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T
axane-basedchemotherapeutic agents,
such as paclitaxel (PTX) and docetaxel,
are clinically well-established mitotic

inhibitors that present high therapeutic effi-
cacy against a range of solid tumors. The
application of taxane-based therapies in
patients is hampered by dose-limiting neuro-
toxic adverse effects, as well as by the highly
hydrophobic nature of themolecules, which
requires them to be administered in solubi-
lization enhancers, such as Cremophor EL,
which are typically associated with hyper-
sensitivity reactions.1

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�9 Polymeric micelles are ideal
carrier systems for the development of an-
ticancer nanomedicines as they can be
synthesized from polymers suitable for
systemic administration in humans, custo-
mized to encapsulate drugs at doses used in
clinical practice and tailored to achiv pro-
longed circulation kinetics necessary for
tumor accumulation.10�16 Several polymeric
micelle-based nanomedicines are being
evaluated in (pre)clinical studies for cancer
therapy,17�19 and PTX-loaded monomethoxy
poly(ethylene glycol)-block-poly(D,L-lactide)
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ABSTRACT Treatment of cancer patients with taxane-based

chemotherapeutics, such as paclitaxel (PTX), is complicated by their

narrow therapeutic index. Polymeric micelles are attractive nanocar-

riers for tumor-targeted delivery of PTX, as they can be tailored to

encapsulate large amounts of hydrophobic drugs and achiv 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 PTX-loaded micelles which are stable without chemical cross-linking and covalent drug attachment. These

micelles are characterized by excellent loading capacity and strong drug retention, attributed to π�π 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

μCT-FMT imaging using near-infrared labeled micelles and payload. The PTX-loaded 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 π�π stacking-stabilized

polymeric micelles are promising carriers to improve the delivery of highly hydrophobic drugs to tumors and to increase their therapeutic index.
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(mPEG�PDLLA) based polymeric micelles (Genexol
PM/Cynviloq/IG-001) have been approved for the
treatment of various cancers in several countries in
Asia.20,21 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 formula-
tions 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 intrave-
nous (iv) injection,25,26 as well as by rapid PTX release
from themicelles.23,24 Because of the poor stability and
drug retention of current PTX-loaded polymeric mi-
celles, 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 pre-
vented by chemical cross-linking,32 but this strategy
does not necessarily improve drug retentionwithin 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 pharmacolo-
gical effect of the drugs.33�36

We previously demonstrated that incorporation of
aromaticmethacrylamidemonomers in the hydrophobic
block of thermosensitive polymers based onmethoxy poly-
(ethylene glycol)-b-(N-(2-lactoyloxypropyl)methacrylamide)
(mPEG-b-p(HPMAm-Lac) can considerably improve the
stability, drug loading capacity and drug retention of
taxane-loaded polymeric micelles, which was attribu-
ted to π�π stacking interactions between the drug
and the aromatic groups of the polymer chains.37

However, these aromatic thermosensitive polymeric
micelles showed insufficient stability in the blood
circulation after iv 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 HPMAm
repeating units in the block copolymer of mPEG-b-
pHPMAm, the polymer (methoxy poly(ethylene glycol)-
b-(N-(2-benzoyloxypropyl) methacrylamide)) (mPEG-b-
p(HPMAm-Bz)) forms micelles with greatly enhanced
micellar stability and PTX retention in the blood circu-
lation. These favorable properties are attributed to
noncovalent π�π stacking interactions, while pre-
viously it was necessary to apply chemical cross-linking
and covalent drug conjugation for stabilizing micelles
and increasing drug retention.35,38 The physicochemical
properties of the obtained PTX-loaded micelles were

characterized, after which circulation kinetics and bio-
distribution in tumor-bearing mice were determined
by multimodal imaging techniques and ultra perfor-
mance liquid chromatography (UPLC) analysis. The
newly developed π�π 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(HPMAm-Bz). The
polymer used to prepare π�π stacked polymeric mi-
celles, i.e., mPEG-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
theMn of the synthesized polymers was 20 kDa (which is
close to that calculated based on 1H NMR analysis
(Supporting Information Figure S1A); 22 kDa), and the
polydispersity index (PDI, Mw/Mn) was 1.7. Previous
studies have shown that amphiphilic polymers with rela-
tively 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.37,40,41

