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Chapter 1
INTRODUCTION

1.1 Motivation

With the emergence of advanced molecular profiling approaches, the heterogeneous
landscape of various diseases can now be accurately measured revealing that the “one-size fits all”
approach to treatment is ineffective in understanding the complex pathophysiology of diseases.*
Personalized medicine driven by each patient’s unique molecular, physiological, and behavioral
characteristics has led to a paradigm shift.> This new healthcare model allows for early detection
of a prevalent disease, accurate prediction of disease progression, and monitoring of treatment
responses, as part of an integrative framework defined by P4 (predictive, preventive, personalized,
participatory) medicine.®8

The success of personalized medicine highly relies on the continued identification and
detection of biomarkers. The Food and Drug Administration (FDA) defines a biomarker as “a
characteristic that is objectively measured and evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention”.® This
definition implies that biomarkers can be classified into different categories depending on their (i)
biology, (ii) measurement or read-out, and (iii) purpose. With regard to biology, different features
such as molecular, physiological, and morphological characteristics can be used as biomarkers.
Another characteristic for a biomarker is the possibility of trustable and actionable measurement
which can be divided into qualitative (yes/no), semi-quantitative, and fully quantitative results in
terms of interpretation. Biomarkers can be further subgrouped into diagnostic, prognostic and
disease monitoring and surveillance markers, depending on the type of information that individual

would like to obtain. Biomarkers can take many forms, and consequently a variety of strategies



have been adopted for their discovery and detection. The search for disease biomarkers has
increased significantly with the recent development of high-throughput technologies that allows
screening of thousands of biomolecules simultaneously in a given sample. However, FDA
approval of novel biomarkers is limited, averaging 1.5 new proteins per year despite substantial
investments,10-12

There are many factors that lead to the apparent discrepancy between efforts on the
biomarker development and FDA approval. The main issues are technological in nature, including
the need for measurements that are concurrently sensitive, quantitative, multiplexed and high-
throughput, the need to have standard metrics for quality assurance and quality control that enable
validation during technology transfer, and the need for integration of different sources of
information to gain complementary understanding of results.*®> To address these challenges, we

demonstrate versatile platforms to detect biomarkers in vitro, in biofluids, and in vivo.

1.2 Mass Spectrometry for Biomarker Detection

Over the past decade, mass spectrometry (MS)-based proteomics has evolved dramatically
through the tremendous advancements in throughput, sensitivity, resolution, mass accuracy, and
dynamic range of MS technology. For example, liquid chromatography coupled to tandem MS
(LC-MS/MS) can be routinely used to identify thousands of proteins from complex biological
samples (e.g., cell lines and biofluids).*** When combined with front-end enrichment methods,
targeted quantitative MS approaches, such as selected reaction monitoring (SRM), or more
recently, parallel reaction monitoring (PRM), can be highly sensitive at pg/mL level in blood
plasma or serum.*®” With these enhancements, MS-based proteomics holds great promise for

biomarker development. Yet, despite intensified interest and investment, few new biomarkers are



used in clinical practice.’® This disjunction reflects the translational gap between the candidate
discovery and clinical deployment. As a result, a better understanding of the overall process,
especially the challenges and strategies inherent in each phase, would greatly increase the overall

efficiency of biomarker development.
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Figure 1.1 Process flow for biomarker identification. LC-MS/MS, liquid chromatography tandem
mass spectrometry; SRM, selected reaction monitoring; PRM, parallel reaction monitoring.
Reproduced from Wu et al.*® with permission from the Springer.

Current applications of MS-based proteomics in biomarker development can be divided
into three phases: discovery, verification, and validation (Figure 1.1). In the first discovery phase,
potential biomarker candidates are determined by comparing the differential expression between
the normal and diseased samples.?® At present, two distinct strategies are commonly used in the
discovery stage, namely, top-down or bottom-up approaches.?! The key difference between these
two approaches lies in the use of pre-MS protein digestion. In the top-down approach, the intact
protein is fractionated followed by mass measurements as well as dissociation to obtain sequence
information, while in the bottom-up approach, proteins are first reduced, alkylated, and digested
into peptides (e.g., trypsin digestion) and further fractionated or enriched.?? The resulting fractions

or enrichment products are separated and further ionized into gas phase followed by the detection



of peptides via MS. Typically, a mass detector is first used to scan an intact peptide precursor to
produce a full mass spectrum with accurate precursor mass-to-charge (m/z) ratio. Next, the
isolated peptide precursor is fragmented to generate a spectrum (i.e., by MS/MS) that contains
significant peptide sequence-related backbone fragment information. The resulting MS data are
then searched with protein sequence database (e.g., Sequest and Mascot) for protein/peptide
identification. However, within the identified candidates in this untargeted discovery step, some
of them are false positives indicating that such proteins are not differentially expressed along the
distinction of interest upon further testing.?® A relatively high false discovery rate is expected at
this stage, particularly for the lower-abundance proteins that have low frequency to be selected for
peptide sequence analysis in complex proteomes, and produce signals at the lower limit of
instrument dynamic range yielding occasional and artificial differences.

To advance in development, all biomarker candidates require verification. In verification,
the assessment is extended to hundreds of samples, now including a wide range of controls and
cases, which begins to incorporate the biological, genetic, and stochastic variation in the tested
population.?* The sensitivity of potential candidates is therefore confirmed and specificity begins
to be evaluated. The expected output of this phase is a small number of highly credentialed
candidates suitable for next stage. The historical lack of candidate verification is primarily due to
reagent limitations.?> In fortuitous scenarios where high-quality immunoassays already exist for
newly described biomarker candidates, they can be used for verification. However, for many or
most novel candidates, such assays are not immediately available, and their development is
expensive and requires extensive time, presenting a significant bottleneck. An attractive
alternative to immunoassays that avoids the need to develop paired affinity reagents for each

candidate protein is SRM using a triple quadrupole mass spectrometer.?®  SRM measurements



typically start with ions of interest preselected with the first mass filter Q1 followed by
fragmentation in Q2 by collisional excitation with a neutral gas in a pressurized collision cell. The
resulting ions are further filtered by third quadrupole Q3 and transmitted to the detector.?’ This
selection strategy enhances the lower detection limit for peptides by up to 100-fold by eliminating
potential interference and allowing continuous monitoring exclusively for the specific ions of
interest.®* Although SRM provides a powerful strategy for candidate verification, its sensitivity
remains constrained by sample complexity. Particularly for biomarker candidates with lower
abundance where sufficient fractionation is unachievable by SRM, stable isotope standards and
capture by anti-peptide antibodies (SISCAPA) provides a compelling alternative approach.?® In
SISCAPA, signature peptides are enriched with anti-peptide antibodies before SRM analysis. This
immunoaffinity peptide enrichment allows measurement in complex matrices with little or no
fractionation, thereby significantly improving sensitivity and throughput.?®®  Further, high
specificity is achieved by the fragmentation pattern of the affinity-captured peptides, enabling
SISCAPA to act much like a sandwich enzyme-linked immunosorbent assay (ELISA) with
MS/MS substituted for the secondary antibody. In contrast to targeted SRM analysis where one
extra fragmentation step is needed and species are sequentially analyzed by only monitoring the
predefined transitions, recent technical developments (e.g., PRM) allowing multiple sets of ions
to be selected for simultaneous MS/MS measurements are accelerated by the emerging capabilities
for faster separations, higher MS resolution, more effective ion sources, and MS detectors with
broader dynamic ranges.®® With these advancements, the convergence of “untargeted/discovery”
and “targeted/verification” is possible, speeding up overall process.

After verification, the list of biomarker candidates is substantially reduced, and each

protein candidate has shown to have measurable differential expression between the states of



interest. The next phase of biomarker development is validation, which typically requires
measurement of thousands of samples with single-digit measurement coefficient variation. At
present, validation is usually performed by immunoassays (e.g., ELISA). Many of the
aforementioned problems inherent to immunoassays limit their use in biomarker validation. SRM-
based quantitative assays offer many advantages over immunoassays.®! For example, SRM assays
can be multiplexed, rapid, and targeted for any protein and its multiple peptides. SRM assays are
also not subject to interference caused by auto-antibodies or anti-reagent antibodies. However,
other practical issues such as complex sample preparation and cost benefit still need to be better
addressed. Overall, great strides have been made to use MS-based proteomics for biomarker
identification in the past decade, but to date its contribution to the diagnostic armamentarium is
not satisfactory. The combination of MS-based proteomics with other techniques providing
complementary information has great potential to detect biomarkers in complex biological

matrices in a cost-effective, sensitive, and high throughput manner.

1.3 Raman Spectroscopy for Biomarker Detection

In the pursuit of a sensitive and specific method for identifying and detecting biomarkers
of diseases, in the past few years, Raman spectroscopy (RS) has gained overwhelming attention as
a powerful state-of-the-art platform for disease diagnosis at the molecular level.3*° RS is a
vibrational spectroscopic technique based on Raman scattering, in which incident light is
inelastically scattered from a sample and shifted in frequency by the energy of excited molecular
vibrations.*® From a quantum-mechanical perspective, Raman scattering can be described as a
two-photon scattering process on quantized vibrational energy levels (Figure 1.2).3” When

molecules are excited from a vibrational ground state into a short-lived virtual state, incoming



photons (vo) can be elastically scattered back into the ground state (Rayleigh scattering) or
inelastically scattered (Raman scattering) by an amount, vm, which corresponds to the energy of a
molecular transition in the molecule. In the case of Raman scattering, the scattered photons may
have a lower energy than incident photons and be red-shifted (Stokes scattering, Vo — vm).
Alternatively, the scattered photons may have a higher energy compared with incoming photons
and be blue-shifted (anti-Stokes scattering, vo + vm). As vibrational ground states are more
populated than the vibrationally excited level, Stokes scattering has higher intensity than anti-
Stokes scattering. As a result, the term Raman spectrum is often used for a Stokes vibrational
Raman spectrum. More importantly, a Raman spectrum provides a unique fingerprint of materials,
rendering RS attractive for identifying and quantifying molecules for diagnostic purposes.®
Further, RS can be label-free and can nondestructively probe biological samples in their natural
setting. Crucially, water is known to have a remarkably weak Raman scattering cross-section,

enabling RS suitable for studies in aqueous environments.*
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Figure 1.2 Electromagnetic radiation interacting with a vibrating molecule. When molecules are
excited from a vibrational ground state into a shot-lived virtual state, incoming photons (vo) can
be elastically scattered back into the ground state (Rayleigh scattering) or inelastically scattered
(Raman scattering) by an amount, vm, which corresponds to the energy of a molecular transition
in the molecule. In the case of Raman scattering, the scattered photons may have a lower energy
than incident photons (Stokes scattering, vo — vm). Alternatively, the scattered photons may have
a higher energy compared with incoming photons (anti-Stokes scattering, vo + vm). Reproduced
from Moura® with permission from the Royal Society.



The development of powerful, narrow-bandwidth lasers, sensitive detectors, and efficient
filters as well as the possibility to couple these optical components to modern microscopes has
transformed RS into a promising analytical technique. Specifically, lasers are ideal excitation
sources for RS because of their monochromatic and coherent emission, wavelength stabilization,
and narrow bandwidths.** Nowadays diode lasers are commonly used for excitation, which are
available for wavelengths from 405 to 1064 nm, and offer compact size, great cost effectiveness,
and user-friendly operation.*> When conducting studies, the laser intensity must be kept below the
damage threshold to avoid carbonization and phototoxicity. The 785 nm laser is usually used for
biological samples as it minimizes the fluorescence background and provides reasonable Raman
scattering intensities.** Further, to register the Raman spectrum, charge coupled device (CCD)
cameras are commonly used as multichannel detectors. The sensitivity of a CCD detector
increases with high quantum efficiency defined as the number of electrons generated per photon
and low dark signal formed by spontaneous generation of electron-hole pairs in the detector.** An
optimum balance between low dark noise and sensitivity can be achieved by cooling to
temperatures between -65 and -95 °C. To avoid condensation issues, the cooled CCD sensor is
hermetically vacuum sealed. Moreover, Raman signals originated from inelastic scattering are
several orders of magnitude weaker than elastic Rayleigh scattering.** As a result, dielectric long-
pass filters or holographic notch filters are usually used to suppress the elastically scattered light
and reduce the noise for better signal-to-noise ratios. Lastly, microscopes coupled to Raman
systems allow high spatial resolution down to the diffraction limit. Especially, the high-numerical-
aperture objective lenses built in microscopes render the maximum photon density for excitation

and maximum photon collection. These advanced optical elements can increase Raman scattering,



but surface-enhanced Raman spectroscopy (SERS) offers a compelling alternative in various types

of ultrasensitive sensing applications.*>#®
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Figure 1.3 Schematics of (a) chemical and (b) electromagnetic enhancement in SERS. Here,
LUMO and HOMO represent lowest and highest unoccupied molecular orbital, respectively.

SERS exploits metallic nanoparticles to enhance Raman signals.*” This enhancement is
mainly attributed to chemical enhancement and electromagnetic enhancement (Figure 1.3). In
chemical enhancement, only molecules whose polarizability can be modified result in Raman
scattering.*®  Particularly, molecules with a lone electron pair bound to metal surfaces by
chemisorption where a charge transfer occurs. Depending on the structural and chemical nature
of molecules, chemical enhancement can occur in different ways. In the first scenario, when a
molecule is physisorbed onto the metallic nanoparticle surface, a small perturbation is induced and
then results in a change in electronic distribution.*® Afterwards, a change in polarizability occurs
which affects Raman efficiency. In the second scenario, a molecule-metal complex formed by
covalent bond (e.g., thiol bond) or by indirect binding under the help of an electrolyte ion leads to
a change in the intrinsic polarizability which in turn directs a change in Raman efficiency.®® In the
third scenario, when the excitation laser energy matches the differences in Fermi energy level of
metallic nanoparticles and highest occupied molecular orbital (HOMO) or lowest unoccupied
molecular orbital (LUMO) energies of a molecule, photo-driven charge transfer may occur. In

particular, charge transfer from HOMO and unoccupied energy states above Fermi level or



between LUMO and unoccupied energy states just below Fermi level can occur, which causes a

change in polarizability and hence SERS enhancement.>
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Figure 1.4 Schematics of (a) localized surface plasmon resonance (LSPR) and (b) electromagnetic
enhancement mechanism in SERS including two-step processes. Reproduced from Zong et al.*®
with permission from the American Chemical Society.

On the other hand, electromagnetic enhancement is well accepted as the dominant
contribution to SERS enhancement, which arises from the excitation of the localized surface
plasmon resonance (LSPR). LSPR refers to the collective oscillation of conduction electrons at
the interface of metallic nanoparticles (Figure 1.4a).! The nanoparticles that are able to generate
a strong LSPR are called plasmonic nanoparticles. Electromagnetic enhancement can be viewed
as a two-step process (Figure 1.4b).*® First, local electromagnetic field enhancement occurs
around the plasmonic nanoparticles at the exciting frequency (wex): Eioc(wex) = GiEo, where G is
the enhancement factor of the electromagnetic field in the near field at wex and Eo is the local

electromagnetic field in the absence of nanoparticles. In this step, plasmonic nanoparticles serve
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as a receiving optical antenna to transform the far field to the near field. Second, the enhancement
arises from the Raman polarizability of the molecule-nanoparticle system. Here, plasmonic
nanoparticles serve as transmitting optical antennae to transfer the near field to the far field at the
Raman emission frequency (wem). The Raman signal is proportional to the enhanced local electric
field: Eioc(wem) = G2Eo, where G2 is the enhancement factor of the electromagnetic field at wem.
Therefore, the overall electromagnetic enhancement is a function of both exciting and emitting
electric field: G o [Eioc(mex)/Eo]*[Eloc(wem)/Eo]? = G12G22. When the incident and Raman scattered
frequency are comparable, the SERS enhancement factor is approximately proportional to the
fourth power of the enhancement of the local electric field. As the strength of the local electric
field correlates to the distance (r) between the molecule and nanoparticles by E(r) « (1 + r/a)3, the
electromagnetic enhancement may scale with r roughly by (1 + r/a)*2, where a is the radius of
nanoparticles.>® This relationship indicates that vicinity molecules at the nanoparticle surface have
the highest enhancement and sensitivity in the SERS measurements.

Strategies aimed at enhancing Raman signal of molecules have focused not only on the use
of label-free SERS, but also on the introduction of small Raman tags to increase detectability. This
labeled SERS is of particular interest in cases in which signals of molecules of interest are
intrinsically weak and can be easily overwhelmed by other irrelevant molecules in complex
biological systems, such as biofluids and in vivo conditions. Generally, Raman tags have the same
role as fluorescent molecules. However, Raman tags possess the following advantages: (1) a
powerful signal derived from the relatively large Raman scattering cross-section, (2) a strong
affinity for nanoparticles to prevent photobleaching, (3) characteristic and well-assigned Raman
peaks to avoid spectral overlapping during multiplex detection, (4) amenability to operate at near-

infrared (NIR) with low autofluorescence interference, and (5) high biocompatibility.>>* Overall,
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SERS inherits high sensitivity and rich fingerprint information that make it superior to other
conventional spectroscopic techniques. To improve the performance of SERS for biomarker
detection, an important prerequisite is to better understand physicochemical properties of metallic

nanoparticles.

1.4 Gold Nanoparticles for Biomarker Detection

Among different metallic nanoparticles, gold nanoparticles (AuNPs) have emerged as an
exceptional platform due to their unique physical and chemical properties.>®>® Generally, for
simple geometries such as spherical AuNPs, smaller sizes (< 40 nm) are highly absorbing while
larger sizes (> 80 nm) are predominately scattering.>’ As the size of AuUNPs increases, a red-shift
in the LSPR is observed due to phase retardation effects. Phase retardation originates from the
oscillations of the electron cloud around AuNPs. With increasing dimensions, the amplitude of
the electron oscillation enhances which consequently increases the plasmon lifetime.® Afterwards,
the frequency of the waves decreases which inversely red-shifts the plasmon wavelength.
However, in complex anisotropic AuNPs, the absorption and scattering properties are mainly
dependent on geometry rather than the size.>® A spectral shift observed by altering the shape is
due to the change in polarizability of AuNPs.%% This polarizability is particularly dominant for
AuNPs with highly branched geometries such as gold nanostars (AuNSs).5* The polarizability of
AuUNSs is enhanced by increasing the numbers of protrusions with minimal changes in overall
dimensions which gives rise to red-shifts in the plasmon resonances.®?> These tunable properties
are of particular interest in biological applications as particles resonant in the NIR region (650 —
900) allow deep tissue imaging due to low absorption of NIR light by biofluids and greater photon

penetration depth attained by NIR light with minimal tissue damage.®* AuNSs with large
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scattering cross-sections and high polarizability are thus extensively utilized as contrast agents for
positron emission tomography (PET) and computed tomography (CT) which allow depth-resolved
whole-body imaging with high resolution.®®* Further, the special geometry of AuNSs generates
nanoantenna effect where the spherical core absorbs the incident light and then routes to the
protrusions resulting unprecedented electromagnetic near-fields at the sharp tips. These near-field
configurations of AuNSs amplify the signal of molecules of interest by > 10° in the SERS
applications.54-%¢

The synthesis of AuNSs is straightforward and can be achieved by a one-step seedless
approach using biological buffer HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) as
both capping and reducing agent.®” The plasmon resonances of AuNSs can be tuned from the
visible to NIR by modifying three parameters: concentration of HEPES, concentration of Au®*,
and pH of the buffer. First, by increasing the HEPES concentration, larger AuNSs with longer
protrusions are formed. The number of HEPES molecules available during the nucleation and the
weak adsorption of HEPES to Au along the (111) direction both attribute to the morphological
evolution of AuNSs.%8 Initially, spherical gold nanoparticles nucleate in solution, and HEPES
binds to the particle surface. At low [HEPES]/[Au®"] ratio, fewer HEPES molecules are available
to bind exposing the different facets of particles for further Au®* reduction. As more Au®* ions are
reduced on the particle surface, spherical morphology with short protrusions is formed. As the
[HEPES]/[Au®*"] ratio further increases, more HEPES molecules preferentially bind to (111)
direction, and more Au" ions are reduced on the (111) crystal planes at higher [HEPES], resulting
in the formation of AuNSs with longer protrusions. In addition to the HEPES concentration, the
plasmon resonances of AUNSs can also be altered by modulating the concentration of Au precursor

in the growth solution. When the [HEPES]/[Au®*] is high, fewer Au nuclei are generated and a
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higher [HEPES] binds to the nuclei. When the [HEPES]/[Au®'] is low, a larger density of Au
nuclei is clustered together to block the binding sites for HEPES and also (111) crystallographic
direction, which gives rise to AuNSs with shorter and fewer protrusions. At significantly high
[Au*], more spherical-like AuNSs are formed. Moreover, the plasmonic tunability can be
achieved by changing the pH of reaction from 6.61 to 8.6 while keeping [HEPES] and [Au®*]
constant. When the pH of reaction solution is less than the pKa of HEPES (pKa = 7.5), the acidic
solution facilitates the protonation of nitrogen atom in the tertiary amine in the piperazine ring in
a HEPES molecules. This protonation in turn decreases the binding affinity of HEPES for the
particle surface along both (111) and (110) directions. As a result, Au reduction occurs along all
facets of crystal leading to the formation of spherical particles with larger radius and shorter
protrusions. When the pH of solution is neutral or near the pKa, the piperazine ring is not
protonated giving rise to cationic free radical formation, preferred binding to the different facets
of Au except the (111) direction, and eventually AuNS formation. When the pH of solution is
greater than pKa of HEPES, the ethanesulfonic acid group in HEPES is deprotonated and becomes
negatively changed leading to the ionic strength increase of basic solution. It is well-known that
metallic nanoparticles tend to cluster together in high ionic strength solutions to balance the
charges and reach equilibrium.%® Here, when the pH is slightly higher than pKa (pH 7.69 and 8.03),
AuUNSs form higher-order clusters including dimers and trimers. A blue-shift in the plasmon
resonance is expected, which may be attributable to the charge-transfer plasmon among the closely
interacted particle clusters. However, when the pH is significantly high (pH 8.27 and 8.6), a red-
shift in the plasmon resonance occurs, which is due to the formation of large aggregates yielding

a plasmon shift to longer wavelengths, resonance broadening, and an increase in aggregate peak.
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In addition to enabling the morphological and plasmonic tunability, HEPES-mediated
AUNS fabrication also allows straightforward surface functionalization with a wide variety of
molecules with diagnostic, therapeutic and imaging capabilities. For example, the surface of
AuUNSs can be functionalized with hydrophilic and biocompatible materials, such as polyethylene
glycol (PEG).”® Generally, when bare AuNSs contact a biological fluid, their surfaces can be
easily covered with the protein corona leading to changes in their in vivo trafficking, uptake and
clearance by the mononuclear phagocytic system (MPS). However, PEGylated AuNSs are able to
render their stealth properties to reduce non-specific protein adsorption and prolong blood
circulation time.”* Further, AuNSs can be conjugated with antibodies to target specific antigens
to reduce the non-specific accumulation in the body, enabling a lower dose of nanoparticles for
the same therapeutic effects and lessening any nanoparticle-mediated toxicity.”? Finally, AuNSs
allow surface decoration with various imaging agents to detect and track biomarkers in vitro and
in vivo.3*" Although unique physical and chemical properties make AuNSs extremely attractive
in biomedical applications, the toxicity of particles must be scrutinized to expedite their clinical
translation.” Especially, the lack of long-term toxicological and pharmacokinetic investigations
of AuNSs in the living matter significantly hinders their use in diagnosis and therapeutics. As a
result, a systematic evaluation at the preclinical level to elucidate fundamental questions about
biodistribution and biocompatibility of AuNPs is important.

It is well-known that MPS is a major clearance route for AuUNPs in vivo.”’® The MPS
includes monocytes circulating in the blood and macrophages located in different organs, such as
liver, spleen, and lung. Generally, macrophage precursor cells produced by hematopoietic stem
cells in bone marrow are first released into circulation as monocytes.”” These circulating

monocytes then extravasate through the endothelium and migrate to tissues followed by
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differentiation into various macrophage subsets, depending on their anatomical location and
functional phenotype.” Kupffer cells in liver, alveolar macrophages in lungs, osteoclasts in bones
and histiocytes in interstitial connective tissues are the major specialized tissue-resident
macrophages. Other types of macrophages also exist in secondary lymphoid organs, including the
macrophages residing in spleen marginal zones and subcapsular sinus macrophages in lymph
nodes. In addition to MPS clearance, renal excretion is equally important. Particles undertaking
renal filtration must pass through: (1) glomerulus endothelium, (2) glomerular basement
membrane and (3) a slit diaphragm of podocytes.”®8® The uptake and elimination of particles by
these pathways are highly dependent on their hydrodynamic size, surface charge, surface
functionalization and protein adsorption.8! Therefore, each of these parameters must be carefully
considered when designing particles in order to effectively control biodistribution, determine

ultimate fate and minimize toxicity.

