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ABSTRACT

USHA KATRAGADDA
DESIGN AND EVALUATION OF SINGLE OR MULTI-DRUG-LOADED 
MICELLAR NANOCARRIERS FOR CANCER THERAPY 
Under the direction of Dr. Chalet Tan

This research work focused on the development of novel micellar nanocarriers for 

the delivery of single or multiple hydrophobic anticancer agents. Polymeric micelles are 

suitable drug carriers for water-insoluble drugs, and their nano-range size is advantageous 

for drug accumulation in the tumor due to the enhanced permeability and retention (EPR) 

effect. In particular, we were interested in the mixed micelles composed of 1,2- 

distearoyl-s«-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene-glycol)-

2000]/d-a-tocopheryl polyethylene glycol 1000 (PEG-DSPE) and tocopheryl 

polyethylene glycol succinate (TPGS). We demonstrated that the presence of TPGS in 

the mixed micelles partially limits the mobility of the copolymers in the micelles, 

resulting in significant reduction in drug release.

Clinical development of 17-allylamino-17-demethoxygeldanamycin (17-AAG), a 

potent anticancer agent, was hindered by its poor aqueous solubility that necessitated the 

use of DMSO or Cremophor EL. Clinical toxicities caused by the toxic organic 

solvent/surfactant were further exacerbated when 17-AAG was combined with paclitaxel, 

another water-insoluble drug that requires Cremophor EL for solubilization.



An alternative to the clinically adopted 17-AAG formulations for the treatment of solid 

tumors was therefore desirable.

We explored PEG-DSPE/TPGS mixed micelles as a drug carrier system for the 

delivery of 17-AAG as a single drug or in combination with paclitaxel. Our results 

showed that single or dual drug-loaded PEG-DSPE/TPGS micelles could be prepared at 

clinically relevant doses. The drug-loaded micelles were evaluated thoroughly for size, 

release kinetics and cytotoxicity. Importantly, paclitaxel/17-AAG-loaded micelles 

significantly prolonged the circulation time and elevated the tumor distribution of both 

drugs, leading to markedly improved anticancer efficacy.

Our studies suggest that PEG-DSPE/TPGS mixed micelles can be a safer and 

more efficacious formulation for the delivery of 17-AAG and paclitaxel without the 

inclusion of any organic solvent.
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CHAPTER 1 

INTRODUCTION

The efficient delivery of conventional anticancer agents and newly discovered 

molecular targeted anticancer agents often share two common challenges. First, owing to 

the low aqueous solubility of many anticancer drugs, large volumes of organic solvents 

are frequently used for the solubilization purpose, which causes serious side effects in 

patients. Second, most anticancer drugs tend to distribute extensively within healthy 

tissues, leading to severe clinical toxicities such as myelosuppression, hepatotoxicity and 

nephrotoxicity, whereas the drug accumulation at tumor site is suboptimal. When a 

pharmaceutical agent is encapsulated within, or attached to, a polymer or lipid, drug 

safety and efficacy can be greatly improved and new therapies are possible (Langer 

1998).

One of the most promising strategies to improve the efficacy and minimize the 

toxicities of cancer chemotherapy is to develop nano-sized drug delivery systems, which 

increase drug solubility in the circulation and selectively target the drug molecules to the 

tumor. The FDA considers nanomaterial as an engineered material or end product that 

has at least one dimension in the nanoscale range (approximately 1 nm to 100 nm). 

Examples of some biologically relevant entities depicting different sizes of particles are 

shown in the Figure 1.
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Figure 1. How small is nano?

Nano-sized drug carriers have the potential to overcome the deficiencies 

associated with the conventional therapies due to the following reasons. First, the 

aqueous solubility of an anticancer drug can be greatly increased without the inclusion of 

any organic solvent. Second, nanocarriers can protect the drug molecules from enzymatic 

degradation in blood (Maeda et al., 2000; Farokhzad et al., 2009). Third, nanocarriers can 

retain the drugs for a prolonged period of drug while circulating in the blood stream, 

allowing for drug accumulation at tumor site by the EPR effect. In addition, active 

targeting can be achieved by targeting the cell surface with the use of ligands, which 

promotes the intracellular drug uptake via receptor-mediated endocytosis.

To decrease the side effects of conventional chemotherapy, it is important that 

nancarriers are able to improve the pharmacokinetics and pharmacodynamics of 

anticancer drugs by decreasing drug concentration in normal tissues, minimizing the drug 

loss in transit, and maximizing the drug concentration in the tumor (Danhier et al., 2010). 

Some examples of nano-sized drug delivery systems and their properties are shown 

below (Table 1).
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Table 1. Some nano-sized drug delivery systems and their properties.

Liposome Polymeric
Nanopanicles

Polymeric
micelles

• # D
Size 30 nm -  1 pm 100 - 500 nm 20 - 100 nm

Drugs Hydrophilic
Amphiphilic
Hydrophobic

Hydrophilic
Hydrophobic

Hydrophobic
drugs

Advantages Slow release of 
drug

Prolong 
release of 
drugs

Higher
encapsulation
efficiency

Table 2. Recent developments of nanoparticulate products in oncology.

FDA approved product! Clinical Trafls

Liposome!

Dendrimers

Imaging
agents

Nanoshells

Doxil/doxorubicin
DaunoXomedaunorubicin

Nanospheres A braxartc/paclitaxel

Polymeric
micelle

Iron oxide contrast agents 
Gadolinium MR1 contrast 
agents

Titatinium dioxide/sunscreen 
Zinic oxide/sunscreen 
Silver nanopartides/wound 
dressing

CPX-I /irinotecan
LE-SN38 /irinotecan MCC46S /doxorubicin(mAb 
liposome)

Basulin/insulin

NKI05 /paclitaxel NK911/ doxorubicin

NBOOI/antiherpe drug 
NB002/nail fungus

Quantum dots 
Goldnanoparticles
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Advances in nanoparticulate drug delivery systems resulted in FDA approval of 

impetus for a greater focus on pharmaceutical research to further develop novel 

nanocarriers for cancer therapeutics. Some recent developments in nanocarriers are 

shown in Table 2.

The main goal of this project is to design and evaluate polymeric micellar

nanocarriers for tanespimycin (17-AAG) and paclitaxel. Polymeric micelles are

considered promising nanocarriers, as they can solubilize water-insoluble drugs and are

able to accumulate in tumors by passive or active targeting.

Specific Aim 1: Generation and Characterization of 17-AAG-Loaded Micellar 
Nanocarriers

• Devise of PEG-DSPE/TPGS mixed micelles for 17-AAG

• Release study of 17-AAG from PEG-DSPE/TPGS mixed micelles

• Structural characterization of 17-AAG-loaded PEG-DSPE/TPGS mixed 

micelles by 'H NMR study

• Cytotoxicity study of 17-AAG-loaded micelles in tumor cells

Specific Aim 2: Concurrent Delivery of Paclitaxel and 17-AAG via Micellar 
Nanocarriers

• Generation of the dual drug-loaded mixed micellar nanocarriers

• In vitro evaluation of dual drug-loaded micelles

• Pharmacokinetics and antitumor efficacy of the dual drug-loaded micelles in 

mice



CHAPTER 2

LITERATURE REVIEW 

Self-assembled from amphiphilic di-block, tri-block, or graft copolymers, 

polymeric micelles have a structure with distinct hydrophobic core and hydrophilic block 

corona regions. In aqueous milieu, as the concentration of amphiphilic co-polymer is 

increased, the free energy of the system rises because of unfavorable interactions between 

the hydrophobic domains and surrounding water molecules (Tuzar et al., 1976; Moffitt et 

al., 1996). When the concentration of copolymer rises above the critical micellar 

concentration (CMC), the amphiphilic molecules arrange themselves into inner 

hydrophobic core region and outer hydrophilic corona region (Figure 2, Kataoka et al.,

2001). Micelles assemble with an appropriate geometry and aggregation number to 

achieve a state of minimum energy. Inside the micelle construct, the hydrophobic portion 

is buried and sequestered from the aqueous solvent molecules, whereas the outer corona 

region is freely soluble in the aqueous solution. It has been reported that, the shapes of 

micelles include spheres, rods, vesicles, and lamellae, depending on the relative size of 

the hydrophobic and hydrophilic segments and solvent conditions (Yu et al., 1998; Shen 

et al., 1999).

5
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Figure 2. Schematic representation of the self-assembly of micelles.

For clinical application the choice of copolymers depend on biocompatibility and 

biodegradability of the copolymer. Polyethylene glycol (PEG) with a molecular weight of 

2-15 kD is typically used for the hydrophilic segment (Sutton et al., 2007). PEG is 

completely water-soluble and renders excellent biocompatibility and “stealth” property 

that minimize undesirable interactions with serum proteins and cellular components.

Other hydrophilic polymers such as poly(N-vinyl pyrrolidone) (PVP) or poly(N- 

isopropyl acrylamide) (pNIPAM) (Chung et al., 1999; Chung et al., 2000) have also been 

used to form the micelle outer corona region. The frequently studied hydrophobic blocks 

include poly(amino acids), poly(D,L-lactide) (PLA), poly(e-caprolactone) (PCL), 

distearoylphosphatidylethanolamine (DSPE) and poly(propyl oxide) (PPO).

Polymeric micellar nanocarriers serve as excellent drug delivery systems for 

cancer therapeutics. First, aqueous solubility of hydrophobic drug can be enhanced by 

burring the water-insoluble drugs within the micelle core. For example, paclitaxel is 

poorly water-soluble approximately 0.0015 mg/ml. Upon micelle incorporation its
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solubility was increased by several orders of magnitude to 2 mg/ml (Soga et al., 2005). 

Second, the micelles are not easily cleared from the blood as they tend to have long 

circulation time. PEG blocks the nonspecific binding of micelles with serum proteins and 

prevents opsonization, effectively reducing micelle uptake by the reticuloendothelial 

system (RES) (Kwon et al., 1994). Moreover, owing to their nano size (10-100 nm) 

nanocarriers enhance drug concentration at the tumor site via passive targeting by the 

enhanced permeability and retention effect (EPR effect). Nanocarriers extravasate 

through leaky vasculature and accumulate at the tumor site due to poor lymphatic 

drainage in the tumor (Maeda et al., 2006 & 2012). In addition, micelles can be modified 

with ligands for active targeting to enhance intracellular drug accumulation, which results 

in improved anticancer efficacy (Mahmud et al., 2007). The concept behind this approach 

is to utilize the specific interations between the surface receptors over expressed on 

cancer cells and their corresponding ligands. When the ligand-conjugated micelles bind 

to the specific receptors on the cell membrane, the micelles are internalized by receptor- 

mediated endocytosis (Torchilin 20008; Xu et al., 2012).

Some examples of micelle formulations that are currently in clinical trails are 

SP1049C, NK911, and Genexol-PM (Danson et al., 2004; Matsumura et al., 2004; Kim et 

al., 2004). In all three micelle formulations, PEG polymer is utilized as the hydrophilic 

domain to prevent opsonization in blood circulation for prolonged circulation. SP1049C
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is a Pluronic micelles with encapsulation of doxorubicin as drug, NK911 isdoxorubicin- 

encapsulated micelles from a copolymer of PEG and doxorubicin-conjugated poly 

(aspartic acid), and Genexol-PM is comprised of PEG-PLA with paclitaxel as the 

encapsulated drug.

