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Smart polymer prodrugs, created via responsive prodrug-initiated
controlled polymerization of lactide, demonstrated extremely high
drug loading, tuneable stimuli-triggered drug release, and signifi-
cant tumor growth inhibition and improved survival with minimal
toxicity. This adaptable strategy can precisely tailor drugs’ physico-
chemical properties for optimal therapeutic efficacy, demonstrat-
ing great promise for cancer treatment.

Small molecular drugs are a key component in treating various
diseases, including cancer, infection, cardiovascular diseases,
and more."”> However, many of these small molecular drugs,
such as camptothecin (CPT), monomethyl auristatin E
(MMAE), and mertansine (DM1), suffer from limited solubility,
severe side effects, and unsatisfactory efficacy due to unfavor-
able pharmacokinetics and inefficient drug delivery to dis-
eased sites.>™ Drug delivery systems, including polymeric
micelles, liposomes, polymer-drug conjugates, antibody-drug
conjugates, and nanoparticles (NPs), are widely used to
enhance drugs’ solubility, stability, pharmacokinetics and bio-
distribution, ultimately increasing therapeutic efficacy and
reducing adverse effects.®™®

Polymeric micellar structures consist of a hydrophobic core
for drug loading and a hydrophilic shell, typically polyethylene
glycol, for improved colloidal stability and stealth effects.'*?
Micellar formulations, like Genexol-PM, NK012, and NK105,
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have advanced to clinical trials, yet none has been approved in
the United States.'* Challenges include low drug loading
capacity, poor colloidal stability, premature drug release, and
limited drug accumulation in the diseased tissues.'>'®
Hydrophilic drugs’ poorly miscible core often results in low
drug-loading efficiency. Moreover, unfavorable surface/shell
drug loading in NPs can lead to premature ‘burst release’,
causing undesirable side effects and reduced therapeutic
efficacy. One approach to address these limitations is to opti-
mize the drug carrier. Shell crosslinking of micelles has
demonstrated controlled drug release and improved structural
stability."®™*® However, the structural complexities of these
advanced nanocarriers are stumbling blocks for clinical trans-
lation. Alternatively, the payloads can be engineered to
improve drug delivery.>® We previously reported a glutathione-
sensitive heterodimeric multifunctional prodrug that signifi-
cantly increased the drug’s hydrophobicity, allowing high drug
loading and slow responsive drug release. This resulted in pre-
ferable tumor accumulation and significantly improved tumor
growth inhibition.>® However, coupling of two drugs offers
limited tunability of the prodrug’s physicochemical properties,
and the fixed 1:1 drug ratio might not be ideal for clinical
applications. Herein, we developed a responsive prodrug-
initiated ring-opening polymerization (ROP) of polylactide
(PLA) to engineer a therapeutic agent with a hydrophobic
polymer chain, which allows for the systematic tuning of a
drug’s physicochemical properties to align with those of the
carrier, optimizing drug loading and release and ultimately
enhancing therapeutic efficacy while minimizing side effects.
As proof of concept, we used CPT as a model therapeutic
agent. CPT is a potent topoisomerase I inhibitor with remark-
able anticancer activities, but its clinical use is limited due to
severe toxicity, ring instability,
insolubility.”>™’ Effective drug carriers to overcome these
limitations are needed. However, most CPT nanoformulations
face challenges such as low drug loading, uncontrolled
release, and poor NP stability, partly due to CPT’s planar five-
ring aromatic structure.’®>' In this study, we present a
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straightforward method for developing CPT-based responsive
polymer prodrugs by using a disulfide-containing CPT prodrug
to initiate the ROP of lactide. The obtained polymer prodrug
had narrow dispersity, high drug loading efficiency, controlled
drug release, and improved tumor growth inhibition compared
to CPT. The prodrug’s physicochemical and biological pro-
perties could be finely tuned by varying the polymer chain
length. Our prodrug engineering strategy provides a simple
and effective approach to optimize drugs’ physicochemical
properties for high drug loading, controlled drug release, and
improved in vivo efficacy.

