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ABSTRACT 

 Many conventional therapies are used to treat various cancers. However, because 

of multiple problems that include low efficacy and safety issues, different strategies to 

treat cancer are necessary. One strategy is combination therapy. Combining drugs or 

other adjuvants has a synergistic effect in cancer treatments. Combination therapy 

permits multiple targeting through the same or different signaling pathways to overcome 

the limitations. Moreover, the use of nanotechnology in combination therapy permits 

even greater increases in efficacy. The U.S. Food and Drug Administration (FDA) has 

approved biodegradable polymers such as poly (D,L-lactide-co-glycolide) (PLGA) and 

poly (ethylene glycol) (PEG) that can be surface modified with targeting moiety for 

active targeting strategy. PLGA-b-PEG is used for formation of biodegradable polymeric 

nanoparticles for delivery of payloads. In this thesis, I report on several strategies of 

combination therapy using polymeric nanoparticles. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

Cancer 

 Cancer is a fatal disease characterized by the uncontrolled growth and spread of 

abnormal cells1, 2. It can be caused by external factors such as tobacco, infectious organisms, 

chemicals, diets, and radiation as well as internal factors such as inherited mutations, immune 

conditions, and multiple mutations3-15. These factors can act separately or simultaneously to 

initiate or promote the development of cancer16. 

 Cancer is a major public health problem not only in United States but also in many other 

parts of the world. It is the second most common cause of death in United States; one in 4 deaths 

are caused by cancer16. Moreover, approximately 13.7 million Americans have a history of 

cancer as either cancer-free survivors or as patients undergoing treatment16. However, the 

mortality rate from cancer has decreased continuously for two decades because of a better 

understanding of tumor biology, improved diagnostics, and new treatments1, 17, 18. 

Combination Therapy 

 Conventional therapies to treat cancer are chemotherapy, surgery, radiation, immune 

therapy, and photodynamic therapy1, 2, 19-25. However, these therapies have numerous limitations 

such as toxicity, non-selective killing of live cells along with cancer cells, damage to nearby 

tissues, and operative failure with the latter especially associated with surgery22, 26-28. Also, 



 

2 

chemotherapy often has side effects and some types of cancer develop resistance towards 

particular chemotherapeutic drugs20, 29-32.  

First line therapy for cancer is chemotherapy32-36. Recent research to discover new drugs 

has focused on development of drugs on individual targets37-39. However this research has 

encountered some problems such as low therapeutic efficacy, safety issues, and resistance 

profiles. Progress in understanding molecular mechanisms and the cell signaling pathways of 

current drugs provide clues to synergistic targets for more effective treatments28. Furthermore, 

this progress offers synergistic and potential effects of combination therapy that can deliver the 

best outcomes from treatment. Combination therapy confers advantages over single drug therapy 

such as multiple targeting with the same or different signaling pathways, increased therapeutic 

efficacy, and lessened drug resistance32, 36, 40-42. One of the combination therapies can be chemo-

anti-inflammatory therapy. Advanced cancer is highly related with inflammation. Controlling 

inflammation and eradicating the primary tumor simultaneously can delay the progression of 

tumor effectively43. Another approach can be photoimmunotherapy. Cancer therapies are mostly 

known to be immunosuppressive2, 19. However, photodynamic therapy, use of photosensitizer, a 

drug with light irradiation to kill cancer, is an immune activating19, 44 therapy which can exhibit 

synergistic effect when it combines with immunotherapy45, 46. The biggest advantages of this is 

that it not only treats primary cancer but also metastatic cancer45. 

Nanotechnology and Nanomedicine 

 Nanomedicine is the application of nanotechnology to medicine47. The use of 

nanotechnology-based drug delivery allows monitoring the distribution, release, response, and 

efficacy of an on-demand controlled drug release that can in turn help overcome both over and 

under dosing, a common dosage flaw associated with conventional drug treatments48, 49. In other 
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word, nanomedicine is a clinical practice that diagnose, prevent, and treat numerous disease with 

the use of nanotechnologies. According to the National Nanotechnology Initiative (NNI), 

nanotechnology is defined as research and development carried out at the atomic to macro 

molecular levels on the scale of 1 – 100 nm range48. However, the size limitation is not critical. 

Instead, the most important properties in the transition of nanotechnology to nanomedicine are 

improved solubility, physiological availability, and lowered drug dosages and toxicity, all of 

which may be achieved in a size range greater than 100 nm. Nanomaterials are widely spread, 

but yet, some of them require the way to use for clinical practices. Metal based nanoparticles 

(NPs), polymeric NPs, micelles, liposome, and dendrimers are examples of nanomaterials 

(Figure 1.1.)50. 

 

 

Figure 1.1. Various nanotechnology-based delivery vehicles51. 
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Biodegradable Polymeric NPs 

In 1964, Folkman and Long invented the concept of therapeutic loading of an 

implantable, controlled-release polymeric vehicle52. The remarkable work by Langer and 

Folkman in 1976 led to the launch of “controlled release drug delivery” 53. Since then, a number 

of polymeric materials and devices for therapeutic delivery have enriched this area of research54, 

55. Rapid advancement in recent years has brought controlled drug delivery systems that include 

polymeric NPs based on biodegradable and biocompatible polymers. These polymers degrade 

spontaneously in a predetermined and controlled manner into bio-friendly end products that can 

be eliminated from the body48, 56-72. The biocompatible and biodegradable polymers that are used 

to construct NPs can be natural or synthetic (Table 1.1.).  

 

Table 1.1. Polymers for Biodegradable Polymeric NPs51. 

Natural Polymers Synthetic Polymers 

Polysaccharides: Hyaluronate, Dextran, 

Chitosan, Alginate, Agarose etc. 

Protein-based polymers: Fibrin, Collagen, 

Ferritin 

 

Poly (glycolic acid) (PGA), Poly (lactic 

acid) (PLA), and copolymer poly(lactide-

co-glycolides) (PLGA), polycaprolactone 

(PCL), Poly (ethylene glycol) (PEG) and 

its derivatives and copolymers, 

Polyamides, Polyanhydrides, Poly (vinyl 

alcohol) PVA, Polypeptides 

 

Poly(lactic acid) (PLA), poly(glycolic acid) (PGA), their copolymer poly(D,L-lactide-co-

glycolide) (PLGA) are biodegradable and biocompatible polymers, approved by the Food and 
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Drug Administration (FDA), that are commonly used for controlled and sustained release in 

medical applications. Polymeric nanocarriers can be constructed by conjugating payloads to 

soluble macromolecules, and polymeric NPs can be synthesized by co-polymer self-assembly. In 

a self-assembled material, the polymeric NP matrix can be loaded with a variety of payloads73. 

Polymeric backbone can be cleaved chemically and enzymatically. Cleavage occurs by catalysts 

from physiological environment or ones embedded within the polymer or by hydrolytic 

degradation. Cleavage causes a drop of polymer molecular weight that leads to the erosion of the 

biomaterial. There are two types of erosion, which are homogeneous bulk disintegration or 

heterogeneous surface erosion. Diffusion of the drug and the eroding nature of the matrix 

regulates the release of payloads. Erosion can be homogenous bulk disintegration or 

heterogeneous surface erosion. Bulk erosion takes place in the entire polymeric matrix where 

surface erosion occurs on surface of the polymeric matrix. Bulk erosion is cause by rate of water 

penetration so that release of drug depends on drug diffusion. However, because the degradation 

rate of the surface that is faster than the rate of water penetration, drug release depends on both 

drug diffusion and matrix degradation. Biodegradable polymers make abundant use of both types 

of degradation processes. Conversely, conjugation of payloads to the polymer backbone allows 

for predetermined drug loading with control over drug release profiles and creates opportunities 

to load multiple therapeutics with spatio temporal release profiles for combination therapy68. 

PEGylated Polymeric NPs 

 Polymeric NPs can be further coated with a hydrophilic polymer to inhibit opsonization 

and to enhance water solubility. A well-accepted practice for control of the stability and 

immunogenicity of polymeric NPs includes incorporation of polyethylene glycol (PEG) by 

adsorption or covalent attachment47, which is a biocompatible non-ionic hydrophilic polymer 
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with stealth behavior74 and that the FDA has approaved for clinical use.  NP formulations with 

increased stability are usually obtained by incorporation of PEG, which provides suitable steric 

stabilization and thereby reduces the tendency to aggregate. The unique properties of PEG can 

influence the pharmacokinetic (PK) profiles of therapeutics as well as the polymeric NP carrier. 

The presence of PEG in polymeric NPs results in increased blood circulation times58. Most of the 

polymer-based delivery systems that are in the market contain PEG functionalized products that 

are called PEGylated. 

Passive and Active Targeting 

 The blood vessels in most solid tumors differ uniquely from normal blood vessels in 

several ways: (i) active angiogenesis and high vascular density; (ii) extensive extravasation by 

vascular mediators; (iii) defective vascular architecture; and (iv) impaired lymphatic clearance of 

macromolecules and lipids from interstitial tissue75. These characteristics enhance the 

permeability to macromolecule and NPs. Moreover, the dysfunction of the lymphatic drainage 

system contributes to their retention for longer periods. The concentration of polymeric NPs and 

macromolecules in tumor tissues can be up to 100x higher than in normal tissues76, 77. This 

tumor-specific deposition because of the unique characteristics of tumor vessels is known as the 

enhanced permeability and retention (EPR) effect. It is a passive targeting approach that most 

NPs and macromolecules use to accumulate preferentially. Experiments using different sizes of 

liposomes suggest that the pore cutoff size for extravasation into tumor is 400-600 nm78; 

however, in general, particles with diameters of less than 200 nm are more effective for 

extravasation78-81. 

 However, this passive targeting method has some limitations. Depending on the drug 

involved, these limitations differ from diffusion efficiencies such as low vascular densities that 
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are common in certain tumors, such as in pancreatic and prostate cancer, lessen the EPR effect82 

and the irregular permeability of vessels within tumors. These limitations give the approach a 

random nature that complicates control of a process that can induce multiple-drug resistance 

(MRD). Because of the resistance of cancer cells towards drugs, therapeutic efficiency inevitably 

declines83-85.  

