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a b s t r a c t

We developed a novel taxane-binding peptide (TBP) modified, biodegradable polymeric micelle that
overcomes limitations of drug loading and poor serum stability typically seen with particle delivery,
leading to enhanced pharmacokinetics and tumor distribution of docetaxel (DTX). The use of the taxane-
binding peptide to increase docetaxel loading is particularly compelling as it takes advantage of a known
intracellular binding mechanism in a new way. Docetaxel is a potent chemotherapeutic with a thera-
peutic index often limited by the toxicity of the excipients that are necessary to enhance its solubility for
intravenous delivery. Our polymeric micelle has terminal furan groups that enable facile antibody Fab
conjugation by Diels-Alder chemistry for targeted delivery. Compared to the conventional ethanolic
polysorbate 80 formulation (Free DTX), our nanoparticle (NP DTX) formulation exhibited a two-fold
increase in exposure and tumor accumulation. Notably, the reduced toxicity of the NP DTX formula-
tion increased the therapeutic index and allowed for higher dosing regimens, with a maximum tolerated
dose (MTD) 1.6-fold higher than that of the Free DTX formulation, which is significant and similar to
enhancements observed in clinical products for docetaxel and other drugs. These improved properties
led to enhanced mouse survival in an orthotopic model of breast cancer; however, the targeted
formulation of Fab-NP DTX did not further improve efficacy. Together, these results clearly demonstrate
the benefits of the TBP-modified polymeric micelles as promising carriers for docetaxel.

© 2017 Published by Elsevier Ltd.
1. Introduction

Despite widespread clinical use, taxane chemotherapeutics, like
docetaxel (DTX), represent a formulation challenge. Current clinical
formulations have dose-limiting systemic side effects, such as
neutropenia [1] and hypersensitivity reactions [2] associated with
the high concentrations of undesirable excipients (e.g. polysorbate
80). To circumvent these issues, nanoparticle delivery strategies
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have been pursued with biocompatible amphiphilic polymers that
solubilize drugs within their hydrophobic core during self-
assembly.

While several polymeric micelle strategies have been explored,
these systems are plagued by low drug loadings and poor stability
that can limit their translation in vivo [3e5]. By facilitating inter-
molecular interactions within the micelle core, high drug loadings
and stability in serum conditions can be achieved [6e9]. Further-
more, enhanced drug-carrier compatibility has been shown to
improve nanotherapy efficacy [10,11]. Our novel polymer, poly(D,L-
lactide-co-2-methyl-2-carboxytrimethylene carbonate)-graft-
polyethylene glycol (P(LA-co-TMCC)-g-PEG, Fig. 1A), forms stable
micelles, and is amenable to chemical modification through car-
boxylic acids along the backbone and end group PEG modification
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on the corona [12,13]. In order to increase docetaxel (DTX) loading,
we incorporated the taxane-binding peptide (TBP) into our poly-
mer design, thereby taking advantage of a known intracellular
binding pathway. We achieved twice as much loaded DTX in our
polymeric micelles than typical nanoparticle formulations with
linear copolymers [6]. Notably, this docetaxel-micelle system was
stable against dissociation and drug release in serum with a half-
life greater than 24 h [6].

Herein, we test the in vivo efficacy of this new polymeric
micelle formulation (PTBP) with encapsulated DTX and evaluate
the utility of active targeting with the incorporation of a novel
anti-human epidermal growth factor receptor 2 (HER2) fragment
antibody, Fab 73J (Fig. 1B). The use of Fab has been shown to
mitigate the premature clearance associated with antibody
engagement of Fcg receptors on immune cells [14]. Compared to
the clinically used trastuzumab, Fab 73J binds to a unique epitope
of the HER2 receptor and has comparable binding and trafficking
[15].

