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* NIR: Near-Infrared Radiation.

* ROS: Reactive Oxygen Species.



RESUMEN

SINTESIS Y CARACTERIZACION DE UN NANOGEL QUE ENCAPSULA
PUNTOS CUANTICOS DE SILICIO (SIQDS) PARA MEJORAR LA TERAPIA

FOTODINAMICA DIRIGIDA EN CELULAS CANCEROSAS HELA

La prevalencia del cancer sigue siendo un problema de salud significativo a nivel
mundial. Los tratamientos actuales, como la quimioterapia y la radiacién, a menudo resul-
tan en efectos secundarios severos debido a su naturaleza no selectiva. Como alternativa,
la terapia fotodindmica (PDT) dirigida ha emergido como una solucién prometedora de-
bido a su especificidad y toxicidad sistémica reducida. Sin embargo, desafios como la
solubilidad y estabilidad en medios biologicos deben abordarse para mejorar la eficacia
clinica. Esta tesis tiene como objetivo desarrollar y evaluar un sistema de nanogel nove-
doso para encapsular dos tipos de puntos cudnticos de silicio (SiQDs): SiQDs 4cidos y
SiQDs acidos-PEOQ, y evaluar su eficacia en la PDT contra células HelLa. Los nanogeles
se sintetizaron utilizando una matriz copolimérica de metacrilato de éter metilico de di-
etilenglicol (DEGMA) y 2-metacriloxietil fosforilcolina (MPC) mediante polimerizacién
por transferencia de cadena reversible por adicién-fragmentacién (RAFT). Se evalu6 la vi-
abilidad celular de estos nanogeles con SiQDs en fibroblastos dérmicos humanos adultos
(HDFa) utilizando el ensayo MTT (3-(4, 5-dimetiltiazol-2-il)-2, 5-difeniltetrazolio bro-
muro). Ademads, se prob¢ la efectividad de la PDT contra células HeL.a bajo radiacién
infrarroja cercana. Los nanogeles con SiQDs demostraron una viabilidad celular superior
al 80% en varias concentraciones cuando se probaron en cultivos de fibroblastos. Los
SiQDs encapsulados, especialmente los de superficie dcida-PEO (SiQDs OX), mostraron
un potencial efecto fotodindmico para inducir apoptosis en células HeLa. El compor-
tamiento termorresponsivo de los nanogeles, gracias a DEGMA, fue fundamental para

mejorar su estabilidad a la temperatura fisiologica de 37°C.

Palabras clave:

Nanogel, Puntos Cudnticos de Silicio, Polimerizacion RAFT, Terapia Fotodindmica
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ABSTRACT

The prevalence of cancer remains a major health issue globally. Current treat-
ments, such as chemotherapy and radiation, often result in severe side effects due to
their non-selective nature. As an alternative, targeted photodynamic therapy (PDT) has
emerged as a promising solution due to its specificity and reduced systemic toxicity.
However, challenges such as solubility and stability in biological media need to be ad-
dressed to enhance efficacy. This research aims to develop and assess a novel nanogel
system for encapsulating two types of SiQDs—Acid-SiQDs and Acid-PEO-SiQDs—and
to evaluate their efficacy in targeted photodynamic therapy against Hela cells. The
nanogels were synthesized using a copolymer matrix of Di(ethylene glycol) methyl ether
methacrylate (DEGMA) and 2-Methacryloyloxyethyl phosphorylcholine (MPC) via re-
versible addition-fragmentation chain transfer (RAFT) polymerization. The biocompati-
bility of these nanogels was assessed in Human Dermal Fibroblasts, adult (HDFa) cells
using the MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay to
evaluate cell viability post-exposure. Additionally, the effectiveness of the PDT was tested
against HeLa cells under controlled near-infrared radiation to initiate the photodynamic
effect. The synthesized nanogels demonstrated high biocompatibility, maintaining cell
viability above 80% at various concentrations when tested in fibroblast cultures. In pho-
todynamic therapy applications, the encapsulated SiQDs, especially the Acid-PEO-SiQDs
(SiQDs OX), showed significant potential in inducing cytotoxicity in HeLa cells, confirm-
ing the targeted action of the therapy. The thermoresponsive behavior of the nanogels,
driven by DEGMA, played a significant role in enhancing their stability at physiological

temperature (37°C).

Keywords:
Nanogel, Silicon Quantum Dots, RAFT Polymerization, Photodynamic Therapy, MTT
Assay



CHAPTER

INTRODUCTION

Nanotechnology is a comprehensive domain that encompasses the study and ma-
nipulation of materials at the nanometric scale, specifically at the atomic and molecular
levels [1]. Within this field, silicon quantum dots (S1QDs) have emerged as a promising
material due to their unique optical and optoelectronic properties [2]. SiQDs are crys-
talline silicon nanoparticles [3], typically sized between 1 to 10, that exhibit the ability to
emit light in the orange-red range with high efficiency, making them highly effective for
a wide range of uses, including biomedical imaging, biosensing, drug delivery and cancer

therapy [4], [5].

Cancer, a complex disease characterized by uncontrolled cell growth, remains
among the primary causes of mortality globally, underscoring the urgent need for more ef-
fective and precise treatment strategies [6]. In 2020, GLOBOCAN estimated 69,869 new
cancer cases in the general population of Peru, resulting in a crude incidence rate of 211.8
per 100,000 inhabitants [7]. This high incidence makes cancer the second most com-
mon cause of mortality in the country. According to the Regional Institute of Neoplastic
Diseases (INEN), the most frequent types of cancer in Peru were breast cancer (16% of
cases), cervical cancer (15% of cases), stomach cancer (10% of cases), skin cancer (9%

of cases), and prostate cancer (7% of cases) [8], [9].

Traditional cancer treatments, such as chemotherapy, radiation therapy, and surgery,
while effective to varying degrees, often come with debilitating side effects and limitations

[10]. Chemotherapy, for instance, targets rapidly dividing cells but also affects healthy



cells, leading to severe adverse reactions [11]. Radiation therapy, while precise, can dam-
age surrounding tissues. Surgical interventions, though effective in removing localized

tumors, may not always be feasible, especially in cases of metastatic cancer [12].

In light of these challenges, there is a growing interest in alternative non-invasive
therapies that can target cancer cells more precisely and with fewer side effects, enhancing
both diagnostic and therapeutic outcomes [13]. One such promising approach is Photody-
namic Therapy (PDT), which combines light, photosensitizers, and oxygen to treat cancer
[14]. PDT has proven effective in eliminating cancer cells by generating reactive oxygen
species (ROS) that cause cellular damage [15]. Utilizing protoporphyrin, a conventional
photosensitizer, in combination with laser irradiation, it was possible to promote cell death
in chemoresistant cells. This synergy achieved greater efficacy in inducing cell death, with
a notable decrease in viability detected in 67.83% of the chemoresistant cells [16]. Com-
monly used photosensitizers in PDT include Chlorin e6 (Ce6) [17], porphyrins [18], and
more recently, carbon dots [19]. However, these traditional photosensitizers face sev-
eral challenges. Porphyrins, while widely used, have poor water solubility, limiting their
bioavailability and tumor-targeting capabilities. They tend to aggregate in aqueous envi-
ronments, reducing their ability to generate ROS. Furthermore, their absorption spectrum
is typically in the visible light range, which has limited tissue penetration compared to
near-infrared (NIR) light, and they can cause skin photosensitivity, leading to unwanted
side effects [18]. Similarly, Ce6 lacks inherent tumor-targeting capabilities, leading to
non-specific biodistribution and potential off-target effects [17]. Additionally, carbon dots

face concerns about potential toxicity [19].

Given these challenges, silicon quantum dots (SiQDs) are being explored as a
promising alternative photosensitizer [20]. SiQDs offer several advantages, including ef-
ficient light emission with a tunable wavelength range from visible to near-infrared [21].

They are also biocompatible and non-toxic, and can be specifically designed to target



subcellular organelles like lysosomes [22]. This targeting capability enhances their thera-

peutic efficacy while minimizing off-target effects.

An essential factor in maximizing the performance of SiQDs is surface function-
alization, which critically determines their stability, solubility, dispersibility, and compat-
ibility with diverse materials and environments [23]. Studies have shown that undecenoic
acid-functionalized and COOH-functionalized SiQDs exhibit high-performance fluores-
cent properties [24], making them suitable for various biomedical applications [25]. Spe-
cific molecular attachments enhance the therapeutic efficacy of SiQDs by being specific
to internal or external targets within tissues or cells [21], [26]. This selectivity also allows
them to function as drug carriers that can discriminate among particular targets, thereby
reducing possible side effects. These attributes underscore their immense potential across
a broad spectrum of applications, particularly as photosensitizers in PDT, by increasing
the cellular uptake of SiQDs and Photoluminescence Quantum Yield (PLQY) [27]. It
is expected to improve the production of ROS upon light irradiation, inducing oxidative
stress and apoptosis in cancer cells. To further enhance and understand these properties,
this study will compare Acid-SiQDs functionalized with the addition of polyethylene ox-
ide (PEO), a hydrophilic polymer, to evaluate its potential to improve the stability and
dispersibility of SiQDs in water and biological fluids [28], facilitating better cellular up-

take and charge transfer interactions for the production of ROS.

However, these photosensitizers need to be delivered using various carriers, and
SiQDs, in particular, require encapsulation in appropriate materials to enhance their sta-
bility and bioavailability for practical use [29]. Furthermore, encapsulation improves the
dispersion and solubility of SiQDs in various solvents, facilitating their handling and pro-
cessing, which is crucial for applications requiring precise and consistent delivery [30].
For biomedical applications, such as controlled therapeutic delivery, encapsulating SiQDs
in suitable carrier systems like hybrid nanoparticles that combine SiQDs with mesoporous

materials enhances their biocompatibility and increases their loading capacity, making



them more effective for targeted treatments [31]. These systems mitigate adverse inter-
actions with healthy cells by controlling release kinetics and optimizing receptor-ligand
interactions. Additionally, the potential to modify SiQDs chemically, coupled with their
small size and high surface-to-volume ratio, supports their integration into hybrid deliv-
ery systems for precise and controlled therapeutic delivery, providing new avenues for

targeted approaches in cancer and other diseases [32].

Therefore, a critical demand exists for innovative therapies capable of precisely
targeting cancer cells while sparing healthy tissues from damage [33]. Recent advance-
ments in nanotechnology have resulted in the emergence of various nanocarriers, includ-
ing liposomes, polymeric nanoparticles, and metallic nanoparticles [34]. These carriers
can be engineered to possess specific properties, such as targeting ligands, that enhance
their ability to interact with cancer cells. Additionally, nanoparticles can be designed to
release therapeutic agents in response to specific stimuli, further enhancing their thera-

peutic potential [29].

Nanogels distinguish themselves as exceptional nanocarriers within drug delivery
systems, combining unique physical properties with high biocompatibility [35]. These
networks, primarily composed of crosslinked polymers, excel in encapsulating a diverse
array of therapeutic agents, effectively protecting them from degradation and ensuring
their targeted delivery to specific tissues or cells [36]. Their high water content and porous
nature not only facilitate the loading of both hydrophilic and hydrophobic substances,
enhancing their versatility, but also enable responsiveness to environmental stimuli like
temperature, pH, and enzymatic activities [37]. Such dynamic responses allow for the
controlled and sustained release of therapeutic payloads directly at the designated sites,

optimizing efficacy and reducing systemic side effects [38].

The temperature-sensitive behavior of nanogels is a critical feature that enhances



their potential for targeted therapy [39]. Thermosensitive polymers like Di(ethylene gly-
col) methyl ether methacrylate (DEGMA) confer a property known as the Lower Cerit-
ical Solution Temperature (LCST), which enables nanogels to respond dynamically to
the thermal microenvironments of the body [40]. Below the LCST, nanogels remain hy-
drophilic, securely retaining their therapeutic cargo. However, in environments where the
temperature surpasses this threshold—such as in tumor tissues characterized by slightly
elevated temperatures due to increased metabolic activity—they undergo a phase transi-

tion, becoming hydrophobic and releasing their encapsulated agents [41], [42].

While both tumor and inflamed tissues can exhibit temperature elevations, the tu-
mor microenvironment (TME) is distinct in its thermal profile and physiological features,
such as sustained angiogenesis, hypoxia, and chronic inflammation, which differentiate
it from general inflamed tissues [43], [44]. Thermoresponsive nanogels leverage these
unique characteristics and the Enhanced Permeability and Retention (EPR) effect, which
allows them to accumulate preferentially in tumors due to the abnormal vasculature and
permeability [45]. Furthermore, their design can incorporate controlled release mecha-
nisms that fine-tune the response to specific thermal and biochemical stimuli, minimizing
off-target effects and accumulation in inflamed but non-tumoral sites [46]. By exploiting
these differential responses, thermoresponsive nanogels achieve greater specificity in tar-
geting tumor tissues, addressing concerns about their potential lack of selectivity. This
mechanism ensures a precise therapeutic effect, releasing high concentrations of active
agents exactly where needed while preserving healthy tissues and reducing side effects

[40], [47].

This breakthrough in nanogel technology sets the stage for the potential integration
of Photodynamic Therapy (PDT) through agents like silicon quantum dots (SiQDs) used
as photosensitizers, which can be activated by specific wavelengths of light to produce
therapeutic effects [19], [22]. By encapsulating SiQDs within nanogels, it is anticipated

that their delivery and activation can be precisely controlled [48]. This approach aims to



ensure that these potent photosensitizers are released and activated exactly where needed.
Upon activation by targeted light exposure, the SiQDs are expected to generate reactive
oxygen species (ROS), which are molecules that trigger oxidative stress and can poten-
tially promote the apoptosis of cancerous cells [20]. The ability of nanogels to localize
and control the release of SiQDs could maximize the therapeutic efficacy of PDT while
minimizing collateral damage to surrounding healthy tissues. This innovative technol-
ogy holds the potential to transform cancer therapy through targeted and efficient delivery
of therapeutic agents, thereby improving patient care and minimizing systemic toxicities

[49].

This study focuses on the synthesis and characterization of a nanogel encapsulat-
ing SiQDs for enhanced targeted photodynamic therapy in HeLa cancer cells. This model
was chosen because HeLa cells are a widely acknowledged model for cervical cancer re-
search, offering a reliable and well-characterized system for evaluating the efficacy of new
therapies. While this research specifically targets cervical cancer, the techniques and prin-
ciples developed could potentially be applied to other types of cancer, offering a broader
impact in the field of oncology. By integrating the cutting-edge photodynamic properties
of SiQDs with the dynamic and responsive delivery system provided by nanogels, this
study seeks to analyze the photodynamic effect of two types of SiQDs—Acid-SiQDs and
Acid-PEO-SiQDs—activated when they are exposed to near-infrared (NIR) light and their

resulting cytotoxicity induced in HeLa cells.

1.1 Problem formulation

Is a nanogel copolymer composed of Di(ethylene glycol) methyl ether methacry-
late (DEGMA) and 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC) effective for en-
capsulating and delivering silicon quantum dots (SiQDs) for targeted photodynamic ther-

apy against HeLa cells in an in vitro setting?



Can the integration of nanogels and silicon quantum dots enhance the stability,
solubility, targeting capabilities, and photodynamic properties of SiQDs to selectively

induce cytotoxicity in cancer cells when activated by near-infrared light?

Do the functionalization strategies of Acid-SiQDs and Acid-PEO-SiQDs improve
their solubility and uptake by cancer cells, thereby enhancing their therapeutic efficacy in

photodynamic therapy?

1.2 Research objectives

General objective:

Synthesize and characterize a nanogel encapsulating silicon quantum dots (SiQDs)

to enhance targeted photodynamic therapy in HeLa cancer cells.

Specific objectives:

1. Synthesize a copolymer nanogel using Di(ethylene glycol) methyl ether methacry-
late (DEGMA) and 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC) as monomers
through Reversible Addition-Fragmentation chain Transfer (RAFT) polymeriza-

tion.

2. Encapsulate two types of SiQDs, Acid Functionalized Silicon Nanocrystals (Acid-
SiQDs) and Acid-Functionalized
Poly(ethylene oxide)-Terminated SiQDs (Acid-PEO-SiQDs), within the synthesized

copolymer nanogel.

3. Characterize the physical and chemical properties of the nanogel and SiQDs encap-

sulation to understand their distribution, encapsulation efficiency, and interaction.
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4. Assess the in vitro cytotoxicity of the SiQDs-loaded nanogel with fibroblast cells
through MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) as-

says by measuring cell viability.

5. Evaluate the in vitro efficacy of SiQDs-loaded nanogel in photodynamic therapy
against HeLa cells using near-infrared red light and analyze cell viability using

MTT tests to assess cytotoxic effects and therapeutic efficiency.

1.3 Hypothesis

The nanogel encapsulating silicon quantum dots (SiQDs), specifically those mod-
ified with polyethylene oxide (PEO), when activated by near-infrared (NIR) laser light,
will demonstrate a heightened cytotoxic effect on HeLa cells due to increased solubility,
photoluminescence quantum yield (PLQY), and cellular uptake. SiQDs with high PLQY
values are expected to produce more reactive oxygen species (ROS), making them more
effective as photosensitizing agents in photodynamic therapy (PDT). The presence of PEO
is anticipated to enhance the endocytic uptake of SiQDs into cancer cells, facilitating a
higher intracellular accumulation and thereby leading to more effective photodynamic ac-
tion. This increased cellular uptake and higher PLQY should generate an elevated level

of ROS, intensifying apoptosis within the cancerous cells.

The comparison between Acid-SiQDs and Acid-PEO-SiQDs is motivated by the
hypothesis that PEO functionalization substantially augments the therapeutic efficacy of
SiQDs by ensuring more robust intracellular delivery and interaction with cancer cells, as
well as improving their optical properties. These enhancements are expected to generate
increased levels of ROS, further intensifying apoptosis within the cancerous cells. SiQDs
with acid functionalization and PEO molecules on their surface are anticipated to produce
charge transfer interactions, becoming excited and reacting with oxygen to generate ROS.

Acid functionalization provides a baseline for high-performance fluorescent properties
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and compatibility, while the addition of PEO is expected to further improve stability,
solubility, and ROS production, thus enhancing the overall effectiveness of SiQDs in PDT

applications.

1.4 Justification

Photodynamic therapy (PDT) using silicon quantum dots (SiQDs) encapsulated
in nanogels represents a pioneering approach in the treatment of cancer. This method
aims to overcome the limitations of traditional cancer treatments, which often suffer from
non-specific targeting, significant side effects, and reduced efficacy in tumor eradication.
By integrating SiQDs into nanogel carriers, this approach seeks to enhance the precision
of tumor targeting and the controlled release of therapeutic agents, thereby maximizing

therapeutic efficacy while minimizing systemic toxicity.

The research focuses on determining the relative importance and synergistic ef-
fects of both the S1QDs and the nanogel. The synergy between the SiQDs and the nanogel
is anticipated to enhance overall therapeutic efficacy by combining the photodynamic ca-
pabilities of the SiQDs with the controlled delivery and release properties of the nanogel.
Specifically, the nanogel is expected to improve the stability, solubility, and bioavailabil-
ity of the SiQDs, while the SiQDs generate the necessary reactive oxygen species (ROS)
upon activation by NIR light. This combined approach aims to maximize the selective tar-
geting and destruction of cancer cells while minimizing damage to healthy tissues, thereby

improving the overall outcomes of photodynamic therapy.

Moreover, the project explores two types of S1QDs—Acid-SiQDs and Acid-PEO-
SiQDs—each chosen for their unique optical properties and compatibility with the biolog-
ical environment. By enhancing the stability and biocompatibility of these quantum dots
within the nanogel matrix, the research aims to provide a robust solution that supports both

active targeting and effective photodynamic action required for successful therapy. The
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expected outcomes of this research include not only understanding the photodynamic ther-
apeutic results but also expanding our knowledge of nanogel-based drug delivery systems
in medical biotechnology. These advancements hold the potential to set new benchmarks
for the treatment of various malignancies where targeted photodynamic therapy can be

applied, extending the impact beyond cervical cancer.

This study also contributes to the ongoing efforts to develop smaller, optically
superior, and biocompatible photosensitizers. By leveraging the unique properties of
SiQDs, this research aims to advance the field of nanomedicine. The proposed nanogel,
a polymeric carrier, not only enhances the delivery and efficacy of SiQDs but also of-
fers thermoresponsive properties crucial for physiological conditions such as the human
body temperature of 37°C. This thermoresponsive behavior ensures that the nanogel can
respond dynamically to the slight variations in temperature within different body tissues,

optimizing the release of therapeutic agents precisely at the target site.

Additionally, this research underscores the potential of nanogel-based systems to
enhance the delivery and efficacy of therapeutic agents. By defining this potential, similar
delivery systems for other nanoparticles and therapeutic compounds can be developed.
Beyond photodynamic therapy, these systems could also be used in diagnostics and mon-
itoring due to the bioimaging properties of SiQDs. Demonstrating this approach could
pave the way for new treatments and diagnostic tools, leveraging nanomaterials to im-

prove patient care and outcomes.
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1.5 Scope and limitations

The present thesis was developed at the University of Alberta in Edmonton under
the supervision of Dr. Ravin Narain. This research focuses on developing and characteriz-
ing a nanogel system for encapsulating two types of silicon quantum dots (S1QDs)—Acid-
SiQDs and Acid-PEO-SiQDs—and assessing their efficacy and biocompatibility for tar-
geted photodynamic therapy in HeLa cells. The study evaluates the photodynamic effects
of these encapsulated SiQDs when activated by near-infrared light, analyzing their po-
tential to induce cytotoxicity exclusively through in vitro experiments. The scope of this
research is to provide a thorough understanding of the interactions and effectiveness of
the SiQD-loaded nanogels within a controlled laboratory environment, laying the ground-

work for future clinical applications.

The synthesis of the SiQDs themselves is undertaken by Applied Quantum Mate-
rials Inc., located in Edmonton, Canada, and not within the project’s direct experimental
activities. Additionally, this phase of the research does not extend to in vivo trials or
progress into preclinical trial phases, as the current focus is on laboratory-based cell cul-

ture experiments.

The nanogel synthesis and subsequent experiments are conducted within the Chem-
ical and Materials Engineering building facilities. Characterization of the nanogel is car-
ried out using equipment available in the Natural Resources Engineering Facility (NREF)
and supplemented by instruments from Applied Quantum Materials Inc. All cell culture
and transfection experiments to evaluate cytotoxicity and cell viability are strictly per-

formed in vitro in the laboratories of the Chemical and Materials Engineering building.

This study is limited to working with monoculture cell lines, specifically HeLa
cells, to evaluate the potential of photodynamic therapy (PDT) using the two types of sil-
icon quantum dots (SiQDs) encapsulated in the nanogel. However, HeLa cells are widely

recognized as a robust model for PDT research due to their rapid proliferation, resilience
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under laboratory conditions, and well-documented characteristics [50], [S1]. These at-
tributes facilitate reproducible results and consistent evaluation of PDT efficacy. Further-
more, their demonstrated sensitivity to a variety of photosensitizers and light treatments
in multiple studies underscores their reliability as a proxy for investigating phototoxic ef-
fects. While the results may not fully represent the complex interactions in a multicellular
tumor environment, HeLa cells share fundamental biological traits with other epithelial-
derived cancer cell lines, reinforcing the broader applicability of these findings to other

cancer models.

Similarly, for assessing biocompatibility and cytotoxicity, only Human Dermal
Fibroblast adult (HDFa) cells were used as a model. HDFa cells, being primary, non-
cancerous cells, provide a more realistic evaluation of toxicity in healthy tissues. Their
heightened sensitivity to toxic effects compared to cancer cells allows for a conservative
assessment of the biocompatibility of the SiQD-loaded nanogels. However, these findings
are restricted to in vitro conditions and do not capture the complexity of interactions within
a tumor microenvironment. A more comprehensive approach could involve transitioning
to three-dimensional (3D) culture models that incorporate both tumor cells and stromal
cells, such as cancer-associated fibroblasts. These 3D systems would better represent the
tumor microenvironment, offering a more accurate prediction of therapeutic efficacy and

safety in vivo.

Despite these limitations, the findings from the in vitro experiments provide valu-
able insights into the functionalization and photodynamic capabilities of the SiQD-loaded
nanogels. By demonstrating their potential therapeutic efficacy in a controlled environ-
ment, this study establishes a solid foundation for further exploration of their performance
in more complex systems. Testing these nanogels in in vitro conditions is a critical step
toward validating their targeted delivery and phototoxic effects, enabling future investiga-
tions into multicellular systems such as tumor spheroids, advanced 3D culture models or

in vivo studies.
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1.6 Bases of the Bioengineering curriculum

This project integrates three foundational pillars of bioengineering: the chemistry
of life, human physiology, and biophysics, demonstrating their interconnectedness in de-

veloping an innovative therapeutic solution.
Chemistry of Life

The synthesis and characterization of a nanogel for encapsulating silicon quantum
dots (SiQDs) illustrate a profound application of chemical principles tailored to biologi-
cal contexts. The reversible addition-fragmentation chain transfer (RAFT) polymerization
process [52] used to create the nanogel matrix based on two molecules that govern cel-
lular functions and interactions—namely, Di(ethylene glycol) methyl ether methacrylate
(DEGMA) and 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC), exemplify how syn-

thetic chemistry can be harnessed to address specific biological challenges.