 To overcome these limitations, surface modification of particles is necessary. This 

permits active targeting so that particles are delivered to more specific sites with minimal 

undesired effects. By conjugating targeting agents to the particle surface that can only be 

recognized and bind to specific receptors that are uniquely expressed in certain cells, more 

deposition occurs on the target cells. 

 Targeting molecules can be classified as proteins (monoclonal antibodies), nucleic acids 

(aptamers), and receptor ligands (peptides, vitamins, and carbohydrates). Monoclonal antibodies 

(mAb)  were introduced in 1981 by Milstein as the first molecules for targeting cancer86. Over 

the decades since, antibody-based targeting molecules have been demonstrated clinically87. 

Antibodies can be used in their native states or as fragments. However, the native state of an 

antibody has two binding sites: the presence of two sites yields a higher binding propensity than 

occurs with fragments. Another form of targeting molecules, aptamers, has single-stranded DNA 

or RNA that can bind to a target with high affinity and specificity88. Aptamers are selected in 

vitro via a process called systemic evolution of ligands by exponential enrichment (SELEX), 

from a large number of oligonucleotides89, 90. Other targeting agents such as peptides attract a lot 

of attention because of their small size, lower immunogenicity, higher stability, and ease of 

manufacture. Similarly, high-affinity vitamins and folic acid (folate) get attention because folate 
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receptors are usually overexpressed in a tumor cells91.  Figure 1.2. shows a schematic 

representation of passive and active targeting particles17. 

 

 

Figure 1.2. Schematic representation of passive and active targeting17. 

 

NP characterization to overcome biological barrier 

 The human body has numerous biological barriers, such as the immune system, to 

protect form foreign substances. Particles must overcome these barriers to reach the target and to 

perform their functions. One biological barrier is the reticuloendothelial system (RES). RES is 

also called the macrophage system or mononuclear phagocyte system which is a defense 

mechanism of class of cells, which identify and filter out dead, toxic, or foreign particles in the 

blood and tissues92. Particles swept up by macrophages end up accumulating in the liver and 

spleen93. Another barrier is clearance through excretion. It can be excreted depends on size, 

which determines whether it will accumulate more in the kidneys than in the targeted site. 
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 However, NPs are suited to overcome these barriers because of their unique size and 

amenability to surface modification. Because of physiological parameters such as hepatic 

filtration, tissue extravasation, and kidney excretion, particle size is a major factor that can 

improve therapeutic efficiency. Protein adsorption and blood clearance kinetics were studied on 

different size pegylated PHDCA nanoparticles94. The results showed that small nanoparticles 

(~80 nm) adsorb less than a larger size (>100 nm) and blood clearance was twice as slow as with 

larger nanoparticles. Nevertheless, less than 10 nm NPs are excreted via the kidneys. Not only 

size but also the charge and surface functionality are important. Polystyrene microparticles with 

a primary amine underwent more phagocytosis than microparticles with surface of sulfate, 

hydroxyl, and carboxyl groups. This demonstrates that positively charged particles are taken up  

more than neutral or negatively charged particles58. According to the experiment, smaller 

pegylated particles have a higher PEG density to increase the period of blood circulation period 

and pegylated particles with <100 nm with neutral or negative charge lower protein adsorption, 

eventually reducing hepatic filtration. Although a smaller particle size is preferred, particles less 

than 10 nm will be cleared through kidney excretion. Figure 1.3. shows the biodistribution and 

clearance of nanoparticles58. 
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Figure. 1.3. Biodistribution and clearance of nanoparticles58. 
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Objective and Outline of the Thesis 

The objective of this thesis is to develop advanced therapeutic modalities for cancer 

treatment that are based on combination therapy with nanotechnology; accomplishing this 

involves the following: (i) design of a combination therapy method, small molecules, and 

biodegradable NPs and (ii) evaluation of the potency of these therapeutic in different types of 

cancer. The rest of this thesis is organized into three chapters. 

 Chapter 2 investigates the combination of photodynamic therapy and immunotherapy. 

Photosensitizer, zinc phthalocyanine (ZnPc), encapsulated with biodegradable polymeric NPs 

and CpG-ODN, immunostimulant, was conjugated to gold NPs covalently that are incorporated 

to the surface of polymeric NPs noncovalently. Phototoxicity and the immune response were 

determined by using the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay and enzyme-linked immunosorbent assay (ELISA) respectively. This chapter was 

published in Integrative Biology, 2013, 5, 215-223. 

 Chapter 3 describes the development of novel, and new cisplatin prodrug for chemo-

anti-inflammatory therapy. Anti-inflammatory drugs, aspirin or curcumin, were conjugated to 

cisplatin via acid anhydride reaction. They were encapsulated with NP that functionalized with 

targeting moiety as delivery cargo to test the cytotoxicity on prostate, breast, and cisplatin-

resistant ovarian cancer cells in vitro. Moreover, anti-inflammatory effects were tested to 

confirm the combination effect. 

 Finally, Chapter 4 summarizes each project discussed and discusses impact on future 

studies. 
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Abstract 

 A therapeutic technology that combines the phototoxic and immune-stimulating ability 

of photodynamic therapy (PDT) with the widespread effectiveness of the immune system could 

be promising in the treatment of metastatic breast cancer. We speculate that knowledge of the 

molecular mechanisms of existing multi-component therapies could provide clues to aid the 

discovery of new combinations of an immunostimulant with a photosensitizer (PS) using a 

nanoparticle (NP) delivery platform. Challenges when administering therapeutic combinations 

include the choice of dosages to reduce side effects, the definitive delivery of the correct drug 

ratio, and exposure to the targets of interest. These goals are difficult to achieve when drugs are 

administered individually. By combining controlled-release polymer-based NP drug delivery 

approaches, we were able to differentially deliver a zinc phthalocyanine (ZnPc)-based PS to 

metastatic breast cancer cells in combination with CpG-ODN, a single-stranded DNA that is a 

known immunostimulant to manage distant tumors in a temporally regulated manner. We 

encapsulated ZnPc which is a long-wavelength absorbing PS within a polymeric NP core made 

up of poly(D,L-lactic-co-glycolic acid)-b-poly(ethylene glycol) (PLGA-b-PEG). After coating the 

outside of the polymeric core with gold NPs (AuNPs), we further modified the AuNP surface 

with CpG-ODN. In vitro cytotoxicity using 4T1 metastatic mouse breast carcinoma cells shows 

significant photocytotoxicity of the hybrid NPs after irradiation with a 660 nm LASER light. 

This activity in these hybrids, which contained both ZnPc and CpG-ODN, was remarkably better 

than with either treatment alone. Treatment of mouse bone marrow-derived dendritic cells with 

the PDT-killed 4T1 cell lysate shows that the combination of PDT with a synergistic 

immunostimulant in a single NP system results in a significant immune response that can be used 

to treat metastatic cancer. 
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Introduction 

 Management of metastatic breast cancer remains a therapeutic challenge1. An ideal 

cancer treatment should not only cause tumor regression and eradication but also induce a 

systemic antitumor immunity for control of metastatic tumors and long-term tumor resistance. 

This can be achieved by using the immune system as a weapon that recognizes the tumor antigen 

so that once the primary tumor is eliminated, metastases will also be destroyed. Earlier success in 

applying the immune system to metastatic cancer, as well as the limited contributions from 

conventional chemo or radiation therapy, makes metastatic cancer a focus for contemporary 

development of novel treatment options2. The main pillars of cancer treatment-chemotherapy, 

surgery, and radiation therapy- are known to suppress the immune system3. The only known 

cancer treatment that stimulates anti-tumor immunity is photodynamic therapy (PDT)3, 4. PDT 

involves administration of a photosensitizer (PS) followed by illumination of the tumor with a 

long wavelength (600-800 nm) light. This illumination produces a reactive oxygen species 

(ROS), resulting in vascular shutdown, cancer cell apoptosis, and the induction of a host immune 

response5. The exact mechanism involved in the PDT-mediated induction of anti-tumor 

immunity is not yet understood. Possible mechanisms include alterations in the tumor 

microenvironment by stimulating pro-inflammatory cytokines and direct effects of PDT on the 

tumor that increase immunogenicity3. PDT can increase maturation and differentiation of 

dendritic cells (DCs), which then lead to the generation of tumor specific cytotoxic CD8 T cells 

that can destroy distant deposits of untreated tumor3, 6-8(Figure2.1.). 
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Figure 2.1. Phagocytosis of tumor antigens by DCs after PDT. 

 

An increasing number of studies show that immunoadjuvants injected intratumorally can 

produce a similar infiltration of leukocytes into the tumor3. Immunoadjuvants are frequently 

prepared from microbial cells and are thought to act via toll-like receptors (TLRs)9 present on 

macrophages and DCs. This indicates that a combination of PDT with a DC activating agent that 

can act as an agonist of TLR might be promising for the treatment of metastatic tumor. There are 

few reports of combinations of PDT with microbial derived products potentiating tumor response 

and leading to long-term anti-tumor immunity3, 10. However, thus far administration of 

immunoadjuvants as separate constructs by intratumoral injection has only been explored to 

combine PDT with immunotherapy11, 12, their use as a single construct should receive careful 

consideration. Nanotechnology-based differential combination therapy can be emphasized as a 

promising strategy for metastatic breast cancer. By combining controlled release nanoparticles 

(NPs), PDT, and immune activation, we aimed to differentially deliver PS with synergistic 

immunoadjuvants in a temporally regulated manner. Polymeric NPs of poly(lactic-co-glycolic 
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acid)-b-poly(ethylene glycol) (PLGA-b-PEG) block copolymers are especially promising as drug 

delivery vehicles13-15. The use of PLGA and PEG polymers in FDA-approved products makes 

these biomaterials ideal for the development of new therapeutics. We used zinc(II) 

phtahlocyanine (ZnPc)16 as a PS because of its high optical absorption coefficient in the 600 to 

800 nm phototherapeutic window, which is higher than the FDA-approved PDT drug, 

photofrin® . We encapsulated the PS inside PLGA-b-PEG polymeric NPs and modified the 

surface of the polymeric core with gold NPs (AuNPs) by using noncovalent interactions. For 

immune stimulation, the surface of the AuNPs was used to introduce 5’-purine-purine/T-CpG-

pyrimidine-pyrimidine-3’-oligodeoxynucleotides (CpG-ODN) as a potent DC activating agent17, 

18.  Figure 2.2 is a highly advanced biodegradable hybrid NP platform for a proof-of-concept 

demonstration of such a technology. 

