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smegmatis (Msm); and f) The concentration of DOX in tumor tissue and different 

organs from melanoma tumor-bearing mice treated with DOX-MC or 

DOX@LDH3-MC at a dose of 5 mg/kg after 72 hours of 

injection………………………………………………………………………146 

Figure 4.1: Evaluation of polymeric chain interactions and grafting with Li-Al 

based layered double hydroxide nanocomposite. a) The 1H NMR spectra of 

polyurethane prepolymer (P), and grafted derivative (P-L) reveal significant 

changes in hydrogen bonding, and the emergence of a new peak, at 9.9 ppm 

indicating successful grafting; b) The 13C NMR spectra of P and P-L of the grafted 

counterparts further confirm the graft reaction with the appearance of a distinct new 

peak, additional detailed NMR peak information can be found in the 

Supplementary Information; c) FTIR spectra of the prepolymer (P) and graft 

nanocomposite (P-L) exhibit shifts in peak positions, underscoring the molecular 

interactions involved in the grafting process. In the FTIR spectrum, a distinct inset 

plot showcases the wavenumber range between 4000 and 3000 cm⁻¹, clearly 

highlighting the successful grafting of the chemical reaction between polyurethane 

and the Li-Al-based LDH nanocarrier (L). This interaction signifies the formation 

of a novel nanocomposite (P-L), demonstrating the effectiveness of the process; d) 

In comparison illustration of the solid state UV-Vis spectra of the prepolymer (P) 

and nanocomposite (P-L) that are indicated; e) Comparative X-ray diffraction 

analysis of prepolymer and nanocomposite (P-L); f) The DSC thermograms for P 

and P-L show the values for the melting point and heat of fusion, g) TGA 

thermograms demonstrating the relative temperature stability of prepolymer (P) 

and novel grafting nanocomposite…………………………………………….170 
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Figure 4.2: a) Uv-Vis spectra pure Dox, Dox loaded P and Dox loaded P-L. b) 

FTIR spectra  pure Dox, Dox loaded P and Dox loaded P-L .c) X-ray diffraction 

analysis of Dox loaded P and Dox loaded P-L.d) The DSC thermograms for Dox  

loaded P and Dox loaded  P-L……… ……………………………………..173 

Figure 4.3: Polyurethane prepolymer grafted Li-Al based layered double 

hydroxide nanocomposite (P-L) morphological behaviour, a) HRTEM microscopic 

image of P-L; b) HRSEM images of nanocomposite P-L; c) AFM images in semi-

contact mode (5 × 5 μm2) of P-L nanocomposite, d) Greater agglomerates can be 

seen in the nanocomposite (P-L) optical 

picture…………………………………………………………………………176 

Figure 4.4 Some important characteristics of the designed nanocomposite include: 

a) Stress-strain charts illustrating the strengths of distinct nanocomposites, 

specifically polyurethane prepolymer grafted with Li-Al based layered double 

hydroxide, referred to as P-L (chemical). The comparative stress-strain curves are 

shown in the inset graph for polyurethane prepolymer (P), Li-Al based LDH 

nanocarrier physically mixed with prepolymer, designated P-L (Physical), and 

when 2-butanol chemically reacts with polyurethane prepolymer (REF); b) 

Schematic illustration comparing P-L (Chemical) and P-L (Physical): 

Understanding the Dynamics Behind the Stress-Strain Curves. The stress-strain 

curves of P-L (Chemical) and P-L (Physical) reveal essential material responses 

under tension, showcasing a remarkable contrast in behavior. P-L (Chemical), 

driven by strong covalent cross-linking, effectively absorbs and dissipates energy, 

resulting in a stress-strain curve that stretches far beyond conventional 

expectations. This increased elasticity and resilience yield an extraordinary strain 

percentage, reflecting the material's ability to deform significantly without fracture, 

showcasing its tenacity under stress. Conversely, P-L (Physical), while resilient, 

derives its strength from weaker, reversible interactions such as hydrogen bonds or 

van der Waals forces. As observed in polyurethane prepolymer, these physical 

cross-links demonstrate a more limited deformation before yielding to stress, 

resulting in a controlled stress-strain curve with lower strain values. The difference 

in strain extent between these two systems lies in the bonding nature: P-L 

(Chemical) exhibits a passionate, nearly limitless stretch, while P-L (Physical) 

reflects a more restrained, practical performance. This fundamental divergence 

illustrates why P-L (Chemical) is distinguished by its remarkable strain capacity, 

while P-L (Physical), although stable, remains conservative in its elastic limits. c) 

