
Abstract. Background: Polymer drug delivery systems
designed to reduce systemic side-effects are clinically
important. Polyphosphoesters are biodegradable polymers
with versatile structure that could afford reactive sites or
polar functions for drug immobilization. Materials and
Methods: The drug–polyphosphester systems were
characterized by nuclear magnetic resonance and infrared
spectroscopy, differential scanning calorimetry and
dynamic light scattering. In vitro and in vivo experiments
were performed to assess the biological activity of the
immobilized drug. Results: Two water-soluble
polyphosphoester-based delivery systems of paclitaxel were
synthesized. The conjugate with paclitaxel covalently
bonded to the polymer, had attenuated activity in vitro. The
second system comprised of macromolecular aggregates
incorporating the drug via hydrogen bonding. The physical
complex achieved a certain level of antitumor activity in
vivo and no decrease of body weight – evidence for
reduction of the systemic toxic effect associated with
paclitaxel treatment. Conclusion: The physical complex was
found to be a promising carrier for delivery of toxic
anticancer agents, e.g. paclitaxel. 

Anticancer agents in cancer therapy cause a large number of
toxic side-effects such as dramatic decrease in leukocytes
and body weight that lead to reduction in the doses of the
chemotherapeutic agents or occasionally interruption of
therapy itself. Thus, the design of new effective agents that
function to prevent tumor cell growth without causing non-
specific side-effects is clinically important. In response to
this need, polymer drug-delivery systems have been
developed to target tumor cells and provide therapeutic
concentrations over long periods of time, and thus to reduce
systemic side-effects (1, 2). 

The biodegradable and biocompatible polyphosphoesters,
a family of polymers including poly(alkylene H-
phosphonate)s and their derived polyphosphates and
polyphosphoamidates, are promising polymers for drug and
gene delivery (3-7). Polyphosphoesters have a number of
advantages, such as relative ease of preparation from
commercially available reagents, ability to be constructed
from nontoxic and water-soluble blocks; and the presence of
highly polar P=O or reactive P-H groups in the repeating
units affording possibility for physical or covalent
immobilization of drugs (8).

Polyphosphoesters have been studied as delivery platforms
for anticancer drugs (9-11). Paclitaxel (Figure 1), a natural
occurring diterpene alkaloid, is a relatively new antineoplastic
agent for clinical treatment of breast, lung, ovarian and head
and neck cancer, but it causes severe side-effects (12-14).
Poly(ethyl ethylene phosphate) bearing paclitaxel and folic
acid at the two termini was designed as multifunctional
prodrug aimed to reduce cytotoxicity and enhance targeting
efficacy (15). Conjugation of paclitaxel to poly(ethylene
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oxide)-block-polyphosphoester resulted in nanoscopic
assemblies in aqueous medium and increased drug solubility
up to 6.2 mg/ml. Although the cytotoxic activity of the
covalently bound drug was significantly reduced compared to
that of paclitaxel formulation in ethanol, the conjugate
demonstrated successful cellular internalization (16).

Physical immobilization (entrapment) of hydrophobic drugs
into polymer vehicles is an alternative approach to design of
drug-delivery systems. Among non-covalent interactions,
hydrogen bonding plays a key role in many natural processes
leading to self-organization of (macro)molecules. Poly-
phosphoesters bear a strongly polar P=O group in the
repeating units. The phosphoryl group (P=O) is a good proton
acceptor (about two orders of magnitude stronger as an
acceptor than the C=O group) and forms strong hydrogen
bonds with phenols and alcohols (17, 18). 

Recently, we applied a feasible approach for the preparation
of a biodegradable, water soluble poly(hydroxyoxyethylene
phosphate) (PHOEP)-based paclitaxel complex (19) with drug
content up to 16.7 wt.%. The polymer main chain is built up
of oligooxyethylene segments (molar mass 600 g/mol) linked
by hydroxyphosphate moieties. Paclitaxel is physically
immobilized onto PHOEP via H-bonding with formation of
nanosized aggregates. Besides its improved aqueous solubility
and the presence of a strong proton-accepting P=O group and

a proton-donating P-OH group, the polymer led to no toxic
effects. Intravenous injection of PHOEP in rats at a dose of
1000 mg/kg did not induce any clinical signs or reduction of
body-weight gain (19). 

