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Abstract

Paclitaxel (PTX) is one of the most effective chemotherapeutic agents for a wide spectrum of
cancers, but its therapeutic benefit is often limited by severe side effects. We have developed a
micelle-based PTX formulation based on a simple conjugate derived from polyethylene glycol
5000 (PEGsk) and embelin (EB). Embelin is a natural product and exhibits antitumor activity
through blocking the activity of X-linked inhibitor of apoptosis protein (XIAP). PEGsk-EB,
conjugate self-assembles to form stable micelles in aqueous solution and efficiently encapsulates
hydrophobic drugs such as PTX. PEGsk-EB, micelles have a relatively low CMC of 0.002mg/mL
(0.35.M) with sizes in the range of 20 ~ 30 nm with or without loaded PTX. /n vitro cell uptake
study showed that the PEGgk-EB, micelles were efficiently taken up by tumor cells. /n vitro
release study showed that PTX formulated in PEGgk-EB, micelles was slowly released over 5
days with much slower release kinetics than that of Taxol formulation. PTX formulated in PEGzk-
EB, micelles exhibited more potent cytotoxicity than Taxol in several cultured tumor cell lines.
Total body near infrared fluorescence (NIRF) imaging showed that PEGsk-EB, micelles were
selectively accumulated at tumor site with minimal uptake in major organs including liver and
spleen. PTX-loaded PEGsk-EB, micelles demonstrated an excellent safety profile with a
maximum tolerated dose (MTD) of 100-120 mg PTX/kg in mice, which was significantly higher
than that for Taxol (15-20 mg PTX/kg). Finally, PTX formulated in PEGsk-EB, micelles showed
superior anti-tumor activity compared to Taxol in murine models of breast and prostate cancers.
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1. Introduction

Paclitaxel (PTX) is one of the first-line chemotherapeutic agents that are effective for the
treatment of a wide range of cancers, including lung, ovarian, breast, prostate, head and neck
cancer, and advanced forms of Kaposi’s sarcoma. It works through interfering with normal
breakdown of microtubules during cell division. The main challenge with PTX therapy is its
poor solubility in aqueous solutions. Therefore, it is of tremendous incentive to develop
effective delivery systems for PTX to enhance its accumulation at tumor site to maximize its
therapeutic efficacy while minimizing the side effects. Taxol® and Abraxane® are two FDA
approved PTX formulations. Taxol® is an alcohol/Cremophor formulation of PTX, which is
irritating and can cause hyperactivity reactions. Abraxane® is PTX-loaded human albumin
nanoparticles that have a size around 130 nm, which is within the range that can penetrate
well-vascularized solid tumors via an enhanced permeability and retention (EPR) effect
[1,2]. It is now known that for less vascularized tumors, particles with smaller size (< 64
nm) were needed for effective penetration through neovasculatures to reach tumor cells [3].
There have been continuous efforts to develop various types of new formulations to improve
targeted delivery of PTX to different types of tumors. Among all drug delivery systems
being investigated, polymeric micelles have gained considerable attention and are rapidly
becoming a powerful nanomedicine platform for cancer therapeutics applications due to
their simplicity, small sizes (10-100nm), ability to solubilize water insoluble anticancer
drugs, and prolonged drug retention time [4-6]. However, most of the carrier materials in
lipidic or polymeric drug delivery systems utilize “inert” excipients that lack therapeutic
effect. The presence of large amount of carrier materials not only adds to the cost, but also
imposes additional safety concerns [7]. One interesting strategy in formulation design is that
components of carriers have therapeutic effects and can be freed from the delivery systems
following intracellular delivery to achieve synergistic or additive effect with co-delivered
drugs. One example is pegylated vitamin E, D-a-tocopheryl polyethylene glycol succinate
(Vitamin E TPGS or TPGS) [8-10]. Vitamin E is linked to PEG via a biodegradable ester
linkage and forms a hydrophobic core in this micellar system to solubilize other water-
insoluble drugs. Vitamin E itself shows antitumor effect against different types of cancers
through a variety of mechanisms [11,12]. Synergistic antitumor activity has been
demonstrated in a number of /n vitro and in vivo studies for TPGS-based formulations of
PTX and other anticancer agents [6,13].

