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Paclitaxel (PTX) is a widely used anti-tumor agent in the treatment of solid tumors. Lack of selective
strategies to target PTX into tumor cells together with poor solubility necessitating detergent, are severe
clinical limitations. To address these hurdles, we devised a strategy that utilized PTX insolubility, mixing
it with lipids that self-assemble into nanoparticle-like clusters. These clusters were then coated with
hyaluronan, a glycosaminoglycan (GAG), and termed PTX-GAGs. These particles, delivered PTX selectively
into tumor cells in a CD44-dependent manner. Injected systemically to mice bearing solid tumors, the
PTX-GAGs showed high safety proﬁle and tumor accumulation. Tumor progression was exponential upon
treatment with free PTX or PTX in albumin nanoparticles (the FDA-approved TaxolÒ and AbraxaneÒ,
respectively). Under the same conditions, PTX-GAGs induced tumor arrest and were as potent as a 4-fold
higher TaxolÒ dose. Our ﬁndings suggest GAGs merit further investigation as vehicles for taxanes, and
may be applicable as carriers in other therapeutic settings.
Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Paclitaxel (PTX), a microtubules stabilizer that causes mitotic
arrest, has shown broadespectrum activity in many solid tumors
including ovarian, breast, AIDS-related Kaposi’s sarcoma, lung,
head and neck and bladder [1,2]. The FDA-approved formulation of
PTX-Cre (TaxolÒ), requires dissolving the paclitaxel in CremophorÒ
EL (polyoxyethylated castor oil) and ethanol (CrEL) [3]. However,
the use of TaxolÒ requires premedication with corticosteroids and
antihistamines to reduce risks of hypersensitivity reaction [4e7]. It
can also cause neutropenia [8], and prolonged, peripheral
neuropathy, which may be associated with axonal degradation
[6,7]. In addition to serious toxicities, CrEL may negatively impact
efﬁcacy by limiting tumor penetration through the formation of
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large polar micelles, which can lead to nonlinear pharmacokinetics
and decreased unbound drug fraction [6,8].
Among carriers for paclitaxel made from biological materials,
liposomes have been well-studied as carriers for PTX, although
drug loading into liposomes is relatively low (10% (w/w)) [9e14].
Recently, a new formulation was approved by the FDA, albuminbound PTX (nabÔ-PTX; AbraxaneÒ) forming nanoparticles
(w135 nm in diameter). This formulation, consisting of unmodiﬁed
PTX and human albumin, is CrEL-free. By eliminating CrEL from its
formulation, nab-PTX reduces risks of hypersensitivity reactions,
does not require premedication, and can be given over a shorter
period without special intravenous tubing [15]. However, it is
reported to have low PTX loading yield, similar to liposomes and
minimal improvement in efﬁcacy [16]. Both liposomes and nabÔPTX are non-targeted drug carriers that utilize the enhanced
permeability and retention effect (EPR) [17,18] to accumulate at
close proximity to the tumors.
The frequent overexpression of the hyaluronan (HA) receptors
CD44 and CD168 (RHAMM) on many types of tumors opens new
avenues for targeting by the naturally-occurring high-molecular
weight HA [19e22]. HA, a naturally-occurring glycosaminoglycan, is
one of the major components of the extracellular matrix (ECM). It is
found in many tissues such as skin, joint tissue (in synovial ﬂuid) and
eyes [23,24]. HA is known as a bioadhesive compound capable of
binding with high afﬁnity to both cell surface and intracellular

I. Rivkin et al. / Biomaterials 31 (2010) 7106e7114

receptors, to ECM components and to itself [25,26]. In cancer cells,
binding of HA to its receptors is involved in tumor growth and
spreading. CD44 regulates cancer cells proliferation and metastatic
processes [27,28]. In addition, disruption of HAeCD44 binding was
shown to reduce tumor progression [29e31]. Administration of
exogenous HA resulted in arrest of tumor spreading [31]. HA is
a non-toxic and non-immunogenic compound, already approved for
use in eye surgery, joint therapy and wound healing [32]. Coating
small unilamellar liposomes with HA stabilizes these particles in
a cycle of lyophilization and rehydration [33], provides selective
targeting to tumors expressing the HA receptors [19,20,34], and
presents a scaffold for conjugation of other ligands to the surface for
further improving the selectivity to cell surface receptors [35].
