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Lay summary 

 
Nanomaterials are materials with at least one dimensions in the nanoscale (smaller than 100 nm). The 

nanomaterials have distinct shape, size, and flexible surface, which imparts unique biological 

properties to them. Nanoparticles have tunable surface chemistry that can be modulated to achieve 

desired effects. The nanomaterials loaded with drugs are likely to enhance the availability of drugs in 

the body and reduce side effects associated with the drug. They are often compatible to the living 

systems, disappear from the body (biodegradation) and do no elicit immune responses. Owing to their 

distinct physiochemical properties, nanomaterials are being investigated for applications, like drug 

delivery, wound healing, and tissue regeneration. In this thesis, we have developed bioactive 

nanomaterials (with inherent activity beneficial for the treatment) for bacterial infection in eyes, 

wounds that fail to heal, and bone regeneration in osteoporotic conditions. The chapter 1 provides the 

introduction of the topic, survey of earlier research done in this area, definition of the problem, and 

major goals of this study. The chapter 2 describes the development of ciprofloxacin-loaded 

chitosan/lecithin nanoparticles for treating eye infections caused by bacteria. The nanomaterials 

provided a prolonged drug release, excellent ability to kill bacteria, and were safe to cells. The chapter 

3 reports the development of positively charged silica ceria nanocomposite. The nanocomposite 

showed ability to act as an antioxidant, kill different bacteria, and help with the stalled wound healing. 

The chapter 4 part reports the development of surface modified, mesoporous silica nanoparticles for 

bone regeneration in osteoporotic conditions. The nanoparticles showed promising antioxidant and 

bone regeneration properties. The final chapter 5 provides the summary of this thesis, its contribution 

the field of research, and future perspectives. In this work, we have been able to develop multi-

functional nanomaterial with improved therapeutic effects for various diseased conditions. 
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Abstract 

 
Nanoparticulate systems have been employed for diagnostics, drug delivery, therapeutics, and tissue 

engineering applications. Nanoparticles with intrinsic antibacterial activity have shown promise in 

treating bacterial infections and combating the antimicrobial resistance (AMR) but the threat remains 

due to the ever-evolving biofilm. Ophthalmic drug delivery is challenging owing to the anatomical 

barriers present in eyes. Majority of marketed ophthalmic formulations are eye drops, which fail to 

overcome these barriers and, therefore, exhibit poor bioavailability. Altered wound healing is a major 

challenge faced by both developed and developing nations. Biofilm formation has been identified as 

one of the causative factors for the progression of chronic wounds as well as drug resistance. 

Osteoporosis is a chronic bone disorder characterized by the decreased bone mass, leading to brittle 

bones and fractures. Oxidative stress has been identified as the most profound trigger for the initiation 

and progression of osteoporosis. Current treatment strategies do not induce new bone formation and 

fail to address high level of reactive oxygen species (ROS). To overcome the challenges in the field, 

we have developed and evaluated nanomaterials to treat ocular bacterial infections, chronic wounds, 

and osteoporosis.  

The present thesis is arranged into five chapters, where Chapter 1 is introductory and includes 

the exhaustive literature survey, the definition of problem, and the specific objectives of this work. In 

Chapter 2, we have included the development and evaluation of ciprofloxacin-loaded polymeric 

nanoparticles of chitosan/lecithin for the treatment of ocular bacterial infections. The nanoparticles 

were prepared using ion gelation method and characterized, and their antibacterial properties were 

investigated against P. aeruginosa and S. aureus along with their cell compatible and mucoadhesive 

characteristics. The nanoparticles showed strong potential in treating ocular bacterial infections. 

Chapter 3 discusses the fabrication and evaluation of functionalized, silica ceria nanocomposite, as an 

antibiotic-free system, to treat biofilms. The antioxidant activity, positive haloperoxidase-mimetic 

property, broad-spectrum antibacterial activities against S. aureus and E. coli, and antibiofilm activities 

were investigated along with its cytocompatibility (cell proliferative), hemocompatibility, and wound 

healing ability. The functionalized silica ceria nanocomposite showed a strong potential in chronic 

wound healing applications. In Chapter 4, we have investigated the potential of a thiolated, bioactive 

mesoporous silica nanoparticles to treat osteoporosis. The nanoparticles were fabricated and surface 

functionalized post-synthesis with thiol groups and its antioxidant activity, ability to neutralize reactive 

oxygen species formed in cells and provide protection against ROS-induced cell damage, cell 

compatibility, calcium deposition, and osteogenesis were investigated. The nanomaterial was found to 

be regenerative in nature, and it showed a strong potential as a complementary and an alternate 

treatment for osteoporosis along with the standard therapy. The conclusions, contribution to the field, 

and perspectives of this work has been discussed in Chapter 5. 



xiv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 

 

List of publications 

 
1. Rasool, N.; Negi, D.; Singh, Y. Thiol-functionalized, antioxidant, osteogenic mesoporous                                                                                                                                                                             

silica nanoparticles for osteoporosis. ACS Biomater. Sci. Eng. (chapter 3) 

2. Rasool, N.; Srivastava, R.; Singh, Y. Cationized silica ceria nanocomposites to target biofilms 

in chronic wounds. Biomater. Adv. 2022, 138, 212939 (chapter 2).  

3. Kumar, A., Singh, H., Kant, R., Rasool, N. Development of cold sprayed titanium/baghdadite 

composite coating for bio-implant applications. J Therm Spray Tech. 2021, 30, 2099–2116 

4. Bhandari, M.; Rasool, N.; Singh, Y. Polymeric lipid nanoparticles for donepezil delivery. In 

Polymeric Biomaterials and Bioengineering; Gupta, B., Jawaid, M., Kaith, B. S., Rattan, S., Kalia, 

S., Eds.; Lecture Notes in Bioengineering; Springer Nature Singapore: Singapore, (2022). (Equal 

contributing authors) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 

 

Conferences 
 

1.  Rasool, N., Negi, D., and Singh, Y., Thiolated mesoporous silica nanoparticles for treatment of 

oxidative stress-associated osteoporosis, TERMIS AP 2022, Korean Tissue Engineering and 

Regenerative Medicine Society, ICC, Jeju, South Korea, 5-8 October 2022 (poster) 

2. Rasool, N., Srivastava, R., and Singh, Y., Cationized silica-ceria composites to target biofilms in 

chronic wounds, ACS Spring 2021, American Chemical Society, 5-31 April, 2021 (virtual mode, 

poster) 

3. Rasool, N., Srivastava, R., and Singh, Y., Silicasome-based nanoparticulate system for tamoxifen 

delivery, International Conference on Biomaterial-based Therapeutic Engineering and 

Regenerative Medicine (BioTERM 2019), Department of Biological Sciences and Bioengineering, 

Indian Institute of Technology Kanpur, Kanpur, 28 November-1 December 2019 (poster) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xviii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 

 

Table of contents 
 
 

Declaration v 

Acknowledgements vii 

Certificate ix 

Lay Summary xi 

Abstract xiii 

List of Publications xv 

List of Conferences xvii 

List of Figures xxi 

List of Tables xxiii 

Notations and Abbreviations xxv 

Chapter 1: Introduction 1-34 

1.1. Nanoparticles 3 

1.1.1. Classification of nanoparticles 3 

1.1.2. Physicochemical properties of nanoparticles 4 

1.1.3. Preparation of nanoparticles 5 

1.1.4 Characterization 5 

1.1.5.  Routes of administration  6 

1.1.6.     Pharmacokinetics of nanoparticles 6 

1.1.7.     Evolution of nanoparticles 7 

1.2.  Introduction to problem and literature survey 8 

1.2.1.      Drug delivery 8 

1.2.1.1.     Drug loading 8 

1.2.1.2.     Drug release 10 

1.2.1.3.     Ophthalmic drug delivery 11 

1.2.2. Tissue Engineering and nanotechnology 14 

1.2.2.1.     Wound healing 15 

1.2.2.2.     Chronic wound healing 15 

1.2.2.3.     Rationale design of nanomaterials for biofilm infected wounds  17 

1.2.3. Osteoporosis 18 

1.2.3.1.      Management of OP 20 



xx 

 

1.3. Knowledge gaps in the field 22 

1.4. Thesis objectives 23 

1.5. Thesis outline 24 

References 25-34 

Chapter 2: Antibacterial lecithin chitosan nanoparticles for sustained release of 

Ciprofloxacin 

35-55 

2.1. Introduction 37 

2.1.1. Ocular bacterial infections 37 

2.1.2. Challenges 37 

2.1.3. Research gap 37 

2.2. Objectives 38 

2.3. Experimental section 39 

2.4. Results and discussions 42 

2.5. Conclusions 49 

References 51-55 

Chapter 3: Cationized silica ceria nanocomposite to target biofilms in chronic 

wounds  

57-88 

3.1. Introduction 59 

3.1.1. Wound healing 59 

3.1.2. Challenges 59 

3.1.3. Research gap 59 

3.2. Objectives 60 

3.3. Experimental section 62 

3.4. Results and discussions 68 

3.5. Conclusions 80 

References 82-88 

Chapter 4:  Antioxidant and osteogenic thiolated mesoporous silica nanoparticles 

for osteoporosis 

89-112 

4.1. Introduction 91 

4.1.1. Osteoporosis 91 

4.1.2. Challenges 91 

4.1.3. Research gap 91 

4.2. Objectives 92 

4.3. Experimental section 93 

4.4. Results and discussions 96 

4.5. Conclusions 106 

References 108-112 

Chapter 5: Conclusions and perspectives 113-117 

5.1. Summary of the thesis 115 

5.1.1. Contribution to the existing knowledge 116 

5.1.2. Future perspectives 117 

             Appendix 119-135 



xxi 

 

List of figures 
 

 

S. No. 
Figure Caption Page 

No. 

1.1.  Routes of administration and pharmacokinetics of nanoparticles 6 

1.2.  The timeline of clinically approved nanoparticulate-based drug delivery               

systems 
7 

1.3.  Overview of commercially available nanomedicines or those in clinical trials: 

(A) Current development status, and (B) Disease indications. 

8 

1.4.  The mechanisms of drug loading and release from nanomaterials 11 

1.5.  Different routes of ocular administration 
12 

1.6.  Comparison in healing of normal wound vs altered healing in biofilm infected 

chronic wound 

16 

1.7.  The mechanisms of action of various nanoparticle-based treatments for biofilm 

infected chronic wounds 

17 

1.8.  Structure of bone and physiological process of bone remodeling 20 

1.9.  Nanoparticles to target various therapeutics targets for treating bone defect 21 

1.10.  Objectives of the thesis 24 

2.1.  Preparation of Cipro-loaded, lecithin / chitosan (CLC) NPs  43 

2.2.  FT-IR spectrum  43 

2.3.  Thermogravimetric analysis of nanoparticles  44 

2.4.  SEM micrograph  45 

2.5.  Release profile of ciprofloxacin  46 

2.6.  Antibacterial activity and live/dead assay  47 

2.7.  Cell viability using MTT, CCK-8 assay, and live/dead assays  48 

2.8.  Mucoadhesion analysis and in vitro percent hemolysis assay  49 

3.1.  Preparation of cationized silica ceria nanocomposite (FSC) and HR-TEM   

images 

 61 

3.2.  XPS spectra and elemental mapping  70 

3.3.  ABTS assay and haloperoxidase assay  72 

3.4.  Antibacterial assay and live dead assay  73 

3.5.  HR-TEM images of bacterial cells  74 

3.6.  Biofilm inhibition using crystal violet staining assay and live dead images  76 

3.7.  Cell viability assay by MTT, CCK-8 assay, and live-dead staining  77 

3.8.  Hemolysis assay and DCFH-DA assay  78 



xxii 

 

3.9. Scratch assay          80 

4.1. Fabrication of thiolated mesoporous silica nanoparticles and HR-TEM images 97 

4.2. Physical and chemical characterization, particle size, FTIR, TGA, XRD and BET 98 

4.3. EDX mapping and XPS analysis 99 

4.4. Antioxidant assay, cell viability study by MTT assay and live-dead staining 101 

4.5. Osteogenic differentiation study by ALP and Ca deposition assay 102 

4.6. Gene expression of osteogenic genes using qRT-PCR 103 

4.7. Antioxidant activity by DCFDA assay 105 

4.8. Cytoskeletal staining of MC3T3 and scratch assay  106 



xxiii 

 

List of tables 
 

 
 

S. No Table caption Page 

No. 

1.1 Some approved nanocarrier delivery system for ocular use 13 

1.2 Some FDA approved antimicrobial nanoparticles 18 

1.3 Some marketed nanomedicine-based preparation for bone disorders 22 

2.1 Particle size distribution and zeta potential of LC and Cipro-loaded LC NPs 44 

2.2 Zeta potential of free mucin, mucin / LC NPs, and Cipro-loaded LC NPs 49 

3.1 Particle size distribution and zeta potential of MSN, CNP, FCNP, SC, and FSC 69 

A1 Physical properties of nanoparticles (MSN, CNP) and nanocomposite (SC, FSC) 130 

A2 Ratio of Ce 
3+

/Ce 
4+

 estimated using Ce 3d XPS spectrum of FSC 130 

A3 Primer sequences used in real-time PCR 135 



xxiv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxv 

 

Notations and abbreviations 
 

 
 

Acronym Name 

3D Three Dimensional 

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium 

APTES 3-aminopropyl-triethoxysilane 

ALP Alkaline phosphatase 

AFM Atomic force microscope 

ATR Attenuated Total Reflectance 

BBB Blood-brain Barrier 

BET Brunauer-Emmett-Teller 

BJH Barrett-Joyner-Halenda 

BMP Bone morphogenetic protein 

CS Chitosan 

CT Computed topography 

CCK Cell counting kit 

CLC Ciprofloxacin lecithin chitosan 

cDNA Complementary deoxyribonucleic acid 

CFU Colony forming unit 

CNP Cerium oxide nanoparticles 

CTAB Cetrimonium bromide  

DAPI 4',6-diamidino-2-phenylindole 

DCFDA 2′,7′-dichlorodihydrofluorescein diacetate 

DNA Deoxyribonucleic acid 

DI Deionized water 

DIEA N,N-diisopropylethylamine 

DLS Dynamic light scattering 

DMEM Dulbecco's modified eagle medium 

DPBS Dulbecco's Phosphate Buffered Saline 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DTNB 5,5′-dithiobis-2-nitrobenzoic acid 

ECM Extracellular matrix 

EPR Enhanced permeability and retention  

EDTA Ethylenediaminetetraacetic acid 

EDX Energy dispersive X-ray 

EMA European Medicine Agency 

EPS Extracellular polymeric substances 

FSC Functionalized silica ceria composite 

FCNP Functionalized cerium oxide nanoparticles 

FBS Fetal bovine serum 

FDA Food and Drug Administration 

FESEM Field emission scanning electron microscopy 

FITC Fluorescein isothiocyanate 

FTIR Fourier transform infrared 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GSH Glutathione 



xxvi 

 

H2O2 Hydrogen peroxide 

HAp Hydroxyapatite 

HR-TEM High resolution transmission electron microscope 

LB Luria-Bertani 

LC Lecithin chitosan 

M-CSF Macrophage colony-stimulating factor 

MEM α Minimum essential medium alpha 

MAPK Mitogen-activated protein kinase 

MMP-2 Matrix metalloproteinase-2 

MSN Mesoporous silica nanoparticles 

MRI Magnetic resonance imaging 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NaOH Sodium hydroxide 

NF-κB Nuclear factor 

NP Nanoparticle 

ODDS Ocular drug delivery system 

OB Osteoblast 

OC Osteoclast 

OCN Osteocalcin 

OD Optical density 

OM Osteogenic media 

OP Osteoporosis 

OPN Osteopontin 

PEG Poly ethylene glycol 

PBS Phosphate buffer saline 

PI Propidium iodide 

PK Pharmacokinetics 

PLA Polylactic acid 

PDLLA Poly D,L-lactic acid 

PLGA Poly lactic-co-glycolic acid 

pNPP para-Nitrophenyl phosphate 

PLA Poly lactic acid 

QS Quorum sensing 

RANKL Receptor activator of nuclear factor kappa-B ligand 

RBC Red blood cells 

ROS Reactive oxygen species 

rPTH Recombinant human parathyroid hormone 

RPM Rotation per minute 

RPMI Roswell Park Memorial Institute 

RUNX 2 Runt-related transcription factor 2 

SC Silica ceria nanocomposite 

SD Standard deviation 

SEM Scanning electron microscopy 

SERM Selective estrogen receptor modulators 

Sr Strontium 

STF Simulated tear fluid 

SIRC Staten’s serum institute rabbit cornea 

TEOS Tetraethyl orthosilicate 

TERM Tissue engineering and regeneration 

TPP tripolyphosphate 

TGA Thermogravimetric analysis 



xx  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TRAP Tartrate-resistant acid phosphatase 

UV Ultra violet 

USG Ultra sonography 

XPS X-ray photoelectron spectroscopy 

XRD X-Ray diffraction 



xx  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER - 1 
Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3  

Chapter 1 

Introduction 

1. Introduction 

1.1        Nanoparticles 

Nanoparticles as defined by the European Commission are ―natural, incidental or 

manufactured materials containing particles, in an unbound state or as an aggregate or as an 

agglomerate and, where 50% or more of the particles in the number size distribution, one or 

more external dimensions are in the size range 1–100 nm. The concept of nanotechnology was 

introduced to the world by an American physicist and Nobel Laureate, Richard Feynman in 

1959. Often considered as a modern-day scientific breakthrough, nanotechnology has garnered 

attention in numerous research areas for last two decades. It holds the potential to address 

longstanding challenges and fulfill unmet requirements through integrated platforms across 

various domains, including chemistry, physics, engineering, biotechnology, and medical 

sciences. Thus, nanotechnology broadens the horizons of current research, particularly in the 

realm of medicine.
1,2

 Nanoparticles can be classified into various types based on their 

chemical composition and applications. 

1.1.1. Classification of nanoparticles 

Based on the chemical composition, nanoparticles are broadly divided into following classes 

      (i) Organic NPs: These NPs are mainly made up of proteins, carbohydrates, lipids, 

polymers, or any other organic compounds, like dendrimers, liposomes, micelles, and protein 

complexes. They are typically biocompatible, bio-degradable in nature. Organic NPs find its 

uses mostly in targeted drug delivery and cancer therapy.
3
 

      (ii) Inorganic NPs: This class of NPs consist of metal NPs (iron, gold, copper, silver), 

metal oxide NPs (zinc oxide, silicon dioxide, titanium oxide), and ceramics (carbides, 

carbonates, oxides). These NPs have been used in catalysis, degradation of dyes, and 

photonics.
4
 

     (iii) Carbon based NPs: This class encompasses carbon-based nanomaterials and includes 

fullerenes, carbon nanotubes, graphene, and carbon quantum dots. These NPs have high 

thermal stability and are widely used in drug delivery, bioimaging, and biosensing.
5
  

      (iv) Nanocomposites: These are heterogeneous NPs, tailored by integrating two or more 

nanoscale components. These hybrid NPs exhibit improved and distinct properties in 

comparison to their individual components. These are employed in biomedicine and other 

applications as well. Typical examples are iron oxide-gold composite, silica ceria composite, 

and bioglass nanoparticles.
4
 

On the basis of biomedical applications, nanoparticles can be broadly divided into four 

classes:  

(i) Bioactive / therapeutic nanoparticles: Also known as nanomedicine, these are 
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pharmacologically active agents, which possess some intrinsic therapeutic value. Antibacterial 

nanoparticles, like zinc oxide, silver, chitosan exert biological activity owing to its nano-

topography, surface property, and physical structure. Biomimetic nanoparticles /nano-enzymes 

are artificial enzymes. For example, cerium oxide nanoparticles act as catalysts to aid various 

enzymatic reactions.   

(ii) Nanocarriers: Serves as carriers and are employed mainly for drug / gene / cell delivery. 

Nanoparticles ensure the sustained and prolonged release of drug and target tumors because of 

the enhanced permeability and retention (EPR) effect in tumors. They are mainly used in 

cancer targeted therapy. Most of the nanoparticles has tunable surface, which can be modified 

with ligand of choice to impart target-selective delivery.  

(iii) Diagnostic nanoparticles: These are used for diagnostic purposes. For example, 

nanoparticles have been explored as contrast agents and biosensors in image-based diagnostic 

techniques, like MRI (magnetic resonance imaging), CT (computed tomography) and USG 

(ultrasonography). Nanoparticles can be used for multimode imaging. Magnetic nanoparticles, 

like iron oxide and semiconducting nanoparticles, like quantum dots serve as efficient 

diagnostic agents.  

(iv) Nanoparticles for tissue engineering and regeneration (TERM): Nanoparticles, like 

ceramics, inorganic, metal, and natural polymers have found immense utilization in TERM 

due to their efficient spatiotemporal architect and mechanical strength. These nanoparticles 

provide niche for new growth and regeneration. 

1.1.2. Physicochemical properties of nanoparticles 

Nanoparticles, due to their small size and unique properties, interact with biological systems in 

distinct ways compared to larger particles. Some of the key properties of nanoparticles are 

listed below: 

      (i) Size and surface area: The small size of nanoparticles results in a high surface area to 

volume ratio, which makes them ideal carrier for high drug loading. The particle size plays 

important role in tissue distribution as well.   

      (ii) Shape: The shape of nanoparticles (spherical, rod-like, tubular, etc.) plays significant 

role in biological activity, such as antibacterial nanoparticles.   

      (iii) Surface chemistry: The chemical composition and functionalization of nanoparticle 

surface determines its solubility, stability, and interaction with biological molecules. Surface 

modifications can be used to target specific cells or tissues and to evade the immune system. 

      (iv) Charge: The surface charge of nanoparticles affects their interaction with cell 

membranes. Positively charged nanoparticles may have enhanced cellular uptake but can also 

be more toxic. 

      (v) Mechanical properties: Due to surface and quantum effects, NPs display different 

mechanical properties compared to bulk materials. Nanomaterials having good mechanical 

properties are good substitutes for composite filling for dental or orthopedic implants. 
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1.1.3. Preparation of nanoparticles 

 Nanoparticles are typically prepared using two approaches, as discussed below: 

Top-down approach 

      (i) Ball milling: This is a mechanical method which involves grinding of bulk materials 

into nanoparticles using a ball mill. The process can be performed in dry or wet conditions. It 

is a simple and cost-effective method but might introduce impurities. 

      (ii) Laser ablation: In this technique, a high-energy laser is used to ablate material from a 

target, which then condenses into nanoparticles. This allows for the production of clean and 

well-defined nanoparticles but can be expensive. 

      (iii) Etching: This involves the removal of material from a larger bulk to create 

nanoparticles. The process can be done chemically or via ion beams, this method is precise but 

can be complex and costly. 

Bottom-up approach  

      (i) Sol-gel process: This involves the transition of a solution (sol) into a solid (gel) phase. 

By controlling the process conditions, nanoparticles can be prepared. This method is versatile 

and relatively simple but can involve long processing times. 

      (ii) Hydrothermal synthesis: This involves reacting precursors in solvent at high 

temperatures and pressures. This process of synthesis is useful for producing crystalline 

nanoparticles but requires specialized equipment. 

      (iii) Precipitation / solvent evaporation: Nanoparticles are formed by the chemical 

reaction of precursors in solvent, leading to the precipitation of nanoparticles. This is a simple 

and widely used method but may require further processing to obtain the particle of desired 

size. 

      (iv) Microemulsion: This method uses a mixture of water, oil, and surfactants to create a 

microemulsion in which nanoparticles can form. It allows for the preparation of well-

controlled nanoparticles but can be complex. 