 

Figure 2.2. Schematic diagram of the NP platform for combination therapy of metastatic breast 

cancer. 
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Experimental 

Materials 

All chemicals were used without further purification unless otherwise noted. PLGA-

COOH of inherent viscosity of 0.18 dL/g was purchased from Lactel. NH2-PEG-NH2 (MW 

2000) was obtained from JenKem USA. 4-dimethylaminopyridine (DMAP), N,N'-

dicyclohexylcarbodiimide (DCC), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) were purchased from Sigma-Aldrich. AuNPs of size 5 nm (5 x 1013 

particles/mL) were purchased from BBInternational. Phosphorothioate oligonucleotide CpG-

ODN-1826 of sequence 5′-TCCATGACGTTCCTGACGTT-3′ was purchased from Midland 

Certified Reagent Company (Midland, Tex.). Granulocyte-macrophage colony-stimulating factor 

(GM-CSF) was purchased from R&D Systems. Cytokines were tested using BD OptEIA mouse 

enzyme-linked immunosorbent assay (ELISA) kits. Distilled water was purified by passage 

through a Millipore Milli-Q Biocel water purification system (18.2 MΩ) containing a 0.22 μm 

filter. Dynamic light scattering (DLS) measurements for size, zeta potential, and polydispersity 

index (PDI) were carried out using a Malvern Zetasizer Nano ZS system. 1H and 13C NMR 

spectra were recorded on a 400 MHz Varian NMR spectrometer. Gel permeation 

chromatographic (GPC) analyses were performed on Shimadzu LC20-AD prominence liquid 

chromatographer equipped with a RI detector, molecular weights were calculated using a 

conventional calibration curve constructed from narrow polystyrene standards. Optical 

measurements were carried out on a NanoDrop 2000 spectrophotometer. HPLC analyses were 

made on an Agilent 1200 series instrument equipped with a multi-wavelength UV-visible 

detector. Transmission electron microscopy (TEM) images were taken in a FEI Tecnai 20 TEM 
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microscope. LASER irradiation was performed in a dark environment using a Melles Griot 660 

nm 56 ICS series diode laser equipped with a fiber optic cable. 

Cell Line and Cell Culture  

The BALB/c mammary adenocarcinoma 410.4 sub-line 4T1 cells from the American 

Type Culture Collection (ATCC) were grown in RPMI 1640 media containing HEPES, 

glutamine, sodium pyruvate, 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 

μg/mL streptomycin at 37 °C in 5% CO2. Cells were passed every 3 days and restarted from the 

frozen stocks upon reaching pass number 20. 

Animals 

Animals used in the experiments were obtained from Jackson Laboratory and handled in 

accordance with "The guide for the Care and Use of Laboratory Animals" of American 

Association for Accreditation of Laboratory Animal Care (AALAC), Animal Welfare Act 

(AWA), and other applicable federal and state guidelines. All animal work presented here was 

approved by Institutional Animal Care and Use Committee (IACUC) of University of Georgia. 

Synthesis of PLGA-b-PEG-NH2 

PLGA-b-PEG-NH2 was synthesized by using an amide coupling reaction. NH2-PEG-NH2 

(0.7 g, 0.35 mmol), PLGA-COOH (0.8 g, 0.12 mmol), and DMAP (0.16 g, 1.32 mmol) in 10 mL 

dry CH2Cl2 was set to stir on ice. DCC (34.1 mg, 0.17 mmol) in 1 mL dry CH2Cl2 was added 

drop wise to the solution. The solution was warmed to room temperature and stirred overnight. It 

was then filtered to remove the dicyclohexylurea byproduct, precipitated using a mixture of 

50:50 methanol-diethyl ether, isolated via centrifugation (5000 rpm, 4 C, 10 min), and 

lyophilized overnight. PLGA-b-PEG-NH2 was isolated as a white solid in 29% yield. 1H NMR 

(CHCl3-d): δ 5.3 [m, (OCHCH3C(O)], 4.9 [m, (OCH2C(O))], 3.6 [s, (OCH2CH2)], 1.9 [m, 
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(CH3CH)]. 13C NMR (CHCl3-d): δ 169.6, 166.5, 66.0, 61.1, 60.9, 16.9, 15.5. GPC: Mn = 7,070 

g/mol, Mw = 8,540 g/mol, PDI = 1.21. 

Synthesis of ZnPc-Poly-NPs 

ZnPc-encapsulated NPs (ZnPc-Poly-NPs) were prepared by using the nanoprecipitation 

method.19 PLGA-b-PEG-NH2 (50 mg/mL) and ZnPc, at varying percent weight with respect to 

the polymer weight, were dissolved in DMF. This mixture was slowly added to water over a 

period of 10 min. The NPs formed were stirred at room temperature for 2-3 h and washed 3 

times with nanopure water using Amicon ultracentrifugation filtration membranes with a 

molecular weight cutoff of 100 kDa (3000 rpm, 4 oC). The NP size, PDI, and zeta potential were 

obtained by DLS measurements. Size and the morphology of the NPs were further confirmed by 

TEM. The ZnPc content in the NPs was measured by HPLC. 

Synthesis of Au-ZnPc-Poly-NPs 

An aqueous suspension of 1 mL ZnPc-Poly-NPs was added to a 2 mL aqueous solution 

of citrate coated AuNPs of size 5 nm and allowed to sit for 4 h at room temperature. The NPs 

were characterized by DLS, TEM, and UV-Vis spectroscopy. 

Synthesis of CpG-ODN-Au-ZnPc-Poly-NPs 

CpG-ODN of sequence 5′-TCCATGACGTTCCTGACGTT-3′ with a disulfide bond in 

the 5′ end was deprotected according to the manufacturer’s protocol. Briefly, an aqueous solution 

of 0.1 M DTT was added to a solution of CpG-ODN in 0.1 M triethylammonium acetate buffer 

(pH 6.5), and incubated at room temperature for 30 min. The deprotected CpG-ODN was 

purified using a 50 mg C18 Sep-Pak cartridge (Waters, Milford, MA) equilibrated in and eluted 

with DNase/RNase-free distilled water. The concentration of the CpG-ODN was measured by 

UV-Vis spectroscopy. Au-ZnPc-Poly-NPs were added to an equivalent volume of 10% (v/v) 



 

32 

Tween 20 at room temperature. Then CpG-ODN was added (210 µL, 105 µg/mL) and incubated 

at room temperature in a shaker for 20 h. CpG-ODN-Au-ZnPc-Poly-NPs were washed 3 times 

using Amicon ultracentrifugation filtration membranes with a molecular weight cutoff of 100 

kDa (3000 rpm, 4 oC). Finally, NPs were resuspended in water and analyzed by DLS. NP 

solutions were analyzed by UV-Vis after dissolving the polymeric core using 1 M NaOH for 

determination of encapsulated ZnPc content or dissolving the gold core with 0.6 M KI for 

quantification of conjugated CpG-ODN.  

Determination of ZnPc loading and encapsulation efficiency  

ZnPc loading and encapsulation efficiency (EE) were calculated by dissolving the 

polymer core by mixing equal portions of the NP solution and 1 N NaOH, followed by dilution 

with a 50:50 water:acetonitrile mixture, and subsequent HPLC analysis (wavelength: 670 nm). 

ZnPc loading is defined as the mass fraction of PS in the NPs, whereas EE is the fraction of 

initial PS used for encapsulation by the NPs during nanoprecipitaion20.  

MTT Assay 

The phototoxic behavior of all the NPs was evaluated using the MTT assay against 4T1 

cells. 4T1 cells (1500 cells/well) were seeded on a 96-well plate in 100 μL of RPMI medium and 

incubated for 24 h. The cells were treated with NPs at varying concentrations (with respect to 

ZnPc) and incubated for 2 h at 37 °C. The cells were then irradiated with a 660 nm LASER 

(power 20 mV) with fiber optics for 5 min per well. Irradiated cells were incubated for 12 h at 37 

C, the medium was changed after 12 h, and the cells were incubated for an additional 60 h. The 

cells were then treated with 20 μL of MTT (5 mg/mL in PBS) for 5 h. The medium was 

removed, the cells were lysed with 100 μL of DMSO, and the absorbance of the purple formazan 

was recorded at 550 nm using a Bio-Tek Synergy HT microplate reader. Each well was 
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performed in triplicate. All experiments were repeated three times. Cytotoxicity was expressed as 

mean percentage increase relative to the unexposed control ± SD. Control values were set at 0% 

cytotoxicity or 100% cell viability. Cytotoxicity data (where appropriate) was fitted to a 

sigmoidal curve and a three parameters logistic model was used to calculate the IC50, which is 

the concentration of the agent causing 50% inhibition in comparison to untreated controls. The 

mean IC50 is the concentration of agent that reduces cell growth by 50% under experimental 

conditions and is the average from at least three independent measurements that were 

reproducible and statistically significant. The IC50 values are reported at ±95% confidence 

intervals (±95% CI). This analysis was performed with Graph Pad Prism (San Diego, U.S.A) 

software. 

