled by the positively charged surface.
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Figure 5.5. (a) SPR imaging sensorgram example using averaged well intensities
indicating regions of analysis. (b-e) Bar chart summaries of reflectivity shifts from

incubations of CXCL biomarkers.

The effect of a complex biological matrix on this binding was investigated by
spiking the chemokines into an artificial urine matrix, a popular medium for studying urine-

based biomarkers such as chemokines for kidney and bladder disease.****> The much higher
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ionic strength and, more importantly, lower pH (~6.0) of the urine matrix compared to PBS
buffer serve to significantly alter the kinetic and endpoint data relationships, as shown in
Figure 5.6. Though the bulk refractive index shifts have a higher baseline value due to the
urine matrix, taken together, the relative kinetic shifts of the two chemokines reflect a more
protonating environment for the binding. For the PLL surface, the relative difference in
response between CXCL10 and CXCLS8 (+0.68 %) is larger than seen with PBS buffer
(+0.25 %), in line with the PLL surface being more positively-charged and more
discriminating between positively-charged peptides. Likewise, the PSS relative difference
for urine (-0.45 %) is smaller than that of PBS (-0.65 %), and the PAA response is
essentially leveled for urine, reflecting the inverse effect, that the polymers are less
negatively charged and thus less discriminating. It should be noted that while the change
in pH does also affect the charge of the two peptides and affects CXCLS8 (+5 in PBS to +7
in urine) more than CXCL10 (+10 to +11), they are still distinct enough in their charge
states that they follow the same pattern as before. The SPR imaging array thus serves as an
effective platform for illustrating these the pH effect, as the realtime data can be more

useful and representative of the biophysical interactions than endpoint data.
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Figure 5.6. Bar chart summaries of kinetic vs endpoint SPR imaging reflectivity shifts
from incubations of CXCL biomarkers spiked in artificial urine matrix.

Charge-based effects on MALDI-MS analysis. First, base spectra in linear
positive mode were obtained on the Al2O3 surface, shown in Figure 5.7. The intact peaks
for both chemokines match the expected m/z values given the expressed constructs of each
(CXCLS: A29-S99, 8299 kDa; CXCL10: V22-P98, 8646 kDa). The other primary peaks
reflect both doubly-charged primary ions (CXCL8: 4100; CXCL10, 4350) and cleavages
at the borders of the major subdomains of each, as the chemokines, while not sharing high
sequence similarity, are highly homologous, with an a-helix near the C-terminus, two
internal B-sheets and third B-sheet that promotes dimerization.**** In both cases, the signals
formed a distinct and consistent profile for identification. Notably, spectra of the same
biomarkers obtained a conventional steel plate and an Au plate of the same microarray
configuration as used in previous work have m/z intensity values significantly lower than
those of the aluminum plate. This supports the assertion that the plasmonic absorption of

the aluminum of the UV laser (337 nm) of the MALDI enhances the MS signal.
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Figure 5.7. Linear MALDI-MS spectra of 100 pg/mL of CXCL biomarkers on Al
microarray.

The MALDI-MS spectra in linear positive mode for the chemokines deposited
directly onto the polymer surface are shown in Figure 5.8. In all cases, the presence of
polymer reduced signal, as would be expected from both the physical separation from the
plasmonic surface and the dilution of charge transfer from the MALDI matrix. However,
the trend across polymers revealed an unexpected charge-based effect. For both
biomarkers, while the PLL coating resulted in a similar peak profile to the bare Al, the
PAA coating generated much lower and broader signal intensities on the key identifying

peak regions of m/z = 2300, 4100, and 8350 for CXCL8 and m/z = 4350 and 8700 for
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CXCL10. The PSS coating essentially suppressed all peaks, and as the peak intensities and

sharpness decreased with increasingly negative polymer charge, this indicates that the

negative polymer charge significantly affects ionization and signal of positive ions.
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Figure 5.8. Linear MALDI-MS spectra of 20 pg/mL of CXCL biomarkers on Al
microarrays with and without ionic polymer surface modification.