An advantage of our strategy is the facile construction of a
responsive polymer prodrug from commercially available CPT
and lactide (Fig. 1). CPT was treated with triphosgene to acti-
vate its hydroxyl group which then reacted with a disulfide-
containing linker to yield CPT-ss-OH which then initiated the
ROP with p/i-lactide in the presence of the organocatalyst 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU). After 5 min, the reaction
was quenched with acetic acid and purified by flash chromato-
graphy on a silica column. The prodrugs were characterized by
"H NMR spectroscopy (Fig. 2a). Characteristic peaks of PLA
appeared at ~1.56 ppm (methyl) and ~5.17 ppm (methine)
(Fig. 2a), which gave an average degree of polymerization (DP)
of 16 after integration. Polymer prodrugs with DPs of 5 and 36
(CPT-ss-PLA;, CPT-ss-PLA3s) were also synthesized. CPT-cc-
PLA.g, a control lacking a disulfide bond, was similarly syn-
thesized. Gel permeation chromatography (GPC) was also used
to analyze prodrug’s size distribution and dispersity (P) and
average molecular mass. All polymer prodrugs exhibited mono-
modal molar mass distributions, with D values of less than 1.1
(Table S1}). As anticipated, polymer prodrugs with longer
chain lengths showed shorter retention times, indicating
higher molar masses (Fig. 2b). Furthermore, we found out that
longer PLA chains increased retention factors in thin-layer
chromatography (Fig. 2¢) and retention times in high-perform-
ance liquid chromatography (HPLC) (Fig. 2d), indicating that
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Fig. 1 Synthesis of glutathione-sensitive polymer prodrugs toward
improved drug delivery to tumours.
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Fig. 2 (a) 'H NMR spectrum of the polymer prodrug CPT-ss-PLAy. (b)
GPC traces of CPT-ss-PLAs (green line), CPT-ss-PLA;g (blue line) and
CPT-ss-PLAz¢ (black line). (c) Thin-layer chromatography of CPT and
CPT polymer prodrugs. Lanes 1-5 are CPT, CPT-ss-PLAs, CPT-ss-PLAge,
CPT-ss-PLAzg, and CPT-cc-PLA;g under a UV 254 nm lamp, respectively.
(d) The HPLC traces of CPT polymer prodrugs. Characterization by DLS
(e) and TEM (f) of CPT-ss-PLA;¢ loaded NPs. (g) A photograph of CPT-
ss-PLA;e¢ NPs in water in the dark with green laser light passing through.

the hydrophobic polylactide systematically enhanced the
overall hydrophobicity of CPT.

Following the synthesis of prodrugs, CPT-ss-PLA;s was
selected for preliminary drug loading tests using bio-
degradable PEG-b-PLA as an amphiphilic drug carrier
(Table 1). CPT-ss-PLA;¢ and PEG-b-PLA were mixed in THF and
added dropwise to water, initiating NP self-assembly. All trials
with CPT-ss-PLA;s produced NPs with high colloidal stability,
without visible precipitation during preparation or storage.
Dynamic light scattering (DLS) demonstrated a monomodal
distribution with a hydrodynamic diameter of 41 + 13 nm
(Fig. 2e). When green laser light passed through the formu-
lation, a uniform light path was observed, indicating homo-
geneous NPs (Fig. 2g). Transmission electron microscopy

This journal is © The Royal Society of Chemistry 2025
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Table 1 Drug loading capability and stability evaluations

Entry Ratio® DL-P® DL-C°  Size? Stability®
CPT-ss-PLA;,  1:4 20 4.2 58+ 21 Stable
CPT-ss-PLA;,  1:2 33 6.9 41+13 Stable
CPT-ss-PLA;4 1:1 50 10.4 52+ 15 Stable
CPT-ss-PLA;,  2:1 67 13.8 53+ 16 Stable
CPT-ss-PLA;,  4:1 80 16.6 61+19 Stable
CPT-ss-PLA; 1:2 33 13.1 91 +32 Stable
CPT-ss-PLAz,  1:2 33 3.7 44 + 14 Stable
CPT-cc-PLA;g  1:2 33 6.5 68 + 27 Stable
CPT 1:20 — 4.8 101+22  Not stable