      (v) Biosynthesis: This eco-friendly method uses biological organisms or extracts (like 

bacteria, fungi, or plant extracts) to synthesize nanoparticles. Biosynthesis is sustainable and 

can produce biocompatible nanoparticles but may offer less control over size and shape.
3,6

 

1.1.4. Characterization 

Considering that the functions of nanomaterials are closely related to their properties, the 

characterization of nanomaterials and related evaluation of properties is vital and should be 

monitored first. The important characteristic properties, like charge, composition, aggregation 

state, size distribution, size, shape, surface chemistry, and surface area of nanoparticles are 

typically studied using various technique/instruments, like scanning electron microscope 

(SEM), high-resolution transmission electron microscope (HR-TEM), single particle 

inductively coupled plasma-mass spectrometer (spICP-MS), atomic force microscope (AFM), 

dynamic light scattering (DLS), zeta sizer, and ultraviolet-visible (UV-vis).
4
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1.1.5. Routes of administration  

Nanoparticles are administered into body through various routes, such as oral administration, 

inhalation, transdermal, subcutaneous, and intramuscular injection. After administration, 

nanoparticles encounter and surpass various physiological barriers, like blood-brain barrier by 

paracellular route or receptor-mediated transport or gut mucosal barrier by changing the 

viscosity of mucus or tight junction relaxation. After effectively infiltrating the barriers, finally 

enter the systemic circulation or reach the target tissue upon local delivery. The choice of 

route of administration depends on the drug release kinetics, tissue to be targeted, and 

therapeutic goal.
7
 

 

Figure 1.1. Routes of administration and pharmacokinetic pathway of nanoparticles in human 

body. Reproduced with kind permission from Zhang et al., Advances in colloid and Interface 

Science, 2020, 284, 102261 © 2020 Published by Elsevier B.V. 

 

1.1.6. Pharmacokinetics (PK) of nanoparticles 

The nanoparticles are absorbed and distribution throughout the body tissues occurs via blood 

circulation. The nanoparticles metabolized by liver and spleen, are finally excreted via 

intestines and kidneys as illustrated in Figure 1.1  

      (i) Absorption: On the basis of delivery system, administered nanoparticles are absorbed 

readily or in controlled manner and reach systemic circulation. Nanoparticles can be designed 

to efficiently pass through various biological barriers such as skin. 

      (ii) Distribution: Once in the bloodstream, based on size or surface characteristics, 
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nanoparticles exhibit characteristic distribution in tissues. Factors, like vascularity, 

permeability, and plasma content of tissue affect the distribution. Nanoparticles can be 

engineered to target specific tissues or cells, thus reducing systemic toxicity. 

       (iii) Metabolism: Nanoparticles are mainly metabolized in liver and spleen and release 

the active therapeutic agent upon degradation. Various release mechanism, like surface 

desorption, diffusion or enzymatic degradation or pH-based release. 

      (iv) Excretion: The excretion of nanoparticles can be slower than traditional drugs, thus 

increasing the drug residence time in body. The kidneys usually filter out smaller 

nanoparticles, while larger ones may be taken up by the liver.
8,9 

 

1.1.7. Evolution of nanoparticles 

 

Figure 1.2. The timeline of clinically approved nanoparticulate-based drug delivery systems. 

 

Since its inception in 1900s and decades of research in labs, nano-based systems have been 

successfully translated from bench to clinic, with as many as 100 formulations approved by 

regulatory authorities, like FDA and EMA, and the numbers are rising each year (Figure 1.2). 

For example, Doxil® (Baxter Healthcare) a doxorubicin loaded liposome is approved for 

ovarian cancer and multiple myeloma. Genexol PM® an anti-cancer medicine is paclitaxel 

mPEG-PDLLA micelle based on polymeric micelle technology developed by Lupin Ltd. 

Abraxane® (Eli Lilly) consists of paclitaxel-loaded albumin nanoparticles for metastatic 

cancer. Hensify® (hafnium oxide nanoparticles) developed by Nanobiotex are used for the 

treatment of advanced squamous cell carcinoma. NanOss®, a hydroxyapatite developed by 

RTI Surgical is used as bone substitute. There are plethora of nanomaterials under 

investigation or in clinical trials for various indications as therapeutics or vaccine development 

and promising ones are likely to hit the market soon (Figure 1.3) .
2,10,11
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Figure 1.3. Overview of commercially available nanomedicines or those in clinical trials: (A) 

Current development status, and (B) Disease indications. Reproduced with kind permission 

from Shan et al., Acta Pharmaceutica Sinica B, 2022, 12, 3028-3048 © 2022 Elsevier B.V. 

 

1.2. Introduction to the problem and literature survey 

Although nanoparticles have wide array of applications, the current discussion is restricted to 

their applications in drug delivery and tissue engineering only as these are more relevant to the 

theme of this thesis. 

1.2.1 Drug delivery 

1.2.1.1. Drug loading 

The drugs loading in nanoparticles occur due to several physical or chemical phenomena, such 

as physical entrapment, surface adsorption, covalent bonding, hydrogen bonding or 

electrostatic interactions. (Figure 1.4) 

Encapsulation: Encapsulation within nanoparticles is one of the widely utilized drug loading 

technique as the hollow space inside nanoparticles help in the effective encapsulation of drug 

molecules. It can enhance solubility, improve drug stability, and help in the targeted delivery 

of drugs. Different nanoparticles are used as encapsulation vehicles, including inorganic 

nanoparticles, polymeric nanoparticles, lipid nanoparticles, and dendrimers
12

 Aliabadi et al., 

2007 fabricated polymeric micelles of MePEO-b-PCL for the encapsulation 

of cyclosporine A.
13

 Gomez-gaete et al. encapsulated dexamethasone into biodegradable 

PLGA nanoparticles for ocular delivery.
14

 Lipid-based nanoparticles, like solid-lipid 
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nanoparticles and liposomes are also widely used as drug encapsulating vehicles. These 

liposomes help in encapsulating both hydrophilic and hydrophobic drugs. Okamoto Y et al. 

fabricated paclitaxel-loaded liposomes for the treatment of pancreatic cancer.
15 

However, in 

this method, the amount of drug loading is less, particularly with low solubility or high 

molecular weight drugs. Also, during encapsulation process, some drugs undergo physical 

/chemical changes, which results in the loss of activity. 

Surface adsorption: Surface adsorption is also a well-known technique for drug loading. In 

this drug molecules get attached to surface of carrier material. This technique offers a simple 

and easy method to load drug molecules. Surface adsorption is used for drug loading in a 

number of carrier systems, such as nanoparticles, mesoporous materials, and porous 

structures.
16

 Zarkesh et al., fabricated hyaluronan coated mesoporous silica nanoparticles for 

the delivery of cisplatin and the fabricated nanoparticle system provided a multifunctional pH-

responsive approach for effective delivery of drugs.
17

 There are chances of drug desorption 

from surface, resulting in less loading capacity. There might be variance in drug release 

kinetics, the adsorbed drug molecules may not be uniformly distributed on the carrier surface, 

leading to inconsistent release profiles.  

Covalent bonding: Covalent bonding can also be used to load drug into the nanoparticles. A 

high concentration of drug can be loaded into nanoparticle by means of the suitable functional 

groups present on its surface. Presence of large number of functional groups in nanoparticles is 

beneficial for the covalent conjugation of the drug to nanoparticles.
18

 For example, surface 

functionalization of nanoparticles with functional groups like thiol groups or amine groups 

help in the covalent conjugation of drugs through chemical reactions. Yan et al. fabricated 

mesoporous silica-based nanoparticles for anticancer drug delivery. In this system, paclitaxel 

drug was covalently attached to the doxorubicin-loaded mesoporous nanoparticle. The 

fabricated system provided nanoplatform for precision combination therapy that exhibited 

excellent cell-to-cancer selectivity.
19

 However, a major drawback of covalent bonding is the 

significant loss of activity that can occur after immobilization. This loss in activity is 

attributed to changes to the active sites of the drug. 

Electrostatic interactions: The solubility of the hydrophobic drugs is enhanced by the 

nanoparticles containing functional groups, like amine and carboxyl groups. Due to presence 

of these functional groups, drug molecules electrostatically interact with nanoparticle system. 

For example, anti-inflammatory drugs, like ibuprofen and indomethacin were attached 

effectively with the nanoparticle system with the help of electrostatic interactions.
20

 Meng et 

al., 2010, fabricated mesoporous silica nanoparticles for the effective delivery of anticancer 

drugs to overcome drug resistance in cancer cell line.
21

 Electrostatic interactions are highly 

sensitive to environmental factors, such as pH, ionic strength, and solvent composition. Thus, 

any changes in these parameters can disrupt or weaken the electrostatic attraction between the 

drug and carrier, leading to inefficient loading or premature drug release under physiological 
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conditions. 

Hydrogen bonding: Drug loading into nanoparticles can be done by hydrogen bonding, which 

is a non-covalent interaction between a hydrogen atom and an electronegative atom. Utilizing 

hydrogen bond formation between functional groups on the nanoparticle and functional groups 

on the drug molecules, loading can be accomplished. Ke et al., 2019, fabricated curcumin-

loaded nanoparticles using hydrogen bonding.
22

 The limitations of this method is that since 

hydrogen bindings are weak forces, there are chances of decreased loading capacity and 

immediate release of drugs. 

 

1.2.1.2. Drug release 

For efficient drug delivery, drug loading should be followed by sufficient release. Based on 

the size and chemical nature of nanoparticles, drug release occurs through various mechanisms 

as discussed below (Figure 1.4) 

Diffusion: Diffusion controlled drug release is seen in the systems, where the drug is 

dispersed or dissolved in the core. The difference in concentration gradient across the 

membrane helps in the diffusion of drugs. For example, matrix type nanospheres, where the 

drug molecules are uniformly distributed in the polymer matrix, result in diffusion-controlled 

release.
23

 

Surface desorption: The term "surface desorption" describes the process by which drug 

molecules diffuse off the surface of nanoparticles and release the drug. This process is 

important for sustained and controlled release of drugs from nanoparticles.
24

  

Dissolution: One important process in the drug release from nanoparticles is dissolution. 

When drugs are loaded in the nanoparticles, they can release the drugs by dissolution upon 

contact with physiological fluids. This further leads to matrix disintegration or breakdown 

resulting in drug release.
25

   

Stimuli-responsive release: Nanoparticles can be made stimuli-responsive, which can respond 

to internal or external stimuli, such as temperature, pH, ionic strength, electric or magnetic 

fields, which will further regulate the release of drugs. This release mechanism is widely 

explored in targeted drug delivery.
26
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Figure 1.4. The mechanisms of drug loading and release from nanomaterials. 

 

1.2.1.3. Ophthalmic drug delivery 

Eye is one of most vulnerable organs due to the constant exposure to external world including 

the massive environmental bacterial load. The nature has designed the physiology in such a 

manner that eyes protect themselves but sometimes due to the malfunctioning of protective 

mechanisms, this defense fails to overcome the problems and ocular infections, trauma or 

infections occur. To treat the ocular disorders, drugs of choice are usually administered via 

invasive and non-invasive routes, such as intra cameral / vitreal injections (Figure 1.5). 

Topical application is most accepted route of administration.
27,28

 Delivering the drugs to target 

site without posing any risk to healthy issue is the goal of an ideal ocular drug delivery system 

(ODDS). Nanoparticles intended to be used in ODDS should typically exhibit following 

characteristics: 

      (i) Be able to overcome both dynamic and static ocular barrier. 

      (ii) Improve the drug stability. 

      (iii) Increase the residence time of drug in tissue 

      (iv) Exert minimal peripheral toxicity  
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Figure 1.5. Different routes of ocular administration. Reproduced with kind permission from 

Li et al. J Nanobiotechnol 2023, 21 (1), 232@ 2023 BMC. 

 

 The unique microenvironment and specialized physiological structures within the eye, 

such as the blood-retinal barrier, blood-aqueous barrier, and corneal barrier, pose significant 

challenges in developing safe and effective treatment. Several anatomical features and barriers 

in ocular tissue influence drug delivery. These are listed below: 

Corneal barrier: The cornea is the outermost layer of eye and serves as a protective barrier. It 

consists of multiple layers of epithelial cells with tight junctions, which limit the penetration 

of drugs into the eye. However, the cornea is also highly vascularized, allowing for some drug 

absorption. 

Conjunctival barrier: The conjunctiva lines the inner surface of eyelids and covers the sclera. 

It contains goblet cells that secrete mucin, forming a mucous layer that can trap and hinder 

drug penetration. The conjunctival epithelium also has tight junctions, which blocks the drug 

permeation. 

Tear film: The tear film covers the ocular surface and serves as a protective barrier. It consists 

of aqueous, lipid, and mucin layers. The tear film can dilute drugs and wash them away from 

the ocular surface, reducing their bioavailability. 

Blood-aqueous barrier: The blood-aqueous barrier separates the vascularized tissues of the iris 

and ciliary body from the aqueous humor in the anterior chamber of eye. This barrier restricts 

the passage of large molecules and cells from the bloodstream into the aqueous humor, 

affecting the distribution of systemically administered drugs. 

Blood-retinal barrier: The blood-retinal barrier consists of tight junctions between endothelial 

cells of retinal blood vessels and the retinal pigment epithelium. It restricts the passage of 

substances from the bloodstream into the retina, limiting the efficacy of systemic drug delivery 
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for treating retinal diseases. 

Ocular metabolism: Enzymes present in ocular tissues can metabolize drugs, reducing their 

bioavailability. For example, esterases in the cornea can hydrolyze ester prodrugs into active 

forms, affecting drug absorption and efficacy 

Ocular clearance mechanisms: The eye has various clearance mechanisms, including tear 

turnover, lymphatic drainage, and systemic absorption through blood vessels in the 

conjunctiva and sclera. These mechanisms can rapidly remove drugs from the ocular surface, 

limiting their duration of action.
29,30

 

 Understanding these anatomical features and barriers is crucial for designing effective 

ocular drug delivery systems that can overcome these challenges and improve drug penetration 

and bioavailability in ocular tissues. To address the existing limitations and design an efficient 

drug carrier, novel drug delivery systems made of polymers, lipids, inorganic nanoparticle 

developed in various delivery systems such as micelles, 

nanosuspensions, nanoemulsions, nanoparticles, liposomes, dendrimers, niosomes, 

cubosomes, and nanowafers have been investigated.
31,32

 Active research has been going on 

clinical translation of nanocarriers intended for ophthalmic drug delivery, with many 

formulation already approved by competent regulatory authorities, like FDA and EMA. Some 

of them have been listed below in Table 1.1.
33

 

 

Table 1.1. Some approved nanocarrier delivery system for ocular use. 

Product Nanocarrier Drug Indication Reference 

Ikervis
®
 Nanoemulsion Cyclosporine A Keratitis Eriglu et 

al
34

 

Ozurde
®
 Polymer matrix Dexamethasone Post-operative 

ocular pain 

Wentz et 

al
35

 

Cequa
®
 Micelle Cyclosporine A Dry eye disease Mandal et 

al 
36

 

Xelpros
®
 Nanoemulsion Latanopros Open-angle 

glaucoma 

Kagkelaris 

et al 
37

 

Eysuvis
®
 Nanosuspension Loteprednol 

etabonate 

Dry eye disesae Akhter et 

al
38

 

Verkazia
®
 Nanoemulsion Cyclosporine Vernal 

keratoconjunctivitis 

Gorantla et 

al
32

 

 

 Chitosan, a semi synthetic cationic polysaccharide, is derived from deacetylation of 

chitin. It finds various pharmaceutical applications, owing to its antimicrobial and 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/micelle
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanoemulsion
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanoparticle
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/liposome
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/dendrimer
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/niosome
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mucoadhesive properties. This polymer is easily available, cheap and biocompatible, and due 

to presence of functional groups can be easily modified to impart new properties. Chitosan has 

been developed in different kind of formulations like hydrogels, nanogels, nanoemulsions, and 

nanoparticles for various drug delivery, antibacterial and tissue engineering applications.
39,40

 

Chitosan is one of most widely explored biomaterial for ocular drug delivery due to the 

favorable physiochemical characteristics. However, it poses some formulation challenges, like 

solubility, high viscosity, physical and chemical instability, and it needs stabilizing agent to be 

formulated into gels or nanoparticles.
41

 The degree of deacetylation and the molecular weight 

of chitosan affect its physico-mechanical properties. The degree of deacetylation affects its 

hydrophobicity, solubility, and toxicity. The molecular weight of chitosan affects its solubility 

and degradation. Chitosan with higher molecular weights show less solubility and lower 

degradation rate than the chitosan with lower molecular weight. Small sized particles provide 

larger surface areas for drug adsorption, thereby improving drug loading efficiency. Moreover, 

the particle size can also influence the release kinetics of the drug from the chitosan matrix.
42

 

The protonation of amino groups in chitosan is highly dependent on pH and ionic strength. At 

lower pH or higher ionic strength, chitosan tends to become less soluble and less positively 

charged, which can affect drug loading and release behavior. Crosslinking chitosan with other 

molecules or through chemical modifications can alter its physicochemical properties, 

affecting drug loading capacity and release kinetics. Crosslinking can increase the mechanical 

strength of chitosan matrices, thereby controlling the release rate of drugs.43 
Use of anionic 

small molecules, such as sodium sulfate, sodium tripolyphosphate (TPP), or anionic polymers, 

like hyaluronic acid, alginates, chondroitin sulfate, and sodium cellulose sulfate, facilitate the 

formation of nanoparticles due to inter- and intramolecular crosslinking.
44

 TPP as crosslinking/ 

stabilizing agent for CS NPs was first investigated by Bodmeier et al.
45

 Silva et al. developed 

erythropoietin loaded chitosan-hyaluronic acid nanoparticles by ionotropic gelation.
46

 

Chitosan has been combined with various synthetic polymers, such a PLA, PLGA, and PGA 

and shown some excellent results. In some recent advances, chitosan has been blended with 

liposomes, micelles, and solid lipidic NPs, which enhanced bioavailability, improved drug 

residence time, and provided sustained release of drugs.
47

 Badran et al. prepared metoprolol-

loaded liposomes coated with chitosan for ocular application.
48

 The hybrid chitosan lipid 

nanoparticles were promising to explore and showed a sustained release of drug, antibacterial 

effect, mucoadhesiveness, and increased drug retention.  

 

1.2.2. Tissue Engineering and nanotechnology 

As defined by pioneers of field, Dr. Langer and Dr. Vacanti, tissue engineering is defined as 

―an interdisciplinary field that applies the principles of engineering and life sciences toward 

the development of biological substitutes that restore, maintain, or improve tissue function or a 

whole organ‖. Nanotechnology paved its way into tissue engineering and extensive studies 
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have shown promising results, thus, qualifying nanoparticles as potential candidate in tissue 

engineering and regeneration. Several kinds of nanoparticles, such as metal oxide, inorganic, 

and polymeric nanoparticles have been explored in skin, bone, and cardiac tissue 

engineering.
49

  

 

1.2.2.1. Wound healing 

Physiological wound healing is a complex but precise sequence of events triggered by 

injury/insult to tissue and ends with successful closure. It can be broadly divided into four 

overlapping stages:     

(i) Hemostasis/coagulation: During this phase, vasoconstriction of blood vessels occurs to 

reduce the blood flow at the site of injury. This is followed by coagulation and blood clot 

formation. 

(ii) Inflammation: Once hemostasis is achieved, the inflammatory phase begins. This stage is 

characterized by typical signs of inflammation, like redness, heat, swelling, and pain at the 

wound site. During this phase, various inflammatory cytokines enter the wound area to stave 

off infection by clearing bacteria and debris and preparing the wound bed for new tissue 

growth. 

(iii) Proliferation: After the inflammation is settled, the process of wound repair is initiated. 

The new tissue regeneration begins with cell proliferation (keratinocyte) and formation of new 

blood vessels (neovascularization). 

(iv) Maturation/remodeling: This is the final phase of wound healing. During the maturation 

phase, the newly formed tissue slowly gains strength and flexibility. Collagen fibers 

reorganize, and the new tissue gradually becomes more like the surrounding undamaged 

tissue. This phase can take a long time, sometimes years, depending on the severity of the 

wound. 

Each phase of wound healing is crucial, and the process is highly regulated by various cellular 

and biochemical factors. Any disruption in this process can lead to impaired healing or 

complications like chronic wounds or scarring.
50,51 

 

1.2.2.2. Chronic wound healing 

The altered healing occurs due to various factors, such as impeding inflammation, hindered re-

epithelialization, an increase in protease activity, impaired angiogenesis, and persisting 

infection (Figure 1.6). The global wound care market is projected to grow at a compound 

annual growth rate of 4.61% from 2023 to 2030. Chronic wounds impose significant expenses 

on healthcare systems and have severe effects on patients. Therefore, chronic non-healing 

wounds and excessive scarring represent a significant challenge for both patients and 

healthcare systems, prompting an increased focus on developing more effective treatment 

methods.
52,53
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Figure 1.6. Comparison in healing of normal wound vs altered healing in biofilm infected 

chronic wound. Reproduced with kind permission from Darvishi et al, Angew Chem Int Ed 

2022, 61 (13), e202112218   © 2022 Wiley-VCH GmbH. 

 

Role of biofilms in chronic wounds 

Open wounds create conditions that allow microbes to invade and infect the wound site, 

resulting in activation of host immune system to combat these bacteria. Ischemic and necrotic 

tissues in ulcers increase the susceptibility of the wound to bacterial infection. These bacteria 

often develop biofilms, which are found in 60% of chronic wounds.
54

 Biofilms are self-

secretory matrix composed of heterogeneous bacterial population, polysaccharides, and 

extracellular DNA. This matrix offers a safe niche, enabling bacteria to withstand antibiotics 

or host environmental stress. As biofilms mature, they undergo dynamic phenotypic 

alterations. This results in antimicrobial resistance and the progression of wounds to a chronic 

state. Conventionally, biofilms are removed by physical aggressive debridement in severe 

cases or managed by using high doses and highly penetrating antibiotics. Unfortunately, these 

approaches fail to counter this problem, resulting in relapse of infection and immense side 

effects to host cells.  

 

Nanomaterials for wound healing 

Various types of antimicrobial nanoparticles have been explored for healing of these stalled 

wounds. Initially, nanotechnology was utilized to develop scaffolds for tissue engineering and 
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improvisation in traditional gauze dressing. With advancement in technology, focus has 

shifted to development of nanomaterials having intrinsic bioactivity, like antimicrobial, 

antioxidant, anti-inflammatory, antibiofilm properties (Figure 1.7). These properties are 

mainly due to the size, charge, shape, and presence of certain functional groups in 

nanomaterials.
55

  

 

Figure 1.7. The mechanisms of action of various nanoparticle-based treatments for biofilm 

infected chronic wounds. 

 

1.2.2.3. Rationale design of nanomaterials for the treatment of biofilm-infected 

chronic wounds 

In order to develop effective strategies for prevention and treatment of biofilm infected 

wounds, it is imperative to understand the fundamental biology of biofilm formation. There 

are several stages which lead to an established biofilm 

      (i) Surface attachment: In this stage free flowing planktonic bacteria attach to both biotic 

and abiotic surfaces, via various forces like van der Waals, hydrophobic interactions or 

electrostatic interactions.  Cell adhesion molecules play an important role at this stage.  

      (ii) Formation of biofilm: After successful adherence, these bacteria continue to divide 

rapidly and form micro colonies within the EPS matrix secreted by these cells itself. 

      (iii) Biofilm maturation: The existing microcolonies now grow in size and attain a 3D 

shape, thus providing structural stability to bacterial cells. This stage is crucial as antibiotics 

fail at to enter the biofilm. 

      (iv) Dispersion of biofilm: In final stage, some bacteria from mature biofilm starts 

detachment from substrate to relocate to different tissue and form new colonies there.  

