1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

Author manuscript
Adv Healthc Mater. Author manuscript; available in PMC 2017 August 01.

Published in final edited form as:
Adv Healthc Mater. 2016 August ; 5(15): 1868-1873. doi:10.1002/adhm.201600230.

-, HHS Public Access
£

Developing Precisely Defined Drug-Loaded Nanoparticles by
Ring-Opening Polymerization of a Paclitaxel Prodrug

Dr. Jinyao Liu, Dr. Yan Pang, Dr. Jayanta Bhattacharyya, Dr. Wenge Liu, Dr. Isaac
Weitzhandler, Dr. Xinghai Li, and Dr. Ashutosh Chilkoti

Department of Biomedical Engineering; Center for Biologically Inspired Materials and Material
Systems, Duke University, Durham, NC 27708 USA

Abstract

A scalable and versatile approach is reported to prepare high paclitaxel (PTX)-loading and low-
systemic-toxicity nanoparticles via one-step ring-opening polymerization of a prodrug monomer
consisting of PTX that is appended to a cyclic carbonate through a hydrolysable ester linker.
Initiating this monomer from a hydrophilic macroinitiator results in an amphiphilic diblock
copolymer that spontaneously self-assembles into well-defined nanoparticles with tunable size.
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Paclitaxel (PTX), a potent chemotherapeutic agent, has demonstrated significant activity
against various solid tumours!. However, PTX is highly water insoluble, and consequently
has poor bioavailability and significant systemic toxicity2. To address these challenges, two
main strategies have been explored®-5. The first strategy involves physical loading of PTX
into a delivery system87. However, it has been reported that the noncovalent encapsulation
of PTX can result in premature release and undesirable systemic toxicity. For instance,
hypersensitivity reactions, myelosuppression, neurotoxicity and nephrotoxicity have been
caused by the use of a 1:1 blend of Cremophor EL® (polyethoxylated castor oil) and ethanol
to dissolve PTX89. Another formulation, Abraxane, that is currently used in the clinic
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involves the physical encapsulation of PTX in human serum albumin nanoparticles, but
questions remain about the stability of the drug in the albumin matrix upon intravenously
injection1%:11, The second approach involves covalent attachment of PTX to a hydrophilic
polymerl2-18  An example is Xyotax-that is currently in the clinical pipeline-in which PTX
is covalently conjugated by an ester linkage to the -y-carboxylic acid side chains in poly-L-
glutamic acid®20, However, a limitation of most current approaches for the synthesis of
synthetic polymer-drug conjugates is that they typically require multiple reaction steps that
have a limited overall yield, and have limited control of the site and degree of drug-loading.
New methods are hence needed to develop efficient PTX-loading formulations that can
deposit a therapeutic dose of the drug in solid tumours. Ideally, these methods should: 1) be
able to prepare formulations with high PTX-loading and water-solubility, but exhibit low-
systemic-toxicity; 2) proceed with simple chemical procedures, allow easy purification and
proceed with high yield; 3) enable convenient control over the physicochemical properties of
the formulation, such as the size of the carrier and the release behavior of drug.

To address these limitations, we report a scalable and versatile approach to prepare highly
water-soluble and low-systemic-toxicity nanoparticles with high paclitaxel (PTX)-loading,
via a simple one-step organocatalyzed ring-opening polymerization (ROP) of a prodrug
monomer consisting of PTX that is appended to a cyclic carbonate through a hydrolysable
ester linker (Scheme 1). Initiating ROP of this PTX prodrug monomer from a poly(ethylene
glycol) methyl ether (MPEG) macroinitiator results in an amphiphilic diblock copolymer
that spontaneously self-assembles into well-defined nanoparticles with high PTX-loading
and tunable size. Nanoparticles with a PTX-loading capacity of 50 wt% and a uniform size
of ~90 nm were synthesized with a maximum solubility in buffer of 11.9 mg mL™1 PTX
equivalent, which is ~5x104-fold higher than the aqueous solubility of free PTX. These
highly water-soluble nanoparticles with high PTX-loading have a 9-fold higher maximum
tolerated dose than free drug, and induce significant tumour regression after three doses in
an orthoptopic murine cancer model of human triple-negative breast cancer. These data also
raise important questions about the design of drug-loaded nanoparticles that are optimized
for /n vivo efficacy. Answers to these questions have implications broadly for the delivery of
chemotherapeutics, and provide a road-map for future optimization of nanomedicines.

