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ABSTRACT 

      

     Cellular, genetic and epigenetic modifications leading to uncontrolled 

proliferation results in tumor mass formation. At tumor hypoxic core, cells 

barely proliferate resulting in drug-resistance. Effective monotherapies, as 

well as combination therapies, are being employed for remission of such 

tumors. However, chemotherapeutic approaches have limitations mainly due 

to poor solubility of anticancer drugs, lack of selectivity and multi-drug 

resistance. Alternative therapeutic strategies including nanomedicine, may 

improve drug solubility, enhance stability in the circulatory system and reduce 

drug toxicity. Targeted delivery of anti-cancer drugs is of paramount 

importance for cancer treatment, as it helps in improving the overall 

therapeutic efficacy by minimizing killing of normal cells due to non-specific 

cytotoxicity of chemotherapeutic drugs. In the present study, investigations 

have persuaded to standardize the procedures for development and use of 

different nanocarriers (NCs) for drug delivery. 

          The present thesis aims to exploit the nanocarriers based treatment 

approaches for cancer therapeutics. In Chapter 1, the review of literature 

covers fundamentals of nanoparticle-mediated targeted drug delivery to cancer 

cells. Different types of nanoparticles such as liposomes, dendrimers, micelles, 

hydrogel, inorganic or polymeric nanoparticles with potential therapeutic 

applications have been mentioned. Tumor cells specific biomarkers mainly 

overexpressed in tumor cells such as, folic acid receptor (FAR) and transferrin 

receptor (TR) are mentioned for targeted delivery. Importantly, development of 

nanocarriers based on Selenium and RBC membrane have been discussed in 

this chapter. Finally, key research areas and salient features of the current 

thesis have been illustrated.    

        In Chapter 2, development of a novel nanocarrier (NC) based drug 

delivery system for chemotherapeutic drug paclitaxel (PTX), by employing 

pluronic F-127 stabilized selenium nanoparticles (SeNPs) has been reported. 
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Successful delivery of PTX, PTX-loaded SeNPs as well as anti-proliferative 

activity against lung, breast, cervical and colon cancer cells have been 

demonstrated. Flow-cytometry based cell cycle analyses of PTX-SeNPs treated 

cells revealed G2/M phase arrest in a dose-dependent manner leading to 

apoptosis. This chapter also describes the cellular mechanism of apoptosis in 

treated conditions via induction of reactive oxygen species (ROS), disruption of 

mitochondrial membrane potential (MMP) and activation of caspases.  

          In Chapter 3, a more selective and targeted therapy have been reported 

for the tumor cells with high expression of FAR and mutations in the genes of 

the MAPK pathway. MDAMB231 (breast cancer) cells have G13D and G464V 

mutations in RAS and BRAF genes, respectively, while A375 (melanoma) cells 

possess V600E mutations in BRAF. These mutations cause constitutive 

activation of the MAPK signaling, which leads to uncontrolled proliferation 

and cancerous growth. The chapter describes use of combination therapy 

module involving FAR-targeted SeNPs (FA-SeNPs) and MAPK inhibitor 

PD98059 (PD98).  

           Chapter 4 demonstrates the use of red blood cell (RBC) membrane for 

anti-cancer drug delivery. The nanocarriers have been designed for the 

delivery of chemotherapeutic agent (Curcumin/Cur) and hypoxia activating 

molecule (Tirapazamine/TPZ). Initially, Cur and TPZ were loaded on 

biodegradable PLGA NPs, and these drug-loaded PLGA NPs were coated with 

RBC membrane by extrusion. This chapter describes characterization and the 

functional assays of the drug-loaded NPs on monolayer as well as hypoxic 

spheroids. It was found that the RBC membrane provided improved stability 

and biocompatibility. Functional assays on cells and multicellular spheroids 

(MCS) suggested facile uptake of these NPs in cancer cells resulting in 

synergistic activity. Finally, the mechanism of the action of cell death has been 

elucidated.  
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In Chapter 5, the therapeutic efficiency of the transferrin bound RBC 

membrane-coated PLGA NPs to deliver doxorubicin and methylene blue was 

studied for chemo- and photodynamic therapy. PLGA NPs loaded with 

doxorubicin and methylene blue were extruded with RBC membranes, forming 

membrane coated PLGA NPs. To achieve target-specific delivery to tumor 

cells, transferrin was conjugated onto RBC membranes before extrusion. 

Transferrin-bound, doxorubicin, and methylene blue loaded RB-NPs (TF-RB-

NPs) were characterized and tested on the cells overexpressing transferrin 

receptors.  

     The final section on conclusion and future prospects summarizes the 

findings and major leads of the current thesis work.  The experimental 

evidence demonstrated the importance of targeted delivery of selenium 

nanoparticles and RBC membrane coated nanocarriers in the modulation of 

cellular signaling leading to annihilation of cancer monolayer cells as well as 

spheroids. Inhibition of MAP kinase pathways, treatment of hypoxic spheroids 

will provide a better strategy for development of successful combination 

therapy to combat drug-resistant tumor. 
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CHAPTER 1 

 

Introduction and Review of Literature 

 

 

 
 

Chapter 1 includes the Introduction and Review of Literature. Starting with 

the strategies for cancer therapy, this chapter introduces various types of 

nanocarriers and their applications in drug delivery. The chapter also focuses 

on the Selenium and the RBC membrane-based drug delivery systems.    

 

 

TH-2162_146106024



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2162_146106024



3 
 

CHAPTER 1 

Introduction & Review of Literature 

1.1 Cancer at a glance 

     Cancer is resulted from the abnormal and uncontrolled proliferation of the 

body cells. Thereafter, the rapidly diving cells spread to other organs or 

tissues, resulting in metastasis.1 The human body is made up of trillions of 

cell, but the course of the new cell to cell death is tightly controlled or 

regulated. In case of healthy cells, cells divide, grow, and die according to their 

lifespan. After death, new cells again grow and start functioning. However, in 

the case of cancer, due to the mutations in DNA, these cells keep multiplying 

to form abnormal tissue growth (Figure 1.1).2 Among the deaths caused by 

non-communicable diseases, cancer is at 2nd place accounting for 22% deaths, 

worldwide.3 Despite ongoing research and advanced healthcare facilities, the 

number of death on cancer is increasing annually. Henceforth, researchers, 

medical professionals, and pharmaceutical companies are working towards 

developing new strategies to combat cancer.   

 

Figure 1.1 Normal vs. cancer cell division and tumor formation.  
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1.2 Conventional strategies of cancer treatment 

     For the treatment of cancer, three main conventional therapeutic 

approaches are available, which are chemotherapy, radiation therapy, and 

surgery (Figure 1.2). The term “Chemotherapy” was initially given by german 

scientist Paul Ehrlich, which meant ‘treatment of the disease with the help of 

chemicals’.4 Following this, in 1943, the discovery of the therapeutic action of 

the nitrogen mustards by Goodman and Gilman translated into treatment of 

lymphomas.5 Since then, continuous research in the field of drug discovery has 

produced a vast number of potential therapeutic molecules, some of which are 

regularly used for cancer treatment. Since cancer cells divide much faster than 

non-cancerous cells; the chemotherapeutic approach works by destroying these 

rapidly dividing cells. Use of cytotoxic drugs on cancer cells causes rewiring of 

the cell signaling resulting in apoptosis mediated cell death.6  

Table 1.1 Classification of the anticancer agents, examples and treatment 

modalities.    

Drug Class Examples Cancer 

Alkylating agents Nitrogen mustards, 

Cyclophosphamide 

Lung, Breast cancers, 

Leukemia, Hodgkin disease, 

multiple myeloma 

Antimetabolites 5-FU, Gemcitabine Breast, ovary, and the 

intestinal tract cancers 

Antibiotics Doxorubicin, Bleomycin, 

Actinomycin D 

Lymphoblastic leukaemia, 

breast, thyroid, ovary, 

bladder lung cancers, 

Neuroblastoma. 

Plant alkaloids Vincristine, Paclitaxel, 

Vinorelbine, Vinblastine 

Acute myeloid leukaemia, 

Hodgkin’s disease, Wilms’ 

tumour, Ewing’s sarcoma, 

neuroblastoma carcinoma 

lung. 

Topoisomerase 

inhibitors 

Topotecan, Etoposide,  Ovary, small cell lung 

cancer, cervical cancer. 
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     Surgery is also an effective strategy to remove the affected tissue or organ 

areas. Early detection helps in managing removal of tumor.7 Surgical 

procedures are comparatively easy for removal of solid tumors, whereas the 

cancer of vital organs or blood cancers cannot be treated by surgery. 

Depending on the nature of the tumor and patient’s status, single or 

combinations of the chemotherapy, radiation, and surgery are being used.8  

     Radiation therapy involves use of the high energy beams like X-ray and 

gamma rays on tumor cells. However, high dose of the radiation causes DNA 

strand breaks to the extent that cells cannot repair such damage.9 The laser 

beam can be directly projected at the affected area. Therefore, radiation can be 

targeted to the cancer cells avoiding surrounding healthy cells.10 This results 

in minimal damage to healthy cells. Along with these three main types of 

therapies; alternative therapies like targeted, hormonal, and immunotherapies 

are also essential to eradicate tumor completely.  

 

Figure 1.2 Current strategies for cancer treatment (Conceptualized and 

redrawn).  
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1.3 Nanocarriers in Cancer Therapy 

     As mentioned earlier, cancer cells divide and proliferate quickly; thus the 

chemotherapeutic drug targets these rapidly dividing cells. As a consequence, 

it also affects the healthy or non-cancerous cells that are growing faster. 

Henceforth, along with the cancer cells, conventional cancer therapies also kill 

healthy cells, leaving behind undesired toxic side effect.11 This non-selective or 

non-targeted nature of chemotherapy can result in toxicity. Another issue with 

chemotherapy is the development of the multi-drug resistance (MDR). In 

MDR, cancer cells show increased expression of the protein molecules involved 

in drug efflux outside the cells. Due to the MDR, most of the chemotherapeutic 

drugs are exported out of the cancer cells, making the cells resistant to those 

drugs. Therefore, to avoid these concerns the newer nano-based drug delivery 

systems (DDS) are being developed.12 Different types of NCs with potential 

therapeutic implications include liposomes, dendrimers, micelles, hydrogel, 

and inorganic or polymeric nanoparticles (NPs).13 In this regard, the properties 

of inorganic NPs that have been exploited for the biomedical purpose include 

antibacterial, anticancer and optical one for diagnostics.14  

     Nanocarriers possess specific advantages over the bulk materials used for 

their preparation.15 As the size of the bulk material reduces to the nanoscale, a 

significant increase in the surface allows higher cargo loading. Increased drug 

loading capacity categorically results in increased drug delivery to the site of 

action, causing a reduction of cancer cell growth. Smartly designed 

nanocarriers are being used for controlled or sustained release of the payload 

to maintain enough drug concentration in the blood for a longer time. 

Similarly, improved physicochemical, as well as optical properties, were 

observed for metallic or semi-metallic materials based nanomaterials.16 In 

addition to the physico-chemical properties, toxicity of specific molecules also 

reduces after preparation of nanocarriers.15           
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1.4 Targeted drug delivery  

     Once inside the body, drug-carrying nanocarriers face multiple obstacles, 

such as penetration through the walls of blood vessels and mucosal barriers. 

The targeted drug delivery aims to accumulate a higher amount of the drug at 

the desired site of action. The increased amount of the drugs at the affected 

area helps to achieve significant therapeutic effect than non-targeted drugs. To 

achieve the targeting of the nanocarriers, two approaches are utilized, passive 

targeting and active targeting (Figure 1.3).  

1.4.1 Passive targeting 

      Passive targeting takes advantages of the unique nature of tumor biology 

and the surroundings of the tumor mass. The phenomenon is known as 

enhanced permeability and retention effect (EPR), EPR plays important role to 

achieve passive targeting.17 When the tumor starts developing at a faster rate, 

it needs all the possible supply of the nutrients and oxygen. In order to achieve 

these extra nutrients for faster growth, tumor cells secrete angiogenic factors 

to produce new blood vessels around the tumor mass.18 The growing tumor 

solely depends on the newly formed blood vessels for nutrient supply.     

     Importantly, the new blood vessels formed do not possess complete 

architecture, which results in leaky vasculature. Along with this, the tumor 

site also lacks efficient lymphatic drainage system. This EPR effect collectively 

results in delivery of the macromolecules and nanocarriers at the higher 

quantity to tumor site. In order to achieve the EPR effect, nanocarriers should 

be long circulating in blood to avoid the clearance by the reticuloendothelial 

system. This characteristic of the long circulation in blood can be achieved by 

coating the nanocarriers with polyethylene glycol (PEG).19 PEG coating masks 

the nanocarriers for uptake and clearance from macrophage cells. For 

example, Doxil PEGylated liposomes of doxorubicin, approved for cancer 

treatment (Kaposi sarcoma) is delivered to cancer cells through EPR effect.11,20 
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1.4.2 Active targeting 

     In case of the active targeting, a special features of the diseased cells are 

being used to distinguish these cells from normal cells. To achieve the drug 

delivery to a particular tissue or region, drug can be conjugated to a specific 

targeting moiety. The drug-moiety conjugate interacts with the receptor or 

proteins on target cells, resulting in specific delivery inside these cells. Here, 

targeting moiety could be antibody, peptides, aptamers or polysaccharides 

interacting with target cell surface. For targeted delivery, the simplest 

approach would be to conjugate drug directly to the targeting moiety, like 

drug-antibody conjugation. For example, ado-trastuzumab emtansine is a drug 

antibody conjugate, DM-1 drug is conjugated with  trastuzumab  antibody.21 

This conjugate is being used for targeting HER2 positive metastatic breast 

cancer cells. Binding of the trastuzumab to the HER2 receptors results in 

selective internalization of the drug-conjugate. Once inside the endosome, it 

releases the DM-1 molecules to show its therapeutic action.22 

     Apart from the direct conjugation of the drug to the targeting moiety, 

surface modified nanocarriers are also used for targeting. For nanocarrier-

mediated targeted drug delivery, nano-formulations are loaded with the active 

drugs; by conjugating the targeting molecules on the surface of the 

nanocarriers, target-specific drug delivery can be achieved. Cancer cells 

possess certain protein or receptors at higher amount than healthy cells. For 

example, many cancer cells have been shown to have overexpressed 

transferrin (TF) receptors.23 Transferrin receptor helps to maintain the iron 

homeostasis by binding and internalization of iron-bound transferrin 

molecules. Different type of nanocarriers have been produced by TF-

conjugation to achieve targeted drug delivery.24 For example, TF receptor 

targeted NPs delivered siRNA in in-vivo  tumor model to achieve safe and 

effective strategy for cancer therapy.25 
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Figure 1.3 Schematic representation of the nanocarriers mediated active and 

passive targeting of the tumor cells for drug delivery. (Conceptualized and 

redrawn). 

 

1.5 Types of nanocarriers for cancer therapy 

1.5.1 Polymeric nanocarriers  

     Polymeric nanoparticles are widely used for drug delivery application. 

Important properties of the polymeric nanocarriers include their stability, high 

drug loading capacity and sustained drug release ability. Notably, the 

polymers like poly-caprolactone (PCL), poly (D,L-lactide-co-glycolide) (PLGA) 

and poly(lactic acid) (PLA) are biodegradable in nature, thus are safe for 

internal use.26 Along with these polymers, a co-polymers or block polymers are 

being developed by cross-linking the chitosan, gelatin, and sodium 

alginate.27,28 Table 1.2 shows some of the examples of the polymeric 
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formulation approved for therapeutic purpose.29 Along with polymeric 

nanoparticles, micelles formed from amphiphilic block co-polymers are also 

gaining importance.30 These are core-shell type nano-formulations made from 

self-assembly of the block polymers. Polymeric micelles possess unique 

characteristics like their nano size, spherical morphology and ability to retain 

hydrophobic drug molecules, which make them suitable for drug delivery 

applications.31 Polymeric nanocarriers like core shell NPs, micelles, 

dendrimers are shown in Figure 1.4.  

 

Figure 1.4 Types of polymeric nanocarriers. 

 

1.5.2 Inorganic NPs 

     Important inorganic nanoparticles include gold, silver, iron, quantum dots 

(QD) and silica NPs. Size of these NPs ranges from 1-100 nm. Inorganic 

nanoparticles are well-known for their change in the physico-chemical 

properties depending on their sizes.32 Gold NPs, and QDs can be used for drug 

delivery and due to the fluorescent nature they have wide application in 

theranostic area. One of the important applications of the inorganic NPs is in 

biomedical imaging. In this case, imaging probe stains the organ or the tissue 

for observation by a medical practitioner. Here the magnetic and optical 

properties of the probes are utilized for diagnosis purpose. Iron oxide NPs have 

been used for magnet guided drug delivery and magnetic resonance imaging 

(MRI) due to their unique magnetic properties,.33  
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Table 1.2 Nanomedicines approved by FDA for therapeutic applications. 

[Adapted from reference 29, Copyright: Young Hee Choi (2017)]. 

Formulations Product name Indications 

Polymer NP: synthetic polymer particles 

PEGylated adenosine 

deaminase enzyme 

Adagen®/pegademase bovine Serious immunodeficiency therapy 

PEGylated antibody 

fragment (Certolizumab) 

Cimzia®/certolizumabpegol Chron’s disease, rheumatoid 

arthritis, psoriasis, ankylosing 

spondylitis 

Random copolymer of L-

gluta- mate, L-alanine, L-

lysine. 

Copaxone®/Glatopa Multiple sclerosis 

Leuprolide acetate and 

polymer [PLGH(poly(DL-

lactide-cogly- colide)] 

Eligard® Prostate cancer 

PEGylated anti-VEGF 

aptamer (vascular 

endothelial growth factor) 

aptamer 

Macugen®/Pegaptanib Decreased vision 

Chemically synthesized ESA 

(erythropoiesis-stimulating 

Factor) 

Mircera®/Methoxy PEG glycol- 

epoetin p 

Anemia with chronic renal failure 

PEGylated GCSF protein Neulasta®/pegfilgrastim Leukopenia by chemotherapy 

PEGylated IFN alpha-2a 

protein 

Pegasys® Hepatitis B and C 

PEGylated IFN alpha-2b 

protein 

Peglntron® Hepatitis C 

Poly(allylamine 

hydrochloride) 

Renagel® Chronic renal failure 

Polymer-protein conjugate 

PEGylated L-asparaginase 

Oncaspar®/pegaspargase Acute lymphocytic blood clot 

Polymer-protein conjugate 

(PEGylated porcine-

likeuricase) 

Krystexxa®/pegloticase Chronic gout 

Polymer-protein conjugate 

(PEGylated IFNbeta-la) 

Plegridy® Multiple sclerosis 

Polymer-protein conjugate 

(PEGylated factor VIII) 

ADYNOVATE Hemophilia 

Liposomes 

Liposomal daunorubicin DaunoXome® Karposi sarcoma 
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Liposomal cytarabine DepoCyt© Lymphoma 

Liposomal vincristine Marqibo® Acute lymphocytic blood clot 

Liposomal irinotecan Onivyde® Pancreatic cancer 

Liposomal amphotericin B AmBisome® Fungal infection 

Liposomal morphine 

sulphate 

DepoDur® Loss of pain due to surgery 

Liposomal verteporfin Visudyne® Decreased vision, Ophthalmic 

Liposomal doxorubicin Doxil®/Caelyx™ Karposi sarcoma, ovarian cancer, 

Liposomal amphotericinB 

lipid complex 

Abelcet® Fungal infection 

Micelles 

Micellar estradiol Estrasorb™ Menopause hormone Therapy 

Protein NP 

Albumin-bound paclitaxel 

NP 

Abraxane®/AB1-007 Breast cancer, non-small cell lung 

Multiple myeloma cancer, 

pancreatic cancer 

Engineered protein 

combining L-2 and 

diphtheria toxin 

Ontak® T-Cell lymphoma 

Nanocrystals 

Aprepitant Emend® Vomiting agent 

Fenofibrate Tricor® Hyperlipidemia 

Sirolimus Rapamune® Immunosupressant 

Megestrol acetate MegaceES®  

Morphine sulfate Avinza® Mental stimulant 

Dexamethyl-phenidate HC1 Focalin XR® Mental stimulant 

Metyhlphenidate HC1 Ritalin LA® Mental stimulant 

Tizanidine HC1 Zanaflex® Muscle relaxant 

Calcium phosphate Vitoss® Bone substitute 

Hydroxyapatite Ostim® Bone substitute 

Hydroxyapatite OsSatura® Bone substitute 

Hydroxyapatite NanOss® Bone substitute 

Hydroxyapatite EquivaBone® Bone substitute 

Paliperidone Palmitate Invega®Sustenna® Schizoaffective disorder 
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Dantrolene sodium Ryanodex® Malignant benign hypothermia 

Inorganic/metallic NPs 

Iron oxide Nanotherm® Hybrid species 

Ferumoxytol SPION with 

poly glucose sorbitol carboxy 

methy- 

Feraheme™/ferumoxytol Chronic renal failure with iron 

deficiency 

Iron sucrose Venofer® Chronic renal failure with iron 

deficiency 

Sodium ferric gluconate Ferrlecit® Chronic renal failure with iron 

deficiency 

Iron dextran (low MW) INFeD® Chronic renal failure with iron 

deficiency 

Iron dextran (high MW) DexIron®/Dexferrum® Chronic renal failure with iron 

deficiency 

SPION coated with dextran Feridex®/Endorem® Imaging materials 

SPION coated with dextran GastroMARK™/umirem® Imaging materials 

 

1.5.3 Protein-based nanocarriers 

     Animal or plants proteins are a great source of the starting material for 

preparation of nanocarriers. Proteins being natural molecules show unique 

biological properties.  Animal proteins such as gelatin, collagen, albumin, silk 

and casein are used in the preparation of nanocarriers.34 Nanoparticles are 

also being prepared from the proteins isolated from plant sources. Zein and 

gliadin are the two examples of the highly hydrophobic proteins used to deliver 

water-insoluble drugs.34 Advantages of the protein-based nanocarriers include 

their higher stability, biodegradability and non-immunogenicity. Additionally, 

the surface modifications on amino acids are possible to achieve targeted 

therapy.35 For example, Abraxane is an albumin-bound paclitaxel formulation, 

which improved the shelf-life of the drug for cancer therapy. 
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1.5.4 Carbon-based nanomaterials 

     Carbon-based nanostructures have unique properties like thermal and 

electrical conductivity. Graphene, fullerene, and carbon-nanotubes (CNTs) 

have shown their applications in biology, medicine and engineering areas 

(Figure 1.5).36 In addition, CNTs itself shows photothermal action upon NIR 

irradiation.37 Furthermore, graphene quantum dots with excellent luminescent 

properties are being prepared for detection of the glucose and H2O2.38 

 

Figure 1.5 Types of carbon-based nanomaterials. [Reprinted with permission 

from reference 21, Copyright (2019) American Chemical Society]. 

 

1.5.5 Liposomes 

     Liposomes are spherical vesicles prepared from lipid bilayer. Most of the 

liposomes consist of the phospholipids, cholesterols, and phosphatidylcholine 

(Figure 1.6).39 As these phospholipids possess polar groups and non-polar side 

chains, these lipids molecules arrange themselves in such a way that they 

form hydrophilic core.40 This characteristic arrangement gives an advantage 

for loading of hydrophobic as well as hydrophilic drugs. One of the major 
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disadvantages of the liposome is the rapid clearance through RES; researchers 

are addressing this issue by coating liposome with inert molecules like PEG.39 

 

Figure 1.6 Liposome as a drug carrier for hydrophilic and hydrophobic 

molecules. (Conceptualized and redrawn). 

 

1.5.6 Dendrimers 

      Dendrimers are synthetic branched molecules prepared with intensions to 

form core and outer facing branched side chains.41 Advancements in the field 

of polymer chemistry helped to form three dimensional branched polymers. 

Examples of the branched polymeric dendrimers include PAMAM, Poly 

(propylene imine) (PPI) and Poly-l-lysine (PLL) dendrimer. They are used for 

targeted delivery of nucleic acids and chemotherapeutic drugs.42    

 

1.6 Selenium 

      Selenium (Se) is an essential trace element in the body, which is a member 

of non-metallic group of elements. Jon Jacob Berzelius discovered the Se in 

1817, and the term “Selenium” was coined after greek ‘selene’ meaning 

‘moon’.43 In human body, Se is a part of the proteins known as seleno-proteins. 

The incorporation of the Se in seleno-proteins is assisted by the genetic code 

for seleno-cysteine. Se as a chemical species possess multiple properties. 
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Naturally, the role of the selenoproteins is to protect the body from oxidative 

stress. Antioxidant seleno-enzymes like glutathione peroxidase (GSH-P) and 

thioredoxin reductases reduce oxidative stress inside the cells. Some of the 

seleno-proteins are mentioned in Table 1.3.  

 

Table 1.3 Selenoproteins and their functions. 

Selenoprotein Function 

Thioredoxin Reductases Reduction of oxidized thioredoxin, 

reduction of nucleotides,  

Glutathione Peroxidases antioxidant defense, reduction of hydrogen 

peroxide and organic hydroperoxides, 

Iodothyronine 

Deiodinases 

Deiodination of T4 thyroid hormone into 

active T3 form. 

Selenoprotein P Antioxidant defense 

 

1.6.1 Involvement of Se in Cancer prevention 

     Geographical survey has shown that levels of Se in body and the tumor 

incidence were inversely related.44 Moreover, the studies carried out on animal 

models showed the selenium supplementation could inhibit tumor growth.45  

Clark and co-workers carried out Nutritional Prevention of Cancer (NPC) trial, 

which showed that Se supplementation reduced the prostate cancer-related 

deaths.46 As mentioned earlier, Se at the nutritional levels serves as anti-

oxidant by boosting the actions of the mentioned seleno-proteins.  

     Reports have also shown that Se regenerates the other anti-oxidant 

molecules like Q10, Vitamins C and E.47 Contrasting to this, Se at above the 

nutritional levels showed cytotoxic and anti-cell proliferative action.48 Similar 

studies performed to compare the effect of different chemical species selenium 
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confirmed that the therapeutic activity depends on the form of the Se species, 

redox status of the tissue and the metabolism pathway.49  Studies have also 

shown that the malignant cancer cells are more sensitive to Se, as compared to 

the non-cancerous cells.50    

 

1.6.2 Selenium nanoparticles in cancer treatment 

      Se containing compounds studied for the therapeutic purpose include 

selenium dioxide, selenodiglutathione, selenomethionine, diselenides, and 

selnites. All these compounds have shown antiproliferative action against 

cancer cells. Along with these compounds, Se nanoparticles (SeNPs) have also 

gained attention of the researchers due to their cytotoxic properties. Multiple 

studies have shown the potential of the SeNPs for anticancer applications. 

SeNPs can be prepared by biological, chemical, and physical methods. The 

biological or chemical method performs reduction of Se containing chemical 

species to elemental SeNPs. Chemical reduction of the Se involves use of the 

stabilizing and reducing agents. Similarly, green synthesis of the SeNPs 

involves the use of microorganisms or plant extract-based biomolecules. The 

physical method involves top-down approach where bulk materials are 

fragmented into nanomaterials using microwave, laser ablation and γ-

irradiation.51 As the Se itself has anti-proliferative property, alone SeNPs, 

SeNPs loaded with drug or combination of the SeNPs and drugs may be used.  

     Chitosan polymer-stabilized SeNPs showed selective uptake in cancer cells 

and induced DNA fragmentation and apoptosis.52 Alone SeNPs treatment have 

shown induction of apoptosis via various mechanisms. In-vitro studies carried 

out on MDA-MB-231 and HeLa cells have shown dose-dependent (10-40µM) 

reduction in the cell viability; whereas the S phase arrest of the cell cycle led to 

the cell death.53 Another study reported that highly stable SeNPs prepared in 
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presence of polysaccharide isolated from fungus, induced cell apoptosis via 

DNA damage and cell cycle arrest at S phase.54      

 

Figure 1.7 Surface modifications of the SeNPs for therapeutic applications 

(Conceptualized and redrawn).  

 

1.6.3 Selenium NPs as drug carrier  

     Non-targeted delivery of the drug molecules results in the distribution of 

the drug molecules to the healthy cells, causing systemic toxicity. Thus, the 

nanocarriers mediated drug delivery becomes an important tool for targeted 

therapies. Use of SeNPs for drug delivery, could improve overall therapeutic 

response due to the contribution from cytotoxic properties of SeNPs.55 Surface 

modification can affect the physico-chemical properties of the nanocarriers for 

a therapeutic approach. Most of the nanoparticle shows destabilization in an 

aqueous medium; thus, the surface capping agents are helpful to prepare the 

stable nanoparticles. Similarly, surface capping can also modulate the uptake 

of the nanomaterials into the desired cells or by body’s clearance mechanism. 

For example, surface capping with neutral polymers like PEG (poly-ethylene 

glycol) coating of the SeNPs can reduce the uptake and clearance of the SeNPs 

through reticulo-endothelial cells resulting in prolonged circulation.56,57 

Additionally, the targeted delivery of the SeNPs can be achieved by 
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conjugating the targeting ligand on the surface by chemical modifications. The 

possible surface modification of the SeNPs are shown in Figure 1.7.  

