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Abstract

HIGHLY TUNABLE PLASMONINC NANOPARTICLES FOR USE AS
SURFACE ENHANCED RAMAN SCATTERING SUBSTRATES FOR THE
DETECTION OF PROTEIN AND LIPID BIOMARKERS IN SOLUTION

A’Lester C. Wiggins-Allen

Because of the high sensitivity, molecular specificity, and non-invasive
sampling technique, surface enhanced Raman scattering (SERS) is one of the most
powerful analytical techniques. Additionally, its low interference from water makes
SERS uniquely effective for biological sensing. In the last decade, the emergence of
life-threatening pathogens and debilitating diseases has outpaced the development of
treatments. Detection and monitoring have become the first guard approach to
containing the spread of deadly infections such as Ebola, HIN1, and SARS-CoV-2. As
a result, recent SERS research has heavily focused on studying biological processes

and point of care diagnostics.

The choice of the nanostructure of the SERS substrate determines its localized
surface plasmon resonance which directly contributes to the overall SERS
enhancement. Hollow nanostructures are advantages as SERS substrates due to their
highly tunable optical properties, which arise from varying the outer diameter to shell
thickness. However, hollow nanoparticles have been underexplored due to a more

complex synthesis needed to control their physical dimensions. The work in this

XV



dissertation explores using hollow gold nanospheres (HGNs) as a template to
synthesize rugose hollow nanostructures. HGNs enabled fine control over the hollow
(void space) core. However, isotropic geometry yields a single plasmon mode limiting
the number of hot spots for SERS enhancement. Rugose nanostructures have improved
electric field strength as compared to smooth nanoparticles. More specifically, spiny
nanostructures have better electron confinement at their tips. A multibranched structure
has an increased number of hot spots. Multibranched hollow gold nanostructures were

synthesized using hollow gold nanospheres as a seed particle.

Chapter 1 introduces general concepts of plasmonics applied to Raman
spectroscopy, specifically how the nanostructure of noble metals influences the
localized surface plasmon resonance. The latter part of chapter 1 discusses the
characterization of metal nanoparticles through absorption spectroscopy and electron

microscopy.

Chapter 2 highlights the use of hollow gold nanostars and PEG-based
conjugation to overcome the difficulty of detecting amyloid beta 1-14. As a result, we
increased our understanding of the parameters needed to detect low Raman scatterers
in aqueous media. The key findings were that hollow gold nanostars enable improved
SERS enhancement compared to hollow gold nanospheres and solid gold nanostars.
The analytical enhancement factor of the hollow gold nanostars was 1.29 x 10° for the
1367 cm™! peak in R6G was shown to be 11.5 times increased compared to hollow gold

nanospheres.
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Chapter 3 focuses on developing a new method to detect the SARS-CoV-2 S1
spike protein and the anti-SARS-CoV-2 antibodies by anchoring the his-tagged spike
protein to a multibranched gold nanoshell for detection via SERS. Multibranched gold
nanoshells were prepared using HAuCl4, AgNOs, and ascorbic acid to improve the
optical and morphological properties of smooth ~150 nm gold nanoshells for detecting
proteins. The multibranched gold nanoshells were gently mixed with a his-tagged
SARS-CoV-2 S1 spike protein, purified, and mixed with Anti-SARS-CoV-2
monoclonal antibodies. Raman and SERS measurements of the spike protein and
monoclonal antibody with a histidine tag showed a significant increase in peak intensity
compared to samples without histidine. Enhanced SERS peaks from the spike protein
at 1079, 1178, and 1592 cm™ are attributed to 8 =N-H, vC-N, vC=C, respectively.
Enhanced peaks from the Anti-SARS-CoV-2 monoclonal antibody at 861, 1205, 1454,
and 1630 cm™ can be assigned to vN-H, vC-C, C-H def, and vC=0 associated with the

phenylalanine and tyrosine rich region closest to the binding sites on mAb.

Chapter 4 discusses the work to apply fiber-enhanced SERS to monitor the
repair process of a self-healing wastewater purification membrane. The use of a SERS
substrate with hollow core photonic crystal fiber (HCPCF) as a waveguide increased
the signal intensity for major distinguishing hydrocarbon tail peaks at 1436cm™ (CHa
bend) and 1296cm™ (CH, twist) by 1.5 and 2x as compared to SERS alone. The
increase in signal for lower intensity C-C peaks such as 1157cm™ was 14x compared
to SERS alone. The results show that SERS coupled with a waveguide can enable

highly sensitive in situ measurements.
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CHAPTER 1

Introduction



1.1. Introduction to Raman Spectroscopy

Molecular vibrations absorb and emit infrared electromagnetic radiation.!
Raman spectroscopy utilizes a monochromatic excitation source to probe the molecular
vibrations. The vibrational frequencies are measured by calculating the difference
between elastically scattered and inelastically scattered photons, as seen in Equation
1.1.2 The difference in energy is known as the Raman Effect. It was predicted by Adolf
Smekal in 1923 and experimentally verified by Sir Chandrasekhara Venkata Raman in
1928. Smekal derived inelastic collisions from the conservation of kinetic energy. A
simple derivation of Raman scattering is below. Equation 1.2 shows a photon
interacting with matter, and emitted photon could either lose energy to the matter as in

Equation 1.3 or gain energy as seen in Equation 1.4.

E;+hv;= Ef + hvy Equation 1.1

hv; — hvy = (E; — E;) = AE = hAv Equation 1.2
Vstokes = V — AV Equation 1.3
Vanti-Stokes = V T AV Equation 1.4

The initial and final energy states are represented by i and f. The Stokes line
represents kinetic energy transfer from the molecule to the photon. The Anti-Stokes
line represents the kinetic energy transfer from the photon to the molecule. Figure 1.1

shows an incident photon transferring energy to a water molecule inducing a very short-



lived excited state called a virtual state. The Jablonski diagram shows the energy
transitions of the different scattering phenomena. A scattering event where there is no
energy exchange between light and matter is called Rayleigh scattering. However, one
in amillion photons experience an inelastic scattering process where a change of kinetic
energy results in a Stokes or Anti-stokes shift.? Figure 1.2 shows the three scattering
processes in terms of the difference between the incident photon and the scattered

photon called the Raman

Excited electronic
states

Absorption, Fluorescence

virtual
J - A [T T state

Stokes

Vibrational
states

Raman
Infrared

)

Figure 1.1 Diagram of Raman scattering the energy transitions when a molecule
interacts with electromagnetic radiation. Rayleigh scattering (shown in green) has no
change in energy as compared to the incident photon. Stokes scattering (shown in bright
red) has a loss of energy. Anti-Stokes scattering (shown in blue) gains energy.



shift. The Rayleigh scattered photons do not experience a Raman shift and are at zero,
while the Stokes shift is plotted to the right of zero as seen in Raman spectrographs and
represents a loss of photon energy.® The Anti-Stokes shifts are plotted to the left of the
Rayleigh line in Raman spectrographs. The magnitude of the Raman shift can be

expressed by Equation 1.5.

Av(em™) = ( r 1 ) X (107"'") Equation 1.5

Stokes

v+Av v v-Av
<«—Increasing Av

Figure 1.2. Diagram showing Raman shifts in relation to the Raleigh line in green that
exists in experimental Raman spectrographs. The Stokes shift (in red) by convention is
plotted to the right of the Rayleigh line, and the anti-stokes shift in blue is plotted to
the left of the Rayleigh line.



1.2. Plasmonic Nanoparticles as Surface Enhanced Raman Scattering Substrates
As a sub-field of nanophotonics, plasmonics has attracted extraordinary
interest in recent years due to its promise of revolutionary impacts on nanotechnology

and medicine. Surface plasmons are a coherent oscillation of electron charge that
exists in the presence of an oscillating electromagnetic (EM) field. Under resonant
conditions, a transverse wave propagates along with the interface of a dielectric and a
conductor. The SPR response is not chemically specific but can be overcome using
nanoparticles as surface enhanced Raman scattering (SERS) substrates. When the
wavelength (1) of the EM field is 10-20 times smaller than the size (d) of the metal
nanostructure, a localized surface plasmon occurs, resulting in localized surface

resonance (LSPR) which is very valuable for SERS sensing.*
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Figure 1.3. Increasing the nanoparticle diameter or decreasing the shell thickness of a
hollow gold nanosphere red-shifts the extinction spectra.



SERS overcomes the low count of Raman scattered photons by utilizing
plasmons to enhance the Raman scattering intensity. The SERS process, as seen in
Figure 1.5, is a two-step process where incident light interacts with both the analyte
and a metal nanoparticle to create a localized surface plasmon that couples to the
molecule, significantly increasing the total scattered Raman light.>® The intensity of
the electric field for each process is E2. The effect is an increase in scattering intensity
proportional to E* Effective SERS substrates are tunable and have surface

morphologies that further increase the localized electromagnetic field. The SERS

intensity of a molecule may be described by Equation 1.6.

EO.Ioc
Process 1
+

R4
----------- o" sEssnssnnnnnnnnannnnnnP
E _+E ;
mol mol,loc I - (Emol+ Emol.loc)
\ Process 2
E
mol,loc

Figure 1.4. Diagram of the SERS enhancement mechanism. In process 1, an incident
electric field (Eo) excites a metal nanoparticle localized surface plasmon which
generates a large localized electric field (Eo,ioc). In process 2, both the incident electric
field and localized electric field interact with a molecule close to the surface of the
nanoparticle. The Raman intensity of the molecule is enhanced by E? in each step.

4
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Small changes to hollow gold nanoparticles' core size, shell thickness, and
surface morphology cause their surface plasmon resonance to span the visible and NIR.
Figure 1.3 shows how the changes to HGNs cause a broadly tunable LSPR. Increasing
the core diameter and decreasing the shell thickness red-shifts the LSPR.°
Multibranched nanostructures behave similarly to nanorods and nanospheres, meaning
that the spikes have a transverse plasmon mode while the core retains a spherical
plasmon mode. The spikes give broad LSPR and enable better electron confinement,

increasing the electric field strength, thus increasing the Raman scattering intensity.

Figures 1.5 shows the extinction spectra of each category of SERS substrate
used in this work: silver, gold, hollow, and multibranched nanoparticles. When plotted
by wavelength, silver nanoparticles have the furthest blue-shifted localized surface
plasmon resonance (LSPR) followed by solid gold nanoparticles. Hollow gold

nanoparticles (HGNSs) and gold nanostars have the most broadly tunable LSPR.
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Figure 1.5 Extinction spectra of silver, gold, hollow, and urchin-like gold nanostar
nanoparticles plotted by intensity vs wavelength.
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Figure 1.6. Illustration of the enhancement factor of surface roughened nanoparticles
is theorized to be higher due to hot spots being closer in physical proximity.



1.3. Characterizing Nanomaterials Using Electron Microscopy

Transmission electron microscopy (TEM) is a high magnification
measurement technique that images the transmission of a beam of electrons through a
sample. Amplitude and phase variations in the transmitted beam provide imaging
contrast that is a function of the sample thickness (the amount of material that the
electron beam must pass through) and the sample material (heavier atoms scatter
more electrons and therefore have a smaller electron mean free path than lighter
atoms). Because this technique uses electrons rather than light to illuminate the
sample, TEM imaging has a significantly higher resolution than light-based imaging

techniques.

Successful imaging of nanoparticles using TEM depends on the contrast of the
sample relative to the background. Samples are prepared for imaging by drying
nanoparticles on a copper grid coated with a thin layer of carbon. Materials with
electron densities that are significantly higher than amorphous carbon are easily

imaged.
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Figure 1.7. lllustration of the penetration depth of an electron beam with various
voltages in gold from Kanaya-Okayama depth penetration formula.
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R = om0, KM Equation 1.5

R stands for depth penetration, A means atomic weight, E is the beam energy in KeV,

2
Z is the atomic number, and p is the density in (ﬁ)

5.0KeV SEM

200 KeV TEM

20 KeV SEM

Figure 1.8. Comparison of electron microscopy images at an increasing voltage from
left to right. Increasing electron volts increases the penetration depth and resolution of
the image.
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1.4. Conclusion

The sections introduced here give a background for the following chapters.
Raman spectroscopy has the specificity and sensitivity to detect biomolecules of
interest in aqueous solution. Unique plasmonic nanomaterials can be synthesized to
enhance the Raman scattering intensity of weak Raman scatterers. Silver and gold
nanomaterials were used as SERS substrates. The subsequent work focuses on
integrating the benefits of a hollow cavity with multibranched gold nanostructures. The
sensitivity was additionally increased by utilizing a hollow core photonic crystal fiber
waveguide. Furthermore, a comprehensive analysis of the novel substrates was
performed using absorption spectroscopy, elemental analytical techniques, electron

microscopy, and electron tomography.
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CHAPTER 2

Detection of Saturated Fatty Acids Associated with a Self-Healing Synthetic
Biological Membrane Using Fiber-Enhanced Surface Enhanced Raman

Scattering
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2.1 Abstract

The Synthetic Biological Membrane (SMB) project designed a novel
biomaterial to improve the reliability of NASA's next-generation water recycling
systems modeled after the human small intestine. This membrane is designed to recover
from chemical, physical, and oxidative damage caused by calcium scaling, organic
fouling, and cosmic radiation-induced reactive species.?*® The SBM is a
semipermeable membrane made of two layers of phospholipids in contact with
genetically engineered organisms that hyper-express fatty acids, which provide a
protective layer to the active side of the membrane.*® The SBM, as shown in Figure
2.1, was configured to be integrated into a forward osmosis purification system for
wastewater treatment applications. Forward osmosis membranes are semipermeable
membranes that separate two solutions of different solute concentrations driven by the
osmotic potential difference.® The lipid membrane has been engineered to be permeable
to fatty acids that will be transported across the membrane.” Once on the feed side of
the membrane, the fatty acids either precipitate from the solution then adhere to the
membrane creating a protective layer or react with contaminants in the solute layer that
builds up adjacent to this side of the membrane. Solubilized fatty acids have previously
been characterized in vitro using gas chromatography; however, a more sensitive and
non-destructive technique is needed to integrate the SBM into a forward osmosis

purification system for wastewater treatment applications.®°
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Figure 2.1. Overview of the Synthetic Biological Membrane displaying the overall
design and how the phospholipid bilayer can be repaired with Fatty Acids that are
produced by genetically engineered organisms.

