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Abstract 

Breast cancer is the most common cancer among women and is the second leading cause of 

cancer-related deaths in women, following lung cancer. Early detection and treatment play a 

crucial role in improving survival rates. However, metastasis and cancer resistance to therapies 

continue to contribute to cancer mortality. Triple-negative breast cancer (TNBC) is a type of 

breast cancer that does not have any hormonal receptors or HER2, which makes it more 

difficult to treat. Combination therapy, which involves the use of multiple agents that target 

different genes, disease pathways, or cell-cycle checkpoints, has shown promise in enhancing 

the efficacy of standard single-agent treatments. 

Folic acid receptor (FAR) is a molecular marker that is highly expressed in certain cancers, 

including breast cancer. Targeting FAR allows for the specific delivery of antitumor agents to 

FAR-overexpressing cancer cells while minimizing non-specific tissue absorption. 

Methotrexate (MTX) is a commonly used chemotherapy drug that has shown potential in 

targeting FAR-overexpressing cells. Nanotechnology offers passive and active targeting 

strategies to enhance drug concentration within cancer cells and reduce toxicity to normal cells. 

Zinc oxide nanoparticles (ZnONPs) have proved its efficacy as a potential anticancer agent for 

various different cancer types in vitro. ZnONPs are cytotoxic as they release soluble Zn+2 ions 

in the surrounding environment which is the major factor involved into ZnONPs related 

toxicity. 

In this study, we aimed to develop a novel system combining ZnONPs and MTX to enhance 

therapeutic effectiveness and minimize side effects. The synthesized MTX-ZnONPs were 

characterized using various techniques, revealing hexagonal crystal morphology with an 

average size of 30 nm and positive Zeta potential. A drug release study demonstrated biphasic 

drug release, with approximately 90% of the drug released within 24 hours. 

Biocompatibility studies confirmed that the MTX-ZnONPs were safe for use in blood, showing 

no hemolysis or aggregation of blood cells. Furthermore, MTT cell viability assay revealed 

higher cytotoxicity of MTX-ZnONPs compared to MTX alone in breast cancer cell lines, 

indicating enhanced anticancer potential. Bare ZnONPs exhibited increased toxicity in control 

breast cells (MCF-10A) compared to MTX-ZnONPs. In addition, MTX showed different 

efficacy of MTX-ZnONPs against different types of breast cancer cells MCF-7 and MDA-MB-

231 irrespective of their sensitivity to MTX. 
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Additional analysis, such as AO/EB staining, cell cycle analysis, and Annexin V FITC/PI 

assay, supported the MTT results and demonstrated dose-dependent effects of MTX-ZnONPs, 

revealing distinct morphological changes associated with apoptosis and necrosis. Along with 

this western blot data reveled that MTX-ZnONPs show intrinsic pathway activation leading to 

apoptosis in MCF-7 while, in MDA-MB-231 it shows necrotic death similar to results of 

Annexin V-FITC/PI assay. In-vivo acute oral toxicity studies in mice showed no signs of 

toxicity or mortality, even at the highest dose tested, suggesting that MTX-ZnONPs are not 

toxic to animals. 

Overall, the findings of this study highlight the potential of MTX-ZnONPs as an effective and 

safe nanocarrier for both MTX sensitive and resistant breast cancer cells. The enhanced 

cytotoxicity, selectivity towards cancer cells, and biocompatibility observed in vitro, along 

with the absence of acute toxicity in vivo, provide a promising outlook for the application of 

MTX-ZnONPs in breast cancer treatment. However, further investigations are required to 

evaluate its long-term safety and efficacy for potential clinical use in cancer treatment. 
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Introduction 

Cancer that’s mainly characterized as uncontrolled growth and spread of abnormal cells is one 

of the highly talked and researched non communicable disease with globally highest number 

of reported cases and death. Cancer being multifactorial and very dynamic in its nature has 

become challenge to healthcare and research industry. Cancer is among the key disease’s 

humans are dealing since the ancient times to till today’s morden era. Cancer has emerged as 

an issue of global concern and a major cause of death across the globe (Understanding Cancer 

- National Cancer Institute, 2016). Cancer can be caused due to mutation in somatic cell that 

eventually on accumulation changes the functioning of few pivotal genes to healthy functioning 

of cell. When a normal cell loses its control over cell cycle it becomes immortal and gains the 

ability of uninterrupted division. These changes mainly occur due to mutations in the genes 

known as Oncogenes or Tumor suppressor gene which lead to change in sensitive mechanism 

of cell to go for uncontrolled cell division which we call cancer. These mutations can be caused 

due to internal or external factors eventually leading to activation of array of metabolic and 

genetic pathways giving rise to new neoplastic cells.  Cancer cells shows some typical features 

like uninterrupted proliferation, evasion of apoptosis, invasion, and angiogenesis (Khanna and 

Berek, 2015). Cancer can develop in any part of body where every cell has potential to develop 

as cancer cell. These cells then form tumor, a mass of uncontrolled growth of cells exception 

is blood cancers where tumors are not formed. The rate at which cancer cases are increasing 

across the globe is very disturbing and controlling mortality rate has come as a challenge. The 

5-year prevalence rate for cancer incidence is expected to reach 43.8 million by the year of 

2023 which is almost twice the current count. Lung cancer, colorectal cancer, stomach cancer, 

hepatocellular carcinoma and breast cancer remain top cancers with high mortality rates 

together accounts for almost 50% of total deaths reported across the globe (Ferlay et al., 2019). 

Cancer cells typically show two major types: 

Benign tumors: in this type of tumor generally do not spread to other tissues or organs of the 

body. These could be fibromas, adenomas, hemangiomas, papillomas, osteochondromas etc. 

Malignant tumors: Where cells of neoplasm acquire ability to get detach and spread to other 

distant sites in body via lymphatic or blood system, a phenomenon known as metastasis. 

Based on type of cancer cells involved it can either be invasive viz. (invasive lobular or invasive 

ductal carcinomas) or non-invasive viz. (carcinoma in-situ). Majority of cancers are metastatic, 

and they remain undetected for very long time and thus difficult to diagnose and thus one of 

the prime causes of death. Metastatic tumors remain difficult to treat and thus chances of 
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relapse remain fair. Data from the International Agency for Research on Cancer (IARC) 

suggests that one-in-six females and one-in-five males will develop cancer in their lifetime and 

one-in-eleven females and one-in-eight males will die because of it. GLOBOCAN, 2020 data 

reveals that, number of new cancer cases have escalated from 18.1 million in 2018 to 19.3 

million in 2020.  

 

Figure 1.1 Distribution of Incidence and Mortality for the 10 Most Common Cancers globally 

in 2020 for Both Sexes (Source: Globocan, 2020) 

On the same note, mortality rate all over the world has gone to 9.9 million deaths. According 

to the report breast cancer (11.7%), lung cancer (11.4%), colorectum cancer (10.0%) followed 

by prostate cancer (7.3%) and stomach cancer (5.6%) are the top five globally reported cancer 

which accounts for nearly half of the of the total reported cases worldwide Figure 1.1. 

Epidemiologically, Asia accounts for the 49.3% new cancer cases and highest numbers of 

deaths at 58.3% followed by Europe and America. With 2.3 million new incidence cases, breast 

cancer has surpassed the lung cancer and globally becomes the leading cause of cancer in both 

sexes and even in females with incident rate of 11.7% and 24.5% respectively (Figure 1.2). 

Worldwide cancer related deaths breast cancer ranks 5th considering both sexes at 6.9% and 

chief cause of death in women with 15.5%. Breast cancer is the most frequently diagnosed 
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cancer in women, In India, breast cancer cases are responsible for 1/4th of all the cases reported 

with an incidence rate of 26.3% and highest cacner related deaths in females are also reported 

by breast cancer with mortality rate of 21.9%  (Sung et al., 2021). 

 

Figure 1.2 Burden of breast cancer in female population in World and India (a) Estimated 

number of new incident cases in world, (b & c) estimated number of new incident cases and 

deaths in India 2020 (Source: Globocan, 2020) 

Breast cancer is a heterogenous solid tumor in nature with increasing challenge to diagnosis 

and treatments. Breast cancer can be of different types depending on the type of breast tissues 

involved in it. Breast cancer can be developed in any region of breast like lobules which are 

the glands that produce milk, ducts are the tissues that carries milk from lobules to nipple and 

connective tissues that also have fat tissues in it responsible for structural and supporting other 

a. 

c. b. 
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tissues.  Based on the tumor location it can be called as invasive lobular carcinoma and invasive 

ductal carcinoma which are aggressive types where cancer cells can spread from one tissue to 

other. Ductal carcinoma in situ (DCIS) is the most common type of breast cancer which is seen 

amongst females (Cindy B. Matsen, 2013).                                              

Tumor cells can become invasive anytime and can metastasise to different regions of body. 

Based on how the cancer spreads, it is divided into stages, grade, and its biomarker status to 

understand its clinical progression and treatment options. Breast cancer cells also show 

expression of certain types of receptors on it like Estrogen receptor (ER), Progesterone receptor 

(PR) and human epidermal growth factor 2 (HER2) that are hence called ER+, PR+ and HER2+ 

breast cancer.  Whereas in some cases all three types of receptors are present or absent they 

can be called as triple positive breast cancer or triple negative breast cancer (TNBC). Presence 

or absence of these receptors on tumor cells can decide the course of treatment (Parsa et al., 

2016). MCF-7 cell line represents the most common subtype of breast cancer (ER-positive, 

HER2-negative) and exhibits slower growth and less aggressive behaviour with higher MTX 

sensitivity. MCF-7 is one of the most extensively studied breast cancer cell lines, with an 

abundant data on its biology and response to various anti-cancer agents. This facilitates data 

interpretation and comparison with previous studies (Shandiz et al., 2021). MDA-MB-231 

represents a more aggressive subtype of breast cancer being a type of TNBC. MDA-MB-231 

cells exhibit a high migratory and invasive capacity, characteristic of advanced breast cancer. 

This cell line also shows high MTX resistance providing a contrasting model to MCF-7 and 

allows for evaluation of MTX efficacy against a more challenging, therapy-resistant phenotype 

(Dawood, 2016). 

Diagnosis route for breast cancer still follows the classical methods like physical examination 

being the primary followed by mammogram to advanced tests like MRI scan, bone scan, CT 

scan, breast biopsy or blood tests (Hutchinson, 2010). Treatment strategy available for breast 

cancer can be surgery, radiation therapy, chemotherapy, hormonal therapy, and targeted 

therapy. Surgery is possible only in early stages of cancer where tumor size is small, operatable, 

and not metastasized. Radiation therapy leads to secondary complications. Chemotherapy is 

used as an adjuvant therapy along with other types of therapy to minimize the risk of cancer 

relapse. Different classes of anti-cancer drugs are used like alkylating agents, antimetabolite, 

hormonal or biological like monoclonal antibodies (mAbs) depending on the grade and 

biomarker type of cancer (Cindy B. Matsen, 2013).  
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The main goal of using anti-neoplastic drugs is to achieve maximum plasma concentration at 

lower dose to get show maximum effect on cancer cells and leaving healthy cells almost 

unharmed, but this has always remained as a challenge due to inherent physiochemical 

properties of drug. Conventional chemotherapeutic agents in use comes with quite a lot of 

limitations such as non-specific distribution and targeting in addition to life threatening side 

effects and resistance in cancer cells. To minimize toxicity and resistance problem, targeted 

therapies are seen as a solution. Targeting the molecular markers on cancer cell is so far the 

best strategy available that can help differentiate between cancerous and non-cancerous cells, 

specifically deliver the drug to tumor specific sites and enhance its tumor site accumulation 

(Sha Jin, 2013). Folic acid receptor (FAR) are best molecular markers available on vast 

majority of cancer cells whose expression level increases 20-30 folds in certain cancers like 

ovarian, breast, cervical etc for their increasing demand of folic acid. FAR overexpression 

levels can be explained by the rapidly dividing and growing cells which have exceptional 

requirements for synthesis of nucleic acids and metabolism. By targeting FAR overexpressing 

cancer cells with class of antimetabolite drugs like Methotrexate (MTX), can help deliver the 

therapeutic agent specifically to these cells and avoiding non-specific tissue targeting (Cheung 

et al., 2016; Fasehee et al., 2016). In the current study, Methotrexate, a known anti-folate agent 

was explored for its role in targeting cells overexpressing folic acid receptor. MTX is an 

analogue of folic acid molecule with minor changes in the structure, it also binds to the same 

site of folic acid on FAR and internalized in the cell. 

Nanotechnology offers both passive and active targeting strategies that can enhance the 

intracellular   concentration of drugs in cancer cells and at the same time avoid toxicity to 

normal cells. Use of nanoparticles along with drug has advantage of using two different 

strategies to target cancer cells. Nanotechnology is extending its roots deep into the fields of 

medical science, technology and research providing niche to develop further advancements. 

More than six decades back in time physicist, Dr. Richard Feynman conceived the first ever 

idea of “nanotechnology” in his famous paper ‘There’s Plenty of Room at the Bottom’ 

(Feynman, 1997) and ever since nanotechnology has taken a leap in several areas (Manoranjan 

Arakha, 2018). Nanomaterials have received greater attention due to remarkable and distinct 

electric, optical, and mechanical properties with high surface are to volume ratio, size, shape, 

and quantum confinement effect. The crux of the field is molecule at its nanoscale than its bulk 

counterpart which changes the optical, mechanical, and biological properties making them 

more attractive for various applications. Going by conventional definition, nanoparticles (NPs) 
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can be defined as any particle having size range of 1–100 nm in at least one dimensions. 

Nanomaterials can be of different types like carbon nanomaterials: carbon nano tubes (CNTs), 

carbon nano wire. Metal/ metal oxide nanoparticles: Gold nanoparticle (AuNPs), Silver 

nanoparticles (AgNPs), Zinc oxide nanoparticles (ZnONPs), Titanium dioxide nanoparticles 

(TiO2NPs), Super para magnetic nanoparticles (SPIONs) etc. Polymeric nanoparticles which 

are made up of organic/ synthetic/ natural polymers or in combination, optimal for drug 

delivery application (Anselmo and Mitragotri, 2019; Hobson, 2009). Of the several NPs that 

have been tested positive for their anticancer potential in vitro, Zinc oxide (ZnO) amongst them 

has proved its efficacy as a potential anticancer agent for various cancers. ZnO is a white 

powder with USFDA approved “Generally Regarded as Safe” (GRAS) status for human 

external application. ZnO in its bulk form is used in many cosmetic and medical ointments and 

food additives. ZnONPs offers attractive properties such as easy synthesis, biocompatibility 

UV absorption, antimicrobial activity, anticancer activity, preferential killing of cancer cells 

by reactive oxygen species (ROS) generation leading to apoptosis (Xiong, 2013). ZnONPs are 

better anticancer agents compared to its bulk counterpart owning to its nanoparticle properties 

like small size, shape and large surface area and large bandgap energy (ZnO is being used in 

various different forms like quantum dots, nanoparticles, nanocomposite etc. for imaging, 

detection and as a treatment agent for various different cancer types (Shobhaa et al., 2017). 

ZnONPs cytotoxicity is attributed to its release of soluble Zn+2 ions in the surrounding 

environment which is the major route for generation of ROS in cell. ZnONPs being positively 

charged selectively attracted towards cancer cells and leads to membrane destabilization and 

impaired permeability of cells. Increased ions in the cell leads to generation of reactive oxygen 

species (ROS) in the cell which generates oxidative stress on the cell and DNA damage, protein 

damage and ultimately apoptosis of cell (Wingett et al., 2016). 

Nanotechnology offers both passive and active targeting strategies that can enhance the 

intracellular concentration of drugs in cancer cells and at the same time avoid toxicity to normal 

cells (Sarkar et al., 2018). Several NPs that have been tested in vitro; ZnONPs has proved its 

efficacy as a potential anti-cancer agent for various cancer types. ZnONPs offers attractive 

properties such as easy synthesis, biocompatibility, and preferential killing of cancer cells, by 

ROS generation, DNA damage, leading to apoptosis (Singh et al., 2020). By combining the 

ZnONPs and MTX, as novel system, we anticipate that the system will enhance the therapeutic 

effectiveness and minimize the side effects by individual systems when used alone. Also, this 

study will also highlight the potential of new nano formulations effectiveness against cell lines 
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showing variable sensitivity to MTX (MCF-7-MTX sensitive; MDA-MB-231- MTX resistant).  

Therefore, this study has the potential to contribute significantly towards the development of 

more targeted and efficient cancer treatments. Using series of characterizations, in-vitro and 

in-vivo analysis we aim to study the efficacy and anti-cancer potential of this combination 

system against breast cancer cells. 
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Review of Literature 

2.1 Breast cancer 

2.1.1 Epidemiology of breast cancer 

Breast cancer is the most common cancer in females worldwide, with more new cases 

diagnosed each year than any other type of cancer. In 2020, there were an estimated 2.3 million 

new cases of breast cancer, representing 11.7% of all cancer cases (Arnold et al., 2022). Age-

adjusted breast cancer incident rates in India are lower than in the United Kingdom. It is 

estimated that by year 2025, estimated number of breast cancer cases will account for 

approximately 30% of the total cancer burden followed by cervical cancer in India and world 

both (Figure 2.1). However, the mortality rate is similar. This suggests that breast cancer is 

being diagnosed at a later stage in India, which is leading to poorer outcomes. There is a 

significant increase in the incidence and cancer-associated morbidity and mortality in the 

Indian subcontinent, as described in global and Indian studies (Malvia et al., 2017). As seen 

from the GLOBOCAN 2020 data that of all cancers, almost one third of burden will be 

contributed by breast cancer only globally and even in Indian subcontinent (Sung et al., 2021).    

 

Figure 2.1 Estimated number of prevalent cases of Cancer in India (Source: Globocan, 2020) 
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2.1.2 Anatomy of female breast 

Breasts are found in both males and females and is made up of adipose tissue, a type of fat 

tissues that makes up the breast. Typically, female breasts are more glandular than male breasts. 

They are held in place and attached to the front of the chest wall by ligaments on either side of 

the sternum. They are located on the pectoralis major, the major chest muscle on top of the 

ribcage. They do not have any muscles in them. Each breast is made up of 15-20 circularly 

arranged lobes which are covered in adipose tissues around it, giving them its size and shape. 

These lobes are connected to each other via small ducts carrying milk at the tip of the breast 

also known as nipple. Area around nipple which is generally little darker in color known as 

areola. There are lymphatic and blood vessels in every breast. Lymph is a liquid, nearly 

colourless fluid that is carried by the lymph vessels. Between lymph nodes, lymph is carried 

by lymph veins. Small, bean-shaped structures called lymph nodes are used to store and filter 

white blood cells, which aid in the body's defence against illness and infection. There are 

clusters of lymph nodes in the chest, axilla (under the arm), and above the collarbone that are 

located close to the breast (Jesinger, 2014; Pandya and Moore, 2011). 

 

Figure 2.2 Female breast anatomy- side view (Source- Johns Hopkins Medicine) 
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2.1.3 Common breast conditions 

There are many common breast conditions, both benign (non-cancerous) and malignant 

(cancerous). Some of the most common benign breast conditions include: 

Fibrocystic breast changes: This is a condition that causes lumpiness, thickening, and 

swelling in the breasts. It is most common in women between the ages of 20 and 50. 

Fibroadenomas: Fibroadenomas are round, rubbery, solid lumps that move easily when 

pushed. They are most common in women in their late teens and early 20s. 

Intraductal papillomas: These are growths similar to warts that can develop in the milk ducts. 

They can cause a bloody or milky discharge from the nipple. 

Mastitis: This is an infection of the breast tissue. It is most common in women who are 

breastfeeding. 

Some of the most common malignant breast conditions include: 

Breast cancer: Breast cancer is the most common cancer among women. It can occur at any 

age, but is most common in women over the age of 50. Carcinomas, or tumors that originate in 

the epithelial cells lining organs and tissues throughout the body, account for the majority of 

breast cancer cases. Adenocarcinomas, which originate in cells in the ducts (the milk ducts) or 

the lobules, are typically the more specific type of carcinomas that arise in the breast (glands 

in the breast that make milk). A pre-cancerous condition known as in situ breast cancer (also 

known as ductal carcinoma in situ, or DCIS) begins in a milk duct and has not spread to the 

surrounding breast tissue. Any type of breast cancer that has expanded (invaded) into the 

surrounding breast tissue is referred to as invasive (or infiltrating) breast cancer (Dr.R.Sarin 

and ICMR group, 2016). Triple-negative breast cancer (TNBC) is an aggressive form of 

invasive breast cancer in which the cancer cells produce either too little or too much of the 

HER2 protein in addition to lacking ER or PR receptors. (On all three tests, the cells come out 

"negative.") It makes up 15% of all cases of breast cancer and can be challenging to cure 

(Dawood, 2010). 

Inflammatory breast cancer (IBC): This is a rare, aggressive and very painful condition of 

breast cancer that causes the breast to become swollen, tender and red. Perhaps more than 1% 

to 5% of all breast tumors are inflammatory breast cancers (IBCs). It is a form of invasive 

ductal carcinoma, although there are differences in its symptoms, prognosis, and course of 

treatment. IBC results in breast inflammation symptoms such as redness and swelling, which 
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are brought on by cancer cells obstructing local lymph veins and making the breast appear 

"inflamed" (Masuda et al., 2013). 

Paget disease of the breast: This is a rare condition of breast cancer that impacts the nipple 

and surrounding area, areola. The areola and nipple skin frequently have a red, scaly, and crusty 

appearance. The nipple may be leaking yellow or bloody fluid. The nipple may appear flat or 

twisted at times. It may also itch or burn. If the condition doesn't get better, doctor may attempt 

treating it for eczema before recommending a biopsy (Lim et al., 2011). 

It is important to see a doctor if you notice any changes in your breasts, such as a lump, pain, 

or discharge. Early detection and treatment of breast cancer can improve the chances of 

survival. 

2.1.4 Breast cancer and risk factors 

BC continues to be a leading public health concern worldwide and is the most prevalent form 

of cancer in the world today. Breast cancer is a disease that starts in the cells of breast which 

grows out of control. Breast cancer statistic and global concerns are already discussed earlier. 

In general, breast cancer survivors have an excellent prognosis, especially if they receive an 

early diagnosis. This is probably due to early identification, screening, and better treatment. 

Several distinct variables are necessary for survival. Several factors are known to contribute in 

increasing the risk of breast cancer includes (Malvia et al., 2017; Sun et al., 2017): 

Epidemiologically it was found out in several studies that married women had few times lesser 

risk to develop breast cancer than single women. Not only that even women having kids and 

breast-feeding women’s show lesser rick to develop breast cancer (Lipworth et al., 2000).   

Age: this remains to be one of the most important risk factors contributing to the increased 

chances to develop breast cancer. Overall risk to develop cancer is higher in old age compared 

to young age considering over exposure to the carcinogens for longer period of time.  After the 

age of 40 risk increases to develop breast cancer hence, regular screening and monitoring for 

signs and symptoms is recommended (Tafani et al., 2023).  

Lifestyle factors: The risk of breast cancer can be increased by modern lifestyle factors like 

excessive alcohol use and dietary fat consumption. Alcohol consumption can stimulate the 

estrogen receptor pathways and raise blood levels of hormones related to estrogen. Typical 

western diet high in fat, particularly saturated fat, is linked to mortality and a poor prognosis 
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for people with breast cancer. Smoking, especially at a young age, has been linked to an 

increased risk of breast cancer (Feng et al., 2018a). 

Reproductive factors: The risk of breast cancer can be increased by reproductive factors like 

early menarche, delayed menopause, first pregnancy after the age of 30, and low parity. An 

increased risk of post-menopausal breast cancer is linked to being overweight and obese (Feng 

et al., 2018b). 

Hormonal factors: Birth control pills and contraceptive pills are amongst the major high-risk 

factor for induce breast cancer in women. Estrogens, both endogenous and exogenous, are 

linked to an increased risk of breast cancer. The ovary typically produces endogenous estrogen, 

whereas oral contraceptives and hormone replacement therapy (HRT) are the main exogenous 

estrogen sources.  HRT use has been linked to an increased risk of breast cancer, according to 

numerous studies (Tafani et al., 2023). 

Genetic factors: Family history accounts for close to 25% of all breast cancer cases. Women 

are more likely to contract the condition if their mother or sister has the disease. The mutations 

of breast cancer-related genes like BRCA1 and BRCA2 are partly responsible for the inherited 

likelihood for breast cancer. BRCA1 and BRCA2 mutation carriers have cumulative risks of 

50 and 70 percent for breast cancer, respectively.  In men's breast cancer, BRCA2 mutations 

are more common than BRCA1 mutations. BRCA1 mutation carriers will experience more 

severe consequences than BRCA2 mutation carriers (Khanna and Berek, 2015; Kotsopoulos et 

al., 2012). 

2.1.5 Pathogenesis of breast cancer 

A striking similarity emerges at the molecular level between the intricate choreography of 

normal development and the aberrant dance of cancer progression. Precise signaling pathways 

orchestrate human development, enabling cells to converse with each other and their 

surroundings. Remarkably, these very pathways are often commandeered or sabotaged by 

cancer cells, including cancer stem cells (CSCs) (Takahashi-Yanaga and Kahn, 2010). 

Essentially, cancer exploits genetic and epigenetic manipulations to break free from the 

shackles that normally control cell behavior – proliferation, survival, and movement. Many of 

these alterations target signaling pathways governing crucial processes like cell division, death, 

differentiation, and motility. Overactive mutations in genes called proto-oncogenes can 

hyperactivate these pathways, while inactivation of tumor suppressors silences vital negative 

regulators. This section explores into three key signaling pathways that both coordinate normal 
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breast tissue development and influence CSC functions: estrogen receptor (ER) signaling, 

HER2 signaling, and the canonical Wnt pathway (Shah, Rupen, Kelly Rosso, 2014). 

• ER signaling and ER-positive breast cancer: Estrogen receptors, a diverse family, exist in 

two main forms: membrane-bound receptors, primarily G protein-coupled, and nuclear 

receptors, including ERα and ERβ. Both ER subtypes act as master switches, activating or 

repressing target genes once their ligands bind. While sharing core structural features crucial 

for their fundamental roles, ERα and ERβ employ distinct elements for signal transduction, 

ensuring receptor-specific actions. Both types possess six functional domains with varying 

degrees of similarity and retain the ability to form partnerships, known as heterodimers. The 

most highly conserved region, with a staggering 96% identity, is the DNA-binding domain 

(DBD). This crucial domain mediates the interaction of ER dimers with specific DNA 

sequences called estrogen response elements (EREs) within target genes (Wang and Tang, 

2022). 

One of the most well-defined processes by which ERα promotes the growth of breast cancer 

cells is its close association with cyclin D1. This important contributor, cyclin D1, facilitates 

the vital G1 to S phase transition in many cancer cells by acting as a strong activator for cyclin-

dependent kinases (CDKs) 4 and 6. The complex feedback loop that forms between ERα and 

cyclin D1 may be the key to comprehending resistance to antiestrogen treatment. This 

realization makes it possible to investigating the possibility of combining hormone therapy and 

selective CDK4/6 inhibitors in ER-positive patients, which may result in a more successful 

course of treatment (Hernando et al., 2021). 

• HER2 signaling and HER2-positive breast cancer: Beyond the ER's role, another protein 

family reigns in the occurrence of breast cancer: the Human Epidermal Growth Factor 

Receptors (EGFRs), also known as HERs (Yook et al., 2020). These four powerful players, 

numbered 1 to 4, hold control over both normal tissues and many cancer types. Among them, 

HER2 (or HER2/neu, c-ERBB2) stands out as a particularly potent figure. Like its EGFR 

members, HER2 is a receptor tyrosine kinase, a large molecule with three distinct domains: 

a ligand-binding crown, a transmembrane bridge, and an intracellular domain (Loibl and 

Gianni, 2017). But unlike the others, HER2 remains perpetually available, making it the 

preferred ligand for forming alliances with other molecules. This constant activation grants 

HER2 the power to influence numerous cellular functions through diverse pathways. A 

dimerization occurs when a ligand attaches itself to HER2, bringing two HER2 molecules 



Chapter 2 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   8 

together. This interaction sparks a cascade of phosphorylation events within HER2's 

intracellular domain, activating molecules like the MAPK and PI3K signaling pathways. 

These pathways, potent forces, are heavily involved in the initiation of breast tumorigenesis. 

In summary, HER2 is a strong candidate in the fight against breast cancer because of its 

distinct, status and capacity to create strong relationships. Understanding its intricate 

mechanism is crucial for devising effective treatment strategies to and restore balance 

(Karami Fath et al., 2022). 

The HER2 protein, which is overexpressed in many tumor cells, is in charge and regulates 

unchecked growth and development. Its overexpression gives it the ability to control a wide 

range of cellular processes via complex signaling pathways. Modern medicine's cornerstone, 

targeted medicines, have been developed which specifically target this protein. New findings 

have shown novel pathways that extend its hold on breast cancer (Arteaga et al., 2011). 

• Wnt/β-catenin signaling in breast cancer: Instead of merely depending on genetic 

abnormalities, Wnt signaling shows aberrant activity in breast cancer, possibly via an 

autocrine loop. Although there are few activating mutations in Wnt system components, 

around half of clinical cases had higher levels of the crucial downstream effector β-catenin, 

indicating alternative pathways of pathway activation (Meszaros and Patocs, 2020). The 

positive regulator Dvl exhibits amplification in about 50% of breast tumors.  On the other 

hand, the complex role of Wnt dysregulation in the advancement of breast cancer is further 

highlighted by the downregulation of Wnt inhibitors, such as Dickkopf 1 (DKK1) in the 

presence of metastasis and Frizzled-related protein 1 (FRP1) in 78% of malignancies. In 

addition, changes in the tumor suppressor APC have been found in as many as 50% of breast 

cancer cases, which adds to the dysregulated Wnt signaling pathway (Kaur et al., 2020). 

The Wnt/β-catenin pathway was markedly hyperactivated in basal-like breast cancers, and a 

higher level of nuclear β-catenin was associated with a poor prognosis. Activated β-catenin is 

known to promote triple-negative breast cancer, but in vivo investigations have shown that it 

also aids in the growth of HER2-positive mammary tumors. Treatment approaches focused on 

reactivating silent Wnt inhibitors through processes such reversing DNA methylation and 

miRNA repression have showed promise in reducing tumor growth, given the varied pro-

oncogenic capacity of Wnt ligands. Furthermore, it has been shown that Wnt pathway 

activation is associated with increased radiation resistance in both human breast cancer cell 

lines and mouse mammary gland progenitor cells. This suggests that the Wnt pathway may 
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play a role in resistance to current anticancer therapies by influencing populations of stem and 

progenitor cells (Mukherjee and Panda, 2020; Takahashi-Yanaga and Kahn, 2010). 

• BRCA1/2 mutations in breast cancer: For certain people, the predisposition to develop 

breast or ovarian cancer could be genetically linked. A specific concern is mutations in the 

breast cancer susceptibility genes BRCA1 and BRCA2 (Feng et al., 2018). These mutations 

have a crucial role in breast cancer, as evidenced by the fact that up to 20 percent of women 

with a family history of the condition carry them. The prevalence of BRCA mutations is much 

higher in the Ashkenazi Jewish community, believed to be between 30 and 35 percent (Stadler 

et al., 2012). They are therefore at a higher risk of developing ovarian and breast cancer. In 

contrast, the overall population has a substantially reduced risk, which emphasizes the 

significance of specific preventative interventions and genetic screening for people of 

Ashkenazi heritage. Interestingly, only 4.5 percent of Ashkenazi Jewish males with breast 

cancer have BRCA1 mutations, even though BRCA2 mutations account for 14% of male 

instances of breast cancer overall. This points to a gendered predisposition within this 

population, indicating the need for additional investigation into the mechanisms underlying 

(Manchanda et al., 2015). 

The BRCA proteins work together to repair DNA damage by homology-directed repair (HDR), 

which inhibits the development of cancer. This process is similar each other's tumor-

suppressive mechanism. Thus, loss of function and/or deletion mutations in the BRCA genes 

reduce the efficacy of DNA repair and may facilitate the development of malignant cells, 

thereby raising the risk of breast cancer by a factor of 5–6. Though BRCA mutations can be 

inherited and contribute to a certain number of familial cases, researchers have not found any 

difference in the risk of breast cancer among carriers with or without an intimate family history. 

A recent study suggests that smoking may also marginally increase the risk of breast cancer 

and other cancers in those with the BRCA mutation. The accuracy of identifying the high-risk 

group and the efficacy of preventative treatments will both be enhanced by these findings. 

Clinical data hint at a curious connection between BRCA1 mutations and a specific type of 

breast cancer: the basal-like variety. Notably, BRCA1-linked breast cancers lacking estrogen 

receptor (ER) or EGFR2 (ERBB2) overexpression often exhibit the telltale markers of basal 

epithelial cells, a characteristic already associated with ER/ERBB2-negative tumors (Teng et 

al., 2011).  
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2.1.6 Diagnosis of breast cancer  

In order to detect early-stage breast cancer, researchers have investigated a variety of diagnostic 

methods including mammography, Magnetic resonance imaging (MRI), ultrasonography, PET, 

and breast magnetic resonance imaging (Shah, Rupen, Kelly Rosso, 2014). 

2.1.6.1 Clinical Breast Imaging Techniques 

1. Mammography 

Mammography remains a cornerstone in the fight against breast cancer. Its ability to detect 

tumors at an early stage, coupled with advancements in technology and personalized screening 

practices, continues to contribute to improved patient outcomes. While annual mammograms 

remain a common recommendation for women starting at age 40, concerns exist regarding their 

limitations. These include relatively high false-positive and false-negative rates, particularly 

for younger women with dense breast tissue. Sensitivity can also be impacted by individual 

factors like personal history and radiologist expertise. Additionally, mammograms utilize 

ionizing radiation and can be uncomfortable for some patients. Recent research suggests the 

impact of mammograms on reducing breast cancer mortality may be lower than previously 

estimated (Pötsch et al., 2022). Contrast-enhanced mammography (CEM), which focuses on 

tumor blood vessel development, presents a potential alternative or complementary tool. While 

it involves slightly higher radiation exposure than traditional mammograms due to the use of 

contrast injections, CEM demonstrates improved sensitivity and performance compared to both 

mammograms and ultrasound. This suggests potentially greater accuracy in cancer detection 

(Ghaderi et al., 2019). 

2. Ultrasound 

Breast ultrasound (BUS) leverages sound waves to visualize internal breast structures, aiding 

in the detection of potential abnormalities. Its widespread availability and relatively low cost 

make it a valuable tool in the fight against breast cancer. The primary strength of BUS lies in 

its ability to differentiate between fluid-filled cysts and solid masses, which can be challenging 

for mammography, especially in women with dense breast tissue. This allows for more accurate 

assessment of suspicious findings and can be particularly beneficial for individuals with a high 

risk of developing breast cancer (Huang et al., 2017). 

However, BUS is not without limitations. Compared to mammography, its overall cancer 

detection rate is lower, primarily due to the similar acoustic properties of healthy and cancerous 

tissues. Additionally, the effectiveness of BUS heavily relies on the expertise of the performing 
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radiologist, as subtle interpretations of the generated images are crucial for accurate diagnosis. 

Therefore, while BUS serves as a valuable complement to mammography, particularly for 

high-risk women, pregnant individuals, and those unsuitable for mammograms, it should not 

be viewed as a complete replacement. Combined use of both modalities can optimize 

sensitivity and specificity for early cancer detection, while acknowledging the potential for 

increased biopsy rates associated with this approach (Ilesanmi et al., 2021; Xian et al., 2018). 

3. MRI

MRI has emerged as a powerful tool in healthcare, but its application in breast cancer detection 

carries unique benefits and limitations. Unlike mammograms and ultrasounds that rely on X-

rays or sound waves, MRI leverages strong magnetic fields and radiofrequency signals to create 

detailed cross-sectional images of the breast tissue. This technology offers high sensitivity, 

making it adept at identifying even small tumors, especially in women with elevated breast 

cancer risk (Ghaderi et al., 2019). 

Overall, while not a replacement for established screening methods like mammograms and 

ultrasounds, MRI plays a valuable role in targeted breast cancer diagnosis, particularly for high-

risk women. Ongoing research continues to refine and optimize MRI technology, aiming to 

improve its specificity and affordability. These holds promise for expanding its application in 

the future, potentially benefiting a wider range of women in the fight against breast cancer 

(Jesinger, 2014). 

2.1.6.2 Biomarkers for breast cancer detection 

1. Protein biomarkers

While traditional biopsy remains the gold standard for cancer diagnosis, the search for reliable 

non-invasive methods continues. Protein biomarkers, naturally occurring molecules in the 

body, have emerged as promising candidates for early detection and prognosis in breast cancer. 

Some potential players and the challenges associated with their clinical application are: 

• CA15-3: This traditional biomarker, while not ideal for early detection, excels in tracking 

tumor recurrence and assessing treatment effectiveness in advanced stages (Salama et al., 

2020).

• PD-L1 status: If diagnosed with advanced-stage or metastatic triple-negative breast 

cancer, they may run a test to see whether the cancer is PD-L1-positive in order to determine 

whether the immunotherapy drug Keytruda will be helpful (Makówka and Kotowicz, 2023).
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• CA 27-29 levels: Breast cancer has the ability to release the protein known as cancer antigen 

27-29 (CA 27-29). Elevated CA 27-29 levels may indicate an increase in metastatic breast 

cancer (Makówka and Kotowicz, 2023). 

• CEA levels: The protein known as carcinoembryonic antigen, or CEA, is a marker for colon 

cancer. It can be applied to ascertain whether breast cancer has progressed to other body 

parts. 

• CA 125 levels: The presence of ovarian cancer results in the production of CA 125, or 

cancer antigen 125. Elevated levels could indicate a recurrence of breast cancer (Salama et 

al., 2020). 

• HER2: Overexpressed in roughly 30% of breast cancers, HER2 levels offer valuable 

insights into: 

- Prognosis: Higher levels often indicate a more aggressive course of the 

disease, informing treatment decisions and patient prognoses. 

- Treatment Selection: HER2 positivity opens doors to targeted therapies like 

Herceptin, offering personalized options for better outcomes. 

- Disease Monitoring: Tracking HER2 levels alongside other factors like tumor size and 

lymph node involvement provides a comprehensive picture of disease progression and 

potential relapses (Nahta and O’Regan, 2012). 

2. Gene biomarkers 

The fight against breast cancer goes beyond simply detecting tumors. Understanding the 

underlying genetic and molecular mechanisms plays a crucial role in diagnosis, prognosis, and 

treatment . 

• BRCA1 and BRCA2: These tumor suppressor genes fix double-strand breaks in DNA, 

acting as security guards. These genes' defenses are compromised by mutations, which can 

raise the risk of breast cancer by 21–40%. Researchers such as Rasheed et al. have created 

very efficient graphene-based sensors to identify these changes, leading to customized risk 

assessment and preventive actions (Roberts et al., 2020). 

• p53: This "guardian angel" gene also contributes to DNA repair and inhibits the 

development of cancer. About 30 to 35 percent of breast tumors have mutations in p53, 

making it a useful target for detection and therapy . A possible method for detecting these 
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alterations and directing treatment choices is the use of DNA biosensors (Dumay et al., 

2013; Goh et al., 2011). 

• Cell-Free Tumor DNA (cfDNA): Imagine little bits of DNA that are secreted by cancer 

cells and travel through the bloodstream like silent secrets. The analysis of these cfDNA 

fragments has enormous potential for non-invasive breast cancer diagnosis. cfDNA holds 

promise as a real-time cancer monitoring "liquid biopsy." Not only are elevated amounts of 

cfDNA shown in advanced cancer cases, but they have also been proposed as a diagnostic 

tool for breast cancer and other cancers too. Although research is still in its early stages, 

studies that cfDNA levels could be connected to the advancement of cancer, providing 

important clues about the disease's pathophysiology (Hashad et al., 2012). 

• MicroRNAs (miRNAs): These tiny molecules fine-tune gene expression, acting as master 

regulators of cellular activity. Specific miRNAs, like miR-21, have been linked to breast 

cancer. Electrochemical nano biosensors, as explored offer an extremely sensitive way to 

detect these miRNAs, potentially leading to early detection and better prognosis (Fu et al., 

2011). 

2.1.7 Treatment of breast cancer 

Conquering breast cancer requires a multi-pronged approach, tailoring treatments to the 

specific stage and characteristics of the disease. Treatment strategy is influenced by breast 

cancer biology and behavior. While some tumors are larger and develop more slowly, others 

are smaller and grow faster. Options for treatment and advice are highly personalized and based 

on a number of variables, such as: 

• Tumor staging 

• Tumors subtype (hormonal status) 

• Age, overall health, menopausal status, and preferences of the patient 

• Other mutations and diagnostic data 

Although, BC treatment can be divided into three different approaches to understand them 

individually are like: 

 Local treatment i.e., they target the tumor without harming the surrounding tissue 

involving radiation and surgery. The majority of breast cancer patients will undergo 

surgery to remove the tumor. In certain cases, additional treatments may be required in 



Chapter 2 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   14 

addition to surgery, either before or after the procedure, depending on the kind and 

stage of the breast cancer (Fitoussi et al., 2010). 

 Systemic treatments i.e medications used to treat breast cancer are referred to as 

systemic therapy, because they can penetrate cancer cells virtually anywhere in the 

body. Certain medications can be administered orally, intramuscularly, or directly into 

to the bloodstream. Several pharmacological treatments for breast cancer may be 

employed, depending on its form. Chemotherapy, hormone therapy, targeted therapy 

and immune therapy are covered under this approach (Serrano-Olvera, 2011). 

 Treatment by stage i.e, where stage of breast cancer is considered as primary option to 

choose the treatment plan considering other factors personalized to patient.  

2.1.7.1 Surgery 

The large number of breast cancer patients get surgery as part of their treatments. Depending 

on the circumstances, many forms of breast surgery may be performed for various purposes. 

To remove breast cancer, there are two primary forms of surgery: 

Breast-conserving surgery: The goal of breast-conserving surgery is to remove the 

malignancy while leaving some normal tissue in place. In this case the breast portion that has 

the malignancy is only removed. The location, size, and other variables of the tumor determine 

how much breast needs to be removed. Other names for this procedure include segmental 

mastectomy, quadrantectomy, lumpectomy, or partial mastectomy (Li et al., 2003). 

Mastectomy: A mastectomy is a surgical procedure in which the entire breast, along with any 

surrounding tissues, is removed. Mastectomies can be of various different kinds involving 

removal of either one of the breasts or a double mastectomy where surgery is performed on 

certain women to remove both breasts. 

As a part of surgery or separately also sometimes during a biopsy, one or more lymph nodes in 

the underarm (axillary) area will be removed and examined in the laboratory to determine if 

the cancer spread. Sentinel lymph node biopsy (SLNB) is a surgical technique where a dye is 

injected, and only the lymph node or lymph nodes under the arm that have absorbed the dye 

are removed. It is expected that the malignancy will spread to these lymph nodes initially. 

Limiting the number of lymph nodes removed reduces the possibility of adverse events 

following axillary lymph node dissection, such as lymphedema, or swollen arms. During an 

Axillary lymph node dissection (ALND) operation, the surgeon removes a large number of 
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underarm lymph nodes (often fewer than 20) without the use of a dye. Although ALND is not 

performed as frequently as it formerly was, in certain circumstances it may still be the most 

effective method of examining the lymph nodes (Dr.R.Sarin and ICMR group, 2016; 

Hutchinson, 2010). 

2.1.7.2 Radiation 

A vital part of treating breast cancer is radiation therapy, which is frequently administered 

following surgery to eradicate any cancer cells that may still be present and lower the chance 

of recurrence. This type of treatment uses radiation, such as high-energy X-rays or particles, to 

target and kill remaining tumor cells with the least amount of damage to nearby healthy tissue 

(Baskar et al., 2012). Radiation therapy are mainly of two types: External beam radiation 

therapy (EBRT) and Brachytherapy 

EBRT: EBRT is a method of delivering radiation therapy externally by means of a machine 

that focuses radiation beams at the site of tumor. It is mostly employed in the treatment of 

breast cancer because it enables focused radiation therapy to the afflicted breast tissue without 

seriously harming the surrounding healthy tissues. Treatment for breast cancer with EBRT is 

common, particularly while the disease is still in its early stages. Following breast-conserving 

surgery, this type of radiation therapy is frequently used to target any cancer cells that may still 

be present and lower the chance of recurrence. Breast-conserving surgery is becoming a 

common choice for the local treatment of early-stage invasive breast cancer as multiple studies 

have demonstrated that it produces overall survival rates that are comparable to mastectomy 

when combined with external beam radiation therapy. All things considered, EBRT is a 

valuable all-encompassing approach to treating breast cancer, improving outcomes and 

assisting with long-term disease management (Brown et al., 2015; Terheyden et al., 2016). 

Brachytherapy: Another method of administering radiation therapy is brachytherapy, 

sometimes referred to as internal radiation. A device carrying radioactive seeds or pellets is 

inserted into the breast tissue in the location where the cancer was excised for a brief period of 

time rather than directing radiation beams from outside the body. As partial breast irradiation, 

brachytherapy alone (instead of radiation to the entire breast) can be utilized for some women 

who underwent breast-conserving surgery (BCS). The patient pool for brachytherapy may be 

narrowed due to tumor location, size, and other considerations (Kindts et al., 2019).  

Brachytherapy comes in two primary varieties that are used to treat breast cancer: High Dose 

Rate (HDR) and Low Dose Rate (LDR). A high-intensity radioactive source, like Ir192, is 
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inserted into the breast tissue during HDR brachytherapy and left there for a brief while 

typically a few minutes. In LDR brachytherapy, low-intensity radioactive sources are 

positioned over extended periods of time, typically ranging from days to weeks. In situations 

of BCS, brachytherapy used as a boost following external beam radiation has demonstrated 

efficacy in lowering the risk of local recurrence. When combined with BCS, it is a well-

researched alternative for patients with early-stage breast cancer and has been proven to have 

survival rates comparable to mastectomy (Smith et al., 2014). 

2.1.7.3 Chemotherapy 

Chemotherapy hinders cell division, upregulates cellular apoptosis and thereby ceases tumor 

growth. It is used as an adjuvant therapy to surgery or radiation therapy in early and advanced 

cancers to improve patient outcome and occasionally as a part of monotherapy regime to 

minimize the risk of relapses. Chemotherapy when used before surgery in order to control the 

size of tumor or some other complications it is called as neo-adjuvant chemotherapy. For 

metastatic cancers, chemotherapy has a benefit of being given systematically so as to reach all 

tissues and effectively kill cancer cells disseminated to other parts of body. Anti-cancer drugs 

classified under different classes like alkylating agent, antimetabolites, plant alkaloids, 

antitumor antibiotics, hormonal and other miscellaneous (Table 2.1). hinders cell division, 

upregulates cellular apoptosis and thereby ceases tumor growth. It is used as an adjuvant 

therapy to surgery or radiation therapy in early and advanced cancers to improve patient 

outcome and occasionally as a part of monotherapy regime to minimize the risk of relapses. It 

has been observed that, long-term use of alkylating agents can also lead to secondary 

malignancies like leukemia in some cases. Toxicity to bone marrow cells, reproductive cells 

are some of the major concerns for the use of these agents (Boivin, 1990; Davies, 2001).  Next 

class of drugs are antimetabolite as name suggests they interfere with the DNA & RNA 

synthesis and thus creating imbalance in cellular machinery leading to cell death. Toxicity 

associated with these drugs are also against some of the rapidly dividing normal cells of the 

body like hair follicle cells, intestinal mucosa and bone marrow cells. Hepatotoxicity and renal 

toxicity are also seen with majority of these drugs but, once treatment is stopped the toxicity 

can be minimized (Chabner et al., 2005a; Corrie, 2008; Sudhakar, 2009). Plant alkaloids are 

derived from plant products that mainly works on M phase mitosis of cell cycle and inhibits 

cell division. These drugs act by interfering with microtubule polymerization and thus leading 

to cells arrested in cell division stage. Lung cancer, breast cancer, lymphoma, leukemia are 

some of the cancers treated using these drugs. Toxicity associated with these drugs are with 
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hematopoietic cells, neurological and reproductive system. Increased resistance to taxel group 

of drug is growing concern (Corrie, 2008; Krause, 2019). Antitumor antibiotics also known as 

Anthracyclines are special class of drugs derived from Streptomyces spp. These drugs work by 

interfering with DNA/ RNA synthesis and thus hindering protein synthesis essential for cells 

normal functioning. Major toxicity issues with these drugs are cardiotoxicity with critical 

dosage. Post treatment malignancies can also be seen in some cases (Mukherjee et al., 2012).  

Table 2.1 Chemotherapy drug classes and mode of action 

Drug Class Examples Mode of action References 

Alkylating 
agents 

Nitrogen mustard, 
Cyclophosphamide, 
Chlorambucil, 
Cisplatin, Carboplatin 

Crosslinking DNA, 
Nicks in DNA, 

(Chabner et al., 
2005a; Corrie, 
2008; Jerzy 
Einhorn, 1985) 

Antimetabolites 

Aminopterin, 
Methotrexate, 
5-Flurouracil(5-FU), 
6-Mercaptopurine(6-MP) 

Interfere with the DNA & 
RNA synthesis 

(Chabner et al., 
2005a; Corrie, 
2008; 
Sudhakar, 
2009) 

Plant Alkaloids Vincristine, Vinblastine, 
Paclitaxel, Docetaxel 

Inhibits cell division, 
Microtubule 
polymerization 

(Krause, 2019; 
Morris and 
Fornier, 2008; 
Zhang and 
Kanakkanthara, 
2020) 

Antibiotics 

Daunorubicin, 
Doxorubicin, Epirubicin, 
Mitoxantrone, 
Anthracyclines, Bleomycin 

DNA intercalation, DNA 
adduct formation, 
Inhibiting DNA synthesis 

(Bhattacharya 
and Mukherjee, 
2015; Gao et 
al., 2020) 

Hormonal 
agents 

Anastrozole, Tamoxifen, 
Toremifene, leuprolide, 
Flutamide 

Blocks hormone 
production, alters the 
hormone, prevents 
hormone attachment to 
receptor 

(Lorizio et al., 
2012; Yasui et 
al., 2016) 

Hormonal drugs work by two ways by blocking the production of hormone in body or by 

interfering with hormone synthesis.  These drugs can be only used for hormone positive cancers 

like prostate, breast, ovarian cancers etc. and not for any hormone receptor negative cancers 

(Lorizio et al., 2012; Yasui et al., 2016).  Cancer chemotherapy has oodles of side effects which 

adversely affects the patient’s undergoing chemotherapy. These cytotoxic drugs not only affect 

cancer cells but, they also target normal cells or tissues and show non-specific toxicity which 
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leads to serious side effects. Depending on the type of cancer, dose and duration of 

chemotherapy side effects can vary from mild symptoms like nausea, hair loss, vomiting, 

fatigue, hot flashes, weight loss etc. to sever symptoms like secondary malignancy, 

hepatotoxicity, cardiotoxicity, renal toxicity etc. Even chemoresistance is seen to be rapidly 

acquired in many cancer type and treatments are becoming more and more difficult (Florea and 

Büsselberg, 2013; Holohan et al., 2013; Thanki et al., 2013).  