Rheological insights into polyurethane prepolymer (P) and the prepolymer-grafted 

Li-Al layered double hydroxide nanocomposite (P-L) at 160°C. At the elevated 

temperature of 160°C, the rheological behavior of polyurethane prepolymer (P) and 

its nanocomposite counterpart, where Li-Al based layered double hydroxide is 

grafted onto the prepolymer matrix (P-L)(Fig 4.4.c), 
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 reveals a complex interaction of molecular dynamics. The heat activates polymer 

chain mobility in the prepolymer (P), facilitating a deeper exploration of its 

viscoelastic properties, such as shear thinning, relaxation, and flow characteristics. 

Meanwhile, the presence of the Li-Al nanofiller within the composite (P-L) 

enhances mechanical strength and thermal stability by introducing a hybrid 

nanostructure that resists deformation. The synergy between the polymer matrix 

and the layered double hydroxide at this temperature unveils a fascinating realm of 

tunable viscoelasticity, viscosity reduction, and improved mechanical 

performance, presenting potential for advanced materials engineering. d) 

Understanding Dynamic Mechanical Analysis (DMA) of the novel nanocomposite 

(P-L) and its glass transition temperature. Dynamic Mechanical Analysis (DMA) 

serves as a crucial tool in revealing the complex mechanical behaviour of materials, 

particularly in nanocomposites. In studying the novel nanocomposite (P-L), DMA 

provides significant insights into its viscoelastic properties, illuminating the 

material's response to stress, strain, and frequency variations across a temperature 

range. One of the most critical revelations from DMA is the glass transition 

temperature (Tg) of the nanocomposite. This temperature marks a crucial threshold 

where the material transitions from a rigid, glassy state to a more flexible, rubbery 

phase. For (P-L), understanding this shift reveals not only its thermal stability but 

also its potential for various applications where mechanical resilience and 

adaptability are essential. The Tg signifies the onset of molecular motion within 

the matrix, with the nanoscale reinforcements in (P-L) playing a vital role in 

modulating this 

behaviour………………………………………………………………………180 

Figure 4.5: a) FTIR spectra of P-L chemical ,P-L (physical) and pure P. b) UV-

VIS spectra of P-L chemical ,P-L (physical) and pure P. c)Stress strain plot of of 

P-L chemical ,P-L (physical) and pure P. d)Mechanical parameters  of P-L 

chemical ,P-L (physical) , pure P and reference 

molecule………………………………………………………………….…….183 

     

 Figure 4.6: Temperature modulated Rheological behaviour of P and P-L 

………………………………………………………………………………….185 

Figure 4.7: The pH-triggered drug release from the formulation is governed by 

robust interactions between doxorubicin (Dox) and prepolymer grafted Li-Al 

layered double hydroxide (LDH) nanocomposites, ensuring a thermodynamically 

regulated, controlled, and sustained release. 
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a) A comparison of the cumulative drug release profiles for the prepolymer and 

grafted nanocomposite loaded with Dox (P@Dox and P-L@Dox) in PBS at 37 °C 

and approximately pH 7.4 shows that the stronger connections and larger 

confinement of the novel nanocomposite, P-L@Dox, facilitate continuous 

sustained drug release, whereas the prepolymer loaded Dox system (P@Dox) 

exhibits a burst release of the drug. b) Comparative release profiles of Dox in PBS 

at various pH levels (approximately 7.4, 6, and 4 at 37 °C) from the P-L@Dox 

formulation are illustrated. Data is presented as mean value ± SD (n = 3). c) A 

schematic illustration depicts the mechanism of medication release from the 

designed nanocomposite architecture. d) The configuration of interactions between 

the Dox molecule and the prepolymer grafted Li-Al based LDH nanocomposite, 

highlighting the corresponding hydrogen bonding. e) Variation in the total energy 

of all components involved in the design of the nanocomposite and the novel 

formulation is presented, with color coding: blue for Aluminum, green for Lithium, 

red for Oxygen, white for Hydrogen, and black for Carbon. f) The interaction 

energy variations for the LDH+Dox, LDH+P, and LDH+P+Dox systems are 

analyzed to understand the thermodynamic efficiency and potential for formulating 

effective 

nanocomposites………………………………………………………………..188 

Fig 4.8. Different kinetic model of controlled drug release ..a)Zero order Model, 

b)First order model,c)Korsmeyer- Peppas Model. d) Higuchi 

model…………………………………………………………………………..190 

Figure 5.1: a) Fluorescent microscopic images of AO/ EtBr staining of Control, P-

