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lock copolymer domains as
macromolecular ion transport systems in biological
membranes

Shunji Kosaka,a Jokichi Fukushima,a Nanami Takeuchi, b Noriko Miyamoto,c

Liliana de Campo,d Ryuji Kawano b and Tomoki Nishimura *a

Synthetic ion channels represent an emerging class of therapeutics. However, most synthetic ion channels

are derived from small molecules, whose rapid clearance from the body limits their therapeutic potential.

Here, we report macromolecular ion transport systems based on amphiphilic polyether block

copolymers. The block copolymers self-assemble into vesicles that are spontaneously incorporated into

biological membranes to form polymer-rich domains. The hydrophobic core of the domains, which

features ether–oxygen atoms and the presence of water molecules, is analogous to the permeation

pathways of natural ion channels such as KcsA. In addition, the inherent thermoresponsive properties of

these polymer domains enable on/off switching of ion transport in response to temperature variations,

allowing for controlled modulation of cation permeability. Thus, these domains act as macromolecular

ion transport systems to disrupt ion homeostasis and trigger apoptosis in cancer cells. The systemic

administration of the vesicles in tumor-bearing mice resulted in an accumulation at the tumor sites,

inhibiting tumor growth. This work establishes thermoresponsive polyether block copolymers as

a versatile and biologically active platform for macromolecular ion transport systems.
Introduction

Natural ion channels play a central role in maintaining cellular
homeostasis by regulating ion gradients across biological
membranes.1 Inspired by these functions, synthetic ion chan-
nels have been developed as mimetic systems of natural ion
channels.2–8 Synthetic channels with features such as superior
ion selectivity,9–11 high transport efficiency,12,13 control through
external stimuli,14–22 and multistate conductance23 have been
achieved. These synthetic ion channels can be introduced into
cancer cells to disrupt ion homeostasis and induce apoptosis,
and thus represent a novel approach to cancer treatment.24–31

Despite these achievements, most synthetic ion channels
developed to date are based on small molecules and are rapidly
excreted by the kidneys when administered systemically.32–34

This signicantly reduces their overall bioavailability and limits
their therapeutic efficacy. In contrast, polymer-based systems
offer a promising solution: their nanoscale assemblies not only
ence, Shinshu University, 3-15-1, Tokida,

himura_tomoki@shinshu-u.ac.jp

nce, Tokyo University of Agriculture and

lty of Engineering, Aichi Institute of

oyota, Aichi, 470-0392, Japan

ustralian Nuclear Science and Technology

, Lucas Heights, NSW 2234, Australia

16533
accumulate at tumor sites via the enhanced permeability and
retention (EPR) effect but also avoid rapid renal clearance,
thereby improving systemic retention and therapeutic
potential.35–40 Nevertheless, maintaining both efficient ion
transport and functional integration into biological membranes
remains a major challenge. In particular, the ability of poly-
meric systems to stably incorporate into lipid membranes while
preserving ion transport functionality is critical for therapeutic
success.

To address this, one strategy to enhance the functionality of
biological membranes involves the incorporation of synthetic
block copolymers, leading to the formation of polymer/
phospholipid hybrid vesicles. Within these hybrid systems,
block copolymers can organize into distinct membrane
domains, such as laterally phase-separated patches, disk-like
inclusions, or ra-like structures.41–47 The formation and
morphology of these domains are governed by several physi-
cochemical factors, including the hydrophobic mismatch
between polymer and lipid components, differences in
membrane thickness, polymer–lipid miscibility, and the
resulting line tension at domain boundaries.48 Such mesoscale
organization is known to modulate membrane curvature,
uidity, and permeability, and has been exploited in previous
studies to control molecular transport and membrane-
associated functions.

Here, we present a strategy to achieve ion transport through
self-assembled polymer domains embedded within biological
© 2025 The Author(s). Published by the Royal Society of Chemistry
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membranes. Specically, we employ amphiphilic block copol-
ymers composed of triethylene-glycol-functionalized poly(-
glutamate) and poly(propylene oxide) (poly(EG3Glu)-b-PPO),
which self-assemble into vesicles and are spontaneously incor-
porated into lipid and cellular membranes. These domains
recapitulate key features of natural ion channels such as KcsA
(Fig. 1a)49–52 by providing ether-rich hydrophobic cores with
conned water molecules, enabling cation transport without
dened pores (Fig. 1b). Furthermore, the thermoresponsive
nature of PPO allows temperature-dependent modulation of ion
transport.53–55 Through this design, we demonstrate that these
block copolymer domains function as macromolecular ion
transport systems, disrupting ion homeostasis and inducing
apoptosis in cancer cells. Systemic administration in tumor-
bearing mice results in selective accumulation at tumor sites
and signicant tumor growth inhibition. While a previous study
reported enhanced ion permeability in polymer–lipid hybrid
vesicles attributed to size mismatch,56 the underlying mecha-
nism was not structurally elucidated. In contrast, our work
provides direct evidence that self-assembled polymer-rich
domains embedded within biological membranes can facili-
tate ion transport by mimicking the hydration features of
natural channels. This represents a distinct and structurally
supported design strategy for polymer-mediated ion transport
in membranes. Our ndings broaden the scope of synthetic ion
transport systems and establish a generalizable design prin-
ciple for engineering polymer-based ion transport platforms
across diverse membrane systems.
Fig. 1 (a) The ion-channel pathway in KcsA is characterized by the prese
transport of cations. (b) Schematic illustration of the incorporation of poly
the formation of polymer-rich domains. The hydrophobic core of the dom
natural-ion-channel pathway. The domains form polymer-rich membra