“Mass of the polymer prodrug to the mass of PEG-b-PLA. ®Drug
loading prodrug (DL-P) was calculated as DL-P = mass of the polymer
prodrug/mass of (polymer drug + PEG-b-PLA) x 100%. ° Drug loading
CPT (DL-C) was calculated as DL-C = mass of CPT/mass of (CPT-ss-PLA
+ mass of PEG-b-PLA) x 100%. ? The size of the drug-loaded NPs was
measured by DLS in terms of number distribution (nm). ©Stable
means no visual precipitation over 1 month.

(TEM) images of CPT-ss-PLA;, loaded NPs suggested the for-
mation of spherical particles with dry-state diameters of 40 +
6 nm (Fig. 2f). At a feed ratio of 4 (mass of polymer prodrug
CPT-ss-PLA;¢ to mass of PEG-b-PLA), the loading capacity of
the prodrug reached 80 wt%, corresponding to a CPT loading
of 16.6 wt% (Table 1). Similar results were observed with other
CPT polymer prodrugs, including CPT-ss-PLA5;, CPT-ss-PLA;,
and CPT-cc-PLA,5. In contrast, a mixture of CPT and PEG-b-
PLA in DMSO (as CPT is poorly soluble in THF) with a low
ratio of 1:20 formed visible precipitates within 2 hours, with
no purification possible. The high drug loading efficiency and
capacity are likely due to the increased hydrophobicity and
improved miscibility of the prodrug PLA chains with the PLA
chains of the nanocarrier, which highlights the advantages of
the CPT polymer prodrug toward developing an effective drug
delivery system compared to free CPT.

Another critical feature of CPT-ss-PLA NPs is their respon-
sive release of intact drugs due to disulfide cleavage. HPLC
traces clearly demonstrate that long polymer chains resulted in
longer retention times due to increased hydrophobicity
(Fig. 2d). In the presence of 40 mM GSH, the concentration of
CPT-ss-PLA, ¢ displayed a gradual decrease accompanied by an
increase of CPT concentration due to the cleavage of disulfide
bonds (Fig. 3a). It was observed that longer PLA chains signifi-
cantly slowed the CPT release (Fig. 3b). Specifically, within
8 hours, CPT-ss-PLA; NPs released ~95% of CPT, while CPT-ss-
PLA;¢ and CPT-ss-PLA;, released ~26% and ~7%, respectively.
Over a prolonged incubation for 48 hours, CPT-ss-PLA;s NPs
released 78% of CPT, while CPT-ss-PLAz;s NPs released only
30%. In contrast, the CPT-cc-PLA,;3 NPs, without a disulfide
bond, showed negligible CPT release (Fig. 3b), which clearly
demonstrates the need for a labile disulfide bond to release
intact CPT. Furthermore, minimal CPT release was observed
for CPT-ss-PLA;3s while up to 40% for CPT-ss-PLA; in 144 h in
PBS without GSH (Fig. S41). Together, these results indicate
that the CPT polymer prodrug, designed to systematically tune
the physicochemical properties of CPT, achieves high drug

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) HPLC traces of intact CPT released from the prodrug CPT-ss-
PLA;6 in PBS containing 40 mM GSH at different time points. (b) Intact
CPT released in the presence of 40 mM GSH. (c) In vitro cytotoxicity of
CPT and CPT prodrugs against BxPC-3 and (d) 4T1 cancer cells.

loading and offers responsive tunable release capabilities. The
ability to fine-tune the drug’s release rate by altering the poly-
mer’s chain length lays the foundation for further studies into
the optimization of effectiveness of cancer therapies.

