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Nanocatalytic medicine for treating cancer requires effective, versatile and novel tools and approaches
to significantly improve the therapeutic efficiency for the interactions of (non-)enzymatic reactions.
However, it is necessary to develop (non-)enzymatic nanotechnologies capable of selectively killing
tumour cells without harming normal cells. Their therapeutic characteristics should be the adaption of
tumours’ extra- and intracellular environment to being specifically active. To contribute to this common
goal, we propose the use of pH- and redox-responsive ferrocene containing polymersomes (FcPsomes).
This allows the regulation of their biological activities for the controlled production of radicals via the
Fenton reaction and the transport and release of cargo molecules via (destroying) host—guest inter-
actions. This is provided by the Fc-membrane composition of FcPsomes showing different pH
responsive active membrane, meaning the membrane permeability is triggering the Fenton reaction. The
modulation of radical production is validated by various spectroscopic techniques. Moreover, these
nanocontainers allow biological action of glucose oxidase (GOx) as therapeutic enzyme to produce
glucono-1,5-lactone as proton source and hydrogen peroxide, initiating the Fenton reaction, in their
interior. This provides a synergistic cancer therapeutic treatment for the starvation of hydrogen peroxide,
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but also ROS-mediated chemodynamic therapy at defined pH values. By modulating membrane
permeability, we achieve environmentally regulated and locally driven therapeutic activity in the
DOI: 10.1039/d4tb01776e confinement of FcPsomes, ensuring specificity and safety treatments. The versatility of this platform
extends beyond their specific application, allowing for their beneficial therapeutic use, for example, in

rsc.li/materials-b signaling pathways of cells through the integration of various enzymes in FcPsomes.

which integrate diagnostic and therapeutic functions.” The
development of advanced nanocatalytic approaches offers the

Introduction

Nanocatalytic medicine and combined strategies for cancer
treatment present a promising and multifaceted approach that
is gaining attention.' The key to progress lies in the establish-
ment of multifunctional nanomaterials. It is known that these
nanomaterials are capable of carrying out enzymatic reactions,
either based on natural enzymes (NEs) or artificial units, such
as nanozymes (NZs). NZs are understood to be nanomaterials
with enzyme-like properties.>®” Both biocatalytic entities are
being used in the creation of theragnostic nanoplatforms,
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potential for real-time imaging of tumours®® and the simulta-
neous delivery of therapeutic agents.>®” The advantages of
nanoparticles (NPs) in drug delivery are well known, especially
from the point of view of stability, control and targeting.
Nevertheless, the combination of these two elements with
enzymatic cavities has the effect of expanding their therapeutic
functions and even enhancing the effective treatments, which
are initiated by several mechanisms of action.'®™*

An example of a nanocatalytic entity for nanomedicine is
ferrocene-containing nanoparticles.”®® The intrinsic chemical
and therapeutic properties (e.g. stability, redox activity and
biocompatibility) of ferrocene offer an attractive candidate for
integration into polymeric nanoparticles designed for drug
delivery and cancer treatment, providing multiple and versatile
properties.>'>'*?° Highlighting the redox properties of ferro-
cene, its presence is used to make it possible to design a

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0002-7464-9449
https://orcid.org/0000-0003-1223-2434
https://orcid.org/0000-0003-4611-8963
https://orcid.org/0000-0003-3710-8608
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tb01776e&domain=pdf&date_stamp=2025-01-03
https://doi.org/10.1039/d4tb01776e
https://doi.org/10.1039/d4tb01776e
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01776e
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB013006

Open Access Article. Published on 06 Genver 2025. Downloaded on 2026-01-08 04:54:12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

polymeric matrix that responds to the oxidative environment.
This is a typical action in cancerous tissue. Furthermore, drugs,
integrated in nanocatalytic particles, can be selectively released
at the tumor site, minimizing side effects on healthy tissue.'%"®
In addition, ferrocene enhances the generation of reactive
oxygen species (ROS, Fenton reaction), leading to the destruction
of cancer cells.”" These species also contribute to promote the
weakening of the dense extracellular matrix (ECM) and even
activate matrix metalloproteinases (MMPs) that promote ECM
degradation.”® Polymeric entities with ferrocene units in their
structure offer an innovative multimodal approach that can
enhance any of the known treatments through synergistic or
combined effects.”'”'"** However, modulation of the biological
activity of ferrocene units is imperative, representing a promising
frontier in cancer treatment, with the potential to lead more
effective and personalized therapeutic strategies.'!%821,23

Our contribution to the field of nanocatalytic nanomedicine
lies in the successful design, formation, and characterization of
pH- and redox-responsive polymersomes (Psomes). These
Psomes incorporate ferrocene (Fc) units within their hydro-
phobic membranes, creating ferrocene-containing Psomes
(FcPsomes).>* The Fc units in FcPsomes can produce the
desired radicals under the conditions required for the Fenton
reaction. The degree of produced radicals in the membrane of
FcPsomes is regulated by the pH-dependent permeability of the
FcPsomes membrane. This results in a lower production of
radicals within the collapsed membrane state of FcPsomes at
physiological pH, in comparison to the swollen membrane