L  and P ; b) Cell viability study of Control, P-L  and P against SiHa cells using 

MTT assay as a function of time; c) Cell viability of Control, P-L  and P against 

3T3-L1 using MTT assay as a function of time d) Phase contrast images of  Control, 

P-L  and P ; e) Percentage cell adhesion value of Control, P-L  and 

P……………………………………………………………………………………

……………………………………………………………………………..…..210 

Figure 5.2: Comparative analysis of biocompatibility and in vitro cytotoxicity 

along with intracellular trafficking utilizing several trackers on the cancer cell line 

SiHa and the normal cell line 3T3-L1. a) MTT assay-based cell viability analysis 

of Dox, P@Dox and P-L@Dox against SiHa cells line at concentration 20 µg/ml; 

b) Fluorescence microscopy images of AO/EtBr staining of control, doxorubicin 

(Dox, pH~7-8), P@Dox and P-L@Dox at a concentration of 20 µg/ml reveal the 

relative number density of cells after treatment. Scale bar: 50 µm and 

magnification:40x;  
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c) In vitro cytotoxicity of Dox, P@Dox and P-L@Dox groups (20 µg/ml) in 3T3-

L1 fibroblast cells at different incubation time intervals: results are shown in mean 

value ±SD, n = 3, *** p < 0.001, ** p < 0.01, * p < 0.05; and d) Microscopic images 

of SiHa cells that have been stained with 100 nM LysoTracker green and 5 µg/ml 

DAPI after being exposed to P-L@Dox in different time periods, Scale bar: 50 µm 

and 

magnification:40x…………………………………………………………………

………………………………………………………………………………...211 

 

Figure 5.3: Dox-loaded prepolymer and prepolymer grafted Li-Al based LDH 

formulations: in vitro cellular characterization, capacity on uptake along with adhesion 

qualities in cancer cell line, SiHa. a) Fluorescence microscopy pictures showing the gradual 

uptake of Dox loaded P and L-P (P@Dox and P-L@Dox, respectively) by SiHa cells. Cells 

are subjected to 20 µg/ml Dox, P@Dox and P-L@Dox with different fluorescence 

intensities, depending on cellular absorption. 40x magnification and a 50 m scale bar; 

b) Analysis of the cellular uptake kinetics with SiHa cells under varied incubation times of 

P@Dox / P-L@Dox with equivalent Dox concentration of 20 µg/ml; c) The percentage cell 

adhesion values using the designed indicated nanoformulations after 24 hours of incubation 

for Dox was penetrated into the cells in the presence of P@Dox / P-L@Dox with equivalent 

Dox concentration of 20 µg/ml; d) Phase contrast images of the SiHa cells grown on the 

indicated substrates after 24 hours of incubation, 40x magnification and a 50 m scale 

bar of P@Dox / P-L@Dox with equivalent Dox concentration of 20 

µg/m………..……………………………………………………………………………………………………..214 

Figure 5.4: Assessment of the anticancer impact of the designed novel formulations 

(P-L@Dox) as compared to the traditional anticancer drug doxorubicin (Dox) for in 

vitro analysis. a) Using FACS study, the staining of SiHa cells exposed to P-L, Dox 

and P-L@Dox was evaluated for annexin V and propidium iodide. Cells were 

treated with designed nanocomposite and other two groups (20 µg/ml) for a 72 hrs. 

On the y-axis, the population tagged with propidium iodide (PI) is stained, and on 

the x-axis, Annexin V-FITC binding is visible. Necrotic and late apoptotic cells are 

located in the upper left (Q1) and right (Q2) quadrants, respectively; viable cells are 

found in the lower left (Q3) quadrant and are Annexin V negative and PI negative; 

early apoptotic cells are found in the lower right (Q4) quadrant and are Annexin V 

positive and PI negative; b) After being treated with different chemotherapeutic 

drugs, cell cycles were stopped. SiHa cells were either treated with nanocomposite 