We assessed the preclinical efficacy of this formulation in a
clinically relevant orthotopic tumor model. In the current study, we
used an established orthotopic breast cancer model in NOD-SCID-
IL-2Rgnull (NSG) mice to better recapitulate the human disease
[16]. Compared to subcutaneous xenograft models, orthotopic
models more accurately represent the vasculature and metastatic
potential of patient tumors and better predict clinical results
[16e20]. Here we report the enhanced tolerability and efficacy of a
taxane-binding peptide conjugated polymeric micelle formulation
of DTX in this mouse model of breast cancer.
Fig. 1. (A) Schematic of NP DTX formation from self-assembly of PTBP (P(LA-co-TMCC)-g-PEG
(B) Fab 73J conjugation to NP by furan-maleimide Diels-Alder click chemistry with Pfuran (P
2. Results

2.1. Synthesis and characterization of NP DTX

The polymers used to prepare nanoparticles (NP DTX) were
synthesized by an organocatalyzed ring opening polymerization of
D,L-lactide (LA) and 5-methyl-5-benzyloxycarbonyl-1,3-
trimethylene carbonate (TMCC-Bn) followed by benzyl depro-
tection to produce the poly(D,L-lactide-co-2-methyl-2-
carboxytrimethylene carbonate) (P(LA-co-TMCC)) backbone [21]
that was then grafted with 10,000 g/mol PEG chains by carbodii-
mide chemistry [22]. Polymers were characterized by 1H NMR and
showed an average of 3 PEGs/backbone. P(LA-co-TMCC)-g-PEG-
furan (Pfuran) was synthesized by grafting furan-terminated PEG
while P(LA-co-TMCC)-g-PEG, TBP (PTBP) was synthesized bygrafting
methoxy-terminated PEG. PTBPwas synthesized byMichael addition
between the maleimide-TBP peptide and a thiolated backbone, and
showed an average of 1 peptide/backbone by amino acid analysis
[6]. NP DTX was formed by co-dissolving polymers (10% Pfuran, 90%
PTBP) anddocetaxel inDMFand thendialyzing againstwater for 24h.
The Z-average particle size was measured by dynamic light scat-
tering (DLS) to be 121± 25 nmwith a distribution of 0.15± 0.03. The
particle size is larger thanparticleswithout docetaxel (108±16nm),
consistent with observations from other systems [11,23]. Absolute
drug loading of particles used in the three in vivo studies was
18.5± 1.1%, which is double that achieved by any other micellar
formulations of docetaxel [24,25] and reflects the importance of the
incorporation of the taxane-binding peptide to drug loading.

To assess the benefit of actively targeting the cancer cells, we
,TBP) with docetaxel. Docetaxel binds specifically to TBP, facilitating high drug loading.
(LA-co-TMCC)-g-PEG-furan).
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included a targeted arm in our efficacy study. NP DTX was targeted
by conjugating Fab 73J, a novel HER2-binding Fab, using Diels-Alder
click chemistry between the furan end groups of the PEG and
maleimide-modified Fab 73J to achieve an average of 10 Fab/NP
(Fig. 1B). The Fab 73J increases intracellular uptake of NPs in vitro in
HER2þ breast cancer cell lines relative to trastuzumab as deter-
mined by in vitro confocal imaging [15].

2.2. Maximum tolerated dose

Before evaluating the pharmacokinetics and efficacy of our
formulation, we evaluated its tolerability compared to a clinically
relevant surfactant-based formulation. Taxotere, the clinically used
formulation of docetaxel, is comprised of docetaxel in a solution of
20% polysorbate 80 and 13% ethanol in saline, which is diluted and
delivered over a 3 h infusion in patients. As this formulation caused
severe toxicity upon bolus injection into the NSG mice, we reduced
the excipients to 7.5% polysorbate 80 and 12.5% ethanol for the Free
DTX formulation in this study. Even this scaled-down formulation
caused mild lethargy immediately following injection in many of
the animals. In contrast, injections of NP DTX and NP alone (i.e.,
particles without docetaxel) caused no adverse reaction upon in-
jection, and injection of NP alone was comparable to that of no
injection in terms of animal activity level and tail vein damage.

Strikingly, the maximum tolerated dose (MTD) of DTX was 1.6-
times higher in the NP DTX formulation compared to the free
formulation (8 mg/kg vs. 5 mg/kg, Fig. S1). Significant weight loss
(>20%) was seen in animals receiving high doses of Free DTX
(>5 mg/kg). In contrast, NP DTX up to 8 mg/kg caused only minor
weight loss (<10%) and a rapid 3e5 d recovery without any ab-
normality in the histology (data not shown) of clearance organs,
such as the kidney and liver. The number of injections was limited
to three due to severe tail vein damage from the high percentage of
polysorbate 80 (7.5%) used in the Free DTX formulation. The
improved tolerability of the NP DTX formulation gives a greater
therapeutic index and allows for higher dosing in the efficacy study.
Before assessing the efficacy, we characterized the two formula-
tions in terms of pharmacokinetics and biodistribution.