Raman spectroscopy is an excellent technique for characterizing the C-C and
C-H bonds in fatty acids.'®11213 This technique has been used to study the differentiate
fatty acids in various oils, profile lipid content and unsaturation, and characterize the
health of cell tissue. 1014151617 The hydrocarbon backbone found in fatty acids has
multiple Raman active modes which can be divided into three regions: (1) the low-
frequency region below 400 cm™ associated with phonons of the crystal lattice
vibrations, (I1) the skeletal optical mode between 1000 cm™ and 1500 cm™ associated
with different conformations such as gauche and trans, and (I11) the complex C-H
stretching region above 2700 cm™ containing overtones of low-order vibrations and

several vibrations associated with chain packing.®
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2.2 Challenges with Studying Saturated Fatty Acids

In the SBM project, the fatty acid molecules of interest are decanoic acid,
myristic acid, palmitic acid, and stearic acid, and their chemical structures are shown
in Figure 2.2. The Raman band associated with the hydrocarbon backbone and the
carboxylate group have been well characterized.!81%20 The distinguishing Raman
shifts are primarily found in Region II: C-C trans stretch around 1063 cm™ and 1128
cm, C-C gauche around 1100 cm™, and CH. twist around 1296 cm™. The chain length
of the fatty acid causes small shifts in the peak location, allowing for spectroscopic

differentiation.

a) Decanoic Acid b) Myristic Acid
Q o]
HC HsC
8 OH 12 OH
¢) Palmitic Acid d) Stearic Acid
0 0
HyC H,C
14 OH 16 OH

Figure 2.2. The chemical structure of the four fatty acids consists of a tail length of
(a) 9 carbons for decanoic acid, (b) 13 for myristic acid, (c) 15 for palmitic acid, and

(d) 17 for stearic acid.

Raman spectroscopy alone is insufficient for studying solubilized fatty acids

due to their low solubility at ambient temperature.??> Plasmonic nanomaterials such

as silver nanoparticles increase the local electric field by E* enabling ultrasensitive
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detection via Surface-enhanced Raman scattering (SERS). SERS enhancements
originate from the excitation wavelength of the laser stimulating resonant electronic
oscillations in the SERS substrate. The localized electronic oscillations generate a large
local electric field. The total electromagnetic field excites molecules close to the
surface of the SERS substrate. The improvement of SERS depends on the metal
nanoparticle size and shape.? The enhancement factor A series of experiments starting
in 1985 demonstrated the capabilities of SERS for characterizing fatty acids and
distinguishing lipids based on fatty acid content. Moskovits and Suh found that
carboxylate ions bind to silver surfaces as evidenced by Raman shifts at 930 cm™ and
1400 cm™.?* The binding event alters the vibrational frequency of the carboxylate head
and aliphatic tail resulting in small shifts in peak position compared to crystalline
spectra. Suh and Weldon et al. further characterized the phonon vibrations in Regions
I and 111 in palmitic acid and triglycerides. *>?° These studies elucidated the differences
in peak position, full width at half the maxima for SERS measurements of fatty acids.

2.2.1 Raman Fiber Probes Used for Reaction Monitoring

Raman spectrometers with a fiber optic probe have been used to monitor
chemical reactions in both in situ and ex situ methods. In situ denotes the probe was
immersed into the reaction vessel, and ex situ denotes the probe was placed outside of
the reaction vessel to perform "real-time™ monitoring and analysis of any reaction as
seen in Figure 2.3. The ex situ probe allows for fast monitoring that is easy to use,
noninvasive, and requires little to no sample preparation. Utilization of this ex situ

analytical tool ranges in disciplines from art conservation analysis to forensic science.
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Raman spectroscopy lacks widespread use to monitor reactions in an aqueous medium,

especially ex situ real-time reaction monitoring, despite its capability.
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Figure 2.3. a) An example of the setup for an in situ reaction monitoring with Raman
spectroscopy. b) An example of the setup for an ex situ reaction monitoring with Raman

spectroscopy.

Raman spectroscopy has been used to monitor some organic reactions. Many

of them involve the in situ method, or the reactions occur under neat or organic

solvents, which have distinct signals that may obscure the signal of interest. For

instance, the synthesis of substituted imidazoles and epoxides were two reactions

where in situ Raman spectroscopy was used to monitor the reaction mixtures'

progress. In both reactions, an immersible probe was dipped into the reaction flask,

and as the reaction progressed, scans were taken to monitor the decrease of the

reactant signals and the increase of the product signals. After normalizing the Raman

signals and isolating distinct signals relating to starting materials and products, the

Raman data could be plotted against time. By doing this, researchers were able to

identify the moment when the reactions reached completion.
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Accordingly, aqueous reductions of nitroarenes and ketones, using a nickel
boron composite (NBC) catalyst and dimethylamine borane, respectively, were
undertaken to evaluate the utility of ex situ Raman spectroscopy (Figure 2.4). The
instrument's sensitivity in calculating reaction kinetics and substrate selectivity
demonstrate the efficacy and practicality of this analytical tool. Herein, we report the
viability of using Raman spectroscopy as ex situ, real-time, and noninvasive reaction

monitoring technique for reactions in agueous medium.

Ex situ monitoring Real-time
Reduction reactions Aqueous media
Broad substrate scope Selectivity

Relative Intensity (a.u.)

(R—No2 — R—NH;)

- L

r Portable Raman

Figure 2.4. Ex situ reaction monitoring with Raman spectroscopy for aqueous
reduction reactions.

Tri-nitroarenes are explosive compounds that may be neutralized by chemical
reduction in aqueous media before safe disposal. Advantageously, the aromatic nitro
groups exhibit Raman signals (1330 — 1370 cm™) and thus enable the safe real-time
monitoring of the transformation to more innocuous amines. The facile reduction of 4-
nitrotoluene to the amine was achieved using a catalysis procedure. The nitro group is

reduced to the amine using a nickel boron composite (NBC) catalyst (Scheme 2.1).2
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NO2 H2NNH2. H20 NH2
9 - O
HsC Toluene, H,O HsC

25 °C, 30 min 90%

Scheme 2.1. Reduction of 4-nitrotoluene to 4-toluidine (90% isolated yield) using NBC
catalyst and hydrazine hydrate.

We were able to continuously monitor the nitro group reduction by positioning
the fiber optic probe against the test tube. The laser focal point was focused just inside
the vial glass wall to collect a signal from the reaction mixture. This ex situ technique
is convenient because it avoids the need for an immersion probe or the need to remove
aliquots for analysis. The reduction of 4-nitrotoluene was considered complete when
the nitro group signal (1350 cm™) was no longer observed or was undifferentiated from

the baseline noise and completed within 30 min (Figure 2.5).
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Figure 2.5. a) Ex situ Raman monitoring of the reduction of 4-nitrotoluene catalyzed
with NBC catalyst and hydrazine hydrate in toluene at 25 °C. Red and green highlight
the start and end of the reaction. b) A plot of the natural log of concentration vs. time
to extract the rate constant of the nitro reduction reaction.

Visually, the reaction mixture transformed from a yellow solution to a turbid
yellow mixture, and then finally to a clear colorless solution (Figure 2.6). Quantitative
product formation was confirmed by determining *H NMR spectrum of the isolated
product, which showed signals corresponding to the complete conversion of 4-

nitrotoluene to 4-toluidine.
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Figure 2.6. Photographs showing the reduction of 4-nitrotoluene at various time points.
Overtime the reaction mixture transforms from clear and yellow to turbid and
yellow/colorless to a clear and colorless solution.

A calibration curve of 4-nitrotoluene was used to determine the concentration
of the reactant as the reaction proceeded. Before initiating the reaction or reagent
addition, the intensity of the nitro stretch at 10 concentrations between 1.0 M and 0.01
M were measured and normalized to a toluene co-solvent peak at 1379 cm™ (Figure
2.6). The rate of reaction could then be determined. By comparing the normalized peak
intensity of 4-nitrotoluene as the reaction progressed over time, Raman spectroscopy
provided a straightforward method to calculate that the reduction follows a pseudo first

order rate law (Equation 1).

Ln[C(6)] = kt + Ln[C(0)];k = —0.018 + 0.003;C(0) = 1.0 M Equation 1
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2.2.2. Use of Photonic Crystal Fibers for Raman Spectroscopy

Recently, several groups have employed photonic crystal fibers (PCF) as
optical waveguides to develop in situ detection methods for gases and liquids. This
technique has been referred to as fiber-optic Raman spectroscopy and fiber enhanced
Raman spectroscopy.627282% The two predominant types of PCF used in SERS-based
molecular detection are hollow core photonic crystal fibers (HCPCF) and solid-core
photonic crystal fibers (SCPCF). Both have a two-dimensional photonic bandgap
where allowed wavelengths propagate along the direction of the fiber. However,
spectra collected using SCPCF have a significant Raman background of Si0,.3031:32
PCF offers even more advantages to SERS-based molecular sensors because fiber optic
probes can be used as in situ sampling probes, require only a few hundred nanoliters
per sample volume, operate with portable Raman systems, and have reported a 10x
increased enhancement in the Raman signal 323334

In this chapter, we first investigated the limits of detection of decanoic acid,
myristic acid, palmitic acid, and stearic acid using silver nanoparticles prepared using
hydroxylamine to nucleate aqueous silver ions. Then we evaluated the detection
capabilities of SCPCF and HCPCF (both used together with SERS) to find the best
PCF to use in an in situ method for monitoring the repair process of the SBM. The
combined advantages of SERS for Raman enhancement and efficient collection of
signals due to waveguiding property of the HCPCF provide the necessary sensitivity
of molecules that have relatively small polarizability or Raman signal, such as fatty

acids.
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2.3. Results and Discussion

Figure 2.7 illustrates the methodology of the subsequent experiment. First, an
aliquot of freshly prepared silver sols was mixed with each fatty acid sample. Then the
analyte was loaded into the hollow core photonic crystal fiber waveguide using
capillary action. The samples were aligned in the fiber chuck then analyzed using
Raman spectroscopy. The samples prepared with silver sols experienced appreciable
enhancement making detection of each fatty acid possible. Additionally, the fiber optic
waveguide increased the interaction of the light with the analyte, which augmented the

SERS enhancement.
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Figure 2.7. Capillary action loads a mixture of fatty acid and silver nanoparticles into
a hollow core photonic crystal fiber waveguide then the chemical identification via
SERS.

2.3.1 Determination of Concentrations of Fatty Acid Solutions

Decanoic, myristic, palmitic, and stearic acids all have low solubility in water.
The total concentration of each fatty acid in the solution was found by calculating the

solubility limit and measuring the TOC of each stock solution. The concentrations
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presented in Table 2.1 were calculated using the TOC results in mg/L. The
concentration was expected to decrease with increasing aliphatic tail length; thus,
decanoic and myristic acids would be lower than palmitic and stearic acids. Decanoic,
myristic, and palmitic acid concentrations were above the instrument limit of detection
and approximately followed the expected trend. The fatty acid with the longest
hydrocarbon tail had an exceedingly low solubility resulting in a concentration below
the instrument's detection limit. The published solubility of stearic acid at 300 K is 11
mM. This value was expected to be the smallest concentration. However, 11 mM is
nearly 100 times higher than palmitic acid, which indicates that the actual concentration
in this instance is likely much lower than reported.?!

Table 2.1. Results of the TOC analysis and the resulting concentration of each fatty
acid.

Sample TOC pH Concentration
(mg/L) (mM)
Decanoic Acid 45 9 0.469
Myristic Acid 83 11.8 0.494
Palmitic Acid 17 11.7 0.089
Stearic Acid IdI* 10.1 11.2%*

*Idl = lower than the detection limit; **concentration calculated from published solubility in

water at 30 °C.%

2.3.2. Characterization of SERS Substrate and HCPCF
A modified Lee-Meisel synthesis using hydroxylamine hydrochloride, a weaker
reducing agent, produced silver nanoparticles with an average diameter of 53 +18

nm.®> 38 Figure 2.8 shows the electronic absorption and SEM/TEM results of the silver
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nanoparticles. The change of reducing agent resulted in a more red-shifted surface
plasmon resonance of 415 nm, as seen in Figure 2.8a, indicating larger nanoparticles
comparable to Leopold and Lendl's results.®® This is desirable because the SPR is closer
to the Raman laser excitation wavelength of 514.5 nm. This synthesis has a larger
distribution of sizes, as seen in Figure 2.8b. Representative SEM images can be seen in
Figures 2.8c and 2.8d where Figure 3c is a scanning mode SEM image and Figure 2.8d
is a transmission mode SEM image. Nanoparticles of size greater than 70 nm tend to
be semi-spherical aggregates of smaller particles, as shown in Figure 2.8c. However,
nanoparticles of size less than 50 nm are spherical and aggregated, as shown in Figure
2.8d. Figure 2.8b shows that the distribution of particles centers around fully coalesced
and thus spherical nanoparticles. The TEM image in Figure 2.8e displays four
nanoparticles (38 nm, 48 nm, 58 nm, 68 nm) with a single crystalline domain

confirming that the particles are not aggregates of smaller particles.
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Figure 2.8. (a) Extinction spectra of the silver nanoparticle SERS substrate. (b) The
distribution of particle sizes of the synthesis. SEM images of the SERS substrate. (c)
Scanning-mode SEM image of nanoparticles with scale bar representing 200 nm. (d)

Transmission-mode SEM image with scale bar representing 100 nm. (¢) TEM image
of the silver nanoparticles.

