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Thesis Abstract 

In recent years, phosphatidylinositol 3-kinase (PI3K) and mitogen activated protein kinase 

(MAPK) signaling pathways have received enormous attention as a target for cancer 

therapeutics since they are deregulated in many human cancers.  Numerous small molecules 

were designed to inhibit the key players of these pathways. However, small molecule therapy 

is limited owing to emergence of drug resistance (extrinsic or intrinsic) and lack of specificity 

to tumor tissue which leads to off-target toxicity. To overcome these, in my thesis I have 

focused on inhibiting signaling pathways with simultaneous downstream DNA damage in 

cancer cells by merging the expertise of chemical biology and nanotechnology. In the 

following chapters, I have engineered nontoxic, biodegradable lipidic nanoparticles 

comprising signaling inhibitors and DNA-damaging agents together, which we expect to be 

accumulated in tumor tissue via enhanced permeability and retention (EPR) effect and 

receptor mediated endocytosis, internalize into the cancer cells and release their payloads to 

inhibit these signaling pathways simultaneously by inducing DNA damage.  

Chapter 1 summarizes the role of PI3K and MAPK in tumor genesis in different cancers and 

emergence of signaling pathways as potential target in cancer therapy. We highlighted the 

efforts made to inhibit these signaling pathways by small molecule kinase inhibitors, their 

limitations, necessity and advantage of combination therapy of signaling inhibitors and DNA 

damaging agents and challenges in using these combination therapies in the clinics. We also 

highlighted the role of nanotechnology and current efforts made to achieve the successful 

inhibition of PI3K and MAPK signalings in various cancer cells by nanotechnology 

platforms. Finally, this chapter describes importance of inhibition of PI3K and MAPK 

signaling in combination with DNA damaging agents by nanotechnology platforms and the 

aim of thesis. 

Chapter 2 describes the synthesis of nontoxic vitamin D3 nanoparticles comprising PI3K 

inhibitor (PI103) in combination with DNA damaging drugs (cisplatin/ 

doxorubicin/proflavine). We characterized these nanoparticles by by light scattering and 

electron microscopy techniques which proved particles are in spherical shape with sub 200 

nm size. A slow and sustained release of drugs from NPs was observed over a period of time 

rather burst release at tumor physiological pH = 5.4. These nanoparticles showed improved 

efficacy in synergistic manner in human hepatocellular carcinoma cells (Hep3B), as well as 

cisplatin  
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Fig. 1 Schematic diagram of inhibiting signaling pathways in cancer cells by multi drug loaded 

nanoparticle. 

 

resistant-Hep3B (Hep3B-R) cells compared to monotherapy by inducing apoptosis through a 

DNA damaging mechanism. Finally, vitD3–PI103–proflavine-NP internalized into Hep3B-R 

cells considerably faster compared to Hep3B cells, as visualized by fluorescent microscopy.  

 Chapter 3 reports triple drug (PI103, cisplatin, and doxorubicin) loaded cholesterol based 

chimeric nanoparticle (ChNPs) to inhibit PI3K signaling with simultaneous DNA damage 

(Fig. 1) in various cancer cells including drug resistant cells and to achieve improved 

therapeutic efficacy. All three drugs were chemically conjugated to biocompatible cholesterol 

and formulated into chimeric nanoparticles (ChNPs). A ratiometric drug loading of all three 

drug conjugates in ChNPs was obtained. Confocal laser scanning microscopy (CLSM) 

imaging revealed that these ChNPs were internalized into sub-cellular lysosomes through 

endocytosis in a time dependent mode over 6 h and retained inside for 48 h in HeLa, MDA-

MB-231, and MCF7 cells. ChNPs inhibited PI3K pathway by downregulating pAKT and 
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damaging DNA in HeLa cells also induced apoptosis. Interestingly, ChNPs induced 

improved cytotoxicity in all these cancer cells compared to free drug combination and this 

effect was even more severe in drug resistance cells.  

Chapter 4 was subdivided in to two chapters. 

Chapter 4a deals with successful targeting MAPK signaling with simultaneous DNA 

damage in cancer cells. We engineered novel nontoxic oleic acid nanoparticles (OA-NPs) 

comprising MEK inhibitor (AZD6244) and DNA damaging agent (cisplatin) to target MAPK 

signaling in cancer cells. Drug molecules were chemically conjugated to oleic acid and were 

co-self-assembled into 120 nm sized particles. OA-NPs showed controlled release of drugs at 

tumor pH mimic (pH = 5.5). These OA-NPs internalized into HeLa cells by macropinocytosis 

pathway and inhibited MAPK signaling, induced DNA damage in cervical cancer cells. 

Moreover, NPs showed enhanced cytotoxicity in several cancer cells including drug resistant 

ones. 

Chapter 4b further focuses on targeting MAPK signaling selectively in colorectal 

cancer cells where MAPK signaling pathway is highly up regulated. To this end we have 

decorated OA-NPs surface with hyaluronic acid polysaccharide to target CD44 receptors 

over-expressed on the colorectal cancer cell surface (Fig. 1). Interestingly, HA coated OA-

NPs were internalized into CD44 receptor over-expressed colon cancer cells (HCT116) via 

CD44 receptor-mediated and clathrin-mediated endocytosis. Theses NPs inhibited 

phosphorylation of extracellular signal-regulated kinases (ERK1 and ERK2) and damaged 

sub-cellular DNA to induce remarkable colon cancer cell (HCT-116 and DLD-1) death in 

contrast to free drug cocktail at 24 h post incubation. 

 

Chapter 5 deals with simultaneous targeting of both PI3K and MAPK signaling together in 

colon cancer cells (Fig. 1). Crosstalk between PI3K and MAPK pathway often would lead to 

failure of monotherapy where a single pathway is targeted. To address this, we have 

engineered hyaluronic acid coated chimeric nanoparticles (HA-ChNPs) which contain PI3K 

and MAPK signaling inhibitors (PI103 and AZD6244) and a DNA damaging agent 

(cisplatin). All three drugs were chemically conjugated to cholesterol and co-self-assembled 

into chimeric nanoparticles which were further coated with hyaluronic acid. These HA-

ChNPs internalized into cells by receptor-mediated endocytosis and caused cell death at 

much lower IC50 values compared to free drug mixture. HA-ChNPs induced apoptosis and 
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demonstrated cell cycle arrest at G1 phase by successfully inhibiting both PI3K and MAPK 

pathway in colon cancer cells. 
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Chapter 1 

PI3K and MAPK Signaling in Cancer and 

Targeting by Nanoplatform 
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1.1 History of Cancer 

Cancer is a major health problem and the second most common cause of death worldwide 

after cardiovascular disease.
1 According to the International Agency for Research on Cancer 

(IARC), in 2012 there were 8.2 million cancer deaths and 14.1 million new cancer cases 

worldwide. It was estimated that, by 2030, the global burden could grow to 21.7 million new 

cancer cases and 13 million cancer deaths.
2
 

Cancer is defined as an abnormality in cell division leading to uncontrolled growth  to 

develop a tumor (Fig. 1).
3
 Cancer can develop in any of the body's tissues, there are more 

than 200 different types of cancer, and can be grouped based on the type of the cell they start 

growing in.
4,5

 Almost all the cancers have similar basic characteristics with tissue specific 

unique features.
6
 All types of cancer cells continuously grow divide and re-divide by 

avoiding cell death and form new abnormal cells. An invasive tumor (malignant) in later 

stages translocate to other parts of the body through the blood  circulation and begin to grow 

at new tissue (metastasis).
7
 

 

Fig. 1 Schematic diagram of cancer and normal cells. 

 

Initiation and progression of the cancer is caused by both several external factors (radiation, 

chemicals, tobacco, and infectious organism) and internal factors within the cell (mutations 

that occur from metaboloism, harmones, inherited mutations etc.) However, in most of the 

cancers it takes months and years to accumulate these mutations in the DNA and to become 
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detectable. The phenomenal research in the last 50 years cancer biology has provided us the 

insights into how cancer cells develop. 

1.2 Hallmarks of Cancer 

Generally, most tumors arise as a consequence of genetic or epigenetic alterations in the 

cells.
8-10  Mutations to DNA in the cells and therefore, changes to the genes involved in cell 

 

 

Fig. 2 Hallmarks of cancer. 

maintenance such as proto oncogenes, tumor suppressor genes, suicide genes, and DNA-

repair genes push that particular cell to undergo uncontrolled growth.
11, 12

 Most of the time 

DNA damage in healthy cells can be repaired. Unfortunately, in cancer cells, gene mutations 

make the cell incapable of correcting DNA damage and unable to commit suicide 

(programmed cell death) leading to uncontrollable cell growth.
13 With these abnormalities, 

tumor cells develop several distinct features across time such as sustaining proliferative 

signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, 

inducing angiogenesis, and activating invasion and metastasis which are defined as 
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“Hallmarks of Cancer” by D. Hanahan and R. Weinberg (Fig. 2).
14

 All the “Hallmarks of 

Cancer” are tightly regulated by signaling pathways that control cell growth and division, cell 

death, cell fate, and cell motility. Mutations in the proto oncogenes are common in all kind of 

cancers which lead to the over-activation of the proteins involved in the growth promoting 

signaling pathways.
15-20

 Thus, the cell proliferation occurs at much faster than it would in the 

un-mutated cell.  

1.3 Cell signaling pathways 

Cellular signaling pathways are complex networks which are highly interconnected with each 

other (Fig. 3).
21

 There are large number of intracellular signaling pathways receive 

information from different growth factors at the cell surface through the receptor proteins 

which are embedded in the plasma membrane and integrate these information to regulate 

diverse biological processes including protein synthesis, cell growth, differentiation, cell 

architecture and polarity, motility, and programmed cell death (apoptosis).
22, 23

  

 

 

 

Fig. 3 The cell signaling network (Cell, 2000, 100, 57-70. Reprinted with the permission from Cell 

Press. Copyright © 2000). 
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Typically, such signaling is triggered with a growth factor (a protein that stimulates division) 

binding with the cell surface receptors leading to a conformational change in the trans-

membrane domain. Subsequently, a stimulatory signal was conveyed to the proteins in the 

cytoplasm. Further, these proteins transmit stimulatory signals to the nucleus through a series 

of interaction with other proteins in the cell. Finally, this division-promoting message in the 

cell's nucleus activates a set of genes that promote different cellular functions like division, 

growth, proliferation, differentiation and so on. Mutations in the proto oncogenes, which code 

the proteins involved in these signaling pathways cause overproduction of growth factors. 

These factors stimulate the growth of neighboring cells as well as, the cells that just produced 

through autocrine and paracrine signaling. Some other oncogenes produce aberrant receptor 

proteins that continuously release stimulatory signals into the cytoplasm even in the absence 

of growth factors in the environment. Moreover, several other oncogenes disturb components 

of the signal cascade in such a way that the nucleus in the cell continuously receives 

stimulatory messages, even when growth factor receptors are not involved in triggering them. 

Phosphatidylinositol-3-kinase (PI3K) and mitogen-acivated protein kinase (MAPK) signaling 

pathways are major survival and growth signaling cascades of a cell.
24-28 PI3K-AKT-mTOR 

and RAS-RAF-MEK-ERK pathways are the most studied and commonly deregulated 

pathways in many cancers such as lung, breast, colorectal, pancreatic cancers and 

melanoma.
28-31

 

1.3.1 Phosphatidylinositol-3-kinase (PI3K) signaling: Phosphatidylinositol-3-kinase 

(PI3K) is a family of lipid kinases, a major signaling cascade downstream of growth factor 

receptor tyrosine kinases (RTKs). Upon activation by growth factor stimulation through 

RTKs on the cell surface, PI3K catalyzes the phosphatidylinositol-3,4,5-triphosphate (PtdIns 

(3,4,5) or PIP3) production from phosphatidylinositol-4,5-triphosphate (PtdIns (4,5) or 

PIP2).There are four well-described isoforms of Class I PI3K (a, b, d and g encoded by 

PIK3CA, PIK3CB, PIK3CD and PIK3CG respectively) which catalyze the phosphorylation 

on 30 position of the inositol ring of phosphoinositides, and most importantly, the conversion 

of PIP2 to the second messenger PIP3. This in turn, activates a number of different proteins 

mainly the serine/threonine kinase Akt (also known as protein kinase B) in the cell. The 

activated Akt, further, modulates downstream signaling including stimulation of mammalian 

target of rapamycin (mTOR). The net effect of PI3K-Akt signaling is inhibition of apoptosis, 

growth, motility, and stimulation of cell proliferation (Fig. 4).
25, 32

 Phosphatase and tensin  
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Fig. 4 Schematic diagram of PI3K-akt-mTOR and Ras-Raf-Mek-Erk (MAPK) pathways. 

 

homolog (PTEN), major tumor suppressor, is a negative regulator of the PI3K pathway, 

which dephosphorylates PIP3 to PIP2.  

It is invariably found that PI3K-Akt pathway is “switched on” in cancers since it is central to 

many aspects of cell growth and survival. PI3K signaling and its components are the most 

perturbed pathway in human cancers (Table 1).
31, 33, 34

 The alterations include mutations in 

the PIK3CA gene, encoding the p110 catalytic subunit of PI3K, is commonly found in more 

than 50 % of bowel cancers and 26 % of all breast cancers. Loss of expression of PTEN is 

found in more than 50 % of all cancers, including melanoma, glioma, and prostate 

cancer. AKT amplification, overexpression, and mutation, are commonly found in breast, 

head and neck, pancreatic, gastric, ovarian, and colorectal cancers.
35-40
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1.3.2 Mitogen-activated protein kinase (MAPK) signaling: The mitogen-activated protein 

kinase (MAPK) pathway is another crucial signaling cascade consisting of RAS, RAF, 

mitogen-activated and extracellular-signal regulated kinase kinase (MEK), and extracellular 

signal-regulated kinase (ERK). The MAPK signaling cascade is activated by several growth 

factors and hormones through their cognate tyrosine kinase receptors (RTKs).
41

 Ligand 

binding to RTKs results in activation of RAS, leading to phosphorylation of RAF followed 

by downstream activation of MEK and ERK. Finally, these signaling cascades mediate 

important cellular functions mainly cell survival, protein synthesis, mitosis, and 

differentiation (Fig. 4).
42-44

 Moreover, the RAS-RAF-MEK-ERK pathway is also able to 

stimulate angiogenesis through changes in the gene expression that 

 

 

 

Table 1. Genetic alterations of the PI3K pathway (Expert Opini. Ther. Targets, 2012, 16, S17-S27. 

Reprinted with the permission from Taylor & Francis, copyright © 2018). 
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Table 2. Human tumors exhibiting activated RAS–MAPK signaling. (Nat. Rev. Cancer, 2004, 4, 937-

947. Reprinted with the permission from Springer Nature, Copyright © 2004) 

 

is involved in the formation of the new blood vessels. MAPK pathway is deregulated in many 

cancers. RAS is the most mutated oncogene in many human cancers, K-Ras mutations are 

found in 72–90 % of pancreatic cancers, 45 % of colon cancers and 15-50 % of lung 

cancers.
45

 

1.4 Challenges in targeting PI3K and MAPK signaling in cancer 

The fact that PI3K and MAPK signaling pathways are upregulated in many cancers and 

promote cell proliferation, survival and metastasis in cancer made it is apparent that 

components of these pathways have become major targets for innovative anticancer drug 

development.
33, 46-50

 Researchers have developed several effective inhibitors specific for the 

key components of PI3K and MAPK pathways. PI3K inhibitors include NVP-BEZ235, PI103 

(dual AKT/mTOR inhibitor), LY29004, Wortmannin, PX-866 (PI3K, other related kinases), 

A-443654, GSK690693 (AKT inhibitor) and rapamycin (mTOR inhibitor).
51-57 MAPK 

pathway inhibitors include AZD6244, PD0325901, XL518 and ARRY-142886 (MEK 

inhibitor), PLX-4720, PLX 4032 and SB-590885 (mutant B-Raf specific inhibitor).
58-62

 Most 

of these inhibitors are currently being used for therapy while others are under evaluation in 

clinical trials. Despite tremendous progress, clinical translation of small molecule signaling 

inhibitors still seems to be challenging. One major reason is that many tumors escape single 

kinase inhibition by developing several extrinsic or intrinsic drug resistance mechanisms after 

drug treatment.
63, 64

 The intrinsic drug resistance mechanism emerges from the already  
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Fig. 5 Mechanism of acquired (a) and intrinsic resistance (b). (Nat. Rev. Cancer, 2010, 10, 130-137. 

Reprinted with the permission from Springer Nature, Copyright © 2010) 

 

existing multiple signaling pathways that bypass the drug target and extrinsic resistance 

mechanism include down-regulation of phosphatases (tumor suppressors) and activation of 

surrogate kinases that can be substituted for the drug target during treatment (Fig. 5).
65-69

 

Furthermore, the therapeutic window of these PI3K and MAPK inhibitors is narrow because 

healthy cells also require PI3K/MAPK signaling for survival and proliferation resulting in 

severe adverse effects including cardio-toxicity, developmental dis-regulation and metabolic 

disorders linked to carbohydrate intake.
70

 

To overcome these resistance mechanisms, it is highly required to target cancerous cells at 

multiple levels to achieve enhanced therapeutic results. One of the promising approaches is 

using a combination regimen of signaling (PI3K/MAPK) inhibitors and DNA-damaging 

agents.
71-74

 For example, in PTEN deficient cells high PI3K survival signaling in the cells 

protects them from accumulated DNA damage, which renders tumor cells sensitive to the 

combination of PI3K inhibitors and DNA-damaging agents in preclinical studies.
75

 Schult et 

al. identified that the dual phosphatidylinositol 3-kinase (PI3K) and mammalian target of 

rapamycin (mTOR) inhibitor NVP-BEZ235 have exerted improved antitumor activity in vitro 

when it was combined with cytotoxic drugs such as cytarabine, doxorubicin or 

dexamethasone compared to single-drug treatment.
76 On the other hand, Huynh et. al. 
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reported that MEK inhibition by AZD6244 in combination with DNA damaging agent 

(doxorubicin) resulted in improved tumor volume reduction than free AZD6244 treatment 

alone.
77 Yang et al. also validated that combination of sorafenib (multikinase inhibitor, Raf 

inhibitor) with DNA damaging agent (cisplatin) resulted in synergistic inhibition of tumor 

cell proliferation.
78

 

Despite several advantages of combination chemotherapy, conventional “cocktail” 

administration of drugs still face several hurdles and require significant improvements to be 

successful in clinical trials. While in vitro cellular studies have generated promising results 

for combinatorial regimens, their clinical successes are often limited with little improvement 

in efficacy and augmented toxic side effects to the patients.
79

 Another major limiting factor 

of clinical success of combination chemotherapy is inherent diverse pharmacokinetics among 

different drug molecules. Upon systemic administration, due to distinctive physiological fate 

of drug molecules they undergo non-uniform bio-distribution leading to divergences in tissue 

distribution of each drug, which hampers the benefit of combination therapy. Thus 

controlling the therapeutic cocktails that reach the diseased tissues and cells in appropriate 

concentrations became a major clinical challenge. Furthermore, due to lack of tissue 

specificity conventional mixture of cancer therapeutic molecules distributing non-specifically 

in the human body, thus affect both cancerous and non-cancerous healthy cells. This non-

specific bio-distribution results in excessive toxicity to healthy cells, tissues, and organs 

finally ends up with several adverse side effects including neurotoxicity, nephrotoxicity, 

cardiotoxicity, developmental disorders, hair loss, organ dysfunction, and weakness, leading 

to a poor quality of life for the cancer patients. For example, the majority of MEK inhibitors 

effectiveness was limited in clinical trials due to their side effects including cardiotoxicity, 

skin rash and visual disturbances. Common side effects of AZD6244 (MEK inhibitor) include 

diarrhea, vomiting, nausea, and swelling of the body.
80 DNA-damaging agents, such as 

cisplatin, carboplatin, and doxorubicin usage is significantly limited by nephrotoxicity, 

myelosuppression and cardiotoxicity respectively. Furthermore, conventional chemotherapy 

also suffers from inadequate accessibility of drug molecules to tumor tissue, rapid abolition, 

and poor solubility. To overcome these problems associated with conventional chemotherapy 

and to obtain full potential of combination therapy, researchers have used nanotechnology-

based platforms for the co-delivery of drugs with similar/ different physiochemical properties 

to the diseased sites.
81
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1.5 Cancer nanomedicine 

1.5.1 Nanotechnology platforms in cancer therapy: Nanotechnology deals with 1 to 1000 

nm sized materials (Fig. 6) and the term “Nanotechnology” was first used by Taniguchi in 

1974.
82

 The advent of nanotechnology has offered unprecedented applications in various 

fields including nanotechnology-based medicine (nanomedicine). 

 

 

 

Fig. 6 This illustrative figure shows the different structures of nanomedicines and their approximate 

sizes. (Adapted from http://www.britishsocietynanomedicine.org/what-is-nanomedicine.html) 

 

Nanomedicines are extensively used to improve the therapy and quality of lives of patients 

suffering from several diseases including different types of cancer, nephrological disorders, 

fungal infections, multiple sclerosis, chronic pain, and emphysema. Nanomedicines play a 

crucial role especially in drug delivery by packing drugs (small molecules, antibodies, 

proteins and siRNAs) into nanometer size platforms, ensuring therapeutic amount of the drug 

accumulation to the areas that require treatment in the body. Nanoscale particles have offered 

more favorable pharmacokinetic and pharmacodynamic profiles as compared to conventional 

http://www.britishsocietynanomedicine.org/what-is-nanomedicine.html
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drugs. Several nanomedicines were already approved by U.S. Food and Drug Administration 

(FDA) to treat several types of cancers and are available in the market. Doxil, the first 

approved nanomedicine by the FDA is being used to treat ovarian cancer 

 

 

Fig. 7 Diagrammatic representation of different types of nanocarriers for combination drug delivery 

(Drug Discov. Today, 2012, 17, 1044-1052. Reprinted with the permission from Elsevier Ltd, 

Copyright © 2012). 

 

and multiple myeloma.
83

 Later several other nanomedicines have been approved by FDA 

such as Abraxane (albumin-bound paclitaxel nanoparticle) and Onivyde (liposome-

encapsulated irinotecan) to treat breast and metastatic pancreatic cancer respectively. Several 

other nano-formulations are currently in different stages of clinical trials.
83
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Recently, nanocarriers are attaining increasing attention for their tremendous ability of co-

encapsulating multiple therapeutic agents into a single carrier for synchronized delivery into 

diseased tissues.
84-86 Various nano-platforms such as liposomes, dendrimers, polymeric 

micelles, mesoporous silica particles, carbon materials (carbon dots, graphene oxide, 

nanodiamond and carbon nanotubes) and solid lipid nanoparticles have been developed to 

carry broad classes of therapeutics having diverse pharmacokinetics.
87-92

 

 

1.5.2 Advantages of nanoparticle-mediated co-delivery of drugs 

 

1. Vehicle uniformity: Conventional cocktail chemotherapy fails to achieve optimum 

concentrations in tumor tissues due to the inherently different pharmacokinetic among 

different drugs, nanotechnology-based combination chemotherapy can achieve uniformity in 

vivo pharmacokinetics of different chemotherapeutics by co-encapsulating multiple drugs 

inside a single carrier.
93, 94

 

2. Passive and active targeting: Nanodelivery systems mitigate cytotoxicity to normal tissues 

while enhancing synergistic cytotoxicity by accumulating and delivering their payloads 

specifically at tumor tissue by passive or active targeting methods. Passive targeting exploits 

the characteristic leaky vasculature of tumors to allow nanocarriers to extravasate (escape) 

into the tumor tissues and allows them to release drugs whereas, free drugs may diffuse non-

specifically throughout the body. This mechanism is collectively known as enhanced 

permeability and retention effect (EPR effect), which was proposed by Maeda and 

colleagues.
95

 Several experiments carried out by using liposomes of different mean size 

indicated that the threshold nanoparticle size for extravasation into tumors is ∼400 nm, while 

other studies have proved that particles with diameters <200 nm are more efficient to get 

accumulated in tumor tissue by exploiting EPR effect.
96

 Another way of targeting tumor 

tissues selectively is by using active targeting strategy, where nanoparticle surface is 

modified with targeting agents such as ligands, which bind to a particular overexpressed 

receptor on the cell surface. Several targeting ligands such as antibodies, antibody fragments, 

peptides, aptamers, whole proteins (e.g., transferrin) natural polymers and different small 

molecules (e.g., folic acid, biotin) have been used to target nanoparticles actively. 
97

 

3. Protection from biological barriers: Conventional chemotherapeutic agents often get 

cleared from blood circulation by macrophages thus their short circulation time is insufficient 

to reach and kill the cancer cells.  Nanoplatforms protect drugs from premature degradation 

before reaching intended sites, increase blood circulation time, and bioavailability of the drug 



 Chapter 1 

 

14 
 

molecules. Poor solubility of the drug molecules is another problem of conventional 

chemotherapy which makes them unable to cross the biological membrane. Most of the 

anticancer drugs are hydrophobic and exhibit poor solubility, which results in reduced 

bioavailability. Nanoparticles can efficiently increase the solubility of the drugs. Several 

lipidic and polymeric nanoformulations improved the solubility of hydrophobic drugs by 

encapsulating them inside the particle. 
98-102

 

 A multidrug resistance protein, p-glycoprotien (Pgp) is another major barrier for the drug 

molecules. Pgp is overexpressed on the cancer cell surface and prevents drug accumulation 

inside the cell by acting as an efflux pump thus develops drug resistance. Several studies 

proved that nanoplatforms can overcome Pgp mediated drug resistance by directly 

introducing the drug molecules inside the cells without triggering Pgp pump.  One strategy is 

to incorporate both chemotherapeutic agent and Pgp inhibitor such as verapamil in a single 

nanocarrier to overcome P-glycoprotein mediated drug resistance.
103-107

  

 

 

 

Fig. 8 Schematic diagram of enhanced permeation and retention effect (EPR), passive and active 

targeting of nanoparticles in tumor tissue. (Nat. Nanotechnol, 2007, 2, 751–760. Reprinted with the 

permission from Springer Nature, Copyright © 2007). 
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4. Controlled loading and release: Although combination therapy is efficacious not all the 

ratios of drugs result in synergistic effects. It is evident that only certain ratios of combined 

agents can give synergistic effects, while other ratios of the same drugs are only additive or 

even antagonistic.
108,81

 Hence, it is highly desired to expose the cells in vivo in an optimum 

ratio to achieve synergistic results. Nanoparticles can ensure the ratiometric loading of drug 

combinations and deploy at the diseased site.
81, 88, 109

 Controlled release of the drug molecules 

in the tumor cells is also very important as it can normalize the pharmacokinetics, 

biodistribution, and stability of chemically different drugs that independently have dissimilar 

pharmacological behaviors. Nanoformulations especially long-circulating formulations can 

release drugs at controlled ratios continuously. NPs also provide the feasibility of 

independent tuning of release rates of each drug which is simply not possible with rapidly 

clearing free drugs. Co-release of drugs in the same tissue or cell can be achieved by making 

the nanoparticle stimuli (pH, light, temperature, electric or magnetic field) responsive to 

increase efficacy and to reduce off-target exposure.110, 111 

 

1.5.3 Essential characteristics of the nanoparticles: The physicochemical properties of the 

nanoparticles, such as size, shape, surface properties, drug loading, and release, are important 

factors to be considered while engineering a nanoparticle delivery system as they determine 

the fate of the particle in the systemic circulation and the efficacy of the treatment.  

 

1. Size and shape of the Nanoparticles are crucial parameters to be considered in designing 

NPs as it can influence their bio-distribution, and mechanism of cellular internalization. NPs 

with diameters smaller than 6 nm are rapidly eliminated from the body upon administration 

because they can be excreted by the kidneys. Whereas a nanomaterial having the diameter 

greater than 6 nm cannot be eliminated by the kidneys.
112

 NPs with diameters larger than 200 

nm are accumulated in the spleen and liver. In order to make long-circulating nanoparticles 

that can accumulate inside tumor tissues through the fenestrations between the endothelial 

cells of blood vessels, a size between 30 nm and 200 nm is required.
113 Shape of the 

nanoparticles also plays crucial role in circulation time and internalization into the tissue. 

Several reports revealed that NPs with spherical geometries are less likely to marinate to 

vessel walls and have few binding points with endothelial cells. Nonspherical discoidal 

geometries, are more likely to have tumbled and oscillatory effects in the vasculature, also 
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have more tendency of nanoparticle–cell wall contact and exhibit potential extravasation 

through fenestrations in vasculature.
114

  

 

2. Surface properties play a significant role in influencing the nanoparticles properties such as 

pharmacokinetics, biodistribution, and biocompatibility. The major limitation of 

nanoplatform application is the inability to reach diseased sites by avoiding accumulation in 

the healthy tissues. A mononuclear phagocytic system (MPS), consisting of phagocytic cells 

and macrophages in the liver and spleen sequesters the nanoparticles immediately after 

injection by a procedure called opsonisation.
115   A positively charged NPs when 

administered into the bloodstream they quickly absorbed by serum proteins, allowing them to 

be recognized and eliminated by MPS also NPs with hydrophobic surface is cleared from the 

bloodstream very quickly. To avoid rapid blood clearance of the NPs various stratagies were 

used.   Grafting of PEG to the surface of NPs provides a hydrating layer that hinders protein 

corona formation. In another strategy, NPs surface is decorated with  CD47 peptides after 

which macrophages identify the NPs as 'self', whereby phagocytosis is avoided.
116

 Finally, 

creating biomimetic surface on the NPs by coating them with cell membranes extracted from 

autologous red blood cells (RBC) and leukocytes has been the attractive strategy to 

substantially prolong in vivo circulation of the NPs.
117, 118

 

 

3. Drug loading and their efficient release from NPs are other important factors to take into 

the account in engineering NPs. Higher drug loading is needed as it can reduce the possible 

toxicity from the carrier while lowering the amount of drug carrier used. The controlled long-

term release of drugs from NPs is preferred at tumor tissue over a rapid initial release (burst 

release) as it reduces both the number and frequency of administrations necessary to maintain 

a therapeutic level.
119, 120

  

 

4. Biocompatibility of nanocarrier is the most important parameter, to ensure safe and 

effective use of nanomaterials for medical applications. It is compulsory to study the 

interaction between a material and the biological system. In general, a material is considered 

biocompatible when it interacts with the body without inducing intolerable toxic, 

immunogenic, carcinogenic and thrombogenic responses.
121

 Furthermore, clearance of NPs 

after its introduction into the body and completion of their intended functions is often a 

desirable goal. The biodegradable nanoparticles, i.e. those which can be digested internally 
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and cleared from the body afterward, are ideal for medical applications over non-

biodegradable particles (e.g. metal colloids, ceramics) which cannot be digested and cleared 

from the body and created undesired carrier toxicity.
122, 123

  

 

1.6 Nanoparticle-mediated inhibition of PI3K and MAPK signaling in 

cancer 

 

Nanoparticle-mediated targeting of PI3K and MAPK signaling specifically in cancer tissues 

is currently in its infancy. A handful of attempts were made to engineer signaling inhibitors 

loaded polymeric and lipidic nanoparticles to improve the clinical outcomes of the small 

molecule signaling inhibitors. Harfouche et al. synthesized biodegradable PLGA nanoparticle 

comprising a potent PI3 kinase inhibitor, LY294002, to target PI3K signaling in melanoma. 

These NPs showed inhibition of downstream Akt phosphorylation, leading to inhibition of 

proliferation of B16/F10 melanoma cells and induced apoptosis in vitro.
124

 In another study 

Kulkarni et al. engineered 108 nm supramolecular nanoparticle (SNP) by loading PI103 and 

PI828 (PI3K inhibitors) (Fig.9). PI103 and PI828 were conjugated to cholesterol by an ester 

and carbamate linkages. These cholesterol drug conjugates were formulated into nano-

assemblies by mixing them with phosphatidylcholine (PC) and 

distearoylphosphatidylethanolamine polyethyleneglycol (DSPE-PEG). SNP released 

encapsulated drug molecules in a controlled manner in the cell lysate which attributed to the 

cleavage of ester and carbamate linkers in acidic and enzymatic (carboxylesterases) 

conditions respectively. Further, SNPs exhibited inhibition of phosphorylation of Akt, mTOR 

in vivo and increased antitumor efficacy as compared with PI103 and PI828.
125

 Recently, 

Mizrachi et.al developed p-selectin-targeted delivery systems for BYL719 (a PI3Ka inhibitor, 

currently in clinical development for solid tumors) to target highly up-regulated PI3 kinase 

pathway in head and neck squamous cell carcinomas. The engineered p-selectin-targeted 

nanoparticles by encapsulating BYL719 was achieved by specific accumulation of BYL719 

in the tumor milieu which resulted in tumor growth inhibition at a lower concentration of 

BYL719 than a free drug with oral administration.
126

 Basu et al. developed PD98059 

encapsulated PLGA nanoparticle for selective inhibition of MAPK signaling in cancer cells. 

PD98059 was chemically conjugated to PLGA via amide linkage and self-assembled drug 

loaded NPs entered cancer cells by endocytosis and showed sustained release of the active 

drug. The NPs  
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Fig. 9 Synthesis and characterization of SNP. Synthetic scheme of conjugation of PI828 (A) and 

PI103 (B) to cholesterol via carbamate and ester linkages, respectively. (C) schematic representation 

of self-assembly of SNPs. (Cancer Res., 2013, 73, 6987-6997. Reprinted with the permission from 

American Association for Cancer Research, Copyright © 2013). 

