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Drug delivery to solid tumours remains a challenge because both tumour physiology and drug solu-
bility are unfavourable. Engineered materials can provide the basis for drug reformulation, incorpo-
rating active compounds and modulating their pharmacokinetic and biodistribution behaviour. To this
end, we encapsulated docetaxel, a poorly soluble taxane drug, in a self-assembled polymeric nano-
particle micelle of poly(2-methyl-2-carboxytrimethylene carbonate-co-D,L-lactide)-graft-poly(ethylene
glycol) (poly(TMCC-co-LA)-g-PEG). This formulation was compared with its conventional ethanolic
polysorbate 80 formulation in terms of plasma circulation and biodistribution in an orthotopic mouse
model of breast cancer. Notably, the polymeric nanoparticle formulation achieved greater tumour
retention, resulting in prolonged exposure of cancer cells to the active drug. This behaviour was unique
to the tumour tissue. The active drug was eliminated at equal or greater rates in all other tissues
assayed when delivered in the polymeric nanoparticles vs. the free drug formulation. Thus, these
polymeric nanoparticles are promising vehicles for solid tumour drug delivery applications, offering
greater tumour exposure while eliminating the need for toxic solvents and surfactants in the dosing
formulation.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Solid tumours, such as breast cancer, present several physical
barriers against effective drug delivery, as therapeutic agents must
cross into, and remain, at the tumour site despite high interstitial
pressures and low vascular densities [1e3]. Additionally, many
anti-cancer drugs have non-specific modes of action, so when
coupled with a broad systemic distribution, the resulting impact on
healthy cells leads to dose-limiting toxicity [4]. Nanoparticle tar-
geting exploits a unique physiological feature of solid tumours
resulting from rapid malignant growth: hyperpermeable vascula-
ture and poor lymphatic drainage lead to enhanced permeability
and retention (EPR) of large molecules and small particles on the
nanometer scale, providing a means for selective tissue accumu-
lation [5,6]. Well-designed nanoscale drug delivery systems have
the potential to increase the therapeutic index of small molecule
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drugs by extending drug circulation while boosting solid tumour
specificity and accumulation through the EPR effect. To take
advantage of EPR, several technologies have been developed,
including liposomes [7], dendrimers [8], and polymeric nano-
particles [9].

Polymeric nanoparticles, comprised of a hydrophobic core and
hydrophilic corona, are particularly compelling for the encapsula-
tion and delivery of hydrophobic and poorly water soluble
chemotherapeutic drugs. Many of these polymers are block
copolymers of hydrophobic poly(aspartic acid) or poly(lactide-co-
glycolide) and hydrophilic poly(ethylene glycol) [10,11]. Several
parameters have been investigated in terms of circulation half-life,
including the length and density of the PEG block [12] and size and
shape of the nanoparticles [13,14]. Interestingly few polymeric
nanoparticles have been designed with functional groups.

The copolymerpoly(2-methyl-2-carboxytrimethylenecarbonate-
co-D,L-lactide)-graft-poly(ethylene glycol) (poly(TMCC-co-LA)-g-
PEG)wasdesigned tohaveeithera PEG-furanoraPEG-azide for facile
click modification of the nanoparticle surface by either Diels-Alder
[15] or Huisgen 1,3-dipolar cycloaddition [16], respectively. By
combining the hydrophobic backbone of poly(TMCC-co-LA) with

mailto:molly.shoichet@utoronto.ca
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2011.11.072
http://dx.doi.org/10.1016/j.biomaterials.2011.11.072
http://dx.doi.org/10.1016/j.biomaterials.2011.11.072


K.S. Ho et al. / Biomaterials 33 (2012) 2223e22292224
hydrophilic PEG, the resulting amphiphilic copolymer spontaneously
self-assembles into nanoscale core-shell micelles on contact with
water through a simple dialysis process [15]. Interestingly, there is
consistently only one PEG per poly(TMCC-co-LA) backbone, giving
this polymer a block-like structure. Moreover, the polymeric nano-
particles have demonstrated stability inblood serumproteins invitro
[17]. We hypothesized that these poly(TMCC-co-LA)-g-PEG nano-
particle micelles would be beneficial in vivo, where the hydrophobic
inner core would load a hydrophobic chemotherapeutic drug for
delivery, and the PEG corona would reduce protein binding and
thereby allow longer circulation and greater tumour accumulation
before elimination by the reticuloendothelial system (RES) [9].

