
 
 

 2
0
2

4
  

 
 

 S
A

D
IA

 Y
O

U
N

IS
  

 
          S

U
9

2
-M

S
C

H
W

-F
2
2

-0
2
0
 

 
 

    F
O

S
 

 Controlling Porosity in Iron-Doped Silica Nanoparticles for Drug Delivery in 

Cancer Treatment  

 

 

 

 

 

Thesis Submitted to  

The Superior University Lahore 

In Partial Fulfillment of the 

Requirement for the Degree of 

M.Phil. Chemistry 

 

By 

SADIA YOUNIS 

SU92-MSCHW-F22-020  

Session: 2022-2024 

Faculty of Sciences 

  



 
 

Controlling Porosity in Iron-Doped Silica Nanoparticles for Drug Delivery in 

Cancer Treatment  

 

 

 

 

 

Thesis Submitted to  

The Superior University Lahore 

In Partial Fulfillment of the 

Requirement for the Degree of 

M.Phil. Chemistry 

 

By 

SADIA YOUNIS 

SU92-MSCHW-F22-020  

Session: 2022-2024 

Faculty of Sciences    



II 
 

Author’s Declaration 

 

I hereby state that my M.Phil. thesis titled “Controlling porosity in iron-

doped silica nanoparticles for drug delivery in cancer treatment” is my work and 

has not been submitted previously by me for taking any degree from this University,  

The Superior University, Lahore 

or anywhere else in the country/world. 

At any time if my statement is found to be incorrect even after my graduation, 

the university has the right to withdraw my M.Phil. degree. 

 

                                                                                     Name of Student: Sadia Younis 

                                                                                              Date: ________________ 

  



III 
 

Plagiarism Undertaking 

 

I solemnly declare that research work presented in the thesis titled 

“Controlling Porosity in Iron-Doped Silica Nanoparticles for Drug Delivery in 

Cancer Treatment” is solely my research work with no significant contribution from 

any other person. Small contribution/help wherever taken has been duly 

acknowledged and that complete thesis has been written by me.  

I understand the zero-tolerance policy of the HEC and University,  

The Superior University, Lahore 

towards plagiarism. Therefore, I as author of the above-titled thesis declare 

that no portion of my thesis has been plagiarized and any material used as a reference 

is properly referred/cited. I undertake that if I am found guilty of any formal plagiarism 

in the above-titled thesis, even after awarding of M.Phil. degree, the University 

reserves the rights to withdraw/revoke my M.Phil. degree and that HEC and the 

University have the right to publish my name on the HEC/University website on which 

names of students are placed who submitted a plagiarized thesis. 

 

Student/Author Signature: __________________  

                                                          Name: Sadia Younis 

  



IV 
 

Research Completion Certificate 

 

This is to certify that the thesis entitled “Controlling porosity in iron-doped silica 

nanoparticles for drug delivery in cancer treatment” submitted by “Sadia Younis” has 

been accepted towards the partial fulfillment of the requirement for M.Phil. “Chemistry”. 

The quality of the work contained in this    thesis is adequate for the award of degree. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supervisor Name: Dr. Quratulain Amjad 

Designation: Assistant Professor  

 

Signature:    

  



V 
 

Certificate of Approval 

This is to certify that the research work presented in this thesis, titled 

“Controlling porosity in iron-doped silica nanoparticles for drug delivery in 

cancer treatment” was conducted by “Sadia Younis” under the supervision of “Dr. 

Quratulain Amjad” 

No part of this thesis has been submitted anywhere else for any other degree. 

This thesis is submitted to the Faculty of Sciences, The Superior University, Lahore 

in partial fulfillment of the requirements for the degree of Master of Philosophy in the 

field of “Chemistry” in Faculty of Sciences at The Superior University, Lahore.  

Student Name: Sadia Younis                           Signature:______________ 

Examination Committee:  

Session Chair: Dr. M. Mudassir Iqbal                     Signature:______________ 

a) External Examiner: Dr. Sidra Farid                     Signature:______________ 

Assistant Professor 

Department of Chemistry 

Government College University Lahore 

b) Internal Examiner: Dr. Nazia Kanwal                     Signature:______________ 

 

c) Supervisor Name: Dr. Quratulain Amjad                      Signature:______________ 

 

d) Name of HOD: Prof. Dr. Uqba Mehmood               Signature:______________ 

 

e) Name of Dean: Prof. Dr. M. Naveed Babur                 Signature:______________ 

 

f) Controller Examination: Dr. M. Haris                          Signature:______________ 



VI 
 

Dedication 

To Rahmat-ul-Lil Aalamin, Hazrat Muhammad (Sallallahu Alaihi Wasallam), whose 

life and teachings serve as an everlasting source of mercy, inspiration, and guidance 

for all mankind. Deepest love and gratitude are extended to my beloved mother, whose 

unconditional love, endless prayers, and silent sacrifices have been the foundation of 

my strength. To my father, whose encouragement, wisdom, and unwavering support 

have constantly motivated me to strive for excellence. Gratitude is also expressed to 

my dear brothers and sister, whose love, support, and companionship have uplifted me 

at every stage of life. Sincere thanks are owed to my teachers, whose knowledge and 

guidance have played a vital role throughout my academic journey. To all those who 

have blessed me with their prayers, kindness, and affection—this success reflects your 

love and support. Special appreciation goes to my father, whose constant motivation, 

sincere efforts, and kind support were instrumental in helping me reach this milestone. 

His belief in my potential gave me the confidence to pursue my dreams with courage 

and determination. May Allah Almighty bless each one of you with good health, long 

life, and endless happiness. This achievement is as much theirs as it is mine. 

  



VII 
 

Acknowledgments 

In the name of Allah, the kindest and most sympathetic. All admire Almighty Allah, 

Who helps and guides us in every darkness of life. Special thanks to Allah Almighty, 

who showed me courage, patience, and good health, all because I can complete my 

thesis. All respect and dignity for our Holy Prophet Muhammad (PBUH), Who 

showed us a light of the right path and provided guidance for us in all aspects of life.  

I am deeply grateful to my honorable and kind supervisor, Dr. Quratulain Amjad, 

and my co-supervisor, Dr. Fizza Naseem, both Assistant Professors in the Department 

of Chemistry, Superior University, Lahore, for their continuous motivation, guidance, 

and support throughout this research journey. Their inspiring mentorship, insightful 

suggestions, constructive criticism, and active supervision have been instrumental in 

shaping the direction and successful completion of this thesis. I sincerely appreciate 

their valuable discussions and constant encouragement, which greatly contributed to 

the depth and quality of my work. I would also like to extend my heartfelt thanks to 

Prof. Dr. Muhammad Naveed Babur, Dean of Allied Health Sciences, Prof. Dr. 

Uqba Mehmood, Head of the Department, and Dr. M. Mudassir Iqbal, Program 

Leader, for their essential support and for providing all the necessary academic 

resources and facilities needed for this study. 

I wish to acknowledge with indebted thanks the valuable help of my class fellows, 

friends, and all the lab attendants from Superior University for their kind guidance and 

support. I would especially like to thank my BS and M.Phil. fellow Abu Sufyan for 

his constant emotional support during this study. I was able to endure difficult 

circumstances because of his support and faith in me. Finally, I would want to express 

my gratitude to my parents for their tolerance, steadfast support, and constant 

inspiration. This achievement is the result of their love and devotion.  

Ultimately, I am humbly thankful to Almighty Allah, who gave me the courage and 

abilities to complete this study.  

 

Sadia Younis 

 



VIII 
 

Table of Contents 
Page  

Author’s Declaration…………………………………………………………………II 

Plagiarism Undertaking……………………………………………………………..III 

Research Completion Certificate……………………………………………………IV 

Certificate of Approval………………………………………………………………V 

DEDICATION………………………………….......................................................VI  

ACKNOWLEDGEMENTS………………………..................................................VII 

TABLE OF CONTENT….......................................................................................VIII  

LIST OF TABLES………………………………....................................................XII  

LIST OF FIGURES…………………………………….........................................XIII 

LIST OF ABBREVATIONS………………………………....................................XV 

ABSTRACT………………………………............................................................XVI  

CHAPTER 1……………………………………………...........................................01  

INTRODUCTION ………………………………….................................................01  

1.1 Caner…………………………………………………………………….01 

1.1.1 Introduction to Cancer Metabolism……………………………01  

1.2 Liver Cancer……………………………………………………………..01 

1.2.1 Liver Cancer Sub-Type………………………………………..02 

1.2.2 Liver Cancer as a Chronic Disease…………………………….02 

1.2.3 Risk Factors……………………………………………………02 

1.2.3.1 Viruses that Causes Hepatitis………………………..02 

1.2.3.2 Alcohol………………………………………………03 

1.2.3.3 Tobacco Smoking…………………………………...03 

1.3 Nanoparticles……………………………………………………………04 

1.3.1 Types of Nanoparticles………………………………………...04 

1.3.1.1 Organic Nanoparticles……………………………….05 

1.3.1.2 Inorganic Nanoparticles……………………………..05 



IX 
 

i) Mesoporous Silica Nanoparticles………………....05 

ii) Nanoparticles of Superparamegnatic Iron Oxide…06 

1.4 Application of Silica Coating on Magnetite Nanoparticles……………...07 

1.5 Synthesis Methods of Nanoparticles…………………………………….07 

1.5.1 The Stober Method…………………………………………….07  

1.5.2 The Microemulsion Method…………………………………...08 

1.6 Surfactants for Structuring………………………………………………09 

1.7 Mechanism………………………………………………………………10 

1.7.1 Passive Targeting……………………………………………...11 

1.7.2 Active Targeting………………………………………………11 

1.8 The Internalization………………………………………………………12 

1.9 Ferroptosis………………………………………………………………12 

1.10 Application of Nanoparticles…………………………………………..12 

1.10.1 Using Nanoparticles to Deliver Drug………………………...13 

1.10.2 Nanoparticles for the Treatment of Cancer…………………...15 

1.11 Transition from Epithelial to Mesenchymal……………………………15 

AIMS AND OBJECTIVES………………………………........................................17  

CHAPTER 2 …………………………………………………..................................18  

LITERATURE REVIEW…………………………………………………...............18  

CHAPTER 3 …………………………………………………..................................25  

METHODOLOGY……………………………………….........................................25  

3.1 Apparatus………………………………………......................................25 

3.2 Chemicals……………………………………………………………….25 

3.3 Synthesis of Iron-Doped Silica Nanoparticles with Different Surfactant.25 

3.4 Identification of Iron-Doped Silica Nanoparticles Properties………..….26 

3.5 Drug Encapsulation……………………………………………………...26 

3.6 Loading Efficiency……………………………………………………...27 



X 
 

3.7 Drug Desorption………………………………………………………...27 

3.8 In-Vitro Cytotoxicity Studies…………………………………………....28 

3.9 Cell Culture and Maintenance…………………………………………...28 

3.10 Morphology Analysis……………………………………………….28 

3.11 Assays for Cell Proliferation………………………………………...29 

3.11.1 MTT Assays…………………………………………………29 

3.11.2 Neutral Red Assays………………………………………….29 

3.12 Semi-Quantitative RT-PCR and RNA Isolation for Genes Associated 

With E-Cad, N-Cad, Vimentin, Slit-2, Integrin, and CDC42 ……………29 

3.13 Statistical Analysis…………………………………………………..30 

CHAPTER 4…………………………………………………...................................31 

RESULTS …………………………………………………......................................31 

4.1 Structural Techniques…………………………………………………...31 

4.1.1 Fourier Transform Infrared Spectroscopy (FT-IR)………….31 

4.1.2 X-Ray Diffraction (XRD)…………………………………...32 

4.1.3 Brunauer-Emmett-Teller (BET)…………………………….32 

4.2 Morphological Technique……………………………………………….33 

4.2.1 Scanning Electron Microscopy (SEM)……………………...33 

4.3 Material Technique……………………………………………………...34 

4.3.1 Thermogravimetric Analysis (TGA)………………………...34 

4.4 Drug Loading and Encapsulation Efficiency……………………………35 

4.5 In Vitro Release Studies………………………………………………...36 

4.6 Ferroptosis………………………………………………………………36 

4.7 In Vitro Cytotoxicity (MTT Assay)……………………………………..37 

4.8 Neutral Red Assay………………………………………………………38 

4.9 Epithelial to Mesenchymal Transition (EMT)…………………………...39 

4.9.1 E-Cadherin ………………………………………………….39 



XI 
 

4.9.2 CDC42………………………………………………………40 

4.9.3 N-Cadherin………………………………………………….40 

4.9.4 Vimentin…………………………………………………….40 

4.9.5 Slit2………………………………………………………….41 

4.9.6 Integrin……………………………………………………...41 

CHAPTER 5 …………………………………………………..................................43  

DISCUSSION………………………………………………….................................43  

CHAPTER 6…………………………………………………...................................45  

CONCLUSION ………………………………………..............................................45 

REFERENCES….......................................................................................................47  



XII 
 

List of Tables 

Description                             Page  

Table 3.1 Drug release and loading percentage on nanoparticles................................28 