The lifecycle of biofilm thus heavily relies on adhesion molecules, EPS matrix and cell to cell 

communication also known as quorum sensing.
56–58

 Nanomaterial mainly act in two stages to 

counter biofilms, as briefed below: 

     (i) Biofilm inhibition: Most antimicrobial nanomaterials fall in this category. They inhibit 
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the initial attachment of planktonic cells to surfaces due to the excellent antibacterial 

properties and prevent proliferation of bacteria. Some nanomaterials, such as dextran-coated 

iron oxide particles developed by Naha et al.
59,60

 facilitate the generation of free radicals and 

thus kill bacteria. Metal nanoparticles, like Ag, Cu, and Au NPs act on the bacterial cell 

membrane and alter the permeability resulting in cell leakage and death. Goda et al.
61

 

fabricated Ag NPs using pomegranate extract and observed that it possessed potent antibiofilm 

activity. Polymers, PVP and EC, stabilized Ag NP coating on urinary catheter, showed 

significant biofilm inhibition on clinical isolates in studies by Rugaie et al.
62

 Some 

nanomaterials hamper the bacterial cell to cell communication / quorum sensing (QS) through 

specific signaling pathways to inhibit the biofilm formation.
63

 Elshaer et al. developed gold 

and selenium NPs to inhibit QS.
64

 Similarly, functionalized chitosan showed QS inhibition 

property.
65

  

       (ii) Disruption of established biofilm: The EPS matrix provides effective shield to 

protect the bacterial population within and it becomes very challenging to eradicate a mature 

biofilm. Ultrasmall nanoparticles due to their size can penetrate the EPS matrix and release the 

therapeutic agent and help in the disruption of biofilm as shown by Slomberg et al.
66

 Cationic 

nanoparticles interact with anionic EPS matrix, and exert their bactericidal action.
67

 

Nanozymes, like cerium oxide due to DNAse action cause matrix degradation of already 

established biofilm.
68

  

 Many nanomaterials have been approved for clinical use by competent authorities as 

few have been listed in Table 1.2. The existing nanotechnology-based approaches are 

promising but new resistant species are emerging, which are capable of tolerating 

nanomedicine due to the dynamic evolution/selection pressure in bacterial population. 

69
Therefore, new multifunctional nanomaterials are being explored and have lot of scope to act 

on multiple pathways to counter the chances of bacterial resistance.  

 

Table 1.2. Some FDA approved antimicrobial nanoparticles.  

Nanoparticles Application Approval Reference 

Ag NPs Wound dressing FDA Burdușel et 

al.
70

  

ZnO NPs Antibacterial FDA Vassallo et 

al.
71

  

Au NPs Photothermal therapy FDA Sibuyi et al. 
72

 

Dendrimer based NPs 

(VivaGel® BV) 

Anti-infective for the prevention of 

recurrent bacterial vaginosis 

FDA Halwani et 

al.
73

  

  

1.2.3. Osteoporosis 
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Osteoporosis is one of the most prevalent skeletal disorders, which is characterized by the 

reduced bone mineral density and higher risk of fractures.
74

 The decreased bone mineral 

density results in mild symptoms in affected individuals until the onset of fragility fractures. 

Such fractures contribute to a cascade of adverse outcomes, such as persistent pain, disability, 

diminished quality of life, and elevated mortality. Bone is composed of hard tissue, which is 

essential for the body's many operations. The outermost layer of bone, known as the cortical or 

compact bone, bears the majority of the body's weight and has a great resistance to bending 

and twisting. Bone marrow is found in the highly vascularized trabecular or cancellous bone, 

which is the inner spongy portion. In a healthy person, osteoblasts produce bone while 

osteoclasts break it down, allowing for the efficient repair of any cracks or imperfections 

brought on by daily activities. But in an osteoporotic person, the trabecular area in particular 

loses bulk and osteoclast activity supersedes that of osteoblasts. The fewer connecting sites 

cause the bone to become more brittle, which is one of the main factors in the development of 

osteoporosis hormonal fluctuations along with age, particularly postmenopausal estrogen 

insufficiency in women and ageing.
75

 The world's ageing population is causing osteoporosis to 

become a serious public health concern. Every year, over 9 million fragility fractures occur 

worldwide and approximately 200 million individuals are diagnosed with osteoporosis.
76

 

Primary osteoporosis and secondary osteoporosis are the two kinds of osteoporosis. Primary 

osteoporosis results from estrogen deficiency, commonly known as postmenopausal 

osteoporosis whereas type 2 osteoporosis affects both man and women and is commonly 

caused by ageing, it is also known as senile osteoporosis.
77 

 

Bone formation 

Bone is a connective tissue consisting of around 50% water and solid part consists of around 

76% of calcium salt and 33% of cellular material. Bone cells including osteoblast, osteoclast, 

and chondrocytes. The maintenance of normal bone homeostasis depends on the balance 

between osteoblast and osteoclast activity. The primary cell type that forms bones is 

osteoblasts.
78,79

 Extracellular matrix proteins, like alkaline phosphatase, osteopontin, 

osteocalcin, and type I collagen are secreted by these cells. Multiple osteoblasts work together 

to form an osteon, which is a unit of bone. Large multinucleated cells called osteoclasts are 

primarily responsible for the resorption of bone. Originating from the hematopoietic lineage, 

these cells undergo differentiation into mature osteoclasts by the action of RANKL and 

macrophage colony-stimulating factor (M-CSF).
80

 The skeleton receives structural support 

from the type I collagen and calcium deposited as hydroxyapatite. Bone formation process is 

called ossification or osteogenesis. After the formation of osteoblastic lines with progenitor 

cells, three phases of cell differentiation begin, which includes proliferation, matrix formation, 

and mineralization. The formation of bone is divided into two processes including 

intramembranous ossification and endochondral ossification.
81

 The bone remodeling is broadly 
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divided into four distinct phases known as resting place, bone resorption, bone formation and 

bone mineralization, carried out in controlled manner by different cell types (Figure 1.8). 

 

Figure 1.8. Structure of bone and physiological process of bone remodeling. Reproduced with 

kind permission from Winter et al., JBMR Plus, 2021, 5(10), 10504. ©2021Wiley. 

 

1.2.3.1 Management of OP 

Various drugs and therapeutic approaches have been effectively used for the treatment of 

osteoporosis. Most therapeutic efforts to prevent fracture and limit bone loss involve anti-

resorptive medicines such as bisphosphonates, which target osteoclasts and enhance bone 

strength.  Also, anabolic steroids, such as estrogens and recombinant human parathyroid 

hormone (rPTH) are used to inhibit apoptosis of osteoblast and aid the bone growth. Since the 

nature of this disease is such that it leads to the chronic use of these drugs, which results in 

severe side effects in patients.
82,83

 Thus, there is an urgent need to explore drug-free 

nanoparticlulate systems to treat this bone disorder. Various nanomaterials have been explored 

for restoring the normal remodeling process and aid the bone tissue regeneration via different 

mechanism as discussed below (Figure 1.9). 

Inhibition of bone resorption 

Inhibition of bone resorption will prevent further bone loss. Various nanoparticles, such as 

gold, silver, hydroxyapatite and cerium NPs have been found to inhibit the bone 

resorption.
84,85

 Bai et al. reported the anti-resorption property of carboxylated gold 

nanoparticles.
86

Another study by Nah et al. showed inhibitory effect of vitamin D conjugated 

gold nanoparticles on osteoclast differentiation.
87

 Silver nanoparticles have been found to have 

anti-resorptive property as investigated by Lee et al.
88
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Figure 1.9. Nanoparticles to target various therapeutics targets for treating bone defects. 

 

Stimulation of bone formation 

Some organic and inorganic nanoparticles mediate osteoblast differentiation and promote bone 

growth, thus compensating the bone loss. Calcium phosphate-based material, like HAp, have 

been widely reported to have effect on osteoblast differentiation and enhance osteogenesis.
70

  

Silica nanoparticles have been found to have osteogenic potential as reported by multiple 

studies.
89,90

 Lee et al. demonstrated the osteogenic and biomineralization property of zinc 

oxide nnaoparticles.
91

  

 

Other factors playing a role in OP 

Besides above-mentioned processes, there are some other factors, which play significant role 

in OP. 

Mitigation of oxidative stress 

Oxidative stress disrupts the bone remodeling process, creating an imbalance in hemostasis 

between osteoclasts and osteoblasts activity. This results in metabolic bone diseases and 

contribute to the development of skeletal system disorders, such as osteoporosis.
92,93

 There are 

reports, which suggest that inhibition of oxidative stress can positively augment bone mass. 

Shen et al. showed early osseointegration using Sr-doped titanium implants.
94

 Similarly 

improved osteogenic activity was observed by Zheng et al. using antioxidant Ce-doped BG 

NPs.
95

 Zhu et al. showed enhanced bone formation using antioxidant and osteogenic coated 

orthopedic implant.
96

 

Immune regulation 

Immune cells play a critical role in bone tissue regeneration by regulating bone homeostasis. 
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The immune system is involved in both early stages of bone healing, including the 

inflammatory phase, and as well as in the later stages of bone remodeling.
97

 Nanoparticles 

having immunomodulatory properties have been found to have positive impact on healing of 

bone defects.
98

 Se-doped mesoporous bioglass promoted bone regeneration through 

immunomodulation as demonstrated by Chen et al.
99

 Osteoinductive and immunomodulatory 

calcium nervonate NPs facilitated bone healing as reported by Ma et al.
100

 Yin et al. fabricated 

a biomimetic nanocapsule consisting of lipopolysaccharide treated macrophage encapsulated 

in Au cage, which induced M2 polarization and aided in bone tissue repair.
101

 Thus, it would 

be interesting to explore nanoparticles functionalized with certain chemical moieties to impart 

favorable properties and create a multifunctional nanomaterial for management of 

multifactorial disease such as osteoporosis. 

 

Table 1.3. Some marketed nanomedicine-based preparation for bone disorders. 

Nanosystem type Product 

name 

Active 

ingredient   

Indication Reference 

Liposome Liposome Mifamurtide High grade 

osteosarcoma  

Frampton
102

 

Polymer steroid 

mixture 

Zilretta® Triamcinolone 

acetonide 

Knee 

osteoarthritis 

Paik et al.
103

 

Nanoparticle BelOSTO Hydroxyapatite Bone substitute  Bhattacharyya et 

al
104

 

 

1.3. Knowledge gaps in the field 

Nanoparticlulate-based systems, mainly liposomes, have been widely explored for ocular drug 

delivery. There has been less focus on using bioactive nanomaterials as delivery vehicles. To 

address this gap, we have developed a nanoparticlulate system from bioactive polymers having 

intrinsic antimicrobial and mucoadhesive properties, and loaded it with ciprofloxacin to treat 

bacterial ocular infections. In case of ocular bacterial infections, this approach not only assures 

efficient delivery but synergic/additive therapeutic value as well. Our nanoparticlulate system 

exhibited high drug loading and sustained release, which resulted in excellent antibacterial 

properties. It also showed good mucoadhesive property, which is likely to enhance drug 

retention in eye. 

        New functional material having multiple actions are the need of hour to counter the 

antimicrobial resistance in biofilm. The existing nanomaterials can be modulated to impart 

new functions and promote wound healing in non-healing wounds. Composite nanomaterial 

offers the advantage of integrating two materials and creating a nanomaterial with improved 

and enhanced effects. We have developed a nanocomposite of cerium and silica nanoparticles 
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to address the challenge associated with their use 

        Oxidative stress is one of the major etiological factors responsible for disease progression 

in osteoporosis but existing therapeutics mainly focus on inhibiting bone resorption and 

improving bone mass, and effect of antioxidants are majorly ignored. Thus, the nanomaterial 

having antioxidant, osteogenic and angiogenic properties can be a promising alternative to 

ensure the treatment of bone defects and facilitate new bone formation. 

 

1.4. Thesis objectives 

Nanomaterials have gained immense attention and these are being actively explored for 

various biomedical application, like drug delivery, wound healing, and tissue engineering. The 

overall aim of this thesis was to explore new functional nanomaterials to address and 

overcome the existing challenges associated with current strategies (Figure 1.10). The specific 

thesis objectives are listed below: 

 To develop nanocarrier having intrinsic antibacterial activity and mucoadhesive 

property to deliver and aid the sustained release of ciprofloxacin to treat ocular infections. 

Ocular drug delivery is challenging owing to the nature of ocular tissues and nanomaterials 

investigated for drug delivery to treat ocular infections are less effective due to risk of 

antimicrobial resistance.  

 To fabricate cationic nanocomposite incorporating mesoporous silica nanoparticles 

with highly porous morphology and large surface area and bioactive cerium oxide 

nanoparticles to target the biofilm infected chronic wounds. Biofilms are the most common 

cause of chronic wound, and functional nanomaterials acting on multiple pathways are very 

much needed to restore the stalled healing. 

 To explore antioxidant and osteogenic, thiolated silica mesoporous nanoparticles 

(MSN-SH) to prevent disease progression in osteoporosis. The improved osteogenic and 

antioxidant properties will promote new bone growth and reduce the course of the disease. 

Oxidative stress has been identified as major player for disease progression but nanomaterials 

having intrinsic osteogenic properties that are being currently explored often lack antioxidant 

capabilities. 



24  

 

Figure 1.10. Objectives of the thesis- to develop functional nanomaterials for ocular 

infections, chronic wound healing, and osteoporosis. 

 

1.5. Thesis outline  

The aim of this thesis was to fabricate functional nanomaterials for ocular infections, wound 

healing, and osteoporosis. The chapter 1 includes an overview on nanomaterials used for 

biomedical applications, such as ophthalmic drug delivery, chronic wound healing, and 

osteoporosis. This chapter also provides a survey of work done in each area and identification 

of existing knowledge gaps along with the thesis objectives and outline of the thesis. In 

chapter 2, we have incorporated the development of antibacterial and mucoadhesive 

lecithin/chitosan nanoparticles for the sustained release of ciprofloxacin, to treat ocular 

bacterial infections. The chapter 3 describes the development of cationized silica ceria 

nanocomposite having antioxidant, antibacterial, and antibiofilm properties for restoring 

healing in biofilm stalled chronic wounds. The development of antioxidant and osteogenic, 

thiolated mesoporous silica nanoparticles for the treatment of osteoporosis has been discussed 

in chapter 4. The conclusions and prospectives of the thesis are presented in chapter 5. 
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 Chapter 2 

Antibacterial lecithin chitosan nanoparticles for the 

sustained ciprofloxacin release  

2.1. Introduction 

2.1.1. Ocular bacterial infections 

Eye is one of the important and delicate anatomical structure in human body, which like skin 

faces external atmosphere. In normal physiological conditions, eye is self-protected by the 

secretion of antibacterial compounds in tears and aqueous fluids but sometimes this defense 

mechanism is overpassed by external factors. Out of all etiological factors, bacterial ones are 

most common cause for ocular infections.
1,2

 Major bacteria-induced eye diseases include 

conjunctivitis, keratitis, endophthalmitis, and orbital cellulitis. These infections if left 

unattended, can cause serious eye damage and even blindness. Conjunctivitis (also known as 

pink eye) being one of the most prevalent eye infections, is reported to affect 6 million people 

annually. It is actually inflammation of bulbar/palpebral conjunctival tissue, followed by 

swollen blood vessels and discharge of purulent discharge. The etiology of conjunctivitis can 

be infections like bacterial and viral, or noninfectious causes associated with systemic disease 

like metabolic syndromes, immune related disease, and vitamin A deficiency.  Infectious 

conjunctivitis is the most prevalent one, and the bacteria identified to cause bacterial 

conjunctivitis are Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas 

aeruginosa, Hemophilus, and Moraxella species.
3-5

  

 

2.1.2. Challenges 

The bacterial conjunctivitis is generally managed by use of topical antibiotics like 

fluoroquinolone (ciprofloxacin, gatifloxacin, besifloxacin) and aminoglycosides like 

tobramicin and gentamicin in forms of ointment and eye drops. Ciprofloxacin hydrochloride is 

a broad spectrum, second generation, fluoroquinolone drug.
3
 It is effectively used to treat skin, 

bone and joint infections, besides respiratory and urinary tract infections. Ophthalmic 

ciprofloxacin in form of ointment or eye drops is the drug of choice to treat bacterial and 

allergic conjunctivitis. It mainly targets and inhibits DNA gyrase and DNA topoisomerase IV, 

two significant bacterial topoisomerase enzymes involved in DNA synthesis. Ciprofloxacin 

being hydrophilic drug has low ocular bioavailability, and commercially available ophthalmic 

solution require regular dosing, which results in high concentration followed by the 

precipitation of drug and ocular discomfort.
6-7

   

2.1.3. Research gap 

Ophthalmic drug delivery to anterior segment of eye is effectively achieved via topical or 

subconjunctival routes, and topical application being most commonly used route due to ease of 
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administration. However, anatomical barriers like efflux pumps and physiological ocular 

barriers like nasolacrimal drainage and reflux blinking pose challenges to ocular drug delivery. 

As a result, majority of marketed ophthalmic formulations fail to counter these barriers and 

exhibit bioavailability of less than 5%.
8,9

 Nanocarriers with particle size in range of 10-1000 

nm and certain surface charge have been used for ophthalmic delivery.
10,11

 The positively 

charged nanoparticles interact with negatively charged cornea and conjunctiva, and this 

electrostatic interaction leads to retention of nanoparticles on ocular tissues. Nano 

formulations in the form of nanosuspensions, nanoemulsions, nanomicelles, polymeric 

nanoparticles, lipid carriers and nanogels have been investigated for efficient, sustained and 

controlled ocular delivery.
12,13

 

Polymeric system like chitosan nanoparticles, gelatin nanoparticles, PLGA 

nanoparticles, hyaluronic acid, albumin nanoparticles, and liposomes have been well 

documented in ophthalmic drug delivery.
14,15

 Chitosan is positively charged polysaccharide, 

synthesized by deacetylation of chitin. It is a natural, cheap and readily available polymer 

having excellent biocompatibility and is biodegradable in nature. Chitosan has been explored 

for various biomedical application due to its inherent antibacterial and mucoadhesive 

properties.
4
 Chitosan has been explored as excellent drug carrier for ocular delivery due to the 

ability to enhance the penetration of drugs across ocular tissues, prolong drug residence time 

in the eye, and improve drug bioavailability. Various formulation in from of nanoparticles, 

hydrogels and composites have been investigated.
16,17

 

Lipid-based systems have lately gained interest for the delivery of ocular drugs in 

preparation like liposomes, niosomes, solid lipid nanoparticles, and nanoemulsions. The 

lipidic nanocarriers exhibit prolonged residence and enhanced corneal permeability due to the 

interaction with lipid components of tear film. Lipid-based carriers in the size dimension of 

50-500 nm are suitable for ocular administration.
13,18

 Lecithin are natural lipids consisting of 

mainly phospholipids, triglycerides, and glycolipids and it can be extracted from animal or 

plant source, like egg yolk, bovine or soybean. Lecithin extracted from soybean is more 

economical, stable, biocompatible and contains less polyunsaturated fatty acids. Being a 

lipophilic matrix, high drug loading and prolonged release, soy lecithin liposomes have been 

explored for various topical and transdermal drug delivery.
19,20

polymeric and lipid carriers 

have been employed as carrier for drug delivery only, functional antimicrobial nanoparticles 

having therapeutic value is promising to be explored for drug cargo, this will result in synergic 

effect and effective treatment of bacterial infections.  

2.2. Objectives 

To address the existing challenges in the ophthalmic delivery of ciprofloxacin, we investigated 

the polymeric nanoparticles of lecithin and chitosan. Our aim was to develop antibacterial 

nanoparticles for the efficient delivery of ciprofloxacin and synergic/additive antibacterial 
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action. We fabricated the nanoparticles and loaded them with ciprofloxacin, and characterized 

its physical and chemical properties. Drug release was studied in buffer solution and simulated 

tear fluid (STF) and antibacterial properties were evaluated against both Gram-positive (S. 

aureus) and Gram-negative bacteria (P. aeruginosa). The mucoadhesiveness of nanoparticles 

was evaluated using Bradford assay and changes in zeta potential. Finally, the 

cytocompatibility was evaluated by investigating the hemolysis, and cell viability against 

fibroblast and rabbit corneal cell lines. 

2.3. Experimental section 

2.3.1. Materials  

Ciprofloxacin HCl, chitosan (ƞ = 200-600 mPas), soy lecithin, Luria broth, agar powder, 

glacial acetic acid, methanol, mucin (Type III from porcine stomach), sodium chloride, 

potassium chloride, sodium bicarbonate, calcium chloride, sodium citrate, Bradford regents, 

and bacterial live-dead assay kit were procured from HiMedia and Thermo Fisher Scientific. 

The bacterial strains, P. aeruginosa and S. aureus (# MTCC 424 and MTCC 7443) were 

purchased from CSIR- IMTECH, Chandigarh.  Mouse fibroblast cell line (L929) was a 

generous gift by Dr. Durba Pal, Assistant Professor, DBME, IIT Ropar and Staten’s Serum 

Institute rabbit corneal cell line (SIRC) was procured from NCCS, Pune. Cell culture reagents 

and media, such as RPMI 1640, MEM (E), fetal bovine serum (FBS), pen-strep, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent and 0.25% 

trypsin/EDTA were purchased from Thermo Fisher Scientific. Live/dead and BacLight 

viability kits were obtained from Life Technologies Corp. Type I deionized (DI) water (Bio-

Age) was used in all experiments. For assessment of hemocompatibility, blood was drawn 

from a healthy human donor, adhering to protocols sanctioned by the Institutional Biosafety 

Committee (# 07/2021-II/IIT/IEC).   

2.3.2. Fabrication of lecithin chitosan nanoparticles 

The blank lecithin chitosan nanoparticles were fabricated as reported, with slight 

modifications
21

. Chitosan solution (1%) was completely solubilized in water using glacial 

acetic acid (1% v/v) for overnight and 1 mL of this solution was diluted and volume made up 

to 23 mL. Soy lecithin was dissolved in methanol (2 mL) and sonicated to obtain a clear 

solution. Using a 5 mL syringe, lecithin solution was added carefully to the chitosan solution 

under vigorous shaking. The solution was immediately homogenized using probe sonicator in 

ice bath at a frequency of 80 Hz for 7 mins. The homogenized white precipitate was then 

centrifuged (30 min, 0 °C, 10,000 rpm/8385 × g), and the pellet was the washed twice with DI 

water to remove unreacted chitosan/lecithin. The nanoparticle pellet was dried in vacuum 

desiccator. 

2.3.3. Fabrication of drug-loaded lecithin (LC) chitosan nanoparticles 
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Ciprofloxacin-loaded LC nanoparticles were fabricated in same manner as above, except that 

the ciprofloxacin was added in lecithin solution and dissolved completely. The drug/lecithin 

solution was added to the chitosan solution. 

2.3.4. Characterization 

DLS Microtrac/NanotracFlex was used to calculate the particle size distribution and for zeta 

potential measurements. The FT-IR spectra of dry samples was recorded on Bruker ATR 

mode (400-4000 cm
−1

). Thermogravimetric analysis (TA Instrument, USA, SDT-650) was 

done under flowing N2 (100 mL /min), and samples were heated from room temperature to 

800 °C (ramp rate of 5 °C min
−1

). The morphological characteristics of nanomaterial were 

analyzed using scanning electron microscope (SEM, JEOL JSM-6610LV) using drop casting 

method on copper grids.  

 2.3.5. Drug loading  

The unloaded drug was separated from the CLC NPs using centrifugation (10000 rpm, 4 °C). 

The concentration of free drug in the supernatant was estimated at the wavelength of 277 nm, 

using plate reader.
22

 The final drug loading in CLC NPs was calculated using following 

equation: 

                     [
                     

                       
]               Equation 2.1 

where, amount of drug loaded = Total amount of drug used initially – unloaded amount of 

drug in supernatant. 

 2.3.6. Drug release in buffer 

The release of drug from the nanoparticles system was studied.
23

 A weighed amount of 

nanoparticles was suspended in PBS buffer of pH 7.4, and Tween X (0.5% w/v) was added to 

maintain the sink condition. The release media of 0.5 mL was withdrawn at each time interval 

of 4, 8, 12, 24, 48, and 72 h and replenished each time with the same volume of release media. 

The amount of drug released at each time interval was determined by measuring absorbance at 

277 nm using a Tecan plate reader. 

2.3.7. Drug release in simulated tear fluid (STF)  

Artificial tear fluid was prepared by dissolving sodium chloride (6.78 g/L), potassium chloride 

(1.38 g/L), sodium bicarbonate (2.18 g/L), and calcium chloride (0.084 g/L) in DI water and 

pH was adjusted to 7.
24

 The drug release was studied in same manner as described in section 

2.3.6 above.  