 

 

Inhibited phosphorylation of downstream extracellular signal-regulated kinase, subsequently 

inhibited the proliferation of melanoma and lung carcinoma cells also induced apoptosis in 

vitro. Moreover, the MAPK inhibition with NPs treatment followed by cisplatin significantly 

inhibited tumor growth in melanoma-bearing mice as compared to either drug alone.
127 Hee 

Kang et al. synthesized cationic liposomes by encapsulating PD0325901 (MEK inhibitor) in 

lipid layer and Mcl1-specific siRNA (siMcl1) was complexed to cationic liposomes for their 

co-delivery to cancer cells, which resulted in improved tumor cell killing and inhibited tumor 

growth in mice.
128

 

 

1.7 Aim of thesis 

 

Although nanotechnology has made an enormous improvement in tumor-specific delivery of 

drug molecules, interestingly inhibition of PI3K and MAPK signaling with simultaneous 

DNA damage in cancer cells by using nanotechnology platform was not much explored as a 
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next-generation therapeutic strategy. The development of nontoxic nanoparticles to attain 

ratio-metric transport of kinase inhibitors and DNA-damaging drugs in combination would be 

promising to achieve augmented efficacy by targeting multiple pathways in cancer cells. 

This thesis work is focused on the inhibition of PI3K and MAPK signaling pathways with 

simultaneous DNA damage in cancer cells by engineering biodegradable and nontoxic lipidic 

nanoparticles by active and passive targeting modalities. In this thesis, we aimed at 

evaluating synergism between PI3K inhibitors and different DNA damaging agents when 

packed in a single nanoparticle. Efforts were also put to inhibit PI3K and MAPK signaling 

with simultaneous DNA damage selectively in colorectal cancer cells where these pathways 

are highly upregulated by active targeted hyaluronic acid coated nanoparticles.   

 

The thesis work is further divided into four chapters and the scientific outcome has been 

reported in detail. 
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2.1 Introduction 

Hyperactivation of the phosphoinositide-3-kinase (PI3K) signaling cascade is one of the most 

frequently altered pathways in cancer.
1
 Activation of PI3K signaling can happen in the cell 

either by over expression of upstream RTKs or deactivation of tumor suppressor phosphatase 

PTEN. Direct pharmacological inhibition of the PI3K signaling with small molecules has 

emerged as an attractive anti-cancer clinical strategy.
2
 However, PI3K inhibition by using 

small molecule inhibitors fails to elicit dramatic or durable responses because of emerging 

several intrinsic or extrinsic drug resistances.  

On the other hand, several reports showed that   DNA damage response and PI3K signaling 

networks are interconnect at multiple nodes.
3
 Moreover, numerous preclinical

4-6 and clinical
7 

studies proved that DNA damage can activate PI3K/AKT pathway in several cancers, which 

further results in the promotion of chemo-resistance
8-10

. Therefore, targeting the PI3K-AKT 

signaling axis in combination with DNA damaging therapies has been a potential strategy in 

PI3K-driven tumors to induce synergistic cancer cell killing. However, simultaneous 

inhibition of PI3K signaling and inducing DNA damage in the tumor cells by drug cocktail 

administration is troublesome as their nonspecific diffusion leads to escalated toxicity. 

Moreover, the drugs face the challenge of overcoming the biological barriers to reach the 

tumor targets in appropriate concentrations and combinations that offer the effective 

therapeutic efficacy. 

In order to overcome the challenges associated with the conventional cocktail administration 

of multiple drugs we adopted nanotechnology to deploy the dual drugs (PI3K inhibitors + 

DNA damaging agents) at tumor tissue while minimizing the off-target toxicity. However, 

the prudent choice of nanovectors based on their biocompatibility and biodegradability is 

currently one of the major challenges in nanomedicine.
11-16

 Inspired by the need for 

developing novel nontoxic and biodegradable nanovectors to inhibit PI3K pathway along 

with inducing DNA damage, the aim of the study was to develop a nontoxic vitamin D3 

nanoparticle as a versatile platform to load and deliver combination of PI3Kinhibitors and 

DNA damaging agents to cancer cells to overcome drug resistance. In this current study, we 

have engineered vitamin D3 nanoparticles that can simultaneously contain 

phosphatidylinositol-3-kinase (PI3K) inhibitor (PI103) and DNA damaging drugs (cisplatin 

or doxorubicin or proflavine) in combination. These sub 200 nm vitamin D3 particles allowed 

the high loading of the dual drugs and released them in increased quantity at pH = 5.5 
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(mimics the lysosomal compartment inside tumor cells) compared to that at pH = 7.4 (mimics 

the blood circulation) in a slow and sustained manner over 72 h. VitD3–PI103–CDDP-NP 

(PI103 and cisplatin loaded nanoparticle) and vitD3–PI103–Dox-NP (PI103 and Doxorubicin 

loaded nanoparticle) showed synergistic cytotoxic effects by inducing apoptosis through 

DNA damage mechanism in hepatocellular carcinoma cells (Hep3B) and cisplatin resistant 

hepatocellular carcinoma cells (Hep3B-R). Finally, vitD3–PI103–proflavine-NP (PI103 and 

proflavine loaded nanoparticle) was rapidly internalized inside the cells to induce cell death 

in cisplatin resistant Hep3B cells. These dual drug containing vitaminD3 nanoparticles 

showed their potential to simultaneously deploy PI3K inhibitor and DNA damaging drugs 

inside the tumor to overcome drug resistance. 

2.2 Results and Discussion 

2.2.1Rationale for choosing the drug combinations: 

 

 

Fig. 1 Chemical structures of PI103 (PI3K inhibitor), doxorubicin, cisplatin, and proflavine (DNA 

damaging agents) 

We have selected PI103, a dual Akt–mTOR inhibitor currently used in clinical study
17, 18

 

PI3K signaling and its downstream mammalian target of rapamycin (mTOR) are highly 

aberrant in different human malignancies.
19, 20

 However, inhibiting mTOR with rapamycin 

and its analogues triggers the feedback mechanism to hyperactivate upstream Akt signaling 

through an IGF-1R dependent pathway.
21

 Therefore, dual Akt-mTOR inhibitor would be 

more efficient to inhibit PI3K-Akt-mTOR cascade. Moreover, PI103 showed enhanced 

apoptosis in combination with another clinically approved DNA damaging drug doxorubicin 

in glioblastoma.
22

 However, PI103 has low hydrophilicity and rapid in vivo metabolism.
23 

Furthermore, doxorubicin shows dose dependent cardiotoxicity among the patients.
24, 25

 We 

have selected a DNA damaging drug cisplatin (CDDP), which is widely used in clinics for 
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the treatment of different types of cancers.
26-28

 However, cisplatin treatment leads to severe 

dose dependent nephro toxicity to the patients
29, 30

 Moreover, very often cisplatin treatments 

result in the development of chemo resistance leading to the therapeutic failure due to various 

molecular mechanisms.
31, 32

 Recently, it was shown that DNA damage induced by cisplatin 

upregulates PI3K signaling for survival of cancer cells.
33

 As a result, a rational combination 

of cisplatin with a class I PI3K inhibitor PI103 showed synergistic enhancement in inducing 

apoptosis in liposarcoma.
34

 Finally, we have selected a DNA minor groove binder fluorescent 

anticancer acridine derivative proflavine
35, 36

 in combination with PI103 to assess their 

potential in cancer cell killing. However, there are no reports of combination therapy using 

proflavine and PI103 in cancer to date. 

2.2.2 Rationale for choosing vitamin D3 as vector: For successful translation into the 

clinics, the nanovector synthesis should be easy with high yield and purity in few steps, 

capable of incorporating different drugs, releasing the active drugs in a controlled fashion and 

finally digested and degraded into non-toxic entities to minimize adverse toxicity. To address 

these, we anticipated that naturally occurring molecules would be the appropriate choice for 

developing novel drug delivery vehicles. Vitamin D3 (cholecalciferol) is an essential lipid 

soluble vitamin, which is biodegradable and non-toxic molecule. Vitamin D3 is 

biosynthesized in the human body from its precursor 7-dehydrocholesterol by using sunlight 

and metabolized in the liver and kidney. Vitamin D3 is also taken as an important ingredients 

in our daily diet.
37

 Furthermore, vitamin D3 is structurally similar with cholesterol (an 

important component of cellular membranes). Vitamin D3 was completely unexplored for 

drug delivery purposes, for the first time Patil et.al. explored vitamin D3 as a vector in 

nanoparticle synthesis and to deliver different clinically used cytotoxic drugs (paclitaxel and 

doxorubicin) to kill cervical cancer cells.
38

 Inspired by its biocompatibility and 

biodegradability we have chosen vitamin D3 as a vector to synthesis the nanoparticles 

comprising PI3K inhibitor and DNA damaging drugs simultaneously. 

2.2.3 Synthesis and characterization of vitamin D3nanoparticles with dual drugs: We 

have chemically conjugated PI103 with vitamin D3 (1, Fig. 2a) using ester linkage through a 

biocompatible succinic acid linker to obtain vitamin D3–succinic acid–PI103 conjugate (2) 

by a previously described method.
38

 We engineered vitamin D3 nanoparticles with dual drugs 

using a lipid-film hydration-extrusion method
39 using L-α-phosphatidylcholine (PC), 
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Fig. 2 Synthesis of dual drug loaded vitamin D3 nanoparticle. (a) Synthetic scheme of vitamin D3–

PI103-conjugate and dual drug loaded nanoparticle. (b) Loading of different drugs in dual drug loaded 

nanoparticles determined by UV-Vis spectroscopy. 

 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino (polyethyleneglycol)2000] 

(DSPE-PEG), vitamin D3–succinic acid–PI103 conjugate (2) and drugs (cisplatin or 

doxorubicin or proflavine) in 2 : 0.2 : 1 : 0.4 weight ratio. PC was very carefully selected 

because of its biocompatibility. DSPE-PEG was chosen to cover the surface of the 

nanoparticles with poly ethylene glycol (PEG) to reduce opsonisation, clearance by the 

reticulo endothelial system (RES) and to ensure a long half-life in the blood circulation.
40

 The 

loading of different drugs in the nanoparticles were quantified using UV-Vis spectroscopy by 

concentration versus absorbance graph at different characteristics wave length, λmax = 340 

nm, 444 nm, 490 nm and 706 nm for PI103, proflavine, doxorubicin and cisplatin, 

respectively (Fig. 3). The mean drug loading in vitD3–PI103–CDDP-NP was found to be = 

23.8 ± 2.4 µg of PI103 and 306.4 ± 17.6 µg of cisplatin (cisplatin encapsulation efficiency = 

67.4 %) per mg of formulation (Fig. 2b). Moreover, mean drug loading in vitD3–PI103–Dox-

NP was 42.0 ± 2.2 µg for PI103 and 158.0 ± 7.9 µg for doxorubicin (doxorubicin 

encapsulation efficiency = 34.7 %) per mg of the final formulation. 
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Fig. 3 Concentration vs absorbance calibration graph for cisplatin, proflavine, doxorubicin and PI103 

at their characteristic λmax = 706 nm, 444 nm, 490 nm and 340 nm respectively determined by UV-

VIS spectroscopy.  

 

Finally, mean drug loadings for PI103 and proflavine in vitD3–PI103–proflavine-NP were 

found to be equal to 66.4 ± 9.4 µg and 149.5 ± 11.9 µg respectively, (proflavine 

encapsulation efficiency = 32.9 %) per mg of the final formulation (mean ±  SEM, n = 3). 

We also quantified the loading efficiency and encapsulation efficiency using reverse phase 

high performance liquid chromatography (RP-HPLC) through concentration vs. peak area 

graphs (Fig. 4a and b). The loading of doxorubicin and proflavine were found to be 120.9 ± 

6.2 µg (encapsulation efficiency = 26.6 %) and 93.2 ± 4.3 µg (encapsulation efficiency = 20.4 

%) per mg of final formulation, respectively (Fig. 4c). 
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Fig. 4 (a-b) RP-HPLC traces and concentration vs. peak area graph for free doxorubicin, vitD3-PI103-

Dox-NP and free proflavine, vitD3-PI103-Proflavine-NP respectively. (c) Loading graph of 

doxorubicin and proflavine in vitD3-PI103-Dox-NP and vitD3-PI103-Proflavine-NP respectively. 

 

The hydrodynamic diameter and the polydispersity index (PDI) of the dual drug loaded 

nanoparticles were determined by dynamic light scattering (DLS). The hydrodynamic 

diameter were found to be equal to 193 ± 0.4 nm (PDI = 0.3 ± 0.006), 168 ± 0.2 nm (PDI = 

0.09 ± 0.02) and 175 ± 0.6 nm (PDI = 0.1 ± 0.006) for vitD3–PI103–CDDP-NP, vitD3–

PI103–proflavine-NP and vitD3–PI103–Dox-NP, respectively (Fig. 5a–c). We also visualized 

the size, shape, and morphology of these dual drug loaded nanoparticles by field-emission 

scanning electron microscopy (FE-SEM, Fig. 5d–f), atomic force microscopy (AFM, Fig. 5g–

i) and transmission emission microscopy (TEM, Fig. 6). From DLS, FESEM, AFM and TEM 

data, it was evident that the dual drug loaded vitamin D3 nanoparticles are monodispersed 

and spherical in shape having less than 200 nm sizes, which was ideal for tumor 

internalization through passive targeting. We further confirmed the presence of cisplatin 

invitD3–PI103–CDDP-NP by energy-dispersive X-ray spectroscopy (EDX) measurement 

(Fig. 7a). We also confirmed the presence of doxorubicin and proflavine in vitD3–PI103–
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Dox-NPand vitD3–PI103–proflavine-NP by fluorescence spectroscopy compared to free 

doxorubicin and proflavine, respectively (Fig. 7b).  

 

 

 

Fig. 5 Determination of size, shape and morphology of different dual drug loaded vitamin D3 

nanoparticles. (a–c) DLS of vitD3–PI013–CDDP-NP, vitD3–PI103–proflavine-NP and vitD3–PI103–

Dox-NP, respectively. (d–f) FESEM images of vitD3–PI013–CDDP-NP, vitD3–PI103–proflavine-NP 

and vitD3–PI103–Dox-NP, respectively. (g–i) AFM images of vitD3–PI013–CDDP-NP, vitD3–

PI103–proflavine-NP and vitD3–PI103–Dox-NP, respectively. 

 

Previous study showed that hydrophilic drug encapsulation leads to considerably higher drug 

loading in vitamin D3 nanoparticles compared to the encapsulation of hydrophobic drugs.38
 

From this data, we anticipated that the vitamin D3 nanoparticle might have a very thin 

hydrophobic lipid layer with a hydrophilic core leading to a higher hydrophilic drug loading 

in the core and a lower hydrophobic drug loading in the lipid layer. In this study, we further  
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Fig. 6 (a-c) TEM images of VitD3-PI103-CDDP-NP, VitD3-PI103-Proflavine-NP and VitD3-PI103-

Dox-NP respectively.  

 

 

Fig. 7 (a) Characterization of Pt in VitD3-PI103-CDDP-NP by energy-dispersive X-ray spectroscopy 

(EDX) (b) Fluorescence emission spectra of VitD3-PI103-Dox-NP and free Doxorubicin, VitD3-

PI103-Proflavine-NP and free proflavine (c) Change in steady state fluorescence anisotropy in free 

Proflavine and free Doxorubicin with VitD3-PI103-Proflavine-NP and VitD3-PI103-Dox-NP  
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wanted to understand the localization of the encapsulated drugs inside the vitamin D3 

nanoparticles. We performed a steady-state fluorescence anisotropy study that provides 

insight into the surrounding environment of proflavine and doxorubicin inside the 

nanoparticles. A high anisotropy value implies that the drug molecules experience a restricted 

environment. The mean fluorescence anisotropy of vitD3–PI103–proflavine-NP was found to 

be equal to 0.012 ± 0.0003, compared to the anisotropy of free proflavine, which is equal to 

0.006 ± 0.0003 (Fig. 7c). However, vitD3–PI103–Dox-NP showed a mean anisotropy value 

of 0.148 ± 0.009, compared to the mean anisotropy of 0.053 ± 0.003 shown by free 

doxorubicin in water. These changes in steady-state fluorescent anisotropy values indicate 

that proflavine accumulated into the hydrophilic core of the nanoparticle leading to marginal 

change in anisotropy value, whereas doxorubicin enters into the more hydrophobic lipid layer 

leading to the significant 2.8 fold increase in anisotropy value.
41

 

 

2.2.4 Release of dual drugs from vitamin D3 nanoparticles: We evaluated the release 

profiles of different drugs from the dual drug loaded vitamin D3 nanoparticles because the 

nanoparticles should release the dual drugs in a slow and sustained manner over a long period 

of time to be successful in the clinics. The nanoparticles were designed to be administered 

through intravenous injection into the blood stream to accumulate into tumor tissue through 

the EPR effect. Once inside the tumor tissues, the nanoparticles should be internalized into 

the cells through the lysosomal compartments. We incubated different drug loaded 

nanoparticles in pH = 5.5 solution at 37 °C in 1000 Dalton MWCO dialysis membrane. We 

selected the solution of pH = 5.5 because it mimicked the acidic lysosomal compartments 

inside the cells.
42, 43

 We quantified the amount of released drugs in predetermined time points 

outside the dialysis bags using concentration versus absorbance graphs (Fig. 3) by UV-Vis 

spectroscopy at different characteristics λmax values for different drugs. The vitD3–PI103–

CDDP-NP showed a slow and sustained release profile for 72 h, having released 79.22 ± 2.6 

% of cisplatin at 23 h and 78.83 ± 8.4 % of PI103 in 47 h (Fig. 8a). However, vitD3–PI103–

proflavine-NP released 86.15 ± 4.0 % of proflavine at 48 h and 72.87 ± 2.1 % of PI103 at 96 

h (Fig. 8b). Finally, vitD3–PI103–Dox-NP demonstrated 47.05 ± 3.4 % release of 

doxorubicin at 72 h and 91.55 ± 2.8 % of PI103 release at 11 h (mean ± SEM, n = 3) (Fig. 

8c). To mimic the blood stream, we also incubated the dual drug loaded nanoparticles in 

physiological pH of 7.4 at 37 °C and quantified the dual drug release. The vitD3–PI103– 
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Fig. 8 Release profile of different dual drugs from nanoparticles at pH = 5.5 and 7.4. (a) Release of 

cisplatin and PI103 from vitD3–PI103–CDDP-NP over 72 h. (b) Release of PI103 and doxorubicin 

from vitD3–PI103–Dox-NP over 72 h (c) Release of proflavine and PI103 from vitD3–PI103–

proflavine-NP over 96 h.  

 

CDDP NP released 41.8 ± 4.8 % of cisplatin at 47 h and 61.4 ± 5.9 % of PI103 at 25 h (Fig. 

8a). However, vitD3–PI103–Dox-NP showed 48.8 ± 3 % PI103 and 35.2 ± 1.9 % 

doxorubicin release over 72 h (Fig. 8b). Finally, vitD3–PI103–proflavine-NP released 45.0 ± 

3.1 % of proflavine at 96 h and 48.1 ± 6 % of PI103 at 72 h (Fig. 8c). We rationalized that the 

phenolic ester linkage in vitD3–PI103 conjugate (2) is more labile at pH = 5.5 compared to 

pH = 7.4, which triggered the enhanced release of PI103 at the acidic pH. From these release 

kinetics experiments it was clear that higher amount of dual drugs were released from the 

nanoparticles in acidic pH compared to physiological pH in a slow and sustained manner over 

72–96 h which would be advantageous for in vivo intravenous drug administration. This slow 

and sustained release of dual drugs in lysosomal compartment (pH = 5.5) could also lead to 

prolonged cytotoxicity effects of these nanoparticles in cancer cells and delay the mechanism 

to evolve drug resistance. 

 

2.2.5 Stability of the vitamin D3 nanoparticles: To be successful in the clinics, the dual 

drug loaded nanoparticles should be stable inside the blood circulatory system at 37 °C to 

reach the tumor by EPR effect. We evaluated the stability of the different dual drug loaded 

vitamin D3 nanoparticles by measuring their change in hydrodynamic diameter and PDI 

values over 15 days by incubating them at 37 °C. The size of the vitD3–PI103–CDDP-NP 
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changed from 173 ± 0.5 nm to 166 ± 1.5 nm with change in PDI from 0.105 ± 0.01 to 0.156 ± 

0.01 over 15 days (Fig. 9a and b). However, vitD3–PI103–Dox-NPs showed a change in size 

from 172 ± 1.1 nm to 163 ± 0.5 nm with change in PDI from 0.1 ± 0.01 to 0.18 ± 0.01 over 

15 days. vitD3–PI103–proflavine-NP demonstrated a higher change in size from 170 ± 2.2 

nm to 230 ± 7.1 with a significant change in PDI from 0.05 ± 0.01 to 0.38 ± 0.05 over 15 

days. From this stability data, it is clear that vitD3–PI103–CDDP-NP and vitD3–PI103–Dox-

NP are stable over 15 days at 37 °C. However, vitD3–PI103–proflavine-NP showed 

aggregation over 15 days. Furthermore, we wanted to evaluate the stability of the dual drug 

loaded nanoparticles in the blood stream after intravenous injection. 

 

Fig. 9 Stability of different dual drug loaded vitamin D3 nanoparticles at 37 °C over 15 days. (a) 

Change in hydrodynamic diameter of different vitamin D3 nanoparticles. (b) Change in PDI values of 

different vitamin D3 nanoparticles. (c-d) Stability of different dual drug loaded vitamin D3 

nanoparticles in serum at 37 °C for 7 days determined by DLS. Stability of different dual drug loaded 

vitamin D3 nanoparticles at 4 °C for 15 days. (e) Change in hydrodynamic diameter and (f) PDI 

values determined by DLS. 
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We incubated different dual drug loaded vitamin D3 nanoparticles in serum at 37 °C for 7 

days and evaluated the hydrodynamic diameter and PDI values by DLS every alternate day. 

VitD3–PI103–CDDP-NP showed an increase in size from 181 ± 2 nm to 284 ± 17.9 nm 

(change in PDI = 0.45 to 0.92) over 7 days (Fig. 9c and d). Moreover, vitD3–PI103–Dox-NP 

showed an increase in size from 80 ± 1.3 nm to 262 ± 18 nm (change in PDI = 0.5 to 0.75) 

over 7 days. Finally, vitD3–PI103–proflavine-NP demonstrated negligible change in size 

from 91 ± 0.7 nm to 79 ± 1.8 nm (change in PDI =0.5 to 0.6) over 7 days. From this stability 

study it was clear that vitD3–PI103–CDDP-NP and vitD3–PI103–Dox-NP were stable in 

serum for 5 days and vitD3–PI103–proflavine-NP was stable for 7 days, which was sufficient 

to allow the entry into the tumor by the EPR effect. To apply these dual drug loaded vitamin 

D3 nanoparticles in clinics, the nanoparticles should also be stable for a longer time at lower 

temperature storage conditions. We also evaluated the stability of these nanoparticles at 4 °C. 

The size of thevitD3–PI103–CDDP-NP slightly increased from 173 ± 0.3 nm to 196.26 ± 0.7 

nm with an increase in PDI value from 0.1 ± 0.008 to 0.1 ± 0.01 over 15 days (Fig. 9e and f). 

However, vitD3–PI103–Dox-NP showed negligible increase in size from 162 ± 1.7 nm (PDI 

= 0.1 ± 0.02) to 167 ± 0.6 nm (PDI = 0.116 ± 0.026) over 15 days. Finally, the size of the 

vitD3–PI103–proflavine-NP also increased from 143 ± 1.1 nm to 153 ± 0.8 nm with an 

increment in PDI value from 0.13 ± 0.007 to 0.19 ± 0.009 over 15 days. From the stability 

data at 4 °C, it was evident that all different dual drug loaded nanoparticles showed a steady 

increment in size and PDI values over 15 days, however, having sub 200 nm hydrodynamic 

diameter, which is ideal for extravasation into the tumor through the EPR effect. All the data 

were determined as mean ± SEM, n = 3. 

2.2.6 In vitro cytotoxicity assay: (All the in vitro assays discussed in this chapter were 

performed in collaboration with Dr.Rajdeep Chowdhury Lab, BITS-Pilani)  

 

We evaluated the in vitro cytotoxicity assay of our dual drug loaded vitamin D3 nanoparticles 

in human hepatocellular carcinoma -Hep3B cells. The cytotoxicity was quantified by MTT 

assay after 24 h post-incubation with the dual drug containing nanoparticles and free drugs as 

control. The vitD3–PI103–CDDP-NP showed considerably lower IC50 = 28.05 µM (cell 

viability = 13.1 % at 80 µM cisplatin concentration) or more cytotoxicity compared to IC50 = 

49.08 µM (cell viability = 34.7 % at 80 µM) for free cisplatin (Fig. 10a). Similarly, vitD3–

PI103–Dox-NP demonstrated IC50 = 6.9 µM (cell viability = 3.8 % at 80 µM doxorubicin 
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concentration) compared to free doxorubicin showing IC50 = 18.4 µM (cell viability = 15.5 % 

at 80 µM) (Fig. 10b). 

 

 

Fig. 10 (a–c) In vitro cell viability assay of vitD3–PI103–CDDP-NP, vitD3–PI103–Dox-NP and 

vitD3–PI103–proflavine-NP, respectively, in Hep3B cells at 24 h post-incubation by MTT assay. (d–

f) In vitro cell viability assay of vitD3–PI103–CDDP-NP, vitD3–PI103–Dox-NP and vitD3–PI103–

proflavine-NP, respectively, in Hep3B-R cells at 24 h post-incubation by MTT assay. 

 

Finally, in contrast, vitD3–PI103–proflavine-NPs showed higher IC50= 30.5 µM (cell 

viability = 12.6 % at 80 µM proflavine concentration) compared to IC50= 10.1 µM (cell 

viability = 18.5 % at 80 µM) for free proflavine (Fig. 10c). To fully understand the effect of 

dual drug loaded nanoparticles, we also evaluated the cytotoxicity effect of the mono drug 

loaded vitD3-NPs as controls in Hep3B cells at 24 h post-incubation.VitD3–Dox-NP showed 

IC50= 87.7 µM with 42.1 % cell viability at 100 µM concentration (Fig. 11a). Moreover, 

vitD3–CDDP-NP demonstrated IC50= 93.7 µM with 44.5 % cell viability at 100 µM (Fig. 

11b). Finally, vitD3–proflavine-NP showed improved IC50 = 47.5 µM having 12.6 % cell 

viability at 80 µM (Fig. 11c). Interestingly, vitD3–PI103-NP showed almost negligible 

cytotoxicity in Hep3B cells with IC50 = 156.2 µM (Fig. 11d). Evidently, empty vitD3-NP 

showed almost negligible cytotoxicity (cell viability = 76.8 %) even at 100 µM concentration 
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(Fig. 11e). From this cell viability assay it was clear that different dual drug loaded vitamin 

D3 nanoparticles induced dose dependent cytotoxicity better than the single drug treatment in 

Hep3B cells. Proflavine was, however, an exception. 

 

 

Fig. 11 (a-e) MTT assay of vitD3-Dox-NP, vitD3-CDDP-NP, vitD3-Proflavine-NP, vitD3-PI103-NP 

and empty vitD3-NP in Hep3B cells at 24 h post-incubation respectively. 

 

To evaluate the potential of the dual drug loaded nanoparticles to overcome the drug 

resistance, cisplatin resistant Hep3B-R cells were developed from Hep3B cells. Cisplatin 

resistance was induced in Hep3B cells by exposing them with a very high dose (1 µM) of 

cisplatin, recovering the small population of live cells and repeating the cisplatin treatment in 

several cycles till the cells become comparatively cisplatin resistant (Fig. 12a, b). We further 

evaluated the effect of dual drug loaded vitamin D3 nanoparticles in Hep3B-R cells by MTT 

assay. Interestingly, vitD3–PI103–CDDP-NP showed considerably lower IC50 = 36.3 µM 

with 24.0 % viable cells (at 80 µM concentration of cisplatin) compared to IC50 = 70 µM with 

63.1 % viable cells (at 80 µM) for free cisplatin treatment in resistant cells (Fig. 10d). 
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Similarly, vitD3–PI103–Dox-NP also showed considerably lower IC50 = 9.76 µM having 

12.8 % of viable cells (at 80 µM concentration of doxorubicin) compared to IC50 = 29.51 µM 

with 13.9 % of viable cells for free doxorubicin (at 80 µM) (Fig. 10e). Finally, vitD3–PI103– 

 

 

Fig. 12 MTT assay of free CDDP in Hep3B and Hep3B-R cells in different concentration at 24 h 

post-incubation. 

proflavine-NP showed IC50 = 19.14 µM having 8.7 % viable cells (at 80 µM proflavine 

concentration) compared to IC50 = 11.27 µM for free proflavine having 2.5 % viable cells (at 

80 µM) (Fig. 10f). We also evaluated the effect of monodrug loaded vitD3-NPs in Hep3B-R 

cells at 24 h post-incubation. VitD3–Dox-NP induced 42.6 % cell viability at 100 µM with 

IC50 = 86.4 µM (Fig. 13a). Moreover, vitD3–CDDP-NP showed 40.3 % cell viability at 100 

µM with IC50 = 79.5 µM (Fig. 13b). Finally, vitD3–proflavine-NP demonstrated 9.7 % cell 

viability at 80 µM having IC50 = 27.4 µM (Fig. 13c). Interestingly, vitD3–PI103-NP showed 

almost negligible cytotoxicity in Hep3BR cell with IC50= 93.9 µM (Fig. 13d). Empty vitD3-

NP showed negligible cytotoxicity in Hep3B-R cells with 80.3 % cell viability even at 100 

µM concentration (Fig. 13e). From these MTT assays, it was evident that the dual drug 

loaded vitamin D3 nanoparticles induced considerably higher cytotoxicity in human 

hepatocellular carcinoma cells Hep3B and cisplatin resistant Hep3B-R cells compared to the 

monotherapy. 

To understand the cytotoxicity of the dual drug loaded nanoparticles in Hep3B and Hep3B-R 

cells, we used the Chou-Talalay method
44

 to determine whether the drug combination effect 

was synergistic, additive or antagonistic. In Hep3B cells, vitD3–PI103–CDDP-NP and  
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Fig. 13 (a-e) MTT assay of vitD3-Dox-NP, vitD3-CDDP-NP, vitD3-Proflavine-NP, vitD3-PI103-NP 

and empty vitD3-NP in Hep3B-R cells at 24 h post-incubation respectively. 

 

 

Fig. 14 Chou-Talaly analysis of vitD3-PI103-CDDP-NP, vitD3-PI103-Dox-NP and vitD3-PI103-

Proflavine-NP in Hep3B cells (a) and HEP3B-R cells (b) to determine synergistic, additive and 

antagonistic effects. 
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vitD3–PI103–Dox-NP showed combination index (CI) values that varied from 0.17 to 0.31 

which clearly indicated the strong synergistic effect. However, vitD3–PI103–proflavine-NP 

showed CI value variation from 0.62 to 1.02, which showed slight synergy to nearly additive 

effect (Fig. 14a). Similarly, in Hep3B-R cells, vitD3–PI103–CDDP-NP and vitD3–PI103–

Dox-NP showed strong synergy (CI = 0.15 to 5.0), in contrast to vitD3–PI103–proflavine-

NP, which showed weak synergy to nearly additive effect (CI = 0.60 to 0.92) (Fig. 14b). 

From this Chou-Talalay analysis, it was clear that the combination of PI103 with CDDP or 

doxorubicin showed strong synergistic effect both in Hep3B and Hep3B-R cells. However, 

the combination of PI103 with proflavine showed weak synergy to almost additive effect in 

both the hepatocellular carcinoma cell lines. 

Moreover, we also evaluated the cytotoxicity of vitD3–PI103–CDDP-NP by colorimetric 

assay (WST-1 based) based on the enzymatic cleavage of the tetrazolium salt WST-1 to 

formazan by cellular mitochondrial dehydrogenase present in viable cells.
45

 VitD3–PI103–

CDDP-NP showed IC50 = 32.2 µM with 13.1 % cell viability at 100 µM concentration, 

whereas vitD3–CDDP-NP and free CDDP showed IC50 = 104.1 µM (with 52 % cell viability 

at100 µM) and IC50 = 50 µM (with 16.8 % cell viability at 100 µM), respectively (Fig. 15a) 

Empty vitD3-NP showed almost negligible cytotoxicity in Hep3B cells with 76.4 % cell 

viability at100 µM. Similarly, we also evaluated the cytotoxicity of vitD3–PI103–CDDP-NP 

by WST-1 assay in Hep3B-R cells at 24 h post-incubation. In Hep3B-R cells vitD3–PI103–

CDDP-NP demonstrated 24.4 % cell viability at 100 µM concentration with IC50 = 44.8 µM 

(Fig. 15b). Moreover, vitD3–CDDP-NP and free CDDP showed considerably less 

cytotoxicity having 37.6 % (IC50 = 82.2 µM) and 31.1 % (IC50 = 72.8 µM) cell viability, 

respectively, at 100 µM (Fig. 17b). Empty vitD3-NP showed marginal cytotoxicity with 77.8 

% cell viability at 100 µM. These WST-1 assays supported the data of vitD3–PI103–CDDP-

NP observed by MTT assay. We further evaluated the cytotoxicity effect of vitD3–PI103–

CDDP-NP using trypan blue assay to determine the number of viable cells after the 

treatments. In Hep3B cells, vitD3–PI103–CDDP-NP significantly reduced the number of 

viable cells to 1.1 ± 10
4
 compared to the number of viable cells in no treatment control = 4.5 

± 10
4
, vitD3-NP = 3.7 ± 10

4
, vitD3–CDDP-NP = 1.4 ± 10

4
 and free CDDP = 1.2 ± 10

4
 (Fig. 