These substances play critical roles in the synthesis of the nanogel, chosen for their
unique chemical properties. MPC, a key monomer of the nanogel, exhibits hydrophilic
properties that enhance the solubility of the nanogel in biological fluids [53], thereby
increasing the bioavailability of the encapsulated SiQDs. This hydrophilicity is crucial
for the interaction of the nanogel with cellular environments, facilitating the transport of
SiQDs to the target cells without inducing undesirable systemic effects. Additionally, the
inclusion of DEGMA contributes to the thermoresponsive behavior of the nanogel [54],
allowing for controlled release of the SiQDs in response to slight changes in temperature
that may occur in different parts of the human body or upon triggered therapeutic inter-
vention. On the other hand, MPC is a zwitterionic monomer selected for its structural
similarity to components of the cellular membrane, specifically phospholipids, which en-
hances its integration into biological systems [55]. The incorporation of MPC into the
nanogel matrix improves its biocompatibility and minimizes immune rejection, crucial

for applications involving direct interaction with human cells.
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The strategic synthesis of the nanogel via RAFT polymerization ensures precise
control over the molecular weight and distribution of the copolymer, critical for achieving
the desired mechanical properties and degradation rates [52], [56]. This level of molecular
control is essential in tailoring the release profiles of SiQDs, optimizing the therapeutic

outcomes of the photodynamic therapy.

Characterization techniques such as Dynamic Light Scattering (DLS), Thermo-
gravimetric Analysis (TGA), and Nuclear Magnetic Resonance (NMR) spectroscopy were
employed to analyze the nanogel’s properties. DLS was used to determine the size dis-
tribution and stability of the nanogel particles, revealing the thermoresponsive behavior
by showing size changes at different temperatures. TGA provided insights into the ther-
mal stability and composition of the nanogel, ensuring it maintains its integrity under
physiological conditions. NMR spectroscopy confirmed the successful incorporation of
DEGMA and MPC into the nanogel structure, verifying the chemical composition and

functional groups essential for its biocompatibility and performance.
Human Physiology

The choice of HeLa cells as a model system aligns with the project’s focus on
human physiology, particularly in the context of improving treatment strategies for can-
cer. The design of the nanogel encapsulating silicon quantum dots (SiQDs) is heavily
influenced by a detailed understanding of cellular mechanisms and interactions within the
human body, ensuring that the therapy is both effective and minimally invasive. By tar-
geting cancerous Hela cells, the nanogel system is engineered to enhance the uptake of
SiQDs by these cells through endocytosis, a natural physiological process. By mimick-
ing aspects of the cellular environment, particularly through the use of MPC, the nanogel
promotes greater compatibility and integration within cellular systems. This targeted ap-
proach ensures that the SiQDs are delivered directly to the cancer cells, increasing the
efficiency of the photodynamic therapy and reducing collateral damage to surrounding

healthy tissues.
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The therapeutic mechanism of the encapsulated SiQDs under near-infrared (NIR)
radiation is specifically chosen to exploit the physiological response to light-based treat-
ments. NIR light can penetrate deeper into tissues compared to visible light, allowing for
effective activation of the SiQDs at the target site. Once activated, the SiQDs produce
reactive oxygen species (ROS) that induce cell death in cancerous cells [19]. This process
leverages the physiological vulnerabilities of cancer cells, such as their higher metabolic
rate and increased demand for oxygen, making them more susceptible to ROS-induced

damage than normal cells.

Recognizing the physiological implications of introducing foreign materials into
the body, this project prioritizes the biocompatibility of the nanogels. The materials used
in the nanogel formulation are selected for their proven safety profiles and ability to inte-
grate without disrupting normal cell functions or provoking an immune response. By con-
ducting thorough biocompatibility assessments, such as cell viability assays with HDFa
(Normal Human Dermal Fibroblasts) cells, the project ensures that the nanogel-SiQD

system is tolerated by the body and does not induce adverse physiological reactions.

Additionally, the project’s consideration of the body’s natural defense mechanisms
against oxidative stress is crucial. The generation of ROS within cancer cells must be
carefully controlled to avoid excessive damage to healthy tissues. The nanogel’s design,
incorporating MPC, helps to minimize potential adverse effects by ensuring that the pho-
tosensitizers are activated only within the target cells. This selective activation is vital for
maintaining the balance between effective cancer cell destruction and the preservation of

surrounding healthy tissue integrity [57].

Furthermore, the controlled release of SiQDs facilitated by the thermoresponsive
nature of the nanogel is designed to align with the physiological conditions within the
body. The ability of the nanogel to respond to slight temperature variations ensures that
the SiQDs are released in a controlled manner, maximizing their therapeutic impact while

minimizing potential side effects. This approach underscores the importance of aligning
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the nanogel’s functional properties with the dynamic and complex environment of human

physiology [58].
Biophysics

The project’s engagement with biophysics is linked to the manipulation and un-
derstanding of the optical properties of silicon quantum dots (SiQDs), which are central
to the efficacy of photodynamic therapy (PDT). The encapsulated Acid-SiQDs and Acid-
PEO-SiQDs are chosen not only for their biocompatibility but also for their unique pho-

tophysical behaviors, which are critical for achieving the desired therapeutic outcomes.

Silicon quantum dots are renowned for their robust photostability, high quantum
yield, and tunable emission wavelengths, which make them ideal candidates for photody-
namic applications. The two types of SiQDs used in this project—Acid-SiQDs and Acid-
PEO-SiQDs—have been specifically chosen to leverage these properties. Acid-SiQDs
exhibit strong absorption in the ultraviolet region, which, when coupled with their ability
to emit at various wavelengths, can be finely tuned to match the absorption characteristics
of pathological tissues. On the other hand, Acid-PEO-SiQDs are modified with polyethy-
lene oxide to enhance their dispersibility and stability in biological fluids, ensuring that

their optical properties are maintained within the physiological environment.

Fluorescence spectroscopy is employed to verify the encapsulation and photophys-
ical properties of the SiQDs within the nanogel. The fluorescence spectrum provides crit-
ical data confirming that the SiQDs retain their characteristic emission properties after
encapsulation [59]. The specific emission peaks observed in the spectrum correspond to
the known fluorescence signatures of the Acid-SiQDs and Acid-PEO-SiQDs, confirming

their presence and stability within the nanogel matrix.

When exposed to NIR light, the SiQDs absorb light energy and produce reactive
oxygen species This conversion process is highly dependent on the biophysical properties

of the SiQDs, including their size, surface chemistry, and the matrix in which they are
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embedded. The Acid-PEO-SiQDs, in particular, are designed to enhance light absorption
efficiency and energy transfer processes, maximizing the photodynamic effects within the

target cells [60].
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CHAPTER 11

CRITICAL REVIEW OF THE LITERATURE

In the dynamic field of medical nanotechnology, the strategic development of sil-
icon quantum dots (SiQDs) stands out as a transformative approach to cancer therapy.
By navigating through the latest advancements and dissecting the scientific discourse sur-
rounding these novel nanocomposites, this chapter seeks to highlight the critical innova-
tions of nanogel systems and the corresponding challenges that they bring to critically
evaluates the integration of SiQDs as a promising alternative to conventional photosensi-

tizers used in photodynamic therapy (PDT).

The study by Samia et al. [19] explores the potential of semiconductor quantum
dots (QDs) in PDT by demonstrating their ability to generate reactive oxygen species
(ROS). In PDT, a photosensitizing agent is activated by light to produce singlet oxygen
(*O,), which induces cytotoxic reactions in cancer cells. Traditionally, photosensitizers
like phthalocyanines (Pc’s) are used, but their poor water solubility and tendency to ag-
gregate limit their effectiveness. The study highlights the use of CdSe QDs conjugated
to a silicon Pc photosensitizer (Pc4), enabling excitation through fluorescence resonance
energy transfer (FRET). This allows activation of CdSe QDs-Pc4 at wavelengths not ab-
sorbed by Pc4 alone, demonstrating a 77% FRET efficiency. Additionally, CdSe QDs
independently generated 'O, with a moderate quantum yield of about 5%, attributed to
the triplet state interaction with molecular oxygen. These findings suggest that QDs could
serve dual roles in PDT by sensitizing both the PDT agent and molecular oxygen, po-
tentially leading to more effective cancer treatments. The study also highlights ongoing
efforts to enhance (*0,) generation using less toxic QDs and improved surface-coating

techniques.



In the context of using less toxic photosynthesizers for PDT, silicon nanocrystals
(SiNCs) have shown significant potential due to their biocompatibility. The study con-
ducted by Beri et al. [61] synthesized conjugates of SiNCs and organic photosensitizers
through a microwave-assisted hydrosilylation reaction. These conjugates demonstrated
10, generation with a moderate quantum yield of up to 27% in cyclohexane. Ultra-small
SiNCs (4.6-5.2 nm) absorbed UV and blue radiation, transferring the absorbed energy
to the triplet state of the attached dyes, which increased the population of triplet states
and enhanced 'O, generation. Functionalization with perylene derivatives improved en-
ergy transfer, as evidenced by singlet oxygen phosphorescence at 1270 nm. The quantum
yields of (*O,) generation decreased slightly to 20% under 317.5 nm laser excitation,
showcasing the wavelength-dependent nature of the process [61]. This study underscored
the advantages of Si-based systems, including improved biocompatibility and reduced

systemic toxicity compared to CdSe QDs.

Additionally, silicon nanocrystals (nc-Si) exhibit significant potential as photosen-
sitizers and sonosensitizers for biomedical applications, particularly in cancer therapy. In
the study conducted by Osminkina et al. [62], nc-Si with sizes ranging from 2 to 5 nm,
prepared from porous silicon (PSi), were shown to act as efficient photosensitizers for
L0y generation. This was demonstrated through the direct detection of luminescence at
1270 nm (0.98 eV). This generation of 1O, is due to the efficient energy transfer from
the photo-excited SiNCs to the triplet state of oxygen molecules, facilitated by the Dex-
ter mechanism. In vitro experiments demonstrated that photo-excited nc-Si significantly
suppressed the proliferation of cancer cells. These properties, combined with the bio-
compatibility and biodegradability of SiNCs, pave the way for innovative applications in

cancer treatment [62].

The three studies collectively demonstrate the evolving potential of quantum dots
in PDT, with key differences in O, generation efficiency and material properties. Samia

et al. [19] reported moderate efficiency (5%) using CdSe QDs, whereas Beri ef al. [61]
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significantly improved this to 27% through SiNC-dye conjugates. Osminkina et al. [62]
showcased the photo-therapeutic potential of porous SiNCs, emphasizing their biocom-
patibility and significant suppression of cancer cell proliferation. These findings highlight
the transition from CdSe to Si-based systems as a critical advancement in addressing
wavelength specificity, energy transfer mechanisms, and material functionalization chal-

lenges.

Expanding on these developments, the study by Wang et al. [63] presents an inno-
vative and biocompatible nanosystem, bovine serum albumin (BSA)-Ce6-SiQDs-MnO2
(BCSM NPs), designed for enhanced photodynamic therapy (PDT) and dual-mode imag-
ing. This nanocomplex addresses several limitations in conventional PDT, such as hypoxia
in solid tumors and the hydrophobicity of photosensitizers. The BCSM NPs leverage the
photostability and biocompatibility of silicon quantum dots (SiQDs) to effectively carry
photosensitizers into tumor cells, significantly enhancing the formation of cytotoxic 1O,
through a pH and H->0O, responsive mechanism catalyzed by MnO,. The BCSM NPs
also serve as a dual-functional probe for fluorescence and magnetic resonance imaging
(MRI), enabling real-time tracking and precise localization of the treatment. The study
found that BCSM NPs could modulate the tumor microenvironment, improving oxygena-
tion and increasing the production of ROS. This capability was confirmed through various
imaging techniques, including fluorescence and MRI, which showed high accumulation

and activity of the nanoparticles at the tumor site.

Further enhancing the application of SiQDs in cancer therapy and focusing on
its synthesis method, the study by Ozbilgin et al. [64] introduced carboxy-terminated
silicon quantum dots (SiQDs) designed for use in fluorescence-guided photothermal nan-
otherapy. These SiQDs exhibit high water solubility due to substantial molecular cover-
age of surface monolayers, strong light emission with high photoluminescence quantum

yields (PLQYs), prolonged photoluminescence stability for cell monitoring, low toxicity
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to cells, and significant photothermal response. The water-soluble SiQDs were synthe-
sized through the thermal hydrosilylation of 10-undecenoic acid on hydrogen-terminated
surfaces, achieved via the thermal disproportionation of triethoxysilane hydrolyzed at pH
3 followed by hydrofluoric acid etching. The resultant 10-undecanoic acid-functionalized
SiQDs (UA-SiQDs) showed prolonged stability in hydrophilic solvents, including ethanol
and water (pH 7). UA-SiQDs exhibited low short-term toxicity, maintaining full cell vi-
ability up to 400 pg/mL, and a 50% cell viability after 14 days at a concentration of 50
pg/mL. The study underscores the potential of SiQDs in theranostics due to their excellent

optical properties, photostability, and nontoxicity.

The concentration and localization of the photosensitizer affect how much light
is absorbed and, consequently, the light dose required for effective treatment. Uniform
distribution ensures consistent treatment efficacy, while uneven distribution may result
in areas receiving insufficient light dose, reducing the overall therapeutic effectiveness.
Optimizing photosensitizer distribution involves selecting appropriate delivery methods

and ensuring adequate uptake by target tissues.

Nanogels have the ability to encapsulate, protect, and release therapeutic molecules
and drugs in specific environments [65] [66]. The complexity and characteristics of each
nanogel are directly related to its synthesis methodology and the molecules it aims to de-
liver, leading to ongoing research and development of new structures to address different
therapeutic challenges [67]. Nanogels must not only encapsulate the molecules but also

ensure their release at the right place and time for effective therapeutic response [42].

Reinforcing the idea that nanogels are efficient transporters because they can re-
spond to stimuli, the study by Ganguly ef al. [68] developed temperature-responsive
microgels with a high content of zwitterionic poly(phosphorylcholine) (PMPC) using a
macromonomer approach. The PMPC-based macromonomers were synthesized through
a three-step process: RAFT polymerization to create PMPC homopolymers, end-group re-

moval to generate reactive thiol groups, and introduction of polymerizable double bonds
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at the chain ends. These macromonomers were then used in different molar ratios to syn-
thesize microgels via precipitation polymerization using N-vinylcaprolactam (NVCL) as
the main co-monomer. The extent of zwitterionic incorporation was found to depend on
both the molar mass of the macromonomers and their molar fraction in the feed, affecting
properties such as hydrodynamic radii and volume phase transition temperature (VPTT).
These microgels demonstrated significant protein-repelling behavior, making them suit-

able for applications in protective coatings with anti-fouling properties.

This concept of stimuli-responsive nanogels is further exemplified in various biomed-
ical applications. For instance, nanogels are versatile nano-delivery systems used for
the controlled release of insulin in diabetes treatment [69]. Moreover, their ability to
overcome the blood-brain barrier enables targeted drug delivery to the brain for treating
neurodegenerative diseases, as well as neuroprotective agents [70]. In the realm of can-
cer therapies, nanogels facilitate the specific administration of notable anti-cancer agents
such as doxorubicin, epirubicin, and paclitaxel, and the delivery of nucleotides that inhibit

tumor growth [71] [38].

Recent developments have focused on hybrid nanogels that combine the advan-
tages of inorganic materials and DNA polymers for enhanced PDT. For instance, a pro-
grammable hybrid DNA nanogel (H-DNA nanogel) has been developed for enhanced
photodynamic therapy of hypoxic glioma [72]. This H-DNA nanogel is constituted with
a virus-like mesoporous silica nanoparticle (VMSN) as the core, providing an appropriate
nano-interface, and a self-assembly programmable DNA hydrogel layer based on rolling
circle amplification (RCA) as the shell. Two kinds of G-quadruplex structures inserted
with hemin and zinc phthalocyanine (ZnPc) photosensitizers are introduced into the H-
DNA nanogel by base pairing. The G-quadruplex/hemin module works as a catalase to
catalyze the conversion of accumulated H2O, in cancer cells to O4, addressing the hypoxic

tumor microenvironment. On the other hand, the G-quadruplex/ZnPc module increases
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the yield of (!Oy) under laser irradiation, enhancing the PDT effect by inducing more

intensive cell apoptosis.

Building upon the versatility of nanogels for encapsulation and responsive release,
the study by Jie Yang ef al. [73] presents an innovative use of QD—polypeptide hybrid
nanogels for cancer therapy. These nanogels are engineered by metal-affinity driven self-
assembly between artificial polypeptides and CdSe—ZnS core—shell quantum dots, result-
ing in a tunable sandwich-like microstructure. The study highlights the nanogels’ ability
to simultaneously load and release hydrophobic and hydrophilic drugs in response to tem-
perature, pH, and competing agents. The research demonstrates that these QD—polypeptide
nanogels, particularly those with an arginine-glycine-aspartic acid (RGD) motif, can se-
lectively target and be internalized by HeLa cells, enhancing therapeutic delivery while
minimizing cytotoxicity to normal cells. This study underscores the potential of QD—polypeptide

nanogels as a multifunctional platform for precise cancer diagnosis, imaging, and therapy.

FIGURE 2.1: QD-polypeptide nanogel [73]

The innovative design of these nanogels allows for the simultaneous loading and
controlled release of both hydrophobic and hydrophilic drugs, tailored by environmental
stimuli such as temperature and pH. Importantly, the incorporation of the RGD motif
facilitates targeted delivery to cancer cells, as evidenced by the selective uptake in HeLLa
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cells and reduced cytotoxicity to normal cells. This research not only demonstrates the
multifunctional capabilities of QD—polypeptide nanogels but also opens new avenues for
their application in cancer diagnosis, imaging, and therapy, offering a promising strategy

to enhance the efficacy and specificity of cancer treatments [73].

Finally, the integration of silicon quantum dots (SiQDs) into nanogel systems
demonstrates a significant advancement in the field of cancer therapy. The ability to gener-
ate reactive oxygen species, the versatility in drug delivery, and the dual functionality for
imaging and therapy highlight the transformative potential of these nanocomposites. The
comprehensive evaluation of various studies underscores the critical role of SiQDs and
nanogels in overcoming the limitations of conventional PDT and enhancing the efficacy
of cancer treatments. This chapter has illuminated the progressive trajectory of SiQDs in

medical nanotechnology, emphasizing their promising future in the fight against cancer.
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CHAPTER III

THEORETICAL FRAMEWORK

3.1 Cancer

Cancer is a disease characterized by alterations in the cell cycle that lead to the
uncontrolled proliferation of cells. These altered cells can accumulate and form masses or
tumors. While the human body has mechanisms to automatically correct these anomalies,
it sometimes fails, allowing cancerous cells to grow without restraint [74]. Therefore, it is
essential to recognize that not all cancers are the same, and cancer in specific organs can

be classified based on its nature, whether benign or aggressive [75].

FIGURE 3.1: Comparison between normal cells and cancerous cells [76]



3.2 Conventional Treatments for Cancer

3.2.1 Chemotherapy

Chemotherapy is a medical treatment that uses drugs to fight cancer by slowing
its growth or killing cancer cells. It can be administered in various ways, including orally
or intravenously, as shown in Figure 3.2 [77]. It is a primary option for many types of
cancer, potentially delaying its progression, shrinking tumors, and preventing its spread.
Besides being a curative treatment, it can also be palliative, alleviating symptoms and
enhancing the quality of life. However, it has side effects like nausea, fatigue, or hair loss.
The choice and duration of the treatment depend on the type and stage of cancer and the
overall health of the patient [78].

T
Anti-cancerdrug_ {} =

Intravenous Chemotherapy

FIGURE 3.2: Intravenous chemotherapy [77]
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3.2.2 Radiotherapy

Radiation therapy is a cancer treatment that employs high doses of radiation to
destroy cancer cells and reduce tumor size. It can be administered in two ways: externally,
using a specialized machine to deliver radiation from outside the body, and internally,
known as brachytherapy, which involves placing a radioactive source inside or near the
tumor [79]. This is a primary treatment option for various cancer types and can also
be used to shrink tumors before surgery, eradicate residual cancer cells after surgery, or
alleviate cancer-related symptoms to enhance the quality of life. It may lead to side effects

such as fatigue, nausea, vomiting, diarrhea, hair loss, and eating difficulties [80].

FIGURE 3.3: External beam radiation therapy and internal radiation therapy [79]
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3.2.3 Surgery

Surgical treatment can be employed as a neoadjuvant therapy to reduce the size of
the tumor before other treatments, or as an adjuvant therapy after other interventions to
remove any remaining cancer cells. Surgery is particularly effective in cases where the

cancer is localized to a specific area and has not spread to other parts of the body [81].

The decision to proceed with surgery depends on several critical factors, including
the location and stage of the cancer, as well as the overall health of the patient. Standard
procedures include removing the entire tumor along with a margin of surrounding healthy
tissue and often involve excising nearby lymph nodes to assess cancer spread. However,
complications such as bleeding, infections, or damage to nearby organs are possible [82].

In some cases, there is also an increased risk of developing a second primary cancer.

3.3 Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) is a therapeutic approach that combines a photosen-
sitizing drug activated by light with a specific wavelength to generate reactive oxygen

species, effectively eradicating cancerous and other abnormal cells.

3.3.1 Principles of Photodynamic Therapy

The main elements of photodynamic therapy (PDT) include a photosensitizer,
which is a light-sensitive compound that selectively accumulates in abnormal cells; light
of a specific wavelength to activate the photosensitizer; and molecular oxygen, which is
essential for the photodynamic reaction to take place [18]. When exposed to light of a
suitable wavelength, the photosensitizer enters an excited state and transfers energy to

surrounding oxygen molecules. This process produces highly reactive oxygen species
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(ROS), including singlet oxygen and free radicals, which can harm cellular components

and induce cell death, mainly in the illuminated area.

FIGURE 3.4: Mechanism of action of photodynamic therapy (PDT) [83]

3.3.2 Mechanism of Action

The photodynamic reaction can occur through two main pathways.

Reaction Type Process Products
Type 1 Electron/Hydrogen transfer | Free radicals and radical ions
Type 11 Energy transfer to oxygen Singlet oxygen (10y)

TABLE 3.1: Type I and Type II Reactions in Photodynamic Therapy [83]

In a Type I reaction, free radicals and radical ions are generated through the
transfer of electrons or hydrogen between photosensitizers and substrate molecules. On
the other hand, the Type II mechanism, which is predominant in photodynamic therapy
(PDT), results in the production of highly cytotoxic singlet oxygen species via an energy

transfer process from the photosensitizer to molecular oxygen [83], [84].
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FIGURE 3.5: Type I and Type II of photodynamic reaction [84]

The Jablonski diagram on the left side of the figure illustrates the electronic states
of a photosensitizer (PS) molecule. Upon absorption of light (indicated by the red flash-
light), the PS transitions from the ground state (SO) to an excited singlet state (S1). The

PS can return to the ground state via fluorescence, emitting light as it relaxes [84].

3.3.3 Photosensitizers

Photosensitizers are engineered to specifically target and accumulate in abnormal
cells, such as cancerous ones, while being efficiently removed from healthy tissues. Com-
monly used photosensitizers in PDT include Chlorin e6 (Ce6) [17], porphyrins [18], and
carbon dots [19]. Each of these photosensitizers has unique properties that make them

suitable for specific applications in PDT:

e Chlorin e6 (Ce6): Ce6 is widely used due to its high efficiency in generating re-
active oxygen species (ROS) and its ability to be activated by light in the therapeu-
tic window (600-850 nm), allowing deeper tissue penetration. However, Ce6 can
aggregate in aqueous solutions, reducing its photodynamic efficiency and lacking

inherent tumor-targeting capabilities [85], [86].
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FIGURE 3.6: Chemical structure of Chlorin e6 [87]

* Porphyrins: Porphyrins are natural photosensitizers used in PDT for their high
photodynamic activity. They can be activated by visible light, but their poor water
solubility and tendency to aggregate in aqueous environments limit their bioavail-
ability and effectiveness. Porphyrins can also cause skin photosensitivity, leading

to unwanted side effects [88].

FIGURE 3.7: Chemical structure of Porphyrin [89]

* Carbon Dots: Carbon dots have emerged as a potential category of photosensitiz-
ers, attributed to their excellent photostability, biocompatibility, and tunable optical
properties. They are capable of absorbing in the near-infrared (NIR) region, en-

abling deeper tissue penetration. However, their photophysical properties can vary
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depending on their synthesis method and surface functionalization, and potential

toxicity concerns need to be thoroughly investigated [90], [91].

FIGURE 3.8: Chemical structure of Carbon Dots [92]

3.3.4 Administration of Photosensitizers (PSs)

The biodistribution and photochemical properties of photosensitizers (PSs) are es-
sential factors in the effectiveness of PDT. Proper administration of PSs can significantly
enhance their effectiveness in targeting tumor sites while minimizing effects on normal

tissues.

3.3.4.1 Administration of PSs via Targeting

The biodistribution of photosensitizers in vivo poses a significant challenge for
PDT. Once in the bloodstream, these drugs can redistribute throughout the body over time,
potentially impacting the effectiveness of PDT. Ideally, PSs should accumulate predomi-
nantly at the targeted tumor site while minimizing their presence in healthy, non-targeted

tissues [18].
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Functional polymer nanocarriers improve the solubility of hydrophobic PSs and
prevent their aggregation in the bloodstream. Additionally, drug delivery systems reg-
ulate the accumulation of hydrophobic drugs either through specific target recognition
or via the enhanced permeability and retention (EPR) effect in solid tumors. As a re-
sult, nanocarriers are considered promising platforms for modulating the biodistribution

of PSs.

Cancer Patient Administration of Concentration of
at the Tumor

e
v
+—

Destruction of Activation of
Tumor by Light

FIGURE 3.9: Therapeutic Application of PDT [93]

Typically, PSs remain inactive until they are exposed to specific wavelengths of
light, and their photodynamic activity also requires the presence of oxygen. Upon activa-
tion by light, the PS produces reactive oxygen species (ROS), which are essential for the

destruction of tumor cells [93].
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3.3.4.2 Passive Targeting

Passive targeting is a widely employed approach to enhance the selective accumu-
lation of therapeutic agents in target tissues. By optimizing their physicochemical prop-
erties, polymer nanocarriers can accumulate preferentially in tumor tissues via the EPR
effect, facilitated by extended circulation time in the bloodstream. Numerous nanocarrier
systems composed of biodegradable polymers have been applied in PDT. Incorporating
hydrophobic PSs into nanoparticles can reveal higher 'O, quantum yield than their ag-
gregates. These nanoparticles can selectively localize in tumor tissues and improve the
light-dark toxicity ratio. Factors such as the geometrical shape and surface properties of

nanocarriers significantly impact cellular internalization and targeting efficacy [83].