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 μg/mL, as measured using pyrene as
a fluorescent probe.39 The CMC of mPEG-b-p(HPMAm-
Bz) was substantially lower as compared to that of
methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxy30)-
methacrylamide)-co-(N-(2-lactoyloxypropyl)methacryl-
amide70) (mPEG-b-p(HPMAm-Bz30-co-HPMAm-Lac70))
(CMC was 20 μg/mL37). This very low CMC is likely
attributed to strong π�π 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, mPEG-b-p(HPMAm-Bz) with 2 mol % (rela-
tive to HPMA-Bz) of N-(2-aminoethyl)methacrylamide
hydrochloride (AEMAm) was synthesized and reacted
with Cy7 NHS ester via the amine-NHS reaction
(Figure 1B and C). After 48 h of reaction, 84% of the
primary amine groups of the polymer had reacted with
Cy7 NHS ester. After the coupling reactions, on aver-
age, one polymer chain carried one Cy7 label. 1H NMR
spectrum (Supporting Information Figure S1B) and
GPC chromatograms (Supporting Information Figure S2)
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of the Cy7-labeled polymer are shown in the Support-
ing Information.

Preparation of π�π Stacked mPEG-b-p(HPMAm-Bz) Micelles
Loaded with PTX. Polymeric micelles of mPEG-b-p(HPMAm-
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 hwas
3wt%asmeasuredbyNMRanalysis. 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
(Zave) of theparticles asmeasuredbyDLSwas 120nm (PDI
of 0.11), which decreased to 71 nm (PDI of 0.08) after
evaporation of THF for 48 h. 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 concen-
tration <10 mg/mL, and the highest loading capacity
was 23 wt %, 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-PM42). We did not attempt to further enhance
the loading capacity of our formulation (as, e.g., in
Schulz et al.2), but primarily aimed to develop amicellar
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 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 (Supporting Information Figure S3).

Effects of Empty and PTX-Loaded Polymeric Micelles on Cell
Viability. Cell viability assayswere performedwith A431
and MDA-MB-468 tumor cells to assess the cytocom-
patibility 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, re-
spectively, while both types of cells were fully viable
at the micelle concentrations up to 0.5 mg/mL.

Figure 1. Synthesis and Cy7 labeling of mPEG-b-p(HPMAm-Bz). (A) Polymer synthesis; (B and C) Cy7 labeling.
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These results suggest a favorable toxicity profile of
the empty polymeric micelles when compared to
Cremophor EL.

Figure 3B shows that the effects of PTX-loaded
polymeric micelles on tumor cell viability were com-
parable to those of Taxol (IC50 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 in vitro.

Themicellar 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 com-
pared to Taxol.43

Biodistribution of π�π Stacked Cy7-Labeled mPEG-b-p-
(HPMAm-Bz) Micelles Loaded with Cy5.5 by Multimodal Imaging
Techniques. The circulation kinetics and biodistribution
of the Cy7-labeled mPEG-b-p(HPMAm-Bz) micelles
loaded with Cy5.5 (preparation and characterization
are described in Section 2, Supporting Information)
after iv injection into mice bearing A431 tumors
were assessed using 2D fluorescence reflectance imag-
ing (FRI) and a newly developed hybrid imaging tech-
nique, i.e., noninvasive 3D microcomputed tomography-
fluorescence molecular tomography (μCT-FMT), which
allows for a more accurate quantification of the

biodistribution of fluorophores in mice.44,45 Figure 4A
shows the prolonged blood circulation of mPEG-b-
p(HPMAm-Bz) micelles labeled with Cy7. Cy5.5 as
a model drug had faster elimination kinetics than
those of themicelles, 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 μCT-FMT (Figure 4B) and colocalization of
Cy7 and C5.5 in the tumor (Figure 4C).