     Transferrin conjugated SeNPs were prepared to target the cancer cells 

overexpressing the transferrin receptor. These TF-conjugated NPs selectively 

internalized through endocytosis in cancer cells avoiding the healthy cells.58 

Similarly, Folic acid-conjugated SeNPs have also shown enhanced delivery to 

the folic acid receptor overexpressing cells.58 In another study, L-arginine 

capped drug-loaded NPs were used to deliver siRNA for MDR-1 inhibition. The 

fluorescent labeling of these NPs by ruthenium complexes renders the 

fluorescent NPs that can be tracked inside the cells.59 Multiple studies have 

shown that the synergistic response of the loaded drug and SeNPs making an 

effective treatment strategy. Recent studies have reported the synthesis of the 

stimuli-responsive nanocarriers for drug delivery after various stimuli, 

including temperature and pH.60  

 

1.7 Membrane-based drug delivery systems 

       Advancements in the field of nanotechnology have produced a large 

number of the nanocarriers for different biomedical application. Conversely, 

due to body’s ability to distinguish self or non-self-materials, these 

nanocarriers are often cleared from the body via reticuloendothelial system 

(RES) or macrophage assisted clearance. Apart from this, the immunogenic 

reaction of the nanocarriers may arise serious issues for in vivo applications.  

In order to achieve the desired therapeutic effect, nano-carrier should remain 

in the blood for a longer time. As mentioned earlier, this prolonged circulation 

of the nano-carrier can be achieved by coating the surface of the carrier, 

thereby avoiding the clearance through RES.61 Though coating of the 

nanocarriers with inert molecules like PEG might reduce the clearance, it may 

show some disadvantages like blood clotting and cell aggregation.62 
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Additionally, PEG coating has also shown to induce the PEG-specific IgM 

antibodies.63 Addressing the insufficiency of nano-systems to serve as suitable 

nanocarriers, various biological membranes derived from red blood cells (RBC), 

platelet, and cancer cells are currently being explored by researchers to 

prepare or coat the nanocarriers.64,65 Merits of these membranes based carrier 

include their effective interaction with target cell surface, biocompatibility, 

non-immunogenicity and targeting efficiency without modification of the 

surface.66,  Some of the membrane-based drug carriers are illustrated in 

Figure 1.8.  

 

1.7.1 Stem cells as a drug carrier 

     Stem cells or stem cell membrane coated NPs have been reported for drug 

delivery applications. Stem cells have shown a migration and accumulation 

towards tumor mass.67 Also, stems cells can be genetically engineered for 

targeted therapeutic approach.68 A death receptor ligand, tumor necrosis factor 

apoptosis ligand (TRAIL) overexpressing stem cells induced apoptosis in the 

metastatic glioma cells.  
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Figure 1.8 Cell membrane‐coated nanoparticles. A variety of cell types have 

been used as sources of membranes to coat nanoparticles. [Reproduced from 

reference 65 with permission from John Wiley and Sons]. 

  

1.7.2 Tumor cell-derived particles 

Tumor cell-derived particles are the natural mediators of distant cells. These 

natural carriers containing drugs can be used to treat cancer cells.69 Apart 

from these natural and signaling vesicles, artificial stimuli can induce to shred 

the cell-derived microparticles. For example, the microparticles were collected 

after treatment of cells with an anticancer drug (methotrexate) and ultraviolet 

irradiation. The apoptotic cells generated drug-loaded microparticles can be 

collected and used for therapeutic applications.70  
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1.7.3 Exosomes 

Exosomes are similar to the cell-derived particles regarding the membrane 

composition. Exosomes are extracellular vesicles generated from cells, which 

plays an important role in cell-cell communication. Exosome released from cell 

possess information for target cells in the form of proteins, carbohydrates, 

lipids or nucleic acids.71  Due to this ability to carry the cargo, exosomes are 

being used to delivery therapeutic molecules. Another essential characteristic 

of the exosome is targeting specificity due to presence of proteins on surface. 

Doxorubicin loaded exosomes have shown the cancer-specific drug delivery 

after conjugating ligand on exosome membrane for targeting.72 

 

1.7.4 RBC membranes for drug delivery 

Apart from the artificial and human-made nano-carriers, the human body has 

natural carriers like red blood cells (RBCs).  A profuse amount of RBCs in body 

carries oxygen, carbon dioxide, and acts as a buffer system to maintain body 

pH. RBCs have unique properties like their flexibility, 7-8 µm size and 

biconcave shape, which allows them to maneuver through the network of 

capillaries of size less than their own diameter (Figure 1.9).73 Essential 

properties of the RBCs like non-immunogenicity, biocompatibility, their more 

prolonged circulation in the blood and larger volume has attracted the 

scientists to use these natural carriers for therapeutic payload delivery 

purpose. Researchers are utilizing these unique properties to prepare 

nanocarriers for different applications.74 Whole RBCs have shown potential for 

drug delivery applications. Loading of the cargos or even a bigger biomolecule 

can be achieved by directly incubating them with intact or lyzed RBCs.75 Once 

the cargo is encapsulated, these RBCs can be used for sustained release of the 

cargo in blood.76 Apart from using whole RBC as a carrier, researchers have 
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used RBC membrane to prepare nano-sized vesicles for anticancer drug 

delivery.  

 

 

Figure 1.9 Morphology of the Red Blood Cells (RBC).   

 

      Isolated RBC membrane can be used to coat nanocarriers to augment the 

physicochemical properties. RBC membrane coated gold nanocages were 

prepared to target the 4T1 cancer cells. The membrane coated nanocages 

precisely delivered paclitaxel to the tumor cells, and the near-infrared 

irradiation-induced hyperthermia resulted in enhanced cell death.77  As shown 

in (Figure 1.10), upconversion NPs were coated with RBC membrane to 

achieve dual targeting of cancer cells and mitochondria.78 In-vivo experimental 

results showed excellent stability and RES escaping ability after RBC 

membrane coating. Dual targeting and delivery of the photodynamic agent to 

these tumors resulted in a reduction in tumor growth and increased the 

survival rate of tumor-bearing mice.78       
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Figure 1.10 UCNP based RBC membrane-coated NPs to target cancer and 

mitochondria. [Reproduced from reference 77 with permission from the Royal 

Society of Chemistry]. 

 

1.8 Some important anticancer drugs and signaling pathway blockers  

1.8.1 Paclitaxel  

Paclitaxel (PTX) is a plant alkaloid from Taxus brevifolia, initially discovered 

as the result of screening of plant extracts for anticancer action conducted by 

National Cancer Institute.79 Tubulin subunits (α and β subunits) forms 

microtubules and the spindle fibers required in mitosis. Thus, binding of 

paclitaxel to tubulin stabilize the microtubule assembly resulting in disruption 

of the microtubule dynamics and cell division.80 FDA approved paclitaxel 

formulations are being used alone, or in combination to treat ovarian cancer, 

lung cancer, and breast cancer.  
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Figure 1.11 Structures of drug and inhibitors. 

 

1.8.2 MAP Kinase pathway inhibitors 

Mitogen associated protein kinase cascade is one of the critical signaling 

pathways in cell proliferation, survival, differentiation, and apoptosis. MAPK 

pathway is activated upon binding of a ligand, which further initiates the 

phosphorylation of the proteins involved in the pathway.81 In ERK MAPK 
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pathway, binding of ligand leads to activation of the tyrosine kinase domain 

which triggers RAS GTPase to activate RAF proteins. MEK proteins are 

phosphorylated by RAF causing phosphorylation of the ERKs, which is a next 

protein in the cascade. Phosphorylated ERK then translocates to the nucleus, 

where they act as a transcription factor for many different proteins associated 

with proliferation and survival. Mutations in the RAF and RAS leads to 

constitutive activation of the MAPK pathway (Figure 1.12)82 In the case of 

RAF, the most common mutation is V600E where a mutation causes the 

constitutive induction of the kinase activity.83 Similarly, RAS mutation leads 

to a decrease in GTPase activity which keeps RAS in active form. PD98059 is 

an inhibitor of the MEK1/2 activation. PD98059 a flavonoid molecule binds to 

the inactive form of the MEK1/2 and thus makes it unavailable for activation 

by RAF.84 

 

Figure 1.12 Mitogen-activated protein kinase pathway in non-cancerous and 

RAS and RAF mutated cancer cells (Conceptualized and redrawn). 
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1.8.3 Curcumin  

Curcumin (Cur) is a polyphenolic compound isolated from Curcuma longa 

plant, commonly known as turmeric. Curcumin shows anti-inflammatory 

activity by inhibiting cyclooxygenase-2 (COX-2), an inflammation-associated 

enzyme. Studies have also reported that Cur inhibited the expression of COX-2 

and PGE2 synthase 1, a mediator of inflammation and tumor development.85 

Similarly, pro-inflammatory response due to nuclear factor-κB (NF-κB) was 

inhibited with Curcumin treatment.86 Previous studies have reported that Cur 

has cell growth inhibition action for multiple cancers, where it affects many 

cancer-related genes and signaling pathways resulting in cell cycle arrest and 

apoptosis.87 

 

1.8.4 Tirapazamine 

      The growth of the tumor mass leads to the formation of inner hypoxic core 

surrounded by oxygenated cells. These solid tumors are associated with 

hypoxic core renders the anticancer drugs inactive. Thus, it was important to 

have drug molecules active in hypoxic conditions.  The advantage of using 

tirapazamine (TPZ) is that it is converted to the active form in a hypoxic 

environment.88 Along with the hypoxic cells, outer surface cells are also needed 

to be eliminated; thus, the combination of anticancer drugs and TPZ are 

suitable to eradicate cancer. At low oxygen levels, the TPZ is converted to its 

radical form and induces DNA damage. Previous studies have shown that the 

combinations of TPZ and cisplatin or radiation therapy are very effect for 

cancer treatment.89,90   
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1.8.5 Doxorubicin  

     Doxorubicin is an anthracycline based anticancer drug, which was 

originally isolated from bacteria belonging to the genus Streptomyces.91 Many 

cancers are being treated with doxorubicin such as leukemia, breast cancer, 

tumor of the ovaries, lung, testes, prostate, cervix, bladder and Ewing's 

sarcoma.92 Doxorubicin works by intercalating with DNA and interfering the 

function of topoisomerase II. Inhibition of the topoisomerase affects DNA 

replication and RNA synthesis inducing apoptosis.  

    A major side effect associated with doxorubicin treatment is cardiotoxicity. 

It has been reported that the mechanism of the anticancer effect and 

cardiotoxicity are different; thus, future advanced form of doxorubicin may 

become useful to reduce cardiotoxic effects.92 Another approach of reducing the 

cardiotoxicity would be the targeted delivery to the cancer cells. Therefore, 

various types of nanocarriers have been prepared for doxorubicin delivery. The 

FDA-approved Dox (Doxil®, Lipodox®, Myocet®) formulations are being used for 

systemic administration in cancer treatments.93  

 

1.8.6 Methylene blue   

Methylene blue is a phenothiazine dye, regularly used in multiple staining 

procedures including Wright's stain and Jenner's stain. In addition, MB is a 

photosensitizer used to achieve photodynamic therapy after red light 

irradiation. The red light (600-700 nm) irradiation on MB generates singlet 

oxygen species and ROS. Clinically, MB has been used for many applications 

like methemoglobinemia and cyanide poisoning.94 MB has shown its 

effectiveness as a photodynamic agent against bacteria, virus, and cancer 

cells.95 Photodynamic therapy (PDT) of the A-549 (lung cancer) cells with MB 

has shown to induce apoptosis by decreasing the expression of anti-apoptotic 
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proteins, while generating ROS with alteration in mitochondrial membrane 

potential (MMP).96  

 

1.9 Evaluation of therapeutic potential on spheroids 

    Majority of the work related to drug delivery or cancer therapeutics has 

been done on 2D monolayer cells. Unfortunately, the monolayer system fails to 

achieve the complexity of the tumor in the body. Thus, to simulate the 

physiological properties of the 3D tumor, spheroids are being used.97 

Multicellular spheroids (MCS) are spherical 3D microstructures formed due to 

growth of the cells, similar to in-vivo tumor. Clustered cells grow in zone to 

form 3D spheroids giving them the complexity and environment similar to in-

vivo tumor.98 As this in-vitro tumor grows and cells at surrounding the core 

starts proliferating, it creates a hypoxic environment with low supply of the 

nutrient. In addition to hypoxic nature, cells at core become drug-resistant 

making it more suitable model for drug testing. Use of 3D scaffolds, hydrogels, 

or microfluidics based systems can help to achieve extracellular matrix 

deposition, thereby mimicking in-vivo tumor. The 3D arrangement of the cells 

in MCS, makes it possible to develop cell-cell junctions and the 

communications, which are otherwise difficult in 2D monolayer.99  
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Figure 1.13 Size-dependent localization and penetration of ultrasmall gold 

nanoparticles in cancer cell multicellular spheroids. [Reprinted with 

permission from reference 100. Copyright 2017, American Chemical Society]. 

 

MCS, due to their complex nature, are being used as a model sytem to study 

targeting and penetration ability of the nanocarriers.  Studies carried out to 

compare the size dependent penetration of the gold NPs confirmed that the 

penetrability of the NPs is inversely related to the size (Figure 1.13).100 

 

1.10 Key areas and scopes 

Literature review on cancer therapeutics, nano-based drug delivery system of 

Se and RBC membranes reveals the following potential areas of research:  

 Developing Selenium nanoparticles to deliver hydrophobic drugs to 

study the antiproliferative properties.  

 Designing Selenium nanocarriers to achieve targeted therapy to cancer 

cells.  

 Developing RBC membrane-based nanocarriers to treat hypoxic tumors.  

 Targeting drug or photosensitizer loaded RBC membrane-based 

nanocarriers towards cancer cells to achieve chemo or photodynamic 

therapy.   

1.11 Salient points of this thesis 

 Facile synthesis of the F-127 polymer-stabilized SeNPs was achieved for 

hydrophobic drug delivery to induce apoptosis mediated cell death in 

HeLa and MCF-7 cells.  
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 Folic acid receptor-targeted SeNPs were prepared to treat cancer cells 

overexpressing folic acid receptors. Blockage of the mutated gene 

signaling in MAPK pathway and targeted SeNPs resulted in synergistic 

cell death.  

 A method for coating of the PLGA NPs with RBC membrane was 

developed to prepare uniform membrane coated NPs.  

 Drug loaded and RBC membrane coated NPs showed prominent 

antiproliferative action on monolayer as well as on 3D spheroidal cells.  

 RBC membrane coating increased the delivery of curcumin and hypoxia-

activated drug (tirapazamine) in 3D spheroids of the A375 and MCF-7 

cells. This resulted in a significant reduction in cell viability. 

 Successful conjugation of the transferrin molecules on RBC membrane 

coated NPs resulted in high accumulation of NPs and drugs in cancer 

cells.  

 Increased delivery of the doxorubicin and methylene blue in cancer cells 

resulted in significantly improved chemo- and photodynamic therapy.   
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CHAPTER 2 

 

Development of novel nanocarriers (selenium-

based nanoparticles) for delivery of anticancer 

drugs. 

 

 
 

Chapter 2 focuses on preparation and characterization of paclitaxel loaded 

SeNPs (PTX-SeNPs). Functional ability of the PTX-SeNPs for antiproliferative 

action was studied. This chapter also explains the mechanism of apoptosis 

mediated cell death induced by PTX-SeNPs.     
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CHAPTER 2 

 

2.1 Introduction 

     Selenium functions as an essential micronutrient at a lower amount, 

whereas a higher dose for longer period might lead to selenosis.1,2 Fortunately, 

the issue of toxicity can be circumvented by using Se in nanoparticulate form, 

since SeNPs demonstrate a much broader window of beneficial and toxic doses 

as compared to other Se-based inorganic and organic compounds.3 Thus, 

SeNPs demonstrate the possibility of becoming an effective anticancer 

platform with reduced toxicity as compared to those associated with 

conventional metal (silver, copper, etc.) NPs. Surprisingly, researchers have 

started exploring the potential of SeNPs in anticancer application only 

recently.1,4 SeNPs, in this regard, have been shown to sensitize MCF-7 breast 

cancer cells towards doxorubicin by increasing activation of Akt.5 Decoration of 

SeNPs with 5-fluorouracil (5-FU) resulted in their improved uptake by cancer 

cells leading to synergistic activity with 5-FU.1 Moreover, Se-carbon 

nanocomposite has been prepared which showed reduced viability of malignant 

mesothelioma cells.6 

     Paclitaxel (PTX), a plant-derived alkaloid, has been used in chemotherapy 

of breast,7 ovarian,8 and cervical cancer.9 However, like most of the 

chemotherapeutic drugs, it is associated with significant drawbacks, including 

non-selective cytotoxicity and poor water solubility. In this regard, a promising 

approach could be the development of a SeNPs-based DDS for PTX, which can 

enhance the solubility of PTX, leading to its improved bio-availability. Besides, 

SeNPs – the nanocarriers in this DDS – could also contribute to the overall 

therapeutic efficacy of such a system.  

     In this chapter, the impact of the hydrophobic drug (PTX) loaded SeNPs on 

cancer cells has been delineated. Induction of apoptosis in treated cancer cells 

and the mechanistic pathway behind the apoptotic cell death caused by PTX-
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loaded Se NPs (PTX-Se NPs) was investigated with the evaluation of possible 

involvement of oxidative stress, altered mitochondrial membrane potential 

(MMP) and activation of effector caspases in the process. The idea has been 

schematically conceptualized in Scheme 2.1. 

 

 

 Scheme 2.1: Schematic representation of paclitaxel delivery to a cancer cell 

by selenium nanoparticles leading to generation of reactive oxygen species, 

membrane damage and activation of effector caspases for induction of 

apoptosis.  

 

2.2 Experimental Section  

2.2.1 Chemicals  

Selenium dioxide (SeO2), pluronic F-127, paclitaxel (PTX), ascorbic acid, 

Rhodamine B, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), 2’,7’-dichlorofluorescein diacetate (DCF-DA), propidium iodide (PI) and 

5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimi-dazolylcarbocyanine iodide (JC-

1) were purchased from Sigma-Aldrich and used as received. The PE rabbit 
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anti-active Caspase-3 (Catalog No. 550821) and FITC-Annexin V- PI assay kit 

were purchased from BD Biosciences.  

 

2.2.2 Cell Culture 

     Human embryonic kidney cells (HEK-293), lung cells (L-132), cervical 

cancer cells (HeLa), breast cancer cells (MCF-7), non-small lung carcinoma 

cells (A549) and colorectal adenocarcinoma cells (HT29) were purchased from 

National Centre for Cell Science (NCCS), Pune. All the cell lines were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin & streptomycin at 

37 °C in humidified air containing 5% CO2. 

 

2.2.3 Synthesis and characterization of selenium nanoparticles 

(SeNPs) 

     Synthesis of SeNPs was performed according to the method described by 

Wen Liu et al1 with slight modification. Stock solutions of Pluronic F-127 (2 

mM), selenium dioxide (100 mM) and ascorbic acid (1 M) were prepared freshly 

just before the experiment. To 8 mL of Milli-Q water, 1 mL of Pluronic F-127, 

and 0.5 mL of selenium dioxide solution was added. Then, 0.5 mL of ascorbic 

acid solution was added dropwise with continuous stirring on a magnetic 

stirrer. As reaction progressed, color of the reaction mixture was changed to 

orange-red indicating formation of SeNPs. The as-synthesized SeNPs were 

thoroughly washed with water by repeated centrifugation (20000× g, 20 min). 

UV-visible absorption spectra of the SeNPs was recorded with Perkin-Elmer 

Lambda 25 spectrophotometer. Hydrodynamic diameter (dH) and zeta 

potential (ζ) measurement were performed in Malvern Zeta Sizer Nano ZS. For 

TEM analysis, a colloidal suspension of SeNPs was drop cast onto a carbon-

coated copper grid and allowed to air dry. TEM images were captured with 

JEM 2100 (Jeol, Peabody, MA, USA) at 200 kV. Further structural 

characteristics of SeNPs were evaluated by FESEM and EDX. For this, SeNPs 
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suspension was drop cast on an aluminum foil coated coverslip and gold 

coating was done before analysis. Samples were prepared for atomic force 

microscopy (AFM) by drop-casting SeNPs suspension onto a glass coverslip. 

FTIR analysis of lyophilized SeNPs was carried out in a Perkin-Elmer 

Spectrum One spectrophotometer machine.  

 

2.2.4 Cellular uptake of SeNPs  

     SeNPs were labeled with fluorescent dye Rhodamine B by adding 100 µg of 

dye during the synthesis of SeNPs as mentioned above. Rhodamine B-loaded 

SeNPs were washed with water (centrifugation at 20000 rpm, 20 min) 

repeatedly to remove unbound dye. To observe cellular uptake, cells were 

incubated with fluorescent (Rhodamine B-labelled) SeNPs for 4 h and 

subsequently washed with PBS to remove any bound NPs. Cells were then 

fixed, counterstained with DAPI and observed under a confocal laser scanning 

microscope (ZEISS LSM 880) using ZEN 2 software. 

 

2.2.5 Loading of paclitaxel (PTX) onto SeNPs and its release 

     Paclitaxel was loaded by incubating the drug (180 µg) with 50 mL of SeNPs 

(5 mM) under continuous stirring for 4 h at room temperature. Paclitaxel-

loaded SeNPs (PTX-SeNPs) were separated by centrifugation (15,000 rpm), 

and the unbound drug was quantified by measuring the drug amount in the 

supernatant. The amount of paclitaxel in the loading or release media was 

quantified by measuring absorbance at 232 nm.10  Loading of paclitaxel onto 

SeNPs was calculated as: 
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     For drug release study, PTX-SeNPs were incubated in phosphate buffer 

saline (PBS, pH 7.4) and acetate buffer (pH 5) at room temperature. At regular 

interval, 0.5mL sample was withdrawn and centrifuged at 15, 000 rpm for 20 

min to separate the PTX-SeNPs. Absorbance (at 232 nm) of the supernatant 

was recorded to measure the PTX released in the buffer.  Centrifuged PTX-

SeNPs were again added into PTX-SeNPs buffer solution. 

 

2.2.6 Cytotoxicity assay 

     Cytotoxicity of SeNPs and PTX-SeNPs on HEK293, L132, HeLa, MCF-7, 

A549, and HT29 was studied by MTT assay.11 Briefly, cells were seeded at a 

density of 5×103 cells/well in 96 well plates. After 48 h of treatment with 

varying concentration of SeNPs and PTX-SeNPs, 80 µL of MTT (0.5mg/mL in 

DMEM) was added to each well and incubated for 3 hours. Thereafter, 150µL 

DMSO was added to each well. Absorbance was measured at 570 nm for 

dissolved formazon crystals and at 630 nm as reference.  

 

2.2.7 Cell cycle analysis  

     HeLa and MCF-7 cells were seeded at a density of 105 cells/well in 6 well 

plates and incubated for overnight. Synchronization of the cells was acquired 

by incubating them with serum-free media for 48 h. Subsequently, HeLa cells 

were treated with 4.35 µM (1/2 IC50), 8.7 µM (IC50), and 13 µM (3/2 IC50) of PTX-

SeNPs for 48 h. Similarly, MCF-7 cells were treated with 2.7 µM (1/2× IC50), 5.4 

µM (IC50), and 8.2 µM (3/2 IC50) of PTX-SeNPs for 48 h. On completion of the 

treatment, cells were harvested by trypsinization, fixed in 70% ethanol and 

incubated overnight at -20˚C. Next, the cells were treated with RNase A, 

stained with PI and analyzed in FACS Calibur (BD Biosciences, NJ, USA). 

 

2.2.8 Annexin V-PI apoptosis assay  

     HeLa and MCF-7 cells were seeded at a density of 105 cells/well in 6 well 

plates and incubated for overnight. After 48 h of treatment with PTX-SeNPs at 
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1/2 IC50, IC50, 3/2 IC50, cells were washed with PBS, trypsinized and were 

stained with Annexin V-FITC PI kit according to the supplier’s protocol. 

Stained cells were incubated for 10 min at room temperature and analyzed by 

flow cytometer (Cytoflex, Beckman Coulter).  

 

2.2.9 DCF-DA assay  

     Following treatment with PTX-SeNPs (at 1/2 IC50, IC50, 3/2 IC50) for 12 h, 

HeLa and MCF-7 cells were washed with PBS, harvested by trypsinization 

and resuspended into a 0.2 µM DCF-DA in PBS. Thereafter cells were 

incubated for 30 min at room temperature, pelleted down by centrifugation 

and resuspended in PBS for further analysis in FACS Calibur (BD Biosciences, 

NJ, USA). Data analysis was performed using FCS Express 5. 

  

2.2.10 JC-1 staining for mitochondrial membrane potential (MMP) 

    JC-1 is a cationic dye which enters in mitochondria and forms aggregates 

that fluoresces orange. However, the fluorescence changes to green (due to 

monomeric JC1) if the membrane potential decreases. HeLa and MCF-7 cells 

were treated PTX-SeNPs (at 1/2 IC50, IC50, 3/2 IC50) for 48 h, washed with PBS 

and stained with JC-1 (10µM) in DMEM for 30 min. JC-1 stained cells were 

observed immediately under a fluorescence microscope (Nikon Eclipse Ti-U, 

Tokyo, Japan). 

 

2.2.11 Caspase-3 assay 

      Phycoerythrin (PE) conjugated anti-active caspase-3 antibody (BD 

Biosciences, Clontech, Palo Alto, CA, USA) was used to estimate the cell 

population expressing active caspase 3 due to apoptosis. Cells treated with 

PTX-SeNPs (at 1/2 IC50, IC50, 3/2 IC50) for 48 h were collected by trypsinization 

and were fixed by using 4% formaldehyde for 10 min. Cells were permeabilized 

in 90% ice-cold methanol for 30 min. Thereafter cells were washed twice with 

incubation buffer (200 mg BSA in 100 mL 1X PBS). Staining was performed 
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with the required (according to manufacturer’s protocol) amount of the PE 

anti-active caspase-3 antibody for 30 min. After washing the stained cells twice 

with incubation buffer, they were analyzed in flow-cytometer (FACS Calibur, 

BD Biosciences, NJ, USA).  

 

2.2.12 Field emission scanning electron microscopy (FESEM) 

     To observe the morphologies of untreated and treated (with PTX-SeNPs at 

IC50) cells, cells were harvested, fixed in 70% ethanol, drop cast onto aluminum 

foil wrapped coverslip and air-dried. Then the cells were observed under 

FESEM (ZEISS SIGMA). 

 

2.3 Results and Discussions 

2.3.1 Synthesis and Characterization of SeNPs 

For stabilization of the SeNPs, Pluronic F-127 was used, which is a triblock 

copolymer consisting of poly (ethylene oxide) -poly (propylene oxide) -poly 

(ethylene oxide) (PEO-PPO-PEO) units. F-127 is a water-soluble, non-toxic, 

and FDA approved polymer for clinical applications.12 Repeating units of PEO 

(hydrophilic) and PPO (hydrophobic) in Pluronic F-127 provide this polymer 

with amphiphilic nature allowing it to cap both hydrophobic and hydrophilic 

surfaces.13 This intriguing property of Pluronic F-127 can be utilized to deliver 

hydrophobic as well as hydrophilic drugs inside the cells. The hydrophobic core 

of the F-127 stabilized SeNPs provides further advantage of loading poorly 

water-soluble drugs.14        

     For preparation of SeNPs, ascorbic acid was added dropwise to a mixture of 

selenous acid and pluronic F-127 under constant stirring. As the reaction 

progressed, the color of the reaction mixture gradually turned red, indicating 

the formation of SeNPs. The UV-visible absorption spectra (Figure 2.1A) of 

as-prepared SeNPs demonstrated characteristic absorbance peak around 261 

nm 15. Transmission electron microscopic (TEM) image of SeNPs (Figure 

2.1B) revealed almost spherical particles of 31.3 nm in average size (Figure 
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2.1C). The spherical morphology of the SeNPs was also evident in atomic force 

microscopy (AFM), as shown in Figure 2.1D. Elemental composition of as-

prepared SeNPs colloids, determined by EDX analysis (Figure 2.1E), 

confirmed the presence of elemental Se. Average hydrodynamic diameter (dH) 

of the SeNPs was found to be 74 nm in dynamic light scattering (DLS) 

measurements (Figure 2.1F). The dH of the SeNPs was found to be higher 

than the average particle size found in TEM (31.3 nm) analysis and could be 

due to the formation of hydration layer at SeNPs surface in aqueous 

dispersion. Interestingly, the optimum size range of nanomaterials for effective 

enhanced permeation and retention (EPR) being 20 – 100 nm 16, SeNPs 

qualified for potential passive targeting of chemotherapeutic payload in vivo.  

