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Polyphosphazene—docetaxel conjugate (Polytaxel, PTX) represents
a rationally engineered nanomedicine designed to address the
limitations of conventional taxane chemotherapy. PTX exhibits
improved aqueous solubility, controlled drug release, and favor-
able NOAEL (no observed adverse effect level) characteristics,
making it a promising alternative to free docetaxel (DTX). In this
study, we demonstrate that PTX achieves robust anti-tumor
efficacy both in vitro and in vivo, while markedly reducing systemic
toxicity compared to DTX. In an A549 xenograft mouse model, PTX
suppressed tumor growth without inducing weight loss or mor-
tality. Furthermore, in vivo metabolic profiling revealed a distinct
biodegradation and clearance mechanism, with minimal gene-
ration of inactive or toxic metabolites. These results highlight the
potential of PTX as a safe and effective drug delivery platform that
combines enhanced therapeutic performance with reduced sys-
temic burden, supporting its future clinical translation in cancer
chemotherapy.

Introduction

Lung cancer is a major malignancy with a 5-year survival rate
of only ~15%. The American Cancer Survey reports that
0.2 million citizens have been diagnosed with lung cancer,
where 80% of reports are found as non-small-cell lung carci-
noma (NSCLC) and the rest are small-cell lung carcinoma
(SCLC). Currently," lung cancer treatments, such as a combi-
nation of surgery, chemotherapy, and/or radiation therapy, are
greatly influenced by the severity of the disease at diagnosis.>
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Although chemotherapy is beneficial as a first-line treatment
option, its non-specificity may be harmful to patients.’”
Conventional lung cancer chemotherapeutic approaches mainly
include paclitaxel and docetaxel (DTX), which are taxane-
based.®® Nevertheless, DTX is fraught with dose-limiting side
effects, including severe symptoms of weight loss, neutropenia,
nausea, and fatigue.”"® Additionally, the hydrophobic nature of
DTX makes it poorly aqueous-soluble, thereby limiting high-
dose therapy. Mitigating such limitations to obtain better tumor
targeting and efficacy through enhanced pharmacological effects
without toxicity to healthy cells is a major challenge in anti-
cancer therapy. Advanced nanotechnology offers enormous
opportunities for the development of highly selective anti-cancer
therapeutics.”* Such revolutionary expanding techniques have
been changing cancer treatment and management. Most impor-
tantly, advanced nanodrug delivery systems enable precise
design of drug formulations and thereby improve the overall
therapeutic efficacy of many conventional chemotherapeutic
agents. Such rationally designed nanoparticles can enhance
pharmacological effects and eventually enhance drug efficacy in
a highly selective manner."”?° Here we sought to examine the
therapeutic potential of our rationally designed DTX conjugated
polyphosphazene-based polymer, known as polytaxel (PTX), in
lung cancer. As we already reported,” the polyphosphazene-doc-
etaxel (PTX) conjugate was synthesized via a multistep strategy
beginning with the polymerization of CL;P = NSiMe;, initiated by
PCl5; under anhydrous conditions, to yield a poly(dichloropho-
sphazene) backbone. Subsequent macromolecular substitution
with mPEG and Boc-lysine ethyl ester afforded a PEGylated
carrier polymer (CP), followed by TFA-mediated deprotection
and membrane fractionation to isolate CP (M, 30-100 kDa;
~3 nm). Separately, docetaxel (DTX) was derivatized via TMS pro-
tection and conjugated to cis-aconitic anhydride chloride (AACI),
yielding an acid-sensitive prodrug intermediate. This DTX pre-
cursor was covalently conjugated to CP using TEA in THF, pro-
ducing the PTX nanoconjugate, which was further functiona-
lized with a Cy5.5 fluorophore via HBTU-mediated coupling. The
final construct was characterized by 'H and *'P NMR spec-
troscopy and membrane-based molecular weight cutoff analysis.
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PTX nanoparticles, referring to self-assembled nano-
structures of polytaxel (a polymer-modified form of docetaxel),
are designed to enhance solubility, prolong circulation, and
enable controlled drug release. These nanoparticles demon-
strated desirable pharmacokinetic profiles and favorable bio-
distribution patterns.>' In contrast, conventional DTX formu-
lations exhibited extremely high plasma concentrations
exceeding the maximum therapeutic threshold, potentially
leading to severe systemic side effects. In our previous study>',
PTX demonstrated effective localization within pancreatic
tumors. Building on these findings, the present study investi-
gates its application in lung cancer therapy, based on the
rationale that its tumor-targeted accumulation may similarly
enhance efficacy while minimizing systemic toxicity.

