s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
ACS Nano. Author manuscript; available in PMC 2015 August 03.

Published in final edited form as:
ACS Nano. 2015 April 28; 9(4): 3740-3752. doi:10.1021/acsnano.5b00929.

Complete Regression of Xenograft Tumors upon Targeted
Delivery of Paclitaxel via II-II Stacking Stabilized Polymeric
Micelles

Yang Shil, Roy van der Meel?, Benjamin Theek3, Erik Oude Blenkel, Ebel H.E. Pieters?,
Marcel H.A.M. FensZ2, Josef Ehling3, Raymond M. Schiffelers?, Gert Storm¥4, Cornelus F.
van Nostrum?, Twan Lammers!34, and Wim E. Hennink!"

1Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences (UIPS), Utrecht
University, Utrecht, The Netherlands ?Department of Clinical Chemistry and Haematology,
University Medical Center Utrecht, Utrecht, The Netherlands 3Department of Experimental
Molecular Imaging (ExMI), Helmholtz Institute for Biomedical Engineering, RWTH Aachen
University Clinic, Aachen, Germany “Department of Controlled Drug Delivery, MIRA Institute for
Biomedical Technology and Technical Medicine, University of Twente, Enschede, The
Netherlands

Abstract

Treatment of cancer patients with taxane-based chemotherapeutics, such as paclitaxel (PTX), is
complicated by their narrow therapeutic index. Polymeric micelles are attractive nanocarriers for
tumor-targeted delivery of PTX, as they can be tailored to encapsulate large amounts of
hydrophobic drugs and achieve prolonged circulation Kinetics. As a result, PTX deposition in
tumors is increased while drug exposure to healthy tissues is reduced. However, many PTX-
loaded micelle formulations suffer from low stability and fast drug release in the circulation,
limiting their suitability for systemic drug targeting. To overcome these limitations, we have
developed paclitaxel (PTX)-loaded micelles which are stable without chemical crosslinking and
covalent drug attachment. These micelles are characterized by excellent loading capacity and
strong drug retention, attributed to -7 stacking interaction between PTX and the aromatic groups
of the polymer chains in the micellar core. The micelles are based on methoxy poly(ethylene
glycol)-b-(N-(2-benzoyloxypropyl) methacrylamide) (MPEG-b-p(HPMAM-Bz)) block
copolymers, which improved the pharmacokinetics and the biodistribution of PTX, and
substantially increased PTX tumor accumulation (by more than 2000%; as compared to Taxol® or
control micellar formulations). Improved biodistribution and tumor accumulation were confirmed
by hybrid uCT-FMT imaging using near-infrared labeled micelles and payload. The PTX-loaded
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micelles were well tolerated at different doses while they induced complete tumor regression in
two different xenograft models (i.e. A431 and MDA-MB-468). Our findings consequently indicate
that - stacking-stabilized polymeric micelles are promising carriers to improve the delivery of
highly hydrophobic drugs to tumors and to increase their therapeutic index.

nanomedicine; drug targeting; polymeric micelles; paclitaxel; n-m stacking

Taxane-based chemotherapeutic agents, such as paclitaxel (PTX) and docetaxel, are
clinically well-established mitotic inhibitors that present high therapeutic efficacy against a
range of solid tumors. The application of taxane-based therapies in patients is hampered by
dose-limiting neurotoxic adverse effects, as well as by the highly hydrophobic nature of the
molecules, which requires them to be administered in solubilization enhancers, such
Cremophor® EL, which are typically associated with hypersensitivity reactions.!

To improve the solubility and therapeutic efficacy, and reduce adverse effects of taxanes,
drug carriers based on polymer conjugates and nanoparticles have been employed.2-?
Polymeric micelles are ideal carrier systems for the development of anticancer
nanomedicines as they can be synthesized from polymers suitable for systemic
administration in humans, customized to encapsulate drugs at doses used in clinical practice
and tailored to achieve prolonged circulation kinetics necessary for tumor
accumulation.19-16 Several polymeric micelle-based nanomedicines are being evaluated in
(pre)clinical studies for cancer therapy,1’-19 and PTX-loaded monomethoxy poly(ethylene
glycol)-block-poly(D,L-lactide) (MPEG-PDLLA) based polymeric micelles (Genexol® PM/
Cynvilog™/1G-001) have been approved for the treatment of various cancers in several
countries in Asia.2% 21 Because of the favorable biocompatibility of MPEG-PDLLA, the
Genexol® PM formulation showed a significantly decreased toxicity as compared to
Cremophor®-based Taxol®.20. 22

Although current PTX-polymeric micelle formulations significantly improve PTX solubility
and decrease its toxicity, their therapeutic efficacy is comparable to Taxol®. Indeed, it has
been frequently observed that PTX encapsulated in polymeric micelles has similar
pharmacokinetics as does the free drug,23: 24 which is caused by destabilization of the
micelles after intravenous (i.v.) injection 2 26, as well as by rapid PTX release from the
micelles.23: 24 Because of the poor stability and drug retention of current PTX-loaded
polymeric micelles, the potential of these nanocarrier systems to increase therapeutic
efficacy by making use of the enhanced permeability and retention (EPR) effect is not
properly exploited.14: 27-31

The dissociation of polymeric micelles can be prevented by chemical crosslinking,32 but this
strategy does not necessarily improve drug retention within the micelles. Chemical
conjugation of drug molecules to polymeric micelles has been shown to be an effective
method to increase the drug retention in polymeric micelles, but such approaches tend to be
technically challenging and can adversely affect the pharmacological effect of the
drugs.33-36
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We previously demonstrated that incorporation of aromatic methacrylamide monomers in
the hydrophobic block of thermosensitive polymers based on methoxy poly(ethylene
glycol)-b-(N-(2-lactoyloxypropyl) methacrylamide) (mPEG-b-p(HPMAmM-Lac) can
considerably improve the stability, drug loading capacity and drug retention of taxane-
loaded polymeric micelles, which was attributed to w-m stacking interactions between the
drug and the aromatic groups of the polymer chains.3” However, these aromatic
thermosensitive polymeric micelles showed insufficient stability in the blood circulation
after i.v. injection, reflected by the quick decrease of the plasma concentration of PTX
loaded in the micelles.