2.1.7.4 Hormone therapy 

Hormones like progesterone and estrogen can have an impact on certain forms of breast cancer. 

Because of their protein receptors, which bind to progesterone and estrogen, breast cancer cells 

are able to proliferate. Hormone or endocrine therapies work by preventing these hormones 

from binding to these receptors. By using hormone therapy, cancer cells can be reached in 

virtually any part of the body, not just the breast. It is advised for female patients whose 

malignancies are positive for hormone receptors. It is ineffective for women whose tumors lack 

hormone receptors (these tumors are called hormone receptor-negative). Adjuvant therapy, or 

hormone therapy, is frequently given following surgery to help lower the chance of the cancer 

returning (Narod, 2011). Occasionally, it begins prior to surgery (as neoadjuvant therapy). 

Cancer that has returned after treatment or spread to other body areas can also be treated with 

hormone therapy. In order to slow down or stop the growth of hormone receptor-positive breast 

cancer cells, hormone treatment aims to inhibit the effects of these hormones or reduce their 

levels in the body. Treatment options for breast cancer include a variety of hormone therapies: 

Selective Estrogen Receptor Modulators (SERMs): A class of medications known as 

SERMs functions as an antagonist of the estrogen receptor in some tissues and an agonist in 

others. They are frequently used to treat estrogen-related diseases such osteoporosis, breast 

cancer, and menopausal symptoms. SERMs that are well-known include raloxifene and 

tamoxifen. These medications function by attaching themselves to the body's estrogen 

receptors, which can either increase or block the effects of estrogen. Because of their dual 

activity, SERMs are useful in treating a variety of illnesses because they can have distinct 

effects in different tissues. Taking tamoxifen can help reduce the chances of breast cancer 

developing in women who are at high risk. It also minimizes the likelihood of developing 

additional DCIS in both breasts or invasive breast cancer. Tamoxifen can help women with 

hormone receptor-positive invasive breast cancer who have had surgery reduce the likelihood 

that the cancer will return and increase their chances of living a longer life (Fei et al., 2021; 

Patel and Bihani, 2018).  
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Aromatase Inhibitors (AIs): A class of drugs known as AIs is used to treat hormone receptor-

positive breast cancer, especially in postmenopausal women. These medications function by 

blocking the enzyme aromatase, which is in charge of converting the body's production of 

androgens hormones made by the adrenal glands into estrogens, or female sex hormones. AIs 

lower the body's estrogen levels by preventing this conversion, which can aid in halting or 

slowing the growth of hormone receptor-positive breast cancer cells. AIs are of several types 

including an oral AI is letrozole, also marketed as Femara. It is used to treat postmenopausal 

women with metastatic breast cancer and as adjuvant therapy for early-stage hormone receptor-

positive breast cancer. One AI that is administered orally is Anastrozole (Arimidex) (Gnant et 

al., 2021). It is frequently used in postmenopausal women with hormone receptor-positive early 

breast cancer as adjuvant therapy, which is medicine administered after primary treatment to 

reduce the chance of the cancer returning. Advanced breast cancer may also be treated with 

anastrozole (Chumsri, Saranya, Timothy Howes, Ting Bao, Gauri Sabnis, 2011; Goss et al., 

2016). 

Selective Estrogen Receptor Degraders (SERDs): A class of medications known as SERDs 

targets the ER to be destroyed by the cell's mechanism for breaking down proteins. This 

strategy provides a novel means of inhibiting the impact of ER on cancer cells, specifically in 

hormone-positive breast cancer. Fulvestrant is one SERD example that is authorized for the 

treatment of metastatic breast cancer. The goal of ongoing research is to create novel, more 

potent SERDs to help patients with hormone receptor-positive breast cancer achieve better 

results. Among the medications included in this category are Fulvestrant, which is authorized 

for the treatment of metastatic breast cancer. Research is also being done to create novel and 

more potent SERDs in order to enhance the prognosis of patients with hormone receptor-

positive breast cancer (Wang and Tang, 2022). 

Luteinizing Hormone-Releasing Hormone (LHRH) Agonists: A class of Leuprolide and 

goserelin Leuprolide and goserelin drugs known as LHRH agonists is used to treat hormone 

receptor-positive breast cancer, especially in premenopausal women. These medications 

function by inhibiting the release of luteinizing hormone (LH) and follicle-stimulating 

hormone (FSH) from the pituitary gland, which lowers the body's synthesis of estrogen. 

Hormones called LH and FSH cause the ovaries to create more estrogen thus indirectly 

controlling the estrogen levels in the body. Leuprolide and goserelin (Zoladex) are common 

LHRH medications (Lupron). In premenopausal women, they can be used as hormone therapy 

in combination with other hormone medications such as Fulvestrant, aromatase inhibitors, and 
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tamoxifen. Although these drugs are usually well tolerated, they can have menopause-like 

adverse effects, including weakening of the bones, hot flashes, and dry vagina (osteoporosis) 

(Kim et al., 2023; Liu et al., 2013). 

2.1.7.5 Targeted therapy 

Targeted therapies using biological agents such as monoclonal antibodies (mAb) are specific 

towards a particular cancer cell protein. Targeting such proteins impedes cancer cell survival 

and limits proliferation. In early 1990, research showed potential role of mAbs to target cancer 

cells and paved a way towards new therapeutic approach. The first mAb approved for cancer 

treatment was in the year 1997, Rituximab (Rituxan®) against CD-20 antigen of B-lymphocyte 

for B cell related malignancies (Pérez-Herrero and Fernández-Medarde, 2015). These mAb 

based treatment relies on identifying a cellular target e.g. Antigen or a receptor present on the 

cell against which the antibody can be raised and is the most critical part of work. mAbs works 

by averting ligand receptor interaction or activating immunological response towards cells. 

Presently mAbs used in cancer are differ types as showed in (Figure 1) like a. Directed towards 

a certain domain of a receptor which has role in cell proliferation thus hindering the signal 

transduction E.g. Cetuximab (Erbitux®) against Erythrocyte growth factor receptor (EGFR) 

and Trastuzumab (Herceptin®) against Human epidermal growth factor receptor-2 (HER-2) 

receptor, Ipilimumab (Yervoy®) binds to CTLA-4 coreceptor on T-cell which intern prevents 

the T-cell inactivation by not allow it to interact with B7, b. mAbs are used to target against 

cellular antigen to augment the immunogenic response by body’s own immune system to kill 

the neoplastic cells E.g. Rituximab (Rituxan®) as discussed earlier and Alemtuzumab 

(Campath®) against CD-52 antigen on B- cell for Chronic lymphocytic leukemia (CLL) (Ke 

and Shen, 2017), c. In another strategy mAbs are used as a delivery vehicle to carry the non-

human enzyme to the cancer site where it can activate the prodrug/drug and kill the cancer 

cells, this strategy is known as “antibody-directed enzyme prodrug therapy” (ADEPT). 

Different clinical studies are going around the world for multiple cancer at different stages and 

we hope soon it will be available (Padma, 2015), d. In another approach again delivery potential 

of mAbs have been explored to carry the cytotoxic drugs or radioisotopes to neoplastic cells 

making it selective and avoiding non specificity to other tissues and organs E.g. 131I-

tositumomab (Bexxar®) and 90Y-Ibritumomab tiuxetan (Zevalin®) uses radioisotopes of  Iodine 

and Yttrium respectively, conjugated to mAbs against CD-20 receptor, on B-cell for non-

Hodgkin’s type of lymphomas, Gemtuzumab ozogamicin (Mylotarg®) is a drug in which mAb 

against CD-33 is conjugate with cytotoxic drug molecule calicheamicin. CD-33 antigen is 
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majorly seen on the blast cells in acute myelogenous leukemia (AML) patients and even present 

on normal myeloid cells. Not only cancers of blood but other cancers like breast cancer, CRC 

and lung cancers are also been addressed using mAbs based treatment mode (Serrano-Olvera, 

2011b). Certain drawbacks even mAbs show which limits its use like, few of the targeted 

antigen or receptors are found universally expressed on both cancer and normal cells sometimes 

differ in expression levels, this led to inhibited activity of normal cells and hinder their function 

which leads to secondary side effects. Fevers, chills, arthralgia, myalgia, rashes and in some 

cases increased immunological reactions to immune suppression also seen. With few specific 

types of mAbs based therapy increased cardiac effects are seen like, myocardial ischemia, 

myocardial infarction, arrhythmia. Regardless of this, targeted therapies are much safer than 

the traditional cytotoxic chemotherapy drugs. Other than mAbs small molecule inhibitors and 

immunotoxins are some other targeted therapies currently in application for cancer treatment 

with its own potentials and limitations (Price and Rao, 2013; Serrano-Olvera, 2011b). 

2.1.7.6 Immuno therapy 

The use of medications to strengthen a person's immune system so it can more efficiently 

identify and eliminate cancer cells is known as immunotherapy. To improve the immune 

response, immunotherapy usually targets particular proteins that are part of the immune system. 

The side effects of these medications differ from those of chemotherapy (Farkona et al., 2016).  

The immune system's capacity to prevent itself from targeting the body's normal cells is a 

crucial component. It accomplishes this by utilizing proteins on immune cells called 

"checkpoints," which must be activated or inactive in order to initiate an immunological 

response. These checkpoints are occasionally used by breast cancer cells to deter immune 

system attacks. Medication aimed at these checkpoint proteins aids in reestablishing the 

immune system's defense against breast cancer cells. There are forms of breast cancer that can 

be treated with immunotherapy (Kirkwood et al., 2012). 

Checkpoint Inhibitors: These medications work by targeting proteins on cancerous or 

immunological cells to aid the immune system in identifying and eliminating cancerous cells. 

Pembrolizumab, also known as KEYTRUDA® (Tong et al., 2018), is a checkpoint inhibitor 

that specifically targets T cells' PD-1 protein. Another checkpoint inhibitor, atezolizumab 

(TECENTRIQ®), targets the PD-L1 protein on cancer cells (Reddy et al., 2020). 

mAbs: These are chemicals made in laboratories that aid the immune system in identifying 

and combating cancerous cells. Trastuzumab (Herceptin) (Dawood, 2016), this mAb targets 
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HER2-positive breast cancer cells; it is not a conventional immunotherapy. Other examples are 

already covered in Targeted therapy section of the chapter.  

Adoptive cell transfer: This strategy aims to strengthen T cells' innate capacity to combat 

malignancy. Through genetic engineering, T cells a subset of white blood cells—can be made 

more capable of identifying and eliminating cancerous cells. This process is known as chimeric 

antigen receptor (CAR) T-cell therapy. Because CAR T-cell therapy modifies T cells' genes to 

enable them to fight cancer, it is occasionally referred to as a form of cell-based gene therapy. 

Even in cases where other forms of cancer treatment are no longer effective, this kind of 

treatment can be quite beneficial. The US Food and Drug Administration (FDA) has authorised 

CAR T-cell therapy for the treatment of multiple myeloma and certain types of leukemias and 

lymphomas. Usually, CAR T-cell therapy is employed following the failure of conventional 

forms of treatment. Tisagenlecleucel (Kymriah™) and Axicabtagene ciloleucel (Yescarta™) 

are two of the examples of FDA-approved CAR-T cell therapy for B- cell lymphomas (Meng 

et al., 2021; Weinstein B et al., 2021). 

2.2 Methotrexate (MTX) 

2.2.1 Structure and mechanism of action 

Treatment for cancer has historically involved the use of MTX, a synthetic organic compound, 

potent chemotherapeutic medication. It was first developed by Dr. Yellapragada Subbarow an 

Indian origin scientist in the early 1950s as a therapy for pediatric leukemia (Bagri et al., 2023). 

MTX is an analogue of aminopterin which was first used in the treatment of acute leukemia in 

1947. However, because of its better therapeutic index, amethopterin was marketed as MTX. 

Ever since, it has been extensively utilized to treat a wide range of solid tumors, such as 

malignancies of the head and neck, esophagus, breast, and lung (Khan et al., 2012). 

MTX shares structural similarities with folic acid (FA) which is a Vitamin B9 essential for 

human body. MTX is a antagonist to FA belongs to the class of drugs known as antimetabolites, 

and its essential action is disruption of DNA synthesis and repair, making them effective in 

inhibiting the growth of cancer cells. MTX's chemical structure is made up of a pteridine ring, 

which is connected to a p-aminobenzoic acid moiety and is typical of derivatives of folate. 

Because of its structure, MTX can competitively inhibit dihydrofolate reductase (DHFR), 

which prevents rapidly dividing cells of body like cancer cells, bone marrow cells, and skin 

cells from synthesizing proteins, RNA, and DNA. The conversion of deoxyuridine to thymidine 

requires tetrahydrofolic acid which is, during this process, oxidized to dihydrofolic acid. The 
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kinetics of this system are dependent on the reconversion of dihydrofolic acid to the tetrahydro 

form by the enzyme DHFR. It is at this site that MTX exerts its action by electrostatic binding 

of the enzyme for which it has an affinity 100,000 times that of the substrate (Bedoui et al., 

2019). Thus, the synthesis of thymidine and formation of DNA is prevented. Fortunately, the 

addition of exogenous formyl tetrahydrofolic acid, folic acid or folinic acid (Leucovorin) 

bypasses this block and allows the continued production of thymidine-an effect which has been 

utilized to therapeutic advantage in serious case of MTX toxicity. In this way MTX probably 

affects both normal and malignant cells by inhibiting cell division mainly in the S phase of the 

cell cycle ultimately halting DNA synthesis and kills cells in the S phase of the cell cycle thus 

causing a block at the G1-S transition (Hamed et al., 2022; Nogueira et al., 2018).  

 

Figure 2.3 Structural similarities between Folic acid and Methotrexate molecule (Source: 

Halik et al., 2021) 

Following MTX infusion, the primary metabolite in serum is 7-hydroxymethotrexate (7-OH-

MTX), which is responsible for both toxicity and activity of MTX. Soon after the infusion, 7-

OH-MTX concentrations in plasma are higher than those of the parent molecule. Citation63 

MTX and 7-OH-MTX demonstrate first-order pharmacokinetic characteristics. Citation62 

Renal excretion of MTX involves both active tubular reabsorption and secretion as well as 

passive glomerular filtration. MTX is eliminated by the kidneys more quickly than 7-OH-MTX 

(Ren et al., 2019).   
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The ATP-binding cassette transporter reduced folate carrier 1 (RFC1) primarily follows 

cellular MTX entry. To a little degree, MTX further employs receptor-mediated endocytosis 

through the means of folate receptors (FRs), which are membrane proteins anchored by 

glycosyl-phosphatidyl-inositol (GPI) and capable of internalizing bound folates and folate 

conjugates. FRs are overexpressed in 90% of ovarian carcinomas, and some other FR positive 

hypoxic cancer strains possess epithelial cell lining, including breast, lung, cervical, oral, and 

pancreatic cancer (Hagner and Joerger, 2010). Research has indicated that the overexpression 

of FRα could potentially provide cancer cells with an advantage in proliferation through 

mechanisms that are both connected to and separate from folate uptake. For DNA replication 

and cell division, normal cells also express FR; however, cancer cells express FR 500 times 

more frequently than healthy cells (Vivek et al., 2017). This increases cellular uptake of anti-

folate class of drug by activating multiple endocytic pathways and decreases drug resistance in 

cancer. These factors have drawn attention to folic acid-based targeting ligands. It has been 

documented that solid tumor such ovarian, lung, and breast carcinomas overexpress FRα . 

Conversely, FRα is only found in modest quantities on the apical surfaces of a few organs, 

including the kidney, lung, and choroid plexus, in normal human tissues (Nogueira et al., 2018; 

Xie et al., 2013).  

Because it is strongly ionized and typically hydrophilic, MTX passes biological barriers 

relatively poorly. Intracellular folylpolyglutamyl synthase (FPGS) metabolizes MTX to a 

polyglutamate derivative called MTXGlu. Compared to the original MTX form, MTXGlu 

exhibits a much longer cell residence time and higher bioactivity. This is a crucial 

pharmacokinetic phase that establishes the drug's defined action and designates MTX as a type 

1 prodrug representation that goes through intracellular bioactivation. MTX is not as effective 

as MTXGlu as an anti-folate drug since it has a much stronger ability to inhibit DHFR (Figure 

2.4). By blocking folate-related enzymes, primarily DHFR, which catalyse the conversion of 

dihydrofolate (DHF) to tetrahydrofolate (THF), MTX indirectly slows cell division. THF is 

crucial for the synthesis, maintenance, and replication of DNA strands and functions as a major 

coenzyme in several transmethylation processes in the pyrimidine and purine nucleotide 

production pathways. When MTX inhibits intracellular THF synthesis, cell growth and its 

associated metabolic equilibrium are disrupted. Additionally, it inhibits other enzymes 

involved in the de novo production of purine and pyrimidine nucleotides, such as Methyl tetra 

hydro folate reductase (MTHFR) converting 5-methyltetrahydrofolate (5-CH3-THF) to 5,10-

methylenetetrahydrofolate (5,10-CH2-THF), a crucial step in deoxythymidine monophosphate 
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(dTNP) synthesis. Other enzymes inhibited too are amido-phosphoribosyl transferase, 5-

aminoimidazole-4-carboxamide ribonucleotide transformylase (AICART), and thymidylate 

synthase (TYMS). As a result, MTXGlu is the one that exhausts the precursors needed for the 

synthesis of DNA and RNA, which are essential for proliferation of cells, causing disruptions 

in DNA synthesis and eventually leading to cell death (Figure 2.4). The fact that MTX activity 

is most noticeable in cells that are actively dividing, primarily in the S phase of the cell cycle, 

is not surprising. In fact, the multiplying cancer cells are the ones most vulnerable to the 

cytotoxic effect of this medication, suggesting a connection between folate antagonistic activity 

and MTX's anti-tumor activity (Chan and Cronstein, 2013; Wong and Choi, 2015). 

 

Figure 2.4 Graphical representation of Methotrexate’s mechanism of action. (FAR; Folic acid 

receptor. RCF; reduced folate carrier. MTX(GLU 1-7); methotrexate polyglutamates. FPGS; 

folylpolyglutamyl synthase. DHFR; dihydrofolate reductase. DHF; dihydrofolate. THF; 

tetrahydrofolate. 5,10-CH2-THF; 5,10-methylenetetrahydrofolate. 5-CH3-THF; 5-

methyltetrahydrofolate. MTHFR; methylenetetrahydrofolate reductase. dUMP; deoxyuridine 

monophosphate. dTMP; deoxythymidine monophosphate. GGH; γ-glutamyl hydrolase. ATIC; 

AICAR formyltransferase. AICAR; 5-aminoimidazole 4-carboxamide ribonucleotide. 

FAICAR; 10-formyl AICAR.) 
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2.2.2 Role in cancer and other malignancies 

In particular, a significant advancement in cancer therapy was the switch from high dosage 

MTX (HDMTX) therapy of 0.5–5 g/week to low dose MTX (LDMTX) therapy of 7.5–25 

mg/week for RA and psoriasis. A few years later, it was discovered that MTX was one of the 

best disease-modifying antirheumatic drugs (DMARDs) used for psoriasis and RA patients 

significantly when given a LDMTX (1-2 mg/day). However, starting in the middle of the 

1980s, MTX was used in RA clinical applications as DMARDs (Cutolo et al., 2001). 

About 70 years ago, anti-folates- the first class of anti-metabolites was presented to the clinic. 

One of the earliest classes of antineoplastic medicines to be created were folate antagonists. 

Childhood acute lymphoblastic leukemia (ALL) was brought into cure in 1948 with the use of 

the 4-amino derivative of FA (aminopterin), and the related drug MTX is now a key part of 

today's cancer treatment (Khan et al., 2012). MTX isFDA-approved for treating ALL, either in 

combination with other medications or on its alone, to treat patients with various forms of 

hematologic malignancies as well as to treat ALL that has progressed to the central nervous 

system (CNS) or to stop it from spreading there. Advanced mycosis fungoides (MF) or 

advanced non-Hodgkin lymphoma (NHL) and many other cancer types, such as brain tumors, 

breast cancer, hepatoma, lung cancer, lymphomas. Some types of head, neck, and 

esophagogastric carcinomas, gastric cancer, osteosarcoma that has not spread to other body 

parts or after primary tumor surgery, prostate and bladder cancers, or gestational trophoblastic 

neoplasia, are also approved for treatment with MTX (Bryan, 2012; Marika Grönroos, et al., 

2006). When treating early-stage breast cancer, MTX is used either alone or in combination 

with other medications, surgery, and other therapies. Treatment for metastatic breast cancer 

involves a variety of combination regimens, including vincristine (VCR), adriamycin (ADM), 

cyclophosphamide (CTX), MTX, 5-flurouracil (5-FU) (CMF), 5-FU, and CTX in combination 

with 5-FU and tegafur followed by LV rescue (MUL). The researchers demonstrated, based on 

experimental data, that the traditional CMF regimen is safe and has a significant impact on how 

early breast cancer patients respond to treatment (Chabner et al., 2005b; Hamed et al., 2022). 

While chemotherapy, including MTX, is utilized both pre and post-operatively for lung 

malignancies, surgical resection remains choice of treatment method. The chemotherapeutics 

etoposide, vincristine, or Adriamycin were usually included in the regimens along with the 

medications MTX, CTX, and lomustine for small cell lung cancer (SCLC). A combination of 

all the medications listed above, followed by chest radiation therapy, proved to be the most 
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successful regimen. Patients responded effectively to the treatment, which also produced a 

significant tumour response rate (Mazzaferro et al., 2013).  

MTX was introduced to the area of rheumatology in recent years, and it has significantly 

improved the clinical state and prognosis of many patients with inflammatory disorders, 

including RA. As of right now, MTX is the first-line medication recommended for treating RA. 

It can be taken either alone or in conjunction with conventional or biologic DMARD. Starting 

in the middle of the 1980s, MTX was the first medication used in clinical RA applications 

(Cutolo et al., 2001). Nowadays, MTX is frequently used in conjunction with other medications 

to treat a variety of neoplasms, including severe and resistant forms of autoimmune diseases, 

such as RA, psoriasis, myasthenia gravis, Crohn's disease, multiple sclerosis, polyarticular 

juvenile idiopathic arthritis, and even an ectopic pregnancy (Khan et al., 2012). Recent research 

revealed that MTX-treated RA patients had low levels of circulating purines and pyrimidines, 

which in turn affected their potential for DNA and RNA synthesis as well as cell proliferation. 

Deregulation of mononucleotide precursors of nucleic acid, specifically at the stage of 

methylation of dUMP into dTMP by thymidylate synthase, is another factor contributing to 

disruption of DNA synthesis and suppression of cell proliferation in the inflammation 

triggering cells in the joints. A new study confirmed that MTX suppressed human PBMC TS 

activity in vitro at low doses explaining its role in reducing inflammation in RA patients 

(Abolmaali et al., 2013; Kyvsgaard et al., 2021).   

2.2.3 Toxicity 

The inadequate bioavailability of many available chemotherapeutic drugs presents a significant 

obstacle, restricting their development and hindering their full therapeutic potential in vivo. 

Methotrexate (MTX), for instance, suffers from both poor aqueous solubility and limited 

bioavailability. Further compounding this issue, within 24 hours of intravenous treatment, 80–

90% of the administered dose is eliminated unchanged in the urine, indicating inadequate 

absorption of the native substance. The remaining 10-20% of the absorbed drug is susceptible 

to rapid degradation in the bloodstream and exhibits toxicity towards healthy tissues (Yang et 

al., 2015). These limitations restrict the drug's effectiveness, resulting in decreased patient 

compliance, reduced quality of life, and substantial dose reductions, ultimately compromising 

its efficacy and potentially leading to life-threatening events (Kakkar et al., 2015). If MTX is 

used incorrectly, it can become toxic. The most of the fairly uncommon mortality brought on 

by MTX are due to severe myelosuppression, the most dangerous side effect. Pneumonitis, 

liver fibrosis, homoeopathy, inhibition of the bone marrow, and alopecia are other adverse 
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effects. Risk factors associated with MTX include hyperglycemia, renal disease, hepatitis, and 

being overweight (Hamed et al., 2022). Hepatotoxic MTX has the potential to induce cirrhosis 

and hepatitis. Many of HDMTX's side effects are extremely dangerous and could jeopardize 

the lives of patients. Early discovery, careful observation, and rescue dosages all contribute to 

the reduction of toxicity. Regarding MTX first-pass metabolism, 80–90% of the medication is 

eliminated unaltered in the urine. A certain proportion of hepatic component plays significant 

role for MTX clearance. The "Common Toxicity Criteria for Adverse Events" guidelines, 

developed by the National Cancer Institute (NCI), provide a clear description of hepatotoxicity 

(Roberts et al., 2020). These recommendations take into account increases in liver enzymes, 

such as alkaline phosphatase, gamma-glutamyltransferase (GGT), alanine aminotransferase 

(ALT), and aspartate aminotransferase (AST) and alkaline phosphatase (ALP) (Bath et al., 

2014). Urine with a higher pH will have more MTX and its metabolites soluble in it, while 

MTX and its metabolites are insoluble in acidic urine. MTX crystals, on the other hand, develop 

in an acidic pH and cause abrupt renal failure. Numerous risk factors, including low 

alkalinization, inadequate hydration, prolonged methotrexate use, and low rescue dose, are to 

blame for the high prevalence of toxicity. Moreover, medications that obstruct methotrexate's 

renal tubular excretion delay the drug's clearance, which increases the risk of renal damage 

(Marika Grönroos et al., 2006). Within one to three weeks, hematologic toxicity manifests and 

then goes away in three weeks. Clinically, toxicity develops as severe leukopenia followed by 

thrombocytopenia; the toxicity can be either acute or persistent.  Moreover, because of the 

possibility of dying, up to 25% of patients with hematological toxicities stop receiving 

treatment. One MTX toxicity that is hard to avoid is pancytopenia, which can strike suddenly 

during treatment (Feinsilber et al., 2018). 

Apart from these toxicities, neurotoxicity, GIT toxicity and pulmonary toxicity are some other 

common complications associated with HDMTX treatment which can be controlled to an 

certain extent with the help of LV (Hagner and Joerger, 2010).  

2.2.4 Newer approach 

Many studies in the field of drug delivery have been conducted to overcome drug resistance in 

addition to improving drug efficacy and pharmacokinetics, circulation in the blood, controlled 

release, and therapeutic window in order to deliver MTX in an efficient manner. Furthermore, 

it has been proposed that MTX's hybridization with nanocarriers may lead to significant 

advancements in nanomedicine. Numerous nonviral nanovehicles, including inorganic and 

organic/polymer nanovehicles, are now accessible. Difficulties related to MTX, such as 
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delivery routes, frequent long-term doses, and insufficient targeting options, frequently result 

in less-than-ideal outcomes, non-adherence from patients, and systemic adverse responses. 

Recent years have seen a number of attempts employing nanotechnology to address those 

limitations. These nanotechnology approaches reduce nonspecific targeting, circumvent first 

passage metabolism, and enhance drug efficacy, among other benefits. However, while long-

term effective medicines are still lacking, this continues to rank highest among unmet needs 

(Khan et al., 2012; Patel et al., 2021). Table 2.2 summarizes different types of novel 

formulations used for MTX delivery. 

Microspheres: Microspheres are made with less adverse effects and enhanced 

pharmacological action with extended release. Under near-infrared (NIR) laser irradiation, a 

succession of LM-and/or MTX-loaded microspheres were prepared by chitosan (CS) and 

formaldehyde was utilized to accomplish cancer chemophotothermal synergistic therapy. 

Moreover, intratumoral injections of the CS/LM/MTX microspheres were given to animals 

carrying tumors. When paired with MTX's drug release, these microspheres exhibited 

increased anticancer efficacy in vivo. These microspheres also exhibit good biocompatibility 

and minimal toxicity, both of which are important for in vivo procedures. Therefore, the 

microspheres loaded with LM and/or MTX demonstrated superior potential for cancer 

chemophotothermal synergistic therapy when combined with NIR laser irradiation (Fan et al., 

2020). 

Nanogel: Avasatthi et al. synthesized a hot homogenized nanogel made up of MXT-loaded 

nanostructured lipid carrier (MXTNLC), and they assessed its ability to reduce psoriasis 

symptoms in an imiquimod-induced psoriasis model (Patel et al., 2021). 

Hydrogel: In a study conducted on 14 adult patients with palmoplantar lesions, Kumar et al. 

examined the safety and effectiveness of a recently marketed topical MXT (0.25 %) 

formulation in a hydrogel substrate. According to their findings, MXT 0.25% in a hydrophilic 

gel is well tolerated but has limited efficacy in managing psoriasis lesions on the palms and 

soles (Patel et al., 2021). 

Liposomes: Liposomes are the self-assembling amphiphilic molecules that are widely created 

from different lipids (phospholipids and cholesterol) in bilayers with a water-soluble 

membrane-containing element and a hydrophilic bond within and outside of the bilayers. 

Because liposomes have unique internal and external surface features, they have been 

thoroughly studied as medication and gene delivery vehicles. Drug molecules usually reside in 
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the liposome's core, and the outside surface can be altered based on the specific development 

objective for each drug delivery system (DDS) type. The physicochemical properties and in 

vitro permeability of deformable liposomes entrapped with MXT were examined by Srisuk and 

colleagues. They created lipid vesicles using PC and oleic acid (OA) and compared them to 

traditional liposomes made from PC and CH using the thin-film hydration approach and 

entrapped with MXT. Deformable MXT liposomes encapsulated in PC or hydrogenated 

lecithin with dipotassium glycyrrhizinate surfactant were studied by (Trotta et al., 2004). 

Metal nanoparticles: The biological compatibility, functionalizable surfaces, simple 

interaction with drug molecules, and tunable dimensions and forms of metal nanoparticles, 

such as gold (AuNPs) and silver (AgNPs), made them useful as DDS. The in vivo anticancer 

effects and invitro cytotoxic effects of MTX-conjugated AuNPs were described by (Rahman 

et al.,Chloroauric acid was reduced with sodium citrate to create MTX-AuNPs, which were 

then conjugated with MTX. Lewis lung carcinoma (LL2) cell culture line was used to test the 

anticancer effects of free MTX and MTX-AuNPs. It was confirmed that in LL2 cells, the 

anticancer efficacy of MTX–AuNPs was much stronger (more than 17-fold sensitive) than that 

of free MTX. Compared to the free MTX-treated or PBS-treated control groups, the tumor 

volume was considerably decreased in the MTX–AuNP-treated mouse group (Chen et al., 

2007). In one of the other study the ultrafine AuNPs were used for enhanced and safe delivery 

of MTX drug to the breast cancer cells. Smaller size of AuNPs were pegylated to functionalize 

the surface and enhanced uptake of particles. MTX loaded AuNPs showed better targeting and 

killing in comparison to only AuNPs and free MTX. Free MTX has problem with fast renal 

clearance and reducing toxicity which were easily tackled by combining the drug with nano 

platform (Naz et al., 2019). 

Metal oxide nanoparticles: Different types of metal, metal oxide and non-metal oxide 

nanoparticles like gold nanoparticles (AuNPs), silver nanoparticles (AgNPs), iron oxide 

nanoparticles (IONPs), zinc oxide nanoparticles (ZnONPs), quantum dots (QD’s), silica 

nanoparticles, carbon nanotubes and nano shells etc. are covered under Inorganic nanoparticles.  

Inorganic nanoparticles are more popular in the areas of biomedicine, imaging, drug delivery 

system, diagnosis, optics and even electronics.  Due to high stability, biocompatible nature and 

unique size shape properties at nanoscale level makes them ideal candidate for DDS 

(Bhattacharyya et al., 2011). Because of their enormous surface areas, spherical shape, and 

metal oxides particularly iron oxide nanoparticles (IONPs) and ZnONPs have been proposed 

as DDS. Nosrati et al, used L-lysine coated IONPs as a carrier for the delivery of MTX to 
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MCF-7 breast cancer cells. In comparison to free MTX, IONP-MTX showed enhanced 

cytotoxicity to MCF-7 cells and thus can be seen as a potential agent again various different 

FR positive cancer cell (Nosrati et al., 2017). 

Carbon nanomaterials: Carbon atoms grouped in a particular configuration, such as carbon 

nanotubes (CNTs) or graphene, make up carbon nanomaterials. Because of their unique 

geometry, carbon nanomaterials have a high surface area and can effectively carry 

pharmaceutical compounds, such methotrexate, to cancer cells by encapsulating them within 

their structure (Fabbro et al., 2012). In addition to medication administration, biological 

labeling, bioimaging, and electronic applications, carbon-based materials, such as NPs, 

nanotubes, and graphene, have been extensively researched. The synthesis of MTX-conjugated 

fluorescent carbon nanoparticles (CNPs-MTX), which have demonstrated potential in 

enhancing MTX's pharmacokinetic characteristics, is one instance of this. One easy and 

environmentally friendly way to produce ultra-small sized CNPs on a wide scale is through the 

synthesis from glucose or sucrose using an ultrasonic technique under strong oxidative 

conditions. Evaluations of CNPs-MTX’s bioactivity show that they are quite biocompatible, 

and CNPs-MTX combinations show encouraging cytotoxic effects on the human lung cancer 

cell line (H157) (Ajmal et al., 2015). 
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Table 2.2 Summary of Novel nanocarriers used for methotrexate delivery. 

Nanocarrier System formulation IC50 value Results References 

Liposome 
PEG-P(HPMA-LA)-PDMA, 
Anis-PEG-P(HPMA-LA)-

PDMA 
4.81lM(H460) 100% survival rate after 45 days (Yang et al., 2016) 

 Phospholipon 90G + 
Cholesterol (70%: 30%) 2.15 mg/ ml (BT-474) Enhanced cytotoxic activity on cancer cell line in 

contrast to free MTX (Dastjerd NT et al., 2021) 

Nanogel Chitin nanogel 0.046 mg/ml 
(THP-1 and HaCaT) 

Substantial degree of toxicity on cancer cells, 
with no systemic or cutaneous toxicities in vivo (Panonnummal and Sabitha, 2018) 

 Poly(acrylic acid)-poly(vinyl 
amine) block copolymer - Improved and selective cytotoxic activity against 

human breast cancer cells MCF-7 (Dehvari et al., 2019) 

 Dendritic polyglycerol (dPG) 75 and 100 µg/ mL 
(Hela and MCF-7) Better antitumor activity than free MTX (Zhang et al., 2015) 

Dendrimer PAMAMandOEG 8.9l g/mL(MCF-7) High tumour growth suppression and enhanced 
blood compatibility (Zhao et al., 2016) 

 Glucosamine-conjugated 
PEPE 

2.14 and 2.79 µM 
(U 87 MG and U 343 

MGa) 

Transport of MTX over the BBB and into the 
central necrotic areas (Dhanikula et al., 2008) 

Metal 
nanoparticle AuNPs 100 µg/ mL (A549) Enhanced controlled release and 

anticancer activity (Wang et al., 2016) 

 PEG and AgNPs 258.6 lg/mL (MCF-7) Reduced hemolytic toxicity in contrast to 
unbound MTX (Muhammad et al., 2016) 

Carbon 
Nanomaterial 

AF488/647, FA and 99Tc 
coated multiwalled CNT 

2.13 lg/mL (A549) 1.95 
l g/mL (MCF-7) 

Theragnostic application with high
 antitimor 
activity (Das et al., 2013) 

 Graphene oxide 50 ng/mL (A549) Enhanced water stability and controlled release (Du et al., 2013) 

 Dopamine, graphene oxide 15.33 lg/mL (MCF-7) 
83.73 lg/mL (HEK-293) 

 

Sustained release and DA helps to target 
the nanocarrier to cancer cells (Masoudipour et al., 2017) 
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2.3 Nanotechnology and its applications 

2.3.1 What is nanotechnology? 

Nanoscience and nanotechnology these two terms, though often used interchangeably, have 

distinct meanings. Nanoscience is the exploration and understanding of matter at the atomic 

and molecular level, focusing on the unique properties and behaviors that emerge at this 

minuscule scale. Think of it as peering into a hidden world, deciphering the language of the 

tiniest building blocks. Alternatively, nanotechnology takes matters beyond. The creation of 

novel materials, tools, and technologies is the practical application of this nanoscale 

knowledge. Imagine creating materials for spacecraft that are both extraordinarily strong and 

light, creating small robots that can directly administer medication to sick cells, or even 

creating solar cells that can capture sunlight almost perfectly are some of the real-life 

applications of the same. 'Nano' represents a one thousand millionth of a meter (10-9 m) (Figure 

2.5). It is a Greek prefix that means dwarf or something very small. By definition, NPs are 

shaped like any other particle with size range of 1–100 nm; that is, they are specifically the size 

that fall between bulk materials and quantum dots or atomic/molecular structures (Mansoori, 

2017). The different new features of these nano-sized particles, which are connected to a high 

surface area to volume ratio and/or quantum phenomena, result in unique physical and 

chemical properties. The Nobel Prizes given for the discovery of several NPs including Henry 

Rohrer in 1986 for the invention of the scanning tunneling microscope(Adams and Barbante, 

2013), Kroto et al. in 1985 for the discovery of fullerene (Kroto, 1992), and Geim and 

Novoselov in 2010 for the discovery of graphene (Geim and Novoselov, 2009) led to the 

widespread acceptance of nanotechnology. Long before Taniguchi coined the term 

"nanotechnology" in 1974, physicist Richard Feynman gave a talk titled "There's Plenty of 

Room at the Bottom" on December 29, 1959, at an American Physical Society meeting at the 

California Institute of Technology (Feynman, 1997). This talk laid the foundation for the ideas 

and concepts underlying nanoscience and nanotechnology. This innovative concept opened up 

new avenues for thought, and Feynman's theories have since been validated. He is regarded as 

the founding father of modern nanotechnology because of these factors. NPs have gained 

attention in the biomedical field due to its small size, superior efficiency and increased 

physiochemical properties. While human exposure to nanoparticles has always existed, the 

industrial revolution saw a sharp rise in this attention. They can be synthesized from various 

metals, non-metals & polymers (Wang, 1999). Early 2000s, nanotechnology started to become 

more and more popular and research into engineered nanomaterial escalated. NPs have certain 
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exceptional characteristics like larger surface area to volume ratio, small size, structural 

properties and extended blood circulation time comparatively which makes them ideal 

candidate for various medical and clinical application. NPs began to get incorporated into 

different commercial products by that time like the use of ZnONPs and Titanium dioxide 

nanoparticles (TiO2NPs) in various sunscreens and lotions(Janer et al., 2014), AgNPs in 

various medical applications (Santamaria, 2012). Various different nanoplatforms like metal 

NPs, inorganic NPs, dendrimers, liposomes, polymeric NPs, nano devices, nanocomposites, 

nanocarriers etc. are under research for imaging, diagnostic and even treatment for various 

diseases including cancer. 

 

Figure 2.5 Graphical presentation of nanoscale comparison of various entities for comparison 

purpose. (Source:Bayda et al., 2020) 

Nowadays, nanotechnology has a constant impact on people's lives. There are a wide range of 

possible advantages. However, there is a great deal of worry about the possible health and 

environmental concerns due to the broad human exposure to nanoparticles. As a result of these 

worries, new scientific fields including nanotoxicology and nanomedicine have emerged. The 

study of possible harmful health effects of NPs is known as nanotoxicology (Oberdörster, 

2010). The field of nanomedicine, encompassing subfields like biomaterials, bioengineering, 

biosensors, and bioimaging, emerged to investigate the potential advantages and hazards 

associated with nanoparticles utilized in medical devices and medicine. Improved medication 

distribution, antimicrobial coatings for medical equipment, decreased inflammation, better 

surgical tissue repair, and the identification of cancer cells in circulation are just a few of the 
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possible advantages of medical nanomaterials (Domingues et al., 2022; Zhao and Castranova, 

2011a). 

2.3.2 Applications of nanotechnology in cancer 

Different branches of science contribute to the field of nanoscience and nanotechnology 

applications are chemistry, physics, biology, material science, engineering, and biotechnology 

as shown in Figure 2.6. It’s the amalgamation of all these different science in various 

combination pays way to the generation of wide varieties of nanomaterials like organic, 

inorganic, metal based or metal oxide-based nanoparticles. Semiconductor nanomaterials to 

carbon-based nanomaterials, nano electronics, biosensors are added applications of 

nanotechnology (Ramos et al., 2017; Zhao and Castranova, 2011b).  

There are numerous possible uses for nanotechnology in a variety of industries.  

Nanotechnology is paving the way for the development of more compact and efficient 

electronics and computer equipment. Electronic components that operate more quickly and 

consume less energy can be produced by utilizing the special electrical and thermal properties 

of nanomaterials. Nanoelectronics is a field of nanotechnology to increase functionality and 

energy efficiency, electronic gadgets use materials at the nanoscale. Quantum Computing is 

another field where the development of quantum computer technologies for cutting-edge 

computing applications is made possible by nanotechnology (Nasrollahzadeh et al., 2019). 

Nanotechnology is also helpful in the field of environmental remediation since it may be used 

to clean up contaminated places, remove toxins from water, and purify it. Public health and 

environmental sustainability may be significantly impacted by this. Water Purification plants 

or small-scale purifying spaces use nanotechnology to eliminate impurities and toxins from 

water. To reduce pollutants and enhance air quality, filters based on nanotechnology are 

utilized in Air Filtration units (Taran et al., 2021). 

Nanotechnology is being used in the energy sector to build better energy storage systems, boost 

fuel cell performance, and increase solar panel efficiency. These developments may result in 

more reasonably priced and environmentally friendly energy options. Moreover, the aerospace, 

automotive, and construction industries use lightweight, highly strengthened materials like 

nanocomposites and nanocoating, which are produced using nanotechnology. Nanocomposites 

are advanced materials with enhanced mechanical, electrical, and thermal properties while, 

nanocoating improves durability, corrosion resistance, and self-cleaning properties of materials 

(Hussein, 2015; Kianfar, 2020).  
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Additionally, remarkable advancements in the field of nano-oncology have been made by 

increasing the effectiveness of conventional chemotherapy medications for a wide range of 

aggressive human tumors. These developments have been made possible by the application of 

various functional molecules, such as cytotoxic drugs, antibodies, and nanoparticles, to the 

tumor site. Accordingly, numerous studies have demonstrated the utility of nanomaterials alone 

or in combination with therapeutic compounds to influence vital biological processes such as 

autophagy, metabolism, or oxidative stress, thereby exhibiting anticancer activity. Therefore, 

nano-oncology is a very appealing use of nanoscience that enables both a major decrease in the 

systemic toxicity connected with conventional chemotherapy therapies and an improvement in 

tumor response rates. NPs are newly emerging and promising therapeutic tools that can kill 

tumor cells while the micron-sized particles do not affect the tumor cells. Additionally, in vitro 

studies showed that certain metal oxide NPs can preferentially kill cancer cells with minimal 

effects on normal cells. Nanoparticles possess a larger percentage of atoms at the exposed 

surface and can readily penetrate into tumor site (Chavali and Nikolova, 2019; Nasrollahzadeh 

et al., 2019).  

Critical factors in the therapeutic success of NPs in cancer treatment are: the stability and 

duration of circulation of NPs, their capacity to penetrate physiological barriers and reach 

afflicted anatomic locations, their bioavailability at the disease site, and their safety profile are 

all. Enhancing these attributes will improve the effectiveness of nanomedicines, hence aiding 

in their integration into the mainstream of cancer therapy. It is possible to advance particle 

design while simultaneously making changes to the tumour microenvironment, which can have 

a significant impact on particle accumulation. Concurrently, the effectiveness problem can be 

resolved by finding more effective APIs in combination with targeted and specific cancer 

treatments for which nanoparticle-based delivery offers notable benefits. The synthesis and 

characterization of modified NPs for cancer imaging and treatment have advanced significantly 

since the U.S. Food and Drug Administration (FDA) initially approved the liposomal 

nanomedicine Doxil® in the 1990s for Kaposi sarcoma and ovarian cancer.1,2 Life-threatening 

toxicities linked to the active pharmaceutical ingredient (API) have been decreased by FDA-

approved nano pharmaceuticals (Doxil®, Abraxane®, Marqibo®, Onyvide®, Vyxeos®, and 

others), and this has led to a slight improvement in patients' overall survival owing to 

nanotechnology intervention (Beltrán-Gracia et al., 2019; Gyanani et al., 2021). 

The application of nanotechnology in medicine for targeted drug delivery, by directing 

medication to particular organ sites, NPs can be designed to increase medication effectiveness 
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and decrease negative effects. Tissue engineering where scaffolds for tissue regeneration and 

repair are made of nanomaterials, and in the field of diagnostics to increase sensitivity and 

accuracy of medical imaging and diagnostic instruments utilizing nanoscale materials 

(Gunasekera et al., 2009). Treatments with fewer adverse effects and more precision and 

efficacy are made possible use of NPs. Drugs can be delivered directly to cancer cells using 

nanoparticles as drug carriers, reducing harm to healthy cells in the process. Various 

nanocarriers such as liposomes, micelles, dendritic macromolecules, quantum dots, and carbon 

nanotubes have been employed for drug delivery in cancer therapy (Banerjee and Verma, 2008; 

Biswal and Yusoff, 2017; Mi et al., 2016). 

 

Figure 2.6 Applications of nano science in the fields of Chemistry, biology and physics 

(Source: Bayda et al., 2020) 

Molecular imaging is a subset of application for NPs that enables the early diagnosis of cancer. 

Because of their unique optical, magnetic, or structural characteristics compared to other 

molecules, nanoparticles are helpful in the early identification and screening of cancer cells. 

For instance, immune superparamagnetic iron oxide nanoparticles (SPIONs) can be targeted 

against cancer cell lines in magnetic resonance imaging (MRI) (Wang et al., 2008). 
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Because nanotechnology makes it possible to construct highly specific biomarkers that can 

swiftly and effectively diagnose tumors, it plays a crucial role in cancer biomarker screening. 

These biomarkers, which can be proteins, DNA, or protein fragments, are used to track or detect 

alterations in cancer cells, investigate cellular processes, and eventually improve our 

knowledge of cancers. The development of these tailored biomarkers is made possible by 

nanotechnology, which improves the precision and effectiveness of cancer screening 

procedures. Circulating Tumor Cells (CTCs) are cancer cells that have broken out from their 

original tumor and made their way into the circulation. They can serve as biomarkers for the 

detection and tracking of cancer (Jia et al., 2021). To identify and separate CTCs from blood 

samples, nanotechnology-based techniques have been developed, including magnetic 

nanoparticles and microfluidic devices. Alteration in the synthesis of specific macromolecules 

brought on by DNA mutations can result in unchecked cell proliferation and, eventually, giving 

rise to malignant tissues. Techniques based on nanotechnology, such as graphene and 

nanowire-based biosensors, have been developed to identify such DNA alterations in cancer 

cells (Gribko et al., 2019; Hou et al., 2021). 

2.4 Zinc oxide nanoparticles (ZnONPs) 

2.4.1 Biological role of Zinc (Zn) 

Zinc, a trace element found throughout the body, holds immense significance for human health.  

Zn needed for body comes primarily from the food because the body cannot store excess Zn. 

It is essential for several processes, including thyroid function, blood clotting, wound healing, 

immunity and essential for preserving vision. Its involvement in myriad enzymatic reactions, 

immune function, protein synthesis, wound healing, DNA synthesis, and cell division 

underscores its multifaceted impact. It is often known that Zn is a vital trace element for 

humans as well as other animals, plants, and even microorganisms. Emerging from the Earth's 

crust, zinc finds its way into the food chain via plants, animals, and water. Meat, shellfish, 

legumes, seeds, nuts, dairy products, and whole grains are particularly rich dietary sources. 

Daily intake recommendations for adults stand at 8-11 milligrams for men and 8 milligrams 

for women, with increased needs during pregnancy and lactation (Jiang et al., 2018; Mossink, 

2020; Zhang et al., 2013). 

Zn's ability to bind allows it to enter the most confined areas of the cell, where it functions as 

an enzyme co-factor for more than 300 different enzymes. Beyond its enzymatic prowess, Zn 

plays a pivotal role in gene expression. Through certain DNA interactions, it acts as a crucial 

cofactor for more than a thousand transcription factors, regulating the gene expression. These 
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zinc-fingered proteins play pivotal role in selecting the genes that become active and those that 

remain inactive, influencing differentiation, development, and environmental adaption (Wu et 

al., 2008).   

Zn is a ubiquitous trace element that affects a wide range of biological processes beyond its 

function within cells. Beyond the transcriptional stage, Zn is important because it is essential 

to the immunological defenses. It strengthens immune cell responses and protects against 

invasive infections by functioning as a powerful barrier. Its antioxidant and anti-inflammatory 

qualities boost our defense mechanisms even more, strengthening our ability to ward off illness 

(Panda and Rout, 2006). 

Depletion of zinc levels can lead to a cascade of adverse effects, including impaired immune 

function, delayed wound healing, growth retardation and cognitive impairments. Deficiency in 

Zn can result in an impaired immune response, leading to an increased susceptibility to 

infections and diseases. In severe cases, it can manifest as acrodermatitis enteropathica, 

characterized by skin lesions, diarrhea, and hair loss. A deficiency in Zn can result in delayed 

wound healing and increased susceptibility to skin infections.  Pregnant and lactating women, 

infants, the elderly, vegetarians, and individuals with certain gastrointestinal disorders 

affecting zinc absorption are particularly vulnerable to deficiency (Barnes and Moynahan, 

1973; Jeejeebhoy, 2007).  

2.4.2 ZnONPs properties 

The term "zinc oxide nanoparticles" refers to the NPs of ZnO with particle sizes less than 100 

nanometers. They are very catalytically active and have a larger surface area in relation to their 

size. The many methods used to create ZnONPs affect their precise chemical and physical 

characteristics. Compared to bulk ZnO, they have improved optical, electrical, and biological 

properties that make them valuable for use in biomedical devices, sensors, solar cells and 

medicine among other uses (Ijaz et al., 2020). 

ZnONPs are one of the most studied materials due to their versatility in a variety of downstream 

applications. According to (Lakshmipriya and Gopinath, 2020), ZnONPs are the second most 

common metal oxide after iron. They are also safe, inexpensive, and simple to make. By 

altering the morphology of zinc oxide nanoparticles, one may readily modify their physical and 

chemical properties. This can be achieved by producing the nanomaterial utilizing alternative 

synthesis techniques, precursors, or materials. According to, zinc oxide nanoparticles are a type 

of inorganic chemical classified as a semiconductor in group II–IV for use in analytical sensing 
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applications. ZnONPs have grown increasingly common in a wide range of commercial items 

and applications, including medicine, pharmaceuticals, personal care products, paints, 

coatings, and numerous industrial uses. Their high surface-to-volume ratio, as well as the 

resulting alterations in physicochemical, optical, reactive, and electrical properties, set them 

apart from their bulk counterparts. ZnONPs have a wide band-gap semiconductor property and 

can be tailored and optimized to be used in biosensors, UV protection materials, and 

antibacterial agents. ZnONPs' size-dependent interactions with cancer cells have been 

investigated, revealing their effects on cell viability, DNA damage, ROS production, and 

morphological alterations. These findings emphasize ZnONPs' potential for specific 

biomedical applications in cancer research and therapy (Mandal et al., 2022; Zhang and Xiong, 

2013).  

