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PREFACE 

Non small cell lung cancer (NSCLC) is among the most menacing forms of malignancy and 

has a poor prognosis, with a low overall survival rate due to delayed detection and 

ineffectiveness of conventional therapy. The conventional management of NSCLC includes 

different medical interventions like chemotherapy, surgical removal, and radiation therapy. 

However, conventional chemotherapeutic agents are nonspecifically distributed in the body 

where they affect both cancerous and neighbouring normal cells, thereby limiting the 

achievability of dose within the tumor cells and thus resulting in suboptimal treatment due to 

excessive toxicities. Compounds which are highly effective, such as Taxol (PTX 

formulation), and Taxotere (DTX formulation) for the treatment of lung cancer, are also toxic 

to healthy cells, and current delivery strategies are unable to target just the tumor cells, 

leading to side effects. Lately, nanotechnology has emerged as a promising intervention in 

the management and treatment of lung cancers. It has revolutionized the existing modalities 

and focuses primarily on reducing toxicity and improving the bioavailability of anticancer 

drugs to the target tumor cells.  

This thesis provides an insight into the development of site-specific targeting based drug 

delivery for lung cancer therapy. The monoclonal antibody-conjugated nanoparticles (Cet-

DTX NP) were formulated to target specifically to lung cancer cells, thereby minimizing the 

adverse effects on the healthy tissues. The optimized nanoformulation, DTX-loaded Poly (D, 

L-lactide-co-glycolide) (PLGA) nanoparticles (DTX NP) were prepared by multiple emulsion 

solvent evaporation technique and further conjugated with anti-EGFR antibody [Cetuximab 

(Cet)] by means of EDC/NHS coupling chemistry. Cet antibody is an already established 

predictive marker against EGFR-mediated targeted drug delivery. PLGA is USFDA approved 

biodegradable and biocompatible polymer for the fabrication of delivery system against a 

variety of human diseases. DTX is already proven to be a very potent chemotherapeutic agent 

against numerous cancers, including lung cancer. We have mainly focused on emphasizing on 

in vivo animal studies to demonstrate the significant potential of our nanoformulations. The 

obtained results supported our hypothesis, since the nanoparticles were successfully 

internalized within the lung cancer cells to release the drug in a sustained manner for an 

extended period of time, thereby improving anti-tumor efficacy against non-small cell lung 

adenocarcinoma. However, further investigations on the potential of these nanoparticles are 

warranted to bring them from bench to bedside, to serve mankind in a better way. 
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Chapter 1 Introduction 

~ 1 ~ 

1. Introduction 

1.1. Lung cancer 

Lung cancer is among the leading deadly cancers prevailing in human beings, all over the 

globe. Its mortality rate is more than the rates of the other most prevalent cancers such as 

pancreatic, colon and breast cancer. According to the WHO, non small cell lung cancer 

(NSCLC) and small cell lung cancer (SCLC) are the two broad subtypes of lung cancer, and 

accounts for around 85% and 15% of all the cases, respectively. NSCLC is further divided 

into adenocarcinoma, squamous cell carcinoma and large cell carcinoma (Zappa and Mousa, 

2016; Thandra et al., 2021). Squamous cell carcinoma causes 25–30% of all instances of lung 

cancer. It develops from early stages of squamous cells in the bronchial tubes. Strong links 

between this subtype of NSCLC and cigarette smoking have been found (Furrukh, 2013). The 

most prevalent form of lung cancer, which accounts for about 40% of cases, is 

adenocarcinoma. It originates from tiny airway epithelium type II alveolar cells that secrete 

mucus (Denisenko et al., 2018). Regardless of age, it is the commonest type of lung cancer 

among men and women, smokers and non-smokers. It typically develops in the peripheral 

region of lungs, which might be due to the fact that the filters present in the cigarettes prevent 

larger particles from invading the lungs. This might lead to the formation of peripheral 

lesions due to deeper inhalation of cigarette smoke (Li et al., 2018). Compared to other forms 

of lung cancer, adenocarcinoma progresses more slowly and is prone to be detected early on 

before it advances to adjacent organs. The large cell (undifferentiated) carcinomas accounts 

for around 5-10% of the lung cancer. Large cell carcinoma typically originates in the center 

of the lungs, although it can sporadically spread to neighbouring lymph nodes, the thoracic 

wall, and neighboring organs. Large cell carcinoma tumors are strongly correlated with 

smoking (Rajdev et al., 2018). 

1.2. Causes of lung cancer 

1.2.1. Smoking 

Lung cancer is primarily caused by smoking, by far. Approximately 80% of lung cancer 

fatalities are related to smoking, and indirect smoke exposure contributes to many more 

cases. The biggest risk factor for lung cancer is undoubtedly smoking, but other factors 

frequently interact with it as well. Cigarette users are considerably more at risk if they 

are also exposed to established risk factors like asbestos and radon. Since not every 
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smoker develops lung cancer, it is likely that additional factors, such as genetics, are 

also involved (Hecht, 2002; Pesch et al., 2012). 

1.2.2. Lung cancer in non-smokers 

Lung cancer does not only affect smokers. While many lung cancer patients were once 

smokers, many others never smoked at all. Exposure to radon, indirect smoke, air 

pollution, or other causes can result in lung cancer in nonsmokers. In certain persons 

who do not smoke, occupational exposure to asbestos, diesel exhaust, or other specific 

substances can also result in lung cancer. The lung cancer occurring in non-smokers 

frequently differs from smokers’ lung cancer in some respects. They usually occur when 

people are younger. Nonsmokers lung cancer frequently has specific gene alterations that 

are different from those found in smokers lung tumor (Couraud et al., 2012). 

1.2.3. Gene changes that may lead to lung cancer 

Our genes are made up of DNA, a material found in each and every cell. Lung cancer 

risk factors may change the DNA of lung cells. These alterations have the potential to 

cause cancer and aberrant cell development. Since our DNA comes from our parents, 

we typically resemble them. Some genes contain instructions that determine when cells 

divide to create new cells and when they will die. Oncogenes promote the survival, 

division, and growth of tumor cells (Brennan et al., 2011; Chen et al., 2014). 

Inherited gene changes 

The chance of getting some cancers is considerably increased by inherited DNA 

mutations. Nevertheless, the bulk of lung cancers are not expected to be caused only by 

genetic abnormalities. In certain families with previous cases of lung cancer, genes do 

appear to be involved (Kanwal et al., 2017). 

Acquired gene changes 

Rather than being inherited, gene alterations linked to lung cancer typically occur 

during life. Lung cell acquired mutations are frequently the result of exposure to 

environmental factors, such as the carcinogens found in cigarette smoke. However, 

some gene alterations might simply be chance occurrences that occasionally take place 

inside a cell without an external cause (Wistuba and Gazdar, 2003). 
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1.2.4. Diet and food supplements 

Consumption of fruits and vegetables that are a rich source of vitamins, antioxidants and 

other micronutrients, such as carotenoids, may decrease the potential of lung cancer risk 

(Takata et al., 2013). Despite some investigations suggest carotenoids reduce the risk of 

developing lung cancer, the findings are conflicting, and few research studies have 

suggested that supplements at high doses may be harmful (Shareck et al., 2017). Although 

there was a protective trend for α-carotene, lycopene, zeaxanthin and lutein; β-cryptoxanthin 

has a more consistent protective effect. Vitamins C and E may also play a preventive 

function. Regardless of smoking status, no associations between total or specific types of fat 

consumption and risk of lung cancer were discovered. On the other hand, deep-fried food, 

chilli and cured meat are associated with more likelihood of developing lung cancer (Butler 

et al., 2013). 

1.2.5. Alcohol 

According to recent epidemiological research, people who drink alcohol, especially beer, are 

more prone to the development of lung cancer. It is unclear how alcohol consumption affects 

gender, race, smoking status, and histological type. According to reports, the link between 

alcohol and lung cancer is stronger in people who don’t consume enough vegetables, vitamin A, 

or carotenoids. However, two chemoprevention trials found a link between alcohol consumption 

and elevated lung cancer prevalence among smokers linked to vitamin supplementation, 

including β-carotene. These paradoxical results may be explained by the fact that ethanol has 

been demonstrated in experimental investigations to both cause a shortage of vitamin A and 

aggravate its toxicity as well as that of β-carotene. Investigations should make an effort to explore 

enough lung cancer cases to thoroughly analyze the association between alcohol use and other 

dietary parameters, including smoking status, carotenoids intake, sex, race, and histological type 

(Bagnardi et al., 2011; Fehringer et al., 2017). 

1.2.6. Air pollution 

Air pollution damages the lungs and is a major issue for world health. Airborne fine 

particulates from industry and vehicle exhausts have been correlated to lung cancer. The 

exposure of asbestos, hazardous metals and polycyclic aromatic hydrocarbons (PAHs) to the 

workers might also lead to the development of lung cancer. Lung cancer rates are increased 

by inhaling cigarette smoke, cooking fumes, and radioactive waste products. Additionally, 

bacteria and viruses are significant risk factors for cancer and lung inflammation. Lung 
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inflammation, DNA damage, and epigenetic regulation are specific impacts of air pollution-

induced lung cancer (Christiani , 2021; Xue et al., 2022).   

1.2.7. Occupational exposure 

Workers may have been exposed to carcinogens in a variety of work environments, 

increasing their chance of developing lung and other cancers. Individuals who are subjected 

to the widely known human carcinogens, chrysotile asbestos and crystalline silica are at an 

elevated risk of developing lung cancer. Due to exposure to radioactive particle matter, 

employees at nuclear uranium mines and power plants are also more prone of developing 

lung cancer (Shankar et al., 2019; Kwak et al., 2020). 

1.3. Current treatment strategies for NSCLC 

The current treatment options for the management of NSCLC include surgery, chemotherapy, 

radiotherapy and targeted therapy (Figure 1.1). 

 

Figure 1.1. Schematic representation of advantages of nanoformulations over 

conventional treatment strategies for lung cancer therapy [Adapted with permission 

from Li et al., 2021] 
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1.3.1. Surgery 

Surgery is the only reliably efficient and successful therapy for lung cancer patients. This 

approach can only be used if the cancer can be completely removed, and the patient must be 

strong enough to endure the indicated surgery. Resectability concerns involve preoperative 

staging, which may include imaging tests and biopsies, whereas operability concerns involve 

assessing patient condition and using medical techniques that reduce risk of surgery and 

morbidity. Patients with stage I, II and IIIA NSCLC frequently undergo surgery for tumor 

removal if it is found to be resectable and the patient is healthy enough to undergo surgery. 

Surgery is used to remove a lobe or section of the lung harboring the tumor. To determine 

whether the tumor is resectable, biopsies and imaging tests are performed, together with a 

patient assessment to determine operability (Lang-Lazdunski, 2013; Hoy et al., 2019).  

1.3.2. Chemotherapy 

Patients with stage IV lung cancer make up about 40% of newly diagnosed cases. The goals 

of treatment for these patients are to increase survival and reduce adverse disease-related 

consequences. The first-line therapy for stage IV NSCLC is anticancer combination 

chemotherapy (Molina et al., 2006). Since the advent of adjuvant chemotherapy, which is 

suggested to be quite efficient in lung cancer treatment, the role of chemotherapy in the 

treatment of lung cancer has grown dramatically. Chemotherapy appears to provide 

symptomatic relief in individuals with decreased performance status for advanced stage 

NSCLC, and it prolongs patients survival and enhances their quality of life with excellent 

performance status. The patients suffering from advanced stage NSCLC are preferably 

treated with platinum-based combination chemotherapy regimens, however non-platinum-

based combination treatments are acceptable alternatives in some populations (Cortés et al., 

2015). Bevacizumab, an inhibitor of vascular endothelial growth factor (VEGF), and 

chemotherapy can increase survival in lung cancer patients. Moreover, the survival of lung 

cancer patients might improve as a result of the development and testing of drugs like 

tyrosine kinase inhibitors (TKIs), monoclonal antibodies (mAbs) and direct inhibitors of 

proteins involved in lung cancer proliferation (Assoun et al., 2017; Keedy and Sandler, 

2007). 
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1.3.3. Radiotherapy 

In radiotherapy, high-energy rays are employed to damage and destroy the DNA of cancer 

cells. With the implementation of this therapy, tumors that are located in specific areas of 

the body may shrink or disappear. Patients with locally progressing NSCLC who are unable 

to have the tumor surgically removed may benefit from radiotherapy. Radiotherapy may be 

incorporated into palliative care for NSCLC patients who cannot tolerate chemotherapy or 

surgery. Internal radiation therapy and external radiation therapy are the two different types 

of radiation therapy (Baskar et al., 2012; Simone and Jones, 2013). Both employ high-

energy X-rays or other radiation types to either eradicate tumor cells or at least retard their 

growth. An external radiation therapy is administered via equipment. Small radioactive 

―seeds‖ must be injected into or close to a cancerous tumor during internal radiation 

therapy to aid in tumor reduction. The majority of NSCLC patients undergo external 

radiation therapy. On the basis of the type of lung cancer and its stage, external 

radiation may be used to treat NSCLC by different approaches. In cases where the 

tumor cannot be removed surgically or when the patient is not healthy enough for 

surgery, radiotherapy can be utilized in its place. Chemotherapy can be combined with 

it to treat Stage III malignancies. Radiation therapy and chemotherapy can be 

administered together in such cases. In order to minimize symptoms and relieve 

discomfort in patients with advanced lung cancer, it can also be used as palliative 

therapy (Baker et al., 2016; Vinod and Hau, 2020).  

1.3.4. Targeted therapy for lung cancer 

Despite claiming of modern medical techniques including surgery, radiation and 

chemotherapy, several hurdles are being faced to reduce the number of mortalities 

caused by lung cancer. Owing to the rapid first-pass metabolism, the conventional 

methods are inaccurate and only deliver small quantities of drugs. Most 

chemotherapeutic drugs affect the healthy tissues, since they are non-targeting, which 

can have adverse effects. The investigation and hunt for more modern, tailored 

therapeutic techniques has resulted from this gap in medical innovation. Approaches for 

targeted drug delivery have gained an increasing interest to solve this issue (Yuan et al., 

2019; Imyanitov et al., 2021). Drug carriers can carry drugs to the lungs, control their 

dose, extend their release, and reduce the likelihood of untoward effects and 
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complications in patients. This targeted strategy limits the distribution of drugs to 

normal organs and tissues while delivering it to the diseased ones (Majeed et al., 2021; 

Chung et al., 2023).  

The advent of nanotechnology in recent decades has opened up new possibilities for 

site-specific drug targeting and contributed to the advancement of nanoparticulate drug 

delivery carriers. These nano devices prevent anticancer drugs from accumulating up in 

healthy tissues while delivering high doses of drugs directly to the tumor site. The 

nanocarriers were developed to release drugs more slowly, prolong their effect, and 

shield therapeutic agents from the clearance of phagocytic cells and early destruction. 

Since, the respiratory system has a vast surface area and enables skipping the first-pass 

metabolism and enhances the initiation of quick pharmacological effect, it is suited for 

targeted drug administration. Nanoparticles make it easier for therapeutic drugs to be 

released into the lung tissue in a controlled manner, which lowers the frequency of dose 

and increases patient compliance (Li et al., 2021; Shen et al., 2023).  

1.3.4.1. Polymeric nanoparticles 

Polymeric nanoparticles have become a successful method of treating cancer in the 

realm of nanotechnology because they can be customized in terms of composition and 

form. Chitosan, alginates, polylactide-co-glycolide (PLGA) and polycaprolactone 

(PCL) are some of the polymers used to treat lung cancer.  Nanoparticles synthesized by 

PCL or PLGA have more efficacy and lower toxicity than conventional methods of 

delivering chemotherapeutic drugs (Garg, 2022; Liu et al., 2023). Nanoparticle 

formulations can be targeted actively or passively, thereby accumulating in malignant tissue 

with substantially less excretion from the body (Figure 1.2). Owing to a poorly developed 

lymphatic drainage system and leaky vasculature, the nanoparticles are able to penetrate the 

tumors by extravasation. The  reticuloendothelial system (RES) will take up nanoparticles 

that have been poorly engineered. The liver, spleen, and lungs quickly absorb nanoparticles 

with a hydrophobic surface, whereas those with a hydrophilic surface take longer for the 

body to circulate them. Therefore, nanoparticles must be 100 nm or smaller to limit 

macrophage clearance for prolonged circulation in bloodstream and hence improve targeting 

(Najlah et al., 2017; Sharma et al., 2022). 
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Figure 1.2. Passive and active targeting of nanoparticles to tumor cells [Adapted with 

permission from Alexis et al., 2008] 

Passive targeting 

The benefit of the permeability of tumor tissues is utilized in passive targeting. To 

accomplish passive targeting of chemotherapeutic drugs, it is possible to take the advantage 

from the leaky vasculature of rapidly growing malignant tumors. This is referred to as the 

enhanced permeation and retention effect, or EPR effect. The majority of polymeric NPs 

exhibit the EPR, as seen in the passive targeting of Genoxol-PM and the poly(lactic acid)-

block poly(ethylene glycol) polymeric micelles loaded with paclitaxel (Oerlemans et al., 

2010). Recently, individuals with advanced NSCLC participated in a phase II trial to examine 

this nanocarrier technology. Certain drugs can be given as prodrugs, or inert medications, 

which can then be activated once they enter the tumor environment. The matrix 

metalloproteinase-2 effectively released free doxorubicin from the albumin-bound form. 

Redox potential and pH can also trigger the release of drug at the location of lung tumor (Guo 

and Szoka, 2003; Sarkar et al., 2017). 

Active targeting  

The polymeric nanoparticles are conjugated to a targeting ligand to achieve active targeting, 

which enables the site-specific delivery of chemotherapeutic drugs to cancerous tissues. 

Proteins such as transferrin, folate, aptamers, mAbs, etc. are all examples of the targeting 
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ligands (Yu et al., 2010; Attia et al., 2019). The strategy relies on certain interactions, like 

antibody-antigen, ligand-receptor and lectin carbohydrate interactions by utilizing receptor-

mediated endocytosis for drug delivery and targeting with nanoparticles. Through ligand-

receptor interaction, tumor cells are made to internalize the drug-loaded nanoparticles. 

Depending on the form of the cleavable link, the drug will be delivered intracellularly 

when it is exposed to lysosomal enzymes or at lowered pH. In a research work, mice with 

A549-luc-C8 lung tumors were injected with PGA nanoparticles filled with paclitaxel 

palmitate and coated with cetuximab mAb for targeting. Compared to the control group, the 

treated mice had a dramatically higher survival rate (Karra et al., 2013). 

1.4. EGFR as a target receptor for NSCLC 

The tyrosine kinase type I receptor family includes the EGFR (Epidermal growth factor 

receptor), whose gene is found on the short arm of human chromosome 7. The EGFR gene 

contains 28 exons that work together to generate a protein that is present on the cell 

membrane of different epithelial cells. This protein links to heparin-binding EGF or 

epidermal growth factor to control cell proliferation. The EGFR and its downstream genes 

are activated and regulated to cause cell proliferation, cell death, and angiogenesis. 

The overexpression of EGFR in NSCLC has been associated with angiogenesis and a poor 

prognosis. Tyrosine kinase inhibitors are recognized as highly effective drugs against 

NSCLC. Several drugs, including panitumumab, cetuximab, erlotinib and gefitinib target the 

EGFR (Liu et al., 2017; Aran and Omerovic, 2019). 

1.5. Monoclonal antibody conjugated nanoparticles 

Nowadays, ligands are conjugated with monoclonal antibodies (mAbs) on the surface of 

nanoparticles (NPs) to achieve targeting to tumor region, thereby reducing accumulation of 

drugs to non-targeted sites. Tyrosine kinase inhibitors and monoclonal antibodies are the 

primary forms of treatment employed as a targeted strategy against NSCLC (Thomas et al., 

2012). Bevacizumab and Cetuximab are mAbs that are used to treat NSCLC. The binding 

of cetuximab to the EGFR receptors suppresses the activity of the receptor-associated 

tyrosine kinase, which in turn targets the EGFR pathway. These antibodies have the 

ability to adhere to and specifically bind to receptors on cancer cells as well as normal 

substrates that aid in the proliferation of cancer cells. Antibody binding to certain 
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receptors or substrates can kill cancer cells, stops its growth, or retards its spreading 

(Bonomi et al., 2013). 

The nanoparticles conjugated with antibody on their surface have possible advantages over 

existing methods because they can avoid some problems with direct conjugates, such as the 

requirement for drug release after internalization into endosomal/lysosomal vesicles. 

Additionally, antibody-conjugated NPs have the potential for significantly larger drug to 

antibody ratios, thereby maximizing the amount of drug that may be directed at the 

impacted region (Patel et al., 2018).  

1.6. Antibody conjugated PLGA nanoparticles for targeted delivery of anticancer 

drugs 

Therapeutic agents can be incorporated into PLGA nanoparticles, including proteins, nucleic 

acids, hydrophilic and hydrophobic molecules, etc. The Food and Drug Administration 

(FDA) and European Medicines Agency (EMA) have both affirmed their consent for 

utilization of PLGA in pharmaceutical products. The most efficient and simple strategy to 

improve the therapeutic efficacy of cytostatic drugs like taxanes is to incorporate them into 

the polymeric nanoparticles (Ma and Mumper, 2013). Currently, paclitaxel and docetaxel are 

often utilized in healthcare facilities to treat a range of cancers. Both drugs have cytostatic 

effects on cancer cells by stabilizing microtubules in the cytoskeleton and binding to beta-

tubulin, which causes cell cycle arrest at G2/M phase, mitotic suppression, and consequent 

cellular apoptosis. The extremely poor solubility of taxanes in aqueous media is a significant 

drawback. Solubilizers must be added when being utilized in a clinic, such as polysorbate-80 

for DTX. These solubilizers frequently result in severe toxic and allergic reactions, which 

restrict their usage (Belani, 2000; Che et al., 2013). When an antibody is conjugated to the 

surface of a PLGA nanoparticle, its terminal groups plays a major role. Two different kinds 

of terminal groups are present in commercially available PLGA. The PLGA with free 

terminal –COOH group, is the first type. The PLGA with terminal esterified groups, is the 

second type. The 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride/N-

hydroxysuccinimide (EDC/NHS) coupling process is one of the extremely effective methods 

for conjugating ligands onto the surface of nanoparticles. Various DNA or antibodies are 

frequently attached to the nanoparticles using this method (Mondal et al., 2019; Ehsan et al., 

2022). The cetuximab mAb has been demonstrated in numerous studies to be capable of 
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being conjugated to nanoparticles, enabling the drug-loaded nanoparticles to be administered 

precisely to lung cancer cells (Karra et al., 2013; Patel et al., 2018). 

1.7. Research envisaged 

The goal of this research study is to develop Cetuximab antibody conjugated Doccetaxel 

loaded nanoparticles (Cet-DTX NP) that can target specific lung tumors and offer a definite 

therapeutic advantage. For the purpose of accumulating lung tumor-specific nanoparticles in 

an experimental mouse model, we have developed DTX-loaded Poly (D, L-lactide-co-

glycolide) (PLGA) nanoparticles conjugated with anti-EGFR antibody (Cet). Cet has already 

been discovered as a predictive marker against EGFR-targeted site-specific delivery. The 

biodegradability of PLGA for human usage and the effectiveness of DTX have already been 

proven. We made an effort to concentrate on in vivo outcomes to demonstrate how the 

optimized nanoformulation should be used. These results supported our prediction because 

the drug reached the affected tissues with increased and sustained availability and had 

improved anti-tumor efficacy against non-small lung adenocarcinoma. 
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2. Literature Review 

2.1. Information on lung cancer 

Lung cancer prevails as a commonest type of cancer that affects a large percentage of the 

population globally. On the basis of origin of cells, around 80 to 85 percent of lung cancer 

cases are NSCLC. On the basis of their histological features, NSCLC is subdivided into lung 

adenocarcinomas, squamous cell carcinomas, and large cell carcinomas. Precisionlized 

oncology, as opposed to conventional chemotherapy, has aided in improving lung cancer 

therapy (Herbst et al., 2018; Mithoowani and Febbraro, 2022). Clinicians may now tailor the 

available treatments owing to recent advancements in the understanding of pathways, 

strategies for identifying genetic defects, and novel drugs that inhibit the activity of the 

pathways. There are several primary targetable pathways in lung cancer, including the 

NTRK/ROS1, RAS-MAPK, PI3K/AKT/mTOR and EGFR pathways. A number of drugs 

with proven clinical efficacy have been directed targeting via these pathways. Some of these, 

including the NTRK/ROS1 inhibitors (entrectinib), the PI3K/AKT/mTOR inhibitors 

(everolimus), and EGFR inhibitors (gefitinib and erlotinib), have taken the place of 

chemotherapy as the first line of therapy (Yuan e al., 2019; Wang et al., 2022). 

2.2. EGFR pathways 

The transmembrane tyrosine kinase receptor EGFR belongs to the ErbB family. The 

extracellular domain of EGFR is a target for the ligands transforming growth factor-alpha 

(TGF-α) and EGF. The interaction of ligands with the receptor results in a conformational 

change and dimerization, that activates the intracellular tyrosine kinase (Wieduwilt and 

Moasser, 2008; Du and Lovly, 2018). The proliferation of cells, its invasion, metastasis, 

angiogenesis, and reduced cell death are the outcomes of the subsequent intracellular events 

cascade. In many malignancies, the EGFR is dysregulated. Up to 85% of NSCLC tumors 

exhibit EGFR expression, which has been linked to tumor growth, invasion, metastasis, and a 

poor prognosis. In individuals with advanced NSCLC, EGFR blocking may thereby enhance 

outcomes (Prabhakar, 2015).   

Monoclonal antibodies and TKIs can be used to block the EGFR function (Dassonville et al., 

2007). TKIs and antibodies both have diverse modes of action, pharmacokinetics, and 

pharmacodynamics. Monoclonal antibodies bind to the EGFR’s surface, competing with EGF 

to prevent it from binding. Complexes with antibody receptors are internalized and broken 
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down. As a result, the EGFR on tumor cell surface is downregulated. Additionally, 

monoclonal antibodies may exert their effects through immunological pathways including 

antibody-dependent cellular cytotoxicity (Pirker and Filipits, 2011).  

2.3. Overexpression of EGFR receptors on lung cancer  

Cells having a high rate of growth are cancerous cells. This characteristics result in the 

development of a number of receptors that significantly increase proliferative activity in these 

cells compared to normal cells. This receptor overexpression has been used by researchers to 

develop active, tailored drug delivery systems. Lung cancer has an overexpression of various 

receptors, including EGFR receptor (Selvaggi et al., 2004).  

2.4. EGFR-directed monoclonal antibodies  

Patients with NSCLC are now undergoing various levels of clinical development for EGFR-

directed monoclonal antibodies, particularly when combined with palliative treatment. 

Cetuximab, matuzumab, panitumumab, etc. are few examples of the monoclonal antibodies 

(Pirker and Filipits, 2011; Takeda and Nakagawa, 2015).  