2.3.8. Antibacterial studies 

Antibacterial studies were carried against Gram-negative (P. aeruginosa) and Gram-positive 

(S. aureus) strains. The antibacterial activity of blank and drug-loaded nanoparticles was 

evaluated using the absorbance method (OD).
25

 The bacterial suspension of P. aeruginosa and 

S. aureus (OD600nm = 0.1, 10
7 

CFU/mL) was treated with ciprofloxacin, LC, and ciprofloxacin-
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loaded LC NPs. The absorbance was recorded at 600 nm at specific time points of 24, 48, and 

72 h. 

                         [
        

   
]                            Equation 2.2 

where, ODc indicates the absorbance of control (bacteria) and ODs represents the absorbance 

of sample. 

The antibacterial activity was further confirmed using bacterial lived dead staining. 

 2.3.9. Cell viability studies 

To evaluate the toxicity profile of delivery system under consideration, cell studies using 

murine fibroblasts (L929) and rabbit cornea (SIRC) cells were carried out. 
26

 

 The cells were cultured in a cell culture treated T-25 flask, in complete RPMI media and 

MEM supplemented with 10% FBS and 1% antibiotic solution. The media was changed after 

48 h, till the cells were 70% confluent. For MTT assay, cells (1 × 10
5
/mL) were seeded in cell 

culture treated 96 well plate. Both drug loaded and blank NPs were incubated in the media for 

24 h. The conditioned media was passed through a 200 mm syringe filter to remove any kind 

of particulate. The cells were then incubated with conditioned media for 24 h. The untreated 

cells and ciprofloxacin (500 µg/mL) were taken as negative and positive controls. Next day, 

20 µL of MTT solution was added to each well and further incubated for around 3 h at 37 
o
C. 

The purple-colored formazan crystals were dissolved in 100 µL of DMSO. The absorbance of 

plate was recorded using a Tecan plate reader at the wavelength of 570 nm. The percentage 

cell viability was calculated using following equation: 

                 [
        

   
]                                            Equation 2.3 

ODc is absorbance of control, and ODs represents the absorbance of sample.  

2.3.9.1. Live/Dead staining. The effect of NPs on cell viability was further confirmed by 

cell live dead assay using Invitrogen, LIVE/DEAD® Viability/Cytotoxicity Kit. A working 

dye solution was prepared by mixing 2 µM calcein AM and 4 µM ethidium homodimer 1-red 

in DPBS. The treated and untreated cells were thoroughly rinsed with DPBS buffer, and then 

incubated with 50 µL of working dye solution for 30 min. The cells were then visualized and 

images recorded using a fluorescence microscope according to manufacturer manual. Live 

cells were stained green, while red stain indicated dead cells. 

2.3.10. Mucoadhesion studies 

Porcine stomach mucin (Type III), which closely resembles the acidic nasal mucosa 

conditions, was used to test the mucoadhesive properties of both polymeric lipid NPs- LC and 

CLC. Briefly, the NP suspension (0.5 mL) was added with mucin solution (0.5 mL, 5 mg/mL), 

and the mixture was incubated in a shaker orbital at 37 °C (100 rpm, 1.5 h) for 15 min. The 

mixture was centrifuged at 10,000 rpm and the supernatant was collected and absorbance 

measured at 595 nm. The amount of free mucin was calculated using standard curve.
27

 The 

mucoadhesion was further confirmed by zeta potential analysis, by measuring the change in 



42  

zeta potential after the incubation along with mucin dispersion.
28

 Briefly, 0.1% w/v mucin 

dispersion was mixed with an equal volume of CLC NPs, and the mixture was incubated in a 

water bath at 37 °C. Meanwhile, blank mucin dispersion, LC and CLC NPs were also 

incubated in water bath. After 2 h, samples from blank mucin, LC, CLC, and the dispersion of 

mucin and CLC were withdrawn and zeta potential was recorded.  

2.3.11. Hemocompatibility 

The effect of NPs on red blood cells (RBCs) was investigated using hemolysis assay. RBCs 

were separated from whole blood using centrifugation for 20 min at 4 °C and 1500 rpm. The 

resulting pellet was washed with PBS (1x) until a clear suspension was achieved. For the 

working solution, 1 mL of RBC suspension was diluted to 10 mL and about 1 mL of this 

solution was added to each sample, and it was centrifuged for 10 min at 10,000 rpm after 

being incubated for 4 h at 37 °C. Using a plate reader, the absorbance of each supernatant was 

measured at 394 nm. Triton X (1%) was chosen as the positive control and PBS was utilised as 

the negative control.
29

 Following equation was used to determine percentage hemolysis: 

             
          

            
                                                      Equation 2.4 

where, ODs is absorbance of sample, ODneg is absorbance of PBS, and ODpos is absorbance of 

Triton X. 

2.3.12. Statistical analysis 

The statistical analysis was carried out using Student’s t-test and data were presented as 

average values and standard deviations from the mean value. 
*
p values less than 0.05 were 

regarded as significant and ns indicates non-significant difference between the control and 

samples.  

2.4. Results and discussion  

The aim of this study was to develop an antibacterial, mucoadhesive polymeric nanocarriers of 

chitosan lecithin for the sustained release of ciprofloxacin to treat bacterial ocular infections. 

The LC NPs were prepared and characterized. Presence of chitosan imparts antibacterial and 

mucoadhesive property to the system, while lecithin works as surfactant to aid drug 

permeation across ocular tissue. We believe that chitosan shell degrades and lecithin core 

is exposed. Lecithin is mucoadhesive in nature and it will slowly permeate through 

cell membrane and provide prolonged release. Thus, these self-assembled lecithin 

chitosan nanoparticles possess integrated effect to enhance drug retention time and 

drug penetration. 

2.4.1. Fabrication and characterization of chitosan lecithin NPs / nanoemulsion  

The chitosan lecithin NPs were prepared using the ionic gelation method, and resulting 

emulsion was homogenized and centrifuged to form solid NPs (Figure 2.1). This 

nanoemulsion formation occurs due to the self-interaction between the lecithin and chitosan. 
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The organic solution of lecithin/ciprofloxacin was added to the aq. chitosan solution to initiate 

the electrostatic interaction between the positively charged chitosan (protonated amine group) 

and negatively charged lecithin (phosphate group), leading to the formation of internal core of 

lecithin / ciprofloxacin encapsulated by outer hydrophilic layer of chitosan. Hydrogen bonding 

and hydrophobic interaction also contribute to the complex formation.
30

  

 

Figure 2.1. Preparation of Cipro-loaded Lecithin Chitosan (CLC) NPs. 

 

2.4.2. Physical and chemical characterization 

The NPs were characterized by various spectrometric techniques. FT-IR spectra of CL NPs 

revealed characteristics peak at 1061 cm
-1 

and
 
1730 cm

-1
 corresponding to C-O-C and N-H 

bands. The presence of peak at 1156 cm
-1 

can
 
be attributed to P-O stretching, indicating the 

ionic bond between amino group of chitosan and phosphate group of lecithin.
30,31

 The drug 

loading in case of Cipro-loaded LC NPs was confirmed by the peaks at 2680 cm
-1

 and 2451 

cm
-1

. Rest of the spectra was similar to unloaded nanoparticles (Figure 2.2.a, b).  

The thermal analysis was done using TGA technique and an initial weight loss (~ 

2.75%) was observed from temperature 25 to 97 °C, corresponding to the loss of moisture. In 

the unloaded chitosan lecithin NPs, the weight loss (~33.84%) from 278 to 390 °C was due to 

the degradation of chitosan, whereas in the ciprofloxacin-loaded NPs, the sharp decrease in the 

weight loss (~49.29%) in the range of 250 °C and 332 °C can be attributed to the degradation 

of ciprofloxacin (melting point ~ 270 °C) and chitosan (Figure 2.3.a.)
32,33

.  Higher weight loss 

for loaded NPs indicates the presence of the drug in NPs. 
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Figure 2.2. FT-IR spectra: (a) lecithin chitosan (LC) NPs, and (b) Cipro-loaded lecithin 

chitosan NPs (CLC). 

The particle size and zeta potential were analyzed- CL NPs exhibited average size of 

209 ± 9.6 nm and ciprofloxacin-loaded NPs revealed particle size of 226 ± 23 nm. An increase 

in particle size occurs due to the drug loading (Figure 2.3 b, c). The particle size of less than 

400 nm is desirable in nanoparticles intended for use in ocular drug delivery.
10

 The zeta 

potential is defined as the electrical potential that exists in the hydrodynamic shear plane 

around a charged particle and very important parameter to determine the stability of colloidal 

solutions/suspensions. The zeta potential of LC and drug-loaded LC NPs was found to be 

25.67 ± 0.41 mV and 29.1 ± 0.92 mV. Even though lecithin is negatively charged, the zeta 

potential of system mainly remained positive due to high chitosan to lecithin ratio and outer 

layer of chitosan.
28,34

 In case of ciprofloxacin-loaded LC NPs, there was a slight decrease in 

zeta potential. 

 

Figure 2.3. (a) Thermogravimetric analysis of nanoparticles. (b, c) Particle size analysis of LC 

and Cipro-loaded LC NPs. 

 

Table 2.1. Particle size distribution and zeta potential of LC and Cipro-loaded LC NPs. 
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Sample LC NPs Cipro-loaded LC NPs 

Particle Size (nm) 209 ± 9.6  226 ± 23.8  

PDI 0.13 0.8 

Zeta Potential (mV) 25.67 ± 4.4 29.3 ± 0.92 

Morphological features were studies using SEM (Figure 2.4.). The results revealed the 

spherical shape of chitosan lecithin NPs due to the super-molecular self-organizing interaction 

between lecithin and chitosan.
30

 There was no noticeable change in morphology between 

blank and drug-loaded LC NPs. 

 

Figure 2.4. SEM micrograph of: (a) LC NPs. (b) Cipro-loaded LC NPs. Scale bar: 1μm. 

 

2.4.3. Drug loading and release 

The percentage of drug loaded in CLC NPs was calculated to be around 37%. The % loading 

of drug was found to better than chitosan-coated sodium alginate-chitosan nanoparticles 

studied by Nagarwal et al 
35

and comparable to chitosan nanoparticles reported by Silva et al
36

. 

The drug release from polymer matrix is mainly influenced by factors like polymer swelling / 

erosion rate, degree of diffusion, solubility of drug, and polymer drug interaction. In the ocular 

aqueous environment, lipid polymer matrix hydrates, swells and degrades slowly and drug 

diffusion occurs. The rates at which polymer hydrates, swells, or erodes is usually governed by 

the molecular weight of polymer used. Almost 96% of the drug was released in 72 h in a 

biphasic manner, with a slow release within first 4 h, followed by burst release, and then 

nearly sustained release up to 72 h (Figure 2.5). Lecithin core will be shielded initially but 

will be gradually exposed after the dissolution of chitosan layer. The aim of this system was to 

have sustained release system, wherein positively charged chitosan will be taken up cells, 

causing the initial burst release of drugs, followed by slow infiltration of negatively charged 

lecithin, which will provide prolonged release of drugs over the period of time. The initial 

quick release can be beneficial for quickly attaining a therapeutic level, with the subsequent 

steady release helping to maintain the level. The release data was plotted using various models 
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and showed best fit with Higuchi model with good regression coefficient value (R
2 

= 0.94). 

This indicates that release of drug occurs due to swelling, diffusion, and erosion of polymer 

matrix. Similar release profile of drug from chitosan lecithin nanoparticles have been 

demonstrated by Ilk et al., 2017
22 

and Alomrani et al., 2019.
34

 The sustained release of the 

drug from the nanoparticles could be maintained for 72 h, which is significantly higher than 

chitosan-based nanoparticles reported by Zhao et a
37

 and Nagarwal et al.
35

   

 

Figure 2.5. Release profile of ciprofloxacin from NPs. (a) PBS. (b) Simulated tear fluid. *p < 

0.05 represents the statistically significant difference and ns the non-significant difference. 

 

2.4.4. Antibacterial studies 

The antimicrobial effect was studied against both Gram-positive and Gram-negative bacteria, 

using OD method. CLC NPs showed activity of 72% against P. aeruginosa and around 96% 

killing was observed in case of S. aureus in 72 h. Ciprofloxacin, a broad-spectrum antibiotic, 

inhibits the cell division by binding with DNA gyrase. It was highly effective against S. 

aureus with almost 100% inhibition, and also showed inhibitory activity of 78% against P. 

aeruginosa.
38 

LC NPs owing to the presence of chitosan, exhibited intrinsic antimicrobial 

property of 45% and 59% against P. aeruginosa and S. aureus. Depending on the structure of 

each bacterial cell membrane, chitosan in its polycationic form exhibits antibacterial action 

against both Gram-positive and Gram-negative bacteria. Chitosan interacts with anionic 
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surface components of Gram-negative bacteria, including proteins, and lipopolysaccharides, 

while it directly interacts with the negatively charged peptidoglycan and teichoic acid layer of 

Gram-positive bacteria's cell wall.
39

 Thus CLC NPs have pronounced and additive 

antimicrobial activity from ciprofloxacin and LC NPs (Figure 2.6.a). The live dead assay was 

used to confirm the antibacterial effect of NPs. Similar observations were observed as above 

(Figure 2.6 b). The results obtained were comparable to those reported by Garhwal et a l
40

 and 

Yu et al.
41 

 

 

Figure 2.6. Antibacterial activity and live/dead assay. (a) Inhibition of bacterial growth of P. 

aeruginosa and S. aureus after 24, 48, and 72 h. *p < 0.05 represents the statistically 

significant difference and ns the non-significant difference. (b) Fluorescent images of 

untreated, Cipro, and Cipro-loaded LC NP-treated bacterial suspension of P. aeruginosa and 

S. aureus. Scale bar: 10 m. 

 

2.4.5. Cell viability studies 

MTT, a rapid colorimetric assay was used to measure the metabolic activity of cells. The 

conversion of MTT into purple colored formazan crystals by living cells is indicator of cell 

viability or toxicity. The results demonstrated that in L929 cells, ciprofloxacin HCl exhibited 

toxicity, with cell viability of 60%. Ciprofloxacin is reported to induce the oxidative stress in 
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fibroblast cells.
42

 Both CL and CLC were found to be safe with cell viability of 100 and 82% 

(Figure 2.7.a, c.). In case of SIRC cells, LC NPs were found to cell proliferative in nature 

with 110% cell viability, while as drug-loaded CLC NP-treated cells exhibited around 93% 

cell viability (Figure.2.7.b.). 
43

 Our material was cytocompatible similar to materials reported 

by Lin et al
44

 and Asasutjarit et al. 
45

 

 

Figure 2.7. Cell viability and live/dead assays of blank (untreated), LC NPs, Cipro, and Cipro-

loaded LC NP extracts-treated L929 and SIRC cells after 24 h. (a, b) MTT assay. *p < 0.05 

represents the statistically significant difference and ns the non-significant difference. (c) 

Fluorescence images of untreated cells (control) and cells treated with LC NPs, Cipro, and 

Cipro-loaded LC NP conditioned media. Scale bar: 100 m.  

 

2.4.6. Mucoadhesive property 

The mucoadhesivness was studies using two methods- Bradford assay and change in zeta 

potential. The decrease in zeta potential was observed in both mucin, LC and mucin CLC. 

This is due to the adsorption of negatively charged mucin on positively charged LC and CLC 

NPs (Table 2.2). Besides electrostatic interaction, physical entanglement between chitosan 



49  

and mucin is also involved.
46,47

 Similar observation was made in Bradford assay- the amount 

of free mucin was significantly less in the supernatant of LC and CLC NPs (Figure 2.8 a). 

Both results indicate that CLC NPs are mucoadhesive in nature, which ensures longer 

residence time and, thus, prolonged drug delivery. The amount of mucin adsorbed by 

nanoparticles was found to be significantly higher than chitosan-coated polylactic acid 

nanoparticles reported by Mahaling et al
48

 and similar to dexamethasone–glycol chitosan 

conjugates studied by Yu et al.
49

  

2.4.7. Hemocompatibility 

As the NPs are to be administered in the eye, they might enter the vascular layer via choroid 

and come in contact with the erythrocytes. To ensure the safety of the eye, hemocompatibility 

of the NPs was assessed using hemolysis assay. The supernatant of samples (0.5 mg/mL) 

showed minimal hemolysis (<4%) which makes it clinically safe. The drug-loaded NPs (CLC) 

showed relatively lower hemolysis in comparison to ciprofloxacin itself (Figure 2.8 b). The 

system was relatively more hemocompatible than cipro-loaded Au NPs reported by Nawaz et 

al.
50

 

 

Figure 2.8. (a) Mucoadhesion analysis of LC and Cipro-loaded LC NPs using Bradford assay. 

(b) In vitro percent hemolysis of untreated, Triton X, LC, Cipro-loaded CL NPs, and 

ciprofloxacin. **p < 0.01, *p < 0.05 represents the statistically significant difference and ns 

the non-significant difference.  

 

Table 2.2. Zeta potential of free mucin, mucin bound with LC NPs, and Cipro-loaded LC NPs. 

Sample Mucin Mucin / LC Mucin / CLC 

Zeta Potential (mV)  -20 1.14   3.72 

 

2.5. Conclusions 
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To conclude, we have fabricated lecithin chitosan nanoparticles for the sustained release of 

ciprofloxacin to treat bacterial ocular infections. The nanoparticles were characterized by FT-

IR, SEM, DLS, zeta potential, and TGA. About 37% of drug loading was observed and 

subsequently drug release kinetics were studied in PBS and simulated tear fluid. The lecithin 

chitosan nanoparticles showed a Fickian diffusion, with Higuchi model being the best fit. The 

release of ciprofloxacin was sustained for up to 72 h. The nanomaterial was evaluated for 

antibacterial properties against both Gram-positive (P. aeruginosa) and Gram-negative 

bacteria (S. aureus) and found to exhibit antimicrobial properties for prolonged time against 

both strains. The cell viability in fibroblast and rabbit corneal cell lines showed that 

nanomaterials developed are cytocompatible. The hemolysis assay using red blood cells 

revealed their non-hemolytic characteristics. The nanomaterials have amphiphilic nature and 

demonstrated promising mucoadhesiveness, which is required to increase its retention time in 

the eye and decrease the frequency of dosage. Thus, lecithin chitosan nanoparticles can be 

regarded as promising candidate for the ocular bacterial infections. The intrinsic antimicrobial 

and mucoadhesive nature of chitosan and lecithin along with the antimicrobial activity of 

ciprofloxacin results in accentuated and improved antibacterial activity. 
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    Chapter 3     

      Cationized silica ceria nanocomposite to target biofilms 

in chronic wounds  

3.1. Introduction 

3.1.1. Wound healing 

Wound healing is an intricate, multistep biological mechanism orchestrated by various cells, 

including platelets, neutrophils, macrophages, and fibroblasts, operating in a synchronized 

fashion.
1,2

 Disruptions or anomalies in any phase can induce malfunctions, culminating in 

persistent, non-healing wounds that hinder proper wound closure. The global ramifications of 

impaired wound healing are substantial, with associated costs reaching approximately $25 

billion annually on a global scale.
3
 The incidence of chronic wounds is surging up, primarily 

driven by the rising prevalence of conditions, like diabetes and obesity. It's projected that 1–

2% of individuals in industrialized nations will confront the challenges of impaired wound 

healing at some point in their lives.
4,5

 One predominant factor impeding wound healing is 

bacterial infections leading to chronic wounds. These bacteria, within biofilm structures at the 

wound site, produce toxins and virulence factors that impede healing, resulting in chronic 

wound conditions.
6
 Biofilms are self-secretory matrices encompassing a diverse bacterial 

population, lipopolysaccharides, and extracellular DNA. This matrix offers a safeguarded 

environment, enabling bacteria to withstand antibiotics or adverse cellular conditions. As 

biofilms mature, they undergo dynamic phenotypic alterations. Their presence often results in 

antimicrobial resistance and the progression of wounds to a chronic state.
7,8

  

3.1.2. Challenges 

While aggressive antibiotic regimens have been explored to counteract biofilm-associated 

infections, they often worsen the situation. This is especially true when biofilms form on 

living tissues (like, chronic wound sites), further aggravating the pre-existing inflammatory 

state of the wounds.
9
 Numerous methodologies have been explored to counteract biofilm and 

its associated complications. Nanomaterials have emerged to prominence as potent 

antimicrobial agents. Their diverse attributes and tunable chemistry make them ideal 

candidates for devising robust strategies to both prevent and eliminate biofilms.
10-12

 Metal 

nanoparticles, lanthanide elements, carbon nanotubes, graphene oxide nanoparticles, and 

nanocomposites have been extensively explored to combat bacterial and biofilm-related 

infections. However, addressing biofilm-induced wound complications remains a formidable 

challenge.
13
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3.1.3. Research gap 

Given the dynamic nature of biofilms, which adapt their phenotype in response to therapeutic 

agents, a multifaceted approach targeting the diverse aspects of wounds is needed to enhance 

the efficacy and circumvent resistance. We have addressed this gap by designing a hybrid 

nanocomposite (FSC) of mesoporous silica nanoparticles (MSNs) and cerium oxide 

nanoparticles (CNPs) to exhibit robust bactericidal and anti-biofilm property while 

maintaining the biocompatibility on biofilm-covered biological surfaces in order to restore the 

compromised wound healing processes.  

 

3.1.4. Nanomaterials for antimicrobial property 

Cerium oxide, a multifunctional enzyme-mimetic lanthanide metal, is recognized for its 

antibacterial and antioxidant properties. The catalytic activity of cerium oxide is mostly 

attributed to the ability of cerium to self-regenerate redox states between Ce
4+

 and Ce
3+

.
14

 This 

catalytic activity is intrinsically size-dependent and the effect becomes more pronounced with 

the decrease in nanoparticle dimensions.
15,16

 Cerium oxide exhibits both antibacterial and anti-

biofilm property by instigating the hydrolysis of extracellular DNA through nucleophilic 

attack on the organophosphate backbone. Numerous studies have identified cerium oxide as a 

DNA-mimetic enzyme, which triggers the lysis of extracellular DNA present in biofilm.
17,18

 

Additionally, cerium oxide demonstrates tissue regenerative properties, promotes wound 

healing, and helps in scavenging reactive oxygen species (ROS).
19

 Nonetheless, cerium oxide 

nanoparticles face challenges, such as limited colloidal stability and dispersity in aqueous 

solutions, alongside size-dependent behavior. To address these limitations, various surface 

modification techniques have been explored to stabilize these nanoparticles.
20

 

Mesoporous silica nanoparticles (MSNs) have emerged as excellent carrier in the 

biomedical realm due to their expansive surface area, biocompatibility, and inherent porosity. 

This robust framework facilitates adaptable surface functionalization while preserving its 

porosity for encapsulating guest substances.
21

 While MSNs lack inherent bactericidal 

properties, they have proven to be potent drug delivery vehicles and foundational substrates 

for composite materials, and thus expanding their potential in wound healing applications.
22

 

Cationic surfaces or polymers manifest pronounced antibacterial effects, and their propensity 

to induce drug resistance is minimal.
23

 These positively charged entities adhere to the anionic 

bacterial membrane, leading to the disruption of membrane constituents and subsequent 

cellular death. The effect is equally potent against both Gram-positive and Gram-negative 

bacterial strains.
24

  

 

3.2. Objectives 

The objective of this work was to fabricate and characterize a cationic nanocomposite (FSC) 

incorporating mesoporous silica nanoparticles (MSNs) and cerium oxide nanoparticles (CNPs) 
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with the objective of mitigating the presence of biofilm in persistent wounds (Figure 3.1). The 

nanocomposite has been designed to take advantage of the expansive surface area of MSNs 

serving as a scaffold for the homogenous distribution of CNPs and enhanced surface 

functionalization. This cationized nanocomposite exhibit more positive charge density, which 

is complemented by the inherent antibacterial and anti-biofilm attributes of CNPs, thereby 

increasing its antimicrobial potency. Comprehensive characterization of the nanocomposite 

was done along with the evaluation of its antioxidant, haloperoxidase-mimetic, and 

antibacterial activities against both Gram-positive and Gram-negative bacterial strains. Its 

effect on preventing biofilm generation and eradicating pre-established biofilm was 

investigated. Subsequent studies included its cytocompatibility towards mouse fibroblast cell 

line, proficiency in protecting cells from ROS-induced oxidative stress, and 

hemocompatibility with human blood samples. Conclusively, the nanocomposite's capability 

in facilitating wound closure in cell cultures was assessed. Overall, this nanocomposite 

demonstrated a strong potential in counteracting biofilm proliferation within chronic wound 

environments.  
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Figure. 3.1. (a) Preparation of cationized silica ceria nanocomposite (FSC) and its activity on 

bacteria. (b-e) HR-TEM images. (b) MSN. (c) CNP. (d) SC. (e) FSC. Scale bar: (b, e) 100 nm. 