In our current study, we are interested in PEG-distearoylphosphatidyl- 

ethanolamine (PEG-DSPE) micelle. Due to strong hydrophobic interactions of double 

acyl chains of the phospholipid residues in the DSPE moiety, PEG-DSPE forms stable 

micelles in an aqueous environment (Gao et al., 2002). PEG-DSPE micelles are 

spheroidal and have a narrow size distribution of 7-35 nm, which is a function of the 

molecular size (750-5000 Da) of the PEG block. With a critical micelle concentration 

(CMC) in 10~6 to 10-5 M range, PEG-DSPE micelles retain their size even after 48-h 

incubation in plasma (Lukyanov et al., 2002). A number of sparingly water-soluble 

anticancer drugs, such as paclitaxel, tamoxifen, and doxorubicin, can be incorporated into 

PEG-DSPE micelles (Gao et al., 2002; Musacchio et al., 2009; Tang et al., 2007). To 

enhance the stability and increase the solubilization efficiency of the micelle, addition of 

another hydrophobic material along with micelle forming polymer is suggested. Addition 

of egg phosphatidyl choline along with the polymer concentration resulted in increased 

solubilization of poorly soluble drugs (Gao et al., 2003).

Heat shock protein 90 (Hsp90) is an intracellular chaperon protein that is 

responsible for conformational maturation and stability of many ongogenic proteins, 

including HER2, BCRABL, estrogen receptors, androgen receptors, insulin-like growth
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factor 1 receptor, hypoxia-inducible factor 1 alpha, B-Raf, cdk4, and Akt among 

numerous others (Whitesell et al., 2005). Hsp90 function can be blocked by 

geldanamycin and its analogs. The molecular mechanism involved in inhibiting Hsp90 

protein is belived to involve Hsp90 inhibitors competing with ATP at the nucleotide 

binding site on the N-terminal domain of Hsp90 with inhibition of its essential ATPase 

activity, leading to the degradation of its client proteins by the ubiquitin-proteasome 

pathway (Isaacs et al., 2003). This molecular target is particularly attractive because 

inhibition of this single target has effects on multiple signaling pathways which are 

responsible for deregulated cell cycle progression, anti-apoptosis, angiogenesis, invasion 

and metastasis. Inhibition of Hsp90 therefore confers a potent combinatorial blockade on 

the cancer phenotype.

17-Allylamino-17-demethoxygeldanamycin (17-AAG) is the first Hsp90 inhibitor 

entering clinical trials in patients with advanced cancers including metastatic prostate, 

melanoma, lung, colon, pancreatic, head and neck, ovarian and breast cancers (Goetz 

et al., 2005; Grem et al., 2005; Solit et al., 2007; Weigel et al., 2007;Heath et al., 2008; 

Solit et al., 2008). However, the clinical development of 17-AAG was hindered due to the 

toxicities caused by the drug and organic solvents used to solubilize 17-AAG. An 

improved formulation for 17-AAG was therefore desirable to eliminate serious side 

effects and improve its anticancer efficacy.
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Furthermore, clinical studies of 17-AAG combined with conventional 

chemotherapy or other molecularly targeted agents are also ongoing (Modi etal., 2007; 

Archie et al., 2008). One such combination strategies involve the concomitant 

administration of paclitaxel and 17-AAG (Ramalingan et al., 2008). Paclitaxel is a potent 

antimitotic agent, which exerts its antitumor effect by stabilizing the microtubules in 

tumor cells. However, few responses were observed observed in Phase I clinical trial of 

paclitaxel/17-AAG combination therapy (Ramalingan et al., 2008). In the clinical setting, 

owing to the poor aqueous solubility of both drugs paclitaxel and 17-AAG, high volumes 

of organic solvents are utilized, which caused serious toxicities and also limited the 

dosing level and frequency in cancer patients.



CHAPTER 3

GENERATION AND CHARACTERIZATION OF 17-AAG-LOADED MICELLAR

NANOCARRIERS

1. Abstract

Purpose

Clinical development of 17-AAG, a potent anticancer agent, is hindered by its 

poor aqueous solubility and hepatotoxicity. An alternative to the current 17-AAG 

formulations for the treatment of solid tumors is desirable. Polymeric micelles are 

suitable drug carriers for hydrophobic drugs and their nanosize is advantageous for drug 

accumulation in the tumor due to the EPR effect. In the current study, we aimed to devise

l,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene-glycol)- 

2000]/d-a-tocopheryl polyethylene glycol 1000 (PEG-DSPE/TPGS) mixed micelles as 

novel nanocarriers for 17-AAG and characterize drug-loaded micellar nanocarriers. 

Methods

17-AAG-loaded micelles were prepared by a dry film method and hydrated with 

HEPES-buffered saline (pH 7.4). Size distribution of micelles was determined by 

dynamic light scattering. Release kinetics of drug-loaded micelles was assessed by a 

dialysis method. *H NMR data were acquired on a Varian 600 MHz NMR spectrometer. 

Cytotoxicity of 17-AAG-loaded micelles was evaluated in human ovarian cancer SKOV- 

3 cells.

11
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Results

17-AAG was loaded into PEG-DSPE/TPGS mixed micelles at clinically relevant 

doses, and the micellar formulation increased the aqueous solubility of 17-AAG by about 

600-fold. Drug-loaded micelles exhibited a unimodal and narrow distribution with a size 

range of 6-25 nm. Incorporation of 17-AAG into PEG-DSPE/TPGS mixed micelles 

resulted in significantly prolonged release with a release half-life (tm, release) of 7.8 h when 

compared to that of free 17- AAG (ti/2 , r e i e a s e = 0 . 7  h). Our 'H NMR spectroscopy results 

confirmed the formation of coreshell structure of PEG-DSPE/TPGS mixed micelles, and 

the incorporation of 17-AAG within the micellar core. In SKOV-3 cells, the anti

proliferative effect of 17-AAG-loaded micelles was comparable to that of free drug. 

Conclusion

PEG-DSPE/TPGS mixed micelles can be a promising alternative formulation for 

intravenous administration of 17-AAG without the inclusion of any organic solvent.

2. Introduction

Heat shock protein 90 (Hsp90) is an intracellular molecular chaperone protein 

over-expressed in various cancers (Ferrarini et al., 1992; Workman 2004). Hsp90 is 

involved in folding and activation of over 200 client proteins, many of which promotes 

growth and survival of tumor cells (Workman 2004; Hanahan et al., 2000). Inhibition of 

the biologic function of Hsp90 represents an important target for cancer therapeutics 

(Maloney et al., 2002; Neckers et al., 2002).



13

17-AAG was the first HSP90 inhibitor to enter into clinical trails. 17-AAG 

showed proof-of-mechanism for target inhibition and exhibited evidence of clinical 

activity in various malignancies, most impressively in HER2+ and trastuzumab refractory 

breast cancer (Modi et al., 2007; Modi et al., 2008). Clinical use of 17-AAG was 

hampered due to its poor aqueous solubility and hepatotoxicity. An attempt to overcome 

the solubility problem, 17-AAG was formulated in either Cremophor EL or DMSO. In 

addition to drug toxicity, organic solvents used in the formulation caused serious side 

effects like cardiotoxicity and hypersensitivity reactions. Owing to these toxicities 

associated with 17-AAG formulations, patients were treated with limited dose, which was 

inadequate for effective treatment. Development of 17-AAG was hindered due to 

concerns about formulation and side effects (Neckers et al., 2012). Our goal is to design 

an alternative 17-AAG formulation without the inclusion of any organic solvents.

3. Materials and Methods

3.1. Materials

1,2-Distearoyl-sn-glycero-3 -phosphoethanolamine-N [methoxy(polyethylene 

glycol)-2000] (ammonium salt, PEG-DSPE) was purchased from Avanti Polar Lipids,

Inc. (Alabaster, AL) and used without further purification. D-a-Tocopheryl polyethylene 

glycol 1000 succinate (TPGS) was a gift from Eastman Co. (Kingsport, TN). 17-AAG 

was purchased from LC Laboratories (Woburn, MA). a  -Naphthoflavone was purchased 

from Sigma, (St. Louis, MO). Slide-A-Lyzer dialysis cassette was purchased from Pierce 

(Rockford, IL). Human ovarian cancer SKOV-3 cells were obtained from the American
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Type Culture Collection (Manassas, VA). For in vitro cell culture, Dulbecco’s Modified 

Eagle Medium (DMEM) and Dulbecco’s phosphate buffer saline were purchased from 

Invitrogen (Carlsbad, CA). Glutaraldehyde, crystal violet, and sodium 3-(trimethylsilyl) 

propionate-2,2,3,3-dj were obtained from Sigma. All other chemical reagents used were 

of analytical or reagent grade.

3.2. Formulation of 17-AAG Loaded Micellar Nanocarriers

17-AAG-loaded micelles were formulated using PEG2 0 0 0 -DSPE and TPGS by a 

dry film method (Musacchio et al., 2009). All steps in micelle preparation were 

conducted at room temperature. Briefly, various amounts of PEG-DSPE, TPGS, and drug 

were dissolved in approximately 1 ml of chloroform in a round bottom flask. Molar ratios 

of PEG-DSPE :TPGS were 1:3, 1:2 or 1:1 for mixed micelles and TPGS was not included 

in pure micelles. Chloroform was removed under vacuum, resulting in the formation of a 

homogenous lipid film. Further, the drug-polymer film was dried overnight to remove 

any residual organic solvents. Next, the film was hydrated in 100 pi of 10 mM HEPES- 

buffered saline (pH 7.4, HBS) while vigorous vortexing for 5 min. The resulting aqueous 

dispersion was sonicated for 10 min and centrifuged at 12,000xg for 10 min to remove 

any un-entrapped drug. This yielded a clear micelle dispersion, which was stored at 4°C 

for further use.

3.3. Quantification of 17-AAG Loaded Micellar Nanocarriers

The amount of 17-AAG encapsulated in the micelle was quantified by reverse 

phase high-performance liquid chromatography (HPLC) based on a previously reported



method (Egorin et al., 2001). The HPLC system used was a Waters (Milford, MA)

2795 pump, equipped with Waters 996 photodiode array detector. The separation was 

carried out at room temperature by a C8 column (5 pm,i.d 4.6 D150 mm). The isocratic 

mobile phase consisted of 75% (v/v) methanol and 25% sodium phosphate buffer (25 

mM, pH 3.0) with 10 mM triethylamine delivered at flow rate of 1.2 ml/min. To disrupt 

micelles for release of the entrapped drugs, micelles dispersions were diluted with the 

HPLC mobile phase to determine the total content of 17-AAG in micelles, a- 

Naphthoflavone was used as an internal standard at a concentration of 2 pM. The 

detection wavelength for 17-AAG and a-naphthoflavone were 333nm and 281 nm, 

respectively. The standard curve of 17-AAG in phosphate buffer was linear between 0.1 

pM and 10 pM.

3.4. Size Measurement of Micellar Nanocarriers

The size of the micelles was determined by dynamic light scattering using a 

ZETASIZER Nano-ZS (Malvern Instruments Inc., UK). Empty micelles or drug-loaded 

micelles were diluted in deionized water to PEG-DSPE concentration of a minimum 0.5 

mg/ml, and the size distribution was reported as number (%) for measured hydrodynamic 

diameter. All measurements were carried out in triplicates. Dynamic light scattering 

technique measures the diffusion of particles moving under Brownian motion and 

converts this to size and a size distribution using the Stokes-Einstein relationship.