In total, for both biomarkers, the presence of peaks is directly correlated to the

charge of the surface, with higher negative charge interfering with MALDI ionization. This
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interference effect was further reinforced by the final SPR-MALDI coupling, wherein the
polymer-coated microarray chip was incubated and quantified on the SPR imaging setup,
removed and spotted with MALDI matrix, and used for MALDI-MS analysis. The only
surface where a small amount of identifying mass signal for the chemokines was on the
bare Al/A12O3 control channel.

Chemical functionalization for bioanalysis via A,Oj3 silanization. As a final
direction, the functionalization of Al2O3 by chemical means (rather than physical) is a core
component of the use of Al films in SPR biosensing. Immobilization of biological targets
takes place via a variety of coupling chemistries, such as EDC/NHS or Ni:NTA-DGS.*4¢
However, the actual surface chemistry for Au and Ag films is essentially limited to thiol
bonds. Here, we demonstrate a surface coupling chemistry for SPR biosensing that is not
available for Au or Ag films: silanization. Biotin-PEG(2K)-silane was ligated to an Al thin
film conventional SPR chip surface via the silane-oxygen bonds that catalyze into a self-
assembled monolayer (see Figure 5.9a). The final chip was mounted on the conventional
SPR and used to sense bacterial protein streptavidin via the strong biotin-streptavidin
affinity. As shown in Figure 5.9b, an incubation of 100 pg/mL of streptavidin generated a
binding signal that remained even after rinsing, as compared to a control incubation of

bovine serum albumin, which rinsed off. Thus, a new surface chemistry for conventional

SPR biosensing Al2Os3 silanization, was demonstrated for the first time.
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5.4 Conclusion

In summary, the applications of plasmonic aluminum films were investigated via
conventional SPR, SPR imaging, and MALDI-MS as the building blocks for a more dense
range of analytical platforms. First, the bare Al film was shown to be effective at
enrichment of phosphorylated peptides from milk proteins for mass spectrometric
profiling. Second, Al films physically modified with ionic polymers were used with SPR
and MALDI to analyze charge-based binding interactions for both large macromolecules
(lipid vesicles) and highly medically relevant biomarkers. The qualitative separation of
charged lipid vesicles by ionic polymers could be easily monitored and showed selectivity
over the bare Al surface. In SPR imaging mode, the high sensitivity of aluminum allowed
for quantification of kinetic differences of charge-based binding interactions between ionic
polymers and biomarker peptides CXCL8 and CXCL10. The binding effects were clearly

correlated to the charge densities of the biomarkers and the charged polymers, and the use
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of artificial urine matrix altered the association behavior in a well-defined manner. While
the MALDI-MS ionization potential of the biomarkers was clearly affected by the polymer
surface, the overall insights gleaned point towards a robust method of plasmonic screening
of binding affinity by aluminum-based arrays. Finally, the functionalization of the AL2O3
overlayer by silanization was reported for selective binding of bacterial protein streptavidin
in conventional SPR, the first successful chemical functionalization for SPR biosensing
that did not use Au or Ag films. The use of Al films for plasmonic label-free bioanalytical
techniques is a subject of great potential and high upside for the future of understanding

the complexities of biophysical interactions.
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Chapter 6: Conclusion and Future Perspectives

6.1 Summary of Dissertation Work

The work reported in this dissertation was primarily focused around developing the
technological foundations for creating new biosensing and bioanalysis methodologies with
surface plasmon resonance (SPR). This ran the gamut from integrating SPR with
established bioanalytical techniques (MALDI-MS) for new sensing modalities, to utilizing
new technologies (3D printing) to develop novel fabrication techniques (hybrid PDMS-3D
printing) for the generation of optical components for SPR, to the introduction of a new
material (aluminum) for the fundamental plasmonic response element of SPR. While we
have a much better understanding of life and the world around us than we did one hundred
years ago, the space of biological systems and biopharmaceutical strategies to analyze
increases on a seemingly constant basis. The rapid expansion of understanding of the
nanoscale of these biological systems in recent times has largely been driven by
improvements in bioanalytical technologies. The techniques used to analyze these
biological systems, of which SPR and MALDI are core components, must similarly
continuously improve and reveal new dimensions of themselves in order to continue to
reveal new dimensions of the natural world. The rest of the chapter will be dedicated to a
discussion of the potential of each of these technological upgrades. Though the wide span
of possibility is immense, especially with the introduction of a material in aluminum to
thin film SPR that is so disparate in its optical and chemical properties from the standard
gold, I will be focusing on the areas that can be investigated and improved upon in the