1.5 Point-of-Care Diagnostics

In resource-limited settings, it is estimated that about 32% of the disease burden is from
communicable diseases such as malaria, respiratory infections and acquired immune deficiency
syndrome (AIDS), while 43% of the burden comes from noncommunicable diseases including
cardiovascular disease, neuropsychiatric conditions and cancer.®? Laboratory-based assays such
as cell-based assay, polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay
(ELISA) are usually used for diagnosis of these diseases. However, these conventional clinical
methods require sample transportation, multiple preparation steps, expensive instruments, and
well-trained personnel 88 Lack of access to these high-quality diagnostics in resource-

constrained settings further poses a staggering health burden. Therefore, developing diagnostic
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platforms that meet ASSURED criteria (Table 1.1) is one of the top priorities for improving
healthcare delivery.®® Point-of-care (POC) diagnostic testing has the potential to alleviate this
burden by decentralizing and making high quality diagnostics accessible to wider populations.8¢’
Especially, the integration of plasmonics and microfluidic technologies that exploit fluorescence
detection, absorption, transmission and polarization measurements integrated on lab-on-a-chip
(LOC) can lead POC diagnostics towards miniaturization, parallelization, automation and
integration of complex procedures in a simplified tool.% Here, microfluidics enable the handling,
transport and mixing of fluids within the smallest of space. Fluid volumes down to femtoliters not
only reduce the reagent consumption, but also save the time required for analytical processes.®
Further, incorporating a series of micropumps and/or microvalves in microfluidics facilitates the
precise fluid control and thus improves the reproducibility of studies.*® Cheap microchip
fabrication also potentially allows mass production.®* In addition, the synergistic integration of
plasmonic nanoparticles into microfluidics has greatly enhanced the sensitivity of the platform.
For example, the LSPR of metallic nanoparticles has allowed the observation of individual
particles as small as 20 nm diameter for silver and 30 nm diameter for gold with dark-field
microscopy.®? Remarkably, a single 80 nm silver nanoparticle illuminated by white light can
generate significant scattering flux equivalent to 5 x 10° fluorescein molecules or 10° quantum
dots.®®  Further, the LSPR of metallic nanoparticles does not suffer from photo-bleaching,
demonstrating superiority over conventional fluorophores for long-term monitoring. Due to these
exceptional optical properties, metallic nanoparticles have extensively explored as spatial labels
in imaging.®* In order to translate molecular binding events into extinction changes for
molecular detection, metallic nanoparticles have also widely used as transducers. As the refractive

index of target molecules are higher than those of surrounding medium, the binding between
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molecules and nanoparticles increases the refractive index and red-shifts the plasmon
resonance.”” % The highly localized sensing zone of LSPR nanoparticles also enables the real-
time monitoring of this refractive index changes upon binding.**%* Aside from outstanding
properties of individual nanoparticles, the interaction between nanoparticles can lead to additional
enhancements. When two plasmonic nanoparticles are placed in close proximity to one another
(e.g., edge-to-edge separations is less than one particle diameter), the plasmon resonances are
coupled.’> The coupling strength and peak shift are highly dependent on the interparticle
distances. The coupling strength decays exponentially with an increasing interparticle spacing.1%*
105 Al of these properties have made the incorporation of metallic nanoparticles into microfluidics
attractive for biomarker detection with high sensitivity.'%

Table 1.1 The ASSURED criteria®

Criteria Description

Affordable Cost-effective to end-users and health systems

Sensitive Avoid false negatives

Specific Avoid false positives

User-friendly Simple to perform in few steps and require minimal training

Enable same-visit treatment and remain robust through
varying supply chain and storage conditions
Equipment-free Least use of special equipment

Deliverable to end-users Available to end-users

Rapid and robust

om| O |Clnuwni>

1.6 Organization of Dissertation

This dissertation contains four main chapters.

Chapter 2 demonstrates a rapid, noninvasive, and label-free approach to evaluate
treatment response to molecular inhibitors in breast cancer (BC) cells with RS. Metabolic
reprograming in BC is probed with RS and multivariate analysis is applied to classify the cells into
responsive or nonresponsive groups as a function of drug dosage, drug type, and cell type.

Metabolites identified with RS are then validated with MS. Oncometabolites identified with RS
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will ultimately enable rapid drug screening in patients ensuring patients receive the most effective
treatment at the earliest time point.

Chapter 3 designs an innovative biodiagnostic sensor, portable reusable accurate
diagnostics with nanostar antennas (PRADA), for multiplexed biomarker detection in small
volumes (~50 pL) enabled in a microfluidic platform. PRADA simultaneously detects two
biomarkers of myocardial infarction, cardiac troponin I (cTnl), which is well accepted for cardiac
disorders, and neuropeptide Y (NPY), which controls cardiac sympathetic drive. In PRADA
immunoassay, magnetic beads capture the biomarkers in human serum samples, and AuNSs
“antennas” labeled with peptide biorecognition elements and Raman tags detect the biomarkers
via SERS. PRADA is validated by testing cTnl in 11 de-identified cardiac patient samples of
various demographics. Low-cost PRADA will have tremendous translational impact and
amenable to resource-limited settings for accurate treatment planning in patients.

Chapter 4 evaluates the long-term (90 days) toxicity and ultimate fate of AUNSs. AuNSs
are conjugated with a generic immunoglobulin G (IgG) antibody to explore untargeted
biodistribution and radiolabeled with ®*Cu to enable PET imaging. Both in vitro and in vivo
toxicities of this functionalized AuNSs (F-AuNSs) are evaluated. The biodistribution of F-AuNSs
is assessed by (a) PET imaging, (b) gamma counts of 8“Cu radiolabeled F-AuNSs, (c) transmission
electron micrograph (TEM) and (d) inductively coupled plasma mass spectrometry (ICP-MS)
analysis of gold in tissues. Further, we assess the impact of cellular uptake and protein corona
effect on the breakdown of F-AuNSs within tissues indicated from TEM images. Finally, Martini
coarse-grained simulations are employed to understand the clearance of NPs as function of the
shape, size and surface properties of broken NPs that are resulted from the degradation of F-AuNSs,

and lipid membrane compositions. This in-depth study highlights the tremendous translational
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potential of F-AuNSs and provides a great guidance for researchers to determine aspects needed

to be considered when evaluating the biocompatibility of NPs.
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Chapter 2

PROBING METABOLIC ALTERATIONS IN BREAST CANCER IN RESPONSE TO
MOLECULAR INHIBITORS WITH RAMAN SPECTROSCOPY AND VALIDATED WITH
MASS SPECTROMETRY

Adopted from: Wen, X.; Ou, Y.-C.; Bogatcheva, G.; Thomas, G.; Mahadevan-Jansen, A.; Singh,
B.; Lin, E. C.; Bardhan, R., Probing metabolic alterations in breast cancer in response to molecular
inhibitors with Raman spectroscopy and validated with mass spectrometry. Chem. Sci. 2020, 11
(36), 9863-9874 with permission from the Royal Society of Chemistry and my co-authors.

2.1 Summary

Rapid and accurate response to targeted therapies is critical to differentiate tumors that are
resistant to treatment early in the regimen. In this work, we demonstrated a rapid, noninvasive,
and label-free approach to evaluate treatment response to molecular inhibitors in breast cancer (BC)
cells with Raman spectroscopy (RS). Metabolic reprograming in BC was probed with RS and
multivariate analysis was applied to classify the cells into responsive or nonresponsive groups as
a function of drug dosage, drug type, and cell type. Metabolites identified with RS were then
validated with mass spectrometry (MS). We treated triple-negative BC cells with Trametinib, an
inhibitor of the extracellular-signal-regulated kinase (ERK) pathway. Changes measured with
both RS and MS corresponding to membrane phospholipids, amino acids, lipids, and fatty acids
indicated that these BC cells were responsive to treatment. Comparatively, minimal metabolic
changes were observed post-treatment with Alpelisib, an inhibitor of the mammalian target of
rapamycin (mTOR) pathway, indicating treatment resistance. These findings were corroborated
with cell viability assay and immunoblotting. We also showed estrogen receptor-positive MCF-7

cells were nonresponsive to Trametinib with minimal metabolic and viability changes. Our
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findings supported that oncometabolites identified with RS will ultimately enable rapid drug

screening in patients ensuring patients receive the most effective treatment at the earliest time point.

2.2 Introduction

Dysregulation of the mitogen-activated protein kinases (MAPK) pathway plays a critical
role in the proliferation and progression of breast cancer (BC). This dysfunction is achieved by
activating the extracellular-signal-regulated kinase (ERK) (or Ras/Raf/MEK/ERK) signaling
cascade,’®” which has been associated with disease progression, metastasis, and treatment
resistance in BC.1%819 Small molecule inhibitors (SMIs) that downregulate components of the
ERK pathway have shown improved clinical outcomes in BC patients, and several clinical trials
have shown successful outcomes (NCT03971409, NCT03395899).1° Current clinical measures
rely on immunohistochemistry (IHC) analysis to guide initial treatments. But IHC is mostly
qualitative, suffers from inter-user variability, and often lacks accuracy when presented with
heterogeneous tumors.!'*12 Clinical decisions based on change in tumor size in response to
therapy are inherently slow and low-throughput as a decrease in tumor burden can take several
weeks. Therefore, an unmet clinical need exists for rapid, accurate, and cost-effective diagnostic
tools that can guide the best treatment choices at the earliest time point and reduce mortality due
to ineffective cancer therapies.

Metabolic reprograming is an emerging hallmark of cancer.!*® Cancer cells reprogram
their metabolism to maintain viability and proliferate to metastatic disease.*'*!*> Such metabolic
rewiring goes beyond the well-known Warburg effect (glycolytic activity),*'® and includes a
cumulative change in phospholipids, amino acids, lipids and fatty acids.''"**® Emerging evidences

now support that SMIs show an immediate inhibition of this altered metabolism in cancer cells
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before a reduction in tumor size is observed, presenting a more sensitive endpoint to treatment
response.’'®120  Metabolic response in clinical practice is traditionally measured with
fluorodeoxyglucose-positron emission tomography (FDG-PET), which is both cost-prohibitive
and has poor sensitivities to drug response.'?! Further, FDG-PET is limited in evaluating treatment
response of patients undergoing therapy with mitogen-activated protein kinase (MEK) inhibitors
targeting the ERK pathway. This limitation of FDG-PET is primarily due to its ability to only
visualize changes in glycolytic activity, whereas inhibition of MEK has minimal impact on
glycolytic effect.!212® |t is also noteworthy that *®F-FDG uptake is often enhanced by endothelial
proteins such as vascular endothelial growth factor, which is overexpressed in BC, resulting in
false diagnosis.'?*

In this work, we addressed the limitations of current clinical measures by demonstrating
the utility of Raman spectroscopy (RS) combined with multivariate statistical analysis for tracking
alterations in multiple metabolites in response to SMIs of the ERK pathway in BC cells. RS is an
established optical spectroscopy that measures inelastic scattering of photons induced by the
vibrational bonds in samples.33346%125 RS is a low-cost, rapid, label-free, and stain-free technique
and has been utilized in breast cancer for diagnosis and surgical guidance.'?®?8 RS is also
nondestructive allowing sample archival and retesting for accurate measure of therapeutic
response.*?>132 Here, we leveraged the advantages of Raman spectral mapping in its ability to first
measure dynamic changes at the single-cell level with high sensitivity; second spatiotemporally
resolve multiplexed metabolic changes; and third enable quantitative analysis. We treated triple-
negative BC cell line MDA-MB-231 with Trametinib, a potent and specific MEK1/2 allosteric
inhibitor,'*3 that downregulates MEK signaling in the ERK pathway. MDA-MB-231 has basal-

like properties and is known to have BRAF and KRAS mutations, which represent two major
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oncogenic drivers in the ERK pathway (Figure 2.1). Treatment response to Trateminib was
assessed with RS and resulting data were analyzed with principal component analysis (PCA). PCA
allowed us to reduce the data dimensions of the multiple peaks in RS to a smaller number of
principal components or loadings that carry all of the relevant spectral information necessary for
classification.’*#1%  We also treated MDA-MB-231 cells with phosphatidylinositol-3-kinase
(P13K) inhibitor (Alpelisib) and showed that these cells were resistant to this treatment. Finally,
we studied an estrogen receptor (ER) positive BC cell line, MCF-7, which was resistant to
Trametinib. Spectral trends from RS were then verified with mass spectrometry (MS), a gold
standard in metabolomics. Note that MS by itself is not conducive to early and rapid drug
screening since it is both time- and labor- intensive, and expensive. But RS trends validated with
MS presented a complementary platform!?>% for rapid, high-throughput, and single-cell level
drug screening (with RS) combined with ensemble analysis of large volume of cells (with MS) to
simultaneously confirm the changes in multiple metabolites post-treatment (Figure 2.1). By
correlating the metabolic changes observed with RS and MS, we demonstrated that our approach
can distinguish responders from nonresponders as a function of drug dosage, drug type targeting
different signaling pathways, and cell type examining different BC lines. Our study goes beyond
the traditional assays of cell viability and immunoblotting measurements and highlights early and

improved drug response selectivity with tremendous translational potential.
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Figure 2.1 Schematic representation of metabolic changes probed in breast cancer cells with RS
after treatment with small molecule inhibitors downregulating the ERK pathway. RS data
combined with multivariate analysis and confirmed with mass spectrometry provide an early

response to treatment distinguishing responders from nonresponders.

2.3.1 Cell Culture

2.3 Materials and Methods

MDA-MB-231 cells were purchased from the American Type Culture Collection (ATCC,

HTB-26). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)

supplemented with 10% fetal bovine serum (FBS, Thomas Scientific). MCF-7 cells (ATCC, HTB-

22) were cultured in Eagle’s minimum essential medium (EMEM, ATCC) supplemented with 10%
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FBS (ATCC), 1% penicillin/streptomycin (Gibco), and 0.01 mg/mL human recombinant insulin
(Invitrogen). The cells were maintained at 37 °C and 5% CO2. Afterwards, MDA-MB-231 or
MCEF-7 cells were seeded on 6 well plates at approximately 60% confluency. Once the cells have
attached to the plates, different concentrations of MEKIi (Trametinib, Selleck Chemical), PI3Ki
(Alpelisib, Selleck Chemical), or a combination of two in complete media were added. After 72
h of incubation, old media were removed, and the cells were trypsinized. Detached cells were
centrifuged at 125 x g for 7 min to remove dead cells and then re-seeded on poly-L-lysine (Sigma)
coated calcium fluoride windows (CaFz, Crystran). Once the cells reattached on the CaF2 disks,
media were removed. Next, the cells on CaF2 disks were washed three times with phosphate buffer
saline (PBS), fixed by 4% formaldehyde (methanol-free) at room temperature for 10 min, washed

with PBS three times again, and dried at room temperature prior to Raman mapping.

2.3.2 In Vitro Raman Mapping and Analysis

The cells on CaF2 disks were visualized using a Renishaw inVia Raman microscope system.
Brightfield images of the cells were captured with a 100x objective. A rectangular area capturing
3 — 4 cells was selected for Raman mapping at 2 um by 2 pum resolution. Raman spectra for the
entire map were obtained with a 785 nm laser (10 mW) with 1200 lines/mm grating with 10 s
acquisition time. Afterwards, cosmic ray removal was performed with nearest neighbor method
using the Renishaw WIRE 3.4 software. A custom MATLAB (R2019a) code was used to perform
smoothing and background correction. The spectra were first smoothed by using the Savitzsky
and Golay filter with fifth order and coefficient value of 47 (points). An automated and modified
polyfit method was applied to remove fluorescent background by using a 11th order polynomial
with a threshold of 0.0001. To eliminate non-cell pixels from the rectangular map, biological peak

at 1440 cm™ was selected to generate the cellular masks. The pixels were considered cell, or
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“mask” when the intensities were higher than the set threshold. A Gaussian function was utilized
to smooth the edges of the cell mask. The brightfield optical images were used to ensure the
accuracy of the final cell masks. Clusters of pixels in the Raman map were then averaged,
normalized using standard normal variate method and defined as one cell for PCA analysis. PCA
was performed by using the MATLAB built-in “pca” function where the analyzed data were mean
centered by default. Therefore, the variations of PC score shown in Figure 2.2d, 2.3b, 2.4a,b, 2.6b
and A.8b represent the results of PCA. These variations were not contributed by any biases from

the raw data. Two principal components were plotted to discriminate each treatment group.

2.3.3 Viability Assay

MDA-MB-231 or MCF-7 cells were passaged and seeded on 96 well plates. Once the cells
were attached to the plates overnight, different concentrations of MEKi (Trametinib) or PI3Ki
(Alpelisib) in complete media were added to the wells. After 72 h of treatment, old media in each
well were removed and replaced with 100 pL of fresh media mixed with 10 pL of 12 mM 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Thermo Fisher Scientific). After 3
h of incubation, 85 pL of the media solution in each well was removed and 50 pL of dimethyl
sulfoxide (DMSQ) was added to solubilize and dissolve the formazan. The plates were incubated
at 37 °C for 10 min, and the absorbance of each well was read at 540 nm using a Biotek Synergy

H1 plate reader.

2.3.4 Western Blot

MDA-MB-231 or MCF-7 cells were passaged, counted, and seeded on 6 well plates. The
number of cells seeded on each well was counted by a scepter to ensure that each sample contained
the same number of cells and proteins. Once the cells were attached to the plates overnight,

different concentrations of MEKi (Trametinib) or PI3Ki (Alpelisib) in complete media were added
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to the wells. After 6 h of treatment, lysis buffer was added to the cells and incubated at 4 °C for
30 min. Lysates were then centrifuged at 18,000 g at 4 °C for 15 min. Equal amounts of proteins
were mixed with Laemmli buffer and boiled for 5 min. The samples were then loaded on 10%
SDS-PAGE, and subsequently transferred onto nitrocellulose membranes through electrophoresis
overnight at cold room. The membranes were blocked before adding primary antibodies. Primary
and secondary antibodies were prepared in the blocking buffer. All antibodies were purchased
from Cell Signaling Technology. Primary antibodies were against AKT (9272S), phosphor-

AKT (9271S), ERK 1/2 (9102S) and phosphor-ERK 1/2 (9101S).

2.3.5 Mass Spectrometry

MDA-MB-231 cells were first seeded on 6 well plates and then treated with either MEKi
(Trametinib) or PI13Ki (Alpelisib) for 72 h. After treatment, cells were washed with 1X PBS three
times and detached by trypsin (Gibco). Trypsin was removed by centrifuge at 125 x g, and cells
were resuspended in a small volume of 1X PBS. A lyophilizer (Labconco) was then utilized to
remove any solvent. Dried cells were stored at -80 °C. The snap frozen cell pellets were weighed
and reconstituted in a specified volume of methanol/water (3:1) to yield a cell density of 12.4
mg/mL. Cells were then flash frozen on dry ice and thawed at 5 °C three times to facilitate
complete lysis. An aliquot of cell lysate (700 L) was combined with chloroform (500 L) in a clean
glass vial, vortexed vigorously, and centrifuged at 3000 x g for 5 min to achieve efficient phase
separation. The aqueous (top) layer containing polar metabolites was transferred to a clean
Eppendorf tube, evaporated to dryness under a gentle stream of nitrogen gas, and reconstituted in
200 L of acetonitrile/water (2:1) containing 250 M tyrosine (phenyl-3,5-d2) internal standard.
Forty-two amino acid analogues were measured in the aqueous fraction by a targeted HILIC-

MS/MS method. The chloroform (bottom) layer containing nonpolar metabolites was transferred
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to a clean glass vial, evaporated to dryness under a gentle stream of nitrogen gas, and reconstituted
in 170 L of methanol containing 3 M carbamazepine and 30 L of a 10X solution of SPLASH
LIPIDOMIX standard (Avanti Polar Lipids). The chloroform fraction was analyzed by reverse
phase LC-high resolution MS for untargeted metabolomics.

For analysis of amino acid, LC-MS/MS analysis was performed using an Acquity UPLC
system (Waters) interfaced with a TSQ Quantum Ultra™ triple-stage quadrupole mass
spectrometer (Thermo Fisher Scientific). The mass spectrometer was equipped with an lonMax
source housing and a heated electrospray ionization (ESI) probe. Individual reference standards
of all analytes were infused into the mass spectrometer for the optimization of ESI and selected
reaction monitoring (SRM) parameters. Detection was based on SRM using the following
optimized source parameters (positive ionization): spray voltage at 5 kV; capillary temperature at
300 °C; vaporizer temperature at 185 °C; tube lens of 52 V at m/z 184; N2 sheath gas pressure 50
(arbitrary units); and N2 auxiliary gas pressure 5 (arbitrary units). Data acquisition and quantitative
spectral analysis were done using Thermo-Finnigan Xcalibur version 2.0.7 SP1 and Thermo-
Finnigan LCQuan version 2.5.6, respectively. A Zic-cHILIC analytical column (3 um, 2.1 x 150
mm, Merck SeQuant) was used for all chromatographic separations. Mobile phases were made up
of 0.2% acetic acid and 15 mM ammonium acetate in (A) H20/CHsCN (9:1) and in (B)
CH3sCN/CH3OH/H20 (90:5:5). Gradient conditions were as follows: 0 — 2 min, B = 85%; 2 -5
min, B = 85 —30%; 5 -9 min, B =30%; 9 — 11 min, B = 30 — 85%; and 11 — 20 min, B = 85%.
The flow rate was maintained at 300 L/min, and the total chromatographic run time was 20 min.
The sample injection volume was 10 L. The autosampler injection valve and the sample injection
needle were flushed and washed sequentially with mobile phase A (1 mL) and mobile phase B (1

mL) between each injection.
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For analysis of untargeted lipidomics, discovery metabolomics data were acquired using a
Vanquish ultrahigh performance liquid chromatography (UHPLC) system interfaced to a Q
Exactive HF quadrupole/orbitrap mass spectrometer (Thermo Fisher Scientific). Samples were
injected a total of four times. Two injections were made in positive ESI mode followed by two
injections in negative mode. Chromatographic separation was performed with a reverse-phase
Acquity BEH C18 column (1.7 m, 2.1 x 150mm, Waters) at a flow rate of 300 L/min. Mobile
phases were made up of 10 mM ammonium acetate in (A) H20/CHsCN (1:1) and in (B)
CHsCN/iPrOH (1:1). Gradient conditions were as follows: 0 — 1 min, B = 20%; 1 — 8 min, B =20
— 100%; 8-10 min, B = 100%; 10 — 10.5 min, B = 100 — 20%; and 10.5 — 15 min, B = 20%. The
total chromatographic run time was 20 min, and the sample injection volume was 10 L. Mass
spectra were acquired over a precursor ion scan range of m/z 100 to 1,200 at a resolving power of
30,000 using the following ESI source parameters: spray voltage at 5 kV (3 kV in negative mode);
capillary temperature 300 °C; S-lens RF level at 60 V; N2 sheath gas pressure 40 (arbitrary units);
N2 auxiliary gas pressure 10 (arbitrary units); and auxiliary gas temperature at 100 °C. MS/MS
spectra were acquired for the top-five most abundant precursor ions with an MS/MS AGC target
of 10°, a maximum MS/MS injection time of 100 ms, and a normalized collision energy of 30 eV.
Chromatographic alignment, peak picking, and statistical comparisons were performed using
Compound Discoverer version 3.0 (Thermo Fisher Scientific). All differential features (samples
vs. controls) having a p value of <0.05 and a fold change of >1.5 were processed for molecular
matches in the Chemspider, mzCloud, HMDB, and KEGG databases based on precursor ion exact
masses (+/- 5 ppm) and MS/MS fragmentation patterns. Metabolite matches were then filtered to
exclude biologically irrelevant drugs and environmental contaminants. The finalized list of

putative identifications was mapped to relevant biological pathways using the Metabolika software
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module. Pooled QCs were injected to assess the performance of the LC and MS instruments at the
beginning and at the end of each sequence. The results of mass spectroscopy were visualized using

the heatmap generated by Python.

2.3.6 Statistical Analysis

All data were presented as mean + standard deviation. Differences between two groups
were assessed using GraphPad Prism 8 with unpaired two-sided Student’s t-tests for the
calculation of p values. Here, * indicates p <0.05, ** indicates p <0.01, *** indicates p <0.001

and **** indicates p <0.0001.