 

 

 

Figure 2.1 (A) UV-visible absorbance spectra (inset: digital photograph of 

SeNPs), (B) TEM image (scale: 50 nm) and (C) Size distribution of SeNPs 

calculated from TEM image. (D) AFM image of SeNPs. (E) EDX spectra of 

SeNPs confirming the presence of Se. (F) DLS measurements showing average 

hydrodynamic diameter of SeNPs to be 74 nm.  
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2.3.2 Internalization of the SeNPs by cells 

     Following this, preliminary experiments were carried out to investigate 

whether SeNPs could effectively be uptaken by the cancer cells or not. 

Pertaining to the uptake studies, SeNPs were fluorescently labeled with 

Rhodamine-B and subsequently incubated with HeLa and MCF-7 cells for 4 h. 

Fluorescence microscopic images of treated HeLa and MCF-7 cells (Figure 

2.2) demonstrated successful internalization of SeNPs by cells as evident from 

the red fluorescence of Rhodamine-B inside the cells. Interestingly, comparison 

with nuclear staining by DAPI revealed that the SeNPs mostly retained in the 

cytoplasm of the cancer cells following their internalization. 

 

Figure 2.2 Confocal microscopic images of HeLa (A) and MCF-7 (B) cells 

treated with Rhodamine B labeled SeNPs demonstrating internalization of 

SeNPs (red color) by the cells. Cell nuclei were stained with DAPI (blue). 

 

2.3.3 Drug Loading and release 

     PTX was loaded onto SeNPs by incubating the drug with SeNPs at room 

temperature for 4 h. PTX loaded SeNPs (PTX-SeNPs) were collected by 

centrifugation and thoroughly washed for further studies. Fourier transform 
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infrared spectroscopy (FTIR) spectrum of PTX-SeNPs (Figure 2.3A), when 

compared with that of SeNPs, revealed additional peaks at 1730 cm-1 due to 

carbonyl group confirming successful loading of PTX onto SeNPs.17 Drug 

loading efficiency of the SeNPs for PTX was estimated to be ~26%, which 

corresponded to 1.1 µM of PTX loaded onto SeNPs. Surface charge of the NPs 

plays an important role in their cellular uptake and distribution.18 Zeta 

potential (ζ) of the SeNPs was measured to be -15.4 mV (Figure 2.3B). 

Interestingly, loading of PTX resulted in the increase of the hydrodynamic 

diameter of SeNPs from 74 nm to 87 nm, possibly due to incorporation of the 

drug molecules on the surface of SeNPs. On the other hand, zeta potential 

changed from -15.4 mV in SeNPs to -28 mV in PTX-SeNPs indicating 

comparatively higher stability of the latter.1 PTX release from SeNPs was 

studied at pH 7.4 and pH 5 to mimic blood pH and acidic environment of the 

tumor respectively. Figure 2.3C showed PTX release profile in two different 

pH conditions, most of the PTX was released from nanoparticles within first 10 

h. Rate of drug release at pH 5 was higher as compared to pH 7.4, which is an 

advantage of this nanocarrier for releasing the drug in a tumor environment. 

 

 

 

Figure 2.3 (A) FTIR spectra of PTX-SeNPs(a), SeNPs(b) and F-127(c). (B) 

hydrodynamic diameter and zeta potential of PTX-SeNPs (as measured by 

DLS). (C) Drug release study at pH 5 and 7. 
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2.3.4 Cell Viability assays 

     In order to evaluate the anticancer efficacy of PTX-SeNPs in vitro, four 

different cancer cell lines – lung carcinoma (A549), ovarian carcinoma (HeLa), 

colon carcinoma (HT29) and breast carcinoma (MCF-7) – were treated with 

different concentrations of SeNPs, PTX, and PTX-SeNPs for 48 h. The viability 

assay (Figure 2.4, 2.5) indicated that SeNPs were able to inhibit the growth of 

cancer cells with IC50 values of 28.1 µM, 25.3 µM, 10.8 µM, and 12.1 µM in 

A549, HeLa, HT29 and MCF-7 cells, respectively. However, the anti-

proliferative efficiency was greatly enhanced after loading PTX as evident from 

the decrease in corresponding IC50 values (13.8 µM, 8.7 µM, 4.8 µM, and 5.4 

µM in A549, HeLa, HT29 and MCF-7 cells, respectively) in all the four cancer 

cell lines (Figure 2.4, 2.5). Most importantly, as evident from Table 2.1, the 

amount of PTX present at the IC50 concentrations of PTX-SeNPs were much 

less than IC50 concentrations of free PTX for A549, HT29 and MCF-7 cells; 

while both being almost comparable in HeLa cells. Overall, the results of MTT 

assay indicated the improved antiproliferative efficacy of PTX following its 

loading onto F-127-stabilized SeNPs. From the results shown in Figure 2.5 

and Table 2.1, SeNPs and PTX-SeNPs were observed to inhibit the 

proliferation of normal cells (HEK293 and L132) also in almost similar fashion 

as that of cancer cells. However, the SeNPs and/or PTX-SeNPs could be 

targeted to cancer cells specifically by suitable (active or passive) targeting.19,20 

 

Table 2.1 IC50 concentrations of SeNPs, PTX and PTX-SeNPs.  

 SeNPs PTX-SeNPs Free PTX 

 IC50 Se amount at IC50 PTX amount 

at IC50 

IC50 

HeLa 25.3 ±3.2 µM 8.7 ±1.8 µM 2.0±0.5 nM 3.4±0.1  nM 

A549 28.1 ±2.6 µM 13.8 ±2.1 µM 3.1 ±0.8 nM 14.5±0.1 nM 

HT29 10.9 ±2.1 µM 4.8±1 µM 1.1 ±0.25 nM 13.4±0.2 nM 

MCF-7 12.2 ± 1.5 µM 5.4±1.6 µM 1.2 ± 0.2nM 9.2±0.3 nM 

HEK 21.9 ±3.7 µM 9.7±1.8 µM 2.2 ±0.4 nM 8.3±0.1 nM 

L132 65.0 ±5.4 µM 12.7±2.2 µM 2.8 ±0.24 nM 4.8±0.1 nM 
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Figure 2.4 Cell viability of (A) HeLa, (B) A549 and (C) MCF-7 cells following 

treatment with SeNPs, PTX-SeNPs, and PTX for 48 h. 
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Figure 2.5 Cell viability of (A) HT29, (B) HEK-293 and (C) L-132 cells 

following treatment with SeNPs, PTX-SeNPs, and PTX for 48 h. 

 

2.3.5 Cell Cycle analysis 

     The significant anti-proliferative activity shown by PTX-SeNPs against 

cancer cells was further pursued by checking the cell cycle distribution in 

HeLa and MCF-7 cells following their treatment with the drug-loaded NPs for 

48 h. Summary of the flow cytometric analysis of cell cycle progression, 
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depicted in Figure 2.6, clearly revealed that treatment of HeLa and MCF-7  

cells with PTX-SeNPs resulted in cell cycle arrest in G2/M phase in a dose-

dependent manner with a concomitant decrease in G1 population. For example, 

G2/M population increased from 3.8% in non-treated cells to 16.5%, 21.6% and 

23.4% in HeLa cells treated with 4.35 µM (1/2 IC50), 8.7 µM (IC50), and 13 (3/2 

IC50) µM of PTX-SeNPs, respectively. Similarly, PTX-SeNPs-treated MCF-7 

cells demonstrated 19%, 20.3%, 29.4% of population in G2/M as compared to 

that of 15.7% in control non-treated cells. It may be mentioned here that PTX 

is known to cause G2/M cell cycle arrest – by binding to β subunit of 

microtubulin – and eventually induce apoptosis in breast and ovarian cancer 

cells.21 To this end, the effective G2/M arrest in treated HeLa and MCF-7 cells 

in the present study confirmed the successful delivery and subsequent release 

of PTX inside the cancer cells by SeNPs.  

 

 

Figure 2.6 PTX-SeNPs induces G2/M arrest in HeLa (A) and MCF-7 (B) cells 

after treatment.  

 

2.3.6 Apoptosis study 

     The extent of apoptosis in PTX-SeNPs treated HeLa, and MCF-7 cells was 

quantified by Annexin V-PI assay. Flow-cytometric analysis (Figure 2.7) of 
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the FITC-Annexin V-PI stained cells revealed efficient induction of apoptosis 

by PTX-SeNPs with apoptotic population of ~61% and ~28.2% in IC50 treated 

HeLa and MCF-7 cells, respectively. It was also evident from Figure 2.7 that 

the necrotic population did not increase significantly (<2.5% increase) in both 

the cell lines as a result of PTX-SeNPs treatment. This essentially indicated 

the potential of PTX-SeNPs in killing cancer cells without deleterious effects of 

necrotic cell death, desirable for effective cancer therapy. 

   

 
 

Figure 2.7 FITC-Annexin V – PI based flow-cytometric determination of 

apoptosis in HeLa (A, B) and MCF-7 (C, D) cells treated with different 

concentrations of the PTX-SeNPs. 

 

     FESEM analysis of PTX-SeNPs treated cells (Figure 2.8) also 

demonstrated characteristic membrane blebbing indicating apoptosis in 

treated cells.  
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Figure 2.8 FESEM images showing cell morphology after treatment with IC50 

concentrations of PTX-SeNPs for 48 h. 

 

2.3.7 Mechanism of Apoptosis 

     Increased level of ROS has been reported to constitute the early events 

leading toward apoptosis in most of the anticancer drug mechanism of actions 

including PTX.22 Furthermore, SeNPs have also been demonstrated to induce 

oxidative stress in human liver hepatocellular carcinoma (HepG2) and skin 

malignant melanoma (A375) cells.4 In this regard, to measure intracellular 

ROS levels, treated cells were stained with DCF-DA dye and subsequently 

analyzed by flow cytometry.23 In the cellular environment, non-fluorescent 

DCF-DA dye is first cleaved by esterases and oxidized by ROS to produce 

green fluorescent 2,7-dichlorofluorescein. Flow cytometric analysis of HeLa 

and MCF-7 cells, following their treatment with PTX-SeNPs (at 1/2 IC50, IC50, 

and 3/2 IC50), showed increased ROS levels than corresponding untreated cells 

(Figure 2.9).  
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Figure 2.9 Result of DCF-DA based-flow-cytometric assay for detecting ROS 

in PTX-SeNPs treated (A, B) HeLa and (C, D) MCF-7 cells. 

 

High levels of the ROS have detrimental effects on several intracellular 

components including mitochondria. Oxidative stress in cells, due to ROS, 

damages mitochondrial membrane resulting in alteration of mitochondrial 

membrane potential (MMP).24,25 

     The changes in MMP in the present study were probed by JC-1 dye, which 

fluoresces red in healthy mitochondria due to the formation of J-aggregates 

while emitting green fluorescence in damaged (depolarized) mitochondria.26 

Fluorescence microscopic images of JC-1 stained cancer cells demonstrated 

healthy mitochondria in non-treated cells as evident from the predominance of 

red fluorescence in Figure 2.10A, B. However, the appearance of green 

fluorescence in treated HeLa and MCF-7 cells indicated depolarization of 

mitochondria as a result of PTX-SeNPs treatment. Interestingly, the number 

of cells with damaged mitochondria (appeared as green dots) increased with 

increasing dose of PTX-SeNPs especially at IC50 or more. 
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Figure 2.10 JC-1 staining showing the damage in mitochondrial membrane in 

PTX-SeNPs treated (A) HeLa and (B) MCF-7 cell lines. (C) Flow cytometric 

detection of the active caspase-3 in untreated and PTX-SeNPs treated HeLa 

cells. 

  

     Changes in the MMP due to damage in mitochondrial membrane results in 

the secretion of cytochrome c into the cytoplasm. This, in turn, leads to the 

activation of caspases, a family of proteases playing a significant role in 

apoptosis 27. Among several caspases, caspase-3 is one of the frequently 

activated effector caspases that function downstream in apoptotic pathway. 

Activation of caspase-3 in HeLa cells after treatment with PTX-SeNPs was 

studied. As evident in Figure 2.10C, a dose-dependent increase in the 

activation of the caspase-3 was observed in HeLa cells, indicating the 

involvement of effector caspases in PTX-SeNPs mediated apoptosis. Taken 

together, the present experimental results demonstrated PTX-Se NPs-

mediated oxidative stress and subsequent destabilization in MMP and 
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activation of effector caspases leading to efficient apoptotic cell death in 

treated cancer cells. 

 

2.4 Conclusion 

In conclusion, Pluronic F-127 stabilized SeNPs were prepared and used for the 

successful delivery of the chemotherapeutic drug, PTX to various cancer cells. 

The PTX-loaded SeNPs have demonstrated to mount a significant anti-

proliferative response in cancer cells by arresting the treated cells at the G2/M 

phase of the cell cycle in a dose-dependent manner. Further analyses in breast 

(MCF-7) and cervical cancer (HeLa) cells revealed efficient induction of 

apoptosis. Generation of oxidative stress in the form of ROS due to treatment 

with PTX-SeNPs and subsequent damage in mitochondrial transmembrane 

potential leading to activation of effector caspases have been shown to play an 

important role in apoptotic cell death in treated cancer cells. The efficient 

apoptosis in various cancer cells induced by the present PTX-SeNPs, with 

appropriate targeting scheme might lead to development of potential anti-

cancer strategies.  
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CHAPTER 3 

 

Combination therapy with MAPK pathway 

specific inhibitor and folic acid receptor 

targeted selenium nanoparticles 

 

In Chapter 3, a selective and targeted therapy has been designed to 

annihilate MDAMB231 (breast cancer) and A375 (melanoma) cancer cells. 

These cells have high expression of folic acid receptor (FAR) and mutations 

in RAS and BRAF genes in MAPK signaling pathway. The combination 

therapy module involved FAR-targeted SeNPs (FA-SeNPs) and MAPK 

inhibitor PD98059 (PD98). 

 

ACS Biomaterials Science & Engineering, 2019, 5, 5, 2222- 2234. 
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CHAPTER 3 

3.1 Introduction 

     Targeted delivery of anti-cancer drugs is of paramount importance for 

successful cancer treatment as it helps in improving the overall therapeutic 

efficacy by minimizing the ‘bystander’ killing of normal cells caused by non-

specific cytotoxicity associated with the majority of chemotherapeutic drugs.1 

Current methods of tumor targeting are mostly based on differential protein 

expression in cancerous cells. Folic acid or Vitamin B9 (FA), being essential in 

DNA synthesis, plays a crucial role in cell growth and cell division.2 Cancer 

cells, not surprisingly, need a higher amount of folic acid than normal cells in 

order to maintain their characteristic rapid uncontrolled proliferation. 

Overexpression of folic acid receptor (FAR) is, indeed, one of the prominent 

features of many cancer types including ovarian, lung, and breast cancer.3–5 

Thus, exploiting FAR-overexpression has become one of the effective 

approaches for targeted chemotherapy and/or diagnostics. To this end, FA-

decorated drug delivery systems have been demonstrated to deliver 

therapeutic payload selectively to cancer cells.6–10  

     Knowledge of the molecular signaling pathways and the availability of 

pathway inhibitors could be exploited to combat tumor progression effectively. 

Mitogen-activated protein kinase (MAPK) pathway is one of the important 

signaling cascades involved in proliferation, differentiation and developmental 

processes. RAS and RAF are the most widely mutated genes in the MAPK 

pathway. RAS (N-RAS, K-RAS, and H-RAS) mutations are associated with the 

skin, pancreatic, colon and ovarian cancers.11 Similarly, BRAF is downstream 

of RAS and mutation in BRAF also causes excessive proliferation of cells seen 

in breast, colon and skin cancers.12 The altered signaling, due to a mutation in 

the genes involved in the pathway, can be blocked by using pathway 

inhibitors. Consequently, the interest in small molecule kinase inhibitors is 

progressively increasing due to their inherent tumor-targeting nature.  
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With respect to cancer treatment, monotherapies involving 

chemotherapeutic drugs or small molecule kinase inhibitors suffer from the 

fact that the sensitivity of most of these drugs and kinase inhibitors decrease 

over the treatment period leading towards drug-resistance by cancer cells. In 

order to fight against the changing nature of a tumor due to the complex 

signaling pathways, researchers are always in quest of the newer drug 

combination which can kill a tumor synergistically.13 In this regard, the advent 

of nanotechnology has provided with a plethora of various nanoparticles (NPs) 

that can be used as a delivery system of conventional anti-cancer drugs leading 

to better efficacy of the latter. Moreover, in addition to carrying drug payload, 

some NPs further possess potential therapeutic response of their own. As seen 

in previous chapter, selenium nanoparticles (SeNPs) showed antiproliferative 

action against cancer cells. Established synthesis protocols allow the 

preparation of SeNPs suitable for various purposes while targeting can be 

achieved by conjugating appropriate targeting ligand on the polymer used for 

stabilization of the SeNPs.  

     In this chapter, more selective and targeted therapy for the tumor cells has 

been investigated (Scheme 3.1). MDA-MB-231 (breast cancer) cells have 

G13D and G464V mutations in RAS and BRAF genes, respectively, while A375 

(melanoma) cells possess V600E mutations in BRAF.14,15 These mutations 

cause constitutive activation of the MAPK pathway which leads to 

uncontrolled proliferation and cancerous growth of MDA-MB-231 and A375 

cells. To this end, a combination therapy involving FAR-targeted SeNPs (FA-

SeNPs) and MAPK inhibitor PD98059 (PD98) was evaluated. Flow-cytometric 

and confocal microscopic experiments were performed to study the 

internalization of FA-SeNPs by cancer cells, while viability assays were 

carried out to evaluate the therapeutic potential of the present combination 

module. Moreover, the mode of cell death and effects on the cell cycle in 

treated cells were investigated by flow cytometry, electron microscopy, 

fluorescence microscopy, and Western blot analyses. Finally, the capability of 
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the proposed combination module in reducing the size of 3D cancer spheroids 

was also explored in order to assess its potential in treating a tumor in vivo. In 

addition to the folate receptor-targeted FA-SeNPs, the characteristic RAF-

mutation in cancer cells has also been targeted by employing MAPK pathway 

inhibitors, which block the excessive signaling to bring about enhanced and 

selective anti-proliferation response in cancer cells. 

 

 

 

Scheme 3.1: Schematic representation of the combined therapeutic module 

consisting of folic acid targeted selenium nanoparticles and PD98 for inducing 

apoptosis in BRAF-mutant cancer cells.   
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3.2 Experimental Section 

3.2.1 Chemicals 

     Folic acid (FA), chitosan (CS), 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), N-hydroxysuccinimide (NHS), dimethyl sulfoxide 

(DMSO), 2′,7′-Dichlorodihydrofluorescein diacetate (DCFDA), 5,5',6,6'-

Tetrachloro-1,1',3,3'-tetraethylbenzimidazolocarbocyanine iodide (JC-1), 

PD98059, Rhodamine B, and selenium dioxide (SeO2) were purchased from 

Sigma-Aldrich. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide), p-nitrophenyl phosphate (pNPP) and sodium acetate were purchased 

from Himedia (India). SYBR green was purchased from Bio-Rad Laboratories.  

Anti Cox IV (Cat. No. 4850), anti-caspase-3 (Cat. No. 14220), anti-cleaved 

caspase-3 (Cat. No. 9664), anti-PARP (Cat. No. 9542), and anti-cleaved PARP 

antibodies (Cat. No. 5625) were purchased from Cell Signaling Technology.   

 

3.2.2 Cell culture 

     Human malignant melanoma (A375), breast adenocarcinoma (MDA-MB-

231) and lung cells (L132) were purchased from National Centre for Cell 

Science, Pune, India. All cell lines were maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum 

and 1% penicillin-streptomycin at 37 °C in humidified air containing 5% CO2. 

 

3.2.3 Conjugation of folic acid to chitosan 

     Conjugation of FA to CS was performed according to the protocol described 

by Yang et al. 16 with slight modification. Briefly, FA, EDC, and NHS were 

dissolved in DMSO, these mixtures were added dropwise to CS solution (0.5% 

w/v) and stirred for 24 h in the dark. The resultant product was precipitated 

by adding sufficient NaOH to adjust pH 8, washed with water, collected by 

centrifugation and dialyzed against water to remove residual reactant. The 

yellow precipitate was subjected to lyophilization for further use. As the 

number of FA molecules on the surface of NPs can affect their cellular uptake, 
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FA-CS with increasing density of FA were prepared by reacting CS with 

increasing concentrations of FA as mentioned in Table 3.1. Amount of FA 

conjugated on CS was estimated by UV-visible spectrophotometry from a 

standard curve for FA. To study the release of FA from FA-CS, FA-CS solution 

was dialyzed against water for 10 days. Released FA in water was quantified 

on Day 1, 2, 5 and 10. Conjugation of FA to CS was also confirmed by FTIR 

analysis with Perkin-Elmer Spectrum One spectrophotometer.  

 

3.2.4 Synthesis and characterization of FA-SeNPs 

     FA-CS coated SeNPs (FA-SeNPs) were synthesized according to the 

protocol described by Liu et al. with slight modification.17 To find sufficient 

amount of the FA-CS required to produce stable and uniform NPs, SeNPs were 

synthesized in presence of different concentrations of FA-CS. Briefly, 1 ml of 

H2SeO3 (100 mM) and 1 ml of FA-CS (0.03-0.024%w/v) were mixed with 17 ml 

water for 20 min. The ascorbic acid solution was added dropwise to the above 

mixture with continuous stirring. The reaction mixture was allowed to stir for 

24 h. FA-SeNPs were centrifuged at 20000 g for 20 min at 4 °C.                         

     Hydrodynamic diameter and polydispersity index were monitored in 

Malvern Zetasizer for each FA-CS concentration used to prepare FA-SeNPs. 

For transmission electron microscopy (TEM) analysis, FA-SeNPs were drop 

cast on the carbon-coated copper grid, dried and analyzed in JEM 2100 (Jeol, 

Peabody, MA, USA) at 200 kV. For field emission scanning electron microscopy 

(FESEM) analysis, synthesized nanoparticles were allowed to dry on an 

aluminum foil-coated coverslip and observed under a microscope (Zeiss, 

Sigma). X-ray diffraction studies were performed to study the crystalline 

nature of prepared FA-SeNPs. Chemical states of thermogravimetric (TGA) 

and differential scanning calorimetry (DSC) measurements were performed in 

thermogravimetric system (Netzsch). About 5 mg of SeNPs and FA-SeNPs 

were analyzed in a nitrogen environment from 0 °C to 1100 °C.  
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3.2.5 Gene expression studies 

     To confirm the mutations in BRAF genes, amplification refractory mutation 

system based polymerase chain reaction (ARMS-PCR) was carried out using 

method described by Machnicki et al.18 For ARMS-PCR, genomic DNA from 

cells (L132 and A375) were amplified with three primers (Table 3.3). One of 

the primers was mutation specific primer which would give the additional 

product only in the presence of T1799A mutation (V600E) in BRAF gene. PCR 

was run with initial melting at 95 °C for 15 min, 40 cycles of 94 °C for 40 sec, 

61 °C for 40 sec and 72 °C for 40 sec followed by final extension at 72 °C for 5 

min. PCR products were separated on 2% agarose gel. Quantitative analysis of 

the folic acid receptor was done by real-time PCR. RNA was isolated from 

healthy L132, MDA-MB-231, and A375 cells, and was employed for cDNA 

synthesis. SYBR green-based real-time PCR reaction was run using primers 

for GAPDH and FAR. Expression of the Bax, Bcl-2 and Bcl-xL genes in treated 

cells was studied by semi-quantitative PCR, using gene-specific primers 

(Table 3.3).    

 

3.2.6 Mechanism of the internalization of the FA-SeNPs 

     Rhodamine B, a fluorescent dye was added during the synthesis of FA-

SeNPs. These dye-loaded nanoparticles (RhB-FA-SeNPs) were centrifuged at 

20000 g for 20 minutes at 4 °C. Cells were incubated with RhB-FA-SeNPs for 6 

h for internalization at 37 °C. Stability of the dye on FA-SeNPs in culture 

medium was studied by incubating dye loaded- FA-SeNPs at 37 °C. At 

different time points (upto 28 h), FA-SeNPs were centrifuged and % of the dye 

amount on the NPs was calculated after taking the fluorescence at 590 nm. 

For flow cytometry, cells were trypsinized, resuspended in PBS and analyzed 

in cytometer (Cytoflex, Beckman Coulter). For confocal imaging, following 

incubation with RhB-FA-SeNPs, cells were washed twice with PBS, stained 

with DAPI and imaged in LSM 880 microscope (ZEISS). Quantitative analysis 

of FA-SeNPs uptake was performed on 96 well plates, where cells were 
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initially treated with endocytosis inhibitors and then FA-SeNPs.17 To confirm 

whether uptake of the FA-SeNPs occurs via interaction of FAR, a control 

sample was kept where cells were treated with a high amount of the FA (1 

mM) to saturate FAR and then FA-SeNPs were added. To confirm the active 

targeting, uptake after sodium azide as well as uptake at 4 °C was recorded. 

To find out the uptake mechanism of the FA-SeNPs inside the cells, 

chlorpromazine and hypertonic sucrose were used as an inhibitor of clathrin-

mediated pathway while caveolae-mediated pathway was blocked by methyl-β- 

cyclodextrin.   

 

3.2.7 Cell proliferation assays 

     MTT assays were carried out on A375, MDA-MB-231, and L132 cells to 

study cell viability for different treatment groups. Initially, antiproliferative 

potential of SeNPs, PD98, and FA-SeNPs was studied on these cells. For 

combination therapy, groups followed were:  (i) PD98 pretreatments for 10 h 

followed by treatment with FA-SeNPs for 48 h (PD98FA-SeNPs) and (ii) 

PD98 in combination with FA-SeNPs for 48 h (PD98+FA-SeNPs). Similar MTT 

assays were performed to study the effect of DMSO (solvent for PD98) where 

cells were pre- or co-treated with equal volume of DMSO (0.1% v/v) along with 

FA-SeNPs instead of PD98.  

 

3.2.8 Annexin V-FITC PI assay 

     Apoptotic cell population was estimated on flow cytometer by using an 

apoptosis assay kit (BD Biosciences). Cells were processed according to the 

supplier’s protocol and analyzed in Cytoflex (Beckman Coulter) instrument. 

MDA-MB-231 and A375 cells were treated with DMSO, PD98 at 10 µM, FA-

SeNPs at 20 µM (FA-SeNPs@20) and FA-SeNPs at 100 µM (FA-SeNPs@100) 

for 48 h. Also for combination studies, treatments were given as- 10 µM PD98 

for 10 h followed by FA-SeNPs at 20 µM for 48 h (PD98FA-SeNPs@20) and 
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combination of 10 µM PD98 with FA-SeNPs at 20 µM (PD98+FA-SeNPs@20). 

Data analysis and compensation was performed in Flowjo software.   

 

 

3.2.9 Cell cycle analysis 

     Propidium iodide (PI) based cell cycle assay was performed to study the 

effect of combination treatment of PD98 and FA-SeNPs. Briefly, 105 cells were 

seeded, cells were synchronized with serum-free media for 36 h. Thereafter, 

cells were treated (PD98FA-SeNPs@20 and PD98+FA-SeNPs@20), fixed in 

70% ethanol, RNase-treated and stained with PI. Stained cells were analyzed 

in a flow cytometer (Cytoflex, Beckman Coulter). 

 

3.2.10 Western Blots 

     MDA-MB-231 and A375 cells were treated as mentioned above and cells 

were lysed in RIPA buffer. Cellular proteins were isolated in a cold 

environment. An equal amount of the proteins from cell extracts were run on 

SDS-PAGE and were further transferred to PVDF membrane. Membranes 

were blocked with blocking buffer (4% BSA in TBST), primary antibodies were 

added and incubated for 12 h. After washing and incubation with secondary 

antibody, the chemiluminescent reagent was added and blot images were 

captured in ChemiDoc (Bio-Rad).  

 

3.2.11 Surface morphology by FESEM 

     For observing the morphological changes in the cell membrane, cells were 

treated, trypsinized and fixed with 70% ethanol. A single drop of each sample 

was placed over an aluminum foil coated coverslip. After drying, cells were 

observed under a FESEM microscope (Zeiss, Sigma). 
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3.2.12 Nucleus staining and comet assay 

     To study the nuclear morphology, treated cells were fixed with 4% 

formaldehyde, stained with the Hoescht-33423 solution in PBS (0.2 µg/ml). 

After appropriate washing to remove the residual dye, cells were observed 

under a fluorescence microscope (Nikon Eclipse Ti-U, Tokyo, Japan). Alkaline 

lysis and electrophoresis method was utilized to study the single and double-

stranded DNA breaks in individual cells.19 Treated and untreated cells were 

mixed with the low gelling agarose at 40 °C and were placed onto agarose 

coated glass slides at the density of 6000 cells/slide. Completely gelled slides 

were subjected to alkaline lysis overnight at 4 °C in the dark. Electrophoresis 

was performed for 30 min and slides were stained with PI for 20 min at room 

temperature. Excess PI was washed off and slides were analyzed under a 

fluorescence microscope (Nikon Eclipse Ti-U, Tokyo, Japan). 