16a). Similarly, in Hep3B-R cells, vitD3–PI103–CDDP-NP reduced the number of viable 

cells to 0.9 ± 10
4
 compared to the number of viable cells in the control = 3.8 ± 104, vitD3-NP 

= 3.1 ± 10
4
, vitD3–CDDP-NP = 1.3 ± 10

4
 and free CDDP = 2.8 ± 10

4
 (Fig. 16b). This trypan 

blue assay also validated the cytotoxicity effect of vitD3–PI103–CDDP-NP in Hep3B and  
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Fig. 15 WST-1 assay of vitD3-PI103-CDDP-NP, vitD3-CDDP-NP, free CDDP and empty-vitD3-NP 

in Hep3B cells (a) and HEP3B-R cells (b) at 24 h post-incubation.  

 

 

 

Fig. 16 (a-b) Trypan blue assay of vitD3-PI103-CDDP-NP with proper controls in Hep3B and 

Hep3B-R cells at 24h post-incubation respectively.  
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Hep3B-R cells. We also evaluated the potential of vitD3–PI103–CDDP-NP in a 5-

fluorouracil (5-FU) resistant Hep3B cells because 5-FU has been widely used to treat the 

different types of cancers. However, overcoming 5-FU resistance remained one of the major 

obstacles in clinics.
46

 We treated 5-FU resistant Hep3B cells (Hep3B–5FU-R) with vitD3–

PI103–CDDP-NP in a dose dependent manner and evaluated the cell viability at 24 h post 

incubation. Interestingly, vitD3–PI103–CDDP-NP showed considerably less IC50 = 37.9 µM 

(Fig. 17a) compared to IC50 = 70 µM for free 5-FU (data not shown). This cell viability assay 

demonstrated that our dual drug loaded vitamin D3 nanoparticles can also be successfully 

used to overcome 5-FU resistance in cancer chemotherapy. These results can have a 

significant impact in the treatment of drug resistance in cancer. 

 

Fig. 17 (a) Cell viability assay of vitD3-PI103-CDDP-NP in 5-FU resistant Hep3B-5FU-R cells and 

cisplatin resistant Hep3B-R cells after 24h post incubation. 

2.2.7 Mechanism of action: To gain the insight into the cellular response evoked by vitD3–

PI103–CDDP-NP and vitD3–PI103–Dox-NP, we monitored and quantified the poly (ADP-

ribose) polymerase (PARP) as a marker for the DNA damage repair mechanism
47

 by western 

blot analysis in Hep3B cells after 24 h post-incubation. On treatment with vitD3–PI103–

CDDP-NP and vitD3–PI103–Dox-NP, the cleaved PARP expression (carboxy-terminal 

catalytic domain having a molecular weight of 89 kDa) was significantly increased compared 

to that without treatment and 5-fluorouracil (5-FU, a positive control) treatment (Fig. 18), 

which was evident from the SDS-PAGE image by immuno-blotting and quantification. 

However, vitD3–PI103–CDDP-NP andvitD3–PI103–Dox-NP showed increased cleaved 
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PARP expression similar to the treatments with free CDDP and free doxorubicin, 

respectively. This western blot analysis clearly showed that the dual drug loaded vitD3-NPs 

induced cytotoxicity by DNA damage. Furthermore, we evaluated the mechanism of the 

action of the dual drug loaded NPs in inducing apoptosis. A colorimetric protease assay was 

performed to quantify the amount of caspase-3 as a marker of apoptosis
48

 after 24 h of post-

incubation with vitD3–PI103–CDDP-NP and vitD3–PI103–Dox-NP. VitD3–PI103–CDDP-

NP showed 1.6 fold and 1.3 fold increase of caspase-3activity in Hep3B and Hep3B-R cells, 

respectively, with respect to un-treated controls (Fig. 19a) In contrast vitD3–PI103–Dox-NP 

showed 0.9 fold and 1.1 fold  

 

 

Fig. 18 Western blot analysis of vitD3–PI103–CDDP-NP and vitD3–PI103–Dox-NP treatments in 

Hep3B cells to show cleaved PARP expression with b-actin as control. 

 

increase in caspase-3 expression in Hep3B and Hep3B-R cells, respectively (Fig. 19b). This 

caspase-3 assay clearly demonstrated that vitD3–PI103–CDDP-NP and vitD3–PI103–Dox-

NP showed cytotoxic effects by inducing apoptosis in both Hep3B and Hep3B-R cells 
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Fig. 19  (a, b) Caspase-3 activity of vitD3-PI103-CDDP-NP and vitD3-PI103-Dox-NP in Hep3B and 

Hep3B-R cells with respect to un-treated control with 200 μg and 100 μg of total protein content 

respectively. 

 

2.2.8 Internalization of vitD3–PI103–proflavine-NP: 

 

 

Fig. 20 Internalization of vitD3–PI103–proflavine-NP in Hep3B-R (upper panel) and Hep3B (lower 

panel) cells visualized by epifluorescent microscopy at 3 minutes of post-incubation. 



 Chapter 2 

 

49 
 

To visualize the internalization of the dual drug loaded vitaminD3-NPs, we treated both 

Hep3B and Hep3B-R cells with green fluorescent vitD3–PI103–proflavine-NP and imaged 

the cells using fluorescence microscopy. The vitD3–PI103–proflavine-NPs were found to be 

rapidly internalized into the cisplatin resistant Hep3B-R cells within 3 minutes of post-

incubation (Fig. 20, upper panel). However, vitD3–PI103–proflavine-NPs were considerably 

less internalized into the Hep3B cells within 3 minutes of post-incubation (Fig. 20, lower 

panel). From these epifluorescence images, it was evident that cisplatin resistant Hep3B cells 

rapidly internalized the vitD3–PI103–proflavine-NPs compared to the non-cisplatin resistant 

Hep3B cells. We anticipate that all the dual drug loaded vitamin D3-NPs were rapidly 

internalized into Hep3B-R cells compared to Hep3B cells leading to improved efficacy in the 

cisplatin resistant hepatocellular carcinoma cells compared to non-resistant cells. 

Interestingly, the electrical property of a cancerous cell is considerably different to that of a 

normal cell. Therefore, the cancer cells are found to exhibit lower electrical membrane 

potentials, lower electrical impedance and a complete alteration of the membrane lipid profile 

than their normal counterparts.
49

 The altered lipid profile in cancer cells leads to improved 

permeability. We speculate that a similar altered lipid profile is also exhibited in drug 

resistant cancer cells compared to the non-resistant counterpart. However, the mechanism of 

improved internalization in resistant cells needs further investigation. 

 

2.3 Conclusions 

In this study, we have developed PI3K Inhibitor (PI103) loaded in combination with different 

DNA damaging drugs (doxorubicin, cisplatin and proflavine) NPs having a size range below 

200 nm, which would be ideal for tumor insertion by the EPR effect. These nanoparticles 

showed high drug loading and increased dual drug release over 72 h at pH = 5.5 (mimics 

lysosomal compartments inside the cells) compared to pH = 7.4 (mimics blood stream). 

Moreover, these nanoparticles showed excellent stability over 2 weeks at 37 °C (body 

temperature), as well as at 4 °C (storage temperature). The nanoparticles showed improved 

efficacy in human hepatocellular carcinoma cells (Hep3B), as well as cisplatin resistant-

Hep3B (Hep3B-R) cells compared to monotherapy by inducing apoptosis through a DNA 

damaging mechanism. Moreover, vitD3–PI103–CDDP-NP and vitD3–PI103–DOX-NP have 

exerted synergistic cell killing of both HEP-3B and Hep3B-R cells and vitD3–PI103–CDDP-

NPshowed highly improved cytotoxicity in 5-FU resistant Hep3B–5FU-R cells compared to 
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free 5-FU.Finally, these nanoparticles internalized into the cisplatin resistant Hep3B-R cells 

very quickly compared to the non-resistant Hep3B cells. In future, in vivo efficacy of these 

dual drug containing nanoparticles needs to be evaluated in a cisplatin resistant xenograft 

model to apply these strategies in the clinics, as well as to overcome the drug resistant 

mechanism by the rational combination of drugs. 

 

2.4 Experimental methods 

2.4.1 Materials: All the reactions were performed under inert conditions unless otherwise 

indicated. All the commercially obtained compounds were used without further purification. 

Ethyl acetate, petroleum ether, dry dichloromethane (DCM), methanol, dimethyl sulfoxide 

(DMSO), cholecalciferol, succinic anhydride, sodium sulphate, pyridine, N-(3-

dimethylaminopropyl)-N-ethylcarbodiimidehydrochloride (EDC), L-a-phosphatidylcholine 

(PC), sephadex G-25, uranyl acetate dehydrate, cisplatin, proflavine hydrochloride, copper 

grid for TEM, mica sheet for AFM, silicon wafer for FE-SEM and 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich. PI103 and 

doxorubicin were purchased from SelleckChemicals. 1,2-Distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol) 2000] (DSPE-PEG) and the mini 

handheld Extruder kit (including 0.2 µM Whatman Nucleopore Track-Etch Membrane, 

Whatman filter supports and 1.0 mL Hamiltonian syringes) were purchased from Avanti 

Polar Lipids Inc. Analytical thin-layer chromatography (TLC)was performed using precoated 

silica gel aluminum sheets60 F254 purchased from EMD Laboratories. Minimal essential 

medium (MEM), fetal bovine serum (FBS), phosphate buffer saline (PBS), penicillin and 

streptomycin were purchased from Invitrogen. Hep3B cells were obtained from National 

Centre for Cell Science (NCCS), Pune. Spots on the TLC plates were visualized using 

alkanine permanganate or phosphomolybdicacidhydrate in methanol. The release kinetic 

data, drug loading, nanoparticle size and cell viability assay were plotted using GraphPad 

Prism software. Each sample was done in triplicate. Epifluorescence images were captured 

using an Olympus-BX-41microscope. WST-1 reagent (cat # 11644807001) was obtained 

from Roche. Chou-Talalay analysis was done using CompuSyn software from 

http://www.combosyn.com/feature.html. Trypan blue dye was obtained from Bio-Rad. RIPA 

buffer, Tween-20 and protease cocktail inhibitors were purchased from Sigma-Aldrich. 

PARP antibody was purchased from Cell Signaling Technology. b-actin antibody and 



 Chapter 2 

 

51 
 

peroxidase conjugated antirabbit and antimouse IgG were obtained from Santa Cruz 

Biotechnology. CPP32 colorimetric protease assay kit was obtained from Invitrogen. 

2.4.2 Synthesis of dual drug loaded vitamin D3 nanoparticles: 5.0 mg of L-a-

phosphatidylcholine (PC), 2.5 mg of vitamin D3–PI103 conjugate (2) and 0.5 mg of 1,2-

distearoyl-snglycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)2000] (DSPE-

PEG) were dissolved in 5.0 mL DCM. The solvent was evaporated using a rotary evaporator, 

and a thin and uniform lipid film was thus obtained. 1 mg of drug (cisplatin, doxorubicin or 

proflavine) dissolved in 1.0 mL of H2O was added into the lipid layer and it was hydrated for 

2 h at 60 °C. To remove residual non encapsulated drugs, the nanoparticles solution was 

passed though a Sephadex G-25 column and extruded through 200 nm Whatman 

polycarbonate membrane at 60 °C to obtain sub 200 nm particles. The dual drug loaded 

nanoparticles were stored at 4 °C for further use. 

2.4.3 Quantification of drug loading in the nanoparticles: A calibration curve was plotted 

in the concentration range of 2.5 – 15 µM (for cisplatin), 10 – 100 µM (for doxorubicin), and 

5 – 25 µM for both PI103 and proflavine individually, by diluting the 1 µM standard stock 

solution of drugs in DMSO. The absorbance was measured at 706 nm for cisplatin, 490 nm 

for doxorubicin, 444 nm for proflavine and 340 nm for PI103 against the corresponding 

solvent blank. The linearity was plotted for absorbance (A) against concentration (C). To 

determine the drug loading in nanoparticles, they were dissolved in spectroscopic grade 

DMSO in 2.5 %, 5 % and 7.5 % dilution. Absorbance was measured at characteristic 

wavelength against the corresponding solvent blank in 200 mL quartz cuvette and from the 

calibration curve, drug loading was measured. The quantification of cisplatin was done using 

a solution of o-phenylenediamine in DMF heated at 100 °C  for 4 h, till the solution turned 

deep green in color. For the calibration curve, 1 µM stock was prepared by dissolving 

cisplatin into 1.2 µg mL
-1 

solution of o-phenylenediamine. The range of further dilutions 

from 2.5 µM to 15 µM was obtained by diluting stock solution with DMF. The absorbance 

was measured at 706 nm (which is characteristic λmax for cisplatin against DMF as blank). 

The linear relationship was obtained by plotting the absorbance values (A) against 

corresponding concentrations (C). To estimate drug loading, 5 mL, 10 mL, and 15 mL of 

nanoparticle solutions were dissolved in 200 mL o-phenylenediamine solution (1.2 µg mL
-1 

of DMF). The mixture was then heated at 100 °C for 4 h until a greenish yellow color 

appeared. Absorbance was measured at characteristic wavelength against the corresponding 

solvent blank in 200 mL quartz cuvette and from the calibration curve, drug loading was 
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measured in triplicate. Stock solutions were prepared in different concentrations (5, 10, 15, 

20, 25, and 30 µM concentrations of doxorubicin and proflavine in 1 : 1 water acetonitrile 

mixture) and filtered through 0.22 µM filters and injected (25 mL) into an Agilent high 

performance liquid chromatography (HPLC) attached with a diode-array detector (λmax =  

496 nm and 260 nm for doxorubicin and proflavine, respectively) and a Zorbax SB C-18 

reversed phase column (250 µM ±  4.6 µM, 5 µM). 

 A mobile phase of water: acetonitrile was used with a run time of 40 min; multistep gradient 

technology with a flow rate of µg mL
-1 

starting with 80 % : 20 % / 0–5 min, 40 % : 60 % / 5–

30 min, 80 % : 20 % / 30–35 min, and 80 % : 20 % / 35–40 min. Peak areas and retention 

times were recorded and a calibration graph was obtained by plotting peak area versus the 

concentration of doxorubicin and proflavine. Drug loading was determined in triplicate by 

dissolving nanoparticles in 1 : 1 ratio of water and acetonitrile in 2.5 %, 5 % and 7.5 % 

dilutions, which were then filtered through 0.22 µm filters before injection. The peak area 

was measured and from the calibration curve, drug loading was measured. 

2.4.4 Determination of the hydrodynamic diameter of dual drug loaded nanoparticles 

by dynamic light scattering (DLS): The mean hydrodynamic diameter of the dual drug 

loaded nanoparticles was measured by dynamic light scattering (DLS) method using 

Zetasizer Nano2590 (Malvern, UK). 50 mL of nanoparticle solution was diluted to 1 mL 

using DI water and 3 sets of 10 measurements each were performed at 90 degree scattering 

angle to get the average particle size. 

2.4.5 Field-emission scanning electron microscopy (FESEM) of nanoparticles: 5 µL of 

nanoparticles in water was placed on a silicon chip without any dopant, and it was allowed to 

dry at room temperature under vacuum desiccators for 4hours. The silicon chip was then 

gold-coated (10–15 nm thickness) using Quorum, Q150T-E5. The FESEM measurements 

were done using a Carl Zeiss, Ultra plus, scanning electron microscope at an operating 

voltage of 4.0 kV. 

2.4.6 Atomic force microscopy (AFM) of nanoparticles: 10 µL of nanoparticles in water 

was placed on a mica sheet and dried under vacuum desiccators for 4 h. The shape and size of 

the nanoparticles were determined using Nano Wizard Atomic Force Microscopy (AFM). 

2.4.7 Transmission electron microscopy (TEM) of nanoparticles: 15 µL of nanoparticles 

in water was placed on a TEM copper grid. After 30 min, this sample drop was wicked off by 
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using filter paper, and then 15 µL of freshly prepared 0.25 % uranyl acetate (2.5 mg uranyl 

acetate in 1 mL dd water) solution was placed on the TEM copper grid. After 1 min, uranyl 

acetate solution was wicked off and the sample was washed three times with 15 µL dd water 

each time. The sample was dried overnight on a clean dust-free surface under a funnel. The 

nanoparticles were imaged using Tecnai G2 20-Twin LR-TEM instruments. 

2.4.8 Determination of dual drug release from the nanoparticles: Concentrated 200 mL 

drug loaded nanoparticles we resuspended in 200 mL solution of pH 5.5 or in PBS buffer (pH 

= 7.4) and sealed in a dialysis membrane (MWCO = 2000 Dalton). The dialysis bags were 

then suspended in 10 mL pH 5.5 solution or in PBS buffer (pH = 7.4) at room temperature 

with gentle shaking. 400 mL of the solution was withdrawn from the incubation medium and 

was collected at predetermined time intervals. The released dual drugs were quantified by a 

UV-vis spectrophotometer. 

2.4.9 Cell culture: Human hepatocellular carcinoma cell line, Hep3B (obtained from NCCS 

Pune), were cultured at 37 °C, 5 % CO2, in minimal essential medium (MEM) supplemented 

with 10 % fetal bovine serum (FBS), 100 units per mL penicillin, and 100 µg mL
-1 

sreptomycin. The cells were typically grown to 60–70 % confluency, rinsed in phosphate-

buffered saline (PBS) and placed into fresh medium prior to treatments. 

2.4.10 MTT cytotoxicity assay: For determining the in vitro cytotoxicity, the cells were 

seeded at a density of 4000 cells per well in a 96 well plate and incubated overnight under 

optimum culture conditions. The drug stocks were prepared in DMSO. The cells were treated 

with various drugs or nanoparticles at different concentrations for 24 hours. A DMSO (0.2 %) 

control was also performed. Following the treatment, 20 µL of MTT dissolved in 1x PBS was 

added to each well at a final concentration of 1 µg mL
-1 

and incubated for 4 h. Formazan 

crystals that were formed due to the presence of live cells were solubilized in DMSO. 

Readings were obtained at 495 nm with a differential filter of 630 nm using a microplate 

reader. The experiment was performed in triplicate, and a paired t-test was used to determine 

the statistical significance (at 5 % level of significance). 

2.4.11 Creation of resistant cell lines: The sensitivity of Hep3B cells to cisplatin was 

initially evaluated. IC50 was determined by MTT assay. To create drug-resistant cell lines, 

Hep3B cells were given an insult of a very high concentration of cisplatin (1 µM). The high 

dose drug treatment was repeated on cells that revived after each insult, and this cycle was 

continued for several times. Cells surviving the repeated cycles of drug treatment were found 
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to be comparatively resistant to cisplatin (Hep3B-R) than parental untreated cells (Hep3B). 

Resistance to cisplatin was checked by MTT assay. The cells were subsequently maintained 

at IC50. 

2.4.12 WST-1 cytotoxicity assay: Hep3B and Hep3B-R cells growing in log phase were 

briefly seeded at a density of 4000 cells per well in a 96 well plate and incubated for 24 hours 

with 5 % CO2 at 37 °C. The cells were treated with vitD3–PI103–CDDP-NP, vitD3–CDDP-

NP, free CDDP and empty-vitD3-NP at various concentrations for 24 hours. Following the 

drug treatment, WST1 reagent was added (10 µL in 100 µL media) in all the wells and 

incubated for 4 hours. Then, absorbance was measured at 450 nm using a microplate reader. 

The percentage of viable cells was calculated using the following formula: Viability (%) = 

(mean absorbance value of drug treated cells)/(mean absorbance value of control) ±  100. 

2.4.13 Trypan blue cell viability assay: Hep3B and Hep3B-Rcells growing in log phase 

were briefly seeded at a density of 4 ± 104 in a 6 well plate and incubated for 24 hours with 5 

% CO2 at 37 °C. The cells were treated with vitD3–PI103–CDDP-NP, vitD3–PI103-NP, 

vitD3–CDDP-NP, empty vitD3-NP and free CDDP at various concentrations with untreated 

cells as control for 24 hours. Post treatment, the cells were washed with 1X PBS and 

trypsinised. The cells were spin down and resuspended in fresh media, 20 mL of which was 

mixed with 2 mL of trypan blue dye and placed in a dual chamber cell counter slide. The 

viability was checked using an automated cell counter (BioRad, USA). 

2.4.14 Western blot analysis for PARP: Cells were seeded at a density of 1 X 10
6
 in a 60 

mm dish and maintained at 5 % CO2 at 37 °C in an incubator. After the treatment for 24 

hours, the cells were harvested by scraping in RIPA buffer supplemented with protease 

cocktail inhibitor. Briefly, 40 µg of protein was loaded per sample by standard SDS-PAGE 

on 10 % gel and electrophoretically transferred onto a PVDF membrane. After blocking in 5 

% non fat dry milk in 1X TBS and 0.01 % Tween-20, proteins were imune-detected using 

antibodies against PARP (dilution 1 : 1000, Cell Signaling Technology). The equal loading of 

protein was verified using b-actin (1 : 2000, SantaCruz Biotechnology) antibodies. 

Peroxidase conjugated antirabbit and antimouse IgG (1 : 10 000 and 1 : 20 000, Santa 

CruzBiotechnology) were used as secondary antibodies followed by the detection of specific 

signals using ECL western blotting substrate. The densitometric quantification of PARP 

normalized to b-actin band intensities was done with ImageJ1.47 (National Institute of 

Health, Bethesda, MD, USA). 
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2.4.15 Caspase-3 protease assay: Caspase-3 activity was determined using CPP32 

colorimetric protease assay. The cells were seeded at a density of 1 x10
6
 in a 60 mm dish and 

maintained at 5 % CO2 at 37 °C in an incubator. After treatment for 24 hours, the cells were 

harvested by cell lysis buffer and either 100 µg or 200 µg of protein lysate were loaded in a 

96 well plate. Caspase-3 activity was determined by adding DEVD-pNA substrate and 

incubating for 2 hours in the dark at 37 °C. The samples were read at 405 nm using an 

enzyme-linked imunosorbent assay (ELISA) microplate reader. 

2.4.16 Fluorescent imaging of nanoparticle internalization: Hep3B or Hep3B-R cells were 

seeded on sterile cover slips kept in 6 cm dishes at a density of 6000 cells per well. After 

overnight incubation in a normal cell culture conditions mentioned above, the media was 

removed and the cells were washed three times with 1x PBS and treated with vitD3–PI103–

proflavine-NP at a concentration of 30 µM (in MEM media) for 3minutes. The cover slips 

were washed thrice in 1x PBS and mounted on a slide and observed under fluorescence 

microscope using an FITC filter (emission wavelength 513–556 nm). 
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3.1 Introduction 

Recognizing the fact that the PI3K-Akt-mTOR signaling pathway is a key regulator of tumor 

cell survival, proliferation, protein translation, metabolism, angiogenesis and metastasis-

associated phenotypes, the PI3K pathway has been considered as one of the most studied 

targets in cancers.
1-9

 The growing evidence have proven that the limited clinical activity with 

PI3K inhibitors as single-agent treatment is due to activation of parallel and compensatory 

signaling networks.
10

 Therefore, inhibition of such compensatory signaling networks is being 

investigated in clinical studies to overcome resistance to PI3K inhibition. Survival of cancer 

cells under stressful conditions by up-regulating PI3K signaling prompted the need for a 

combination strategy with DNA damaging drugs to enhance therapeutic efficacy in cancer 

treatment.
4
 Several studies showed the synergistic effects of combining PI3K inhibitors with 

cytotoxic drugs in treating different types of cancers.
11-13

 Although, these combination 

strategies indicated improved therapeutic outcomes, as discussed in previous chapters the 

drug cocktails can diffuse unsystematically throughout the entire body to escalate severe 

toxic side effects and poor accumulation into tumor tissue for optimal effects. To address 

these challenges nanotechnology based platform has been explored in this scenario. A recent 

report revealed that sequential administration of PI3K inhibitors (PI103 and PI828) followed 

by cisplatin nanoparticles enhanced the antitumor efficacy in breast cancer.
14

 Moreover, in 

chapter 2 we have observed that nanoparticle mediated PI3K signaling inhibition with DNA 

damaging agents (cisplatin and doxorubicin) exhibited strong synergism in drug (cisplatin) 

resistant Hep3B cells and normal Hep3B cells. However, there is no precedence of triple-

drug combination therapy with PI103, doxorubicin, and cisplatin in a single nanoparticle 

package to deliver these combinations of drugs in cancer.
15 

Inspired by the improved efficacy 

of PI3K inhibitors along with doxorubicin and cisplatin, we hypothesized that biocompatible, 

biodegradable, and versatile chimeric nanoparticles would accumulate inside the cancerous 

tissue by enhanced vascular permeabilization and internalize into the cancer cells by 

endocytosis for synchronized targeting of phosphatidylinositol-3-kinase signaling and 

inducing DNA damage for augmented therapeutic outcomes (Fig. 1c). To this end, we 

engineered cholesterol based chimeric nanoparticles (ChNPs) that can concurrently deploy 

PI103, doxorubicin, and cisplatin (Fig. 1b). These ChNPs permitted high triple drug loadings 

in a controlled ratiometric mode and demonstrated enhanced release in an acidic environment 

(mimics lysosomes in cancer cells) in a controlled and continuous manner over 120 h related 

to physiological pH =7.4. These ChNPs exhibited improved cytotoxicity in different cancer 
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cell lines compared to free drug combination at 24 h and 48 h time points through induction 

of apoptosis. Moreover, these ChNPs were internalized into the sub cellular lysosomes in a 

time dependent manner over 6 h and remained inside the cells for 48 h. These ChNPs induced 

cytotoxicity through apoptosis by damaging DNA, up-regulating the DNA damage repair 

mechanism, and inhibiting PI3K signaling in HeLa cervical cancer cells. These ChNPs 

showed their potential for simultaneous controlled loading and deployment of PI103 in 

rational amalgamation with doxorubicin and cisplatin inside the tumor cells for next-

generation targeted cancer therapeutics. 

 

3.2 Results and discussion 
 

3.2.1 Development of cholesterol−drug conjugates: We have chosen nontoxic and 

biodegradable cholesterol for developing the ChNPs due to its ubiquitous nature as a cellular 

membrane component. Cholesterol is a neutral lipid, present almost in all types of 

mammalian cells, plays a major role in the maintenance of the integrity of biologic 

membranes such as cell membrane. Cholesterol is available in the body either from dietary 

sources or from de novo biosynthesis. The free hydroxyl group in cholesterol (1) was first 

converted into carboxylic acid by reacting with succinic anhydride, pyridine, and DMAP to 

achieve conjugate 2 in 77% yield (Fig. 1a). We have chosen succinic acid as it is one of the 

major components in the tri-carboxylic acid cycle (TCA) in mitochondria in our body.
16

 We 

further reacted conjugate 2 with PI103
17

 using EDC and DMAP as coupling reagents to 

afford a cholesterol-PI103 conjugate (3) in 72 % yield. We also conjugated doxorubicin with 

conjugate 2 by amide linkage using HBTU/DIPEA to attain a cholesterol-doxorubicin 

conjugate (4) in 70 % yield. Finally, cisplatin (CDDP) was converted to aquated cis-

Pt[(NH3)2(OH2)2]
2+

(5),
18

 which was further attached with conjugate 2 by a Pt−carboxylato 

bond
19

 to synthesize a cholesterol−cisplatin conjugate (6) in 90 % yield. The conjugates (2, 3, 

4, and 6) were characterized by 
1
H, 

13
CNMR, and high resolution mass spectroscopy (HR-

MS). Furthermore, conjugate 6 was characterized by 
195

Pt NMR spectroscopy having peak at 

−1304 ppm.
20

 

3.2.2 Development of ChNPs: We developed the ChNPs from cholesterol−drug conjugates 

(3, 4, and 6), PC, and a DSPE-PEG2000 mixture in different ratios (Fig. 1b).
21

 We surface 

coated the ChNPs with DSPE-PEG2000 to provide a “stealth-like” property for evading the 

immune system and improving long blood circulation half-life.
22

 The drug loading in ChNPs 

was quantified by UV−Vis spectroscopy based on characteristic λmax= 340 nm (PI103), 480 
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nm (doxorubicin), and 706 nm (cisplatin) from a standard absorbance versus concentration 

graph (Fig. 3, Chapter 2).  

 

 

Fig. 1 Schematic diagram of engineering chimeric nanoparticles (ChNPs) and cellular internalization. 

(a) Synthesis of cholesterol−drug conjugates. (b) Schematic representation of ChNP synthesis. (c) 

Hypothesized internalization of ChNPs into cancer cells through lysosomes to target PI3K signaling 

and damage DNA. 

 

It was reported that due to rapid in vivo metabolism, it is necessary to achieve a nearly 10-

fold increased concentration of PI103 for effective inhibition of PI3K and downstream Akt 

signaling.
23

 Moreover, doxorubicin and cisplatin exert cardio-toxicity and nephrotoxicity to 
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the patients respectively.
24, 25

 Hence, it is highly important to package these drugs in optimal 

loading in the nanoplatform for effective combination therapy. To obtain the ChNPs with 

optimized drug loading, the stoichiometric amount of cholesterol-drug conjugates 3, 4 and 6 

were varied in different weight ratios. We observed a clear translation of the weight ratios 

into the final drug loading ratio with high drug loading efficiency in the ChNPs with less than 

200 nm size and comparable  

 

 

Table 1. Loading of PI103, doxorubicin and cisplatin in ChNP in a controlled ratio-metric manner for 

optimum size and drug loading and loading efficiency 

 

polydispersity index (PDI) values, determined by DLS (Table 1). This ratiometric 

quantification clearly showed that the drug loading ratio could be controlled in the ChNPs 

based on the need of the patients as well as the tumor types by using different stoichiometric 

amount of cholesterol-drug conjugates. However, we used PI103: doxorubicin: CDDP = 

1:0.8:0.9 loading in ChNPs for further studies having a mean drug loading of 252 μM, 204 

μM, and 244 μM for PI103, doxorubicin, and cisplatin, respectively. The mean size of the 

ChNPs was found to be 153.7 nm in diameter by DLS (Fig. 2a). Size, shape, and morphology 

of the ChNPs were further visualized by FESEM (Fig. 2b), AFM (Fig. 2c), and TEM (Fig.  

2d). DLS and electron microscopy images clearly demonstrated that the ChNPs were 

spherical in shape, at less than 200 nm in diameter, hence suitable for passive tumor targeting 
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through the leaky and tortuous vasculature. Furthermore, energy-dispersive X-ray 

spectroscopy (EDX) measurement was performed to demonstrate the presence of Pt metal 

from cisplatin in ChNPs (Fig. 3). 

 
 

 

Fig. 2 Characterization of size, shape, and morphology of ChNPs by (a) DLS, (b) FESEM, (c) AFM, 

and (d) TEM. 

 

3.2.3 Stability of the ChNPs: To translate successfully from bench to bedside, the ChNPs 

should maintain extensive stability over a long time under storage conditions. We estimated 

the stability of ChNPs at 4 °C in PBS for 2 weeks by measuring size and PDI using DLS. 

Size of the ChNPs changed marginally from 159.9 ± 2.9 nm (PDI = 0.105 ± 0.01) to 162.7 ± 

1.4 nm (PDI= 0.132 ± 0.004) over 2 weeks (Fig. 4a, b). Further, we measured the stability of 

the ChNPs at 37 °C in PBS for 2 weeks. The size of the ChNPs increased from 155.0 ± 1.7 

nm with PDI = 0.069 ± 0.0 to 159.2 ± 1.3 nm with PDI = 0.81 ± 0.00) over 2 weeks (Fig. 4c, 

d). For successful in vivo drug delivery, ChNPs must show high stability inside the blood 

flow at body temperature. Therefore, we assessed the stability of ChNPs in cell culture media 

(DMEM) with 10 % fetal bovine serum (FBS) at 37 °C for 72 h. The size of ChNPs increased 

from 139.5 ± 0.4 nm to 154.6 ± 6.6 nm (change in PDI = 0.179 ± 0.0  
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Fig. 3 Determination of Pt metal content in ChNP by energy dispersive X-ray spectroscopy (EDX). 

 

 

Fig. 4 Stability of ChNP (a-b) at 4 °C in PBS for 14 days, (c-d) at 37 °C in PBS for 14 days and (e-f) 

at 37 °C in DMEM with 10 % FBS for 72 h determined by DLS.  
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to 0.214 ± 0.03) (Fig. 4e, f). These stability measurements clearly indicated that ChNPs 

retained their size under 200 nm without major aggregation at 4 °C and 37 °C in PBS for 2 

weeks as well as in the blood flow mimic for 72 h. 

3.2.4 Release of triple drugs from ChNPs: After accumulation inside the tumor, the ChNPs 

must be able to release payloads in a controlled and continuous manner through a prolonged 

time. Moreover, the sequential administration of drugs in combination strategy plays a crucial 

role in the therapeutic outcome.
26,27

 We anticipated that inhibitingPI3K signaling as a survival 

pathway followed by DNA damage would lead to better therapeutic efficacy. We quantified 

the release profile
21

 of triple drugs from ChNPs for 120 h at 37 °C in an acidic environment 

(pH = 5.5), which imitates the lysosomes in the cancer cells.
26

 ChNPs released 87.2 ± 5.3 % 

of PI103 and 42.1 ± 2.6 % of cisplatin at 50 h, whereas 46.4 ±11.8 % of doxorubicin was 

released at 24 h (Fig. 5a). As a control, we evaluated the amount of triple drugs released from 

ChNPs by incubating them at physiological pH = 7.4. ChNPs released 49.7 ± 2.5 % of PI103 

after 120 h. 

 
 

Fig. 5 Release of PI103, doxorubicin, and cisplatin from ChNPs at (a) pH = 5.5, and (b) pH = 7.4 over 

120 h. 

 

 

Whereas, only 23.4 ± 1.9 % of doxorubicin and 25.1 ± 0.8 % cisplatin were released even 

after 74 h (Fig. 5b). We further evaluated the presence of free PI103, doxorubicin, and 

cisplatin released from ChNPs at pH = 5.5 after 24 h and 48 h by UV−Vis spectroscopy (Fig. 