The biodistribution of Cy7 and Cy5.5 is shown in
Figure 4D,E. Substantial tumor accumulation of the
micelles (∼12 ID%/cm3 at 48 h 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 themicelles,
which subsequently accumulated in the kidneys.48,49

Whereas iv administered free Cy5.5 is known to be
immediately excreted and unable to accumulate in
tumors,50 the tumor accumulation of Cy5.5 entrapped
within the π�π 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

Figure 2. Characterization of the mPEG-b-p(HPMAm-Bz) micelles loaded with PTX. (A) Encapsulation efficiency and loading
capacity; (B) Zave and PDI. Data are presented as mean ( SD.

Figure 3. Viability of A431 andMDA-MB-468 tumor cells after exposure to polymericmicelles and Taxol for 72 h. (A) Exposure
to empty formulations; (B) exposure to PTX-loaded formulations. Data are presented as mean ( SD.
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the micelles are still markedly improved, confirming
the ability of long circulating polymeric micelles to fa-
cilitate 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 poly-
meric micelles by in vivo μCT-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 μCT-FMT imaging data, the accumulation of
Cy5.5 in these organswas 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,50 the highest level of the model drug
was delivered to 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 π�π
Stacked mPEG-b-p(HPMAm-Bz) Micelles in a Human Tumor
Xenograft Model. Following iv injection, quick elimina-
tion of PTX loaded in polymeric micelles or other
nanosized particulate formulations, e.g., PEGylated
liposomes, in the blood circulation hampers tumor-
targeted drug delivery exploiting the EPR effect.54�56

One explanation for these observations is that poly-
mericmicelles 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-
PCL104 or core-cross-linked mPEG-b-p((20%HEMAm-
Lac1)-co-(80%HEMAm-Lac2)) with long circulation
times in the bloodstream, it was found that physically

Figure 4. Circulation kinetics andbiodistributionof Cy7-labeledmPEG-b-p(HPMAm-Bz)micelles loadedwith Cy5.5 as amodel
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-labeledmicelle and the Cy5.5model drug payload. (C) Transversal slice through the tumor, exemplifying the efficient
accumulation of both the Cy7-labeledmicelles and the Cy5.5-basedmodel 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 h post iv injection. Data are presented as mean ( SD (n = 5).
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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-
(HPMAm-Bz/Nt-co-HPMAm-Lac) polymeric micelles,
the stability and drug retention were significantly
improved as compared to thermosensitive polymeric
micelles without aromatic monomers.37 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 (Supporting
Information Figure S5).56,57

The pharmacokinetic (PK) profiles of PTX adminis-
tered in micelles based on mPEG-b-p(HPMAm-Bz)
polymers and that of Taxol were studied in mice
bearing human A431 tumor xenografts. Figure 6A
shows that after iv injection, PTX in Taxol was quickly
eliminated from the blood circulation and less than
10% of the injected dose was detected in blood 2 min
post injection, which is in agreement with previously
reported data.56 Importantly, the half-life of PTX loaded
in themPEG-b-p(HPMAm-Bz)micelles was significantly
increased (∼8 h) 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(HPMAm-Bz) in the blood circula-
tion. Occurrence of π�π stacking interactions in mi-
celles has been reported before.37,61 In a previous
study,37 thermosensitive polymeric micelles based on
polymers similar to mPEG-b-p(HPMAm-Bz) with a low
content (<30 mol %) of aromatic repeating units were
analyzed by solid state NMR spectroscopy and the
results point to π�π stacking interactions between
aromatic groups in the micellar core. In the present
study, polymeric micelles were prepared using mPEG-
b-p(HPMAm-Bz) with 100 mol % of aromatic repeating
units in the hydrophobic block and π�π stacking

interactions between the aromatic groups are ex-
pected to occur.