Here, we report on tumor-targeted nanoparticles, constructed of
PTX-phosphatidylethanolamine (PE) clusters covalently coated with
HA. The terms used for the particles themselves (i.e., drug-free) and
when loaded with PTX are GAGs and PTX-GAGs, respectively [36]. In
contrast to other phospholipids such as phosphatidylcholine (PC) or
phosphatidylserine (PS) that form lipid bilayers closed into circular
particle like liposomes, PE by itself does not form a liposome, but
other lamellar shapes. The variety of shapes depends on several
factors such as the lipid side chains, concentration, temperature,
pressure, hydration level, pH, and salt concentration [37e42]. For the
present task we selected dilauroyl-PE (DLPE). The saturated chains
are more stable than unsaturated chains that tend to oxidize into
toxic peroxi-lipids. Being relatively-short, the DL chains impart
additional advantages: (i) relatively low gel-liquid crystalline transition temperature (Tm ¼ 43  C) [43], indicating homogenous
particle suspensions may be achieved without the need for overheating that may harm incorporated drugs, and (ii) higher afﬁnity,
compared to longer chains, to PTX [14,44].
Herein, we report studies at the molecular, cellular and whole
animal levels of organization. The molecular studies included
preparation, physicochemical, thermal analyses and ultrastructure
characterization of the PTX-GAG particles. The in vitro studies in
cancer cells included GAGs-cell binding and internalization, as well
the cytotoxicity of PTX-GAGs. Biological effects of the PTX-GAG
particles, studied in BALB/c mice, included evaluations of liver
enzyme release and inductions of cytokines and of interferon
response. PTX-GAGs retention in circulation, biodistribution,
weight changes and efﬁcacy were studied in BALB/c mice bearing
a solid s.c. tumor (CT-26). Control systems were usually saline,
drug-free GAGs and Taxol, and the addition of AbraxaneÒ for the in
vivo efﬁcacy studies.
2. Materials and methods
2.1. Materials
2.1.1. Cell lines
Cell monolayers (all were purchased from American Type Culture Collection
(ATCC)) were grown in 10020 mm dishes (culture plates and dishes were from
Corning, Corning Glass works, Corning, New York, USA). The CT-26 and D122
cells were cultured in RPMI 1640 medium at 37  C in 5% CO2 supplemented
with 10% fetal calf serum (FCS), Penicillin (10,000 units/ml), Streptomycin
(10 mg/ml) and L-Glutamine (200 mM). The PANC-1 cells were similarly cultured
except the medium was DMEM. Cells were free of Mycoplasma contamination as
determined by a Mycoplasma ELISA test (Boehringer Mannheim GmbH, Mannheim, Germany) carried out every 3 months. Cell viability was determined by
the SRB assay [45].
2.1.2. Chemicals
1,2-Dilauroyl-sn-Glycero-3-Phosphoethanolamine (DLPE) and 1,2-Dilauroyl-snGlycero-3-Glycerol (DLPG) was purchased from Avanti Polar Lipids Inc. (Alabaster,
AL, USA). Hyaluronic Acid, Sodium Salt, Streptococcus sp., the molecular weight in
the range of 5.0  105e1.2  106, was obtained from CalbiochemÒ (Nottingham, UK).
PTX, semisyntetic from Taxus sp., minimum 97%; 1-Ethyl-3-(3-dimethylaminopropyl) carbodimide (EDAC); Sulfarhodamine B (SRB); Trichloroacetic acid (TCA);
Trizma Base; Ferric chloride hexahydrate (FeCl3$6H2O); Ammonium thiocyanate
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(NH4SCN); Boric acid and Borax (sodium tetraborate$10H2O) were purchased from
SigmaeAldrich Co. (St. Louis, MO, USA). 3H-PTX solv. EtOH, conc. 1 mCi/ml, SA 20 Ci/
mmol and Phosphatidylethanolamine(arach-1-14C), solv. EtOH, conc. 0.1 mCi/ml, SA
55 mCi/mmol were purchased from American Radiolabeled Chemicals Inc. (St. Louis,
MO, USA). Scintillation liquid, ULTIMA GOLDÔ was from PerkineElmer Life and
Analytical Sciences Inc. [11]. Materials for cell cultures were from Biological Industries Co. (Beit Haemek, Israel). Dialysis tubing (molecular weight cutoff of
12,000e14,000) was from Spectrum Medical Industries (Los Angeles, CA). Polycarbonate membranes were from Nucleopore (Pleasanton, CA). All other reagents
were of analytical grade.