2.5. Cetuximab  

Cetuximab, which is sold under the brand name Erbitux®, is a chimeric human-murine 

monoclonal IgG1 antibody. In addition to inhibiting signal transmission, it also affects cells 

through immunological processes such as complement- and antibody-dependent cytotoxicity 

(Bou-Assaly and Mukherji, 2010). Combining radiation therapy with cetuximab is authorized 

for treating either locally or regionally progressed neck or head squamous cell carcinoma. It 

is indicated for the carcinoma that has spread or returned after receiving platinum-based 

therapy. Patients with advanced NSCLC have participated in phase II and phase III clinical 

trials that investigated cetuximab combined with chemotherapy. It has also been studied in 

conjunction with chemoradiotherapy and as a standalone treatment in these patients with 

stage III NSCLC. A loading dosage of 400 mg/m
2
 of cetuximab are administered 

intravenously, followed by 250 mg/m
2
 of weekly doses (Blumenschein et al., 2011; Zhao et 

al., 2016). The structure of cetuximab is shown in Figure 2.1.  
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Figure 2.1. Structure of Cetuximab [Reproduced (with slight modifications) with 

permission from Chung et al., 2008, Copyright Massachusetts Medical Society] 

2.5.1. Mechanism of action 

Cetuximab preferentially binds to the EGFR on the tumor cells in order to competitively 

prevent the interaction of EGF and other ligands produced by cancerous cells. It inhibits the 

activation of EGFR and the activation and phosphorylation of receptor-associated kinases 

(Jak/Stat, PI3K/Akt and MAPK) after interacting to domain III of the EGFR. Inhibiting the 

EGFR signalling pathway ultimately prevents cancer cell motility and invasion as well as the 

progression of the cell cycle. Additionally, cetuximab causes cell death and reduces the 

synthesis of VEGF and matrix metalloproteinase. Cetuximab has been demonstrated to 

prevent cancer angiogenesis in vitro. Furthermore, internalization of the antibody-receptor 

complex brought on by cetuximab binding to EGFR resulted in a general downregulation of 

EGFR expression (Rossi et al., 2006). 
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2.5.2. Metabolism 

Cetuximab is anticipated to undergo protein catabolism by a target-mediated disposal 

pathway and lysosomal breakdown by the reticuloendothelial system, similar to other 

monoclonal antibodies (Ryman and Meibohm, 2017). 

2.5.3. Toxicity 

For mice, the i.v. LD50 is >300 mg/kg, while for rats, it is >200 mg/kg. Much information is 

not available regarding cetuximab overdose. Cetuximab has been linked in clinical trials to 

significant dermatologic toxicities, cardiac arrest, and fatal infusion responses (Saif and Kim, 

2007). 

2.6. Docetaxel (DTX) 

Docetaxel (DTX), a semi-synthetic analogue of Paclitaxel, is an anticancer drug from the 

second generation of the taxoid family. DTX is produced semi-synthetically from the 

precursor molecule 10-deacetylbaccarin-III, which is derived from Pacific yew tree Taxus 

baccata (Sohail et al., 2018). The substance is nearly insoluble in water due to its high 

lipophilicity; nevertheless, compared to paclitaxel, it has superior water solubility because of 

its chemical structure, which includes a hydroxyl group on C-10 and a tertbutyl carbamate 

ester on the side chain of phenylpropionate. DTX may inhibit disassembly and microtubule 

depolymerization, leading to cell cycle arrest in G1/M phase and eventually cellular 

apoptosis. This is achieved via attaching to tubulin, which then helps to stabilize it. The 

mechanism of action of DTX is depicted in Figure 2.2. Additionally, it has the ability to 

upregulate the expression of the cell cycle inhibitor p27 and downregulate that of the anti-

apoptotic gene Bcl-2, rendering DTX the ability to suppress the growth of a number of 

malignancies, including non-small cell lung, ovarian, breast, gastric and prostate cancer. 

There are certain substantial adverse effects associated with the commercially available forms 

of DTX (Taxotere), including nasolacrimal duct stenosis, musculoskeletal toxicity, peripheral 

neuropathy, hypersensitivity responses and neutropenia. Its anticancer potential has been 

improved and associated adverse effects have been overcome by the use of a number of 

approaches, including the development of novel delivery methods (Imran et al., 2020). The 

drug profile of docetaxel is given in Table 2.1. 
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Figure 2.2. Schematic representation of the mechanism of action of DTX on tumor cells 

[Adapted with permission from Imran et al., 2020] 

Table 2.1. Drug profile of Docetaxel (Montero et al., 2005; Imran et al., 2020) 

Generic name of the drug Docetaxel 

Brand name Taxotere 

IUPAC name 

1,7β,10β-trihydroxy-9-oxo-5β,20-epoxytax-11-ene-2α,4,13α-

triyl 4-acetate 2-benzoate 13-{(2R,3S)-3-[(tert-

butoxycarbonyl)amino]-2-hydroxy-3-phenylpropanoate} 

Molecular formula C43H53NO14 

Chemical structure 

 

Molecular weight 807.8792 
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State Solid 

Physical appearance White or off white powder 

Melting point  232 °C 

Log P 2.4 

Solubility 
Soluble in DMSO, ethanol, chloroform, dichloromethane, ethyl 

acetate, methanol. Water solubility is very low (0.0127 mg/mL) 

pKa (Strongest acidic) 11.9 

Indication 

Following the failure of earlier chemotherapy, it is used to treat 

patients with locally advanced or metastatic breast cancer. It is 

also utilized to treat locally advanced or metastatic NSCLC. 

Additionally, it is used in conjunction with prednisone to treat 

patients with metastatic prostate cancer that is androgen 

independent (hormone refractory). Docetaxel is also used to 

treat head and neck cancer as well as stomach adenocarinoma. 

Dose 75 mg/m
2
 IV over 1 h every 3 weeks 

Mechanism of action 

The typical function of microtubule growth is disrupted by 

docetaxel. It hyper-stabilizes their structure and stops their 

function. Consequently, the cell is unable to utilize its 

cytoskeleton flexibility. Docetaxel selectively attaches to β-

subunit of tubulin. The resulting complex is a 

microtubule/docetaxel that cannot be broken down.  

Half-life 

The terminal elimination half-life was 116 h with plasma 

sampling occurring up to 8 to 22 days following docetaxel 

injection. A triphasic elimination profile is produced by doses 

between 70 and 115 mg/m
2
 with infusion periods between 1 

and 2 h. The α, β, and γ forms have respective half-lives of 4 

min, 36 min, and 11.1 h. 

Absorption 
Dose ranging from 70 mg/m

2
 to 115 mg/m

2
 with infusion 

periods of 1-2 h resulted in dose-proportional increase in AUC. 

Volume of distribution 

The volume of distribution of docetaxel at steady state is 113 L. 

A three-compartment pharmacokinetic model can be used to 

explain its pharmacokinetic profile. 
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Protein binding 

Studies conducted in vitro revealed that 94% of the protein was 

bound, primarily to albumin, lipoproteins, and α1-acid 

glycoprotein. Docetaxel has been found to be 97% bound to 

plasma protein in cancer patients. 

Metabolism 

Hepatic metabolism. Docetaxel is metabolised by the CYP3A4 

isoenzyme, according to in vitro drug interaction studies (one 

major, three minor metabolites). 

Route of elimination Primarily in the faeces and urine.  

Clearance 
After the cancer patients receive 20–115 mg/m

2
 via IV route, 

the total body clearance was 21 L/h/m
2
. 

Toxicity 

The oral LD50 in rats is greater than 2000 mg/kg. The following 

side effects of overdosage are anticipated: mucositis, peripheral 

neurotoxicity, and bone marrow suppression. Two overdose 

reports involved patients who received infusions of 150 and 

200 mg/m
2
 over the course of an hour. Both patients underwent 

cutaneous responses, severe neutropenia, minor asthenia, mild 

paresthesia, and recovered normally. 

 

2.6.1.  DTX as a potent chemotherapeutic agent against NSCLC  

DTX exerts its anti-cancer effect to treat NSCLC by specifically attaching to its intracellular 

target, the β-subunit of polymerized tubulin. This boosts the polymerization of tubulin, which 

ultimately leads to distorted microtubule assembly and blocks their depolymerization (Wang 

et al., 2021). The ability of DTX to trigger the G2/M phase arrest that leads to apoptosis or 

other types of cell death is the basic mechanism by which it works to treat lung cancer. 

Guanosine triphosphate (GTP) is needed for the energy-driven process that creates 

microtubules, however DTX has the capacity to polymerize tubulin and develop microtubules 

even in the lack of GTP. This distortion in the stability of the microtubules disrupts the 

regular mitotic process, ultimately leading to cell death (Morse et al., 2005). DTX also has 

the capacity to phosphorylate bcl-2 that promotes apoptosis by inactivating following 

phosphorylation (Kraus et al., 2003). 
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2.7. PLGA profile 

Poly (D, L-lactide-co-glycolide) (PLGA) is a copolymer comprising poly lactic acid (PLA) 

and poly glycolic acid (PGA). It is an excellent biopolymer widely employed in the field of 

drug delivery. An asymmetric α-carbon present in poly lactic acid is typically referred to as 

the D or L form, though it may also be referred to as the R or S form. The enantiomeric forms 

of the PLA polymer are poly D-lactic acid (PDLA) and poly L-lactic acid (PLLA) (Makadia 

and Siegel, 2011; Kapoor et al., 2015). The structure of PLGA and its monomers is depicted 

in Figure 2.3. 

 

Figure 2.3. Structure of Poly-lactic-co-glycolic acid and its monomers 

2.7.1. Physico-Chemical Properties  

PLGA can enclose drug molecules of any form and size. Its solubility is reported in various 

solvents, including ethyl acetate, chlorinated solvents, tetrahydrofuran and acetone. During 

biodegradation in water, the ester linkages in PLGA are hydrolyzed. Due to the presence of 

methyl side groups, lactide-rich PLGA copolymers are less hydrophilic than PGA, which 

causes them to absorb less water and degrade more gradually. The alteration in PLGA 

properties during polymer biodegradation affects the release rates of drugs incorporated into 

PLGA. The ratio of lactide to glycolide, initial molecular weight, storage temperature and the 
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size of the device might govern the physical properties of PLGA (Azimi et al., 2014; Malek-

Khatabi et al., 2023). The mechanical durability of the PLGA is influenced by its physical 

properties, including polydispersity index and molecular weight. These characteristics may 

regulate the rate of device deterioration and hydrolysis and have an impact on the device’s 

capacity to be designed as a delivery vehicle. However, according to recent research, the type 

of drug also affects the release rate (Elmowafy et al., 2019). The swelling behavior, 

mechanical strength, capacity to undergo hydrolysis, and rate of biodegradation of the 

polymer are all directly influenced by the degree of crystallinity of the PLGA. Upon co-

polymerization with PLA, crystallized PGA reduces the level of crystallinity in PLGA, 

speeding up the process of hydration and hydrolysis. The intrinsic viscosity of commercially 

available PLGA polymers, which is correlated with their molecular weights, is typically used 

to describe them (Makadia and Siegel, 2011; Xu et al., 2017). 

2.7.2. Pharmacokinectics and Biodistribution of PLGA  

A non-linear and dose-dependent profile governs the biodistribution and pharmacokinetics of 

PLGA. Additionally, past research indicates that the dose and makeup of PLGA carrier 

systems may affect both uptake by the mononuclear phagocyte system (MPS) and blood 

clearance. Some PLGA formulations, like nanoparticles, quickly build up in the spleen, liver, 

lymph nodes, bone marrow, and peritoneal macrophages (Rafiei and Haddadi, 2017). The 

early stage of the PLGA nanocarriers breakdown occurs quickly (by about 30%), and it then 

progresses slowly until it is eventually eliminated. The surface modification of nanoparticles 

also enhances its circulation time in blood (Singh and Pai, 2014; Parmar et al., 2022). 

2.7.3. Drug release behavior 

Biphasic Release 

The combined processes of surface erosion and bulk erosion may lead to the deterioration of 

PLGA copolymers. The lactide to glycolide ratio, the polymer’s molecular weight, its degree 

of crystallinity, and its Tg all affect how quickly the PLGA copolymers degrade. Due to 

biodegradation of PLGA, the drug release has been demonstrated to exhibit the following 

pattern: (Hussein et al., 2013; Hines and Kaplan, 2013; Keles et al., 2015) 

(i) The concentration and type of drug, and polymer hydrophobicity are connected to 

the initial burst release of drug. As a result of the drug’s solubility and the degree 
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to which water penetrates the polymer matrix, drug attached to the surface is 

released in the medium. Randomly splitting PLGA greatly reduces its molecular 

weight. 

(ii) In the subsequent stage, drug is progressively released through the thicker drug-

depleted layer. PLGA is hydrolyzed by aqueous medium in the matrix to produce 

soluble monomeric and oligomeric components. It opens a channel for drug 

release through erosion and diffusion of the polymer.  

2.7.4. Toxicology 

PLGA devices may cause local tissue responses. Even though PLGA has been proven to be 

incredibly safe biomaterial, there might be special precautions needed when employing it in 

the field of nanotechnology. However, these reactions are often minor (Makadia and Siegel, 

2011). 

2.8. Nanotechnology tools for the delivery of DTX in the treatment of cancers  

By utilizing their limits to improve therapeutic outcomes, nanotechnology has recently 

attracted increasing attention for the delivery of pharmaceuticals. A significant improvement 

in drug delivery has been brought about by intelligent use of nanotechnology, particularly in 

the area of cancer treatment (Patra et al., 2018; Farjadian et al., 2019; Haleem et al., 2023). 

There are a variety of problems with the administration of anti-cancer drugs via systemic 

routes and conventional ways. Drugs administered through conventional therapies are unable 

to pass through a number of biological barriers, including the tumor micro-environment. 

Nanotechnology-based targeted drug delivery for anticancer drugs is necessary to get around 

these problems with conventional therapies because they permit active and passive drug 

targeting and avoid reticuloendothelial system (RES) clearance (Yao et al., 2020; Sabit et al., 

2022). Such nanoparticles are superior to conventional therapeutics in that they improve 

bioavailability through targeted administration, resolve solubility and permeability barriers, 

and protect the drug from deterioration due to an unfavorable microenvironment at the 

targeted region. They can also maintain the necessary drug concentration in plasma for 

efficient anticancer therapy and offer a retarded drug release for a prolonged duration 

(Yetisgin et al., 2020). 

Thus, the delivery method based on nanotechnology offers a viable substitute for current 

technologies for anticancer drug delivery. In order to lessen the numerous forms of toxicities 
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related to the usage of anti-cancer drugs, these nanocarriers can be made utilizing a variety of 

components, including inorganic solvents, metals, lipids, proteins and surfactants. In order to 

target NSCLC, a variety of nanocarriers have been thoroughly discussed, including self-

assembled nanoparticles (Barak et al., 2022), nanostructured lipid carriers (NLC) (Guo et al., 

2019; Rawal et al., 2021), polymeric nanoparticles (Shukla et al., 2020; Zhang et al., 2021), 

solid lipid nanoparticles (SLN) (Ahmed et al., 2020), polymeric micelles (Wang et al., 2021), 

liposomes (Park et al., 2021), nanocapsules (Rudnik et al., 2020) and nanosuspensions 

(Zhang et al., 2022). These technologies offer a new platform that can be used to target 

different cancers. 

2.8.1. DTX loaded polymeric nanoparticles  

DTX can be incorporated into polymeric nanoparticles by entrapment within the polymeric 

core or conjugation to the polymeric molecules. These nanoparticles can be used to deliver 

pharmaceuticals to target areas by diffusion through matrix, swelling followed by diffusion, 

stimulation by external stimuli or bulk erosion (Rafiei and Haddadi, 2017; Zhang and Zhang, 

2013). Zhang et al. developed DTX-Tmab-PLNs, which demonstrated targeted delivery to 

breast cancer cells that expressed the human epidermal growth factor receptor-2 (HER-2) 

protein. The cytotoxicity and cellular uptake studies demonstrated that DTX-Tmab-PLNs 

effectively delivered DTX to HER-2 positive breast cancer cells, increasing the drug ability 

to combat cancer (Zhang et al., 2019). Wang et al. synthesized DTX-loaded PAMAM-based 

Poly (γ-benzyl-L-glutamate)-b-D-α Tocopherol Polyethylene Glycol 1000 Succinate 

nanoparticles (DTX-PAM-PBLG-b-TPGS NPs) and observed higher cytotoxicity against 

MCF-7 cell line, when compared to free DTX, thereby suggesting greater efficacy of the 

developed nanoparticles (Wang et al., 2019). For the treatment of NSCLC, Chisti et al. 

developed DTX-loaded poloxamer (PLX-188) coated poly (lactic-co-glycolic acid) (PLGA) 

NPs administered through pulmonary route. When compared to free DTX, these 

nanoparticles demonstrated higher cytotoxicity and regulated drug release, thereby enhancing 

its therapeutic efficacy (Chishti et al., 2019). For the combined management of prostate 

cancer, Li et al. developed tailored nanoparticles for the delivery of doxorubicin (DOC) and 

DTX (DDC-NPs). These NPs demonstrated a reduction in in vivo toxic effects and enhanced 

the outcomes of DOC and DTX. The enhanced anti-cancer potential, according to the 

researchers, was caused by DTX-DOX’s greater internalization in tumor cells due to targeted 

administration of drug-loaded nanoparticles (Li et al.; 2019). Zhao et al. synthesized DTX-
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loaded NPs with polypyrrole, hyaluronic acid and some phase transition material. Such 

nanoparticles demonstrated photoacoustic characteristics that facilitated accurate real-time 

photothermal therapy and drug localization in tumors. The outcomes in the 4T1 mouse model 

demonstrated the cytotoxic effect and tumor-inhibiting properties of nanoparticles (Zhao et 

al., 2019). Ionically cross-linked nanoparticles based on chitosan and sodium 

tripolyphosphate were described by Mahmood et al. for the sustained administration of DTX. 

When tested for safety in wistar rats, these NPs showed increased DTX tolerance without any 

oral acute toxicity, tissue disruption and histological alterations (Mahmood et al., 2019). To 

improve radiotherapy in a xenografted prostate tumor model, Loiseau et al. formulated DTX-

loaded titanium nanotubes modified with gold nanoparticles. With the aid of titanium 

nanotubes, the combination emphasised on delivering gold nanoparticles to tumors in an in 

vivo PC-3 xenografted model for 20 days. In an in vitro experiment, The the prostate 

adenocarcinoma cells showed enhanced cytotoxicity on tumor cells as well as prevented 

tumor genesis and proliferation (Loiseau et al., 2019). Gaio et al. employed hyaluronic acid 

coated nanoparticles to deliver DTX and a photosensitizer in conjunction for chemotherapy 

and photodynamic therapy to destroy breast cancer cells (Gaio et al., 2020). DTX-loaded 

transferrin conjugated PLGA nanoparticles were developed by Jose et al. for targeted 

delivery in the treatment of breast cancer. The G2/M phase arrest validated the targeted 

nanoparticles, confirming that these nanoparticles exhibited greater cellular cytotoxicity 

against MCF-7 cell lines (Jose et al., 2019). Abou-El-Naga et al. showed that DTX-loaded 

polymeric nanoparticles can overcome multidrug resistance in breast cancer cells. These 

DTX-PLGA-NPs showed increased cell cytotoxicity and restricted DTX efflux by decreasing 

ABCG2 and MDR1 expression, which were both known to be greater in free DTX (Abou-El-

Naga et al., 2022). To observe the combined synergistic effect of DTX resveratrol in NSCLC, 

Song et al. synthesized EGFR linked lipid polymeric nanoparticles. According to in vitro and 

in vivo tests, the results showed highest cytotoxicity towards cancerous cells and negligible 

systemic toxicity (Song et al., 2018). In order to treat prostate cancer, Sokol et al. combined 

abiraterone acetate (Abr A) with DTX in polymeric (PLGA) nanoparticles. They found that 

this combination was more internalized in endosomal compartments and more hazardous to 

the LNCaP prostate cancer cell line than free drugs. Prostate cancer treatment with the 

combination showed synergy and offered better therapeutic results (Sokol et al., 2019). For 

the simultaneous delivery of DTX and doxorubicin hydrochloride to treat cancer, Mattu et al. 

designed polymeric nanoparticles. As compared to free drugs, these nanoparticles 
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showed an increased internalization of both drugs in tumors by about 11 folds. They have 

higher concurrent accumulation in tumors, which leads to better outcomes for cancer patients 

(Mattu et al., 2018).  

2.9. Polymeric nanoparticles with monoclonal antibody for lung cancer  

Polymeric nanoparticles are the drug delivery systems of nanoscale size range that employs 

polymers to encapsulate drugs. These nanoparticles are extensively used for active and 

passive drug targeting to desired organs and tissues. In addition, a number of advancements 

in polymeric nanoparticles for active targeted delivery systems for lung cancer therapy have 

been made, for instance, use of monoclonal antibodies as ligands attached to their surface 

(Wathoni et al., 2022). Demethoxycurcumin was encapsulated in anti-EGFR-ligand-coated 

chitosan nanoparticles. Rats were used for both in vivo and in vitro testing of these 

nanoparticles on the A549 cell line. These nanoparticles successfully delivered drugs to 

EGFR receptors, leading to an eight-fold reduction in tumor burden in experimental animals 

when compared to the control group (Huang et al., 2015). DTX and Cet were successfully 

entrapped in ligand conjugated PLGA nanoparticles to target the drug molecules to the EGFR 

receptor. According to in vitro research, these nanoparticles may release 25% of the drug 

after 48 h at a pH of 5.5. These nanoparticles were also able to cause apoptosis and reduce the 

viability of the A549 cell line. According to the in vivo results on mice with 150 mm
3
 tumor 

volumes, these nanoparticles significantly slowed the growth of the tumors, and the tumor 

volume decreased by roughly 81% (Patel et  al., 2018). DOX is incorporated in polymeric 

nanoparticles made of hyaluronic acid and amphipathic cationic starch. Anti-EGFR ligands 

erlotinib, apatinib, and icotinib were used to assess their effects on the PC9, NCI-H1975 and 

A549 cell lines. For in vivo research, rats were employed as experimental animals. The data 

demonstrated that icotinib was the most efficient ligand when compared to others. The 

cytotoxic action of icotinib nanoparticles, with a particle size of 65.7 nm, was enhanced, and 

cancer cell types were stopped from migrating. The results of the in vivo tests showed that the 

target region had a higher concentration of nanoparticles and had improved drug selectivity 

(Li et al., 2020). Additionally, paclitaxel palmitate nanoparticles were delivered via anti-

EGFR. The therapeutic efficacy of A549-luc-C8 in metastasizing lung tumors was improved 

in vitro and in vivo with Cet administration in this system (Karra et al., 2013). Another 

monoclonal antibody, LFC131, targets the CXCR4 receptor, which is prominently expressed 

in lung cancer. LFC131 can effectively deliver medicines to A549 cells and increase the 
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internalization of DOX nanoparticles composed of PLGA polymer (Chittasupho et al., 2014). 

In a different investigation, chitosan polymer and Tn antigen were combined to produce 

nanoparticles that delivered doxorubicin. Tn antigen is a lung cancer-specific antigen that is 

frequently used to target antibodies. The findings showed that the cell viability reduced with 

an increase in the internalization of the nanoparticles within the tumor cells (Castro et  al., 

2021). 
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3. Objectives and plan of study 

3.1. Objectives 

The objectives of this research work is to develop Docetaxel (DTX) loaded Poly (D, L-

lactide-co-glycolide) (PLGA) nanoparticles and further conjugating it with cetuximab (Cet) 

mAb that can target specifically to non small cell lung cancer (NSCLC). 

This research study is divided into following sections: 

 Preparation of Docetaxel loaded PLGA nanoparticles (DTX NP) and further 

conjugation with anti-EGFR antibody (Cet) for targeted drug delivery. The 

physicochemical characterization of the optimized nanoparticles will be carried out. 

 In vitro cytotoxicity studies, cellular internalization, cell cycle analysis and cellular 

apoptosis study will be performed on EGFR-overexpressed lung cancer cells (A549 

and NCI-H23) and normal lung epithelial cells (L-132). 

 Further, in vivo pharmacokinetics study, in vivo biodistribution study, survival studies 

and lung histopathology will be assessed in benzopyrene (B(a)P) induced lung cancer 

mice model. 

3.2. Plan of study 

The plan of study is described as follows: 

 Preformulation studies 

 Estimation of standard calibration curve of Docetaxel by UV-Visible 

spectroscopy 

 Drug-excipients interaction study by Fourier transform infrared spectroscopy 

(FTIR) 

 Preparation and optimization of Docetaxel loaded PLGA nanoparticles 

 Preparation of Docetaxel loaded PLGA nanoparticles by multiple emulsion 

solvent evaporation technique 

 Development of anti-EGFR antibody-conjugated DTX-loaded nanoparticles and 

its various physicochemical characterization 

 Confirmation of the antibody conjugation onto the surface of the nanoparticles by 

SDS-PAGE 
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 Morphological characterization of the optimized nanoaprticles by field emission 

scanning electron microscopy (FESEM) and transmission electron microscopy 

(TEM) 

 Investigation of the stability studies of the nanoparticles by accelerated stability 

analysis and assessment of hydrolytic stability study 

 In vitro drug release study 

 In vitro drug release study of the optimized nanoparticles in phosphate buffer 

saline (PBS) (pH 7.4) with 0.1% w/v tween 80, citrate buffer (pH 3), acetate 

buffer (pH 5) and bicarbonate buffer (pH 10)  

 Evaluation of various drug release study and assessment of the regression 

coefficient (R
2
) by different release kinetics model 

 In vitro cellular studies in various lung cancer cells (A549 and NCI-H23) and normal 

lung epithelial cells (L-132) 

 Cell culture of human lung cancer cell lines 

 Detection of mRNA by RT-PCR 

 Determination of dissociation constrant (KD) by ELISA method 

 In vitro cytotoxicity assay using MTT reagent  

 In vitro cellular uptake study by confocal microscopy and flow cytometer  

 In vitro cellular apoptosis study 

 In vitro cell cycle analysis   

 Hemolysis study 

 In vivo evaluation of the nanoparticles   

 Assessment of the maximum tolerated dose (MTD) of drug and experimental 

nanoparticles in normal male Swiss albino mice  

 In vivo pharmacokinetics study of the experimental nanoparticles in normal mice 

 In vivo biodistribution study in B(a)P induced lung cancer mice model 

 Determination of survival time of experimental mice 

 Caspase-3 activity, ROS and LPO levels of experimental mice after treatment with 

the nanoformulations 

 Lung histopathology analysis 

 Statistical analysis 

 Student’s t-test and one-way ANOVA will be used for the statistical analysis, and 

Graph Pad Prism will be used to generate the graphs 
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4. Materials and Equipments 

4.1. Chemicals used in the study 

Table 4.1.  List of materials/chemicals used in the study 

Serial No Name Source 

1.  Acetone Merck Life Science Pvt. Ltd, Bengaluru, 

India 

2.  Acetonitrile Merck Life Science Pvt. Ltd, Bengaluru, 

India 

3.  Cell lysis buffer Abcam 

4.  Cetuximab Ideal Chemicals, Kolkata, India 

5.  Chloroform Merck Life Science Pvt. Ltd, Bengaluru, 

India 

6.  Citric acid Merck Life Science Pvt. Ltd, Bengaluru, 

India 

7.  4’,6’ Diamidino-2-

phenylindole (DAPI) 

Thermo Fisher Scientific, Mumbai,  India 

8.  Dichloromethane (DCM)  Merck Life Science Pvt. Ltd, Bengaluru, 

India 

9.  Disodium hydrogen 

phosphate 

Merck Life Science Pvt. Ltd, Bengaluru, 

India 

10.  Dimethylsulfoxide (DMSO) Merck Life Science Pvt. Ltd, Bengaluru, 

India 

11.  Dulbecco’s Modified Eagle 

Medium (DMEM) 

Thermo Fisher Scientific, Waltham, 

USA 

12.  Ethylene diamene tetra acetic 

acid (EDTA) 

Merck Life Science Pvt. Ltd, Bengaluru, 

India 

13.  1-(3-dimethylaminopropyl)-

3-ethylcarbodiimide 

hydrochloride (EDC) 

Himedia Laboratories 

Pvt. Ltd., Maharashtra, Mumbai, India. 