We chose a cyclic carbonate as the monomer group because it can undergo ROP to yield a
biodegradable polycarbonate backbone?1-23, A hydrolysable ester bond was employed as
the linker as it can be hydrolyzed at physiologically relevant conditions and subsequently
release PTX in free form24. To encapsulate the prodrug polymer in a long circulating carrier,
mPEG was selected as the macroinitiator because the resulting diblock copolymer,
consisting of PEG and the polymer prodrug, self-assembles into long circulating
nanoparticles by virtue of PEG’s stealth—protein and cell evasive—properties. The detailed
synthetic route of the polymer prodrug, and a schematic illustration of its self-assembly into
PTX containing nanoparticles is shown in Scheme 1. The PTX prodrug monomer (Carb-
PTX) was synthesized with a high yield of 80 wt% by a simple one-step esterification
reaction between PTX and a carboxyl functionalized cyclic carbonate (Carb-COOH). Proton
nuclear magnetic resonance (*H NMR) spectroscopy demonstrates that the cyclic carbonate
is selectively linked to the C-2”-OH of PTX (Figure S2). Details of the synthesis and
characterization of Carb-PTX are described in the Supporting Information.
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We carried out organocatalyzed ROP of Carb-PTX by using mPEG (5kD) as the
macroinitiator and A-(3,5-trifluoromethyl)phenyl- A/ -cyclohexylthiourea (TU) in
combination with 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as co-catalysts. The kinetics of
polymerization are linear on a semi-logarithmic kinetic plot (Figure 1a). Gel permeation
chromatography (GPC) curves showed monomodal and symmetric elution peaks for mPEG-
polyPTX that exhibited a clear shift to a higher molecular weight with increasing
polymerization time (Figure 1a, inset). In comparison with mPEG, GPC elution curves of
mMPEG-polyPTX showed no visible residual mPEG peak, indicating quantitative initiation
efficacy of the ROP from the mPEG macroinitiator. The DP of polyPTX could be easily
adjusted by tuning the monomer/initiator molar feed ratio (Table 1, entries 1-2). As shown
in Figure 1c, the PTX-loading of mMPEG-polyPTX was tuned from 43 to 50 wt% by
increasing the Carb-PTX/mPEG ratio from 6.0 to 10. To extend the range of PTX loading to
lower values, polymer prodrugs were synthesized by copolymerizing Carb-PTX with
trimethylene carbonate (TMC) (Table 1, entries 3—-4). The drug-loading of the mPEG-
poly(TMC-PTX) copolymers could be controlled from 15 to 24 wt% by adjusting the feed
ratio of Carb-PTX and TMC. A linear semi-logarithmic kinetic plot was also observed for
the Carb-PTX and TMC copolymerization (Figure 1b). The faster consumption of Carb-
PTX indicated its higher reactivity compared to TMC, which suggests that gradient
polymers may be formed with an enrichment of Carb-PTX units closer to PEG. Similar
results have been reported for the copolymerization of TMC with other cyclic carbonate
monomers22. The evolution of the molecular mass, as monitored by GPC, was also found to
be linear for the copolymerization. It is worth mentioning that the proton signal of C-7’
(CH)-OH in PTX remained unchanged during all polymerization reactions, indicating that
this hydroxyl group did not participate in the ring-opening reaction of cyclic carbonate under
these experimental conditions (Figure S3 and S4), which can be explained by its sterically
hindered location26. Highly pure polymer prodrugs were obtained with a high yield of ~80
wt% by repeated precipitation from dichloromethane to diethyl ether and all A4,/ M, values
were less than 1.15. Notably, mPEG-polyPTX with 50 wt% drug-loading had a water-
solubility as high as 11.9 mg mL~1 PTX equivalent, which is ~5x104-fold higher than the
aqueous solubility of free PTX (Figure 1d). Taken together, these results confirm that
organocatalyzed ROP of Carb-PTX enables the facile synthesis of polymer-PTX prodrugs
with quantitative polymerization initiation efficiency, highly tunable PTX-loading, and
excellent water-solubility.