immediate future.
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6.2 Potential Future Research Areas
6.2.1 Plasmonic MALDI-MS Microarrays

Chapter 2 reported the SPR-MALDI coupling for bacterial protein identification,
and there are a range of other food and water-borne bacterial diseases that could be subject
to the same treatment. In particular, several bacterial diseases like E. coli, S. enterica typhi,
and C. difficile, have similar protein toxins that bind to cell-surface carbohydrate-based
moieties as the initial site of host attack before endocytosis and further toxic effects, as
shown in Table 1.!* Due to the array-based nature of the SPR-MALDI methodology, each
could easily be separately analyzed or multiplexed together to create a multi-toxin
monitoring array.

However, the concept of bacterial identification from an easy-to-prepare MALDI-
MS signature holds a much broader promise. In industry spaces, there is a need for quick
bacterial identification, especially in the areas of food and water safety.’ Recalls and plant
shutdowns for outbreaks of E. coli or Salmonella, to name two prominent examples, cause
loss of business, productivity and reputation for the producing companies.® My group has
recently reported multiple applications of plasmonic Au films being used for lipidomics
profiling.” ® MALDI-MS is higher-performing for low molecular weight biomolecules
such as lipids, so identifying a high number of them as a component of microbial
identification would be a logical next step with high commercial potential. The improved
sensitivity of plasmonic thin films towards MALDI ionization make it a good candidate

for this type of analysis, and aluminum thin films would likely be advantageous in this
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regard. Au films have a relatively low efficiency of UV absorption compared to Al, so Al

would likely further improve this profiling and identification capacity.
6.2.2 Polymer Optics

There are also multiple avenues available for the hybrid manufactured polymer
prisms. The work presented here focused on the prisms used for SPR and SPR imaging,
but in principle any component could be created, especially with the geometrical flexibility
inherent in 3D printing. Rotation prisms (such as dove prisms), reflector prisms, and
parabolic concentrators all fit similar basic parameters to the equilateral and
hemicylindrical prisms presented here, and each has a significant swath of optical and
analytical applications available for their use.”!> Of course, the optimization of curing
times and directionality of the mold would need to be determined through prototyping, but
the ease of creating each mold makes this challenge relatively minor. The concept is also
simple enough that everyday objects, even something as simple as a ball bearing could be
used as the base part that the PDMS mold is made around. The ability to smooth the molds
means that the surface of the “everyday” part does not necessarily need to have optical-
grade surface finish. Though the ease of manufacture of the polymer molds makes their
replication relatively trivial, further development of cleaning procedures for them would
help to lengthen their lifespan further and remove even this minor need. Further
investigation of the incorporation of additives into the process is also highly promising. A
significant portion of ongoing literature in 3D printing is the generation of multiple
functionalities or non-plastic parts by the use of hybrid polymerization materials that do

not interfere with the 3D printer.'*-!7 This hybrid method sidesteps that concern as detailed
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in Chapter 3, and the incorporation of nanoparticles or other materials to induce color
filters, plasmonic absorbances, higher refractive indices, or polarization effects would be

an exciting expansion of the concept.
6.2.3 Expanding Aluminum-based SPR

Al films on commercial instrumentation. While Al films have many benefits as
detailed in the previous sections, an aspect that would greatly aid their implementation in
SPR-based techniques is if they could easily be used in existing instrumentation. This is
not a given, since the plasmonic “dip” for Al at optimal film thickness is shifted by ~ 7 °©
compared to Au. While commercial instruments, such those made by as Biacore or Bruker
Sierra, typically measure by angular shift rather than wavelength shift, the physical
configuration usually has a fixed optical stage so as to minimize the number of moving
parts.'® Angular spectra are generated by collecting reflected light across a linear
photodiode array. How optimized this linear array is creates an initial challenge, as the
array could have an angular “cut-off” that does not capture the Al dip as effectively as the
Au dip. This was not an issue with the NanoSPR and home-built instruments used in the
preceding chapters, as the incident angle range could easily be tuned on each.

