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Abstract

The field of nanomedicine has evolved exponentially over the last decade with the
development of new imagining modalities, nanoparticle types, and drug delivery systems
aimed at treating and diagnosing cancer. Unfortunately, the paradigm for cancer
diagnosis and treatment remains incomplete; there is a need for versatile and modular
nanomaterials that act as contrast agents for the detection and characterization of
pathologies. In this study, folic acid-conjugated graphene quantum dot-hexagonal boron
nitride nanocomposites (FA-GQBNs) were synthesized for use as surface enhanced
Raman spectroscopy (SERS) labels. Raman spectroscopy is a robust, label-free,
spectroscopic technique that provides a molecular fingerprint and is commonly used for
identifying unknown samples or compounds. Graphene quantum dots (GQDs) were
synthesized from rice and bonded to hexagonal boron nitride (HBN) through electrostatic
interactions. Next, graphene quantum dot-hexagonal boron nitride nanocomposites
(GQBNSs) are efficiently, inexpensively, and quickly synthesized using a bottom-up green
synthesis strategy. Finally, to specifically and selectively target the folate receptor
overexpressed on breast and gynecological cancer cells, folic acid (FA) was precisely
conjugated to GQBNs to form FA-GQBNs. The synthesized nanocomposites were
characterized using SEM, TEM, DLS, UV-Vis spectroscopy, FTIR, and Raman. The
GQBNs were shown to increase cell proliferation by up to 36% when compared to the cell
only group in cell viability assays while exhibiting superior optical and fluorescent
properties and the FA-GQBNs were proven to be biocompatible. The FA-GQBNs were
extensively characterized and their use as in vitro SERS labels as well as fluorescent

labels explored. Understanding the properties and interactions of these nanocomposites



provides a foundation for developing cancer therapeutics, drug delivery systems, wound-
healing hydrogels, neurological treatments, and surface enhanced Raman spectroscopy

nanoparticles that could be applied in the field of nanomedicine.
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Chapter 1: Introduction

Overview of cancer

Cancer continues to be one of the largest challenges facing modern medicine. A disease
characterized by abnormal, uncontrollable cell growth, as well as an extremely
heterogeneous microenvironment, there is an urgent need for more precise and accurate
techniques for diagnosis, treatment, and monitoring. While there have been several
advances in the field of cancer research in the twenty-first century, there are many
challenges that remain. Among these challenges, accurate and early diagnosis for the
many different types of cancer is currently one of the most urgently studied problems, as
it is vital to patient outcomes and survival '. As one of the deadliest forms of gynecologic
cancers, it is imperative to address the urgent need for novel, non-invasive, rapid breast
cancer detection methods due to its high prevalence and the necessity for early
intervention. Until recently, disparities in women’s reproductive health and health research
have plagued the scientific community?>®. Work is underway to address these

shortcomings and this research aims to assist in filling these gaps in the research.

Current Diagnostic Strategies

Current diagnostic tools and imaging techniques are accurate but suffer from poor
sensitivity which hinders early diagnosis®. The pathological techniques are costly and
time-intensive, thus revealing an urgent need for cancer detection that is a fast, accurate,
highly sensitive and selective screening method on the cellular level'. Because cancer is

a broad disease that possesses a multitude of biomarkers, symptoms, tissue types, and
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clinical presentation, a multifaceted approach for diagnostics is necessary to ensure
accurate and timely diagnosis, treatment, and monitoring. An emerging strategy for the

diagnosis and monitoring of cancer is surface enhanced Raman spectroscopy (SERS).

SERS: Surface Enhanced Raman Spectroscopy

SERS is based on a phenomenon called Raman scattering. First discovered by Indian
physicist C.V. Raman in 1928, Raman scattering describes the unique interactions of light
with matter 7-°. SERS is an analytical technique with potent multiplexing abilities that
enhances Raman signals through noble metal-based, metal oxide-based, or hybrid
nanoparticles. It finds applications in materials science, analytical chemistry, trace
detections, chemical sensors, food safety, and biochemistry. This is achieved by
leveraging the characteristic vibrational fingerprint spectrum for in situ detection analysis
10-16. SERS offers excellent sensitivity (up to 10~'® M), high signal-to-background ratio,
specific fingerprint signatures, photostability, and strong multiplexing capabilities 7.
Figure 1 depicts an illustrative graphical outline of representative examples of a SERS
encoded NP and its applications in cancer characterization. SERS nanoparticles can be
customized in a near-infinite number of ways to detect specific particles in a sample. It is
this modularity, combined with Raman spectroscopy's rich structural specificity,
experimental adaptability, and extraordinarily high sensitivity made possible by the optical
signal's amplification by precisely adjusted plasmonic nanostructures that makes this
method an exciting and powerful tool in cancer diagnostics . SERS can be used to detect
circulating cancer cells, single cancer cells, and tumor microenvironment; it can be used

for liquid biopsy as well as multimodal imaging '®'°, cancer cell imaging 2°, targeting
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cancer cells 78, 3D cell imaging 8 component analysis 212222 assisting in tumor
resection/excision 22, and more recently, theranostics '7. Noble metals are most
commonly used as SERS nanoparticles, followed by metal oxides. Recently, graphene

quantum dots have garnered interest for their use as SERS NPs.

i j
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Figure 1. lllustrative depiction of a typical SERS NP along with images of cancer imaging applications with (i) SERS
imaging of a single MCF-7 human breast cancer cell; taken from Nima et al. with permission (2014). 2014, Nature
Publishing Group, copyright. (ii) Ex vivo SERS imaging of tumor tissue; taken from Wang et al. with permission
(2016). 2016 Nature Publishing Group copyright. (iii) In vivo SERS imaging of an intravenously injected tumor at two
distinct sites.