The PCF+SERS measurements were performed in a method similar to Gu et
al.® Figure 2.9 shows the experimental fiber setup. Two objective lenses are used to
focus the laser light into the core of the PCF. The distances between the objectives and
the PCF were first calculated based on numerical aperture then experimentally

optimized to have a bare fiber coupling efficiency above 30%. Figure 2.9a shows an
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example schematic for clarity, and Figure 2.9b shows the typical set up with a 50x
objective focusing the laser light into the photonic crystal fiber, and the transmitted
light is collimated using a 5x or 10x objective then focused back into the fiber. Figures

2.9c and 2.9d show the surface of a cleaned HCPCF and a closer image of the cladding.

Figure 2.9 (a) Bare fiber coupling where the laser light is focused onto the fiber using
an objective then recollected using another objective and (b) the experimental set up
where the fiber is outlined in red. (c) SEM image of the hollow core photonic crystal
fiber where the scale bar is 50 pm and (d) a close-up SEM image of the core and
cladding of the fiber where the scale bar is Spm.

2.3.3 Raman, SERS, and Fiber-Assisted SERS Measurements

Each fatty acid was characterized by Raman spectroscopy, SERS, and PCF-
assisted SERS. The Raman spectra in Figure 2.10a were collected using a crystalline
sample of each fatty acid. They identically matched the previously reported spectra

from Moens et al.*® Figures 5b-d display the crystalline samples dissolved in water,
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representing SERS and SERS + HCPCF spectra, respectively. Table 2.2 summarizes
the experimental and published Raman shifts and their assignments.'® 24 There is a lack
of published values for decanoic acid. Still, the unreported peak positions at 893 cm?,
1063 cmt, 1297 cm?, 1410 cm™, and 1433 cm™ differ by less than 5 cm™ from the
corresponding Raman shifts in the other fatty acid samples. The Raman spectra of the
aqueous stock solution as seen in Figure 2.10b contained no discernible fatty acid
peaks, and the only peak present is associated with a bending mode of water at 1645
cm*. Figure 2.10c shows a representative SERS spectrum of each fatty acid sample
and the Raman spectrum of a 3x washed silver nanoparticle solution. In the SERS
spectra, additional peaks appear at 923 cm™ and 1395 cm™, which have been associated
with carboxylate groups bound to the surface of colloidal silver. The silver nanoparticle
solution independently has peaks at 771 cm™, 927 cm™, 1100 cmt, 1128 cm, and 1398
cm™. The peaks in the silver nanoparticle solution at 1100 cm™ and 1128 cm™ overlap
with two characteristic peaks in the fatty acid samples at 1090 cm™ and 1124 cm™.
Therefore, the peaks at 890 cm™, 1062 cm™, and 1296 cm™ were used to find the
detection limit. Figure 2.10d shows a representative HCPCF measurement for each
fatty acid and the Raman spectrum of a cleaned HCPCF. Further discussion of the

SERS and HCPCF data follows.
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Figure 2.10. Comparison of the (a) crystalline Raman spectra (b) aqueous Raman
spectra (¢) SERS spectra and (d) SERS + HCPCF spectra of decanoic (purple),
myristic (green), palmitic (blue) and stearic (red) acids.

Table 2.2. Assignment of Raman bands of crystalline decanoic, myristic, palmitic, and
stearic acids and comparison of differences between the database and experimental
values.

Raman Raman Raman Raman
Shift (cm™) Shift (cm™) Shift (cm™) Shift (em™)
. Fatty _. Fatty . Fatty _ . Fatty _ .
Assignment Acid Lit. Exp. Acid Lit. Exp. Acid Lit. Exp. Acid Lit. Exp.
COO - 893 893 891 893 894 890 892
C-C
(trans) 1062 1063 < 1063 1061 E 1063 1062 - 1062 1061
- 2 &) ]
C-C < < < b
< - - <
(cauche) o 2 1092 1091 2 1099 1098 P 1100 1103
cc g = E g
= ) —
(trans) g 1123 1124 = 1128 1126 < 1129 1127 x# 1129 1128
CHa twist a 1297 1296 1295 1296 1295 1296 1295
CH: sciss - 1433 1438 1435 1438 1437 1441 1437
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The results of the SERS analysis of decanoic, myristic, palmitic, and stearic
acids are displayed in Figure 2.11a-d. The Raman shifts associated with molecular
vibrations from the aliphatic chain (C-C and C-H), carboxylic acid (C-COO"), and
additional shifts associated with vibrations from the carboxylic acid coordinating to the
silver nanoparticle surface. When the carboxylate ion binds to the surface of the silver
substrate, the Ag-COO™ bond at 1400 cm™ experiences the most enhancement in the
signal due to the strong distance dependence of SERS. In all the SERS spectra, the
strongest peak is at 1400 cm™. An additional peak associated with C-COO" at 923 cm”
1 also appears in the SERS spectra. Fitting the SERS spectra with Lorentzian peaks
revealed that the broad peak at 1400 cm™ can be decomposed into individual peaks at
1399 cm, 1370 cm™ and 1410 cm™. The shift at 1399 cm™ is associated with COO-
binding to silver, but the other two peaks have ambiguous assignments in literature.
They are possibly due to different binding modes of the COO™ on the Ag nanoparticles.
In this study, the primary objective was to find the lowest possible limit of detection
for each fatty acid. The detection limits were found using the Raman shifts associated
with COO", C-C (trans), and CH: twist labeled in Figure 2.11. The limits of detection
were determined to be: 10° M for decanoic acid, 10® M for myristic acid, 10° M for

palmitic acid, and 10 M for stearic acid.
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Figure 2.11. SERS spectra of the dilution series used to determine the lowest
detectable signal of (a) decanoic acid, (b) myristic acid, (c) palmitic acid, and (d)
stearic acid.

The aliphatic chain (C-C and C-H) and carboxylic acid (C-COQ") peaks in the
890 cm?, 1060 cm™, and 1290 cmregions decrease with decreasing concentration
while the Ag-COO" peaks at 923 cm™ and 1300 cm decrease to a minimum. The SERS
data for palmitic acid was plotted as a function of concentration, as seen in Figure 2.11.
The Raman shifts at 894 cm™, 1062 cm™, and 1295 cm™ decreased in intensity with
decreasing concentration until they were no longer discernible at 10° M. The Raman
shift at 1128 cm™ and 1098 cm™also decreased with concentration until 1.0 nM where

the peak intensity remained constant This indicates that the C-C (gauche) and C-C
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(trans) vibrations could have contributed to the signal intensity. Still, the residual signal

intensity is from the silver nanoparticle solution.
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Figure 2.12. SERS detection results of palmitic acid as a function of concentration for
the specified wavenumbers.

The SERS and SERS + PCF spectra of 10 M stearic acid are shown in closer
detail in Figure 2.13. Both the SERS + HCPCF and SERS + SCPCF spectra show two
peaks at 1546 cm™ and 1590 cm™ which could be associated with an enhancement of
the SiO. background. The SERS + HCPCF spectra show enhancement of the Raman
shifts at 892 cm™, 1103 cm™, 1128 cm™, 1295 cm™, and 1400 cm™ as similar to the
SERS spectra, but the spectra for SERS + SCPCF is primarily dominated by a large
SiO, background with a low intensity 1395 cm™ peak. Table 2.3 shows values for the

SERS and SERS + HCPCEF results. Columns 2 and 3 were normalized to the SERS +
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HCPCF 1400 cm™ peak. Column 4 shows the result if the SERS + HCPCF data were
at the same power level as the SERS data. The enhancement of using an HCPCF as
seen in column 5 was calculated by dividing the SERS + HCPCF data in column 4 by
the SERS data in column 2. The Ag-COQO" intensity was increased 11 fold while the
CH: twist intensity was increased by 18 fold. Enhancement from the HCPCF is
believed to result from better light confinement along the fiber's core, which results in
increased Raman scattering from the analyte molecules. The variable enhancement is
likely from the core of the HCPCF, restricting the orientation of the fatty acid
molecules. The resulting anisotropy causes an asymmetric increase in signal for

molecular vibrations.

a) SA SERS + HCPCF 10-° M*

b) SA SERS 10° M*

¢) SASERS + SCPCF 10° M*

""\cl)\Empty HCPCF
e W N =

I I I | I | I
400 600 800 1000 1200 1400 1600 1800 2000

Raman Shift (cm”)

Relative Intensity (a.u.)

Figure 2.13. SERS spectra of 10 M stearic acid samples (a) SERS + HCPCF only
(b) SERS, (¢) SERS + SCPCF (d) Raman spectrum of an empty HCPCF where the *
indicates that the actual concentration is likely lower than reported.
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Table 2.3. Comparison of SERS and SERS + HCPCF peak intensity ratios for stearic
acid.

Column 1 Column 2 Column 3 Column 4 Column 5
Raman Shift SER§ SERS H.CPCF SERS + HCPCF Intensity Enhanceg&:gtyame
(cm™) Intensity . Intensity . Norm. for 60% power loss Calculated bym
rel. to Col. 3 1400cm rel. to 1400cm

892 0.03 0.12 0.20 6.81

927 0.01 041 0.68 6.69

1103 0.07 0.59 0.98 13.43

1128 0.15 1.01 1.69 11.49

1295 0.04 0.40 0.63 17.98

1400 0.15 1.00 1.67 10.87

2.4 Conclusion

There previously lacked a reliable method to evaluate the progression of the
repair process of the SBM. In this work, we demonstrate the detection of decanoic,
myristic, palmitic, and stearic acids in aqueous media using non-destructive and in situ
SERS + HCPCF. The limit of detection determined using the SERS results was 10 M
for stearic acid, 10° M for palmitic acid, 10® M for myristic acid, and 10° M for
decanoic acid. The addition of the HCPCF provided an 18-fold enhancement of the
CH twist vibration at 1295 cm™ and variable enhancements for the other aliphatic
chain (C-C and C-H) and carboxylic acid (C-COOQ) vibrations. Both SERS and SERS
+ HCPCEF techniques presented here could aid the SBM project to characterize the fatty
acid produced by their genetically modified organisms. The latter provides an in situ
method that is easier to implement in practice. Furthermore, the SERS + HCPCF
combination could also detect lipids other aqueous media such as blood, urine, or

saliva. Future work includes utilizing more specialized SERS substrates to further
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enhance the SERS signal and further study how the surface chemistry of the SERS

substrate affects the interaction between fatty acid and the SERS substrate.
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CHAPTER 3

Hollow Gold Nanosphere Templated Synthesis of PEGylated Hollow Gold

Nanostars and Use for SERS Detection of Amyloid Beta in Solution
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3.1. Abstract

Hollow gold nanospheres (HGNSs) have been used as the template for seed-
mediated growth of multibranched hollow gold nanostars (HNS). The HGNs were
synthesized via anerobic reduction of cobalt chloride to cobalt nanoparticles then the
formation of a gold shell via galvanic replacement followed by the oxidation of the
cobalt core. Control of the inner core size of the HGNs was obtained by increasing
the size of the sacrificial cobalt core, by varying the ratio of B(OH)s/BH3 using boric
acid rather than 48-hour aged borohydride. The HNS were synthesized by reducing
Au®* ions in the presence of Ag* ions using ascorbic acid, creating a spiky
morphology that varied with the ratio of Au**/Ag". A broadly tunable localized
surface plasmon resonance was achieved by controlling both the inner core and the
spike length. Amyloid beta (AB) was conjugated to the HNS using a
heterobifunctional PEG linker and identified by the vibrational modes associated with
the conjugated ring phenylalanine side chain. A bicinchoninic acid assay was used to
determine the concentration of AP conjugated to HNS as 20 nM, which is below the
level of AP that negatively affects long-term potentiation. Both the core size and
spike length were shown to affect the optical properties of the resulting
nanostructures. This HGN templated method introduced a new parameter for
enhancing the plasmonic properties of gold nanostars, namely the addition of a
hollow core. Hollow gold nanostars are highly desirable for many applications,

including high sensitivity disease detection and monitoring.
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3.2. Introduction

One in nine people age 65 and older experiences the life-altering cognitive
impairment from Alzheimer's dementia.* However, little can be done to alleviate
symptoms unless the disease is diagnosed in its early stages.t: 2 Amyloid betas-s
(AP42) modulates synaptic activity in the hippocampal neuronal networks, but its
effect varies based on concentration.®> At picomolar concentrations, there is a
positive effect on synaptic plasticity and memory; however, between 50 — 500
nanomolar, AB42 reduces the synaptic activity leading to lowered long term
potentiation.® ’ Furthermore, neurotoxic levels of AB42 that lead to dementia have

been found at micromolar concentrations.®

The most common approaches for detecting amyloid beta in cerebrospinal
fluid are based on classical enzyme-linked immunosorbent assay (ELISA), modified
ELISA, electrochemical and chemiluminescent assay, mass spectroscopy, and
surface enhanced Raman scattering (SERS) based assay.®!! A SERS based
immunoassay is advantageous due to its demonstrated speed, simplicity, and
molecular specificity.!?'® Overwhelmingly SERS based studies of AP have struggled
to achieve sensitive, label-free detection.'® 1’ Improving SERS based assays could be
done by extending the high sensitivity of Raman scattering to near-IR excitation
sources through the use of near-IR absorbing SERS substrates and specific binding
via bioconjugation. The successful detection of AP could lead to noninvasive
spectroscopic techniques that could aid in situ early detection and active monitoring

of the production of amyloid beta and other tau proteins.
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3.2.1 Limitation of Previous SERS Based Detection of Amyloid Beta Protein

SERS has been successful with the use of plasmonic particles and combines
the molecular specificity and easy sample preparation of Raman spectroscopy while
helping to overcome its limited sensitivity. In 2017, Solis et al. analyzed widely used
SERS substrate morphologies, namely spheres, rods, and stars.® They concluded that
nanoparticles with higher anisotropy such as gold nanostars outperform nanospheres
and rods at longer wavelengths needed for near-IR sensing. Additionally, nanostars
achieve a significantly higher enhancement without aggregation.*-2! Since the
introduction of gold nanostars in 2006, much work has been done to elucidate the
relationships between gold ions, silver ions, reducing agents, surfactants, and pH and
their influence on the length, density, and morphology of their spicules.?>%°
Additionally, both seed-mediated and seedless gold nanostar synthetic techniques
have been successfully developed. However, there have not been any studies with
hollow gold nanospheres (HGNs) as a seed. Therefore, there are no studies on how a
hollow core affects the localized plasmon resonance and electromagnetic field
enhancement. It is thus of interest to add another dimension of control to the gold
nanostar syntheses using HGNs as seed particles to demonstrate a high yield synthesis

of hollow gold nanostars (HNS).