2.3. Pharmacokinetics & biodistribution

Pharmacokinetics and biodistribution of NP DTX and DTX for-
mulations were evaluated at the MTD of the free drug formulation
(5 mg/kg), thereby allowing the two formulations to be compared
at equivalent doses. Following a bolus intravenous injection,
docetaxel quickly distributes through the body and is metabolized
and eliminated. Consistent with previously reported pharmacoki-
netic profiles of this drug [26,27], both the free and NP formulations
show a significant drop in plasma concentration immediately
following injection, with less than 10% of the initial dose remaining
in the plasma after 10 min (Fig. 2). NP DTX showed a modest
improvement in pharmacokinetic parameters over the 7 h time
period. The lambda half-life (t1/2,l) of the drug in the plasma
showed a 1.5-fold increase. The area-under-the-curve (AUC), a
measure of drug exposure, had a 2-fold increase while the clear-
ance (Cl), a measure of drug elimination, was reduced to half of that
of the conventional formulation (Fig. 2). Interestingly, these
seemingly modest improvements show enhancement in pharma-
cokinetics and tolerated dose compared to those seen with clini-
cally used NP formulations of paclitaxel such as Genexol-PM [28]
and Nanoxel-PM, a docetaxel formulation currently under evalua-
tion [29]. Importantly, these parameters suggest greater drug
exposure to the tumor at equivalent doses, and the extended cir-
culation time enables greater tumor accumulation.

To evaluate biodistribution, a panel of organs was harvested at
sacrificial time points between 1 and 24 h. DTXwas quantified after
extraction from tissue by HPLC-MS/MS. While nanoparticles
frequently accumulate in organs of the mononuclear phagocyte
system, such as the liver or spleen, no significant differences were
seen between the NP and conventional formulation. With the
exception of the 1 h time point, the distribution was similar be-
tween the two formulations in the liver, spleen, kidney, heart and
lungs (Fig. 3). In the liver we see the drug is rapidly washed out or
metabolized, with <0.1% of the initial dose present at the 24 h time
point. The other organs show a sharp decline in DTX concentration
over the 24 h, consistent with clearance from these organs. Inter-
estingly, reduction in DTX content in the tumor tissue was more
gradual, with NP DTX formulations maintaining approximately 1%
of the initial dose at the 24 h time point. The tumor tissue showed
increased accumulation (between 1.7 and 2.8-times between 2 and
8 h) of DTX at early time points when delivered in the NP formu-
lation vs. in the free form, suggesting passive targeting to the tumor
site of NP DTX.

2.4. Efficacy in MDA-MB-231/H2N tumor model

We used an orthotopic HER2þ breast cancer model in NSG mice
to evaluate the anti-tumor efficacy of systemically administered NP
DTX compared to both actively targeted Fab-NP DTX and Free DTX.
When tumors were palpable, with an average volume of 10 mm3,
mice were administered three doses (at days 0, 5, and 8 after
palpable tumors) of either NP alone, 5 mg/kg Free DTX, 5 mg/kg NP
DTX, 8 mg/kg NP DTX or 8 mg/kg Fab-NP DTX. By comparing the
maximum tolerated dose of Free DTX (5 mg/kg) to the same dose of
NP DTX and to the maximum tolerated dose of NP DTX (8 mg/kg),
we gained a better understanding of the benefit of NP DTX.
Furthermore by comparing the NP DTX to the Fab-NP DTX, we
gained a better understanding of the benefit of active targeting. On
Day 39, both Free and NP DTX at 5 mg/kg significantly inhibited
tumor growth by 50% compared to the NP alone group (p < 0.001,
Fig. 4A and S2). At 8 mg/kg, inhibition of growth was more pro-
nounced than the lower dose, with both NP DTX and Fab-NP DTX
formulations significantly inhibiting growth by 72% compared to
NP alone and 48% compared to the lower dose (p < 0.001).
Importantly, this difference was seen over a month after injection,
suggesting that long-term tumor growth was reduced with early
treatment. While in this immunocompromised NSG model we did
not expect additional toxicity associated with the 73JFab, we did
expect enhanced efficacy at the tumor associated with targeting to
HER2. There was no difference in Fab-NP DTX and NP DTX, indi-
cating that the 73JFab hadminimal impact on DTX tumor targeting.
Notably, no visible signs of distress were detected in mice treated
with NP DTX at either dose and the limited weight loss observed
(Fig. 4B) showed good tolerability of these selected doses over the
60-day study period. The improved tolerability of the NP DTX
formulation correlated with better survival due to higher dosing,
with animals receiving 8 mg/kg NP DTX living an average of 30%
longer than those receiving Free DTX drug at 5 mg/kg (p < 0.001,
Mantel-Cox test, Fig. 4C).