The obtained results motivated our further investigations
aiming to evaluate the antitumor activity of the newly
synthesized paclitaxel conjugate and physical complex via
hydrogen bonding to poly(oxyethylene phosphate)s. 

Materials and Methods
Materials. Paclitaxel of 99% purity was purchased from Xingcheng
Chempharm Ltd., (Taizhou, China). The precursor poly(oxyethylene
H-phosphonate) was obtained via polytransesterification of dimethyl
H-phosphonate (Fluka) and poly(ethylene glycol) with number-
average molecular weight 600 g/mol (PEG 600) (Fluka). The product
obtained had a number average molecular mass (Mn) of 14,200 g/mol
(22 building units) calculated from the nuclear magnetic resonance
(NMR) spectral data. Poly(hydroxyoxyethylene phosphate) (PHOEP)
with Mn=13600 g/mol and Mw/Mn=1.17 was derived from
poly(oxyethylene H-phosphonate) reacting with water under
Atherton-Todd reaction conditions. The synthesis and characterization
of the polymers were described in detail elsewhere (19).

Instrumentation. The 1H, 13C and 31Р NMR spectra were recorded
on a Bruker 250 MHz instrument in CDCl3 or D2O. Dynamic light
scattering (DLS) measurements were performed using a zeta-
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Figure 1. Synthesis of poly(paclitaxel-C2’-oxyethylene-co-hydroxyoxyethylene phosphate) conjugate (PPE-g-PTX=1:10). 



potential and particle size analyzer ELSZ -1000, Otsuka Electronics.
Differential scanning calorimetry (DSC) tests were performed on
DSC Q200 apparatus (TA Instruments). Dry samples were studied
in a heating/cooling/heating mode from −90˚C to 230˚C with
10˚C/min heating rate under nitrogen flow (50 ml/min).

Synthesis of polyphosphoester–paclitaxel (PPE-g-PTX) conjugate.
1,2-Dichloroethane (5 ml), CCl4 (15 ml), triethylamine (2 ml),
CH3CN (7 ml), and paclitaxel (66 mg, 0.077 mmol) were placed in
a three-necked flask equipped with a magnetic stirrer, reflux
condenser, dropping funnel, and inert gas outlet. A solution of the
precursor poly(oxyethylene H-phosphonate) (500 mg, 0.77 mmol of
repeating units) in 1,2-dichloroethane (5 ml) was added dropwise at
ambient temperature with continuous stirring. The reaction was
allowed to proceed for 24 h. Then H2O (0.657 mmol) in CH3CN
(3 ml) was added and the reaction mixture was stirred for another 24
h. After filtration of the precipitated triethylamine hydrochloride,
the filtrate was concentrated and the polymer conjugate was
precipitated by the addition of Et2O. The isolated product was dried
at 35–40˚C under reduced pressure (10 mbar). 
31P{H}NMR (D2O), δ (ppm): −1.22; −1.37; −13.15. 
31P NMR (D2O), δ (ppm): −0.91−1.15 (m, -
CH2OP(O)(OC2’PTX)OCH2-); −1.37 (quintet; 3J(P,H)=7.1 Hz, -
CH2OP(O)(OH)OCH2-); −13.15 (s, P-O-P)

Physical immobilization of paclitaxel onto PHOEP. A solution of
paclitaxel (0.050 g, 0.058 mmol) in ethanol was added to a solution
of PHOEP (0.500 g, 0.755 mmol) in methanol. A homogeneous
solution was formed. Solvents were evaporated under vacuum 
(0.1 bar) at 40˚C. Under the same conditions, a second complex of
paclitaxel (0.180 g, 0.21 mmol) and PHOEP (0.890 g, 1.34 mmol)
was also prepared. The products were dried to constant weight and
denoted as PHOEP.PTX-1 and PHOEP.PTX-2 with drug content 
9.1 wt% and 16.7 wt%, respectively. 

Te IR spectrum was as follows IR (KBr): 3475 cm–1 ν (OH) broad;
2880 cm–1 ν (CH2); 2621, 2603 cm–1 ν (P-OH);1722 сm–1 ν(C=O);
1653 сm–1 ν(NH amide); 1278, 1242 сm–1 ν(P=O); 1105 сm–1 ν(C-
O-C); 1036 сm-1 ν(P-O-C).