2.2. Methods
2.2.1. Preparation of PTX loaded-GAGs
PTX and lipids (DLPE:DLPG mole ratio of 9:1, respectively, DLPG added to assist
particle homogeneity) were dissolved in ethanol separately, then mixed together.
Drug loading was at 1:4 drug-lipid (w/w). The solution was evaporated to dryness
under reduced pressure in a Buchi Rotary Evaporator Vacuum System (Flawil,
Switzerland), and hydrated by the swelling solution that consisted of borate buffer
(0.1M, pH 9). Prior to the addition of activated HA (at weight ratio of total lipid:HA
10:1 (w/w)), the suspension was heated at 45  C for 2 h and sonicated for 10 min in
a bath sonicator. HA was dissolved in acetate buffer (0.1M, pH 4.5) to a ﬁnal
concentration of 2 mg/ml and pre-activated by incubation with EDAC at the
concentration of 40 mg/ml for 2 h at 37  C. The activated HA was added to the lipiddrug suspension and adjusted to pH 9.0 by NaOH followed by incubation over night,
at 37  C. Excess reactive agents and by-products were removed by extensive dialysis
against HBS, pH 8.2. GAGs were lyophilized and kept at 20  C until further use.
Prior to an experiment GAGs were resuspended in ddH20 to the same pre-lyophilization volume and sonicated for 10 min using a bath sonicator. Retention of
encapsulated PTX in phosphate buffer saline (PBS) and in serum (human serum:PBS
1:1 v/v) was determined by incubation in the test media at 37  C, pulling out
samples over a time span of 0e47 h, and determining the concentration of GAGsencapsulated drug.
2.2.2. Particle size distribution and zeta potential measurements
Particle size distribution and zeta potential measurements were determined by
light scattering using Malvern nano ZS Zetasizer (Worcestershire, UK). Each experimental result is an average of at least three independent measurements.
2.2.3. Ultrastructure analysis
The ultrastructure of both drug-free and PTX-containing GAGs and druglocation within the particle were investigated by environmental scanning electron microscopy (ESEM), The particles were observed using FEI Quanta 200 FEG
Environmental SEM (Hillsboro, Oregon) [11], using simultaneously the EverharteThornley (ET) SE detector and the STEM detector at primary beam energy of
20 keV. Drops of prepared aqueous samples diluted 1:5 were placed on holey
carbon grid. After air-drying the drop was viewed under an electron microscope
in STEM mode and photographed.
2.2.4. Thermal analysis
Differential Scanning Calorimetry (DSC) and Thermo-gravimetric Analysis (TGA)
using analyzers of TA Instruments SDT 2920 and SDT 2960 (Eschborn, Germany)Hi
[11] respectively, were performed with dry (lyophilized) samples for drug-free
GAGs, PTX-GAGs and the mixture of empty GAGs and crystalline PTX at the same
weight ratio as the TX/GAG particles. Heating rate was 10  C/min from room
temperature to 350  C.
2.2.5. Quantitative determinations
PTX and DLPE were determined by including trace amounts of 3H-Paclitaxel and
14
C-phosphatydylethanolamine in all PTX-PE-containing systems. An additional
method for PE quantifying was optic assay based on formation of DLPE-ammonium
ferrothiocyanate complex extracted to chloroform phase and measured at 470 nm
[46]. Brieﬂy, ﬁrst, aqueous solution of reagent, containing ferric chloride hexahydrate (FeCl3$6H2O) and ammonium thiocyanate (NH4SCN) at concentrations of 27 g/
l and 30 g/l respectively, was prepared. Preparation of test and standard samples
were performed in the following manner: a small volume of DLPE suspension
(20e200 ml) was added to 2 ml of chloroform, mixed, and 1 ml of reagent was added.
Mixed systems were separated then to two phases (organic and aqueous) by low
speed centrifugation. The organic phase, as aforesaid, was taken for absorption
measurement at 470 nm.
2.2.6. Binding assay
CT-26 cells were washed twice with PBS and incubated with Alexa Fluor 488 antiCD44 Rat anti-mouse (clone 1M7, Biolegend) on ice for 30 min followed by washing
with PBS and subjecting to ﬂow cytometry (FACSCalibur, Franklin Lakes, NJ).
