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Abstract 

 
Nearly one million cases of gastric cancer are diagnosed annually, making it the fourth most 

common cancer worldwide. It is also the second leading cause of cancer-related deaths, with 

approximately 700,000 fatalities each year. There is lack of early symptoms leading to delays 

diagnosis of gastric cancer, resulting in a five-year survival rate of just 15%. 

 

Since 1994, Helicobacter pylori (H. pylori) has been perceived as a type I carcinogen for gastric 

cancer and is now observed as the most prominent etiologic source for cancer linked with 

infection, contributing to 5.5% of the cancer burden globally and 25% of all infection-associated 

cancers. H. pylori is responsible for 70-85% of gastric ulcers and 90-95% of duodenal ulcers. 

Nearly half of the world's population is having H. pylori infection, and while most infected 

individuals develop chronic inflammation, many do not exhibit any symptoms. 

 

This work aimed towards developing a technology using a non-pathogenic strain of H. pylori 

coated with Iron-Oxide Nanoparticles (IONPs) to specifically target gastric cancer. The approach 

leverages hyperthermia-induced activation of the body's natural immune system. Given that H. 

pylori naturally infect the human stomach and duodenum, it can effectively deliver treatment to 

these tissues. IONPs serve as MRI sensitizers, allowing for the visualization of infected tissues, 

and they are responsive to Magnetic hyperthermia. After applying external high-frequency 

magnetic field, IONPs generate heat on the surface of the bacteria. This ruptures the bacterial 

membrane and in turn, spillage occurs in the tumor microenvironment, thereby activating the 

natural immunity. Further, this leads to the infiltration of immune cells like macrophages in the 

tumor microenvironment. These activated macrophages then cleanse the spillage along with the 

tumor cells. This proposed cancer treatment does not involve chemotherapeutic drugs, thereby 

avoiding the unsolicited aftereffects linked with chemotherapy. 

 

The thesis entitled “Iron-oxide Nanoparticles Coated on Helicobacter pylori for Gastric Cancer 

Treatment via Magnetic Hyperthermia” represents the findings of the study and it is arranged into 5 

chapters: 

 

Chapter 1 gives a comprehensive introduction to gastric cancer and explores the existing literature 

on the subject, with a particular focus on the therapeutic approach of magnetic hyperthermia. This 
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chapter outlines the background, significance, and current understanding of gastric cancer, followed 

by a detailed review of studies and advancements linked with the utilization of magnetic 

hyperthermia for treating cancer. 

 

Chapter 2 deals with the discussion of different kinds of terpenes derived from plants and their 

potential applications in gastric cancer treatment 

 

Chapter 3 addresses protein-based iron oxide nanoparticles. This formulation aims to achieve 

targeted delivery of lactoferrin conjugated with iron oxide nanoparticles (LF-IONPs) to gastric 

tissue. When combined with hyperthermia, it is expected to offer enhanced efficacy in the 

treatment of gastric cancer. 

 

Chapter 4 delves into the idea of immune activation through hyperthermia-treated Helicobacter 

pylori coated with iron oxide nanoparticles. It examines how this method employs the bacterium 

as a vehicle to deliver heat-sensitive therapeutic agents to a specific site in the body, with the 

goal of triggering the immune system to potentially achieve therapeutic effects. 

 

Chapter 5 discusses a terpene-based nanoformulation involving artemisinin-loaded iron oxide 

nanoparticles. It explores the concept that delivering artemisinin conjugated with magnetic 

nanoparticles (ART-MNPs) into the gastric tissue, followed by hyperthermia treatment, could 

increase the effectiveness of gastric cancer therapy by overcoming tumor cell resistance to 

hyperthermia. 

 

Chapter 6 summarizes the key findings, addressing how the research objectives were met and 

highlighting the study's contributions and limitations. It also outlines potential future research 

directions, suggesting areas for further exploration and practical applications of the findings to 

advance the field. 
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Chapter 1: Introduction and Literature review 
 

1.1 Introduction 

Globally, cancer is the second most deadly disease after heart disease [1]. In cancer, the body cells 

lose the property of normal division and undergo uncontrolled division, giving rise to abnormal cells 

that collectively lead to tumor formation [2]. The primary causative agents of cancer are ultraviolet 

radiation or ionizing radiation, bacterial infections, viral infections, parasitic infections, etc. [3]. 

Among different forms of cancer, gastric cancer is the 4th deadly after lung, breast, and colon cancer, 

costing 769,000 lives in 2020, with more than 1.09 million new cases being diagnosed [4] , [5]. 

India’s cancer burden will rise to 30 million by 2025. The primary causative agent of gastric cancer 

is the Helicobacter pylori (H. pylori) infection [6], which is a Gram-negative, microaerophilic, 

motile, flagellated spiral-shaped bacterium associated with 70- 85% of gastric cancer and considered 

a type I carcinogen for the disease. It is the most prominent etiologic source that is associated with 

other cancers, such as duodenal cancers (90-95%), and is responsible for 1/4th of all infection-linked 

cancers [7]. Infection with H. pylori typically begin in childhood, with many individuals remaining 

asymptomatic carriers until symptoms emerge later in life, if at all. Interestingly, most people 

infected with H. pylori do not experience any related symptoms [8]. Epidemiological data indicate 

that H. pylori infection rates are extremely high, affecting 85-95% of the population in developing 

nations and around 30-50% in developed nations [9] [10] [11]. Nearly 50% of the world's population 

is having H. pylori infection and majority of such colonized individuals develop coexisting chronic 

inflammation. Apart from H. pylori, various other factors, including smoking and consumption of 

tobacco-related products, a low-fiber diet, long-term stomach inflammation, obesity, family history, 

and salty and smoked eatables, increase the risk of gastric cancer [12]. 

The transmission mode of H. pylori is associated with the intake of contaminated food and water 

[13] [14] [15]. Factors such as poor hygiene, inadequate nutrition, and varying geographical 

conditions leads to the risk of infection. H. pylori has developed adaptive mechanisms, including 

acquiring virulence factors that help it survive in low pH environments. While the bacterium itself 

doesn't produce acid, it can neutralize stomach acid through the action of the urease enzyme [16]. 

Afterward, the bacterium utilizes its flagella for movement toward the gastric epithelium. H. pylori 

then uses adhesins to bind to host cell receptors, allowing for successful colonization and a long- 

lasting infection. Once established, the bacterium releases various effector proteins and toxins that 

damage host tissues. During the infection process, the release of chemokines activates the innate 
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immune response, leading to the recruitment of neutrophils and eventual onset of clinical symptoms 

[17]. Its pathogenicity is basically due to its genes, including CagA, VacA, BabA, SabA, OipA, 

DupA, and FlaA [6]. The role of these mentioned genes are given as follows: 

CagA: The cytotoxin-associated gene A (CagA) modulates the pathogenesis of Helicobacter pylori 

(H. pylori) infection. It is a virulent factor encoded by the cag pathogenicity island (cagPAI), a 

segment of the bacterial genome that enhances the bacterium's ability to cause disease. When H. 

pylori infects the gastric epithelium, it injects CagA into host cells via a secretion system i.e. type 

IV. After entering the host cell, CagA experiences phosphorylation and engages with various 

intracellular signaling pathways. This interaction disrupts normal cellular functions, leading to 

several pathological outcomes: Alteration of Cell Morphology, Increased Inflammation, Cellular 

Proliferation and Survival, and Disruption of Tight Junctions. The occurence of CagA-positive H. 

pylori strains is closely linked with more severe disease outcomes, including a higher risk of peptic 

ulcers and gastric cancer. Therefore, CagA plays a central role in the virulence of H. pylori and the 

pathogenesis of its related diseases [18]. 

VacA: The vacuolating cytotoxin A (VacA) is another significant virulence factor in the 

pathogenesis of Helicobacter pylori (H. pylori). The VacA protein, encoded by the VacA gene, 

contributes to the bacterium's ability to cause disease by inducing vacuole formation in host cells; 

VacA triggers the generation of large vacuoles in gastric epithelial cells, disrupting cellular function 

and contributing to cell death. It also interferes with immune responses and promotes inflammation 

[19]. 

BabA: Its ability to bind specifically to the Lewis B antigen allows H. pylori to adhere tightly to the 

gastric epithelium. This attachment is crucial for colonization and contributes to the bacterium's 

ability to resist being cleared by the gastric environment. The interaction between BabA and host 

cells triggers inflammatory responses, including the release of cytokines, which contribute to the 

chronic gastritis associated with H. pylori infection [20]. 

SabA: It facilitates H. pylori's binding to sialylated glycan structures on the inflamed gastric 

epithelium, which enhances bacterial colonization, especially in areas of the stomach where 

inflammation is present. The expression of SabA is upregulated in response to inflammation, which 

allows H. pylori to persist better in the hostile environment of the inflamed gastric mucosa [21]. 

OipA: OipA is a pro-inflammatory protein that stimulates the production of interleukin-8 (IL-8), a 

potent chemokine that recruits neutrophils to the site of infection. The presence of neutrophils and 

other immune cells leads to chronic inflammation, which is a hallmark of H. pylori infection and 

contributes to mucosal damage [22]. 
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DupA: Studies have shown that the presence of the dupA gene is correlated with a higher incidence 

of duodenal ulcers. DupA is believed to enhance the inflammatory response in the gastric and 

duodenal mucosa, leading to ulcer formation [23]. 

FlaA: The flaA gene in Helicobacter pylori encodes flagellin A, a major structural component of 

the bacterium's flagella. Flagella are essential for the motility of H. pylori, enabling the bacterium 

to navigate through the viscous environment of the stomach mucus and colonize the gastric 

epithelium. This motility is critical for the bacterium's ability to establish infection and contribute 

to disease. The motility provided by the flagella also helps H. pylori evade the host's immune 

defenses. By moving through the mucus layer and avoiding areas of intense immune activity, the 

bacterium can maintain a persistent infection [24]. 

Unfortunately, in most cases, the diagnosis of gastric cancer is delayed due to the absence of early 

specific symptoms, and the five-year survival rate is only 15% [25]. This low rate is despite different 

treatment modalities for gastric cancer, such as chemotherapy, surgical treatments, radiation 

therapy, and immunotherapy. Therefore, prevention is a more efficient way of gastric cancer 

management than treating it. The treatment options for gastric cancer vary significantly depending 

on the stage of the disease. For each stage, different treatments are listed below: 

Stage 0: 

Endoscopic Mucosal Resection (EMR): This procedure is used when cancer is confined to the 

innermost layer of the stomach (the mucosa). EMR involves using an endoscope to remove the 

cancerous tissue without the need for open surgery. 

Subtotal Gastrectomy: For larger or more extensive lesions, part of the stomach may be surgically 

removed. This might include the removal of nearby lymph nodes to check for any spread of the 

disease. 

Stage I: 

Partial or Total Gastrectomy: The primary treatment is surgery, which may involve removing part 

(subtotal gastrectomy) or all of the stomach (total gastrectomy), along with nearby lymph nodes. 

Endoscopic Submucosal Dissection (ESD): For very early-stage IA cancers that are small and 

confined to the mucosa, this minimally invasive procedure might be used instead of major surgery 

Adjuvant Chemotherapy: For stage IB, chemotherapy is often recommended after surgery to 

eliminate any remaining cancer cells and reduce the risk of recurrence. Common chemotherapy 

regimens include capecitabine (1000 mg/m²) and oxaliplatin (85 mg/m²). 

Stage II: 

Neoadjuvant Chemotherapy: Chemotherapy is administered before surgery to shrink the tumor and 
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improve the chances of successful surgical removal. 

Surgery: The mainstay treatment is still surgery (partial or total gastrectomy) with 

lymphadenectomy (removal of lymph nodes). 

Adjuvant Chemotherapy/Radiation Therapy: After surgery, patients often receive chemotherapy 

(such as FLOT: 5-FU (2600 mg/m²), leucovorin (200 mg/m²), oxaliplatin (85 mg/m²), and docetaxel 

(50 mg/m²)) or chemoradiation (combined chemotherapy and radiation therapy) to target any 

remaining microscopic disease. 

Stage III: 

Neoadjuvant Chemotherapy: Like stage II, chemotherapy before surgery is standard to reduce the 

tumor size. 

Surgery: Partial or total gastrectomy is performed, along with the removal of lymph nodes and 

possibly surrounding tissues if the cancer has spread locally. 

Adjuvant Chemoradiation: After surgery, a combination of chemotherapy and radiation therapy is 

often recommended to eliminate remaining cancer cells and reduce the risk of recurrence. 

Targeted Therapy: For patients with HER2-positive tumors (metastatic gastric cancer), trastuzumab 

(Herceptin 8 mg/kg IV infusion) is often added to the chemotherapy regimen. 

Stage IV: 

Palliative Care: The primary goal at this stage is symptom relief and improvement of the life 

quality, as the cancer is typically not curable. This includes pain management, nutritional support, 

and relief from obstruction using stents or other surgical interventions. 

Chemotherapy: Systemic chemotherapy is used to control the disease, often with regimens like 

FOLFOX or CAPOX (Capecitabine-1000 mg/m² + Oxaliplatin-130 mg/m²). The goal is to slow the 

progression of the cancer and prolong survival. 

Targeted Therapy: HER2-positive cancers may be treated with trastuzumab (8 mg/kg IV infusion) 

in combination with chemotherapy. Additionally, ramucirumab (8 mg/kg IV infusion) (a VEGF 

inhibitor) may be used either alone or with chemotherapy. 

Immunotherapy: For cancers that are PD-L1 positive or have high microsatellite instability (MSI- 

H), immunotherapy with pembrolizumab (200 mg IV infusion) (Keytruda) or nivolumab (240 mg 

IV infusion) (Opdivo) may be used. 

Clinical Trials: Participation in clinical trials may provide access to new therapies and treatment 

approaches that are not yet widely available [26]. 

Further, available treatments involving modern chemotherapeutic agents show many limitations and 

side effects, including hair and weight loss, diarrhea, anemia, blood clots, and heart, kidney, and 
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liver damage, compromising the life quality of the patient [27]. Additionally, the effectiveness of 

surgery and radiation therapy is primarily limited to the early stages of gastric cancer progression 

[28]. There is an urgent need for alternative strategies to manage the disease more effectively. The 

high recurrence rate, the development of resistance to standard chemotherapy, and the often late- 

stage diagnosis of gastric cancer contribute to poor prognosis and limited treatment options. 

 

One potential alternative is the use of the microbiome to invoke an immune response is an emerging 

and promising approach in treating gastric cancer. The gut microbiome, which consists of trillions 

of microorganisms living in the digestive tract, plays a vital role in modulating the immune system. 

This interaction between the microbiome and the immune system is increasingly being explored as 

a potential therapeutic strategy for various cancers, including gastric cancer. Gastric cancer is one 

of the best examples of human inflammation-associated cancer [29]. Certain gut bacteria can 

stimulate the immune system, enhancing the body's ability to recognize and attack cancer cells. For 

instance, Bifidobacterium species have been shown to enhance the efficacy of immune checkpoint 

inhibitors by promoting the activation of CD8+ T cells, which are essential for targeting and 

destroying cancer cells. The microbiome can also influence the tumor microenvironment, making it 

more susceptible to immune attacks. Specific bacterial species can produce metabolites that inhibit 

tumor growth and stimulate immune responses against the tumor [30] [31]. To understand their 

viability, a brief look at the role of inflammation and the body’s natural response to it is in order. 

When the body encounters a pathogen, a complex immune response is triggered to recognize, attack, 

and eliminate the invading organism. This response involves both the innate and adaptive immune 

systems. The innate immune system provides the first line of defense against pathogens and 

responds quickly but nonspecifically to a wide range of invaders. The pathogen is recognized by 

pattern recognition receptors (PRRs) on immune cells like macrophages, dendritic cells, and 

neutrophils. These PRRs detect pathogen-associated molecular patterns (PAMPs) such as bacterial 

cell wall components, viral RNA, or fungal cell wall elements. Upon recognition of a pathogen, 

immune cells release cytokines (TNF-α, IL-1, IL-6) and chemokines (Monocyte Chemoattractant 

Protein-1, IL-8), which recruit additional immune cells to the site of infection and initiate 

inflammation. For instance, macrophages phagocytose (engulf and digest) the pathogens, and 

dendritic cells present pathogen-derived antigens to T cells. Dendritic cells and other antigen- 

presenting cells (APCs) process the pathogen and present its antigens on their surface using major 

histocompatibility complex (MHC) molecules. These antigens are then recognized by T cells. 

Helper T cells (CD4+ T cells) recognize antigens presented by MHC class II molecules and become 
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activated. They then secrete cytokines that stimulate other immune cells. Cytotoxic T cells (CD8+ 

T cells) recognize antigens presented by MHC class I molecules and kill infected cells directly. B 

cells recognize antigens and, with the help of activated helper T cells, differentiate into plasma cells 

that produce specific antibodies. These antibodies neutralize pathogens, mark them for destruction 

by phagocytes, and activate the complement system. After the pathogen is cleared, memory B and 

T cells remain in the body. These cells remember the pathogen, allowing for a faster and stronger 

response if the pathogen is encountered again. Once the pathogen is eliminated, the immune 

response subsides. Regulatory T cells help dampen the immune response to prevent excessive 

inflammation and tissue damage. The body then enters a recovery phase, where damaged tissues are 

repaired, and homeostasis is restored [32] [33]. 

Magnetic nanoparticles are a fascinating area of research, especially in their use for immune 

activation. They offer several advantages, such as precise control over their movement and targeting 

using magnetic fields and the potential for minimal side effects. These can be designed to activate 

immune cells directly. For example, they might be coated with antigens or other stimulatory 

molecules that trigger an immune response when they interact with immune cells. Upon exposing 

to an alternating magnetic field, magnetic nanoparticles can generate heat through a process called 

magnetic hyperthermia. This localized heating can be used to stimulate immune cells or enhance 

the effectiveness of treatments. Additionally, they can be combined with other therapeutic agents to 

enhance their delivery and efficacy. For instance, combining magnetic nanoparticles with 

chemotherapeutic agents or immunomodulators could lead to more effective cancer therapies. 

 

Magnetic nanoparticles, made biocompatible, play a crucial role in various biomedical applications, 

ranging from imaging to therapy [34]. To serve as efficient carriers for drug delivery, they should 

be small in size, have a large surface-to-volume ratio, and be properly functionalized for site- 

specific targeting [35]. Amidst the various kinds of magnetic nanoparticles, iron oxide nanoparticles 

find common use because to their magnetic properties and biocompatibility across a variety of 

biomedical applications, including drug and gene delivery, biosensors, magnetic particle imaging 

(MPI), and hyperthermia (HM) treatment [36], [37], [38]. Superparamagnetic iron oxide 

nanoparticles can be engineered to respond specifically and efficiently within the tumor 

microenvironment [39], [40], [41]. These particles can be magnetized via external magnetic field 

but exhibit no residual magnetic interactions after the removal of the field, indicating good 

dispersion and excellent targeting capacity [42]. This characteristic makes them highly 

advantageous for magnetic hyperthermia due to their ability to disperse within localized minor 
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regions, creating a difference in temperature profiles between normal and tumor cells [43]. 

 

 

Various particles have been synthesized to harness their anti-cancer potential against different 

cancers by using hyperthermia treatments. Mohamadkazem et al. synthesized iron oxide-gold nano 

complexes and used an external field to physically navigate these magnetic nanoparticles to the 

target melanoma cells, effectively killing them through electron beam therapy [44]. Kamalabadi et 

al. synthesized gold-coated magnetic nanoparticles which were functionalized with folate for their 

use in treating HPV-positive oropharyngeal cancer by enhancing uptake and cell death through the 

application of an external field [45]. Further, hyperthermia has been found to enhance drug release 

from formulations and develop potent theranostic agents for anti-cancer activity against colorectal 

cancer [46]. 

 

This thesis aims to develop a technology that uses a non-pathogenic strain of Helicobacter pylori 

coated with Iron-Oxide Nanoparticles (IONPs) to target gastric cancer specifically. This will be 

done by hyperthermia-induced activation of the body’s natural immune system. H. pylori naturally 

infects the human stomach and duodenum. Therefore, H. pylori will be very effective in treating 

these infected tissues. IONPs are MRI sensitizers. They can be used to visualize the infected tissues. 

Further, IONPs are magnetic hyperthermia-responsive moieties. Therefore, when exposed to a high- 

frequency magnetic field, IONPs generate heat that will kill cancer cells and ingested bacteria. The 

thermal annihilation of the bacteria will result in the spillage of the foreign particles to the 

surrounding tissue environment. This will draw antigen-presenting cells (APCs) into the tumor 

microenvironment. Subsequently, the activated macrophages will cleanse the tumor 

microenvironment by flushing out the foreign particulates, including cancer cells. Further, exposure 

to the foreign particles and the intercellular component of the cells will also activate the adaptive 

immune system. As a result, the body will train itself to remove the cancer cells. 

 

The ultimate aim of my thesis is to evolve a novel technology that will control cancer growth by 

activating its immune system without the involvement of chemotherapy so that it can control the 

side effects of the same, as presented in Figure 1.1. 
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Figure 1.1: A visual representation of the mechanism of magnetic nanoparticles for targeted 

imaging and therapy of tumor cells. 

1.2 Treatment 

Magnetic Nanoparticles (MNP) based hyperthermia as anti-cancer therapy[47]. 

Magnetic hyperthermia enabled by nanotechnology allows the remotely induced local heat using 

the magnetic energy losses of magnetic nanoparticles under an oscillating magnetic field. Some 

magnetic nanoparticles can transform electromagnetic energy into heat, which increases the 

temperature in the intended regions in the human body where the tumor cells and the nanoparticles 

are located. Therefore, the generation of heat by these nanoparticles which acts as nano-heaters can 

be controlled externally by applying or removing an oscillating magnetic field. The electromagnetic 

radiation used in magnetic hyperthermia is in the radio frequency range (between several kHz and 

1 MHz). The specificity of this technique is achieved by the higher sensitivity of the tumoral cells 

to temperature increases above 42°C, temperatures at which the natural enzymatic processes that 

keep the cells alive are destroyed, allowing their selective killing [48]. The saturation 

magnetization should also be as high as possible to guarantee the efficient heating of the 

nanoparticles under the oscillating magnetic field at low nanoparticle concentrations. The 

superparamagnetic properties of magnetic nanoparticles are totally dependent on their size. The 

particle size is kept below a critical size above which magnetic nanoparticles become ferromagnetic 

(superparamagnetic limit), which is, in principle, an undesired magnetic behavior for biomedical 

applications due to a potential particle aggregation phenomenon. The commonest barrier found in 
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most tissues is the continuous blood capillaries type, so the separation between the endothelial 

cells along the basement membrane will determine the efficiency of the hyperthermia therapy 

[49]. If the magnetic nanoparticles are small enough to cross the blood barrier, they could penetrate 

and distribute more homogeneously inside the tumor, provoking a heat diffusion that would kill a 

more significant number of neighboring tumor cells[50],[51],[52],[53]. 

 

1.3 Magnetic Hyperthermia (MH) 

MH utilizes the heat produced by the magnetic nanoparticles (MNPs) upon application of an 

alternating magnetic field (AMF)[54]. The most substantial benefit of MNPs-mediated MH (MNPs- 

MH) is in the deep tissue penetration and selective killing of cancer cells without harming the 

surrounding healthy tissues[55],[56],[57],[58]. MNPs-MH helps in understanding intracellular 

hyperthermia[59], as it directly delivers therapeutic heating to the cancer cells, and this intracellular 

hyperthermia can be further improved by conjugating the cell-targeting ligands with MNPs [60]. 

Primarily, MNPs-MH therapy involves raising the tumor's local temperature within the range of 43- 

45 ºC, which results in physiological changes in the cancer cell, eventually leading to their apoptosis 

or necrosis[55],[58]. To make use of MNPs-MH clinically and in cancer treatment possible, it is 

essential that sufficient heat must be delivered within the whole tumor mass while not affecting the 

surrounding normal tissue. This requires careful control of the AMF parameters, particularly the 

prodict Hxf, which must remain within the biomedical safety limit of H×f < 5×109 [61]. Because of 

this limitation in AMF, the therapeutic efficiency of MNPs-MH depends on the heat conversion 

efficiency of MNPs. 

Amidst various MNPs, superparamagnetic iron oxide nanoparticles (SPIONs) are extensively used 

as MNPs-MH agents due to their high biocompatibility and biodegradability. MNPs are magnetic 

nano-mediators that mediate the conversion of electromagnetic energy to thermal energy. To 

improve the therapeutic efficacy of MNPs-MH, the most fundamental strategy is to increase the 

thermal conversion efficiency of MNPs. This can be achieved by controlling the particle size, 

altering composition, and modifying the shape and surface of the nanoparticles [62]. 

 

1.4 Role of hyperthermia in treating Gastric cancer 

The accumulation of genetic alterations in various genes, such as oncogenes, mismatch repair genes, 

and tumor-suppressive genes, is called Gastric cancer carcinogenesis. The balance between cell 

proliferation and apoptosis is required to maintain homeostasis, while the imbalance between these 

causes gastric cancer. A multifactorial process is involved in its development, and different 
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conditions influence the occurrence of cancer, which includes H. pylori infection, history of gastric 

cancer, history of an adenomatous gastric polyp more significant than 2 cm, or chronic atrophic 

gastritis or pernicious anemia, alcohol, smoking, consumption of red meat, and obesity[63]. Altered 

cell proliferation, apoptosis, and some epigenetic modifications to the tumor suppressor genes might 

occur, which could eventually lead to inflammation-associated oncogenesis[64]. Some patients with 

persistent H. pylori infection develop gastric atrophy followed by intestinal metaplasia, which might 

evolve into dysplasia and adenocarcinoma. Most gastric cancers are gastric 

adenocarcinomas[65],[66],[67] but are highly heterogeneous with respect to architecture and 

growth, cell differentiation, histogenesis, and molecular pathogenesis[68],[69]. 

 

1.5 Research Gaps and Hypothesis 

H. pylori is a well known causative agent of gastric cancer and plays a crucial role in the gastric 

cancer-associated microbiome, as it specifically binds and adheres to the gastric tissue. In the 

proposed research, we aim to exploit this feature by using an avirulent strain of H. pylori to deliver 

and mediate hyperthermia treatment for gastric cancer. This strain will adhere to the gastric tissue 

without causing or aggravating cancer. To the best of my knowledge, the tissue microflora, 

including H. pylori, has not been explored for the delivery of iron-oxide particles and mediation of 

hyperthermia therapy. We believe that it could be an ideal candidate for hyperthermia therapy within 

the deep tissue environment, as the generated heat would not only kill the bacteria in the tumor 

microenvironment but also activate the body’s immune system. 

 

Superparamagnetic nanoparticles have been used in hyperthermia treatments for various cancers, 

such as cervical cancer, glioblastoma, and prostate cancer, where they have been shown to activate 

both innate and cell-mediated immunity. Since tumor microbiomes and iron-oxide nanoparticles are 

potent immune activators, we hypothesize that using microbes—specifically an avirulent strain of 

H. pylori coated with superparamagnetic nanoparticles—could enhance the body’s immune 

response, offering a more efficient cancer treatment compared to conventional hyperthermia 

approaches. In response to this proposed treatment, the body's natural immunity would be activated, 

involving the infiltration of tissue macrophages, NK (Natural Killer) cells, and the secretion of 

various cytokines, which would help clear the H. pylori antigen from the target site. Concurrently, 

tumor cells would be damaged by the heat dissipated in the tumor microenvironment and 

subsequently cleared by the body’s immune response. 
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This approach aligns with the established efficacy of immune clearance in treating various diseases. 

We aim to explore whether gastric cancer can be treated by activating natural and cell-mediated 

immunity, leveraging the immune-activating potential of microbes in cancer tissue. Given that H. 

pylori is associated with gastric cancer, we propose using this bacterium to attract immune cells and 

kill cancer tissue through magnetic hyperthermia. As bacteria are killed within the tumor tissue, 

they would attract tissue macrophages, activating a cascade of immune events leading to the 

clearance of cancer cells, as illustrated in Figure 1.2. By pursuing this strategy, we hope to develop 

a reliable method for treating gastric cancer with minimized side effects. 

 

Figure 1.2. It represents the Hypothesis. 
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Objectives: 

1. Preparation, characterization and functionalization of Iron oxide nanoparticles (IONPs) with 

polymers (like PEG, lactoferrin) and coating them on the surface of Helicobacter pylori. 

 

2. In-vitro immune activation of macrophages with heat-killed IONPs coated H. pylori. 

 

 

3. Perturbation of hyperthermia resistance in gastric cancer cell line by using Artemisinin-protected 

Iron-oxide Nanoparticles. 