 

3.2.13 DCFDA and JC-1 staining 

     Reactive oxygen species in treated cells were detected using DCFDA-based 

flow cytometric assay.20 Cells were incubated with 10µM of DCFDA for 30 min, 

treated for 12 h for all treatments, except PD98SeNPs@20, where PD98 was 

added to cells for 10 h before incubating with FA-SeNPs@20 for 12 h. Treated 

cells were trypsinized and immediately analyzed on a flow cytometer to collect 

green fluorescence. Mitochondrial staining was performed with JC-1 dye, 

where cells were treated for 48 h, after completion of treatment, JC-1 dye 

(10µM) was added in each well for 20 min. Stained cells were trypsinized and 

analyzed in a flow cytometer, fluorescence was collected in the red and green 

channel. Data analysis was performed in FlowJo software. 

 

3.2.14 FA-SeNPs uptake, growth and viability of MDA-MB-231 

spheroids 

     For spheroid formation, MDA-MB-231 cells were seeded at a density of 

2x104 cells/well in agarose pre-coated 96 well plate. Plates were centrifuged at 
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1000 x g for 10 min to form cell aggregates and incubated for 3 days for 

spheroid growth. Following appropriate treatment as mentioned, acid 

phosphatase assay was carried out to estimate the viability. Briefly, spheroids 

were treated with PD98, FA-SeNPs@20, and FA-SeNPs@40 (40 µM of FA-

SeNPs) for 48 h. For combination module, PD98FA-SeNPs@20, PD98+FA-

SeNPS@20, PD98FA-SeNPs@40 and PD98+FA-SeNPS@40 treatments were 

given for 48 h. Subsequently, spheroids were carefully transferred to another 

96 well plate, centrifuged and 200 µl assay buffer (0.1M sodium acetate, 0.1% 

TritonX and 2 mg/ml pNPP) was added in each well. After 4 h incubation, 

absorbance was measured at 405 nm in the Tecan multiplate reader.21  

To study the penetrability of NPs, MDA-MB-231 spheroids were treated with 

Rhodamine-B loaded SeNPs and FA-SeNPs for 6 h, and observed under 

confocal microscope. Live-dead staining was performed to get an idea about 

cell death after treatment for 48 h. Spheroids were treated with PD98FA-

SeNPs@40 and PD98+FA-SeNPs@40, after 48 h treatment, spheroids were 

stained with Calcein-AM (live cell stain) and PI. Z stacking was performed in a 

confocal microscope to visualize the live and dead cells in spheroids.  

 

3.3 Results and Discussions 

3.3.1 Preparation and characterization of FA-conjugated SeNPs 

     FAR-targeting was achieved by decorating FA on the surface of SeNPs. 

Initially, FA was conjugated to chitosan (CS) by well-established amine 

coupling reaction.22 Presence of FA in FA-CS was confirmed by taking UV-

visible absorption spectrum of FA-CS (Figure 3.1A), which demonstrated a 

characteristic peak at 285 from FA.23 Table 3.1 showed the amount of FA in 

FA-CS conjugates as estimated by spectrophotometry. At lowest FA:CS w/w 

ratio i.e. 0.25 (FA1-CS), FA-conjugation was found to be 36.2%. As amount of 

FA added to the reactions increased, increase in the % FA-conjugation was 

observed till 0.88 w/w FA:CS (FA4-CS). Adding more amount of the FA, as 

mentioned in FA5-CS, did not result in the increased FA-conjugation. 
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Consequently, FA4-CS was used to prepare FA-SeNPs for further experiments 

and referred as FA-CS, if not specifically mentioned otherwise. Conjugation of 

FA to CS was confirmed by FTIR spectroscopy (Figure 3.1B). The FTIR 

spectrum of FA showed characteristic absorption peaks at 1488 cm-1 and 1604 

cm-1 due to stretching vibrations of C=C in the aromatic ring.23 CS, in FTIR 

spectrum, demonstrated the typical peak at 1600 cm-1 with a shoulder around 

1660 cm-1 corresponding to N-H bending and C=O stretching, respectively.24 

Along with this, FA-CS was observed to display new peaks at 1640 cm-1 and 

1609 cm-1 due to the amidation between free NH of CS and COOH of FA and 

the presence of the benzene ring from FA, respectively.23,25 The release of FA 

from FA-CS conjugate was measured in order to study the stability of FA-CS 

conjugation. Over a period of 10 days at room temperature, no release of FA 

was observed (Figure 3.1C). 

 

Table 3.1 Conjugation of CS with different concentrations of FA. 

Abbreviation FA:CS ratio 

(w/w) 

% of FA 

conjugated 

FA1-CS 0.25 36.2 

FA2-CS 0.5 31.8 

FA3-CS 0.75 23.2 

FA4-CS 0.88 22.9 

FA5-CS 1.5 13.3 

 

     FA-CS was used to prepare FA-SeNPs with an appropriate polydispersity 

index (PDI) by following previously reported method. FA-SeNPs were prepared 

at varying concentrations of FA-CS and corresponding hydrodynamic diameter 

(dH) as well as PDI were recorded in dynamic light scattering (DLS) 

instrument. Figure 3.1E and Table 3.2 demonstrated that dH and PDI of the 

FA-SeNPs were in the range of 72 nm - 96 nm and 0.06-0.18, respectively. 

Since PDI of FA-SeNPs prepared at all the FA-CS concentrations were in the 
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acceptable range (0.1-0.4) considered for monodispersed particles, the ones 

prepared at 0.015% of FA-CS were chosen for further studies. These FA-SeNPs 

demonstrated an average dH of 72 nm and zeta potential (ζ) of −9.9 mV 

(Figure 3.1E, 3.2A). The FTIR spectrum of FA-SeNPs (Figure 3.1B) retained 

the peaks observed in FA-CS at 1600 cm-1 for N-H bending in CS as well as 

aromatic moiety of FA whereas the peak at 1640 cm-1  for amide bond was 

shifted to 1699 cm-1.23 

 

 

 

Figure 3.1 (A) UV-visible absorption spectra of CS, FA-CS, and FA. (B) FTIR 

spectra for CS, FA, FA-CS and FA-SeNPs, (C) % of FA retention in FA-CS 

conjugate calculated with a UV-visible spectrometer. (D) Photograph of FA-

SeNPs suspension, (E) Hydrodynamic diameter for FA-SeNPs synthesized 

with different concentrations of FA-CS. 
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Table 3.2 Mean hydrodynamic diameter and PDI of FA-SeNPs synthesized with 

different concentrations of FA-CS. 

 

 

 

 

 

 

 

 

 

Figure 3.2 (A) Zeta potential (ζ) for FA-SeNPs, (B) TEM image showing 

spherical and dispersed FA-SeNPs (scale bar: 100 nm). (C) Average size of FA-

SeNPs calculated from TEM micrograph. (D) FESEM image for FA-SeNPs 

(Scale bar: 200 nm). 

 

% FA-CS Mean Diameter PDI 

0.003 96.3 ± 0.8 0.111 ± 0.015 

0.006 85.8 ± 1.7 0.063 ± 0.055 

0.009 75.6 ± 0.8 0.125 ± 0.043 

0.012 79.7 ± 1.0 0.207 ±  0.060 

0.015 72.0 ± 1.7 0.142 ± 0.040 

0.018 76.6 ± 2.0 0.169 ± 0.062 

0.021 92.8 ± 3.3 0.188  ± 0.038 

0.024 74.3 ± 0.5 0.068  ± 0.040 
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Nanoparticles in the size range of 10-200 nm are considered excellent to 

attain successful enhanced permeability and retention (EPR) effect implying 

the potential of the present FA-SeNPs for passive targeting in vivo.26 TEM 

analyses confirmed that well-dispersed spherical FA-SeNPs were synthesized 

(Figure 3.2B). From the TEM image, the average size of the FA-SeNPs was 

found to be 54 ±8 nm (estimated based on 100 NPs, Figure 3.2C), less than 

that obtained in DLS. The larger size reordered in DLS was due to the fact 

that, unlike TEM, DLS probes dH of the FA-SeNPs in the hydrated state with 

the hydration layer being taken into consideration. TEM results were also 

supported by FESEM analysis (Figure 3.2D) showing non-aggregated round 

nanoparticles. Further, EDX analysis (Figure 3.3A) confirmed the presence of 

Se in the sample. Crystalline nature of the lyophilized FA-SeNPs was studied 

with X-ray diffractometer (Figure 3.3B). XRD peaks 2θ below 30° indicates 

the FA-SeNPs were in amorphous or nano-crystalline. Phase analysis results 

revealed that selenium was present in the trigonal phase with lattice 

constants a= 4.3662 Å and c= 4.9536 Å.27 The binding-energy profiles of both 

SeNPs and FA-SeNPs (Figure 3.3C), measured by X-ray photoelectron 

spectroscopy (XPS), showed characteristic peaks at 54.05eV (Se3d) confirming 

the valence of Se to be zero as well as the binding energy of Se3d to remained 

unaffected following FA decoration of the SeNPs. 
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Figure 3.3 (A) EDX spectra showing Se peaks. (B) XRD analysis of FA-

SeNPs. (C) XPS measurements for SeNPs and FA-SeNPs. TGA analysis of the 

FA-SeNPs (D) and SeNPs (E).    

 

Thermal stability of the prepared SeNPs and FA-SeNPs was studied by 

thermogravimetric analysis (TGA) (Figure 3.3 D,E) which revealed that 

thermal decomposition occurred in three steps when heated through 1100 °C. 

In the first step around 100 °C, ca. 4% weight loss was observed possibly due 

to the removal of moisture from the sample. Further heating (100 °C to 400 °C) 

resulted in ca. 30% weight loss in the second step due to the decomposition of 

CS and FA-CS molecules. Thereafter, in the third step, a sharp increase in the 

percentage (%) weight loss was observed after 400 °C corresponding to the 

sublimation of the elemental Se leaving the residual mass of ca. 12%. 
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Table 3.3: Primer sequences used in during gene expression studies. 

Gene Forward Reverse 

GAPDH GAAATCCCATCACCATCTTCCAGG GAGCCCCAGCCTTCTCCATG 

FOLR GAGCTGCCTGCCAACCTTTC GGCTGGGTCGAACCACATCT 

Bax GATGCGTCCACCAAGAAGCT CGGCCCCAGTTGAAGTTG 

Bcl-2 CATGTGTGTGGAGAGCGTCAA GCCGGTTCAGGTACTCAGTCA 

Bcl-xL GGTCGCATTGTGGCCTTT TCCGACTCACCAATACCTGCAT 

BRAF GCTTGCTCTGATAGGAAAATGAG CTGTGGATCACACCTGCCTTA 

BRAF-mut CCCACTCCATCGAGATTTCT  

 

3.3.2 FA-SeNPs uptake by cancer cells  

To aid in studying the internalization of FA-SeNPs by cancer cells, 

Rhodamine B (RhB) was loaded into FA-SeNPs as well as control SeNPs. In 

order to check the possible leakage of RhB from FA-SeNPs, the stability of 

RhB-loaded FA-SeNPs in the cell culture medium was investigated by 

fluorescence spectroscopy (Figure 3.4A). It was evident from Figure 3.4A 

that FA-SeNPs retained around 70% of the loaded dye after 20 h of incubation 

in the medium. Though RhB started leaching out considerably after 20 h 

incubation, it would not interfere with the uptake study, as all the uptake 

studies were performed within 6 h of incubation. Previous reports suggested 

that cancer cells internalized FA-decorated nanocarriers via FAR.28 The 

expression of FAR in L132 (non-cancerous lung cells), A375 (melanoma) and 

MDA-MB-231 (breast cancer) cells was quantified by real-time PCR (Figure 

3.4B), which revealed lower Ct (threshold cycles) values for FAR in MDA-MB-

231 and A375 than L132 cells indicating higher expression of FAR in these 

cancer cells compared to L132 cells. Uptake efficiency of FA-SeNPs at different 

FA densities was studied. FA-SeNPs were prepared using FA1-CS to FA5-CS 

(Table 3.1) and denoted as FA1-SeNPs, FA2-SeNPs, FA3-SeNPs, FA4-SeNPs, 

and FA5-SeNPs, respectively. Uptake of these FA1- to FA5- FA-SeNPs by 

MDA-MB-231 and A375 cells after 6 h incubation was studied by flow 

cytometry. Figure 3.4C, D showed the histograms of RhB fluorescence-
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emitting cells following incubation with FA1- to FA5-SeNPs, while Figure 

3.4E depicted the calculated % uptake of these FA-SeNPs relative to SeNPs. 

 

Figure 3.4 (A) Stability testing of the Rhodamine B dye loaded on FA-SeNPs, 

(B) Real-time PCR data showing expression of the folic acid receptor in MDA-

MB-231, A375 and L132 cells. (C, D) Flow cytometric uptake study of the FA-

SeNPs with different FA-density in MDA-MB-231 and A375 cells. (E) Relative 

uptake of FA-SeNPs with different FA-densities as compared to SeNPs. 

 

From Figure 3.4E, it was observed that uptake of FA-SeNPs gradually 

increased up to FA4-SeNPs, possibly due to the increasing density of FA on 

their surfaces. However, FA5-SeNPs did not show any further increase in the 

uptake due to the similar surface FA density as that of FA4-SeNPs. To gain 

further insights of the uptake, a competitive FA receptor inhibition experiment 
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was designed where cells were pre-treated with free FA before the treatment 

with dye-loaded FA4-SeNPs. The histograms from flow cytometry data 

demonstrated increased fluorescence intensity of the FA-SeNPs–treated MDA-

MB-231 (Figure 3.5A, B) and A375 (Figure 3.5C, D) cells as compared to 

L132 cells (Figure 3.5E, F), confirming the higher degree of FA-SeNPs 

internalization by MDA-MB-231 and A375 cancer cells. Pretreatment with FA 

reduced the FA-SeNPs uptake in cancer cells to a level almost comparable to 

that with non-targeted control SeNPs. Uptake of SeNPs was remained 

unaffected in non-cancerous L132 cells irrespective of FA-pretreatment or FA-

functionalization indicating FAR-mediated internalization of FA-SeNPs by 

cancer cells.   

 

 

Figure 3.5 Flow-cytometric histograms of (A) MDA-MB-231, (C) A375 and (E) 

L132 showing fluorescence of untreated, SeNPs, free FA+FA-SeNPs and FA-
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SeNPs treated samples. (B), (D), and (F) show % relative fluorescence 

intensities with respect to SeNPs-treated cells calculated from histograms of 

MDA-MB-231, A375 and L132 cells, respectively. 

      

    Confocal laser scanning microscopic (CLSM) imaging of treated MDA-MB-

231 (Figure 3.6A) and A375 cells (Figure 3.6B) clearly showed the presence 

of RhB-loaded FA-SeNPs in the cytoplasm of the cells following the treatment. 

Furthermore, Z-stacked images of the treated cells (Figure 3.7A, B) confirmed 

the successful internalization of RhB-loaded FA-SeNPs. In order to explore the 

mechanism of FA-SeNPs internalization, uptake studies were performed at 

varying experimental conditions – incubating the cells with RhB-FA-SeNPs at 

4 ºC, and pretreating the cells with sodium azide before incubation with RhB-

FA-SeNPs at 37 ºC. 
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Figure 3.6 Confocal microscopic images of the uptake of RhB loaded FA-

SeNPs in (A) MDA-MB-231 and (B) A375 cells showing the internalization of 

the nanoparticles inside (Size bar- 10 µm). 

 

The cellular uptake (%) was quantified based on RhB fluorescence considering 

the uptake in control cells – cells incubated with RhB-FA-SeNPs at 370C – as 

100% (Figure 3.7C, D). In both the cell types, A375 and MDA-MB-231, 

uptake at 4 ºC or sodium azide pre-treated cells was reduced by more than 60% 

indicating energy-dependent active uptake of FA-SeNPs involving FAR-

mediated endocytosis. 
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Figure 3.7 (A, B) Z-stacks showing the internalization of the nanoparticles 

inside (A) MDA-MB-231 and (B) A375 cells. Uptake (%) of FA-SeNPs in 

presence of endocytic pathway inhibitors for (C) MDA-MB-231 and (D) A375 

cells. 

 

FAR-mediated endocytosis of FA-SeNPs could occur via two pathways – 

clathrin-mediated and caveolin-mediated. To further confirm the uptake 

mechanism, cells were pre-treated with inhibitors of clathrin- or caveolin-

mediated endocytic pathway for 4 h and subsequently allowed to internalize 

RhB-loaded FA-SeNPs for 2 h. Since both A375 and MDA-MB-231 cells were 

non-phagocytic, no inhibitors were used to study phagocytosis pathway. 

Inhibitors of the clathrin-mediated pathway, chlorpromazine and sucrose 

reduced the uptake of the FA-SeNPs as compared to FA-SeNPs control 

indicating that internalization was occurring via a clathrin-mediated pathway.  
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3.3.3 Cell viability assay 

     MTT-based viability assays were carried out to study the anti-proliferative 

effects of PD98, FA-SeNPs, and their combinations. Before studying the effect 

of the PD98 on these cells, it was important to confirm whether these cells 

were positive for BRAF mutations. ARMS-PCR assay was performed on L132 

and A375 cells. Forward and reverse primers were designed to amplify 623 bp 

product containing BRAF DNA. Introducing a third mutation specific primer 

into the PCR reaction gave a PCR product of 143 bp confirming the BRAF gene 

mutation. From PCR results in Figure 3.8, it was observed that L132 cells 

(without BRAF mutation) showed the product of 623 bp only while A375 cells 

demonstrated two products of 623 bp and 143 bp. 

  

 

Figure 3.8 (A) ARMS-PCR results for detection of BRAF mutations in L132 

and A375 cells. (B) MTT assay results for SeNPs treated MDA-MB-231 and 

A375 cells. 

 

     These results suggested that A375 cells possessed mutations in the BRAF 

gene, while L132 cells could serve as a negative control for the mentioned 

mutation. Similarly, MDA-MB-231 cells also possess G13D, G464V mutation 

in KRAS and BRAF gene respectively, which are extensively reported in the 

literature.15,29  
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Figure 3.9 Anti-proliferative effect of PD98 on (A) MDA-MB-231 and (B) A375 

cells. Cell viability of (C) MDA-MB-231 and (D) A375 cells after FA-SeNPs, 

PD98FA-SeNPs and PD98+FA-SeNPs treatment. (Data shown as Mean 

±SD, n=3. p<0.001, p<0.0001 are denoted as * and ** respectively with 

reference to FA-SeNPs.)  

 

     The proliferation of A375 and MDA-MB-231 cells, following the treatment 

with varying concentrations of PD98 for 48 h, were observed to decrease in a 

concentration-dependent manner (Figure 3.9A & B). The corresponding IC50 

values for PD98 treatment were found to be 107 ±7 µM and 60 ±5 µM in MDA-

MB-231 and A375 cells, respectively. Similarly, non-targeted control SeNPs 

(Figure 3.8B) were also able to inhibit the proliferation of MDA-MB-231 and 

A375 cells with IC50 values of 118 ±4 µM and 120 ±5 µM. Most importantly, 

FA-SeNPs treatment reduced the cell viability in both MDA-MB-231 and A375 

cells in a dose-dependent fashion with IC50 values of 98 ±11 µM and 103 ±5 
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µM, respectively. The IC50 values for SeNPs were higher than those of FA-

SeNPs, indicating the targeting ability of the FA-SeNPs towards MDA-MB-231 

and A375 cells. 

        Two treatment strategies were adopted in order to study the combined 

effect of PD98 and FA-SeNPs on cell proliferation: (1) pretreating the cells 

with 10 µM PD98 for 10 h followed by treatment with varying concentrations 

of FA-SeNPs for 48 h (referred as PD98FA-SeNPs) and (2) treating the cells 

simultaneously with 10 µM PD98 and varying concentrations of FA-SeNPs for 

48 h (referred as PD98+FA-SeNPs). Concentration of 10 µM (as well as 10 h 

pretreatment) for PD98 was chosen as this was the minimum tested 

concentration of PD98 that was able to elicit anti-proliferative response as well 

as a decrease in phospho ERK1/2.30 From Figure 3.9C & D, it was evident 

that the pretreatment with PD98 enhanced the anti-proliferative efficacy of 

FA-SeNPs against the cancer cells. Further analyses revealed that PD98-

pretreatment resulted in the lowering of IC50 values of FA-SeNPs from 98 ±11 

µM to 38 ±5 µM in MDA-MB-231 cells and from 103 ±5 µM to 36 ±1 µM in 

A375 cells. Similarly, co-treatment (PD98+FA-SeNPs) was also found to 

augment the anti-proliferative response of FA-SeNPs (Figure 3.9C & D) with 

calculated IC50 values of 20±4 µM and 31±2 µM in treated MDA-MB-231 and 

A375 cells, respectively.  
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Figure 3.10 Effect of the DMSO pre-treatment on FA-SeNPs treatment was 

studied by MTT assay. (A) MDA-MB-231 and (B) A375 cells showing cell 

viability for FA-SeNPs with pretreatment of DMSO (DMSOFA-SeNPs) or in 

a combination of DMSO (DMSO+FA-SeNPs). 

 

     The appropriate control experiments with DMSO (Figure 3.10), the solvent 

carrier for PD98, revealed that DMSO (at 0.1% v/v) did not affect cell viability 

confirming the role of only PD98 in influencing the anti-proliferative effect of 

FA-SeNPs in combined treatment. The results of combined treatment 

suggested that PD98 and FA-SeNPs together could inhibit the proliferation of 

cancer cells more efficiently as compared to that of either PD98 or FA-SeNPs 

individually. Hence, the Chou-Talalay method was employed to study the 

isobologram for the potential synergistic behavior of PD98 and FA-SeNPs.31 

The isobologram (Figure 3.11A-D) revealed the combination index values for 

IC50 concentrations of PD98FA-SeNPs and PD98+FA-SeNPs treatment to be 

less than 1, confirming that FA-SeNPs and PD98 acted synergistically to 

inhibit the growth of MDA-MB-231 and A375 cells.  
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Figure 3.11 Isobologram for (A) PD98FA-SeNPs@20 and (B) PD98+ FA-

SeNPs@20 treated MDA-MB-231 cells. Isobologram for (C) PD98 FA-

SeNPs@20 and (D) PD98+ FA-SeNPs@20 treated A375 cells. (E) Western blots 

showing a decrease in phospho ERK1/2 level after treatment with PD98. (F) 

MTT assay results showing cell viability in non-cancerous L132 cells. 

 

    The reason behind the synergistic behavior of PD98 and FA-SeNPs was 

the inhibition of the MAPK pathway in MDA-MB-231 and A375 cells. Both 

MDA-MB-231 and A375 cells have mutations in BRAF gene, which activate 

MEK1/2 resulting in the constitutive phosphorylation of ERK1/2. The 

phosphorylated-ERK1/2 subsequently causes the uncontrolled proliferation 

and is associated with lung cancer, colon cancer, breast cancer, and 

melanoma.11 PD98 is a MEK inhibitor thus signaling of MAPK pathway was 

blocked at MEK level thereby decreasing the phosphorylation of the ERK1/2. 

Western blots were performed for phosphorylated ERK1/2 and total ERK1/2 to 

confirm whether PD98 was able to inhibit the signaling in the present study. 

From the blots (Figure 3.11E), it was observed that treatment with PD98 
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indeed decreased the phospho-ERK1/2 levels. From MTT data and the 

decreased phosphorylation of the ERK1/2, it was inferred that PD98 inhibited 

aberrant MAPK signaling above ERK1/2 while the simultaneous supply of 

another therapeutic molecule in the form of FA-SeNPs synergistically 

inhibited the proliferation of MDA-MB-231 and A375 cancer cells. Similar 

viability assays performed on non-cancerous L132 cells (Figure 3.11F), did 

not demonstrate significant variations in cell viability among FA-SeNPs and 

combined treatment groups. This could be attributed to the lower expression of 

the FAR on L132 cells and higher susceptibility of rapidly dividing cancer to 

therapeutic molecule than normal cells.  

 

3.3.4 PD98 and FA-SeNPs combinedly induce apoptosis 

As mentioned in 2nd chapter , the generation of the reactive oxygen species in 

SeNP-treated HeLa and MCF-7 cells was observed as one of the important 

driving factors for apoptosis in those cancer cells.32  In the pursuit of 

elucidating the mechanism of cell death, flow cytometry-based DCFDA assay 

was performed to detect ROS generation in treated MDA-MB-231 and A375 

cells. From the results of flow-cytometric analyses (Figure 3.12A, B), it was 

observed that PD98 alone was not able to produce any ROS. However, an 

increase in the FL intensities in cancer cells (MDA-MB-231 as well as A375) 

treated with FA-SeNPs@20 alone or in combination with PD98 clearly 

indicated the potential of ROS generation. As expected, bare SeNPs and FA-

SeNPs at 100 µM showed significantly pronounced ROS generation. 
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Figure 3.12 (A, B) DCFDA assay results for the detection of ROS in MDA-

MB-231 and A375 cells. JC-1 assay for mitochondrial membrane integrity in 

treated MDA-MB-231 (C) and A375 (D) cells. 

 

      Increased ROS levels in the cellular environment results in critical damage 

to intracellular proteins. Additionally, the detrimental effect of elevated level 

of ROS affects on the integrity of mitochondrial membrane and associated 

trans-membrane potential, ultimately culminating in the induction of 

apoptotic cell death.33 The effect of the ROS on the integrity of mitochondrial 

membrane in FA-SeNPs treated cancer cells in the present study was assessed 

by JC-1 based flow cytometric assay. Cationic JC-1 forms red aggregates in 
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polarised mitochondria, whereas it remains as a monomer in depolarised 

mitochondria. Flow cytometric analysis (Figure 3.12C,D) revealed untreated 

cells showing predominant red fluorescence from healthy mitochondria but 

treated samples including FA-SeNPs@20, PD98FA-SeNPs@20 and 

PD98+FA-SeNPs@20 showed an increase in green fluorescence suggesting the 

alteration in the mitochondrial membrane potential.  

 

 

Figure 3.13 FESEM images of (A) MDA-MB-231 and (B) A375 cells before 

and after treatment. Membrane blebbing in treated cells is indicated by red 

arrows. 

 

     Nuclear condensation followed by DNA fragmentation and membrane 

blebbing are considered important characteristics of the apoptotic cells.34 The 

morphological changes in the treated cells were first examined by FESEM in 

order to explore the mode of cell death in cancer cells caused by the combined 

treatment of 10 µM PD98 and 20 µM FA-SeNPs (FA-SeNPs@20). FESEM 

images demonstrated membrane blebs in treated MDA-MB-231 and A375 cells 
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(Figure 3.13A, B) suggesting apoptotic cell death. Subsequently, nuclear 

staining by Hoescht-33423 was performed to study the nuclear changes in the 

treated cells. As shown in Figure 3.14, untreated cells were observed to have 

a round nucleus with evenly distributed DNA. However, some of PD98FA-

SeNPs@20 and PD98+FA-SeNPs@20 treated cells showed condensed or 

pycnotic nuclei indicating apoptosis in progression.  

 

 

Figure 3.14 (A, B) Nuclear staining by Hoechst 33342 for MDA-MB-231 (A) 

and A375 (B) cells. Fluorescent Intensity profiles of the untreated and treated 

cells are included below the image. 

 

     In apoptotic cells, chromatin condensation is generally followed by DNA 

fragmentation which was studied by comet assay in the present study. As a 
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representation of DNA damage, comet tail moments (TM) were calculated and 

presented in Figure 3.15. TM for untreated MDA-MB-231 cells was found to 

be 10. Interestingly, TM increased to 22 and 20 in case of PD98FA-

SeNPs@20 and PD98+FA-SeNPs@20 treatment, respectively, demonstrating 

DNA fragmentation in MDA-MB-231 cells because of combined treatment. 

 

 

Figure 3.15 Comet assay results (A) and Tail Moment values (B) from comet 

assay indicating DNA fragmentation in treated MDA-MB-231 cells. 

 

Apoptosis involves the activation of various initiator and executioner 

caspases. Executioner caspases including caspase-3 further cause cleavage of 

cellular proteins leading to cell death. Activation of caspase-3, through its 

cleavage by initiator caspases, is considered as a marker for apoptosis. 

Furthermore, the cleaved caspase-3 later cleaves poly (ADP-ribose) 

polymerase-1 (PARP1) in the final step of the apoptotic signaling pathways. 

Herein, the presence of cleaved caspase-3 and cleaved PARP1 in treated cancer 

cells was checked by Western blot. The Western blot (Figure 3.16A, B) did not 

show any band corresponding to cleaved caspase-3 or cleaved PARP1 

indicating non-activation of the caspase-3 in untreated as well as PD98-treated 

cells. However, following PD98FA-SeNPs@20 and PD98+FA-SeNPs@20 

treatment, the presence of cleaved caspase-3 and cleaved PARP1 were detected 

in both MDA-MB-231 and A375 cells.  
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Figure 3.16 Western blots of whole extracts from treated (A) MDA-MB-231 

and (B) A375 showing an intact and cleaved form of caspase-3 and PARP. 