Table 4.1 Characterization parameters of different nanoparticles..............................33  

 



XIII 
 

List of Figures 

Description                 Page  

Figure 1.1 Illustrates the different types of nanoparticles, including inorganic, hybrid, 

and organic nanoparticles…………………………………………………………....05 

Figure 1.2 Diagram demonstrating that three mechanisms can achieve active targeting: 

covalent attachment, which occurs when a ligand is covalently bound to a particle; 

passive adsorption, which occurs when a ligand binds to a particle after prolonged 

incubation; and biomolecular interactions, such as electromagnetic forces…………11 

Figure 1.3 Schematic of a nanoparticle with drug payload enclosed and antibody 

functionalized surface……………………………………………………………….14 

Figure 1.4 Diagram demonstrating a functionalized targeted silica nanoparticle with 

encapsulated medication transition from epithelial to mesenchymal……………….15 

Figure 3.1 Synthesis of FeMS(C), FeMS(S), and FeMS(DA) nanoparticles via one-pot 

method……................................................................................................................26 

Figure 3.2 Drug sorafenib loaded on different nanoparticles (FeMS(C), FeMS(S), and 

FeMS(DA) → FeMSNPs)…………………………………………………………..27 

Figure 4.1 Functional group analysis performed iron doped silica nanoparticles with 

CTAB, SDS, and DA..................................................................................................31  

Figure 4.2 Composition of material is determined by XRD of iron doped silica 

nanoparticles (CTAB).................................................................................................32 

Figure 4.3 SEM images of iron doped silica nanoparticles with CTAB (a), SDS (b)...34 

Figure 4.4 Thermal gravimetric (black line) and differential thermal analysis (blue 

line) of iron doped silica nanoparticles with surfactant CTAB (a), SDS (b), and DA 

(c)................................................................................................................................35  

Figure 4.5 UV-Vis spectrum of drug loaded nanoparticles.........................................35  

Figure 4.6 Drug release UV-Vis spectra of drug loaded nanoparticles FeMS(C)-SO 

(a), FeMS(S)-SO (b), and FeMS(DA)-SO (c) at variable concentration and time.......36 

Figure 4.7 Ferroptosis-expression analysis inducing gene ACSL4 in liver cancer cells 

was performed using quantitative RT-PCR.................................................................37 

Figure 4.8 Effect of nanoparticles and drug loaded nanoparticles treatment on Liver 

cancer cell viability………………………………………………………………….38 

Figure 4.9 In vitro cell proliferation test of drug, nanoparticles, and drug loaded 

nanoparticles………………………………………………………………………...39 



XIV 
 

Figure 4.10 Effect of drug, drug loaded nanoparticles and nanoparticles on different 

genes (a) E-CAD, (b) CDC42, (c) N-CAD (d) Vimentin, (e) Slit2, (f) Integrin checked 

by RT-PCR………………………………………………………………………….42 

 



XV 
 

List of Abbreviations 

FeMS(C)          Iron Doped Silica Nanoparticles with CTAB Surfactant  

FeMS(S)  Iron Doped Silica Nanoparticles with SDS Surfactant 

FeMS(DA)  Iron Doped Silica Nanoparticles with Diammonium Quarternary Salt 

UV-Vis  Ultraviolet-Visible Spectroscopy  

ROS       Reactive Oxygen Species 

IARC’s  International Agency for Research on Cancer 

IUPAC             International Union of Pure and Applied Chemistry 

EPR   Enhanced Permeation and Retention 

TEM                Transmission Electron Microscopy 

NASH   Non-Alcoholic Steatohepatitis 

MSMs              Mesoporous Silica Materials 

FeCl2·4H2O     Iron (II) Chloride Tetrahydrate 

FBS                  Fetal Bovine Serum 

 



XVI 
 

ABSTRACT 

Hepatocellular carcinoma (HCC) is still a difficult clinical problem in oncology 

sorafenib is one of the best chemotherapeutic agents. But unfortunately, its clinical 

utilization is hampered due to poor aqueous solubility, high dosage requirements, off-

target toxicity, and the emergence of drug resistance. In order to address these 

shortcomings, we designed and optimized iron-doped silica (FeMS(C), FeMS(S), and 

FeMS(DA)) nanoparticles with controlled porosity to enhance drug delivery 

efficiency and induce ferroptosis, a novel iron-dependent form of cell death for 

overcoming resistance in liver cancer therapy. Three types of FeMS(C), FeMS(S), and 

FeMS(DA) nanoparticles were fabricated using different surfactants to control 

porosity and structural properties. The synthesized nanocarriers were thoroughly 

characterized using FT-IR, UV-Vis, SEM, and XRD. Brunauer–Emmett–Teller (BET) 

research verified a well-defined mesoporous structure, optimum pore volume, and a 

very high surface area, allowing for controlled release kinetics and increased loading 

capacity. Porosity control was attained by utilizing mathematically precise etching 

method to achieve enhanced encapsulation and sustained release of sorafenib. In vitro 

cytotoxicity studies of HepG2 liver cancer cells exhibited recommended endocytosis 

capacities which lead to improved therapeutic efficacy compared to free sorafenib. 

Because ferroptosis is based on raising intracellular iron levels, promoting the 

generation of ROS, and producing lipid peroxidation, the incorporation of Fe3O₄ in the 

silica matrix was beneficial. Increase in markers associated with the epithelial to 

mesenchymal transition further supported the possibility of decreased cell death and 

metastatic potential. The drug release studies also revealed a sustained and pH-

triggered drug release profile that could reduce systemic toxicity while having a lasting 

effect. The engineered FeMS(C), FeMS(S), and FeMS(DA) nanoparticles effectively 

addressed the main issues of conventional sorafenib therapies, including solubility, 

total amount needed, and resistance to treatment via ferroptosis induction. This study 

demonstrated the importance of porosity engineering in the context of nanomedicine, 

presenting a multifunctional platform for targeted efficacious treatment for liver 

cancer and adds considerable insight into further translational research into ferroptosis 

therapeutics and enhanced drug delivery systems.       
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CHAPTER 1  

INTRODUCTION 

1.1 Cancer 

Worldwide, a large percentage of deaths are caused by cancer [1]. Previously the third 

leading cause of death in 1990, cancer accounted for over 8 million deaths globally in 

2013, so it is the second most prevalent reason of death after heart disease [2]. Since 

the number of cancer survivors is still rising [3], the main players in the healthcare 

industry—patients, providers, and payers—should determine which cancer patients 

are most likely to die and from what cause [4]. Cancer results from transformation of 

a normal cell into a tumor cell resulting in indefinite proliferation. In this multi stage 

process the cells, very often, acquire the ability migrate and colonize neighboring or 

distant tissue, thus becoming metastatic [5]. The deaths caused by cancer are primarily 

due to organ failure and metastasis, or the spread of primary tumor cells to other sites 

[6]. 

1.1.1 Introduction to Cancer Metabolism 

The metabolic status of normal differentiated cells and cancer cells are distinct from 

each other. In order to produce the energy needed for cellular function and equilibrium, 

normal cells absorb nutrients like glucose and rely on oxidative phosphorylation in the 

mitochondria [7]. Further, normal cells are supported by the collaboration between 

intracellular signaling pathways and metabolic pathways to supply energy and 

promote growth in a controlled manner [8, 9]. In contrast, cancer cells exhibit 

deregulation of oncogenic pathways that reprogram metabolism to induce 

uncontrolled proliferation and tumor growth [8, 9]. 

1.2 Liver Cancer 

Liver cancer is an aggressive disease that is becoming more common worldwide [10]. 

Liver cancer is most frequent, severe malignancies and the second leading cause of 

cancer-related death globally [1]. Liver cancer is the second leading cause of cancer 

mortality in men and the sixth leading cause in women worldwide [11].  
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1.2.1 Liver Cancer Sub-Types 

Liver cancer has several subtypes, each of which has a unique mutational signature. 

Hepatocellular carcinoma (HCC), most significantly common kind of primary cancers 

of the liver accounts for around 85% of cases in the clinic [12, 13]. HCC is driven by 

oncogenic transcription factors that direct cellular responses that are still poorly 

understood at the molecular level. HCC originates from transformed hepatocytes as a 

result of genomic and environmental insults [12, 13]. Another sub-types of liver cancer 

are hepatoblastoma, and Cholangiocarcinoma (CCA). 

1.2.2 Liver Cancer as Chronic Disease 

Liver cancer arises in the context of chronic liver disease, which is often caused by 

underlying environmental and genetic factors [14]. Hepatocarcinogenesis is a complex 

process that occurs over an extended period of time as somatic mutations accumulate 

in the liver. Next generation sequencing technology has pinpointed the genetic 

alterations that are the main drivers of hepatocarcinogenesis. These cancer-causing 

mutations- can be classified into either oncogenic (gain of function) or tumor 

suppressor (loss of function). These genes are involved in key cellular processes, 

including telomere regulation, cell cycle control, chromatin modification, and 

oxidative stress [12]. 

1.2.3 Risk Factor 

Genetic factors work together with environmental factors such as viral infections, 

environmental toxins, obesity, and alcohol to promote liver tumorigenesis [12]. While 

viral hepatitis infections pose a significant risk for HCC, the incidence of metabolic 

syndrome associated HCC cases is also increasing, especially in the West [12, 14].  

1.2.3.1 Viruses that Cause Hepatitis 

Chronic HBV infection has been recognized as an etiologic cause for the development 

of HCC for more than 40 years [15]. The regions with the greatest incidence of chronic 

HBV infection are home to about 45% of the world's population [16]. Chronic 

infection with HBV is measured using seropositivity for hepatitis B surface antigen 

(HBsAg). The relative risk associated with seropositivity of HBsAg and liver cancer 

ranges from 5.3-148 in cohort studies, and 5 to 30 in case control studies [17]. HCV 

has been identified as a carcinogen to humans since the early 1990s [17]. Anti-HCV 
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antibodies are frequently used to detect chronic HCV infection. Relative risks for 

chronic HCV infection have been found to range from approximately 15 to 25.  

Few extensive studies focusing on the population have reported the amount of hepatitis 

B and C infections, making it difficult to estimate the prevalence internationally. 

Nonetheless, according to certain research, 5–20% of people with a persistent HBV 

infection also have an HCV infection [18].  