3.5. Storage Stability of 17-AAG-Loaded Micellar Nanocarriers

Freshly prepared 17-AAG-loaded PEG-DSPE/TPGS micelles were stored at 37°C 

or 4°C. At predetermined time points, the samples were centrifuged at 12,000xg for 10
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min, and the supernatant samples were analyzed for micelle size and drug concentration 

remaining on storage.

3.6. In vitro Release of 17-AAG from Micellar Nanocarriers

The release kinetics of 17-AAG from the micelles was evaluated by a dialysis 

method (Shin et al., 2009); drug-loaded pure micelles or mixed micelles with different 

polymer concentration were prepared as mentioned in section 3.2. For post micelle 

preparation, each sample was diluted with HBS to 1 ml to yield a final concentration of 

0.4-0.94 mM PEG-DSPE, 0.8-1.88 mM TPGS and 0.045 mM 17-AAG. The prepared 

sample was loaded into a 3 ml Slide-A-Lyzer dialysis cassette (Pierce, Rockford, IL) with 

a MWCO of 20,000 g/mol. The loaded dialysis cassette was maintained under sink 

conditions by incubating in 1L phosphate-buffer saline (20 mM, pH 7.4) at 37°C, which 

was changed every 2 h to ensure sink conditions for drug and polymer. At a 

predetermined time, a fraction of the micelle sample (20-40 pL) was drawn from the 

cassette and then replaced with the same volume of fresh buffer. The sampling time 

intervals were 0, 1 ,2,4, 6, 9, and 12 hr. The amount of 17-AAG that remained in the 

micelle at each release time was quantified by HPLC method as described in section 3.3.

3.7. 'H NMR Study of 17-AAG-Loaded Micellar Nanocarriers

17-AAG-loaded PEG-DSPE/TPGS mixed micelles or PEG-DSPE micelles were 

prepared as described in section 3.2, and hydrated with HEPES-buffered saline in D2 O 

(pH 7.4). The concentrations of PEG-DSPE, TPGS, and 17-AAG were 5.3 mM, 10.6 

mM and 0.6 mM, respectively. As controls, identical drug-containing lipid films were
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prepared and dissolved in DMSO-d6. A varian 600 MHz NMR spectrometer (Agilent, 

CA) was used to acquire data. For the D2O sample, the residual water signal was 

suppressed using a saturation pulse with field strength of 40 Hz. 'H chemical shifts were 

referenced to internal sodium 3-(trimethylsilyl) propionate-2,2,3,3-dt (TSP) at 0.0 ppm 

for D2 O samples and to DMSO at 2.50 ppm for DMSO-d6 samples. Varian VNMRJ 

Software (Version 2. IB) was used to calculate the spectral full widths at half height 

(FWHH, Av,/2>.

3.8. Cytotoxicity Study of 17-AAG-Loaded Micellar Nanocarriers

17-AAG-loaded micelles and empty micelles cytotoxic properties were evaluated 

by the crystal violet assay, which determines cell viability in culture. Human ovarian 

cancer SKOV-3 cells were grown to confluence in DMEM medium with 2 mM L- 

glutamine, supplemented with 10% fetal bovine serum, 100 units/ml pencillin G, and 100 

ug/ml streptomycin. The cells were maintained at 37°C with 5% CO2 in a humidified 

incubator.

SKOV-3 cells were seeded in 96-well plates at a density of 7x 103 cells in 100 pi 

DMEM media per well. After 24 h, cells were treated in triplicates, with increasing 

concentrations (0.025-2.5 pM) of 17-AAG either in the free form, in the micelle 

formulation, or empty micelles for 72 h.

The medium from 96-well plate was removed carefully, and 1% glutaraldehyde 

solution was added. Next the plates were incubated for 30 min at room temperature to fix 

the cells. The fixative solution was removed and stained by replacing the same amount of
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0.1% aqueous solution of crystal violet. After incubation at room temperature for 20 min, 

the crystal violet solution was removed, and the plates were washed very gently in water. 

100 pi of 10% acetic acid was used to dissolve the crystal violet. Finally, absorbance was 

measured at 595 nm on a spectrophotometer (Bio-Tek, Winooski, VT). The intensity of 

crystal violet staining is directly proportional to the number of adherent cells . The 

relative cell number was calculated as the percentage of the optical density of the treated 

sample versus that of the untreated control (Roforth et al., 2008).

3.9. Statistical Analysis

The Student’s t-test was used for the statistical analysis (Sigma Plot). A p  value 

less than 0.05 was considered statistically significant.

4. Results

4.1. Preparation and Maximum Loading of 17-AAG Loaded Micellar Nanocarriers

We conducted two general processes for the preparation of micellar nanocarriers: 

the dialysis method (in which the organic polymer-drug solution comprised aqueous 

solvents dialysis with water or PBS) and the dry film method (in which the organic 

solvents are evaporated from organic polymer-drug solution and later hydrated with 

aqueous solvents). We observed that the dry film method yielded 17-AAG loaded PEG- 

DSPE micelles. Little or no precipitation of drug and polymer was observed in yielded 

micellar dispersion. As aqueous solubility of 17-AAG is very low about 17 pM, clear 

micellar dispersion with higher concentration of 17-AAG clearly indicates that drug is 

loaded in micelle and these nanocarriers increased the aqueous solubility of 17-AAG.
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The efficiency of drug encapsulation is another major concern in the development 

of nanocarriers for clinical cancer treatment applications. The maximum loading of 17- 

AAG in PEG-DSPE (12.5 mM) pure micelles is 5 mM. Incorporation of TPGS in 

micelles PEG-DSPE micelles yielded PEG-DSPE (12.5 mM)/TPGS (25.0 mM) mixed 

micelles with maximum loading of 10.6 mM 17-AAG, yielding an increase of 600-fold in 

the aqueous solubility of the drug (Table 3). Addition of TPGS into the micelles 

increased the hydrophobic core region of micelle providing platform for more 

hydrophobic interaction of drug, which lead to an approximately 2-fold increase in drug 

solubilization capacity of mixed micelles when compared to pure micelles of same 

concentration of PEG-DSPE.

Table 3. Loading capacity and aqueous solubility o f  17-AAG-loaded micelles.

Micelles Maximum 
drug loading

Fold of increase in 
aqueous solubility

PEG-DSPE (12.5 mM) 5 mM 300 fold

PEG-DSPE (12.5 mMXTPGS (25.0 mM) 10.6 mM 600 fold
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Solubilaztion efficiency of micellar dispersion is controlled by number of micelles 

(Krishnadas et al., 2003). Loading capacity of 17-AAG in both pure and mixed micelle 

increased almost linearly with PEG-DSPE concentration {Figure 3). Presumably as the 

concentration of copolymer increases, the number of micelles in the dispersion is 

increased proportionally.

14 —'*- PEG-DSPE/TPGS mixed micelles 
- » - PEG-DSPE micelles1 2 -

0  10 - 

t a.T*

3
I
5
6

2 6 8 10 12 140 4

PEG-DSPE concentration (mM)

Figure 3. The maximum loading of 17-AAG as a function of PEG-DSPE concentration in 
pure and mixed micelles (n=3).

4.2. Size Distribution of 17-AAG Loaded Micellar Nanocarriers

The size distribution of both pure and mixed micelles exhibited a unimodal and 

narrow distribution {Figure 4), which indicates that co-incorporation of TPGS in PEG- 

DSPE micelles results in mixed micelles rather than forming two types of micelles, which 

is consistent with the pattern of mixed micelle formation (Almgren, 2000).
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All micelles were distributed with a size range 6-25 nm, which were consistent with 

the sizes of PEG-DSPE based micelles in the literature (Onyuksel et al., 1999; Gao et 

al.,2002; Lukyanov et al., 2004; Musacchio et al., 2008).

 empty PEG-DSPE micelles
 empty PEG-DSPE/TPGS mixed micelles
 17-AAG-loaded PEG-DSPE/TPGS mixed micelles
30

20

10

0
0.1 10 1000 100001001

Hydrodynamic diameter (nm)
Figure 4. Size distribution of micelles (n-3).

The size of the micelles with the inclusion of TPGS (PEG-DSPE: TPGS at a 1:2 

molar ratio) and without the inclusion of TPGS (PEG-DSPE) was found to be same, this 

suggests that TPGS causes little alteration in size of the hydrophobic core and 

hydrophilic corona region of the micelle, or the aggregation among PEG-DSPE 

molecules during the micelle formation. However, drug loading in the PEGDSPE/TPGS 

mixed micelles resulted in 1-2 nm upward shift in the size distribution (Table 4), possibly 

caused by the expansion of the micelle core due to the drug loading. The size of the



2 2

micelles remained consistent with in studied concentration range of PEG-DSPE (0.40- 

0.94 mM) pure and mixed micelles, which indicates that concentration of copolymer had 

no effect on size distribution of the micelles.

Table 4. Size distribution o f empty and 17-AAG-loaded micelles.

Sizedistribution (%) Pure or mixed mic<lies composition
Empty PEG-DSPE Empty PEG-DSPE/ITGS 17-AAG-loaded PEG-DSPE7TPGS

6.5-7.5 nm 20.8 25.1 3.9
7.5—8.7 nm 24.6 26.8 17.0
8.7-10.1 nm 22.8 22.4 29.5
10.1-11.7 nm 15.6 13.9 26.3
11.7-13.5 nm 8.8 7.0 15.0
13.5-24.4 nm 7.4 4.6 7.7

4.3. Storage Stability of 17-AAG Loaded Micellar Nanocarriers

The particle size of the micelles remained unaltered at 37°C or 4°C temperatures 

during five-week study period, indicating that the micelles maintained a high structural 

integrity while in storage. Furthermore, no aggregation of the micelles was observed 

during the study period. The drug concentration of drug-loaded micelles being kept in 

storage at 4°C remained unchanged (> 90%) over the five-week study period, whereas, at 

37°C, over 90% of the drug was retained for 24 h, and at 72 h there was visible drug 

precipitation (Table. 5) with 40% drug remaining in the micelles. This suggests that drug 

loaded micelles are stable and can be stored at 4°C for at least five weeks.
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Table 5. Storage stability o f 17-AAG-loaded mixed micelles.

Drug concentration remaining on storage o f 17-AAG-loaded PEG- 
DSPE/TPGS mixed micelles

1 day 3 days 2 weeks 5 weeks

37°C Unaltered (UA) 40% 12% -

4°C UA UA UA > 90%

4.4. In vitro Release of 17-AAG from PEG-DSPE Micellar Nanocarriers

For the in vitro release study, free drug or micelle-encapsulated 17-AAG diluted 

in HEPES buffer to 45 pM was dialyzed against excess phosphate buffer. The fraction of 

the drug remaining inside the dialysis cassette was assayed at periodic intervals, obtained 

release data was fitted into the first order kinetics using the following equation:

C,/Co = e_kt

Ct: drug concentration within the dialysis cassette at the sampling time (t)

Co: drug concentration at the initiation of the study 

k: first-order release rate constant 

The release rate constant (k) was derived from the best-fit nonlinear regression 

(Sigma Plot, San Jose, CA), which was used to calculate the release half-life (ti/2 , release 

= 0.693/k).



Figure 5. Schematic diagram of the release study, the drug from micelles into the sink.