2.2.7. In vitro cytotoxicity
CT-26 cells were cultured in RPMI 1640 medium containing 1.5 mM L-glutamine, 10% FBS and 1% PSN. 24 h prior to treatment, the cells were seeded in 96-
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well plates, 100 ml/well, at 5  104/ml. The treatment was initiated on nonconﬂuent cell layers by adding 25 ml/well of the test samples and controls and
termination was 72 h later. Cell proliferation upon termination was determined
by the SRB method [45].
2.2.8. Blood biomarker assay
Healthy BALB/c mice (n ¼ 4/group) were given four once-per-week bolus i.v.
injections of saline, or treated with drug-free GAGs, PTX-Cre or PTX-GAGs. At day 24
post initial injection, blood was drawn and the serum was obtained by centrifugation of the whole blood at 3000 rpm for 15 min. Liver enzyme levels of Alanine
Aminotransferase (ALT) and Aspartate Aminotransferase (AST) were determined by
COBAS MIRA auto analyzer (Roche, Nutley, New Jersey).

2.2.9. Isolation of PBMC and interferon assay
Mononuclear cells were isolated from the spleen as previously described
[35]. Expression of IFN or interferon responsive genes was examined by quantitative RT-PCR. IFN b, OAS1 and STAT1 primers were as previously described
[35].
2.2.10. Cytokine induction
Mice splenocytes were isolated from the spleen as previously described [35].
The cells (2105 cells in a well of 24 well) were treated with saline, drug-free GAGs,
PTX-Cre and PTX-GAGs at a dose 2.5 mM PTX for 24 h. Cytokines mRNA were examine
using quantitative RT-PCR (One step plus, ABI) with the following primers: GAPDH,
IL-2, TNF a, and IFN g as previously reported [35].

Fig. 1. PTX-GAG’s structural and physicochemical properties. (A) A schematic illustration of the process involved in generating PTX-GAGs. Lipids are mixed with PTX to form lipidPTX particles that cluster together and are subsequently coated with HA to form the GAGs. (B) Representative images of the ultrastructure of drug-free GAGs using Cryo-TEM (left
panel) and STEM (right panel) show the globular shape of the particles. (C) STEM images of PTX (left panel) and of PTX-GAGs (right panel) show free PTX’s ﬁber-like structure and
the condensed round-shape of the particles (D) Hydrodynamic diameters and zeta potential measurements of drug-free GAGs, lipid-PTX particles and PTX-GAGs support the
clustering structure that is stabilized by the HA coating. Data are expressed as the mean  SD of at least three independent experiments.
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2.2.11. Quantitative RT-PCR
Quantitative RT-PCR using a Step one Plus Real-time RT-PCR (ABI, Foster City, CA)
was carried out as previously described [35]. Primers for mouse GAPDH, STAT1, OAS1,
IFN b, IL-2, TNF a, and IFN g were used as previously described [35]. The following
primer pairs were used: IL-6 primers: forward primer: 50 -ATCCAGTTGCCTTCTTGGGACTGA-30 ; reverse primer: 50 -TAAGCCTCCGACTTGTGAAGTGGT-30 . All primers were
synthesized by Syntheza Inc. (Rehovot, Israel).
2.2.12. CT-26, colon adenocarcinoma-bearing mice model
All animal experiment protocols were approved by the Institutional Review
Board at the Immune Disease Institute. The model was establish as previously
reported [19]. PTX-GAGs and drug-free GAGs were tested in this model to
examine their pharmacokinetics and tissue distribution, efﬁcacy and unwanted
immune response. All the experimental details are listed in the main text and
ﬁgures.
2.2.13. Statistical analysis
In vitro data were analyzed using Student’s t-test. Differences between treatment groups were evaluated by one-way ANOVA with signiﬁcance determined by
Bonferroni adjusted t-tests.

3. Results and discussion
3.1. Structural and physicochemical characterization of drug-free
and PTX-loaded particles
The steps in forming the PTX-GAG particles are illustrated in
Fig. 1A (drug-free GAGs are prepared quite similarly, except the
omission of drug). As described under methods and demonstrated
in Fig. 1A, GAGs are composed of the lipid molecules that selfassemble into particulate clusters (with/without PTX), that are then
covalently coated with high-molecular weight HA at a lipid:HA
ratio of 10:1 (w/w). HA is the main component of the particle’s
surface and its interior contains both the lipid clusters and water
regions, providing an intrinsic ability to accommodate both
hydrophilic and hydrophobic drugs.