DLS measurements of the polymer–drug complexes. The
polymer–drug complexes with drug content 9.1 wt% and 16.7 wt%
were dissolved in phosphate buffer solution (PBS) (pH 7.4) at 5
mg/ml for the polymer component, and 1.0 mg/ml and 0.5 mg/ml
for the drug, respectively. The solutions were exposed to ultrasonic
irradiation for 10 min and filtered through a 0.8 μm pore size
membrane filter. DLS measurements were performed at 37˚C. 

Biological evaluation. In order to determine dose-dependent
anticancer activity of the polyphosphoester-based paclitaxel systems,
A549 cells (CCL-185; American Type Culture Collection,
Manassas, VA, USA) at 5×103 cell/ml were pre-incubated in a 96-
well plate containing F-12K medium supplemented with 10% fetal
bovine serum and 60 μg/ml ampicillin at 37˚C with 5% CO2 for 
24 h and then further incubated for 24 h in the presence of free
paclitaxel dissolved in medium with 0.1% dimethyl sulfoxide,
physically immobilized drug PHOEP.PTX-1, PHOEP.PTX-2 and
PPE-g-PTX conjugate suspended in the medium at 0.3 ng/ml to
3,000 ng/ml corresponding paclitaxel concentration. Then viable
A549 cells were stained with crystal violet after washing off non-
adhered A549 cells. Viability was determined from the absorbance

of the crystal violet taken up by the adhered cells. The absorbance
obtained from the incubated cells without an anticancer agent was
taken as the control. The experiments were performed in triplicate. 

For in vivo evaluation, PHOEP.PTX-2 was selected due to its
higher anticancer activity compared with PHOEP.PTX-1. Lewis
lung carcinoma (LLC) cells (CRL-1642; American Type Culture
Collection) were incubated in Dulbecco’s modified Eagle's medium
supplemented with 10% fetal bovine serum and 60 μg/ml ampicillin
at 37˚C with 5% CO2 and then were suspended in ice-cold PBS for
inoculation. C57BL/6 mice (Japan SLC Inc., Shizuoka, Japan)
weighing 18-22 g were subjected to intravenous injection of LLC
cells at 2×105 cells under an anesthesia with diethyl ether. The mice
were randomized into five groups each consisting of six mice before
the following treatments were initiated. The mice received paclitaxel
(Adipogen International, San Diego, CA, USA) dissolved in
ethanol/Cremophor EL/saline (1:1:18) solution at 24 mg/kg or
freshly prepared PHOEP.PTX-2 suspended in PBS at 144 mg/kg 
(24 mg/kg of paclitaxel) by intravenous injection on days 7, 9, 11,
13, and 15, or cisplatin formulation for injection (Nichi-Iko
Pharmaceutical Co., Ltd., Toyama, Japan) dissolved in normal saline
solution at 4 mg/kg by intravenous injection on days 7, 11, 15. As a
reference, one group was left untreated. During the treatment with
free paclitaxel, two of six mice died with no obvious tumor
development in the lungs and the unexpected death was caused by
toxicity of paclitaxel. The mice were sacrificed by exsanguination
under anesthesia with diethyl ether on day 20 where significant
weight decrease of more than 1 g from the previous day was
observed and then the lungs were isolated. The number of tumor
nodules formed on the surface of the lungs and the weight of the
lungs after lyophilizing them were measured. Data were analyzed
with one-way analysis of variance (ANOVA) and post hoc Dunnett’s
multiple comparison tests. A probability level of 5% (p<0.05) was
considered to be statistically significant.

Results 

Synthesis of PPE-g-PTX. Paclitaxel was immobilized onto
poly(oxyethyle H-phosphonate) via covalent bond using
Atherton-Todd reaction conditions (Figure 1). The reaction
was carried out at room temperature and at a molar ratio
PTX:H-phosphonate groups=1:10.