3. Discussion

Polymeric micelles for chemotherapeutic delivery are frequently
limited by their low loading and poor stability in vivo. Bymodifying
the polymeric backbone with the taxane-binding peptide, high
drug loading is achieved without loss of micelle stability. This high
loading facilitates efficacious doses of docetaxel to be delivered
in vivo with 2-fold lower polymer concentrations than typical NP
systems. This NP formulation is tolerated better than the conven-
tional surfactant based formulation, increasing the maximum



Fig. 2. Pharmacokinetic profiles of Free DTX and NP DTX in tumor bearing mice. Plasma concentration is significantly higher in the NP DTX formulation at all time points except for
4 h (where there is no statistical difference), and gives a higher half-life, t1/2,l (1.5x greater), area under the curve, AUC (2x greater) and slower clearance, Cl (~50% slower) (n ¼ 10,
mean þ SD, *p < 0.05, **p < 0.01).

Fig. 3. Biodistribution profiles of Free DTX and NP DTX in tumor, liver, kidney, spleen, lung and heart at 4 time points. The tumor shows increased accumulation of DTX when
delivered in NP DTX formulation at early time points (n ¼ 3, mean þ SD, *p < 0.05, **p < 0.01, ***p < 0.001).
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tolerated dose from 5 mg/kg to 8 mg/kg; this increase of 1.6-times
had a dramatic effect in vivo. While there are currently no FDA-
approved nanoparticle formulations of docetaxel, formulations of
other chemotherapeutics have been approved as first-line therapy
for a range of cancers (e.g. Abraxane, Marqibo, Genexol-PM and
Doxil) [30]. Enhanced tolerability has proven crucial to the clinical
success of these nanoparticles [28], with all of the clinical formu-
lations being given approval on the basis of improving the drug's
toxicological profile in patients [31,32]. Many of these nanoparticles
have also improved clinical outcomes of drugs due to increased
dosing and favorable pharmacokinetic profiles. Notably, the de-
livery of paclitaxel in a nanoparticle (Abraxane) allowed a 1.7-fold
increase of the maximum tolerated dose over Taxol, and showed
a significantly better response rate (33% versus 19%) in a Phase III
trial in breast cancer patients [33].

The rationale behind many NP delivery strategies is based on
tumor accumulation due to the enhanced permeability and
retention (EPR) effect [34]. This has become a widely debated area,
as the translation of NPs to humans has been hampered due to
tumor heterogeneity between patients and cancers [35]. Clinical
results suggest that the EPR effect is not consistent, and only a
subset of patients may benefit from the use of vehicles on the
nanoscale [36,37]. Notwithstanding these observations, the value of
NP platforms extends beyond the EPR effect. Successful solubili-
zation of the hydrophobic drug in biocompatible carriers can
improve the therapeutic index and enhance tumor accumulation
[38]. Our novel taxane-binding peptide-conjugated particle plat-
form showed improvements in pharmacokinetics compared to the
free formulation, with an increase in parameters indicative of drug
exposure, such as half-life and area-under-the-curve, and a
decrease in parameters indicative of drug elimination, such as the
clearance. Additionally, we see enhanced tumor accumulation at
early time points up to 8 h, similar to improvements seen with
other carriers of taxanes, such as Genexol-PM [28]. While other