(c) 50 nm. (d) 200 nm.    

3.3. Experimental section 

3.3.1. Materials 

Tetraethyl orthosilicate (TEOS), 3-aminopropyl-triethoxysilane (APTES), 2,2′-azino-bis-(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS), ethanol, potassium bromide, crystal violet, and 

potassium persulfate, were sourced from Sigma-Aldrich. Additional reagents, including 

ascorbic acid, bacteriological agar powder, cetrimonium bromide (CTAB), gentamicin, Luria 

broth, phosphate-buffered saline (PBS), and urea, were procured from HiMedia. Ammonia 

(30%) and phenol red were supplied by Avra, whereas glacial acetic acid, hydrogen peroxide, 

sodium hydroxide, and p-xylene were obtained from Merck. DMSO, pentanol, and toluene 

were acquired from Spectrochem, and cerium nitrate hexahydrate (99.9% AR) was sourced 

from Loba Chemie. All reagents were utilized as received, without additional refinement. 

Bacterial strains S. aureus, and E. coli bearing accession numbers MTCC 7433 and MTCC 

1687 were obtained from CSIR- IMTECH, Chandigarh. The bacterial live-dead assay kit was 

sourced from Thermo Fisher. The L929 cell line was generous gift by Dr. Durba Pal from 

DBME, IIT Ropar. Other materials, including CCK 8 reagent, 2′,7′-dichlorodihydrofluorescein 

diacetate (DCFDA), fetal bovine serum (FBS), MTT reagent, penstrep, RPMI 1640, and 

0.25% trypsin/EDTA were procured either from Thermo Fisher or Sigma. All experiments 

were carried out in Type I deionized (DI) water (Bioage). For the assessment of 

hemocompatibility, blood was drawn from a healthy human donor by adhering to the protocol 

approved by the Institutional Biosafety Committee (# 07/2021-II/IIT/IEC).  

3.3.2. Fabrication of mesoporous silica nanoparticles (MSN) 

Mesoporous silica nanoparticles (MSNs) were fabricated using a method reported in 

literature.
25

 Initially, CTAB (0.2 g, 0.54 mmol) and urea (0.24 g, 3.99 mmol) were solubilized 

in 10 mL of DI water, and agitated at 1000 rpm for 15 min. Further, TEOS (1 mL, 4.8 mmol) 

was added to 10 mL of p-xylene and was subsequently added to CTAB-urea mixture, with 

continuous stirring maintained for an additional 20 min. Next, dropwise addition of pentanol 

(0.6 mL) was done to the reaction mixture, and the system was subjected to intense agitation 

for 30 min. The colloidal solution was then subjected to reflux conditions at 140 °C for a span 

of 2 h. The resulting slurry was washed several times with water and ethanol. The isolated 

white nanoparticulate matter was then subjected to calcination at 550 °C for 6 h in air in order 

to remove CTAB. 

3.3.3. Fabrication of cerium oxide nanoparticles (CNPs) 

Cerium oxide nanoparticles were fabricated using hydrothermal technique.
26

 Cerium nitrate 

hexahydrate (0.4 g, 1 mmol) was solubilized in 4 M NaOH (60 mL) and vigorously stirred for 
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30 min. This resultant suspension was then transferred to a 100 mL Teflon-coated stainless-

steel autoclave and subsequently incubated in an oven at 100 °C for a 24 h period. CNPs were 

obtained as dark yellow powder by centrifuging the reaction mixture and subsequently 

washing them with water and ethanol (10,000 rpm, 4°C). 

3.3.4. In situ fabrication of silica ceria nanocomposite (SC) 

According to a standardized procedure, CTAB (0.1 g, 0.3 mmol) was solubilized in water (20 

mL). A combined solution of 30% ammonia (25 mL) and ethanol (35 mL) was added to 

ensure alkaline conditions. The resulting mixture was stirred for a span of 30 min and TEOS 

(0.54 mL, 2.6 mmol) was added, and the reaction mixture was further stirred for another 30 

min, leading to the formation of a white suspension. Cerium nitrate hexahydrate (0.6 g, 1.3 

mmol) was then introduced to this suspension. The entire reaction assembly was stirred under 

ambient conditions for an hour, post which it was transferred to a Teflon-coated stainless-steel 

autoclave and incubated in the oven at 100 °C overnight. The resultant suspension was then 

centrifuged and subjected to a washing sequence using both ethanol and water. The isolated 

nanoparticles underwent calcination at 550 °C for 5 h, yielding CTAB-free, characteristic 

yellow-hued nanocomposite.
27

 

3.3.5. Amine functionalization 

Following the fabrication, surface modification was performed using previously established 

method.
28

 The composite was kept in vacuum desiccator overnight at 50 °C to remove the 

moisture. Subsequently, the dehydrated powder was dispersed in toluene, followed by 

sonication for a period ranging between 40 to 50 min. APTES (0.8 mmol, 0.17 mL) was then 

introduced to this dispersion, and the reaction mixture was subjected to reflux conditions at 

110 °C for an overnight period. The resultant suspension was centrifuged, followed by a 

washing sequence using toluene to eliminate any residual, unreacted APTES. The sample, 

denoted as FSC, was then air-dried at 50 °C. An analogous procedure was employed for the 

functionalization of CNPs, yielding the product termed as FCNP.  

3.3.6. Characterization 

The nanoparticles were comprehensively characterization via multiple analytical techniques. 

The morphological attributes of the nanomaterials were elucidated using a High-Resolution 

Transmission Electron Microscope (HR-TEM JEM-2100 Plus, 200 kV) employing the drop-

casting technique. Fourier Transform Infrared (FT-IR) spectra of desiccated samples were 

acquired on a Bruker spectrophotometer, utilizing the Attenuated Total Reflectance (ATR) 

mode spanning a wavenumber range of 400 to 4000 cm
-1

. The crystalline nature of the 

materials was ascertained by X-ray Diffraction (XRD) on a RIGAKU Mini-flex 

diffractometer, with scanning angles between 10° and 80° and Cu kα radiation (λ = 0.154 nm). 

Band gap energy estimations for both CNPs and nanocomposites were conducted on a 

Shimadzu spectrophotometer, employing BaSO4 as a reference standard. Surface attributes of 

the materials were probed through N2-adsorption analysis. Prior to analysis, samples were 



64  

degassed at 200 °C for 5 h to eliminate surface-bound adsorbates. The Brunauer-Emmett-

Teller (BET) equation was employed to determine specific surface areas within a relative 

pressure range of 0.05 to 0.3. Pore distribution was deduced utilizing the Barrett-Joyner-

Halenda (BJH) methodology on a Quantachrome instrument. Dynamic Light Scattering (DLS) 

on a Microtrac/Nanotrac Flex apparatus facilitated the assessment of particle size distribution 

and zeta potential. X-ray Photoelectron Spectroscopy (XPS) analysis, conducted on a Thermo 

Fisher Scientific K Alpha instrument provided insights into the elemental composition and 

oxidation states of the nanocomposites. Lastly, Energy Dispersive X-ray (EDX) studies, 

executed on a BrukerSplash 6130, facilitated the exploration of elemental mapping and the 

spatial distribution of integral elements within the nanocomposite.  

3.3.7. Antioxidant assay 

ABTS (7 mM) and potassium persulfate (2.45 mM) solutions were formulated using DI 

water.
29

 These solutions were mixed in equimolar proportions and incubated overnight under 

ambient conditions in the absence of light, facilitating the generation of free radicals. 

Subsequently, the resultant solution was diluted with phosphate-buffered saline (PBS) until an 

absorbance value of 0.8 units at 734 nm was achieved. Individual samples were exposed to the 

optimized ABTS solution for an hour. This was followed by centrifugation, leading to the 

isolation of supernatants. The absorbance of these supernatants was then quantified, and the 

radical scavenging efficiency was computed, using ascorbic acid (1%) as the standard control. 

                       [
      

  
]                                               Equation 3.1 

where, Ac is the absorbance of the control and As is the absorbance of the sample. 

3.3.8. Haloperoxidase-mimicking properties 

The haloperoxidase activity was assessed based on a previously documented method, albeit 

with minor alterations.
30

 Phenol red (50 μM) and potassium bromide (25 μM) were solubilized 

in water. This was succeeded by the incorporation of hydrogen peroxide (300 μM). The pH of 

the solution was adjusted between 5 to 6. Subsequently, individual samples (concentration: 2 

mg/mL) were incubated with the reactant mixture for a span of 5 h under ambient conditions. 

Absorbance values at wavelengths of 432 nm and 590 nm were periodically captured at 30 

min intervals over the 5 h duration, utilizing a UV–Vis spectrophotometer. 

3.3.9. Antibacterial assay 

The antibacterial efficacy was evaluated against bacterial strains E. coli and S. aureus. These 

bacteria were propagated in Luria broth until they reached the mid-logarithmic growth phase 

at 37 °C in an orbital shaker incubator operating at 100 rpm. The bacterial cultures were 

diluted to achieve a concentration of 1 × 10
7
 CFU/mL.

31
 Sample suspensions at varying 

concentrations (0.5, 1, 2 mg/mL) were exposed to both S. aureus and E. coli for durations of 

12 and 24 h, while maintaining a consistent agitation speed of 100 rpm. At designated 

intervals, aliquots (100 μL) of the bacterial mixture were subjected to serial dilution and 
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subsequently plated on Luria agar media. These plates were incubated for a period ranging 

between 6 to 8 h until countable bacterial colonies could be recognized. The degree of 

bacterial growth inhibition was quantified relative to a control group of untreated bacteria. For 

reference, gentamicin (0.1 mg/mL) and untreated bacterial cultures were employed as positive 

and negative controls. To assess the impact of nanoparticle dimensions on antibacterial 

performance, FSCs of different sizes (257, 450, and 911 nm) were fabricated by modulating 

specific reaction parameters, like rate of addition of TEOS and reaction time during the 

fabrication process. The antibacterial activities of these varied-sized FSCs were assessed 

against E. coli and S. aureus by employing the optical density (OD) technique.  

3.3.10. Inhibition of biofilm formation 

Overnight cultured S. aureus was diluted in fresh Luria Broth (LB) media to achieve a 

concentration of 1 × 10
7
 CFU/mL. Subsequently, 500 μL of this bacterial suspension was 

introduced to each sample (concentration: 2 mg/mL) in a 48-well plate and incubated at 37 °C 

for a duration of 48 h.
32

 Post-incubation, the well contents were discarded and each well 

underwent a triple washing sequence with phosphate-buffered saline (PBS) to eliminate any 

free-floating (planktonic) bacterial cells. The adherent bacteria were fixed using absolute 

ethanol for a 15 min period. Staining was achieved by treating the fixed bacteria with a 0.1% 

crystal violet solution for a time span ranging between 5 to 10 min and excess stain was rinsed 

off with water. To solubilize the biofilm-bound dye, 10% glacial acetic acid was added to each 

well. The absorbance of resultant solution was measured at a wavelength of 590 nm. 

3.3.11. Disruption of established biofilm 

To assess the efficacy of the nanocomposite against pre-formed biofilm, a suspension of S. 

aureus (concentration: 1 × 10
7
 CFU/mL) was inoculated into a tissue culture-treated 48-well 

plate. This setup was incubated at 37 °C for 48 h to facilitate biofilm development.
33

 Post-

incubation, each well was rinsed with phosphate-buffered saline (PBS) to eliminate any non-

adherent bacterial entities. Subsequently, each sample solution (concentration: 2 mg/mL) in 

Luria Broth (LB) media was added to the wells. The plate underwent an additional incubation 

period of 24 h. The quantification of biofilm biomass was executed utilizing the crystal violet 

staining protocol. 

3.3.12. Live/dead bacterial staining 

A working dye solution was formulated by mixing SYTO 9 and propidium iodide (PI) in 

equimolar proportions using sterile water. Both treated and untreated bacterial samples were 

exposed to this dye mixture and incubated for 30 min under ambient conditions, shielded from 

light. Post-incubation, the stained bacterial entities were immobilized onto glass slides and 

visualized employing a Leica DMi8 fluorescence microscope. For bacteria within mature 

biofilms, a similar staining protocol was adopted. Biofilms were cultivated for a 48 h period 

within a treated 48-well plate and exposed to the sample solutions for an additional 24 h. 

Following a washing sequence with PBS, the dye mixture was introduced and allowed to 
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interact with the biofilm for 15 min. After discarding the dye solution, the biofilm-laden wells 

were examined under the fluorescence microscope.  

3.3.13. HR-TEM imaging 

The influence of FSC on bacterial structural integrity was determined with the help of HR-

TEM (model: JEM-2100 Plus, operating at 200 kV). Bacterial strains, E. coli and S. aureus, 

were cultivated as described previously and exposed to FSC for time intervals of 12 and 24 h. 

Post-treatment, both treated and control bacterial samples were centrifuged (4 °C). The 

resultant pellet was subjected to a triple washing sequence using PBS (pH 7.4). The bacterial 

cells were fixed overnight using a 2.5% glutaraldehyde solution, followed by a 30 min 

treatment with 1% osmium tetroxide. A systematic dehydration of the pellet was executed 

using an ethanol gradient, progressing from concentrations of 30% to 90%. The final pellet 

was reconstituted in absolute ethanol. A 5 μL aliquot of this bacterial suspension was drop-

casted onto a carbon-coated copper grid (with a mesh size of 300). Imaging was performed 

using the HR-TEM.
34

 

3.3.14. In vitro cell viability 

The viability and proliferation of cells were assessed using the mouse fibroblast (L929) cell 

line. These cells were cultivated in RPMI media, supplemented with 10% Fetal Bovine Serum 

(FBS) and 1% antibiotic, within a tissue culture-treated flask (T-25).
35

 Upon achieving 70–

80% confluence, the cells were trypsinized. The detached cells were seeded into a 48-well 

plate at a density of 1 × 10
4
 cells/mL and incubated in a CO2-rich environment for 24 h. 

Various concentrations (0.5, 1, and 2 mg/mL) of each sample were incubated in the media at 

37 °C for 24 h. Subsequent to this incubation, the samples were filtered using a 0.2 μm syringe 

filter to eliminate any particulate contaminants. The original media in the wells was 

substituted with this conditioned media, and the cells underwent further incubation for periods 

of 24 and 72 h. The viability of cells at the 24 h and 72 h was determined using the following 

methods: 

3.3.14.1. MTT assay. A 30 μL aliquot of MTT solution (concentration: 5 mg/mL) was 

introduced to each well, followed by an incubation period of 3.5 h at 37 °C. The emergent 

formazan crystals were solubilized using 100 μL of dimethyl sulfoxide (DMSO). Absorbance 

was taken at a wavelength of 570 nm utilizing a Tecan Infinite M Plex plate reader. Cell 

viability percentages were deduced by juxtaposing the absorbance values of treated cells 

against those of the untreated control. 

                 
                    

                     
                               Equation 3.2 

3.3.14.2. CCK 8 assay. To each well of a 48-well plate, 20 μL of CCK 8 dye was 

introduced, followed by an incubation period of 3.5 h at 37 °C. Absorbance readings were 

subsequently recorded at a wavelength of 450 nm utilizing a plate reader.  
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3.3.14.3. Live/dead staining. Post 24 h incubation period, cellular staining was executed 

using the LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells (sourced from 

Invitrogen) by adhering to the manufacturer's guidelines. A working dye solution was 

formulated, comprising of 2 μM calcein AM and 4μM ethidium homodimer 1-red, dissolved 

in DPBS. Prior to staining, cells underwent a meticulous washing process using DPBS buffer. 

Subsequently, they were exposed to 50 μL of the prepared dye solution and incubated for 30 

min. Cellular imaging was accomplished utilizing a fluorescence microscope. 

3.3.15. Hemolysis assay 

The compatibility of the samples with human blood, termed hemocompatibility, was 

assessed.
36

 Erythrocytes, or red blood cells (RBCs), were procured via centrifugation at a 

speed of 1500 rpm for duration of 20 min. The RBCs underwent three washing cycles with 1× 

PBS. A working RBC solution was formulated by diluting a 1 mL erythrocyte pellet in 9 mL 

of PBS. Each sample was supplemented with 1 mL of this working solution and subjected to 

incubation at 37 °C for a span of 4 h. This was followed by a centrifugation at 10,000 rpm for 

10 min. The absorbance of the supernatant from each sample was measured at 394 nm using a 

plate reader. For reference, PBS served as the negative control, while 1% Triton X served as 

the positive control. The percentage of hemolysis was determined using the following 

equation:     

            [
                    

                      
]                             Equation 3.3 

3.3.16. In vitro ROS/oxidative stress 

In this study, L929 cells were cultured at a density of 1 × 10
4
 cells/mL in a 48-well plate and 

allowed to incubate for 24 h at 37 °C.
37

 Cells were exposed to 50 mM of H2O2 for an hour. 

The medium was replaced with sample extracts and the incubation continued for an additional 

24 h. To assess intracellular reactive oxygen species (ROS) generation, cells were treated with 

DCFDA dye (25 μM) and kept in the dark for 30 min. Post-incubation, the wells were washed 

with 200 μL of PBS and the fluorescence from ROS-bound DCFDA was visualized using a 

fluorescence microscope. To determine the protective effect of the nanocomposite against 

oxidative stress, cell viability in the presence of H2O2 was evaluated.
42

 Cells were cultured at a 

density of 1 × 10
4
 cells/mL in a 48-well plate and incubated for 24 h. The culture medium was 

replaced with conditioned medium containing the nanocomposite, followed by the 

introduction of 50 mM H2O2. After 24 h incubation, cell viability was assessed using the MTT 

assay, as described previously. Control groups, both exposed and unexposed to H2O2, served 

as positive and negative controls. 

3.3.17. In vitro scratch assay 

The wound healing potential of the nanomaterials was evaluated using an in vitro scratch 

assay, as previously described.
38

 L929 cells were cultured at a density of 1 × 10
4
 cells/mL in a 

treated 6-well plate until they reached full confluence. A sterile 200 μL pipette tip was used to 
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create a straight-line scratch on the monolayer of cells. After removing cell debris by washing 

with DPBS, conditioned media was added to each well, and the plate was incubated at 37 °C. 

Wound healing progression was monitored at 6, 12, and 24 h intervals, with images captured 

using an inverted microscope (Evos XL core, Invitrogen). The healing percentage, in terms of 

area covered, was quantified using ImageJ software. The calculation was based on the 

following formula: 

          [
              

      

]                                            Equation 3.4 

where, t0 = 0 h, ti = 6, 12, and 24 h. 

3.3.18. Statistical analysis 

Statistical analysis was done using the student’s t-test and the data were presented as mean 

values ± standard deviations. A p-value below 0.05 was considered statistically significant (*), 

while "ns" denotes no significant difference between the control and tested samples. 

 

3.4. Results and discussion  

Cerium oxide nanoparticles (CNPs) are recognized as enzyme-mimetic nanomaterials with 

antibacterial, antioxidant, and tissue regeneration capabilities.
39

 The efficacy of cerium-based 

nanoparticles in antibacterial applications often depends on factors, like size, morphology, and 

pH. This research aimed to improve the antibacterial potential of CNPs, irrespective of their 

geometric attributes, by employing mesoporous silica nanoparticles (MSNs) as a matrix. This 

matrix encapsulated the cerium oxide, forming a silica-ceria nanocomposite (SC). Subsequent 

cationic functionalization of this composite (FSC) was pursued to enhance its performance 

against bacterial entities and biofilms (Figure. 3.1). 

3.4.1. Fabrication and characterization of silica/ceria nanocomposite 

The fabrication of MSNs was executed using a straightforward reflux approach in a round-

bottom-flask, where TEOS underwent hydrolysis in an alkaline setting utilizing CTAB as a 

template to guide the formation of silica nanoparticles. The CNPs were fabricated via a 

hydrothermal technique, employing a cerium precursor and undergoing precipitation in an 

alkaline milieu at an elevated temperature of 100 °C. The porous SC nanocomposite powder 

was derived through a template-driven hydrothermal process involving both cerium and silica 

precursors (Figure 3.1). Post-synthesis, CNP and SC underwent surface modification using 

APTES. This functionalization was confirmed by FT-IR analysis and a shift in zeta potential 

from negative to positive values. The resultant nanomaterials were thoroughly characterized to 

ascertain their physicochemical attributes. The average particle size and zeta potential 

measurements are shown in Table 3.1 and Figure A1, A2 (Appendix). 
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Table 3.1. Particle size distribution and zeta potential of MSN, CNP, FCNP, SC, and FSC. 

Sample Average particle 

size (nm) 

PDI Zeta potential (mV) 

MSN  236 ± 18 0.1  -18.9 ± 2 

CNP  85 ± 12 0.1  -1.8 ± 1 

FCNP  103 ± 12 0.1  10.7 ± 1 

SC  480 ± 30 0.2  -17.9 ± 2 

FSC  449 ± 9 0.1  21.6 ± 1  

 

TEM imaging disclosed that CNPs possess a rod-like structure, whereas MSNs 

display a dendritic form (Figure 3.1, b-e). Both nanocomposites, namely SC and FSC, showed 

a spherical, dendritic morphology. FT-IR spectra showed distinctive peaks representing 

various functional groups (Figure A3, Appendix). Notably, a peak at 1624 cm
-1

 was 

attributed to the δ (OH) mode, while another at 3397 cm
-1

 was linked to the ν (O–H) mode of 

hydrogen-bonded water molecules. Bands around 800 and 1000 cm
-1

 were associated with νs 

Si-O-Si and νas Si-O-Si vibrations.
30

 The spectral peaks for pure silica and silica 

nanocomposite remained largely consistent. However, the emergence of an NH bending band 

at 1556 cm
−1

 in FCNP and FSC indicated the presence of an amine group, thus confirming 

successful APTES-based functionalization.
40

 CNPs displayed characteristic CH2 stretching 

peaks at 2928 cm
−1

, while FCNP exhibited a peak near 1553 cm
−1

, attributed to its amine-

functionalized surface.
41

 XRD profiles for silica, ceria, and their nanocomposites can be found 

in Figure A4 (Appendix). CNPs exhibited distinct sharp peaks at angles 28.55, 33.22, 47.47, 

and 56.33°, corresponding to the 111, 200, 220, and 311 planes, indicating a fluorite-like 

crystalline structure as per JCPDS file no. 34-0394. In contrast, MSNs displayed a typical 

amorphous characteristic.
42

 The PXRD pattern for the nanocomposite mirrored that of ceria 

but the peak intensity decreased due to its incorporation with amorphous silica.  

Band gap energies were ascertained using solid-state UV–Vis spectroscopy. The band 

gap of 2.7 eV was noted for both pure CNPs and SC. FCNP and FSC exhibited energy values 

of 2.84 eV and 2.99 eV (Figure A4, Appendix). The diminished band gap energy can be 

linked to the elevated oxygen vacancies and the Ce
4+

 oxidation state. Prior studies have 

highlighted the profound influence of oxygen vacancy on haloperoxidase properties.
30

 BET 
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surface area analysis showed a type IV isotherm for MSN, while CNPs, SC, and FSC 

displayed a type II isotherm. Specific surface area and pore volume metrics for each material 

can be found in Table A1 (Appendix). Additionally, N2-isotherms and pore size distribution 

graphs are presented in Figure A5 and A6, Appendix. 