In the current study, we show that by increasing the amount of aromatic substitution of the
HPMAmM repeating units in the block copolymer of mPEG-b-pHPMAmMm, the polymer
(methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxypropyl) methacrylamide)) (mPEG-b-
p(HPMAmM-Bz)) forms micelles with greatly enhanced micellar stability and PTX retention
in the blood circulation. These favorable properties are attributed to non-covalent r-n
stacking interactions, while previously it was necessary to apply chemical crosslinking and
covalent drug conjugation for stabilizing micelles and increase drug retention.3% 38 The
physicochemical properties of the obtained PTX-loaded micelles were characterized, after
which circulation kinetics and biodistribution in tumor-bearing mice were determined by
multimodal imaging techniques and ultra performance liquid chromatography (UPLC)
analysis. The newly developed n-m stacked PTX-loaded polymeric micelles displayed
prolonged circulation kinetics and improved tumor accumulation as compared to Taxol® and
control micelles, and they induced complete tumor regression in two different xenograft
models, at low doses of PTX and without causing significant side effects.

Results and Discussion

Synthesis and characterizations of mPEG-b-p(HPMAmM-Bz)

The polymer used to prepare r-m stacked polymeric micelles, i.e. mMPEG-b-p(HPMAM-Bz),
was synthesized by free radical polymerization via a macroinitiator route (Figure 1A).37: 39
The polymer was obtained in a high yield after purification (70%). GPC analysis showed
that the M, of the synthesized polymers was 20 kDa (which is close to that calculated based
on H NMR analysis (Figure S1A); 22 kDa), and the polydispersity index (PDI, M,/M,)
was 1.7. Previous studies have shown that amphiphilic polymers with relatively high
molecular weight distribution (PDI~1.7) form micelles with similar characteristics
regarding size, size distribution and loading capacity as compared to micelles prepared
based on polymers synthesized by controlled/living polymerizations techniques.3”: 40: 41
Furthermore, from a pharmaceutical and translational point of view, polymers synthesized
by free radical polymerization have advantages such as ease and cost-effectiveness of
synthesis, high scale-up feasibility, and no necessity for using toxic reagents, such as copper
catalysts.

The critical micelle concentration (CMC) of the polymer was 1.3 pg/mL, as measured using
pyrene as a fluorescent probe.3° The CMC of mPEG-b-p(HPMAmM-Bz) was substantially
lower as compared to that of methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxysg)
methacrylamide)-co-(N-(2-lactoyloxypropyl) methacrylamide;o) (MPEG-b-p(HPMAmM-
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Bz3g-co-HPMAM-Lac7g)) (CMC was 20 pg/mL37). This very low CMC is likely attributed
to strong m-7 stacking and hydrophobic interactions between the polymer chains.

To label MPEG-b-p(HPMAM-Bz) with the near infrared (NIR) fluorophore Cy7 for in vivo
optical imaging studies, mMPEG-b-p(HPMAM-Bz) with 2 mol% (relative to HPMA-Bz) of N-
(2-aminoethyl)methacrylamide hydrochloride (AEMAmM) was synthesized and reacted with
Cy7 NHS ester via the amine-NHS reaction (Figure 1B and C). After 48 hours of reaction,
84% of the primary amine groups of the polymer had reacted with Cy7 NHS ester. After the
coupling reactions, on average, one polymer chain carried one Cy7 label. TH NMR spectrum
(Figure S1B) and GPC chromatograms (Figure S2) of the Cy7-labeled polymer are shown in
the Supporting Information.

Preparation of n-rn stacked mPEG-b-p(HPMAM-BZz) micelles loaded with PTX

Polymeric micelles of mMPEG-b-p(HPMAmM-Bz) were prepared by dropwise adding a THF
solution of polymer and PTX into water followed by evaporation of THF. The amount of
THF left after evaporation for 48 hours was 3 wt% as measured by NMR analysis. The
residual amount of THF (which did not result in any in vitro and in vivo toxicity) can be
removed by lyophilization, as routinely performed for formulations used in the clinic, such
as NK105 and Genexol® PM. Immediately after mixing the polymer solution with water, the
Z-average particle size (Zaye) of the particles as measured by DLS was 120 nm (PDI of
0.11), which decreased to 71 nm (PDI of 0.08) after evaporation of THF for 48 hours.
Therefore, the micelles were already formed after mixing the polymer solution with water
(50 vol% of THF in the micellar dispersion) and the particles became smaller because THF
gradually evaporated. The polymeric micelles showed a high encapsulation efficiency
(>80%) at a PTX feed concentration <10 mg/mL, and the highest loading capacity was 23
wit%, at a feed PTX concentration of 10 mg/mL (Figure 2A), which is much higher than that
achieved with other micellar nanomedicine formulations (e.g. Genexol® PM#2). We did not
attempt to further enhance the loading capacity of our formulation (as e.g. in Schulz et al %),
but primarily aimed to develop a micellar nanocarrier that is stable in systemic circulation,
and that efficiently retains PTX within the micellar core during transit from the site of
injection to the tumor. The PTX-loaded polymeric micelles, dependent on the PTX content,
had a greater size than that of empty micelles, ranging from 79 nm to 104 nm with low PDI
(<0.15) (Figure 2B). The micelles were able to retain PTX, releasing 30% of the loaded drug
in 10 days in PBS at 37 °C (Figure S3).

Effects of empty and PTX-loaded polymeric micelles on cell viability

Cell viability assays were performed with A431 and MDA-MB-468 tumor cells to assess the
cytocompatibility of the developed micellar formulation and to determine the therapeutic
efficacy of PTX-loaded micelles as compared to Taxol® in vitro. Figure 3A shows that the
viability of A431 and MDA-MB-468 tumor cells was completely suppressed at Cremophor®
EL (Taxol® vehicle) concentrations of 0.01 and 0.001 mg/mL, respectively, while both
types of cells were fully viable at the micelle concentrations up to 0.5 mg/mL. These results
suggest a favorable toxicity profile of the empty polymeric micelles when compared to
Cremophor® EL.
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Figure 3B shows that the effects on tumor cell viability of PTX-loaded polymeric micelles
were comparable to those of Taxol® (ICsg of PTX in polymeric micelles and Taxol® were
76 and 42 nM in A431 cells, and 10 and 18 nM in MDA-MB-468 cells, respectively). These
results show that the micellar encapsulation of PTX did not decrease the potency of the drug
invitro. The micellar PTX is able to induce cytotoxic effects after being released from the
carriers either extracellularly or intracellularly during the incubation with the cells, which
results in similar therapeutic efficacy as compared to Taxol®.43