A comparably long half-life of PTX has been re-
ported for micelles based on poly(ethylene glycol)-
poly(aspartate) block copolymersmodifiedwith 4-phenyl-
1-butanol (∼6.5 h).43 The AUC0‑inf of the PTX loaded
in the mPEG-b-p(HPMAm-Bz) micelles in the blood
circulation was ∼1800 μg 3 h/mL, which is in the
high range reported in literature for drug-loaded
polymeric micelles.23,62,63 Furthermore, it is markedly
higher than that of Taxol formulation (∼80 μg 3 h/mL at
a dose of 20 mg/kg)56 and comparable to that of PTX-
loaded long circulating micelles reported previously
(∼8000 μg 3 h/mL at around 4 times higher dose of PTX
(50 mg/kg).43

The biodistribution of PTX 24 h after iv injection of
the different formulations in tumor-bearing mice was
investigated (Figure 6B). The animals were sacrificed at
24 h after iv 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(HPMAm-Bz) micelles), this does not
affect the overall biodistribution pattern, as the relative
blood volume in tumors is 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(HPMAm-Bz/Nt-co-
HPMAm-Lac) micelles or Taxol (corresponding to
values below 0.4 ID%/g organ). In contrast, high con-
centration of PTX in tumors (∼8 ID%/g at 24 h post
injection) of mice that received PTX-loaded mPEG-b-
p(HPMAm-Bz) micelles was detected. These results
confirm the prolonged circulation kinetics for the
stable PTX-loaded mPEG-b-p(HPMAm-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 h. At doses up
to 20 mg/kg, rapid clearance of PTX is frequently
observed, resulting in low PTX accumulation in healthy
organs at 24 h post iv injection, with values ranging

Figure 5. Ex vivo FRI analysis of the accumulation of the Cy7-labeled micelles and the Cy5.5-basedmodel 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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between 0.1 and 2 μg/g tissue.64,65 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 μg/g). This notion again exemplifies
that PTX delivery can be substantially improved upon
incorporation in π�π-stacked polymeric micelles. PTX
was also found in liver and spleen, in agreement with
the imaging data of Cy7 labeled micelles (Figures 4D,E
and 5B) and indicating clearance of the micelles by
hepatosplenic macrophages.46 In contrast to Cy5.5
which highly accumulated in kidneys (Figures 4
and 5), PTX did not show substantial deposition in
kidneys. PTX accumulation in the tumor (∼8% ID%/g)
correlated with the results of μCT-FMT study.

Antitumor Efficacy of PTX-Loaded mPEG-b-p(HPMAm-Bz)
Micelles. The therapeutic efficacy of the PTX-loaded
mPEG-b-p(HPMAm-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 1 week after inocula-
tion of the tumor cells, when tumors had reached a
volume of∼100mm3. Mice that received PBS or empty
mPEG-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-
(HPMAm-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(HPMAm-Bz) micelles, complete tumor regression
was observed 35 days after the initial treatment. These
results demonstrate that improved 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 hu-
mane end point (tumor volume g1500 mm3), treated
with the different PTX formulations is shown in
Figure 7B. The survival of mice treatedwith PTX-loaded
mPEG-b-p(HPMAm-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 iv 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
∼100mm3. Figure 7D shows that Taxol (15mg/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 poly-
meric micelles observed in the study with A431 as a
tumor model.

Repeated injections of PTX-loaded polymeric mi-
celles 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 repre-
sentatively assessed for liver, spleen and kidney by
histopathological analysis (Supporting Information
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 de-
scribed before by Kataoka and colleagues.43 This for-
mulation, NK105, has been tested in animal models
and shown to be safe in patients, and it is currently in