In this chapter, we have synthesized highly nanostructured particles with
sharp edges for enhancing the electromagnetic field around a target analyte to create a
better SERS substrate. This was done by a seed-mediated method using HGN as the

template to synthesize HNS. The void-space core diameter was controlled through
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tuning size of the sacrificial cobalt template by optimizing the concentration of
borohydride reducing agent with commercially available boric acid. Boric acid
expedites the hydrolysis of borohydride to borate which reduces the reductive
capability enabling the synthesis of larger cobalt scaffold particles. Rhodamine 6G
was then used to determine the analytical enhancement factors of the HNS.
Furthermore, the HNS were conjugated to APi-14, @ mouse-derived, non-aggregating
segment of AB42, using a heterobifunctional PEG linker. Ultimately, direct, label-free
detection of APB1-14 was achieved at low molar concentrations utilizing HNS with
tunable plasmonic properties gained via highly modular synthetic techniques. Figure

3.1 shows a summary of the work in this chapter.

Figure 3.1 illustrates an overview of the results of this chapter. The SERS
analysis of amyloid beta was preceded by the HGN seed templated synthesis of hollow

gold nanostars and PEGylation.
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Figure 3.1. Overview of the experiments performed in this chapter. Hollow gold
nanospheres were used a template to synthesize hollo gold nanostars. The hollow
gold nanostars were conjugated to amyloid beta via a heterobifunctional PEG linker
then analyzed using Raman spectroscopy.

3.3. Results and Discussion

Multi-branched HNS were synthesized in four steps as shown in Figure 3.2A:
(1) the deaeration of a solution containing cobalt chloride and trisodium citrate using
a Schlenk line apparatus; (2) the reduction of Co?* ions to Co® nanoparticles using a
1:3 mixture of 1.0 M sodium borohydride and 1.0 M boric acid; (3) the anaerobic
galvanic exchange of Au®* with Co° to form a gold layer followed by exposure to
atmosphere; and (4) the reduction of Au* ions onto the HGN template in the
presences of Ag* using ascorbic acid.3" *> The synthesis of an HGN template
followed well-established protocols where the interior core size was tuned via fine
control of the borohydride ion concentration.>° In this chapter, boric acid was used

to eliminate the need to hydrolyze borohydride for 48 hours. The reaction of
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borohydride with boric acid is seen in Equation 1.3 Ultimately, the borohydride and

boric acid formed a sodium tetraborate hydrate.
2 NaBH, + 2H;B05 + H,0-> Na,B0, XH,0+8H, Equation 1

The surface morphology of HGNs was made urchin-like by the addition of
gold salt following the work by the Dinh group.?® In the present work, we found a
range where gold salt achieved different shapes, as seen in Figure 3.2B. The crystal
structure of the seed HGN particles was verified using lattice spacing from HRTEM
images and was found to be identical to solid colloidal gold this deposition of silver

and gold follows published work. The HNS with the highest length and density of
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Figure 3.2. HGN seed templated synthesis of each SERS substrate. Control of the surface
morphology of the SERS substrate was achieved by controlling the ratio of Au®**/Ag*.
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spikes were selected for SERS measurements. As illustrated in Figure 3.2C, the HNS

are conjugated to a heterobifunctional PEG linker then to AB1-14 and characterized

using SERS.

The values from Table 3.1. Were used to generate Figure 3.2B. The ratio of
gold ions to silver ions increased nonlinearly with a sharp increase between 15 to 40

to hollow smooth gold nanoparticle.

Table 3.1. The amount of silver and gold in the HGN seed and each HGNS as
measured by ICP-OES.

Au(ppm)| o |Ag(ppm)| o |AU/Ag| o

HGN seed 1.02 0.27 NA NA | NA | NA
Bumpy HGN 0.99 0.15 0.37 0.02| 2.67 |043
HGNS 1 2.68 0.22 0.82 004 | 327 |031
HGNS 2 2.60 0.06 0.63 0.02| 410 |0.16

Thick Shelled HGN 1 | 15.97 | 0.68 1.05 0.03 | 15.17 | 0.78
Thick Shelled HGN 1 | 13.32 | 0.84 0.62 0.02 ] 2142 |1.52
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Figure 3.3. Results of the Bicinchoninic acid whereas a) and b) are the UV Vis
spectra and calibration curve of the BSA standard dilution series and c) is the UV
Vis spectra of a known amount of AP and the nanostars-PEG-A complex.
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Table 3.2. The amount of protein as calculated by Bicinchoninic acid assay for BSA
control and the nanostar-PEG-Ap complex.

Standard Concentration |Net A 562 nm | [AB] UM
Control 10 pg/mL 0.12 0.23
HGNS-PEG-AP supernantant unknown 0.10 0.18
HGNS-PEG-AB unknown 0.02 0.02

3.3.1. Optical and Structural Properties

HNS synthesized from an HGN template show a red-shifted localized surface
plasmon resonance (LSPR). During the HNS synthesis, Au®* ions are reduced on the
HGN seed using ascorbic acid in the presence of Ag™* ions. As shown in Figure 3.4A,
the HGN seed had an LSPR peak at 550 nm. For ease of discussion, the
nanostructures were named bumpy HGN (BHGN), HNS 2, HNS 1, thick-shelled
HGN 1 (TSHGN 1), and thick-shelled HGN 2 (TSHGN 2) corresponding to the
addition of 5, 10, 20, 40, and 60 umol of Au®* to the hollow nanostar growth solution.
All other parameters such as Ag* and ascorbic acid remained constant. The BHGN
had a 100 nm red-shifted LSPR of 655 nm. Additionally, the spectral profile broadens
due to the formation of polydisperse nodules. The formation of spikes as seen in HNS
1 further red-shifted the LSPR to 665 nm but a decrease in polydispersity occurred
and the spectral width narrowed. The largest red-shift occurred for HNS 2 where the

LSPR was 815 nm. This is attributed to longer spikes with a higher density. Upon the
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Figure 3.4. The optical and structural properties of the HGN seed, bumpy HGN,
HGNS1, HGNS2, TSHGN1, and TSHGN2 where a) is the UV Vis spectra of each
nanostructure normalized to 1.0 optical density, b) are the scanning electron
microscope images of each nanostructure where the scale bar is 100 nm in each
image, and c) is the ratio of gold to silver.
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addition of 40 and 60 pmol of Au®*, the LSPR blue-shifted with respect to the HNS to
595 and 555 nm respectively. Because the LSPR is still severely red-shifted as
compared to similarly sized solid gold nanoparticles, the last two nanostructures are

likely hollow and were name thick-shelled HGNSs.

Another trend observed in the UV-vis spectra in Figure 3.4A is the LSPR
band broadening associated with the growth of the spiky surface. HNS 2 has the
largest full-width at half the maximum intensity along with the most NIR shifted SPR
followed by bHGN then HNS 1. There are many factors that can contribute to the
changes in optical properties such as longer spikes, polydispersity in tip to tip
diameter, shifting core thickness. In previous work, Nehl et al. and Hao et al.
combined the plasmon hybridization with numerical approaches to elucidate how the
physical structure of complex nanostructures affects the LSPR.?* 2% 30 The major
finding was that the extinction spectrum of gold nanostars was composed of
scattering and absorption from both the core and tips of the nanoparticle.?* 2% % The
major changes in SPR were likely associated with the largest change in nanostructure

namely the formation of spikes that increase the size of the nanoparticles.

The SEM images in Figure 3.4B further explain the SPR shifts seen in UV-vis
spectra. As nodules lengthen to spikes, the SPR red-shifts, and as the spikes reduce to
a smooth surface, the SPR blue-shifts. The surface roughened from smooths HGNs
into nodules upon the addition of 5.0 umol Au®*. The longest spikes formed with 10

and 20 umol of Au®" added (HNS 1 and HNS 2), but there was a higher density of
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spikes for HNS 2. Close up images of HNS 1 and HNS 2 shown in Figure 3.5 to help
to visualize their difference in structure. SEM confirmed that both TSHGN were
smooth and much larger. TSHGN 1 and 2 were 64 + 14 nm and 81 + 18 nm. Because
the extinction spectrum is red-shifted compared to analogous solid gold sols,

suggesting that the hollow core remained present. 3/

Each type of nanostructures can further be explained by the ICP-OES results
in Figure 2C showing the amounts of Auand Ag in each nanostructure. From BHGN
to HNS 2, there was an increase of four times the amount of umol of Au®* added to
the growth solution, but ICP-OES revealed only a 1.5 increase in the amount of gold
from BHGN to HNS 2. This shows that silver blocks much of the gold from
depositing onto the HGN template which promoted the growth of spikes. From HNS
2 to the TSHGNSs the ratio of pmol of Au®* added to the growth solution was 8 and 12
times the amount added to make BHGN. ICP-OES for TSHGN1 and 2 showed 5.7
and 8.0 times the amount of gold added onto the particle as compared to BHGN. ICP-
OES and SEM images suggested that the gold atoms deposited over the previously
blocked sites to form smooth nanoparticles. The specific ppm values of Au and Ag

for each sample are given in Table 3.1.

Overall, the HGN seed provided a way to control the void space inner
diameter of the HNS. Electron microscopy images of the void space can be seen in
Figure 3.5. The spiky surface was formed by reducing added gold ions onto the
existing nanoparticle surface an HGN seed particle in the presence of silver ions. The

silver ions help to limit available binding sites of gold, resulting in directed growth of
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gold nodules that quickly form spikes.®® Lastly, ascorbic acid was used as a reducing
agent to prevent the development of new gold or silver nanoparticles. The resulting

HNS had sharp spikes with SPR tunable throughout the visible and near-IR spectrum.

Figure 3.5 shows the lattice spacing of a representative sample of HGN seed and

bumpy HGN. The d spacing match gold based on the Winchell Elements of Optical

Mineralogy database.
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Figure 3.5. Transmission electron microscopy images of a) the HGN seed
nanoparticle with lattice spacing measurements visible, b and c) low resolution
image of image of HNS1 and high-resolution image of HNS1 next to an
unreacted HGN seed nanoparticle, d) low resolution image of HNS 2, and e and
f) lattice spacings of bHGN and HNS.

3.3.2. Raman and SERS Analysis of OPSSPEGSVA

Figure 3.6 shows the Raman spectra of crystalline OPSSPEGSVA, the

calculated spectra of OPSSPEGSVA with varying length of repeat PEG units, and the
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SERS spectra of the PEG linker with each nanostructure. Figure 3.6a

shows the Raman spectra of a solid OPSSPEGSVA sample along with the calculated
DFT Raman spectra of a monomer (OPSSPEG1SVA), heptamer (OPSSPEG7SVA),
and pentedecamer (OPSSPEG15SVA) linkers. There is good agreement between the
observed and calculated PEG peaks. The results also agreed with previously
published results on PEG.*® A comprehensive list of the Raman and SERS peaks of
OPSSPEGSVA along with the peak assignments is given in Table 3.2. A full list of
peak positions and assignments of the calculated spectra are given in Table 3.3. The
optimized structure of the calculated monomer, heptamer, and pentedecamer are

given in Figures 3.8a-c.

The peaks associated with solid PEG have been well documented. Both
Raman and SERS results of the solid OPSSPEGSVA and HNS-PEG are in agreement
with each other and
the previously published values for PEG. The peaks of interest are 990 cm™ (C-C §),
1047 cm™ (CH), 1066 cm™ (CH_), 1128 cm™ (CH2), 1237 cm™ (CHy), 1284 cm
(CHy), and 1400 cm™ (CHy2), and 1487 cm™ (CHs). A complete list of the peaks is
given in Tables 3.2 and S3. HNS-PEG differs from the solid PEG linker in that the
990 cm! peak shifted to 998 cm™, the 1284 cm™ peak shifted to 1335 cm™, and lastly,

the other peaks did not overlap with the dominant peaks from the dipeptide, TP. A

57



full comparison is given in Table 3.3.
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Figure 3.6. Observed Raman spectra of solid OPSSPEGSVA linker (5000k MW)
and SERS spectra OPSSPEGSVA conjugated to each HGNS.