Biodistribution of -t stacked Cy7-labeled mPEG-b-p(HPMAM-BZz) micelles loaded with
Cy5.5 by multimodal imaging techniques

The circulation kinetics and biodistribution of the Cy7-labeled mPEG-b-p(HPMAmM-Bz)
micelles loaded with Cy5.5 (preparation and characterization are described in Section 2,
Supporting Information) after i.v. injection into mice bearing A431 tumors were assessed
using 2D fluorescence reflectance imaging (FRI) and a newly developed hybrid imaging
technique, i.e. non-invasive 3D micro-computed tomography-fluorescence molecular
tomography (UCT-FMT), which allows for a more accurate quantification of the
biodistribution of fluorophores in mice.#4 45 Figure 4A shows the prolonged blood
circulation of mPEG-b-p(HPMAmM-Bz) micelles labeled with Cy7. Cy5.5 as a model drug
had faster elimination kinetics than those of the micelles, which suggests some initial burst
release of the Cy5.5 from the micelles in the blood circulation. Nevertheless, the in vivo
behavior of the model drug and the micelles were closely associated, as evidenced by their
relatively similar biodistribution assessed by UWCT-FMT (Figure 4B) and co-localization of
Cy7 and C5.5 in the tumor (Figure 4C).

The biodistribution of Cy7 and Cy5.5 is shown in Figure 4D and E. Substantial tumor
accumulation of the micelles (~12 1D%/cm3 at 48 hours post injection) was measured,
although the accumulation of the Cy7-labeled polymeric micelles was observed in liver, in
line with previous studies.38 46. 47 At the same time, Cy7 could also be detected in kidneys,
due to the liberation of some Cy7-labeled polymer chains from the micelles, which
subsequently accumulated in the kidneys.*8: 49 Whereas i.v. administered free Cy5.5 is
known to be immediately excreted and unable to accumulate in tumors,>0 the tumor
accumulation of Cy5.5 entrapped within the r-m stacked polymeric micelles was almost 8%
ID/cm3 tumor. This result indicates that, in spite of some initial burst release of Cy5.5, the
biodistribution and tumor accumulation of compounds entrapped in the micelles are still
markedly improved, confirming the ability of long circulating polymeric micelles to
facilitate drug targeting to tumors via the EPR effect.51-53

Ex vivo FRI shows prominent accumulation of the Cy7-labeled polymeric micelles in the
tumor, as well as in the liver, kidney and spleen (Figure 5A and B), which is in line with the
biodistribution of Cy7-labeled polymeric micelles by in vivo uCT-FMT imaging (Figure
4E). The high accumulation of the polymeric micelles in the spleen is consistent with
previous studies.38 Similar to the in vivo uCT-FMT imaging data, the accumulation of Cy5.5
in these organs was lower than that of Cy7, which can be ascribed to some burst release and
therefore elimination of Cy5.5 from the blood circulation. Figure 5B shows that, apart from
the deposition of Cy5.5 in kidneys,C the highest level of the model drug was delivered to
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tumor, which means that the relative tumor deposition of the model compound was greatly
improved by the polymeric micelles.

Pharmacokinetics and biodistribution of PTX-loaded r-rt stacked mPEG-b-p(HPMAM-Bz)
micelles in a human tumor xenograft model

Following i.v. injection, quick elimination of PTX loaded in polymeric micelles or other
nano-sized particulate formulations, e.g., PEGylated liposomes, in the blood circulation
hampers tumor-targeted drug delivery exploiting the EPR effect.4-56 One explanation for
these observations is that polymeric micelles quickly dissociate in systemic circulation due
to disturbance of the unimer-micelle equilibrium by plasma proteins which bind unimers.38
However, even by using stable polymeric micelles (MePEG114-b-PCL 194 OF core-
crosslinked mPEG-b-p((20%HEMAmM-Lac4)-co-(80%HEMAmM-Lac,)) with long circulation
times in the blood stream, it was found that physically-loaded PTX had an elimination time
similar as that of PTX solubilized in Taxol®, which is ascribed to a low PTX retention in
those micelles.23 57

We previously reported that by incorporating aromatic monomers in thermosensitive mPEG-
b-p(HPMAmM-Bz/Nt-co-HPMAmM-Lac) polymeric micelles, the stability and drug retention
were significantly improved as compared to thermosensitive polymeric micelles without
aromatic monomers.3” However, the circulation time of PTX in the aromatic
thermosensitive polymeric micelles was still rather short, and similar to that of
thermosensitive polymeric micelles without aromatic groups and the Taxol® formulation
(Figure S5).96. 57

The pharmacokinetic (PK) profiles of PTX administered in micelles based on mPEG-b-
p(HPMAmM-Bz) polymers and that of Taxol® were studied in mice bearing human A431
tumor xenografts. Figure 6A shows that after i.v. injection, PTX in Taxol® was quickly
eliminated from the blood circulation and less than 10% of the injected dose was detected in
blood 2 minutes post injection, which is in agreement with previously reported data.>®
Importantly, the half-life of PTX loaded in the mPEG-b-p(HPMAM-Bz) micelles was
significantly increased (~8 hours) when compared to that of Taxol®, and considerably
higher than that of Cy5.5 model drug which can be explained by the higher loading content
of PTX than Cy5.5.58-60 Overall, these data point to an excellent stability and retention of
PTX in micelles based on mPEG-b-p(HPMAmM-BZz) in the blood circulation. Occurrence of
-1 stacking interactions in micelles has been reported before.3”: 61 In a previous study,3’
thermosensitive polymeric micelles based on polymers similar to mPEG-b-p(HPMAmM-Bz)
with a low content (<30 mol%) of aromatic repeating units were analyzed by solid state
NMR spectroscopy and the results point to - stacking interactions between aromatic
groups in the micellar core. In the present study, polymeric micelles were prepared using
mMPEG-b-p(HPMAmM-Bz) with 100 mol % of aromatic repeating units in the hydrophobic
block and r-7 stacking interactions between the aromatic groups are expected to occur.