The combined effects of HBV and HCV have been the subject of contradicting meta-

analyses, which have found both sub-additive and super-additive effects (sub-additive 

[19], and super-additive [20, 21]). More recent studies (2000-2009), cohort studies, 

and studies carried out in regions where HBV and HCV infection were rare showed 

an overall sub-additive effect on risk of hepatocellular carcinoma, while HBV endemic 

areas showed an additive effect, and older studies, case-control studies, and HCV 

endemic areas showed a super-additive effect, according to Cho et al. [19]. 

1.2.3.2 Alcohol 

Alcohol has been categorized as a group 1 carcinogen by the IARC since 1988. 

Cirrhosis, a significant risk factor for liver cancer, is believed to be caused by heavy 

drinking. Eastern and Western European nations have the greatest rates of alcohol use 

per capita. Heavy or "at-risk" alcohol consumption is defined by the National Institute 

on Alcohol Abuse and Alcoholism as more than four drinks on any one day or more 

than fourteen drinks per week for males, and more than three drinks on any one day 

or more than seven drinks per week for women [22]. According to a meta-analysis by 

Turati et al., heavy drinkers who consume 37.5g of ethanol (about three drinks) or 

more daily had a 1.16 (95% CI: 1.01-1.34) risk of liver cancer compared to those who 

do not, and drinking increases the risk [23]. 

1.2.3.3 Tobacco Smoking 

Beginning in the 1950s, research has demonstrated that smoking causes cancer [24], 

including links between smoking and liver cancer [25]. Cigarette smoke contains more 

than 60 recognized carcinogens [26], including aromatic amines and polycyclic 

aromatic hydrocarbons, both of which have been linked to an increased risk of HCC 

[27]. Current smokers had almost 1.5 times the risk of liver cancer compared to never 
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smokers, according to recent meta-analyses by Lee et al. [28] and Gandini et al. [29] 

(Lee et al: 1.51 [1.37,1.67]; Gandini et al: 1.56 [1.29,1.87]). 

This is in line with the IARC's 2004 results in their monograph on tobacco smoke and 

involuntary smoking, which said that cohort and case control studies have repeatedly 

shown a link between tobacco use and liver cancer [25]. Alcohol consumption is 

common among smokers. While Lee et al. discovered that the risk ratio for current 

tobacco users was marginally lower after controlling for alcohol (before adjusting: 

1.51, 95% CI: 1.37, 1.67; after change: 1.43, 95% CI: 1.21, 1.68), Chuang et al. 

discovered that the threat ratio for alcohol and liver cancer was 1.29 (95% 95% CI: 

1.08, 1.50) prior to and 1.33 (95% CI: 1.15, 1.52) after controlling for smoking. [30]. 

1.3 Nanoparticles 

Over the past 50 years, a lot of study has been done on nanoparticles (NPs), taking 

advantage of their tiny size, which is typically between 1 and 100 nm. Their three main 

characteristics are that they have a very high volume-to-surface ratio, are very mobile 

in the free state, and may show quantum effects that affect their electrical properties 

[31-33]. This could enable them to evade the body's defence mechanisms [34].  

1.3.1 Types of Nanoparticles  

Nanoparticles have been categorized based on shape, size, composition, and 

functionality. For instance, Siegel delineated four-dimensional nanoparticle 

formations in 1993: These include quantum dots or nanoparticles in three dimensions, 

the fullerene tiny structures, a two-dimensional nanotubes made of carbon, one 

dimension rather graphene thin sheets, and zero-dimensional nanostructures [35]. 

Based on  composition, we have grouped in this work nanoparticles that are pertinent 

to biotechnology research, such as polymeric, metallic, magnetic, inorganic, and 

environmentally friendly and recyclable substances make up organically nanoparticles 

[36]. It has been demonstrated that they have a lot of potential for drug transportation 

[37-40]. Polymeric, metallic, and magnetic nanoparticles are other common 

classifications for both nanoparticles are both inorganic and organic (Figure 1). The 

element used to make the frame is the primary distinction among organic and inorganic 

particles. 



5 
 

 

Figure 1.1 Illustrates the different types of nanoparticles, including inorganic, hybrid, 

and organic nanoparticles. 

1.3.1.1 Organic Nanoparticles 

As the name suggests, organic nanoparticles are ultimately biological in origin and are 

formed from carbon-containing substances. Among many others, dendrimers, 

liposomes, and micelles are examples. These kinds of nanoparticles are frequently 

used in food technology and medication administration [41, 42]. 

1.3.1.2 Inorganic Nanoparticles 

Nanoparticles that are not biologically derived and do not include carbon are referred 

to as inorganic. These nanoparticles, which have been widely used Silicon tiny 

particles, tiny gold quantum dots, and nanoparticles made from superparamagnetic 

iron oxide (SPIONS) are a few examples of materials used in biomedical applications 

such as contrasting agents and for cancer treatment. [43, 44]. 

i) Mesoporous Silica Nanoparticles  

The silica nanoparticles are a major unit in designing and engineering nanostructures 

for a wide range of application. These particles comprise of porous and nonporous. 

However, the mesoporous silica nanoparticles (MSN) are of greater interest because 

of highly ordered structures with larger surface areas. Mesoporous nanoparticles are 
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classified by the IUPAC as having spherical or cylindrical forms and pores that range 

in size from 2 to 50 nm [45]. In 1992, Mobile Corporation laboratories synthesized the 

MSN, which was initially published under the designation MCM-X (Mobile 

Crystalline of Materials) [46]. This became the starting point to broadly use MSN in 

the field of research. Even before this, there was a patent in 1971 to synthesize low-

density silica using a cationic surfactant [47]. In 1998, Zhao et al. [48, 49] synthesized 

MSN using a non-ionic triblock surfactant. They called it SBA-X (Santa Barbara 

Amorphous), where X stands for the particular surfactant and pore structure that were 

used in the synthesis. For example, SBA-15 refers using P123 surfactant to produce 

hexagonally ordered cylindrical pores and SBA-16 refers using F127 surfactant to 

produce spherical pores centred in cubic structure. SBA-15 mesoporous particles 

synthesized using non-ionic surfactant Pluronic triblock copolymer P123. The 

surfactant forms micelles that acts as a template to form mesoporous structure while 

synthesizing the particles. They are highly ordered cylindrical pores in hexagonal 

orders with pore ranges from 2-26 nm [48-50]. MSN have variable pore length from 

200 nm to several microns [51]. MSN have a huge surface area and highly depends on 

the procedure and applications, and a high value of 838 m2/g of the particles was 

reported in literature [52].  

ii) Nanoparticles of Superparamagnetic Iron Oxide 

Because of their high magnetic susceptibility, low Curie temperature, and multivalent 

oxidation states, iron oxide nanoparticles find extensive utility [53, 54]. The most 

studied particles are Magnetite (Fe3O4) and Maghemite (γ-Fe2O3) [55]. Magnetite is a 

black ferromagnetic mineral that contains iron in both Fe (II) and Fe (III) oxidation 

states. The reddish-brown ferromagnetic mineral known as maghemite is low in iron 

(II). Magnetite is a promising candidate for biomedical application with proven 

biocompatibility [56]. The iron oxide nanoparticles (IONP) exhibit quantum size 

effect showing superparamagnetic property. The superparamagnetism is the unique 

property of Fe3O4 in small, single-domain particles without magnetic memory. To put 

it succinctly, ferromagnetic particles, such as iron, appear as single-domain magnetic 

particles when they are reduced in size to less than 40 nm. When exposed to an external 

magnetic field, the particles develop strong internal magnetization due to electron 

exchange coupling, creating a superparamagnetic iron oxide nanoparticle [57]. The 

superparamagnetic iron oxide nanoparticles (SIONP) are synthesized employing 



7 
 

physical (aerosol, powder ball milling, gas phase deposition, etc.), chemical (co-

precipitation, microemulsion, hydrothermal, chemical, thermal decomposition, etc.), 

and biological (fungi, bacteria, and protein-mediated) approaches [58]. Applications 

for SPION in biomedicine include medication delivery, bioseparations, and in vitro 

cell manipulation [59-61]. The United State and European Union regulation agencies 

had approved to incorporate SPION in commercial MRI formulation due to the better 

in vivo contrast [62]. These nano size SIONP can be transported in the desired 

direction by applying magnetic field but does not exhibit magnetic memory allowing 

them to disperse in the suspension. 

1.4 Applications of Silica Coating on Magnetite Nanoparticles  

Because of its improved chemical stability, biocompatibility, and capacity to inhibit 

magnetite core oxidation and agglomeration throughout a wide pH range, among the 

most useful and promising coating components is silica [63]. Silica-coated core-shell 

nanoparticles have been discovered to disperse well in aqueous solutions due to the 

hydrophilic nature of silica [58]. Additionally, silica's surface is frequently completed 

with a silanol group, which can conjugate with a range of biomolecules and particular 

ligands by reacting with different chemicals and silane coupling agents [64]. Currently 

the Stöber method [65, 66] and microemulsion method [67-69], are two of the most 

popular ways to make silica-covered nanoparticles of haematite. The first is applied to 

magnetite nanoparticles that dissolve in water, while the second is a great substitute 

approach to non-polar in nature solvent-dispersed magnetite with silica covering [58]. 

In 1994, Philipse et al. reported using a sol-gel technique to coat magnetite 

nanoparticles with silica for the first time [70].  

1.5 Synthesis Method of Nanoparticles 

1.5.1 The Stober Method 

By hydrolyzing and polycondensing silica sources like tetraethyl orthosilicate (TEOS) 

in ethanol solution with water and ammonia acting as a catalyst, the Stöber process 

creates silica shells [65, 71, 72]. Large aggregates and the generation of polydisperse 

products are unavoidable in this approach due to the high hydrolysation rate of TEOS 

[64]. Numerous researchers have looked into ways to improve the coating qualities of 

the nanoparticles using variations of the Stöber approach [73]. A systematic 
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investigation of the sol-gel approach for the creation of silica-coated core-shell 

magnetic nanoparticles has been described by Deng et al. Their results demonstrated 

that the kind of alcohol, the alcohol to water volume proportion, the catalyst's quantity, 

and its precursor quantity were three important reaction parameters that affected the 

synthesis of nanoparticles. Additionally, they noticed that the magnetite nanoparticles 

covered with silica exhibited superparamagnetic properties [72]. An enhanced method 

for coating magnetite nanoparticles to produce a stable core-shell colloid has been 

presented by Sun et al. Citric acid was initially added to magnetite nanoparticles made 

using the co-precipitation process as part of their procedure. A pretreatment with a 

diluted silicate solution and a subsequent Stöber procedure in ethanol were used to 

regulate the silica coating [74]. The impact of the volume ratio between the magnetite 

colloidal and tetraethyl orthosilicate (TEOS) on the combination of nanoparticles' 

morphological ones such, structural, and magnetic properties has been thoroughly 

examined by Gao et al. Additionally, they demonstrated that the thermal stability of 

magnetite nanoparticles was enhanced by their silica covering [75]. According to 

Kulkarni et al., coprecipitation in a modified Stöber process produces magnetite 

nanoparticles with exceptional stability and a silica covering that inhibits magnetic 

particle aggregation [76]. According to Sonmez et al., particles of silica with diameters 

ranging from 5 to 200 nm can be produced by altering  (TEOS) proportion to H2 O and 

NH3 concentrations [64].  

1.5.2 The Microemulsion Method 

The nanoparticles might be coated with consistent silica layers using the 

microemulsion technique. Water, oil, and amphiphilic surfactant are the three primary 

ingredients in this process. This technique surrounds the nano-droplet-shaping nano-

reactors with reverse micelles or surfactant-based micelles to regulate applying a silica 

layer to magnetic nanoparticles. The highly monodisperse yield is a benefit of the 

reverse micelle's constrained nano-reactor environment. Since the size of the 

nanoparticles is directly correlated with the molar ratio between H2O and surfactant, 

which controls the size of the nano-droplets, the silicate layer's size can be adjusted. 