View Article Online

Journal of Materials Chemistry B

state of FcPsomes in an acidic environment. This is caused by
the reduced diffusion capacity of H,O, substrate to the Fc units
in the collapsed membrane state. Additionally, the integration
of glucose oxidase (GOx) into the FcPsomes membrane using
a post-loading approach enhances the efficiency of radical
production.”* Moreover, the extensive versatility of FcPsomes
is also achieved through the GOx-mediated docking and
undocking process of B-cyclodextrin-modified model molecules
via host-guest interaction, which is dependent on the redox
state of Fc units within the swollen FcPsomes membrane.'*?®
It is important to note that all of these FcPsomes exceed
120 nm in size by Cryo-TEM. Achieving reproducible structures
becomes challenging with even slight modifications to the
composition of the ferrocene-containing block copolymers
(FcBCPs). Additionally, their preparation needs the use of
organic solvents, which complicates the subsequent incorpora-
tion of biological molecules and hinders clear observation of
phase separation in Cryo-TEM (Fig. S12, ESIt). In this work,
we aim to fine-tune the size and structural properties to develop
a more versatile and adaptable nanoplatform.

Concluding the progress of our nanocatalytic compartments
for their use in the field of nanocatalytic nanomedicine, the
membrane of FcPsomes with and without post-loaded GOx
outlines a lower pH-adaptation towards the physiological
environment. This is caused by the standard use of block co-
polymer A (BCP A, Scheme 1) which results in the formation of
a less hydrophobic membrane. In general, the pH sensitivity of
Psomes membrane can be readily modulated by small changes

Fine-Tuning polymeric membrane composition of pH responsive and photo crosslinked polymersomes
containing ferrocene moietiesinto the hydrophobic membrane
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Scheme 1 Representation of different polymeric nanodevices (ferrocene-containing polymeric vesicles, FcPsomes) with the ability to regulate the
ferrocene-based properties (Fenton reaction or/and host—guest interactions) under different pH therapeutic windows. Membranes of FcPsomes A, C and
D with different hydrophobic balance and permeability are obtained by mixing different block copolymers.
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in the BCP composition. These Psomes are implemented with
even more hydrophobic membranes.”*° Consequently, it is
possible to design pH-dependent active or permeable nano-
compartments at selected pH values.>****” This adaptive pH
characteristic is essential for the further development of
FcPsomes membrane for its potential use in the intra- and
extracellular matrix of tumour tissues. Moreover, FcPsomes>*2°
represent a limited incorporation of biomacromolecules into
the lumen due to the use of organic solvent for their formation.
To enhance the potential of FcPsomes, it is essential to opti-
mise the preparation process to facilitate the incorporation of
biomacromolecules inside the lumen (free organic solvent
protocol). Moreover, there is a need for the development of
stable FcPsomes membranes with varying hydrophilic/hydro-
phobic balances.

The motivation of this work is to generate therapeutic
nanoreactors for nanocatalytic nanomedicine, where the pro-
perties of NEs (GOx, to continuously produce H,0,) and
NZs (ferrocene units in the membrane, to generate hydroxyl
radicals (*OH)) are combined to enhance the Fenton reaction
(Scheme 1, Chemodynamic Therapy, CDT). Moreover, the

A Fabrication of Empty-FcPsomes and pH
titration: Adaptive pH* parameter

B Cryo-TEM + pH dependency by AF4-LS
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nanoreactors used due to their pH-sensitivity, a local acidi-
fication promotes CDT and a possible intracellular cargo
release.’>'® The generated hydroxyl radicals are highly reactive
and have a very short lifetime, leading to limited diffusion
distance and rapid recombination. To overcome the potentially
reduced therapeutic efficiency, GOx plays a critical role within
the lumen of FcPsomes by continuously supplying the Fc units
in the membrane with the required substrate, H,O,, through
the oxidative conversion of glucose to gluconic acid and H,O,.
This is achieved through by the oxidative conversion of glucose
to gluconic acid and H,0,. In addition, the therapeutic nano-
reactors should exert their maximal cytotoxic effect in the
tumour environments. This requires the development of FcPsomes
with a more hydrophobic membrane, which should provide an
essential therapeutic window for the Fenton reaction to more acidic
conditions (pH 5.5-6.0). This approach to designing nanoreactors
with tumour-activatable cascade-reactions represents an insightful
paradigm for targeted and personalised cooperative cancer therapy.