The oxidation state of elements within the nanocomposite was determined from XPS 

spectra (Figure 3.2, A7 Appendix) The high-resolution Ce 3d spectrum for FSC displayed 

peaks associated with spin–orbit coupling, specifically for Ce 3d 3/2 and Ce 3d 5/2. Peaks at II 

(885.13 eV), IV (898.19 eV), and VI (903.65 eV) are indicative of the Ce
3+

 oxidation state. 

The peaks at I (882.34 eV), III (888.49 eV), V (900.80 eV), VII (907.68 eV), and VIII (916.71 

eV) represent the Ce
4+

 oxidation state. The Ce
3+

 to Ce
4+

 ratio was calculated to be 0.94 (Table 

A2, Appendix). Oxygen vacancy in the material was found using the formula: Ce
3+

/(Ce
3+

 + 

Ce
4+

) × 100, resulting in a value of 48%.
38

 FSCs, with an oxygen vacancy of 48%, are 

anticipated to showcase potent catalytic activity as such activity is bolstered by the presence of 

oxygen vacancies. Elemental distribution within samples was examined using EDX mapping. 

The distribution map for SC highlighted the presence of Ce and O elements. The composite 

map revealed a uniform distribution of Ce within the silica ceria nanocomposite (Figure A8, 

Appendix).
39 
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Figure 3.2. XPS spectra of FSC. (a) Surface survey spectrum (b) Ce 3d. (c) N 1s. (d) O 1s. (e) 

Si 2p. (f) Elemental mapping of CNP, SC, and FSC. 

 

3.4.2. Antioxidant activity 

Overproduction of free radicals at wound locations can induce oxidative stress, further 

exacerbating wound chronicity. For a material to be effective in wound healing, it should 

inherently possess antioxidant capabilities.
43

 The antioxidant potential of our nanomaterial was 

validated using the ABTS assay. In the presence of free radicals, ABTS undergoes oxidation, 

resulting in the formation of a green-colored radical cation, ABTS
•+

, which exhibits 

absorbance at 734 nm. Antioxidants counteract this oxidation by neutralizing these radicals, 

preventing the formation of the colored compound. While CNPs are recognized as effective 

radical scavengers, their activity is size-dependent. Our results indicated that amine-

functionalized materials, namely FSC and FCNP, demonstrated superior scavenging capacities 

of 86% and 70%, compared to CNP and SC, which only achieved 33% and 13% scavenging 

(Figure. 3a). As expected, MSN showed no significant activity, while ascorbic acid (serving 

as a positive control) at a concentration of 10 μg/mL displayed an activity of 87%. The 

introduction of the ‒NH2 functional group amplified the antioxidant potential of the material 

because of the amine group's enhanced electron-donating capacity and its proficiency in 

neutralizing free radicals.
44

 The antioxidant activity presented in this study surpasses the 68% 

achieved by the cerium oxide hydrogel composite discussed by Augustine et al.
45

 and is on par 

with the 80-89% results from biosynthesized cerium reported by Nezhad et al.
46

 and 

Saravanakumar et al. 
47

 

3.4.3. Haloperoxidase-mimicking activity 

Haloperoxidases are a subset of peroxidase enzymes responsible for catalyzing halide 

oxidation. The enzyme-mimetic activity of our material was assessed using the phenol red 

bromination assay (Figure 3.3b). MSN and SC displayed no activity, while CNPs exhibited 

some activity. However, the functionalized variants, FCNP and FSC, demonstrated enzyme-

like behaviors, as evident by a spectral shift from 590 nm to 560 nm (Figure 3.3c). This shift 

can be attributed to the inherent basicity of these materials.
48

 In the presence of a 

haloperoxidase-mimicking catalyst, phenol red undergoes bromination to produce 

bromophenol blue when halide ions and peroxide are available. A decrease in phenol red 

concentration (λmax at 432 nm) coupled with a rise in bromophenol blue concentration (λmax at 

590 nm) indicates a successful reaction.
30

 The decomposition of H2O2 on cerium oxide's 

crystalline facets initiates the oxidation of a Ce
3+

 site to a Ce
4+

 site. This transition results in 

the creation of two ligands: a hydroxyl anion (OH
−
) and a hydroxyl radical (OH

•
). The OH

•
 

radical subsequently reacts with the bromide anion, leading to the production of hypobromite 

and regeneration of Ce
3+

 site. This surface-mediated interaction facilitates the generation of 

hypohalous acid, a compound known to inhibit bacterial quorum sensing, which is a crucial 
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communication system for modulating factors that influence biofilm formation. The 

haloperoxidase activity will enhance its antibacterial efficacy.
39

 

 

Figure 3.3 (a) ABTS assay of untreated ABTS
•+ 

and treated with
 
ascorbic acid, MSN, CNP, 

FCNP, SC, and FSC. *p < 0.05 represents the statistically significant difference. (b) 

Bromination of phenol red to bromophenol catalyzed by FSC (haloperoxidase-mimicking 

activity) in presence of ammonium bromide and hydrogen peroxide. (c) UV–Vis spectra of 

untreated ABTS
•+ 

and treated with MSN, CNP, FCNP, SC, and FSC over a duration of 5 h, 

indicating the conversion of phenol red to bromophenol. 

3.4.4. Antibacterial activity 

The antimicrobial spectrum of the material in question was evaluated against both Gram-

negative (E. coli) and Gram-positive (S. aureus) bacteria by using the broth dilution technique 

(Figure 3.4). When tested against E. coli, the unmodified samples of MSN, CNP, and SC (2 

mg/mL) demonstrated activities of 6%, 62%, and 42% over a 24 h period. In contrast, the 

functionalized samples, FCNP and FSC, exhibited enhanced activities of 73% and 82% 

(Figure 3.4a). Given the prevalence of S. aureus in chronic wound infections, its inhibition is 

of particular interest. Remarkably, FSC achieved near-total inhibition (99.9%) within 12 h, 

while FCNP showed 71% inhibition. The non-functionalized nanoparticles, MSN, CNP, and 

SC, showed inhibitions of 5%, 61%, and 51% (Figure 3.4b). The inhibition rates of E. coli at 

12 hours and S. aureus at 6 h are presented in Figure A9 (Appendix). In comparison to 
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previously reported cerium nanocomposites, FSC demonstrated superior antibacterial 

properties.
49,50  

 

Figure 3.4. Antibacterial activity and live/dead assay. (a) Inhibition of bacterial growth of E. 

coli (24 h) and S. aureus (12 h). *p < 0.05 represents the statistically significant difference and 

ns the non-significant difference. (b) Fluorescent images of untreated and FCNP and FSC-

treated bacterial suspension of E. coli and S. aureus. Scale bar: 10 m.  

The primary mechanism of action for cationic surfaces is bacterial membrane penetration 

and disruption. Given the negative charge of bacterial membranes, there's an electrostatic 

attraction to positively charged nanoparticles.
51,52

 A highly cationic nature promotes bacterial 

adhesion, leading to significant membrane alterations and subsequent cell death. The inherent 

activity of cerium oxide, combined with the functionalized silica surface, contributes to its 

effectiveness. The material displayed robust activity against both bacterial types but was 

notably more effective against S. aureus. This could be attributed to the inherent resistance of 

Gram-negative bacteria due to their double-membrane structure.
23,53

 To further understand the 

influence of FSC particle size on antibacterial activity, nanocomposites of varying sizes (257 

nm, 450 nm, and 911 nm) were fabricated and tested against E. coli and S. aureus (Figure 

A10, Appendix). While increasing the particle size to 450 nm didn't significantly impact 

antibacterial activity but a substantial reduction was observed when the size was further 

increased to 911 nm (Figure A11, Appendix). 
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To evaluate the impact of nanoparticles on bacterial cell membrane integrity, a live/dead 

viability assay was employed on both E. coli and S. aureus. This assay utilizes two fluorescent 

nucleic acid stains: SYTO 9, which can permeate both live and dead bacterial cells and emits a 

green fluorescence at 485 nm, and propidium iodide (PI), which enters only bacteria with 

damaged membranes, emitting a red fluorescence. Post-dye incubation, the bacterial cells were 

fixed and observed under a fluorescence microscope. Healthy bacteria with intact membranes 

fluoresce green, while those with damaged membranes appear red. As depicted in Figure 

3.4b, the majority of bacterial cells treated with the functionalized nanoparticles, FCNP and 

FSC, were predominantly dead. The results of the live/dead assay for bacteria treated with 

gentamicin (a positive control), MSN, CNP, and SC are provided in the appendix (Figure A12 

and A13). To further validate the interaction between FSC and bacterial cell membranes, 

leading to bacterial cell death, HR-TEM was employed (Figure 3.5). Untreated bacterial cells 

displayed a well-preserved morphology, including intact membranes and cytoplasm. In 

contrast, bacteria treated with FSC showed signs of membrane disruption and overall cellular 

damage, underscoring the bactericidal properties of FSC on the cell surface. 

 

 

Figure 3.5 HR-TEM images of bacterial cells. (a, b, c) Untreated E. coli. (d, e, f) E. 

coli treated with FSC. (g, h, i) Untreated S. aureus. (j, k, l) S. aureus treated with FSC. Scale 

bar: (a, d, g, j) 1 m. (b, e, h, k) 500 nm. (c, f, i, l) 200 nm. 
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3. 4.5. Biofilm inhibition 

The nanocomposite's ability to inhibit biofilm formation was assessed using the crystal violet 

staining technique, as depicted in Figure 3.6a. S. aureus, a prevalent pathogen in chronic 

wounds, was selected for this experiment and was exposed to the samples for duration of 48 h. 

At a bacterial concentration of 2 mg/mL, FSC demonstrated an 80% reduction in biofilm 

formation, while SC achieved only a 35% reduction. CNP and FCNP displayed antibiofilm 

activities of 41% and 51%, whereas MSN had minimal effect. The nanomaterials' impact on 

biofilm development can be linked to their antibacterial properties- effective bacterial 

eradication naturally hinders biofilm establishment. The positively charged surface of the 

nanomaterials adheres to the negatively charged bacterial surface, neutralizing the bacteria and 

obstructing both cell-to-cell adhesion and subsequent biofilm development.
26,49

 Consequently, 

the suppression of biofilm growth is directly related to the inhibition of bacterial proliferation. 

Following the biofilm inhibition, our focus shifted to the impact of composite material on 

established biofilms. A bacterial concentration of 1 × 10
7
 CFU/mL was incubated to allow 

biofilm formation over 48 h. The medium was substituted with FSC (2 mg/mL) and further 

incubated for 24 h. The biofilm's mass was quantified via crystal violet staining, as illustrated 

in Figure 3.6b. FSC inhibited 77% of biofilm growth, whereas the SC composite only 

managed a 40% reduction. Notably, pure cerium oxide (CNP) demonstrated a slightly superior 

activity (83%) against the mature biofilm, likely due to its DNase-like properties. The 

functionalized cerium (FCNP) achieved a 62% reduction, while MSN exhibited no significant 

effect. The cationic groups present interact and form crosslinks with the biofilm's extracellular 

DNA. The combination of this cationic charge and cerium's inherent DNase activity leads to 

the disruption of the mature biofilm.
55

 

Previous research has shown that naturally produced cerium oxide nanoparticles 

inhibited 70% of S. aureus biofilm,
56

 while Sn-doped cerium oxide nanoparticles achieved 

approximately 65% biofilm inhibition.
57

 Other studies, such as those by Qin et al. 
58

 and 

Kumar et al. 
59

 reported 85% and 80% biofilm disruption using different cerium oxide 

nanoparticle formulations. Our nanocomposite not only inhibited biofilm formation but also 

demonstrated a disruptive effect on mature biofilms. To assess the viability of bacteria within 

the biofilm, wells were rinsed to eliminate non-adherent bacteria. This was followed by a 

staining process using a bacterial viability kit (Figure 3.6c). In the untreated sample, a 

significant number of live cells were observed. In contrast, CNP and FSC-treated samples 

predominantly contained dead cells with a minimal presence of live cells. 
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Figure 3.6. Inhibition of biofilm. (a) Inhibition of the biofilm formation by MSN, CNP, 

FCNP, SC, and FSC. (b) Disruptive effect of MSN, CNP, FCNP, SC, and FSC on the 

established biofilm. *p < 0.05 represents the statistically significant difference and ns the non-

significant difference. (c) Fluorescence microscopic live/dead stained images of untreated, and 

CNP- and FSC-treated biofilm. Scale bar: 50 m. 

3.4.6. Cell viability 

For biomaterials designed for wound healing applications, promoting cell proliferation is 

crucial to facilitate wound closure.
60

 The cell viability of materials was evaluated using two 

assays: MTT and CCK 8, spanning a period of 72 h (Figure 3.7 and Figure A14, Appendix). 
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Figure 3.7. Cell viability assays and live/dead cell staining of blank (untreated) and MSN, 

CNP, FCNP, SC, and FSC extract-treated L929 cells for 24 h. (a) MTT. (b) CCK 8. *p < 0.05 

represents the statistically significant difference and ns the non-significant difference. (c) 

Fluorescence images of untreated cells (control) and cells treated with FCNP and FSC 

conditioned media. Scale bar: 100 m.  

Observations indicated that all tested samples were compatible with mouse fibroblast 

cells (L929). It was observed that with an increase in nanomaterial concentration led to a 

decrease in cell viability. After 24 h incubation with a concentration of 2 mg/mL, both bare 

MSNPs and CNPs exhibited cell viability of around 90% and slightly above 100%. As both 

FCNP and FSC composites demonstrated over 100% viability, it implies that they have 

proliferative properties. In the CCK 8 assay, all samples up to a concentration of 2 mg/mL 

were deemed non-toxic. CNP, FCNP, and FSC displayed over 100% cell viability against 

L929 cells, while MSN and SC recorded 90% and 95% viability. By 72 h, an increase in cell 

viability was observed, suggesting the non-toxic nature of nanomaterials (Figure 14, 

Appendix). The slight discrepancy between the two assay results might stem from the 

inherent sensitivity differences between the assays. Notably, the functionalized surfaces of 

CNP and SC were less proliferative compared to pure cerium oxide, likely due to their cationic 

properties. Nevertheless, both materials maintained substantial cell proliferation capabilities, 

which makes them potential candidates for wound healing applications. The material's 

cytotoxicity and its impact on cellular membrane integrity were further validated using a 

live/dead cell staining kit. The resulting images highlighted proliferation in CNP, FCNP, and 
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FSC samples compared to the control (Figure 3.7c), which aligns with the cell viability data. 

Comparable outcomes were observed for MSN, SC, and CNP when exposed to conditioned 

media-treated L929 cells (Figure 15, Appendix). The functionalized nanomaterial, FSC, 

exhibited superior proliferative properties when juxtaposed with previously reported cerium 

hydrogel composites and pure cerium oxide nanoparticles.
45,53 

3.4.7. Hemolysis 

All samples underwent hemocompatibility testing by exposure to a red blood cell (RBC) 

solution in PBS. The results indicated that the samples were non-hemolytic (Figure 3.8a). 

Supernatants from all nanomaterial-treated samples (at a concentration of 2 mg/mL) appeared 

almost transparent, indicating less than 4% hemolysis, which is clinically acceptable. Notably, 

the amine-functionalized samples, FCNP and FSC, exhibited hemolysis percentages 

approximately twice that of their non-functionalized counterparts. Triton X, serving as a 

positive control, demonstrated complete (100%) lysis, while PBS (used as a negative control) 

showed no lysis. The reduced hemolytic activity observed in MSNs and CNPs can be 

attributed to their negative charge, which may deter interactions with RBCs.
61

 In contrast, 

positively charged nanomaterials, such as FCNPs and SCs, exhibited pronounced electrostatic 

interactions with RBC membranes, potentially leading to membrane disruption
36

, as suggested 

by Uppal et al.
62

 and More et al.
63

 

 

Figure 3.8. (a) In vitro percent hemolysis of untreated and triton X, MSN, CNP, FCNP, SC, 

and FSC-treated RBCs. (b) Viability of L929 cells in the presence of oxidative stress in 

untreated cells (control) and MSN, CNP, FCNP, SC and FSC-treated cells. *p < 0.05 
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represents the statistically significant difference and ns the non-significant difference. (c) 

Reactive oxygen species (ROS) scavenging in L929 cells. Scale bar: 100 m.  

3.4.8. Reactive oxygen species (ROS) scavenging 

To assess cell viability under oxidative stress conditions, H2O2 was employed to instigate 

oxidative stress and prompt radical formation within cells. L929 cells were exposed to H2O2 

alone (serving as a positive control) and the conditioned media of samples, MSN, CNP, 

FCNP, SC, and FSC (2 mg/mL). Untreated cells acted as a negative control. The antioxidant 

capabilities of FSC and FCNP effectively neutralized the radicals, thereby safeguarding cells 

from oxidative stress-induced damage and mortality (Figure 3.8b). Cells subjected to these 

cationic materials, namely FSC and FCNP, exhibited cell viabilities of 97% and 96%. These 

figures align closely with the 91% viability observed in CNP-treated cells.
29

 Intriguingly, 

MSN and SC, despite their limited antioxidant ability in the ABTS chemical assay, still 

demonstrated cell viabilities of 82% and 89%. Compared to CNPs (91 %), FSC and FCNP 

displayed cell viability of 97 and 96%.
29

 We can deduce that the antioxidant property of FSC's 

is giving its protection against oxidative stress. 

Oxidative stress in wounded tissues, primarily induced due to ROS, can culminate in 

cellular death, thereby hampering the healing process.
56

 Consequently, for a biomaterial 

earmarked for wound healing applications, the ability to scavenge ROS is crucial. In our 

experiment, H2O2 was utilized to induce ROS production in L929 cells. The fluorogenic dye, 

DCFDA, was employed to stain ROS species. Upon cellular uptake, DCFH-DA undergoes 

deacetylation by intracellular esterases, transforming into a non-fluorescent compound. This 

compound is subsequently oxidized to 2′-7′ dichlorofluorescein (DCF) by ROS. Hence, a 

higher intracellular radical presence would yield more DCF.
64

 Both FCNP and FSC showcased 

superior ROS scavenging capabilities compared to CNPs, as depicted in Figure 3.8c. This can 

be attributed to their enhanced antioxidant properties. While SC and MSN exhibited modest 

activity, their performance was notably improved when compared with the ABTS antioxidant 

data. These findings are consistent with previously published research.
41, 60 

3.4.9. Scratch assay 

The nanocomposite's influence on cell migration during in vitro wound healing was checked 

using the scratch assay (Figure 3.9). Both cell migration and proliferation are instrumental in 

tissue restoration during the wound healing process. Post the creation of scratch on the cell 

monolayer, the cells were exposed to conditioned media, and the subsequent healing was 

monitored. For cells treated with FSC, cellular migration commenced by the 6 h, with notable 

healing evident by 12 h, culminating in complete wound closure by the 24 h. This healing 

trajectory can be ascribed to the composite's inherent proliferative attributes and the 

chemotactic properties of cerium oxide. Both CNPs and FCNPs achieved 100% healing, while 

SC and MSN achieved wound closures of 81% and 71%. In contrast, the untreated control 
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group exhibited 56% wound closure (Figure A16, Appendix). Wound areas at each time 

interval were quantified utilizing the ImageJ software. FSC possesses healing properties, 

which makes it a viable candidate for wound healing applications. These findings align with 

the outcomes observed for the electrospun cerium hydrogel nanocomposite reported by More 

et al. 
63 

 

Figure 3.9. (a) Percentage wound healing of untreated and MSN, CNP, FCNP, SC, and FSC-

treated L929 cells. *p < 0.05 represents the statistically significant difference and ns the non-

significant difference. (b) Microscopic images of untreated and FSC and FCNP-treated L929 

cells at 0, 6, 12, and 24 h. Scale bar: 100 m.  

3.5 Conclusions 

In essence, we've engineered and meticulously analyzed a highly cationic silica ceria 

nanocomposite, derived from mesoporous silica nanoparticles and cerium oxide 

nanoparticles, with the objective of enhancing the antibacterial and wound healing 

capabilities of cerium oxide nanoparticles. The mesoporous silica nanoparticles offer 

an expansive surface area, facilitating the even distribution of cerium oxide 
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nanoparticles and enabling surface functionalization. Concurrently, the cerium oxide 

nanoparticles impart antibacterial and anti-biofilm attributes. This nanocomposite 

demonstrated formidable antibacterial activity against E. coli and S. aureus, prevented 

biofilm genesis, and disrupted pre-established S. aureus biofilms. It manifested 

antioxidant capabilities and shielded cells from oxidative stress induced by reactive 

oxygen species. Cytocompatibility tests revealed the nanocomposite's safety towards 

mouse fibroblast cells, and it was found to foster cell proliferation. Moreover, the 

nanocomposite facilitated the healing of wounds in mouse fibroblast cells. A salient 

feature of this nanocomposite is its antibiotic-free nature, relying solely on the 

inherent activities of its constituents for its effects. While the results are encouraging, 

it's imperative to assess this nanomaterial against clinical strains of wound-related 

bacteria and gauge its effectiveness against resistant variants. This nanocomposite 

holds significant promise in the realm of wound healing, particularly in rejuvenating 

healing processes hindered by biofilms. 
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 Chapter 4      

 Antioxidant and osteogenic, thiol-functionalized mesoporous 

silica nanoparticles for osteoporosis  

4.1. Introduction 

4.1.1. Osteoporosis 

Osteoporosis (OP) is a leading cause of bone defects, contributing to approximately 8.9 

million osteoporotic fractures reported worldwide. Osteoporotic fractures are expected to 

continue to rise in the future, making them one of the leading causes of illness worldwide.
1,2

 

Osteoporosis involves loss of bone mass, which can lead to fractures and brittle bones. It is 

broadly divided into primary and secondary OP. Primary OP predominantly affects ageing 

populations, such as post-menopausal women and men over 70 years, while secondary OP 

occurs in individuals having endocrine malfunction, autoimmune disorders, tumors, or 

systemic disorders.
3,4

 One of the main contributing factors to the development and course of 

post-menopausal OP is known to be the oxidative stress. Under normal physiological 

conditions, reactive oxygen species (ROS) play an important regulate intracellular levels of 

MAPK and Ca
2+

 thus maintain bone tissue resorption. However, high ROS levels disturbs 

bone homeostasis, resulting in increased osteoblast death and increased osteoclast production. 

Reduced bone density and a rise in calcified tissues are the outcomes of this imbalance.
5,6

 

4.1.2. Challenges   

Conventionally the treatment for OP is based on two approaches- use of anabolic drugs (like 

teriparatide) and anti-resorptive agents (like SERM and bisphosphonates). While these are 

effective in preventing further bone loss and maintaining bone density, these drugs are 

associated with significant side effects, such as tissue necrosis and nephrotoxicity.
7
 Newer 

treatment strategies include growth factors, such as BMP-2, which are expensive and might 

cause serious side effects if used frequently.
8
 Even though the role of oxidative stress is well 

defined, both conventional and recent treatment approaches fail to address the high ROS levels 

in osteoporotic tissues. 

4.1.3. Research gap 

The rise of nanotechnology has led to the development of bioactive materials, like silica, 

hydroxyapatite and calcium phosphate for bone tissue regeneration.
9,10

 Mesoporous silica 

nanoparticles (MSNs) have garnered attention in bone tissue engineering due to their innate 

osteogenic properties and effectiveness as a carrier for osteoinductive drugs and growth 

factors.
11,12

 These biocompatible inorganic materials offer a tunable surface area with 

adjustable surfaces for chemical modifications and drug attachment. While the release of Si 

ions in bodily fluids causes the formation of carbonated apatite, which binds to bone and 

promotes bone matrix mineralization and osteoblast development, it also has a beneficial 
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effect on osteoprogenitor cells and favors osteogenic differentiation.
13

 Composites like 

Au/mesoporous silica have shown the ability to hasten bone regeneration through 

immunomodulation.
14

 BMP-2 loaded hollow MSNs facilitate sustained delivery for bone 

regeneration,
15

 while dexamethasone-peptide loaded biodegradable MSNs enhance 

angiogenesis in bone regeneration.
16

 However, MSNs lack an inherent antioxidant property 

crucial for such applications, an area that requires further exploration.
17

 

Thiol groups (–SH) serve as scavengers for reactive oxygen species (ROS), 

neutralizing the harmful effects of oxidative stress by reacting with ROS to form disulfide 

bonds (–S–S–). Thiols are believed to control inflammation through the NF-κB pathway. 