 

Expected outcomes: 

1. Successful Synthesis and functionalization of the IONPs. 

2. Effective coating of IONPs on the surface of H. pylori. 

3. The hyperthermia treated IONPs-coated H. pylori should stimulate macrophages, leading to 

increased production of pro-inflammatory cytokines and activation markers. The combination 

of IONPs and H. pylori should promote a stronger immune response. 

4. The Artemisinin-protected IONPs should enhance the sensitivity of gastric cancer cells to 

hyperthermia. Artemisinin's protective effects combined with hyperthermia treatment could 

potentially lead to greater tumor cell destruction, indicating a synergistic effect between the drug 

and hyperthermia. 
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Chapter2: A review on terpenes for treatment of Gastric cancer: 

Current status and nanotechnology enabled future 

 

 

 

 
Figure 2.1. depicts the basic green synthesis process for making natural terpene-based nano- 

formulations from the extract obtained from different plant parts, including flowers, fruits, roots, 

stems, and leaves, and their mode of action on tumor cells. 

 

Abstract 

Eighty-five percent of gastric cancer is caused by Helicobacter pylori infection. Delays in detection, 

limited efficacy, and significant side effects of the available treatments lead to 5 year survival 

chance of only 32%. Therefore, better remedies are required. Numerous studies have been published 

on herbal medications offering an edge over conventional medicines. Secondary metabolites, such 

as different polyphenolic compounds, including terpenes, are key players for therapeutic 

advantages. The antimicrobial, anticarcinogenic, anti-inflammatory, etc., activities of the 

biocompatible active ingredients make these compounds suitable for therapeutic use. Despite such 
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advantages, the use of herbal medicine in gastric cancer treatment is limited. In this article, we 

describe the therapeutic potential and limitations of terpenes, followed by potential advantages 

offered by the combinatorial effects of terpenes with their nanoconjugates. These include increasing 

the anticancer and antimicrobial potency of drugs as well as resolving drawbacks, including targeted 

delivery, stability, half-life, etc, thus making them suitable for gastric cancer treatment. The article 

concludes with a detailed discussion of the challenges encountered in deploying targeted secondary 

metabolites and their future developmental prospects to provide ideas and insights for future 

research. 

 

2.1 Introduction 

Cancer is one of the leading cause of death globally grabbing second position, following heart 

disease [1]. It is characterized by uncontrolled cell division and tumor formation due to the loss of 

normal cellular regulation [2]. Major cancer causes include ultraviolet and ionizing radiation, as 

well as bacterial, viral, and parasitic infections [3]. Gastric cancer ranks fourth in terms of mortality, 

with 769,000 deaths and over 1.09 million new cases reported in 2020 [4], [5]. Infection with 

Helicobacter pylori (H. pylori), a Gram-negative, microaerophilic bacterium, is basic cause of 

gastric cancer, contributing to 70-85% of cases, and classified as a type I carcinogen [6]. H. pylori 

is also associated with duodenal cancers and 25% of all infection-related cancers [7]. Key 

pathogenic factors include genes such as CagA, VacA, and BabA [6]. H. pylori affects 

approximately half the global population, many of whom develop chronic inflammation. Additional 

risk factors include smoking, a low-fiber diet, chronic stomach inflammation, obesity, and a high 

intake of salty and smoked foods [12]. The late diagnosis of gastric cancer, often due to the lack of 

early symptoms, results in a low five-year survival rate of 15% [25]. Current treatments, including 

chemotherapy, surgery, and radiation, have significant side effects and are mainly effective in the 

initial phases of the ailment [27], [28]. Therefore, exploring alternative management strategies, such 

as herbal formulations, is crucial for effective prevention and treatment. 

A biological response to any damaging stimuli such as pathogens, wounds, foreign bodies, or 

infection is inflammation [70]. This process is the body’s way to protect itself by aiming to remove 

that inflammation using a natural body process - self-defense. In many cases, the body produces 

cytokines against a particular disease or foreign substance. In a few instances, these cytokines are 

overexpressed by the body's immune system. It is amongst the best examples of human 

inflammation-associated cancer [29]. Synthetic anti-inflammatory drugs are being used to suppress 

or inhibit these mediators. These synthetic drugs have benefits and side effects that compromise 
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patients' quality of life. For this reason, currently, people are expecting or even preferring treatments 

that involve natural products with safe toxicological profiles, leading to the exploration of these for 

alternative drug delivery treatments [71]. 

Nature is full of resources in the form of secondary metabolites that humankind has used for a long 

time to manage many diseases, including gastric cancer. The formulations are well documented in 

a few cases, but additional documentation is needed for most. Many of these herbal formulations 

are already in use in India, China, Vietnam, and Africa in various forms through different systems 

of medicine, such as Ayurveda, Unani, Siddha, and Homoeopathy [72]. These medicines are mostly 

a mixture of various plant secondary metabolites, including phenolics, alkaloids, saponins, terpenes, 

sterols, and sphingolipids. For example, in many plants, the extract has anti H. pylori activity, 

suggesting their potential for treating gastric cancer. In addition, many of the compounds present in 

such herbal formulations can be administered orally to work on the target site without being 

absorbed by the intestine or stomach. The net result is targeted delivery and site-specific activity, 

which increases their potential for treatment with reduced side effects. In other words, herbs 

demonstrates a crucial part in controlling growth and progress of cancer and can help patients to 

overcome the side effects caused by chemotherapeutics. They enhance the body’s immunity through 

naturally occurring compounds in them and thus prevent the spread of cancer by any means, 

including growth, metastasis, and invasion. Therefore, using these formulations instead of radiation 

and chemotherapy will be a better option as they do not cause any of the ill effects that conventional 

therapies cause, such as fatigue, hair loss, mouth sores, nausea, vomiting, and organ failure [73]. 

In this framework, a class of natural compounds named terpenes, a highly diverse family of natural 

products, has drawn attention due to their capability of selectively killing tumor cells without 

hampering normal cells. These are synthesized by plants and are also called secondary metabolites. 

Terpenes have 55,000 members with different chemical structures and curing potentials [74]. They 

suppress or inhibit the growth of several cancers, such as breast, skin, stomach, pancreatic, colon, 

and prostate, without damaging or contributing any toxicity to normal cells as they exhibit 

pleiotropic actions by acting on a target in multiple ways. They also inhibit protein synthesis by 

targeting the main events crucial for the process. They are among the leading herbal formulations 

in cancer treatment and are discussed in detail in Section 2. However, despite the remedial effect 

and other advantages such as biocompatibility, safety, non-invasiveness, convenience, and low cost 

in the treatment of cancer as compared to conventional chemotherapy [75], many natural 

formulations, including terpenes, have not been widely deployed in modern medicine due to certain 

problems associated with their transport across the body. Conventionally, they are given as such in 
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different ways through food in the form of supplements or directly as herbal medication, but they 

have certain pharmacological and chemical issues associated with them, such as low water 

solubility, low permeability, stability, reduced bioavailability, sensitivity to environmental 

conditions (temperature, pH, humidity), chemical degradation or volatilization being few of them 

[76]. This is precisely where nanotechnology can help overcome these disadvantages of herbal 

medicines. 

Nanotechnology involves the utilization of critical features of materials at the nanoscale and consists 

of developing nanomaterials between 1-100 nm by manipulating the structures at an atomic level. 

Nanomaterials have unique electrical, optical, and magnetic properties, a large surface area to 

volume ratio due to which they exhibit specific properties such as enhanced catalytic activity, 

biological activity, non-linear optical performance, and thermal conductivity, and are governed by 

the laws of quantum mechanics [77]. They can be delivered as liposomes, vesicular systems, nano- 

emulsions, and solid lipid nanoparticles. Moreover, the use of these terpenes in the form of nano- 

formulations has been shown to enhance their solubility, stability and bioavailability, anti- 

proliferative activity, prevention from biological and chemical degradability and cell toxicity, 

enhanced specificity and pharmacological activity, and improved distribution of tissue macrophages 

along with sustained release [78], [79], [80]. Nano-delivery systems have been used to deliver all 

the herbal compounds irrespective of their hydrophobic or hydrophilic nature and thus can be used 

for the transfer of hydrophobic terpenes via encapsulating them with nanoparticles, which enhance 

their potency. Some of the terpenes are generally recognized as safe penetration enhancers. As a 

result, they can serve as excipients for other drugs or phytochemicals and make them suitable for 

administration through topical routes [76]. For instance, after loading celastrol into poly (ethylene 

glycol)-block-poly(ε-caprolactone) nano-polymeric micelles, its availability is enhanced. The nano- 

encapsulated celastrol was found to exhibit antitumor activity by reducing the expression of Bcl-2, 

NF-κB, and phospho-NF-κB p65 proteins at 54.4 μg/ml after 48 h of the treatment [81]. Their anti- 

proliferative activity has also been determined using different prostate cancer cell lines (LNCaP, 

DU-145, and PC3) by exposing the cells with 0.5-2.0 μM concentration of CS-NPs [82]. The results 

exhibited inhibition of concentration-dependent proliferation. In a nutshell, nanotechnology has 

fundamentally changed the way many diseases, including gastric cancer, are diagnosed and treated. 

To this end, in this review article, we focus on different active natural terpenes obtained from natural 

sources, their role in controlling gastric cancer, and directions for future research in gastric cancer 

management. 
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2.2 Natural terpenes for treating gastric cancer 

An active area of global research is to develop effective anti-cancerous products from natural 

materials such as medicinal plants or effective medicinal components [83], [84]. Of all the available 

human medications, one-third are derived from herbal plants or extracts. Based on their positive 

aspects, physicians and researchers encourage their consumption. Apart from cancer, they are 

widely used in different applications. Several dietary products like fruits, vegetables, cereals, and 

spices exhibit anti-cancerous activity to a great extent, and it was found that there is an inverse 

linkage between the uptake of natural products and cancer cases [85], [86], [87]. The primary 

responsible factor for this salutary action is the presence of different phytochemicals, which promote 

various mechanisms to prevent gastric cancer. The effective means for gastric cancer are cell 

proliferation or H. pylori inhibition, autophagy, apoptosis, anti-angiogenesis, or suppressed cell 

metastasis [87], [88], [89]. 

 

2.3 Natural Terpenes and their role in gastric cancer treatment 

Terpenes fall under the largest and most diverse class of naturally obtained nearly ~30,000 different 

polymeric compounds made up of isoprene, or 2-methyl-1,3-butadiene (CH2=C(CH3)−CH=CH2)n 

where n indicates the number of isoprene units (where n ≥ 2). Terpenes play an essential role in 

plants' defense mechanisms, protect them from herbivores, and generate disease resistance. They 

play different roles in plants, including serving as thermoprotectants, and playing signaling and 

medicinal functions. They also work as solvents or flavoring agents [90]. In addition, they have 

antimicrobial, anticarcinogenic, anti-inflammatory, antiallergic, and neuroprotective properties 

[91]. Not surprisingly, numerous researchers have indicated that they exhibit an equally essential 

part in supporting human health. 

Depending on the number of isoprene units, they are categorised into monoterpenes, diterpenes, 

triterpenes, and sesquiterpenes [90]. A brief description of these follows. 

2.4 Monoterpenes – They comprise a large group that performs numerous biological activities and 

act as antioxidants, anti-inflammatory, anti-diabetic, and antitumor agents. They also assist in 

neuroprotection, hepatoprotection, and cardio-protection [92], [93]. Chemically, they consist of 2 

isoprene units formulated by five carbons together head-to-tail. These biochemically active units 

are diphosphate esters, isopentyl diphosphate, and dimethylallyl diphosphate. Monoterpenes are 

further subdivided into acyclic, monocyclic, bicyclic, and iridoid glycosides [94]. Terpenes mainly 

occur as active components of essential oils and fixed oils of plants and related sources [92]. Besides 

their biological activities, they are also used as fragrant sources for making cosmetics and perfumes 
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due to their strong aroma and odor [95]. Some of the most common monoterpenes employed for 

anticancer activity are described below. 

2.4.1 Carvacrol – It is a monoterpene polyphenol mainly obtained from the Lamiaceae family's 

essential oils and is chemically 5-isopropyl-2-methyl phenol [96]. It is mainly utilised in different 

biological applications to prevent the proliferation of chemotherapy-resistant cells, such as human 

ovarian adenocarcinoma cells and tumor cells [97], [98]. Compared to single drug-loaded 

nanoparticles, the human serum albumin particles, when loaded with carvacrol and chemotherapy 

agents, yield better activity in treating gastric cancer in vitro [99] and induces cell death by directly 

activating the mitochondrial pathway. They inhibited ROS generation and DNA damage caused by 

cell proliferation. Proteins that regulate apoptosis and the antiproliferative effect of carvacrol are 

Bax, B-cell leukemia/lymphoma 2 protein (BCl2), Cysteine-aspartic proteases) (Caspase)-3, and 

Caspase-9 [100]. In addition, they exhibit Glutathione (GSH) reducing effects on cells [91]. 

2.4.2 Geraniol – It is an acyclic isoprenoid monoterpene, present in the natural oils of fragrant 

herbal plants. It inhibits cell proliferation, apoptosis induction, and arrest cell cycle in the gastric 

cancer cell line. The major factors involved are ROS production through mitochondria and 

downregulation of the mitogen-activated protein kinase (MAPK) pathway, mainly engaged in 

migration, survival, differentiation, and metabolism [101]. Further, there is a drastic downfall in the 

phosphorylation of essential MAPK signaling molecules, including p38, Jun N-terminal kinases 

(JNK), and extracellular signal-regulated kinase (ERK). The proapoptotic proteins like Bax, 

Caspase-3, -8, and -9 are unregulated, whereas there is a reduction in Bcl2 expression after treatment 

with geraniol, which induces apoptosis [101]. 

2.4.3 D-carvone – It is a cyclic and natural dietary monoterpene commonly present in the vital oils 

of certain plants, which are aromatic and medicinal in nature, including caraway, dill weeds, etc. 

[102]. Apart from other biological properties, it is found to prevent lung injury in mice [103], lower 

the lipid content in the blood, and can be used to cure diarrhea, acidity, and other gastric ailments 

[104]. The carvone is responsible for inhibiting cell growth and induces apoptosis by regulating 

ROS production. It decreases the phosphorylation of Janus kinase/Signal transducer and activator 

of transcription (JAK/STAT 3) molecules involved in cell growth in a dose-dependent manner 

[103]. 

2.4.4 Paeoniflorin – It is a monoterpene glycoside of the Paeoniaceae family and is extracted from 

the roots of P. lactiflora (Paeonia lactiflora). It exhibits hepatoprotective, immunomodulatory, and 

antitumor activity. It prevents the multiplication of gastric cells and initiates apoptosis. It mediates 

the upregulation of Bcl-2 by blocking the nuclear factor κ-light-chain-enhancer of activated B cells 
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(NF-κB) pathway in a dose and time-dependent manner. It also prevents the phosphorylation of 

IκBa (nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha), that 

further inhibits the NF-κB activity and NF-κB p65 expression. It is also found to upregulate the 

expression of minR-124 and block the phosphoinositide-3-kinase-protein kinase B/Akt (PI3k/Akt) 

and STAT3 pathway [105]. It inhibits the Notch 1 pathway [106]. 

2.5 Diterpenes – They belong to a naturally found class of chemical constituents comprising four 

isoprene units combined, thus having a core skeleton of 20 carbons. They are derivatives of geranyl 

pyrophosphate [107] and are produced by plants, animals, and fungi via 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA) reductase pathway 3 [108]. They exhibit several biological applications 

like antioxidants, antimicrobial, anti-inflammatory, anticarcinogenic, and neurobiological agents 

[109]. Compared with monoterpenes and sesquiterpenes, they are less in number and less volatile 

[110]. Some of the significant diterpenes are discussed below. 

2.5.1 Andrographolide – It is a diterpene lactone mainly obtained from A. paniculate 

(Andrographis paniculate), a traditional Chinese herbal plant belonging to the Acanthaceae family 

that reduces swelling and is used as a blood-cooling agent and a detoxifier for the body [111]. As a 

treatment for gastric cancer, it decreases the cell survival ratio of SGC7901 gastric cancer cells in a 

dose-dependent manner. The number of cells arrested in the G1/M phase increases with increased 

dose, while the cell cycle is blocked in the G2/M2 phase. Used in the proper amount, 

andrographolide inhibits cell invasion, migration, and proliferation. It induces apoptosis, with the 

possible mechanism including the enhanced expression of Timp-1/2, cyclin B1, Bax, Bikand p- 

Cdc2, and decreased expression of MMP-2/9 and Bcl-2 [112]. It also inhibits NF-κB binding to 

DNA [113]. 

2.5.2 Sageone – It is an abietane diterpenoid commonly obtained from the crude extract of R. 

officinalis (Rosmarinus officinalis). It causes cell death in gastric cancer cell line SNU-1 cells in a 

programmed manner. These cells are usually resistant to cisplatin, but when given synergistically 

along with sageone, they show the increased cytotoxic effect of cisplatin, which was verified by the 

calculation of the combination index. Sageone decreases the level of Akt expression in contrast to 

cisplatin, which increases it. It also increases the cleaved Caspase -3 and -9 and Poly (ADP-ribose) 

polymerase (PARP) when administered with cisplatin [114], [115]. The indication is that caspase 

plays a critical part in the induction, transduction, and amplification of apoptosis [116]. 

2.5.3 Carnosic acid – It is a polyphenolic abietane diterpene isolated from R. officinalis that exhibits 

several pharmacological activities. It is used for different stomach ailments, such as gastric lesions, 

which increase the level of reduced glutathione and prostaglandin-E2 to protect the stomach from 
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lesions induced by lipid peroxidation inhibition [117]. It exhibits anti-gastric cancer activity by 

inhibiting the proliferation and survival of cells which increases with increasing concentration. It 

enhances the cleavage of the well-known apoptotic marker PARP and decreases survival 

expression. Further, it inhibits the activation/ phosphorylation of Akt and mammalian targets of 

rapamycin (mTOR) signaling pathways [118]. 

2.6 Triterpenes – They consist of 6 isoprene units having 30 carbons in which the squalene epoxide 

units are arranged in the chair-chair-chair-boat confirmation after the condensation process [119]. 

The primary sources of triterpenes are plants and fungi [120]. These are the main plant membrane 

structure constituents responsible for stabilizing the phospholipid bilayer in the cell membrane 

[119]. They perform numerous biological functions ranging from ant-oxidant, antiviral, 

antibacterial, anti-fungal, anti-inflammatory, and anticancerous activities, influencing several 

signaling pathways in cancer treatment [120]. Pentacyclic terpenes are plants' primary and 

secondary metabolites from their leaves, roots, stem barks, and fruits [121]. The four triterpenes 

commonly used in gastric treatment are described below. 

2.6.1 Celastrol – It is a quinone methide triterpene, also known as tripterine, found in the extract of 

T. wilfordii Hook. F (Tripterygium wilfordii Hook F). It is found to prevent cancer cell division and 

initiates apoptosis. When tested on MKN45 gastric cancer cells, celastrol prevent cell 

multiplication, migration, and invasion. It further plays a role in inactivating the PTEN/PI3K/Akt 

and nuclear factor κB signaling pathway by causing the downregulation of miR-21 [122]. It 

decreases the expression of the phosphorylated form of m-TOR and S6K and induces autophagy 

[123]. Also, it binds to an antioxidant enzyme, peroxiredoxin-2, which increases ROS at the cellular 

level and causes ROS-dependent endoplasmic reticulum stress and dysfunctioned mitochondria. It 

inhibits enzyme activity at the cellular and molecular level [124]. It inhibits TNF (tumor necrosis 

factor) induced tumor cell invasion and plays role in inhibiting heat and shock response activation 

and as a proteasome inhibitor [125]. 

2.6.2 Euphol – It is euphane-type tetracyclic triterpene alcohol obtained from the sap or latex of E. 

tirucalli (Euphorbia tirucalli). It is utilized for its effect on rheumatism, toothache, neuralgia, and 

anticancer drugs. It increases the expression of BAX, a pro-apoptotic protein, and decreases the 

expression of Bcl-2, a prosurvival protein. Further, it causes the dysfunctioning of mitochondria by 

activating caspase-3. The decreases in cyclin-B1 level and increase in p27kip1 are responsible for its 

antiproliferative activity. Finally, euphol also prevent the activation of the extracellular signal- 

regulated kinase ½ (ERK½) pathway [126]. 
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– It is a natural triterpene obtained from the roots of the Chinese herb 

Licorice and found to exhibit anticancer effects against certain cancers. It assists in detoxification 

and bronchodilation and treats viral hepatitis [127]. It downregulates the expression of proteins 

linked with the G1 phase, such as D1, D2, D3, E1, and E2, and causes G1/S phase arrest and exhibit 

inhibitory effect against gastric cells which increase with time and dose. It also increases the 

expression of Bax, cleaved PARP, and pro-Caspase-3, -8, and -9, decreases that of Bcl-2, survivin, 

and p65, and further causes downregulation in phosphorylation of the PI3K/Akt pathway [127]. 

2.6.4 Betulinic acid – It is a pentacyclic triterpene with a lupine-like structure obtained from several 

plants, such as acuminatissima leaves, wild jujube seeds, and white birch bark. It significantly 

affects gastric cells and exhibit inhibition which increases significantly with time and concentration. 

It induces cell death and inhibits the invasion and movement of gastric cancer cells by impairment 

of epithelial-mesenchymal transition progression [128]. It also blocks the ERK/MEK signaling 

pathway by decreasing the expression of phosphorylated proteins ERK and Mitogen activated 

protein kinase (MEK) [129]. 

2.7 Sesquiterpenes – Many sesquiterpene compounds are found naturally and play a critical role in 

biological activities, and other human uses. They are very diverse and have two distinct 

characteristics – the presence of 15 carbon skeletons that make up the backbone and the arrangement 

of different functional groups and substituents in layers on the structural scaffolds. The constituents 

are arranged in diverse regiospecific and stereo-specific manners [130]. They can be monocyclic, 

bicyclic, or tricyclic. When compared with terpenes, they are less volatile. They have a more 

pungent odor and show anti-inflammatory and antibacterial properties [131], [132]. After oxidation, 

sesquiterpenes get converted into sesquiterpenols [133]. The α-methylene-γ-lactone group (αMγL) 

of sesquiterpenes is responsible for anticarcinogenic and anti-inflammatory activity, whereas 

helenalin causes anti-inflammatory effects only, and parthenolide accounts for antitumor activity. 

Further, sesquiterpene lactone artemisinin exerts antimicrobial effects [134]. A few of the common 

sesquiterpenes for gastric cancer are described below. 

2.7.1 Zerumbone – It is a cyclic sesquiterpene whose biological effect is due to the unsaturated 

carbonyl groups. It is obtained from subtropical ginger and has significantly less toxicity. It inhibits 

the growth of gastric cells and causes apoptosis in a dose-dependent manner. Further, it decreases 

the expression level of Cyp-A, Bcl-2, and mitochondria-mediated pathways, increases the 

expression level of Bax, releases cytochrome-C, and activates caspase-3 [135]. Further, it reduces 

the expression of Vascular Endothelial Growth Factor (VEGF) and NF-κB [136]. 

2.6.3 Glycyrrhizic acid 
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2.7.2 Elemene – It is a sesquiterpenoid obtained from the extract of Rhizoma curcumae, part of 

traditional Chinese medicine, and has enormous potential to cure cancer and malignant tumors with 

essential oils. It is more clinically effective, safe, and less toxic than other cancer drugs. It prevents 

the division of gastric cells and exhibits a synergistic effect when administered along with PD98059. 

It indicates the enhanced apoptosis of cells when given in a concentration-dependent manner. 

Elemene decreases the mRNA-expression level of Bcl-2 and increases the expression of p-ERK1/2 

protein along with BAX-mRNA [137], [138]. 

2.7.3 Parthenolide – It is a sesquiterpene lactone and is a medicinal compound obtained from 

Parthenium , which was initially used to treat migraines, epidermal infections, and rheumatism 

[139]. When tested on gastric cancer cell lines SGC7901, it inhibits cell growth, enhances the 

apoptotic rate, and sensitizes the cells to DPP. Parthenolide further acts by decreasing the expression 

of Bcl2, mitochondrial potential, and NF-κB while upregulating the caspasewen-8 and caspase-3 

expression. It also enhances the release of cytochrome C from mitochondria and upregulates the 

Bax, Bid, and tBid expression [140]. Thus, it increases the expression of the proapoptotic pathway, 

whereas it decreases the expression of the prosurvival and drug resistance pathway [141] , [142]. 

2.7.4 Artemisinin – It is a sesquiterpene that is naturally obtained from A. anuua (Artemisia annua) 

or sweet wood, is commonly used as an antimalarial drug, and exhibits an antiproliferative effect 

[143]. It also triggers cell cycle arrest in prostate cancer cells. When tested on gastric cancer cell 

lines AGS and MKN74 cells, artemisinin inhibits the growth and modulates the expression of cell 

cycle regulators. It also induces two negative cell cycle regulators, namely p27kip1 and p21kip1, and 

upregulates the expression of p53, which is essential for cell apoptosis and metastasis. In addition, 

it affects specific signaling pathways, ERK1/2, p38, and JNK, at the molecular level [144]. It 

decreases proliferation, increases levels of oxidative stress, induces apoptosis, and inhibits 

angiogenesis. 

The structures of monoterpenes, sesquiterpenes, diterpenes, and triterpenes are given in Figure 2.2. 

The details of different terpenes, their properties, source, and mode of action against cancers are 

indicated in Table 2.1. 
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Figure 2.2. The figure depicts the chemical structures of different Monoterpenes, Sesquiterpenes, 

Diterpenes and Triterpenes. 
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Table 2.1. List of terpenes, their biological properties, source, and dose against cancer. 
 

 

Compounds Biological properties Source Cell line Dose 

Carvacrol Anti-microbial, anti- 

tumor, anti- 

inflammatory, anti- 

mutagenic, analgesic, 

antiparasitic [145] 

Thymus vulgaris, 

Origanum vulgare, 

Lepidium flavum, 

Citrus [146] 

AGS [91], 

[100] 

0-600 µmol/l 

[100] 

Geraniol Antitumor 

Anti-inflammatory 
Lemon, Geranium AGS [147], 

[101] 

5-35µM/ml 

[101] 

D-carvone Anti-microbial, 

antioxidant, anti- 
inflammatory, anti- 

cancer [148] 

Caraway, dill 

weeds 
AGS[103] 5-35 µM [103] 

Paeoniflorin Antitumor P. lactiflora SGC-7901, 

MGC- 

803,[105] 

HepG2 (liver 

cancer), 

SMMC-7721 

(liver 

cancer)[149], 

SGC-7901 

(gastric 

adenocarcinom 

a cell)[150], 

MCF-7 (Breast 

cancer 
cell)[151], 

80-324 µg/ml 

[150] 

Elemene Anti cancer Rhizoma curcumae 

[137] 

BGC-823 

[137] 
0.02-0.16 

mg/ml [137] 

Zerumbone Anticancer, anti- 

angiogenic 
Ginger [135] SGC-7901 

[135] 

0.1- 50 µM/ml 

[135] 

Parthenolide Antitumor Feverfe 

w 
(Tanacet 
um 

SGC7901 
[140], Colon 

carcinoma 

cells,  lung 

5-200 µmol/l 

[140] 
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  partheni 

um L. 

Schulz 

Bip.) 

