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ABSTRACT

Nanotechnology has revolutionized biomedical and environmental sciences through the
development of multifunctional nanomaterials with applications in theranostics and metal ion
sequestration. This thesis explores the synthesis, characterization, and application of
nanomaterials designed for multifunctional use in disease diagnosis, treatment, and
sequestration of metal ions for environmental remediation. The study focuses on the
development of responsive nanomaterials capable of targeted drug delivery, multimodal
imaging, and efficient metal ion sequestration. The subject matter of the thesis has been divided

into five chapters.

Chapter 1 provides a comprehensive overview of recent advancements in
nanomaterials, emphasizing their role in theranostics and environmental applications. Various
organic (carbon-based, polymeric, and dendritic) and inorganic (metal, metal oxide, and
mesoporous silica) nanomaterials are discussed, highlighting their structural and functional

properties that enable selective and efficient biomedical and environmental applications.

Chapter 2 details the development of a nanoapatite loaded injectable cryogel composed
of polyvinyl alcohol and k-carrageenan for hemostasis and wound healing. The cryogel,
infused with an antimicrobial drug, promotes rapid blood coagulation and sustained
antibacterial effects. The study demonstrates the effectiveness of calcium, magnesium, and
phosphate ions in facilitating coagulation factor activation and platelet aggregation, ensuring

efficient wound healing.

Chapter 3 presents the synthesis and application of tri-functionalized mesoporous
silica nanoparticles for the diagnosis and therapy of prostate cancer. The nanoparticles are
functionalized with a choline-derived targeting ligand for selective binding to prostate cancer

cells and a chelating agent for ™Tc labeling, enabling enhanced Single Photon Emission
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Computed Tomography imaging. Docetaxel is incorporated within the pores for effective
chemotherapy. The results indicate enhanced cellular uptake, improved cytotoxicity, and high
imaging contrast, demonstrating the potential of these nanoparticles in targeted prostate cancer

theranosis.

Chapter 4 explores the targeted drug delivery and imaging of bone metastases using a
bisphosphonate derivative of alanine grafted on mesoporous silica nanocarriers. The
nanoparticles are designed for selective accumulation in metastatic bone tissues, with
alendronate acting as an osteoporotic drug. SPECT imaging is facilitated by **™Tc chelation,
allowing real-time tracking of drug distribution. The controlled release of alendronate ensures
sustained therapeutic efficacy, highlighting the clinical potential of these nanocarriers in

theranosis of bone metastasis.

Chapter 5 is a spinoff study of environmental applications by examining the
sequestration of uranyl ions using bisphosphonate-functionalized mesoporous silica
nanoparticles compared to the amine-functionalized nanoparticles. The synthesized sorbent
exhibited high adsorption capacities under various physicochemical conditions, demonstrating
their efficiency in metal ion removal. Adsorption isotherm and kinetic studies confirm rapid

and selective uranium binding, making it a promising candidate for environmental remediation.

Overall, this research establishes the versatility and effectiveness of multifunctional
nanomaterials in theranostics and metal ion sequestration. The findings contribute to the
advancement of nanomedicine and environmental science, offering innovative solutions for
disease treatment and heavy metal detoxification. Future research will focus on in vivo
evaluations, clinical trials, and scalability to enhance the translational potential of these

nanomaterials in healthcare and environmental sustainability.
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in rats. b) Time taken for hemostasis. ¢) Mass of blood loss
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after application of PC and PCW4 with comparison to sham
control (***p < 0.001; * p < 0.5).