 

     The result of Western blot analyses strongly indicated the potential of 

combined treatment with PD98 and FA-SeNPs@20 for inducing apoptosis in 

MDA-MB-231 and A375 cells. Bcl-2 family of proteins having pro- and anti-

apoptotic roles are the regulators of the apoptosis. Increased expression of pro-

apoptotic genes like Bax and Bak leads to decrease in the expression of anti-

apoptotic proteins including Bcl-2 and Bcl-xL. The expression of Bcl-2 family 

genes in treated MDA-MB-231 cells in the present study was examined at the 

mRNA level via semi-quantitative PCR method. It can be observed from 

Figure 3.17A that, as compared to untreated cells, expression of Bax was 

increased in PD98FA-SeNPs@20 and PD98+FA-SeNPs@20 treated MDA-

MB-231 cells with a concomitant decrease in Bcl-2 and Bcl-xL expressions. In 

this regard, it may be noted that increased levels of the Bcl-2 and Bcl-xL 

expression can lead to inhibition of the apoptosis, as observed in drug-resistant 

tumors.35,36 In addition to the expression of pro- and anti-apoptotic proteins, 

ERK1/2 activity in PD98FA-SeNPs@20 and PD98+FA-SeNPs@20 treated 

cells was also studied by Western blot. From Western blot results for both 

A375 and MDA-MB-231 cells (Figure 3.17A,B), it was evident that PD98 was 

able to reduce the phospho-ERK1/2 levels in PD98FA-SeNPs@20 and 
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PD98+FA-SeNPs@20 treated cells. As the excessive ERK1/2 activity is related 

to the enhanced proliferation, and PD98 was able to inhibit the phospho-

ERK1/2, it can be concluded that the inhibition of the MAPK pathway leads to 

sensitization towards FA-SeNPs, as seen in viability assays.  

 

Figure 3.17 (A) Polymerase chain reaction results for studying the expression 

of the genes from Bcl-2 family in treated MDA-MB-231 cells. Western blotting 

results for treated MDA-MB-231 (B) and A375 (C) cells. 

 

The contribution of apoptosis in synergistic killing of cancer cells by 

combined treatment of PD98 and FA-SeNPs was finally confirmed and 

quantified by flow cytometry. The results of flow cytometric analyses, shown in 

Figure 3.18 and 3.19, revealed that the induction of apoptosis by DMSO 

(solvent carrier for PD98), PD98 (at 10 µM) and FA-SeNPs at 20 µM (FA-

SeNPs@20) were insignificant. However, the combined treatment – both 

PD98FA-SeNPs@20 and PD98+FA-SeNPs@20 – showed a significant 

increase in apoptosis in MDA-MB-231 cells with an apoptotic population of 

25.6% and 22.1%, respectively. Similarly, PD98FA-SeNPs@20 and 
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PD98+FA-SeNPs treatment in A375 cells resulted in 46% and 56% apoptotic 

cells. Moreover, it was observed that a much higher concentration of 100 µM 

(FA-SeNPs@100) was required for FA-SeNPs alone to achieve a similar degree 

of apoptosis observed in combination treatment in cancer cells, indicating that 

a heightened apoptosis induction could be achieved at a lower concentration of 

FA-SeNPs when employed in combination with PD98.  

 

 

Figure 3.18 Flow cytometric analyses of the apoptotic population in treated 

(A) MDA-MB-231 and (B) A375 cells as probed by annexin-V-FITC and PI 

assay. 

 

The flow cytometric analyses essentially indicated that, though PD98 and 

FA-SeNPs@20 individually could not induce apoptosis, PD98 might sensitize 

the cancer cells toward FA-SeNPs-mediated apoptosis resulting in the 

synergistic killing of the cancer cells in a combination mode of treatment. 

However, the exact mechanism of the synergistic behavior of PD98 and FA-

SeNPs with possible cross-talk of individual pathways in inducing apoptosis in 

the present study remained unclear and needs to be elucidated in future 

studies. Nonetheless, as already mentioned, previous reports demonstrated the 

association of the MAPK pathway with cell survival and prevention of 
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apoptosis in cancer cells. An additional mechanism of synergistic response 

could arise from the PD98-mediated inhibition of ERK1/2 activation which 

might lead to reduced expression of P-glycoproteins and thereby down-

regulating the nanoparticle efflux associated with drug resistance in tumor 

cells. In this regard, previous studies also demonstrated that combined 

treatment of PD98 and cytotoxic drugs significantly improved the apoptotic 

potential in spite of minimal apoptosis response with sole treatment with 

PD98.37,38 

 

Figure 3.19 Dot plots of the apoptosis assay for DMSO and FA-SeNPs@100 

treatments in (A) MDA-MB-231 and (B) A375 cells. Summary of the % of the 

apoptotic cells found in all the given treatments in (C) MDA-MB-231 and (D) 

A375 cells. 

 

3.3.5 Cell cycle analysis 

PD98, as already mentioned, is an inhibitor of MAPK pathway that plays an 

important role in cell proliferation processes. ERK1/2 activation is vital to the 
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G1→S transition during mitosis as cyclin D1 activation is influenced by 

ERK1/2. A constant involvement of ERK1/2 is thus needed for completion of 

G1/S, as ERK1/2 downregulates the anti-proliferative genes.39 SeNPs have also 

been reported to arrest cell cycle at a G2/M phase in A549 cells (lung 

carcinoma). Since PD98, as well as SeNPs, were previously reported to affect 

the pattern of cell cycle progression40,41, cell cycle analyses of treated MDA-

MB-231 and A375 cells were carried out by flow cytometry (Figure 3.20). In 

case of MDA-MB-231 cells, although the PD98-treatment for 48 h did not affect 

much, G2/M population was observed to increase from 22% (untreated) to 57% 

and 59% in PD98+FA-SeNPs@20 and PD98FA-SeNPs@20 treatments, 

respectively, with a concomitant decrease in G1 population. On the other hand, 

PD98, PD98+FA-SeNPs@20, and PD98FA-SeNPs@20 caused an increase in 

the G1 population and subsequent decrease in G2/M population of A375 cells. 

The increase in G2/M and G1 population in MDA-MB-231 and A375 cells, 

respectively, suggested possible rewiring of the signaling pathways associated 

with the cell cycle.  

 

 

 

Figure 3.20 Effect of the PD98, FA-SeNPs and their combinations on the cell 

cycle of the MDA-MB-231(A) and A375 (B) cells.  
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Figure 3.21 (A,B) Fluorescence microscopy images FA-SeNPs (A) and RhB-

loaded SeNPs (B) treated MDA-MB-231 spheroids. (C) Spheroid viability after 

48 h treatment with alone PD98, FA-SeNPs and their combinations at 

different concentrations. (D) Sizes of MDA-MB-231 spheroids after 48 h 

treatment with PD98FA-SeNPs and PD98+FA-SeNPs. 

 

3.3.6 Inhibition of spheroid growth by combined treatment of PD98 

and FA-SeNPs  

     Following the demonstration of efficient anti-proliferative efficacy in the 2D 

culture system of cancer cells, the ability of combined PD98 and FA-SeNPs 

treatment was further explored in restricting the growth of 3D spheroids of 
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MDA-MB-231 cells that mimic the 3D tumor environment in vivo more closely. 

First, the penetrability of SeNPs and FA-SeNPs in MDA-MB-231 spheroids 

was examined using RhB-loaded versions of the corresponding NPs, followed 

by observation under CLSM.  

 

 

     From the observed RhB red fluorescence from SeNPs (Figure 3.21A) and 

FA-SeNPs (Figure 3.21B) in treated spheroids, it can be inferred that FA-

SeNPs penetrated the spheroids deeper and accumulated at a higher amount. 

Following this, the viability of spheroids was estimated by acid phosphatase 

assay (Figure 3.21C) which demonstrated 98%, 94% and 89% viability for 

PD98, FA-SeNPs@20, and FA-SeNPs@40 treatments, respectively. Viability 

due to combination treatments PD98FASeNPs@20 and PD98+FASeNPs@20 

was further decreased to 81% and 76%, respectively. It was noticed that the % 

viability obtained for spheroids treated with PD98FASeNPs@20 and 

PD98+FASeNPs@20 showed lesser degree of cell death as compared to that of 

monolayer (2D) culture possibly due to higher seeding density of cells in case of 

spheroids. Moreover, PD98FASeNPs@40 and PD98+FASeNPs@40 treatment 

decreased the viability of spheroids to 47% and 49%, respectively, indicating 

the need of increased amount of FA-SeNPs for optimal treatment of spheroids.  

 Following the treatment with PD98FASeNPs@20, 

PD98+FASeNPs@20, PD98FASeNPs@40 and PD98+FASeNPs@40 for 48 h, 

the sizes of MDA-MB-231 spheroids were also calculated from corresponding 

microscopic images using ImageJ (Figure 3.21D). Though much difference 

was not noticed for PD98FASeNPs@20 and PD98+FASeNPs@20 treatment, 

the average size of spheroids was observed to decrease from 1600 ±30 µm in 

untreated group to 1228 ±54 µm and 1177 ±38 µm in PD98FASeNPs@40 and 

PD98+FASeNPs@40 treatment group, respectively. Furthermore, Live/Dead 

imaging of spheroids was carried out with Calcein-AM/PI staining. As evident 

from Figure 3.22, bright green fluorescence in untreated spheroids indicated 
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that most of the cells were alive and stained with Calcein-AM. On the other 

hand, increased PI fluorescence (red) accompanied with decreased green 

fluorescence of Calcein-AM in PD98FA-SeNPS@40 and PD98+FA-SeNPs@40 

treated samples suggested the presence of dead cell population. Based on the 

experimental results mentioned above, it was observed that FA decorated 

SeNPs showed increased distribution in MDA-MB-231 spheroids and, along 

with PD98, ultimately resulted in increased cell death. Collectively, the results 

obtained with 3D spheroids indicated the potential of PD98 along with FAR-

targeted SeNPs as an effective approach towards tumor therapy. 

 

 

Figure 3.22 Z- stack analyses of Calcein-AM/ PI stained spheroids showing 

live (green) and dead (red) cells after treatment.  

  

3.4 Conclusion 

In summary, folic acid receptor targeted SeNPs (FA-SeNPs) were successfully 

prepared and thoroughly characterized. FA-SeNPs were demonstrated to 

accumulate in cancer cells specifically through FAR-binding and, thereby, 

indicating their potential in avoiding normal cells. Further exploration with 

endocytic inhibitors revealed the involvement of clathrin as well as caveolin-

mediated endocytosis of the FA-SeNPs in MDA-MB-231 and A375 cells. 

Moreover, in a combination mode of treatment, these tumor-targeted FA-

SeNPs along with MEK-inhibitor, PD98 elicited a synergistic anti-proliferative 
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response in BRAF-mutant MDA-MB-231 and A375 cancer cells. Surprisingly, 

the synergistic action was observed in the combination treatment at a very low 

concentration of both FA-SeNPs and PD98. Mechanistic insights revealed that 

FA-SeNPs operated through ROS production and mitochondrial 

depolarization, whereas PD98 inhibited the MAPK signaling required for 

uncontrolled cell division in cancer cells. The present system also 

demonstrated promising results in a 3D spheroid of MDA-MB-231 with a 

reduction in spheroid size as well as number of viable cells suggesting the 

potential of this treatment strategy for in vivo tumors.   
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CHAPTER 4 

 

Establishment of membrane coated 

nanocarriers for anti-cancer drug delivery 

 

 

 
 

Chapter 4 demonstrates red blood cell (RBC) membrane coated nanocarriers 

for delivery of chemotherapeutic agent (Curcumin/Cur) and hypoxia activating 

molecule (Tirapazamine/TPZ). The RBC membrane coating provided improved 

stability, biocompatibility and facile uptake into cancer cells resulting in 

synergistic activity of the drugs. 
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CHAPTER 4 

 

4.1 Introduction 

     Clinical studies on patients with hypoxic tumors have shown an increased 

risk of metastasis, and resistance to chemotherapy and radiotherapy.1,2 During 

tumor development, the supply of oxygen and nutrient decreases toward the 

tumor core causing hypoxic environment, which leads to the release of 

angiogenic activators to trigger the growth of new blood vessels around the 

tumor site.3 Another noteworthy point is that, in most of the cases, it is not the 

primary tumor which causes mortality; but the metastasis to a secondary site 

becomes the key deciding factor. During metastasis, cells from the primary 

tumor lose cell to cell adhesion and become more invasive adding to the 

increased migration.4  

     With continuous advancements in the field of drug discovery, novel 

molecular entities are being constantly investigated to treat these resistant 

and metastatic cancers. However, distribution of the drug molecules in normal 

body tissues leads to systemic toxicity causing severe side effects and the 

possibility of chemo-resistance by several cancer cells for multiple anticancer 

agents. To this end, several different drug delivery systems such as polymeric, 

metallic, and semi-metallic nanoparticles (NPs) are being developed for drug 

delivery and theranostic purposes.5–7  

     In this Chapter, RBC membrane-coated PLGA NPs (RBC-NPs) were 

studied for drug delivery application. RBC-NPs were prepared and thoroughly 

characterized in terms of morphology, stability, biocompatibility, and hemo-

compatibility. Subsequently, Cur and TPZ drug molecules were co-loaded into 

these NPs (Cur+TPZ@RB) to study the therapeutic effect of these drug 

combinations on cancer cells (Scheme 4.1). The influence of RBC membrane 

coating on the internalization of the drug-loaded nanoparticles was assessed in 
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MCF-7 (breast cancer) A375 (malignant melanoma), and HEK293 (human 

embryonic kidney) cells. The dose-dependent antiproliferation capability of 

drug loaded RBC-NPs (Cur+TPZ@RB) was tested in A375 and MCF-7 cells in 

monolayer as well as 3D multicellular spheroids (MCS). Probable involvement 

of apoptosis-mediated cell death with molecular mechanism behind 

Cur+TPZ@RB induced antiproliferative response in the treated cells was 

pursued. Further, the change in elevated levels of EMT markers in MCS 

following Cur+TPZ@RB treatment was also examined.    

 

  

Scheme 4.1: Schematic representation of the preparation of the RBC 

membrane-coated PLGA NPs for hypoxia-targeted therapy of cancer cells. 
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4.2 Experimental Section 

4.2.1 Materials 

Poly(lactic-co-glycolic acid) (PLGA), Ethylenediaminetetraacetic acid (EDTA) 

salt, Dulbecco's Modified Eagle's medium (DMEM), Lipopolysaccharide (LPS), 

phorbol 12-myristate 13-acetate (PMA), Resazurin, Curcumin, Tirapazamine, 

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

Propidium iodide (PI) were purchased from Sigma Aldrich. Caspase-9 (Cat. No. 

9508), cleaved caspase-9 (Cat. No. 52873), anti-poly ADP ribose 

polymerase (PARP) (Cat. No. 9542), anti-cleaved PARP antibodies (Cat. No. 

5625) were purchased from cell signaling technology. The anti-active caspase-3 

antibody was purchased from BD Biosciences. 

 

4.2.2 Cell Culture 

MCF-7 (breast cancer) A375 (malignant melanoma), HEK293 (human 

embryonic kidney) and L132 (lung) cells were obtained from National Centre 

for Cell Science, Pune, India. All the cells lines were maintained in DMEM 

containing 10% fetal bovine serum, supplemented with the antibiotic solution 

(1% streptomycin and penicillin) in a CO2 incubator.  

 

4.2.3 Formation of RBC membrane-coated PLGA NPs 

PLGA NPs were prepared using the nanoprecipitation method.8 PLGA in 

acetone (1mg/mL) was dropwise added to Millipore grade water with 

continuous stirring. After 2 h of stirring, NPs were centrifuged and lyophilized. 

Isolation of the RBC membranes was performed using hypotonic lysis method.8 

Fresh human blood from healthy volunteers was obtained under the approval 

of the institutional human ethics committee. At first, blood from healthy 

donors was collected in EDTA coated tubes, centrifuged to remove the plasma 
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and buffy coat. After washing with 1X PBS, RBCs were lyzed in 0.25X PBS on 

ice for 45 min. The lyzed RBC membranes were centrifuged at 20000 g for 20 

min at 4 °C. Pink colored RBC membrane pellet was further washed with PBS 

and stored at -20 °C for further use. RBC membranes were serially extruded 

through 0.8 µm, 0.4 µm, and 0.2 µm pore size membrane in the extruder 

(Avanti Polar Lipids). To prepare RBC membrane-coated PLGA NPs (RBC-

NPs), PLGA NPs and RBC vesicles were combinedly extruded through 0.1 µm 

pore size membrane. Initially, the amount of RBC membranes required to coat 

PLGA NPs was determined. The PLGA NPs and RBC membranes were 

extruded at different weight ratios of PLGA: RBC membrane proteins (from 

1:0.5 to 1:4). These coated NPs were stored for eight days and their stability 

was studied by hydrodynamic diameter measurements. The PLGA: RBC 

membrane proteins ratio at which the NPs were stable for eight days, was 

selected for further studies.  

  

4.2.4 Characterization of the Nanoparticles 

     Hydrodynamic diameter and zeta potential measurements were done using 

dynamic light scattering (DLS, Malvern Zeta Sizer Nano ZS).  For 

transmission electron microscopy (TEM), NPs were drop cast on a copper grid 

and counterstained with uranyl acetate and observed under TEM (Jeol, MA). 

Surface morphology of the RBC-NPs was studied from field emission scanning 

electron microscope (FESEM) images. For this, samples were dried on 

aluminum foil coated coverslip, and images were taken in FESEM instrument 

(SIGMA, ZEISS). DLS measurements were taken to study the stability of the 

PLGA and RBC-NPs at different conditions. Initially, serum stability of the 

NPs was studied, where NPs were incubated with 10% serum for 48 h. Long 

term stability of the RBC NPs was studied at 4 °C and -80 °C.  
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4.2.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

The PLGA NPs were coated with RBC membranes, thus, to check the presence 

of RBC membrane over PLGA NPs. SDS-PAGE was performed. Proteins from 

RBC, RBC membrane and RBC NPs were isolated and electrophoresed in 12% 

SDS polyacrylamide gel. To visualize and compare the proteins from the 

different samples, silver staining was performed. 

 

4.2.6 Biocompatibility and Hemocompatibility analysis 

Expression of the interleukins by macrophage cells after exposure to foreign 

materials causes an immunogenic reaction. We have studied the expression of 

the interleukin 1β, interleukin 6, and interleukin 8 by realtime-PCR. For this, 

macrophage cells (THP-1) were differentiated using PMA (100 ng/mL) for 24 h, 

followed by treatment with RBC-NPs or lipopolysaccharides (LPS, 500 ng/mL) 

as a positive control. Later, cells were lysed, and total RNA isolation was 

performed. SYBR green-based PCR was performed using primers for 

interleukins and GAPDH as an internal control (Rotor Gene Q, Qiagen). For 

hemocompatibility testing, intact RBCs were mixed with PBS (negative 

control), 0.1% Triton-X (positive control) or RBC NPs. Release of the 

hemoglobin was measured by taking absorbance at 550 nm, and % hemolysis 

was compared by considering 100% lysis with Triton-X.9   

 

4.2.7 Drug Loading, release and nanoparticle uptake studies 

     For loading of the drugs in the NPs, Cur and TPZ molecules were added in 

PLGA solution before the synthesis of the PLGA NPs. To remove the unbound 

or free drug, PLGA NPs suspension was centrifuged at 20000 g for 20 min. The 

supernatant was collected to measure the amount of the drugs loaded on NPs. 
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The drug-loaded NPs were further washed with PBS three times by 

centrifugation. Fluorescence measurements of Cur (at 550 nm) were used for 

calculations of % loading and release. Similarly, TPZ quantitation was 

performed using UV-visible spectrometer (λabs- 266 nm). For release study, 5 

ml of the drug-loaded NPs (Cur+TPZ@RB) kept in dialysis bag were 

consciously stirred in presence of PBS (100 ml). At different time points, 500 µl 

of the drug solution was aliquoted for quantitation of the drug release. The 

unknown concentrations of the drugs were studied from a calibration curve of 

the standard drugs (Cur and TPZ). 

      Uptake of the drug-loaded NPs in MCF-7 and A375 cells was studied by 

flow cytometry and confocal microscopy. For microscopy studies, NPs treated 

cells were fixed with 4% formaldehyde and counterstained with DAPI. Cells 

were analyzed in a confocal microscope (ZEISS, LSM 880) using 355 nm and 

488 nm laser as an excitation source. For flow cytometry studies, cells were 

treated with free Cur, Cur and TPZ loaded PLGA NPs (Cur+TPZ@PL), and 

RBC membrane-coated Cur+TPZ@PL (Cur+TPZ@RB). After 4 h incubation 

with nanoparticles, cells were trypsinized and analyzed in a flow cytometer 

(Cytoflex, Beckman Coulter). To confirm the route of the internalization of the 

NPs, cells were stained with Lysotracker red. Cells treated with Cur+TPZ@RB 

were stained with Lysotracker (75 nM) and fluorescence of Cur, as well as 

lysotracker, was detected in the confocal microscope. To study the endocytosis 

mechanism, cells were pretreated with endocytosis inhibitors like; Sodium 

azide, chlorpromazine, β-methylcyclodextrin (β-MCD) for 4 h followed by 

Cur+TPZ@RB treatment. Macrophage uptake of Cur+TPZ@PL and 

Cur+TPZ@RB was studied to get an idea about the clearance by macrophage 

cells. For this, PMA activated THP-1 cells were treated with Cur+TPZ@PL and 

Cur+TPZ@RB for 4 h and analyzed in a flow cytometer.     
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4.2.8 Cell viability assays 

     MTT assays were carried out to study the antiproliferative properties of 

Cur, TPZ, and their combinations (Cur+TPZ). Similarly, the effect of 

Cur+TPZ@PL and Cur+TPZ@RB NPs was also studied after treatment with 

increasing concentrations. After 48 h treatment, cells were incubated with 

MTT reagent for 2 h. The absorbance of the MTT was taken with DMSO at 570 

nm in the multiplate reader (Infinite 200 PRO, TECAN). Compusyn software 

was used for combination index analysis.   

   

4.2.9 Apoptosis & Cell death analysis 

     In order to study the cell death and apoptosis, MCF-7 and A375 cells were 

treated with the drugs or Cur+TPZ@PL and Cur+TPZ@RB at concentrations 

equal to the IC50 concentration of Cur+TPZ@RB for each cell type. For cell 

death assay in MCF-7 cells, the cells were treated with Cur+TPZ@PL or 

Cur+TPZ@RB containing Cur at 6 µM and TPZ at 5.4 µM for 48 h. These 

treated cells were stained with PI (2 µg/mL) for 20 min and analyzed in a flow 

cytometer. Apoptotic cells were measured by staining with the phycoerythrin-

conjugated anti-active caspase-3 antibody. For cell death and apoptosis study 

in A375 cells, cells were treated with 11 µM Cur and 9.4 µM TPZ containing 

NPs for 48 h. For apoptosis testing, treated A375 cells were fixed (4% 

formaldehyde), permeabilized (90% methanol) and stained with the PE-anti 

active caspase-3 antibody. Subsequently, stained cells were analyzed in a flow 

cytometer. Data analysis was performed using FlowJo software.  

 

4.2.10 Western blotting 

     Western blots were performed to study the proteins involved in apoptosis. 

For this, treatment was given as mentioned in apoptosis study, then the 
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treated cells were lysed in RIPA buffer, and total protein was isolated. 

Initially, proteins were run on SDS-PAGE for separation based on molecular 

weight. Secondly, the proteins were transferred on PVDF membrane. These 

membranes were blocked (4% BSA) and incubated with the primary followed 

by horseradish peroxidase bound secondary antibody. Blots were developed by 

adding peroxidase substrate in ChemiDoc system (BioRad).  

 

4.2.11 Spheroid formation and Viability assays 

     Spheroids were prepared by seeding cells in 96 well plates precoated with 

agarose. Briefly, the surface of the 96 well plates was made non-adherent by 

adding melted agarose in serum-free media. After solidification of the agarose, 

20,000 cells were seeded in each well and plates were centrifuged at 700 x g for 

10 min. Further, 96 well plates were incubated for 3 days in a CO2 incubator 

for spheroid formation. For viability assay on spheroids, resazurin assays were 

performed after treatment with increasing concentrations of the drug-loaded 

NPs.10 After completion of the treatment for 48 h, spheroids were incubated 

with resazurin solution (60 µM) for 4 h. Fluorescence readings were taken at 

590 nm after excitation at 530 nm.  

 

4.2.12 Microscopy of the Multi-Cellular Spheroids 

     Uptake of the Cur+TPZ@PL and Cur+TPZ@RB in MCF-7, as well as A375 

MCSs, was studied by microscopy. Spheroids treated with Cur+TPZ@PL and 

Cur+TPZ@RB were analyzed in confocal microscopy for Cur fluorescence. For 

observation of the live/dead cells in spheroids, calcein-AM and PI staining 

were performed. Untreated, Cur+TPZ@PL, and Cur+TPZ@RB treated 

spheroids were stained and analyzed in microscopy by keeping controls 

(Cur+TPZ@PL, Cur+TPZ@RB) for Cur fluorescence. 
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4.2.13 Flow Cytometry of the MCSs 

     Cell death analysis and ROS measurements in treated MCSs were 

performed by flow cytometry. For cell death analysis, MCF-7 MCSs were 

treated with Cur+TPZ@RB and Cur+TPZ@PL at the IC50 concentrations of 

Cur+TPZ@RB (Cur at 28.2 µM and TPZ at 25.3 µM). Later MCSs were 

collected in a centrifuge tube and cells were detached using accutase solution. 

Separated cells were stained with PI and analyzed in a flow cytometer to 

determine the number of dead cells. For ROS assay, MCSs were incubated 

with DFCDA (10 µM) for 1 h followed by treatment with Cur@RB (28.2 µM), 

TPZ@RB (25.3 µM) and Cur+TPZ@RB (Cur-28.2 µM, TPZ- 25.3 µM) for 10 h. 

Treated spheroids were subjected to accutase treatment and cells were 

analyzed in a flow cytometer using FlowJo software  

 

4.2.14 Comet assay 

DNA damage in the Cur+TPZ@RB treated spheroidal cells was studied by 

comet assay.11 For comet assay, cells suspended in 1% low gelling agarose were 

spread over slides coated with the same agarose. Alkaline lysis of the cells was 

achieved in lysis buffer (1.2M NaCl, 100 mM Na2 EDTA, 0.1% SDS and 0.26 M 

NaOH) at 4 °C for 12 h. Slides containing cells were subjected to 

electrophoresis and staining with PI. For visualization of the comets, cells 

were observed under a microscope and tail moments were analyzed in 

CaspLab program. 

 

4.2.15 Realtime PCR for gene expression 

     Expression of the vimentin and fibronectin in monolayer MCF-7, and MCF-

7 MCS was studied by realtime PCR. For this, RNA from MCF-7 cells, MCSs 

was isolated with Trizol reagent, and cDNA was prepared using cDNA 
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synthesis kit (iScript cDNA Synthesis Kit, BioRad). Synthesized cDNA was 

used as a template for realtime PCR. In order to amplify the genes of interest, 

the primers specific for vimentin and fibronectin were designed. In the PCR 

reaction, SYBR green (BioRad) was used as a reporter dye, while GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase) was used as an internal control 

(Table 4.1). The PCR results provided the Ct (threshold cycles) for all the 

genes studied; these values were further used to study the fold change in the 

expression of vimentin and fibronectin using the ΔΔCt method. 

 

Table 4.1 Nucleotide sequences of the primers used to study gene expression.   

 

4.2.16 Wound healing assay 

      Migratory properties of the MC7 cells were studied by scratch or wound 

healing assay. MCF-7 cells were allowed to grow to become confluent. When 

cells were 90% confluent, a scratch was made by using a sterile pipette tip, and 

images were taken at 0 h. Cells were treated with Cur+TPZ@RB for 48 h and 

the images were acquired to confirm the migration. Percentage of wound area 

was calculated with ImageJ from untreated and treated wells.     

 

Gene Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) 

GAPDH GAAATCCCATCACCATCTTCCAGG GAGCCCCAGCCTTCTCCATG 

Vimentin AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC 

Fibronectin GGTGACACTTATGAGCGTCCTAAA AACATGTAACCACCAGTCTCATGTG 

IL1β CAGAAGTACCTGAGCTCGCC AGATTCGTAGCTGGATGCCG 

IL6 GGCACTGGCAGAAAACAACC GCAAGTCTCCTCATTGAATCC 

IL8 CAAGAGCCAGGAAGAAACCA GTCCACTCTCAATCACTCTCAG 
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4.3 Results & Discussions  

4.3.1 Preparation, Characterization and Biological Response of RBC-

NPs 

     In order to prepare RBC membrane-coated PLGA NPs (RBC-NPs), 

membranes from RBCs were isolated first by hypotonic lysis method.8 Briefly, 

blood from healthy individuals was collected, centrifuged and collected RBCs 

were lysed in 0.25X PBS. Microscopic images (Figure 4.1) of the RBCs before 

and after the hypotonic treatment confirmed the lysis of the RBCs. Following 

the removal of cellular contents from the RBCs by centrifugation, RBC 

membrane pellets were collected in PBS. After this, RBC membrane vesicles 

were prepared by sequential extrusion through 0.8 µm, 0.4 µm, and 0.2 µm 

pore-sized membranes. On the other hand, PLGA NPs used in this chapter 

were prepared by nano-precipitation method.8 The as-prepared PLGA NPs 

were subsequently characterized for morphology and surface charge (ζ-

potential) by dynamic light scattering (DLS) and transmission electron 

microscopic (TEM) analyses. The hydrodynamic diameter (dH) and zeta-

potential (ζ) of the PLGA NPs (Figure 4.2A, B) were found to be 114 ±10 nm 

and -23mV, respectively.  