PASSIVE TARGETING

: Non-ta rgeting nanocarrier

« Normal cell

‘ Cancer cell

/L Targeting receptor

. Endothelial cell

FIGURE 3.10: Passive targeting of cancer cell [34]
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3.3.4.3 Active Targeting

Active targeting facilitates the delivery of PSs to cancer tissues through molec-
ular recognition. Carriers with specific ligands can bind to receptors overexpressed at
the target site, enabling the precise accumulation of nanoparticles in tumor tissues and en-
hancing the specificity of PDT. Targeting agents, such as peptides, aptamers, and proteins,
have been employed to target tumor vasculature, tumor cells, and subcellular organelles.
Active targeting strategies can significantly improve the selectivity and efficacy of PDT

by ensuring that PSs are delivered specifically to cancer cells and their microenvironment

[83].

ACTIVE TARGETING

@ Targeting nanocarrier
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Targeting receptor
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FIGURE 3.11: Active targeting of cancer cell [34]

38



3.4 Administration of PSs by Responses

While targeting strategies limit the localization of photosensitizers (PSs), control-
ling their activation is equally important. Polymer nanocarrier-based activatable PS for-
mulations are designed to transition between inactive and active states. In their inactive
state, PSs remain inert in the bloodstream and healthy tissues, exhibiting minimal photo-
toxicity even when exposed to light. Upon activation by specific stimuli at tumor sites,
PSs regain their functionality and produce singlet oxygen to directly destroy cells during
irradiation. Various methods, such as contact quenching, Forster resonance energy trans-
fer (FRET), and stimuli-responsive nanocarriers, are employed to control PS activation

and ensure effective PDT while minimizing side effects [83].

PPC-DA

* DTPA-Gd @ Ceb

(1) MR imaging enhancement (3) triggered release of Ce6
(2) improved cell uptake (4) elevated ROS generation

FIGURE 3.12: The activation is triggered by the pH response of the tumor microenvi-
ronment: (A)Preparation of Ce6- and Gd3+-loaded pH-responsive nanoparticles S-NP.
(B) Tumor acidity-responsive S-NP for fluorescence/MR imaging-guided PDT. [94]

The figure 3.12 illustrates the design and mechanism of Ce6- and Gd3+-loaded
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pHe-responsive nanoparticles (S-NP) for fluorescence and MR imaging-guided photody-
namic therapy. The nanoparticles remain stable during circulation due to a PEG outer
layer and release the photosensitizer Ce6 in response to the acidic tumor microenviron-
ment [94]. This targeted release, triggered by the tumor’s acidity, enhances MR signal
intensity, improves cellular uptake, and generates ROS under NIR light, effectively in-

ducing tumor cell death while minimizing systemic toxicity.

3.4.1 Light Delivery and Dosimetry

The effectiveness of PDT depends on the precise delivery of light that matches
the absorption spectrum of the photosensitizer. Typically, the “therapeutic window” of
600-850 nm is used because it allows deeper penetration into tissues while minimizing
damage to surrounding healthy cells [83]. Light delivery must be carefully managed to
ensure that the appropriate dose reaches the target tissue without overexposing adjacent
healthy areas. Key factors to consider in PDT dosimetry include light intensity, exposure

time, and tissue oxygenation levels [95].

FIGURE 3.13: Application of a laser to generate necrosis [95]
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3.4.1.1 Light Sources for PDT

The selection of the light source depends on factors such as the location of the

target tissue, the specific photosensitizer used, and the required light dose.

* Lasers - These provide high-intensity, monochromatic light that can be precisely
directed to target tissues using optical fibers. They are suitable for localized treat-

ment [96].

* Light-emitting diodes (LEDs) - LEDs offer a cost-effective alternative to lasers.
They allow for customization of the wavelength and beam profile, making them

versatile for various applications [96].

e Lamps - These broadband light sources are useful for irradiating larger surface

areas. They are typically used for superficial tumors or large treatment fields [96].

3.4.1.2 Light Delivery Techniques

The method of light delivery in PDT is influenced by the geometry of the target

tissue:
* Surface Irradiation - Suitable for treating superficial tumors, where a direct beam
of light is aimed at the treatment area [97].

* Interstitial Irradiation - Used for treating deeper or hard-to-reach tumors. Optical

fibers are inserted directly into the tissue to deliver light internally [97], [98].

¢ Intraluminal Irradiation - Applied in the treatment of hollow organs, such as the

bladder. Special light delivery probes are used to direct light into these cavities [97].
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(a)

(b)

(c)

FIGURE 3.14: Delivery systems in clinical PDT for cancerous tumor eradication [97]

Exterior Beam-PDT: Exterior Beam-PDT is a non-invasive method that involves
directing an external light beam towards the tumor tissue from outside the body.
In this approach, a light delivery device emits light that penetrates the skin and
reaches the tumor tissue. The photosensitizer present in the tumor absorbs this light,
initiating the photodynamic effect. This method is suitable for treating superficial

tumors or skin lesions where light penetration is sufficient to reach the target tissue.

Endoscopic-PDT: Endoscopic-PDT is a minimally invasive method that involves
using an endoscope to deliver light directly to the tumor site inside the body. The
endoscope, equipped with a light delivery device, is inserted into a body cavity
or organ. The emitted light activates the photosensitizer in the tumor tissue. This
method is commonly used for internal tumors in organs such as the esophagus,

lungs, or bladder, where direct access to the tumor site is required.

Interstitial-PDT: Interstitial-PDT is an invasive method that involves inserting a

light delivery device directly into the tumor tissue. The device, often a fiber optic
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probe, is placed within the tumor, ensuring that the emitted light reaches the photo-
sensitizer throughout the tumor mass. This method is effective for treating larger or

deeper tumors that are not easily accessible through non-invasive methods.

(d) Intra-Operative PDT: Intra-Operative PDT is used during surgical procedures to
deliver light to the tumor tissue. During surgery, a light delivery device is applied
directly to the tumor site, allowing for precise activation of the photosensitizer. This
method is utilized for tumors that require surgical removal or for areas where direct

access is achieved during surgery, ensuring thorough treatment [97].

3.4.1.3 Near-Infrared Radiation

Near-infrared (NIR) radiation is a segment of the electromagnetic spectrum with
wavelengths extending from approximately 750 nm to 2500 nm, positioned just beyond
the visible light range. It is characterized by its ability to penetrate deeper into materials
compared to visible light, making it valuable for various diagnostic, industrial, and sci-
entific applications. Though invisible to the human eye, NIR radiation can sometimes be

perceived as a dull red glow [99].

NIR wavelengths specifically between 0.75 um and 1.5 um are detected by spe-
cialized photographic emulsions (up to 1 um), photoconductor detectors, and photovoltaic
devices. These detection methods are essential for capturing NIR radiation effectively, al-

lowing for its application across different fields [100].

Instrumentation for near-infrared spectroscopy typically includes broadband light
sources such as incandescent or halogen lamps, which provide the necessary illumina-
tion. Dispersive elements like prisms or diffraction gratings are employed to separate the
NIR wavelengths for precise analysis. To capture the NIR signals, detectors sensitive to
the NIR range, such as silicon-based charge-coupled devices (CCDs) or indium gallium

arsenide (InGaAs) devices, are essential.
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FIGURE 3.15: Infrared radiation can be subdivided further into three categories: Near
infrared, Mid infrared and Far infrared [100]

3.4.2 Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) are highly reactive, oxygen-derived molecules that
play critical roles in various biological processes. They are primarily generated as byprod-
ucts of cellular metabolism, particularly in the mitochondria during oxidative phosphory-
lation, and are involved in essential functions such as cell signaling, immune response,
and the regulation of homeostasis. The maintenance of ROS levels within a narrow range,
achieved through a delicate balance between their production and the activity of antiox-
idant defense systems, is crucial for ensuring cellular health and preventing oxidative

damage [101].

Beyond their role as metabolic byproducts, ROS are key mediators of redox sig-
naling, influencing cellular adaptation and survival. However, their dual nature as both

signaling molecules and potential sources of oxidative stress highlights their complex role
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in physiology and pathology. While moderate ROS levels are necessary for processes like
immune defense and cellular proliferation, excessive ROS accumulation can overwhelm
antioxidant mechanisms, leading to oxidative damage of lipids, proteins, and DNA. This
imbalance is implicated in the pathogenesis of numerous diseases, including cancer, neu-
rodegenerative disorders, and cardiovascular conditions, underscoring the importance of

understanding ROS regulation for therapeutic interventions [102].

FIGURE 3.16: Reactive oxygen species (ROS) generation [103]

3.4.2.1 Types of Reactive Oxygen Species

Reactive Oxygen Species (ROS) encompass a diverse group of oxygen-containing
molecules characterized by their high reactivity and potential to cause oxidative stress in
biological systems. These molecules play dual roles in cellular processes, acting as both
essential signaling mediators and potential threats to cellular integrity when present in

€XCeSSs.
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The figure 3.17 presents the chemical reactions that lead to the formation of dif-

ferent members of ROS that were shown before.

FIGURE 3.17: Reactions of chemical species in (ROS) [104]

* Superoxide Radical (O3 ): Generated primarily in the mitochondria during the
electron transport chain (ETC) through partial reduction of oxygen. It has a short
half-life and moderate reactivity, often leading to the formation of more reactive

species like hydrogen peroxide and hydroxyl radicals [105], [104].

* Hydrogen Peroxide (H,0,): Formed from the dismutation of superoxide radicals,
either spontaneously or catalyzed by superoxide dismutase (SOD). It is moderately
reactive, with a longer half-life than superoxide, and can diffuse across cell mem-
branes. H,O5 can be converted into hydroxyl radicals via the Fenton reaction, con-

tributing significantly to oxidative stress [104].

* Hydroxyl Radical (O H*®): One of the most reactive and damaging ROS, produced
through the Fenton reaction between hydrogen peroxide and transition metals like
iron (Fe?t). OH* can cause severe damage to lipids, proteins, and nucleic acids,

leading to cellular dysfunction and death [104]. [106].

46



« Singlet Oxygen (10;): A highly reactive form of oxygen generated through en-

ergy transfer processes, such as those involving chlorophyll in photosynthesis or

photodynamic therapy (PDT) in medical applications. Despite its short half-life,

singlet oxygen can diffuse short distances and cause significant damage to cellular

components, including lipids, proteins, and DNA [104], [107].

ROS Type

Formula

Description

Superoxide Radical

O, +Fe*™ — 10, + Fe?*

20, + 2H" — Oy + H,0,

Fe?t + Hy0, + Fe*t — Fe?™ + OH™ + OH

Formed during the elec-
tron transport chain in mi-
tochondria, can generate
other ROS.

Singlet Oxygen

Chl — 3Chl
3Chl + 30, — Chl + 'O,

Generated by energy trans-
fer processes, especially in
photosynthetic organisms
or photodynamic therapy.

Hydrogen Peroxide

20, + 2H" — Hy0, + Oy
202_ + 2H" — H202 + 02

Formed by dismutation of
superoxide radicals, mod-
erately reactive and can
cross cell membranes.

Hydroxyl Radical

H,0O, + O; — OH™ +0, + OH

The most reactive and
toxic ROS, generated by
the Fenton reaction.

TABLE 3.2: Formulas of Reactive Oxygen Species (ROS) [104]

3.5 Silicon Quantum Dots (SiQDs)

Silicon quantum dots (SiQDs) are nanoscale particles of crystalline silicon that

display distinctive optical and electronic properties attributed to quantum confinement

effects. When the dimensions of silicon are reduced below the exciton Bohr radius, ap-

proximately 4.2 nm, these quantum confinement effects become significant, resulting in

the material exhibiting behavior akin to a direct bandgap semiconductor [23].
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FIGURE 3.18: Silicon Quantum Dots [108]

3.5.1 Properties of Silicon Quantum Dots

3.5.1.1 Bright Light Emission

Silicon quantum dots (SiQDs) exhibit bright photoluminescence (PL) due to their
direct bandgap nature at sizes below 5 nm. The quantum confinement effect in these small
SiQDs allows for efficient light emission, with quantum yields up to 90% reported. The
PL wavelength can be tuned across the visible spectrum by controlling the SiQD size,

making them versatile for different optical applications [109].

3.5.1.2 Long-Term Stability in Photoluminescence (PL)

While SiQDs initially exhibit bright PL, maintaining this brightness over time can
be challenging. The oxidation of the SiQD surface often leads to the formation of a S1O,
shell, which can cause blue-shifting and quenching of the PL. Addressing this issue, re-

search is actively exploring strategies like surface passivation to improve the long-term
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stability of SiQDs’ PL [110].

FIGURE 3.19: Photoluminescence spectrum of silicon quantum dots (SiQDs) showing
characteristic peaks for the silicon core, SO shell, and chitosan layer [111]

Figure 3.19 presents the photoluminescence (PL) spectrum of SiQDs at room tem-
perature, displaying three distinct emission peaks that correspond to different components
of the nanoparticle. The second peak, observed at 434.5 nm (2.85 eV), originates from
the silicon core and represents its intrinsic quantum confinement effect. The second peak,
at 447.5 nm (2.77 eV), is attributed to the Si(05 shell formed on the surface of the SiQDs
due to oxidation. Lastly, the peak at 407.5 nm (3.04 eV) is caused by the chitosan (CS)
polymer layer, which not only enhances the PL properties but also improves the biocom-

patibility of the SiQDs [111].

3.5.1.3 Less Toxicity to Cells

Compared to heavy metal-containing quantum dots like CdSe, SiQDs are consid-
ered less toxic. Their silicon-based composition contributes to greater biocompatibility,
which is a critical factor for their use in biomedical applications. This reduced toxicity
makes SiQDs more favorable for use in biological systems [112].
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3.5.1.4 Theranostics

The unique optical properties and biocompatibility of SiQDs make them promis-
ing candidates for theranostic applications. These applications leverage SiQDs for both
diagnostic imaging and therapeutic purposes. SiQDs have been explored for roles in drug
delivery, regenerative medicine, and cancer treatment, highlighting their potential to serve

as multifunctional tools in medical diagnostics and therapy [113].

3.5.2 SiQD Preparation

FIGURE 3.20: Delivery systems in clinical PDT for cancerous tumor eradication [109]

3.5.2.1 Physical Routes to Synthesizing SiQDs

* Laser Generation: Laser generation involves using a laser to ablate a silicon target
in an inert gas atmosphere. The laser vaporizes the silicon, forming a plasma plume
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that condenses into SiQDs. This method allows for good control over the size and

crystallinity of the SiQDs [109].

Plasma Synthesis: Plasma synthesis uses a plasma reactor to decompose silicon-
containing precursor gases like silane (SiHy) or silicon tetrachloride (SiCly). The
high-energy plasma breaks down the precursors, allowing SiQDs to nucleate and
grow. Plasma synthesis enables low-temperature growth and good control over the

SiQD size and surface chemistry [109].

3.5.2.2 Chemical Routes to SiQDs

Electrochemical Etching: Electrochemical etching starts with a silicon wafer as
the anode in an electrochemical cell. The silicon is electrochemically dissolved and
redeposits as SiQDs on the wafer surface. The size of the SiQDs can be controlled
by the etching current density and time. Electrochemical etching is a simple, low-

cost method [109].

Zintl Salt Oxidation: Zintl salts are intermetallic compounds that can be oxidized
to form SiQDs. For example, sodium silicide (NaySiy) is reacted with silicon halides
or bromine gas. This method produces SiQDs with photoluminescence quantum

yields up to 60-75% [109].

Reduction of Silicon Halides: Silicon halides like silicon tetrachloride (SiCly)
can be reduced using reducing agents like sodium naphthalenide, sodium, lithium
aluminum hydride, or tetraethylorthosilicate. The reduced silicon forms SiQDs that

can be extracted and purified [109].

Decomposition of Si-Containing Precursors: Thermal decomposition of silicon-
containing precursors like silanes, siloxanes, or silsesquioxanes produces SiQDs.
For example, hydrogen silsesquioxane (HSQ) can be annealed and etched to form
SiQDs with near-infrared photoluminescence and high quantum yields [109].
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* Template Synthesis: Template synthesis uses a porous material like anodic alu-
minum oxide or mesoporous silica as a template. Silicon is deposited into the pores,
forming SiQDs with sizes defined by the pore dimensions. The template is then re-

moved, leaving behind the SiQDs [109].

3.5.3 Functionalization of SiQDs

Functionalizing the surface of silicon quantum dots (SiQDs) is a critical approach
for modifying their optical and electronic properties, enhancing their stability, and im-
proving their biocompatibility for diverse applications. The characteristics of SiQDs,
such as size, crystallinity, and surface chemistry, can be precisely controlled through the

synthesis method.

FIGURE 3.21: Functionalization strategies of quantum dot cores [114]

Surface functionalization entails the covalent bonding of diverse organic com-
pounds, polymers, or biomolecules to the surface of SiQDs, leading to substantial mod-
ifications in their properties. Common strategies for functionalization include attaching

aromatic fluorophores (such as phenanthrene, pyrene, and perylene), biomolecules (like
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proteins and DNA), or other organic groups to the SiQD surface. This modification en-
hances photoluminescence, facilitates energy and electron transfer, and improves biocom-

patibility [27].

Functionalization also enables efficient FRET from the surface ligands to the SiQD
core, allowing for the tuning of emission colors and improving quantum efficiency. Func-
tionalized SiQDs are promising for bioimaging, drug delivery, photodynamic therapy, and
other biomedical applications due to their enhanced water solubility, low toxicity, and tar-
geting capabilities [115]. Despite these advantages, challenges remain in achieving long-
term stability and high quantum yields in SiQD-based light-emitting diodes and other
optoelectronic devices [109]. To overcome these limitations, researchers are investigating

encapsulation techniques.

3.5.4 SiQDs as Photosensitizers for ROS Production

Silicon quantum dots (SiQDs) can function as photosensitizers to produce ROS,

which are crucial for applications like photodynamic therapy (PDT).

3.5.4.1 Photosensitization Mechanism

When SiQDs absorb light, electrons within the quantum dots are excited from their
ground state to higher energy levels, creating electron-hole pairs known as excitons. These
excited electrons can transfer energy to ground-state oxygen molecules (°0,) through a
process called intersystem crossing, converting the oxygen from its triplet ground state
to an excited singlet state ('O,). Singlet oxygen is a highly reactive ROS capable of
damaging cellular components such as proteins, lipids, and DNA. In this role, SiQDs
act as photosensitizers by absorbing light and transferring energy to oxygen, generating

cytotoxic ROS [116].
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FIGURE 3.22: Enhancing the generation of reactive oxygen species [117]

3.5.4.2 Factors Affecting ROS Generation

The efficiency of ROS generation by SiQDs is influenced by several factors [118]:

* Size and Surface Chemistry: Smaller SiQDs with a high surface area can generate
more ROS. Surface functionalization with photosensitizing dyes or biomolecules

can further enhance ROS production.

* Oxygen Availability: Sufficient ground-state oxygen must be present for effective

energy transfer. Hypoxic conditions can limit ROS generation.

* Light Dose: Higher light intensity and longer exposure times increase ROS levels,

though excessive light can damage the SiQDs.

* Cellular Environment: The pH, redox state, and antioxidant levels in the cellular

microenvironment affect the stability and ROS generation of SiQDs.

3.6 Nanogel

A nanogel is a submicron-scale hydrogel particle crosslinked with polymers. These
intricate polymer networks offer a unique opportunity at the intersection of nanoparticles
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and hydrogel synthesis in the field of drug delivery. Nanogels are three-dimensional hy-

drogel materials in the nanometer size range, composed of crosslinked polymer networks

with a high drug-loading capacity. They are highly biocompatible and biodegradable,

making them ideal for use as drug delivery vehicles. Essentially, nanogels are akin to

hydrogels but on a scale of 20-200 nm [119].

FIGURE 3.23: Nanogel in drug delivery [120]

3.6.1 Types of Nanogels

able [119].

Type Description Examples of materials
From natural polymers, bio- . .
Natural Nanogels compatible and biodegrad- Collagen, - chitosan,  gelatin,

hyaluronic acid, etc.

Synthetic Nanogels

Made from synthetic poly-
mers, highly controllable
[119] [121].

Poly(N-isopropylacrylamide),
poly(ethylene glycol),
poly(lactide-co-glycolide),

etc.

Blend of natural and synthetic

Combination of natural and syn-

tical and magnetic properties
[121].

Hybrid Nanogels polymers [65]. thetic polymers .
Metallic nanoparticles coated
Metallic Nanogels with polymers. Unique op- | Metallic nanoparticles coated

with polymers .

TABLE 3.3: Nanogel Types and Example Materials.

55




3.6.2 Synthesis of Nanogels

3.6.2.1 Physical Methods for Nanogel Formation

Physical methods produce more biocompatible nanogels through mechanisms such
as electrostatic interactions, ionizing radiation, and hydrogen bonding, which do not in-

volve covalent bonds and thus preserve biocompatibility [122].

3.6.2.2 Chemical Methods for Nanogel Formation

Chemical methods for nanogel formation utilize crosslinkers and covalent bond

formation, resulting in nanogels with enhanced durability and stability [122].

FIGURE 3.24: Different biomedical applications based on methods for the synthesis of
nanogels [122]
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Method Type Method Description
Self-Assembly | Formation of nanogels through the self-assembly
of amphiphilic polymers in aqueous solutions
Physical Methods
driven by non-covalent interactions.
Ionotropic Gela- | Ionic crosslinking between oppositely charged
tion polymers and ions to form nanogels. The prop-
erties can be tuned by adjusting polymer concen-
tration, ionic strength, and pH.
Thermal Gela- | Thermosensitive polymers undergo a sol-gel tran-
tion sition in response to temperature changes, forming
a nanogel network above the LCST.
Supramolecular | Self-assembly driven by host-guest interactions
Assembly between macrocyclic compounds and guest
molecules.
Precipitation Simultaneous polymerization and crosslinking in
Polymerization | an aqueous solution to form insoluble nanogel par-
Chemical Methods
ticles.
Inverse Emul- | Polymerization within the aqueous droplets of an
sion Polymer- | oil-in-water emulsion to form nanogel particles.
ization
Microfluidic Utilization of microfluidic devices for precise con-
Synthesis trol of fluid flows, emulsification, and in-situ poly-
merization.
Click Chemistry | Bioorthogonal “click” reactions used to crosslink

polymers and form nanogels, allowing incorpora-

tion of various functional groups.

TABLE 3.4: Methods for Nanogel Synthesis [122]
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3.6.3 Properties of Nanogels

3.6.3.1 Size and Morphology

Nanogels typically range in size from 10 to 200 nm, which allows them to ef-
fectively penetrate biological barriers and tissues. They can be engineered into various
morphologies such as spherical, core-shell, or more complex structures, depending on the

synthesis method and composition [123].

3.6.3.2 High Water Content

Nanogels are highly hydrophilic and can contain up to 99% water by weight, giv-
ing them a soft, gel-like consistency. This high water content enhances their biocom-
patibility and allows for efficient encapsulation and delivery of hydrophilic drugs and

biomolecules [124].

3.6.3.3 Stimuli-Responsiveness

Nanogels can be designed to respond to various environmental stimuli such as pH,
temperature, redox conditions, or the presence of specific enzymes or molecules. This
stimuli-responsive behavior enables controlled and triggered release of the encapsulated

cargo at the target site [125].

* Thermosensitivity:

Thermosensitivity refers to the ability of a material to respond to changes in tem-
perature. The underlying mechanism is governed by molecular interactions, which can

be hydrophobic or hydrophilic depending on the free energy change of the surrounding
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solvent. A positive change in the free energy indicates hydrophobicity, while a negative

change indicates hydrophilicity.
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FIGURE 3.25: Different stimuli-responsive nanogels [23]

At temperatures below the Lower Critical Solution Temperature (LCST), water
molecules align well around the hydrophilic parts of the material. However, as the tem-
perature rises above the LCST, the surrounding groups become more hydrophobic, caus-
ing water molecules to detach and leading to phase separation between water and the
polymers. As the temperature continues to increase, the alignment of water molecules
collapses due to the presence of hydrophobic moieties, resulting in an increase in the

system’s entropy and the formation of a gel [126].

3.6.3.4 High Loading Capacity

The porous, hydrophilic network of nanogels can accommodate a wide range of

guest molecules, including small drugs, proteins, nucleic acids, and even nanoparticles.
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The high surface area-to-volume ratio of nanogels facilitates efficient loading and encap-

sulation of these therapeutic agents [127].

3.7 RAFT Polymerization Technique

RAFT (Reversible Addition-Fragmentation Chain Transfer) polymerization is a
powerful controlled radical polymerization technique that allows for the synthesis of poly-
mers with precise control over molecular weight, low polydispersity, and tailored end-
group functionality. The key component in RAFT polymerization is the RAFT agent, a
molecule containing a thiocarbonylthio group that acts as a mediator by forming a re-
versible bond with the growing polymer chain. This reversible bond enables a dynamic

[128].

FIGURE 3.26: Reversible addition-fragmentation chain transfer (RAFT) polymerization
[129]
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3.7.1 Key Elements of RAFT Polymerization

3.7.1.1 Crosslinking Agent

A crosslinking agent is a molecule that forms chemical links between polymer
chains to create a three-dimensional network structure. These agents contain two or more
reactive ends that can attach to specific functional groups on polymers, such as primary

amines or sulthydryls[130].

These agents are crucial in enhancing rigidity, durability, and resistance to solvents
in polymer structures. The degree of crosslinking can be measured by swelling tests in

solvents, indicating the extent to which the polymer network has been formed [131].