GQDs: Graphene quantum dots
Graphene quantum dots (GQDs) first emerged in 2008 and have recently been gaining
momentum in a variety of applications, including drug delivery, bioimaging, neuroimaging,

and wound healing®#2%. GQDs are a zero-dimensional organic material from a class of
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carbon nanomaterials called carbon dots?’. The quantum confinement effect
characteristic of GQDs produces a non-zero bandgap, while their large edge effects and
amphiphilic nature give them excellent dispersibility?428. Additionally, GQDs demonstrate
size-dependent fluorescence emission, which enables stable, multicolor imaging under a
single excitation wavelength?®. Compared to graphene and other carbon-based materials,
GQDs possess ultra-fine particle size and very large specific surface area, which enables
them to accommodate more active sites for edges, functional groups, ligands, dopants,
etc.2428, Additionally, GQDs have highly tunable physicochemical properties, good
chemical stability, low toxicity, stable photoluminescence, and high surface grafting which
make them exceptional candidates for biomedical applications as well as applications for
high performance electronic, photonic, and energy-related devices?**. The tunable
bandgap and conductivity characteristic of GQDs makes them an ideal nanoparticle for
use in surface enhanced Raman spectroscopy (SERS), as it ensures excitation in the
visible or near-infrared range, enables multiplexed detection, while allowing the
researcher to tailor plasmon resonances®'-33. SERS is a simple, non-destructive, quick,
and label-free imaging technique with multiplexing capabilities used for biological and
elemental analysis®2. GQDs have been identified as an ideal SERS nanoparticle due to
their Raman signal enhancement which results from their localized surface plasmon
resonance®?,

Numerous fabrication techniques have been employed to create GQDs, including
both top-down and bottom-up approaches®. In top-down GQD synthesis bulk carbon
materials like graphene, carbon black, etc. are broken down into smaller materials

through chemical/electrochemical exfoliation, hydrothermal/solvothermal treatment, or
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microwave/ultrasound assisted exfoliation to produce nanoscale materials®C. Top-down
strategies can be used for mass production as there are an abundance of precursor
materials and the technique is straight-forward, however, it leads to poor control over the
size distribution and morphology of the final products as well as a low quantum yield?"-3°.
Bottom-up synthesis strategies are based on the gradual growth and crystallization of
organic precursor molecules into nanosized GQDs through thermal treatments including
carbonization, pyrolysis, stepwise organic synthesis, cage opening, and chemical vapor
deposition3®. The bottom-up approach offers better control over the size of GQDs,
however, fabricating high-quality, single-layer GQDs with a narrow size distribution
remains a challenge®°. Most reported synthesis strategies suffer from long reaction times,
low product yields, low quantum yields, and rely on the use of harsh, corrosive
chemicals®°.

There are several more challenges hindering GQDs from being widely used in
biomedical applications. One of the main challenges is that GQDs are difficult to
synthesize in a controlled and reproducible manner?*. This makes it difficult to produce
GQDs with consistent properties, which is essential for their use in biomedical
applications. Another challenge is that GQDs are unstable in aqueous environments?*.
This makes it challenging to use them in biological systems, where aqueous conditions
are the norm. Additionally, GQDs, especially those synthesized with toxic chemicals,
suffer from cytotoxicity which further limits their use in medical applications?*. Finally, the
optical properties of GQDs are not as well-studied as those of other quantum dot materials,

which can make it difficult to predict how they will behave in biological environments?*.
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There are a few green synthesis approaches for GQDs, including GQDs from
biomass waste, coffee grounds, and white rice4, 3%, 36 While these studies are useful,
there is still a knowledge gap regarding in-depth analysis of green synthesis of GQDs that
not only sheds light into the complex mechanism of GQD production but also ensures
large scale reproducibility with consistent properties for biomedical applications.
Moreover, the predominant edges and dangling bonds present in GQDs can make their
stability a challenge and reveals the need for a stabilizing compound in order to fully
exploit the unique properties of this nanoscale material®’. One promising material for

imparting chemical stability to GQDs is hexagonal boron nitride 3.

HBN: Hexagonal boron nitride

Hexagonal boron nitride (HBN) nanosheets are a two-dimensional, ultrathin layered
material that have become a desirable compound for applications in drug delivery,
biosensors, and tissue engineering due to its remarkable properties which include self-
assembly, biocompatibility, high mechanical strength, large thermal conductivity, and a
low dielectric constant3®4°. The crystal structure of BN materials are similar to graphene,
however, BN demonstrates much better thermal stability and a significantly higher
electronic bandgap*'.

HBN is the most stable form of the three crystalline structures (HBN, cubic BN, and
wurtzite BN) and is bonded by strong covalent bonds in a honeycomb configuration while
the multiple layers are attached by van der Waals forces, oriented in such a way that B
and N atoms are placed above and below each other in adjacent layers #'. The crystal
structure of BN materials are similar to graphene, however, BN demonstrates much better

thermal stability and a significantly higher electronic bandgap 4'. Embedding GQDs into
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HBN nanosheets has proven to be an effective way to impart stability to the GQDs while
maintaining their physicochemical properties %’. Due to the large bandgap characteristic
of HBN, it is entirely non-conductive which can hinder imaging. Introducing GQDs into the
lattice of HBN imparts conductivity to the nanoparticle while maintaining chemical and

thermal stability.

GQBN: Hexagonal boron nitride-graphene quantum dots
Graphene quantum dot - hexagonal boron nitride (GQBN) nanoparticles are a novel
nanomaterial that has only recently been investigated. There are only a few studies to
date that exist within the literature, proving that their full potential has yet to be realized.
Peng et al., synthesized the nanocomposites to investigate their utility in fluorescent cell
imaging and showed that the GQBNSs were cell penetrating and biocompatible, and could
therefore be used as a promising nanoprobe for intracellular imaging and therapeutics 4°.
GQBNs have been used to design electrochemical biosensors for stable, selective, and
interference-free neurotransmitter analysis 4?>. Researchers have successfully prepared
stable sub-10 nm GQD arrays and asserted that HBN embedding promotes physical
exploration and potential for large-scale applications 37. In another study, HBN
nanosheets supported GQD composites demonstrated superior microwave absorption
performance, a large bandwidth, good thermal conductivity, and excellent chemical and
temperature stability 43.

In this study, GQBNs are easily and efficiently synthesized and investigated for
their use in bioimaging applications for cancer diagnostics. The nanocomposite synthesis
is fast, cheap, reproducible, requires minimal materials, and does not necessitate

specialized equipment. There are no studies to date that prioritize a green synthesis
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approach for GQBNSs. There are also no studies to date that investigate the interactions
of GQBNs with cancer cells for Raman imaging. Additionally, GQBNs have not been
investigated as SERS nanoparticles. This study will fill these gaps while providing a
foundation for a novel approach to cancer detection using quantum-sized biocompatible
SERS nanoparticles. To optimize the specificity and selectivity of the GQBNSs, targeting
moieties can be designed and conjugated to the surface of the nanocomposites. For
gynecological cancers, folic acid may be used as a targeting moiety, as many gynecologic

cancer cells have folate receptors.