Results and discussion

PTX was synthesized with a step-wise process (Fig. 1) as
described in our previous report* and further details have
been provided in the ESI.f Dynamic light scattering (DLS) ana-
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lysis showed that the CP complex had an average particle size
of ~2.1 nm with a zeta potential of —16.6 mV, indicating small
and stable structures (PDI ~ 0.366, Table S1t). Upon conju-
gation with docetaxel (DTX), the nanoparticle size increased to
~58 nm (PDI ~ 0.285, Table S17) with a negative zeta potential
of —30.1 mV, confirming successful drug loading and nano-
particle formation. High-Angle Annular Dark-Field imaging
(HAADF) and transmission electron microscopy (TEM) images
further validated the formation of uniformly spherical and
monodisperse PTX nanoparticles, consistent with DLS find-
ings. The synthesized polyphosphazene-docetaxel nanoconju-
gates exhibited drug content values ranging from 10.4% to
15.8%, with an average drug content of 13.2% w/w, confirming
efficient drug conjugation across all polymeric variants
(Table S2).

Furthermore, the anti-cancer efficacy of PTX was tested by
evaluating the anti-proliferation activity using water-soluble
tetrazolium-1 (WST-1) salt in A549 cells. Experimental results
showed that PTX inhibited cell proliferation in a similar
manner to DTX after 24 h (Fig. 2a), but the former had a lower
effect on cell proliferation than the latter after 48 h at low con-
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Fig. 1 Schematic illustration, synthesis route, and physicochemical characterization of polyphosphazene—docetaxel (PTX) conjugate nanoparticles.
(a) Stepwise synthesis of the carrier polymer (CP): the poly(dichlorophosphazene) backbone was first modified with mPEG550 sodium salt and
N-Boc-L-lysine ethyl ester via nucleophilic substitution in THF using triethylamine (EtsN) as a base. Subsequent deprotection with trifluoroacetic acid
(TFA) and CH,Cl, yielded the amino-functionalized CP (1). (b) Synthesis of the docetaxel (DTX) precursor: the hydroxyl groups of DTX were protected
using TMSCL in CH,Cl,, followed by reaction with activated cis-aconitic anhydride chloride (AACL) in THF to form an acid-cleavable linker-modified
DTX intermediate (2). (c) Final conjugation step: the DTX precursor was covalently attached to the CP (1) in the presence of triethylamine (TEA) in
THF, affording the polyphosphazene—DTX conjugate (3). (d and e) Dynamic light scattering (DLS) and Zeta potential analyses of CP showing the par-
ticle size distribution by intensity (d), with an average hydrodynamic diameter of ~2.1 + 0.14 nm and a (e) zeta potential value of —16.6 + 3.83 mV. (f
and g) DLS and Zeta potential analyses of PTX nanoparticles showing intensity (f) distributions with an increased average particle size of ~58 nm and
a (g) significant negative zeta potential value of —30.1 + 0.14 mV, indicating successful DTX conjugation and nanoparticle formation. (h) High-Angle
Annular Dark-Field (HAADF) image of PTX nanoparticles reveals a uniform spherical morphology. (i) Transmission electron microscopy (TEM) image
of PTX nanoparticles, confirming their spherical shape at a scale of 20 nm.%
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Fig. 2 Cell proliferation by the WST-1 assay of A549 cells treated with DTX, PTX, or CP after 24 h (a) and 48 h (b) of incubation, respectively.