© 2025 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Design and synthesis of the amphiphilic block copolymers

To enhance compatibility with lipid bilayers, we designed
relatively low-molecular-weight block copolymers. This is
because excessive hydrophobic mismatch and signicant
differences in bilayer thickness can hinder domain formation.48

Among the hydrophobic blocks, the poly(propylene oxide) (PPO)
was selected due to its solubility parameter (d = 16.3 MPa1/2)
being similar to that of the hydrophobic core of phospholipid
bilayers (d = 17.4–19.0 MPa1/2), which promotes better misci-
bility. These factors are considered critical for effective domain
formation and membrane incorporation in hybrid vesicles.

In addition to membrane miscibility, the chemical structure
of a block copolymer can affect both its cation permeability and
its ability to incorporate into biological membranes. Thus, we
designed and synthesized three amphiphilic block copolymers
with various hydrophobic segments, i.e., PPO, poly(butylene
oxide) (PBO), and poly(pentylene oxide) (PPeO), in order to
optimize the chemical structure of the polymer-based ion
transport systems. These block copolymers were selected due to
their different steric hindrance and hydrophobicity, as these
factors can be expected to inuence both ion permeability and
incorporation into membranes.

The block copolymers were synthesized via the ring-opening
polymerization of g-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)
esteryl-DL-glutamate-N-carboxyanhydride (EG3Glu NCA) using
amine-functionalized polyether as a macroinitiator. Schemes
nce of carbonyl oxygen atoms and water molecules, which enable the
(EG3Glu)-b-PPO into phospholipid bilayer membranes, which leads to
ains contains ether oxygen atoms andwatermolecules, similarly to the
ne region that support ion transport.

Chem. Sci., 2025, 16, 16522–16533 | 16523
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S1–S3 outline the block copolymer synthesis. Detailed synthetic
procedures, representative 1H NMR spectra, and size-exclusion
chromatograms are provided in the SI (Fig. S1–S18).
Self-assembly of the block copolymers into vesicles and cation
permeability

Poly(EG3Glu)-b-PPO, which features thermoresponsive PPO as
its hydrophobic segment, exhibits lower-critical-solution-
temperature (LCST)-like behavior in aqueous solutions
(Fig. S19).57 To take advantage of this behavior, polymer solu-
tions were prepared by dissolving poly(EG3Glu)-b-PPO in
distilled water at 0 °C in an ice bath. Aer full dissolution, the
solution was incubated at room temperature for 30 minutes and
then sonicated for 1 minute. Solutions of the other polymers,
which did not exhibit LCST-like behavior, were prepared using
the lm-hydration method. A dynamic-light-scattering (DLS)
analysis of the poly(EG3Glu)-b-PPO solution showed an average
hydrodynamic diameter of 151 nm with a polydispersity index
(PDI) of 0.11 (Fig. 2a), and the zeta potential was −11 mV
(Fig. S20). Cryo-transmission-electron-microscopy (Cryo-TEM)
images revealed spherical vesicles with an average membrane
thickness of ∼10 nm (Fig. 2b and S21).

To obtain further structural information, we conducted
small-angle-X-ray-scattering (SAXS) measurements. The SAXS
Fig. 2 (a) Size distribution of self-assembled poly(EG3Glu)-b-PPO (1.0mg
PPO solution (10 mg mL−1). (c) SAXS profile of self-assembled poly(EG3Glu
obtained using the bilayer-membrane model (red line). (d) SANS profile o
(open circles) and the theoretical curve obtained using the bilayer-memb
(solid line) and the theoretical SLD value of PPO (dotted line). (f) Time-de
poly(EG3Glu)-b-PPO vesicles upon adding KOH solution inHepes buffer at
the external aqueous phase had a pH of 7.8. [polymer] = 1 mM; [Hepes] =

16524 | Chem. Sci., 2025, 16, 16522–16533
proles exhibited a q−2 intensity decay in the low-q region,
indicating the presence of thin plate-like structures (Fig. 2c).
This suggests the formation of bilayer membranes. A cross-
sectional bilayer-membrane model was used to t the SAXS
data. The results indicated a hydrophilic layer thickness of
2.9 nm and a hydrophobic layer thickness of 5.5 nm to give
a total membrane thickness of 11.3 nm (Table S1). These results
are consistent with those of the Cryo-TEM measurements. The
poly(EG3Glu)-b-PPO vesicles remained stable in serum-
containing culture medium (Fig. S22). The block copolymers
poly(EG3Glu)-b-PBO and poly(EG3Glu)-b-PPeO also self-
assembled into spherical vesicles as conrmed by Cryo-TEM
and SAXS (Fig. S23 and S24, Tables S2 and S3).