Figure 6. Circulation kinetics and biodistribution of PTX-loaded polymeric micelles (14 mg/kg PTX). (A) Plasma concentra-
tions of PTXafter iv injectionof different formulations inA431 tumor-bearingmice. PTX concentrations inblood samples from
mice that received Taxol or thermosensitive mPEG-b-p(HPMAm-Bz/Nt-co-HPMAm-Lac) micelles were below the detection
limit (<0.6 μg/mL plasma) 24 h post injection. (B) ID%/g organ of PTX in mice 24 h after iv 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(HPMAm-Bz/Nt-co-HPMAm-Lac) micelles were below the detection limit
(<0.4 ID%/g organ). Data are presented as mean ( SD (n = 7�8).
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Figure 7. Therapeutic efficacy of PTX-loaded polymeric micelles in human tumor xenograft models. Treatment consisted of iv
injections of PBS, empty mPEG-b-p(HPMAm-Bz) micelles, Taxol (15 mg/kg PTX) and PTX-loadedmPEG-b-p(HPMAm-Bz) micelles
(15 and 30mg/kgPTX). Arrows represent iv injections. (A) Tumor growth of A431 xenografts inmice.Data arepresentedasmean
( 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 or empty micelles. (B)
Kaplan�Meier survival curves of A431 tumor-bearingmice treatedwith PTX formulations or negative control (n= 12). Datawere
statistically analyzed by log rank test. (C) Representative images of A431 tumor-bearingmice 15 days after the first injection. (D)
Tumor growth ofMDA-MB-468 xenografts inmice. Data are presented asmean( SEM (n=8). Datawere statistically analyzed by
one-way ANOVA with Bonferroni post-test. *p-value < 0.01 Taxol (15 mg/kg PTX) versusmicelles (30 or 15 mg/kg PTX), p-value
< 0.01micelles (30 or 15mg/kg PTX) versus PBS or empty micelles. (E and F) Relative bodyweight 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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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 straightfor-
ward one-step radical polymerization, as opposed to
the polymer used in NK105, which was prepared in
three steps, involving ring opening polymerization and
postpolymerization 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 versus 6.5 h, respectively). Although evaluated in
different animal models, the therapeutic potential of
both formulations is comparable, inducing complete tu-
mor 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(HPMAm-Bz) micelles.

Taken together, our results demonstrate that the
developed polymeric micelles stabilized by π�π stack-
ing interactions are attractive carrier systems for
the development of PTX-nanomedicines. The poly-
meric micelles are produced in a straightforward and
cost-effective manner, without the need for chemical
cross-linking or covalent drug conjugation, and are
characterized by excellent loading capacity, enhanced
stability and strong PTX retention. The IC50 values of
micellar PTX were comparable to those of the free drug
(i.e., Taxol), for both A431 and MDA-MB-468 cells, indi-
cating that the potency of PTX was not compromised
by encapsulation. The micellar characteristics ensure

prolonged circulation kinetics, substantial tumor accu-
mulation and efficient tumor regression in two well-
known and routinely used xenograft models, i.e., A431
and MDA-MB-468, without inducing significant toxi-
city, demonstrating the therapeutic (and translational)
potential of this formulation.

CONCLUSIONS

In this study, an amphiphilic polymer mPEG-b-p-
(HPMAm-Bz) bearing aromatic benzoyl groups was
synthesized via free radical polymerization. In an aque-
ous 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 amuch better cytocompat-
ibility than Taxol solvent, while PTX loaded in the
polymeric micelles displayed comparable cytotoxicity
as Taxol. After iv injection, the mPEG-b-p(HPMAm-Bz)
micelles displayed prolongedblood circulation kinetics
and, importantly, efficient PTX retention in the mi-
celles, which is attributed to π�π stacking and hydro-
phobic interactions between the polymer chains and
PTX. As a result, high tumor accumulation of PTX
delivered by the stable polymeric micelles was ob-
served. These results were confirmed by in vivo imag-
ing studies with Cy7-labeled polymeric micelles
loaded with Cy5.5 as a model drug. The PTX-loaded
mPEG-b-p(HPMAm-Bz) micelles induced complete re-
gression of both A431 epidermoid and MDA-MB-468
breast carcinoma xenografts, while Taxol only dis-
played 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 π�π stacking interactions are
consequently considered to be an attractive plat-
form for the development of hydrophobic drug-based
nanomedicines.