The PTX-lipid clusters, drug-free GAGs and PTX-GAGs have
globular shapes as evidenced by cryo-TEM and STEM images
(Fig. 1B, C right panel) with mean diameters of 80, 100 and 300 nm,
respectively (Fig. 1D), whereas PTX alone forms long strings (Fig. 1C
left panel). Zeta potential measurements support the lipid cluster
tendency with a value of about 8 mV (Fig. 1D), while coating the
PTX-lipid particulate cluster with HA stabilizes the structure
(Fig. 1C right panel) with a zeta potential of 27 mV (Fig. 1D). Over
the PTX:lipid ratio range of 1:4 to 1:1 drug encapsulation efﬁciency
was high (approaching 100%). There was no loss of encapsulated
PTX over the time span of 47 h, whether the particles were suspended in buffer alone (PBS) or in PBS: serum (1:1. v/v).

Fig. 2. Thermal analysis of PTX-GAGs. (A) Representative curves of Differential
Scanning Calorimetry (DSC) (1) Crystalline PTX (2) Drug-free GAGs (3) A mixture of
crystalline PTX with drug-free GAGs and (4) PTX-GAGs. (B) Representative thermogravimetric (TGA) curves of pure PTX, drug-free and PTX-containing GAGs are overlaid
in the ﬁgure. Each value represents at least 3 independent experiments.

3.2. Thermal analysis of PTX-GAGs
PTX in aqueous systems is in the form of precipitating crystals
(dry or hydrated), and is expected to take an amorphous-like form
upon incorporation/dispersion within a particle such as the GAGs
[47]. It has been shown that subjecting free crystalline PTX (dry or
hydrated) to differential scanning calorimetry (DSC) results in an
endothermic peak at the temperature range of 220  C followed
immediately by an exothermic peak. With the aid of thermogravimetric analysis (TGA) peak assignments are melting for the
ﬁrst peak, and decomposition for the second one. In contrast, it was
shown that free amorphic PTX has only the decomposition peak,
slightly-shifted to lower temperatures (w5e10  C) compared to the
crystalline material [47]. These assumptions were used for this
study.
DSC studies (Fig. 2A) showed that the crystalline PTX (Fig. 2A(1))
had, as expected, an endothermic peak in the range of 220  C followed immediately by an exothermic peak, identiﬁed through TGA
(Fig. 2B) as melting and decomposition, respectively. Drug-free

GAGs had no signiﬁcant energy consumption or release at the
regions relevant for the drug (Fig. 2A (2)). Mixtures of drug-free
GAGs and (external) crystalline PTX, showed the peaks typical to
the thermogram of each component separately (Fig. 2A (3)). The
thermogram of PTX-GAG retained the GAG pattern and showed
a single PTX peak e the decomposition (Fig. 2A (4), B) indicating
that, in the PTX-GAGs, PTX was in a condition typical to its amorphic structure [14]. These ﬁndings strongly support the assignment
that, in the GAGs system, PTX resides within the particle.

3.3. GAGs binding to CD44-expressing colorectal cancer cells
CD44 has been extensively studied by our group and others, as
a receptor target for drug delivery [19,20,22]. We have chosen the
mouse colorectal carcinoma cell line CT-26, that expresses CD44 as
our model system for exploring GAGs’ ability to deliver PTX to
CD44-expressing tumors. We ﬁrst studied CD44 expression in CT-
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26 cells using ﬂow cytometry. Upon conﬁrming CD44 expression on
CT-26 cells (Fig. 3A) we tested if GAGs can bind to CD44, while
competing with a monoclonal antibody [28] raised against mouse
CD44 on the receptor’s binding site (Fig. 3B). GAGs were incubated
with the cells, and at 0.5, 6 and 12 h post incubation, an anti-mouse
CD44 mAb was added and the cells were subjected to ﬂow
cytometry. Thirty minutes of GAGs’ incubation with the cells
sufﬁced to completely abolish the binding of mAb against CD44
(Fig. 3B), taking up to 12 h to get back to original anti-CD44 binding
levels, supporting the hypothesis that GAGs operates in a CD44dependent manner. Six hours post incubation, binding of anti-CD44
was about half of its binding capacity (Fig. 3B) suggesting that GAGs
are beginning to be cleared from the receptor’s binding region
within 6 h post incubation and complete their clearance within 12 h
post incubation.