P-L, traditional anticancer drug Dox and designed formulation P-L@Dox (20 µg/ml) 

for a 72 hrs. To find DNA, the cells were fixed and stained with propidium iodide 

and the percentages of cells in the G0/G1, S, and G2/M states were calculated;  
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c) SiHa cells were treated with 20 µg/ml of material (P-L), doxorubicin drug (Dox) 

and design formulation (P-L@Dox) for 72 hours. The expression of caspase 3, Bax, 

Cleaved caspase 9, Bcl2, p53, and PARP proteins were assessed by Western blot 

analysis; d) The relative expression of the specified protein markers has been 

meticulously quantified through western blot analysis; e) The relative expression 

levels of mRNA for p53, Bax, PUMA, and Bcl-2 were quantitatively assessed 

through a detailed RT-PCR analysis; f) Photographic images of the colony study 

for Material, Dox, and P-L@Dox were captured after 72 hours of incubation for 

each sample, using a concentration of 20 µg/ml; g) Plot of number of colonies for 

material P-L, drug Dox and formulation P-L@Dox reflecting the potent efficacy 

towards cancer of the designed formulation; h) Microscopic images capturing the 

migration of SiHa cancer cells treated with material P-L, Doxorubicin Dox, and a 

specially designed formulation P-L@Dox after 72 hours incubation with samples 

concentration 20 µg/ml reveal striking evidence of enhanced efficacy. These images 

illustrate the profound impact of the treatment, showcasing a higher rate of 

apoptosis, as the cancer cells are visibly impaired in their movement, a testament to 

the potent therapeutic action of the formulation; i) The bar diagram illustrating the 

wound area across different groups such as, material P-L, Dox, and our designed 

formulation P-L@Dox elegantly reveals the potent efficacy of our novel formulation 

against cancer. The clear distinction between the groups highlights the remarkable 

impact of our formulation, emphasizing its therapeutic potential in comparison to 

the others. .............................................................................................................. 217 

Figure 5.5: The effectiveness of the injectable formulation (P-L@Dox-MC) for in 

vivo therapy in mice with melanoma that contain luciferase. a) Images capturing 

the tumor sizes in mice, both before and after treatments, reveal the effects of 

various interventions. The treatments include Dox-MC (Dox encapsulated within 

an MC gel), P-L@Dox-MC (Dox incorporated into P-L, further embedded in an 

MC gel), and a control group receiving only saline. These visual comparisons offer 

a glimpse into the transformative impact of each treatment, providing a clear 

distinction between the progression or regression of tumors across the experiment; 

b) Photographic images showcasing the measured tumor volumes, accompanied by 

a scale, were captured after treatment across various groups i.e. Control, Dox-MC 

and P-L@Dox-MC. At the conclusion of the 22-day experiment, tumors from the 

different groups of animals were carefully collected and measured; c) Measured 

tumor volume over time as influenced by the therapy, with different approaches 

applied where appropriate, d) Percentage of relative body weight as a function of 

treatment time across all groups;  
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e) After intravenous administration of either pure Dox (5 mg/kg of mouse body 

weight) or Dox intercalated within polyurethane prepolymer grafted Li-Al based 

layered double hydroxide nanocomposite (P-L@Dox), containing an equivalent 

dose of the drug in dispersion form, the drug concentration profile in plasma was 

measured over time. The dotted line on the graph denotes the minimum inhibitory 

concentration (MIC) of DOX against Mycobacterium smegmatis (Msm); f) The 

levels of doxorubicin (Dox) in tumor tissue and various organs were assessed in 

melanoma tumor-bearing mice following treatment with Dox-MC and P-L@Dox-

MC. This evaluation took place 72 hours after administering a dosage of 5 mg/kg; 

g) A Comprehensive study of bioluminescence in luciferase-expressing B16-F10 

melanoma-bearing mice across three different groups over time.. ..................... 222 

Figure 5.6: : Examining the Complex Effects of In Vivo Controlled Drug Release 

on Melanoma Tumor Tissues and Various Organs, Accompanied by 

Comprehensive Biochemical Assays a) Tumor tissues from mice across different 

treatment groups were carefully excised after 22 days of treatment and subjected to 

histopathological examination using H&E staining at a magnification of 40x.b) 

Following the same treatment duration, vital organs, including the liver, kidneys, 

spleen, and lungs, were collected from the mice and analyzed histopathologically 

with H&E staining at 40x magnification. c) The immunohistochemical analysis of 

tumor tissues at the end of the treatment revealed detailed expressions of the 

inflammatory marker TNF-α and the vascular differentiation marker CD31, 

observed at a magnification of 40x. d) Liver function tests were conducted by 

analyzing serum levels of AST, ALT, and ALP across different treatment groups, 

providing insights into hepatic health and functionality. e) Serum levels of BUN 

and creatinine were carefully assessed across the various therapy groups as part of 

a comprehensive renal function test, with arrows indicating values corresponding 

to healthy mice as a benchmark for renal 

health………………………………………………………………………..237
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