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Abstract
There has been an increasing interest to develop new types of stimuli-responsive drug delivery
vehicles with high drug loading and controlled release properties for chemotherapeutics. An acid-
labile, polyphosphoester-based degradable, polymeric paclitaxel (PTX) conjugate containing ultra-
high levels of PTX loading has been improved significantly, in this second generation
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development, which involves connection of each PTX molecule to the polymer backbone via a
pH-sensitive β-thiopropionate linkage. The results for this system indicate that it has great
potential as an effective anti-cancer agent. Poly(ethylene oxide)-block-polyphosphoester-graft-
PTX drug conjugate (PEO-b-PPE-g-PTX G2) was synthesized by organocatalyst-promoted ring-
opening polymerization of 2-(but-3-en-1-yloxy)-1,3,2-dioxaphospholane-2-oxide from a PEO
macroinitiator, followed by thermo-promoted thiolene click conjugation of a thiol-functionalized
PTX prodrug to the pendant alkene groups of the block copolymer. The PEO-b-PPE-g-PTX G2
formed well-defined nanoparticles in aqueous solution, by direct dissolution into water, with a
number-averaged hydrodynamic diameter of 114 ± 31 nm. The conjugate had PTX loading
capacity as high as 53 wt%, and a maximum PTX concentration of 0.68 mg/mL in water (vs. 1.7
μg/mL for free PTX). Although the PTX concentration is ca. 10× less than for our first generation
material, its accelerated release allowed for similar free PTX concentrations vs. time. The PEO-b-
PPE-g-PTX G2 exhibited accelerated drug release under acidic conditions (~50 wt% PTX released
in 8 d) compared to neutral conditions (~20 wt% PTX released in 8 d) and compared to the first
generation analog that contained ester linkages between PTX and the polymer backbone (<5 wt%
PTX released in 4 d), due to their acid-sensitive hydrolytically-labile β-thiopropionate linkages
between PTX molecules and the polymer backbone. The positive cell-killing activity of PEO-b-
PPE-g-PTX G2 against two cancer cell lines was demonstrated, and the presence of pendant
reactive functionality provides a powerful platform for future work to involve conjugation of
multiple numbers and/or types of targeting ligands, other drugs and imaging agents to achieve
chemotherapy and bioimaging. Compared to our previously reported polyphosphoester-based PTX
drug conjugates, PEO-b-PPE-g-PTX G1 without the β-thiopropionate linker, the PEO-b-PPE-g-
PTX G2 showed pH-triggered drug release property and 5-to-8-fold enhanced in vitro cytotoxcity
against two cancer cell lines.
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1. Introduction
Created by the integration of nanotechnology with modern medicine, nanomedicines have
been developed to possess unprecedented precision and efficacy.[1-8] Polymer-based
nanomedicines have attracted an increasing interest in contemporary drug research because
they have demonstrated the ability to serve as highly efficient drug delivery systems, in
comparison with small molecule drugs alone.[9-17] Since Ringsdorf first proposed the
concept of polymer-drug conjugates in the mid-1970s,[18] in which chemotherapeutic agents
were covalently connected to a polymer, varieties of polymer-drug conjugate systems have
been developed, and nearly a dozen of these systems have been advanced to different stages
of clinical trials.[19-27] Compared to small molecule anticancer drugs, polymer-drug
conjugates have shown several advantages, including, but not limited to, increased water
solubility, decreased side effects, prolonged blood circulation time, and improved
accumulation in tumors via the enhanced permeability and retention (EPR) effect and other
targeting strategies.[28-31]

Paclitaxel (PTX), one of the most potent anticancer drugs widely used in breast and ovarian
chemotherapies, is a particularly appropriate candidate for conjugation onto a polymer to
form polymer-PTX conjugates to improve therapeutic efficacy.[32-35] Because the highly
hydrophobic nature of PTX prevents intravenous administration of the drug, several studies
were conducted to modify PTX to form water soluble prodrugs.[36, 37] Among the prodrugs
developed, the C2' hydroxyl group of PTX is the most appropriate for derivatization,
because it can be easily esterified without necessary protection of the C7 hydroxyl group.[38]
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During the past two decades, several polymer-PTX conjugates have been developed by the
esterification of PTX C2'-OH with acid functionalities on polymers.[19-27] For instance,
Greenwald et al. reported water-soluble poly(ethylene oxide) (PEO)-functionalized PTX
drug conjugates with ~4 wt% PTX loading and increased PTX water solubility.[39] Ernsting
et al. synthesized biocompatible carboxymethylcellulose-based docetaxel conjugates with a
high (37 wt%) drug coupling that exhibited slow, controlled drug release kinetics.[40]