14.  Ethyl Acetate Merck Life Science Pvt. Ltd, Bengaluru, 

India India 

15.  Fetal bovine serum (FBS) HiMedia Laboratories, Mumbai, India 
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Serial No Name Source 

16.  Fluorescein isothiocyanate 

(FITC) 

HiMedia Laboratories, Mumbai, India 

17.  FITC annexin V/dead cell 

apoptosis kit 

Thermo Fisher 

Scientific,Waltham, MA, USA  

18.  Glacial acetic acid Merck Life Science Pvt. Ltd, Bengaluru, 

India 

19.  Methanol Merck Life Science Pvt. Ltd, Bengaluru, 

India 

20.  3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium 

bromide  (MTT) 

HiMedia Laboratories, Mumbai, India 

21.  N-hydroxysuccinimide 

(NHS) 

Himedia Laboratories 

Pvt. Ltd., Maharashtra, Mumbai, India. 

22.  Docetaxel (DTX)  A gift samples provided by Fresenius 

Kabi Oncology, Kolkata, West Bengal, 

India with 99.95% purity 

23.  Penicillin-Streptomycin HiMedia Laboratories, Mumbai, India 

24.  Acid-terminated Poly lactic-

co-glycolic acid  (ratio, 

75:25; molecular weight, 

4,000–15,000 Da) 

Sigma-Aldrich Co, St Louis, MO, USA. 

25.  Potassium dihydrogen 

phosphate 

Merck Life Science Pvt. Ltd, Bengaluru, 

India 

26.  Polyvinyl alcohol (M.W. 

85,000- 1,24,000) (M.W. 

150,000) 

SD Fine-Chemicals limited, Mumbai, India 

27.  Roswell Park Memorial 

Institute Medium (RPMI 

1640)  

HiMedia Laboratories, Mumbai, India 

28.  Sodium acetate Merck Life Science Pvt. Ltd, Bengaluru, 

India 

29.  Sodium bicarbonate Merck Life Science Pvt. Ltd, Bengaluru, 

India 
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Serial No Name Source 

30.  Sodium carbonate Merck Life Science Pvt. Ltd, Bengaluru, 

India 

31.  Sodium citrate Merck Life Science Pvt. Ltd, Bengaluru, 

India 

32.  Sodium hydroxide Merck Life Science Pvt. Ltd, Bengaluru, 

India 

33.  Trypsin HiMedia Laboratories, Mumbai, India 

34.  Tween 80 SD Fine Chemicals limited, Mumbai, India 

35.  Water for HPLC  

Corp. Billerica, MA, USA 

41. Millex-GP Syringe Filter 

Unit, 0.22 μm, 

polyethersulfone, 33 mm, 

gamma sterilized 

Millipore Corp. Billerica, 

MA, USA 

Merck Life Sc. Pvt. Ltd., Mumbai, 

Maharashtra, India 

 

36.  Milli-Q water Millipore Corp. Billerica, MA, USA 

 

4.2.  Animals and different cells used in the study 

Table 4.2 The source of animals and different cells used in the study 

Animals Source 

Swiss albino male mice National Institute of Nutrition (NIN), 

Hyderabad, Telangana, India.154/GO/RBiBt- 

S/RL/99/CPCSEA 

 Human Cells Source 

A549 cells, NCI-H23 cells 

and L-132 cells 

National Centre for Cell Sciences, Pune, India 
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4.3. Instruments 

Table 4.3 List of instruments and equipments used in the study 

Serial No Name Source 

1.  Bath sonicator Trans-O-Sonic, Mumbai, India 

2.  FAC Scan Flow 

Cytometer 

BD biosciences, San Jose, CA,USA 

3.  CO2 incubator                                                                                                                                                                                                                                                                                                                                                                                       Thermo Fisher Scientific, Waltham, MA USA 

4.  Cold centrifuge HERMLE Labortechnik GmbH, Wehingen, 

Germany 

5.  Confocal microscope TCS-SP8 confocal microscope, Leica, 

Germany 

6.  Digital pH meter 

(EUTECH) 

Thermo Fisher Scientific India Pvt. Ltd., 

Hiranandani Business Park, Mumbai  India 

7.  Digital weigh balance Sartorius Corporate Administration, Otto-

Brenner-Straße 20, Goettingen, Germany 

8.  Disposable syringe 

(Dispo Van) 

Hindustan Syringes and Medical Devices 

Limited, Ballabgarh, Faridabad, Haryana, 

India 

9.  FTIR instrument Magna-IR 750, Series II, Nicolet Instruments 

Inc, Madison, Wisconsin, USA 

10.  Normal Freezer LG double door, Yeouido-dong, Seoul, South 

Korea 

11.  -80º C Freezer 

(Model no U410-86) 

New Brunswick Scientific, Eppendorf House, 

Arlington Business Park, Stevenage, UK  
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Serial No Name Source 

12.  High speed 

homogenizer 

IKA Laboratory Equipment, Model T10B 

Ultras-Turrax, Staufen, Germany 

13.  Incubator shaker BOD-INC-1S, Incon, India 

14.  Laminar airflow bio-

safety hood 

Thermo Fisher Scientific, Waltham, MA USA 

15.  Tandem liquid 

chromatography and 

mass 

spectrophotometry 

(LC–MS/MS)  

LC: Shimadzu Model 20AC,  

MS: AB-SCIEX, Model: API4000, 

 Software: Analyst 1.6 

16.  Laboratory Freeze 

Dryer (lyophilizer) 

Instrumentation India, Kolkata, India 

17.  Magnetic stirrer Remi Sales & Engineering Ltd, Ganesh 

Chandra Avenue, Bando House, Dharmatala, 

Kolkata, India 

18.  0.22 µ membrane 

filter 

Merck Life Science Pvt. Ltd, Mumbai, India 

19.  Microplate reader Spectromax ,Japan 

20.  Particle size and 

zetasizer 

Zetasizer nano ZS 90, Malvern Zetasizer 

Limited, Malvern, UK 

21.  Field Emission 

Scanning Electron 

microscope 

FESEM Joel JSM-7600 F, Tokyo, Japan 
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Serial No Name Source 

22.  Transmission 

electron microscope 

TEM, JEOL JEM-2010, JEOL, USA 

23.  UV-VIS 

spectrophotometer 

LI-295 UV VIS Single Beam, Lasany 

International, India 

24.  Vortex mixture Remi Sales & Engineering Ltd, Ganesh 

Chandra Avenue, Bando House, Dharmatala, 

Kolkata, India 

25.  Zeiss Light 

microscope. 

Carl Zeiss: Axiostar plus, Jena, Germany 
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5. Methodology 

5.1. Estimation of absorbance maxima (λmax) of Docetaxel by means of UV-Visible 

spectroscopy 

A solution of docetaxel (10 µg/ml) was prepared in acetonitrile:water mixture in 60:40 v/v 

ratio. Then the absorbance maxima (λmax) of the drug was determined by scanning the 

solution against acetonitrile:water mixture as blank in an absorption spectrum between 200 

nm to 400 nm. 

5.1.1. Preparation of stock solution of drug 

The primary stock solution of docetaxel was prepared by dissolving 1 mg of docetaxel in 10 

ml of acetonitrile:water mixture (60:40 v/v ratio). A high regression coefficient (R
2
=0.999) 

was achieved, which suggested that the absorbance and concentration of drug were linearly 

related to each other, and it followed Beer’s law. 

5.1.2. Preparation of calibration curve of drug solution 

From the stock solution of docetaxel (1 mg/10 ml), different aliquots (0.5, 1, 2, 4, 6, 8, 10 

µg/ml) were prepared in acetonitrile:water solution. The absorption maxima (λmax) was then 

determined at 229 nm, with acetonitrile:water kept as blank by UV-Visible 

spectrophotometer. All the data were measured in triplicate (Data is represented as 

mean±SD). The obtained absorbance was plotted against concentrations and the regression 

coefficient (R
2
) and slope was obtained from the graph. 

5.2. Drug excipients interaction study by FTIR 

To ascertain whether there was any interaction between the drug and the chosen excipients, 

Fourier transform infrared (FTIR) spectroscopy was employed. Each sample (5 mg) was 

mixed at 1:100 ratio with IR grade KBr and punched to form pellets. An FTIR instrument 

(Magna-IR 750, Series II, Nicolet Instruments Inc, Madison, Wisconsin, USA) was then used 

to scan the pellets in the wavelength range of 4000-400 cm
-1

. For the analysis, DTX, PLGA, 

PVA, PVA-PLGA mixture, a physical mixture of PLGA, PVA, and DTX, Blank NP, DTX 

NP and Cet-DTX NP were chosen. 
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5.3. Preparation of PLGA nanoparticles 

The preparation of DTX-loaded PLGA nanoparticles and blank (without drug) nanoaparticles 

was done by the multiple emulsion solvent evaporation technique as per previously reported 

methods (Paul et al., 2018; Mandal et al., 2018). Briefly, 50 mg PLGA (75:25 grade carboxy 

terminated) and 5 mg drug was weighed and dissolved in a solvent mixture containing 

dichloromethane (DCM) and acetone in a ratio of 1:1 (2 ml). 2.5% w/v aqueous PVA 

solution was prepared and added dropwise to the beaker containing drug and PLGA solution, 

with homogenization at 16000 rpm with a high speed homogenizer. The primary emulsion 

thus formed was added dropwise to 1.5% w/v PVA solution (75 ml) and homogenized at 

16000 rpm. Subsequently, w/o/w emulsion was formed after 5-6 min of homogenization. The 

beaker was then placed on a bath sonicator containing ice cold water, and sonicated for 30 

min, and then stirred for overnight to remove and residual organic solvent. Next day, the 

formulation was centrifuged at 4°C at 5000 rpm for 10 min to separate the larger 

nanoparticles. Then the supernatant was centrifuged again at 16000 rpm for 45 min. The 

pellets thus collected were washed three times with distilled water, collected in a petridish 

and kept at -20 °C in a refrigerator. Then the nanoparticles were lyophilized at -40 °C for 8 h. 

and the final product was stored at -20 °C, for further use. The blank nanoparticles and were 

also prepared by the same method mentioned above, except the incorporation of drug in the 

organic phase. The schematic representation of the preparation of nanoparticles by multiple 

emulsion solvent evaporation technique is shown in Figure 5.1. 

FITC conjugated nanoparticles were also prepared by the above mentioned method with few 

modifications. A stock solution of FITC (0.4% w/v) was prepared in ethanol:chloroform 

(1:3), and 100 μl of stock solution was added into organic phase during the process of 

formation of primary emulsion. 
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Figure 5.1. Schematic representation of the preparation of DTX NP by multiple 

emulsion solvent evaporation technique and its conjugation to Cet monoclonal antibody 

by EDC/NHS coupling chemistry 

Antibody conjugation on the surface of the prepared nanoparticles 

The anti-EGFR antibody (Cet) was conjugated onto the surface of prepared nanoparticles by 

means of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) (EDC/NHS) coupling chemistry (Mondal et al., 2019; Ehsan et 

al., 2022). The lyophilized nanoparticles were resuspended in PBS (1 mg/ml). Then 1 µl of 

Cet antibody was withdrawn from the stock solution (100 µg/ml), and then added to the 

suspended nanoparticles. The suspension was then vortexed, and incubated at room 

temperature (25 °C) for 1 h, followed by centrifugation at 16000 rpm for 10 min to remove 

the unbound antibodies. The pellets thus obtained after centrifugation were collected, and 

resuspended in PBS and washed three times to remove the antibodies that remained 

unattached to the surface of the nanoparticles. The pellets were further lyophilized and kept at 

4 °C in a refrigerator for further use. 



Chapter 5 Methodology 

~ 37 ~ 

5.4. Physicochemical characterization of the PLGA nanoparticles  

5.4.1. Determination of particle size and zeta potential of the nanoparticles 

The lyophilized nanoparticles were resuspended in distilled water, sonicated for 30 min and 

characterized for particle size, polydispersity index (PDI) and zeta potential values by using 

the Zetasizer Nano ZS 90 using Data Transfer Assistance (DTA) software (Malvern Zetasizer 

Limited, Malvern, UK). 

5.4.2. Determination of drug loading and entrapment efficiency 

Accurately weighted nanoparticles were placed in a centrifuge tube and mixed with an 

acetonitrile:water solution to determine the drug loading (Patel et al., 2018). The supernatant 

was filtered after the centrifuge tube has been vortexed, sonicated, and centrifuged. A UV 

spectrophotometer was used to assess the drug content quantitatively. The following 

equations were used to determine the drug loading of the experimental formulations: 

Actual drug loading (%) = 
𝐴𝑚𝑜𝑢𝑛𝑡  𝑜𝑓  𝑑𝑟𝑢𝑔  𝑝𝑟𝑒𝑠𝑒𝑛𝑡  𝑖𝑛  𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝐴𝑚𝑜𝑢𝑛𝑡  𝑜𝑓  𝑛𝑎𝑛𝑜𝑎𝑝𝑟𝑡𝑖𝑐𝑙𝑒𝑠  𝑎𝑛𝑎𝑙𝑦𝑧𝑒𝑑
 × 100 (1) 

Drug loading efficiency (%) = 
𝐴𝑐𝑡𝑢𝑎𝑙  𝑑𝑟𝑢𝑔  𝑙𝑎𝑜𝑑𝑖𝑛𝑔  (%)

𝑇𝑕𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  𝑑𝑟𝑢𝑔  𝑙𝑎𝑜𝑑𝑖𝑛𝑔  (%)
 × 100  (2) 

5.4.3. Field emission scanning electron microscopy (FESEM) study 

The morphology of outer surface of Cet-DTX NP was evaluated by placing Cet-DTX NP 

onto the metallic stubs having dual-sided adhesive carbon tape. After adding the 

nanoparticles, the excess sample was wiped off from the metallic stub. Subsequently, a 

platinum coating was done on the stub in vacuum by implementing JEOL JFC 1600 auto fine 

coater (JEOL, Tokyo, Japan) at an acceleration voltage of 5 kV. The nanoparticulate samples 

were observed under the Field emission scanning electron microscope (FESEM, JEOL JSM 

6700 F, JEOL, Tokyo, Japan).  

Energy dispersive X-ray (EDX) examination is done in a FESEM device to evaluate the 

elemental composition of the experimental nanoparticles (DTX NP and Cet-DTX NP). After 

being lyophilized and spread out on the metal stub, the nanoparticles were coated in platinum. 
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5.4.4. Transmission electron microscopy (TEM) study 

The internal morphology of the nanoaprticles and the distribution of drug inside the core were 

assessed by TEM (JEOL JEM-2010, JEOL, USA). Briefly, the nanoparticles were 

resuspended in distilled water, and one drop of the suspension was put on the carbon-coated 

copper grid (300#; Ted Pella Inc., CA, USA). Further, the suspension drop was air-dried for 

10-12 h and then analyzed through TEM instrument. 

5.5. SDS-PAGE 

The conjugation of antibodies on the surface of DTX NP was verified using SDS-PAGE. 

DTX, Cet-DTX, and Blank nanoparticles were resuspended in PBS at a concentration of 0.2 

mg/ml, and standard Cet antibody was mixed individually with 2X Laemmli gel loading 

buffer (each 5 µL) at a concentration of 1 µL from the primary stock. DTX NP, Cet-DTX NP, 

and Blank NP were put onto a 10% SDS-PAGE gel along with the marker. Gel 

electrophoresis was carried out by running the gel (80V up to stacking and 100V up to 

resolving) (Aggarwal et al., 2013; Mondal et al., 2019). 

5.6. In vitro drug release study 

The in vitro drug release study was performed for Cet-DTX NP on various buffers, such as 

phosphate buffer saline (PBS) (pH 7.4) with 0.1% w/v tween 80, citrate buffer (pH 3), acetate 

buffer (pH 5) and bicarbonate buffer (pH 10). Cet-DTX NP was prepared as a suspension in 

various buffers (1 mg/ml, 2 ml) separately, and were shaken at 37 °C in an incubator shaker 

(Somax Incubator Shaker; ShenjhenPango Electronic Co. Ltd., Shenzhen, China). At various 

intervals (0.5 h, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 96 h, 168 h, 336 h, 504 h and 672 h), the 

suspension (1 ml) was withdrawn from the vials, centrifuged, and the supernatant samples 

were examined for drug content using an UV-visible spectrophotometer at 229 nm 

(Bhattacharya et al., 2018). The centrifuged pellet after the each sample withdrawal was re-

dispersed adding 1 ml of freshly prepared buffer before being replaced into the vial. The drug 

release curve was created as cumulative percent drug release vs. time graph. To understand 

the release profile of DTX from Cet-DTX NP, various kinetic models including zero order, 

first order, Highuchi, Hixson-Crowell and Korsmeyer-Peppas models were utilized (Dutta et 

al., 2019). 
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5.7. Stability study 

Through accelerated stability study, the effect of temperature and humidity on the 

experimental nanoparticles was examined. The stability study was carried out in accordance 

with International Council of Harmonization (ICH) guidelines (2003) to determine the impact 

of temperature and relative humidity on the nanoformulations (DTX NP and Cet-DTX NP). 

Three months of stability tests were conducted on the optimized nanoparticles, with sampling 

intervals of one month. For the duration of 30 and 90 days, specific amounts of DTX NP and 

Cet-DTX NP were weighed and stored in zone III at 4-8°C (in the refrigerator), 30°C/75% 

RH, and 40°C/75% RH. The stability chamber samples were removed at the predetermined 

intervals (after 30 and 90 days). The stability parameters for those samples were examined 

using FESEM analysis and drug content. 

5.8. Hydrolytic stability study 

The hydrolytic breakdown of nanoparticles was compared in citrate buffer pH 3, acetate 

buffer pH 5, PBS pH 7.4, and bicarbonate buffer pH 10 (Bhattacharya et al., 2018). A 

required quantity (10 mg) of experimental nanoparticles and pure DTX were taken separately 

in 2 mL of different buffers in order to compare the hydrolytic breakdown of nanoparticles to 

that of free drug (citrate buffer pH 3, acetate buffer pH 5, phosphate buffer saline pH 7.4 and 

sodium bicarbonate buffer pH 9). The solutions were maintained at 37 °C with gentle shaking 

in an incubator. The samples were taken out of the incubator at the predetermined times (7, 

14, 21, and 28 days), centrifuged, and then washed twice with double-distilled water before 

being dried in a speed vacuum for 30 min. The weight of the nanoparticles was then 

calculated. Fresh medium was used to replace the old medium entirely. Each sample’s weight 

was precisely measured before the hydrolytic degradation assessment in order to calculate the 

weight loss. The weights of the samples were measured after drying in order to assess the 

weight change. The following formula was used to determine the change in weight (Maya et 

al., 2013): 

 Weight change (%) =  
𝑊0−𝑊𝑡

𝑊0
 × 100            (3) 

where, W0 and Wt, respectively, stand for the initial weight and the weight at time t. 
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5.9. In vitro cellular studies 

5.9.1. Detection of mRNA by RT-PCR 

The Trizol technique was used to isolate total RNA. Using a cDNA synthesis kit and 

following the manufacturer's instructions, the cDNA was transcribed (Biogenomics Asia). 

The Rotorgene Real-Time RT-PCR System was used to examine the expression levels of 

EGFR and the reference gene glyceraldehydes-3-phosphate dehydrogenase (GAPDH) in each 

cDNA sample (Qiagen, Germany). The Table 5.1 contains a list of the specific primers 

involved in the study. Cycle conditions of the relative qRT-PCR were preincubated at 95 °C 

for 10 min, followed by 45 amplification cycles of 95 °C for 8 s, 62 °C for 15 s, 72 °C for 10 

s, and a melting curve analysis, which ran Melt (65–95 °C), at 95 °C hold 0 s, at 65 °C hold 

15 s and at 95 °C hold 0 s. Real-Time PCR software was used to analyse qRT-PCR data and 

determine quantification cycle values for relative quantification (Qiagen, Germany). The 

GAPDH gene expression was used to normalise the EGFR gene expression (Alfieri et al., 

2011). 

Table 5.1 :Primers used for RT-PCR and qPCR of EGFR and GAPDH 

mRNA Primers Product size 

EGFR 

Forward primer: CGCCCTATGTCCCATTCACA 

Reverse primer: AAGGCCCATTTAGCCTCCAC 

312bp 

GAPDH 

Forward primer: TGAGGGTAGGGCCTCCAAA 

Reverse primer: ATAGCCTAGGACTGGAGCGA 

141bp 

5.9.2. ELISA method for dissociation constant (KD) determination 

The dissociation constant (KD) of Cet with EGFR overexpressed on the lung cancer cells 

(A549 and NCI-H23) was determined by cell based ELISA method (Patel et al., 2007; Eble, 

2018). Falcon flexible 96-well flat bottomed plates were seeded with 100 µl (2×10
4
 cells) of 

lung cancer cells per well at 37 ºC overnight. The next day the plate was blocked with 1% 

BSA in PBS containing 0.1% w/v tween-20 for 2 h at room temperature. Various amounts of 

cetuximab in 100 µl were added. The plate was then washed 3x with PBS/Tween and 100 µl 

of horseradish peroxide (HRP) conjugated goat anti-human antibody (Biosource, Camarillo, 
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CA, USA) diluted at 1:5000 in 100 µl was added to the plate and incubated for 1 h at RT. The 

plate was then washed 3x and 50 µl/well of tetramethylbenzidine (TMB) (KPL, Gaithersburg, 

MD, USA) substrate was added to the plate. The plates were read at 450 nm using a 

microplate reader (Molecular Devices). 

5.9.3. In vitro cytotoxicity assay 

The MTT assay was used to assess the cytotoxic effects of free DTX, DTX NP, and Cet-DTX 

NP on human lung cancer cells (A549 and NCI-H23) and normal lung cells (L-132). 1.25 to 

2.5×10
4
 cells were seeded in each well of a 96-well plate, and they were then incubated with 

DMEM medium that had been supplemented overnight at 37 °C with 5% CO2. Following the 

removal of the media, the cells were treated for 48 h in two separate groups with media 

containing free DTX suspension (200 µL, concentration range 5-150 nM) and Cet-DTX NP 

suspension (200 µL, equivalent DTX concentration range 5-150 nM). The cells in the control 

group did not receive any drug treatment. Each well received 20 µL of MTT solution (5 

mg/mL in PBS) once the treatment period had ended, and then incubated for 3–4 h at 37 °C. 

Following the removal of the MTT solution, 100 µL of DMSO was added to each well, and 

the shaker was rotated for 15 min to extract the formazan crystals from the cells that had 

formed as a result of the reaction between the MTT solution and the mitochondrial reductase 

enzyme. After that, the plate was examined at 540 nm in an ELISA reader (Bio Rad, CA, 

USA). The IC50 value was calculated by plotting percentage of cell viability versus 

DTX/DTX NP/Cet-DTX NP concentration (Ehsan et al., 2022; Aggarwal et al., 2013). 

Graph Pad Prism software was used to interpret the results graphically to assess the relevance 

of the results reported as the IC50 value (version 5, Graph Pad Prism software Inc, San Diego, 

CA, USA). 

5.9.4. In vitro cellular uptake study 

Using A549 and NCI-H23 cells, confocal laser microscopy was used to study the intracellular 

uptake of FITC-labeled DTX NP and Cet-DTX NP in vitro and to quantify it using flow 

cytometry. A 35 mm tissue culture dish with medium and approximately 10
4
 cells were sown 

on a cover slip and cultured at 37 °C overnight for confocal laser imaging. Both the cells 

received the IC50 concentration of FITC-labeled Cet-DTX NP at 1 h and 4 h. The cells were 

rinsed in PBS after the treatment, fixed in 70% ethanol, co-stained with DAPI (for the 

nucleus), and mounted on a slide for observation under a confocal microscope (Olympus 
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FluoView FV10i, Olympus). Dual-color pictures were taken using the FITC (Ex/Em 495/519 

nm) and DAPI (Ex/Em 359/461 nm) filters (Townsend et al., 2017).  

The time-dependent intracellular absorption of PLGA nanoparticles was assessed using flow 

cytometry. Briefly, 10
6
 A549 and NCI-H23 cells were grown in complete media for 24 h. The 

medium from each plate was replaced by incomplete medium and the treatment was 

conducted for 1 h, 2 h and 4 h. The cells, except the control group, were then exposed to 

FITC-loaded nanoparticles. Once the treatment was finished, the cells were taken from the 

plates and suspended in FACS tubes for analysis in a flow-cytometer (BD LSRFortessaTM, 

BD Biosciences, San Jose, USA). FACS Diva software (BD Biosciences) was used to collect 

the data (Dutta et al., 2019). 

5.9.5. In vitro cellular apoptosis study 

Apoptosis assay was conducted using a standard methodology to quantitatively assess the 

capacity of DTX/DTX NP/ Cet-DTX NP to induce apoptosis and/or necrosis in A549 and 

NCI-H23 cells. Briefly, the cells (2.5 × 10
5
/ml) were cultured for 48 h at 37 °C in an 

atmosphere with 5% CO2 and the IC50 concentration of the free drug and the formulations. 

Cells in the control group did not receive any treatment. Following the completion of the 

treatment period, the cells were detached using trypsin, cleaned with PBS (2X), and 

resuspended in 100 µL of Annexin V binding buffer (1X) (10 mM HEPES, 140 mM NaCl, 

2.5 mM CaCl2; pH 7.4). An additional 400 µL of binding buffer (1X) was added after adding 

2 µL of annexin V-FITC to the cell suspension and incubated it in the dark for 15 minutes. 

Just prior to analysis, propidium iodide (PI) (5 µL, 50 g/ml) was added [31]. Data was 

obtained using an FACS Aria flow cytometer (Becton Dickinson, USA) using channels of 

FITC (excitation/emission 488 nm/530 nm) and PE-Texas red (excitation/emission 561 

nm/616 nm) and post capturing analysis was done with BD FACS Diva software (Becton 

Dickinson, USA) (Chakraborty et al., 2020). 

5.9.6. In vitro cell cycle analysis 

The effect on cell cycle of DTX/DTX NP/Cet-DTX NP was examined using the methodology 

described in the literature (Maya et al., 2014; Wang et al., 2021). In a 12-well plate, 1×10
6
 

cells were seeded each well, and the plate was placed in a CO2 incubator overnight. After 

being treated with free drug and various experimental formulations, cell cycle phase analysis 
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of nuclear DNA stained with PI were measured in a flow cytometer (Becton Dickinson FACS 

Fortessa 4 laser cytometer equipped with BD FACS Diva software). 

5.10. Hemolysis study 

The hemolytic studies were conducted using the previously described methodology, with a 

few alterations (Gaonkar et al., 2017; Liu et al., 2017). The freshly drawn blood from male 

swiss albino mice was placed in heparinized tubes and centrifuged at 4 °C for 5 minutes at 

1000 g. The erythrocytes were rinsed three times with PBS after the supernatant was removed 

(pH 7.4). The resulting suspension (2%) was employed for a hemolysis study. A 96-well 

plate with 190 µL of the suspension in each well was then treated with 10 µL of the free drug 

(DTX) and experimental nanoparticles (DTX NP and Cet-DTX NP) (containing DTX at 

varying concentrations, such as 5, 10, 15, 30, 50, 100 and 150 nM) to assess the hemolytic 

effect. The unlysed erythrocytes were separated by centrifugation at 10,000 g for 5 min after 

being incubated at 37 °C for 1 h with gentle stirring. The optical density (OD) of the 

supernatant was then measured at 570 nm. By utilizing the procedure to compute the 

absorbance factor of a sample that was 100% hemolytic, the percentage of hemolysis was 

determined: 

 Hemolysis (%) = 
(𝐴𝑏𝑠−𝐴𝑏𝑠0)

𝐴𝑏𝑠100−𝐴𝑏𝑠0
 × 100       (1) 

where Abs, Abs0, and Abs100, respectively, represent the absorbance of samples, a solution 

with 0% and 100% hemolysis, respectively. 