FA-GQBN: Folic acid-conjugated GQBNSs

In cancer cells, especially those associated with the female anatomy, the folate receptor
(FR) is overexpressed on the cancer cell surface**. The overabundance of the folate
receptor provides a robust targeting strategy for nanoparticles. Folic acid (FA) binds
specifically to these folate receptors while also encouraging endocytosis of the
nanoparticle into the cell, therefore conjugating folic acid to the surface of the
nanocomposites will allow specific binding to the target cancer cells*¢. There are several
studies within the literature that successfully conjugate FA to the surface of GQDs. A2014
study by Wang et al. used FA-conjugated GQDs loaded with the antitumor drug
Doxorubicin (DOX) to target HelLa cells*>. The DOX-GQD-FA nanoparticles targeted
tumor cells differentially and effectively*>. The nanoparticles allowed real-time monitoring
of the cellular uptake and drug release of the nanoassembly while significantly reducing

cytotoxicity to non-target cells*>. This research will be used as a model for attaching FA
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to the GQDs within the GQBN nanocomposites. The chemical structure for GQDs, HBN,

and folic acid can be viewed in Figure 2.

N —CHy~INH—  )~CO+NH—CH—CH;—~CH,—COOH

HN~ N7 N COOH

pteridine paraamimobenzoic acid L-glutamic acid

Figure 2. Chemical structure of (A) GQDs, (B) HBN, and (C) folic acid*5-%5.

In this study, FA-GQBNs are synthesized using inexpensive, environmentally

friendly materials and methods. To synthesize size-controlled, reproducible, high-yield

GQDs, organic short grain white rice served as the raw material. Following the

nanocomposite synthesis, the GQBNs were conjugated with folic acid to allow specific

and selective sensing of FR-positive 4T1 breast cancer cells. These nanomaterials were

facilely and efficiently synthesized and investigated for use in bioimaging applications for

cancer diagnostics. In the following passages, the synthesis methods and subsequent

characterizations for the FA-GQBNs will be reported while detailing the experimental

findings and providing plans for future work.

Chapter 2: Scope of Thesis
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Hypothesis

GQDs can be efficiently synthesized from organic short grain white rice and incorporated
into HBN nanosheets to combine the physicochemical properties of each material. The
GQBN nanomaterial will be Raman-active and possess robust optical properties. Finally,
FA can be conjugated to the surface of the GQBN nanoparticle to specifically and
selectively target the folate receptor present on the surface of breast cancer cells to form
a novel SERS platform for cancer cell sensing and probing. The FA-GQBN particles are
predicted to perform as robust SERS labels for identifying FR+ cancers in vitro. This

hypothesis will be tested by the following specific aims:

Aim 1: Optimize the fabrication and characterization of GQDs from organic rice grains.

GQDs will be synthesized from organic short-grain white rice using a bottom-up green
synthesis approach. The as-synthesized GQDs should be biocompatible while
possessing robust optical properties and a narrow size distribution. They should be a

Raman-active, nanoscale material with a hydrodynamic diameter less than 10 nm.

Aim 2: Optimize the fabrication and characterization of GQBN nanocomposites.

GQBN nanocomposites will be prepared through a novel, straight-forward, and
biocompatible synthesis approach. The GQBNs should retain the physicochemical
properties of GQDs and HBN. They also should be Raman-active, biocompatible, and

can be used as SERS tags.

Aim 3: Optimize the fabrication and characterization of FA-GQBN nanocomposites and
apply them as SERS labels.
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Folic acid will be conjugated to the GQBN nanoparticles. The FA-GQBN nanocomposites
should be biocompatible while retaining the robust optical and physicochemical properties
of the GQBN particle. The FA-GQBN will then be applied as SERS labels for rapid cancer

cell detection.

Chapter 3: Materials and Methods

The HBN nanosheets were purchased commercially from MSE supplies, while the GQDs
were prepared through a bottom-up, green synthesis strategy®¢. The use of sustainable,
environmentally friendly, and cost-effective materials was prioritized for the
nanocomposite synthesis. For the GQDs, the materials used included organic short grain
rice purchased from Amazon, deionized (DI) water, and diluted hydrochloric acid
purchased from ThermoFisher, adjusted to a pH of ~4 by the addition of DI water.
Additional materials for the GQD synthesis included a DmofwHI cordless coffee grinder
purchased from Amazon, Phosphate Buffer Solution (PBS) from ThermoFisher, 1.5 mL
Eppendorf tubes, 50 mL centrifuge tubes purchased from Sigma Aldrich, 500 mL beakers
purchased from Cole-Parmer, 12-14 kDa molecular weight cutoff Spectra/Por 2 dialysis
tubing purchased from Repligen, disposable dialysis tubing clamps purchased from Flinn
Scientific, 10 mL Luer-Lok tip syringes with 0.22 micrometer filter tips and milliporous
membranes from Millipore Sigma, and Steriflip filter units for vacuum filtration from
Millipore Sigma. For synthesis, a Heidolph Rotovac Valve Tec vacuum was used for
vacuum filtration, a Branson 3800 Ultrasonic Cleaner bath was used for sonication, and
a Mettler Toledo Seven Compact pH probe was used to confirm the pH of the dialysis
bath. Cell viability assays with the GQDs and GQBNs were carried out using 4T1 breast

cancer cells, purchased from ATCC, with an XTT (sodium 3°-[1- (phenylaminocarbonyl)-
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3,4- tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid hydrate) Cell Proliferation
Assay kit purchased from Sigma Aldrich. Commercial GQDs, which served as controls
for the XTT assay, were purchased from ACS Materials. SERS measurements were
performed with A549 cells and HEC1A cells purchased from ATCC.

The nanocomposites have been extensively characterized using Fourier transform
infrared spectroscopy (FTIR); dynamic light scattering (DLS); ultra-violet visible
spectroscopy (UV-Vis); scanning electron microscopy (SEM); energy-dispersive x-ray
spectroscopy (EDS); transmission electron microscopy (TEM); and Raman spectroscopy.
For FTIR, a Thermo Scientific Nicolet iS-50 with the Attenuated Total Reflection module
was utilized with 64 scans and a resolution of 1 cm™ for data collection. To perform FTIR,
20 pL of each sample was pipetted onto the collection stage and left to air dry for one
hour. Before analyzing each sample with FTIR, the background is collected and
subtracted from the sample spectra to account for environmental fluctuations*®. FTIR was
performed on the GQDs, HBN powder, GQBNSs, folic acid, and FA-GQBN in the range of
4000 cm™-500 cm'. The data collection and processing software used for FTIR was
OMNIC Specta. The FTIR spectra was further analyzed and regenerated using GraphPad
Prism. A Renishaw InVia Raman spectrometer, outfitted with both red and green lasers
was used for Raman spectroscopy, with WIRE Chememetrics software used for data
collection. The red laser, with a wavelength of 785 nm, was used for all Raman
measurements with 20 s exposures and 4 accumulations per scan. A Malvern Zetasizer
Nano ZS with Zetasizer software was used to carry out DLS, and an Agilent Cary 5000
UV-Vis-NIR Spectrophotometer was used to perform UV-Vis. SEM was performed on a