Our group has previously developed PEG-derivatized embelin as another dual-functional
carrier for the delivery of poorly water-soluble anti-cancer drugs [14]. This system was
constructed by coupling two embelin molecules to polyethylene glycol PEG 3500 (PEG3 5k)
through an ester linkage (PEG3 5k-EB>). Embelin is a naturally occurring alkyl substituted
hydroxyl benzoquinone compound and a major constituent of £mbelia ribes BURM. It
exhibits various biological effects including antidiabetic, anti-inflammatory, and
hepatoprotective activities [15-17]. Embelin also shows antitumor activity in various types
of cancers via inhibiting the activity of X-linked inhibitor of apoptosis protein (XIAP)
[15,18-22]. XIAP is overexpressed in various types of cancers cells, particularly drug-
resistant cancer cells and inhibition of XIAP has been employed as a new strategy for the
treatment of cancers [23,24]. We demonstrated that PEG3 5k-EB, formed small-sized
micelles (20-30 nm) and solubilized various hydrophobic agents including PTX [14].
Preliminary study showed that the antitumor activity of embelin was well retained following
coupling to PEG3 5. More importantly, PEG3 sk-EB> synergized with PTX in antitumor
activity in several cancer cell lines /in vitro. In this study, we showed that a similar PEG
derivative of embelin with a longer PEG, PEGsk-embelin, formed stable micelles with PTX
at lower carrier/PTX molar ratios. We further characterized the biophysical properties of the
improved micellar system including size, loading capacity, and drug release kinetics. The /in
vitro cytotoxicity of PTX-loaded PEGgi-embelin, was also studied in several cancer cell
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lines. Finally, the /n vivo antitumor activity of PTX-loaded PEGgk-embelin, was
investigated in both breast cancer and prostate cancer models.

2. Experimental section

2.1. Materials

Paclitaxel (98%) was purchased from AK Scientific Inc. (CA, USA). 2,5-dihydroxy-3-
undecyl-1,4-benzoquinone (embelin 98%) was purchased from 3B Scientific Corporation
(IL, USA). Dulbecco’s phosphate buffered saline (DPBS) was purchased from Lonza (MD,
USA). Methoxy-PEGs ggo-OH, dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT), trypsin-EDTA solution, Triton X-100, and
Dulbecco’s Modified Eagle’s Medium (DMEM) were all purchased from Sigma-Aldrich
(MO, USA\). Fetal bovine serum (FBS), penicillin-streptomycin solution, and DiD (1,1’-
dioctadecyl-3,3,3’,3’ -tetramethylindodicarbocyanine perchlorate, D-307) were from
Invitrogen (NY, USA). All solvents used in this study were HPLC grade.

2.2. Synthesis of PEGgk-EB>

PEGsk-EB, was similarly synthesized according to our reported method for PEG3 5,-EB»
[14]. This involves the synthesis of benzoquinone followed by coupling to Boc-aspartic
acid. Undecyl side chains were then installed onto each of the two benzoquinone rings.
Finally, PEG was coupled to aspartic acid-EB, through the deprotected amino group. The
final product was analyzed by INMR and MALDI-TOF.

2.3. Preparation and characterization of PTX- and DiD-loaded PEGsk-EB, micelles

PTX-solubilized micelles were prepared by the following method. PTX (10 mM in
chloroform) was added to PEGsk-EB5 (10 mM in chloroform) with various carrier/drug
ratios. The organic solvent was first removed by nitrogen flow to form a thin dry film of
drug/carrier mixture. The film was further dried under high vacuum for 2 h to remove any
traces of remaining solvent. Drug-loaded micelles were formed by suspending the film in
DPBS. The drug-free micelles and DiD-loaded micelles were similarly prepared as
described above. The mean diameter of PEGgk-EB, micelles with or without loaded drug
was assessed by dynamic light scattering (DLS). The morphology and size distribution of
drug-free or PTX-loaded PEGgK-EB2 micelles were observed using transmission electron
microscopy (TEM) after negative staining. The CMC of PEGsk-EB, was determined by
employing pyrene as a fluorescence probe as described before [14]. The concentration of
PTX loaded in PEGgk-EB, micelles was evaluated by HPLC as described previously [14].
The drug loading capacity (DLC) and drug loading efficiency (DLE) were calculated
according to the following formula:

DLC (%)=[ weight of drug used/(weight of polymer+drug used)] x 100%
DLE (%)=(weight of loaded drug/weight of input drug) x 100%

2.4. In vitro drug release study

An in vitrodrug release study was carried out by dialysis using DPBS (PH = 7.4) containing
0.5% (w/v) Tween 80 as the release medium. Taxol formulation was employed as a control.
Two mL of PTX-loaded PEG5K-EB, micelles or Taxol (1 mg PTX/mL) were sealed in
dialysis tubes (MWCO = 12 KDa, Spectrum Laboratories) which were then immersed in
200 mL release medium in a beaker covered with parafilm. The beakers were placed in an
incubator shaker at 100 rpm and 37°C. The concentration of PTX remaining in the dialysis
tubes at various time points was measured by HPLC with the detector set at 227 nm. Values
were reported as the means from triplicate samples.
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2.5. Cell culture

DU145 and PC-3 are two androgen-independent human prostate cancer cell lines. 4T1.2 isa
mouse metastatic breast cancer cell line. All cell lines were cultured in DMEM containing
10% FBS and 1% penicillin-streptomycin in a humidified environment at 37 °C with 5%
CO..