METHODS AND MATERIALS
The mPEG2-ABCPA macroinitiator (Mn of mPEG = 5000 g/mol)

and HPMAm-Bz were synthesized as described previously.37,66

N-(2-Aminoethyl)methacrylamide hydrochloride (AEMAm) was
purchased from Polysciences, Inc. Cyanine7 (Cy7) NHS ester and
Cyanine5.5 alkyne (Cy5) were ordered from Lumiprobe Corpora-
tion. Paclitaxel (PTX) was purchased from LC Laboratories
(Woburn, 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 μm) 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 Na2HPO4 3 12H2O, 0.3 g
of NaH2PO4 3 2H2O per 0.5 L) was ordered from B. Braun Melsun-
gen 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(HPMAm-Bz). A block copo-
lymer of methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxypropyl)-

methacrylamide)) (mPEG-b-p(HPMAm-Bz) was synthesized via a
macroinitiator route37,39 using mPEG2-ABCPA as macroinitiator and
HPMAm-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 min. The reaction was conducted at 70 �C for 24 h under a
nitrogen atmosphere. The polymer was purified by precipita-
tion in diethyl ether and this dissolution/precipitation proce-
dure was repeated twice. The polymer was dried under
vacuum at room temperature for 24 h 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.37 Thermosensi-
tive methoxy poly(ethylene glycol)-b-(N-(2-benzoyloxy30/
naphthoyloxypropyl25) methacrylamide)-co-(N-(2-lactoyloxy-
propyl) methacrylamide70/75) (mPEG-b-p(HPMAm-Bz30)/Nt25-co-
HPMAm-Lac70/75) composed of 30/25 mol % of HPMAm-benzo-
ate/naphthoate and 70/75 mol % of HPMA-monolactate in the
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thermosensitive block was synthesized and characterized as pre-
viously reported.37

The 1H NMR spectrum of mPEG-b-p(HPMAm-Bz) was re-
corded using a Gemini 300 MHz spectrometer (Varian Associ-
ates Inc. NMR Instruments, Palo Alto, CA), using DMSO-d6 as the
solvent. The DMSO peak at 2.5 ppm was used as the reference
line. Chemical shifts of mPEG-b-p(HPMAm-Bz): 8.0 (b, 2H, aro-
matic CH), 7.55 (b, 1H, aromatic CH), 7.65 (b, 2H, aromatic CH),
7.35 (b, CO-NH-CH2), 5.0 (b, NH�CH2�CH(CH3)-O-(Bz)), 3.40�3.60
(b,mPEG5000methyleneprotons,O�CH2-CH2), 3.1 (b, NH-CH2-CH),
0.1�2.0 (b, the rest of the protons are from the methyl and
backbone CH2 protons).

The number-average molecular weight (Mn) of mPEG-b-
p(HPMAm-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,Mn =
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
HPMAm-Bz (8.0 ppm, 2H, aromatic CH) to the integral of one
mPEG chain. The Mn of the hydrophobic block was calculated
from the resulting number of HPMAm-Bz units.

GPC was conducted to measure the number-average mo-
lecular weight (Mn), weight-average molecular weight (Mw) and
polydispersity (PDI, equal to Mw/Mn) of mPEG-b-p(HPMAm-Bz),
using two serial Plgel 5 μm MIXED-D columns (Polymer
Laboratories) and PEGs of narrow molecular weights as calibra-
tion standards. The eluent was DMF containing 10 mM LiCl, the
elution rate was 0.7 mL/min, and the temperature was 40 �C.37

Synthesis and Characterizations of Cy7 Labeled mPEG-b-p(HPMAm-
Bz). mPEG-b-p(HPMAm-Bz-co-AEMAm) was synthesized as de-
scribed above with 2 mol % of AEMAm (N-(2-aminoethyl-
)methacrylamide hydrochloride, relative to HPMAm-Bz)
copolymerized in the hydrophobic block of the polymer
(Figure 1B). The primary amine side groups of mPEG-b-p-
(HPMAm-Bz-co-AEMAm) were subsequently reacted with Cy7
NHS ester (Figure 1C). Briefly, Cy7 NHS ester was dissolved in
DMSO (dried on 4 Å molecular sieves) at a concentration of
10 mg/mL. The polymer (31 mg) was transferred into a dried
flask, and 0.18mL solution of the Cy7 NHS ester (10mg/mL) and
1 μL of TEA (dried on 4 Å molecular sieves) were added and the
reaction was conducted at 50 �C for 48 h. Uncoupled Cy7 was
removed by dialysis against THF/water (1/1, v/v), refreshing the
dialysate after 24 h 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.67

