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SUMMARY 

Breast cancer is the most commonly occurring cancer and the leading cause of cancer 

death in women worldwide. Despite decreasing breast cancer death rates in North America and 

Europe over the past two decades, partially as a result of significant advances in systemic 

chemotherapy, treatment of breast cancer still remains challenging. Conventional 

chemotherapy has major limitations such as the non-specificity of systemically administered 

chemotherapy drugs to cancerous cells leading to adverse side effects, formulation issues due 

mostly to poor solubility of the drug, and also the multidrug resistance of cancer cells to 

chemotherapeutic agents due to the abundant expression of P-glycoprotein efflux pumps. 

Targeted drug delivery approaches aim to overcome the limitations of conventional 

systemic chemotherapy by accumulating the anticancer drug in the disease site(s) while 

minimizing drug exposure at the off-target organs and tissues. Nano-sized carriers have been 

developed to take advantage of the ‘enhanced permeability and retention’ (EPR) effect of the 

leaky tumor vasculature to accumulate the drug in the tumor site, and hence enhance its 

anticancer efficacy. In addition to passive targeting strategies, active targeting strategies are 

also being developed, which involve attaching a ligand on nanocarriers that will specifically 

recognize and bind to receptors expressed on target cells, in order to further enhance 

selectivity and cellular uptake of anti-cancer agents.  

Our laboratory has been investigating biocompatible and biodegradable, sterically 

stabilized phospholipid micelles (SSM) as nano-sized drug delivery vehicles of water-insoluble 

anticancer agents for more than a decade. These self-assembled structures made of 

amphiphilic molecules efficiently solubilize poorly water-soluble anticancer agents inside their 
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hydrophobic core and provide protection with their hydrophilic polyethylene glycol (PEG) 

palisade. The latter reduces opsonization and uptake by the reticuloendothelial system, and 

thereby renders these micelles sterically stabilized. SSM can be targeted to the cancer tissue by 

passive and active targeting mechanisms. SSM can be actively targeted to the vasoactive 

intestinal peptide (VIP) receptors - previously shown to be overexpressed on breast cancer cells 

- by surface grafting SSM with VIP (SSM-VIP). Previous work from our laboratory has 

demonstrated that SSM-VIP promoted selective accumulation of cytotoxic drugs in breast 

cancer cells, and thereby improved their biodistribution and therapeutic index.  

Curcumin, a hydrophobic polyphenol derived from the tumeric spice, has been the focus 

of an extensive amount of research in recent years due to its vast array of pharmacological 

activities including cancer chemopreventive and chemotherapeutic activities. It has been shown 

to exert these anticancer activities by modulating a variety of molecular targets such as 

transcriptional factors, inflammatory cytokines, growth factors, receptors, kinases, other 

enzymes, and genes regulating cell proliferation and apoptosis in a variety of different cancers 

including breast cancer. Despite curcumin’s vast potential in cancer treatment, studies 

addressing pharmacokinetics of curcumin have revealed that the usefulness of curcumin was 

curtailed as a result of its poor bioavailability. In order to address this issue, a lipid-based 

nanomedicine of curcumin in SSM (C-SSM) was recently developed in our laboratory. The 

characterization studies demonstrated that curcumin’s solubility as well as stability in aqueous 

media in the form of the C-SSM nanomedicine was remarkably improved compared to free 

drug. In addition, this formulation was also shown to significantly amplify the cytotoxicity of 
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curcumin against MCF-7 human breast cancer cells, suggesting its potential for enhancing 

curcumin’s in vivo anticancer efficacy by circumventing its bioavailability problems. 

A new paradigm has emerged in recent years, revealing that cancers contain a small, 

therapy-resistant sub-population of cells – the cancer stem cells (CSCs) – displaying tissue-

specific stem cell properties, responsible for tumor initiation, propagation and regeneration. 

According to this cancer stem cell concept, only CSCs within the tumor possess the capacity to 

self-renew and to differentiate into the heterogeneous lineages of cancer cells that comprise 

the tumor. Moreover, these cells are intrinsically more resistant to therapy than other cancer 

cells, and hence survive and regenerate the tumor after treatment. Conventional therapies, on 

the other hand, have been designed to target the bulk of a tumor with the assumption that all 

cells within a cancer are equally tumorigenic. The cancer stem cell paradigm suggests that the 

relative failure of conventional breast cancer therapies, as revealed by the high percentage of 

patients experiencing relapses, is strongly related to the enrichment of CSCs after therapy. 

Therefore, it is of high importance to develop novel strategies to target the resistant CSCs for a 

relapse-free cure of the patient’s disease.  

Curcumin’s activity against the CSCs has been investigated in recent years. These studies 

have revealed the therapeutic potential of curcumin to target CSCs from a number of cancers 

including breast cancer, as a regulator of multiple self-renewal and differentiation pathways. 

However, the highly resistant disposition of CSCs necessitates novel targeted-delivery strategies 

promoting higher drug exposure to these cells. In this respect, nanomedicines that can be 

tailored to actively target these cells can overcome the challenge of drug delivery to CSCs.   
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SUMMARY 

The overall goal of this thesis project was to develop a safe and efficacious 

nanomedicine for the treatment of breast cancer that will target and eliminate the cancer stem 

cell population. For this purpose, we first evaluated the in vitro inhibitory effect of the C-SSM 

nanomedicine on the cancer stem cell population from MCF-7 human breast cancer cells. We 

hypothesized that delivering curcumin as the C-SSM nanomedicine would significantly improve 

its efficacy against breast CSCs compared to free curcumin. Next, to improve the anti-CSC 

activity of C-SSM even further, we aimed to integrate an active targeting strategy to this 

formulation. For this purpose, we first determined the level of VIP receptors on the cancer stem 

cell population of MCF-7 cells compared to the normal cancer cells in order to reveal a novel 

cellular target overexpressed on the surface of breast CSCs. We hypothesized that breast CSCs 

would express high levels of VIP receptors and therefore could be employed for active targeting 

of these cells. Lastly, we developed a novel formulation of curcumin in VIP-surface grafted SSM 

(C-SSM-VIP), and tested its ability to amplify the in vitro anti-CSC activity of C-SSM and free 

curcumin on MCF-7 breast cancer cells. We hypothesized that actively targeted delivery of 

curcumin as the C-SSM-VIP nanomedicine would further improve its efficacy to eliminate the 

resistant CSC population in breast cancer cells. 

 The putative breast CSCs were first identified as cells isolated based on a              

CD44+/CD24-/low immunophenotypical profile. Shortly after, cancer stem/progenitor cells were 

also found to be enriched in tumorspheres derived from breast cancer cells, owing to the 

unique ability of stem cells to grow and form spherical clusters in non-adherent culturing 

conditions. In order to evaluate the in vitro inhibitory effect of C-SSM to breast CSCs, we tested  



xvii 

 

SUMMARY 

its effect on the primary and secondary tumorsphere-forming ability, as well as on the 

CD44+/CD24-/low CSC population of the MCF-7 human breast cancer cell line. 

Samples of C-SSM and empty SSM were prepared by the film rehydration method and 

characterized for curcumin’s self-association with SSM through dynamic light scattering (DLS) 

and HPLC studies. The DLS data showed one single peak at around 15 nm for both formulations. 

Thereafter, MCF-7 cells were treated for 72 hours with 10 μM and 20 μM concentrations of C-

SSM or free curcumin, and empty SSM, DMSO or PBS control samples in adherent conditions. 

Treated cells were then detached and plated in ultra-low attachment plates. At the end of 7 

days of tumorsphere culture, sphere forming efficiencies and average sphere sizes were 

evaluated from the first passage (primary spheres) and after the second passage (secondary 

spheres) of tumorspheres. C-SSM was found to significantly suppress the primary tumorsphere 

formation in a dose-dependent manner, indicating its ability to eliminate the tumorsphere-

initiating breast CSCs. Moreover, 20 µM C-SSM inhibited the tumorsphere formation by 64% (P 

< 0.001), which was more than 2 times higher in comparison with free curcumin (P = 0.01). 

Furthermore, C-SSM was also found to impair the self-renewal and proliferative capacities of 

CSCs, as demonstrated by its efficacy to inhibit secondary tumorsphere formation (P < 0.05) and 

to reduce the size of both primary and secondary spheres (P < 0.05), respectively.  

For determining C-SSM’s effect on the CD44+/CD24-/low breast CSC population, MCF-7 

cells were treated for 72 hours with the treatment groups and treated cells were incubated 

with antibodies against human CD44 and CD24. The effect of the treatment groups on the 

percentage of surviving CD44+/CD24-/low cells, as well as on the internalization of curcumin by 
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the CSC and normal cancer cell populations were analyzed using flow cytometry. The C-SSM 

nanomedicine, at 10 µM and 20 µM concentrations, were found to result in a marked increase 

in the cellular uptake of curcumin compared to free drug in both normal cancer cell and cancer 

stem cell populations of the MCF-7 cell line (1.8-fold – 6.4-fold). In addition, 20 µM C-SSM 

reduced the percentage of the CD44+/CD24-/low CSCs by 56% (P < 0.05), while no significant 

change was observed with free curcumin.  

Next, a fluorescence-based ligand binding assay was conducted on MCF-7 cells to 

determine the level of VIP receptor expression on breast CSCs compared to the expression on 

normal breast cancer cells. MCF-7 cells were sorted using flow cytometry into CD44+/CD24-/low 

cancer stem cell and CD44+/CD24high normal cancer cell populations. The VIP receptors on the 

sorted cells were stained with fluorescence-labeled VIP and fluorescence from the slides was 

visualized under a confocal microscope. We demonstrated that the VIP receptors were 

overexpressed by approximately 3-fold in the CD44+/CD24-/low cancer stem cell population 

compared to the normal cancer cells of the MCF-7 cell line (P < 0.05).  

In order to develop a novel nanomicellar curcumin formulation actively targeted to 

breast CSCs, C-SSM was surface-grafted with VIP and characterized for particle size distribution 

and curcumin concentration. The DLS data showed a homogeneous species with a slight                                                 

increase in the mean particle size (~ 17 nm). Thereafter, a tumorsphere formation assay was 

employed to determine whether active targeting of VIP receptors with C-SSM-VIP further 

improved the inhibitory effect of curcumin on breast CSCs from MCF-7 cells. 5 µM C-SSM-VIP 

was found to enhance inhibition of tumorsphere formation by approximately 20% compared to 
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both C-SSM and free curcumin (P < 0.05). These data suggest the augmentation of the overall 

cellular uptake of curcumin, and hence its anti-CSC activity, by the receptor-mediated particle 

internalization. 

In this thesis, we were able to develop a novel strategy for targeting and eliminating 

breast cancer stem cells in a safe and efficacious way. We were able to demonstrate the 

benefits of the SSM nanomedicine as a delivery system for curcumin in improving its anti-

cancer stem cell activity. In addition, we were able to identify VIP receptors as a potential 

cellular target overexpressed on breast CSCs. Furthermore, we integrated an active targeting 

strategy to the C-SSM formulation and were able to demonstrate that the in vitro efficacy of 

curcumin to eliminate breast cancer stem cells as the C-SSM-VIP nanomedicine was significantly 

enhanced compared to both C-SSM nanomedicine and free curcumin.  

The successful completion of this project provides a first step to employ nanotechnology 

applications to actively target CSCs. This may eventually lead to safe and more effective 

therapies for breast cancer, as well as other types of cancers possessing a CSC population, with 

a potential to eliminate recurrence, and thereby increasing tumor remission and survival of 

patients. 
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I. INTRODUCTION 

A. BREAST CANCER 

Breast cancer is a malignant, uncontrolled growth of epithelial cells lining the ducts or 

lobules of breast tissue arising through a series of molecular mutations at the cellular level 

(Lippman, 2005). It is the most commonly occurring cancer and the leading cause of cancer 

death in females worldwide. In 2008 alone, 1.38 million new cases of breast cancer were 

diagnosed and 458,400 women died of breast cancer (Jemal et al., 2011).  

The causes of most breast cancer cases remain to be unknown. However, recent years 

have shown numerous advances in the identification of various risk factors including gender, 

environment, hormones, genetic factors, and lifestyle (Michaud et al., 2008). The incidence of 

breast cancer among women may increase with advancing age, late age at first birth (>= 30), 

the use of postmenopausal hormone replacement therapy, prior family history, higher dietary 

fat intake, obesity, and alcohol intake (Michaud et al., 2008). 

The current treatment of breast cancer often comprises treatment with surgery, 

radiotherapy, or both for local diseases, and treatment with cytotoxic chemotherapy, endocrine 

therapy, biologic therapy, or combinations of these for systemic diseases (Carlson et al., 2009). 

Identification of the disease stage and biologic features such as axillary node status and tumor 

hormone receptor content is required for selecting the optimum treatment among a variety of 

local and systemic therapies.   

 



2 
 

1. Current Cytotoxic Chemotherapies for Breast Cancer 

A series of laboratory and clinical studies during the 1960s and 1970s have tested the 

notion that breast cancer is a metastatic disease that cannot be cured with locoregional 

therapy alone. Findings from these investigations illustrated that high response rates and rapid 

onset of action could be achieved with systemic chemotherapy (Michaud et al., 2008; Kardinal 

et al., 2008). Numerous cytotoxic drugs have since been introduced as single agent-regimens or 

as combinations for the chemotherapeutic treatment of breast cancer. In general, these drugs 

target deregulated cell division cycle, a common attribute of cancer cells, and can be 

categorized as deoxyribonucleic acid (DNA)-damaging agents, antimitotics, and antimetabolites 

(Prendergast et al., 2007).  

DNA-damaging agents include platinum compounds and antitumor antibiotics. Platinum 

compounds such as cisplatin and carboplatin cross-link DNA strands leading to inhibition of 

DNA synthesis and transcription (Kardinal et al., 2008; Marsh et al., 2009). Antitumor antibiotics 

such as doxorubicin and epirubicin act by blocking topoisomerase II leading to disruption of 

DNA replication and transcription (Kardinal et al., 2008; Marsh et al., 2009). Antimitotic agents 

act on microtubules to inhibit cell division and include taxanes and vinorelbine. The taxanes 

[specifically paclitaxel (Taxol®, Bristol-Myers Squibb) and docetaxel (Taxotere®, Sanofi Aventis)] 

are the most active and constitute a relatively new class of chemotherapy agents with 

remarkable clinical activity (Kardinal et al., 2008; Michaud et al., 2008; Marsh et al., 2009).  

Vinorelbine is a semi-synthetic vinca alkaloid approved for use in patients with advanced breast 

cancer. Lastly, antimetabolites serve as substrates for major cellular enzymes due to their 

structural similarity to naturally occurring compounds required for cellular mechanisms. These 
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agents generally inhibit DNA synthesis by blocking purine and pyrimidine nucleoside synthesis 

pathways and include the 5-Fluorouracil analog, one of the most widely used 

chemotherapeutics, and gemcitabine, a prodrug of the cytotoxic triphosphate nucleotide 

metabolite.  

 

2. Limitations of Conventional Chemotherapy Approaches 

Despite decreasing breast cancer death rates in North America and Europe over the past 

two decades (largely as a result of early detection through mammography and improved 

treatment strategies) a significant proportion of patients with early stage breast cancer and 

almost all patients with metastatic disease experience relapse (Nicholson et al., 2005; 

Normanno et al., 2005). These treatment failures reveal the major limitations in systemic 

chemotherapy, mainly attributable to drug non-specificity, formulation limitations, and 

multidrug resistance.  

 

2.1. Lack of Drug Specificity 

The specificity and activity of current chemotherapy agents towards target disease sites 

are typically evaluated based on their ability to alter pathological cellular mechanisms. 

However, the selective accumulation of the drug in the target site (intracellular compartment, 

cell, organ or tissue) is usually overlooked when assessing the specificity of these drugs. 

Majority of cytotoxic anticancer drugs are systemically or orally administered small molecules. 

Upon administration, these drugs get rapidly distributed throughout the body including off-
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target healthy organs and tissues. In addition, as a result of this rather even distribution of the 

drug, large doses of drug have to be administered in order to reach a required therapeutic 

concentration at the target site, leading to narrow therapeutic index and severe side effects 

(Torchilin, 2010; Onyuksel et al., 2011).  

 

2.2. Formulation Limitations 

One of the major challenges of the pharmaceutical industry today is formulation 

problems, which was reported to be responsible for 12 percent of clinical failures in the year 

2000 for 10 large pharmaceutical companies (Kola et al., 2004). In fact, it is estimated that more 

than 40 percent of all newly discovered drugs are poorly soluble or insoluble in water and thus 

require special formulation techniques (Connors et al., 2004). One of the techniques to 

solubilize the hydrophobic anticancer drugs for their clinical administration is the use of 

adjuvants, which may itself cause severe hypersensitivity reactions and/or toxicity. One 

example for this is Taxol®, a paclitaxel formulation in Cremophor EL (polyoxyethylated castor 

oil) and alcohol. In addition to solubility issues, in vivo instability and rapid metabolism are 

other formulation-related limitations in cancer drug development. 

 

2.3. Multidrug Resistance 

A broad class of lipophilic chemotherapeutic agents such as vinorelbine, paclitaxel and 

doxorubicin are actively exported from cells by an adenosine-triphosphate (ATP-)-dependent 

efflux pump, known as multidrug transporter P-glycoprotein (Pgp) (Dean et al., 2005). Cancer 
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cells express high levels of these plasma membrane transporters serving to protect them from 

cytotoxic agents. As a result of this multidrug resistance, at least a portion of the cancer cells 

can survive chemotherapy and initiate as well as sustain tumor relapse. In breast cancer clinical 

trials, approximately 41 percent of breast tumors were reported to express Pgp and this 

expression was shown to increase after therapy (Gottesman et al., 2002). Moreover, a three-

fold reduction in response to chemotherapy was reported among tumors expressing Pgp after 

treatment (Szakacs et al., 2006).  

The limitations of conventional chemotherapeutic approaches listed above provide a 

clear indication for the need to develop new drug delivery and/or treatment approaches. 

 

3. Targeted Delivery in Cancer Therapy 

The development of new strategies that guide systemically administered anticancer 

drugs selectively to the target tumor site is necessary to minimize toxicity caused by these 

cytotoxic agents. In this respect, targeted drug delivery approaches aim to increase the 

therapeutic index by accumulating the drug in the disease site(s) while minimizing drug 

exposure at the other off-target organs and tissues, and thereby may overcome the limitations 

of systemic delivery of anticancer drugs. Targeted delivery systems generally comprise an 

anticancer agent, a pharmaceutical carrier (polymeric particles, liposomes, micelles, 

nanoemulsions, and many others) used to transport the drug cargo, and optionally a targeting 

moiety that will recognize the target site (Torchilin, 2010). Currently, numerous passive 

targeting and active targeting approaches are being investigated for drug delivery into a variety 

of tumors. 
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3.1. Passive Targeting 

It is now well established that all solid tumors share two features: 1) highly irregular 

tumor blood vessels and 2) a dysfunctional lymphatic drainage (Peer et al., 2007; Matsumura et 

al., 1986). The endothelial cells lining the blood vessels are loosely interconnected, resulting in 

a high permeability of the tumor vessels to large molecules and particles (10 – ∼500 nm in size) 

(Serpe, 2006; Torchilin, 2010). Hence, ‘passive’ drug delivery approaches for cancer therapy 

take advantage of this so-called ‘enhanced permeability and retention’ (EPR) effect of the leaky 

tumor vasculature to accumulate the nano-sized carriers (nanocarriers) inside the interstitial 

space. Moreover, the compromised lymphatic clearance in tumors also extends the retention of 

the nanocarriers inside the tumoral interstitium, where release of the encapsulated drug or its 

internalization by the cancer cells via endocytosis/phagocytosis takes place. As a result of this 

increased accumulation of the drug at the target disease site, passive delivery of 

chemotherapeutical agents can successfully enhance their anticancer efficacy. However, for 

most tumors outside the mononuclear phagocytes system, the usefulness of this type of 

targeting is limited to the circulation half-life of the nanocarrier in the blood due to its 

elimination by the macrophages (Koo et al., 2005b). Therefore, long-circulating, sterically 

stabilized carriers have been developed by coating the surface of the carriers with hydrophilic 

polymers such as poly(ethylene glycol) (PEG), poloxamines, poloxamers and polysaccharides in 

order to reduce the binding of plasma proteins as well as the recognition by phagocytes. For 

example Doxil®, a U.S. Food and Drug Administration (FDA)-approved PEG-coated liposomal 

formulation of doxorubicin, was shown to have a longer half-life (∼275 times), as well as 
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several-fold enhancement of the drug accumulation in the tumor compared to free doxorubicin 

(Gabizon, 2001). 

