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carrying 50 pg/ml Sn NC on three individual cells before and after
hotothermal.
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5.10

(A-E) Typical photographs that exhibit the normal morphology of Heart,
Kidneys, Lungs, Spleen, Liver treated rats after single-dose intravenous
administration of Sn nanocrystals at concentrations of Q;=0.7908 mg/ml, Q,=
1.0544 and Q;= 1.5816 mg/ml. (F-J) Effect of single dose intravenous
administration of Sn nanocrystals at concentrations of Q;=0.7908 mg/ml, Q,=
1.0544 and Qs;= 1.5816 mg/ml on highly perfused organs like Heart, Kidneys,)
ILungs, Spleen, Liver , stained with eosin and hematoxylin, showcasing the
intricate  structures within. (K-L) Effect of single dose intravenous
administration of different concentrations of tin nanocrystals on body weight
and average food consumption at various intervals during 14 days of the
experimental protocol. All values are displayed as meantSD (n=6 male
rat/group). (A statistical analysis method consisting of a two-way analysis of
variance, followed by Bonferroni post hoc test).
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5.11

(A-E) Effect of single dose intravenous administration of Sn nanocrystals on
organ coefficient of Heart, Kidneys, Lungs, Spleen, Liver after end of
experimental protocol. All values are displayed as meantSD (n=6 male
rat/group). (One-way ANOVA, followed by Turkey’s multiple comparison
post hoc test). (F-J) Effect of single dose intravenous administration of Sn
nanocrystals on serum concentration of Heart, Kidneys, Liver, Lungs, after|
end of experimental protocol. All values are displayed as mean+SD (n=6 male
rat/group). (One-way ANOVA, followed by Turkey’s multiple comparison

ost hoc test).
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Preface and Thesis Organization

Nanomaterials are gaining compelling interest among various scientific communities
owing to their vast applications in the area of energy, health and environment. Over the
decades, ample amount of work has been done on nanomaterials due to their unique opto-
electronic properties when compared to the bulk materials. Among various nanomaterials
investigated, nobel metals such as Au, Ag and Cu are most popular fluorescent material
owing to their several unique properties like fluorescence, near infrared absorption,
catalytic capability, and enzymatic settings. In recent years, the research is turning out to
create more biocompatible materials owing to existence of long-term toxicity during in-
vivo study on nobel metals. Herein, an attempt to synthesize fluorescent biocompatible
nanomaterials based on alkaline earth metal has been taken up, to harness their multicolor
emission. To synthesize such type of ultra-small clusters, a low cost protein Bovine
Serum Albumin (BSA) is utilized and leaf extract is used as a reducing agent. Such type
of synthesis uses BSA protein and leaf extract can be abbreviated as bio-mineralization
based synthesis, and these clusters in the current study are basically used as a bio imaging
agent. The synthesized fluorescent nano clusters (CaCO3) demonstrate an average size of
around 1.3 nm, exhibiting fluorescence lifetimes that range from 1.05 ns to 30.60 ns.
These clusters contain varying numbers of atoms, ranging from 16 to 936 molecules.
Additionally, their penetration depths, ranging from 4 pm to 6 um, are attributed to their
diverse sizes, highlighting their adaptability for a wide range of applications.
Additionally, the research highlights the biocompatibility of these clusters, as indicated
by an observed increase in cell viability over a 7-day incubation period. On the contrary,
understanding nucleation kinetics of ultra-small clusters at high temperatures provides
critical insights into the thermodynamic behavior of the system, including the activation
energy required for nucleation. This knowledge is instrumental in designing efficient
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synthesis routes and predicting the stability of resulting clusters across varying
conditions. Moreover, this understanding allows researchers to tailor the synthesis process
to optimize cluster properties for specific applications, enhancing their performance and
functionality in catalysis, optics, and biomedical fields. Hence, the next research was
focused towards the calculation of nucleation rate of ultra-small clusters in high
temperature range (100 °C- 600 °C). But there was no engineered technology to calculate
the same mathematically. To address this issue, I employed thermogravimetric (TGA)
analyses to assess the nucleation rate of ultra-small clusters across a high-temperature
range (100 °C- 600 °C) and varying conversion levels (0.1-0.9). Through this method,
numerical parameters such as the activation energy (128.041 kJ mol™") with a systematic
error of <0.005, and the pre-exponential kinetic factor (10201030 min™') were
determined. Additionally, nucleation rates corresponding to different temperature
increments were elucidated: at 10 °C min~': 22,337, 15 °C min"": 33,636 min ', and 20
°C min': 88,140. The interfacial energy with temperature was also analyzed, revealing
values of 66.77 mJm > at 10 °C min", 67.39 mJm > at 15 °C min_', and 68.05 mJm > at
20 °C min"". The temperature required for crystallization (500 °C) was highlighted,
providing crucial insights into the synthesis process and the thermodynamic behavior of
the clusters. Moreover, the development of a bioimaging agent for diagnosing diseases
such as cancer is a crucial step in early detection and treatment planning. The clusters
being within the 10 nm barrier of kidney filtration limit and the constituent elements
present in the cluster are among one of the elements already present in the body, its
metabolism will only lead to formation of harmless by products such as CO, and calcium,
which underscores their biocompatibility and safety for medical use. However, for the
treatment of cancerous tissues, a different approach is required. Thus, tin (Sn)

nanoparticles have been selected for their biocompatibility, small size (less than 10 nm),