Herein, we report several well-defined cross-linked and
multi-responsive FcPsomes (Scheme 1 and Fig. 1(A)), realised
by the co-assembly of two different block copolymers (BCPs),
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(A) Representation of the fabrication of the different FcPsomes, where the composition of FCBCP (30%) is fixed and then combined with one of

the other 3 BCPs (A, C or D) giving empty-FcPsomes A, C or D. pH dependent size determination in 1 mM PBS by DLS using 0.5 mg mL~%. The pH* was
determined by using Boltzmann fit and taking the inflexion point. The fine lines illustrate the sample’s polydispersity index (<0.250). (B) pH dependent
scaling parameter (1) of empty-FcPsomes. Scaling plots, Ry (circles) vs. Molar masses determined by AF4-LS. Theoretical values for v: range from 0.33
for spheres, over 0.5 to 0.7 for random coil macromolecules to 1 for rigid rods. Conditions: 0.5 mg mL™ in 1 mM PBS at pH 5.5, 6.5 or 7.5. Diameter ()
and membrane thickness (MT) of empty-FcPsomes by Cryo-TEM at pH 8. (C) Stability study and size determination of FcPsomes by DLS in simulated
body fluids (SBP, SCC) after a short incubation time. Dy, values in 1 mM PBS are 86, 157 and 98 nm for FcPsomes A, D and C, respectively. (D) Stability study
by DLS of empty FcPsomes solutions after being frozen (—20 °C) for extended periods of time (1 mg mL™tin 10 mM NaCl).
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using ferrocene-containing (30 wt% of FcBCP) synthesised by
the reversible addition-fragmentation chain-transfer (RAFT,
Fc-BCP) polymerisation®* and non-ferrocene-containing (70 wt%)
BCPs synthesised by atom transfer radical polymerisation (ATRP,
BCP-A, C and D).>****” The self-assembly behaviour and a deeper
study of their physico-chemical and conformational properties are
described, investigated by cryogenic transmission electron micro-
scopy (cryo-TEM), dynamic light scattering (DLS), zeta potential
and asymmetric flow-field flow fractionation coupled to light
scattering (AF4-LS). Moreover, optimised electron paramag-
netic resonance (EPR) spectroscopy measurements and enzy-
matic assays based on fluorescence measurements were used
to demonstrate the potential regulation of H,O, consumption
or radical production of several FcPsomes under different
microenvironments,*® also achieving the required therapeutic
window at pH 6. Finally, GOx-loaded FcPsomes demonstrate
their potential in toxicity assay, how the GOx enzyme enhances
the production of radicals and consequently the essential toxicity
to reduce cell viability, in comparison to pure FcPsomes.

Results and discussion

Synthesis and characterization of ferrocene-containing
polymeric vesicles

For the formation of FcPsomes A, C and D (Scheme 1) three
different pH responsive and crosslinkable BCPs (BCP-A, BCP-C,
BCP-D) have been synthesised.”>*>*” These BCPs are defined
as interchangeable adaptively therapeutic components. The
synthesised ferrocene-containing, pH responsive and crosslink-
able block copolymer (FcBCP) is defined as fixed therapeutic
component (Fig. 1(A)).>* All of them feature poly(ethylene
glycol) (PEG) as a hydrophilic segment and 3,4-dimethyl-
maleic imidobutyl methacrylate (DMIBMA) as a crosslinker in
the hydrophobic block. However, the composition of their
hydrophobic segments varies with the intention of providing
a membrane permeability of different nature, which will ulti-
mately influence the capacity to host biomacromolecules and
other cargo molecules in their membrane. BCP-A and FcBCP
have just one kind of pH responsive monomer, 2-(N,N-diethyl-
amino)ethyl methacrylate (DEAEMA, pKp 5.2) for tuning the
membrane permeability of FcPsomes A. BCP-D exhibits a
greater hydrophobicity as a result of the defined replacement
of DEAEMA with n-butyl methacrylate. In comparison to BCP-A,
BCP-C exhibits a greater hydrophilic character. This is attributed
to the partial substitution of DEAEMA by DMAEMA (2-(N,N'-
dimethylamino)ethyl methacrylate, pKy 5.7), implying protona-
tion at a higher pH, that is, a membrane permeability closer to
physiological pH.>>*” The BCPs were analysed by SEC-MALS to
determine their molar masses and dispersity (D) values, supple-
menting the calculated molar masses by "H-NMR spectroscopy.
The calculation of the molecular composition is shown in Fig. S2
and Table S1 (ESIt). Further detailed synthesis (Table S2, ESIt)
and characterisation are shown in the ESL

One of the main achievements of this work has been to
optimize the preparation of FcPsomes, particularly regarding to