 

3.2. Active Targeting 

While passive targeting approaches are widely used in clinical therapy, active targeting 

strategies are currently being developed to achieve enhanced selectivity and drug uptake, as 

well as to prevent expelling of drugs from the cells in the case of multidrug resistance. These 

strategies involve the targeting of a ligand that can bind to a receptor overexpressed on the 

surface of tumor cells or tumor vasculature (Allen, 2002). The “ligand-targeted therapeutics” 

are classified according to their drug delivery approach. Antibodies (monoclonal antibodies or 

fragments) bind to, and thereby alter the activity of, receptors that indirectly regulate cancer 

cell proliferation such as trastuzumab (Herceptin®, Genentech) targeting the human epidermal 

growth factor receptor (EGFR) 2 (HER2) used for the therapy of certain breast cancers (Danhier 

et al., 2010). Another class of ligand-targeted therapeutics is immunoconjugates, which consist 

of a therapeutic molecule coupled to an antibody that localizes in tumors. 90Yttrium–

ibritumomab tiuxetan (Zevallin®, Spectrum Phamaceuticals) is a clinically approved 

radiotherapy antibody targeted to CD (a cluster of differentiation endothelial cell marker )-20  

(Danhier et al., 2010). Lastly, targeted nanocarriers feature a targeting ligand on the surface of 

a nano-sized drug delivery system carrying a cytotoxic drug (Koo et al., 2005b; Lammers et al., 

2008; Peer et al., 2007).  

 Antibodies in their native states or fragments, peptides, aptamers (short single-stranded 

DNA or ribonucleic acid oligonucleotides), vitamins, and carbohydrates have been explored as 



8 
 

targeting moieties for nanocarriers (Serpe, 2006; Lammers et al., 2008). Although current 

clinical evidence for the benefits of active targeting strategy is insufficient, preclinical data from 

animal studies over the past decade have shown promise. However, in these studies, significant 

enhancement in the anticancer efficacy was achieved only with carriers targeting internalizing 

receptors (Marcucci et al., 2004; Lammers et al., 2008; Kirpotin et al., 2006). This implies that 

the enhancement in efficacy is due to receptor-mediated endocytosis of the carrier, but not to 

its higher accumulation inside the tumoral interstitium. These findings have led to the 

development of drug delivery systems targeted to internalizing surface receptors, such as the 

folate receptor (Lee et al., 1994; Leamon et al., 2003), HER2 (Park et al., 2002), and vasoactive 

intestinal petide (VIP) receptors (Krishnadas, 2004; Koo et al., 2011; Onyuksel et al., 2009b). In 

addition to the targeting strategies based on receptor-mediated endocytosis, surface-

modification of the carriers with cell penetrating peptides and protein transduction domains 

such as TAT could also be utilized to achieve internalization into the cytosol without interacting 

with surface receptors (Peer et al., 2007; Marcucci et al., 2004; Torchilin et al., 2001). However, 

these peptides are not cell specific, and therefore may have limited application. 

 

3.3. Sterically Stabilized Phospholipid Micelles for Targeted Delivery 

Nanoparticulate pharmaceutical carriers are nanostructures typically made of one or 

several different materials, including natural or synthetic polymers and lipids. Rational design 

approaches over the years have led to the development of numerous nanocarriers such as 

polymeric nanosphere, nanoemulsions, dendrimers, nanocapsules, liposomes, and micelles 

(Torchilin, 2010).  In order to achieve a clinical success, nanovectors for anti-cancer therapy 
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should meet several goals: (1) simple and relatively inexpensive preparation, (2) a particle size 

preferably less than 200 nm (to take advantage of the EPR effect), (3) sufficiently high drug-

loading capacity, (4) biodegradability and biocompatibility, (5) longevity in circulation, and (6) 

selective accumulation at the target site (Torchilin, 2010).  

Sterically stabilized phospholipid micelles (SSM), nano-sized self-assembled complexes 

composed of the PEGylated phospholipid, distearoyl phosphatidylethanolamine-polyethylene 

glycol 2000 (DSPE-PEG2000; Figure 1), stand out as a highly promising nanovector as it was 

shown to meet the goals stated above. Phospholipids are amphiphilic molecules made up of a 

nonpolar hydrocarbon region and a polar phosphate headgroup. When added to aqueous 

media, the lipid molecules self-aggregate in a variety of structures depending on the specific 

characteristics of the molecule, in such a way that the unfavorable hydrophobic interactions are 

minimized. DSPE-PEG2000 molecules are conical in shape due to the Gaussian random coils of 

PEG anchored to the polar head group of the phospholipid, and therefore favor the formation 

of micelles in aqueous media above a certain lipid concentration known as the critical micelle 

concentration (CMC). Figure 2 depicts the formation of micelles from the aggregation of DSPE-

PEG2000 molecules in aqueous medium above the CMC. The relatively low CMC value of SSM in 

the range of 0.5 to 1.0 µM provides a high thermodynamic stability and negligible disruption of 

micelles upon dilution when administered into the body (Ashok et al., 2004). In addition, the 

hydrophilic PEG palisade on the micelle surface forms a protective layer by suppressing the 

adsorption of serum proteins such as opsonins and hence the recognition by the cells of the 

reticuloendothelial system, leading to steric stabilization and prolonged in vivo circulation of 

SSM (Torchilin et al., 1995). Moreover, DSPE-PEG2000 is a component of the FDA-approved 
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product, Doxil® (stealth liposomal doxorubicin, Janssen), and was demonstrated to be a 

biodegradable and biocompatible material safe for human use (Working et al., 1996). 

 

 

 

Figure 1.  The molecular structure of distearoylphosphatidylethanolamine conjugated to 
polyethylene glycol of molecular weight of 2000 Daltons. 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Illustration showing the formation of SSM from DSPE-PEG2000 phospholipids.  Figure 
depicts the dynamic equilibrium between the phospholipids in monomeric state and the 
formation of SSM above the critical micelle concentration (CMC). Adopted from (Thaqi, 2011). 

 

To date, numerous hydrophobic small molecules including the anticancer drugs such as 

paclitaxel, camptothecin and amphipathic peptides have been solubilized in SSM (Sezgin et al., 

2006; Krishnadas et al., 2003; Koo et al., 2005a; Onyuksel et al., 1999; Lim et al., 2011b). In 
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water, hydrophobic molecules preferentially migrate to the micelle core where they get 

solubilized, while hydrophilic molecules adsorb on the micelle surface, and amphiphilic 

molecules are generally dispersed along phospholipid molecules (Torchilin, 2010).  

Phospholipid micelles can be targeted to the cancer tissue by passive and/or active 

targeting mechanisms. SSM are approximately 15 nm in size, and hence suitable for passive 

targeting via the EPR effect. Moreover, the remarkably smaller size of micelles renders them 

superior over other nanocarriers such as liposomes, since the extent of penetration into the 

tumor interstitium has been shown to be strongly dependent on the vesicle size (Jain et al., 

2010). SSM can also be actively targeted to the tumor site by attaching specific ligands such as 

peptides to the distal end of their PEG chains (Onyuksel et al., 2009b; Krishnadas, 2004).    

 

3.4. Vasoactive Intestinal Peptide Receptors as Targets for Breast Cancer 

Chemotherapy 

Vasoactive intestinal peptide is an endogenous 28-amino acid mammalian neuropeptide 

that elicits a broad spectrum of biological functions related to reproduction, development, 

growth, immune responses, circadian rhythms, the modulation of neuronal and endocrine cells, 

tumors and diseases as well as the functions of digestive, respiratory, reproductive and 

cardiovascular systems (Laburthe et al., 2002; Laburthe et al., 2007). The amino acid sequence 

of VIP is given in Figure 3. VIP selectively binds to surface membrane receptors known as VPAC1 

and VPAC2 and PAC1, belonging to the large family of G-protein coupled receptors that have 

common central domains of seven transmembrane helices and a large N-terminal extracellular 

domain (Dickson et al., 2009). VIP was found to show a high affinity for VPAC1 and VPAC2 



12 
 

receptors and an affinity 1000 times lower for PAC1 receptor (half maximal inhibitory 

concentration, IC50 = 1000 nM) (Harmar et al., 1998). These receptors have been identified in a 

variety of human tissues including mammary gland, heart, lung, brain, kidney, pancreas, 

muscles, gastrointestinal tract, testis, and also immunocompetent cells (Usdin et al., 1994; 

Dickson et al., 2009). 

 

 

 

 

 

 

 

 

Figure 3. The amino acid sequence of vasoactive intestinal peptide. 

 

It has been demonstrated that VIP receptors are expressed at high densities in a variety 

of human tumors including breast, prostate, pancreas, colorectal, gastric, and liver carcinomas, 

and lymphomas (Reubi et al., 2000). In breast cancer, the overexpression of these receptors at 

the messenger ribonucleic acid (RNA) and/or protein levels and their coupling to cyclic 

adenosine monophosphate (cAMP) production have been reported in a number of human cell 

lines including MCF-7, MDA-MB-231, ZR-75-1, and T-47D as well as in tissues from human 

breast carcinomas (Gespach et al., 1988; Schulz et al., 2004; Garcia-Fernandez et al., 2005). 
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Moreover, Reubi et al. have reported that VIP receptors were present in 100% of the 68 

different human breast cancer tissue sections tested, with VPAC1 being the predominant 

subtype among the three receptors (Reubi et al., 2000). Previous studies in our laboratory also 

showed that the level of VIP receptor expression in human and rat breast cancer tissues were 

approximately 5 times higher than the level in normal breast tissues (Dagar et al., 2001b). Given 

these issues, VIP receptors stand out as attractive targets for diagnosis, prevention and 

treatment of breast cancer, specifically by receptor-targeted delivery of chemotherapeutic 

agents. 

Previously in our laboratory, human VIP was successfully grafted on the surfaces of SSM 

and sterically stabilized mixed micelles (composed of a 9:1 mixture of DSPE-PEG2000 and 

phosphatidylcholine) to develop novel drug delivery systems. We have tested these VIP-grafted 

phospolipid micelles (SSM-VIP) as nanocarriers for water-insoluble chemotherapeutic agents 

such as paclitaxel, 17-allylamino-17-demethoxy geldanamycin and camptothecin (Krishnadas, 

2004; Onyuksel et al., 2009b; Koo et al., 2011). In vivo biodistribution studies of paclitaxel-

loaded SSM-VIP formulation on MNU-induced breast cancer-bearing rats showed reduced drug 

accumulation in healthy tissues associated with toxicity, e.g. bone marrow, spleen and kidney, 

accompanied with a significantly increased accumulation of the drug at the tumor site after 30 

days of treatment with a 1mg/kg dose (Krishnadas, 2004). Moreover, tumor size was reduced 

by approximately 80% with paclitaxel-loaded SSM-VIP, compared to the 40% reduction 

observed with non-targeted micellar formulation of paclitaxel and to the 25% reduction with 

the commercial paclitaxel formulation Taxol® (Krishnadas, 2004). These findings indicate that 

drug-loaded SSM-VIP promotes selective accumulation of these nanocarriers in breast cancer 
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cells, first, through the EPR effect, followed by binding of VIP to its receptors on these cells. As a 

result, the biodistribution and therapeutic index of the anticancer drug is further improved 

through active targeting of SSM to VIP receptors.  

An advantage of VIP-surface grafted micelles over other ligand-targeted therapeutics is 

that VIP receptors are not expressed in the vascular endothelium (Reubi, 2003). Therefore, 

when VIP is associated with micelles, it only extravasates at the tumor site and cannot interact 

with healthy tissues, leading to reduced side effects. We have previously demonstrated in our 

laboratory that association of VIP (a potent vasodilator) with SSM eliminates the VIP-mediated 

decrease in the systemic arterial blood pressure of healthy mice (Onyuksel et al., 2011).  
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B. CURCUMIN 

Numerous epidemiological studies in the last few decades have shown the 

chemopreventive effect of naturally-occurring dietary compounds, which have been partly 

attributed to the high content of bioactive, non-nutrient phytochemicals commonly found in 

fruits, vegetables, grains, spices, and beverages (Block et al., 1992; Rafter, 2002). 

Phytochemicals were found to possess anti-oxidant, anti-proliferative, and pro-apoptotic 

effects against many cancers, such as leukemia, prostate, breast, colon, brain, melanoma, and 

pancreatic cancer (Chan et al., 2009). Among these compounds, curcumin, owing to its 

numerous therapeutic effects, has been the focus of an extensive amount of research.  

Curcumin is a hydrophobic polyphenol derived from the ancient Indian spice tumeric, 

the powdered rhizome of the herb Curcuma longa belonging to the ginger family (Aggarwal et 

al., 2007b). It has been used for generations in traditional Asian Indian medicine for the 

treatment of many disorders such as various respiratory conditions, wound-healing, 

inflammation, hepatic diseases, cough, sinusitis, and certain tumors (Goel et al., 2010; Lopez-

Lazaro, 2008). Numerous studies over the past fifty years have suggested that curcumin is 

effective for lowering blood cholesterol levels; inhibiting platelet aggregation and thrombosis; 

suppressing type II diabetes-related symptoms, rheumatoid arthritis, colitis, inflammatory 

bowel disease, multiple sclerosis, and Alzheimer’s disease; enhancing wound healing; inhibiting 

HIV replication, as well as preventing and treating certain types of cancer (Aggarwal et al., 

2007b).   
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1.  Chemistry and Pharmacology 

Curcumin (diferuloylmethane; see Figure 4) is an orange-yellow colored crystalline 

powder, hydrophobic in nature and soluble in dimethylsulfoxide (DMSO), ethanol, acetone, and 

oils (Aggarwal et al., 2007b). Its structure has been identified as 1,6-heptadiene-3,5- dione-1,7-

bis(4-hydroxy-3-methoxyphenyl)-(1E,6E) (Aggarwal et al., 2007b; Ravindran et al., 2009). This 

bis-α,β-unsaturated β-diketone structure exhibits keto-enol tautomerism. It has a pre-dominant 

keto form in acidic and neutral pH values and takes on an enol form at pH values above 7.0 

which is unstable and degraded to ferulic acid and feruloylmethane (Anand et al., 2008; 

Kunnumakkara et al., 2008). Curcumin has a molecular formula of C21H20O6, molecular weight of 

368.37 and a melting point of 183°C (Aggarwal et al., 2003).  

 

 

 

 

Figure 4. Chemical structure of curcumin. 

 

Natural and synthesized analogs of curcumin have been described previously (Anand et 

al., 2008). These analogs reveal that the hydroxyl groups of curcumin are essential for its 

antioxidant activity, whereas the methoxy groups are indispensable for its antiinflammatory 

and antiproliferative activities (Ravindran et al., 2009). Commercially available preparations of 
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curcumin typically contain approximately 77% diferuloylmethane, 18% demethoxycurcumin, 

and 5% bisdemethoxycurcumin (Aggarwal et al., 2007b; Anand et al., 2008). Phase I studies 

with these preparations have demonstrated that curcumin is innocuous when administered at 

oral doses of up to 8 g per day (Cheng et al., 2001; Sharma et al., 2004). However, animal 

studies over the past three decades addressing pharmacokinetics of curcumin have revealed its 

extremely poor systemic bioavailability. Limitations such as poor aqueous solubility, poor 

absorption from intestine, low tissue distribution, degradation in gastrointestinal tract at 

neutral and alkaline pH, rapid metabolism leading to a short half-life, and rapid systemic 

elimination have been reported as the reasons for its poor bioavailability (Anand et al., 2007; 

Bansal et al., 2011).  

Although the pharmacokinetic data in humans are inconclusive, a number of pilot and 

phase I clinical studies performed with curcumin have supported the findings in the preclinical 

models. In a study on healthy subjects, 2 g pure curcumin powder showed less than 10 ng/mL 

plasma curcumin 1 h postdose (Shoba et al., 1998). In a phase I clinical trial, oral doses of 4, 6, 

and 8 g curcumin daily for three months were administered to 25 patients with various 

precancerous lesions. The serum curcumin concentrations were detected as only 0.51, 0.63, 

and 1.77 µM, respectively (Cheng et al., 2001). Altogether, these studies have pointed out that 

the usefulness of curcumin may be curtailed as a result of its poor bioavailability.  

Curcumin has been shown to possess a broad array of pharmacological activities 

including enhancement of wound healing; neuroprotection; analgesic, anti-viral, anti-fungal and 

anti-bacterial effects; as well as anti-inflammatory, anti-oxidant, anti-mutagenic, anti-

metastatic, and anti-angiogenic activities (Aggarwal et al., 2007b). Numerous studies have 
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revealed that curcumin exerts these pharmacological activities by modulating a variety of 

molecular targets such as transcriptional factors, inflammatory cytokines, growth factors, 

receptors, kinases, other enzymes, and genes regulating cell proliferation and apoptosis, many 

of which are highly related to its cancer chemopreventive and chemotherapeutic activities 

(Aggarwal et al., 2007b). Up to now, as many as 33 proteins have been identified as direct 

targets of curcumin (Kunnumakkara et al., 2008). Given that multiple signaling pathways are 

involved in tumor formation and progression, curcumin, with its multi-targeting ability, has 

been suggested to possess a high therapeutic potential against cancer.  

To date, numerous in vitro and in vivo studies have demonstrated the chemopreventive 

and chemotherapeutic potential of curcumin in a variety of different cancers including breast, 

lung, ovarian, prostate and pancreatic cancers, gastrointestinal cancers, leukemia, lymphoma, 

and many more (Anand et al., 2008; Lopez-Lazaro, 2008). Moreover, curcumin’s biological 

activity against pancreatic cancer was recently confirmed in a phase II clinical trial (Dhillon et 

al., 2008). In this study, 25 patients with pancreatic cancer were given oral curcuminoids 8 g 

daily for up to 18 months, which was tolerated without toxicity. Despite its poor bioavailability 

(circulating curcumin levels peaked at 22 to 41 ng/mL), curcumin was shown to elicit biological 

activity in two patients, accompanied by increases in serum cytokine levels and down-regulated 

expression of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and 

cyclooxygenase-2 (Dhillon et al., 2008). 
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2. Chemotherapeutic Potential of Curcumin in Breast Cancer 

The anti-carcinogenic activity of curcumin in breast cancer has been reported in several 

studies (Kim et al., 2008; Ramachandran et al., 1999; Bachmeier et al., 2007; Aggarwal et al., 

2005). A wide variety of mechanisms have been implicated for the anticancer activity of 

curcumin, including inhibition of mutagenicity, inhibition of proliferation, induction of 

apoptosis, generation of reactive oxygen species, and inhibition or suppression of different 

survival pathways, transcription factors such as NF-κB and activator protein-1, cell-cycle related 

proteins, and certain oncogenes. In addition, curcumin has also been shown to suppress 

inflammation, chromosomal damage, Pgp activity, angiogenesis, telomerase activity, and 

metastasis (Aggarwal et al., 2003; Kunnumakkara et al., 2008; Anand et al., 2008). 