3.7.1.2 Chain Transfer Agent

A chain transfer agent is a molecule used in free radical polymerization to control
the molecular weight of the polymer produced. Chain transfer agents work by interrupting
the growth of polymer chains, transferring the radical to themselves or another molecule.
This process limits the maximum molecular weight attained and results in a narrower

molecular weight distribution [132].

3.7.1.3 Free Radical Initiator

A free radical initiator is a molecule that decomposes to generate free radicals,
initiating chain growth polymerization. These initiators contain weak bonds that can ho-
molytically cleave to produce two free radicals. The rate of radical generation depends on

the initiator concentration and the rate constant for decomposition [133].

The type of initiator used affects the polymerization rate, molecular weight, and
degree of branching in the final polymer. The selection of an appropriate initiator is
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crucial for controlling the kinetics and outcome of the polymerization process, ensuring

the desired properties of the synthesized polymer [133].

3.7.2 Monomers

A monomer is a small molecule that can bond with other monomers to form larger
molecules known as polymers. The term “monomer” is derived from the Greek words
“mono,” meaning ’one,” and “meros,” meaning “part,” signifying its role as a single part
of a larger structure. Monomers serve as the fundamental building blocks of polymers,
possessing two or more reactive sites that enable the formation of covalent bonds with

other monomers [134].

FIGURE 3.27: Functional groups in monomers and polymers [135]

Examples of monomers include amino acids, which compose proteins; nucleotides,
which form DNA and RNA; and monosaccharides like glucose, which make up carbohy-
drates such as cellulose and starch. Isoprene is the monomer of natural rubber, while
ethylene, vinyl chloride, and styrene are synthetic monomers used to produce plastics like

polyethylene, PVC, and polystyrene [134].
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3.7.2.1 Di(ethylene glycol) methyl ether methacrylate (DEGMA)

Di(ethylene glycol) methyl ether methacrylate (DEGMA) is a versatile monomer
with the chemical formula CHO, characterized by its methacrylate ester structure that
includes two ethylene glycol units and a methyl ether group. DEGMA is a liquid monomer
with a molecular weight of 188.22 g/mol, a density of approximately 1.02 g/mL at 25°C,
and a boiling point of 98°C at 3.5 mmHg. To maintain stability, it is often stabilized with

inhibitors such as hydroquinone monomethyl ether or butylated hydroxytoluene [53].

FIGURE 3.28: Chemical structure of DEGMA [53]

Through polymerization, DEGMA can form a wide range of polymers and copoly-
mers, each with distinct properties. Polymers derived from DEGMA exhibit unique re-
sponses to temperature, pH, and salt concentrations, making them highly suitable for ad-

vanced applications like drug delivery systems, sensors, and smart materials [136].

3.7.2.2 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC)

2-(Methacryloyloxy)ethyl phosphorylcholine (MPC) is a zwitterionic methacry-
late monomer containing a phosphorylcholine group, known for its outstanding biocom-
patibility. With the chemical formula CHNOP and a molecular weight of 311.30 g/mol,

MPC is designed to undergo polymerization through its methacrylate group [137].
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FIGURE 3.29: Chemical structure of MPC [138]

Polymers and copolymers incorporating MPC are highly valued for their excel-
lent resistance to protein adsorption and cell adhesion, properties that make them ideal
for biomedical applications. These MPC-based materials are commonly used in contact
lenses, drug delivery systems, and tissue engineering scaffolds, owing to their ability to
interact minimally with biological environments while providing the necessary function-

ality and performance [137], [139] .

3.7.3 Polymer

A polymer is a large molecule composed of repeating subunits called monomers,
linked together by covalent bonds. Polymers can be natural or synthetic, encompass-
ing a wide range of properties and applications. Derived from the Greek words “’polus”
meaning “many”’ and “meros” meaning “parts,’ the term “polymer” aptly describes these
macromolecules consisting of numerous monomers bonded in long chains or networks

[140].

The formation of polymers occurs through polymerization, a process in which
monomers are linked together into long chains via either step-growth or chain-growth
mechanisms. Polymers possess unique properties such as toughness, elasticity, and the
ability to form both amorphous and semicrystalline structures, with these characteristics

depending on the type of monomers used and the nature of their bonding [135].
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FIGURE 3.30: Formation pathways of macromolecular, micromolecular, and nanogels
from polymer chains under different reaction conditions [122]

3.7.4 Copolymers

A copolymer is a polymer formed by chemically bonding two or more different
monomer species in a repeating pattern along the polymer chain. Unlike homopolymers,
which consist of only one type of monomer, copolymers incorporate multiple monomers,

allowing for a diverse range of properties and applications.

FIGURE 3.31: Structure of the P(NIPAM-TBMA) copolymer nanogel [141]
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The arrangement and sequence of these monomers in the copolymer chain can be
precisely controlled during the polymerization process, enabling the tailoring of the mate-
rial’s physical, chemical, and mechanical properties to suit specific needs. This versatility
makes copolymers valuable in various industries, including pharmaceuticals, electronics,

and materials science, where customized performance characteristics are often required

[142].

3.8 Cellular Analysis

3.8.1 MTT Assay

The MTT assay is a widely used colorimetric test that measures cell metabolic
activity as an indicator of cell viability and proliferation. This assay is based on the
ability of metabolically active cells to reduce the yellow tetrazolium dye MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) into purple formazan crystals [143].

FIGURE 3.32: The MTT compound is reduced by mitochondrial reductase enzymes in
viable cells to form formazan, a colored compound. [144]

The reduction process is facilitated by NAD(P)H-dependent cellular oxidoreduc-
tase enzymes, which are indicative of the number of viable cells present. As these en-
zymes reduce the MTT dye to insoluble formazan, the amount of formazan produced

correlates with the level of metabolic activity in the cells. The formazan crystals are then
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solubilized, typically using DMSO (Dimethyl Sulfoxide), and the resulting colored solu-

tion’s absorbance is measured with a spectrophotometer [142].

The absorbance reading directly correlates with the number of viable, metabol-
ically active cells; higher absorbance values indicate a greater number of healthy cells.
The MTT assay is extensively employed to evaluate cell viability, proliferation, and cy-
totoxicity in response to various treatments, measure the metabolic activity of cells as an
indicator of their health and function, and screen for potential cytotoxic agents, such as

drugs or chemicals [143].

FIGURE 3.33: Microplate assay illustrating the increasing number of cells per well (left
to right) and the replicates (top to bottom). The gradient of color intensity represents the
varying cell densities across the wells. [144]
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CHAPTER IV

METHODOLOGY

4.1 Development of Alternatives

Based on the literature review and theoretical framework, the following viable so-
lution options were identified for the presented problem, focusing on the materials and
methods for the synthesis of the nanogel that could potentially enhance the delivery and
efficacy of silicon quantum dots (SiQDs) for photodynamic therapy (PDT). The perfor-
mance of each alternative solution will be evaluated based on robust engineering judg-
ments against engineering criteria and characteristics, providing a thorough basis before

elaborating on the methodology utilized.

4.1.1 Nanogel Copolymer Materials

4.1.1.1 Polyethylene Glycol (PEG) and Trimethyl Chitosan (TMC)

PEG is a hydrophilic, biocompatible, and non-toxic polymer that significantly im-
proves the solubility and stability of drugs. Its incorporation into a nanogel can enhance
the overall delivery and effectiveness of the therapeutic agents it carries. TMC, on the
other hand, is a cationic, biocompatible, and mucoadhesive polymer that can enhance cel-
lular uptake and permeability of drugs. The combination of PEG and TMC in a nanogel
provides a synergistic effect, resulting in improved biocompatibility, enhanced drug de-
livery, and superior physical properties compared to using either polymer alone. This

combination leverages the hydrophilicity and stability of PEG with the permeability and



adhesive properties of TMC, making it a promising candidate for nanogel formulations

aimed at efficient drug delivery systems.

FIGURE 4.1: First option of materials for a copolymer nanogel [83]

4.1.1.2 DEGMA (Di(ethylene glycol) methyl ether methacrylate) and MPC

(2-(Methacryloyloxy)ethyl phosphorylcholine)

DEGMA is a thermoresponsive polymer capable of undergoing reversible phase
transitions in response to temperature changes, enabling controlled drug release based on
thermal triggers. MPC is a zwitterionic polymer known for its excellent biocompatibil-
ity and resistance to protein adsorption, thereby reducing non-specific interactions. The
combination of DEGMA and MPC in a nanogel results in a system that is both thermore-
sponsive and highly biocompatible. This dual functionality makes it suitable for various
biomedical applications where precise control over drug release and minimal immune
response are critical. The thermoresponsive nature of DEGMA allows for temperature-
controlled drug delivery, while MPC’s biocompatibility ensures safe and effective use in

Vivo.
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FIGURE 4.2: Second option of materials for a copolymer nanogel [83]

4.1.2 Nanogel Method of Synthesis

4.1.2.1 Atom Transfer Radical Polymerization (ATRP)

ATRP is a controlled/living radical polymerization technique that enables the syn-
thesis of well-defined polymers with controlled molecular weight, composition, and archi-
tecture. This technique provides a high degree of control over the physical and chemical
properties of the resulting nanogels, such as size, crosslinking density, and responsiveness.
ATRP can be utilized to prepare nanogels with precise specifications, making it ideal for
applications requiring specific and consistent performance characteristics. The ability to
finely tune the polymerization process allows for the creation of nanogels tailored to meet

the demands of various drug delivery and biomedical applications.
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4.1.2.2 Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymeriza-

tion

RAFT polymerization is another controlled/living radical polymerization tech-
nique that offers excellent control over molecular weight, polydispersity, and chain-end
functionality. This method can be employed to synthesize complex nanogel structures,
such as core-shell architectures, with a high degree of control over their composition and
responsiveness. RAFT polymerization is particularly advantageous for creating nanogels
with intricate designs and specific functional attributes. The precise control provided by
RAFT polymerization makes it suitable for developing advanced nanogel systems that re-

quire tailored functionalities for targeted drug delivery and other biomedical applications.

4.2 Evaluation of Alternative Solutions Based on Engineering Criteria and Char-

acteristics

4.2.1 Nanogel Copolymer Materials Analysis

To create a comprehensive table to evaluate the alternatives for the nanogel copoly-
mer materials using the provided information, the table will be structured to include cri-
teria, scoring, and a summary. The table 4.1 will compare the two options: Polyethy-
lene Glycol (PEG) and Trimethyl Chitosan (TMC) versus DEGMA (Di(ethylene gly-
col) methyl ether methacrylate) and MPC (2-(Methacryloyloxy)ethyl phosphorylcholine).
Each solution is evaluated under a weighted point system ranging from 1 to 20, allowing
for a detailed comparison based on various important factors such as biocompatibility,

thermoresponsive properties, drug delivery efficiency, scalability, and cost.

The criterion of biocompatibility is the most important in the evaluation of mate-

rials for biomedical applications, as indicated by its highest weight of 30% in the table.
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Biocompatibility ensures that the material will not induce an adverse reaction when in-

troduced into the body, which is crucial for patient safety and the success of the medical

treatment. Materials that are not biocompatible can cause inflammation, toxicity, or im-

mune responses, potentially leading to severe complications and treatment failures. Thus,

ensuring high biocompatibility is essential for the development of safe and effective med-

ical devices, drug delivery systems, and other biomedical applications. This prioritization

reflects the critical need to minimize any risk to patients and to comply with regulatory

standards for medical materials.

Criteria PEG and TMC DEGMA and MPC Weight
(%)
PEG: Hydrophilic, biocom- | DEGMA: Limited biocom-

Biocompatibility patible, FDA approved patibility data 30
TMC: Cationic, mucoadhe- | MPC: Excellent biocompati-
sive, enhances uptake bility, antifouling properties
Score: 20 Score: 18

Thermoresponsive None DEGMA: Thermoresponsive, 20

LCST around 26°C
Score: 0 Score: 20
PEG: Improves solubility and | DEGMA: Temperature-

Drug Delivery stability controlled release 25
TMC: Enhances uptake and | MPC: Reduces protein ad-
permeability sorption
Score: 20 Score: 20
PEG: Widely used, scalable | DEGMA: Scalable

Scalability TMC: Moderately scalable MPC: Limited scalability | 15

data
Score: 18 Score: 15
PEG: $6 to $1,300 per unit DEGMA: $30 to $121 per

Cost unit 10
TMC: $185 to $425 per unit | MPC: $171
Score: 10 Score: 16

Total Score 68 90 100

TABLE 4.1: Evaluation of Nanogel Copolymer Materials

The use and selection of 2-methacryloyloxyethyl phosphorylcholine (MPC) in the
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synthesis of the nanogel is confirmed by its well-documented properties [145]. MPC is a
zwitterionic monomer known for its high biocompatibility and antifouling properties. Its
structure includes a phosphate group that provides a negative charge and a trimethylam-
monium group that provides a positive charge, resulting in an overall electrically neutral
molecule. This zwitterionic nature minimizes toxicity and immune response, making
MPC an excellent choice for biomedical applications. The potential of MPC in gene ther-
apy is demonstrated through its ability to form stable and biocompatible polyplexes for
efficient gene knockdown. These properties validate the selection of MPC in our nanogel

synthesis for enhanced biocompatibility and functionality .

Furthermore, the justification for using a nanogel is supported by research explor-
ing the synthesis and evaluation of temperature-responsive nanogels [146]. This study
varies charges in their core and shell, demonstrating their hemocompatibility and poten-
tial for biomedical applications. The findings show that nanogels with neutral or zwitte-
rionic surfaces, similar to our MPC-based nanogel, exhibit excellent blood compatibility,
making them suitable for in vivo applications. The tunable physical and biological prop-
erties of nanogels, which can be optimized for specific therapeutic purposes, support the
use of our synthesized nanogel incorporating MPC and DEGMA. This provides a bio-
compatible and thermoresponsive material for potential applications in drug delivery and

photodynamic therapy

4.2.2 Analysis of Nanogel Synthesis Methods

In this table 4.2, the two primary synthesis methods for nanogels—Atom Transfer
Radical Polymerization (ATRP) and Reversible Addition-Fragmentation Chain Transfer
(RAFT) Polymerization—are assessed. The evaluation utilizes a weighted point system,

ranging from 1 to 20, to determine the optimal synthesis technique.
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Criteria ATRP RAFT Weight
(%)
Controlled molecular weight | Controlled molecular weight,
Polymer Definition | and narrow polydispersity low polydispersity 25
Tolerates a wide range of | Tolerant of a wide range of
functional groups functional groups and reac-
tion conditions
Score: 20 Score: 18
Functionalization Bromine egd groups enable Res.idu.al RAI?T. end groups 20
further chain extension and | maintain reactivity and can be
functionalization used for further functionaliza-
tion
Score: 20 Score: 18
Catalyst/Initiator Requires tran‘sition rps:tal cat- | Requires addition of‘a RAFT 20
alysts, potential toxicity con- | agent, can be expensive
cerns
Score: 15 Score: 18
Polymerization Limi.ted tqlgrance for aqueous | Applicable in. aqueous media, 15
media, acidic monomers tolerant of acidic monomers
Score: 14 Score: 20
Transition metal catalysts and | RAFT agent can be expensive
Cost . . 20
ligands can be expensive
Score: 12 Score: 14
Total Score 81 88 100

TABLE 4.2: Evaluation of Nanogel Synthesis Methods

Atom Transfer Radical Polymerization (ATRP) presents several disadvantages com-

pared to Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization for

the synthesis of nanogels. One significant drawback of ATRP is the requirement for a
transition metal catalyst, such as copper, which can be challenging to remove completely
from the final product. The presence of residual metal traces in the nanogels can pose
problems, especially for biomedical applications, due to potential toxicity. Additionally,
ATRP has limitations in aqueous media, as conventional ATRP struggles to perform ef-
ficiently in hydrophilic environments. The ligands used in ATRP can protonate in acidic

conditions, negatively impacting the control of polymerization and limiting its applicabil-

ity for synthesizing hydrophilic nanogels [147].
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In contrast, RAFT polymerization offers several advantages that make it more
suitable for synthesizing nanogels. RAFT is more versatile, allowing for polymerization
in aqueous media with greater tolerance to oxygen. This flexibility makes RAFT more
adaptable to various synthesis conditions and applications. Furthermore, RAFT polymer-
ization facilitates easier removal and modification of terminal groups, overcoming one of
the significant limitations of ATRP. These benefits make RAFT polymerization a more
robust and adaptable method for producing nanogels, particularly for biomedical appli-
cations where biocompatibility and precise control over polymer properties are crucial

[148].

4.3 Description of the Research Methodology

Building upon the previously mentioned details, the methodology of the present
thesis focuses on developing a copolymer nanogel optimized for the encapsulation and
evaluation of two types of silicon quantum dots (S1QDs) for potential use in photodynamic

therapy targeting HeLa cancer cells.

The chapter is divided into five interconnected sections, each designed to ad-
dress specific aspects of the nanogel development process and its evaluation. The first
phase involves the synthesis of the copolymer nanogel, achieved through RAFT poly-
merization of DEGMA (Diethylene Glycol Methyl Ether Methacrylate) and MPC (2-
Methacryloyloxyethyl Phosphorylcholine). This section details the preparation of the

reaction mixture, polymerization conditions, and purification of the synthesized nanogel.

The second phase focuses on the encapsulation of two types of SiQDs: Acid Func-
tionalized Silicon Nanocrystals (Acid-SiQDs) and Acid-Functionalized Poly(ethylene oxide)-
Terminated Silicon Nanocrystals (Acid-PEO-SiQDs). It covers the preparation of SiQDs
solutions, the encapsulation procedure within the nanogel, and the determination of load-

ing efficiency using fluorescence analysis.
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Next, comprehensive characterization of the nanogel and SiQDs encapsulation is
carried out in the third phase, including an in-depth assessment of its morphology and
physicochemical properties using techniques such as dynamic light scattering (DLS), ther-
mogravimetric analysis (TGA), and nuclear magnetic resonance (NMR). These analyses
are crucial for understanding the distribution, encapsulation efficiency, and interactions

within the nanogel-SiQDs complex.

The fourth phase involves assessing the biocompatibility of the SiQDs-loaded
nanogel with fibroblast cells. This phase includes preparing fibroblast cell cultures, con-
ducting MTT assays to evaluate cytotoxicity, and analyzing cell viability to ensure the

safety of the nanogel for biomedical applications.

Finally, the fifth phase focuses on evaluating the in vitro delivery and photody-
namic therapy efficacy of the SiQDs-loaded nanogel against HeLa cells. This includes
the preparation of nanogel-SiQDs complexes, the application of near-infrared (NIR) light
to induce photodynamic effects, and MTT assays to measure changes in cell viability,

assessing both cytotoxic effects and therapeutic efficiency.

It is important to compare the two types of silicon quantum dots to understand the
interaction between the DEGMA and MPC monomers once the nanogel is successfully
characterized. Additionally, this comparison is crucial for evaluating their encapsulation
efficiency, stability within the nanogel, and overall performance to be uptaken by the cells

to gain deeper insights.

The detailed sequence of experimental processes can be visualized in the workflow

presented in Figure 4.3:
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FIGURE 4.3: Workflow for the experimental procedure

4.4 Research Characterization

This research is driven by the goal of developing a practical and innovative solu-
tion in the realm of targeted cancer therapy. The focus is on the creation of a copolymer
nanogel specifically designed for the encapsulation and evaluation of two types of silicon
quantum dots (SiQDs) for potential use in photodynamic therapy targeting HeLa cancer
cells. The objective is to produce a tangible and applicable product, demonstrating a
clear intent to address a specific challenge in medical treatment, particularly in the con-
text of cancer therapeutics. This approach positions the study within the applied research
domain, as it seeks to deliver direct and practical contributions to the field of cancer treat-

ment.
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The methodology of this research predominantly takes a quantitative approach.
This is evident in the extensive use of precise measurements, numerical data collection,
and quantitative analysis techniques. Methods such as dynamic light scattering (DLS),
thermogravimetric analysis (TGA), nuclear magnetic resonance (NMR), and MTT assays
for cell viability assessment are inherently quantitative. These methods provide objective,
numerical data that form the basis for the study’s findings, aligning the research firmly

within the quantitative research paradigm.

The research design is experimental as it involves a series of controlled labora-
tory experiments, including the synthesis of the nanogel, the encapsulation of SiQDs,
and the subsequent evaluation of their effects on HeLa cells. This experimental setup al-
lows for the observation and measurement of the cause-and-effect relationship between
the nanogel-SiQDs complex and its impact on cell viability and photodynamic therapy
efficacy. Such a design is quintessential to experimental research, where the manipula-
tion of variables and observation of their effects in a controlled setting are central to the

methodology.

This study can be aptly categorized as descriptive-propositive. Initially, it delves
into describing the properties and interactions of the nanogel with the two types of SiQDs.
Moreover, the research ambitiously proposes a novel application for this nanogel in the
realm of cancer therapy. Moving beyond just descriptive observation, the research inno-
vatively proposes and demonstrates the potential use of the nanogel as an effective de-
livery system for SiQDs in photodynamic therapy. This dual focus—encompassing both
description and proposition—distinctly places the study in the descriptive-propositive cat-
egory. The aim is twofold: to characterize a new scientific phenomenon and to propose

its practical application, thereby bridging the gap between theory and practice in vitro.

Finally, this study is characterized as cross-sectional. It involves the collection of
data at specific points in time, particularly following certain experimental procedures or

upon the completion of defined stages within the cell culture experiments. This approach
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stands in contrast to longitudinal studies, which are characterized by data collection over
more extended periods. The cross-sectional nature of this study is particularly suited
for observing and analyzing the immediate or short-term effects of the nanogel-SiQDs

complex on HeLa cells.

4.5 Synthesis and Characterization of Copolymer Nanogel

4.5.1 Materials for the Nanogel Structure

The synthesis of the copolymer nanogel required several specific materials and
reagents. The primary monomer used was 2-(Methacryloyloxy)ethyl phosphorylcholine
(MPC). For the RAFT polymerization, 4-Cyano-4-(phenylcarbonothioylthio)pentanoic
acid (CTP) served as the chain transfer agent. Polymerization was initiated using 4,4’-
Azobis(4-cyanovaleric acid) (ACVA) as a free radical initiator. The crosslinking agent
was N,N’-Methylenebis(acrylamide) (mBAm), while Di(ethylene glycol) methyl ether
methacrylate (DEGMA) was added to provide hydrophilic properties. Dimethylformamide
(DMF) was employed to dissolve mBAm, and tetrahydrofuran (THF) was used for pre-
cipitation steps. Throughout the process, deionized (DI) water was used to ensure purity

and consistency.

4.5.2 RAFT Polymerization Process

4.5.2.1 Preparation of MPC-macroCTA

The preparation of MPC-macroCTA began with accurately weighing 1.5 grams
of MPC, which served as the primary monomer for polymer block formation. Next, 36
milligrams of CTP (the chain transfer agent) and 0.09 milligrams of ACVA (the free rad-

ical initiator) were added to the mixture. To dissolve the monomers and initiator, 5.1
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milliliters of methanol was introduced as a solvent. The reactive mixture was then purged
with nitrogen for 15 to 30 minutes to eliminate oxygen, thereby preventing inhibition or

premature termination of the polymerization reaction.

The polymerization reaction was conducted at a controlled temperature of 67-70°C
for 20 hours, allowing MPC to polymerize in the presence of CTP and form the macroCTA
with a controlled structure and molecular weight. Following polymerization, the product
was precipitated in THF to purify the MPC-macroCTA, effectively separating it from any
unreacted monomers and low molecular weight impurities. The polymer was dissolved
again in methanol to ensure complete solubilization and separation of any remaining insol-
uble impurities. To further purify the polymer, the process of dissolving in methanol and
precipitating in THF was repeated three times. The purified MPC-macroCTA was then
retrieved and characterized using gel permeation chromatography (GPC) to determine its

molecular weight and molecular weight distribution (Annex 1).

4.5.2.2 DEGMA Purification

The DEGMA monomer was purified using a column filtration method with alu-
mina. A layer of cotton or glass wool was placed at the base of the column to prevent
alumina from spilling, and alumina was added on top. The DEGMA was loaded onto the
prepared column, where the alumina acted to purify it by selectively retaining impurities.
The column was eluted with a suitable solvent, carrying the DEGMA through the column
while separating the impurities. The DEGMA eluted from the column was collected, and

the solvent was evaporated to obtain purified DEGMA.

4.5.2.3 Nanogel Synthesis

For the synthesis of the nanogel, precise amounts of the reactants were weighed:

50 milligrams of MPC macro CTA, 15 milligrams of mBAm, 64 milligrams of ACVA,
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and 0.258 grams of purified DEGMA. The mBAm was transferred into an Eppendorf
tube, while the MPC macro CTA and ACVA were placed together in a test tube. The
mBAm was then dissolved in 0.364 milliliters of DMF.

* Preparation of Reaction Mixture: The reaction mixture was prepared in a test
tube by combining the following components: 50 milligrams of MPC macro CTA,
64 milligrams of ACVA, 15 milligrams of mBAm (dissolved in 0.364 milliliters of
DMF), 0.258 grams of purified DEGMA, 3 milliliters of deionized water, and 3.56
milliliters of 2-propanol. The mixture was sonicated to homogenize the solution
and subsequently purged with nitrogen for 15 to 30 minutes to eliminate oxygen

and prevent undesired free radical formation.

* Polymerization Conditions and Reaction: Following the nitrogen purge, the mix-
ture was placed in an oil bath at 75°C with constant agitation to facilitate the poly-
merization reaction. The test tube was maintained under these conditions for 14
hours to ensure the proper formation of the polymer network. After polymerization,
the product underwent dialysis for three days to remove residual solvents, unreacted
monomers, and other low molecular weight impurities. The sample was transferred
into a specialized dialysis membrane, sealed with two clips and two rubber bands
for extra security, and placed in a bowl filled with deionized water on a magnetic

stirrer. The water was changed twice daily.