ThermoFisher Quattro S Field Emission Environmental Scanning Electron Microscope
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with EDS and ColorSEM and TEM was performed on a JEOL JEM-2010F Field Emission
Transmission Electron Microscope. For TEM imaging, a 200 keV accelerating voltage and
small spot size were used. To obtain the electron diffraction pattern a distance of 30 cm
between sample and detector was used for data collection. Brightness and contrast
adjustments were made to the TEM images with the Java-based image processing
program Imaged. To analyze the XTT cell viability assay data, a Student’s T-test, one-way
ANOVA, and Tukey’s Honest Significant Difference (HSD) were performed to determine
statistical significance. The protocol for GQD synthesis, HBN preparation, GQBN

synthesis, as well as the characterization results will be detailed below.

GQD synthesis

To synthesize the GQDs, 12 grams of rice were weighed and washed to remove residual
starches and impurities. The process involved placing the washed rice in disposable
perforated weigh boats, then positioning over 500 mL beakers and covering with Parafilm
for overnight storage. The dried rice was then ground in bulk in a coffee grinder. The rice
powder was then placed in a 500 mL beaker and heated at 200°C under constant stirring
conditions for exactly 10 minutes. Rice powder contains a large amount of starch in the
form of amylose, an unbranched d-glucose chain, and amylopectin, which has glucose
units linked linearly3¢. Upon heating the rice powder, the thermal breakdown of starch
leads to glucose oligomers; when the oligomers of glucose are heated to a high
temperature of 200°C nucleation takes place and pyrolysis of the glucose molecule leads
to the growth of the GQD particle®. After heating, the rice powder was placed in a 50 mL

centrifuge tube and 25 mL of PBS was added. The solution of rice powder and PBS was
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sonicated for an hour in a sonication bath followed by vacuum filtration using a .22 ym
SteriFlip vacuum filtration system to obtain a clear solution. This solution was placed in
12-14 kDa MWCO dialysis tubing and submerged in a dialysis bath of HCI, diluted to a
pH of 4, for 4 days to remove additional, unreacted starches. After 4 days of dialysis, the
GQD solution was obtained and refiltered through a 12 mL syringe with a 0.22 ym Luer-
lock tip and placed in 1.5 mL Eppendorf tubes for characterization. The resulting GQDs
had a concentration of 2.50 mg/mL, as determined by the gravimetric method. The

workflow for the GQD synthesis is depicted in Figure 3.

RV o | | -

Figure 3. Schematic for green synthesis of GQDs from rice. Briefly, rice is ground into a fine powder, heated at 200°C,
Sonicated, and then dialyzed for 4 days to obtain a solution of GQDs.

GQBN synthesis

To prepare the HBN for the nanocomposite synthesis, ~11 mg of the HBN powder was
added to 5 mL of PBS and then placed in a sonication bath for 45 minutes to make the
surface positively charged*?. Subsequently, 3 mL of the GQD solution was incorporated
into the HBN-PBS solution. Next, the HBN and GQDs were combined through
electrostatic interactions by tip sonication using an amplitude of 30 Hz. The solution was

sonicated in 30 second intervals for 5 minutes to obtain GQBN nanocomposites.
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FA-GQBN synthesis

After obtaining the GQBN nanocomposites, FA was conjugated to their surface. To
perform the FA-GQD conjugation, the following materials were needed: 96 mg 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), purchased from Sigma
Aldrich; 11.5 mg N-hydroxysuccinimide (NHS), purchased from Sigma Aldrich; PBS; 10
mM, 1.0 mL folic acid, purchased from ThermoFlIsher; 10 mM hydroxylamine, purchased
from ThermoFisher; and 1000 Da molecular weight cutoff (MWCO) dialysis tubing. For
dialysis, a Pur-A-Lyzer Mega Dialysis Kit, purchased from ThermoFisher, was used. To
perform the conjugation, 5 mL of GQD solution was placed in a 100 mL beaker and
allowed to react with 96 mg EDC and 11.5 mg NHS in 3 mL of PBS buffer for 30 minutes
at room temperature. After 30 minutes, 1.0 mL of 10 mM FA was added to the mixture to
obtain a bright yellow solution. The solution was allowed to stir at 200 min-' overnight for
approximately 20 hours. After 20 hours, 10 mM of hydroxylamine was added to the
solution to quench the reaction. Next, the bright yellow solution was placed in 1 kDa
MWCO Mega Dialysis Kit. The dialysis tube was placed in a 500 mL beaker containing
200 mL PBS and dialyzed while stirring the buffer for 27 hours. After 27 hours, the solution
within the dialysis tube was clear. The dialysis tube was removed from the PBS buffer
and rinsed in DI water before being collected in a 15 mL centrifuge tube for

characterization.
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Chapter 4: Results and Discussion

GQD, HBN, and GQBN Physicochemical Characterizations

DLS and Zeta Potential Measurements

The physicochemical properties of the GQDs, HBN, and GQBNs were assessed through
several different characterization techniques. The photographs of commercial GQDs,
synthesized GQDs, commercial GQBN, synthesized GQBN, and HBN powder in Figure
4 depict that all the different GQD solutions were translucent while the HBN powder was
an opaque white solution. The nanoparticle size was measured using DLS. Figure 5A
shows that the GQDs had an average nanoparticle diameter of 4.1 nm with a 22.2%
standard deviation. This is similar to the GQD diameters reported by other green
synthesis methods3436:5051 The synthesized GQDs have a narrow size distribution,
proving that the bottom-up, green synthesis from rice was successful. The HBN
nanosheets cannot be measured through DLS, however, the manufacturer reported
nanoparticle diameters between 100 nm — 200 nm. This was confirmed by conducting
measurements on SEM images using ImageJ 52%3. Figure 5B depicts the nanoparticle
diameter for the GQBNs, which showed a normal distribution of diameters between 150
nm- 450 nm. This is larger than what was reported for the diameter of the HBN, which
suggests that there are GQDs on the surface, resulting in a larger diameter than what
was reported for the HBN alone. Previous GQBN studies did not conduct DLS

measurements and therefore do not report nanoparticle diameters.