In a preclinical study on human breast cancer cells including hormone-dependent, 

hormone-independent, and multidrug-resistant cell lines, the antiproliferative effect of 

curcumin was shown to be time- as well as dose-dependent and correlated to the ability of 

curcumin to inhibit ornithine decarboxylase, an enzyme involved in polyamine synthesis which 

plays important roles in cell growth (Aggarwal et al., 2007a). Bachmeier et al. also evaluated the 

effect of curcumin in vitro on the human breast cancer cell line MDA-MB-231, as well as in vivo 

in a mouse metastasis model (Bachmeier et al., 2007). The in vitro study demonstrated that the 

apoptosis induced by curcumin was correlated with suppression of the survival pathway NF-κB. 

In addition, downregulation of major MMPs as a result of reduced activation of NF-κB by 

curcumin led to diminished invasion of MDA-MB-231 cells (Bachmeier et al., 2007). The in vivo 

study was performed on nude mice fed with a diet containing 1% curcumin after intercardiac 

inoculation of MDA-MB-231 cells. Thirty-five days after tumor implantation the animals were 
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sacrificed and the lung metastases were enumerated. Only 17% of the animals in the untreated 

group were found to have no or very few lung metastasis, while 68% of animals in the treated 

group were shown to be metastasis-free (Bachmeier et al., 2007). Aggarwal et al. also 

investigated the anti-metastatic effect of curcumin in mice (Aggarwal et al., 2005). In this study, 

primary human breast cancers were xenografted on nude mice and surgically removed after 58-

60 days of inoculation. Dietary curcumin (2%) was given to animals beginning from the fifth day 

to the end of fifth week after the removal of the primary tumor. As a result of the curcumin 

treatment, the incidence of breast cancer metastasis to the lung was shown to decrease 

significantly. Moreover, this decrease was found to correlate with the suppression of NF-κB and 

matrix metalloproteinase-9 expression. 

Overall, available experimental evidence suggest that curcumin has a vast potential for 

the chemotherapy of breast cancer. However, development of advanced drug delivery 

strategies that will overcome curcumin’s bioavailability issues is essential for the future clinical 

development of this promising natural agent.  

 

3. Nanoparticulate Formulations of Curcumin 

In the last two decades, various formulation approaches including oral, injectable and 

topical formulations have been investigated to enhance the chemical stability, systemic 

bioavailability, and antitumoral activities of curcumin. These formulations have employed 

numerous novel drug delivery systems including polymeric nanoparticles, nanoemulsions, 

liposomes, and micelles (Bansal et al., 2011). Partitioning or encapsulation of lipophilic 

curcumin into the hydrophobic core of amphiphilic polymers or phospholipids of nanocarriers 
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not only increases the accumulation at the disease site, but also provides protection against 

degradation. For instance, in an in vivo rat model, encapsulation of curcumin in poly(lactic-co-

glycolic acid) (PLGA) nanoparticles was shown to increase the bioavailability 26-fold as 

compared to oral curcumin suspension (Shaikh et al., 2009). In another study, encapsulation 

into PLGA polymeric nanospheres was found to improve the in vitro cytotoxic effects of 

curcumin on metastatic prostate cancer cell lines compared to free curcumin (Mukerjee et al., 

2009). Moreover, an active targeting strategy via conjugation of curcumin-loaded PLGA 

nanoparticles with an ovarian cancer-specific antibody was demonstrated to be feasible as a 

means of increasing specificity for and internalization into the cancer cells (Yallapu et al., 2010). 

Similarly, active targeting of curcumin to folic acid overexpressing cancer cells was evaluated in 

a folic acid-conjugated polymeric carrier, in which folic acid was attached to a cyclodextrin ring 

through a PEG spacer (Salmaso et al., 2007). Encapsulation of curcumin in these targeted 

carriers was shown to efficiently increase its solubility (~3200 times) and stability (~12 times), 

while improving its cytotoxicity on folic acid overexpressing human nasopharyngeal tumor cells. 

Furthermore, a liposomal system prepared from dimyristoyl-sn-glycero-3-phosphocholine was 

also investigated for the delivery of curcumin (Li et al., 2005).  In a xenograft murine model, this 

formulation was shown to inhibit the growth of tumors from BXPC3 and MiaPaCa2 cells when 

administered at 40 mg/kg for three times a week. The liposomal curcumin treatment on tumor-

bearing animals was also found to reduce the expression of angiogenic markers such as CD31 

and vascular endothelial growth factor, indicating the anti-angiogenic effect of curcumin (Li et 

al., 2005).  
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Novel nanotechnology-based formulations of curcumin are also found to be implicated 

in increasing the anticancer activity of a variety of chemotherapeutic agents. In an orthotopic 

pancreatic xenograft model in nude mice, the combination of gemcitabine plus polymeric 

micelle-encapsulated curcumin was found to improve the tumor growth inhibitory and 

antimetastatic effects compared to either single agent (Bisht et al., 2010).  

Taken together, these data reveal that the development of nanotechnology-based 

formulations for the delivery of curcumin is critical to circumvent its bioavailability problems 

and hence realize its full potential in the clinical arena. 

 

4. Curcumin-Loaded Sterically Stabilized Micelles 

Recently, a novel lipid-based nanomedicine of curcumin in sterically stabilized micelles 

prepared from DSPE-PEG2000 was developed in our laboratory (Thaqi, 2011). Curcumin was 

efficiently solubilized in 1 mM SSM at concentrations as high as 180 µg/mL, giving a unimodal 

size distribution with a mean particle size of ~15 nm as determined by Dynamic Light Scattering 

(DLS). In addition, when the lipid concentration was scaled-up to 10 mM, solubility of curcumin 

was increased 1.6x105 times compared to its solubility in aqueous media (~11 ng/ml) (Thaqi, 

2011; Barry et al., 2009). As illustrated in Figure 5, curcumin was proposed to reside in the 

hydrophobic core of the micelles. Stability studies indicated that curcumin in 1 mM SSM (C-

SSM) formulation remained stable in suspension for more than 10 days at room temperature. 

No degradation was detected for C-SSM for at least 8 hours, whereas 50% of free curcumin in 

phosphate buffer saline was found to decompose in the first 10 minutes, thus indicating the 

protective action of SSM against the influence of outside environment. Furthermore, an in vitro 
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cytotoxicity study on MCF-7 human breast cancer cell line showed that the anticancer activity 

of C-SSM formulation was significantly higher compared to free curcumin (IC50 14 μM vs. 26 

μM) which may be attributable to the protection of the drug in SSM, as well as efficient 

internalization of the drug-loaded micelles into cells (Thaqi, 2011). The latter was confirmed by 

the fluorescence microscopy images of MCF-7 cells, showing an approximately 3-fold increase 

in the uptake of curcumin after 48 hours of C-SSM treatment compared to free curcumin 

(Gulcur et al., 2011).  

These preliminary data suggest that C-SSM hold a vast potential for enhancing 

curcumin’s in vivo anticancer efficacy by overcoming its bioavailability issues through increased 

solubility and protection from degradation, leading to an increased circulation half life, and 

through increased accumulation of the drug at the target site. Moreover, C-SSM also possess all 

the advantages of sterically stabilized micelles over other delivery systems such as its (i) 

remarkably small size, (ii) ease of preparation, and (iii) FDA-approved biodegradable and 

biocompatible components. 

 

 

 

 

 

 

Figure 5.  A cross-sectional representation of the proposed interaction of curcumin within the 
sterically stabilized micelles [adopted from (Thaqi, 2011)]. It is suggested that while one end of 
curcumin molecules interacts with the polar head groups through hydrogen bonding, the other 
end gets inserted deeper into the hydrophobic core due to the hydrophobic interactions 
between curcumin and the acyl chains of the phospholipid. 
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C. CANCER STEM CELLS AND CLINICAL IMPLICATIONS 

Despite recent advances in breast cancer therapy and diagnosis, patients experience 

relapses in approximately 40% of all cases, accounting for more than 60% of breast cancer 

deaths, which underscores the relative failure of conventional chemotherapy and/or 

radiotherapy to provide a complete cure (Gerber et al., 2010; Widakowich et al., 2007). 

Conventional therapies have been designed to target the bulk of a tumor with the assumption 

that all cells within a cancer are equally tumorigenic. However, evidence is accumulating that 

each tumor contains a small, therapy-resistant sub-population of cells – the cancer stem cells 

(CSCs) – displaying tissue-specific stem cell properties, responsible for tumor initiation, 

propagation and regeneration.  

The cancer stem cell (CSC) model of tumor propagation postulates that many cancers 

are hierarchically arranged, with CSCs, also referred to as the tumor-initiating cells, lying at the 

apex of the hierarchy (Velasco-Velazquez et al., 2011a).  According to this model, only CSCs 

within the tumor possess the capacity to self-renew and to differentiate into the 

heterogeneous lineages of cancer cells that comprise the tumor (Figure 6A). Moreover, these 

cells are intrinsically more resistant to therapy than other cancer cells, and hence survive and 

repopulate the tumor after treatment (Figure 6B). Therefore, according to this model, it is of 

high importance to develop novel strategies to target the resistant CSC population for a 

relapse-free cure of the patient’s disease.  
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Figure 6. The cancer stem cell theory. (A) The hierarchy of cells as suggested by the cancer stem 
cell theory. According to this theory, cancer stem cells possess the ability to self-renew 
extensively, and also to differentiate into more mature cells called progenitor cells. After a 
certain number of divisions, the progenitor cells can further differentiate to give rise to mature 
cancer cells. (B) Cancer stem cell-targeted versus conventional chemotherapy. Conventional 
chemotherapies kill the bulk of the tumor, but leave behind cancer stem cells, which may cause 
tumor relapse. By contrast, the cancer stem cell-targeted therapies render tumors unable to 
generate new cells, and hence lead to tumor regression [adopted from (Reya et al., 2001)]. 

 

B 
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1. Identification and Isolation of Breast Cancer Stem Cells 

Ever since the emergence of the CSC theory with the discovery of CSCs in leukaemia, 

CSCs have been identified in several solid tumors including breast, colon, prostate, pancreas, 

brain, lung, and head and neck tumors (Bonnet et al., 1997; Al-Hajj et al., 2003; Velasco-

Velazquez et al., 2011b). The identification of putative CSCs in a solid tumor was first reported 

in the work of Al-Hajj et al. using cell surface CD44+/CD24-/low/ESA+ (epithelial specific antigen-

positive) markers and lineage- (Lin-; lack of expression of CD2, CD3, CD10, CD16, CD18, CD31, 

CD64, and CD140b) to isolate cells from plural effusion or primary tumors of breast cancer 

patients (Al-Hajj et al., 2003). As few as 100 cells with this immunophenotype were able to form 

tumors when injected into the mammary fat pads of nonobese diabetic/severely combined 

immunodeficient (NOD/SCID) mice, while 5 x 104 unsorted cells were nontumorigenic.  

Moreover, tumors generated by CD44+/CD24-/lowLin-/ESA+ cells resembled the parent tumor 

with respect to the phenotypic heterogeneity of CD44, CD24 and ESA surface marker 

expressions, confirming the stem-like disposition of these cells.  

Similarly, high aldehyde dehydrogenase isoform 1 (ALDH) activity has also been 

identified as a functional marker to isolate breast CSCs, as well as normal mammary stem cells 

(Ginestier et al., 2007; Charafe-Jauffret et al., 2009). ALDH, a detoxifying enzyme responsible 

for the oxidation of intracellular aldehydes into their corresponding carboxylic acids, has been 

shown to play important roles in the self-protection and differentiation mechanisms of normal 

stem cells (Sladek, 2003). Using the fluorometic Aldefluor® assay (StemCell Technologies, 

Vancouver, BC, Canada), Ginestier et al. demonstrated that high ALDH expression correlated 

with a poor clinical outcome (Ginestier et al., 2007). Moreover, a small overlap of ALDH+ and 



27 
 

CD44+/CD24-/lowLin- cells was identified to possess the highest capacity to initiate tumor 

formation with as few as 20 cells injected. Ever since their identification, these CSC markers 

have been successfully utilized in numerous experimental protocols in vitro and in vivo to 

evaluate the potential efficacy of drugs to eliminate the CSC population (Gupta et al., 2009; 

Hirsch et al., 2009; Ginestier et al., 2010; Li et al., 2010).  

It has been well established that CSCs show elevated expression of multidrug resistance 

efflux pumps compared to normal cancer cells, which may protect these cells from the 

intracellular accumulation of cytotoxic agents including chemotherapeutic agents, and thereby 

sustain tumor growth (Hirschmann-Jax et al., 2004; Dean et al., 2005). This property of CSCs has 

been used as a marker in the isolation and identification of a side population (SP) fraction 

displaying stem cell-like properties from a variety of cancer cells including breast cancer cells 

(Hirschmann-Jax et al., 2004; Christgen et al., 2007). SP fraction is detected by the exclusion of 

the fluorescent DNA-binding dye Hoechst 33342 as a result of its elevated expression levels of 

Pgp multidrug resistance efflux pumps compared to the non-SP cell fraction (Wu et al., 2008). 

However, this approach has several limitations as the SP fraction contains both stem cells and 

non-stem cells and as some stem cells are not contained in this fraction (Dean et al., 2005). 

Breast CSCs have also been isolated from primary breast cancer cells and from breast 

cancer cell lines after in vitro propagation in suspension culture (Ponti et al., 2005; Fillmore et 

al., 2008). These studies demonstrated that breast cancer stem/progenitor cells, similar to 

human breast stem/progenitor cells, could be enriched in floating mammospheres based on 

their unique ability to survive in non-adherent suspension as spherical clusters. In this system, 

cells are seeded as single cells in low-attachment plates in serum-free media containing basic 
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fibroblast growth factor, epidermal growth factor, and insulin. Under these conditions, the 

normal cancer cells, lacking the ability to survive in an anchorage-independent manner, die, 

while a small number of cancer stem/progenitor cells survive to generate tumorspheres. These 

tumorspheres can be serially passaged at clonal density in an undifferentiated state, which is 

considered as an indirect marker of stem cell self-renewal. Hence, the tumorsphere forming 

efficiency of breast cancer cells upon serial passaging is commonly used to evaluate the 

functionality of the breast CSC population (Deng et al., 2009; Ginestier et al., 2010; Li et al., 

2010).  

 

2. Breast Cancer Stem Cells and Therapy Resistance 

Although conventional chemotherapies and radiotherapies are initially effective in 

controlling tumor growth or even reducing tumor volume, many patients experience relapse 

over time (Gerber et al., 2010). Accumulating data from breast cancer cell lines and human 

breast cancer specimens provide supportive evidence that intrinsic resistance of tumorigenic 

CSCs could be the underlying reason for the recurrence of tumor after therapy (Phillips et al., 

2006; Li et al., 2008; Gupta et al., 2009). These studies revealed that 

chemotherapy/radiotherapy enriched for the CD44+/CD24-/low breast CSCs and increased the 

tumorsphere formation efficiency. Several mechanisms have been suggested to explain the 

observed therapy resistance of CSCs including their (i) relative quiescence as cytotoxic agents 

often target actively replicating cells, (ii) active DNA-repair machinery, (iii) resistance to drugs 

and toxins caused by the elevated expression of ATP-binding cassette (ABC) multidrug efflux 

pumps, (iv) elevated ALDH activity allowing to metabolize cytotoxics, and (v) evasion of 
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apoptosis (Dean et al., 2005; Al-Ejeh et al., 2011). As a result, a small sub-population of 

inherently resistant CSCs in tumors can survive following conventional 

chemotherapy/radiotherapy and mutate as a reaction to the effect of the therapy. 

Subsequently, the surviving and mutated CSCs can repopulate the tumor and generate 

recurrent tumors with a drug resistant phenotype.  

 

3. Self-renewal and Differentiation Pathways in Breast Cancer Stem Cells 

Normal adult stem cells possess the ability to produce the cells that constitute the organ 

and to propagate themselves through tightly regulated self-renewal and differentiation 

mechanisms unique to these cells. Self-renewal is defined as the ability of a cell to undergo 

division and form at least one daughter cell with a developmental potential identical to the 

mother cell, whereas differentiation is described as the ability of a cell to give rise to one or 

more types of mature cells with distinct developmental potentials (Rothenberg et al., 2009). A 

number of studies provide evidence that CSCs share these mechanisms for self-renewal and 

differentiation with the adult stem cells. However, most stem cell signaling pathways, including 

Notch, Hedgehog, B lymphoma Mo-MLV insertion region-1 (Bmi-1), and Wnt/β-catenin, appear 

to be aberrantly expressed in CSCs (Harrison et al., 2010; Liu et al., 2006; Li et al., 2003; Korkaya 

et al., 2009). Recently, Korkaya et al. showed that genetic knockdown of the protein 

phosphatase and tension homolog (PTEN) in normal human mammary epithelial cells enriches 

for the ALDH+ breast CSCs and increases tumorigenicity in a xenograft model as a result of an 

Akt pathway-mediated increase in Wnt/β-catenin signaling (Korkaya et al., 2009). This work 
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reveals that Wnt pathway is implicated in the initiation and maintenance of breast CSCs, and 

that agents inhibiting this pathway may potentially be effective in targeting CSCs.  

 

4. Targeting Breast Cancer Stem Cells with Curcumin 

A growing body of experimental evidence has revealed curcumin’s therapeutic potential 

to target cancer stem cells as a downregulator of a vast array of signaling pathways such as 

Wnt, Notch-1 and NFκ-B playing crucial roles in stem cell survival, as well as of many P-

glycoproteins overexpressed on resistant cancer stem-like cells (Park et al., 2005; Wang et al., 

2006; Choi et al., 2008). Recently, curcumin’s inhibitory effect on this resistant population of 

cancer cells has been examined by several groups (Yu et al., 2009; Fong et al., 2010; Kakarala et 

al., 2010; Lim et al., 2011a). These reports have shown that curcumin inhibits the growth of 

tumorigenic and sphere-forming stem-like cells and improves the cytotoxicity of a variety of 

chemotherapeutic agents on these highly resistant cancer cells.  

Yu et al. reported that the treatment of colon cancer cells with 5-fluorouracil and 

oxaliplatin (FOLFOX), led to the enrichment of cancer stem-like cells expressing high levels of 

CD133, CD44, CD166 and/or EGFR (Yu et al., 2009). On the contrary, treatment of FOLFOX-

surviving colon cancer cells with curcumin, alone or in combination with FOLFOX, resulted in a 

marked inhibition of cancer stem-like cells, as evidenced by the reduction in CD44 and CD166 

levels, as wells as by the impairment in colonosphere formation.  

Fong et al. have examined curcumin’s effect on the SP cell fraction of rat C6 glioma cells 

(Fong et al., 2010). In this study, curcumin treatment for 3-10 days or during the dye exclusion 

assay led to a marked depletion of the SP cell fraction suggesting curcumin’s inhibitory effect on 
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the ABC transporter ABCG2 in stem cell-like glioma cells (Fong et al., 2010). These findings 

indicate that curcumin can reverse the chemoresistance of cancer stem-like cells caused by the 

overexpression of Pgp multidrug resistance efflux pumps, and improve the cytotoxic effects of 

other chemotherapeutic agents on these cells. 

In their recent study, Kakarala et al. demonstrated curcumin’s chemopreventive activity 

through its ability to modulate self-renewal of normal and malignant mammary stem cells 

(Kakarala et al., 2010). Curcumin, alone or in combination with piperine, suppressed 

mammosphere formation of cells from breast cancer cell lines or normal breast tissue and 

reduced the percentage of ALDH-positive cells. By contrast, it did not have toxicity to 

differentiated cells. The effect of curcumin on mammary stem cells was suggested to be 

mediated through its ability to inhibit Wnt signaling cascade as demonstrated by utilizing a TCF-

Lef reporter assay system in MCF-7 cells (Kakarala et al., 2010). 

Very recently, Lim et al. tested the effect of a polymeric nanoparticle formulation of 

curcumin on tumor-derived neurospheres from glioblastoma and medullablastoma cultures and 

showed that curcumin treatment resulted in a marked depletion of CD133+ stem-like brain 

tumor cells (Lim et al., 2011a). These results suggested that suppression of insulin like growth 

factor, Akt 3 and hedgehog signaling pathways by curcumin could play a role in its effects on 

brain tumor stem-like cells. Additional studies are, however, required to test whether curcumin 

might also have an effect on non-neoplastic stem cells in the brain, which would lead to severe 

side effects. 

