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Catalytic prodrug activation offers a promising approach to cancer therapy, but integrating catalytic and
therapeutic functions within a single platform remains challenging. In addition, low-molecular weight metal
catalysts suffer from rapid clearance and limited in vivo efficacy. Here, we present a platinum complex-
conjugated polymeric micellar system, constructed from amphiphilic poly(acrylic acid)-graft-poly(propylene
oxide), which self-assembles into short cylindrical micelles (ca. 50 nm in length) in aqueous solution. The
micelles are functionalized with a cisplatin-derived Pt(v) metal complex, which is released under reductive
conditions and converted into catalytically active Pt() species capable of deprotecting an N-propargylated
5-fluorouracil prodrug. The catalytic transformation proceeds more efficiently under mildly acidic conditions

Received 20th May 2025, (pH = 6.0), achieving up to 35% conversion after 96 hours. Cell viability assays using CT26 cancer cells

Accepted 15th July 2025 showed a decrease in viability from 60% (Pt-micelle alone) to below 50% when combined with the prodrug,
DOI: 10.1039/d5ma00518¢ indicating dual catalytic and cytotoxic activity in vitro. These findings provide a proof-of-concept for a dual-

functional nanocarrier system capable of localized prodrug activation and therapeutic action, offering a
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Introduction

Selective drug delivery remains a key challenge in cancer therapy,
where maximizing therapeutic efficacy while minimizing side
effects is critical. Although targeted drug delivery systems (DDS)
have been extensively developed to achieve site-specific accumu-
lation,'~® prodrug cancer therapy offers an alternative approach by
relying on local chemical activation to limit systemic toxicity. In this
strategy, inactive drug precursors are administered systemically
and subsequently activated selectively within tumor tissues.””® The
selectivity of prodrug activation relies on precise spatial control at
targeted tumor sites and chemical specificity toward the intended
prodrug molecules.

Among emerging strategies, catalytic prodrug activation has
garnered significant attention. This approach employs catalysts
to selectively and efficiently convert prodrugs into their active
forms at designated locations and times. Both enzymatic and
metal-based catalysts have been actively investigated for this
purpose. Enzymatic catalysts exhibit excellent biocompatibility
and substrate specificity but are often limited to natural
transformations,'”"" requiring elaborate protein engineering
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promising strategy for advancing metal-catalyzed cancer therapy.

for broader applications. In contrast, metal catalysts offer greater
versatility owing to their tunable metal centers and coordination
environments, enabling a broader range of chemical transforma-
tions, particularly in bio-orthogonal contexts.””® Among various
protecting groups used in prodrug strategies, the N-propargyl group
is particularly advantageous due to its high stability under physio-
logical conditions and selective deprotection via metal-mediated
reactions.""° This bio-orthogonal reactivity allows for precise control
over drug activation using exogenous catalytic triggers without
interfering with endogenous biological processes. Such properties
make N-propargyl groups ideal for spatially and temporally con-
trolled prodrug activation in cancer therapy. Among metal com-
plexes explored for bio-orthogonal catalysis, several exhibit intrinsic
therapeutic properties in addition to catalytic activity. Notably,
platinum-based complexes, such as cisplatin, not only serve as
chemotherapeutic agents but also demonstrate catalytic potential,
making them attractive candidates for dual-functional prodrug
activation systems.'**° Despite this potential, integration of catalytic
and therapeutic functions has remained underexplored.”** In
addition to these functional challenges, small-molecule metal cata-
lysts often suffer from rapid systemic clearance and insufficient
tumor accumulation, significantly limiting their therapeutic applic-
ability in vivo.