Fig. 4. Efficacy of NP DTX in MDA-MB-231/H2N bearing NSG mice. (A) Anti-tumor
effect of NP DTX (with or without Fab73J, 5 mg/kg or 8 mg/kg) compared to Free
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carriers show greater exposure and half-life [11,27], since severe
neutropenia and thrombocytopenia are the main side effects of this
drug [1], the modest enhancements in the plasma t1/2 that we
observe are likely more desirable for future translation. Remark-
ably, there was no significant enhancement of DTX levels in the
organs of the mononuclear phagocyte system (MPS), the liver and
spleen, suggesting that the highly PEGylated surface was able to
successfully modulate the MPS response [22,39].

Our novel NP DTX platformwas efficacious against an orthotopic
HER2þ breast cancer tumor in NSG mice, showing a reduced tumor
burden compared to NP alone. Importantly, the heightened toler-
ability of this formulation allowed higher doses than the surfactant
based formulation, resulting in reduced tumor size and longer
survival. Previous NP formulations of DTX, such as Nanoxel-PM,
show similar maximum tolerated doses to the surfactant based
formulation of free DTX [29], which is significantly less than that
achieved herein.

It should be noted that while orthotopic models have been
shown to be more clinically relevant [17,18], they also require the
use of severely immunocompromised mouse strains, such as the
NSG, whose sensitivity reduces tolerability for chemotherapeutics.
The challenge of thesemodels is that we do not see the sought-after
complete tumor regression, which has been achieved in other
mouse strains; however, the significant reduction in tumor burden
that we observed over the course of the study is promising [40].
Importantly, tumor response alone is not a good endpoint and does
not always correlate with overall survival [35]. For this reason, we
also show that high doses of NP DTX can extend survival of animals
by over 30% compared to the maximum tolerated dose of Free DTX.
At matched doses, there are no significant differences between NP
DTX and Free DTX in terms of tumor size and survival, suggesting
that the enhancements in PK and biodistribution of NP DTX do not
correlate to an improvement in efficacy. While tumor sizes are
smaller for dose-matched NP DTX at most time points, these dif-
ferences are not significant. This result is similar to a recent study
by Yan et al., where paclitaxel delivered in NPs showed improve-
ment based on tolerability, but not in tumor burden at matched
doses [41].

The utility of the Fab 73J targeting ligand is of particular in-
terest. We chose the Fab vs. the full IgG to minimize the immune
response to the Fc region, even though we recognize that this
would have minimal (if any) impact in the NSG mouse model.
While previous in vitro studies [15] showed that the incorporation
of an active targeting ligand increases cell uptake, this did not
result in improved efficacy in vivo. There were no significant dif-
ferences between Fab-NP DTX and NP DTX at matched doses,
suggesting that the incorporation of the Fab does not impact ef-
ficacy in this system. This is consistent with a number of previous
reports, which suggest that, for the delivery of hydrophobic small
molecules which freely penetrate cell membranes when released
from their vehicle, active targeting ligands provide no additional
benefit [42e45]. While ligands are able to efficiently get NPs into
cancer cells in vitro, they neither change the in vivo bio-
distribution nor the tumor accumulation [46,47]. It should be
noted that active targeting ligands could have significant value for
DTX (5 mg/kg). Higher (8 mg/kg) doses of NP DTX resulted in significant inhibition of
tumor growth compared to controls and Free DTX at 5 mg/kg (p < 0.001). (n ¼ 9,
except for untreated n ¼ 3, mean þ SD). (B) Weight loss showed good tolerability of all
formulations (maximum weight loss was ~10%) with recovery within 5 days. (n ¼ 9,
except for untreated n ¼ 3, mean þ SD). Red arrows indicate injections of specified
treatments. (C) Kaplan-Meier survival plots correlate to tumor growth plot, showing
high doses of NP DTX allow survival up to 60 d after the initial injection. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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the delivery of hydrophilic therapeutics, such as siRNA, which
cannot passively diffuse across membranes [48,49]. They also have
utility when the antibody has therapeutic efficacy, as in antibody-
drug conjugates wherein both the antibody and drug act on tu-
mors. While the 73JFab was designed to bind to the HER2þ breast
cancer cells, the missing Fc region may prevent antibody depen-
dent cell-mediated cytotoxicity (ADCC) [15,50]; however, even a
full IgG (73JIgG or the clinically used trastuzumab) would not be
efficacious by this mechanism in our immunocompromised
mouse model [51].