 

Figure 4.1 Microscopic images of RBCs in 1X PBS and 0.25X PBS, RBCs in 

0.25X showed loss in the membrane integrity due to hypotonic treatment.  
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Figure 4.2 (A, B) Hydrodynamic diameter (A) and zeta potential (B) of the 

PLGA NPs. 

     The RBC-NPs were finally prepared by extruding the PLGA NPs along with 

RBC vesicles through 0.1 µm pore size membrane membrane. In order to 

optimize the amount of the RBC membrane required to coat PLGA NPs, the 

RBC-NPs were prepared with different PLGA: membrane protein ratios (1:0.5 

to 1:4). Resultant RBC-NPS were subjected to DLS analysis to measure the dH 

on Day 0 and 8 in PBS.  

 

Figure 4.3 Hydrodynamic diameters of RBC-NPs prepared with varying 

PLGA: RBC membrane ratios after synthesis (Day 0) and storage for 8 days. 
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Results in Figure 4.3 suggested that the PLGA NPs and RBC-NPs prepared 

at 1:0.5 (PLGA: membrane protein) ratio showed an increase in dH after 

storage. Nonetheless, RBC-NPs prepared at 1:1 to 1:4 ratio showed greater 

stability over a period of 8 days, and thus 1:1 ratio was selected for further 

experiments. Surprisingly, the DLS analyses revealed that the dH of the PLGA 

NPs was increased from 114 ±10 nm to 157 ±15 nm after RBC membrane 

coating (Figure 4.4). However, the average size of RBC-NPs was estimated to 

be 105 ±23 nm from TEM images (Figure 4.5A, B). 

 

Figure 4.4 (A,B) Hydrodynamic diameter (A) and zeta potential (B)  of  the 

RBC-NPs. 

 

     Additionally, Field-emission scanning electron microscopic (FESEM) 

images (Figure 4.5D) confirmed the prepared RBC NPs were spherical and 

possessed almost equal size that was measured in TEM. A possible reason for 

observation of increased size by DLS measurement, as compared to that of 

TEM, was due to the hydrodynamic size of the ‘solvated’ NPs being measured. 

TEM images of the RBC-NPs, showed a distinct layer on the surface of PLGA 

NPs confirming the coating with RBC membrane. The surface charge of the 

NPs plays an important role in their internalization by the cells. In this 

regard, ζ-potential of RBC-NPs was recorded and shown in Figure 4.4B. The 

ζ-potential of RBC-NPs was found to be −31 mV, lower than that of bare PLGA 

NPs (−23 mV, Figure 4.2B), due to successful coating of PLGA NPs with 
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negatively-charged RBC membrane. The integrity of the proteins in the RBC 

membrane following their coating onto the PLGA NPs is crucial for the 

potential interaction of RBC-NPs with the target cells and thus investigated 

using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).  

 

Figure 4.5 (A, B) TEM image and Size distribution of the RBC-NPs calculated 

from TEM images. C: TEM micrograph for PLGA NPs. D: FESEM image of 

RBC NPs (Size bar: 100 nm). 

 

      The image of SDS-PAGE (Figure 4.6) demonstrated that the majority of 

the proteins from native RBC surface were still present in the RBC-NPs 

confirming the efficient coating of the PLGA NPs with RBC membrane without 

loss of the membrane proteins. Taken together, the ability to retain the RBC 

surface proteins and maintain the size over a period of 8 days confirmed the 

successful formulation of stable RBC-NPs. Another key point was that the size 

of the RBC NPs was in accordance with the range required for enhanced 

permeability and retention (EPR) effect.12 
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Figure 4.6 SDS-PAGE of the RBC membrane proteins. RBC, isolated RBC 

membrane and RBC-NPs showed similar protein content confirming the 

coating of PLGA NPs without loss of the membrane proteins. 

 

 Before studying the potential in-vivo application of therapeutic 

nanoparticles, it is important to check their interaction with the biological 

system in vitro to ensure safety.13 Therefore, the biocompatibility of the RBC 

NPs was studied on differentiated macrophage-like THP-1 cells. For this, THP-

1 cells were treated with RBC-NPs and the expression of pro-inflammatory 

cytokines including IL6, IL8, and IL1β was measured with quantitative 

realtime PCR. Expression of IL6 stimulates acute phase response and thus it 

is involved in immune response and inflammation.14 Similarly, production of 

IL8 attracts the phagocytes to the site of injury or infection, whereas IL1β is 

also responsible for inflammation.15  

     Figure 4.7A showed the expression of these cytokines from differentiated 

macrophage cells after treatment with RBC-NPs and LPS (0.5 µg/mL) as a 

positive control. From the results, it was observed that the expression of all the 

cytokines tested was elevated in LPS treatment. However, the expression of 
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the cytokines was significantly low in RBC NPs treated cells, suggesting the 

RBC-NPs did not elicit an immune response and thus were biocompatible. 

Subsequently, hemocompatibility of the present RBC NPs was tested by 

incubating them with isolated RBCs. Intact RBCs were isolated and incubated 

with PBS, RBC NPs and Triton-X (1%) for 3 h at room temperature. From 

Figure 4.7B, no release of the hemoglobin was observed in negative control 

(PBS) and RBC NPs samples; whereas significant lysis of the RBCs occurred in 

the positive control (Triton-X). Collectively, it was concluded that RBC NPs 

were efficiently stable and did not show any immunogenic or hemolytic 

response, thus are safe for therapeutic applications.  

 

 

Figure 4.7 (A) Expression of IL6, IL8, and IL1β in THP-1 cells after RBC-NPs 

or LPS treatment. (B) % Hemolysis of RBCs in the presence of RBC-NPs and 

Triton-X. (Data as Mean ±SD, n=3, p<0.0001 denoted as ****). 

 

4.3.2 Preparation of Drug-Loaded RBC-NPs  

     After confirming the hemo- and biocompatibility of the RBC-NPs, potential 

anticancer drug curcumin (Cur) and tirapazamine (TPZ) were loaded into 

these NPs. Loading and encapsulation efficiency Cur and TPZ were estimated 

by UV visible spectrometry for TPZ and fluorescence spectrometry for Cur. The 
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results of these studies were included in Table 4.2. The maximum loading 

efficiency of the Cur and TPZ were found to be 34±0.9% and 29±1.2%, when 

they were added separately in PLGA NPs.  

Table 4.2 Loading and encapsulation efficeincy of the curcumin and 

tirapazamine seperately or in combination with TPZ in PLGA NPs.  

 

     Similarly, the loading efficiencies of the Cur and TPZ loaded together in 

PLGA NPs were found to be 15.3±0.9% and 6.3±0.3%, respectively. From 

serum stability studies, it was observed that the hydrodynamic diameter of the 

Cur+TPZ loaded RBC-NPs (Cur+TPZ@RB) did not change significantly when 

incubated with 10% FBS for 48 h, indicating the stability of the drug-loaded 

nanocarrier in the serum. Long term stability of the Cur+TPZ@RB was studied 

by incubating them in 10% FBS at 4 °C and recording the hydrodynamic 

diameter over a period of 15 days. As evident from Figure 4.8B, long term 

storage (2 weeks) at 4 °C did not affect the hydrodynamic diameter of the 

Cur+TPZ@RB. Similarly, Cur+TPZ@RB demonstrated size stability when 

stored at -80 °C for 2 weeks, as revealed by DLS measurements (Figure 4.8C).  

 (Drug:PLGA) ratio Encapsulation 

Efficiency (%) 

Loading Efficiency 

(%) 

Cur 0.25 80±2.1 20±0.5 

0.5 68±1.8 34±0.9 

TPZ 0.25 72±2.3 18±1.1 

0.5 58±3.2 29±1.2 

TPZ in 

Cur+TPZ@PL 

0.125 64±2.8 8±0.6 

0.25 25.2±1.6 6.3±0.3 

Cur in 

Cur+TPZ@PL 

0.125 56.8±3.2 11±1.2 

0.25 61.2±3.6 15.3±0.9 
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Figure 4.8 (A) Size of the PLGA NPs and RBC NPs when stored at 37 °C in 

FBS for 48 hr. (B) Hydrodynamic diameter of the RBC-NPs measured over a 

period of 15 days. (C) Hydrodynamic diameter measured at day 0 and day 15 

after storage at -80 °C. (D) Release profile of Cur and TPZ from Cur+TPZ@RB 

NPs. 

 

4.3.3 Drug release study      

     The release profile of the drugs was studied by incubating the 

Cur+TPZ@RB at 37 °C and estimating the amount of drug released at regular 

interval. From the release profile in Figure 4.8D, it was observed that both 

the drugs showed an initial release of the ca. 20-25% within the first 12 h, 

followed by a sustained release in 4 days. Previous reports demonstrated 

sustained delivery of paclitaxel from PLGA NPs; whereas a burst release was 
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documented in case of doxorubicin-loaded NPs.16,17 Membrane coating of the 

PLGA NPs may result in the observed sustained delivery of the drugs, Cur and 

TPZ. 

 

Figure 4.9 (A,B) Flow-cytometric analyses showing Cur fluorescence in MCF-

7 (A) and A375 (B) cells treated with free Cur or nanoparticulate formulations 

of the drugs. (C) Fold uptake calculated from mean fluorescence intensities 

from MCF-7 and A375 cells. (D, E) Flow cytometric uptake in HEK293 (D) and 

L132 (E) cells and their corresponding fold uptake calculations (F).  

 

4.3.4 Improved Internalization of Cur+TPZ@RB 

     Coating of RBC membrane, as discussed above, provided stability to the 

RBC-NPs and thereby promising great potential to deliver drug molecules to 

cancer cells. To assess the effectiveness of RBC NPs for the delivery of Cur and 
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TPZ, uptake of free Cur, Cur+TPZ loaded PLGA NPs (Cur+TPZ@PL), and 

Cur+TPZ@RB was studied in A375 (human melanoma cells) and MCF-7 

(human breast cancer) cells by probing the Cur fluorescence in flow-cytometer 

as well as fluorescence microscope. 

    

     From flow-cytometric results shown in Figure 4.9A, B, it was evident that 

the Cur+TPZ@RB treated MCF-7 and A375 cells depicted higher Cur 

fluorescence as compared to free Cur and Cur+TPZ@PL. In Figure 4.9C, it 

was observed that Cur+TPZ@RB treatment resulted in increased Cur uptake 

by 2 fold in MCF-7 and 3 fold in A375 cells, respectively. Uptake studies in 

non-cancerous cells namely HEK293 (kidney cells) and L132 (lung cells) also 

showed 1.4 - 2 fold increased uptake of Cur+TPZ@RB as compared to free Cur 

(Figure 4.9D-F).  

 

 

Figure 4.10 (A, B) CLSM images showing Cur uptake in MCF-7 (A) and A375 

(B) cells after incubation with drug-loaded nanoparticles. 
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     Further, fluorescence imaging by confocal laser scanning microscope 

(CLSM) (Figure 4.10A, B) revealed that Cur+TPZ@RB NPs were internalized 

successfully and localized mostly in the cytoplasm of the MCF-7 and A375 

cells. The enhanced uptake of Cur+TPZ@RB than Cur+TPZ@PL, as seen from 

the increased fluorescence in Cur+TPZ@RB treated cells, could be due to 

favorable interaction of cells and membrane proteins on Cur+TPZ@RB 

surface.18 

 

4.3.5 Endocytosis pathway study 

The endocytosis of the RBC-NPs was confirmed with lysosomal staining 

(Figure 4.11) in CLSM. For this, lysotracker red was used to stain lysosomes 

in Cur+TPZ@RB treated cells. The results confirmed the presence of the Cur 

fluorescence within lysosome suggesting Cur+TPZ@RB followed endocytosis 

route of internalization.  

 

Figure 4.11 Lysosomal staining of MCF and A375 cells treated with drug-

loaded nanoparticles showing co-localization of Cur. 
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     Mechanism of the endocytosis was further studied by using endocytosis 

pathway inhibitors. Clathrin-mediated endocytosis occurs via formation of the 

clathrin pits after attachment of ligand with the receptor.19  Additionally, the 

caveolin/lipid raft-mediated pathway engulfs cholesterol-rich microdomains.20 

In the present study, clathrin and caveolin-mediated endocytosis were 

inhibited by chlorpromazine and β-methylcyclodextrin (β-MCD), respectively. 

Cur+TPZ@RB uptake at 4°C and in the presence of sodium azide showed a 

reduction in internalization by 70-90% (Figure 4.12), confirming the 

endocytosis process was energy dependent. Chlorpromazine treatment reduced 

the Cur+TPZ@RB uptake by 18% and 26% in A375 and MCF-7 cells, 

respectively; suggesting a possible involvement of the clathrin-mediated 

pathway. However, β-MCD reduced the uptake of the Cur+TPZ@RB by 40-50% 

in A375 and MCF-7 confirming the caveolin mediated pathway played the 

major role in endocytosis.  

 

Figure 4.12 Effect of the endocytosis inhibitors on the cellular uptake of 

Cur+TPZ@RB by MCF-7 and A375 cells.      

          

 

 

TH-2162_146106024



141 
 

4.3.6 Macrophage escape of the RBC-NPs 

 Though the Cur+TPZ@RB NPs showed higher uptake than 

Cur+TPZ@PL or free Cur, it was important to study the clearance of the NPs 

by macrophage cells. RBC being a natural carrier in human body essentially 

skips the uptake and clearance by the macrophage. This escape of the RBCs 

from macrophage is attributed to the CD47 and other membrane proteins 

considered as ‘self-markers’ for macrophages to prevent the uptake.21 To this 

end, the uptake of Cur+TPZ@PL and Cur+TPZ@RB NPs was studied in 

differentiated human macrophage cells (THP-1 cells, Figure 4.13). 

Cur+TPZ@RB treated THP-1 cells demonstrated 60% decrease in uptake as 

compared to the cells treated with bare Cur+TPZ@PL. Reduced Cur+TPZ@RB 

uptake by macrophage cells would clearly help to minimize the clearance of 

these drug-loaded NPs from the body resulting in longer circulation time. 

 

 

Figure 4.13 Uptake study showing histograms (A) of the Cur+TPZ@PL and 

Cur+TPZ@RB uptake in macrophage cells. (B) % Uptake of the Cur+TPZ@RB 

NPs as compared to Cur+TPZ@PL.  
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4.3.7 Synergistic Antiproliferative Action of Cur+TPZ@RB in 

Monolayer Culture: 

 

Figure 4.14 Toxicity of the PLGA nanoparticles was studied in MCF-7 and 

A375 cells for 48 h treatment. 

      Previous studies reported that PLGA NPs were non-toxic to the cells.22 The 

non-toxicity of prepared PLGA NPs (upto the tested concentration of 300 

mg/mL) was also observed as depicted in Figure 4.14 through cell viability 

assay. In order to evaluate the anticancer potential of the Cur+TPZ@RB, the 

anti-proliferative efficacies of free drugs (Cur and TPZ), individually and in 

combination) as well as their nanoparticulate formulations (Cur+TPZ@PL and 

Cur+TPZ@RB) were examined on MCF-7 and A375 cells by MTT-based 

viability assay (Figure 4.15). As evident from Figure 4.15 and Table 4.3, free 

Cur and TPZ were able to inhibit the proliferation of MCF-7 (IC50: Cur- 65 µM, 

TPZ- 142 µM) as well as A375 (IC50: Cur- 98.13 µM, TPZ- 108 µM) cells in a 

dose-dependent manner when treated individually. Relatively higher IC50 

values of TPZ corroborated the fact that the drug could only become active in a 

hypoxic environment while the monolayer cells were mostly normoxic. 
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Figure 4.15 (A) MTT assay results of Cur and TPZ in MCF-7 cells. (B) MTT 

assay results on MCF-7 cells for Cur+TPZ, Cur+TPZ@PL and Cur+TPZ@RB. 

(C) MTT assay results of Cur and TPZ treatment in A375 cells. (D) MTT assay 

results on A375 cells for Cur+TPZ, Cur+TPZ in PLGA NPs and RBC NPs. 

(Data shown as mean ± SD, n = 3; p < 0.05, p < 0.01, p < 0.001 and p < 0.00001 

are denoted as *, **, ***, and **** respectively).  

 

     Most importantly, the IC50 values calculated from the viability assay (Table 

4.3) revealed that Cur+TPZ@RB demonstrated higher anti-proliferative 

response as compared to Cur+TPZ and Cur+TPZ@PL in both MCF-7 and A375 

cells. The improved antiproliferative potential of Cur+TPZ@PL or 

Cur+TPZ@RB could be credited to the increased uptake and probable 

synergistic action of the drugs employed. To gain insight into the synergism 

between Cur and TPZ, combination indices (CI) were calculated and 

summarized in Table 4.3. Generally, drug combinations with CI less than 0.3 
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are considered as strongly synergistic and those with 0.3 to 0.7 are 

synergistic.23 Interestingly, for both the cells, CI values calculated using IC50 

concentrations of Cur+TPZ, Cur+TPZ@PL and Cur+TPZ@RB suggested 

synergistic behavior of Cur and TPZ with a strong synergistic response in case 

of Cur+TPZ@RB.  

 

Table 4.3. IC50 values of drugs and their nanoparticulate formulations, and 

combination Indices (CI) calculated from isobolograms for combination 

treatments. 

 Free Drugs Nanoparticulate Formulation of 

Drugs 

 Individual Combination Cur+TPZ@PL Cur+TPZ@RB 

 IC50 (mM) IC50 (mM) CI IC50 (mM) CI IC50 (mM) CI 

 Cur TPZ 

 

Cur TPZ  Cur TPZ  Cur TPZ  

 
2D Monolayer Culture 

MCF-7 65 ±3 142 ±5  18 ±2 15.5±2 0.6 10 ±3 8.6 0.3 6 ±2 5.1 ±1 0.2 

A375 98 ±4 108 ±4 28 ±3 24 ±2 0.5 17 ±4  14.6 0.3 11±1.5 9.4 ±1 0.22 

HEK293 33.2±2 128 ±5 25.1 ±2 21.6±2 1 14.3±1 12.3±1 0.5 8 ±1 6.8 ±1 0.3 

 3D Multicellular Spheroids 

MCF-7 179 ±9 128 ±6 66.5 ±3 57 ±2 1 60 ±3 52±2 0.8 28.4±2 24±1.2 0.4 

A375 194±7 140 ±9 103 ±4 88±3 1 62±5 53±4 0.7 35.9±3 31±2.5 0.4 

 

Similar studies performed on non-cancerous cells (HEK293) confirmed that 

both Cur+TPZ@PL and Cur+TPZ@RB showed synergistic action in these cells, 

whereas Cur+TPZ (free drug combinations) were additive in nature (Table 

4.3, Figure 4.16). One interesting observation from the comparison of the IC50 

was that TPZ alone showed its effects at very high concentrations. However, 

when TPZ was used along with Cur, activity increased significantly. Previous 

studies indicated that delivery of the Cur with nanocarrier caused hypoxia in 

human neuroblastoma cells.24 Hence, it was possible that the hypoxic 

environment generated by Cur possibly triggered activation of the TPZ in 

monolayer system giving a synergistic antiproliferative response. 
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Figure 4.16 (A, B) MTT assay results of Cur and TPZ in HEK293 cells. (C) 

MTT assay results on HEK293 cells for Cur+TPZ, Cur+TPZ@PL and 

Cur+TPZ@RB. (Data shown as mean ± SD, n = 3; p < 0.05, p < 0.01, p < 0.001 

and p < 0.00001 are denoted as *, **, ***, and **** respectively). 

 

4.3.8 Apoptosis and cell death analysis study 

Quantification of the dead cells after treatment was performed using PI-based 

flow-cytometric assay (Figure 4.17A). The number of dead cells increased in 

Cur+TPZ@PL (MCF-7- 29%, A375- 25%) treatment when compared to those of 

free Cur and TPZ. However, maximum killing effect was seen in Cur+TPZ@RB 

treatment where MCF-7 and A375 cells showed 41% and 39% death, 
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respectively, due to the enhanced uptake and synergistic behavior of Cur and 

TPZ as already mentioned. 

 

Figure 4.17 (A) Measurements of % cell death in treated MCF-7 and A375 

cells by flow cytometry. (B) Western blots showing cleaved PARP-1 and 

cleaved caspase-9 after treatment in MCF-7 and A375 cells. (C, D) Caspase-3 

assay results showing number of apoptotic cells positive for active caspase-3. 

 

          Cell death via apoptosis – either by extrinsic or intrinsic pathway – 

involves multiple signaling pathways resulting in activation of caspases. In 

case of intrinsic pathway, cellular stress or DNA damage results in the release 

of cytochrome-c, which further cleaves the caspase-9 through the formation of 

apoptosome. Cleaved caspase 9 finally activates executioner caspases like 

caspase-3 or 7. The apoptotic potential of the present drug-loaded NPs was 

studied by measuring caspase-3 activation in A375 cells (Figure 4.17C, D). 
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Cells possessing an active or cleaved form of caspase-3 were quantified. DNA 

damage in the cells also results in the recruitment of the DNA damage repair 

proteins like PARP-1, but the presence of active form of the executioner 

caspases including caspase-3 causes inactivation of the PARP-1 (116 kDa) by 

cleavage into fragments of 89 kDa and 24 kDa. Flow-cytometric analysis of the 

cleaved caspase-3 and PI positive cells (Figure 4.17A, C) confirmed that 

Cur+TPZ@RB induces apoptosis more efficiently than Cur+TPZ@PL treated 

cells. Similarly, it was observed from western blots resulted in Figure 4.17B 

that levels of PARP-1 and caspase-9 decreased in treated MCF-7 and A375 

cells followed by a rise in the cleaved counterpart. Collectively, from these 

results, it was postulated that treatment with Cur+TPZ@RB initiated intrinsic 

pathway of apoptosis leading to cell death.  

 

4.3.9 Enhanced uptake and cell death in hypoxic 3D multicellular 

spheroids 

     Three-dimensional multicellular spheroids (MCS) are considered as a 

suitable in-vitro model, which mimics the in-vivo tumor conditions and 

complexity. To further evaluate the therapeutic potential of Cur+TPZ@RB, we 

have tested these NPs on MCS of MCF-7 and A375 cells. The presence of 

hypoxia in monolayer and MCS was assessed by examining the expression of 

HIF-1α, a well-known marker of hypoxia.25   

 

Figure 4.18 Western blot for detection of the HIF-1α protein in MCF-7 and 

A375 spheroids. 
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     Western blot analysis revealed increased expression of HIF-1α in MCF-7 

and A375 spheroids (Figure 4.18) as compared to their monolayer 

counterparts, confirming the MCS as a suitable system to decipher hypoxia-

related experiments. Following this, the penetration ability of the 

nanoparticulate formulations in 3D MCS was studied using CLSM. CLSM 

images in Figure 4.19A, B displayed Cur fluorescence due to the uptake of 

free Cur, Cur+TPZ@PL, and Cur+TPZ@RB in MCF-7 and A375 MCS, 

respectively. From the fluorescent intensity representation in 2.5D plots, it 

was observed that free Cur and Cur+TPZ@PL were able to penetrate the 

spheroid at the edges, while Cur+TPZ@RB NPs were able to penetrate the 

spheroid at a deeper level and thus, the fluorescence was seen from the core of 

the spheroids. As mentioned earlier, RBC coating improved the uptake of the 

drugs in monolayer and similar results were observed in spheroids. Tumor 

cores are hypoxic and resistant to therapeutic drugs and thus it becomes 

important to deliver the therapeutic moiety to the tumor core while retaining 

the activity.26 

TH-2162_146106024



149 
 

 

Figure 4.19 (A,B) Fluorescence microscopic images of (A) MCF-7 and (B) 

A375 spheroids showing Cur uptake. (C,D) Resazurin-based cell viability 

measurements in MCF-7 (C) and A375 (D) spheroids after treatment with Cur 

and TPZ combinations. 

           

     In this chapter, anti-proliferative efficiency of Cur and TPZ combinations in 

the form of Cur+TPZ@PL and Cur+TPZ@RB was also studied. Viability assays 

were carried out on the MCF-7 and A375 spheroids following 48 h treatment 

with the free drugs (Figure 4.20) as well as their nanoparticulate 

formulations (Figure 4.19 C, D). As expected, the IC50 concentrations of free 

Cur (179±9 µM in MCF-7 and 194 ±7 µM in A375) were much higher in 3D 

MCS as compared to the 2D monolayer system (6×103 cells) (Table 4.3), 

possibly due to the higher cell density in spheroids (2×104 cells). Similarly, the 

IC50 values of the TPZ were found to be 128±6 µM and 140±9 µM in MCF-7 and 

A375 MCS respectively. Even though the cell number was high in MCS, 
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significant increase in the IC50 of the TPZ was not recorded, possibly because of 

the presence of hypoxia in MCS converting TPZ to its active form and thereby 

reducing the amount of drug required to reach IC50.  

 

Figure 4.20 Viability assay results after treatment with increasing 

concentrations of Cur and TPZ on MCF-7 (A, B) and A375 (C, D) their 

respective Spheroids.   

 

     In case of drug co-treatment on MCS (Figure 4.19C-D, Table 4.3), it was 

observed that Cur+TPZ@RB was more effective than Cur+TPZ and 

Cur+TPZ@PL in killing cancer cells as revealed through lower IC50 values of 

the former. As mentioned earlier, spheroids cores are hypoxic in nature and 

thus provides a suitable environment for the activation of TPZ, whereas Cur 

can produce reactive oxygen species (ROS).27 To confirm whether ROS plays 

any role in cell death, MCF-7 MCS were treated with Cur+TPZ@RB in 

presence of a ROS-scavenger, N-acetylcysteine (NAC, 1mM). From Figure 
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4.19C, it can be observed that the addition of NAC significantly reduced the 

cells death suggesting ROS produced by TPZ or Cur played a vital role in cell 

death in treated MCS. Furthermore, the CI of the Cur+TPZ@PL and 

Cur+TPZ@RB treatment were found to be less than 1 suggesting the 

synergistic behavior of the drugs on MCF-7 and A375 MCS (Table 4.3).  

 

4.3.10 Cur+TPZ@RB induced cell death observation by Calcein-AM PI 

staining 

 The dead cells in MCS following the drug treatment were visualized by 

fluorescence microscopy. For this, MCF-7 and A375 MCS were treated with 

Cur+TPZ, Cur+TPZ@PL or Cur+TPZ@RB containing Cur and TPZ equal to the 

IC50 amount of Cur+TPZ@RB. Additionally, by keeping appropriate controls, 

microscopy was performed to confirm the live and dead cells in spheroid after 

treatment. Microscopic observation of the Calcein-AM and PI-stained 

spheroids (Figure 4.21A, B) showed green fluorescence from the untreated 

spheroids confirming the live cells stained with Calcein-AM. On the other 

hand, the MCS treated Cur+TPZ@PL and Cur+TPZ@RB showed 

predominantly red fluorescence from PI due to dead cells. The results 

suggested the penetration ability of the Cur+TPZ@RBs was greatly improved 

after the RBC membrane coating, thereby increasing the cell-killing ability.  
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Figure 4.21 (A, B) Microscopic images of the Calcein-AM/PI stained MCF-7 

(A) and A375 (B) MCS treated with Cur+TPZ@PL or Cur+TPZ@RB. 

  

4.3.11 ROS mediated DNA damage in hypoxic conditions  

      The investigation into the molecular mechanism of cell death was pursued 

using ROS and DNA damage analysis. Generation of ROS plays a vital role in 

cell death and apoptosis.28 The presence of ROS in treated MCF-7 MCS 

samples was assessed by DCFDA staining (Figure 4.22A). In this regard, 

RBC-NPs containing only Cur at 28.2 µM (Cur@RB) or TPZ at 24.3 µM 

(TPZ@RB) were used to study the ROS generation by individual drugs. As 

expected in Cur@RB treatment, cells showed green fluorescence due to the 

generation of DCF by ROS. Although this green fluorescence may originate 

from the Cur itself, when the fluorescence from TPZ@RB and Cur+TPZ@RB 

treated samples were examined, it was evident that despite the hypoxic 

environment, Cur+TPZ@RB produced higher ROS than single drug 

treatments. Cur has been reported to show its antiproliferative activity via 

producing ROS as well as affecting many signaling pathways.29 Increased 
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levels of the ROS affect multiple cellular processes including mitochondrial 

damage, as a consequence DNA damage events start to follow. Furthermore, 

the sole mechanism of action of TPZ is the production of single and double-

strand breaks in DNA.30 Herein, DNA damage in treated MCF-7 MCS was 

investigated by comet assay. Result of the comet assay (Figure 4.22C) 

demonstrated that the Cur+TPZ@RB treatment of MCF-7 spheroids resulted 

in DNA strand breaks in treated cells. After DNA damage, cells recruit PARP-

1 to repair the DNA strand breaks. As already demonstrated (Figure 4.17B), 

the cleavage of PARP-1 in Cur+TPZ@RB treated cells resulted in apoptosis. It 

was also found that most of the hypoxia-activated drugs including TPZ show 

their activity through the production of radical species resulting in DNA 

damage leading to apoptosis.31 

 

Figure 4.22 (A)Flow cytometric ROS detection assay results in MCF-7 MCS. 