Dialysis cassette retains micellar nanocarriers and allows the passive diffusion of 

drug molecules into the receiver compartment. Drug release from micelles into the sink 

occurs in two steps: first, the drug molecules need to be liberated from the micelles; 

second, the drug molecules diffuse across the dialysis membrane into the sink {Figure 5).

In order to understand the limiting factor of the drug release process, we 

compared the release rate of free 17-AAG with the release rate o f drug from the drug- 

loaded micelles. We found that the free drug release rate was substantially faster than the 

drug incorporated in the micelle, suggesting that the dialysis membrane was not a 

significant barrier during the release process and that the release of 17-AAG from 

micelles is indeed the rate-limiting step during the drug release from the dialysis cassette.
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One crucial finding of our study is that, an increase in the final polymer concentration in 

the micelle dispersion resulted in a decrease in the release rate of 17-AAG from the 

micelles. As the PEG-DSPE concentration was increased from 0.40 mM to 0.94 mM, the 

time required for 50% of the drug to be released from the micelles (ti/2 , release) was 

prolonged from 2.5 h to 5.8 h (Figure 6A and 6B). This finding about copolymer 

concentration-dependent drug release from the micelle clearly suggests a significant 

impact of polymer concentration on the retention of encapsulated drug molecules.

4.5. In vitro Release of 17-AAG from PEG-DSPE/TPGS Mixed Micellar Nanocarriers 

To administer micellar nanocarriers in vivo as a drug delivery system, 

minimization of the premature release of the encapsulated drug from micelles is essential, 

and micelles with highly hydrophobic cores should retain drug molecules for a prolonged 

period of time in circulation. Towards this goal we incorporated TPGS in the polymer 

composition when preparing the micelles. Mixed micelles manifested synergistic 

properties superior to those of the separate mixture components (Gao et al., 2005).

TPGS, a derivative of the natural Vitamin E (a -tocopherol) and polyetheyene glycol 

1000 is used as a solubilizer, absorption enhancer, and a vehicle for lipid-based drug 

delivery formulations (Eastman, 1998; Mu et al., 2003; Goa et al., 2008). It was also 

reported that TPGS formed mixed micelles with PEG-DSPE (Mu et al., 2005; Dabholkar 

et al., 2006).
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We hypothesized that the mixed micelles made o f PEG-DSPE and TPGS may 

reduce the burst release of 17-AAG from PEG-DSPE micelles forming stable micellar 

structure. Towards this goal, in vitro drug release of mixed micelles with different molar 

ratios of PEG-DSPE:TPGS were monitored.

We found that, at an equal PEG-DSPE:TPGS molar ratio, TPGS had little effect 

on the release rate of 17-AAG (data not shown). At a 1:2 molar ratio, PEG-DSPE/TPGS 

mixed micelles caused an overall 25% reduction in the release rate compared to their pure 

PEG-DSPE micelle counterparts (Figure 6A-D  and Table 6). No reduction in the release 

rate was seen with further increase of PEG-DSPE:TPGS molar ratio to 1:3. Therefore, we 

chose a 1:2 molar ratio of PEG-DSPE:TPGS for the rest of our project. The observed 

reduced release rate of drug in pure micelles as a function of an increase in the co

polymer concentration is also followed for mixed micelles. As the concentration of PEG- 

DSPE was increased from 0.40 mM to 0.94 mM, ti/2 , release of 17-AAG from the mixed 

micelles was prolonged from 3.3 h to 7.8 h (Table 6). We observed that the loading 

concentration of 17-AAG (6-10 mM) in pure and mixed micelles has no effect in the 

release rate constant of 17-AAG. In vitro drug release of micelles was studied in the 

presence of 10% fetal calf serum, and no difference in the release rate constant of 17- 

AAG was observed when compared to drug release of micelles in HEPES buffer.
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These results indicate that PEG-DSPE/TPGS (at a 1:2 molar ratio) mixed micelles 

retain 17-AAG better than pure PEG-DSPE micelles. The rational for the reduction in the 

release rate constant of 17-AAG from the mixed micelles might be attributed to 

additional hydrophobic interaction of 17-AAG molecules with the aromatic ring in 

TPGS.

Table 6. The release parameters o f  17-AAG from PEG-DSPE micelles and PEG- 
DSPE/TPGS mixed micelles as a function o f  the concentrations o f  micelle-forming 
copolymers._________________________________________________________________
Micelle composition Release rate constant (fa *) tj/2 (fa) Goodness-of-fit (r2)
Free 17-AAG 0.984 0.7 0.993
PEG-DSPE (0.40mM) micelles 0.269 2.5 0.998
PEG-DSPE (0.67mM) micelles 0.189 3.6 0.999
PEG-DSPE (0.94mM) micelles 0.119 5.8 0.999
PEG-DSPE (0.40 mM)/TPGS (0.80mM) mixed micelles 0.208 3.3 0.995
PEG-DSPE (0.67 mM)/TPGS (1.34mM) mixed micelles 0.127 5.4 0.997
PEG-DSPE (0.94 mM)/TPGS (1.88mM) mixed micelles 0.089 7.8 0.995
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4.5. 1H NMR Analysis of 17-AAG-Loaded Micelles

We utilized *H NMR spectroscopy to examine the internal structural features of 

17-AAG-loaded micelles and to understand the mechanism responsible for the delayed 

drug release from PEG-DSPE/TPGS mixed micelles. The principle involved in analyzing 

molecular interactions of micelle structure is, when the internal molecular motion is 

restricted, nuclear spin-spin relaxation (or T2  relaxation) is decreased; consequently, the 

shortened T2 relaxation broadens the line widths (Avi/2 , FWHH) of NMR signals of the
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nuclei. In other words, the extent of the broaden width of the 'H signal indicates the 

measure of molecular motion restriction. Restricted mobility in the core of polymeric 

micelles results in broadened line-widths of the core-forming moiety, where as rapid 

motion in the micelle corona region results in relatively sharper peak of the corona- 

forming moiety in a 1 H NMR spectrum (Kown et al., 1995; Claridge., 2008).

'id spectrum of control (Figure 7A, 7C): In both control samples of drug loaded 

pure and mixed micelles, XH signals generated by PEG-DSPE, TPGS, and 17-AAG in 

DMSO-d^ showed sharp peaks with narrow line widths. This implies that protons 

experience fast molecular motions as expected. The peaks present in *H spectrum of pure 

and mixed micelles in HBS/D2 O are assigned based on individual peaks of drug and 

copolymers in control sample in DMSO-d6. The FWHH of oxyethylene (O-CH2-CH 2 ) 

protons of PEG and methylene (CH2) protons of DSPE in DMSO, pure and mixed 

micelles are shown below (Table 7).

*H spectrum of PEG- DSPE micelle (Figure 7B): The 'H signal from the 

oxyethylene (O-CH2-CH 2 ) protons of PEG at 3.71 ppm was as narrow as that in DMSO- 

d6, indicating that the PEG moiety is located at the corona region of the micelles, where 

the motion of the protons is not affected significantly by the micelle formation. In 

contrast, DSPE had much more broadened 'H peaks at 0.87 ppm, 1.28 ppm and D5-8 

ppm in the aqueous micelle sample than the DMSO-de sample. The 'H signals of 17- 

AAG were no longer detectable in the micelle sample. These results clearly suggest that 

the DSPE moiety and 17-AAG are buried within the hydrophobic core of the micelles.
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Figure 7. ‘H NMR spectra of (A) the mixture of PEG-DSPE and 17-AAG in DMSO-d^. 
(B) 17-AAG-incorporating PEG-DSPE micelles prepared in HBS/D2 O buffer. (C) the 
mixture of PEG-DSPE, TPGS and 17-AAG in DMSO-ds; and (D) 17-AAG-incorporating 
PEG-DSPE/TPGS mixed micelles prepared in HBS/D2O buffer. The inserts in the region 
of 0.0-2.9 ppm and 5.0-10.0 ppm are the intensity-scale expansions. The insert spectra 
are plotted with different y-scales to display the weak peaks. The ^signals of 17-AAG 
were not present in the insert of B and D even though the intensity scale was expanded
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more times than those of A and C. The expanded spectrum at lower frequency region in 
C is plotted with a y-scale larger than that in A in order to display the peaks o f the 
vitamin E moiety in TPGS. As a result, the methylene peak of DSPE at 1.28 ppm was 
truncated.

'id spectrum of PEG- DSPE/TPGS mixed micelle (Figure 7D): 'H signals from 

the vitamin E portion of TPGS were broadened in the micelle sample. The signals of 

17-AAG were not detectable, which implies that both the vitamin E portion of TPGS and 

17-AAG are incorporated in the micelle core region. Importantly, co-incorporation of 

TPGS in the micelle further broadened the peak of DSPE when compared to PEG-DSPE, 

indicating the molecular motion of DSPE molecules are reduced due to enhanced 

hydrophobic interactions with in the core of the mixed micelles. The narrow line width of 

the 'H signal of PEG moiety at 3.71 ppm is not altered significantly when compared to 

the control sample conversely the base of the peak was increased drastically from 29.15 

Hz in (Figure 7C to 95.57 Hz in Figure 7D). As a result of the broadened line width of 

the PEG in the mixed micelles, the relative spectral intensity of oxyethylene protons of 

PEG at 3.71ppm to methyl (CH3) protons of DSPE at 0.87 ppm was markedly decreased 

from 455 in pure micelles {Figure 7B) to 35 in mixed micelles {Figure 7D).

When compared to PEG-DSPE micelles, these results show that the presence of 

TPGS in the mixed micelles significantly broadens the line widths of protons in DSPE 

and PEG moieties, indicating restricted internal molecular motions in both the corona and 

core regions of the mixed micelles.
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Table 7. Comparison o f lH  line widths in control and micelle samples.