A comparably long half-life of PTX has been reported for micelles based on poly(ethylene
glycol)-poly(aspartate) block copolymers modified with 4-phenyl-1-butanol (~6.5 hours).43
The AUC._jn5 of the PTX loaded in the mPEG-b-p(HPMAmM-Bz) micelles in the blood
circulation was ~1800 ug-h/mL, which is in the high range reported in literature for drug-
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loaded polymeric micelles.23: 62. 63 Fyrthermore, it is markedly higher than that of Taxol®
formulation (~80 pg-h/mL at a dose of 20 mg/kg)®® and comparable to that of PTX-loaded
long circulating micelles reported previously (~8000 pg-h/mL at around 4 times higher dose
of PTX (50 mg/kg).*3

The biodistribution of PTX 24 hours after i.v. injection of the different formulations in
tumor-bearing mice was investigated (Figure 6B). The animals were sacrificed at 24 hours
after i.v. injection (without saline perfusion) and PTX levels were determined. Although
there was still ~10% of the injected dose of the PTX-loaded micelles present in the systemic
circulation at this time point (for mPEG-b-p(HPMAmM-Bz) micelles), this does not affect the
overall biodistribution pattern, as the relative blood volume in tumors in much lower than
that in the majority of healthy tissues. PTX could not be detected in the tumors of mice that
received PTX formulated in the thermosensitive mPEG-b-p(HPMAmM-Bz/Nt-co-HPMAm-
Lac) micelles or Taxol® (corresponding to values below 0.4 ID%/g organ). In contrast, high
concentration of PTX in tumors (~8 ID%/g at 24 hours post injection) of mice that received
PTX-loaded mPEG-b-p(HPMAmM-Bz) micelles was detected. These results confirm the
prolonged circulation kinetics for the stable PTX-loaded mPEG-b-p(HPMAmM-Bz) micelles,
whereas PTX formulated as Taxol® or encapsulated in the control micelles appears to be
rapidly released in the circulation and excreted within 24 hours. At doses up to 20 mg/kg,
rapid clearance of PTX is frequently observed, resulting in low PTX accumulation in
healthy organs at 24 hours post i.v. injection, with values ranging between 0.1 and 2 pug/g
tissue.54 65 These results are in agreement with our findings, in which the tumor and tissue
concentrations of PTX administered in free form and control micelles were below the
detection limit (i.e. below 2 pg/g). This notion again exemplifies that PTX delivery can be
substantially improved upon incorporation in w-ri-stacked polymeric micelles. PTX was also
found in liver and spleen, in agreement with the imaging data of Cy7 labeled micelles
(Figure 4D, E and 5B) and indicating clearance of the micelles by hepatosplenic
macrophages.#® In contrast to Cy5.5 which highly accumulated in kidneys (Figure 4 and 5),
PTX did not show substantial deposition in kidneys. PTX accumulation in the tumor (~ 8%
ID%/q) correlated with the results of p.CT-FMT study.

Anti-tumor efficacy of PTX-loaded mPEG-b-p(HPMAmM-Bz) micelles

The therapeutic efficacy of the PTX-loaded mPEG-b-p(HPMAmM-Bz) micelles was studied
in mice bearing human A431 epidermoid and MDA-MB-468 breast carcinoma xenografts.
For the A431 tumor model, treatment was initiated one week after inoculation of the tumor
cells, when tumors had reached a volume of ~100 mm3. Mice that received PBS or empty
mMPEG-b-p(HPMAM-Bz) micelles every other day, reached tumor volumes of ~1500 mm3 in
20 days (Figure 7A). The tumor growth of mice treated with Taxol® (15 mg/kg of PTX) was
not significantly inhibited compared to that of mice treated with empty micelles or PBS
(p>0.05), which can be ascribed to the low tumor accumulation of PTX. At the same time,
an equal dose of PTX (15 mg/kg) loaded in the mPEG-b-p(HPMAmM-Bz) micelles fully
inhibited tumor growth for at least 33 days. Moreover, in tumor-bearing mice injected with
30 mg/kg of PTX-loaded in mPEG-b-p(HPMAmM-Bz) micelles, complete tumor regression
was observed 35 days after the initial treatment. These results demonstrate that improved
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tumor-targeted delivery of PTX using polymeric micelles with robust in vivo stability and
circulation kinetics is crucial to enhance the therapeutic efficacy of PTX.

The survival of mice, defined as reaching the humane endpoint (tumor volume > 1500
mm3), treated with the different PTX formulations is shown in Figure 7B. The survival of
mice treated with PTX-loaded mMPEG-b-p(HPMAmM-Bz) micelles (30 or 15 mg/kg) was
significantly longer as compared to that of mice treated with the Taxol® formulation
(p<0.01).

In the therapeutic efficacy study using MDA-MB-468 breast carcinoma xenografts, mice
received similar treatments as in the A431 study but i.v. injections were administered once a
week rather than every other day. Treatment was initiated 4 weeks after inoculation with the
tumor cells, when tumors had reached a volume of ~100 mm3. Figure 7D shows that Taxol®
(15 mg/kg PTX) only slightly inhibited tumor growth, while the tumors of mice that
received the PTX-loaded micelles (15 and 30 mg/kg PTX) decreased in volume and
completely regressed after 60 days. These results confirm the potent therapeutic efficacy of
the PTX-loaded polymeric micelles observed in the study with A431 as a tumor model.

Repeated injections of PTX-loaded polymeric micelles were generally well tolerated and
mice did not suffer from significant weight loss throughout the course of the therapeutic
efficacy studies (Figure 7E-F). Furthermore, no organ toxicities were observed for the empty
or PTX-loaded polymeric micelles, as representatively assessed for liver, spleen and kidney
by histopathological analysis (Figure S6). These observations suggest a favorable toxicity
profile for the micellar formulation.