Achieving more efficacious formulations of docetaxel is critical
for clinical use. Here we show that by using a high-load, serum-
stable, TBP-modified NP system, we can deliver DTX more effec-
tively and at higher doses compared to a free drug, surfactant based
formulation. We expect this strategy of TBP modification to be
broadly applicable to other delivery vehicles and not limited to our
polymeric nanoparticles. The surfactants used to solubilize these
hydrophobic drugs for intravenous formulations are toxic, and
associated with a number of adverse reactions in patients. By
eliminating the surfactant and using a biocompatible nanoparticle,
we are able to increase the dose in NSG mice bearing an orthotopic
breast tumor, leading to enhanced survival and reduced tumor
burden.

4. Materials & methods

4.1. Free DTX and NP DTX formulations

Free DTX was prepared by dissolving DTX in a mixture of
ethanol and polysorbate 80 and then diluting in saline to a final
solution of 7.5% polysorbate 80, 10% ethanol, 82.5% saline. The
1.25 mg/mL stock was injected directly or diluted to the desired
concentration. P(LA-co-TMCC)-g-PEG-Furan (Pfuran) and P(LA-co-
TMCC)-g-PEG, TBP (PTBP) were synthesized following previously
established protocols [21,22]. Briefly, 12000 g/mol backbone is
synthesized by a ring opening polymerization of D,L-lactide and 2-
methyl-2-carboxy-trimethylene carbonate catalyzed by a thiourea
and initiated by a pyrenebutanol. PEG chains are grafted onto the
backbone by carbodiimide chemistry, and peptide is conjugated
onto backbone using a Michael addition between a thiolated
backbone and a maleimide (Mal) modified peptide (Mal-
PGFAPLTSRGSQQYAA) [6]. Since both TBP and DTX have limited
aqueous solubility, their exact interaction and affinity are difficult
to characterize; however, we hypothesize that TBP binds to one
DTX and induces drug-drug stacking. The specificity of this
interaction was demonstrated with a similarly hydrophobic,
scrambled peptide sequence, which had significantly less DTX
encapsulated [6]. After purification by dialysis and size exclusion
chromatography, polymers were lyophilized and further charac-
terized. Both polymers were characterized by 1H NMR and PTBP
was further analyzed by amino acid analysis. For NP DTX formu-
lations, polymer was a mix of 90% PTBP and 10% Pfuran. NP DTX
were formed by co-dissolving polymer (4 mg) and DTX (2.4 mg) in
DMF (1 mL) to which 50 mL of borate buffer (pH 9, 500 mM) was
added. The solution was left at room temperature for 15 min
before 0.5 mL of distilled water was added dropwise. Batches
were scaled up to 15 mL of DMF depending on the scale of ma-
terial needed for individual studies. Scale-up had no impact on
drug loading or NP size. Solutions were dialyzed against distilled
water for 24 h, changing the water two times (MWCO 2 kg/mol).
The solution was centrifuged to remove DTX aggregates prior to
use and characterization (5000 rpm, 15 min). Particles were
characterized by dynamic light scattering (DLS). DTX concentra-
tion was quantified by HPLC-MS/MS using a Waters XTerra C18
column (3.5 mm) on an Agilent 1100 HPLC equipped with an AB
Sciex API 4000 triple quadrupole mass spectrometer with elec-
trospray ionization source detector. Solutions were diluted into
80:20 v/v acetonitrile: water and compared to a DTX standard
curve (3.125e200 ng/mL) using paclitaxel as an internal standard
(100 ng/mL). NP DTX solutions were lyophilized and stored
at �20 �C prior to use. Immediately prior to injection, NP DTX was
resuspended in saline to desired concentrations for dosing. So-
lutions were sonicated in a water bath at 25 �C for 10 min to
ensure complete dissolution.