It has been shown that the hydroxyl group at the C2’
position is the most reactive to acylation (20). Therefore, it
was expected that paclitaxel molecules would participate in
the Atherton-Todd reaction with the polymer H-phosphonate
groups predominantly via the hydroxyl group at the C2’
position, yielding the following structure CH2OP(O)
(OC2’(H)PTX)OCH2-. The addition of water converts the
unreacted H-phosphonate groups into hydroxyphosphate
ones (CH2OP(O)(OH)OCH2-). Spectral evidence for these
transformations is the appearance of two signals in the
31P{H} NMR spectrum of the conjugate in the region
between 0 ppm and −2 ppm which is characteristic for
phosphate moieties (Figure 2). The 31P NMR spectrum
reveals that these signals are multiplets and the more
intensive one is a quintet and assigned to the
hydroxyphosphate groups. The third signal in the spectrum

Hirota et al: Polyphosphoester-based Paclitaxel Complexes

1615



at −13.15 ppm can be assigned to pyrophosphate structure,
the formation of which is possible due to reaction of the
intermediate phosphorchloride ( CH2OP(O)(Cl)OCH2-) with
the newly formed hydroxyphosphate groups. Based on the
integral ratio of the signals, it was calculated that the
phosphate sites linked with drug molecules present 7.4 mol%
of the total phosphorous centers in the polymer, that
corresponds to 8.7 wt% drug content in the conjugate. 

Physical immobilization (via hydrogen bonding) of paclitaxel
onto PHOEP. Polymer–drug complexes with different
content of paclitaxel (9.1 wt% and 16.7 wt%), were prepared
through mixing the alcoholic solutions of the two
components and evaporation of the solvent. In the IR spectra
of the polymer–drug formulations, a very broad band
appeared in the spectral region 3,500-3,250 cm–1 compared
to the one for the OH group vibrations in the free paclitaxel
spectrum, as an indication that the OH groups participated
in hydrogen bonding.

Figure 3 presents the DSC thermograms (first heating cycle)
of pure materials including paclitaxel and PHOEP, as well as
that of the polymer–drug formulation with drug content 16.7
wt%. Paclitaxel gave an endothermic peak of melting at about
220.0˚C before suffering from thermal degradation at about
250.0˚C. The polymer exhibits two endothermic peaks. The one
with double minima at 15˚C and 23˚C (in the second heating
cycle it appeared as one minimum shifted to 27˚C) is attributed
to melting of PEG segments of the PHOEP chain. The second
endothermic peak reflects the dehydration of the polymer which
takes place between 119˚C and 140˚C. The curve of the
polymer drug–complex displays transitions that correspond to
all phenomena observed from the thermograms of the pure
substances. However, the peaks differ in shape or position. Both
melting endothermic peaks, one of the polymer and the other of
the drug, have significantly smaller areas. The latter is also very
broad and shifted, which implies reduced and disordered
crystalline drug phase. This is an indication for strong
interactions between the drug and the polyphosphoester chains,
which lead to drug dispersion within the polymer matrix.

The size-distribution curves of the two PHOEP.PTX-1 and
PHOEP.PTX-2 complexes in PBS at pH 7.4 show the
presence of aggregates with unimodal size distribution. The
mean values of the hydrodynamic radii of the aggregates
were Rh1=235 nm and Rh2=290 nm, respectively (Figure 4).

In vitro evaluation. In vitro evaluations of polymer–paclitaxel
conjugate PPE-g-PTX and physically immobilized drug
PHOEP.PTX-1 (9.1 wt% paclitaxel) and PHOEP.PTX-2
(16.7 wt% paclitaxel) revealed that PPE-g-PTX was less
cytotoxic than free paclitaxel against A549 cancer cell line
(Figure 5). The attenuated activity of polymer-paclitaxel
conjugate compared to free paclitaxel up to 100 ng/ml can
be explained by the low rate of hydrolysis of the P-O-C2’

bond which resulted in low release of free paclitaxel. Clearly,
for 24 h, the concentration of the free paclitaxel was not
high. Experiments on hydrolytic degradation and paclitaxel
release from the conjugate and optimization of its
composition are ongoing.

Table I summarizes the IC50 of polyphosphoester–paclitaxel
formulations and free paclitaxel. The data show that physically
immobilized paclitaxel PHOEP.PTX-1 and PHOEP.PTX-2 had
in vitro cytotoxicity comparable with that of the free drug
against the A549 human cancer cell line. 

In vivo evaluation. As shown in Figure 6, tumor nodules
were formed on the lung by intravenous injection of LLC
and the number attained was approximately 20 for mice
without any treatment. 