2.6. Cellular uptake of Nile red-loaded PEGgk-EB»> micelles

The cellular uptake study was conducted with Nile red as a hydrophobic fluorescence probe
[25]. Nile red-loaded PEGsk-EB, micelles (7.5:1, m/m, PEG5K-EB2: Nile red) were
prepared via a solvent evaporation method as described above. PC-3 cells were seeded in
24-well plates at 2x10* cells per well in 1 mL complete DMEM and cultured for 24 h,
followed by removal of culture medium and addition of Nile red-loaded PEGsk-EB>
micelles at the Nile red concentration of 1pg/mL. The cells were incubated at 37°C with 5%
CO», for 2 h. Subsequently, the nuclei of cells were stained with Hoechst33342 for 5 min.
Cells were then washed with DPBS three times and fixed with 4% paraformaldehyde for 30
min at room temperature. Finally, the slides were rinsed with DPBS three times and
mounted with cover slips and observed under a fluorescence microscope (Eclipse TE300
Microscope).

2.7. In vitro cytotoxicity study

The cytotoxicity of PTX formulated in PEGsk-EB, micelles was assessed with three cancer
cell lines (DU145, PC-3, and 4T1.2) and compared to Taxol formulation. Briefly, DU145,
PC-3 or 4T1.2 cells were seeded in 96-well plates followed by 24 h of incubation in DMEM
with 10% FBS and 1% streptomycin-penicillin. Various dilutions of PTX-loaded PEGzk-
EB, and Taxol (at the equivalent concentrations of PTX) were added to cells. Controls
include PEGsk-EB, and Cremophor/ethanol and they were added to cells at concentrations
equivalent to those of carriers in the corresponding PTX formulation groups. Cells were
incubated for 72 h and cell viability was assessed by MTT assay as described previously
[14].

2.8. Hemolytic effect of PEGgk-EB> micelles

2.9. Animals

Fresh blood samples were collected through cardiac puncture from rats. EDTA-Na, was
immediately added into 10 mL of blood to prevent coagulation. Red blood cells (RBCs)
were separated from plasma by centrifugation at 1500 rpm for 10 min at 4°C. The RBCs
were washed three times with 30 mL ice-cold DPBS. RBCs were then diluted to 2% w/v
with ice-cold DPBS and utilized immediately for the hemolysis assay. One mL of diluted
RBC suspension was treated with various concentrations (0.2 and 1.0 mg/mL) of PEGsgy-
EB, and PEI, respectively, and then incubated at 37 °C in an incubator shaker for 4 h. The
samples were centrifuged at 1500 rpm for 10 min at 4 °C, and 100 p.L of supernatant from
each sample was transferred into a 96-well plate. The release of hemoglobin was determined
by the absorbance at 540 nm using a microplate reader. RBCs treated with Triton X-100
(2%) and DPBS were considered as the positive and negative controls, respectively.
Hemoglobin release was calculated as (ODggmple-ODnegative controt)/ (ODpositive control-
ODnegative control) * 100%

Female BALB/c mice, 10-12 weeks were purchased from Charles River (Davis, CA). Male
nude mice, 6-8 weeks ages, were purchased from Harlan (Livermore, CA). All animals were
housed under pathogen-free conditions according to AAALAC guidelines. All animal-
related experiments were performed in full compliance with institutional guidelines and

Biomaterials. Author manuscript; available in PMC 2014 February 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Luetal. Page 5

approved by the Animal Use and Care Administrative Advisory Committee at the University
of Pittsburgh.

2.10. Maximum tolerated dose (MTD)

Groups of 4 BALB/c mice were administered intravenously with Taxol (15, 20, 25 mg PTX/
kg body weight), or PTX-loaded PEGsk-EB, micelles (30, 50, 75, 100, 120 mg PTX/kg
body weight), respectively. Changes in body weight and survival of mice were followed
daily for two weeks. The MTD was defined as the dose that causes neither mouse death due
to the toxicity nor greater than 15% of body weight loss or other remarkable changes in the
general appearance within the entire period of the experiments.

2.11. Biodistribution of PEGsk-EB> micelles via NIRF optical imaging

The /n vivo biodistribution and tumor targeting efficiency of PEGgk-EB, micelles were
investigated by using a near infrared fluorescence dye, DiD. Two nude mice bearing
bilateral s.c. PC-3 xenografts were used in this study. Two-hundred L of DiD-loaded
PEGsk-EB, micelles were i.v. injected into each mouse and the concentration of DiD in the
formulation was 0.4mg/mL. At indicated times, the two mice were scanned using a
Carestream Molecular Imaging System, In-Vivo Multispectral FX PRO, with the excitation
at 630 nm and the emission at 700 nm using a 30 second exposure time. Prior to and during
each imaging, the mice were anesthetized by isoflurane inhalation. X-ray images were also
taken for tumor location and overlaid with corresponding NIR images. After imaging, the
mice were euthanized by CO, overdose.