27



Figure 4. Photograph of (from left to right) commercial GQDs, synthesized GQDs, commercial GQBN, synthesized
GQBN, and HBN powder.

Zeta Potential

Figure 5C displays the results for the zeta potential measurements. GQDs have a
negative zeta potential of -18 mV. The zeta potential of the HBN before the first sonication
step was -25 mV. The zeta potential for the HBN post-sonication was +15 mV, which
proves the first sonication step reversed the surface charge of the HBN to allow
electrostatic interactions between the HBN and GQDs as was suggested by Peng et al.*°.
Sonication is a common surface modification for HBN that, when performed in an ionic

medium, results in oxidation of the molecule, resulting in a reversal of its surface charge®.
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Figure 5. DLS and zeta potential measurements. (A) GQD nanoparticle diameter and size distribution. (B) GQBN
nanoparticle diameter and size distribution. Colored bars for 1A and 1B represent measured mean hydrodynamic
dimeter, error bars show standard deviation for n = 3 replicates. (C) Zeta Potential measurements. Colored bars in 1C
represent measured mean zeta potential values, error bars represent standard deviation for n= 3 replicates.

SEM

SEM images of GQBNs in Figures 6A-C display disc-like structures, which is
characteristic of HBN. Figure 6B shows small, dot-like structures characteristic of GQDs
surrounding the surface of the HBN discs. When analyzed in Imaged, the nanoparticle
diameters observed in the SEM images agree with the results obtained from DLS.
Through x-ray analysis called energy dispersive x-ray spectroscopy (EDS), elemental
maps with color overlays were generated. Figures 6C and 6D are the same image,
however, 6D shows the color overlay generated by EDS. The green color observed on
the HBN surface is attributed to oxygen atoms, while the blue represents carbon atoms.

As there is no oxygen or carbon present in HBN, the oxygen and carbon present on the
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HBN surface can be attributed only to the presence of GQDs. This confirmed that the
GQDs were in fact present on the surface of the HBN, which suggests that their binding
was successful. This technique is often used in tandem with SEM or TEM to identify

nanoparticles that are too small to be imaged with a traditional SEM35-%,
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Figure 6. SEM images of GQBNs. (A) Disc-like structures representative of HBN nanosheets. (B) HBN nanosheets
with GQDs surrounding the surface, indicated by white arrows. (C) Higher magnification imaging of GQBNSs. (D) EDS
image obtained from (C) but with ColorSEM; blue and green colors correspond to the GQDs. Scale bar = 1 ym.

TEM

Figure 7 shows TEM images of the GQDs and GQBN nanocomposites. In Figure 7A, the
HR-TEM micrograph of the GQDs exhibit several lattice fringes which confirms the GQDs

to be a crystalline material. Figure 7B depicts a diffraction pattern of the GQBN particle.
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A TEM electron diffraction pattern is a two-dimensional scattering pattern formed when
an electron beam interacts with a crystalline sample and reveals information about the
atomic arrangement and crystal structure of that material®’. The elliptical diffraction
pattern seen in figure 7B is unique and can be attributed to the interaction of two distinct
crystalline lattice types, i.e. the HBN and the GQDs. Figure 7C is a bright-field TEM image
of the GQBN nanocomposites, while Figure 7D is the corresponding dark-field TEM
micrograph. Bright-field TEM images are formed from the transmitted electron beam,
while dark-field images are formed from the electron beam diffracted off the atomic lattices
of the crystalline sample®’. Dark-field imaging in TEM is a technique that selectively
enhances contrast from specific crystallographic features within a sample while providing
information about the crystallography of the material®’. The TEM micrographs confirm the

synthesized nanocomposites are ordered, crystalline, nanoscale materials.
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Figure 7. (A) HR-TEM image of GQDs showing lattice fringes. Scale bar = 10 nm. (B) Diffraction pattern of the GQBN
particle at 30 cm. (C) Bright-field TEM of GQBN patrticle. Scale bar = 100 nm. (D) Dark-field TEM of the same GQBN
patrticle. Scale bar = 100 nm.

FTIR

The FTIR results for the GQDs, HBN, and GQBN are displayed in Figure 8. In the spectra
for the GQDs in Figure 8A, there was a strong and broad -OH peak observed at 3320 cm-
. There were =C-H stretching vibrations at 2920 cm™' and C-H stretching at 2850 cm™" %8,
The peaks at 1650 cm™ and 1540 cm™ were attributed to C=0O bonds*® and >C=C<
bonding*® respectively. The peak at 1460 cm™' was due to the vibrations in >CH, groups,
while the peaks observed from 1320-1080 were due to C-O bonds*®%8. In the spectra for
the HBN shown in 8B, there were only two peaks at 1330 cm™ and 758 cm™ attributed to

-BN bonding and B-N-B bonding, respectively*®43. For the GQBN nanocomposites in
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Figure 8C, there were several observable peaks that were attributed to both the GQDs
and HBN. The peak at 3390 cm™ was due to -OH stretching vibrations from the
GQDs*0%859 The peaks at 1700 cm™' and 1360 cm™" were due to B-N bonding, while the
peak at 1640 cm™' was due to C=0 bonding*3%9€°  The peak at 1080 cm™' was due to C-
O bonding, the peak at 975 cm™ was due to B-N-O bonding, and the peak at 776 cm™
was due to B-N-B bonding?*®5%0. The new peak at 975 cm™' confirms the bonding of the
GQDs with HBN. The presence of new peaks in the GQBN spectra are due to the
formation of new bonds between the GQDs and HBN. The very strong peak seen in the
GQD spectra at 1650 cm™ is negligible in the spectra for the GQBNSs, while the GQD
peaks at 1540 cm™ and 1450 cm™' have disappeared. This is due to the rearrangement
of bonds in the GQDs and the formation of new bonds with HBN. The GQBN
nanocomposites have peaks characteristic of both HBN and GQDs, which further

confirms their successful synthesis.
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Figure 8. FTIR spectra for GQDs, HBN, and GQBNSs. (A) FTIR spectra for GQDs. (B) FTIR spectra for HBN powder.
(C) FTIR spectra for GQBN nanocomposites. (D) Zoomed in snapshot of the peak at 975 cm" from (C).

Raman Spectroscopy

Figure 9 displays the results of Raman spectroscopy performed on the GQDs, HBN, and
GQBNs using the red laser with a wavelength of 785 nm. The stronger excitation
wavelength was well-tolerated by the nanomaterials, which suggests they are a robust
material, as many other nanomaterials are destroyed when irradiated with a strong laser®’.