Polymeric micelles with a prolonged circulation time and efficient paclitaxel retention have
been described before by Kataoka and colleagues.*3 This formulation, NK105, has been
tested in animal models and shown to be safe in patients, and it is currently in the final
phases of clinical evaluation. When comparing these micelles to our formulation, it should
be noted that both systems are based on block copolymers containing pendant aromatic
groups. In our case, the polymer was synthesized via a simple and straightforward one-step
radical polymerization, as opposed to the polymer used in NK105, which was prepared in
three steps, involving ring opening polymerization and post-polymerization modifications.
Both formulations have similar PTX loading capacity (~23 wt%) and size (80-100 nm). PTX
entrapped in our formulation has a slightly longer circulation half-life than that in NK105 (8
hours versus 6.5 hours, respectively). Although evaluated in different animal models, the
therapeutic potential of both formulations is comparable, inducing complete tumor
regression at cumulative PTX doses of ~300 mg/kg. These notions, together with the fact
that NK105 has shown promising responses in patients (and will likely be approved for
clinical use later on this year), indicate that our formulation holds significant clinical
potential, with similar loading capacity and therapeutic efficacy, and with an even longer
circulation half-life time. Once NK105 has reached the market, a direct head-to-head
comparison to our formulation would be possible, enabling an accurate assessment of the
potential of PEG-b-p(HPMAmM-Bz) micelles.
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Taken together, our results demonstrate that the developed polymeric micelles stabilized by
- stacking interactions are attractive carrier systems for the development of PTX-
nanomedicines. The polymeric micelles are produced in a straightforward and cost-effective
manner, without the need for chemical crosslinking or covalent drug conjugation, and are
characterized by excellent loading capacity, enhanced stability and strong PTX retention.
The 1Csq values of micellar PTX were comparable to those of the free drug (i.e. Taxol®), for
both A431 and MDA-MB-468 cells, indicating that the potency of PTX was not
compromised by encapsulation. The micellar characteristics ensure prolonged circulation
kinetics, substantial tumor accumulation and efficient tumor regression in two well-known
and routinely used xenograft models, i.e. A431 and MDA-MB-468, without inducing
significant toxicity, demonstrating the therapeutic (and translational) potential of this
formulation.

In this study, an amphiphilic polymer mPEG-b-p(HPMAm-Bz) bearing aromatic benzoyl
groups was synthesized via free radical polymerization. In an aqueous solution, this polymer
forms micelles that are characterized by high loading capacity and strong retention of PTX.
Cell viability studies indicated that the polymeric micelles had a much better
cytocompatibility than Taxol® solvent, while PTX loaded in the polymeric micelles
displayed comparable cytotoxicity as Taxol®. After i.v. injection, the mPEG-b-p(HPMAm-
Bz) micelles displayed prolonged blood circulation kinetics and, importantly, efficient PTX
retention in the micelles, which is attributed to -7 stacking and hydrophobic interactions
between the polymer chains and PTX. As a result, high tumor accumulation of PTX
delivered by the stable polymeric micelles was observed. These results were confirmed by in
vivo imaging studies with Cy7-labeled polymeric micelles loaded with Cy5.5 as a model
drug. The PTX-loaded mPEG-b-p(HPMAmM-Bz) micelles induced complete regression of
both A431 epidermoid and MDA-MB-468 breast carcinoma xenografts, while Taxol® only
displayed modest therapeutic effects in both models. Repeated injections of empty or PTX-
loaded polymeric micelles were generally well tolerated and the mice did not suffer from
body weight loss, which points to an acceptable safety profile. Overall, polymeric micelles
stabilized by w-m stacking interactions are consequently considered to be an attractive
platform for the development of hydrophobic drug-based nanomedicines.

Methods and Materials

The mPEG,-ABCPA macroinitiator (M, of mPEG = 5000 g/mol) and HPMAmM-Bz were
synthesized as described previously.37- 66 N-(2-aminoethyl)methacrylamide hydrochloride
(AEMAmMm) was purchased from Polysciences, Inc. Cyanine7 (Cy7) NHS ester and
Cyanine5.5 alkyne (Cy5) were ordered from Lumiprobe Corporation. Paclitaxel (PTX) was
purchased from LC Laboratories (MA, USA). Acetonitrile (ACN), diethyl ether and N,N-
dimethylformamide (DMF) were supplied by Biosolve Ltd (Valkenswaard, the
Netherlands). PEGs for GPC calibration were obtained from Polymer Standards Service-
USA Inc. Syringe filters with Nylon membrane (Acrodisc®, size of 0.45 um) were ordered
from Pall Corporation. Taxol® was purchased from Bristol-Myers Squibb. PBS pH 7.4 (8.2
g of NaCl, 3.1 g of NayHPO4-12H,0, 0.3 g of NaH,PO4-2H50 per 0.5 L) was ordered from
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B. Braun Melsungen AG. A431 and MDA-MB-468 cells were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA).

Synthesis and characterizations of mPEG-b-p(HPMAmM-Bz)

A block copolymer of methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxypropyl)
methacrylamide)) (mPEG-b-p(HPMAM-Bz) was synthesized via a macroinitiator route37: 39
using mPEG,-ABCPA as macroinitiator and HPMAmM-Bz as monomer (Figure 1A). The
monomer was dissolved at a concentration of 0.3 g/mL in ACN (dried on A4 molecular
sieves) and the molar ratio of monomer-to-macroinitiator was 200/1. The solution was
degassed by flushing with nitrogen for 30 minutes. The reaction was conducted at 70 °C for
24 hours under a nitrogen atmosphere. The polymer was purified by precipitation in diethyl
ether and this dissolution/precipitation procedure was repeated twice. The polymer was
dried under vacuum at room temperature for 24 hours and collected as a white powder. The
critical micelle concentration (CMC) of the polymer was measured according to a
previously reported method using pyrene as fluorescent probe.3” Thermosensitive methoxy
poly(ethylene glycol)-b-(N-(2-benzoyloxysg/naphthoyloxypropylss) methacrylamide)-co-
(N-(2-lactoyloxypropyl) methacrylamidezg;75) (MPEG-b-p(HPMAmM-Bz3/Nt)s-co-
HPMAmM-Lac;q/75) composed of 30/25 mol% of HPMAm-benzoate/naphthoate and 70/75
mol% of HPMA-monolactate in the thermosensitive block were synthesized and
characterized as previously reported.3’

The H NMR spectrum of mPEG-b-p(HPMAmM-Bz) was recorded using a Gemini 300 MHz
spectrometer (Varian Associates Inc. NMR Instruments, Palo Alto, CA), using DMSO-dg as
the solvent. The DMSO peak at 2.5 ppm was used as the reference line. Chemical shifts of
mMPEG-b-p(HPMAmM-Bz): 8.0 (b, 2H, aromatic CH), 7.55 (b, 1H, aromatic CH), 7.65 (b, 2H,
aromatic CH), 7.35 (b, CO-NH-CH,), 5.0 (b, NH-CH,-CH(CH3)-0-(Bz)), 3.40-3.60 (b,
MPEGs5q09 methylene protons, O-CH,-CHb), 3.1 (b, NH-CH»-CH), 0.1-2.0 (b, the rest of the
protons are from the methyl and backbone CH, protons).