2.4 Results and Discussion

We recorded spatial Raman maps and measured the corresponding spectra of MDA-MB-
231 cells in response to treatment with MEK inhibitor (MEKIi) Trametinib. We measured ~20 —
25 individual cells per treatment group (Figure A.1) with a near-infrared 785 nm laser and 100x
objective. Cells were seeded on poly-L-lysine coated calcium fluoride (CaFz) disks to minimize
substrate-induced background and fixed by 4% formaldehyde after 72 h of treatment. High
resolution maps of a few cells were acquired in a single rectangular requisition at 2 um by 2 pum
resulting in 50 — 500 pixels per cell dictated by the size of the cell. Acquired spectra were then
smoothed,*¥140 packground subtracted following literature methods'#+4? and finally normalized
for further analysis. The representative original Raman spectra acquired from each cell and step-
by-step spectral processing are shown in Figure A.2. The mean normalized Raman spectra of the
MDA-MB-231 cells treated with Trametinib at its working concentration (50 nM)43144 showed
significant changes in multiple peaks relative to untreated cells (Figure 2.2a). To understand how

the Raman footprint changed post-treatment, the difference spectrum was obtained by subtracting
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the mean normalized Raman spectrum of treated cells from the untreated cells (Figure 2.2b). Here,
positive differences indicate Raman peak intensities decreased after treatment, and negative
differences indicate an increase in Raman peak intensities post-treatment. The key Raman peaks

identified are shown with arrow, and the corresponding metabolites/proteins are listed in Table 2.1.

These peak assignments were determined based on literature findings.**
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Figure 2.2 MDA-MB-231 cells treated with Trametinib and probed with RS. (a) Mean
normalized Raman spectra of untreated cells (black) and cells treated with Trametinib at its
working concentration 50 nM (red). Spectra were normalized to 1440 cm™ biological peak. The
inset showed a magnified view of the smaller wavenumber region. (b) Difference spectrum
obtained from (a) by subtracting the mean normalized Raman spectrum of cells treated with
Trametinib (50 nM) from the untreated cells to highlight changes in Raman footprint. Relevant
peaks that either increased or decreased with treatment are shown with arrows. (c) Selective
Raman peaks that decreased with treatment including phosphatidylcholine (719 cm™), DNA (782
cm), phenylalanine (1000 cm™), Amide 111 (1239 cm™) and lipids & fatty acids (1310 cm™).
Selective Raman peaks that increased after treatment including tyrosine (830 cm™), sphingomyelin
(875 cm™), and lipids (1057 cm™). Here, * indicates p <0.05, *** indicates p <0.001, and ****
indicates p <0.0001 determined by student’s t-test. (d) Principal component analysis showing
clustering of untreated cells relative to those treated with Trametinib represented in a scatter plot.
(e) Corresponding PC loading showing both PC1 and PC2. Relevant peaks in PC2 that
distinguished the treated from untreated group are shown with arrows.

Table 2.1 Peak assignments for Raman spectral bands.'*°

Peak (cm™) Assignment
719 Phosphocholine and Phosphatidylcholine
782 DNA
787 Phosphatidylserine
830 Tyrosine
875 Sphingomyelin
935 Proteins and Amino Acids
1000 Phenylalanine
1057 Lipids
1094 DNA
1163 Tyrosine
1239 Amide I11
1310 Lipids and Fatty Acids
1575 DNA
1582 Phenylalanine

We then quantified the changes in selective Raman peaks (Figure 2.2c and A.3) and
correlated the observed trends to metabolic response to SMIs of the ERK pathway in breast cancer.
A decrease in the Raman peak at 719 cm™ was observed post-treatment corresponding to
phosphocholine and phosphatidylcholine (PC). Cancer cells are known to upregulate PC which is

the most abundant phospholipid in the cancer cell membrane. Aberrant PC metabolism may result
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from enhanced choline kinase expression or activity.1*® Due to the relevance of PC in tumor
progression, it is considered as a predictive biomarker for monitoring tumor response.!47:148
Emerging evidences suggest a strong correlation between choline metabolism and the ERK
signaling cascade, where MEK inhibition decreases PC and its precursors,'?4° and this trend is
well supported by our RS results. The difference spectrum also showed a decrease in the Raman
footprint of DNA (782, 1094 and 1575 cm™), indicating that the cytotoxic effect of Trametinib
induced apoptosis and decrease in DNA replication.’®® A decrease in cell viability with treatment
response also reduced the ability of cells to synthesize proteins, which corresponded well with a
decrease in Raman peaks of amide 111 (1239 cm™), and phenylalanine (1000 and 1582 cm™) that
is an essential amino acid necessary for protein synthesis. A decrease in Raman footprint of
lipids/fatty acids (1310 cm™) was also observed, which is not surprising as cancer cells are known
to rewire their metabolic circuit by dysregulating levels of lipids. Alterations in lipids often
converge on the activation of the ERK pathway.''’ Lipids and fatty acids metabolism is also
mediated by crosstalk between receptor tyrosine kinases (RTKs) and downstream signaling via
ERK.1! RTKs are overexpressed in most tumor types and activate cancer cells proliferation and
survival. The epidermal growth factor receptor (EGFR) RTK is overexpressed in MDA-MB-231
cells,®2 and EGFR aberrations are known to stimulate the ERK pathway.*®® These correlations
indicate that MEK inhibition with Trametinib is likely to reduce some lipids/fatty acids as observed
with RS (and also validated with MS).

Our quantitative analysis also showed that several Raman peaks increased after treatment
(Figure 2.2c and A.3), including tyrosine (830 and 1163 cm™), sphingomyelin (875 cm™), and a
subset of lipids (1057 cm™). Tyrosine residues play a critical role in RTKs such as EGFR. EGFR

overexpression results in phosphorylation of the protein tyrosine residues, which then activates
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downstream signaling via ERK.*®* Therefore, we expect that MEK inhibition with Trametinib
would result in dephosphorylation of tyrosine kinase. This dephosphorylation would manifest as
an increase of tyrosine in Raman signal as the phosphorylated form of tyrosine decreased post-
treatment as observed in our results. Sphingomyelin, a sphingosine-based phospholipid that exists
in cell membranes, presents an anticancer role through ceramide release leading to apoptosis, and
is known to augment the cytotoxicity of SMIs by activating sphingomyelinase enzyme
activity. > Therefore, an increase in Raman intensity of sphingomyelin post-treatment is
expected given its potent biological role in cancer cell metabolism. Finally, a subset of lipids
(1057 cm™) increased post-treatment (confirmed with MS as discussed later), demonstrating that
lipid metabolism in cancer is a highly complex phenomenon.

To identify major patterns in Raman spectra that distinguish the untreated cells from the
treatment group (50 nM MEKIi), we applied PCA to the data sets. The first and second principal
component, PC1 and PC2, presented in a two-dimensional PC scatter plot (Figure 2.2d) showed
clear clustering between the groups with a variance level of 43.3% for PC1 and 28.4% for PC2.
Each dot in the plot represents one cell/spectrum with dimension reduction. In the corresponding
PC loading (Figure 2.2e) spectral features in PC1 were likely due to the intrinsic variabilities
between the cellular groups. Dominant peak positions in PC2 corresponded well to the peaks
identified in the difference spectrum (Figure 2.2b) supporting the metabolic alterations we
discussed above.

Next, we probed the ability of RS in distinguishing responders from nonresponders by
examining cellular response to treatment as a function of Trametinib concentration (1, 50 and 300
nM) (Figure 2.3a). PCA scatter plot showed distinguishable clustering between the responsive

and nonresponsive groups with a variance level of 45.4% and 19.6% for PC1 and PC2, respectively
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(Figure 2.3b). Here, the cells treated with Trametinib at, and well above the working concentration
(50 and 300 nM) were grouped on the negative side of PC2 and categorized as responders. The
untreated cells and those treated with significantly low concentration of Trametinib (1 nM) were
clustered together on the positive side of PC2 and categorized as nonresponders. The features in
both PC1 and PC2 (Figure A.4) had good concordance to the trends observed in Figure 2.2e, and
were also supported by ratiometric analysis of individual Raman peaks (Figure A.5) as a function
of Trametinib concentration. Ratiometric analysis of the different metabolites is well aligned with

our discussion above on metabolic changes in response to treatment with MEK:i.
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Figure 2.3 RS distinguishing responders from nonresponders as a function of Trametinib dosage.
(a) Mean normalized Raman spectra of untreated MDA-MB-231 cells and those treated with
various concentrations (1, 50 and 300 nM) of MEKi (Trametinib). Spectra were normalized to
1440 cm™ biological peak. (b) PC scatter plot showing clustering of cells based on Trametinib
concentrations differentiating responders from nonresponders.
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Figure 2.4 RS distinguishing responders from nonresponders as a function of drug type. (a) PCA
scatter plot comparing MDA-MB-231 cells in response to different concentrations (0.5, 1 and 10
uM) of PI3Ki (Alpelisib) showing no distinct clustering among groups. (b) PCA scatter plot
comparing untreated cells (black) to those treated with 1 uM of PI3Ki (Alpelisib, blue) and 50 nM
of MEKIi (Trametinib, red). Clear clustering of cells was observed for those responsive to
treatment relative to nonresponders. (c¢) MTT viability assay of cells treated for 72 h with MEKi
(Trametinib) or PI3Ki (Alpelisib) at 0 — 10 uM concentrations (n = 4 per concentration). Cell
viability was measured at 540 nm. All data were presented as mean * standard deviation. (d)
Immunoblotting analysis of cells in response to treatment with MEKi (Trametinib) or PI3Ki
(Alpelisib) at increasing concentrations showed reduced ERK1/2 phosphorylation for cells that
responded to treatment.

In addition to the ERK pathway, the mammalian target of rapamycin (mTOR) pathway

consisting of the PIBK/AKT/mTOR cascade is also upregulated in BC.2>” Whereas multiple SMs,
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such as PI3K inhibitor (Alpelisib), have shown favorable outcomes in clinical trials
(NCT02155088, NCT02998476, NCT01241500, etc.), BCs that are estrogen receptor (ER),
progesterone receptor (PR) and/or human epidermal growth factor receptor 2 (HER2) negative are
poorly responsive to these treatments. MDA-MB-231 cells have ER, PR, and HER2 triple-
negative status and are known to be resistant to Alpelisib and other SMIs of the mTOR
pathway.*®1% We performed RS and investigated the cellular response of MDA-MB-231 cells
upon treatment with different concentrations of Alpelisib (0.5, 1 and 10 uM), where the working
concentration of Alpelisib is ~1 pM. Besides a slight decrease in amino acids (935 and 1000 cm®
1) upon treatment with Alpelisib, overall minimal changes were observed in Raman peaks
corresponding to DNA, phospholipids, lipids, and fatty acids (Figure A.6a) identified earlier. The
PC scatter plot of PC1 vs. PC2 (Figure 2.4a) clearly showed that across all concentrations of PI13Ki,
there was no clustering demonstrating that MDA-MB-231 cells were resistant to Alpelisib even
beyond its working concentration. The corresponding PC loading is shown in Figure A.6b.

Next, we examined the ability of RS in distinguishing responders from nonresponders as a
function of drug type. Here, cells were treated with 1 uM of PI3Ki or 50 nM of MEKi and
compared to untreated cells. The mean normalized Raman spectra of the MDA-MB-231 cells
treated with MEKIi (50 nM) showed significant changes in multiple peaks compared to untreated
cells or those treated with PI3Ki (1 uM) (Figure A.7a). The spectral differences between untreated
cells and those treated with PI3Ki (1 uM) were minimal. The PC scatter plot further confirmed
the results and clearly differentiated cells that responded and those that were resistant to treatment
(Figure 2.4b). The untreated cells and those treated with PI3Ki (1 uM) were clustered together
and defined as nonresponders, whereas the cells treated with MEKi (50 nM) were grouped and

defined as responders. Additionally, PC1 and PC2 accounted for 39.1% and 24.7% of the total
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variance, respectively. The corresponding PC loading (Figure A.7b) shared similar features as the
PC loading shown in Figure 2.2e. These results suggested that the metabolites summarized in
Table 2.1 also played a critical role in differentiating BC cells response to PI3Ki (Alpelisib).
Trends observed in RS were further verified with cell viability (MTT) assay (Figure 2.4c). MDA-
MB-231 cells were treated for up to 72 h and the percentage of viable cells was measured. MTT
assay supported our findings with RS and showed that cells were not responsive to PI3Ki
(Alpelisib) where 90% of the cells were viable at the working concentration of the drug (1 uM)
and 75% were viable at 10X higher concentration. The cells were highly responsive to MEKI
(Trametinib) in a dose-dependent manner with ~30% cells viable at the highest concentration of
drug evaluated in our study (1 uM MEKI). We also performed immunoblotting assay (Figure 2.4d)
to further confirm the trends observed in RS and MTT assay and to determine if the observed
trends among responders (MEK:i treated) resulted from inhibition of the ERK pathway. Activation
of the ERK pathway produces an abundance of phosphorylated ERK (p-ERK) which then
stimulates downstream signaling. Therefore, inhibition of the ERK pathway with Trametinib
reduced p-ERK, but minimal changes were observed in p-ERK for PI3K inhibition in BC cells.
Immunoblotting results supported RS results discussed in Figure 2.2c where upon treatment an
increase in tyrosine was observed resulting from a decrease in phosphorylated tyrosine kinase.
Western blot also showed neither inhibitor changed the levels of phosphorylated AKT, which is
the downstream effector of PI3K in the mTOR cascade. We also examined the impact of
combinatorial treatment of Trametinib (50 nM) + Alpelisib (1 uM) in MDA-MB-231 cells (Figure
A.8). PCA showed cells treated with combination therapy clustered with those treated with

Trametinib alone. Additional details are provided in the Appendix.
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Figure 2.5 Mass spectroscopic analysis of MDA-MB-231 cells treated with Trametinib (MEKi)
or Alpelisib (PI3Ki) at their working concentrations (MEKi: 50 nM; PI3Ki: 1 pM). The numbers
were a ratio of treated cells to untreated cell control where closer to 1 indicated minimal changes
in metabolites. All differential features (samples vs. controls) had a p value of <0.05.

To further validate the metabolic changes observed in RS in response to molecular
inhibitors, we performed LC-MS/MS on cell extracts (Figure 2.5). Mass spectrometry (MS) is a
gold standard in metabolomics sampling a large volume of cells and identifying specific
metabolites with both high selectivity and sensitivity. MDA-MB-231 cells were treated with MEK
(Trametinib, 50 nM) or P13K (Alpelisib, 1 uM) inhibitor at their working concentration. After 72
h of treatment, cells were resuspended in PBS, dried, weighted and then analyzed with MS. The

metabolites assessed with MS were represented via a heat map where numbers shown are the ratio
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of integrated area of treated cells to those of untreated control cells. The ratio <1 indicates
metabolites decreased with treatment, and ratio >1 indicates metabolites increased post-treatment.
Representative metabolites were grouped into three main categories: amino acids (AAS),
membrane phospholipids, and lipids and fatty acids. In response to treatment with Trametinib, the
observed decrease in AAs was consistent with findings in the literature as cancer cells are known
to have upregulated de novo synthesis of AAs and an increase in corresponding membrane
transporters and metabolic enzymes.%%161 AAs are the building blocks of proteins and intricately
participate in protein synthesis. Therefore, a decrease in AAs in BC cells after treatment was likely
contributed by an inhibition of these catabolic enzymes. Further, decrease in cell viability post-
treatment with Trametinib also reduced AAs and subsequent protein synthesis, a trend that was
supported by RS (Figure 2.2c, A.3 and A.5). Additionally, a decrease in phosphatidylcholine and
other choline precursors also supported the trends observed in RS and was consistent with
literature findings noted earlier that demonstrate a decrease in choline metabolism with MEK
inhibition. However, not all membrane phospholipids decreased with MEK inhibition in BC cells.
MS measurement supported RS trends of increase in sphingomyelin after treatment with
Trametinib, explained in the Figure 2.2c discussion. We also observed a striking decrease in lipids
and fatty acids metabolism with MEK inhibition also supported by our RS findings (Figure 2.2c
and A.5). Note however, MS showed a subset of lipids increased post-treatment which was also
observed in RS where the lipid peak at 1057 cm™ (Figure 2.2c) increased in intensity. These
findings suggested that a future lipidomics study will be necessary to unravel the crosstalk between
lipids/fatty acids metabolism and pro-oncogenic downstream signaling pathways. For cells treated
with Alpelisib, a decrease in amino acids was observed in MS which likely resulted from a

decrease in protein synthesis, also observable as a decrease in the RS footprint at 935 and 1000
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cm? (Figure A.6a). But overall, treatment with Alpelisib resulted in minimal changes in both
membrane phospholipids, and lipids and fatty acids in MS. These results collectively show that
MS validates the findings from RS, and these two techniques are complementary in providing

rapid drug screening and corresponding metabolic rewiring at the cellular level.
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Figure 2.6 MCF-7 cells treated with Trametinib and interrogated with RS. (a) Mean normalized
Raman spectra of untreated cells (black) relative to those treated with MEKIi (Trametinib) at 1 nM
(blue), 50 nM (red) and 1 uM (cyan). Spectra were normalized to 1440 cm™ biological peak.
Minimal changes in Raman footprint were observed. (b) PCA scatter plot comparing untreated
cells with those treated with Trametinib showing no distinct clustering among groups. (c) MTT
viability assay of cells treated for 72 h with Trametinib at various concentrations (n = 4 for each
concentration). Cell viability was measured at 540 nm. All data were presented as mean *
standard deviation.

Thus far, our approach has focused on distinguishing responders from nonresponders
within the same cell line as a function of dosage and drug type. Next, we evaluated if RS can
determine treatment response in an ER-positive cell line, which represents a large subset of BC.
We chose MCF-7 as a model of ER-positive cell line’®? with no known KRAS mutations, and
resistance to selective MEK inhibitors. MCF-7 cells were treated with Trametinib at various
concentrations (1 nM, 50 nM and 1 pM), and cellular response was assessed with RS.
Representative original Raman spectra of MCF-7 cells, and Raman spectra after smoothing and
background subtraction were shown in Figure A.9. Minimal changes were observed in most of

the Raman peaks as a function of drug concentration (Figure 2.6a) and PCA scatter plot
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corroborated that MCF-7 cells were resistant to Trametinib with no clear clustering of cells for any
of the concentrations (Figure 2.6b). These findings were further confirmed with cell viability assay
(Figure 2.6¢) which showed MCF-7 cells were not responsive to MEK inhibition with Trametinib
where 80% of the cells remained viable even at a significant high concentration of 1 uM. A
comparison of the PC loading for MCF-7 cells treated with Trametinib (Figure A.10) with those
of MDA-MB-231 cells (Figure 2.2e, A.4, A.7b and A.8c) showed significant differences in
treatment response between the two BC cells supporting the cell viability results of treatment
resistance. A few features in PC loading of MCF-7 (Figure A.10, indicated by arrows) arose from
DNA (782 cmt), amino acids (856 cm™), proteins (935 and 1123 cm™), and lipids/fatty acids (1330
cm™) were likely due to decrease in cell viability at the highest concentration of Trametinib as

observed in RS (Figure 2.6a) and viability assay (Figure 2.6c¢).

2.5 Conclusions

In summary, this work addressed a critical need in early and accurate drug screening which
goes beyond the traditional approaches (e.g., viability assay and immunoblotting) in distinguishing
responders from nonresponders. Here, we performed RS to probe metabolic reprograming in
breast cancer cells and evaluated treatment response to potent and clinically approved SMIs by
examining alterations in metabolites. Our findings demonstrated that RS combined with
multivariate analysis presented a powerful platform with tremendous clinical significance
differentiating BC cells that were responsive to SMIs as a function of dosage, drug type, and cell
type. Findings with RS were verified with MS, a workhorse in metabolomics, by examining
various oncometabolites. Primarily we showed that triple-negative MDA-MB-231 BC cells were

responsive to Trametinib, an inhibitor of the ERK pathway, and nonresponsive to Alpelisib, an
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inhibitor of the mTOR pathway, supported by a collective change in DNA, membrane
phospholipids, amino acids, lipids, and fatty acids. We also demonstrated that ER-positive MCF-
7 BC cells were resistant to Trametinib with minimal changes in metabolites and no classification
among treatment groups as seen in PCA. Our results suggested that these oncometabolites
represented an important hallmark of cancer that can be targeted to both treat cancer and
understand resistance mechanisms.'®® Whereas this work demonstrated our capability in 2D
cultures, our future work will focus on the utility of organotypic cultures to understand metabolic
rewiring in a system that recapitulates the human tumor microenvironment. As our understanding
expands in how cancer cells become addicted to specific metabolic pathways,'%* we anticipate that
RS validated with MS and combined with sophisticated machine learning algorithms®>166 will
enable us to identify novel anticancer drugs that target these metabolic vulnerabilities. Ultimately,
we expect this platform will have significant impact on cancer patients identifying those resistant
to drug combinations even before therapy begins and guiding clinical decisions to an optimal

treatment plan.
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Chapter 3

PRADA: PORTABLE REUSABLE ACCURATE DIAGNOSTICS WITH NANOSTAR
ANTENNAS FOR MULTIPLEXED BIOMARKER SCREENING

Adopted from: Wen, X.; Ou, Y.-C.; Zarick, H. F.; Zhang, X.; Hmelo, A. B.; Victor, Q. J.; Paul, E.
P.; Slocik, J. M.; Naik, R. R.; Bellan, L. M.; Lin, E. C.; Bardhan, R., PRADA: Portable Reusable
Accurate Diagnostics with nanostar Antennas for multiplexed biomarker screening. Bioeng. Transl.
Med. 2020, 5 (3), e10165 with permission from the John Wiley and Sons and my co-authors.

3.1 Summary

Precise monitoring of specific biomarkers in biological fluids with accurate biodiagnostic
sensors is critical for early diagnosis of diseases and subsequent treatment planning. In this work,
we demonstrated an innovative biodiagnostic sensor, portable reusable accurate diagnostics with
nanostar antennas (PRADA), for multiplexed biomarker detection in small volumes (~50 pL)
enabled in a microfluidic platform. Here, PRADA simultaneously detected two biomarkers of
myocardial infarction, cardiac troponin I (cTnl), which is well accepted for cardiac disorders, and
neuropeptide Y (NPY), which controls cardiac sympathetic drive. In PRADA immunoassay,
magnetic beads captured the biomarkers in human serum samples, and gold nanostars (AuNSSs)
“antennas” labeled with peptide biorecognition elements and Raman tags detected the biomarkers
via surface-enhanced Raman spectroscopy (SERS). The peptide conjugated AuNS-SERS
barcodes were leveraged to achieve high sensitivity, with a limit of detection (LOD) of 0.0055
ng/mL of cTnl, and a LOD of 0.12 ng/mL of NPY comparable to commercially available test kits.
The innovation of PRADA was also in the regeneration and reuse of the same sensor chip for ~14
cycles. We validated PRADA by testing cTnl in 11 de-identified cardiac patient samples of

various demographics within a 95% confidence interval and high precision profile. We envision
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low-cost PRADA will have tremendous translational impact and amenable to resource-limited

settings for accurate treatment planning in patients.