This journal is © The Royal Society of Chemistry 2025
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the avoidance of organic solvents, which permits the incorpora-
tion of bio(macro)molecules within the vesicles without com-
promising their stability. The efficiency of different ratios
of BCPs/FcBCP was validated without compromising vesicle
formation and reproducibility, while maintaining a high con-
tent of Fc. Non-ferrocene-containing BCPs facilitate vesicle
formation due to their closer alignment to the theoretical block
ratio (1:2) between hydrophilic and hydrophobic compo-
nents.**?° Finally, the use of BCPs with slight changes in their
hydrophobic block enables the formation of FcPsomes thereby
broadening their biological applications. The self-assembly of
different mixtures of BCPs (70 wt% BCP-X/30 wt% FcBCP; X = A,
C or D) to form empty-FcPsomes was based on the well-
established pH switch method and the subsequent photo-
crosslinking process by UV lamp.***®?” The use of higher
wt% of FcBCP in assembled FcPsomes resulted in less stable
vesicles and were not further investigated (Fig. S3-S6, ESIY).
Thus, it was decided to stick with 30 wt% (Fig. S3-S5 and
Table S4, ESIT).

The reproducibility of the size changes due to the swelling
and deswelling of the empty-FcPsomes (A, C and D in 10 mM
NaCl) by pH switch cycles was measured by DLS. The results
demonstrate that FcPsomes remain stable for at least five cycles
of swelling and deswelling (Fig. S3-S5, ESIt). Although stability
is a prerequisite, the key parameter is pH* which defines
the semi-open state of the vesicles (Fig. 1(A)). pH* values are
generally dependent on the salt and BCP composition.”®?*”
To apply and trigger the Fenton reaction within defined pH
windows, it is important to ascertain the starting point of
swelling and the fully swollen state of FcPsomes A, C and D
(Fig. 1(A) and Table S6, ESIT). First, pH* values of 6.0, 6.4 and
6.7 were determined for FcPsomes D, A and C, respectively.
It can be observed that as the hydrophobicity of BCP decreases
(D > A > C), the pH* increases. The transition curve from the
starting point of swelling to the swollen state for FcPsomes C is
a very gradual change (extended state of permeability), with a
range from 7.25 (start of opening) to 6 (fully swollen) pH values.
In contrast, for FcPsomes A, the change is much sharper (soft
but rapid shift towards an acidic environment) with a range
from 6.75 to 6.25 pH values. The most notable difference is
observed in the case of FcPsomes D, where the opening process
starts at pH 6.25 and achieves pH 5.5 for the complete state of
opening (a drastic shift towards an acidic environment).

The morphology (vesicular structure), diameter and mem-
brane thickness were confirmed by cryo-TEM (Fig. 1(B)). The
resulting mean diameters () for FcPsomes (& gea 79 &+ 9 nimy;
& vec 84 + 22 nm; Fgep 91 + 21 nm) and membrane thickness
(MT) (MT =~ around 20 nm in all cases) are in the range of
previously published results.>**”*° Although larger hydro-
dynamic diameters for FcPsomes D are observed by DLS,
cryo-TEM results show that the diameter is not drastically
different than for FcPsomes A and C. This can be attributed
to small aggregates. Based on these results, we conclude that
the membrane permeability can be adjusted without signifi-
cantly affecting the size of the nanocontainers—an aspect that
is crucial for loading efficiency, particularly with bulky cargoes

J. Mater. Chem. B, 2025, 13,1980-1990 | 1983
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like enzymes. Additionally, we demonstrate that employing an
organic solvent-free protocol yields similar structures without
phase separation, as seen in the case of pure FcPsomes
(Fig. S12, ESIY). Zeta potential measurements were carried out
using empty-FcPsomes at pH 9 (collapsed state, CS) and at pH 5
(swollen state, SS) in 10 mM NacCl and in 1 mM PBS (Table S5,
ESIT). In all cases, the surface charge values increase when
transitioning from the collapsed state to the swollen state.
It can be observed that FcPsomes D give higher values than
the other two FcPsomes (1 mM PBS): FcPsomes A: +18.1 (SS),
—1.2 (CS) mV; (FcPsomes C: +16.0 (SS)), +1.6 (CS) mV;
(FcPsomes D: +28.3 (SS), —3.1 (CS) mV). An increase in the zeta
potential value of a nanoparticle generally implies a higher
stability of the colloidal suspension. It may be that the for-
mation of small aggregates, confirmed from the outset of DLS,
implies a higher electrostatic repulsion and stabilises the
colloidal suspension.

To obtain more depth information about stability in envir-
onments closer to biological ones, simulated biological fluids
were used, as a valuable tool to better understand the solution
state of FcPsomes in more complex environments (simulated
blood plasma (SBP) and simulated cytoplasm (SCC)). Thus,
the Dy, results of the FcPsomes after short term incubation
(Fig. 1(C)) indicate that the difference between SBP and SCC
fluids is negligible. Furthermore, the differences in their stabi-
lity behaviour in comparison with 1 mM PBS are also insignif-
icant for all FcPsomes systems. Colloidal stability after storage
for different periods was further studied by DLS, showing
stability after 4 weeks at —20 °C (Fig. 1(D)).