2.12. In vivo therapeutic study

Two mouse tumor models were used to examine the therapeutic effect of PTX formulated in
PEGsk-EB» micelles: a syngeneic murine breast cancer model (4T1.2) and a human prostate
cancer (PC-3) xenograft model.

For the breast cancer model, 2 x 10° 4T1.2 cells in 200 pL PBS were inoculated s.c. at the
right flank of female BALB/c mice. Treatments were initiated when tumors in the mice
reached a tumor volume around 50 mm? and this day was designated as day 1. On day 1,
mice were randomly divided into six groups (n=5) and received i.v. administration of free
PEGsk-EB, micelles, Taxol (10 mg PTX/kg), PTX-loaded PEG5k-EB5, and saline,
respectively on days 1, 4, 7, 10, and 13. PTX-loaded PEGsk-EB, micelles were given at two
different dosages, 10 mg/kg and 20 mg PTX/kg, respectively. Free PEGsk-EB, micelles
were given at the equivalent dosage of the carrier in the group of PTX-loaded PEGsk-EB>
micelles (20 mg PTX/kg). Tumor sizes were measured with digital caliper twice a week and
calculated according to the following formula: (LxW?2)/2, where L is the longest and W is
the shortest in tumor diameters (mm). To compare between groups, relative tumor volume
(RTV) was calculated at each measurement time point (where RTV equals the tumor volume
at a given time point divided by the tumor volume prior to first treatment). Mice were
sacrificed when tumor reached 2000 mm? or developed ulceration.

To monitor the potential toxicity, the body weights of all mice from different groups were
measured every three days. In addition, serum level of transaminases (AST, ALT) in the
mice treated with PTX/PEGsK-EB, (20 mg PTX/kg) and PBS groups was investigated at the
completion of the study.

For establishment of PC-3 xenograft tumor model, 2x108 PC-3 cells in 200 pL PBS were
inoculated s.c. at the right flank in male nude mice. Treatments were started when tumors in
the mice reached a volume around 50 mm? and different groups (n = 6) were similarly
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treated as described above on days 1, 3, 7, 10, 13, 24, and 28. Tumor size and body weight
were monitored as described above.

2.13. Statistical analysis

In all statistical analysis, the significance level was set at a probability of £< 0.05. All
results were reported as the mean + standard error (SEM) unless otherwise indicated.
Statistical analysis was performed by Student’s t-test for two groups, and one-way ANOVA
for multiple groups, followed by Newman-Keuls test if £< 0.05.

3. Results and discussion

3.1. Preparation and characterization of PTX-loaded PEGsk-EB> micelles

We previously developed a PEG3 5k-EB, conjugate and preliminary /n vitro study suggested
that it functioned as a dual delivery system and showed synergistic activity with co-
delivered PTX against several cancer cell lines [14]. In this report we developed a similar
PEG-derivatized embelin conjugate with a PEG of higher MW (PEGs) as parts of our
efforts to improve the stability and loading capacity of this micellar system. The chemical
structure of PEGsk-EB, conjugate, in which two embelin molecules were linked to one
molecule of PEGgk through a bridge of aspartic acid, is shown in Fig. 1A. The PEGsk-EB,
conjugate was synthesized via stepwise solution-phase condensation reactions using MeO-
PEG-OH, succinic anhydride, Boc-aspartic acid and embelin as building blocks. HPLC
shows that the final product (PEGsk-EB,) is at least 95.57% pure (Fig. S1). 1H NMR
spectrum of PEGsk-EB, shows signals at 3.63 ppm attributed to the methylene protons of
PEG, the embelin proton signals at 8.14 and 6.72 ppm and the carbon chain signals at 1.05
—1.25 ppm. The aspartate signals were identified at 5.57, 4.98 and 2.60 ppm (Fig. S2). The
molecular weight of the PEG5k-EB, conjugate from MALDI-TOF MS (5701) is similar to
the theoretical value (5703) (Fig. S3), indicating the successful synthesis of PEGsk-EB»
conjugate.

In aqueous solution, PEGsk-EB> readily self-assembles to form micellar nanoparticles with
the particle size of around 20 nm as determined by DLS analysis (Fig. 1B). Fig. 1C shows
the TEM images of PEGgk-EB2 micelles after staining with 1% uranyl acetate. Spherical
particles of uniform size were observed and the sizes of the micelles observed under TEM
were consistent with those measured by DLS.