3.2 Introduction

Rapid and accurate detection of disease-specific biomarkers is imperative for monitoring
human health, planning treatment, and responding post-treatment.!%1%  Enzyme-linked
immunosorbent assays (ELISAs) and mass spectrometry are the current clinical standards for
detecting and measuring biomarkers in clinical samples. Although these workhorses of clinical
laboratories yield accurate diagnostics, long sample preparation times, high operational costs, large
sample volumes, and low rates of analysis limit the utility of these techniques for early and rapid
detection.’®® The limitations of current techniques have motivated the development of a broad
array of biodiagnostic sensors based on colorimetry, electrochemistry, surface plasmon resonance
(SPR), Raman, and fluorescence.}’®*" For clinical applications, biodiagnostic devices must
rigorously meet the following functions: (a) multiplexed detection of biomarkers enabling accurate
and quantitative bioanalysis at clinically relevant levels; (b) straightforward sample preparation
and real-time readout times; (c) portability and low sample consumption for translation to
resource-limited settings; (d) prolonged reagent shelf life and stability; and (e) reusable to lower
diagnostic and analysis costs.1%17

In this work, we have designed a new paradigm in diagnostic sensor, PRADA, which
synergistically integrates all of these functionalities to allow multiplexed detection of biomarkers
in human serum at clinically relevant levels. Portable reusable accurate diagnostics with nanostar
antennas (PRADA), is a sandwich immunoassay using polyclonal antibodies (pAbs)

functionalized magnetic beads to capture the biomarkers (Figure 3.1). Near-infrared resonant gold

46



nanostars (AuNSs) “antennas” labeled with Raman tags and short peptide biorecognition elements
(BREs) detect the biomarkers via surface enhanced Raman spectroscopy (SERS). The
immunoassay is assembled in a microfluidic device to allow low sample volumes, minimize the
assay time, facilitate multiplexed detection, and enable reusability of PRADA. The seamless
integration of each of the components of PRADA into a single functional platform allowing a
portable and affordable multiplexed biodiagnostic is unprecedented. SERS is a promising
immunodetection technique due to its exceptional sensitivity, specificity, and multiplexing ability
with minimal spectral overlap between various reporter molecules.’’®®2  The antenna-like
behavior of AuNSs is attributable to their unique geometry, where their core acts as an antenna
and absorbs near-infrared light and their branches behave as emitters to localize the absorbed light
at the tips to generate intense electric fields.®%718 We have shown that the near-field
electromagnetic radiation generated at the protrusions of AuNSs gives rise to a >10° enhancement
in SERS signal, resulting in ultrasensitive detection in vitro, in vivo, and in biosensors.3364-66
Here, we demonstrated multiplexed detection of two biomarkers of myocardial infarction
including cardiac troponin | (cTnl) and neuropeptide Y (NPY) with PRADA with high sensitivity
and specificity in patient sera. cTnl is a well-accepted serum biomarker of cardiac arrest, stress,
and ischemic stroke.8418 ¢Tnl is routinely assessed in patient samples in clinical laboratories to
detect myocardial damage, with a clinical range for at-risk patients of >0.03 ng/mL.1% NPY is a
sympathetic co-transmitter and critical to cardiovascular homeostasis including cardiac
remodeling and angiogenesis.'®”18 |t has been correlated to stress, anxiety, and post-traumatic
stress disorder'®1% at a clinically relevant level of <1.5 ng/mL.*®" Our results showed that
PRADA achieved highly sensitive detection of both biomarkers of acute myocardial infarction

ideal for risk stratification. The high sensitivity and specificity of PRADA were leveraged by the
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peptide biorecognition elements (BRES) conjugated to AuUNS-SERS barcodes. Short peptides
represent an attractive alternative to monoclonal antibodies (mAbs) due to their low cost, long
shelf life, and stability, and their small size enables high sensitivity in PRADA.1%21% We also
demonstrated PRADA was reusable where the microfluidic device can be regenerated for multiple
cycles. We envision that PRADA will be ultimately useful in resource-limited settings, where a
low-cost, reusable, and user-friendly point-of-care is necessary for patient sample analysis given

that affordable portable Raman spectrometers are now readily available.
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Figure 3.1 Schematic representation of PRADA. Antibody-conjugated magnetic beads are
incubated with the antigens in the human serum to capture the biomarkers. Raman tags labeled
AUNSs “antenna” detection probes with peptide BREs then form a sandwich immunocomplex,
followed by excitation with 785 nm laser to enable SERS-based detection.

3.3 Materials and Methods

3.3.1 Materials

Carboxylated magnetic beads, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
N-hydroxysulfosuccnimide  (NHS),  2-(4-morpholino)ethane  sulfonic  acid (MES),

tris(hydroxymethyl)aminomethane (Tris base), acetone and microscope glass slides were
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purchased from ThermoFisher Scientific. Gold (l1l) chloride trihydrate (HAuUCls), (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), Sylgard 184, phosphate-buffered saline
(PBS), ethanol, and trichloro(phenyl)silane (TCPS) were purchased from Sigma-Aldrich. The
Milli-Q water (18 MQ) was obtained from a Milli-Q Direct-Q 3UV system. Anti-cTnl (ab47003)
and anti-NPY antibodies (ab30914) were purchased from Abcam. Raman tags, 5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB) and para-mercaptobenzoic acid (pMBA), were purchased from TCI
America. P2 (-WQIAYNEHQWQGGGC-) and NP3 (-FPNWSLRPMNQMGGGC-) peptides
were purchased from Genscript. Methoxy poly(ethylene glycol)-silane (mPEG-silane, MW 5000)

was purchased from Laysan Bio. Patient samples were purchased from Discovery Life Science.

3.3.2 Instrumentation

The plasmon resonance of bare and functionalized AuNSs was measured with a Varian
Cary 5000 UV-Vis NIR spectrophotometer. The size and shape of AuNSs were visualized using
an Osiris transmission electron microscope (TEM) at 200 keV. The morphology of complete
immunocomplexes was visualized using a Zeiss Merlin scanning electron microscope (SEM). The
Raman measurements were taken for 5 seconds exposure time using a Renishaw inVia Raman
microscope system with a 785 nm laser that delivered ~30 mW of power. A 50x objective lens
was used to focus a laser spot on the surface of microfluidic device. An oxygen plasma cleaner

was used to bind the patterned PDMS layer onto a clean microscope glass slide.

3.3.3 Preparation of Antibody-Conjugated Magnetic Beads Capture Probes

To prepare the antibody-conjugated magnetic beads, 6.65 pL of carboxylated magnetic
beads were separated by a magnet and washed twice with 100 pL of 25 mM MES (pH 5) for 10
min on an inverter (18 rpm). The surfaces of magnetic beads were active through the reaction with

50 pL of 50 mg/mL EDC (dissolved in cold 25 mM MES) and 50 pL of 50 mg/mL NHS (dissolved
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in cold 25 mM MES) on an inverter (18 rpm) at room temperature for 30 min. Next, the magnetic
beads were separated by a magnet and washed twice with 10X PBS (pH 7.4). Then, the magnetic
beads were resuspended in 1 mL of 0.006 mg/mL anti-cTnl or 0.41 mL of 0.006 mg/mL anti-NPY
antibodies (in 1X PBS) with gentle mixing (4 rpm) at 4 °C. Nonspecifically bound antibodies
were washed three times with 1X PBS (pH 7.4). Unreacted carboxylic groups were deactivated
with 50 mM Tris (pH 7.4) with gentle mixing (4 rpm) at 4 °C. The final magnetic beads were then

washed three times with 1X PBS and stored in 1X PBS (pH 7.4) at 4 °C for future use.

3.3.4 Preparation of Functionalized Gold Nanostars Detection Probes

AUNSs were synthesized through the one-step and seedless method, as described in our
previously published procedures.®” First, 18 mL of Milli-Q water at 18 MQ was mixed with 12
mL of 200 mM HEPES (pH 7.4 + 0.2) by gentle inversion. Next, 300 uL of 20 mM chloroauric
acid was added. The solution was mixed by gentle inversion and left undisturbed at room
temperature for 75 min. To conjugate Raman tags to the AuNS surfaces, 3 uL of 10 mM DTNB
or pMBA (in 100% ethanol) were added to 30 mL of AuNSs and reacted for 15 min with constant
stirring at 4 °C. The solution was then centrifuge at 6000 rpm for 20 min to remove excess Raman
tags. AUNS-DTNB or AuNS-pMBA were resuspended with Milli-Q water (18 MQ) at a
concentration of 1.14 mg/mL. Afterwards, 25 puL of 1 mg/mL of P2 or 10 puL of 1 mg/mL NP3
peptide was added to AUNS-DTNB or AuNS-pMBA, respectively, and reacted for 1 hour with
gentle mixing (4 rpm) at 4 °C. Lastly, the fully functionalized AUNSs (AuUNS-DTNB-P2 or AUNS-
pMBA-NP3) were centrifuged at 4000 rpm and resuspended in Milli-Q water (18 MQ) at a

concentration of 5.72 mg/mL. The solution was stored at 4 °C for future use.
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3.3.5 Singleplexed Biomarker Detection

The prepared antibody-conjugated magnetic beads (50 puL) were added to a well of the
passivated microfluidic device through the inlet channel. Afterwards, 50 pL of cTnl or NPY at
various concentrations spiked with human serum was added into the well and allowed to mix with
magnetic beads for 1 h at 4 °C. The cTnl concentrations studied here were 0.004, 0.007, 0.02,
0.05, 0.1, 0.5, 1, 10, 50, 200, 600, 1000, 3000, 5000, 10000, 16000, and 28000 ng/mL. The NPY
concentrations studied were 0.08, 0.12, 0.3, 0.5, 1, 10, 100, 200, 600, 800, 1500, 3000, 4000, 5000,
and 9000 ng/mL. The well was washed three times with 1X PBS by flowing through the inlet
channel and then collecting the waste with a syringe from the outlet channel. Then 50 pL of
prepared AUNS-DTNB-P2 or AuNS-pMBA-NP3 was added to the well and allowed to mix for 1
hat4 °C. The unbound AuNSs were suctioned out by a syringe as waste, and the well was washed
three times with Milli-Q water (18 MQ). The microfluidic device was dried for 10 min at room
temperature and then imaged using a Renishaw inVia Raman microscope system. A blank sample
was prepared in the absence of cTnl or NPY and was used as a control. Each sample was prepared
with three replicates. At least 300 Raman spectra from different locations were obtained per

replicate of sample.

3.3.6 Multiplexed Biomarker Detection

To assess the feasibility of multiplexed biomarker detection, 25 pL of anti-cTnl-conjugated
magnetic beads and 25 pL of anti-NPY-conjugated magnetic beads were mixed and added to a
well of the passivated microfluidic device through the inlet channel. cTnl (25 pL) and NPY (25
ML) at targeted concentrations spiked with human serum were added into the well and allowed to
mix for 1 h at 4 °C. The combinations of biomarker concentration tested here were 3000 ng/mL

cTnl + 1500 ng/mL NPY, 1000 ng/mL cTnl + 600 ng/mL NPY, 400 ng/mL cTnl + 200 ng/mL
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NPY, 200 ng/mL cTnl + 100 ng/mL NPY, 5 ng/mL cTnl + 10 ng/mL NPY, 0.5 ng/mL cTnl + 1
ng/mL NPY, and 0.05 ng/mL cTnl + 0.3 ng/mL NPY. Note: these antigens were spike with human
serum. The well was washed three times with 1X PBS by flowing through the inlet channel and
then collecting the waste with a syringe from the outlet channel. Then 20 pL of AUNS-DTNB-P2
and 40 pL of AUNS-pMBA-NP3 were added into the well and allowed to mix for 1 hat 4 °C. The
unbound AuNSs were suctioned out by a syringe as waste, and the well was washed three times
with Milli-Q water (18 MQ). The microfluidic device was dried for 10 min at room temperature
and then imaged using a Renishaw inVia Raman microscope system. A blank sample was prepared
in the absence of cTnl and NPY and was used as a control. Each sample was prepared with three

replicates. At least 300 Raman spectra were obtained per replicate of sample.

3.3.7 Reusability

The reusability of PRADA was leveraged with the magnetic beads, as removal of the
magnet allowed us to wash off the entire immunoassay via gentle rinsing of the device. Note: the
magnetic beads were not covalently attached to the glass surface but held in place with the magnet.
The device was then cleaned with acetone followed by Milli-Q water (18 MQ). The Raman spectra
for the cleaned device were then measured to ensure there were no residual signal from the
previous sample. The devices were also viewed in the microscope to ensure all the magnetic beads
were washed off. The entire assay was repeated, 14 times with the same microfluidic device to

demonstrate reusability.

3.3.8 Microfluidic Device Fabrication and Passivation

All steps regarding the fabrication of microchannel patterns were performed using facilities
within the cleanroom affiliated with the VVanderbilt Institute of Nanoscale Science and Engineering

(VINSE). To make a microchannel mold, mr-DWL_40 resist was cast on a clean silicon wafer
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and spin-coated at 1000 rpm for 1 minute, yielding a 60 pm-thick resist layer. Then designed
patterns were directly written into the photoresist using a laser writer (Heidelberg, uPG 101). The
wafer with patterned resist was coated with a thin layer of TCPS to facilitate subsequent removal.
To make a microfluidic device, liquid polydimethylsiloxane (PDMS) (Sylgard 184) was mixed in
a 1:10 ratio of curing agent and PDMS resin, degassed in a desiccator and carefully poured onto
the resist mold placed in a petri dish. After curing in an oven for 3 h at 65 °C, the PDMS layer
was cut and peeled off the resist mold. Holes were punched at the inlet and outlet of the
microchannels using an 8.5 mm internal diameter punch. A clean microscope glass slide was
bonded to the patterned PDMS layer by exposing to an oxygen plasma for 4 min. Each well of the
microfluidic device was then passivated with 150 pL of 20 mM mPEG-silane (dissolved in 100%
acetone) for 1 hour at room temperature to avoid non-specific binding. The microfluidic device
was cleaned with Milli-Q water (18 MQ) and dried with nitrogen. The passivated device was

stored at -20 °C in glovebox for future use.

3.3.9 Statistical Analysis

The LOD for the assay was estimated as follows: LOD = LOB + 1.645(SDiowest concentration
sample), Where LOB (limit of blank) was obtained by LOB = meanbiank + 1.645(SDbiank), in which
the average signal of the blank (the immunocomplex without antigen) is added to 5% false-
negative rate. All data are presented as mean * standard deviation. The sensitivity curves of both
cTnl and NPY were fitted with four-parameter logistic function using the GraphPad Prism8
program. Passing-Bablok regression analysis was performed on patient samples using the
MedCalc program. A custom MATLAB code was used to perform smoothing and biological
fluorescent background subtraction of Raman spectra. Smoothing of the data was done by

following the Savitzsky and Golay method with 5th order and coefficient value of 33. Modified
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polynomial fit method was performed to subtract the background fluorescence. A polynomial with

7th order was used to fit the Raman spectra with threshold of 0.0001.

3.4 Results and Discussion

The design of PRADA (Figure 3.1) includes pAbs functionalized magnetic beads that were
assembled onto a passivated microfluidic device via a magnet to form a uniform layer. These
capture probes were then incubated with human serum to capture the relevant biomarkers through
the antibody-antigen interactions. Next, AUNSs labeled with Raman tags (AuNS-SERS barcodes)
and small peptide BREs were introduced which bound to different sites on the biomarkers,
completing the sandwich immunocomplex. This assay was followed by SERS measurements with
a Raman setup equipped with a 785 nm continuous-wave laser and analyzed for quantification of
the antigens present in serum. Here, we first showed the individual detection of cTnl and NPY
followed by multiplexed detection of both biomarkers simultaneously.

The sensitivity and specificity of PRADA are governed by the controlled synthesis of the
capture and detection probes (Figure 3.2a). Here, the capture probes were prepared by activating
carboxylic acid-functionalized magnetic beads via 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysulfosuccnimide (NHS) coupling, and subsequent
functionalization with anti-cTnl or anti-NPY pAbs. Functionalized capture probes were then
incubated with human serum spiked with cTnl or NPY antigens where biomarkers were captured
via antibody-antigen binding. The sandwich immunocomplex was completed with AuNS-SERS
barcodes covalently conjugated with peptide BREs. The detection of cTnl was enabled with
AuUNSs labeled with 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) Raman tags and P2 peptides

(Figure 3.2b), and detection of NPY was facilitated with AuNSs labeled with para-
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mercaptobenzoic acid (PMBA) Raman tags and NP3 peptides (Figure 3.2c). Here, AUNSs with
50 — 70 nm tip-to-tip dimension (Figure 3.3a) were synthesized with a biological buffer, 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), as described in our previously
published procedures.3%718 Further, DTNB and pMBA are ideal Raman tags for this platform
because they are covalently linked to the AuNS surfaces via a thiol group, enabling SERS signal
amplification via both electromagnetic and chemical enhancements. The dominant Raman peaks
at 1325 cm™ (symmetric stretching mode of the nitro group of DTNB) and 1580 cm™ (ring
stretching mode of pMBA) also do not overlap enabling multiplexed detection of both biomarkers.
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Figure 3.2 Fabrication of PRADA. (a) Schematic of the synthesis of capture and detection probes.
(i) Magnetic beads functionalized with pAbs as capture probes. (ii) AuUNSs conjugated with SERS
barcodes and peptide BREs as detection probes.  (iii) The representative complete
immunocomplex formed by capture probes, target antigens, and detection probes. (b,c)
Normalized Raman spectra of AuNSs functionalized with DTNB (1325 cm™) and pMBA (1580
cm™) reporter molecules for cTnl and NPY detection, respectively; the signature peaks are
highlighted.

In our platform, the peptide BRE plays a critical role in the biomarker detection. The P2
peptides (-WQIAYNEHQWQGGGC-), computationally evolved from a phage display peptide,
had nanomolar binding affinity to cTnl.®* The bioconjugation of P2 peptides to AuNSs was
achieved via Au-S linkage by introducing a cysteine residue at the C-terminus of the peptide. A
tri-glycine spacer domain was inserted between the C-terminal cysteine and the P2 peptide to
extend the binding domain away from the gold surface. The NPY binding peptide, NP3 (-
FPNWSLRPMNQMGGGC-), was also identified from a phage display peptide library.’®® The
short peptides bind to different regions of antigens without competing with the target sites of
antibodies on the capture probes. These dodecapeptides have an average size of 2 — 3 nm obtained
by molecular modelling calculations; this size is the molecular length of a linear, unconstrained,
and extended dodecameric peptide.!® The peptide functionalized and constrained on a
nanoparticle surface is likely to have a smaller size. The peptide size is significantly smaller than
mADbs (~10 nm) which facilitated high sensitivity of PRADA by enabling the nanostars to maintain
their orientation with respect to the antigen receptor with minimal steric hindrance. Antibodies
are typically attached to gold nanoparticle surfaces via long chain linkers which often compromise
their orientation and consequently binding efficacy, lowering overall sensitivity.!*® Of note, we
chose to use P2 peptide instead of anti-cTnl antibody as the peptide was evolved to bind residues
114 — 141 of troponin with high affinity whereas anti-cTnl antibody bound to the N-terminus

region of full length troponin. The binding affinity of P2 peptide was confirmed in our previous
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work by measuring the dissociation constants (Kp) of the P2 peptide or mAb in the presence of
114 — 141 troponin fragment or full length troponin.t® The Ko of the peptide remained constant
independent of troponin target (fragment or full length), while the Kp of the antibody was 100-
fold lowered using the troponin fragment lacking the N-terminus binding region. These results
confirmed that the peptide and antibody binding domains were non-overlapping. But the binding
affinity of the peptide and antibody for full length troponin was very similar (0.27 vs 0.12 nM), as
measured by SPR.1%4197

After biofunctionalization of AuNSs with peptides and SERS barcodes, a ~18 nm red shift
in the plasmon resonance (Figure 3.3b) was observed attributed to an increase in hydrodynamic
size and change in refractive index of the medium. Scanning electron micrographs (SEM)
confirmed the successful synthesis of the complete immunocomplex (Figure 3.3c-e and A.11)
where AuUNS-SERS barcodes retained their morphology after complexing with functionalized
magnetic beads. Note: SERS measurements were only acquired from samples where the magnetic
beads formed a uniform monolayer aided with a magnet (Figure A.12a,b). Samples with
multilayers of the complete immunocomplex or aggregated AuNSs were avoided to minimize hot-

spot formation and variability in the measurements (Figure A.12c-f).
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Figure 3.3 Characterization of PRADA. (a) Transmission electron micrograph of AuNSs
showing their anisotropic morphology. (b) Extinction spectra of bare AuNSs and AuNSs
functionalized with Raman reporter molecules and peptide BREs. (c-e) SEM images of complete
immunocomplexes at various magnifications with magnetic beads capture probes and AuNS-
SERS barcodes detection probes.

We first demonstrated the feasibility of PRADA in detection of single biomarkers in human
serum in a microfluidic device. We chose a simple and low-cost microfluidic design with an inlet
and outlet, and a sample chamber for incubation of samples, mixing, and evaluation of biomarkers
(Figure 3.1). The magnetic bead capture probes, which are uniformly distributed in the entire
sample chamber (Figure A.12a,b), also aid in mixing with the AuNS-SERS barcode detection
probes by placing the microfluidic devices on a stir plate. Therefore, the design of microfluidic

chips with multiple mixing channels is unnecessary here as such complex devices are both time
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and labor intensive, and cost prohibitive.1%1%° We chose to measure the accuracy of PRADA in
commercially available de-identified human patient serum (Discovery Life Sciences Inc.) to
recapitulate clinical diagnostics where biomarkers of interest competes with other serum
constituents to be captured by the magnetic beads. Human serum contains approximately 4000
metabolites, 22?1 which would compete to bind to the targeted sites. Here, different
concentrations of cTnl or NPY were spiked into human serum and followed by monitoring the
change in intensity of the signature peaks of the AUNS-SERS barcodes bound to cTnl or NPY
antigen via the peptide BREs. The cTnl baseline of the purchased serum was 0.015 ng/mL,
whereas the amount of NPY in the serum was not provided by Discovery Life Science. However,
a blank Raman signal of the serum was obtained in the absence of antigens (with the capture and
detection probes). Minimal interference effects were observed in the blank control which
suggested minimal baseline NPY. Each sample was prepared with three replicates, and the
sensitivity and specificity of PRADA were quantitatively evaluated. At least 300 spectra obtained
from different locations per replicate of sample were used for quantitative analysis. Spectra were
background subtracted, averaged, and smoothed using a Savitzky-Golay filter.22 The
representative Raman spectra of immunocomplexes for various concentrations of cTnl are shown
in Figure 3.4a. The relative SERS intensity of DTNB at 1325 cm™ was used for quantitative
evaluation of cTnl concentrations. The corresponding sensitivity curve obtained from the SERS
measurements was fitted using the four-parameter logistic (4PL) function (Table A.1) showing
that the Raman intensity increased in a logarithmic manner with increasing concentrations of cTnl
in the range of 0.02 to 5000 ng/mL (Figure 3.4b). This 4PL function has been shown previously
to have a robust fit to plasmonic and SERS-based biosensors.?®® However, the SERS intensity at

1325 cm™ was linear at low concentrations of ¢Tnl in the quantification region (Figure 3.4c). The
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LOD of cTnl was estimated to be 0.0055 ng/mL from this fit; all parameters for LOD calculation
are provided in Table A.2. Our assay is also clinically relevant because patients diagnosed with
myocardial infarction typically have a cTnl concentration of >0.03 ng/mL.1% Of note, the low
region indicated the concentrations below the LOD of PRADA and the saturated region
represented where the sandwich immunocomplex was oversaturated and unable to distinguish
differences in such high concentrations.?%

We followed a similar approach in the utility of PRADA to detect NPY spiked in de-
identified human serum. The signature Raman peak of pMBA at 1580 cm™* was monitored (Figure
3.4d). The quantification region also showed a logarithmic increase with NPY concentrations
ranging from 0.3 to 5000 ng/mL (Figure 3.4e), whereas a linear correlation was found in the range
of 0.3to 100 ng/mL (Figure 3.4f). The LOD of NPY was calculated to be 0.12 ng/mL (Table A.2).
The clinical level of NPY of at-risk patients with high level of stress and anxiety is <1.5 ng/mL
and lower concentrations are desired for risk prediction.’®® These results demonstrated that
PRADA is a versatile platform for quantitative analysis of biomarkers in human biofluids with

high sensitivity and specificity.
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Figure 3.4 cTnl and NPY detection with PRADA. (a) Raman spectra of cTnl in human serum
and (b) SERS intensity at the characteristic DTNB peak (1325 cm™) as a function of cTnl
concentrations. The low region (gray box) is where the concentrations were below the detection
limit; quantification region (yellow box) was used to determine LOD with a 4PL function fit; and
saturated region (pink box) was where high density of analytes saturated PRADA. (c) Linear fit
of the DTNB peak at low concentrations of cTnl in the range of 0.02 to 1 ng/mL. (d) Raman
spectra of NPY in human serum by monitoring the pMBA peak at 1580 cm™. (e) SERS intensity
at the characteristic pMBA peak as a function of NPY concentrations. (f) Linear fit of the pMBA
peak at low concentrations of NPY ranging from 0.3 to 100 ng/mL. Error bars indicate the standard
deviations from at least 5 measurements. A base 10 logarithmic scale was used for x-axis.
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Next, we demonstrated that microfluidics-based PRADA enabled accurate multiplexed
detection of biomarkers in serum. Multiplexed bioanalysis in a single sample is of significant
interest to predict the complex phenotype of myocardial infarction, which often results in false
prognosis.?® Here, the narrow spectral features of SERS allowed multiplexed detection offering
high sensitivity and minimum overlap between corresponding Raman tags. We simultaneously
detected cTnl and NPY (Figure 3.5a) by using a 1:1 mixture of magnetic beads conjugated with
either anti-cTnl pAbs or anti-NPY pAbs, which served as the capture probes in a multi-well
microfluidic device (Figure 3.5b). A multi-well device is particularly relevant for field-use or in
resource-limited settings where several patient samples can be analyzed at the same time to
determine the status of multiple biomarkers. Afterwards, serum samples with no antigens (control),
1:1 mixture of cTnl and NPY at various concentrations (see Figure 3.5 caption) were incubated
with the capture probes. After removing unbound antigens with a washing step, 1:1 mixture of
detection probes targeting cTnl (AuNS-P2-DTNB) and NPY (AuNS-NP3-pMBA) were incubated.
Multiplexed detection was achieved with PRADA where clear peaks of DTNB (1325 cm™) and
PMBA (1580 cm™) were observable with minimal non-specific binding for the no antigen control.
Additionally, the Raman signal of both biomarkers intensified with the increase in biomarkers’
concentration.