[152] 

cancer [142]  

Artemisinin Antitumor, 

Antimicrobial, 

Antioxidant 

Artemisia annua 

[153] 
AGS and 

MKN74 [144] 

Brain  cancer, 

breast  cancer, 

cervical, 

colorectal, 

gastric,   lung, 

and ovarian 

cancer [154] 

0-5 µM [144] 

Andrographo 

lide 

Anticancer 

Anti-inflammatory 
Andrographis 

paniculata 

SGC 7901 
cells, [112] 

Jurkat, PC-3, 

HepG2,   and 

Colon    205 

tumor   cells, 

and normal 

peripheral 

blood 

mononuclear 

cells 
(PBMCs)[155] 

5-40 µg/ml 

[112] 

Sageone anticancer Rosmari 

nus 

officinali 

s 

Gastric 

adenocarcinom 

a cell  lines 

AGS, SNU-1, 

and SNU-16 
[116] 

6.25-100 
µM[115] 

Carnosic acid Antitumor Rosmarinus 
Officinalis 

AGS and 
MKN-45 
cells[118] 

6.25-100 

µg/ml[118] 
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Celastrol Anti-inflammatory, 

Antitumor 

Tripterygium 

wilfordii (Thunder 

God 

Vine), Celastrus 

orbiculatus, Celast 

rus aculeatus 

Celastrus  reglii, 

Celastrus scandens 

[156] 

MKN45 [122] 
Melanoma 

tumor cells 

[125] 

0-20 µM [122] 

Euphol Antiviral, anti- 

inflammatory and anti- 

cancer [126] 

Euphorbia tirucalli 

[126] 
CS12 [126] 2-60 µg/ml 

[126] 

Glycyrrhizic 

acid 

Immunomodulatory 

Antitumor 

Licorice Glycyrrhiz 

a glabra L.[157] 

MGC-803, 

BGC-823, 

SGC-7901 

[127] KATO 

III, HL 60, DU- 

145 & LNCaP 

[158], [159] 

0-4 mg/ml 

[127] 

Betulinic acid Antiviral, antibacterial, 

antimalarial , anti- 

inflammatory and anti- 

cancerous [128] 

Jujubee seeds, 

white birch bark 

[128] 

SNU-16, NCI- 

N87 [128] 
0-80 µM [128] 

 

2.8 Nanotechnology and herbal formulations 

In conventional therapeutic and diagnostic tools for cancer, there is an increase in systemic toxicities 

and refractoriness. Due to this, various other strategies are used to enhance diagnostic abilities and 

combat the disease severity [160]. Among these, nanotechnology has gained attraction due to its 

many inherent advantages. Various nanotechnology-based devices are being developed for their 

beneficial role in the detection, drug delivery, gene & targeted therapy, biomarker mapping, 

bioimaging, early diagnosis, and rapid testing [160], [161], [162]. Recent advancements in 
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nanotechnology, especially in the synthesis of nanoparticles, have helped address some issues that 

were otherwise not possible, such as target specificity, improved disease diagnostic ability in 

sensitivity, quality, speed, early detection, biocompatibility, stability, and effectiveness of drugs 

[163]. 

Nanoparticles synthesis can be done by various means, such as physical, chemical, and green 

methods. Chemical methods comprise high energy consumption, high cost, low yield, and 

environmental degradation through harsh reducing agents [164]. The physical techniques are also 

not preferred since they involve high cost, high pressure & temperature and are not amendable for 

controlling the size & shape of nanoparticles [165]. However, because of the use of toxic chemicals 

in synthesizing nanoparticles, greener methods are preferred in which the particles are synthesized 

by following a redox reaction in which metal ions are reduced to stabilize nanoparticles is carried 

out by using natural extracts or components of an organism. Recently, research on green synthesized 

nanoparticles has increased exponentially worldwide due to the widespread use of different plant 

species, isolated compounds, and extracts. Further, green synthesized nanoparticles have low cost, 

environment-friendly behavior, energy efficiency, easy synthesis, better bio-activities, high 

catalytic activities, and low toxicity. For instance, various green nanoparticles have been 

synthesized using extracts of different plants having terpenes as secondary metabolites. Their mode 

of action on different gastric cancer cell lines and H. pylori has been investigated 109-114. For 

example, the leaf extract of Artemisia turcomanica upregulates BAX mRNA expression and inhibits 

Bcl2 expression, and increases in number of early and late apoptotic cells [166], Artemisia 

ciniformis up-regulates pro-apoptotic genes, caspase-3, caspase-9, and Bax; down-regulates Bcl2 

gene and inhibits the expression of cyclin D1 and MMP2 genes and causes the arrest of cancer cells 

in the G0/G1 phase [167], C. monogyna induces apoptosis and ROS generation [168], 

Cardiospermum halicacabum induce apoptosis via inhibiting antiapoptotic proteins as well as 

proapoptotic proteins [169], Cassia fistula leaf extract causes bacterial cytoskeleton disruption and 

DNA damage of H. pylori [170], and Vitex negundo ethanolic extract augments expression of 

caspase-3, caspase-9, Bid and Bax and reduces expression of Bcl-XL [171]. Similarly, quantum 

clusters and quantum dots are being synthesized using different proteins, natural polymers, etc. For 

instance, insulin-protected quantum clusters are made using other metal ions, such as nickel, zinc, 

etc., for their role in developing biomarkers using the green synthesis method [172] , [173]. 

Similarly, biomarkers can be developed to detect cancer more precisely & efficiently [160], [174]. 

Coal-GO (graphene oxide) exhibits higher interaction with single-stranded DNA aptamer, resulting 

in chemiluminescence resonance energy transfer-based biosensors with higher sensitivity [175]. 

https://www.sciencedirect.com/topics/immunology-and-microbiology/cassia-fistula
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/vitex-negundo
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Also, apigenin, a natural flavone, exhibits synergistic anticancer activity with curcumin after 

binding with tubulin at distinct sites [176]. Ginger, which has been used from time immemorial as 

traditional medicine, shows antiproliferative activity when used as an aqueous extract by disrupting 

the microtubule network of cancer cells [177]. A bacterioboat-based drug carrier consisting of 

surface-encapsulated mesoporous nanoparticles on L. reuteri was developed for the suitable oral 

administration of drugs [178]. 

Nanomaterials also offer an advantage in minimizing the limitation of various imaging techniques, 

such as MRI (Magnetic Resonance Imaging), X-ray, CT-scan (Computed Tomography scan), and 

ultrasound, that are commonly deployed to enhance the diagnostic accuracy and progression of the 

disease. These techniques can only examine the alterations on the surface of the tissue, which is also 

relatively late in the passage of the disease. In addition, when used with imaging contrast agents, 

such as small molecules with a fast metabolism, unwanted toxic side effects are commonly 

experienced. By comparison, nanomaterials can be synthesized to act as a powerful contrast agent 

in all imaging techniques because of their ability to show less toxicity and more permeability in 

tissues. For example, quantum dots are widely used for specific cellular imaging, and iron oxide 

particles are used for tumor imaging [77], [179], [180], [181]. Following this, the development of 

nanoscale range drug delivery tools using nanotechnology can be employed for targeting cancer 

tissue more precisely and with little or no side effects. Nanomaterials are also widely used in drug 

delivery because of their biological nature, potential to cross the cell barriers easily, and active & 

passive targeting nature [160], [182], [183]. Using these, various novel methods for drug delivery 

are being developed that have been proven clinically effective. For instance, paclitaxel, incorporated 

with polymeric mPEG-PLA micelles, is used for treating metastatic breast cancer 

chemotherapeutically [77], [184]. 

Further, anticancer therapies are often considered superior only when the therapeutic agent can 

reach the target site without causing side effects. With nanoparticles used as carriers, this can be 

relatively easily achieved by chemically modifying carrier surfaces. For example, incorporating 

PEG (polyethylene glycol) or polyethylene oxide at the surface of nanoparticles enhances tumor 

targeting ability because PEG prevents nanoparticle detection as an antigen by the body's immune 

system, thus making it easy to circulate in the bloodstream. Another example Abraxane, a 

formulation consisting of albumin-stabilized paclitaxel, which is FDA (Food and Drug 

Administration) approved for treating breast cancer [77], [185]. 

In a nutshell, different nano-formulations utilized for curing various cancers can be exploited for 

treating one of the deadliest diseases, gastric cancer. Several preclinical studies prove that synthetic 
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and naturally occurring terpenes hold therapeutic and chemo-preventive effects against cancer. They 

act by exerting their effects on various developmental stages of the tumor via inhibiting initiation 

and promotion of carcinogenesis, inducing tumor cell differentiation and apoptosis, and suppressing 

tumor angiogenesis, invasion, and metastasis by regulating various growth factors, transcription 

factors, and intracellular signaling pathways [186], [187], [188]. Thus, nanotechnology can be 

employed to develop new formulations using different herbal secondary metabolites for treating 

gastric cancer. Several nano-formulations have been made using plant extracts with metal ions that 

exhibit antioxidant, anti-cancerous, anti-inflammatory, antiviral, and antibacterial properties [189], 

[190], [191], [192]. SEM (Scanning Electron Microscope) and TEM (Transmission Electron 

Microscope) images of some of the green synthesized nanoparticles are given in Figure 2.3. The 

various applications of green synthesized nanoparticles are given in Figure 2.4. 

 

 

Figure 2.3. The figure shows SEM/TEM images of some of the green synthesized nanoparticles 

using terpenes and other polyphenols. 
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Figure 2.4. The figure gives the significant fields in which the green synthesized nano-formulations 

have been used for the past few years. 

 

2.8.1 FDA-approved drugs for gastric cancer 

FDA is a federal agency of the department of health and human services. It plays role in maintaining 

public health by assuring the safety and efficiency of human and veterinary drugs, medical devices, 

food supplies, and biological products. In the last 50 years, more than 100 anticancer drugs have 

been approved for various cancers by the FDA. The approval of drugs is based on 3 distinct 

parameters: overall survival or patient-related outcomes, progression-free survival involving the 

time until cancer worsens or occurs again, and response rate, which involves the percentage of 

people experiencing tumor shrinkage. The drugs are divided into two categories depending upon 

their mode of action: cytotoxic or targeted agents. The cytotoxic drugs target the components of the 

mitotic or DNA replication pathways, thus killing the rapidly dividing cells. They include mainly 

alkylating agents, topoisomerase inhibitors, or anti-microtubule agents. On the other side, the 

targeted agents interact with the molecular targets linked with the pathways related to growth, 

progression, and spread of cancer, eventually blocking the growth and spread of cancer. This 

category comprises mainly signal transduction inhibitors, apoptosis inducers, gene expression 

modulators, monoclonal antibodies, and hormone therapies [193]. For the treatment of gastric 

cancer, the primarily consumed anti-gastric cancer drugs are listed in Table 2.2, which includes 
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their structure, mechanisms of action, and side effects. A brief description of the first few drugs 

listed in the table is discussed next. Everolimus is an mTOR inhibitor that results in G0/G1 arrest 

by preventing the mTOR-mediated phosphorylation of p70S6K and 4E-BP1 [194]. It also decreases 

the multiplication and secretion of HIF-1α and VEGF in gastric cancer cells in vitro. Ramucirumab, 

on the other hand, is a human monoclonal antibody IgG1, which acts by targeting the vascular 

endothelial growth factor receptor-2 (VEGFR-2). It prevents the VEGF ligand binding to the 

VEGFR-2 and receptor-mediated pathway activation in the case of endothelial cells. Further, it also 

results in macrophage inhibition which causes decreased tumor immune infiltration and cytokine- 

chemokine release, which results in decreased tumor growth and proliferation. It is the only FDA- 

approved antiangiogenic agent for gastric or gastroesophageal junction adenocarcinoma 

[195],[196]. Another FDA-approved drug, Trastuzumab, is also a humanized monoclonal antibody 

that is directed against epidermal growth factor receptor 2 (HER2). It treats multiple oncologic 

conditions, metastatic gastric cancer being one of them. It acts after linking to the extracellular 

domain of HER2 and follows various mechanisms, including downregulation of DNA repair 

pathway and angiogenesis, abrogation of oncogenic cellular signaling, activation of antibody- 

dependent cell-mediated, and inhibition of extracellular HER2 domain cleavage to trigger the 

tumor-suppressive action [197]. For the FDA-approved drugs, the reader is referred to Table 2.2. 

 

Table 2.2 FDA-approved drugs with their side effects and mode of action. 
 

 

Name Structure Gastric 

cancer 

Mechanism Side effects 

Everolimus  

 

 

 

Gastric cancer  Decreases 

division and 

secretion of HIF- 

1α and VEGF in 

gastric cancer 

cells in vitro. 

 In  vivo, 

everolimus 

inhibits  tumor 

growth [198] 

 Swelling of eye 

 Swelling of 

palm 

 Muscle 

twitching 

 Prolonged 

bleeding from cuts 
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Ramuciruma 

b 

 Gastroesophag 

eal cancer 

 It targets 

VEGFR-2 

receptor [199] 

 Neutropenia 

 Intestinal 

obstruction 

 Arterial blood 

clots 

 Hyponatremia 

Trastuzumab  

 

 

Gastroesophag 

eal junction 

cancer 

 demonstra 

ted HER2- 

expression- 

dependent  cell 

growth inhibition 

 exhibit 

potent  antitumor 

activity in a broad 

selection  of 

HER2-expressing 

xenograft cells, 

including those 

with low HER2 

expression    o 

[200] 

 Heart problems 

 Lung problems 

 Upper 

respiratory tract 

infection 

Imatinib  

 

 

Gastrointestina 

l stroma tumor 

 induces 

pro-apoptotic 

Bcl2  family 

proteins 

 targets 

BCR-ABL, c- 

KIT, and PDGFR 

kinases [201] 

 Irregular 

heartbeat 

 Seizures 

 Unusual 

bleeding or bruising 

 Ulcers 

Pembrolizum 

ab 

 Gastric and 

gastroesophage 

al cancer 

 Binds  to 

PD-1  and 

prevents its 

 Anemia 

 Kidney failure 

 Lymphopenia 
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   binding with PD- 

1 ligands [202] 

 Vitiligo 

Trifluridine  

 

 

Gastroesophag 

eal junction 

adenocarcinom 

a 

 Prolongs 

OS, PFS 

 Prolongs 

time  for 

deterioration of 

ECOG 

performance 

status [203] 

 Blurred vision 

 Puffy eyelids 

 Severe burning 

in eyes 

Docetaxel  

 

 

Gastroesophag 

eal junction 

adenocarcinom 

a 

 Inhibits 

microtubule 

disassembly 

 Cell cycle 

arrest at G2/M 

transition[204] 

 Liver problems 

 Low blood cell 

count 

 Loss of vision 

5- 

Fluorouracil 

 

 

 

 

Gastric cancer  Blocks 

thymidylate 

synthetase 

conversion of 

deoxyuridylic 

acid to thymidylic 

acid [205]. 

 Leukopenia 

 Angina 

 Coronary 

arteriosclerosis 

 hyperbilirubine 

mia 

Mitomycin  

 

 

Gastric and 

pancreatic 

adenocarcinom 

a 

Inhibit DNA 

synthesis [206] 

 Difficulty in 

breathing 

 Ulcers in 

mouth 

 Bloody 

diarrhea 
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2.9 Concluding remarks and directions for future research 

Gastric cancer cases are reported worldwide, with maximum prevalence in Asia and Latin America; 

the rate is also high in northern to central America, Europe, and central Africa. However, even 

countries with good economies and advanced medical facilities have not been able to reduce the 

death rate considerably. The 5-year survival rate in the USA for gastric cancer is 31%, and for the 

European nations, it is around 26%. The situation is similar or worse in countries with weak 

economies and poor hygiene. Therefore, there is an urgent need and high demand for the 

development of abundant, effective, and economically favorable medicines. Further, available 

chemotherapy, including 5-fluorouracil, capecitabine, carboplatin, cisplatin, docetaxel, epirubicin, 

oxaliplatin, etc., has considerable side effects such as anemia, shortness of breath, nausea, diarrhea, 

fatigue, loss of appetite, hair loss, etc., which compromise life quality of the patient. Therefore, 

more research is required to develop suitable treatments/drugs with lesser side effects. 

Since almost 89% of gastric cancer directly relates to H. pylori infection, the most crucial step for 

gastric cancer management is to control the infectivity. Plants like Hedyotis diffusa Willd, Aloe vera, 

Rhizophora mangle, Astragalus membranaceous, etc., are effective against the pathogen due to the 

presence of phenolics, terpenes, alkaloids, and polyketides in them. Many of those plants grow in 

the tropical, subtropical, temperate, and Mediterranean regions of the world and are native to a 

particular geographical location such as India, China, Japan, South Africa, Iraq, Iran, Vietnam, 

USA, and other European countries, and show excellent anti-H. pylori activity. Extensive research 

is needed to invent, purify, characterize, and formulate safer drugs, including natural products. 

However, attention should also be given to the composition, stability, and pharmaceutical efficiency 

of those formulations as the concentration and the stability of the lead compounds may greatly vary 

based on many factors, including soil composition, pH, macro and micronutrient content, humidity, 

porosity, weather, availability of sunlight, etc. In this regard, the advancement of nanotechnology 

plays crucial role in maintaining the quality and efficiency of herbal formulations. Many metallic 

nanoparticles, including silver, gold, selenium, zinc oxide, etc., have anti-cancer properties. 

Enhanced uptake of nanoparticles by cancer cells has been reported for many cancer lines, including 

MCF-7 (human breast carcinoma cell line) 141, Hep G2 (Human liver cancer cell line) 142, and AGS 
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(Human gastric carcinoma cell line) [167]. Nanoparticles and these natural compounds may show 

synergistic anticancer activity by generating various stresses, including oxidative damage, DNA 

damage, and mitochondrial dysfunctions. 

Further, many nanoparticles also show anti H. pylori activity. Additionally, because of their high 

surface area to volume ratio, nanoparticles can interact and stabilize bioactive polyphenols on their 

surfaces, enabling the delivery of a large number of drugs at the target site. Cancer-specific delivery 

of herbal medicines will make them safer and side-effect-free. Furthermore, polyphenolic surface- 

protected ferromagnetic nanoparticles will allow the detection and imaging of the cancer tissue 

using MRI imagining techniques and help to develop an effective therapeutic approach using 

hyperthermia. 

In conclusion, medicinal plants show promise as potential candidates for cancer treatment because 

of their beneficial properties. Knowledge of active secondary metabolites from extracts of different 

plant parts having anti-cancerous activities and their mode of action against critical targets pave the 

way for further research. The current information on various herbs and their mode of action against 

different diseases can be further exploited to develop more efficient and less harmful drugs. At a 

minimum, when used with conventional treatments, they can increase the effectiveness of these 

treatments in fighting cancer. Moreover, isolating active compounds and finding their chemical 

structure further enables molecular and pharmacological comparison with the currently used 

chemicals and pharmaceutical products. In the case of H. pylori, which has become resistant to 

conventional antibiotics, green nano-formulations with high biocompatibility and bactericidal 

potency can be utilized as a replacement. We conclude this review article by outlining directions 

for future research on NT (Nanotechnology) enabled herbal formulations for treating cancer, 

particularly gastric cancer. We believe that herbal formulations using the unique properties of 

nanomaterials offer a potentially winning proposition. It is our hope that this review article will spur 

interest among interdisciplinary teams of researchers to develop safer and more effective treatments 

for gastric cancer. 
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Chapter 3: Therapeutic Potential of Lactoferrin-Coated Iron Oxide 

Nanoparticles for Targeted Hyperthermia in Gastric Cancer 

 

 
Abstract 

Lactoferrin (LF) is a non-heme iron-binding glycoprotein involved in the transport of iron in 

blood plasma. In addition, it has many biological functions, including antibacterial, antiviral, 

antimicrobial, antiparasitic, and, importantly, antitumor properties. In this study, we have 

investigated the potential of employing lactoferrin-iron oxide nanoparticles (LF-IONPs) as a 

treatment modality for gastric cancer. The study confirms the formation of LF-IONPs with a 

spherical shape and an average size of 5 ± 2 nm embedded within the protein matrix. FTIR and 

RAMAN analysis revealed that the Fe-O bond stabilized the protein particle interactions. 

Further, we conducted hyperthermia studies to ascertain whether the proposed composite can 

generate a sufficient rise in temperature at a low frequency. The results confirmed that we can 

achieve a temperature rise of about 7 ºC at 242.4 kHz, which can be further harnessed for 

gastric cancer treatment. The particles were further tested for their anti-cancer activity on AGS 

cells, with and without hyperthermia. Results indicate that LF-IONPs (10 µg/ml) significantly 

enhance cytotoxicity, resulting in the demise of 67.75 ± 5.2% of cells post hyperthermia, while 

also exhibiting an inhibitory effect on cell migration compared to control cells, with the most 

inhibition observed after 36 h of treatment. These findings suggest the potential of LF-IONPs 

in targeted hyperthermia treatment of gastric cancer. 

 

3.1 Introduction 

Despite the development of various strategies, therapies, and drugs for the detection and 

prevention of cancer, it remains a primary cause of death globally. The available cancer 

treatments, such as chemotherapy drugs, have inherent limitations as they destroy both 

malignant and healthy cells, resulting in the destruction of metabolically active cells in the 

body, suppression of immune system, systemic toxicity, and an enhanced risk of secondary 

infections in cancer patients [207], [208]. As drug resistance becomes increasingly prevalent, 

there is a growing demand for natural agents that can eradicate primary tumors and reduce the 

risk of recurrence [209]. One such natural agent is lactoferrin (LF), a protein belonging to the 

transferrin family, with a molecular weight of 78 kDa and consisting of approximately 690 

amino acid residues [210]. Although the primary function of lactoferrin in human beings is to 

transport iron across blood plasma, it also possesses several biological applications, such as 
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antibacterial, antiviral, antimicrobial, antiparasitic, and, notably, antitumor activities 

[211],[212]. The maximum concentration of LF is determined in human milk, followed by 

cow's milk [213]. Lactoferrin consists of a single polypeptide chain which encompasses two 

lobes (N and C) joined by an α-helical residue. This structural arrangement provides flexibility 

[209], [214]. These two lobes consist of α-helices and β-sheets and can bind with Fe+2 or Fe+3 

ions present in association with carbonate ions (CO3
2-) [214]. LF protein exists in two forms: 

Apo-lactoferrin (iron-free form) and holo-lactoferrin (iron-containing form) [210]. In its pure 

state, LF is partially saturated with iron. However, it has the tendency to be fully saturated with 

iron from an outer source [215], [216]. 

Lactoferrin (LF) has been extensively studied for its potential as a natural agent in combating 

different cancer, like gastric cancer, and exhibits highly efficient bio-drug in anti-cancer 

research. Several in vitro and in vivo studies have reported that LF can inhibit the growth of 

tumor cells through diverse mechanisms, including apoptosis, cell cycle arrest, cell membrane 

disruption, immunoreaction, decreased cell migration, and cytoskeleton damage [217], [218], 

[219], [220], [221]. It is a very stable protein that can retain its effectiveness even after passing 

through the gastrointestinal tract [222]. Researchers indicated that orally administrated LF 

results in a decreased occurrence of the tongue (2% bLF), esophageal (0.2% bLF), and lung 

(0.02% bLF) carcinogenesis in rats, with no discernible impact on the weight of the body 

organs, indicative of its non-toxic nature [223], [224]. Additionally, LF is found to induce 

cytotoxicity and decreasing cell proliferation in MCF-7 and MDA-MB-231 human breast 

cancer cell lines [225], [226]. 

Lactoferrin is deposited in the secondary cytoplasmic granules of neutrophils and found in high 

concentrations at the sites of inflammation, demonstrating a vital part in the inflammatory 

response mechanism [227]. Moreover, the LF synthesized by kidneys, contributes towards 

extracting free iron from urine and increasing its availability for metabolic functions thus 

modulates the immune defense system [228]. At the cellular level, LF activates the 

development, migration, differentiation, activation, multiplication, and functions of immune 

cells by using two signaling pathways [229]. Accumulated LF in neutrophils at injury sites 

promotes cell-cell interaction, activates phagocytosis by polymorphonuclear leukocytes and 

macrophages, decreasing the number of pro-inflammatory cytokines, accelerating natural 

killer cell activity, and modulates lymphocytes [230], [231]. Furthermore, LF also plays a 

valuable action in distinguishing normal cells from tumor cells. Tumor cells typically possess 

a highly negative charge compared to normal cells, rendering them more susceptible to cationic 

proteins like LF while sparing the normal cells [232], [233]. Research indicated that many 



40  

cancer cells possess elevated levels of proteoglycan, glycosaminoglycan, and sialic acid, which 

interact with LF protein and exert a cytotoxic effect on cancer cells. This mechanism explains 

LF's ability to selectively target and exert high cytotoxicity selectivity toward cancer cells while 

posing no harm to healthy cells [234], [235], [236]. 

Magnetic nanoparticles, when properly synthesized and made biocompatible, play a crucial 

role in various biomedical applications, ranging from imaging to therapy [34]. To serve as 

efficient carriers for drug delivery, they should be small in size, have a large surface-to-volume 

ratio, and be properly functionalized for site-specific targeting [35]. Out of various varieties 

of magnetic nanoparticles, iron oxide nanoparticles find common use because of their magnetic 

features and biocompatibility across a variety of biomedical roles, like drug and gene delivery, 

biosensors, magnetic particle imaging (MPI), and hyperthermia (HM) treatment [36], [37], 

[38]. Superparamagnetic IONPs can be engineered to respond specifically and efficiently 

within the tumor microenvironment [39], [40], [41]. These particles have magnetization 

tendency through an external magnetic field but exhibit no residual magnetic interactions after 

the removal of the field, indicating good dispersion and excellent targeting capacity [42]. This 

characteristic makes them highly advantageous for magnetic hyperthermia due to their ability 

to disperse within localized minor regions, creating a difference in temperature profiles 

between normal and tumor cells [43]. 

Various particles have been synthesized to harness their anti-cancer potential against different 

cancers by using hyperthermia treatments. Mohamadkazem et al. synthesized iron oxide-gold 

nano complexes and used an external field to physically navigate these magnetic nanoparticles 

to the target melanoma cells, effectively killing them through electron beam therapy [44]. 

Kamalabadi et al. synthesized folate-functionalized gold-coated magnetic nanoparticles for the 

treatment of HPV-positive oropharyngeal cancer by enhancing uptake and cell death through 

the application of an external field [45]. Further, hyperthermia has been found to enhance drug 

release from formulations and develop potent theranostic agents for anti-cancer activity against 

colorectal cancer [46]. 

Based on the above, we hypothesized that the targeted delivery of lactoferrin conjugated with 

iron oxide nanoparticles (LF-IONPs) to gastric tissue, coupled with hyperthermia, will offer 

enhanced efficacy in the treatment of gastric cancer. 

 

3.2 Materials and Methods 

3.2.1 Materials 

Ferric chloride (FeCl3), ferrous sulfate (FeSO4), ammonium hydroxide (NH4OH), polyethylene 
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glycol (PEG 400), and deionized water having analytical grade were procured from 

LobaChemie, India. Lactoferrin, ammonium hydroxide, ethylene dichloride (EDC), N- 

hydroxysuccinimide (NHS), HAMs cell culture media, fetal bovine serum (FBS), and 

penicillin-streptomycin were purchased from HiMedia, India. 

 

3.2.2 Formulation of iron oxide nanoparticles followed by conjugation with Lactoferrin 

To synthesize iron oxide nanoparticles, FeCl3.6H2O and FeSO4.7H2O were added in 50 ml of 

DI water and heated to 90ºC, after which 3 ml PEG400 was added dropwise. Subsequently, a 

separate solution containing 10 ml of 25% ammonium hydroxide in 50 ml of water was rapidly 

added into iron solutions while stirring, followed by a stirring period of 30 minutes. The final 

mixture turned black followed by cooling to room temperature, centrifuged at 4000 rpm for 10 

minutes, and washed thrice with water to get rid of any undissolved impurities. 

To conjugate the nanoparticles with LF protein, a solution was prepared by mixing 250 µl of 

10mg/ml EDC, 250 µl of 10mg/ml NHS, and 7 µl of 1M NaOH. The synthesized IONPs were 

added (0.5 mg) followed by 15 minutes sonication for activating surface carboxyl groups. Next, 

250 µl of 3mg/ml LF was dissolved and left overnight at 37 ºC. The resultant solution was 

purified by centrifugation at 12000 g for 1 h and redispersed in phosphate buffer saline (PBS) 

to obtain a pure nano-formulation. 

 

3.2.3 Study of particle size, morphology, and elemental analysis 

The Malvern DLS-Zeta size analyzer was utilised for determining the hydrodynamic size and 

surface charge of the nanoparticles through DLS (dynamic light scattering) and zeta studies, 

respectively. HRTEM (Talos F200S G2, Thermo Scientific) was employed to identify the size, 

shape, and interface structure of LF-IONPs. Prior to analysis, the nanospheres undergo 

centrifugation at 240 rpm for 15 minutes and washed to eliminate impurities if any. The 

resulting pellet was analyzed using an EDS (Bruker QUANTAX 200) to determine the 

percentage of present elements. 

 

3.2.4 Study of LF- IONPs interaction using FTIR spectroscopy 

It is a technique employed to determine the chemical bonds in a molecule by producing an 

infrared absorption spectrum through discrete vibrational energy of functional groups. It was 

employed to identify the interactions between LF protein and iron oxide nanoparticles. The 

FTIR studies were done using an Agilent Cary 600 series Spectrophotometer, and the samples 

were prepared using the potassium bromide (KBr) method and scanned from 400 cm-1 to 4000 
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cm-1. 

Surface Enhanced Raman Scattering (SERS) Spectra were also utilized to monitor the 

structural changes in the protein after conjugation with iron oxide particles. Thin films of LF, 

IONPs, and LF-IONPs were prepared 10 minutes prior to measurement on glass slides. The 

samples were then subjected to scanning from 500 cm-1 to 1800 cm-1 using the LabRam Hr 

Evolution Horiba instrument. 