5.11. In vivo animal studies 

5.11.1. Maximum tolerated dose (MTD) 

Mice were administered DTX NPs, Cet-DTX NPs, and free DTX, and their in vivo tolerance 

to each treatment was compared. Male Swiss albino mice were randomly divided into six 

groups (n = 6). DTX NPs and Cet-DTX NPs were injected into 0.9% saline solution at 

dosages of 2.5, 5, 10, 20, and 40 mg/kg (corresponding to groups i, ii, iii, iv and v, 

respectively). Free DTX was dissolved in Tween 80 and 13% w/w ethanol in water at a ratio 

of 1:3 w/w to produce groups vi, vii, viii, ix, and x at DTX dosages of 2.5, 5, 10, and 40 

mg/kg, respectively. The mice were given intravenous injections through tail vein on days 7, 

14, 21, and 28. They were weighed before every injection and again on the first, second, 
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third, fourth, fifth, sixth, seventh, and eighth weeks. Blood samples were collected, and they 

were allowed to stand without any anticoagulant for 30 min. The blood samples were 

centrifuged at 2,500 rpm for 10 min before the serum was extracted. After 28 days, an 

automated clinical analyzer was used to measure and analyze the different biochemical 

parameters of liver and kidney, including SGOT, SGPT, ALP, urea, and creatinine, in 

accordance with the manufacturer's instructions (AU400, Olympus, Tokyo, Japan). The dose 

that resulted in a 20% weight loss was identified as the MTD (Tang et al., 2016; Qu et al., 

2019; Choudhury et al., 2021). 

5.11.2. Pharmacokinetic study in normal mice  

Pharmacokinetic parameters of plasma and lung were analyzed in Swiss albino male normal 

mice (body weight 25-30 g) upon free DTX (10 mg/kg), DTX NP, and Cet-DTX NP (having 

an equivalent amount of DTX) i.v. administration. The treated animals were sacrificed at 

specific time points (0.5, 1, 2, 4, 6, 8, 10, 24, 48 and 72 h). The blood and the lung were 

collected. Tandem liquid chromatography and mass spectrophotometry (LC–MS/MS) was 

utilized to analyze the drug content in the separated plasma and the lung as per protocol. 

Paclitaxel was used as an internal standard.  

In vivo pharmacokinetic studies of DTX NP, Cet-DTX NP and aqueous suspension 

containing free DTX were done in Swiss albino male mice (body weight 25-30 g). Three 

groups of the animals (n = 20 per group) were formed. Aqueous suspensions of free DTX, 

DTX NP, and Cet-DTX NP were injected intravenously into the animals in groups 1, 2, and 3 

at doses of 10 mg DTX/kg body weight, respectively. At each time point, two mice were 

sacrificed, blood was probed, and plasma was collected. The same was done for lungs also. 

At specified intervals (0.5, 1, 2, 4, 6, 8, 10, 24, 48, and 72 h post injection), the blood and 

lungs were collected in heparinized tubes, and the plasma was separated by centrifuging the 

tubes at 10,000 rpm for 10 min. at 4 °C. Each 0.1 mL of plasma sample was mixed with 1 mL 

of ice-cold acetonitrile-methanol mixture and vortexed. The clear supernatant that was 

obtained after centrifugation was mixed with 100 μL of water and loaded into LC-MS/MS 

(LC: Shimadzu Model 20AC, MS: AB-SCIEX, Model: API4000), using software: Analyst 

1.6. Analytes were eluted using YMC Triat C18 column (30 × 2.1 mm, 5 μ) and gradient 

elution technique of two mobile phases (mobile phase A: 0.1% formic acid in water and 

mobile phase B: 0.1% formic acid in methanol:acetonitrile:water (45:45:10)) was conducted 
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with an injection volume 20 μL, flow rate 0.8 mL/min and total run time 3.0 min (Das et al., 

2015; Dutta et al., 2018; Ehsan et al., 2022). 

5.11.3. Experimental animal model for in vivo anti-tumor efficacy  

The Swiss albino mice used for the study were separated in five groups consisting of six mice 

in group. Group I served as normal control with oral administration of corn oil for four 

weeks. Group II animals were treated with benzo(a)pyrene (B(a)P, 50 mg/kg body weight 

dissolved in corn oil orally) weekly twice for 4 weeks, to induce lung cancer by 16th week, 

which served as carcinogen control. Group III animals were treated with DTX control for 4 

weeks after they were administered with first dose of B(a)P. Group IV and Group V animals 

were treated with DTX NP and Cet-DTX NP (i.v., 10 mg DTX/kg body weight) for 4 weeks 

after they were treated with the first dose of B(a)P.  

Group III, IV and V animals continued to receive the same treatment of B(a)P as received by 

group II animals. Administration dose of Cet with nanoparticles was 101.84 µg/mg of 

nanoparticle conjugate (Cet-DTX NP). Food and water was available ad libitum. During the 

study, the body weights were measured every week.  

5.11.4. In vivo biodistribution study 

The biodistribution study was conducted in B(a)P induced lung cancer mice model after 

injecting free DTX, DTX NP and Cet-DTX NP at predetermined time points. B(a)P induced 

lung cancer mice model were randomized into three groups (n=6 per group). Free DTX, DTX 

NP and Cet-DTX NP were injected as a single i.v. bolus injection into the tail vein of the 

mice at an equivalent dose of DTX (10 mg/kg body weight). After various time points (4 h, 

24 h, 48 h and 72 h) post injection, the mice were sacrificed and the major tissues (whole 

blood, liver, kidney, heart, muscle and cancerous lung) were harvested from the mice. The 

tissue samples were homogenized with 1 mL of acetonitrile, followed by centrifugation for 

30 min at 4 °C. 1 mL of supernatant was removed and dried under nitrogen. The dried 

samples were reconstituted with 0.1% formic acid in 100 μL of acetonitrile. The drug content 

in each organ was analyzed by LC–MS/MS (Li et al., 2019). 

5.11.5. Survival time of mice 

The survival analysis of experimental mice was regularly checked up until their mortality. 

Briefly, six separately treated mice from the carcinogen control and carcinogen treated 

received formulation treatment groups were allowed to live until natural death without 
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carrying out a required sacrifice. Kaplan-Meier survival analysis was used to calculate the 

mean survival time (MST). GraphPad Prism Software was used to conduct the statistical 

analysis (Choudhury et al., 2021). 

5.11.6. Caspase-3 activity 

A single i.v. bolus injection of DTX/DTX NP/Cet-DTX NP at a concentration equivalent to 

their respective IC50 values was administered to the various experimental animals. Lung 

tissues from various animal groups were removed after 24 h of treatment, collected, and 

processed for protein separation using RIPA buffer (Sigma). Caspase-3 activity was 

measured in accordance with the manufacturer’s instructions using the caspase-3/7 

colorimetric assay kit (Abcam kit no. ab39401) (Kim et al., 2010; Barua et al., 2022). 

5.11.7. LPO and ROS study 

Using a spectrofluorimeter of serum samples taken from the mice of the experimental normal 

control, carcinogen control, and carcinogen treated mice treated with various treatments, the 

relative estimation of ROS was examined. Using the thiobarbituric acid method, the amount 

of TBARS (thiobarbituric acid reactive substance), a product of lipid peroxidation under 

stress, was calculated in serum samples from the same experimental group of mice 

(BarathManiKanth et al., 2010; Zeb et al., 2016). 

5.11.8. Lung histopathology analysis 

For the fabrication of paraffin-embedded blocks, the lung tissues from the corresponding 

experimental groups (normal control, carcinogen control, and Carcinogen treated received 

formulation treatment) were fixed in 10% neutral buffered formalin. To examine tissue 

architecture and cancer morphology, 5 µm-thick slices were deparaffinized, rehydrated, and 

stained with hematoxylin and eosin in accordance with the recommended methodology (Pal 

et al., 2012). Zeiss light microscope and Axio Vision software 4.7.1 were used to view the 

histopathology slides. 

5.12. Statistical analysis 

Each experiment was carried out in triplicate. Student’s t-test and one-way ANOVA was used 

for the statistical analysis, and Graph Pad Prism was used to generate the graphs (version 5, 

Graph Pad Prism software Inc, San Diego, CA, USA). 
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6. Results 

6.1. Determination of absorbance maxima (λmax) of Docetaxel 

On the basis of scanning of Docetaxel by spectrophotometric method, the maximum 

wavelength (λmax) was attained at 229 nm in acetonitrile:water, and therefore it has been 

selected as the analytical wavelength. The absorbance spectrum of Docetaxel was shown in 

Figure 6.1. 

 

Figure 6.1. Absorbance maxima (λmax) of Docetaxel 

6.2. Estimation of calibration curve of Docetaxel 

The absorbance values of the drug dissolved in acetonitrile:water were recorded at 229 nm in 

the concentration range of 0.5 to 10 µg/ml. A high regression coefficient (R
2
=0.999) was 

achieved, which suggested that the absorbance and concentration of drug were linearly 

related to each other, and it followed Beer’s law. The calibration curve of Docetaxel in 

acetonitrile:water is depicted in Figure 6.2. 
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Figure 6.2. Calibration curve of Docetaxel in acetonitrile:water 

6.3. Fourier Transform Infrared Spectroscopy (FTIR) analysis 

The spectrophotometric investigation detected all the characteristic peaks of DTX and 

various excipients which were used to formulate DTX NP. No chemical interactions were 

observed   between them (Figure 6.3). N-H stretching at 3490 cm
-1

 and asymmetric and 

symmetric vibrations at 2947 cm
-1

 for CH2 revealed for pure DTX. The C=O stretching 

vibrations of the ester group showed the peaks at 1725 cm
-1

, C=N stretching at 1244 cm
-1

, 

1075 cm
-1 

for C=O stretching vibrations, respectively. For C-H in-plane and C-H out-of-plane 

C-C=O, the peaks were observed at 972 cm
-1

 and 712 cm
-1

, respectively. PLGA displayed 

characteristic peaks at O-H at 3515 cm
-1

; C-H at 2995 cm
-1

 and C=O at 1756 cm
-1

, 

respectively.  

Weak physicochemical interactions, such as the dipole-induced interaction, weak H-bonds, 

van der Waals force of attraction,  etc., which may play significant roles in the formation of 

spherical shaped nanoparticles, were noted in the case of Blank NP and DTX NP, leading to 

some minor peak shiftings of the formulation components. In case of spectrum of physical 

mixture (PLGA, PVA and DTX) and DTX NP, the intensity of 712 cm
-1

 peak attributes the 

entrapment of DTX over blank NP.  
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Figure 6.3. FTIR spectra of individual components, physical mixture, and 

nanoparticulate formulations. PLGA: Poly lactic-co-glycolic acid; PVA: Polyvinyl 

alcohol; DTX: Docetaxel; PLGA+PVA+Drug: Physical mixture of PLGA, PVA and 

Drug; BLANK NP: Blank nanoparticles; DTX NP: Docetaxel-loaded nanoparticles; 

CET-DTX NP: Cetuximab conjugated nanoparticles. 
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6.4. Preparation of the polymeric nanoparticles and conjugation with monoclonal 

antibody 

The blank nanoparticles and different batches of drug loaded nanoparticles were prepared by 

multiple emulsion solvent evaporation technique. The nanoformulations were optimized by 

varying the drug polymer ratio to develop DTX-loaded PLGA nanoparticles. Further, the 

surface of the optimized nanoparticles was conjugated with Cetuximab monoclonal antibody 

for site-specific drug delivery to lung tumor cells.  

6.5. Physicochemical characterization of the prepared nanoparticles 

6.5.1. Drug loading and entrapment efficiency 

The drug loading and encapsulation efficiency were assessed by varying the drug polymer 

ratio of the various nanoparticles, and the results were tabulated in Table 6.1. From the data, 

it was observed that the optimized DTX NP showed maximum drug loading, greater 

entrapment efficiency. The drug loading and encapsulation efficiency for DTX NP was 

6.43% ± 0.25% and 70.76% ± 2.76%, respectively. In the case of Cet-DTX NP, the drug 

loading and encapsulation efficiency was found to be 5.86 ± 0.35% and 64.53% ±1.38%, 

respectively.  

Table 6.1. Physicochemical characterization and optimization data of various 

experimental nanoparticles by varying drug:polymer ratio 

Formulation Drug:PLGA  

Particle size 

(Z-average) 

(nm)
a
 

Zeta 

potential 

(mV)
a
 

Polydispersity 

index
a
 

Drug loading 

(%)
a 

Encapsulation 

efficiency (%)
a 

 DTX NP 

(optimized 

formulation) 

1:10 225 ±3 -8.18±0.50 0.589±0.060 6.43%±0.25% 70.76% ± 2.76% 

Cet-DTX NP 

(optimized 

formulation 

with antibody 

conjugation) 

1:10 283± 2 -12.10±0.43 0.486±0.080 5.86%±0.35% 64.53% ±1.38% 

DTX NP 1 2:10 400± 2 -5.10±0.47 0.663±0.060 5.06%±0.05% 55.73%± 0.50% 

DTX NP 2 3:10 456± 2 -4.40±0.29 0.609±0.040 4.72%±0.07% 51.92%±0.78% 

Note: DTX NP, PLGA nanoparticles encapsulating docetaxel; Cet-DTX NP, Antibody 

conjugated PLGA nanoparticle encapsulating docetaxel; PLGA, poly (lactide-co-glycolide); 

PVA, poly vinyl alcohol.
a
 Each value represents mean ± SD (n = 3). 
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6.5.2. Particle size and zeta potential 

The particle size, zeta potential, polydispersity index (PDI) values of the prepared NP is 

mentioned in Table 6.1. The physicochemical characterization of the optimized formulation 

DTX NP and Cet-DTX NP was carried out. It was found that the particle size of DTX NP and 

Cet-DTX NPs was 225 ± 3 nm and 283 ± 2 nm, respectively. The zeta potential value of 

DTX NP and Cet-DTX NPs was -8.18 ± 0.50 mV and -12.1 ± 0.43 mV, respectively (Figure 

6.4). The PDI value of DTX NP was 0.589 ± 0.060, while for Cet-DTX NP, the value was 

0.486 ± 0.080.  

 

Figure 6.4. Particle size distribution and zeta potential data. (A) Particle size of DTX 

NP, (B) Particle size of Cet-DTX NP, (C) Zeta potential data of DTX NP, and (D) Zeta 

potential data of Cet-DTX NP 

6.5.3. Surface morphology of the nanoparticles 

The surface morphology was analyzed for Cet-DTX NP by Field emission scanning electron 

microscopy (FESEM) study (Figure 6.5A). The figure revealed that Cet-DTX NPs had 

majority of spherical structure and densely distributed. Utilizing TEM analysis, the internal 

morphology of Cet-DTX NP was confirmed (Figure 6.5B). The figures revealed that the 

drug was evenly and homogeneously distributed throughout the particles.  
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Figure 6.5. (A) Field emission scanning electron microscopy of Cet-DTX NP analyzed at 

10,000× magnification, (B) Transmission electron microscopy of Cet-DTX NP 

6.5.4. Energy dispersive X-ray (EDX) study 

The EDX study for blank NP, DTX NP and Cet-DTX NP was carried out during FESEM 

analysis. Nitrogen in the case of DTX NP and its absence in the case of blank NP indicated 

the presence/lack of nitrogen of DTX in the two corresponding formulations. A high weight 

percentage of sulphur (2.02%) in case of Cet-DTX NP affirms the conjugation of the Cet to 

Cet-DTX NP (Table 6.2). The other ingredients utilized to create DTX NP are devoid of 

sulphur. Because of the amide bond between the Cet and DTX NP, the Cet-DTX NP had a 

slightly greater weight percentage contribution from N (19.18%), which further supports the 

presence of Cet. 

Table 6.2. Specific elemental composition (carbon, oxygen, nitrogen and sulphur) of 

nanoparticles. 

Sample CK OK NK SK 

Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic % 

Blank NP 39.37 58.59 60.63 41.41 - - - - 

DTX NP 43.57 49.22 41.56 30.19 14.87 15.61 - - 

Cet-DTX NP   49.09 55.41 29.71 20.72 19.18 21.89 2.02 1.99 

Note: Weight % and atomic % of elements in Blank NP, DTX NP and Cet-DTX NP 

Abbreviations: CK, carbon counts; OK, oxygen counts; NK, nitrogen count; SK sulphur 

count; Blank NP, blank nanoparticles; DTX NP, PLGA nanoparticle encapsulating docetaxel; 

Cet DTX NP, Antibody conjugated PLGA nanoparticle encapsulating docetaxel. 
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6.6. SDS-PAGE  

We functionalized the surface of nanoparticles by conjugating Cet antibody against EGFR 

receptors which is generally overexpressed on the surface of lung cancer cells. The SDS-

PAGE was run for both the DTX NP and Cet-DTX NP in comparison with the free antibody 

(Figure 6.6). It was demonstrated that the nanoparticles were conjugated well with the 

antibody and the antibody-conjugated particles ran slightly slowly, as compared to free 

antibody. It has demonstrated the effective conjugation of antibody onto the surface of DTX 

NP nanoparticles, which moved more slowly than free antibody due to the attachment to 

heavier nanoparticles. However, the lack of antibody on the surface of the DTX NP failed to 

produce any bands. 

 

Figure 6.6. SDS-PAGE gel electrophoresis, Lane 1 represents protein marker, lane 2 

showed unconjugated NP, lane 3 showed the standard anti-EGFR monoclonal antibody 

antibody (Cet), lane 4 represents antibody conjugated NP, lane 5 showed blank NP 

6.7. In vitro drug release study 

The different buffers and release media (citrate buffer pH 3, acetate buffer pH 5, phosphate 

buffer saline pH 7.4 with 0.1% w/v tween 80, and bicarbonate buffer pH 10) were used for 

the in vitro drug release investigation of Cet-DTX NP (as depicted in Figure 6.7). The 

nanoparticles deteriorated more quickly under an acidic pH, suggesting that rapid drug 

release (92.31% ± 2.37% in 24 h) in a citrate buffer (pH 3) rendered the formulation 
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unsuitable for oral administration. On the other hand, a slow and sustained release of the drug 

was seen in PBS with 0.1% w/v tween 80 (pH 7.4) (74.64% ± 2.83%) over the course of 28 

days, showing that the produced nanoformulation would be stable in the blood for a 

prolonged period and would gradually and slowly degrade (since pH 7.4 simulates the 

environment of blood). The drug was only modestly (89.58% ± 2.47% in 28 days) released 

from the formulation in an acetate buffer (pH 5.5), implying that the nanoparticles would be 

stable in circulation and would deliver the drug more effectively in the tumor area, which is 

often an acidic milieu (pH ~4.5–5.5). The drug release from Cet-DTX NP was lower (32.11% 

± 2.59%) in bicarbonate buffer (pH 10). Different regression coefficient (R
2
) values for the 

kinetics were summarized after the drug release data were evaluated using zero-order, first-

order, Hixson-Crowell, Korsmeyer-Peppas, and Higuchi kinetic models (Table 6.3). The R
2
 

values indicate that, in all buffers and release media, drug release from the formulation 

adhered to Korsmeyer-Peppas kinetic model, thereby suggesting the release of drug from the 

nanoparticles by erosion, followed by slow diffusion from the eroded polymeric matrix. In 

case of PBS with 0.1% w/v tween 80, a good linearity (R
2
 = 0.979) was obtained with a 

release exponent value (n) of the drug 0.29 for Cet-DTX NP, which suggests drug release 

followed Fickian diffusion.  

 

Figure 6.7. In vitro drug release profile of DTX from Cet-DTX NP in phosphate buffer 

saline (PBS) pH 7.4 with  tween 80, citrate buffer (pH 3), acetate buffer (pH 5), and 

bicarbonate buffer (pH 10). Data show mean±SD (n=3) 
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Table 6.3. Depiction of in vitro drug release tested on different release kinetic models 

along with corresponding R
2
 values and release exponent (n) (Korsmeyer–Peppas 

model). 

Kinetic models 

Cet-DTX NP  

release in Phosphate 

buffer saline pH 7.4 

(with  tween 80) 

Cet-DTX NP  

release in Citrate 

buffer 

Cet-DTX NP release 

in Acetate buffer 

Cet-DTX NP release 

in Bicarbonate 

buffer 

Zero order 
y = 0.098x + 23.33 

R² = 0.712 

y = 3.501x + 20.64 

R² = 0.727 

y = 0.122x + 25.41 

R² = 0.704 

y = 0.041x + 10.58 

R² = 0.610 

First order 
y = -0.000x + 1.88 

R² = 0.850 

y = -0.045x + 1.918 

R² = 0.945 

y = -0.001x + 1.87 

R² = 0.913 

y = -0.000x + 1.949 

R² = 0.651 

Higuchi model 
y = 2.799x + 13.73 

R² = 0.906 

y = 20.63x + 2.527 

R² = 0.917 

y = 3.497x + 13.36 

R² = 0.902 

y = 1.223x + 6.186 

R² = 0.833 

Korsemeyer Peppas 

model 

y = 0.296x + 1.091 

R² = 0.979 

n=0.29 

y = 0.555x + 1.304 

R² = 0.885 

n=0.55 

y = 0.364x + 1.018 

R² = 0.943 

n=0.36 

y = 0.334x + 0.664 

R² = 0.932 

n=0.33 

Hixson-Crowell 

model 

y = 0.002x + 0.404 

R² = 0.808 

y = 0.107x + 0.325 

R² = 0.881 

y = 0.003x + 0.445 

R² = 0.851 

y = 0.000x + 0.173 

R² = 0.637 

 

6.8. Stability study 

For the optimized formulation (DTX NP and Cet-DTX NP) in the freeze dried condition, 

stability studies were conducted to assess any alterations in the morphology during 3 months 

period at 4-8°C (refrigerated condition), 30°C, 75% RH, and 40°C, 75% RH. The stability 

study was also performed in terms of the changes in surface morphology of Cet-DTX NP by 

FE-SEM analysis (Figure 6.8). The nanoformulation stored at 4-8°C maintained the surface 

morphology up to 3 months period. However, deformation of the formulation was observed 

at 30°C and 40°C during storage. A very significant changes in the surface morphology of the 

nanoformulation occurred during storage for 3 months, at these temperatures. Any notable 

changes in the drug content and encapsulation efficiency were not observed in case of DTX 

NP (Drug loading 6.25%, encapsulation efficiency 69.44%) and Cet-DTX NP (Drug loading 

5.72%, encapsulation efficiency 62.93%) in the refrigerated condition at 4-8 ºC for 3 months 

(Table 6.4). Thus, DTX NP and Cet-DTX NP should be stored between 2-8 ºC. 
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Table 6.4. Stability of DTX NP and Cet-DTX NP after 90 days of study stored at 4-8°C. 

Formulation 

Stability after 90 days at 4-8°C 

Drug loading (%)* 
Encapsulation efficiency 

(%)* 

DTX NP 

(optimized formulation) 
6.25%±1.09% 69.44%±  0.76% 

Cet-DTX NP 

(optimized formulation) 
5.72±0.73% 62.93%± 0.02% 

*Data show mean ± SD (n=3). 

 

Figure 6.8. FESEM images of (A) DTX NP and (C) Cet-DTX NP stored at 30°C, 75% 

relative humidity, and at 40°C, 75% relative humidity after 30 days, and 90 days; and 

(B) DTX NP and (D) Cet-DTX NP stored at 4-8°C in a refrigerator for 30 days and 90 

days. 
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6.9. Hydrolytic stability 

The hydrolytic stability study of the optimized Cet-DTX NP was carried out in different pH 

media. An enhanced loss in the weight of nanoformulation was observed with the decrease in 

the pH of media (Figure 6.9). Subsequent to 4 weeks of the experiment, the weight loss of 

Cet-DTX NP at pH 10 was 13.60% ± 1.14%, at pH 7.4 was 26.06% ± 1.66%, at pH 5 was 

36.70% ± 1.57% and at pH 3 was 57.67% ± 1.56%, respectively. 

 

Figure 6.9. Percentage weight change of Cet-DTX NP at varying pH conditions (from 

pH 3 to pH 10). The values are mean of three batches with ±SD. 

6.10. In vitro cellular studies 

6.10.1. Detection of mRNA by RT-PCR 

The results from RT-PCR study were summarized in Figure 6.10. The results indicate that 

lung cancer cell lines (A549 and NCI-H23) have overexpressed EGFR. However, A549 lung 

cancer cells have shown slightly greater expression than NCI-H23 cells. The Ct-median value 

of EGFR in both the cells (A549 and NCI-H23) were 17.89, for GAPDH the Ct-median value 

was 18.56, and for L-132 (normal lung epithelial cell line), the value was ≥35, respectively. 

The higher Ct-median value of L-132 cells clearly indicates the non-expression of EGFR. 
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Figure 6.10. Analysis of EGFR mRNA expression in A549 and NCI-H23 lung cancer 

cells by RT-PCR study 

6.10.2. Determination of dissociation constant (KD) by binding experiment 

The results obtained from titration ELISA along with mathematical evaluation demonstrated 

the interaction of cetuximab with EGFR receptors overexpressed on the lung cancer cells 

(A549 and NCI-H23) (Figure 6.11). The dissociation constant (KD) for the binding of 

cetuximab to the EGFR on A549 cells was 0.32 ± 0.016 nM, whereas cetuximab bound to the 

EGFR overexpressed on the NCI-H23 cells with a significantly lower affinity of 0.38 ± 0.019 

nM. 
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Figure 6.11. Representative titration curves showing dissociation constant (KD) values 

for the interaction of Cet with EGFR overexpressed on A549 and NCI-H23 lung cancer 

cells (n=3). 

6.10.3. In vitro cytotoxicity assay 

In A549 and NCI-H23 cells, in vitro cytotoxicity investigation of free drug, DTX NP, and 

Cet-DTX NP was conducted. Cet-DTX NP was shown to have an IC50 value of 19.40 ±1.92 

nM in A549 cells, which is much less than the IC50 values for the DTX (79.56 ± 2.46 nM) 

and DTX NP (39.90 ± 3.76 nM) (Figure 6.12A). We also investigated Cet-DTX NP’s ability 

to inhibit the proliferation of the NCI-H23 lung cancer cells. Cet-DTX NP IC50 value of 

25.40 ± 1.54 nM, was much lower than the IC50 values for the DTX (109.64 ± 3.12 nM) and 

DTX NP (52.72 ± 2.85 nM) (Figure 6.12B). DTX NP and Cet-DTX NP were shown to have 

very little cytotoxicity when tested against the normal lung epithelial cell line L-132 

(percentage inhibition 8.23 ± 0.79% and 7.21 ± 1.20%, respectively), as compared to free 

drug (63.72 ± 2.68%) (Table 6.5). Here for L-132 cells, percentage inhibition data were 

shown. 
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Figure 6.12. In vitro cytotoxixity assay of DTX, DTX NP and Cet-DTX NP on (A) A549 

and (B) NCI-H23 lung cancer cells. Data show mean ± SD of three individual 

experiments. 
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Table 6.5. IC50 doses and % inhibition in various cancerous and normal cell types, upon 

the treatment of free drug and experimental formulations. 

Treatment groups 
IC50 dose in A549 

cells (nM)* 

IC50 dose in NCI-

H23 cells (nM)* 

Percentage 

inhibition in L-132 

cells (%)* 

DTX 79.56±2.46 109.64±3.12
 

63.72±2.68
 

DTX NP 39.90±3.76
a 

52.72±2.85
a 

8.23±0.79
a 

Cet-DTX NP 19.40±1.92
a,b 

25.40±1.54
a,b 

7.21±1.20
a
 

*Data show mean ± SD (n=3). 

a
(p<0.05) when DTX is compared with DTX NP and  DTX is compared to Cet-DTX NP. 

 b
(p<0.05) when DTX NP is compared to Cet-DTX NP. 