ZnONPs can adopt different crystal structures, each with unique properties and potential 

applications. There are three main crystal forms of ZnONPs which are more commonly found 

in nature than other: Wurtzite, Sphalerite and Rock Salt (Espitia et al., 2012). The most 

prevalent form is wurtzite, characterized by a hexagonal arrangement of alternating zinc and 

oxygen layers. Wurtzite ZnONPs are prized for their piezoelectric and pyroelectric properties, 

making them valuable in sensors and actuators. Another, less common, crystal form is 

sphalerite, featuring a cubic crystal structure. ZnONPs in this form exhibit distinct optical and 

electronic characteristics compared to wurtzite, offering advantages in specific applications. 

Finally, under specific synthesis conditions or within certain nanoscale structures, ZnONPs can 

take on the rock salt crystal structure, characterized by a cubic arrangement of zinc and oxygen 

ions. This form displays properties potentially different from both wurtzite and sphalerite, 

depending on the ZnONPs' size and morphology. Each form holds promise in diverse fields, 

ranging from electronics and optics to catalysis and biomedical engineering. Understanding the 

crystal structure of ZnONPs is therefore critical for realizing their full potential and utilizing 

their distinctive characteristics in a variety of scientific and technical sectors (Decremps et al., 

2003; Kuang et al., 2015). 

Physical methods involve the use of physical force to break down bulk ZnO into nanoparticles. 

Some examples include ball milling, sputtering, physical vapor deposition, laser ablation, and 

electric arc deposition. Chemical methods rely on chemical reactions to produce ZnO NPs. 

Some common examples include sol-gel, precipitation, co-precipitation, micro-emulsion, 

hydrothermal, and solvothermal synthesis. Green methods use biological materials or processes 
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to synthesize ZnO NPs. Some examples include plant mediated synthesis, algae mediated 

synthesis, bacteria mediated synthesis, and fungi mediated synthesis (Ijaz et al., 2020). 

2.4.3 ZnONPs synthesis route 

ZnONPs have developed as an important topic of research due to their numerous applications 

in a variety of industries. ZnONPs can be synthesized by physical, chemical, or biological 

processes, each with significant advantages in terms of characteristics and uses. NP synthesis 

involves two primary approaches: Top-down approach and bottom-up approach.  

• Top-down approach: The top-down technique involves shrinking bulk materials to make 

nanoparticles. This category includes physical methods of synthesis such as ball milling, 

sputtering, and laser ablation. Ball milling is a mechanical process that uses a grinding a 

medium to reduce particles to nanoscale sizes. Sputtering is the process of striking a target 

substance with high-energy particles in order to dislodge atoms, which then condense and 

create NPs. A high-energy laser is used to ablate a target substance and generate NPs (Singh 

et al., 2020). 

• Bottom-up approach: The bottom-up strategy, on the other hand, requires assembling 

nanoparticles from atomic or molecular species. Precipitation, vapor transport, and 

hydrothermal reactions are examples of chemical techniques. The precipitation method 

includes putting a precipitating chemical into a solution to synthesize NPs. Vapor transport 

produces NPs through a vapor-phase reaction, whereas hydrothermal procedures produce 

nanoparticles through the use of high-temperature and high-pressure water-based solutions 

(Xiong, 2013). 

ZnONPs are extremely desirable for a variety of industries due to their adaptability and broad 

applications, which are largely attributed to their numerous manufacturing methods. Largely 

three different routes are preferred for ZnONPs synthesis universally namely: Physical 

synthesis, chemical synthesis, and biological synthesis.  

• Physical synthesis: Physical methods of synthesis involve the use of mechanical and 

physical processes to fabricate ZnONPs. These methods can include techniques like thermal 

decomposition, grinding and milling. For example, in the synthesis by thermal method, the 

zinc salt was heated at high temperatures for the synthesis of ZnONPs, and the morphologies 

of the synthesized ZnONPs were determined using scanning electron microscope (SEM). 

Physical methods enable the direct control of particle size and distribution, leading to more 
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uniform and reproducible nanoparticles. ZnONPs are synthesized using a variety of physical 

techniques, each of which has unique features and allows for customization of the size, 

shape, and characteristics of the particles (Tsuzuki and McCormick, 2004). Typical physical 

techniques for synthesizing ZnONPs include: 

Vapor-Phase Synthesis: In this technique, precursors containing zinc are vaporized and 

subsequently condensed to generate nanoparticles. ZnONPs with tunable properties are created 

using methods like chemical vapor deposition (CVD) and physical vapor deposition (PVD), 

which modify variables including temperature, pressure, and precursor concentration (Singh et 

al., 2013). 

Mechanical Milling: Using a solid-state technique, bulk substances are ground into 

nanoparticles by mechanical milling. To break down zinc oxide powder for ZnONPs, it is milled 

using balls or other abrasive tools. This method works well for creating huge amounts of 

ZnONPs with a regulated distribution of particle sizes (Tsuzuki, 2009). 

Laser Ablation: In order to create nanoparticles in the surrounding media, a target material is 

ablated using high-energy laser pulses. ZnONPs are generated by laser-irradiating a Zn 

compound while an appropriate media (such as water or an organic solvent) is present. Particle 

composition and size can be precisely controlled with this technique (Semaltianos, 2010). 

Hydrothermal Synthesis: In this process, precursor materials are reacted at high pressures and 

temperatures inside a sealed vessel. Zinc-containing precursors are treated at high temperatures 

with a hydrothermal solution (such as water or an aqueous solution) to synthesize ZnONPs with 

precise size and shape. This method works effectively for producing ZnONPs with consistent 

characteristics that are well-defined (Bharti and Bharati, 2017). 

• Chemical synthesis: ZnONPs are created via chemical synthesis techniques, which employ 

particular chemical processes. For the chemical production of ZnONPs, methods include the 

hydrothermal process, vapor transfer method, and precipitation method are frequently used. 

These techniques provide exact control over the nanoparticles' crystalline structure, size, and 

form. For example, the alkaline precipitation approach uses sodium hydroxide and zinc 

formate dihydrate to produce complex nanomaterials with specific morphological properties, 

including spherical, nanoflex, dumbbell-like, and rod-like morphologies. In order to more 

effectively control the dimensions and shape of the ZnONPs, surface active substances can 

also be used to further improve chemical synthesis . Several chemical methods are commonly 

used for the synthesis of ZnONPs: 
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Precipitation method: In this process, soluble Zn salts are mixed under controlled conditions 

with an alkaline or reducing agents to produce ZnONPs by precipitation. By modifying 

variables like temperature, pH, and the rate of reagent addition, one may alter the size and shape 

of the NPs. To control the dimensions and other physical parameters during synthesis, some 

stabilizers or size control agents can be added to prevent agglomeration, improve stability, and 

generate specific shape of NPs. These agents can be called as stabilizing agents or capping 

agents. Chitosan (CS), amino acids, Poly vinyl alcohol (PVA), Polyethylene glycol (PEG), 

starch etc. are known agents used in synthesis (Arora et al., 2014; Ghorbani et al., 2015).  

Sol-Gel Method: This technique is based on the creation of a colloidal suspension (sol) that 

gelates to create a solid network (gel) that contains ZnONPs. NPs synthesized with this process 

have variety of forms, including powders, coatings, and films, by adjusting variables including 

the kind of concentration of the precursor, solvent, and drying conditions (Ain Samat and Md 

Nor, 2013). 

Sono chemical Process: The sono chemical process uses ultrasonic vibrations to produce 

cavitation in a liquid medium that contains Zn precursors. As a result of the cavitation bubbles 

collapsing, a sequence of chemical events occurs that result in the synthesis of ZnONPs. 

ZnONPs with regulated size and morphology can be synthesized quickly and effectively using 

this approach (Noman et al., 2020). 

Electrochemical Process: Using an electric potential, zinc ions are reduced to create ZnONPs 

on an electrode surface in the electrochemical process. By varying the electrochemical 

conditions, this technique makes it possible to precisely regulate the size and form of 

nanoparticles. ZnONPs with particular characteristics can be produced for a range of 

applications (Chandrappa and Venkatesha, 2012). 

• Biological synthesis: Biological entities including microbes, plants, and biomolecules can be 

used in biological synthesis processes to generate ZnONPs in an environmentally friendly 

method. These techniques control the synthesis of ZnONPs by taking leverage the capping 

abilities and reducing abilities of biological agents. For ZnONPs, biological synthesis 

techniques provide special benefits such biocompatibility, sustainability, and the possibility 

of regulated synthesis in controlled circumstances. These techniques are useful in a number 

of industries, such as nanotechnology, environmental cleanup, agriculture, and biomedicine 

(Ahmed et al., 2017). Several biological synthesis methods for ZnONPs include:  
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Microbial Synthesis: ZnONPs can be produced intracellularly or extracellularly by 

microorganisms such as bacteria, fungus, or algae. While extracellular synthesis forms the 

nanoparticles outside the cells, intracellular synthesis occurs inside the cells when 

microorganisms decrease zinc ions to generate ZnONPs. Benefits of microbial synthesis include 

the possibility of large-scale manufacturing, scalability, and gentle reaction conditions (Mohd 

Yusof et al., 2019). 

Plant-Mediated Synthesis: Many phytochemicals found in plants, including terpenoids, 

phenolics, and flavonoids, can serve as capping and reducing agents during the production of 

ZnONPs. Under the right circumstances, plant extracts are combined with zinc precursors to aid 

in the stabilization and reduction of ZnONPs. By avoiding the use of hazardous chemicals, 

plant-mediated synthesis is an environmentally friendly method that may be used to create 

nanoparticles with particular biological properties (Jayaseelan et al., 2012). 

Enzyme-Mediated Synthesis: Zinc ion reduction to produce ZnONPs can be catalyzed by 

enzymes sourced from biological materials. The synthesis of ZnONPs with customized 

properties is made possible via enzyme-mediated synthesis, which provides efficiency, 

specificity, and control over the reaction conditions. For the manufacture of ZnONPs, enzymes 

including oxidases, peroxidases, and reductases have been employed (Arib et al., 2021). 

Cell-Free Extracts: Biologically derived cell-free extracts include a range of biomolecules that 

can help with ZnONP production. These extracts provide a straightforward and affordable 

method for producing ZnONPs by acting as stabilizing and reducing agents during the synthesis 

process (Saleha et al., 2023). 

These above synthesis processes contribute significantly to the versatility and numerous uses of 

ZnONPs, rendering them desirable characteristics for a diverse range of industries. 

2.4.4 ZnONPs mechanism of action 

ZnONPs have shown promise as an anticancer agent due to their unique properties, such as 

biocompatibility, high selectivity, enhanced cytotoxicity, and easy synthesis [1]. Even though 

ZnONPs are being used in cosmetics for several years, they are indeed lately investigated as 

potential therapeutics for the treatment and diagnosis of cancer. What renders ZnONPs such 

an appealing prospect. Being able to synthesize NPs with required size and shape using array 

of methods makes them attractive option (Król et al., 2017).  
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Although the exact mechanism by which ZnONPs cause toxicity is yet known but, several 

studies are conducted to elucidate the underlying mechanism. From all of that study what we 

know is that the ZnONPs cause rapid release of free Zn+2 inside cells, leading to up-regulation 

of cellular metallothionein. ZnONPs having amphoteric nature preferentially and rapidly 

degrades under acidic environment like provided by cancer cell and lysosomal compartments.  

 

Figure 2.7 ZnONPs mechanism of action (Source: Bisht and Rayamajhi, 2016) 

Once inside, the ZnONPs dissociation disrupts cellular Zn homeostasis causing lysosomal and 

mitochondria damage. Even though, ZnONPs are reported to possess opposing effects, 

probably based on the model, the cell type and the dose. Some authors reported that ZnONPs 

possess antioxidant effects, while others claim that ZnONPs increase reactive oxygen species 

(ROS) generation inside cells. This infiltrated ZnONPs inside the cancer cell membrane leads 

to Zn+2 release and liberating free radicals (Vandebriel and De Jong, 2012). This oxidative 

stress in cells, is one of the mechanisms of cytotoxicity causing DNA damage to cancer cells. 

ZnONPs have been found to cause DNA leakage from the nuclei of cancer cells, further 

contributing to their cytotoxic effects. Further, due to increased buildup of ROS, ZnONPs 

forces cells to undergo apoptosis through intrinsic or extrinsic pathway induction depending 

on cell-to-cell interaction (Figure 2.7). Apart from that ZnONPs can selectively target and kill 
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cancer cells due to their enhanced permeability and retention (EPR) effect and electrostatic 

interaction. Overall, the anticancer activity of ZnONPs can be attributed to their ability to 

produce ROS, mitochondrial damage, DNA damage creating nicks and breaks, and induce 

apoptosis in cancer cells, making them a promising anticancer agent.   Due to this is a unique 

property of ZnONPs, it is possible to combine them with other chemotherapeutic agents or 

radiation therapy for treating various types of cancers (Nagar et al., 2022; Sirelkhatim et al., 

2015). 

2.4.5 ZnONPs anticancer application/drug delivery application 

There have been studies investigating the use of ZnONPs for drug delivery, gene delivery, 

biosensors, and nanomedicine as well. The combination of anticancer drugs with biocompatible 

nanomaterials has been investigated in terms of how effectively they deliver the drugs to 

carcinogenic cells. Furthermore, ZnONPs have demonstrated promise in biological imaging, 

notably in fluorescence imaging methods. Because of their low cost and biocompatibility, they 

promise wide range of imaging applications, including the observation of biomolecules and 

cellular compartments within cells. ZnONPs are better anticancer agents compared to its bulk 

counterpart owning to its nanoparticle properties like small size, shape and large surface area. 

Interestingly, limited number of studies have shown a promising antitumor activity of ZnONPs 

on many human cancer cell lines including lymphoblastoid (WIL2-NS) cells and myoblastoma 

(C2C12) cells (Hassan et al., 2017). ZnO nanowires have demonstrated biodegradable nature 

and breaks down into Zn+2 which may later be absorbed by the body and, making them suitable 

as DDS. Because ZnONPs can be synthesized into hollow nanotube-type structures, it is a good 

alternative for drug delivery, especially delayed drug release applications. ZnONPs when 

coated with doxorubicin the anticancer drug, the combination of the two treatments was 

designed to destroy cancer cells by disrupting their cell membranes and inhibiting their growth. 

Doxorubicin, a powerful anti-cancer agent is being used for years in chemotherapy, works by 

damaging DNA in cancer cells as well as ZnONPs which by releasing free radicals ultimately 

leads to same fate of the cell. This damage prevents cells from dividing and also stops them 

from growing or repairing damaged DNA leading to death of cells. (Alavi and Meshkini, 2018) 

successfully created a drug loaded nanocomposite system as an alternative to traditional 

chemotherapy. Where mesoporous Zn@Fe2O3 nanocomposite was made to which 

Methotrexate (MTX) was adsorbed. This system was PEG coated to enhance the stability of 

overall system. It was found that drug loaded nanocomposite was selective towards MCF-7 

and T47D cells and showed more cytotoxicity in terms of ROS generation and mitochondrial 
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damage. This study also presents the use of ZnO as carrier of chemotherapeutic drug(s) which 

may have high potential applications. 

Aminated polystyrene, zinc oxide and silver nanoparticles were checked for their cytotoxicity 

on HeLa cells by (Sharma, Gorey and Casey, 2018). They found out that all the nanoparticles 

show relatively high toxicity irrespective of the physiochemical properties they possess. They 

also concluded that of the three particles tested Zinc oxide nanoparticles showed the least 

toxicity and arrest of cell cycle in G2/M phase. 

Zinc oxide quantum dots (QDs) were checked for the first time for its cytotoxicity profile 

against MCF-7 and MDA-MB-231 metastatic breast cancer cell lines by (Roshini et al., 2017). 

In the study they found out that small particle size of QDs was directly proportional to 

cytotoxicity generated. They also confirmed that acidic tumor microenvironment was favoring 

the activity of zinc oxide QDs. Even they found out that when normal cells exposed to same 

conditions of the cancer cells, minimum toxicity was seen compared to cancerous cells. 

Chitosan-Zinc oxide nanoparticles synthesized by (Wu and Zhang, 2017) showed enhanced 

cytotoxicity against cervical cancer cells. Anticancer activity was seen as a result of ROS 

generation which, eventually lead to apoptosis and cancer cell death.  

Yet another application of Zinc oxide as a drug carrier was highlighted by (Tian et al., 2017) 

where mesoporous Zinc oxide nanospheres were used as a drug carrier for Doxorubicin (DOX) 

delivery to cancer cells. The study revealed that when drug release was checked as a function 

of pH, at acidic pH of 5.0, controlled and large amount of drug release was seen in contrast to 

neutral pH of 7.4. This clearly indicates that ZnO has pH dependent activity under acidic pH 

and the same can be exploited in various different ways. 

Micellar type core shell water dispersible ZnO nanocomposites with high payload efficiency 

have also been synthesized. ZnO nanoparticles were functionalized with PEG and β-

cyclodextrin creating hydrophobic pockets for loading of curcumin.  This biocompatible ZnO 

nanocomposite showed as imaging agent and cytotoxic agent along with curcumin on MCF-7 

cells. β-cyclodextrin had advantage of storing large amount of hydrophobic drug and making 

whole system more biocompatible. Sustained drug release at acidic pH was also noted. So 

together the nanocomposite system showed imaging ability, anticancer activity and drug 

delivery system (Sawant and Bamane, 2018).  
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Rationale, Aim and Objectives 

3.1 Rationale 

In case of breast cancer, there are limited treatments that specifically target hormone receptor-

negative cancers and these cancers are often treated with chemotherapy and radiation therapy. 

MTX have a selective internalization via FAR, which are comparatively overexpressed on 

cancer cells than normal cells. Studies suggest that FAR may be a promising target for the 

development of new treatments for breast cancer cells. But MTX toxicity and resistance 

become one big hurdle in its application. Nanotechnology offers both passive and active 

targeting strategies that can enhance the intracellular concentration of drugs in cancer cells and 

at the same time avoid toxicity to normal cells. ZnONPs have proved its efficacy as a potential 

anticancer agent and drug delivery vehicle for various different cancer types in-vitro. By 

combining the NP based drug delivery of MTX, we anticipate that the system will enhance the 

therapeutic effectiveness and minimize the side effects by individual systems when used alone. 

In the current study, we plan to use MTX along with ZnONPs to check its activity in vitro using 

breast cancer cells. Here in this study, we will be taking advantage of ZnONPs to kill cancer 

cells along with MTX as targeting agent. Through scientific approaches, ZnONPs role in killing 

cancer cells has been evaluated but, its potential along with MTX still remains to be unexplored 

in breast cancer.  

3.2 Aim 

To synthesize and characterize Methotrexate loaded Zinc oxide nanoparticles for efficient 

delivery to breast cancer cells. 

3.3 Objectives 

1 Synthesis and characterization of drug loaded Zinc oxide nano particles (ZnONPs) 

2 Drug release study of drug loaded nanoparticles. 

3 In vitro analysis of the developed system to evaluate its anti-cancer potential. 

4 Study the Blood biocompatibility with newly developed system. 

5 In vivo acute oral toxicity study of the newly developed system using a suitable animal 

model. 
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Synthesis, Characterization, and drug release study of nanoparticles 

4.1 Introduction 

The purpose of this chapter is to study the synthesis and characterization of bare and MTX 

loaded ZnONPs. In brief, bare ZnONPs were synthesized with chemical precipitation approach 

using Poly Ethylene Glycol-400 (PEG-400) as stabilizer. These bare NPs were then mixed in 

certain ratio with drug MTX to yield MTX-ZnONPs. Characterization of both NPs was done 

followed by drug release study. For characterization Ultraviolet-visible (UV-vis) absorbance 

spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES), zeta (ζ) potential, 

Dynamic light scattering (DLS), Energy dispersive spectroscopy (EDS)-mapping and High-

resolution transmission electron microscopy (HR-TEM) was used. 

4.1.1 Synthesis of nanoparticles 

The synthesis of ZnONPs is accomplished through physical, chemical, and biological 

processes that employ either top-down or bottom-up strategies. The top-down technique 

involves breaking down larger particles into nanoscale-sized particles using grinding, cutting 

or attrition. This method is widely used for small-scale NP synthesis. In contrast, the bottom-

up approach involves assembling pre-existing atoms/molecules into NPs using chemical and 

physical methods. This method is more cost-effective and time-efficient than the top-down 

approach. NP synthesis can be divided into three different approaches: Physical methods, 

chemical methods and green methods (Manoranjan Arakha, 2018; Singh et al., 2020).  

The chemical method of NP synthesis involves the use of chemical reactions to create ZnONPs. 

This method is commonly employed due to its ability to produce NPs with controlled size, 

shape, and properties. Various chemical techniques can be utilized for ZnONP synthesis, 

including sol-gel, precipitation, co-precipitation, microemulsion, hydrothermal, and 

solvothermal synthesis (Espitia et al., 2012). Each of these methods involves the dissolution of 

ZnO precursors in a solvent, followed by a series of chemical reactions that lead to the 

formation of ZnONPs. The specific conditions employed in each method can be tailored to 

achieve the desired NP characteristics. For instance, the concentration of precursors, reaction 

temperature, and reaction time can be adjusted to control the size and shape of the ZnONPs. 

Chemical methods offer a versatile and controllable approach for the synthesis of ZnONPs, 

making them widely used in various research and industrial applications (Kolodziejczak-

Radzimska and Jesionowski, 2014; Sabir et al., 2014). 
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4.1.2 Characterization of nanoparticles 

NP characterization is the process of determining the physical and chemical properties of NPs. 

This is important for a variety of reasons for example, it is necessary to analyze multiple 

physicochemical characteristics of NPs which includes morphological, optical, structural, 

surface and elemental characterization. Not only that but it is essential to ensure the quality and 

consistency and understand the behavior of NPs in different environments. There are a variety 

of techniques that can be employed to characterize NPs but, the choice of technique also 

depends on the specific properties of the NPs that are being studied. 

4.1.2.1 UV-Vis Spectroscopy 

A useful tool for characterizing NPs is UV-visible spectroscopy. It can be used for measuring 

the concentration, aggregation state, size, and shape of NPs. Additionally, it can be employed 

to determine the chemical composition of NPs. UV-visible spectroscopy works on the principle 

of measuring the light that gets absorbed while travelling through material. The wavelength of 

the light, the concentration of the sample, and the characteristics of the sample all affect how 

much light is absorbed. The size, shape, and chemical make-up of a NP determine its specific 

absorption spectrum. Various chemical groups present in sample changes how light is absorbed 

and changes the absorption maxima (λmax) i.e the wavelength at which sample absorbs 

maximum light.  

4.1.2.2  Fourier Transform Infrared (FTIR) spectroscopy 

FTIR spectroscopy works on the principle of Fourier transformation which is a mathematical 

technique using which the data obtained from measuring the absorbance of infrared light can 

be transformed into a spectrum that represents the molecular vibrations present in the sample 

(Achebe et al., 2019). Additionally, FTIR spectroscopy works bypassing infrared light through 

a sample and measuring the absorption of specific wavelengths, allowing for the identification 

and characterization of compounds based on their unique molecular vibrations (Jose et al., 

2019). FTIR is useful technique of characterization for NPs since it can provide information 

about the functional groups present on the NP surface and their interaction with other 

molecules. 

4.1.2.3 X-Ray Diffraction (XRD) 

XRD is a technique that can be used to determine the crystal structure of NPs. XRD works by 

shining X-rays on a sample and measuring the diffraction pattern that is produced. The 
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diffraction pattern can be used to determine the size and shape of the crystal structures in the 

sample by calculating the various peaks produced by the different planes of material.  

4.1.2.4 Inductively coupled plasma-atomic absorption spectroscopy (ICP-AES)  

ICP-AES, an emission spectrophotometric method, take advantage of the excited electrons 

energy which is released at specific wavelengths upon returning to their ground state. The 

fundamental feature of this method is that every element emits energy at specific wavelengths 

that correspond to its chemical identity. The amount of energy released at the selected 

wavelength, corresponds to that element's concentration in the sample under study. 

Consequently, by identifying the emitted wavelengths and quantifying their intensities, 

elemental composition of the sample in relation to a reference standard can be quantified. 

4.1.2.5 Zeta potential and Dynamic light scattering (DLS) 

DLS is a technique that can be used to measure the size distribution of NPs. DLS works by 

illuminating sample by a laser beam and measuring the Brownian motion of the NPs. The 

Brownian motion of the NPs can be used to determine their size distribution.  

Zeta potential indicates the magnitude of charge on the surface of a particle in a dispersion or 

solution. Zeta potential is important parameter for NP characterization because it provides 

valuable information about the stability of NPs in a dispersion or solution. NPs show higher 

stability when they have a zeta potential outside the range of +30 mV to -30 mV.  

4.1.2.6 Energy dispersive spectroscopy (EDS)-mapping 

EDS is one of the most useful analytical instruments for general materials analysis. Electron 

microscopy and elemental spectroscopy work hand in hand. When a high energy electron beam 

affects a material's intrinsic electron structure, EDS detects and interprets the distinctive x-rays 

that are produced from that substance. The foundation of elemental mapping is the collection 

of extremely detailed elemental composition data over a sample's surface. A qualitative 

representation of the elemental abundances is provided by the intensity map. Under identical 

electron beam illumination conditions, the abundances of the elements are correlated with the 

intensity of distinctive X-rays emitted by that element. 

4.1.2.7 High-resolution transmission electron microscopy (HR-TEM) 

High-resolution Transmission Electron Micrography (HR-TEM) is a method that allows to 

explore the intricate details of materials at the atomic stage. By utilizing transmitted electrons, 

HR-TEM presents an array of statistics about the shape and properties of diverse substances. 

In HR-TEM, a beam of high-electricity electrons, normally several hundred kiloelectron volts 
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(keV), is focused onto a sample placed on carbon coated copper grid. As these electrons bypass 

through the material, they interact with its atoms, resulting in scattering and diffraction 

patterns. These patterns are then captured via specialized detectors and converted into high-

resolution images. 

4.2 Materials and Methods 

Zinc nitrate hexa hydrate (Zn(NO3)2.6H2O) and Potassium hydroxide (KOH) was procured 

from LOBA Chemi, India. Chitosan (CS) low molecular weight, Tri ethyl amine (TEA), 

Acridine Orange (AO) and Ethidium bromide (EB) was procured from Sigma-Aldrich, USA. 

Polyethylene Glycol 400 (PEG-400), Sodium chloride (NaCl), Potassium chloride (KCl) 

Sodium phosphate dibasic dihydrate (Na2HPO4.2H2O) and Potassium phosphate monobasic 

monohydrate (KH2PO4.H2O) was procured from Molychem, India. Dialysis Membrane-110 

was used from HiMedia, Mumbai. Methotrexate (MTX) was kindly provided as gift sample 

from Khandelwal Laboratories Pvt. Ltd, Mumbai, India. All chemicals used are of analytical 

grade. All preparations of buffers/reagents were done using MilliQ water.  

4.2.1 Synthesis of Bare ZnONPs 

For synthesis of bare ZnONPs, 0.2M Zn(NO3)2.6H2O solution was prepared in 10% PEG-400 

and kept for stirring in a round bottom flask till temperature reached 85°C. Slowly touching 

the wall of the flask, 20% KOH was added until the solution reaches to pH 11. After 30 minutes 

of reaction time at 85°C under stirring conditions the solution was set aside. Supernatant was 

discarded and particles were centrifuged at 5000 rpm for 10 minutes. The pellet was washed 

twice with MilliQ water and once with Ethanol, followed by drying at 70°C for 1 hour. Dried 

powder of ZnONPs was stored in dry place for further analysis. 

Chemical reaction involved in synthesis is as follows: 

Zn(NO3)2  + KOH  Zn(OH)2 + KNO3  ZnO + H2O 

4.2.2 Synthesis of Methotrexate loaded Zinc oxide nanoparticles (MTX-ZnONPs) 

MTX-ZnONPs were synthesized by Ex-situ approach. Briefly, MTX solution was prepared in 

0.1% TEA at final conc. of 1 mg/mL, with 0.1% Chitosan solution (CS) in the ratio of 9:1. 

MTX solution was then mixed with bare ZnONPs solution in the ratio of 1:20 and sonicated 

for 5 minutes followed by constant mixing for overnight. Next day, the solution was 

centrifuged, and the NPs were washed twice with MilliQ water and once with Ethanol. NPs 

Heating  
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were dried at 50°C for 1 hour. Dried MTX-ZnONPs were later stored in dry place for further 

analysis. 

4.2.3 MTX loading efficiency 

To calculate the % loading efficiency, concentration of MTX before loading and after loading 

onto the NPs was determined with the help of UV-Vis spectrophotometer at 303 nm (Rahman 

et al., 2021). MTX loading efficiency was calculated from the equation 4.1, and the 

concentration of MTX was determined using the standard curve equation.  

% Loading efficiency =
(Conc.  of MTX Initial−  Conc.  of MTX after )

(Conc.  of MTX Initial) X100             …𝟒𝟒.𝟏𝟏 

4.2.4 Characterization 

Characterization of bare and drug loaded ZnONPs was carried out using UV-Vis spectroscopy, 

FTIR, XRD, ICP-AES, Zeta potential and DLS, EDS mapping, and HR-TEM analysis. In each 

method of characterization, comparison was made between bare and MTX loaded ZnONPs. 

Comparative analysis helps us understand if NPs are synthesized appropriately and MTX 

loading has taken place on ZnONPs. 

4.2.2.1 UV-Vis Spectroscopy 

UV-vis absorption spectra for bulk ZnO, bare ZnONPs, MTX-ZnONPs and MTX were 

collected in a quartz cell having 1.0 cm path length on a Perkin Elmer Lambda 25 UV- vis 

spectrophotometer equipped with UVWINLAB software. Each spectrum for was analyzed to 

confirm the absorption spectra of NPs and successful loading of MTX on NPs. Tauc’s plot was 

plotted using the absorption values to determine the Binding energy (eV) of ZnONPs.  

4.2.2.2 FTIR spectroscopy 

FTIR spectra of NPs and MTX were analyzed using IRAffinity-1S, Shimadzu by ATR method. 

Samples were scanned in wavenumber range of 4000-400 cm-1 for detection of functional 

groups. The FTIR measurements were recorded in transmission mode. 

4.2.2.3  XRD 

The crystal structures of the synthesized NPs and MTX were recorded using XRD-7000, 

Shimadzu. Data was recorded with scan rate of 2° min-1 using Cu Kα radiation (λ = 0.154 nm).  

The diffracted intensities were recorded from 2θ angles ranging from 20ᵒ to 80ᵒ. The spectra 

obtained was then compared and matched with reference patterns with the JCPDS database 

that has standard data used as the fingerprints of all the powder diffraction samples. 
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4.2.2.4  ICP-AES 

ICP-AES method was used to determine the concentration of elemental Zn in the NPs using 

ARCOS from M/s. Spectro Analytical Instruments GmbH, Germany. 10 mg of each sample 

was prepared in 2 ml of conc. HNO3 and boiled for 5 min followed by making up the volume 

to 10 ml using Deionized water and then analyzed. 

4.2.2.5 Zeta potential and DLS 

Surface charge analysis and hydro dynamic diameter of the synthesized NPs was measured 

using Malvern Zeta Sizer Nanoseries model ZEN 3690. For Zeta potential analysis, study was 

performed at various pH ranging from 5-10 that was adjusted using 1% HCl and 0.1 M NaOH 

in MilliQ water at RT to determine the hydrodynamic diameter of the given sample. 

4.2.2.6 EDS-mapping 

Chemical purity and spatial distribution of elements within NPs was illustrated with the help 

of Energy-dispersive Spectroscopy was recorded by JEOL JSM-7600F. Sample was Mounted 

on a conductive stub with adhesive carbon tape to ensure unform distribution.  

4.2.2.7 HR-TEM 

High resolution-Transmission Electron Microscopy (HR-TEM) model JEOL-JEM 2100F was 

used to examine the NPs to determine their size, shape, and morphology of NPs. A drop of the 

NPs colloidal dispersion was placed on a copper grid and dried using an infrared light under 

RT. After which HR-TEM and Selected area electron diffraction (SAED) pictures were 

recorded. 

4.2.2.8 Stability of NPs 

NPs synthesized earlier were checked for its physical stability and colloidal stability over a 

period. For colloidal stability three concentrations of NPs were used viz. 10, 25 and 50 μg/ mL 

in deionized water. NPs were firstly sonicated in water for 7-10 minutes after which the labeled 

tubes were kept aside undisturbed to monitor the colloidal stability. In physical stability of NPs 

color, flow, aggregation, and texture was also monitored at various intervals of time.  

4.2.5 Drug release study of MTX-ZnONPs  

The dialysis method was employed to characterize the in vitro release kinetics of MTX from 

ZnONPs. This technique mimics the physiological conditions in vivo, allowing for a 

comprehensive assessment of the drug release profile. Two buffer systems were utilized to 

simulate the physiological pH environment and the acidic tumor microenvironment. Phosphate 

buffered saline (PBS) at pH 7.4 was used to represent the physiological pH, while PBS at pH 
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5.0 mimicked the acidic tumor microenvironment. The selection of these buffer systems aimed 

to evaluate the influence of pH on MTX release behavior (Chen et al., 2014). The drug was 

tested for 24 hours in phosphate buffered saline (PBS) at pH 7.4 and 5.0 at 37 °C with moderate 

stirring conditions. PBS was used to suspend MTX-ZnONPs at a 5 mg/ml concentration. After 

that, the NP suspension was put into a dialysis bag with a 12 kDa molecular weight cutoff, 

which ensured NP retention while permitting MTX diffusion. This setup was submerged in 50 

ml of fresh PBS buffer at the specified pH (7.4 or 5.0) and kept at 37 °C while being constantly 

stirred at slow speed to ensure uniform mixing. At predetermined time intervals (0 to 8 hours, 

and 24 hours), 1 ml aliquots were withdrawn from the dialysate and replaced with an equal 

volume of fresh PBS buffer. The withdrawn aliquots were analyzed using a UV-Vis 

spectrophotometer at 303 nm, the absorbance wavelength of MTX. The cumulative release 

percentage (% CR) of MTX at each time point was calculated using the below equation 4.2:  

%CR =
Dt

Di
X100        …𝟒𝟒.𝟐𝟐 

Where, Dt refers to drug released at time t and Di refers to initial drug loaded onto the NPs. For 

every pH condition, the entire experiment was run in triplicate to verify the results' consistency 

and reliability. The MTX release profile was then visualized by plotting the average % CR 

values for each time point as a function of time (Nosrati H, Salehiabar M, Davaran S, Danafar 

H, Manjili HK, 2018; Joshi and Bhatt, 2023).  

4.3 Results 

4.3.1 UV-Vis Spectroscopic analysis  

Quartz cells with a 1 cm path length was used for UV-visible spectroscopic analysis to examine 

the absorption characteristics of bulk ZnO, bare ZnONPs, and MTX-ZnONPs in the 

wavelength range of 200-800 nm. As depicted in Figure 4. 1, bulk ZnO exhibited an absorption 

maximum at 380 nm, corresponding to its intrinsic bandgap energy. Interestingly, bare 

ZnONPs displayed an absorption maximum at 362 nm, representing a significant blue shift of 

18 nm compared to bulk ZnO. As the particle size decreases, the band-gap energy of the 

particles increases, leading to an absorption shift to shorter wavelengths (Raoufi, 2013). This 

blue shift is characteristic of quantum confinement, phenomenon that arises when the NP size 

is comparable to the wavelength of light (Singh et al., 2017). The band gap energy (Eg) of bare 

ZnONPs was determined using a Tauc plot where the square of the absorption coefficient 

(αhν)2 is plotted against photon energy (hν). The direct band gap energy (Eg) for bare ZnONPs 

was calculated to be 3.41 eV, which is higher than that of bulk ZnO (3.26 eV). This higher 



Chapter 4 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   66 

band gap energy further confirms the nanocrystalline nature of bare ZnONPs (Bhatkalkar et 

al., 2018; Wu et al., 2008). When compared to bare ZnONPs, MTX-ZnONPs showed two 

different absorption peaks one at 370 nm for ZnONPs and another one at 303 nm for MTX. 

The presence of the peak at 303 nm confirms the successful loading of MTX onto the ZnONPs 

surface. The observed blue shift in the absorption spectrum of bare ZnONPs confirms the 

quantum confinement effect, while the presence of the MTX peak in the MTX-ZnONPs 

spectrum indicates successful drug conjugation. 

 

Figure 4. 1 UV-Vis spectroscopic analysis of bulk ZnO, bare ZnONPs, MTX-ZnONPs and 

MTX showing their respective normalized spectra in the range of 200-800 nm wavelength. 

Inset showing Tauc’s plot of bare ZnONPs for bandgap energy measurement. 

4.3.2 Fourier Transform Infrared Spectroscopic analysis 

The Fourier Transform Infrared (FTIR) spectroscopy, a versatile analytical technique, was 

employed to delve into the intricate molecular architecture of both the NPs and the drug, 

revealing their unique vibrational signatures. The FTIR spectra were meticulously acquired 

within the wavenumber range of 4000 cm⁻¹ to 400 cm⁻¹ using the attenuated total reflection 
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(ATR) method, as complied in Table 4.1. Upon scrutinizing the FTIR spectrum of bare 

ZnONPs, characteristic peaks appeared at 3382 cm⁻¹, 886 cm⁻¹, and 420 cm⁻¹, corresponding 

to the stretching vibrations of the hydroxyl (-OH) group, the Zn-OH bond, and the Zn-O metal 

oxide bond, respectively clearly seen in Figure 4.2. The peak region between 400 cm⁻¹ and 

600 cm⁻¹ is generally attributed to metal ion bonds, as documented in previous studies 

(AbdElhady, 2012; Lanje et al., 2013). 

Table 4.1 List of all the functional groups identified based on FTIR spectrum analysis of bare 

ZnONPs, MTX-ZnONPs and MTX.  

Nanoparticle System Wavenumber (cm⁻¹) Functional Group 

Bare ZnONPs 3382 -OH stretching 

Bare ZnONPs 886 Zn-OH bond 

Bare ZnONPs 420 Zn-O metal oxide bond 

Bare ZnONPs 400-600 Metal ion bonds 

MTX-ZnONPs 1640 -CONH group (MTX) 

MTX-ZnONPs 1450 -NH amide bending (MTX) 

MTX-ZnONPs 420 Zn-O metal oxide bond (ZnO) 

MTX 1644 -CONH group 

MTX 3387 -NH stretch 

MTX 2926 -CH groups 

MTX 1207 Carboxylate group (-COO) 

MTX 1447 Carboxylate group (-COO) 

MTX 1450 -NH amide bending 

 

Conversely, the FTIR spectrum of pure MTX exhibited distinct peaks at 1644 cm⁻¹, 3387 cm⁻¹, 

and 2926 cm⁻¹, signifying the presence of the -CONH group, the -NH stretch, and the -CH 

groups embedded within the molecular structure. The carboxylate group (-COO) manifested 

its presence at 1207 cm⁻¹ and 1447 cm⁻¹, while the -NH amide bending vibration of the MTX 
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molecule resonated at 1450 cm⁻¹, as corroborated by prior literature (Chen et al., 2014; Kumari 

et al., 2013). When the MTX-ZnONPs was subjected to FTIR analysis, it unveiled fascinating 

interplay between the drug and the NPs. The characteristic peaks of MTX, namely 1640 cm⁻¹ 

and 1450 cm⁻¹, remained intact, confirming the successful loading of MTX onto the ZnONPs. 

Additionally, the signature peak of ZnO at 420 cm⁻¹ persisted in the MTX-ZnONPs, 

emphasizing the preservation of the ZnONPs' integrity. 

Collectively, the FTIR spectra of the bare ZnONPs, MTX-ZnONPs and drug, provided 

compelling evidence of the intimate interaction. The presence of distinct peaks corresponding 

to both components underscored the successful loading of MTX onto the ZnONPs, paving the 

way for further exploration of their synergistic properties. 

 

Figure 4.2 FTIR spectroscopy analysis of bare ZnONPs (red), MTX-ZNONPs (blue) and MTX  

(pink) showing their respective spectra when recorded in the wavelength range of 4000-400 

cm-1. 
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4.3.3 X-Ray Diffraction analysis 

X-ray diffraction (XRD) analysis, a powerful tool for elucidating the crystalline structure of 

materials, was employed to investigate both bare ZnONPs and their MTX-ZnONPs along with 

MTX. The XRD patterns, depicted in Figure 4.3, revealed the highly crystalline nature of both 

NP systems, as evidenced by the presence of sharp and well-defined peaks. 

A thorough comparison of the XRD patterns with the standard ZnO reference pattern (JCPDS 

card no. 00-036-1451) confirmed the hexagonal wurtzite phase of the ZnONPs. Both sets of 

NPs exhibited a consistent array of characteristic peaks, including (100), (002), (101), (102), 

(110), (103), (200), (112), and (201), corresponding to the planes of standard ZnO. 

While the incorporation of MTX onto the ZnONPs resulted in subtle alterations in peak 

intensities, the overall XRD pattern remained largely unchanged. This observation aligns with 

previous studies (Buchheit et al., 2016; Raoufi, 2013; Sanmugam et al., 2017), further verifying 

the successful loading of MTX onto the ZnONPs. 

To quantify the crystalline size of the NPs, the Scherrer equation, D = Kλ/(B cosθ), was 

employed, where D represents the average crystalline size in nanometers (nm), K is the 

Scherrer constant, λ is the X-ray wavelength, B is the full width at half maximum (FWHM) of 

the peaks, and Cosθ is one-half of 2θ (Javed Akhtar et al., 2012; Malaikozhundan et al., 2017). 

The calculated crystalline sizes for the bare ZnONPs and MTX-ZnONPs were 31 nm and 40 

nm, respectively. These values suggest that the MTX loading process did not significantly 

impact the crystalline size of the ZnONPs and also retained the crystalline phase of the 

ZnONPs. 

In summary, the XRD analysis provided compelling evidence of the highly crystalline nature 

of both bare ZnONPs and MTX-ZnONPs. The consistent XRD patterns and calculated 

crystalline sizes underscore the successful synthesis of the NPs and the preservation of their 

crystalline structure upon MTX loading. 



Chapter 4 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   70 

 

Figure 4.3 XRD analysis of bare ZnONPs, MTX-ZnONPs and MTX revealing their respective 

diffraction spectrum recorded in the range of 20- 80 2θ angle. 

4.3.4 Inductively coupled plasma-atomic absorption spectroscopic analysis 

 ICP-AES is a widely employed technique for elemental analysis. The ICP-AES results 

revealed that the concentration of Zn+2 ions in bare ZnONPs was 0.352 mg/mL, while in MTX-

ZnONPs, it was 0.280 mg/mL (Table 4.2). These findings indicate the successful incorporation 

of MTX onto the ZnONPs, as evidenced by the considerable decrease in Zn+2 ion concentration 

compared to bare ZnONPs.  

 Table 4.2 Zn+2 concentration determined from ICP-AES analysis of bare ZnONPs and MTX-

ZnONPs 

 
Nanoparticle System Zn+2 Ion Concentration (mg/mL) 

Bare ZnONPs 0.352 

MTX-ZnONPs 0.280 
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4.3.5 Zeta potential and DLS analysis 

As depicted in Figure 4.4a the zeta potential of both bare ZnONPs and MTX-ZnONPs was 

evaluated across a pH range of 5 to 10. Bare ZnONPs maintained a high positive charge 

throughout the entire pH range, exhibiting a higher surface charge under acidic conditions. 

Interestingly, upon MTX loading via an ex-situ synthesis approach, the resultant MTX-

ZnONPs led to decrease in the positive charge considerably still exhibiting a positive charge 

across the entire pH range. This shift in surface charge can be attributed to the presence of the 

negatively charged carboxyl group of MTX, coupled with its enhanced loading onto the bare 

ZnONPs. Overall, both NP systems demonstrated greater stability towards acidic pH 

conditions. The observed zeta potential shift clearly indicates the successful coating of ZnONPs 

with MTX, providing further evidence of MTX loading. 

Additionally, DLS analysis in Figure 4.4b revealed an average particle size distribution of 270 

nm and 285 nm for bare ZnONPs and MTX-ZnONPs, respectively. This data indicates the 

moderate size distribution. It is important to note that the particle size measured by DLS 

typically exceeds the actual particle size due to the consideration of the average hydrodynamic 

diameter. In conclusion, zeta potential analysis provided valuable insights into the stability and 

surface charge characteristics of bare ZnONPs and MTX-ZnONPs, with implications for their 

potential biological applications. The observed shift in zeta potential upon MTX loading 

confirms the successful coating process. 

 
Figure 4.4 Zeta potential and Dynamic Light Scattering (DLS) analysis of bare ZnONPs and 

MTX-ZnONPs. (a) Zeta potential of bare ZnONPs and MTX-ZnONPs was analyzed across 

a. b. 
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wide pH range and plotted, (b) DLS analysis of bare ZnONPs and MTX-ZnONPs size 

distribution data in histogram.  

4.3.6 Energy Dispersive Spectroscopy-Mapping analysis 

Utilizing Energy-Dispersive X-ray Spectroscopy (EDS) mapping allows for the comprehensive 

determination of the chemical composition and spatial distribution of materials. To determine 

the distribution patterns of Zinc (Zn), Oxygen (O), and Carbon (C), a detailed elemental 

analysis was undertaken. Figure 4.5a illustrates the EDS mapping images of bare ZnONPs, 

revealing distinct peaks corresponding to Zinc and Oxygen, accompanied by Carbon at a 

weight percentage of 70.37, 20.31, and 9.32, respectively, without any discernible impurities. 

Conversely, in Figure 4.5b, portraying MTX-ZnONPs, the weight percentages of Zinc, 

Oxygen, and Carbon were observed as 67.45, 18.33, and 14.22. These findings collectively 

affirm the successful synthesis of ZnONPs in both scenarios (Ahamed and Vijaya Kumar, 

2016; Boruah et al., 2016). Notably, the heightened presence of Carbon in MTX-ZnONPs can 

be ascribed to the loading of the drug onto the bare ZnONPs. This outcome explicitly validates 

the efficacious loading of MTX onto the bare ZnONPs. 
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Figure 4.5  EDS mapping images of (a) bare ZnONPs; (b) MTX-ZnONPs, showing Zinc 

(blue), Oxygen (green) and Carbon (red). (Right) showing EDS spectrum with elemental values 

in table, (left) EDS micrographs showing each element mapped with different colors. 

4.3.7 High Resolution-Transmission Electron Microscopic analysis 

Conducting High-Resolution Transmission Electron Microscopy (HR-TEM) analysis offered 

insightful data into the crystalline size and planar structure of ZnONPs. The examination 

revealed a distinctive hexagonal crystal morphology, as depicted in Figure 4.6a, with an 

average size measuring approximately 30 nm, as illustrated in Figure 4.6b. MTX-ZnONPs 

images clearly shows the thin translucent hazy layer of drug coating around the ZnONPs 

Figure 4.6e. This evidently supports the data confirmed by other supporting methods like FTIR 

and UV-spectroscopic analysis about successful drug loading on the NP surface. Size 

distribution profile of MTX-ZnONPs is illustrated in Figure 4.6f reveled the average particle 

size in the size range of 32-34 nm in size. The crystal lattice arrangement of bare ZnONPs, 

vividly captured in Figure 4.6c, showcased the existence of various planes corresponding to 
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the Selected Area Electron Diffraction (SAED) pattern presented in Figure 4.6d. This intricate 

pattern exhibited multiple bright spots and rings aligning with the lattice structure of the 

crystals. HR-TEM image of MTX-ZnONPs in Figure 4.6g showed fine lattice fringes on the 

surface of MTX-ZnONPs crystal corelating with the SAED pattern observed in Figure 4.6h. 

SAED pattern clearly indicates the polycrystalline nature of MTX-ZnONPs similar to that of 

bare ZnONPs.  

The evident bright spots in the SAED pattern indicated a highly crystalline morphology, while 

the diffused bands suggested the presence of aggregates within the NP ensemble. Notably, the 

planes described by the SAED pattern concurred with those derived from the XRD data, further 

confirming the crystalline nature of the particles (Liu et al., 2010; Sreevalsa et al., 2013). This 

comprehensive analysis not only unveils the hexagonal crystal morphology and average size 

of the bare ZnONPs and MTX-ZnONPs but also highlights the successful drug loading on 

MTX-ZnONPs with their intricate lattice structure, affirming the high degree of crystallinity in 

the nanomaterial. 
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Figure 4.6 HR-TEM analysis of nanosystems showing HR-TEM of image of (a) bare ZnONPs 

and (e) MTX-ZnONPs; size distribution curve of (b) bare ZnONPs and (f) MTX-ZnONPs;  



Chapter 4 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   76 

crystal lattice structure of (c) bare ZnONPs and (g) MTX-ZnONPs; SAED pattern of (d) bare 

ZnONPs and  (h) MTX-ZnONPs. 

4.3.8 Stability analysis of NPs 

The synthesized NPs were rigorously evaluated for their physical and colloidal stability over 

an extended period to ensure their suitability for various applications. Colloidal stability, a 

crucial factor in NP dispersibility and efficacy, was assessed using three different NP 

concentrations: 10, 25, and 50 μg/mL in deionized water. Samples were subjected to sonication 

for 7-10 minutes to ensure proper dispersion. The labeled tubes containing the dispersed NPs 

were then set aside undisturbed and observed periodically to monitor their colloidal stability. 

Results revealed a consistent and sustained colloidal stability, demonstrating minimal 

aggregation/sedimentation up to 8 hours at 10 and 25 μg/mL. 50 μg/mL tube showed early 

aggregation/sedimentation.  

Results of the stability assessment are recorded in Table 4.3 revealed that the synthesized NPs 

exhibited admirable physical and colloidal stability over the observation period. The color, 

flowability, and texture of the NPs remained consistent, indicating their resistance to physical 

alterations. Additionally, to confirm the physical and chemical stability basic characterization 

techniques like UV-Vis spectroscopy and FTIR spectroscopy were utilized. No significant 

changes were observed in the peaks received for both the NP systems over the observation 

period. 

Table 4.3 Observation table of colloidal stability study for bare ZnONPs and MTX-ZnONPs.  