To address these challenges, conjugating metal catalysts
into polymeric carriers or molecular assemblies has emerged
as a promising strategy.>>>* This approach may help reduce
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renal clearance, enhance in vivo blood retention, and promote
selective accumulation in tumor tissues via the enhanced
permeability and retention (EPR) effect. Based on this concept,
we envisioned a micellar system in which a cisplatin-based
metal catalyst is immobilized on polymeric assemblies. Such a
system would enable the controlled release of catalytically
active species under reductive conditions, allow for the in situ
activation of anticancer prodrugs, and maintain both catalytic
and therapeutic functions. Such a carrier-based approach may
offer a promising route toward improved biodistribution and
tumor targeting in future in vivo applications.

Herein, we report the development of a polymeric micellar
catalytic system comprising a cisplatin-based metal catalyst
immobilized on the surface of polymeric micelles composed
of poly(acrylic acid)-graft-poly(propylene oxide) (PAA-g-PPO)
(Fig. 1). PAA was selected as the hydrophilic backbone due to
its high density of carboxylic acid groups, which allow for
efficient functionalization with metal complexes and provide
favorable aqueous solubility for micelle formation.>**® PPO was
introduced as the hydrophobic graft segment due to its ability
to drive self-assembly, enabling the formation of well-defined
molecular assemblies.”’° Under physiological reducing con-
ditions, this system effectively released active catalytic species
capable of converting propargyl-protected prodrugs in situ.
Under cell culture conditions, the released platinum species
maintained their catalytic activity, resulting in efficient cancer
cell death. These results demonstrate the potential of this
catalytic prodrug activation platform for selective drug activa-
tion and simultaneous therapeutic efficacy.

Results and discussion
Synthesis of poly(acrylic acid)-graft-poly(propylene oxide)

Poly(acrylic acid)-graft-poly(propylene oxide) (PAA-g-PPO) was
synthesized via a condensation reaction between PAA and PPO.
The synthetic scheme is outlined in Scheme S1 (ESIY). Briefly,
propylene oxide was polymerized in the presence of the phos-
phazene base P4-¢-Bu and 6-azide-1-hexanol. After 6 hours, 80%
of the propylene oxide was consumed to yield the azido-
functionalized PPO [N;-PPO; M,, = 1.4 x 10° g mol " (from
SEC); Py (from SEC using PEO standards for the calibration) =
1.09; degree of polymerization (DP) = 24] (Fig. S1 and S2, ESI¥).
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The azide group was then converted into an amine group via
the Staudinger reaction to yield amine-functionalized PPO
(Fig. S3, ESIt). The disappearance of the characteristic IR band
of the azide group at 2100 cm ™' confirmed the quantitative
conversion of the azide to an amine group (Fig. S4, ESIT). Next,
poly(tert-butyl acylate) was synthesized via RAFT polymerization
(Fig. S5 and S6, ESIT), followed by deprotection of the tert-butyl
group to yield poly(acrylic acid) [PAA; M, = 5.2 x 10* g mol ™'
(from MALS); Dy; (MALS) = 1.02; degree of polymerization
(DP) = 722] (Fig. S7 and S8, ESI}). Finally, graft copolymers
were prepared via a condensation reaction between PAA and
amine-functionalized PPO. The degree of substitution was
found to be 11 PPO groups per 100 repeating units of PAA
(Fig. S9, ESIt). The graft copolymer composition used in this
study was optimized to ensure stable self-assembly into well-
defined micellar structures. Preliminary tests indicated that
lower PPO grafting densities resulted in poor or unstable
assemblies, whereas the selected composition provided the
consistent formation of short cylindrical micelles. The NMR
spectra of the synthesized metal complexes and 5-fluoro-1-
propargyl-uracil are also provided in Fig. S10 and S11 (ESIY).
Detailed synthetic procedures and representative 'H NMR spec-
tra as well as SEC traces are provided in the ESL