Fig. 1D shows the CMC of PEGsk-EB, micelles using pyrene as a fluorescence probe.
Upon incorporation into the micelles, the fluorescence intensity of pyrene increases
substantially at the concentration of micelles above the CMC [26]. Based on the partition of
the pyrene, the CMC of PEGsk-EB, was obtained by plotting the fluorescence intensity
versus logarithm concentration of the polymer. The CMC of PEGsk-EB, was determined
from the crossover point at the low concentration range. The CMC of the PEGsk-EB,
conjugate is 0.35 wM, which is much lower than most single chain micelle surfactants used
in drug delivery systems (mM). The relatively low CMC may render the micelles stable
upon dilution /in vivo, which is important for effective delivery to tumors.

PEGsk-EB, effectively solubilized PTX in aqueous solution. Tab. 1 compares PEG5k-EB»
with PEG3 sk-EB, with respect to the sizes of PTX-loaded micelles, the drug loading
capacity (DLC), and the drug loading efficiency (DLE) under various drug/carrier molar
ratios. For PEG3 sk-EB, micelles, a minimal 2.5/1 of carrier/PTX molar ratio was required
to form stable PTX-loaded micelles. Under this ratio, the size of the drug-loaded micelles
was around 143 nm, which was significantly larger than the size of drug-free micelles.
Increasing the carrier/PTX ratios resulted in a decrease in the sizes of PTX-formulated
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micelles. At a carrier/PTX ratio of 7.5/1, the size of PTX-loaded PEG3 5x-EB, micelles was
similar to that of drug-free micelles.

Compared to PEG3 5k-EB», PEGsk-EB, conjugate requires much lower carrier/PTX ratios
to form stable and small-sized PTX-loaded micelles. PTX-loaded PEGsk-EB> micelles still
maintained the small size (25 nm) even at the carrier/PTX ratio of 0.75:1 and PTX
concentration of 1 mg/mL. Further increase in carrier/drug ratios was associated with an
increase in the drug loading efficiency and the PTX concentrations at which PTX-loaded
PEGsk-EB, micelles remained stable. The improved stability and loading capacity for
PEGsk-EB, micelles compared to PEG3 sk-EB2 micelles is likely due to longer PEG
brushes capable of providing better steric hindrance and stabilizing effect for micelle
nanoparticles.

The size of drug carriers plays a key role in effective targeted delivery to tumors. It has been
long known that particles in the size range of 100-200 nm can effectively penetrate solid
tumors via an EPR effect [1,2]. However, a recent study reported that particles with a size of
154 nm were significantly taken up by liver and lungs with limited accumulation at tumor
sites [3]. In contrast, particles with respective size of 17 and 64 nm were much more
effective in passive targeting to the solid tumor in a subcutaneous model of human ovarian
cancer xenograft [3]. The small size of PEGgK-EB2 micelles (20 ~ 30 nm) may explain their
effective /n vivotargeting as discussed later.

3.2. Release kinetics of PTX-loaded micelles

A dialysis method was used to assess the kinetics of release of PTX from PEGsk-EB,
micelles with DPBS (pH = 7.4) containing 0.5% Tween 80 (w/v) as the release medium.
Taxol, a clinically used PTX formulation was included as a control. As shown in Fig. 2,
PTX formulated PEGgk-EB> exhibited significantly better stability than Taxol formulation.
For the first 10 h, there was only 33.42% of PTX released from the PEGsk-EB, micellar
formulation in comparison to the 62.32% release in Taxol formulation. PTX-loaded PEG5k-
EB, micellar formulation displayed a much slower PTX release compared to Taxol
formulation during the entire experimental period. The T/, of PTX release is 34.1 h for
PEGsk-EB» micelles, which is significantly longer than that for Taxol formulation (6.57 h).
The relatively slower and sustained release in PTX-loaded PEGsk-EB, micelle formulation
may be ascribed to the strong interaction between the carriers and PTX. Embelin has a
benzoquinone ring and a long alkyl chain. In addition to hydrophobic interaction with PTX,
the rt-m stacking and the hydrogen bonding also contribute to the overall carrier/PTX
interaction. The close proximity of two embelins in PEG5k-EB, conjugate is likely to
facilitate the interaction of the carrier with PTX. Indeed, PEG-embelin conjugates of 1:1
molar ratio were much weaker solubilizer for hydrophobic drugs including PTX (data not
shown). More studies on the structure-activity relationship (SAR) may lead to the
development of an improved carrier for /n vivo applications.