AU,„ (Hz) 

DMSO-d, 

control

AU,„(Hz)

Micelles

PEG

(3.7 ppm)
PEG-DSPE

1.83

PEG-DSPE

2.81

PEG-

DSPE/TPGS

2.85

PEG-DSPE/TPGS

3.41

DSPE

(1.28 ppm)
4.95

PEG-DSPE

41.45

PEG-DSPE/TPGS

57.98

4.6. Cytotoxicity Study of 17-AAG Loaded Micelles on Human Ovarian Cancer Cells 

17-AAG-loaded micelles were prepared using 12.5 mM PEGDSPE and 25.0 mM 

TPGS, and the concentration of the incorporated 17-AAG was about 10.6mM according 

to the HPLC quantification. The cytototoxic effect of 17-AAG-loaded PEG-DSPE/TPGS 

mixed micelles at given concentrations is depicted below {Figure 8) mixed micelles 

inhibited the proliferation of human ovarian cancer SKOV-3 cells in a similar manner as 

free 17-AAG, and there was no statistical difference between these two treatments. 17- 

AAG resulted in a concentration-dependent decrease in cell viability with an increase in 

the concentration of drug, the cytotoxicity of 17-AAG towards SKOV-3 cells observed in
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this study was consistent with the literature (Sain et al., 2006). Cytototoxic effect of 

empty PEG-DSPE/TPGS mixed micelles were evaluated by treating concentrations 

equivalent to those present in the drug-loaded micelles, and mixed micelles were not 

found to be toxic within the tested concentration causing less than 5% inhibition on the 

proliferation of SKOV-3 cells. These results indicate that 17-AAG-loaded PEG- 

DSPE/TPGS mixed micelles maintain the cytotoxicity of free 17-AAG.
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Figure 8. Cytotoxicity study of 17-AAG- loaded PEG-DSPE mixed micelles.
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5. Discussion

The results from the above studies show that 17-AAG was successfully 

solubilized at therapeutically relevant concentrations in biocompatible and biodegradable 

phospholipid nanomicelles. One important finding of our in vitro release study is that the 

concentration of polymer plays a major role in micellar drug stability. The release rate 

constant of 17-AAG is inversely proportional to the concentration of co-polymer 

concentrations in both pure and mixed micelles, even though the studied concentration 

range was higher than CMC of the polymer concentration. To the best of our knowledge, 

this is the first time that polymer concentration-dependent drug retention in micelles has 

been reported. A possible explanation for this behavior is that a transition temperature of 

PEG-DSPE molecules is very low (12 0 C), therefore at 37 0 C PEG-DSPE micelles are in 

fluid and dynamic complexes which undergo constant and rapid exchange with the 

monomer molecules in aqueous solution (Kastantin et al., 2009). During this rapid 

exchange process 17-AAG molecules might oscillate between hydrophobic micellar core 

region and aqueous solution. With an increase in polymer concentration, there is 

subsequent increase in the number of micelles, by which the probability of 17-AAG 

molecules returning into micelles might increase. This leads to prolonged retention of 

drug molecules in the micelles. However, the molecular mechanism responsible for that 

phenomenon needs to be investigated.
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This concentration-dependent in vitro release study results strongly indicate that micellar 

polymer concentration should be substantially higher above CMC when given as an in 

vivo injection in order to avoid premature drug release in systemic circulation.

To enhance the stability of PEG-DSPE micelles, TPGS is used as an additional 

component in the micellar nanocarrier. TPGS itself can rarely be used as micelle-forming 

material because of the relatively low CMC, which may result in micelle dissociation in 

systemic circulation. However when TPGS is co-incorporated into the mixed micelle, its 

lipophilic portion, which is relatively bulky region, allowed improving drug stability and 

loading capacity in micelles as evidenced by increased aqueous solubility and prolonged 

release half-life of 17-AAG in the mixed micelle.

17-AAG
TPGS
PEG-DSPE

Figure 9. The proposed structure scheme o f 17-AAG-loaded PEG-DSPE mixed micelles.
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As micelle size is not changed with the addition of TPGS with PEG-DSPE at 2:1 

molar ratio, we believe that TPGS molecules fills the void between PEG-DSPE micelles 

forming mixed micelles, as shown in proposed structure (Figure 9). Further, our 'H 

NMR study reveals the interactions of TPGS molecules with the PEG-DSPE moiety. 

Addition of TPGS restricted the molecular motion in the hydrophobic core region and 

partially in hydrophilic corona region, which may decrease the rapid exchange of 

monomer molecules with the aqueous solution, which lead to improve drug retention of 

mixed micelles.

When compared to other drugs like camptothecin, paclitaxel loaded PEG-DSPE 

micelles (Mu et al., 2005; Musacchio et al., 2008), the release of 17-AAG from PEG- 

DSPE/TPGS mixed micelles is relatively fast which can be rationalized by the 

characteristic phenomenon of the intrinsic physicochemical properties of drug molecules 

and micelle core. It has been reported that in biodistribution experiments PEG-DSPE 

micelles were found to have a half-life from 1.5 to 2.5 h, which might be due to 

extravasations through the vasculature due to their small size and also observed 

accumulation at tumor site reached a plateau by 4-5 h (Lukyanov et al., 2002). 

Prolongation of the release half-life of 17-AAG from micelles beyond this time frame 

therefore will be of critical consequence in achieving targeted drug delivery to the tumor 

tissue.
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In conclusion PEG-DSPE/TPGS mixed micelles can be a promising alternative 

formulation for intravenous administration of 17-AAG without the inclusion any organic 

solvent. Developed PEG-DSPE/TPGS mixed micelles may have the potential to generate 

multifunctional nanocarriers for delivering 17-AAG as well as for other hydrophobic 

drug molecules.



CHAPTER 4

CONCURRENT DELIVERY OF PACLITAXEL AND 17-AAG VIA MICELLAR 

NANOCARRIERS FOR ANTICANCER THERAPY

1. Abstract

Purpose

The aim of the present study was to evaluate the pharmacokinetics and anticancer 

efficacy of paclitaxel/17-AAG-loaded micelles in tumor-bearing mice.

Methods

Dual drug-loaded micelles were intravenously injected to tumor-bearing mice

with paclitaxel and 17-AAG at 20 mg/kg and 37.5 mg/kg, respectively. The control mice

received the same doses of free paclitaxel and 17-AAG. At pre-determined time points,

blood samples were collected via the retro-orbital bleeding method. Healthy organs and

tumor tissues were harvested at 2 h. The concentrations of paclitaxel and 17-AAG in

plasma and tissue homogenate samples were determined by HPLC. The near infrared

dye indocyanine green (ICG) was used to label and evaluate the disposition of the

micelles by whole body fluorescence imaging. For antitumor efficacy study, the mice

were intravenously administered with combined doses of paclitaxel (20 mg/kg) and 17-

AAG (37.5 mg/kg) either as dual drug-loaded micelles or free drugs for 3 weeks. Tumor

growth and animal body weight were assessed twice a week. Tumor samples were

examined for immunohistochemistry staining with Ki-67.

38
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Results

Compared to the combined free drugs at equal doses, we observed that the 

micellar formulation resulted in over 10-fold increase in paclitaxel plasma concentrations 

and 3-fold increase for 17-AAG. Importantly, dual drug-loaded micelles yielded 3-fold 

increase of paclitaxel and 1.7-fold increase of 17-AAG in tumor accumulation compared 

to the free drugs. The enhanced drug accumulation at the tumor site was confirmed by 

the high fluorescence signals observed with ICG-labeled micelles. Tumor growth in 

mice receiving paclitaxel/17-AAG-loaded micelles was significantly slower than those 

treated with free drugs. Immunohistochemistry staining of the tumor tissue with ki-67, a 

cell proliferation marker revealed that tumor cells in micelle-treated mice underwent 

much less proliferation compared to those of untreated controls and free drug-treated 

mice.

Conclusion

Paclitaxel/17-AAG-loaded micelles significantly prolong the circulation time and 

enhance the tumor distribution of both drugs, leading to markedly improved anticancer 

efficacy. Paclitaxel/17-AAG-loaded micelles offer a promising delivery system for this 

combination therapy.

2. Introduction

Combination therapy with two or more anticancer drugs is the cornerstone of 

cancer therapy. However, it remains a major challenge to achieve safe and efficient 

delivery of drugs to the tumor. Nano-sized drug carriers are emerging as effective drug 

delivery systems for cancer therapy because of their unique ability to prolong the drug



40

circulation times in blood. They promote drug accumulation in the tumor via the 

enhanced permeability and retention (EPR) effect (Davis et al., 2008). With sizes usually 

ranging between 10-200 nm, nanoparticles are restricted from normal vasculature (1—2 

nm fenestrations in most healthy tissues); they preferentially extravasate and accumulate 

at the tumor site owing to the leaky tumor vasculature (usually .100 nm fenestrations) and 

the impaired lymphatic drainage in solid tumors (Matsumara et al., 1986). Although a 

large number of nanoparticulate delivery systems being developed over the past two 

decades, most research efforts focus on single drug encapsulation, whereas delivering 

multiple drugs with a single delivery carrier remains to be explored (Aryal et al., 2010).

Heat shock protein 90 (Hsp90) is a highly conserved chaperon protein required 

for conformational maturation, activation, and stability of a myriad of client proteins, 

many of which are oncogenic kinases and transcription factors that are vital in mediating 

oncogenic addition and tumor cell survival (Neckers et al., 2012). Hsp90 is recognized as 

an important drug target for cancer therapy with a number of Hsp90 inhibitors currently 

in clinical trials. Tanespimycin (17-AAG) was the first Hsp90 inhibitor to be evaluated 

clinically as a monotherapy and in combination with other anticancer drugs. However, 

the development of 17-AAG was hampered by its poor water solubility. In a phase I 

clinical trial, combination therapy of 17-AAG with paclitaxel yielded meager responses 

in advanced cancer patients (Ramalingan et al., 2008). The limited efficacy is at least in 

part attributed to inadequate inhibition of the targeted proteins, owing to the suboptimal 

dosing level and frequency of the drugs. The dose-limiting toxicities of paclitaxel/17-
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AAG combination therapy are not only caused by the drugs alone, they are also 

attributable to the large volume of toxic organic surfactants and solvents (Cremophor 

EL/ethanol for paclitaxel; DMSO/egg phospholipid for 17-AAG) used to solubilize these 

two poorly water-soluble drugs. Cremophor EL induces hypersensitivity reactions in 

patients, which necessitates the pretreatment with corticosteroids and antihistamines, 

whereas DMSO causes serious adverse effects including hepatotoxicity, cardiotoxicity, 

nausea, vomiting and malodor.

One promising approach to overcome the severe toxicities caused by the organic 

excipients and achieve effective paclitaxel/17-AAG combination therapy is to formulate 

these drugs into nano-sized drug carriers. Composed of biocompatible and biodegradable 

amphiphilic copolymers, we have previously shown that PEG-DSPE/TPGS mixed 

micelles can concomitantly encapsulate therapeutic levels of paclitaxel and 17-AAG into 

the lipophilic micellar core without the inclusion of any organic solvent (Katragadda et 

al., 2011). In the current study, we demonstrated that in comparison with the drugs in 

their free forms, paclitaxel/17-AAG-loaded micelles markedly prolonged the circulation 

times of both drugs and enhanced the drug accumulation in the tumor, leading to 

substantially improved anticancer efficacy in a human ovarian tumor mouse model. By 

incorporating indocyanine green (ICG) into PEG-DSPE/TPGS mixed micelles, an FDA- 

approved near infrared (NIR) imaging agent, we were able to track the real-time 

distribution of the ICG-labeled micelles in the body and particularly in the tumor, which 

illustrates the theranostic potential of this delivery system.
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3. Materials and Methods

3.1. Materials

1,2-Distearoyl-sn-glycero-3 -phosphoethanolamine-N [methoxy(polyethylene 

glycol)-2000] (ammonium salt, PEG-DSPE) was purchased from Avanti Polar Lipids, 

Inc. (Alabaster, AL) and used without further purification. D-a-Tocopheryl polyethylene 

glycol 1000 succinate (TPGS) was a gift from Eastman Co. (Kingsport, TN). 17-AAG 

and paclitaxel was purchased from LC Laboratories (Woburn, MA). a -Naphthoflavone 

was purchased from Sigma, (St. Louis, MO). Slide-A-Lyzer dialysis cassette was 

purchased from Pierce (Rockford, IL). Human ovarian cancer SKOV-3 cells were 

obtained from the American Type Culture Collection (Manassas, VA). For in vitro cell 

culture, Dulbecco’s Modified Eagle Medium (DMEM) and Dulbecco’s phosphate buffer 

saline were purchased from Invitrogen (Carlsbad, CA). All primary antibodies HER2, 

phosphorylated Akt (p-Akt), total Akt, p-GSK 3 a/p, total GSK 3 a/p were purchased from 

Cell signaling (Danvers, MA), and anti-p-actin was from Santa Cruz Biotechnology 

(Santa Cruz, CA). Secondary antibodies were obtained from LI-COR. ICG, all other 

chemicals were of analytical or reagent grade.