Self-assembly of the graft copolymers in aqueous solution

Graft copolymers are known to exhibit unique self-assembly
behaviors due to the architectural separation of chemically
distinct side chains and backbones.*' Based on these insights,
we first investigated the self-assembly behavior of the synthe-
sized PAA-g-PPO graft copolymer in aqueous solution. Because
the graft copolymers contain thermoresponsive PPO, they were
expected to exhibit phase-transition temperatures in aqueous
solutions.®” To investigate this behavior, the thermoresponsive
properties of the copolymers in water were initially examined
using pyrene fluorescence measurements, which probe the
formation of hydrophobic domains (Fig. S12, ESIt). The
I,/I; values gradually increased as the solution temperature
decreased. The transition temperature (Ty,) was determined to
be 9 °C from the maximum value of the first derivative of the
I,/I; values. At around room temperature, the polymer exhibits
a relatively small I,/I; value of approximately 1.3, suggesting the
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Fig. 1 Schematic illustration of self-assembly of PAA-g-PPO graft copolymers into cylindrical micelles and subsequent immobilization of the Pt(iv)
precursor. Under a reductive condition, the Pt(iv) complex is converted to a catalytically active Pt(i) species, which deprotects propargylated

5-fluorouracil to generate the active anticancer drug.
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Fig. 2 (a) Size distribution of self-assembled PAA-g-PPO (1.0 mg mL™) in PBS. (b) TEM image of self-assembled PAA-g-PPO with negative staining
phosphotungstic acid. (c) SAXS profile of self-assembled PAA-g-PPO (open circles) in PBS at 25 °C and the theoretical curve obtained using the core—
shell cylinder model (red line). (d) The structural parameters of the cylindrical micelles.

formation of a hydrophobic environment and indicating that
the polymer assembles in water.

We next examined the self-assembled structures of the graft
copolymers in PBS buffer (pH = 7.4). To prepare the polymer
solution, PBS buffer was added to a glass vial containing the
graft copolymer, and the mixture was cooled to 0 °C with an ice
bath to fully dissolve the polymer. The solution was then
incubated at 25 °C for 1 h. Dynamic light scattering (DLS)
analysis revealed an average hydrodynamic diameter of 54 nm
and a polydispersity index (PDI) of 0.28 for the polymer
assemblies (Fig. 2a and Fig. S13, ESIt). Transmittance electron
microscopy (TEM) images of the resulting polymer solution
revealed the presence of cylindrical objects with an average size
of 50 nm; this value was in good agreement with the DLS
(Fig. 2b).

To obtain more detailed structural information, we per-
formed small-angle X-ray scattering (SAXS) measurements
(Fig. 2c). The scattering intensities of the polymer solution in
the low-g region decayed as a function of g, suggesting the
presence of cylindrical assemblies.*® Using structural informa-
tion based on the TEM observations and the characteristic
feature of the SAXS profile, we attempted to fit the SAXS profile
using a core-shell cylinder model.>* The model fitted the SAXS
data well over almost the entire g-range and was consistent with
a radius of the hydrophobic core of 5.0 nm, a hydrophilic layer
thickness of 2.7 nm, and an overall length of 41 nm (Fig. 2d and
Table S1, ESIT). Overall, these data confirmed the self-assembly
of the polymer into cylindrical micelles in aqueous solutions.
The formation of cylindrical micelles by self-assembly of PAA-g-
PPO is attributed to the intermediate persistence length of the
PAA main chain. Based on our previous work,”® the self-
assembled nanostructure of graft copolymers is strongly

© 2025 The Author(s). Published by the Royal Society of Chemistry

influenced by the rigidity of the main chain: flexible backbones
favor vesicle formation, rigid backbones promote spherical
micelles, and chains with a persistence length of ~2-3 nm
tend to form cylindrical micelles. Given that the reported
persistence length of PAA falls within this intermediate range
(1-3 nm),*>"° the observed cylindrical morphology is consistent
with these considerations.