 

Results and Discussions 

Synthesis of the polymer and construction of the NPs 

To co-deliver PS and an immunoadjuvant using a single NP construct and to obtain adequate 

control over encapsulation of the hydrophobic PS, ZnPc, we synthesized a biodegradable 

polymer with a terminal –NH2 group (PLGA-b-PEG-NH2) via an amide coupling of PLGA-

COOH with NH2-PEG-NH2 using DCC/DMAP as coupling agents. This polymer was 

characterized by 1H and 13C NMR spectroscopy (Figure 2.3.). Purity, molecular weights, and the 

PDI of the polymer were determined by GPC measurements using tetrahydrofuran mobile phase 

(Table 2.1.). These results are consistent with previously reported data for a PLGA-b-PEG-

COOH polymer21. 
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Figure.2.3. 1H and 13C NMR of PLGA-b-PEG-NH2 
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Table 2.1. Comparison of molecular weights of PLGA-COOH and PLGA-b-PEG-NH2 as 

determined from gel permeation chromatographic (GPC) 

Molecular Weight PLGA-COOH PLGA-b-PEG-NH2 

Mw 6,750 g/mol 8,540 g/mol 

Mn 4,300 g/mol 7,070 g/mol 

PDI 1.57 1.21 

 

 

Synthesis of the NPs with PLGA-b-PEG-NH2 was achieved by the nanoprecipitation 

method.19, 22 PLGA-b-PEG-NH2 was dissolved in a water miscible solvent DMF and then added 

drop wise into an aqueous solution, thereby generating NPs. The properties of the encapsulated 

NPs were characterized by DLS to find the hydrodynamic diameter, zeta potential, and PDI of 

each preparation. To optimize size and loading, a series of encapsulated NPs was prepared by 

varying the weight percentage of ZnPc to polymer (%w/w) and by using the PEG of various 

molecular masses. When the DMF solution of the polymer and ZnPc was added to water, the 

mixture became turbid, indicating the formation of NPs. However, depending on the conditions, 

the final suspension contained a larger or smaller amount of larger polymeric aggregates either 

dispersed in the aqueous phase or adhering to the flask wall or to the magnetic stirring bar. In 

this way, we found that the PLGA of the inherent viscosity of 0.18 dL/g in 

hexafluoroisopropanol affords the most suitable encapsulated NPs. It is worth noting that 

measurements of NP size made on three different batches produced under identical conditions 

fell within a range of 10% variation, indicating good reproducibility. The loading efficiencies of 

ZnPc at various added weight percentages with respect to the polymer weight are given in Table 
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2.2. The size of the NPs increased with ZnPc loading (Table 2.2.). For all in vitro studies, we 

used encapsulated NPs containing 30% ZnPc added with respect to the polymer. 

 

Table 2.2. Loading efficiencies of ZnPc at various weight percentage with respect to the 

polymer. 

Wt % of ZnPc Diameter (nm) PDI Zeta Potential (mv) % loading 

0 92 ± 1 0.33 16.0 ± 3.5 0 

5 104 ± 7 0.36 3.8 ± 2.4 3 

10 101 ± 0.5 0.27 17.6 ± 0.5 8 

20 117 ± 10 0.25 9.0 ± 1.4 20 

30 120 ± 6 0.29 6.9 ± 3.3 20 

 

To synthesize the hybrid NPs, we used AuNPs stabilized with anionic ligand citrate. This 

allowed an effective binding between the positively charged NH2 groups of the polymeric ZnPc-

Poly-NPs and the negatively charged citrate groups of the AuNPs. The formation of these hybrid 

Au-ZnPc-Poly-NPs was evident from the DLS measurement. This measurement shows a change 

in value from positive to negative in the zeta potential of the polymeric NPs (Figure 2.5.). The 

addition of ZnPc-Poly-NPs to AuNPs did not cause any aggregation (Figure 2.4.).  

We modified the AuNP surface with CpG-ODN with a 5-modified –SH group23. We were 

able to load a high concentration of CpG-ODN on the AuNP surface as evident from the UV-Vis 

study (Figure 2.6.). CpG-ODN adsorption stabilized the hybrid NPs, and the steric repulsion of 

the NPs prevented flocculation as evidence by the decrease in size and PDI (Figure 2.5.). The 

negative zeta potential of Au-ZnPc-Poly-NPs decreased with formation of the CpG-ODN-Au-

ZnPc-Poly-NPs. TEM images are another evidence of formation of the hybrid NPs (Figure 2.7.).  
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Figure 2.4. Photographs of NP suspensions with no visible aggregation. 

 

 

Figure 2.5. Hydrodynamic diameter and zeta potential of the NPs by DLS measurements. 
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Figure 2.6. Characterization of hybrid NPs by UV-VIS spectroscopy 

 

Figure 2.7. TEM images of ZnPc-Poly-NPs, Au- ZnPc-Poly-NPs, and CpG-ODN-Au- ZnPc-

Poly-NPs. 
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In vitro stability of the hybrid NPs 

In vitro stability of NPs can be defined relative to changes in their hydrodynamic size and 

surface charge in response to changes in the sample environment. Their key physicochemical 

properties, nanoparticle size, surface zeta potential, and morphology determine their in vivo 

stability profiles. We checked the short-term stability of an aqueous suspension of CpG-ODN-

Au-ZnPc-Poly-NPs by storing it at 4 °C for 30 days and then evaluating the size distribution and 

zeta potential (Table 2.3.). The diameter of the hybrid NPs decreased. The mean size decreased 

from 186 nm to ~90 nm after 30 days and the surface charge changes from ~ -10 mV to -20 mV 

(Table2.3.).  

 

Table 2.3. Stability of CpG-ODN-Au-ZnPc-Poly-NPs by DLS measurements in nanopure water 

 Diameter (nm) PDI Zeta Potential (mV) 

Day 1 186.0 ± 4.5 0.53 ± 0.07 -10.6 ± 0.4 

Day 30 90.0 ± 0.4 0.42 ± 0.01 -20.5 ± 0.3 

 

In vitro phototoxicity on metastatic breast cancer cells 

The photodynamic activities of ZnPc-Poly-NPs, Au-ZnPc-Poly-NPs, and CpG-ODN-Au-

ZnPc-Poly-NPs were investigated againstthe 4T1 cell line using a 660 nm laser. Cells were 

incubated with all the constructs without illumination to serve as dark controls (Figure.2.8.). 

None of these constructs showed any phototoxicity in the dark. The induction of cell death was 

both light and ZnPc-dose dependent. Two hours after the incubations, cells were illuminated 

with a 660 nm LASER light for 5 min per well. The mortality of post-PDT cultures was 

determined after the MTT assay. A higher phototoxic effect was observed with CpG-ODN-Au-
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ZnPc-Poly-NPs (IC50; 2.8 nM) than the ZnPc-Poly-NPs (IC50; 15 nM), Au-ZnPc-Poly-NPs (IC50; 

6 nM) or free ZnPc (IC50; 317 nM). Control cells incubated with unconjugated AuNPs did not 

display any significant cell death after illumination. Thus, under these in vitro conditions we can 

exclude the possibility that photothermal activity of the AuNPs causes any case of cell death. 

Interestingly, the efficacy of free ZnPc was lower than that for hybrid NPs containing ZnPc in 

the polymeric core and CpG-ODN immobilized on the AuNP surface. This enhancement in 

photodynamic efficacy is likely a consequence of the synergistic effect between ZnPc and CpG-

ODN when delivered in a single construct. 

 

 

Figure 2.8. Cytotoxicity profiles in 4T1 cells in the dark (left) and after 5 min exposure with a 

660 nm Laser (right). 

 

Conclusions 

 In summary, a hybrid NP system that can be loaded with a photosensitizer and an 

immunoadjuvant for combination therapy was synthesized. The PLGA-b-PEG copolymer 
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functionalized with a terminal –NH2 group was used to yield a hydrophobic core for effective 

loading of a photosensitizer, ZnPc. The amine groups from the polymeric NPs, acting as anchors, 

were used to decorate the NP surface with anionic AuNPs and CpG-ODN-based 

immunoadjuvant was immobilized on the gold surface. Using 4T1 cells as a model for metastatic 

breast cancer, the phototoxicity of this hybrid NP containing CpG-ODN and the photosensitizer, 

ZnPc, is significantly higher than that of the free PS, PS alone in a NP, or a combination of the 

PS and the immunoadjuvant in their free forms. Several cytokines were involved in the PDT-

induced immune response after treatment with CpG-ODN-Au-ZnPc-Poly-NPs. When a mixture 

of CpG-ODN and ZnPc was used, no significant immune response was seen under similar 

conditions. These results indicate that the PDT-induced antitumor immune response and its 

further enhancement by using a synergistic immunoadjuvant in a suitably designed NP construct 

might play an important role in control of malignant diseases. These results support the concept 

that a rational choice of an immunostimulant can be an ideal addition to a PDT regimen if both 

the photosensitizer and the immunoadjuvant can be delivered using a single delivery vehicle. 

These results will play critical roles in building the knowledge required to design NPs to be used 

for photoimmunotherapy of metastatic cancers. 
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CHAPTER 3 

CHEMO-ANTI-INFLAMMATORY THERAPY FOR CANCER 

 

Introduction 

 Inflammation is closely related to tumorigenesis. Chronic inflammation plays an 

significant role in approximately 20% of human cancers1. The inflammatory genes and cytokines 

found in tumors contribute to tumor growth, progression, and immunosuppression. Moreover, 

deletion or inhibition of inflammatory cytokines prevents tumor development2 . Nuclear factor 

kappa B (NF-κB) is an one of the inflammatory genes that is a central regulator of the 

inflammatory response3. Activation of NF-κB promotes cell proliferation while down regulation 

presents the opposite effect; thus NF-κB is one of major factor in tumorigenesis4-7. 

Cis-diamminedichloridoplatinum(II), or cisplatin8, 9, is currently one of the most effective 

anticancer drugs available to treat a variety of solid tumors10. Despite the great success in 

treating cancer, the efficiency of cisplatin is compromised by its induction of numerous 

unpleasant side effects and acquired resistance to its effectiveness11-15. 

 Because of the limitations, use of anti-inflammatory drugs such as aspirin, ibuprofen, 

and naproxen, member of nonsteroidal anti-inflammatory drugs(NSAIDs), and curcumin can be 

an attractive addition to chemotherapeutic approaches due to their ostensive potential in cancer 

chemoprevention16.  