 Bare ZnONPs MTX-ZnONPs 
 10 μg/mL 25 μg/mL 50 μg/mL 10 μg/mL 25 μg/mL 50 μg/mL 

0 hr - - - - - - 
1 hr - - - - - - 
2 hrs - - - - - - 
3 hrs - - - - - - 
4 hrs - - - - - - 
5 hrs - - - - - - 
6 hrs - - + - - + 
7 hrs - + ++ - - ++ 
8hrs - ++ ++ - + ++ 

24 hrs +++ +++ +++ +++ +++ +++ 
Key: -No sedimentation, +Low sedimentation, ++High sedimentation, +++Highest 

sedimentation 
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Bare ZnONPs and MTX-ZnONPs were also assessed for its physical stability at interval of 1 

year as depicted in Figure 4.7. It was appreciated that there was no considerable change 

observed in terms of color of the particles, flow of particles or even texture of particles. No 

significant impact was observed on any physical attributes of NPs over a duration stating their 

stability in their own way.  

 

Figure 4.7 Physical stability study for color, flow and texture study of bare ZnONPs and MTX-

ZnONPs at two different time points.  

4.3.9 Drug release study of MTX-ZnONPs 

The determination of MTX loading efficiency on ZnONPs was conducted using a UV-Vis 

spectrophotometer, revealing an impressive loading efficiency of 79.44%. To decipher the 

release dynamics of the nano-system in simulated physiological conditions, a precise drug 

release study was undertaken. Employing the dialysis method, the study utilized Phosphate-

Buffered Saline (PBS) at pH 7.4 to replicate the normal cellular environment and, for the acidic 
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cancer cell milieu, PBS at pH 5.0 was employed at a temperature of 37 °C. The release profile 

of MTX from the MTX-ZnONPs exhibited a distinctive biphasic pattern, illustrated in Figure 

4.8. An initial burst release within the first hour accounted for nearly 40% of drug release, 

followed by a steady increase observed up to the 5th hour. At pH 7.4, the drug release plateaued 

at no more than 65%, while at pH 5.0, a logarithmic phase persisted for up to 24 hours, resulting 

in notable 90% drug release. The drug release could be multiphasic, with an initial burst release 

followed by a sustained release. The burst release could be larger at pH 7.4 due to factors like 

higher solubility or faster diffusion at that pH. However, the sustained release could be slower 

at pH 7.4 due to stronger binding of the drug to the carrier matrix. This unequivocally 

demonstrates that the acidic microenvironment favors drug release, a crucial insight with 

significant implications for cancer cells. The subtle drug release kinetics provide valuable 

information for tailoring therapeutic strategies in cancer treatment. 

 

Figure 4.8 Drug release study of MTX-ZnONPs conducted in PBS at pH 7.4 and pH 5.0 

4.4 Discussion 

There are various methods available to synthesize ZnONPs, each with its own set of advantages 

and limitations. Precipitation, sol-gel synthesis, thermal degradation, and hydrothermal 

synthesis are some of the most often utilized methods (Purcar et al., 2017). Precipitation 
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method involves the addition of a zinc salt to a solution containing a precipitating agent also 

known as reducing agent, resulting in the formation of ZnONPs. Here in the current project 

chemical precipitation method was chosen for the synthesis of bare ZnONPs. Also, in order to 

prevent agglomeration in particles while synthesis PEG was introduced as solvent, this 

approach is known as polyol assisted synthesis. Polyols serve as solvents for most inorganic 

precursors by dissolving them as metallic salts, owing to their hydrogen bonds and relatively 

high dielectric constant (Chieng and Loo, 2012). In addition, polyols' chelating abilities allow 

them to act as coordinating solvents, complexants, and surfactants, all of which adsorb on the 

surface of the expanding elementary particles and inhibit their aggregation (Hosni, Mongia, 

Samir Farhat, Mounir Ben Amar, Andrei Kanaev, Noureddine Jouini, 2015). Calcination/ dry 

heating is the particularly important step in final making of ZnONPs. Usually, NPs are calcined 

at remarkably high temperatures which provides ZnONPs their unique properties, size and 

shape. In the current study we dried the particles at 70°C for 1 hr to get rid of all the excess 

moisture trapped in NPs to give free flowing powder state. For synthesis of MTX-ZnONPs ex-

situ approach was preferred considering the positive charge on bare ZnONPs and negative 

charge of MTX at pH 7. Chitosan (CS) is a biocompatible positively charged polymer that has 

metal ion coordination chemistry.  This helps in the binding of MTX on the ZnONP surface 

easily. Hence, MTX-CS complex was mixed with previously characterized bare ZnONPs in 

1:20 ratio for 24 hours under mixing condition at RT.  

When characterized using various techniques it was confirmed that both the NPs were of 

desired characteristics. For UV-Visible spectroscopy clear quartz cuvettes were used as 

ZnONPs absorbs in the UV range and quartz does not absorbs in the UV region. When NPs are 

synthesize to nanoscale, they show energy change and absorption shifts towards UV region 

hence the shift is called as blue shift. Blue shift implies quantum confinement of NPs, where 

particle size decreases, the band gap of the particles increases, leading to a shift in absorption 

to the lower wavelengths (Raoufi, 2013; Singh et al., 2017). The blue shift in the absorption 

spectrum of bare ZnONPs due to size quantum size effect can be attributed to the increase in 

energy gap between conduction and valence bands when particle size decreases and electronic 

orbitals become more closed, leaving the highest occupied molecular orbital (HOMO) and the 

lowest occupied molecular orbital (LUMO) occupied. Consequently, the transfer of an electron 

from HOMO to LUMO requires the absorption of high-energy photons, resulting in the 

observed blue shift (Garimella et al., 2020). The difference in absorption spectra of bulk ZnO 

and bare ZnONPs and MTX-ZnONPs clearly suggests the size reduction under quantum 
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confinement principle.  MTX showed 2 distinct peaks at 303 nm and 256 nm which were seen 

in the MTX-ZnONPs post loading. Loading results of MTX on ZnONPs were in alignment 

with previous literature showing same (Rozalen et al., 2020). FTIR based NP characterization 

was done to understand the loading of MTX on ZnONPs surface. This technique is extremely 

sensitive and can detect even small changes in the structure and composition of NPs. The peak 

between 400 cm-1 to 600 cm-1 is generally designated for Metal ion bonds (AbdElhady, 2012; 

Lanje et al., 2013) where we see the sharp peak at 420 cm-1 indicating presence of ZnO bond. 

In case of MTX-ZnONPs sharp peaks of ZnO with few other organic groups coming from 

MTX were present indicating presence of MTX on NPs. These groups were common to pure 

MTX as 1644 cm-1 for -CONH group, 3387 cm-1 for -NH stretch, 2926 cm-1 for -CH groups. 

XRD calculates the crystalline nature of material and gives diffraction peaks on bombardment 

of X-rays. Data of synthesized bare ZnONPs was matched with the standard ZnO JCPDS card 

no. 00-036-1451, identifying hexagonal wurtzite phase of the crystal structure. MTX-ZnONPs 

showed change in peak intensities and added noise due to the presence of MTX on its surface 

but, keeping its crystal phase same. These results were found to be in accordance with data 

reported in literature earlier (Buchheit et al., 2016; Sanmugam et al., 2017). Zeta potential is a 

charge present on the surface of the NPs which directly correlates to the stability of nano 

systems. Surface charge plays an important role in cellular internalization of these particles 

(Albanese et al., 2012; Yu et al., 2011). NPs with zeta potential values greater than ± 30 mV 

are highly stable and those with values near iso electric point (IEP) i.e zero charge are 

considered to be the least stable (Sandmann et al., 2015). Bare ZnONPs and MTX-ZnONPs 

both showed positive zeta potential under acidic environment. In addition, PEG assisted 

synthesis gives particle more stability allowing them to remain suspend in the solution for 

longer periods of time. There was an evident shift in the surface charge when MTX was 

introduced indicating positive interaction between ZnONPs and MTX. Zeta potential clearly 

indicates the successful coating of NPs with MTX due to shift in the charge. Charge on the 

MTX-ZnONPs reaches close to zero under high alkaline environment. Whereas at acidic pH 

particles still show good charge stability. Under those conditions particles do show some 

amount of aggregation after some amount of time and no immediate effects can be observed. 

And same results were observed in stability study presented in Table 4.3. where we understand 

that at low concentrations particles do not show aggregation for initial few hours up to 6-7 

hours, after which also some amount of aggregation becomes observable. For DLS study it is 

important to note that particle size measured by DLS is usually greater than the actual particle 

size as it considers the average hydrodynamic diameter. Moderate size distribution was 
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observed for both systems. ICP-AES is the most commonly used method for the elemental 

analysis, to know the precise concentration of a specific metal ion in the sample (Johari-Ahar 

et al., 2016; Xie et al., 2017). Both the NP systems were analyzed to know the total Zn content 

present in them. Amount of Zn present in bare ZnONPs was 0.352 mg/ ml and for MTX-

ZnONPs it was 0.280 mg/ ml. In EDS mapping, the chemical composition and distribution of 

the ZnONPs was determined to quantify the Zinc, oxygen, and carbon present in them. Zinc, 

Oxygen and Carbon and weight percentage as 70.37, 20.31 and 9.32 were found for bare 

ZnONPs whereas for MTX-ZnONPs it was 67.45, 18.33 and 14.22. Change in carbon value 

was indicative of presence of organic backbone in sample coming from MTX. HR-TEM 

analysis of bare ZnONPs and MTX-ZnONPs presented highly crystalline particles with an 

average size of around 30 nm with size distribution of 24 nm to 36 nm, while MTX-ZnONPs 

presented much narrower size distribution of 28-34 nm with average particle size of 32 nm. 

The narrow size distribution, indicative of a well-controlled synthesis process, coupled with 

the small NP size, renders these ZnONPs particularly advantageous for applications that 

demand enhanced surface area and reactivity. The polycrystalline nature of the bare ZnONPs 

and MTX-ZnONPs suggests their composition which contains numerous small crystallites 

oriented in various directions, likely attributed to the rapid growth process. HR-TEM images 

of MTX-ZnONPs also evidently showcased the presence of drug coating on the surface of 

ZnONPs, which was absent in bare ZnONPs confirming presence of MTX.    Despite their 

polycrystalline nature, the presence of multiple diffraction spots in the SAED pattern 

underscores the high degree of crystallinity exhibited by these ZnONPs. This lattice fringe 

distance was calculated to correlate the lattice planes with XRD peaks which were in alignment. 

The drug release study data shows that the cumulative release of the drug is significantly lower 

in PBS pH 7.4 than in PBS pH 5.0. This suggests that the drug release is pH-dependent, with a 

higher release rate in acidic conditions. This is likely due to the protonation of the drug 

molecule in acidic conditions, which increases its hydrophilicity and facilitates its release from 

the NPs. Conversely, in neutral or alkaline conditions, the drug molecule is deprotonated and 

becomes more hydrophobic, which hinders its release from the NPs. The carrier matrix could 

be degrading faster at pH 5.0, leading to a slower but more prolonged drug release. This is 

because the degradation of the matrix would expose more drug molecules over time, allowing 

for their gradual release. The slower drug release rate in PBS pH 7.4 is advantageous for several 

reasons. First, it allows for sustained drug release over a longer period of time, which can 

improve the efficacy of the drug and reduce the need for frequent dosing. Second, it can help 
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to minimize systemic side effects by limiting the drug concentration in the bloodstream. Third, 

it can improve the targeting of the drug to specific tissues or organs, as the drug will be released 

more slowly from the NPs in the extracellular environment (which is typically neutral or 

alkaline) and more quickly in the acidic environment of intracellular compartments. It is also 

possible that a combination of factors, such as pH-dependent solubility, diffusion, and 

degradation, are contributing to the observed release profile. It is likely due to a more complex 

interplay of factors, such as multiphasic release, pH-dependent degradation, or a combination 

of both. 

4.5 Conclusion 

MTX-ZnONPs, synthesized through a facile chemical precipitation approach, hold significant 

promise for targeted cancer therapy. The simple and efficient synthesis method yielded NPs 

with desirable characteristics, including well-defined size, high crystallinity, and efficient 

MTX loading. The NPs exhibited uniform dimensions. Hexagonal wurtzite crystal structure, 

confirmed by XRD and HR-TEM, further underscores NPs stability and potential for controlled 

drug release. Additionally, the moderate size distribution and stability across a range of pH 

values ensure effective dispersibility in biological mediums. The ex-situ synthesis method 

facilitated a 79% loading efficiency of MTX, ensuring a substantial payload for targeted 

delivery to cancer cells. The biphasic drug release profile observed in simulated physiological 

conditions is particularly encouraging. Notably, this enhanced biphasic release observed the 

acidic environment suggests potential for selective drug delivery to cancer cells while sparing 

healthy tissues.   
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In-vitro study to evaluate the anti-cancer activity of Methotrexate loaded Zinc oxide 

nanoparticles on breast cancer cell lines  

5.1 Introduction 

Within the field of cancer research, in vitro assays have emerged as an indispensable tool for 

evaluating the anti-cancer efficacy of NPs. In-vitro assays remain a crucial tool for assessing 

the anti-cancer potential of NPs. One of the key advantages of in vitro assays is the precise 

control over experimental conditions. Researchers can accurately control factors like NP 

concentration, exposure time, and cell type, ensuring a comprehensive evaluation of NP impact 

on cancer cells without encountering confusing variables prevalent in in vivo studies. This 

meticulous control facilitates reliable and reproducible results, critical for drawing meaningful 

conclusions about NP anti-cancer potential. Furthermore, in vitro assays enable the 

investigation of specific cellular and molecular mechanisms underlying NP mediated anti-

cancer effects. In-vitro assays can also detect potential off-target effects and toxicity of 

nanoparticles early in the development process, allowing researchers to optimize their design 

and minimize potential risks before moving on to more expensive and time-consuming in-vivo 

studies. Techniques like flow cytometry, immunofluorescence, and protein expression analysis 

offer researchers a detailed understanding of how NPs interact with cancer cells at the cellular 

and molecular level. This mechanistic insight is crucial for comprehending the pathways 

involved in NP anti-cancer activity, ultimately informing the development of targeted and 

effective therapeutic interventions. 

Additionally, employing in vitro assays aligns with ethical considerations. They allow for an 

initial assessment of NP safety profiles before advancing to animal or clinical studies. This 

approach minimizes the potential risks associated with unforeseen toxicities and ensures that 

only the most promising candidates progress to further research stages. A wide variety of in-

vitro assays exist, each targeting specific aspects of the cancer cell biology. This allows 

researchers to comprehensively assess the anti-cancer potential of nanoparticles and gain a 

deeper understanding of their mechanisms of action. 

In conclusion, the importance of utilizing in vitro assays to evaluate NP anti-cancer activity is 

underscored by the controlled experimental environment they provide, their significant 

contribution to mechanistic understanding, and their alignment with ethical considerations. As 

the field of nanomedicine continues to evolve, in vitro assays will remain an indispensable tool 

in the arsenal of cancer researchers, paving the way for the development of safer and more 

effective NP-based therapies.  
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5.1.1 MTT Cellular viability assay 

The MTT assay, or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, plays 

a vital role in cancer research as a robust and widely used tool for evaluating the cytotoxicity 

of potential anti-cancer compounds (Kollur et al., 2021). The MTT assay is extremely sensitive, 

capable of detecting subtle changes in cell viability even at low concentrations of drug 

candidates. This allows to accurately differentiate between cytotoxic and non-cytotoxic 

compounds, facilitating the identification of promising anti-cancer agents. The assay utilizes a 

yellow tetrazolium salt called MTT, which is readily taken up by living cells. The MTT assay 

relies on the metabolic activity of living cells to convert a yellow tetrazolium salt (MTT) into 

a purple formazan product as depicted in Figure 5.1. This conversion is mediated by 

mitochondrial enzymes, specifically succinate dehydrogenase, present in viable cells. The 

amount of formazan formed is directly proportional to the number of metabolically active cells. 

By measuring the amount of formazan produced, metabolic activity of cells is quantified, 

providing a direct measure of cell viability and proliferation (Wang et al., 2015). This assay is 

particularly valuable in evaluating the cytotoxicity of NPs by determining the concentration 

required to inhibit cell viability by 50% (IC50). The assay allows for the determination of the 

dose-dependent cytotoxicity of a compound, providing valuable information about its potency 

and toxicity profile. The MTT assay can be used to assess the cytotoxicity of a wide range of 

compounds, including natural products, synthetic drugs, and nanomaterials. This versatility 

makes it a valuable tool for anti-cancer drug discovery and development. While the MTT assay 

offers numerous benefits, it is important to acknowledge its limitations. The assay does not 

provide information on the specific mechanism of cell death, and it may not be equally sensitive 

to all types of cell death. The assay only provides information on cell viability, not 

differentiating between cell death mechanisms like apoptosis or necrosis. The assay measures 

mitochondrial activity, which may not always be a perfect reflection of overall cell health. 

Also, the assay may underestimate the cytotoxicity of compounds that primarily target non-

mitochondrial processes or metabolically inactive cells.  Additionally, MTT assay can be 

affected by factors such as cell density and culture conditions, demanding careful control of 

these parameters (Ghasemi et al., 2021; Wang et al., 2010).  
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Figure 5.1 A simplified overview of the principle behind MTT assay. Viable cells take up the 

yellow tetrazolium dye MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

which is reduced to purple formazan crystals by mitochondrial dehydrogenase enzymes. 

Chemical structure of MTT and its reduced form, formazan. The tetrazole ring in MTT (1) is 

converted to a formazan by cellular enzymes. The red arrows indicate the reduction process, 

while the dashed lines and minus symbol represent factors that can disrupt MTT reduction or 

hinder uptake, leading to inaccurate OD measurements. It also illustrates various factors that 

can affect MTT assay measurements. (Source: Ghasemi et al., 2021)   

5.1.2 Acridine Orange/ Ethidium Bromide (AO/EB) viability staining 

AO/EB viability staining technique offers a simple and effective method to assess the health 

and viability of cells. This staining technique is widely used and robust method for assessing 

cell viability and cytotoxicity. This fluorescent staining approach relies on the contrasting 

DNA-binding properties of two dyes i.e., AO and EB. Principle behind the assay is to 

differentiate between viable and non-viable cells based on their membrane integrity (Babu et 

al., 2017). AO dye passively diffuses through the cell membrane and stains both viable and 

non-viable cells. In viable cells, AO intercalates with DNA, emitting green fluorescence, while 

in non-viable cells, it accumulates in the cytoplasm, emitting a less intense orange fluorescence. 

Whereas EB is membrane-impermeant and can only enter cells with compromised membrane 

integrity. In non-viable cells, EB binds to DNA, emitting a bright red fluorescence, thereby 
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quenching the green fluorescence from AO (Shelat et al., 2019). By observing the fluorescence 

patterns of stained cells under a microscope, researchers can distinguish between viable, early 

apoptotic, late apoptotic and necrotic cell populations. Viable cells appear green due to the 

green fluorescence emitted by AO-bound DNA. Their morphology remains intact with no 

visible signs of cell death (Figure 5.2). Early apoptotic cells exhibit condensed chromatin, 

appearing as bright green dots within the green cytoplasm stained by AO. Late apoptotic cells 

display a combination of green and red fluorescence due to AO staining the nucleus and EB 

staining the condensed chromatin. In necrotic cells, the compromised membrane allows EB to 

enter, staining the DNA red and quenching the green fluorescence from AO, thus cells appear 

orange or red due to the dominant red fluorescence coming from EB (Sanchala et al., 2018).  

 

Figure 5.2 Morphological difference between apoptosis and necrosis of a cell. On the left side 

notice the blebs being made and eaten by a phagocyte as fate of cells in apoptosis. Right hand 

side of image shows swelling, inflammatory response, and leak leaks everywhere which will 

induce inflammation and possible organ failure.  (Source: Robbins and Cotran pathologic basis 

of disease, 9th ed.)  
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AO/EB staining is commonly used to assess the cytotoxic effects of various agents, including 

drugs, radiation, and environmental toxins. By quantifying the relative proportions of viable 

and non-viable cells, researchers can determine the potency and effectiveness of cytotoxic 

compounds. The staining pattern of AO/EB can provide valuable insights into the type of cell 

death occurring. The appearance of condensed chromatin regions and the characteristic green-

to-red shift in fluorescence are indicative of apoptosis, while necrosis is characterized by a 

purely red staining (Nicotera et al., 1999). Necrosis and apoptosis are morphologically distinct 

forms of cell death. Necrosis is characterized by the swelling of organelles, plasma membrane 

rupture, and the release of cellular contents into the extracellular space, leading to inflammation 

due to the uncontrolled release of antigens (Figure 5.2). On the other hand, apoptosis is 

characterized by nuclear DNA fragmentation, condensed chromatin, and the formation of cell-

bound bodies that are phagocytosed by neighboring cells without eliciting an inflammatory 

response (Vanden Berghe et al., 2013; Van Cruchten and Van den Broeck, 2002). While this 

method provides valuable visual data, the results obtained are qualitative rather than 

quantitative. Interpretation of the fluorescence patterns can be subjective and may vary between 

person to person. Despite its limitations, the AO/EB staining technique remains a valuable and 

widely used tool for assessing cytotoxicity. When combined with other analytical techniques, 

the AO/EB staining can provide valuable insights into the cytotoxic effects of various 

compounds, aiding in drug development, safety testing, and understanding cell death 

mechanisms. 

5.1.3 Cell cycle analysis by Propidium Iodide (PI) staining 

Cellular proliferation is a tightly regulated process governed by the cell cycle, a series of 

precisely coordinated events leading to DNA replication and cell division. This intricate 

process can be broadly categorized into five phases as shown in Figure 5.3: G0 (resting), G1 

(growth), S (DNA synthesis), G2 (preparation for mitosis), and M (mitosis and cytokinesis). 

Two primary control mechanisms orchestrate the cell cycle: kinase activation, responsible for 

sequential transitions between phases, and checkpoint control, ensuring critical events are 

completed flawlessly before initiating the subsequent stage (Sherr, 2000). Dysregulated cell 

cycle progression, or particularly uncontrolled proliferation, is a hallmark of cancer. Hence, 

understanding cell cycle dynamics and its regulatory mechanisms has become essential to 

oncology research. Understanding the cell cycle arrest induced by NPs is crucial for 

comprehending their anti-cancer mechanism (Gérard and Goldbeter, 2016). Hence cell cycle 

analysis by flow cytometry allows one to quantify the distribution of cells in different phases 
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of the cell cycle. Flow cytometers utilize fluorescent dyes to label DNA content, enabling the 

differentiation of cells in different phases. Analyzing the cell cycle distribution after NP 

treatment provides insights into whether the NPs induce cell death by inhibiting proliferation 

(G1/S arrest), blocking DNA synthesis (S-phase arrest), or preventing cell division (G2/M 

arrest). Thus, cell cycle analysis utilizing PI staining, provides valuable insights into the 

proportion of cells at each stage of the cycle for a given population. It also offers a simple, 

reliable, and widely application for analyzing cell cycle progression and its potential disruption 

by various agents, including cytotoxic compounds (Darzynkiewicz et al., 2001). 

 

Figure 5.3  The cell cycle is divided into four main phases: G1 (growth phase 1), S (synthesis 

phase), G2 (growth phase 2), and M (mitotic phase). Each phase plays a crucial role in preparing 

the cell for division. This histogram on right depicts the results of a cell cycle analysis using 

propidium iodide (PI) staining, a common method for quantifying cellular DNA content using 

flow cytometer. The horizontal axis represents the relative fluorescence intensity of PI, which 

is proportional to the amount of DNA present in each cell. The vertical axis represents the 

number of cells detected at each fluorescence intensity level. Cells in G1 have 2n DNA content, 

having already duplicated their DNA in the previous cell cycle. During the S phase, DNA 

replication occurs, leading to a doubling of DNA content to 4n. Cells in G2 maintain 4n DNA 

content, preparing for mitosis. Mitosis involves cell division, resulting in daughter cells with 

2n DNA content each. 

PI is a fluorescent cell-impermeable dye, meaning it cannot enter live cells with intact 

membranes. PI binds stoichiometrically to DNA, meaning the amount of PI fluorescence 
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emitted by a cell is directly proportional to the amount of DNA present within cell, thus 

allowing the quantification of DNA content and the identification of cells in various phases. 

For the same reason cells are first fixed with chilled alcohol or formaldehyde, permeabilizing 

the cell membrane and allowing PI to penetrate inside the cell allowing it to interact with the 

DNA. Since DNA content doubles during the S phase, PI staining intensity can be used to 

distinguish between cells in different phases of the cell cycle: G1 phase with Low DNA content, 

minimal staining, and low fluorescence. S phase with increased DNA content, moderate 

staining, and moderate fluorescence followed by G2/M phase having highest DNA content, 

highest staining, and highest fluorescence (Riccardi and Nicoletti, 2006).  

Although PI staining method too have few shortcomings like, assay relies on fixed cells, 

providing a static snapshot rather than real-time dynamics of cell cycle progression. Clumping 

of cells can interfere with accurate measurement of PI fluorescence intensity and it cannot 

distinguish between resting (G0) and actively growing (G1) cells. While limitations exist, the 

assay's simplicity, reliability, and wide applicability make it an asset for investigating the 

cytotoxic effects of various agents (Crosby, 2007). 

5.1.4 Annexin V-FITC- Propidium Iodide assay 

The Annexin V FITC/ PI apoptosis assay provides a robust method for simultaneously identify 

viable, early apoptotic, late apoptotic, and necrotic cells. Assay utilizes the fluorescence as a 

maker to differentiate the population with the help of two fluorescence dyes namely Annexin 

V-FITC and PI. Annexin V-FITC is a conjugated molecule that exhibits high affinity for 

phosphatidylserine (PS). PS is a phospholipid typically confined to the inner leaflet of the 

plasma membrane in healthy cells. In the event of cell damage like early apoptosis, PS 

undergoes translocation from inner leaflet to the outer leaflet, serving as an early hallmark of 

programmed cell death. Annexin V readily binds to exposed PS, emitting green fluorescence 

when tagged with FITC (fluorescein isothiocyanate), thereby identifying early apoptotic cells. 

PI is an DNA binding dye and being membrane-impermeant it is excluded from viable cells 

with intact plasma membranes (Peng et al., 2001). However, during late apoptosis or necrosis, 

where membrane integrity is compromised, and PI gains access to the intracellular space. Upon 

binding to DNA, PI readily emits red fluorescence, effectively differentiating late 

apoptotic/necrotic cells from viable ones (Ormerod, 1998). By analyzing the combined 

fluorescence intensity of Annexin V-FITC and PI (Figure 5.4) in individual cells through flow 

cytometry, one can precisely distinguish between different cell populations like: 
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Viable cells: Negative for both Annexin V-FITC and PI represented by viable cells with intact 

membranes and functional DNA. (Lower left quadrant: Annexin V-negative/PI-negative) 

Early apoptotic cells: Exhibit only green fluorescence due to Annexin V binding, but negative 

for PI. Represented by early apoptotic cells with phosphatidylserine exposure on the cell 

surface but intact membranes. (Lower right quadrant: Annexin V-positive/PI-negative) 

Late apoptotic/necrotic cells: Show both green and red fluorescence, stained with both 

Annexin V-FITC and PI, represents late apoptotic cells with both PS exposure and 

compromised membranes. (Upper right quadrant: Annexin V-positive/PI-positive) 

Necrotic cells: Exhibit only red fluorescence due to PI binding, but negative for Annexin V-

FITC. Represented by necrotic cells with damaged membranes. (Upper left quadrant: Annexin 

V-FITC negative /PI- positive) (Miller, 2004) 

 

Figure 5.4 This schematic diagram illustrates the principle of Annexin V-FITC/PI staining, a 

common method for identifying and differentiating healthy, early apoptotic, and late apoptotic 

cells. (a) Illustrates a normal healthy cell membrane. The phospholipid bilayer of the cell 

membrane is shown as a smooth, uninterrupted structure. Neither Annexin V-FITC (green) nor 

PI (red) can enter the cell, resulting in no fluorescence signal, (b) Represents an early stage 

apoptotic cell membrane. Early in apoptosis, phosphatidylserine (PS) flips from the inner 

leaflet to the outer leaflet of the plasma membrane. Annexin V-FITC, with high affinity for PS, 

binds to the exposed PS on the cell surface, resulting in green fluorescence. PI remains 

excluded due to the intact plasma membrane, resulting in no red fluorescence, (c) Shows a late 

stage apoptotic cell membrane. In late apoptosis or necrosis, the plasma membrane loses its 

integrity and permeability. Both Annexin V-FITC and PI can enter the cell. Annexin V-FITC 

binds to PS, while PI binds to DNA, resulting in a double-positive signal with green and red 

fluorescence. (Source: https://www.dojindo.com/) 
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Understanding the differences between necrosis and apoptosis is crucial in various fields, 

including medicine and biology, as it helps in identifying and treating different types of cell 

death-related pathologies. In clinical practice, distinguishing between necrosis and apoptosis is 

essential for accurate diagnosis and treatment. Necrosis is distinct from apoptosis in several 

ways. Additionally, apoptosis results in the formation of membrane-bound apoptotic bodies, 

while necrosis leads to the leakage of intracellular components into the extracellular space, 

resulting in damage to surrounding tissues (Span et al., 2002). 

This dual-staining technique offers quite a lot of advantages like, simultaneous analysis of 

multiple cell populations, simple and rapid protocol and quantitative data generation with broad 

applicability. The Annexin V-FITC/PI assay have plentiful applications to study apoptosis 

induction, determining the effectiveness of interventions targeting apoptosis in disease 

treatment and even unraveling cell death mechanisms by providing valuable insights into the 

intricate processes underlying cell survival and death. Despite of its limitation Annexin V-

FITC/PI assay remains a powerful tool for detecting and quantifying cell death mechanism 

(Chen et al., 2008).  

5.1.5 Western blot analysis 

Western blotting, also known as immunoblotting, is a powerful analytical technique used for 

detection and quantification of specific proteins in a complex mixture. This method relies on 

the principles of both immunology and electrophoresis to achieve its remarkable sensitivity 

and specificity. Immunoblotting provides valuable information about specific protein 

identification, expression, and molecular weights. It is a multipurpose and sensitive technique 

widely utilized in various biomedical research and biological applications, including the study 

of protein interactions, disease mechanisms, and the effects of experimental treatments on 

expression of various protein levels. In the first step the proteins of interest are extracted from 

the sample and prepared for gel electrophoresis. This typically involves homogenizing the 

sample, lysing the cells, and extracting the proteins. Next to that protein was loaded onto 

polyacrylamide gel and under the influence of electrical current, proteins were separated based 

on their size and charge. Now, these protein bands are transferred on to the special membrane 

for its final probing and identification. Two types of membranes are commonly used for 

western blot protein transfer are Nitrocellulose membrane and polyvinylidene fluoride (PVDF) 

membrane. Next to this blocking agent is applied over the membrane to prevent the nonspecific 

binding of antibodies to the membrane. For blocking very commonly two blocking agents are 

used namely 5% Bovine Serum Albumin (BSA) or 5% nonfat dried milk (NFDM) which also 
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helps in reducing the background noise. Post blocking membranes are probed and incubated 

with highly specific monoclonal/polyclonal antibody allowing them to specifically go and bind 

to that protein of interest. After washing away any unbound antibodies, enzyme-linked 

secondary antibody is added where two types of enzymes are commonly used horseradish 

peroxidase (HRP) and alkaline phosphatase (Koivunen and Krogsrud, 2006). These antibodies 

recognize the primary antibodies attached and amplifies the signal. Now finally, this antibody-

protein complex is treated with a substrate that produces a visible signal, such as 

chemiluminescence or colorimetry. This signal is captured using specialized imaging 

equipment. In the case of a fluorophore-conjugated secondary antibody, the signal can be 

visualized directly under appropriate light. This powerful technique analyzes protein 

expression levels, offering insights into the molecular mechanisms underlying the observed 

cellular effects. By probing for specific signaling proteins involved in apoptosis, cell cycle 

regulation, and other relevant pathways, western blots can pinpoint the specific cellular targets 

of the NPs and shed light on their anti-cancer mechanisms. One such application can be 

elucidating the apoptosis or necrotic pathways and proteins that plays crucial role in regulating 

it (Kurien and Scofield, 2006; Ni et al., 2016).  

 

Figure 5.5 Intrinsic and Extrinsic Apoptosis Pathways in cell leading to apoptosis: This 

diagram depicts two main pathways of programmed cell death, or apoptosis: the intrinsic 
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pathway and the extrinsic pathway. Both pathways ultimately lead to the activation of caspases, 

which dismantle the cell's essential components, resulting in cell death. In intrinsic pathway 

the stress signals trigger the release of cytochrome c from the mitochondria into the cytosol. 

Cytochrome c binds to Apaf-1, forming a complex that activates caspase-9. Caspase-9 activates 

downstream caspases (caspase-3, caspase-7), leading to the execution of apoptosis. Extrensic 

pathway is initiated by external signals called death ligands, such as Fas ligand or TNF-α, 

binding to their specific receptors on the cell surface. Death receptor binding induces the 

clustering and activation of caspase-8 or caspase-10. imilar to the intrinsic pathway, activated 

caspase-8/10 triggers the downstream caspases (caspase-3, caspase-7), leading to apoptosis 

execution. (Source: Wanner, E., Thoppil, H., & Riabowol, K. 2020).  

Apoptosis, a form of programmed cell death, plays a crucial role in maintaining tissue 

homeostasis and eliminating unwanted/damaged cells. An intricate pathway involving Bax, 

Bcl-xL, and Caspase-3/7 plays a crucial role in this process, involving intricate interactions 

between pro and anti-apoptotic proteins plays key role in the initiation and execution of the 

apoptotic program as depicted in Figure 5.5 (Li and Yuan, 2008). In the event of cellular 

damage caused by various expected reasons ultimately leading to activation of one of the 

pathways to apoptosis. Through two signaling mechanisms, caspases-specialized proteolytic 

enzymes that initiate and execute apoptosis-can be activated. Cell-intrinsic pathway consists of 

proteins from the Bcl-2 family that initiate apoptosis when cells are severely distressed; cell-

extrinsic pathway triggered by extracellular ligands via cognate death receptors on target cells. 

The interplay between Bax, Bcl-xL, and Caspase-3/7 is crucial for the precise regulation of 

apoptosis. The relative levels of these proteins determine the cell's fate. In healthy cells, Bcl-

xL predominates, maintaining mitochondrial integrity and preventing apoptosis. However, 

when Bax expression increases or Bcl-xL levels are downregulated, the balance shifts towards 

apoptosis. Bax then permeabilizes the mitochondrial outer membrane (MOM), releasing 

cytochrome c and triggering the activation of Caspase-3/7. The activated Caspase-3/7 then 

cleaves its downstream targets, leading to the dismantling of the cell and its eventual demise 

(Kavithaa et al., 2016). Bax, is a pro-apoptotic protein, acts as a gatekeeper, residing in the 

cytosol in an inactive state. Upon receiving a signal for cell death, Bax undergoes a 

conformational change, leading to its translocation to the MOM. Here, Bax oligomerizes and 

forms pores, disrupting the mitochondrial membrane integrity. This breach triggers the release 

of pro-apoptotic factors, such as cytochrome c, into the cytosol, initiating the caspase cascade 

(Shinoura et al., 1999). Bcl-xL, an anti-apoptotic protein, serves as a counterbalancing force to 
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Bax. It acts by directly binding to Bax and preventing its activation and oligomerization. This 

interaction inhibits Bax's ability to permeabilize the MOM, thereby delaying or preventing the 

initiation of apoptosis (Xu et al., 2013). Caspase-9 initiates the caspase cascade, a downstream 

signaling pathway involving the activation of effector caspases, such as caspase-3 and caspase-

7. These effector caspases are responsible for the execution phase of apoptosis, cleaving key 

cellular proteins and ultimately orchestrating the demise of the cell hence they are known as 

executioner caspases.  These are a type of cysteine proteases belonging to the caspase family, 

which play a central role in the execution phase of apoptosis. These enzymes are present in the 

cell in an inactive zymogen form. Upon activation by upstream caspases, caspase-3/7 cleave a 

specific set of cellular proteins, leading to morphological changes, DNA fragmentation, and 

ultimately, cell death. By understanding the intricate interplay between these proteins, we get 

valuable insights into the mechanisms of apoptosis and its role in various diseases like cancer, 

autoimmune disorders, and other conditions (Bai et al., 2017; Fu et al., 2014).  

While apoptosis is a regulated process that does not cause inflammation, necrosis leads to 

inflammation due to the release of cellular contents. Necrosis is distinct from apoptosis in 

several ways. Necrosis can be defined as a form of cell death where the cell's structure is 

disrupted, leading to the release of cell contents into the surrounding tissue. Necrosis, often 

perceived as the 'accidental' form of cell death. This form of cell death is often caused by 

external factors such as infection, toxins, or trauma, physical injury, ischemia, and oxidative 

stress, leading to cell swelling, organelle damage, and inflammation. Although primarily 

associated with the initiation of apoptosis, Bax can also contribute to necrosis under specific 

circumstances. When activated by diverse stimuli, Bax oligomerizes and forms pores not only 

in the mitochondrial membrane, but also in the lysosomal membrane. Developing a deeper 

understanding of Bax's vital role in necrosis will have significant implications for 

understanding disease. In some cancer treatments, inducing controlled necrosis can be 

beneficial in eliminating tumor cells (Whelan et al., 2012; Ying and Padanilam, 2016).  

5.2 Materials and Methods 

5.2.1 Cell lines 

This study primarily focused on elucidating the impact of newly synthesized nanoparticles on 

breast cancer cell lines. For this analysis, two breast cancer cell lines were employed: MCF-7 

and MDA-MB-231. Additionally, non-cancerous cell lines that was included for comparison 

was MCF10A the immortalized mammary epithelial cell line, MCF-7 cell lines was obtained 

from the National Centre for Cell Sciences (NCCS), Pune. The MDA-MB-231 and MCF-10A 
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cell line was purchased from ATCC. This diverse selection of cell lines enabled a 

comprehensive assessment of the NPs effects on both malignant and healthy cells.  

5.2.2 Chemicals and reagents 

Methotrexate (MTX) was kindly provided as a gift sample from Khandelwal Laboratories Pvt. 

Ltd, Mumbai, India. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

was from SRL, India, while dimethyl sulphoxide (DMSO) was from SD Fine Chem, India. 

Propidium iodide (PI), acridine orange (AO) and ethidium bromide (EB) were purchased from 

Sigma- Aldrich, USA. Bovine serum albumin (BSA) was purchased from SRL Pvt. Ltd., India. 

RNAse A was purchased from Invitrogen™, ThermoFisher Scientific, USA.  All chemicals 

used are of analytical grade. All preparations of buffers/reagents were done using MiliQ water.   

Dulbecco’s Modified Eagle’s Medium (DMEM), foetal bovine serum (FBS), Dulbecco’s 

Phosphate Buffered Saline (DPBS), 0.25% Trypsin-EDTA with phenol red indicator and 

Trypan blue were from Gibco (Gibco™, ThermoFisher Scientific, USA). MEGM™ Mammary 

Epithelial Cell Growth Medium BulletKit™ media with single use aliquots of growth factors 

were from Lonza, Germany. Cholera toxin and Antibiotic Antimycotic solution were from 

Sigma-Aldrich, USA. All chemicals, reagents, buffers, media and plasticwares (SPL Life 

Science) used for cell culture work were of cell culture grade. 

5.2.3 Cell culture methodology 

Proper maintenance and optimal growth of the obtained cell lines were crucial for conducting 

successful in vitro studies. Therefore, all in vitro experiments with the cell lines were conducted 

in a well-equipped tissue culture laboratory, which included working within a Biosafety level 

2 cabinet and other necessary facilities required for maintaining a high standard laboratory 

environment. Furthermore, specific procedures were followed to cultivate and sustain the cell 

lines as outlined below:  

5.2.3.1 Heat inactivation of FBS 

For the heat inactivation of FBS, previously thawed bottle was placed in water bath at 56ºC for 

30 minutes with intermittent swirling, allowed to cool to carry out complement inactivation. 

Inactivated FBS was later stored at 4ºC until further use. The inactivated FBS was always 

brought to RT whenever required for use.  
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5.2.3.2 Preparation of complete media 

• For MCF-7/ MDA-MB-231: To 45 mL of DMEM media with 100 units/mL of penicillin 

and 0.1 mg/mL of streptomycin, 5 mL of heat-inactivated FBS was added to make 

complete medium containing 10% FBS. 

• For MCF10A: It was maintained in MEBM media supplemented with growth factors. As 

this was a serum free media, it was made complete by the addition of 100 ng/ml cholera 

toxin.  

5.2.3.3 Maintenance of cell lines 

To make sure the proper maintenance of cell lines following protocols were followed for 

maintenance, growth and freeze down the cell stock as mentioned below:  

• Revival of cell line 

The frozen cell line vial was removed from the liquid nitrogen storage tank and carefully 

thawed. Its contents were then transferred to a sterile 15 mL falcon tube containing pre-warmed 

complete medium. To remove any residual freezing media, the falcon tube was centrifuged at 

1200rpm for 5 minutes at 25°C. The supernatant was discarded, and the cell pellet was 

resuspended in 1mL of fresh complete medium. This suspension was then transferred to a T-

25 flask containing 5 mL of complete medium and placed in a CO2 incubator at 37°C for 

subsequent growth.  

• Propagation and sub-culturing of cell line 

All media and solutions used for cell line propagation and sub-culturing were thawed and pre-

warmed to 37°C to ensure optimal cell health. Once the revived cells had reached confluency 

of 80% or more, the culture medium from the T-25 flask was discarded. The monolayer was 

gently rinsed with pre-warmed DPBS, followed by the addition of 1mL of pre-warmed trypsin-

EDTA solution. The flask was slightly shaken to ensure even distribution of the solution and 

incubated at 37°C for 3-5 minutes to facilitate cell detachment. To inactivate trypsin and collect 

the detached cells, complete growth medium was added to the flask, and the cell suspension 

was transferred to a sterile 15 mL centrifuge tube. Centrifugation at 1200 rpm for 7 minutes at 

25°C separated the cells from the supernatant. The supernatant was discarded, and the cell 

pellet was gently resuspended in 1mL of fresh complete medium. Repeated pipetting helped 

create a single-cell suspension, which was then transferred to a fresh T-25 flask containing 5 

mL of complete medium. Each flask was labeled with the cell line name, date, passage number, 
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and initials before being placed in a CO2 incubator maintained at 37°C and 5% CO2. A 1:3 split 

ratio was maintained for sub-culturing. 

• For MCF-10A 

MCF10A cells required a different growth medium and slightly different handling during 

propagation compared to the other cell lines. While the revival procedure remained the same, 

the incubation time with trypsin-EDTA was adjusted to 8-9 minutes. Trypsin inactivation was 

achieved using a specialized trypsin neutralizing medium (5% FBS in DPBS), followed by 

centrifugation at 1200 rpm for 7 minutes at 25 °C. After discarding the supernatant, the cell 

pellet was resuspended in 1mL of complete medium and transferred to a T-25 flask containing 

5mL of complete medium. Proper labeling and incubation conditions followed the protocol 

used for the other cell lines. 

These protocols ensure the successful revival, propagation, and sub-culturing of various cell 

lines, including the unique requirements of MCF-10A, allowing researchers to conduct diverse 

studies with healthy and viable cells. 
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Figure 5.6 Phase contrast microscopy images of the cell lines MCF-10A, MDA-MB-231 and 

MCF-7 as observed under 10×, 20× and 40× magnifications. 

• Freeze down of cell line 

Following sub-culturing, cells were cryopreserved to ensure their availability for future 

experiments. This practice ensured a readily accessible stock of frozen cell lines. The freezing 

process mirrored the sub-culturing protocol, with specific modifications. After resuspension in 

complete medium, cells were stained with trypan blue and counted using a hemocytometer 

slide. The cell suspension was then centrifuged, and the pellet was resuspended in an 

appropriate volume of freezing media to achieve a final concentration of 1.5-2 × 106 cells/ mL 

of freezing medium (Table 5. 1). Each cryo-vial was filled with approximately 1mL of this 
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cell-containing freezing media. Notably, the freezing media was kept at 4°C prior to use, as the 

cryoprotectant DMSO exhibits cytotoxicity at room temperature. 

Table 5. 1 Optimized conditions for maintenance of cell lines 
 

Name of cell line MCF-10A MCF-7 MDA- MB-231 

Origin Homo sapiens, human Homo sapiens, human Homo sapiens, human 

Cell type Epithelial Epithelial Epithelial 

Growth medium 
MEBM + growth 
factors+100 ng/ml 

Cholera toxin 
DMEM+ 10%FBS DMEM+ 10%FBS 

Culture 
properties Adherent Adherent Adherent 

Split ratio 1:3 1:3 1:2 

Freezing media 
Complete growth 

medium supplemented 
with 7.5% DMSO 

70% complete 
media + 25% FBS 

+ 5% DMSO 

65% Complete 
media+ 25% FBS + 

10% DMSO 

 

The cryo-vials were carefully sealed with parafilm and placed in a Mr. Frosty container filled 

with 100% isopropanol. This container served to maintain a gradual temperature decrease, 

protecting the cells from experiencing a sudden cold shock. Following this, the vials were 

subjected to a stepwise cooling process: 20 mins at 0°C, 1 hour at -20°C, and overnight at -

80°C. The Mr. Frosty's gradual cooling prevented harmful ice crystal formation within the 

cells, thereby preserving their viability. 

After this overnight step at -80°C, the vials were transferred to a cryo-box and submerged in 

liquid nitrogen for long-term storage throughout the cell culture experiments. Cells between 

passages 3 and 10 were typically frozen and later thawed, revived in complete medium, and 

propagated for conducting all the subsequent cell experiments throughout the study. This 

cryopreservation methodology ensured a reliable and readily available source of cells for future 

research endeavors. 
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5.2.4 MTT Cellular viability assay (in vitro cell cytotoxicity assay) 

To assess the cytotoxicity of the synthesized nanosystem, a comprehensive MTT assay was 

conducted across three different cell lines: MCF-7, MDA-MB-231, and MCF-10A. The study 

aimed to investigate the dose and time-dependent effects of bare ZnONPs, MTX-ZnONPs, and 

MTX on these cell lines. Briefly, 104 cells per well were seeded into a 96-well plate and 

incubated for 24 hours at 37°C with 5% CO2 to allow proper attachment. Subsequently, the 

cells were exposed to various concentrations of bare ZnONPs (6.25, 12.5, 25, 50, and 100 

µg/mL) and MTX-ZnONPs, alongside MTX as a positive control with equivalent 

concentrations of MTX equivalent to its loading concentration on NP. All systems were 

prepared in serum-free media. Untreated control wells received only 100 µL of serum-free 

media on treatment day. Following treatment, the plates were further incubated for 24 and 48 

hours under the same conditions. At the end of each incubation period, cell viability was 

assessed by adding 20 µL of MTT solution (5 mg/ mL) to each well and incubating for an 

additional 3 hours. The resulting intracellular formazan crystals were then dissolved in 100 µL 

of DMSO. The absorbance of the dissolved crystals was measured at 570 nm, with 650 nm 

serving as the reference wavelength, using a BioTek EPOCH 2 microplate reader. Percent cell 

viability was calculated using the following equation 5.1.  

% Cell viability =  O.D of Test
O.D of control

 𝑋𝑋 100                 … 5.1 

5.2.5 Acridine Orange/ Ethidium Bromide (AO/EB) viability staining 

To further explore the interaction of ZnONPs, MTX-ZnONPs, and MTX with different cell 

lines microscopically, a study was conducted using MCF-7, MDA-MB-231, and MCF-10A 

cells. 105 cells per well were seeded in 6-well flat-bottomed plates and incubated for 24 hours 

at 37°C with 5% CO2 under humidified condition. Based on the previously determined IC50 

values from the MTT assay, three different concentrations of Bare ZnONPs, MTX-ZnONPs, 

and MTX were used for each cell line: MCF-7: 2.5, 5.0, and 7.5 μg/mL; MDA-MB-231: 40, 

50, and 60 μg/mL; and MCF-10A: 10, 20, and 30 μg/mL. Following treatment, cells were 

washed with DPBS and then incubated with a 1:1 mixture of AO and EB (each at 100 μg/ mL 

in DPBS) for less than a minute. Excess stain was removed, and the cells were readily 

visualized under microscope immediately. The stained cells were later visualized under an 

inverted fluorescent phase-contrast microscope (Zeiss, Jena, Germany).  
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5.2.6 Cell cycle analysis by flowcytometry 

To evaluate the impact of bare ZnONPs, MTX-ZnONPs, and MTX on cell viability, a detailed 

flow cytometric analysis was performed. Cells were initially seeded in 6-well plates at 

concentration of 105 cells per well and incubated overnight for attachment. The following day, 

they were treated with the test systems for 24 hours, while control wells received only culture 

media. After treatment, cells were washed with DPBS to remove any residual media and then 

gently trypsinized to harvest them. Centrifugation and subsequent DPBS washes further 

purified the cell pellets. To prepare for flow cytometric analysis, cells were fixed with chilled 

70% ethanol in PBS to preserve their internal structures. This was added dropwise with 

constant vortexing into the pellet, followed by storage at -20°C. Before analysis, cells were 

resuspended in chilled PBS containing PI and RNase A. PI stains dead cells with compromised 

membranes, while RNase A degrades cellular RNA, facilitating DNA staining. After 

incubation in the dark for 30 minutes, a minimum of 10,000 events were acquired using a BD 

FACS Aria Special Order System flow cytometer.  

5.2.7 Annexin V FITC- Propidium Iodide assay 

To assess the apoptotic potential of bare ZnONPs, MTX-ZnONPs, and MTX, a modified 

version of the manufacturer's protocol for the FITC Annexin V Apoptosis detection kit (BD 

pharmigen™) was employed (Fernandes et al., 2023). Cells were seeded in 6-well plates at a 

density of 105 cells per well and incubated overnight for proper attachment. The following day, 

they were treated with the test compounds (bare ZnONPs, MTX-ZnONPs, and MTX) for 24 

hours. After treatment, cells were harvested and washed to remove any residual media. The 

cell pellets were then resuspended in 100 µL of chilled 1X binding buffer and stained with both 

Annexin V-FITC and PI according to the manufacturer's instructions. The incubation time was 

reduced to 10 minutes for improved efficiency. Following staining, 400 µL of chilled 1X 

binding buffer was added to each sample, and they were immediately analyzed using a BD 

FACS Aria Special Order System flow cytometer. A minimum of 10,000 events were recorded 

for each sample to ensure statistically relevant data using a BD FACS Aria Special Order 

System flow cytometer. A heat shock control (incubated at 55°C for 20 minutes) was included 

to induce maximum apoptosis and serve as a positive control for Annexin V-FITC staining 

only. Untreated cells stained with both Annexin V-FITC and PI served as a negative control 

for apoptotic events. 
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5.2.8 Western blot analysis 

To investigate the protein expression changes induced by bare ZnONPs, MTX-ZnONPs, and 

MTX, western blot analysis was performed following a modified protocol adapted from 

previous reports (Virdi and Pethe, 2022). Briefly, cells treated for 24 hours were harvested and 

lysed in chilled lysis buffer containing protease inhibitors on ice for 30 minutes with 

intermittent mixing. After centrifugation at 13,000g for 20 mins at 4°C, the protein-rich 

supernatant was collected, and its concentration was determined using the Bradford assay. 