Conjugation of platinum complexes to the polymer micelles
and their release profiles

After confirming that the graft copolymers self-assembled into
cylindrical micelles, we next attempted to impart catalytic
functionality to the polymeric micelles. Here, we conjugated
the diamine-hydroxo platinum(iv) complex onto the micellar
surface.’” The platinum complex was covalently attached to the
PAA main chain using the condensation agents COMU and
Oxyma (Fig. 3a). In a typical procedure, the platinum complex
was added at feed ratios of 7.5, 10, and 30 equivalents per
100 acrylic acid units, with corresponding additions of COMU
at 5, 10, and 20 equivalents to control the degree of modifica-
tion. The reaction mixture was purified by ultrafiltration, and
the degree of substitution (DS) was quantified by measuring the
unreacted platinum complex in the filtrate using a colorimetric
assay based on 3,4-diaminobenzoic acid (Fig. S14, ESI{).*® As
shown in Fig. 3b, DS values corresponding to 5, 9, and 25 Pt(wv)
complexes per 100 acrylic acid units were achieved, indicating
efficient conjugation of the platinum species into the micelles.
The zeta potential of the micelles was —23 mV before Pt con-
jugation and increased to —12 mV after conjugation with Pt(v)
complexes at a feed ratio of 25 equivalents per 100 acrylic acid
units, indicating partial neutralization of the anionic surface by
the cationic Pt species. These data indicate that nearly all of the

Mater. Adv., 2025, 6, 6001-6007 | 6003
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Fig. 3 (a) Synthetic scheme for the preparation of cisplatin precursor-functionalized PAA-g-PPO via amide bond formation using COMU and Oxyma. (b)

Degree of modification of Pt(iv) complexes per 100 acrylic acid units in PPO-g-PAA micelles at different feed ratios of the platinum precursor and COMU.

added platinum complexes were successfully conjugated onto
the micelles. DLS analysis revealed that the average hydrody-
namic diameter of the micelles remained approximately 40 nm
after conjugation, comparable to the unmodified micelles. TEM
and SAXS analyses confirmed that the micelle morphology
remained cylindrical after Pt conjugation (Fig. S15, ESIf).

SAXS indicated a modest increase in electron density, consistent
with the presence of Pt on the micellar surface. This observation
suggests that the micellar structure and integrity were preserved
following surface modification. To verify the reductive-triggered
release behavior of the conjugated platinum complex, we investi-
gated the release profile of Pt-conjugated polymeric micelles in
aqueous solutions. The platinum complex used in this study has
been previously reported to undergo reductive cleavage, yielding
active cisplatin.****** Pt-conjugated micelles were dispersed in
phosphate-buffered saline (PBS, pH 7.4) containing sodium ascor-
bate at 25 °C (Fig. 4a). At predetermined time points, the dispersions
were subjected to ultrafiltration, and the amount of platinum
released into the filtrate was quantified by inductively coupled
plasma mass spectrometry (ICP-MS). As shown in Fig. 4b, in the
presence of sodium ascorbate, an initial rapid release of the
platinum species was observed, followed by a sustained and gradual
release over time. In contrast, in the absence of sodium ascorbate,
the release was limited to the initial burst phase, with little to no
further release detected thereafter. These results indicate that the
reductive environment significantly promotes platinum release from
the micelles.

Interestingly, the platinum release plateaued after approximately
24 hours, even under reductive conditions. One possible explanation
is that positively charged or partially charged platinum species,
generated during the reduction process, may undergo electrostatic
adsorption onto the negatively charged micellar surfaces, thereby
hindering complete release. Although further studies are required to
substantiate this hypothesis, this behavior suggests complex inter-
actions between the micellar matrix and the released platinum
species. Collectively, these results demonstrate that the platinum

6004 | Mater. Adv, 2025, 6, 6001-6007
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Fig. 4 (a) Schematic illustration of platinum catalyst release from cylind-

rical micelles in the presence of sodium ascorbate. (b) Cumulative release
of the platinum catalyst from cylindrical micelles in the presence (red
circles) and absence (gray circles) of sodium ascorbate at 25 °C.

complex is stably conjugated to the polymeric micelles yet can be
selectively released under biologically relevant reductive conditions,
supporting the design rationale for prodrug activation applications.