6). Fig. 6a clearly showed the characteristic peaks at λmax = 480 nm (for free doxorubicin) and 

340 nm (for free PI103) in both 24h and 48 h time points (highlighted regions). Fig. 6b also 
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showed the characteristic peak at λmax = 706 nm for free cisplatin in both 24 h and 48 h 

(highlighted region).  

 

Fig. 6 (a) UV-Vis spectra of released free PI103 and Doxorubicin from ChNP at pH = 5.5 at 24 h and 

48 h. (b) UV-Vis spectra of released cisplatin from ChNP at pH = 5.5 at 24 h, and 48 h. 

 

From these UV−Vis data, it was clear that the structures of all the drugs retained after release 

from ChNPs to show their pharmacological effects. These release data clearly showed that 

ChNPs exhibited significantly increased improved drug release in a controlled and 

continuous manner over 120 h in an acidic environment compared to neutral medium. We 

anticipated that ester, amide, and carboxylato-Pt bonds in the cholesterol-PI103 (3), 

cholesterol-doxorubicin (4) and cholesterol−cisplatin (6) conjugates respectively, are highly 

hydrolysable in acidic medium compared to neutral medium, which prompted the superior 

triple drug release. Furthermore, at pH= 5.5, the aromatic ester bond in conjugate 3 is more 

hydrolyzable compared to the amide and carboxylato-Pt bond in conjugate 4 and conjugate 6, 

respectively, leading to the faster and improved release of PI103 compared to doxorubicin 

and cisplatin. Finally, at pH = 5.5, we observed a decreased accumulative release for all the 

drugs after 50 h, which we attributed to the possible degradation of all the drugs in acidic 

condition after prolonged incubation. 

3.2.5 In Vitro cytotoxicity assay of ChNPs in cancer cells: To assess the effect of the 

ChNPs in cancer therapy, we determined the in vitro efficacy of ChNPs in HeLa cervical 

cancer cells, HL60 promyelocytic leukemia cells, and MCF7 metastatic breast cancer cells by 

MTT assay at 24 h and 48 h post incubation. For the MTT assay, we used ChNPs and free 

drug cocktails having the same PI103/doxorubicin/CDDP = 1:0.8:0.9 ratios. We also 

estimated the cytotoxicity of dual drug loaded CDDP-Dox-NPs, Dox-PI103-NPs, and 
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CDDPPI103-NPs as controls. At 24 h, ChNPs showed much less IC50 =4.1 μM compared to 

IC50 = 14.4 μM, 6.84 μM, 13.3 μM, and 6.58 μM for the free drug cocktail, CDDP-Dox-NPs, 

CDDP-PI103-NPs, and Dox-PI103-NPs, respectively, in HeLa cells (Fig. 8a and 9 a−c). 

Similarly, ChNPs demonstrated IC50 = 1.5 μM compared to IC50= 3 μM, 7.35 μM, 1.74 μM, 

and 0.41 μM for the free drug cocktail, CDDP-Dox-NPs, CDDP-PI103-NPs, and Dox-PI103- 

NPs, respectively, in HL60 cells at 24 h (Fig. 8b and 10 a−c). Moreover, ChNPs showed IC50 

= 14.9 μM compared to IC50 = 37.5 μM, 5.07 μM, 11.01 μM, and 7.17 μM for the free drug 

cocktail, CDDP-Dox-NPs, CDDP-PI103-NPs, and Dox-PI103-NPs, respectively, at 24 h in 

MCF7 cells (Fig. 8c and 11 a−c). At 48 h, ChNPs showed IC50 = 0.87 μM which was equal to 

the IC50 

 

 

Fig. 7 In vitro cytotoxicity assay of ChNPs. (a−d) Cell viability assay of ChNPs in HeLa, HL60, 

MCF7, and MDA-MB-231 cells for 48 h, respectively.  
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Fig. 8 (a−d) Cell viability assay of ChNPs in HeLa, HL60, MCF7, and MDA-MB-231 cells for 24 h, 

respectively. 

 

= 0.86 μM for the free drug cocktail for HeLa cells (Fig. 7a). However, at 48 h in HeLa cells, 

CDDP-Dox-NPs, CDDP-PI103-NPs, and Dox-PI103-NPs showed much higher IC50 = 4.89 

μM, 3.33 μM, and 4.96 μM, respectively (Fig. 9 d−f). On the other hand, ChNPs showed IC50 

= 0.8 μM compared to IC50 = 1.9 μM, 0.79 μM, 0.07 μM, and 16.2 μM for free drug 

combination, CDDP-Dox-NPs, CDDP-PI103-NPs, and Dox-PI103-NPs, respectively, in 

HL60 cells at 48 h (Fig. 7b and Fig. 10 d−f). Furthermore, at 48 h, ChNPs showed IC50 = 3.2 

μM compared to IC50 = 29.9 μM, 3.17 μM, 1.58 μM, and 0.39 μM for the free drug 

combination, CDDP-Dox-NPs, CDDP-PI103-NPs, and Dox-PI103-NPs, respectively, in 

MCF7 cells (Fig. 7c and Fig. 11 d−f). We also evaluated the in vitro efficacy of ChNPs in the 

triple negative breast cancer (TNBC) cell line MDA-MB-231 at 24 h and 48 h post-treatment. 

Interestingly, ChNPs showed extremely enhanced efficacy with IC50 = 0.4 μM compared to 

IC50 = 35.8 μM, 23.4 μM, 10.44 μM, and 24.24 μM for the free drug combination, CDDP- 
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Fig. 9 MTT assay of Dox-PI103-NP, CDDP-PI103-NP and CDDP-Dox-NP at 24 h and 48 h in HeLa 

cells.  

 

 

Fig. 10 MTT assay of Dox-PI103-NP, CDDP-PI103-NP and CDDP-Dox-NP at 24 h and 48 h in 

HL60 cells.  
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Fig. 11 MTT assay of Dox-PI103-NP, CDDP-PI103-NP and CDDP-Dox-NP at 24 h and 48 h in 

MCF7 cells.  

 

 

Fig. 12 MTT assay of Dox-PI103-NP, CDDP-PI103-NP and CDDP-Dox-NP at 24 h and 48 h in 

MDA-MB-231 cells. 
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Dox-NPs, CDDP-PI103-NPs, and Dox-PI103-NPs, respectively at 24 h (Fig. 8d and 12 a−c). 

At 48 h post-treatment, ChNPs showed even more improved efficacy with IC50 = 0.2 μM 

compared to IC50 = 5.7 μM, 5.24 μM, 4.92 μM, and 3.20 μM for the free drug combinations, 

CDDP-Dox-NPs, CDDP-PI103-NPs, and Dox-PI103-NPs, respectively (Fig. 7d and Fig. 12 

d−f). These cell viability assays demonstrated that ChNPs induced much better efficacy in 

HeLa and MDA-MB-231 cells with respect to free drug cocktails and dual drug loaded 

nanoparticles at 24 h and 48h. However, interestingly, in HL60 and MCF7 cells, ChNPs 

showed much improved efficacy compared to the free drug combination but almost 

equivalent efficacy compared to dual drug loaded nanoparticles in both 24 h and 48 h. 

3.2.6 Apoptosis  induced by ChNPs: One of the hallmarks of cancer is its capability to 

evade apoptosis.
28

 Hence, we evaluated the effect of ChNPs in inducing apoptosis in cancer 

cells. We incubated HeLa cells with ChNPs at IC50 values for 24 h, followed by staining the 

cell surface phosphatidylserine as an early apoptosis marker by green fluorescent Annexin V-

FITC dye. We co-stained the cellular DNA of late apoptotic/necrotic cells with red 

fluorescent propidium iodide (PI). Quantification of early apoptotic, late apoptotic, and 

necrotic cells was performed using the fluorescence activated cell sorting (FACS) method.  

 

Fig. 13  Fluorescence Assisted Cell Sorting (FACS) analysis of apoptosis caused by ChNPs costained 

by Annexin V-FITC and PI in HeLa cells for 24 h. The values shown in each quadrant represent the 

percentage of cells present in healthy (lower left), early apoptotic (lower right), late apoptotic (upper 

right), and necrotic (upper left) states. 

Indeed, ChNPs induced early apoptosis in 95.38 % cells and late apoptosis in 2.88 % cells 

compared to only 0.08 % and 0 % cells found in the early and late apoptotic stages in the 
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non-treated control cells (Fig. 13). This FACS analysis clearly demonstrated that ChNPs 

showed antitumor activity by inducing apoptosis in HeLa cells. 

. 

3.2.7 Cellular internalization of ChNPs: To envision the temporal cellular internalization 

mechanism of ChNPs, we incubated HeLa, MDA-MB-231, and MCF7 cells with red 

fluorescent ChNPs (at 2 μg/mL concentration of doxorubicin) for 1 h, 3 h, and 6 h. The cells 

were fixed by paraformaldehyde, and acidic lysosomal compartments were stained by green 

fluorescent LysoTracker Green DND-26 dye. We also stained the nuclei with DAPI (blue) 

and visualized the cells by using confocal laser scanning microscopy (CLSM). 

 

 

 

Fig. 14 Internalization of ChNPs in HeLa cells at 1, 3, and 6 h visualized by CLSM. Lysosomes and 

nuclei were stained by LysoTracker Green DND-26 and DAPI (blue), respectively. The merged 

images prove the homing (yellow) of ChNPs in lysosomes. Scale = 10 μm. 

 

 From Fig. 14, it was clear that the ChNPs entered into HeLa cells temporally over 6 h and 

localized into the lysosomes, leading to the colocalization of green and red merged into 

yellow. Quantification of the amount of localization of ChNPs into the lysosomes from 
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CLSM revealed that the percentage of colocalization was increased from 11.5 % to 19.8 % to 

20.7 % from 1 h to 3 h to 6 h, respectively, in HeLa cells (Table 2).  

 

Table 2. Quantification of colocalization of ChNP into lysosomal compartments and nucleus in 1 h, 3 

h, 6 h, 24 h and 48 h time points determined by CLSM in HeLa cells. 

 

 

 

 

Fig. 15 Internalization of ChNPs in MDA-MB-231 cells at 1, 3, and 6 h visualized by CLSM. 

Lysosomes and nuclei were stained by LysoTracker Green DND-26 and DAPI (blue), respectively. 

The merged images illustrate the homing (yellow) of ChNPs in lysosomes. Scale = 10 μm. 

 

Confocal images in Fig. 15 also clearly showed that the ChNPs internalized into the MDA-

MB-231 cells very rapidly within 6 h and localized into acidic lysosomal compartments in a 
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time dependent manner. The CLSM based quantification of the % volume colocalization 

showed that13.3 %, 22.5 %, and 52.2 % ChNPs were colocalized into lysosomes in 1 h to 3 h 

to 6 h, respectively (Table 3). Furthermore, CLSM images also revealed that ChNPs 

internalized and homed in the lysosomal compartments within 6 h in MCF7 cells (Fig. 18).  

 

 

 
 

 

Table 3. Quantification of colocalization of ChNP into lysosomal compartments and nucleusin 1h, 3h, 

6h, 24h and 48h time points determined by CLSM in MDA-MB-231 cells. 

 

 

Lipidic nanoparticles have a tendency to be exocytosed from the cells leading to the reduced 

efficacy in drug delivery.
29

 To evaluate the existence of the ChNPs into the cells for an 

extended period of time, we also evaluated the cellular internalization at 24 h and 48 h time 

points in HeLa, MDA-MB-231, and MCF7 cells. Confocal microscopy images in Fig. 16, 17, 

and 18 clearly demonstrated that ChNPs were retained inside the acidic lysosomal 

compartments for even 24 h and 48 h to show their anticancer activity. Further CLSM based 

quantification revealed that 37.9 % and 55.0 % colocalization were observed for HeLa cells, 

compared to 37.7 % and 27.9 % colocalization observed for MDA-MB-231 cells (Tables 2 

and 3). We hypothesized that ChNPs will be endocytosed into acidic lysosomal 

compartments, and in the acidic environment each drug will be released and inhibit their 

respective targets. From Fig. 16, 17, and 18 it was clear that at 24 h and 48 h, red fluorescent 

doxorubicin was localized into a blue fluorescent nucleus to afford a merged purple 

fluorescence signal in  
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Fig. 16 CLSM images of cellular internalization of ChNPs in HeLa cells at 24h and 48h time points. 

Acidic lysosomal compartments and nucleus are stained with LysoTracker DND-26 (green) and DAPI 

(blue) respectively. Yellow portions in merged images show the co-localization of ChNP in lysosomal 

compartments and a purple portion in merged images show the co-localization of doxorubicin in the 

nucleus. Scale bar = 10μm.  

 

 

Fig. 17 CLSM images of cellular internalization of ChNPs in MDA-MB-231 cells at 24h and 48h 

time points. Acidic lysosomal compartments and nucleus are stained with LysoTracker DND-26 

(green) and DAPI (blue) respectively. Yellow portions in merged images show the co-localization of 

ChNP in lysosomal compartments and a purple portion in merged images show the co-localization of 

doxorubicin in the nucleus. Scale bar = 10μm.  
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Fig. 18 CLSM images of cellular internalization of ChNPs in MCF7 cells at 1h, 3h, 6h, 24h and 48h 

time points. Acidic lysosomal compartments and nucleus are stained with LysoTracker DND-26 

(green) and DAPI (blue) respectively. Yellow portions in merged images show the co-localization of 

ChNP in lysosomal compartments. Scale bar = 10μm. 

 

HeLa, MDA-MB-231, and MCF7 cells. We also quantified the colocalization of doxorubicin 

in the nucleus from CLSM. Tables 2 and 3 showed that the percentage of colocalization of 

blue and red fluorescence gradually increased from 0.13 % to 40.22 % from 1 h to 48 h in 

HeLa cells as well as from 7.28 % to 48.5 % from 1 h to 48 h in MDA-MB-231cells. These 
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CLSM data demonstrated that the ChNPs internalized into HeLa, MDA-MB-231, and MCF7 

cells temporally by endocytosis followed by localization into the lysosomes for extended 

periods of time, leading to further release of triple drugs. 

3.2.8 Mechanism of action of ChNPs: Phosphatidylinositol-3-kinase (PI3K) and its primary 

downstream mediator Akt play important roles in cell survival and proliferation in cancer 

cells.
30

 As a result, PI3K-Akt signaling inhibitor PI103 showed improved efficacy in 

combination with doxorubicin as a DNA damaging agent.
13

 Moreover, PI103 augmented the 

therapeutic efficacy of cisplatin  

 

 

Fig. 19 Expression of (a) γH2AX, (b) PARP, and (c) p-Akt and Quantification of expression of (d) 

γH2AX (e) PARP and (f) p-Akt in HeLa cells after treatment with ChNP for 24h in HeLa cells, 

determined from Western blot analysis. 

 

nanoparticles in a breast cancer model.
14

 However, there is no precedence of drug 

combination having PI103, doxorubicin, and cisplatin in a single nanoparticle. Hence, we 

evaluated the mechanism of action of ChNPs in HeLa after treatment with ChNPs at IC50 = 

4.1 μM concentration for 24 h and visualized the protein expressions by Western blot. We 

evaluated the expression of γH2AX to monitor DNA damage.
31

 Fig. 19a demonstrated that 

ChNPs induced significantly increased expression of γH2AX compared to no treatment. 

Quantification of the relative expression of γH2AX showed a 13-fold increase in ChNP 
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treated cells compared to no treatment, which clearly indicated that ChNPs showed 

cytotoxicity by inducing DNA damage (Fig. 19d). After DNA damage, the poly (ADP-

ribose) polymerase (PARP) family of proteins get activated to repair the DNA damage. As a 

result, PARP activation is also a potential biomarker for cellular DNA damage.
32

 Evaluation 

of PARP expression (Fig. 19b) showed that ChNPs activated PARP compared to no treatment 

control. Furthermore, PARP quantification revealed a 3-fold increase upon incubation with 

ChNPs relative to no treatment (Fig. 19e). Finally, we evaluated the expression of phospho-

Akt, which is a downstream therapeutic target and one of the most important biomarkers in 

PI3K signaling. From Fig. 19c, it was clear that ChNPs reduced the expression of phosphor-

Akt while keeping the total Akt expression unchanged compared to the no treatment control. 

Quantification from Western blot also showed a 1.4-fold decrease of phosphor-Akt 

expression upon treatment with ChNPs compared to the control (Fig. 19f). From these 

Western blot analyses, it was evident that ChNPs demonstrated improved cytotoxicity in 

HeLa cells by inhibiting PI3K signaling and DNA damage. 

3.3 Conclusion 

We have engineered cholesterol-based chimeric nanoparticles (ChNPs), which can 

simultaneously contain PI103, doxorubicin, and cisplatin in a controlled ratiometric manner. 

The ChNPs released three drugs in a prolonged and continuous manner in enhanced quantity 

in an acidic medium compared to a neutral medium over 120 h with excellent stability at 4 

and 37 °C over 2 weeks as well as in a blood circulation mimic for 72 h. The ChNPs induced 

improved in vitro cytotoxicity against cervical cancer (HeLa), promyelocytic leukemia cells 

(HL60), and metastatic breast cancer cells (MCF7) as well as drug resistant triple negative 

breast cancer cells (MDA-MB-231) compared to the free drug combinations. These ChNPs 

localized temporally into the acidic lysosomes after endocytosis within 6 h and were retained 

inside the cells for 48 h in HeLa, MDA-MB-231, and MCF7 cells. Finally, the ChNPs 

showed their efficacy in HeLa cells by inhibiting PI3K-Akt signaling and inducing DNA 

damage, leading to the induction of apoptosis.  
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3.4 Experimental Methods 

All the chemicals, reagents, and solvents required for synthesis of cholesterol-drug 

conjugates and ChNPs were purchased from Sigma-Aldrich. All the anticancer drugs were 

purchased from Selleck Chemicals. DSPE-PEG2000 and mini extruder were procured from 

Avanti Polar Lipids Inc. Cell culture media, LysoTracker DND-26, and SlowFade antifade 

reagents were bought from LifeTechnologies. Antiphospho-Akt (Thr308) rabbit monoclonal 

antibody was obtained from Merck Millipore. 

3.4.1 Synthesis of Conjugate (2): Conjugate 2 was synthesized by following the procedure 

described in ref 33. Cholesterol (50 mg, 0.129 mmol) was dissolved in pyridine (100 μL) and 

DCM (5 mL) at room temperature in a round bottom flask. Succinic anhydride (38 mg, 0.387 

mmol), and DMAP (15 mg, 0.129 mmol) were added into it and stirred for 24 h at room 

temperature. After the reaction was completed, solvent was removed by rotary evaporator, 

and then the crude product was purified by silica gel flash chromatography with 

dichloromethane/methanol as the mobile phase to afford the desired product as colorless 

solid. Yield: 48 mg (77 %). 

1
H NMR: (400 MHz, Chloroform-d) δ = 5.36 (1H, d, J = 4 Hz), 4.68 – 4.58 (1H, m), 2.68 

(2H, t, J= 6.9 Hz), 2.60 (2H, t, J = 6.9 Hz ), 2.31 (2H, d, J = 7.8 Hz), 2.04 – 1.93 (2H, m), 

1.87 (1H, d, J = 2.6 Hz), 1.85– 1.78 (2H, m), 1.66 – 1.41 (8H, m), 1.40 – 1.23 (5H, m,), 1.22 

– 1.04 (8H, m), 1.01 (3H, s), 0.91 (3H, d, J =6.5 Hz), 0.87 (3H, d, J = 1.8 Hz), 0.85 (3H, d, J 

= 1.7 Hz), 0.67 (3H, s), (Fig. 20). 

13
C NMR: (100 MHz, Chloroform-d) δ = 178.2, 171.7, 139.7, 122.9, 77.5, 77.2, 76.8, 74.7, 

56.8, 56.3, 50.1,42.4, 39.9, 39.7, 38.1, 37.1, 36.7, 36.3, 35.9, 32.0, 29.4, 29.1, 28.4, 28.2, 

27.8, 24.4, 23.98, 22.9, 22.7, 21.2,19.4, 18.9, 12.0, (Fig. 21). 

HR-MS: [M + Na]
+
 calculated for C31H50O4 = 509.7697; found 509.3504, (Fig. 22). 

3.4.2 Synthesis of Cholesterol-PI103 Conjugate (3): Conjugate 3 was synthesized by 

following the procedure described in ref 31. Cholesterol-succinic acid (2) (5 mg, 0.01mmol), 

EDC (5.73 mg, 0.03 mmol) and DMAP (2.45 mg, 0.02 mmol) were dissolved in DCM (3 

mL) and stirred for 10 min at room temperature. Then PI103 (4.17 mg, 0.012 mmol) was 

added and stirred for 24 h at room temperature. After 24 h, reaction was quenched by 0.1 N 

HCl and diluted with DCM (10 mL). The organic layer was washed with water (10 mL X 2) 
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and brine (5 mL). Then the collected organic solvent was removed by rotary evaporator, and 

crude product was purified by silica gel flash chromatography with 

dichloromethane/methanol as the mobile phase to afford pure cholesterol-succinic acid-PI103 

conjugate (3). Yield = 6 mg (72 %). 

1
H NMR: (400 MHz, Chloroform-d) δ = 8.63 – 8.55 (2H, m), 8.39 – 8.31 (1H, m), 8.21 – 

8.18 (1H, m), 7.53– 7.42 (2H, m), 7.20 (1H, ddd, J = 7.9 Hz, 2.3 Hz, 0.9 Hz), 5.36 (1H, d, J = 

3.9 Hz), 4.67 (1H, m), 4.26 – 4.16 (4H, m), 3.95 – 3.87 (4H, m), 2.94 (2H, t, J = 6.8 Hz), 2.76 

(2H, t, J = 6.8 Hz), 2.35 (2H, d, J = 7.8 Hz), 2.03 – 1.76 (5H, m), 1.63 (4H, s), 1.24 (4H, s), 

1.18 – 1.06 (6H, m), 0.99 (4H, s), 0.91 (4H, d, J = 6.5 Hz), 0.87 (4H, d, J = 1.8 Hz), 0.85 

(4H, d, J = 1.8 Hz), 0.66 (3H, s), (Fig. 23). 

13
C NMR: (100 MHz, Chloroform-d) δ = 171.7, 171.2, 162.8, 158.8, 151.0, 149.7, 148.9, 

147.3, 140.1,139.7, 133.6, 132.0, 129.4, 125.7, 123.3, 122.9, 121.3, 120.4, 115.5, 77.5, 77.2, 

77.2, 76.8, 74.7, 67.1, 56.8,56.2, 50.1, 45.9, 42.4, 39.8, 39.6, 38.2, 37.1, 36.7, 36.3, 35.9, 

32.0, 31.9, 29.8, 29.6, 28.4, 28.2, 27.9, 24.4,23.9, 22.9, 22.7, 21.1, 19.4, 18.8, 11.9, (Fig. 24). 

HR-MS: [M + H]
+
 calculated for C50H64N4O6 = 817.4904; found = 817.4905, (Fig. 25). 

3.4.3 Synthesis of cholesterol-doxorubicin conjugate (4): A mixture of compound 2 (5 mg, 

0.01 mmol), HBTU (5.68 mg, 0.015 mmol), and DIPEA (2.5 μL, 0.015 mmol) in dry DMF (2 

mL) was reacted for 10 min. Doxorubicin·HCl salt (6.9 mg, 0.012 mmol) was added and 

reacted for 24 h. To quench the reaction, 0.1 N HCl solution was added. The organic layer 

was washed with water (10 mL X 2). Then the collected organic solvent was dried and 

product was purified by silica gel column with dichloromethane/methanol as the eluent to 

afford a pure cholesterol-doxorubicin conjugate (4). Yield =70 %. 

1
H NMR: (400 MHz, Chloroform-d) δ = 8.05 (1H, d, J = 7.7 Hz), 7.79 (1H, t, J = 8.1 Hz), 

7.40 (1H, d, J = 8.2Hz), 5.91 (1H, d, J = 8.4 Hz), 5.51 (1H, s), 5.37 – 5.28 (2H, m), 4.76 (2H, 

d, J = 1.8 Hz), 4.64 – 4.52 (1H, m), 4.19 – 4.06 (5H, m), 3.68 (1H, d, J = 2.1 Hz), 3.29 (1H, 

dd, J = 18.9 Hz, 1.6 Hz), 3.05 (1H, d, J = 18.9 Hz), 2.28 (2H, d, J = 7.9 Hz), 1.70 – 1.55 

(24H, m), 1.32 – 1.24 (7H, m), 0.99 (3H, s), 0.91 (3H, d, J = 6.5 Hz), 0.87 (3H,d, J = 1.8 Hz), 

0.85 (3H, d, J = 1.8 Hz), 0.67 (3H, s), (Fig. 26). 

13
C NMR: (100 MHz, Chloroform-d) δ = 214.0, 187.3, 186.8, 172.7, 171.2, 161.1, 156.3, 

155.8, 139.5,135.9, 135.6, 135.3, 133.7, 122.8, 121.0, 119.9, 118.5, 111.5, 100.8, 77.4, 77.3, 

77.1, 76.8, 74.6, 69.7, 68.9,67.2, 65.7, 56.8, 56.7, 56.2, 50.0, 45.5, 42.4, 39.8, 39.6, 38.1, 
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36.9, 36.6, 36.2, 35.9, 31.9, 31.9, 30.0, 29.7,28.1, 23.9, 22.9, 22.6, 21.1, 19.4, 18.8, 16.9, 

11.9, (Fig. 27). 

HR-MS: [M + Na]
+
calculated for C58H77NO14 = 1034.5097; found = 1034.5250, (Fig. 28). 

3.4.4 Synthesis of aquated cisplatin (5): Synthesis was carried out by following the method 

described in ref 21. 50 mg of cisplatin was dissolved in 10 mL of water and 56 mg of silver 

nitrate was added into the solution.  Reaction mixture was then stirred at room temperature 

under dark conditions for 24h. Resultant milky white solution was centrifuged for 15 to 20 

minutes to precipitate silver chloride. The supernatant is then filtered through 0.2 μm filter 

and used for further reaction without any purification. 

3.4.5 Synthesis of cholesterol-cisplatin conjugate (6): Conjugate 6 was synthesized using 

the procedure in ref 21. Cholesterol-succinic acid (2) (5 mg, 0.01 mmol) was dissolved in 1 

mL DMF and aquated cisplatin (5) (600 μL = 3.08 mg, 0.01 mmol) was added into it. The 

reaction mixture was stirred for 24 hours.  After 24 h solvent was evaporated by rotary 

evaporator and the crude cholesterol-succinic acid-cisplatin conjugate (6) was used for 

chimeric nanoparticle synthesis. Yield = 6.6 mg (90 %).  

1
H NMR: (400 MHz, DMSO-d6) δ = 5.34 (1H, d, J = 3.5 Hz), 4.78 – 4.31 (5H, m), 2.55 (3H, 

s), 2.45 (3H, d, J =2.4 Hz), 2.25 (2H, d, J = 7.8 Hz), 1.94 (2H, t, J = 15.5 Hz), 1.86 – 1.71 

(3H, m), 1.58 – 1.43 (5H, m), 1.43 –1.28 (5H, m), 1.15 – 1.05 (5H, m), 0.97 (3H, s), 0.89 

(3H, d, J = 6.5 Hz), 0.85 (3H, d, J = 2.0 Hz), 0.83 (3H, d, J= 2.0 Hz), 0.65 (3H, s), (Fig. 29). 

13
C NMR: (100 MHz, DMSO-d6) δ = 177.1, 173.3, 162.3, 139.4, 122.0, 73.3, 56.1, 55.6, 

49.4, 41.8, 39.5,37.7, 36.1, 35.7, 34.4, 31.3, 30.7, 28.9, 27.3, 23.2, 22.6, 22.3, 20.5, 19.0, 

18.5, 11.6, (Fig. 30). 

195
Pt NMR: δ = -1304.93, (Fig. 32). 

HR-MS: [M + H]
+
 calculated for C31H57N2O5Pt = 715.3878; found = 715.3839, (Fig. 31). 

3.4.6 Synthesis of chimeric nanoparticles (ChNPs): ChNPs were synthesized by the 

method described in ref 20. 6.0 mg of L-α-phosphatidylcholine (PC), 1 mg of each drug 

conjugates (compound 3, 4 and 6) and 0.6 mg of DSPE-PEG were dissolved in 5.0 mL DCM. 

The solvent was evaporated into a thin and uniform film with the help of a rotary evaporator. 

After thorough drying with vacuum pump, cholesterol-drugs film was hydrated with 1.0 mL 

H2O for 2 h at 60 ˚C. Resultant nanoparticle suspension was passed through Sephadex G-25 
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column and extruded through 200 nm Whatmann polycarbonate membrane at 60 ˚C to obtain 

chimeric nano particles (ChNP). The ChNPs were stored at 4 ˚C for further use. The dual 

drug loaded nanoparticles (CDDP-Dox-NP, Dox-PI103-NP and CDDP-PI103-NP) were 

synthesized using the same procedure from the corresponding cholesterol-drug conjugates in 

a 1:1 weight ratio. 

3.4.7 Determination of size, shape, and morphology of ChNPs: Size, shape, and 

morphology of ChNPs were determined by DLS, FESEM, AFM, and TEM. The sample 

preparation and measurements were done by the methods described in section 2.4.4, 2.4.5, 

2.4.6 and 2.4.7 in chapter 2 respectively. 

3.4.8 Stability of ChNPs: The stability of the ChNPs was checked at 4 °C and 37 °C by 

dynamic light scattering method using Zetasizer Nano2590 (Malvern, UK). 50 μL of ChNP 

solution was diluted to 1 mL using PBS and 3 sets of 10 measurements each were performed 

at 90 degree scattering angle to get the average particle size and PDI for 14 days. Similarly, 

200 μL of ChNP solution was incubated into 800 μL of DMEM containing 10 % FBS for 72 

h at 37 °C and particle size and PDI were measured in predetermined time points by DLS to 

check the stability in blood circulation mimic. 

3.4.9 Quantification of drug loading in ChNPs: Loading of each drug in ChNPs was 

quantified using the UV−Vis spectroscopy method illustrated in section 2.4.3 in chapter 2. 

3.4.10 Release of triple drugs from ChNPs: The release of triple drugs in pH = 5.5 and pH 

= 7.4 were determined using the dialysis method described in section 2.4.8 in chapter 2. 

3.4.11 Cell viability assay: 5000 HeLa, MCF-7, HL60 and MDA-MB-231 cells were seeded 

per well in 96-well microtitre plate and incubated overnight in a 5 % CO2 incubator at 37 °C. 

HeLa, MCF7 and HL60 cells were cultures in DMEM media, whereas MDA-MD-231 cells 

were cultured in RPMI media. Cells were then treated with ChNPs, free drug combinations, 

CDDP-Dox-NP, Dox-PI103-NP and CDDP-PI103-NP in different concentrations (0.05, 0.1, 

0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.5, 25 µM) for 24 h and 48 h. 20 µL of MTT reagent (5 mg mL
-

1
) was added to each well and incubated for 4 h at 37 °C. Formazan crystals were then 

solubilized in 100 µL of the solubilization buffer (10 % SDS in 0.01 M HCl) and incubated 

overnight. Absorbance was measured spectrophotometrically at 550 nm. The percent cell 

viability was calculated considering the untreated cells as 100 percent viability and the 

effectiveness of nanoparticles was compared with the free drug combinations. 
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3.4.12 FACS analysis for apoptosis detection: For apoptosis detection, 2 X 10
6
 HeLa cells 

were incubated in 6 well plates overnight for attachment and then treated with ChNPs for 24 

hours at IC50 value. After the treatment, media was removed and cells were trypsinized and 

washed twice with PBS by means of centrifugation at 750 rpm for 4 min. The cell pellet was 

then re-suspended in 500 µL of Annexin V binding buffer (FITC Annexin V Apoptosis 

Detection Kit with PI from BioLegend) followed by addition of 5 µL FITC Annexin V and 

10 µL propidium iodide solution and incubated at 25 °C for 15 min. in dark. Cells were then 

passed through a cell strainer to get uniform cell suspension and analyzed using BD FACS 

Calibur
TM

 to detect the apoptosis. 

3.4.13 Cellular internalization by CLSM: 5 x 10
4 

cells (HeLa, MDA-MB-231, and MCF7) 

were seeded on a coverslip in a 6 well plate and incubated overnight in a 5 % CO2 incubator 

at 37 °C for attachment. Cells were then first washed with PBS (pH = 7.4) and then treated 

with ChNPs considering conjugated doxorubicin as a fluorescent tag (at a concentration 

equivalent to 2 µg mL
-1 

of doxorubicin) for 1 h, 3 h, and 6 h. Cells were then washed twice 

with PBS and fixed with 500 µL of paraformaldehyde (3.7 % in PBS, pH = 6.9) by 

incubating for 10 min at 4 °C. The paraformaldehyde was aspirated and cells were washed 

trice with PBS. Low pH lysosomes were stained with 1 µM LysoTracker Green DND-26 by 

incubating the cells at 37 °C for 45 min. The cells were then washed three times to remove 

the unbound LysoTracker Green DND-26 followed by staining the cells for nuclei with 2 µg 

mL
-1

 DAPI  by incubating at 37 °C for 5 min. Then, cells were washed three times with PBS 

and mounted on a glass slide using 5 µL SlowFade® gold antifade reagents. The slides were 

subjected to fluorescence imaging using a CLSM (Zeiss LSM 710). 

3.4.14 General procedure for Western blot analysis: After 24 h ChNP treatment, HeLa 

cells were lysed and suspended in sample buffer. Proteins were separated using SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred to the membrane 

(electro-blotting). Blotted membrane was then blocked in freshly prepared TBS containing 

non-fat dry milk (5 %) in case of non-phosphorylated proteins, while in blocking buffer in 

case of phosphorylated proteins for 1 h with constant agitation at room temperature. 