The amphiphilic nature of these polymer prodrugs drives their self-assembly into spherical
micelles in aqueous media. The critical micellization concentration (CMC) of polymer
prodrugs was characterized using pyrene as a probe2’. The CMCs of mPEG-polyPTX and
mMPEG-poly(TMC-PTX) slightly decreased from 18 to 5 ug mL™1 (2 to 0.3 pM) as the PTX
content was varied from 15 to 50 wt%, and scaled inversely with PTX content (Figure S5).
The micelle size was measured by dynamic light scattering (DLS) and showed that the
average hydrodynamic diameter of mPEG-polyPTX and mPEG-poly(TMC-PTX) micelles
increased from ~15 to ~90 nm as the Carb-PTX/mPEG feed ratio increased from 2 to 10
(Figure 1e). The size and morphology of these micelles were further measured by cryogenic
transmission electron microscopy (cryo-TEM), which allows direct visualization of self-
assembled nanostructures in a near-native, hydrated state. As displayed in Figure 1f, these
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amphiphilic polymer prodrugs self-assembled into spherical nanoparticles with a size that
agreed well with the DLS results. These results confirm that both the size and PTX-loading
of these prodrug nanoparticles can be tuned by the DP of polyPTX that is easily controlled
by living ROP. Taken together, three independent variables—the size, drug-loading and
nanoparticle stability—that control the efficacy of drug-loaded nanoparticles, can be
independently tuned in this system by adjusting the feed ratio of Carb-PTX and TMC.

Burst release is one of the long-standing formulation challenges of nanoparticle drug
delivery systems in which the drug is physically encapsulated, and leads to undesirable side
effects and reduced therapeutic efficacy2®. Physically encapsulated drug-loaded
nanoparticles typically show burst release of the majority of their payload within a few
hours, because the release of drug is controlled solely by diffusion?®. Because the drug
release kinetics of mPEG-polyPTX and mPEG-poly(TMC-PTX) prodrug nanoparticles is
primarily controlled by hydrolysis of the ester linker, the release of free PTX from these
prodrug nanoparticles is more controllable and shows a significantly reduced burst release
effect. It is reported that the ester bond between PTX and polymer is more hydrolysable than
the carbonate bond in main chain.?! The prodrug nanoparticles were reasonably stable at pH
7.4, as <15% release of drug was observed over 48 h (Figure S6). In contrast, a faster release
rate was observed at pH 5.5 and a plateau (= 60%) was reached at 48 h. These data
demonstrate that the covalent conjugate of PTX is reasonably stable at the pH of blood, but
that the drug is likely to be cleaved intracellularly at an much faster rate at the lower pH
encountered in late endosomes.

We next evaluated the anticancer effect of these prodrug nanoparticles /n vitro by a cell
viability assay in human HT-29 colon, MDA-MB-231 breast and PANC-1 pancreatic cancer
cell lines. These cell lines were chosen because they have been reported to be sensitive to
PTX30, All prodrugs nanoparticles exhibited dose-dependent inhibition against these cancer
cells after 72 h incubation (Figure 2a—c). The half-maximal inhibitory concentration (ICsq)
of these nanoparticles was 1.5 to 45 fold higher than that of free PTX, depending on the cell
line and the specific nanoparticle. In general, however, in all of the cells, larger nanoparticles
with higher drug-loading had a lower 1Csq (Table S1). This finding also correlates with the
stability of the nanoparticles, as the CMC decreased with increased drug-loading content
(Figure Sb), indicating that larger and more stable nanoparticles have a somewhat greater
cytotoxic effect on tumour cells. Despite these differences between the different
nanoparticles, these results clearly show that all the prodrug nanoparticles inhibit the /in vitro
proliferation of all HT-29, MDA-MB-231 and PANC-1 cancer cells, and that conjugation of
PTX to the polymer does not markedly decrease the activity of the drug, especially for
nanoparticles with the highest levels of drug-loading.