We then demonstrated that PRADA can be reused over multiple cycles by simply washing
and regenerating the microfluidic devices. We used the same microfluidic device to detect 0.1
ng/mL of cTnl for 14 cycles by repeated washing and reusing (Figure 3.5¢). The reusability of
PRADA was leveraged with the magnetic beads, as removal of the magnet allowed us to wash off
the entire assay and regenerate the microfluidic sensor chip. Our regeneration approach has several

merits. First, PRADA had minimal signal loss after multiple cycles, which outperformed chemical
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regeneration approaches that have been reported to have ~40% signal loss during each cycle.?®® In
chemical regeneration, low pH glycine buffer or detergent solutions are introduced to detach the
antigens from antibodies, enabling reusability of the sensor chip with the same set of antibodies
between samples.?®” However, chemical regeneration is ineffective when using patient biofluids
due to the presence of proteases and bacteria that can degrade these antibodies.?®® Low signal loss
after multiple cycles emphasized the strength of PRADA and our magnetic regeneration approach.
Second, prior to regeneration, the microbead/antigen/nanostar immunocomplex representing each
patient sample can be archived (by removing the magnet) for future analysis. Sample archival is
possible due to the high stability of the AUNS-SERS barcodes as they do not photobleach and are
amenable to long-term storage.®® These results demonstrated that PRADA is a robust multiuse
platform that allows diagnosis of multiple biomarkers of interest within minutes and has the

potential to analyze patient samples in biofluids with high accuracy and specificity.
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Figure 3.5 Multiplexing and reusability with PRADA. (a) Multiplexed detection of both cTnl
and NPY in a three-well microfluidic device. The concentrations measured in ng/mL for
cTnl/NPY are 3000/1500 (blue), 1000/600 (red), 400/200 (black), 200/100 (orange), 5/10 (light
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blue), 0.5/1 (green), 0.05/0.3 (purple, control (gray). The inset is a schematic representation of
multiplexed detection of both biomarkers. (b) Image of a microfluidic device utilized in the
experiments. (c) Demonstration of reusability of PRADA where the same microfluidic chip was
reused 14 times after washing and regenerating. Here, 0.1 ng/mL of cTnl was detected at the
DTNB Raman peak with minimal signal loss. Error bars indicate the standard deviations from at
least 5 measurements.
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Figure 3.6 PRADA for cardiac patient sample analysis. (a) Demographics of 11 patient samples
purchased from Discovery Life Sciences including their gender, race, and age, and the cTnl levels.
(b) Comparison of cTnl determined with PRADA and those obtained from Discovery Life
Sciences measured using the ABBOTT ARCHITECT chemiluminescence assay system. The
standard error in Discovery data was <0.06 ng/mL. Error bars in SERS data indicate the standard
deviations from at least 5 measurements. (c) Passing-Bablok regression analysis between PRADA
and Discovery Life Sciences to determine accuracy of PRADA. (d) %CV corresponding to mean
cTnl concentrations for the 11 patient samples using PRADA where the 10% CV level is indicated
with a dotted line achieving an LOQ of ~0.03 ng/mL.
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We then demonstrated the translational impact of PRADA by validating our approach in
evaluating serum from 11 de-identified cardiac patients with varying levels of cTnl. These serums
were purchased from the open biobank Discovery Life Sciences. The NPY values were not
provided for these samples. A three-well microfluidic device was used to enable multiple patient
sample analysis simultaneously. The PRADA assay was performed like described above where
capture probes for cTnl were introduced in microfluidic wells followed by introducing the patient
serum, and then followed by the AUNS-SERS barcodes. Multiple washing steps were executed to
ensure high accuracy of PRADA. Relevant patient information including gender, race, and age is
shown in Figure 3.6a. Our effort was to demonstrate that PRADA is applicable to a wide range of
patient demographics including gender, ethnicity, and age. SERS spectra of the patient samples
were measured in triplicates (Figure A.13) to determine the cTnl levels. PRADA levels were then
compared to those provided by Discovery Life Sciences measured using the ABBOTT
ARCHITECT chemiluminescence assay system (Figure 3.6b). The manufacturer provided
standard error in their data to be <0.06 ng/mL where the level consistent with acute myocardial
infarction was >0.5 ng/mL based on their samples. Our results showed regardless of the cTnl
concentration and patient demographics, PRADA achieved high accuracy in serum analysis.
Further, Passing-Bablok regression analysis was performed to estimate the variation and
systematic bias between cTnl concentrations obtained with PRADA in patient samples and the
values from Discovery Life Sciences (Figure 3.6¢). Regression analysis indicated good
conformity between the two assays as the scattered points (purple) and associated regressions (blue)
of the data were within the 95% confidence intervals (ClIs) which include the intercept and slope
of 0 and 1, respectively (Table A.3). The results showed that all values obtained with PRADA

were clinically valid, and within the acceptable range.
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We calculated a precision profile which determined the limit of quantification (LOQ) of
PRADA in analyzing patient samples and ensuring that these results matched with our sensitivity
curve shown in Figure 3.4b,c. Here, the LOQ is defined as the lowest concentration of cTnl that
can be reliably detected with a coefficient variation (CV) less than or equal to 10%.2%° By
definition LOQ can be equal to or higher than the LOD but not lower, as LOD provides an estimate
of bias and imprecision at very low analyte concentrations. We obtained the mean cTnl
concentrations with PRADA for the 11 patient sera (measured in triplicates) and calculated the
%CV for each sample (Figure 3.6d). A curve was fitted through the plot of %CV as a function of
cTnl concentration, and the LOQ of PRADA was determined to be 0.03 ng/mL corresponding to
the 10% CV level of the curve. The data suggests that PRADA will allow quantitative analysis of
cTnl in patient sera at >0.03 ng/mL with high accuracy (right of the gray region). Our reported
LOD and LOQ are lower than many troponin immunoassays published in the literature, and
comparable to commercial assays (Table A.4). Of note, multiplexing is not offered by many of
these commercial assays. But our LOQ was limited by the availability of patient samples from
Discovery Life Sciences where lowest concentrations of cTnl that were available for purchase was
>0.01 ng/mL. We were also limited by the small patient population we evaluated here (11); most
commercially available assays examine >1000 patients to establish their quantification range?*°
where patients with no risk of myocardial infarction have <<0.01 ng/mL. We expect the LOQ of
PRADA will significantly improve in a future cohort study where patients will be recruited to

exemplify the translational impact of this platform.

66



3.5 Conclusions

In summary, this study presented an innovative biodiagnostic platform, PRADA,
demonstrating multiplexed detection of two biomarkers of myocardial infarction, cTnl and NPY,
in a simple microfluidic device. We achieved an LOD of 0.0055 ng/mL for cTnl and an LOD of
0.12 ng/mL for NPY in patient serum. We showed that PRADA can be regenerated and reused
where the same microfluidic chip can be recycled for multiple cycles with minimal signal loss
between cycles. Reusability of PRADA also allowed to archive samples for future bioanalysis.
Finally, we validated the clinical significance of PRADA by evaluating cTnl in cardiac patient
serum of various demographics and achieved an LOQ of > 0.03 ng/mL at 10% CV which was
higher than many troponin immunoassays published in the literature, and comparable to
commercial assays. Whereas in this proof-of-concept study, we demonstrated the multiplexing of
two biomarkers in human serum, our future work focuses on the utility of PRADA to detect >10
biomarkers in patient samples enabled by the narrow spectral features of SERS. Further, PRADA
can be translated to other biomarkers beyond those probed here, as identification of peptides that
exhibit high binding affinities to various targets is already being pursued by many commercial
sources that routinely generate a number of different peptides. Although this approach is limited
by biomarker targets wherein the antigen structure is known and the location of a binding site on
the target molecule can be predicted, we envision that PRADA will ultimately enable a precise
scoring system to determine patient outcome. PRADA score can then be integrated with artificial

intelligence interfaces as well as smart phones for cost-effective health monitoring.?1-212
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Chapter 4

SURFACE PROPERTIES AND ROUTE OF SYSTEMIC DELIVERY CONTROL THE IN
VIVO DISTRIBUTION, BREAKDOWN, AND EXOCYTOSIS OF RADIOLABELED GOLD
NANOSTARS

4.1 Summary

Successful clinical translation of the use of nanoparticles (NPs) requires long-term and
comprehensive studies involving biocompatibility, uptake, biodistribution and excretion of NPs in
biological systems. In this work, we demonstrated the use of multimodal gold nanostars (AuNSs)
for toxicity and ultimate fate studies. We first synthesized AuNSs with 60 — 80 nm tip-to-tip
dimensions, conjugated with a generic immunoglobulin G (IgG) antibody to explore untargeted
biodistribution, and radiolabeled with 84Cu to enable positron emission tomography (PET) imaging.
The long-term (90 days) toxicity of this functionalized AuNSs (F-AuNSs) was probed by in vitro
viability and cell cycle studies and in vivo inflammatory responses and histopathological changes.
F-AuNSs were highly biocompatible both in vitro and in vivo. The route of systemic
administration (intraperitoneal vs. intravenous injection) did not induce any significant differences
in toxicity. The in vivo biodistribution studies combining (a) PET imaging, (b) gamma counts of
®4Cu radiolabeled F-AuNSs, (c) transmission electron micrograph (TEM) and (d) inductively
coupled plasma mass spectrometry (ICP-MS) analysis of gold in tissues indicated that the delivery
route had significant impact on F-AuNS accumulation in tissues within the first 24 h post injection
and confirmed the long-term presence (90 days) of F-AuNSs in tissues. The TEM images showed
the breakdown of F-AuNSs within tissues implying the importance to evaluate their uptake and
localization mechanism, interaction with other molecules in biological systems, and exocytosis
and clearance as a function of physicochemical properties of broken NPs. We found that uptake

of F-AuNSs was dominated by clathrin-mediated endocytosis, but other pathways including
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caveolae-mediated endocytosis, macropinocytosis and phagocytosis also contributed. Further,
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and proteomic studies
demonstrated that F-AuNSs dramatically minimized the protein corona effect, and the adsorbed
proteins on F-AuNSs promoted their blood circulation and intracellular uptake. Finally, the
interaction between gold NPs (AuNPs) and a lipid membrane simulated by the Martini coarse-
grained method indicated that the excretion of AuNPs relied on their physicochemical properties
and the lipid composition of membrane. This in-depth study assessed from in vitro, in vivo, and
mechanistic simulation aspects revealed excellent biocompatibility of F-AuNSs and highlighted

their tremendous translational potential.

4.2 Introduction

Engineered gold nanoparticles (NPs) have gained great momentum in nanomedicine due
to their unique physical and chemical properties. Gold nanostars (AuNSs) have been of particular
interest because of (a) special geometry giving rise to 9 — 10 orders of magnitude signal
enhancement in molecule of interests when used as contrast agents for optical imaging, (b) ease of
synthesis with a biological buffer to promote biocompatibility and (c) straightforward surface
functionalization via a gold-thiol/amine bond with a wide variety of molecules for biomedical
applications.333467183 \When using for diagnostics and therapeutics, in vivo fate and toxicity of
AUNSs are crucial aspects that need to be evaluated. Several studies have investigated the short-
term (up to 15 days)®*213214 toxicological profile of AuNSs in vivo, but the long-term evaluations
remain unexplored and are important for their clinical translation. Further, the majority reports

have focused on the in vivo toxicity of polyethylene glycol (PEG) coated NPs which do not
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represent the plethora of surface ligands used for the functionalization.?*>2" Therefore, an unmet
need exists for a systematic long-term evaluation of the toxicological profile of AuNSs.

Two dominant aspects that are generally evaluated in toxicity studies include (a) the
assessment of the effect of NPs on biological systems (e.g., viability and histopathological
change)?!8 and (b) determination of bio-behaviors of NPs in biological environment (e.g., cellular
uptake, biodistribution, excretion and interaction with other biomolecules).?**2?! Particularly, it
is well-established that proteins in a biological milieu are readily adsorbed onto the surface of NPs,
forming a layer known as protein corona (PC).r Emerging evidences support that
physicochemical properties of NPs, such as shape, size, surface charge and functionalization,
largely affect the composition of PC adsorbed.??22?4 |n this regard, a detailed characterization of
PC is needed to understand its role in modulating the bio-identity of NPs. Additionally, previous
studies showed that heavy metal NPs (e.g., quantum dots)??® were likely to have long retention
times within mononuclear phagocytic system (MPS) which potentially initiated inflammatory
responses and induced chronic toxicity. Assessing the ultimate fate of NPs highly depends on their
uptake pathway, intracellular localization, and exocytosis. Much progress has been made in
elucidating pathways for the uptake of NPs including clathrin-mediated endocytosis, caveolae-
mediated endocytosis, macropinocytosis and phagocytosis.??622°  However, relatively little
attention has been given to how these NPs leave tissues (e.g., the mechanism behind systemic
excretion).?1*2%0 This question has been complicated by the fact that NPs are readily degraded?3!
in organelles (e.g., endosomes and lysosomes) with an acidic environment rendering excretion
based on the interactions between the breakdown NPs with varying physicochemical properties

and lipid bilayer membranes of organelles.
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In this work, we conducted an in-depth toxicological study of AuNSs functionalized with
a generic immunoglobulin G (IgG) antibody to explore untargeted biodistribution and radiolabeled
with %4Cu to enable positron emission tomography (PET) imaging which provided depth-resolved
whole-body images to allow the localization of NPs. We first examined the impact of
functionalized AuNSs (F-AuNSs) on viability and cell cycle of murine macrophage cells in vitro.
We then intraperitoneally or intravenously delivered F-AuNSs in mice to evaluate long-term (90
days) toxicity by measuring standard serum inflammatory markers and observing
histopathological changes. Our results showed that F-AuNSs were highly biocompatible both in
vitro and in vivo. The route of systemic administration did not induce any significant differences
in toxicity. To understand the biodistribution of F-AuNSs in vivo, we performed a correlative
study combining (a) PET imaging, (b) gamma counts of %Cu radiolabeled F-AuNSs, (c)
transmission electron micrograph (TEM) and (d) inductively coupled plasma mass spectrometry
(ICP-MS) analysis of gold in tissues as a function of delivery route and period of time. Our results
indicated that the route of systemic delivery had significant impact on F-AuNS accumulation in
tissues within the first 24 h post injection and confirmed the long-term presence (90 days) of F-
AUNSs in tissues. Further, F-AuNSs underwent morphological changes from the star to spherical-
like shape with fewer short branches. These in vivo biodistribution studies suggested that (a) in
vivo uptake and localization of F-AuNSs was controlled by their cellular-level endocytosis and
intracellular trafficking; (b) in vivo breakdown and reshaping was likely directed by F-AuNSs
interaction with serum proteins and formation of protein corona; and (c) exocytosis and clearance
of F-AuNSs was a function of the shape and surface properties of the “broken” NPs that resulted
from the degradation of F-AuNSs. Based on these in vivo biodistribution results, we further

evaluated the internalization mechanism by incubating macrophage cells with pathway inhibitors
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and found that uptake of F-AuNSs was dominated by clathrin-mediated endocytosis, but other
pathways also contributed, indicating the degradation of F-AuNSs were likely caused by the acidic
environment in endosomes or lysosomes. Additionally, sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and proteomic studies demonstrated that F-AuNSs dramatically
minimized protein adsorption. The small amounts of adsorbed proteins on F-AuNSs were able to
extend their blood circulation and promote intracellular uptake, implying the role of
physicochemical properties of NPs on the protein corona effect. Finally, we assessed the
exocytosis of F-AuNSs by simulating the interaction between gold NPs (AuNPs) and a lipid
membrane using the Martini coarse-grained (CG) method. Our simulations indicated that the
excretion of AuNPs relied on their physicochemical properties and the lipid composition of
membrane. This comprehensive study covering in vitro, in vivo, and mechanistic simulation work
revealed great biocompatibility of F-AuNSs and emphasized their tremendous translational

potential.

4.3 Materials and Methods

4.3.1 Materials

Gold (Il) chloride trihydrate (HAuCIs-3H20), (4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid) (HEPES), fetal bovine serum (FBS), dimethyl sulfoxide (DMSO),
cytochalasin B, genistein, rottlerin and monodansyl cadaverine, dithiothreitol (DTT) and B-
mercaptoethanol were purchased from Sigma-Aldrich. The Milli-Q water (18 MQ) was obtained
from a Milli-Q Direct-Q 3UV system. OPSS-PEG-SVA-2000 and NH2-PEG-SH-5000 were
purchased from Laysan Bio. 1gG2a antibodies (BE0089, Clone 2A3) were purchased from Bio X

cell. Sodium bicarbonate (NaHCOs3), hydrochloric acid (HCI), nitric acid (HNOs), phosphate-
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buffered saline (PBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Alexa Fluor 488 NHS ester, formaldehyde, normal goat serum, Triton X-100, antifade mountant
with DAPI, and Novex tris-glycine SDS running buffer were purchased from Thermo Fisher
Scientific. 2-S-(4-aminobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid) (p-NH2-Bn-NOTA)
was purchased from Macrocyclics. Dulbecco’s modified Eagle’s medium (DMEM) and
penicillin/streptomycin were purchased from Gibco. Laemmli sample buffer, protein standards

and mini-protein gel were purchased from Bio-Rad.

4.3.2 Synthesis of AUNSs

Bare AuNSs were synthesized by the one-step and seedless-mediated method.®” Briefly,
18 mL of Milli-Q water at 18 MQ was mixed with 12 mL of 200 mM HEPES at pH 7.4 + 0.2.
Next, 300 pL of 20 mM HAuUCI4-3H20 was added. The solution was mixed by gentle inversion

and reacted at room temperature for 75 min.

4.3.3 Functionalization of AuNSs

To functionalize AuNSs with antibodies, bifunctional linkers OPSS-PEG-SVA-2000 were
first reacted with IgG2a antibodies. Briefly, 72 pL of 1 mg/mL lgG2a antibody reconstituted in
100 mM NaHCOs buffer (pH 8.4 £ 0.2) was mixed with 8 pL of 80 mg/mL OPSS-PEG-SVA-
2000 solution and allowed to react on an inverter (4 rpm) at 4 °C for 24 h. Afterwards, 80 pL of
OPSS-PEG-anti-lgG2a was added to 6 mL of AuNSs at 1.14 mg/mL. The solution was then mixed
on an inverter at 4 °C for another 24 h. Post AuNSs-anti-lgG2a reaction, the chelator, NOTA, was
conjugated to the gold. Briefly, OPSS-PEG-SVA-2000 linkers were reacted with NOTA at 1:1
molar ratio at 4 °C for 10 h. OPSS-PEG-NOTA was then reacted with AuNSs-anti-lgG2a at 4 °C
for 12 h. Then the functionalized AuNSs (AuNSs-anti-lgG2a-NOTA) were centrifuged at 4000

rpm for 10 min and resuspended with Milli-Q water at a concentration of 5 mg/mL. Lastly,
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AuNSs-anti-lgG2a-NOTA nanoparticles were radiolabeled with ®*Cu followed by 75 min
incubation at room temperature with gentle shaking every 15 min. PD-10 desalting columns were

used to remove nonchelated copper.

4.3.4 Characterization of Nanoparticles

The plasmon resonance of bare and functionalized AuNSs was measured with a Varian
Cary 5000 UV-Vis NIR spectrophotometer. The hydrodynamic size and zeta potential of
nanoparticles were measured with a Malvern Nano ZS dynamic light scattering apparatus. The

size and shape of AuNSs were visualized with an Osiris TEM at 200 keV.

4.3.5 Cell Viability

RAW 264.7 or J774A.1 cells were cultured in DMEM supplemented with 10% FBS and
1% penicillin/streptomycin. Cell cultures were maintained at 37 °C in a humidified 5% COz2
atmosphere. Cells were seeded at 1 x 10 cells/well in a 96-well plate and treated with different
concentrations of F-AuNSs for 24 h. Following incubation, old media in each well were removed,
and 100 pL of fresh media mixed with 10 pL of 12 mM MTT was added to each well. After 2 h
of incubation, 85 pL of media solution was removed and 50 pL of DMSO was added to solubilize
the precipitated formazan crystals. The plates were incubated at 37 °C for 10 min, and the

absorbance was measured at 540 nm using a BIO-TEK Synergy H1 plate reader.

4.3.6 Cell Cycle Analysis

RAW 264.7 or J774A.1 cells were seeded at 3 x 10° cells/well in a 6-well plate and then
treated with F-AuNSs (100 pg/mL) for 24 h. After incubation, cells were harvested and
centrifuged at 1200 rpm for 10 min, and the supernatant was discarded. The cell pellets were fixed

with 66% ethanol and stored at -20 °C until analysis. The fixed cell suspensions were washed
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three times with PBS by centrifugation at 1500 rpm for 10 min. The cells were resuspended in
0.1% Triton X-100. The cell pellets were further treated with the mixture of propidium iodide (50
pg/mL) and RNase A (550 U/mL) at 37 °C in the dark for 30 min. Samples were then subjected
to a flow cytometer (BD FACSCanto), and data were analyzed using BD FACSDiva (version

8.0.1).

4.3.7 In Vivo Toxicity Study of AUNSs

Female 10-week-old mouse (C57BL/6J, Jackson laboratory) was injected intraperitoneally
or intravenously with 0.8 mg of F-AuNSs. Mice were sacrificed at 1-, 7-, 30-, 45- or 90-days post
injection. Cardiac blood (~600 pL/mouse) was collected for both complete blood count and serum
liver/kidney metabolite studies. Complete blood counts were performed using the forcyte
veterinary hematology analyzer (Oxford Science), and blood chemistries were measured by the
Vet Axcel chemistry analyzer (Alfa Wassermann). Additionally, liver, spleen, kidney, heart, and
lung of each mouse were retrieved and fixed in 6% formalin for H&E staining. H&E images were

captured using Leica DMi8.

4.3.8 PET Imaging and Biodistribution

Mice were injected intraperitoneally or intravenously with 0.8 mg of F-AuNSs with 800
UCi of 54Cu activity. Afterwards, mice were placed in a small animal imaging PET/CT machine
(Siemens Inveon) and imaged at 2 and 24 h post injection. The mice were anesthetized with 2%
isoflurane during imaging. All PET data sets were reconstructed using the MAP algorithm into
128 x 128 x 95 slices with a voxel size of 0.095 x 0.095 x 0.08 cm? at a beta value of 0.01. The
PET images were normalized to the injected dose. After imaging (24 h post injection), mice were

euthanized by cervical dislocation under deep isoflurane anesthesia. Tissues were then harvested,
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weighted and placed in scintillation vials for gamma counting using Hidex AMG automatic gamma

counter.

4.3.9 Inductively Coupled Plasma-Mass Spectrometry

Mice were injected intraperitoneally or intravenously with 0.8 mg of F-AuNSs. For each
mouse, the liver, spleen, kidney, heart, lung, stomach, brain, muscle, bone, pancreas, and intestine
were retrieved at 1-, 7-, 30-, 45- or 90-days post injection. Tissues were first snap frozen in liquid
nitrogen. Tissues were then dried with a lyophilizer (Labconco), weighted and then placed in 80%
trace-metal grade aqua regia for 72 h. Afterwards, aqua regia was boiled off and the tissue samples
were reconstituted with 10 mL of 2% nitric acid. Filters with 0.45 um diameter were used to
remove any impurities in the samples prior to ICP-MS measurements. The ICP-MS instrument
(Perkin EImer NexION 2000) was operated at 1.5 kW radio frequency power, 15 L/min argon
plasma flow, 0.9 L/min nebulizer flow, and 1 s integration time for 3 replicates. A six-point
calibration curve in the range of 0.5 and 1000 pg/L was performed for gold isotope 197. Analytical
blanks and standards (10 pg/L) were measured for every 3 — 5 samples to ensure the readings were

within 15% of the specified value.

4.3.10 Transmission Electron Microscope Imaging of Tissues

Mice were injected intraperitoneally or intravenously with 0.8 mg of F-AuNSs. The mice
were sacrificed at 7-, 45- or 90-days post injection. Liver, spleen, and kidney were then retrieved.
All tissues were dissected into 1 mm by 1 mm pieces with razor blades and immediately immersed
in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4 £ 0.1) for 24 h at 4 °C. The specimens
were further fixed with 1% osmium tetroxide for 1 h and enblock stained with 1% uranyl acetate
for 30 min. The samples were dehydrated with a graded ethanol series and then infiltrated with

Epon 812 resin (Electron Microscopy Sciences) using propylene oxide as a transition solvent. The
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Epon 812 was polymerized at 60 °C for 48 h, sectioned at 70 nm using a Leica EM UC7
Ultramicrotome and collected on 300 mesh nickel grids. The sections were stained with 2% uranyl
acetate and lead citrate. TEM imaging was performed on a Tecnai T12 at 100 kV using an AMT

CCD camera.