The micro-emulsion in reverse technique may create homogeneous silica shells as thin 

as 1 nm [77]. This method's benefit is so the dimensions of the particles might be easily 

regulated by varying the reactant content, ageing duration, and the molar ratio of water 

to surfactant. Nevertheless, the yield of reverse microemulsion synthesis is said to be 
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low [53, 64]. Additionally, the use of harmful organic solvents and surfactants 

necessitates thorough washing prior to any biological applications in order to prevent 

the surfactant molecules from disrupting or lysing biomembranes, making the process 

long, costly, and less environmentally friendly [53, 64]. Santra et al. created silica-

coated iron oxide nanoparticles using the water-in-oil microemulsion technique. They 

investigated how the size, magnetic characteristics, and crystallinity of the particles 

were affected by the three surfactants that are non-ionic are Brij-97, Igepal CO520, 

and Triton X-100. They have produced homogeneous core-shell silica-magnetite 

nanoparticles with a 1 nm shell thickness. They have demonstrated how the 

surfactants's molecular composition affects how surfactant molecules adsorb onto the 

outer layer of nanoparticles. Additionally, they demonstrated that a stronger particle 

aggregation of the more hydrophobic surfactant (Brij 97) might be caused by a 

significant -hydrophobic interaction among the neighboring nanoparticles' oleyl 

compounds [78]. The production of uniform dual-functional silicon-magnetite core-

shell nanoparticles using (FITC)-incorporated silica has been documented by Lu et al. 

shells of 20 nm thickness using the microemulsion process in order to successfully 

label human mesenchymal stem cells [69]. Ding et al. have described methods for 

using a different tiny emulsion to cover particles of magnetite with silica process in 

order to create single-core magnetic core-shell nanoparticle, variable shell thickness, 

and no core-free silica nanoparticle production. According to their findings, the 

ferromagnetic size should be taken into consideration when selecting the silicone 

coating specifications. As a result, parameters that work well for magnetite 

nanoparticles of a particular size may not work well for particles of a different size 

range. They also mentioned how crucial it is to modify the quantity of magnetite 

nanoparticles in an aqueous domain. It has been shown that a tiny aqueous domain can 

be used to construct extremely thick silica shells, as opposed to a bigger aquatic area 

is required to create thick layers. They proposed that the generation of layer free silica 

nanoparticles might be prevented by increasing the concentration of TEOS through 

the continually fractionated drops, thereby forming a thick silica shell [68].   

1.6 Surfactants for Structuring 

Model the surfactant templating method is used to create mesoporous silica shells by 

adding a surfactant at a concentration higher than the critical micelle concentration 

(CMC). The silica precursor would condense around the template to create a silica 
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matrix, and the surfactant would self-aggregate to produce micelles. Thermal 

calcination or solvent extraction could be used to eliminate surfactant templates, 

producing a mesoporous structure. The surfactant templates dictate the structure, 

including pore size and direction [79, 80]. Several kinds of surfactants have been used 

to create a wide variety of mesoporous structures with distinct pore architecture and 

organization [81]. Wu et al. created the first mesoporous magnetic silica 

nanocomposite in 2004. They created a mesoporous structure on micrometer-sized 

magnetite (Fe3O4) particles using cetyltrimethylammonium chloride (CTAC) as a 

template [82]. Zhao et al. created uniform spheres of mesoporous magnetic 

nanocomposites with a silica shell and a large surface area. Tetraethoxysilane (TEOS) 

and noctadecyltrimethoxysilane (C18TMS) were sol-gel polymerized simultaneously, 

and the organic group was then removed to create the mesoporous silica layer on top 

of the thin, dense silica layer that had been produced on the magnetic particle's surface 

[83]. Deng et al. have synthesized superparamagnetic high-magnetization 

microspheres having an outside layer of ordered mesoporous silica with cylindrical 

holes, an inner nonporous silica layer in the centre, and a magnetite core. They have 

created a mesoporous shell using cetyltrimethylammonium bromide (CTAB) as a 

template [84]. A method for optimising the formation of a porous silica coating on 

magnetic nanoparticles for application in drug delivery has been published by El-toni 

et al. The Fe3O4 nanoparticles were coated with a thick silica layer and a co-structure 

guided mesoporous silica layer. According to their proposal, a co-structure guiding 

agent can help the negatively charged surfactant molecules and negatively charged 

silica layers interact electrostatically [85]. According to Xue et al., they used 

cetyltrimethylammonium bromide (CTAB) as a pore shaping agent to create luminous 

mesoporous silica-coated iron oxide nanoparticles for fluorescent trimodal imaging, 

computed tomography, and magnetic resonance imaging. Using experimental CTAB 

framework as a direction, they deposited luminous dye-doped silica on top of 

superparamagnetic ferrous oxide nanoparticles to produce mesoporous silica-coated 

nanoparticles. Synthetic nanoparticles with uniform sizes showed a 20 nm mesoporous 

silica shell. According to reports, the surface area was 692.06 m2/g and the average 

pore size was 2.7 nm [86]. 

1.7 Mechanism 

Targeting tumor cells can be done in two ways: passively and actively [87, 88].  
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1.7.1 Passive Targeting 

To enhance nanoparticle uptake, passive targeting leverages the two primary 

distinctions between tumor cells and healthy cells [89]. The acidic tumor 

microenvironment and leaky vasculature present in these cancer cells are the main 

distinctions. Rapid cell growth results in leaky vascularization, wherein the 

nanoparticles can diffuse into the cells due to improper development of the circulatory 

cell walls [89]. Pro-drugs and high concentrations of targeted medications build up in 

tissues with a higher permeability to blood through a passive targeting mechanism that 

exhibits an enhanced penetration and retention impact. The increased permeability and 

retention (EPR) effect has been shown to raise active medication concentrations in 

cells with cancer by a factor of 10–100. Additionally, the microenvironment increases 

uptake through passive targeting.  

1.7.2 Active Targeting 

The acidic cytoplasm of cancer cells can be used to absorb pH-sensitive drug 

conjugates, which are then broken down once the cell has been infiltrated, releasing 

the active medication [89]. On the other hand, active targeting (Figure 2) entails 

functionalizing Particles containing receptors for aiming that are unique to the target 

cells. Nanoparticles can be functionalized in four different ways: by attaching ligands 

that are receptor-targeted on their surface; functionalizing these individuals with an 

antibodies; utilizing the characteristics of the microenvironment as triggers to release 

the medication from the nanoparticles; and using external stimuli as triggers [89].  

 

Figure 1.2 Diagram demonstrating that three mechanisms can achieve active targeting: 

covalent attachment, which occurs when a ligand is covalently bound to a particle; 

passive adsorption, which occurs when a ligand binds to a particle after prolonged 

incubation; and biomolecular interactions, such as electromagnetic forces.  
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1.8 The Internalization 

There are several ways for nanoparticles to enter cells, but endocytosis is the most 

frequent [38]. This entails the plasma membrane enclosing the nanoparticle and 

pinching it off to create a vesicle that contains it [90]. Three forms of endocytosis 

exist: receptor-mediated endocytosis, pinocytosis, and phagocytosis, which involves 

devouring cells. 

The size and form of molecules also influences how well they are internalized into 

cells. According to study, spherical particles are easier to absorb than rod-like ones, 

while larger particles take longer to internalize [38]. Because of their size, 

hydrophilicity, and the vascular architecture of Compared to free medications, cancer 

cells selectively uptake nanoparticles [89].  

1.9 Ferroptosis 

Ferroptosis is a non-apoptotic process that causes cells to die on their own, according 

to a new research screening. The two primary features of ferroptosis the buildup of 

lipid peroxides and iron dependence set it apart from other forms of planned cell death 

[91]. According to recent research, ferroptosis may be used to treat cancer, particularly 

to eliminate aggressive malignancies that don't react to standard therapies [92]. Recent 

years have seen the development of anticancer medications based on ferroptosis 

induction. As nanotechnology has advanced in recent years, so too has the application 

of nanomedicine to cancer treatment. Due to their distinct capabilities and unique 

physicochemical characteristics, such as their electrochemical, magnetic, and 

photothermal effects, nanomaterials can effectively kill cancer cells. Furthermore, 

ferroptosis has been found to be caused by nanomaterials [93]. 

1.10 Applications of Nanoparticles 

There are numerous benefits of using nanoparticles as drug vesicles, including 

improved biocompatibility, drug molecule protection, and precise targeting, to 

mention a few [87, 94]. The size of drug delivery systems affects their effectiveness. 

Because nanoparticles are tiny and have a huge surface area, the medicine is released 

more quickly because it is closer to the surface. The lymphatic system is triggered and 

the nanoparticles are expelled from the body more quickly if they are too big, that is, 

larger than 200 nm [87, 95]. The surface characteristics of nanoparticles are another 
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feature that affects how easily they are eliminated from the body. It is possible to 

carefully design layer reactivity, surface curves, and targeted molecule to inhibit 

aggregation, boost stability, and affect receptor binding to the nanoparticles [87].  

The likelihood that a nanoparticle will be eliminated from the body increases with its 

hydrophobicity. Their surfaces can be covered with polymers to get rid of the body's 

clearance [87, 95] but this doesn't stop them from aggregating. It has been claimed 

that the aggregation problem can be more successfully addressed by Altering the ζ-

potential or applying agent caps [87, 95]. Drug release from nanoparticles can happen 

in two ways: either by releasing drugs that are attached to the particles' exterior or by 

breaking down the matrix, which releases medications from the particles' inside. This 

causes a brief spike in drug release followed by a sustained release [36, 87, 95, 96]. 

As previously said, active or passive targeting allows nanoparticles to move to their 

intended target once they are within the circulatory stream. To be deemed appropriate, 

nanoparticles need to be able to identify, bind, and deliver their load to the designated 

tissue while avoiding or lessening drug-induced harm to tissues that are healthy DDS. 

Nanoparticles have numerous applications, most notably as a drug delivery 

mechanism in liver cancer cell lines. Scanning electron microscopy (SEM) elemental 

mapping verified the existence of iron-doped silica nanoparticles. In addition to 

demonstrating the absence of crystallinity in the product, X-ray diffraction (XRD) 

verified the existence of iron-doped silica nanoparticles. In order to increase the DDS's 

effectiveness and blood dispersion time, this study has since investigated a variety of 

characterization techniques, including silica stabilization, improved particle 

distribution, and tiny particle size. As a result, these characterization methods will help 

increase the possibility that the DDS will reach the intended or targeted tissues.  

1.10.1 Using Nanoparticles to Deliver Drug  

Nanoparticles have a lot of promise for use in drug delivery, as was previously 

mentioned. Current systemic drug administration techniques have several drawbacks, 

including as low drug vesicle stability and solubility, quick drug molecule breakdown 

and excretion, a lack of targeting, and undesirable side effects [31]. Among the many 

benefits of using nanocarriers as drug vesicles are their high level of biocompatibility, 

ability to protect drug molecules, and precise targeting. Chen et al. conducted one of 

the earliest investigations into nanoparticles as DDS [97]. Using TEM, they created 
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porous hollow silica nanoparticles that had an outermost layer thickness of 10 nm and 

a typical diameter of 60–70 nm. It was possible to regulate the nanoparticles' diameter 

and structure. Because they were made using calcium carbonate templates. Cefradine, 

an anti-cancer medication, was successfully ensnared within the nanoparticles' pores. 