Membrane was then rinsed once with TBST and then incubated in the primary antibody 

solution (H2AX 1:2000 dilution, PARP and AKT 1:1000 dilution and GAPDH 1:5000 

dilution) overnight at 4°C with gentle agitation (except 4 hours for GAPDH). Membrane was 

then washed 3 times (15 min each) with TBST and then incubated in HRP conjugated 

secondary antibody solution (1:10000 dilutions) for 45 min at room temperature with gentle 
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agitation. Membrane was again washed thrice with TBST (5 min each) followed by protein 

detection using Immobilon western chemiluminescent HRP substrate (membrane was 

incubated in the substrate solution for 1 min). Images were acquired using ImageQuant LAS 

4000 (GE Healthcare Lifesciences). After the acquisition, membrane blot was stripped by 

boiling in distilled water for 5 min and was re-probed for GAPDH protein. Further image 

processing and intensity calculations were performed using ImageJ software. 

 

 

 

 

 

 

 

Fig. 20 
1
H-NMR spectra of cholesterol-succinic acid conjugate (2). 
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Fig. 21 
13

C-NMR spectra of cholesterol-succinic acid conjugate (2). 

 

 

Fig. 22 HR-MS spectra of cholesterol-succinic acid conjugate (2). 
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Fig. 23 
1
H-NMR spectra of cholesterol-succinic acid-PI103 conjugate (3). 

 

 

 

Fig. 24 
13

C-NMR spectra of cholesterol-succinic acid-PI103 conjugate (3). 
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Fig. 25 HR-MS spectra of cholesterol-succinic acid-PI103 conjugate (3). 

 

 

 

Fig. 26 
1
H-NMR spectra of cholesterol-succinic acid-doxorubicin conjugate (4). 
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Fig. 27 
13

C-NMR spectra of cholesterol-succinic acid-doxorubicin conjugate (4). 

 

 

 

Fig. 28 HR-MS spectra of cholesterol-succinic acid-doxorubicin conjugate (4) 
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Fig. 29 
1
H-NMR spectra of cholesterol-succinic acid-cisplatin conjugate (6).  

 

 

 

Fig. 30 
13

C-NMR spectra of cholesterol-succinic acid-cisplatin conjugate (6). 
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Fig. 31 HR-MS spectra of cholesterol-succinic acid-cisplatin conjugate (6). 

 

 

 

Fig. 32 
195

Pt-NMR spectra of cholesterol-succinic acid-cisplatin conjugate (6). 
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Mediated Inhibition of Mitogen Activated 

Protein Kinase Signaling in Combination 

with DNA Damage in Cancer Cells 
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4a.1 Introduction 

Traditional cancer chemotherapy uses highly cytotoxic drugs which kill cancer cells as well 

as healthy cells leading to severe side effects.
1, 2

 In last two decades, understanding in cancer 

biology revealed that mitogen activated protein kinase (MAPK) signaling encompassing 

RAS-RAF-MEK-ERK cascade plays significant role in different cellular functions including 

growth, proliferation, differentiation, survival, death, transformation and is hyper-activated in 

majority of tumors.
3,4

 Consequently, MAPK signalling has emerged as one of the most 

intensively pursued targets
5
 leading to the development of several small molecule inhibitors 

as cancer therapeutics.
6-8

 Despite showing revolutionizing potential in cancer treatment, 

MAPK inhibitors demonstrate severe toxic side effects including immune-toxicity, 

embryonic developmental lethality and cardiotoxicity.
9, 10

 Moreover, MAPK targeted cancer 

therapeutics often fail when treated as single agent due to emergence of drug resistance 

through intrinsic or dynamic kinome reprogramming mechanism.
11-14

 Furthermore, it was 

found that DNA damaging cytotoxic anticancer drugs induce resistance by rewiring MAPK 

signalling cascade,
15, 16

 which prompted the necessity to combine MAPK inhibitor with DNA 

damaging drugs for augmented therapeutic efficacy.
17-19

 Nevertheless, administration of 

multiple drug combination boosts the toxic side effects of the individual drugs due to their 

diverse bio-distribution and lack of accumulation in the diseased tissues in right dose as 

discussed in chapter 1. In order to overcome these challenges, several self-assembled 

nanocarriers have been explored successfully for co-delivery of small molecule drugs, 

siRNA/gene/miRNA and therapeutic proteins in the cancer tissues to reduce toxic off-target 

side effects.
20-24

 However, for rapid and effective translation into clinics the nanocarriers 

should be developed from non-toxic, biodegradable, well characterized and easily 

functionalized materials having extended circulation half-life and long shelf life.
1,25

 Although, 

until now most of the focus in cancer nanomedicine has been dedicated to deliver cytotoxic 

drugs, not much effort has been devoted to target mitogen-activated protein kinases (MAPK) 

signalling by delivering MAPK inhibitors selectively into tumor to reduce their off-target side 

effects.
26

 Only recently, Basu et al. developed MAPK inhibitor loaded polymeric 

nanoparticle, which demonstrated tumor reduction in a synergistic manner in combination 

with cisplatin as chemotherapeutic agent.
27

 

Inspired by the augmented efficacy of MAPK inhibitors in combination with cytotoxic drugs 

and the need for developing novel clinically translatable nanovectors, we have engineered 

self-assembled 120 nm particles from biodegradable, non-toxic oleic acid (OA) which can 
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contain AZD6244 (MEK inhibitor) and cisplatin (DNA damaging anti-cancer drug). To the 

best of our knowledge, this is the first example of self-assembled blended oleic acid 

nanoparticle for dual drug delivery in cancer. These self-assembled oleic acid nanoparticles 

(OA-NPs) would home into the tumor tissues by EPR effect and internalize into the cancer 

cells by endocytosis to target MAPK signalling and damage DNA simultaneously (Fig. 1b). 

Excellent stability was shown by these OA-NPs in storage condition (4 C) for 2 months as 

well as in blood circulation mimic for 60 days with increased dual drug release in a slow and 

sustained manner at pH = 5.5 compared to physiological pH = 7.4 for 96 h. These OA-NPs 

indeed was found to be internalized into the lysosomes through macropinocytosis mediated 

endocytosis mechanism and showed much improved cytotoxic effects in HeLa cervical 

cancer cells compared to free drug cocktail through apoptosis by inhibiting MAPK signalling 

and damaging DNA simultaneously. Moreover, these dual drug loaded OA-NPs 

demonstrated enhanced efficacy in triple-negative-breast cancer cell (MDA-MB-231), 

cisplatin sensitive (Hep3B) and cisplatin resistant hepatocellular carcinoma cells (Hep3B-R). 

 

4a.2 Results and Discussion 

4a.2.1 Synthesis of oleic acid-drug conjugates: We have chosen oleic acid as naturally 

occurring biodegradable, non-toxic vector. Oleic acid is classified as monounsaturated C18-

ω-9-fatty acid found as esters in triglycerides and glycerophospholipids.
28

 Moreover, oleic 

acid has been used as capping agents for metallic nanoparticle as well as ionic complex-nano-

emulsion for drug delivery.
29, 30

 However, the potential of oleic acid as nontoxic, 

biodegradable dual drug delivery vehicle has not been explored much. Furthermore, we 

envisioned that the hydrophobic mono-unsaturated tail of oleic acid would trigger the self-

assembly by forming the lipophilic core of the nanoparticle.   We have chosen AZD6244 as a 

potent, specific allosteric MEK inhibitor, which is currently in phase II clinical trial.
31, 32

  

Moreover, AZD6244 showed improved efficacy in combination with clinically approved 

DNA damaging drugs including cisplatin in different types of cancer.
33, 34

 We conjugated 

oleic acid (1) with AZD6244 through ester linkage by using EDC and DMAP as coupling 

reagents to obtain oleic acid-AZD6244 conjugate (2) in 77% yield (Fig. 1a). Cisplatin 

(CDDP) was reacted with silver nitrate to generate cis-[(NH3)2Pt(II)(H2O)2](NO3)2 complex 

(3)
35

 which was further reacted with oleic acid in 1:1 molar ratio to obtain oleic acid-cisplatin 

conjugate (4) through Pt-O-CO- bond in 74% yield.
36

 The chemical structures of 2 and 4 

were characterized by 
1
H, 

13
C NMR spectroscopy and HR-MS. Moreover, the presence of 
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fluorine in conjugate 2 and platinum in conjugate 4 were characterized by peaks at -129.0 

ppm and -3140.6 ppm in 
19

F and 
195

Pt NMR respectively. 

 

4a.2.2 Engineering self-assembled oleic acid nanoparticles (OA-NPs): 

 

 

 

Fig. 1 Engineering of self-assembled oleic acid nanoparticles (OA-NPs). (a) Chemical synthesis of 

oleic acid-AZD6244 conjugate (2), oleic acid-cisplatin conjugate (4) starting from oleic acid (1) and 

self-assembly of OA-NPs by blending 2, 4 and DSPE-PEG. (b) Schematic representation of OA-NPs 

internalization into cancer cells to inhibit MAPK signaling and damaging DNA simultaneously by 

macropinocytosis.  

To develop self-assembled oleic acid nanoparticles (OA-NPs), we blended oleic acid-

AZD6244 conjugate (2) and oleic acid-cisplatin conjugate (4) with DSPE-PEG in different 
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weight ratio in order to optimize size and drug loading (Table 1). We used DSPE-PEG to 

wrap the surface of the OA-NPs with polyethylene glycol to protect them from the reticulo-

endothelial system (RES) and increase the stability into the blood circulation.
37

 The blended 

mixture of conjugate 2, 4 and DSPE-PEG were dissolved in methanol/acetone mixture (1:1) 

and added slowly into water to self-assemble into OA-NPs followed by ultra-centrifugation at 

60000g (Fig. 1a). We evaluated the hydrodynamic diameter and polydispersity index (PDI) of 

different OA-NPs by dynamic light scattering (DLS) experiment. From table 1 it was clear 

that the smallest OA-NPs were obtained having weight ratio of oleic acid-AZD6244: oleic 

acid-cisplatin: DSPE-PEG = 1:1:0.2 with mean hydrodynamic diameter = 119.9 ± 3 nm and 

PDI = 0.11 ± 0.06 (Fig. 2a). We also evaluated the loading of AZD6244 and cisplatin in 

different OA-NPs by UV-Vis spectroscopy using concentration versus absorbance graph at 

characteristic λmax = 273 nm (Fig. 2a) and 706 nm (Fig. 3, Chapter 2) for AZD6244and 

cisplatin respectively. Fig. 2b clearly showed that the highest mean loading of AZD6244 and 

cisplatin was found to be 654 μg/mL and 88 μg/mL respectively in OA-NPs having weight 

ratio of oleic acid-AZD6244: oleic acid-cisplatin: DSPE-PEG = 1:1:0.2. From DLS and 

loading optimization study it was evident that OA-NPs with smallest size and highest drug 

loading was obtained from the blending of conjugate 2, 4 and DSPE-PEG in weight ratio of 

1:1:0.2. Hence we used this formulation in OA-NPs for further studies. We evaluated the 

size, shape and morphology of these self-assembled OA-NPs by AFM (Fig. 3b) and FESEM 

(Fig. 3c). 

 

 

 

Table 1. Optimization of self-assembled OA-NP synthesis. 
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Fig. 2 (a) Absorbance versus concentration calibration graph of AZD6244 at λmax = 273 nm by UV-

Vis spectroscopy. (b) Loading of AZD6244 and cisplatin in different OA-NP formulation determined 

from graph (a).  

 

 

 

 

 

Fig. 3 Characterization of OA-NPs by (a) DLS, (b) AFM and (c) FESEM. (d) Determination of 

critical aggregation concentration (CAC) of OA-NPs by pyrene encapsulation method.  
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Fig. 4 Determination of Pt metal content and Br content in OA-NPs by energy dispersive X-ray. 

 

 

 

 

Fig. 5 (a-b) DLS of particles from OA-AZD6244 and OA-CDDP conjugate respectively. (c-d) 

FESEM images of particles from OA-AZD6244 and OA-CDDP conjugates respectively. (e) DLS of 

particles formed from oleic acid particle encapsulated AZD6244 and CDDP. 
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DLS, AFM and FESEM data showed that the OA-NPs are mono-dispersed and spherical in 

shape with 120 nm size, compatible to be congregated into the tumor tissue by EPR effect. 

Moreover, we validated the presence of Br and Pt metal by energy-dispersive X-ray 

spectroscopy (EDX) measurements (Fig. 4) which clearly demonstrated the presence of both 

the drug molecules in the same particle. Interestingly, only oleic acid-AZD6244 conjugate (2) 

and oleic acid-cisplatin conjugate (4) separately did not self-assemble into spherical 

nanoparticles (Fig. 5a-d). Moreover, oleic acid provided larger self-assembled particles while 

encapsulating free AZD6244 and cisplatin in combination having 602.5  26.8 nm size and 

PDI = 0.31  0.02 (Fig. 5e). We anticipate that the oleic acid tails in conjugate 2 and 4 

interact with each other leading to co-self-assembly into nanoparticle which is not possible 

for conjugate 2 and 4 separately. However, the exact mechanism of co-self-assembly is not 

clearly understood. 

To investigate the co-self-assembly of conjugate 2 and 4 in water, we evaluated the critical 

aggregation concentration (CAC) by using pyrene as fluorescent probe. The fluorescence 

emission spectra of pyrene contains I1 and I3 as first and third bands and I3/I1 emission 

intensity ratio is the indicator of the polarity change in the pyrene surrounding.
38

 At low 

concentration of conjugate 2 and 4 blended mixture at 1:1 weight ratios, the I3/I1 value 

remained almost unchanged (Fig. 3d), indicating pyrene in water medium. With increase in 

concentration of conjugate 2 and 4 mixture (weight ratio = 1:1), the I3/I1 value increased 

sharply and reached characteristic value of pyrene in hydrophobic environment. From Fig. 

3d, the critical aggregation concentration (CAC) was calculated to be 31μg/mL where I3/I1 

ratios started to increase dramatically.  

 

4a.2.3 Stability of OA-NPs: To be successful in clinics, one of the important criteria for drug 

containing nano-vehicles is prolonged stability in storage condition as well as in circulating 

blood stream to allow enough time for accumulating in tumor tissue by EPR effect. To assess 

the stability in storage condition, we incubated the OA-NPs in water at 4 °C and evaluated 

the hydrodynamic diameter and PDI values by DLS. The hydrodynamic diameter of OA-NPs 

changed from 119.3 ± 2.1 nm to 142.0 ± 4 nm with marginal change in PDI value from 0.117 

± 0.004 to 0.387 ± 0.019 over 60 days (Fig. 6a, b). To evaluate the amount of aggregation or 

sedimentation of OA-NPs over prolonged storage at 4 C, we measured the scattering 

intensity change of the particles by DLS. The OA-NPs showed the change of mean scattering 

intensity of the nanoparticles from 95.6 % to 93.2 % over 60 days (Fig. 7). On the other hand, 
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the mean scattering intensity of the aggregated particles showed negligible increase from 4.4 

% to 6.8 % over 60 days (Fig. 7) which clearly indicated the minimum aggregation or 

sedimentation of OA-NPs in the storage condition. To mimic the blood circulation milieu we 

incubated OA-NPs in DMEM cell culture media with 10 % fetal bovine serum (FBS) at  

 

 

 

Fig. 6 Stability of OA-NPs determined by DLS (a-b) at 4°C in water for 60 days and (c-d) at 37 °C in 

DMEM media with 10 % FBS for 7 days.  

 

 

 

Fig. 7 DLS of OA-NPs at storage condition (4 C) with scattering intensities of peaks at day 0 and 

day 60. 

 

37 °C. The hydrodynamic diameter increased from 119.3 ± 2.1 nm to 217.3 ± 13.2 nm with 

dramatic increase in PDI values from 0.117± 0.004 to 0.887 ± 0.009 over 7 days (Fig. 6c, d). 

From the stability experiment, it was evident that the OA-NPs are extremely stable at storage 
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condition for over 2 months. Moreover, the OA-NPs are also highly stable in blood 

circulation for 6 days, which is adequate to home into tumor tissues by EPR effect. 

 

4a.2.4 Dual drug release: Besides being highly stable, clinically successful nanocarrier 

should release its payloads in a slow and sustained manner over a long period of time. To 

evaluate the release profile of dual drugs we used dialysis method.
39

 We incubated the OA-

NPs in pH = 5.5 solution to mimic the lysosomes in the cancer cells
40

 at 37 °C and quantified 

the amount of drugs released in predetermined time points from absorbance versus 

concentration calibration graph obtained from UV-Vis spectroscopy (Fig. 2a for AZD6244 

and Fig. 3 for cisplatin in chapter 2). These OA-NPs released 90.3 ± 3.3 % of AZD6244 and 

85.3 ± 3.0 % of cisplatin after 96 h (Fig. 8a) at pH = 5.5. As control experiment, we 

incubated the OA-NPs in PBS buffer having pH = 7.4, which mimics the physiological 

condition and quantified the amount of dual drug released at different time points. 

 

 

 

Fig. 8 Release of AZD6244 and cisplatin from OA-NPs (a) at pH = 5.5 as lysosomal compartment 

mimic and (b) at pH = 7.4 for 96 h at 37 °C (c-d) FESEM images of OA-NPs incubated at pH = 5.5 at 

24 h and 48  h to visualize the damage of the morphology after dual drug release. 
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 At pH = 7.4, OA-NPs demonstrated only 47.9 ± 6.3 % of AZD6244 and 46.3 ± 3.4 % of 

cisplatin release after 96 h (Fig. 8b). To identify the structure of the active drugs after release, 

we performed the UV-Vis spectroscopy of the released fraction from OA-NPs at pH = 5.5. 

The characteristic λmax = 706 nm and 273 nm peaks at 24 h and 48 h time points clearly 

indicated the presence of free cisplatin and AZD6244 released from OA-NPs at pH = 5.5 

(Fig. 9).  

 

 

 

Fig. 9 UV-Vis spectra of (a) cisplatin and (b) AZD6244 after release from OA-NPs after 24 h and 48 h 

in pH = 5.5. 

 

From this drug release experiment, it was clear that OA-NPs released the dual drugs in much 

higher quantity at pH = 5.5 compared to pH = 7.4 in a slow and sustained manner over 4 

days. Previously, we have demonstrated that ester bonds between drug-lipid conjugates are 

more labile in acidic pH compared to physiological pH.
41, 42

 Similarly, we anticipate that the 

ester linkage in oleic acid-AZD6244 conjugate (2) and Pt-O-CO- linkage in oleic acid-

cisplatin conjugate (4) are more labile in acidic environment compared to neutral pH.  We 

reasoned that although most of the free drugs were released from the OA-NPs in pH = 5.5 at 

37 C the drug release would be negligible at storage temperature (4 C) for 60 days.  

To understand the improved release profile of dual drugs by breaking the OA-NPs at pH = 

5.5 compared to pH = 7.4, we visualized the shape of the OA-NPs in different pH by 



 Chapter 4a 

 

104 
 

FESEM. At pH = 5.5 after 24h the spherical shape of the OA-NPs were mostly shattered 

(Fig. 8c), whereas after 48h incubation, the OA-NPs lost their spherical shape completely 

(Fig. 8d). On contrary, at pH = 7.4, OA-NPs maintained their spherical shape intact after 24 h 

and 48 h incubation (Fig. 10). These FESEM images clearly indicated that the enhanced dual 

drug release was also triggered by the destruction of spherical shape of OA-NPs at acidic pH 

compared to neutral pH. 

 

 

 

Fig. 10 FESEM images showing the size and shape of OA-NPs after 24 h and 48 h incubation in pH = 

7.4 

4a.2.5 In vitro cytotoxicity assay: To evaluate the potential of AZD6244 and cisplatin 

containing OA-NPs in cancer therapeutic, we evaluated the in vitro cytotoxicity assay in 

different cancer cell lines. We treated HeLa cervical cancer cells with OA-NPs in a dose 

dependent manner for 48 h and quantified the percentage of viable cells by using MTT assay. 

As control, we treated the cells with AZD6244 and cisplatin cocktail in the same 

concentration present in OA-NP for 48 h and evaluated the cell viability by MTT assay. OA-

NPs showed remarkably less IC50 = 1.65 μM (cell viability = 33.7 % at 25 μM) compared to 

IC50 = 6.6 μM (cell viability = 6.2 % at 25 μM) for free drug combination in HeLa cells (Fig. 

11a). Currently, in clinics, triple negative breast cancer (TNBC) is one of the most 

challenging cancers to cure due to its resistant nature for most of the chemotherapeutic 

drugs.
43

 Recently, it was shown that MAPK inhibitor can sensitize a subset of TNBC towards 

DNA damaging drugs.
15

 Hence, we treated MDA-MB-231 triple negative breast cancer cells 

with OA-NPs and quantified the cell viability by MTT assay at 48 h post incubation.  
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Fig. 11 In vitro cell viability assay of OA-NPs determined by MTT assay in (a-b) HeLa and MDA-

MB-231 respectively at 48 h post incubation (c-d) Hep3B and Hep3B-R cells respectively at 24 h post 

incubation compared to free drugs. 
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Interestingly, OA-NPs showed much lower IC50 = 3.5 μM (cell viability = 33.7 % at 25 μM) 

compared to IC50 = 7.1 μM (cell viability = 57.6 % at 25 μM) (Fig. 11b). We also evaluated 

the cytotoxicity of OA-NPs in cisplatin sensitive hepatocellular carcinoma cells Hep3B. OA-

NPs illustrated much less IC50 = 10.1 μM (cell viability = 5 % at 80 μM) compared to IC50 = 

34.1 μM (cell viability = 4.3 % at 80 μM) at 24 h (Fig. 11c). Interestingly, also in the 

cisplatin-resistant Hep3B-R cells OA-NPs demonstrated much reduced IC50 = 17.0 μM (cell 

viability = 4.2 % at 80 μM) compared to IC50 = 31.7 μM (cell viability = 6.5 % at 80 μM) for 

free drug combination at 24 h (Fig. 11d). These MTT assays showed that OA-NPs induced 

much superior cytotoxic effects compared to free drug cocktails in cervical cancer, triple 

negative breast cancer, cisplatin sensitive and resistant hepatocellular carcinoma. 

Furthermore, to show the biocompatibility and non-toxic nature of oleic acid, we also 

evaluated the cytotoxicity of oleic acid in HeLa cells. Free oleic acid showed no toxicity in 

HeLa cells even at 1 μM concentration after 48 h (Fig. 11e) indicated the biocompatibility of 

oleic acid in developing nano-vehicle. 

 

4a.2.6 Induction of apoptosis: Most of the DNA damaging drugs show their anticancer 

effects by activating apoptosis. Hence, we have used fluorescence activated cell sorting 

method (FACS) to quantify the effect of OA-NPs in induction of apoptosis compared to non-

treated cells. HeLa cells were treated with OA-NPs for 24 h at 1.65 μM concentration and 

then labeled with Annexin V-FITC and counterstained the cells with propidium iodide (PI). 

Indeed, 72.82 % and 3.01 % cells were found in early apoptotic and late apoptotic phase 

respectively after treating the cells with OA-NPs whereas only 0.03 % and 0.19 % cells were 

found in early and late apoptotic phase respectively in non-treated control (Fig. 12a). 

Furthermore, we visualized the apoptosis induction by OA-NPs through confocal laser 

scanning microscopy (CLSM) experiment. We treated the HeLa cells with OA-NPs for 24 h 

in 1.65 μM concentration and stained the early and late apoptotic cells by Annexin V-FITC 

and PI respectively. From the CLSM images in Fig. 12b it was clear that OA-NPs induced 

much enhanced apoptosis in HeLa cells compared to the non-treated control cells which 

hardly showed any apoptosis. We also quantified the FITC and PI fluorescent intensity in 

control and OA-NPs treated cells from CLSM. The OA-NPs treated cells showed 1213.3 

folds and 1909.1 folds increase in FITC and PI fluorescence intensity respectively compared 

to non-treated control cells (Fig. 12c), which indicated the increased number of apoptotic 

cells in OA-NP treatment. From these FACS analysis and CLSM images it was evident that 

OA-NPs showed their cytotoxicity through initiation of apoptosis. 
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Fig. 12 Determination of apoptosis induction by OA-NPs in HeLa cells by (a) FACS analysis and (b) 

CLSM images compared to non-treated cells after 24 h post incubation. Early apoptotic and late 

apoptotic/necrotic cells were stained by Annexin V-FITC (green) and PI (red) dyes respectively. In 

FACS analysis, healthy cells, early apoptotic cells, late apoptotic cells and necrotics cells were 

represented in lower left, lower right, upper right and upper left quandrants respectively. Scale bar in 

CLSM images = 10 μm.  

 

 

4a.2.7 Cellular internalization: We hypothesized that the OA-NPs having sub 200 nm size 

would home into the tumor tissue by EPR effect and then internalize into the early endosome 
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followed by acidic lysosomes through endocytosis leading to the release of MAPK inhibitor 

and DNA damaging agents to show their effects inside the cancer cells (Fig. 1b). We 

rationalized that the OA-NPs would release much less active drugs from early endosome 

having much higher pH (pH ~ 6.8) compared to lysosomes with much less pH (pH ~ 5.5).
40

 

To test this hypothesis, we visualized the internalization of OA-NPs into HeLa cells in a time 

dependent manner by confocal laser scanning microscopy (CLSM). We have encapsulated a 

red fluorescent dye rhodamine into OA-NPs to develop OA-Rho-NP. Characterization of 

OA-Rho-NPs by DLS and FESEM revealed having hydrodynamic diameter = 156.1 ± 6 nm 

with spherical shape (Fig. 13 a, b). HeLa cells were then treated with OA-Rho-NPs for 1 h, 3 

h and 6 h time points.  

 

 

 

Fig. 13 (a-b) DLS and FESEM of OA-Rho-NPs. (c-d) DLS and FESEM images of FITC-OA-NPs. 

 

We stained the acidic lysosomal compartments with green fluorescent probe LysoTracker 

DND-26 and counterstained nucleus with blue fluorescent dye DAPI followed by imaging 

through CLSM. From Fig. 14, it was clear that OA-Rho-NPs internalized into the acidic 

lysosomal compartments in a time dependent manner over 6 h which led to the co-

localization of red and green fluorescence emerging yellow color. The amount of co-
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localization of red and green fluorescence was further quantified by Pearsons‘correlation 

coefficient and Manders coefficients. OA-Rho-NPs were internalized with 39.12 %, 42.57 % 

and 62.39 % volume co-localization at 1 h, 3 h and 6 h time points respectively (Table 2). 

 

 

 

 

 

Fig. 14 Cellular internalization of OA-Rho-NPs into HeLa cells in a time dependent manner at 1 h, 3 

h and 6 h. Nuclei and lysosomal compartments were stained with DAPI (blue) and LysoTracker 

DND-26 (green) respectively. Merged images show the co-localization of OA-Rho-NPs into 

lysosomal compartments to generate yellow color. Scale bar = 10 μm. 

 

. 

To understand the mechanism of the endocytosis, we further pre-treated HeLa cells with 

genistein (caveolae-mediated endocytosis inhibitor), chlorpromazine (clathrin-mediated 
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endocytosis inhibitor) and amiloride (macropinocytosis inhibitor)
44, 45

 for 30 min followed by 

exposure of fluorescence isothiocyanate labeled FITC-OA-NPs. We have chemically 

conjugated FITC with ethylenediamine modified oleic acid (5) to obtain FITC-oleic acid 

conjugate (6) (Fig. 15) and characterized them by 
1
H, 

13
C NMR spectroscopy and MALDI-

TOF. 

 

 

Table 2. Quantification of colocalization of OA-Rho-NPs into lysosomal compartments in 1 h, 3 h 

and 6 h time points determined by CLSM 

 

 

 

 

Fig. 15 Synthetic scheme of oleic acid-FITC conjugate. 

 

We have engineered FITC-OA-NPs by blending conjugate 2, 4, 6 and DSPE-PEG in 

1:1:0.4:0.2 weight ratios. FITC-OA-NPs were characterized by DLS and FESEM showing 

173.1 ± 3 nm in diameter with spherical in shape (Fig. 13c, d). We incubated endocytosis 

inhibitor treated HeLa cells with FITC-OA-NPs for 1 h followed by staining lysosomes by 

LysoTracker DND-99 (red) dye and nucleus with DAPI (blue). The cells were then imaged 

by CLSM. Fig. 16 confirmed that amiloride treated cells have highly reduced internalization 
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of FITC-OA-NPs, in contract to genistein and chlorpromazine treated cells compared to the 

non-inhibitor treated control cells. Further colocalization quantification from the CLSM 

showed that amiloride treated cells exhibited only 17.9 % volume colocalization compared to 

79.7 %, 73.9 % and 84.4 % volume colocalization for genistein, chlorpromazine treated cells 

and non-inhibitor treated control cells respectively (Table 3). 

 

 

 

 

 

Fig. 16 Cellular internalization of FITC-OA-NPs after 1 h into pre-treated HeLa cells with different 

endocytosis inhibitors for 30 min.  Nuclei and lysosomes were stained with DAPI (blue) and 

LysoTracker DND-99 (red) respectively. Merged images show the co-localization of FITC-OA-NPs 

into lysosomes to generate yellow color. Scale bar = 10 μm. 
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To evaluate the energy dependence of the cellular internalization, we treated HeLa cells with 

FITC-OA-NPs at 37 °C and 4 °C. The CLSM images in Fig. 17 and colocalization 

quantification in Table 3 clearly demonstrated the reduction of cellular internalization of  

 

 

 

Table 3. Quantification of co-localization of FITC-OA-NPs into lysosomes after treatment with 

endocytosis inhibitors and at 4°C temperature determined by CLSM. 

 

 

 

Fig. 17 Cellular internalization of FITC-OA-NPs into HeLa cells at 37°C and 4°C temperatures. 

Nuclei and lysosomes were stained with DAPI (blue) and LysoTracker DND-99 (red) respectively. 

Merged images show the co-localization of FITC-OA-NPs into lysosomes to generate yellow color. 

Scale bar = 10 μm. 

 

FITC-OA-NPs at 4 °C (50.2 % volume colocalization) compared to the cellular 

internalization at 37 °C (84.4 % volume colocalization). From these CLSM images and 
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quantification, it was apparent that the OA-NPs endocytosed into the acidic lysosomes in a 

time and temperature dependent manner through macropinocytosis. 

 

4a.2.8 Mechanism of action: After temporal internalization into the acidic lysosomal 

compartments, the OA-NPs would release MEK inhibitor AZD6244 and DNA damaging 

agent cisplatin (Fig. 1b). Consequently, the downstream phosphorylation of ERK should be 

inhibited by AZD6244. Furthermore, as after effect of DNA damage in nucleus, the cancer 

cells trigger DNA damage repair mechanism through upregulation of poly (ADP-ribose) 

polymerase (PARP) family of proteins.
46

  

 

 

 

Fig. 18 Mechanism of action of OA-NPs in HeLa cells determined by Western Blot analysis of (a) p-

ERK1, p-ERK2 and total ERK as MAPK markers and (b) PARP as DNA damage repair marker after 

24 h post incubation.  

 

As a result, PARP has emerged as one of the markers for DNA damage.
47

 Hence, to 

understand the mechanism of action, we treated the HeLa cells with OA-NPs at 1.65 μM 

concentration for 24 h and evaluated the expression of phospho-ERK and PARP by western 

blot analysis. The western blot images (Fig. 18a, b) showed that the expression of phospho-

ERK1 and phospho-ERK2 was reduced and expression of PARP was increased compared to 
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the non-treated control cells. From the western blot analysis we quantified the expression of 

proteins which clearly demonstrated that p-ERK1 and p-ERK2 expression was reduced 1.3 

folds and 6.3 folds respectively by the treatment of OA-NPs (Fig. 18 c, d). On the other hand, 

PARP expression was 1.3 folds increased as effect of OA-NPs treatment compared to no-

treatment control cells. This western blot analysis clearly demonstrated that OA-NPs 

inhibited MAPK pathway by shutting down the phosphorylation of ERK as well as damaged 

DNA to trigger PARP as DNA damage repair machinery. 

 

4a.3 Conclusions 

In conclusion, for the first time, we have successfully developed self-assembled nanoparticles 

from nontoxic, biodegradable oleic acid, which can simultaneously contain MAPK inhibitor 

(AZD6244) and DNA damaging drug (cisplatin) in the same particle. These self-assembled 

oleic acid nanoparticles (OA-NPs) showed extremely high stability at 4 °C for 2 months and 

at 37 °C in blood circulation mimic for 6 days. Much increased amount of dual drugs were 

released from these OA-NPs in a slow and sustained manner over 4 days at pH = 5.5 

compared to physiological pH.  These OA-NPs were endocytosed into the acidic lysosomal 

compartments in a time and temperature dependent manner through macropinocytosis into 

HeLa cells and showed their cytotoxicity in cervical cancer, triple negative breast cancer, 

cisplatin-sensitive and cisplatin resistant hepatocellular cancer cells. Moreover, OA-NPs 

inhibited MAPK signaling and damaged DNA to induce apoptosis in cervical cancer cells.  

 

4a.4 Experimental Section 

 

4a.4.1 Materials: All the reagents and solvents related to synthesis and characterization of 

drug conjugates and nanoparticles were purchased from Sigma-Aldrich. AZD6244 was 

purchased from Selleck Chemicals. DSPE-PEG was bought from Avanti Polar Lipids Inc. 