4.3.11 Nanoparticle Uptake Study

To investigate the mechanism of nanoparticle uptake, the synthesis of particles was slightly
modified. Post AuNSs-anti-lgG2a reaction, particles were fluorescent labeled instead of
conjugation with NOTA. For fluorescent labeling, 25 mg/mL of NH2-PEG-SH-5000 was first
mixed with 1 mg/mL of Alexa Fluor 488 NHS ester at room temperature for 2 h on an inverter.
The mixture was then reacted with AuNSs-anti-lgG2a at 4 °C for 3 h. The functionalized AuNSs
(AuNSs-anti-1gG2a-488) was centrifuged at 4000 rpm for 10 min to remove excess free dyes and
resuspended with Milli-Q water at a concentration of 5 mg/mL.

For the uptake studies, RAW 264.7 or J774A.1 cells were seeded at 3 x 10° cells/well in a
6-well plate overnight. Prior to the exposure to nanoparticles, cells were first pretreated at 37 °C
with different pathway inhibitors: cytochalasin B (10 pg/mL, 2 h), genistein (200 uM, 1 h),
rottlerin (2 puM, 30 min) and monodansyl cadaverine (200 uM, 10 min), respectively. To
investigate the energy-dependence of uptake mechanism, cells were pre-incubated at 4 °C for 1 h.
Afterwards, F-AuNSs (100 pg/mL) were added and incubated for 6 h. Negative controls (i.e.,
cells without the presence of inhibitors and nanoparticles) were also included. The mechanism of

nanoparticle uptake was determined by flow cytometry.

4.3.12 Confocal Imaging

RAW 264.7 or J774A.1 cells (5000 cells/well) were seeded in 8-well chamber slides (Lab-

Tek) and incubated overnight. Cells were then exposed to F-AuNSs (100 pg/mL) at different time
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points (2, 4, 6, 8, 12, 18 and 24 h), fixed with 4% formaldehyde solution for 10 min, permeabilized
with 0.1% Triton X-100 for 1 h, and blocked with 10% normal goat serum solution at room
temperature for 1 h. Cells were incubated overnight at 4 °C with anti-EEA1 antibody (Abcam,
ab109110, 1/250) for early endosome staining or anti-RAB7 antibody (Abcam, ab126712, 1/50)
for late endosome staining, and washed three times followed by staining with Alexa Fluor 594-
conjugated anti-rabbit 1gG (Abcam, ab150080, 1/500). For lysosome imaging, cells were stained
with BioTracker NIR 633 (Sigma, 1/500) according to the manufacturer’s instructions. Slides
were mounted with DAPI nuclear dye and visualized under a Leica SP5 X MP confocal

microscope. Images were captured utilizing a 63x objective.

4.3.13 Proteins Immobilized on Nanoparticles

To study the protein corona on bare and functionalized AuNSs, the nanoparticle dispersion
was incubated with 60% FBS at 37 °C for 1, 24 and 48 h under constant agitation. Particles were
separated from the supernatant by centrifugation at 6000 rpm and 4 °C for 20 min. The pellets
were resuspended in PBS and washed three times by centrifugation at 4000 rpm and 4 °C for 10

min to remove unbound proteins.

4.3.14 SDS-PAGE Electrophoresis

Proteins immobilized on particles (5 mg/mL) was mixed with Laemmli sample buffer (2x)
containing freshly added 5% B-mercaptoethanol at a ratio of 1:1 and boiled at 95 °C for 10 min.
Treated samples were then loaded in a 4-20% mini-protein gel. The gels were run for 30 min at
200 V in Novex tris-glycine SDS running buffer (1x). Silver staining of gels was performed
according to the manufacturer-provided procedures (Fujifilm Wako, 291-50301). Gels were
visualized by UMAX PowerLook 1100 scanner. Proteins adsorbed onto particles were quantified

using ImageJ.
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4.3.15 Proteomic Study of Surface Protein Corona

Crude protein extracts were reduced with DTT. The cysteines were modified with
iodoacetamide and then digested overnight with trypsin/Lys-C at an enzyme to protein ratio of
1:25. Formic acid was added to stop digestion. Samples were then desalted using a C18 MicroSpin
columns (Nest Group) before drying in a speedvac concentrator. The peptides were then separated
using an EASY-nLC 1200 UHPLC system coupled to Nanospray Flex ion source (Thermo Fisher
Scientific). The Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometer with an HCD
fragmentation cell (Thermo Fisher Scientific) was used for mass spectrometric analysis. Raw files
were analyzed using Proteome Discoverer (Thermo Fisher Scientific, version 2.4). MS/MS spectra

were searched with Mascot against Sprot-all.

4.3.16 Martini Coarse-Grained Simulation

All simulations were performed using the Martini coarse-grained force field (version
2.2)%2 description implemented in the GROMACS 5.1.4 package.?® Both van der Waals and
electrostatic interactions had a cutoff of 1.1 nm. The isotropic Parrinello-Rahman pressure
coupling scheme was coupled to control the pressures at 1 bar and the compressibility at 3 x 10
bar®.234 The system temperature was maintained at 310 K by v-rescale coupling scheme with a
time constant of T = 1 ps.*® Periodic boundary conditions were imposed in all three x-, y- and z-
directions. The AuNP was placed approximately at the center of the vesicle. Initially, the AUNP
was fixed to perform a 100 ns balance simulation. To gain the insights into the complete exocytosis
process of AuNP from the membrane, pull simulations were applied in the z direction by using a
constant force 1000 kJ/mol/nm? to the center of mass of the AUNP. All systems were simulated
for 300 ns with a time step of 20 fs. Data visualization was performed with Visual Molecular

Dynamics (VMD).?*® Four different shapes of AuNPs were examined including sphere, cylinder,
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cone and tetrahedron. Two different sizes of AuNPs were studied including 4.5 and 35 nm®. The
nanocrystalline structure of AuNPs was characterized by the face-centered cubic (FCC) structure
with a lattice constant of 0.408 nm. For the membrane vesicles, the initial structure was
constructed online by CHARMM-GUI Martini make.?®” To evaluate the effect of membrane
composition on the AuNP translocation, two different types of vesicles with an initial diameter of
17 nm were constructed: purely composed of dipalmitoylphosphatidylcholine (DPPC) or
dioleoylphosphatidylcholine (DOPC). The DPPC vesicle with fully saturated chains contained a
total of 2550 lipid molecules. The DOPC vesicle was unsaturated with one double bond in each
tail containing a total of 2394 lipid molecules. The initial size of the simulation box was 26 x 26
x 80 nm3. Water molecules and counterions (Na* and CI) were added in the simulation box to

neutralize the system.

4.3.17 Statistical Analysis

All data were presented as mean + standard deviation. The sample sizes were estimated
based on our previously published work.3® Statistical significance was determined by GraphPad
Prism 8 with unpaired two-sided Student’s t-tests for the calculation of p values. Here, * indicates

p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001.

4.4 Results and Discussion

Bare gold nanostars (B-AuNSs) were synthesized through a one-step seedless method with
a biological buffer, 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) as described in
our previously published work.333487  The low binding affinity of HEPES on gold surface
facilitated straightforward surface modification enabling us to design the functionalized AuNSs

(F-AuNSs). F-AuNSs were designed by conjugating antibodies and chelators to AuNS surfaces
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via a bifunctional orthopyridyl disulfide-poly(ethylene glycol)-succinimidyl valerate (OPSS-PEG-
SVA) linker. The thiols on the OPSS group were covalently bound to AuNSs and SVA esters
reacted with amines on antibodies or chelators to form a stable amide bond (Figure 4.1a). We
chose a generic immunoglobulin G (IgG) antibody for the synthesis to explore untargeted
biodistribution of F-AuNSs, as antibody-nanoparticle conjugates have prolonged blood circulation,
enhanced nanoparticle-cellular interactions, and longer residence time in the tissues.?® The PEG
ligands on the linker hindered protein adsorption and subsequent clearance by the mononuclear
phagocyte system (MPS).2° The diagnostic capability of F-AuNSs to provide anatomical
information in vivo was enabled by the utility of “Cu radiolabel chelated to 2-S-(4-aminobenzyl)-
1,4,7-triazacyclononane-1,4,7-triacetic acid) (p-NH2-Bn-NOTA) and conjugated to AuNSs via the
same linker. We chose ®*Cu-NOTA complex for F-AuNSs enabled positron emission tomography
and computed tomography (PET/CT) imaging due to its excellent stability, high labeling yield,?**
242 and clinical significance (clinical trial #£NCT04167969).2*3 AuNSs were anisotropic with
overall dimensions of 60 — 80 nm (Figure 4.1b), a size regime amenable to rapid extravasation
through fenestrations in vasculature enabling longitudinal imaging and time-course study.?®® The
functionalization of AuNSs with antibodies and %“Cu-NOTA resulted in a ~40 nm shift in the
plasmon resonance (Figure 4.1c) indicating an increase in particle size and change in refractive
index of the medium. Consistent with UV-Vis results, the size of B-AuNSs and F-AuNSs
measured using dynamic light scattering showed similar trends (Figure 4.1d). F-AuNSs also
showed a near-neutral surface charge (Figure 4.1e), attributable to the PEG chains in the linker,
which was desirable to reduce the adsorption of serum proteins and promote longer circulation
half-life. We also confirmed metal chelation with inductively coupled plasma mass spectrometry

(ICP-MS) using “cold” non-radioactive Cu to NOTA conjugated AuNSs. The results
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demonstrated 1.02 + 0.044 pg Cu/mg Au for F-AuNSs relative to 0.084 + 0.0010 pg Cu/mg Au
for B-AuNSs control indicating successful radiolabeling (Figure 4.1f). The F-AuNSs were highly
stable in aqueous media, buffers (PBS), and cell culture media (supplemented with and without
serum) for up to 90 days (Figure A.14). Minimal changes were observed in the intensity and full
width at half maximum (FWHM) of the extinction spectra during this time span indicating long

shelf-life of F-AuNSs.
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Figure 4.1 Design and characterization of bare (B-AuNSs) and functionalized gold nanostars (F-
AUNSS). (a) Schematic illustration showing F-AuNSs were conjugated with 1gG2a antibodies and
NOTA via a bifunctional linker followed by chelation with 84Cu radioisotopes. (b) Transmission
electron micrograph of AuNSs showing their anisotropic structure. (c) Extinction spectra of B-
AUNSs and F-AuNSs. The inset showed peak shifts when B-AuNSs (black) were bound with
antibodies (blue) and further ##Cu-NOTA complex to form F-AuNSs (red). (d) Hydrodynamic
size and (e) zeta potential of B-AuNSs and F-AuNSs from dynamic light scattering. (f)
Quantification of cold Cu chelation to F-AuNSs with ICP-MS. Data were presented as mean +
standard deviation (n = 3).
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Whereas the short-term (up to 15 days) toxicity profile of AuNSs has been evaluated in
vivo,2t3214 the long-term impact of AuNSs in vivo remains unexplored and is critical to the clinical

translation of nanoparticles. The current understanding of the toxicological effects of gold
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nanoparticles (NPs) is limited to PEG coated NPs, which do not accurately represent the plethora
of NPs that have been investigated with diagnostic and therapeutic modalities.?*>?*" Such
nanoparticles have several functional ligands on their surface which control their physicochemical
properties and in vivo efficacy. Therefore, we performed systematic long-term (up to 90 days)
evaluation of the toxicological profile of F-AuNSs to ultimately correlate to their degradation in
vivo and exocytosis from tissues. We first studied the cell viability of F-AuNSs in vitro in murine
macrophage cell lines RAW 264.7 and J774A.1 and observed minimal changes in the viability of
both cell lines indicating F-AuNSs had high in vitro biocompatibility (Figure A.15a). We chose
macrophage cells to accurately represent in vivo settings since NPs were taken up by spleen- and
liver-resident macrophages.?**24¢ Furthermore, previous studies have demonstrated that the non-
toxic nanoparticles tested using classical toxicity assays may lead to severe cell cycle disruption
and cause DNA damage.?*” Therefore, we studied the impact of F-AuNSs on cell cycle, which is
a series of stages for cell division and replication. Cell cycle includes four phases (G, S, G2 and
M) where the activation of each phase is driven by the progression and completion of the previous
phase.?8249 A cell cycle starts with the G1 phase where cells increase their size followed by DNA
synthesis during the S phase and protein synthesis needed for cell division in the G2 phase. In the
final M phase, cells divide forming two daughter cells. Here, we evaluated the effect of F-AuNSs
on cell cycle through flow cytometry measurements which showed minimal alterations in cell
cycle stages for both macrophage cell lines (Figure A.15b). Literature evidence has suggested that
the grafting density of polymers and other moieties on nanoparticle surface is directly correlated
to alterations in cell cycle.?®® Our results implied that optimal grafting density of functional groups

was achieved in F-AuNS synthesis.
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Figure 4.2 Toxicity evaluation of F-AuNSs in vivo. Serum inflammatory markers and complete
blood count of mice received F-AuNSs intraperitoneally (IP) and intravenously (IV) were
compared to control mice which received PBS at both short- and long-terms. (a) Short-term
measurements include 1- and 7-days post-delivery results. (b) Long-term is defined as 30-, 45-
and 90-days post-injection results. Irrespective of injection routes, no significant abnormalities in
hepatic, renal and hematological functions were observed, indicating good biocompatibility of F-

AuUNSs. Data were presented as mean + standard deviation (n = 4).
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We further examined the toxicity of F-AuNSs in vivo in 10-week-old healthy C57BL/6
mice by measuring standard serum inflammatory markers. Mice received F-AuNSs at a dose of
0.04 mg/g mouse weight intraperitoneally (IP) or intravenously (IV), and sera were collected from
a parallel cohort of mice at 1-, 7-, 30-, 45- and 90-days post F-AuNS delivery to evaluate both
short- and long-term inflammatory response. This dosage of F-AuNSs is comparable or lower
than other studies utilizing gold nanostars.®*2*!  Alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and total bilirubin (TBIL) are measures of hepatic toxicity; high levels of
these proteins are indicative of liver damage.?®>?® Creatinine (CREAT) and blood urea nitrogen
(BUN) are markers of kidney function, where CREAT results from muscle metabolism and its
concentration in sera correlates to nanoparticle glomerular filtration rate.?®* BUN is a primary
metabolite derived from proteins and amino acid catabolism and filtered out of blood by glomeruli.
We also measured complete blood count in mouse serum, including hemoglobin, red blood cells,
white blood cells, platelet concentration, monocyte counts, and lymphocyte counts. Our results
showed mice that received F-AuNSs had comparable serum marker levels to control mice that
received PBS (Figure 4.2 and A.16) both in the short-term (1 and 7 days) and long-term (30, 45
and 90 days) indicative of minimal toxicity induced by F-AuNSs. The route of systemic
administration also did not induce any significant differences in these serum markers. We further
confirmed these observations with hematoxylin and eosin (H&E) staining of major organs,
including spleen, liver, kidney, lung, and heart (Figure A.17 and A.18) and observed no noticeable

histopathological changes irrespective of injection routes.
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Figure 4.3 Biodistribution of F-AuNSs in vivo. Whole-body PET/CT images of mouse at (a) 2
and (b) 24 h post F-AuNSs delivery via IP or IV injection. K represents kidney, S represents spleen,
and L represents liver. (c) Biodistribution of F-AuNSs from harvested organs via gamma counter
after IP or IV injection at 24 h post injection (n = 5). (d) Quantitative ICP-MS analysis of
biodistribution of F-AuNSs in mice 24 h post particle delivery (n = 4). (e) Biodistribution and
clearance of F-AuNSs of major organs at 1-, 7-, 30-, 45- and 90-days post-delivery (n = 4). Here,
data were presented as mean + standard deviation. * indicates p < 0.05, ** indicates p < 0.01, ***
indicates p < 0.001, and ns indicates not significant.
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While some prior studies have demonstrated that the route of administration in vivo
controls the biodistribution of nanoparticles, 2% these studies have not shown a longitudinal time-
course study of the short-term and long-term impact of route of delivery of nanoparticles on
various tissues. Here, we have performed a correlative study combining PET imaging,
biodistribution analysis via gamma counts of ®*Cu radiolabeled F-AuNSs, and ICP-MS analysis of
gold in tissues to assess the biodistribution of F-AuNSs up to 90 days post-delivery. PET is a
useful clinical technique that provides depth-resolved whole-body images of the localization of
diagnostic and therapeutic agents and enables us to visualize the distribution of F-AuNSs in mice
within the first 24 h post-delivery as a function of route of administration. Here, healthy C57BL/6
mice were injected via either IP or IV with F-AuNSs at a dose of 0.04 mg/g mouse weight with
~800 UCi of %4Cu radioactivity. PET images acquired at 2 and 24 h post-injection showed that F-
AuUNSs when delivered via IP were retained within the peritoneal cavity and transport out of the
peritoneal cavity was slow at 2 h post-delivery, and showed a preferential accumulation in the
kidney at both time-point (Figure 4.3a,b). In contrast, mice that received F-AuNSs via IV
displayed immediate accumulation of nanoparticles in spleen, kidney, and liver at 2 h post-
injection followed by the continuous localization in these tissues over 24 h. Gamma counts of
harvested tissues at 24 h post injection quantified a significantly higher uptake of F-AuNSs within
the spleen, liver, and lungs when delivered via IV (Figure 4.3c). 1V delivery of F-AuNSs also
showed higher uptake in heart, brain, bone, and muscle (Figure A.19) demonstrating that this route
of administration was preferred for nanoparticle delivery to most organs. However, F-AuNSs
delivered via IP had higher uptake in the pancreas and stomach likely due to the proximity of these
organs to peritoneal cavity. Interestingly, there were no significant differences in the accumulation

of F-AuNSs in the kidney and intestine (Figure 4.3c and A.19) as a function of the route of
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administration. We further confirmed that the activity detected from gamma counts accurately
represented ®*Cu bound to F-AuNSs (not free ®*Cu) by comparing with quantitative ICP-MS
analysis of gold content in these organs retrieved 24 h post IP and IV delivery of F-AuNSs (Figure
4.3d and A.20a). The results were consistent with findings from gamma count biodistribution
suggesting that 8“Cu was appropriately chelated to F-AuNSs and supporting our hypothesis that
the route of systemic delivery had significant impact on tissue accumulation within the first 24 h
post injection.

Next, we assessed the long-term accumulation of F-AuNSs by determining the gold content
in various organs with ICP-MS retrieved at 1, 7, 30, 45 and 90 days after a single IP or IV injection
(Figure 4.3e and A.20b). Our results showed the maximum accumulation time-point of F-AuNSs
varied in different organs and both IP and IV delivery showed similar trends (except in the pancreas)
indicating the route of administration of F-AuNSs had minimal impact in the long-term distribution.
We observed in the spleen maximum accumulation of F-AuNSs occurred at 30 days followed by
rapid splenic clearance at 45 days and retention in spleen up to 90 days. In the liver, however,
maximum F-AuNSs was found at 45 days post-delivery followed by slow clearance up to 90 days.
Our results showed that (i) the conjugation of various ligands including PEG resulted in prolonged
circulation of F-AuNSs and ultimate accumulation in the MPS organs, and (ii) F-AuNSs were
cleared through the MPS via hepatobiliary excretion and not through recirculation into blood,
consistent with previous observations in the literature.?>®2%" Surprisingly, we found significant
accumulation of F-AuNSs in the kidney comparable to that in the liver despite the accepted belief
that NPs >10 nm are not taken up by kidneys. We hypothesized that F-AuNSs distribution in the
kidney was likely attributable to multiple factors. First, the densely packed PEG chains and well

functionalized surface of F-AuNSs reduced in vivo agglomeration improving stability and blood
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circulation that enabled entry and accumulation in the kidneys. Second, the ~95 nm size of F-
AUNSs resulted in the glomerular endothelial fenestrae filtration and promoted kidney
accumulation. This finding was consistent with literature findings that supported NPs undergoing
renal filtration must pass through: (1) glomerulus endothelium containing pores (fenestra) of 80 —
100 nm; (2) the negatively charged glomerular basement membrane with pores of 5 — 8 nm; and
(3) a slit diaphragm of podocytes with pores of around 15 nm.”*# We noted that F-AuNSs did
break down into smaller gold NPs in major organs (discussed in Figure 4.4 and 4.5) but elimination
through the glomeruli remained slow and thus kidney accumulation was observed even at 90 days.

Biodistribution of F-AuNSs in lung and heart showed higher accumulation when delivered
IV consistent with literature findings?® and had similar overall trends showing high gold content
within 24 h post-delivery when F-AuNSs were in active circulation followed by gradual decrease
in concentration. These findings supported our toxicity analysis (Figure 4.2 and A.16-A.18)
indicating F-AuNSs should have minimal lung toxicity and cause no adverse cardiovascular effects
critical to translation of these NPs. We also had a surprising observation that IP delivery of F-
AuUNSs resulted in a statistically significant high accumulation in the pancreas relative to 1V
delivery, which peaked at 30 day post-delivery and then slowly cleared. High distribution of NPs
in pancreas via IP administration likely arose from intraperitoneal circulation and uptake by tissue-
resident and peritoneal macrophages which honed to the pancreas. F-AuNSs also showed uptake
in the stomach, slightly higher via IP delivery, indicating they penetrated via the mucus layer and
were absorbed by gastrointestinal epithelial cells and stable enough to be retained against rapid
gastric emptying. High stomach content of gold may also be contributed by mice engaging in
coprophagia of excreted F-AuNSs. Additionally, brain, bone and muscles had minimal gold

content which decreased over time although at different rates (Figure A.20b). These results were
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expected as NPs >10 nm cannot pass through the blood brain barrier and had limited transvacular
transport through the small fenestrations in bone and muscle. Uptake of F-AuNSs in the intestines
could be through enterocytes in the upper small intestine or possibly through passive uptake during
cell turnover.?5%2%0 Qur in-depth biodistribution analysis has several implications that will guide
researchers in understanding the role of delivery route, NP shape, and surface characteristics in

directing tissue-specific entry.
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Figure 4.4 Representative TEM micrographs of spleen of mice taken (i) 7, (ii) 45 and (iii) 90 days
after the intraperitoneal injection of F-AuNSs. Here, M represents macrophage.
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Figure 4.5 (a) Representative TEM micrographs of spleen of mice taken (i) 7, (ii) 45 and (iii) 90
days after the intravenous injection of F-AuNSs.
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Quantification of surface area of F-AuNSs from TEM images. Here, day zero represents as-
synthesized F-AuNSs before they were delivered in mice. The TEM images used for surface area
calculation include that of spleen, liver and kidneys harvested 7, 45 and 90 days after (i) IP and (ii)
IV delivery of F-AuNSs. The error bars were calculated by counting surface area of >100 particles
per group from TEM images taken at the same magnification.