Taken together, these studies indicate that curcumin, as a regulator of multiple signaling 

pathways involved in stem cell self-renewal and differentiation and multidrug resistance 
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transporters, holds great promise for developing treatment strategies targeting CSCs. However, 

development of a delivery system that will circumvent curcumin’s bioavailability problems 

while sustaining the accumulation of the drug in these cancer cells will be necessary for 

achieving success in the clinical environment.  

 

5. VIP Receptors as Targets for Breast Cancer Stem Cells 

 Although targeting the self-renewal pathways of CSCs with curcumin has yielded 

promising results in preclinical settings, efficient delivery of the drug into these cells remains an 

unresolved limitation. The highly resistant disposition of CSCs forces us to consider novel 

targeting strategies promoting higher drug exposure to these cells. In this respect, 

nanomedicines that can be tailored to actively target CSCs hold a great potential for the 

delivery of anti-CSC therapies with enhanced cell selectivity and maximum drug exposure. 

However, identification of targetable CSC-specific surface markers is still in its infancy due to 

limitations such as the low levels of CSCs in a cancer population and overlapping of certain 

markers with normal stem cells (Schatzlein, 2006; Deonarain et al., 2009). Despite these 

challenges, development of CSC-targeted nanomedicines may have a significant impact on 

reversing the occurrence of resistance and relapse in cancer therapy. 

 VIP receptors, as growth factor receptors highly overexpressed on the surface 

membrane of human breast cancer cells, stand out as a promising molecular target of CSCs for 

multiple reasons. First, breast CSCs have previously been shown to overexpress other peptide 

growth factor receptors such as EGFR and human epidermal growth factor receptor 2 (Winquist 
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et al., 2009; Mill et al., 2009; Korkaya et al., 2008; Magnifico et al., 2009). Second, there is a 

large body of evidence showing that VIP receptors are involved in stem cell-like properties such 

as regulating the expression of pluripotency transcription factors and cell differentiation 

(Callihan et al., 2011). Moreover, recent data from our laboratory demonstrated that paclitaxel 

loaded in SSM-VIP significantly increased cytotoxicity of the drug in multidrug resistant MCF-7 

breast cancer cells transfected to overexpress multidrug resistance protein 1 [(Onyuksel et al., 

2009a). This effect was proposed to be mediated by (i) receptor-mediated internalization of 

VIP-grafted micelles, rendering the drug inaccessible to membrane efflux transporters, and (ii) 

subsequent release of large concentrations of paclitaxel, overwhelming efflux pumps and 

eventually leading to cell death. The findings of this study indicated that VIP receptor targeting 

of SSM could by-pass the multidrug resistance of breast cancer cells expressing high levels of 

membrane efflux transporters similar to the breast CSC population.  
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D. SIGNIFICANCE OF THE PROJECT 

Breast cancer is the most commonly occurring cancer and the leading cause of cancer 

death in females worldwide. In 2008 alone, 1.38 million new cases of breast cancer were 

diagnosed and 458,400 women died of breast cancer (Jemal et al., 2011). Despite decreasing 

breast cancer death rates in North America and Europe over the past two decades, largely as a 

result of early detection through mammography and improved treatment strategies, a 

significant proportion of patients with early stage breast cancer and almost all patients with 

metastatic disease experience a relapse. One possible explanation for the occurrence of relapse 

is the existence of a rare subpopulation of treatment resistant CSCs with high tumorigenic and 

invasive capacity that may drive tumor initiation, propagation and relapse. According to the CSC 

model, conventional chemo/radiation therapies can deplete the bulk of the tumor, but 

selectively enrich resistant CSCs, which remain quiescent in the G-null phase until stimulated to 

proliferate and eventually to give rise to a recurrent tumor. Therefore, the CSC paradigm has 

important implications for the urgent need to re-examine current cancer therapies and to 

develop novel strategies to target CSCs. However, targeting CSCs has significant technical 

challenges due mostly to their resistance mechanisms and lack of identified molecular and 

cellular targets. 

In this thesis project, we aimed to address the important issue of developing a cancer 

therapy that can target CSCs in a safe and effective way. To begin to address this issue, we first 

demonstrated the enhanced anti-CSC activity of C-SSM (a novel, sterically stabilized 

nanomicellar formulation of curcumin previously developed in our lab) on a breast cancer cell 

line. Next, we identified a novel cellular target overexpressed on CSCs and developed an 
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actively targeted nanomicellar formulation of curcumin based on the use of this marker. Lastly, 

we demonstrated the benefit of using an active targeting strategy to further improve 

curcumin’s ability to eliminate breast CSCs. 

The successful completion of this project bridges an important gap between the 

implications of the cancer stem cell hypothesis to develop new cancer treatment strategies and 

the nanotechnology applications to target CSCs. This should eventually lead to safe and more 

effective therapies for breast cancer, as well as other types of cancers possessing a CSC 

population, with a potential to eliminate recurrence, thereby increasing tumor remission and 

survival of patients. 
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E. HYPOTHESIS AND SPECIFIC AIMS 

The overall goal of this thesis project was to develop a safe and efficacious 

nanomedicine for the treatment of breast cancer that will target and eliminate the cancer stem 

cell population. We hypothesized that significant in vitro elimination of breast cancer stem cells 

could be achieved with curcumin-loaded nanomicelles and that the efficacy of this formulation 

could be further improved by incorporating an active targeting strategy. 

Accordingly, the specific aims of this project were as follows: 

Aim 1. Evaluate the in vitro inhibitory effect of C-SSM on the breast CSC population.  

 It is hypothesized that using SSM as a drug delivery vehicle for curcumin significantly 

improves its anti-CSC activity compared to free curcumin. 

1.1. Evaluate the inhibitory effects of C-SSM or free curcumin on primary and secondary 

tumorsphere forming efficiency of MCF-7 human breast cancer cells 

1.2. Determine the cytotoxic effects of C-SSM or free curcumin on the CD44+/CD24-/low 

breast CSC population of MCF-7 cells 

Aim 2. Reveal a novel cellular target overexpressed on the surface of breast CSCs.  

 Determine the level of VIP receptor expression on CD44+/CD24-/low CSCs from MCF-7 

cells. It is hypothesized that breast CSCs express high levels of VIP receptors and therefore are 

good candidates for active targeting of these cells. 

Aim 3. Develop and characterize a novel formulation of curcumin in VIP-surface grafted SSM 

(C-SSM-VIP), and test its ability to improve the anti-CSC activity of C-SSM and free curcumin in 

vitro on breast cancer cells.  
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 It is hypothesized that curcumin can successfully be encapsulated in VIP-grafted SSM, 

and that actively targeted delivery of this natural compound will further improve its efficacy to 

eliminate the resistant CSC population in breast cancer cells. 

3.1. Prepare and characterize C-SSM-VIP 

3.2. Evaluate the inhibitory effects of C-SSM-VIP, C-SSM or free curcumin on the 

tumorsphere forming efficiency of MCF-7 cells 
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II. MATERIALS AND METHODS 

A. MATERIALS 

1. Preparation and Characterization of Nanomicellar Formulations of Curcumin 

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy-[poly(ethylene glycol); 

PEG MW 2,000] (DSPE-PEG2000) was obtained from LIPOID GmbH (Ludwigshafen, Germany). 

Curcumin (98% pure) was obtained from ChromaDex (Irvine, CA). VIP was synthesized by the 

Protein Research Laboratory at the Research Resources Center, University of Illinois at Chicago. 

Sunbright® DSPE-PEG3400-NHS [1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-n-

[poly(ethylene glycol)]-N-hydroxy succinamide; PEG MW 3,400] was purchased from NOF 

Corporation (Tokyo, Japan). Gibco® phosphate buffered saline (PBS; pH 7.4) was obtained from 

Mediatech Cellgro® (Herndon, VA). (N- [2-Hydreoxyethyl] piperazine-N'-[2-ethanesulfonic acid]) 

(HEPES) was obtained from Sigma Chemical Company (St. Louis, MO). High performance liquid 

chromatography (HPLC)-grade methanol was obtained through Fisher Scientific (Pittsburgh, 

PA). 

2. Cell Culture and Treatment 

MCF-7 human breast cancer cell line was obtained from American Type Culture 

Collection (Manassas, VA, US). Dulbecco’s Modification of Eagle’s Medium (DMEM), penicillin-

streptomycin solution, trypsin-ethylenediaminetetraacetic acid (EDTA) solution, and PBS (pH 

7.4) were all from Mediatech Cellgro® (Herndon, VA). Fetal bovine serum (FBS) was purchased 

from Invitrogen (Carlsbad, CA). Sterile-filtered DMSO was from Sigma (St. Louis, MO). 
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3. Tumorsphere Culture 

24-well ultra-low attachment plates were obtained from Corning (Corning, NY). 

MammoCult® Human Medium Kit with basal medium and proliferation supplements and 

Heparin were from StemCell Technologies (Vancouver, Canada). Hydrocortisone was from 

Sigma (St. Louis, MO). Hank’s balanced salt solution (HBSS) was from Invitrogen (Carlsbad, CA). 

4. Flow Cytometric Analysis of CD44+/CD24-/low Breast CSCs 

R-Phycoerythrin (PE)-conjugated IgG2aκ antibody against human CD24 (CD24-PE; clone 

ML5), Allophycocyanin (APC)-conjugated IgG2bκ antibody against human CD44 (CD44-APC; 

clone G44-26) and corresponding mouse isotype-matched antibodies were obtained from BD 

Pharmingen (San Diego, CA). Bovine serum albumin (BSA) and EDTA were from Sigma (St. Louis, 

MO). 

5. VIP Receptor Ligand-Binding Analysis  

Fisherbrand® single cytology funnels and paraformaldehyde were obtained from Fisher 

Scientific (Pittsburgh, PA). Poly-L-lysine-coated adhesive microscope slides were from 

Labscientific Inc. (Livingston, NJ). 5-carboxyfluorescein (FAM)-labeled VIP was obtained from 

Anaspec (Fremont, CA). VIP (unlabeled) was synthesized by the Protein Research Laboratory at 

the Research Resources Center, University of Illinois at Chicago. Bacitracin was from Research 

Products International (Mount Prospect, IL). Pefabloc was from Sigma (St. Louis, MO). 

Vectashield® mounting medium with 4',6-diamidino-2-phenylindole (DAPI) fluorescent stain 

was from Vector Laboratories (Burlingame, CA). 
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B. METHODS 

1. Evaluation of the In Vitro Inhibitory Effect of C-SSM on the Breast Cancer Stem Cell 

Population 

The putative breast CSCs were first identified as cells isolated from primary breast 

tumors or mammary cell lines based on a CD44+/CD24-/low immunophenotypical profile (Al-Hajj 

et al., 2003). Shortly after, cancer stem/progenitor cells were also found to be enriched in 

tumorspheres derived from breast cancer cells, owing to the unique ability of stem cells to grow 

and form spheres in non-adherent culturing conditions (Dontu et al., 2003; Ponti et al., 2005). 

Therefore, in order to evaluate the in vitro anti-CSC activity of C-SSM, we tested its effect on 

the primary and secondary tumorsphere-forming ability, as well as on the CD44+/CD24-/low CSC 

population of the MCF-7 human breast cancer cell line and determined whether the observed 

effects are similar to or greater than that of free curcumin. 

For determining C-SSM’s effect on tumorsphere formation, two different concentrations 

of curcumin, one above and one below the IC50 value of C-SSM (10 μM and 20 μM), were 

tested. Samples of C-SSM and empty SSM were prepared and characterized for particle size by 

dynamic light scattering (Agilent 7030 NICOMP DLS, Agilent Technologies, Santa Clara, CA).      

C-SSM samples were also characterized for curcumin content using Prominence series high 

performance liquid chromatography (Shimadzu; Columbia, MD). Thereafter, MCF-7 cells were 

treated for 72 hours with 10 μM and 20 μM concentrations of C-SSM or free curcumin, as well 

as with empty SSM, DMSO or PBS control samples in adherent conditions. Treated cells were 

then detached and plated in 24-well ultralow attachment plates for tumorsphere culture. At the 
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end of 7 days of culture, sphere forming efficiencies and average sphere sizes were evaluated 

from the first passage (primary spheres) and after the second passage (secondary spheres) of 

tumorspheres. 

For determining C-SSM’s effect on the CD44+/CD24-/low breast CSC population, MCF-7 

cells were treated for 72 hours with the treatment groups as described above. Thereafter, 

treated cells were collected by dissociation and incubated with antibodies against human CD44 

and CD24. The effect of the treatment groups on the percentage of surviving CD44+/CD24-/low 

cells, as well as on the internalization of curcumin by the CSC and normal cancer cell 

populations were analyzed using flow cytometry.  

 

1.1. Preparation of the Curcumin Nanomedicine C-SSM 

A stock solution of 180 μg/mL curcumin in 1 mM sterically stabilized phospholipid 

micelles was prepared using the film rehydration method as previously described in our 

laboratory (Thaqi, 2011). Briefly, weighed amount of DSPE-PEG2000 and curcumin were dissolved 

in methanol in separate vials and vortexed with a Thermolyne type 37600 vortex mixer till 

complete dissolution. Equal volumes of DSPE-PEG2000 and curcumin solutions were then added 

to round bottom flasks and the mixtures were vortexed. Methanol was subsequently removed 

using a vacuum rotary evaporator (BUCHI Labortechnik AG; Flawil, Switzerland) under a stream 

of argon and a vacuum (650 mm Hg pressure) at 55°C and 150 rpm for 30 minutes. The residual 

solvent from the resulting film was removed under vacuum overnight in dark. Thereafter, the 

dried film was rehydrated with PBS (pH 7.4). Flasks were vortexed till the film was dissolved and 

sonicated for 5 minutes in a Fisher B2200R-1 bath sonicator (Pittsburgh, PA). Flasks were then 
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flushed with Argon, sealed, and allowed to equilibrate in dark for 2 hours at 25°C to produce   

C-SSM. 

1 mM stock dispersions of empty SSM were prepared following the same procedure 

described above, but with no drug.   

 

1.2. Characterization of C-SSM 

1.2.1. Particle size analysis 

Hydrodynamic diameters of the C-SSM and empty SSM samples were measured by 

dynamic (also known as quasi-elastic) light scattering (DLS) using Agilent 7030 NICOMP DLS/ZLS 

particle sizer (Santa Clara, CA). DLS uses scattered light to measure the hydrodynamic dimeter 

[d(H)] of particles suspended in a solvent, as derived from the Stokes-Einstein relation, 

(Eq. 1) 

 

where, k is the Boltzmann’s constant (1.38 X 10-16 erg K-1), T is the absolute temperature, η the 

shear viscosity of the solvent, and D is the diffusion coefficient of the particles (Malvern 

Instruments). 

The hydrodynamic particle diameter distributions of C-SSM in aqueous media were 

obtained from this equation using the following parameters: η = 0.933 cP, T = 296 K, refractive 

index = 1.33, scattering angle = 90˚. Samples were run for a minimum of 5 cycles with 3 minutes 

run time for each cycle. The collected data were analyzed as NICOMP intensity- and volume-

weighted particle size distributions. 

( )
3

kTd H
Dπη

=
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1.2.2. High performance liquid chromatography (HPLC) analysis 

The curcumin content of 180 µg/mL curcumin in 1 mM C-SSM samples prepared in 

Section 1.1 above was analyzed by reversed-phase HPLC (RP-HPLC). RP-HPLC utilizes a non-

polar stationary phase (a column containing a microparticulate porous packing material grafted 

with hydrophobic ligands) and an aqueous, moderately polar liquid mobile phase for the 

separation of a wide variety of solutes (Aguilar, 2004). The separation of a mixture of solutes in 

RP-HPLC stems from their differential affinity for and hence the adsorption to the stationary 

phase. This degree of binding affinity determines the retention time of the solute in the 

stationary phase and depends highly on the structure of the solute and the immobilized ligands. 

As a result, solutes are generally eluted in order of increasing molecular hydrophobicity. 

For the RP-HPLC analysis of curcumin, a protocol previously described in our laboratory 

was followed (Thaqi, 2011). Briefly, the C-SSM samples were diluted with methanol and 

vortexed. 100 µL from each sample was added into HPLC vials.  Each sample was analyzed in 

triple run using the HPLC parameters listed in Table 1 and average absorbance values 

corresponding to average peak areas were calculated. 

A curcumin calibration curve was generated by analyzing standard curcumin solutions of 

a range of known concentrations (12.5 – 100 µg/mL curcumin in methanol) in triple run using 

HPLC. The average peak areas were plotted to determine a best fit line using the linear 

regression model, which served as the calibration curve. The linear equation obtained from the 

calibration curve was used to determine the actual curcumin concentration of the C-SSM 

samples.  
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TABLE I. HPLC parameters used in the setup of curcumin concentration detection 

Mobile phase 
Methanol : water (with 0.1%trifluoro acetic acid) : acetonitrile 
(39.5 : 350 : 460) 
 Rate of flow 0.750 mL/min 

Sample volume injection 20 µL 

Detection wavelength 425 nm 

Temperature 25˚C 

Column type 
Zorbax 300 SB-C18, 5µm pore size  
(250 x 4.6 mm, Agilent Technologies, Santa Clara, CA) 
 Sample run time 10 minutes 

Retention time 6.1 minutes 

 

1.3. Cell Culture 

MCF-7 human breast cancer cells were grown as monolayers until 80 – 90% confluency 

in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin solution at 37˚C in a 

humidified 5% CO2 atmosphere. The medium was changed every other day. For passaging, cells 

were washed three times with PBS and incubated with trypsin-EDTA for 5-7 minutes at 37˚C 

and 5% CO2. Thereafter, cells were suspended in medium and centrifuged at 1000 rpm for 5 

minutes. The cell pellet was resuspended in medium and divided at optimal subcultivation ratio 

to be cultured at 37˚C and 5% CO2. 

 

1.4. Treatment of MCF-7 Breast Cancer Cells in Adherent Conditions 

C-SSM samples prepared in section 1.1 above were diluted with 1 mM DSPE-PEG2000 lipid 

solution (for keeping the lipid concentration above the CMC to prevent breaking of micelles) to 
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obtain the final concentrations of 10 µM curcumin in approximately 20 µM SSM (10 µM C-SSM) 

and 20 µM curcumin in approximately 40 µM SSM (20 µM C-SSM) when added to the wells for 

treatment. Likewise, empty SSM control samples were also diluted with 1 mM lipid solution to 

give a 40 µM lipid concentration in the wells. In addition, curcumin solutions with 0.5% sterile-

filtered DMSO in DMEM were prepared by dissolving a weighted amount of curcumin in warm 

(~37°C) 100% DMSO, vortexing until dissolution and diluting this solution with DMEM to obtain 

10 µM and 20 µM final curcumin concentrations in the wells. Necessary cautions were taken to 

minimize light exposure in the handling of curcumin-containing solutions in order to prevent 

degradation by light. 

For growing MCF-7 human breast cancer cells, a cell suspension was prepared as 

described above in Section 1.3 and cell density was adjusted to 1.1 x 105 cells/ml. Suspended 

cells were then seeded in adherent 6-well plates and allowed to attach overnight. On the 

following day, cells were treated with 600 μl of the treatment samples listed in Table 2. Four 

wells were treated per treatment group. Thereafter, plates were incubated for 72 hours at 37˚C 

and 5% CO2. 