3.2. Formulation of Paclitaxel/17-AAG Loaded Mixed Micellar Nanocarriers

A solvent evaporation method was employed to prepare the drug-loaded 

micellar nanocarriers, as reported previously (Katragadda et al., 2011). In a typical 

preparation, 0.124 mg paclitaxel, 0.234 mg 17-AAG, 5.6 mg PEG-DSPE and 5.7 mg 

TPGS were dissolved in 1 ml chloroform in a 25-ml round-bottom flask, which was
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rotorevaporated to dryness at room temperature to form a homogenous thin drug-polymer 

film. The resulting thin film was further dried overnight under vacuum to remove any 

residual solvent. The film was then hydrated with 100 ml 10 mM HEPES-buffered saline 

(HBS, pH 7.4) while vigorous vortexing for 5 min at room temperature. The resulting 

mixture was centrifuged at 12,000 g for 5 min to remove any undissolved 

drugs/polymers, yielding clear micellar dispersion. The micelles were formed efficiently 

with minimal precipitation. The resulting micellar solution was composed of 1.45 mM 

paclitaxel, 4.0 mM 17-AAG, 20 mM PEG-DSPE and 40 mM TPGS. The loading 

concentrations of paclitaxel and 17-AAG in the micelles, defined as the amount of the 

drugs in the resulting micellar solution per unit volume of HBS, were quantified by 

HPLC as described below. Because the aqueous solubility of free paclitaxel and 17-AAG 

is merely 0.3 pM and 17 pM, respectively, which were less than 0.5% of the drug levels 

in the micellar solution, the obtained HPLC results herein reflected the concentrations of 

drugs loaded within PEGDSPE/TPGS mixed micelles. The drug concentrations in the 

micellar solution were controlled by adding exact the amount of drugs during the micelle 

preparation, and the loading efficiency of each drug was above 95%, which is defined as 

the ratio between the drug amount in the resulting micellar solution and the input drug 

amount.

3.3. In vitro Characterization of Palitaxel/17-AAG Loaded Mixed Micellar Nanocarriers 

3.3.1 Quantification of Dual Drug Loaded Micelles. The amount of paclitaxel 

and 17-AAG encapsulated in the micelle were simultaneously quantified by reverse phase
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high-performance liquid chromatography (HPLC) based on a previously reported method 

(Chandran et al., 2010). The isocratic mobile phase consisted of 75% (v/v) methanol and 

25% sodium phosphate buffer (25 mM, pH 3.0) with 10 mM triethylamine delivered at 

flow rate of 1.2 ml/min. a- naphthoflavone was used as an internal standard at a 

concentration of 2 pM. The detection wavelengths for paclitaxel, 17-AAG, and a - 

naphthoflavone are 227 nm, 333nm and 281 nm, respectively. The standard curve of 17- 

AAG and paclitaxel in phosphate buffer was linear between 0.5 pM and 10 pM.

3.3.2. Size Measurement of Micellar Nanocarriers. The size of the micelles was 

determined by dynamic light scattering using a ZETASIZER Nano-ZS (Malvern 

Instruments Inc., UK). Dual drug-loaded micelles were diluted in deionized water to 

PEG-DSPE concentration of minimum 0.5 mg/ml and the size distribution was reported 

as number (%) for measured hydrodynamic diameter.

3.3.3 Storage Stability of Dual drug-Loaded Micellar Nanocarriers. The storage 

stability of the dual drug-loaded micelles was assessed by monitoring the drug 

concentrations and the micelle size following incubation at 37°C or 4°C for 4 weeks.

3.3.4. In vitro Release of Paclitaxel and 17-AAG from Micellar Nanocarriers.

The release kinetics of paclitaxel and 17-AAG from the micelles was evaluated by the 

dialysis method (Chandran et al., 2010). Post micelle preparation, each sample was 

diluted about 10 times with HBS and loaded into a 3 ml Slide-A-Lyzer dialysis cassette 

(Pierce, Rockford, IL) with a MWCO of 20,000 g/mol. The loaded dialysis cassette will 

be maintained under sink conditions by incubating in 500 ml phosphate-buffer saline (20
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mM, pH 7.4) at 37°C which was changed every 2 h to ensure the sink condition for drug 

and polymer. The amount of paclitaxel and 17-AAG that remained in the micelle at each 

release time was quantified by HPLC method as described in section 3.3.1, obtained 

release data was fitted into the first order kinetics.

3.3.5 'H NMR Study of Dual Drug-Loaded Micellar Nanocarriers. Paclitaxel/17- 

AAG-loaded PEG-DSPE/TPGS mixed micelles were prepared as described in section

3.2, and hydrated with HEPES-buffered saline in D2 O (pH 7.4). As controls, identical 

drug-containing lipid films were prepared and dissolved in DMSO-d6. Varian 600 MHz 

NMR spectrometer (Agilent, CA) was used to acquire data. For the D2O sample, the 

residual water signal was suppressed using a saturation pulse with field strength of 40 Hz. 

'H chemical shifts were referenced to internal sodium 3-(trimethylsiIyl) propionate- 

2, 2,3,3-d4 (TSP) at 0.0 ppm for D2 O samples and to DMSO at 2.50 ppm for DMSO-cU 

samples.

3.3.6. Cytotoxicity Study of Dual Drug-Loaded Micellar Nanocarriers. Human 

ovarian cancer SKOV-3 cells were seeded in 96-well plates at a density of 7x10 cells in 

100 pi DMEM media per well. After 24 h, cells were treated in triplicates, with 

increasing concentrations of paclitaxel (2.5-10 nM), 17-AAG (17.5-70 nM) and 

combination of the two drugs in a molar ratio 1:7 either in the free form or micelles for 

72 h. The cell proliferation was analyzed by crystal violet assay.
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3.4. Tumor Xenograft Mouse Model

Five-to-six-week-old female athymic nude (nu/nu) mice (Charles River, 

Wilmington, MA) were maintained in accordance with the Institutional Animal Care and 

Use Committee at Mercer University guidelines. Xenografts were generated by injecting 

human ovarian cancer SKOV-3 cells (2 x 106 in 0.1 ml matrigel/DMEM mix) into the 

right and left flank of mice. The tumor size was measured using a caliper, and the tumor 

volume was calculated as Vi x length x width2.

3.5. Pharmacokinetic Study of Paclitaxel/17-AAG-Loaded Micelles

Once SKOV-3 tumor volumes reached 100-300 mm3, the mice were randomized 

into study groups (4 mice per group). Sterilized via filtration through 0.2 mm membrane, 

the dual drugloaded micelles were administered via the tail vein injection with paclitaxel 

and 17-AAG doses at 20 mg/kg and 37.5 mg/kg, respectively. For the free drug-treated 

group, the mice received the same combined doses of free paclitaxel and 17-AAG 

dissolved in DMSO. At 5, 10, 15, 30, 60, 120 and 240 min post injection, whole blood 

was collected via the retro-orbital bleeding method. Normal organs (liver, lung, spleen, 

kidney and heart) and tumor tissues were harvested at 120 min. Following extraction 

using ethyl acetate, the concentrations of paclitaxel and 17-AAG in plasma and tissue 

homogenate samples were simultaneously determined by HPLC (Egorin et al.,2001). The 

HPLC system (Waters, Milford, MA) consisted of a Waters 2795 pump, a Phenomenex 

(Torrance) C8 column.
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3.6. Quantification of Paclitaxel/ 17-AAG in Plasma and Tissue Samples

Ethyl acetate was used to extract paclitaxel, 17-AAG, and the internal standard 

simultaneously by liquid-liquid extraction method from plasma and tissue samples. 

Before extraction, tissue samples were placed on ice and were homogenized with 3 

volumes of cold phosphate buffer saline solution. Next, dual drug concentrations and 

internal standard concentration were quantified simultaneously by reverse phase HPLC 

(RP-HPLC) that was equipped with a UV detector. To analyze plasma samples, an 

isocratic mobile phase of 25% (v/v) sodium phosphate buffer (25 mM, pH 3.0) and 75% 

(v/v) methanol with 10 mM triethylamine was used. For tissue homogenate samples, a 

gradient elution of A: sodium phosphate buffer and B: methanol (0-30 min 46% A, 

30.01—40 min 28% A, 40.01-45 min 46% A) was used. The flow rate was 1.5 ml/min at 

40°C. The assay methodology was validated using the blank plasma and tissue. 

Pharmacokinetics parameters were determined by WinNonlin software (Pharsight).

3.7. Biodistribution Study of ICG Labeled Micelles

ICG-labeled drug-loaded PEG-DSPE/TPGS mixed micelles were prepared using 

a dry film method as described above. The dry film consisting of paclitaxel, 17-AAG and 

copolymers was prepared as described above, which was subsequently hydrated with 100 

ml sterile HBS (10 mM, pH 7.4) containing 0.16 mM ICG. The resulting ICG-labeled 

micelles was composed of 1.45 mM paclitaxel, 4.0 mM 17-AAG, 20 mM PEG-DSPE, 40 

mM TPGS, and 0.16 mM ICG.
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To confirm the incorporation of ICG into the micelles, the stability of ICG- 

labeled micelles was studied at 37°C. Freshly prepared free ICG solution in HBS at the 

identical concentration was used as a control. At 0, 2, 4, 8, 24 and 48 h, aliquots of the 

micellar or free ICG solution were analyzed for the fluorescence intensity at 800 nm 

using Odyssey imaging system (LI-COR Biosciences, Lincoln, NE). All samples were 

prepared and analyzed in triplicates. ICG-labeled micelles were administered to SKOV-3 

tumorbearing mice via the tail vein injection at an ICG dose of 2 mg/kg. Freshly prepared 

free ICG solution in HBS was i.v. injected at the same dose to the control mice. 

Immediately following the injection (0 h) and at 1,2, 4, 6, 24 and 48 h, the mice were 

anesthetized under a continuous flow of isoflurane/oxygen, and the spectral fluorescence 

signals of the whole body images (800 nm channel) were obtained using the Odyssey 

imaging system.

3.8. Antitumor Efficacy Study by Paclitaxel/17-AAG-Loaded Micelles in a Human 
Ovarian Tumor Mouse Model

SKOV-3 tumor-bearing mice with tumor volumes ranging between 50-150 mm3 

were randomized into 3 groups with 6 mice each: (A) the untreated group; (B) the free 

drug-treated group; and (C) the micellar drug-treated group. For Groups B and C, the 

mice were i.v. dosed on days 0, 7, and 14 with the combined doses of paclitaxel (20 

mg/kg) and 17-AAG (37.5 mg/kg) either as free drugs dissolved in DMSO, or the dual 

drug-loaded micelles. On days 3, 10, and 17 the mice in these two groups also received 

17-AAG (37.5 mg/kg) as the free drug or the drug-loaded micelles.
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Tumor growth and the animal body weight were assessed twice weekly. The mice were 

sacrificed on day 43, and tumors were excised and weighted. Each tumor was divided for 

immediate formalin fixation and flash freezing.

3.9 Western Blot Analysis to Investigate Molecular Mechanisms Involved in Inhibition of 

Tumor Growth In vivo

Tumor tissue samples (approximately 20-25 mg per sample) were homogenized 

and lysed using RIPA buffer supplemented with protease and phosphatase inhibitors. 