Aer conrming the self-assembly of the polymers into
spherical vesicles, we quantied the water content in the
hydrophobic PPO layer, as water regulates ion conductance and
gating in natural ion channels. For that purpose, small-angle
neutron scattering (SANS) was performed (Fig. 2d). The red
line in the SANS prole represents the best t based on the
cross-sectional bilayer-membranemodel. The scattering-length-
density (SLD) prole and structural parameters are shown in
Fig. 2e and Table S4. A slight deviation at low q was observed,
likely due to scattering from the overall vesicle structure, which
is not captured by the bilayer cross-section model used for
mL−1) in water. (b) Cryo-TEM image of a self-assembled poly(EG3Glu)-b-
)-b-PPO (10 mg mL−1) in water (open circles) and the theoretical curve
f self-assembled poly(EG3Glu)-b-PPO (10 mg mL−1) in deuterium oxide
rane model (red line). (e) SLD profile of the polymer vesicle membranes
pendence of the relative fluorescence intensity of HPTS encapsulated
25 °C. The pH of the internal aqueous phase of the vesicles was 7.3, while
10 mM. Results represent mean values ± SD (n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tting. The SLD of the hydrophobic layer (1.7 × 1010 cm−2)
exceeded the theoretical value for PPO (0.34 × 1010 cm−2),
which indicates the presence of D2O in the hydrophobic region.
This behavior is similar to that reported for the maltopentaose-
b-PPO vesicle system.58 The D2O volume fraction in the PPO
layer was calculated to be ∼23 vol%.58 Similarly, the water
content in the poly(EG3Glu)-b-PBO and poly(EG3Glu)-b-PPeO
vesicles was 16 vol% and 14 vol%, respectively (Fig. S23d and
S24d, Table S4). The water content decreased with increasing
length of the alkyl side chain, due to the increased steric
hindrance, limiting hydrogen bonding between water mole-
cules and the ether oxygens.

Having conrmed the hydration of the hydrophobic layer, we
then evaluated the cation-transport abilities of the polymer
vesicles using the pH-sensitive 8-hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt (HPTS) assay.59 A solution of
poly(EG3Glu)-b-PPO vesicles (pHinside = 7.3; 10 mM Hepes) with
HPTS entrapped inside the vesicles was prepared. To create
a pH gradient across the polymer-bilayer membrane (pHoutside

= 7.8), KOH solution was injected into the vesicle solution. The
permeation of K+ ions into the polymer vesicles was monitored
by measuring the change in the uorescence intensity of the
entrapped HPTS (Fig. 2f). Upon adding KOH solution, the
uorescence intensity of HPTS increased rapidly, indicating
that the vesicles were permeable to K+ ions. We further tested
the permeability of other cation species, including divalent
cations, and conrmed that all ions were able to permeate
Fig. 3 (a) Schematic illustration of the incorporation of poly(EG3Glu)-b
images of the polymer/phospholipid hybrid vesicles labelled with NBD
channel); scale bar = 10 mm. (c) Fluorescence spectra of the polymer/ph
polymer vesicles labeled with NBD and rhodamine (green line), and the
poly(EG3Glu)-b-PPO/DMPC-d54 hybrid vesicles at 37 °C in 84 : 16 D2O : H
disk model (dotted red line). The 84 : 16 D2O : H2O ratio corresponds to

© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. S25 and S26). In a similar manner, poly(EG3Glu)-b-PBO
and poly(EG3Glu)-b-PPeO vesicles also exhibited ion perme-
ability under the same conditions (Fig. S27). Overall, these data
clearly demonstrate that all the block copolymers self-assemble
into cation-permeable spherical vesicles.
Formation of polymer-rich domains in liposomes via block
copolymer incorporation

Since spontaneous incorporation into bilayer membranes is
essential for synthetic ion transport systems, we examined
whether the block copolymers would spontaneously incorporate
into phospholipid bilayer membranes using a post-loading
method (Fig. 3a). For this purpose, we prepared liposomes
(average diameter: ∼100 nm) composed of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 7-nitrobenzofurazan
(NBD)-labeled 1,2-dioleoyl-sn-glycero-3-phosphoethanol amine
(DOPE) and added rhodamine-labeled polymer vesicles (average
diameter: ∼110 nm) to the liposome solution. When poly(EG3-
Glu)-b-PPO vesicles were introduced, the NBD uorescence
intensity decreased, whereas the other polymer vesicles did not
affect the NBD uorescence (Fig. S28). The decrease in uo-
rescence was attributed to Förster resonance energy transfer
(FRET), indicating that the poly(EG3Glu)-b-PPO was in close
proximity to the phospholipids and had spontaneously incor-
porated into the phospholipid bilayers. On the other hand, the
lack of change in the uorescence of NBD suggests that the
-PPO into liposomes. (b) Confocal laser-scanning microscopy (CLSM)
-DOPE (green channel) and rhodamine-functionalized polymer (red
ospholipid hybrid vesicles labeled with NBD and rhodamine (red line),
hybrid vesicles labeled with NBD (black line). (d) SANS profile of the

2O (open circles) and theoretical curves obtained from the core–shell
the contrast-matching condition for DMPC-d54.