TABLE II. LIST OF THE TREATMENT GROUPS USED IN THE STUDY PRESENTED IN SECTION II.B.1.4 

Treatment Type Treatment Name 

Treatment Groups 

10 µM C-SSM 

20 µM C-SSM 

10 µM C-DMSO 

20 µM C-DMSO 

Vehicle Controls 
40 µM empty SSM 

0.5% DMSO 

Negative Control PBS 
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1.5. Tumorsphere Formation Assay 

The procedures for the tumorsphere culture were adopted from manufacturer’s 

(StemCell Technologies, Vancouver, Canada) instructions and the previously described 

procedures of Dontu et al. and Ponti et al. (Dontu et al., 2003; Ponti et al., 2005). Mammocult® 

Human Medium Kit (StemCell Technologies), a commercially available serum-free culture 

medium optimized for the culture of tumorspheres from human breast cancer cell lines, was 

used for the tumorsphere culture. Complete Mammocult® medium was prepared according to 

company instructions by supplementing the medium with heparin and hydrocortisone. 

The work flow for the tumorsphere formation assay is illustrated in Figure 7. After 

incubating the treated MCF-7 cells from Section 1.4 for 72 hours, cells were rinsed twice with 

HBSS to remove excess culture medium, dissociated enzymatically with trypsinization as 

described in Section 1.3 as well as mechanically with a 22-gauge needle, and resuspended in 

the complete Mammocult® medium. Cells from two wells of each treatment group were 

collected together to obtain two test groups per treatment group. Thereafter, cells were 

strained through a 40 μm cell strainer to obtain a single cell suspension and enumerated using 

ZTM Series Coulter Counter® (Beckman Coulter, Inc.; Schaumburg, IL). Subsequently, the single 

cell suspension was plated in 24-well ultra-low attachment plates at a density of 15,000 

cells/mL. 

After 7 days of culture, average sphere-forming efficiency (SFE) of each treatment group 

was evaluated under inverted Olympus IX70 fluorescent microscope equipped with a CCD 

camera (4x objective lens; UIC Biopharmaceutical Sciences Department, Gemeinhart Lab) by 

scanning wells and enumerating spheres that are larger than 60 μm in diameter manually using 
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ImageJ Software. In addition, primary tumorspheres from 3 wells of each test group were 

harvested together by centrifugation and dissociated enzymatically with trypsin as well as 

mechanically by triturating the tumorsphere pellet with a pipette for 2 minutes. Thereafter, 

average tumorsphere size was measured by manually performing a viable cell count using 

trypan blue and recording the number of live cells per well (Nc). The tumorsphere size was 

calculated in terms of the average number of live cells per sphere as shown below: 

Tumorsphere size = Nc / Ns [cells/tumorsphere]         (Eq.2) 

where Ns is the number of cells plated in one well of the ultra-low attachment plates (6,000 

cells/well).  

 

 

 

Figure 7. Schematic work flow for the tumorsphere formation assay. (a) MCF-7 cells consisting 
of cancer stem cells (CSCs; showin in red) and mature cells (shown in blue) are treated in 
adherent conditions for 72 h. (b) Treated cells are seeded in the tumorsphere culture as a single 
cell suspension. Only CSCs can survive and form tumorspheres. (c) At the end of 7 days of 
culture, tumorspheres, consisting of CSCs and their progenitors (shown in orange), are 
evaluated.  

 

The single cell suspension obtained from the primary tumorspheres was re-seeded in 

ultra-low attachment plates at a low density of 2,000 cells/mL and incubated for 7 days to 

generate the second generation of tumorspheres (secondary tumorspheres). Sphere-forming 

efficiency and average tumorsphere size of the secondary spheres were evaluated as described 

above.  

a b c 
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1.6. Flow Cytometric Analysis of the CD44+/CD24-/low Breast Cancer Stem Cell 

Population 

Flow cytometry is a powerful tool for measuring and analyzing the physical and chemical 

characteristics of fluorescently labeled cells, as well as for sorting them based on their 

characteristics so as to isolate the population of interest. Figure 8 shows a simplified diagram of 

a flow cytometer, where cells or particles individually pass through a focused laser beam as 

they flow in a fluid stream. A flow cytometer has forward and side scatter detectors to detect 

the amount of scattered light or emission of a fluorescence label, which can be converted to 

digital data by a computer (Mittag et al., 2011). Flow cytometry offers high precision and 

sensitivity, in addition to the capacity to rapidly analyze large numbers of cells, and hence 

provides high levels of statistical validity even with very rare subpopulations (Preffer et al., 

2009). 

In this experiment, flow cytometric analysis was employed to test the effect of C-SSM 

treatment on the CD44+/CD24-/low CSC population of MCF-7 breast cancer cells. Briefly, cells 

were seeded in tissue culture dishes at a cell density of 1.1x105 cells/mL and allowed to attach 

overnight. On the next day, they were treated with the treatment samples (listed in Table 2) 

prepared as described in Sections 1.1 and 1.4 above. After 72 hours of incubation, MCF-7 cells 

were rinsed thrice with PBS (pH 7.4), dissociated enzymatically with trypsin and resuspended in 

1 mL ice cold PBS. Cells from the suspensions were enumerated using Coulter Counter® and 

incubated in the antibody solution of CD24-PE and CD44-APC in PBS with 3% BSA for 10 minutes 

on ice (1:3.2:20 v/v/v, respectively; 5x106 cells/mL). Isotype-matched antibodies were used as 

negative controls and for gating purposes. After incubation, cells were washed twice by 
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centrifugation at 1200 rpm and 4˚C for 5 minutes in ice-cold PBS with 3% BSA, resuspended in 

PBS and passed through 35-µm filter just prior to sort. The samples were analyzed for 

fluorescence from CD44-APC, CD24-PE and curcumin with a CyanTM ADP Analyzer (Beckman 

Coulter, Inc.; Schaumburg, IL) by Research Resources Center Flow Cytometry Service at the 

University of Illinois at Chicago. Dead cells were excluded by gating for cells based on forward 

versus side scatter. 

 

Figure 8. Schematic diagram of a flow cytometer [from (Semrock Inc.)]. 

 

2. Determination of the Level of VIP Receptor Expression on CD44+/CD24-/low MCF-7 

Cancer Stem Cells 

Accumulated evidence, including previous studies in our laboratory, suggests that VIP 

receptors hold great potential as molecular targets for diagnosis, prevention and treatment of 

breast cancer, specifically by receptor-targeted delivery of chemotherapeutic agents (Dagar et 
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al., 2001a). The expression of VIP receptors on human and rat breast cancer tissues has been 

previously examined in our laboratory using a fluorescence-based ligand binding assay, 

followed by visualization with a fluorescence microscope (Dagar et al., 2001b). 

This experiment was designed to investigate the level of VIP receptor expression on 

breast CSCs compared to the expression on normal breast cancer cells from the MCF-7 cell line, 

with the aim of revealing a novel cellular target overexpressed on the surface of breast CSCs. 

For this purpose, MCF-7 cells were sorted using flow cytometry into CD44+/CD24-/low CSC and 

CD44+/CD24high normal cancer cell populations. The sorted cells were cytospun to glass slides 

and a ligand-binding assay was used to stain VIP receptors as described previously in our 

laboratory with some modifications (Dagar et al., 2001b). Lastly, fluorescence from the slides 

was visualized under a confocal microscope.  

 

2.1. Confocal Microscopy 

Confocal microscopy is a widely used method for imaging either fixed or living tissues 

that have been labeled with fluorescent probes. The confocal microscope eliminates the 

drawback of defocused light experienced in conventional light microscopes by exploiting the 

confocal principle (Erie et al., 2009). As demonstrated in Figure 9, light from a laser source is 

used to illuminate a pinhole aperture whose image is focused at a single point on the specimen 

by an objective lens. The emitted light by this point on the specimen is collected and focused 

onto a second pinhole aperture by another objective lens. Light leaving this conjugate aperture 

reaches the observer or camera. The light reflected by the specimen is only detected from the 
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focal point when it is co-focused with the detection aperture. Emitted light from any other (out 

of focus) point on the specimen is not detected, and therefore does not contribute to the final 

image. This way, the confocal design improves both axial and lateral resolution compared to 

conventional light microscopes. 

 

 

 

 

 

 

 

 

 

 

Figure 9. Schematic representation of the optical principles of confocal microscopy [adopted 
from (Erie et al., 2009)]. 

 

2.2. Procedures 

Briefly, MCF-7 cells (untreated) were first stained with antibodies against CD44 and 

CD24, as well as isotype matched antibodies as described above in Section 1.6. After two 

washes with 3% BSA in PBS (pH 7.4), cells were resuspended in ice-cold sorting buffer (1% BSA 

and 2mM EDTA in PBS). Thereafter, stained MCF-7 cells were sorted into CD44+/CD24-/low CSC 

and CD44+/CD24high normal cancer cell populations with a Beckman Coulter MoFloTM (Beckman 
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Coulter, Inc.; Schaumburg, IL) by Research Resources Center Flow Cytometry Service at the 

University of Illinois at Chicago.  

Sorted cells were washed twice with PBS by centrifugation and cytospun onto poly-L-

lysine coated glass slides (5x104 cells/mL) at 1000 rpm for 5 minutes using a Shendon CytoSpin 

Cytocentrifuge (Thermo Fisher Scientific, Waltham, MA; UIC Biopharmaceutical Sciences 

Department, Beck’s Lab) within 1 hour after sorting. The resulting cell smears were allowed to 

moderately air dry, which was followed by fixing the cells with a 4% paraformaldehyde solution 

at 37oC for 10 min. Unspecific binding to cells was blocked by 30 minute incubation in PBS with 

10% FBS, whereupon cells were stained with 0.5 μM FAM-labeled VIP in binding buffer (DMEM 

with 0.1% bacitracin and 50µM Pefabloc to prevent enzymatic degradation of VIP in vitro) at 

37oC for 1 hour. Controls included an autofluorescence control, where cells were incubated in 

binding buffer without FAM-VIP, and a nonspecific binding control, where cells were treated 

with unlabeled VIP before incubation with FAM-labeled VIP. After excessive washing with PBS, 

cells were mounted with Vectashield® mounting medium (containing DAPI nuclear stain) under 

glass coverslips. 

The fluorescence signals from FAM (excitation/emission: 492/518 nm) and DAPI 

(excitation/emission: 360/460 nm) were detected with a Carl Zeiss LSM 510 Meta confocal 

microscope (25x magnification; Research Resource Center Confocal Microscopy Facility, 

University of Illinois at Chicago). The levels of VIP receptor expression on MCF-7 CSCs and 

normal cancer cells were evaluated by quantifying the mean fluorescence intensities from the 

micrographs with the Zeiss LSM Image Browser software. 
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3. Development, Characterization and the In Vitro Anti-Cancer Stem Cell Activity of a 

Novel Formulation of Curcumin in VIP-Surface Grafted SSM 

This study was designed to determine whether delivering curcumin through active 

targeting of VIP receptors can further improve the anti-CSC activity of C-SSM on MCF-7 cells. 

For this purpose, a curcumin formulation actively targeted to VIP receptors was developed 

through surface modification of C-SSM with covalently conjugated VIP, which was followed by 

characterization of this formulation for particle size and drug content. Thereafter, MCF-7 cells 

were treated with C-SSM-VIP, C-SSM, C-DMSO, or with vehicle controls (empty SSM, DMSO and 

PBS) in tumorsphere culture and the effect of the treatments on sphere-forming efficiency was 

evaluated. 

 

3.1. Preparation and Characterization of C-SSM-VIP 

 A stock dispersion of 225 µg/mL curcumin in 1.25 mM SSM was prepared in PBS by the 

film-rehydration method as described in Section 1.1 above. 

 VIP was conjugated to the distal end of DSPE-PEG3400 as previously described in our 

laboratory (Dagar et al., 2003; Krishnadas, 2004). Activated DSPE-PEG3400-NHS was used to 

conjugate VIP to DSPE-PEG3400. Briefly, VIP and DSPE-PEG3400-NHS were dissolved separately in 

cold isotonic HEPES buffer (10 mM, pH 6.6). The DSPE- PEG3400 solution was then added in small 

increments to the VIP solution at 4°C with gentle stirring to yield final concentrations of 0.3 mM 

VIP and 1.5 mM DSPE-PEG3400-NHS (1:5 molar ratio). The reaction was allowed to continue at 

4oC for 2h and stopped by adding 5 µl of 1M glycine solution to the reaction mixture to 
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consume the remaining NHS moieties. The DSPE PEG3400-VIP conjugation was verified by SDS-

PAGE electrophoresis. Thereafter, DSPE- PEG3400-VIP reaction mixture was added to the 225 

µg/mL curcumin in 1.25 mM C-SSM dispersion in 1:4 (v/v) ratio. This mixture was equilibrated 

at 25°C for 30 min in dark to obtain the final C-SSM-VIP nanomedicine containing 180 µg/mL 

curcumin, 1 mM DSPE- PEG2000 and 0.06 mM VIP.  

 The final C-SSM-VIP formulation was characterized for particle size using dynamic light 

scattering and for curcumin concentration using HPLC analysis as described in Section 1.2. 

 

3.2. Evaluation of the Inhibitory Effects of C-SSM-VIP, C-SSM or Free Curcumin on 

MCF-7 Cancer Stem Cell Tumorspheres 

C-SSM-VIP nanomedicine and the 225 µg/mL curcumin in 1.25 mM SSM C-SSM stock 

dispersion was prepared as described above. 1.25 mM empty SSM was prepared following the 

same procedures as C-SSM, but with no drug. Thereafter, C-SSM and empty SSM dispersions 

were mixed with 1 µM lipid diluent at 4:1 (v/v) ratio and characterized for particle size and 

curcumin concentration (C-SSM only) as described above in Section 1.2. The prepared 

formulations were further diluted with the lipid diluent to obtain 5 µM and 10 µM final 

curcumin concentrations (in wells) for C-SSM-VIP and C-SSM, and 20 μM final lipid 

concentration for empty SSM. In addition, 5 µM and 10 µM curcumin in 0.5% DMSO samples 

were prepared as described in Section 1.4 above. 

The tumorsphere formation assay was performed as described in Section 1.5 above with 

some modifications. Briefly, single cells from untreated MCF-7 cell suspension were plated in 
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24-well ultra-low attachment plates at a cell density of 15,000 cells/mL. On the following day, 

80 μL of the 5 μM and 10 μM C-SSM-VIP, C-SSM and C-DMSO samples, as well as the empty 

SSM, 0.5% DMSO and PBS control samples were added to the wells in tumorsphere culture. 

After 7 days of culture, sphere forming efficiencies were evaluated under light microscope from 

two wells per treatment group.  

 

4. Statistical Analysis 

The in vitro experiments were performed repeatedly to obtain at least 3 independent 

trials for each experiment. Data of all experiments were expressed as mean ± standard 

deviation (SD). Any statistical comparison between 2 groups was performed using two-tailed 

independent Student’s t-test. Differences were considered significant when P < 0.05. All the 

statistical analyses were conducted using SPSS version 17.0 and Microsoft Excel 2007. 
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III. RESULTS AND DISCUSSION 

A. IN VITRO INHIBITORY EFFECT OF C-SSM ON MCF-7 BREAST CANCER STEM CELLS 

Curcumin was previously shown to inhibit stem cells from breast cancer cell lines or 

normal breast tissue through suppression of the mammosphere formation and elimination of 

ALDH-positive cells (Kakarala et al., 2010). In order to determine whether curcumin has similar 

or greater anti-CSC activity when delivered as the C-SSM nanomedicine compared to free 

curcumin, we evaluated C-SSM’s ability to inhibit tumorsphere formation as well as to eliminate 

the CD44+/CD24-/low cancer stem cell population of MCF-7 cells.  

 

1. Characterization of the C-SSM Formulation 

For determining C-SSM’s effect on breast cancer stem cells, C-SSM and empty SSM (as 

vehicle control) samples were prepared to treat MCF-7 cells. Both formulations were 

characterized for particle size by DLS and curcumin concentration of C-SSM was detected by 

HPLC. 

1.1. Particle Size Analysis 

Particle size analysis of 180 µg/mL curcumin in 1mM SSM (C-SSM) and 1 mM empty 

SSM, depicted in Figures 10 and 11, respectively, showed a unimodal system as observed by 

one single peak at around the intensity-weighted particle size diameter of 15 nm and a clean 

time history. In addition, a chi-squared value < 3 also indicated a uniform distribution. The 

mean particle sizes of C-SSM and empty SSM were found to be 14.5 ± 0.4 nm and 16.2 ± 0.6 

nm, respectively (P = 0.01). These results agree with the previous data from our laboratory 
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showing a mean diameter of ~15 nm for C-SSM (Thaqi, 2011) and ~16 nm for SSM (Ashok et al., 

2004), and therefore suggest the complete solubilization of curcumin in SSM. 

 

 

 

 

 

 

 

 

 

Figure 10. Representative DLS data of C-SSM. (A) Intensity-weighted NICOMP particle size 
distribution with a single peak at ~15 nm. (B) Time history with a single specie present. 

 

 

 

 

 

 

 

Figure 11. Representative DLS data of 1mM empty SSM. (A) Intensity-weighted NICOMP 
particle size distribution with a single peak at ~15 nm. (B) Time history with a single specie 
present. 
  

A B 

A B 
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1.2. HPLC Analysis 

The exact concentration of curcumin in C-SSM samples was determined by RP-HPLC. 

Curcumin calibration curves were generated from curcumin standard solutions of a range of 

concentrations (25 - 100 µg/mL) for each trial. A representative calibration curve is illustrated in 

Figure 12. Curcumin from C-SSM and standard solutions gave a peak at 425 nm with an average 

retention time of 6.1 minutes as shown in Figure 13. Each sample was analyzed in triple run and 

curcumin concentrations of C-SSM samples were calculated from the average peak areas using 

the calibration curve. 

The exact curcumin concentration was found to be ~180 µg/mL, similar to the previously 

reported drug concentration of C-SSM (Thaqi, 2011). Following characterization, C-SSM samples 

were diluted to obtain 10 µM and 20 µM curcumin concentration according to the HPLC data.  

 

 

Figure 12. Representative curcumin calibration curve in methanol generated from HPLC analysis 
(mAu: miliabsorption unit). 
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Figure 13. Representative curcumin peak obtained at 425 nm from HPLC analysis of C-SSM. 

 

2. C-SSM Improve Curcumin’s Inhibitory Effect on MCF-7 Cancer Stem Cell 

Tumorspheres 

Recent studies have demonstrated that breast cancer stem/progenitor cells, similar to 

human breast stem/progenitor cells, could be enriched in floating mammospheres (also known 

as tumorspheres) based on their unique ability to survive in non-adherent suspension as 

spherical clusters (Dontu et al., 2003; Ponti et al., 2005). These tumorspheres have the capacity 

to be serially passaged, generating new generations of tumorspheres (self-renewal), and also to 

differentiate along different mammary epithelial lineages. In order to determine whether 

delivering curcumin as C-SSM nanomedicine could improve its efficacy to suppress 

tumorsphere formation in vitro, MCF-7 cells were treated with 10 µM and 20 µM 

concentrations of C-SSM or C-DMSO, or with controls including PBS, DMSO and empty SSM for 

72 hours in adherent conditions. Treated cells were detached and plated in ultra-low 

attachment plates. At the end of 7 days of culture, normal cancer cells died and only a small 
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population of cancer cells with stem-like properties survived to form floating spherical clusters 

(tumorspheres). Thereafter, the dissociated tumorspheres were re-plated in ultralow 

attachment plates and secondary tumorspheres were grown in the absence of treatment.  