DMEM high glucose medium, LysoTracker
TM

 Green DND-26, LysoTracker® Red DND-99 

and SlowFade® gold antifade reagents were purchased from Life Technlogies. HeLa, MDA-

MB-231 and Hep3B cells were obtained from National Centre for Cell Science (NCCS), 

Pune. Anti-PARP-1 (p116/p25) rabbit monoclonal antibody, Anti-phospho-Erk1/2 

(Thr202/Tyr204, Thr185/Tyr187) recombinant clone AW39R rabbit monoclonal antibody, 

Anti-MAP kinase 2/Erk2 clone 1B3B9 antibody, anti-GAPDH antibody and Immobilon 
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western chemiluminescent HRP substrate were obtained from Merck Millipore. FITC 

Annexin V Apoptosis Detection Kit with PI was obtained from BioLegend. 

 

4a.4.2 Synthesis of oleic acid-AZD6244 conjugate (2): 10 µL of oleic acid (9 mg, 0.031 

mmol) was dissolved in dry DCM (3 mL) in a round bottom flask followed by addition of 

DMAP (3.8 mg, 0.031 mmol), EDC (17.8 mg, 0.093 mmol) and stirred for 10 min. To this 

solution AZD6244 (14.2 mg, 0.031 mmol) was added and stirred for 24 h at room 

temperature. Reaction was quenched with 0.1 N HCl solution and diluted with 5 mL DCM. 

The organic layer was washed with water (2 X 10 mL). The collected organic solution was 

dried over anhydrous Na2SO4, filtered and was removed under reduced pressure. The crude 

product was purified by silica gel flash chromatography with 1.5 % methanol in DCM to 

afford the desired product as colorless solid (17.8 mg): Yield 77.4%. 

 

1
H NMR: (400 MHz, Chloroform-d): δ = 9.09 (s, 1H), 8.28 (s, 1H), 7.98 (s, 1H), 7.96 (s, 

1H), 7.49 (d, J = 2.2 Hz, 1H), 7.16 (dd, J = 8.8, 2.2 Hz, 1H), 6.51 (dd, J = 8.7, 6.6 Hz, 1H), 

5.40 – 5.25 (m, J = 5.6 Hz, 2H), 4.58 (dd, J = 5.3, 3.3 Hz, 2H), 4.23 (s, 1H), 3.91 (s, 3H), 2.12 

(s, 1H), 2.03 – 1.93 (m, 4H), 1.63 (d, J = 6.7 Hz, 4H), 1.38 – 1.17 (m, J = 13.4 Hz, 23H), 0.87 

(t, J = 6.8 Hz, 3H) (Fig. 19). 

 

 
13

C NMR: (101 MHz, Chloroform-d): δ = 172.04, 167.50, 147.68, 139.92, 132.00, 130.55, 

130.51, 130.13, 125.25, 125.15, 122.76, 118.01, 116.59, 116.53, 111.72, 109.78, 77.16, 

74.18, 62.62, 33.85, 32.36, 32.13, 30.22, 30.16, 29.98, 29.78, 29.68, 29.57, 27.69, 27.62, 

25.76, 23.15, 14.59, (Fig. 20). 

 

19
F NMR: δ = -129.07, (Fig. 25). 

 

HR-MS: [M + H]
+
 calculated for C35H47BrClFN4O4 = 721.2578; found = 721.2524, (Fig. 21). 

 

4a.4.3 Synthesis of oleic acid-cisplatin conjugate (4): 5.5 μL oleic acid (5 mg, 0.017 mmol) 

was dissolved in 1 mL dimethylformamide (DMF) and aquated cisplatin (3) (932 μL, 4.66 

mg, 0.017 mmol) was added into it. The reaction mixture was stirred for 24 h. After 24 h 

solvent was evaporated by rotary evaporator and the crude product was used for nanoparticle 

synthesis without further purification. Yield: 6.7 mg (74.3%). 
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1
H NMR: (400 MHz, DMSO-d6): δ = 5.37–5.26 (m, 2H), 4.65 (s, 2H), 2.16 (t, J = 7.4 Hz, 

2H), 1.97 (dd, J = 11.7, 6.1 Hz, 4H), 1.53 – 1.41 (m, 2H), 1.34 – 1.17 (m, 21H), 0.85 (t, J = 

6.8 Hz, 3H), (Fig. 22). 
13

C NMR: (101 MHz, DMSO-d6): δ = 174.41, 129.57, 129.54, 33.73, 

31.22, 29.04, 28.77, 28.62, 28.52, 28.44, 26.52, 24.49, 22.02, 13.85, (Fig. 23). 

195
Pt NMR: δ = -3140. 65, (Fig. 26). 

HRMS: [M + H]
+
 calculated for C18H39N2O2Pt = 510.27; found = 510.26, (Fig. 24). 

4a.4.4 Synthesis of oleic acid-ethylenediamine conjugate (5): Oleic acid (55 µL, 0.177 

mmol) was dissolved in dry DCM (3 mL) in a round bottom flask followed by addition of 

HBTU (114 mg, 0.301 mmol), DIPEA (20 µL, 0.117 mmol) and stirred for 10 min under 

argon atmosphere. This mixture was added drop wise to the solution of DCM containing 

ethylene diamine (118 µL, 1.77 mmol) and stirred for 24 h at 0 °C to room temperature. 

Reaction was quenched with 0.1N HCL solution and diluted with 20 mL DCM. The crude 

product was purified by silica gel flash chromatography with 4 % methanol in DCM to afford 

the desired product as colorless solid (41.8 mg): Yield 73%. 

1
H NMR: (400 MHz, MeOH-d4): δ = 5.37 – 5.28 (m, 2H), 3.37 (t, J = 6.1 Hz, 2H), 2.94 (t, J 

= 6.1 Hz, 1H), 2.25 – 2.14 (m, 2H), 2.02 (s, 4H), 1.61 (s, 2H), 1.30 (d, J = 17.2 Hz, 22H), 0.88 

(t, J = 6.6 Hz, 3H), (Fig. 27).  
13

C NMR: (101 MHz, MeOH-d4): δ = 176.00, 129.56, 129.39, 

39.96, 38.31, 35.72, 31.66, 29.46, 29.22, 29.04, 29.00, 28.97, 28.86, 26.81, 25.42, 22.35, 

13.20, (Fig. 28). 

MALDI-TOF: [M + Na]
+
 calculated for C20H40N2ONa = 347.54; found = 347.30, (Fig. 29). 

4a.4.5 Synthesis of oleic acid-FITC conjugate (6): Oleic acid-ethylenediamine conjugate 

(5) (3 mg, 0.0092 mmol) and fluorescein isothiocyanate (FITC) (7 mg, 0.018 mmol) were 

dissolved in dry DCM in a round bottom flask followed by addition of DIPEA (1.5 µL, 

0.00982 mmol) and stirred for 24 h at room temperature. Reaction was quenched with 0.1 N 

HCL solution and diluted with 15 mL DCM. The collected organic solution was dried over 

anhydrous Na2SO4, filtered and was removed under reduced pressure. The crude product was 

purified by silica gel flash chromatography with 7 % methanol in DCM to afford the desired 

product (4 mg): Yield 60%.   

 

1
H NMR: (600 MHz, MeOH-d4):δ = 7.84 (s, 1H), 7.65 (s, 1H), 7.22 – 7.17 (m, 3H), 6.59 (d, 

J = 11.2 Hz, 4H), 5.31 (t, 2H), 3.79 (s, 2H), 3.46 (t, J = 5.9 Hz, 2H), 2.20 (t, J = 7.5 Hz, 2H), 
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1.99 (s, 4H), 1.89 (s, 2H), 1.60 (dt, J = 13.9, 7.1 Hz, 2H), 1.28 (m, 22H), 0.89 (t, J = 7.0 Hz, 

3H), (Fig. 30).  
13

C NMR: (151 MHz, MeOH-d4): δ = 191.80, 181.26, 177.71, 175.39, 

168.44, 158.33, 132.37, 131.70, 131.64, 131.23, 129.42, 128.61, 128.53, 113.08, 102.77, 

78.10, 77.84, 77.66, 43.95, 38.64, 35.80, 31.66, 29.43, 29.41, 29.20, 29.04, 28.97, 28.92, 

28.81, 26.71, 25.59, 22.33, 13.06, (Fig. 31). 

 

MALDI-TOF: [M + H]
+
 calculated for C41H52N3O6S = 714.35; found = 714.37, (Fig. 32). 

 

4a.4.6 Synthesis of self-assembled oleic acid nanoparticles (OA-NPs): 1 mg each of oleic 

acid-AZD6244 conjugate (2) and oleic acid-cisplatin conjugate (4) were dissolved in 0.5 mL 

of methanol/acetone (1:1) along with 0.2 mg of DSPE-PEG. For OA-FITC-NP synthesis, 0.2 

mg of oleic acid-FITC conjugate 6 was mixed with conjugate 2 (1 mg), conjugate 4 (1 mg) 

and DSPE-EPG (0.2 mg). This solution was added dropwise to 2 mL of distilled water under 

continuous stirring. The nanoparticle solution was stirred for 4 h for the complete evaporation 

of organic solvents. The OA-NPs or FITC-OA-NPs were isolated by ultracentrifugation at a 

speed of 60,000g for 30 min at room temperature. After removing the supernatant the OA-

NPs (or FITC-OA-NPs) were re-suspended in 1 mL of distilled water and stored at 4 °C for 

further usage. 

4a.4.7 Determination of critical aggregation concentration (CAC): To determine the CAC 

value of OA-NPs, pyrene was used as the fluorescence probe. 48.4 μL of pyrene solution (2.5 

× 10
-5 

mol L
-1

) in acetone was added into 10 different vials followed by adding 1:1 mixture of 

conjugates 2 and 4 with 10 different concentrations. After evaporation of the solvent 2 mL of 

de-ionized water was added while the concentration of pyrene in each vial was kept at 6 × 10
-

7 
mol L

-1
. These solutions were further sonicated for 10 min. The fluorescence emission 

spectra of all samples were recorded on a LS-50B luminescence spectrometer (Perkin Elmer 

Co.) at 337 nm excitation wavelength and 4 nm slit width. The I3/I1 values of all solution 

were recorded and plotted against concentration. 

 

4a.4.8 Determination of size, shape and morphology: The size, shape and morphology of 

the OA-NPs were determined by DLS, FESEM and AFM. DLS was measured using 

Zetasizer Nano2590 (Malvern, UK). The sample preparation for DLS, FESEM and AFM was 

done following the procedure described in section 2.4.4, 2.4.5, and 2.4.6 in chapter 2. 
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4a.4.9 Stability: The stability of the OA-NPs was checked at 37 °C in DMEM media and at 4 

°C in water by DLS method using Zetasizer Nano2590 (Malvern, UK) by following the 

procedure described in section 3.4.8 in chapter 3. 

 

4a.4.10 Quantification of drug loading: A calibration curve was plotted in the concentration 

range of 2.5 to 15 μM (for cisplatin), and 5 μM to 30 μM for AZD6244, by diluting the 1 mM 

standard stock solution of drugs in DMSO. The absorbance was measured at 706 nm for 

cisplatin and 273 nm for AZD6244 against the corresponding solvent blank. The linearity 

was plotted for absorbance (A) against concentration (C). To find out the drug loading in OA-

NPs, they were dissolved in spectroscopic grade DMSO in 2.5 %, 5 % and 7.5 % dilutions. 

Absorbance was measured at characteristic wavelength against the corresponding solvent 

blank in 200 μL quartz cuvette and from the calibration curve drug loading was measured. 

Quantification of cisplatin was done using colorimetric method described in section 2.4.3 in 

chapter 2. For drug loading in OA-NPs, prepared OA-NPs (5 µL, 10 µL, and 15 µL) were 

dissolved in 200 µL o-phenylenediamine (1.2 mg /mL of spectroscopic grade DMF). Then it 

was heated at 100 °C for 4 h until greenish yellow color appears. Absorbance was measured 

at characteristic wavelength against the corresponding solvent blank in 200 μL quartz cuvette 

and from the calibration curve drug loading was measured in triplicate. 

 

4a.4.11 Determination of drug release: 250 μL drug loaded OA-NPs were suspended in 

250 μL of each two different pH solutions (pH = 5.5 and pH = 7.4) and sealed in a dialysis 

membrane (MWCO = 1000 Dalton). These dialysis bags were incubated in their respective 

10 mL of pH solutions separately at room temperature with gentle shaking. 400 μL portion of 

the aliquot was collected from the incubation medium at predetermined time intervals and the 

released dual drugs were quantified by UV-Vis spectrophotometer by using concentration 

versus absorbance calibration graph.  

 

4a.4.12 Cell viability: Cell viability assay of OA-NPs using MTT reagents in HeLa, Hep3B, 

Hep3B-R and MDA-MB-231 cells was performed by following the methods described in 

section 3.4.11 in chapter 3. 

 

4a.4.13 Cellular internalization: Confocal laser scanning microscopy (CLSM) to evaluate 

the cellular internalization of rhodamine encapsulated OA-Rho-NPs in a time dependent 

manner was performed using the methods described in section 3.4.13 in chapter 3. 
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4a.4.14 Cellular internalization mechanism: 5 x 10
4 

HeLa cells were seeded on 20 mm 

coverslips in a 6 well plate, containing DMEM GlutaMAX™ (Gibco®, Thermo Fisher 

Scientific) supplemented with 10 % FBS (HiMedia) and incubated overnight in a 5 % CO2 at 

37 °C. Cells were then treated with various endocytosis inhibitors (Amiloride 100 µM, 

Genistein 37 µM and Chlorpromazine 30 µM) for 30 min at 37 °C. Control cells were 

incubated at 37°C without any treatment of inhibitor. To inhibit energy dependent movement 

across the cell membrane, one group of cells were incubated at 4 °C for 30 min. After the 

inhibitor treatment, cells were washed thrice with PBS and then treated with FITC-OA-NPs 

(at a concentration corresponding to 2 µg mL
-1 

of the FITC) for 1 h at 37 °C. Cells were 

washed thrice with PBS, fixed and stained for LysoTracker Red (1 µM) and DAPI. Cover 

slips were then mounted on glass slide and were imaged. 

 

4a.4.15 Apoptosis detection: 5 x 10
4 

HeLa cells were seeded on a cover slip in a 6 well plate 

and incubated overnight in a 5 % CO2 incubator at 37 °C for attachment. Cells were then 

treated with OA-NPs at a concentration corresponding to the IC50 concentration for 24 h. 

Cells were washed thrice with PBS followed by addition of 500 µL Annexin V binding 

buffer. Then, 5  µL FITC Annexin V and 10  µL propidium iodide (PI) solution (FITC 

Annexin V Apoptosis Detection Kit with PI from BioLegend) was added and incubated at 25 

°C in dark for 15 min. Again, cells were washed three times with PBS and fixed with 

paraformaldehyde for 10 min at 4 °C. Then, cells were washed thrice with PBS and mounted 

on a glass slide using 5 µL SlowFade® gold antifade reagents. The slides were subjected to 

fluorescence imaging using CLSM. FITC and PI intensities were calculated using ImageJ 

software and compared with the untreated control. 

 

4a.4.16: Detection of apoptosis by fluorescence activated cell sorting (FACS): Detection 

and quantification of apoptosis by FACS was performed by the method described in section 

3.4.12 in chapter 3. 

 

4.4.17 Western blot analysis: After 24 hours treatment with OA-NPs at IC50 concentration, 

HeLa cells were lysed and suspended in sample buffer. Proteins were visualized in SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) using primary antibody solution (PARP, 

pERK and ERK2 in 1:1000 dilution and GAPDH in 1:5000 dilution) and then incubated in 

HRP conjugated secondary antibody solution (1:10000 dilution) using the protocol described 

in section 3.4.14 in chapter 3. 
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Fig. 19 
1
H NMR spectra of oleic acid-AZD6244 conjugate (2). 

 

 

Fig. 20 
13

C NMR spectra of oleic acid-AZD6244 conjugate (2). 
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Fig. 21 HR-MS spectra of oleic acid-AZD6244 conjugate (2). 

 

 

 

Fig. 22 
1
H NMR spectra of oleic acid-cisplatin conjugate (4). 
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Fig. 23 
13

C NMR spectra of oleic acid-cisplatin conjugate (4). 

 

 

Fig. 24 HR-MS spectra of oleic acid-cisplatin conjugate (4). 
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Fig. 25 
19

F NMR spectra of oleic acid-AZD6244 conjugate (2). 

 

 

 

 

Fig. 26 
195

Pt NMR spectra of oleic acid-cisplatin conjugate (4).  
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Fig. 27 
1
H NMR spectra of oleic acid-ethylenediamine conjugate (5). 

 

 

 

Fig. 28 
13

C NMR spectra of oleic acid-ethylenediamine conjugate (5). 
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Fig. 29 MALDI-TOF of oleic acid-ethylenediamine conjugate (5). 

 

 

 

Fig. 30 
1
H NMR spectra of oleic acid-FITC conjugate (6). 
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Fig. 31 
13

C NMR spectra of oleic acid-FITC conjugate (6). 

 

 

 

Fig. 32 MALDI-TOF of oleic acid-FITC conjugate (6) 
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4b.1. Introduction  

Colorectal cancer (CRC) remained is the 3
rd

 most major cause of death in the whole world 

with high mortality and morbidity.
1, 2

 Traditional colon cancer treatment using 

chemotherapeutic drugs (5-fluorouracil, oxaliplatin, irinotecan) leads to unwanted toxic side 

effects to the patients.
3-5 Hence, targeting specific signaling pathways as oncogenic addiction 

has emerged as alternative strategy in colon cancer therapy.
6, 7

 The growing evidence tells 

that the early steps of CRC are driven by mutations in KRAS and BRAF that subsequently 

lead to constitutive activation of the ERK1/2 signaling cascade. Ras is mutated in about 36% 

of CRC. In addition to controlling cell proliferation, MAPK pathway is also involved in the 

processes that are essential for metastasis in several cancers including colorectal cancers. 

Recently it was found that activation of ERK2 mediates liver metastasis in a xenograft mouse 

model of CRC.
8
 All these evidences clearly indicate the role of MAPK signaling in colon 

cancer and RAS-RAF-MEK-ERK cascade gained attention as attractive target in colon 

cancer therapy.
9-12 In chapter 4a we have successfully inhibited MAPK signaling with 

simultaneous DNA damage in various cancer cell lines including metastatic breast cancer 

cells and cisplatin resistant Hep3B cell with our dual drug loaded, passively targeted nontoxic 

oleic acid based nano platform. In this work we mainly focused on inhibiting MAPK 

signaling specifically in colon cancer cells by using active targeting strategy with the 

combination regimen of MAPK inhibitors (AZD6244) with DNA damaging agent (cisplatin) 

for augmented therapeutic outcome.
13-16 To achieve this we have used our previously 

described oleic acid based nanoplatform. 

For active targeting hyaluronic acid gained lots of attention by binding with CD44 receptors 

over-expressed in cancer cells.
17-19

 Despite having immense potential, nanovector mediated 

active targeting of MAPK signaling in colon cancer remained almost untapped as therapeutic 

strategy. Motivated by this strategy, in this current work, we have engineered 154 nm sized 

spherical hyaluronic acid cloaked oleic acid nanoparticle containing simultaneously MAPK 

inhibitor (AZD6244) and DNA damaging drug (cisplatin) (Scheme 1a). Dual drugs 

(AZD6244 and cisplatin) were released from these hyaluronic acid coated oleic acid 

nanoparticles (HA-OA-NPs) slowly over 3 days in acidic milieu.  HA-OA-NPs were 

internalized into colon cancer cells (HCT-116) by CD44 receptor and clathrin mediated 

endocytosis followed by localization into lysosomes temporally (Scheme 1b). Remarkable 
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colon cancer cell (HCT-116 and DLD-1) death was induced by HA-OA-NPs in contrast to 

free drug cocktail as well as non-targeted hyaluronic acid having AZD6244 and cisplatin 

containing oleic acid nanoparticle through synchronized inhibition of MAPK signaling 

cascade and damaging sub-cellular DNA.  

 

Scheme 1. Schematic representation of (a) engineering hyaluronic acid cloaked oleic acid 

nanoparticles (HA-OA-NPs) having AZD6244 and cisplatin and (b) cellular internalization of HA-

OA-NPs through CD44 receptor mediated endocytosis into lysosomes followed by MAPK signaling 

inhibition and DNA damage. 

4b.2 Results and discussion 

4b.2.1 Engineering hyaluronic acid coated oleic acid nanoparticle: We synthesized Oleic 

acid-AZD6244 (1) conjugate and Oleic acid–CDDP (2) conjugate as described in 4a.4.2 and 

4a.4.3 in chapter 4a respectively. To impart positive charge on nanoparticle for further 

coating with negatively charged HA, we synthesized oleic acid-ethylenediamine (3) 
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conjugate as described in section 4a.4.4 in chapter 4a.  First we engineered the positively 

charged oleic acid nanoparticle (OA-AZD-CDDP-NPs) containing AZD6244 and cisplatin 

(CDDP) by co-self-assembly of conjugates 1, 2 and, 3. DSPE-PEG2000 was introduced into 

the co-self-assembly to render the surface of the OA-AZD-CDDP-NPs with stealth 

polyethylene glycol (PEG) moiety to evade mononuclear phagocytic system (MPS) (Scheme 

1a). The size and the surface charge of OA-AZD-CDDP-NPs were determined by DLS. The 

hydrodynamic diameter and zeta potential were observed to be 128.3 nm and + 46.2 mV 

respectively (Fig.1a, b).  

 

 

Fig. 1 Characterization of OA-AZD-CDDP-NPs by (a) DLS, (b) seta potential, (c) FE-SEM and (d) 

AFM. 

 

The positive zeta potential clearly revealed that amine groups from oleic acid-

ethylenediamine conjugate (3) were exposed to the surface of the nanoparticles. The spherical 

shape and morphology of the OA-AZD-CDDP-NPs were further visualized by field-emission 

scanning electron microscopy (FESEM) and atomic force microscopy (AFM) (Fig.1c, d). We 

anticipate that hydrophobic-hydrophobic interaction between long unsaturated oleic acid 

chains and hydrophilic-hydrophilic interaction between cisplatin and primary amine groups (-
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NH2) are responsible for self-assembly process to form OA-AZD-CDDP-NPs (Scheme 1) 

However, the exact mechanism is still not clear. 

4b.2.2 Hyaluronic acid coating: To target over-expressed CD44 receptors in colon cancer 

cells, hyaluronic acid (HA), a negatively charged polysaccharide composed of repeating 

disaccharide units of N-acetyl-D- glucosamine (GlcNAc) and D-glucuronic acid (GlcUA) 

(Scheme 1) was used to cloak the oleic acid nanoparticle.
20-24 Highly positively charged 

surface of OA-AZD-CDDP-NPs was coated with highly negatively charged CD44 receptor 

targeting hyaluronic acid (HA) by electrostatic attraction (Scheme 1a). Hyaluronic acid 

coated OA-AZD-CDDP-NPs were further characterized by DLS.  

 

Fig. 2 Characterization of HA-OA-NPs by (a) DLS, (b) zeta potential, (c) FE-SEM (inset: High 

resolution FESEM images), (d) AFM (inset: high-resolution AFM images). 

The increase in hydrodynamic diameter to 154.4 ± 6 nm (n = 3, mean ± SEM) (Fig. 2a) 

indicated the HA coating to obtain HA-OA-NPs containing AZD6244 and cisplatin. Highly 

negative zeta potential (ξ = - 43.8 ± 3 mV, n = 3, mean ± SEM, Fig. 2b) also evidently 

confirmed the successful HA coating over OA-AZD-CDDP-NPs. To engineer HA-OA-NPs 

with optimum size, zeta potential and loading of MAPK inhibitor and DNA damaging drugs, 

the nanoparticles were synthesized by varying the ratio of oleic acid-AZD conjugate (1), oleic 
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acid-CDDP conjugate (2) and oleic acid-ethylenediamine conjugate (3) in co-self-assembly 

(Table 1). From this optimization study, it was observed that HA-OA-NPs with smallest size 

(154.25 ± 6 nm), highly negative charge (ξ = - 43.8 ± 3 mV), lowest polydispersity index 

(PDI = 0.221 ± 0.06) and highest drug loading (AZD6244 = 194.24 ± 8.2 μM and CDDP = 

241.56 ± 22.4 μM, n = 3, mean ± SEM) were obtained by blending OA-AZD, OA-CDDP and 

OA-ED in 1: 0.75: 2 weight ratios. Further chemical and biological evaluation was performed 

using HA-OA-NPs having these blending ratios. FESEM and AFM images (Fig. 2c, d) also 

revealed that HA-OA-NPs were spherical in shape with less than 200 nm in size.  

 

 

Table 1. Optimization of size, zeta potential, PDI and dual drug loading in engineering HA-OA-NPs. 

 

Quantification of AZD6244 and cisplatin in HA-OA-NPs was performed by UV-Vis 

spectroscopy at characteristic λmax = 273 nm (Fig. 2a in chapter 4a) and 706 nm respectively 

(Fig. 3, chapter 2). Moreover, presence of F in AZD6244 and Pt in cisplatin were detected by 

energy dispersive-X ray spectroscopy (EDX, Fig. 3). 

 

4b.2.3 Drug release: Blended oleic acid nanoparticle can be taken up by cancer cells through 

endocytosis and localize into acidic sub-cellular lysosomes.
25

 In acidic environment, 

nanoparticles release the active drugs followed by subsequent targeting of biological 

molecules. To evaluate the release of AZD6244 and cisplatin from the nanoparticles, HA-OA-

NPs were incubated in pH = 5.5 milieu and the release of active drugs were quantified using  
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Fig. 3 EDX spectra of HA-OA-NPs to confirm the presence of AZD6244 and cisplatin in the same 

particle. 

 

UV-Vis spectroscopy in predetermined time points. It was found that at pH = 5.5, HA-OA-

NPs released 85.6 ± 3.5 % AZD6244 and 60.6 ± 2.1 % (n = 3, mean ± SEM) cisplatin at 72 h 

in a sustained manner (Fig. 4a). Ideally, HA-OA-NPs should not release considerable amount 

of active drugs before localization into acidic lysosomes. Hence, we evaluated the release of 

active drugs from HA-OA-NPs in physiological pH (pH = 7.4). Interestingly, only 37.6 ± 2.1 

% and 31.4 ± 0.2 % (n = 3, mean ± SEM) of AZD6244 and cisplatin were released from HA-

OA-NPs even after 72 h respectively (Fig. 4b). In comparison, at pH = 5.5, non-targeted OA-

AZD-CDDP-NPs released 88.6 ± 8.4 % and 67.7 ± 4.1 % (n = 3, mean ± SEM) AZD6244 and 

cisplatin respectively after 72h.
  
On the other hand, at pH = 7.4, 56.9 ± 6.1 % and 46.3 ± 3.4 % 

(n = 3, mean ± SEM) AZD6244 and cisplatin were released respectively after 72h. This drug 

release comparison clearly indicated that at acidic environment, both HA-coated and non-HA-

coated nanoparticles released the dual drugs in nearly same quantities in a similar time 

dependent manner. However, at physiological pH, HA-coated nanoparticles released dual 

drugs in much lower quantities compared to non-HA-coated nanoparticles. Moreover, HA 

coating protected the drugs to be released prematurely in physiological condition as added  
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Fig. 4 Release of active AZD6244 and cisplatin from HA-OA-NPs in (a) pH = 5.5 (lysosome mimic) 

and (b) pH = 7.4 (physiological pH). Data represent mean ± SEM, n = 3.  

 

advantage. As discussed in chapter 4a, both ester linkage and Pt-O coordination bonds in oleic 

acid-AZD6244 conjugate and oleic acid-CDDP conjugate respectively were highly labile in 

acidic environment leading to significant release of active drugs within 72 h. Whereas, both 

ester and Pt-O coordination bonds were enough stable at pH = 7.4 leading to marginal release 

of active drugs at physiological environment even after prolonged exposure. Hence, these 

HA-OA-NPs were suitable enough for compartmentalized pH triggered drug release inside 

the cancer cells. 

4b.2.4 Stability: For successful interaction with over-expressed receptors on cancer cells, the 

nanoparticles should be stable in biological environment. To evaluate the stability in 

biological milieu, HA-OA-NPs were incubated in cell culture DMEM medium in presence of 

10 % fatal bovine serum (FBS) at 37 °C. Hydrodynamic diameter and poly-dispersity index 

(PDI) were measured by DLS in a time dependent manner as indicators of nanoparticle 

aggregation. The hydrodynamic diameter was found to be increased from 152.8 ± 1.1 nm to 

187.9 ± 2.2 nm (n = 3, mean ± SEM) over 96 h (Fig. 5a). Furthermore, the PDI value was also 

changed negligibly from 0.133 ± 0.24 to 0.294 ± 0.02 (n = 3, mean ± SEM) over 96 h (Fig. 

5b). These marginal changes in hydrodynamic diameter and PDI value clearly demonstrated 

that HA-OA-NPs were stable even in presence of FBS in biological atmosphere. Moreover, 

this stability data indicated that, HA-OA-NPs would also be stable at blood circulation mimic 

for prolonged time to be accumulated in tumor tissues by hyaluronic acid-CD44 receptor 

mediated active targeting. 
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Fig. 5 Stability of HA-OA-NPs in DMEM cell culture media with 10% FBS at 37 °C over 96 h 

determined by (a) hydrodynamic diameter and (b) polydispersity index (PDI).  

4b.2.5 Cellular internalization 

4b.2.5.1 Determination of CD44 expression on colon cancer cells: 

 

Fig. 6 Flow cytometry analysis of MCF7, DLD-1 and HCT-116 cells to determine the cell surface 

expression of CD44 receptors by FITC-labelled anti-human CD44 antibody.  

Hyaluronic acid coated AZD6244 and cisplatin containing oleic acid nanoparticle (HA-OA-

NPs) should interact with CD44 receptors in cancer cells. To evaluate the expression of 

CD44 receptors, colon cancer cells (HCT-116 and DLD-1) and breast cancer cells (MCF7) 

were treated with FITC-labeled anti-human CD44 antibody. The amount of CD44 receptors 

expressed cancer cells were quantified by fluorescence-activated cell sorting (FACS) 
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analysis. From flow cytometry, it was quantified that MCF7 cells contained least expression 

of CD44 receptors, whereas DLD-1 and HCT-116 cells contained 1.6 folds and 2 folds (n = 

3, mean) expression of CD44 receptor expression compared to MCF7 cells (Fig. 6) Hence, 

further biological evaluation of HA-OA-NPs was performed in HCT-116 colon cancer cells. 

4b.2.5.2 Cellular uptake by confocal microscopy: 

 

Fig. 7 Confocal laser scanning microscopy (CLSM) images of FITC-HA-OA-NPs internalized into 

HCT-116 cells at 1 h, 3 h and 6 h time points. Nuclei and lysosomes were stained with DAPI (blue) 

and LysoTracker Red DND-99 (red) respectively. Scale bar = 20 μm. 

We hypothesized that, CD44 receptor binding would lead to the internalization of 

nanoparticles followed by homing into lysosomes. To validate our hypothesis, we engineered 

hyaluronic acid cloaked green fluorescently labelled OA-AZD-CDDP-NPs by blending oleic 

acid-fluorescein isothiocyanate (OA-FITC) conjugate with oleic acid-AZD6244 conjugate (1) 
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and oleic acid-CDDP conjugate (2).
25 

Lysosomes and nuclei in HCT-116 cells were stained 

by LysoTracker Red DND-99 and DAPI (blue) respectively. HCT-116 cells were treated with 

FITC-labelled green fluorescent HA-OA-NPs in a time reliant manner (1 h, 3 h and 6 h), 

followed by visualization through confocal laser scanning microscopy (CLSM). Fluorescence 

confocal images in Fig. 7 demonstrated that green fluorescent FITC-labelled HA-OA-NPs 

were slowly co-localized with red fluorescent lysosomes leading to yellow fluorescent 

merged areas (shown by arrows) temporally from 1 h to 3 h to 6 h.  

4b.2.5.3 Hyaluronic acid mediated cellular uptake by CLSM: 

 

Fig. 8 Cellular internalization of FITC-HA-OA-NPs in HCT-116 cell pre-treated with and without 

hyaluronic acid determined by (a) confocal laser scanning microscopy (CLSM) and (b) Flow 

cytometry (FACS). Scale bar = 20 μm. 

Moreover, to confirm that, hyaluronic acid cloaking enhanced the cellular internalization of 

nanoparticles, HCT-116 cells were pre-treated with free hyaluronic acid to saturate all CD44 

receptors. We further incubated the cells with FITC-labelled HA-OA-NPs for 2 h and co-
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stained the nuclei with DAPI. As control, HCT-116 cells were only treated with green 

fluorescent HA-OA-NPs without any treatment with hyaluronic acid. We visualized the 

cellular internalization of FITC-HA-OA-NPs by confocal microscopy. It was evident from 

Fig. 8a that hyaluronic acid pre-treatment significantly reduced the cellular internalization of 

green fluorescent HA-OA-NPs compared to no-hyaluronic acid treated control cells 

4b.2.5.4 Hyaluronic acid mediated cellular uptake by FACS: We further corroborated the 

hyaluronic acid assisted cellular internalization of HA-OA-NPs by flow cytometric analysis. 

HCT-116 cells were pre-treated with hyaluronic acid for 2 h followed by incubation with 

FITC-HA-OA-NPs for 2 h.  Control cells were only treated with FITC-labelled HA-OA-NPs 

without any hyaluronic acid treatment. The FITC-HA-OA-NP engulfed green fluorescent 

cells were quantified by FACS analysis. Flow cytometric analysis showed nearly 40 % (n = 

3, mean) reduction in HA-OA-NP internalization in hyaluronic acid pre-treated cells 

compared to no-hyaluronic acid treated control cells (Fig. 8b). These confocal images and 

FACS analysis clearly confirmed that HA-OA-NPs internalized into colon cancer cells 

through hyaluronic acid-CD44 interaction followed by homing into lysosomes over 6 h. 