According to a 12-hour trial, these drugs released rapidly and significantly during the 

first 20 minutes, then gradually and steadily over the next 10 hours [97]. It was 

determined from the foregoing crystalline silica nanoparticles with hollow pores may 

be effectively employed as DDS. Studies have shown the ability of nanoparticles to 

utilize encapsulate fluorescent compounds that can be employed as contrast agents or 

for imaging, as well as to store and release a variety of medications in a controlled 

manner. In order to encapsulate different molecules, silica often forms a mesoporous 

network with numerous empty channels [37]. Silica can be used to create nanoparticles 

with enormous surface areas and pore sizes, with typical diameters of about 100 nm. 

This results in the aforementioned beneficial characteristics as well as adjustable 

particle and pore diameters. Additionally, the particles' outer and inner surfaces can 

be functionalized (Figure 3), enabling them to function as targeting systems and drug 

vesicles at the same time [37]. The ability to disintegrate is necessary for the package 

of nanoparticles to be released in situ.  

 

Figure 1.3 Schematic of a nanoparticle with drug payload enclosed and antibody-

functionalized surface. 
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1.10.2 Nanoparticles for the Treatment of Cancer 

Numerous medications have been put into nanoparticles for a range of therapeutic 

purposes since they were found to be an appropriate DDS. Anti-cancer medications 

are one class of medications that are extensively studied. The administration of 

hydrophobic anti-cancer drugs was examined in a previous study by Lu et al. in order 

to get around the challenge of giving poor solubility medications intravenously [98]. 

They produced FITC-NPs loaded with apothecia (CPT), and TEM and XRD analysis 

showed that the spherical nanoparticles were less than 130 nm in size. The technique 

of fluorescent microscopy was used to monitor cell uptake when these small fragments 

were treated with cancer cell types. The findings demonstrated that anti-cancer 

medications can be delivered and transported (Figure 4) into cells using nanoparticles 

with little to no medication seeping into the cultural media [98]. Lu et al. looked into 

the biodistribution and biocompatibility of cancer medications in mice three years later 

[40]. After demonstrating effective anti-cancer medication delivery and storage in 

vitro, they proceeded to study in vivo. 

 

Figure 1.4 Diagram demonstrating a functionalized targeted silica nanoparticle with 

encapsulated medication Transition from epithelial to mesenchymal. 

1.11 Transition from Epithelium to Mesenchymal 

Among the several pathogenic processes that rely on the epithelial mesenchymal 

transition (EMT) are the spread and invasion of tumors. During Epithelial cells 

undergo loss of epithelial characteristics during EMT, and instead acquire the 
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morphological and biochemical characteristics of mesenchymal cells [99, 100]. 

Typical EMT malignant tumor cells have increased mesenchymal characteristics, 

increased motility, and invasion. They also show unregulated expression of 

mesenchymal marker genes and down regulated expression of cell adhesion molecules 

[101, 102]. EMT is essential for giving HCC its invasive and metastatic characteristics 

[103, 104]. Several signalling pathways are known to influence EMT, including 

nuclear factor kappa-B (NF-kB), phosphatidylinositol 3-kinase/protein kinase B 

(PI3K/AKT), and mitogen-activated protein kinase/extracellular regulated protein 

kinases (MAPK/ERK) [105-107], whereby the regulation of tumor invasion and 

metastasis is greatly aided by the PI3K/AKT pathway. Furthermore, there are two 

ways in which the PI3K/AKT signalling pathway might cause EMT: growing 

transcription factor and matrix metalloproteinase expression a snail [108-112]. 
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AIMS AND OBJECTIVES 

Objectives of this study are:  

 To control the porosity by the addition of surfactant 

 To synthesize iron-doped mesoporous silica nanoparticles 

 To characterize as synthesized nanoparticles 

 To estimate the effect of nanoparticles on liver cancer metastasis 
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CHAPTER 2  

 

LITERATURE REVIEW 

As the 2nd greatest cause of mortality in the US, cancer is an important global health 

problem. The 2019 coronavirus disease pandemic (COVID-19) delayed the 

identification of cancer and treatment because of closures of medical facilities, 

changes in health insurance and work, as well as anxiety over being exposed to 

COVID-19. Health care delivery has not entirely recovered, despite the fact that the 

impact was worst during the COVID-19 peak in mid-2020. For instance, 

Massachusetts General Hospital's surgical oncology treatments had the least amount 

of recovery in 2021 across all surgical specialties, recovering only 84% of their 2019 

levels in the latter half of 2020. Mortality and advanced-stage disease may increase as 

a result of delayed diagnosis and treatment. It will take several years to quantify these 

and other secondary pandemic impacts at the population level because population-

based cancer incidence and mortality statistics are delayed by two to three years. 

Nonetheless, it is already widely known that communities of color have been 

disproportionately affected by the pandemic, both directly and indirectly (Rebecca L. 

Siegel MPH et.al. 2023) [113].  

Based on the pathological nature, liver cancer can be broadly classified as intrahepatic 

cholangiocarcinoma, hepatocellular carcinoma (HCC) (about 75%–85%), and various 

mixed kinds. It was identified as the third leading factor in death due to cancer globally 

and ranks sixth more common kind of cancer. Over half of all carcinomas of the liver 

cases globally occur in China, indicating significant regional variations in the disease's 

distribution. Given the current high prevalence of liver cancer, sensible measures that 

priorities primary prevention and surveillance have been developed. The central 

government has also implemented a number of programs to increase the number of 

people who have received the hepatitis B vaccine. These actions have demonstrated 

their effectiveness in lowering overall mortality and avoiding the onset of liver cancer. 

In 2020, there were an anticipated 905,677 liver cancer diagnoses globally, with an 

age-standardized incidence rate of 9.5 cases per 100,000. The age-standardized 

incidence rate of liver cancer was 5.2 per 100,000 for women and 14.1 per 100,000 
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for men. The prevalence of liver cancer varies significantly by location, with 

transitioning regions having the highest rate.  

More than 90% of instances of liver cancer are hepatocellular carcinoma (HCC), 

making it the most prevalent kind. About 50% of cases of HCC are caused by hepatitis 

B virus (HBV) infection, making it the most significant risk factor for the disease's 

development. Patients' sustained virological response (SVR) to antiviral medications 

has significantly reduced the chance of contracting the hepatitis C virus (HCV). Even 

after being cleared of HCV, those with cirrhosis are thought to be at a significant risk 

of developing HCC. The HCC aetiology with the fastest rate of increase is particularly 

in the West, non-alcoholic liver disease (NASH) is linked to a condition called 

metabolic syndrome or diabetes mellitus. Additionally, aristolochic acid and nicotine 

have been discovered as potential pathogenetic cofactors in HCC through 

investigations on mutational signatures. Although tissue biopsies are increasingly 

needed in clinical practice for molecular characterization of the tumor, non-invasive 

criteria are typically used to diagnose HCC. In terms of prevention, accumulating 

evidence supports the preventative effect of aspirin and coffee in addition to 

immunizations that prevent HBV infection and antiviral treatments for HBV and HCV 

infection (Josep M. Llovet et. al.2021) [114]. Surgeons, medical oncologists, radiation 

oncologists, and interventional radiologists should collaborate in a multidisciplinary 

way to provide the best care for patients with HCC. Treatment paradigms need to take 

into account patient-related and tumor-related aspects, such as the severity of liver 

disease, which contributes significantly to morbidity and mortality. Individuals with 

advanced disease now have longer survival times thanks to the development of more 

potent systemic and locoregional medicines. Additionally, some individuals who 

would otherwise have regarded incurable disease are now able to receive surgery 

(Zachary J. Brown et. al, 2023) [115]. 

In both experimental and clinical contexts, drug delivery systems (DDS) have been 

used to deliver therapeutic molecules for the treatment of illnesses. Oral ingestion or 

injection are the two methods used to administer conventional DDS. Even though the 

traditional DDS has numerous benefits, including being simple to administer and 

being generally accepted by patients. Plenty of the drawbacks of traditional medicine 

delivery techniques can be addressed by supervised drug distribution systems. For 

example, the non-specific administration of chemotherapy medications damages both 
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cancerous and natural cells, leading to their high toxicities and poor efficacy. 

Controlled DDSs would effectively carry chemotherapeutic chemicals to the tumor 

location, increasing drug concentrations in cancer cells and avoiding harm to healthy 

cells. Furthermore, biomolecules and cutting-edge medicinal substances like 

interference with RNA and gene therapy can be delivered with the help of controlled 

DDSs, which shield the medications from deterioration and elimination. They can 

assist DNA and siRNA in avoiding enzymatic breakdown and absorption by 

reticuloendothelial or other tissues. Since nanotechnology has advanced, nanoparticles 

have emerged as a viable option for regulated medication delivery systems. The term 

"nanoparticle" is commonly used to describe particles that have between 10 and 1000 

nm in diameter. By extending the medication's half-life, making some hydrophobic 

drugs more soluble, and releasing the drug in a controlled or sustained manner, 

nanoparticles can be used as a DDS to increase the medication's effectiveness (Yu 

Dang, et.al.2020) [116]. Systems for delivering pharmaceuticals at the nanoscale are 

a crucial way to lessen side effects and increase the effectiveness of chemotherapy 

medications. Utilizing nanostructured materials in DDS offers unparalleled flexibility 

in modifying the drug's inherent qualities, including t1/2, immunogenicity, drug 

release characteristics, dissolution, solubility, and bioavailability. Given that many 

physiological processes occur at the nanoscale, another significant characteristic of 

nanostructured materials (NSM) is that they are about the same size as the organelles 

are part of the cell found in human cells. This characteristic makes NSM a viable 

choice for DDS. The ability of nanoparticles should have a large carrier capacity, vary 

in size and shape, and establish stable connections with ligands, and readily bind both 

hydrophilic and hydrophobic substances allows for the target-specific and controlled 

delivery of micro and macromolecules in disease therapy (V. Chandrakala, et.al 2022) 

[117]. 

The most prevalent substance on Earth is silicon dioxide (SiO2), also referred to as 

silica in common usage. In addition to being present in plants and grains, silica is 

widely distributed in the Earth's crust as silicate minerals. Because silanol groups (Si–

OH) are present, silica nanoparticles (SiNPs), an inorganic substance, have uniform 

pore sizes, adjustable particle sizes, huge surface areas, easily modifiable surfaces, and 

exceptional biocompatibility. These characteristics indicate that the inorganic silica 

skeleton is more stable than traditional drug delivery techniques in acidic conditions, 
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organic solvents, and temperature fluctuations. SiNPs are now the second-largest 

nanomaterial manufactured globally due to the expansion of SiNP manufacturing. 

Consequently, research on SiNPs' toxicity has also grown. A type of amorphous silica 

nanoparticle with an irregular shape and no specific structural shape, nonporous silica 

nanoparticles are highly biocompatible and have a wide range of uses, such as 

medication transport, imaging, enzyme encapsulation, therapies (as stabilizing 

agents), and more. Generally speaking, there are two kinds of N-SiNPs preparation 

techniques (Yanmei Huang, et.al.2022) [118].  

The initial studies on materials made of mesoporous silica (MSMs) were published in 

the 1990s by researchers from Mobil Oil in the US and Kuroda et al. in Japan. In the 

process of creating bulk mesoporous materials, Surfactant particles that self-assemble 

serve as patterns for neighboring silica precursors to condense. The result of taking 

out the template is a substance that is filled with holes in networks. This novel 

substances group has a large large pore size (ca. 1 cm3 g−1), a high density of silanol 

groups at their surface, an ordered arrangement of pores with uniform diameters 

between 2 and 20 nm, and a large surface area (ca. 1000 m2 g−1).. These features could 

make further functionalization procedures easier. These qualities make MSMs perfect 

for uses that might call for molecule adsorption, like drug delivery systems, which 

2001 saw the initial proposal from the Vallet–Regí group. The remarkable properties 

of MSNs for biological applications have led to the development of novel enhanced 

multifunctional materials for a variety of biotechnological applications. Among them, 

recent developments in biomedical research using MSNs could be some of the 

foundations for future highly selective diagnostic techniques and tailored treatments. 