3.3. Hemolysis assay

A major concern for micelle systems is whether or not the surface activity of the surfactant
molecules affects cell membrane integrity. Therefore, we examined the hemolytic activity of
drug-free PEGsK-EB> micelles and compared to polyethylenimine (PEI), a cationic polymer
with potent cell surface activity [27]. As shown in Fig. 3, treatment of RBCs with PEI
resulted in significant hemolysis in a dose-dependent manner. In contrast, no significant
hemolysis was observed for blank PEGsk-EB» micelles. The negligible hemolytic activity
suggests that PEGsk-EB, conjugate is a mild surfactant that is suitable for /n vivodrug
delivery.
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3.4. Cellular uptake study

The cellular uptake of Nile red-loaded PEGsk-EB, micelles in prostate cancer cell line PC-3
was investigated by fluorescence microscopy. PC-3 cells were cultured with Nile red-loaded
PEGsk-EB», micelles (equivalent concentration of Nile red at 1 pg/mL) at 37°C for 2 h. The
nucleus was then stained with Hochest 33342 for 5 mins prior to observation under a
fluorescence microscope. As shown in Fig 4, fluorescence was observed both on the cell
membrane and inside the cells with most of the signals located intracellularly. Both
perinuclear punctuate and diffuse distribution was observed, suggesting that Nile red-loaded
PEGsk-EB, was largely taken up by cells via endocytosis and partially released into
cytoplasm. Escape of the delivered cargos from endosome into cytoplasm is important as
this is where the drug target(s) is located. Although more studies are needed to understand
the intracellular trafficking and the underlying mechanism, our data did suggest that PEGsk-
EB, micelles were capable of effectively mediating intracellular delivery of formulated
drugs.

3.5. In vitro cytotoxicity of PTX-loaded PEGsK-EB, micelles

In vitro cytotoxicity of PTX formulated in PEGgk-EB, micelles was examined with three
cancer cell lines (DU145, PC-3, and 4T1.2) and compared to Taxol formulation. PEGgk-
EB, alone showed minimal cytotoxic effect to human prostate cancer cells DU145 at the
concentrations used to deliver PTX (Fig. 5A). It is also apparent from Fig. 5A that PTX
formulated in PEGgk-EB, micelles showed higher levels of cytotoxicity to DU145 cells
compared to Taxol formulation, particularly at low PTX concentrations. Similar results were
obtained in PC-3 (Fig. 5B) and 4T1.2 (Fig. 5C) tumor cells. Most of the reported PTX
micellar formulations showed lower or similar levels of cytotoxicity compared to Taxol
[3,28-30]. The improved /n vitro cytotoxicity of PTX formulated in PEGsk-EB> micelles
may be due to the improved bioavailability of PTX inside the tumor cells. It remains to be
tested whether there is also a synergistic effect between PEGgk-EB, micelles and the co-
delivered PTX. It has been reported that under the subeffective doses, embelin sensitized
tumor cells to various types of therapies including chemotherapy and radiotherapy
[14,31,32]. Embelin is coupled to PEG via a cleavable ester linkage, embelin may be freed
from the conjugate following intracellular delivery and synergizes with co-delivered PTX in
antitumor activity. It should be noted that PEGgk-EB; itself is less active in antitumor
activity than PEG3 s-EB5 [14]. This might be due to less effective release of embelin from
PEGsk-EB> due to a more pronounced steric hindrance imposed by PEGsk. More studies
are needed to better understand the mechanism involved in the antitumor effect of PTX-
loaded PEGsk-EB, micelles.

3.6. Maximum tolerated dose study

The maximum tolerated dose for a single i.v. administration of PTX-loaded PEGsk-EB,
micelles was assessed in tumor-free mice and compared to Taxol. The mice were injected
i.v. with different doses of PTX-loaded PEGsk-EB, or Taxol followed by daily body weight
measurement and observation of general signs of toxicity. As shown in Tab. 2, Taxol was
well tolerated at the dose of 15 mg PTX/kg. However, increasing the PTX dosage to 20 mg/
kg resulted in the death of 2 mice among the 4 treated mice. For the mice treated with PTX-
loaded PEGsK-EB, micelles, there were only 8.7% weight loss and no noticeable changes in
normal activity at a PTX dosage as high as 100 mg/kg. At the dosage of 120 mg PTX/Kkg,
two out of 4 treated mice died of toxicity. Based on these data it was estimated that the
single i.v. MTD for Taxol was 15~20 mg PTX/kg while that for PTX-loaded PEGsk-EB,
micelles was 100~120 mg PTX/kg. The MTD for PTX-loaded PEG5k-EB, micelles is
higher than most of the reported PTX formulations [33—-35]. The high MTD for PTX/
PEGsk-EB; is likely due to the slow release kinetics for PTX (Fig. 2), low levels of
nonselective uptake by major organs (see later), and the excellent safety profile of embelin.
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Embelin has antiinflammatory and hepatoprotective activity [15,17]. In addition, normal
tissues are less sensitive to embelin compared to tumor cells due to the significantly lower
levels of XIAP expression in normal tissues. The significantly improved safety of our
delivery system over Taxol formulation will allow high dosage of PTX to be given to
achieve maximal therapeutic effect.