 

3.2.5 In silico studies 

To identify the binding site residues of different transition metal ions, the MIB (Metal Ion 

Binding) online docking tool can be used [237]. This is done using the fragment transformation 

method. The process begins with the selection of a protein of interest, which was extracted 

from the protein data bank (PDB). Then, the target protein is compared with every single metal 

ion in the database to find the metal binding residues, and a score is assigned to each binding 

residue. 

The fragment transformation method is used to align the query protein S of length m and metal- 

binding template T of n residues. These chains are then aligned in such a manner that the metal 

ion binding protein template can be converted into the query protein structure [237]. Certain 

parameters are being taken into consideration to get these protein structures. Firstly, the metal 

ion template must contain residues bound with transition metals, including Ni2+, Cu2+, Mg2+, 

Ca2+, Co2+, Zn2+, Fe2+, and Fe3+ metal ions. Secondly, the protein structure contains a 

polypeptide chain which must have length of 50 residues in order to be included for docking 

purposes [238]. The residues of the query template and metal ion binding triplets can be 

represented by using the notation N–Ca–C, denoting the backbone atoms as (xN, xCa, xC) and 

(yN, yCa, yC), where x and y are PDB coordinates. The query protein S and the template T can 

be written as (s1, s2.sm) and (s1, s2.sm) in terms of triplets. The third parameter is that there 

should be at least two metal ion binding residues [237]. The fourth important parameter is that 

the residue's binding score should be more than a specified threshold value in order for it to be 

considered as a residue binding to a particular transition metal ion. The binding score, denoted 

by Ci, is assigned to all residues and of the target protein based on the sequence and structural 

conservation of the protein using the root mean square deviation of C-alpha carbons from 

structural local alignment as well as BLOSUM62 substitution matrix [239]. Hence, the binding 

site of metal ions was determined using the bioinformatics tool [240]. In this way, the MIB tool 

helps determine the binding site of metal ions on a particular protein chain. For example, in 

case of LF protein (PDB ID: 4EWW) extracted from the PDB (Protein Data Bank) database, a 
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single chain denoted by A, Fe+2 and Fe+3 metal ions were docked with LF and metal ion-binding 

templates were compared with the target protein. 

 

3.2.6 XRD analysis 

X-ray diffraction pattern gives us deep knowledge regarding chemical composition, 

crystallographic structure, and physical characteristics of a material. For XRD analysis, the 

sample was first dried and then subjected to the Cu K α radiation (λ=1.54 Å) to obtain the 

diffraction pattern which was collected in the 2Ɵ scan range of 10-90º. The average crystallite 

size of IONPs and LF-IONPs was obtained from the most intense peak by using the Scherrer 

formula.  
𝐾𝜆 

𝑑 = 
𝛽𝑐𝑜𝑠𝚹 

(Eq 1) 

Where K= 0.9, a Scherrer constant, λ= 1.54 Å is the wavelength of the X-rays, β is the 

broadening of the highest intense peak (311), and d denotes crystallite size of the synthesized 

nanoparticles. 

 

3.2.7 Hyperthermia study to check the heating capacity 

It is a heat treatment that involves gradually increasing the temperature of tumor-loaded tissue 

between 42 and 45°C [241], [242]. This type of treatment is used to kill cancer cells with very 

less or no harm to healthy cells. In order to perform hyperthermia analysis of synthesized 

nanospheres, the NanoTherics Magnetherm magnetic hyperthermia instrument was used. It 

consists of an optical fiber temperature probe. This involves analyzing the nanospheres under 

a 10 mT magnetic field and at various frequencies (including 161.9 kHz, 242.4 kHz, 411.1 

kHz, 580.2 kHz, and 935.3 kHz) to determine the lowest frequency at which the particles 

generate a safe and effective temperature rise for treatment purposes. 

 

3.2.8 Magnetic properties of IONPs and LF-IONPs 

VSM (Lake Shore 7404) was utilised to analyze the magnetic characteristics of the iron oxide 

nanoparticles. The sample was subjected to +/- 10 kOe magnetic field at room temperature. 

By analyzing the hysteresis loop, important magnetic characters like saturation magnetization 

(Ms), coercivity (Hc), and remanence (Mr) of IONPs and LF-IONPs are determined [243]. 

 

3.2.9 Drug Loading and Release Kinetics 

For determing the drug loading efficiency of the synthesized LF-IONPs, 1 ml of the sample 
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was centrifuged at 10,000 rpm for 15 minutes. The concentration of the protein LF was 

determined for both the supernatant (unbound protein) and a pellet (bound protein) using a 

Bradford reagent. Thereafter, the release kinetics was performed by placing particles in a 

dialysis membrane having a drug concentration of 3 mg/ml at a temperature of 37 ºC. The 

entire process of release kinetics was performed at two different pH: pH 7.4 (physiological pH) 

and pH 3 (gastric pH). For the study, the dialysis membrane was suspended in a beaker with 

distilled water pH 7.4 (physiological pH) and a volume of 50 ml. The 1 ml sample was collected 

from the beaker at different time intervals, followed by adding similar volume of DI water to 

the beaker to maintain the total volume constant. A similar process was followed for studying 

the release kinetics at the gastric pH (pH of water = 3) to monitor the efficient release of the 

drug at the specific site. Thereafter, the rate of release of bound LF from the pellet was observed 

at different time intervals for about 40 h by taking absorption values at 595 nm. Then, these 

absorption values were plotted to infer the trend of the drug release using BSA standard curves 

[244], [245], [178]. 

 

3.2.10 In vitro studies 

3.2.10.1 Cytotoxicity studies 

The cytotoxicity of the samples was checked on the cancerous cell line, AGS by following 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. For this study, 

AGS cells, having a density of 1×104, were added into 96 well plates and then let to become 

confluent up to 75–80 %. After this, the cells were treated using three distinct concentrations 

(5, 7.5, and 10 µg/ml) of the FeCl3, FeSO4, LF, IONPs, and LF-IONPs. Following this 

treatment, cells were incubated for 24 h and 37 ºC. Post 24 h, MTT was added and kept for 3 

h. Further, after incubation, MTT, along with media, was removed from each and every well 

of the plate, and 200 µl of DMSO was added. Then, after 15 minutes, the OD was recorded at 

570 nm. 

The following equation was used to calculate the inhibition percentage. 

 

% inhibition = [1 − (At/Ac) × 100] % (Eq 2) 

 

where At is the test substance absorbance and Ac is the control solvent absorbance. 

Similarly, one more MTT assay was experimented on the cells treated with magnetic 

hyperthermia to check the impact of hyperthermia treatment on the cancer cells and evaluate 

the anti-cancer potential of synthesized nano-formulations. For this, the cells were grown in 
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tissue culture plates (30 mm), followed by their treatment with FeCl3, FeSO4, LF, IONPs, and 

LF-IONPs and let be confluent. Thereafter, the cells were trypsinized and resuspended in 

HAM's media (100 µl) and, placed in a sample holder, and exposed to magnetic hyperthermia 

treatment for 10 minutes at a frequency of 242.4 kHz. 

 

3.2. Scratch assay for anti-cancer activity 

To confirm the anti-cancer potential of the formulations, a scratch assay was conducted. In this 

assay, cells were cultured in a 6-well plate and allowed to grow in an FBS-free medium (HAM's 

media) at 37°C and 5% CO2. After attaining 80-90% confluency, a scratch was made using a 

pointed object such as a 10 µl tip. Washing was done with PBS to avoid any debris, and 

different samples, including LF, IONPs, and LF-IONPs, were applied to the cells. The cells 

were then kept for 6, 12, 24, 36, and 48 h, and images were captured at these mentioned 

intervals till 48h. To determine the percentage change in wound diameter for all the 

formulations, the distance of the wound was randomly measured at distinct positions for each 

scratch made in an individual well plate, and the mean of these independent readings was 

calculated. This experiment was repeated three times to record the data [246], [247]. 

 

3.3 Results and Discussions 

3.3.1 Structure and composition of LF-iron oxide nanoparticles 

The formation of nanospheres having a spherical shape with an average size of 15 ± 2 nm was 

revealed by HRTEM images (at a scale of 20 nm) as given in Figure 3.1. (a) and inset of 

Figure 3.1. (a) (at a scale of 5 nm). Furthermore, the hydrodynamic diameter of LF-IONPs 

was determined to be 80.19 nm, see Figure 3.1. (b). Figure 3.1. (c) displays the EDS spectrum, 

which clearly indicates the presence of different elements, including C, N, O, Fe, Cl, Au, and 

Cu. Notably, Fe was found to be evenly distributed, accounting for 8.47%. 

 

3.3.2 Study of interactions between LF and IONPs after nanoparticle formation using 

FTIR and Raman spectra 

To investigate the interaction between protein and metal ions, FTIR analysis was conducted on 

LF samples, IONPs, and LF-IONPs. The results revealed several peaks in the IR spectra that 

provide insight into the molecular bonding present in the samples. 

A peak was observed at 533.57 cm-1 in all three samples, indicating the presence of the Fe-O 

bond [248]. Another peak for Fe-N stretch was seen at 832.74 cm-1 in both IONPs and LF- 

IONPs [249]. Additionally, a peak at 1069.45 cm-1 was detected in all three samples, 



46  

representing the C-N stretch [250]. Another peak at 1231.81 cm-1 was observed in LF and LF- 

IONPs but not in IONPs, indicating the bond Amide III [251]. The C=O stretching vibration 

was observed at 1407.77 cm-1 in all three samples [252]. Furthermore, the peaks at 1527.74 cm- 

1 and 1633.32 cm-1 representing the Amide II and Amide I bonds, respectively, were present in 

LF and LF-IONPs but not in IONPs [251]. A bond representing C-H stretching vibrations is 

present at 2852.25 cm-1 in lactoferrin and LF-IONPs but not seen in IONPs [253]. 2916.24 cm- 

1 represents a peak position for the bond O-H intermolecular interactions, which are observed 

in Lactoferrin and LF-IONPs but not in IONPs [253]. Also, Amine N-H stretching was 

observed at 3282.55 cm-1 in both lactoferrin and LF-IONPs but not in the case of IONPs [250]. 

This is shown in Figure 3.1. (d) and Table 3.1. 

Raman analysis was performed for LF along with IONPs and LF-IONPs to identify different 

molecules based on their structural fingerprint. The peak observed at 517.61 cm-1 in IONPs 

represents Fe-O, while those at 578.84 cm-1 and 685.71 cm-1 indicate the bond Fe-O (T2g) and 

Fe-O (A1g), respectively, which are also present in LF and LF-Fe NPs but shifted to a lower 

wavenumber of 666.65 cm-1[254]. Additionally, a peak at 960.45 cm-1 is observed in IONPs, 

while LF and LF-IONPs show a peak at 988.69 cm-1 for Fe-O [255]. The peak at 615.81 cm-1 

signifies the presence of sulfur residues in cysteine, which is present in LF and LF-Fe NPs but 

absent in IONPs [256]. Similarly, the C-S stretch gives a peak at 750.69 cm-1 in LF and LF- 

IONPs but not in IONPs [256]. The peak at 774.67 cm-1 indicates the O-C-N bend, which is 

present in all three samples [257]. Another peak at 843.41 cm-1 indicates C-C stretching modes 

present in LF and LF-IONPs but shifted to a higher wavenumber of 886.73 cm-1 in IONPs 

[258]. The bond C-O-C is present in IONPs and LF-IONPs at a peak position of 955.47 cm-1 

but absent in LF [257]. Amide III is present in LF and LF-IONPs at peak positions of 1227.83 

cm-1 and 1250.65 cm-1, respectively [259]. A peak at 1358.96 cm-1 indicates C-H (bend), which 

is observed in both LF and L-IONPs but not in IONPs [251]. The peak at 1449.36 cm-1 signifies 

the presence of the Amide II bond in LF and LF-IONPs [251]. A ferric hydroxide peak is seen 

at 1556.23 cm-1, which is present in all three samples [255]. Amide I bond at 1665.69 cm-1 is 

present in both LF and LF-IONPs but absent in IONPs [257]. Finally, the C=O stretch was 

observed in LF and LF-IONPs at 1774.87 cm-1, but no peak was observed in IONPs at this 

wavenumber [257]. These results are presented in Figure 3.1. (e) and Table 3.2. 

Overall, the results from FTIR and Raman spectroscopy indicate differences in the chemical 

bonding between LF and its interactions with metal ions, providing insights into the interaction 

between protein and metal ions. The key findings from the FTIR and Raman spectroscopy 

analyses indicate distinct molecular bonding interactions between LF and metal ions, as 
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evidenced by the presence of Fe-O, C-N, Amide III, Amide II, and Amide I bond in LF and 

LF-IONPs, but not in IONPs. These results provide valuable insights into the specific nature 

of the protein-metal ion interactions. 

 

Figure 3.1. Characterization of LF-IONPs (a) HR-TEM images on a scale of 20 nm with an 

inset showing 15 ± 2 nm size of LF-IONPs (b) DLS showing the hydrodynamic size of the 

synthesized Lactoferrin-Iron oxide nanospheres (LF-IONPs) as 80.19 nm (c) EDS showing that 

iron is present in LF-IONPs as 8.47% (d) FTIR showing the interaction between protein LF 

and iron oxide nanoparticles (e) RAMAN providing us with the structural fingerprint by which 

different molecules can be defined. 

 

Table 3.1. The table gives the comparative values of the wavenumbers obtained from the FTIR 

of lactoferrin, IONPs, and LF-IONPs, indicating changes in distinct functional groups present, 

thus coins the interaction among lactoferrin protein and iron oxide nanoparticles leading to the 

formation of LF-IONPs. 
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FTIR 

Functional 

groups 

Lactoferrin (LF) IONPs LF-IONPs Reference 

Fe-O 533.57 533.57 533.57 [56] 

Fe-N stretch - 832.74 832.74 [57] 

C-N stretch 1069.45 1069.45 1069.45 [58] 

Amide III 1231.81 

1308.59 

- 1231.81 [59] 

C=O stretching 1407.77 1407.77 1407.77 [60] 

Amide II 1450.16 

1527.74 

- 1527.74 [59] 

Amide I 1633.32 - 1633.32 [59] 

C-H stretching 

vibrations 

2852.25 - 2852.25 [61] 

O-H 

Intramolecular 

stretching 

2916.25 - 2916.24 [61] 

Amine N-H 

stretching 

3282.55 - 3282.55 [58] 

 

Table 3.2: The table gives the comparative values of the wavenumbers obtained from the 

RAMAN spectra (500-1800 cm-1) of lactoferrin, IONPs, and LF-IONPs, indicating changes in 

different functional groups present, thus coins the interaction among lactoferrin protein and 

iron oxide nanoparticles leading to the formation of LF-IONPs. 

RAMAN 

Functional 

groups 

Lactoferrin (Lf) IONPs LF-IONPs Reference 

Fe-O 

Fe-O (T2g) 

Fe-O (A1g) 

- 

- 

666.65 

517.61 

578.84 

685.71 

- 

- 

666.65 

[62] 

Sulphur 

residues in 

cysteine 

615.81 - 615.81 [64] 
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C-S stretch 750.69 - 750.69 [64] 

O-C-N 

(Bend) 

774.67 774.67 774.67 [65] 

C-C 

stretching 

modes 

843.41 886.73 843.41 
886.73 

[66] 

C-O-C - 955.47 955.47 [65] 

Fe-O bond 988.69 960.45 988.69 [63] 

Amide III 1227.83 

1250.65 

- 

- 

1227.83 

1250.65 
[67] 

C-H (Bend) 1358.96 - 1358.96 [59] 

Amide II 1449.36 - 1449.36 [59] 

Ferric 

hydroxide 

1556.23 1556.23 1556.23 [63] 

Amide I 1665.69 - 1665.69 [65] 

C=O Stretch 1774.87 - 1774.87 [65] 

 

 

 

3.3.3 In silico studies to determine the interactions between Fe+2 & Fe+3 and LF protein 

MIB (Metal Ion Binding) software, an online docking server, was utilised to predict the binding 

sites of LF with Fe+2 and Fe+3. The interaction between metal ions and amino acid residues in 

the protein depends on its structure and sequence. Extracted human LF protein from PDB (PDB 

ID: 1B0L) and docked it with both metal ions using MIB. Each binding residue in LF protein 

was assigned a binding score and residues with scores higher than the threshold were 

considered. The binding sites for Fe+2 and Fe+3 were determined, and the distance between the 

metal ions and their binding site on the LF chain was calculated using Maestro. 

For Fe+3, it was observed that there were three binding sites at specific amino acid residues: (1) 

435Y, 597H, 395D, and 528Y, and their distance was measured to be 8.14 Å, 6.10 Å, 4.45 Å, 

7.84 Å respectively. (2) 60D, 92Y, 192Y, 253H, and they were at a distance of 4.73 Å, 8.18 Å, 

7.89 Å, and 6.14 Å respectively and (3) 604D, and 605K with a distance of about 4.65 Å, and 

4.65 Å, respectively, as given in Figure 3.2. (a) and Figure 3.3. Further, the binding potential 

graph of Fe+3 with different amino acid residues is illustrated in Figure 3.2. (b). 
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For Fe+2, there were seven binding sites involving specific amino acids for each site with 

varying distances from metal ions: (1) 393S, 395D, 597H, 644N with a distance of 6.4 Å, 5.28 

Å, 3.77 Å, 4.89 Å respectively. (2) 393S, 413E, 597H, and 644N with distances were found 

6.59 Å, 4.99 Å, 3.06 Å, and 5.23 Å, respectively. (3) 60D, 122T, 253H, 301K, and their distance 

were 4.39 Å, 7.05 Å, 3.84 Å, and 7.73 Å, respectively. (4) 60D, 122T, 253H, 301K, which 

showed a distance of 4.45 Å, 7.92 Å, 3.90 Å, and 6.50 Å, respectively, between the metal ion 

and the amino acids. (5) 431P, 654H with a distance of 4.81 Å, 3.45 Å respectively. (6) 60D, 

122T, 253H, 301K and showed a distance of about 4.85 Å, 7.39 Å, 4.41 Å, and 5.94 Å, 

respectively, and (7) 47Q, 51E with a distance of 8.35 Å, and 6.77 Å, respectively. This is 

indicated in Figure 3.2. (c) and Figure 3.4. Moreover, for Fe+2, the binding potential is shown 

in Figure 3.2. (d). A well-illustrated diagrammatic representation of the conjugation of 

lactoferrin to IONPs by employing EDC/NHS coupling reaction to synthesize LF-IONPs is 

illustrated in Figure 3.5. 
 

 

Figure 3.2. Metal ion binding residues showing binding of Fe+3 and Fe+2 with amino acids 

on the chain of the lactoferrin protein (a) Binding of Fe+3 with amino acids 435Y, 597H, 

395D, 528Y, and their distance was measured to be 8.14 Å, 6.10 Å, 4.45 Å, 7.84 Å respectively 
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(b) Binding of Fe+2 with amino acids 393S, 395D, 597H, 644N with a distance of 6.4 Å, 5.28 

Å, 3.77 Å, 4.89 Å respectively. 

 

Figure 3.3. Metal ion binding residues showing binding of Fe+3 with amino acids on the chain 

of the lactoferrin protein (a) Binding of Fe+3 with amino acids 60D, 92Y, 192Y, 253H and they 

were at a distance of 4.73 Å, 8.18 Å, 7.89 Å, 6.14 Å respectively (b) Binding of Fe+3 with 

amino acids 604D, 605K with a distance of about 4.65 Å, 4.65 Å respectively. 

 

 

 

(b) 

(a) (b) 

(c) (d) 
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Figure 3.4. Metal ion binding residues showing binding of Fe+2 with amino acids on the chain 

of the lactoferrin protein (a) Binding of Fe+2 with amino acids 393S, 413E, 597H, 644N and 

distance was found out to be 6.59 Å, 4.99 Å, 3.06 Å, 5.23 Å respectively (b) Binding of Fe+2 

with amino acids 60D, 122T, 253H, 301K and their distance were as such 4.39 Å, 7.05 Å, 3.84 

Å,7.73 Å respectively (c) Binding of Fe+2 with amino acids 60D, 122T, 253H, 301K which 

showed distance of 4.45 Å, 7.92 Å, 3.90 Å, 6.50 Å respectively (d) Binding of Fe+2 with amino 

acids 431P, 654H with a distance of 4.81 Å, 3.45 Å respectively (e) Binding of Fe+2 with amino 

acids 60D, 122T, 253H, 301K and showed distance of about 4.85 Å, 7.39 Å, 4.41 Å, 5.94 Å 

respectively (f) 47Q, 51E with a distance of 8.35 Å, 6.77 Å respectively. 
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Figure 3.5. The figure indicates the schematic presentation of the synthesis procedure. It 

depicts the schematic representation for the conjugation of lactoferrin protein with iron oxide 

nanoparticles, which is achieved through EDC/ NHS coupling reaction. 

 

3.3.4 XRD analysis 

XRD was conducted to assess the crystallinity of the materials. Figure 3.6. shows the XRD 

diffraction patterns of IONPs, lactoferrin protein (LF), and LF-IONPs. The diffraction peaks 

observed in XRD patterns of IONPs appearing at 2Ɵ = 30º, 35º, 43º, 52º, 57º, 62º correspond 

to crystal planes (220), (311), (400), (422), (511), and (440), respectively. These peaks match 

well with the one reported in standard JCPDS data base (Card No. # 00-003-0863) for Fe3O4. 

Synthesized IONPs possess inverse spinel cubic structure. The diffraction patterns for iron 

oxide in lactoferrin-iron oxide nanospheres were observed at the same position as those in iron 

oxide particles, suggesting that adding lactoferrin to the IONPs does not alter their crystal 

structure. Alternatively, in the XRD pattern of lactoferrin protein, a broad hump was observed 

in the range of 23º -25º, which indicates the presence of an amorphous material, as it lacks the 

distinct and sharp peak associated with crystalline structure. The crystallite size of IONPs and 
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LF-IONPs was determined by the Scherrer formula (Eq 1) and is reported in Table 3.3. 

 

Figure 3.6. XRD graph indicates the X-ray diffraction pattern, which gives deep knowledge 

regarding chemical composition, crystallographic structure, and physical properties of 

materials, including IONPs, LF, and LF-IONPs when subjected to the Cu K α irradiation 

 

Table 3.3. Saturation magnetization (MS), remanence (Mr), coercivity (HC), and crystallite size 

of bare IONPs and lactoferrin coated iron oxide nanoparticles (LF-IONPs). 

 

Parameters Samples  

 IONPs LF-IONPs 

MS (emu/g) 50.88 50.04 

Mr (emu/g) 0.03 0.04 

HC (Oe) 0.26 0.68 

Crystallite size (nm) 15.55 17.77 

 

3.3.5 Hyperthermia study 

To understand the magnetic hyperthermia heating effects of the nanoparticles, the temperature 

vs time profiles were recorded under varying frequencies while keeping the field strength and 

nanoparticle concentration constant. At each frequency, the sample was subjected to the 

hyperthermia treatment for 10 minutes Initial temperature of the sample before the field 

exposure was 30 ºC. Further, with increase in frequency from 161.9 kHz to 935.3 kHz, highest 
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temperature produced by the nanoparticles after 10 min exposure increased from 33.26 ºC to 

66.26 ºC, (Figure 3.7. (a)) This rise in temperature indicates that the nanoparticles have the 

enormous potency for their use in magnetic hyperthermia treatment of cancer. SAR (Specific 

Absorption Rate) and ILP (Intrinsic Loss Power) values were also calculated for LF-IONPs 

which are reported in Table 3.4. 

 

Table 3.4. SAR and ILP of LF-IONPs measured at different field frequencies 
 

Frequency (kHz) SAR (W/g) ILP (nHm2/k) 

161.9 3.49 ± 0.449 0.34 ± 0.044 

242.4 9.71 ± 0.722 0.63 ± 0.047 

411.1 37.46 ± 3.397 1.43 ± 0.130 

580.2 49.86 ± 3.477 1.35 ± 0.094 

935.3 75.95 ± 6.279 1.28 ± 0.106 

 

3.3.6 Magnetic properties 

The magnetic characteristics of bare and LF-IONPs were determined by measuring their M-H 

hysteresis loops. M-H measurements were performed at room temperature on Lakeshore 7404 

model in the field range of + 10 kOe. M-H loops of IONPs and LF-IONPs are presented in 

Figure 3.7. (b). From these hysteresis loops, saturation magnetization (MS), Coercivity (HC), 

and remanence (Mr) are determined, which are given in Table 3.3. From Table 3.3., it is 

evident that both the remanence and coercivity of IONPs and LF-IONPs are nearly zero, 

indicating synthesized nanoparticles to be superparamagnetic. This indicates that at room 

temperature, thermal energy have potential to overcome the magnetic anisotropy energy and 

keep them randomly placed in the absence of an external magnetic field. Further, LF-IONPs 

also possess high saturation magnetization, making them a suitable candidate for magnetic 

hyperthermia applications. 

 

3.3.7 Drug Loading and Release Kinetics 

The encapsulation efficiency of LF protein over IONPs was found to be 93 ± 0.014 %. The 

drug release was monitored at pH 7.4 and pH 3. No drug release was observed at the 

physiological pH of 7.4. However, when the studies at gastric pH was performed, the drug was 

observed to have a burst release for the first 8 h followed by a sustained release for the next 

~30 h. At the end of 40 h, 92.18 ± 0.003 % of the drug was released, highlighting the potency 
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of LF-IONPs as a drug delivery agents (Figure 3.7. c, d) and shown in Figure 3.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. The plot displays the release kinetic studies conducted to determine the percentage 

of drug release from LF-IONPs at pH 7.4 and pH 3. 

 

3.3.8 in-vitro cell line studies in the presence and absence of hyperthermia 

For determining the cytotoxicity of LF-IONPs on the cancer cell line AGS, an MTT assay was 

employed under physiological conditions. The cytotoxicity was calculated for FeCl3 and FeSO4 

salt solutions, LF protein, IONPs, and LF-IONPs at three concentrations: 5 µg/ml, 7.5 µg/ml, 

and 10 µg/ml. Three independent sets were prepared for each concentration, along with control. 

The assay was performed both with and without hyperthermia treatment to obtain the efficacy 

of the treatment. 

In the MTT assay without hyperthermia treatment, cells treated with FeCl3 salt solution showed 

cell viability of 98.67 ± 4.5% at 5 µg/ml, 96.65 ± 5.8% at 7.5 µg/ml, and 95.38 ± 4% at 10 

µg/ml. Similarly, FeSO4-treated cells showed cell viability as 97.61 ± 1.62% at 5 µg/ml, 96.44 

± 6.15% at 7.5 µg/ml, and 94.32 ± 3.74% at 10 µg/ml. Cells treated with LF showed cell 

viability of 98.35 ± 1.2% at 5 µg/ml, 93.58 ± 5.8% at 7.5 µg/ml, and 77.87 ± 4.5% at 10 µg/ml. 

For cells treated with IONPs, the cell viability was 98.06 ± 11.80%at 5 µg/ml, 93.48 ± 7.03%at 

7.5 µg/ml, and 85.03 ± 3.95%at 10 µg/ml. Finally, cells treated with LF-IONPs showed cell 

viability of 85.56 ± 4.25%at 5 µg/ml, 85.21 ± 7.06%at 7.5 µg/ml, and 81.69 ± 3.76%at 10 

µg/ml concentration. 