(B) Tail moments calculated from comet assay of treated MCF-7 MCS. 

 

4.3.12 Inhibition of Epithelial to Mesenchymal Transition 

Epithelial to mesenchymal transition (EMT) essentially symbolizes the main 

event of the elaborate metastatic cascade starting from the detachment of the 

cancer cells from the primary site to migration and growth at secondary 

organs. In general, epithelial cells at primary tumor site are tightly attached 

to the basement membrane giving apical-basal polarity to the cells.32 Under 

TH-2162_146106024



154 
 

specific circumstances, multiple biomolecular changes cause cells to become 

mesenchymal nature gaining invasiveness, migration and altered gene 

expression.33 EMT can be characterized by studying the expression of the 

mesenchymal marker proteins (vimentin, fibronectin, N-cadherin) and 

epithelial markers (E-cadherin, occludin). It has been observed frequently that 

the hypoxic cells in the tumor can alter the expression of the hypoxia-related 

factors resulting in the activation of EMT. In this regard, the expression of 

vimentin and fibronectin in MCF-7 normoxic monolayer as well as hypoxic 

MCS was studied. From the realtime PCR results shown in Figure 4.23, it 

was observed that MCF-7 MCS showed higher expression of the vimentin (3.7 

fold), and fibronectin (1.9 fold). In earlier studies, increased expression of these 

two markers in hypoxia was correlated to the mesenchymal state of the 

metastatic cells. Following this, expression of the vimentin and fibronectin was 

studied in MCS treated with Cur+TPZ, Cur+TPZ@PL, and Cur+TPZ@RB.  The 

expression of vimentin and fibronectin significantly reduced after treatment at 

IC50 concentration of Cur+TPZ@RB, whereas the Cur+TPZ or Cur+TPZ@PL 

did not alter the expression significantly (Figure 4.23).  
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Figure 4.23 Expression of vimentin & fibronectin in untreated and treated 

MCS by realtime-PCR. 

 

Furthermore, the effect of Cur+TPZ@RB treatment on the migratory behavior 

of monolayer MCF-7 cells was investigated by wound healing assay. Figure 

4.24A,B demonstrated 40% wound healing in untreated cells within 48 h, 

confirming the migration capability of the cells after the scratch was made. 

Surprisingly, only 22% wound recovery was observed in treated cells because 

of the reduced migration of the cells due to Cur+TPZ@RB treatment. The 

reduced migration and down regulations of mesenchymal markers of the 

treated cells make the Cur+TPZ@RB system an efficient candidate for drug 

delivery to solid tumors.  

 

Figure 4.24 (A, B) Wound healing assay results showing percent wound area 

in untreated and treated samples after 48 h.  

 

4.4 Conclusions 

In conclusion, RBC membrane-coated PLGA NPs were prepared and 

successfully loaded with Cur and TPZ for potential anticancer drug delivery. 

These drug-loaded nanoparticles (Cur+TPZ@RB) demonstrated excellent 
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antiproliferative response in MCF-7 and A375 cancer cells, both in 2D 

monolayer as well as 3D spheroid culture. Uptake studies in A375 and MCF-7 

monolayer cells indicated the internalization of the Cur+TPZ@RB occurred via 

endocytosis with a particular preference toward the caveolin-mediated 

pathway. Further investigations revealed that Cur+TPZ@RB exhibited 

synergistic cell death response in A375 and MCF-7 monolayer cells and 

spheroids. Generation of the reactive oxygen species, DNA damage, and 

activation of caspases were found to be the major driving factors for apoptotic 

cell death in Cur+TPZ@RB treated cancer cells. Furthermore, Cur+TPZ@RB 

were able to reduce the elevated levels of the mesenchymal markers including 

vimentin and fibronectin in  the spheroids of MCF cells suggesting a reduction 

of EMT with improved therapeutic efficacy of the anticancer drugs.  
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CHAPTER 5 

 

Targeted drug delivery using membrane coated 

nanocarriers 

 

 

 

Chapter 5 demonstrates the therapeutic efficiency of the transferrin bound 

RBC membrane-coated PLGA NPs to deliver doxorubicin and methylene blue 

for chemo- and photodynamic therapy. PLGA NPs loaded with doxorubicin and 

methylene blue were extruded with transferrin bound RBC membranes, 

forming TF-DoxMB NPs. These targeted NPs improved the therapeutic 

potential of the doxorubicin. Additionally, laser irradiation on methylene blue 

synergistically improved the activity due to photodynamic therapy.  

 

 

TH-2162_146106024



162 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TH-2162_146106024



163 
 

CHAPTER 5 

 

5.1 Introduction 

     In recent past, several anticancer agents have been discovered, but their 

use is mostly limited due to certain disadvantages.1 Major drawbacks include 

non-specific delivery, unexpected pharmacodynamics and pharmacokinetic 

properties, which are subjected to change, if such potent molecules are 

delivered by suitable carriers at the desired sites. Therefore, development of 

carriers have been aggressively persuaded to improve drug bioavailability and 

efficacy with concomitant reduction of undesirable side effects due to non-

specific delivery.2 To this end, research in the field of nano-based drug delivery 

systems (DDS) for targeted drug delivery applications has been progressed 

significantly.3  Designing nanocarriers to deliver the payloads at specific sites 

is the primary goal for developing newer nano-based vehicles. Another 

essential characteristic of the nanocarriers is the possibility of surface 

modification, which allows targeting of the nanocarriers to specific cells or 

tissue.4 Surface modification results in the delivery of the cargo, specifically to 

the target cells, thereby avoiding the off-target delivery and side effects 

associated with it. Tumor cells specific biomarkers, which are usually 

overexpressed in only tumor cells, can be utilized for targeting the 

nanocarriers towards cancer cells. 

     Additionally, biodegradability, long-circulating, and non-immunogenicity of 

the nanocarriers are the desirable aspects that are achieved for slow and 

efficient release of drug molecules.5 Although multiple nanocarriers have been 

developed for targeted drug delivery, the rise of the new drug-resistant tumors 

has made it impossible to cure them completely with the help of 

monotherapies. Therefore, most of the cancer treatment includes drug 

combinations as well as the use of radiation therapy.6,7 In this domain, 
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photodynamic therapy has gained attention due to development of the newer 

photodynamic agents. In case of the photodynamic therapy, light irradiated on 

photosensitizer generates ROS, killing nearby cells.8 Recent studies reported 

that the combination of the chemo- and photodynamic therapy could help to 

eradicate the tumor effectively.9,10    

      In this study, we have developed multifunctional RBC membrane-coated 

nanoparticles for delivery of doxorubicin (Dox) and methylene blue (MB) for 

chemo- and photodynamic therapy. PLGA NPs loaded with Dox and MB were 

coated with RBC membranes by extrusion, forming membrane coated PLGA 

NPs (RB-DoxMB NPs). Further, to target specific delivery of RB-DoxMB NPs 

to tumor cells, transferrin was conjugated onto RBC membranes before 

extrusion (Scheme 5.1). Drug (Dox and MB) loaded, transferrin-bound RBC 

membrane coated PLGA NPs (TF-DoxMB NPs) were characterized and used to 

achieve targeted chemo and photodynamic therapy. Microscopic and flow 

cytometric assays were carried out to study the route of internalization of TF-

DoxMB. Along with specific action of Dox, red laser irradiation of the treated 

cells resulted in the production of ROS due to MB inside the cells.  Anti-

proliferative effects of the laser-irradiated TF-DoxMB (TF-DoxMB+L) were 

studied on a monolayer (2D) as well as the 3D spheroids.   
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Scheme 5.1 Schematic representation of the therapeutic approach by 

combining chemo- and photodynamic therapy.  

 

5.2 Experimental Section 

5.2.1 Materials  

Poly(lactic-co-glycolic acid) (PLGA), Ethylenediaminetetraacetic acid (EDTA) 

salt, Dulbecco's Modified Eagle's medium (DMEM), MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), Propidium iodide (PI), 

Doxorubicin, Methylene blue, were purchased from Sigma Aldrich. The anti-

active caspase-3 antibody and APO-DIRECT Kit were purchased from BD 

Biosciences. Anti- AE-1 antibody (Cat. No. 23276) was purchased from cell 

signalling technology.  
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5.2.2 Preparation of PLGA NPs and RBC membrane coated PLGA NPs 

(RB-NPs)      

PLGA cores were prepared by nanoprecipitation method with slight 

modifications.11 PLGA (1mg/mL) was dissolved in acetone; this PLGA solution 

was added dropwise to 5 mL water while continuous stirring. Formed PLGA 

NPs were centrifuged at 20000 g and lyophilized. Hemoglobin free-RBC 

membrane was isolated according to the method described by Hu et al.11 Whole 

blood was collected from healthy individuals, according to Institute Human 

Ethics Committee guidelines. Blood was centrifuged at 900xg (5 min, 4 oC), 

buffy coat and plasma were removed without disturbing RBC pellet. RBCs 

were resuspended and washed with 1X PBS thrice before subjecting to the 

hypotonic treatment of 0.25X PBS (4 oC, for 30 min). After complete lysis, cells 

membranes were centrifuged at 15000xg for 20 min, washed with PBS two 

times to remove free hemoglobin. These RBC membranes were extruded 

through 0.8, 0.4, 0.2 µm pore size membranes to form RBC vesicles. PLGA NPs 

and membrane vesicles were extruded together to form RBC membrane-coated 

NPs (RB-NPs).  

 

5.2.3 Preparation of the TF-conjugated RBC membrane coated PLGA 

NPs (TF-RB-NPs) 

     In order to achieve TF receptor-targeted therapy, TF molecules were 

conjugated to RBC membranes, and these TF-conjugated RBC membranes 

were utilized to coat PLGA NPs to form TF-RB-NPs. To conjugate the TF on 

RBC membranes EDC-NHS coupling mechanism was utilized. In order to 

prepare RBC membranes with varying density of TF on their surface, different 

ratios of the TF: membrane proteins (0.02 to 0.4, as mentioned in (Table 5.1) 

were reacted. The concentrations ratios of TF:EDC:NHS were selected on the 

basis of number of amine side chain containing amino acids of TF protein. The 
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molar ratios of TF(NH2):EDC: NHS were kept constant at 1:2:4 for all 

reactions. Amount of the TF bound on the RBC membrane surface was 

determined by Bradford assay. The TF-conjugated membranes were collected 

and used to coat Dox loaded PLGA NPs. The prepared TF-conjugated 

membrane coated NPs (TF-Dox-NPs) were named as TF-0.02- to TF0.4-Dox-

NPs based on the membrane used for coating (Table 5.1). 

 

5.2.4 Characterization of the PLGA-NPs, RB-NPs, and TF-RB-NPs  

     All the prepared NPs were characterized for their hydrodynamic diameter 

(dH) and zeta potential (ζ) in Malvern Zetasizer. For TEM analysis, NPs were 

drop cast on a copper grid, allowed to dry. These NPs were negatively stained 

with uranyl acetate and observed under a TEM microscope. For FESEM 

imaging, NPs were drop cast on aluminum foil coated NPs, dried and observed 

under the microscope (SIGMA, ZEISS). For long-term stability study of the 

drug loaded TF-RB NPs, NPs were stored at 4 ºC for 14 days, and the dH were 

measured at different intervals. Similarly, for serum stability studies, NPs 

incubated with FBS (10%, at 37 ºC, for 24 h) were studied in DLS to record 

changes in hydrodynamic diameter. 

 

5.2.5 Western blot analysis 

Western blot analysis of the residual proteins from RBC membranes was 

performed. RBC membrane proteins from intact RBC, RBC membrane pellet 

and RBC membrane coated NPs were isolated in RIPA buffer. The amount of 

the proteins were quantified Bradford assay, and 25 µg of the proteins from all 

the samples were separated on SDS-PAGE (sodium dodecyl sulfate-

polyacrylamide gel electrophoresis). These separated proteins were transferred 

to PVDF membrane, and AE-1 protein was detected after primary and 

secondary antibody staining.   
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5.2.6 Drug loading and release study  

In order to load Dox and MB molecules in the NPs, these drugs were mixed 

water and PLGA NPs prepared in the presence of the drugs to form drug-

loaded PLGA NPs. These drug-loaded PLGA NPs were coated with RBC 

membranes by extrusion to form TF-DoxMB NPs. Amount of the drugs loaded 

onto the NPs were calculated by taking fluorescence measurements for Dox 

(λexcitation: 480 nm, λemission: 595 nm) and UV-visible spectra for MB (λabs 667 

nm). Release of the Dox and MB from TF-DoxMB was studied in PBS (pH 7.4 ) 

at room temperature. Drug loaded NPs were incubated in PBS for different 

periods, and release of the Dox and MB was monitored for upto 48 h. 

 

5.2.7 Uptake study of the NPs 

Internalization of the free drugs, drug-loaded PLGA NPs (PLGA-DoxMB), RBC 

membrane coated and drug loaded PLGA NPs (RB-DoxMB) and TF conjugated 

RBC membrane coated and drug loaded PLGA NPs (TF-DoxMB) was studied 

by flow cytometry and microscopy. For flow cytometry study, HeLa, MCF-7, 

and HEK293 cells were seeded in 6 well plate at the density of 1x105 cells/well. 

After incubation of the cells with drug or NPs for 5 h, cells were washed with 

PBS and trypsinized for detachment. These cells were collected and analyzed 

on a flow cytometer (Cytoflex, Beckman Coulter). For microscopy studies, 

HeLa and MCF-7 cells were treated with NPs for  5 h in an incubator, after 

treatment, cells were washed with PBS and fixed with 4% formaldehyde for 20 

min. After fixation, cells were again washed with PBS and visualized in 

confocal microscope for Dox fluorescence. For endosome staining, HeLa and 

MCF-7 treated with TF-DoxMB for 5 h, stained with lysotracker, and were 

washed with PBS. After this, cells were fixed with 4% formaldehyde and 

counterstained with DAPI. After removal of the unbound dye, cells were 

observed under a confocal microscope.  
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     For assessment of the pathway of the endocytosis, cells were pretreated 

with different endocytosis inhibitors followed by the treatment with TF-

DoxMB NPs. For confirming the the active pathway of the endocytosis, sodium 

azide treatment was given 2 h before the TF-DoxMB NPs treatment. Similarly, 

for clathrin- and caveolin mediated pathway inhibition chlorpromazine and 

filipin were given to cells before TF-DoxMB treatment. After this, cells were 

trypsinized and analyzed on a flow cytometer (Cytoflex, Beckman Coulter).  

 

5.2.8 Semi-quantitative Polymerase Chain Reaction 

PCR was performed to study the expression of the transferrin receptor and 

GAPDH in studied cells. HeLa, MCF-7, and HEK293 cells were lysed and total 

RNA was isolated. cDNAs were synthesized from the RNA isolated from three 

types of cells. Following this, by using gene-specific primers (Table S3) PCR 

was performed to study the expression transferrin receptor. PCR conditions 

used were as follows: 95 ºC for 10 min, 30 cycles of 95 ºC for 40 s, 59 ºC for 30 s 

and 72 ºC for 40 s. The final extension was given at 72 ºC for 5 min. After 

completion of the reaction, PCR products were run on 1.5% acrylamide gel 

containing ethidium bromide, and images were taken in ChemiDoc (Bio-Rad).    

 

5.2.9 Antiproliferative assay for viability assessment 

To study the activity of the Dox, MB, and their formulations in the form of 

NPs, phosphatase activity based viability assays were carried out.12 Initially, 

the ability of the assay to detect the difference in viable cells was studied. 

HeLa cells were seeded in 96 well plate at increasing density, from 1.2x102 

cells to 4x104 cells/well. After 12 h incubation, cells were washed with PBS, 

and 200 µl  assay buffer (0.1M sodium acetate pH 5, 0.1% Triton X-100, and 5 

mM p-nitrophenyl phosphate) was added in each well. After 2 h incubation, 

absorbance was measured at 405 nm. Similarly, for viability testing of the 
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drugs, HeLa, MCF-7, and HEK293 ( 5x103 cells/well) were treated with 

increasing concentrations of the Dox, MB, and phosphatase assays were 

carried out. To study the effect of the free MB and laser treatment (MB+L), 

HeLa and MCF-7 cells treated with MB for 8 h and irradiated with red laser 

for 2 min. For viability assays of the NPs and laser treatment, cells were 

treated with a mixture of the Dox+MB or RB-DoxMB and TF-DoxMB for 8 h, 

and then red laser (100 mW, 650 nm) was irradiated on treated cells for 2 min. 

The laser irradiated treatments were referred as DoxMB+L, RB-DoxMB+L, 

and TF-DoxMB+L. After 40 h incubation, cells were subjected to phosphatase 

assay. 

 

5.2.10 Measurement of Singlet oxygen generation  

In order to identify the singlet oxygen species generated after laser treatment 

on MB, ABDA [9,10-Anthracenediyl-bis(methylene)dimalonic acid] absorbance 

was measured at 400 nm. ABDA and MB were mixed at (1:1) molar ratio and 

red laser was focused on to this mixture in the cuvette. The absorbance of the 

ABDA was taken after every 30 sec laser irradiations. 

 

5.2.11 DCFDA assay for ROS detection 

For measurement of the ROS after TF-DoxMB and laser treatment, DCFDA 

dye-based ROS detection was performed. Initially, HeLa and MCF-7 cells were 

incubated with 10 µM DCFDA dye (30 min). Following this, cells were treated 

with Free Dox, PLGA-DoxMB, RB-DoxMB, and TF-DoxMB for 8 h; and laser 

was irradiated to the cells treated with MB containing formulations. The 

concentrations of the Dox and MB were kept constant in all the treatment for 

HeLa (Dox- 30 nM and MB- 78 nM) and MCF-7 (Dox- 20 nM, MB- 52 nM) cells. 

After 5 h incubation, cells were trypsinized and analyzed for DCF fluorescence 

in flow cytometer (Cytoflex, Beckman Coulter).   
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5.2.12 TUNEL assay 

To study the DNA fragmentation in treated cells, TUNEL (terminal 

deoxynucleotidyltransferase dUTP nick end labeling) assay was carried out 

using APO-DIRECT Kit. HeLa and MCF-7 cells were treated with with IC50 

concentrations of TF-DoxMB+L for 48 h. Initially, cells were fixed in 4% 

formaldehyde on ice for 30 min, followed by ethanol (70%) treatment on ice. 

After that, cells were washed with wash buffer and incubated with TdT 

enzyme and FITC-dUTP. Subsequently, cells were incubated for 1 h and 

washed with rinse buffer before analysis. Cells were analyzed for FITC 

fluorescence and data analysis was performed in FlowJo software.   

 

5.2.13 Apoptosis assays 

Apoptotic cells were measured using annexin-v FITC based antibody staining. 

HeLa and MCF-7 cells seeded at 1x105 density in each well. Cells were 

subjected to treatment with drugs or NPs containing similar concentrations for 

HeLa (Dox 30 nM, MB- 78 nm) and MCF-7 (Dox- 20 nM, MB- 52 nM) cells. 

After 8 h treatment, a laser was irradiated on treated cells, these cells were 

further incubated for 40 h in incubator. After completion of the treatment, cells 

were trypsinized and stained with annexin-v-FITC antibody in staining buffer. 

Stained cells were immediately analyzed in a flow cytometer.  

 

5.2.14 Spheroid generation  

3D spheroids of the HeLa and MCF-7 cells were generated for studying the 

cell-killing activity of the TF-receptor targeted formulation. For, spheroid 

generation, HeLa and MCF-7 cells were seeded in 96 well plates, precoated 

with 1.5% agarose. Bottom of the 96 well plate was made to be non-adherent 

by adding melted agarose (1.5% in serum-free DMEM media) in each well. 
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After solidification of the media, HeLa and MCF-7 cells were seeded at the 

density of the 2x104 cells/well. These 96 well plates were centrifuged at 700 xg 

for 10 min and kept in a CO2 incubator for growth of the spheroid. After 4 days 

of incubation, spheroids were generated and used for viability assays.  

 

5.2.15 Uptake and Viability assays on spheroids 

HeLa and MCF-7 spheroids were treated with free Dox, PLGA-DoxMB RB-

DoxMB and TF-DoxMB for 6 h. The internalization of the NPs was studied by 

taking the fluorescent images for Dox fluorescence. In order to compare the 

fluorescence of the different treatments, total corrected cell fluorescence 

(CTCF) were calculated form fluorescent images. 

CTCF = Integrated Density – (Area of selected cell X Mean fluorescence of 

background readings). 

For viability assays, 4 day old spheroids were treated with free drugs, or 

DoxMB+L, RB-DoxMB+L, and TF-DoxMB+L; as mentioned in monolayer cells 

treatment. After completion of the treatment, spheroids were transferred to 

new 96 well plates, washed with PBS and centrifugation. Spheroids were 

incubated with 200 µl phosphatase assay buffer for 4 h, and absorbance was 

measured at 405 nm in multiplate reader (TECAN).  

 

 

5.2.16 Microscopy of the spheroids 

Calcein-AM staining was performed to access live cells present before and 

after the treatment with TF-DoxMB and laser (TF-DoxMB+L). For this 

purpose, untreated and TF-DoxMB+L treated spheroids were stained with 

Calcein-AM (500 nM) for 1 h, and images were taken under a confocal 
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microscope. For detection of the ROS in DoxMB+L and TF-DoxMB+L 

treatments, spheroids were incubated with DCFDA for 1 h, followed by DoxMB 

and TF-DoxMB treatment for 8 h. Following this, the red laser was irradiated 

on the spheroids for 2 min. After 5 h incubation, spheroids were washed with 

PBS and analyzed in a confocal microscope for DCF fluorescence.  

 

5.3 Results & Discussions 

5.3.1 Preparation and characterization of the Transferrin-conjugated 

NPs 

Initially, PLGA NPs were synthesized and characterized for their 

hydrodynamic size (dH) and zeta potential (ζ). dH and ζ of the PLGA NPs were 

found to be 104 nm and -18 mV, respectively (Figure 5.1A). Similarly, TEM 

analysis revealed that PLGA NPs were of 95±10 nm size (Figure 5.1B). 

Following this, isolated RBC membranes were extruded to form vesicles; these 

vesicles were then extruded with PLGA NPs at 1:1 ratio of PLGA: membrane 

protein to form RBC membrane-coated PLGA NPs (RB-NPs). The dH and ζ of 

these RB-NPs were changed to 141 nm and -26 mV, respectively (Figure 

5.1A). Increase in dH and changes in the ζ were mainly due to extra layer of 

the RBC membrane coating on PLGA NPs. Previous studies have shown that 

RBC membrane coating improved the circulation of nanoparticles as well as 

drug delivery efficiency to cancer cells.13  
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Table 5.1 Weight ratio of the TF:RBC membrane protein to prepare TF-

conjugated RBC membranes and the denotations of the NPs prepared with 

these membranes.     

TF: RBC % Conjugation TF@Mem 

0.02 86.5 TF0.02-Dox-NPs 

0.05 56 TF0.05-Dox-NPs 

0.1 32.4 TF0.1-Dox-NPs 

0.2 17.4 TF0.2-Dox-NPs 

0.4 11.3 TF0.4-Dox-NPs 

 

      Here we have studied the effect of TF conjugation over RBC membrane-

coated NPs. To prepare NPs having TF on their surface, TF molecules were 

conjugated on RBC membrane, and these TF-conjugated membranes were 

used to coat PLGA NPs forming TF-decorated RB-NPs (TF-RB-NPs). To 

determine the required amount of the transferrin on the NPs surface to 

achieve maximum uptake, RBC membranes with varying densities of the TF 

on their surface were prepared. For this, RBC membranes were reacted with 

increasing weight ratios of TF: Membrane protein (0.02 to 0.4), and amount of 

the TF conjugated on the RBC membranes was calculated (Table 5.1). With 

increasing TF concentration in the reaction, an increase in the conjugation of 

TF on RBC membrane was observed.  
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Figure 5.1 (A) Hydrodynamic diameter and zeta potential of the PLGA NPs, 

RB-NPs, TF-RB-NPs. (B) TEM micrographs of PLGA NPs. (C)Uptake of the 

TF-Dox-NPs containing an increasing density of the TF on their surface. (D) 

TEM image of the TF-DoxMB. 

 

 

     After this, to confirm the targeting efficiency of these TF conjugated RBC 

membranes, doxorubicin-loaded TF-Dox-NPs were prepared. Doxorubicin-

loaded PLGA NPs were prepared and coated with RBC membranes containing 

increasing densities of TF molecules. These prepared TF-Dox-NPs were 

denoted as TF0.02-Dox-NPs to TF0.4-Dox-NPs according to the used ratio of 

TF: RBC membrane protein (Table 5.1). Uptake of these TF-Dox-NPs was 

studied in HeLa cells. It was found that TF0.1-Dox-NPs showed the highest 
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uptake as compared to only RBC vesicles, TF0.02-Dox-NPs, and TF0.05-Dox-

NPs, whereas although the TF content was higher in TF0.2@Mem and 

TF0.4@Mem than TF0.1@Mem, no further increase in the uptake was 

observed for them (Figure 5.1C). Thus, for further experiments, reaction with 

0.1 ratio of the TF: RBC membrane was selected.  The NPs prepared at this 

ratio containing Dox and MB were denoted as TF-DoxMB NPs. The dH and 

ζ of the TF-DoxMB NPs were recorded to be 132 nm and -12.6 mV, where 

significant increase in the ζ denoted the presence of the TF over the surface of 

TF-DoxMB NPs (Figure 5.1A). Similarly, from the TEM image of the TF-

DoxMB in Figure 5.1D, a halo around the PLGA NPs was observed specifying 

the efficient coating of the RBC membrane. The average size of the TF-DoxMB 

NPs measured from the TEM images was found to be 106±23 nm (Figure 

5.1D, Figure 5.2A). 

    Similarly, FESEM images (Figure 5.2B) also confirmed the round 

morphology of the TF-DoxMB NPs. For stability studies, dH of the TF-DoxMB 

NPs in PBS or fetal bovine serum (FBS) were measured at different time 

points. Figure 5.2C showed the dH of the TF-DoxMB NPs for 14 days in PBS 

at 4 ºC, there was no significant increase in the size over the time period. 

These stable, NPs were further mixed with FBS (10%) and kept at 37 ºC for 24 

h to test serum stability. From DLS study (Figure 5.2D), it was confirmed 

that there was neither a size change nor any protein adsorption on NPs. The 

long term stability and the serum stability of the NPs makes them a suitable 

candidate for delivery purpose. 
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Figure 5.2 (A) Average size of the TF-DoxMB NPs calculated from TEM 

images. (B) FESEM images of the TF-RB-NPs (Size bar:100 nm). (C) Long-

tern stability of the TF-DoxMB at 4 ºC. (D) Serum stability of the TF-DoxMB 

after incubation in FBS for 24 h. 
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Figure 5.3 (A) SDS PAGE showing TF, TF-TFIC in UV transilluminator or 

after silver staining. (B) Flow cytometry of the RBC, and TF-FITC conjugated 

RBCs. (C) Microscopy of the TF-FITC conjugated RBCs. 

 

     Further, to confirm the TF conjugation on RBC membrane, TF was 

fluorescently tagged with FITC, and this FITC-tagged-TF (TF-FITC) was 

conjugated with isolated RBC membranes. Figure 5.3A showed SDS-PAGE of 

the TF-FITC and TF under UV illuminator and silver staining. A green 

fluorescent band in TF-FITC lane of equal size of TF confirmed the initial 

FITC binding. This FITC-TF was further conjugated with RBC membrane, and 

TF conjugation was studied. The presence of the green fluorescence in flow 

cytometry and microscopic analysis revealed the presence of the TF-FITC on 

the surface of the RBC membranes (Figure 5.3B), confirming successful 

conjugation. To establish the coating of PLGA NPs with only RBC membrane 

or TF-RBC membrane, Western blots were carried out for detection of the 

anion exchanger AE-1 protein from RBC membrane.  The results showed that 

that AE-1 was present on membrane coated PLGA NPs and TF-DoxMB NPs 

(Figure 5.4A), which supported efficient coating of PLGA NPs as seen in TEM 

images.  
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Figure 5.4 (A) Western blot analysis to study AE-1 protein in RBC, RB-NPs, 

and TF-RB-NPs. (B) The release profile of the Dox and MB from TF-DoxMB 

NPs. 