Recently, Cheng's group developed well-defined brush polymer drug conjugates (BPDCs)
via a grafting-through strategy by ring-opening metathesis copolymerization of
norbornenefunctionalized PTX and PEO macromonomer.[41] These BPDCs had greatly
improved PTX solubility (>10 mg/mL) and also achieved relatively high PTX loading (24
wt%). Among all reported polymer-PTX conjugates, poly(L-glutamic acid)-paclitaxel (PTX
poliglumex, OPAXIO™, CT-2103, Xyotax®) is one of the most promising polymer-PTX
conjugates, and has been advanced to Phase III clinical trials.[42-46] Although there have
been significant advances, it still remains of broad interest to develop new water soluble and
biocompatible polymer scaffolds that can serve as multi-functional platforms for PTX
delivery, with triggered release and other functions.

Recently, our group developed a type of poly(ethylene oxide)-b-polyphosphoester (PEO-b-
PPE)-based polymer drug conjugate, which is now defined as the first generation material,
PEO-b-PPE-g-PTX G1, for PTX delivery (Scheme 1).[47] These highly water-soluble
diblock copolymers contained alkyne functionalities on their polyphosphoester block that
allowed for copper-catalyzed azide-alkyne cycloaddition (CuAAC) click conjugation of
PTX onto the PPE segment of the block copolymer. Furthermore, these materials achieved
ultra-high PTX loading capacity (up to 65 wt%), and after the spontaneous formation of
amphiphilic nanoparticles, the PEO-b-PPE-g-PTX G1 with 55 wt% of PTX loading could
achieve a maximum of 6.2 mg/mL PTX concentration in water. However, the release of free
PTX from the PEO-b-PPE-g-PTX G1 polymer carrier required further optimization, because
only 5 % of free PTX was detected by high-performance liquid chromatography (HPLC) 4 d
after the incubation of PEO-b-PPE-g-PTX G1 nanoparticles in 20 mM acetate buffer at pH
6.0. This slow release accounted for the 8-to-63-fold lower cytotoxicity than the Taxol-
mimicking formulation, as tested in OVCAR-3 and RAW 264.7 cell lines. The relative
hydrolytic stability and added steric hindrance effects of the C2' PTX-ester packaged within
the hydrophobic core of the polymer assemblies, which limits accessibility, each may have
contributed to the slow release of PTX and the low cytotoxicity. Therefore, our recent
efforts have focused on addressing the bioavailability of PTX, and, as reported here, its
release from the polymer nanoparticles has been greatly improved by connection through an
acid-sensitive hydrolytically-labile β-thiopropionate linkage.