The primary target of NSAIDs is cyclooxygenase (COX) isoforms, COX-1 and COX-2, 

which catalyze the rate-limiting step in the formation of prostaglandins (PGs). PGs are a group of 
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lipid molecules derived from arachidonic acid and play a key role in generating inflammatory 

responses. The inducible isoform COX-2 and its products, especially PGE2, are involved in 

inflammatory responses, inhibition of apoptosis, and induction of resistance. Acetylsalicylic acid, 

or aspirin, which is known to inhibit COX-1 and COX-2 irreversibly through transesterification 

between acetylsalicylic acid and the Ser-530/516 residue of COX17, 18, also has the potential to 

reduce the severity of cisplatin-induced side effects related to hearing, balance, and the 

kidneys19. Aspirin and its metabolite salicylate induce several anti-inflammatory cytokines to 

reduce inflammation20-22. 

Curcumin, a major component of the spice, turmeric, is a nontoxic compound that 

exhibits anti-cancer, anti-inflammatory, and anti-oxidative properties. Specifically, it plays a 

critical role in controlling the NF-κB signaling pathway by inhibiting phosphorylation of the 

inhibitor of kappa B, thus causing down regulation of NF-κB23, 24. Curcumin is also a scavenger 

of free-radical oxidants via H-atom donation and electron transfer, thus exerting an anti-

oxidative property25. Although it exhibits multiple functions, its efficacy in preclinical and 

clinical studies is limited because of its poor water solubility and of its low bioavailability that is 

a result of its short biological half-life26. To circumvent these problems, delivery vehicles can be 

used to deliver curcumin to the target rapidly and accurately. 

 The mitochondria of cancer cells have a higher negative transmembrane potential than 

normal cells27. Triphenyl phosphonium (TPP) cation is selectively taken up by mitochondria 

because of its positive charge and lipophilicity. Based on observation, TPP has been used as a 

targeting moiety for a delivery agent to mitochondria28. Surface modification of the FDA-

approved polymer, PLGA-b-PEG, with TPP cation is a promising method of delivering payloads 

into mitochondria. 
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 A combination of cisplatin and aspirin or curcumin can be an attractive strategy for 

managing cancer. Major obstacles in administering free-drug formulations include the definitive 

exposure to the targets of interest, individual pharmacokinetics, and biodistribution parameters. 

These factors are extremely difficult to control when drugs are individually administered. 

However, construction of a single prodrug containing a drug combination can potentially 

overcome these challenges. Thus, an alternative way to deliver a therapeutic combination of 

cisplatin and aspirin is to fabricate a platinum (IV) prodrug that can be reduced to give cisplatin 

and aspirin or curcumin. With these challenges in mind, we constructed a platinum (IV) prodrug, 

Platin-A, with the ability to release cisplatin and aspirin and Platin-C, that can be reduced to yield 

cisplatin and curcumin as part of their respective biological actions.  

 

Experimental 

Materials and Instrumentation 

All chemicals were received and used without further purification unless otherwise noted. 

Cisplatin was purchased from Strem Chemicals, Inc. Aspirin, N, N′-dicyclohexylcarbodiimide 

(DCC), and a hydrogen peroxide solution (30 wt.% in H2O), (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich. Interleukin (IL)-6, IL-

10, and tumor necrosis factor alpha (TNF-α) cytokines were tested using BD OptEIA mouse 

enzyme-linked immunosorbent assay (ELISA) kits. Ultra-pure lipopolysaccharide (LPS) was 

purchased from Invivogen, CA, USA.  An Alexa Fluor®  488 annexin V/dead cell apoptosis kit 

was purchased from Invitrogen. COX (ovine) inhibitor screening assay kit (Cayman Chemical 

Item Number 560101) was procured from Cayman chemical company Ann Arbor, Mi, USA. 

K2PtCl4, was purchased from Sigma Aldrich.  
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Distilled water was purified by passage through a Millipore Milli-Q Biocel water 

purification system (18.2 MΩ) containing a 0.22 μm filter. 1H and 13C spectra were recorded on 

400 MHz Varian NMR spectrometer and 195Pt NMR spectra were recorded on a 500 MHz 

Varian NMR spectrometer using K2PtCl4 as an external standard. Plate reader analyses were 

performed on a Bio-Tek Synergy HT microplate reader. Electrospray ionization mass 

spectrometry (ESI-MS) and high-resolution mass spectrometry (HRMS)-ESI were recorded on 

Perkin Elmer SCIEX API 1 Plus and Thermo Scientific ORBITRAP ELITE instruments, 

respectively. Matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF)-mass 

spectrometry (MS) were carried out on a Bruker Autoflex (TOF) mass spectrometer. FTIR 

spectra were collected on a Thermo-Nicolet 6700 spectrophotometer equipped with OMNIC 

software using samples prepared as pressed KBr pellets. High-performance liquid 

chromatography (HPLC) analyses were made on an Agilent 1200 series instrument equipped 

with a multi-wavelength UV-visible and a fluorescence detector. Transmission electron 

microscopy (TEM) images were taken in a FEI Tecnai 20 TEM microscope. Cells were counted 

using a Countess®  Automated Cell Counter procured from Invitrogen Life Technologies.  

Cell Lines and Cell Culture 

Human prostate cancer cell lines LNCaP, PC3, and DU145, human breast cancer cell line 

MCF-7, cisplatin resistant human ovarian cancer cell line A2780 CP70,  and RAW 264.7 

macrophages were procured from the American type culture collection (ATCC). DU145 cells 

were grown at 37 °C in 5% CO2 in Eagle’s Minimum Essential Medium (EMEM) supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. LNCaP, PC3, MCF-7, 

A2780 CP70 and RAW 264.7 cells were grown in Roswell Park Memorial Institute (RPMI) 1640 
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medium supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were passed every 3 

to 4 days and restarted from frozen stocks upon reaching pass number 20. 

Synthesis of Platin-A 

 Platin-A was synthesized by Dr. Rakesh K. Pathak. Synthesis details and 

characterizations can be found in Angew. Chem. Int. Ed., 2014, 53, 1963-1967. 

Synthesis of (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione 

(Curcumin)  

Acetyl acetone (1.026 mL, 10 mmol), vanillin (2.7 g, 20 mmol) , trimethyl borate (2.25 

mL, 20 mmol) and boron trioxide (0.662 g, 14 mmol) were dissolved in 80 mL of acetonitrile 

and heated to 65°C. Then, n-butylamine (0.411 mL, 4.15 mmol) was added slowly to the 

reaction mixture and stirred for 3 h. Next, 8 mL of acetic acid and 40 mL of ethyl acetate were 

added and stirred for 30 min. The reaction was then cooled to room temperature and 60 mL of 

10% acetic acid was added. Precipitate was filtered and recrystallized with ethanol. 40% yield 

(1.38g produced) 1H NMR (CDCl3, 400 MHz): δ ppm, 7.58 (d, 2H), 7.13 (d, 2H), 7.05 (s, 2H), 

6.94 (d, 2H), 6.48 (d, 2H), 5.80 (s, 1H), 3.95 (s, 6H).  13C NMR (CDCl3, 200 MHz): δ ppm 

183.24, 147.81, 146.75, 140.53, 127.66, 122.88, 121.76, 114.80, 109.61, 109.58, 55.98 

Synthesis of 5-(4-((1E,6E)-7-(4-hydroxy-3-methoxyphenyl)-3,5-dioxohepta-1,6-dien-1-yl)-2-

methoxyphenoxy)-5-oxopentanoic acid (Curcumin-glutaric acid)  

A solution of curcumin (2.010 g, 5.46 mmol) and DMAP (112 mg, 0.92 mmol) in 100 

mL tetrahydrofuran (THF) was prepared and  triethylamine (1.33 mL, 10.5 mmol) was added. 

Glutaric anhydride (685 mg, 6 mmol) in 5 mL of THF was added slowly drop wise into the 

reaction mixture. The reaction was refluxed overnight at 50°C and evaporated. The resulting 

residue was dissolved with 55 mL of ethyl acetate followed by 15 mL of 1M HCl and stirred for 
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10 min. The reaction was extracted with nanopure water 3 times, and the organic solvent was 

evaporated. A column was run for purification. 27% yield (0.71g produced) 1H NMR (CDCl3, 

400 MHz): δ ppm, 7.61 (q, 2H), 7.12 (q, 2H), 7.04 (d, 2H), 6.93 (q, 2H), 6.52 (q, 2H), 5.84 (d, 

1H), 3.97 (s, 3H), 3.87 (s, 3H), 2.71 (t, 2H), 2.57 (t, 2H), 2.11 (q, 2H).  13C NMR (CDCl3, 200 

MHz): δ ppm 203.58, 184.49, 181.78, 177.83, 170.74, 151.27, 147.97, 146.78, 141.13, 141.08, 

139.36, 134.11, 127.54, 123.17, 123.03, 120.96, 114.83, 111.36, 109.64, 101.51, 55.95, 55.87, 

32.89, 32.55, 19.90  

 

Synthesis of 5-(4-((1E,6E)-7-(4-hydroxy-3-methoxyphenyl)-3,5-dioxohepta-1,6-dien-1-yl)-2-

methoxyphenoxy)-5-oxopentanoic anhydride (Curcumin anhydride)  

A solution of 5-(4-((1E,6E)-7-(4-hydroxy-3-methoxyphenyl)-3,5-dioxohepta-1,6-dien-1-

yl)-2-methoxyphenoxy)-5-oxopentanoic acid (0.686 g, 1.42 mmol in dry CH2Cl2) was prepared 

and a solution of DCC (0.146 g, 0.71 mmol) in 3 mL of CH2Cl2 was added. The reaction mixture 

was stirred overnight at room temperature. The byproduct, dicyclohexylurea (DCU), was filtered 

off in a glass filter and washed with a small amount of CH2Cl2. The solvent was evaporated and 

the resulting residue was taken up in ethyl acetate. The residual DCU was removed by filtering 

the resulting suspension through a glass filter. The filtrate was evaporated to give anhydride. 