Biologically active anti-cancer drugs are often hydrophobic,
bulky, and polycyclic, leading to poor aqueous solubility and limited
utility [18]. Consequently, such compounds are often formulated
with organic co-solvents and surfactants, each with their own
systemic toxicities. Docetaxel (DTX) is a small molecule taxane drug
that falls into this category: it demonstrates excellent clinical
activity against breast cancer but requires a high concentration of
polysorbate 80 (PS80 or tween 80) to solubilize relevant concen-
trations for dosing. Unfortunately, dosing these levels of PS80 causes
hypersensitivity reactions, necessitating pre-treatment with corti-
costeroids and further reducing the mean tolerable dose [19e21].

To take advantage of the potency of DTX without being limited
by current formulations, we endeavoured to encapsulate it in the
poly(TMCC-co-LA)-g-PEG nanoparticles, taking advantage of its
solubility in the hydrophobic core of our polymeric nanoparticles
(Fig. 1). Importantly, this methodology required neither chemical
modification nor the use of toxic co-solvents in the final formula-
tion. Success here allowed us to test, for the first time, these
polymeric nanoparticles in terms of the in vivo circulation and
biodistribution of DTX vs. standard formulations.

To understand the pharmacokinetic behaviour and bio-
distribution of DTX-loaded nanoparticles (DTX-NP), we compared
their performance vs. free DTX in the conventional ethanolic PS80
formulation after dose matched IV injection in tumour-bearing
mice. Solid orthotopic tumours were established by transplanting
human breast cancer cells into the mammary fat pads of female
mice. Ultra performance liquid chromatography-coupledwithmass
spectrometry (UPLC-MS) detects the unaltered therapeutic
compound without labelling, making it possible to distinguish the
active compound from inactive fragments, metabolites, or uncou-
pled tags. This analytical technique is quantitative, sensitive to nM
levels, and compatible with small sample volumes [22]. While
radiolabeling is commonly used to quantitatively track a drug in
tissues and plasma after dosing [23], it relies on a tag as a reporter,
and degradation products from the tagged compound can result in
misleading data. The UPLC-MS method used here allowed us to
directly measure the concentrations of unmetabolized DTX in
plasma and tissues after intravenous (IV) injection. Blood samples
were drawn via tail vein or cardiac puncture. Using UPLC-MS, we
quantified DTX concentrations in the plasma fraction over an 8 h
Fig. 1. Poly(TMCC-co-LA)-g-PEG, shown here with a furan group at the PEG terminus, is an
a core-shell structure on dialysis against water. DTX and the polymer are first co-dissolved
core, thereby encapsulating it. The polymeric nanoparticles have functional groups available
furan moieties on the PEG corona.
time course and calculated pharmacokinetic (PK) parameters for
each formulation.

2. Experimental

2.1. Materials

All cell culture materials were purchased from Gibco-Invitrogen (Burlington,
ON, Canada). MDA-MB-231-H2N cells and NSG mice were generous gifts from Dr.
Robert Kerbel (Sunnybrook Research Institute, Toronto, ON, Canada), which were
then maintained or bred in-house. Dialysis membranes were acquired from Spec-
trum Laboratories (Rancho Dominguez, CA, USA). Docetaxel was obtained through
LC Laboratories (Woburn, MA, United States). Poly(TMCC-co-LA) was synthesised as
previously described [15,24]. Furan-PEG-NH2 was prepared from 10 kDa Boc-NH-
NH-PEG-NHS obtained from Rapp Polymere (Tuebingen, Germany), and grafted to
the polymer backbone as previously described [15,24]. The resulting grafted
copolymer is shown in Fig. 1. Heparinized capillary tubes were purchased through
Sarstedt (Montreal, QC, Canada). All other materials were purchased from Sigma-
Aldrich (Mississauga, ON, Canada) and used as received unless otherwise noted.