Preparation of Empty and PTX/(Cy5.5)-Loaded (Cy7-Labeled) mPEG-b-
p(HPMAm-Bz) Micelles, PTX-Loaded Thermosensitive mPEG-b-p(HPMAm-
Bz30/Nt25-co-HPMAm-Lac70/75) Micelles. Empty mPEG-b-p(HPMAm-
Bz) micelles were prepared as follows. mPEG-b-p(HPMAm-Bz)
was dissolved in THF at a concentration of 27 mg/mL and
subsequently, 1 mL of the polymer solution was added drop-
wise to 1 mL of reverse osmosis (RO) water while stirring. The
mixture was incubated at room temperature for 48 h to allow
evaporation of THF. The resulting micellar dispersion was
filtered through 0.45 μm nylon membrane (Acrodisc). The
Z-average (Zave) 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 hwasmeasured 1HNMR as
follows. THF (4H at 3.60 ppm) was mixed with D2O (containing
10 mg/mL sodium acetate as an internal standard), and the
amount of THF left after evaporation for 48 h at room tempera-
ture 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 μm nylon membrane
(Acrodisc) to remove nonencapsulated PTX. To assess the PTX
loading content, the PTX-loaded polymeric micelles were di-
luted with ACN at least 10 times to destabilize the micelles and

the dissolved PTX was subsequently quantified by UPLC anal-
ysis 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 min
and subsequently decreasing to 0% from 7.5 to 10 min. An
ACQUITY UPLC HSS T3 column was used and the detection
wavelength was 227 nm. Seven microliters 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�100 μg/mL.

The PTX-loaded thermosensitive mPEG-b-p(HPMAm-Bz30/
Nt25-co-HPMAm-Lac70/75) micelles were prepared using a fast
heating method as previously described37 with 4.2 mg/mL
of feed PTX concentration and 9 mg/mL of polymer concentra-
tion, and characterized by Zave (DLS) and PTX content (UPLC
analysis).

Formultimodal in vivo and ex vivo imaging studies, mPEG-b-
p(HPMAm-Bz) micelles chemically labeled with Cy7 and physi-
cally loaded with Cy5.5 were prepared similarly to the PTX-
loaded mPEG-b-p(HPMAm-Bz) micelles. Briefly, 1 mL THF solu-
tion of 26.6 mg of nonlabeled mPEG-b-p(HPMAm-Bz), 0.4 mg of
Cy7 labeled mPEG-b-p(HPMAm-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 h to allow evaporation of THF. Next,
the resulting micellar dispersion was filtered through 0.45 μm
nylon membrane (Acrodisc).

Effects of Empty and PTX-Loaded Polymeric Micelles and Taxol on Cell
Viability. The cytocompatibiltiy of empty polymericmicelles and
the therapeutic efficacy of PTX-loaded polymeric micelles were
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
L-glucose, 2 mM L-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) FBS. Cells were kept in
culture at 37 �C in a humidified atmosphere containing 5% CO2.
Cells were seeded into 96-well plates at a density of (5 � 103

cells/well) and incubated for 24 h at 37 �C in a 5% CO2

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 de-
scribed 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 concentra-
tions of vehicles and PTX. A volume of 100 μL 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 h.37

Circulation Kinetics and Biodistribution of Cy7-Labeled mPEG-b-p-
(HPMAm-Bz) Micelles Loaded with Cy5.5 by Multimodal in Vivo and ex Vivo
Imaging. CD-1 nude female mice (n=5) were fed with chloro-
phyll-free food pellets and water ad libitum, and caged in
ventilated cages and clinically controlled rooms and atmo-
sphere. 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 (4 � 106 cells/
100 μL PBS pH 7.4) subcutaneously into the right flank 15 days
before the start of the experiment, which led to the develop-
ment of A431 tumor xenograft with an approximate size of
6�7 mm in width.