 

5.3.2 Drug loading and Release study 

     To measure the effectiveness of the NPs to deliver drugs and inhibit the 

proliferation of the cells, two drug molecules were loaded onto these NPs. To 

achieve drug loading, PLGA NPs were prepared in the presence of the Dox and 

MB. In the study, MB was used as photodynamic agents to produce reactive 

oxygen species (ROS) after laser irradiation. Encapsulation efficiencies of the 

doxorubicin and methylene blue in NPs were found to be 36% and 52%, 

respectively. TF conjugated - Dox and MB loaded RB-NPs (TF-DoxMB NPs) 

were prepared by coating these drug-loaded PLGA NPs with TF-bound RBC 

membranes by extrusion. Furthermore, the release of the Dox and MB from 

TF-DoxMB NPs was studied in the phosphate buffer (pH 7.4). Release study 

results in Figure 5.4B confirmed the similar release profile of both Dox and 

MB, where approximately 75% of the drug release was seen in the first 12 h of 

incubation.  
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5.3.3 Selective internalization of TF-DoxMB NPs inside cancer cells 

     After confirmation of drug loading and release, the uptake of these TF-

DoxMB NPs was studied in HeLa (cervical cancer), MCF-7 (breast cancer) and 

HEK (human embryonic kidney) cells. Flow cytometric uptake study results 

(fold uptake) for HeLa and MCF-7 cells (Figure 5.5A, B) showed the 2- and 6-

fold higher uptake of the TF-DoxMB NPs as compared to the free Dox, 

respectively. Similar studies carried out on non-cancerous cells HEK did not 

show a significant increase (1.3 fold) in the uptake for TF-DoxMB NPs as 

compared to Dox or RB-DoxMB NPs, probably due to lower expression of the 

TF receptor on HEK cell surface (Figure 5.5C).  

 

Figure 5.5 A(i), B(i), C(i) are representative histograms of the Flow 

cytometric uptake study of the free dox, PLGA DoxMB, RB-DoxMB,and TF-
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DoxMB in HeLa (A), MCF-7 (B) and HEK293 (C) cells. Similarly, A(ii), B(ii), 

C(ii) showed change in the uptake as compared to free Dox in HeLa, MCF-7 

and HEK293 cells, respectively.  

 

      Another important observation made from the uptake study was that non-

targeted RBC membrane NPs (RB-DoxMB) also showed higher uptake as 

compared to the free drugs. From uptake analysis, highest FL intensity or fold 

uptake was seen in case of TF-conjugated NPs, whcih confirmed the targeting 

efficiency of the TF-DoxMB NPs. To show differential uptake of the TF-DoxMB 

NPs in cancer and non-cancerous cells, expression of the transferrin receptor 

was studied. From PCR results in Figure 5.6, it was observed that HeLa and 

MCF-7 cells possessed higher expression of the TF receptor. The higher 

expression of the TF receptor on HeLa and MCF-7 cells resulted in selective 

uptake of the TF-bound NPs. As evident by uptake study with microscopy 

(Figure 5.7A, B), free dox was mainly localized in the nucleus of the cells, 

while the drug-loaded NPs showed localization in the cytoplasm of the cells. 

Increased fluorescence of the Dox was seen in TF-DoxMB NPs treated cells 

confirming the targeted delivery of the drug molecules to HeLa and MCF-7 

cells. 

 

Figure 5.6: Semi-quantitative expression analysis of the TF receptor in HeLa, 

MCF-7, and HEK293 cells. 
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5.3.4 TF-DoxMB NPs enters inside the cells by clathrin mediated 

pathway 

     Previous studies reported that the internalization of the transferrin-

conjugated NPs is an active and energy-dependent process.14 Thus to study 

endocytosis of the TF-DoxMB NPs, lysosomal staining of the cells after 

treatment with NPs was performed. Figure 5.8A showed lysotracker green 

staining of the HeLa and MCF-7 cells. From fluorescence images, it was 

observed that most of the TF-DoxMB NPs were internalized and localized in 

the lysosomes, whereas a low fraction of the NPs escaped the lysosome and 

were present in the cytoplasm. In the same manner, route of the 

internalization of NPs may differ based on the material or surface coating. 

Henceforth, the pathway of the internalization of TF-DoxMB NPs in HeLa and 

MCF-7 cells was studied using endocytosis pathway inhibitors.  

 

 

Figure 5.7 (A, B) Microscopic fluorescence images for the uptake of the Dox, 

RB-DoxMB, and TF-DoxMB NPs in HeLa (A) and MCF-7 (B) cells. (scale bar: 

10 µm). 
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     Pretreatment of the cells with sodium azide resulted in 40% to 60% 

decrease in the uptake of TF-DoxMB NPs in HeLa and MCF-7 cells, 

respectively; confirming the internalization was energy-dependent and active 

process (Figure 5.8B). Use of the filipin, a caveolin mediated pathway 

inhibitor did not show a significant reduction in the uptake, but the clathrin-

mediated endocytosis pathway inhibitor; chlorpromazine reduced the uptake 

by 40% to 78% in MCF-7 and HeLa cells, respectively (Figure 5.8B). From 

results, it was concluded that TF-DoxMB were getting internalized via TF 

receptor and clathrin-mediated endocytosis pathway. Our results showed the 

similar route of the endocytosis mentioned in previous studies carried out with 

TF conjugated nanocarrier.15 

 

 

Figure 5.8 (A) Lysosome staining of the TF-DoxMB treated HeLa and MCF-7 

cells. Scale bar: 10 µm. (B) % Uptake of the TF-DoxMB in the presence of 

endocytosis inhibitors, calculated from flow cytometric analysis.  
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5.3.5 Synergistic Antiproliferative effects of the nanoparticulate 

formulations 

     To study the viability of the cells after treatment, phosphatase assays were 

carried out.12 Though this assay is commonly being used to study the viability 

of the cells, the efficiency of the assay was examined by keeping number of the 

cells equal. To obtain the linearity of the phosphatase assay, HeLa cells were 

seeded with increasing density in 96 well plate. From the assay results, shown 

in Figure 5.9, it was seen that the assay absorbance was increasing linearly 

with an increase in the number of cells. This confirmed that the phosphatase 

assay could be utilized to study cell death after the NPs treatment. Viability 

assays were performed to study the anti-proliferative effects of free drugs and 

their drug formulations in the form of nanoparticles.  

 

Figure 5.9 Phosphatase assay carried out on an increasing number of cells. 

 

      HeLa, MCF-7, and HEK293 cells were treated with increasing 

concentrations of the free Dox, MB, RB-DoxMB, and TF-DoxMB. In order to 

compare the viability assay results, Dox and MB concentrations were kept 

similar in free drug combinations or nanoparticulate form. For assessing the 
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effect of co-treatment of MB, the laser was irradiated to the cells treated with 

MB containing formulations.  

 

Figure 5.10 Viability assays of the Dox, MB and MB along with laser 

irradiation (MB+L) in HeLa (A, B), MCF-7 (C, D) and HEK293 (E, F) cells.  

 

From viability testing on HeLa, MCF-7, and HEK293 cells for Dox and MB 

treatment, it was observed that the free drug molecules could inhibit the 

proliferation of the cells (Figure 5.10). Especially, Dox showed its IC50 
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concentrations at 186±7 nM, 142±16 nM, and 158±7 nM in HeLa, MCF-7, and 

HEK293 cells, respectively (Figure 5.10, Table 5.2). The IC50 concentrations 

for Free MB were found to be 9.2±0.3 µM, 8±0.3 µM and 6.1±1.3 µM in HeLa, 

MCF-7 and HEK293 cells respectively; without laser irradiation (Figure 5.10 

and Table 5.2). Afterward, to correlate the activity of the MB along with laser, 

free MB treated cells were irradiated with laser (MB+L). A clear difference in 

the IC50  of the MB and MB+L treatments depicted a significant increase in 

cell death in MB+L treatment. The results of free Dox, MB, and MB+L 

treatments confirmed that the individual drug could be delivered through the 

nanocarriers.  

     In the next step, cells were treated with combinations of Dox and MB 

(DoxMB), and the nanoparticles (RB-DoxMB, and TF-DoxMB) for 8 h and laser 

was irradiated onto these cells for 2 min. Laser-irradiated treatments were 

denoted as DoxMB+L, RB-DoxMB+L, and TF-DoxMB+L. From the results 

shown in Figure 5.11A, B and Table 5.2, a significant difference in the 

viability of the laser irradiated treatments was observed. For example, IC50 

concentrations of the free Dox in HeLa cells was 186±7 nM, it was further 

reduced to 172±4.8 nm, 58±1.8 nM, and 28±2 nM in laser-irradiated 

DoxMB+L, RB-DoxMB+L, and TF-DoxMB+L treatments. Similarly, in MCF-7 

cells, IC50 concentrations of the Dox and MB were reduced significantly in the 

nanoparticulate formulations as compared to free drugs (Table 5.2). 
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Figure 5.11 (A, B, C) Viability assays for DoxMB+L, RB-DoxMB+L and RF-

DoxMB+L treatments in HeLa (A), MCF-7 (B) and HEK293 (C) cells. 

 

Similar observations were made regarding IC50 concentrations of MB in 

DoxMB+L, RB-DoxMB+L, and TF-DoxMB+L treatments. These results 

suggested a significant higher antiproliferative response in the combination of 

Dox and MB along with laser in treated cells. Surprisingly, RBC membrane 

coating has been shown to improve the uptake and drug delivery inside the 

cells. From the comparison of the IC50 concentrations of the RB-DoxMB+L and 

TF-DoxMB+L, the significant improvement in the antiproliferative response 

was seen (Figure 5.12) after TF conjugation.  
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Figure 5.12 Comparison of the IC50 concentration of the RB-DoxMB+L and 

TF-DoxMB+L in HeLa, MCF-7 and HEK293 cells. 

 

To further examine the synergistic action of the chemo- and photodynamic 

therapy, combination indexes (CI) were calculated for each combination 

treatment (Table 5.2). CI values for RB-DoxMB+L and TF-DoxMB+L in HeLa 

and MCF-7  cells were found to be less than 1, confirming the synergistic 

action for cell death. From the IC50 concentrations, CI and the uptake study, it 

was indeed observed that TF conjugation has significantly improved the 

internalization of TF-DoxMB; thereby producing significant synergistic 

response. 
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Table 5.2 IC50 concentrations and combination indexes calculated for 

DoxMB+L, RB-DoxMB+L and TF-DoxMB+L treatments.  

 Free Drugs Nanoparticles 

 DoxMB+L RB-DoxMB+L TF-DoxMB+L 

 IC50  CI IC50  CI IC50 CI 

       

 Dox(nM) MB(nM)  Dox(nM) MB(nM)  Dox(nM) MB(nM)  

 2D Monolayer Culture 

HeLa 172±4.8 447+17 1 58±1.8 149±3 0.3 28±2 74±3 0.16 

MCF-7 88.3±3 227±7 0.7 60.5±5 156±16 0.5 20.3+2 52±4.5 0.2 

HEK293 147±17 376±38 1.1 68+8 174±22 0.5 60±1.5 156±4.8 0.4 

 3D Multicellular Spheroids 

 Dox(µM) MB(µM)  Dox(µM) MB(µM)  Dox(µM) MB(µM)  

HeLa 4.6±0.3 12±2 1.6 2±0.3 

 

5.2±0.9 0.7 0.95±.08 2.4±0.2 0.3 

 

     Similar viability assays carried out in HEK293 cells showed a slight 

decrease in the IC50 concentrations of the Dox in DoxMB+L, RB-DoxMB+L, 

and TF-DoxMB+L treatments (Table 5.2). IC50 of the Dox and laser treated 

MB was found to be 158±7 nM and 1.7±0.2 µM. RBC membrane coated NPs 

(RB-DoxMB) showed decrease in the IC50 of the Dox and MB to 68±8 and 

174±22 nM, respectively. Although the reduction in IC50 of the RB-DoxMB+L 

was seen, there was no significant difference in IC50 of the RB-DoxMB+L and 

targeted TF-DoxMB+L treatment (Figure 5.12). The reason behind this might 

be the lower expression of the transferrin receptor and the slower proliferation 

of the non-cancerous cells. It has also been seen that Dox treatment is 

associated with cardiotoxicity, major side effect of the Dox when used for 

therapeutic purpose.16 The non-targeted therapies resulting in the distribution 

of the Dox to cardiac cells results in multiple molecular changes and affecting 

the normal functioning of the cells. Thus, targeting Dox to cancer cells and 

achieving a similar therapeutic response at a lower dose would definitely 

reduce cardiotoxic effects and improve the patient's health.  
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5.3.6 TF-DoxMB induced ROS and DNA damage mediated cell death 

     Doxorubicin is a potent anticancer drug which inhibits the DNA 

topoisomerase II.17 It has also been reported that Dox can induce ROS 

generation inside the cells.18 Likewise, another molecule MB used in this study 

was a photodynamic agent, which also generates ROS after laser treatment.19 

Thus, different assays were carried out to study the underlying mechanism of 

the action of cell death. Initially, using ABDA [9,10-anthracenediyl-

bis(methylene)dimalonic acid] based assay, generation of the singlet oxygen 

after laser irradiation was determined.20 For this study,  solution of the ABDA 

and MB were irradiated with laser for up to 120 seconds, and absorbance of 

the ABDA was measured at 400 nm. 

 

Figure 5.13 Absorbance of the ABDA at 400 nm to confirm photo-oxidation of 

the ABDA from singlet oxygen generated after laser irradiation on MB. 

 

 From results shown in Figure 5.13, it was observed that the absorbance of 

the ABDA decreased with an increase in the irradiation time. Since the 

oxidation of the ABDA due to the presence of the singlet oxygen results in a 

reduction in the absorbance at 400 nm, it confirmed the photodynamic action 

of the MB. Following this, ROS generated inside the cells were also detected by 

DCFDA staining. Flow cytometric assay carried out on HeLa and MCF-7 cells 
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(Figure 5.14A, B)  showed free Dox, Dox+MB in PLGA NPs (PLGA-DoxMB) 

or RB-DoxMB+L, and TF-DoxMB+L resulted in the ROS generation. Without 

a doubt, the laser-irradiated (TF-DoxMB+L) cells showed maximum ROS 

generation.  

 

 

Figure 5.14 (A, B) Fold changes in ROS of the treated HeLa (A)  and MCF-7 

(B) cells corresponding to free Dox. 

 

     These results concluded that the TF-conjugation caused increased 

localization of the Dox and MB, and subsequent laser irradiation generated 

reactive oxygen species at higher amount. The presence of the Dox and laser 

irradiation of the MB resulted in the generation of ROS species; these ROS 

alters the molecular processes, including induction of DNA damage and 

mitochondrial dysfunction. Herein, cells possessing fragmented DNA after 

treatment with TF-DoxMB and laser irradiation were studied. TUNEL assay 

results in Figure 5.15 showed that 55% and 44% of the HeLa and MCF-7 cells 

were positive for DNA damage. After laser treatment, induction of the 

apoptosis via ROS mediated DNA damage was the probable fate of the treated 

TH-2162_146106024



192 
 

cells. As mentioned earlier, use of the ROS generating molecules or ionizing 

radiations is a common practice in chemo and radiation therapy. The 

generated ROS directly or indirectly induce single or double-strand breaks in 

DNA. The targeted combination therapy module like TF-DoxMB to deliver 

chemotherapeutic, as well as the photodynamic agent, will undoubtedly help to 

achieve maximum therapeutic response.     

 

Figure 5.15  Percentage of TUNEL positive cells after treatment with TF-

DoxMB+L.  

 

5.3.7 Induction of Apoptosis by TF-DoxMB 

Dox is being used for the treatment of the breast, lung cancers and Hodgkin’s 

& non-Hodgkin’s lymphoma.17 The end result of the generated ROS and DNA 

damage renders apoptosis mediated cell death. Therefore, the apoptotic 

population of the HeLa and MCF-7 cells treated with the same concentrations 

of the Dox and MB in free form and nanoparticulate form were recorded. 

Treated and laser-irradiated cells with DoxMB+L, PL-DoxMB+L, RB-

DoxMB+L, and TF-DoxMB+L treatments were stained with annexin V-FITC 

antibody and analyzed on a flow cytometer. Form the results obtained in 
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Figure 5.16A,B; it was evident that a number of the apoptotic cells were 

highest in TF-DoxMB+L  treatment. In case of HeLa cells (Figure 5.16A), 

Free DoxMB+L treatment resulted in apoptosis induction in 17% cells, 

whereas PLGA-DoxMB+L showed 21% apoptotic cells. RBC membrane-coated 

nanoparticles (RB-DoxMB+L) also induced apoptosis in 26% of cells following 

the laser treatment. Along with this, TF-DoxMB treatment without laser 

showed a similar apoptotic population (27%) as RB-DoxMB+L, whereas TF-

DoxMB+L increased it to 44% in HeLa cells. Similar results were seen in case 

of MCF-7 cells (Figure 5.16B), where DoxMB+L, PLGA- DoxMB+L and RB-

DoxMB+L treatment resulted in 11%, 16% and 21% apoptotic cells, 

respectively. Similarly, TF-DoxMB and TF-DoxMB+L treatment resulted in 

20% and 36% cell apoptosis, respectively. The evidence from this study 

suggested a higher number of the apoptotic cells were present in TF-DoxMB+L 

than with the same concentrations of the Dox or MB in free Dox or RB-

DoxMB+L. 

 

Figure 5.16 (A, B) Summary of the results of the annexin-v PI assay for 

apoptosis in treated HeLa (A) and MCF-7 (B) cells.     

     It was observed here that TF conjugation and laser irradiation significantly 

increased the percentage of apoptotic cells. The results obtained in this assay 
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supports the uptake studies. TF- conjugation has considerably increased the 

internalization of these NPs, resulting in higher drug accumulation in cells.  

5.3.8 Enhanced Penetration of the TF-DoxMB in 3D Spheroids 

     Successful delivery of the Dox and MB to HeLa and MCF-7 cells ensured 

the reduction in proliferation and induction of apoptosis in monolayer of HeLa 

and MCF-7 cells. Though this therapeutic strategy worked effectively on 

monolayer cells, it was important to study its course of action in the 3D tumor 

environment.  

 

Figure 5.17 (A, B) Uptake of the Dox in free form, in PLGA NPs, RB-DoxMB, 

and TF-DoxMB NPs in HeLa (A) and MCF-7 (B) spheroids. (C, D) Corrected 

total cell fluorescence calculated from the fluorescence images of the HeLa (C) 

and MCF-7 (D) spheroids. 
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For further confirmation of the effectiveness of the TF-DoxMB and laser 

treatment (TF-DoxMB+L), spheroidal models of these cells were tested. 

Initially, the internalization and penetration ability of the TF-DoxMB was 

studied on HeLa and MCF-7 spheroids. 

     Spheroids treated with free Dox, PLGA-DoxMB, RB-DoxMB, and TF-

DoxMB were observed under confocal microscopy. From the results seen in 

Figure 5.17A-D, it was observed that the fluorescence obtained from TF-

DoxMB treated spheroids was higher as compared to other treatments. Along 

with the microscopic confirmation (Figure 5.17A, B), CTCF (Corrected Total 

Cell Fluorescence) were also calculated from fluorescent images of the 

spheroids. The CTCF shown in Figure 5.17C, D confirmed the highest uptake 

of the TF-DoxMB in both the HeLa and MCF-7 spheroids. The metabolism and 

the proliferation of the cells in the tumor core follow a different route than the 

cells at the tumor surface. Thus, the higher penetration ability of the TF-

DoxMB would certainly help to localize these drugs in the tumor core; while 

laser treatment might selectively destroy the core cells.   

 

5.3.9 Synergistic Cell death induction in the spheroid model 

     As mentioned earlier, the targeting efficiency of the RB-DoxMB in 

monolayer, as well as 3D spheroids, was increased after conjugation of TF (TF-

DoxMB) on their surface. In addition to this, viability assays were carried out 

to study the effectiveness of the TF conjugated NPs. Firstly, HeLa spheroids 

were treated with free drugs, and the IC50 concentrations were determined. 

From the viability assay results shown in Figure 5.18, it was evident that Dox 

treatment inhibited the proliferation of the cells at IC50 concentration of 

7.5±1.2 µM (Table 5.2); whereas MB treatment did not reach IC50 even at 30 

µM. Surprisingly, only MB treated and laser-irradiated (MB+L) treatment 

showed a reduction in spheroidal cell viability significantly with IC50 

concentration at 12±0.5 µM (Figure 5.18 and Table 5.2). It was evident from 
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the viability assays that IC50 concentrations of the Dox and MB were 

significantly decreased in RB-DoxMB+L (Dox: 2±0.03 µM, MB: 5.2±0.1 µM)  

and TF-DoxMB+L (Dox: 0.95±0.08 µM, MB: 2.4±0.25 µM) treatments. 

Reduction in IC50 concentrations of the Dox and MB in case of TF-DoxMB+L 

confirmed that due to the targeting of NPs, a higher amount of the Dox and 

MB were delivered in those spheroidal cells, which upon laser treatment-

induced cell death. Similar to the assays on monolayer cells, CI of the 

combination treatments were calculated (Table 5.2), and the synergistic 

response was observed for RB-DoxMB+L and TF-DoxMB+L treatment with CI 

of 0.7 and 0.3, respectively. In case of spheroids, due to the complex nature and 

3D arrangement of the cells, IC50 concentrations of the free Dox were very high 

as compared to IC50 of the monolayer cells. Surprisingly, the use of TF-

conjugated NPs reduced the concentrations of the Dox and MB to attain IC50 

effect. Targeting of the RBC membrane coated NPs with TF to the tumor cells 

provide an efficient strategy for targeted drug delivery.  
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Figure 5.18 Viability assays of the Dox (A), MB and MB along with laser 

irradiation (MB+L) (B) in HeLa cells spheroids. (C) Viability assays carried 

out on HeLa cells spheroids after treatment with DoxMB+L, RB-DoxMB+L, 

and TF-DoxMB+L. 

   

     To further confirm cell death in spheroids, live-cell staining dye (Calcein-

AM) was utilized. Spheroids treated with equal concentrations of free Dox and 

MB (DoxMB+L) or  TF-DoxMB+L containing Dox (1µM) and MB (2.6µM) with 

laser irradiation were stained with Calcein-AM and observed under the 

confocal microscope. 
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Figure 5.19 (A) Calcein-AM staining of the untreated and TF-DoxMB+L 

spheroids. (B) ROS detection by DCFDA staining of the treated HeLa 

spheroids.  

 

      From the microscopic images in Figure 5.19A, it was evident that 

untreated cells showed maximum green fluorescence due to the presence of the 

live cells. In the case of treated samples, decrease in green fluorescence was 

noticed. Orthogonal view of the TF-DoxMB+L treated spheroids showed red 

fluorescence from Dox and decreased green fluorescence due to the presence of 

dead cells. The visual confirmation of the dead cell indicated the potential use 

of the TF receptor-targeted NPs for drug delivery to cancer cells 

overexpressing TF receptors. As observed in case of monolayer cells, ROS plays 

an important role in inducing DNA damage mediated cell death, ROS 

generation in treated HeLa spheroids was also detected. For ROS detection in 

the spheroids, the spheroids incubated with DCFDA were treated with above-

mentioned combinations for 24 h. Microscopic images in Figure 5.19B showed 

that untreated spheroids had very low fluorescence from DCF, whereas 
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DoxMB+L and  TF-DoxMB+L treatment resulted in the acquisition of 

detectable green fluorescence. The highest fluorescence was observed in TF-

DoxMB+L treatment. From the studies carried out on 3D spheroids, it was 

concluded that treated spheroids also followed the similar path of the cell 

death starting from generation of ROS to DNA damage leading to cell 

apoptosis. Another key point to remember is that a higher free Dox was needed 

in spheroidal cells in order to achieve IC50, but the amount of the Dox in TF-

DoxMB+L was comparatively very less indicating the synergistic action of the 

Dox and laser-irradiated MB.  

   

5.4 Conclusions 

In conclusion, novel TF-conjugated RBC membrane-coated PLGA NPs were 

prepared for delivery of anticancer drug molecules. TF conjugation on RBC 

membrane produced stable and cancer cell-targeted nano-carrier, which 

showed selective internalization of these NPs via TF receptor-mediated 

endocytosis in HeLa and MCF-7 cells. Study pursuing the endocytosis 

mechanism of these NPs revealed that TF-DoxMB NPs followed the clathrin-

mediated endocytosis pathway. The results of uptake study and anti-

proliferative action of these NPs revealed successful delivery of the Dox and 

MB, which synergistically improved the efficacy of cell killing upon laser 

irradiation. The outcome of the study  revealed apoptotic cell death of the 

treated cells via ROS induced DNA damage. The evidence from the assays 

carried out on 3D spheroids of HeLa cells supported targeting and cell-killing 

activity of the present nano-formulation. Taken together, a biocompatible 

nanocarrier, achieving targeted chemotherapeutic as well as photodynamic 

action may help to improve the efficacy of cancer treatment. 
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Conclusion & Future scopes 

 

 

 

This section summarizes the important findings of the thesis work. In 

addition, possible future research scopes are also included. 
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CONCLUSIONS 

      

Burgeoning research in the field of nanomedicine has developed several 

nanocarriers for drug delivery applications. Particularly, nanocarriers for 

delivery of chemotherapeutic drugs have gained much attention to combat 

incidence of cancer-related deaths. The essential characteristics of a 

nanocarrier for potential therapeutic use include stability, biocompatibility 

and targeting ability. To achieve these properties, surface modification of 

nanocarriers can be performed. Selenium and RBC membrane-based 

nanocarriers are quite important due to their stability and biocompatibility. 

Selenium-based compounds possess antiproliferative properties and thus, 

selenium nanoparticles could be utilized for drug delivery as well as targeted 

therapy.  

     Initially in chapter 2, selenium based nanocarrier was formulated for 

delivery of hydrophobic drug (paclitaxel) using F-127 polymer. Repeating units 

of hydrophobic and hydrophilic segments of F-127 was useful to load 

paclitaxel. These drug-loaded NPs showed excellent antiproliferative and cell-

killing properties against cancer cells. The cancer cells proliferate 

uncontrollably due to genetic mutations that could alter signaling pathways. 

Although abnormal signaling events can be blocked with signaling inhibitors, 

but such inhibition is temporary and the cells start dividing once the 

concentration of inhibitor recedes. Another property of the cancer cell is the 

overexpression of the specific receptors like folic acid receptor. Thus, in the 

chapter 3, the selenium nanoparticles were decorated with folic acid to target 

cancer cells expressing high folic acid receptor. Such cancer cells have 

mutations in MAPK pathway genes. Targeted selenium nanoparticles entered 

into the cancer cells efficiently. In addition, concomitant blocking of MAPK 

signaling by small molecule inhibitor improved the therapeutic potential of the 

selenium nanoparticles.  
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In chapter 4, RBC membrane based nanoparticles were developed for delivery 

of therapeutic molecules. The PLGA nanoparticles loaded with curcumin and 

tirapazamine were coated with RBC membrane layer. Uptake of the 

nanoparticles was facilitated resulting in more accumulation of drugs after 

RBC membrane coating. Growth of the hypoxic 3D tumor spheroids were 

reduced significantly by treatment with drug loaded RBC membrane coated 

nanoparticles.  

     Though the RBC membrane coated nanoparticles were shown to deliver 

considerable amount of drugs to the cancer cells, but it was observed that solo 

RBC membrane coating could not able to distinguish between cancer cells and 

normal cells. In order to resolve the issue, targeting transferrin receptor was 

planned, because cancer cells express higher amount of transferrin receptors 

than normal cells. Thus, to achieve targeted delivery of drugs to the cancer 

cells, transferrin was conjugated on the surface of the nanoparticles (chapter 

5). The transferrin conjugated RBC membrane coated PLGA nanoparticles 

exhibited efficient delivery of doxorubicin and methylene blue into cancer cells. 

While doxorubicin revealed profound chemotherapeutic effect, methylene blue 

enabled photodynamic effect upon laser irradiation leading to synergistic anti-

cell proliferation. Selective delivery of the drugs to cancer cells resulted higher 

anticancer effect as compared to RBC membrane coated or PLGA NPs 

containing drugs. The combined photodynamic and chemotherapeutic effects 

generated ROS mediated DNA damage resulting synergistic cell apoptosis.      

 

Future Prospects: 

The potential scopes of the present findings include: 

 The therapeutic ability of the Se nanoparticles could be explored by 

targeted delivery of combination of drugs.  
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 For a better understanding of pro-oxidant roles, the effect of Se 

nanoparticles may be explored in in-vivo model. The output of this study 

would help to design a dose of Se supplementation required for 

antioxidant or therapeutic applications.  

 Se nanoparticles can be combined with metallic nanoclusters (Au, Ag) 

for luminescent based bioimaging studies.  

 A comparative study of RBC membrane versus cancer cell membrane 

coating may be explored.  

 RBC or transferrin conjugated RBC membranes could be efficiently used 

for drug delivery in-vivo.  

  Molecules such as, proteins, peptides and siRNAs prone to degradation 

by cellular hydrolysis could be stabilized by cell membrane vesicles.    
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