* Purification of Synthesized Nanogel:

After three days of dialysis, the sample was removed from the membrane, trans-
ferred to a test tube, frozen with liquid nitrogen, and subjected to lyophilization
(freeze-drying) to obtain a dry, purified polymer. The test tube was covered with
aluminum foil with holes before being transferred to the lyophilizer. The lyophiliza-
tion process removed all moisture by sublimation under reduced pressure, resulting
in a dry powder form of the nanogel. This powder could then be stored or further
processed as needed.
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FIGURE 4.4: Synthesis of the nanogel. (A) Weighing the polymerized and ready MPC-

macroCTA. (B) Weighing the ACVA reagent. (C) Placing the weighed MPC-macroCTA

and ACVA into a test tube. (D) Weighing mBAM. (E) Placing mBAM into an Eppendorf

tube. (F) Dissolving mBAM in DMF. (G) Combining all previously weighed compo-

nents, adding mBAM dissolved in DMF, water, 2-propanol, and DEGMA. (H) Purging
process with gaseous nitrogen. (I) Start of the polymerization.

The successful completion of the lyophilization process yielded the nanogel in
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a dry powder form, demonstrating the efficacy of the RAFT methodology in polymer

engineering. This nanogel possessed the specific properties and architecture as designed.

4.6 SiQDs Encapsulation and Efficiency Assessment

4.6.1 Encapsulation of SiQDs

The encapsulation process of silicon quantum dots (SiQDs) within the nanogel
matrix will be based on electrostatic interactions. This method is chosen to ensure efficient

encapsulation and stability of the SiQDs within the nanogel structure.

Type of Quantum

Dots Functionalization PLQYs Concentration

Acid Functionalized
SiNCs by thermal Acid Functionalized 29.19 £ 2.66% 3 mg/ml
(Acid-SiQDs)

Acid-Functionalized

Poly(ethylene Acid-Poly(ethylene
oxide)-Terminated oxide)

(Acid-PEO-SiQDs)

22,77 £ 3.54% 15 mg/ml

TABLE 4.3: Surface Functionalization and Concentration of SiQDs

4.6.1.1 Preparation of SiQDs Solution

Two types of SiQDs will be utilized, each synthesized by Applied Quantum Mate-
rials Inc. These SiQDs differ in their surface functionalization and initial concentrations,

which will influence their encapsulation efficiency and stability within the nanogel.

¢ Acid Functionalized SiNCs (Acid-SiQDs): These SiQDs are functionalized with
carboxylic acid groups, providing a negative surface charge. The initial concentra-
tion of Acid-SiQDs is 3 mg/ml according to the specifications provided by Applied
Quantum Materials Inc.
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* Acid-Functionalized Poly(ethylene oxide)-Terminated SiQDs (Acid-PEO-SiQDs):
These SiQDs are functionalized with poly(ethylene oxide) chains terminated with
carboxylic acid groups. The initial concentration of Acid-PEO-SiQDs is 15 mg/ml

based on the manufacturer’s guidelines.

FIGURE 4.5: Two types of SiQDs

The methodology for performing dialysis involves transferring the entire content
of the SiQDs solution into a porous dialysis membrane. The membrane is securely closed
at both ends using clips to prevent any leakage. The sealed membrane is then placed into
a bowl containing a mixture of 70% methanol and deionized (DI) water. The solution is
allowed to dialyze in this solvent mixture, which is changed twice a day. This process
is repeated for two days to ensure thorough purification. On the second day, only DI
water is used for dialysis, which helps in removing any residual methanol from the SiQDs

solution.
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FIGURE 4.6: Dyalisis for SiQDs

4.6.1.2 Encapsulation Procedure for Acid-SiQDs

This protocol describes the adjusted steps for preparing a nanogel solution incor-
porating silicon quantum dots (SiQDs) with a revised concentration of 3 mg/ml. The

adjustments ensure the correct amount of SiQDs is maintained in the final mixture.

To prepare the nanogel solution, first, a 5 mg/5 ml nanogel solution is prepared
in phosphate-buffered saline (PBS). The solution is then stirred continuously until it dis-
solves completely, which takes approximately 2 hours. After ensuring complete dissolu-
tion, 1 ml of the SiQDs solution with a concentration of 3 mg/ml is added to the nanogel
solution. This adjustment will result in a final volume of 6 ml in the mixture, containing

a total of 3 mg of SiQDs, following the modified protocol.

To achieve the desired concentration in the final mixture, the following parameters

are considered:

* (y = 3mg/ml (desired concentration in the final mixture)
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e 1/, = 6 ml (total volume after SiQDs solution addition)

By adding 1 ml of the SiQDs solution at a concentration of 3 mg/ml, the total

volume becomes 6 ml with the desired concentration of SiQDs maintained.

Once the SiQDs have been added, the reaction is allowed to proceed at room tem-
perature for 24 hours. After the reaction time, the mixture undergoes a freeze-drying
process for 48 hours to ensure complete encapsulation and stability of the SiQDs within

the nanogel matrix.

FIGURE 4.7: Encapsulation Worflow for Acid-SiQDs

4.6.1.3 Encapsulation Procedure for Acid-PEO-SiQDs

This protocol describes the adjusted steps for preparing a nanogel solution incor-
porating Acid-PEO-silicon quantum dots (Acid-PEO-SiQDs) with a revised concentration
of 15 mg/ml. The adjustments ensure the correct amount of SiQDs is maintained in the

final mixture.

First, a 5 mg/5 ml nanogel solution is prepared in phosphate-buffered saline (PBS).
The solution is stirred continuously until it dissolves completely, which takes approxi-
mately 2 hours.
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For the SiQDs solution addition, the updated concentration of 15 mg/ml is used to
maintain a final SiQDs content of 3 mg in the mixture. The volume of SiQDs solution to
be added is calculated using the dilution equation C;V; = C5V5, where (' is the initial
SiQDs concentration (15 mg/ml), V; is the volume of SiQDs solution to be added, C} is
the desired concentration, and V5 is the total volume after addition. Given that the desired

total amount of SiQDs is 3 mg and the new concentration is 15 mg/ml, V; is calculated as:

3mg

T 15 mg/ml

Therefore, 0.2 ml of the 15 mg/ml SiQDs solution is added to the nanogel solution.

FIGURE 4.8: Encapsulation Worflow for Acid-PEO-SiQDs

The reaction is allowed to proceed at room temperature for 24 hours. After the
reaction time, the mixture undergoes a freeze-drying process for 48 hours to ensure com-

plete encapsulation and stability of the SiQDs within the nanogel matrix.
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4.6.2 Loading Efficiency Determination

4.6.2.1 Encapsulation Efficiency for Acid-SiQDs

First, a 5 mg/5 ml nanogel solution is prepared in phosphate-buffered saline (PBS).
The solution is then stirred continuously until it dissolves completely, which takes approx-
imately 2 hours. After ensuring complete dissolution, 1 ml of the SiQDs solution with a
concentration of 3 mg/ml is added to the nanogel solution. This adjustment will result in
a final volume of 6 ml in the mixture, containing a total of 3 mg of SiQDs, following the
modified protocol. To achieve the desired concentration in the final mixture, the following

parameters are considered:

* (5 = 3mg/ml (desired concentration in the final mixture)

e 15, = 6 ml (total volume after SiQDs solution addition)

By adding 1 ml of the SiQDs solution at a concentration of 3 mg/ml, the total volume

becomes 6 ml with the desired concentration of SiQDs maintained.

The reaction is allowed to proceed at room temperature for 24 hours. After the
reaction time, the solution is centrifuged at an appropriate speed for the particle size to
separate encapsulated SiQDs from unencapsulated SiQDs. The supernatant is carefully
removed without disturbing the pellet, as the pellet contains the unencapsulated SiQDs,
which is the fraction of interest for further processing. If necessary, the pellet is gently
resuspended in a suitable buffer. Finally, the prepared sample undergoes freeze-drying for

48 hours to obtain the final nanogel product encapsulating SiQDs.
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FIGURE 4.9: Encapsulation Efficiency Worflow for Acid-SiQDs

4.6.2.2 Encapsulation Efficiency for Acid-PEO-SiQDs

First, a 5 mg/5 ml nanogel solution is prepared in phosphate-buffered saline (PBS).
The solution is then stirred continuously until it dissolves completely, which takes approx-

imately 2 hours.

For the SiQDs solution addition, the updated concentration of 15 mg/ml is used to
maintain a final SiQDs content of 3 mg in the mixture. The volume of SiQDs solution to
be added is calculated using the dilution equation C,V; = C5V5,, where (] is the initial
SiQDs concentration (15 mg/ml), V; is the volume of SiQDs solution to be added, C’; is
the desired concentration, and V5 is the total volume after addition. Given that the desired

total amount of SiQDs is 3 mg and the new concentration is 15 mg/ml, V is calculated as:
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3mg

T 15 mg/ml

Therefore, 0.2 ml of the 15 mg/ml SiQDs solution is added to the nanogel solution.

FIGURE 4.10: Encapsulation Efficiency Worflow for Acid-PEO-SiQDs

The reaction is allowed to proceed at room temperature for 24 hours. After the
reaction time, the solution is centrifuged at an appropriate speed for the particle size to
separate encapsulated SiQDs from unencapsulated SiQDs. The supernatant is carefully
removed without disturbing the pellet, as the pellet contains the unencapsulated SiQDs,
which is the fraction of interest for further processing. If necessary, the pellet is gently
resuspended in a suitable buffer. Finally, the prepared sample undergoes freeze-drying for

48 hours to obtain the final nanogel product encapsulating SiQDs.
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4.6.2.3 Fluorescence Analysis Protocol

The fluorescence analysis protocol aims to determine the encapsulation efficiency
of the SiQDs within the nanogel. After centrifugation, but before lyophilization, samples
are taken from each type of SiQDs (Acid-SiQDs and Acid-PEO-SiQDs) to measure their

fluorescence intensity.

To begin, an Eppendorf tube is used to collect samples of the encapsulated SiQDs.
Using a micropipette, 100 microliters of the sample containing Acid-SiQDs, which are
expected to be encapsulated within the nanogel, are drawn and placed into a well plate.
This process is repeated three times, filling three wells with 100 microliters each. The

same procedure is followed for the Acid-PEO-SiQDs samples.

Next, the encapsulation efficiency is verified by comparing the fluorescence in-
tensity peaks of the encapsulated SiQDs against a control sample, which consists of the
unencapsulated SiQDs provided by the manufacturer. For the control, 100 microliters
of the Acid-SiQDs with a concentration of 3 mg/ml are placed into three separate wells,

replicating the triplicate process.

For the Acid-PEO-SiQDs, the sample is first dissolved in PBS to achieve the same
concentration of 3 mg/ml. Then, 100 microliters of this solution are transferred into three
separate wells, ensuring triplicate measurements. This allows for a direct comparison of

the fluorescence intensities, facilitating the calculation of encapsulation efficiency.
The fluorescence measurements were processed with Skanlt Software 6.1 RE for
Microplate Reader. The following parameters are set for the fluorescence analysis:
* Excitation wavelength (nm): 365
* Emission wavelength range (nm): 400 to 800, with a step size of 1 nm

¢ Measurement time (ms): 100
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The encapsulation efficiency (%) is calculated using the formula:

) ) Fluorescence Intensity of Encapsulated SiQDs
E lation Effi %) = x 100
neapsulation Efficiency (%) ( Fluorescence Intensity of Control SiQDs )

Iv.1)

Table 4.4 summarizes the number of samples prepared in triplicate for fluorescence

analysis, including both encapsulated and control SiQDs.

Sample Type Volume per Well (1:/) | Number of Wells
Encapsulated Acid-SiQDs 100 3
Encapsulated Acid-PEO-SiQDs 100 3
Control Acid-SiQDs 100 3
Control Acid-PEO-SiQDs 100 3

TABLE 4.4: Summary of the Number of Samples Used in Fluorescence Analysis

By following this detailed fluorescence analysis protocol, the encapsulation effi-
ciency of the SiQDs within the nanogel can be accurately assessed, ensuring the reliability

of the encapsulation process.

FIGURE 4.11: Measure of Efficiency for Acid-SiQDs
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FIGURE 4.12: Measure of Efficiency for Acid-PEO-SiQDs

4.7 Characterization of Nanogel and SiQDs Encapsulation

4.7.1 Dynamic Light Scattering (DLS)

Particle size measurements were performed with Dynamic Light Scattering (DLS)
analysis. Samples were prepared at a concentration of 1 mg/mL by precisely weighing 2
mg of the substance and dissolving it in 2 mL of Phosphate Buffered Saline (PBS). This
concentration was chosen to optimize the accuracy of particle size measurements while
preventing aggregation and ensuring compatibility with the physiological conditions of
the analysis. The solution was sonicated until fully dissolved to ensure homogeneity, a
critical factor for reliable DLS measurements. The same preparation method was applied
to both types of SiQDs encapsulated in the nanogel, which had been lyophilized prior to

the analysis.
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FIGURE 4.13: Protocol for DLS

4.7.2 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) was conducted to evaluate the thermal stabil-
ity and composition of the nanogel encapsulating silicon quantum dots (SiQDs). Approx-
imately 5-10 mg of the sample was carefully weighed and placed in a platinum crucible
under a nitrogen atmosphere to prevent oxidation during the analysis. The sample was
subjected to a controlled temperature ramp from room temperature up to a maximum of
693.89°C at a heating rate of 10°C/min. The weight loss of the sample was recorded
continuously as a function of temperature to identify the thermal degradation points, in-

cluding the loss of water, decomposition of organic components, and the integrity of the
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SiQDs within the nanogel matrix.

The analysis was performed using a TA Instruments Q600 TGA/DTA, a high-
precision thermogravimetric and differential thermal analyzer. This equipment, refur-
bished and provided by RT Instruments Inc. (California, US), is widely recognized for
its reliability and accuracy in thermal analysis. Its advanced features allowed for precise

monitoring of the sample’s thermal transitions, ensuring reproducible and reliable data.

FIGURE 4.14: Nanogel sample loaded into a small inert container specifically designed
for thermogravimetric analysis

The same procedure was followed for both types of SiQDs encapsulated in the
lyophilized nanogel, providing a comprehensive assessment of their thermal behavior

within the nanogel system.

4.7.3 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy was conducted to analyze the
molecular structure, interactions, and composition of the samples. The primary objectives
were to individually identify and confirm the presence of specific functional groups in the

silicon quantum dots (SiQDs) and nanogel, verifying the acid functionalization of SiQDs
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by comparing spectra before and after modification. NMR also investigated the interac-
tions between Acid-SiQDs and the nanogel matrix, observing any changes in the chemical
environment of atoms involved in the encapsulation process. Additionally, this technique
provided critical insights into the purity and composition of the samples, detecting poten-
tial impurities or residual reactants from the synthesis process, and ensuring the quality

and integrity of both the SiQDs and the nanogel.

Sample Description
Silicon quantum dots
SiQDs without acid
functionalization

Acid-functionalized
silicon quantum dots
Nanogel encapsulating
acid-functionalized
silicon quantum dots
Pure nanogel without
any SiQDs

Acid-SiQDs

Nanogel-Encapsulated
Acid-SiQDs

Only Nanogel

TABLE 4.5: Samples for NMR Analysis

4.7.3.1 NMR Sample Preparation

NMR sample preparation involved several steps to ensure high-quality spectra.
Shigemi 5 mm Symmetrical NMR microtubes were used, accommodating a sample vol-
ume of 300 L. The tubes were inspected to ensure they were free of defects such as
scratches, cracks, or chips. They were cleaned with acetone and allowed to dry upside
down in a fume hood overnight. Additionally, the outside of the tubes was cleaned with
acetone before placing them in the NMR instrument. For the samples, an appropriate
amount of material was used. Small organic molecules (< 1000 g/mol) were measured,
with typical "H NMR requiring 5-25 mg of material and '*C NMR requiring 50-100 mg.

Samples were shaken well to ensure uniform concentration throughout the tube.
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Deuterated chloroform (CDCl3) was used as the solvent, providing a lock signal
and avoiding interference with the 'H or '3C spectra. An internal standard, such as TMS,
was added to provide a reference signal. The solvent was carefully chosen to avoid mois-
ture absorption, which could introduce unwanted water signals. To prepare the samples,
the analyte was dissolved in the appropriate deuterated solvent (CDCls). A small amount
of internal standard was added, if required. The solution was then transferred to a clean,
dry Shigemi 5 mm Symmetrical NMR microtube. The tube was filled with 300 pL to en-
sure homogeneous magnetic fields in the sample. The tube was sealed carefully to prevent
surface damage or contamination. Finally, the tube was labeled clearly with a permanent
marker, ensuring that the label would not interfere with insertion or spinning during the

NMR analysis.

4.7.3.2 NMR Spectroscopy Procedure

The experimental procedure for NMR spectroscopy included several steps. The
measurements were performed using a Bruker Avance NEO 400 NMR Spectrometer, fea-
turing a 9.4 Tesla/400 MHz standard bore. First, log in to the NMR instrument computer
system. Change the sample in the NMR probe. Lock and shim the magnet. Set up the ex-
periment parameters and run the NMR experiment, using the 1D spectra already obtained
to adjust experiment settings, paying special attention to important acquisition parameters
such as Acquisition Time (AQ), Dwell Time, Digital Resolution, Number of Scans, TD1
(number of data points in the first time domain), SW1 (spectral width in the first dimen-
sion), TD2 (number of data points in the second time domain), and SW2 (spectral width
in the second dimension). Process the obtained data and print the spectrum. Finally, exit

and log out of the system.
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4.8 Biocompatibility Assessment of SiQDs-loaded Nanogel

4.8.1 Cell Culture Preparation

For the biocompatibility assessment, the fibroblast cell line used was Human Der-
mal Fibroblasts, Adult (HDFa), which are primary cells isolated from adult human skin
tissue. The cells were prepared in a 96-well plate. When the HDFa cells reached approx-
imately 70% confluence, they were trypsinized to create a cell suspension for counting.
The trypan blue cell counting protocol was employed to determine the number of viable
cells. A 0.4% trypan blue solution in PBS was prepared and filtered. The cell sample was
collected and centrifuged to pellet the cells, which were then resuspended in 1 mL PBS.
Equal volumes of cell suspension and trypan blue solution were mixed and incubated for
3-5 minutes at room temperature. The mixture was loaded onto a hemocytometer, and
both viable (clear cytoplasm) and non-viable (blue) cells were counted under a micro-

scope. The percentage of viable cells was calculated using the formula:

Iv.2)

Number of Viable Cell
%ViableCells=< umber oF Viable 1 S) 100

Total Cells

The number of viable cells per mL was determined by:

Viable Cells/mL = (Average viable cells per square) x (Dilution factor) x 10,000 (IV.3)

For the experiments, 200,000 cells were seeded per well.
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(a) Pipetting trypan blue solution  (b) Placing under the microscope for analysis

FIGURE 4.15: Analysis of cell viability using trypan blue solution

4.8.2 MTT Assays for Cytotoxicity

4.8.2.1 MTT Assay Protocol for HDFa

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
was conducted to assess the biocompatibility and cytotoxicity of the SiQDs-loaded nanogel.
Initially, the cells (HDFa) were seeded in a 96-well plate and allowed to attach. Differ-
ent concentrations of the nanogel encapsulating Acid-SiQDs and Acid-PEO-SiQDs were
prepared in DMEM, specifically at 10, 25, 50, 100, 250, and 300 pug/mL. Control groups

included wells with only cells and wells with only SiQDs.

The prepared concentrations were applied to the cells and incubated for 48 hours.
Following this incubation, red light NIR was applied to activate the SiQDs. The MTT
reagent was then added to each well and incubated for 2-4 hours, allowing the metabol-

ically active cells to reduce the MTT to purple formazan crystals. These crystals were
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dissolved, and the absorbance was measured at 570 nm using a Varioskan LUX Multi-

mode Microplate Reader.

To ensure reliable results, the experiment was conducted in triplicate for each con-
centration and control. The cell viability was calculated relative to the untreated control
cells. Materials were considered biocompatible if the cell viability exceeded 80% of the
control. The results were compared across different dilutions of the extract to assess the

overall biocompatibility and cytotoxicity of the SiQDs-loaded nanogel.

(IV.4)

Absorbance of treated cell
Cell Viability (%) = ( sorbanee o Heated e S) % 100

Absorbance of control cells

To ensure reliable results, each treatment and control group was tested in 4 wells
of the 96-well plate. This protocol enabled a comprehensive evaluation of the biocom-
patibility of the SiQDs-loaded nanogel by measuring the metabolic activity of the HDFa

cells after exposure to the nanogel formulations.

FIGURE 4.16: Assessment of citotoxicity for both treatments
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4.9 Invitro Delivery and Photodynamic Therapy Efficacy

4.9.1 Cell Culture Preparation

For the in vitro delivery and photodynamic therapy (PDT) efficacy studies, HeLa
cells were used. The HeLa cells were seeded in a 96-well plate and allowed to attach and
reach the appropriate confluence. Once the cells reached approximately 70% confluence,
they were trypsinized to create a cell suspension for counting, similar to the method used

for HDFa cells.

4.9.2 Preparation of Nanogel-SiQDs Concentration

The same nanogel-SiQDs concentrations as previously described (10, 25, 50, 100,
250, and 300 pg/mL) were prepared in DMEM. The nanogel encapsulating Acid-SiQDs
and Acid-PEO-SiQDs were applied to the HeLa cells. Control groups included wells with
only cells and wells with only SiQDs.

4.9.3 Photodynamic Therapy Application

After applying the nanogel-SiQDs solutions to the cells and incubating for 48
hours, the samples were prepared for photodynamic therapy application. The therapy
aims to generate reactive oxygen species (ROS) through the interaction of SiQDs and
NIR light, inducing oxidative stress and apoptosis in cancer cells. This step is crucial to
evaluating the therapeutic potential of the nanogel formulations. Specific specifications

of the laser include:

¢ Material: Stainless Steel

e Irradiance @ 1 inch: >141 mW/cm?, 3 inch: > 30.1 mW/cm?
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¢ [lluminance: 180 lux at 15 cm

* Wavelength: 630:660:850 nm

The NIR light source used for photodynamic therapy (PDT) in this experiment
was the iRed TORCH™, a product from iRED USA, as illustrated in Figure 4.17. This

tTM

compact and efficient flashlight is part of the Bullet'" series, which is known for its

precision and reliability.

FIGURE 4.17: Cylindrical red light-emitting device for photodynamic therapy

4.9.3.1 NIR Light Application Protocol

The NIR laser was applied sequentially across the 96-well plate to ensure even and
consistent exposure for all wells. Due to the limited illumination area of the NIR laser, the
plate was divided into 9 distinct zones, as illustrated in Figure 4.18. Each zone required
a total exposure of 3 minutes to achieve uniform photodynamic activation of the silicon

quantum dots (SiQDs) encapsulated in the nanogel formulations.

To activate the flashlight, a button was pressed, which was programmed to keep
the light on for 1 minute. Since each zone required a total exposure of 3 minutes, it was
necessary to press the button three additional times to complete the required duration for
each area. The process followed a systematic approach, moving from one zone to the
next in a top-to-bottom and left-to-right sequence, as shown in Figure 4.18. This ensured

complete and consistent coverage of all wells.
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FIGURE 4.18: Area of illumination per activation and the sequential trajectory of the
laser across the 96-well plate

To optimize the light delivery and enhance the precision of the procedure, a custom

enclosure was constructed, as shown in Figure 4.19.

FIGURE 4.19: Application of a laser to start the ROS production
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This box was designed to darken the surrounding environment and prevent external
light interference, creating controlled conditions ideal for PDT experiments. The enclo-
sure featured a circular opening specifically tailored to the diameter of the NIR flashlight
(iRed TORCH™), allowing the device to be securely positioned and held during illumi-
nation. This setup not only improved the accuracy of light application but also facilitated

ease of handling throughout the protocol.

4.9.4 MTT Assays for Photodynamic Efficacy

4.9.4.1 MTT Assay Protocol for HeLa Cells

The MTT assay was conducted to evaluate the therapeutic efficacy of the nanogel
formulations loaded with SiQDs under photodynamic conditions. HeLa cells were seeded
in a 96-well plate and treated with varying concentrations of Acid-SiQDs and Acid-PEO-
SiQDs nanogels (10, 25, 50, 100, 250, and 300 pg/mL). The cells were incubated for 24
hours, and NIR light was applied to activate the SiQDs after incubation, following the

time and pathway outlined in the protocol.

FIGURE 4.20: Application of MTT reagent
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After light activation, the MTT reagent was added to each well and incubated for
2-4 hours, allowing metabolically active cells to reduce the MTT into purple formazan
crystals. The crystals were then dissolved, and the absorbance was measured at 570 nm

using a Varioskan LUX Multimode Microplate Reader.

4.9.4.2 Data Collection and Analysis for Therapeutic Efficacy

Cell viability was calculated relative to untreated controls, providing a basis for
evaluating the cytotoxic and therapeutic potential of the nanogels in inducing cell death

through photodynamic mechanisms.

The experiment was performed in at least three replicate wells of the 96-well plate
for each concentration and control to ensure the reliability of the results. The cell viability

was calculated relative to the untreated control cells using the formula:

V.5)

Absorbance of treated cells
11 Viabili = 1
Cell Viability (%) (Absorbance of control cells) 00

FIGURE 4.21: Assessment of photodynamic therapy for both treatments
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This protocol allowed for the comprehensive evaluation of the therapeutic efficacy
of the SiQDs-loaded nanogel by measuring the metabolic activity of the HeLa cells after

photodynamic therapy and subsequent exposure to the nanogel formulations.