Figure 3.7 shows the optimized structures of the OPSSPEGSVA linker monomer,

heptamer, pentedecamer, and pentedecamer conjugated to tyrosyl phenylalanine.

Figure 3.7. The DFT/B3LYP 6-31 (d,p) optimized structure of a) OPSSPEG1SVA,
b) OPSSPEG7SVA and c) OPSSPEG15SVA, and d) Tyrosyl Phenylalanine -
OPSSPEG15SVA.

58



Table 3.3 shows the peak positions and assignments of solid and aqueous

OPSSPEGSVA along with the peak assignments.
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Table 3.3. Summary of the vibrational modes and peak assignments of
OPSSPEGSVA as compared the results of a crystalline and the HGNS-
OPSSPEGSVA conjugate.

ref 38 OPSSPEGSV HNS-
A (s) OPSSPEGSVA(I) Agsignment
cal | obs obs obs
. . 225 - CH, p
- - 281 - CH, p
- - 365 - CH, p
- - 430 . -
| s3s ] SVA ring CH, p. CH,
P
| ss4 ] SVA ring CNC v. CH,
P
-] - 721 7 OPSS ring def
- - 746 CH, p
845 | 844 847 - CH2.CO
890 | 863 862 - CC.CO. CH,
026 | 935 935 954 CC. CH,
004 | 989 990 9098 CC., CH,
1048 | 1040 1047 - CO.CH,
1061 | 1061 1066 - CO.CC
1128 1128 1116 CO.CH, p
1151|1145 1145 1171 CcO
1235|1234 1237 - CH, ®
1289 | 1280 1284 1276 CH, o
1363 - 1304 1335 CH, ®
1399 | 1399 1399 1397 CH, o
1451 - 1452 1446 CH, 6 CH; &
1488 | 1486 1484 1495 CH, &
- - - 1538 -
- - 1568 - opss NCC def
- - 1577 - -
- - 2836 - CH, v, CH, v,
- - 2889 - CH, v,.CH, v,
- 2020 - CH, v, CH, v,

*v,d,p, o, T, br, def represent stretching, scissoring, rocking, wagging, twisting,
breathing, and deformation respectively. as —asymmetric and s — symmetric
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Table 3.4 shows the peak positions and assignments of the calculated monomer,

heptamer and pentedecamer spectra.

Table 3.4. Summary of the Raman spectra solid OPSSPEGSVA linker,

OPSSPEG15SVA, OPSSPEG7SVA, and OPSSPEG:SVA with each peak assignment.

Calculated
lmer [mode Assignment Jmer | mode Assignment 13mer |mode Assisnment
227 | 31 CH, p 239 56 CH,p - - -
258 | 32 CH, p 281 59 CH, p 273 94 CH, p
359 | 38 CH, p 353 67 CH, p
430 | 43 CH, p. OH 420/442 | 73/74 CH, p. OH st
541 51 SVA ring CH, p. CH, p 543 85 SVArng CH, p. CH, p 556 | 135 CH,p
584 | 52 SWA ring CNCst. CH, p 583 89 | SVAring CNCst. CH,p | 586 | 138 SVArng CH,p
702 | 61 OPSS ring def 704 96 OPSS ring def 704 | 144 OPSS ring def
T40 | 64 SWA ring breath 738 99 CH,p 780 | 150 CH,p
860 | 71 CH,.CO 845 112 CH,.CO 837 | 166 CH,p
871 | 72 QPSS ring wag 867 114 CC.CO.CH, 865 | 169 CH, p
934 | T8 CH, p - - -
997 | 84 CC SWVA breath 984 127 CCCH; p -
1050 90 CCSVAbr CH.p 1053 141 COSVArng br CH,p | 1030 | 203 OPSS ring br
1064 92 CNst CH,pCH- 1 1067 145 COCC 1067 | 211 CH,pw
1129 102 COCH,t 1127 159 COCH,p 1129 | 235 CH,p
- 1151 169 CH.t 1156 | 257 CH.p
1232 113 CH.t 1228 183 CH.t 1233 | 278 CCH.t
1279 | 121 CH,t 1286 | 200 CH,t 1284 | 302 CH,tw
1355] 127 CH2 w 1367 213 CH w 1367 | 322 CH,w
1406| 132 CH, & 1404 216 CH w 1406 | 330 CH,w
1451 141 CH, & 1453 230 CH, & 1450 | 347 CH,dp
1500 145 CO,OHwag CH,t. CH, 5 1489 | 242 CH.a 1483 | 359 CH.6p
1558 | 147 opss NCC def 1560 | 248 opss NCC st 1563 | 384 opss def
1568 | 249 opss CCC st 1571 | 385 opss def
CH, v,
2840 152 CH- v, 2836 254 CH,v..CH.v, 2848 | 390 out phase
CH, v,
2887 157 CH,v..CH.v, 2877 267 CH,v..CH.v, 2884 | 411 in phase
2919 160 CH, v, 2919 | 283 CH,v,. 2918 | 439 | CH,v, . CHyv,

*v,90,p, o, T, br, def represent stretching, scissoring, rocking, wagging, twisting,
breathing, and deformation respectively, as —asymmetric and s — symmetric
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Figure 3.8. SERS and Raman spectra of threonine showing the HGNS-PEG-amino
acid complex (top), threonine dissolved in water (1mg/mL), a Raman spectrum of
solid threonine, and the calculated Raman spectra of threonine.
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Figure 3.9. SERS and Raman spectra of isoleucine showing the HGNS-PEG-
amino acid complex (top), isoleucine dissolved in water (Img/mL), a Raman
spectrum of solid isoleucine, and the calculated Raman spectra of isoleucine.

63



Table 3.5 shows the peak positions and assignments of the HNGS-PEG-TP/TH/ILE

complexes

Table 3.5. Summary of the Raman spectra of isoleucine (ILE), threonine (TH), and
tyrosyl-phenylanine (TP), the SERS spectra of the HGNS-PEG-ILE, HGNS-PEG-
TH, and HGNS-PEG-TP, and the calculated Raman spectra of ILE, TH, and TP with
each peak assignment. Blue wavenumbers are contributions from the PEG linker.

HNS- HNS- HNS-
ILE (s)| PEG- | ILE Assigament | TR [PEG-TH TH JR— TP (s) [PEG-TP| TP Assigment
ILE () ) U]
obs obs cal obs obs cal abs obs cal
444 440 468 563 557 558 OH def 438 COHw
537 539 580 NCO& 777 783 795 NH; w 483
769 767 756 CH, CHs p 844 848 859 CCst,CH; T,NH2 T 541
825 820 825 NH; & 872 871 - 621
852 854 843 NH; & 903 902 909 CCst.CH; p.NH2 p 722 721 .
OPSSring def
992 999 1004 CC st 934 937 1005 1003 |1015 Ptﬂg def. CH, p
1031 | 1045 | 1052 | CH;CH3p 993 | 998 A CHy p CH TCH, 8 p (R0 1043 | 1051 |1066 )
Tyr ring def. CH, p.aCC v
1309 1309 1320 CH> w CHs p 1043 1046 1034 CCv.CHs; p.NH: p 1081 1085 -
1355 1341 1341 CH:; w, CC st 1112 1122 1137 CH def, CO v, OH def 1118 1122|1114 aCN v.NH, &
1418 1412 1446 CH,; scCHs p 1254 1246 - 1163 1159 |1155 Tyr ring def, OH def
1450 1449 1457 CH;d81 1276 1291 1290 CH def. NH> 1. OH def, CH3 8 1247 1233 | 1242
CH def, CH, T.NH, T
1463 1466 1471 CHz 6 1343 1350 1279 1276 | 1287 PHE ring def
2878 - 2895 CH v, 1412 1409 - 1344 1368 | 1332 COO-st.CH, T
2893 2893 2907 CH, v, 1455 1464 1450 CHsz 6 1406 1415 | 1431 Tyr ring def. CH, ©
2946 2945 2927 CH; v, 2753 2898 2812 aCCv 1447 1453|1441 CH, 6. PHE ring def
2965 - 2972 CH; CHa Vs 2886 2926 2902 CH st - 1554 -
2996 | 2990 | 2993 CH,CH,v, | 2045 | 2051 | 2032 CH, v, 1585 | 1579 |1580| Tyrringdef, CHat, NH:8
2089 | 2080 | 2097 CH, v, 2934 2023 CH,v
3049 - 3038 CH., v, 2968 2968 CH,v,,.CHvV
3014 3014 CH, v,,
3047 3042 Tyr ring CHv
3066 3067 Phe ring CHv

*v,0,p, o, T, br, def represent stretching, scissoring, rocking, wagging, twisting,
breathing, and deformation respectively, as — asymmetric and s — symmetric
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3.3.3. Comparative Analysis of Api-14 Raman and SERS

Proteins are often difficult to directly detect Raman spectroscopy due to low
cross section and complex three-dimensional structures that vary among proteins. To
increase the Raman signal, we covalently linked Af1.14to the SERS substrate using a
PEG linker. The PEG linker contained two moieties that easily undergo a substitution
reaction: the orthopyridyl disulfide moiety formed a gold-thiol bond with the HNS
and the succinimidyl ester reacts with the N-terminus of AP1-14 to form a new amide
bond. The result is that AP1-14 1S closer to the surface of the HNS. All the SERS
measurements were performed in aqueous solutions to minimize variations in the
SERS intensities that occur upon drying.* 42 AB1.14 was detected using HNS 2 that
showed the highest enhancement in earlier studies. Figure 3.11 shows the Raman and
SERS spectra of AP1-14 along with the SERS spectra of tyrosine-phenylanine (Tyr-
Phe), isoleucine, and threonine conjugated to HNS 2 using the same procedure.
Lastly, Figure 3.11 shows the Raman spectrum of solid OPSSPEGSVA and the SERS

spectra of HNS 2 conjugated to only the PEG linker.
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Figure 3.10. The Raman spectra of AB and OPSSPEGSVA for comparison to the
SERS spectra of HNS-PEG and HNS-PEG conjugated to AB, Tyrosyl
phenylalanine, threonine, and isoleucine.

AP1-14 contained only one aromatic side chain, phenylalanine. The vibrations
associated with the conjugated ring dominated both the Raman spectra of solid AB1-14
and the SERS spectra of the HNS-PEG- Ap1-14 conjugate. The vibrational modes
involving the benzene ring were 620 cm™, 1002 cm™, 1030 cm™, 1603 cm™.12 17.43-47
There are several differences between the Raman spectra of AB1-14 and the SERS
spectra of SERS spectra of HNS-PEG- Ap1-14. The intensity of the amide I stretch of
solid AP1-14 was greatly diminished in the SERS spectra, and the C-CH. stretch at
1054 cmt, C-N stretch at 1156 cm™, and the amide 111 region at 1233 cm™ appeared

or increased in intensity. Lastly, the appearance of the C-S stretch at 718 cm™.
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Analysis of the solid PEG linker and HNS conjugated solely to PEG further
evinced the successful conjugation of HNS to PEG. The dominant peaks and
assignments from solid PEG and HNS-PEG were 990 cm™ (C-C), 1047 cm™ (CHy),
1066 cm™ (CH2), 1128 cm™ (CHy), 1237 cm™ (CH>), and 1284 cm™ (CH,). Both the
Raman spectra from solid OPSSPEGSVA and the SERS spectra from HNS-PEG
conjugate matched the well documented peaks associated with poly ethylene glycol,
orthopyridyl disulfide and succinimydal valeric acid.*® The appearance of the C-S
stretch at 718 cm™ appeared due to cleaving the orthopyridyl disulfide group.*®* The
disappearance of the S-S stretch at 540 cm™ and the simultaneous increase in
intensity of the C-S stretch at 718 cm™ support the conclusion that PEG conjugated to

gold. A complete list of the peaks is given in Tables 3.3 and 3.4.

Two amino acids and a dipeptide were studied to help understand the
differences between the Raman spectra of solid AP1.14 and the SERS spectra of the
HNS-PEG- Ap1-14 conjugate. The amino acids selected contained side groups that
resembled the PEG backbone, and the Tyr-Phe dipeptide selected contained the same
aromatic side group found in AP1-14. The SERS spectra of the HNS-PEG- amino acid
conjugates were entirely dominated by CH2, and CHs deformation modes that largely
did not share any peaks assignments from solid AP1-14 and were also shifted slightly
from solid PEG and HNS-PEG. Conversely, the SERS spectra of the HNS-PEG-
TyrPhe complex shared every major peak position and intensity with the HNS-PEG-

AP1-14 complex.
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The full results given in Tables 3.4, 3.5, and 3.6. The dominant peaks found in
HGNSPEGTP were 438 cm™ (C-O-H © ), 1003 cm™ (Phe ring deformation), 1051
cm! (CHzp), 1085 cm™ (CC §), 1122 em™ (CN §, NH2 &), 1232 cm™ (CH2 p, CHa1),
and 1277 cm™ (CH2 p, Phe ring deformation). The two bands at 1003 and 1277 cm™!
were similar in peak position and intensity to the phenylalanine ring deformation and
CHa rocking modes found in both the observed and calculated TP spectra. The band at
1085 cm* experienced a large enhancement compared to the simulated spectra. Since
HNS-PEG-TyrPhe contains two conjugated ring systems which are widely known to
experience a strong SERS enhancement, the authors can confidently state that we

directly detect AP1-14 at a concentration of 20 nM as determined by BCA assay.