To determine the systemic toxicity of these prodrug nanoparticles, their maximum tolerated
doses (MTD) were evaluated by a dose escalation study. mPEG-polyPTXg 7 nanoparticle
with drug-loading of 50 wt% and the highest /in vitro potency was chosen because its high
drug-loading allows a wide range of doses to be administered via intravenous tail vein
injection. As shown in Figure 2d, no mortality and significant body weight (BW) loss was
observed for mMPEG-polyPTXg 7 even at the highest dose of 225 mg PTX equivalent per
kilogram BW. We believe that the true MTD of mPEG-polyPTXg 7 nanoparticles is even
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higher than 225 mg kg™, but we were unable to increase the dose beyond this point since
this is the maximal volume that can be injected into a mouse in a single day according to the
animal protocol. In a previous study, we found that the MTD of free PTX is 25 mg kg1 in
the same animal model31.

We next chose a murine orthotopic tumour model of MDA-MB-231, a human triple-negative
breast cancer (TNBC), to test the /n vivotherapeutic effect of the prodrug nanoparticles,
because PTX is used to treat patients with TNBC32. TNBC presents a difficult clinical
challenge as it is ultimately refractory to chemotherapy, and displays a shorter median time
to relapse and death than other subtypes of breast cancer33:34. Treatment of MDA-MB-231
with the prodrug nanoparticles hence provides a useful test of the potential clinical utility of
these formulations. Mice with MDA-MB-231 tumours were treated via intravenous tail vein
injection with PBS, free PTX at its MTD of 25 mg kg~1, mPEG-polyPTXg 7 nanoparticles at
25, 75 and 225 mg kg~ of PTX equivalent on day 0, 6 and 12, respectively. The mPEG-
polyPTXg 7 nanoparticles exhibited dose-dependent inhibition of MDA-MB-231 tumours
after three injections (Figure 2e). At 6 weeks after treatment, mice treated with 75 mg kg1
of MPEG-polyPTXg 7 had a mean tumour volume of 314 mm3 (n = 5) versus 1200 mm3 (n =
5) for mice treated with a dose of 25 mg kg~ (P < 0.001). Ten weeks after treatment, the
225 mg kg1 treated mice had a mean tumour volume of 35 mm3 (n = 5) versus 245 mm3 for
75 mg kg1 (P < 0.001). The mPEG-polyPTXg 7 nanoparticles at the highest high dose of
225 mg kg™t of PTX equivalent induced significant tumour regression, which correlated
with a substantial increase in animal survival (Figure 2f).

The median survival time for mice treated with PBS (n = 5) was 26 days, and treatment with
the 25 mg kg~1 slightly increased this survival to 38 days. Mice treated with 75 and 225 mg
kg1 showed median survival time of 105 and 115 days, respectively. While free PTX at its
MTD showed good antitumour efficacy in the first two months, 100% oft he treated mice
had tumour recurrence and no mice survived more than 100 days. In contrast, 40% mice in
both groups treated with nanoparticles at a dose of 75 and 225 mg/kg showed complete
regression of tumours and long-term survival. Thus, these polymer prodrug nanoparticles
provide a substantial curative effect at the two highest doses, albeit at fairly high doses,
though we note that these doses do not result in any overt systemic toxicity, as judged by the
change in body weight of the mice (Figure S7).

While these /in vivoresults are encouraging, much remains to be done to improve the
potency before these nanoparticles are ready for a clinical trial in humans. The impact of
critical parameters including nanoparticle size, stability, drug-loading, and drug release that
are likely to control their efficacy need to be systematically investigated to optimize their /n
vivo efficacy. The size and stability of the nanoparticles control their in vivo half-life and
their tissue distribution3%38, In contrast, the drug-loading is important, in our view to
minimize the amount of carrier that must be injected and may also have some impact on the
in vivo stability of the nanoparticles though we note that their CMC, a measure of
thermodynamic stability but not necessarily of their stability /7 vivo, does not appear to be
related to their drug-loading37:38. An important and unintended consequence of increased
drug-loading is that it also increases the size of the nanoparticle, which is known to have an
impact on the efficacy of nanoparticle drug carriers. The release of the dug is the final
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variable that is likely critical to their efficacy3940. We believe that optimization of the linker
using alternative chemistries such as hydrazone or disulfide may further improve the efficacy
of these nanoparticles.