 

2.1. Inhibition of Primary Tumorsphere Formation 

As shown in Figure 14, while 10 μM C-DMSO did not have a significant effect on 

tumorsphere formation, 10 μM C-SSM, 20 μM C-DMSO and 20 μM C-SSM treatments resulted 

in significantly lower sphere forming efficiencies compared to the PBS control (SFE: 63%, 73% 

and 36% of the PBS control, respectively; P < 0.05 for 10 μM C-SSM and 20 μM C-DMSO, and P < 

0.001 for 20 μM C-SSM). In addition, both 10 µM and 20 µM C-SSM increased the inhibition of 

tumorsphere formation by more than 6-fold and 2-fold, respectively, compared with free 

curcumin (P < 0.03), indicating its enhancing effect on curcumin’s activity against tumorspere-

initiating breast CSCs. Furthermore, as shown in Figure 15, 20 μM C-SSM also reduced the 

sphere size by approximately 2-fold compared to PBS control (P < 0.05), while 20 μM C-DMSO 

did not show a significant effect on this property. However, the empty SSM control was also 

found to significantly reduce the size of spheres. One possible explanation for this is that SSM, 

at concentrations as high as 40 μM, could be involved in the inhibition of the proliferative 

capacity of breast cancer stem cells as reflected on the reduction of the size of tumorspheres 

from SSM-treated MCF-7 cells. In fact, phosphatidylethanolamine, a constituent of the DSPE-

PEG2000 molecule in SSM, is a natural component of the mammalian cell membrane also known 

to be involved in biological processes and cell signaling (Vance, 2008). Therefore, exogenously 

available phosphatidylethanolamine as a degradation product of SSM may change the tightly 
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regulated cellular level of this phospholipid, and thereby lead to the impairment of biological 

processes such as proliferation. On the other hand, this finding may also suggest that DSPE-

PEG2000 molecules get inserted into the cell membranes and make it thermodynamically less 

favorable for cells to form spherical clusters, leading to the dissociation of tumorspheres (Lentz, 

2007). Either way, the implications of this finding clearly require further investigation. 

Figure 16 shows overlapping bright field and fluorescence images of tumorspheres from 

20 μM C-SSM and 20 μM C-DMSO pre-treated MCF-7 cells. These images indicate that 

tumorspheres contain single cells that transmit green fluorescence resulting from curcumin’s 

intrinsic fluorescence. These fluorescent cells most likely represent the tumorsphere-initiating 

cancer stem-like cells continuing to retain curcumin even on the seventh day of tumorsphere 

culture. 

 

Figure 14. Inhibitory effect of curcumin pre-treatments on primary sphere formation efficiency 
of MCF-7 cells (n=3), *P < 0.05 and ** P < 0.001, compared to the PBS control. Data are mean 
normalized to control ± SD. 

* 

* 

** 

0.00 

0.20 

0.40 

0.60 

0.80 

1.00 

1.20 

1.40 

1.60 

1.80 

PBS DMSO Empty 
SSM 

10 μM    
Free 

Curcumin 

10 μM                                  
C-SSM 

20 μM                               
Free 

Curcumin 

20 μM                                              
C-SSM 

Sp
he

re
 F

or
m

in
g 

Ef
fic

ie
nc

y 
(%

) 

P < 0.03 P = 0.01 



62 
 

 

 

 

 

 

 

 

Figure 15. (A) Representative images of primary tumorspheres illustrating the change in sphere 
size with different treatments. (B) Effect of curcumin pre-treatments on the average sphere size 
of primary MCF-7 tumorspheres (n=3). *P <0.05 and ** P < 0.01 compared to the PBS control. 
Data are mean ± SD. 

 

 

 

 

 

Figure 16. Curcumin-fluorescent cells of primary tumorspheres from MCF-7 cells treated with 
(A) 20 μM C-SSM or (B) 20 μM free curcumin. 
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2.2. Inhibition of Secondary Tumorsphere Formation 

When primary tumorspheres were passaged in the absence of treatment, 20 µM C-SSM 

pre-treatment of MCF-7 cells was found to significantly inhibit the formation of secondary 

tumorspheres (22% reduction compared to PBS; P < 0.05), indicating impaired self-renewal 

capacity of these tumorsphere-initiating CSCs (Figure 17). However, this inhibition was less than 

the inhibition observed in primary tumorspheres, and found not to be significantly different 

compared to free curcumin. This observation may be related to the fact that curcumin 

treatment was applied in adherent conditions before cells were plated in the tumorsphere 

culture, but not directly on the tumorsphere culture. Therefore, the cancer stem-like cells 

surviving after the curcumin pre-treatment may have had enough time to repair their impaired 

self-renewal ability to give rise to secondary tumorspheres. 

 

 

 

 

 

 

Figure 17. Inhibitory effect of curcumin pre-treatments on secondary sphere formation 
efficiency of MCF-7 cells (n=3). *P <0.05 compared to the PBS control. Data are mean ± SD. 
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Interestingly, as demonstrated in Figure 18, although SSM and 10 µM C-SSM did not 

show a significant effect on the SFE of secondary tumorspheres, these treatments and 20 µM C-

SSM all resulted in a significant reduction of the average sphere size compared to the PBS 

control (around 25% decrease for all the three treatments; P < 0.05). This finding is in 

agreement with the results from primary tumorspheres and validates SSM’s effect on the 

tumorsphere size as discussed in Section 2.1 above. 

Taken together, these results suggest the dose-dependent anti-CSC activity of the C-SSM 

nanomedicine as demonstrated by its efficacy to eliminate tumorsphere-initiating breast cancer 

stem cells from MCF-7 cells. Moreover, this activity was found to be significantly higher 

compared to free curcumin, indicating the benefits offered by the SSM nanocarrier as it was 

previously shown to protect curcumin from degradation and to increase its internalization by 

MCF-7 cells, and thereby enhance its cytotoxicity (Thaqi, 2011; Gulcur et al., 2011). 

 

 

 

 

 

 

 

Figure 18. Effect of curcumin pre-treatments on the average sphere size of secondary MCF-7 
tumorspheres (n=3). *P <0.05 compared to the PBS control. Data are mean ± SD. 
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3. C-SSM Enhance the Cytotoxicity of Curcumin to CD44+/CD24-/low MCF-7 Cancer 

Stem Cells 

Putative cancer stem cells were first isolated from the breast carcinoma based on a  

CD44+/CD24-/low immunophenotype (Al-Hajj et al., 2003). These cells were highly tumorigenic 

when injected to mice and generated tumors resembling the parent tumors with respect to the 

phenotypic heterogeneity. For evaluating C-SSM’s cytotoxicity against the CD44+/CD24-/low 

breast CSCs, MCF-7 cells were treated with 10 µM and 20 µM C-SSM and C-DMSO, as well as 

the controls in adherent conditions. After 72 hours of treatment, cells were detached and 

stained with fluorescent antibodies against CD44 and CD24. Subsequently, CD44 and CD24 

surface marker expressions of these cells were analyzed using flow cytometry, with the aims of 

evaluating the effect of the treatments on the CD44+/CD24-/low CSC population and also 

determining the internalization of curcumin by the CSC and normal cancer cell populations. 

 

3.1. C-SSM Increase Curcumin Internalization by the Cancer Stem Cell and Normal 

Cancer Cell Populations of MCF-7 Cells 

The uptake of curcumin by CD44+/CD24-/low CSCs and CD44+/CD24high normal cancer cells  

was analyzed from the mean fluorescence intensity (MFI) of the curcumin-treated MCF-7 cells 

(Figure 19). The MFI of curcumin-treated cells was calculated after subtracting the background 

MFI obtained from PBS-treated samples and taking the average of the four trials. As shown in 

Figure 19, 10 µM C-SSM increased the curcumin internalization into normal cancer cell and 

cancer stem cell populations of MCF-7 cells by 6.4-fold (P=0.01) and by 3.5-fold (P<0.05), 
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respectively, compared to 10 µM C-DMSO. Likewise, 20 µM C-SSM also increased the curcumin 

uptake by 2.8-fold in normal cancer cells, and by 1.8-fold in cancer stem cells compared to 20 

µM C-DMSO. Although the effect of 20 µM C-SSM was not found to be significant due to high 

variability in the measurements among different trials,  20 µM C-SSM constantly gave higher 

MFIs compared to its C-DMSO equivalent in all the trials (minimum 30% higher). This finding is 

in agreement with the previous data from our laboratory demonstrating increased 

internalization of C-SSM by MCF-7 cells compared to free curcumin, and validates the data from 

the tumorsphere formation assay discussed in Section 2 above (Gulcur et al., 2011).  

Another interesting observation was that, in all the trials, curcumin uptake was found to 

be higher in normal cancer cells compared to cancer stem cells for all the treatment groups 

except 10 µM C-DMSO. This may be related to the higher activity of efflux pumps and other 

resistance mechanisms in CSCs resulting in lower accumulation of curcumin inside these cells.  

 

 

 

 

 

 

 

 

Figure 19. Flow cytometry results for the uptake of curcumin by CD44+/CD24-/low cancer stem 
cells and CD44+/CD24high normal cancer cells of the C-SSM- or C-DMSO-treated MCF-7 cells 
(n=4). NCC: normal cancer cells, CSC: cancer stem cells. * P < 0.05. Data are mean ± SD. 

* 

* 



67 
 

3.2. C-SSM Improve the Elimination of CD44+/CD24-/low MCF-7 Cancer Stem Cells 

Figure 20 summarizes the data from the flow cytometric analysis illustrating the effect 

of curcumin treatments on the CD44+/CD24-/low CSCs from MCF-7 cells. According to these data, 

20 µM C-SSM resulted in a significant reduction in the percentage of CD44+CD24-/low CSC 

population compared to the PBS control (56% decrease, P < 0.05), while none of the other 

treatment groups showed a significant change in the percentage of the CSCs (Figure 20 A and 

B). The reduction in the CD44+CD24-/low breast CSC population observed with 20 µM C-SSM is in 

agreement with the results from the tumorsphere formation assay discussed in Section 2 

above, where the same formulation was found to inhibit the primary tumorsphere formation by 

64%. However, the inhibitory effects of 10 µM C-SSM and 20 µM C-DMSO demonstrated in the 

tumorsphere assay were not observed in the flow cytometric analysis of the CSC population. 

One possible explanation for this finding is the discrepancies between the two methods. While 

the flow cytometric analysis of the CD44+/CD24-/low CSCs is only a measure of the percentage of 

the surviving CSCs after treatments, the tumorsphere formation assay is a measure of both the 

number of surviving CSCs and their proliferative capacity, and therefore the additive effect in 

the latter could be expected to be higher. 

As shown in Figure 20 C, the empty SSM-treated MCF-7 cells resulted in a high standard 

deviation for the percentage of the CD44+CD24-/low CSC population. One explanation for this 

observation could be that the free DSPE-PEG2000 molecules from SSM is altering the surface 

properties of MCF-7 cells, and thereby interfering with the antibody binding. However, 20 µM 

C-SSM, despite having the same lipid concentration as the empty SSM control, did not lead to 

such a high deviation. We propose that when curcumin is associated with SSM, the CMC of 
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these micelles is reduced due to hydrogen bonding and hydrophobic interactions of the drug 

with SSM. This, in return, would lead to a reduction in the availability of free DSPE-PEG2000 

molecules that will interfere with the antibody binding, and hence to the lower variability in the 

results. 

 

 

 

Figure 20. Effect of curcumin treatments on the CD44+/CD24-/low CSCs from MCF-7 cells (n=3). 
Flow cytometry results showing (A) a significant reduction in the percentage of CD44+/CD24-/low 
CSCs for the 20 µM C-SSM-treated MCF-7 cells (n=3), and (B) a high standard deviation for 
empty SSM. (C) Representative flow cytometry plots displaying APC fluorescence versus PE 
fluorescence for MCF-7 cells treated with the PBS control or 20 µM C-SSM. *P <0.05 compared 
to the PBS control. Data are mean ± SD. 
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Taken together, these data suggest that the delivery of curcumin in SSM significantly 

improves the anti-CSC activity of the drug as demonstrated by the reduction in the         

CD44+CD24-/low CSC population of MCF-7 cells after treatment and also by the increase in the 

cellular uptake of curcumin. These results support the findings from the previous study showing 

the enhanced efficacy of curcumin to inhibit tumorsphere formation with C-SSM treatment 

compared to free drug (Section 2).  
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B. CD44+/CD24-/low MCF-7 BREAST CANCER STEM CELLS OVEREXPRESS VIP RECEPTORS 

 Identification of cellular targets overexpressed on the surface of CSCs holds great 

significance for developing nanomedicines actively targeted to these resistant cells. Yet there 

are currently only a few potential CSC markers exploited for targeting purposes (Schatzlein, 

2006). In this respect, VIP receptors stand out as promising targets, as they have been 

previously shown to be overexpressed in many types of cancers including breast cancer and 

also to regulate stem cell-like properties (Reubi et al., 2000; Callihan et al., 2011). Therefore, we 

evaluated the expression of VIP receptors on CSCs isolated from MCF-7 cells, with the aim of 

identifying a novel molecular target to be employed in developing active-targeting strategies to 

these resistant cells. For this purpose, MCF-7 cells were first sorted into CD44+/CD24-/low cancer 

stem cell and CD44+/CD24high normal cancer cell populations using flow cytometry, which were 

then cytospun to glass slides and stained with fluorescence-labeled VIP (FAM-labeled VIP). 

The average mean fluorescence intensities (MFIs) from the confocal microscope images 

of normal cancer cells and CSCs stained with FAM-labeled VIP were quantified after subtracting 

the MFIs measured from the autofluorescence and nonspecific binding controls. The specificity 

of the ligand-binding assay was confirmed by the low average MFI of the nonspecific binding 

control (6.4 MFI; data not shown). Figure 21 reveals an approximately 3 times higher expression 

of the VIP receptors in the CD44+/CD24-/low cancer stem cell population compared to the 

CD44+/CD24high normal cancer cells from the MCF-7 breast cancer line (P < 0.05). While the 

normal cancer cells showed a faint signal for the VIP receptors, the CSCs were bright when 

observed under the confocal microscope (Figure 22).  
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These results demonstrate that VIP receptors are overexpressed on the CSC population 

of MCF-7 cells compared to the normal cancer cell population, thus revealing the potential of 

active targeting through these receptors as a means to increase cell selectivity while improving 

drug internalization by the CSCs. The differential expression of the VIP receptors also render 

them a good candidate as surface markers for discriminating between the CSC and normal 

cancer cell populations of breast cancer cells. However, further studies are necessary to 

determine whether the VIP receptors are also differentially expressed on the surface of the 

CSCs derived from primary breast carcinoma tissues. 

 

 

 

 

 

 

 

 

 

 

Figure 21. The average mean fluorescence intensities of CD44+/CD24high normal cancer cells and 
CD44+/CD24-/low cancer stem cells from MCF-7 breast cancer cell line stained with FAM-labeled 
VIP (n=3). Note that the level of VIP receptor expression on cancer stem cells is approximately 3 
times the level in the normal cancer cell population. * P<0.05. Data are mean ± SD. 
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Figure 22. Representative confocal microscopy images showing VIP receptor expression of 
MCF-7 cells. 25x (A and B) and 63x (C and D) images of normal cancer cells and cancer stem 
cells, respectively, stained with FAM-labeled VIP (green) and DAPI (blue nuclear stain). NCC: 
normal cancer cells, CSC: cancer stem cells. 
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C. IN VITRO INHIBITORY EFFECT OF C-SSM-VIP ON MCF-7 BREAST CANCER STEM CELLS 

Previous in vitro and in vivo work from our laboratory has demonstrated that active 

targeting through VIP receptors with VIP-surface grafted SSM significantly improves the 

cytotoxicity of anti-cancer agents (Onyuksel et al., 2009a; Krishnadas, 2004). Therefore, in this 

study, we aimed to improve the efficacy of C-SSM against CSCs by developing a novel VIP-

surface grafted formulation of C-SSM to actively target the VIP receptors found to be 

overexpressed on the CSC population. For this purpose, a curcumin formulation in SSM-VIP was 

first developed and characterized for particle size distribution and curcumin concentration, and 

thereby tested for its inhibitory effect against CSCs using a tumorsphere formation assay. 

  

1. Characterization of the C-SSM-VIP Formulation 

VIP was successfully conjugated to DSPE-PEG3400-NHS which was confirmed by SDS-PAGE 

electrophoresis (data not shown). The prepared DSPE-PEG3400-VIP reaction mixture was added 

to the C-SSM stock dispersion to obtain C-SSM-VIP. The formulations were then tested for 

particle size using DLS. The DLS data showed unimodal particle size distributions with mean 

hydrodynamic diameters of ~15 nm for C-SSM and ~17 nm for C-SSM-VIP, indicating self-

association of curcumin with SSM and SSM-VIP (Figure 23).  We propose that the incorporation 

of DSPE-PEG3400 molecules to SSM could lead to a higher surface concentration of PEG 

molecules. This, in return, would lead to a more extended configuration of the PEG layer, which 

would explain the observed slight increase in the mean diameter of C-SSM-VIP compared to C-

SSM. 



74 
 

 

 

 

 

 

 

Figure 23. Representative DLS data from C-SSM and C-SSM-VIP formulations. Intensity-
weighted NICOMP particle size distributions of (A) C-SSM (mean particle diameter = 14.7 nm) 
and (B) C-SSM-VIP (mean particle diameter = 17.2 nm) showed single homogenous particle 
species. 

 

The prepared C-SSM and C-SSM-VIP formulations were also characterized for curcumin 

content using HPLC. The curcumin concentration of the C-SSM-VIP formulation was found to be 

approximately 176.8 ± 4.2 µg/mL, which was similar to the loading efficiency of C-SSM. 

Necessary dilutions were made according to the HPLC data in order to obtain 5 µM and 10 µM 

curcumin concentrations. 

 

2. C-SSM-VIP Further Improve the Inhibition of MCF-7 Tumorsphere Formation 

For the tumorsphere formation assay, MCF-7 cells were seeded in ultra-low attachment 

plates in suspension, and treated with 5 µM or 10 µM curcumin concentrations of C-SSM-VIP, 

C-SSM or curcumin dissolved in DMSO, as well as with vehicle controls (PBS, empty SSM and 

DMSO) on the following day. Sphere forming efficiencies were evaluated under microscope 

after 7 days of culture.  

A B 

Mean diameter = 14.7 nm Mean diameter = 17.2 nm 
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As shown in Figure 24, MCF-7 cells treated with empty SSM formed aggregates of 

tumorspheres after 7 days of culture, and therefore tumorspheres could not be enumerated. 

However, aggregation of spheres was minimal in the C-SSM and C-SSM-VIP treatment groups, 

indicating that curcumin is reversing this unexpected effect of empty SSM. This observation is in 

agreement with the results discussed in Section 3.2 above (for the inhibitory effects of C-SSM 

and empty SSM on the percentage of CD44+/CD24-/low CSC population of MCF-7 cells) and 

supports our proposition that the association of curcumin with SSM leads to a reduction in the 

availability of free DSPE-PEG2000 molecules. 

 

 

 

 

 

 

   

 

 

Figure 24. Representative bright field images of MCF-7 tumorspheres from different treatment 
groups captured after 7 days of culture. The tumorspheres from cells treated with empty SSM 
formed aggregates, but this aggregation was reversed by curcumin in C-SSM and C-SSM-VIP 
samples. 

PBS SSM  

5 µM C-SSM 

10 µM C-DMSO 

 

10 µM C-SSM 

DMSO 

 

5 µM C-DMSO 

 

5 µM C-SSM-VIP 

10 µM C-SSM-VIP 



76 
 

As determined from the tumorsphere formation assay, 0.5% DMSO control, when added 

directly onto the MCF-7 cell suspension in the tumorsphere culture, reduced the SFE by ~30% 

compared to the PBS control (P < 0.05; data not shown). Therefore, in Figure 25, the SFE data 

from MCF-7 cells treated with C-DMSO groups were normalized to the average SFE of the 

DMSO control, whereas the C-SSM and C-SSM-VIP groups were normalized to the PBS control. 

We found that C-SSM-VIP, at a 5 µM curcumin dose, significantly improved the inhibitory 

effects of both C-SSM and free curcumin on the tumorsphere formation (22% and 20% higher 

inhibition, respectively; P < 0.05). These results indicate the contribution of receptor-mediated 

particle internalization on increasing the overall cellular uptake of curcumin, leading to an 

amplified activity to inhibit tumorsphere formation. On the contrary, when the curcumin 

concentration was increased to 10 µM, C-DMSO almost completely suppressed the 

tumorsphere growth (9% SFE), whereas the sphere forming efficiencies of the C-SSM- or C-SSM-

VIP- treated cells remained at approximately 35%.  