4.10 Ethical Considerations

For the development of a nanogel for targeted cancer therapy in HeLa cells, re-
sponsible reporting is paramount. It is essential to communicate the findings with an
awareness of the study’s limitations and potential risks. While the synthesis and appli-
cation of nanogels represent a significant advancement in targeted cancer therapy, it’s
important to clearly outline the scope of the research. Acknowledge that the results ob-
tained from cell line studies, like those involving HeLa cells, might not directly translate
to in vivo scenarios due to the complex nature of human biology. Overstating the implica-
tions, such as suggesting immediate clinical applications without thorough in vivo testing
and regulatory approval, could lead to misconceptions about the research’s stage and po-
tential. Therefore, any presentations or publications should aim for clarity and honesty,
emphasizing that while the research is a promising step, it is one of many in the long

journey towards practical, safe, and effective cancer treatments.

In addition, conducting research involving chemicals and biological materials, as
in the case of HeLa cells, necessitates environmental considerations. Proper disposal
methods for all materials used are critical, particularly for chemical reagents and bio-
logical waste. The disposal processes should comply with the University of Alberta and
Canadian regulations to prevent environmental contamination. This includes segregating
waste, using designated disposal containers, and possibly collaborating with specialized
waste management services. Additionally, practices to minimize waste generation, such

as precise measurements and recycling, contribute to sustainable scientific practices.
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Furthermore, this research project, being conducted at the University of Alberta,
actively explores potential intellectual property avenues. This includes evaluating patent
prospects for the novel composition of the synthesized nanogel and its delivery system,
which targets a specific biological marker in cancer treatment. The uniqueness of the
nanogel composition and the targeted approach it embodies make it a candidate for intel-
lectual property protection. Concurrently, there is a strong intent to publish the findings
in a renowned journal specializing in polymers or biomaterials, ensuring that the research

reaches a relevant audience and contributes to the scientific community.

Furthermore, the use of HelLa and HDFa cells in this study aligns with ethical
research standards in Canada. According to the Canadian Panel on Research Ethics, re-
search using exclusively identified human somatic cell lines that are publicly available,
such as the HeLa cell line, is exempt from review by a Research Ethics Board (REB).
Similarly, HDFa cells, as commercially available primary human fibroblasts, also meet
the criteria for this exemption, provided they are publicly identified and accessible. This

adherence to ethical guidelines underscores the integrity of this project.

In terms of ethical principles, the research adheres to a set of core values that guide
every aspect from experimental design to publication. Respect for intellectual property,
ensuring that all methodologies, reagents, and technologies derived from external sources
are properly accredited, and any novel findings or innovations are handled in accordance
with intellectual property laws. The principle of honesty, ensuring all results, whether
expected or unexpected, are reported with accuracy and transparency, eschewing any data
falsification or manipulation. The objectivity in this project will be maintained; all hy-
potheses and conclusions will be drawn based on empirical evidence to be gathered during

the study, ensuring they are free from personal biases or assumptions.
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CHAPTER V

RESULTS

This chapter details the main findings and results obtained throughout the research
process in accordance with the fulfillment of the objectives. In this regard, each section
of this chapter is related to a specific objective initially proposed. The results are orga-
nized into five main sections that reflect the study’s objectives, from the synthesis of the
copolymer nanogel, the encapsulation of the two types of silicon quantum dots and the
application of various characterization techniques, to the evaluation of the biocompatibil-
ity and therapeutic efficacy of the nanogel-SiQDs system in photodynamic therapy. This
structure allows for a clear and organized presentation of the obtained data and their cor-
responding analysis, facilitating the understanding of the progress achieved in each phase

of the research.

5.1 Synthesis and Characterization of Nanogel

This section details the synthesis and characterization of the copolymer nanogel
designed for the encapsulation and delivery of silicon quantum dots (SiQDs). The process
begins with the polymerization of 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC)
to create the macro chain transfer agent (macroCTA), a crucial step that ensures con-
trolled polymerization and precise molecular weight. The molecular weight of the MPC-
macroCTA is determined using Gel Permeation Chromatography (GPC), providing a
foundation for subsequent polymerization steps. This comprehensive characterization is
essential to confirm the successful synthesis of the copolymer nanogel, which will be used

later for SiQDs encapsulation and biomedical applications.



FIGURE 5.1: Synthesized MPC-macro CTA

5.1.1 Gel Permeation Chromatography (GPC) of MPC-macroCTA Results

The Gel Permeation Chromatography (GPC) analysis of the MPC-macroCTA sam-
ple yielded a number-average molecular weight (Mn) of 10,936 g/mol. This value was ob-
tained following a rigorous preparation process where 1.5 grams of MPC, 36 milligrams of
4 Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CTP), and 0.09 milligrams of 4,4’-
Azobis(4-cyanovaleric acid) (ACVA) were polymerized in methanol at 67-70°C for 20
hours. The resulting polymer was purified through repeated precipitation in Tetrahydro-

furan (THF) and characterized using GPC.

Parameter Value

Molecular Weight (Mn) | 10,936 g/mol

TABLE 5.1: Nanogel Characterization Parameters

5.1.2 Synthesis of Copolymer Nanogel

The synthesis of the copolymer nanogel was successfully completed as outlined
in the methodology, section 3.5.2. The key steps involved in the process included the

preparation of the MPC-macroCTA via RAFT polymerization (section 3.5.2.1), followed
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by the purification of the DEGMA monomer (Di(ethylene glycol) methyl ether methacry-
late) using column filtration with alumina (section 3.5.2.2). The polymerization process
was meticulously controlled, with the reaction mixture being purged with nitrogen and
maintained at 75°C for 14 hours to ensure the proper formation of the polymer network.
Post-polymerization, the product underwent extensive dialysis to remove any residual sol-
vents and unreacted monomers, ensuring a pure final product. The resulting nanogel was
then subjected to lyophilization, yielding a dry powder form that is suitable for further

applications and analysis (section 3.5.2.3).

FIGURE 5.2: Synthesized Copolymer Nanogel

The purified nanogel, as depicted in the Figure 5.2, exhibits the expected physical
characteristics and demonstrates the efficacy of the RAFT polymerization technique in
producing a nanogel with specific properties. In the following sections, the nanogel will
be tested for its function as a carrier, and its structure will be characterized using various

techniques.
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5.2 Encapsulation of SiQDs

This section presents the results of the encapsulation process for silicon quantum
dots (SiQDs) within the synthesized copolymer nanogel. The analysis includes the encap-
sulation of both Acid-SiQDs and Acid-PEO-SiQDs, along with the efficiency assessment
determined through fluorescence analysis. The results are structured according to the

methodologies described in sections 3.6.1 and 3.6.2.

5.2.1 Encapsulation of Acid-SiQDs in the Nanogel

The encapsulation of Acid-SiQDs was performed following the procedure outlined
in section 3.6.1.2. A nanogel solution was prepared in phosphate-buffered saline (PBS)
to which the Acid-SiQDs were added, resulting in a final concentration of 3 mg/ml. The
mixture was allowed to react at room temperature for 24 hours, followed by a freeze-
drying process to obtain the final encapsulated product. This method ensures efficient

encapsulation through electrostatic interactions.

In Figure 5.3, image (a) shows the nanogel with Acid-SiQDs still in the lyophilizer.
This process is essential for ensuring the long-term stability and usability of the nanogel.
Image (b) presents the visual fluorescence inspection of Acid-SiQDs encapsulated within
the nanogel, confirming the encapsulation by displaying the characteristic fluorescence
when exposed to a specific light source. A handheld ultraviolet (UV) flashlight was used

for the visual fluorescence inspection.

This UV light source is crucial for the preliminary validation of the encapsula-
tion process, as it allows for the direct observation of fluorescence emitted by the SiQDs
within the nanogel. However, further characterization of the encapsulation efficiency and

distribution of the SiQDs within the nanogel will be conducted in subsequent sections.
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(a) Lyophilized Nanogel with Acid-SiQDs (b) Visual Fluorescence Inspection

FIGURE 5.3: Encapsulation of Acid-SiQDs in the Nanogel

5.2.2 Encapsulation of Acid-PEO-SiQDs in the Nanogel

Similarly, Acid-PEO-SiQDs were encapsulated following the procedure in section
3.6.1.3. A nanogel solution in PBS was prepared, and the Acid-PEO-SiQDs were added
to achieve a final concentration of 15 mg/ml. The reaction mixture was allowed to react
at room temperature for 24 hours, followed by freeze-drying to obtain the encapsulated

product. This process also relied on electrostatic interactions for effective encapsulation.

In Figure 5.4, image (a) shows the nanogel containing Acid-PEO-SiQDs after it
has been removed from the lyophilizer, indicating the completion of the drying process
which results in a stable, dry nanogel powder. This step is crucial for maintaining the
integrity and usability of the nanogel in subsequent applications. Image (b) presents a
visual fluorescence inspection of the Acid-PEO-SiQDs encapsulated within the nanogel,
demonstrating the successful encapsulation by the characteristic light emission when ex-

posed to a specialized UV light source. The fluorescence emitted by the SiQDs within
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the nanogel, providing a preliminary indication of successful encapsulation, which will

be confirmed later by characterization techniques.

(a) Lyophilized Nanogel with  (b) Visual Fluorescence Inspection
Acid-PEO-SiQDs

FIGURE 5.4: Encapsulation of Acid-PEO-SiQDs in the Nanogel

5.2.3 Fluorescence Analysis for Acid-SiQDs

The encapsulation efficiency of Acid-SiQDs within the nanogel matrix was eval-
uated following a detailed protocol (section 3.6.2.1). The encapsulation process involved
sonication of the Acid-SiQDs, dissolution of the nanogel in PBS, and subsequent mix-
ing and stirring. After the encapsulation, unencapsulated SiQDs were removed through

centrifugation, and the remaining solution was freeze-dried to obtain the final product.

Before lyophilization, a sample of the nanogel encapsulating Acid-SiQDs (super-

natant) was taken to perform a fluorescence analysis, following the protocol outlined in
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section 3.6.2.3. The purpose of this analysis was to determine the encapsulation effi-
ciency by comparing the fluorescence intensity of the encapsulated SiQDs to that of the

non-encapsulated SiQDs.

Control Sample
Acid-SiQDs | Nanogel (NG) - Acid-SiQDs

TABLE 5.2: Comparison of Fluorescence Intensities for Acid-SiQDs

(a) Acid-SiQDs Pellet (b) NG-Acid-SiQDs vs. Acid-SiQDs in 96-Well Plate

FIGURE 5.5: Evaluation of Encapsulation Efficiency for Acid-SiQDs

The figure 5.5 (a) shows the visual inspection of the Acid-SiQDs pellet after the
centrifugation process. The pellet consists of SiQDs that were not encapsulated within
the nanogel. This separation into a pellet and supernatant highlights the fraction of SiQDs
that failed to integrate into the nanogel matrix. The presence of the pellet is crucial for
quantifying the amount of non-encapsulated SiQDs. To achieve this, a sample of the
supernatant, presumed to contain the SiQDs encapsulated within the nanogel, is taken for

analysis.

The figure 5.5 (b) illustrates the preparation of samples for fluorescence analysis.
The 96-well plate contains both the NG-Acid-SiQDs (nanogel encapsulated Acid-SiQDs)
and control Acid-SiQDs (non-encapsulated). This setup is essential for comparing the
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fluorescence intensities of encapsulated and non-encapsulated SiQDs. The UV light is
used here to visually highlight the presence of SiQDs, but the actual fluorescence analy-
sis was conducted using a conventional absorbance equipment, which has an option for

calculating the fluorescence spectrum.

The fluorescence intensity was measured over a range of wavelengths, from 400

nm to 800 nm. The fluorescence spectrum obtained will be shown below:

Calculation of Encapsulation Efficiency - Acid-SiQDs 40 °C
200
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= NG Acid-SiQDs 40 °C Acid-SiQDs 40 °C

FIGURE 5.6: Fluorescence spectrum of NG-Acid-SiQDs and Acid-SiQDs at 40 °C

In Figure 5.6, the blue line represents the fluorescence intensity of the nanogel-
encapsulated Acid-SiQDs (NG Acid-SiQDs 40°C), while the orange line represents the
fluorescence intensity of free Acid-SiQDs at 40°C. From the graph, it can be observed that
the nanogel-encapsulated Acid-SiQDs exhibit a lower fluorescence intensity compared to
the free Acid-SiQDs, which is expected due to the encapsulation process. This decrease in
intensity is indicative of successful encapsulation, as the nanogel matrix affects the optical
properties of the S1QDs. Further quantitative analysis will provide the exact encapsulation
efficiency percentage, confirming the effectiveness of the encapsulation protocol used.
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5.2.3.1 Encapsulation Efficiency for Acid-SiQDs

The fluorescence intensity of the encapsulated Acid-SiQDs was compared to that
of the control Acid-SiQDs (free) to calculate the encapsulation efficiency, following the

protocol in section 3.6.2.3.

The encapsulation efficiency (EE) is determined by comparing the peak fluores-
cence intensity of the SiQDs before and after encapsulation. The encapsulation efficiency

is calculated using the formula:

]enca sulate
EE (%) = (1 — $> x 100 (V.1)

I, non-encapsulated

where:

* Iencapsulated 18 the fluorescence intensity of the encapsulated Acid-SiQDs.

* Inon-encapsulated 18 the fluorescence intensity of the non-encapsulated Acid-SiQDs.

Wavelength (nm) | NG Acid-SiQDs 40°C | Acid-SiQDs 40°C
647 36.43 257.9

TABLE 5.3: Fluorescence Intensities at Peak Wavelength

Using the provided peak intensities at the wavelength of 647 nm:

]encapsulated = 36.43 ) Inon—encapsulated = 257.9

The encapsulation efficiency is calculated as:

36.43
(%) ( 2579) x 100 = 85.9%
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The encapsulation efficiency of Acid-SiQDs within the nanogel is calculated to be
85.9%. This indicates that the fluorescence intensity of the SiQDs has been significantly

altered upon encapsulation, signifying a successful encapsulation process.

5.2.4 Fluorescence Analysis for Acid-PEO-SiQDs

The objective of the fluorescence analysis is to determine the encapsulation ef-
ficiency of Acid-PEO-SiQDs within the nanogel. To achieve this, an additional step of
centrifugation was added to the initial encapsulation protocol. This step physically sep-
arates the non-encapsulated SiQDs from the encapsulated ones. Before lyophilization, a
sample of the nanogel encapsulating Acid-PEO-SiQDs was taken to perform a fluores-
cence analysis, following the protocol outlined in section 3.6.2.3. The sample obtained
from the centrifugation process, specifically the supernatant, was used for this analysis.
The supernatant is assumed to contain the nanogel-encapsulated SiQDs, dissolved in PBS

through electrostatic interactions.

Control Sample
Acid-PEO-SiQDs | NG - Acid-PEO-SiQDs

TABLE 5.4: Comparison of Fluorescence Intensities for Acid-PEO-SiQDs

Figure 5.7 provides a visual representation of the encapsulation efficiency evalu-
ation for Acid-PEO-SiQDs. Image (a) shows the Acid-PEO-SiQDs pellet after centrifu-
gation, indicating the quantum dots that were not encapsulated within the nanogel. This
pellet is formed by the aggregation of non-encapsulated SiQDs, which settle at the bottom
of the tube post-centrifugation. Image (b) displays the preparation of samples for fluores-
cence analysis in a 96-well plate. The plate includes both NG-Acid-PEO-SiQDs (nanogel
encapsulated Acid-PEO-SiQDs) and control Acid-PEO-SiQDs (non-encapsulated). This
setup is used to measure the fluorescence intensity in a conventional absorbance reader
equipped with fluorescence detection capabilities, allowing for a quantitative comparison
of encapsulated versus non-encapsulated SiQDs.
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(a) Acid-PEO-SiQDs Pellet  (b) NG-Acid-PEO-SiQDs vs. Acid-PEO-SiQDs in 96-Well Plate

FIGURE 5.7: Evaluation of Encapsulation Efficiency for Acid-PEO-SiQDs

The analysis comparing the fluorescence intensity (within a wavelength range of
400 nm to 800 nm) of encapsulated Acid-PEO-SiQDs to that of non-encapsulated Acid-
PEO-SiQDs quantifies the encapsulation efficiency, providing insights into the nanogel’s
effectiveness in encapsulating SiQDs. The resulting fluorescence spectrum is shown in

Figure 5.8.

Figure 5.8 illustrates the fluorescence spectrum of NG-Acid-PEO-SiQDs and Acid-
PEO-SiQDs at 40°C. The blue line represents the fluorescence intensity of NG Acid-
PEO-SiQDs (nanogel encapsulated Acid-PEO-SiQDs), while the yellow line represents
the fluorescence intensity of Acid-PEO-SiQDs (non-encapsulated). In addition, the graph
shows a significant difference in fluorescence intensity between the encapsulated (NG-
Acid-PEO-SiQDs) and non-encapsulated (Acid-PEO-SiQDs) samples. The peak fluores-
cence intensity for Acid-PEO-SiQDs is markedly higher than that of the NG-Acid-PEO-
SiQDs, indicating that the majority of the SiQDs have been successfully encapsulated

within the nanogel because the fluorescence of the free SiQDs (control) is much higher.
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Calculation of Encapsulation Efficiency - Acid-PEO-SiQDs 40 °C
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FIGURE 5.8: Fluorescence spectrum of NG-Acid-PEO-SiQDs and Acid-PEO-SiQDs at
40 °C

This difference in intensity is used to calculate the encapsulation efficiency, demon-

strating the effectiveness of the nanogel in encapsulating the Acid-PEO-SiQDs and sup-

porting the methodology employed for this purpose.

5.2.4.1 Encapsulation Efficiency for Acid-PEO-SiQDs

The encapsulation efficiency (EE) is determined by comparing the peak fluores-

cence intensity of the Acid-PEO-SiQDs before and after encapsulation. The encapsulation

efficiency is calculated using the formula:

Ienca sulate
EE (%) = (1 — $> x 100 (V.2)

I, non-encapsulated

where:
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* Iencapsulated 18 the fluorescence intensity of the encapsulated Acid-PEO-SiQDs.

* Inon-encapsulated 18 the fluorescence intensity of the non-encapsulated Acid-PEO-SiQDs.

Wavelength (nm) | NG Acid-PEO-SiQDs 40°C | Acid-PEO-SiQDs 40°C
638 2.046 24.64

TABLE 5.5: Fluorescence Intensities at Peak Wavelength

The peak fluorescence intensities were recorded at a wavelength of 638 nm, as

shown in Table 5.5. Using the provided peak intensities at the wavelength of 638 nm:

[encapsulated = 2.046

]non—encapsulated = 24.64

The encapsulation efficiency is calculated as:

2.046

The encapsulation efficiency of Acid-PEO-SiQDs within the nanogel is calculated
to be 91.7%. This indicates that the fluorescence intensity of the SiQDs has been signifi-

cantly altered upon encapsulation, signifying a successful encapsulation process.

5.2.4.2 Comparison of Encapsulation Efficiencies for Acid-SiQDs and Acid-PEO-
SiQDs

To evaluate the encapsulation efficiency of the nanogels with different types of
silicon quantum dots (SiQDs), both Acid-SiQDs and Acid-PEO-SiQDs were subjected

to fluorescence analysis. The encapsulation efficiency (EE) was calculated based on the
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peak fluorescence intensities before and after encapsulation. The comparative results are

summarized in Table 5.6.

Type of SiQDs | Non-encapsulated | Encapsulated | EE (%)
Acid-SiQDs 257.9 36.43 85.9
Acid-PEO-SiQDs 24.64 2.046 91.7

TABLE 5.6: Comparison of Encapsulation Efficiencies for Acid-SiQDs and Acid-PEO-
SiQDs

The encapsulation efficiency of Acid-SiQDs within the nanogel was found to be
85.9%, while the encapsulation efficiency for Acid-PEO-SiQDs was higher, at 91.7%.
These results indicate that both types of SiQDs were successfully encapsulated within the
nanogel, with Acid-PEO-SiQDs exhibiting a slightly higher encapsulation efficiency. This
comparative analysis highlights the effectiveness of the nanogel encapsulation process for

different functionalized SiQDs, demonstrating the potential of these nanogels as a carrier.

5.3 Physicochemical Characterization of SiQDs-loaded Nanogel

In this section, the physicochemical properties of the synthesized nanogel and the
nanogel encapsulating silicon quantum dots (SiQDs) are evaluated, focusing specifically
on Acid-SiQDs. The characterization includes both the nanogel alone and the nanogel
loaded with Acid-SiQDs to provide a comprehensive understanding of the system’s prop-
erties. This analysis is essential as it lays the groundwork for understanding the behavior

of Acid-PEO-SiQDs, given that Acid-SiQDs serve as the foundational form.

5.3.1 Particle Size Distribution

To assess the particle size distribution of the nanogel and the SiQDs-loaded nanogel,
Dynamic Light Scattering (DLS) analysis was performed. This technique allows for the

precise measurement of particle sizes, providing insight into the encapsulation efficiency
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and the stability of the nanogel system. In the methodology section, we detailed the steps

involved in preparing the samples and conducting the DLS measurements.

5.3.1.1 Dynamic Light Scattering (DLS) Results of the Nanogel at 25°C

The DLS analysis of the nanogel alone at 25°C was conducted to establish a
baseline for comparison with the SiQDs-loaded nanogel. The results, including parti-
cle size distribution and polydispersity index (PDI), will be provided here to illustrate the

nanogel’s characteristics.

The lognormal distribution plot (Figure 5.9 (a)) and the accompanying data sum-

mary (Figure 5.9 (b)) detail the size and dispersion of the nanogel particles.

(a) Data Summary for Nanogel Particles  (b) Lognormal Distribution of Nanogel Particles

FIGURE 5.9: Dynamic Light Scattering (DLS) results for the synthesized copolymer
nanogel at 25°C

The nanogel exhibited an effective diameter of 199.7 nm, indicating the presence
of nano-sized particles suitable for biomedical use. The polydispersity index (PDI) was
measured at 0.296, reflecting a moderately uniform particle size distribution with minimal
heterogeneity. The analysis was stable over the 10-minute duration, as indicated by a
baseline index of 67.18%. These findings confirm the successful synthesis of a nanogel

with well-defined size and uniformity.

The lognormal distribution graph (Figure 5.9 (b)) shows the intensity versus di-
ameter (nm) of the nanogel particles. The graph displays a bimodal distribution with two
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prominent peaks, indicating the presence of two distinct size populations within the sam-
ple. The majority of particles fall within the effective diameter range of approximately
199.7 nm. The graph highlights a well-defined particle size distribution with minimal

aggregation, suggesting a successful synthesis process.

5.3.1.2 Dynamic Light Scattering (DLS) Results of the Nanogel at 37°C

To evaluate the physicochemical properties of the nanogel at physiological tem-
perature, a sample of the nanogel was dissolved in PBS following the protocol outlined in
section 3.7.1. The DLS measurements were then performed at 37°C. This temperature is
crucial as it simulates the conditions within the human body, allowing for a more accurate
characterization of the nanogel’s behavior in biological environments. Understanding the
particle size distribution and polydispersity at 37°C is essential for predicting the perfor-

mance and stability of the nanogel in biomedical applications such as drug delivery.

Below are the visual representations of the DLS data for the nanogel at 37°C:

(a) DLS Data for Nanogel at 37°C (b) Lognormal Distribution of Nanogel at 37°C

FIGURE 5.10: Dynamic Light Scattering (DLS) analysis of the nanogel at 37°C

The effective diameter of the nanogel particles at 37°C is 140.2 nm, indicating the
average size of the nanoparticles. The figure 5.10 (b) shows the lognormal distribution of
particle sizes for the nanogel at 37°C. The x-axis represents the diameter of the particles in

nanometers (nm), ranging from 5 nm to 5,000 nm, while the y-axis indicates the intensity
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of the scattered light. This graph provides a detailed view of the particle size distribution

within the nanogel sample at physiological temperature.

The peak of the curve indicates the most common particle size, corresponding to
the effective diameter identified in the DLS data. The shape of the curve shows the range
of particle sizes present in the sample, with a significant concentration of particles around

the effective diameter and fewer particles at the size extremes.

5.3.2 Comparison of DLS Results of Nanogel at Different Temperatures

The effective diameter and polydispersity index (PDI) of the nanogel were mea-
sured at two different temperatures: 25°C and 37°C. This comparison is crucial to un-
derstand the impact of temperature on the size distribution and uniformity of the nanogel

particles, which is vital for their potential biomedical applications.

Parameter Nanogel at 25°C | Nanogel at 37°C
Effective Diameter (nm) 199.7 140.2
Polydispersity Index (PDI) 0.296 0.238

TABLE 5.7: Comparison of Effective Diameter and Polydispersity Index of Nanogel at
Different Temperatures

The table 5.7 provides a summary of the effective diameter and PDI of the nanogel
at 25°C and 37°C. At 25°C, the nanogel has an effective diameter of 199.7 nm with a PDI
of 0.296, indicating moderate polydispersity. At 37°C, the effective diameter decreases to
140.2 nm, and the PDI improves to 0.238, suggesting more uniform particle sizes at phys-
iological temperature. This reduction in particle size and improved uniformity at 37°C
can be attributed to the temperature-induced changes in the nanogel’s physical properties,
which may enhance its performance in biomedical applications. The effect of DEGMA

on this thermoresponsive behavior will be further analyzed in the discussion.

The images in Figure 5.11 depict the nanogel samples prepared for Dynamic Light
Scattering (DLS) analysis at two different temperatures. Image (a) shows the nanogel
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sample dissolved in PBS at 25°C. This sample is in a liquid state, which is suitable for
measuring the particle size distribution and polydispersity index under standard laboratory

conditions.

(a) DLS Sample at 25°C  (b) DLS Sample at 37°C

FIGURE 5.11: Nanogel sample dissolved in PBS after DLS analysis at 25°C and 37°C

Image (b) illustrates the nanogel sample dissolved in PBS at 37°C, representing
physiological temperature. At this temperature, the nanogel exhibits a gelification state,
indicating a potential thermo-responsive behavior. The comparison of DLS results at
these two temperatures is essential for understanding the nanogel’s behavior in different

environments, particularly its stability and performance at body temperature.