6.10.4. Cellular uptake study 

In vitro cellular uptake of FITC-conjugated formulations, DTX NP and Cet-DTX NP, was 

qualitatively evaluated by confocal microscopy. Following 1 h and 4 h incubations with 

FITC-conjugated DTX NP and Cet-DTX NP, respectively, confocal microscopy iamges of 

A549 and NCI-H23 cells were observed (Figure 6.13A-6.13D). The images showed that 

nanoparticle internalization in both the lung cancer cell lines were time-dependent. 
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Figure 6.13. Qualitative evaluation of cellular uptake by confocal microscopy for (A) 

FITC-conjugated DTX NP (1 h and 4 h) in A549 cells, (B) FITC conjugated Cet-DTX 

NP (1h and 4 h) in A549 cells, (C) FITC-conjugated DTX NP (1 h and 4 h) in NCI-H23 

cells, (D) FITC-conjugated Cet-DTX NP (1 h and 4 h) in NCI-H23 cells. 

The quantification of cellular internalization of FITC-conjugated Cet-DTX NPs provided a 

clear-cut differentiation among the uptake pattern of the nanoparticles in terms of FITC 

mean-median values which were found to be 800 and 4067 (for DTX NP at 1 h and 4 h, 

respectively), 1164 and 5827 (for Cet-DTX NP at 1 h and 4 h, respectively) in A549 cells. 
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The FITC mean-median values in the case of NCI-H23 cells were found to be 442 and 1764 

(for DTX NP at 1 h and 4 h, respectively), 646 and 2740 (for Cet-DTX NP at 1 h and 4 h, 

respectively) (Figure 6.14A and 6.14B). Nanoparticle uptake within the cells was 

accelerated in a time-dependent way. 

 

Figure 6.14. Quantitative estimation of the cellular internalization by flow cytometry for 

(A) FITC conjugated DTX NP and Cet-DTX NP for 1 and 4 h in A549 cells, (B) FITC 

conjugated DTX NP and Cet-DTX NP for 1 and 4 h in NCI-H23 cells. 
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6.10.5. Cellular apoptosis study 

After being treated with DTX, DTX NPs, and Cet-DTX NPs, lung cancer cells (A549 and 

NCI-H23) underwent dual staining with Annexin V-FITC and propidium iodide (PI), which 

was followed by the quantification of apoptotic cells at various stages of apoptosis. A549 

cells treated with Cet-DTX NP had apoptotic cell percentages of 50.7% (late apoptotic cells) 

and 45.6% (early apoptotic cells), whereas NCI-H23 cells treated with the same had apoptotic 

cell percentages of 58.6% (early apoptotic cells) and 37.9% (late apoptotic cells) (Figure 

6.15A and 6.15B). Comparing Cet-DTX NP to DTX NP and free DTX, the results showed 

that Cet-DTX NP increased more in the cells. Furthermore, a higher level of apoptosis in the 

FACS histogram of Cet-DTX NP-treated A549 cells and NCI-H23 cells compared to cells 

treated with DTX NP/free DTX (for 24 h) suggests that Cet-DTX NP is more efficacious to 

combat EGFR overexpressed lung cancer cells. 

 

Figure 6.15. In vitro cellular apoptosis study (Annexin V/PI dual staining) in (A) A549 

and (B) NCI-H23 lung cancer cells upon treatment with DTX, DTX NP and Cet-DTX 

NP. 

6.10.6. Cell cycle analysis 

The cell cycle regulatory pathway is crucial to the initiation and development of tumors. The 

mitotic arrest of cancer cells is caused by the strong binding of DTX to microtubules and the 
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promotion of its stability. It is well established that DTX causes cell cycle arrest by 

chromosomal breakage and mitotic impairment, leading to the normal G2/M phase arrest. A 

decrease in the percentage of cells in the S phase and an accumulation of cells in the G2/M 

phase were seen in A549 and NCI-H23 cells after treatment with DTX, DTX NP, and Cet-

DTX NP. The cells were treated with DTX, DTX-NPs, and Cet-DTX-NPs before being 

incubated for 24 h. The control cells of the A549 and NCI-H23 cell lines were primarily in 

the G1 phase, with 8% and 9% of them, respectively, in the G2/M phase (Figure 6.16A and 

6.16B). Cet-DTX NP treatment, however, significantly arrested the G2/M phase (39.3% and 

36.6% in A549 and NCI-H23 cells, respectively). The results suggest that after the treatment 

with Cet-DTX NP, the cells were inhibited in interphase (G2/M phase), which promotes the 

arrest of mitotic cell division. Chromosome damage might be the underlying cause of cell 

cycle arrest. 

 

Figure 6.16. Cell cycle analysis by flow cytometry in (A) A549 and (B) NCI-H23 lung 

cancer cells upon treatment with DTX, DTX NP and Cet-DTX NP. 

6.11. Hemolysis study 

Cet-DTX NPs were tested for hemo-compatibility at various concentrations (5 to 150 nM) 

(Figure 6.17). The nanoformulations (DTX NP and Cet-DTX NP) showed low hemolytic 

activity (<5%) between 5 and 150 nM. Since, the intended formulation's hemolysis rate was 

within the acceptable range of 5%, which is recognized for biomaterials with safe critical 

value identified by the International Organization for Standardization/Technical Report 

(ISO/TR 7406.46). Hence, Cet-DTX NP could be used safely for intravenous administration. 
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Figure 6.17. In vitro hemolysis study after incubation of RBC with DTX, DTX NP and 

Cet-DTX NP at a concentration range from 5 nM to 150 nM [*(p<0.001) when DTX 

data were compared with those of DTX NP and Cet-DTX NP] 

6.12. In vivo animal studies 

6.12.1. Maximum tolerated dose (MTD) in normal mice 

The liver and kidney are the two crucial organs which are involved in the body’s basic 

metabolism and excretion, respectively. As a result, aberrant liver and kidney functions are 

thought to be a sign of clinical symptoms, making the biochemical parameters that regulate 

the functions of these organs as a promising therapeutic target. The results of this study 

showed that the liver and kidney toxicity markers, ALP, SGPT, SGOT, urea, and creatinine, 

of the experimental mice treated with various nanoformulations revealed that levels of 

toxicity were in the order of DTX> DTX NP> Cet-DTX NP for a maximum dose, 40 mg/kg 

(Table 6.6).  

No substantial alterations in the body weight of normal mice treated with DTX NP and Cet-

DTX NP were observed up to the dose of 10 mg/kg body weight, as compared to free DTX 
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which showed a marked change in body weight after the dose was increased to 10 mg/kg 

body weight (Table 6.7). A comparatively higher toxicity of free DTX, DTX NP and Cet-

DTX NP in normal mice was observed when the dose of the drug was increased from 20 to 

40 mg/kg body weight.  
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Chapter 6 Results 

~ 70 ~ 

6.12.2. In vivo pharmacokinetics study in normal mice 

Several pharmacokinetic parameters were examined using LC-MS/MS following intravenous 

administration of single doses of DTX, DTX NP and Cet-DTX NP (equivalent dose of 10 

mg/kg of DTX). When compared to DTX NP/Cet-DTX NP treatment, the initial plasma DTX 

level was primarily higher for free-DTX treatment (Figure 6.18A) (Table 6.8). However, a 

higher clearance rate indicated that the drug was removed from the body quicker. Drug 

concentration from free-DTX solution was much lower than that of the nanoformulations 

(DTX NP/Cet-DTX NP) that remained in the systemic circulation for a longer period of time 

for at least up to 72 h and released DTX steadily. DTX NP/Cet-DTX NP treatment extended 

the plasma half-life of DTX and significantly reduced the clearance rate (CL) compared to 

DTX treatment alone. MRT values provided additional support for the data (Table 6.8). 

Following i.v. treatment of the several nanoformulations, the concentration of DTX in murine 

lungs with time is shown in Figure 6.18B. The initial time points had a trend of elevated lung 

DTX concentrations (i.e., up to 2 h). Later, from time point 4 to 72 h, DTX levels 

demonstrated a considerable decline. Table 6.8 lists the DTX pharmacokinetic parameters in 

mouse lung and plasma following i.v. bolus injection of free drug and different formulations. 

 

Figure 6.18. (A) In vivo pharmacokinetic study of DTX in plasma upon administration 

of DTX/DTX NP/Cet-DTX NP by i.v. bolus route in mice, (B) In vivo pharmacokinetic 

study of DTX in lung after i.v. bolus administration of DTX/DTX NP/Cet-DTX NP in 

mice. 
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6.12.3. In vivo biodistribution study 

The in vivo biodistribution study was carried out in various vital organs (whole blood, liver, 

kidney, heart, muscle and cancerous lung) after 4 h, 24 h, 48 h and 72 h of treatment with free 

DTX and the different experimental nanoformulations (DTX NP and Cet-DTX NP) (Figure 

6.19). The drug content in each organ was determined by LC-MS/MS. The concentration of 

free DTX in tumors was very less after 4 h, and was almost negligible after 24 h post 

treatment. In contrast, the DTX concentration of DTX NP and Cet-DTX NP groups was 

much more elevated in cancerous lung, as compared to free DTX group. It was demonstrated 

that free DTX accumulated more in kidney and heart, as compared to blood, liver and 

muscles. On the other hand, after 72 h, very limited amount of Cet-DTX NP was accumulated 

in blood, liver, kidney, heart and muscles.  

6.12.4. Survival time of mice 

A Kaplan Meier curve was utilized to study the data in terms of animal survival (Figure 

6.20). All the experimental animals belonging to the carcinogen control group died within 35 

days post treatment. However, a gradual increase in the survival rate was observed upon 

treatment with drug and different nanoformulations in the order: DTX<DTX NP<Cet-DTX 

NP. A significantly higher proportion of animals survived after the treatment with Cet-DTX 

NP (~67%), in comparison to the animals treated with DTX NP (~33%) and free DTX 

(~16.67%), at 120
th

 day post treatment. 
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Figure 6.19. Biodistribution studies of DTX, DTX NP and Cet-DTX NP in B(a)P 

induced lung cancer mice model at 4 h, 24 h, 48 h and 72 h after i.v. bolus injection. 

Data were expressed as mean ± SD (n=6). *(p<0.05) when DTX data were compared 

with those of DTX NP and Cet-DTX NP. 
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Figure 6.20. Percentage survival rate of mice after treatment with DTX, DTX NP, Cet-

DTX NP and untreated lung carcinogenesis mice model (p<0.001). 

6.12.5. Caspase-3 activity 

Due to its role in the proteolytic cleavage of numerous vital proteins, caspase-3 is a crucial 

apoptosis biomarker. After the DTX/DTX NP/Cet-DTX NP treatment for 24 h, the degree of 

caspase-3 expression in lung homogenates was assessed using a colorimetric test. When 

compared to the normal control and carcinogen control mice, the investigation showed that 

the lung homogenates of mice exposed to Cet-DTX NP had higher levels of caspase-3 

expression, as compared to free DTX and DTX NP (Figure 6.21). 
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Figure 6.21. Comparative caspase-3 activation level in blood of normal and 

experimental mice [
a
(p<0.05) when normal control group is compared with the 

carcinogen control group, 
b
(p<0.001) when normal control group is compared with 

those of DTX, DTX NP and Cet-DTX NP groups, 
c
(p<0.001) when carcinogen control 

group is compared with those of DTX, DTX NP and Cet-DTX NP group, 
d
(p<0.001) 

when DTX group is compared with those of DTX NP and Cet-DTX NP groups, 

e
(p<0.001) when DTX NP group is compared with the Cet-DTX NP group]. 

6.12.6. LPO and ROS study 

Different lung tissues of experimental animals were examined for LPO and ROS levels. 

When compared to normal control animals, carcinogen control mice had considerably higher 

levels of LPO (Figure 6.22A) and ROS (Figure 6.22B). However, following treatment with 

DTX, DTX NP, and Cet-DTX NP, the LPO and ROS levels decreased toward the normal 

group.  
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Figure 6.22. (A) Lipid peroxidation (LPO) in the in vivo lung carcinogenesis mice model 

after treatment with DTX, DTX NP and Cet-DTX NP [
a
(p<0.05) when normal control 

group is compared with the carcinogen control, DTX, DTX NP and Cet-DTX NP 

groups, 
b
(p<0.05) when carcinogen control group is compared with those of DTX, DTX 

NP and Cet-DTX NP group, 
c
(p<0.05) when DTX group is compared with those of DTX 

NP and Cet-DTX NP groups, 
d
(p<0.05) when DTX NP group is compared with the Cet-

DTX NP group]. The values are represented as mean ± SD (n = 6), (B) Changes in the 

level of Reactive oxygen species (ROS) in the in vivo lung carcinogenesis mice model 

after treatment with DTX, DTX NP and Cet-DTX NP, 
b
(p<0.05) when carcinogen 

control group is compared with those of DTX, DTX NP and Cet-DTX NP group, 

c
(p<0.05) when DTX group is compared with those of DTX NP and Cet-DTX NP 

groups, 
d
(p<0.05) when DTX NP group is compared with the Cet-DTX NP group]. 

6.12.7. Lung histopathology analysis 

To evaluate histological alterations following therapy in B(a)P-challenged mice, the lungs 

were isolated 4 weeks after administration of free DTX, DTX NP, and Cet-DTX NP in the 

lung tissue. The lung tissues in the control group had a typical structure and showed no 

histological changes. The B(a)P group demonstrated severe stroma hemorrhagia, pulmonary 

oedema, mass inflammatory cell infiltrations and alveolar collapse, which were critically 
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damaging to the lung. The tumors in the lung were composed of large cells with eosinophilic 

cytoplasm. Nonetheless, the treatment with free DTX showed marginal improvement of the 

damaged lung.  Upon treatment with nanoformulations (DTX NP and Cet-DTX NP, 

equivalent to 10 mg/kg body weight of DTX), deterioration of the lung’s structural integrity 

was effectively reduced in Cet-DTX NP treated mice more than DTX NP-treated mice 

(Figure 6.23A-6.23E). 

 

Figure 6.23. Histological sections (in 10× magnifications) of lungs of experimental mice. 

Microscopic images of lung section of (A) normal mice, (B) carcinogen control mice, 

solid tumor areas are shown by arrow heads, (C) carcinogen treated mice with DTX, 

(D) carcinogen treated mice with DTX NP, (E) carcinogen treated mice with Cet-DTX 

NP. 
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7. Discussion 

Even though non-small cell lung cancer (NSCLC) is one of the most common tumors to be 

detected globally, treating it is still difficult. The epidermal growth factor receptor (EGFR) is 

reported to be overexpressed in the majority of NSCLC cases and to display aberrant 

signaling in a variety of human malignancies. Poor tumor differentiation, higher rates of 

lymph node metastases, and increased tumor proliferation has all been attributed to it (Hsu et 

al., 2019). It has also been associated with a worse prognosis. It is widely known that tumor-

specific ligands, such as antibodies on the surface of nanoparticles against certain receptors, 

can be used to successfully target drugs at the site of the tumor (Tian et al., 2022). In order to 

develop a nanoformulation capable of transporting the drug for the afflicted cellular target, 

we have developed the antibody conjugated nanoparticles loaded with covalently bonded Cet 

antibody against EGFR to target malignant lung cells. 

In order to improve the drug’s potential for use in the treatment of cancer, DTX was 

incorporated into the PLGA nanoparticles due to its excellent anti-proliferative capabilities. 

In drug encapsulated formulation (DTX NP), FTIR study revealed modest shifting of the 

drug’s non-typical peaks. This finding might be explained by physical interactions through 

bond formations including electrical forces such as van der Waals forces and dipole moments 

as well as weak hydrogen bond formation. However, all the characteristic peaks of DTX were 

seen in DTX NP, which suggests that the chemical integrity of the drug is maintained within 

the nanoparticles.  

The EDC/NHS coupling chemistry successfully conjugated Cet antibody with the surface of 

the PLGA NP (Mondal et al., 2019). The nanoformulations were developed by varying the 

drug content with respect to the polymer content. Enhancement of drug content increased the 

size of the particles. Drug entrapment towards the core, and within and between the 

polymeric chains reduced the cohesiveness of the polymeric molecules, resulting in an 

increased size of the particles. Further, surface conjugation of Cetuximab (Cet) obviously 

enhance the size of the particles as reflected in the data (Table 6.1). The surface morphology 

of the synthesized nanoparticles is of utmost significance, since it interacts with the biological 

membranes before getting absorbed. The nanoformulations had smooth surface and spherical 

shape with free of aggregation, and homogeneous drug distribution. Cet-DTX NPs must be 

stored as lyophilized powder and reconstituted in dispersed form before use, owing to their 

negative zeta potential (caused by the presence of a -COOH group in the polymer), within the 



Chapter 7 Discussion 

~ 79 ~ 

range of -30 to +30 mV (Dutta et al., 2019). Increasing drug content reduced the zeta 

potential of the polymeric nanoparticles. Free –COOH group of PLGA present on the surface 

of the particles causes negative zeta potential. More drug content might reduce the 

availability of free –COOH groups on the surface, causing reduction in zeta potential values. 

Further, conjugation of Cet antibody on the surface of the polymeric nanoparticles increased 

the zeta potential, as each molecule of Cet antibody contains additional free –COOH groups. 

The EDX detection of nitrogen in Cet-DTX NP suggested that DTX had been incorporated 

into the nanoparticles. The SDS-PAGE analysis confirms the conjugation of Cet antibody 

onto the surface of the PLGA nanoparticles. However, Cet-DTX NP band migrated 

slight lower in contrast to the Cet antibody because of the weight of DTX NP. 

The drug released from the nanoformulation over time was assessed by the in vitro drug 

release study. An early burst release of the drug from Cet-DTX NP was demonstrated, which 

might have resulted due to the rapid dissociation of the drug adhered to the surface of the 

nanoparticles. Thereafter, a slow and sustained release of the drug takes place, probably due 

to the erosion of the polymeric core, followed by the diffusion of the drug from the polymeric 

matrix.  The drug release pattern from the nanoparticles followed Korsemeyer Peppas model 

of kinetics with high linearity (Mandal et al., 2018; Mondal et al., 2019). Cet-DTX NP 

portrayed fast degradation in the acidic medium, which suggests ester hydrolysis of the 

polymeric core.  The drug release was comparatively faster in acidic tumor environment (pH 

5) while it depicted slow and sustained release in physiologically neutral media of blood (pH 

7.4) (Bhattacharya et al., 2018; Ehsan et al., 2022). When DTX release from DTX NP and 

Cet-DTX NP was measured in PBS (pH 7.4) with 0.1% w/v tween 80, citrate buffer, acetate 

buffer, and bicarbonate buffer, it indicated acceptable linearity in the different kinetic models 

(as supported by R
2
 value). 

The experimental formulations (stored at 30°C and 40°C, and 75% RH) were agglomerated 

with slight structural deformation on storing for a period of 90 days probably due to the 

softening of polymer stored at higher temperature for a prolonged period. The nanoparticles 

were reasonably stable after being stored at 4–8 °C during this period, according to the data 

of accelerated stability experiments. Drug content did not vary significantly when stored at 

the refrigerated condition for a period of 90 days, which further suggests that the prepared 

nanoparticles should be stored at 4-8 ºC for long-term use. 
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RT-PCR analysis had confirmed the overexpression of EGFR in lung cancer cells (A549 and 

NCI-H23), whereas it is not significantly expressed in L-132 (normal lung epithelial cells). 

The overexpression of EGFR on both the lung cancer cells confirmed, that more ligand (anti-

EGFR Cet antibody) will bind to these cells as compared to normal lung epithelial cells, 

resulting in more apoptosis in cancerous cells. 

Cet prevents EGFR function by binding to the receptors overexpressed on the lung cancer 

cells. Cetuximab showed small KD value (0.32 nM) for A549 cells, as compared to 

comparatively higher KD value (0.38 nM) for NCI-H23. The lower KD value in case of A549 

cells suggests higher affinity and tighter binding of antibody with the receptors on the cell 

surface. This might be due to the various non-covalent interactions (hydrogen bonding, van 

der Waals forces and hydrophobic forces) that participate in the affinity of a binding site 

(Yao and Xu, 2012). 

In vitro cytotoxicity study was performed using the MTT assay on A549 and NCI-H23 lung 

cancer cells, and L-132 normal lung epithelial cells. The lower IC50 values were observed 

after the lung cancer cells were treated with Cet-DTX NP, as compared to DTX NP and free 

drug. It might be due to the greater affinity of the Cet-DTX NP towards EGFR overexpressed 

lung cancer cells, thereby resulting in the greater uptake of nanoparticles within the cells. 

Owing to the limited expression of EGFR receptors on the surface of L-132 cells, the 

percentage viability of the cells was more when treated with the nanoformulations.  

Therefore, it indicates that the targeted nanoparticles exhibit cytotoxicity only towards lung 

cancer cells, and not toward the normal lung epithelial cells. Confocal microscopic study 

showed that FITC encapsulated nanoparticles (FITC-DTX NP and FITC-Cet-DTX NP) 

internalized well within the lung cancer cells (Patel et al., 2018). FACS analysis also showed 

time dependent quantitative uptake of DTX NP and Cet-DTX NP from 1 to 4 h in both the 

cancer cell types. The higher uptake of Cet-DTX NP within the cells might be due to its 

active targeting ability to EGFR-positive lung cancer cells.   

Using the Annexin V-FITC staining procedure, apoptosis studies were carried out to check if 

EGFR mediated targeted nanoformulations caused the death of A549 and NCI-H23 cells. 

Comparing Cet-DTX NP to DTX NP and DTX using a site-specific sustained delivery 

pattern, it was found that Cet-DTX NP were more effective at inducing apoptosis in A549 

and NCI-H23 cells. Cet-DTX NPs targeted delivery and improved cellular uptake cause a 

higher buildup of drug within lung cancer cells, leading to apoptosis.  
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The impact of site-specific and non-specific PLGA nanoparticles on the progression of the 

cell cycle in the A549 and NCI-H23 cells was examined using a flow cytometer. The 

outcomes demonstrated that DTX and its nanoformulations were accountable for the cell 

death brought on by the G2/M phase arrest. Typically, Cet-DTX NP caused mitotic arrest by 

releasing the drug that resulted in unstable microtubules, impairing the function of the mitotic 

spindle, and arresting the cells in the G2/M phase of mitosis (Jose et al., 2019). Thus, from 

the findings of cell cycle analysis, it can be interpreted that antibody conjugated nanoparticles 

are highly potent to arrest the cancer cell proliferation. 

In case of MTD analysis, there is a substantial decrease in the level of liver and kidney 

toxicity markers (ALP, SGOT, SGPT, urea and creatinine) in normal mice treated with DTX 

NP and Cet-DTX NP, as compared to unbound DTX, indicating better tolerability of nano-

encapsulated DTX, upto the dose of 10 mg/kg body weight. Moreover, there was no obvious 

change in the body weight of the normal mice treated with DTX NP and Cet-DTX NP, which 

further suggested 10 mg/kg body weight is the maximum tolerated dose of DTX when 

encapsulated in the form of nanoparticles. Cetuximab has a prolonged residential time in the 

body. The binding of Cet to EGFR on the cell surface internalizes at least 50% of the Cet-

EGFR complex by first 3 h, at higher doses (here ≥20 mg/kg body weight) (Jutten et al., 

2009), and this internalization of huge drug amount (50%) obviously showed toxicity in 

animals. Further, a longer stay of Cet-NPs as non-EGFR bound forms in the system 

dissociate Cet from the nanoparticles surface. Such free Cet in the cellular environment might 

produce non-specific toxicity which often reflects as Ca
2+

 level reduction in blood, loss of 

appetite and weight loss. Therefore, as a cumulative effect of greater internalization of the 

drug and toxicity produced by free Cet reduced the body weight of normal animals at higher 

doses. 

The comparatively low hemolytic activity of the test nanoformulations (DTX NP and Cet-

DTX NP) than free drug, suggest hemocompatibility. Therefore, it could be safely 

administered via intravenous route (Gaonkar et al., 2017).  The administration of DTX 

NP/Cet-DTX NP to plasma and lung tissues resulted in elevated biological t1/2, AUC, AUMC 

and MRT values, along with a decrease in elimination rate constants, which might be due to 

sustained release of the drug from the core of the nanoparticles for a prolonged duration. 

The Cet-DTX NP showed higher amount of DTX at lung tumor sites than DTX NP and free 

DTX that was mainly attributed to the controlled and targeted DTX release of Cet-DTX NP 
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in cancerous lung, which resulted less DTX released in other organs (blood, liver, kidney, 

heart and muscles) and more DTX accumulated in the cancerous lung. On the contrary, the 

deposition of free DTX followed non-specific distribution pattern in liver, kidney, heart and 

muscles upto 72 h. Free DTX was found to be more accumulated in the heart and kidney, as 

compared to the liver. The possible reason for this observation might be due to the fact that 

liver is the organ of the reticuloendothelial system (RES), whose macrophages clear the drug 

and reduces the exposure to the parenchymal cells of liver (Fernandez-Urrusuno et al., 1996). 

The less accumulation of Cet-DTX NP confirmed its non-toxicity to cardiac tissues. 

However, the high concentration of DTX from Cet-DTX NP was observed in liver upto 72 h, 

which might be due to the known fact that liver exhibits a relatively higher levels of EGFR, 

thereby leading to an increased uptake of Cet conjugated nanoparticles in the liver. After 72 

h, the negligible concentration of Cet-DTX NP in kidney suggests it to be the major route of 

the elimination of the experimental nanoparticles. 

When carcinogen control animals were treated with DTX, Cet conjugated and unconjugated 

nanoparticles, there is an increase in the survival rate of animals treated with Cet-DTX NP. 

This is due to the targeting ability of Cet for DTX NPs, leading to the greater accumulation of 

DTX at the site of lung tumor (Karra et al., 2013). Moreover, there is a significant role of 

caspase-dependent apoptosis in the suppression of B(a)P-induced lung tumor development 

(Cui et al., 2020). There was an increased apoptosis by Cet-DTX NP when compared to free 

drug and DTX NP treatment. It might be due to the enhanced cellular internalization of the 

nanoparticles in EGFR-overexpressed lung cancer mice (Wathoni et al., 2022; Maya et al., 

2013).  

B(a)P-induced lung cancer is significantly influenced by ROS. ROS and LPO level play a 

significant role in the initiation, promotion, and progression of lung cancer (Majumder et al., 

2021). These were markedly reduced after treatment with Cet-DTX NP, which is due to the 

enriched activity of detoxification enzyme in the treated animal group, as compared to 

carcinogen control group (Choudhury et al., 2021). The histopathological study revealed that 

Cet-DTX NP greatly reduced the growth of lung tumor and significantly restored the lung 

homogeneity, which may be contributed due to the site-specific targeting of antibody 

conjugated nanoparticles to the NSCLC, as compared to the normal cells.   
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8. Conclusion 

In the present research investigation, we have developed a targeted nanoformulation (Cet-

DTX NP) to deliver the anticancer drug, DTX to cancerous lung cells (A549 and NCI-H23) 

that overexpress the EGFR receptors. The PLGA nanoparticles were formulated 

by implementing multiple emulsion solvent evaporation technique to incorporate a higher 

concentration of drug. Moreover, the carboxyl terminated group of PLGA exposed to the 

surface of the nanoparticles permits further functionalization of antibody on its surface. The 

data of the present investigation demonstrated that the potent anti-cancer drug DTX was 

successfully incorporated into the biodegradable PLGA nanoparticles, fabricated with Cet 

with the requisite physicochemical properties. In addition, site-specific targeting of DTX to 

the lung cancer cells which overexpress EGFR receptors was accomplished by Cet coupling 

to the drug loaded nanoparticles, manifesting the drug release in a slow and sustained 

manner. From the results obtained by in vitro and in vivo studies, it was observed that the 

Cet-DTX NP was more efficacious than DTX NP and free DTX in terms of therapeutic 

improvement. Cet-DTX NP showed highest levels of cellular internalization and apoptotic 

potential, mostly due to its higher affinity towards the lung cancer cells. 