The sphere forming efficiencies of C-SSM and C-SSM-VIP were found to be similar, due, 

most probably, to VIP receptor saturation at this concentration, which limits the contribution of 

receptor-mediated internalization to the overall uptake of nanomicellar curcumin by the cells. 

We have previously observed this phenomenon in our laboratory with paclitaxel-loaded 

micelles (Onyuksel et al., 2009a). Although the cytotoxicity of the VIP-grafted formulation was 

found to be significantly higher than the untargeted formulation at doses < 100 ng/mL, the two 

formulations were found to show similar effects at higher doses. 
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Figure 25. Sphere forming efficiencies of MCF-7 cells after 7 days of tumorsphere culture in the 
presence of the curcumin treatments. Data are normalized to relevant controls (DMSO control 
for C-DMSO treatments and PBS control for C-SSM and C-SSM-VIP treatments; n=3). *P < 0.05 
compared to 5 µM C-SSM and 5 µM C-DMSO. **P < 0.001 compared to 10 µM C-SSM and 10 
µM C-SSM-VIP. Data are mean ± SD. 

 

Unlike the results of this study for the 10 µM curcumin dose, C-SSM were previously 

shown to have a greater inhibitory effect on tumorsphere formation compared to free 

curcumin as described in Section 2 above. The discrepancy between the results of the two 

studies is also reflected in the extent of suppression of tumorsphere growth, as the effect of 

even the 5 µM free curcumin dose in the current study was found to be higher compared with 

20 µM free curcumin in the previous study. This could be attributed to the differences in the 

experimental design of the two studies. Whereas in the previous study, the MCF-7 cells were 

pre-treated in adherent conditions, the treatments were added directly on the single cell 

suspension in the tumorsphere culture in the present study. Therefore, kinetics of the 

tumorsphere formation plays a role in the results of the latter. Exposing single cells in 
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suspension on the first day of the tumorsphere culture to a high dose of (10 µM) free curcumin 

is possibly leading to immediate killing of cancer stem-like cells (more so than in adherent 

conditions) before they start growing as tumorspheres. On the other hand, this immediate 

effect of curcumin in the C-SSM and C-SSM-VIP formulations is most likely lessened due to 

controlled release of the drug over a longer period of time, during which the spheres start 

forming. The time-dependent release of curcumin, in turn, leads to attenuated anti-CSC 

activities for the nanomicellar formulations compared to free drug. Nevertheless, this time-

dependency is not representative of the in vivo situation, where continuous exposure of the 

drug to the cancer cells is generally considered as an advantage.  

Overall, these results indicate that VIP receptor-targeted delivery of curcumin-loaded 

nanomicelles further improves the anti-CSC activity of curcumin at lower concentrations, thus 

demonstrating the feasibility of employing an active-targeting strategy through the 

overexpressed VIP receptors for delivering CSC therapies. 
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IV. CONCLUSION 

In summary, C-SSM were found to significantly suppress the primary tumorsphere 

formation in a dose-dependent manner, indicating its ability to eliminate the tumorsphere-

initiating breast CSCs. Moreover, this inhibitory effect of 20 µM C-SSM on the sphere formation 

was found to be higher in comparison with free curcumin. C-SSM also impaired the self-renewal 

and proliferative capacities of cancer stem-like cells, as demonstrated by its efficacy to inhibit 

the secondary tumorsphere formation and to reduce the size of both primary and secondary 

spheres, respectively. These results were supported by the data from the flow cytometric 

analysis. The C-SSM nanomedicine showed a markedly increased cellular uptake of curcumin 

compared to free drug in both the normal cancer cell and cancer stem cell populations from the 

MCF-7 cell line. In addition, this amplified internalization of C-SSM resulted in a significant 

reduction in the percentage of the CD44+/CD24-/low CSCs at a 20 µM curcumin concentration, 

while no significant change was observed with free curcumin. These data demonstrated the 

enhanced anti-CSC activity of the C-SSM nanomedicine on MCF-7 cells compared to free 

curcumin, indicating the benefits offered by the SSM nanocarrier.  

In order to improve the anti-CSC activity of C-SSM even further, we aimed to integrate 

an active targeting strategy to this formulation. We demonstrated that the VIP receptors were 

overexpressed in the CD44+/CD24-/low cancer stem cell population compared to the normal 

cancer cells. These data were indicative of the potential of VIP receptor-targeting for 

developing cancer therapies actively-targeted to breast CSCs. Next, a curcumin-loaded 

nanomicellar formulation surface-grafted with VIP was successfully developed and 

characterized. We found that C-SSM-VIP, at a lower 5 µM dose, significantly enhanced the 
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inhibitory effects of both C-SSM and free curcumin on the tumorsphere formation. These data 

suggested the augmentation of the overall cellular uptake of curcumin, and hence its anti-CSC 

activity, by the receptor-mediated particle internalization. 

Overall, these studies provide a novel strategy for targeting and eliminating breast 

cancer stem cells in a safe and efficacious way. The C-SSM-VIP formulation combines the 

advantages of i) curcumin, as a natural compound with a potential anti-CSC activity and no 

observed toxicity, ii) sterically stabilized, biocompatible and biodegradable phospholipid 

nanomicelles as a safe delivery system that protects and hence increases the potency of 

curcumin, and iii) targeting of VIP receptors overexpressed on the CSCs, as a means to increase 

cell selectivity and cellular uptake by these cells. The data presented here suggest that the C-

SSM-VIP nanomedicine, with its advantages listed above, has a potential to provide a relapse-

free cure of breast cancer. 
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V. FUTURE DIRECTIONS 

Preliminary data for C-SSM and C-SSM-VIP from this study have indicated the improved 

efficacy of the nanomicellar formulations of curcumin to eliminate the cancer stem cells from 

the MCF-7 human breast cancer cell line. However, there is a need to design more experiments 

before a clinical success can be achieved. Some of these studies include, but not limited to: 

1. Further evaluation of the in vitro performance of C-SSM and C-SSM-VIP on eliminating 

the cancer stem cells. Anti-CSC activity of these formulation should be further evaluated on 

different breast cancer cell lines, or even cell lines of other types of cancers (e.g., pancreatic 

cancer) using the tumorsphere formation assay and the flow cytometric analysis of the CSC 

population. Other functional assays related to cancer stem cells such as the tumor cell invasion 

and the clonogenicity assays could also be used. 

2. Long-term stability studies for the C-SSM and C-SSM-VIP formulations. A lyophilized 

formulation of the C-SSM-VIP nanomedicine should be successfully developed and 

characterized for its potential clinical application. Long-term stability studies of the lyophilized 

C-SSM and C-SSM-VIP products should be conducted for determining whether they can be 

stored long enough to be developed as commercial products. 

3. In vivo evaluation of C-SSM and C-SSM-VIP. Effects of the C-SSM and C-SSM-VIP 

treatments on the in vivo tumorigenicity of breast carcinoma cells should be evaluated in an 

orthotopical xenograft model on NOD/SCID mice (Ginestier et al., 2010). Other models could be 

used for different types of cancers.  

4. Large scale production of C-SSM and/or C-SSM-VIP. A feasible large scale manufacturing 

process should be developed for the successful translation of the products to the clinical arena. 
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	SUMMARY
	Breast cancer is the most commonly occurring cancer and the leading cause of cancer death in women worldwide. Despite decreasing breast cancer death rates in North America and Europe over the past two decades, partially as a result of significant adva...
	Targeted drug delivery approaches aim to overcome the limitations of conventional systemic chemotherapy by accumulating the anticancer drug in the disease site(s) while minimizing drug exposure at the off-target organs and tissues. Nano-sized carriers...
	Our laboratory has been investigating biocompatible and biodegradable, sterically stabilized phospholipid micelles (SSM) as nano-sized drug delivery vehicles of water-insoluble anticancer agents for more than a decade. These self-assembled structures ...
	SUMMARY
	hydrophobic core and provide protection with their hydrophilic polyethylene glycol (PEG) palisade. The latter reduces opsonization and uptake by the reticuloendothelial system, and thereby renders these micelles sterically stabilized. SSM can be targe...
	Curcumin, a hydrophobic polyphenol derived from the tumeric spice, has been the focus of an extensive amount of research in recent years due to its vast array of pharmacological activities including cancer chemopreventive and chemotherapeutic activiti...
	SUMMARY
	curcumin against MCF-7 human breast cancer cells, suggesting its potential for enhancing curcumin’s in vivo anticancer efficacy by circumventing its bioavailability problems.
	A new paradigm has emerged in recent years, revealing that cancers contain a small, therapy-resistant sub-population of cells – the cancer stem cells (CSCs) – displaying tissue-specific stem cell properties, responsible for tumor initiation, propagati...
	Curcumin’s activity against the CSCs has been investigated in recent years. These studies have revealed the therapeutic potential of curcumin to target CSCs from a number of cancers including breast cancer, as a regulator of multiple self-renewal and ...
	SUMMARY
	SUMMARY
	Samples of C-SSM and empty SSM were prepared by the film rehydration method and characterized for curcumin’s self-association with SSM through dynamic light scattering (DLS) and HPLC studies. The DLS data showed one single peak at around 15 nm for bot...
	For determining C-SSM’s effect on the CD44+/CD24-/low breast CSC population, MCF-7 cells were treated for 72 hours with the treatment groups and treated cells were incubated with antibodies against human CD44 and CD24. The effect of the treatment grou...
	SUMMARY
	the CSC and normal cancer cell populations were analyzed using flow cytometry. The C-SSM nanomedicine, at 10 µM and 20 µM concentrations, were found to result in a marked increase in the cellular uptake of curcumin compared to free drug in both normal...
	Next, a fluorescence-based ligand binding assay was conducted on MCF-7 cells to determine the level of VIP receptor expression on breast CSCs compared to the expression on normal breast cancer cells. MCF-7 cells were sorted using flow cytometry into C...
	In order to develop a novel nanomicellar curcumin formulation actively targeted to breast CSCs, C-SSM was surface-grafted with VIP and characterized for particle size distribution and curcumin concentration. The DLS data showed a homogeneous species w...
	SUMMARY
	both C-SSM and free curcumin (P < 0.05). These data suggest the augmentation of the overall cellular uptake of curcumin, and hence its anti-CSC activity, by the receptor-mediated particle internalization.
	In this thesis, we were able to develop a novel strategy for targeting and eliminating breast cancer stem cells in a safe and efficacious way. We were able to demonstrate the benefits of the SSM nanomedicine as a delivery system for curcumin in improv...
	The successful completion of this project provides a first step to employ nanotechnology applications to actively target CSCs. This may eventually lead to safe and more effective therapies for breast cancer, as well as other types of cancers possessin...
	I. INTRODUCTION
	A. BREAST CANCER
	Breast cancer is a malignant, uncontrolled growth of epithelial cells lining the ducts or lobules of breast tissue arising through a series of molecular mutations at the cellular level (Lippman, 2005). It is the most commonly occurring cancer and the ...
	The causes of most breast cancer cases remain to be unknown. However, recent years have shown numerous advances in the identification of various risk factors including gender, environment, hormones, genetic factors, and lifestyle (Michaud et al., 2008...
	1.  Current Cytotoxic Chemotherapies for Breast Cancer
	A series of laboratory and clinical studies during the 1960s and 1970s have tested the notion that breast cancer is a metastatic disease that cannot be cured with locoregional therapy alone. Findings from these investigations illustrated that high res...
	DNA-damaging agents include platinum compounds and antitumor antibiotics. Platinum compounds such as cisplatin and carboplatin cross-link DNA strands leading to inhibition of DNA synthesis and transcription (Kardinal et al., 2008; Marsh et al., 2009)....
	2. Limitations of Conventional Chemotherapy Approaches
	Despite decreasing breast cancer death rates in North America and Europe over the past two decades (largely as a result of early detection through mammography and improved treatment strategies) a significant proportion of patients with early stage bre...
	2.1. Lack of Drug Specificity
	The specificity and activity of current chemotherapy agents towards target disease sites are typically evaluated based on their ability to alter pathological cellular mechanisms. However, the selective accumulation of the drug in the target site (intr...
	2.2. Formulation Limitations
	One of the major challenges of the pharmaceutical industry today is formulation problems, which was reported to be responsible for 12 percent of clinical failures in the year 2000 for 10 large pharmaceutical companies (Kola et al., 2004). In fact, it ...
	2.3. Multidrug Resistance
	A broad class of lipophilic chemotherapeutic agents such as vinorelbine, paclitaxel and doxorubicin are actively exported from cells by an adenosine-triphosphate (ATP-)-dependent efflux pump, known as multidrug transporter P-glycoprotein (Pgp) (Dean e...
	The limitations of conventional chemotherapeutic approaches listed above provide a clear indication for the need to develop new drug delivery and/or treatment approaches.
	3. Targeted Delivery in Cancer Therapy
	The development of new strategies that guide systemically administered anticancer drugs selectively to the target tumor site is necessary to minimize toxicity caused by these cytotoxic agents. In this respect, targeted drug delivery approaches aim to ...
	3.1. Passive Targeting
	It is now well established that all solid tumors share two features: 1) highly irregular tumor blood vessels and 2) a dysfunctional lymphatic drainage (Peer et al., 2007; Matsumura et al., 1986). The endothelial cells lining the blood vessels are loos...
	3.2. Active Targeting
	While passive targeting approaches are widely used in clinical therapy, active targeting strategies are currently being developed to achieve enhanced selectivity and drug uptake, as well as to prevent expelling of drugs from the cells in the case of m...
	3.3. Sterically Stabilized Phospholipid Micelles for Targeted Delivery
	Nanoparticulate pharmaceutical carriers are nanostructures typically made of one or several different materials, including natural or synthetic polymers and lipids. Rational design approaches over the years have led to the development of numerous nano...
	Sterically stabilized phospholipid micelles (SSM), nano-sized self-assembled complexes composed of the PEGylated phospholipid, distearoyl phosphatidylethanolamine-polyethylene glycol 2000 (DSPE-PEG2000; Figure 1), stand out as a highly promising nanov...
	/
	To date, numerous hydrophobic small molecules including the anticancer drugs such as paclitaxel, camptothecin and amphipathic peptides have been solubilized in SSM (Sezgin et al., 2006; Krishnadas et al., 2003; Koo et al., 2005a; Onyuksel et al., 1999...
	Phospholipid micelles can be targeted to the cancer tissue by passive and/or active targeting mechanisms. SSM are approximately 15 nm in size, and hence suitable for passive targeting via the EPR effect. Moreover, the remarkably smaller size of micell...
	3.4. Vasoactive Intestinal Peptide Receptors as Targets for Breast Cancer Chemotherapy
	Vasoactive intestinal peptide is an endogenous 28-amino acid mammalian neuropeptide that elicits a broad spectrum of biological functions related to reproduction, development, growth, immune responses, circadian rhythms, the modulation of neuronal and...
	It has been demonstrated that VIP receptors are expressed at high densities in a variety of human tumors including breast, prostate, pancreas, colorectal, gastric, and liver carcinomas, and lymphomas (Reubi et al., 2000). In breast cancer, the overexp...
	Previously in our laboratory, human VIP was successfully grafted on the surfaces of SSM and sterically stabilized mixed micelles (composed of a 9:1 mixture of DSPE-PEG2000 and phosphatidylcholine) to develop novel drug delivery systems. We have tested...
	An advantage of VIP-surface grafted micelles over other ligand-targeted therapeutics is that VIP receptors are not expressed in the vascular endothelium (Reubi, 2003). Therefore, when VIP is associated with micelles, it only extravasates at the tumor ...

	B.  CURCUMIN
	Numerous epidemiological studies in the last few decades have shown the chemopreventive effect of naturally-occurring dietary compounds, which have been partly attributed to the high content of bioactive, non-nutrient phytochemicals commonly found in ...
	Curcumin is a hydrophobic polyphenol derived from the ancient Indian spice tumeric, the powdered rhizome of the herb Curcuma longa belonging to the ginger family (Aggarwal et al., 2007b). It has been used for generations in traditional Asian Indian me...
	1.   Chemistry and Pharmacology
	Curcumin (diferuloylmethane; see Figure 4) is an orange-yellow colored crystalline powder, hydrophobic in nature and soluble in dimethylsulfoxide (DMSO), ethanol, acetone, and oils (Aggarwal et al., 2007b). Its structure has been identified as 1,6-hep...
	Natural and synthesized analogs of curcumin have been described previously (Anand et al., 2008). These analogs reveal that the hydroxyl groups of curcumin are essential for its antioxidant activity, whereas the methoxy groups are indispensable for its...
	Although the pharmacokinetic data in humans are inconclusive, a number of pilot and phase I clinical studies performed with curcumin have supported the findings in the preclinical models. In a study on healthy subjects, 2 g pure curcumin powder showed...
	Curcumin has been shown to possess a broad array of pharmacological activities including enhancement of wound healing; neuroprotection; analgesic, anti-viral, anti-fungal and anti-bacterial effects; as well as anti-inflammatory, anti-oxidant, anti-mut...
	To date, numerous in vitro and in vivo studies have demonstrated the chemopreventive and chemotherapeutic potential of curcumin in a variety of different cancers including breast, lung, ovarian, prostate and pancreatic cancers, gastrointestinal cancer...
	2. Chemotherapeutic Potential of Curcumin in Breast Cancer
	The anti-carcinogenic activity of curcumin in breast cancer has been reported in several studies (Kim et al., 2008; Ramachandran et al., 1999; Bachmeier et al., 2007; Aggarwal et al., 2005). A wide variety of mechanisms have been implicated for the an...
	In a preclinical study on human breast cancer cells including hormone-dependent, hormone-independent, and multidrug-resistant cell lines, the antiproliferative effect of curcumin was shown to be time- as well as dose-dependent and correlated to the ab...
	Overall, available experimental evidence suggest that curcumin has a vast potential for the chemotherapy of breast cancer. However, development of advanced drug delivery strategies that will overcome curcumin’s bioavailability issues is essential for ...
	3. Nanoparticulate Formulations of Curcumin
	In the last two decades, various formulation approaches including oral, injectable and topical formulations have been investigated to enhance the chemical stability, systemic bioavailability, and antitumoral activities of curcumin. These formulations ...
	Novel nanotechnology-based formulations of curcumin are also found to be implicated in increasing the anticancer activity of a variety of chemotherapeutic agents. In an orthotopic pancreatic xenograft model in nude mice, the combination of gemcitabine...
	Taken together, these data reveal that the development of nanotechnology-based formulations for the delivery of curcumin is critical to circumvent its bioavailability problems and hence realize its full potential in the clinical arena.
	4. Curcumin-Loaded Sterically Stabilized Micelles
	Recently, a novel lipid-based nanomedicine of curcumin in sterically stabilized micelles prepared from DSPE-PEG2000 was developed in our laboratory (Thaqi, 2011). Curcumin was efficiently solubilized in 1 mM SSM at concentrations as high as 180 µg/mL,...
	/These preliminary data suggest that C-SSM hold a vast potential for enhancing curcumin’s in vivo anticancer efficacy by overcoming its bioavailability issues through increased solubility and protection from degradation, leading to an increased circul...
	Figure 5.  A cross-sectional representation of the proposed interaction of curcumin within the sterically stabilized micelles [adopted from (Thaqi, 2011)]. It is suggested that while one end of curcumin molecules interacts with the polar head groups t...