Yield 102% (0.694 g produced). 1H NMR (CDCl3, 400 MHz): δ ppm, 7.59 (m, 4H), 7.12 (m, 

4H), 7.07 (m, 4H), 6.92 (m, 4H), 6.50 (m, 4H), 5.83 (m, 4H), 3.93 (s, 6H), 3.87 (s, 6H), 2.71 (m, 

4H), 2.57 (m, 4H), 2.11 (m, 4H).  13C NMR (CDCl3, 200 MHz): δ ppm 203.58, 184.51, 183.02, 

181.76, 181.71, 171.15, 170.79, 170.55,  168.68, 151.21, 148.00, 146.81, 141.13, 139.93, 

139.33, 139.25, 134.14, 133.96, 124.23, 123.14, 123.01, 120.93, 114.85, 111.39, 109.67, 101.54, 

60.39, 55.94, 55.86, 33.96, 32.80, 32.53, 21.04, 19.50, 14.19   
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Synthesis of diaminodichloroplatinumdiol (c,c,t-[Pt(NH3)2Cl2(OH)2]) 

Hydrogen peroxide (30 wt%, 60 mL) was added drop wise to a round bottom flask 

containing cisplatin (1.0 g, 3.33 mmol). The reaction mixture was heated to 75 °C for 5 h. The 

bright yellow solution was kept at room temperature in the dark overnight to allow crystallization 

of the product. Yellow crystals were separated by filtration, washed with cold water and dried. 

Yield 50% (554 mg produced).  

Synthesis of 1-diaminodichloro[(5-{4-[(1E,6E)-7-(4-hydroxy-3-methoxyphenyl)-3,5-

dioxohepta-1,6-dien-1-yl]-2-methoxyphenoxy}-5-oxopentanoyl)oxy]platino 4-[(1E,6E)-7-(4-

hydroxy-3-methoxyphenyl)-3,5-dioxohepta-1,6-dien-1-yl]-2-methoxyphenyl pentanedioate 

(Pt(IV)(curcumin)2) 

A mixture of c,c,t-[Pt(NH3)2Cl2(OH)2] (47.8 mg, 0.142 mmol) and curcumin anhydride 

(673 mg, 0.711 mmol) in 30 mL dimethysulfoxide (DMSO) was stirred for 72 h at room 

temperature. The reaction mixture was cooled to 15 °C and DMSO was removed by 

concentrating with multiple diethyl ether washings. The crude product was suspended in 

acetonitrile and dimethylformamide (4:1 (v/v)) and precipitated with diethyl ether. This process 

was repeated three times. Finally the product was sonicated with CH2Cl2 to dissolve byproducts. 

Yield 21 % (38 mg). 1H NMR (DMSO6, 400 MHz): δ ppm, 9.71 (s, 2H), 7.62 (m, 4H), 7.33 (m, 

4H), 7.13 (q, 4H), 7.06 (d, 4H), 6.93 (q, 4H), 6.80 (q, 4H), 6.56 (broad, 2.23H), 3.84 (d, 12H), 

2.74 (t, 4H), 2.61 (t, 4H), 2.37 (q, 4H). 13C NMR (DMSO6, 200 MHz): δ ppm 200.83, 183.70, 

171.09, 151.58, 150.0, 148.45, 141.36, 134.19, 126.66, 125.1, 123.82, 121.93, 116.16, 112.55, 

111.88, 109.99, 56.45, 55.36, 39.97, 39.76, 39.55, 39.34, 32.55, 21.32, 20.48, 20.42. 

Synthesis of 4-[(diaminodichlorohydroxyplatino)oxy]-4-oxobutanoic acid (monosuccinato 

Pt(IV)) 
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A mixture of c,c,t-[Pt(NH3)2Cl2(OH)2] (250 mg, 0.748 mmol) and succinic anhydride (74.8 mg, 

0.748 mmol) were dissolved in 20 mL of DMSO and incubated overnight at room temperature. 

Once the reaction solution turns clear, solution was reduced by adding diethyl ether until the 

reaction solution is no long getting reduced. 5 mL of acetone was then added and vortexed to 

reduced solution to solidify. It was then centrifuged (6000 rpm, 10 min, 5°C) and lyophilized. 

70% yield (324 mg produced)  1H NMR (CDCl3, 400 MHz): δ ppm, 7.61 (q, 2H), 7.12 (q, 2H), 

7.04 (d, 2H), 6.93 (q, 2H), 6.52 (q, 2H), 5.84 (d, 1H), 3.97 (s, 3H), 3.87 (s, 3H), 2.71 (t, 2H), 

2.57 (t, 2H), 2.11 (q, 3H).   

Synthesis of 4-({diaminodichloro[(5-{4-[(1E,6E)-7-(4-hydroxy-3-methoxyphenyl)-3,5-

dioxohepta-1,6-dien-1-yl]-2-methoxyphenoxy}-5-oxopentanoyl)oxy]platino}oxy)-4-

oxobutanoic acid (Platin-C) 

Mixture of curcumin anhydride (808 mg, 0.847 mmol) and monosuccinato pt(IV) (183 mg, 0.423 

mmol) was dissolved in DMF and stirred at room temperature for 72 h. It was then filtered and 

rotovapped. Product was redissolved in acetonitrile and little volume of DMF. It was then 

reprecipitated with diethyl ether three times. Dichrolomethane was added to precipitant and 

sonicated three times to get rid of 5-(4-((1E,6E)-7-(4-hydroxy-3-methoxyphenyl)-3,5-

dioxohepta-1,6-dien-1-yl)-2-methoxyphenoxy)-5-oxopentanoic acid. It was then dissolved in 

acetone and centrifuged. Supernatant was reprecipitated with diethyl ether, centrifuged and 

lyophilized. 45% yield (172 mg produced) 1H NMR (DMSO6, 400 MHz): δ ppm, 7.62 (m, 4H), 

7.33 (m, 4H), 7.13 (q, 4H), 7.06 (d, 4H), 6.93 (q, 4H), 6.80 (q, 4H), 6.56 (broad, 2.23H), 3.84 (d, 

12H), 2.74 (t, 4H), 2.61 (t, 4H), 2.37 (q, 4H). Elemental analysis calculated (%) for 

C30H36Cl2N2O13Pt.H2O: C 39.31, H 4.18, N 3.06; found: C 39.19, H 4.20, N 2.95. 195Pt (DMSO-

d6, 107.6 MHz): δ PPM 1230.3. 
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Synthesis of PLGA-PEG-NH2 

PLGA-b-PEG-NH2 was synthesized by using an amide coupling reaction. NH2-PEG-NH2 

(1 g, 0.5 mmol), PLGA-COOH (0.975 g, 0.167 mmol), and 4-dimethylaminopyridine (20.3 mg, 

0.167 mmol) in 20 mL dry CH2Cl2 were stirred at 0C. DCC (103 mg, 0.5 mmol) in 3 mL dry 

CH2Cl2 was added drop wise to the solution. The solution was warmed to room temperature and 

stirred overnight. It was then filtered to remove the dicyclohexylurea byproduct, precipitated 

using a mixture of 50:50 methanol-diethyl ether, isolated via centrifugation (5000 rpm, 4 C, 10 

min), and lyophilized overnight. PLGA-b-PEG-NH2 was isolated as a white solid. 38% yield 

(498 mg produced). 1H NMR (CDCl3, 400 MHz): δ ppm, 5.24 (m, 35H), 4.81 (m, 70H), 3.68 (s, 

126H), 1.58 (m, 106H), 13C NMR (CDCl3, 200 MHz): δ ppm 169.41, 169.29, 166.42, 166.33, 

70.54, 69.17, 69.01, 60.80, 16.67, 16.63. 

Synthesis of PLGA-PEG-TPP 

(5-carboxypentyl)triphenylphosphonium (6-hexanoic TPP acid) (133mg, 0.294 mmol) 

and N-hydroxysuccinimide (NHS) (33.8mg, 0.294 mmol) were dissolved in 5 mL of CH2Cl2 and 

stirred at 0˚C. DCC (60 mg, 0.294 mmol) was dissolved in 1 mL of CH2Cl2, added drop wise 

into the reaction mixture and stirred overnight at room temperature. DCU was filtered off, and 

the solution was evaporated. It was then redissolved with 10 mL of CH2Cl2 and PLGA-PEG-NH2 

(471 mg, 0.0589 mmol) and triethylamine (Et3N) (8.3 µL) were added. The reaction was stirred 

overnight and reprecipitated with 10% methanol in diethyl ether 3 times and lyophilized. 59% 

yield (290 mg produced) 1H NMR (CDCl3, 400 MHz): δ ppm, 7.74 (m, 16H), 5.21 (m, 35H), 

4.83 (m, 63H), 3.64 (s, 122H), 1.57 (m, 103H) 13C NMR (CDCl3, 200 MHz): δ ppm 169.29, 

166.33, 133.76, 133.66, 133.56, 130.54, 130.42, 70.54, 69.00, 60.80, 16.67 

 



 

54 

Nanoparticle Formation  

PLGA-b-PEG-NH2 or PLGA-b-PEG-TPP (50 mg mL-1) and Platin-C (10 mg mL-1) were 

dissolved in DMF.  Solution containing different ratio of Platin-C and 5 mg mL-1 of polymer 

were added drop wise into water with constant stirring at room temperature for 2 h. It was 

washed 3 times with nanopure water with Amicon ultracentrifugation filtration membranes with 

a molecular weight cutoff of 100 kDa (3000 rpm, 4°C). NPs were suspended in 1 mL of water. 