Chem. Sci., 2025, 16, 16522–16533 | 16525
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other polymer vesicles were not incorporated into the phos-
pholipid bilayers. The failure of these polymer vesicles to
incorporate should most likely be attributed to their stability.
Given that the PBO and PPeO in the polymer-bilayer
membranes are less hydrated (Table S4), their membranes are
stabilized by hydrophobic interactions between the hydro-
phobic segments. This could further inhibit the close approach
and fusion of the polymer vesicles and the liposomes, thereby
impeding membrane integration.

To conrm the structure of the hybrid vesicles containing
poly(EG3Glu)-b-PPO, we prepared micrometer-sized liposomes
composed of DOPC using the lm-hydration method, followed
by addition of poly(EG3Glu)-b-PPO vesicles (average diameter:
∼110 nm) to the DOPC-giant-vesicle solutions using the post-
loading method. Small amounts of rhodamine-labeled poly-
mer and NBD-labeled DOPE were added to the polymer/
phospholipid mixture to enable the polymer and phospho-
lipid to be distinguished using confocal laser scanning
microscopy (CLSM). Fig. 3b shows a representative CLSM image
of polymer/DOPC vesicles containing 10mol% of the polymer. A
concentration of 10 mol% was chosen because it enables
domain formation and confers molecular channel function-
ality, as demonstrated in our previous studies.54,55 The colocal-
ization of the uorescence of rhodamine and NBD conrms the
incorporation of the polymer into the DOPC membrane.
Furthermore, the heterogeneous distribution of the rhodamine
uorescence within the membrane suggests the formation of
polymer-rich microdomains due to the mismatch between the
thickness of the polymer membrane (11.3 nm; Fig. 2c) and that
of the lipid membranes (∼5 nm).48 We evaluated the membrane
heterogeneity of the hybrid vesicles using another FRET anal-
ysis. The results indicated that the FRET-pair polymers were
clustered on DOPC membranes, enhancing the FRET efficiency,
which suggests the formation of polymer-rich heterogeneous
domains in the hybrid vesicles (Fig. 3c).

To further investigate the nanostructure of the polymer-rich
domains, we conducted a structural analysis of the hybrid
vesicles using contrast-matching SANS. For that purpose,
a mixed solution of poly(EG3Glu)-b-PPO and 1,2-dimyristoyl-d54-
sn-glycero-3-phosphocholine (DMPC-d54) was prepared with
a polymer/phospholipid molar ratio of 9 : 1 by the pre-loading
method. As the scattering-length density (SLD) of DMPC-d54
matches that of a solvent composed of 84% D2O and 16% H2O
(Fig. S29), the phospholipids become effectively invisible,
allowing structural information to be obtained solely from the
polymer-rich domains.55,60 The hybrid vesicles were analyzed in
84 vol% D2O, and exhibited a SANS prole different from that of
the poly(EG3Glu)-b-PPO vesicles, suggesting that the scattering
did not correspond to spherical vesicular structures. The SANS
prole was tted using a core–shell disk model, revealing a disk
radius of 45 nm, a hydrophobic layer thickness of 4.5 nm, and
an overall thickness of 9.0 nm (Fig. 3d and Table S5). The
potential inuence of differences between H2O and D2O on the
membrane structure should be considered, as polymeric
systems oen exhibit different behaviors in these solvents due
to variations in hydrogen bonding and solvation effects.61–63 In
our study, we observed a clear difference in membrane
16526 | Chem. Sci., 2025, 16, 16522–16533
thickness between H2O and D2O environments (5 nm vs. 9 nm),
indicating that solvent-specic interactions play a role.
Although our SAXS/SANS analysis did not explicitly account for
these differences, we acknowledge that they may contribute to
the observed variations in membrane structure.

These results indicate that the polymer-rich phase forms
disk-like bilayer structures with a polymer conformation similar
to that in the bilayer membrane. Although the SANS measure-
ments conrm the formation of disk-like polymer-rich
domains, the radius of these domains (45 nm) is relatively
large compared to the vesicle radius (60 nm). This may be
attributed to the heterogeneous distribution of the polymer and
phospholipid within each hybrid vesicle. Achieving a uniform
molar ratio during the fabrication of polymer–DMPC lms is
challenging, and hybrid vesicles with either polymer-rich or
phospholipid-rich compositions are oen obtained. Conse-
quently, the size distribution of the polymer-rich domains is
broad, leading to larger domain sizes than expected.

Additionally, the SLD of the hydrophobic layer (1.0 × 1010

cm−2) exceeds the theoretical SLD of PPO (0.34 × 1010 cm−2),
likely due to the presence of D2O in the hydrophobic layer. We
expected that the hydrated polymer-rich domains would facili-
tate ion transport.

While our analysis indicates the formation of polymer-rich
domains within hybrid vesicles, we acknowledge that a single,
well-dened domain type may not prevail at the polymer
concentrations used in this study. Previous studies have re-
ported alternative morphologies—including interconnected or
“parachute”-like structures—particularly under conditions of
hydrophobic mismatch between polymer and lipid
components.64–66 Our previous studies demonstrated that this
class of block copolymers can induce domain formation at
10 mol% in lipid membranes,54,55 and the present FRET, SANS,
and CLSM results further support the formation of polymer-rich
domains.