Figure 9A shows the Raman spectra for the HBN powder, which has one single peak at
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1367 cm that is attributed to the characteristic E2g signal from in-plane vibrations of
boron and nitrogen atoms®2. This narrow Raman Eg is further evidence of the high quality
of the nanomaterial®*. Figure 9B shows the Raman spectra for the GQDs and Figure 9C
shows the Raman spectra for the GQBNs. The GQDs have a characteristic “M” shape to
their spectra with peaks at 1350 cm™ and 1640 cm', with a sharper peak in between
located at 1555 cm™'. The peak observed at 1350 cm™ is referred to as the D-band or
disorder peak, while the peaks at 1555 cm™ and 1640 cm™' are referred to as the G-band
or graphitic peak®®. The D-band is present in the GQD spectra due to the breathing modes
of sp? atoms in rings as well as disorders in the carbon skeleton due to the presence of
functional groups®. The G-band can be attributed to the bond stretching of all sp? atoms?®.
The G peak is always higher than the D peak, while the ratio of D to G peaks is a measure
of defect density of the molecules-- the smaller this ratio, the more ordered the material®.
The ratio observed between peaks is small which indicates the synthesized GQDs have
a uniform, ordered, crystal lattice which was further confirmed through TEM. The spectra
for the GQBNSs retained the “M” shape of the GQDs with an additional, sharp peak at 1365
cm', which confirms the successful conjugation of the HBN and GQDs. The Raman
spectra for the GQBNSs are in agreement with the spectra obtained by Peng et al. and
Chen et al.*%43, The spectra for the GQBNs appear to be a perfect overlay of the HBN

spectra with the GQD spectra, further confirming their successful synthesis.
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Figure 9. Raman spectra of (A) HBN powder, (B) GQDs and (C) GQBNSs.

XTT Biocompatibility Assay

To assess the biocompatibility of the GQBNSs, 3-hour and 24-hour XTT assays were
performed with 4T1 breast cancer cells. This cell line was chosen as the in vitro model
due to the abundance of folate receptors present on the cell surface, which will be utilized
in future drug delivery studies. The nanoparticle concentration for each group was held

constant at 100 pg/mL based on literature and n=6 replicates were used for each
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group6-%863_The results for the 3-hour XTT assay can be seen in Figure 10, while the
results for the 24-hour XTT assay can be seen in Figure 11. The commercial GQDs and
commercial GQBN were used as controls for the synthesized GQBN, HBN, and GQDs.
The cell only group in each figure shows 100% cell viability, as this was the positive control
group used to normalize the results of the other groups. For the 3-hour XTT assay, both
the synthesized GQDs and commercial GQDs performed exceptionally well, with cell
viabilities of 136% and 133%, respectively, and standard deviations of 27% and 34%,
respectively. These results suggest that the GQDs promoted cell growth. Only one study
reports cell proliferative activity of GQDs synthesized from grape seed extract, however,
the mechanism is not well-understood, revealing a need for more intensive studies to
unravel this potential®®. A two-tailed t-test was done between the synthesized GQDs and
cell only group and determined these results to be significant with a P-value of 0.014,
which indicates the synthesized GQDs promoted cell growth. A one-way ANOVA was
done for the synthesized GQDs, commercial GQDs, and cell only group and a P-value of
0.0525 was calculated. These differences were not significant, indicating that GQDs do
not have a significant effect on cell proliferation. However, they did demonstrate that the
GQDs are biocompatible. Following the ANOVA, a Tukey HSD stats was performed and
found the following pairs to be significantly different: synthesized GQDs and HBN,
commercial GQDS and HBN. The HBN group had a 74% cell viability at 100 yg/mL and
a standard deviation of 14%. The synthesized GQBN and commercial GQBN groups had
mean cell viabilities of 117% and 104%, respectively, and standard deviations of 34% and

36%, respectively, which suggests the cell proliferative activity of the GQDs ameliorated
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the cytotoxic effects of the HBN. The synthesized nanoparticles were thusly proven to be
biocompatible over 3 hours.

The 24-hour XTT assay showed the synthesized GQDs group had a mean cell
viability of 125% with a standard deviation of 24% and synthesized GQBN had a cell
viability of 130% and standard deviation of 11%, while the commercial GQDs and
commercial GQBN had a mean cell viability of 104% and 53% respectively, and standard
deviations of 16% and 9%, respectively. After 24 hours the HBN group had a mean cell
viability of 102% and standard deviation of 3%. A two-tailed t-test between the
synthesized GQDs and cell only group as well as the synthesized GQBN and cell only
group showed that these results were statistically significant. A one-way ANOVA between
the synthesized GQDs, commercial GQDs, and cell only group showed these results were
also significant, as did the one-way ANOVA between the cell only group, synthesized
GQBN, and commercial GQBN groups. After ANOVA, Tukey’'s HSD test showed
significant differences between the means of these pairs: cell only vs. synthesized GQBN,
cell only vs. commercial GQBN, synthesized GQDs vs. commercial GQBN, commercial
GQDs vs. commercial GQBN, synthesized GQBN vs. commercial GQBN, synthesized
GQBN vs. HBN, and commercial GQBN vs. HBN. These results suggest that the
synthesized nanoparticles performed better than the commercial nanoparticles. The as-
synthesized nanoparticles were not only biocompatible, but also demonstrated cell
proliferative activity. Any cytotoxic effects that result from the presence of HBN are
ameliorated by the cell proliferative activity of the GQDs. The cell proliferative activity of
the GQDs indicates the occurrence of epigenetic modifications within the genome of the

cell. Numerous research groups have observed this phenomenon, including Kumawat et
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al. and Ahina et al., however, none have uncovered a definitive cause for this

occurrence®8.64,
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Figure 10. 3-hour XTT cell viability assay results. Colored bars represent the measured mean cell viability normalized
to the cell only group. Error bars represent the standard deviation for n = 6 replicates, asterisks denote significance.
Asterisk (*) denotes significance based on two-tailed t-test.

39



24-HOUR XTT ASSAY

%k
-
200 kK
*
150~ 1 ¥
°\°
=
= 100 =
o
8
> 4
50 |--‘

S
YO I e
L LTS R

Figure 11. 24-hour XTT assay results. Colored bars represent the measured mean cell viability normalized to the cell
only group. Error bars represent the standard deviation for n = 6 replicates, asterisks denote significance. Single
asterisk (*) denotes significance based on two-tailed t-test. Double asterisk (**) denotes significance based on one-
way ANOVA.

Table 1. 3-hour XTT Cell Viability Percent Increases.