The (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT Assay and 

Data Analysis 

The cytotoxic behaviors were evaluated using the MTT assay against PC3, DU145, 

LNCaP, MCF-7, A2780 CP70 and RAW 264.7 cells. Cells (2000 cells/well for PC3, and DU145 

cells; 10000 cells/well for LNCaP and RAW 264.7) were seeded on a 96-well plate in 100 μL of 

desired medium and incubated for 24 h. The cells were treated with different constructs at 

varying concentrations and incubated for 72 h at 37 °C except for RAW 264.7 macrophages. An 

incubation time period of 24 h was used for the macrophages. The cells were then treated with 20 

μL of MTT (5 mg/mL in PBS) for 5 h. The medium was removed, the cells were lysed with 100 

μL of DMSO, and the absorbance of the purple formazan was recorded at 550 nm using a Bio-

Tek Synergy HT microplate reader. Each well was performed in triplicate. Cytotoxicity was 

expressed as a mean percentage increase relative to the unexposed control ± SD. Control values 

were set at 0% cytotoxicity or 100% cell viability. Cytotoxicity data (where appropriate) was 

fitted to a sigmoidal curve and a three parameters logistic model used to calculate the IC50, which 

is the concentration of chemotherapeutics causing 50% inhibition in comparison with untreated 

controls. The mean IC50 is the concentration of agent that reduces cell growth by 50% under 

experimental conditions and is the average of at least four independent measurements that were 
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reproducible and statistically significant. The IC50 values were reported at ±95% confidence 

intervals. This analysis was performed with GraphPad Prism (San Diego, U.S.A). 

In Vitro COX Inhibition Assay  

An enzyme immunoassay (EIA) kit from Cayman Chemicals (catalogue number 560101) 

was used to assess the ability of Platin-A to inhibit ovine COX-1 and COX-2. The COX 

inhibition assay was performed as prescribed by the manufacturer’s protocol. All stock solutions 

were prepared according to the manufacturer’s instructions. This inhibition assay was performed 

by using a two-step process: COX reaction and EIA. The COX reaction involved preparation of 

the following samples.  

(i) Background samples: COX-1 and COX-2 were inactivated by transferring 20 µL of each 

enzyme to an eppendorf tube and placing the tube in boiling water for 3 min. After inactivation, 

970 µL of reaction buffer, 10 µL of heme, and 10 µL of inactive COX-1 or inactive COX-2 were 

added to the test tube.  

(ii) COX-1 or COX-2 100% initial activity samples: 950 µL of reaction buffer, 10 µL of heme, 

10 µL of COX-1 or COX-2, and 20 µL of reaction buffer were added to each test tube.  

(iii) COX-1 or COX-2 inhibitor samples: 950 µL of reaction buffer, 10 µL of heme, 10 µL of 

COX-1 or COX-2 and 20 µL of the COX-1 and COX-2 inhibitors under investigation, and 

aspirin and Platin-A of different concentrations (0.25, 0.5, 0.75, 1, and 1.5 mM for COX-1; 0.75, 

1, 1.25, 1.5, and 2 mM for COX-2) were added to each test tube.  

All the samples were incubated for 5 min in a water bath at 37 C. Reactions were initiated by 

adding 10 µL of arachidonic acid to all samples. These samples were vortexed and incubated for 

another 2 min in a water bath at 37 C. 50 µL of 1 M HCl was added to each test tube to stop 

enzyme catalysis. The test tubes were removed from the water baths and 100 µL of saturated 
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stannous chloride solution was added to each test tube. This mixture was then vortexed. These 

samples were incubated for 5 min at room temperature. Background samples were diluted to 

1:100 times, and the COX 100% initial activity and COX inhibitor samples were diluted to 

1:2000 times. 

For EIA, 100 µL of EIA buffer was added to non-specific binding wells and 50 µL of EIA buffer 

to maximum binding wells. 50 µL of PG screening standard was added to each standard well. 50 

µL of background samples were added to the background sample wells. 50 µL of COX 100% 

initial activity samples were added to the specific wells. 50 µL of COX inhibitor samples and 

aspirin and Platin-A samples were added to the specific wells. 50 µL of PG screening 

acetylcholinesterase (AChE) tracer was added to all the wells except to the total activity and 

blank wells. 50 µL of PG screening EIA antiserum was added to all wells, except to the total 

activity, non-specific binding, and the blank wells. EIA plate was covered with plastic film and 

incubated for 18 h at room temperature on an orbital shaker. Wells were emptied and rinsed 5 

times with a wash buffer. Ellman’s reagent (200 µL) was added to each well followed by the 

addition of 5 µL of tracer to the total activity well. The EIA plate was again covered with plastic 

film and then incubated for 1 h at room temperature on an orbital shaker in the dark. Absorbance 

was recorded at a wavelength of 410 nm by using a plate reader. 

 

Results and Discussions 

In vitro cytotoxicity on prostate cancer cells 

High expressions of COX-2 are found in various cancers; however, contradictory results 

exist for PCa cell lines as well as for tissue.29 Therefore, we tested the anti-proliferative 

properties of Platin-A on androgen-unresponsive PC3 and DU145 PCa cells that differ in their 
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malignant potentials. Platin-A demonstrated an IC50 value comparable to that of cisplatin alone 

and to an equimolar mixture of cisplatin and aspirin in PC3 cells (Figure 3.1., Table 3.1.). 

Similar trends were observed in DU145 for Platin-A and cisplatin (Figure 3.1., Table 3.1.). 

Platin-A exhibited a slightly higher IC50 value than an equimolar mixture of cisplatin and aspirin 

in DU145. However, in LNCaP cells, Platin-A was more active than in an equimolar mixture of 

cisplatin and aspirin. In general, Pt(IV) compounds are less cytotoxic compared with their active 

Pt(II) form. Comparable cytotoxicities of Platin-A, a Pt(IV) prodrug, with cisplatin demonstrated 

its unique anti-proliferative potency in PCa cells.  

 

 

Figure. 3.1. Cytotoxic profiles of Platin-A, cisplatin, and an equimolar mixture of cisplatin and 

aspirin in PCa cell lines. 

 

Table 3.1. Comparison of IC50 values of cisplatin, an equimolar mixture of cisplatin and aspirin, 

and Platin-A in different PCa cells. 

IC50 (μM) Platin-A Cisplatin Cisplatin + Aspirin 

PC3 15± 5 14 ± 4 14 ± 6 

DU145 8 ± 3 5 ± 2 4 ± 1 
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In vitro COX inhibitory properties of Platin-A 

In vitro COX inhibitory properties of Platin-A were studied using an enzyme immunoassay 

(EIA). Platin-A showed a similar inhibition of both COX-1 and COX-2 as shown by aspirin in a 

concentration independent manner (Figure 3.2.). Aspirin is known to be more potent than 

salicylate as an inhibitor of COX-1 or COX-230. These remarkable COX inhibitory properties of 

Platin-A indicated its potential in reducing tumor-associated inflammation. 

 

 

Figure 3.2. Inhibition of ovine COX-1 and COX-2 by Platin-A. 

 

Limitations of Platin-A 

 Platin-A displays similar anti-cancer effect to cisplatin on different prostate cancer cell 

lines. Also, it reduces the inflammation by down-regulating COX-2 level, proinflammatory 

cytokines, IL-6 and TNF-α, and up-regulating anti-inflammatory cytokine, IL-10. With 

significant properties of Platin-A, assumption is made that encapsulation of compound into 

polymeric NPs would further enhance its properties. However, because of its water solubility, 

encapsulation efficiency was low to encapsulate in NPs. Therefore, use of different anti-

inflammatory compound with cisplatin was investigated.  
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Synthesis and Chacterization of Pt(IV)(curcumin)2 

In Pt(IV)(curcumin)2, curcumin moiety was introduced to cisplatin by a reaction of c,c,t-

[Pt(NH3)2Cl2(OH)2] with curcumin anhydride. Figure 3.3. represents a schematic diagram of the 

synthesis of Pt(IV)(curcumin)2.  

 

 

Figure 3.3. Schematic diagram of synthesis of Pt(IV)(curcumin)2. 

 

Pt(IV)(curcumin)2 was characterized by using 1H NMR, 13C NMR, and 195Pt NMR. 

Analytical instruments, high resolution mass spectrometry (HRMS) and high performance liquid 

chromatography (HPLC) were also used to verify the dicurcumino Pt(IV). Characterizations of 

Pt(IV)(curcumin)2  are shown in figure 3.4., figure 3.5, figure 3.6, figure 3.7, figure 3.8, and 

figure 3.9. Presents of 1H NMR peak at 6.5, NH3 peak, shows an attachment on both hydroxyl 

group from dihydroxy Pt(IV). Also, isotopic pattern from HRMS and single peak at HPLC 
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represents Pt(IV)(curcumin)2. However, there are two peaks shown on 195Pt NMR, 

monocurcumino Pt(IV) and Pt(IV)(curcumin)2. 

 

 

Figure 3.4 1H NMR, 13C NMR of Pt(IV)(curcumin)2 in DMSO-d6. 
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Figure 3.5. Full and extended spectrum of 2D NMR of Pt(IV)(curcumin)2 in DMSO-d6. 
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Figure 3.6. Full spectrum (top) and positive spectrum (bottom) 195Pt NMR of Pt(IV)(curcumin)2  

in DMSO-d6. 
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Figure 3.7. Positive ion ESI-HRMS spectrum of Pt(IV)(curcumin)2. 
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Figure 3.8. Observed (top) and calculated (bottom) isotopic peak pattern analysis of Positive ion 

ESI-HRMS spectrum of Pt(IV)(curcumin)2. 
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 Figure 3.9. HPLC analysis of Pt(IV)(curcumin)2 and curcumin. 
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Drawback of Pt(IV)(curcumin)2 

Pt(IV)(curcumin)2 has a major problem of having both mono- and di-curcumin products. 

Increasing the reaction time, equivalent ratio, and decreasing the volume of solvent were not able 

to solve the problem. Moreover, owing to the similarities in solubilities between mono- and di-

curcumin products, it was difficult to purify the desired product, hence the design strategy was 

modified to synthesize Platin-C.  

 

Synthesis of Platin-C 

In Platin-C, curcumin moiety was introduced to cisplatin by a reaction of monosuccinato 

Pt(IV) with curcumin anhydride. Figure 3.10. represents a schematic diagram of the synthesis of 

Platin-C. Platin-C was characterized using several spectroscopic and analytical techniques 

(figure 3.11-15). Like dicurcumino Pt(IV), Peak at 6.5 represents curcumin and succinic acid 

conjugation to cisplatin and unlike dicurcumino Pt(IV), 195Pt NMR expresses only one peak at 

postivie spectrum which shows only one product . Also, isotopic pattern from HRMS and single 

peak at HPLC confirms it. Additionally, elemental analysis represents similar carbon, hydrogen, 

and nitrogen percent of Platin-C. 