In order to achieve sustained and controlled PTX release from polymer carriers and further
improve the cytotoxicity, incorporation of acid-labile linkages between the drug and the
polymer scaffold was performed to enable the pH-triggered release of active drug from the
carrier in the tumor tissue.[48-50] The mildly acidic pH in tumor tissues (pH ~ 6.8), as well as
the acidic environments in the endosomal and lysosomal compartments of cancer cells (pH ~
5-6) after endocytosis, provide ideal acid triggered drug release environments.[51, 52] Many
polymeric anticancer drugs with pH-sensitive spacers bridging the drugs and polymers have
demonstrated pH-dependent drug release profiles.[22, 53-55] Among all kinds of acid-labile
linkages, the hydrazone bond and amide bond of a cis-aconityl containing linker have been
widely used because of their facile, efficient and straightforward synthesis.[56-58] The
structural complexity of PTX requires consideration in the design of synthetic routes to
achieve acid-sensitive PTX prodrug conjugates without decrease of the therapeutic activity
of PTX. In this paper, we report novel PEO-PPE-based polymeric PTX conjugates, PEO-b-
PPE-g-PTX G2, with acid-sensitive β-thiopropionate linkages between PTX molecules and
the polymer scaffold. Both the polymer backbone and the PTX prodrug are reported for the
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first time in this study, to the best of our knowledge. The polyphosphoesters with alkyne/
alkene functionalities were synthesized based upon recently developed organocatalyst-
promoted ring-opening polymerization (ROP).[59-61] The acid-labile PTX prodrug was
obtained in high yield by a two-step organic synthesis. The pendant alkene functional groups
on the polymer allowed for the efficient installation of thiol-functionalized PTX prodrug by
click type thiolene reaction. The resulting PEO-b-PPE-g-PTX G2 assembled into well-
defined nanoparticles with high drug loading (~53 wt%) and increased PTX water solubility
(0.68 mg/mL vs. 1.7 μg/mL for free PTX). Three advantages of PEO-b-PPE-g-PTX G2 are
demonstrated in this work, compared to our previously reported polymeric conjugate
system: 1) The thermo-induced thiol-ene click conjugation eliminates the use of potentially
toxic metal catalysts; 2) The acid labile linkage renders faster hydrolytic release kinetics of
free PTX at acidic pH compared to neutral conditions; 3) The acid-labile linker promotes
greater PTX release from assembled polymeric assemblies. As a result, the cell cytotoxicity
studies of PEO-b-PPE-g-PTX G2 against two cell lines showed reduced IC50 values,
compared to the previously reported PEO-b-PPE-g-PTX G1 system.

2. Results and Discussion
The synthesis of PEO-b-PPE-g-PTX G2 by the post-functionalization of PTX prodrug onto
the polymer backbone via thiol-ene click reaction is illustrated in Scheme 2. PEO, 1 (Mn ~
2.0 kDa), was used as initiator in the ROP of 2-(but-3-en-1-yloxy)-1,3,2-dioxaphospholane
2-oxide, 2, with 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) as organocatalyst. After
carefully screening the ROP conditions by tuning the initiator-to-monomer feed ratio,
monomer concentration, reaction time and catalyst amount, well-defined diblock
copolymers were synthesized with narrow molecular weight distributions and controlled
molecular weights.[47, 59, 60] The diblock copolymer PEO45-b-PPE27, 3, was synthesized
within 10 min at room temperature, purified by thrice precipitation from dichloromethane to
ether, and dried into the form of a viscous liquid. The theoretical molecular weight
calculated from the initiator-to-monomer feed ratio (1:2 = 1:30) and the monomer
conversion (90%, obtained from 31P NMR spectroscopy) was in good agreement with the
molecular weight (Mn = 6.5 kDa) determined by 1H NMR spectroscopy of the purified
polymer product. The narrow molecular weight distribution was confirmed by gel
permeation chromatography (GPC) (Mw/Mn = 1.16), which also revealed Mn = 16.8 kDa
based on polystyrene standards (Figure 1). The full characterization of 3 is detailed in the
supporting information.

To develop appropriate acid-labile PTX prodrug with a functional group, which could be
further easily conjugated onto the alkene side chains of PPE polymer block, a β-
thiopropionate linkage was installed within the PTX prodrug 5. The β-thiopropionate, a
recently developed acid-sensitive covalent linker, has been employed in stimuli responsive
micelles[62] and several biomedical materials.[11, 63, 64] The formation of a six-membered
ring intermediate via intramolecular hydrogen bonding under acidic conditions, allows for
rapid hydrolysis of the ester group of the linkage. The commercially-available 3,3'-
disulfanediyldipropanoic acid was selected as the starting material to react with an excess
amount of PTX and form diester 4 specifically at the C2' of PTX, because the most
accessible hydroxyl group on C2' could be selectively esterified by using N,N'-
dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine (DMAP) as condensation
reagents. Automated high performance flash chromatography with prepacked fine spherical
silica gel (20-40 μm) was used to purify 4 in 64% yield and a high purity. The selective
esterification on C2' of PTX and the functionalization of 3,3'-disulfanediyldipropanoic acid
at both ends were confirmed by 1H NMR spectroscopy (Figure 2). The downfield shift of
the resonance frequency for the methine proton of C2′(CH) on PTX from 4.78 ppm to 5.53
ppm, together with the disappearance of the C2′-OH signal at 3.61 ppm, were evidence for
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its esterification. In contrast, proton resonances of C7(CH) at 4.40 ppm did not undergo
change, indicating that the C7-OH was not esterified. The chemical shift at 2.70~2.85 ppm
corresponded to the methylene protons adjacent to the disulfide bond (labeled as protons a in
the structure of Figure 2) plus two protons of PTX (C6a(CH) and C7-OH). Comparison of
the integration value for the one proton of PTX, C2′(CH) resonating at 5.53 ppm with the
signal at 2.70~2.85 ppm, gave a ratio of 1 : 4, consistent with the stoichiometry of diester
formation. The redox reagent dithiothreitol (DTT) was used to break the disulfide bond of 4,
forming 5 in 72% yield.