Activation of the 5-fluorouracil prodrug via reductive release of
cisplatin from the polymer micelles and evaluation of
cytotoxicity against cancer cells

Having confirmed that the platinum complex was successfully
released from the polymer micelles in an aqueous solution, we

© 2025 The Author(s). Published by the Royal Society of Chemistry
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next turned our attention to the transformation of an anti-
cancer prodrug into an anticancer drug by the released
platinum complex. The use of metal-mediated decaging of N-
propargyl groups has emerged as a widely studied strategy for
the controlled activation of anticancer agents.”’™ On this
basis, we investigated the possibility of using N-propargyl
groups introduced on the anticancer drug 5-fluorouracil for
prodrug activation using platinum triggers. An N-propargyl
group was used to protect a secondary amine on 5-fluo-
rouracil to synthesize N-propargyl 5-fluorouracil (pFU). When
pFU was treated with cisplatin in D,0O, the 6-position proton of
pFU was observed at approximately 7.93 ppm in the 'H NMR
spectrum. As the reaction progressed, the intensity of this
signal gradually decreased, and a new peak attributable to the
6-position proton of the deprotected product appeared at
7.58 ppm after 24 hours. After 36 hours, the original signal
corresponding to pFU had completely disappeared, indicating
that pFU was almost entirely consumed under the reaction
conditions. Almost the complete consumption of pFU was
confirmed by NMR measurements (Fig. S16a and c, ESIT).
Consistent with this result, HPLC analysis also indicated
that pFU was entirely consumed after 36 hours (Fig. S16b
and c, ESIt).

To further explore the reaction conditions, we examined the
influence of pH on the depropargylation process. The tumor
microenvironment is known to be mildly acidic, and intracel-
lular compartments such as endosomes also exhibit low pH,
both of which may influence the reaction efficiency under
physiological conditions. Incubation of pFU with cisplatin in

View Article Online
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aqueous solutions at pH 6 and pH 7 resulted in comparable
initial conversion levels (Fig. S17, ESIf). After 48 hours, how-
ever, the conversion efficiency at pH 6 reached approximately
75%, whereas that at pH 7 remained at around 45%. These
results indicate that the platinum-catalyzed depropargylation
reaction is facilitated under mildly acidic conditions.

This enhancement is likely due to changes in the catalytic
activity of cisplatin resulting from its hydrolysis and subse-
quent deprotonation.** Under physiological conditions, one of
the chloride ligands in cisplatin is gradually replaced by a
hydroxide ion or a water molecule through hydrolysis, generat-
ing mono-hydroxo or mono-aqua species. As the pH decreases,
aquation proceeds further, and both chloride ligands can be
substituted, leading to the formation of bis-aquated or mixed
aquo/hydroxo species, such as [Pt(NH;3),(H,O)(OH)]" and
[Pt(NH;3),(OH),]. These species exhibit higher electrophilicity
than the parent cisplatin, thereby promoting depropargylation
under acidic conditions. After demonstrating that cisplatin can
promote the depropargylation of pFU, we next investigated the
release of the platinum complex from polymeric micelles and
the subsequent depropargylation reaction mediated by the
released species (Fig. 5a). To evaluate whether the released
platinum complex from polymeric micelles could catalyze the
depropargylation of pFU, the platinum complex-conjugated
polymeric micelles were incubated with pFU in aqueous solu-
tions at pH 6 or 7, in the presence or absence of 5 mM sodium
ascorbate, and the conversion of pFU to 5-fluorouracil (FU) was
analyzed by HPLC. As shown in Fig. 5b, the conversion of pFU
to FU proceeded more rapidly under mildly acidic conditions
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(a) Schematic illustration of the release of the platinum catalyst from cylindrical micelles under reductive conditions and the subsequent