In summary, we have developed a one-pot approach to synthesize PTX-conjugated, PEG
decorated biodegradable polymer nanoparticles with tunable loading, high water-solubility
and low systemic toxicity. The synthesis is a one-step organocatalyzed ring-opening
polymerization of a prodrug monomer consisting of PTX that is appended to a
polymerizable cyclic carbonate through a cleavable ester linker. Initiating ROP of the PTX
prodrug monomer from a mPEG macroinitiator results in an amphiphilic diblock copolymer
with narrow polydispersity and high yield that spontaneously self-assembles into well-
defined nanoparticles with tunable properties. The PTX-loading can be easily tuned from 15
to 50 wt% and the size can similarly be tuned from 15 to 90 nm. Nanoparticles with a PTX-
loading capacity of 50 wt% and a diameter of ~90 nm exhibited a 9-fold higher maximum
tolerated dose than free PTX, and induced significant tumour regression after three doses in
a murine cancer model of human triple-negative breast cancer. Future work will optimize the
linker chemistry and explore the impact of nanoparticle size and drug-loading on /n vivo
biodistribution and tumour regression, with the goal of further improving the /n vivo potency
of these nanoparticles.
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Figure 1.
(a) Semi-logarithmic Kkinetic plot for the ROP of Carb-PTX using TU and DBU as co-

catalysts, [MPEG]y: DBU: TU: [Carb-PTX]y = 1.0: 2.5: 2.5: 20. (b) Semi-logarithmic
kinetic plot for the copolymerization of TMC and Carb-PTX using TU and DBU as co-
catalysts, [MPEG]y: DBU: TU: TMCy: [Carb-PTX]g = 1.0: 2.5: 2.5: 50: 5. The insets show
representative GPC curves after a reaction time of 0 min (black), 30 min (blue) and 1 h (red).
(c) Plot of drug-loading versus molar feed ratio of Carb-PTX/mPEG. (d) The maximal
concentration of free PTX and conjugated PTX from mPEG-polyPTXg 3 in aqueous
solution. (e) Plot of micelle size versus molar feed ratio of Carb-PTX/mPEG. (f)
Representative cryo-TEM image of mMPEG-poly(TMC-PTX 4) (upper left), mPEG-
poly(TMC-PTX5 7) (upper right), mPEG-polyPTXs g (lower left) and mPEG-polyPTXg 7
(lower right), respectively. Scale bar 200 nm.
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Cell viability of free PTX (H), mPEG-poly(TMC-PTXq 4) ( ®), mPEG-poly(TMC-PTX> 7)
( a), MPEG-polyPTXs5 g ( ¥) and mPEG-polyPTXg 7 ( <) against (a) HT-29, (b) MDA-
MB-231 and (c) PANC-1 cells, respectively. The cells were incubated for 72 h and the cell
viability (in %) is normalized against untreated cells in the same experiment. (d) Plot of
mean body weight change of mice with a dose escalation trial of mMPEG-PPTXg 7 as a
function of time. Points represent the mean + SD (n=3 to 4). (e) Tumour volume up to day
100 (mean % SD; n = 5). PBS (M), 25 mg kg1 of free PTX ( ®), and mPEG-PPTXg; at
dose of 25 (&), 75 ( ¥), and 225 ( <) mg PTX equivalent per kilogram BW were
systemically administered via intravenous tail vein injection on day 0, 6 and 12, respectively.
* indicates £< 0.001 (One-tailed heteroscedastic #test). (f) Cumulative survival of mice
(Kaplan—Meier).
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Scheme 1.
Synthetic route of polymer-PTX conjugates by ROP of a PTX-prodrug monomer from a

mPEG macroinitiator, and a schematic illustration of self-assembly of the PEG-prodrug
diblock copolymer into nanoparticles.
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