The radical-mediated thiol-ene click reaction was employed to conjugate 5 onto the
backbone of 3 to afford PEO-b-PPE-g-PTX G2 6. The conjugation of expensive drug
moieties onto the polymer requires highly efficient reactions with minimal side reactions.
For the efficient conjugation of highly sterically hindered 5 onto the polymer, thiol-ene click
conditions were screened. UV irradiation-promoted thiol-ene click using photoinitiator 2,2-
dimethoxy-2-phenylacetophenone (DMPA) was initially attempted. However, even with a
high feed ratio of 20 equivalents of 5 to 1 equivalent of 3, and long UV irradiation time of
>2 h, the conjugation efficiency reached <10% and by-products were observed. By using
azobisisobutyronitrile (AIBN) as radical initiator, the thermo-promoted thiol-ene reaction
was conducted at 60 °C for 16 h in N,N-dimethylformamide (DMF), to give high
conjugation efficiency of 50% of 5 conjugated onto the polymer when the feeding ratio of 5
to 3 was 20 to 1. The resulting polymer-PTX conjugate 6 had PTX loading capacity of 53 wt
% with relatively high effectiveness for PTX solubility in water (0.68 mg/mL), which was
400-fold higher than free PTX. Unreacted 5 was removed by repeated precipitation from
DMF into diethyl ether three times, because PTX and 5 were well soluble in diethyl ether.
Complete removal of 5 was confirmed by 1H NMR spectroscopy and HPLC analysis. The
supernatant of the third precipitation showed no PTX signals, as confirmed by 1H NMR
spectroscopy and HPLC. The HPLC analysis of 6 also indicated that no unreacted 5
remained in the polymer. The GPC trace of 6 shows the formation of well-defined polymer-
drug conjugates (Mn = 26.6 kDa, Mw/Mn = 1.14) with obvious shorter retention time
compared with the polymer precursor 3 (Figure 1).

The supramolecular assembly of polymer drug conjugate 6 was achieved by direct
dissolution of dry polymer powder into nanopure water. Taking advantage of the high
hydrophilicity of the polyphosphoester backbone, the direct dissolution self-assembly
method provided an efficient way to construct well-defined nanoassemblies. Certain
amounts of amphiphilic 6 were suspended into nanopure water (18 mΩ·cm) and then
sonicated for 2 min followed by 2 h stirring at room temperature (r.t.). The purification was
conducted by passing the solution through a 450 nm polypropylene filter to remove dust and
large aggregates. The nanoparticle solution (concentration of 6 = 1.28 mg/mL) had a
maximum PTX solubility at 0.68 mg/mL, and was stable at r.t. for one week without any
observable precipitation. Dynamic light scattering (DLS) analysis showed the number-
averaged hydrodynamic diameter (Dh)n of the nanoparticles to be 114 ± 31 nm (Figure 3).
Transmission electron microscopy (TEM) images confirmed that the PEO-b-PPE-g-PTX G2
nanoassemblies were well-dispersed in water in the form of core-shell assemblies with Dav =
139 ± 25 nm. Zeta potential analysis indicated a negatively-charged feature of the polymeric
assemblies (-17.1 mV), which is in accordance with the characteristic of typical
polyphosphoester-based nanomaterials.[65, 66]