CD44-GAG interactions are not restricted to colorectal cancer
cells, as demonstrated (Supplementary Fig. 1) for D122 (mouse lung
carcinoma), and for PANC-1 (human pancreatic adenocarcinoma)
cells. Negligible doxorubicin accumulation was observed upon 1 h of
free drug incubation with D122 cells, whereas similar incubation
with GAG-encapsulated doxorubicin resulted in substantial intracellular drug accumulation. (Supplementary Fig. 1A). Double-

labeled GAGs (surface and interior) provided further details. Under
the conditions described above for doxorubicin, both surface and
interior markers are seen inside the cells (Supplementary Fig. 1B).
Including the energy inhibitor 2-Deoxyglucose (2-DOG) in the
incubation medium generated a signiﬁcant reduction in cell-associated GAGs, most of the remaining particles localizing at the cell
surface (Supplementary Fig. 1C). Several potential mechanisms are
postulated such as particle internalization, or conformational
changes in the GAGs that open the structure and facilitate entry of its
interior components into the cells. These mechanisms are of great
interest and are currently under investigation in our groups and are,
thus, beyond the scope of the research described in this manuscript.
3.4. GAGs-mediated PTX delivery to colorectal cancer cells
We next examined the in vitro cytotoxicity of PTX-GAGs
compared to free PTX. PTX cytotoxicity was not impaired upon
entrapment in the GAGs (PTX-GAGs) and was on a par with that of
free PTX, with an IC50 of w 0.16 mM (Fig. 3C). It is likely that PTXGAGs will have more profound effects in vivo than in vitro, taking
into account the random distribution of the free form of PTX versus
PTX-GAGs that should accumulate in CD44-expressing tumors.
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Drug-free GAGs had no impact on cell viability (Fig. 3D), supporting
the hypothesis that GAGs per se will not induce any cell death given
that they are composed from natural materials that are recognized
as ‘self’. In addition, sterilization conditions (autoclave at 121  C for
12 min) and downsizing GAGs by sonication also had no detrimental effect on drug activity (data not shown).
3.5. Evaluation of serum liver enzymes and weight changes after
intravenous GAGs administration
Serum levels of the transaminases liver enzymes such as alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) are
respectively regarded as reliable indicators of liver tissue damage
and, more general, systemic tissue damage [48]. We examined the
release of liver enzymes and changes in body weight of healthy
BALB/c mice treated with PTX-GAGs. Mice (n ¼ 4/group) were given
four weekly bolus intravenous (i.v.) injections of either the
conventional PTX formulation (i.e. PTX-Cre) in saline, or the PTXGAGs particles suspended in saline, both at the dose of 5 mg PTX/Kg
body. Mock treated (saline) and drug-free GAGs (same particle dose
as those formulated with PTX) served as controls. Blood samples
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1000

were taken 2 days after the 4th and ﬁnal dose (day 24). PTX-GAGs
induced only mild changes, that are considered well tolerated, in
liver enzymes (Fig. 4A) [49]. PTX-Cre released high amounts of liver
enzymes indicating possible liver damage upon multiple i.v. injections (Fig. 4A). A change in body weight is also considered as a global
toxicity marker [35]. Mice (n ¼ 5/group) were given four bolus i.v.
injections of the designated formulations (as indicated in Fig. 4B)
and changes in body weight were observed up to 24 days. PTX-GAGs
were well tolerated and did not cause any signiﬁcant decrease in
mice body weight (Fig. 4B). Mice treated with PTX-Cre lost body
weight (up to 5% at day 24) and the injections were followed by
shivering that lasted 20 min (data not shown). We have not observed
this behavior pattern when mice were injected with drug-free GAGs
or PTX-GAGs. Thus, formulating PTX in GAGs does not releasing liver
enzymes and is well tolerated upon multiple i.v. injections.