 

 

Figure 3.10. Schematic diagram of synthesis of Platin-C  
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Figure 3.11 1H NMR, 13C NMR of Platin-C in DMSO-d6. 
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Figure 3.12. Full spectrum (top) and positive spectrum (bottom) 195Pt NMR of Platin-C in 

DMSO-d6 
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Figure 3.13. Positive ion ESI-HRMS spectrum of Platin-C. 
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Figure 3.14. Observed (top) and calculated (bottom) isotopic peak pattern analysis of Positive 

ion ESI-HRMS spectrum of Platin-C. 

 

Figure 3.15. HPLC analysis of Platin-C and curcumin. 
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Synthesis of Polymer and Characterization of NPs 

PLGA and PEG are both FDA-approved polymers, but have different properties- PLGA 

is hydrophobic, but PEG is hydrophilic. PLGA with carboxylic acid functionality (PLGA-

COOH) and PEG with diamine (NH2-PEG-NH2) were conjugated via DMAP/DCC coupling as a 

non-targeted polymer.  Further, PLGA-PEG-NH2 was conjugated with (5-

carboxypentyl)triphenylphosphonium via NHS/DCC coupling to place the targeting moiety, 

TPP, on the surface of the polymers. NT and T NPs were made by the nanoprecipitation method, 

self-assembly of NPs by hydrophilicity of a polymer. Polymers and Platin-C were dissolved in a 

water miscible solvent, DMF, and added drop wise into an aqueous solution to form self-

assembled NPs. Because of the hydrophobic property of Platin-C, it embedded in the core of the 

NPs with PLGA, but PEG which is hydrophilic stretches out on the surface of NPs to increase 

the circulation period. Figure 3.16. represents a schematic diagram of the synthesis of polymers 

and the formation of NPs. Figure 3.17. represents 1H and 13C NMR of T polymers and figure 

3.18. shows GPC of different polymers and its molecular weights (Table 3.2.). 
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Figure 3.16. Schematic diagram of synthesis of non targeted and targeted Polymers and 

Formation of NPs. 
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Figure 3.17. 1H and 13C NMR of PLGA-PEG-TPP (Targeted polymer). 
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Figure 3.18. GPC of different Polymers. 

 

Table 3.2. Comparison of molecular weights of PLGA-COOH, PLGA-b-PEG-NH2, and PLGA-

b-PEG-TPP as determined from gel permeation chromatographic (GPC) with THF 

Molecular Weight PLGA-COOH PLGA-b-PEG-NH2 PLGA- b-PEG-TPP 

Mw 8,227 g/mol 16,644 g/mol 16,905 g/mol 

Mn 4,849 g/mol 11,574 g/mol 13,183 g/mol 

PDI 1.69 1.44 1.28 

 

Hydrodynamic diameter, zeta potential, and PDI were measured by DLS. To optimize the 

size and loading, multiple NPs were prepared by varying the weight percentage of Platin-C to 

polymer (%w/w) which represents in figure 3.19. The presence of a yellow color without 

precipitation in an aqueous solution implies that Platin-C embedded in NPs that confirmed the 

formation of NPs. Size of NPs were constant at 40 nm until 20% feed for both NT and T NPs. 
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After, size were started to increase. 40% and 50% of T NPs were not tested since it was not able 

to filter it with 0.2 µm syringe filter due to the size of the NPs so that it yields clear aqueous 

solution after filteration. Zeta potential for all NPs were positive that confirms that PEG which is 

conjugated to TPP moiety and NH2 stretches out. Both NT and T empty NPs were showing zeta 

potential of 50 mV which dropped down to around 25 nm once Platin-C was encapsulated. 

Percent loading efficiency (% Loading), Platin-C in NPs/ total polymer*100 and percent 

encapsulation efficiency (% EE), Platin-C in NPs/total Platin-C in formulation*100 were 

calculated to discover the optimum NP formulation, showing best % EE and % loading. In both 

NT and T NPs, 20% Platin-C formulation exhibited the best % loading and % EE, 5.6% and 

28.0% for NT and 6.5% and 32.4% respectively. After the characterization of NPs, 20% Platin-C 

formulation was used for in vitro studies on both NT and T NPs. Figure 3.20. represents the % 

loading and % EE of NT and T NPs and figure 3.21 shows TEM image of Platin-C encapsulated 

NT and T NPs. 
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Figure. 3.19. Diameter and Zeta Potential of Different Weight Percentage of Platin-C NPs. 

 

Figure 3.20. % Loading Efficiency and % Encapsulation Efficiency of NPs. 
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Figure 3.21. TEM of 20% Platin-C NT (left) and T (right) NPs. 

 

In vitro cytotoxicity on different cells 

We tested the anti-proliferative properties of Platin-C on different cancer cell lines, 

A2780/CP70, MCF-7, and DU145. Platin-C demonstrated an IC50 value higher to that of 

cisplatin, curcumin alone, and to an equimolar mixture of cisplatin and curcumin (Figure 3.22., 

Table 3.3.). Similar trends were observed in DU145 and LNCaP cells for Platin-C and cisplatin 

(Figure 3.22., Table 3.3.). However, once it is encapsulated into NPs, IC50 values were slightly 

higher or comparable to cisplatin, curcumin alone. In general, Pt(IV) compounds are less 

cytotoxic compared with their active Pt(II) form since it is kinetically inert than Pt(II) 

compounds31. Comparable cytotoxicities of Platin-C NPs, demonstrated its unique anti-

proliferative potency in cancer cells.  
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Figure. 3.22. Cytotoxic profiles of Platin-C NPs, free form of Platin-C, cisplatin, curcumin and 

an equimolar mixture of cisplatin and curcumin in A2780/CP70(top left), MCF-7(top right), and 

DU145(bottom) cell lines. 
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Table 3.3. Comparison of IC50 values of Platin-C NPs, free form of Platin-C, cisplatin, curcumin 

and an equimolar mixture of cisplatin and curcumin in A2780 CP70(top left), MCF-7(top right), 

and DU145(bottom) cell lines. 

IC50 (μM) Cisplatin Curcumin Cisplatin + 

Curcumin 

Platin-C Platin-C 

NT NP 

Platin-C 

T NP 

A2780/CP70 4.2 5.8 1.9    9.5   

MCF-7 4.7 11.2 3.6   15.1   

DU145 9.3 2.9 1.9   21.8 8.7 6.6 

 

Conclusions 

 In summary, the unique chemo-anti-inflammatory molecule Platin-A, a prodrug for 

cisplatin and aspirin, was synthesized and characterized. A favorable reduction pattern of Platin-

A was observed with the release of the biologically active platinum (II) form with concurrent 

liberation of aspirin. Platin-A showed cytotoxicity profiles comparable to cisplatin and 

demonstrated unique apoptosis-inducing potency in PCa cells. This work highlights the 

opportunities to uniquely combine NSAIDs, such as aspirin, with a cisplatin treatment regimen 

in the form of a single prodrug to increase efficiency and reduce side effects such as the 

ototoxicity of chemotherapy. Also, Platin-C, a prodrug of cisplatin and curcumin, was 

synthesized and characterized. Moreover, Platin-C was encapsulated with polymer PLGA-PEG-

TPP for T NPs and with PLGA-PEG-NH2 for NT NPs. These polymers provide a hydrophobic 

core for effective loading of Platin-C.  
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CHAPTER 4 

CONCLUSION AND OUTLOOK 

Conclusions  

This thesis has introduced and described a different approach toward combination 

therapy as a way to treat cancer with nanotechnology. Chapter 1 is a literature review on 

combination therapy; it introduces the advantages of combination therapy over conventional 

therapy. Nanotechnology used in medicine and its properties were explored to describe different 

delivery vehicles specifically biodegradable polymeric NPs. Furthermore, surface modification 

of delivery vehicles to overcome biological barriers was discussed. 

 Chapter 2 describes a combination of photodynamic therapy and immunotherapy. 

ZnPc, a photosensitizer, was encapsulated noncovalently in the NPs with CpG-ODN, an 

immunoadjuvant, on the surface of NPs.  Irradiation of ZnPc induced ROS to eradicate cancer 

cells and CpG-ODN activated DCs that communicate with cancer-specific antigens from cancer 

cells eradicated by ZnPc to stimulate the immune system. ZnPc and CpG-ODN in a single NP 

platform provided better phototoxicity and immune response than combining them in a free 

form. 

 Chapter 3 demonstrates chemo-anti-inflammatory therapy. Platin-A, a prodrug 

developed by Dr. Rakesh Pathak in our lab from aspirin, a common anti-inflammatroy drug and 

a chemotherapeutic cisplatin can cause cancer cell deaths and lower inflammation 

simultaneously. The cytotoxicity of Platin-A is comparable to that of a mixture of cisplatin and 

aspirin together. Also, it represents an anti-inflammatory property by in lowering the levels of 
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COX-2. Curcumin, an anti-inflammatory compound, was conjugated with cisplatin in a prodrug 

form, Platin-C.  

Future Work 

 This thesis has addressed different combination therapy methods to synergistically 

increase the efficacy of treating cancer through the use of nanotechnology.  

Further work on testing the different properties of Platin-C needs to be performed.  

 Photoimmunotherapy with ZnPc NPs with immunostimulant has shown potential to 

increase the immune response. The next step of this project would be to maximize the immune 

response by optimizing the system such as concentration or ratio between cisplatin and curcumin 

and furthermore, it would be tested in animal model. 

Final Remarks 

As combination therapy becomes an efficient strategy in the control of cancer, finding 

different method of combination therapy with biodegradable polymeric NPs will provide 

efficacious aids for cancer treatment. This thesis is a fundamental study in developing a method 

to remedy a deficiency in conventional therapy. The ability to target multiple actions can lead to 

improving current therapy practices. Moreover, easily modified polymeric NPs can create a 

method to ensure accumulation of drugs in more specific targets. Together, it can improve the 

performance on treating cancer efficiently. 