The number-average molecular weight (M) of mPEG-b-p(HPMAmM-Bz) was determined
by 1H NMR analysis as follows: (a) the value of the integral of the mPEG protons divided
by 448 (the average number of protons per one mPEG chain, M,, = 5000) gives the integral
value for one mPEG chain, and (b) the number of HPMAm-Bz units in the polymers was
determined from the ratio of the integral of the aromatic protons of HPMAmM-Bz (8.0 ppm,
2H, aromatic CH) to the integral of one mPEG chain. The M, of the hydrophobic block was
calculated from the resulting number of HPMAmM-Bz units.

GPC was conducted to measure the number average molecular weight (M,), weight average
molecular weight (M,,) and polydispersity (PDI, equal to M/M,,) of mPEG-b-p(HPMAmM-
Bz), using two serial Plgel 5 ym MIXED-D columns (Polymer Laboratories) and PEGs of
narrow molecular weights as calibration standards. The eluent was DMF containing 10 mM
LiCl, the elution rate was 0.7 mL/min and the temperature was 40 °C.3’
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Synthesis and characterizations of Cy7 labeled mPEG-b-p(HPMAmM-BZz)

MPEG-b-p(HPMAM-Bz-co-AEMAmM) was synthesized as described above with 2 mol% of
AEMAmM (N-(2-aminoethyl)methacrylamide hydrochloride, relative to HPMAmM-Bz)
copolymerized in the hydrophobic block of the polymer (Figure 1B). The primary amine
side groups of mPEG-b-p(HPMAmM-Bz-co-AEMAmM) were subsequently reacted with Cy7
NHS ester (Figure 1C). Briefly, Cy7 NHS ester was dissolved in DMSO (dried on 4
angstrom molecular sieves) at a concentration of 10 mg/mL. The polymer (31 mg) was
transferred into a dried flask and, 0.18 mL solution of the Cy7 NHS ester (10 mg/mL) and 1
uL of TEA (dried on A4 molecular sieves) were added and the reaction was conducted at 50
°C for 48 hours. Uncoupled Cy7 was removed by dialysis against THF/water (1/1, v/v) with
refreshing the dialysate after 24 hours for in total 5 times. The final product was collected
after freeze drying and obtained as a dark green powder after lyophilization and the amount
of Cy7 coupled to the polymer was analyzed as previously described by GPC coupled with a
UV detector (detection wavelength of 700 nm) with a calibration curve of Cy7 standard
solutions according to a previously reported method.57

Preparation of empty and PTX/(Cy5.5)-loaded (Cy7-labeled) mPEG-b-p(HPMAmM-BZz)
micelles, PTX-loaded thermosensitive mPEG-b-p(HPMAM-Bz3p/Ntys-co-HPMAM-Lacyqg75)

micelles

Empty mPEG-b-p(HPMAmM-Bz) micelles were prepared as follows. mPEG-b-p(HPMAmM-
Bz) was dissolved in THF at a concentration of 27 mg/mL and subsequently, 1 mL of the
polymer solution was added dropwise to 1 mL of reverse osmosis (RO) water while stirring.
The mixture was incubated at room temperature for 48 hours to allow evaporation of THF.
The resulting micellar dispersion was filtered through 0.45 pm nylon membrane
(Acrodisc®). The Z-average (Zaye) Size of the micelles was measured by dynamic light
scattering (DLS) using an ALV/CGS3 system. The amount of residual THF after
evaporation for 48 hours was measured H NMR as follows. THF (4H at 3.60 ppm) was
mixed with D,O (containing 10 mg/mL sodium acetate as an internal standard), and the
amount of THF left after evaporation for 48 hours at room temperature was calculated by
comparing the integral of THF at 3.60 ppm to that of sodium acetate (CH3 at 1.76 ppm).

PTX-loaded micelles were prepared similarly as the empty micelles, with PTX dissolved
(concentration ranging from 3 to 12 mg/mL) in the polymer solution in THF. The PTX-
loaded micelles were filtered through 0.45 pm nylon membrane (Acrodisc®) to remove non-
encapsulated PTX. To assess the PTX loading content, the PTX-loaded polymeric micelles
were diluted with ACN at least 10 times to destabilize the micelles and the dissolved PTX
was subsequently quantified by UPLC analysis using Waters Acquity system. Eluent A:
ACN/water = 45/55 (v/v) with 0.1% formic acid; eluent B: ACN/water = 90/10 (v/v) with
0.1% formic acid. A gradient was run with the volume fraction of eluent B increasing from 0
to 100% from 4.5 to 7 minutes and subsequently decreasing to 0% from 7.5 minutes to 10
minutes. An ACQUITY UPLC HSS T3 column was used and the detection wavelength was
227 nm. Seven L of the solution was injected and the PTX concentration in the different
samples was calculated using a calibration curve of PTX standards prepared in ACN in a
concentration range of 0.2 to 100 pg/mL.
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The PTX-loaded thermosensitive mPEG-b-p(HPMAmM-Bz3¢/Nty5-co-HPMAm-Lacyq7s)
micelles were prepared using a fast heating method as previously described3” with 4.2
mg/mL of feed PTX concentration and 9 mg/mL of polymer concentration, and
characterized by Z,e (DLS) and PTX content (UPLC analysis).

For multimodal in vivo and ex vivo imaging studies, mPEG-b-p(HPMAmM-Bz) micelles
chemically labeled with Cy7 and physically loaded with Cy5.5 were prepared similarly to
the PTX-loaded mPEG-b-p(HPMAmM-Bz) micelles. Briefly, 1 mL THF solution of 26.6 mg
of non-labeled mMPEG-b-p(HPMAm-Bz), 0.4 mg of Cy7 labeled mPEG-b-p(HPMAmM-Bz)
and 0.02 mg of Cy5.5 (as a physically loaded modal drug) was added dropwise to 1 mL of
water while stirring. The micellar dispersion was incubated at room temperature for 48
hours to allow evaporation of THF. Next, the resulting micellar dispersion was filtered
through 0.45 pm nylon membrane (Acrodisc®).