3.4. Conclusion

In summary, we have developed a new SERS substrate capable of detecting
mouse derived APi-14 via OPSSPEGSVA which covalently linked both the hollow
gold nanostars and APi.14 Through a BCA assay, it was determined that 20 nM of AB1-
14 was captured and detected via SERS performed in a colloidal solution. The success
of the SERS measurements flourished from a seed-mediated method to synthesize
HNS with a controllable interior core utilizing tunable HGNs. Boric acid eliminated
the need to age the borohydride, reducing synthesis time by two days while retaining
tunability. HNS were shown to also have a tunable LSPR by varying the one

parameter. The amount of Au** ions added controlled the LSPR position and width.
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Furthermore, the AEF of the HNS was determined to be 4.5 x 10 for the C-H out of
plane bending vibration at 777 cm™! peak in R6G. While the HGN seed particle
demonstrated an AEF of 6.2 x 10 for the C-C-C ring in-plane bending vibration at
614 cm™. DFT calculated Raman spectra were used to distinguish OPSSPEGSVA
peaks from analyte peaks. SERS spectra of the HGNS-PEG linker and HGNS-PEG-
TP were analyzed using %PED to distinguish peaks from the PEG linker and the
dipeptide analyte. The major finding is that tyrosylphenylalanine was directly
detected despite overlaps in peak positions. Thus, a HNS-PEG linker-peptide
conjugate could be used for direct detection of more structurally complex molecules
in solution. This is exemplified by covalent bonding and detection of ABi-14 in
solution. The SERS intensity of the aromatic ring of the Phe residue in the HNS-
PEG-Ap1.14 conjugate was greatly enhanced and was confirmed using a simpler Tyr-
Phe dipeptide. The system may be useful for direct detection of full-length AB and

other bioactive peptides with nanomolar sensitivity.
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CHAPTER 4

Toward Improving Lateral Flow Assays by Versatile Histidine Conjugation to
AgAu Multibranched Nanoshells for the Detection and Study of SARS-CoV-2

via Surface Enhanced Raman Scattering
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4.1 Abstract

Recently, the rapid spread of COVID-19 variants has overwhelmed the
healthcare industry. There is an unprecedented need for more tests to adapt to
reoccurring and emerging pathogens. Advances in serological tests have combined
surface-enhanced Raman scattering (SERS) with lateral flow assays; however, the
assays heavily rely on reporter molecules and multi-step nanoparticle conjugations. In
this work, we have developed a new method to detect both the SARS-CoV-2 S1 spike
protein and the anti-SARS-CoV-2 antibodies by anchoring the N, nitrogen on a his-
tagged spike protein to a multibranched gold nanoshell for detection by SERS.
Multibranched gold nanoshells were prepared using HAuCls, AgNOs, and ascorbic
acid to improve the optical and morphological properties of smooth ~150 nm gold
nanoshells for detecting proteins. The multibranched gold nanoshells were gently
mixed with a his-tagged SARS-CoV-2 S1 spike protein, purified then mixed with
Anti-SARS-CoV-2 monoclonal antibodies. Raman and SERS measurements of the
spike protein and monoclonal antibody with a histidine tag showed a significant
increase in peak intensity as compared to samples without histidine. Enhanced SERS
peaks from the spike protein at 1079, 1178, and 1592 cm™* are attributed to & =N-H,
vC-N, vC=C, respectively. Enhanced peaks from the Anti-SARS-CoV-2 monoclonal
antibody at 861, 1205, 1454, and 1630 cm™ can be assigned to vN-H, vC-C, C-H def,
and vC=0 associated with the phenylalanine and tyrosine rich region closest to the
binding sites on mAb. This method could improve and simplify serological assays

while enabling the direct detection of SARS-CoV-2 S1 spike protein and Anti-SARS-
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CoV-2 monoclonal antibody in aqueous solution without using Raman reporter

molecules.

4.2 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected
over 440 million people worldwide with COVID-19 as of February 2022. ? Frequent
testing has been proven to be vital in limiting the spread of COVID-19.>* Paper-
based lateral flow immunoassays (LFIA) are the most prevalent rapid screening
method because they enable quick and point of care testing.>” Current LFIA methods
offer a yes/no answer dependent upon subjective interpretation of a colorimetric
result. The stability of antibody-coated gold sols limits the accuracy of LFIA. LFIA
was pared with surface enhanced Raman scattering (SERS) to improve the accuracy

and precision by Liang et al.

Pairing (SERS) with LFIA adds both a second metric to confirm the reliability
of the results and a method to obtain quantitative data.® *° Current SERS LFIA
methods utilize a concoction of antibodies, dyes, and molecules for conjugation to
achieve sensitivity down to pg/mL.%" In 2021, Liu et al. used SERS LFIA to detect
anti-SARS-CoV-2 IgM and IgG at 800 times the sensitivity of LFIA via the Raman
reporter molecule DTNB. Studying anti-SARS-CoV-2 immunoglobulin and SARS-

CoV-2 spike proteins directly could enable surveillance of the spread of variants.
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However, to study the molecules directly, immobilizing SARS-CoV-2 spike protein

and anti-SARS-CoV-2 antibodies within nanometers of the sensor surface is crucial.

The performance of the SERS substrate depends on its localized surface
plasmon resonance (LSPR), and the plasmonic properties of the SERS substrate
depend on its nanostructure. Gold nanostars have shown increased SERS activity,
with reported enhancement factors 2—5 orders of magnitude higher than their solid
spherical counterparts.'® The increased SERS activity has been attributed to the spikes
that produce strong EM field enhancements due to electron confinement.
Additionally, an increase in surface area is associated with nanostars allowing more
interaction of the analytes and the nanostar.'®?! As such, nanostars exhibit both larger
SERS activity without the need for aggregation.?? Hollow structures such as HGNs
are highly tunable with both internal and external surfaces, whose coupling further
enhances the EM field as well as their SERS capabilities.?® Our lab has recently
demonstrated that it is possible to introduce spikes on the surface of HGNs, which
allows the combination of the properties of HGNs with those of gold nanostars into

one structure, hollow gold nanostars, (HNSs), with improved SERS activity.?* 2°
4.2.1 Application of Histidine to Recover Metals from Solution

The challenges associated with direct detection are simplifying molecules
associated with the conjugation process that adds to the spectroscopic background
and removing Raman reporter molecules. Both processes would be aided by a small

molecule capable of bringing the analytes within a few nanometers of the
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nanoparticle surface. Options for simplifying the conjugation technique are
EDC/NHS, PEGylation, and amino acid conjugation. Histidine conjugation is likely a

competitive technique based on size and metal affinity.

Histidine-rich proteins are essential for biological processes involving pH
buffer, antioxidant, and metal chelation.?® While histidine has been largely used with
Ni(I1), Cu(ll), Co(ll), or Zn(Il), there is evidence that the imidazole ring coordinates
to Au(lI1) and likely gold nanoparticles.?®=® A recent DFT study revealed that the
imidazole ring higher rate of adsorption for gold than the carboxylate group.®?
Additionally, when bound to a metal such as gold, vC-N, shifts from 1577 to 1612
cm1.37.40.41 These findings suggest that imidazole is a promising moiety for SERS
based detection. Nitrogen on imidazole has a peak shift from 1577 to 1612 cm™ when
bound to gold. Spike proteins are purified using immobilized metal affinity
chromatography via histidine tags. We can utilize his-tagged spike proteins to capture

SARS-CoV-2 antibodies.

This study employs histidine over EDC/NHS and PEGylation for nanoparticle
conjugation to achieve the direct detection of anti-SARS-CoV-2 monoclonal
antibodies, SARS-CoV-2 spike protein, and SARS-CoV-2 antigen-antibody bond.
Because histidine has an affinity for gold, we were able to conjugate the spike protein
to the multibranched gold nanoshells directly, and then detect the spike protein
binding to the antibody in an aqueous solution without any need for Raman reporter

molecules. Our results show that his-tagged antigens can be used to detect SARS-
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CoV-2 monoclonal antibodies down to 9.20x10-9 M without the need for Raman

reporters.

4.3. Results and Discussion

Scheme 4.1 illustrates the metal coordination of histidine to the multibranched
gold nanoshells for SERS based detection of Anti-SARS-CoV-2 monoclonal
antibodies (mADbs) in solution. The SERS substrate, multibranched gold nanoshells
(MGNSs), was coated with a histidine-tagged SARS-CoV-2 spike protein. On
imidazole, the nitrogen with an available lone pair of electrons (N7) anchored the
spike protein to the MGN. The mAbs were linked to the MGNs through typical
antibody-antigen reactions. Spectroscopic analysis at each step revealed the addition

of Raman modes associated with successful conjugation.

4.3.1 Synthesis Optical and Structural Features of Multibranched Gold

Nanoshells

Multibranched gold nanoshells were synthesized in a single step then

conjugated to SARS-CoV-2 spike protein followed by an anti-spike mAb. First, Au®*
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6X Histidine — SARS-CoV-2 — SARS-CoV-2
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Y ‘ Multibranched Gold Nanoshell

Scheme 4.1. llustration of two adjacent imidazole rings from a 6-histidine tagged SARS-
CoV-2 S1 spike protein coordinating to the SERS substrate. The Nz anchors the spike
protein and Anti-SARS-CoV-2 monoclonal antibody to the multibranched gold nanoshell.

ions were reduced onto the surface of 157+ 10 nm gold nanoshells in the presence of
Ag" using ascorbic acid following modified a seed templated nanostars synthesis by
the Dinh group.?® 2 The surface of the nanoshells became spiny and urchin-like.
Following the formation of MGNSs, the nanoparticles were washed and resuspended in
MilliQ water. Very soon after, His-tagged SARS-CoV-2 spike protein (S1) was
mixed with the SERS substrate for 6 hours to ensure the His-tagged S1 coordinated to
the MGNSs via N, on the imidazole moitety.?® Afterward, unbound S1 was removed
via centrifugation and the loose pellet was resuspended then gently stirred with Anti-
SARS-CoV-2 mAb for one hour. Unbound mAb was then removed via gentle

centrifugation. The supernatant from both the S1 and mAb conjugation steps was
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stored. After conjugation was completed, the amount of protein was characterized

using a BCA assay for each sample and supernatant solution.

Quantitative results of the S1 and the mAb conjugation to the multibranched
gold nanoshells were obtained using a BCA assay, as seen in Figure 4.1. A calibration
curve was constructed using the absorption intensity of BSA complexing Cu™ ions at
562 nm. There results were averaged for three samples. The MGN+S1 samples
contained of 1.0 mL of MGNs mixed with 30 pL of 100ug per 100 puL S1. A 30 pL
samples of S1 was analyzed as a control. The BCA assay showed the molar
concentration of the control was 3.43x10® M. 9.20x10° M of S1 adhered to the
MGNs. The MGN+S1+mAb samples were prepared by adding 10 pL of 1.0 mg per
1.0 mL. The MGN+S1+mAb control contained 30 pL of S1 plus 10 pL of 1.0 mg per
1.0 mL. The BCA assay showed the molar concentration of the control was 4.03x10”7

M. The total protein content that adhered to the MGNs was 2.44x108 M.
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Figure 4.1. Results of the Bicinchoninic acid assay where a) is the calibration
curve of the BSA standard dilution series constructed from absorption
spectroscopy intensity at 562 nm b) the results of the BCA assay for
multibranched gold nanoshell (MGN) coated in spike protein and spike protein
plus Anti-SARS-CoV-2 mAb. Controls were marked with (C), and supernatant
samples were marked with and (S).
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Figure 4.2. The optical, elemental, and structural properties of the nanoshell seed
and multibranched gold nanoshells where (a) shows the UV-Vis extinction spectra
of each, (b, c) show Au (red), Ag (green), and Si (teal) overlaid on the black and
white HAADF image of each nanostructure, (d) shows the weight percent of each
element in b, c, and (e, f) show the HRTEM analysis of the multibranch gold
nanoshells with lattice resolved image of one of the branches.

As shown in Figure 4.2, the morphological changes improved the optical
properties of the nanoshells. Multibranched gold nanoshells were synthesized from
157 £10 nm nanoshell template. Extinction spectra in Figure 4.2A showed a blue-
shift of the localized surface plasmon resonance (LSPR) peak associated with the
nanoshell cavity and a red-shifted plasmon mode associated with nanoshell. During
the multibranch synthesis, Au* ions form nanoscale Au® cones on the nanoshell
surface. Additionally, a small amount of Ag* ions also deposit on the surface. The
multibranch synthesis changes the structure in two pronounced ways: a thicker

nanoshell and barbed projections form on the previously smooth surface.
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The extinction spectrum of the nanoshell seed particle and multibranched
nanoshells were characterized by two plasmon modes as seen in Figure 4.2A. The
pair of peaks found in the nanoshells at 630 and 813 nm are caused by two dipolar
plasmon modes. *?** The longer wavelength mode corresponds to symmetric
coupling resembling a dipole bonding mode. The shorter wavelength mode
corresponds to antisymmetric coupling of the cavity plasmon and the outer shell
plasmon resembling a dipole antibonding mode (+- +-). Figure 4.3 shows the blue-
shift and red-shift analysis of the extinction spectra of the nanoshell and the MGN.