The acid-triggered hydrolytic PTX release from 6 (PEO-b-PPE-g-PTX G2) was analyzed by
HPLC. Our recently published PEO-b-PPE-g-PTX G1 polymeric assemblies presented slow
PTX release kinetics having only 5 wt% of PTX release after 4 d incubation in 20 mM
acetate buffer at pH 6.0 (supporting information Figure S2). The low release of PTX was
attributed to a combination of the inaccessibility of C-2′ PTX-ester in the densely loaded
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hydrophobic cores of polymeric assemblies and the relative stability of the ester linkage. In
comparison, the PEO-b-PPE-g-PTX G2 with an acid-labile β-thiopropionate linkage
between polymer and drug moieties allows for accelerated cleavage of PTX (Scheme 3).
The studies of hydrolytic release of PTX from PEO-b-PPE-g-PTX G2 nanoparticles were
conducted under sink conditions. The successful separation of PEO-b-PPE-g-PTX G2, PTX
and PTX prodrugs by reverse phase HPLC was achieved with an eluent combination of 55%
water and 45% acetonitrile. The PEO-b-PPE-g-PTX G2 had a retention time of ~3 min,
while the prodrugs 5 and 4 and pure PTX had elution times of 7.9 min, 17.6 min and 9.3
min, respectively. The calibration curve of PTX for HPLC indicated that the method could
measure the PTX concentration as low as 6.25 ng/mL (supporting information Figure S1).
The solubilities of PTX in 10 mM PBS buffer at pH 7.4 and 5.5 were determined by HPLC
to be 1.7 μg/mL and 1.8 μg/mL, respectively. The release of PTX from polymeric
assemblies of 6 was first measured by a dialysis method, in which 1 mL micelle 6 solution
(0.1 mg/mL) was injected into a dialysis cassette having a membrane molecular weight cut-
off (MWCO) of 8000 Da. The dialysis cassette was submerged into 100 mL of 10 mM PBS
buffer at pH 7.4 and stirred at 37 °C. In order to analyze the concentration of released PTX,
0.1 mL of released medium outside the cassette was taken out at different time points.
However, during the long release period, precipitation in the dialysis cassette was observed
which prevented an accurate measurement of released PTX. Therefore, direct dissolution of
6 (1.0 μg/mL) in 10 mM PBS buffer pH = 7.4 and pH = 5.5, respectively, without dialysis
was conducted at 37 °C. As shown in Figure 4, the release of PTX from 6 was time and pH
dependent. Under neutral conditions (pH = 7.4), the release of PTX was relatively slow,
only 25 wt% of drug was released after 8 d. Due to the acid-sensitive linker, the PTX release
was enhanced at acidic condition (pH = 5.5), and over 50 wt% of free PTX was detected in
the release medium after 8 d, nearly twice as much PTX released than that under neutral
conditions. The acid-labile polymer PTX conjugates provided for sustained PTX release
kinetics without burst release effect, which is usually observed in drug delivery systems
using physical loading methods.

The in vitro cytotoxic effect of PEO-b-PPE-g-PTX G2 against two cell lines was studied.
The IC50 values were measured after incubating the formulations for 72 h at 37 °C and
compared against that of PTX in Cremophor-EL/ethanol (1:1 v/v) (PTX free drug) and the
control polymer 3, which had the same polymer backbone as 6. The control polymer 3 was
not cytotoxic over the range of tested concentrations (33.5 ng/mL - 33.5 μg/mL). As shown
in Table 1, the polymeric-PTX conjugates 6 had IC50 values (PTX moieties concentrations)
of 0.022 μM against OVCAR-3 and 0.38 μM against RAW 264.7 cell lines. PEO-b-PPE-g-
PTX G2 showed 3-to-10-fold lower cytotoxic than the PTX free drug. Compared with the
PEO-b-(PPE-g-PTX) G1, PEO-b-PPE-g-PTX G2 had 5-to-8-fold enhanced cytotoxicity.
The improved in vitro cytotoxicities of PEO-b-PPE-g-PTX G2 to PEO-b-PPE-g-PTX G1
might be due to faster PTX release kinetics. By introducing the β-thiopropionate linkage,
PTX molecules were released in a pH controlled manner. The lower cytotoxicity of PEO-b-
PPE-g-PTX G2 compared to free PTX might provide better pharmacokinetics in vivo and,
by controlling the chemistry of the backbone and conjugation, the release rate and
cytotoxicity of nanoparticles utilized for the delivery of chemotherapeutics can be tailored.