Protein samples (20 µg) were then separated on 12% SDS-PAGE gels and transferred to PVDF 

membranes. The membranes were blocked with 5% NFDM in 1X Tris-buffered saline (TBST) 

for 1.5 hours at room temperature. Specific primary antibodies targeting key apoptotic markers 

such as Caspase-3, Caspase-7, Bcl-xL, Bax were used. Primary rabbit antibodies against 

Caspase-3, Caspase-7, Bcl-xL, Bax (Cell Signaling Technologies), were then applied and 

incubated overnight at 4°C. Mouse β-Actin (Sigma) was used as a loading control with its 

corresponding primary antibody. Following, thorough washing to remove unbound primary 

antibodies, secondary antibodies conjugated to HRP (GeNei™) were added for 1 hour at room 

temperature. After additional washes to remove unbound secondary antibodies, the blots were 

developed using Clarity reagent and imaged using a ChemiDoc XRS+ Gel Imaging System 

(Bio-Rad, USA). Finally, protein band intensities were quantified using ImageJ software to 

provide quantitative analysis of protein expression changes.  

5.3 Results 

5.3.1 MTT Cellular viability assay (in vitro cell cytotoxicity assay)  

Analyzing the cytotoxic effects of MTX-ZnONPs against three breast cell lines reveals their 

promising potential, particularly against drug-resistant MDA-MB-231 cells. Figure 5.7 

demonstrates their time and dose dependent activity, exceeding that of MTX across all cell 

lines. MTX-ZnONPs exhibit exceptional potency, boasting the lowest IC50 value (5 μg/mL) for 

MCF-7 cells, followed by MCF-10A (18 μg/mL) and MDA-MB-231 (49 μg/mL). Notably, 

bare ZnONPs show the highest toxicity towards MCF-10A (IC50: 13 μg/mL), highlighting the 

potential need for further optimization. 

The underlying mechanism of MTX-ZnONPs toxicity likely involves Zn2+ ion release in the 

acidic environment of cancer cells, inducing oxidative stress and releasing MTX payload (Liu 

et al., 2016; Xiong, 2013). This stress damages cellular components, generating ROS and 

triggering apoptosis (Rasmussen et al., 2010). MTX, a structural mimic of folic acid, utilizes 

the same transport receptor (FAR) for cellular entry. Once inside, it undergoes 
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polyglutamylation, activating its purine/pyrimidine synthesis inhibition, ultimately leading to 

cell death (Bryan, 2012). However, sensitivity varies based on FAR expression (Bath et al., 

2014; Hess and Khasawneh, 2015), explaining the high MDA-MB-231 viability due to their 

reported MTX resistance (Corona et al., 1998; Worm et al., 2001). 

Importantly, MTX-ZnONPs not only demonstrate superior efficacy against MCF-7 cells but 

also exhibit noteworthy activity against drug-resistant MDA-MB-231 cells, surpassing MTX 

alone. Furthermore, the remarkable cell viability observed in MCF-10A, a non-cancerous 

epithelial cell line, suggests the safe and biocompatible nature of MTX-ZnONPs and their 

selectivity towards cancer cells. 
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Figure 5.7 Effect of bare ZnONPs, MTX-ZnONPs and MTX on mitochondrial function in (a) 

MCF-10A (b) MCF-7 (c) MDA-MB-231 cells. Cell viability was determined by the MTT 

reduction assay after 24 hrs and 48 hrs. Data presented are mean ± SD. Asterisk above columns 

indicate statistically significant difference compared to bare ZnONPs (***=p < 0.001, **=p < 

0.01, *=p < 0.05) 
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5.3.2 Acridine Orange/ Ethidium Bromide (AO/EB) viability staining 

Examining the cellular morphology of treated cells reveals distinct responses across the 

different doses. Normal MCF-10A cells in Figure 5.8 displayed uniform green fluorescence 

and intact nuclei, indicative of healthy epithelial morphology. However, dose-dependent 

effects were observed all doses. Bare ZnONPs, with their lower IC50 and higher toxicity, 

showed pronounced damage even at low doses, with signs of rounding, detachment, and even 

apoptosis and necrosis at higher concentrations. MTX-ZnONPs, due to their higher IC50, 

exhibited less toxicity compared to bare ZnONPs. at higher doses, some necrotic cells with 

orange-red fluorescence were observed. Notably, both MTX-ZnONPs and MTX treatment 

resulted in enlarged cells with prominent nuclei, likely due to MTX's known ability to stall the 

cell cycle in S phase, leading to DNA/RNA accumulation and consequent cell size increase 

(Marika Grönroos et al., 2006; Taylor and Tattersall, 1981). 

Similar observations were found in MCF-7 cells Figure 5.9, with MTX showing minimal 

damage and MTX-ZnONPs demonstrating more cytotoxicity compared to MTX alone. MTX-

ZnONPs caused reduced cell confluency, condensed nuclei, and bright green granular nuclei 

(a hallmark of early apoptosis), progressing to loss of attachment and shrinkage at higher 

concentrations. MTX treatment elicited similar morphological cues. In contrast, bare ZnONPs 

had negligible impact on these cells, reflecting their high IC50 for MCF-7, while MTX also 

displayed damage and apoptosis alongside detachment. 

Interestingly, the pattern reversed in MDA-MB-231 cells Figure 5.10. MTX treatment again 

had minimal impact, while MTX-ZnONPs displayed comparatively more cytotoxicity. Here, 

MTX-ZnONPs resulted in reduced confluency, condensed nuclei, and early apoptotic features, 

progressing to morphological changes and loss of attachment at higher concentrations. MTX 

also showed damage and apoptosis, similar to the other cell lines. In contrast, bare ZnONPs, 

while demonstrating less cytotoxicity than MTX-ZnONPs, still had higher confluency and 

minimal damage compared to the other treatments, reflecting their lower IC50 for MDA-MB-

231 cells. 

Study highlights the distinct effects of different treatments on cell morphology across all three 

cell lines. MTX-ZnONPs emerge as potent cytotoxic agents, particularly against MDA-MB-

231 cells, while retaining some selectivity towards cancer cells over control MCF-10A cells. 

Bare ZnONPs, while cytotoxic, seem less selective. MTX as expected displayed cell line 

specific sensitivity comparable MTT results.
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Figure 5.8 AO/EB dual staining of MCF-10A cells for live dead cell screening treated with bare ZnONPs, MTX-ZnONPs and MTX at 

concentration range of 10-30 μg/ mL. Magnification: 20X 
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Figure 5.9 AO/EB dual staining of MCF-7 cells for live dead cell screening treated with bare ZnONPs, MTX-ZnONPs and MTX at concentration 

range of 2.5-7.5 μg/ mL. Magnification: 20
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Figure 5.10 AO/EB dual staining of MDA-MB-231 cells for live dead cell screening treated with bare ZnONPs, MTX-ZnONPs and MTX at 

concentration range of 40-60 μg/ mL. Magnification: 20X 
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5.3.3 Cell cycle analysis by flowcytometry 

Examining the cell cycle profiles of MCF-7 and MDA-MB-231 cells exposed to bare ZnONPs, 

MTX-ZnONPs, and MTX revealed interesting differences. Untreated and bare ZnONP-treated 

cells in both lines exhibited standard cell cycle progression, with a majority in the G0/G1 phase 

(active growth). As seen in Figure 5.11 MTX-ZnONPs, however, displayed a distinct effect in 

MCF-7 cells, inducing a concentration-dependent arrest in the S phase (DNA synthesis). This 

S-phase arrest mirrored the activity of MTX alone, likely due to the presence of MTX within 

the MTX-ZnONPs. Interestingly, MTX treatment in MDA-MB-231 cells, which are known for 

their MTX resistance, resulted in a G0/G1 arrest, contrasting the S-phase arrest observed in 

MCF-7 in Figure 5.12. Despite this resistance, MTX-ZnONPs induced a dose-dependent shift 

towards the S phase in MDA-MB-231, suggesting a potentially enhanced effect compared to 

MTX alone. Notably, across all treatments, MTX-ZnONPs consistently displayed the lowest 

G0/G1 population (less than 60%), indicating a potential shift towards other phases. 

Additionally, a dose-dependent increase in the sub-G1 population (apoptotic cells) was 

observed in both bare ZnONP and MTX-ZnONP groups, suggesting cell death induction. 

Overall, these findings suggest that MTX-ZnONPs exhibit cell cycle-specific arrest in both 

MCF-7 and MDA-MB-231 cells, with MCF-7 experiencing an S-phase arrest and MDA-MB-

231 exhibiting a shift towards the S phase compared to MTX alone. This difference in response 

highlights the potential for MTX-ZnONPs to overcome MTX resistance in certain cancer cells.  
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Figure 5.11 Cell cycle analysis by PI staining for MCF-7 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 hrs. Data is presented 

as Bar graph (left) and Histogram (right). Asterisk in the columns indicate statistically significant difference compared to control group (*p ≤ 0.05; 

**p ≤ 0.01; ***p ≤ 0.001) 
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Figure 5.12 Cell cycle analysis by PI staining for MDA-MB-231 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 hrs. Data is 

presented as Bar graph (left) and Histogram (right). Asterisk in the columns indicate statistically significant difference compared to control group 

(*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001)
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5.3.4 Annexin V FITC- Propidium Iodide assay 

 The results of the apoptosis assay, illustrated in Figure 5.13 and Figure 5.14 reveal distinct 

vulnerabilities of the two cell lines to the various treatments. As expected, MCF-7 cells, known 

for their MTX sensitivity, displayed dose-dependent toxicity. This manifested as a shift from 

early to late apoptosis with increasing MTX concentrations. Similarly, MTX-ZnONPs induced 

significantly higher levels of apoptosis compared to all other groups in MCF-7 cells. In 

contrast, bare ZnONPs had minimal impact on MCF-7 viability, resulting in a larger proportion 

of live cell population comparable to that of untreated control. 

In MTX-resistant MDA-MB-231 cells, MTX at different concentrations failed to induce any 

significant apoptosis, confirming their inherent resistance. However, bare ZnONPs, with their 

lower IC50 values, triggered increased cell death compared to other treatments. Both bare 

ZnONPs and MTX-ZnONPs led to cytotoxicity in MDA-MB-231, with majority of dead cells 

identified as necrotic or late apoptotic. Notably, MTX-ZnONPs exhibited a significantly higher 

fraction of dead cells compared to MTX alone at the same concentrations, suggesting its 

enhanced cytotoxic potential against even resistant cell lines. 

Overall, these findings demonstrate the remarkable ability of MTX-ZnONPs to induce toxicity 

in both breast cancer cell lines, regardless of their MTX sensitivity, through both apoptotic and 

necrotic pathways. This suggests potential therapeutic advantages of MTX-ZnONPs in 

overcoming drug resistance and broadening treatment options for aggressive cancers.  
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Figure 5.13 Apoptosis analysis by Annexin V-FITC/ PI for MCF-7 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 hrs. Data is 

presented as Bar graph (left) and Scatter plot (right). Asterisk in the columns indicate statistically significant difference compared to control group 

(*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001) 
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Figure 5.14 Apoptosis analysis by Annexin V-FITC/ PI for MDA-MB-231 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 hrs. 

Data is presented as Bar graph (left) and Scatter plot (right). Asterisk in the columns indicate statistically significant difference compared to control 

group (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001) 
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5.3.5 Western blot analysis 

Analyzing the protein expression patterns in MCF-7 and MDA-MB-231 cells after treatment 

reveals distinct mechanisms of cell death induced by MTX-ZnONPs. As its visible in Figure 

5.15, MTX-ZnONPs triggered a dose-dependent increase in Caspase-3, the key executioner 

caspase responsible for the final stages of apoptosis in MCF-7 cells. This was accompanied by 

elevated Bax levels, a pro-apoptotic protein promoting cell death by disrupting mitochondrial 

membranes (Roshini et al., 2017). Conversely, Bcl-xL, an anti-apoptotic protein from the same 

Bcl family that competes with Bax, exhibited dose-dependent downregulation (Tian et al., 

2020). This classical pattern of pro-apoptotic protein upregulation and anti-apoptotic protein 

downregulation strongly suggests apoptosis as the predominant cell death pathway in MTX-

ZnONP-treated MCF-7 cells (Xu et al., 2013).  

However, a different picture emerged in MDA-MB-231 cells in Figure 5.16. Here, Caspase-3 

remained unchanged across all treatment groups, hinting at non-apoptotic cell death. 

Interestingly, both Bcl-xL and Bax showed dose-dependent upregulation in MTX-ZnONP-

treated and, to a lesser extent, MTX-treated cells. While Bax can be associated with both 

apoptosis and necrosis (Jason Karch, 2018; Whelan et al., 2012), the consistent absence of 

Caspase-3 activation suggests necrosis as the primary mode of cell death in MDA-MB-231 

cells. Additionally, the upregulation of Bcl-xL, known to suppress apoptosis and promote cell 

survival in response to chemotherapeutic agents (Xu et al., 2013), aligns with the known MTX 

resistance of MDA-MB-231 cells. Thus, it appears that Bcl-xL overexpression hinders the 

apoptotic pathway in these cells, allowing them to evade MTX-induced cell death and 

potentially contributing to their resistance. 

In conclusion, MTX-ZnONPs induce distinct cell death mechanisms in MCF-7 and MDA-MB-

231 cells. MCF-7 cells undergo classic apoptosis through Caspase-3 activation and Bax-

mediated Bcl-xL downregulation. In contrast, MDA-MB-231 cells primarily exhibit necrosis, 

likely driven by Bax upregulation but lacking Caspase-3 activation. Furthermore, Bcl-xL 

overexpression in MDA-MB-231 cells might play a role in their MTX resistance by blocking 

the apoptotic pathway. These findings suggest that MTX-ZnONPs may have broad anti-cancer 

potential by triggering alternative cell death pathways, even in drug-resistant cells.  
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Figure 5.15 Western blot analysis for MCF-7 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 hrs. Asterisk in the columns 

indicate statistically significant difference compared to control group (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001) 
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Figure 5.16 Western blot analysis for MDA-MB-231 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 hrs. Asterisk in the columns 

indicate statistically significant difference compared to control group (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001)
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5.4 Discussion 

In vitro cytotoxicity assays were performed to understand the toxicity and mechanism of action 

of these NPs on breast cancer cells. In this study, we evaluated the impact of synthesized nano 

systems on cancer cell viability through comprehensive assays and staining techniques. MTT 

cell viability assay in MCF-7, MDA-MB-231 breast cancer cell line and MCF-10A control cell 

line showed high cytotoxicity of bare ZnONPs in control cells than cancer cells. As a result of 

MTX being present on the outer surface of MTX-ZnONPs, they demonstrated less reactivity 

to MCF-10A control cells compared to bare ZnONPs, which exhibited higher toxicity in MCF-

10A. On the other hand, when treated with MCF-7 cells, MTX-ZnONPs in MCF-7 cells 

showed lower IC50 values due to their selectivity to cancer cells. However, when the MTX-

ZnONP combination nanosystem was used to treat the MDA-MB-231 cells, which are resistant 

to MTX, the cells were killed at a much higher rate than they have been with MTX alone. Study 

conducted by Lindgren et al., focused on treatment of TNBC cell line MDA-MB-231 using 

cell penetrating peptide-drug conjugate which was effective in terms of killing the MTX-

resistant MDA-MB-231 cells in vitro. In fact, they also showed that MDA-MB-231 cells had 

100-fold resistance to MTX with the EC50 values as high as 18.5 mM in MDA-MB-231 cells 

in contrast to its counterpart MCF-7 breast cancer cells (Lindgren et al., 2006).  It was noticed 

that due to high reactivity of bare ZnONP, it displayed lower IC50 values than that of MTX-

ZnONPs in MDA-MB-231 cell line. In one of the recent study the effect of MTX loaded 

ZnONPs was studied on A549 lung cancer cells. It was interesting that the MTX loaded 

ZnONPs were more profound at extremely low doses compared to that of free MTX, signifying 

that the conjugation of MTX with ZnONPs enhanced the apoptotic effect on lung cancer cells. 

They also took advantage of FAR overexpression on cancer cells similar to current study and 

received identical results. Apart from that ZnONPs role as an efficient delivery agent was 

evaluated where increased MTX delivery was observed in A549 cells compared to that of pure 

MTX (Mishra et al., 2023). Few other research also shows when MTX was used along with 

some nano carrier system in combination gave better efficacy then drug alone similar to current 

study (Chaudhari et al., 2021; Rozalen et al., 2020). MTX-ZnONPs presented lowest IC50 value 

of 5 μg/ ml for MCF-7 cells followed by 18 μg/ ml and 49 μg/ ml for MCF-10A and MDA-

MB-231 cells respectively, based on these all-further assays were conducted. AO/EB live dead 

cell staining was carried out visualize cytotoxicity under microscope. AO being a permeable 

dye tends to stain both live and dead cells hence, cells with only AO inside appears green, 

whereas a cell that is dead or whose membranes has been compromised, absorbs EB and 

therefore fluoresces red. AO/EB staining of MCF-10A, MCF-7 and MDA-MB-231 cells 
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treated with MTX-ZnONPs and bare ZnONPs showed fragmented nuclei, chromatin 

condensation blebbing of membrane and green fluorescence visual signs of cells undergoing 

apoptosis were evident. Additionally other features that included membrane permeability loss, 

swelling of cell and nuclear condensation with red color fluorescence as EtBr permeabilizes 

and stains necrotic cells. Necrotic cell populations were also visible in MDA-MB-231 and 

MCF-10A. Quite interestingly as studied by D’Souza et al., treatment with ZnOVI 

nanostructures exhibited pro-apoptotic effects in MDA-MB-468 TNBC cells. This was 

evidenced by the detection of greenish-yellow nuclear fluorescence, a hallmark of early 

apoptotic events, via AO/EB staining. These findings suggested the potential of ZnO 

nanostructures as a targeted therapeutic intervention for this aggressive breast cancer subtype 

(D’Souza et al., 2021). Another similar finding was noted where ZnO nanorods were used 

against MCF-7 cells which provoked and induced apoptosis via intrinsic pathway. 

Fluorescence microscopy analysis revealed a distinct phenotype in ZnO nano rods treated 

human breast cancer cells. Affected cells exhibited severe membrane disruption and a related 

loss of adherence properties. Notably, necrotic morphology characterized by intense red 

fluorescence, indicative of compromised membrane integrity, was also readily observed in 

MCF-7 cells highlighting both apoptotic and necrotic mode of death. These findings suggest 

that ZnO nanorods trigger detachment through membrane-altering mechanisms, potentially 

offering therapeutic avenues for targeting cancer cell adhesion.  These results were indicative 

of NPs mediated apoptotic and necrotic death (Kavithaa et al., 2016). In other terms AO/EB 

results were in more alignment with the MTT data where sensitivity to MTX cell line was 

confirmed visually (Jadhav et al., 2016; Liu et al., 2015). However, it is important to note that 

AO/EB staining is a qualitative method and may not provide accurate quantitative data on cell 

viability hence further quantitative assays like apoptosis assay, immunoblotting is imperative 

to elucidate the findings.  Normal cell cycle progression is an important function of a cell and 

cancer cells have some mechanism to bypass cell cycle checkpoints beyond a limit. Hence to 

target the cell cycle progression MTX-ZnONPs were used. It was understood that MTX-

ZnONPs preferentially halt the cell cycle progression at S phase in MCF-7 and MDA-MB-231. 

Even though MTX alone had no effect on MDA-MB-231 cells, MTX-ZnONPs treatment at the 

same concentration did, implying that the combination has a cytotoxic role in resistant cell 

lines. Reason behind S phase inhibition was specifically due to MTX presence. Once inside the 

cancer cell, MTX-ZnONPs dissolve under acidic conditions, releasing Zn2+ ions and MTX. 

MTX polyglutamates and gets converted to its active form, stalling purine and pyrimidine 

synthesis, leading to arrest in cell cycle at synthesis phase. The mechanism of action for 
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ZnONPs is unknown, but it is believed to involve the release of Zn2+ ions under an acidic 

environment, causing oxidative stress and causing cellular damage (Xie et al., 2016; Hu and 

Du, 2020). Apoptosis is a crucial biological process that plays a significant role in the 

development and maintenance of tissues in multicellular organisms. Annexin V/PI staining is 

a widely used method for detecting apoptosis, which involves the use of fluorescently labelled 

annexin V and propidium iodide (PI) to identify cells that are undergoing programmed cell 

death. Principle of this assay is based on the fact that Annexin V binds to phosphatidylserine 

(PS), a lipid molecule that becomes exposed on the outer leaflet of the plasma membrane during 

early stages of apoptosis. PI, on the other hand, is a membrane-impermeable dye that stains 

cells with compromised plasma membranes, such as those in late-stage apoptosis or necrosis. 

By using both annexin V and PI staining, it is possible to distinguish between apoptotic cells 

(annexin V positive, PI negative) and necrotic cells (annexin V positive, PI positive) (Shandiz 

et al., 2021; Tian et al., 2020).  Both bare ZnONPs and MTX-ZnONPs treated cells led to 

cytotoxicity in MDA-MB-231 cells and majority of the population was identified as necrotic 

and late apoptotic. Interestingly, MTX-ZnONP treated group had considerably higher fraction 

of dead population compared to MTX at those same concentrations, indicating its cytotoxic 

nature against MTX resistant cell line. These results were in support with the previous study 

of AO/EB staining where, MDA-MB-231 cells underwent necrosis more than that of MCF-7 

cells. Each cell line based on its sensitivity to nanosystem reacts differentially but ultimately 

leading to necrosis or apoptosis. To understand the underlying mechanism behind cell death, 

protein expression study needs to be carried out. Caspase being member of the cysteine aspartic 

acid protease (caspase) family performs the function of a crucial protagonist in programmed 

cell death (Deng and Zhang, 2013). When cells undergo apoptosis, the pro-caspases get 

activated by cleavage to active caspases and show a change in protein expression. This change 

in expression on initiation of apoptosis was studied, where MDA-MB-231 that expresses 

caspase-3 and MCF-7 that expresses caspase-7 (as it is deficient in caspase-3) showed through 

the expression of this protein that apoptosis had been initiated (Fu et al., 2014). MTX-ZnONPs 

treatment in MCF-7 breast cancer cells upregulated Caspase-3 and Bax expression levels, 

causing apoptosis, while Bcl-xL downregulation, indicated a classical pattern of apoptotic 

death. Bax overexpression along with caspases is a hallmark sign for caspase mediated cell 

death. MDA-MB-231 cell line showed upregulation of Bcl-xL and Bax levels in MTX-ZnONP 

treatment, indicating non-apoptotic cell death whereas higher expression of Bcl-xL and low 

expression of Bax in MTX treatment group indicated resistance to chemotherapy drug. Bcl-xL 
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has a crucial role to play in cell survival its overexpression is associated with chemoresistance 

in cell lines.  

5.5 Conclusion 

Our synthesized nanocarriers, particularly MTX-ZnONPs, emerged as potent anti-cancer agent 

against breast cancer cells, especially MCF-7 and MTX-resistant MDA-MB-231. Attaching 

MTX to ZnONPs enhanced both selectivity and efficacy, surpassing MTX alone in its ability 

to kill MDA-MB-231 cells. This enhanced cytotoxicity was confirmed by viability assays and 

live/dead staining, revealing both apoptotic and necrotic cell death pathways. Notably, MTX-

ZnONPs induced S-phase cell cycle arrest in both cell lines, offering a promising strategy for 

targeting resistant cancer cells. Further analysis using Annexin V/PI staining corroborated the 

apoptotic nature of MTX-ZnONPs, showing significantly higher cell death compared to MTX 

alone. Protein expression studies revealed upregulation of Caspase-3 and Bax in MTX-

ZnONP-treated MCF-7 cells, confirming caspase-mediated apoptosis. However, MDA-MB-

231 exhibited a distinct non-apoptotic pattern, characterized by Bcl-xL and Bax upregulation, 

suggesting a different mode of cell death. 

These findings highlight the potential of MTX-ZnONPs as a promising nanotherapeutic 

approach for breast cancer, especially in overcoming MTX resistance. The observed cell line-

specific responses emphasize the importance of personalized and targeted treatment strategies. 

Further research into the underlying mechanisms and in vivo studies are crucial to validate the 

full therapeutic potential and safety of these nano systems. 
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Blood biocompatibility studies 

6.1 Introduction 

NPs, with their unique properties and potential therapeutic applications, hold immense 

promise for medical diagnosis, treatment, and imaging. However, as these NPs enter the 

bloodstream, their interactions with blood components, particularly blood cells and proteins, 

become crucial considerations. Blood biocompatibility studies play a pivotal role in assessing 

the safety and efficacy of NP-based therapies. Blood biocompatibility studies assess the 

interactions between NPs and blood components, such as red blood cells, white blood cells, 

and platelets. These interactions can influence the fate of NPs in the body, affecting their 

distribution, clearance, and potential toxicity. The results of blood biocompatibility studies 

inform the development of safe and effective NP-based therapies, ensuring that these 

promising technologies can be translated into clinical applications without compromising 

patient safety. Blood biocompatibility studies like hemolysis assay and blood cell aggregation 

studies, play a pivotal role in assessing the safety and efficacy of NP-based therapies (Paul 

and Sharma, 2011; De La Harpe et al., 2019). 

One of the primary concerns associated with NPs is their potential to cause hemolysis, the 

rupture of RBCs leading to hemoglobin release. Hemolysis can result in anemia, impair 

oxygen delivery to tissues, and trigger adverse immune reactions. Blood biocompatibility 

studies assess the hemolytic potential of NPs to ensure their safe use in blood-contacting 

applications. Given the potential of NPs to induce hemolysis, it is imperative to assess their 

hemolytic potential before their clinical application. Blood biocompatibility studies evaluate 

the hemolytic activity of NPs to ensure their safe use in blood-contacting applications. The 

hemolytic activity of NPs is influenced by various factors, including their size, shape, surface 

properties, and material composition. Larger NPs with irregular shapes and positively 

charged surfaces tend to exhibit higher hemolytic activity compared to smaller, spherical, and 

negatively charged NPs (Yedgar, Barshtein and Gural, 2022). 

Blood cell aggregation, refers to the clumping or stacking of Red blood cells (RBCs)/ White 

blood cells (WBCs) /platelets, resulting in an increase in blood viscosity. This process can 

have adverse effects on blood flow, oxygen delivery to tissues, and the overall functioning of 

the circulatory system. NPs can interact with RBCs, potentially inducing blood cell 

aggregation. This can lead to impaired blood flow, particularly in micro vessels, and may 

contribute to thrombosis or clot formation. Blood cell aggregation studies evaluate the effects 

of NPs on RBC aggregation to assess their potential to disrupt blood flow and increase the 
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risk of thrombosis. Blood cell aggregation studies are an essential component of the NP 

development process, ensuring the safety and efficacy of NP-based therapies (Tripette et al., 

2009; Shirsekar et al., 2016). 

6.2 Materials and Methods 

To perform blood experiments, prior approval from the Institutional Ethics Committee (IEC) 

was received. (NMIMS/IEC/012/2020) (the approval letter attached in Appendix I). 

For the study, we selected healthy volunteers and obtained their written consent (as seen in 

Appendix II and III). The blood was only drawn after the volunteers had read and understood 

the study. A trained phlebotomist drew the blood in a vacutainer. From healthy volunteers 5 

ml of Ethylenediamine tetraacetic acid (EDTA)-stabilized human blood was freshly collected 

in a vacutainer. A total of 6 participants (n=6) with their written consent were allowed to 

participate in study.  

6.2.1 Hemolysis study 

After obtaining informed consent from healthy volunteers, 5 ml of EDTA-stabilized human 

blood was collected and centrifuged at 1200 rpm for 5 minutes. The RBC pellet was collected 

separately and washed twice with PBS solution and then diluted 1:4 with PBS. NPs were 

prepared at different concentrations of 6.5, 12.5, 25, 50 and 100 μg/ml in PBS. 0.2 ml of RBC 

suspension was added to 0.8 ml of NPs. A positive control was prepared by adding 0.8 ml of 

deionized water to 0.2 ml of RBC suspension, and a negative control was prepared by adding 

0.8 ml of PBS to 0.2 ml of RBC suspension. The samples were then incubated for 2 hours at 

37°C. Every 30 minutes, the samples were inverted to resuspend the RBCs and NPs. After 2 

hours, all samples were centrifuged at 1200 rpm for 5 minutes. Then, 100 μL of the 

supernatant was transferred to a 96-well plate. Three parallel samples were used in each 

group, and each experiment was repeated three times. The absorbance of hemoglobin in the 

supernatant was measured using a BioTek EPOCH 2 Microplate Reader at 570 nm and 655 

nm, with 655 nm being used as a reference. The percentage of hemolysis was calculated as 

follows: 

% Hemolysis =
(Absorbance of sample  ̶ Absorbance of negative control)

(Absorbance of positive control  ̶ Absorbance of negative control)  X100 

6.2.2 Blood cell aggregation study 

A blood cell aggregation study was performed using 5 ml of EDTA-stabilized blood from a 

healthy individual in vacutainer. The blood was subjected to Ficoll-Hypaque separation, in 

which it was layered on Ficoll-Hypaque and centrifuged at 1500 rpm for 20 minutes. The 
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different cell components, namely RBCs, WBCs, and platelet-rich plasma (PRP), were 

separated into layers based on their densities. Each layer was then carefully removed, washed 

with phosphate-buffered saline (PBS), and diluted 1:4. NPs were prepared in PBS at a 

concentration of 100 μg/ml. For the test, 0.8 ml of NPs were mixed with 0.2 ml of the 

RBC/WBC/PRP suspension. The positive control was 0.8 ml of polyethyleneimine (PEI), and 

the negative control was the same amount of PBS. Each mixture was then incubated at 37°C 

for 2 hours with intermittent shaking to mix the NPs. 

Blood cell aggregations, if any, were observed using a phase-contrast microscope at a 

magnification of 40X. Three parallel samples were prepared for each group, and each 

experiment was repeated three times. 

6.3 Results 

6.3.1 Hemolysis study 

Red blood cells, also known as RBCs responsible for major portion of our blood volume and 

are quite delicate in nature. As a result, they can be easily harmed by biomolecules, foreign 

matter or NPs that enters into the bloodstream. It is therefore decisive to investigate how 

these engineered nanomaterials affect RBCs. 

Figure 6.1 demonstrate that tested systems bare ZnONPs, MTX-ZnONPs and even MTX did 

not exhibit any hemolytic activity at concentrations tested. Even at the highest concentration 

NPs could not bring about the lysis of RBCs and showed signs of hemocompatibility. The 

percentage of hemolysis observed was, below 2% for all the systems tested. Results obtained 

adheres to the safety standard outlined in ASMTM F756-00. Consequently, all tested systems 

can be identified to be safe and biocompatible at the concentrations studied. 

Our results are consistent with previous studies that have established the biocompatibility of 

ZnONPs and MTX (Mitra et al., 2012; Rahman et al., 2021). The inert nature of ZnONPs and 

their minimal interaction with RBCs contribute to their hemolytic inactivity. Moreover, the 

conjugation of MTX to ZnONPs did not alter their hemocompatible properties, suggesting 

that MTX-ZnONPs retain the favorable blood compatibility profile of ZnONPs. 
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Figure 6.1 RBC hemolysis study of Bare ZnONPs, MTX-ZnONPs and MTX. (a) visual 

presentation of hemolysis assay in tubes; (b) graphical presentation of % hemolysis when 

plotted against concentration. 
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6.3.2 Blood cell aggregation study 

NPs are so small that they can affect the normal functions of cells in ways that larger particles 

cannot. When NPs enter the bloodstream, they can cause problems and harm the blood cells. 

Therefore, it is very important to make sure that NPs are safe for the blood before using them 

for medical purposes. Since NPs are smaller than micro-sized particles, they are also more 

physiologically active, which may enable disruption of the typical cellular biochemical 

milieu. Therefore, it is expected that NPs will interact with blood components, hence while 

designing and developing NPs with therapeutic uses, aggregation studies should be one of the 

top priorities. 

For this study from fresh blood sample was collected and, RBCs, WBCs, and platelet rich 

plasma were separated. Each of these components were later then allowed to interact with 

bare ZnONPs and MTX-ZnONPs for specified time. For positive control, Polyethylene imine 

(PEI) was used whereas for negative control, saline was used. When observed under 

microscope PEI treated RBCs, WBC’s and platelets showed clear signs of aggregations and 

clumping of cells whereas saline treated cells did not show any sort of clumping in the cells 

as observed in Figure 6.2. Interestingly, no observable aggregation was detected in cells 

treated with either bare ZnONPs or MTX-ZnONPs. These findings suggest that both ZnONPs 

and MTX-ZnONPs do not induce blood cell aggregation, indicating their potential 

biocompatibility. Our study demonstrates that ZnONPs and MTX-ZnONPs do not induce 

blood cell aggregation, suggesting their potential as safe and biocompatible nanomaterials for 

biomedical applications. These findings underscore the importance of assessing NP-blood 

cell interactions in the development of nanomedicines.  
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Figure 6.1 Blood cell aggregation assay performed with bare ZnONPs, MTX–ZnONPs and MTX at 200 µg/ ml. Graphical presentation of % 

hemolysis and visual presentation of the test. (Magnification 40X) 



  Chapter 6 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University  130 

6.4 Discussion 

The above studies have investigated the blood compatibility of ZnONPs and MTX-ZnONPs 

by evaluating their hemolytic potential and ability to induce blood cell aggregation. Both 

studies provide valuable insights into the biocompatibility profile of these nanomaterials. It 

was observed in previous study that ZnONPs did not induce aggregation in RBCs, WBCs, or 

platelets. Additionally, no significant changes in cell morphology or viability were observed 

upon exposure to ZnONPs in study done by Salami, Khosravi and Zarei, 2022. Also, one 

more study conducted by Guo et al, evaluated the toxic effects of ZnONPs on liver cells and 

found no evidence of cellular damage or dysfunction. These findings suggest that ZnONPs 

may have minimal to no adverse effects on various cell types, including red blood cells, white 

blood cells, platelets (Guo et al., 2020). However, it is important to note that NPs can have 

different effects depending on various factors such as concentration, duration of exposure, 

and specific cell type. It was observed that various physical parameters like size, shape, and 

surface charge of ZnONPs can influence their interaction with cells and determine their 

potential toxicity. One of the studies done by (Shirsekar et al., 2016) highlighted the role of 

ZnONPs size, shape and surface area on RBCs interactions, suggesting that these factors 

should be taken into consideration when assessing the cytotoxicity of ZnONPs. According to 

the study done by Dhanka, Shetty and Srivastava, 2018, pure MTX is hemocompatible and 

did not show hemolysis. However, loading of MTX into chitosan NPs and liposomes induce 

more hemolysis as compared to blank alone. Whereas it was found that MTX loaded alginate 

microparticles showed less hemolysis compared to bare microparticles, which suggests that 

the loading of MTX into the microparticles makes them less hemolytic. This may be due to 

the interaction of a hemolytic group of alginates with the drug (Dhanka, Shetty and 

Srivastava, 2018). Interestingly, results from another in vitro study done by Kuznetsova et al. 

to evaluate the hemocompatibility of liposomal formulations encapsulating MTX, revealed 

that MTX-loaded liposomes exhibited noticeable interference with the complement and 

coagulation cascades. These findings suggest that the presence of MTX within the liposomal 

structure influenced the blood compatibility profile, particularly with regard to the activation 

of the complement system and the functionality of the coagulation cascade. The occurrence 

of aromatic amino groups and an unbound alpha-carboxyl on the exterior of the MTX 

prodrug molecules within the bilayer was recognized as a possible element affecting 

complement activation (Kuznetsova et al., 2012). 
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6.5 Conclusion 

This study investigated the effects of bare ZnONPs and MTX-ZnONPs on RBCs and blood 

cell aggregation. None of the tested systems (bare ZnONPs, MTX-ZnONPs, and MTX) 

exhibited significant hemolytic activity, with the percentage of hemolysis remaining below 

2% at all tested concentrations. Neither bare ZnONPs nor MTX-ZnONPs induced 

aggregation of RBCs, WBCs, or platelets clearly indicating that they are safe, further 

strengthening their biocompatibility profile. These findings contribute to the advancement of 

nanomedicine by highlighting the importance of assessing NP interactions with blood 

components in the development of safe and effective nano therapies. These results suggest 

the potential of ZnONPs and MTX-ZnONPs as safe and biocompatible nanomaterials for 

biomedical applications.  
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In-vivo acute oral toxicity study 

2.1 Introduction 

The Organization for Economic Co-operation and Development (OECD) Guidelines for the 

Testing of Chemicals comprise a comprehensive collection of approximately 150 

internationally recognized testing methods used by government, business, and independent 

laboratories to identify and characterize the potential hazards posed by chemicals. These 

guidelines serve as valuable professional resources primarily employed in regulatory safety 

testing, chemical notification and registration processes, and chemical evaluation. They are 

also applicable in toxicology research for the selection and ranking of potential chemicals 

during the development of new chemical compounds and products. Through a series of tests, 

these guidelines assess the physiological effects of a substance on animals (Ukelis et al., 2008). 

Acute toxicity refers to the immediate or short-term adverse changes that occur after a single 

or brief exposure to a substance. Among other things, it also refers to the adverse effects that 

arise within 24 hours of taking a single dose or multiple doses consecutively. Here we refer 

adverse effect as, any impairment in the functioning of physical attributes and/or cellular 

processes that may impact the performance of specific organs or the entire organism, thereby 

reducing its ability to respond to additional challenges. Protocols for acute toxicity testing are 

employed to determine the harmful effects of a chemical on living organisms following a brief 

period of exposure (Walum, 1998). Typically, these tests are conducted on animals such as 

mice or rats, and the resulting data are used to assess the potential risks posed by these 

substances to humans. Specifically, in the context of oral toxicity, a chemical is considered 

acutely toxic if it induces adverse effects shortly after ingestion. The term "acute oral toxicity" 

is commonly used in relation to determine lethality and LD50 values. Different testing protocols 

provide distinct information regarding the substance being evaluated. The LD50 value, which 

represents the dose of a chemical expected to cause mortality in 50% of test subjects, is a critical 

measure of toxicity. It plays a significant role in the toxicological classification of chemicals, 

which involves categorizing them based on their level of toxicity. These tests aid in the 

identification and management of risks associated with the production, handling, and use of 

chemicals (Akhila et al., 2007). 

To ensure the confirmation of toxicity for a test substance, the OECD offers various guidelines 

that recommend suitable methods. One such guideline is OECD 425, titled "Acute Oral 

Toxicity: Up-and-Down Procedure," which was published by the OECD in 2001. The primary 

objective of OECD 425 is to assess the acute oral toxicity of a substance by administering a 
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single dose to rodents and observing both the survival rate and any adverse effects. The 

outcomes of this test can be utilized to classify the substance's acute toxicity according to the 

Globally Harmonized System (GHS) (Schrage et al., 2011).  

The test is conducted in two phases namely: a limit test and a main test. 

• Limit test: The limit test is typically used when an investigator has information indicating 

that the material being tested is likely to be nontoxic. A single dose of 2000 mg/kg is 

administered to 1st animal. Under the condition where animals die main test is 

recommended or if animal survives, four more animals are dosed one after the other.  If 

three or more animal survives, the substance is considered to have a LD50 of greater than 

2000 mg/kg and no further testing is required. 

• Main test: This test is used to determine the LD50 of a substance. Single animals are dosed 

sequentially, typically at fixed time interval. The first animal is given a dose that is one 

step below the best estimate of the LD50 of the test substance. The second animal is given 

a lower dose if the first one dies or appears moribund. The second animal is given a higher 

dose if the first one survives. Dosing should begin at 175 mg/kg body weight of animal, if 

there is no estimate of the substance's lethality. The dose is then increased or decreased in 

a stepwise fashion, depending on whether the animals survive or die.  

Animals are monitored individually at least once during the first 30 minutes following dosing, 

intermittently for the first 24 hours (with special focus given to the first 4 hours), and then 

every day thereafter for a total of 14 days, unless they need to be removed from the study and 

humanely put to death for animal welfare reasons or are discovered dead. Additional 

parameters to be observed are changes in the skin, fur, eyes, mucous membranes, respiratory, 

circulatory, autonomic, and central nervous systems, as well as somatomotor activity and 

behavior patterns. Tremors, convulsions, salivation, diarrhea, lethargy, sleep, and coma should 

all be watched for. The severity of acute toxicity can vary depending on the dose of the 

substance, the route of exposure, and the individual's susceptibility (Organisation for Economic 

Cooperation and Development, 2001).     

7.2 Materials and Methods 

7.2.1 Animal ethics approval 

The experimental protocol was approved by the Institutional Animal Ethics Committee (IAEC) 

with approval no. CPCSEA/P-69/2022. Ethics approval forms are attached in Annexure I.  All 



Chapter 7 

Sunandan Divatia School of Science, SVKM’s NMIMS (Deemed-to-be) University   135 

procedures were performed in accordance with the guidelines set forth by the Committee for 

the Purpose of Control and Supervision of Experiments on Animals (CPCSEA). 

Previously characterized MTX-ZnONPs were prepared in 0.5% Carboxy methyl cellulose 

(CMC). 

7.2.2 Animal experimentation & housing 

Female Swiss albino mice weighing 18–20 g was purchased from the National Institute of 

Biosciences in Pune, Maharashtra, India for use in the acute toxicity investigation. The animals 

were kept in cages in the SVKM's animal facility. The mice were acclimatized to the laboratory 

conditions for a week prior to the start of the study. A 12 hours light/dark cycle was maintained 

in an animal facility during the trial, and housing conditions were as follows: temperature of 

22±2°C, relative humidity 75±5%, and temperature. To ensure social interaction, animals were 

kept in conventional polypropylene cages with a maximum of 4 mice per cage. Fresh bedding 

was provided, and the cages were cleaned every day. Animals were fed a basic, multi-nutrient 

diet and were given access to water ad libitum. The mice were monitored for any signs of 

distress or illness throughout the study period. 

7.2.3 Experimental design 

Acute oral toxicity study of MTX-ZnONPs was performed as per OECD guideline (TG 425). 

After a week of acclimatization, the animals were split into four groups of three animals each. 

Group I was control group which received only 0.5% Carboxy methyl cellulose (CMC) 

equivalent to dose volume, Group II received MTX-ZnONPs with the first dose being 55mg/kg, 

followed by 175mg/kg for group III, and finally 550 mg/kg for group IV same is presented in 

Table 7.1. Following oral treatment, animals were closely monitored for any changes in 

behavior and physiological appearance for the following 30 minutes, then occasionally for the 

following 24 hours, with a focus on the first four hours. For up to 14 days, all the groups were 

maintained under close supervision Figure 7.1. 

Table 7.1 Animal grouping scheme as per experimental protocol 

No. of groups Group-I Group-II Group-III Group-IV 

Doses Control group 55 mg/ kg 175 mg/ kg 550 mg/ kg 

No. of animal n= 3 n= 3 n= 3 n= 3 
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Figure 7.1 Experimental protocol used as per OCED TG 425 guideline.  

7.2.4 Observations 

Several physical appearance-related observations, including changes to the body weight, skin, 

fur, eyes, and lacrimal secretion, as well as anomalies in the autonomic, somatomotor, 

behavioral, and respiratory systems, were recorded. Furthermore, salivation, lethargy, 

convulsions, diarrhea, tremors, sleep, and coma in the animals were noted. 

7.3 Results 

Over the course of the experimental period, i.e., 14 days, the animals' behavior showed no 

abnormalities following a single dose of MTX-ZnONPs at all selected dose levels. In addition, 

no mortality or morbidity was observed following a single dose of MTX-ZnONPs. Weight data 

of mice taken at different time intervals up to 14 days is summarized in Table 7.2. The data 

shows that the control group mice gained weight over the course of the 14-day study, while the 

mice treated with MTX-ZnONPs did not gain weight or lost weight compared to day 1. Even 

though it was clear that at 14 day all animals showed some amount of proportional weight gain 

signifying healthy growth of animal’s post dosing. This also substantiates the safe and 

biocompatible nature of MTX-ZnONPs in mice at tested dose levels.  All the different physical 

characteristics of the animals were concerned, the eye, nose, ears, and fur of the animals 

Acute oral Toxicity 
OECD TG 425

Group- II
55 mg/ kg

Group- I
Control

Group- III
175 mg/ kg

Group- IV
550 mg/ kg

If animal survives 
next animal gets 

higher dose

If animal dies next 
animal gets lower 

dose

Main Test
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remained unchanged throughout the observation period along with no signs of any behavioral 

changes like tremors, coma, or any signs of morbidity. Table 7.3, Table 7.4, and Table 7.5 

summarizes all the data for physical characteristic and behavioral patterns. All animals were 

healthy and survived without showing any signs of toxicity or morbid behavior up to 14 days. 

Apart from this, we did not observe any sign of salivation, diarrhea, lethargy, or abnormal 

behavior during our observation. Based on this in vivo research, the LD50 value of MTX-

ZnONPs was identified to be 550 mg/kg body weight of animals with the help of ATO425 

software. Clearly, this value is higher than used for in vitro testing, indicating the safety of 

synthesized nanosystems. 

Table 7.2 Effect of MTX-ZnONPs different doses on body weight of mice 

Groups 
Body weight (g) 

1st day 7th day 14th day 

Group- I       Control group 25.97±1.53 26.30±1.76 28.29±2.17 

Group- II      55 mg/ kg 25.00±0.82 25.67±2.58 28.00±2.41 

Group- III    175 mg/ kg 24.67±1.53 23.50±2.18 24.40±2.05 

Group- IV    550 mg/ kg 25.33±0.58 26.07±1.17 25.70±1.50 
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Table 7.3 Observation table for physical parameters and behavioral patterns recorded for mice treated with 55 mg/ kg group. 

Parameters 

Group- I        55 mg/ kg of MTX-ZnONPs 

30 minutes 4 hours 24 hours 7 days 14 days 

CG TG CG TG CG TG CG TG CG TG 

Fur & Skin N N N N N N N N N N 

Eyes N N N N N N N N N N 

Salivation N N N N N N N N N N 

Respiration N N N N N N N N N N 

Urination & Faeces N N N N N N N N N N 

Sleep N N N N N N N N N N 

Lethargy N N N N N N N N N N 

Mucous membrane N N N N N N N N N N 

Itching NF NF NF NF NF NF NF NF NF NF 

Convolusions & tremors NF NF NF NF NF NF NF NF NF NF 

Coma NF NF NF NF NF NF NF NF NF NF 

Mortality NF NF NF NF NF NF NF NF NF NF 

Key: CG = Control group, TG = 55 mg/ kg treatment group, N= Normal, P = Present, ↑ = Increased, N.F = Not found  
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Table 7.4 Observation table for physical parameters and behavioral patterns recorded for mice treated with 175 mg/ kg group. 

Parameters 

Group- II        175 mg/ kg of MTX-ZnONPs 

30 minutes 4 hours 24 hours 7 days 14 days 

CG TG CG TG CG TG CG TG CG TG 

Fur & Skin N N N N N N N N N N 

Eyes N N N N N N N N N N 

Salivation N N N N N N N N N N 

Respiration N N N N N N N N N N 

Urination & Faeces N N N N N N N N N N 

Sleep N N N N N N N N N N 

Lethargy N N N N N N N N N N 

Mucous membrane N N N N N N N N N N 

Itching NF NF NF NF NF NF NF NF NF NF 

Convolusions & tremors NF NF NF NF NF NF NF NF NF NF 

Coma NF NF NF NF NF NF NF NF NF NF 

Mortality NF NF NF NF NF NF NF NF NF NF 

Key: CG = Control group, TG = 175 mg/ kg treatment group, N= Normal, P = Present, ↑ = Increased, N.F = Not found  
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Table 7.5 Observation table for physical parameters and behavioral patterns recorded for mice treated with 550 mg/ kg group. 

Parameters 

Group- III        550 mg/ kg of MTX-ZnONPs 

30 minutes 4 hours 24 hours 7 days 14 days 

CG TG CG TG CG TG CG TG CG TG 

Fur & Skin N N N N N N N N N N 

Eyes N N N N N N N N N N 

Salivation N N N N N N N N N N 

Respiration N N N N N N N N N N 

Urination & Faeces N N N N N N N N N N 

Sleep N N N N N N N N N N 

Lethargy N N N N N N N N N N 

Mucous membrane N N N N N N N N N N 

Itching NF NF NF NF NF NF NF NF NF NF 

Convolusions & tremors NF NF NF NF NF NF NF NF NF NF 

Coma NF NF NF NF NF NF NF NF NF NF 

Mortality NF NF NF NF NF NF NF NF NF NF 

Key: CG = Control group, TG = 550 mg/ kg treatment group, N= Normal, P = Present, ↑ = Increased, N.F = Not found
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7.4 Discussion 

The results of the study on the safety of MTX-ZnONPs in animals are promising. The results 

of this study suggested that MTX-ZnONPs are safe for use in vivo, as they did not cause any 

significant toxicity or morbidity in animals. The LD50 value of MTX-ZnONPs was determined 

to be 550 mg/kg body weight, which is higher than the value used for in vitro testing.  

The lack of toxicity of MTX-ZnONPs is likely due to the fact that the MTX molecules are 

loaded on to the ZnONPs preventing its untimely release. The safety of MTX-ZnONPs is 

important because they have the potential to be used as a delivery system for MTX, a drug that 

is used to treat cancer and rheumatoid arthritis (Bryan, 2012). Current study showed that MTX-

ZnONPs could be used to deliver MTX to tumors without causing systemic toxicity. This could 

improve the efficacy of MTX therapy and reduce the side effects of the drug. 

The findings of earlier research on the safety of ZnONPs are congruent with the findings of 

this investigation. In a study done by (Kim et al., 2014) rats were administered with ZnONPs 

with a size of 100 nm and two different surface charges (AE100(-) and AE100(+)) at doses of 

500 mg/kg, 1,000 mg/kg, and 2,000 mg/kg everyday up to 14 days. It came to notice that 

treatment showed loss of body weight, corneal opacity and few minor signs of toxicity were 

observed. Only one animal was found dead in AE100(+) group but, no dead or moribund 

animal was observed in AE100(-) group. It was concluded that repeated oral administration of 

ZnONPs causes adverse effects in animals. In another study researchers administered 

positively charged 100 nm ZnONPs orally to the rats at doses of 0, 500, 1,000, and 2,000 

mg/kg/day for 14 days. It was observed that ZnONPs showed dose dependent signs of toxicity 

in terms of change in body weight, feed consumption and others, while LD50 for rats was 

determined was the highest dose tested in the study i.e 2000 mg/kg/day or above (Ko et al., 

2015). Compared to the previous studies in current study ZnONPs were used for much lower 

concentrations confirming the safety of synthesized nanosystem in animal.  

7.5 Conclusion 

In vivo study suggests that the combination of MTX and ZnONPs does not exhibit any 

synergistic toxicity indicating that the nanoparticles are safe for use in animals at tested dose. 