In addition to quantitatively measure of gold content in tissues, we examined the
morphology of F-AuNSs from 7 — 90 days in tissues to understand their long-term fate which
controlled their cellular exocytosis and clearance. Transmission electron micrographs (TEM) of
spleen of mice that received F-AuNSs (0.04 mg/g mouse weight) via IP (Figure 4.4 and A.21) and
IV (Figure 4.5a and A.22) showed for the first time the surprising breakdown of F-AuNSs in vivo
as early as 7 days post systemic delivery. The breakdown of F-AuNSs after IP delivery began
with breaking off of the nanostar protrusions which ultimately transformed into smaller spherical-
like nanostructures with fewer short branches (Figure 4.4 and A.21). The reshaping of F-AuNSs
from the star to spherical shape was expected given the higher thermodynamic stability of spherical
morphology, which suggested for a given size anisotropic non-spherical NPs will have a rapid
breakdown in vivo enabling faster clearance. F-AuNSs were primarily found in splenic
macrophages located in the endosome/lysosome indicating that F-AuNSs were endocytosed
consistent with literature findings for gold NPs.33¢>261 The morphological transformation of F-
AUNSs was likely catalyzed by the acidic and enzymatic degradation in endosomes or lysosomes.
F-AuNSs delivered via IV demonstrated similar shape deformation in splenic macrophages.
However, the degradation process started sometime after the 7-day time point (Figure 4.5a and
A.22) suggesting that F-AuNSs stayed in circulation longer when delivered via IV and had a slower
uptake by the spleen. We also investigated the morphological changes of F-AuNSs in the excised
liver and kidneys of mice. In the liver, independent of the route of delivery, F-AuNSs primarily

accumulated in Kupffer cells, the liver-resident macrophages, consistent with our previous
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findings® of AuNSs (Figure A.23 and A.24). The number of Kupffer cells and their corresponding
function vary in different zones of the hepatic lobules where Kupffer cells found in the periportal
zones have a higher phagocytic activity.?622%3 Whereas prior studies have indicated spherical gold
NPs are cleared via endothelial cells and hepatocytes of liver,?®” we did not observe F-AuNSs in
either of these cell types suggesting both shape and surface properties determined their in vivo fate
and ultimate exocytosis. Surprisingly, the breakdown of F-AuNSs in the liver was much slower
than the spleen suggesting Kupffer cells had a slower turnover than splenic macrophages. Similar
to liver, in the kidneys F-AuNSs showed slow breakdown independent of the route of
administration and gradually reshaped into sphere-like shapes between 7 — 45 days post-delivery
(Figure A.25 and A.26). F-AuNSs were primarily located in the glomeruli or interstitial cells
around the proximal convoluted tubules indicating intact F-AuNSs (~95 nm) permeated through
the 80 — 100 nm pores of the fenestrated glomerular endothelia but did not pass through pores of
glomerular basement membrane (5 — 8 nm) and slit diaphragm (~15 nm). A few non-clustered F-
AuNSs did transiently enter the mesangium at earlier time-points but retention over longer time-
scales was not observed due to lack of phagocytosis by mesangial cells. However, post-breakdown
smaller and broken F-AuNSs were found in interstitial cells (90 days time point, Figure A.25 and
A.26). These findings supported our ICP-MS results which clarified the long-term presence of F-
AuNSs in kidneys. To quantify the breakdown of F-AuNSs as a function of the route of
administration in the major organs, we measured the surface area of >100 particles in TEM images
at each time point (with ImagelJ) and compared that to as-prepared F-AuNSs before injection
(Figure 4.5b). Our results showed a dramatic decrease in surface area of F-AuNSs in spleen, liver,
and kidney independent of the route of delivery but the rate of F-AuNSs breakdown varied in each

tissue.
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Collectively, the biodistribution studies, morphological analysis, and quantitative measure
of surface area suggested that: (1) in vivo uptake and localization of F-AuNSs were controlled by
their cellular-level endocytosis and intracellular trafficking; (I1) in vivo stability, breakdown, and
ultimate reshaping were likely directed by F-AuNSs interaction with serum proteins and formation
of protein corona; and (I11) exocytosis and clearance of F-AuNSs were a function of the shape and
surface properties of the “broken” NPs that resulted from the degradation of F-AuNSs. To
understand the role of each of these critical parameters in the ultimate fate of F-AuNSs, we have
performed thorough in vitro mechanistic studies and Martini coarse-grained simulation that are

discussed further.
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Figure 4.6 Intracellular trafficking of F-AuNSs in vitro. (@) Internalization of F-AuNSs in (i)
RAW 264.7 and (ii) J774A.1 incubated with different inhibitors including monodansyl cadaverine
(200 pM, 10 min) for clathrin-mediated endocytosis, rottlerin (2 uM, 30 min) for macropinocytosis,
genistein (200 uM, 1 h) for caveolae-mediated endocytosis, cytochalasin B (10 pg/mL, 2 h) for
phagocytosis and 4 °C (1 h) for all energy-dependent uptake pathways, respectively. Cells without
F-AuNSs and without inhibitor are denoted as ‘Control’ (negative control) and incubated with only
F-AuNSs but without any inhibitors at 37 °C are marked as ‘F-AuNSs’ (positive control). Here,
data were presented as mean + standard deviation (n = 4 per group and N = 2 independent
experiments). * indicates p < 0.05, *** indicates p < 0.001, **** indicates p < 0.0001 vs. ‘F-
AuNSs’ (positive control). Colocalization of F-AuNSs with (b, c) early endosome shown as red
fluorescence for (i) 2, (ii) 4, (iii) 6 and (iv) 8 h, (d, e) late endosome shown as red fluorescence for
(1) 2, (i) 4, (iii) 6 and (iv) 8 h, and (f, g) lysosome shown as pseudo-colored red for (i) 4, (ii) 8,
(iii) 18 and (iv) 24 h in RAW 264.7 and J774A.1, respectively. The nucleus in each cell was
stained with DAPI (blue). Scale bar is 10 um. White arrows point to particles. (h) Total number
of F-AuNSs in 50 cells colocalized with early endosome, late endosome, and lysosome in (i) RAW
264.7 and (ii) J774A.1, respectively.

In vivo fate of NPs is ultimately controlled by their cellular-level endocytosis pathway,
which is broadly described into clathrin-mediated endocytosis, macropinocytosis, caveolae-
mediated endocytosis, and phagocytosis.?®42"  Briefly, (i) clathrin-mediated endocytosis
dominates most receptor-ligand binding and traffics NPs from endosomes to lysosomes through
clathrin-coated pits; (ii) macropinocytosis is a non-specific pathway and transports NPs to
macropinosomes; (iii) caveolae-mediated endocytosis translocates NPs to Golgi apparatus or
endoplasmic reticulum; and (iv) phagocytosis, the primary mechanism of engulfment by
macrophages and other phagocytes, is initiated after protein corona formation and opsonization of
NPs. Here, we assessed the uptake mechanism of F-AuNSs in two macrophage cell lines (RAW
264.7 and J774A.1) where cells were pre-incubated with different uptake inhibitors prior to
incubating with F-AuNSs. Monodansyl cadaverine blocked transglutaminase 2, an enzyme
required for receptor crosslinking in the region of clathrin-coated pits, and was used as an inhibitor
for clathrin-mediated endocytosis.?®®  Macropinocytosis was inhibited by rottlerin through

filamentous actin modification or blocking of ruffle formation.?®® Genistein blocked caveolae-
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mediated endocytosis by inhibiting a tyrosine kinase,?’® and cytochalasin B was used to inhibit
phagocytosis by disrupting actin polymerization.?’* Cells were also exposed to 4 °C but without
inhibitors to determine whether F-AuNSs uptake followed an energy-dependent process. MTT
cell viability assay indicated that inhibitors did not have toxic effect on cells at the concentrations
and incubation time used (Figure A.27). The uptake of F-AuNSs in the cells was then
quantitatively analyzed using flow cytometry after co-incubation with or without inhibitors.
Consistent with literature findings where gold NPs are primarily taken up by clathrin-mediated
pathway,?’? uptake of F-AuNSs was dominated by clathrin-mediated endocytosis in both cell lines
as well as followed energy-dependent internalization (Figure 4.6a). However, we found that other
pathways also contributed to F-AuNSs uptake in cells suggesting that unlike PEG coated NPs, the
characteristics of the surface ligands functionalized on F-AuNSs likely promoted their high in vitro
uptake via multiple intracellular pathways. We further investigated the longitudinal intracellular
trafficking of F-AuNSs in different cellular organelles including early endosomes, late-endosomes,
and lysosomes. Cells were incubated with F-AuNSs for 24 h followed by labeling with anti-EEA1
antibody and anti-RAB7 antibody for early and late endosome staining, respectively. F-AuNSs
co-localized with early endosome near the cellular membrane (Figure 4.6b,c) while with late
endosome F-AuNSs surrounded the nuclei (Figure 4.6d,e). Cells were also stained with a selective
lysosomal dye, BioTracker NIR 633, which revealed that colocalization of F-AuNSs with
lysosome primarily occurred around the perinuclear region suggesting that F-AuNSs were
eventually transported to lysosomes (Figure 4.6f,g). We also quantified the number of F-AuNSs
in 50 cells that were co-localized with each of these organelles in both macrophage cells lines as a
function of time (Figure 4.6h). Our longitudinal study revealed that F-AuNSs colocalized with

early endosomes within the first 4 h of incubation, then transported to late endosome occurred in
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the 6 — 12 h regime followed by migration to lysosomes which peaked at ~12 h post incubation
and remained steady till end of the study at 24 h. These compelling in vitro results supported our
in vivo findings where F-AuNSs were observed in endosomal/lysosomal compartments in splenic

macrophages and Kupffer cells in the liver.
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Figure 4.7 Proteomic study of surface protein corona. (a) B-AuNSs and F-AuNSs were treated
with 60% FBS for (i) 1, (ii) 24 and (iii) 48 h and the amount of FBS immobilized on the surface
of particles was determined by SDS-PAGE. (b) Quantification of band intensity. (c) Size and (d)
surface charge analysis of B-AuNSs and F-AuNSs after treatment with 60% FBS for 1, 24 and 48
h. (e) Classification of protein corona components identified by quantitative LC-MS/MS. A total
of 213 proteins were identified and the 112 most abundant proteins were used to make the heat
map. (f) Proteins attached to each particle were classified by category, molecular weight (kDa)
and pl. (g) Schematic representation of (i) B-AuNSs and (ii) F-AuNSs with FBS. Here, data were
presented as mean + standard deviation (n = 4).

It is well-established that proteins and other biomolecules in a biological milieu are readily
adsorbed on the particle surfaces, forming a coating layer that is known as protein corona (PC).
PC is currently recognized as the major factor in modulating particles’ physicochemical properties
and compromising their transport, targeting and cell uptake capabilities.?”*?™* Previous studies
have shown that the formation of PC on the particle surface can be regulated by modifying surface
functionalization, which can enhance the colloidal stability and prolong the circulation time in
blood by escaping from MPS clearance.??2223275 To confirm if the functionalization of AuNSs in
our present study can reduce serum protein absorption, we first incubated B-AuNSs and F-AuNSs
with 60% fetal bovine serum (FBS) for 1, 24 and 48 h at 37 °C followed by several centrifugation
and washing steps to completely remove unbound proteins. We used sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) visualized by silver staining to confirm that no
free proteins were detected in the supernatant at the last washing step (Figure A.28a-c). Proteins
adsorbed on particles were then loaded into SDS-PAGE (Figure 4.7a) and negatively-charged B-
AUNSs were found to adsorb a larger amount of protein than near neutrally-charged F-AuNSs,
which was reinforced by the quantification of band intensities (Figure 4.7b). These results
indicated that functionalization of AuNSs could reduce the interactions with serum proteins.
Additionally, significant amounts of proteins were attached to particle surfaces even at 1 h

suggesting that PC can be quickly formed. To further confirm the particle-protein interactions, the
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physical characterizations were investigated by measuring hydrodynamic size and zeta potential.
The treatment with FBS on B-AuNSs and F-AuNSs increased its size by ~105% and 30%,
respectively (Figure 4.7c and A.28d,e). An increase in particle size after treatment demonstrated
the large surface area adsorption of proteins on the particle surface. Zeta potential measurements
revealed that anionic B-AuNSs changed surface charge from ~ -35 to -15 upon incubation with
FBS, while F-AuNSs showed no significant differences after treatment confirming the decreased
particle-protein interactions after functionalization (Figure 4.7d). We then investigated the
composition of serum proteins adsorbed on each particle by using liquid chromatography tandem
mass spectrometry (LC-MS/MS). A total of 213 proteins were identified and the 112 most
abundant proteins were selected, plotted based on their normalized relative abundances on each
particle and then represented via a heat map (Figure 4.7e). The LC-MS/MS results also
demonstrated that F-AuNSs exhibited the lower tendency to be adsorbed by proteins. The
identified proteins were further classified according to the protein classification, molecular weight,
and isoelectric point (Figure 4.7f). It is noteworthy that F-AuNSs adsorbed significantly higher
acute phase proteins and lower coagulation proteins than those on B-AuNSs. These results
suggested that F-AuNSs can increase their blood circulation by decreasing the uptake from MPS
and further confirmed our previous biodistribution results that the concentration of gold in the
spleen and liver tended to rise over time to a maximum around 30 — 45 days. Additionally,
significantly amounts of cytoskeletal and extracellular matrix (ECM) proteins were adsorbed onto
F-AuNSs with respect to B-AuNSs. ECM proteins include fibrous proteins such as collagen and
elastin, and glycoproteins such as fibronectin and laminins. Collagen and fibronectin are major
components of ECM that regulate cell adhesion, proliferation, and migration. Previous literatures

have demonstrated that nanoparticles pre-adsorbed with ECM proteins can enhance cell adhesion
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and migration.?’® We therefore hypothesized that F-AuNSs would have more efficient intracellular
uptake and delivery compared to that of B-AuNSs. We further classified surface-bound proteins
according to their molecular weight (Figure 4.7f, middle panel). B-AuNSs with size of ~65 nm
presented a strong affinity of proteins with MW < 20 kDa. Our result was in agreement with
previous study on 40 nm AuNSs which showed a tendency toward interactions with low MW
proteins.’t We also observed a trend that F-AuNSs with a larger size (~95 nm) adsorbed a greater
fraction of proteins with higher molecular weight consistent with many other results in the
literature.??*  However, proteins with MW < 80 kDa contributed to 75 — 80% of the adsorbed
proteins for both B-AuNSs and F-AuNSs. Lastly, classification of proteins based on isoelectric
point (pl) showed that 58% and 74% of surface-bound proteins on B-AuNSs and F-AuNSs,
respectively, had a negative charge where pl is <7 (Figure 4.7f, right panel). Both types of particles
adsorbed mainly proteins with a pl between 6 and 7 (36% for B-AuNSs and 45% for F-AuNSsS).
However, B-AuNSs adsorbed ~three-fold proteins with a pl between 7 and 9 compared to F-
AUNSs (37% vs. 13%), whereas F-AuNSs adsorbed ~three-fold proteins with a pl between 9 and
10 relative to B-AuNSs (13% vs. 5%). These results demonstrated that anionic B-AuNSs
preferentially bound positively charged proteins, whereas near-neutral charged F-AuNSs were
mainly adsorbed by negatively charged proteins. We hypothesized that protein absorption on
particles was most likely driven by electrostatic interactions. All of the above results indicated
that B-AuNSs had a greater tendency to be adsorbed by proteins relative to F-AuNSs (Figure 4.79).
Even though the overall protein adsorption was hindered by the functionalization of particles, PC
cannot be fully suppressed, and a certain amount of serum proteins did adsorb on the surface of F-
AuUNSs. However, these adsorbed proteins on F-AuNSs extended particles’ blood circulation and

promoted intracellular uptake, consistent with our above long-term biodistribution results.
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Figure 4.8 Effect of nanoparticle shape and size on exocytosis. (a) Snapshots of translocation of
AuNPs (volume =~ 35 nm®) with varying shapes across the model DPPC lipid membranes for
cellular exocytosis. The interaction force between (b) large- (volume = 35 nm?3) or (c) small-sized
(volume = 4.5 nm?®) AuNPs with different shapes and membranes composed of DPPC lipid as a
function of time.

Our previous studies have shown that F-AuNSs were degraded within cells before
exocytosis (Figure 4.4, 4.5a and A.21-A.26). In vivo clearance of F-AuNSs was ultimately
controlled by the physicochemical properties of the broken gold NPs (AuNPs), such as shape, size,
and surface charge. To understand the translocation process of AuNPs, we have simulated the
interaction between the AuNP and a lipid bilayer using the Martini coarse-grained (CG) method.
Martini CG is one of the most common CG methods for studying membrane systems due to its

easy-to-use building block principle. The Martini model is based on a four-to-one mapping
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indicating that on average four heavy atoms and associated hydrogens are represented by one CG
bead.?®> Nonbonded interactions between neutral beads of Martini are solely described by
Lennard-Jones potentials, while charged beads also include Coulombic interactions.?’”” The
interaction strength of the Lennard-Jones potential allows for discrimination between different
levels of polarity of the CG beads. This model features four main types of CG bead: polar (P),
intermediately polar (N), nonpolar (C) and charged (Q).?”” By decreasing the degree of freedom
of the system through atom grouping, the Martini CG model can be used to explore the interaction
between AuNPs and the membrane at a longer simulation period in line with physiological
phenomena.?’® We first evaluated the effect of shape on the translocation behavior of AuNPs.
Four different shapes with equivalent volume (~ 35 nm?) were included in the simulation, namely
sphere, cylinder, cone and tetrahedron (Figure A.29, top row), as similar shapes were found in our
previous TEM images (Figure 4.4, 4.5a and A.21-A.26). The model lipid membrane was
composed of zwitterionic dipalmitoylphosphatidylcholine (DPPC), which represented the
phospholipids in living cell membranes and had been employed in previous simulation studies.?”®-
281 To observe the exit patterns of NPs, an external force was applied to the center of mass of
particle in the z direction. The representative snapshots of each shape are shown in Figure 4.8a.
After contacting with AuNPs, the lipid bilayer protruded outward to accommodate the penetration
and subsequently bended around the AuNPs. It is noteworthy that isotropic AuNPs (e.g., sphere)
showed no orientational dependence, while anisotropic AuNPs (e.g., cylinder, cone and tetrahedral)
reoriented with a flat side toward the membrane upon increased wrapping until the long axis was
perpendicular to the membrane (Figure 4.8a and A.30). This reorientation was expected as less
membrane deformation was induced and thus thermodynamically favorable, and has been reported

previously.?82283 The interaction force between the AUNP and membrane indicated that cylindrical
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AUNPs were cleared faster compared to spherical ones followed by cones and tetrahedrons (Figure
4.8b). This result was expected as the locally flat part of cylindrical AuNPs rendered them to
adhere to the membrane with small adhesion strengths in contrast to spheres.?®? The anisotropic
structures examined all have flat faces but different surface areas. The surface area of each flat
face in cylinder, cone and tetrahedron is 4.5, 12.5 and 13.0 nm?, respectively. The increased
translocation time of cone and tetrahedron compared to cylinder was likely due to the increased
adhesion, bending and tension of membrane upon interaction with a larger flat face, consistent
with previous observations in the literature.?8#2>  Next, we studied the effect of size on the
translocation behavior of AuNPs (Figure 4.8c). By comparing the maximum force between large-
and small-sized AuNPs (600 vs. 400 kJ/mol/nm), we noticed that decreasing size generally
decreased the physical difficulties for the AuNPs to translocate across the lipid membrane. This
finding was not surprising as small-sized (~4.5 nm®) AuNPs were able to roam freely through a
pore and did not interact much with membrane, consistent with many other studies in the
literature.?8%28” Further, before small-sized AUNPs penetrated the inner membrane, the curves of
four different shapes were similar to each other, indicating that effect of shape was not significant
during this period of time. Once small-sized AuNPs entered the lipid bilayer, the shape affected
the reorientation of AuNPs and membrane deformation, which ultimately led to different
translocation behaviors. In our simulation, cylindrical AuNPs exited membrane faster than

tetrahedrons followed by spheres and cones.
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Figure 4.9 Effect of nanoparticle surface charge and lipid composition on exocytosis. (a)
Snapshots of translocation of neutral (top row) or negatively-charged (bottom row) AuNPS across
the model cell membranes composed of DPPC lipids for cellular exocytosis. (b) The interaction
force between the neutral or negatively-charged AuNPs and DPPC membranes as a function of
time. (c) Snapshots of translocation of neutral-charged AuNPs across the cell membranes
composed of DPPC (top row) or DOPC (bottom row) lipids. (d) The interaction force between
the neutral-charged AuNPs and membranes composed of DPPC or DOPC as a function of time.

The breakdown of intact and functionalized F-AuNSs not only generated particles with
varying shape and size, but also affected their surface properties, especially the surface charge of
AUNPs. In our previous results, F-AuNSs showed a near-neutral surface charge, while bare AUNSs
were negatively charged (Figure 4.1e). To evaluate the effect of AuNP surface charge, we
performed simulations of 35 nm?3 cylindrical AuNPs featuring neutral and anionic surface charges.
The negatively-charged AuNPs were constructed by an inert gold core and an anionic gold shell.

The snapshots showed that both neutral and anionic AuNPs proceeded through a laying-down-
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then-standing-up sequence (Figure 4.9a). But a small neck was created when the long axis of
anionic NP was perpendicular to the membrane (t = 176 ns). Subsequently, a defect in the neck
was created (t = 190 ns) resulting in the separation of the bent membrane covered around the
anionic AuNPs from the main vesicle. Shortly afterwards, the membrane rupture was healed, and
two membranes started to separate (t = 200 ns). In contrast to the anionic AuNPs, neutral AuNPs
bypassed the bilayer directly without forming a membrane-bound vesicle. Further, the anionic
AuNPs showed higher interaction force with the membrane (e.g., 750 vs. 600 kJ/mol/nm for the
anionic and neutral AuNPs, respectively) and slower translocation compared to the neutral AUNPs
(Figure 4.9b), consistent with previous literature findings.?®2%” This result was expected as the
anionic AuNPs had low membrane adhesion and thus was energetically less favorable. In addition
to surface charge evaluation, we further examined the effect of lipid type in the simulation. This
study is important as it is well-known that different tissues exhibit specific lipid compositions,
which could potentially explain our previous results that the breakdown and clearance of AuNPs
in the liver was much slower than the spleen. Here, we compared the translocation of neutral-
charged cone-shaped AuNPs (35 nm®) across the membrane composed of either DPPC or
dioleoylphosphatidylcholine (DOPC). The zwitterionic DOPC lipid has slightly higher molecular
weight compared to DPPC and contains two double bonds on the fatty acid lipid tails (Figure A.31).
The snapshots and interaction force (Figure 4.9¢,d) both demonstrated that the AuNPs translocated
the DOPC membrane slower than that of DPPC. We hypothesized that the soft DOPC rendered
longer time for the long axis of AuNPs to orientate from the parallel to perpendicular direction.
Further, the maximum interaction force between the AuNPs and DOPC was lower compared to
that of DPPC (e.g., 500 vs. 600 kJ/mol/nm). These results indicated that the stiffness of membrane

had a significant impact on the AuNP translocation. Collectively, our simulations demonstrated
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that the exocytosis of AUNPs depended on the physicochemical properties of AuNPs and the lipid

composition of membrane.

4.5 Conclusions

In summary, this work addresses a critical need in evaluating toxicity and ultimate fate of
F-AuNSs. Here, we performed the long-term (90 days) toxicity studies by evaluating in vitro
viability and cell cycle studies and in vivo inflammatory responses and histopathological changes.
Our findings demonstrated high biocompatibility of F-AuNSs both in vitro and in vivo. We also
evaluated the untargeted biodistribution of F-AuNSs through (a) PET imaging, (b) gamma counts
of ®*Cu radiolabeled F-AuNSs, (c) TEM and (d) ICP-MS analysis of gold in tissues as a function
of delivery route and period of time. Primarily we showed that the delivery route greatly affected
the F-AuNS accumulation in tissues within the first 24 h post injection and confirmed the long-
term presence (90 days) of F-AuNSs in tissues. Further, we assessed the impact of cellular uptake
and protein corona effect on the breakdown of F-AuNSs within tissues. We found that clathrin-
mediated endocytosis was a major pathway for F-AuNSs uptake, but other pathways also
contributed, indicating that the degradation of F-AuNSs was likely due to acidic environments in
endosomes or lysosomes. Additionally, F-AuNSs were able to significantly reduce protein
adsorption compared to bare AuNSs, implying the importance of physicochemical properties on
minimizing the protein corona effect. Finally, the breakdown of F-AuNSs indicated that
exocytosis of F-AuNSs was a function of the shape, size, and surface properties of the broken
AuNPs. Our Martini coarse-grained simulations suggested that both physicochemical properties
of AuNPs and the lipid composition of membrane affected the clearance. Whereas this work

demonstrated the in vivo studies in mice, our future work focuses on the utility of large animals to
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understand the toxicity and ultimate fate of NPs. We envision that this study will provide a great
guidance for researchers to determine aspects needed to be considered when evaluating the

biocompatibility of NPs.
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Chapter 5

CONCLUSIONS AND FUTURE OUTLOOKS

5.1 Conclusions

With the emergence of advanced molecular profiling approaches, the heterogeneous
landscape of various diseases can now be accurately measured revealing that the “one-size fits all”
approach to treatment is ineffective in understanding the complex pathophysiology of diseases.
Personalized medicine driven by each patient’s unique molecular, physiological, and behavioral
characteristics has led to a paradigm shift. Yet, the biggest bottleneck to personalized medicine is
the accurate and rapid detection of targeted biomarkers that represent each disease model.
Biomarker screening can accelerate clinical decisions and improve therapeutic outcomes by a
priori predicting patients who will respond to treatment and those who will require alternative
therapies. This dissertation describes the development of novel biomarker detection platforms,
which were designed to revolutionize the accessibility of personalized medicine.

In chapter 2, we performed label-free RS to probe metabolic reprograming in breast cancer
cells and evaluated treatment response to potent and clinically approved SMIs by examining
alterations in metabolites. Our findings demonstrated that RS combined with multivariate analysis
presented a powerful platform with tremendous clinical significance differentiating BC cells that
were responsive to SMIs as a function of dosage, drug type, and cell type. Findings with RS were
verified with MS, a workhorse in metabolomics, by examining various oncometabolites. Primarily
we showed that triple-negative MDA-MB-231 BC cells were responsive to Trametinib, an
inhibitor of the ERK pathway, and nonresponsive to Alpelisib, an inhibitor of the mTOR pathway,
supported by a collective change in DNA, membrane phospholipids, amino acids, lipids, and fatty

acids. We also demonstrated that ER-positive MCF-7 BC cells were resistant to Trametinib with
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minimal changes in metabolites and no classification among treatment groups as seen in PCA.
Our results suggested that these oncometabolites represented an important hallmark of cancer that
can be targeted to both treat cancer and understand resistance mechanisms.