However, it should be noted that the core–shell disk model
used for tting the SANS data does not explicitly account for
domain curvature or structural heterogeneity. The presence of
multiple domain morphologies and partial polymer incorpo-
ration may lead to variations in local curvature and scattering
length density, which are not fully captured by the current
model. These structural features may explain the slight devia-
tions observed between the experimental and tted SANS
proles. The possible presence of structurally heterogeneous or
partially continuous domains may also contribute to variability
in ion permeability and should be considered in future work.
Ion transport facilitated by polymer-rich domains in
liposomes

Aer successfully achieving the incorporation of poly(EG3Glu)-
b-PPO into liposomes and the formation of the polymer-rich
domains, we shied our focus to exploring the potential of
these domains to facilitate cation transport in liposomal
membranes. We prepared a solution of DOPC liposomes
(pHinside = 7.3; 10 mM Hepes) with encapsulated HPTS. A pH
gradient (pHoutside = 7.8) was created by injecting KOH solution
© 2025 The Author(s). Published by the Royal Society of Chemistry
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into the liposome solution, and poly(EG3Glu)-b-PPO was then
added to give a DOPC-to-polymer molar ratio of 9 : 1(Fig. 4a).
Aer adding the polymer, the uorescence intensity of HPTS
increased with time, indicating that K+ transport across the
liposomal membrane was facilitated by the formation of the
polymer domains (Fig. 4b). As the poly(EG3Glu)-b-PBO and
poly(EG3Glu)-b-PPeO vesicles could not be integrated into
liposomes via the post-loading method, no increase in uores-
cence intensity was observed when they were added to the
HPTS-loaded DOPC liposome solution (Fig. S30).

To obtain further insight into the ion transport activity, the
EC50 value (the concentration required to reach half the
maximum activity) was determined to be 27 mM (2.7 mol%), and
the Hill coefficient n was calculated to be ∼0.6, indicating
negative cooperativity (Fig. S31). The Hill equation is commonly
used to assess the relationship between ligand concentration
and biological or physicochemical responses. The Hill coeffi-
cient provides a measure of apparent cooperativity, where n > 1
indicates positive cooperativity, n = 1 indicates non-cooperative
(independent) behavior, and n < 1 suggests negative coopera-
tivity or functional heterogeneity. A possible explanation for the
negative-cooperativity Hill coefficient is that each polymer may
transport two K+ ions simultaneously. Additionally, the entry of
hydrated K+ ions into the hydrophobic region of the domain
Fig. 4 (a) Schematic illustration of the HPTS assay used to measure the
(pHinside= 7.3; pHoutside= 7.8). (b) Time-dependent changes in the relative
poly(EG3Glu)-b-PPO vesicles. [DOPC] = 0.9 mM, [polymer] = 0.1 mM. R
constants as a function of the reciprocal cation size, as determined via th
domain recorded in symmetric solutions (cis chamber = 1 M KCl; trans c
membranes without the polymer, as demonstrated by the current signal a
ion permeability of the polymer domain. (f) Reversible changes in the p
Results represent mean values ± SD (n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
could increase the local water content, leading to negative
cooperativity. Based on the observed K+ ion transport activity of
the polymer domain, we also investigated the cation selectivity.
The polymer domains showed a weak selectivity for Rb+ ions
over other alkaline ions, following the order Rb+ > K+ > Cs+ > Na+

> Li+, in accordance with the Eisenman sequence III (Fig. 4c and
S32).67 Cation selectivity is generally determined by the affinity
of a channel for specic cations and themagnitude of the cation
dehydration energy. In our case, the polymer domains lack
sufficient affinity for specic cations, resulting in low cation
selectivity. Further research is required to understand how the
molecular design of ion permeable polymer domains could be
optimized to enhance cation affinity. To further determine the
transport mechanism of the ion permeable polymer domains,
we performed HPTS assays in the presence of the proton carrier
cyanide-4-(triuoromethoxy)phenylhydrazone (FCCP) or the K+

carrier valinomycin. In the presence of FCCP, the hybrid vesi-
cles showed a drastic increase in HPTS uorescence (Fig. S33),
whereas valinomycin did not signicantly increase the uores-
cence intensity (Fig. S34), suggesting that the polymer domains
act as M+/H+ antiporters, in which M+ is transported more
rapidly than H+.

To extend our understanding of the ion transport activity of
poly(EG3Glu)-b-PPO, the ionic conductance across the planar
ion-transport activity of the polymer domains in the DOPC liposomes
fluorescence intensity of encapsulated HPTS following the addition of
esults represent mean values ± SD (n = 3). (c) Pseudo-first-order rate
e HPTS assay. (d) Representative channel-current traces of the polymer
hamber = 1 M KCl). No membrane leakage was observed in the DPhPC
t +100mV (Fig. S36). (e) Solution-temperature-dependent potassium-
otassium-ion permeability of the domain with temperature variation.
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bilayer membrane was examined. Two compartments (cis and
trans chambers) containing KCl solution were separated by
a planar lipid-bilayer membrane composed of diphytanoyl
phosphatidylcholine (DPhPC). The single-channel current
signals were detected with both open and closed states (Fig. 4d).
Such transitions have been reported in natural/articial ion
channels,23,68,69 and the channel conductance was found to be
53 ± 11 pS, which is similar to the conductance of an articial
ion channel with a diameter of∼0.6 nm.23 These results suggest
that this polymer may adopt a channel-like conguration. In
addition to the channel signals, erratic signals were observed,
suggesting detergent-like behavior (Fig. S35).70 These erratic
current uctuations might be caused due to the amphiphilic
properties of the polymer.