The turbidity observed in thermoresponsive nanogel systems, such as the transi-
tion seen at 37°C compared to the clarity at 25°C, is primarily influenced by the LCST
(Lower Critical Solution Temperature) behavior of the polymer. At 25°C, below the
LCST, the DEGMA chains in the nanogel are hydrated due to hydrogen bonding with
water molecules, leading to a swollen and transparent state. The hydrated polymer chains

remain extended, maintaining a homogeneous dispersion in the solution.

As the temperature reaches and surpasses the LCST (approximately 32—-37°C for
DEGMA-based nanogels), the polymer undergoes a phase transition [149]. The DEGMA
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chains lose hydration and collapse due to the breakdown of hydrogen bonds and the emer-
gence of hydrophobic interactions among polymer segments. This deswelling reduces the
nanogel’s hydrodynamic size and creates a denser network within the matrix [150]. The
collapse of the polymer chains results in light scattering, leading to an increase in turbid-
ity and, in some cases, gelation. This turbidity acts as a visual marker of the nanogel’s

thermoresponsive behavior [151].

The presence of MPC in the polymer composition further influences this behav-
ior. While MPC enhances colloidal stability by providing a zwitterionic hydration shell
around the nanogel particles, it does not prevent the turbidity associated with the LCST
transition [152]. Instead, it stabilizes the nanogel against irreversible aggregation, al-
lowing the system to maintain reversible swelling and deswelling cycles. Environmental
factors such as pH, ionic strength, and the specific interaction of MPC and DEGMA with
surrounding media can modulate the degree of turbidity and the sharpness of the phase

transition.

5.3.2.1 Dynamic Light Scattering (DLS) Results of Acid-SiQDs-loaded Nanogel at
25°C

Following the encapsulation of Acid-SiQDs, DLS measurements were performed
on the nanogel to evaluate changes in particle size distribution and PDI. These results are
crucial for determining the impact of SiQDs encapsulation on the nanogel’s physicochem-
ical properties and for verifying the successful incorporation of SiQDs into the nanogel

matrix.

DLS measurements were conducted on the nanogel encapsulating Acid-SiQDs at
25°C to determine the particle size distribution and polydispersity index (PDI). The results

indicate the effective diameter, PDI, baseline index, and measurement time.
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(a) DLS Data at 25°C (b) Lognormal Distribution at 25°C

FIGURE 5.12: (a) DLS analysis data of Acid-SiQDs-loaded nanogel at 25°C

The effective diameter of the Acid-SiQDs-loaded nanogel at 25°C was measured
to be 469.4 nm. The polydispersity index (PDI) was found to be 0.355, indicating mod-
erate heterogeneity in particle size distribution. The baseline index was 0.0/72.67%, sug-
gesting stable and consistent measurements. The total time taken for the DLS analysis was
10 minutes. This data provides insights into the size and distribution of the nanogel par-
ticles encapsulating Acid-SiQDs at room temperature, which is critical for understanding

their behavior in different conditions.

This lognormal distribution graph in Figure 5.12 (b) illustrates the particle size
distribution of Acid-SiQDs-loaded nanogel at 25°C, showing the relationship between the
intensity of scattered light and the particle diameter in nanometers (nm). The horizontal
axis spans from 5.0 nm to 50,000 nm, while the vertical axis represents the intensity of
scattered light as a percentage. The peak of the red curve, around 469.4 nm, indicates the
most common particle size in the sample, suggesting successful encapsulation of Acid-

SiQDs within the nanogel.

The width of the curve provides insight into the polydispersity of the sample, with
a broader peak indicating a moderately polydisperse sample containing a variety of parti-
cle sizes. Higher intensity levels on the vertical axis correspond to a greater proportion of
particles within that size range, essential for understanding the sample’s composition and

behavior.
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5.3.2.2 Dynamic Light Scattering (DLS) Results of Acid-SiQDs-loaded Nanogel at
37°C

DLS analysis was performed on the nanogel encapsulating Acid-SiQDs at 37°C to
assess the particle size distribution and other relevant parameters. The results provide in-
sights into the stability and uniformity of the nanogel at physiological temperature, which

is critical for its potential biomedical applications.

(a) DLS Analysis Data (b) Lognormal Distribution

FIGURE 5.13: DLS analysis data of Acid-SiQDs-loaded nanogel at 37°C

The DLS analysis data for the Acid-SiQDs-loaded nanogel at 37°C reveal an ef-
fective diameter of 153.6 nm, which indicates the average particle size. The polydispersity
index (PDI) is 0.113, suggesting a relatively low degree of non-uniformity in the particle
sizes, indicating that the nanogel particles are quite uniform in size. The baseline index,
with values of 5.4/73.50%, reflects the stability and consistency of the measurement over

the 2-minute duration.

The lognormal distribution graph further supports these findings by showing the
intensity of particles at various diameters, with a peak around the effective diameter value.
This data highlights the successful encapsulation and stability of the Acid-SiQDs within
the nanogel at physiological temperature, making it suitable for potential biomedical ap-

plications.

At 37°C, no prominent change in turbidity was observed in the SiQD-loaded

nanogel compared to the more noticeable turbidity shift seen during the DLS analysis
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of the nanogel alone. This reduced turbidity change can be attributed to the presence
of SiQDs within the poly(MPC-st-DEGMA) nanogel matrix, which likely modifies the
nanogel’s thermoresponsive behavior. The encapsulated SiQDs may partially hinder the
complete collapse of DEGMA chains due to steric hindrance, leading to a less dramatic
phase transition. Additionally, interactions between SiQDs and the DEGMA chains could
slightly alter the LCST, softening the phase transition and minimizing the turbidity shift.
Furthermore, the SiQDs may contribute to the system’s colloidal stability, reducing large-
scale aggregation and further limiting the increase in turbidity [109], [153]. Despite these
modifications, the nanogel remains thermoresponsive, with the improved stability im-

parted by the SiQDs resulting in a more robust and reliable system.

5.3.2.3 Comparison of DLS Results for Acid-SiQDs-loaded Nanogel at Different

Temperatures

To understand the impact of temperature on the nanogel encapsulating Acid-SiQDs,
DLS analyses were conducted at both 25°C and 37°C. These temperatures were chosen
to represent ambient conditions and physiological conditions, respectively. This analysis
is essential to determine how the nanogel’s particle size distribution, polydispersity, and
overall structural integrity are affected by temperature changes, which is particularly rele-
vant for biomedical applications where the nanogel may be exposed to body temperature.
Understanding these changes is key to optimizing the nanogel’s performance and ensuring

its efficacy and safety in real-world applications.

The comparison between the DLS results at 25°C and 37°C, as shown in Table
5.8, reveals significant changes in the nanogel’s properties with temperature. At 25°C, the
effective diameter of the nanogel particles is 469.4 nm with a PDI of 0.355, indicating a
higher degree of non-uniformity and larger particle size. The baseline stability is 72.67%

over a 10-minute duration.
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Parameter 25°C 37°C
Effective Diameter (nm) 469.4 153.6
Polydispersity Index (PDI) | 0.355 0.113
Baseline Index (% stability) | 72.67% | 73.50%
Elapsed Time (minutes) 10 2

TABLE 5.8: Comparison of DLS Results for Acid-SiQDs-loaded Nanogel at 25°C and
37°C

In contrast, at 37°C, the effective diameter of the nanogel particles decreases to
153.6 nm with a PDI of 0.113, suggesting a much more uniform and smaller particle size
distribution. The baseline stability at this temperature is slightly higher at 73.50%, over a

shorter elapsed time of 2 minutes.

These results demonstrate that the nanogel particles become smaller and more
uniform at physiological temperature (37°C), primarily due to the thermoresponsive na-
ture of the poly(MPC-st-DEGMA) nanogel. This behavior is driven by DEGMA, which
exhibits a lower critical solution temperature (LCST) of approximately 26-30°C. Below
the LCST, DEGMA chains are hydrated and extended in water due to hydrogen bonding
between water molecules and the ethylene glycol units of DEGMA [154]. However, at
temperatures above the LCST, such as 37°C, these hydrogen bonds are disrupted, and
DEGMA transitions into a hydrophobic state, causing the chains to collapse. This col-
lapse leads to hydrophobic interactions between DEGMA segments, which result in a
significant reduction in the nanogel’s hydrodynamic size, as observed with the decrease

in particle size from 469.4 nm at 25°C to 153.6 nm at 37°C.

This thermoresponsive behavior is further stabilized by MPC, which forms a hy-
drophilic, zwitterionic outer layer around the nanogel [155]. The MPC shell prevents
excessive aggregation during the DEGMA collapse, ensuring colloidal stability and resis-
tance to protein adsorption even at physiological conditions. Together, the dehydration
and contraction of DEGMA chains and the stabilizing role of MPC result in a compact

and uniform core-shell structure at 37°C, as reflected in the significant reduction in the
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polydispersity index (PDI) from 0.355 to 0.113. These structural changes enhance the
nanogel’s stability, homogeneity, and suitability for biomedical applications, ensuring ef-

ficient and consistent delivery in physiological environments.

5.3.3 Thermal Stability

Understanding the thermal stability of the nanogel encapsulating Acid-SiQDs is
crucial for determining its suitability for various biomedical applications, where thermal
conditions can vary significantly. Thermal stability provides insight into the material’s
behavior under different temperatures, which can affect its structural integrity and func-
tionality. To assess this, Thermogravimetric Analysis (TGA) was performed on both the
nanogel alone and the nanogel encapsulating Acid-SiQDs. This analysis helps understand
the fundamental thermal properties and stability of the nanogel system, which is the ba-
sis for further evaluations, including the encapsulation of Acid-PEO-SiQDs, given that

Acid-PEO-SiQDs also contain the acid functional group.

5.3.3.1 Thermogravimetric Analysis (TGA) Results

Thermogravimetric Analysis (TGA) was conducted to evaluate the thermal stabil-
ity of the nanogel both with and without the encapsulated Acid-SiQDs. The TGA results
provide critical information about the thermal decomposition profile, stability, and degra-

dation temperatures of the nanogel and the encapsulated system.

The TGA curves depicted in Figure 5.14 illustrate the thermal decomposition be-
havior of the nanogel and the Acid-SiQDs-loaded nanogel. The blue curve represents the
weight loss profile of the neat nanogel, while the red curve corresponds to the nanogel
encapsulating Acid-SiQDs. The weight loss stages and corresponding temperatures in-
dicate the thermal stability and degradation characteristics of the materials. Comparing

the thermal stability of both samples helps in understanding the influence of Acid-SiQDs
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encapsulation on the nanogel’s thermal properties, which is essential for its application in

environments where thermal stability is a critical factor.

FIGURE 5.14: Thermogravimetric Analysis (TGA) curves for the nanogel alone and the
nanogel encapsulating Acid-SiQDs

In the initial stages of heating, a gradual weight loss is observed for both samples,
typically associated with the evaporation of residual solvents and water molecules. This
is evident from the slight decrease in weight percentage at lower temperatures. As the
temperature increases, more significant weight loss occurs, indicating the decomposition

of organic components within the nanogel matrix.

A key observation is that the blue curve (Nanogel-SiQDs) shows a slower rate of
weight loss compared to the red curve (Nanogel) as the temperature continues to rise.
This suggests enhanced thermal stability imparted by the encapsulated Acid-SiQDs. The

encapsulated nanogel does not reach as low a weight percentage as the unloaded nanogel,
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indicating that the presence of SiQDs contributes to improved thermal stability. The Acid-
SiQDs likely interact with the polymer matrix, providing additional resistance to thermal

decomposition.

As the temperature reaches higher values, the primary decomposition phase oc-
curs, marked by a sharp decline in weight percentage. The red curve shows a more pro-
nounced and rapid decrease in weight, indicating a lower decomposition temperature for
the unloaded nanogel. In contrast, the blue curve demonstrates a more gradual weight
loss, suggesting that the nanogel with encapsulated Acid-SiQDs has a higher decomposi-

tion temperature and a more stable thermal profile.

Additionally, Annex 2 contains differential scanning calorimetry (DSC) data that
provide more information about the thermal properties and transitions of the nanogel as a

SiQD carrier system.

5.3.4 Chemical Structure Analysis

Nuclear Magnetic Resonance (NMR) is a powerful analytical technique used to
determine the chemical structure of organic molecules. When a sample is placed in a
strong magnetic field and irradiated with radio waves at the appropriate frequency, atomic
nuclei with magnetic spin (such as 'H and '3C) absorb energy and enter resonance. The
absorbed energy induces a transition in the nuclear spins, which is observed in an NMR
spectrum. The position of the signals in the spectrum (chemical shift) depends on the

chemical environment of the nucleus, allowing the elucidation of the molecular structure.

5.3.4.1 Nuclear Magnetic Resonance (NMR) of Nanogel (NG)

The synthesis and characterization of nanogels via RAFT polymerization involve

meticulous evaluation of their chemical structure using '"H NMR spectroscopy. The 'H
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NMR spectrum provides detailed insights into the chemical environments and molec-
ular composition of the nanogels, confirming the successful incorporation of various

monomers and the formation of the desired polymer network.

FIGURE 5.15: 'H NMR spectrum of the synthesized nanogel (NG) showing distinct
peaks corresponding to various proton environments in the polymer matrix

In Figure 5.15, the 'H NMR spectrum of the nanogel (NG) is characterized by
several distinct peaks, indicating various proton environments in the polymer matrix. The
chemical shifts (9) and integration values provide critical information about the polymer
composition and the presence of specific functional groups: 0 4.14 — 4.08 (m, 3H), 3.68
(s, 4H), 3.62 (d, J = 5.2 Hz, 3H), 3.56 (d, J = 5.2 Hz, 3H), 3.39 (s, SH), 1.91 (s, 2H), 1.05
(s, IH), 0.91 — 0.81 (m, 3H).

The multiplet at ¢ 4.14 — 4.08, integrating for 3 protons, indicates the presence of
protons in a complex chemical environment, likely due to the overlap of several proton

signals. These could be attributed to the protons in the polymer backbone or side chains
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that are in slightly different chemical environments. The singlet at § 3.68 ppm, integrating
for 4 protons, suggests the presence of a group of equivalent protons in a similar chemical
environment, possibly methylene (-CHs-) groups adjacent to oxygen or nitrogen atoms
in the polymer network. The doublets at 4 3.62 and ¢ 3.56 ppm, each integrating for 3
protons with a coupling constant (J) of 5.2 Hz, indicate the presence of methylene protons
in a distinct environment with adjacent protons causing the splitting, indicative of a more

complex molecular structure.

The singlet at ¢ 3.39 ppm, integrating for 5 protons, likely corresponds to aro-
matic protons or those in a highly deshielded environment due to electron-withdrawing
groups, such as oxygen or nitrogen atoms. The singlet at 6 1.91 ppm suggests the presence
of aliphatic protons, likely from a methylene group adjacent to an electron-withdrawing
group, such as a carbonyl or ester group. The singlet at 6 1.05 ppm indicates a proton
in a shielded environment, possibly from a methyl group (-CH3) in the polymer matrix.
The multiplet at § 0.91 — 0.81 ppm suggests the presence of protons in a varied chem-
ical environment, likely due to overlapping signals from different proton groups in the

polymer.

5.3.4.2 Nuclear Magnetic Resonance (NMR) of Acid-SiQDs

The 'H NMR spectrum of acid-functionalized silicon quantum dots (SiQDs) with
a carboxylic acid group (-COOH) at the end of an alkyl chain provides critical insights
into the structural modifications and chemical environments of the functionalized SiQDs.
This analysis is essential for understanding the impact of functionalization on the chemical
structure of the SiQDs and confirming the successful incorporation of the carboxylic acid

groups.

The Figure 5.16 shows several distinct peaks, indicating various proton environ-

ments resulting from the functionalization process. The chemical shifts (¢) and integration
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values are as follows: ¢ 7.28 (s, 5H), 1.71 (s, 1H), 1.31 (d, ] = 4.4 Hz, 1H), 1.28 (s, 7H),
1.04 (s, 2H), 0.91 (d, J = 6.8 Hz, 2H), 0.84 (d, ] = 6.5 Hz, 15H), and 0.11 (s, 1H).

FIGURE 5.16: 'H NMR spectrum of Acid-SiQDs showing distinct peaks corresponding
to various proton environments

The singlet at § 7.28 ppm, integrating for 5 protons, indicates the presence of aro-
matic protons or protons in a highly deshielded environment. This peak is characteristic
of protons attached to an aromatic ring, suggesting that the functionalization process in-
troduced aromatic groups into the structure of the SiQDs. The singlet at 6 1.71 ppm,
integrating for 1 proton, suggests the presence of a unique proton environment, likely due

to a proton adjacent to the carboxylic acid group.

The doublet at 9 1.31 ppm (J = 4.4 Hz, 1H) indicates a proton in a coupled envi-
ronment, suggesting the presence of a methylene group adjacent to the carboxylic acid.

The singlet at 9 1.28 ppm, integrating for 7 protons, represents aliphatic hydrogen atoms

136



in a similar chemical environment, possibly from the alkyl chains attached to the SiQDs.
The reduced integration value compared to neat SiQDs suggests that some of the aliphatic

protons are replaced or chemically modified during the functionalization process.

The singlet at 6 1.04 ppm, integrating for 2 protons, likely corresponds to protons
in a distinct chemical environment, possibly near the carboxylic acid group. The doublet
at 6 0.91 ppm (J = 6.8 Hz, 2H) and the doublet at 6 0.84 ppm (J = 6.5 Hz, 15H) reflect
protons in coupled environments, indicating the presence of protons in the alkyl chain

adjacent to the carboxylic acid group.

The singlet at 6 0.11 ppm, integrating for 1 proton, suggests a unique proton envi-

ronment, likely associated with the terminal proton of the alkyl chain.

5.3.4.3 Nuclear Magnetic Resonance (NMR) of Nanogel Encapsulating
Acid-Functionalized SiQDs

The 'H NMR spectrum of the nanogel encapsulating silicon quantum dots (SiQDs)
functionalized with a carboxylic acid group (-COOH) provides significant insights into the
encapsulation mechanism and interactions within the system. In Figure 5.17, the chemical
shifts observed at 6 4.13, 3.71, 3.65, 3.58, 3.42, 1.94, 1.04, and 0.90 have been carefully

analyzed to confirm the presence and interaction of the Acid-SiQDs within the nanogel.

The identification of the encapsulated Acid-SiQDs was confirmed by the charac-
teristic peaks at § 1.04 and 0.90, which are also present in the 'H NMR spectrum of the
Acid-SiQDs. These peaks correspond to the hydrogen atoms on the alkyl chain and the
carboxylic acid functional group, respectively. The preservation of these peaks indicates
that the Acid-SiQDs are intact and retain their functional groups post-encapsulation, sug-

gesting successful incorporation into the nanogel matrix.

The peaks at higher chemical shifts—specifically ¢ 4.13, 3.71, 3.65, 3.58, and
3.42—are indicative of the polymeric matrix of the nanogel. These shifts are not observed
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in the spectra of the neat or Acid-SiQDs, indicating they arise from the polymer structure
of the nanogel. These peaks suggest the presence of the nanogel’s polymer backbone and

possible interactions with the Acid-SiQDs.

FIGURE 5.17: 'H NMR spectrum of the nanogel encapsulating Acid-functionalized
SiQDs showing distinct peaks corresponding to various proton environments

Importantly, the lack of new peaks that would indicate the formation of cova-
lent bonds between the nanogel and the Acid-SiQDs suggests that the encapsulation is
achieved through non-covalent interactions. The most plausible mechanism is through
electrostatic interactions between the negatively charged carboxyl groups (-COOH) on
the SiQDs and the positively charged or polar regions of the nanogel matrix. These in-
teractions are critical for maintaining the stability and uniform distribution of the SiQDs

within the nanogel.
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The peak at ¢ 1.94, which corresponds to the carboxylic acid proton, supports
the presence of Acid-SiQDs and suggests they are in a stable environment provided by
the nanogel. The presence of peaks related to the polymer backbone (e.g., at § 4.13)
further confirms the encapsulation and stable integration of the SiQDs within the nanogel

structure.

5.4 Cell Viability Assessment

The MTT assay, a widely recognized method, evaluates cellular metabolic activ-
ity as an indicator of cell health and proliferation. Healthy cell cultures are expected
to maintain viability within the range of 80-95%, reflecting optimal conditions suitable
for biomedical applications. For this study, a cell viability threshold above 80% was
considered indicative of non-cytotoxicity, aligning with established criteria and ensuring

compatibility with in vitro standards [156].

5.4.1 MTT Assay Results for HDFa Cells

Human dermal fibroblasts adult (HDFa) cells, representative of human skin cells,
were chosen for the cytotoxicity assessment. This study tested a range of concentrations
(0, 10, 25, 50, 100, 250, and 300 pg/ml) of NG-Acid-SiQDs and NG-Acid-PEO-SiQDs to
evaluate their effects on cell viability. The selected range was designed to encompass low,
medium, and high concentrations, providing a comprehensive analysis of cytotoxicity and
potential therapeutic window. Concentrations up to 300 pg/ml were included to simulate

potential upper limits of dosage in applications like drug delivery or photodynamic ther-

apy.

The Figure 5.18 shows the percentage of cell viability of HDFa cells treated with
different concentrations of NG-Acid-SiQDs (blue columns) and NG-Acid-PEO-SiQDs
(red columns). The results indicate that both NG-Acid-SiQDs and NG-Acid-PEO-SiQDs
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maintain cell viability above the 80% threshold across all concentrations, suggesting low
cytotoxicity and strong biocompatibility. Notably, at concentrations between 10 and 50
pg/ml, cell viability remained above 95%, which is ideal for ensuring minimal cytotox-
icity while maintaining therapeutic efficacy. The slight decrease in viability at higher
concentrations (250 and 300 pg/ml) is within acceptable limits for in vitro studies, high-
lighting the nanogels’ safety for potential biomedical applications. For the primary objec-
tive of this study—targeted delivery and photodynamic therapy—concentrations between

50 and 300 pg/ml are recommended.

FIGURE 5.18: Cell viability of HDFa cells after 24 hours of treatment with various
concentrations of NG-Acid-SiQDs and NG-Acid-PEO-SiQDs

5.5 In Vitro Delivery and Photodynamic Therapy Efficacy

PDT is an advanced treatment modality that utilizes a photosensitizing agent, light

of a specific wavelength, and molecular oxygen to induce cytotoxic effects, primarily
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through the production of ROS. The photosensitizing agents in this study are silicon quan-
tum dots (SiQDs), specifically two types: NG-Acid-SiQDs and NG-Acid-PEO-SiQDs.
Upon activation by a light source, these agents produce ROS, which target and destroy
cancer cells. The efficacy of this therapy depends on the effective delivery of SiQDs to
the target cells and their activation by light, leading to ROS generation and subsequent
cell death. The cellular model used in this study to assess the efficacy of PDT is HelLa

cells, a well-established cancer cell line.

5.5.1 MTT Assay Results for HeLLa Cells

The MTT assay results for HeLa cells treated with NG-Acid-SiQDs and NG-Acid-
PEO-SiQDs under light activation are presented to compare the photodynamic efficacy of
these two types of SiQDs. This comparative analysis provides valuable insights into the

performance of NG-SiQDs and NG-0xSiQDs in inducing cytotoxic effects through PDT.

FIGURE 5.19: MTT Assay Results for HeLa Cells
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The bar graph in Figure 5.19 presents the percentage of cell viability after treat-
ment with varying concentrations (0, 10, 25, 50, 100, 250, and 300 pg/mL) of the photo-
sensitizers. The blue bars represent NG-Acid-SiQDs, while the orange bars represent NG-
Acid-PEO-SiQDs. A notable decrease in cell viability is observed with increasing con-
centrations, highlighting the effectiveness of PDT. NG-Acid-PEO-SiQDs exhibit a more
significant reduction in cell viability compared to NG-Acid-SiQDs, suggesting higher

photodynamic efficacy.

At the highest concentration tested (300 pug/mL), NG-Acid-SiQDs retained a vi-
ability of 49.24 + 0.00%, while NG-Acid-PEO-SiQDs showed a significantly lower vi-
ability of 11.22 4 2.37%. This trend is consistent across the tested concentrations, with
NG-Acid-PEO-SiQDs showing consistently lower viability than NG-Acid-SiQDs: for ex-
ample, at 100 pg/mL, the viability was 71.17 4 2.71% for NG-Acid-SiQDs compared to
52.70 £ 2.47% for NG-Acid-PEO-SiQDs.

The comparative analysis of the photodynamic efficacy between NG-Acid-SiQDs
and NG-Acid-PEO-SiQDs provides insights into the performance of the two photosen-
sitizers under identical conditions. The observed differences in cell viability can be at-
tributed to the distinct chemical structures and functional groups of the SiQDs, which in-
fluence their interaction with the nanogel matrix and the generation of ROS upon light ac-
tivation. This analysis is critical for optimizing the design and application of SiQDs-based
photosensitizers in photodynamic therapy, demonstrating that NG-Acid-PEO-SiQDs are

more effective in inducing cell death through PDT mechanisms.

To further validate the observed differences in photodynamic efficacy between
NG-Acid-SiQDs and NG-Acid-PEO-SiQDs, a statistical analysis was performed using a
one-way ANOVA. The detailed results of this analysis are presented in Annex 3. This
appendix includes the methodology, data, and Python code used for the analysis, which
confirms that the differences in cell viability between the two treatments across the tested

concentrations are statistically significant (p < 0.05).
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CHAPTER VI

DISCUSSION

The synthesis of the nanogel via reversible addition-fragmentation chain transfer
(RAFT) polymerization represents a significant advancement in the field of nanomedicine.
RAFT polymerization is a controlled/living radical polymerization technique that allows
for precise control over molecular weight, composition, and architecture of the polymer
[157]. This method is particularly advantageous for synthesizing nanogels due to its abil-
ity to produce well-defined and uniform polymer networks, which are crucial for consis-

tent drug delivery and therapeutic applications.