In B(a)P-induced lung cancer-bearing mice, Cet-DTX NP significantly reduced the cancerous 

lesions of lungs. This might be attributable to an enhanced and sustained bioavailability of 

DTX in the lung tumor. The nanoencapsulated DTX resulted in reduced cytotoxicity in 

normal lung epithelial cells, and markedly enhance the therapeutic efficacy in vivo. To 

conclude, the present research study suggests that Cet-DTX NP should be further explored 

for its utilization to treat lung cancer, since it has the potential of delivering the drug more 

precisely to lung cancer cells and causes cellular apoptosis, in contrast to its activity in 

normal cells. Furthermore, more clinical studies will aid in estimating the human dose and 

study the potential of these nanoformulations in lung cancer patients.   
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9. Summary 

Non small cell lung cancer (NSCLC) is one of the most prevalent cancers diagnosed 

worldwide, yet managing it is still challenging. It is responsible for approximately a quarter 

of all cancer fatalities, outnumbering colon, breast, and prostate cancers. Treatment of 

NSCLC patients with surgery and chemotherapy is hampered by late diagnosis. Moreover, 

the lack of tumor selectivity in these techniques leads to increased toxicity in patients, 

limiting the therapeutic efficacy. Platinum drugs, taxanes including paclitaxel (PTX) and 

docetaxel (DTX), albumin-bound paclitaxel, and other types of chemotherapy are all 

suggested for NSCLC. Among the taxane groups, DTX is quite effective to a wide spectrum 

of cancers. It has been shown to block microtubule depolymerization of free tubulins in 

preclinical experiments in a range of murine malignancies and human tumor xenografts, 

including lung adenocarcinoma.  

In NSCLC, the epidermal growth factor receptor (EGFR) is a popular target. It belongs to the 

family of receptor tyrosine kinases, which stimulates several signaling pathways to encourage 

growth of cells, cellular proliferation, and survival. Targeting lung tumors with EGFR 

expression can be an important strategy because EGFR expression is often low in most 

organs (such as benign tumor nodules). Numerous drugs that target the EGFR pathway have 

been developed. They include small molecule tyrosine kinase inhibitors, (such as afatinib, 

gefitinib, and erlotinib) and EGFR-inhibiting antibodies [e.g. cetuximab (Cet)], in light of the 

fact that EGFR plays such an important role in lung adenocarcinoma. Anti-EGFR humanized 

monoclonal antibody, Cetuximab (Cet), blocks binding of activating ligands to EGFR and 

prevents the downstream signaling of EGFR-dependent growth and survival to provide anti-

tumor activity. Cet binding to EGFR causes membrane clearance, internalization and EGFR 

degradation for signal termination. 

During the last few decades, nanoparticles for cancer chemotherapy are gaining 

popularity.  Enhanced permeability and the retention effect (EPR effect) of the cancerous 

tumors make the tumor accumulation of NP feasible. In order to conjugate ligands onto the 

surface of nanoparticles, the 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride/ 

N-hydroxysuccinimide (EDC/NHS) coupling process is one of the highly efficient 

techniques. It is commonly used to attach a variety of DNA or antibodies to the nanoparticles. 

Several studies have shown that the anti-EGFR monoclonal antibody Cet can be conjugated 
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to nanoparticles, allowing the drug-loaded nanoparticles to be delivered specifically to lung 

cancer cells. 

The focus of this research work is to develop antibody-conjugated nanoparticles (Cet-DTX 

NP) with site-specific targeting that can provide clear therapeutic benefits against lung 

tumors. We have synthesized DTX-loaded Poly (D, L-lactide-co-glycolide) (PLGA) 

nanoparticles conjugated with Cet using EDC/NHS coupling chemistry for lung tumor-

specific nanoparticle accumulation in an experimental mouse model. We tried to focus on in 

vivo results to prove intended use of the experimental nanoformulation, which affirmed our 

hypothesis as the drug reached the affected tissues with an increased and sustained 

availability, with an enhanced anti-tumor efficacy against lung cancer.  

 

Figure 9.1. Schematic diagram representing the summary of the present research study 

On the basis of scanning of DTX by spectrophotometric method, the maximum wavelength 

(λmax) was attained at 229 nm in acetonitrile:water, and therefore it has been selected as the 

analytical wavelength. The FTIR investigation detected that no chemical interactions were 

observed between the drug and the excipients. Weak physicochemical interactions, such as 
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the dipole-induced interaction, weak H-bonds, van der Waals force of attraction,  etc., which 

may play significant roles in the formation of spherical shaped nanoparticles, were noted in 

the case of Blank NP and DTX NP, leading to some minor peak shiftings of the formulation 

components.  

It was observed that the optimized DTX NP showed maximum drug loading, greater 

entrapment efficiency, smaller particle size and greater zeta potential values. The FESEM 

study revealed that Cet-DTX NPs had majority of spherical structure and densely distributed. 

TEM analysis showed the internal morphology of Cet-DTX NP. The figure revealed that the 

drug was evenly and homogeneously distributed throughout the particles. SDS-PAGE study 

demonstrated that the antibody was effectively conjugated onto the surface of DTX NP 

nanoparticles, which moved more slowly than free antibody due to the attachment to heavier 

nanoparticles. However, the lack of antibody on the surface of the DTX NP failed to produce 

any bands. In case of EDX study, nitrogen in the case of DTX NP and its absence in the case 

of blank NP indicated the presence/lack of nitrogen of DTX in the two corresponding 

formulations. A higher weight percentage of sulphur in case of Cet-DTX NP affirms the 

conjugation of the Cet to Cet-DTX NP. Because of the amide bond between the Cet and DTX 

NP, the Cet-DTX NP had a slightly greater weight percentage contribution from nitrogen, 

which further supports the presence of Cet. 

The drug released from the nanoformulation over time was assessed by the in vitro drug 

release study. An early burst release of the drug from Cet-DTX NP was demonstrated, which 

might have resulted due to the rapid dissociation of the drug adhered to the surface of the 

nanoparticles. Thereafter, a slow and sustained release of the drug takes place, probably due 

to the erosion of the polymeric core, followed by the diffusion of the drug from the polymeric 

matrix.  The drug release pattern from the nanoparticles followed Korsemeyer Peppas model 

of kinetics with high linearity. Cet-DTX NP portrayed fast degradation in the acidic medium, 

which suggests ester hydrolysis of the polymeric core.  The drug release was comparatively 

faster in acidic tumor environment (pH 5) while it depicted slow and sustained release in 

physiologically neutral media of blood (pH 7.4). When DTX release from DTX NP and Cet-

DTX NP was measured in PBS (pH 7.4) with 0.1% w/v tween 80, citrate buffer, acetate 

buffer, and bicarbonate buffer, it indicated acceptable linearity in the different kinetic models 

(as supported by R
2
 value). 
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The experimental formulations (stored at 30°C and 40°C, and 75% RH) were agglomerated 

with slight structural deformation on storing for a period of 90 days probably due to the 

softening of polymer stored at higher temperature for a prolonged period. The nanoparticles 

were reasonably stable after being stored at 4–8 °C during this period, according to the data 

of accelerated stability experiments. Drug content did not vary significantly when stored at 

the refrigerated condition for a period of 90 days, which further suggests that the prepared 

nanoparticles should be stored at 4-8 ºC for long-term use. 

RT-PCR analysis had confirmed the overexpression of EGFR in lung cancer cells (A549 and 

NCI-H23), whereas it is not significantly expressed in L-132 (normal lung epithelial cells). 

The overexpression of EGFR on both the lung cancer cells confirmed, that more ligand (anti-

EGFR Cet antibody) will bind to these cells as compared to normal lung epithelial cells, 

resulting in more apoptosis in cancerous cells. Cet prevents EGFR function by binding to the 

receptors overexpressed on the lung cancer cells. The lower KD value in case of A549 cells, 

as compared to NCI-H23 cells suggests higher affinity and tighter binding of antibody with 

the receptors on the cell surface. This could be due to the various non-covalent interactions 

(hydrogen bonding, van der Waals forces and hydrophobic forces) that participate in the 

affinity of a binding site. 

In vitro cytotoxicity study exhibited lower IC50 values after the lung cancer cells were treated 

with Cet-DTX NP, as compared to DTX NP and free drug. It might be due to the greater 

affinity of the Cet-DTX NP towards EGFR overexpressed lung cancer cells, thereby resulting 

in the greater uptake of nanoparticles within the cells. Moreover, the targeted nanoparticles 

exhibit cytotoxicity only towards lung cancer cells, and not toward the normal lung epithelial 

cells. Confocal microscopic study showed that FITC encapsulated nanoparticles (FITC-DTX 

NP and FITC-Cet-DTX NP) internalized well within the lung cancer cells. FACS analysis 

also showed time dependent quantitative uptake of DTX NP and Cet-DTX NP from 1 to 4 h 

in both the cancer cell types. Comparing Cet-DTX NP to DTX NP and DTX using a site-

specific sustained delivery pattern, it was found that Cet-DTX NP were more effective at 

inducing apoptosis in A549 and NCI-H23 cells. Cet-DTX NPs targeted delivery and 

improved cellular uptake cause a higher buildup of drug within lung cancer cells, leading to 

apoptosis. The outcomes of the cell cycle analysis in the A549 and NCI-H23 cells 

demonstrated that DTX and its nanoformulations were accountable for the cell death brought 
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on by the G2/M phase arrest. It could be interpreted that antibody conjugated nanoparticles 

are highly potent to arrest the cancer cell proliferation. 

In case of MTD analysis, there is a substantial decrease in the level of liver and kidney 

toxicity markers (ALP, SGOT, SGPT, urea and creatinine) in normal mice treated with DTX 

NP and Cet-DTX NP, as compared to unbound DTX, indicating better tolerability of nano-

encapsulated DTX, upto the dose of 10 mg/kg body weight. Moreover, there was no obvious 

change in the body weight of the normal mice treated with DTX NP and Cet-DTX NP, which 

further suggested 10 mg/kg body weight is the maximum tolerated dose of DTX when 

encapsulated in the form of nanoparticles. Cetuximab has a prolonged residential time in the 

body. Therefore, as a cumulative effect of greater internalization of the drug and toxicity 

produced by free Cet reduced the body weight of normal animals at higher doses. 

The comparatively low hemolytic activity of the test nanoformulations (DTX NP and Cet-

DTX NP) than free drug, suggest hemocompatibility. Therefore, it could be safely 

administered via intravenous route.  The administration of DTX NP/Cet-DTX NP to plasma 

and lung tissues resulted in elevated biological t1/2, AUC, AUMC and MRT values, along 

with a decrease in elimination rate constants, which might be due to sustained release of the 

drug from the core of the nanoparticles for a prolonged duration. 

The Cet-DTX NP showed higher amount of DTX at lung tumor sites than DTX NP and free 

DTX that was mainly attributed to the controlled and targeted DTX release of Cet-DTX NP 

in cancerous lung, which resulted less DTX released in other organs (blood, liver, kidney, 

heart and muscles) and more DTX accumulated in the cancerous lung. Free DTX was found 

to be more accumulated in the heart and kidney, as compared to the liver, which might be due 

to the fact that liver is the organ of the reticuloendothelial system (RES), whose macrophages 

clear the drug and reduces the exposure to the parenchymal cells of liver [53]. The less 

accumulation of Cet-DTX NP confirmed its non-toxicity to cardiac tissues.  

When carcinogen control animals were treated with DTX, Cet conjugated and unconjugated 

nanoparticles, there is an increase in the survival rate of animals treated with Cet-DTX NP. 

This is due to the targeting ability of Cet for DTX NPs, leading to the greater accumulation of 

DTX at the site of lung tumor. Moreover, there is a significant role of caspase-dependent 

apoptosis in the suppression of B(a)P-induced lung tumor development.  
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ROS and LPO level play a significant role in the initiation, promotion, and progression of 

lung cancer. These were markedly reduced after treatment with Cet-DTX NP, which is due to 

the enriched activity of detoxification enzyme in the treated animal group, as compared to 

carcinogen control group. The histopathological study revealed that Cet-DTX NP greatly 

reduced the growth of lung tumor and significantly restored the lung homogeneity, which 

may be contributed due to the site-specific targeting of antibody conjugated nanoparticles to 

the NSCLC, as compared to the normal cells.   

In summary, the present research study recommends that Cet-DTX NP be further investigated 

for application in the treatment of lung cancer since it has the ability to deliver the drug more 

specifically to lung cancer cells and triggers cellular apoptosis, as opposed to its effects on 

normal cells. Additionally, further clinical investigations will assist to determine the human 

dose and explore the effectiveness of these nanoformulations in patients with lung cancer.   
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ABSTRACT
Non-small cell lung cancer (NSCLC) is one of the most prevalent cancers diagnosed worldwide, yet 
managing it is still challenging. The epidermal growth factor receptor (EGFR) exhibits aberrant signalling 
in a wide range of human cancers, and it is reported to overexpress in most NSCLC cases. The 
monoclonal antibody [Cetuximab (Cet)] was conjugated onto the surface of the poly (lactide-co-glycolide) 
(PLGA) nanoparticles which were loaded with docetaxel (DTX) for the development of targeted therapy 
against lung cancer. This site-specific delivery system exhibited an enhanced cellular uptake in lung 
cancer cells which overexpress EGFR (A549 and NCI-H23). The nanoparticles also showed better 
therapeutic effectiveness against NSCLC cells, as evidenced by reduced IC50 values, cell cycle arrest at 
the G2/M phase, and increased apoptosis. The improved efficacy and in vivo tolerance of Cet-DTX NPs 
were demonstrated in benzo(a)pyrene (BaP)-induced lung cancer mice model. Histopathological analysis 
showed that intravenous injection of Cet-DTX NP to mice carrying lung cancer greatly reduced tumour 
development and proliferation. Comparing Cet-DTX NP to free drug and unconjugated nanoparticles, 
it also had negligible side effects and improved survival rates. Therefore, Cet-DTX NPs present a promising 
active targeting carrier for lung tumour-NSCLC-selective treatment.

GRAPHICAL ABSTRACT

Introduction

Non-small cell lung cancer (NSCLC), which makes up more than 
80% of all lung cancer cases, is still the most common cancer-related 
fatality globally. NSCLC is responsible for approximately a quarter 
of all cancer fatalities, outnumbering colon, breast, and prostate 
cancers [1]. Treatment of NSCLC patients with surgery and che-
motherapy is hampered by late diagnosis. Furthermore, the lack 
of tumour selectivity in these techniques leads to increased toxicity 

in patients, limiting the therapeutic efficacy [2]. Platinum drugs, 
taxanes including paclitaxel (PTX) and docetaxel (DTX), 
albumin-bound PTX, and other types of chemotherapy are all 
suggested for NSCLC. Among the taxane groups, DTX is quite 
effective for a wide spectrum of cancers. It has been shown to 
block microtubule depolymerisation of free tubulin in preclinical 
experiments in a range of murine malignancies and human tumour 
xenografts, including NSCLC [3].
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In NSCLC, the epidermal growth factor receptor (EGFR) is a 
popular target. It belongs to the family of receptor tyrosine 
kinases, which stimulates several signalling pathways to encourage 
growth of cells, cellular proliferation, and survival [4]. The EGFR 
gene can be upregulated or can become oncogenicly active, which 
results in uncontrolled development and tumour progression. It 
is already reported in the literature that in case of normal cells, 
the expression of EGFR is estimated to be from 40,000 to100,000 
receptors per cell, whereas overexpression of more than 106 recep-
tors per cell is observed in the cancer cells [5]. Between 40% and 
80% of adenocarcinoma demonstrates EGFR overexpression, and 
lung cancer patients have an activating mutation in the EGFR 
gene [6]. Targeting lung tumours with EGFR expression can be an 
important strategy because EGFR expression is often low in most 
organs (such as benign tumour nodules). Numerous drugs that 
target the EGFR pathway have been developed. They include small 
molecule tyrosine kinase inhibitors, (such as afatinib, gefitinib, and 
erlotinib) and EGFR-inhibiting antibodies [e.g. cetuximab (Cet)], in 
light of the fact that EGFR plays such an important role in lung 
adenocarcinoma [4]. Anti-EGFR humanised monoclonal antibody, 
Cetuximab (Cet), blocks binding of activating ligands to EGFR and 
prevents the downstream signalling of EGFR-dependent growth 
and survival to provide anti-tumour activity [7–9]. Cet binding to 
EGFR causes membrane clearance, internalisation and EGFR deg-
radation for signal termination [10–12].

The limitations of a conventional chemotherapy for the treatment 
of NSCLC can be efficiently overcome by using site-specific targeted 
drug delivery. Nanotechnology has made significant progress in 
early detection and preventive bio-imaging, multifunctional medi-
cines, and drug delivery system. During the last few decades, 
nanoparticles for cancer chemotherapy are gaining popularity. 
Enhanced permeability and the retention effect of the cancerous 
tumours make the tumour accumulation of NP feasible [13]. In order 
to conjugate ligands onto the surface of nanoparticles, the 1-ethyl-
3- [3- dimethylaminopropyl ]  car bodi imide hydrochlo -
ride/N-hydroxysuccinimide (EDC/NHS) coupling process is one of 
the highly efficient techniques. It is commonly used to attach a 
variety of DNA or antibodies to the nanoparticles. Several studies 
have shown that the anti-EGFR monoclonal antibody cetuximab 
can be conjugated to nanoparticles, allowing the drug-loaded 
nanoparticles to be delivered specifically to lung cancer cells [14,15].

This research work focuses on developing antibody-conjugated 
nanoparticles (Cet-DTX NP) with site-specific targeting that can 
provide clear therapeutic benefits against lung tumours. We have 
synthesised DTX-loaded Poly (D, L-lactide-co-glycolide) (PLGA) 
nanoparticles conjugated with anti-EGFR antibody (Cet) using EDC/
NHS coupling chemistry for lung tumour-specific nanoparticle 
accumulation in an experimental mouse model. Cet is already 
identified as a predictive marker against EGFR-targeted site-specific 
delivery [9,10]. PLGA is a biodegradable polymer for human use, 
and the potency of DTX is already established. We tried to focus 
on in vivo results to prove the intended use of our formulation, 
which affirmed our hypothesis as the drug reached the affected 
tissues with an increased and sustained availability, with enhanced 
antitumor efficacy against lung non-small cell adenocarcinoma.

Materials and methods

Materials

Docetaxel (DTX) with 99.95% purity was obtained from Fresenius 
Kabi Oncology Ltd., Kolkata, India. Acid-terminated PLGA {poly 
(lactide-co-glycolide) ratio 75:25, MW 4,000–15,000}, fluorescein 
isothiocyanate (FITC), 3-(4, 5-dimers dimethylthiazol-2-yl)-2, 

5-diphenyltetrazolium bromide (MTT dye), and benzo(a)pyrene 
(BaP) were purchased from Sigma-Aldrich Co., St Louis, MO, USA. 
Polyvinyl alcohol (M.W. 1,25,000) was bought from SD 
Fine-Chemicals Limited, Mumbai, India. Cetuximab monoclonal 
antibody (Cet) was procured from Ideal Chemicals, Kolkata, West 
Bengal. N-hydroxysuccinimide (NHS) and 1-(3-dimethylaminopropyl)-3- 
ethyl carbodiimidehydrochloride (EDC) were purchased from 
Himedia Laboratories (Mumbai, Maharashtra, India). Two different 
human lung cancer cells (A549 and NCI-H23), and a normal human 
lung epithelial cell line (L-132) were obtained from the National 
Centre for Cell Science (NCCS), Pune, India. Cells were maintained 
in Dulbecco’s Modified Eagle Medium (DMEM) and Roswell Park 
Memorial Institute Medium (RPMI 1640) (Hi-Media). 4′,6′ 
Diamidino-2-phenylindole (DAPI) dye, other culture media, foetal 
bovine serum (FBS), and other associated constituents for in vitro 
cell culture were obtained from Thermo Fisher Scientific, Waltham, 
USA. All additional reagents/chemicals procured/used were of ana-
lytical or molecular biology grade and were further used without 
any other purification. All aqueous solutions were prepared using 
Milli-Q water (18 M-cm) from a Millipore Gradient Milli-Q 
water system.

Swiss albino male mice (20-25 g) were obtained from the 
National Institute of Nutrition, Hyderabad, India, and all the animal 
studies followed the protocol of the Animal Ethics Committee 
(AEC), Jadavpur University, Kolkata, India.

Drug excipients interaction study

To ascertain whether there was any interaction between the drug 
and the chosen excipients, Fourier transforms infra-red (FTIR) spec-
troscopy was employed. Each sample (5 mg) was mixed at a 1:100 
ratio with IR grade KBr and punched to form pellets. An FTIR 
instrument (Magna-IR 750, Series II, Nicolet Instruments Inc, 
Madison, Wisconsin, USA) was then used to scan the pellets in 
the wavelength range of 4000-400 cm−1. For the analysis, DTX, 
PLGA, PVA, PVA-PLGA mixture, a physical mixture of PLGA, PVA, 
and DTX, Blank NP, DTX NP, and Cet-DTX NP were chosen.

Preparation and physicochemical characterisation of the PLGA 
nanoparticles

DTX-loaded PLGA nanoparticles and blank (without drug) nanopar-
ticles were prepared by the multiple emulsion solvent evaporation 
technique as per previously reported methods [16,17]. The resul-
tant lyophilised nanoparticles was further conjugated with Cet 
monoclonal antibody using N-hydroxysuccinimide (NHS) and 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) 
coupling chemistry [18,19]. The preparation and conjugation of 
the experimental formulations and their physicochemical charac-
terisations are elaborately described in the Supplementary file.

SDS-PAGE

The conjugation of antibodies on the surface of DTX NP was 
verified using SDS-PAGE. DTX, Cet-DTX, and Blank nanoparticles 
were resuspended in PBS at a concentration of 0.2 mg/ml, and 
standard anti-EGFR monoclonal antibody (Cet) was mixed individ-
ually with 2X Laemmli gel loading buffer (each 5 µL) at a concen-
tration of 1 µL from the primary stock. DTX NP, Cet-DTX NP, and 
Blank NP were put onto a 10% SDS-PAGE gel along with the 
marker. Gel electrophoresis was carried out by running the gel 
(80 V up to stacking and 100 V up to resolving) [18,20].
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In vitro drug release study

The in vitro drug release study was performed for Cet-DTX NP on 
various buffers, such as phosphate buffer saline (PBS) (pH 7.4) with 
0.1% w/v tween 80, citrate buffer (pH 3), acetate buffer (pH 5) and 
bicarbonate buffer (pH 10). Cet-DTX NP was prepared as a suspension 
in various buffers (1 mg/ml, 2 ml) separately and was shaken at 37 °C 
in an incubator shaker (Somax Incubator Shaker; Shenjhen Pango 
Electronic Co. Ltd., Shenzhen, China). At various intervals (0.5 h, 1 h, 
2 h, 4 h, 8 h, 24 h, 48 h, 96 h, 168 h, 336 h, 504 h, and 672 h), the sus-
pension (1 ml) was withdrawn from the vials, centrifuged, and the 
supernatant samples were examined for drug content using a 
UV-visible spectrophotometer at 229 nm [21]. The centrifuged pellet 
after each sample withdrawal was re-dispersed, adding 1 ml of freshly 
prepared buffer before being replaced into the vial. The drug release 
curve was created as cumulative percent drug release vs. time graph. 
To understand the release profile of DTX from Cet-DTX NP, various 
kinetic models, including zero order, first order, Higuchi, Hixson-Crowell, 
and Korsmeyer-Peppas models, were utilised [22].

Stability study

The effect of temperature and humidity on the experimental 
nanoparticles was examined through an accelerated stability study. 
The nanoformulations were kept in Zone-III temperature conditions 
(30 °C, 75% RH and 40 °C, 75% RH) and also at the refrigerated 
condition (4-8 °C) and were withdrawn at different time points (at 
30 days and 90 days), according to the International Conference 
on Harmonisation (ICH) guidelines (2003), after which the FESEM 
analysis and drug content were analysed.

Additionally, in citrate buffer pH 3, acetate buffer pH 5, PBS pH 7.4, 
and bicarbonate buffer pH 10, the hydrolytic breakdown of nanopar-
ticles was compared [21]. The supplementary file describes in detail 
the methods of accelerated stability study and hydrolytic study.

Detection of mRNA by RT-PCR

RNA extraction and isolation was done by the Trizol technique. 
Manufacturer’s instructions were followed for cDNA synthesis kit to 
transcribe the cDNA (Biogenomics Asia). The Rotorgene Real-Time PCR 
System was used to examine the expression levels of EGFR and the 
reference gene, glyceraldehyde-3-phosphase dehydrogenase (GAPDH), 
in each cDNA sample (Qiagen, Germany). Procedure is mentioned in 
the supplementary section along with details of the specific primers 
are mentioned in the Table S1 [23].

ELISA method for dissociation constant (KD) determination

The dissociation constant (KD) of Cet with EGFR overexpressed on 
the lung cancer cells (A549 and NCI-H23) was determined by cell 
based ELISA method, as per the protocol described in supplementary 
section [24,25].

In vitro cytotoxicity assay

To assess the growth inhibitory capacity or the cytotoxicity of free 
DTX, DTX NP, and Cet-DTX NP, the 3-[4,5-dimethylthiazol-2-yl]-3,5-
diphenyl tetrazolium bromide (MTT) assay was used in human 
lung cancer cells (A549 and NCI-H23) and normal lung cells (L-132). 
The absorbance ratio between the cells treated with nanoparticles 
and untreated control cells was used to assess the proportion of 
viable cells in each well [26,27]. The supplementary file contains 
a detailed explanation of the MTT assay methodology.

In vitro cellular uptake study

Using A549 and NCI-H23 cells, confocal laser microscopy was used 
to study the intracellular uptake of FITC-labeled DTX NP and 
Cet-DTX NP in vitro and to quantify it using flow cytometry. A 
35 mm tissue culture dish with medium and approximately 104 
cells were sown on a cover slip and cultured at 37 °C overnight 
for confocal laser imaging. Both the cells received the IC50 con-
centration of FITC-labeled Cet-DTX NP at 1 h and 4 h. The cells 
were rinsed in PBS after the treatment, fixed in 70% ethanol, 
co-stained with DAPI (for the nucleus), and mounted on a slide 
for observation under a confocal microscope (Olympus FluoView 
FV10i, Olympus). Dual-color pictures were taken using the FITC 
(Ex/Em 495/519 nm) and DAPI (Ex/Em 359/461 nm) filters [28].

The time-dependent intracellular absorption of PLGA nanopar-
ticles was assessed using flow cytometry. Briefly, 106 A549 and 
NCI-H23 cells were grown in complete media for 24 h. The medium 
from each plate was replaced by an incomplete medium and the 
treatment was conducted for 1 h, 2 h and 4 h. The cells, except 
the control group, were then exposed to FITC-loaded nanoparticles. 
Once the treatment was finished, the cells were taken from the 
plates and suspended in FACS tubes for analysis in a flow cytom-
eter (BD LSRFortessaTM, BD Biosciences, San Jose, USA). FACS Diva 
software (BD Biosciences) was used to collect the data [22].