Cell Only 100% 14%

Synthesized GQDs 136% 27% +36%
Commercial GQDs 133% 34% +33%
GQBN with Synth GQDs 117% 34% +17%
GQBN with Comm GQDs 104% 36% +4%
HBN only 74% 14% -26%
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Table 2. 24-hour XTT Cell Viability Percent Increases.

Cell Only 100% 6%

Synthesized GQDs 125% 24% +25%
Commercial GQDs 104% 16% +4%
GQBN with Synth GQDs 130% 11% +30%
GQBN with Comm GQDs 53% 9% -47%
HBN only 102% 3% +2%

Folic Acid and FA-GQBN Physicochemical Characterizations

DLS

DLS was used to measure the diameter of the folic acid and FA-GQBN nanoparticles.
These results can be viewed in Figure 12. The diameter of folic acid in PBS was measured
and found to be between 1000 nm- 3000 nm, with an average of 700 nm, seen in Figure
12A. The GQBN nanocomposites had a size range between 200 nm and 400 nm, with
the greatest intensity at 400 nm. These results are depicted in Figure 12B. The FA-
GQBNs, seen in Figure 12C, were measured and found to be between 500 nm and 1300
nm, with an average of 800 nm. The larger, normally distributed diameter of the FA-GQBN
suggests that the folic acid was successfully conjugated to the surface of the

nanoparticles.
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Figure 12. Nanoparticle diameters of (A) Folic acid in PBS, (B) GQBN nanocomposites, and (C) FA-GQBNs. Colored
bars represent measured mean hydrodynamic dimeter, error bars show standard deviation for n = 3 replicates

SEM

SEM imaging was performed on the FA-GQBN particles. The same instrument and
imaging parameters used for the GQD and GQBN particles were utilized for the FA-GQBN
particle. Figure 13 depicts the imaging results. In Figure 13A, a large FA-GQBN particle
is observed. The disc-like structures characteristic of HBN can be seen on the particle,
with round structures, characteristic of GQDs, on and around the surface. There are
additional structures on the particle that could be attributed to the folic acid. EDS with
ColorSEM was performed on the particle shown in 13A. The EDS and ColorSEM results
are shown in 13B. The yellow and purple colors are attributed to the oxygen and carbon
present in the GQDs. While the GQDs are difficult to resolve, the presence of these colors
as well as the nanoscale of the structures indicate they are in the solution and present on
the FA-GQBN particle. The orange and green colors as well as the shape of the structures
indicate the presence of boron and nitrogen, respectively, that are attributed to the HBN.
Folic acid also has an abundance of carbon, hydrogen, nitrogen, and oxygen, therefore

these images alone do not confirm the synthesis of the particle, however, based on the
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other physicochemical characterizations the synthesis was successful. Figure 13C
depicts another FA-GQBN particle in solution. Figure 13D is the same particle at a higher
magnification. The FA-GQBN particle in 13C and 13D appear asymmetrical but similar in

quality to the particle in 13A and 13B.

Figure 13. SEM imaging of the FA-GQBN patrticle. (A) FA-GQBN particle in solution and (B) EDS of (A) with
ColorSEM overlay. Scale bar = 1 um and 2 um respectively. (C) SEM of a different FA-GQBN particle in solution, and
(D) Zoomed in image of particle from (C). Scale bar = 4 um and 1 um, respectively.

FTIR
The FTIR results for folic acid in PBS and the FA-GQBN particles are displayed in Figure
14. Folic acid has several characteristic peaks in its IR spectra, seen in 13A. The peak at

3300 cm ' is attributed to the (-OH) groups of folic acid in the crystalline structure®s. The
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peak at 1690 cm™' is attributed to the (-C=0) group present in the pterin structure of folic
acid, while the peak at 1610 cm is attributed to the bending of (-CONH) groups®®. Figure
14B displays the IR spectra for the FA-GQBN particle, where characteristic peaks
corresponding to the GQDs, HBN, and folic acid are observed. The broad peak at 3340
cm can be attributed to the (-OH) groups present in the GQDs%. The sharp peaks at
1360 cm™ and 772 cm™ are due to the boron-nitride bonds present in the HBN*%43, The
small but distinct peak at 1700 cm™ is due to the formation of an amide bond, attributed
to the binding of folic acid with the GQBN particle®. The peaks at 520 cm™ and 403 cm™*
are due to vibrations involving heavy carboxylate molecular groups and the aromatic ring,

respectively, in folic acid®>°.
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Figure 14. FTIR spectra of (A) Folic acid in PBS and (B) FA-GQBN patrticle.

Raman Spectroscopy

The Raman spectra for folic acid in PBS and the FA-GQBN particle are depicted in Figure
15. Figure 15A shows the Raman spectra for folic acid in PBS. The intense peak at 1631
cm™ is due to the stretching vibration of NH in the pteridine ring of the folic acid, while

the peak at 1255 cm™ is due to the rocking vibration of the C=N from the pteridine®. The
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Raman spectra for the FA-GQBN particle is displayed in Figure 15B. The characteristic
peaks for HBN, GQDs, and folic acid are all present in this spectrum. The peak at 1249
cm- represents the rocking vibration of the C=N in pteridine of the folic acid, while the
peaks at 1350 cm™ and 1628 cm represent the GQD peaks. The GQD peak at 1350 cm-
1is obscured by the strong peak at 1255 cm™. The peak for HBN is indistinguishable due
to the distinct peaks formed by the GQDs and folic acid. The FA-GQBN spectra retains
the characteristic “M” shape of the GQDs and GQBN. This confirms the successful

synthesis of the nanocomposite while retaining the optical properties of its constituents.
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Figure 15. Raman spectra for (A) folic acid in PBS and (B) FA-GQBNs.

XTT Biocompatibility Assay

An XTT biocompatibility assay was performed with the FA-GQBN particle. 4T1 breast
cancer cells served as the in vitro model. FA-GQBN nanoparticles were added in the
concentration of 100 pg/mL. Two nanoparticle incubation times were assessed. A 3-hour

assay, shown in 16A, and a 24-hour assay, shown in 16B, were performed with six
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replicates for each condition. The cell only group served as the positive control. The
results were normalized to the cell only group. For the 3-hour assay the cell only group
had 100% cell viability with a standard deviation of 33%. The experimental group had a
mean cell viability of 91% with a standard deviation of 17%. For the 24-hour assay, the
cell only group had 100% cell viability with a standard deviation of 5%. The experimental
group had a mean cell viability of 93% with a standard deviation of 24%. Based on these
results it was determined the addition of folic acid to the GQBN particle did not affect its

biocompatibility. The FA-GQBN particle is not cytotoxic at this concentration.
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Figure 16. XTT cell viability assay results. (A) 3-hour XTT results and (B) 24-hour XTT assay results. 24-hour XTT
assay results. Black and gray bars represent the measured mean cell viability normalized to the cell only group. Error
bars represent the standard deviation for n = 6 replicates.