After the incubation, the cells were subjected to hyperthermia treatment (at a frequency of 
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242.4 kHz for 10 minutes), and an MTT assay was done to study the effect of synthesized 

formulations on cell viability. The treated cells exhibited significantly enhanced cytotoxicity 

in comparison with control group. For FeCl3 salt solution-treated cells, the cell viability was 

95.38 ± 3.9% at 5 µg/ml, 92.62 ± 10.4% at 7.5 µg/ml, and 91.88 ± 2% at 10 µg/ml. After 

treating cells with FeSO4 salt solution, the cell viability was 94.11 ± 0.77% at 5 µg/ml, 92.73 

± 9.54% at 7.5 µg/ml, and 91.14 ± 0.49% at 10 µg/ml. For LF-treated cells, the cell viability 

levels were 61.53 ± 3.9%, 60.26 ± 10.4%, and 40.95 ± 2% for the concentrations 5 µg/ml, 7.5 

µg/ml, and 10 µg/ml, respectively. On the other hand, cells treated with IONPs showed cell 

viability levels of 52.36 ± 0.77% for 5 µg/ml, 41.53 ± 9.54% at 7.5 µg/ml, and 35.70 ± 0.49% 

at 10 µg/ml. Lastly, LF-IONPs resulted in cell viability levels of 49.33 ± 4%, 36.18 ± 9.7%, 

and 32.25 ± 5.2% for 5 µg/ml, 7.5 µg/ml, and 10 µg/ml, respectively. These results provide 

substantial evidence of the cytotoxic nature of the synthesized nanospheres against cancerous 

cells, which can be further explored for anti-cancerous activity. The data is shown in Figure 

3.7. (e). Table shows the p values calculated for % variation in cell viability after treating with 

5, 7.5, and 10 µg/ml of IONPs and LF-IONPs with and without hyperthermia. The data is 

statistically significant, when the p < 0.05 and the comparative data is given in Table 3.5. 
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Figure 3.7. Determination of hyperthermia responsiveness by LF-IONPs (a) The figure 

illustrates the heating capacity of LF-Iron oxide nanospheres at different frequencies with a 

constant magnetic field of 10 mT. It shows the temperature rise, i.e., 33.26 ºC, 38.34 ºC, 50.56 

ºC, 55.54 ºC, and 66.26 ºC at different frequencies; 161.9 kHz, 242.4 kHz, 411.1 kHz, 580.2 

kHz, and 935.3 kHz, respectively. (b) M-H loops of IONPs and LF-IONPs measured at room 

temperature (c) The plot displays the release kinetic studies conducted to monitor the 

percentage of drug release from LF-IONPs at pH 3. (d) The graph represents the drug release 

per h in mg/ml at pH 3. (e) The MTT assay determined the cytotoxic activity of AGS cells in 

the absence and presence of hyperthermia. The data show the treatment of AGS cells with 

control, including salt solutions FeCl3 and FeSO4, LF, IONPs, and LF-IONPs at concentrations 

5 µg/ml, 7.5 µg/ml, and 10 µg/ml for each sample, both in the absence and presence of 

hyperthermia treatment. The data were plotted as the mean of three separate experiments. 

 

Table 3.5. Table indicates the p values determined for % variation in cell viability after treating 

with 5, 7.5 and 10 µg/ml of IONPs and LF-IONPs with and without hyperthermia. The 

statistical significance of data is considered when the p < 0.05 
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P value for checking the statistical significance of data 

Concentration IONPs LF-IONPs 

5µg/ml 0.0079 0.0136 

7.5 µg/ml 0.0231 0.0350 

10 µg/ml 0.0021 0.0085 

 

3.3.9 Scratch assay for anti-cancer activity 

To assess the impact of LF-IONPs on the migration ability of AGS cells, a scratch assay was 

employed in which the cells after exposure to a fixed concentration (10 µg/ml) of LF-IONPs, 

LF, and Iron oxide nanoparticles (IONPs). To determine the percentage variation in the scratch 

width, the diameter was measured at three distinct positions for each scratch, and the mean 

diameter of individual readings of each scratch was calculated. Control cells exhibited gap 

percentages of 26.19 ± 0.35%, 46.42 ± 0.30%, 54.76 ± 0.35%, and 66.66 ± 0.35% after 6, 12, 

24, 36, and 48 h, respectively. In contrast, the cells treated with IONPs showed gap percentages 

of 12.85 ± 0.26%, 34.52 ± 0.17%, 46.19 ± 0.39%, 50.47 ± 0.07%, and 56.19 ± 0.44% after the 

same time intervals. Furthermore, LF-treated cells displayed even greater inhibition at 6, 12, 

24, 36, and 48 h with percentages of 11.90 ± 0.35%, 30.95 ± 0.35%, 38.09 ± 0.35%, 47.61 ± 

0.17%, and 51.42 ± 0.16%, respectively. The LF-IONPs treatment showed the most inhibition, 

with percentages of 4.76 ± 0.35%, 21.42 ± 0.60%, 33.33 ± 0.35%, 42.85 ± 0.60%, and 47.61 ± 

0.35% after 6, 12, 24, 36, and 48 h, respectively. The results indicated that LF-IONPs treatment 

significantly inhibited cell migration compared to control cells, which almost filled the gap 

within 48 h. These findings further support the nanoparticles' anti-cancerous properties, as 

demonstrated in Figure 3.8. To determine the statistical significance of the data, p-values were 

determined for the scratch assay after treatment, and the comparative data are presented in 

Table 3.6. 
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Figure 3.8. The Figure shows the anti-cancer effect of nanoparticles using AGS cell line 

via scratch assay (a)6 h (b) 12 h (c) 24 h (d) 36 h (e) 58 h are control cells, IONPs treated cells 

after (f) 6 h (g) 12 h (h) 24 h (i) 36 h (j) 48 h at a fixed concentration of 10 µg/ml, LF treated 

cells after (k) 6 h (l) 12 h (m) 24 h (n) 36 h (o) 48 h with a concentration of 10 µg/ml, Cells 

treated with LF-IONPs after (p) 6 h (q) 12 h (r) 24 h (s) 36 h (t) 48 h with 10 µg/ml 

concentration (u) Plot showing the comparison of the change in scratch diameter post- 

treatment with LF, IONPs, and LF-IONPs including control after 6 h, 12 h, 24 h, 36 h, and 48 

h. 

 

Table 3.6. Table shows the p values calculated for % variation in scratch diameter after 

treatment with 10 µg/ml of FeCl3, FeSO4, lactoferrin, IONPs and lactoferrin-IONPs. The 

statistical significance of data is considered when the p < 0.05. 
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P value for checking the statistical significance of data 

Time LF IONPs LF-IONPs 

6h 0.013236 0.011081 0.003126 

12h 0.007966 0.00749 0.005609 

24h 0.007763 0.073926 0.003126 

36h 0.001935 0.001685 0.004992 

48h 0.003772 0.051658 0.004813 

 

3.4 Conclusion 

To investigate the role of nanoparticles as an anti-cancer agent, lactoferrin protein was used as 

a capping agent and iron oxide nanoparticles. Both of these components have demonstrated 

anti-cancer activities. Lactoferrin interacts with high levels of proteoglycan, 

glycosaminoglycan, and sialic acid found in cancer cells and activates the signaling pathways 

to exert cytotoxic effects on gastric cancer cells. IONPs, which were formulated by using the 

co-precipitation method, were linked with lactoferrin protein by EDC-NHS, which activates 

the carboxyl group on the surface of iron oxide particles, facilitating their conjugation with the 

protein. The synthesized particles exhibited a desirable HR-TEM size of about 15 ± 2 nm and 

demonstrated notable heating capacity after exposure to the external magnetic field. 

By successfully conjugating lactoferrin with IONPs, we achieved target specific delivery to 

gastric cancer cells, as lactoferrin is known to interact with proteoglycan, glycosaminoglycan, 

and sialic acid, which are found on the surface of cancer cells. Furthermore, lactoferrin and 

iron oxide nanoparticles showed potent synergistic anti-cancer activity against cancer cell lines 

at a very low concentration. These particles were easily internalized in the AGS cell line, and 

the synthesized LF-IONPs (lactoferrin conjugated iron oxide nanospheres) showed a 

remarkable increase in anti-cancer properties as compared to individual components. This 

significantly enhanced efficacy, combined with a great degree of selectivity, can be attributed 

to the conjugation of LF and IONPs. 

The remarkable superparamagnetic behavior, substantial magnetization capacity, and excellent 

heating capacity of these nanospheres hold great promise for their use in numerous areas of 

biomedical research applications. We strongly believe that these synthesized particles have 

great potential to target different types of cancer cell lines effectively. We believe that the 

findings of this paper will inspire further research for the future use of these anti-cancer 

nanoparticles. 
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Chapter 4: Immune Activation via Hyperthermia treated iron oxide 

coated Helicobacter pylori 

 

 

 

 

 

 
Figure 4.1. The figure depicts the graphical representation of invoking immune response 

by coating IONPs on the H. pylori surface. 

 

Abstract 

Gastric cancer is a significant global health concern, often resulting from chronic inflammation 

caused by Helicobacter pylori infection, dietary factors, and genetic predispositions. 

Traditional treatment methods, including chemotherapy, radiation, and surgical interventions, 

often come with severe side effects such as nausea, fatigue, and immunosuppression, that 

significantly effect life quality of patient. Given the limitations of these treatments, the 

researchers are working on developing alternative therapies which harness the body's natural 
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defenses. This study explores the potential of stimulating both natural and cell-mediated 

immunity to combat gastric cancer. By leveraging the microbiome present in cancer tissue, we 

propose using Helicobacter pylori coated with iron oxide nanoparticles for gathering immune 

cells to the tumor site through magnetic hyperthermia. The destruction of bacteria within the 

tumor is expected to attract tissue macrophages, initiating a cascade of immune responses that 

promote the clearance of cancer tissue. This approach aims to stimulate innate and adaptive 

immune responses, enhancing overall antitumor effect and improving the ability of immune 

system towards recognizing and targeting tumor cells effectively. 

 

 

4.1 Introduction 

Gastric cancer ranks as the fourth most prevalent cancer worldwide and stands as the second 

leading cause of cancer-related deaths globally. The main causative agent of this cancer is 

Helicobacter pylori [260]. Gastric cancer is categorized into early-stage which is restricted to 

the mucosa and submucosa, in middle stage it extends beyond the submucosa into the muscle 

layer and in advanced stages tumor cells reach the subserosa or infiltrate surrounding organs 

[261]. Thus, preventing gastric cancer is more effective than treating it. Additionally, modern 

chemotherapeutic treatments often cause severe side effects, such as hair and weight loss, 

diarrhea, anemia, blood clots, and damage to the heart, kidneys, and liver, all of which can 

remarkably reduce the life quality of patients [262]. The tumor microenvironment involves a 

complicated and dynamic cellular and molecular network which surrounds a cancer tumor, 

playing a critical part in progress, and metastasis of cancer, and response to therapy. 

Knowledge about tumor microenvironment is vital for developing efficient cancer treatments 

[263]. The tumor microenvironment has two components: cellular and non-cellular. The 

cellular component comprises cancer cells, stromal cells, immune cells, endothelial cells, and 

adipocytes, whereas the non-cellular component is comprised of extracellular matrix, 

cytokines, chemokines, growth factors, and metabolic components. In tumor 

microenvironment, cancerous cells act as the primary drivers of the tumor, distinguished by 

their uncontrolled growth and ability to evade apoptosis. Surrounding these cancer cells are 

stromal cells, including fibroblasts, myofibroblasts, and pericytes, which offer structural 

support and contribute to tumor growth, particularly through the activity of cancer-associated 

fibroblasts (CAFs) that assists in remodeling the extracellular matrix (ECM). Immune cells, 

including tumor-associated macrophages (TAMs), T cells, and regulatory T cells (Tregs), play 

complex roles, with some attacking cancer cells while others aid in tumor progression and 
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immune suppression. Endothelial cells, which line the blood vessels, are crucial for 

angiogenesis, supplying the tumor with essential nutrients and oxygen. Additionally, 

adipocytes, or fat cells, support the tumor by providing energy and secreting factors that further 

drive tumor growth [264]. The non-cellular constituents of the tumor microenvironment (TME) 

assists in tumor development and progression. The extracellular matrix (ECM), a complicated 

network of proteins and glycoproteins like collagen and fibronectin, provides structural support 

to cells while also regulating their behavior through interactions with receptors on cellular 

surface [265]. Cytokines and chemokines are signaling molecules that facilitate 

communication between cells in the tumor microenvironment, influencing immune cell 

recruitment, inflammation, and tumor growth [266]. Growth factors, including vascular 

endothelial growth factor (VEGF) and transforming growth factor-beta (TGF-β), are key 

drivers of angiogenesis, cell proliferation, and immune evasion [267]. Additionally, the tumor 

microenvironment is often hypoxic, leading to altered cancer cell metabolism, such as 

increased glycolysis (Warburg effect), and the accumulation of metabolic byproducts that can 

suppress the immune response, further promoting tumor survival and progression [268]. The 

tumor environment supports tumor growth through angiogenesis, immune suppression, and 

ECM remodeling. It also facilitates metastasis by enabling cancer cells to invade surrounding 

tissues and enter the bloodstream. The tumor microenvironment can contribute to resistance to 

chemotherapy, radiation, and targeted therapies by creating a protective niche for cancer cells 

and altering drug delivery. Therapies that target components of the tumor microenvironment, 

such as immune checkpoint inhibitors, anti-angiogenic agents, and ECM-targeting drugs, are 

being developed to overcome therapeutic resistance and improve outcomes [269]. 

The cancer microbiome is the terminology for the collection of microorganisms, including 

bacteria, viruses, fungi, and other microbes, which are found within the tumor 

microenvironment or in other tissues of cancer patients. These microbiomes can influence 

cancer development, progression, and response to treatment. The relationship between the 

microbiome and cancer is complex and can vary based on cancer type, geographic location, 

and environmental factors. There are different kinds of microbiomes in different kinds of 

cancers. In colorectal cancer, Fusobacterium nucleatum is frequently found, and is linked with 

tumor progression and poor prognosis. It may influence tumorigenesis through its ability to 

modulate immune responses and promote inflammation [270]. For liver cancer development 

Hepatitis B virus (HBV) and Hepatitis C virus (HCV) are significant contributors due to their 

role in chronic liver inflammation and cirrhosis [271]. Further, Porphyromonas gingivalis is 



65  

associated with periodontal disease, and this bacterium is associated with an higher chances of 

pancreatic cancer [272]. Bacteria like Escherichia coli and Staphylococcus epidermidis are 

linked with breast cancer. These bacteria have been found in breast tissue and are thought to 

influence breast cancer through mechanisms like DNA damage and immune modulation. Also, 

there is an increased presence of Methylobacterium in the breast tissue of cancer patients in 

comparison to healthy individuals. [273]. For gastric cancer, Helicobacter pylori is a potent 

risk factor that leads to chronic inflammation, eventually damaging the DNA and the 

development of gastric adenocarcinoma [274]. The composites of the cancer microbiome can 

differ significantly based on geography, country, and environmental factors. These variations 

are influenced by differences in diet, lifestyle, socioeconomic status, healthcare access, and 

exposure to environmental factors like pollutants and antibiotics. In Western countries, where 

diets are high in red meat and low in fiber, a higher prevalence of Fusobacterium nucleatum is 

observed in colorectal cancer patients. In contrast, in Asian countries, where diets are richer in 

vegetables and fermented foods, there may be a different microbiome profile, with higher levels 

of bacteria like Bifidobacterium [275]. The chances of Helicobacter pylori infection is more 

in developing countries, where hygiene standards and healthcare access may be lower. This 

corresponds with higher rates of gastric cancer in these regions compared to developed 

countries [11]. In some African countries, the breast microbiome might show a different profile 

compared to Western countries, influenced by factors like breastfeeding practices, diet, and 

environmental exposure [273]. Diet plays a significant role in shaping the microbiome. High- 

fat, low-fiber diets typical in Western countries can lead to a microbiome that promotes 

inflammation and cancer, while diets rich in fiber and fermented foods, common in many Asian 

countries, may support a more protective microbiome [276]. 

In recent decades, nanomaterials smaller than 100 nanometers have attracted significant 

interest in cancer research because of their enhanced applications compared to their bulk 

counterparts, making them valuable for both therapeutic and diagnostic applications. 

Additionally, nanomaterials are extensively utilized as effective carriers for targeted carriage 

of potent agents, which enhances therapeutic efficacy and reduces side effects [277] [278] 

[279]. There are many nanomaterials that are being used in theranostics, such as Magnetic 

nanoparticles (MNPs), polymeric nanoparticles (NPs), lipid-based NPs, dendrimers, cage 

proteins, and inorganic NPs [280]. Amongst magnetic nanoparticles, superparamagnetic iron 

oxide nanoparticles (SPIONs) are highly demanding in this area because of their low toxicity, 

compatibility with biological systems, and distinctive magnetic properties [281]. Iron oxide 

nanoparticles can harm tumor tissue by generating heat after exposure to a high-frequency 
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alternating magnetic field (AMF) [282]. This heat is basically generated via the magnetic 

hyperthermia technique. Hyperthermia is attained by employing an alternating magnetic field 

of an appropriate frequency, which generates heat through the oscillation of the internal 

magnetic moments of superparamagnetic nanoparticles [283]. The use of an alternating 

magnetic field (AMF) to activate MNPs is being scrutinized as a method for precise therapeutic 

tumor heating. Distinct superparamagnetic and ferromagnetic particles, having different 

coatings and targeting agents, enable specificity to the tumor site and type [284]. There are 

many drugs linked iron oxide nanoparticles being synthesized for the treating gastric cancer. 

Some of them are Lactoferrin conjugated IONPs, which are synthesized for targeted delivery 

to gastric tissue. It is in combination with magnetic hyperthermia, which enhances the efficacy 

of the treatment [285]. Aastha et al. have formulated gold core mesoporous iron oxide 

nanoparticles for MR/CT contrast agents in human gastric cancer cells [286]. Ghanbari et al. 

have prepared DOX@folicacid@iron oxide nanoparticles to enhance the effectiveness and 

cytotoxicity of the anticancer drug [287]. 

Immune system activation is a natural and appropriate reaction to invading pathogens, 

including viruses and bacteria. During most acute infections, this immune response is 

beneficial as it helps control and eventually eliminate the invading pathogens, causing infection 

resolution. In chronic infections, the role of immune activation becomes more intricate. The 

immune system's ongoing surveillance and activity play a crucial part in controlling and 

suppressing the replication and spread of the pathogen [288]. In this process, many immune 

cells, signaling molecules, and receptors are involved to mount an effective response. The 

innate immune system works as the initial defense against invading microbes by recognizing 

pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns 

(DAMPs) like toll-like receptors (TLRs) and nod-like receptors (NLRs) [289] [290] [291]. 

When pathogens invade, pattern recognition receptors (PRRs) activate several signaling 

pathways, including NF-κB, type I interferons (IFNs), and inflammasomes. This activation 

prompts the secretion of various proinflammatory cytokines and chemokines, that causes 

inflammation and recruits immune cells. Further, dendritic cells (DCs), and macrophages 

engulf, digest, and present the antigen on MHC (Major Histocompatibility Complex) to T cells 

that leading to the activation of T cells and B cells. These molecules coordinates the immune 

response and stimulates adaptive immunity, which helps the body mount a more targeted and 

effective defense against the pathogen [292] [293] [294]. 

Therefore, we hypothesize that immune clearance has been shown to be an effective method 
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for treating various diseases. Consequently, we aim to investigate whether gastric cancer can 

be addressed by stimulating both natural and cell-mediated immunity. Microbes are 

recognized as strong immune activators, and cancer tissue provides an ideal environment for 

such activation. We propose using the microbiome present in cancer tissue for stimulating the 

immune system, potentially leading to the elimination of cancer cells. Given that H. pylori is 

linked to gastric cancer, we plan to leverage this bacterium by coating it with iron oxide 

nanoparticles to draw immune cells to the cancer site through magnetic hyperthermia. When 

the bacteria within the tumor are destroyed, they will attract tissue macrophages, which will 

trigger a series of events for activating the immune system and promote the clearance of cancer 

tissue. These immune cells clear the bacterial debris and attack the tumor cells, thereby 

eliminating both. This process stimulates both the body's innate and adaptive immune 

responses, enhancing the overall antitumor effect and contributing to the immune system's 

ability of recognizing and attacking the tumor cells more effectively. 

 

4.2 Materials and Methods: 

4.2.1 Materials 

Ferric chloride (FeCl3), ferrous sulfate (FeSO4), polyethylene glycol (PEG 400), sodium 

hydroxide (NaOH), and deionized water were acquired from LobaChemie, India. HAM's cell 

culture media, fetal bovine serum (FBS), Brain Heart Infusion (BHI) broth, agar, and penicillin- 

streptomycin, were all sourced from HiMedia, India. 

 

4.2.2 Development of Iron Oxide Nanoparticles 

Magnetic nanoparticles were formulated using a co-precipitation method. In brief, iron (III) 

chloride hexahydrate and iron (II) sulfate heptahydrate were suspended in 50 mL of distilled 

water and heated to 90 °C. Then, 3 mL of polyethylene glycol (PEG400) was added, following 

which ammonium hydroxide solution made by dissolving 10 mL of 25% ammonium hydroxide 

in 50 mL of water was poured into it dropwise. The resultant mixture was continuously stirred 

for 30 minutes. The final black mixture was then brought to room temperature followed by 

centrifugation at 4000 rpm for 10 minutes. Lastly, the nanoparticles were washed five times 

with deionized water to remove any unbound impurities. 

 

4.2.3 Coating of iron oxide nanoparticles on H. pylori 

H. pylori culturing was done in BHI broth at 37 ºC, 10% CO2 and 5% O2. After optimal growth, 
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bacterial cells were thoroughly washed using PBS (pH 7), and a pellet was collected and 

suspended in PBS, and on stirring condition, IONPs were added, and then dropwise STPP 

(Sodium tripolyphosphate) was added to the mixture followed by stirring it continuously for 2 

h and then incubated overnight at 37 ºC. FESEM analysis was done for studying the 

morphology. 

 

4.2.4 The studies to determine the size and morphology of nanoparticles with elemental 

analysis 

The hydrodynamic size of the nanoparticles was measured with a Malvern DLS-Zeta size 

analyzer. The exact size, shape, and morphology of IONPs were determined using HRTEM 

(Talos F200S G2, Thermo Scientific). Before analysis, centrifugation of the nanoparticles at 

240 rpm for 15 minutes was done to get rid of any unbound impurities. The final pellet was 

then analyzed with an energy-dispersive X-ray Spectrometer (EDS) (Bruker QUANTAX 200) 

to identify the elemental composition. 

 

4.2.5 Spectroscopy analysis; FTIR and RAMAN 

FTIR was employed to examine the interactions within the formulated IONPs, specifically to 

identify chemical bonds and analyze the interactions between artemisinin and the magnetic 

nanoparticles. The FTIR analysis was conducted using Lab Solutions IR Shimadzu. The sample 

was then scanned over 400 cm-1 to 4000 cm-1. The FTIR data will offer a detailed analysis of 

the changes in the frequency range of IONPs functional groups after formulation. 

 

4.2.6 XRD Analysis 

X-ray diffraction reveals the crystallographic structure, chemical composition, and physical 

properties of a material. In this study, XRD was used to examine the synthesized nanomaterial. 

The sample was exposed to Cu Kα radiation after drying (λ = 1.54 Å) to capture the diffraction 

pattern within a 2θ range of 10-90°. The Scherrer equation was applied to the most intense peak 

in the diffraction pattern for calculating the crystallite size of the IONPs. 

𝑑 = 𝐾𝜆 

𝛽𝑐𝑜𝑠𝚹 
…… (Eq 1) 

where K= 0.9 is the Scherrer constant, λ= 1.54 Å denotes the X-ray wavelength, β determines 

the broadening of the highest intense peak, and d denotes the crystallite size of the synthesized 

IONPs. 
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4.2.7 Assessment of heating capacity through a hyperthermia study 

In cancer therapy, hyperthermia involves raising cellular temperatures to 42 – 45 °C to target 

and destroy tumors. To evaluate the potential of a synthesized material for magnetic 

hyperthermia, hyperthermia performance was masured on NanoTherics Magnetherm magnetic 

hyperthermia setup. This device features an optical fiber temperature probe to precisely 

determine the heating of material. The sample was subjected to a variable magnetic field of 10 

mT at different frequencies (161.9 kHz, 242.4 kHz, 411.1 kHz, 580.2 kHz, and 935.3 kHz). 

 

4.2.8 Evaluation of magnetic properties using a Vibrating Sample Magnetometer (VSM) 

For evaluating the magnetic properties of the synthesized iron oxide nanoparticles, VSM was 

used at room temperature. Measurements were carried out on powder samples at ±10 kOe, 

allowing us to record the hysteresis loop (M-H), which illustrates the link between the 

material's magnetization and the applied magnetic field. This loop, characteristic of 

ferromagnetic materials, provides essential information about the nanoparticles' magnetic 

characteristics, including saturation magnetization (Ms), coercivity (Hc), and remanence (Mr) 

[243]. 

 

4.2.9 in vitro studies 

4.2.9.1 Cytotoxicity studies 

The cell toxicity of the nanoparticles was determined using the MTT (3-(4,5-dimethylthiazol- 

2-yl)-2,5-diphenyltetrazolium bromide) assay on AGS cells, a gastric adenocarcinoma cancer 

cell line. In this, 10,000 cells per well were added in a 96-well plate, allowed to reach 75-80% 

confluency followed by treating with four distinct concentrations (2.5, 5, 7.5, and 10 µg/mL) 

of the prepared formulations, including FeCl3, FeSO4, and IONPs. Following treatment, the 

cells were incubated overnight. After incubation, media was discarded, and MTT solution was 

added for an additional 3 h and later on discarded followed by adding 100 µl of DMSO to each 

well for a 15-minute incubation. Lastly, the OD of the final solution was determined at 570 

nm, and the inhibition percentage was calculated using the given equation. 

% inhibition = [1 − (At/Ac) × 100] % ……… (Eq 2) 

where At is the test substance absorbance, and Ac is the control solvent absorbance. The 

experiment was performed three times to get the concordant values. 
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4.2.10 Effect of coating on the growth pattern of H. pylori 

To examine the impact of surface coating of IONPs on the metabolic activity of H. pylori, 

we conducted an analysis of bacterial growth curves. This method allows for the observation 

of changes in growth patterns over time, providing insights into how coating affects the 

metabolism of the bacteria. We inoculated the uncoated control bacteria and the IONPs 

coated bacteria in the BHI media and incubated them in the hypoxia chamber at 37 °C, 10 

% CO2, and 5 % O2, and checked for their growth patterns after specific intervals of time, i.e 

0h, 6h, 12h till 72h. By comparing the growth rates and phases of coated H. pylori to those 

of uncoated control H. pylori, we can determine the extent to which surface coating 

influences metabolic processes and overall bacterial growth. 

 

4.2.11 Hyperthermia treatment on coated H. pylori 

After coating the bacteria with iron oxide nanoparticles (IONPs), the bacteria were subjected 

to hyperthermia treatment via the NanoTherics Magnetherm instrument. The coated bacteria 

was kept in the coil and then exposed to the magnetic field of 10 mT at a frequency of 242.4 

kHz. This process involves exposing the coated bacteria to elevated temperatures, typically 

through the application of an external magnetic field. This causes IONPs to generate heat 

on the bacteria's surface, leading to the bacteria spillage and causing the release of bacterial 

components like lipopolysaccharide, bacterial DNA, etc. This effectively targets and 

destroys the bacteria, enhancing the overall treatment efficacy by activating the body's 

immune system. 

 

4.2.12 Invoking immune system via HM-treated coated H. pylori 

For conducting this experiment, T cells (H9) and B cells (JM1) were first exposed to the 

hyperthermia treated IONPs coated bacteria, which was exposed to a magnetic field of 10 

mT at a frequency of 242.4 kHz. The cells were then kept for 6 h at 37°C and 5 % CO2. The 

incubation period allowed these immune cells to interact with the bacterial components, 

leading to the activation and production of various cytokines. After the incubation, the 

conditioned media containing the secreted cytokines was collected and applied to the AGS 

cell line. This step was crucial for determining whether the cytokines secreted by the 

immune cells could initiate a response in the AGS cells indicative of an effective immune 

activation. After the initial treatment, washing was done thrice to get rid of any residual 

reagents. They were then permeabilized and subsequently fixed using a 2% formaldehyde 



71  

solution. Following fixation, the cells were blocked with BSA for 30 minutes for preventing 

non-specific binding. After blocking, the cells were washed again. Next, primary antibodies 

IL-6 and TGF-β were added to the cells, and kept for 3 h incubation following which the 

washing was done efficiently thrice using PBS to eradicate unbound primary antibodies. 

Secondary antibodies Alexa Fluor 647 and Alexa 488 anti-rabbit were then added, and the 

cells were kept for one hour. After the final incubation, the cells were washed again, and 

flow cytometry (FACS) was performed to analyze the samples. 

 

4.3 Results and Discussions 

4.3.1 Structure and Composition of IONPs 

Shape and size: TEM images (Figure 4.2. (a)) revealed that the IONPs exhibit a spherical form 

having an average diameter of 5 ± 2 nm. The analysis, performed at a magnification scale of 

20 nm, enabled a thorough examination of the nanoparticles' size and shape. 

Hydrodynamic Diameter: DLS analysis showed that the IONPs have a hydrodynamic diameter 

of 74.12 nm (Figure 4.2. (b)). This measurement indicates the average size of the nanoparticles 

in solution, taking into account the effects of any surrounding solvent molecules or surface 

functional groups. 