depropargylation of a propargylated 5-fluorouracil prodrug to generate the active anticancer drug. (b) Time-dependent conversion of the propargylated
5-fluorouracil prodrug under four different aqueous conditions: pH = 6.0 without sodium ascorbate (green open circles), pH = 7.4 without sodium
ascorbate (black open circles), pH = 6.0 with sodium ascorbate (red open circles), and pH = 7.4 with sodium ascorbate (blue open circles). (c) CT26 cell
viability measured after treatment with pFU and the catalyst under specified activation conditions. Values are shown as mean + SD (n = 6).
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(pH = 6) compared to neutral conditions (pH = 7). After 96
hours, the conversion yield reached approximately 20% at
pH = 6, whereas 10% conversion was observed at pH = 7.
Furthermore, the presence of sodium ascorbate led to a further
increase in the reaction rate, with the yield exceeding 35%
under acidic conditions. These results can be attributed to the
enhanced release of the platinum complex from the polymeric
micelles under reductive conditions, as demonstrated in
Fig. 4b, and to the pH-dependent transformation of cisplatin
into more electrophilic aquated species at lower pH, which
likely facilitate the depropargylation reaction.

Following the successful conversion of pFU to FU by the
released platinum catalyst in aqueous solutions, we next
assessed whether the same transformation could occur in a
cell culture environment. Before assessing the prodrug activa-
tion, we evaluated the cytotoxicity of pFU and FU against CT26
cancer cells. As shown in Fig. S18 (ESIt), the viability of the cells
treated with pFU was almost 100% at concentrations of up to
100 pM, whereas the viability of the cells treated FU decreased
to ca. 60% upon increasing the FU concentration to 100 pM. We
then performed prodrug-activation experiments using the pla-
tinum complex-conjugated polymer micelles in the presence of
100 uM of pFU. After 24 h of incubation, the cell viability was
evaluated using a WST-8 assay (Fig. 5c). Neither the polymer
micelles nor pFU induced a significant cytotoxic effect. When
cells were treated with platinum complex-conjugated polymeric
micelles in the presence of sodium ascorbate, a comparable
level of cytotoxicity to that of cisplatin was observed. This result
suggests that the platinum complex was successfully released
from the micelles even under cell culture conditions. Further-
more, the addition of pFU to the culture medium containing
platinum complex-conjugated polymeric micelles and sodium
ascorbate further reduced cell viability from approximately 60%
to below 50%. This finding implies that the released platinum
complex catalyzed the conversion of pFU to FU. However, given
the modest change in cell viability observed, future studies may
focus on the activation of alternative anticancer prodrugs or the
use of multiple prodrugs in combination to achieve enhanced
cytotoxic effects against cancer cells.

Conclusions

In this study, we developed a polymeric micellar system based
on amphiphilic poly(acrylic acid)-graft-poly(propylene oxide),
which self-assembles into short cylindrical nanostructures with
an average length of ca. 50 nm in aqueous solution. These
micelles were successfully surface-functionalized with a cis
platin-derived Pt(iv) complex via amide coupling, enabling the
controlled release of catalytically active Pt(u) species under
reductive conditions. The released platinum species catalyzed
the depropargylation of an N-propargylated 5-fluorouracil (pFU)
prodrug, achieving a maximum conversion yield of ca. 35%
under mildly acidic conditions (pH = 6.0). Cytotoxicity assays
using CT26 cells showed that the cell viability decreased from
ca. 60% (Pt-micelle alone) to <50% when combined with pFU,
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indicating dual catalytic and therapeutic activity in vitro. These
findings demonstrate that metal catalyst-functionalized poly-
mer micelles can serve as dual-functional nanocarriers capable
of mediating both therapeutic effects and catalytic transforma-
tions. While the activation efficiency and cytotoxic response
observed in vitro were moderate, this study provides a proof-of-
concept for localized prodrug activation via bio-orthogonal
catalysis. Future work will focus on optimizing catalyst density,
tuning release kinetics, and designing improved prodrug struc-
tures, as well as evaluating biodistribution and therapeutic
efficacy in in vivo models.
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