4b.2.6 Mechanism of internalization 

4b.2.6.1 Cellular uptake pathways by CLSM: After binding with the extracellular CD44 

receptors, HA-OA-NPs can be internalized into the cells through diverse pathways.
26

  To 

assess the exact machinery of internalization, HCT-116 cells were pre-treated with 

chlorpromazine, genistein and amiloride as small molecule inhibitors of clathrin-mediated 

endocytosis, caveolin-mediated endocytosis and macropinocytosis respectively.
27, 28

 

Subsequently, cells were treated with FITC-labeled HA-OA-NPs and nuclei were stained 

with DAPI, followed by confocal laser scanning microscopy. Control cells were only treated 

with FITC-HA-OA-NPs without any endocytosis inhibitor. Confocal fluorescence 

microscopy images in Fig. 9 unmistakably showed that chlorpromazine inhibited 

internalization of FITC-HA-OA-NPs significantly compared to control cells. On the contrary, 

genistein and amiloride treated cells showed marginal difference in FITC-HA-OA-NP 

internalization compared to no-inhibitor treated cells.  
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Fig. 9 Confocal laser scanning microscopy (CLSM) images of FITC-HA-OA-NPs internalized into 

HCT-116 cells after treatment with chlorpromazine, amiloride and genistein for 2 h. Nuclei were 

stained with DAPI (blue). Scale bar = 35 μm.  

 

4b.2.6.2 Cellular uptake pathways by FACS: To further validate the mechanism of 

internalization, HCT-116 cells were pre-treated with chlorpromazine, genistein and 

amiloride, followed by incubation with FITC-HA-OA-NPs. Fluorescently labeled HA-OA-

NP engulfed cells were sorted and quantified by FACS analysis. It was observed from the 

flow cytometric analysis that, chlorpromazine inhibited the cellular uptake of FITC-HA-OA-

NPs by 44 % (n = 3, mean) compared to control cells (Fig. 10). On the other hand, genistein 

and amiloride treatment inhibited the cellular uptake of FITC-HA-OA-NPs by only 7 % and 

33 % (n = 3, mean) respectively compared to no-inhibitor treated control cells. To further 
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investigate the energy dependency of cellular uptake, HCT-116 cells were treated with FITC-

HA-OA-NPs at 4 °C and 37 °C followed by quantification by FACS analysis. Flow 

cytometry data suggested that cellular uptake of FITC-HA-OA-NPs was reduced by 40 % (n 

= 3, mean) at 4 °C compared to the uptake at 37 °C (Fig. 11). From these fluorescence 

confocal images and flow cytometry analysis it was confirmed that HA-OA-NPs were 

internalized by clathrin-mediated endocytosis in temperature dependent manner into HCT-

116 cells. 

 

Fig. 10 Flow cytometry analysis of HCT-116 cells pre-treated with chlorpromazine, amiloride and 

genistein followed by treatment with FITC-HA-OA-NPs.  

 

 

Fig. 11 Flow cytometry analysis of HCT-116 cells after treatment with FITC-HA-OA-NPs at 4 °C and 

37 °C.  
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4b.2.7 Inhibition of MAPK signaling with DNA damage  

4b.2.7.1 Inhibition of MAPK signaling: Cellular uptake through CD44 receptor and 

clathrin-mediated endocytosis localized HA-OA-NPs into acidic lysosomes in time 

dependent manner. Inside lysosomes, lower pH would trigger the release of active AZD6244 

and cisplatin by cleaving acid labile ester and Pt-O coordinate bonds respectively. 

Consequently, AZD6244 (MEK inhibitor) should inhibit the phosphorylation of extracellular 

signal-regulated kinase (ERK). To determine the effect of nanoparticles in RAS-RAF-MEK-

ERK (MAPK) signaling, HCT-116 cells were treated with HA-OA-NPs for 24 h and 

estimated the expression of phosphorylated ERK by Western blot analysis. Fig. 12a 

demonstrated that the expression of phosphor-ERK1 and phosphor-ERK2 was reduced 

significantly compared to no-nanoparticle treated control cells. Further quantification from 

Western blot revealed that HA-OA-NP mediated MAPK inhibition led to the reduction of 

expression of phosphor-ERK1 and phosphor-ERK2 by 2.9 folds and 1.7 folds (n = 3, mean) 

respectively (Fig. 12c, d). 

 

Fig. 12 (a-b) Western blot analysis of p-ERK1/2, total ERK and γH2AX as markers for MAPK 

inhibition and DNA damage in HCT-116 cells respectively.Quantification of expression of (c) p-

ERK1, (d) p-ERK2 and (e) γH2AX from western blot analysis in HCT-116 cells after treatment with 

HA-OA-NPs for 24 h. 
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4b.2.7.2 DNA damage: Moreover, HA-OA-NPs would also release free cisplatin at lower pH 

inside lysososmes, which will lead to sub-cellular DNA damage. To determine the effect of 

nanoparticles on DNA damage, HCT-116 cells were treated with HA-OA-NPs for 24 h and 

evaluated the expression of γH2AX (marker for sub-cellular DNA damage)
29

 by Western 

blot. The gel electrophoresis image Figure 12b undoubtedly showed that expression of 

γH2AX was increased significantly in HA-OA-NP treated cells compared to control cells. 

Further quantification from gel electrophoresis showed that HA-OA-NPs increased the 

expression of γH2AX by 5 folds (n = 3, mean) compared to control (Fig. 12e) These western 

blot analyses demonstrated that HA-OA-NPs inhibited MAPK signaling simultaneously with 

DNA damage in HCT-116 colon cancer cells. 

4b.2.8 Apoptosis and cell death: Simultaneous inhibition of MAPK signaling and DNA 

damage pushes the cancer cells to programmed cell death (apoptosis).
21 

To estimate the effect 

of nanoparticles in inducing apoptosis, HCT-116 cells were treated with HA-OA-NPs for 24 

h followed by staining the apoptotic and necrotic cells by FITC-Annexin V and propidium 

iodide (PI) respectively. 

 

 

Fig. 13 Flow cytometry analysis to evaluate the effect of HA-OA-NPs in inducing apoptosis and 

necrosis in HCT-116 cells at 24 h. 
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The cells in different stages of apoptosis and necrosis were quantified by FACS analysis. 

From the flow cytometry data, it was observed that HA-OA-NPs induced late apoptosis and 

necrosis in 14.4 % and 34.1 % cells respectively (Fig. 13), whereas only 6.7 % and 2.3 % (n 

= 3, mean) cells were in late apoptotic and necrotic stages respectively in non-nanoparticle 

treated control cells.  

4b.2.9 Cell viability: DNA damage and MAPK inhibition induced apoptosis trigger cancer 

cell death. Finally, colon cancer cell death was evaluated by cell viability assay. HCT-116 

cells were treated with HA-OA-NPs and cell death was determined by MTT assay at 24 h 

post-incubation. As control, cells were treated with free AZD6244 and cisplatin cocktail in 

the same concentration and ratio present in HA-OA-NPs. In HCT-116, HA-OA-NPs 

demonstrated highly reduced IC50 = 2.7 ± 0.2 μM compared to IC50 = 40.7 ± 0.8 μM and 6.6 

± 0.3 μM (n = 3, mean ± SEM) for free drug cocktail and non-targeted OA-AZD-CDDP-NPs 

respectively (Fig. 14a,c) Moreover, HA-OA-NPs induced only 1.4 ± 0.4 % cell viability 

compared to 81.5 ± 1.6 % and 15.3 ± 0.6 % (n = 3, mean ± SEM) induced by free drug 

combination and OA-AZD-CDDP-NPs at 25 μM cisplatin concentration in the drug cocktail.  

We also evaluated the effect of HA-OA-NPs in DLD-1 colon cancer cells after 24 h 

incubation. In DLD-1 cells, HA-OA-NPs again showed much less IC50 = 2.7 ± 0.1 μM 

compared to IC50 = 38.5 ± 0.3 μM and 7.6 ± 0.5 μM (n = 3, mean ± SEM) for free AZD6244 

and cisplatin combination and OA-AZD-CDDP-NPs respectively (Fig. 14b, d). Again, HA-

OA-NPs triggered only 15.7 ± 0.6 % cell viability in contrast to 77.1 ± 0.6% and 32.1 ± 2.6 

% (n = 3, mean ± SEM) by free drug combination and OA-AZD-CDDP-NPs respectively at 

25 μM cisplatin concentration the drug cocktail. Finally, we evaluated the efficacy of HA-

OA-NPs in MCF7 breast cancer cells. In MCF7 cells, at 24 h, HA-OA-NPs demonstrated 

IC50 = 5.8 ± 0.1 μM (cell viability = 14. 8 ± 1.7 % at 25 μM cisplatin concentration) 

compared to IC50 = 37.1 ± 1.0 μM (cell viability = 74.3 ± 2.1 % at 25 μM cisplatin 

concentration) and 7.0 ± 1.1 μM (cell viability = 26.3 ± 1.3 % at 25 μM cisplatin 

concentration) for free drug combination and OA-AZD-CDDP-NPs respectively (Fig. 14e, f) 

The remarkably lower IC50 values induced by nanoparticles compared to free drug cocktail 

was attributed to CD44 mediated improved internalization of HA-OA-NPs inside the cancer 

cells. In contrast, AZD6244 (hydrophobic) and cisplatin (hydrophilic) have huge difference 

in their aqueous solubility leading to erratic cellular uptake, hence exposure in sub-cellular 

milieu in sub-optimal concentration to inhibit the respective. 
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Fug. 14 Concentration dependent cell viability assay of HA-OA-NPs in HCT-116 (a) and DLD-1 (b) 

cells at 24h post-incubation compared to free drug cocktail, OA-AZD-CDDP-NPs in HCT-116 (c) and 

DLD-1 (d) colon cancer cells at 24 h post-incubation,(e) HA-OA-AZD-CDDP-NPs and (f) OA-AZD-

CDDP-NPs in MCF7 breast cancer cells at 24h post incubation determined by MTT assay.  Data 

represent mean ± SEM, n = 3. Statistical analysis was performed by two-way ANOVA, p < 0.0001. 
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targets. Moreover, while inside the cells HA-OA-NPs keep on releasing dual drugs in a slow 

and sustained manner over long time (Fig. 4a).   From these apoptosis and cell viability 

assays, it was evident that HA-OA-NPs induced late apoptosis and necrosis lead to much 

improved efficacy in cancer cells compared to free drug combination. Moreover, it was 

interesting to note that HA-OA-NPs showed much lower IC50 values in higher CD44 

expressing HCT-116 and DLD-1 cells compared to lower CD44 expressing MCF7 cells, 

which validated our initial hypothesis of targeting colon cancer cells by cloaking the 

nanoparticle with hyaluronic acid for improved efficacy. However, in vivo experiments in 

colon cancer xenograft model need to be done to evaluate the full anticancer efficacy as well 

as reduced cardio- and immune-toxicity of HA-OA-NPs before proceeding towards clinical 

translation. 

 

4b.3 Conclusions 

 

In conclusion, in this study, we have engineered hyaluronic acid cloaked oleicacid 

nanoparticle encompassing AZD6244 (MAPK inhibitor) and cisplatin (DNA damaging drug). 

The HA-OA-NPs were taken up by colon cancer cells (HCT-116) through CD44 receptor 

mediated and clathrin-dependent endocytosis to localize into sub-cellular lysosomes. 

Simultaneous MAPK signaling inhibition and DNA damage was induced by HA-OA-NPs 

triggered late apoptosis and necrosis in HCT-116 cells. Finally, HA-OA-NPs showed 

remarkable efficacy in colon cancer cells (HCT-116 and DLD-1) as well as breast cancer 

cells (MCF7) compared to free drug cocktail. 

4b.4 Experimental section 

4b.4.1 Materials: AZD6244 was purchased from Selleck Chemicals. Cisplatin, oleic acid, 

MTT reagent and DAPI were obtained from Sigma Aldrich. Hyaluronic acid (150 kDa) was 

obtained from Lifecore USA. DMEM (high glucose) medium, LysoTracker
TM

 Red DND-99, 

and SlowFade® diamond antifade reagents were purchased from Life Technologies. 

HCT116, DLD1 and MCF7 cells were obtained from National Centre for Cell Science 

(NCCS), Pune. Anti-ERK 1/2 phospho monoclonal antibody, anti-GAPDH antibody, HRP 

goat anti-mouse IgG antibody and FITC-anti-CD44-human antibody, H2AX and apoptosis 

detection kit were purchased from BioLegend.  
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4b.4.2 Synthesis of oleic acid-drug conjugates: Chemical synthesis and spectroscopic 

characterization of oleic acid-AZD6244 (1), oleic acid-cisplatin (2), oleic acid-

ethylenediamine (3) and oleic acid-FITC conjugates were performed as explained in section 

4.4.2, 4.4.3, 4.4.4 and 4.4.5 in chapter 4a respectively. 

4b.4.3 Synthesis of hyaluronic acid cloaked oleic acid nanoparticles (HA-OA-NPs): 

Oleic acid-AZD6244 (1), oleic acid-cisplatin (2), oleic acid-ethylenediamine (3) and DSPE-

PEG were taken in 0.5 mg, 0.5 mg, 1 mg and 0.2 mg respectively and dissolved in 0.5 mL of 

acetone/methanol (1:1). For synthesis of HA-OA-FITC-NPs, 0.2 mg oleic acid-FITC 

conjugate was mixed with conjugate 1, 2 and 3. The acetone/methanol solution containing 

conjugates was slowly added to 2 mL of double distilled water with continuous stirring. The 

solution was stirred for 4 h to evaporate the organic solvent to afford OA-NPs. To this OA-

NP solution, 0.5 mL of (0.5 mg/mL) hyaluronic acid (HA) solution was added drop wise 

under stirring. After 10 minutes, hyaluronic acid coated OA-NPs (HA-OA-NPs) were 

centrifuged at 70,000 X g. The HA-OA-NPs pellets were washed with water to remove 

excess hyaluronic acid. HA-OA-NPs were re-suspended in water and stored at 4 C for 

further use.  

 

4b.4.4 Size, surface charge, shape and morphology determination of HA-OA-NPs: 

Hydrodynamic diameter and surface charge of HA-OA-NPs were determined by DLS. Size, 

shape and morphology of HA-OA-NPs were visualized by AFM and FESEM. Sample 

preparation and instrumentation were performed followed by the methods described in 

section 2.2.4, 2.2.5 and 2.2.6 in chapter 2. Hydrodynamic diameter and surface charge from 

DLS were determined in triplicate. 

 

4b.4.5 Quantification of dual drug loading in HA-OA-NPs: AZD6244 and cisplatin 

loading in HA-OA-NPs were determined by UV-Vis spectroscopy at max = 273 nm and 706 

nm respectively from absorbance versus calibration curve (Fig. 2a in chapter 4a for AZD and 

Fig 3 in chapter 2 for cisplatin) as explained in section 4a.4.10 in chapter 4a.  Drug loading 

was quantified in triplicate.  

 

4b.4.6 Determination of dual drug release from HA-OA-NPs: Release of AZD6244 and 

cisplatin from HA-OA-NPs was determined by dialysis method as explained in section 
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4a.4.11 in chapter 4a. The amount of AZD6244 and cisplatin released in predetermined time 

points were quantified by UV-Vis spectroscopy at max = 273 nm and 706 nm respectively.
25

 

Released AZD6244 and cisplatin in each time point in each pH buffer were quantified in 

triplicate.  

 

4b.4.7 Stability of HA-OA-NPs: HA-OA-NPs were incubated into DMEM media containing 

10 % FBS at 37 C and stability was determined by checking the hydrodynamic diameter and 

polydispersity index (PDI) through DLS. Stability determination by DLS in each time points 

was performed in triplicate.  

 

4b.4.8 Determination of CD44 expression on cancer cells by flow cytometry: 5 X 10
4
 

cells (HCT116, DLD1 and MCF7) were seeded onto a culture plate at 37 °C and 5 % CO2 

environment for 24 h. Culture medium was removed and cells were washed with PBS. Cells 

were then trypsinized and centrifuged at 1000 rpm for 5 min followed by washing with 3 mL 

of cold PBS to remove dead cells. 10
5 

cells/ mL were then freshly suspended in cold PBS in 

flow cytometry tubes. To this cell suspension, 5 μL of FITC anti-human CD44 antibody was 

added and incubated at 4 °C for 30 min. No antibody was added to the control cells. The cells 

were washed once with PBS and then resuspended in PBS. FACS measurement was 

performed under FITC channel by using BD FACS Calibur. Flow cytometric analysis was 

performed in triplicate to determine the CD44 expression in different cancer cells.  

 

4b.4.9 Cellular internalization study by confocal microscopy: 50,000 HCT116 cells were 

seeded on cover slips in a 6-well plate. After 24 h, cells were treated with HA-OA-FITC-NPs 

at a FITC concentration of 2 μg/ mL at 37 °C for 1 h, 3 h and 6 h. After each time points, the 

cells were washed with PBS and fixed with paraformaldehyde solution (4 %) for 15 min at 4 

C. Lysosomes and nucleus were stained by LysoTracker Red DND-99 and DAPI for 45 min 

and 3 min respectively. Cells were washed with PBS and mounted on a glass slide using 5 μL 

SlowFade diamond antifade reagent. The cells were visualized by confocal microscopy (Zeiss 

LSM 710). 

10
5
 HCT116 cells were pretreated with different endocytosis inhibitors followed by treatment 

with HA-OA-FITC-NPs. For hyaluronic acid competitive inhibition study cells were 
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incubated in 5 mg/mL hyaluronic acid in serum free media for 2h before adding the HA-

FITC-CNPs. The cellular internalization was further visualized by confocal microscopy.
25 

 

4b.4.10 Cellular internalization study by flow cytometry: 10
5 

HCT116 cells were treated 

with various endocytosis inhibitors (amiloride, genistein and chlorpromazine at concentration 

of 100 µM, 30 µM, and 37 µM respectively for 30 min at 37 °C. Control cells were incubated 

at 37 °C without any treatment of inhibitor. For hyaluronic acid competitive inhibition study 

cells were incubated in 5 mg/mL hyaluronic acid in serum free media for 2 h before adding 

the HA-FITC-CNPs. After washing with PBS incubation, HA-OA-FITC-NPs (FITC 

concentration = 2 g/ mL) was added to the cells and incubated for 2 h. Cells were 

trypsinized, followed by centrifugation at 1000 rpm at 4 C for 5 min to remove dead cells. 

Finally, the fluorescently labeled cells were counted by flow cytometry.
 

Temperature 

dependent cellular internalization study by flow cytometry was performed by the method 

described in the section 4a.4.14 in chapter 4a.
25

 FACS analysis to determine cellular 

internalization was carried out in triplicate.  

 

4b.4.11 Western blot analysis: HCT116 cells were treated with HA-OA-NPs for 24 h 

followed by cell lysis and suspension in sample buffer. Proteins were visualized in SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) using primary antibody solution (pERK1/2 

and ERK2 in 1:1000 dilution, γH2AX in 1:2000 and GAPDH in 1:5000 dilution) and then 

incubated in HRP conjugated secondary antibody solution (1:10000 dilution). Protein 

quantification from western blot was performed in triplicate.  

 

4b.4.12 Detection of apoptosis by flow cytometry: Detection and quantification of 

apoptosis by flow cytometry was performed in triplicate by the method described in section 

4a.4.15 in chapter 4a.
25

 

 

4b.4.13 In vitro cytotoxicity assay: 5000 cells (HCT116, DLD1 and MCF7) were exposed 

with serial concentrations of HA-OA-NPs. Free drugs were dissolved in DMSO to make a 

stock solution equal concentration present in NPs. After 24 h incubation, 20 μL of MTT (5 

mg/mL) was added to each well. After 4 h, 100 μL of solubilization buffer (10% SDS in 0.01 

M HCl) was added to each well to make the MTT crystals soluble. After overnight 
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incubation, absorbance was measured with spectrophotometer at 550 nm and the percent cell 

viability was calculated considering the untreated cells as 100 % viability. All the 

experiments were performed in triplicate for each group. The statistical analysis was 

performed by two-way ANOVA.  
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Nanoparticle: Targeting MAPK-PI3K 

signaling hub in Colon Cancer Cells 
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5.1 Introduction 

The MAPK and PI3K signaling pathways are the major implicated pathways in colorectal 

cancer (CRC) cells.
1
 The PIK3CA gene, encoding the p110a catalytic subunit of class I 

PI3Ks, was found to be mutated in 10–20% of colorectal cancers.
2
 Mutations in KRAS, 

NRAS, or BRAF are very common in CRC, and have been found in 50–60 % of tumors.
3, 4

 

Constitutive activation of PI3K and MAPK pathway contributes to increased proliferation, 

resistance to apoptosis and chemo-resistance. However, targeting single pathway fails to 

attain durable therapeutic responsesdue to tumor heterogeneity, emergence of drug resistance 

(intrinsic and extrinsic) and complex inter/intra-cascade crosstalk.
5-10

 PI3K and MAPK 

signaling hub form an interconnected network that plays a central role in tumorigenesis.
11, 12

Inhibition of single pathway by small molecules invariably leads to the rewiring in another 

signaling. With inhibition of the PI3K-AKT-mTOR pathway, the RAS-RAF-MEK-ERK 

signaling acts as a compensatory mechanism, and vice versa.
9, 13

 These considerable cross-

talk between the two pathways is one of the major reasons for the failure of only one 

signaling inhibition and necessitated inhibition of both PI3K and MAPK signaling 

simultaneously to achieve durable responses in CRC treatment.
3
 Further, several studies 

proved that combination regimen of PI3K/MAPK kinase inhibitors with cytotoxic drugs 

exhibited efficient cell killing of several cancer cells including colorectal cancer cells.
14-17

 

However, selective inhibition of these signaling pathways in cancer cells by using small 

molecule kinase inhibitors remained a major challenge. In chapter 4b, we have successfully 

inhibited MAPK signaling pathway with simultaneous DNA damage by using dual drug 

loaded nontoxix oleic acid nanoparticles.
18

  Recently, Hammond et al. engineered layer-by-

layer polymeric nanoparticles containing PI3K and MAPK signaling inhibitors for horizontal 

blockade of both the signalings simultaneously.
19

 Despite having tremendous advancement in 

nanotechnology based cancer therapy, unfortunately, ratiometric targeted delivery of PI3K, 

MAPK inhibitors with cytotoxic drugs to colon cancer cells specifically was almost 

unexplored.
19

 Hence, there is an urgency to develop an efficient therapeutic strategy that can 

target multiple survival signaling pathways selectively in colon cancer cells to enhance the 

therapeutic outcome. Recently, our group developed cholesterol based nanotechnology 

platform to achieve ratiometric loading and controlled delivery of triple drugs to different 

cancer cells. 

 



 Chapter 5 

156 
 

Inspired by this lacuna, in this chapter, we have engineered hyaluronic acid coated chimeric 

nanoparticle (HA-ChNP) comprises AZD6244 (MAPK inhibitor), PI103 (PI3K inhibitor) and 

cisplatin (DNA damaging FDA approved drug) in a ratio-metric manner. These HA-ChNPs 

were hypothesized to be internalized more efficiently through CD44 receptor-mediated 

endocytosis into colon cancer cells to target MAPK-PI3K signaling hub along with sub-

cellular DNA damage for improved efficacy (Scheme 1c). These HA-ChNPs were found to be 

internalized into the colon cancer cells (HCT-116) through a combination of CD44 receptor 

and clathrin-mediated endocytosis mechanism followed by localization into acidic lysosomal 

compartments in a time-dependent manner over 6h. Simultaneous inhibition of MAPK and 

PI3K signaling was achieved along with DNA damage by these HA-ChNPs in HCT-116 cells 

leading to cell cycle arrest in G0/G1 phase, followed by induction of apoptosis (early and late 

stage). Finally, these HA-ChNPs demonstrated remarkably improved cell killing ability 

compared to the free drug combinations in HCT-116 colon cells, without showing toxicity to 

the healthy fibroblast cells.  

5.2 Results and discussion 

5.2.1 Engineering hyaluronic acid coated chimeric nanoparticle (HA-ChNPs). 

5.2.1.1 Choosing drug combinations and vector: PI103, AZD6244 and cisplatin were 

chosen for simultaneous inhibition of PI3K and MAPK signaling and to induce DNA damage 

respectively in colon cancer cells. Nontoxic and biodegradable lipid molecule, cholesterol 

was selected as a vector for loading ofPI103, AZD6244 and cisplatin into the nanoparticles. 

Moreover, recently we have shown cholesterol as an efficient vector for loading of triple 

drugs (PI103, doxorubicin, and cisplatin) in a ratiometric manner. A highly negatively 

charged hyaluronic acid (HA), was used to decorate the ChNPs surface to target over-

expressed CD44 receptors in colon cancer cells.
20, 21

 

5.2.1.2 Synthesizing hyaluronic acid coated chimeric nanoparticles (HA-ChNPs): 

AZD6244 was coupled with conjugate 1 in the presence of EDC and DMAP though an ester 

linkage to achieve compound 2 with the yield of 78 % (scheme 1a). Cholesterol drug 

conjugates (3 and 4) were synthesized as explained in chapter 3.
22

 Chimeric nanoparticles 

were synthesized as described in our previous study. In this case, to impart the positive 

charge on the nanoparticles surface, we incorporated cholesterol ethylene diamine conjugate 

(5) during the synthesis of ChNPs. Briefly, Conjugate 2, 3, 4, and 5 were mixed with PC and  
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Scheme 1. Schematic representation of (a) Synthesis of Cholesterol-AZD6244 Conjugate (b) 

engineering hyaluronic acid cloaked chimeric nanoparticles (HA-ChNPs) having PI103, AZD6244 

and cisplatin (C) cellular internalization of HA-ChNPs through CD44 receptor mediated endocytosis 

into lysosomes followed by PI3K and MAPK signaling inhibition and DNA damage. 

 

DSPE-PEG2000 to obtain positively charged ChNPs (scheme 1b). DSPE-PEG2000 was used to 

provide stealth properties to the nanoparticles which ensure the nanoparticles to escape from 



 Chapter 5 

158 
 

the opsonisation by macrophages (scheme 1b). The hydrodynamic diameter and zeta potential 

of the ChNPs were found to be 143.4 nm (polydispersity index = 0.078) and + 36. 4 mV 

respectively (Fig. 1a and 1b) from DLS studies. In the next step, highly positively charged  

 

 

Fig. 1 Characterization of ChNPs by (a) DLS, (b) zeta potential, HA-ChNPs by (c) DLS, (d) zeta 

potential, (e) FE-SEM (inset: High resolution FESEM images), (f) AFM (inset: high-resolution AFM 

images). 

 

ChNPs surface was coated with negatively charged hyaluronic acid by electrostatic 

attractions.
23-25

 After coating, the ChNPs surface charge was turned to negative (ξ = -13.4 ± 

0.61 mV, Fig. 1d), because of negatively charged carboxylic acid groups in the structure of  
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Fig. 2 (a) Calibration graph for PI103 by UV-Vis spectroscopy (b) Loading of AZD6244, PI103, and 

cisplatin in HA-ChNPs determined by the calibration graph.  

 

 

 

 

Fig. 3 EDX spectra of HA-ChNPs to confirm the presence of AZD6244 and cisplatin in the same 

particle. 
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HA molecules. This change in surface charge of ChNPs proved that HA molecules bound to 

the surface of nanoparticles by electrostatic interaction. The hydrodynamic diameter of 

ChNPs was increased to 176.5 nm (PDI = 0.139) (Fig. 1c) which clearly indicated the 

successful coating of HA onto ChNPs surface to obtain HA-ChNPs which contains PI103, 

AZD6244, and CDDP. The loading of PI103, AZD6244, and CDDP in HA-ChNPs were 

found to be 286.66 ± 7.4 µM, 313.38 ± 4.56 µM, and 201.97 ± 6.92 µM respectively (Fig. 

2b). FESEM and AFM were used to investigate the morphological characteristics of HA-

ChNPs. As represented in Fig. 1e and Fig. 1f, HA-ChNPs were spherical in shape with <200 

nm diameter which is suitable for efficient in vivo tumor accumulation and disposition of 

nanoparticles via EPR effect. Further, presence of F in AZD6244 and Pt in cisplatin in the 

particles were detected by energy dispersive-X ray spectroscopy (EDX, Fig. 3). 

5.2.2 Cellular uptake of HA-ChNPs: To see the interaction of HA-ChNPs with CD44 

overexpressed colon cancer cells, we have chosen CD44 rich HCT116 cells and studied their 

intracellular fate by using confocal microscopy techniques. We engineered hyaluronic acid 

coated green fluorescent labeled HA-ChNPs. We have chemically conjugated FITC with 

cholesterol ethylenediamine conjugate (5) to obtain FITC-cholesterol conjugate (6) (Fig. 4) 

and characterized them by 
1
H, 

13
C NMR spectroscopy and MALDI-TOF (Fig. 19, 20 and 21 

respectively). We further blended cholesterol fluorescein isothiocyanate conjugate with drug 

conjugate 2, 3, 4, and 5 with PC, DSPE-PEG2000 to obtain HA-FITC-ChNPs. The size and 

zeta potential of FITC-ChNP and HA-FITC-ChNP were determined by DLS study. The mean 

diameter and zeta potential of FITC-ChNP were found to be 142.4 nm and + 34.6 mV. 

Whereas, the mean diameter and surface charge of HA-FITC-ChNP were determined to be 

162.5 nm and -19.8 mV (Fig. 5). The size and surface charge of HA-FITC-ChNP and HA-

ChNP were found to be similar, which assured us to use HA-FITC-ChNP for the cellular 

internalization study.  

HCT-116 cells were treated with FITC-labelled green fluorescent HA-ChNPs at a FITC 

concentration 2 µg/mL in a time-dependent manner (1 h, 3 h and 6 h), followed by staining 

lysosomes and nuclei by LysoTracker Red DND-99 and DAPI (blue) respectively. As shown 

in Fig. 6, CLSM images demonstrated that green fluorescent FITC-labelled HA-ChNPs were 

slowly colocalized with lysosomes stained with red-fluorescent which yielded yellow  
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Fig. 4 Synthetic scheme of cholesterol-FITC conjugate (6).  

 

 

 

Fig. 5 Characterization of FITC-ChNPs by (a) DLS, (b) zeta potential, and HA-FITC-ChNPs by (c) 

DLS, (d) zeta potential. 
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Fig. 6 Confocal laser scanning microscopy (CLSM) images of HA-FITC-ChNPs internalized into 

HCT-116 cells at 1h, 3h and 6h time points. Nuclei and lysosomes were stained with DAPI (blue) and 

LysoTracker Red DND-99 (red) respectively. Scale bar = 20 μm.  

fluorescent merged areas (shown by arrows) temporally from 1 h to 3 h to 6 h. From the 

colocalization study by CLSM it is clear that HA-FITC-ChNPs were internalized into the 

HCT116 cells through endocytosis followed by accumulating into lysosomal compartments in 

a temporal manner. After localization into acidic lysosomes, the HA-ChNPs should release its 

drug payload through cleavage of acid labile ester and Pt-O coordinate bonds.
18, 22

 To evaluate 

the drug release in acidic environment, we incubated HA-ChNPs in pH = 5.5 solution 

(lysosome mimic) and released drugs were quantified in pre-determined time points through 

concentration versus absorbance calibration graph in UV-Vis spectroscopy (Fig. 2a for PI103 
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and Fig. 2a in chapter 4a for AZD). At pH = 5.5, it was found that nearly 81.3 ± 3.8 % of Akt-

mTOR inhibitor PI103 was released after 72 h (Fig. 7). However, slightly less amount (69.9 ± 

8.6 %) of MEK inhibitor AZD6244 was released after 72 h. On the other hand, only 58.5 ± 

4.9 % of DNA damaging drug cisplatin was found to be released after 72 h.  

We attributed the different amount of inhibitors and cytotoxic drug released in acidic 

environment towards the relatively labile nature of the chemical bonds through which they are 

linked with the cholesterol moiety. Phenolic ester linkage is much more labile in acidic 

medium leading to more amount of free PI103 release from the HA-ChNPs. On the other 

hand, aliphatic ester linkage in cholesterol-AZD6244 conjugate made it little less labile in 

acidic medium compare to phenolic ester lead less release of AZD6244 even at 72 h 

compared to PI103. Finally, Pt-O coordinate bond is much less labile compared to phenolic 

and aliphatic ester linkages in acidic milieu. Hence, cisplatin release was much less compared 

to PI103 and AZD6244 after the same time interval (72 h). However, both the signaling 

inhibitors and the cytotoxic drug showed controlled and continuous release over 3 days.  

 

Fig. 7 Release of active PI103, AZD6244 and cisplatin from HA-ChNPs in pH = 5.5 (lysosome 

mimic). Data represent mean ± SEM, n = 3. 

 

5.2.3 Mechanism of cellular internalization: Nanoparticles can home into the lysosomal 

compartments through endocytosis under different mechanisms (clathrin-mediated 

endocytosis, caveolin-mediated endocytosis and macropinocytosis).
26

 The exact mechanism 
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of endocytosis of HA-ChNP was evaluated. HCT-116 cells were pre-treated with specific 

endocytosis inhibitors (chlorpromazine, genistein, and amiloride) followed by green 

fluorescent FITC labeled HA-FITC-ChNPs. As a control, HCT-116 cells were treated with 

only HA-FITC-ChNPs without any pre-treatment with endocytosis inhibitors. Cellular 

internalization of HA-FITC-ChNPs was visualized by CLSM.  