centrations (Fig. 2b). It is worth noting that nanocarriers had
no effect on cell proliferation, indicating their biological
safety. Next, we studied the metabolites of PTX and compared
them with those of DTX (Fig. S1 and S27). The metabolites for
PTX were analysed using human, monkey, dog, rat and mouse
microsomes.”” Comparative metabolic profiles of DTX and
PTX among human, monkey, dog, rat and mouse liver micro-
somes are shown in Fig. 3a. The main metabolites of DTX and
PTX were the same as M1, M2 and M3. In DTX, the production
of M2 was predominant. In PTX, free DTX was hardly detected,
and most of it was metabolized to M1 and M3. Also, in DTX,
the ratio of metabolites generated compared to the parent was
low, but in the case of PTX, it showed the opposite patterns. A
very small amount of DTX was isolated and metabolized from
PTX. As a result, DTX and PTX differed in metabolite pro-
duction rates. The data from the study support that the
released DTX from PTX undergoes the same metabolism
pathway, with DTX yielding the same metabolites (Fig. 3).”*

As shown in Fig. 3, docetaxel (DTX) undergoes extensive
biotransformation, primarily forming the M2 metabolite,
which is subsequently converted into M1 and M3. These meta-
bolic conversions are characteristic of hepatic cytochrome
P450-mediated hydroxylation and oxidation pathways, which
are commonly linked to reduced drug efficacy and heightened
systemic toxicity. Importantly, literature reports indicate that
major DTX metabolites such as M1 and M3 exhibit signifi-
cantly diminished or no anti-cancer activity.>* This highlights
a critical pharmacokinetic liability: the rapid metabolism of
DTX may severely limit its therapeutic potential in vivo, even
though the in vitro anti-proliferative effects are largely attribu-
ted to the parent (intact) drug. In contrast, the metabolic
profile of PTX (Fig. 3a, right panel) demonstrated substantially
attenuated bioconversion, reflecting enhanced metabolic stabi-
lity. The limited generation of secondary metabolites suggests
prolonged systemic retention of the parent compound, which
is beneficial for maintaining sustained therapeutic activity at
the tumor site. These findings support our delivery strategy

This journal is © The Royal Society of Chemistry 2025

aimed at protecting the intact drug and prolonging its circula-
tion time, thereby enhancing both efficacy and safety, as
further evaluated in a lung cancer model.

Prior to the in vivo studies, an extended in vitro release
assessment was conducted to evaluate the long-term drug
release behaviour of the PTX nanoparticles under physiological
(pH 7.4) and tumor-mimicking acidic (pH 5.0) conditions. The
release profile revealed a highly sustained and controlled
release of DTX over approximately 1500 hours (~62.5 days),
without the initial burst effect typically associated with conven-
tional formulations (Fig. S37).

At pH 7.4, simulating physiological conditions in systemic
circulation, the nanoparticles exhibited a sustained, diffusion-
controlled release of DTX throughout the study period. In con-
trast, at pH 5.0—mimicking the acidic tumor microenvi-
ronment and intracellular endosomal compartments—a mod-
erately faster release was observed, indicating a pH-responsive
behavior of the anionic matrix that enhances drug liberation
under acidic conditions. This suggests that the matrix facili-
tates enhanced drug release in environments typical of tumor
tissues, providing a targeted therapeutic advantage.

This prolonged and environment-responsive release is par-
ticularly advantageous for lung cancer therapy. It enables
steady therapeutic levels of DTX in circulation while promoting
enhanced drug liberation within the tumor milieu. The sus-
tained release not only supports reduced dosing frequency and
improved patient compliance but also aligns with enhanced
permeability and retention (EPR)-driven accumulation in non-
small cell lung cancer (NSCLC). Furthermore, the anionic
surface likely contributes to stealth properties, minimizing
premature opsonization and clearance by the mononuclear
phagocyte system (MPS), thereby extending systemic circula-
tion and improving tumor-targeted drug delivery.>