SERS of FR+ and FR- Cancer Cells

Raman spectroscopy was performed with the GQDs and FA-GQBN particles to assess
their efficacy as SERS nanoparticles and determine the targeting capacity of the folic acid

present on the material. A549 cells lung carcinoma cells served as the FR negative (FR-)
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cell line®. This was the negative control, as lung cancer cells do not express the folate
receptor on their cell membrane’. HEC1A endometrial carcinoma cells served as the
positive control, as these cells possess an abundance of folate receptors on their cell
membrane’'. Each nanoparticle group was cultured with the respective cell lines with a
concentration of 100 pg/mL for 4 hours, followed by chemical fixation with
paraformaldehyde. SERS spectra was collected using the same parameters as all
previous Raman experiments. Briefly, the 785 nm red laser was used at 100% laser
intensity in twenty-second intervals and four accumulations. Figure 17 displays the
results obtained from the SERS measurements. In Figure 17A-C the addition of both the
GQDs and FA-GQBNs had negligible effects on the spectra for the A549 cells, as only
one single prominent peak at 1360 cm™ can be observed in the spectra. This peak is
associated with the symmetric stretching of CHjs in lipids within the cell?>"'. There are no
other discernable peaks in the A549 Raman spectra. This aligns with the expected results.
The FA-GQBN nanoparticles did not specifically or selectively interact with the FR- cells
and therefore provided very little SERS signal enhancement. The Raman spectra for the
FR+ HEC1A cells are shown in Figure 17D-F. In 17D, the spectra for the cell only group
has only one prominent peak at 1365 cm-, attributed to the symmetric stretching of CHs
in the lipids of the cell?>"". In 17E the HEC1A cells were cultured with the GQDs. Due to
the nanometer-scale size of the GQDs they were non-specifically uptaken by the cells.
The LSPR characteristic of GQDs provided significant SERS signal enhancement.
Several new peaks are discernible within the spectrum. The peak observed at 1044 cm™’
is attributed to phenylalanine within the proteins of the cell while the peak at 1093 cm™ is

due to the nucleic acids present in the cell nucleus of the cell’?>73.The peaks observed at
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1232 cm™ and 1294 cm™' are due to the presence of Amide Il within the proteins of the
cell’>74. The small peak at 1345 cm' can be attributed to the C-H deformation of proteins
within the cell’®. The prominent peak at 1411 cm™' is due to the presence of lipids within
the cell?®74. Figure 17F depicts the data for the FA-GQBN and HEC1A group. There was
no observed SERS signal enhancement provided by the FA-GQBN particle. This could
be attributed to several factors concerning the size of the nanoparticles. The micron-sized
diameter of the FA-GQBN particle prohibits them from being uptaken by the cells’®.
Additionally, several studies within literature suggest the optimal nanoparticle size for
SERS enhancement to be between 30 nm to 100 nm’’-7. The FA-GQBN particles
significantly exceed this parameter. Another major reason for the absence of SERS signal
enhancement is related to the LSPR of the FA-GQBN particle. Literature states when the
particle size approaches that of the magnitude of the excitation wavelength the particles
become preferentially excited in non-radiative modes, which significantly diminishes the
SERS effect’”. The FA-GQBN particles are between 500 nm and 1500 nm, which

approaches the scale of the 785 nm laser.
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SERS of FR+ and FR- Cancer cells
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Figure 17. Surface enhanced Raman spectroscopy of FR- and FR+ cancer cells. (A) Spectrum for A549 cells only. (B)
Raman spectrum for A549 cells incubated with GQDs. (C) Raman spectrum for A549 cells incubated with FA-GQBNs.
(D) Raman spectrum for HEC1A cells only. (E) Raman spectrum for HEC1A cells incubated with GQDs. (F) Raman
spectrum for HEC1A cells incubated with FA-GQBN particles.
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Chapter 5: Conclusions

The field of nanomedicine is rapidly expanding which reveals the need for a multitude of
nanoscale materials for biomedical applications. FA-GQBNs are a novel material with
exciting implications for nanomedicine. Individually, both HBN and GQDs have incredible
optical, chemical, and physical properties that, when combined, could provide an exciting
avenue for improving cancer imaging and diagnostics. GQBNs have only recently been
investigated for their use in biological applications, revealing an urgent need to elucidate
their properties. In this work, GQBNs followed by FA-GQBNs were successfully
synthesized using eco-friendly bio renewable resources and their properties investigated
through extensive characterization, with their efficacy as SERS tags also assessed. The
GQBN and FA-GQBN synthesis was novel, inexpensive, rapid, straight-forward, and did
not require the use of harmful, toxic materials or specialized equipment. The synthesized
nanocomposites possessed exceptional physicochemical properties and excellent
biocompatibility, which suggests they are an excellent material for biological applications.
Application of GQDs for SERS successfully revealed important information about the
protein structure of HEC1A cells. Although, conjugating folic acid to the GQDs did not
achieve the desired SERS enhancement for cancer cell detection, it offers valuable
information for further optimization. The data derived from this research provides new
knowledge for SERS platform fabrication by combining the unique properties of HBN and
GQD nanoparticles. This research lays the groundwork for future developments in drug
delivery systems, nanotherapeutics, and SERS nanoparticles. The versatility of these

nanocomposites allows for customization to suit nearly any application, limited only by
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the creativity of the researcher. Further development and work with the FA-GQBNSs is
expected to revolutionize the field of oncological nanotherapeutics.

Future Directions

Based on the findings in this research, the nanoparticles were found to be suitable for
their use in biological research. More work needs to be done to improve the overall quality
and performance of the nanoparticles. Decreasing the particle size and improving
monodispersity while enhancing the colloidal stability of the particles would significantly
improve their performance. Work is underway to investigate the use of these particles for
in vivo applications. The FA-GQBNs will be explored as nanoparticles for photothermal
therapy (PTT). GQDs have been exploited as photosensitizers in PTT and show promise
in this application. The FA-GQBNs are expected to further improve their efficacy as
photosensitizer agents. Additionally, research is underway to load these nanoparticles

with drugs and explore their use as drug delivery vehicles.
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