The results of this study suggest that MTX-ZnONPs are a safe and promising new delivery 

system for MTX. Although this study's findings are encouraging, more research is necessary 

to establish that MTX-ZnONPs are safe to use in people. 
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Summary and Conclusion 

In summary, MTX-ZnONPs were synthesized using an ex-situ approach, where MTX was 

loaded onto previously synthesized and characterized bare ZnONPs. The resulting 

nanoparticles were characterized using a variety of techniques. The results of the 

characterization studies showed that MTX-ZnONPs had a hexagonal crystal morphology with 

an average size of 30 nm. The nanoparticles were also highly crystalline and had a positive 

Zeta potential. The drug release study showed that MTX-ZnONPs shows biphasic drug release 

with approx. 90% of the drug release within 24 hours. Blood biocompatibility study found that 

no hemolysis (rupture of red blood cells) or aggregation (clumping together) of blood cells 

occurred when the NPs interacted with blood cells. This indicates that the NPs are 

biocompatible and safe for use in blood. 

Since, NPs were found biocompatible further in vitro assays were conducted to understand and 

study the cytotoxicity mechanism of MTX-ZnONPs on cancer cell lines. MTT cellular viability 

assay revealed higher cytotoxicity of MTX-ZnONPs compared to MTX in breast cancer cell 

lines, indicating their enhanced anticancer potential. Conversely, bare ZnONPs demonstrated 

increased toxicity in MDA-MB-231 cells. We also observed different IC50 values for MTX-

ZnONPs in MCF-7 and MDA-MB-231 cells, indicating varying efficacy against different types 

of breast cancer cells. Additionally, MCF-10A cells treated with MTX-ZnONPs showed high 

cell viability, indicating their biocompatibility and selectivity towards cancer cells. 

Furthermore, the AO/EB staining supported the MTT results and illustrated dose-dependent 

effects and unveiled distinct morphological changes associated with apoptosis and necrosis. 

Cell cycle analysis results revealed that bare ZnONPs had no impact on the cell cycle in MCF-

7 cells, while MTX-ZnONPs specifically arrested cells in the S phase. On the other hand, S 

and G2/M phase specific cell cycle arrest was noted because of MTX treatment. This cell cycle-

specific effect of MTX-ZnONPs on the S phase was consistent with our findings. The cell cycle 

progression was similarly affected by bare ZnONPs in MDA-MB-231 cells, whereas MTX had 

no effect. In response to MTX-ZnONP treatment, cells were arrested at the S phase and G2/M 

phase of cell cycle. Also, the Annexin V FITC-Propidium Iodide assay showed that MTX-

ZnONPs significantly decreased the number of live MCF-7 cell population, while both bare 

ZnONPs and MTX-ZnONPs caused more necrosis and apoptosis in MDA-MB-231 cells. 

These findings demonstrate that MTX-ZnONPs enhanced cytotoxic activity in both MCF-7 

and MDA-MB-231 cells irrespective of their sensitivity to MTX. Apoptosis was apparent in 

MCF-7 cells by the upregulation of Caspase-7 and Bax and the downregulation of Bcl-xL. In 
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case of MDA-MB-231 cells, MTX treatment resulted in an increase in Bcl-xL levels, 

suggesting that cell death was not driven by apoptosis. However, increased levels of Bax 

suggested its dual role in apoptosis and necrosis, which aligned with other findings. 

Additionally, an acute oral toxicity study of MTX-ZnONPs was carried out in accordance with 

OECD 425 guidelines to determine its LD50. In-vivo acute oral toxicity study in mice showed 

no signs of toxicity or mortality in any of the animals, even at the highest dose. This suggested 

that MTX-ZnONPs are not acutely toxic to animals and have a LD50 of >550 mg/kg and its 

safe up to the given dose limit. 

In conclusion, the synthesis and characterization of MTX-ZnONPs demonstrated their 

potential as an effective anticancer agent. In terms of anticancer activity, MTX-ZnONPs 

exhibited enhanced cytotoxicity compared to MTX alone in breast cancer cell lines. The 

selective toxicity towards cancer cells was demonstrated by high cell viability in normal breast 

cells. MTX-ZnONPs were found to be biocompatible and safe for use in blood. Interestingly It 

was observed that MTX-ZnONPs are effective against both MCF-7, MTX-sensitive and MDA-

MB-231 MTX-resistant breast cancer cell line. Encouragingly, in-vivo studies also showed that 

MTX-ZnONPs are not acutely toxic to animals. Overall, these findings highlight the promising 

potential of MTX-ZnONPs as an effective and safe nanomedicine for breast cancer treatment. 

Further studies are required to investigate the efficacy and long-term safety of MTX-ZnONPs 

to evaluate its clinical role in cancer. 
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Participant Information Sheet 

Title   of   the   Project: Synthesis and Characterization of Methotrexate Loaded Zinc Oxide 

Nano Particles for Efficient Delivery to Breast Cancer Cells 

Mentor for the Research Project:  Dr. Purvi Bhatt, Ph.D. 

Associate Professor, Biological Sciences, Sunandan Divatia School of Science, SVKM's 

Narsee Monjee Institute of Management Studies (NMIMS) Deemed-to-University 

1. Aim of the Project 

The aim of the study is to synthesize and characterize Methotrexate loaded Zinc oxide 

nanoparticles for efficient delivery to breast cancer cells 

2. Expected Duration of the study and number of participants 

The blood collection is a part of the Ph.D. research project. Blood collection would be a one- 

time requirement from healthy participants. Not more than 20 participants would be involved 

in the study and the study would involve only one visit from you. The blood would be collected 

to carry out blood compatibility studies for the synthesized biocompatible arsenic trioxide 

nanoparticles. 

Inclusion criteria: 

Healthy individuals (men/women) above 18 years of age 

On no medication including hormonal or infection related  

Exclusion criteria: 

Below 18years of age 

Any kind of medication including hormonal, or infection related. 

3. What is requested of you? And what does it involve? 

You are requested to give 5.0 ml of blood in your visit which would be only once. The blood 

will be drawn by a trained lab technician (phlebotomist) using a sterile disposable needle into 

a sterile tube. The assays conducted using the blood would include in vitro assays such as blood 

cell aggregation and hemolysis assay. 
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4. Risk and Benefits of the participants 

There is no risk involved in the study. You will only feel the prick of a needle. The prick you 

get will heal in time. Your participation in this project would contribute towards understanding 

that the synthesized biocompatible arsenic trioxide nanoparticles do not affect healthy blood 

cells. 

5. Voluntary Participation 

The blood you give is strictly voluntary with no coercion with any medical, research or any 

social work group. You may ask any questions for the project and even may refuse to donate 

blood anytime even after signing your consent. 

If you have any query you may contact: 

 

Principal Investigator 

Dr. Purvi Bhatt, Ph.D. 

H.O.D, Associate Professor, Biological Sciences, 

Sunandan Divatia School of Science, 

SVKM's Narsee Monjee Institute of Management Studies 

(NMIMS) Deemed-to-University. 

Vile Parle (West), Mumbai-400056.  

Tel:022-42355956. 
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Participant Consent Form 

I have been invited to participate in the study of the research project titled “Synthesis and 

Characterization of Methotrexate Loaded Zinc Oxide Nano Particles for Efficient Delivery to 

Breast Cancer Cells.” 

I have understood that I have to give 5 ml of blood only once, which will be used for in vitro 

assays such as blood cell aggregation and hemolysis assay and not for any genetic analysis. 

The blood will be drawn by a trained lab technician (phlebotomist) using a sterile disposable 

needle into a sterile tube. The donation of 5 ml of blood will not produce any harm other than 

that I will experience a pin prick and mild pain at the site for a time point and perhaps for a 

short period. 

In confirmation, I provide my signature below as a proof of my acceptance to participate in the 

study. My signature below indicates that I have read the participant information sheet, 

understood its meaning, have had a chance to ask questions, have had these questions answered 

to my satisfaction and consent to my participation in this program. 

I give my consent to have 5 ml blood collected from me and necessary information on the 

project for the research study. My participation on the project is voluntary with no coercion 

from any associated medical, research or social worker on the study. I understand that I reserve 

the right to withdraw my participation on the project and will suffer no consequences of my 

withdrawal. I will be given a signed copy of this consent form. 

I hereby make a donation of 5 ml of blood for the purpose of the mentioned 

research/study/education. I have been explained the entire procedure and purpose of this study 

in the language known to me. I hereby certify that I have signed the agreement freely and 

voluntarily without any threat and coercion and am willing to participate in this research study 

with a clear understanding about the likely benefits and risks involved. My signature also 

indicates that I have received a copy of the consent form and I also understand that in the event 

of my non-participation in the study or withdrawal of consent at any time, will not be affected 

any way. 
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Name of the participant: 

Age of the participant:     Contact no:  

Signature/thumb impression of the participant: 

Name and signature of the Witness:  

Relationship, if any, to the donor: 

Date of consent:      Place: 
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Preparation of buffers/solutions/reagents 

10% Acetic Acid: Add 10 mL of glacial acetic acid to 90 mL of deionized (DI) water. 

30% Acrylamide Solution: 29.2 g acrylamide and 0.8 g N’, N’-methylene bis-acrylamide 

were dissolved in 50 mL of DI water, volume made up to 100 ml, filtered and stored at 4ºC. 

Caution: Acrylamide is a potent neurotoxin and is absorbed through skin. Wear gloves while 

handling. 

10% Ammonium Persulfate (APS): 0.1 g APS was dissolved in 1 mL DI water. Fresh 

solution is prepared. 

5% Blocking Solution: Dissolve 2.5 g of non-fat dry milk (NFDM) powder to 50 mL Tween 

TBS buffer. Mix well by keeping on rocker for few hours. Centrifuge at 2000 rpm for 5 min to 

remove undissolved solids and collect supernatant for its use as blocking solution. 

1 mg/mL BSA Stock Solution for Bradford Assay: Add 10 mg of BSA to 10 ml of DI water, 

mix well. 

0.25% Coomassie Brilliant Blue Staining solution: 0.25% Coomassie brilliant blue R-250 

was dissolved in 45% methanol and 10% glacial acetic acid. 

Destaining Solution After Coomassie Staining: Make solution by mixing 45% Methanol and 

10% glacial acetic acid. 

100 µg/mL Ethidium Bromide (EtBr): Dissolve 1 mg of EtBr and dissolve in 10 ml of DI 

water. 

70% Ethanol: 70 mL of ethanol was taken, and volume made up to 100 ml with DI water. 

Lysis buffer: For 30 mL of lysis buffer, dissolve 181.71 mg of Tris base (50 mM), 262.98 mg 

of sodium chloride (150 mM), 11.17 mg of EDTA (1 mM), 30 mg of sodium deoxycholate 

(0.1%), 30 mg of sodium dodecyl sulphate (0.1%), 1.26 mg of NaF (1 mM) in around 20 mL 

of DI water and adjust pH 7.5. Next, add 300 µL of Triton X-100 (1%), 0.00522 gm of PMSF 

(2 mM) (made separately in isopropanol) and make volume to 30mL and store at 4ºC.  

Complete cell lysis buffer contains above solution and 1X protease inhibitor cocktail (PIC). 

5mg/mL MTT: Add 50 mg of MTT reagent to 10 mL of Dulbecco’s PBS (DPBS-ATC grade) 

and cover the falcon with aluminum foil. 
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Phosphate Buffered Saline (PBS): Dissolve 8 g of NaCl, 0.2 g of KCl, 1.44 g of 

Na2HPO4.7H2O and 0.24 g of KH2PO4 in 800 mL of DI water to dissolve the contents. Then 

adjust the pH to 7.4 using HCl and make up the volume to 1000 mL using DI water. 

Ponceau S Stain: 0.05 g Ponceau S stain (0.1%) dissolved in 2.5 mL glacial acetic acid (5%) 

and make up the volume to 50 mL with DI water. 

1mg/mL Propidium Iodide: Add 1 mg of propidium iodide to 1 mL of DPBS (ATC grade) 

and use the working stock by diluting it to a final concentration of 50 μg/mL. 

10 mg/mL RNAse A: Add 20 mg of RNAse A to 2 mL of sterile DI water 

10% SDS: Dissolve 1 g SDS powder in 10 mL of DI water. Store at RT. 

Resolving Gel Buffer Solution (1.5M Tris, pH 8.8): 18.17 g Tris base was dissolved in 70 

mL of deionized water. The pH was adjusted to 8.8 with HCl and volume made up to 100 mL 

with DI water 

Stacking Gel Buffer Solution (0.5M Tris, pH 6.8): 6.055 g Tris base was dissolved in 70 mL 

of DI water. The pH was adjusted to 6.8 with HCl and volume made up to 100 mL with DI 

water. 

SDS-PAGE: Resolving gel and stacking gel composition 

 12% Resolving gel (10 ml) 5% stacking gel (3 ml) 

H2O 3.3 ml 2.1 ml 

30% acrylamide 4.0 ml 0.5 ml 
1.5M Tris (pH 8.8) 2.5 ml      - 

0.5M Tris (pH 6.8)     - 0.38 ml 

10% SDS 0.1 ml 0.03 ml 
10% APS 0.1 ml 0.03 ml 

TEMED 0.004 ml 0.003 ml 
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5X SDS-PAGE Running Buffer (Tris Glycine SDS buffer, pH – 8.3) 

Tris base 15.1g 7.55g 

Glycine 94g 47g 

10 % SDS 50 mL 25 mL 

DI Water 1000 mL 500 mL 

 

4X SDS-PAGE Loading Dye: The loading dye (10 mL) was prepared by addition of the 

following reagents 

- 0.5M Tris pH 6.8 (Stacking buffer) – 2.4 mL 

- 100% Glycerol - 4 mL 

- SDS – 0.8g 

- β-mercaptoethanol – 0.5 mL 

- Bromophenol blue – 4mg 

- DI water – 3.1 mL 

1X Transfer Buffer (for western blot):  The total volume was made up to 2000 mL using 400 

mL methanol. This was stored in chilled condition (4ºC). 

 1X 2L 1X 1L 10X 1L 

Tris base (25mM) 6.057 g 3.029 g 30.29 g 

Glycine (194mM) 28.8 g 14.4 144 g 

DI Water 1600 mL 800 mL 800 mL 

Methanol 400 mL 200 mL  
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Tris Buffered Saline-Tween 20 buffer 10X (TBST for western blot) 

Adjust pH in range of 7.5-7.6 and make up the vol to 1L. Take 100 mL of 10X buffer add to 

900 mL DI water and 1 mL of Tween-20 to make 1L of 1X TBST. Store at RT. 

 10X 1L 1X 1L 

Tris base (20mM) 24 g 2.4 g 

NaCl (150mM) 88 g 8.8 g 

Tween 20 (0.1%) -  1 mL 

DI water 900 mL 900 mL 

 

5% NFDM: 2.5 g in 50 mL of TBST. Keep on shaker till all particles dissolves and then 

remove all particles to make sure to get homogenous solution. 

1° & 2° Antibodies: Prepare in diluted NFDM OR BSA with TBST 
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List of Conferences/ Workshops/ Award(s) 

Conferences attended. 
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Abstract. Novel nanoparticle-based therapies, in combination with cytotoxic drugs, are a new paradigm that is being

explored. Methotrexate (MTX), a folic acid (FA) analog, is internalized by the folic acid receptor (FAR) which is known

to be overexpressed in many cancer cells like breast cancer. MTX suppresses cell division by binding and blocking the

dihydrofolate reductase, resulting in cell death due to cell cycle arrest. Thus, targeting FAR is an attractive strategy for

controlling breast cancer cells. Zinc oxide nanoparticles (ZnONPs) are known biocompatible agents with anticancer and

antimicrobial properties. Both MTX and ZnONPs have limitations such as nonspecific absorption and toxicity. In this

study, we have attempted to use a combinatorial approach using MTX and ZnONPs, to target FAR on breast cancer cells

and to improve the specificity towards cancer cells and be safe towards normal cells. Cytotoxicity of MTX–ZnONPs was

assessed via MTT assay and acridine orange/ethidium bromide staining, which showed specificity and anticancer potential

towards MTX-sensitive MCF-7 and MTX-resistant MDA-MB-231 cell lines, while showing less toxicity towards MCF-

10A control cells. Also, the RBC haemolysis assay supports the biocompatible nature of MTX–ZnONPs, showing no

haemolysis. Our results reveal MTX–ZnONPs as a novel nanosystem for showing specificity and cytotoxicity towards

breast cancer cells, including MTX-resistant MDA-MB-231.

Keywords. Zinc oxide; methotrexate; breast cancer; folic acid receptor; biocompatible.

1. Introduction

Nanotechnology is a science of manipulation of material at

a nanoscale level for the production of novel materials and

its application in various fields. When materials are scaled

down to the nano size (1–100 nm), their inherent biological,

chemical and physiological properties change drastically

[1,2]. Zinc oxide (ZnO) is a white-coloured powder with a

large bandgap energy (3.37 eV). ZnO has also been given

GRAS (Generally Regarded as Safe) status by US-FDA.

Zinc oxide nanoparticles (ZnONPs) are easy to synthesize,

and can be modified into various sizes and shapes. Due to its

attractive properties, ZnO has found its applications in

electronics, textiles, skincare and personal care products,

food industry, and medicines and healthcare [3–6]. ZnO

nanomaterials are an attractive candidate for targeted cancer

therapy, as they are biocompatible and biodegradable. It has

previously been reported that ZnO nanoparticles (NPs) were

able to retain and release ligated drugs as well as loaded

drugs with high selectivity, retention and controlled release.

Furthermore, they crossed the therapeutic indices of cur-

rently used cancer chemotherapy agents [7,8]. It is believed

that the Zn2? ions released from ZnONPs cause oxidative

stress and cell damage in cancer cells. An acidic pH and a

high Zn2? ion concentration cause reactive oxygen species

(ROS) to be generated. This leads to DNA damage followed

by cell death. In addition, these released Zn2? ions also

inhibit certain enzymes involved in cell growth and prolif-

eration, which contributes to their anticancer properties [9].

The stability of NPs plays a very important role in deter-

mining their activity. Diverse biological coating agents

having biocompatible and biodegradable nature, such as

chitosan, polyethylene glycol (PEG), polyvinyl pyrrolidone

and amino acids, are used to increase the stability and

functionalization of NPs. Also, PEG has a dual role where it

acts as a solvent and stabilizer that limits particle growth

and suppresses particle agglomeration in this application

[10–13].

In certain cancer types, folic acid receptor (FAR) levels

increase drastically in comparison to normal healthy cells.

In such cases, targeting FAR-overexpressing cells using

methotrexate (MTX), a known folic acid antagonist, is an

acceptable strategy for therapeutic applications. MTX

inhibits the function of the enzyme dihydrofolate reductase,

which is very important for nucleotide synthesis. MTX is

also been used in the treatment of many cancers including

some solid tumuors like breast cancer [14–16]. NP-based

drug delivery is an approach that can help target the cells
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more specifically and increase the therapeutic index as well

as reduce the side effects by reducing nonspecific absorp-

tion. Using a combinatorial approach researchers are

attempting to synthesize a drug–NP conjugate system that

will be stable, biocompatible and target specific in nature

showing high efficacy. Drug loading on the NP surface

comes out to be a challenging task while synthesizing drug–

NP conjugates [17–20].

In the present study, we report for the first time, the

synthesis of biocompatible MTX–loaded ZnONPs (MTX–

ZnONP) for targeting the FAR overexpressed on the surface

of breast cancer cells. We report the synthesis, characteri-

zation, in-vitro antitumour efficacy and blood biocompati-

bility of MTX–ZnONPs in MCF-10A, MCF-7 and MDA-

MB-231 cell lines.

2. Experimental

2.1 Materials

All the chemicals were of analytical grade, unless otherwise

stated and were used as received. For all preparations,

MilliQ water was used. Zinc nitrate hexahydrate

Zn(NO3)2�6H2O and potassium hydroxide (KOH) were

purchased from LOBA Chemi, India. Chitosan low-

molecular weight, triethyl amine, acridine orange (AO) and

ethidium bromide (EB) were purchased from Sigma-

Aldrich, USA. Polyethylene glycol 400 (PEG-400) was

procured from Molychem, India. Methotrexate (MTX) was

kindly provided as a gift sample from Khandelwal Labo-

ratories Pvt. Ltd, Mumbai, India.

Dulbecco’s modified Eagle’s medium, foetal bovine

serum, Dulbecco’s phosphate-buffered saline (DPBS),

0.25% trypsin-EDTA with phenol red indicator and trypan

blue were purchased from Gibco (GibcoTM, ThermoFisher

Scientific, USA). The MEGM bullet kit containing the

MEBM media with single-use aliquots of growth factors

was from Lonza, Germany. Cholera toxin and antibiotic

antimycotic solution was brought from Sigma-Aldrich,

USA. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) was from SRL, India, while dimethyl

sulphoxide was from SD Fine Chem, India. All chemicals,

reagents, buffers, media and plasticware (SPL Life Science)

used for cell culture work were of cell culture grade. Human

breast cancer cell lines MCF-7 were procured from NCCS,

Pune, and MCF-10A normal breast epithelial cell line was

purchased from ATCC.

2.2 Methods

2.2a Synthesis of bare ZnONPs and MTX–ZnONPs: For

the synthesis of bare ZnONPs, 0.2 M Zn(NO3)2�6H2O

solution was prepared in 10% PEG-400 and was stirred in a

round bottom flask till temperature reached 85�C and was

stirred for 30 min. To this, 20% KOH was slowly added

through the side wall of the flask until the pH of the solution

reached to 11, after which the solution was set aside. The

supernatant was discarded and particles were centrifuged

for 10 min at 5000 rpm. The resulting pellet was washed

with MilliQ water twice and once with ethanol. Afterwards,

drying was done at 70�C for 1 h and dried powder of

ZnONPs was stored in a dry place until further analysis.

Using an ex-situ approach, MTX–ZnONPs were synthe-

sized. Briefly, MTX solution was prepared in 0.1% triethyl

amine at a final conc. of 1 mg ml-1, with 0.1% chitosan

solution in the ratio of 9:1. MTX solution was then mixed

with bare ZnONPs solution in the ratio of 1:20 and soni-

cated for 5 min followed by constant mixing for overnight.

The next day the solution was centrifuged and the NPs were

washed twice with MilliQ water and once with ethanol. NPs

were dried at 50�C for 1 h. Dried MTX–ZnONPs were later

stored in a dry place for further analysis.

2.2b Characterization of synthesized NPs: Nanoparticles

were characterized using different methods like UV–Vis,

FTIR, XRD, Zeta potential and DLS, ICP-AES, EDS-

mapping and HR-TEM. Ultraviolet-visible (UV–Vis,

PerkinElmer) spectroscopy analysis was performed using

Quartz cuvettes having path length of 1 cm to check the

optical properties of NPs in solution. Fourier-transform

infrared spectroscopy (FTIR; IRAffinity-1S, Shimadzu)

analysis was done to observe different functional groups

present on the NPs. FTIR was recorded in the range of

4000–400 cm-1 by ATR method. X-ray diffraction (XRD-

7000, Shimadzu) for all samples was recorded with scan

rate of 2� min-1 using Cu Ka radiation (k = 0.154 nm) in

the 2h range of 2h (20�–80�) to record the XRD pattern.

Zeta potential and hydrodynamic diameter were measured

for all NPs in solution form (Malvern, Zetasizer Version

7.11). Zeta potential was carried out to understand the

surface charge possessed by NP systems at different pH

values in the range of pH 5–10. To adjust the pH, 0.1 N HCl

and 0.1 N NaOH were used. The total metallic zinc content

of NPs was studied by inductively coupled plasma atomic

emission spectroscopy (ARCOS from M/s. Spectro

Analytical Instruments GmbH, Germany). The chemical

purity and elemental composition of NPs was illustrated by

the help of energy-dispersive spectroscopy (EDS-mapping,

JEOL JSM-7600F). High-resolution-transmission electron

microscopy (JEOL-JEM 2100F) was performed to

understand the size, shape and distribution of the

synthesized NP.

2.2c MTX loading efficiency: To calculate the %

loading efficiency, the concentration of MTX before

loading and after loading was determined with the help of
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UV–Vis spectrophotometer at 303 nm. The standard curve

equation was used to determine the concentration of MTX,

and loading efficiency was calculated using the below

equation (1) [21,22].

2.2d Drug release study: To study the release pattern of

MTX from NPs, dialysis method was employed, using two

buffer systems, one at physiological pH 7.4 and another at

pH 5.0 simulating an acidic tumour microenvironment. A

drug release study was carried out for 24 h in phosphate-

buffered saline (PBS) at pH 7.4 and 5.0 at 37�C under slow

stirring conditions, respectively. An aliquot of 5 mg ml-1

NPs was taken in a dialysis bag having a cutoff value of

12 kDa and immersed into 50 ml buffer under constant

stirring conditions. A quantity of 1 ml aliquot was removed

and replaced with fresh 1 ml of buffer. Aliquots were

collected at various time points upto 8 and 24 h. Readings

were taken at 303 nm using UV–Vis spectrophotometer and

then analysed. The experiments were run in triplicates. The

% cumulative release (% CR) of the drug at various time

points was calculated using the following equation (2):

%CR ¼ Dt

Di

� 100 ð2Þ

where Dt refers to the drug released at time t and Di refers to

the initial drug loaded onto the NPs [23].

2.2e Cell culture: Non-metastatic human breast cancer

cell line MCF-7 was procured from NCCS, Pune. Triple-

negative breast cancer (TNBC) cell line MDA-MB-231 and

normal breast epithelial cell line MCF-10A were purchased

from ATCC, USA. MCF-7 and MDA-MB-231 cells were

cultured in Dulbecco’s modified Eagle’s medium media

accompanied with 10% heat-inactivated foetal bovine

serum, and antibiotic antimycotic solution. MCF-7 cells

were maintained under humidified conditions at 37�C,

5% CO2 and trypsinized using 0.25% trypsin-EDTA after

attaining 80–90% confluency and maintained at 37�C in 5%

CO2.

MCF-10A cells were cultured in mammary epithelial cell

basal medium (MEBM) supplemented with growth factors

(Lonza, USA) and 100 ng ml-1 of cholera toxin (Sigma,

USA). MCF-10A cells were maintained at 37�C with

5% CO2 under humidified conditions and 0.25% trypsin-

EDTA was used for trypsinization followed by maintenance

at 37�C in 5% CO2.

2.2f In-vitro cytotoxicity test: To determine the

cytotoxicity of the synthesized nanosystem, the above cell

lines were used to perform an MTT assay. In the MTT

assay, viable cells are assessed by their ability to reduce

yellow MTT tetrazolium dye into purple-coloured insoluble

formazan crystals. Dying cells fail to reduce the MTT into

formazan and thus show a decrease in purple colour,

indicating low viability. A cytotoxicity test was conducted

to study the dose- and time-dependent activity of bare

ZnONPs, MTX–ZnONPs and MTX in MCF-7, MDA-MB-

231 and MCF-10A cells.

In brief, the cells were seeded at a density of 104 cells

per well in a 96-well microtiter plate and allowed to

attach by incubating for 24 h at 37�C in 5% CO2. Next

day, cells were treated with various concentrations of the

bare ZnONPs, MTX–ZnONPs and MTX. All of the sys-

tems were prepared in serum-free media. NPs were used

at concentrations of 6.25, 12.5, 25, 50 and 100 lg ml-1,

MTX was used as a positive control at concentrations par

with its loading on MTX–ZnONPs in the following

concentrations: 0.29, 0.59, 1.17, 2.34, 4.68 lg ml-1. All

the dilutions were made in serum-free media. A quantity

of 100 ll serum-free media was added to untreated cell

control wells. Plates were further incubated at 37�C in

5% CO2 for 24 and 48 h. At the end of the respective

incubation time, cytotoxicity was assessed by the addition

of 20 ll of MTT to each well at a concentration of

5 mg ml-1 and plates were further incubated for 3 h.

Formazan crystals formed intracellularly by the metabo-

lizing cells were dissolved by the addition of 100 ll of

DMSO followed by measuring the absorbance of the

microtiter plate at 570 nm and 650 nm as a reference

wavelength using BioTek EPOCH 2 microplate reader.

Percent cell viability was calculated using the following

equation (3):

% Cell viability ¼ ðO. D of testÞ= O. D of controlð Þ � 100

ð3Þ

Three independent experiments with their triplicates were

analysed for final data.

2.2g AO/EB dual staining for live/dead cells
screening: Apoptosis and necrosis are the two ways by

which cell death occurs. Both these events are quite distinct

in their nature and can be morphologically visualized under

the microscope. To study these morphological changes in

cells, post-treatment with NPs, we carried out AO/EB dual

staining. AO is nonspecific to both live and dead cells and

ends up staining both the cells with green fluorescence,

% Loading efficiency ¼ ðConc. of MTX initial � Conc. of MTX after Þ
Conc. of MTX initialð Þ � 100 ð1Þ
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whereas EB stains cells red with impaired membrane

permeability [24,25].

MCF-7 and MCF-10A cells were seeded in six-well flat

bottom plates at a density of 105 cells per well. Cells were

incubated for 24 h at 37�C with 5% CO2 under humidified

conditions. Cells were treated with three concentrations as

per IC50 values received in MTT for MTX–ZnONPs for

both cell lines. For MCF-7 cells, 2.5, 5.0 and 7.5 lg ml-1

and MCF-10A cells 10, 20 and 30 lg ml-1 concentration of

bare ZnONPs, MTX–ZnONPs and MTX were used for

treatment for 24 h. Post-treatment, cells were washed with

DPBS and cells were incubated with 1:1 AO and EB each

100 lg ml-1 in DPBS for less than a min. Excess stain was

removed and cells were observed under an inverted fluo-

rescent phase contrast microscope (Zeiss, Jena, Germany).

2.2h RBC haemolysis assay: To study RBC haemolysis,

5 ml of fresh ethylene diamine tetra-acetic acid (EDTA)-

stabilized human blood was collected. Blood was collected

from healthy individuals (n = 6) after seeking approval

from the Institutional Ethics Committee (NMIMS/IEC/012/

2020). Written consent of all six participants was taken for

the study.

It is of prime importance to evaluate the toxicity profile

of NPs beforehand for their intravenous route of adminis-

tration. To replicate the same conditions, we performed a

blood compatibility test where RBC haemolysis assay was

performed to understand the safe and biocompatible nature

of NPs. The haemolysis study protocol was followed as

described elsewhere [26].

Briefly, EDTA-stabilized 5 ml of blood was collected and

centrifuged at 1200 rpm for 5 min to collect the RBC pellet.

RBC pellet was collected and washed twice with PBS and

diluted in a ratio of 1:4 with PBS. Suspension of NPs was

made in PBS at different concentrations from 6.25, 12.5, 25,

50 and 100 lg ml-1. For the test, 0.8 ml of NPs and 0.2 ml

of RBC’s suspension were mixed. For positive control,

0.8 ml of distilled water and for negative control 0.8 ml of

Figure 1. Characterization data of bare ZnONPs, MTX–ZnONPs and MTX. (a) UV–vis spectrum of bulk ZnO, bare ZnONPs,

MTX–ZnONPs and MTX. Inset shows the bandgap energy of bare ZnONPs. (b) XRD of bare ZnONPs, MTX–ZnONPs and MTX.

(c) Zeta potential of bare ZnONPs and MTX–ZnONPs. (d) FTIR of bare ZnONPs, MTX–ZNONPs and MTX.
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PBS was mixed with 0.2 ml of RBC’s suspension. All the

samples were then incubated at 37�C for 2 h with inter-

mittent mixing to resuspend the contents. After 2 h, all the

tubes were centrifuged at 1200 rpm for 5 min to collect the

supernatant. A quantity of 100 ll of the supernatant was

then transferred to 96-well plate. Samples were run in

triplicates. The absorbance of haemoglobin in the super-

natant was measured in BioTek EPOCH 2 using a 570 nm

sample wavelength and 655 nm as a reference wavelength.

% Haemolysis was calculated as given in equation (4):

Figure 2. EDS mapping images of zinc in blue, oxygen in green and carbon in red. The lower right image shows the merge of all

elements. Lower left image shows EDS spectrum with elemental values in the table (inset). (a) EDS mapping of bare ZnONPs and

(b) MTX–ZnONPs.

% Haemolysis ¼ ðabsorbance of sample � absorbance of negative controlÞ
ðabsorbance of positive control � absorbance of negative controlÞ � 100 ð4Þ
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3. Results and discussion

3.1 Characterization of synthesized NPs

All the synthesized NP systems were characterized using

various techniques. UV–Visible spectroscopy of bulk ZnO,

bare ZnONPs and MTX–ZnONPs was recorded in the range

of 200–800 nm in Quartz cells having a 1 cm path length.

Figure 1a shows the absorption spectrum of bulk ZnO and

bare ZnONPs and MTX–ZnONPs. Bulk ZnO shows

absorption maxima at 380 nm, whereas bare ZnONPs show

absorption maxima at 362 nm, 18 nm of sharp blue shift is

seen. Blueshift indeed implies quantum confinement of

NPs. When particle size decreases, the bandgap of the

particles increases, leading to a shift in absorption to lower

wavelengths [27,28]. Bandgap energy of bare ZnONPs was

calculated using Tauc’s plot by plotting the graph of (ahm)2

vs. photon energy (hm) [29]. Direct bandgap energy (Eg) for

bare ZnONPs was found to be 3.41 eV, which was higher

than the bulk ZnO (3.26 eV), indicating nanocrystalline

state of particles [30,31]. MTX–ZnONPs showed two

characteristic peaks at 370 nm for ZnONPs and 303 nm for

MTX, respectively. The peak at 303 nm implies the pres-

ence of MTX on the surface of ZnONPs.

Figure 3. HR-TEM micrographs of bare ZnONPs. (a) HR-TEM image of bare ZnONPs shows hexagonal nanoparticles, (b) size

distribution curve of NPs, (c) crystal lattice structure of NP and (d) SAED pattern.
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XRD for both the NPs systems bare ZnONPs, and

MTX–ZnONPs showed characteristic sharp peaks, indicat-

ing the highly crystalline nature of NPs in figure 1b. All the

peaks of samples matched that of the standard ZnO (JCPDS

card no. 00-036-1451) showing the hexagonal wurtzite

phase of the structure. Both the NPs showed the same

characteristic peaks (100), (002), (101), (102), (110), (103),

(200), (112) and (201) corresponding to the planes of stan-

dard ZnO. Though peak intensities change for samples

containing MTX, the data obtained is in accordance with the

previously reported results [27,29,32]. Sharp peaks observed

indicate the highly crystalline nature of synthesized NPs.

Furthermore, the crystalline size of the NPs was calculated

with the help of Scherrer’s formula: D = Kk/(B cosh), where,

D is the average crystalline size in nm, K is Scherrer con-

stant, k is X-ray wavelength, B is FWHM (full-width half-

maxima) of peaks and cosh one-half of 2h [33,34]. The

average crystalline size calculated for NPs was 31 and 40 nm

for bare ZnONPs and MTX–ZnONPs, respectively.

Zeta potential analysis of both the NPs was performed

using Malvern, Zetasizer instrument. Zeta potential is a

charge present on the surface of the NPs, which directly

correlates to the stability of nanosystems. Surface charge

plays a very important role in the cellular internalization of

these particles [35,36]. Zeta potential values greater than

± 30 mV are considered as highly stable and values near

isoelectric point, i.e., zero charge is considered as least

stable [37]. Figure 1c shows the zeta potential of bare

ZnONPs and MTX–ZnONPs from pH 5–10. Bare ZnONPs

show a positive charge throughout the pH scale with a high

surface charge under an acidic environment. At the same

time when these particles were loaded with MTX during the

ex-situ synthesis approach, they also attain a positive charge

at the entire pH range. The shift of surface charge of MTX–

ZnONPs can be attributed to the presence of a negative

carboxyl group of MTX drug and higher loading on the

surface of bare ZnONPs. Overall, all NP systems show

greater stability towards the alkaline pH scale. It is observed

that PEG-stabilized bare ZnONPs have higher stability at

various pH in comparison to MTX–ZnONPs. Overall, all

NP systems show greater stability towards acidic pH. Also,

zeta potential indicates the successful coating of NPs with

MTX due to a shift in the charge. Also, DLS results gave

average size distribution of 270 and 285 nm for bare

ZnONPs and MTX–ZnONPs with moderate size distribu-

tion. It is important to note that particle size measured by

DLS is usually greater than the actual particle size, as it

considers the average hydrodynamic diameter.

FTIR spectrum of both the NPs and drug was taken in the

range of 4000–400 cm-1 with ATR method, as shown in

figure 1d. FTIR spectrum of bare ZnONPs showed char-

acteristic peaks at 3382, 886 and 420 cm-1 for –OH

stretching, Zn–OH vibration and Zn–O metal oxide bond.

The peak between 400 and 600 cm-1 is generally desig-

nated for metal ion bonds [38,39]. In the case of pure MTX,

it showed characteristic peaks at 1644 cm-1 for –CONH

group, 3387 cm-1 for –NH stretch, 2926 cm-1 for –CH

groups present in the structure. Carboxylate group –COO

presence can be seen at 1207 and 1447 cm-1 designated for

the –NH amide bending of the MTX molecule [23,40].

Considering MTX–ZnONPs, it also showed the presence of

peaks from the MTX at 1640 and 1450 cm-1 as well as

peaks coming from bare ZnONPs at 420 cm-1 for ZnO. All

the above peaks confirm the loading of MTX on the bare

ZnONPs.

ICP-AES is the most commonly used method for ele-

mental analysis, to know the precise concentration of a

specific metal ion in the sample [15,41]. Both the NP sys-

tems were analysed to know the Zn2? concentration present

in them. The amount of zinc present in bare ZnONPs was

0.352 mg ml-1 and for MTX–ZnONPs it was

0.280 mg ml-1. By using EDS mapping, the chemical

composition and distribution of the material can be deter-

mined. In order to determine the distribution of Zn, O and

C, elemental analysis was performed. The EDS mapping

images of bare ZnONPs, in figure 2a, showed sharp peaks of

zinc and oxygen with carbon and weight percentage of

70.37, 20.31 and 9.32, respectively, without any impurities.

Whereas in the case of MTX–ZnONPs, in figure 2b, the

weight percentage of the zinc, oxygen and carbon was

67.45, 18.33 and 14.22, respectively. All the results confirm

the formation of ZnONPs successfully in both systems

[42,43]. Also, the increased presence of carbon in MTX–

ZnONPs can be attributed to the presence of drug loading

onto bare ZnONPs. This result also confirms the successful

loading of MTX over bare ZnONPs.

HR-TEM analysis of bare ZnONPs was done to under-

stand the crystalline size and plane structure of NPs. It was

found that the bare ZnONPs have hexagonal crystal mor-

phology, figure 3a, with an average size of around 30 nm in

size, figure 3b. Crystal lattice arrangement is visible in

figure 3c, showing the presence of different planes corre-

sponding to SAED (selected area electron diffraction) pat-

tern, figure 3d, which shows multiple bright spots and the

Figure 4. Drug release study of MTX–ZnONPs in PBS at pH 7.4

and 5.0.
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Figure 5. Effect of bare ZnONPs, MTX–ZnONPs and MTX on mitochondrial function in (a) MCF-10A, (b) MCF-7 and (c) MDA-

MB-231 cells. Cell viability was determined by the MTT reduction assay after 24 and 48 h. Data presented are mean ± SD. The

asterisks above columns indicate statistically significant differences compared to bare ZnONPs (***p\ 0.001, **p\ 0.01,

*p\ 0.05).
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rings corresponding to the lattice structure of the crystals.

Bright spots indicate highly crystalline morphology, but

diffused band indicates aggregates. Planes given by SAED

pattern are in accordance with the planes provided by the

XRD data, which again confirms the crystalline nature of

particles [44,45].

UV–vis spectrophotometer was used to calculate the

MTX drug-loading efficiency on ZnONPs. The % loading

efficiency of MTX was found to be 79.44%.

A drug release study was carried out to understand the

release pattern of nanosystems under simulated physiolog-

ical conditions. For the drug release study, the dialysis

method was used and PBS with pH 7.4 was used to simulate

a normal cellular environment and for an acidic cancer cell

environment, PBS at pH 5.0 was used at 37�C. The MTX

release from the NP showed a biphasic release pattern with

initial burst release within 1 h, as seen in figure 4. Nearly

40% drug release was observed within 1 h and then a steady

increase was observed until 5 h. At pH 7.4, no more than

65% of drug release was observed, whereas pH 5.0 kept

showing the log phase upto 24 h resulting in almost 90% of

drug release. This clearly shows that under an acidic

microenvironment, drug release is favoured which is sig-

nificant for cancer cells.

3.2 In-vitro cytotoxicity test

MCF-10A, MCF-7 and MDA-MB-231 cells were used to

perform dose- and time-dependent cytotoxicity studies with

NPs. As seen in figure 5, MTX–ZnONPs showed time and

dose-dependent activity in all three cell lines. MTX–ZnONPs

were found to be highly cytotoxic towards all cell lines in

comparison to MTX at all concentrations used. MTX–

ZnONPs showed the lowest IC50 value of 5 lg ml-1 for

MCF-7 cells followed by 18 lg ml-1 and 49 lg ml-1 for

MCF-10A and MDA-MB-231 cells, respectively. However,

bare ZnONPs presented the highest toxicity towards control

cells MCF-10A with an IC50 values of 13 lg ml-1, subse-

quently, IC50 value obtained for MDA-MB-231 and MCF-7

breast cancer cells were 31 and 38 lg ml-1. The mechanism

of action of ZnONPs is not yet fully understood, but it is

Figure 6. AO/EB dual staining of MCF-10A cells for live and dead cells screening treated with bare ZnONPs, MTX–ZnONPs and

MTX at the concentration range of 10–30 lg ml-1. Magnification: 209.
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believed to involve the release of Zn2? ions under an acidic

environment, inducing oxidative stress and releasing any

payload on it inside the cell. This oxidative stress damages the

nucleic acids, proteins, enzymes and lipids leading to the

generation of ROS. This damage to cellular components

caused by ROS further initiates apoptosis, leading to cell

death [46,47]. Once MTX–ZnONPs reach inside the cancer

cell, they get exposed to its acidic cytoplasm where they

dissolve under an acidic environment releasing Zn2? ions and

MTX [48]. MTX owing to its high structural similarity with

FA gets transported in the cells using the same FAR. Once

inside, MTX gets polyglutamated and gets converted to its

active form stalling the purine and pyrimidine synthesis,

which ultimately results in cell death [49]. However, the

sensitivity of any cell line towards MTX may differ based on

its expression of FAR on the surface [50,51]. MTX resistance

in TNBC cell line MDA-MB-231 is widely reported [52,53],

which explains the high cell viability observed for these cells.

These results, therefore, indicate that synthesized MTX–

ZnONPs not only show good efficacy for MCF-7 breast

cancer cells, but can also show potent anticancer activity

towards drug-resistant TNBC cell line MDA-MB-231 than

MTX. Subsequently, high cell viability was observed in

MCF-10A cells, which control breast epithelial cell line, in

contrast to breast cancer cells, implying that MTX–ZnONPs

show safe and biocompatible nature towards control cells and

shows specificity towards cancer cells.

Consequently, significant cell viability was seen in MCF-

10A cells, which is a control breast epithelial cell

line, suggesting the safe and biocompatible nature of MTX–

ZnONPs and displays selectivity towards cancer cells.

3.3 AO/EB dual staining for live/dead cells screening

AO and EB are both DNA intercalating dyes, which dif-

ferentially stain cells based on their membrane integrity.

AO being a permeable dye tends to stain both live and dead

cells; hence, cells with only AO inside appear green,

whereas a cell that is dead or whose membranes have been

compromised absorbs EB and therefore fluoresces red. The

nuclei of necrotic cells appear similar to those of living

Figure 7. AO/EB dual staining of MCF-7 cells for live and dead cells screening treated with bare ZnONPs, MTX–ZnONPs and

MTX at the concentration range of 2.5–7.5 lg ml-1. Magnification: 209.

  192 Page 10 of 14 Bull. Mater. Sci.          (2023) 46:192 



cells, with no condensed chromatin and have a bright

orange-red fluorescence. Apoptotic cells get stained green

and contain bright green granular nuclei due to nuclear

fragmentation and chromatin condensation along with

blebbing of cell membrane characteristics of cells under-

going apoptosis [24,54].

As shown in figure 6, MCF-10A cells which are normal

breast epithelial cells showed typical epithelial morphology

with uniform green fluorescence and intact nuclei in control

untreated cells. Dose-dependent activity was observed for

all the systems, including the positive control MTX drug.

Owing to its lower IC50 value and high toxicity, bare

ZnONPs showed increased signs of damage. Even at lower

concentrations, cells lost morphology and detached due to

which rounding of cells was strikingly visible. While at

higher concentrations, signs of apoptosis and necrosis are

visible. In contrast at lower doses MTX–ZnONPs did not

show damage to cells due to its higher IC50 value. At higher

doses, however, we could see the visible signs of apoptosis

like blebbing of the cell membrane and nuclear condensa-

tion, indicating cells undergoing apoptosis due to treatment.

Also, cells with orange-red fluorescence and intact nuclei

indicate cell death by necrosis. Another striking observation

was the increased size of cells and large nuclei in cells

treated with MTX–ZnONPs and MTX as compared to

control cells. Similar observations are found in figure 7,

where MCF-7 cells also showed increased cell size with

MTX–ZnONPs and MTX treatment. A possible explanation

behind the increased cell size could be due to the fact that

MTX is known to inhibit the cell cycle in the synthesis

(S) phase by disrupting purine and pyrimidine synthesis.

During the S phase of the cell cycle, DNA/RNA accumu-

lates in the cell and hence cell size may increase [55,56].

Similar to MTT data, it was observed that MTX treatment

group had the least signs of cell damage in MDA-MB-231

cells, as seen in figure 8. However, MTX–ZnONPs here also

showed comparatively more cytotoxicity to cells than

MTX-alone group, indicating its cytotoxic behaviour

towards MDA-MB-231 cells. MTX–ZnONPs-treated cells

showed relatively less confluency, condensed nuclei and

cellular damage signs as seen by bright green granular

nuclei indicating early apoptosis. At higher concentrations,

Figure 8. AO/EB dual staining of MDA-MB-231 cells for live and dead cells screening treated with bare ZnONPs, MTX–ZnONPs

and MTX at the concentration range of 40–60 lg ml-1. Magnification: 209.
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cells showed loss of attachment and shrinkage with

morphological changes indicating a cytotoxic effect of

MTX–ZnONPs. Cells treated with MTX-positive control

showed similar morphological cues. Bare ZnONPs-treated

cells showed relatively high confluency similar to control

cells and very little signs of damage which is rationalized

considering the high IC50 value for MCF-7 cells, whereas

this pattern was reversed in MDA-MB-231 cells. MTX also

showed signs of damage and apoptosis-like blebbing of the

membrane, condensation of nuclei, loss of cell morphology

along with detachment of cells. Control cells in all three cell

lines showed high confluency and characteristic cell mor-

phology and green fluorescence, indicating a live cell

population.

3.4 RBC haemolysis study

RBCs are the most abundant component of the blood and

are very fragile in nature. Any biomolecules or NPs entering

human blood will strongly interact with the RBCs, thus it

becomes imperative to study the effect of these synthesized

nanomaterials on the RBCs.

As seen in figure 9, no haemolytic activity was observed

for any of the tested systems when compared to the control

and % haemolysis was below 2%. As per ASTM F756-00,

haemolysis under 5% is considered to be safe and hence all

the systems tested seem safe and biocompatible in nature at

the concentration used for the study [26]. ZnONPs are

known to be safe and biocompatible in nature previously in

various studies [57,58].

4. Conclusion

Bare ZnONPs and MTX–ZnONPs were successfully

synthesized via simple chemical precipitation method and

ex-situ synthesis approach. Further characterization with

UV–vis, FTIR and zeta potential confirmed the successful

MTX coating onto the NP surface. It was found that the

synthesized particles were highly crystalline in nature and

were in the range of 30–40 nm in size, as confirmed by

XRD and HR-TEM. Loading of MTX on the surface of

ZnONPs was further studied using a drug release curve

under different physiological conditions, which exhibited

favourable release patterns under an acidic environment.

The results of the MTT assay and AO/EB staining

demonstrate that the MTX–ZnONPs are preferentially toxic

to breast cancer cells in comparison to MCF-10A cells that

are used as controls. Also, MTX–ZnONPs not only kill

drug-sensitive MCF-7 cells but also show high cellular

toxicity to drug-resistant MDA-MB-231 cells. Interestingly,

it was noted that bare ZnONPs were more toxic to normal

breast epithelial cells MCF-10A, which implies that loading

of MTX on bare NPs has increased the biocompatibility and

specificity of NPs to cancer cells. RBC haemolysis assay

also supports the biocompatible nature of MTX–ZnONPs,

showing no haemolysis. To conclude, we say that the

Figure 9. RBC haemolysis study performed with bare ZnONPs, MTX–ZnONPs and MTX at the concentration range of

6.25–100 lg ml-1. Graphical presentation of % haemolysis and visual presentation of the test.
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MTX–ZnONPs synthesized in this study demonstrated

lower IC50 values, improved specificity and higher toxicity

towards breast cancer cells, including drug-resistant MDA-

MB-231 cells and high biocompatibility towards human

RBCs. These findings indicate that the synthesized

nanosystem could serve as an excellent anticancer agent for

further research.
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Abstract
Traditional therapies often struggle with specificity and resistance in case of cancer treatments.
It is therefore important to investigate new approaches for cancer treatment based on
nanotechnology. Zinc oxide nanoparticles (ZnONPs) are known to exhibit anti-cancer properties
by inducing oxidative stress, apoptosis, and cell cycle arrest. Methotrexate (MTX) a known
anti-folate shows specificity to folate receptors and interrupts healthy functioning of cells. This
study proposes the use of previously characterized biocompatible Methotrexate loaded Zinc
oxide nanoparticles (MTX-ZnONPs) as a dual action therapeutic strategy against breast cancer
cell lines, MCF-7 (MTX-sensitive) and MDA-MB-231 (MTX-resistant). To elucidate the
cytotoxicity mechanism of MTX-ZnONPs an in depth In vitro study was carried out. In vitro
assays, including cell cycle analysis, apoptosis assay, and western blot analysis to study the
protein expression were performed. Results of these assays, further supported the anti-cancer
activity of MTX-ZnONPs showing apoptotic and necrotic activity in MCF-7 and MDA-MB-231
cell line respectively. In vivo acute oral toxicity study to identify the LD50 in animals revealed
no signs of toxicity and mortality up to 550 mg kg−1 body weight of animal, significantly
higher LD50 values than anticipated therapeutic levels and safety of the synthesized nanosystem.
The study concludes that MTX-ZnONPs exhibit anti-cancer potential against breast cancer cells
offering a promising strategy for overcoming resistance.