2.2. DTX concentration measurement

Chromatographic separations were carried out on an ACQUITY UPLC BEH C18
(2.1 � 50 mm, 1.7 mm) column using ACQUITY UPLC system. The mobile phase was
0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B).
The columnwas equilibrated for 1 min in 95% solvent A as the starting point for the
gradient, dropping to 5% over 4.5 min, holding for 0.5 min, and moving back to 95%
in 0.5 min. A Waters Xevo QTof MS equipped with an atmospheric pressure ioni-
zation source was used for MS analysis. For quantification, stock standard solutions
of the active DTX compound were added to the final appropriate matrix for
comparison: 2:1 acetonitrile:water, v/v for nanoparticle suspensions, or precipitated
plasma or pooled tissue homogenates as appropriate. Under these conditions the
polymer nanoparticles are dissolved, resulting in a combined measurement of both
encapsulated and released DTX present in the original sample. The instrument was
sensitive to DTX concentrations as low as 5 ng/mL. All values shown are the average
of 5 samples with error bars representing their standard deviation. Group means
were compared by one-way ANOVA followed by a corrected unpaired t-test;
differences are denoted by starred symbols (p < 0.05). MassLynx 4.1 was used for
peak area analysis and WinNonLin was used to obtain pharmacokinetic parameters
in a non-compartmental model.

2.3. Free DTX and DTX-NP formulation

An aqueous suspension of DTX-NP was prepared by self-assembly via a simple
dialysis process. First, 15 mg of poly(TMCC-co-LA)-g-PEG and 6 mg of DTX were dis-
solved together in 1.425mL of dimethylformamide (DMF). The solution pHwas then
adjusted with 75 mL of 500 mM borate buffer, pH 9.0. This mixture was then trans-
ferred toa 12e14kDamolecularweight cut offmembraneanddialysedaminimumof
four times against distilledwater over 24 h at room temperature. This process yielded
polymeric nanoparticles loadedwith4.2wt%DTXwith a z-averagediameterof 80nm
as measured by dynamic light scattering (Malvern, Zetasizer). Just prior to injection,
suspensions of DTX-NP were adjusted for physiological salt content by addition of
10�phosphatebufferedsaline, pH7.4 (PBS). FreeDTXwaspreparedbyfirst dissolving
DTX in amixture of ethanol and PS80 beforefinal concentration adjustmentwith PBS
(10% ethanol, 7.5% PS80, 82.5% PBS) directly prior to injection.

2.4. Cell maintenance and preparation

MDA-MB-231-H2N cells were maintained in RPMI 1640 culture medium, sup-
plemented with 10% heat-inactivated foetal bovine serum (FBS), 50 units/mL peni-
cillin and 50 mg/mL streptomycin under a humidified 5% CO2 environment. To
prepare cell suspensions for injection, adherent cells were first rinsed with PBS, and
then incubated briefly with trypsin-ethylenediamine tetraacetic acid (trypsin-EDTA,
amphiphilic copolymer that self-assembles into polymeric nanoparticle micelles with
in organic solvent before dialysis. During dialysis, DTX partitions into the hydrophobic
for further modification: carboxylic acid groups on the poly(TMCC-co-LA) backbone and
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Fig. 2. Pharmacokinetic profiles of free DTX (,) and DTX-NP (C) in tumour-bearing
mice. The plasma profiles differ significantly by 2 h post injection. The DTX-NP
formulation reached its terminal elimination phase earlier, and coupled with
a slower terminal elimination rate, the enhanced plasma retention continued to
amplify over time. Points shown are the mean of n ¼ 5 animals, with error bars rep-
resenting their standard deviation. Starred points represent statistically different
group means (p < 0.05).
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0.25%/0.038%). Once the cells were suspended, enzymatic digestion was inhibited
with FBS, and the cells were pelleted andwashed 3 times in PBS before resuspension
at the desired concentration. Cells were kept on ice prior to injection.

2.5. Tumour xenograft 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 in-house, and 7e9 week old female mice were selected for tumour xeno-
transplantation. To form orthotopic mammary fat pad tumours, mice were inocu-
lated with 106 MDA-MB-231-H2N cells suspended in 50 mL of sterile PBS via the
following surgical procedures. 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, uncovering the mammary fat pad in the right inguinal region where cells
were injected into the fat pad. The incision was then sutured closed and lactated
Ringer’s solution and buprenorphine were given post-operatively for recovery and
pain management. Solid tumours were allowed to form over a period of 3e4 weeks.
Cohorts of tumour-bearing animals proceeded onwards for testing once their
tumours reached an average diameter of 7 mm as measured through the skin using
calipers.