We also performed HPTS assays using salts with different
counter anions, including NaCl, NaBr, and NaI. The uores-
cence responses were nearly identical (Fig. S37), indicating that
the polymer domains permit anion permeation but do not
strongly discriminate among halide anions under these condi-
tions. Consistently, lucigenin-based assays indicated
a moderate level of chloride transport. (Fig. S38). These results
support the conclusion that the polymer domains enable ion
transport, allowing the passage of both cations and anions.

A key characteristic of the hydrophobic layer in the polymer
domains is its weak hydration, and our previous study
demonstrated that the degree of hydration can be controlled by
adjusting the temperature.58 Given that hydration affects cation
permeation, we anticipated that the permeation rate could be
tuned by changing the solution temperature. As shown in
Fig. 4e, the uorescence intensity hardly increased aer the
addition of the polymer at 18 °C, whereas the permeation rate
increased with increasing temperature. This suggests that at
lower temperatures, the higher degree of hydration inhibits ion
dehydration, thus suppressing permeation (Fig. S39 and Table
S6). In contrast, as the temperature rises, the reduced hydration
facilitates ion dehydration and thus enhances the permeation
rate. Furthermore, an HPTS assay of the hybrid vesicles under
alternating temperatures of 30 °C and 18 °C was performed. The
results demonstrate that cation permeation can be switched on
and off, i.e., the vesicles are impermeable at 18 °C and perme-
able at 30 °C (Fig. 4f). These ndings indicate that cation
permeation can be regulated by controlling the degree of
hydration. To further elucidate the role of water in this process,
changing the H2O/D2O composition could provide deeper
insights into its inuence within the transport pathways
composed of PPO. This aspect remains an important subject for
future investigations. Overall, these data clearly demonstrate
that the polymer domains facilitate thermoresponsive ion
transport across lipid membranes.
Block copolymer-mediated ion transport Perturbs ion
homeostasis and induces apoptosis in cancer cells

Aer demonstrating that the polymer facilitates ion transport in
liposomal membranes, we next investigated whether it could
mediate similar activity in biological membranes. We hypoth-
esized that the incorporation of the block copolymer into cell
16528 | Chem. Sci., 2025, 16, 16522–16533
membranes would disrupt ion homeostasis, thereby triggering
apoptosis via activation of the intrinsic apoptotic pathway.
Thus, we rst conrmed the incorporation of the polymer into
cell membranes using membrane-staining techniques.
Rhodamine-labeled polymer vesicles were added to the culture
medium of murine colorectal carcinoma (CT26) cells. Intracel-
lular rhodamine uorescence was observed aer 1 h of incu-
bation, indicating the successful incorporation of the polymer
into the cells (Fig. S40). These results were further corroborated
by ow cytometry (Fig. S41). Notably, co-localization of the
rhodamine signal with the cell membrane staining dye Plas-
Mem Bright Green conrmed that the polymer had been
incorporated into the cell membrane (Fig. 5a).

Next, to determine whether the incorporated polymer still
functions as a cation permeable domain, we examined changes
in intracellular K+ concentration using the indicator Potassium
Green-2 AM. The intracellular K+ concentration gradually
decreased with increasing incubation time (Fig. 5b). These
results clearly demonstrate that the block copolymer domains
support cation permeability in living cells. Furthermore, the
live–dead assay revealed that the cancer cells underwent cell
death in response to these intracellular ion concentration
changes (Fig. 5c). The IC50 value (the concentration required to
inhibit 50% of cell viability) was determined to be∼20 mMusing
the LDH assay (Fig. S42).

Dysregulation of ion homeostasis is frequently associated
with activation of the intrinsic apoptotic pathway.71,72 To assess
whether cell death was induced by apoptosis, CT26 cells were
incubated with poly(EG3Glu)-b-PPO for 24 h, followed by treat-
ment with uorescein-annexin V and propidium iodide (PI).
Cells exposed to the polymer showed positive annexin V binding
and PI uptake, with 11% of cells in early apoptosis and 41% in
late apoptosis (Fig. 5d).

During the early stage of apoptosis, the loss of mitochondrial
membrane potential (MMP) occurs.21,73,74 MMP changes were
evaluated in CT26 cells using the membrane-potential-sensitive
dye JC-1, which exhibits red uorescence emission due to the
formation of J-aggregates in healthy mitochondrial membranes.
MMP depolarization leads to dispersion of these aggregates,
resulting in green uorescence.75,76 CT26 cells treated with the
polymer vesicles showed a signicant decrease in red uores-
cence and a concurrent increase in green uorescence with
prolonged incubation (Fig. S43). Our results thus suggest that
the incorporation of the block copolymer into the cell
membrane enhances MMP depolarization.