Elemental Composition: Analysis using EDS (Figure 4.2. (c)) confirmed that the IONPs 

contain essential elements such as carbon (C), oxygen (O), and iron (Fe). The iron content was 

determined to be 81.76% and was uniformly distributed throughout the nanoparticles, 

demonstrating effective integration of iron oxide nanoparticle structure. 

 

4.3.2 FTIR and RAMAN for studying interactions in IONPs 

FTIR analysis was performed IONPs. The analysis identified various peaks in the IR spectra, 

offering valuable information about the molecular bonding in the formulated sample. 

FTIR analysis was conducted for IONP, and key features were observed. A peak at 537.28 

cm⁻¹ was found in synthesized sample IONPs, indicating the presence of the Fe-O bond [248]. 

Additionally, a C-H rocking was observed at 818.64 cm⁻¹ in IONPs [295]. Then, a peak at 

1074.57 cm⁻¹, corresponds to the CH2-O-CH2 vibrations present in the sample [296]. IONPs 

exhibited a peak at 1413.55 cm⁻¹, associated with -CH2 vibration [296]. Further, IONPs showed 

an antisymmetric vibration of water at 1613.55 cm⁻¹ [296]. These results are shown in Figure 

4.2. (d) and summarized in Table 4.1. 

RAMAN analysis of the synthesized IONPs revealed several significant peaks. The peaks at 
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518.36 cm⁻¹, 578.95 cm⁻¹, and 686.06 cm⁻¹ indicated the presence of the Fe-O, Fe-O (T2g), and 

Fe-O (A1g) bond, respectively, in IONPs [254]. A peak at 888.04 cm⁻¹ corresponded to the C- 

O-C bond present in IONPs [297]. A peak of the Fe-O bond was obtained at 953.53 cm⁻¹ [298]. 

CH2 bond was identified at 985.35 cm⁻¹ in IONPs [254]. Further, a peak at 1226.58 cm⁻¹ was 

identified as a C-C bond [297]. Additionally, a peak at 1452.80 cm⁻¹ corresponds to the O-CH2 

bond present in IONPs [297]. 1559.46 cm⁻¹ was associated with the C=C bond in IONPs [299]. 

The key results are shown in Figure 4.2. (e) and summarized in Table 4.1. 

 

Table 4.1. The table indicates a comparison of wavenumber values from FTIR (400-4000 cm⁻¹) 

and Raman spectra (500-1800 cm⁻¹) of IONPs. These values indicate changes in various 

functional groups, highlighting the formation of IONPs. 

 

FTIR RAMAN 

Functional groups IONPs Reference Functional 

groups 

IONPs Reference 

Fe-O 537.28 [248] Fe-O 

Fe-O (T2g) 

Fe-O (A1g) 

518.36 
578.95 

686.06 

[254] 

C-H rocking 818.64 [295] C-O-C 888.04 [297] 

   Fe-O bond 953.53 [298] 

CH2-O-CH2 

vibrations 

1074.57 [296] CH2 985.35 [254] 

-CH2 vibration 1413.55 [296] C-C bond 1226.58 [297] 

Antisymmetric 

vibrations of H2O 

1613.55 [296] O-CH2 bond 1454.80 [297] 

   C=C 1559.46 [299] 

 

 

 

4.3.3 XRD analysis 

XRD analysis (Figure 4.2. (f)) was used to examine the crystallinity of the synthesized IONPs. 

The XRD pattern of IONPs revealed distinctive peaks at 2θ angles of 30°, 35°, 43°, 52°, 57°, 

and 62°. These peaks are indicative of the crystal planes (220), (311), (400), (422), (511), and 
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(440) of magnetite (Fe₃O₄), as confirmed by comparison with the one reported in standard 

JCPDS data base (Card No. # 00-003-0863) for Fe3O4. Synthesized IONPs possess inverse 

spinel cubic structure 

 

 

Figure 4.2. Characterization of IONPs (a) HR-TEM images on a scale of 50 nm with an inset 

showing 5 ± 2 nm size of IONPs (b) DLS showing the hydrodynamic size of the synthesized 

Iron oxide nanospheres (IONPs) as 74.12 nm (c) EDS showing that iron is present in IONPs as 

81.76% (d) FTIR showing the interactions in iron oxide nanoparticles (IONPs) (b) RAMAN 

providing us with the structural fingerprint by which different molecules can be defined (c) 

XRD providing the information about the crystalline structure of IONPs. 

 

4.3.4 Hyperthermia study 

To assess the heating effectiveness of the synthesized nano-formulations in magnetic 

hyperthermia, temperature versus time profiles were measured at various frequencies, with 

field strength and exposure time held constant. Each sample underwent hyperthermia treatment 

at each frequency for 10 minutes, a duration sufficient to reach the desired temperature before 
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any risk of overheating. Post-treatment, temperatures increased from 41.08ºC to 45.42ºC, 

51.64ºC, 57.62ºC, and 63.69ºC as the frequency rose from 161.9 kHz to 242.4 kHz, 411.1 kHz, 

580.2 kHz, and 935.3 kHz, respectively. This pattern is shown in Figure 4.3. (a), which plots 

maximum temperature (Tmax) against frequency (kHz). The temperature rise observed 

underscores the significant potential of these nanoparticles against treating cancer by 

employing magnetic hyperthermia. 

 

4.3.5 Magnetic Properties (VSM) 

The magnetic characteristics of IONPs were assessed through magnetization measurements 

using a Lakeshore 7404 model at room temperature, within a field range of ±10 kOe. The 

magnetization versus field (M-H) loops for IONPs are indicated in Figure 4.3. (b). The Table 

4.2. reveals that both remanence and coercivity values are nearly zero for IONPs, indicating 

that the nanoparticles are superparamagnetic in nature. This suggests that at room temperature, 

thermal energy is enough for overcoming the magnetic anisotropy energy, resulting in random 

orientation of nanoparticles in the absence of an external magnetic field. Additionally, IONPs 

demonstrate higher saturation magnetization, making them highly effective and well-suited for 

magnetic hyperthermia applications. 

 

Table 4.2. The table represents the various parameters of the synthesized Iron Oxide 

Nanoparticles (IONPs) which includes saturation magnetization (MS), Remanence 

magnetization (Mrs), Coercivity (Hc), and crystallite size. 

 Sample 

Parameters IONPs 

Ms (emu/g) 50.08 
Mrs 0.03 
Hc 0.26 

Crystallite size (nm) 15.55 

 

4.3.6 In-vitro cell line studies 

4.3.6.1 Cytotoxicity assay with and without hyperthermia 

An MTT assay was conducted under physiological conditions to assess the toxicity of IONPs 

on AGS gastric cancer cells. This assay involved calculating cytotoxicity for FeCl3 and FeSO4 

salt solutions and IONPs at four concentrations: 5 µg/mL, 7.5 µg/mL, and 10 µg/mL. All 

samples were tested in three independent sets, both with and without hyperthermia treatment, 

to evaluate the effectiveness of the formulations. 
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In the MTT assay without hyperthermia treatment, cell viability was measured relative to the 

control, which was set at 100%. After being treated with FeCl3, cells exhibited viability of 

98.67 ± 4.5% at a concentration of 5 µg/mL, 96.65 ± 5.8% at 7.5 µg/mL, and 95.38 ± 4% at 10 

µg/mL. Similarly, cells exposed to FeSO4 demonstrated a viability of 97.61 ± 1.62% at 5 

µg/mL, 96.44 ± 6.15% at 7.5 µg/mL and 94.32 ± 3.74% at 10 µg/mL. For the cells treated with 

IONPs, the viability was 98.06 ± 11.84% at 5 µg/mL, 93.48 ± 7.03% at 7.5 µg/mL, and 85.03 

± 3.95% at 10 µg/mL. 

Another MTT assay was done to evaluate cell viability in the presence of hyperthermia 

treatment. Following treatment, the gastric cancer cells showed a notable reduction in viability 

when compared with the control group as indicated by the following data. 

Cells after treatment with FeCl3 salt solution exhibited a viability of 95.38 ± 3.9% at a 

concentration of 5 µg/mL, 92.62 ± 10.4% at 7.5 µg/mL, and 91.88 ± 2% at 10 µg/mL. For the 

cells treated with FeSO4 salt solution, viability was 94.11 ± 0.7% at 5 µg/mL, 92.73 ± 9.5% at 

7.5 µg/mL and 91.14 ± 0.49% at 10 µg/mL. Finally, the cells treated with IONPs showed a 

viability of 52.36 ± 0.77% at 5 µg/mL, 41.53 ± 9.54% at 7.5 µg/mL and 35.70 ± 0.49% at 10 

µg/mL. The data demonstrate that IONPs have a cytotoxic effect on AGS cells, suggesting 

their potential for further investigation as an anti-cancer treatment, as depicted in Figure 4.3. 

(c). The p values were calculated to determine if data is statistically significant and the values 

are given in Table 4.3. 
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Figure 4.3. Determination of hyperthermia responsiveness by IONPs (a) The figure shows 

the heating capacity of IONPs at multiple frequencies with a constant magnetic field of 10 mT. 

The temperature rises recorded were 28.25ºC to 29.14ºC, 31.27ºC, 34.50ºC, and 35.53ºC as the 

frequency rose from 161.9 kHz to 242.4 kHz, 411.1 kHz, 580.2 kHz, and 935.3 kHz, 

respectively (b) The M-H loops of IONPs determined at room temperature illustrate their 

magnetic properties (c) The MTT assay determined the cytotoxic ability of AGS cells in the 

absence and presence of hyperthermia. The data include treatments with control solutions 

(FeCl3 and FeSO4) and LF-IONPs at concentrations of 5 µg/ml, 7.5 µg/ml, and 10 µg/ml. Each 

sample was tested with and without hyperthermia treatment. The results were demonstrated as 

the mean of three individual experiments. 

 

Table 4.3. Table shows the p values calculated for % variation in cell viability after treating 

with 5, 7.5 and 10 µg/mL of ART, MNPs and ART-MNPs with hyperthermia. The statistical 

significance of data is considered when the p < 0.05 
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P value for checking the statistical significance of data (With Hyperthermia) 

Concentration FeCl3 FeSO4 IONPs 

5µg/mL 0.524355 0.442551 0.013542 

7.5 µg/mL 0.537701 0.537701 0.023249 

10 µg/mL 0.296679 0.277773 0.007455 

P value for checking the statistical significance of data (Without Hyperthermia) 

Concentration FeCl3 FeSO4 IONPs 

5µg/mL 0.855361 0.745543 0.019826 

7.5 µg/mL 0.671176 0.665315 0.022778 

10 µg/mL 0.546598 0.458336 0.013088 

 

4.3.7 Effect of IONPs coating on the growth pattern of H. pylori 

To investigate how surface coating influences the cellular metabolism of H. pylori, a growth 

curve analysis was performed (Figure 4.4.). There was a significant delay throughout all the 

growth phases in the coated bacteria, as compared to the uncoated bacteria. This suggests that 

surface coating initially hinders the growth rate, but the cells eventually adapt and resume 

normal growth patterns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Bacterial growth curve of Uncoated control H. pylori and Iron oxide nanoparticles 

coated H. pylori 

 

4.3.8 Magnetic hyperthermia application on H. pylori 

In comparison to the control bacteria, as shown in Figure 4.5. (a), following the application of 

magnetic hyperthermia to bacteria that had been coated with IONPs (Figure 4.5. (b)), FE-SEM 

micrographs clearly showed that the bacterial membranes were undergoing lysis after 

hyperthermia treatment as shown in Figure 4.5. (c, d). This observation indicates that the heat 

generated by magnetic hyperthermia effectively disrupted the structural integrity of the 
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bacterial membranes, leading to their breakdown. This membrane disruption is a direct result 

of the localized heat generated by the magnetic hyperthermia process. After exposing to a 

variable magnetic field, the IONPs convert electromagnetic energy into thermal energy. This 

localized heating is sufficient to increase the temperature of the bacterial membranes to a 

critical point, leading to the thermal denaturation of membrane proteins and lipids. The thermal 

stress compromises the structural integrity of the bacterial cell membrane, causing it to lose its 

barrier function. As the membrane becomes increasingly destabilized, it undergoes physical 

breakdown, resulting in lysis. The lysis indicates the efficacy of magnetic hyperthermia in 

disrupting bacterial cells. 

 

 

Figure 4.5. The figure represents the FE-SEM micrographs (a) Uncoated control H. pylori (b) 

Iron oxide nanoparticles coated on the surface of H. pylori (c, d) Hyperthermia treated H. 

pylori. 

 

4.3.9 Activating the immune system with HM-treated coated H. pylori 

Flow cytometry was utilized for analyzing the cytokine levels in the conditioned media. 
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Labeling specific cytokines with fluorescent antibodies could quantify the amount and types 

of cytokines present. In this context, it allowed us to detect and quantify specific cytokines 

(IL-6 and TGF-β) secreted by the immune cells (T cells and B cells) in response to the 

hyperthermia-treated IONPs coated bacteria. An elevation in cytokine levels would suggest a 

robust immune response, indicating that the hyperthermia-treated IONPs coated bacteria 

effectively activated the T cells and B cells which killed AGS tumor cells. However, the study 

analyzed the percentage of positive cell populations expressing IL-6 and TGF-β under various 

conditions. Unstimulated B cells (Cold-JM1) exhibited low levels of both IL-6 and TGF-β, 

with 3.82% and 3.85% positive populations, respectively. When these B cells were stimulated 

with hyperthermia-exposed H. pylori conditioned media (Hot-JM1), there was a potential rise 

in the expression of IL-6 (10.02%) and TGF-β (11.63%). Further exposure of these Hot-JM1 

cells to AGS cells led to a slight reduction in IL-6 (9.16%) but a notable increase in TGF-β 

expression (16.23%). When Hot-JM1 cells were exposed to H. pylori-conditioned AGS cells 

that had undergone hyperthermia, the positive populations surged to 20.23% for IL-6 and 

23.35% for TGF-β, indicating a significant upregulation of both cytokines. Similarly, 

unstimulated T cells (Cold-H9) showed moderate levels of IL-6 (7.63%) and TGF-β (10.48%). 

However, upon stimulation with hyperthermia-exposed H. pylori conditioned media (Hot- 

H9), the expression levels increased to 14.27% for IL-6 and 15.40% for TGF-β. Further 

interaction of Hot-H9 cells with AGS cells resulted in a higher IL-6 positive population 

(17.48%) and an even greater increase in TGF-β positive cells (23.35%). The most significant 

enhancement was observed when Hot-H9 cells were exposed to H. pylori-conditioned AGS 

cells that had been subjected to hyperthermia, resulting in IL-6 and TGF-β positive 

populations reaching 20.23% and 27.97%, respectively. These results suggest that 

hyperthermia-exposed H. pylori conditioned media significantly influences cytokine 

expression in both B and T cells, particularly when interacting with AGS cells, enhancing the 

inflammatory response. This method provided insights into the immune-modulating potential 

of the hyperthermia-treated coated bacteria and their efficacy in inducing an immune response 

that could target and affect gastric tumor cells. The FACS data is indicated in Figure 4.6. and 

Figure 4.7., and the comparative data on cytokine levels are given in Table 4.2. 
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Figure 4.6. The flow cytometry graphs showing the immune activation from IL-6 and TGF- 

β levels in AGS cells after treatment with hyperthermia treated coated bacteria under 

different conditions. 
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Figure 4.7. The flow cytometry graphs showing the immune activation from IL-6 and TGF- 

β levels in H9 & JM1 cells after treatment with hyperthermia treated coated bacteria under 

different conditions. 

 

Table 2. Comparative data of IL-6 and TFG-β levels 
 

Conditions % of positive population 

IL-6 TFG-β 

Unstimulated B Cells (JM1) (Cold-JM1) 3.82% 3.85% 

Hyperthermia-exposed H. pylori conditioned 

media Stimulated JM1 (Hot-JM1) 

10.02% 11.63% 

Hot-JM1 on AGS 9.16% 16.23% 
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Hot-JM1 on H. pylori (hyperthermia) 

conditioned AGS 

20.23% 23.35% 

Unstimulated T Cells (H9) (Cold-H9) 7.63% 10.48% 

Hyperthermia-exposed H. pylori conditioned 

media Stimulated H9 (Hot-H9) 

14.27% 15.40% 

Hot-H9 on AGS 17.48% 23.35% 

Hot-H9 on H. pylori (hyperthermia) 

conditioned AGS 

20.23% 27.97% 

 

 

4.4 Conclusion 

Immune activation through the use of Helicobacter pylori (H. pylori) coated with iron oxide 

nanoparticles and treated with magnetic hyperthermia represents a novel approach in 

medical science. H. pylori, a bacterium known for causing stomach ulcers and certain types 

of gastric cancer, can be repurposed as a vehicle for delivering therapeutic nanoparticles to 

the immune system. 

IONPs are biocompatible and could be easily manipulated using external magnetic fields. 

When H. pylori is coated with these nanoparticles, it serves as a target for magnetic 

hyperthermia, a process involving application of an alternating magnetic field to generate 

localized heating. This localized heating can induce mild thermal stress that is sufficient to 

stimulate an immune response without causing significant tissue damage. 

After applying external magnetic field, to IONPs coated H. pylori, the nanoparticles 

generate localized heat due to magnetic hyperthermia. This heat disrupts the bacterial cell 

membrane, leading to bacterial spillage. The spillage involves the release of bacterial 

components, such as lipopolysaccharides (LPS), peptidoglycans, and other intracellular 

molecules into the surrounding tumor microenvironment. The released bacterial 

components are perceived by the immune system as pathogen-associated molecular patterns 

(PAMPs). Pattern recognition receptors (PRRs) on innate immune cells, like macrophages 

and dendritic cells, detect these PAMPs. The binding of bacterial components to PRRs 

triggers intracellular signaling pathways which activates transcription factors including NF- 
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kB. This activation causes the production and release of pro-inflammatory cytokines (e.g., 

TNF-α, IL-6) and chemokines (e.g., IL-8). These molecules coordinate the inflammatory 

response by attracting additional immune cells to the site of bacterial spillage, increasing 

blood vessel permeability, and promoting inflammation. The bacterial components activate 

the complement system, eventually causing the secretion of the membrane attack complex 

(MAC) that damages bacterial cell membranes. This enhances phagocytosis by promoting 

opsonization of the bacteria and their components. Phagocytic cells, including macrophages 

and neutrophils, engulf and digest the bacteria and their spilled components. During this 

process, antigens derived from the bacteria are processed and presented on Major 

Histocompatibility Complex (MHC) molecules to T cells. This antigen presentation is 

crucial for activating adaptive immune responses, causing the differentiation of T cells and 

the generation of a targeted immune response against the bacterial components. This leads 

to the clearance of bacterial spillage along with the tumor cells. Therefore, the thermal stress 

generated by magnetic hyperthermia can enhance the presentation of antigens from H. pylori 

to the immune cells, thereby boosting the body's immune response. Additionally, the 

presence of IONPs can improve the efficiency of antigen uptake by dendritic cells, leading 

to a more robust activation of T-cells. This method not only targets the pathogen directly 

but also primes the immune system for a more effective response, offering a dual therapeutic 

strategy. Through combining the biological features of H. pylori with the physical 

characteristics of iron oxide nanoparticles, this approach holds promise for innovative 

treatments in immunotherapy and infectious disease management. 
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Chapter 5: Perturbation of Hyperthermia Resistance in Gastric Cancer by 

Hyperstimulation of Autophagy Using Artemisinin-protected Iron-oxide 

Nanoparticles 

 

 

Figure 5.1. It depicts the study of gastric cancer cell treatment with artemisinin-magnetic iron 

oxide and alone MNPs. 

 

Abstract 

In a bid to overcome hyperthermia resistance, a major obstacle in cancer treatment, this study 

explores manipulating autophagy, a cellular recycling mechanism, within the context of gastric 

cancer. We designed artemisinin-protected magnetic iron-oxide nanoparticles (ART-MNPs) to 

hyperactivate autophagy, potentially sensitizing cancer cells to hyperthermia. The synthesized 

ART-MNPs exhibited magnetic properties and the capability of raising the temperature by 7 

ºC at 580.3 kHz. Importantly, ART-MNPs displayed significant cytotoxicity against human 

gastric cancer cells (AGS), having IC50 of 1.9 µg/mL, demonstrating synergistic effects 

compared to either MNPs or ART treatment alone (IC50 for MNPs is 9.7 µg/mL and for ART 

is 9.4 µg/mL respectively). Combination index studies further supported this synergy. 

Mechanistic analysis revealed a significant increase in autophagy level (13.58- and 15.08-fold 

increase compared to Artemisinin and MNPs, respectively) upon ART-MNP treatment, 

suggesting that this hyperactivation is responsible for hyperthermia sensitization and 
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minimized resistance (as evidenced by changes in viability compared to control under 

hyperthermic conditions). This work offers a promising strategy to modulate autophagy and 

overcome hyperthermia resistance, paving the way for developing hyperthermia as a 

standalone therapy for gastric cancer. 

 

5.1 Introduction 

In spite of advancements in cancer prognosis and therapeutic strategies, cancer remains a 

leading cause of mortality worldwide [207],[300]. Among the diverse range of cancer types, 

gastric cancer is the fourth most common cancer globally and is the second major source of 

cancer death. Factors which enhance the chances of developing the situation and influence the 

treatment outcome include Helicobacter pylori infection, genetics, stage of detection, 

advancing age, consuming excessive amounts of salt, chronic inflammation, malnutrition, and 

lack of dietary fiber consumption, etc. [301]. However, existing cancer treatments, including 

chemotherapy, often exhibit limitations due to non-specific cytotoxicity, leading to immune 

system suppression and enhanced threat of secondary infections in patients [207] ,[208]. The 

rise of drug resistance has created a greater need for natural agents that can effectively eliminate 

tumors and minimize the chances of recurrence [209]. 

Nature provides a wealth of secondary metabolites that are being utilised since centuries for 

treating different diseases, including gastric cancer [72]. The global research community is 

actively exploring the potential of natural materials, such as medicinal plants or potent 

medicinal components, for developing anti-cancer products [83],[84]. Various secondary 

metabolites, such as carvacrol, geraniol, sageone, carnosic acid, etc., are used to treat gastric 

cancer [285]. Among these, artemisinin, a terpene derived from the Chinese herbal medicine 

Artemisia annua L., also known as sweet wormwood [302], is widely acknowledged for its 

diverse range of properties, including anti-inflammatory, anthelmintic, antipyretic, anti- 

bacterial, insecticidal, and anti-cancer effects [303],[304],[154]. 

Artemisinin is a remarkable bioactive compound that has captivated the scientific community's 

attention. It stands out as a unique and compelling drug with significant biological importance. 

Unlike many synthetic drugs that have undesirable side effects, artemisinin, a natural plant- 

based compound, holds considerable therapeutic value[305]. Its structure possesses an 

endoperoxide moiety capable of reacting with iron to generate cytotoxic free radicals. 

Recognizing that cancer cells contain noticeably higher intracellular free iron levels compared 

to normal cells, artemisinin selectively induces apoptosis in cancer cell lines[306]. 

Additionally, artemisinin has been found to induce autophagy, a highly conserved cellular 
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degradation process that helps cells adapt to various stressful conditions, such as nutrient 

scarcity [307],[308]. During the initial phases of autophagy, impaired cytoplasmic components 

are enclosed within specialized formations, referred to as autophagosomes [309]. In cancer 

cells such as colorectal cancer, cervical cancer, multiple myeloma, and promyelocytic 

leukemia, artemisinin inhibits NF-kβ activity, thereby inducing autophagy [310]. It also 

prevents cell growth and blocks the cell cycle. These unique properties make artemisinin a 

potential candidate for cancer chemotherapeutic drugs. 

Artemisinin holds a distinct advantage as an anti-cancer agent, not solely due to its potency in 

inducing toxicity in cancer cells but also due to its remarkable selectivity in targeting and 

eliminating them. Furthermore, its impact on normal cells is characterized by minimal toxicity, 

further highlighting its potential as an effective treatment for cancer [311]. Recent research 

findings have suggested the possibility of utilizing it as a therapeutic option for gastrointestinal, 

breast, brain, and colon cancers [312]. Apart from its anti-cancer activity, artemisinin has 

significant anti-bacterial potential against Gram-negative and Gram-positive bacteria by 

following multiple mechanisms, including disrupting bacterial cell membranes and potential 

interactions with different cellular factors. Artemisinin produces cytotoxic carbon-centered 

radicals after being activated by ferrous ions or reduced heme. These radicals are found to 

target external microbial organisms, ultimately leading to their death [313], [314]. Recent 

studies have explored the utilisation of magnetic nanoparticles for site specific delivery of 

drugs using external magnetic fields. This approach helps reduce toxicity to normal cells and 

tissues. Iron oxide magnetic nanoparticles, known for their physiological inertness and 

superparamagnetic properties, have huge potential of accumulating nanoparticles within cancer 

cells at the desired site through the assistance of an external magnetic field [315], [298]. These 

nanoparticles and magnetic fields exhibit compatibility with biological systems, allowing their 

application to any of thebody region. Their size ranges between 1-1000 nm, and these 

nanoparticles are linked with polymers and drugs, enabling their versatile use in various 

biomedical applications [316], [317], including as a source of hyperthermia in cancer treatment. 

Hyperthermia is believed to be an adjuvant therapy for improving the effectiveness of 

traditional radiotherapy and chemotherapy. However, some challenges remain. A recent study 

showed that cancerous cells become much resistant to higher temperatures than healthy cells 

in a hyperthermic environment. Furthermore, hyperthermia often fails to initiate apoptosis in 

tumor cells, as these cells could resist hyperthermia via non-activation of caspase 3. 

Additionally, cancer cells treated with hyperthermia exhibit pseudopod-like extensions, which 

are not observed in their counterparts without hyperthermia treatment [318]. Along with their 
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cancer-targeting abilities, iron oxide exhibits anti-bacterial potential against multiple drug- 

resistant bacterial strains by generating reactive oxygen species, which are responsible for 

generating oxidative stress, ultimately causing cell death [319]. 

One approach that has been investigated to address these problems is the deployment of 

artemisinin-based magnetic nanoparticles for their anti-cancer activity. By utilizing an external 

magnetic field, these particles can be directed to selectively accumulate at the intended delivery 

site. This targeted delivery approach allows for reduced doses to achieve therapeutic 

concentrations, consequently minimizing the risk of side effects on normal healthy cells that 

might arise from higher doses [317]. This targeted delivery and release of artemisinin in a 

controlled manner can achieve higher anti-cancer activity than free drugs [320]. Magnetic 

nanoparticles loaded with artemisinin have shown notable toxicity in breast cancer cells (MCF- 

7). Under acidic conditions of tumor microenvironment, they can produce ferrous ions that 

catalyze artemisinin to produce ROS, resulting in cell death [321]. 

Building upon the information provided above, our hypothesis revolves around the idea that 

the delivery of artemisinin after conjugation with magnetic nanoparticles (ART-MNPs) into 

the gastric tissue, coupled with subsequent treatment through hyperthermia, could potentially 

enhance the efficacy of gastric cancer therapy by overcoming the resistance of tumor cells 

against hyperthermia. Additionally, the anti-bacterial activity of synthesized nano-formulations 

against the causative agent of gastric cancer, that is, H. pylori, could enhance the potential drug 

efficacy. 

 

5.2 Materials and Methods: 

5.2.1 Materials 

Ferric chloride (FeCl3), ferrous sulfate (FeSO4), Polyethylene glycol (PEG 400), sodium 

hydroxide (NaOH), and deionized water were procured from LobaChemie, India. Artemisinin 

was obtained from TCI Chemicals. Ethylene dichloride (EDC), N-hydroxy succinimide (NHS), 

HAMs cell culture media, fetal bovine serum (FBS), Brain Heart Infusion (BHI) broth, agar, 

penicillin-streptomycin, Monodansylcadaverine (MDC), and Acridine Orange (AO) were all 

sourced from HiMedia, India. AGS (Gastric adenocarcinoma) and H. pylori (ATCC 700392) 

were procured from ATCC. 

 

5.2.2 Development of artemisinin-conjugated magnetic nanoparticles 

Magnetic nanoparticles were formulated via a co-precipitation method. Briefly, iron (III) 

chloride hexahydrate and iron (II) sulfate heptahydrate were added slowly to 50 mL of distilled 
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water, followed by heating to 90 °C. Subsequently, 3 mL of polyethylene glycol (PEG400) was 

added, followed by adding ammonium hydroxide solution obtained by dissolving 10 mL of 

25% ammonium hydroxide in 50 mL of water under continuous stirring for 30 minutes. The 

final mixture, which was black, was centrifuged for 10 minutes at 4000 rpm after being brought 

to room temperature. Finally, washing with deionized water was done to get rid of unbound 

impurities. 