 

Fig. 8 CLSM images of FITC-HA-ChNPs internalized into HCT-116 cells after treatment with 

chlorpromazine, amiloride and genistein for 2 h. Nuclei were stained with DAPI (blue). Scale bar = 35 

μm. 
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Confocal microscopy images in Fig. 8 evidently showed that genistein and amiloride treated 

cells engulfed HA-FITC-ChNPs similarly like control cells. However, chlorpromazine pre-

treated cells showed remarkable reduction in HA-FITC-ChNP internalization. The mechanism 

of endocytosis was further evaluated by flow cytometric analysis. HCT-116 cells were pre-

treated with endocytosis inhibitors (chlorpromazine, genistein and amiloride) followed by 

treatment with HA-FITC-ChNPs. The FITC labelled cells were quantified by fluorescence 

activated cell sorting (FACS) assay. The FACS data clearly demonstrated that genistein 

treated cells internalized HA-FITC-ChNPs as good as control cells (treated with HA-FITC-

ChNPs only without any inhibitor pre-treatment). However, interestingly chlorpromazine and 

amiloride treated cells reduced HA-FITC-ChNPs uptake remarkably up to 94.5 % and 47.2 % 

respectively (Fig. 9).  

 

 

 

Fig. 9 Flow cytometry analysis of HCT-116 cells pre-treated with chlorpromazine, amiloride and 

genistein followed by treatment with FITC-HA-ChNPs.  

 

From these microscopy and cell sorting analysis, it was confirmed that HCT-116 cells taken 

up HA-FITC-ChNPs by a combination of clathrin-mediated endocytosis and 

macropinocytosis mechanism and home them into lysosomes.  

We hypothesized that hyaluronic acid coating over the chimeric nanoparticle containing 

MAPK-PI3K signaling inhibitors will help them to internalize by the interaction with CD44 

receptor over-expressed on colon cancer cells. In our previous study we screened a panel of 
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colon cancer cells and observed that HCT-116 cells highly over-expressed CD44 receptors.
18 

To evaluate our hypothesis, we pre-treated HCT-116 cells with hyaluronic acid to saturate the 

CD44 receptors followed by incubation with HA-FITC-ChNPs. The control cells were treated 

with only HA-FITC-ChNPs without pre-treatment with HA. The internalization of green 

fluorescent HA-FITC-ChNPs was observed by high-resolution CLSM. 

 

Fig. 10 Cellular internalization of HA-FITC-ChNPs in HCT-116 cell pre-treated with and without 

hyaluronic acid determined by (a) confocal laser scanning microscopy (CLSM) and (b) Flow 

cytometry (FACS). Scale bar = 20 μm. 

 

 From Fig. 10a, it was clearly observed that HA pre-treated cells internalized highly reduced 

amount of HA-FITC-ChNPs giving considerably less green fluorescence signal in confocal 

microscopy. Whereas, without any HA pre-treatment, HCT-116 cells engulfed a large amount 

of HA-FITC-ChNPs giving rise to high fluorescence intensity in microscopy. Furthermore, 
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the confocal imaging data was validated with FACS analysis. After pre-treatment with HA 

followed by HA-FITC-ChNP incubation, the fluorescently labeled HCT-116 cells were 

quantified by flow cytometry. It was observed from the FACS analysis that HA pre-treated 

cells were labeled with HA-FITC-ChNPs remarkably less. On the other hand, non-HA pre-

treated cells were highly labeled with green fluorescence from HA-FITC-ChNP 

internalization (Fig. 10b). From these fluorescence microscopy and cell sorting analysis, it 

was established that HA-FITC-ChNPs were internalized into lysosomes of HCT-116 cells 

through HA-CD44 interaction mediated endocytosis. 

5.2.4 Inhibition of PI3K and MAPK signaling: It was hypothesized that after internalization 

into acidic lysosomes, HA-ChNPs will release AZD6244 and PI103 for simultaneous 

inhibition of MAPK-PI3K signalinghub. To validate our hypothesis, we treated HCT-116 

cells with HA-ChNPs for 24 h and the expression of MAPK and PI3K signaling proteins were 

evaluated by western blot analysis. Phosphorylation of extracellular signal regulated kinase 

(ERK) in MAPK signaling cascade would expect to be inhibited by AZD6244 through 

perturbation of MEK. From western blot images in Fig. 11a, it was observed that expression 

of p-ERK was highly reduced after treatment with HA-ChNPs whereas keeping the amount of 

total ERK unperturbed. Quantification from the protein expression analysis also validated that 

HA-ChNPs reduced the expression of p-ERK in 2.5 folds compared to non-nanoparticle 

treated control cells (Fig. 11b). On the other hand, PI103 was expected to inhibit PI3K 

signaling by inhibiting phosphorylation of Akt. To evaluate the effect of nanoparticle on PI3K 

signaling, we treated HCT-116 cells with HA-ChNPs for 24 h and the expression of p-Akt 

was determined by western blot analysis. The gel-electrophoresis in Fig. 11a, clearly 

demonstrated that HA-ChNP reduced the expression of p-Akt keeping the total amount of Akt 

protein same. Further quantification from western blot showed that HA-ChNPs reduced the 

expression of p-Akt nearly 1.5 folds compared to control cells (Fig. 11b). Finally, we 

evaluated the effect of cisplatin-mediated DNA damage in HCT-116 cells. Poly (ADP-ribose) 

polymerase (PARP) family proteins are upregulated as a consequence of DNA damage in 

cancer cells, making them the markers for DNA damage.
27, 28

 HCT-116 cells were treated 

with HA-ChNPs for 24 h and the expression of PARP was visualized through western blot  
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Fig. 11 (a) Western blot analysis of p-ERK1/2, total ERK, pAKT, Total AKT and PARP as markers 

for MAPK inhibition, PI3K inhibition and DNA damage in HCT-116 cells respectively. 

Quantification of expression of (b) p-ERK1/2, pAKT and PARP from western blot analysis in HCT-

116 cells after treatment with HA-ChNPs for 24 h. 

 

analysis. The gel electrophoresis showed that HA-ChNPs increased the expression of PARP 

through DNA damage (Fig. 11a).  Further quantification from western blot revealed that HA-

ChNPs increased the expression of PARP by 7.4 folds compared to the non-nanoparticle 

treated cells (Fig. 11b). These gel electrophoresis studies evidently confirmed that HA-ChNPs 

inhibited MAPK-PI3K signaling hub simultaneously with DNA damage in colon cancer cells.  

5.2.5 Cell cycle arrest and apoptosis: Inhibition of MAPK-PI3K signaling hub along with 

DNA damage leads to cell cycle arrest.
29, 30

 We assessed the potential of HA-ChNPs to arrest 

the colon cancer cells into their cell cycle. HCT-116 cells were treated with HA-ChNPs for 

24 h followed by staining the cellular DNA with propidium iodide (PI) and quantified the 

cells in different stages of cell cycle through FACS analysis. The flow cytometry analysis in 

Fig. 12a revealed that HA-ChNP treated cells were in G0/G1, S and G2/M phase in 87.86 %, 

6.39 % and 4.9 % respectively. Whereas, control cells were found to be in G0/G1, S and 



 Chapter 5 

169 
 

G2/M phase in 24.26 %, 11.65 % and 65.45 % respectively. From this FACSanalysis it was 

confirmed that HA-ChNPs stalled the cell cycle in G0/G1 phase in HCT-116 cells. 

Cell cycle arrest into G0/G1 phase would lead the cancer cells into programmed cell death 

or apoptosis.
26 

We further evaluated the induction of apoptosis by HA-ChNPs through flow 

cytometry analysis. HCT-116 cells were treated with HA-ChNPs for 24 h and the 

phosphatidylserine flipped at the outer surface of the apoptotic cells were stained with green 

fluorescent FITC labeled Annexin V. The DNA of the late apoptotic and necrotic cells was 

counter stained with red fluorescent propidium iodide (PI). The cells in different apoptotic 

and necrotic stages were quantified with cell sorting analysis. 

 

Fig. 12 Flow cytometry analysis to evaluate the effect of HA-ChNPs in inducing apoptosis (a) and 

cell cycle arrest (b) in HCT-116 cells at 24 h. 

 

 The FACS analysis in Fig. 12b demonstrated that HA-ChNPs induced a remarkably higher 

number of cells into early (60.08 %) and late (30.06 %) apoptosis. On the other hand, non-

nanoparticle treated control cells showed only 7.21 % and 6.85 % cells in early and late 

apoptotic stages respectively. This FACS data clearly confirmed that HA-ChNP mediated 



 Chapter 5 

170 
 

inhibition of MAPK-PI3K signaling hub in combination with DNA damage followed by cell 

cycle arrest in G0/G1 phase triggered the colon cancer cells into apoptosis.  

5.2.6 Cell viability assay: One of the hallmarks of cancer is to resist programmed cell death 

or apoptosis.
31

 Hence, induction of apoptosis to the cancer cells would lead to cell death. We 

evaluated the potential of HA-ChNPs to trigger cell death in colon cancer cells. HCT-116 

cells were treated with HA-ChNPs in a dose-dependent manner over 24 h and the amount of 

viable cells was determined by MTT assay. As a control we treated HCT-116 cells with the 

cocktail of free inhibitors (AZD6244 and PI103) and cisplatin in the same ratio present in 

HA-ChNPs (AZD6144: PI103: CDDP = 1.5: 1.4:1).  

 

Fig. 13 Concentration dependent cell viability assay of HA-ChNPs in HCT-116 (a) at 24 h post-

incubation compared to free drug cocktail, HA-PI103-AZD-NPs (b), HA-PI103-CDDP-NPs, and HA-

AZD-CDDP-NPs (d) at 24 h post-incubation in HCT-116 cells determined by MTT assay.  Data 

represent mean ± SEM, n = 3.  
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It was found that HA-ChNPs killed HCT-116 cells with extremely reduced IC50 = 0.91 ± 0.09 

μM with only 13.7 ± 1.2 % viable cells at 25 μM concentration of AZD6244 (Fig. 13a). 

Whereas, combination of free AZD6244, PI103 and cisplatin cocktail showed much higher 

IC50 = 5.7 ± 0.8 μM with high cell viability (35. 7 ± 5.8 %) at 25 μM concentration of 

AZD6244. To assess those HA-ChNPs were more effective compared to their dual drug-

loaded counterparts; we synthesized HA-AZD-PI103-NPs, HA-PI103-CDDP-NPs and HA-

AZD-CDDP-NP by using the same method and having same drug loading. We further treated 

HCT-116 cells with HA-coateddualdrug-loaded nanoparticles in a dose-dependent manner 

for 24 h, and cell viability was quantified by MTT assay. Interestingly, it was observed that 

HA-AZD-PI103-NPs, HA-PI103-CDDP-NPs and HA-AZD-CDDP-NPs, showed much 

higher IC50 = 13.0 ± 1.13 μM, 6.05 ± 0.86 μM and 2.96 ± 0.33 μM, respectively compared to 

HA-ChNPs (Fig. 13 b-d). Moreover, HA-AZD-CDDP-NPs, HA-AZD-PI013-NPs and HA-

PI103-CDDP-NPs demonstrated much less efficacy in killing HCT-116 cells in the highest 

concentration (25 μM) indicated by high cell viability = 24.6 ± 4.4 %, 47.2 ± 3.1 % and 34.9 

± 5.7 %.  

One of the major challenges of targeting MAPK-PI3K signaling hubs in cancer cells 

specifically is not to induce any off-target toxicity to the healthy cells. To address this issue, 

we further evaluated the effect of HA-ChNPs on L929 fibroblast cells. L929 cells were 

incubated with HA-ChNPs in a dose-dependent manner for 24 h, and the cellular viability 

was measured by MTT assay. Interestingly, it was found that HA-ChNPs showed almost no 

toxicity to the fibroblast cells even at highest concentration (cell viability = 107.1 ± 4.5 % at 

25 μM concentration of AZD6244) (Fig.14).  

 

Fig. 14 Concentration dependent cell viability assay of HA-ChNPs in L929 at 24 h post-incubation. 
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From these cell viability assays, it was confirmed that HA-ChNPs showed remarkable 

efficacy in HCT-116 colon cancer cells compare to free drug cocktail as well as HA-coated 

dual drug-loaded nanoparticles. Moreover, HA-ChNPs showed negligible toxicity towards 

healthy fibroblast cells to show their benign nature towards non-cancerous cells. 

5.3 Conclusion 

In this chapter, hyaluronic acid coated chimeric nanoparticles comprising PI103 (P13K 

inhibitor) AZD6244 (MAPK inhibitor) and cisplatin (DNA damaging agent) were engineered 

having spherical morphology with the size less than 200nm. Colon cancer cells (HCT-116) 

engulfed these HA-ChNPs through CD44 receptor-mediated and clathrin-dependent 

endocytosis to localize into sub-cellular lysosomes. HA-ChNPs simultaneously inhibited 

PI3K and MAPK signaling pathways in HCT-116 cells along with DNA damage. Inhibition 

of MAPK-PI3K signaling hub with DNA damage triggered apoptosis and arrested cells in 

G0/G1 phase. Finally, HA-ChNPs showed remarkable colon cancer cell death than the free 

drug cocktail keeping healthy fibroblast cells unharmed. 

 

5.4 Materials and Methods 

5.4.1 Material: All the chemicals, reagents, and solvents required for synthesis of 

cholesterol-drug conjugates and HA-ChNPs, cisplatin, 3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), DAPI and propidium iodide for cell cycle analysis were 

purchased from Sigma-Aldrich. PI103 and AZD6244 were purchased from Selleck 

Chemicals. DSPE-PEG2000 and mini extruder were procured from Avanti Polar Lipids Inc. 

Cell culture media, LysoTracker DND-26, and SlowFade antifade reagents were bought from 

Life Technologies. HCT116 cells were obtained from National Centre for Cell Science 

(NCCS), Pune. Anti phospho-Akt(Thr308) rabbit monoclonal antibody, Anti-ERK 1/2 

phospho monoclonal antibody, anti-AKT antibody, anti ERK1/2 antibody, anti-GAPDH 

antibody, HRP goat anti-mouse IgG antibody and apoptosis detection kit were purchased 

from Bio Legend. 

 

5.4.2 Synthesis of Cholesterol-drug-Conjugates 

 

5.4.2.1 Synthesis of Cholesterol-AZD6244 Conjugate (2): Cholesterol-succinic acid 

conjugate (1) was synthesized from cholesterol by using the procedure previously described 
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in ref 22. A mixture of compound 1 (5 mg, 0.01 mmol), EDCI (5.68 mg, 0.015mmol), and 

DMAP (2.5 μL, 0.015 mmol) in dry DMF (2 mL) was reacted for 10 min. AZD6244 (6.9 mg, 

0.012 mmol) was added and reacted for 24 h. To quench the reaction, 0.1 N HCl solution was 

added. The organic layer was washed with water (10 mL × 2). Then the collected organic 

solvent was dried and product was purified by silica gel column with 

dichloromethane/methanol as the eluent to afford a pure cholesterol-AZD6244 conjugate (4). 

Yield = 70%.  

 

1
H NMR (400 MHz, CDCl3): δ = 8.91 (s, 1H), 8.23 (s, 1H), 8.00 (s, 1H), 8.05 (s, 1H), 7.49 

(d, J = 2.2 Hz, 1H), 7.16-7.18 (dd, J = 8.8, 2.2 Hz, 1H), 6.55 – 6.52 (m, 1H), 5.35 (s, 1H), 

4.59 (s, 2H), 4.23 (m, 2H), 3.93 (s, 3H), 2.66 (s, 2H), 2.39 (s, 1H), 2.29 (d, J = 7.6 Hz, 2H), 

2.01– 1.8 (m, 4H), 1.57 – 1.41 (m, 14H), 1.25 (m, 3H), 1.11 (m, 7H), 0.99 (s, 4H), 0.85 – 

0.92 (m, 10H), 0.67 (s, 3H) (Fig. 15). 

 

 
13

C NMR (101 MHz, CDCl3): δ = 172.34, 147.37, 139.70, 139.62, 131.69, 130.23, 124.96, 

122.97, 122.46, 117.99, 116.26, 116.22, 111.29, 109.52, 77.16, 74.88, 73.98, 62.37, 59.67, 

56.83, 56.27, 50.15, 42.46, 39.86, 39.66, 38.30, 38.20, 37.07, 36.72, 36.33, 35.94, 32.04, 

31.98, 31.78, 31.39, 29.85, 29.64, 29.61, 28.37, 28.17, 27.87, 24.42, 23.97, 22.97, 22.71, 

21.16, 19.43, 18.86, 11.57 (Fig. 16). 

 

19
F NMR (376 MHz, CDCl3): δ = -129.16 (Fig. 17). MALDI-TOF (m/z): Calculated mass = 

924.3604 for C48H63BrClFN4O6, observed = 925.4789 for C48H64BrClFN4O6 [M+H]
+
 (Fig. 18). 

 

5.4.2.2 Synthesis of Cholesterol-PI103-Conjugate (3) and cholesterol-cisplatin conjugate 

(4): Compound 3 and 4 were synthesized by following the procedure described section 3.4.2, 

3.4.4 and 3.4.5 in chapter 3. 

 

5.4.2.3 Synthesis of Cholesterol-Ethylenediamine Conjugate (5): Conjugate 6 was 

synthesized as explained in the ref 32. Briefly, 140 μL (2.2 mmol, 10 Equiv) 

Ethylenediamine was added into RB flask containing 3 mL of anhydrous DCM followed by 

cooling down to 0–5 °C with ice. 100 mg of cholesterol chloroformate (0.22 mmol, 1.0 

Equiv) was taken in anhydrous DCM, and this solution was slowly added dropwise to above 

mixture under continuous stirring. After 24 h stirring, the reaction was worked up using water 
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(30 mL × 3) and DCM (30 mL), and the collected organic layer was dried over anhydrous 

sodium sulfate and evaporated with the help of a rotary evaporator. Light yellow colored oily 

product (compound 5) was purified by silica gel column with dichloromethane/methanol as 

the eluent to afford a pure cholesterol-EtNH2 conjugate (5). Yield = 76%. 

 

5.4.2.4 Synthesis of Cholesterol-FITC Conjugate (6): 10 mg (0.0211 mmol, 1.0 Equiv) of 

conjugate 5 was added in to 3 mL of anhydrous DMF. To this solution 12.3 mg (0.031 mmol, 

1.5 Equvi) of FITC was added followed by adding 3.6 μL (2.2 mmol, 10 Equiv) of DIPEA 

under rigorous stirring. After 24 h of continuous stirring, the reaction was worked up using 

water (30 mL × 3) and DCM (30 mL), and the collected organic layer was dried over 

anhydrous sodium sulfate and evaporated with the help of a rotary evaporator. The resulted 

light green colored product was purified by silica gel column with dichloromethane/methanol 

as the eluent to afford a pure cholesterol-FITC conjugate (6). Yield = 60.23%.  

 

1
H NMR (400 MHz, MeOD): δ = 7.80 (s, 1H), 7.58 (d, J = 7.7 Hz, 1H), 7.16 – 7.23 (m, J = 

16.4, 8.8 Hz, 3H), 6.57 (s, 1H), 6.55 (s, 3H), 5.22 (s, 1H), 3.81 – 3.68 (m, 2H), 3.46 – 3.35 

(m, J = 6.5 Hz, 2H), 2.23 (s, 1H), 2.02 (s, 1H), 1.96 – 1.77 (m, 4H), 1.78 – 1.64 (m, 2H), 1.63 

– 1.47 (m, J = 6.9 Hz, 3H), 1.47 – 1.33 (m, 8H), 1.33 – 1.24 (m, 3H), 1.22 – 1.08 (m, 5H), 

0.99 – 0.84 (m, 14H), 0.68 (s, 3H) (Fig. 19).
   

 

13
C NMR (101 MHz, MeOD): δ = 182.81, 180.80, 173.47, 160.16, 160.11, 141.44, 132.93, 

132.80, 126.46, 126.36, 123.67, 123.52, 123.49, 114.46, 114.37, 104.60, 104.51, 100.95, 

75.74, 58.59, 58.19, 57.83, 51.71, 49.00, 47.21, 45.12, 43.69, 41.31, 40.90, 39.95, 38.31, 

37.76, 37.60, 37.37, 35.52, 33.99, 33.31, 33.02, 29.53, 29.35, 25.49, 25.24, 24.36, 23.40, 

23.15, 22.30, 19.93, 19.48, 12.50 (Fig. 20).  

 

MALDI-TOF (m/z): Calculated mass = 861.4387 for C51H63N3O7S, observed = 862.73 for 

C51H64N3O7S [M+H]
+  

(Fig. 21).  

 

5.4.3 Synthesis of Hyaluronic acid coated Chimeric Nanoparticles (HA-ChNPs): Firstly, 

6.0 mg of PC, 3 mg of conjugate 5, 1 mg of each drug conjugate compound 2, 3, and 4; and 

0.6 mg of DSPE-PEG2000 were dissolved in DCM. ChNPs were synthesized by the method 

described in the section 5.4.3 in chapter 4a.
22

. Further, Hyaluronic acid coating of ChNPs was 

carried out as mentioned in chapter 4b. Briefly, to the above resulted ChNPs solution, 0.5 mL 
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of (0.5 mg/mL) hyaluronic acid (HA) solution was added dropwise under rigorous stirring. 

After 10 minutes, hyaluronic acid coated ChNPs (HA-ChNPs) were centrifuged at 45,000 X 

g. The HA-ChNPs pellets were washed with water to remove the excess hyaluronic acid. HA-

ChNPs were re-suspended in water and stored at 4 °C for further use. 

 

5.4.4 Size, surface charge, shape and morphology determination of HA-ChNPs: 

Hydrodynamic diameter and surface charge of ChNPs and HA-ChNPs were determined by 

DLS. Size, shape and morphology of HA-ChNPs were visualized by AFM and FE-SEM. 

Sample preparation and instrumentation were performed followed by the methods described 

in section 2.4.4, 2.4.5, and 2.4.6 in chapter 2. Hydrodynamic diameter and surface charge 

from DLS were determined in triplicate. 

 

5.4.5 Quantification of triple drug loading in HA-ChNPs: PI103, AZD6244 and cisplatin 

loading in HA-ChNPs were determined by UV-Vis spectroscopy at λ max = 296 nm, 267 nm, 

and 706 nm respectively from absorbance versus calibration curve. Drug loading was 

quantified in triplicate. 

5.4.6 Determination of triple drug release from HA-ChNPs: The release of triple drugs 

(PI103, AZD6244, and cisplatin) from HA-ChNPs was determined by dialysis method as 

described in section 2.4.8 in chapter 2. The amount of PI103, AZD6244, and cisplatin 

released at predetermined time points were quantified by UV-Vis spectroscopy at λmax = 

296, 267 nm and 706 nm respectively. Released PI103, AZD6244, and cisplatin in each time 

point were quantified in triplicate. 

5.4.7 Cellular internalization study by confocal microscopy: 50,000 HCT116 cells were 

seeded on coverslips in a 6-well plate. After 24 h, cells were treated with HA-FITC-ChNPs at 

a FITC concentration of 2 μg/ mL at 37 °C for 1 h, 3 h, and 6 h. After each time points, the 

cells were washed with PBS and fixed with paraformaldehyde solution (4 %) for 15 min at 4 

°C. Lysosomes and nucleus were stained by LysoTracker Red DND-99 and DAPI for 45 min 

and 5 min respectively. Cells were washed with PBS and mounted on a glass slide using 5 μL 

SlowFade diamond antifade reagent. The cells were visualized by confocal microscopy (Zeis 

LSM 710). HCT116 cells were pretreated with different endocytosis inhibitors followed by 

treatment with HA-FITC-ChNPs. For hyaluronic acid competitive inhibition study cells were 

incubated in 5 mg/mL hyaluronic acid in serum free media for 2h before adding the HA-

FITC-ChNPs.  The cellular internalization was further visualized by confocal microscopy. 
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5.4.8 Cellular internalization study by flow cytometry: HCT116 cells were treated with 

various endocytosis inhibitors (amiloride, genistein, and chlorpromazine at a concentration of 

100 μM, 30 μM, and 37 μM respectively for 30 min at 37 °C. Control cells were incubated at 

37 °C without any treatment of inhibitor. After washing with PBS incubation, HA-FITC-

ChNPs (FITC concentration = 2 μg/mL) was added to the cells and incubated for2 h. For 

hyaluronic acid competitive inhibition study cells were incubated in 5 mg/mL hyaluronic acid 

in serum free media for 2h before adding the HA-FITC-ChNPs.   Cells were trypsinized, 

followed by centrifugation at 1000 rpm at 4 °C for 5 min to remove dead cells. Finally, the 

fluorescently labelled cells were counted by using BD FACS Calibur. 

5.4.9 Western blot analysis: 2 X 10
5
 HCT116 cells were treated with HA-ChNPs for 24 h 

followed by cell lysis and suspension in sample buffer. Proteins were visualized by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) using primary antibody solution (pAKT, 

AKT, pERK1/2, and ERK1/2 in 1:2000 dilution, and GAPDH in 1:5000 dilution) and then 

incubated in HRP conjugated secondary antibody solution (1:10000 dilution). 

5.4.10 Detection of apoptosis by flow cytometry: Detection and quantification of apoptosis 

by flow cytometry was performed by the method described in section 4.4.15 in chapter 4a. 

5.4.11 Cell Cycle Analysis: 2 × 10
6
 cells were seeded and allowed to attach in a 6 well plate 

in a 5% CO2 incubator at 37 °C. Cells were treated with HA-ChNPs at a concentration 

corresponding to the IC50 value of respective drugs for 24 h. After the treatment, the cells 

trypsinized and washed with 1 mL of PBS (pH = 7.4) and then centrifuged at 1000 rpm for 5 

min. Cells were fixed in 70% ice-chilled ethyl alcohol for 30 min at −20 °C. Fixed cells were 

centrifuged at 1000 rpm for 5 min, and fixing solution was replaced and washed with 1 mL 

ice-chilled PBS twice. Finally, cells were resuspended in 0.5 mL of the staining solution (50 

μL of 1 mg mL−1 propidium iodide, 50 μL of 1 mg mL
−1

 RNase and 400 μL PBS) and FACS 

measurement was performed by using BD FACS Calibur. 

5.4.12 In vitro cytotoxicity assay: 5 × 10
3
 cells (HCT116) were seeded into 96-well and 

exposed with serial concentrations of HA-ChNPs. Free drugs stock solution with equal 

concentration present in NPs was prepared in DMSO. After 24 h incubation with HA-ChNPs, 

20 μL of MTT (5 mg/mL) was added to each well and left it for 4 h. After 4 h, 100 μL of 

solubilization buffer (10% SDS in 0.01 M HCl) was added to each well and allowed 

overnight incubation to make the MTT crystals soluble. After overnight incubation, 

absorbance was measured with spectrophotometer at 540 nm, and the percent cell viability 
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was calculated considering the untreated cells as 100% viability. All the experiments were 

performed in triplicate. 

 

 

 

 

 

 

Fig. 15 
1
H NMR spectra of cholesterol-AZD6244 conjugate. 
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Fig. 16 
13

C NMR spectra of cholesterol-AZD6244 conjugate.  

 

 

 

Fig. 17 
19

F NMR spectra of cholesterol-AZD6244 conjugate. 
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Fig. 18 MALDI-TOF spectra of cholesterol-AZD6244 conjugate.  

 

 

 

Fig. 19 
1
H NMR spectra of FITC-cholesterol conjugate. 
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Fig. 20 
13

C NMR spectra of FITC-cholesterol conjugate.  

 

 

Fig. 21 MALDI-TOF spectra of FITC-cholesterol conjugate.  
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SYNOPSIS 

The thesis titled “Inhibition of PI3K/MAPK Signaling with Simultaneous DNA Damage in 

Cancer Cells by Lipidic Nanoparticles” deals with targeting multiple upregulated signaling 

pathways in cancer cells by nanotechnology-based platforms. In this thesis we have mainly 

focused on inhibiting PI3K and MAPK signaling with simultaneous downstream DNA 

damage in cancer cells for augmented effect. We adopted nanotechnology platforms to 

address the challenges associated with signaling inhibition with simultaneous DNA damage. 

In the current thesis, we have also focused on exploring several lipid molecules as a vehicle 

to carry multiple signaling inhibitors and drugs to the tumor tissue. It is obvious that the 

success of potential nanocarrier also depends on the actual composition of nanomaterial. 

Biodegradable and nontoxic vectors which are used in the nanoparticle synthesis would 

minimise the carrier related toxicity in in vitro and in vivo application. Interestingly, not 

much was explored on nanoparticle mediated PI3K/MAPK inhibition with simultaneous 

DNA damage in cancer cells and very few reports are there in the current literature. To this 

end, we have explored nontoxic, biodegradable lipidic molecules such as cholesterol, vitamin 

D3, and oleic acid as vectors to synthesize nanoparticles comprising signaling inhibitors and 

DNA-damaging agents together. These nanoparticles were demonstrated to inhibit PI3K, 

MAPK and both PI3K, MAPK signaling with simultaneous DNA damage in several cancer 

cells like breast cancer, cervical cancer and colon cancer cells. Further, we also surface 

decorated the engineered nanoparticles with hyaluronic acid to target CD44 receptors over-

expressed on colorectal cancer cells more specifically in which PI3K and MAPK signaling 

pathways are highly deregulated. 

In chapter 2, to validate the importance of PI3K signaling inhibition with simultaneous DNA 

damage in cancer cells, we engineered vitamin D3 nanoparticles (NPs) loaded with PI3K 

inhibitor in combination with DNA damaging agent (cisplatin/doxorubicin/proflavine) and 

characterized by light scattering and electron microscopy techniques. A slow and sustained 

release of drugs from NPs was observed over a period of time rather burst release at tumor 

physiological pH = 5.4. These nanoparticles showed improved efficacy in human 

hepatocellular carcinoma cells (Hep3B), as well as cisplatin resistant-Hep3B (Hep3B-R) 

compared to free drug treatment. The combination of PI103-DOX, and PI103-CDDP in 

nanoparticle formulation exhibited a strong synergistic effect in killing both HEP-3B and 
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Hep3B-R cells as compared to their respective mono drug-loaded nanoparticles. These 

nanoparticles also induced apoptosis through a DNA damaging mechanism. 

In chapter 3, Drug molecules (PI103, cisplatin, and doxorubicin) were chemically conjugated 

to biocompatible cholesterol and engineered into chimeric nanoparticles (ChNPs) to achieve 

enhanced therapeutic efficacy. A ratiometric drug loading of all three drug conjugates in 

ChNPs was obtained. ChNPs internalized into the cancer cells (MCF7, MDA-MB-237, and 

HeLa) by endocytosis and inhibited PI3K pathway by downregulating pAKT with damaging 

DNA in HeLa cells leading to induction of apoptosis. Interestingly, ChNPs induced improved 

cytotoxicity in all these cancer cells compared to free drug combination and this effect was 

even more severe in triple negative drug resistance breast cancer cells. 

In chapter 4a, we engineered novel biocompatible oleic acid nanoparticles comprising MEK 

inhibitor (AZD6244) and DNA damaging agent (cisplatin) to target MAPK signaling in 

cancer cells. Drug molecules were chemically conjugated to oleic acid and were co-self-

assembled into 120 nm sized particles. NPs showed the controlled release of drugs at tumor 

pH mimic (pH = 5.5). These NPs internalized into HeLa cells by macropinocytosis pathway 

and inhibited MAPK signaling along with DNA damage in cervical cancer cells. Moreover, 

NPs showed enhanced cytotoxicity in several cancer cells including drug resistant ones. 

Further, in chapter 4b, to inhibit MAPK signaling specifically in colorectal cancer cells, NPs 

were decorated with hyaluronic acid (HA) to enhance the cellular uptake in CD44 receptor 

over-expressed colon cancer cells (HCT-116) and to escalate cytotoxicity. Interestingly, HA 

coated NPs were internalized into HCT116 cells via CD44 receptor-mediated and clathrin-

mediated  endocytosis and inhibited MAPK signaling by exhibiting enhanced cytotoxicity 

over free drug cocktail treatment.  

Crosstalk between PI3K and MAPK pathway often would lead to failure of monotherapy 

where a single pathway is targeted.  To address this, in chapter 5, we have engineered 

hyaluronic acid coated chimeric nanoparticles (HA-ChNPs) which contain PI3K and MAPK 

signaling inhibitors (PI103 and AZD6244) and a DNA damaging agent (cisplatin). All three 

drugs were chemically conjugated to cholesterol and co-self-assembled into chimeric 

nanoparticles which were further coated with hyaluronic acid. These HA-ChNPs internalized 

into cells by receptor-mediated endocytosis and caused cell death at much lower IC50 values 

compared to free drug mixture. HA-CNPs induced apoptosis and demonstrated cell cycle 
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arrest at G1 phase by successfully inhibiting both PI3K and MAPK pathway in colon cancer 

cells. 

Future Prospective 

In this current thesis, I have engineered multidrug loaded nontoxic lipidic nanoparticles to 

target PI3K/MAPK signaling with simultaneous DNA damage in cancer cells. These 

nanoparticles exhibited enhanced therapeutic activity in several cancer cells including drug 

resistant ones by successfully inhibiting PI3K and MAPK signaling also by inducing 

simultaneous DNA damage in vitro. We further would like to study in vivo efficacy of the 

engineered nanoparticle in inhibiting PI3K/MAPK signaling. 

Furthermore, considering the complex nature of cancer, I would like to merge chemotherapy 

with several other promising technologies like photothermal/photodynamic therapies and 

immunotherapy to get augmented therapeutic outcomes by nanotechnology-based platforms 

in my future research activities. In this thesis, signaling inhibitors and DNA damaging agents 

were conjugated to biocompatible lipids such as cholesterol, vitamin D3 and oleic acid, 

which were co-self-assembled into nanoparticles carrying multiple drugs to cancer cells. This 

approach could be a promising platform to load and deliver several other therapeutic agents 

such as small molecule inhibitors, chemotherapeutic, siRNA (or genes) and photosensitizing 

agents in combination to target cancer cells more efficiently. 

 

 