MMP perturbation has been linked with increased oxidative
stress and the production of reactive oxygen species (ROS).77,78

The cells treated with the polymer exhibited elevated ROS levels,
as evident from the increased green uorescence of the ROS-
sensitive probe DCFH-DA (Fig. S44). The rise in intracellular
ROS facilitates the opening of the mitochondrial permeability
transition pores, leading to the release of cytochrome c from the
mitochondria into cytoplasm,79 which in turn activates caspase-
9 and caspase-3 expression. We thus examined the expression of
the caspase family to better understand the pathway of
mitochondria-dependent apoptosis. An immunoblotting anal-
ysis revealed decreased levels of both caspase-9 and caspase-3
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) CLSM images of CT26 cells incubated for 6 h with rhodamine-labeled poly(EG3Glu)-b-PPO, followed by staining of the plasma
membrane with PlasMem Bright Green; scale bar = 50 mm. (b) Fluorescence images showing changes in the potassium-ion concentrations in
CT26 cells treated with poly(EG3Glu)-b-PPO (left), and a quantitative comparison of the relative fluorescence intensity between untreated CT26
cells and those treated with poly(EG3Glu)-b-PPO (right); scale bar = 50 mm. (c) Representative fluorescence images of CT26 cells following live/
dead staining after treatment with or without poly(EG3Glu)-b-PPO; scale bar = 100 mm. (d) Flow cytometry analysis of CT26 cells treated with
poly(EG3Glu)-b-PPO for 24 h and stained with FITC-Annexin V and PI to evaluate apoptosis. (e) Western-blot analysis of apoptosis-related
proteins (caspase-3, cleaved caspase-3, caspase-9, caspase-12) with a-actinin as a control.
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following co-incubation with poly(EG3Glu)-b-PPO (Fig. 5e).
Notably, cleaved caspase-3, a hallmark of apoptosis, was also
observed. Furthermore, the reduced expression of caspase-12
suggests an involvement of apoptosis mediated by
endoplasmic-reticulum stress.38,80 Collectively, the decreased
expression of caspase-3, caspase-9, and caspase-12, in combi-
nation with the appearance of cleaved caspase-3, clearly indi-
cates that the apoptotic cell death induced by the block
copolymers occurs via the caspase-mediated intrinsic pathway.
Although our data indicate that cation transport contributes to
apoptosis, the observed anion permeability suggests that anion
transport may also play a role in disrupting ion homeostasis
and triggering apoptotic signaling.74,81

Evaluation of antitumor effects using block copolymer
vesicles in tumor-bearing mice

The ion transport ability of the block copolymer domains to
induce cancer-cell apoptosis prompted us to evaluate their
antitumor activity in vivo (Fig. 6a). Although the polymers
exhibit ion transport activity, they lack tumor-cell selectivity. To
improve tumor-cell targeting, we synthesized folic-acid-
functionalized poly(EG3Glu)-b-PPO, as folic-acid receptors are
overexpressed on the surface of many cancer cells.82,83 Co-
assembly of 10 mol% folic-acid-functionalized polymer with
poly(EG3Glu)-b-PPO successfully yielded folic-acid-presenting
polymer vesicles, whose IC50 value (20 mM) against CT26 cells
was comparable to that of the poly(EG3Glu)-b-PPO vesicles
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. S45). However, the IC50 value remains higher than that of
the clinically used anticancer drug doxorubicin (0.9 mM), indi-
cating that further structural optimization is required to
enhance potency. Additionally, cytotoxicity was evaluated using
HEK293 cells as a model for normal cells, and the polymer
vesicles exhibited similar IC50 values (15 mM) compared to CT26
cells (Fig. S46). These results suggest that, although the polymer
vesicles are less potent than doxorubicin, they do not show
signicant selectivity between cancer and normal cells, indi-
cating the need for further modication to improve cancer cell
specicity.