In vitro cellular apoptosis study

Apoptosis assay was conducted using a standard methodology to 
quantitatively assess the capacity of DTX/DTX NP/Cet-DTX NP to 
induce apoptosis and/or necrosis in A549 and NCI-H23 cells. Briefly, 
the cells (2.5 × 105/ml) were cultured for 48 h at 37 °C in an atmo-
sphere with 5% CO2 and the IC50 concentration of the free drug 
and the formulations. Cells in the control group did not receive 
any treatment. Following the completion of the treatment period, 
the cells were detached using trypsin, cleaned with PBS (2X), and 
resuspended in 100 µL of Annexin V binding buffer (1X) (10 mM 
HEPES, 140 mM NaCl, 2.5 mM CaCl2; pH 7.4). An additional 400 µL 
of binding buffer (1X) was added after adding 2 µL of annexin 
V-FITC to the cell suspension and incubating it in the dark for 
15 min. Before analysis, propidium iodide (PI) (5 µL, 50 µg/ml) was 
added [29]. Data were obtained using a FACS Aria flow cytometer 
(Becton Dickinson, USA) using channels of FITC (excitation/emission 
488 nm/530 nm), and PE-Texas red (excitation/emission 
561 nm/616 nm) and post-capturing analysis was done with BD 
FACS Diva software (Becton Dickinson, USA) [30].

In vitro cell cycle analysis

The effect on the cell cycle of DTX/DTX NP/Cet-DTX NP was exam-
ined using the methodology described in the literature [31,32]. In 
a 12-well plate, 1 × 106 cells were seeded each well, and the plate 
was placed in a CO2 incubator overnight. After being treated with 
the free drug and various experimental formulations, cell cycle 
phase analysis of nuclear DNA stained with PI was measured in 
a flow cytometer (Becton Dickinson FACS Fortessa 4 laser cytom-
eter equipped with BD FACS Diva software).

Haemolysis study

The haemolytic studies were conducted using the previously 
described methodology, with a few alterations [33,34]. The freshly 
drawn blood from male Swiss albino mice was placed in heparin-
ised tubes and centrifuged at 4 °C for 5 min at 1000 g. The 
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erythrocytes were rinsed three times with PBS after removing the 
supernatant (pH 7.4). The resulting suspension (2%) was employed 
for a haemolysis study. A 96-well plate with 190 µL of the suspen-
sion in each well was then treated with 10 µL of the free drug 
(DTX) and experimental nanoparticles (DTX NP and Cet-DTX NP) 
(containing DTX at varying concentrations, such as 0.5, 1, 2.5, 10, 
15, 30, 50, 100, and 150 nM) to assess the haemolytic effect. The 
unlysed erythrocytes were separated by centrifugation at 10,000 g 
for 5 min after incubating at 37 °C for 1 h with gentle stirring. The 
optical density (OD) of the supernatant was then measured at 
570 nm. By utilising the procedure to compute the absorbance 
factor of a sample that was 100% haemolytic, the percentage of 
haemolysis was determined:

	 haemolysis %� �� �� �
�

�
Abs Abs

Abs Abs
0

100 0

100 	 (1)

where Abs, Abs0, and Abs100, respectively, represent the absorbance 
of samples, a solution with 0% and 100% haemolysis, respectively.

Maximum tolerated dose (MTD)

Mice were administered DTX NPs, Cet-DTX NPs, and free DTX, and 
their in vivo tolerance to each treatment was compared. Male 
Swiss albino mice were randomly divided into six groups (n = 6). 
DTX NPs and Cet-DTX NPs were injected into 0.9% saline solution 
at dosages of 2.5, 5, 10, 20, and 40 mg/kg (corresponding to 
groups i, ii, iii, iv, and v, respectively). Free DTX was dissolved in 
Tween 80 and 13% w/w ethanol in water at a ratio of 1:3 w/w to 
produce groups vi, vii, viii, ix, and x at DTX dosages of 2.5, 5, 10, 
and 40 mg/kg, respectively. The mice were given intravenous injec-
tions through tail vein on days 7, 14, 21, and 28. They were 
weighed before every injection and again on the first, second, 
third, fourth, fifth, sixth, seventh, and eighth weeks. Blood samples 
were collected, and they were allowed to stand without antico-
agulant for 30 min. The blood samples were centrifuged at 
2,500 rpm for 10 min before the serum was extracted. After 28 days, 
an automated clinical analyser was used to measure and analyse 
the different biochemical parameters of liver and kidney, including 
SGOT, SGPT, ALP, urea, and creatinine, in accordance with the 
manufacturer’s instructions (AU400, Olympus, Tokyo, Japan). The 
dose that resulted in a 20% weight loss was identified as the MTD 
[35–37].

Pharmacokinetic study in normal mice

Pharmacokinetic parameters of plasma and lung were analysed in 
Swiss albino male normal mice (body weight 25-30 g) upon free 
DTX (10 mg/kg), DTX NP, and Cet-DTX NP (having an equivalent 
amount of DTX) i.v. administration. The treated animals were sac-
rificed at specific time points (0.5, 1, 2, 4, 6, 8, 10, 24, 48, and 
72 h). The blood and the lung were collected. Tandem liquid chro-
matography and mass spectrophotometry (LC–MS/MS) was utilised 
to analyse the drug content in the separated plasma and the lung 
as per protocol. Paclitaxel was used as an internal standard.

In vivo pharmacokinetic studies of DTX NP, Cet-DTX NP and 
aqueous suspension containing free DTX were done in Swiss 
albino male mice (body weight 25-30 g). Three groups of the 
animals (n = 20 per group) were formed. Aqueous suspensions 
of free DTX, DTX NP, and Cet-DTX NP were injected intravenously 
into the animals in groups 1, 2, and 3 at doses of 10 mg DTX/
kg body weight, respectively. At each time point, two mice were 
sacrificed, blood was probed, and plasma was collected. The 

same was done for lungs also. At specified intervals (0.5, 1, 2, 
4, 6, 8, 10, 24, 48, and 72 h post injection), the blood and lungs 
were collected in heparinised tubes, and the plasma was sepa-
rated by centrifuging the tubes at 10,000 rpm for 10 mins at 4 °C. 
Each 0.1 ml of plasma sample was mixed with 1 ml of ice-cold 
acetonitrile-methanol mixture and vortexed. The clear superna-
tant that was obtained after centrifugation was mixed with 100 μL 
of water and loaded into LC-MS/MS (LC: Shimadzu Model 20AC, 
MS: AB-SCIEX, Model: API4000), using software: Analyst 1.6. 
Analytes were eluted using YMC Triat C18 column (30 × 2.1 mm, 
5 μ) and gradient elution technique of two mobile phases (mobile 
phase A: 0.1% formic acid in water and mobile phase B: 0.1% 
formic acid in methanol:acetonitrile:water (45:45:10)) was con-
ducted with an injection volume 20 μL, flow rate 0.8 ml/min and 
total run time 3.0 min [19,38,39].

Experimental animal model for in vivo anti-tumour efficacy

The Swiss albino mice used for the study were separated in 
five groups consisting of six mice in group. Group I served as 
normal control with oral administration of corn oil for four 
weeks. Group II animals were treated with benzo(a)pyrene (B(a)
P, 50 mg/kg body weight dissolved in corn oil orally) weekly 
twice for 4 weeks, to induce lung cancer by 16th week, which 
served as carcinogen control. Group III animals were treated 
with DTX control for 4 weeks after they were administered with 
first dose of B(a)P. Group IV and Group V animals were treated 
with DTX NP and Cet-DTX NP (i.v., 10 mg DTX/kg body weight) 
for 4 weeks after they were treated with the first dose of B(a)
P. Groups III, IV and V animals continued to receive the same 
treatment of B(a)P as received by group II animals. Administration 
dose of Cet with nanoparticles was 101.84 µg/mg of nanopar-
ticle conjugate (Cet-DTX NP). Food and water was available ad 
libitum. During the study, the body weights were measured 
every week.

In vivo biodistribution study

The biodistribution study was conducted in B(a)P induced lung 
cancer mice model after injecting free DTX, DTX NP and Cet-DTX 
NP at predetermined time points. Elaborated protocol is described 
in the supplementary section [40].

Survival time of mice

The survival analysis of experimental mice was regularly checked 
up until their mortality. Briefly, six separately treated mice from 
the carcinogen control and carcinogen treated received formula-
tion treatment groups were allowed to live until natural death 
without carrying out a required sacrifice. Kaplan-Meier survival 
analysis was used to calculate the mean survival time (MST). 
GraphPad Prism Software was used to conduct the statistical anal-
ysis [37].

Caspase-3 activity

A single i.v. bolus injection of DTX/DTX NP/Cet-DTX NP at a con-
centration equivalent to their respective IC50 values was adminis-
tered to the various experimental animals. Lung tissues from 
various animal groups were removed after 24 h of treatment, col-
lected, and processed for protein separation using RIPA buffer 
(Sigma). Caspase-3 activity was measured in accordance with the 
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manufacturer’s instructions using the caspase-3/7 colorimetric 
assay kit (Abcam kit no. ab39401) [41,42].

LPO and ROS study

The relative estimation of ROS was examined using a spectroflu-
orimeter of serum samples taken from the mice of the experi-
mental normal control, carcinogen control, and carcinogen treated 
mice treated with various treatments. Using the thiobarbituric acid 
method, the amount of TBARS (thiobarbituric acid reactive sub-
stance), a product of lipid peroxidation under stress, was calculated 
in serum samples from the same experimental groups of mice 
[43,44].

Lung histopathology analysis

For the fabrication of paraffin-embedded blocks, the lung tissues 
from the corresponding experimental groups (normal control, car-
cinogen control, and carcinogen-treated received formulation 
treatment) were fixed in 10% neutral buffered formalin. To examine 
tissue architecture and cancer morphology, 5 µm-thick slices were 
deparaffinized, rehydrated, and stained with haematoxylin and 
eosin in accordance with the recommended methodology [45]. 
Zeiss light microscope and Axio Vision software 4.7.1 were used 
to view the histopathology slides.

Statistical analysis

Each experiment was carried out in triplicate. Student’s t-test and 
one-way ANOVA was used for the statistical analysis, and Graph 
Pad Prism was used to generate the graphs (version 5, Graph Pad 
Prism software Inc, San Diego, CA, USA).

Results

Fourier transform infrared spectroscopy (FTIR) analysis

The spectrophotometric investigation detected all the characteristic 
peaks of DTX and various excipients which were used to formulate 
DTX NP. No chemical interactions were observed between them 
(Supplementary Figure 1). N-H stretching at 3490 cm−1 and asym-
metric and symmetric vibrations at 2947 cm−1 for CH2 revealed for 
pure DTX. The C = O stretching vibrations of the ester group showed 
peaks at 1725 cm−1, C = N stretching at 1244 cm−1, and 1075 cm−1 
for C = O stretching vibrations, respectively. For C-H in-plane and 
C-H out-of-plane C-C = O, the peaks were observed at 972 cm−1 and 
712 cm−1, respectively. PLGA displayed characteristic peaks at O-H 
at 3515 cm−1; C-H at 2995 cm−1 and C = O at 1756 cm−1, respectively.

Weak physicochemical interactions, such as the dipole-induced 
interaction, weak H-bonds, van der Waals force of attraction, etc., 
which may play significant roles in the formation of spherical-shaped 
nanoparticles, were noted in the case of Blank NP and DTX NP, 

leading to some minor peak shifting of the formulation compo-
nents. In the spectrum of the physical mixture (PLGA, PVA, and 
DTX) and DTX NP, the intensity of 712 cm−1 peak is attributed to 
the entrapment of DTX over blank NP.

Preparation and characterisation of nanoparticles

Our formulation developed and optimised the drug-polymer ratio to 
develop DTX-loaded PLGA nanoparticles. Physicochemical character-
isations such as the size, zeta potential, and polydispersity index (PDI) 
values of the prepared NP, along with its drug loading and encap-
sulation efficiency, are mentioned in Table 1. The above data showed 
that the optimised DTX NP showed maximum drug loading, greater 
entrapment efficiency, smaller particle size, and greater zeta potential 
values. The physicochemical characterisation of the optimised formu-
lation DTX NP and Cet-DTX NP was carried out. It was found that 
the particle size of DTX NP and Cet-DTX NPs was 225 ± 3 nm and 
283 ± 2 nm, respectively. The zeta potential value of DTX NP and 
Cet-DTX NPs was −8.18 ± 0.50 mV and −12.1 ± 0.43 mV, respectively 
(Supplementary Figure 2). The PDI value of DTX NP was 0.589 ± 0.06, 
while for Cet-DTX NP, the value was 0.486 ± 0.08. The drug loading 
and encapsulation efficiency for DTX NP was 6.43% ± 0.25% and 
70.76% ± 2.76%, respectively. In the case of Cet-DTX NP, the drug 
loading and encapsulation efficiency were found to be 5.86 ± 0.35% 
and 64.53% ±1.38%, respectively (Table 1). In our research study, DTX 
was the chemotherapeutic drug, which showed anti-cancer efficacy 
against lung cancer cells. Cet antibody was conjugated onto the 
surface of our nanoparticles at a very low dose. It was used as a 
ligand to target our nanoparticles to the EGFR overexpressed lung 
cancer cells. Therefore, drug loading and encapsulation efficiency 
were determined for DTX and not for Cet antibody.

We have developed formulations by varying the drug content 
with respect to the polymer content. Enhancement of drug content 
increased the size of the particles. Drug entrapment towards the 
core, and within and between the polymeric chains reduced the 
cohesiveness of the polymeric molecules, resulting in an increased 
size of the particles. Further, surface conjugation of Cetuximab 
(Cet) obviously enhanced the size of the particles as reflected in 
the data (Table 1). Increasing drug content reduced the zeta poten-
tial of the polymeric nanoparticles. Free –COOH group of PLGA 
present on the surface of the particles causes negative zeta poten-
tial. More drug content might reduce the availability of free –COOH 
groups on the surface, causing reduction in zeta potential values. 
Further, conjugation of Cet antibody on the surface of the poly-
meric nanoparticles increased the zeta potential, as each molecule 
of Cet antibody contains additional free –COOH groups.

The surface morphology was analysed for Cet-DTX NP by Field 
emission scanning electron microscopy (FESEM) study (Figure 1A). 
The figure revealed that Cet-DTX NPs had the majority of spherical 
structure and were densely distributed. Utilising TEM analysis, the 
internal morphology of Cet-DTX NP was confirmed (Figure 1B). 
The figure revealed that the drug was evenly and homogeneously 
distributed throughout the particles.

Table 1.  Physicochemical characterisation and optimisation data of various experimental nanoparticles by varying drug: polymer ratio.

Formulation
Drug: 
PLGA

Particle size 
(Z-average) (nm)a

Zeta potential 
(mV)a

Polydispersity 
indexa

Drug loading 
(%)a

Encapsulation 
efficiency (%)a

DTX NP (optimised formulation) 1:10 225 ± 3 −8.18 ± 0.50 0.589 ± 0.06 6.43%±0.25% 70.76% ± 2.76%
Cet-DTX NP (optimised formulation with antibody conjugation) 1:10 283 ± 2 −12.10 ± 0.43 0.486 ± 0.08 5.86%±0.35% 64.53% ±1.38%
DTX NP 1 2:10 400 ± 2 −5.10 ± 0.47 0.663 ± 0.06 5.06%±0.05% 55.73%± 0.50%
DTX NP 2 3:10 456 ± 2 −4.40 ± 0.29 0.609 ± 0.04 4.72%±0.07% 51.92%±0.78%

Note: DTX NP, PLGA nanoparticles encapsulating docetaxel; Cet-DTX NP, Antibody conjugated PLGA nanoparticle encapsulating docetaxel; PLGA, poly (lactide-co-gly-
colide); PVA, poly vinyl alcohol.
a Each value represents mean ± SD (n = 3).

https://doi.org/10.1080/1061186X.2023.2199350
https://doi.org/10.1080/1061186X.2023.2199350
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SDS-PAGE

We functionalised the surface of nanoparticles by conjugating the 
Cet antibody against EGFR receptors which are generally overex-
pressed on the surface of lung cancer cells. The SDS-PAGE was 
run for both the DTX NP and Cet-DTX NP compared to the free 
antibody (Figure 1C). It was demonstrated that the nanoparticles 
were conjugated well with the antibody and the antibody-conjugated 
particles ran slightly slowly, as compared to free antibody. It has 
demonstrated the effective conjugation of antibodies onto the 

surface of DTX NP nanoparticles, which moved more slowly than 
free antibodies due to the attachment to heavier nanoparticles. 
However, the lack of antibodies on the surface of the DTX NP 
failed to produce any bands.

Energy dispersive X-ray (EDX) study

The EDX study for blank NP, DTX NP, and Cet-DTX NP was carried 
out during FESEM analysis. Nitrogen in the case of DTX NP and 

Figure 1.  Morphological study of Cet-DTX NP. (A) Field emission scanning electron microscopy; (B) Transmission electron microscopy; (C) SDS-PAGE gel electropho-
resis, Lane 1 represents protein marker, and lane 2 showed unconjugated NP, lane 3 shows the standard anti-EGFR monoclonal antibody (Cet), lane 4 represents 
antibody conjugated NP, lane 5 showed blank NP; (D) In vitro drug release profile of DTX from Cet-DTX NP in phosphate buffer saline (PBS), pH 7.4, with tween 
80, citrate buffer (pH 3), acetate buffer (pH 5), and bicarbonate buffer (pH 10). Data show mean ± SD (n = 3); In vitro cytotoxicity assay of DTX, DTX NP, and Cet-DTX 
NP on (E) A549 and (F) NCI-H23 lung cancer cells. Data show the mean ± SD of three individual experiments.
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its absence in the case of blank NP indicated the presence/lack 
of nitrogen of DTX in the two corresponding formulations. A high 
weight percentage of sulphur (2.02%) in the case of Cet-DTX NP 
affirms the conjugation of the Cet to Cet-DTX NP (Table S2). The 
other ingredients utilised to create DTX NP are devoid of sulphur. 
Because of the amide bond between the Cet and DTX NP, the 
Cet-DTX NP had a slightly greater weight percentage contribution 
from N (19.18%), which further supports the presence of Cet.

In vitro drug release study

The different buffers and release media (citrate buffer pH 3, acetate 
buffer pH 5, phosphate buffer saline pH 7.4 with 0.1% w/v tween 
80, and bicarbonate buffer pH 10) were used for the in vitro drug 
release investigation of Cet-DTX NP (as depicted in Figure 1D). 
The nanoparticles deteriorated more quickly under an acidic pH, 
suggesting that rapid drug release (92.31% ± 2.37% in 24 h) in a 
citrate buffer (pH 3) rendered the formulation unsuitable for oral 
administration. On the other hand, a slow and sustained release 
of the drug was seen in PBS with 0.1% w/v tween 80 (pH 7.4) 
(74.64% ± 2.83%) over the course of 28 days, showing that the 
produced nanoformulation would be stable in the blood for a 
prolonged period and would gradually and slowly degrade (since 
pH 7.4 simulates the environment of blood). The drug was only 
modestly (89.58% ± 2.47% in 28 days) released from the formula-
tion in an acetate buffer (pH 5.5), implying that the nanoparticles 
would be stable in circulation and would deliver the drug more 
effectively in the tumour area, which is often an acidic milieu (pH 
~4.5–5.5). The drug release from Cet-DTX NP was lower (32.11% 
± 2.59%) in bicarbonate buffer (pH 10). Different regression coef-
ficient (R2) values for the kinetics were summarised after the drug 
release data were evaluated using zero-order, first-order, 
Hixson-Crowell, Korsmeyer-Peppas, and Higuchi kinetic models 
(Table 2). The R2 values indicate that, in all buffers and release 
media, drug release from the formulation adhered to 
Korsmeyer-Peppas kinetic model, thereby suggesting drug release 
from the nanoparticles by erosion, followed by slow diffusion from 
the eroded polymeric matrix. In the case of PBS with 0.1% w/v 
tween 80, a good linearity (R2 = 0.979) was obtained with a release 
exponent value (n) of the drug 0.29 for Cet-DTX NP, which sug-
gests drug release followed Fickian diffusion.

Stability study

For the optimised formulation (DTX NP and Cet-DTX NP) in the 
freeze-dried condition, stability studies were conducted to assess 
any alterations in the morphology during 3 months period at 4-8 °C 

(refrigerated condition), 30 °C, 75% RH, and 40 °C, 75% RH. The 
stability study was also performed in terms of the changes in 
surface morphology of Cet-DTX NP by FESEM analysis 
(Supplementary Figure 3). The nanoformulation stored at 4-8 °C 
maintained the surface morphology up to 3 months period. 
However, deformation of the formulation was observed at 30 °C 
and 40 °C during storage. Very significant changes in the surface 
morphology of the nanoformulation occurred during storage for 
3 months at these temperatures. Any notable changes in the drug 
content and encapsulation efficiency were not observed in the 
case of DTX NP (Drug loading 6.25%, encapsulation efficiency 
69.44%) and Cet-DTX-NP (Drug loading 5.72%, encapsulation effi-
ciency 62.93%) in the refrigerated condition at 4-8 °C for 3 months 
(Table S3). Thus, DTX NP and Cet-DTX NP should be stored 
between 2-8 °C.

Hydrolytic stability

The hydrolytic stability study of the optimised Cet-DTX NP was 
carried out in different pH media. An enhanced loss in the weight 
of nanoformulation was observed with the decrease in the pH of 
media (Supplementary Figure 4). After 4 weeks of the experiment, 
the weight loss of Cet-DTX NP at pH 10 was 13.60% ± 1.14%, at 
pH 7.4 was 26.06% ± 1.66%, at pH 5 was 36.70% ± 1.57% and at 
pH 3 was 57.67% ± 1.56%, respectively.

Detection of mRNA by RT-PCR

The results from RT-PCR study were summarised in Supplementary 
Figure 5. Our results indicate that lung cancer cell lines (A549 and 
NCI-H23) have overexpressed EGFR. However, A549 lung cancer 
cells have shown slightly greater expression than NCI-H23 cells. 
The Ct-median values of EGFR in both the cells (A549 and NCI-H23) 
were 17.89, for GAPDH the Ct-median value was 18.56, and for 
L-132 (normal lung epithelial cell line), the value was ≥35, respec-
tively. The higher Ct-median value of L-132 cells clearly indicates 
the non-expression of EGFR.

Determination of dissociation constant (KD) by binding experiment

The results obtained from titration ELISA along with mathematical 
evaluation demonstrated the interaction of cetuximab with EGFR 
receptors overexpressed on the lung cancer cells (A549 and NCI-H23) 
(Supplementary Figure 6). The dissociation constant (KD) for the 
binding of cetuximab to the EGFR on A549 cells was 0.32 ± 0.016 nM, 
whereas cetuximab bound to the EGFR overexpressed on the 
NCI-H23 cells with a significantly lower affinity of 0.38 ± 0.019 nM.

Table 2.  Depiction of in vitro drug release tested on different release kinetic models along with corresponding R2 values and release exponent (n) 
(Korsmeyer–Peppas model).

Kinetic models

Cet-DTX NP release in Phosphate 
buffer saline pH 7.4

(with tween 80)
Cet-DTX NP release in 

Citrate buffer
Cet-DTX NP release 

in Acetate buffer
Cet-DTX NP release in 

Bicarbonate buffer

Zero order y = 0.098x + 23.33
R² = 0.712

y = 3.501x + 20.64
R² = 0.727

y = 0.122x + 25.41
R² = 0.704

y = 0.041x + 10.58
R² = 0.610

First order y = −0.000x + 1.88
R² = 0.850

y = −0.045x + 1.918
R² = 0.945

y = −0.001x + 1.87
R² = 0.913

y = −0.000x + 1.949
R² = 0.651

Higuchi model y = 2.799x + 13.73
R² = 0.906

y = 20.63x + 2.527
R² = 0.917

y = 3.497x + 13.36
R² = 0.902

y = 1.223x + 6.186
R² = 0.833

Korsemeyer-Peppas model y = 0.296x + 1.091
R² = 0.979

n = 0.29

y = 0.555x + 1.304
R² = 0.885

n = 0.55

y = 0.364x + 1.018
R² = 0.943

n = 0.36

y = 0.334x + 0.664
R² = 0.932

n = 0.33
Hixson-Crowell model y = 0.002x + 0.404

R² = 0.808
y = 0.107x + 0.325

R² = 0.881
y = 0.003x + 0.445

R² = 0.851
y = 0.000x + 0.173

R² = 0.637

https://doi.org/10.1080/1061186X.2023.2199350
https://doi.org/10.1080/1061186X.2023.2199350
https://doi.org/10.1080/1061186X.2023.2199350
https://doi.org/10.1080/1061186X.2023.2199350
https://doi.org/10.1080/1061186X.2023.2199350
https://doi.org/10.1080/1061186X.2023.2199350
https://doi.org/10.1080/1061186X.2023.2199350


8 L. KUMARI ET AL.

In vitro cytotoxicity assay

In A549 and NCI-H23 cells, in vitro cytotoxicity investigation of 
free drug, DTX NP, and Cet-DTX NP was conducted. Cet-DTX NP 
was shown to have an IC50 value of 19.40 ± 1.92 nM in A549 cells, 
which is much less than the IC50 values for the DTX (79.56 ± 2.46 nM) 
and DTX NP (39.90 ± 3.76 nM) (Figure 1E). We also investigated 
Cet-DTX NP’s ability to inhibit the proliferation of the NCI-H23 
lung cancer cells. Cet-DTX NP IC50 value of 25.40 ± 1.54 nM, was 
much lower than the IC50 values for the DTX (109.64 ± 3.12 nM) 

and DTX NP (52.72 ± 2.85 nM) (Figure 1F). Due to the conjugation 
of antibodies on the surface of nanoparticles, Cet-DTX NP is more 
target-specific, as compared to DTX NP. The surface modification 
of Cet-DTX NP led to the greater internalisation of drug loaded 
nanoparticles into the lung cancer cells and increased apoptosis, 
as shown by flow cytometer data. Hence, Cet-DTX NP is more 
effective at a lower concentration (as shown by lower IC50 value) 
than DTX NP. DTX NP and Cet-DTX NP were shown to have very 
little cytotoxicity when tested against the normal lung epithelial 

Figure 2.  Qualitative evaluation of cellular uptake by confocal microscopy for (A) FITC-conjugated DTX NP (1 h and 4 h) in A549 cells, (B) FITC-conjugated Cet-DTX 
NP (1h and 4 h) in A549 cells, (C) FITC-conjugated DTX NP (1 h and 4 h) in NCI-H23 cells, (D) FITC-conjugated Cet-DTX NP (1 h and 4 h) in NCI-H23 cells.
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cell line L-132 (percentage inhibition 8.23 ± 0.79% and 7.21 ± 1.20%, 
respectively), as compared to free drug (63.72 ± 2.68%) (Table S4). 
Here for L-132 cells, percentage inhibition data were shown.

Cellular uptake study

In vitro cellular uptake of FITC-conjugated formulations, DTX NP and 
Cet-DTX NP, was qualitatively evaluated by confocal microscopy. Following 
1 h and 4 h incubations with FITC-conjugated DTX NP and Cet-DTX NP, 
respectively, confocal microscopy images of A549 and NCI-H23 cells were 
observed (Figure 2A–D). The images showed time-dependent nanopar-
ticle internalisation in both lung cancer cell lines.

The quantification of cellular internalisation of FITC-conjugated 
Cet-DTX NPs provided a clear-cut differentiation among the uptake 
pattern of the nanoparticles in terms of FITC mean-median values 

which were found to be 800 and 4067 (for DTX NP at 1 h and 4 h, 
respectively), 1164 and 5827 (for Cet-DTX NP at 1 h and 4 h, respec-
tively) in A549 cells. The FITC mean-median values in the case of 
NCI-H23 cells were found to be 442 and 1764 (for DTX NP at 1 h 
and 4 h, respectively), 646 and 2740 (for Cet-DTX NP at 1 h and 
4 h, respectively) (Figure 3A and B). Nanoparticle uptake within 
the cells was accelerated in a time-dependent way. The site-specific 
targeting ability of Cet-DTX NP to EGFR overexpressed lung cancer 
cells led to a greater internalisation within the cells (as shown by 
flow cytometer data), and, therefore, it has higher mean FITC 
fluorescence values than DTX NP.