	C.  CANCER STEM CELLS AND CLINICAL IMPLICATIONS
	Despite recent advances in breast cancer therapy and diagnosis, patients experience relapses in approximately 40% of all cases, accounting for more than 60% of breast cancer deaths, which underscores the relative failure of conventional chemotherapy a...
	The cancer stem cell (CSC) model of tumor propagation postulates that many cancers are hierarchically arranged, with CSCs, also referred to as the tumor-initiating cells, lying at the apex of the hierarchy (Velasco-Velazquez et al., 2011a).  According...
	/
	/
	1. Identification and Isolation of Breast Cancer Stem Cells
	Ever since the emergence of the CSC theory with the discovery of CSCs in leukaemia, CSCs have been identified in several solid tumors including breast, colon, prostate, pancreas, brain, lung, and head and neck tumors (Bonnet et al., 1997; Al-Hajj et a...
	Similarly, high aldehyde dehydrogenase isoform 1 (ALDH) activity has also been identified as a functional marker to isolate breast CSCs, as well as normal mammary stem cells (Ginestier et al., 2007; Charafe-Jauffret et al., 2009). ALDH, a detoxifying ...
	It has been well established that CSCs show elevated expression of multidrug resistance efflux pumps compared to normal cancer cells, which may protect these cells from the intracellular accumulation of cytotoxic agents including chemotherapeutic agen...
	Breast CSCs have also been isolated from primary breast cancer cells and from breast cancer cell lines after in vitro propagation in suspension culture (Ponti et al., 2005; Fillmore et al., 2008). These studies demonstrated that breast cancer stem/pro...
	2. Breast Cancer Stem Cells and Therapy Resistance
	Although conventional chemotherapies and radiotherapies are initially effective in controlling tumor growth or even reducing tumor volume, many patients experience relapse over time (Gerber et al., 2010). Accumulating data from breast cancer cell line...
	3. Self-renewal and Differentiation Pathways in Breast Cancer Stem Cells
	Normal adult stem cells possess the ability to produce the cells that constitute the organ and to propagate themselves through tightly regulated self-renewal and differentiation mechanisms unique to these cells. Self-renewal is defined as the ability ...
	4. Targeting Breast Cancer Stem Cells with Curcumin
	A growing body of experimental evidence has revealed curcumin’s therapeutic potential to target cancer stem cells as a downregulator of a vast array of signaling pathways such as Wnt, Notch-1 and NFκ-B playing crucial roles in stem cell survival, as w...
	Yu et al. reported that the treatment of colon cancer cells with 5-fluorouracil and oxaliplatin (FOLFOX), led to the enrichment of cancer stem-like cells expressing high levels of CD133, CD44, CD166 and/or EGFR (Yu et al., 2009). On the contrary, trea...
	Fong et al. have examined curcumin’s effect on the SP cell fraction of rat C6 glioma cells (Fong et al., 2010). In this study, curcumin treatment for 3-10 days or during the dye exclusion assay led to a marked depletion of the SP cell fraction suggest...
	In their recent study, Kakarala et al. demonstrated curcumin’s chemopreventive activity through its ability to modulate self-renewal of normal and malignant mammary stem cells (Kakarala et al., 2010). Curcumin, alone or in combination with piperine, s...
	Very recently, Lim et al. tested the effect of a polymeric nanoparticle formulation of curcumin on tumor-derived neurospheres from glioblastoma and medullablastoma cultures and showed that curcumin treatment resulted in a marked depletion of CD133+ st...
	Taken together, these studies indicate that curcumin, as a regulator of multiple signaling pathways involved in stem cell self-renewal and differentiation and multidrug resistance transporters, holds great promise for developing treatment strategies t...
	5. VIP Receptors as Targets for Breast Cancer Stem Cells

	D.  SIGNIFICANCE OF THE PROJECT
	Breast cancer is the most commonly occurring cancer and the leading cause of cancer death in females worldwide. In 2008 alone, 1.38 million new cases of breast cancer were diagnosed and 458,400 women died of breast cancer (Jemal et al., 2011). Despite...
	In this thesis project, we aimed to address the important issue of developing a cancer therapy that can target CSCs in a safe and effective way. To begin to address this issue, we first demonstrated the enhanced anti-CSC activity of C-SSM (a novel, st...
	The successful completion of this project bridges an important gap between the implications of the cancer stem cell hypothesis to develop new cancer treatment strategies and the nanotechnology applications to target CSCs. This should eventually lead t...

	E.  HYPOTHESIS AND SPECIFIC AIMS
	II.  MATERIALS AND METHODS

	A. MATERIALS
	1. Preparation and Characterization of Nanomicellar Formulations of Curcumin
	1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy-[poly(ethylene glycol); PEG MW 2,000] (DSPE-PEG2000) was obtained from LIPOID GmbH (Ludwigshafen, Germany). Curcumin (98% pure) was obtained from ChromaDex (Irvine, CA). VIP was synthesized by ...
	2. Cell Culture and Treatment
	MCF-7 human breast cancer cell line was obtained from American Type Culture Collection (Manassas, VA, US). Dulbecco’s Modification of Eagle’s Medium (DMEM), penicillin-streptomycin solution, trypsin-ethylenediaminetetraacetic acid (EDTA) solution, and...
	3. Tumorsphere Culture
	24-well ultra-low attachment plates were obtained from Corning (Corning, NY). MammoCult® Human Medium Kit with basal medium and proliferation supplements and Heparin were from StemCell Technologies (Vancouver, Canada). Hydrocortisone was from Sigma (S...
	4. Flow Cytometric Analysis of CD44+/CD24-/low Breast CSCs
	R-Phycoerythrin (PE)-conjugated IgG2aκ antibody against human CD24 (CD24-PE; clone ML5), Allophycocyanin (APC)-conjugated IgG2bκ antibody against human CD44 (CD44-APC; clone G44-26) and corresponding mouse isotype-matched antibodies were obtained from...
	5. VIP Receptor Ligand-Binding Analysis
	Fisherbrand® single cytology funnels and paraformaldehyde were obtained from Fisher Scientific (Pittsburgh, PA). Poly-L-lysine-coated adhesive microscope slides were from Labscientific Inc. (Livingston, NJ). 5-carboxyfluorescein (FAM)-labeled VIP was ...

	B. METHODS
	1. Evaluation of the In Vitro Inhibitory Effect of C-SSM on the Breast Cancer Stem Cell Population
	The putative breast CSCs were first identified as cells isolated from primary breast tumors or mammary cell lines based on a CD44+/CD24-/low immunophenotypical profile (Al-Hajj et al., 2003). Shortly after, cancer stem/progenitor cells were also found...
	For determining C-SSM’s effect on tumorsphere formation, two different concentrations of curcumin, one above and one below the IC50 value of C-SSM (10 μM and 20 μM), were tested. Samples of C-SSM and empty SSM were prepared and characterized for parti...
	For determining C-SSM’s effect on the CD44+/CD24-/low breast CSC population, MCF-7 cells were treated for 72 hours with the treatment groups as described above. Thereafter, treated cells were collected by dissociation and incubated with antibodies aga...
	1.1. Preparation of the Curcumin Nanomedicine C-SSM
	A stock solution of 180 μg/mL curcumin in 1 mM sterically stabilized phospholipid micelles was prepared using the film rehydration method as previously described in our laboratory (Thaqi, 2011). Briefly, weighed amount of DSPE-PEG2000 and curcumin wer...
	1 mM stock dispersions of empty SSM were prepared following the same procedure described above, but with no drug.
	1.2. Characterization of C-SSM
	1.2.1. Particle size analysis
	Hydrodynamic diameters of the C-SSM and empty SSM samples were measured by dynamic (also known as quasi-elastic) light scattering (DLS) using Agilent 7030 NICOMP DLS/ZLS particle sizer (Santa Clara, CA). DLS uses scattered light to measure the hydrody...
	(Eq. 1)
	where, k is the Boltzmann’s constant (1.38 X 10-16 erg K-1), T is the absolute temperature, η the shear viscosity of the solvent, and D is the diffusion coefficient of the particles (Malvern Instruments).
	The hydrodynamic particle diameter distributions of C-SSM in aqueous media were obtained from this equation using the following parameters: η = 0.933 cP, T = 296 K, refractive index = 1.33, scattering angle = 90˚. Samples were run for a minimum of 5 c...
	1.2.2. High performance liquid chromatography (HPLC) analysis
	The curcumin content of 180 µg/mL curcumin in 1 mM C-SSM samples prepared in Section 1.1 above was analyzed by reversed-phase HPLC (RP-HPLC). RP-HPLC utilizes a non-polar stationary phase (a column containing a microparticulate porous packing material...
	For the RP-HPLC analysis of curcumin, a protocol previously described in our laboratory was followed (Thaqi, 2011). Briefly, the C-SSM samples were diluted with methanol and vortexed. 100 µL from each sample was added into HPLC vials.  Each sample was...
	A curcumin calibration curve was generated by analyzing standard curcumin solutions of a range of known concentrations (12.5 – 100 µg/mL curcumin in methanol) in triple run using HPLC. The average peak areas were plotted to determine a best fit line u...
	TABLE I. HPLC parameters used in the setup of curcumin concentration detection
	1.3. Cell Culture
	MCF-7 human breast cancer cells were grown as monolayers until 80 – 90% confluency in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin solution at 37˚C in a humidified 5% CO2 atmosphere. The medium was changed every other day. For passagi...
	1.4. Treatment of MCF-7 Breast Cancer Cells in Adherent Conditions
	C-SSM samples prepared in section 1.1 above were diluted with 1 mM DSPE-PEG2000 lipid solution (for keeping the lipid concentration above the CMC to prevent breaking of micelles) to obtain the final concentrations of 10 µM curcumin in approximately 20...
	For growing MCF-7 human breast cancer cells, a cell suspension was prepared as described above in Section 1.3 and cell density was adjusted to 1.1 x 105 cells/ml. Suspended cells were then seeded in adherent 6-well plates and allowed to attach overnig...
	1.5. Tumorsphere Formation Assay
	The procedures for the tumorsphere culture were adopted from manufacturer’s (StemCell Technologies, Vancouver, Canada) instructions and the previously described procedures of Dontu et al. and Ponti et al. (Dontu et al., 2003; Ponti et al., 2005). Mamm...
	The work flow for the tumorsphere formation assay is illustrated in Figure 7. After incubating the treated MCF-7 cells from Section 1.4 for 72 hours, cells were rinsed twice with HBSS to remove excess culture medium, dissociated enzymatically with try...
	After 7 days of culture, average sphere-forming efficiency (SFE) of each treatment group was evaluated under inverted Olympus IX70 fluorescent microscope equipped with a CCD camera (4x objective lens; UIC Biopharmaceutical Sciences Department, Gemeinh...
	1.6. Flow Cytometric Analysis of the CD44+/CD24-/low Breast Cancer Stem Cell Population
	Flow cytometry is a powerful tool for measuring and analyzing the physical and chemical characteristics of fluorescently labeled cells, as well as for sorting them based on their characteristics so as to isolate the population of interest. Figure 8 sh...
	In this experiment, flow cytometric analysis was employed to test the effect of C-SSM treatment on the CD44+/CD24-/low CSC population of MCF-7 breast cancer cells. Briefly, cells were seeded in tissue culture dishes at a cell density of 1.1x105 cells/...
	/
	2. Determination of the Level of VIP Receptor Expression on CD44+/CD24-/low MCF-7 Cancer Stem Cells
	2.1. Confocal Microscopy
	Confocal microscopy is a widely used method for imaging either fixed or living tissues that have been labeled with fluorescent probes. The confocal microscope eliminates the drawback of defocused light experienced in conventional light microscopes by ...
	/
	2.2. Procedures
	Sorted cells were washed twice with PBS by centrifugation and cytospun onto poly-L-lysine coated glass slides (5x104 cells/mL) at 1000 rpm for 5 minutes using a Shendon CytoSpin Cytocentrifuge (Thermo Fisher Scientific, Waltham, MA; UIC Biopharmaceuti...
	The fluorescence signals from FAM (excitation/emission: 492/518 nm) and DAPI (excitation/emission: 360/460 nm) were detected with a Carl Zeiss LSM 510 Meta confocal microscope (25x magnification; Research Resource Center Confocal Microscopy Facility, ...
	3. Development, Characterization and the In Vitro Anti-Cancer Stem Cell Activity of a Novel Formulation of Curcumin in VIP-Surface Grafted SSM
	This study was designed to determine whether delivering curcumin through active targeting of VIP receptors can further improve the anti-CSC activity of C-SSM on MCF-7 cells. For this purpose, a curcumin formulation actively targeted to VIP receptors w...
	3.1. Preparation and Characterization of C-SSM-VIP
	3.2. Evaluation of the Inhibitory Effects of C-SSM-VIP, C-SSM or Free Curcumin on MCF-7 Cancer Stem Cell Tumorspheres
	C-SSM-VIP nanomedicine and the 225 µg/mL curcumin in 1.25 mM SSM C-SSM stock dispersion was prepared as described above. 1.25 mM empty SSM was prepared following the same procedures as C-SSM, but with no drug. Thereafter, C-SSM and empty SSM dispersio...
	The tumorsphere formation assay was performed as described in Section 1.5 above with some modifications. Briefly, single cells from untreated MCF-7 cell suspension were plated in 24-well ultra-low attachment plates at a cell density of 15,000 cells/mL...
	4. Statistical Analysis
	The in vitro experiments were performed repeatedly to obtain at least 3 independent trials for each experiment. Data of all experiments were expressed as mean ± standard deviation (SD). Any statistical comparison between 2 groups was performed using t...
	III.  RESULTS AND DISCUSSION

	A. IN VITRO INHIBITORY EFFECT OF C-SSM ON MCF-7 BREAST CANCER STEM CELLS
	Curcumin was previously shown to inhibit stem cells from breast cancer cell lines or normal breast tissue through suppression of the mammosphere formation and elimination of ALDH-positive cells (Kakarala et al., 2010). In order to determine whether cu...
	1. Characterization of the C-SSM Formulation
	For determining C-SSM’s effect on breast cancer stem cells, C-SSM and empty SSM (as vehicle control) samples were prepared to treat MCF-7 cells. Both formulations were characterized for particle size by DLS and curcumin concentration of C-SSM was dete...
	1.1. Particle Size Analysis
	Particle size analysis of 180 µg/mL curcumin in 1mM SSM (C-SSM) and 1 mM empty SSM, depicted in Figures 10 and 11, respectively, showed a unimodal system as observed by one single peak at around the intensity-weighted particle size diameter of 15 nm a...
	1.2. HPLC Analysis
	The exact concentration of curcumin in C-SSM samples was determined by RP-HPLC. Curcumin calibration curves were generated from curcumin standard solutions of a range of concentrations (25 - 100 µg/mL) for each trial. A representative calibration curv...
	The exact curcumin concentration was found to be ~180 µg/mL, similar to the previously reported drug concentration of C-SSM (Thaqi, 2011). Following characterization, C-SSM samples were diluted to obtain 10 µM and 20 µM curcumin concentration accordin...
	/
	/
	2. C-SSM Improve Curcumin’s Inhibitory Effect on MCF-7 Cancer Stem Cell Tumorspheres
	Recent studies have demonstrated that breast cancer stem/progenitor cells, similar to human breast stem/progenitor cells, could be enriched in floating mammospheres (also known as tumorspheres) based on their unique ability to survive in non-adherent ...
	2.1. Inhibition of Primary Tumorsphere Formation
	As shown in Figure 14, while 10 μM C-DMSO did not have a significant effect on tumorsphere formation, 10 μM C-SSM, 20 μM C-DMSO and 20 μM C-SSM treatments resulted in significantly lower sphere forming efficiencies compared to the PBS control (SFE: 63...
	2.2. Inhibition of Secondary Tumorsphere Formation
	Taken together, these results suggest the dose-dependent anti-CSC activity of the C-SSM nanomedicine as demonstrated by its efficacy to eliminate tumorsphere-initiating breast cancer stem cells from MCF-7 cells. Moreover, this activity was found to be...
	3. C-SSM Enhance the Cytotoxicity of Curcumin to CD44+/CD24-/low MCF-7 Cancer Stem Cells
	Putative cancer stem cells were first isolated from the breast carcinoma based on a  CD44+/CD24-/low immunophenotype (Al-Hajj et al., 2003). These cells were highly tumorigenic when injected to mice and generated tumors resembling the parent tumors wi...
	3.1. C-SSM Increase Curcumin Internalization by the Cancer Stem Cell and Normal Cancer Cell Populations of MCF-7 Cells
	3.2. C-SSM Improve the Elimination of CD44+/CD24-/low MCF-7 Cancer Stem Cells
	Figure 20 summarizes the data from the flow cytometric analysis illustrating the effect of curcumin treatments on the CD44+/CD24-/low CSCs from MCF-7 cells. According to these data, 20 µM C-SSM resulted in a significant reduction in the percentage of ...
	As shown in Figure 20 C, the empty SSM-treated MCF-7 cells resulted in a high standard deviation for the percentage of the CD44+CD24-/low CSC population. One explanation for this observation could be that the free DSPE-PEG2000 molecules from SSM is al...

	B.  CD44+/CD24-/low MCF-7 BREAST CANCER STEM CELLS OVEREXPRESS VIP RECEPTORS
	C. IN VITRO INHIBITORY EFFECT OF C-SSM-VIP ON MCF-7 BREAST CANCER STEM CELLS
	1. Characterization of the C-SSM-VIP Formulation
	The prepared C-SSM and C-SSM-VIP formulations were also characterized for curcumin content using HPLC. The curcumin concentration of the C-SSM-VIP formulation was found to be approximately 176.8 ± 4.2 µg/mL, which was similar to the loading efficiency...
	2. C-SSM-VIP Further Improve the Inhibition of MCF-7 Tumorsphere Formation
	As determined from the tumorsphere formation assay, 0.5% DMSO control, when added directly onto the MCF-7 cell suspension in the tumorsphere culture, reduced the SFE by ~30% compared to the PBS control (P < 0.05; data not shown). Therefore, in Figure ...
	The sphere forming efficiencies of C-SSM and C-SSM-VIP were found to be similar, due, most probably, to VIP receptor saturation at this concentration, which limits the contribution of receptor-mediated internalization to the overall uptake of nanomice...
	Unlike the results of this study for the 10 µM curcumin dose, C-SSM were previously shown to have a greater inhibitory effect on tumorsphere formation compared to free curcumin as described in Section 2 above. The discrepancy between the results of th...
	Overall, these results indicate that VIP receptor-targeted delivery of curcumin-loaded nanomicelles further improves the anti-CSC activity of curcumin at lower concentrations, thus demonstrating the feasibility of employing an active-targeting strateg...
	IV.  CONCLUSION
	In summary, C-SSM were found to significantly suppress the primary tumorsphere formation in a dose-dependent manner, indicating its ability to eliminate the tumorsphere-initiating breast CSCs. Moreover, this inhibitory effect of 20 µM C-SSM on the sph...
	In order to improve the anti-CSC activity of C-SSM even further, we aimed to integrate an active targeting strategy to this formulation. We demonstrated that the VIP receptors were overexpressed in the CD44+/CD24-/low cancer stem cell population compa...
	Overall, these studies provide a novel strategy for targeting and eliminating breast cancer stem cells in a safe and efficacious way. The C-SSM-VIP formulation combines the advantages of i) curcumin, as a natural compound with a potential anti-CSC act...
	V.  FUTURE DIRECTIONS
	Preliminary data for C-SSM and C-SSM-VIP from this study have indicated the improved efficacy of the nanomicellar formulations of curcumin to eliminate the cancer stem cells from the MCF-7 human breast cancer cell line. However, there is a need to des...
	1. Further evaluation of the in vitro performance of C-SSM and C-SSM-VIP on eliminating the cancer stem cells. Anti-CSC activity of these formulation should be further evaluated on different breast cancer cell lines, or even cell lines of other types ...
	2. Long-term stability studies for the C-SSM and C-SSM-VIP formulations. A lyophilized formulation of the C-SSM-VIP nanomedicine should be successfully developed and characterized for its potential clinical application. Long-term stability studies of ...
	3. In vivo evaluation of C-SSM and C-SSM-VIP. Effects of the C-SSM and C-SSM-VIP treatments on the in vivo tumorigenicity of breast carcinoma cells should be evaluated in an orthotopical xenograft model on NOD/SCID mice (Ginestier et al., 2010). Other...
	VI. CITED LITERATURE