To complete the structural characterization and pH depen-
dency of the different FcPsomes, AF4-LS was carried out (Fig. 1(B)
and Fig. S1, Table S3, Fig. S8, ESIt). AF4-LS as a separation
method overcomes the limitations of other techniques, for
example the lack of a stationary phase minimises the tendency
for sample adsorption and degradation. This results in a gentle
separation and ensures the intact structure of the loaded
Psomes during the measurements as previously shown.>*?*>73!
The molar masses and size distributions of the different samples
were determined in 1 mM PBS at different pH values. The
conformation plot (radius of gyration (R,) versus M,,) gives valu-
able information about the compactness and molecular shape of
FcPsomes by using the scaling parameter (v, slope of the plot,
details in (ESIT), Fig. 1(B)). FcPsomes possess a scaling exponent
in the range of 0.33-0.38 at pH 7.5, which is close to the
theoretical value of hard sphere object (0.33). At lower pH values,
such as 6.5 and 5.5, the v values change slightly, but they are all in
the range of spherical objects, proving that despite the swelling
and having two types of BCP (FcBCP/BCP-X: X = A, C or D) in the
same vesicle, the structure is maintained. But an important point
to note is that in the case of FcPsomes D, once more, at pH 6.5 it is
collapsed, and a more drastic pH environment is needed to
observe its swelling. The low pH also leads to more irregular
structures observed in cryo-TEM, too. It seems likely that no
defined swelling behaviour of FcPsomes D can be observed in
the aggregated state at pH 6.5. This is consistent with the DLS
data for the determination of starting point of swelling, pH* and

1984 | J Mater. Chem. B, 2025, 13, 1980-1990

View Article Online

Paper

fully swollen state of FcPsomes D (Fig. 1(A)). The presence of the
hydrophobic Fc and n-butyl units in the membrane of FcPsomes
D (Scheme 1) suppresses potential protonation of the DEAEMA
units at pH 6.5. This (postulated) behaviour of the non-protonated
membrane of FcPsomes D at pH 6.5 is also confirmed by the
constant apparent density and the stable radii, only at pH 5.5
changes due to swelling can be observed (Fig. S8, ESIf). In the
case of FcPsomes A and C, the apparent density decreases as
expected with decreasing pH, while the radii increase. The swel-
ling behaviour of FcPsomes A and C is more dominated by the
pH-responsive tertiary amino groups within the FcPsomes
membrane and can better counterbalance the hydrophobicity
of the membrane-integrated ferrocene units in both FcPsomes
(Scheme 1).

Fenton reaction regulation by EPR measurements

The amount of radicals produced in the membrane of
FcPsomes is regulated by the pH-dependent membrane perme-
ability. This results in a lower production of radicals in the
collapsed membrane state of FcPsomes at physiological pH,
compared to the swollen membrane state of FcPsomes in an
acidic environment. The goal is to demonstrate the influence of
the BCP composition in vesicular structures on radical produc-
tion through EPR spectroscopy. This approach demonstrates
that a more hydrophobic membrane, as observed in FcPsomes
D, results in the reduction in radical generation and requires
more drastic pH conditions. 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) was used as a spin trap to detect and characterise the
formation of free hydroxyl radicals (*OH) during the Fenton
reaction to form a DMPO-OH adduct. Spin trapping is a
technique whereby transient free radicals are stabilised by
reacting with a spin trap to form a more stable radical adduct,
which can then be analysed by EPR. It is used in biological
and chemical research, offering significant insights into the
mechanisms of oxidative processes.

First, it was investigated whether the concentration present
in FcPsomes was sufficient to generate a detectable level of
radicals measured by EPR. Fig. 2(A) shows the pattern of a
characteristic EPR signal of the DMPO adduct formed by
trapping the OH radical by using FcPsomes A at different pH
values (from pH 5 to pH 7.5). Secondly, following the optimisa-
tion of the EPR conditions, the pH dependence of non-self-
assembled FcBCP was studied. Its radical production is a pH
dependent process, predominantly as a consequence of a
solubility issue. At pH values above 6.5, the protonation of
DEAEMA is insufficient to maintain the solubility of FcBCP,
leading to a deficiency radical production (Fig. S7C and D,
ESIt). The same trend is observed using FcPsomes A (Fig. 2(B)),
however, the reproducibility of the measurements at permeable
pH is lower, which may be influenced by the diffusion of the
substrates and products, which is not the case when studying
FcBCP alone. Finally, the three types of FcPsomes were evalu-
ated (Fig. 2(C)), and it can be observed that in the case of
FcPsomes D, a pH value of 5.5 is required to observing radical
production. This indicates a reduction in the concentration of
Fc in FcPsomes D, which is associated with a decrease in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Trapping of radicals at different pH with DMPO formed by the Fenton reaction of FcPsomes in the presence of hydrogen peroxide as a proof of
concept. (A) The 1:2:2:1 intensity pattern and a hyperfine line splitting of about 14.9 G is characteristic for the DMPO adduct formed by trapping the OH
radical from the Fenton reaction by using FcPsomes A at different pH values. (B) Three replicates taking the maximum intensity of second line of the signal of
spin adduct for mixtures of FCBCP A, H,O, and DMPO at different pH values: (C) the maximum intensity of the second line for spin-trapping experiments with