2.6. Pharmacokinetics and biodistribution

DTX-NP and free DTXwere compared by giving IV doses of 1.5 mg/kg DTX or DTX
equivalent as 200 mL tail vein injections into tumour-bearingmice. Groups of 15mice
were randomly assigned to each formulation. These groups were subdivided into 3
groupsof 5micewith terminal endpoints at 2, 4, and8h. Eachof these subgroupswas
placed on a staggered blood sampling schedule such that each mouse was sampled
for blood via the tail vein no more than twice; blood samples were collected using
heparinized capillary tubes and immediately centrifuged to collect the plasma frac-
tion. At each terminal time point, animals were sacrificed by CO2 asphyxiation, and
blood was collected via cardiac puncture using heparinized needles and the plasma
fraction was immediately isolated by centrifugation. Tissue samples (heart, lung,
liver, kidney, spleen, tumour) were also collected by dissection and placed separately
in vials. All plasma and tissue samples were snap frozen immediately after collection
and kept on dry ice before transfer to �80 �C for long term storage.

2.7. Plasma preparation

To prepare samples for UPLC-MS, plasma samples were thawed and immedi-
ately combined with twice their volume in acetonitrile to induce protein precipi-
tation. The supernatant was transferred to an MS vial and stored at 4 �C until
analysis. The plasma concentration of DTX was calculated by comparison against
blank plasma samples that were spiked with a known concentration of DTX
(125e2000 ng/mL as a two-fold dilution series).

2.8. Tissue preparation

Tissue samples were first thawed, accurately weighed, and transferred to vials
containing beads for homogenization (zirconia beads for spleen samples, stainless
steel beads for all remaining tissue samples). Based on the weight, a multiple of that
amount was recorded and added in distilled water (2� for each spleen vial, or 2e4�
to a minimum 600 mg total weight in each of the remaining vials) to facilitate
homogenization. Samples were then vigorously agitated 3 times in 30 s on/30 s off
intervals using a bead beater instrument to mechanically disrupt the tissues.
Aliquots of tissue homogenate were transferred into tubes containing double the
volume in acetonitrile for protein precipitation. The supernatant was transferred to
an MS vial and stored at 4 �C until analysis. The tissue concentration of DTX was
calculated by comparison against blank tissue homogenate samples that were
spiked with a known concentration of DTX (125e2000 ng/mL as two-fold dilutions)
and adjusted for the applied dilution factor.

3. Results

3.1. Pharmacokinetics

Following IV injection, drug compounds distribute through the
body and are in turn metabolized and eliminated, and these
processes can be modelled with pharmacokinetic parameters using
the plasma profile. Both polymeric and conventional formulations
exhibited a sharp initial drop in plasma concentration (Fig. 2), with
nearly 90% of the detectable DTX dose leaving circulation within
10 min. The steep initial decrease in plasma DTX concentration
observed for both polymeric nanoparticle and standard formula-
tions is characteristic of bolus dosing followed by rapid distribution
to surrounding tissues [25]. Metabolic processes likely also
contributed because only the intact compound was measured.
Remarkably, the plasma profiles diverged significantly at 2 h post
injection, with the DTX-NP formulation stabilizing at its terminal
elimination phase by 1 h, while the free DTX formulation continued
its initial rapid distribution phase until 2 h. By 2 h post injection, the
performance of the DTX-NP formulation exceeded that of the free
DTX formulation by producing a greater than 8-fold plasma
concentration difference (3.62% vs. 0.43% initial dose remaining),
widening to a 14-fold difference by 8 h (1.71% vs. 0.12% initial dose
remaining).

The improved circulation properties of the polymeric nano-
particle formulation were also reflected in the formulation’s phar-
macokinetic parameters (Table 1). Even at early times, themodelled
initial plasma concentration, Co, which accounts for the instanta-
neous dilution due to distribution, was maintained at higher levels
for the DTX-NP formulation vs. free DTX, despite the doses being
matched at 1.5 mg/kg. For each formulation, the volume of distri-
bution, Vd, was calculated to reflect the theoretical volume over
which the DTX is evenly distributed after injection. The calculated
Vd for the DTX-NP formulationwas half of that for free DTX, further
indicating greater retention of active DTX in plasma circulation
when delivered by polymeric nanoparticles.