XXii



and high photothermal efficiency (42.4%). Hence these nanoparticles hold promise for
targeted cancer therapy, delivering localized heat to cancer cells while minimizing
damage to healthy tissues. This dual approach, employing bioimaging agents for
diagnosis and therapeutic nanoparticles for treatment, highlights the multifaceted nature
of nanotechnology in healthcare, offering innovative solutions for combating diseases like
cancer. But synthesis of alpha tin nanoparticles at room temperature were understood
challenging owing to their instability under ambient conditions. Many scientific groups
synthesized alpha tin nanoparticles with the help of large sized substrates (>70 nm) like
CdTe, InSb and silicon with matching lattice constant and used high temperature for the
synthesis. To address this issue, we successfully synthesized alpha tin nanocrystals in
solvent water at ambient temperature without utilizing any bulky substrates by tuning
their direct band gaps. Hence, the current synthesis includes the synthesis of substrate free
tin nanocrystals and their biomedical applications. With a photothermal efficiency of
42.4%, it efficiently converts light into heat for therapeutic use. Stable at room
temperature, it ensures practicality in various settings. Its strong absorption in the NIR
region (800-1100 nm) indicates its suitability for targeted therapies. In-vivo studies on
Wister rats report no adverse effects on vital organs, affirming its safety. The absence of
poisonous substances in synthesis underscores its biocompatibility. With a promising
potential for cancer treatment, it demonstrates efficacy under low-power NIR light
(0.83W/cm?). Cellular response prediction is facilitated by FFT-weighted images on a
scale from 0 to 100, allowing precise evaluation. With ultra-small, free-standing tin
nanocrystals arranged in a diamond-cubic structure, measuring just 4.9 nm, this material
exhibits highly desirable physical properties. Synthesized in aqueous phase using

deionized water, it offers versatility and compatibility with biological systems. Hence,
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this thesis is mainly consisting of six chapters followed by references and publications

list. A brief introduction about separate chapters is demonstrated below;

Chapter 1 includes the detailed investigation about the requirement of biocompatible
nanoclusters, and a brief description about pros and cons of various cancer diagnostic and
treatment tools. The various new methods for metallic cluster synthesis such as chemical,
hydrothermal, biomineralization, microwave, sonochemical, photochemical, and chemical
etching routes are discussed in current chapter. The reason of selection of
biomineralization synthesis method was also discussed in the current chapter. In spite of
above, reason of selection of optical fluorescence imaging and photothermal therapy is
also discussed in detail. Ultimately a brief paragraph on problem statement is defined.
Chapter 2 includes development of metallic fluorescent clusters and their properties,
followed by the development of many synthesis techniques for fabricating nano systems
based on Ca and Mg. The luminescent properties of various CaS phosphors were
investigated and their flaws are also provided in the literature survey. More over
development of fluorescent magnesium clusters were also mentioned in the literature
review. On the other hand, hurdles to the calculation of nucleation rate and interfacial
energy at high temperature and respective conversions are also addressed. Tin
nanoparticles development are also discussed in the literature survey. Problem statement
and objective of the thesis are also discussed.

Chapter 3 provides the synthesis of fluorescent CaCOj5 prenucleation clusters with high
cellular uptake, low toxicity, eminent photostability, astonishing biocompatibility,
excellent water dispersibility, and low cost of synthesis. Besides, such CaCO3; material
can easily get decomposed inside the body producing CO, and water as decomposition
products. Besides high reactivity of magnesium and calcium, the synthesis of fluorescent

BSA protected magnesium clusters (Mg-S) opens a new avenue for synthesis of BSA
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capped CaCOj; prenucleation nanoclusters (FCPN). To perform such synthesis, M.oleifera
leaf extract is used as reducing agent. To restrict the size of the CaCOj3, non-toxic, low
cost and readily available, BSA protein was used as a capping and stabilizing agent.
Chapter 4 discusses computation of J, (kinetic energy barrier) at high temperature and
respective conversion for BSA capped CaCO; prenucleation clusters (CCPN) (1-2nm). A,
(pre-exponential kinetic factor) for CaCOj; prenucleation clusters was determined through
differential function f(a) linked to random nucleation process. This is the first time that
TGA technology was used to calculate the nucleation rates and interfacial energy of such
ultra-small nanoclusters at high temperatures and respective conversions followed by start
of random nucleation within the matrix of CCPN through distortion of kinetic and
thermodynamic boundary. The randomness of third-order nucleation was demonstrated
using z(a) master plots. Moreover, thermodynamic parameters such as AG, AH, and AS
were computed to estimate thermodynamic barrier required for nucleation to occur.
Experimentally the existence of nucleation in CaCO; pre-nucleation clusters to
Calcite/CaS crystal was performed at the high temperature (500 °C).

Chapter 5 discusses noteworthy global challenge that addresses the synthesis of alpha tin
nanocrystals in their substrate-free form along with their beta counterparts, at ambient
temperature. The reduction chemistry is utilized to create ultra-small free-standing tin
nanocrystals, which are then employed at the interface of engineering and biology,
utilizing sophisticated mathematical modeling through FFT, in-vivo toxicological
assessments in Wistar rats, and in-vitro photothermal analyses, which have never been
conducted before. The rapid disclosure of the substrate-free tin nanocrystals fabrication
process is expected to have extensive implications not only in the realm of biological
applications, but also in various other domains, such as superconductivity, the

development of layered films similar to graphene materials, lithium-ion batteries and so
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on. Thereby, this innovation for synthesizing substrate-free alpha tin nanocrystals in
solvent water at ambient temperature marks a significant achievement. These nanocrystals
diminutive size, has allowed them to be used for the first time in biological applications.
This straightforward, one-pot synthesis technique offers a promising avenue for
unlocking their tremendous potential in the impending future.

Chapter 6 discusses the conclusions and future scope for all the developed materials for
various biomedical applications and their nucleation rate and interfacial energy analysis at
high temperature and respective conversion at high temperature by adopting

thermogravimetric (TGA) analysis.
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