In chapter 3, we presented an innovative biodiagnostic platform, PRADA, demonstrating
multiplexed detection of two biomarkers of myocardial infarction, cTnl and NPY, in a simple
microfluidic device. We achieved an LOD of 0.0055 and 0.12 ng/mL for cTnl and NPY in patient
serum, respectively. We showed that PRADA can be regenerated and reused where the same
microfluidic chip can be recycled for ~14 cycles with minimal signal loss between cycles.
Reusability of PRADA also allowed to archive samples for future bioanalysis. Finally, we
validated the clinical significance of PRADA by evaluating cTnl in cardiac patient serum of
various demographics and achieved an LOQ of > 0.03 ng/mL at 10% CV which was higher than
many troponin immunoassays published in the literature, and comparable to commercial assays.
We envision low-cost PRADA will have tremendous translational impact and amenable to
resource-limited settings for accurate treatment planning in patients.

In chapter 4, we evaluated the long-term (90 days) toxicity and ultimate fate of F-AuNSs.
By examining in vitro viability and cell cycle studies and in vivo inflammatory responses and
histopathological changes, we demonstrated high biocompatibility of F-AuNSs both in vitro and
in vivo. We also performed the untargeted biodistribution of F-AuNSs through (a) PET imaging,
(b) gamma counts of %Cu radiolabeled F-AuNSs, (c) TEM and (d) ICP-MS analysis of gold in
tissues as a function of delivery route and period of time. Primarily we showed that the delivery
route greatly affected the F-AuNS accumulation in tissues within the first 24 h post injection and
confirmed the long-term presence (90 days) of F-AuNSs in tissues. Further, we assessed the

impact of cellular uptake and protein corona effect on the breakdown of F-AuNSs within tissues.
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We found that clathrin-mediated endocytosis was a major pathway for F-AuNSs uptake, but other
pathways also contributed, indicating that the degradation of F-AuNSs was likely due to acidic
environments in endosomes or lysosomes. Additionally, F-AuNSs were able to significantly
reduce protein adsorption compared to bare AuNSs, implying the importance of physicochemical
properties on minimizing the protein corona effect. Finally, the breakdown of F-AuNSs indicated
that exocytosis was a function of the shape, size, and surface properties of the broken AuNPs. Our
Martini coarse-grained simulations suggested that both physicochemical properties of AuNPs and
the lipid composition of membrane affected the clearance. This in-depth study highlights the
tremendous translational potential of F-AuNSs and provides a great guidance for researchers to

determine aspects needed to be considered when evaluating the biocompatibility of NPs.

5.2 Future Outlooks

Significant future work is motivated and promised by the results presented in this
dissertation. In chapter 2, we demonstrated the utility of RS to explore metabolic alterations in
two-dimensional (2D) tumor cells. Two-dimensional culture plays a vital role in the biomedical
research but has many limitations. The main limitation is that 2D cultures grown as a monolayer
on flat and rigid surfaces do not adequately take into account the actual microenvironments
harbored within a tumor including interactions between cells and extracellular matrix (ECM).?&
Three-dimensional (3D) cultures have gained tremendous attention due to their evident advantages
in providing more accurate depiction of physiological conditions and more predictive data for in
vivo studies.?®® The additional dimensionality of 3D cultures induces physical constraints to cells
and affects the spatial interactions with surrounding cells. Through affecting the signal

transduction from the outside to inside of cells, genetic expression and cellular behaviors are
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ultimately changed in 3D cultures. Further, PCA was applied to differentiate different treatment
groups in this work. PCA is a well-established method for dimensionality reduction of datasets
but minimizes information loss.?®* Despite attractive features associated with PCA, the covariance
matrix is difficult to be evaluated in an accurate manner with large datasets.?®> Computing the
covariance of large datasets is also expensive, which requires O(nd?) operations when
diagonalizing the covariance matrix of n vectors in a space of d dimensions where n and d could
be several thousands. Deep learning algorithms which extract complicated data features at high
levels of confidence through a hierarchical learning process are promising alternatives.?%?
Extensive studies have shown that deep learning algorithms are superior when dealing with
learning from large unsupervised datasets in a greedy layer-wise fashion?®® and thus have great
potentials to be utilized in recognizing cellular drug responses upon treatment. Finally, we
employed RS to identify metabolic changes. However, Raman signals are intrinsically weak that
may result in low signal to noise ratios and increase difficulties in data analysis.** SERS that
exploits the metallic NPs to enhance Raman signals at least 9 — 10 orders of magnitude is a
powerful tool providing sensitive, selective and non-destructive information.*® Therefore, looking
into the future, the potential of RS in cancer research can be further exploited. The Raman
fingerprints nondestructively revealing metabolic profiles in 3D organoids or in vivo models can
uncover the molecular basis of the disease and enable rapid drug screening ensuring the most
effective treatment is provided at the earliest time point. Specifically, we envision that in the near
future, hyperspectral Raman images will be decomposed into several images showing the spatial
distribution and abundance of biomolecules in cells and tissues, which will play vital roles in
medicine, ranging from 3D mapping of small molecules in cells to studying diseases in tissues

(computational histology). Advances in deep learning algorithms can decompose the overall
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spectrum within each pixel into the signatures of different molecules and accelerate spectral
processing and data interpretation, especially in a large and high-dimensional clinical dataset.
Further, significant improvements in fiber optics, detectors and handheld spectrometer would also
help RS accessible for clinical translation. Therefore, we anticipate that RS will continue to
receive attention in future as a promising tool to assess metabolomics.

In chapter 3, we demonstrated the use of PRADA for simultaneous detection of two
biomarkers through SERS in a simple microfluidic platform. The future work will focus on the
detection of >10 biomarkers in biofluids. To achieve this goal, a quantitative method for selecting
Raman tags that have minimal prominent peak overlapping needs to be developed. Evaluating the
overlap of Raman tags using a correlation matrix calculated from SERS spectra is a great way to
first screen and select potential candidates. Deep learning algorithms are then applied to determine
the optimal ratio of each Raman tag that can achieve minimal signal overlapping. Further,
detecting multiple biomarkers requires a more sophisticated microfluidic design incorporating an
efficient mixing system, as poor mixing results in the formation and inhomogeneity of the hot spot
distribution on the magnetic beads and then leads to site-dependent results. Lastly, we validated
PRADA with limited patient samples. However, most commercially available assays examine
>1000 patients to establish their quantification.?!’ The LOQ of PRADA will significantly improve
in a future cohort study where more patient samples will be collected to exemplify the translational
impact of this platform. Even though there is still much work to be done before PRADA can be
commercialized and implemented in practice, this platform holds a high potential for on-field and
cost-effective applications. The footprint and the costs of PRADA can be substantially reduced
thanks to the continuous development of miniaturized and fiber-based Raman apparatus. Further,

moving from small-scale and clean-room based fabrication towards large-scale or in situ synthesis
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of reliable substrates will promote a wide range of applications of this platform. Bulky syringe
pumps could also be replaced with small units or by self-acting capillary forces. Additionally, the
combination of SERS with microfluidic devices yields more reproducible results for the
guantitative measurement of analytes at the low concentrations, which is a crucial breakthrough
for SERS because it overcomes the difficulties related to the experimental conditions, such as the
degree of aggregation, the different sizes of metal colloids, and inhomogeneous distributions of
molecules on the metal surface. With extensive and on-going efforts, more techniques will
promote the development of this area. We believe that the interests in applying SERS combining
lab-on-a-chip technique in diagnosis will be constantly growing in the near future.

The unique characteristics of AuNPs have rendered them to be used in a variety of
applications. However, these unique features are postulated to be the major contributors for NP-
induced toxicity which arises from the complicated interplay between particle characteristics (e.g.,
shape, size, charge and surface property), the route of administration and biological environment.
In chapter 4, we examined the toxicity, untargeted biodistribution and ultimate fate of
functionalized AuNSs in mice. The mouse model has long served as the preferred species for
biomedical applications due to their small size, ease of maintenance, relatively short life span and
well-characterized genotypes.?®* Although mouse studies provide invaluable information about
the biodistribution and toxicity of nanoparticles, results obtained in mice may have limited
translatability to human physiology. Large animals serve as a good alternative because of their
better anatomical, physiological and genetic similarity to humans and allowance of repeated
sampling from the same animal.?® To meet the regulatory requirements, currently the wealth of
toxicity studies of NPs have been conducted in the field. However, we must treat and compare

toxicity results from different studies with caution because of the inherent discrepancies found
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amongst toxicity study with respect to different NP formulations. Therefore, a unifying protocol
for the toxicological profiling of NPs is inevitably needed in order to achieve reliable outcomes

that have realistic implications for the human usage of NPs.
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APPENDIX
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Figure A.1 Representative Raman spatial maps of untreated MDA-MB-231 cells and those treated
with MEKi (Trametinib, 50 nM) shown at 719 cm™ (phosphatidylcholine), 782 cm™ (DNA), 830
cm (tyrosine), 875 cm™ (sphingomyelin), 1000 cm™ (phenylalanine) and 1310 cm™ (lipids and
fatty acids). The corresponding spectra and quantification of these peaks before and after treatment
were shown in Figure 2.2a,c in the main text. Raman intensity decreased post-treatment at 719,
782, 1000, and 1310 cm?, but increased post-treatment at 830, and 875 cm™.
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Figure A.2 Examples of individual spectrum for the Raman map acquired from each MDA-MB-
231 cell. (a) Representative raw Raman spectra. (b) The raw spectra were smoothed (Savitzsky-
Golay, fifth-order polynomial, 47 points). (c) The spectra were then baseline corrected (11th-order
polynomial, 0.0001 threshold). (d) The spectra after smoothing and baseline correction.
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Figure A.3 MDA-MB-231 cells treated with Trametinib and probed with RS. Selective Raman
peaks that decreased with treatment including phosphatidylserine (787 cm®), proteins and amino
acids (935 cm™), DNA (1094 and 1575 cm™) and phenylalanine (1582 cm™). Selective Raman
peak that increased after treatment including tyrosine (1163 cm™). Here, ** indicates p <0.01 and
**** indicates p <0.0001 determined by student’s t-test.
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Figure A.4 PC loading of MDA-MB-231 cells treated with various concentrations of Trametinib
(1, 50 and 300 nM) relative to untreated cells. The corresponding PC scatter plot is shown in
Figure 2.3b. The features in both PC1 and PC2 generally correlated well to the PC loading shown
in Figure 2.2e that is the simplest case only comparing untreated cells to those treated with
Trametinib at its working concentration (50 nM).
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Figure A.5 Ratiometric analysis of metabolites by examining changes in Raman footprint when
MDA-MB-231 cells were treated with various concentrations of Trametinib (1, 50 and 300 nM)
compared with untreated cells. Several metabolites decreased and some increased post-treatment.
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Figure A.6 MDA-MB-231 cells treated with Alpelisib and interrogated with RS. (a) Mean
normalized Raman spectra of untreated MDA-MB-231 cells and those treated with various
concentrations (0.5, 1 and 10 uM) of PI3Ki (Alpelisib). Spectra were normalized to 1440 cm™
biological peak. (b) PC loading of MDA-MB-231 cells treated with various concentrations of
Alpelisib relative to untreated cells. The corresponding PC scatter plot is shown in Figure 2.4a.
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Figure A.7 RS distinguishing responders from nonresponders as a function of drug type. (a)
Mean normalized Raman spectra of untreated MDA-MB-231 cells and those treated with MEKIi
(Trametinib) or PI3Ki (Alpelisib). Spectra were normalized to 1440 cm™ biological peak. (b) PC
loading of MDA-MB-231 cells treated with MEKi (Trametinib) or PI3Ki (Alpelisib) relative to
untreated cells. The corresponding PC scatter plot is shown in Figure 2.4b.
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Figure A.8 Comparison of MDA-MB-231 cells treated with mono- or combination therapy. (a)
Mean normalized Raman spectra of untreated cells (black) and cells treated with PI13Ki (Alpelisib,
1 uM, blue), MEKi (Trametinib, 50 nM, red), and combination treatment (1 uM PI3Ki + 50 nM
MEKIi, cyan). Spectra were normalized to 1440 cm™ biological peak. (b) Corresponding PCA
scatter plot. Clear clustering of cells was observed for cells that were responsive to treatment vs.
nonresponsive. (c) PC loading of (b). (d) Cell viability assay comparing cells treated with PI13Ki
(Alpelisib) at various concentrations, relative to combination treatment where the concentration of
Trametinib was kept constant at 50 nM and that of Alpelisib was varied (10, 100 and 500 nM, n =
4 for each concentration). Cell viability was measured by a plate reader at 540 nm. All data were
presented as mean + standard deviation.

We investigated the impact of combinatorial treatment combining MEKi (Trametinib) and

PI3Ki (Alpelisib) due to the strong evidence of convergence and crosstalk between the
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PIBK/AKT/mTOR and Ras/Raf/MEK/ERK pathways that control oncogenic signaling.2%:2%
Numerous clinical trials (NCT01347866, NCT01337765, NCT01390818, etc.) are currently
underway to investigate the feasibility and efficacy of MEK and PI3K dual inhibition. We
observed that the responders were differentiated from nonresponders in PCA where the cells
treated with combination treatment clustered with those treated with Trametinib alone. The cells
in the combination treatment groups did not differentiate from the monotherapy group. These
observations implied that further experiments would be necessary with RS and MS to explore the
complex changes in metabolic pathways after combination treatment. Further, PCA may not be
sufficient in assessing results from combination treatments, and more advanced machine learning

algorithms may be necessary.6°
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Figure A.9 Examples of individual spectrum for the Raman map acquired from each MCF-7 cell.
(a) Representative raw Raman spectra. (b) The raw spectra were smoothed (Savitzsky-Golay,
fifth-order polynomial, 47 points). (c) The spectra were then baseline corrected (11th-order
polynomial, 0.0001 threshold). (d) The spectra after smoothing and baseline correction.
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Figure A.10 PC loading of MCF-7 cells treated with various concentrations of MEKi (Trametinib)
relative to untreated cells. The corresponding PC scatter plot is shown in Figure 2.6b.

Figure A.l1 Concentration-dependent SEM micrographs showing the complete
immunocomplexes with magnetic bead capture probes + antigens + peptide coated AUNS-SERS
barcode detection probes. Images are shown at (a) low (1 ng/mL), (b) medium (50 ng/mL), and
(c) high (3000 ng/mL) concentration of cTnl. Scale bar is 200 nm ina—c.
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IDEAL NON-IDEAL
Monolayer magnetic beads and Multilayer magnetic beads and aggregated nanostars
uniform nanostars distribution

1~

Figure A.12 Raman images, and SEM micrographs to showcase the (a,b) ideal conditions and (c-
) non-ideal conditions to perform PRADA. (a,b) PRADA was optimized to consistently generate
ideal conditions with monolayers of magnetic beads and uniform distribution of nanostars resulting
in highly reproducible results (also see Figure 3.3c-e). SERS measurements were not performed
if prepared samples were non-ideal to minimize hot-spots and irreproducible results. Non-ideal
conditions include (c,d) multilayers of magnetic beads and (e,f) non-uniform aggregated nanostars
on beads. Scale bar is 20 um in (a) and (c), 10 um in (b) and (d), and 1 pm in (e) and (f).

Table A.1 Fitting parameters for the sensitivity curve of cTnl and NPY.

cTnl NPY
X0 5.495 x 10%* 2.884 x 10'6
Yo 402.7 861.5
a 1.766 x 108 2.483 x 108
b 0.122 0.222
R? 0.995 0.996

The sensitivity curve of cTnl and NPY in the quantification region was fitted using the 4PL
function given below.

y=Yot
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Table A.2 Calculations for limit of detection (LOD) of cTnl and NPY.

cTnl NPY
Meanbiank 796.82 766.29
SDblank 95.77 97.72
LOB = Meanplank + 1.645 (SDblank) 954.37 927.05
SDiowest concentration sample 224.04 171.42
LOD (Intensity, CpS) =LOB + 1.645 (SDIowest concentration sample) 1322.92 1209.02
LOD (Concentration, ng/mL) 0.0055 0.12

Figure A.13 SERS spectra of cTnl detection for 11 different patient samples using PRADA. All
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other patient information is shown in Figure 3.6a.

Table A.3 Passing-Bablok regression analysis of cTnl detection for the 11 patient samples.

Regression equation

[y =-0.01134 + 0.9601 x x

Systematic differences

Intercept A -0.01134

95% ClI -0.02534 t0 0.01475

Proportional differences

Slope B 0.9601

95% ClI 0.8850 to 1.0777

Linear model validity No significant deviation from linearity (P = 1.00)

125




Table A.4 Comparison of analytical sensitivity parameters at 10% coefficient variation of
PRADA and other cardiac troponin immunoassays recently published in the literature, and
commercially available. SPR, Surface Plasmon Resonance; LSPR, Localized Surface Plasmon
Resonance; SERS, Surface Enhanced Raman Spectroscopy; CV, Cyclic voltammetry; EIS,
electrochemical impedance spectroscopy; ELISA, Enzyme-linked Immunosorbent Assay.

Platform LOD LOQ Multiplexing Ref./Manufacturer
(ng/mL) (ng/mL)
SPR 0.50 N/A No Ref.2%
LSPR 0.035 N/A No Ref.193
SERS 0.034 N/A No Ref.2%
CVIEIS 0.024 N/A No Ref.3%
CVv 0.024 N/A No Ref.%’
PRADA 0.0055 0.032 Yes This work
ELISA 0.1 N/A No ThermoFisher3®
Luminex 0.069 N/A Yes MilliporeSigma3®?
ARCHITECT STAT 0.010 0.050 No Abbott?1
ELECSYS 0.0050 0.012 No Roche3®
ADVIA Centaur 0.0022 0.0027 No Siemens®®
AlA 0.0021 0.031 No Tosoh Bioscience®%®
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Figure A.14 Stability and shelf-life of F-AuNSs.

dispersed in (i) water, (ii) PBS, (iii) media and (iv) media supplemented with serum.
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Aliquots of concentrated F-AuNSs were

(a)

Normalized extinction and (b) FWHM were measured every three days over 90 days. F-AuNSs
were stored at 4 °C between measurements. All data were presented as mean + standard deviation
(n=3). Asobserved, the successful functionalization with stable ligands resulted in high stability
of F-AuNSs for three months.
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Figure A.15 Toxicity evaluation of F-AuNSs in vitro. (a) MTT cell viability assay of (i) RAW
264.7 and (ii) J774A.1 cells incubated for 24 h with F-AuNSs at 0 — 350 pg/mL concentrations (n
= 5 per concentration and N = 3 independent experiments). Cell viability was measured at 540
nm. All data were presented as mean * standard deviation. (b) Cell cycle analysis of (i) RAW
264.7 and (ii) J774A.1 cells upon incubation with F-AuNSs (100 pg/mL) for 24 h. No significant
changes were observed in the different cell cycle phases compared to control cells that did not
receive F-AuNSs in both macrophage cell lines. All data were presented as mean * standard
deviation (n = 6 per group and N = 3 independent experiments).
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Figure A.16 Toxicity evaluation of F-AuNSs in vivo. Serum inflammatory markers and complete
blood count of mice that received F-AuNSs intraperitoneally (IP) and intravenously (IV) were
compared to control mice which received PBS. (a) Short-term measurements include 1- and 7-
days post-delivery. (b) Long-term measurements include 30-, 45- and 90-days post-injection.
Independent of the route of delivery, no significant abnormalities in hepatic, renal and
hematological functions were observed, indicating F-AuNSs had high biocompatibility and
minimal toxicity. Data were presented as mean * standard deviation (n = 4).
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Figure A.17 H&E stain of major organs post IP delivery of F-AuNSs in healthy C57BL/6 mice.
Spleen, liver, heart, kidney, and lung of mice were retrieved to evaluate toxicity of F-AuNSs.
Histological evaluation of tissues showed minimal toxicity by F-AuNSs up to 90 days post IP
administration. Here, “No F-AuNSs” control group represents organs of mice that received PBS

only. Histology was performed on n = 3 mice.
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Figure A.18 H&E stain of major organs post IV delivery of F-AuNSs in healthy C57BL/6 mice.
Spleen, liver, heart, kidney, and lung of mice were retrieved to evaluate toxicity of F-AuNSs.
Histological evaluation of tissues showed minimal toxicity by F-AuNSs up to 90 days post 1V
administration. Here, “No F-AuNSs” control group represents organs of mice that received PBS
only. Histology was performed on n = 3 mice.
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Figure A.19 of F-AuNSs obtained with Cu gamma counts of organs harvested 24 h after either
IP or IV delivery of F-AuNSs (n = 5). Here, ** indicates p < 0.01, *** indicates p < 0.001, and
ns indicates not significant.
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Figure A.20 (a) Quantitative ICP-MS analysis of biodistribution of F-AuNSs in mice 24 h post
particle delivery (n = 4) showing Au content in mice tissues. (b) Biodistribution and clearance of
F-AuNSs of major organs at 1-, 7-, 30-, 45- and 90-days post-delivery (n = 4). Here, data were
presented as mean + standard deviation. * indicates p < 0.05, **** indicates p < 0.0001, and ns
indicates not significant.
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Figure A.21 Representative TEM micrographs of spleen harvested from mice (i) 7, (ii) 45 and
(iii) 90 days after IP delivery of F-AuNSs. Here, M represents splenic macrophages.
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Figure A.22 Representative TEM micrographs of spleen harvested from mice (i) 7, (ii) 45 and
(iii) 90 days after 1V delivery of F-AuNSs. Here, M represents splenic macrophages.
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Figure A.23 Representative TEM micrographs of liver harvested from mice (i) 7, (ii) 45 and (iii)
90 days after IP delivery of F-AuNSs. KC represents Kupffer cells.
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Figure A.24 Representative TEM micrographs of liver harvested from mice (i) 7, (ii) 45 and (iii)
90 days after IV delivery of F-AuNSs. KC represents Kupffer cells.
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Figure A.25 Representative TEM micrographs of kidney harvested from mice (i) 7, (ii) 45 and
(iii) 90 days after IP delivery of F-AuNSs. G represents glomeruli; EN represents endothelial cell;
IC represents interstitial cell; MC represents mesangial cell; PCT represents proximal convoluted

tubule; and RBC represents red blood cell.
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Figure A.26 Representative TEM micrographs of kidney harvested from mice (i) 7, (ii) 45 and
(iii) 90 days after IV delivery of F-AuNSs. G represents glomeruli; EN represents endothelial cell;
IC represents interstitial cell; MC represents mesangial cell; PCT represents proximal convoluted

tubule; and RBC represents red blood cell.
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Figure A.27 MTT cell viability assay of (a) RAW 264.7 and (b) J774A.1 cells incubated for 8 h
with inhibitors of the different endocytosis pathways including monodansyl cadaverine (200 puM),
rottlerin (2 uM), genistein (200 uM), cytochalasin B (10 pg/mL) and cells incubated at 4 °C. These
cells did not receive any F-AuNSs. Black bar represents control cells that did not receive any
inhibitors. Cell viability was measured at 540 nm. All data were presented as mean + standard
deviation (n =5 per concentration and N = 2 independent experiments).
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Figure A.28 Proteomic study of surface protein corona formation on F-AuNSs. Silver-stained
SDS-PAGE showed that large unbound and loosely bound proteins were effectively removed by
repeated centrifugation and washing and no free proteins were detected in the last washing step
for (i) B-AuNSs and (ii) F-AuNSs incubated with 60% FBS for (a) 1, (b) 24 and (c) 48 h. W2, W3
and W4 represent washing step 2, 3 and 4. Hydrodynamic size of (d) B-AuNSs and (e) F-AuNSs
after incubation with 60% FBS for 1, 24 and 48 h.
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Figure A.29 Snapshots of four different shapes of nanoparticles. The top and bottom rows contain
side-view of the nanoparticles with a volume ~35 and 4.5 nm?, respectively. Here, r, h and e
represent radius, height and edge, respectively.
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Figure A.30 Modes of nanoparticle exit by membrane wrapping. Compared to (a) the isotropic
structures (e.g., sphere), (b) anisotropic structures (e.g., cylinder, cone and tetrahedron) first orient
with a flat side toward the membrane, as this side requires less membrane deformation.

DOPC

Figure A.31 Structures of DPPC and DOPC lipids. The molecular weights of DPPC and DOPC
are 734 and 786 g/mol, respectively. DOPC has double bonds on the fatty acid lipid tails making
it softer compared to DPPC.
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