Keywords: MDA-MB-231, MCF-7, Methotrexate, Bax, Bcl-xL, Zinc oxide nanoparticles,
Breast cancer

1. Introduction

Breast cancer is one of themost prevalent and fatal top-ranking
cancers globally [1, 2]. Chemotherapy be the most classical
approach to treat various cancers including breast cancer. The

∗
Author to whom any correspondence should be addressed.

drawbacks of current breast cancer treatments include toxicity,
resistance, and adverse effects [3]. As a result, there is a need
for new novel ideas and effective approaches to address these
issues. Nanotechnology based treatment strategies are the
forthcoming solutions to cancer therapies. Nanotechnology
based treatment strategies are the forthcoming solutions to
cancer therapies. Nanotechnology is considered a multidiscip-
linary science that aids in solving current problems, and where
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its function is to manufacture nanoscale materials and specific-
ally, nanoparticles (NPs) exhibit completely new or improved
properties based on characteristics such as size, distribution,
and morphology. These can be obtained from raw materials
of natural origin such as proteins and polysaccharides or from
inorganic precursors such as metals and salts. The use of NPs
as drug delivery vehicles is one such promising strategy [4–6].
NPs have the potential to lower the toxicity and adverse effects
of anticancer medications while increasing their solubility, sta-
bility, bioavailability, and selectivity [7]. Among the many dif-
ferent kinds of NPs, zinc oxide nanoparticles (ZnONPs), have
drawn attention because of their biocompatibility, biodegrad-
ability, affordability, and ease of synthesis. ZnONPs are nano-
materials that have proven anticancer effects by causing oxid-
ative stress, apoptosis, and cell cycle arrest in number of cancer
cell lines [8, 9].

Methotrexate (MTX) is a widely used anticancer drug that
inhibits the enzyme dihydrofolate reductase (DHFR), which is
vital for DNA synthesis and cell proliferation. Since MTX is
an analogue of folic acid, it is internalized through the folate
receptors which are known to overexpress on the surface of
breast cancer cells [10]. Moreover, MTX has disadvantages
such as poor solubility, low bioavailability, and resistance [11,
12]. On the other hand, cancer cells may become resistant
to MTX through a number of processes, including elevated
DHFR expression, decreased drug uptake, or changed drug
metabolism [13]. Triple negative breast cancer (TNBC) is a
subtype of breast cancer that lacks the expression of estro-
gen receptor (ER), progesterone receptor (PR), and human epi-
dermal growth factor receptor-2 (HER-2). TNBC is linked to
poor prognosis and significant risk of metastasis [14]. MDA-
MB-231 is a commonly used TNBC cell line that displays
mesenchymal features and high invasiveness with known
inherited resistance to MTX [15]. MCF-7 is a human mam-
mary tumor derived cell line first established in 1970, that
is hormone-responsive cell line with adherent and epithelial
luminal characteristics [16].

Using dual action therapy approach,MTX-ZnONPs aims to
combine the established anti-cancer drugMTXwith the inher-
ent anti-cancer properties of ZnONPs, to potentially enhance
the efficacy while reducing side effects. In our previous study
we synthesized bare ZnONPs by coprecipitation method and
MTX-ZnONPs using an ex-situ approach for loading of MTX
on NPs surface. The synthesized MTX-ZnONPs were highly
crystalline in nature and were in the range of 30–40 nm in size.
The successful coating of MTX onto the NP surface was con-
firmed by UV-vis, FTIR, zeta potential and other characteriz-
ations. The drug release study of MTX-ZnONPs under differ-
ent physiological conditions exhibited favorable release pat-
terns under an acidic environment. The synthesized NP sys-
tems were found to be safe and biocompatible in nature at
the concentration used for the study. Further their efficacy and
anticancer potential was confirmed byMTT cytotoxicity assay
on breast cancer cell lines MCF-7 (MTX-sensitive cell line)
and MDA-MB-231 (MTX-resistant cell line) using MCF-10A
as control cells. Blood biocompatibility study also confirmed
safe and biocompatible nature of MTX-ZnONPs to human
blood [17].

To delve deeper into the anti-cancer properties of MTX-
ZnONPs, a series of in vitro tests, including cell cycle ana-
lysis, apoptosis assay, and western blot analysis, were con-
ducted. Additionally, the safety of the synthesized nanosys-
tem was evaluated in animals using an acute oral toxicity
study to determine its lethal dose 50 (LD50). This compre-
hensive investigation aimed to assess the therapeutic potential
of MTX-ZnONPs against breast cancer cell lines, specifically
the MTX-sensitive MCF-7 and the MTX-resistant MDA-MB-
231 cell lines, while also elucidating the underlying mechan-
isms of action. Our hypothesis is focused on the potential of
MTX-ZnONPs to increase the responsiveness of breast cancer
cells to therapy, thereby demonstrating their effectiveness as
an anti-cancer treatment.

2. Materials and methods

2.1. Chemicals

All chemicals were molecular biology grade and used
as received. MTX was kindly provided as gift sample
from Khandelwal Laboratories Pvt. Ltd, Mumbai, India.
Bovine serum albumin was purchased from SRL Pvt. Ltd,
India. Propidium iodide (PI) was purchased from Sigma-
Aldrich, USA. RNAse A was purchased from Invitrogen™,
ThermoFisher Scientific, USA.

2.2. Cell culture

Human breast cancer cell line MCF-7 was procured from
NCCS, Pune and TNBC cell line MDA-MB-231 was pur-
chased from ATCC and cultured in Dulbecco’s Modified
Eagle’s Medium accompanied with 10% heat inactivated fotal
bovine serum (Gibco™, ThermoFisher scientific, USA) and
antibiotic antimycotic solution (Sigma-Aldrich, USA). MCF-
7 and MDA-MB-231 cells were maintained under humidified
conditions at 37 ◦C, 5% CO2 and trypsinized using 0.25%
trypsin-EDTA (Gibco™, ThermoFisher scientific, USA) after
attaining 80%–90% confluency.

2.2.1. Experimental design. For all further assay, cells
were treated with bare ZnONPs, MTX-ZnONPs and MTX at
respective concentrations based on the IC50 value obtained
from MTT cytotoxicity assay previously done. For MCF-7
cells concentrations used were 2.5, 5 and 7.5 µg ml−1 and
for MDA-MB-231 40, 50 and 60 µg ml−1, respectively. Three
independent replicates were performed and analyzed for all
assays.

2.3. Cell cycle analysis

Cells were seeded at a density of 105 cells per well in 6well flat
bottom plates and incubated overnight for attachment. Next
day, cells were treated with bare ZnONPs, MTX-ZnONPs and
MTX and control cells were left untreated with only media for
24 h incubation. For analysis, cells were washed twice with
phosphate buffered saline (PBS) to get rid of any media traces

2
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followed by trypsinization to harvest the cells. Cell pellets
were then collected by centrifugation at 1200 rpm for 5 min
and two washes of PBS were given to remove media traces.
Chilled 70%Ethanol in PBSwas used a fixative to fix the cells,
wherein 1 ml of chilled 70% ethanol was added dropwise to
the pellet with constant vortexing after which the cells were
stored at −20 ◦C. Cells were then centrifuged at 4 ◦C and the
pellet was resuspended in 500 µl of chilled PBS containing PI
(20 µg ml−1) and RNase A (10 µg ml−1). After incubating
in dark for 30 min samples were analyzed using [BD (Becton,
Dickson and Company) FACSAria Special Order System, BD
Biosciences, USA] flow cytometer and minimum of 10 000
events were recorded for data collection.

2.4. Apoptosis assay

Apoptosis assay was performed using fluorescein isothiocy-
anate (FITC) Annexin V Apoptosis detection kit (BD phar-
migen™) and protocol was followed as per manufacturers
guidelines with some modification [18]. Briefly, cells were
grown in 6 well plates with cell density of 105 cells per well
and treated next day with bare ZnONPs, MTX-ZnONPs and
MTX for 24 h followed by harvesting, washing and centrifu-
gation (1200 rpm for 10 min) to obtain the cell pellets. These
cell pellets were resuspended in 100 µl of 1X chilled bind-
ing buffer. The cells were then stained with Annexin V-FITC
and PI and incubated in dark for 10 min followed by addition
of 400 µl of 1X chilled binding buffer. Samples were imme-
diately analyzed with [BD (Becton, Dickson and Company)
FACSAria Special Order System, BDBiosciences, USA] flow
cytometer and minimum of 10 000 events were recorded for
data collection. For positive control, cells were incubated at
55 ◦C for 20 min and later stained with only Annexin V-FITC
and only PI. Untreated cells served as unstained control.

2.5. Western blot analysis

For western blot analysis cells were first treated with bare
ZnONPs, MTX-ZnONPs and MTX for 24 h. Protein extrac-
tion andWestern blot procedure was followed as reported else-
where with minor modifications [19]. Briefly cell pellets were
resuspended in chilled cell lysis buffer containing 1X protease
inhibitor cocktail (SigmaAldrich, USA) for 30min on ice with
intermittent vortexing followed by centrifugation at 13 000 g
for 20 min at 4 ◦C. Supernatant was collected and total pro-
tein concentration was estimated by Bradford assay. For sep-
aration of proteins 12% SDS-PAGE gel was prepared and 20–
30 µg of total protein was loaded per well. For protein transfer,
polyvinylidene fluoride membrane (Bio-Rad, USA) was used,
followed by blocking using blocking buffer (5% non-fat dry
milk (NFDM) + 0.1% Tween 20 in 1X Tris-buffered saline
(TBST) for 1.5 h at room temperature (RT). Proteins were later
probed with primary antibodies: anti-Caspase-3 rabbit mAb,
anti-Caspase-7 rabbit mAb, anti-Bcl-xL rabbit mAb, anti-Bax
rabbit pAb (Cell Signaling Technologies, USA) and β-Actin
mouse mAb (Sigma, USA) was used as housekeeping control.

Post overnight incubation at 4 ◦Cwith primary antibody. Blots
were washed three times with TBST for 10 min to remove
unbound antibodies and incubated with respective goat anti-
mouse and goat anti-rabbit HRP linked secondary antibody
(GeNei™, India) for 1 h at RT. Again, three washes with TBST
for 10 min were given to blots to remove any unbound second-
ary antibodies. Blots were later developed using Clarity (Bio-
Rad, USA) reagent and imaged using ChemiDoc XRS+ Gel
Imaging System (Bio-Rad, USA) and results were analyzed
using ImageJ software.

2.6. Animal experimentation & housing

Female Swiss albino mice (18–20 g) were procured from the
National Institute of Biosciences, Pune, Maharashtra, India
and housed in the SVKM’s animal facility. Temperature of
22 ◦C ± 2 ◦C, relative humidity 75% ± 5%, and a 12 h
light/dark cycle was maintained in an animal facility through-
out the study. Animals received a basal multi-nutritional
diet and purified water, ad libitum. The experimental pro-
tocol (CPCSEA/P-69/2022) was approved by the Institutional
Animal Ethics Committee.

2.7. Statistical analysis

All results were expressed as mean ± standard deviation
from three independent experiments carried out in triplicate.
Statistical analysis for differences in means was performed
using two-way analysis of variance (ANOVA) and 1-way
ANOVA for respective set of experiments by the GraphPad
Prism software (version 5.0). The p value (<0.05) was con-
sidered statistically significant. All graphswere prepared using
GraphPad Prism software (version 5.0). Image J software
was used to get the area under the curve for western blot
analysis.

2.7.1. Acute oral toxicity experimental design. Acute oral
toxicity study of MTX-ZnONPs was performed as per OECD
guideline (TG 425) [20]. Following a one-week acclimation
period, female Swiss albino mice (18–20 g) were randomly
assigned to four groups of three animals each (n = 3). Group
1 being control group received 0.5% CMC equivalent to dose
volume, group 2, 3 and 4 received MTX-ZnONPs at dose
55 mg kg−1, 175 mg kg−1 and 550 mg kg−1 p.o., respectively.
Animals were monitored carefully after oral dosing for any
signs of change in their behavioral and physiological appear-
ance during the first 30 min and then periodically during the
first 24 h with special attention on the first 4 h. All the groups
were kept under observation for 14 d.

Various observations related to the physical appearance like
change in body weight, skin and fur, eyes, lacrimal secretion,
autonomic, somatomotor, behavioral pattern and respiratory
abnormalities were observed. Animals were also observed for
tremors, convulsions, salivation, diarrhea, lethargy, sleep and
coma.
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3. Results and discussion

3.1. Cell cycle analysis

For cell cycle analysis, cells were stained with PI and analyzed
using flow cytometer. PI is a cell impermeable nucleic acid
dye, which binds to the DNAof the cell stoichiometrically thus
giving fluorescence signal, which is proportional to cellular
DNA content. Using flow cytometer different percentages of
cells in different phases of the cell cycle (G0/G1, S, and G2/M)
were determined to study the effect of NPs treatment on cell
cycle progression [16, 21]. Flow cytometry was used to study
the cell cycle progression of breast cancer cells post treatment
with NPs using PI staining.

As seen in figures 1 and 2, control cell population in both
the cell lines MCF-7 and MDA-MB-231 indicated standard
cell cycle progression, where majority of cell population was
seen in G0/G1 phase indicating cells undergoing active cell
division. A similar observation was made in the bare ZnONP
treated group, which did not show any significant differences
compared to the untreated group. In case of MCF-7 cell line,
MTX-ZnONP treated group depicted significant arrest in S
phase amongst all treatment groups, in concentration depend-
ent manner in comparison to untreated cells. Likewise, MTX
treated group demonstrated similar activity to MTX-ZnONPs
i.e. arresting cells in S and G2/M phase of cell cycle and pre-
venting from entering into G0/G1 phase. Cell cycle specific
activity of MTX-ZnONPs to S phase can be attributed to pres-
ence of MTX, which has direct effect on nucleic acid syn-
thesis thereby preventing cells from going into next phase [21].
However, MTX treatment in MDA-MB-231 cells evidently
arrested cells in G0/G1 phase, contrary to S phase of cell cycle
[22].MDA-MB-231 cells being resistant toMTX did not show
any dose dependent effect. Whereas MTX-ZnONPs being a
combination showed dose dependent activity with significant
shift of population to S phase compared to untreated cells and
MTX alone group. Of the three systems, MTX-ZnONPs had
less than 60% population in G0/G1 phase compared to oth-
ers treatment groups. Also, significant amount of population
was observed in Sub G1 phase signifying dose dependent cell
toxicity indicating apoptotic population in bare ZnONP and
MTX-ZnONPs treated groups. Overall results indicated that
MTX-ZnONPs system showed cell cycle specific arrest in S
phase of the cell cycle in MCF-7 and MDA-MB-231.

It was understood that MTX-ZnONPs preferentially halt
the cell cycle progression at S phase in MCF-7 and MDA-
MB-231. Even though MTX alone at same concentration had
no effect on MDA-MB-231 cells, MTX-ZnONPs treatment at
the same concentration did affect MDA-MB-231 cells, imply-
ing that the combination has a cytotoxic role in resistant cell
lines. The reason behind S phase inhibition was specifically
due to MTX presence. Once inside the cancer cell, MTX-
ZnONPs dissolve under acidic conditions, releasing Zn2+ ions
and MTX. MTX polyglutamates and gets converted to its
active form, stalling purine and pyrimidine synthesis, lead-
ing to arrest in cell cycle at synthesis phase. The mechan-
ism of action for ZnONPs is unknown, but it is believed to
involve the release of Zn2+ ions under an acidic environment,

causing oxidative stress and causing cellular damage [23, 24].
In one such similar study ZnONPs were used at low dose
against bladder cancer cell line T24. It was observed that low
dose ZnONPs treatment led to S phase arrest in cells leading
to apoptosis and suppressed the cell migration and invasion.
Although, the mechanism is unclear but, it is suspected that the
role of Zn2+ ions and ZnONPs could have contributed together
and were responsible for its anti-cancer activity [25].

3.2. Apoptosis assay

Apoptosis assay was performed using Annexin V-FITC/ PI
staining as per manufacturers protocol. This method is based
on the principle that, when cell undergoes apoptosis phos-
phatidylserine (PS) which is usually located towards inner
sides of plasmamembrane gets exposed to outer side of plasma
membrane. Annexin V is a protein which has high affinity
towards PS in presence of calcium ions, which is labeled
with FITC, a fluorescent dye. Thus, makes it easier to pos-
itively stain cells with exposed PS on it surface. PI is a nuc-
lear stain that stains DNA of the cells whose membrane integ-
rity has been compromised, such as late apoptotic or necrotic
cells. Three different types of populations can be distinguished
based on this principle like, viable cells (Annexin V-FITC -
negative and PI-negative), early apoptotic cells (Annexin V-
FITC -positive and PI-negative), and late apoptotic or necrotic
cells (Annexin V-FITC -positive and PI-positive) by using
Annexin V-FITC and PI staining together [26, 27].

Results of apoptosis assay in figures 3 and 4, depicts highest
percentage of live population in untreated cells of both the
cell lines. MCF-7 cells being sensitive to MTX exhibited
dose dependent toxicity, transitioning cells from early apop-
tosis to late apoptosis. Similarly, MTX-ZnONP treated group
observed significantly higher percentage of cells undergoing
apoptosis when compared with all other groups. On the other
hand, bare ZnONPs treatment did not induce any signific-
ant toxicity to MCF-7 cells and exhibited live cell popula-
tion comparable to that of untreated cells. In case of MTX
resistant cell line MDA-MB-231, it was observed that MTX
at different concentrations did not induce any sort of tox-
icity to cells, confirming the resistant behavior of the cell line.
Bare ZnONP treated group owing to its lower IC50 values
demonstrated increased cell death in comparison to other treat-
ment groups. Both bare ZnONPs and MTX-ZnONPs treated
cells led to cytotoxicity in MDA-MB-231 cells and majority
of the population were identified as necrotic and late apop-
totic. Interestingly, MTX-ZnONP treated group accounted for
considerably higher fraction of dead population compared
to MTX at the same concentrations, indicating its cytotoxic
nature against MTX resistant cell line. All above results indic-
ated capability of MTX-ZnONPs to induce toxicity in both the
breast cancer cell lines irrespective of their sensitivity to drug
via apoptotic or necrotic pathway.

When ZnONPs were used against cisplatin (DDP) resist-
ant ovarian cancer cell line SKOV3/DDP it was observed that
cell viability was dramatically reduced in SKOV3/DDP cells
compared to DDP alone at same concentrations. It was con-
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Figure 1. Cell cycle analysis by PI staining for MCF-7 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 h. Data is
presented as bar graph (left) and histogram (right). Asterisk in the columns indicate statistically significant difference compared to control
group (∗p ⩽ 0.05; ∗∗p ⩽ 0.01; ∗∗∗p ⩽ 0.001).

Figure 2. Cell cycle analysis by PI staining for MDA-MB-231 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 h. Data is
presented as bar graph (left) and histogram (right). Asterisk in the columns indicate statistically significant difference compared to control
group (∗p ⩽ 0.05; ∗∗p ⩽ 0.01; ∗∗∗p ⩽ 0.001).

firmed through Annexin V/PI assay that the majority of the
cells were undergoing apoptosis and showed higher sensit-
ivity to ZnONPs indicating their anticancer potential against

drug-resistant cell line. They also confirmed that ZnONPs
treatment induced p53 expression due to ROS and oxidative
stress leading to apoptosis induction in cancer cells [28].
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Figure 3. Apoptosis analysis by Annexin V-FITC/ PI for MCF-7 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 h. Data
is presented as bar graph (left) and scatter plot (right). Asterisk in the columns indicate statistically significant difference compared to
control group (∗p ⩽ 0.05; ∗∗p ⩽ 0.01; ∗∗∗p ⩽ 0.001).

Figure 4. Apoptosis analysis by Annexin V-FITC/ PI for MDA-MB-231 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for
24 h. Data is presented as bar graph (left) and scatter plot (right). Asterisk in the columns indicate statistically significant difference
compared to control group (∗p ⩽ 0.05; ∗∗p ⩽ 0.01; ∗∗∗p ⩽ 0.001).

3.3. Western blot analysis

Western blotting is a method to detect the specific mem-
brane bound proteins with the help of primary and secondary

antibodies against specific protein epitope/s. Secondary anti-
bodies are bound to an enzymewhich upon converting the sub-
strate gives out signal, which is detected over the period. In the
current study, expression of proteins like Caspase 3/7, Bcl-xL
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Figure 5. Western blot analysis for MCF-7 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 h. Asterisk in the columns
indicate statistically significant difference compared to control group (∗p ⩽ 0.05; ∗∗p ⩽ 0.01; ∗∗∗p ⩽ 0.001).

and Bax were investigated post treatment with NPs in MCF-7
and MDA-MB-231 cells. β-actin was used as a housekeeping
protein for loading control.

In MCF-7 breast cancer cell line (figure 5), it was observed
that MTX-ZnONPs treatment led to upregulation of Caspase
3 in dose dependent manner along with Bax. Caspase-3 is a
executor caspase that is activated at the last step to execute
apoptosis [29]. Similarly, Bax which is a part of Bcl family,
which functions as a pro-apoptotic protein whose upregulation
can be associated with programmed cell death i.e. apoptosis
[30]. However, Bcl-xL, also comes from the same family of
Bcl has the same function as binding to Bax and preventing
apoptosis, was observed to downregulate in a dose dependent
manner. Downregulation of Bcl-xL which an anti-apoptotic
protein and upregulation of Pro-apoptotic protein is a classical
pattern observed in cells undergoing apoptotic death which
is clearly seen here indicating apoptotic cell death in case of
MCF-7 breast cancer cells [31].

However, in case of MDA-MB-231 cell line as seen in
figure 6, none of the treatment groups displayed Caspase-3
upregulation. On the other hand, Bcl-xL and Bax levels were
significantly upregulated for MTX-ZnONP treatment group in
dose dependent manner. Similarly, MTX treatment also depic-
ted multifold upregulation of Bcl-xL levels upon treatment.
Downregulated levels of executioner caspase and upregulation
of Bcl-xL (pro-survival protein) highlights that cells are under-
going non-apoptotic cell death. Caspases are known to get
upregulated and activated only under programmed cell death
situation but, evidence indicates that Bax expression levels are
also associated with necrotic cell death [32, 33]. Similarly,
Bcl-xL upregulation in MDA-MB-231 cells with respect to
MTX treatment could be associated with its drug resistance

as its observed that upregulated Bcl-xL prevents cells from
undergoing apoptosis in response to chemotherapy, reducing
the effectiveness of the treatment and allowing cells to survive
and continue to grow.

It has been demonstrated that MTX induces apoptosis in
a variety of experimental systems, such as Chinese hamster
ovary cells, fibrosarcoma cells, and HL60 and Jurkat leuk-
emic cells. The induction of p53 is linked to both growth arrest
and apoptosis, especially in reaction to DNA damage or other
forms of cellular stress that are frequently brought on byMTX
[34]. Zinc nanorods (ZnONRs) of size range 100 nm, showed
similar anticancer activity in MCF-7 breast cancer cells by
increasing the expressions of Bax and reducing the levels of
Bcl-xL leading to activation of apoptotic death [35]. There is
limited evidence that also shows that upon ZnONPs treatment,
it induces the MAPK pathways ultimately activating a cascade
of events reaching to tumor necrosis factor-α (TNF-α). TNF-α
along with other cytokines have shown to get expressed upon
NP induced inflammation [36, 37].

3.4. Acute oral toxicity study

During the 14 d observation period, a single dose of MTX-
ZnONPs at 55 mg kg−1, 175 mg kg−1 and 550 mg kg−1,
did not induce any adverse effects in the animals. No mortal-
ity, morbidity, or physical abnormalities were observed. Eye,
nose, ear, and fur appearance remained unchanged, and no
behavioral alterations like tremors, coma, or morbidity were
detected. All animals tolerated the treatment well, with no
mortality, morbidity, or abnormal physical changes observed.
(Supplementary-tables 1(a)–(c)) detail the findings on phys-
ical characteristics and behavior. Importantly, weight changes
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Figure 6. Western blot analysis for MDA-MB-231 cells treated with bare ZnONPs, MTX-ZnONPs and MTX for 24 h. Asterisk in the
columns indicate statistically significant difference compared to control group (∗p ⩽ 0.05; ∗∗p ⩽ 0.01; ∗∗∗p ⩽ 0.001).

were monitored (supplementary-table 2). While the control
group gained weight as expected, the treated groups showed
minimal to no weight gain. However, by day 14, all animals
displayed proportional weight gain, suggesting healthy growth
and no lasting impact of the treatment. This further supports
the biocompatibility and safety of MTX-ZnONPs at tested
doses in mice. Furthermore, the LD50 value determined using
ATO425 software was ⩾550 mg kg−1 body weight, exceed-
ing the concentration used in vitro assays. This higher LD50

reinforces the safety profile of the synthesized nanosystems.
The lack of toxicity of MTX-ZnONPs is likely due to the

fact that theMTXmolecules are loaded on to the ZnONPs pre-
venting its untimely release. The safety of MTX-ZnONPs is
important because they have the potential to be used as a deliv-
ery system for MTX, a drug that is used to treat cancer and
rheumatoid arthritis [12]. Current study showed that MTX-
ZnONPs could be used to deliver MTX to tumors without
causing systemic toxicity. This could improve the efficacy of
MTX therapy and reduce the side effects of the drug.

4. Conclusion

A combined approach utilizing MTX and ZnONPs demon-
strated anti-cancer efficacy against breast cancer cells.
MTX-ZnONPs effectively arrested cell cycle progression
in the S/G2M phase in both cell lines. Apoptosis assays
revealed differential responses, ultimately inducing cell death
via apoptosis or necrosis. Western blot analysis corrobor-
ated these findings, indicating apoptotic and necrotic cell
death in respective cell lines, confirming the anti-cancer
activity of MTX-ZnONPs regardless of MTX sensitivity.
Notably, in-vitro assays demonstrated superior cytotoxicity of

MTX-ZnONPs compared to MTX at equivalent concentra-
tions. MTX-ZnONPs induced apoptosis in MCF-7 breast can-
cer cells, as evidenced by upregulated Caspase-3 and Bax, and
downregulated Bcl-xL. Conversely, MTX-ZnONPs triggered
non-apoptotic cell death in TNBC MDA-MB-231 cells, as
observed by downregulated Caspase-3 and upregulated Bcl-
xL. Acute oral toxicity studies revealed no signs of toxicity
in animals, suggesting an LD50 of MTX-ZnONPs exceeding
550 mg kg−1 body weight, significantly higher than the effect-
ive in vitro concentrations. This indicates the safety of the
synthesized nanosystem in animals. Inherent anti-cancer prop-
erties of ZnONPs along with the targeted delivery of MTX,
offers a combination effect that helps overcome drug resist-
ance suggesting MTX-ZnONPs as a promising novel thera-
peutic strategy for even drug-resistant breast cancer. Now that
we have the preliminary confirmation about the anti-cancer
activity of MTX-ZnONPs further bio-distribution and phar-
macokinetic studies need to be conducted to understand the
in vivo effects of the nanosystem. Along with that, long-term
toxicity study needs to be performed to translate the results
for clinical applications. Above findings collectively suggest
MTX-ZnONPs as a promising novel therapeutic strategy for
breast cancer. We anticipate that our study will pave the way
for MTX-loaded ZnONPs as a novel and effective treatment
for breast cancer cell lines, irrespective of drug resistance. We
also hope that our study will contribute to the development of
nanomedicine for the treatment and diagnosis of cancer.
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Abstract
Despite decades of basic and clinical research and trials of promising new therapies, cancer remains a major cause of 
morbidity and mortality due to the emergence of drug resistance to anticancer drugs. These resistance events have a very 
well-understood underlying mechanism, and their therapeutic relevance has long been recognized. Thus, drug resistance 
continues to be a major obstacle to providing cancer patients with the intended “cure”. PAQR4 (Progestin and AdipoQ 
Receptor Family Member 4) gene is a recently identified novel protein-coding gene associated with various human cancers 
and acts through different signaling pathways. PAQR4 has a significant influence on multiple proteins that may regulate 
various gene expressions and may develop chemoresistance. This review discusses the roles of PAQR4 in tumor immunity, 
carcinogenesis, and chemoresistance. This paper is the first review, discussing PAQR4 in the pathogenesis of cancer. The 
review further explores the PAQR4 as a potential target in various malignancies.

Keywords  Cancers · PAQR4 · miRNA · Tumor immunity · Therapeutic target

Introduction

Cancer is a well-known disease defined by the growth of 
cells that have managed to evade core endogenous regu-
lating systems. It is a leading contributor to death, posing 
a significant threat to people’s well-being and imposing a 
substantial economic burden on society [1]. According to 
assessments from the World Health Organization (WHO) in 
2019, cancer is the third or fourth main cause of mortality 
and morbidity before the age of 70 in 23 countries. Based 
on current incidence rates, there will be 28.4 million new 
cancer cases worldwide by 2040. Despite recent advances 
in cancer therapeutic techniques, effective cancer treatment 
remains challenging due to heterogeneities and the frequent 
incidence of chemoresistance.

When cancerous cells become drug-tolerant, resistance 
to chemotherapy often occurs. Chemoresistance is a major 

obstacle in cancer treatment. It occurs due to diverse rea-
sons, including various intrinsic and extrinsic factors [2]. 
The most prevalent anticancer drug resistance mechanisms 
are drug-dependent, target-dependent, and target-independ-
ent. Overexpression of detoxifying enzymes and efflux drug 
transporters causes drug-dependent multidrug resistance 
(MDR) [3]. Translocation, deletion, mutation, and amplifi-
cation in target cause target-dependent MDR. Drug target-
independent MDR is caused by genetic or epigenetically 
altered cell–cell communication, thereby desensitizing tar-
gets [4]. Understanding the processes involved in treatment 
resistance in different types of cancer is crucial, including 
drug efflux, DNA mutations, drug inactivation, drug target 
alteration, DNA damage repair, cell death inhibition, and 
the epithelial–mesenchymal transition (EMT) and metabolic 
alterations that hinder drug effectiveness.

To recognize new markers for early detection and drug-
gable targets for efficient therapy, it is crucial to unravel the 
molecular pathways that are often engaged in various forms 
of cancer. Thus, for the identification of precise molecular 
targets to enhance cancer detection and therapy, public data-
bases like The Cancer Genome Atlas (TCGA) have been 
used. From such targets, researchers have recently identified 
the Progestin and AdipoQ Receptor (PAQR) family gene 
that plays a role in various forms of cancer. PAQR is the 
11-member gene family consisting of PAQR1 to PAQR11. 
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PAQR genes have been implicated in the carcinogenesis of 
breast cancer [5], prostate cancer [6], liver cancer [7], and 
gastric cancer [8]. This review discusses PAQR4’s role in 
carcinogenesis through various signaling pathways and its 
function and expression in several cancer types. This paper 
is the first review, discussing PAQR4 in the pathogenesis 
of cancer.

Structure and function of PAQR4

The PAQR family proteins encompass a group of trans-
membrane proteins that consist of species from eubacteria, 
archaea, Caenorhabditis elegans, and humans [9]. Unlike 
the usual classification of G-protein-coupled receptors, it 
has been approximated that each protein belonging to the 
PAQR family possesses seven transmembrane domains. 
These domains consist of an intracellular N-terminus and an 
exterior C-terminus [9, 10]. PAQR4 gene has a 7-transmem-
brane domain which is similar to ADIPOR1 and ADIPOR2 
(Fig. 1) [11]. Adiponectin is a crucial adipokine that has a 
role in regulating glucose metabolism. PAQR1, also known 
as AdipoR1, and PAQR2, also known as AdipoR2, have 
been identified as receptors for adiponectin [12]. However, 
Progestin receptors have been identified as PAQR5, PAQR7, 
and PAQR8 [13–15]. Tang and colleagues reported that the 
PAQR4 gene contains 3 coding exons [11].

It is important to note that the PAQR family has been 
shown to exhibit abnormal expression in several solid 
tumors, leading to the development and advancement of 
cancer by regulating cellular biology and metabolism [11, 
18]. Earlier studies have revealed that PAQR4, a member 

of the PAQR family, exhibits significant expression in both 
cancer tissues and cell lines [5]. Suppression of PAQR4 
significantly decreased the ability of cancer cells to migrate, 
proliferate, invade, and undergo epithelial–mesenchymal 
transition (EMT), while also inducing cell death [8].

Role of PAQR4 in various cancers

Role of PAQR4 in breast cancer

Role in cell proliferation

Data from cancer statistics 2022 reports revealed that breast 
cancer accounts for 50% of women’s cancer diagnoses, along 
with other major malignancies that often affect women 
including lung cancer and colorectal cancer [19]. Zhang 
et  al. investigated the carcinogenic effect of PAQR4 in 
breast cancer and reported suppression of cell proliferation 
in human breast cancer cells SUM159 and MCF7 after 
the knockdown of PAQR4 gene [5]. In terms of the cell 
cycle’s G1-to-S transition, PAQR4 modulates the steady 
state level of cyclin-dependent kinase 4 (CDK4), which 
was examined by its amount of ubiquitination in breast 
cancer cells in the presence and absence of a proteasome 
inhibitor, MG132 (Table 1). From both the breast cancer 
cells, MCF7 and SUM159, PAQR4 knockdown increased 
CDK4 ubiquitination in the presence of MG132, whereas 
overexpressed cells inhibited this process [5].

Changes in sphingolipid metabolism may be the cause 
of the advancement of a variety of cancers, including liver, 
colon, endometrial, and breast cancer [24]. It has been 
observed that breast tumor has considerable downregulation 
of the sphingolipid pathway’s metabolite, such as ceramidase 
and sphingosine-1-phosphate compared to normal tissue, 
and PAQR4 is recognized for its ceramidase activity. To 
investigate further, researchers used the homology model 
of PAQR4 using the crystal structure of PAQR2. An aspartic 
acid residue (Asp219) from histidine residues, which 
are present with the zinc ion, facilitates the cleavage of 
ceramide into sphingosine. Further, PAQR4-depleted cells 
showed lower ceramidase activity compared to normal cells. 
Ceramide induces apoptosis, and the precursors of de novo 
sphingolipid synthesis accumulate as a result of PAQR4 
depletion [25].

Role in metastasis

Zhang and colleagues demonstrated a correlation between 
elevated PAQR4 expression and a higher risk of breast can-
cer metastasizing to lymph nodes in patient samples [5]. 
Although a specific mechanism was not established in their 

Fig. 1   Three-dimensional structures from AlphaFold (predicted) for 
PAQR4 Gene [16, 17]. Progestin and adipoQ receptor family member 
4 protein tertiary structure was predicted by using AlfaFold through 
Genecard.org. The core alpha helices regions and loops of the pre-
dicted protein were modeled to high accuracy (Blue highlighted with 
the predicted local distance difference test (pLDDT) > 90). There 
were a few regions towards the terminal N- and C-terminal of the 
protein that exhibited medium confidence (90 > pLDDT > 70 and 
highlighted in skyblue), Low confidence (70 > pLDDT > 50 and high-
lighted in yellow), and very low confidence (pLDDT < 50 and high-
lighted in orange) [16, 17]
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study, significant (p = 0.001) lymph node metastasis was 
associated with the mRNA level of PAQR4 [5].

Role of PAQR4 in hepatocellular carcinoma

Role in cell proliferation

Hepatocellular carcinoma (HCC) is one of the world’s most 
deadly malignancies, accounting for the fourth highest cause 
of cancer-related death worldwide [26–28]. It is the fourth 
most common cancer in men which in turn has a higher 
risk of developing liver cancer in men than women. The 
global male-to-female HCC incidence ratio is 2.8:1 [29]. 
Shi et al. identified the expression of oncoproteins vascular 
endothelial zinc finger 1 (VEZF1), which regulates several 
cancers [30]. Through the PI3K/Akt pathway, VEZF1 
accelerates HCC growth by entering the nucleus and 
transcriptionally activating PAQR4. Additionally, VEZF1 
is known to be a substrate of stress-inducible phosphoprotein 
1 homology and U-box-containing protein 1 (STUB1), and 
its stability is impacted by STUB1-mediated ubiquitination 
degradation [31]. It is possible that new information about 
the STUB1/VEZF1/PAQR4 mechanism can help direct early 
detection and treatment of HCC patients.

Zhao and colleagues reported that Hep3B cells with 
knocked-down PAQR4 had decreased cell growth, 
which was associated with the prevention of the G1/S 
cell cycle transition [20]. PAQR4 knockdown decreased 
phosphorylation of AKT and p85 which further blocked 
PI3K/AKT pathway activation. Conversely, HCC cells 
(Huh-7 cells) that had PAQR4 overexpression showed the 
inverse effect. Table 1 shows the results of the study that 
tested the link between the PI3K/AKT pathway and PAQR4 
activity in the progression of HCC using the PI3K inhibitor 
LY294002 [32, 33]. Overexpression of PAQR4 caused the 
cell cycle to develop more rapidly, whereas LY294002 
stopped this. Researchers looked at the relationship between 
PAQR4 expression and PAQR4 methylation and reported 
a substantial negative association, indicating that PAQR4 
hypomethylation may be one of the causes of the increase 
in PAQR4 expression [34, 35].

Role in metastasis

Zhao and colleagues investigated the role of PAQR4 gene 
in HCC metastasis. Their study showed positive correla-
tions between highly expressed PAQR4 and tumor size, 
stage, lymph node metastasis, and distant metastasis. 
The study concluded that the PAQR4 gene promotes cell 
growth and metastasis by activating the PI3K/AKT path-
way [20]. Wang et al. reported that in the intrahepatic HCC 
implantation model, overexpression of PAQR4 markedly 

increased the establishment of intrahepatic metastatic foci 
in comparison to the control group [36].

Role of PAQR4 in non‑small cell lung cancer

Role in cell proliferation

While PAQR4 has been linked to breast cancer in humans, 
its function in NSCLC in humans is yet unknown. 
Worldwide, NSCLC ranks high among respiratory 
neoplasms and is a leading cause of cancer-related death 
and disability. Wu and Liu reported higher expression of 
PAQR4 in NSCLC tissue than in normal tissue. PAQR4 
enhances cell proliferation, migration, and invasion by 
decreasing CDK4 ubiquitination and degradation or by 
blocking the CDK4/pRB-E2F1 pathway [5].

Additionally, in NSCLC cells, overexpression of 
PAQR4 also physically interacts with nuclear factor-eryth-
roid 2 p45-related factor 2 (Nrf2), preventing Nrf2 from 
being ubiquitinated by Kelch-like ECH-associated protein 
1 (Keap1) and disrupting the interaction between Nrf2 and 
Keap1 [21]. When it comes to managing oxidative and 
electrophilic stress, as well as maintaining cellular and 
tissue homeostasis, the Nrf2 signaling pathway is indis-
pensable [37]. Nrf2 is a master transcriptional activator 
that drives the cellular response to a variety of stimuli, 
including electrophilic insults, proteotoxic stress, and oxi-
dative stress [38–40]. Keap1 normally ubiquitinates Nrf2 
constantly and facilitates its proteasome route degrada-
tion [39]. When cells experience oxidative stress, Keap1 
becomes inactive and Nrf2 becomes stabilized. Once Nrf2 
binds to the antioxidant response element (ARE), it moves 
into the nucleus and activates the transcription of several 
genes that code for detoxifying enzymes and proteins with 
antioxidant characteristics, as shown in Fig. 2 [40]. On the 
other hand, lung cancer has been found to be associated 
with a number of Keap1 mutations or loss of heterozygo-
sity [41].

An increasing body of evidence suggests that Nrf2 is 
constitutively stabilized in certain human cancers [42–44], 
and that tumors exhibiting elevated Nrf2 levels are 
associated with a poor prognosis [42, 44]. The influence 
of Nrf2 on the efficacy of cisplatin in the treatment of 
ovarian cancer has been demonstrated [45]. Furthermore, 
evidence suggests a relationship between lung cancer and 
various mutations or loss of heterozygosity in the Keap1 
gene [41]. Consequently, finding new components of the 
Keap1-Nrf2 signaling pathway may help future NSCLC 
patients who are resistant to treatment. This provides more 
evidence that PAQR4 reduction might make cancer cells 
more responsive to treatment.
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Role in metastasis

Wu and Liu explored the role of the PAQR4 gene in 
NSCLC. They discovered a correlation between PAQR4 
expression and pathological characteristics such as lymph 
node metastases, tumor size, and TNM stage. They 
concluded that in non-small cell lung cancer, PAQR4 
stimulates cell division and metastasis via the CDK4-pRB-
E2F1 pathway [5].

Role of PAQR4 in prostate cancer

Among male cancers, prostate cancer is second only to lung 
cancer in terms of mortality rate. More than one million new 
cases are reported annually, making it a major public health 
concern [46]. Researchers identified PAQR4 as a key player 
in prostate cancer cell lines and tissues. PAQR4 knockdown 
in PC3 and DU145 cell lines inhibited cell growth, cell 
migration, and epithelial–mesenchymal transition [6]. 

Fig. 2   A Signaling pathway of Keap1 and Nrf2: At normal condi-
tions, Keap1 regulates the Nrf2 protein level. Keap1 forms a complex 
named E3 ubiquitin ligase, which causes ubiquitin–proteasome degra-
dation of Nrf2. Due to electrophiles, reactive oxygen species (ROS), 
or endoplasmic reticulum stress, the Nrf2 protein level upregulates. 
PAQR4 competes with Keap1 and binds to the site on Nrf2. Nrf2 is 
then bound to the antioxidant response elements (AREs), which then 
translocate into the nucleus, generate heterodimers with proteins 
called sMAF, and activate ARE-related genes. MG132, a proteasome 
inhibitor, inhibits proteasome ubiquitination of Nrf2. B VEZF1 is the 
substrate of stress-inducible phosphoprotein 1 homology and U-box 
containing protein 1 (STUB1), which further causes ubiquitin–pro-
teasome degradation of VEZF1. VEZF1 translocates to the nucleus 
when there is no ubiquitination and then activates PAQR4, which fur-
ther actuates the major pathway responsible for the cancer progres-

sion. C PAQR4 exerts its oncogenic function in cancer by regulating 
PI3K/AKT pathway, which activates PI3K (Class IA PI3k and Class 
IB) and converts phosphatidylinositol-4, 5-bisphosphate (PIP2) into 
phosphatidylinositol-3, 4, 5-triphosphate (PIP3), which activates 
AKT, Tuberous sclerosis proteins 1 and 2 (TSC1/2), mammalian 
target of rapamycin (mTOR), which are mainly responsible for cell 
cycle proliferation and differentiation thus eventually causes cancer. 
Breviscapine acts on PAQR4 thus downregulates its protein levels 
and inhibits cancer progression by inhibiting the PI3K/AKT pathway. 
D The tumor suppressor protein, retinoblastoma (Rb), is phospho-
rylated by the CDK4/6-cyclin D1 complex. Palbociclib, a CDK4/6 
inhibitor, inhibits the CDK4-pRB-E2F1 pathway, which lessens the 
effect of PAQR4’s stimulation of cell proliferation and migration
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Further, in in-vivo studies, breviscapine treatment inhibited 
the PAQR4-mediated PI3K/Akt pathway in prostate cancer, 
which in turn inhibited cell growth and metastasis [6].

PAQR4 in drug resistance

Mechanisms of drug resistance

Cancer cells use different mechanisms to develop drug 
resistance. The following are the main mechanisms by which 
cancer cells develop drug resistance.

Drug inacstivation

For numerous anticancer drugs to be effective, metabolic 
activation is essential. It is important to consider that cancer 
cells may develop resistance to treatments due to decreased 
drug activation. Previous studies have identified drug efflux 
transporters/multidrug resistance pumps, uridine diphospho-
glucuronosyltransferase (UGT) superfamily, cytochrome 
P450s, and Glutathione S-transferases (GSTs) as some 
classical drug resistance target(s) in cancer chemotherapy 
[47, 48]. GST expression levels are linked with higher 
tumor drug resistance. Another GST-specific isoenzyme 
called Glutathione S-transferases P is ubiquitous in nature 
and showed elevated levels in non-drug-resistant and drug-
resistant cancers [49].

When treating and preventing breast cancer, irinotecan, 
a topoisomerase I inhibitor, is effective when uridine 
diphosphate glucuronosyltransferase 1A1 gene (UGT1A1) 
is inactive. Epigenetic alterations that boost UGT1A1 
levels could lead to resistance to irinotecan and other 
drugs [50, 51]. For example, thymidine phosphorylase 
transforms the fluoropyrimidine prodrug capecitabine into 
5-fluorouracil (5-FU). The thymidine phosphorylase gene 
can be methylated, which results in capecitabine resistance. 
When cellular enzyme activity such as Dihydropyrimidine 
dehydrogenase is low, 5-FU cannot be transformed into its 
most potent forms [52, 53].

Changes in epigenetics before transcription can impact 
the activity of genes through various regulatory mechanisms, 
such as DNA methylation, histone modification, and 
chromatin remodeling, regardless of the genetic code 
sequence [54–56]. DNA methyltransferases (DNMTs) 
and demethylases maintain CpG site methylation, which 
can be inherited via cell divisions [57]. DNA methylation 
changes chromatin structure and prevents transcription 
factors or co-activators from attaching to their specific 
locations, reducing gene expression. Methylation can also 
attract methyl-binding proteins (MBPs) that interact with 
co-repressors to inactivate chromatin at the DNA level [58, 
59].

Drug target modification

Drug targets may be altered by secondary protein mutations 
or epigenetic changes in expression levels. Exempli gratia, 
epidermal growth factor receptor (EGFR) tyrosine kinase 
inhibitors (TKIs) like erlotinib, and gefitinib for non-small 
cell lung cancer (NSCLC) have a high first response rate 
[60, 61]. Within a year, over 50% of responding patients 
developed a T790M EGFR mutation, making them resistant 
to the first and second generations of TKIs. The mutation 
from threonine to methionine changed EGFR conformation, 
increasing ATP binding affinity and decreasing gefitinib/
erlotinib kinase binding [62–64].

Drug efflux

Membrane transporters are the unique proteins that assist 
in the transfer of ions, micro, and macromolecules through 
biological membranes. These transporters are comprised 
of ATP hydrolysis-driven pumps, secondary transporters 
including solute carrier transporters (SLCs), and ion 
channels that actively convey against the concentration 
gradient [65]. Under normal physiological conditions, the 
kidney, liver, and epithelial tissues that protect the small 
intestine, placenta, blood–brain barrier, and testes express 
efflux pumps to eliminate endogenous waste and xenobiotics 
[66, 67]. Efflux pumps in eukaryotes are divided into five 
groups Monocarboxylate transporter (MCT), Multidrug 
resistance protein (MDR, P-glycoprotein), Multidrug 
resistance-associated proteins (MRPs), Peptide transporters 
(PEPTs), and Na + phosphate transporters (NPTs). ATP-
driven transmembrane P-glycoprotein (P-gp) efflux pumps 
are a primary cause of cancer multidrug resistance [68].

Gene modification

Drug resistance often begins with either the expression 
or mutation of the drug target protein. Within mammals, 
B-cell lymphoma-2 (Bcl-2) family proteins such as Bcl-
2, Bcl-xL, Bcl-w, Mcl-1, and A1 play a role in apoptosis. 
With the exception of Bim, Bid, and Bad, which are BH3-
only proteins, Bcl-2 proteins consist of four homologous 
domains (BH1, BH2, BH3, and BH4) [69–72]. Alterations 
in genetics associated with cancer and the development 
of tumors frequently impact the control of cell death to 
stimulate cell proliferation. These genetic changes are either 
passed down through generations or caused by the cell cycle. 
Examples include genomic amplification, rearrangements, 
and DNA fragment substitutions, insertions, and deletions 
[73, 74]. Gene mutations in the BCL-2 family can lead to 
the overexpression of proteins that either suppress or induce 
apoptosis. Bcl-2 is commonly found to be overexpressed in 
numerous breast and prostate tumors. Studies have shown 



Medical Oncology (2024) 41:161	 Page 7 of 11  161

that mutations in the BCL-2 gene’s coding sequence at 
diagnosis were linked to a quicker progression to aggressive 
lymphoma and premature death from it. Bcl-2 boosts lung 
metastasis in mice and promotes cell migration and invasion 
in breast cancer cell lines [75–77]. Several non-small cell 
lung carcinomas exhibit high levels of BCL-2, MCL-1, and 
BCL-XL. Analysis of somatic copy number alterations in 
around 3000 cancer samples across 26 different types reveals 
the amplification of genes similar to Bcl-2, such as MCL-1 
and BCL-XL, as well as the deletion of BOK and PUMA 
[78–81]. When Bcl-2 is overexpressed in breast cancer 
cells, it leads to the formation of polyploid cells that exhibit 
multidrug resistance [82].

Role of PAQR4 gene in drug resistance

Recent studies suggested the role of PAQR gene in the 
development of drug resistance. Wang and colleague have 
performed a systematic pan-cancer analysis of the PAQR 
gene [83]. They used Cancer Genome Atlas to study the 
association between PAQR4 and clinical phenotypes, and 
tumor immune response. Tumor microsatellite instability 
analysis for the PAQR gene showed a positive correlation in 
adrenocortical carcinoma, cervical squamous cell carcinoma 
and endocervical adenocarcinoma, kidney Chromophobe, 
stomach adenocarcinoma, and uterine corpus endometrial 
carcinoma cohorts. Positive correlation in microsatellite 
instability analysis predicts resistance to certain drug therapy 
[84]. Thus, the results from this study predict a correlation 
between the PAQR gene and drug resistance.

Xu et al. investigated the association between the PAQR 
gene and prognosis of non-small cell lung cancer [21]. 
Using NSCLC cells, they examined the impact of PAQR4 
on colony formation, xenograft tumor formation, and cell 
proliferation. Results showed that PAQR4 expression 
was elevated in cancer cell lines in NSCLC patients, and 
PAQR4 mutations were observed in non-small cell lung 
cancer tissues. The study concluded that PAQR4 increases 
chemoresistance by preventing the protein degradation of 
nuclear factor-erythroid 2-related factor 2 (Nrf2), in non-
small cell lung cancer [21].

Targeting PAQR4 for the treatment of cancer

In cancer prevention and treatment, natural chemicals 
are promising. They influence cell growth and cell cycle 
arrest with model effects and low toxicity. Breviscapine 
has broad physiological and pharmacological effects. 
The main active ingredients in breviscapine are baicalein 
and 4, 5, 6-tetrahydroxy flavone-7-glucoside acid [85, 
86]. Breviscapine induces apoptosis and inhibits cell 
proliferation, reducing tumor growth, by inhibiting the 

PAQR4-mediated PI3K/Akt pathway in prostate cancer 
to reduce proliferation and metastasis. In addition, PI3K/
Akt pathway inactivation drastically reduced N-cadherin 
and Vimentin protein levels and increased E-cadherin 
expression. In contrast, upregulating PAQR4 and inhibiting 
PI3K/Akt pathway reduced the above effects [6].

According to computational research, a few natural 
substances increase cancer survival by changing 
PAQR4 expression. The rosemary extract, Withaferin 
A, and Eusynstyelamide B change PAQR4 expression, 
which influences survival in kidney renal clear cell 
carcinoma, kidney renal papillary cell carcinoma, and 
liver hepatocellular carcinoma patients with low/medium 
expression [87]. Researchers found that PAQR4 and 
FLYWCH1, a transcription modulator, directly bind 
nuclear β-catenin, suppressing transcriptional activity 
and downregulating genes related to cell migration and 
morphology [88]. PAQR4 also interacts with ASB2, an 
ankyrin repeat-containing protein that suppresses cytokine 
signaling box-2 and impacts growth and chromatin 
condensation [89].