The terminal portions of each plasma profile further distin-
guished the two groups. Owing to the 1.6-fold longer lambda half
life, t,1/2,l, for the DTX-NP group, the profiles continued to diverge as
more time elapsed. The increasing concentration differences at
later times profoundly impacted the pharmacokinetic measures of
drug exposure: AUC (area under the curve) and AUMC (area under
the first moment curve). Indeed, the AUC for concentration vs. time
for the DTX-NP group showed a greater than 2-fold increase over
the 8 h observation period, and a greater than 3-fold increase when
the duration was extended to infinite time relative to free DTX.
Plasma concentrations at later times had an amplified impact on
the AUMC for concentration � time vs. time and this value



Table 1
Pharmacokinetic parameters calculated for DTX formulations after bolus IV
administration of 1.5 mg/kg DTX to tumour-bearing mice.

Formulation

Pharmacokinetic parameter Units Free DTX DTX-np

Co Initial plasma concentration ng mL�1 1.47 � 103 1.87 � 103

Vd Volume of distribution mL kg�1 4.59 � 103 2.17 � 103

t1/2, l Lambda half-life h 3.32 5.33
AUCall Area under the curve

(to t ¼ 8 h)
h ng mL�1 1.49 � 103 3.52 � 103

AUCN Area under the curve
(to t ¼ N)

h ng mL�1 1.57 � 103 5.31 � 103

AUMCN Area under the first moment
curve (to t ¼ N)

h2 ng mL�1 2.55 � 103 3.82 � 104

Cl Clearance mL h�1 kg�1 958 282
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increased by an order of magnitude for the DTX-NP formulation vs.
the conventional free DTX formulation. The clearance, Cl, is
a measure of the blood volume that is processed and completely
cleared of the injected compound over time. Cl decreased by more
than 3-fold when DTX was formulated in polymeric nanoparticles
vs. conventional PS80. This dramatic decrease suggests that
encapsulated DTX is more slowly metabolised and excreted by the
body. The fold changes in AUC, AUMC, Vd, and Cl values reported
here are all consistent with the ranges published elsewhere for
polymeric and liposomal DTX delivery systems [26e31]. In addition
to demonstrating similar biodistribution, our polymeric nano-
particles have the advantage of having functional groups available
for facile water-based chemistry, allowing further modification
[15]. Overall, our pharmacokinetic analysis indicates that with the
same initial DTX dose, greater drug exposure was achieved when
the drug was formulated in polymeric nanoparticles vs. conven-
tional surfactants, which have the added disadvantage of being
cytotoxic and dose-limiting. As a result, the enhanced drug circu-
lation time increased the number of passes through the hyper-
permeable tumour vasculature and likely promoted tumour
accumulation.

3.2. Biodistribution

To evaluate how encapsulation in our poly(TMCC-co-LA)-g-PEG
nanoparticles affects tissue distribution of DTX, a panel of organs
from the same experimental groups were harvested at the sacrifi-
cial time points. These samples were later homogenized and
assayed for DTX content by UPLC-MS. Nanoparticle formulations
often accumulate in the organs rich in RES cells, such as the liver
and spleen. Remarkably, there was no significant enhancement of
DTX levels in the RES organs resulting from nanoparticle encap-
sulation (Fig. 3A and B). While accumulation in RES organs was
expected, the observation that uptakewas not increased in the liver
or spleen, relative to free DTX formulations, suggests that the PEG
layer on the nanoparticle surface was successful in moderating the
RES response [27].

Organs that are active in filtration, such as the lungs and
kidneys, are also common sites for nanoparticle accumulation.
Filtration through the lungs resulted in high initial entrapment of
DTX for both the conventional and nanoparticle formulations, fol-
lowed by rapid elimination, with no significant differences
between group means (Fig. 3C). The lungs often act as a filter for
particles as the first capillary bed encountered after tail vein
injection [32]. Consequently, the lungs did show the highest DTX
concentration of all the organs tested at 2 h post injection, but there
were no significant differences between group means, and the
concentrations rapidly declined at similar rates. This suggests that
a portion of each formulation became transiently entrapped in the
lung tissue, possibly due to larger nanoparticles or aggregates, but
these particles (of free drug or drug-loaded nanoparticles) subse-
quently cleared. The kidneys also acted as filters for the injected
DTX, which was observed in particular with the DTX-NP formula-
tion, with significantly elevated DTX accumulation in the kidneys
throughout the 8 h period of observation (Fig. 3D). Although
increased concentrations of DTX in the kidneys were detected for
the DTX-NP formulation, the elimination rate constant was higher
(1.3-fold increase), resulting in a projected convergence to a level
equal to that of the free drug by 24 h.