Tumor lysates containing 35 mg of total protein were resolved onto 10% SDS-PAGE 

gels, and transferred onto nitrocellulose membranes. Blots were probed with antibodies 

for phosphorylated Akt (p-Akt), total Akt, p-GSK 3a/(3, and total GSK 3a/(3, all of which 

were obtained from Cell Signaling (Danvers, MA). Anti- P -actin antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA) was used as a loading control. Subsequently, the blots 

were incubated with fluorescently labeled secondary antibodies (LI-COR) and visualized 

using the Odyssey imaging system. The protein levels were quantified using the 

densitometry function on the instrument, normalized to p-actin level of each sample.

3.9 Histology and Immunohistochemistry

Formalin-fixed and paraffin-embedded tumor specimens of 3-to 4-pm thickness 

were sectioned and stained with hematoxylin and eosin (H&E) and anti-Ki-67 antibody 

(DAKO, Carpinteria, CA) following standard protocols. All histological and 

immunohistochemical staining was performed in the Pathology Core Laboratory of the 

Winship Cancer Institute at Emory University (Atlanta, GA).
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4. Results

4.1. Preparation and Maximum Loading of Dual Drug-Loaded Micellar Nanocarriers

By precisely controlling the input amount of each drug, paclitaxel and 17-AAG 

can be concomitantly loaded into PEG-DSPE/TPGS mixed micelles at a fixed ratio. The 

maximum loading capacity of paclitaxel and 17-AAG in mixed micelles is about 1.81±

0.04 mM and 12.5± 1.42 mM, respectively, by which increased intrinsic aqueous 

solubility of individual drugs by approximately 5000 and 700 fold. The loading 

efficiency was found to be > 95% for both drugs.

4.2. In vitro Characterization of Dual Drug- Loaded Micellar Nanocarriers

The size distribution of dual drug-loaded mixed micelles exhibited a unimodal 

and narrow distribution {Figure 10) with average size of about 1 lnm. Loading of dual 

drugs did not affect the size of micelle. Stability studies are evaluated on micellar 

concentration used for in vivo administration, 1.45 mM paclitaxel, 4 mM 17-AAG, 20 

mM PEG-DSPE and 40 mM TPGS. These micelles are stable for at least 4 weeks at both 

37°C and 4°C maintaining dual drug concentration >95% and also retained size of the 

micelles consistent.

For the in vitro release study, free drug or dual drugs encapsulated mixed micelles 

diluted in HEPES buffer was dialyzed against excess phosphate buffer. The fraction of 

the drug remaining inside the dialysis cassette was assayed at periodic intervals, obtained 

release data were fitted into the first order kinetics as reported previously (Chandran et 

al., 2010). For both paclitaxel and 17-AAG, release half-life (tm, release) of free drug
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molecules was < 1 h (data not shown). When dual drugs are incorporated in micelles ti/2 , 

r e l e a s e  prolonged to 14.17 h for paclitaxel and 6.36 h for 17-AAG {Figure 11), indicating 

paclitaxel is more stable compared to 17-AAG.
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Figure 10. Size distribution of dual drug loaded-micelles (n=3).
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Figure 11. In vitro release profile of paclitaxel and 17-AAG from PEG-DSPE/TPGS 
mixed micelles (n=3).
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'Hi NMR analysis was carried out to verify the simultaneous incorporation of 

paclitaxel and 17-AAG into PEG-DSPE/TPGS mixed micelles. When drug molecules are 

loaded into the core-shell micelles formed by the amphiphilic copolymers, the molecular 

motion within the micellar core is significantly restricted, leading to broadened line width 

of 'H signals from protons of drug molecules and the hydrophobic segments of the 

copolymers located within the micelle core. As a control, we first obtained the 'H 

spectrum of a mixture of paclitaxel, 17-AAG, PEG-DSPE and TPGS, that were dissolved 

in DMSO-ck (Figure 12A). As expected, the detected 'H signals from all molecules in the 

control sample had narrow line widths, because these protons experience rapid molecular 

motions in DMSO solution. In contrast, following the formation of micelles {Figure 

12B), the *H NMR peaks from both DSPE (0.87 ppm and 1.28 ppm) and the vitamin E 

portion of TPGS (1.90-2.00 ppm) were much broader compared to those in the DMSO 

sample. These results are indicative that the micellar core is formed by DSPE the 

lipophilic portion of TPGS. On the other hand, the micelle formation had minor impact 

on the 'if NMR line width at 3.71 ppm, which originated from oxyethylene (O-CH2-  

CH2) protons of PEG, compared to its counterpart in DMSO-d^. This indicates that the 

PEG moiety resides in the corona region of the micelle, where the local motion of the 

protons is largely unrestricted by the micelle formation. Importantly, the fact that *H 

signals of paclitaxel and 17-AAG in the aqueous micelle sample were undetectable 

{Figure 12B) clearly demonstrates that both drugs are buried within the hydrophobic core 

of the micelles.
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In order to evaluate the cytotoxicity of paclitaxel/17-AAGloaded PEG- 

DSPE/TPGS mixed micelles, cell proliferation assay was performed in SKOV-3 cells.

For comparison purpose, we also examined the cytotoxicity of individual drugs and their 

combination in free forms. At a 1:7 molar ratio, combination of free paclitaxel (5-10 nM) 

and 17-AAG (35-70 nM) exhibited significantly enhanced cytotoxicity in SKOV-3 cells, 

compared to those of individual drugs (p < 0.05, Figure 13). When both drugs were 

simultaneously formulated into PEG-DSPE/TPGS mixed micelles, paclitaxel/17-AAG 

remained as cytotoxic to SKOV-3 cells as the combined free drugs. As a vehicle control, 

empty PEG-DSPE/TPGS mixed micelles had little inhibition (<10%) on the proliferation 

of SKOV-3 cells at concentrations present in the above drug-loaded micelles. These 

results demonstrate that PEG-DSPE/TPGS mixed micelle formulation retains the 

antiproliferative activity of paclitaxel/17-AAG combination.
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Figure 12. H NMR spectra of (A) the mixture of PEG-DSPE, TPGS and 17-AAG in 

DMSO-dg; and (B) paclitaxel/17-AAG-loaded PEG-DSPE/TPGS mixed micelles 

prepared in HBS/D2O buffer. The inserts in the region of 0.0-2.9 ppm and 5.0-10.0 ppm 

are the intensity-scale expansions. The insert spectra are plotted with different y-scales to 

display the weak peaks. The 'H signals of 17-AAG were not present in the insert of B and 

D even though the intensity scale was expanded more times than those of A and C.
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Figure 13. Cytotoxicity of dual drug-loaded PEG-DSPE/TPGS on SKOV-3 cells.

4.3. Pharmacokinetics of Dual Drug-Loaded Micelles in Tumor-Bearing Mice

To explore the therapeutic potential of paclitaxel/17-AAGloaded micelles, we 

first undertook the task of characterizing the pharmacokinetics of micellar paclitaxel and 

17-AAG. As a nanosized drug delivery system, the drug-loaded micelles should ideally 

retain drug molecules for an extended period of time while circulating, extravasate into 

the tumor tissue via the EPR effect, and elevate the drug exposure in the tumor. To this 

end, we first analyzed plasma concentrations of paclitaxel and 17-AAG over a 4-h period 

following i.v. injection of the dual drug-loaded micelles. Following ethyl acetate 

extraction, paclitaxel, 17-AAG and alpha-naphthoflavone were completely resolved from 

endogenous interference peaks in all plasma and tissue extracts. Representative 

chromatograms of the pure drugs, an extract of drug-spiked liver tissue, and an extract of 

blank liver tissue at 227, 333 and 281 nm are shown in Figure 14.
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Figure 14. Chromatograms representing resolution form endogenous peaks blank tissue 
(black), drug-spiked blank tissue (green) and tissue extracted (blue). The lower limits of 
quantification for paclitaxel and 17-AAG were 2.5 pM and 1 pM, respectively. The linear 
ranges for the standard curves of paclitaxel and 17-AAG were between 2.5-100 pM, and 
1-20 pM, respectively.
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Non-compartmental analysis was performed to obtain pharmacokinetic 

parameters of paclitaxel and 17-AAG including the elimination half-life (ti/2 ), the total 

body clearance (CLt), and the apparent volume of distribution (V d,ss) using WinNonlin 

software (version 5.1, Pharsight, Sunnyvale, CA).

For the free drug-treated group, although Cremophor EL/ethanol is the clinically 

relevant solvent for paclitaxel, DMSO was chosen as the single delivery vehicle for both 

paclitaxel and 17-AAG for the following three reasons: (1) it was necessary to administer 

both drugs in a single tail vein injection, but we found the amount of Cremophor EL 

needed for simultaneously solubilizing paclitaxel and 17-AAG was lethal in mice; (2) 

DMSO was the adopted solvent for 17-AAG in the clinic, and could solubilize both drugs 

safely; (3) we aimed to evaluate the impact of PEG-DSPE/TPGS mixed micelles on the 

disposition of the loaded drugs in comparison with their free forms, whereas Cremophor 

EL is known to sequester paclitaxel in plasma and cause nonlinear plasma 

pharmacokinetics without increasing the tissue distribution of the drug.
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Figure 15. Plasma concentration of 17-AAG after intravenous administration of 
combination free drugs in DMSO or dual drug-loaded micelles (n=4).
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Compared with the combined free drugs at the equal doses, we observed that the 

micellar formulation resulted in over 10-fold increase in paclitaxel plasma concentrations 

(Figure 15). The elimination half-lives of paclitaxel were about 40 min in both cases, 

suggesting the elimination of micellar paclitaxel is ratelimited by the metabolism and 

excretion of free paclitaxel. The volume of distribution ( V d ,ss )  of micellar paclitaxel was 

distinctly lower than that of free paclitaxel, indicating the distribution of the micellar drug 

is much restricted owing to the size of micellar nanocarriers.
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Figure 16. Plasma concentration of 17-AAG after intravenous administration of 
combination free drugs in DMSO or dual drug-loaded micelles (n=4).

Accordingly, the total clearance (CLT) of micellar paclitaxel was about one tenth 

of that of the free drug, leading to the much higher circulation levels of paclitaxel over 

the time (area under the curve, AUC) in the body (Table 8). Similarly, the dual drug- 

loaded micelles also significantly elevated 17-AAG plasma concentrations (Figure 16)
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with almost 3-fold reduction in V d , ss  and CLT (Table 9) in comparison with free 17- 

AAG. The pharmacokinetic parameters for free paclitaxel and 17-AAG obtained in this 

study were largely consistent with the literature (Egorin et al.,2001). Next, we quantified 

the drug concentrations in tumor tissues and normal organs at 2 h.

Table 8. Pharmacokinetic parameters o f  paclitaxel (PTX).

M icelles 4216.8 5.6 311 40.1

DMSO 415.3 56.4 2955 44.1

Table 9. Pharmacokinetic parameters o f paclitaxel (PTX).