3.7. Biodistribution of PEGsk-EB, micelles via NIRF optical imaging

Biodistribution and tumor targeting efficiency of PEG5k-EB, micelles were evaluated in a
mouse xenograft model of human prostate cancer (PC-3), using a hydrophobic near infrared
fluorescence (NIRF) dye, DiD. Two hundred L of micelles co-loaded with PTX and DiD
was intravenously injected into two mice bearing bilateral PC-3 tumors, respectively. The
two mice were then followed over time by the scanning with Carestream Molecular Imaging
System. Fig. 6 shows the imaging of the tumor-bearing mice at 2, 24, 48 h following i.v.
injection of PTX/PEGsk-EB, mixed micelles carrying DiD. A noticeable signal in tumor
was observed as early as 2 h post injection; the signal peaked around 24 h and remained
clearly visible 48 h after injection. Interestingly, little fluorescence signal was observed in
liver and spleen, the two major internal organs that are involved in the nonspecific clearance
of nanoparticles by the reticuloendothelial system (RES). The effective targeting of PEGgk-
EB, micelles to the tumors and the minimal uptake by RES system are largely due to the
very small-sized particles, excellent PEG shielding effect, and a likely excellent stability in
the blood circulation. Our results were consistent with the studies with other micellar
systems of similar particle sizes [3,35,36].

3.8 In vivo therapeutic study

The in vivotherapeutic activity of PTX formulated in PEGsk-EB5 micelles was investigated
in two mouse tumor models: a syngeneic murine breast cancer model (4T1.2) and a human
prostate cancer xenograft model (PC-3).

4T1.2 is a highly metastatic breast cancer cell line and was chosen in this study to
stringently assess the therapeutic efficacy of our new delivery system. As shown in Fig. 7A,
PEGsk-EB> alone showed no effect in inhibiting the tumor growth. This is likely due to a
low concentration of embelin in this group. Taxol formulation showed a modest effect in
inhibiting the tumor growth at a dose of 10 mg PTX/kg. In contrast, PTX formulated in
PEGsk-EB, micelles showed a much more pronounced antitumor activity at the same
dosage. Increasing the PTX dosage to 20 mg/kg resulted in a further improvement in the
therapeutic effect. No significant changes in body weight were noticed in all treatment
groups compared to PBS control group (Fig. 7B). In addition, serum levels of transaminases
in the mice treated with the high dose of PTX-loaded PEGsk-EB, micelles were comparable
to those in PBS control group (Fig. 7C), suggesting that significant therapeutic effect can be
achieved with minimal toxicity using our new delivery system.

Following the demonstration of effective antitumor activity in the syngeneic murine breast
cancer model, the /n vivo therapeutic effect of PTX-loaded PEGgk-EB, micelles was further
investigated in a human prostate cancer xenograft model (PC-3). PC-3 tumor-bearing mice
were similarly treated as described in the study with the 4T1.2 tumor model and the data are
shown in Fig. 8A. It is apparent that tumor growth was more effectively controlled by PTX/
PEGsk-EB, micelles in PC-3 model compared to 4T1.2 tumor model. By day 16 after the
first treatment, the tumor growth was completely suppressed with a RTV of 0.84 in the
group treated with a high dose (20 mg PTX/kg) of PTX-loaded PEG5k-EB, micelles. Tumor
growth was also significantly slowed in the group treated with a low dose (10 mg PTX/kg),
in which the tumors only reached a RTV of 1.75. This compared very favorably to Taxol
group, in which RTV reached 4.24. Although the tumors started to recover slightly after day
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24 in the two groups treated with PTX/PEGsgk-EB, mixed micelles, RTV was reduced back
to 1.15 at day 39 in the high dose group following two additional treatments at days 24 and
28. In fact, two out of 6 mice in this group became tumor-free after day 32 without further
treatment. The growth of tumor in the low dose group also became static after two additional
treatments. In contrast, tumors in Taxol group continued to grow at a steady and fast rate.
No noticeable changes in weight were shown from direct measurement of tumor-bearing
mice in all groups (Fig. 8B). The superior anti-tumor efficacy along with the minimal
toxicity of PTX/PEG5k-EB, micelles could be ascribed to their high efficiency in tumor-
targeting and minimal nonspecific uptake by RES (Fig. 6). The slow release kinetics of
PTX/PEGsk-EB, micelles may also contribute to the enhanced antitumor activity. More
studies are needed to better understand the mechanism for the antitumor activity of PTX-
loaded PEGsk-EB, micelles.