4.2. Cell maintenance and preparation

MDA-MB-231/H2N cells were a generous gift from Dr. Robert
Kerbel (Sunnybrook Research Institute, Toronto, ON, Canada). The
cells were maintained in house in RPMI 1640 culture medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS),
50 units/mL penicillin and 50 mg/mL streptomycin under a hu-
midified 5% CO2 environment. To prepare cells for injection, cells
were rinsed with PBS and detached using trypsin-ethylenediamine
tetraacetic acid (trypsin-EDTA). Once suspended, cells were pel-
leted and washed 3 times in PBS before resuspension at a con-
centration of 31.25 � 106 cells/mL. Cells were kept on ice prior to
injection.

4.3. Orthotopic breast cancer model

The protocols used in these in vivo studies were approved by the
University Health Network Animal Care Committee and performed
in accordance with current institutional and national regulations.
Animals were housed in a 12 h light and 12 h dark cycle with free
access to food and water. NOD scid gamma (NSG) mice were bred
either in-house (for PK and efficacy study) or purchased from
Jackson (for MTD study). 7e9 week old female mice were selected
for tumor xeno-transplantation. To form orthotopic mammary fat
pad tumors, mice were inoculated with 1.5 � 106 MDA-MB-231-
H2N cells suspended in 50 mL of sterile PBS. Prior to surgery, mice
were anaesthetized with isoflurane-oxygen. The surgical area was
depilated and swabbed with betadine before making an incision in
the skin of the lower abdomen to the right of the midline, uncov-
ering the mammary fat pad in the right inguinal region into which
the cells were injected. The incision was then sutured closed and
lactated Ringer's solution and buprenorphine were given post-
operatively for recovery and pain management.

4.4. DTX injections

For all studies, mice were injected through the tail vein with
200 mL of specified formulation using a BD324702 insulin syringe.
Syringes were pre-coatedwith either 0.01% polysorbate 80 in saline
(for free DTX formulations) or with 1 mg/mL polymer in saline to
prevent drug loss. Syringes were primed to reduce adsorption by
drawing and withdrawing solutions 3 times prior to filling with
desired formulation.

4.5. Maximum tolerated dose study

Maximum tolerated doses were determined in a dose escalation
study between 2 and 10 mg/kg docetaxel. Mice bearing orthotopic
MDA-MB-231/H2N tumors (2 weeks post cell impant) were ran-
domized into treatment groups and given three injections at
selected doses at days 0, 5 and 8. Mice were monitored daily for
weight loss and signs of distress (unresponsive, labored breathing,
discharge). At day 15 post-injection, mice were euthanized and
organs (tumor, kidney, liver, thigh muscle) were collected for his-
tology (H&E). All sections were examined by a trained pathologist
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at the CMDH Pathology Core.

4.6. Pharmacokinetics and biodistribution study

The PK and biodistribution of NP DTXwas compared to free DTX
at 5 mg/kg in mice 2 weeks post cell implantation (tumors
palpable). Groups of 16 mice were randomly assigned to each
formulation, with groups being subdivided into three groups of
three (terminal end points at 2, 4 and 7 h) and one group of six
(terminal end point at 24 h). Mice were placed on a staggered blood
sampling schedule (10 min, 30 min, 1, 2, 4, 7 and 24 h) via a femoral
blood draw (<30 mL) such that each mouse was sampled for blood
no more than three times prior to a terminal cardiac puncture.
Blood was collected using EDTA tubes (Sarsdet 16.444.100) and
immediately centrifuged to collect the plasma fraction. At terminal
time points animals were sacrificed by CO2 asphyxiation and blood
was collected via cardiac puncture. The plasma fraction was
immediately isolated by centrifugation. Tissues samples (heart,
lung, liver, kidney, spleen, and tumor) were collected by dissection,
rinsed in PBS, placed in vials and snap frozen.

4.7. Plasma and tissue preparation

To prepare plasma for quantification by HPLC-MS/MS, samples
were thawed and 10 mL was removed and diluted with 10 mL of 1%
formic acid in water. To this solution, 10 mL of 100% acetonitrile
containing paclitaxel, the internal standard, at 1 mg/mL was added.
The sample was vortexed (15 s, 2x) prior to the addition of 70 mL
cold acetonitrile. After an additional vortex, samples were centri-
fuged at 16,000g for 15 min at 4 �C to spin down precipitated
protein. Supernatant was removed for quantification by LC-MS/MS
as described above.