2.20

a, b) Photographic images of different cryogels treated agar
plates depicting antibacterial potency of PC, PCW4, PCD,
and PCWD gels against a) E. coli and b) S. aureus
respectively (The zone of inhibition is represented by black
circles). ¢) Graphical representation of zone of inhibition
observed after treatment with the above-mentioned cryogels
for E. coli and S. aureus, respectively. Each value represents
mean £ SEM, where PCW4, PCD, and PCWD are compared
with bare cryogel PC. *p <0.05; **p<0.01; ***p<0.001.
The experiments were performed in triplicate.
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221

Scratch assay depicting the migration of 1L929 cells after
treatment with cryogels at 12 and 24 h a) Images illustrating
the extent of scratch closure under optimal conditions [scale:
500pum]. b) Graphical representation correlating qualitative
results obtained from wound closure where each value
represents mean+ SEM (n = 3). Comparison a: PC, PCW4,
PCD, PCWD compared with control at 24 h; b: PC, PCW4,
PCD, PCWD compared with control at 48 h. Significance "p
>0.05; *p <0.05; ***p <0.001
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222

In vivo wound healing analysis after application of novel
synthesized cryogels a) Image of wound contraction by
different formulations on 0, 4, 7, 10, and 14 days post
excision. b) Percentage wound contraction post treatment on
0,4, 7,10 and 14 days. Each value represents mean = SEM (n
= 6). c) Images depicting histopathology of skins in different
groups of animals (Magnification: 4x, 10x, 40x; scale:
500um). Yellow star represents granulation, black arrow: scab
tissue and mononuclear cells, black arrow head: collagen
deposition, red arrow: hair follicles, green arrow head: sebum
glands, blue arrow: reepithelization]. d) Median
histopathological scores following wound healing as
evaluated by modified 0—4 scale where, 0 ~ absence, 1~
occasional presence, 2 ~ light scattering, 3 ~ abundance and 4
~ confluence of cells or fibers. Each value represents mean +
SEM (n = 6). Comparison: animals in PC, TD, PCW4, PCD,
and PCWD groups compared with control animals (n = 6).
Significance ns p > 0.05; *p <0.05; **p <0.01; ***p <0.001.
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2.23

Viability of L1929 fibroblast cells following cryogels
treatment; (a) percentage of cell viability as indicated by MTT
assay at 24 and 48 h, where each value represents mean +
SEM (n=3). (b) Micrographic images representing
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cytocompatibility of the novel cryogels after calcein AM/PI
(live/dead) staining of L9209 cells at 24 and 48 h, respectively
(scale: 100 um). (c) Graphical representation of live and dead
cells at 48 h, where each value represents mean + SEM (n =
3), comparisons: PC, PCW2, PCW4, PCD, and PCWD are
compared with control. (d) Photographic depiction of
morphological alterations in cells following various
treatments at 48 h (scale: 100 pm), comparisons: PC, PCW2,
PCW4, PCD, and PCWD are compared with control.
Significance nsp > 0.05.
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3.13

a) In vitro drug release from synthesized MSNCHDT at
varying pH values; b) Bar graph representing the % hemolysis
of MSNCHDT@DTX w.r.t positive and negative control; c)
Bar graphs serum stability of *™Tc-MSNCHDT@DTX
nanoparticles; d)  Blood  clearance  for  *™Tc-
MSNCHDT@DTX nanoparticles.
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3.14

Cell viability of PC-3 cells following NP treatment by MTT
assay after a) 24 and b) 48 h, where each value represents
mean = SEM (n=3), MSN-NH>, MSNCHDT, free DTX,
MSN@DTX, MSNCHDT@DTX are compared with control.
Significance ***p<0.001; c¢) Apoptotic cell death studies in
PC-3 cells after treatment with MSN-NH,, MSNCHDT, free
DTX, MSN@DTX, MSNCHDT@DTX as performed by
annexin V-Alexa fluor 647(a647)/PE double staining and
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[-], early apoptotic cells (Q4): annexin V [+] and PE [-], late
apoptotic cells (Q2): annexin V [+] and PE [+], necrotic cells
(Q1): annexin V [-] and PE [+]].
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3.15

a) In vitro cellular uptake of the synthesized NPs determined
through analysis of side scattering intensities of flow
cytometry; b) graphical representation of cellular uptake
where each value is represented as mean = SEM (n=3).
Comparisons: all groups with control, a= MSNCHDT@DTX
and MSNCHDT@DTX + choline derivative (blocker) with
MSN-NH>@DTX; b = MSNCHDT@DTX + choline
derivative (blocker) with MSNCHDT@DTX.
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3.16