Prior to assessing the antitumor activity, we investigated the
pharmacokinetic proles and organ distribution of the folic-
acid-presenting polymer vesicles in BALB/c mice with CT26
tumors. Rhodamine-labeled, folic-acid-presenting polymer
vesicles (5 mg mL−1, 0.1 mL) were intravenously injected into
the tail vein, and blood samples were collected at pre-
determined intervals (1, 2, 4, 8, 24, and 48 h) to monitor blood
clearance. The rhodamine uorescence of the blood samples
indicated that approximately 14% of the injected dose remained
4 h aer injection, suggesting that the vesicles distribute rapidly
to specic tissues during circulation (Fig. 6b). To evaluate bi-
odistribution, the mice were euthanized 24 or 48 h aer injec-
tion of the vesicle solutions, and various organs and tissues,
including heart, lung, spleen, liver, kidney, and tumor, and
blood were collected and homogenized. The uorescence
intensity of the supernatants was measured (Fig. 6c), and the
Chem. Sci., 2025, 16, 16522–16533 | 16529
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Fig. 6 (a) Schematic illustration of ion transport across the cancer cell membranemediated by polymer domains at the tumor site. (b) Changes in
plasma concentrations of polymer vesicles in mice over time; results represent mean values ± SD (n = 6). (c) Biodistribution of the rhodamine-
labelled, folic-acid-presenting polymer vesicles at 24 (red bars) and 48 h (green bars) after intravenous injection; results represent mean values±
SD (n = 6). (d) Near infrared fluorescence images of CT26 tumor-bearing mice after intravenous injection of NIR 797-labelled, folic-acid-
presenting polymer vesicles via the tail vain. Red circle indicates location of the tumor. (e) Dosing regimen used in the antitumor-activity study. (f)
Tumor growth over a 14 day period following the different treatments. Mice treated with intravenous (i.v.) injection of PBS buffer (green line) and
mice treated with i.v. injection of the folic-acid-presenting polymer vesicles (red line); results represent mean values ± SD (n = 5). Statistical
significance was determined using the Mann–Whitney U test (*P < 0.05; actual P = 0.017).
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vesicles were found to mainly accumulate in the reticuloendo-
thelial system (liver and spleen) and the kidney. Notably, the
tumor accumulation reached approximately 10% ID/g, which
exceeds typical levels attributed to the EPR effect alone.84 In vivo
uorescence imaging revealed that the vesicles rapidly accu-
mulated in the tumor and remained there for an extended
period (Fig. 6d). This enhanced accumulation is likely due, at
least in part, to active targeting mediated by the folate ligands
on the polymer vesicle surface. Although signicant accumu-
lation was observed in the tumor, relatively high uorescence
signals were also detected in the lung and blood. The accu-
mulation in the lung is likely due to mechanical trapping of the
relatively large vesicles within the narrow capillary network,
a phenomenon commonly reported for nanoparticles with
limited deformability. The presence in blood suggests pro-
longed circulation, which may enhance tumor access over time
but also underscores the need for further optimization to
improve targeting specicity and reduce off-target distribution.

Having conrmed the tumor accumulation of the polymer
vesicles, we then evaluated the antitumor activity of the folic-
acid-presenting vesicles in CT26-tumor-bearing mice. For this
purpose, vesicle solutions were injected intravenously every 2
days for a total of seven administrations (Fig. 6e). As shown in
Fig. 6f, the mice treated with the polymer-vesicle solution
exhibited complete suppression of tumor growth, whereas the
tumors progressed in the PBS-treated group (Fig. S47). Impor-
tantly, the mice treated with the vesicles did not show signi-
cant body-weight loss (Fig. S48), indicating that no serious
16530 | Chem. Sci., 2025, 16, 16522–16533
systemic toxicity arose from the use of the polymer vesicles.
Additionally, the urea nitrogen (UN), alanine aminotransferase
(ALT), and alkaline phosphatase (ALP) levels of the mice were
evaluated to monitor potential liver and kidney toxicity
(Fig. S49). The observed UN, ALT, and ALP levels were compa-
rable to those of PBS-treated mice, indicating that treatment
with the polymer vesicles did not induce hepatotoxicity or
nephrotoxicity. In their entirety, these ndings demonstrate
that poly(EG3Glu)-b-PPO block copolymers, by mediating ion
transport across cellular membranes, hold promise as a novel
and potentially safe therapeutic platform for cancer treatment.
Conclusions

In summary, we developed thermoresponsive poly(EG3Glu)-
conjugated poly(propylene oxide) block copolymers that self-
assemble into vesicles and spontaneously integrate into bio-
logical membranes to form polymer-rich domains. These
domains facilitate ion transport, by creating hydrated micro-
environments within the membrane, thereby contributing to
intracellular ion ux. The resulting disruption of ion homeo-
stasis is associated with apoptotic responses in cancer cells.
Notably, when administered intravenously, the vesicles accu-
mulated in tumors and led to signicant tumor growth
inhibition.

These polymers exhibit several advantages over conventional
ion channels. First, their macromolecular and supramolecular
nature reduces their susceptibility to renal clearance and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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enables tumor accumulation via the EPR effect. Second, these
polymer assemblies do not require specic secondary structures
such as helices13,85 or pores,86,87 thus facilitating more straight-
forward and versatile design.

Further investigations revealed important properties of these
block copolymers when incorporated into lipid membranes.
Specically, although poly(EG3Glu)-b-PBO and poly(EG3Glu)-b-
PPeO did not spontaneously incorporate into biological
membranes, they were integrated into lipid membranes
through pre-loading with phospholipids to form vesicles
(Fig. S50 and S51). The polymer domains formed in this manner
exhibit faster K+ transport compared to poly(EG3Glu)-b-PPO
polymer domains (Fig. S52). All hybrid vesicles were prepared
using the same pre-loading method; thus, the observed differ-
ences in ion transport are likely attributable to the chemical
nature of the block copolymers rather than the preparation
method. These results suggest that modulation of hydration
within the hydrophobic membrane region can serve as
a tunable parameter for controlling ion transport properties—
an avenue under investigation.

Together, these results highlight membrane-integrated, ion-
permeable polymer domains as a robust and adaptable plat-
form for engineering synthetic ion transport systems. Beyond
cancer therapy, this approach may be extended to treat diseases
linked to dysregulated ion homeostasis, such as liver brosis
and cardiovascular disorders,88,89 or to design functional bi-
ointerfaces and next-generation stimuli-responsive materials.
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