Anticancer agents paclitaxel and cisplatin significantly
reduced the frequency of tumor nodules to less than five.
However, PHOEP.PTX-2, which contained 24 mg/kg of
paclitaxel, did not affect the number of the tumor nodules in
a comparable manner, yet half of the mice exhibited fewer
tumor nodules than mean number for the group with no
treatment, indicating PHOEP.PTX-2 had a certain level of
antitumor activity. 

Similar results were observed for dried lung weight as
shown in Figure 7. The mean lung weight for mice treated
with PHOEP.PTX-2 was close to that for the control group,
while those for paclitaxel- and cisplatin-treated mice
decreased considerably.

On the other hand, changes in body weight during
treatment, shown in Figure 8, indicated that administration of
free paclitaxel dramatically reduced body weight. This toxic

ANTICANCER RESEARCH 36: 1613-1620 (2016)

1616

Figure 2. 31P{H} nuclear magnetic resonance (NMR) spectrum and 31P
NMR spectrum in the region from −0.5 ppm to −2 ppm of the
polyphosphoester–paclitaxel conjugate (PPE-g-PTX).



effect caused the death of two out of six mice before the end-
point set as the day when weight loss more than 1 g from the
previous day was observed. However, PHOEP.PTX-2 had no
effect on body weight, the curve was essentially equivalent to
that for mice with no treatment except for day 20, when a

drastic drop in body weight was observed for the group of
non-treated mice. Hence, PHOEP.PTX-2 avoided the toxic
onset reducing body weight even the dose was the same. 

Discussion

Two water-soluble polyphosphoester-based delivery systems
for paclitaxel were synthesized. They were derived from a
common precursor polymer. The main chain of the polymer
carrier is built up of oligooxyethylene segments (molar mass
600 g/mol) linked by phosphate moieties. One comprised a
conjugate in which paclitaxel was covalently bonded to the
polymer. The hydrophilicity of the conjugate was enhanced
via conversion of the excess H-phosphonate sites into
hydroxyphosphate groups.
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Figure 3. Differential thermograms of paclitaxel, poly(hydroxyoxye-
thylene phosphate) (PHOEP) and the PHOEP.PTX-2 complex.

Table I. Half-maximal inhibitory concentration (IC50) of polyphosphoester-
paclitaxel conjugate (PPE-g-PTX) and poly(hydroxyoxyethylene
phosphate) (PHOEP) complexes. The IC50 of each agent was calculated by
sigmoidal dose-response curve fitting for the results shown in Figure 4
using the Prism 6 software. 

PHOEP.PTX-1 PHOEP.PTX-2 PPE-g-PTX PTX (free)

IC50 (ng/ml) 52.1 49.3 644.2 41.4

Figure 4. Hydrodynamic radius distributions of the poly(hydroxyo-
xyethylene phosphate)–paclitaxel complexes PHOEP.PTX-1 (9.1 wt%
paclitaxel) and PHOEP.PTX-2 (16.7 wt% paclitaxel) in phosphate buffer
solution at pH 7.4 at 37˚C; polymer concentration 5.0 mg/ml, drug
concentration 0.5 mg/ml and 1.0 mg/ml, respectively.

Figure 5. Dose–response curve of viability of A549 cells when treated with
polymer–paclitaxel (PTX) conjugate PPE-g-PTX (9.1 wt% paclitaxel) and
physically immobilized drug PHOEP.PTX-1 (9.1 wt% paclitaxel) and
PHOEP.PTX-2 (16.7 wt% paclitaxel). The absorbance value for cells
without any treatment was set as 100% viability and data were normalized
to it. Each point represents the mean±S.D. with three separate runs. 



The second system formed macromolecular aggregates
incorporating the drug via hydrogen bonding. Among
noncovalent interactions, hydrogen bonds play a key role in
many natural processes leading to self-organization of
(macro)molecules. Polymers bearing strong proton-accepting
groups, in this case P=O groups, can associate with proton-
donating substances via hydrogen bonding to form polymer
complexes. At pH 7.4, poly(hydroxyoxyethylene phosphate)
forms aggregates that incorporate paclitaxel and their size
depends on the content of the drug. Having in mind that the
main chain of PHOEP is built up from PEG segments, it is
expected that oxygen atoms of PEG units (-CH2- CH2-O-)
may also contribute as acceptors of hydrogen atoms. In
addition, the polymer-drug aggregates are stabilized due to
hydrophobic interactions. In our previous study, it was shown
that upon dilution the size of the aggregates decreased
slightly (19).