Fluorescence microscopy exhibiting photomicrographic
representation of PC-3 cells following treatment with MSN-
NH@DTX, MSNCHDT@DTX, and cells co-incubated with
MSNCHDT@DTX + choline derivative [where DAPI, blue
stain: Nucleus; FITC, green stain: nanoparticles]. The scale
bar represents 100um.
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3.17

a) Scintigraphy images after IV injection of *'™Tc-
MSNCHDT@DTX I, 2, 3 h post-injection; b)
Biodistributions of *™Tc-MSNCHDT@DTX in tumor-
bearing mice with various time durations c¢) Photographs of
nude mice used in the experiment.
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4.1

Schematic representation of the cellular and biochemical
mechanisms driving the progression of bone metastases.
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Structures of different bisphosphonate derivatives.

210

4.4

Bisphosphonates binding to hydroxyapatite where both the P-
C-P moiety and the nitrogen moiety can be involved in
binding to hydroxyapatite.
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4.5

Commonly used ligand grafted on nanoparticles to target bone
metastasis.
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229

4.8

3P NMR spectrum of synthesized BP ligand.
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ESI-MS of BP ligand in H>O.
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Synthetic approaches for the preparation of MSN-NH>,
MSNBP, and MSNBPDT.
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a) FTIR Spectra of MSN-NH,, MSNBP, and MSNBPDT; b)
N> adsorption-desorption isotherms; ¢) TGA curves of MSN-
NH2, MSNBP, MSNBPDT, MSNBPDT@ALD.
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4.12

a) WAXRD of MSN-NH>, MSNBP, MSNBPDT, ALD, and
MSNBPDT@ALD; b) SAXRD of MSN-NH: and
MSNBPDT@ALD samples; c) In vitro drug release from
synthesized MSNBPDT at different pH values; d) Bar graph
representing the % hemolysis of MSNBPDT@ALD w.r.t
positive and negative control.
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4.13

a) Bar graphs serum stability of *™Tc-MSNBPDT@ALD
nanoparticles; b)  Blood clearance  for  *™Tc-
MSNBPDT@ALD nanoparticles.

237

4.14

Cell viability of Saos-2 cells following nanoparticles
treatment by MTT assay after a) 24 and b) 48 h, where each
value represents mean = SEM (n=3), MSN-NH,, MSNBPDT,
free ALD, MSN-NH>@ALD, MSNBPDT@ALD are
compared with control. Significance ***p<0.001; c)
Apoptotic cell death studies in Saos-2 cells after treatment
with MSN-NHz, MSNBPDT, free ALD, MSN-NH>@ALD,
MSNBPDT@ALD as performed by annexin V-alexa fluor
647(a647)/PE double staining and FACS analysis
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4.15

Fluorescence microscopy exhibiting photomicrographic
representation of Saos-2 cells following treatment with MSN-
NH>@ALD, MSNBPDT@ALD, and cells co-incubated with
MSNBPDT@ALD + bisphosphonate derivative [where
DAPI, blue stain: Nucleus; FITC, green stain: nanoparticles].
The scale bar represents 100um.
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4.16

In vitro cellular uptake of the synthesized nanoparticles
determined through analysis of side scattering intensities of
flow cytometry; b) graphical representation of cellular uptake
where each value is represented as mean = SEM (n=3).
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4.17

a) Scintigraphy images after IV injection of °™Tc-
MSNBPDT@ALD 2 and 4 h post-injection.
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4.18

Biodistributions of *™Tc-MSNBPDT@ALD in mice with
various time durations.
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a) XPS spectra of bisphosphonate grafted silica sorbent before
and after sorption b) high-resolution imaging of U4f after
sorption, (panels d, g, and h) represent the spectra before
adsorption and (panels c, f, and e) represent spectra after
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