3. Conclusions
We have designed and synthesized an advanced type of amphiphilic polyphosphoester-based
polymeric drug conjugate with acid-labile linkages between the polymer backbone and the
drug moieties, which undergoes supramolecular assembly into well-defined nanoscopic
PTX-loaded polymer drug delivery agents. Organocatalyst-promoted ring-opening
polymerization of an alkenyl-functionalized phospholane monomer from a PEO initiator
provided a well-defined highly water soluble PEO-b-polyphosphoester backbone with
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pendant alkene functionalities for further post modification along one segment of the block
copolymer. By using thermo-induced thiol-ene click chemistry, a thiol-functionalized PTX
prodrug was reacted with the alkene groups on the polyphosphoester side chains and yielded
the PTX polymer drug conjugates with 53 wt% PTX loading, covalently through a β-
thiopropionate linkage. The combination of organocatalyzed ROP and metal-free thiol-ene
reaction diminished the metal induced toxicity in biomedical use, while also having the
potential for the rapid construction of drug-conjugated polymeric nanomaterials. Compared
to the reported PEO-b-PPE-g-PTX G1 polymeric PTX delivery system, the PEO-b-PPE-g-
PTX G2 with β-thiopropionate linkage released more PTX over a given time period and
exhibited acid-promoted PTX release kinetics. The increased cytotoxicity against two cell
lines, compared to PEO-b-PPE-g-PTX G1, demonstrated the advantages of PEO-b-PPE-g-
PTX G2 in vitro. The accelerated PTX release profile at acidic pH provides for a promising
application in chemotherapy. The PEO-b-PPE-g-PTX G2 conjugates are expected to provide
stability during blood circulation to accumulate in tumor tissues via the EPR effect.
Moreover, the residual alkenyl functionalities offer opportunities for conjugation of imaging
labels, other drugs, etc., to advance toward theranostic systems. The high concentration of
polymeric assemblies and the accelerated release in acidic tumor tissues might be
advantageous for in vivo applications. With the promising initial in vitro results, in vivo
evaluation of these complex nanoscopic drug-polymerconjugates is our next major
challenge.
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Scheme 1.
The structure of polymer-PTX conjugates generation 1, with 55 wt% PTX loading giving the
maximum PTX concentration packaged within block copolymer nanoparticles in water.
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Scheme 2.
Synthesis of PEO-b-PPE-g-PTX G2 6.
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Figure 1.
GPC traces of diblock copolymer 3 (black curve) and PEO-b-PPE-g-PTX G2 6 (gray curve).
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Figure 2.
1H NMR spectra of PTX and 4.
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Scheme 3.
Self assembly of nanoparticles of 6 and acid-sensitive hydrolytic release of PTX.
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Figure 3.
(a) TEM image, (b) zeta potential Lorentzian peak and top view of frequency distribution
across the cell during electrophoretic light scattering measurement, (c) DLS size distribution
profile of polymeric assemblies of 6.

Zou et al. Page 15

Adv Healthc Mater. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
The hydrolytic release profile of PTX from assemblies of PEO-b-PPE-g-PTX G2, evaluated
in PBS buffer at pH values of 5.0 and 7.4.
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Table 1

Comparison of the IC50 values of PTX (as a Taxol®-mimicking formulation; Cremophor-EL and ethanol, 1:1
v/v), PEO-b-PPE-g-PTX G1 and PEO-b-PPE-g-PTX G2 6 in OVCAR-3 and RAW 264.7 cells incubated for
72 h.

Formulation IC5o(μM)

OVCAR-3 RAW 264.7

PTX 0.007 0.04

PEO-b -(PPE-g-PTX) G1 0.119 2.83

PEO-b -(PPE-g-PTX) G2 6 0.022 0.38
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