Compared to the free drug, the conjugate PPE-g-PTX
displayed attenuated cytotoxicity against A549 cancer cell
line,while the physical complexes maintained anticancer
activity. Following the in vitro tests, in vivo experiments were
performed on LLC-bearing mice treated with PHOEP.PTX-2,
paclitaxel and cisplatin. The in vivo evaluation revealed
reduced efficiency of the polymer-drug complex against LLC. 

The biodistribution of nanoparticles varies dependent on
size and surface properties. The PHOEP.PTX-2 aggregates,
having a hydrodynamic radius of 290 nm, would not
undergo fast elimination. Although, it remained circulating

in the bloodstream, PHOEP.PTX-2 had an insufficient level
of antitumor activity. A possible reason for this could be
entrapment of the aggregates by the liver and the spleen as
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Figure 6. Number of tumor nodules per lung after treatments administered
to Lewis lung carcinoma cells-bearing mice. PTX: Paclitaxel;
PHOEP.PTX-2: poly(hydroxyoxyethylene phosphate)– paclitaxel complex.
Data are expressed individually with a mean horizontal bar and standard
error of the mean (S.E.M) *Significantly different from the group without
any treatment at p=0.009 by Dunnett’s multiple comparison test. 

Figure 7. Differences in dried lung weight between treatments of Lewis
lung carcinoma cells-bearing mice. PTX: Paclitaxel; PHOEP.PTX-2:
poly(hydroxyoxyethylene phosphate)–paclitaxel complex. The lungs were
freeze-dried after counting the number of tumor nodules. Data are
expressed individually with a horizontal line indicating the mean and
bars indicating the standard error of the mean (S.E.M) *Significantly
different from the group without any treatment at p=0.044 by Dunnett’s
multiple comparison test.

Figure 8. Changes in body weight during treatment. Lewis lung
carcinoma cells were inoculated into mice on day 0 and body weight
was recorded from day 7, when administration of anticancer agents
began. Paclitaxel (PTX) and cisplatin treated groups were significantly
different from the no treatment group analyzed by Friedman test and
post hoc Dunn’s multiple comparison test where a significance level was
set at 5% (p<0.05). Data are expressed as the mean±S.E.M. of n=6
except those for PTX after day 18 (n=4). PHOEP.PTX-2:
poly(hydroxyoxyethylene phosphate)–paclitaxel complex. 



it is known active organs entrap particles injected into the
bloodstream (21, 22). Additionally, the aggregates might be
too large to penetrate deeply into the tumor site due to
enhanced permeability and retention effect (23). Despite the
low delivery efficiency to the lungs, PHOEP.PTX-2 clearly
reduced the number of tumor nodules to less than 10 in
three out of the six mice and the effect was comparable to
free anticancer agents. In addition, PHOEP.PTX-2 avoided
side-effects relating body weight loss, which occurred after
the third injection of paclitaxel and of cisplatin, and
suppressed drastic reduction in body weight occurring in
non-treated mice at the later stage of the study. Based on
these results, the nanoparticles of physically immobilized
polyphosphoester–paclitaxel complex could be considered
for treatment of hepatic cancer. Improving delivery
efficiency to the lungs by modification of the aggregates
with positive charges is a possible way to improve the
anticancer effect of PHOEP.PTX on lung cancer (24). The
control of paclitaxel release from nano-aggregates is also
another ongoing, challenging issue in developing
polyphosphoester system carrying anticancer agents without
toxic side-effects.

Conclusion

Paclitaxel was immobilized onto PHOEP via covalent P-O-
C bond and physically via multiple hydrogen bonding. The
polymer–drug complexes formed aggregates in aqueous
medium (pH 7.4) which increased the drug solubility in
water to concentrations of 1 mg/ml. The in vitro evaluation
of the cytotoxicity of the physically immobilized drug
against A 549 human cancer cell line revealed an effect
comparable to that of free paclitaxel. In the animal
experiments, the PHOEP.PTX-2 complex had certain level
of antitumor activity and avoided toxic onset of body weight
decrease – a side-effect associated with paclitaxel treatment. 
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