The development of nanoparticles that can establish intimate connections with 

biological systems is thus made possible by continuous advancements in the field of 

nanotechnology encompassing methods for synthesis and characterization. The most 

recent advancements in MSNs will be the main topic of this Progress Report. they are 

used in medication delivery systems (Miguel Manzano, et al., 2020) [119]. 

Mesoporous silica's ability to load and release medications is essential for delivering 

therapeutic agents for focused treatment, which maximizes efficacy. Together with 

their biocompatibility, adaptability, and low toxicity, these nanoparticles' special 

qualities allow for precise hemorrhage control, wound healing, and the activation of 
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therapeutic molecules within injury sites. This makes them potentially useful 

biomaterials for hemorrhage therapy applications. 

Because of their large surface area, increased pore size, and superior biocompatibility, 

mesoporous silica nanoparticles (MSNs) have recently become attractive options for 

hemorrhage control. During the hemostasis process, these features have a direct impact 

on the toxicity of cells, the loading of therapeutic substances, and the release of active 

ions. Therefore, in order to develop these kinds of carriers, it is crucial to comprehend 

the principles of tuning these properties. Although the function of MSNs in 

hemorrhage management has been examined in a number of literature reviews, in-

depth research on their general traits and particular uses is still lacking (Talib M. 

Albayati, et.al 2024) [120]. 

Iron's bio compatibility and ability to avoid toxicity are two of the primary 

justifications for putting it on silica, as iron includes elements that are heavy are 

detrimental to biological systems. Consequently, an appropriate technique to avoid 

toxicity and make iron easily utilized in biological applications is to wrap it with 

biocompatible silica. In order to create multipurpose core/shell silica nanocomposites 

that conjugated with folate that enabled the fluorescence imaging of malignant cells, 

Fe3O4 magnet nanoparticles were encased within hollow silica nanospheres (Sun et 

al.). Water-soluble and iron-soluble Cetyltrimethylammonium bromide (CTAB)-

stabilized Fe3O4 nanoparticles act as templates, and Tetraethylorthosilicate (TEOS) is 

used as a precursor to form hollow silica nanocomposites (Ali Tufani, et.al 2021) 

[121]. 

Porous silica has been among the biggest advancements in nanotechnology in recent 

years. Very porous silica materials have several qualities, including non-toxicity, low 

cost, simplicity of production, chemical inertia, and thermal stability, 

biocompatibility, and good flexibility in surface functionalization. As a result, 

professionals worldwide have focused a lot of emphasis on using this porous silica in 

a variety of applications, including medication delivery, optically active materials, 

energy application, sensing, and catalysis. The most common methods for producing 

mesoporous silica are either using quaternary alkyl ammonium surfactants, like 

CTAB, as a template in extremely basic circumstances or triblock copolymers under 

extremely acidic conditions, such as Pluronic F127, P123, etc. The supramolecular 
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self-assembly of the surfactants (or templates) is the essential basis of all syntheses, 

notwithstanding considerable variance in the porous silica's geometry and synthesized 

circumstances. Organic–inorganic silica–template composites are created in alkaline 

or acidic environments, hydrolyzed inorganic silica precursors, including, TEOS, 

cluster surrounding these templates the micelles. Cooperative Organic surfactant 

particles self-assemble by taking place in the solution phase at levels greater than the 

miceller's critical concentration (CMC) (Nabanita Pal, et al. 2020) [122]. TEOS is the 

main silica precursor used in the surfactant-templating method and surfactant 

molecules (such as CTAB) as structure-directing templates, is used to generate ordered 

mesoporous silica species. It is possible to draw conclusions from general particle 

formation concepts even while the process of MSN generation is not compelling. In a 

generalized process of MSN generation, the extra surfactant molecules in the 

alkalescent media first systematically self-assemble into micelles at their critical 

micelle concentration (CMC) (Ranjith Kumar Kankala et al., 2020) [123]. 

The atrane approach, a previously published "one-pot" method, was used to synthesize 

hierarchically structured mesoporous silica. The molar ratio 2 − n Si: n Fe: 7 TEA: 0.5 

CTAB: 180 H2O was preserved in all situations where the CTAB surfactant was used 

to create solids with (2 − n)/n = X = 100, 50, 25, and 10. The iron concentration of the 

obtained samples led to its designation as FeX-UVM-7-C16. Thus, in a standard 

synthesis (Fe50-UVM-7-C16), 23 mL of TEA, 11 mL of TEOS, and 0.19 g of 

FeCl2•4H2O were mixed together and heated to 140 °C until a homogeneous solution 

was obtained. The solution was allowed to cool to 120 °C before 4.68 g of CTAB 

surfactant was added and swirled. 80 mL of ultrapure water at 85 °C is the last step. 

After adding water, the mixture was vigorously agitated overnight at room 

temperature. Vacuum filtration was used to collect the resulting solid, which was then 

gently washed with ethanol and water. After that, the solid was left to air dry before 

being dried at 80 °C in an oven. The mixture was calcined at 550 °C for six hours to 

eliminate the surfactant, yielding the final product (Enric Pellicer-Castell et al., 2022) 

[124]. 

Sorafenib-loaded IONPs were created by dissolving 5 mg of nanocomposites with 

various SO concentrations (5, 10, 20, 40, 80, and 120 mg/mL) in 5 mL of acetone. The 

liquids were then ultrasonically agitated for 30 minutes. After being dried at 70 °C, 

the collected specimens were rehydrated at 80 °C using 5 mL of phosphate-buffered 
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saline (PBS). Following a half-hour incubation period, the drug-encapsulated IONP-

SiO2 nanocomposites sites (IONP-SiO2-SO) were centrifuged at 19,000 rpm for 15 

minutes. The resultant solid products were then immediately employed after being 

cleaned using a new, ice-cold aqueous buffer (pH = 7.4) (Ndumiso Vukile Mdlovua 

et al., 2020) [125].  
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CHAPTER 3  

METHODOLOGY 

3.1 Apparatus 

Hot plate, ice bath, round bottom flask, magnetic stirrer, thermometer, iron and tripod 

stand, centrifuge machine, autoclave or hydrothermal reactor, heating furnace and 

other usual laboratory glassware’s 

3.2 Chemicals 

From Sigma Aldrich, we acquired FeCl3.6H2O (iron chloride hexahydrate, 99%), 

NaOH (sodium hydroxide, 99%), sodium dodecyl sulphate (SDS), diquaternary 

ammonium salt (DA), tetraethyl orthosilicate (TEOS, 99.9%), hydrochloric acid (HCl, 

approximately 37%), and surfactant (cetyltrimethylammonium bromide (CTAB, 

98%). The top-notch university lab produced ethanol and deionized water. Sigma 

Aldrich provided the MTT, HepG2, and sorafenib tosylate (SO). Every chemical and 

reagent utilized in the studies was of analytical grade. 

3.3 Synthesis of Iron-Doped Silica Nanoparticle With Different Surfactants 

The iron-doped silica nanoparticles were created using a previously published one-pot 

process, which was modified somewhat from that publication [126]. 20 mL of 1M 

NaOH solution was added while stirring at room temperature after the surfactant 

(CTAB 9.94 mmol, SDS 47.85 mmol, and DA 0.859 mmol) above the CMC value 

dissolved in deionized water (60 mL) mixture and 399.96 mmol of TEOS. Solution 

was treated with iron chloride 40.04 mmol for 24 hours at pH 11. After this period, 

the suspension was treated with 1 M hydrochloric acid to lower its pH to 7. 

Centrifugation was used to collect the yellowish-white precipitates, which were then 

cleaned twice with ethanol and deionized water before being dried for a whole night 

at 70 °C in oven. The solid materials were calcined at 600 °C for four hours with 

airflow (100 mL min−1) in an electric furnace to eliminate the surfactant [127]. 

FeMS(C), FeMS(S), and FeMS(DA) nanoparticles were assigned to this sample. 
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Figure 3.1 Synthesis of FeMS(C), FeMS(S), and FeMS(DA) nanoparticles via one-pot 

method. 

3.4 Identification of Iron-Doped Silica Nanoparticles Properties 

Pilot high-resolution image of iron-doped silica nanoparticles in solution with the help 

of SEM. Similarly, monochromatic CuKa radiation was used to guide the objects' X-

ray diffraction (XRD) patterns. Different functional groups identification was carried 

out by FT-IR, the successful coating of iron was verified. Determining the pore volume 

and size distribution of iron-doped silica nanoparticles all critical parameters for a 

variety of applications requires the BET characterization of these 

particles. Thermogravimetric analysis (TGA) in iron-doped silica nanoparticles helps 

determine thermal stability and decomposition behavior, and assess the effectiveness 

of the silica coating. 

3.5 Drug Encapsulation 

The nanoparticles were further loaded with sorafenib for tumor therapy. The SO-

encapsulated iron-doped silica nanoparticles used in this study were prepared with 

minor modifications from previous studies [125, 128]. To prepare SO solution, 40 mg 

sorafenib dissolved in 20 mL phosphate buffered saline (PBS).  40 mg nanoparticles 

were added in SO solution and prepared drug loaded nanoparticles (FeMS(C)-SO, 

FeMS(S)-SO, and FeMS(DA)-SO). FeMS(C)-SO, FeMS(S)-SO, and FeMS(DA)-SO, 

the drug-encapsulated iron-doped silica nanoparticles, were centrifuged for ten 

minutes at 4,000 rpm. A UV-VIS spectrophotometer set to 240 nm was used to 

measure the SO content in the supernatant solution. 
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Figure 3.2 Drug sorafenib loaded on different nanoparticles (FeMS(C), FeMS(S), and 

FeMS(DA) → FeMSNPs). 

3.6 Loading Efficiency  

A portion of the total SO concentration used to load onto iron-doped silica 

nanoparticles is left unattached [129]. After centrifugation (using an Eppendorf 

centrifuge 5430R) for five minute at 4000 rpm, separated supernatant to remove 

unloaded medication. UV-Vis spectrophotometry was used to measure the amount of 

free SO present in the supernatant at 240 nm. The following formula (1) was used to 

determine the percentage of medication loading efficiency.  

              DLE = 
Theoretical yield of drug loaded−Free drug

Theoretical yield of drug loaded
 X 100                                                 (1) 

3.7  Drug Desorption 

Drug-loaded nanocomposites weighing 6 mg were suspended in 6 mL PBS buffer 

solutions with a pH of 7.4 and put in an orbital shaker set at 300 rpm and 37 °C in 

order to measure the loaded SO. Following predetermined incubation times of 15, 30, 

60, 120, and 1440 minutes, the samples were removed for examination. NPs loaded 

with sorafenib were centrifuged for 15 minutes at 4,000 rpm at the predetermined 

intervals following incubation. After being resuspended in 6 milliliters of new PBS 

solution, the pellet was returned to the shaker. This procedure was carried out again 

while keeping time in mind. By measuring the supernatant of NPs-SO at various 

intervals of time, SO emitted investigated. Supernatant absorbance were calculated by 

UV-Vis spectroscopy at 250 nm in order to quantify the amount of SO that was emitted 

[130, 131]. The percentage of drug loading and release was shown in table 3.1. 
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Table 3.1 Drug release and loading percentage on nanoparticles. 