3.6. Evaluation of interferon response and of cytokine induction
after intravenous GAGs administration
A possible adverse effect of delivery systems is the activation of
interferon (IFN)-responsive genes (IRG) by activating protein kinase
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PKR or by binding to toll-like receptors. To examine whether GAGs
activate an IFN response, we used quantitative RT-PCR to measure
mRNA expression of IFN b, and two key IRG 20 ,50 -oligoadenylate
synthetase 1 (OAS1) and STAT1 in mice peripheral blood mononuclear cells (PBMC) stimulated with Mg2þ/EGTA [35] and then
treated with GAGs. Treatment with drug-free GAGs and PTX-GAGs
(Fig. 4C) did not induced any IFN response, whereas treatment with
PTX-Cre (Fig. 4C) induced a high response similar to induction with
known IFN inducers such as lipopolysaccharides (LPS) (data not
shown). This could be attributed to the presence of CremophorÒ EL
(polyoxyethylated castor oil) and ethanol (CrEL) solvent, that are
known to affect many types of immune cells, among them mast
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cells that secrete histamine during treatment with PTX formulated
in CrEL [4].
Cytokine induction (mainly pro-inﬂammatory cytokines) is
considered a known unwanted adverse effect of many delivery
systems [50]. To examine if GAGs induce cytokines, we used
quantitative RT-PCR to measure mRNA expression of the proinﬂammatory cytokines interleukin-2 (IL-2), interferon g (IFN g),
tumor necrosis a (TNF a) and the inﬂammatory marker interleukin
6 (IL-6) in mice splenocytes treated with GAGs. Drug-free GAGs did
not induced cytokines and were barely detected compare to mouse
GAPDH (Fig. 4D). PTX-Cre induced very high levels of mRNA of all
the tested cytokines and mainly IL-6 (a marker for global
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inﬂammation) and TNF (Fig. 4D) supporting the known effect of
CrEL on immune cells (4). PTX-GAGs elucidated very mild response
that was 5-fold less than the FDA-approved formulation of PTX-Cre.
Therefore, even in highly sensitive primary immune cells, GAGs are
acting as a shield from triggering an IFN response or inducing proinﬂammatory cytokines.
3.7. Pharmacokinetics, biodistribution and therapeutic responses in
tumor-bearing mice treated with PTX-GAGs
Coating particles with long circulating agents such as PEG or HA
contributes to steric stabilization of the vesicles and provides
protection from opsonization, which is an essential desirable
property in drug delivery [21]. We examined the pharmacokinetics
and biodistribution of PTX formulated either in CrEL (i.e. PTX-Cre) or
in GAGs, in mice bearing CT-26 tumors. BALB/c mice (n ¼ 10/group)
bearing CT-26 tumors were injected with PTX-Cre or PTX-GAGs at
5 mg/Kg body 21 days from tumor initiation. PTX-Cre was eliminated
from the circulation within less than 1 h post i.v. injection (Fig. 5A).
PTX-GAGs were still circulating even 24 h post i.v. injection, which
provided another layer of support that HA is coating the PTX-lipid
particles (Fig. 5A). The biodistribution of PTX in tissues was assayed
24 h post injection to mice (n ¼ 7/group) bearing CT-26 tumors. PTXGAGs reduced PTX liver and spleen accumulation by almost 2-fold,
and increased PTX accumulation in the tumor by 10-fold compared
with the PTX-Cre formulation (Fig. 5B).
Therapeutic responses to iv-administered PTX-GAGs, TaxolÒ
(PTX-Cre) and AbraxaneÒ were studied in tumor-bearing (CT-26)
mice. Tumor progression was exponential, tumor volumes
increasing 9e17 fold over a 30 day period, in mice receiving saline,
drug-free GAGs, 5 mg/Kg body TaxolÒ or 5 mg/Kg body AbraxaneÒ
(Fig. 3C, D). In similar treatment with 5 mg/Kg body PTX-GAGs,
tumor progression was arrested (Fig. 3C, D) and this treatment was
as potent as 20 mg/Kg body TaxolÒ. (Fig. 3C). Mice receiving this
high TaxolÒ dose experienced 20 min shivering during the i.v.
administration and 7.3% loss of body weight (data not shown)
indicating global toxicity that not seen with the GAGs formulation.
4. Conclusions
We devised a strategy that utilized taxanes’ afﬁnity to lipids, to
self-assemble into nanoparticle-like clusters and then, by covalently binding them to HA, we further exploited the interaction
between the HA-coated particles and CD44 on tumor cells. PTX was
chosen as a proof-of-principle and was formulated in the GAGs
(PTX-GAGs). We found this system to be superior to the FDAapproved formulations in improved efﬁcacy (even at 4-fold lower
doses), and in reduced unwanted adverse effects. These ﬁndings
suggest that GAGs merit further investigation as nanovectors for
insoluble drugs and may be applicable as carriers in other therapeutic settings.
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