FcBCP, FcPsomes A, C or D. Fe content determined by ICP-OES in 1 mg mL™

! solution of FcPsomes: 9.8 of Fe ug mL™* in FcPsomes A, 12.4 of Fe ng mL™*

in FcPsomes C and 3.3 of Fe ug mL™ in FcPsomes D. Conditions in all samples: 0.21 mM of ferrocene containing in 10 mM NaCl at different pH values.
(D) Microenvironment-dependent study of hydrogen peroxide consumption by FcPsomes using Amplex Red assay (fluorometric measurements). It is an
indirect method: the lower the fluorescence of resorufin, obtained from converted Amplex Red by myoglobin, the more active the FcPsomes are.

production of radicals. The observed decrease in Fc content
in FcPsomes D can be attributed to the loss of Fc during
the formation of FcPsomes D, which is a consequence of the
formation of larger aggregates. For this purpose, the Fe concen-
tration in all systems was measured by inductively coupled
plasma-optical emission spectrometer (ICP-OES, Fig. 2 cap-
tion). The Fe content of FcPsomes A (9.8 pg mL ') and
FcPsomes C (12.3 pg mL ") is closer than to FcPsomes D
(3.3 ug mL™"). Based on these data, FcPsomes A appears to
be the most versatile system for a wider therapeutic window.
Conversely, FcPsomes D may be more suitable for systems
where a more controlled and active system may be needed,

This journal is © The Royal Society of Chemistry 2025

particularly in more drastic acidic environments. The pH depen-
dence exhibits inverse relationship with the trend to FeSO, X
7H,0, thus demonstrating the importance of the solubility or
aggregation state provided by the modified polymer or the
manufactured vesicles. Nevertheless, our proof-of-concept out-
lines the requested functions, demonstrating the efficacy of
hydrogen peroxide consumption and radical production.

Monitoring H,0, consumption by empty FcPsomes
in pH-dependent microenvironments

The elimination of hydrogen peroxide is preferentially under-
stood as an antioxidant effect triggered by the FcPsomes.
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Its consumption produces radicals within the vesicular struc-
tures, making them ideal systems for pumping out radicals at
a given damaged site."">* However, the oxidation of the Fc
units by the presence of H,0, also promotes the breakdown of
host-guest interactions.””

The tracking of hydrogen peroxide consumption under
different conditions (biological-like microenvironments) was
the next achievement. For this, the FcPsomes (A, C and D) are
incubated in different media (1 mM PBS at pH 5, 6, 7, and 8),
and the hydrogen peroxide consumption is measured indirectly
using the Amplex Red assay (Fig. 2(D)). It refers to the quanti-
fied concentration of residual hydrogen peroxide, for example,
through the determination of higher fluorescence intensity.
This implies less active or less permeable FcPsomes at which
H,0, cannot be decomposed by Fc units integrated in FcPsomes
membrane.

This study highlights the influence of pH and salt concen-
tration across all cases examined. The varying amounts of
Fc units and the role of diffusion processes make direct
comparisons of system efficiency difficult. Nonetheless, a clear
pH dependency is evident, with a particularly notable differ-
ence observed in the case of FcPsomes D. The availability of
such data is valuable, as it demonstrates that radical genera-
tion or potential cargo release can be modulated within
specific cellular environments. However, due to variability in
the data, even after multiple repetitions of the experiment,
these findings should be considered indicative rather than
conclusive.

Exploring the potential therapeutic enhancement of Fc units
via continuous hydrogen peroxide supply: GOx-FcPsomes

Finally, this work aims to conduct cascade reactions that can
enhance conventional therapies. As mentioned above, the
hydrogen peroxide concentration could be a limiting factor
due to low concentration in cells for radical production (Fenton
reaction) or for oxidation reaction (release by disruption host-
guest interaction). In this study, we propose a nanoplatform
designed to continuously generate hydrogen peroxide in a local
environment, which becomes predominantly active within an
anti-tumour environment. The background for our approach
differs from previous Fe-containing drug delivery systems.*>"°
Key point of them is that the disassembly and degradation
of ferrocene-containing polymeric particles is a prerequisite
to being successful in the establishment of nanocatalytic
medicine using NZs combined with the release of drugs in
the treatment of diseases.>?">> Other option is the simultaneous
hydrolytic cleavage of Fc within cancerous cells to induce
ferroptosis (apoptosis of cancer cells).**3®

Our concept aims for long-term use by introducing pH- and
salt-sensitive stable nanosystems with adaptive properties that
remain intact without disassembly, exhibiting NZ characteristics.
These mechanisms can be targeted within the nanocontainer
framework to achieve continuous long-term regulation or activity
for future intra- and extracellular matrix applications.