Effects of empty and PTX-loaded polymeric micelles and Taxol® on cell viability

The cytocompatibiltiy of empty polymeric micelles and the therapeutic efficacy of PTX-
loaded polymeric micelles was evaluated using A431 and MDA-MB-468 cells. Empty and
PTX-containing Taxol® were used as the control formulations. A431 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (abbreviated as DMEM, PAA Laboratories GmbH,
Pasching, Austria) containing 3.7 g/L sodium bicarbonate, 4.5 g/L I-glucose, 2 mM |-
glutamine, and supplemented with 10% (v/v) fetal bovine serum (FBS). MDA-MB-468 cells
were cultured in ATCC-formulated Leibovitz’s L-15 Medium (ATCC, Manassas, VA, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS). Cells were kept in culture at 37 °C
in a humidified atmosphere containing 5% CO,. Cells were seeded into 96-well plates at a
density of (5 x 103 cells/well) and incubated for 24 hours at 37 °C in a 5% CO, humidified
atmosphere. Stock solutions of empty micelles (polymer = 27 mg/mL) and PTX loaded
micelles (varied PTX concentration, polymer = 27 mg/mL) were prepared as described
above. Empty Taxol® vehicle was prepared by mixing Cremophor® EL and ethanol (1/1,
v/v). The empty and PTX-loaded micellar and Taxol® formulations were diluted in the
corresponding cell culture media to yield different concentrations of vehicles and PTX. 100
pL of the different formulations was added to the wells. The cells were incubated at 37 °C in
a humidified atmosphere with 5% CO2 and the cell viability was determined using a XTT
colorimetric assay after 72 hours.3”

Circulation kinetics and biodistribution of Cy7-labeled mPEG-b-p(HPMAmM-Bz) micelles
loaded with Cy5.5 by multimodal in vivo and ex vivo imaging

CD-1 nude female mice (n=5) were fed with chlorophyll-free food pellets and water ad
libitum, and caged in ventilated cages and clinically controlled rooms and atmosphere. The
animal studies were performed in compliance with guidelines set by national regulations and
were approved by the local animal experiments ethical committee. CD-1 nude mice were
inoculated with A431 tumor cells (4x106 cells/100 pL PBS pH 7.4) subcutaneously into the
right flank 15 days before the start of the experiment, which lead to the development of
A431 tumor xenograft with an approximate size of 6-7 mm in width.
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In vivo imaging—Cy7-labeled mPEG-b-p(HPMAmM-Bz) micelles loaded with Cy5.5 were
studied for their blood circulation kinetics and biodistribution. The mPEG-b-p(HPMAM-Bz)
micelles (2.0 nmol Cy7 and 2.5 nmol of Cy5.5) were i.v. injected into mice under anesthesia
using isoflurane. pCT (Tomoscope DUO; CT Imaging, Erlangen, Germany) and 3D FMT
imaging (FMT2500; PerkinElmer) were performed immediately after injection according to
the previously reported protocol.#* The obtained uCT and FMT scans were fused (workflow
shown in Figure S4). Based on the uCT data, tumor, kidneys, liver, heart, lungs and muscle
were segmented, using an Imalytics Research Workstation software (Philips Technologie
GmbH Innovative Technologies, Aachen, Germany). Accumulation in spleen, known to be
an important organ for clearing nanocarriers from the blood, could not be assessed using
UCT-FMT. FMT reconstructed signals were overlapped onto respective organ-segmented
UCT images, and the amount of Cy7 and Cy5.5 accumulated in these organs was quantified.

For the circulation kinetics study, blood samples were collected at 2 minutes, and at 4, 24
and 48 hours post injections, and the amount of Cy7 and Cy5.5 in the blood samples was
quantified by 2D Fluorescence reflectance imaging (FRI) using a calibration curve.

Ex vivo imaging—The mice that received i.v. injections of Cy7-labeled mPEG-b-
p(HPMAmM-Bz) micelles loaded with Cy5.5 were sacrificed 48 hours after injections. Organs
were collected, weighted and analyzed by 2D FRI at the 680 and 750 nm channels.

Pharmacokinetics and biodistribution of PTX loaded in mPEG-b-p(HPMAM-Bz),
thermosensitive mPEG-b-p(HPMAM-Bz30/Ntys-co-HPMAmM-Lacyg,75) micelles and Taxol® in
a human tumor xenograft model

Female Crl:NU-Fox"1nu mice (22.5 + 2.5 g) were purchased from Charles River
International Laboratories, Inc. and had free access to water and food. The animal studies
were performed in compliance with guidelines set by national regulations and were
approved by the local animal experiments ethical committee. Human A431 tumor xenografts
were established by subcutaneous inoculation of the mice in the right flank with 1 x 10°
A431 cells suspended in 100 uL PBS pH 7.4.8. 69 Tumors were measured using a digital
caliper. The tumor volume V (in mm3) was calculated using the formula V = (11/6)LS2
where L is the largest and S is the smallest superficial diameter.

For the pharmacokinetics (PK) study of PTX loaded in mPEG-b-p(HPMAmM-Bz) micelles,
three groups of mice (8 mice per group) were injected with 100 pL of the PTX-loaded
micelles (3.2 mg/mL PTX and 27 mg/mL polymer) via the tail vein. Blood samples (~80
uL) were collected in tubes with EDTA-anticoagulant via submandibular cheek puncture
from mice at 0.03, 0.5, 1, 4, 8 and 24 hours, respectively, post injection. The plasma was
separated from the cell fraction by centrifugation at 1.500 g for 10 minutes, and then one
volume of plasma was mixed with two volumes of ACN and vortexed for one minute
followed by centrifugation at 12.000 g for 5 minutes. The PTX concentration in the
supernatant was measured by UPLC analysis as described above. Control formulations of
Taxol® and PTX-loaded thermosensitive mPEG-b-p(HPMAM-Bz3q/Ntys-co-HPMAM-
Lac7o/75) polymeric micelles prepared according to a previously reported method3’ were
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injected at the same PTX dose (8 mice per group) and blood samples were taken at 0.03 and
24 hours after injections.

The biodistribution of PTX was studied by analyzing the PTX concentrations in different
organs by UPLC at 24 hours after administration of all formulations. The animals were
sacrificed (without perfusion with saline) and organs were removed and treated as follows.
To 100 mg of organ tissue, 250 uL of PBS pH 7.4 was added and the mixture was
homogenized by a Bertin tissue grinder at speed of 6.000/s for 60 seconds. The
homogenized mixture was mixed with 500 pL of ACN and vortexed for 1 minute. The
mixture was then centrifuged at 12.000 g and the supernatant was collected. The PTX
concentration in the supernatant was analyzed by UPLC as described above.