The next tissue analysed was the heart, where little accumula-
tion was expected. The nanoparticle formulation trended towards
a reduced heart accumulation at the early 2 h time point (Fig. 3E);
although the difference was not significant, a large variance was
observed for the free DTX formulation at the 2 h post injection
measurement, and a general upward trend for heart accumulation
at this early time.

Significantly greater tumour retention was observed when DTX
was encapsulated in nanoparticles starting at 4 h, and maintained
at 8 h post injection (Fig. 3F). Indeed, when the tumour accumu-
lation data were fitted with a first order decay, DTX-NP had
a greater than five-fold lower elimination rate constant than free
DTX, demonstrating significantly greater accumulation of DTX as
a result of its delivery in the nanoparticles. This divergence of tissue
accumulation was uniquely observed in the tumour and demon-
strates the benefit of DTX delivery in nanoparticles.

4. Discussion

We designed the amphiphilic poly(TMCC-co-LA)-g-PEG to self-
assemble into nanoparticle micelles, where the hydrophobic
biodegradable core of poly(TMCC-co-LA) allows for hydrophobic
drug encapsulation and the hydrophilic corona of PEG permits
longer circulation time by reducing protein adsorption and cellular
recognition. PEG has been shown to be critical design parameter for
longer circulation: early particle formulations without PEG
demonstrated that particulate drug delivery systems were
completely eliminated from circulation within seconds to minutes
[33]. The goal of longer circulation is to achieve greater and selec-
tive tumour accumulation. In fact, additional passes through the
hyperpermeable vasculature associated with solid tumours gener-
ally enhances tumour accumulation [34,35]. Enhanced circulation
of our DTX-NP was verified using standard PK parameters,
demonstrating that greater exposure was achieved with this
formulation, even in this model where there was a single injection
of a fixed dose. Importantly, enhanced circulation may also increase
systemic exposure and general toxicity because drug activity is not
limited to cancer cells. As a result, there is a compromise between
these opposing factors that requires a balance between high
tumour accumulation and low systemic distribution [36]. Impor-
tantly, we observed both longer circulation and greater tumour
accumulation of these polymeric nanoparticles.

The overall distribution profile of the DTX-NP formulation is
encouraging, as the poly(TMCC-co-LA)-g-PEG nanoparticles estab-
lished a strong contrast between accumulation in diseased tumour
tissues and clearance from healthy tissues, likely due to their
engineered material properties. For example, the low critical
micelle concentration, measured at 3 mg/mL [15], exceeds the
injected concentration by three orders of magnitude, which likely
allowed a significant portion of polymeric nanoparticles to circulate
intact, instead of rapidly disassembling after dilution in blood. The
serum stability of poly(TMCC-co-LA)-g-PEG nanoparticles has also
been confirmed in vitro using biologically relevant media, further
suggesting high stability of the nanoparticles and their encapsu-
lated load in circulation [17]. PEG itself has several important
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Fig. 3. Biodistribution profiles of free DTX (,) and DTX-NP (C) in (A) liver, (B) spleen, (C) lung, (D) kidney, (E) heart, and (F) tumour tissue. Points shown are the mean of n ¼ 5
animals, with error bars representing their standard deviation. Starred points represent statistically different group means (p < 0.05).
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properties. Firstly, the 10 kDa molar mass exceeds the typical
1e5 kDa range that is commonly used, lowering the PEG density
required to reach the more effective brush regime for enhanced
circulation [37,38]. Liposomal systems are limited to lower PEG
molecular weights because longer PEG chains compromise lipo-
somal stability. Polymeric systems, such as our poly(TMCC-co-LA)-
g-PEG nanoparticles, can stably incorporate higher molar mass PEG
by manipulating the molar mass of the hydrophobic region [12].
Secondly, each poly(TMCC-co-LA) chain is modified with an
average of one PEG chain [15], leading to excellent coverage of the
nanoparticle core, which is further reflected by the nearly neutral
surface charge of the assembled nanoparticles [16]. Thirdly, the
amide bond between PEG and poly(TMCC-co-LA) is one of the more
serum-stable bonds [39], ensuring lasting nanoparticle coverage
after injection. While all particle systems are ultimately cleared,
ideally adequate tumour accumulation is reached prior to clear-
ance. This process is normally triggered by degradation or erosion
of the polymer comprising the nanoparticle [32]. The poly(TMCC-
co-LA)-g-PEG nanoparticles are subject to eventual erosion because
the polymer chains are not cross-linked. The polymer chains are of
sufficiently low molar mass (<30 kDa) to be cleared by the kidneys
[40] and are themselves biodegradable. These design elements
each provide qualities that favour solid tumour drug delivery while
minimizing systemic accumulation.