After that, the conjugation of nanoparticles was done with artemisinin. A mixture containing 

250 µL each of 10 mg/mL EDC, 10 mg/mL NHS, and 7 µL of 1 M NaOH was prepared and 

added into the pre-synthesized magnetic nanoparticles (0.5 mg) for activating surface carboxyl 

groups under sonication for 15 minutes. Subsequently, 250 µL (3 mg/mL) artemisinin was 

mixed with it dropwise, followed by keeping the solution at 37 °C for 24 h. The centrifugation 

of obtained mixture was done for 1h at 12,000 g for purification. Finally, the nanoparticles 

were dispersed in phosphate-buffered saline and kept at 4 °C for further utilization. 

 

5.2.3 The studies to determine the size and morphology of nanoparticles with elemental 

analysis 

For determining the hydrodynamic size of the nanoparticles Malvern DLS-Zeta size analyzer 

was used. High-Resolution Transmission Electron Microscopy (HRTEM) (Talos F200S G2, 

Thermo Scientific) was utilized to obtain exact size, shape, and morphology of ART-MNPs. 

Before analyzing, the centrifugation of nanoparticles was done for 15 minutes at 240 rpm to 

remove unbound impurities. The final pellet was analyzed using an energy-dispersive X-ray 

Spectrometer (EDS) (Bruker QUANTAX 200) to determine elemental composition. 

 

5.2.4 FTIR Spectroscopy to monitor interactions between ART and MNPs 

The interactions between ART (Artemisinin) and MNPs were investigated using Fourier 

Transform Infrared Spectroscopy (FTIR). The FTIR analysis was performed using an Agilent 

Cary 600 series Spectrophotometer. The pellets were made using the potassium bromide 

followed by scanning over the range of 400 cm-1 to 4000 cm-1. FTIR data will provide a detailed 

study of variation in the frequency range of artemisinin functional groups after binding with 

magnetic nanoparticles. 

 

5.2.5 XRD Analysis 

X-ray diffraction (XRD) unveils the crystallographic structure, chemical configuration, and 

physical characteristics. Here, the technique probed the synthesized nanomaterial. After drying 
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to eliminate moisture's influence, Cu Kα radiation exposure was given to the sample (λ = 1.54 

Å) for diffraction pattern acquisition within a 2θ range of 10-90°. The Scherrer equation, 

applied to the most intense peak in this pattern, then determined the crystallite size of both 

MNPs and ART-MNPs. 

𝑑 = 𝐾𝜆 

𝛽𝑐𝑜𝑠𝚹 
…… (Eq 1) 

where K= 0.9 is the Scherrer constant, λ= 1.54 Å denotes the X-ray wavelength, β determines 

the broadening of the highest intense peak, and d denotes the crystallite size of the synthesized 

MNPs and ART-MNPs. 

 

5.2.6 Heating capacity determination using Hyperthermia study 

In cancer treatment, hyperthermia utilizes elevated cellular temperatures (typically between 

42°C and 45°C) to target and destroy tumors. To assess the potential of a synthesized material 

for magnetic hyperthermia applications, the NanoTherics Magnetherm instrument was used. 

This instrument is equipped with an optical fiber temperature probe to record material heating 

during the process precisely. The prepared sample was exposed to variable magnetic field of 

10 mT at various frequencies (161.9 kHz, 242.4 kHz, 411.1 kHz, 580.2 kHz, and 935.3 kHz). 

 

5.2.7 Determination of magnetic properties using VSM 

To assess the magnetic features of the synthesized nanoparticles (MNPs and ART-MNPs), we 

employed a Vibrating Sample Magnetometer (VSM) at room temperature. Before analysis, the 

samples were dried in powder form. The VSM exposed the samples to a varying magnetic field 

of +/- 10 kOe, allowing us to record the hysteresis loop (M-H), which reveals the correlation 

amongst magnetization of material and the applied magnetic field. This loop is a characteristic 

of ferromagnetic materials and provides valuable data on the nanoparticles' magnetic 

characteristics, including saturation magnetization (Ms), coercivity (Hc), and remanence (Mr) 

[243]. 

 

5.2.8 Studies to Determine Drug Loading and Release Kinetics 

The release profile of artemisinin (ART) from ART-MNPs was investigated through 

centrifugation and spectrophotometry. For this, centrifugation of 1 ml sample at 10,000 rpm 

for 15 minutes to separate the unbound ART in the supernatant from the ART bound to the 

pellet. The unbound ART concentration in the supernatant was then quantified using 

spectrophotometric testing. The pellet was suspended in 500 ml of water to monitor sustained 
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release. At predetermined time intervals over 40 h, 2 ml aliquots were withdrawn and replaced 

with DI water for maintaining the original volume. The absorbance of these aliquots was 

measured at 292 nm, providing information on the ART release pattern at physiological pH 7, 

gastric pH 3 and tumor pH 5.5 at 37 °C [306],[322],[178]. The final data is plotted by taking 

the average of three different experiments. 

 

5.2.9 in vitro studies 

5.2.9.1 Cytotoxicity studies 

The toxicity of the samples towards cells was evaluated using the MTT (3-(4,5- 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay which was done using AGS 

cells, a gastric adenocarcinoma cancer cell line. For the experiment, 10,000 cells per well were 

added in a 96-well plate and allowed to reach 75-80% confluency followed by treating them 

with four distinct concentrations (2.5, 5, 7.5, and 10 µg/mL) of the prepared formulations, 

including FeCl3, FeSO4, MNPs, ART, and ART-MNPs. After treating them with formulations, 

the cells were incubated at 37°C. The MTT solution was then added after washing cells with 

PBS and incubated for an additional 3 h. The solution was withdrawn from each well, followed 

by adding 100 µl of DMSO and kept for 15-minute incubation. Finally, the OD value of the 

final solution was determined at 570 nm. The given equation was used to calculate the 

inhibition percentage. 

% inhibition = [1 − (At/Ac) × 100] % ……… (Eq 2) 

where at is the test substance absorbance and Ac is the control solvent absorbance. The 

experiment was performed three times to get the concordant values. 

 

5.2.9.2 Scratch assay for anti-cancer activity 

A scratch assay was utilised for determining the anti-cancer activity of the synthesized 

particles. One 6-well plate was used to grow cells in FBS-free media and incubated at 37 °C 

and 5% CO2. The plate was then confluent till 80-90%. After that, a sterile 10 µl pipette tip 

was used to carefully scratch a uniform wound across the cell monolayer followed by washing 

them with PBS to get rid of debris and impurities. Fresh media was added, and the cells were 

treated with various samples: FeCl3, FeSO4, MNPs, ART, and ART-MNPs. Images of the 

scratch were captured at 6, 12, 24, 36, and 48 h post-treatment. 

The scratch width was measured at three random places in all wells at each time point to 

quantify anti-cancer activity. The average scratch diameter was then calculated, and a graph 

was plotted to visualize the changes in scratch diameter over time for each sample. This allowed 
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for the assessment of the anti-proliferative efficacy of the synthesized samples on the cancer 

cells. [246], [247]. 

 

5.2.10 Detection of autophagy by Monodansylcadaverine (MDC) staining 

To assess autophagic activity, AGS cells were cultured in 6-well plates and allowed to reach 

optimal confluency (70-80%). Each well was then treated with one of the following samples: 

control, MNPs, ART, or ART-MNPs. Following a 24-hour incubation, washing of cells was 

done with PBS before trypsinization followed by suspending in PBS and treated with 50 µM 

MDC for 15 minutes At 25 °C. Finally, the 1 x 104 cells were analyzed using flow cytometry. 

 

5.2.11 Detection of autophagy by Acridine orange (AO) staining 

An AO staining assay was done for evaluating autophagy similar to the MDC staining 

procedure described above; AGS cells were cultured using 6-well plates till they reached 70- 

80% confluency. The subsequent steps were identical to those outlined in Section 2.10 above. 

 

5.2.12 Anti-bacterial activity of synthesized ART-MNPs 

5.2.12.1 Antimicrobial activity by determining the Minimum Inhibitory Concentration 

(MIC) 

To assess the anti-bacterial potential of the nano-formulations, the MIC was measured, which 

is the lowest concentration at which the growth of bacteria is effectively inhibited by the anti- 

bacterial agent over a specified period. The experiment was conducted using Helicobacter 

pylori to determine the MIC of ART-MNPs. Following established procedures, the 

microdilution was employed to assess anti-bacterial potential in 96-well plates. Initially, 

bacterial cultures were cultured and maintained in a brain heart infusion (BHI) broth medium 

in a hypoxia chamber at 37 °C, with 0.1 % oxygen and 10% CO2 for 24 h. Subsequently, the 

concentration of bacteria was adjusted to 10-8 CFU/ml in the BHI medium. For evaluating the 

anti-bacterial efficacy of the synthesized particles, 20 µl of bacterial suspension, 20 µl of 

nanoparticles (2.5, 5, 7.5, and 10 µg/mL), and 160 µl of BHI broth were added to each well of 

the 96-well plates. Negative controls consisted of inoculated broth without nanoparticles. The 

plate was placed overnight in a hypoxia chamber at 37 °C, in the presence of 0.1 % Oxygen 

and 10% CO2 [323]. OD was taken at 600 nm for the growth analysis. 
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5.2.12.2 Anti-bacterial activity by agar well diffusion assay 

The agar well diffusion method was utilised to monitor the antimicrobial activity of synthesized 

ART-MNPs. One petri dish was made using BHI agar for the H. pylori strain, a Gram-negative 

bacterium. A 50 ml solution of BHI media and agar was autoclaved, poured into the Petri plates, 

and allowed to solidify. After solidification, 5 mm wells were made in the plate with the help 

of a cork borer, and sterile spreaders were used to spread 50 µl of bacteria on the plate. Three 

formulations, including ART, MNPS, and ART-MNPs with a concentration of 10 µg/mL, were 

added to their respective wells and kept for 24 h in a hypoxia chamber at 37 °C in 0.1 % Oxygen 

and 10% CO2. After the incubation period, the zones of inhibition around each were monitored 

to assess the antimicrobial efficacy of synthesised formulation. 

 

5.2.13 Determination of combination index (CI) for MNPs and ART 

The CI quantifies the impact of two distinct drugs when used together. This interaction may 

result in either synergistic or antagonistic impact. Calculation of CI determines the extent of 

synergistic or antagonistic effects. CI value of less than 1 is indicative of synergism, where the 

combined administration of two drugs enhances each other's activity. Conversely, a CI value 

exceeding 1 (CI > 1) demonstrates the antagonism and suggests that one drug inhibits the 

activity of the other drug. A CI value of 1 indicates that neither drug interferes with the other. 

The CI was determined by computing and assessing the viability of AGS cells across variable 

concentrations of ART and MNPs, using equation (3) 

𝐶𝐼 =  (𝐷)1  +  (𝐷)2 …… (Eq3) 
(𝐷𝑥)1 (𝐷𝑥)2 

Where, 𝐷𝑥 = 𝐷𝑚 [𝑓𝑎/𝑓𝑢]1/𝑚 …… (Eq4) 

Here, (D)1 and (D)2 give the concentration of ART and MNPs. The concentrations (Dx)1 and 

(Dx)2, indicative of the median effective doses for the individual drugs, are determined through 

equation (4), where the affected and unaffected cell fractions in the median dose are denoted 

by fa and fu and are equal to 10(y-intercept)/m, where m represents the slope median in the median 

effect plot of log (D) vs. log (fa/fu) [176]. 

 

 

5.3 Results and Discussions 

5.3.1 Structure and Composition of ART-MNPs 

Shape and Size: TEM images (Figure 5.2. (a)) confirmed the spherical morphology of the 

IONPs with an inset showing the histogram average diameter of 16 nm. Similarly, the Figure 
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5.2. (b) shows the TEM images of ART-MNPs and the histogram inset in this figure showing 

the average diameter of about 26 nm. TEM images indicated the spherical morphology of the 

ART-MNPs. This microscopic analysis was performed at a scale of 20 nm, allowing for 

detailed observation of the nanoparticle size and shape. 

Hydrodynamic Diameter: DLS data revealed a hydrodynamic diameter of 114 nm for the ART- 

MNPs (Figure 5.2. (c)). This value represents the average size of the nanoparticles when 

dispersed in solution and accounts for the presence of any solvating molecules or surface 

functional groups. 

Elemental Composition: Energy-dispersive X-ray spectroscopy (EDS) analysis (Figure 5.2. 

(d)) confirmed the presence of key elements in the ART-MNPs, including carbon (C), oxygen 

(O), and iron (Fe). Notably, the iron content was found to be 63.29% and evenly distributed 

throughout the nanoparticles, indicating the successful incorporation of iron oxide within the 

ART-MNPs structure. 

 

5.3.2 FTIR for studying interactions between ART and MNPs after nanoparticle 

synthesis 

To explore the interaction between artemisinin ART and MNPs, FTIR was performed on ART, 

MNPs, and ART-MNPs samples. The findings unveiled multiple peaks in the IR spectra, 

offering valuable insights into the interactions in the examined samples, see Figure 5.2. (e) and 

Table 5.1. A peak at 537.56 cm-1 was identified in MNPs and ART-MNPs, indicating the 

presence of the Fe-O bond [248]. Peaks at 632.74 cm-1 and 685.53 cm-1 were present only in 

ART, denoting CH2 Rocking vibrations. Notable peaks at 822.30 cm-1 and 861.49 cm-1 s 

identified as C-H bonds of the aromatic C-H [324] were present in ART but absent in both 

MNPs and ART-MNPs. A distinct peak, pointing to C-C stretching at 974.27 cm-1 [325], was 

observed in both ART and ART MNPs but was absent in MNPs. On the other hand, C-O-C 

asymmetrical stretching vibrations corresponding to peaks at 1104.64 cm-1 and 1182.22 cm-1 

[326] were noted across all the samples. Furthermore, a peak at 1379.78 cm-1 representing C- 

O vibration was present in ART and ART-MNPs but absent in MNPs. In both ART and ART- 

MNPs, a bond indicative of C=O stretching was also present at 1439.76 cm-1, which was not 

observed in MNPs [324]. At 1633.32 cm-1, a peak position represented free carboxylic acid in 

MNPs and ART-MNPs but not in ART [325]. The -C(=O)-O Lactone bond was obtained at 

1731.70 cm-1 in ART and ART-MNPs but is absent in MNPs [326]. Moreover, a peak indicative 

of C-H stretching vibrations (alkanes) was observed at 2834.65 cm-1 in ART and ART-MNPs 

but not in MNPs [327]. Likewise, a bond representing CH2 stretching vibrations at 2901.84 
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cm-1 was present in ART and ART-MNPs and absent in MNPs [328]. Additionally, O-H 

stretching vibrations were observed at 3300.15 cm-1 in ART-MNPs only [326]. 

 

Table 5.1. The table gives the comparative values of the wavenumbers obtained from the FTIR 

of Artemisinin (ART), MNPs, and ART-MNPs indicating changes in distinct functional groups 

present, thus coins the interaction among Artemisinin and iron oxide nanoparticles leading to 

the formation of ART-MNPs. 

 

Functional 

groups 

Artemisinin 

(ART) 

MNPs ART-MNPs Reference 

Functional 

groups 

- 537.56 537.56 [248] 

Fe-O 632.74 
685.53 

- - [329] 

CH2 Rocking 

vibrations 
822.30 
861.49 

- 822.30 
861.49 

[327] 

C-H of the 

aromatic 

group 

974.27 - 974.27 [330] 

C-C Stretching 1104.64 
1182.22 

1104.64 1104.64 
1182.22 

[331] 

C-O-C 

asymmetrical 

stretching 

vibrations 

1379.78 - 1379.78 [332] 

C-O Vibration 1439.76 - 1439.76 [324] 

C=O stretching - 1633.32 1633.32 [325] 

Free 

carboxylic acid 

1731.70 - 1731.70 [326] 

-C(=O)-O 
Lactone bond 

2834.65 - 2834.65 [327] 

C-H stretching 

vibrations 

(alkanes) 

2901.84 - 2901.84 [328] 

CH2 stretching 

vibrations 
- - 3300.15 [326] 

 

5.3.3 XRD analysis 

XRD analysis (Fig. 1e) was done to investigate the crystallinity of formulated MNPs, ART, 

and ART-MNPs. The XRD pattern of MNPs displayed characteristic peaks at 2θ values of 30°, 

35°, 43°, 52°, 57°, and 62° (Figure 5.2. (f)). These peaks are corresponding to the crystal planes 
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(220), (311), (400), (422), (511), and (440) of magnetite (Fe₃O₄), as confirmed by their match 

with the reference pattern (ICDD number 00-003-0863). Notably, the XRD pattern of ART- 

MNPs exhibited similar peaks for iron oxide at the same positions, indicating the successful 

incorporation of Fe₃O₄ into the ART-MNPs structure. 

Furthermore, the XRD pattern of ART alone revealed distinct peaks at 2θ values of 11.96°, 

12.24°, 14.96°, 22.4°, 24.12°, and 38.56° [333], [334] (Figure 5.2. (e)). These sharp peaks 

suggest the crystalline nature of ART, which is crucial for maintaining its therapeutic 

properties. Interestingly, the Scherrer equation (Eq. 1) applied to the XRD data of ART-MNPs 

estimated a crystallite size of 18.53 nm. This finding suggests that the ART-MNPs possess a 

relatively small crystalline structure, potentially influencing their interaction with biological 

systems. 

 

 

Figure 5.2. Characterizations of ART-MNPs (a) HR-TEM micrographs at a 10 nm scale 

reveal the size of IONPs (b) HR-TEM micrographs at a 20 nm scale reveal the size of ART- 

MNPs (c) Hydrodynamic size of ART-MNPs was analyzed by DLS, and the size was found to 

be 114.81 nm (d) EDS confirming the presence of iron in ART-MNPs (e) FTIR graph 
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demonstrating the interactions taking place between ART and MNPs (f) XRD plot providing 

the insights in the crystal structure of ART-MNPs. 

5.3.4 Hyperthermia study 

To comprehend the heating capacity of the synthesized nanoformulations under magnetic 

hyperthermia, temperature vs. time profiles were observed under different frequencies, 

whereas field strength and exposure time were kept constant. Each sample was exposed to 

hyperthermia treatment at each frequency for 10 minutes, as the hyperthermia temperature was 

achieved with this exposure time, beyond which overheating took place. After the hyperthermia 

treatment, an increase in temperature was observed from 28.25ºC to 29.14ºC, 31.27ºC, 34.50ºC, 

and 35.53ºC as the frequency increased from 161.9 kHz to 242.4 kHz, 411.1 kHz, 580.2 kHz, 

and 935.3 kHz, respectively. This trend is illustrated in Figure 5.3. (a) as a temperature (Tmax) 

vs frequency (kHz) plot. The observed temperature increase demonstrates the vast potential of 

the nanoparticles in treating cancerous tissues by using magnetic hyperthermia. 

 

5.3.5 Magnetic properties 

The magnetic characteristics of MNPs and ART-MNPs were evaluated through magnetization 

measurements. These measurements were conducted using a Lakeshore 7404 model at room 

temperature with a field range of + 10 kOe. The M-H loops of MNPs and ART-MNPs are 

shown in Figure 5.3. (b). From the hysteresis loops, the saturation magnetization (Ms), 

Coercivity (Hc), and remanence (Mr) were determined as given in Table 5.2. The table shows 

that both remanence and coercivity values are nearly zero in MNPs and ART-MNPs, which 

shows that nanoparticles are superparamagnetic. This implies that thermal energy is adequate 

at room temperature for overcoming the magnetic anisotropy energy, keeping the nanoparticles 

randomly oriented without an external magnetic field. Furthermore, ART-MNPs exhibit higher 

saturation magnetization, which makes them one of the most potent and suitable candidates for 

magnetic hyperthermia applications. 
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Figure 5.3. Assessment of hyperthermia sensitivity by ART-MNPs (a) It demonstrates the 

heating capacity of ART-MNPs at various frequencies under a constant magnetic field of 10 

mT. It displays the increase in temperature, i.e., 28.25ºC to 29.14ºC, 31.27ºC, 34.50ºC and 

35.53ºC at diverse frequencies: 161.9 kHz, 242.4 kHz, 411.1 kHz, 580.2 kHz, and 935.3 kHz, 

respectively (b) Magnetization of MNPs and ART-MNPs were recorded at RT 

 

Table 5.2. The table indicates the various parameters of both the synthesized nanoparticles 

(MNPs and ART-MNPs), which include saturation magnetization (MS), Remanence 

magnetization (Mrs), Coercivity (Hc), and crystallite size. 

 Samples 

Parameters MNPs ART-MNPs 

Ms (emu/g) 50.08 39.16 

Mrs 0.03 0.006 

Hc 0.26 0.54 

Crystallite size (nm) 15.55 18.53 

 

5.3.6 Drug Loading and Release Kinetics 

The encapsulation of ART within MNPs was determined to be 77.77 ± 3.66 %, indicating a 

successful drug loading onto the nanoparticles. To evaluate the release profile of ART from 

ART-MNPs, drug release assay was performed by employing dialysis bag method at 

physiological pH (pH 7.0), as described in the methods section. The cumulative release of ART 

over time was monitored, and the results are shown in Figure 5.4. (a). 

As observed in Figure 5.4. (b), the drug release profile exhibited a biphasic pattern. Initially, 

a burst release of ART was obtained within the initial 8 h, after which a sustained drug release 
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for the next 32 h was obtained. This burst effect could be because of the release of ART 

molecules loosely adsorbed on MNPs surface. The sustained release phase likely involves the 

slower diffusion of encapsulated ART from the inner matrix of the nanoparticles. Notably, the 

total cumulative ART release after 40 h reached 90.11 ± 4.12 %, demonstrating the efficient 

drug release from the ART-MNPs. This combination of high efficiency of encapsulation and 

controlled release highlights the efficacy of ART-MNPs as a promising drug delivery agent. 

Moreover, the drug release studies were carried out at gastric pH (3) (Figure 5.4. (c,d)) and 

tumour pH (5.5) (Figure 5.4. (e,f)). From the gastric pH data, it was observed that there was a 

burst release in the initial 8 h with nearly half of the drug (52.06 ± 2.08 %) being released in 

first 2 h only, after which a sustained drug release pattern for next 32 h with total drug being 

released to be 82.52 ± 3.41 % after 40 h. Similar biphasic pattern was obtained for the drug 

release at tumor pH, where in the initial 8 h, 60.16 ± 1.25 % drug was released and the total 

drug release at the end of 40 h is found to be 78.62 ± 0.25 %. The reason behind this initial 

burst release pattern is the release of artemisinin adsorbed on the outermost layer of iron oxide 

nanoparticles followed by the slow release of drug encapsulated inside the particles. Further, 

in the gastric and tumor pH which falls in the acidic range, there occurs the degradation of iron 

oxide nanoparticles eventually causing the non-enzymatic cleavage of endoperoxide bridge of 

released artemisinin which will further kill the cancer cells by generating organic radicals 

[335]. 
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Figure 5.4. (a) The graph presents the drug release studies performed for assessing the 

percentage of ART released from ART-MNPs at physiological pH (b) It illustrates the release 

rate of the drug in mg/ml at pH 7 per hour (c) The graph presents the drug release studies 

performed for assessing the percentage of ART released from ART-MNPs at gastric pH (3) (d) 

It illustrates the release rate of drug in mg/ml at pH 3 per hour (e) The graph depicts the drug 

release studies conducted to evaluate the percentage of ART released from ART-MNPs at tumor 

pH (5.5) (f) It depicts the drug release rate in mg/ml per hour at tumor pH (5.5). 

5.3.7 in-vitro cell line studies with and without hyperthermia 

For determining the toxicity of ART-MNPs on the AGS (gastric cancer), an MTT assay was 

performed under physiological conditions followed by calculating the cytotoxicity for FeCl3 

and FeSO4 salt solutions, Artemisinin, MNPs, and ART-MNPs at four concentrations: 2.5 

µg/mL, 5 µg/mL, 7.5 µg/mL, and 10 µg/mL. Apart from the control, all the concentrations 

were tested on three independent sets, with and without hyperthermia treatment, to determine 

the effectiveness of the formulations. Cell viability was measured relative to control in the 

MTT assay performed without hyperthermia treatment, which was set at 100%. The results 

revealed several key points. 

Cells after treatment with FeCl3 show % viability of 98.51 ± 2.35% at 2.5 µg/mL, 97.71 ± 
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3.21% at 5 µg/mL, 97.30 ± 3.02% at 7.5 µg/mL, and 94.94 ± 1.80% at 10 µg/mL. Similarly, 

cells treated with FeSO4 showed viability of 96.88 ± 2.69% at 2.5 µg/mL, 96.01 ± 3.78% at 5 

µg/mL, 95.88 ± 3.31% at 7.5 µg/mL and 93.37 ± 2.59% at 10 µg/mL. Cells treated with ART 

showed viability of 85.01 ± 2.97% at 2.5 µg/mL, 74.31 ± 3.95% at 5 µg/mL, 60.67 ± 3.83% at 

7.5 µg/mL, and 49.91 ± 1.45% at 10 µg/mL. In MNPs treated cells, viability was 95.01 ± 0.6% 

at 2.5 µg/mL, 92.24 ± 2.41% at 5 µg/mL, 89.89 ± 4.15% at 7.5 µg/mL and 88.05 ± 2.78% at 

10 µg/mL. Finally, cells treated with ART-MNPs showed levels of viability as 84.73 ± 2.83% 

at 2.5 µg/mL, 72.62 ± 3.07% at 5 µg/mL, 59.90 ± 3.27% at 7.5 µg/mL and 48.49 ± 1.3% at 10 

µg/mL concentration. The data is graphically represented in Figure 5.5. 

The statistical significance of data was determined by calculating p values for the MTT assay 

without hyperthermia, as represented in Table 5.3. 

 

Table 5.3 It indicates the p values calculated for % variation in cell viability after treating with 

2.5, 5, 7.5, and 10 µg/mL of ART, MNPs, and ART-MNPs without hyperthermia. The 

statistical significance of data is considered when the p < 0.05. 

P value for checking the statistical significance of data (Without Hyperthermia) 

 ART MNPs ART-MNPs 

2.5µg/mL 0.002413 0.002773 0.00112 

5µg/mL 0.000477 0.008284 0.000152 

7.5 µg/mL 8.06E-05 0.017229 0.000152 

10 µg/mL 1.39E-06 0.002665 9.43E-07 

 

Cells treated with samples were incubated and subjected to alternating magnetic fields using a 

hyperthermia instrument for the hyperthermia treatment. MTT assay was then conducted to 

assess cell viability. The gastric cancer cells, after treatment, showed a potent decline in cell 

viability in comparison to the control group. For FeCl3 salt solution-treated cells, viability was 

96.45 ± 2.40% at 2.5 µg/mL, 95.12 ± 3.56% at 5 µg/mL, 94.63 ± 3.91% at 7.5 µg/mL and 

92.61 ± 1.10% at 10 µg/mL. When cells were treated with FeSO4 salt solution, the viability 

was 95.61 ± 2.45% at 2.5µg/mL, 95.22 ± 6.28% at 5 µg/mL, 93.49 ± 3.30% at 7.5 µg/mL and 

91.57 ± 1.23% at 10 µg/mL. For ART-treated cells, the viability was 81.55 ± 2.65%, 73.15 ± 

3.15%, 60.39 ± 3.05%, 49.75 ± 4.10% for the concentrations 2.5 µg/mL, 5 µg/mL, 7.5 µg/mL 

and 10 µg/mL, respectively. Cells treated with MNPs, showed viability of 81.26 ± 4.23% for 

2.5 µg/mL, 67.78 ± 3.64% at 5 µg/mL, 58.07 ± 2.75% at 7.5 µg/mL and 48.42 ± 2.74% at 10 
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µg/mL. Lastly, ART-MNPs resulted in cell viability of 46.70 ± 1.38%, 41.67 ± 2.52%, 29.50 

± 1.20%, 21.28 ± 1.16% for 2.5 µg/mL, 5 µg/mL, 7.5 µg/mL, and 10 µg/mL, respectively 

(Figure 5.3. (e)). 

These results indicate the cytotoxicity of ART-MNPs against AGS cells, suggesting potential 

for further exploration of anti-cancer potential as given in Fig. 2e. The statistical significance 

of the results was obtained by calculating p-values for the MTT assay with hyperthermia, as 

represented in Table 5.4. 