GOx enzyme was used as an enhancer component in
FcPsomes D to supply hydrogen peroxide over an extended period

1986 | J Mater. Chem. B, 2025, 13,1980-1990
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after their validated anti-tumor activity of pure FcPsomes towards
cancerous PC3 cell line. Due to its large size, and the combination
of different BCPs, in situ conditions were optimised, finally using
0.01 mg mL ™" of GOx during the formation of the FcPsomes D
(Fig. 3(B)). No predominant differences in the diameter and pH*
of GOx-FcPsomes are observed compared to the empty system,
determined by DLS (Fig. 3(B)). FITC-GOx was also loaded into
FcPsomes D, but there were unwanted interactions that prevented
it from being properly purified and therefore the loading effi-
ciency could not be estimated (Fig. S9, ESIt). Colloidal stability
was measured by DLS after three months storage at —20 °C while
maintaining acceptable similar size and PDI (Table S7, ESIY).
Additionally, the enzymatic activity of GOx-FcPsomes D was
evaluated in comparison to FcPsomes D in presence of naked
GOx, showing good retained enzymatic capacity (Fig. S13, ESIT).
However, distinguishing between the swollen and collapsed states
is challenging. In the swollen state, while more hydrogen peroxide
is produced, its consumption also increases due to the enhanced
availability of ferrocene units.

On the one hand, its antitumor activity was studied with the
cancerous PC3 cell line. Here, it can be observed that FcPsomes
D outline no anti-tumour activity at any concentration, ensur-
ing its inactivity or biocompatibility at physiological pH in
comparison with FcPsomes A and C (Fig. 3(B)). However, when
studying GOx-Psomes D in glucose-containing cell media, the
simultaneous production of expected hydrogen peroxide and
hydroxyl radical during a continuous period provides anti-
tumor activity of GOx-FcPsomes D even at low concentrations
(Fig. 3(B)). Results from control experiments with GOx-
FcPsomes D in cell media (Fig. S11, ESIt) show that over time
the pH does not decrease (Fig. S11, ESIT). This might imply for
anti-tumour activity of GOx-FcPsomes D that only the produc-
tion of radicals in the cell assays is increased, assuming in
different (acidic) compartments of PC3 cells and extracellular
environment.

The activity of GOx-FcPsomes D was evaluated after three
months of storage at —20 °C, using the PC3 cell line (tumor)
and the RWPE-1 cell line (non-tumor prostate cells) as models
(Fig. 3(C) and (D)), alongside a naked GOx enzyme control with
an assumed 10% loading rate (Fig. S15, ESIt). Results demon-
strate that the system remains functional after prolonged
storage. However, similar levels of toxicity are observed in
RWPE-1 cells, underscoring the need for improved specificity
or shorter experimental time frames. This issue remains sig-
nificant when assessing synergistic effects, as the free GOx
enzyme exhibits a comparable toxicity profile (Fig. S15, ESIf).
One important consideration is the potential overestimation of
the GOx concentration, which could impact the observed
results. It is well-known that after 24 h of incubation, substan-
tial H,O, accumulation occurs, contributing to a general cyto-
toxicity of H,0, towards (un)healthy cells. Moreover, EPR
studies also demonstrate that these systems generate radicals
in a pH-dependent manner. To conclusively confirm the syner-
gistic effect, future investigations should focus on shorter
incubation periods and precise quantification of reactive oxy-
gen species (ROS) at the cellular level. A control experiment

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 GOx loaded FcPsomes D allowing biological reactions driven by a spatiotemporal and environmental dependency in a local environment.
(A) pH dependent size determination of GOx-loaded FcPsomes D in 1 mM PBS by DLS using 0.5 mg mL™%. The pH* was determined by using Boltzmann
fit and taking the inflexion point. (B) Proof of concept of enhancing the ferrocene effect as a producer of radicals by continuous hydrogen peroxide
production. Effect of empty-FcPsomes A, C, D and GOx-FcPsomes D at different concentrations on cell viability in the PC-3 cell line (prostate cancer).
(C) Enhancement in PC3 cell line using three different batches of GOx-FcPsomes D. (D) Enhancement in RWPE-1 cell line (epithelial cell) using three

different batches of GOx-FcPsomes D.