Cellular apoptosis study

After being treated with DTX, DTX NPs, and Cet-DTX NPs, lung 
cancer cells (A549 and NCI-H23) underwent dual staining with 
Annexin V-FITC and propidium iodide (PI), which was followed by 
the quantification of apoptotic cells at various stages of apoptosis. 
A549 cells treated with Cet-DTX NP had apoptotic cell percentages 
of 50.7% (late apoptotic cells) and 45.6% (early apoptotic cells), 
whereas NCI-H23 cells treated with the same had apoptotic cell 
percentages of 58.6% (early apoptotic cells) and 37.9% (late apop-
totic cells) (Figure 4A and B). Comparing Cet-DTX NP to DTX NP 
and free DTX, the results showed that Cet-DTX NP increased more 
in the cells. Furthermore, a higher level of apoptosis in the FACS 
histogram of Cet-DTX NP-treated A549 cells and NCI-H23 cells 
compared to cells treated with DTX NP/free DTX (for 24 h) suggests 
that Cet-DTX NP is more efficacious to combat EGFR overexpressed 
lung cancer cells.

Cell cycle analysis

The cell cycle regulatory pathway is crucial to the initiation and 
development of tumours. The strong binding of DTX causes the 
mitotic arrest of cancer cells to microtubules and promotes its 
stability. It is well established that DTX causes cell cycle arrest by 
chromosomal breakage and mitotic impairment, leading to normal 
G2/M phase arrest. A decrease in the percentage of cells in the 
S phase and an accumulation of cells in the G2/M phase was seen 
in A549 and NCI-H23 cells after treatment with DTX, DTX NP, and 
Cet-DTX NP. The cells were treated with DTX, DTX-NPs, and 
Cet-DTX-NPs before incubating for 24 h. The control cells of the 
A549 and NCI-H23 cell lines were primarily in the G1 phase, with 
8% and 9% of them in the G2/M phase (Figure 4C and D). Cet-DTX 
NP treatment significantly arrested the G2/M phase (39.3% and 
36.6% in A549 and NCI-H23 cells, respectively). The results suggest 
that after the treatment with Cet-DTX NP, the cells were inhibited 
in interphase (G2/M phase), which promotes the arrest of mitotic 
cell division. Chromosome damage might be the underlying cause 
of cell cycle arrest.

Haemolysis study

Cet-DTX NPs were tested for hemocompatibility at various con-
centrations (5 to 150 nM) (Figure 5A). The nanoformulations (DTX 
NP and Cet-DTX NP) showed low haemolytic activity (<5%) 
between 5 and 150 nM. Since the intended formulation’s haemo-
lysis rate was within the acceptable range of 5%, which is rec-
ognised for biomaterials with safe critical value identified by the 
International Organisation for Standardization/Technical Report 
(ISO/TR 7406.46), hence, Cet-DTX NP could be used safely for 
intravenous administration.

Figure 3.  Quantitative estimation of the cellular internalisation by flow cytometry 
for (A) FITC conjugated DTX NP and Cet-DTX NP for 1 and 4 h in A549 cells, (B) 
FITC conjugated DTX NP and Cet-DTX NP for 1 and 4 h in NCI-H23 cells.

https://doi.org/10.1080/1061186X.2023.2199350
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Maximum tolerated dose (MTD) in normal mice

The liver and kidney are the two crucial organs involved in the 
body’s primary metabolism and excretion, respectively. As a result, 
aberrant liver and kidney functions are thought to be a sign of 
clinical symptoms, making the biochemical parameters that regulate 
the functions of these organs as a promising therapeutic target. 
The results of this study showed that the liver and kidney toxicity 
markers, ALP, SGPT, SGOT, urea, and creatinine, of the experimental 
mice treated with various nanoformulations revealed that levels of 
toxicity were in the order of DTX > DTX NP > Cet-DTX NP for a 
maximum dose, 40 mg/kg (Table S5). Moreover, no substantial alter-
ations in the body weight of normal mice treated with DTX NP 
and Cet-DTX NP were observed up to the dose of 10 mg/kg body 
weight, as compared to free DTX which showed a marked change 
in body weight after the dose was increased to 10 mg/kg body 
weight (Table S6). Comparatively higher toxicity of free DTX, DTX 
NP, and Cet-DTX NP in normal mice was observed when the dose 
of the drug was increased from 20 to 40 mg/kg body weight.

In vivo pharmacokinetics study in normal mice

Several pharmacokinetic parameters were examined using LC-MS/
MS following intravenous administration of single doses of DTX, 
DTX NP and Cet-DTX NP (equivalent dose of 10 mg/kg of DTX). 
When compared to DTX NP/Cet-DTX NP treatment, the initial 
plasma DTX level was primarily higher for free-DTX treatment 
(Figure 5B) (Table 3). However, a higher clearance rate indicated 
that the drug was removed from the body quicker. Drug concen-
tration from free-DTX solution was much lower than that of the 
nanoformulations (DTX NP/Cet-DTX NP) that remained in the 
systemic circulation for a longer period of time for at least up 
to 72 h and released DTX steadily. DTX NP/Cet-DTX NP treatment 
extended the plasma half-life of DTX and significantly reduced 
the clearance rate (CL) compared to DTX treatment alone. MRT 
values provided additional support for the data (Table 3).

Following i.v. treatment of the several nanoformulations, the con-
centration of DTX in murine lungs with time is shown in Figure 5C. 
The initial time points had a trend of elevated lung DTX concentrations 

Figure 4.  In vitro cellular apoptosis study (Annexin V/PI dual staining) in (A) A549 and (B) NCI-H23 lung cancer cells upon treatment with DTX, DTX NP and Cet-DTX 
NP. Cell cycle analysis by flow cytometry in (C) A549 and (D) NCI-H23 lung cancer cells upon treatment with DTX, DTX NP and Cet-DTX NP.

https://doi.org/10.1080/1061186X.2023.2199350
https://doi.org/10.1080/1061186X.2023.2199350
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Figure 5.  (A) In vitro haemolysis study after incubation of RBC with DTX, DTX NP and Cet-DTX NP at a concentration range from 5 nM to 150 nM [*(p < 0.001) when 
DTX data were compared with those of DTX NP and Cet-DTX NP], (B) In vivo pharmacokinetic study of DTX in plasma upon administration of DTX/DTX NP/Cet-DTX 
NP by i.v. bolus route in mice, (C) In vivo pharmacokinetic study of DTX in the lung after i.v. bolus administration of DTX/DTX NP/Cet-DTX NP in mice, (D) Percentage 
survival rate of mice after treatment with DTX, DTX NP, Cet-DTX NP and untreated lung carcinogenesis mice model (p < 0.001), (E) Comparative caspase 3 activation 
level in blood of normal and experimental mice [a(p < 0.05) when normal control group is compared with the carcinogen control group, b(p < 0.001) when normal 
control group is compared with those of DTX, DTX NP and Cet-DTX NP groups, c(p < 0.001) when carcinogen control group is compared with those of DTX, DTX NP 
and Cet-DTX NP group, d(p < 0.001) when DTX group is compared with those of DTX NP and Cet-DTX NP groups, e(p < 0.001) when DTX NP group is compared with 
the Cet-DTX NP group], (F) Changes in the level of Reactive oxygen species (ROS) in the in vivo lung carcinogenesis mice model after treatment with DTX, DTX NP 
and Cet-DTX NP [a(p < 0.05) when normal control group is compared with the carcinogen control, DTX, DTX NP and Cet-DTX NP groups, b(p < 0.05) when carcinogen 
control group is compared with those of DTX, DTX NP and Cet-DTX NP group, c(p < 0.05) when DTX group is compared with those of DTX NP and Cet-DTX NP groups, 
d(p < 0.05) when DTX NP group is compared with the Cet-DTX NP group], (G) Lipid peroxidation (LPO) in the in vivo lung carcinogenesis mice model after treatment 
with DTX, DTX NP and Cet-DTX NP [a(p < 0.05) when normal control group is compared with the carcinogen control, DTX, DTX NP and Cet-DTX NP groups, b(p < 0.05) 
when carcinogen control group is compared with those of DTX, DTX NP and Cet-DTX NP group, c(p < 0.05) when DTX group is compared with those of DTX NP and 
Cet-DTX NP groups, d(p < 0.05) when DTX NP group is compared with the Cet-DTX NP group]. The values are represented as mean ± SD (n = 6).
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(i.e. up to 2 h). Later, from time point 4 to 72 h, DTX levels demon-
strated a considerable decline. Table 3 lists the DTX pharmacokinetic 
parameters in mouse lung and plasma following i.v. bolus injection 
of free drug and different formulations.

In vivo biodistribution study

The in vivo biodistribution study was carried out in various vital 
organs (whole blood, liver, kidney, heart, muscle and cancerous lung) 
after 4 h, 24 h, 48 h and 72 h of treatment with free DTX and the 
different experimental nanoformulations (DTX NP and Cet-DTX NP) 
(Supplementary Figure 7). The drug content in each organ was 
determined by LC-MS/MS. The concentration of free DTX in tumours 
was very less after 4 h, and was almost negligible after 24 h post 
treatment. In contrast, the DTX concentration of DTX NP and Cet-DTX 
NP groups was much more elevated in cancerous lung, as compared 
to free DTX group. It was demonstrated that free DTX accumulated 
more in kidney and heart, as compared to blood, liver and muscles. 
On the other hand, after 72 h, very limited amount of Cet-DTX NP 
was accumulated in blood, liver, kidney, heart and muscles.

Survival time of mice

A Kaplan Meier curve was utilised to study the data in terms of 
animal survival (Figure 5D). All the experimental animals belonging 
to the carcinogen control group died within 35 days post-treatment. 
However, a gradual increase in the survival rate was observed 
upon treatment with the drug and different nanoformulations in 
the order: DTX < DTX NP < Cet-DTX NP. A significantly higher pro-
portion of animals survived after the treatment with Cet-DTX NP 
(~67%), in comparison to the animals treated with DTX NP (~33%) 
and free DTX (~16.67%), at 120th-day post-treatment.

Caspase-3 activity

Due to its role in the proteolytic cleavage of numerous vital pro-
teins, caspase-3 is a crucial apoptosis biomarker. After the DTX/
DTX NP/Cet-DTX NP treatment for 24 h, the degree of caspase-3 
expression in lung homogenates was assessed using a colorimetric 
test. Compared to the normal control and carcinogen control mice, 
the investigation showed that the lung homogenates of mice 
exposed to Cet-DTX NP had higher caspase-3 expression levels 
than free DTX and DTX NP (Figure 5E).

LPO and ROS study

Different lung tissues of experimental animals were examined for 
LPO and ROS levels. Compared to normal control animals, 

carcinogen control mice had considerably higher levels of ROS 
(Figure 5F) and LPO (Figure 5G). However, following treatment 
with DTX, DTX NP, and Cet-DTX NP, the LPO and ROS levels 
decreased towards the normal group.

Lung histopathology analysis

To evaluate histological alterations following therapy in 
BaP-challenged mice, the lungs were isolated 4 weeks after free 
DTX, DTX NP, and Cet-DTX NP administration. The lung tissues in 
the control group had a typical structure and showed no histo-
logical changes. The BaP group demonstrated severe stroma hem-
orrhagia, pulmonary oedema, mass inflammatory cell infiltrations, 
and alveolar collapse, which were critically damaging to the lung. 
The tumours in the lung were composed of large cells with eosin-
ophilic cytoplasm. Nonetheless, the treatment with free DTX 
showed marginal improvement in the damaged lung. Upon treat-
ment with nanoformulations (DTX NP and Cet-DTX NP, equivalent 
to 10 mg/kg body weight of DTX), deterioration of the lung’s 
structural integrity was effectively reduced in Cet-DTX NP treated 
mice more than DTX NP-treated mice (Figure 6A–E).

Discussion

The utilisation of tumour-specific ligands like antibodies on the sur-
face of the nanoparticles against specific receptors for successful 
drug targeting at the tumour site is well known [46]. Non-small-cell 
lung cancer (NSCLC) has elevated levels of EGFR. The cancer type 
has been linked to a worse prognosis, poor tumour differentiation, 
greater rates of lymph node metastases, and enhanced tumour pro-
liferation [47]. Therefore, antibody-conjugated nanoparticles equipped 
with covalently bonded Cet antibody against EGFR to target cancer-
ous lung cells have been produced here to provide a formulation 
competent to transport the drug for the affected cellular target.

Due to the remarkable anti-proliferative properties of DTX, 
PLGA nanoparticles were prepared in this research to increase the 
drug’s potential for utilisation in cancer treatment. FTIR analysis 
showed minor shifting of the drug’s non-typical peaks in drug 
encapsulated formulation (DTX NP), which might be attributed to 
physical interactions through bond formations such as electrical 
forces like van der Waals forces and dipole moments, as well as 
weak hydrogen bond formation. However, the presence of all 
characteristic peaks of DTX in DTX NP suggests the chemical 
integrity of DTX inside the nanoformulation.

The EDC/NHS coupling chemistry successfully conjugated the 
Cet antibody with the surface of the PLGA NP [18]. The surface 

Table 3.  Plasma and lung pharmacokinetic parameters of DTX released from DTX-suspension, DTX NP, and Cet-DTX NP after the intravenous bolus administration 
with an equivalent amount of drug in Swiss albino mice.

Pharmacokinetic 
parameters of Drug 
(Docetaxel)

Plasma profile Lung profile

Upon
DTX administration*

Upon
DTX NP 

administration*

Upon|
Cet-DTX NP 

administration*
Upon

DTX administration*
Upon

DTX NP administration*

Upon
Cet-DTX NP 

administration*

t1/2 (h) 6.31 ± 2.53 16.73 ± 1.63a 20.56 ± 6.18a 8.309 ± 1.24 20.44 ± 2.34a 21.71 ± 2.28a

AUC0-t (ng/mL.h) 3230.12 ± 282.16 8793.91 ± 1280.57a 14565 ± 2499.34a,b 13853.92 ± 2134.064 34590.17 ± 1856.18a 36113.42 ± 780.46a

AUC0-∞ (ng/mL.h) 3280.13 ± 296.57 8913.9 ± 1329.97a 15031.8 ± 2605.79a,b 13976.82 ± 2214.40 35933.34 ± 2217.57a 37793.69 ± 639.76a

AUMC0-∞ (ng/mL.h2) 8016.74 ± 1993.09 67657.5 ± 21614.7a 179114 ± 50908.7a,b 59599.11 ± 24121.26 493364.4 ± 67421.51a 584522.9 ± 20019.27a

MRT0-∞ (h) 2.43 ± 0.51 7.47 ± 1.30a 11.804 ± 1.81a,b 4.16 ± 1.002 13.69 ± 1.007a 15.46 ± 0.33a

CL (L/h/kg) 3.06 ± 28 1.13 ± 0.17a 0.67 ± 0.11a,b 0.72 ± 0.10 0.28 ± 0.02a 0.23 ± 0.02a

NB: t1/2, half-life; AUC0-t, area under the plasma concentration–time curve from time 0 to time of last measurable concentration; AUC0-∞, under the plasma con-
centration–time curve from time 0 to infinity; AUMC0-∞, area under the first moment curve from time 0 to infinity; MRT, mean resident time; CL, clearance.
*Data show mean ± SD (n = 6).
a(p < 0.05) The pharmacokinetics data of treatment of DTX group was compared with DTX NP treatment group and DTX treatment group was compared with 
Cet-DTX NP treatment group.
b(p < 0.05) The pharmacokinetic data of DTX NP and Cet-DTX NP groups were compared.

https://doi.org/10.1080/1061186X.2023.2199350
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morphology of the synthesised nanoparticles is of utmost signifi-
cance since it interacts with the biological membranes before get-
ting absorbed. The nanoformulations had a smooth surface, 
spherical shape free of aggregation, and homogeneous drug dis-
tribution. Cet-DTX NPs must be stored as lyophilised powder and 
reconstituted in the dispersed form before use, owing to their 
negative zeta potential (caused by -COOH group in the polymer), 
within the range of −30 to +30 mV [22]. The EDX detection of 
nitrogen in Cet-DTX NP suggested that DTX had been incorporated 
into the nanoparticles. The SDS-PAGE analysis confirms the conju-
gation of the Cet antibody onto the surface of the PLGA nanopar-
ticles. However, the Cet-DTX NP band migrated slightly lower in 
contrast to the Cet antibody because of the heavier Cet-DTX NP.

The drug released from the nanoformulation over time was 
assessed by the in vitro drug release study. An early burst release 
of the drug from Cet-DTX NP was demonstrated, which might 
have resulted due to the rapid dissociation of the drug adhered 
to the surface of the nanoparticles. Thereafter, a slow and sus-
tained release of the drug occurred, probably due to the erosion 
of the polymeric core, followed by the diffusion of the drug from 
the polymeric matrix. The nanoparticle drug release pattern fol-
lowed the Korsemeyer-Peppas kinetic model with a high level of 
linearity [16,17]. Cet-DTX NP portrayed fast degradation in the 
acidic medium, which suggests ester hydrolysis of the polymeric 
core. The drug release was comparatively faster in an acidic 
tumour environment (pH 5), while it depicted slow and sustained 
release in physiologically neutral media of blood (pH 7.4) [19,21]. 
When DTX release from DTX NP and Cet-DTX NP was measured 
in PBS (pH 7.4) with 0.1% w/v tween 80, citrate buffer, acetate 
buffer, and bicarbonate buffer, it indicated acceptable linearity in 
the different kinetic models (as supported by R2 value).

The experimental formulations (stored at 30 °C and 40 °C, and 
75% RH) were agglomerated with slight structural deformation on 
storing for a period of 90 days, probably due to the softening of 
polymer stored at higher temperatures for a prolonged period. 
The nanoparticles were reasonably stable after being stored at 

4–8 °C during this period, according to the data of accelerated 
stability experiments. Drug content did not vary significantly when 
stored at the refrigerated condition for a period of 90 days, which 
further suggests that the prepared nanoparticles should be stored 
at 4-8 °C for long-term use.

RT-PCR analysis had confirmed the overexpression of EGFR in 
lung cancer cells (A549 and NCI-H23), whereas it is not significantly 
expressed in L-132 (normal lung epithelial cells). The overexpres-
sion of EGFR on both the lung cancer cells confirmed, that more 
ligand (anti-EGFR Cet antibody) will bind to these cells as com-
pared to normal lung epithelial cells, resulting in more apoptosis 
in cancerous cells.

Cet prevents EGFR function by binding to the receptors overex-
pressed on the lung cancer cells. Cetuximab showed small KD value 
(0.32 nM) for A549 cells, as compared to comparatively higher KD value 
(0.38 nM) for NCI-H23. The lower KD value in case of A549 cells sug-
gests higher affinity and tighter binding of antibody with the receptors 
on the cell surface. This might be due to the various non-covalent 
interactions (hydrogen bonding, van der Waals forces and hydrophobic 
forces) that participate in the affinity of a binding site [48].

In vitro cytotoxicity study was performed using the MTT assay 
on A549 and NCI-H23 lung cancer cells and L-132 normal lung 
epithelial cells. The lower IC50 values were observed after the lung 
cancer cells were treated with Cet-DTX NP, as compared to DTX NP 
and free drug. It might be due to the greater affinity of the Cet-DTX 
NP towards EGFR overexpressed lung cancer cells, thereby resulting 
in the greater uptake of nanoparticles within the cells. Owing to 
the limited expression of EGFR receptors on the surface of L-132 
cells, the percentage viability of the cells was more when treated 
with our nanoformulations. Therefore, it indicates that our targeted 
nanoparticles exhibit cytotoxicity only towards lung cancer cells 
and not towards normal lung epithelial cells. A confocal microscopic 
study showed that FITC encapsulated nanoparticles (FITC-DTX NP 
and FITC-Cet-DTX NP) were internalised well by the lung cancer 
cells [14]. FACS analysis also showed time-dependent quantitative 
DTX NP and Cet-DTX NP uptake from 1 to 4 h in both cancer cell 

Figure 6.  Histological sections (in 10× magnifications) of lungs of experimental mice. Microscopic images of lung section of (A) normal mice, (B) carcinogen control 
mice, arrowheads show solid tumour areas, (C) carcinogen-treated mice with DTX, (D) carcinogen-treated mice with DTX NP, (E) carcinogen-treated mice with 
Cet-DTX NP.
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types. The higher uptake of Cet-DTX NP within the cells might be 
due to its active targeting ability to EGFR-positive lung cancer cells.

Using the Annexin V-FITC staining procedure, apoptosis studies 
were carried out to check if EGFR-mediated targeted nanoformu-
lations caused the death of A549 and NCI-H23 cells. Comparing 
Cet-DTX NP to DTX NP and DTX using a site-specific sustained 
delivery pattern, it was found that Cet-DTX NP was more effective 
at inducing apoptosis in A549 and NCI-H23 cells. Cet-DTX 
NP-targeted delivery improved cellular uptake and caused a higher 
drug buildup within lung cancer cells, leading to apoptosis.

The impact of site-specific and non-specific PLGA nanoparticles 
on the cell cycle progression in the A549 and NCI-H23 cells was 
examined using a flow cytometer. The outcomes demonstrated 
that DTX and its nanoformulations were accountable for the cell 
death brought on by the G2/M phase arrest. Typically, Cet-DTX 
NP caused mitotic arrest by releasing the drug that resulted in 
unstable microtubules, impairing the function of the mitotic spin-
dle and arresting the cells in the G2/M phase of mitosis [49]. Thus, 
from the findings of cell cycle analysis, it can be interpreted that 
antibody-conjugated nanoparticles are highly potent in arresting 
cancer cell proliferation.

In the case of MTD analysis, there is a substantial decrease in 
the level of liver and kidney toxicity markers (ALP, SGOT, SGPT, 
urea, and creatinine) in normal mice treated with DTX NP and 
Cet-DTX NP, as compared to unbound DTX, indicating better tol-
erability of nano-encapsulated DTX, up to the dose of 10 mg/kg 
body weight. Moreover, there was no obvious change in the body 
weight of the normal mice treated with DTX NP and Cet-DTX NP, 
which further suggested 10 mg/kg body weight is the maximum 
tolerated dose of DTX when encapsulated in the form of nanopar-
ticles. Cetuximab has a prolonged residential time in the body. 
The binding of Cet to EGFR on the cell surface internalises at least 
50% of the Cet-EGFR complex by first 3 h, at higher doses (here 
≥20 mg/kg body weight) [50], and this internalisation of huge drug 
amount (50%) obviously showed toxicity in animals. Further, a 
longer stay of Cet-NPs as non-EGFR bound forms in the system 
dissociates Cet from the nanoparticles surface. Such free Cet in 
the cellular environment might produce non-specific toxicity which 
often reflects as Ca2+ level reduction in blood, loss of appetite 
and weight loss. Therefore, as a cumulative effect of greater inter-
nalisation of the drug and toxicity produced by free Cet reduced 
the body weight of normal animals at higher doses.

The comparatively low haemolytic activity of the test nanofor-
mulations (DTX NP and Cet-DTX NP) than free drug suggests 
hemocompatibility. Therefore, it could be safely administered intra-
venously [33]. The administration of DTX NP/Cet-DTX NP to plasma 
and lung tissues resulted in elevated biological t1/2, AUC, AUMC, 
and MRT values, along with a decrease in elimination rate con-
stants, which might be due to sustained release of the drug from 
the core of the nanoparticles for a prolonged duration.

The Cet-DTX NP showed higher amount of DTX at lung tumour 
sites than DTX NP and free DTX that was mainly attributed to the 
controlled and targeted DTX release of Cet-DTX NP in cancerous 
lung, which resulted less DTX released in other organs (blood, 
liver, kidney, heart and muscles) and more DTX accumulated in 
the cancerous lung. On the contrary, the deposition of free DTX 
followed non-specific distribution pattern in liver, kidney, heart 
and muscles up to 72 h. Free DTX was found to be more accu-
mulated in the heart and kidney, as compared to the liver. The 
possible reason for this observation might be due to the fact that 
liver is the organ of the reticuloendothelial system, whose mac-
rophages clear the drug and reduce the exposure to the paren-
chymal cells of liver [51]. The less accumulation of Cet-DTX NP 
confirmed its non-toxicity to cardiac tissues. However, the high 

concentration of DTX from Cet-DTX NP was observed in liver up 
to 72 h, which might be due to the known fact that liver exhibits 
a relatively higher levels of EGFR, thereby leading to an increased 
uptake of Cet conjugated nanoparticles in the liver. After 72 h, the 
negligible concentration of Cet-DTX NP in kidney suggests it to 
be the major route of the elimination of our experimental 
nanoparticles.

When carcinogen control animals were treated with DTX, Cet 
conjugated and unconjugated nanoparticles, there was an increase 
in the survival rate of animals treated with Cet-DTX NP. This was 
due to the targeting ability of Cet for DTX NPs, leading to the 
greater accumulation of DTX at the site of lung tumour [52]. 
Moreover, caspase-dependent apoptosis plays a significant role in 
suppressing BaP-induced lung tumour development [53]. There 
was increased apoptosis by Cet-DTX NP when compared to free 
drug and DTX NP treatment. It might be due to the enhanced 
cellular internalisation of the nanoparticles in EGFR-overexpressed 
lung cancer mice [54,55].

ROS significantly influences BaP-induced lung cancer. ROS and 
LPO levels play a significant role in lung cancer initiation, promo-
tion, and progression [56]. They were markedly reduced after the 
treatment with Cet-DTX NP, which might be due to the enriched 
activity of detoxification enzymes in the treated animal group, as 
compared to the carcinogen control group [37]. The histopatho-
logical study revealed that Cet-DTX NP greatly reduced the growth 
of lung tumours and significantly restored lung homogeneity, 
which may be attributed to the site-specific targeting of 
antibody-conjugated nanoparticles to the NSCLC, as compared to 
the normal cells.

Conclusion

In our research study, a targeted nanoformulation (Cet-DTX NP) 
was developed to deliver the chemotherapeutic drug, DTX to 
cancerous lung cells (A549 and NCI-H23) that overexpress the 
EGFR gene. The ability of PLGA-based nanoparticles prepared by 
using the multiple emulsion solvent evaporation method to retain 
a greater percentage of DTX and to also give carboxyl functionality 
for further antibody tagging has been demonstrated to be suc-
cessful. The results of the current studies suggested that the 
potent anti-cancer drug DTX was successfully incorporated into 
biodegradable PLGA nanoparticles fabricated with Cet with the 
requisite physicochemical properties. Additionally, targeted drug 
delivery of DTX to the lung cancer cells that overexpress the EGFR 
was demonstrated by the coupling of Cet to nanoparticles man-
ifesting the release of the drug sustainably to lung cancer cells. 
The results of the current in vitro and in vivo studies demonstrated 
that Cet-DTX NP performed better than DTX NP in terms of ther-
apeutic improvement. Cet-DTX NP had the highest levels of cellular 
internalisation and apoptotic potential, most likely due to its 
highly-selective affinity for lung cancer cells.

Cet-DTX NP significantly reduced the malignant lung region in 
BaP-induced lung cancer-bearing mice. We assumed that this 
occurred due to an increased and sustained bioavailability of DTX 
in the lung tumour. When DTX was nanoencapsulated, the in vitro 
cytotoxicity was considerably reduced in normal cells, and the ther-
apeutic efficacy in vivo was markedly enhanced. Overall, the study 
suggests that Cet-DTX NP might be investigated for use in devel-
oping potential nanoformulations to treat lung cancer, since it could 
deliver the drug to lung cancer cells more precisely and cause apop-
tosis, as opposed to its activity in healthy cells. Moreover, additional 
clinical research will help anticipate the dose in humans and explore 
the prospects of these nanoformulations in lung cancer patients.
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