We investigated this potential by 3D-printing a slide and slide-holder that could be
compatibly inserted into a BiacoreX instrument (GE Healthcare Life Sciences, Chicago,
IL) in place of their proprietary chips and depositing 18 nm Al film on a microscope slide
cover slip that could be attached to the slide via Gorilla Super Glue (Cincinnati, OH) in
place of a Au film slip, similar to previous work.!” The assembly was inserted into the

instrument, and SPR spectra were obtained. It is difficult to make absolute angle
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comparisons since Biacore uses “pixels” rather than angles, but the plasmonic dip is barely
visible with H20 on the surface. The spectrum generated by the algorithm the software uses
to improve the dip detection looks improved, though it still retains high noise in comparison
to spectra from previous chapters. Additionally, NaCl solutions of varying refractive index
were incubated to test online data acquisition and bulk sensitivity. A sensorgram of the
incubations along with a preliminary calibration are in Fig xxxx, and both indicate good
linearity of response. Biacore uses a semi-arbitrary “Resonance Unit” in its sensorgrams
rather than angles, so it is again difficult to precisely track the sensitivity in an absolute
sense, but their operator materials mention that 10000 RU = 1 °.2° If taken concretely, this
translates into a sensitivity of ~ 52.96 °/RIU, which is close to the sensitivity reported in

Chapter 4 of 59.25 °/RIU. This indicates that Al films perform well on a standard Biacore

instrument and could be a significant potential area of development.

Expanding AlI/AL,O; surface optimization and functionalization. While the
silanization of the Al/ALOs; surface was reported for biosensing in Chapter 5, the
sensitivity has much room to improve. Furthermore, while we did not find significant
difficulty with film stability over the course of our experiments, this aspect is still the
largest area of concern for commercial applications.?!">* A more robust oxide layer (greater
than the natively-forming 3 nm Al203) may be a pathway to improved performance on both
of these fronts. Aluminum itself is very reactive, and the oxide layer protects it from
dissolving as AI** or AI(OH)* in aqueous solutions.>* An increase of oxide on the surface
will reduce any leakage of water or buffer to the Al metal, thus improving stability. An

increased oxide layer will also make functionalization more robust, as more oxygen will
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be incorporated into the chip surface, and the various surface chemistry pathways like

silanization are dependent on coordinating with the oxygen on the surface.

This increased oxide can be accomplished by multiple means, such as annealing
with low partial pressures of oxygen, directly deposited via RF sputtering, electron beam
deposition (EBPVD) or atomic layer deposition (ALD), or electrochemically anodized.>*
8 The increase of surface oxide has the potential added benefit of increased base
sensitivity. Fresnel-based calculations indicate that while increased oxide layer marginally
shifts the base angular spectra, it may not do so at a cost to refractive index sensitivity. In
fact, up to a ~24 nm additional oxide, the sensitivity is calculated to increase slightly by ~4
%. More routes of functionalization are also available that may have higher base efficiency
than silanization and may not necessarily require the oxide enhancement. The application
of Al functionalization is much-less well established than Au for SPR biosensing, but the
existing literature on Al>O3 functionalization has a number of reports on carboxylation®:

3132 in addition to silanization that could be adapted for this

3% and phosphonylation
purpose. Combining these with more complex implementations of biomolecule

immobilization, such as EDC/NHS activation, hydroxyl groups, PEG linkers, and

maleimide linkages, is a promising area of investigation going forward.
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