Sample 

name 

Drug 

loading  

Sample Drug 

release 

time 

(minutes) 

Drug 

release % 

FeMS(C)-

SO 

Drug 

release % 

FeMS(S)

-SO 

Drug 

release % 

FeMS(D

A)-SO 

FeMS(C) 98% FeMS(

C)-SO 

15 75% 80% 95% 

30 10% 11% 3% 

FeMS(S) 92% FeMS(

S)-SO 

60 7% 5% 1% 

120 5% 3% 0.5% 

FeMS(DA) 80% FeMS(

DA)-

SO 

1440 3% 1% 0.5% 

3.8 In-Vitro Cytotoxicity Studies 

Using an MTT-based colorimetric test, the cytotoxic potentials of drugs, 

nanoparticles, and drug-loaded nanoparticles against HepG2 cells (1 × 104 cells/well) 

were determined at two distinct time periods (24 and 48 h) [129].  

3.9 Cell Culture and Maintenance  

The cancer cells of human liver HepG2 with 5% CO2 were kept at 37 °C in an 

incubator using DMEM (Dulbecco modified eagle medium) 10% FBS supplemented, 

2 millimol per litter of L-glut, 1 milligram per milliliter of streptomycin, and 1 IU per 

milliliter penicillin [132].  

3.10 Morphology Analysis 

After 24 hours exposed the cells to the required concentration of iron-doped silica 

nanoparticles, they were examined by a camera system (Nikon ELWD 0.3/OD75) of 

the microscope fitted (Nikon Eclipse TS100) to check for any morphological changes. 

Trypane blue staining was used to count the cells using a hemocytometer to determine 

the cell number [133, 134]. 
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3.11 Assays for Cell Proliferation 

In 96-well plates, were grown cells of 1x103 cells per well (density). Following 

induction by iron-doped silica nanoparticles, various tests were run to assess 

alterations in the viability, proliferation, and metabolism of cells.  

3.11.1 MTT Assays 

Cell metabolic activity was estimated using the MTT test. In order to conduct the MTT 

experiment, cells were incubated for three hours after being treated with 0.1 milligram 

per milliliter Thermo Fisher Scientific-M6494 (MTT salt) in Phosphate buffer saline. 

After adding the DMSO solution DMSO, at 570 nm absorbance was measured using 

the absorbance reader (BioTek EL*808) [135]. 

3.11.2 Neutral Red Assays 

Cells were diluted in DMEM to a last con. of 40 microgram per milliliter neutral red 

for the Neutral assay, and they were then incubated for an hour. Afterwards de-staining 

through a 50% solution of ethanol, 49% DI H2O, and 1% CH3COOH (glacial acetic 

acid), at 570 nm absorbance measured.  

3.12 Semi-Quantitative RT-PCR and RNA Isolation for Genes Associated With 

E-Cad, N-Cad, Vimentin, Slit-2, Integrin, and CDC42  

Using the phenol:chloroform extraction method, total RNA was isolated from liver 

cancer cells. After treating the remaining genomic DNA with DNase, 1 µg of pure 

RNA was reverse-transcribed using a cDNA synthesis kit (Invitrogen, Life 

Technologies) [133]. Following the manufacturer's instructions, quantitative real-time 

PCR (qRT-PCR) was carried out in 6-well plates using an Applied Biosystems 

7900HT Fast Real-Time PCR System using the SYBR Green I PCR Master Mix 

(Thermo Fisher Scientific). Five microgrammes of the forward and reverse primers 

made up each 5 µL reaction. Using the ∆CT approach, relative gene expression levels 

related to extracellular matrix (ECM) remodelling and cell adhesion were ascertained. 

The endogenous control gene used for normalization was glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) [136].  
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3.13 Statistical Analysis 

Three different experiments' mean ± SEM is used to present the quantitative data. P < 

0.06 and P < 0.02 were considered significant values, and one-way ANOVA and 

paired t-tests were employed to examine statistical differences. Origin 2018R was used 

for data processing and visualisation (OriginLab). In-house software was used to 

analyse the raw SANS and SAXS data, and SasView v5.0.3 was used to graph the 

results. From two to three passages, data points were gathered from at least three 

cultures [137]. 
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CHAPTER 4 

RESULTS 

4.1 Structural Techniques  

4.1.1 Fourier Transform Infrared Spectroscopy (FT-IR) 

Figure 4.1 displayed the results of the FTIR examination of the FeMS(C), FeMS(S), 

and FeMS(DA) nanoparticles. The IR band at 631 cm−1 indicated the presence of 

Fe3O4 in FeMS(C), FeMS(S), and FeMS(DA) nanoparticles, which is caused by the 

stretching vibration of Fe-O-Fe [138]. Bending and symmetric stretching vibration of 

Si-O-Si are represented by the characteristic peak at 785 cm−1 [139]. Peaks at 913 and 

1097 cm-1 were represent the Si-O-H extension and Si-O-Si asymmetric vibrations 

[140]. Band at 1190 cm-1 which show the Si-O-H stretching vibrations [138]. 

 

Figure 4.1 Functional group analysis performed iron doped silica nanoparticles with 

CTAB, SDS, and DA. 
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4.1.2 X-Ray Diffraction (XRD) 

FeMS(C) structure was analyzed by XRD spectroscopy as shown in figure 4.2 and 

following characteristics peaks were appeared at 2Ѳ = 22.58 (021), 36.64 (220), 38.24 

(221), 44.52 (033), 64.44 (401), 77.45 (171) and 81.85 (442), which are well indexed 

with JCPDS database (96-900-1422). Furthermore, the presence of amorphous SiO2 

in the coated layer was attributed to the broad peak that emerged in the 18°–28° range. 

XRD data indicates the successful inclusion of Fe3O4 in silica NPs, and data was used 

to calculate the crystallite size 13.02 nm of FeMS(C) nanoparticles using the 

Scherrer’s equation [139, 141].   

 

Figure 4.2 Composition of material is determined by XRD of iron doped silica 

nanoparticles (CTAB). 

4.1.3 Brunauer-Emmett-Teller (BET) 

Using the BET model, the N2 absorption-desorption method was used to determine 

the surface areas in the low-pressure range. For FeMS(C), FeMS(S), and FeMS(DA) 

nanoparticles synthesized by a co-precipitation technique, the observed BET surface 

areas are 143.85, 194.86, and 263.76 m2/g, respectively (given in Table 4.1). 
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Therefore, increasing the surface area is justified by decreasing the particle's size [142-

144]. 

Table 4.1 Characterization parameters of different nanoparticles 

Sample  BET (m2/g) Langmuir 

 Pore size 

(nm) 

Pore volume 

(cm3/g) 

Surface area 

(m2/g) 

Surface area 

(m2/g) 

FeMS(DA) 23.21 0.2467 143.85 - 

FeMS(S) 40.01 0.2569 194.86 180.12 

FeMS(C) 52.73 0.3437 263.76 303.70 

4.2 Morphological Technique 

4.2.1 Scanning Electron Microscopy (SEM) 

The nanoparticles morphology, which were described by scanning electron 

microscopy (SEM), is displayed in Figure 4.3 (a) and (b). The smooth surfaces of 

FeMS(C) and FeMS(S) resulted from the SiO2 coating applied on magnetic Fe3O4 

nanoparticles. The crystalline structure of magnetic Fe3O4 nanoparticles is uneven. 

Because of their small size and magnetism, surface morphology study shows that 

many ultrafine particles aggregate. Iron oxide particles are attached to the porous 

surface and these particles are in the form of pointed needles. It has a porous structure 

and iron oxide has accumulated inside it, which means that the iron oxide has not 

become part of the structure, rather, it has come separately and accumulated on the 

surface of the silica.  
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Figure 4.3 SEM images of iron doped silica nanoparticles with CTAB (a), SDS (b) 

4.3 Material Technique 

4.3.1 Thermogravimetric Analysis (TGA) 

TGA was carried out at temperature range of 0.0-800.0 °C (rate of 5 °C min−1). Three 

temperature-ranging zones make up the TGA (Figure 4.4 (a), (b), and (c)), which is 

represented by the black line. Water or solvent molecules being physically absorbed on 

the nanocomposite surface were responsible for the reported mass losses of 3.85% in 

FeMS(DA), 5.56% in FeMS(C), and 5.61% in FeMS(S). The desorption of small 

molecules caused a mass loss of 7.27% FeMS(DA), 4.52% FeMS(C), and 7.82% 

FeMS(S), whereas the stability of FeMS nanoparticles caused a mass loss of 6.55% 

FeMS(DA), 6.98% FeMS(C), and 3.48% FeMS(S). The temperature of the peaks in 

figure 4.4 (a), (b), and (c) can be inferred from the red line, which represents the 

derivative weight loss percentage [142, 143, 145].  

   



35 
 

 

 

  

Figure 4.4 Thermal gravimetric (black line) and differential thermal analysis (blue 

line) of iron doped silica nanoparticles with surfactant CTAB (a), SDS (b), and DA 

(c). 

4.4 Drug Loading and Encapsulation Efficiency  

UV-Vis spectrophotometer set at 240 nm was used to examine the interactions 

between SO and FeMS(C), FeMS(S), and FeMS(DA) nanoparticles. The absorption 

peak showed that SO was noncovalently loaded onto the nanoparticles (Figure 4.5) 

[125, 128, 129]. 

 

Figure 4.5 UV-Vis spectrum of drug loaded nanoparticles. 
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4.5 In Vitro Release Studies  

At various time intervals, the release of SO from FeMS(C)-SO, FeMS(S)-SO, and 

FeMS(DA)-SO in 0.1 M PBS (pH 7.4) was examined (Figure 4.6). UV-Vis spectrum 

was used to calculate absorbance of supernatant at 250 nm in order to quantify the 

amount of SO that was emitted [130, 131].  

 

Figure 4.6 Drug release UV-Vis spectra of drug loaded nanoparticles FeMS(C)-SO 

(a), FeMS(S)-SO (b), and FeMS(DA)-SO at variable concentration and time. 

4.6 Ferroptosis 

Ferroptosis is a regulated form of cell death characterized by iron-dependent 

accumulation of lipid peroxides, distinct from apoptosis and necrosis. In this study, 

ferroptosis was effectively induced in HepG2 liver cancer cells through ACSL4-

mediated lipid peroxidation upon treatment with sorafenib-loaded nanoparticles. All 

nanoparticle systems FeMS(C)-SO, FeMS(S)-SO, and FeMS(DA)-SO demonstrated 

the ability to trigger ferroptotic cell death. Among them, FeMS(DA)-SO elicited the 
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strongest response, significantly enhancing ACSL4 expression compared to FeMS(C)-

SO and FeMS(S)-SO, with FeMS(C)-SO showing intermediate efficacy. These 

findings indicate that FeMS(DA)-SO is the most effective delivery platform for 

sorafenib-induced ferroptosis, likely due to its superior drug loading and cellular 

uptake efficiency. 

 

Figure 4.7 Ferroptosis-expression analysis inducing gene ACSL4 in liver cancer cells 

was performed using quantitative RT-PCR. 

4.7 In Vitro Cytotoxicity (MTT Assay) 

The anticancer activity of the samples against HepG2 cells was evaluated using the 

MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), a 

colorimetric cell viability assay widely used to assess cellular metabolic activity. This 

assay measures the reduction of yellow MTT by mitochondrial dehydrogenases in 

viable cells to form insoluble purple formazan crystals, which are then solubilized and 

quantified spectrophotometrically. A decrease in absorbance correlates with reduced 

cell viability, indicating cytotoxic effects. In this study, treatment with sorafenib (SO), 

both in free form and encapsulated within nanocarriers, led to a significant reduction 

in cell viability. Sorafenib-loaded nanoparticles (FeMS(C)-SO, FeMS(S)-SO, and 
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FeMS(DA)-SO) exhibited enhanced cytotoxicity compared to free SO, indicating 

more effective drug delivery. Among the formulations, FeMS(C)-SO showed the 

highest reduction in cell viability, suggesting superior anticancer efficacy [135, 146]. 