Collectively, these findings highlight the potential of
anionic PTX nanoparticles to transform current chemo-
therapeutic regimens by enabling precision drug delivery,
side effects, and prolonging the

minimizing systemic
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Fig. 3 (a) Comparative analysis of DTX and PTX metabolism across different tissue types and metabolite pathways. Bar graphs represent the relative
abundance of various DTX metabolites in liver microsomes from five species: human (red), monkey (orange), dog (yellow), rat (green), and mouse
(blue). (b) The metabolic pathway at the bottom illustrates the sequential biotransformation of DTX into its major metabolites M2, followed by M1
and M3. The data reveal species-specific differences in DTX metabolism, with liver microsomes primarily generating M2 and minor metabolites,
whereas intestinal microsomes show enhanced conversion into M1/M3. (c—e) In vivo antitumor efficacy of Taxotere (20 mg kg™) and PTX (20 mg
kg™) compared to saline in tumor-bearing mice. (c) Tumor volume measurements show that Taxotere-treated mice exhibited rapid tumor growth,
similar to the saline group, while PTX treatment significantly suppressed tumor progression. (d) The body weight remained stable across all groups,
indicating no major systemic toxicity. (e) Survival analysis revealed a decline in survival in the Taxotere group before day 50, dropping to ~60-70%,
while the PTX group maintained 100% survival. No notable change in general activity scores was observed. Due to the combination of uncontrolled
tumor growth and reduced survival, Taxotere evaluation was ethically terminated at day 50 in accordance with animal welfare guidelines in the lung
cancer model. Data were expressed as mean + S.D. A significant difference at the ***P < 0.001/*P < 0.01 level compared to the saline-treated group

(control) (n = 11).

therapeutic window—thus offering a highly translational
approach for the sustained treatment of aggressive pulmonary
malignancies.

The in vivo antitumor efficacy of PTX on A549 tumor-
bearing athymic nude mice was compared with intact DTX.
DTX or PTX was administered at a dose of 20 mg kg™" based
on the DTX content (3 times per week: on days 1, 4, and 7).
The saline group was set as a negative control.

The antitumor efficacy of polytaxel (PTX) was found to be
comparable to that of docetaxel (DTX), as evidenced by similar
tumor growth inhibition rates in the lung cancer xenograft
model (Fig. 3c). However, a marked difference emerged in
terms of systemic toxicity between the two treatment groups.
Mice treated with DTX exhibited substantial body weight loss,
indicative of significant treatment-related toxicity. In contrast,

Nanoscale

the PTX-treated group maintained stable body weights
throughout the 60-day study period, reflecting an improved
safety profile (Fig. 3d). Notably, the PTX group also achieved a
100% survival rate with no observable signs of acute or delayed
toxicity, underscoring its superior in vivo tolerability and thera-
peutic index (Fig. 3e). These findings highlight the potential of
the PTX formulation to deliver effective lung cancer therapy
with minimal systemic side effects. Taken together, the meta-
bolic stability and improved therapeutic index of PTX position
it as a compelling candidate for further development using
nanotechnology-enabled delivery platforms. By leveraging
nanoscale encapsulation or self-assembled systems, it is feas-
ible to enhance the bioavailability, tumor targeting ability, and
retention of PTX while minimizing systemic exposure. These
data support the rationale for deploying PTX within nanohy-

This journal is © The Royal Society of Chemistry 2025
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brid constructs as a sustainable and targeted strategy for lung
cancer therapy.

Conclusions

A polyphosphazene-based drug conjugate of docetaxel (PTX) was
rationally engineered to assess its therapeutic efficacy against lung
cancer in both in vitro and in vivo models. The results demonstrate
that PTX offers significant anti-tumor activity at low doses, with
minimal systemic toxicity, supporting its potential as a NOAEL
(No Observed Adverse Effect Level) cancer therapeutic agent. In an
A549 xenograft model, PTX markedly suppressed tumor growth
while avoiding common docetaxel-associated adverse effects such
as body weight loss and mortality. These findings highlight PTX
as a promising candidate for lung cancer treatment, combining
enhanced efficacy with a favourable safety profile.
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