Thorough biodistribution analysis allowed us to quantify the
final concentration of DTX in different organs. Notably, DTX did not
accumulate in RES organs (liver or spleen) over free DTX controls,
suggesting that the inclusion of PEG successfully reduced the ex-
pected RES response to foreign particles. The DTX-NP formulation
did increase the kidney accumulation over free DTX, pointing to
a partial shift to renal clearance, where free DTX is mainly metab-
olised and excreted by biliary clearance [41,42].
Analysis of the heart demonstrated lower variability of DTX
accumulation when administered via polymeric nanoparticles vs.
as free DTX. In clinical use, taxanes such as DTX are commonly
paired with doxorubicin to treat metastatic breast cancer, but car-
diotoxicity is a primary side effect of this drug combination. When
used in combination therapy, their administration is staggered,
thereby lowering concurrent levels of both drugs to reduce this
interaction and reducing cardiotoxicity [43]. Consistently lower
initial accumulation in the heart (as was observed with DTX-NP)
may allow increased flexibility in the dosing schedule without
the risk of introducing severe cardiotoxicity.

The tumour specificity of the DTX-NP formulation is of
particular interest. The greater retention of DTX in the tumour
when delivered in our polymeric nanoparticles is consistent with
the EPR effect observed with other particulate systems. Because
this behaviour was uniquely observed in the tumour tissue, there
is potential for specific cytotoxic impact on cancer cells while the
drug compound is eliminated from the rest of the body. Our
system also compared favourably with radiolabeled liposomal DTX
formulations: the latter delivered DTX and/or its metabolites to
subcutaneous tumours at levels between 2 and 8% initial dose/g,
6 h post injection, depending in the extent of PEGylation [27],
whereas our DTX-NP delivered 5% initial dose/g at 6 h post
injection based on fitted values from a first order decay for DTX-
NP. Similarly, folate targeted PEGylated liposomes achieved 7%
initial dose/g of non-degraded DTX 4 h post injection to intra-
dermal tumours measured by LC-MS [28], vs. our 6% initial dose/g
for DTX-NP at 4 h.

Indeed, our polymeric nanoparticle formulation delivered an
active anti-cancer drug to solid tumours with improved retention
over the free drug alone, and this has important implications for
anti-tumour efficacy. By extending the drug exposure of diseased
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cells, the required cumulative dose will likely decrease, as DTX
cytotoxicity depends on both concentration and contact time [44].
Moreover, the dose used in this study (1.5 mg/kg) is consistent with
DTX levels administered in metronomic dosing schedules in
ovarian cancer models, where several small doses were given at
high frequency [45]. This strategy is in contrast withmean tolerated
dose approaches, where the highest tolerated dose is given at low
frequency to allow healthy tissues to recover between treatments.
Metronomic dosing was shown to reduce both systemic toxicity
and cumulative dose while improving anti-tumour efficacy, under
the premise that the cancer cells have less recovery time between
dosing. In combination with more sustained drug levels at each
dose, the polymeric nanoparticle formulation offers great potential
to demonstrate improved efficacy as a result of greater targeting.
Moreover, the nanoparticle DTX delivery system obviates the use of
conventional surfactant-based delivery systems which themselves
are cytotoxic and cause systemic toxicity.
5. Conclusions

Nanoparticle formulations for anti-cancer drugs are designed to
couple specific tumour tissue accumulation with quick elimination
from healthy organs. Our DTX-loaded poly(TMCC-co-LA)-g-PEG
nanoparticles achieved this with increased DTX accumulation in
the tumour and simultaneous DTX clearance from other organs to
which it distributed over an 8 h period of observation. The phar-
macokinetic profile of the polymeric nanoparticle formulation vs.
free DTX demonstrated improved circulation properties at later
times, which likely contributed to the favourable tumour accu-
mulation of DTX when delivered via our engineered formulation.
The specific retention of DTX in tumour tissue suggests that this
polymeric nanoparticle delivery strategy will be efficacious against
solid tumours.
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