 

Figure 4.8 Effect of nanoparticles and drug loaded nanoparticles treatment on Liver 

cancer cell viability. 

4.8 Neutral Red Assays 

Neutral Red assay was used to assess the impact of treatments on cell proliferation, 

based upon the neutral red dye uptake of metabolically active dividing cells. The 

proliferation of cells was greatly inhibited with the drug-loaded nanoparticles 

(FeMS(C)-SO, FeMS(S)-SO, and FeMS(DA)-SO) when compared to their unloaded 

counterparts (FeMS(C), FeMS(S), and FeMS(DA)). This indicates the inclusion of 

sorafenib improves the nanoparticles' capacity to suppress cell division, in line with 

observations in other metabolic tests. Between the formulations assayed, FeMS(C)-

SO had the most significant reduction in cell proliferation and was found to have a 

more antiproliferative effect than both FeMS(S)-SO and FeMS(DA)-SO, indicating 

its effectiveness in delivering sorafenib and suppressing cancer cell growth. 
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Figure 4.9 In vitro Cell proliferation test of drug, nanoparticles, and drug loaded 

nanoparticles. 

4.9 Epithelial to Mesenchymal Transition (EMT) 

The expression of several epithelial-to-mesenchymal transition (EMT) marker genes 

was determined using quantitative RT-PCR to evaluate the impact of different 

nanocarrier treatments on cell phenotype. EMT is an essential process during cancer 

progression, in which epithelial cells develop mesenchymal features, increasing their 

motility and invasiveness. Of these mesenchymal markers, Vimentin, a well-

characterized intermediate filament protein, was tested because of its vital function in 

cytoskeleton reorganization and cell migration. 

4.9.1 E-Cadherin  

The expression of E-Cadherin gene was checked in sorafenib and sorafenib loaded 

nanoparticles (FeMS(C)-SO, FeMS(S)-SO, and FeMS(DA)-SO). The expression of 

E-Cad in the presence of SO was equal as compared to treated with the sorafenib 

loaded FeMS(DA) and SO loaded FeMS(C). The gene expression in SO was more as 

compared to the SO loaded FeMS(S). The expression of E-Cad gene was lowest in SO 
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loaded FeMS(S) as compared to the SO loaded FeMS(C) and SO loaded FeMS(DA). 

Overall the expression of E-Cad was less as compared to the N-Cad it means that 

cancer spread. 

4.9.2 CDC42 

The expression of CDC42 gene was checked in sorafenib and sorafenib loaded 

nanoparticles (FeMS(C)-SO, FeMS(S)-SO, and FeMS(DA)-SO). The CDC42 

expression in SO was less as compared to treated with the sorafenib loaded 

FeMS(DA), SO loaded FeMS(C), and SO loaded FeMS(S). The expression of gene in 

SO loaded FeMS(S) was higher to the SO loaded FeMS(C). The SO-loaded FeMS(C) 

was high than the SO loaded FeMS(DA). 

4.9.3 N-Cadherin 

The expression of N-Cadherin gene was checked in sorafenib and sorafenib loaded 

nanoparticles (FeMS(C)-SO, FeMS(S)-SO, and FeMS(DA)-SO). The expression of 

N-Cad in the presence of SO was equal as compared to treated with the sorafenib 

loaded FeMS(DA) and SO loaded FeMS(C). The gene expression in SO was less as 

compared to the SO loaded FeMS(S). The expression of N-Cad gene was highest in 

SO loaded FeMS(S) as compared to the SO loaded FeMS(C) and SO loaded 

FeMS(DA). 

4.9.4 Vimentin 

The Expression of vimentin gene was checked in sorafenib and sorafenib loaded 

nanoparticles (FeMS(C)-SO, FeMS(S)-SO, and FeMS(DA)-SO). Expression of 

vimentin in the presence of drug was less as compared to treat with the sorafenib 

loaded FeMS(DA). The gene expression in SO was more as compared to the SO 

loaded FeMS(S) and FeMS(C). Expression of vimentin gene was lowest in SO loaded 

FeMS(C) as compared to the SO loaded FeMS(S) and SO loaded FeMS(DA). 
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4.9.5 Slit2 

The expression of Slit2 was checked in sorafenib and sorafenib loaded nanoparticles 

(FeMS(C)-SO, FeMS(S)-SO, and FeMS(DA)-SO). Expression of Slit2 in the presence 

of SO was less as compared to treated with the sorafenib loaded FeMS(DA), SO 

loaded FeMS(C), and SO loaded FeMS(S). The expression of Slit2 gene was highest 

in SO loaded FeMS(C) as compared to the SO loaded FeMS(S) and expression of gene 

was high in SO loaded FeMS(S) as compared to the SO loaded FeMS(DA).  

4.9.6 Integrin 

The expression of integrin gene was checked in the sorafenib and sorafenib loaded 

nanoparticles (FeMS(C)-SO, FeMS(S)-SO, and FeMS(DA)-SO). The expression of 

integrin in the presence of SO was more as compared to when treated with the 

sorafenib loaded FeMS(DA). The SO expression was less as compared to the SO 

loaded FeMS(C) and SO loaded FeMS(S). The expression of integrin gene was highest 

in SO loaded FeMS(S) as compared to the SO loaded FeMS(C) and SO loaded 

FeMS(DA). 
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Figure 4.10 Effect of drug, drug loaded nanoparticles and nanoparticles on different 

genes (a) E-CAD, (b) CDC42, (c) N-CAD (d) Vimentin, (e) Slit2, (f) Integrin checked 

by RT-PCR. 
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CHAPTER 5  

DISCUSSION  

Iron-doped mesoporous silica nanoparticles (FeMS) prepared with the use of CTAB, 

SDS, and (DA) as surfactant templates exhibited unique physicochemical properties 

that had a direct bearing on their role as drug delivery agents. The employment of 

different surfactants enabled porosity, surface area, and structural stability to be 

modulated, which are essential drug loading and controlled release parameters. 

Characterization methods such as FT-IR, XRD, SEM, TGA, and BET analysis verified 

the successful formation of heat-stable, highly porous nanostructures. Importantly, 

FeMS(DA) showed the highest surface area and better dispersion, possibly through 

dopamine's dual role as templating agent and chelating compound, allowing for tighter 

control over pore architecture. Such observations are consistent with past literature 

suggesting dopamine as a substance capable of promoting mesoporous framework 

development and drug-carrier interaction improvement. 

All the synthesized nanoparticles showed efficient sorafenib (SO) encapsulation 

ability. FeMS(DA)-SO, however, showed a more uniform mesostructure and narrower 

pore size distribution, which imparted a more sustained and extended drug release 

profile. These properties are very much sought after in cancer nanotherapeutics since 

they enable sustained drug availability at the tumor site, reducing off-target effects and 

enhancing therapeutic index. HepG2 liver cancer cells were used in biological tests to 

confirm FeMS(DA)-SO's superior performance. Significant metabolic activity 

reduction was shown by the MTT assay, indicating that the drug-loaded systems, 

especially FeMS(C)-SO, had high cytotoxic potency. It's interesting to note that 

FeMS(DA)-SO showed stronger gene regulation linked to ferroptosis and epithelial-

mesenchymal transition (EMT), indicating a deeper influence at the molecular level, 

even if FeMS(C)-SO caused the largest loss of metabolic activity. The drug-loaded 

nanoparticles had excellent antiproliferative activity in the Neutral Red assay, with 

FeMS(C)-SO exhibiting the most effective proliferation suppression. 
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ACSL4 overexpression indicated their ability to induce ferroptosis, a regulated iron-

dependent cell death process. Due to its higher iron content, improved cellular 

absorption, and efficient intracellular drug release, FeMS(DA)-SO produced the 

strongest induction of ACSL4. This lends credence to its potential as a nanocarrier that 

induces ferroptosis. Particularly in cells treated with FeMS(DA)-SO, EMT marker 

gene expression study verified the remarkable reduction of mesenchymal markers (N-

Cadherin, Vimentin, CDC42, Integrin) and the increase of the epithelial marker E-

Cadherin. These findings support the capacity of nanoparticles to stop EMT, a crucial 

step in the spread of cancer. Interestingly, FeMS(C)-SO-treated cells had the highest 

expression of the tumor suppressor Slit2, suggesting that different nanocarriers may 

activate distinct signaling pathways even when carrying the same therapeutic payload. 

FeMS(DA)-SO-treated cells showed a more marked downregulation of CDC42, a 

crucial cytoskeletal regulator involved in cell migration, confirming its role in 

preventing invasive capacity. The idea that surface chemistry and nanoparticle 

structure influence adhesion molecule and cytoskeletal framework interactions in 

addition to drug delivery effectiveness is further supported by differential expression 

of integrin. These findings highlight how the composition of nanoparticles, or more 

specifically, the selection of the surfactant template, can regulate their 

physicochemical properties as well as their biological impact. FeMS(DA)-SO was the 

most equilibrated formulation among the four in terms of ferroptosis induction, gene 

regulation, and drug release. The deeper molecular impact shown with FeMS(DA)-

SO suggests that it has higher therapeutic potential for treating cancer stemness, EMT, 

and iron metabolism, even if FeMS(C)-SO demonstrated more powerful 

antiproliferative activity in standard testing. 
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CONCLUSIONS  

The importance of sensible nanocarrier design for effective medication delivery in the 

treatment of liver cancer is highlighted by this in vitro study. Iron-doped mesoporous 

silica nanoparticles (FeMS) were synthesized utilizing three distinct surfactant 

templates: CTAB, SDS, and dopamine. This allowed for the creation of a tunable 

platform to examine the impact of physicochemical variation on therapeutic efficacy. 

In order to evaluate the nanocarriers' cytotoxic, antiproliferative, and gene-modulatory 

effects on HepG2 liver cancer cells, sorafenib, a multikinase inhibitor, was effectively 

loaded into them. The formulation with the best biological response in vitro was 

FeMS(C)-SO, followed by FeMS(S)-SO and FeMS(DA)-SO. According to the 

Neutral Red and MTT assays, the nanoparticle system exhibited the greatest reduction 

in metabolic activity and cell proliferation, respectively. According to these findings, 

FeMS(C)-SO exhibits superior intracellular drug release and cellular absorption 

characteristics, leading to a more potent cytotoxic effect than its SDS- and DA-based 

counterparts.  

Additionally, the increased therapeutic efficacy of FeMS(C)-SO was demonstrated by 

the examination of the expression of crucial epithelial-to-mesenchymal transition 

(EMT) markers. The system increased the epithelial marker E-cadherin, which is a 

sign of EMT suppression and reversal of metastatic potential, while significantly 

inhibiting the mesenchymal genes N-cadherin, Vimentin, and CDC42. The tumor-

suppressive gene Slit2 was most significantly upregulated by FeMS(C)-SO, which 

further supports its ability to block carcinogenic signaling pathways. Surprisingly, 

under these in vitro settings, FeMS(DA)-SO showed a less noticeable overall 

biological effect than FeMS(C)-SO, although having good control over drug release 

and some stimulation of ferroptosis gene expression (e.g., ACSL4). These variations 

across the nanoparticle systems highlight the importance of choosing the right 

surfactant, both for establishing structural design and managing biological impacts.  

In terms of its stronger gene modulation profile, enhanced antiproliferative activity, 

and general anticancer efficacy in liver cancer cells, FeMS(C)-SO was the most 

promising formulation overall. These findings provide a solid foundation for 
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additional preclinical testing of FeMS(C)-SO. To optimize the potential of FeMS(C)-

based nanocarriers in precision oncology, future research would concentrate on 

confirming these findings in vivo and thoroughly examining mechanisms of action. 
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