Therapeutic efficacy study of PTX-loaded mPEG-b-p(HPMAmM-Bz) micelles in human A431
and MDA-MB-468 tumor xenograft models

A431 cell culture conditions, mouse strain (female Crl:NU-Fox"1nu mice (22.5 + 2.5 g)),
housing conditions and inducement of the subcutaneous tumor are described above. When
the tumors reached a volume of ~100 mm3, mice were included in the study. The mice
received 100-200 pL i.v. injections in the tail vein 2 times per week for a total of 10
injections. Each injected dose corresponded with 15 mg/kg PTX in Taxol®, and 15 or 30
mg/kg PTX in mPEG-b-p(HPMAmM-Bz) micelles (equivalent to 120 or 240 mg/kg polymer).
Control groups were injected with 200 ul of empty mPEG-b-p(HPMAM-Bz) micelles (240
mg/kg polymer) and PBS pH 7.4 with the same dose regimen as the PTX formulations.

MDA-MB-468 cell culture conditions, mouse strain (female Crl:NU-Fox"'1nu mice (22.5 £
2.5 g)) and housing conditions are described above. MDA-MB-468 tumor xenograft were
established by subcutaneous inoculation of the mice in the right flank with 1 x 10 MBA-
MD-468 cells suspended in 100 pL cold PBS pH 7.4. When the tumors reached a volume of
80-100 mm3, mice were included in the study. The mice received 100-200 pL i.v. injections
in the tail vein 1 time per week for a total of 9 injections. Each injected dose corresponded
with 15 mg/kg PTX in Taxol®, and 15 or 30 mg/kg PTX in mPEG-b-p(HPMAmM-B2)
micelles (equivalent to 120 or 240 mg/kg polymer). Control groups were injected with 200
ul of empty mPEG-b-p(HPMAmM-Bz) micelles (240 mg/kg polymer) and PBS pH 7.4 with
the same dose regimen as the PTX formulations.

Statistical analyses were performed using GraphPad Prism 5.00 (GraphPad Software, Inc.,
La Jolla, CA, USA). Differences in tumor growth were analyzed using one-way ANOVA
with Bonferroni post-test and survival times were analyzed using the log rank test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synthesis and Cy7 labeling of mPEG-b-p(HPMAmM-Bz). (A) Polymer synthesis. (B, C) Cy7
labeling.
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Viability of A431 and MDA-MB-468 tumor cells after exposure to polymeric micelles and
Taxol® for 72 hours. (A) Exposure to empty formulations. (B) Exposure to PTX-loaded

formulations. Data are presented as mean * SD.
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Figure4.
Circulation kinetics and biodistribution of Cy7-labeled mPEG-b-p(HPMAmM-Bz) micelles

loaded with Cy5.5 as a model drug. (A) Blood samples taken at different time points were
used to quantify the %ID present in systemic circulation. (B) Representative biodistribution
images over time, showing CT-segmented organs and the respective FMT reconstructions of
the Cy7-labeled micelle and the Cy5.5 model drug payload. (C) Transversal slice through
the tumor, exemplifying the efficient accumulation of both the Cy7-labeled micelles and the
Cy5.5-based model drug at the pathological site. (D) Quantification of the %ID
accumulating in tumors over time. (E) Accumulation of the Cy7-labeled micelles and the
Cy5.5-based model drug in tumors and healthy tissues at 48 hours post i.v. injection. Data
are presented as mean + SD (n=5).
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Ex vivo FRI analysis of the accumulation of the Cy7-labeled micelles and the Cy5.5-based

model drug in tumors and healthy organs. (A) Representative images, obtained at
wavelengths of 750 nm (micelles) and 680 nm (model drug) are shown. (B) Quantification
of the ex vivo images of micelle and model drug accumulation exemplify effective and
relatively selective targeting to tumors.
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Circulation kinetics and biodistribution of PTX-loaded polymeric micelles (14 mg/kg PTX).
(A) Plasma concentrations of PTX after i.v. injection of different formulations in A431
tumor-bearing mice. PTX concentrations in blood samples from mice that received Taxol®
or thermosensitive mMPEG-b-p(HPMAmM-Bz/Nt-co-HPMAmM-Lac) micelles were below the
detection limit (<0.6 pg/mL plasma) 24 hours post injection. (B) ID%/g organ of PTX in
mice 24 hours after i.v. injection of PTX-loaded mPEG-b-p(HPMAM-Bz) micelles. PTX
concentrations in organs (tumor, liver, kidneys, spleen, heart and lungs) of mice that
received Taxol® and PTX-loaded thermosensitive mPEG-b-p(HPMAmM-Bz/Nt-co-HPMAm-
Lac) micelles were below the detection limit (< 0.4 1D%/g organ). Data are presented as
mean + SD (n=7-8).
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Figure7.
Therapeutic efficacy of PTX-loaded polymeric micelles in human tumor xenograft models.

Treatment consisted of i.v. injections of PBS, empty mPEG-b-p(HPMAmM-Bz) micelles,
Taxol® (15 mg/kg PTX) and PTX-loaded mPEG-b-p(HPMAmM-Bz) micelles (15 and 30
mg/kg PTX). Arrows represent i.v. injections. (A) Tumor growth of A431 xenografts in
mice. Data are presented as mean + SEM (n=12). Data were statistically analyzed by one-
way ANOVA with Bonferroni post-test. *, p-value < 0.01 Taxol® (15 mg/kg PTX) versus
micelles (30 or 15 mg/kg PTX), p-value < 0.01 micelles (30 or 15 mg/kg PTX) versus PBS
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or empty micelles. (B) Kaplan-Meier survival curves of A431 tumor-bearing mice treated
with PTX formulations or negative control (n=12). Data were statistically analyzed by log
rank test. (C) Representative images of A431 tumor-bearing mice 15 days after the first
injection. (D) Tumor growth of MDA-MB-468 xenografts in mice. Data are presented as
mean + SEM (n=8). Data were statistically analyzed by one-way ANOVA with Bonferroni
post-test. *, p-value < 0.01 Taxol® (15 mg/kg PTX) versus micelles (30 or 15 mg/kg PTX),
p-value < 0.01 micelles (30 or 15 mg/kg PTX) versus PBS or empty micelles. (E, F)
Relative body weight of mice bearing A431 (n=12) and MDA-MB-468 (n=8) xenografts,
respectively, throughout therapeutic efficacy studies. Data are presented as mean + SD.
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