After the multibranch synthesis, the LSPR peak at 630 nm blue-shifted to 580 nm.
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Figure 4.3. Multipeak fit of the extinction spectra of A) nanoshells and B) MGN.
The top black spectra is the difference between the extinction spectrum and the fit
spectrum. The grey peaks show the fit. The blue and green peaks show the fit

A change in shell thickness occurred because of increased shell thickness. The
diameter shell thickness measurements were performed Image J using HAADF and
HRTEM images as seen in Figures 4.2B, 4.2C, 4.2E, and 4.2F. Au deposited onto the
nanoshell changing the shell thickness from 12 nm to over 44 nm. The ratio of the
diameter to thickness also called the aspect ratio decreased from 12 to 2.7. The
dramatically decreased aspect ratio may explain part of the 50 nm blue-shift of the

plasmon mode associated with the cavity. Additionally, the blue shift can be
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understood by analyzing the role of Ag®. Atta, Beetz, and Fabris documented the
cavity plasmon mode blue shifts with increasing AgNOs used in the multibranch
synthesis.*> # Increasing deposits of Ag® change the plasmon modes to be closer to
colloidal silver. The amount of silver in both nanostructures was characterized with
Energy Dispersive X-Ray Spectroscopy (EDX); the results are displayed in Figure
4.2D. The EDX spectra and elemental mapping of both the nanoshell and MGN can
be seen in Figures 4.3 and 4.4. The atomic weight % of gold decreased by 10% from
nanoshell to multibranched nanoshell. The atomic weight% of silver increased from
0% to 21 + 2%. The amount of AgP on the surface of the nanoparticle decreased the
full width at half the maximum (FWHM) by 10 nm resembling the narrow peak width

of silver nanoparticles.
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Figure 4.4. Elemental analysis with EDX spectra of the nanoshells where A) is the

HAADF image, B) is the elemental map of gold, C) is the elemental map of
silicon, and D) is the EDX spectra.
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Figure 4.5. Elemental analysis with EDX spectra of the MGNs where A) is the

HAADF image, B) is the elemental map of gold, C) is the elemental map of
silver, and D) is the EDX spectra.

After the multibranch synthesis, the low-energy plasmon mode at 813 nm red-
shifted to 821 nm, and the FWHM increased by 136 nm. The average core diameter
remained relatively the same. Nehl and Nao used a combination of atomic orbitals to
model the core and spike of nanostars. The nanostars tips contributed to the longer
wavelength plasmon mode and caused peak broadening.*’-*® The core diameter of the
nanoshells was 129 + 8 nm, and the core diameter of the multibranched nanoshells

was 122 + 6 nm. Silver on the surface of the seed particle directed the growth of sharp
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gold projections. The large peak broadening is characteristic of the formation of an
urchin-like surface. The large increase in FWHM extends the LSPR into the near-IR

boosting the utility of MGNSs as a SERS substrate for proteins.

Multibranched structure is necessary to detect weak Raman scatters such as
protein antigens and antibodies. An increase in the number of SERS hot spots at the
tips of the branches and the large increase in surface area enable more sensitive
detection. Electron tomography was utilized in reconstructing the 3D shape of the
MGN from a series of 2D-TEM images taken at different tilt angles. Figure 4.5
displays the HAADF image of a single MGN, a slice of the reconstruction, and the
full reconstructed volume. The HAADF image in Figure 4.5A resembled the average
MGN core diameter and spike density. The slice in Figure 4.5B, allowed for a more
accurate analysis of the thickness of the MGN. The reconstructed volume in Figure
4.5C, enabled quantification of characteristics about the spike length and number.
There was an average of 15 spikes longer than 10 nm that were visible in Figure 4.5C
and Figure 4.6. The average spike length was 19.3 nm, and the average width at half
of the height was 7.14 nm. The calculated surface area of the average spike is 260
nm?. The calculated surface area of an MGN is 0.106 pm? as compared to the surface
area of the gold nanoshell seed, which was 0.072 um?. The large shifted LSPR,
numerous hot spots, and increased surface area make MGNs an ideal SERS substrate.
Additionally, the cavity in the MGNs help shift the LSPR to the near-IR and reduce

the amount of total gold per particle.
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Figure 4.6. 3D tomographic reconstructions of MGNSs. (a) A series of 2D STEM-
HAADF images were acquired over a range of tilt angles. (b) Particle surface
visualizations were rendered using TomViz. (c) Slices of the 3D reconstructions
through the particle centers, with the estimated core and shell radii overlaid. (d)
Radial intensity profiles for three multibranched gold nanoshells, showing the
intensity distributions at 20%, 50% (the median), and 80% for each radial bin.
Isosurfaces and associated estimates of the surface area are inset into each plot.

4.3.2 Evaluation of Histidine Tag via Raman and SERS

A key feature of the following experiments was the utilization of a histidine
tag on the SARS-CoV-2 spike protein. The Raman and SERS spectra of histidine
were first evaluated to understand whether imidazole could reliably coordinate to
MGNSs. Imidazole has two nitrogen atoms: one has a lone pair of electrons involved

in resonance (N,;) and the other nitrogen has a lone pair perpendicular to the pi bonds
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of the ring (N,).%° A recent study on the protonation state of each nitrogen in
imidazole revealed that N, remains protonated from pH 1 to 13 while N, has a free
lone pair at pH 7 and above.>® Figure 4.7A displays the Raman and SERS spectra of
histidine. The peaks of interest were 1267 cm™ (6=C-H, v=C-N), 1370 cm™* (Nt-M),
and 1577cm™ (v C=C, 8N-H), and 1600 cm™ (vC=C, vC=N). The full list of the
Raman and SERS shifts along with the peak assignments of histidine are summarized
in Table 4.1. Each of the four Raman shifts above involve the Nt or Nxt nitrogen

atoms and the and C4=Cs stretch, labeled in Figure 4.7B.
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Figure 4.7. Comparison of A) Raman and SERS spectra of histidine along with B) a
comparison of peaks association with unbound imidazole to gold bound imidazole.
The small imidazole structure is labeled from left to right C4 and Cs. Excitation
wavelength: 785 nm, acquisition time: 30 sec and 10 sec.

Furthermore, histidine bound to gold underwent changes in intensity and peak

position.>? The peaks at 1267 and 1370 cm™ correlated to the coordination state of

Nt.%3 As seen in Figure 4.3B, the intensities of 1267 and 1577 cm™ are the highest for

unbound Nt. Chelating a metal center has been known to shorten the bond length of

C4=Cs , labelled in Figure 4.3B, which in turn would increase the stretching
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frequency. As a result, an increase in Raman shift from 1577 cm™ to 1600 cm™ was

observed. This shift is a marker for the coordination of Nt to MGNSs.

4.3.3 SERS Detection of SARS-CoV-2 Spike Protein and Monoclonal Human

Antibody

SARS-CoV-2 receptor binding domain-targeting mAbs interact with the
receptor binding motif on the spike protein through key amino acid residues.>* %° The
amino acids that are readily detected via Raman spectroscopy are phenylalanine,
tyrosine, and Amide III (vC-N, 8N-H). Figure 4.8 shows SERS spectra of his-tagged
SARS-CoV-2 S1 and Anti-SARS-CoV-2 mAb along with the Raman spectra of his-
tagged SARS-CoV-2 S1. The intensity of the Raman shifts of his-tagged SARS-CoV-
2 S1 and Anti-SARS-CoV-2 mAb were weak without a SERS substrate — histidine
anchor. The distinct peaks of the His-tagged spike protein were 1310 and 1600 cm™.
Both peaks were broad and are likely attributed to histidine. The Anti-SARS-CoV-2
mAb SERS spectrum had three distinct peaks at 622, 1079, and 1590 cm™®. The peak
at 622 cm™ is likely due to the in-plane ring bending of. Both the 1079 and 1590 cm'*
are associated with 6 =N-H & =N-H. The two spectra without both histidine and a
SERS substrate suggest that this anchor is needed to achieve SERS sensitivity enough

to detect both the spike protein and mAb.

Both samples with MGN and a his-tag had enhanced signals associated
with amino acid residues of the spike protein and mAb. The enhanced peaks from the

spike protein were 1079, 1178, and 1592 cm™ and are associated with § =N-H, vC-N,
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vC=C respectively. The enhanced peaks from the his-S1-mAb were 861, 1205, 1454,
1605, and 1630 associated with phenylalanine, tyrosine, and amide stretches. The

networks of hydrophilic interactions at spike/mAb interface quenched the SERS signals at

1079 cm.% A full list of peaks associated with both samples can be seen in Table 4.1.
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Figure 4.8. Representative SERS and Raman spectra of MGN-6X His-S1-mADb,
MGN-6X His-S1, and MGN+mAb and 6XHis-S1 (from the top to the bottom). An
illustration on the right shows the different components. Excitation wavelength: 785
nm, acquisition time: 30 sec.
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Table 4.1. Present are the full assignements of the vibational modes associated with each compenent and
combination of MGN-His-tagged Spike-Anti-SARS-CoV-2 mAb. Analysis of the Raman spectra of Histidine and
His-tagged spike protein. Analysis of the SERS spectra of Histidine, His-tagged spike protein, Anti-SARS-CoV-2
mADb without a his-tag, and His-tagged spike-mAb.

Raman SERS Assignment
risicine S visidine BOSEE covzmab oAb
621 624 622 632 6 ring ip bend
698 N-H def
760 753 & =C-H oop
832 825 8 =C-H oop
861 v (N-H) Trp, Tyr
948 943 d ring ip
1013 8=C-H, ip
1048 1042 1050 dN-Hip
1075 1078 1079 1078 8 =N-H
1100 1106 v=C-N, 6=C-H
1166 1160 1169 vC-N, 6=C-H
1172 1178 vC-N, =C-H
1205 v (C-C) Trp, Phe
1245 6=C-H, v=C-N
1267 6=C-H, v=C-N
1314 1310 1316 vC=N, vC-N
1370 Nt-M
1407 & CH COO-
1430 1433 & CH2
1454 C-H def
1468 & (N-H) ip
1501 1513 3N-H ip
1560 ¥(C=C), 3(N-H)
1577 v C=C, 6N-H
1600 1592 1590 %:HCSC:'\?
1600 1605 C=C
1630 Pha A€o0

N- stretch, 3-deformation/bending, ip — in plane, oop — out of plane,
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4.4. Conclusion

The method discussed throughout this paper aimed to eliminate the need for
reporter molecules enabling the direct spectroscopic detection of SARS-CoV-2 spike
and Anti-SARS-CoV-2 antibodies. Multibranched gold nanoshell SERS substrates
were designed with a broad near-IR LSPR needed to avoid fluorescence backgrounds
associated with biological molecules. The near-IR shift was achieved by introducing a
spiky surface on 157 nm smooth gold nanoshells. After the multibranch synthesis, the
low energy plasmon mode at 813 nm red-shifted to 821 nm, and the FWHM
increased by 136 nm. The average spike length was 19.3 nm, and the average width at
half of the height was 7.14 nm. The multibranched synthesis increased the surface
area by 0.03 um? per particle. The LSPR, numerous hot-spot generating spikes, and

increased surface area made MGNSs an ideal SERS substrate.

Histidine tags were utilized as a simple nanoparticle-analyte linker. Raman
and SERS measurements of the spike protein and mAb without both histidine and a
SERS substrate had weak Raman signals. Raman and SERS measurements of the
spike protein and mAb with MGN and a his-tag had enhanced signals associated with
amide stretches from the spike protein and phenylalanine, tyrosine from the mAb.
The enhanced peaks from the spike protein at 861, 1205, 1454, 1605, and 1630
associated with phenylalanine, tyrosine, and amide stretches The method developed

here could be applied to improve the speed and simplicity of serological assays.
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5.1. Successes of Hollow Multibranched Gold SERS Substrates

The methods discussed throughout this work aimed to eliminate the need for
reporter molecules enabling the direct spectroscopic detection of molecules such
amyloid beta, SARS-CoV-2 spike, and Anti-SARS-CoV-2 antibodies. Hollow
multibranched gold nanostructures were able to accomplish direct detection due to
their increased number of hot spots compared to smooth nanoparticles. Additionally,
the LSPR of the substrates was tuned to be close excitation wavelength resulting in a
larger localized EM field and an increased SERS intensity. The use of a near-IR
LSPR helped to avoid fluorescence backgrounds associated with biological

molecules.
5.2. Emerging SERS Substrates

SERS uses the plasmonic fields at hotspots of noble metal nanostructures,
typically a gap junction between nanoparticles, to enhance Raman signals. Despite
the high chemical specificity, SERS measurements are limited by reproducibility to
detect a broad range of analytes. Because the local electric fields are highly
heterogeneous, over 99% of the analyte molecules are located outside of the hotspots
on a typical SERS substrate and contribute minimally to the signal, leading to limited
sensitivity and poor reproducibility. Novel trimer SERS substrate that consists of
three nanoparticles precisely organized in 3D can focus intense EM fields near the
binding sites of analyte molecules, leading to enhancement factors exceeding 10
The Ye group has worked on fabricating the novel 3D nanoparticle assembly at UC

Merced. The Ye group uses DNA origami method to form a 3D cage. Long single-

107



stranded DNA fold into designer shapes using the help of short oligonucleotides. The
cage's interior contains capture strands that can base-pair with the DNA ligands
functioning the small nanoparticle. Therefore, the small nanoparticle (10 nm in

diameter) can bind to the cage.

Another new class of plasmonic nanoparticle were synthesized by Nam et al.
in 2019. Helicoid gold nanostructures have a spiral surface morphology, several
intersecting crystalline grain boundaries, and crystallographic phases present on the
surface as seen in Figure 1 below. Helicoid nanostructures were developed via a wet
chemical technique. This is important because we can control the chirality of the
surface by using R or S amino acids. The shape is understood to evolve from the
FCC crystal structure of gold to the {321} index, which consists of <100>, <110>,
and <111>. The numerous crystallographic interfaces and overall change in
plasmonic properties will likely vary the spintronic behavior from other better
understood gold nanoparticles. Additionally, the sharp edges and fine surface features
will lead to exciting surface plasmon polaritons useful for Raman optical activity and

SERS measurements.