 

Table 5.4. Table shows the p values calculated for % variation in cell viability after treating 

with 2.5, 5, 7.5, and 10 µg/mL of ART, MNPs, and ART-MNPs with hyperthermia. The 

statistical significance of data is considered when the p < 0.05 

 

P value for checking the statistical significance of data (With Hyperthermia) 

 ART MNPs ART-MNPs 

2.5µg/mL 0.009367 0.009526 1.4201E-05 

5µg/mL 0.000869 0.000836 3.04E-05 

7.5 µg/mL 0.000336 0.000139 4.13E-06 

10 µg/mL 0.000212 6.07E-05 2.65E-06 

 

 

 

 

 

 

 

Figure 5.5. The cytotoxic activity on AGS cell line was assessed using the MTT under both 
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cases; with hyperthermia (green bars) and without hyperthermia (orange bars). It depicts the 

administration of treatment to AGS cells with control, including FeCl3 and FeSO4, ART, 

MNPs, and ART-MNPs at various concentrations of 2.5 µg/mL, 5 µg/mL, 7.5 µg/mL, and 10 

µg/mL for each sample, both in the absence and presence of hyperthermia treatment. 

 

5.3.8 Scratch assay for anti-cancer activity 

The scratch assay (Figure 5.6. a-t) was used to evaluate the antiproliferative effects of ART- 

MNPs on AGS cells. Cells after treatment with 10 µg/mL of ART, MNPs, or ART-MNPs. 

Scratch closure was quantified by measuring the decrease in scratch diameter at three points 

per well, with the mean value reported. Control cells displayed a gradual scratch closure, 

reaching 73.71 ± 0.12% after 48 h (Figure 5.6. (u)). MNPs exhibited weaker anti-proliferative 

activity (52.16 ± 0.21% at 36 h, 71.98 ± 0.63% at 48 h), while ART treatment showed a 

moderate effect (43.54 ± 0.50% at 36 h, 68.32 ± 0.12% at 48 h). ART-MNPs demonstrated the 

most significant inhibition of cell migration (0.66 ± 0.24% at 6 h, 64.23 ± 0.27% at 48 h). This 

superior efficacy suggests a synergistic effect between ART and MNPs in the ART-MNPs 

formulation (detailed statistical analysis in Table 5.5.). 

 

Table 5.5. It indicates the p values calculated for % variation in scratch diameter after treatment 

with 10 µg/ml of ART, MNPs, and ART-MNPs. The data is considered statistically significant 

when the p < 0.05. 

 

P value for checking the statistical significance of data 

Time ART MNPs ART-MNPs 

6h 0.054767 0.792443 0.004362 

12h 0.000305 0.041174 0.000243 

24h 0.004036 0.023064 0.001396 

36h 0.01039 0.027416 0.004124 

48h 0.00749 0.043244 0.006911 



103  

 

Figure 5.6. The Figure depicts the anti-cancer impact of ART-MNPs on the AGS cell line 

through a scratch assay (a) to (e) are control cells, MNPs treated cells at a fixed concentration 

of 10 µg/mL (f) to (j), ART-treated cells (k) to (o) with a concentration of 10 µg/mL, Cells 

treated with ART-MNPs (p) to (t) with 10 µg/mL concentration (u) The data in graph 

illustrating the comparison of alterations in scratch diameter after treatment with ART, MNPs, 

and ART-MNPs including control after 6 h, 12 h, 24 h, 36 h, and 48 h. 

 

5.3.9 Detection of autophagic vacuoles by MDC 

To assess the alteration of the extent of cellular autophagy effects of the synthesized 

formulations, AGS cells were treated and analysis was done using flow cytometry. As indicated 

in Figure 5.7. (a), control cells exhibited a basal level of apoptosis (1.61%). Treatment with 

MNPs (Figure 5.7. (b)) and ART (Figure 5.7. (c)) resulted in moderate increases in apoptotic 

cells (3.89% and 4.32%, respectively). Notably, ART-MNPs (Figure 5.7. (d)) induced a 

significantly higher percentage of apoptotic cells (58.65%), suggesting their enhanced anti- 

cancer potential. 
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5.3.10 Detection of autophagic vacuoles by AO 

Flow cytometry analysis was utilized for quantifying the potential impact of the synthesized 

formulation on autophagy in AGS cells. (Figure 5.7. (e)) Control cells displayed a basal level 

of apoptosis (0.96%). Treatment with MNPs (Figure 5.7. (f)) and ART (Figure 5.7. (g)) did 

not significantly alter the apoptotic cell population (0.55% and 0.56%, respectively). 

Interestingly, ART-MNPs (Figure 5.7. (h)) induced a significantly higher percentage of 

apoptotic cells (12.20%), suggesting their potential to induce cell death. 

 

 

 

Figure 5.7. The figure shows the percentage of autophagy in cells using MDC 

(Monodansylcadaverine) dye (a) Control cells, which have 1.61% apoptotic cells; (b) MNPs 

treated cells, which showed 3.89% apoptotic cells; (c) in cells treated with ART, the percentage 

of apoptotic cells is 4.32% and (d) in cells treated with ART-MNPs, the percentage of apoptotic 

cells was found to be the highest as 58.65%. Percentage of autophagy in cells using AO 

(acridine orange) dye (a) in control cells, the percentage of apoptotic cells came out to be 

0.96%, (f) in MNPs treated cells, the percentage of apoptotic cells is 0.55%, (g) in ART-treated 

cells, the percentage of apoptotic cells is 0.56% and (h) in ART-MNPs treated cells showed 

the highest percentage apoptotic cells were found to be 12.20%. 

 

5.3.11 Anti-bacterial effect of ART-MNPs on H. pylori 

 

5.3.11.1 Anti-bacterial activity by determining the MIC value 
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Anti-bacterial activity was determined by following the broth dilution method, and the MIC 

value was established. The MIC value for ART-MNPs was determined to be 10 µg/mL, see 

Figure 5.8. (a). The enhanced anti-bacterial activity is likely due to the influx of synthesized 

nano-formulations being easy for Gram-negative bacteria's cell wall, which has a unique outer 

membrane. These nanoparticles, in conjunction with artemisinin, generate ROS, eventually 

killing the bacteria. The statistical data is presented in Table 5.6. 

Table 5.6. Table shows the p values calculated for % variation in the absorbance value of H. 

pylori after treatment with varying concentrations (2.5, 5, 7.5, 10 µg/ml) of ART, MNPs, and 

ART-MNPs. The data is considered statistically significant when the p < 0.05. 

 

P value for checking the statistical significance of data for anti-H. pylori activity 

 ART MNPs ART-MNPs 

2.5µg/mL 0.004458 0.00133 5.46E-05 

5µg/mL 2.09E-05 7.73E-05 1.56E-05 

7.5 µg/mL 1.1E-05 1.5E-05 5.43E-06 

10 µg/mL 5.46E-06 0.000213 2.48E-06 

 

 

5.3.11.2 Anti-bacterial activity by agar well diffusion assay 

 

The anti-bacterial activity was further confirmed by the agar well diffusion method. The zone 

of inhibition for H. pylori following treatment with MNPS, ART, and ART-MNPs were ~ 9.5 

mm, ~10.5 mm, and ~ 11.5 mm, respectively, indicating the superior anti-bacterial activity and 

zone of inhibition of ART-MNPs in comparison to MNPs and ART alone (Figure 5.8. (b)). 



106  

 

 

Figure 5.8. It indicates anti-H. pylori using ART-MNPs (a) the graph represents the MIC 

values, and it comes out to be 10 µg/mL for ART-MNPs (b) the figure shows the zone of 

inhibition for H. pylori that is ~ 9.5 mm, ~10.5 mm, and ~ 11.5 mm when treated with MNPS, 

ART, and ART-MNPS respectively. 

 

5.3.12 Combination index of iron and insulin 

The CI was determined to quantify the interaction between ART and MNPs. Dm values, 

derived from Figure 5.9. (a) (ART) and Figure 5.9. (b) (MNPs), were used in the CI 

calculation. As shown in Table 5.7., the CI values for all tested combinations were below 1, 

indicating a synergistic effect. This finding aligns with the in vitro cell viability and scratch 

assay results (see previous sections, 3.7 and 3.8), suggesting that ART and MNPs work together 

to enhance their anti-cancer activity. 
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Figure 5.9. Median plots of (a) ART and (b) MNPs for finding the y-intercept and m values 

to calculate Dm and determine the combination index of ART and MNPs. 

 

Table 5.7. The table presents the Combination index (CI) data derived from varying 

concentrations of ART and MNPs in combination to assess whether the two drugs demonstrate 

synergistic or antagonistic effects on cell viability. The values obtained are less than 1, 

indicating a synergistic effect between ART and MNPs. 

Concentration of Fe 

salt and Insulin 

(Dx)1 (Fe salt) 

= Dm[fa/fu]1/m 

(Dx)1 (Insulin) = 

Dm[fa/fu]1/m 

CI = (D)1/(Dx)1 

+ (D)2/(Dx)2 

2.5 µg/mL 99.28705 112.0501 0.047491 

5 µg/mL 111.495 128.556 0.083739 

7.5 µg/mL 130.6199 147.8165 0.108157 

10 µg/mL 158.1126 180.3481 0.118694 

 

 

 

5.4 Conclusion 

This study has successfully explored the potential of artemisinin-magnetic iron oxide 

nanoparticles as a new therapeutic method for gastric cancer. After combining the anti-cancer 

properties of ART with the hyperthermic capabilities of MNPs, ART-MNPs offer a synergistic 

approach for targeted cancer cell eradication. Our findings demonstrate the successful 

development of ART-MNPs with high encapsulation efficiency and a biphasic drug release 

profile. This indicates effective drug loading and the potential for rapid delivery upon reaching 

the target site, followed by a sustained therapeutic effect. Most importantly, ART-MNPs 

exhibited significantly enhanced anti-proliferative activity compared to individual treatments 
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with ART or MNPs alone. This synergistic effect was evident in the scratch assay results, 

suggesting that the combination therapy disrupts multiple cellular processes, potentially 

leading to more efficient cancer cell eradication. 

Mechanistically, ART is known to generate ROS via interaction with ferrous iron, eventually 

causing mitochondrial damage and cell death. MNPs, after exposure to an external magnetic 

field, can produce localized heat (hyperthermia), further sensitizing cancer cells to the 

cytotoxic effects of ART. This synergistic action highlights the potential of ART-MNPs to 

overcome a significant challenge in cancer treatment: hyperthermia resistance. Additionally, 

ART-MNPs also demonstrated anti- H. pylori activity, which would further enhance the 

efficacy of the therapy. 

In conclusion, this work has illustrated the promising potential of ART-MNPs for target 

specific and synergistic therapy against gastric cancer. Their ability to combine the anti-cancer 

properties of ART with the hyperthermic effects of MNPs opens new avenues for developing 

more effective treatment strategies. Further research on overcoming hyperthermia resistance 

through autophagy modulation and exploring combination therapies with other modalities is 

warranted to fully translate the potential of ART-MNPs into clinical practice, ultimately 

improving the lives of cancer patients. 
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Chapter 6: Conclusion and Future perspective 

 
6.1 Conclusion 

1. Nanomaterial-Enhanced Herbal Formulations: This review highlights the pressing need 

for more effective and safer treatment options for gastric cancer, a disease with significant 

global prevalence and poor survival rates, even in countries with advanced medical facilities. 

The current chemotherapy options, while effective, come with substantial negative impact 

which severely impact life quality of patients. Therefore, there is an urgent demand for 

developing new treatments that are both effective and less detrimental to patients' overall well- 

being. The use of polyphenolic, terpene-based nanoparticles can facilitate effective treatment 

with least or no ill effects. This study underscores the potential of combining herbal medicine 

with nanotechnology for developing innovative, safe, and highly efficient treatments for 

gastric cancer. Future research should focus on optimizing these nano-enabled herbal 

formulations, ensuring their stability, bioavailability, and therapeutic efficacy. By fostering 

interdisciplinary collaboration, we can advance the development of novel treatments that may 

significantly improve outcomes for patients with gastric cancer, potentially transforming the 

landscape of cancer therapy. 

 

2. Lactoferrin-Conjugated Iron Oxide Nanoparticles (LF-IONPs): This work demonstrates 

the role of using LF-IONPs as a targeted anti-cancer agent, particularly against gastric cancer 

cells. The successful synthesis and characterization of LF-IONPs, with their optimal size, 

superparamagnetic behavior, and substantial heating capacity, underscore their applicability 

in biomedical research. The synergistic effects of lactoferrin and iron oxide nanoparticles not 

only enhanced the anti-cancer activity at low concentrations but also ensured selective 

targeting and efficient internalization within cancer cells. The outcomes indicates that LF- 

IONPs can act as a promising platform for targeted cancer therapies, with the potential to be 

adapted for various cancer types. The results of this research lays foundation for further 

exploration into utilising such nanoparticles in clinical applications, ultimately contributing to 

more effective and precise cancer treatments. 

 

3. Novel Immunotherapy Approach: The innovative approach of using Helicobacter pylori 

(H. pylori) coated with IONPs and treated with magnetic hyperthermia presents a promising 

dual strategy for immune activation and therapeutic intervention. This method leverages the 
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biocompatibility and magnetic characteristics of IONPs, along with the ability of H. pylori to 

act as a vehicle for site specific delivery to the immune system. The localized heating 

generated by magnetic hyperthermia not only disrupts the bacterial cell membrane, causing 

the release of immunogenic bacterial components, but also enhances antigen presentation to 

immune cells, thereby stimulating a robust immune response. This dual-action mechanism, 

which combines direct pathogen targeting with immune system priming, could potentially 

revolutionize the treatment of gastric cancers and other infectious diseases. By effectively 

enhancing the uptake of antigens to T-cells, this approach could lead to more effective and 

targeted immunotherapies. The findings suggest that the integration of biological and physical 

properties in this manner holds significant potentiality in developing novel 

immunotherapeutic methods, paving the way for further research and clinical application in 

both cancer therapy and infectious disease management 

 

4. Artemisinin-Magnetic Iron Oxide Nanoparticles (ART-MNPs): This study highlights the 

efficacy of ART-MNPs as innovative and synergistic intervention plan for treating gastric 

cancer. By integrating the anti-cancer properties of artemisinin with the hyperthermic 

capabilities of magnetic nanoparticles, ART-MNPs offer a powerful approach for targeted 

cancer cell eradication. The developed nanoparticles exhibited high encapsulation efficiency 

and a biphasic drug release profile, ensuring effective drug delivery and sustained therapeutic 

effects. The significantly enhanced anti-proliferative activity of ART-MNPs compared to 

individual treatments underscores their ability to disrupt multiple cellular processes, leading to 

more efficient cancer cell eradication. Mechanistically, ART-MNPs leverage the ROS 

production by artemisinin and the localized hyperthermia generated by magnetic nanoparticles 

to sensitize cancer cells and overcome hyperthermia resistance. Additionally, the observed anti- 

H. pylori activity further enhances the therapeutic potential of ART-MNPs. This study paves 

the way for further research into overcoming hyperthermia resistance, exploring autophagy 

modulation, and combining ART-MNPs with other therapeutic modalities. The promising 

outcomes of this work indicates that ART-MNPs could lead to more efficient and targeted 

treatment strategies, ultimately improving outcomes for patients with gastric cancer. 

 

6.2 Future perspective 

1. The remarkable superparamagnetic behavior, substantial magnetization capacity, and 

excellent heating capacity of synthesized nano-formulations hold great promise for their 
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use in numerous areas of biomedical research applications. 

2. This approach offers a drug-free treatment option for gastric cancer, leveraging the 

body's immune system to combat the disease without the need for traditional 

chemotherapy or targeted drug therapies. 

3. The combination of targeted hyperthermia and immune activation presents a promising 

alternative that minimizes side effects and improves treatment outcomes. 

4. in vivo testing and pre-clinical trials are mandatory to monitor the potential role of 

immune activation done using IONPs coated H. pylori. 

5. Development of chemo-free therapeutics. 
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Appendices 
 

 
Appendix-I: Facing Challenges in the Formulation of IONPs 

The preparation of IONPs presented several challenges that can impact their quality, 

consistency, and functionality. Addressing some of these challenges s they are is crucial 

for their use in various applications, including biomedical, environmental, and industrial 

fields. The key challenges include: 

1. Control of Particle Size and Shape: To attain a small size of the particle, careful 

attention is required during the nucleation step. To ensure this, we meticulously 

added the reducing agent to the iron salt solution mixture. 

2. Aggregation and Stability: Since iron oxide nanoparticles possess magnetic 

properties, maintaining their stability and preventing aggregation is crucial. 

Aggregation can negatively impact their effectiveness and suitability for various 

applications. In this study, we employed polyethylene glycol (PEG) to coat the iron 

oxide nanoparticles (IONPs) to prevent aggregation. Additionally, PEG was used to 

decrease the immunogenicity of the particles. 

3. Magnetic properties: For these particles to be suitable for biomedical applications, 

they must exhibit superparamagnetism, meaning they should have no remnant 

magnetization after removing the external magnetic field. To verify this, we analyzed 

the synthesized IONPs using a Vibrating Sample Magnetometer (VSM). By 

examining the M-H loops, we measured the remanence magnetization (Mr) and 

coercivity (Hc) values, which should be close to zero for the material to exhibit 

superparamagnetism. 

 

 

Appendix-II: Coating Iron Oxide Nanoparticles on Helicobacter pylori 

The next goal was to coat iron oxide nanoparticles (IONPs) onto the surface of 

Helicobacter pylori (H. pylori) to enhance their potential for targeted application; 

therapeutic delivery. While conducting this experiment, Icame across many difficulties 

which are listed below; 

1. Safety and Handling: H. pylori is a pathogenic bacterium associated with 

gastrointestinal diseases, requiring stringent biosafety precautions to protect 
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laboratory personnel. 

2. Harvesting H. pylori conditions: H. pylori is considered to be fastidious microorganism as 

it requires a specific growth environment. For its cultivation, microaerophilic atmosphere 

is required with reduced O2 and elevated CO2 concentration i.e 5% O2, 10% CO2. 

Maintaining these conditions are technically demanding. 

3. Contamination control: H. pylori cultures are prone to contamination with other 

microorganisms, which interferes with the growth of H. pylori and also end up losing the 

pure culture. To obtain a pure culture, it is essential to implement stringent aseptic 

conditions, which can be particularly challenging to maintain within a hypoxia chamber. 

4. Slow Growth Rate: The bacterium has a slow doubling time, leading to longer 

incubation periods compared to many other bacteria. This can extend the time needed 

to obtain viable cultures. 

 

Despite facing numerous challenges at each stage of my research, I remained determined to 

overcome these obstacles and achieve success. The journey was marked by difficulties, yet 

through unwavering effort and resilience, I was able to navigate these hurdles. Crucially, the 

support and guidance of my supervisors played an instrumental role in this process. Their 

expertise, encouragement, and mentorship were pivotal in helping me to flourish and 

ultimately complete my PhD work. Their contributions not only facilitated my progress but 

also significantly enriched my academic and professional development. 
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A review on terpenes for treatment of gastric 
cancer: current status and nanotechnology- 
enabled future† 

Komal Attri,ad Deepinder Sharda,a Bhupendra Chudasama,bd Roop L. Mahajan*cd 

and Diptiman Choudhury  *ad 

Eighty-five percent of gastric cancer is caused by Helicobacter pylori infection. Delays in detection, limited 

efficacy, and significant side effects of the available treatments lead to a 5-year survival chance of only 32%. 

Therefore, better remedies are required. Numerous studies have been published on herbal medications 

offering an edge over conventional medicines. Secondary metabolites such as different polyphenolic 

compounds including terpenes are key players for therapeutic advantages. The antimicrobial, 

anticarcinogenic, anti-inflammatory, etc. activities of biocompatible active ingredients make these 

compounds suitable for therapeutic use. Despite such advantages, the use of herbal medicine in gastric 

cancer treatment is limited. In this article, we describe the therapeutic potential and limitations of 

terpenes followed by the potential advantages offered by the combinatorial effects of terpenes with their 

nanoconjugates. These include increasing the anticancer and antimicrobial potency of drugs as well as 

resolving drawbacks including targeted delivery, stability, half-life, etc, thus making them suitable for 

gastric cancer treatment. The article concludes with a detailed discussion on the challenges 

encountered in deploying targeted secondary metabolites and their future developmental prospects to 

provide ideas and insights for future research. 
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1. Introduction 

Globally, cancer is the second most deadly disease a er heart 

disease.1 In cancer, the body cells lose the property of normal 

division and undergo uncontrolled division giving rise to 

abnormal cells that collectively leads to tumor formation.2 The 

primary causative agents of cancer are ultraviolet radiation or 

ionizing radiation, bacterial infections, viral infections, para- 

sitic infections, etc.3. Among different forms of cancer, gastric 

cancer is the 4th most deadly a er lung, breast, and colon 

cancer, costing 769 000 lives in 2020, with more than 1.09 

million new cases being diagnosed.4,5 The primary cause of 

gastric cancer is infection with Helicobacter pylori (H. pylori),6 

a Gram-negative, microaerophilic, motile, flagellated spiral- 
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Globally, cancer is the second most deadly disease a er heart disease. Among all forms of cancer, gastric cancer is the 4th most deadly a  er lung, breast, and 

colon cancer, costing 769 000 lives in 2020, with more than 1.09 million new cases being diagnosed. Helicobacter pylori is associated with ∼85% of the tumors. H. 
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OPEN Therapeutic potential 
of lactoferrin‑ coated iron oxide 
nanospheres for targeted 
hyperthermia in gastric cancer 
Komal Attri1,4, Bhupendra Chudasama2,4, Roop L. Mahajan3,4 & Diptiman Choudhury1,4



Lactoferrin (LF) is a non‑ heme iron‑ binding glycoprotein involved in the transport of iron in blood 
plasma. In addition, it has many biological functions, including antibacterial, antiviral, antimicrobial, 
antiparasitic, and, importantly, antitumor properties. In this study, we have investigated the potential 
of employing lactoferrin‑ iron oxide nanoparticles (LF‑ IONPs) as a treatment modality for gastric 
cancer. The study confirms the formation of LF‑ IONPs with a spherical shape and an average size of 5 
± 2 nm, embedded within the protein matrix. FTIR and Raman analysis revealed that the Fe–O bond 
stabilized the protein particle interactions. Further, we conducted hyperthermia studies to ascertain 
whether the proposed composite can generate a sufficient rise in temperature at a low frequency. 
The results confirmed that we can achieve a temperature rise of about 7 °C at 242.4 kHz, which can be 
further harnessed for gastric cancer treatment. The particles were further tested for their anti‑ cancer 
activity on AGS cells, with and without hyperthermia. Results indicate that LF‑ IONPs (10 µg/ml) 
significantly enhance cytotoxicity, resulting in the demise of 67.75 ± 5.2% of cells post hyperthermia, 
while also exhibiting an inhibitory effect on cell migration compared to control cells, with the most 
inhibition observed after 36 h of treatment. These findings suggest the potential of LF‑ IONPs in 
targeted hyperthermia treatment of gastric cancer. 

 
Despite the development of various strategies, therapies, and drugs for the diagnosis and treatment of cancer, it 
remains a major cause of death worldwide. The available cancer treatments, such as chemotherapy drugs, have 
inherent limitations as they destroy both malignant and healthy cells, resulting in the destruction of metabolically 
active cells in the body, suppression of the immune system, systemic toxicity, and an increased risk of secondary 
infections in cancer patients1,2. As drug resistance becomes increasingly prevalent, there is a growing demand for 
natural agents that can eradicate primary tumors and reduce the risk of recurrence3. One such natural agent is 
lactoferrin (LF), a protein belonging to the transferrin family, with a molecular weight of 78 kDa and consisting 
of approximately 690 amino acid residues4. Although the primary function of LF in humans is to transport iron 
in blood plasma, it also possesses several biological functions, including antibacterial, antiviral, antimicrobial, 
antiparasitic, and, notably, antitumor activities5,6. The highest concentration of LF is found in human milk, 
followed by cow’s milk7. Lactoferrin is composed of a single polypeptide chain that encompasses two lobes (N 
and C) joined by an α-helical residue. This structural arrangement provides flexibility3,8. These two lobes consist 
of α-helices and β-sheets and can bind both Fe2+ or Fe3+ ions in synergy with carbonate ions (CO 2−)8. The LF 
protein exists in two forms: Apo-lactoferrin (iron-free form) and holo-lactoferrin (iron-containing form)4. In its 
natural state, LF is partially saturated with iron. However, it can also become fully saturated with iron from an 
external source9,10. Lactoferrin (LF) has been extensively studied for its potential as a natural agent in combating 
various types of cancer, including gastric cancer, and has been shown to be a highly efficient bio-drug in anti- 
cancer research. Several in-vitro and in-vivo studies have reported that LF can inhibit the growth of tumor cells 
through diverse mechanisms, including apoptosis, cell cycle arrest, cell membrane disruption, immunoreaction, 
decreased cell migration, and cytoskeleton damage11–15. It is a very stable protein that can retain its effectiveness 
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Perturbation of hyperthermia resistance in gastric 
cancer by hyperstimulation of autophagy using 
artemisinin-protected iron-oxide nanoparticles† 

Komal Attri,ad Bhupendra Chudasama,*bd Roop L. Mahajan*cd 

and Diptiman Choudhury  *ad 

In a bid to overcome hyperthermia resistance, a major obstacle in cancer treatment, this study explores 

manipulating autophagy, a cellular recycling mechanism, within the context of gastric cancer. We 

designed artemisinin-protected magnetic iron-oxide nanoparticles (ART-MNPs) to hyperactivate 

autophagy, potentially sensitizing cancer cells to hyperthermia. The synthesized ART-MNPs exhibited 

magnetic properties and the capability of raising the temperature by 7 °C at 580.3 kHz. Importantly, 

ART-MNPs displayed significant cytotoxicity against human gastric cancer cells (AGS), with an IC50 value 

of 1.9 mg mL−1, demonstrating synergistic effects compared to either MNPs or ART treatment alone 

(IC50 for MNPs is 9.7 mg mL−1 and for ART is 9.4 mg mL−1 respectively). Combination index studies 

further supported this synergy. Mechanistic analysis revealed a significant increase in autophagy level 

(13.58- and 15.08-fold increase compared to artemisinin and MNPs, respectively) upon ART-MNP 

treatment, suggesting that this hyperactivation is responsible for hyperthermia sensitization and 

minimized resistance (as evidenced by changes in viability compared to control under hyperthermic 

conditions). This work offers a promising strategy to modulate autophagy and overcome hyperthermia 

resistance, paving the way for developing hyperthermia as a standalone therapy for gastric cancer. 

 

1. Introduction 

Despite advancements in cancer diagnosis and treatment 

strategies, cancer remains a leading cause of mortality world- 

wide.1,2 Among the diverse range of cancer types, gastric cancer 

ranks as the fi h most prevalent cancer worldwide and is the 

third leading cause of cancer death globally.3 Factors that 

increase the likelihood of developing the condition and influ- 

ence the treatment outcome include Helicobacter pylori infec- 

tion, genetics, stage of detection, advancing age, consuming 

excessive amounts of salt, chronic inflammation, malnutrition, 

and lack of dietary fibre consumption, etc.3 However, existing 

cancer treatments, including chemotherapy, o en exhibit 
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limitations due to non-specific cytotoxicity, leading to immune 

system suppression and increased risk of secondary infections 

in patients.1,4 The rise of drug resistance has created a greater 

need for natural agents that can effectively eliminate tumors 

and minimize the chances of recurrence.5 

Nature provides a wealth of secondary metabolites that have 

been used for centuries to treat various diseases, including 

gastric cancer.6 The global research community is actively 

exploring the potential of natural materials, such as medicinal 

plants or potent medicinal components, for developing anti- 

cancer products.7,8 Various secondary metabolites, such as 

carvacrol, geraniol, sageone, carnosic acid, etc., are used to treat 

gastric cancer.9 Among these, artemisinin, a terpene derived 

from the Chinese herbal medicine Artemisia annua L., also 

known as sweet wormwood,10 is widely acknowledged for its 

diverse range of properties, including anti-inflammatory, 

anthelmintic, antipyretic, anti-bacterial, insecticidal, and anti- 

cancer effects.11–13 

Artemisinin is a remarkable bioactive compound that has 

captivated the scientific community's attention. It stands out as 

a unique and compelling drug with significant biological 

importance. Unlike many synthetic drugs that have undesirable 

side effects, artemisinin, a natural plant-based compound, 

holds considerable therapeutic value.14 Its structure possesses 

an endoperoxide moiety capable of reacting with iron to 

generate cytotoxic free radicals. Recognizing that cancer cells 
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