In vitro cytotoxicity of CPT-ss-PLA NPs was assessed against
4T1, PC-3, and BxPC-3 cancer cells (Fig. 3¢, d and S6t). CPT-ss-
PLA NPs showed concentration-dependent inhibition of cell
proliferation. For BXPC-3 cells, CPT-ss-PLA; showed an ICs, of
1.78 uM, slightly higher than free CPT’s ICs, of 0.41 uM. CPT-
ss-PLA;¢ and CPT-ss-PLA;s showed ICs, values of 4.62 uM and
14.1 pM, indicating reduced potency for longer PLA chains.
CPT-cc-PLA;g, lacking the disulfide bond, exhibited much
lower cytotoxicity. Similar trends appeared in 4T1 and PC-3
cells (Fig. 3c, d, S6 and 7f) (Table S2f). These data
revealed that longer PLA chains resulted in lower cytotoxicity
which was probably due to decreased drug release. The di-
sulfide bond was essential for maintaining prodrugs’ in vitro
cytotoxicity.

Building on promising in vitro findings, we progressed to
in vivo mouse studies to evaluate therapeutic efficacy and
safety in a more complex biological setting to verify our
polymer prodrug strategy. Tumor-bearing mice (BxPC-3 model)
were treated with formulations every 3 days, 5 times. Body
weight and tumor size were monitored every 2 days (Fig. 4a).
As expected, mice treated solely with PBS experienced a sub-
stantial increase in tumor size, highlighting the aggressive
nature of pancreatic cancer. In contrast, the groups treated
with drug loaded NPs exhibited much slower tumor growth
rates (Fig. 4b and e). CPT-ss-PLA; and CPT-ss-PLA;s NPs
reduced tumor size by half compared to CPT-loaded NPs on
day 26. CPT-ss-PLA;s, with slower drug release, resulted in
similar tumor size to CPT loaded NPs. After 32 days, all mice
treated with PBS had succumbed, while the CPT-ss-PLAjq
group exhibited a 60% survival rate, and the CPT-cc-PLA;g

Nanoscale, 2025,17,10595-10599 | 10597
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Fig. 4 In vivo antitumor activities of various treatments on BxPC-3
tumour bearing BALB/c nude mice. (a) Scheme of the experiment. (b—d)
Tumour inhibition curve, relative body weight, and survival rate of
tumour-bearing mice (n = 5 biologically independent mice per group).
(e) Individual tumour growth curve after each treatment. Results are pre-
sented as the mean + standard deviation (SD). *P < 0.05 indicates a stat-
istically significant difference between CPT-ss-PLA;g and CPT-cc-PLAg
groups.

group showed a 40% survival rate. Impressively, the CPT-ss-
PLA;s and CPT-ss-PLA; groups achieved an 80% survival rate
(Fig. 4d). No significant differences in body weight (Fig. 4c) or
histopathological abnormalities (e.g., hemorrhage, necrosis,
inflammation) were observed (Fig. S8t). These findings
emphasize the exceptional therapeutic efficacy and safety
profile of CPT-ss-PLA NPs, underscoring their potential as a
treatment for pancreatic cancer. More importantly, this study
demonstrates the capability of these polymer prodrugs to tune
their PLA chain length, enabling tunable responsive drug
release kinetics to optimize treatment outcomes against
different cancers.

In summary, we developed a simple and efficient method
to construct a polymer prodrug through direct, responsive
prodrug-initiated polymerization of lactide. The resulting pro-
drugs achieve exceptionally high drug loading efficiency and
capacity,
tumour inhibition with minimal systemic toxicity, showcasing

stimuli-responsive drug release, and enhanced
significant potential for cancer therapy. Adjusting the polymer
chain length allows effective tailoring of drug’s physico-
chemical properties for optimized therapeutic outcomes. This
versatile strategy offers new opportunities for delivering
various drugs, both hydrophobic and hydrophilic, such as
DM1, MMAE, and paclitaxel.
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