5.3. Future Work

Chapter 4 demonstrated that histidine could simplify the bioconjugation process
enabling the direct detection of SARS-CoV-2 spike protein and anti- SARS-CoV-2

antibodies. Collaborating with the Dubois lab at UC Santa Cruz could lead to screening
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active COVID-19 cases in live patients. A likely route to improve screening would be
to combine SERS with a lateral flow immunoassay. SERS could increase the reliability
of the colorimetric results and potentially aid in understanding SARS-CoV-2 mutations

and Covid-19 disease progression.
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CHAPTER 6

Experimental Details and Characterization
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6.1. General Methods

All materials were commercially available unless otherwise notes. Reducing

agents were kept in a vacuum desiccator after the bottle was opened.
6.1.1. Chapter 2
Fatty Acid Solubilization

Palmitic acid (ACROS 129702500), stearic acid (Sigma-Aldrich 175366), myristic
acid (Sigma-Aldrich 70082) and decanoic acid (Sigma-Aldrich W236403) with
purity >98%, were ground into a fine powder then stored individually. A generous
amount of fatty acid powder was mixed with 0.01M of reagent grade sodium
hydroxide in water then vortexed three times for one minute each then sonicated for
one hour at room temperature. Finally, the fatty acid solutions were stirred at room

temperature overnight after which they were ready for analysis.
Total organic carbon (TOC)

TOC measurements were used for determining the amount of FA that were
solubilized in a sodium hydroxide solution. The concentration of the TOC on each
sample was obtained according to Standard Method 53104 B using a Shimadzu TOC-

VCSH (Shimadzu Scientific Instruments, Columbia, MD).
Silver Nanoparticle Synthesis

The silver nanoparticles were synthesized following a modified Lee-Meisel silver

colloid synthesis reported by Leopold and Lendl.®> Overall, 10mL of the reducing

111



solution containing NH>OH-HCI and 100uL of 4.5mM NaOH was added dropwise to
90mL of an AgNOs solution. The final molar values of AgNO3; and NH,OH-HCI were

ImM and 1.5mM respectively.

UV-Visible Spectroscopy

UV-vis spectra were recorded with an Agilent Technologies Cary 60 UV—vis
spectrophotometer using a 700 pL quartz cuvette with 10 mm optical path length. The
extinction measurements were performed on washed silver nanoparticles in an open
environment. The washing procedure entailed centrifuging the nanoparticles three

times under ambient conditions at 13 000 rpm for 2 min.

Electron Microscopy

Scanning electron microscopy (SEM) was performed at the W.M. Keck Center for
Optofluidics at the University of California, Santa Cruz on an FEI Quanta 3D field
emission microscope operated at 10.00 kV acceleration voltage. A 10 pL aliquot of
diluted, 0.2 OD, silver nanoparticle solution was dropcast onto a 400 mesh copper
grid with a carbon support film of standard 5-6 nm thickness (Electron Microscopy
Sciences) and allowed to dry. The diameter of the nanoparticles was directly
measured from SEM images using ImageJ software. Over 100 nanoparticles were

measured and used to calculate the average diameter
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Raman Spectroscopy, SERS and Fiber Enhanced SERS

Non-SERS solutions in this study was prepared by diluting the four aqueous FA
solutions. The final concentrations ranged from micromolar to nanomolar. The SERS
samples were prepared by 9:1, AgNP:analyte, dilutions for a total volume of ImL
and sodium chloride NaCl, 10 mM was added to induce aggregate formation. The
solutions were incubated for about 10 min and SERS tests were performed about 20

min after the introduction of salt.

The hollow core photonic crystal fiber (HCPCF) used in our experiment was
purchased from Thorlabs Inc. (Model HC-800B). The central core diameter is 7.5 m
and the cladding pitch is 2.3 m. The fiber has a low transmission loss in the

wavelength range of 735-915 nm.

The method for immobilizing nanoparticles on the fiber optic probe is below.® The
end of the fiber tip was carefully cleaned by immersion for about 15 min in a piranha
solution (3:1 mixture of 96% sulphuric acid and 30% hydrogen peroxide) and rinsed
with H2O four times and twice with methanol. The cleaned fiber was dipped in a
solution containing 90% of methanol, 5% of distilled water and 5% of APTMS. After
about 15 min the fiber tip was extracted from the solution and rinsed four times with
methanol to remove the excess of APTMS. The fiber tip was then cured for about 30
min at about 90 °C and then rinsed again three times with methanol. When all
methanol was evaporated the tip was immersed for about 48 h in a colloidal solution

of silver nanoparticles prepared by a modified Lee and Meisel method and highly
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concentrated before use. The fiber tip obtained was then rinsed with methanol and

distilled water.
Raman measurements

All the Raman and SERS soectra were measured using a Renishaw inVia
Raman spectrometer at 532 nm laser. The laser was focused onto the sample using 5x
objective with an effective power of 0.03mW at the sample surface. For each aqueous
fatty acid sample (SERS and non-SERS samples) one single, 10sec scan was recorded
and performed 3 times for reproducibility. The FERS scans were performed the

identical laser wavelength and power at one single, 60sec accumulation.

6.1.2. Chapter 3

Synthesis of Hollow Gold Nanostars

Seed templated technique. The nanoparticle were made from a 150 nm gold
nanoshell. All water used was ultrapure with a resistivity of 18.3 MQ. The HNS were
synthesized using a modified method published by Yuan et al. which entailed adding
100 pL of the seed solution to a 10 mL solution containing 0.10 M HAuCl4 (5.0 pL,
10 pL, 20 pL, 40 pL, 60 pL) and 10 pL of 1.0 M HCI. Then immediately adding a
100 pL 3.0 mM silver nitrate solution and 50 pL of 100 mM ascorbic acid
simultaneously resulted in a bluish green color change indicating the presence of
spikes. Once the color changed, the solution was centrifuged with PEG-SH as a
stabilizing agent. The particles were then conjugated and used in SERS

measurements.
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UV-Visible Spectroscopy

UV-visible electronic absorption spectra were recorded with an Agilent
Technologies Cary 60 UV-vis spectrophotometer using a 700 pL quartz cuvette with
10 mm optical path length. The extinction measurements were performed on washed
silver nanoparticles in an open environment. The washing procedure entailed
centrifuging the nanoparticles three times under ambient conditions at 13,000 rpm for

2 minutes.

Electron Microscopy

Scanning electron microscopy (SEM) was performed on an FEI Quanta 3D
field emission microscope operated at 5.00 kV acceleration voltage. HGN solutions
were drop cast onto a 400-mesh copper grid (Ted Pella). High resolution transmission
electron microscopy (HRTEM) was performed on a FEI UT Tecnai microscope
operated at 200 kV acceleration voltage. Diameter measurements were taken directly

from the electron microscopy images using ImageJ software. EM tomography -

Bioconjugation of Hollow Gold Nanostars and Bicinchoninic Acid Protein Assay

OPSS-PEGsk-SVA was purchased from Laysan Bio Inc. PEG2k-SH and BCA
assay kit were purchased from Fischer Scientific. APi-14 was purchased from Neta
Scientific and had the following sequence of amino acids: DAEFGHDSGFEVRH.
PEGylated HNS were prepared by incubating 20 mL of freshly prepared HNS with 5
mL of 2 mg/mL OPSS-PEGsk-SVA and 5 mL of 1 mg/mL PEG2k-SH for one hour.

The HNS-PEG particles were washed three times and redispersed in MilliQ water.
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The HNS-PEG-analyte conjugates were prepared as follows: 100 puL of 1 mg/mL
AP1-14 was added to 9.9 mL of HNS-PEG, because of lower solubility 100 pg of
tyrosyl-phenylalanine was added to 1.0 mL of HNS-PEG, and for both isoleucine and
threonine 1.0 mg was added to 1 mL of HNS-PEG. The HNS-PEG-analyte conjugates
were mixed on a shaker for 12 hour then washed, briefly sonicated, then washed
again to remove unbound analyte and remove HNS conjugates that adhered to the

centrifuge tube.

A Bicinchoninic Acid (BCA) assay was performed using 10 parts of the BCA
Working Reagent and 1 part of the protein sample. The two solutions were combined
then vortexed for 30 sec and incubated at 37 °C for 30 min under gentle mixing. The
absorbance at 562 nm of a dilution series using known concentrations of Bovine
Serum Albumin (BSA) from 2.7 uM to 0.55 uM was used to construct a calibration
cure. Subsequently, AP conjugated HNS were analyzed using the protocol above then

the concentration of Ap was found using the calibration curve.

Raman Spectroscopy and SERS

All the Raman and SERS spectra were measured using a Renishaw inVia
Raman spectrometer at 785 nm laser. The laser was focused onto the surface of the
colloidal solution using a 50x objective with an effective power of 30 mW exiting the
objective lens. The SERS samples were prepared by 9:1 nanoparticle:analyte dilution

with a total volume of 1.0 mL.
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6.1.3. Chapter 4
Reagents and Supplies

Gold Nanoshells (Nanocomposix, GSXR150-5M), tetrachloroauric acid
(SigmaAldrich, 1.01582), silver nitrate (SigmaAldrich, 209139), ascorbic acid
(SigmaAldrich, 1043003), BCA protein assay kit (ThermoFisher, 23227), SARS-
CoV-2 spike protein S1 (ThermoFisher, RP-87679), SARS-CoV-2 (2019-nCoV)
Spike S1 Antibody, Rabbit mAb (Sinobiological, 40150-R007), 400-mesh copper grid
(Ted Pella, 01822).

Synthesis of Nanoshell Templated Gold Nanostars

The multibranched nanoshells were synthesized using a seed templated
method.* The seed particles were purchased from Nanocomposix at a concentration
of 2.8x10'? particles per milliliter with a hydrodynamic diameter of 164 nm. All water
used was ultrapure with a resistivity of 18.3 MQ. A 50 uL aliquot of the nanoshells
was added to a 10 mL solution containing 20 uL 0.10 M HAuCls. Then immediately,
10 pL of 1.0 M HCI, 100 pL 3.0 mM silver nitrate solution, and 50 pL of 100 mM
ascorbic acid were added in that order, which resulted in a pale teal blue color change
indicating the presence of spikes. Once the color changed, the solution was
centrifuged, then mixed with the S1 protein, followed by the COVID-19 anti-spike

monoclonal antibody.%
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UV-Visible Spectroscopy

UV-visible extinction spectra were recorded using an Agilent Technologies
Cary 60 UV-vis spectrophotometer. The optical path length of the 700 pL quartz
cuvette was 10 mm. The measurements were performed on washed gold nanoparticles
in an open environment. The washing procedure entailed centrifuging the

nanoparticles three times under ambient conditions at 13,000 rpm for 2 minutes.

Electron Microscopy, Energy Dispersive X-Ray Spectroscopy, and Electron

Tomography

Scanning electron microscopy (SEM) was performed on an FEI Quanta 3D
field emission microscope operated at 5.00 kV acceleration voltage. The
multibranched nanoshell solutions were drop cast onto a 400-mesh copper grid (Ted
Pella). High resolution transmission electron microscopy (HRTEM) was performed
on an FEI UT Tecnai microscope operated at 200 kV acceleration voltage. A Thermo
Fisher Scientific Titan TEM was used in STEM mode to obtain high-angle annular
dark-field (HAADF) images; elemental maps were obtained using energy-dispersive
X-ray spectroscopy (EDS) of the Au K-, Ag K-, and Si K-edges. All images were
acquired with an accelerating voltage of 200 kV. STEM images before and after EDS
mapping were recorded, to monitor signs of beam damage due to contaminants.
Analysis of EDS maps was performed using the Bruker Esprit software. Individual
nanoparticles were analyzed by quantifying selected regions of the EDS maps. STEM

tomography was performed by recording HAADF images at tilt angles from -36° to
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36°. The image alignment and 3D reconstructions were performed using custom
Matlab scripts implementing the simultaneous iterative reconstruction technique
(SIRT) method.®’ Visualizations of the reconstruction slices and radial intensity
measurements were performed using Matlab scripts. Visualization of the particle
surfaces in 3D were performed using the TomViz software program.®® The diameter
and shell thickness measurements were performed using Image J on both the HAADF

and HRTEM.%®
Multibranched Nanoshell Conjugation and Bicinchoninic Acid Protein Assay

After synthesis, the multibranched nanoshells were washed three times and
then redispersed in MilliQ water. The multibranched nanoshells were concentrated
from 3.0 mL down to 0.50 mL, then mixed with 30 puL of spike protein, gently shaken
for 30 minutes, then centrifuged. The pelleted multibranched nanoshell was
redispersed in 0.50 mL of MQ water, then 5.0 uL of Anti-SARS-CoV-2 monoclonal
antibody was added then incubated overnight. The multibranched gold nanoshell-
SARS-CoV-2 S1 spike protein- monoclonal antibody conjugate was centrifuged,

redispersed in 100 pL of MQ water, then analyzed immediately.

A Bicinchoninic Acid (BCA) assay was performed using ten parts of the BCA
Working Reagent and 1 part of the protein sample. The two solutions were combined,
then vortexed for 30 sec and incubated at 37 °C for 30 min under gentle mixing. The
absorbance at 562 nm of a dilution series using known concentrations of Bovine

Serum Albumin (BSA) from 2.7 uM to 0.55 uM was used to construct a calibration
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curve. Subsequently, multibranched gold nanoshell-spike and multibranched gold
nanoshell-SARS-CoV-2 S1 spike protein- monoclonal antibody conjugates were
analyzed using the protocol above then the concentration of spike and monoclonal

antibody were found using a calibration curve.

Raman Spectroscopy and SERS

All Raman and SERS spectra were measured using a ThermoFisher DXR2
Raman microscope with a 785 nm laser. The laser was focused onto the surface of the
colloidal solution using a 50x objective with an effective power of 30 mW exiting the

objective lens.
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