To prepare the tissues for quantification, samples were thawed,
accurately weighed, and 1.0 mm diameter zirconia beads were
added to the tubes (~20 beads/tube) to facilitate homogenization.
200 mL of 1% formic acid and 200 mL of acetonitrile containing
500 ng/mL of the internal standard were added. Samples were
homogenized for 1 min (2x) using a bead beater, with cooling over
ice between homogenization steps. 600 mL of cold acetonitrile was
added to the tube, followed by an additional two homogenization
steps. Samples were then spun down at 16,000xg for 15 min in the
cold room to remove precipitated protein. Supernatant was
removed for quantification by LC-MS/MS.

4.8. DTX concentration measurement

Chromatographic separations were carried out using the LC-MS/
MS as described in the above section to quantify drug loading. The
mobile phase was 0.1% formic acid in water (solvent A) and
methanol (solvent B). The column was held for 0.5 min at 50%
solvent A, with a drop to 5% over 0.5 min, holding for 0.5 min, and
moving back to 50% in 0.1 min, with a final hold for 3.2 min.
Docetaxel was quantified by comparing to a docetaxel standard
curve (3.125 ng/mL-200 ng/mL), using paclitaxel as an internal
standard (100 ng/mL). Docetaxel was monitored at 830.20 and
549.20 m/z; paclitaxel was monitored at 876.20 and 308.10 m/z.
When necessary, samples were diluted further to be within the
linear standard curve.

4.9. Fab-73J conjugation

Fab-73J was modified with a maleimide (average 1.9 maleimide/
Fab quantified using SAMSA fluorescein) using sulfo-SMCC chem-
istry previously described [15]. Upon resuspension of NP DTX in
saline (pH 5.5), 23 mL of a 4.4 mM solution of Fab-73J-maleimide (10
eq to NP) was added to the solution and allowed to react via Diels-
Alder (between the Fab-73J-maleimide and PEG-furan) for 4 h prior
to injection. We have previously shown using flow cytometry that
an average of 10 antibodies/particle results in optimal binding to
HER2 over-expressing cells [52]. Previous work has shown the
Diels-Alder reaction was confirmed to go to completion at low
equivalents using Alexa Fluor-488 labelled Fabs [15], so a purifica-
tion step (and subsequent loss of drug) can be avoided.

5. Efficacy study

Mice bearing orthotopic MDA-MB-231/H2N tumors were
checked biweekly to monitor tumor progression and body weight.
When tumors were palpable, mice were randomized into five
groups (n ¼ 9) by tumor size and body weight, and treated by
intravenous tail vein injection with one of (1) NP Control (6 mg/mL
polymer NP in saline) (2) NP DTX (5 mg/kg DTX in the NP, dissolved
in saline) (3) Free DTX (5 mg/kg DTX, dissolved in 7.5% polysorbate
80, 10% ethanol in saline) (4) NP DTX (8 mg/kg DTX in the NP,
dissolved in saline) (5) Fab-NP DTX (8mg/kg DTX in the Fab-73J-NP,
dissolved in saline) on days 0, 5, and 8. Tumor dimensions and body
weight were measured biweekly. The tumor volumewas calculated
using the formula: V¼(p x (short diameter)2 x (long diameter))/6.
Mice with tumor volumes >1500 mm3 or weight loss of over 20%
were sacrificed.

5.1. PK and statistical analyses

PK parameters were assessed with Phoenix WinNonlin. All
statistical analyses were performed using Graph Pad Prism version
5.00 for Macintosh (Graph Pad Software, San Diego, California,
www.graphpad.com). Differences among 3 or more groups were
assessed by one-way ANOVAwith Bonferroni post hoc correction to
identify statistical differences among three or more treatments.
Analysis of survival curves was done using a Log-rank Mantel-Cox
Test. Alpha levels were set at 0.05 and a p value of <0.05 was set as
the criteria for statistical significance. Graphs are annotated where
p-values are represented as *p < 0.05, **p < 0.01, or ***p < 0.001.
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