M icelles 3316.6 19.3 469 19.9

DMSO 1109.8 57.7 1445.0 20.3
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Figure 17. Tissue distribution of paclitaxel (2h) after intravenous administration of 
combination free drugs in DMSO or dual drug-loaded micelles (n=4).
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Figure 18. Tissue distribution of paclitaxel (2h) after intravenous administration of 
combination free drugs in DMSO or dual drug-loaded micelles (n=4).
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We found that the dual drug-loaded micelles yielded a 3.5-fold increase of 

paclitaxel and 1.7-fold increase of 17-AAG concentration in the tumor without 

significantly altering the drug levels in normal organs when compared with the respective 

free drugs (.Figure 17 and 18). Taken together, these data indicate that paclitaxel/17- 

AAG-loaded micelles prolong the circulation times and elevate the exposure of both 

drugs in the tumor.

4.4. Biodistribution Study of ICG-Labeled Micelles in Tumor-Bearing Mice

To further investigate the circulating and disposition characteristics of the drug- 

loaded micelles, we sought to incorporate an imaging dye into the micellar nanocarriers, 

which would stably associate with the nanocarriers and enable the real-time visualization 

of the formulation in the body. ICG, an FDA-approved contrast agent for vasculature 

imaging, has a unique NIR spectral property that is advantageous for fluorescence-based 

in vivo imaging because of its deep tissue penetration and high signal-to-noise ratio. In its 

free form, ICG has a poor stability in aqueous solution and is rapidly eliminated (ti/2  = 5 

min) following intravenous administration (Mordon et al., 1998). We hypothesized that, 

by its incorporation into PEG-DSPE/TPGS mixed micelles, the aqueous stability of ICG 

would be greatly enhanced and its circulation time prolonged. We found that micellar 

ICG had less than 10% decrease in its fluorescence emission intensity when incubated in 

HBS at 37°C for 48 h, whereas under the identical condition that of free ICG aqueous 

solution decreased about 50% at 8 h and over 80% at 48 h (.Figure 19A).
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These stability results indicate that ICG can be stably loaded into mixed micelles to label 

these nanocarriers.

Next, ICG-labeled drug-loaded PEG-DSPE/TPGS mixed micelles were evaluated 

in tumor-bearing mice, in comparison with free ICG at an equal dose. As shown in 

Figure 19B, free ICG was rapidly cleared from the circulation, and there was only trace 

fluorescence signal in the body by 4-6 h except for the intestinal region, which is 

consistent with the literature that ICG undergoes rapid biliary secretion and consequent 

fecal elimination (Wheeler et al., 1958). In contrast, following micellar ICG 

administration the fluorescence intensity throughout the body was sustained at an 

elevated level for at least 6 h, which was most probably emitted from ICG molecules that 

were associated with the micelles while circulating in the blood stream. The sustained 

distribution and retention of ICG in normal organs following the micelle administration 

was unlikely because of the following reasons: (1) the extravasation of ICG loaded 

micelles across the endothelial lining of most normal organs was restricted due to the size 

limitation; (2) free ICG released from the micelles would be subjected to rapid 

elimination, as seen in free ICG-treated mice. This strongly suggests that PEG- 

DSPE/TPGS mixed micelles remain intact in the circulation for a prolonged period of 

time and provide a protective shield for the loaded molecules from elimination. 

Alternatively, ICG could possibly exchange between the circulating micelles and the 

many tissue membranes encountered in the body. ICG was most likely released from the 

micelles over time and was eliminated via the same pathway as free ICG. Importantly,
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the micellar formulation resulted in notably higher ICG accumulation in the tumor, 

which corroborated the tumor distribution data for paclitaxel/17-AAGloaded micelles 

described above.
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Figure 19. (A) Stability of ICG loaded micelles(n=3). (B) The NIR imaging of ICG- 
loaded micelles in nude mice bearing SKOV-3 xenografts.
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Collectively, these results indicate that ICG can be employed as an imaging agent 

for monitoring PEG-DSPE/TPGS micellar delivery system in vivo, and confirm the 

enhanced accumulation of the micellar drugs in the tumor.

4.5. Antitumor Efficacy by Paclitaxel/ 17-AAG-Loaded Micelles in a Human Ovarian 
Tumor Mouse Model

In preclinical models, 17-AAG sensitizes the anticancer activity of paclitaxel by 

rapidly degrading key signaling proteins such as HER2, EGFR, and Akt in tumor cells. It 

has been demonstrated that paclitaxel/17-AAG combination therapy is superior to either 

drug alone in retarding tumor growth (Munster et al., 2001; Solit et al., 2003., Sawai et 

al., 2008). Encouraged by our findings that paclitaxel/17-AAG-loaded micelles enhanced 

the exposure of both drugs in the tumor, we next investigated whether the micellar 

formulation retarded tumor growth more potently than the combined free drugs in mice 

bearing pre-established SKOV-3 tumor xenografts. Based on the maximum tolerated
'y

doses in cancer patients (weekly i.v. infusion of 80 mg/m for paclitaxel, twice-weekly 

i.v. infusion of 175 mg/m2 for 17-AAG) obtained from a phase I clinical trial of 

palcitaxel/17-AAG combination therapy (Ramalingan et al., 2008), and because 

paclitaxel is known to be effective in tumor-bearing mice at 20-25 mg/kg (Sawai et al., 

2008;Kim et al., 2001), a combination regimen of weekly i.v. 20 mg/kg paclitaxel and 

twice- weekly i.v. 37.5 mg/kg 17-AAG was chosen in our study to maintain the dose ratio 

between the two drugs similar to that adopted in the clinic.
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Figure 20. Antitumor efficacy of paclitaxel/17-AAG-loaded micelles in a human ovarian tumor 
mouse model (n=6).

As shown in Figure 20, paclitaxel and 17-AAG in their free forms significantly 

delayed the tumor growth, but the mice experienced rapid tumor growth shortly after a 3- 

week treatment period ended. In contrast, the micellar formulation of paclitaxel and 17- 

AAG caused near-complete arrest of tumor growth. The drastic differences in the tumor 

weight among the treatment groups on day 43 was shown in Figure 21 A. The sustained 

tumor growth inhibition by micellar paclitaxel and 17-AAG was accompanied by marked 

downregulation of Akt signaling in the tumor tissues, reflected by the reduced levels of p- 

Akt and p-GSK3alpha, an immediate downstream substrate of Akt (Figure 22). On the 

other hand, Akt signaling remained highly activated in the tumors of the free drug-treated 

mice {Figure 22).
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Immunohistochemistry staining of the tumor tissues with Ki-67, a cell 

proliferation marker, revealed that the tumor cells in the micellar drug-treated mice 

underwent much less proliferation, where as there was little difference between the 

tumors of the untreated and free drug-treated groups in term of their proliferation status 

(.Figure 23). The Ki-67 staining index was about 30-35% in both the untreated and free 

drug-treated tumors, and below 10% in the micellar drug-treated tumors. These results 

clearly indicate that the micellar formulation of paclitaxel and 17-AAG blocks the tumor 

growth for a prolonged period of time, and potentiates the anticancer efficacy of 

paclitaxel/ 17-AAG combination therapy. There was little overall toxicity with either the 

free or micellar drugs since the average body weight of mice remained constant 

throughout the study {Figure 21B). To examine the potential cellular toxicities associated 

with the drug-loaded PEG-DSPE/TPGS mixed micelles against the major organs, the 

hepatic and renal functional tests upon completion of the efficacy study are warranted in 

future studies.
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5. Discussion

Among the numerous intravascular nanvectors that are currently being pursued in 

the preclinical and clinical studies, block copolymer micelles are recognized as promising 

drug delivery systems for poorly water-soluble drugs (Nishiyama et al., 2006). 

Selfassembled from the amphiphilic copolymers, polymeric micelles are characterized by 

a hydrophobic core that can efficiently solubilize hydrophobic drug molecules, and a 

hydrophilic corona that sterically stabilizes the micellar structure in the aqueous milieu. 

Genexol-PM, a Cremophor EL-ffee formulation for paclitaxel that is undergoing phase II 

and III clinical trials, employs polyethylene glycol-block-poly(D,L-lactic acid) (PEG- 

PLA) micelles to solubilize and deliver paclitaxel. Obviation of Cremophor EL-related



69

toxicity allows Genexol-PM to be administered to cancer patients at higher doses than the 

conventional Cremophor EL-based paclitaxel formulation without a significant increase 

in toxicities (Kim et al., 2004). PEG-PLA micelles have recently been explored for the 

combined delivery of multiple drugs including paclitaxel and 17-AAG (Shin et al., 2009). 

It is nevertheless questionable whether the drug-loaded PEG-PLA micelles could 

accumulate in the tumor via the EPR effect, because of the very rapid drug release from 

PEG-PLA micelles in the circulation.

Figure 24. The proposed structure scheme of paclitaxel/17-AAG- loaded PEG-DSPE 
mixed micelles.

In search for an alternative formulation for the combined delivery of paclitaxel 

and 17-AAG, we aimed to identify a drug carrier system that is not only capable of 

solubilizing the drugs but also enhancing drug delivery to the tumor. We have previously

paclitaxel
17-A A 6

TPGS
PEG-DSPE
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demonstrated that PEG-DSPE/TPGS mixed micelles can greatly increase the aqueous 

solubility of paclitaxel and 17-AAG, and release the loaded drugs in serum at much 

slower rates in comparison with PEG-PLA micelles (Katragadda et al., 2011). In the 

current study, the disposition and antitumor efficacy of paclitaxel/17-AAG-loaded PEG- 

DSPE/TPGS mixed micelles (Figure 24) were evaluated in tumor bearing mice. As 

shown in our pharmacokinetic study, the dual drug-loaded micelles markedly extended 

the circulation times of both drugs and elevated drug concentrations in the tumor 

compared with the equivalent doses of the free drugs, which was further confirmed by the 

NIR imaging of ICG-labeled micelles in the tumor-bearing mice over a 48-h period.

These results strongly suggest that in the circulation a significant proportion of 

PEGDSPE/TPGS micelles retain the loaded paclitaxel and 17-AAG and enhance drug 

delivery to the tumor tissue via the EPR effect. Following the extravasation into the 

tumor, the drug-loaded PEGDSPE/TPGS mixed micelles may undergo two possible 

processes: (1) the micelles could be taken up by the tumor cells via endocytosis, which 

subsequently release the drugs inside the cytoplasm; (2) the drugs could be released first 

from the micelles, and then penetrate into the tumor cells in the free forms. Owing to the 

inefficient nature of the first process without a targeting ligand on the micellar surface, 

the second process is likely to be the dominant route for these micellar drugs to gain 

intracellular access and exert antitumor activities. In line with the improved 

pharmacokinetic characteristics associated with the micellar formulation, our efficacy 

study clearly demonstrated that paclitaxel/17-A AG-loaded micelles elicited more potent 

and persistent tumor growth arrest than the combined free drugs at the equivalent doses.
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With paclitaxel and 17-AAG as model hydrophobic anticancer drugs, these 

findings demonstrate the potential of PEG-DSPE/TPGS mixed micelles as a drug carrier 

system to eliminate the use of toxic organic solubilizers, deliver multiple drugs 

concurrently and achieve enhanced anticancer efficacy.

In summary, we have demonstrated in the current work a safe and efficacious 

nano-sized formulation for combined paclitaxel/17-AAG delivery. With a broad 

applicability to deliver hydrophobic anticancer drugs in vivo, this drug delivery system is 

highly translatable to the clinic because of the ease of the formulation preparation without 

any chemical conjugation, and the established safety profiles of PEG-DSPE and TPGS 

copolymers, both of which are FDA-approved pharmaceutical excipients.
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