measuring H,0, accumulation in the presence of glucose at the
concentrations found in the cell culture medium reveals only a
slight reduction with GOx-FcPsomes D (50 pug mL™~ ") compared
to GOx-loaded Psomes D lacking ferrocene units (Fig. S14,
ESIT). This result suggests following structure-relationship in
GOx-FcPsomes D that H,0,, produced, will not be quantita-
tively destroyed by the tumor-specific activity of most inactive
ferrocene units in the collapsed membrane of FcPsomes D at
physiological pH as extracted from EPR study (Fig. 2). This also
indicates that few GOx are integrated in the outer sphere of
FcPsomes D also producing glucono-1,5-lactone besides H,0,
in the same concentration range. Due to the buffer capacity of
the cell culture glucono-1,5-lactone as proton source is not able
to protonate the pH-responsive membrane of FcPsomes D to
enhance the activity of ferrocene units at physiological pH.
Alternatively, as noted earlier, the system may require a more
acidic, tumor-like pH to enhance ferrocene activity. Since the
current experiments were performed at physiological pH,
future studies under acidic conditions, which more closely
mimic the tumor microenvironment, will potentially enhance

This journal is © The Royal Society of Chemistry 2025

the exposure and therapeutic efficacy of the ferrocene units,
leading to improved antitumor outcomes.

To corroborate once more the potential of the GOx enzyme
in the Fe-containing system, FcPsomes D, the breakdown of the
interaction between the Fc unit and the Cy-5-labeled beta-
cyclodextrin molecule (B-CD-Cy5) was studied. The molecule
was incorporated during the preparation process of FcPsomes D
and GOx-FcPsomes D. The release process of $-CD-Cy5, monitored
by fluorescence spectroscopy (Fig. 4), was studied after 24 h using
two concentrations of glucose (1 mM, cytosolic-like conditions;
10 mM, extracellular-like conditions) in the presence of GOx-
FcPsomes D. And on the other hand, in the presence of hydrogen
peroxide with empty-FcPomes D. It can be observed that after 24 h,
the release is independent of the concentration of glucose, since in
both cases it is being supplied by continued hydrogen peroxide
production of GOx-FcPsomes D. And in the case of direct treatment
with hydrogen peroxide for empty-FcPomes D, release is observed
in a collapsed state and in a closed state, or it could be assumed,
that even in a closed state, release can be promoted at high
concentrations of hydrogen peroxide.

J. Mater. Chem. B, 2025, 13,1980-1990 | 1987
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release characteristics: combination of pH and oxidation release, proving the combination of host—guest and noncovalent interactions. All samples were

studied by fluorescence spectroscopy. 3-CD-Cy5 was used. Glucose = Glc.

Experimental

Materials and methods description and additional data are
available in the Supporting Information. The methods include
synthetic protocols; samples preparation; biological and
enzyme assay protocols; characterization procedures.

Conclusions

Today, GOx-containing nanoparticles for CDT, where the enzy-
matic activity of GOx is used to enhance the production of
hydrogen peroxide (H,0,) to subsequently participate in Fen-
ton or Fenton-like reactions to produce highly toxic hydroxyl
radicals that can induce cancer cell death, represent an impor-
tant advance in the current search for therapeutic and drug
delivery systems.

First, in this study we demonstrate the successful fabrication
of ferrocene membrane containing polymeric vesicles (FcPsomes)
using improved, controlled and reproducible protocols.>* The
incorporation of GOx within FcPsomes D clearly demonstrates

1988 | J. Mater. Chem. B, 2025, 13, 1980-1990

their potential as therapeutic nanoreactors, facilitating a cascade
reaction that originates in the vesicle lumen and extends to the
outer membrane. This process, driven by the conversion of
glucose into H,0, and glucono-1,5-lactone by GOx, activates the
ferrocene units, as confirmed by EPR measurements. Addition-
ally, the local generation of gluconic acid may further slightly
acidify the microenvironment, favouring the activity of the
ferrocene units as radical producers via the Fenton reaction,
particularly in the swollen state of the FcPsomes D membrane.
These dynamic properties allow the membrane to serve as a
temporary anchor for biologically active molecules through
host-guest interactions.

Our findings indicate that while H,0, is essential to trigger
the therapeutic activity of GOx-FcPsomes D, no significant
synergistic effects are observed at physiological pH. Moving
forward, future studies should focus on directly quantifying
ROS production, rather than relying on indirect measurements
of H,0,, to gain a deeper understanding of the Fenton reaction
mechanism. Moreover, developing systems that closely mimic
physiological and pathological pH conditions will be critical for

This journal is © The Royal Society of Chemistry 2025
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evaluating the selectivity and therapeutic efficacy of ferrocene
units in different microenvironments.

In summatry, ferrocene-containing polymeric vesicles (FcPsomes)
represent a versatile and promising platform for cancer therapy.
Their unique ability to integrate controlled drug delivery with
redox-triggered release and reactive oxygen species (ROS) gen-
eration positions them as a cutting-edge option for improving
therapeutic outcomes while minimizing side effects. Beyond
cancer therapy, the ability of these vesicles to facilitate cascade
reactions may inspire the development of artificial organelles
capable of driving complex biological processes, offering poten-
tial applications in biomimetics and regenerative medicine.
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