In this study, the nanogel was synthesized using 2-methacryloyloxyethyl phos-
phorylcholine (MPC) and diethylene glycol methyl ether methacrylate (DEGMA), both
monomers selected for their biocompatibility. The RAFT polymerization process involves
the use of a chain transfer agent (CTA) to mediate the polymerization, providing con-
trol over the molecular weight and distribution of the polymer chains. The RAFT agent
used in this synthesis was 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (CPADB),
a common CTA known for its efficiency and reliability in RAFT polymerizations. The
polymerization was initiated by 4,4’-Azobis(4-cyanovaleric acid) (ACVA), which gener-

ates free radicals to propagate the polymerization.

The obtained Mn value of 10,936 g/mol for the MPC-macroCTA aligns with the
range reported in the literature for similar MPC-based polymers. A study on poly(MPC-
co-St) reported a number-average molecular weight (Mn) of approximately 10,000 g/mol,
which is in close agreement with this result, suggesting that the polymerization and purifi-
cation methods were effective and consistent with established techniques in the literature.

This close similarity in Mn values indicates that the polymerization process achieved the



desired control over molecular weight, essential for maintaining specific properties of the

MPC-based polymer [158].

A review on MPC polymers indicated that the Mn can be tuned from 10,000 to
100,000 g/mol by adjusting factors like monomer ratio, initiator concentration, and reac-
tion time [158]. This tunability is crucial for customizing the polymer properties to meet
specific application needs. In the context of a thermoresponsive nanogel application, an
Mn of 10,936 g/mol is suitable as it ensures adequate chain length for achieving the de-
sired thermoresponsive behavior while maintaining biocompatibility. Higher molecular
weights are typically associated with enhanced mechanical properties, but for a nanogel
system, the primary focus is on achieving responsive behavior and effective functional-
ity. Thus, the Mn value obtained in this study is appropriate for the intended application,
demonstrating that the synthesis conditions were well-controlled and suitable for produc-

ing the desired polymer characteristics.

Additionally, another study on MPC-BMA copolymers synthesized via a similar
RAFT polymerization approach reported an Mn of 7,400 g/mol for a polymer with 29%
MPC content. Although this value is somewhat lower than the result obtained here, it
highlights the influence of monomer composition and polymerization conditions on the
molecular weight of the final product. The higher Mn value of 10,936 g/mol suggests that
the specific conditions used in this synthesis—such as the monomer ratio, initiator con-
centration, and reaction time—were optimized to produce longer polymer chains, which

is beneficial for certain applications requiring higher molecular weights [159].

One of the critical advantages of RAFT polymerization in the synthesis of the
nanogel is the ability to achieve a high degree of control over the polymer architecture.
This control is evidenced by the narrow polydispersity indices (PDI) observed in the dy-
namic light scattering (DLS) results [160]. The nanogel synthesized via RAFT polymer-
ization exhibited PDIs of 0.296 and 0.238 at 25°C and 37°C, respectively, indicating a

uniform and well-defined polymer network. Such control over the polymer structure is
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essential for ensuring consistent drug loading and release profiles, which are critical for

effective therapeutic applications [151].

The comparative analysis of the nanogel at different temperatures, as shown in
Figure 5.11, highlights the thermoresponsive nature of the nanogel. At 25°C, the nanogel
exhibited an effective diameter of 469.4 nm with a PDI of 0.355, indicating a relatively
larger and more polydisperse particle size distribution. Upon increasing the temperature
to 37°C, which is closer to physiological conditions, the effective diameter significantly
decreased to 153.6 nm with a PDI of 0.113, indicating a much smaller and more uniform
particle size distribution. This change in size and uniformity is attributed to the thermore-
sponsive behavior of the DEGMA component, which causes the nanogel to collapse and

become more compact at higher temperatures [161].

These findings align with prior research demonstrating that thermoresponsive nanogels,
such as those synthesized using poly(N-isopropylacrylamide) (polyNIPAm), exhibit sig-
nificant reductions in size when exposed to physiological temperatures [162]. Some
nanogels utilize both temperature and reduction stimuli, enabling targeted delivery and
degradation in specific environments, such as tumor microenvironments rich in reduc-
tive conditions [163]. Additionally, studies on the long-acting drug release capabilities
of in situ forming implants have shown that tuning nanogel size can significantly im-
pact drug release kinetics [164]. Smaller nanogels with tighter pore structures provide
greater mechanical stability and sustained release profiles, which can enhance the con-
trolled delivery of therapeutic agents in applications such as photodynamic therapy. The
observed size reduction and uniformity at 37°C in this study suggest that the synthesized
poly(MPC-st-DEGMA) nanogel may offer improved drug encapsulation and release effi-

ciency, particularly for targeted therapies [161].
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Experimental studies frequently use spectroscopic parameters, such as optical den-
sity and turbidity measurements, to correlate the phase behavior of nanogels with tempera-
ture changes. Bandyopadhyay et al. [162] demonstrated that volume phase transition tem-
perature (VPTT) determination methods effectively capture the swelling-collapse behav-
ior of poly(N-isopropylacrylamide) (pNIPAm)-based nanogels, with significant changes
in hydrodynamic size and turbidity between 20°C and 50°C. These transitions highlight
the shift from a hydrophilic to a hydrophobic state as temperature increases, a property es-
sential for controlled drug delivery applications. Similarly, research on thermoresponsive
pNIPAm systems has shown a marked increase in turbidity at the VPTT [164], indicating
polymer network collapse and aggregation. These findings align with our observations,
where the thermoresponsive behavior of the DEGMA component in our nanogel system

exhibited a similar phase transition near 37°C.

The encapsulation capacity of nanogels is a critical factor influencing their func-
tionality and effectiveness in biomedical applications, such as drug delivery and photody-
namic therapy. At physiological temperatures (37°C), the thermoresponsive behavior of
nanogels can significantly enhance their encapsulation efficiency. This behavior, demon-
strated with DEGMA as a thermoresponsive component, results in a collapse of the poly-
mer network, reducing particle size and improving uniformity. This structural change
creates a more compact matrix ideal for encapsulating therapeutic agents or nanoparticles

such as Silicon Quantum Dots (SiQDs).

Support for this concept comes from studies demonstrating the effective encapsu-
lation of SiQDs in polymer matrices through techniques like miniemulsion polymeriza-
tion. For instance, Harun et al. [165] successfully encapsulated SiQDs and Au nanoparti-
cles (AuNPs) within polymer nanoparticles, achieving significant luminescence enhance-

ment due to the proximity of the nanoparticles in a compact polymeric environment. This
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indicates that a tightly packed structure, facilitated by temperature-induced collapse, en-
hances encapsulation and interactions between encapsulated components, leading to im-

proved functional properties.

Additionally, the structural adaptation of nanogels at 37°C aligns with enhanced
encapsulation efficiency. The reduction in nanogel size and increased uniformity at this
temperature create a stable and efficient environment for entrapping SiQDs, reducing
the loss of encapsulated material during further processes or applications. Encapsulation
within a dense polymer matrix has also been shown to protect SiQDs from environmental
degradation, enhancing their functional characteristics such as luminescence intensity and

photostability [165].

On the other hand, considering the other key monomer of the nanogel, MPC
emerges as an ideal candidate for enhancing the encapsulation of silicon quantum dots
(SiQDs). The zwitterionic nature of MPC provides exceptional colloidal stability and
resistance to non-specific protein adsorption [166], both of which are crucial for main-
taining the functionality of encapsulated SiQDs in biological environments. Studies have
shown that hydrogels functionalized with poly(MPC) exhibit high water retention (61.0%-
68.3%) and outstanding optical transparency (> 90%) [167], features that significantly

contribute to the stable and efficient encapsulation of SiQDs.

Furthermore, the zwitterionic properties of MPC enable a pH-responsive charge
behavior, enhancing the accumulation of SiQDs in tumor tissues by responding to the
acidic microenvironment [168]. This pH sensitivity facilitates targeted delivery while
preserving the stability and dispersibility of the SiQDs. Additionally, the hydrophilic
nature of MPC improves the dispersibility of SiQDs in aqueous media, as demonstrated in
studies where encapsulated SiQDs exhibited improved hydrolytic stability and sustained

fluorescence [109].

Moreover, the incorporation of silicon quantum dots (SiQDs) into the nanogel ma-
trix was achieved without compromising the structural integrity of the nanogel. NMR
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spectra confirmed the successful encapsulation, displaying characteristic peaks corre-
sponding to both the nanogel and the SiQDs [169]. The preservation of the functional
groups on the SiQDs post-encapsulation indicates that the process relied on non-covalent
interactions, primarily electrostatic forces between the negatively charged carboxyl groups

on the SiQDs and the polar regions of the nanogel.

Nanogel formulations encapsulating two types of functionalized SiQDs demon-
strated varying biocompatibility and cytotoxicity profiles across different cell lines and
concentrations. The selected concentration range (0, 10, 25, 50, 100, 250, and 300 pzg/mL)
follows established protocols for in vitro cytotoxicity testing of nanomaterials. This range
is consistent with studies such as those by Peivandi et al. [170], which explored concen-
trations of 0, 1, 10, 50, 100, and 200 ug/mL, demonstrating a dose-dependent effect on

cell survival.

For the HDFa cell line, the primary aim was to assess the safety and compatibil-
ity of the nanogel formulations. Examining a broad concentration spectrum enabled the
determination of both non-cytotoxic doses (viability > 80%) and thresholds for potential
cytotoxic effects. The high cell viability observed across all tested concentrations un-
derscores the biocompatibility of the nanogels. Even at 300 pg/mL, NG-Acid-SiQDs and
NG-Acid-PEO-SiQDs maintained viabilities of 98.6% and 89.9%, respectively. This indi-
cates their suitability for applications in non-cancerous tissues such as skin regeneration.
The slightly lower viability of NG-Acid-PEO-SiQDs compared to NG-Acid-SiQDs may
reflect their higher encapsulation efficiency (91.7%), leading to greater cellular uptake and

interactions, though remaining well within acceptable biocompatibility thresholds.

In the case of HeLa cells, the focus was on assessing the release dynamics of
SiQDs from the nanogels and their photodynamic therapeutic potential. Higher concen-
trations (up to 100 pug/mL) were included to ensure sufficient release of SiQDs and to

evaluate their effects under conditions that simulate therapeutic dosing. The inclusion of
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intermediate concentrations provides a detailed understanding of dose-response relation-
ships, ensuring both efficacy and safety in targeted photodynamic therapy applications.
Therefore, the photodynamic response revealed significant cytotoxicity at higher concen-
trations. At 300 ug/mL, NG-Acid-SiQDs reduced cell viability to 49.2%, while NG-Acid-
PEO-SiQDs achieved a dramatic reduction to 11.2%. This enhanced efficacy can be at-
tributed to the optimized encapsulation and delivery properties of NG-Acid-PEO-SiQDs,
driven by PEO functionalization. The increased intracellular concentration of NG-Acid-
PEO-SiQDs facilitated greater ROS generation upon light activation, resulting in a potent

photodynamic effect.

Achieving cell viabilities below 50%, as observed with NG-Acid-PEO-SiQDs
(11.2%) and NG-SiQDs (49.2%) at 300 ug/mL, is a strong indicator of potent ROS activity
and its cytotoxic effects. Such low viability levels signify a severe disruption of cellular
redox balance, leading to oxidative damage and subsequent cell death [171]. Cancer cells,
inherently more sensitive to elevated ROS due to their higher basal oxidative stress, are
particularly vulnerable to these effects. Similarly, a study also identified a significant drop
in viability below 50% as a critical threshold, correlating with elevated ROS production
induced by increasing doses of aflatoxin B1 [172]. These findings strongly corroborate
the role of ROS in enhancing the photodynamic efficacy of NG-Acid-PEO-SiQDs, estab-

lishing their capability to induce potent cytotoxic effects at therapeutic doses.

The activation of SiQDs as photosensitizers in this study was achieved using near-
infrared (NIR) light, which offers superior tissue penetration compared to UV or visible
light. SiQDs are highly effective for PDT due to their tunable absorption properties in
the NIR region and their efficient generation of ROS. Upon NIR activation, SiQDs gen-
erate ROS through mechanisms such as direct photosensitization, where energy transfer
to nearby oxygen molecules produces singlet oxygen (*Os), and electron transfer, which
generates superoxide radicals (O3) [173]. These ROS are highly reactive and induce ox-

idative damage to cellular components, ultimately causing apoptosis or necrosis in cancer
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cells.

The superior photodynamic efficacy observed with NG-Acid-PEO-SiQDs can be
attributed to their higher encapsulation efficiency and enhanced intracellular accumula-
tion, resulting in greater ROS generation upon NIR activation. This aligns with previous
studies that highlight SiQDs as biocompatible and efficient NIR-activated photosensitiz-
ers, with the added advantage of avoiding the heavy metal toxicity associated with tradi-
tional semiconductor quantum dots. The increased payload of Acid-PEO-SiQDs within
the nanogel correlates with the significant reduction in HeLa cell viability, particularly
at concentrations above 100 ug/mL, as evidenced by their pronounced photodynamic re-
sponse [20], [174]. These findings underscore the importance of optimizing functional-
ization and dosing parameters to maximize ROS generation and therapeutic efficacy while

maintaining selective cytotoxicity in PDT applications.

This photodynamic potential is further supported by the observed differences in
encapsulation efficiencies and particle sizes between Acid-PEO-SiQDs and Acid-SiQDs,
emphasizing the critical role of PEO functionalization in enhancing the properties of
SiQDs. Acid-PEO-SiQDs achieved a significantly higher encapsulation efficiency of
91.7% within the nanogel, surpassing that of Acid-SiQDs. This higher efficiency allows
for a greater payload of Acid-PEO-SiQDs, directly influencing their photodynamic effi-

cacy by increasing the availability of SiQDs for ROS generation upon light activation.

PEO functionalization plays a pivotal role in this enhanced performance. By form-
ing a stabilizing layer around SiQDs, PEO prevents agglomeration, reduces particle size,
and ensures uniform distribution within the nanogel matrix [175]. Additionally, the hy-
drophilic nature of PEO improves the solubility and stability of SiQDs in physiological
environments, minimizing nonspecific protein adsorption and reducing unwanted cellu-
lar interactions. This enhances the selectivity for target cells [176]. Furthermore, PEO
surface modifications reduce immune responses and promote cellular uptake, as demon-

strated by the comparative analysis of NG-SiQDs and NG-Acid-PEO-SiQDs.
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The contrasting outcomes in HDFa and HeLa cells underscore the dual function-
ality of the nanogels: preserving biocompatibility in healthy cells while inducing signif-
icant cytotoxic effects in cancerous cells. The pronounced therapeutic effect observed
at 300 ug/mL in HeLa cells highlights the potential of these nanogels in targeted PDT,
with NG-Acid-PEO-SiQDs demonstrating superior efficacy. This underscores the criti-
cal role of functionalization in enhancing the photodynamic properties of SiQDs, as the
polyethylene oxide (PEO) modification not only improves encapsulation efficiency but

also facilitates enhanced cellular uptake and ROS production under NIR activation.

These findings position NG-Acid-PEO-SiQDs as a promising therapeutic agent
for PDT applications, combining high efficacy with excellent biocompatibility. Future
research should focus on optimizing dosing parameters, including concentration and light
exposure, while further investigating the mechanisms governing cellular uptake, ROS gen-
eration, and selective cytotoxicity. Advancing our understanding of the functionalization
and behavior of SiQDs within nanogels will be crucial for their safe and effective integra-

tion into in vivo studies and, ultimately, clinical applications.
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CONCLUSIONS

. A copolymer nanogel was successfully synthesized using RAFT polymerization
with 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC) and Di(ethylene glycol)
methyl ether methacrylate (DEGMA) as monomers. This method ensured precise

control over polymer architecture.

. The nanogel effectively encapsulated two types of functionalized silicon quantum
dots (SiQDs): Acid-SiQDs and Acid-PEO-SiQDs. Encapsulation efficiencies reached
91.7% for Acid-PEO-SiQDs and 85.9% for Acid-SiQDs, demonstrating the nanogel’s
capacity to incorporate high payloads. The higher encapsulation efficiency of PEO-
functionalized SiQDs further enhances their photodynamic potential, making them

a promising candidate for therapeutic applications.

. Characterization of the nanogel and SiQDs encapsulation confirmed the presence of
functional groups through '"H NMR and demonstrated thermoresponsive behavior
via DLS analysis. At physiological temperatures, the nanogel exhibited reduced
particle size, promoting stability, uniformity, and effective encapsulation, which are

crucial for consistent therapeutic delivery.

. Biocompatibility tests using HDFa cells revealed high cell viability (greater than
80%) across all tested concentrations of NG-SiQDs and NG-Acid-PEO-SiQDs, in-
dicating minimal cytotoxic effects. These results confirm their suitability for appli-

cations in non-cancerous tissues, such as skin regeneration.

. Photodynamic efficacy tests showed that NG-Acid-PEO-SiQDs had a significantly
greater cytotoxic effect on HeLa cells compared to NG-SiQDs, reducing viability
to 11.2% at 300 ug/mL. This enhanced therapeutic performance is attributed to the
PEO functionalization, which improves ROS generation and cellular uptake under

NIR light activation.
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RECOMMENDATIONS

Although RAFT polymerization provides superior control over the molecular weight
and architecture of the nanogel, the presence of residual chain transfer agents and other
reagents could compromise the purity of the final product. It is essential to implement rig-
orous purification processes to remove these residuals, ensuring the safety and biocompat-
ibility of the nanogel for biomedical applications. Future work should focus on optimizing
these purification methods and employing advanced characterization techniques, such as
Transmission Electron Microscopy (TEM), to analyze the structural integrity and purity

of the nanogel.

While 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC) and Di(ethylene gly-
col) methyl ether methacrylate (DEGMA) offer notable advantages in terms of biocom-
patibility and functionality, their scalability and cost could hinder widespread application.
It is critical to develop cost-effective synthesis methods and scale-up production processes
to make these advanced nanogels accessible for clinical use. Additionally, future research
should explore alternative materials or synthesis strategies to reduce costs while preserv-

ing the nanogel’s desirable properties.

The current study focused on in vitro analyses, which, while highly informative,
cannot fully replicate the complexity of living organisms. In vivo studies are essential to
validate the safety, efficacy, and biodistribution of the nanogel formulations in a physi-
ological context. Future research should prioritize comprehensive in vivo testing to bet-
ter understand the nanogel’s therapeutic effects and behavior within biological systems.
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Moreover, testing in biomimetic models, such as 3D-printed tumor microenvironments,
could provide more accurate predictions of the nanogel’s performance in clinical settings

by replicating the complexities of tumor microenvironments.

It is also crucial to investigate the long-term stability and storage conditions of the
nanogel to ensure consistent performance over time. Ensuring that the nanogel retains
its structural integrity and functional properties during storage is vital for its successful
translation into clinical use. Future studies should conduct accelerated aging tests and
stability assessments under various environmental conditions to establish reliable storage

protocols and shelf-life predictions.

The benefits of polyethylene oxide (PEO) functionalization observed in this study
may have broader implications for other types of silicon quantum dots (SiQDs) and
nanoparticles. Future research should investigate the generalizability of PEO modification
to optimize its application across diverse nanoparticle systems. This includes exploring
PEQ’s impact on stability, biocompatibility, and therapeutic efficacy when used with dif-

ferent nanoparticle cores, which will inform the design of versatile therapeutic platforms.

Finally, for more reliable and reproducible results, the MTT assay should be per-
formed in triplicate to minimize variability. Statistical analyses beyond one-way ANOVA,
such as post-hoc tests or multi-factorial analyses, should be considered to gain deeper
insights into the data. These methods will enhance the robustness of conclusions and

provide a stronger foundation for future developments in nanogel-based therapies.
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ANNEXES

6.1 Annex 1. Protocol - Gel Permeation Chromatography (GPC) of MPC-macroCTA

Gel Permeation Chromatography (GPC) is a technique used to measure the molec-
ular weight distribution of polymers. It separates molecules based on their size, with larger
molecules eluting first and smaller molecules eluting later. This protocol outlines the steps

for measuring a sample of MPC-macroCTA using GPC.

6.1.1 Steps for GPC Analysis

6.1.1.1 Sample Preparation

* Ensure the sample is dissolved in a solvent compatible with the column and detector.

The solvent should not interact with the sample or the column packing material.

6.1.1.2 Column Selection

* Choose a column with the appropriate pore size to match the target molecular
weight range of the sample. For wide molecular weight distributions, multiple

columns can be used in series or a mixed gel type column can be employed.
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6.1.1.3 Injection and Elution

* Inject the sample into the column and allow it to elute. The elution order is deter-

mined by the size of the molecules, with larger molecules eluting first.

6.1.1.4 Detection

» Use detectors such as refractometers, UV detectors, light scattering detectors, and
viscometers to measure the molecular weight distribution. A triple detector ap-

proach (RI, UV, and light scattering) provides comprehensive data.

6.1.1.5 Data Analysis

* Process the data using software to calculate the molecular weight distribution and
average molecular weights. The peak shape and width indicate the breadth of the

molecular weight distribution.
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6.2 Annex 2. Differential Scanning Calorimetry (DSC)

In Differential Scanning Calorimetry (DSC), exothermic peaks, represented as
downward deflections in the thermogram, signify the release of heat due to structural
changes such as crystallization or chemical reactions within the material. The rate of
weight change (%/°C) in this analysis provides additional insight into the thermal decom-

position dynamics of the nanogel and its encapsulated system.

The DSC thermogram presented in the figure reveals distinct thermal behavior for
the two samples. The red curve, representing the neat nanogel, exhibits a pronounced
exothermic peak at approximately 400.88°C. In contrast, the green curve, corresponding
to the Acid-SiQDs-loaded nanogel, shows a similar exothermic peak at a slightly lower
temperature, around 381.89°C. This shift indicates that the incorporation of silicon quan-

tum dots alters the thermal stability of the nanogel matrix.

FIGURE 6.1: Differential Scanning Calorimetry (DSC) curves for the nanogel and Acid-

SiQDs-loaded nanogel, showing heat flow against temperature. The blue line represents

the nanogel without Acid-SiQDs, while the red line represents the nanogel with encapsu-
lated Acid-SiQDs.

157



The sharper and more defined exothermic peak in the neat nanogel reflects a more
abrupt thermal event, likely associated with the uniform decomposition of its polymer
network. On the other hand, the slightly reduced intensity and lower peak temperature
of the Acid-SiQDs-loaded nanogel suggest that the presence of silicon quantum dots dis-
rupts the polymer structure, reducing its thermal resistance. These findings are consistent
with the earlier TGA results, where the nanogel encapsulating Acid-SiQDs demonstrated
enhanced stability at lower temperature ranges but began decomposing earlier compared

to the neat nanogel.

This DSC analysis supports the TGA conclusion that embedding silicon quantum
dots into the nanogel matrix affects its thermal stability. While the neat nanogel undergoes
more abrupt thermal decomposition, the Acid-SiQDs-loaded nanogel shows a broader and
more gradual thermal response, consistent with interactions between the silicon quantum
dots and the polymer matrix. These interactions likely facilitate controlled thermal events,
validating the compatibility of this system for applications requiring specific thermal be-

haviors.
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6.3 Annex 3. Statistical Analysis (One-Way ANOVA)

The purpose of this analysis was to determine whether significant differences exist
in the cell viability percentages (%) between the treatments (NG-SiQDs and NG-Acid-
PEO-SiQDs) across the tested concentrations. A one-way ANOVA was used to assess

statistical significance.

The concentrations tested and the corresponding cell viability (%) for each treat-

ment are presented in Table 6.1.

TABLE 6.1: Cell Viability (%) for NG-SiQDs and NG-Acid-PEO-SiQDs under Different

Concentrations
Concentration (pg/mL) | NG-SiQDs (%) | NG-Acid-PEO-SiQDs (%)
10 80.60 + 6.65 69.93 £ 6.08
25 79.76 £+ 6.02 62.80 £5.29
50 73.60 £ 3.78 61.32 +£9.16
100 71.17 £2.71 52.70 £ 2.47
250 69.87 £ 0.65 19.03 £ 2.76
300 49.24 4+ 0.00 11.22 £ 2.37

A one-way ANOVA was conducted to evaluate the differences in cell viability be-
tween the two treatments. The viability values (%) were treated as a continuous dependent
variable, and the treatments (NG-SiQDs and NG-Acid-PEO-SiQDs) served as categorical

independent variables.

The analysis was performed using Python with the scipy.stats library. The

code snippet used for this analysis is provided below:

import pandas as pd

from scipy.stats import f_oneway

# Data
data = {
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"Concentration (pg/mL)": [10, 25, 50, 100, 250, 300],
"NG-SiQDs NIR": [80.60, 79.76, 73.60, 71.17, 69.87, 49.24],
"NG-0x3SiQDs NIR": [69.93, 62.80, 61.32, 52.70, 19.03, 11.22]

# Convert to DataFrame

df = pd.DataFrame (data)

# Perform ANOVA
anova_result = f_oneway (df ["NG-SiQDs NIR"], df["NG-oxSiQDs NIR"])

print (anova_result)

Results

The ANOVA analysis produced the following results:

o F-statistic: 19.57

e p-value: 0.00069

The p-value obtained (p < 0.05) indicates that the differences in cell viability
between the two treatments are statistically significant. This confirms that the functional-
ization of SiQDs (NG-SiQDs vs. NG-Acid-PEO-SiQDs) has a meaningful impact on their

cytotoxicity under the tested conditions.

The results of the ANOVA demonstrate that the differences in HeLa cell viability
between NG-SiQDs and NG-Acid-PEO-SiQDs are not random. The significant decrease
in cell viability observed with NG-Acid-PEO-SiQDs, especially at higher concentrations,
can be attributed to their enhanced ROS generation and improved delivery properties, as

discussed in the main text.
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