Previous research has shown that thiol-based antioxidants can lessen the consequences of 

oxidative stress.
18,19

 Reports indicate reduced thiol/glutathione levels and a thiol/disulfide 

imbalance in osteoporotic females.
20,21,22

 Due to their mucoadhesive nature and cell 

permeation ability, thiolated polymers and nanoparticles have been used in different delivery 

systems like nasal, vaginal and ophthalmic.
23,24

 Previous research highlights tissue 

regeneration and wound healing potential of thiolated systems. Researchers like Lingli et al. 

and Lin et al. investigated thiolated gelatin and histatin-modified chitosan hydrogel, 

respectively, for wound repair and tissue engineering applications.
25,26

 Beyond their role as 

natural antioxidants, thiols aid in the proliferation of cells and cell adhesion. Thiol-ene 

hydrogels have been employed in the localized delivery of parathyroid hormone and enhanced 

bone regeneration.
27

 Hegedus et al. have studied the effect of free thiol groups on cell viability, 

morphology, and differentiation in tooth progenitor cells
28

 but the effect of thiols has not been 

explored in osteoblast cells according to our knowledge.   

4.2. Objectives 

To overcome the limitations in existing therapeutics, we have developed and investigated 

thiolated silica nanoparticles (MSN-SH) based on the hypothesis that adding thiols to the 

surface of MSNs will provide a bioactive, biocompatible system with improved osteogenic 

and antioxidant properties, which will promote new bone growth and reduce the course of the 

disease. A major aim of this work is to impart antioxidant properties to MSNs by thiolation 

and investigate its osteogenic potential in cell culture. We have synthesized MSNs, 

functionalized them with thiol groups to obtain MSN-SH, and conducted a comprehensive 

analysis of their physical and chemical properties. Evaluation of the antioxidant activity, cell 

viability, and osteogenic potential of MSN-SH was performed in murine bone osteoblast 

precursor cells (MC3T3) by measuring various osteogenic markers and proteins and assessing 

its ability to inhibit osteoclastogenesis. Wound healing capabilities were assessed in the same 

cell line using a scratch assay, while its impact on human umbilical vein endothelial cells 

(HUVEC) was studied via MTT and migration assays.  
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4.3. Experimental section 

4.3.1. Materials 

Cetrimonium bromide (CTAB), ascorbic acid, urea, propanol, tetraethyl orthosilicate (TEOS), 

2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), Triton X, cyclohexane, and 

cetylpyridinium chloride (CPC) were purchased from HiMedia. HUVECs EGMTM-2 and 

EGM 2 endothelial cell growth medium-2 Bullet KitTM were acquired from Lonza, while 

ATCC provided the MC3T3-E1 cells (CRL-2593, subclone-4). RAW 264.7 (mouse leukemic 

monocyte macrophage) cell line was a kind gift from Prof. Javed N Agrewala, DBME, IIT 

Ropar. Corning USA provided the cell culture inserts, while PROSPEC supplied the 

recombinant mouse soluble RANK ligand protein (RANKL). The iScript™ cDNA synthesis 

kit was sourced from Bio-Rad. Additional materials, including RPMI 1640, Pen-strep, fetal 

bovine serum (FBS), SYBR™ Green Master Mix, 0.25% trypsin/EDTA, MTT reagent, 2’,7’-

dichlorodihydrofluorescein diacetate (DCFDA), Alexa Fluor phalloidin 488, and trizol, were 

acquired from Thermo Fisher Scientific. Furthermore, cetylpyridinium chloride (CPC), 

alizarin red S, 4′,6-diamidino-2-phenylindole (DAPI), were obtained from Sigma-Aldrich, 

while 3-mercaptopropyl trimethoxysilane (MPTMS), 5,5′-dithiobis-2-nitrobenzoic acid 

(DTNB), dexamethasone, 4-nitrophenyl phosphate (pNPP), were purchased from TCI 

Chemicals. Hydrogen peroxide, toluene and sodium acetate were procured from Merck. Type I 

deionized (DI) water (Bioage) was utilized in all experiments. 

4.3.2. Fabrication of mesoporous silica nanoparticles (MSNs) 

A previously published method was used to fabricate MSNs.
14

 The process involved 

dissolving 0.42 g of CTAB in 200 mL of DI water, which was stirred at 50 °C. The 

temperature was then raised to 80 °C, and 1 mL of 4M NaOH was added to maintain basic 

conditions. After 2 h of vigorous shaking, a solution of TEOS in methanol (1:5) was gradually 

added to the mixture and stirred. The mixture was then centrifuged, and the resultant 

nanoparticles were cleaned with ethanol and water. To successfully remove CTAB, the 

nanoparticles were air-dried at 60 °C for an entire night and then calcined at 550 °C. 

4.3.3. Post-synthesis thiol functionalization (MSN-SH) 

Surface modification was carried out post-synthesis according to already published protocol.
29

 

The material was dehydrated at 80 °C for a whole night to activate the MSN surface. The 

MSN (150 mg) was ultrasonically sonicated for 30 min after being suspended in 30 mL of 

toluene in a round-bottom flask. After adding 0.2 mL of MPTMS, the solution was refluxed at 

110 °C for the entire night. Thiolated mesoporous silica nanoparticles (MSN-SH) were 

obtained by centrifugation, air drying at 50 °C for an overnight period, and washing the 

resultant nanoparticles with ethanol and toluene. 

4.3.4. Characterization  

Physical and chemical characterization of material was performed by various spectroscopic 

and microscopic techniques. 
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Chemical Properties. FT-IR spectra were performed in the 400–4000 cm
−1

 range on Bruker 

in ATR mode. By using Cu Kα (λ = 0.154 nm) radiation in the 10-80 nm range, X-ray 

diffraction (XRD) was performed with a RIGAKU Mini-flex Diffractometer to assess the 

material's crystallinity. The electronic states and elemental distribution were investigated using 

XPS (Thermo Fisher Scientific K Alpha) and EDX (Bruker Splash 6130) studies. 

Thermogravimetric analysis (TGA) was performed using TA Instrument, USA, SDT-650.  

Physical Properties. DLS Microtrac/Nanotrac Flex were used to determine particle size 

distribution and zeta potential. The morphological characteristics of nanoparticles were 

analyzed by HR-TEM (High-Resolution Transmission Electron Microscope (HR-TEM JEM-

2100 Plus, 200kV). Surface area and pore size analysis utilized N2-adsorption analysis 

(Quantachrome) following sample degassing at 120 °C before the analysis. The pore size 

distribution was assessed using the Barrett-Joyner-Halenda (BJH) method on a Quantachrome 

instrument, while surface area was determined via the Brunauer-Emmett-Teller (BET) 

method.  

4.3.5. Ellman’s assay 

Thiol functionalization quantification was performed using Ellman’s assay.
29

 About 4 mg of 

DTNB and 20.5 mg of sodium acetate were dissolved in 5 mL distilled water to prepare a 

working solution of DTNB. A 2.5 mL of tris buffer (1 M, pH 8) was mixed with 50 μL of 

Ellman’s reagent to make a blank solution. After adding each sample (250 μL, 1 mg/mL) to 

the blank, it was incubated at room temperature for 15 min and the absorbance was recorded at 

412 nm. The reagent's extinction coefficient (13600 M
-1

 cm
-1

) was used to calculate the 

quantity of thiol groups grafted on MSN.  

4.3.6. Anti-oxidant asssay 

ABTS (7 mM) and potassium persulfate (2.45 mM) solutions were prepared and mixed in 

equal proportions to generate free radicals overnight. The working solution was then prepared 

from the stock, diluted using PBS, and the absorbance at 734 nm was adjusted to 0.8-0.9 units. 

The ABTS solution was added to each sample and incubated in the dark for 1 h. The resulting 

suspension was centrifuged, and the absorbance of the collected supernatant was measured 

using a UV-Vis spectrophotometer. The percent antioxidant activity was calculated using the 

following equation, and ascorbic acid (1%) was used as a positive control.
30

 

                       [
      

  
]                                              Equation 4.1 

where Ac indicates the absorbance of the control and As represents the absorbance of the 

sample. 

4.3.7. Cell culture studies 

MC3T3-E1, a murine osteoblast precursor cell line was used. The T-25 flask was used to 

cultivate the cells in full MEM-α media, with frequent media changes every 48 h to maintain 

cell confluence at roughly 70%. In order to conduct cell viability assays, MC3T3 cells were 
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sown in a 96-well plate treated with cell culture at a density of 1 × 10
5
 cells/mL. For three 

days, the cells were treated with a suspension of nanoparticles weighing 50, 100, 250, and 500 

µg. Complete MEM–α was the negative control, while osteogenic media (OM) was the 

positive control. 

MTT Assay. MTT assay was conducted on days 1 and 3 to evaluate cell viability. 0.5 mL of 

MTT reagent was added to each well and incubated for 4 h, the resulting formazan crystals 

were dissolved in DMSO. After complete solubilization the absorbance at 570 nm was 

measured. The cell viability was compared to the negative control. The cell viability of MSN 

and MSN-SH on HUVECs cells was also assessed using an MTT assay for 24 h. 

Live/Dead Staining. Cells were stained with the LIVE/DEAD® Viability/Cytotoxicity Kit. A 

2 µM of calcein AM and 4 µM ethidium homodimer 1-red were mixed to prepare a working 

solution in DPBS. After 3 days of incubation, cells were stained and imaged using a 

fluorescence microscope.
31

 

4.3.8. In vitro osteogenic activity 

The osteogenic potential of nanomaterials was evaluated by analyzing the ALP activity, 

calcium deposition, and gene expression. Cells were treated with MSN and MSN-SH (100 µg) 

in basal α-MEM media and incubated for 7 and 14 days. 

Alkaline Phosphatase Assay (ALP). On days 7 and 14, ALP activity was assessed by 

measuring absorbance at 405 nm after incubating cell lysates with p-nitrophenyl phosphate 

solution. By normalizing the OD values at λ = 405 nm (ALP assay) with the OD values at λ = 

570 nm obtained from the MTT assay, the relative ALP activity was determined. 

Calcium Deposition. Alizarin red S staining was used to assess the amount of calcium 

deposited in the cells. Cells were completely washed with PBS on days 7 and 14, and then 

they were fixed for 15 min with a paraformaldehyde (4%) solution. The cells were rinsed once 

again, 500 µL of alizarin red solution was added, and the mixture was incubated for 60 min in 

the dark. Mineral nodes were observed under a microscope after removing the extra dye. The 

calcium concentration was evaluated by dissolving the mineralized nodules in 10% 

cetylpyridinium, taking an aliquot of 100 µL from each well, and measuring the absorbance at 

562 nm. 

Gene Analysis. The gene expression of osteogenic markers, including runt-related 

transcription factor 2 (RUNX2), alkaline phosphatase (ALP), osteocalcin (OCN), and 

osteopontin (OPN), were assessed using RT-PCR analysis. Cells were cultured in a 6-well 

plate with the nanoparticle suspension for 14 days, and RNA was isolated on days 7 and 14. 

RT-PCR was employed to quantify gene expression levels using GAPDH as a housekeeping 

gene for normalization. 

4.3.9. Effect of MSN-SH on osteoclastic resorption 

RAW267.4 cells were seeded at a concentration of 25,000 cells/well in a 12-well plate with 

MC3T3-E1 cells. Differentiating RAW267.4 cells were induced into osteoclasts by RANKL 
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protein. MSN and MSN-SH suspension were added to MC3T3 cells. Gene expression levels 

of RANKL and TRAP were evaluated in MC3T3-E1 and differentiating RAW267.4 cells on 

day 7 using RT-PCR.
32

 

4.3.10. In vitro ROS scavenging assay 

Cellular oxidative stress was induced by H2O2, and the effect of nanoparticles on ROS levels 

was studied. Cells were seeded in a 96-well plate and exposed to H2O2. The cellular ROS was 

quantified using DCFDA dye solution and imaged under a fluorescence microscope. Cell 

viability was assessed using MTT assay. Ascorbic acid was used as a positive control and 

untreated cells served as the negative control.
17

 

4.3.11. In vitro scratch assay 

To evaluate the regenerative properties of nanomaterials, a scratch assay was performed on 

MC3T3 cells.
33

 The migration was monitored and images were captured at various time 

intervals. The effect of nanomaterial on the migration of HUVECs cells was also studied using 

the same scratch assay methodology. Wound healing was quantified using Image J software. 

          [
              

      

]                                                         Equation 4.2 

where, t0 = 0 h, ti = 12 and 24 h. 

4.3.12. Cytoskeletal staining 

Cell morphology was assessed by growing cells on coverslips, which were stained with Alexa 

Fluor Phalloidin for F-actin and DAPI for nuclei. Imaging was conducted using a Leica 

fluorescence microscope.
34

 

4.3.13. Statistical analysis 

The statistical analysis involved a student’s t-test and the data were presented as mean values 

along with the standard deviations (
*
p values less than 0.05 were considered significant, and 

'ns' indicated a non-significant difference between the control and samples). 

4.4. Results and discussion 

The primary objective of this research was to develop a functional, bioactive nanomaterial 

intended for the prevention and treatment of OP. This study involved the development of 

thiolated, mesoporous silica nanoparticles (MSN-SH) designed to possess antioxidant and 

osteogenic properties for regenerating bone in OP conditions. While silica nanoparticles 

naturally encourage the formation of new bone and blood vessels, the inclusion of thiol (–SH) 

groups provides antioxidant capabilities, potentially halting disease progression. This study 

represents the first investigation into the role of free thiols in bone differentiation within 

osteoblast precursor cells, to the best of our knowledge. 

4.4.1. Fabrication of MSN 

The fabrication of MSN nanoparticles was done using the Stöber method. It involves the 

hydrolysis of a silica precursor (TEOS) in the presence of a surface directing template 
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(CTAB). Post-synthesis, the surface was modified using the saline derivative, MPTMS, 

resulting in MSN-SH, where 11% of the surface was grafted with thiol groups (Figure 4.1). 

Examination through HR-TEM revealed a typical ordered mesoporous structure, with 

hexagonal-shaped nanoparticles displaying uniformity in their structure. Despite the 

functionalization, the nanoparticles retained their original morphology similar to MSN.  

 

 

 

Figure 4.1. (a) Fabrication of thiolated mesoporous silica nanoparticles (MSN-SH). (b, c) HR-

TEM images: (b) MSN. (c) MSN-SH. Scale bar: (b) 20, 50, and 500 nm. (c) 50, 100, and 500 

nm.  

 

4.4.2. Characterization of nanoparticles 

Both the chemical and physical properties of the nanoparticles were extensively characterized 

(Figure 4.2, 4.3). The particle size of MSN was found to be 280 ± 20.23 nm and MSN-SH 

was found to be 330 ± 15.77 nm and zeta potential was found to be -31.6 ± 5.11 and -47.0 ± 

4.83 (Figure A17, Appendix). FTIR spectra of both MSN and MSN-SH displayed 

characteristic peaks at 800 and 1066 cm
-1

, representing Si–O and Si–O–Si stretching, while an 

additional peak at 2976 cm
-1

 specifically in MSN-SH indicated the presence of thiol groups
32

. 

The grafted thiol groups were quantified using Ellman’s assay, and found to be 5.20 ×10
-4

 M/ 

20.8 molar per mg. 
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Figure 4.2. Physical and chemical characterization of MSN and MSN-SH. (a, b) Particle size 

distribution. (c) FT-IR spectra. (d) TGA curves. (e) XRD spectra. (f) N2 adsorption-desorption 

isotherms. n = 3, mean ± SD. 

 

The successful thiolation of MSN-SH was further confirmed by TGA studies, which 

showed an approximate 11% weight loss due to the degradation of MPTMS. XRD spectra 

demonstrated the typical amorphous nature of MSN and MSN-SH, where no sharp peaks but a 

broad peak at 22˚ (2θ) was observed.
14

 The reduction in peak intensity of MSN-SH was likely 

due to the presence of functional groups. Nitrogen sorption studies highlighted the 

mesoporous nature of both MSN and MSN-SH, displaying type IV isotherms (Figure A18, 

Appendix). The total surface area was determined as 1080 and 338 cm
3
 g

-1
 for MSN and 

MSN-SH, with pore sizes measured as 2.24 and 2.03 nm. The reduction in surface area and 

pore size of MSN-SH indicates effective functionalization. 

The results of the EDX analysis revealed a uniform element distribution in the 

nanomaterials and the presence of the sulfur element in the case of thiolated MSNs (Figure 

4.3). The EDX spectra of MSN and MSN-SH is included in the Appendix (Figure A19). XPS 
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was employed to analyze the elemental composition and functional groups present in the 

nanomaterial. The functionalization of MSN-SH is demonstrated in a figure, where peaks at 

163 and 164 eV correspond to S 2p1/2 and S 2p3/2.
35,36

 Additionally, the peaks at 533 and 103.5 

eV correspond to SiO2 and O2 in the case of MSN and MSN-SH. The XPS spectrum of MSN 

is provided in Figure 20, Appendix. The findings from EDX and XPS analyses were in 

accordance with the other characterization data. 

 

Figure 4.3. (a, b) EDX mapping of elements in nanomaterials: (a) MSN. (b) MSN-SH. (c-f) 

XPS spectra of MSN-SH: (c) Survey scan. (d) Si 2p. (e) O 1s. (f) S 2p. n = 3, mean ± SD. 

 

4.4.3. Antioxidant studies 

An ABTS assay was conducted to assess the antioxidant activity of the nanoparticles. When 

ROS species are present, ABTS is oxidized, resulting in the formation of the green-colored 

ABTS
•+

 cation with a peak absorbance at 734 nm. As shown in Figure 4.4, MSN alone 

displayed minimal antioxidant properties, while MSN-SH exhibited over 90% antioxidant 
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activity even at concentrations of up to 500 µg/mL. At a concentration of 100 µg/mL, ascorbic 

acid demonstrated around 93% activity. This enhanced activity is attributed to the presence of 

thiol groups on the surface of MSNs. Thiols naturally act as radical scavengers, working as 

cellular redox buffers by oxidizing themselves and counteracting free radicals by accepting 

unpaired electrons.
18

 The antioxidant behavior of MSN-SH is potentially beneficial for 

managing the oxidative stress found in osteoporotic tissues and safeguarding cells from 

damage caused by radical species. The antioxidant performance of our nanomaterial exceeded 

that of MSN-curcumin nanoparticles as reported by Abouatah et al.
37 

 

4.4.4. Cell viability studies 

The impact of the nanoparticles on cell viability was analyzed using MTT and live/dead assays 

in murine osteoblast precursor cells (MC3T3). In the MTT assay, cells were exposed to the 

nanoparticle suspension for up to 3 days, and cell viability was determined by comparing the 

absorbance relative to untreated cells (control). Both MSN and MSN-SH exhibited 

cytocompatibility and enhanced cell proliferation in a time-dependent manner (Figure 4.4.). 

Cells treated with osteogenic media showed 110% viability on day 3, while cells treated with 

MSN and MSN-SH at a concentration of 100 µg/mL displayed viabilities of 108% and 140%, 

within 72 h. 

At higher concentrations, both MSN and MSN-SH displayed reduced viability and 

were toxic to cells at 500 µg/mL. The increased proliferation of MSN-SH can be attributed to 

the thiol groups on its surface, which facilitate cell adhesion and promote the proliferation of 

cells responsible for hard tissue generation, such as osteoblasts. The interaction between the 

thiol groups of MSN-SH and the free -SH groups of L-cysteine, present on the cell surfaces, 

aids in cell adhesion.
28

 The cytocompatibilty of these nanoparticles was further confirmed 

using live/dead staining, and the outcomes were consistent with the MTT assay. The live/dead 

stained images of OM and MSN-treated cells are provided in Figure A21, Appendix. The 

effect of MSN-SH on cell viability were in accord with the results of previously reported 

composite nanomaterials by Liang et al. (110%)
14

 and Pinna et al. (100%).
32

 

During the process of bone remodeling, osteogenesis doesn’t act in isolation but is 

intricately linked with angiogenesis, as proper vascularization is crucial for the formation of 

new bones
38

. The compatibility of MSN-SH with HUVECs cells was also assessed using the 

MTT assay (Figure A22 Appendix). The results showed that both MSN and MSN-SH were 

non-toxic to HUVECs cells, with MSN-SH treated cells exhibiting 102% cell viability within 

48 h, while cells treated with MSN showed 100% cell viability within the same period, 

indicating their cell-proliferative nature. The similar cell viability displayed by both 

nanomaterials may be attributed to the release of Si ions that stimulate angiogenesis.
39 
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Figure 4.4. Antioxidant and cell viability studies. (a) Antioxidant activities of nanomaterials 

using ABTS assay. ABTS was used as a negative control, whereas ascorbic acid (AA) was 

used as a positive control. (b) Cell viability studies in murine osteoblast precursor cells 

(MC3T3) by MTT assay. Cells were treated with osteogenic media, MSN, and MSN-SH, and 

untreated cells were taken as a control. n = 3, mean ± SD, *p < 0.05 represents the statistical 

significance and ns represents the non-significant difference. (c) Live/dead assay. 

Fluorescence images of untreated MC3T3 cells (control) and cells treated with MSN-SH. 

Scale bar: 100 m. 

 

4.4.5. In Vitro assessment of osteogenic and osteoclastogenic activity 

The osteogenic potential of the nanomaterial was studied using ALP activity, calcium 

deposition assays, and gene expression analysis. MC3T3 cells were cultured for 14 days in a 

nanoparticle suspension of MEM–α and evaluated for ALP levels and calcium deposition at 

intervals of 7 and 14 days. The ALP activity of cells treated with MSN-SH was notably higher 

compared to those treated with basal MEM media, MSN, and osteogenic media, as shown in 

Figure 4.5. The ALP activity of MSN-SH surpassed that of the osteogenic media, indicating 

the potency of the developed osteogenic nanomaterial. This increased activity can be linked to 

the upregulated expression of the ALP gene, as confirmed by RT-PCR analysis. The impact of 

MSN and MSN-SH on bone mineralization was also observed through the calcium deposition 

assay. Cells treated with MSN-SH nanoparticles exhibited dense calcium deposits, while MSN 

and OM-treated cells showed similar calcium deposition (Figure 4.5). The augmented 
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biomineralization in the presence of MSN-SH could be attributed to the negatively charged –

SH groups on the nanoparticles. It has been reported that negatively charged groups, such as –

PO4
3-

, –COOH, and –OH, induce bone mineralization by hydroxyapatite nucleation
40,41

. 

Furthermore, the enhanced mineral deposition can be explained by MSN-SH inducing a higher 

expression level of the osteopontin gene, which is known to stimulate and regulate the bone 

mineralization process. The osteogenic potential of the drug-free nanomaterial, MSN-SH, 

presented here is comparable to BMP-2 loaded mesoporous silica nanoparticles by Cui et al.
15

 

and dexamethasone-MSN conjugate reported by Qiu et al.
42

  

  

Figure 4.5. In vitro differentiation of murine osteoblast precursor cells (MC3T3). (a) Relative 

ALP activity. (b, c) Calcium deposition in cells treated with basal MEM- media, osteogenic 

media (OM), MSN, and MSN-SH. n = 3, mean ± SD, *p < 0.05, **p < 0.01 represents the 

statistical significance. Scale bar: 100 µm. 