In vivo imaging: Cy7-labeled mPEG-b-p(HPMAm-Bz) mi-
celles loaded with Cy5.5 were studied for their blood circulation
kinetics and biodistribution. The mPEG-b-p(HPMAm-Bz) mi-
celles (2.0 nmol Cy7 and 2.5 nmol of Cy5.5) were iv injected
into mice under anesthesia using isoflurane. μCT (Tomoscope
DUO; CT Imaging, Erlangen, Germany) and 3D FMT imaging
(FMT2500; PerkinElmer) were performed immediately after
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injection according to the previously reported protocol.44 The
obtained μCT and FMT scans were fused (workflow shown in
Supporting Information Figure S4). On the basis of the μCT data,
tumor, kidneys, liver, heart, lungs and muscle were segmented,
using an Imalytics Research Workstation software (Philips Tech-
nologie 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 μCT-FMT. FMT reconstructed signals were overlapped
onto respective organ-segmented μCT 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 min, and at 4, 24, and 48 h 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 iv injections of Cy7-
labeledmPEG-b-p(HPMAm-Bz) micelles loaded with Cy5.5 were
sacrificed 48 h 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/Nt25-co-HPMAm-Lac70/75)
Micelles, and Taxol in a Human Tumor Xenograft Model. Female Crl:NU-
Foxnu1nu 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� 106 A431 cells suspended in
100 μL PBS pH 7.4.68,69 Tumors were measured using a digital
caliper. The tumor volume V (in mm3) was calculated using the
formula V = (π/6)LS2 where L is the largest and S is the smallest
superficial diameter.

For the pharmacokinetics (PK) study of PTX loaded inmPEG-
b-p(HPMAm-Bz) micelles, three groups of mice (8 mice per
group) were injected with 100 μL of the PTX-loaded micelles
(3.2 mg/mL PTX and 27 mg/mL polymer) via the tail vein. Blood
samples (∼80 μL) were collected in tubes with EDTA-anti-
coagulant via submandibular cheek puncture from mice at
0.03, 0.5, 1, 4, 8, and 24 h, respectively, post injection. The
plasma was separated from the cell fraction by centrifugation
at 1500 g for 10 min, and then 1 vol of plasma was mixed with
2 vol of ACN and vortexed for 1 min followed by centrifuga-
tion at 12 000g for 5 min. The PTX concentration in the super-
natant was measured by UPLC analysis as described above.
Control formulations of Taxol and PTX-loaded thermosensi-
tive mPEG-b-p(HPMAm-Bz30/Nt25-co-HPMAm-Lac70/75) poly-
meric micelles prepared according to a previously reported
method37 were injected at the same PTX dose (8 mice per
group) and blood samples were taken at 0.03 and 24 h after
injections.

The biodistribution of PTX was studied by analyzing the PTX
concentrations in different organs by UPLC at 24 h 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 was added 250 μL
of PBS pH 7.4 and the mixture was homogenized by a Bertin
tissue grinder at speed of 6000/s for 60 s. The homogenized
mixture was mixed with 500 μL of ACN and vortexed for 1 min.
The mixture was then centrifuged at 12 000g and the super-
natant was collected. The PTX concentration in the supernatant
was analyzed by UPLC as described above.

Therapeutic Efficacy Study of PTX-Loaded mPEG-b-p(HPMAm-Bz) Mi-
celles in Human A431 and MDA-MB-468 Tumor Xenograft Models. A431
cell culture conditions, mouse strain (female Crl:NU-Foxnu1nu
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 μL iv 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(HPMAm-Bz) micelles
(equivalent to 120 or 240 mg/kg polymer). Control groups were
injected with 200 μL 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-Foxnu1numice (22.5( 2.5 g)) and housing conditions are
described above. MDA-MB-468 tumor xenograft were estab-
lished by subcutaneous inoculation of themice in the right flank
with 1 � 107 MBA-MD-468 cells suspended in 100 μL cold PBS
pH 7.4. When the tumors reached a volume of 80�100 mm3,
micewere included in the study. Themice received 100�200 μL
iv injections in the tail vein 1 time per week for a total of 9
injections. Each injected dose corresponded to 15mg/kg PTX in
Taxol, and 15 or 30 mg/kg PTX in mPEG-b-p(HPMAm-Bz)
micelles (equivalent to 120 or 240 mg/kg polymer). Control
groups were injected with 200 μL 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.

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.
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