Conclusion

A conjugate of PEGsk with two embelin molecules (PEG5k-EB5) forms small sized
micelles (20 ~ 30 nm) that effectively solubilize hydrophobic drugs such as PTX. Compared
to a similar conjugate with a lower MW PEG (PEG3 sk-EB)), PEGsk-EB> gives increased
drug loading capacity and forms stable drug-loaded micelles at lower carrier/drug ratios.
PEGsk-EB, micelles have a low CMC and are effective in mediating intracellular delivery
of loaded agents. PTX-loaded PEGsk-EB, micelles show a kinetics of sustained release and
are effectively targeted to tumors /n vivo with minimal nonspecific uptake by RES. PTX
formulated in PEGsk-EB, micelles exhibited potent cytotoxicity to several cultured cancer
cell lines. /n vivo, PTX-loaded PEGgk-EB, micelles demonstrated an excellent safety
profile with a MTD of 100 ~ 120 mg PTX/kg, which was significantly higher than that (15 ~
20 mg PTX/kg) for Taxol. Furthermore, superior antitumor activity over Taxol formulation
was demonstrated in both breast cancer and prostate cancer models. In a human prostate
cancer xenograft model (PC-3), complete inhibition of tumor growth was achieved with
minimal toxicity to the animals. Our results suggest that PEGsk-EB> is a safe and effective
drug delivery system that warrants more studies in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(A) The chemical structure of PEGsk-EB; (B) The size distribution of free PEG5k-EBy
nanoparticles in PBS measured by dynamic light scanning (DLS), (C) Transmission electron
microscopy of PEGgk-EB, micelles, and (D) critical micelle concentration (CMC) using
pyrene as a fluorescence probe.
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Fig. 2.

Cumulative PTX release profile from PTX-loaded PEGsk-EB, micelles and Taxol. DPBS
(PH = 7.4) containing 0.5% (w/v) Tween 80 was used as the release medium. Ty, means the
time needed to release half of the PTX from the formulations. VValues reported are the means
+ SD for triplicate samples.
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Fig. 3.

In vitrohemolysis assay of PEGsk-EB, compared with PEI. Both PEG5k-EB, and PEI with
two different concentrations (0.2, 1 mg/mL) were incubated with rat red blood cells (RBCs)
for 4 h at 37 °C in an incubator shaker. The degree of RBCs lysis was measured
spectrophotometrically (A=540 nm) according to the release of hemoglobin. (2%Triton
X-100 and DPBS were used as a positive and negative control, respectively). Values
reported are the means + SD for triplicate samples
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Fluorescence microscope images of PC-3 cells that incubated with Nile red-loaded PEGgk-
EB, for 2 h. Cell nuclei were stained with Hoechest 33342 prior to observation.
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10000

Cytotoxicity of Taxol, free PEGsk-EB», and PTX-loaded PEG5k-EB, nanoparticles against
two androgen-independent human prostate cancer cell lines DU145 and PC-3, the 4T1-2
mouse breast cancer cell line. Cells were treated for 72 h and cytotoxicity was determined
by MTT assay. Values reported are the means + SD for triplicate samples
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In vivo NIRF imaging over time as indicated in prostate cancer PC-3-xenograft-bearing
mice at 2, 24, 48 h following i.v. injection of PEGsk-EB, micelles co-loaded with PTX and
DiD.
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(A) Enhanced antitumor activity of PTX formulated in PEG5k-EB, micelles. BABL/c mice
were inoculated s.c. with 4T1-2 cells (2 x 10° cells/mouse). Five days later, mice received
various treatments on days 1, 4, 7, 10, and 13, and tumor growth was monitored and plotted
as relative tumor volume. P < 0.01 (20 mg/kg PTX/PEGsk-EB> vs. Taxol), P < 0.02 (10 mg/
kg PTX/PEGsK-EB> vs. Taxol), P < 0.05 (20 mg/kg PTX/PEGsk-EB2 VS 10 mg/kg PTX/
PEGsk-EB> ). N = 5. (B) Changes of body weight in mice receiving different treatments
(C): Serum level of transaminase in the mice treated with PTX/PEGsk-EB, (20 mg PTX/kg)

at the end of the study.
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Fig. 8.

(A) Enhanced antitumor activity of PTX formulated in PEGsk-EB, micelles. Nude mice
were inoculated s.c. with PC-3 cells (2 x 108 cells/mouse). A week later, mice received
various treatments on days 1, 3, 7, 10, 13, 24, and 28, and tumor growth was monitored and
plotted as relative tumor volume. P < 0.005 (20 mg/kg PTX/PEGsk-EB; vs. Taxol), P <
0.01(10 mg/kg PTX/PEGsk-EB> vs. Taxol), P < 0.05 (20 mg/kg PTX/PEGsk-EB, VS 10
mg/kg PTX/PEGsk-EB> ), N = 6. (B) Changes of body weight in mice receiving different
treatments
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Table 2
Animal deaths and weight loss in the MTD study
Formulations Does(mg/kg) Animal death  Welight loss (%)

Taxol 15 0/4 5.4

20 2/4 N/A

25 4/4 N/A

PTX-loaded PEGsk-EB, micelles 30 0/4 -1.2
50 0/4 1.6

75 0/4 6.5

100 0/4 8.7

120 2/4 N/A
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