 

By assessing the expression of common osteogenic gene markers by RT-PCR at 

intervals of 7 and 14 days, the osteoblast differentiation in the presence of basal α-media, 

osteogenic media, MSN, and MSN-SH was further validated (Figure 4.6). Many different 

kinds of genes, including RUNX 2, ALP, OCN, and OPN, influence bone development. 
14

 

RUNX 2 belongs to the Runt-related transcription family and is primarily responsible for 

skeletal morphogenesis and osteoblast differentiation. One indicator of osteoblast cells in the 

development stage is alkaline phosphate (ALP). The primary non-collagenous protein, 

osteopontin, controls bone mineralization and stimulates osteogenesis. The osteocalcin gene 

encodes a protein that is strongly expressed by developing osteoblasts and responsible for 

bone remodeling and metabolism. All four gene expressions were expressed at higher levels in 

cells treated with OM and MSN-SH, and at lower levels in cells treated with MSN. It was 
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found that the expression levels were time-dependent, with higher expressions being seen as 

the incubation period increased. The outcomes supported a previous MSN composite study 

published by Liang et al.
14

 

 

Figure 4.6. RT-PCR analysis of various gene expressions in untreated (control) murine 

osteoblast precursor cells (MC3T3-E1) and cells treated with osteogenic media (OM), MSN, 

and MSN-SH. (a) Alkaline phosphatase (ALP). (b) Osteocalcin (OCN). (c) Osteopontin 

(OPN). (d) Runt-related transcription factor-2 (RUNX-2). (e) RANKL. (f) TRAP. n = 3, mean 

± SD, *p < 0.05, **p < 0.01 represents the statistical significance and ns represents the non-

significant difference. 

 

RANKL, secreted by osteoblasts, plays a significant role in osteoclastogenesis. To 

investigate the impact of MSN-SH on osteoclast formation, we examined RANKL expression 

in preosteoblast (MC3T3-E1) and TRAP expression in differentiating macrophage (RAW 

267.4) cells (Figure 4.6). After seven days of culture, a considerable decrease in RANKL 

expression was observed in cells treated with MSN-SH (Figure 4.6). This inhibitory effect on 

RANKL expression hinders osteoclast differentiation, potentially impeding bone resorption. 
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These findings align with earlier studies.
43–45

 TRAP is an important gene linked with 

osteoclast differentiation. The expression level of TRAP was investigated in differentiated 

RAW 267.4 cells. The results demonstrated that both MSN and MSN-SH led to decreased 

expression levels of TRAP (Figure 4.6).
45–47

 Therefore, MSN-SH promotes osteogenesis by 

upregulating osteogenic genes, such as ALP, RUNX-2, OCN, and OPN, while simultaneously 

inhibiting osteoclastogenesis by downregulating osteoclastic gene expressions, like RANKL 

and TRAP. 

 

4.4.6. In Vitro ROS scavenging 

Elevated levels of ROS in bone cells contribute to osteoporosis, resulting in cell damage and 

skeletal fragility. Therefore, it's crucial to neutralize radicals and restore them to physiological 

levels for effective healing. We assessed the nanomaterials capacity for anti-ROS activity and 

their protective effects against ROS-induced damage in MC3T3 cells (Figure 4.7). Cell 

viabilities were determined using the MTT assay in the presence of ROS induced by hydrogen 

peroxide (H2O2). Treatment with H2O2 and ascorbic acid (AA, 100 µg/mL) led to a significant 

reduction in viability to 39% and 50%. Since hydrogen peroxide is an endogenous inducer of 

oxidative stress, it is toxic to cells. Interestingly, ascorbic acid, despite being an antioxidant, 

was found to be toxic, possibly due to its high concentration. Cells treated with OM 

(containing 50 μg/mL ascorbic acid) displayed 61% cell viability, whereas cells treated with 

MSN-SH showed 78% viability compared to MSN-treated cells, which exhibited only 42% 

cell viability. Thus, MSN-SH exhibited a protective effect against H2O2-induced cell damage, 

likely attributed to its antioxidant nature, which neutralizes radical species. Using the DCF-

DA method, cells were imaged for fluorescence. Both MSN-SH and ascorbic acid (positive 

control) exhibited antioxidant activity, effectively neutralizing ROS species, while MSN and 

OM showed negligible ROS scavenging properties. The ROS scavenging ability and 

protection against oxidative stress offered by our material exceed that of the MSN-cerium 

composite reported by Pinna et al.
32 

 

4.4.7. Cell morphology and scratch assay 

The impact of the samples on cell morphology was assessed using phalloidin and DAPI 

staining, and there were no evident differences in cell morphology between the control (MEM-

α basal media) and MSN-SH treated cells (Figure 4.8). For effective bone remodeling and 

repair, the migration of osteoblastic cells is crucial. To investigate the regenerative potential of 

nanomaterials, an in vitro scratch and migration assays were performed in MC3T3 cells.
48

 

After wound formation, cells were treated with samples for 24 h, and complete wound closure 

(100%) due to cell migration and proliferation was observed in MSN-SH treated cells within 

24 h, while MSN treated cells also exhibited cell migration (93%).  
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Figure 4.7. Nanomaterials effect on oxidative stress in murine osteoblast precursor cells 

(MC3T3). (a) Cell viabilities using MTT assay without H2O2, with H2O2 (negative control), 

osteogenic media (OM), ascorbic acid (AA, positive control), MSN, and MSN-SH. n = 3, 

mean ± SD, *p < 0.05 represents the statistically significant difference and ns represents the 

non-significant difference. (b) Fluorescence images of DCF-DA stained cells treated with 

following: (i) Negative Control (without H2O2), (ii) H2O2 (iii) osteogenic media (OM), (iv) 

ascorbic acid (AA, positive control), (v) mesoporous silica nanoparticles (MSN), and (vi) 

thiolated mesoporous silica nanoparticles (MSN-SH). Scale bar: 100 µm.  

Consequently, MSN-SH stimulates cell migration, showcasing its regenerative 

potential, and can be effectively employed in bone tissue engineering. The migration assays of 

cells treated with osteogenic media and MSN are provided as Figure A23, Appendix. The 

proliferation and directed migration of endothelial cells (HUVEC) are essential for 

angiogenesis. Various cues control this motile process, including chemotactic, hepatotactic, 

and mechanotactic cues, which are essential for the breakdown of the extracellular matrix 
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(ECM) to facilitate cell migration.
49

 To assess the impact of nanomaterials on HUVECs cell 

migration, a scratch assay was conducted. The results indicated that both MSN and MSN-SH 

promote migration and wound closure of 96 and 100% within 48 h, which can be attributed to 

the release of Si from nanoparticles that facilitates the proliferation and migration of HUVECs 

cells
39

 (Figure A24, Appendix). The capability to enhance osteoblast and endothelial cell 

migration suggests that MSN-SH can contribute to new tissue/bone formation, and our 

findings align with a previous study by Sun et al., who investigated angiogenic peptide and 

dexamethasone-loaded MSNs to enhance angiogenesis in bone regeneration.
16

 

 

Figure 4.8. (a, b) Cytoskeletal staining of MC3T3 cells, where phalloidin (green) shows actin 

and DAPI (blue) shows nucleus. (a) Untreated cells (control). (b) Thiolated mesoporous silica 

nanoparticle (MSN-SH)-treated cells. Scale bar: 50 µm. (c) Migration assay in untreated and 

MSN-SH treated cells. Scale bar: 100 µm. n = 3, mean ± SD. 

4.5. Conclusions 

We have effectively synthesized and characterized thiolated mesoporous silica nanoparticles, 

exploring their antioxidant and osteogenic capabilities in cell culture for preventing the 

advancement of osteoporosis. Through surface modification, we obtained uniformly ordered, 

negatively charged thiolated mesoporous silica nanoparticles, characterized via SEM, DLS, 

Zeta potential, FT-IR, TGA, EDX, XPS, and XRD. The nanomaterial exhibited potent 

antioxidant properties, effectively neutralizing radical species and protecting murine osteoblast 

precursor cells (MC3T3) from reactive oxygen species (ROS)-induced damage and cell death. 
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Demonstrating promising osteogenic potential, the nanomaterial notably increases alkaline 

phosphatase (ALP) activity and calcium deposition, while upregulating the expression of 

osteogenic genes (ALP, OCN, OPN, and RUNX 2) in precursor cells and downregulating 

osteoclastic genes (RANKL, TRAP) in differentiating osteoclasts. Moreover, the nanomaterial 

was found to be cytocompatible, promoting cell migration and proliferation in both murine 

osteoblast precursor cells and endothelial cells (HUVEC), crucial for new bone formation, as 

well as facilitating rapid wound closure. In summary, our developed nanomaterial not only 

hinders disease progression but also stimulates new bone generation in osteoporotic 

conditions. The unexplored antioxidant and osteogenic potential of thiolated mesoporous silica 

nanoparticles positions it as a promising adjunct treatment to conventional therapies. 
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           Chapter 5      

Conclusions and perspectives 

  

5.1. Summary of the thesis 

The aim of this thesis was to explore nanomaterial for drug delivery, wound healing, and bone 

regeneration. Nanomaterials have distinct physical and chemical properties, which make them 

suitable as drug cargo and scaffolds for tissue regeneration. The nanomaterials investigated 

earlier for such applications have been associated with several limitations, like polymeric 

nanoparticles exhibit less drug retention and permeation across ocular barriers, biomimetic 

activity of cerium oxide is size dependent and mesoporous silica nanoparticles have no 

antioxidant potential of their own. Functional nanoparticles can be modified chemically and 

imparted with new properties to achieve desirable effects. Therefore, our aim was to develop 

nanomaterials with improved safety and effectiveness to overcome those limitations.  

This thesis is organized into five chapters. Chapter 1 is introductory and includes a 

brief overview on ocular infections, wound healing, and bone disorders. It also includes an 

exhaustive literature survey on the nanomaterials being developed for such applications along 

with the identification of existing knowledge gaps. This chapter also includes specific 

objectives of the thesis, hypothesis statement, and organization of the thesis.  

In Chapter 2, we have reported the development and evaluation of ciprofloxacin-

loaded polymeric nanoparticles of chitosan/lecithin (CL NPs) for the treatment of ocular 

bacterial infections. The intrinsic antibacterial property of chitosan along with that of 

ciprofloxacin creates an additive effect and improved antimicrobial action. The addition of 

lecithin helps in the prolonged residence and enhanced corneal permeability. High drug 

loading was achieved, and the polymer matrix showed slow degradation, which resulted in the 

sustained release of ciprofloxacin. Nanoparticles exhibited excellent antibacterial properties 

against P. aeruginosa and S. aureus without compromising the cytocompatibility towards 

mammalian cells. As required for any drug carrier intended for ocular delivery, nanoparticles 

were found to have good mucoadhesive property. The drug delivery system investigated can 

be effectively explored for the prolonged release of ciprofloxacin while evading the 

anatomical barriers present in ocular tissues.  

Chapter 3 investigates the development of functionalized, silica ceria nanocomposite 

(FSC), as an antibiotic-free system, to treat biofilms present in chronic wounds. The 

therapeutic nanocomposite was engineered in a manner to utilize the surface area of MSN for 

uniform distribution of CNP, resulting in a drug-free and size-independent antibacterial 

nanomaterial. The nanocomposite was thoroughly characterized for its physical and chemical 
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properties. Owing to the incorporation of cerium and cationic charge, nanocomposite 

possessed excellent biocatalytic, biomimetic, and antibacterial activities. The cell culture 

studies revealed that the functionalized nanocomposite promotes wound healing via cell 

proliferation and migration. Overall, the functionalized nanocomposite is a suitable candidate 

for restoring stalled healing in chronic wounds.  

The aim of Chapter 4 was to develop a therapeutic nanomaterial comprising of 

thiolated mesoporous silica nanoparticles for the treatment of osteoporosis. The presence of 

thiol groups imparted antioxidant and cell adhesion properties to mesoporous silica 

nanoparticles, which is not inherent to these nanomaterials. The functionalized nanomaterial 

showed osteogenecity and promoted bone regeneration by stimulating the expression of 

various osteogenic genes and proteins. Mesoporous silica nanoparticles were able to scavenge 

reactive oxygen species effectively and protected the cells against oxidative stress-induced 

damage. The nanomaterial aided cell migration and angiogenesis in cell culture. Overall, a 

drug-free nanomaterial was developed, which shows a strong potential in bone regeneration 

and osteoporosis.  

This section, which is Chapter 5, provides the conclusions and perspective on the 

work done in comparison to the existing literature. 

5.1.1 Contribution to the existing knowledge 

A major aim of this study was to explore the potential of functional nanomaterial for 

addressing the challenges associated with the materials being developed for drug delivery and 

tissue regeneration. 

Ocular drug delivery is one of the most challenging areas owing to the nature of ocular 

tissue. Various nanoformulations have been designed and investigated for drug delivery to 

achieve high drug bioavailability. However, the major focus of these preparations available in 

the market has been to utilize the nanomaterial as drug carrier only, with much less focus on 

developing functional nanomaterials, which is a key knowledge gap in the field. To address 

this gap, we have developed a nanoparticulate system from bioactive polymers having intrinsic 

antimicrobial and mucoadhesive properties, and loaded it with ciprofloxacin to treat bacterial 

ocular infections. Our nanoparticulate system exhibited high drug loading and sustained 

release, which resulted in excellent antibacterial properties. It also showed good mucoadhesive 

property, which is likely to enhance drug retention in eye.  

Nanomaterials, such as inorganic, metal, and carbon nanoparticles have been 

immensely explored for wound healing and tissue regeneration. One such material is cerium 

oxide nanoparticles, which is well documented for its therapeutic value but these properties 

has been found to be size-dependent. Another well explored inorganic nanomaterial is 

mesoporous silica nanoparticles, which have been exclusively used as drug carrier but lack 

intrinsic antibacterial properties. Composite nanomaterial offers the advantage of integrating 

two materials and creating a nanomaterial with improved and enhanced effects. We have 
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developed a nanocomposite of cerium and silica nanoparticles to address the challenge 

associated with their use. In this nanocomposite, surface chemistry and frameworks in 

mesoporous silica nanoparticles were utilized to incorporate cerium oxide nanoparticles. Our 

nanocomposite was able to retain the original properties and show improved action when 

compared to the constituting nanomaterials. We were able to develop a drug-free and size-

independent nanocomposite, which possessed excellent antibacterial and antioxidant 

properties, with good biocompatibility and potential application in wound healing.  

Osteoporosis a chronic bone disorder, which has been conventionally managed by 

using a cocktail of anti-resorptive and osteogenic drugs. Besides causing peripheral toxicity, 

these drugs fail to address the prooxidative stress, an important factor identified in the disease 

progression. To address this challenge in the field, we have developed thiolated mesoporous 

silica nanoparticles to promote osteogenesis. Mesoporous silica nanoparticles are known to 

promote osteogenesis but they lack antioxidant properties, which are very much required for 

such applications. Taking inspiration from the body’s natural thiol-based anti-oxidative 

system, free thiols were functionalized on the surface of mesoporous silica nanoparticles to 

obtain thiolated mesoporous nanoparticles. As envisaged, it promoted osteogenesis, provided 

protection from oxidative stress, and showed improved cell adhesion, which can be employed 

in bone regeneration applications. 

The overall gain of this study is, we developed functional nanomaterial which show 

promising potential for treatment of biofilm infected wounds and osteoporosis. To treat 

bacterial ocular infections, a synergic therapeutic effect was achieved with use of antibacterial 

nanoparticles. 

5.1.2. Future perspectives 

The antibacterial, polymeric nanoemulsion prepared for the ocular drug delivery has shown 

promising results. In this work, we have used a standard antibiotic to treat the bacterial 

infection but it is well known that the prolonged use of antibiotics results in antimicrobial 

resistant strains and renders them ineffective. As our carrier system itself has a decent intrinsic 

antimicrobial property, some modifications can be done to make it a drug-free, therapeutic 

nanoemulsion with improved antimicrobial activities. Also, this material needs further 

optimization to minimize batch-to-batch variation and testing in animal models to check the 

effectiveness in real microenvironment present in ocular tissues. If similar results are obtained 

in in vivo studies, it can be evaluated further in order to develop a functional nanomaterial for 

effective and viable treatment of bacterial ocular infections. Similarly, cationized silica cerium 

composite showed excellent antioxidant, antibacterial, and wound healing properties but it 

needs to be evaluated against resistant bacterial strains, which are responsible for altering 

normal wound healing. The effectiveness of this nanocomposite needs to be investigated in the 

simulated environment of chronic wounds. It is also possible to develop a delivery system for 

this nanocomposite, such as transdermal patches. The nanocomposite can be loaded into 
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reservoir-based transdermal patches for sustained release or applied topically on the wound 

site. The thiolated mesoporous silica nanoparticles can be used as a complementary medicine 

along with the standard treatment available for osteoporosis. However, for its clinical 

translation, a mode of delivery needs to be developed. The injectability of nanoparticles needs 

to be investigated so that these can be directly injected at the site of action to achieve enhanced 

localized, therapeutic effects with minimal peripheral toxicity.     
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Figure A1. Particle size distribution (n = 3) using DLS. (a) MSN. (b) CNP. (c) FCNP. (d) SC. 

(e) FSC. 

 

 

Figure A2. FSC nanocomposite of different sizes. (a) 257 nm. (b) 911 nm. 

 

 

 

Figure A3. FT-IR spectra. (a) MSN, SC, and FSC. (b) CNP and FCNP. 
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Figure A4. (a) PXRD patterns of CNP, SC, and MSN. (b) Bang gap energy of CNP, FNCP, 

SC, and FSC.  

 
 

Figure A5. N2 adsorption–desorption isotherms. (a) MSN. (b) CNP. (c) SC. (d) FSC. 
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Figure A6. BJH pore size distribution curves. (a) MSN. (b) CNP. (c) SC. (d) FSC. 

 

 

 
Figure A7. XPS spectra of SC. (a) Survey spectrum. (b) Ce 3d. (c) O 1s and (d) Si 2p. 
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Figure A8. EDX spectra of CNP, SC, and FSC.  
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Figure A9. Images of bacterial colonies on agar plates. (a) E. coli in 24 h. (b) S. aureus in 12 

h. 
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Figure A10. Inhibition of bacterial growth. (a) E. coli in 12 h. (b) S. aureus in 6 h. The ns 

represents the non-significant difference. 

 

 
Figure A11. Antibacterial activity exhibited by FSC nanocomposites of different size against 

E. coli and S. aureus. *p < 0.05 represents the statistically significant difference and ns 

indicates non-significant difference. 
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Figure A12. Fluorescence microscopic images of gentamicin (Genta), MSN, CNP, and SC-

treated bacterial suspension of E. coli. Scale bar: 10 m.   
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Figure A13. Fluorescence microscopic images of gentamicin (Genta), MSN, CNP, and SC-

treated bacterial suspension of S. aureus. Scale bar: 10 m.  

 

 

 

 
Figure A14. Cell viability assay of untreated (blank) and MSN, CNP, FCNP, SC and FSC 

extract-treated L929 cells for 72 h. (a) MTT. (b) CCK 8. *p < 0.05 represents the statistically 

significant difference. 
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Figure A15. Fluorescence microscopic images of MSN, SC and CNP conditioned media-

treated L929 cells. Scale bar: 100 m.  

 

 

 
Figure A16. Scratch assay. Microscopic images of MSN, CNP and SC extract-treated cells at 

the time interval of 0, 6, 12 and 24 h. Scale bar: 100 m. 
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Table A1. Physical properties of nanoparticles (MSN, CNP) and nanocomposites (SC, FSC). 

Sample Surface area 

(m
2
/g) 

Pore volume (cm
3
/g) 

MSN 479  0.42 

CNP 87 0.32 

SC 436 0.36 

FSC 29 0.19 

 

Table A2. Ratio of Ce
3+

/Ce
4+

 estimated using Ce 3d XPS spectrum of FSC. 

Peaks Binding energy (eV) Area 

i 882.34 14170 

ii 885.13 9925 

 iii 888.49 9859 

iv 898.19 8663 

 v 900.80 8143 

vi 903.65 8457 

 vii 907.68 7654 

 viii 916.71 7820 

 ii, iv, vi Ce
3+

 9015 

i, iii, v, vii, viii Ce
4+

 9529.2 

  Ce
3+ 

/ Ce
4+

 0.94 

 Ce
3+ 

/ (Ce
3+ 

+ Ce
4+

) ×100 48% 

 

 

 

Protocol for RNA Isolation. For RNA isolation, cells were harvested at time interval 

of 7 and 14 days and trypsinized. The cells were collected after centrifugation and 

thoroughly washed with PBS. Next, 400 µL of trizol solution was added and incubated 

for 5 min at RT. Chloroform (80 µL) was added and again incubated for 5 min. The 

separation of aqueous and organic layer was done by centrifugation at 12000g, 4 °C 

for 15 min. RNA was carefully aspirated out and transferred to a new tube. To 

precipitate RNA, 200 µL of propanol was added and incubated for 10 min at RT. RNA 

pellet was washed with 75% ethanol and air dried. The amount of RNA isolated was 

quantified using a NANODROP (Thermo Fisher Scientific). 

 

Protocol for cDNA Synthesis. cDNA synthesis from the isolated RNA was done 

using iScript
TM

 cDNA synthesis kit (Bio-Rad). To prepare 1 µg of cDNA, 5x iScript 

Reaction Mix (4 µL), isolated RNA samples (1 µg), and iScript Reverse Transcriptase 

(1 µL) were taken in nuclease-free water, and volume made up to 20 µL. The reaction 

mixture was transferred to Veriti
TM

 96-well Thermal Cycler (Applied Biosystems, 

Thermo Fisher Scientific), with priming for 5 min at 20 °C, reverse transcription at 46 

°C for 20 min, and RT inactivation at 95 °C for 1 min. 

 

Protocol for Quantitative Real-Time PCR (RT-PCR). For gene analysis, the 

PowerUp SYBR Green Master Mix microamp optical 8-Tube strip (0.2 mL, Applied 

Biosystems, Life Technologies) was used. The reaction mixture (9 µL) was prepared 

by mixing SYBR Master Mix (3.75 µL), forward and reverse primers (0.5 µL each), 

100 ng cDNA (1 µL), and nuclease-free water (q.s). The real-time PCR was done 

using an Applied Biosystems QuantStudio3 real-time PCR. 
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Figure A17. Zeta potential measurments. (a) MSN. (b) MSN-SH. 

 

 

 
 

Figure A18. Barrett-Joyner-Halenda (BJH) pore size distribution. (a) MSN. (b) MSN-

SH.     
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Figure A19. Energy dispersive X-ray spectroscopy (EDX) spectra of MSN and MSN-

SH. 
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Figure A20. X-ray photoelectron spectroscopy (XPS) spectra. (a) Survey scan. (b) Si 

2p. (c) O 1s. 

 

 

 

 

 

  
Figure A21. Flourescence images of live (green) and dead (red) MC3T3 cells treated 

with osteogenic media (OM) and MSN. Scale bar: 100  
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Figure A22. Relative cell viabilities of untreated HUVEC cells (control) and cells 

treated with MSN and MSN-SH. *p < 0.05 represents the statistical significance and 

ns indicates non-significant difference. 

 

 

 

 

 

 

 

 
Figure A23. Migration assay using MC3T3 cells treated with osteogenic media (OM) 

and MSN. Scale bar: 100 µm. 
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Figure A24. Migration assay using untreated HUVEC cells (control) and cells treated 

with MSN and MSN-SH. Scale bar: 100 µm. 

 

 

 

 

Table A3. Primer sequences used in real-time PCR. 

GAPDH FP    5’-AGGTCGGTGGAACGGATTTG-3’ 

GAPDH RP 5’-GGGGTCGTTGATGGCAACA-3’ 

ALP FP            5’-CCAACTCTTTTGTGCCAGAGA-3’ 

ALP RP          5’-GGCTACATTGGTGTTGAGCTTTT-3’ 

RUNX2 FP     5’-TCCACCACGCCGCTGTCT-3’ 

RUNX2_RP   5’-TCAGTGAGGGATGAAATGCT-3’ 

OCN FP          5’-CTGACCTCACAGATCCCAAGC-3’ 

OCN RP         5’-TGGTCTGATAGCTCGTCACAAG-3’ 

OPN FP                   5’-CTTGCTTGGGTTTGCAGTCTT-3’ 

OPN RP                   5’-GGTCGTAGTTAGTCCCTCAGA-3’ 

 

 

 

 

 
 

 

 

 

 

 