MicroRNAs (miRNAs) are single-stranded, non-coding 
RNAs whose function is to control biological processes 
by targeting a variety of messenger RNAs (mRNAs) [90]. 
Depending on the level of complementarity, miRNA may 
bind to the 3′-untranslated regions (3′UTRs) of target 
mRNAs and cause cleavage of mRNA or suppresses the 
translational mechanism [91, 92]. Through controlling 
key signaling molecules, such as various transcription 
factors, pro-apoptotic and anti-apoptotic, cytokines, and 
growth factors, proteins, miRNAs play crucial roles in 
many fundamental biological processes, which include cell 
apoptosis, metabolism, cell differentiation, cell proliferation, 
and development [93, 94]. Through controlling their mRNA 
targets, miRNAs have been demonstrated to act as oncogenes 
or tumor suppressor genes in a variety of malignancies, 
including, breast cancer, HCC, non-small cell lung cancer, 
prostate cancer, gastric cancer, and endometrial cancer 
[95–98].

While increasing apoptotic cell death, lowering the 
levels of either hnRNPK or LINC00162 inhibited colony 
formation and proliferation [99]. According to small 
RNA sequencing and antisense oligonucleotide pulldown, 
LINC00162 directly combines with miR-485-5p, which can 
decrease tumor growth by reducing colony formation and 
cell proliferation while enhancing apoptotic cell death. Due 
to direct binding to the 3′-untranslated region of PAQR4 
mRNA, miR-485-5p reduced the expression of PAQR4.

The level of functional miR-485-5p rose when hnRNPK 
and LINC00162 were knocked down, suggesting that 
LINC00162 may compete with miR-485-5p to derepress 
PAQR4 expression. Results showed that a regulatory prototype 
including hnRNPK, LINC00162, miR-485-5p, and PAQR4 
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is a viable cancer target and plays a significant role in cell 
proliferation and death [100].

MiR-125b-5p has been demonstrated to be considerably 
downregulated in breast, HCC, and bladder cancer 
[101–103]. As a result, scientists have shown that miR-
125b-5p is downregulated and inversely linked with PAQR4 
expression in HCC, suggesting that this may be another 
possible mechanism for PAQR4 to be upregulated. This 
study indicates that miR-125b-5p downregulation and 
PAQR4 hypomethylation may be potential pathways for 
PAQR4 overexpression in HCC. PAQR4 overexpression in 
HCC may be caused by PAQR4 hypomethylation and miR-
125b-5p downregulation [101]. After miR-647 knockdown, 
the PAQR4 mRNA level significantly rose, while after miR-
647 overexpression, it significantly dropped. Additionally, 
circNOLC1 overexpression in PC cells dramatically increased 
PAQR4 mRNA and protein levels [7].

Stomach cancer is still a significant malignancy that ranks 
fifth for incidence and fourth for fatality globally [104]. 50% 
of the world’s population has been found to have H. pylori 
infection [105], and the regional variance of this infection is 
reasonably correlated with the occurrence of stomach cancer. 
miRNAs have a significant role in the genetic network involved 
in pathophysiological events, such as the development 
and spread of cancer [106]. Furthermore, new research 
demonstrates that miRNAs are crucial in regulating other 
GC occurrence and development processes, including cell 
proliferation, apoptosis, invasion, and metastasis [107–109].

To highlight the usefulness of PAQR4 in GC, experiments 
were performed using luciferase plasmids with either wild-
type (WT) or mutant PAQR4 3′UTR, which demonstrated 
that overexpression of miR-370 decreased WT PAQR4 
reporter activity [8]. In SGC-7901 cells, miR-370 
knockdown enhanced PAQR4 expression, whereas miR-
370 introduction dramatically decreased PAQR4 expression. 
These results demonstrated that 3′-UTR sequence binding by 
miR-370 controlled PAQR4 expression in GC cells directly 
[8]. Overexpression of miR-370 dramatically decreased 
PAQR4 expression and suppressed malignant signals such 
as EMT, invasion, and proliferation. A similar result was 
seen in SGC-7901 cells after PAQR4 was knocked down. 
Further evidence proposes that miR-370 suppressed GC 
cell proliferation, invasion, and EMT via regulation of 
PAQR4 expression. PAQR4 may play crucial roles in the 
development and metastasis of GC. Restoring PAQR4 also 
reversed the inhibitory effects of miR-370 [8].

Future perspective

PAQR4 has a significant influence on multiple proteins that 
are part of the PI3K/Akt pathway. It also affects the activity 
of ceramidase and FLYWCH1, which play a role in the 

development of chemoresistance in cancer cells. Through 
the exploration of different natural and synthetic compounds, 
along with the current chemotherapy, there is potential to 
mitigate the development of chemoresistance in various types 
of cancer by targeting the PAQR4. Drugs that can suppress 
the function of PAQR4 can be explored for their potential to 
enhance the effectiveness of cancer treatment. Further, the role 
of PAQR4 in cancer metastasis and drug needs to be further 
explored to enhance our understanding.

Conclusion

PAQR4 gene, a member of the PAQR family, is a recently 
identified oncogene. PAQR4 activates the PI3K/Akt signaling 
cascade, a major oncogenic axis in human cancers, to promote 
carcinogenesis. Previous research has demonstrated that 
PAQR4 plays a role in the pathogenesis of a variety of cancer 
types, including breast cancer, hepatocellular carcinoma, 
NSCLC, and prostate cancer. PAQR4’s expression and role in 
other prevalent cancer types, however, is yet unknown. Data 
from various studies suggest that targeting PAQR4 can be a 
potential approach for the treatment of cancer, however, further 
clinical and mechanistic studies are warranted to enhance our 
understanding of PAQR4.
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Chapter 1: Introduction  

Breast cancer is a type of cancer that starts in the breast. It is the most common cancer among 

women, and the second leading cause of cancer death among women after lung cancer. Early 

detection and treatment of breast cancer are important for improving the chances of survival 

(Sung et al., 2021). Chemotherapy is used to kill cancer cells throughout the body. 

Chemotherapy may be given before or after surgery, or it may be used as a treatment for 

advanced breast cancer. Major challenges contributing towards cancer mortality are 

metastasis and neoplasm resistance to various therapeutic strategies. Amongst the different 

types in Breast cancer, Triple negative (TNBC) is the most difficult to treat as presently no 

known targeted therapy is available for the same (Necela et al., 2015). Of various treatment 

modalities available, chemotherapy has gained much attention due to vast abundance of 

molecules targeting all possible molecular and chemical targets. Conventional 

chemotherapeutic agents used to date have several limitations such as non-specific 

distribution, side effects and resistance in cancer cells. Though a number of treatment 

strategies have surfaced like Personalized vaccines (Sahin and Türeci, 2018), cell therapy 

(Miliotou and Papadopoulou, 2018), combination therapy (Mokhtari et al., 2017), gene 

editing (Baylis and McLeod, 2017) and microbiome treatments (McQuade et al., 2019) are the 

promising treatment options with their own limitations. Through combination therapy, two 

(or more) agents targeting different genes, disease pathways or cell-cycle checkpoints in 

cancer are targeted to maximize the odds to stop further growth of cancer cells. Combination 

approaches show synergistic or additive effects and significantly enhance the efficacy of 

standard single-agent treatments (Xu et al., 2015). Folic acid receptor (FAR) are best 

molecular markers available on cancer cells whose expression increases 20-30 folds in certain 

cancers like ovarian, breast, cervical etc. By targeting FAR, antitumor agent can be specifically 

delivered to FAR overexpressing cancer cells and avoiding non-specific tissue absorption 

(Cheung et al., 2016). Methotrexate (MTX) is a commonly used chemotherapy drug that 

works by inhibiting the growth of cancer cells. However, its effectiveness can be limited due 

to drug resistance and toxicity. MTX has been explored for its role in targeting FAR 

overexpressing cells (Johari-Ahar et al., 2016). 
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Nanotechnology offers both passive and active targeting strategies that can enhance the 

intracellular concentration of drugs in cancer cells and at the same time avoid toxicity to 

normal cells (Sarkar et al., 2018). Several nanoparticles (NPs) that have been tested in vitro; 

Zinc oxide nanoparticles (ZnONPs) has proved its efficacy as a potential anti-cancer agent for 

various different cancer types. ZnONPs offers attractive properties such as easy synthesis, 

biocompatibility and preferential killing of cancer cells, by ROS generation leading to 

apoptosis (Singh, Das and Sil, 2020). By combining the ZnONPs and MTX, as novel system, we 

anticipate that the system will enhance the therapeutic effectiveness and minimize the side 

effects by individual systems when used alone. Therefore, this study has the potential to 

contribute significantly towards the development of more targeted and efficient cancer 

treatments. Using series of characterizations, in-vitro and in-vivo analysis we aim to study the 

efficacy and anti-cancer potential of this combination system against breast cancer cells.  

Chapter 2: Review of Literature  

2.1 Breast cancer  

As per Globocan data of 2020, breast cancer (11.7%) features on top of the list from its former 

position followed by lung cancer (11.4%) (Sung et al., 2021). There are two main types of 

breast cancer: invasive and non-invasive. Invasive breast cancer is cancer that spreads from 

the lining of the milk ducts or lobules to other parts of the breast. Non-invasive breast cancer 

is cancer that does not spread beyond the lining of the milk ducts or lobules. The most 

common type of invasive breast cancer is ductal carcinoma in situ (DCIS). Another type of 

invasive breast cancer is lobular carcinoma in situ (LCIS) (Sharma, Jain and Sareen, 2013). The 

treatment for breast cancer depends on the stage of the cancer, the patient's age and overall 

health, and the patient's preferences. Treatment options may include surgery, radiation 

therapy, chemotherapy, hormone therapy, or targeted therapy. Chemotherapy is used to kill 

cancer cells that have spread to other parts of the body. Chemotherapy can be given before 

surgery to shrink the tumor, or after surgery to kill any cancer cells that may have been left 

behind. With early detection and treatment, most women with breast cancer can live long 

and healthy lives (Trayes and Cokenakes, 2021).   

Based on receptor status on breast cancer cells they can be classified in different types. 

Estrogen receptor-positive (ER-positive) and Progesterone receptor-positive (PR-positive) 



Synopsis 

3 

 

breast cancer having receptor site for respective hormone present on the cells. Human 

epidermal growth factor receptor 2 (HER2) positive breast cancer cells have too many 

receptors for the HER2 protein. HER2 is a growth factor receptor that can stimulate the 

growth of cancer cells (Anita Khokhar, 2012). Triple-negative breast cancer (TNBC) cells do 

not have receptors for ER, PR, or HER2. TNBC is the most aggressive type of breast cancer and 

is often more difficult to treat (Avery, 2018). However, all of them still have few other 

receptors too present on cell surface for easy targeting like FAR and transferrin receptor 

which seem to be overexpressed in breast cancer cells (Soleymani et al., 2018; Wang et al., 

2022).  

2.2 Methotrexate (MTX)   

MTX belongs to anti-folate class of drug, under antimetabolite family. MTX is an analogue of 

folic acid molecule with minor changes in the structure, it also binds to the same site of folic 

acid on FAR and internalized in the cell. Many cancer cells overexpress FAR on its surface 

which makes it easy to target. Hence it is recommended drug for many cancers like breast, 

prostate, ovarian and Acute Lymphoblastic Leukemia (ALL) to name a few (Bryan, 2012). In 

cells, MTX binds to di hydro folate reductase (DHFR) enzyme and inhibits the purine and 

thymidylate synthesis, ultimately leading to death of cell. MTX has its effect on rapidly 

growing cells and thus it also targets the normal body cells like hematopoietic cells and bone 

marrow cells. This poses serious side effects like myelosuppression and decreased immunity 

in patients. It has also been demonstrated that long-term use of MTX can cause liver damage 

and renal damage in normal cells expressing FAR. Issues associated with MTX include poor 

solubility, poor bioavailability, short half-life of 3-10 hours and serious side effects, which 

limits the use of MTX in many conditions (Bath et al., 2014; Wong and Choi, 2015; Yang et al., 

2015). NPs based MTX delivery systems using gold nanoparticles, iron oxide nanoparticles, 

polymeric nanoparticles and others have already been explored in-vitro, against breast cancer 

cell lines like MCF-7 and MDA-MB-231. These studies have suggested a positive correlation of 

MTX targeting in FAR over expressing cancer cell lines proving its potential application for 

anticancer targeted treatment (Kukowska-Latallo et al., 2005).  
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2.3 Zinc oxide nanoparticles (ZnONPs)  

Zinc (Zn), zinc oxide (ZnO), and zinc oxide nanoparticles (ZnONPs) are all different forms of Zn. 

Zn is an essential mineral that plays a role in many cellular processes, including cell growth, 

division, and apoptosis. ZnO is a white, odourless powder that is used in a variety of products, 

including sunscreen, cosmetics, and paints (R, 2016). ZnONPs are tiny particles of zinc oxide 

that are smaller than 100 nanometres. ZnONPs have proved its efficacy as a potential 

anticancer agent for various different cancer types in vitro. ZnONPs are cytotoxic as they 

release soluble Zn+2 ions in the surrounding environment which is the major factor involved 

into ZnONPs related toxicity. ZnONPs being positively charged, are selectively attracted to 

cancer cells leading to membrane destabilization and impaired permeability of cells. 

Increased ions in the cell leads to generation of reactive oxygen species (ROS) in the cell which 

generates oxidative stress on the cell and DNA damage, protein damage and ultimately 

apoptosis of cell. ZnONPs have been proven to be efficacious in delivering the 

chemotherapeutic drugs to various cancer cells (Wang et al., 2017; Singh, Das and Sil, 2020).  

2.4 Nanotechnology and its applications in cancer  

Nanotechnology is the application of materials and systems at the nanometre scale (1 

nanometre = 1 billionth of a meter). By offering new ways to identify, target, and administer 

therapies to cancer cells, nanotechnology has the potential to revolutionize the way cancer is 

treated (Yao et al., 2020). It is known that NPs are known to possess unique properties such 

as, high surface area, tuneable optical and electronic properties, and the ability to interact 

with biological systems, that are not found in larger particles. These properties make NPs 

promising candidates for a wide range of applications. Nanotechnology holds the potential 

for controlled and targeted drug delivery of therapeutic molecules to diseased tissues which 

could drastically reduce toxic side effects on healthy cells (Parvanian, Mostafavi and 

Aghashiri, 2017). NPs can also be functionalized with various molecules or coatings to 

enhance their properties or enable specific applications. Nanoplatforms are advancing and 

they are being developed to deliver different type of chemical drugs, antibodies, small 

peptides, small molecule inhibitors, biomolecular drugs like (DNA, small interfering RNA 

(siRNA) and mRNA) and even radio nuclei to cancer sites alone or in combination of more 

than one agent together to work in a synergistic manner to improve the efficacy of system 
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(Gurunathan et al., 2018).  

Number of NPs-based formulations have shown enhanced efficacy against cancer and 

received approvals E.g. Doxorubicin (Doxil®) got approved by US Food and Drug 

Administration (US-FDA) in year 1995 and became first NP based drug similarly, Albumin 

based NP formulation of Paclitaxel (Abraxane®) in the year 2005 got approval. MEPACT 

liposomal mifamurtide for Osteosarcomas got approval by European Medicines Agency in 

2009 and many more are still under investigation at different stages of clinical trials (Sanna, 

Pala and Sechi, 2014; Anselmo and Mitragotri, 2019). 

Chapter 3: Rationale, Aim and Objectives  

3.1 Rationale  

In case of breast cancer, there are limited treatment options available that specifically target 

hormone receptor-negative cancers and these cancers are often treated with chemotherapy 

and radiation therapy. MTX have a selective internalization via FAR, which are comparatively 

overexpressed on cancer cells than normal cells. Studies suggest that FAR may be a promising 

target for the development of new treatments for breast cancer cells. But, MTX toxicity and 

resistance become one big hurdle in its application. Nanotechnology offers both passive and 

active targeting strategies that can enhance the intracellular concentration of drugs in cancer 

cells and at the same time avoid toxicity to normal cells. ZnONPs have proved its efficacy as a 

potential anticancer agent and drug delivery vehicle for various different cancer types in-vitro. 

By combining the NP based drug delivery of MTX, we anticipate that the system will enhance 

the therapeutic effectiveness and minimize the side effects observed when used alone. 

Our primary aim was to use MTX along with ZnONPs to check its activity in vitro using breast 

cancer cells. The study aimed to take advantage of ZnONPs to kill cancer cells along with MTX 

as targeting agent. Through scientific approaches, ZnONPs role in killing cancer cells has 

already been evaluated but, its potential along with MTX still remains to be unexplored in 

breast cancer. 
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3.2 Aim and Objectives  

3.2.1 Aim  

To study the anti-cancer activity of drug loaded zinc oxide nanocarrier entrapped in a 

biocompatible polymer on breast cancer cells.  

3.2.2 Objectives  

1. Synthesis and characterization of drug loaded Zinc oxide nano particles (ZnONPs) 

2. Drug release study of drug loaded nanoparticles. 

3. In vitro analysis of the developed system to evaluate its anti-cancer potential. 

4. Study the Blood biocompatibility with newly developed system. 

5. In vivo acute oral toxicity study of the newly developed system using a suitable animal 

model.  

Chapter 4: Synthesis and characterization of bare Zinc oxide 
nanoparticles (ZnONPs) and Methotrexate loaded Zinc oxide 
nanoparticles (MTX-ZnONPs) with drug release study  

This chapter deals with synthesis of bare ZnONPs and MTX-ZnONPs using a simple and cost-

effective method and characterization of the same. For the synthesis precursors used were 

Zinc nitrate hexa hydrate Zn(NO3)2.6H2O, Potassium hydroxide (KOH) and for drug loading 

MTX was used. NPs were characterized using Ultraviolet-visible (UV-vis) absorbance 

spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES), zeta (ζ) potential, 

Dynamic light scattering (DLS), Energy dispersive spectroscopy (EDS)-mapping and High-

resolution transmission electron microscopy (HR-TEM) method. Interpretations of the same 

are described below.  Along with characterization, we also report the drug release study of 

MTX-ZnONPs.  

4.1 Synthesis of bare ZnONPs and MTX-ZnONPs 

We have used simple chemical precipitation method with polyol assisted synthesis approach 

for bare ZnONPs synthesis. Bare ZnONPs were synthesised in 10% PEG-400 solvent using 
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Zn(NO3)2.6H2O as Zn precursor and KOH as reducing agent. For MTX loading ex-situ synthesis 

approach was used where MTX with previously synthesised and characterized bare ZnONPs 

were mixed in the ratio of 1:20 to get the final MTX-ZnONPs with loading efficiency of  ̴ 79%. 

Both the particles were centrifuged, washed and dried in oven to get the dry powder.  

4.2 Characterization of NPs  

The characterization of NPs is a critical step in the development of NP. NPs must be 

characterized for their size, shape, surface properties, composition, and dispersibility. This 

information is used to ensure that the NP are produced to the desired specifications and that 

they will perform as expected in the intended application.  

4.2.1 UV-Vis Spectroscopy  

This method was used to understand the change in absorption spectrum for NPs. Bulk ZnO is 

a non-nanomaterial form of ZnO which shows characteristic λmax peak at 380 nm. Whereas 

bare ZnONPs and MTX-ZnONPs had their characteristic λmax at 362 nm and 370 nm 

respectively. MTX peaks at 303 nm was also reported in pure MTX as well as MTX-ZnONPs. 

Band gap energy for bare ZnONPs was calculated based on Tauc’s plot as 3.41 eV.  

4.2.2 FTIR spectroscopy  

This method was applied to study the various functional group present on NP system and 

study the interaction between them. Bare ZnONPs revealed characteristic peaks at 3382 

cm-1, 886 cm-1, and 420 cm-1 for -OH stretching, Zn-OH vibration, and Zn-O metal oxide bond, 

respectively. Pure MTX exhibited characteristic peaks at 1644 cm-1 for the -CONH group, 3387 

cm-1 for the -NH stretch, 2926 cm-1 for the presence of -CH groups and 1447 cm-1 designated 

for the -NH amide bending in the structure. MTX-ZnONPs exhibited MTX peaks like 1640 

cm-1 and 1450 cm-1, as well as bare ZnONP peaks like 420 cm-1 for ZnO. 

4.2.3 X-ray diffraction (XRD)   

XRD can be used to determine the crystal structure of NPs. XRD analysis of bare ZnONPs and 

MTX-ZnONPs revealed sharp peaks indicating highly crystalline hexagonal wurtzite phase. 

These peaks matched standard ZnO planes, with varying intensities for MTX-ZnONPs samples. 



Synopsis 

8 

 

The average crystalline size was 31 nm for bare ZnONPs and 40 nm for MTX-ZnONPs, 

consistent with previous reports. 

4.2.4 Inductively coupled plasma-atomic absorption spectroscopy (ICP-AES)   

ICP-AES of NPs was carried out in order to estimate the Zn content present in the NPs. Bare 

ZnONPs and MTX-ZnONPs had 350 ppm and 280 ppm of Zn present in them respectively.  

4.2.5 Zeta potential and Dynamic light scattering (DLS)  

Zeta potential is a charge on NPs' surface, affecting their stability. Bare ZnONPs show greater 

positive charge under acidic conditions. Although, ZnONPs when loaded with MTX, led to 

reduction in Zeta potential in comparison to bare ZnONPs. All NP systems exhibit greater 

stability towards acidic pH.  

DLS results show Z-average of 270 nm and 285 nm with average peak size to be 39 nm and 58 

nm for bare ZnONPs and MTX-ZnONPs, with moderate size distribution was observed. 

4.2.6. Energy dispersive spectroscopy (EDS)-mapping  

EDS mapping was performed to determine the chemical composition of material and its 

distribution. The EDS mapping of bare ZnONPs gave sharp peaks of zinc and oxygen with 

carbon and weight percentages of 70.37, 20.31, and 9.32, respectively, without any 

impurities. Whereas in the case of MTX-ZnONPs, the weight percentages of zinc, oxygen, and 

carbon were 67.45, 18.33, and 14.22, respectively. 

4.2.7 High-resolution transmission electron microscopy (HR-TEM)  

HR-TEM analysis is a powerful tool for characterizing the structure and morphology of NPs at 

the atomic scale. This technique allowed to determine the particle size, shape and crystal 

structure. HR-TEM analysis of bare ZnONPs revealed hexagonal crystal morphology with an 

average size of 30 nm. The crystal lattice arrangement, SAED pattern, and XRD data confirm 

the crystalline nature of the particles. 
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4.3 Drug release study of MTX-ZnONPs  

A drug release study was conducted to understand MTX release patterns under simulated 

physiological conditions from MTX-ZnONPs. The study used dialysis method and PBS with pH 

7.4 for normal cellular environment and pH 5.0 for acidic cancer cell environments. Results 

presented a biphasic release pattern, with 40% drug release within 1 hour and a steady 

increase up to 90% was seen until 24 hours. 

Chapter 5: In-vitro study to evaluate the anti-cancer activity of 
MTX-ZnONPs on breast cancer cell lines  

In this chapter we have conducted series of in-vitro tests to quantify the effect of MTX-

ZnONPs on breast cancer cell lines MCF-7 (MTX-sensitive) and MDA-MB-231 (MTX-resistant). 

The cytotoxicity of the MTX-ZnONPs on these above cell lines was assessed by performing 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay using MCF-10A as 

control cell line. Further, Acridine Orange/ Ethidium Bromide (AO/EB) staining, cell cycle 

analysis, Annexin V FITC- Propidium Iodide assay and immunoblotting assays was conducted 

on breast cancer cell lines MCF-7 and MDA-MB-231 with MTX-ZnONPs. The results suggests 

that the MTX-ZnONPs had a significant anti-cancer activity on both cell lines, indicating their 

anti-cancer potential. 

Breast cancer cell lines used were MCF-7 and MDA-MB-231 (TNBC) along with normal breast 

epithelial cell line MCF-10A as control cell line. MCF-7 and MDA-MB-231 cells were cultured 

in DMEM media accompanied with 10% heat inactivated FBS, and antibiotic antimycotic 

solution. The MCF-10A cells were cultured in mammary epithelial cell basal medium (MEBM) 

media supplemented with growth factors (Lonza, USA) and 100 ng/ ml of Cholera toxin. Cells 

were maintained under humidified conditions at 37 °C, 5% CO2 and trypsinized after attaining 

80–90% confluency and maintained at 37 °C in 5% CO2. 

5.1 Cellular viability assay (MTT) 

Cell viability was conducted in order to determine the IC50 value for synthesized nano 

systems and study its effect on cell viability of cancer cells. For MTT assay test concentration 

range selected was 6.25,12.5, 25, 50 and 100 μg/ml. For positive control MTX was used at 
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concentration par with its loading amount on MTX-ZnONPs. The study assessed cytotoxicity 

of bare ZnONPs, MTX-ZnONPs and MTX on MCF-10A, MCF-7, and MDA-MB-231 cells. MTX-

ZnONPs were found to be highly cytotoxic compared to MTX at all concentrations used in case 

of breast cancer cell lines. At the same time in MCF-10A control cell line, bare ZnONPs were 

highly cytotoxic compared to MTX-ZnONPs proving biocompatibility with control breast 

epithelial cells. The IC50 value of MTX-ZnONPs in MCF-7 and MDA-MB-231 cell line was 5 

μg/ml and 49 μg/ml respectively. Additionally, bare ZnONPs led to higher cytotoxicity in MDA-

MB-231 cell line, than that of MCF-7 cell line. The results suggest that synthesized MTX-

ZnONPs exhibit good efficacy for MCF-7 breast cancer cells and more potent anticancer 

activity towards drug-resistant TNBC cell line MDA-MB-231 than MTX. Cell viability was 

increased and higher in MCF-10A cells treated with MTX-ZnONPs, suggesting a safe and 

biocompatible nature of MTX-ZnONPs and selectivity towards cancer cells. 

5.2 Acridine Orange/ Ethidium Bromide (AO/EB) viability staining 

AO/EB dual fluorescent staining helps detecting basic morphological changes in cells 

undergoing apoptosis. Moreover, it allows to distinguish between healthy cells, early and late 

apoptotic cells, and necrotic cells. Control group in all three cell lines had high confluency and 

characteristic cell morphology with green fluorescence indicating live cell population. Dose-

dependent activity was observed for all systems, including the positive control MTX drug. bare 

ZnONPs showed increased damage signs, while MTX-ZnONPs did not show damage at lower 

doses in MCF-10A and MDA-MB-231. Higher doses of MTX-ZnONPs showed cells undergoing 

apoptosis and necrosis in all three cell lines. MTX treatment presented minimal cell damage 

signs in MDA-MB-231 cells, comparison to MTX-ZnONPs. While in case of MCF-7 cells MTX-

ZnONPs had clear signs of toxicity showing cells with condensed and fragmented nuclei, 

blebbing of plasma membrane and loss of attachment. Cells had reduced confluency, 

apoptosis, and morphological changes at higher concentrations. 

5.3 Cell cycle analysis  

The study was conducted to gain an understanding of how NPs treatment would affect cancer 

cell cycle progression. Untreated group of MCF-7 cell line exhibited a standard cell cycle 

pattern, with the majority of the cell population in the G0/G1 phase, indicating actively 



Synopsis 

11 

 

dividing cells. Similarly, bare ZnONPs treatment group showed an identical pattern of cell 

cycle after treatment, indicating no effect on the cell cycle at the tested concentrations. 

Interestingly, MTX-ZnONPs treatment group arrested cells in the S phase of the cell cycle, 

while MTX treatment group led to cell cycle arrest in the S and G2/M phases, preventing cells 

from moving to the G0/G1 phase. This confirmed that, MTX-ZnONPs have a cell cycle-specific 

effect on the S phase of the cell cycle in MCF-7 cells.    

In untreated MDA-MB-231 cell line control group, the cell population was observed in G0/G1 

phase, indicating actively dividing cells. MTX-ZnONPs treatment group showed majority of 

population arrested in the S and G2/M phases.  Bare ZnONPs treatment also had similar 

effects as MTX-ZnONPs. Although, MTX did not alter the cell cycle in MDA-MB-231 cells 

considering their inherent resistance to MTX; with cells remaining in the active G0/G1 phase 

of the cell cycle. Thus, it can be inferred that MTX-ZnONPs exhibit cell cycle specific inhibitory 

effect on the S phase of the cell cycle and exhibits significant cell arrest compared to MTX in 

both the breast cancer cell line MCF-7 and MDA-MB-231.  

5.4 Annexin V FITC- Propidium Iodide assay  

This assay provides quantitative and qualitative information on the extent and kinetics of 

apoptosis, as well as the mode of cell death. By using both annexin V and PI staining, it is 

possible to distinguish between apoptotic cells and necrotic cells. More than 90% of cell 

population in control group were live in both the cell lines. Bare ZnONPs having higher IC50 

value for MCF-7 cells did not show any cell toxicity. MTX-ZnONPs treatment significantly 

reduced live cell population in MCF-7 cells, while MTX alone was less toxic compared to MTX-

ZnONP combination.  

MDA-MB-231 cells showed increased necrosis and apoptosis in bare ZnONP and MTX-ZnONPs 

treated groups, with bare ZnONPs showing higher toxicity. While MTX group did not show 

significant toxicity in MDA-MB-231 cell line.  MTX-ZnONPs show greater cytotoxicity towards 

both sensitive MCF-7 and resistant MDA-MB-231 cell lines. 

5.5 Western blot analysis  

For quantification of cellular protein levels of Bax, Bcl-xL, Caspapse-3 and Caspase-7 

immunoblotting was performed, post treatment with MTX-ZnONPs. Blots were probed with 



Synopsis 

12 

 

primary antibodies of anti-β-actin, anti-Caspase-3, anti-Caspase-7, anti-Bcl-xL, and anti-Bax 

antibodies. MCF-7 cells showed upregulation of Caspase-7 and Bax which are known to take 

part in programmed cell death process. Similarly, Bcl-xL which is known as an (anti-apoptotic 

family of protein) showed downregulation in MCF-7 cells indicating cells undergoing 

apoptosis. 

In case of MDA-MB-231 cells it was observed that MTX treatment led to increase in Bcl-xL 

levels. Interestingly, downregulation of Caspase-3 (executor caspase) indicates the cell death 

is not due to apoptosis. But, increased levels of Bax are indicative of their dual role in 

apoptosis and necrosis which was evident with Annexin V- PI assay. Hence, we can confirm 

that MTX-ZnONPs and bare ZnONPs both have cytotoxicity towards cancer cells but, MTX-

ZnONP combination has proven to be effective anticancer agent showing increased 

cytotoxicity towards breast cancer cells.  

Chapter 6: Blood biocompatibility studies  

This chapter discusses about studying the interaction of NPs with blood cell components like, 

red blood cells (RBCs), white blood cells (WBCs) and platelets. Institutional Ethics Committee 

(IEC) approval was taken before collecting human blood samples with approval no. 

(NMIMS/IEC/012/2020). 

6.1 Hemolysis study   

In this study bare ZnONPs, MTX-ZnONPs and MTX were allowed to interact with the human 

RBCs at 37 °C for specific amount of time and later readings were taken on EPOCH 2 machine. 

Distilled water was used as positive control and saline was used as negative control for the 

study. No hemolysis was observed upon interaction with any NP systems indicating safe and 

biocompatible nature of NP system.  

6.2 Blood cell aggregation study  

For this study RBCs, WBCs and platelets were collected from fresh blood samples and 

interacted with bare ZnONPs and MTX-ZnONPs for specified time and observations were 

made under microscope. For positive control Poly ethylene imine (PEI) and negative control 
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saline was used. No aggregation was observed for any of the NP systems indicating safe and 

biocompatible role of synthesised NPs.    

Chapter 7: In-vivo acute oral toxicity study  

To conduct in vivo acute oral toxicity study in mice model, Institutional Animal Ethics 

committee (IAEC) permission was taken from with (project   proposal   no. CPCSEA/IAEC/P-

69/2022). MTX-ZnONPs were tested as per the Acute Oral Toxicity-Up-and-Down-Procedure 

guideline by OECD 425. For dosing, three concentrations of doses were selected i.e. 55, 175 

and 550 mg/ Kg of body weight of animal. For evaluation, behavioural changes were observed 

for the first 4 hours after administration of the dose and animals were monitored for next 14 

days for various signs of toxicity. 

No signs of toxicity were reported for any animal dosed at given concentrations and no 

mortality was observed throughout the study duration. All animals were found healthy and 

survived without showing any signs of toxicity or morbid behaviour up to 14 days. As per 

guideline, LD50 for MTX-ZnONPs was identified to be >550 mg/ Kg body weight of animal. 

Chapter 8: Discussion  

Current treatment strategy available for cancer treatment involves surgery, radiation therapy, 

chemotherapy, hormonal therapy and targeted therapy. Treatment options are selected 

based on the various factors like the age, sex, stage and grade of cancer and type of cancer. 

Chemotherapy is used as an adjuvant therapy along with other types of therapy and 

occasionally as a part of monotherapy regime to minimize the risk of cancer relapse. Anti-

cancer drugs are mainly of three types cytotoxic, hormonal and biological. Cytotoxic drugs 

kills the cancer cells by interfering with nucleotide synthesis and cell division, which not only 

harms the cancer cells but kills normal cells as well.  

Nanotechnology based approaches have gained attention in the biomedical field due to the 

advantages it provides small size, superior efficiency and increased physiochemical 

properties. They can be synthesized from various metals, non-metals & polymers. NPs 

effectively builds up the therapeutic index, delivers the material across the membrane, 

reduces the side effects.  Metal oxide NPs like gold, silver, zinc, iron are reported for various 
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biomedical applications including cancer. A number of NPs based platforms are available for 

example metal NPs, liposomes, dendrimers, nanocomposites, nanocarriers etc. (Aslan et al., 

2013; Markman et al., 2013). Despite the fact that ZnONPs are being used in cosmetics for 

several years, they are indeed lately investigated as potential therapeutics for the treatment 

and diagnosis of cancer.  

There are various methods available to synthesize ZnONPs, of which precipitation method 

was chosen and involves the addition of a zinc salt to a solution containing a precipitating 

agent also known as reducing agent, resulting in the formation of ZnONPs. In the current 

project chemical precipitation method was chosen for the synthesis of bare ZnONPs. Also, in 

order to prevent particle agglomeration during synthesis, PEG was introduced as solvent, this 

approach is known as polyol assisted synthesis. Polyols serve as solvents for most inorganic 

precursors by dissolving them as metallic salts, owing to their hydrogen bonds and relatively 

high dielectric constant. In addition, polyols' chelating abilities allow them to act as 

coordinating solvents, complexants, and surfactants, all of which adsorb on the surface of the 

expanding elementary particles and inhibit their aggregation (Hosni, Mongia, Samir Farhat, 

Mounir Ben Amar, Andrei Kanaev, Noureddine Jouini, 2015). For synthesis of MTX-ZnONPs 

ex-situ approach was preferred considering the positive charge on bare ZnONPs and negative 

charge of MTX at pH 7. Drug loading on the NPs was calculated as, concentration of MTX 

before loading and after loading with the help of UV-Vis spectrophotometer at 303 nm and 

was found out to be 79.44%.  

Drug release study was carried out to understand the release pattern of nano systems under 

simulated physiological conditions. The MTX release from the NP indicated biphasic release 

pattern with initial burst release within 1 hr and remaining 90% of drug release was seen up 

to 24 hrs. It was also noted that release was more in the acidic conditions. It is very well 

documented that cancer cells have faster metabolism and hypoxic conditions causing cancer 

cells to adopt anaerobic glycolysis, causing lactic acid buildup resulting in lower pH (Mokhtari 

et al., 2017). ZnONPs being amphoteric in nature dissolves faster in acidic environment 

releasing Zn+2 ions, ultimate causative factor behind ZnONPs related toxicity. As ZnONPs starts 

to dissolve MTX is released which further shows toxicity to cells.  
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When characterized using various different techniques it was confirmed that both the NPs 

were of desired characteristics. When NPs are synthesised, they show energy change and 

absorption shifts towards UV region called as blue shift, which implies quantum confinement 

of NPs. When particle size decreases, the band gap of the particles increases, leading to a shift 

in absorption to lower wavelengths (Raoufi, 2013; Singh et al., 2017). The difference in 

absorption spectra of bulk ZnO, bare ZnONPs and MTX-ZnONPs clearly suggests the size 

reduction under quantum confinement principle.  MTX displays two distinct peaks at 303 nm 

and 256 nm which were seen in the MTX-ZnONPs post loading. Loading results of MTX on 

ZnONPs were in alignment with previous literature showing the same (Rozalen et al., 2020). 

FTIR and XRD based NP characterization confirmed the presence of characteristic peaks of 

functional groups indicating successful loading of MTX on bare ZnONPs surface and highly 

crystalline hexagonal wurtzite phase of the structure.  These results were found to be in 

accordance with data reported in literature earlier (Buchheit, Acosta-Humanez and 

Almanzaby, 2016; Sanmugam et al., 2017). Zeta potential is a charge present on the surface 

of the NPs which directly correlates to the stability of nano systems. Surface charge plays a 

very important role in cellular internalization of these particles (Yu et al., 2011; Albanese, 

Tang and Chan, 2012). NPs with zeta potential values greater than ± 30 mV are considered to 

be highly stable and those with values near iso electric point (IEP) i.e zero charge are 

considered to be the least stable (Sandmann et al., 2015). Bare ZnONPs and MTX-ZnONPs 

both revealed positive zeta potential under acidic environment. There was an evident shift in 

the surface charge when MTX was introduced indicating positive interaction between ZnONPs 

and MTX. Zeta potential clearly indicates the successful coating of NPs with MTX due to shift 

in the charge. For DLS study, It is important to note that particle size measured is usually 

greater than the actual particle size as it considers the average hydrodynamic diameter. 

Moderate size distribution was observed for both of the systems. ICP-AES is the most 

commonly used method for the elemental analysis, to know the precise concentration of a 

specific metal ion in the sample (Johari-Ahar et al., 2016; Xie et al., 2017). Both the NP systems 

were analyzed to know the total Zn content present in them. Amount of Zn present in bare 

ZnONPs was 0.352 mg/ ml and for MTX-ZnONPs it was 0.280 mg/ ml. In EDS mapping, the 

chemical composition and distribution of the ZnONPs was determined to quantify the Zinc, 

oxygen and carbon present in them. Zinc, Oxygen and Carbon and weight percentage as 

70.37, 20.31 and 9.32 were found for bare ZnONPs where as for MTX-ZnONPs it was 67.45, 
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18.33 and 14.22. Change in carbon value was indicative of presence of organic backbone in 

sample coming from MTX. HR-TEM analysis found out highly crystalline particles with an 

average size of around 30 nm with size distribution of 24 nm to 36 nm. NPs have hexagonal 

crystalline phase with sharp lattice structure visible. These lattice fringes distance was 

calculated to correlate the lattice planes with XRD peaks which were in alignment.  

In vitro cytotoxicity assays were performed to understand the toxicity and mechanism of 

action of these NPs on breast cancer cells. In this study, we evaluated the impact of 

synthesized nano systems on cancer cell viability through comprehensive assays and staining 

techniques. MTT cell viability assay in MCF-7, MDA-MB-231 breast cancer cell line and MCF-

10A control cell line showed high cytotoxicity of bare ZnONPs in control cells than cancer cells. 

As a result of MTX being present on the outer surface of MTX-ZnONPs, they demonstrated 

less reactivity to MCF-10A control cells compared to bare ZnONPs, which exhibited higher 

toxicity in MCF-10A. On the other hand, when treated with MCF-7 cells, MTX-ZnONPs in MCF-

7 cells showed lower IC50 values due to their selectivity to cancer cells. However, when the 

MTX-ZnONP combination nanosystem was used to treat the MDA-MB-231 cells, which are 

resistant to MTX, the cells were killed at a much higher rate than they have been with MTX 

alone. Although, bare ZnONPs had lower IC50 values than that of MTX-ZnONPs in MDA-MB-

231 cell line attributing to their high reactivity. Few other research also shows when MTX was 

used along with some nano carrier system in combination gave better efficacy then drug alone 

similar to current study (Rozalen et al., 2020; Chaudhari et al., 2021). MTX-ZnONPs presented 

lowest IC50 value of 5 μg/ ml for MCF-7 cells followed by 18 μg/ ml and 49 μg/ ml for MCF-

10A and MDA-MB-231 cells respectively, based on these all-further assays were conducted.  

AO/EB live dead cell staining was carried out visualize cytotoxicity under microscope. AO 

being a permeable dye tends to stain both live and dead cells hence, cells with only AO inside 

appears green, whereas a cell that is dead or whose membranes has been compromised, 

absorbs EB and therefore fluoresces red. AO/EB staining of MCF-10A, MCF-7 and MDA-MB-

231 cells treated with MTX-ZnONPs and bare ZnONPs showed fragmented nuclei, chromatin 

condensation blebbing of membrane and green fluorescence visual signs of cells undergoing 

apoptosis were evident. Additionally other features that included membrane permeability 

loss, swelling of cell and nuclear condensation with red color fluorescence as EtBr 

permeabilizes and stains necrotic cells. Necrotic cell populations were also visible in MDA-
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MB-231 and MCF-10A. These results were indicative of NPs mediated apoptotic and necrotic 

death. In other terms AO/EB results were in more alignment with the MTT data where 

sensitivity to MTX cell line was confirmed visually (Liu et al., 2015; Jadhav et al., 2016).  Normal 

cell cycle progression is a very important function of a cell and cancer cells have some 

mechanism to bypass cell cycle checkpoints beyond a limit. Hence to target the cell cycle 

progression MTX-ZnONPs were used. It was understood that MTX-ZnONPs preferentially halt 

the cell cycle progression at S phase in MCF-7 and MDA-MB-231. Even though MTX alone had 

no effect on MDA-MB-231 cells, MTX-ZnONPs treatment at the same concentration did, 

implying that the combination has a cytotoxic role in resistant cell lines. Reason behind S 

phase inhibition was specifically due to MTX presence. Once inside the cancer cell, MTX-

ZnONPs dissolve under acidic conditions, releasing Zn2+ ions and MTX. MTX polyglutamates 

and gets converted to its active form, stalling purine and pyrimidine synthesis, leading to 

arrest in cell cycle at synthesis phase. The mechanism of action for ZnONPs is unknown, but 

it is believed to involve the release of Zn2+ ions under an acidic environment, causing oxidative 

stress and causing cellular damage (Xie et al., 2016; Hu and Du, 2020). Apoptosis is a crucial 

biological process that plays a significant role in the development and maintenance of tissues 

in multicellular organisms. Annexin V/PI staining is a widely used method for detecting 

apoptosis, which involves the use of fluorescently labelled annexin V and propidium iodide 

(PI) to identify cells that are undergoing programmed cell death. Principle of this assay is on 

the fact that annexin V binds to phosphatidylserine (PS), a lipid molecule that becomes 

exposed on the outer leaflet of the plasma membrane during early stages of apoptosis. PI, on 

the other hand, is a membrane-impermeable dye that stains cells with compromised plasma 

membranes, such as those in late-stage apoptosis or necrosis. By using both annexin V and PI 

staining, it is possible to distinguish between apoptotic cells (annexin V positive, PI negative) 

and necrotic cells (annexin V positive, PI positive) (Tian et al., 2020; Shandiz et al., 2021).  Both 

bare ZnONPs and MTX-ZnONPs treated cells led to cytotoxicity in MDA-MB-231 cells and 

majority of the population was identified as necrotic and late apoptotic. Interestingly, MTX-

ZnONP treated group had considerably higher fraction of dead population compared to MTX 

at those same concentrations, indicating its cytotoxic nature against MTX resistant cell line. 

These results were in support with the previous study of AO/EB staining where, MDA-MB-231 

cells underwent necrosis more than that of MCF-7 cells. Each cell line based on its sensitivity 

to nanosystem reacts differentially but ultimately leading to necrosis or apoptosis. To 
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understand the underlying mechanism behind cell death, protein expression study needs to 

be carried out. Caspase being member of the cysteine aspartic acid protease (caspase) family 

performs the function of a crucial protagonist in programmed cell death (Deng and Zhang, 

2013). When cells undergo apoptosis, the pro-caspases get activated by cleavage to active 

caspases and show a change in protein expression. This change in expression on initiation of 

apoptosis was studied, where, MDA-MB-231 that expresses caspase-3 and MCF-7 that 

expresses caspase-7 (as it is deficient in caspase-3) showed through the expression of this 

protein that apoptosis had been initiated (Fu et al., 2014). MTX-ZnONPs treatment in MCF-7 

breast cancer cells upregulated Caspase-3 and Bax expression levels, causing apoptosis, while 

Bcl-xL downregulation, indicated a classical pattern of apoptotic death. Bax overexpression 

along with caspases is a hallmark sign for caspase mediated cell death. MDA-MB-231 cell line 

showed upregulation of Bcl-xL and Bax levels in MTX-ZnONP treatment, indicating non-

apoptotic cell death whereas higher expression of Bcl-xL and low expression of Bax in MTX 

treatment group indicated resistance to chemotherapy drug. Bcl-xL has a crucial role to play 

in cell survival its overexpression is associated with chemoresistance in cell lines.  

Blood biocompatibility is an essential property of NPs that needs to be verified as they are 

intended to be used for medical applications. Incompatibility of NPs can result in severe issues 

including hemolysis, clotting or even inflammation. NPs that are safe for use in the body can 

be used as imaging agents, drugs delivery platform and other therapies to patients. In our 

study of hemolysis and blood cell aggregation assay we found that both bare ZnONPs and 

MTX-ZnONPs are safe and does not lead to hemolysis or aggregation of blood cells. As ZnO 

already known to have Generally Recognized as Safe (GRAS) status by US-FDA and MTX is also 

very well studied clinically used drug biocompatibility status is high (R, 2016).  

Acute oral toxicity studies are important to evaluate the potential harm of a substance when 

ingested. OECD 425 test involves administering a single dose of the substance to a group of 

animals and monitoring their behaviour and health for a pre-determined period of time. The 

results are then used to determine the LD50, or the dose at which 50% of the animals die. 

This information is crucial for determining safe levels of exposure for humans and animals 

alike (Organisation for Economic Cooperation and Development, 2001).  In current study 

animal behaviour remained normal for 14 days, with no mortality or morbidity observed. 
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MTX-ZnONPs showed high LD50 (>550 mg/kg body weight), indicating safe nanosystem use 

in animals. Considering Zinc is one of the essential mineral nutrients for animal and 

considering its biosafety profile earlier it can be attributed that excess of Zinc is readily 

eliminated from body and hence in acute toxicity study no side effects could be noted.  

Our findings suggest that MTX-ZnONPs have potential as effective anticancer agents, 

especially against drug-resistant TNBC cells and other breast cancer cells, while 

demonstrating biocompatibility and selectivity towards cancer cells. 

Chapter 9: Summary and Conclusion  

In summary, MTX-ZnONPs were synthesized using an ex-situ approach, where MTX was 

loaded onto previously synthesized bare ZnONPs. The resulting NPs were characterized using 

a variety of techniques. The results of the characterization studies indicated that MTX-ZnONPs 

had a hexagonal crystal morphology with an average size of 30 nm. The NPs were also highly 

crystalline and had a positive Zeta potential. The drug release study revealed that MTX-

ZnONPs shows biphasic drug release with approx. 90% of the drug release within 24 hours. 

Blood biocompatibility study found that no hemolysis (rupture of red blood cells) or 

aggregation (clumping together) of blood cells occurred when the NPs were interacted with 

blood cells. This indicates that the NPs are biocompatible and safe for use in blood. MTT cell 

viability assay results revealed the higher cytotoxicity of MTX-ZnONPs compared to MTX in 

breast cancer cell lines, indicating their enhanced anticancer potential. Conversely, bare 

ZnONPs demonstrated increased toxicity in MDA-MB-231 cells. We also observed different 

IC50 values for MTX-ZnONPs in MCF-7 and MDA-MB-231 cells, indicating varying efficacy 

against different types of breast cancer cells. Additionally, MCF-10A cells treated with MTX-

ZnONPs exhibited high cell viability, indicating their biocompatibility and selectivity towards 

cancer cells. Furthermore, the AO/EB staining supported the MTT results and illustrated dose-

dependent effects and unveiled distinct morphological changes associated with apoptosis 

and necrosis. Cell cycle analysis results revealed that bare ZnONPs had no impact on the cell 

cycle in MCF-7 cells, while MTX-ZnONPs specifically arrested cells in the S phase. On the other 

hand, MTX treatment led to cell cycle arrest in both the S phase and G2/M phases. This cell 

cycle-specific effect of MTX-ZnONPs on the S phase was consistent with our findings. The cell 

cycle progression was similarly affected by bare ZnONPs in MDA-MB-231 cells, whereas MTX 
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had no effect. Cell cycle arrest at the S phase and G2/M phase checkpoints was observed after 

treatment with MTX-ZnONPs. Also, the Annexin V FITC-Propidium Iodide assay disclosed that 

MTX-ZnONPs significantly decreased the number of live MCF-7 cell population, while both 

bare ZnONPs and MTX-ZnONPs caused more necrosis and apoptosis in MDA-MB-231 cells. 

These findings demonstrate that MTX-ZnONPs enhanced cytotoxic activity in both MCF-7 and 

MDA-MB-231 cells irrespective of their sensitivity to MTX. Apoptosis was apparent in MCF-7 

cells by the upregulation of Caspase-7 and Bax and the downregulation of Bcl-xL. In case of 

MDA-MB-231 cells, MTX treatment resulted in an increase in Bcl-xL levels, suggesting that cell 

death was not driven by apoptosis. However, increased levels of Bax suggested its dual role 

in apoptosis and necrosis, which aligned with other findings. In-vivo acute oral toxicity study 

in mice presented no signs of toxicity or mortality in any of the animals, even at the highest 

dose. This suggested that MTX-ZnONPs are not acutely toxic to animals and have a LD50 of 

550 mg/Kg.  

In conclusion, the synthesis and characterization of MTX-ZnONPs demonstrated their 

potential as an effective anticancer agent. In terms of anticancer activity, MTX-ZnONPs 

exhibited enhanced cytotoxicity compared to MTX alone in breast cancer cell lines. The 

selective toxicity towards cancer cells was demonstrated by high cell viability in normal breast 

cells. MTX-ZnONPs were found to be biocompatible and safe for use in blood. Interestingly It 

was observed that MTX-ZnONPs are effective against both MCF-7, MTX-sensitive and MDA-

MB-231 MTX-resistant breast cancer cell line. Encouragingly, in-vivo studies also supports 

that MTX-ZnONPs are not acutely toxic to animals. Overall, these findings highlight the 

promising potential of MTX-ZnONPs as an effective and safe nanomedicine for breast cancer 

treatment. Further studies are required to investigate the efficacy and long-term safety of 

MTX-ZnONPs to evaluate its clinical role in cancer.  
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