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Nanostructured films from
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The design of smart photoelectrodes is used to modulate and control the spatio-temporal production of
reactive oxygen species (ROS). In this work, we develop photoactive films with tunable nanostructured
morphologies to favor ROS production via photostimulation. To that aim, we synthesized graft copoly-
mers, made of poly(3-hexylthiophene) (P3HT) and poly(e-caprolactone) (PCL), P3HT-g-PCL, which were
employed to fabricate compact films by drop casting. The films were further subjected to a thermo-oxi-
dative treatment in the presence of H,O, at 42 °C. This led to nanostructured films with a porosity
(~500 nm diameter and ~70 nm height) controlled at specific copolymer compositions, as determined by
atomic force microscopy (AFM). The nanostructured P3HT films possess higher storage moduli (E’) than
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flat P3HT films, as determined by nanoindentation measurements. Finally, the performance of nano-
structured P3HT films as photoelectrodes is assessed in a three-electrode electrochemical cell upon
visible-light irradiation (1 = 467 nm), leading to the spatiotemporal production of H,O, at non-cytotoxic

Open Access Article. Published on 26 March 2025. Downloaded on 8/1/2025 9:58:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/nanoscale

1. Introduction

Reactive oxygen species (ROS) are biologically relevant oxidants
(i.e., superoxide anions, hydroxyl radicals, and the more stable
hydrogen peroxide, among others) of great interest for redox
medicine."” They can act as powerful cell signalling agents
depending on their concentration.”* When overproduced, ROS can
induce harmful effects on cell viability, causing cell apoptosis,
inflammation, cardiovascular diseases, and even cancer.*
Otherwise, the production of ROS at non-cytotoxic concentrations
can be highly beneficial in most biological processes (i.e., differ-
entiation, proliferation, and migration) as they finely regulate
both eustress and distress conditions to target physiological con-
ditions.” ROS are produced endogenously in the plasma mem-
brane, although this process is irreversible and presents limited
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levels for future non-invasive redox medicine applications.

spatiotemporal resolution.®” This drawback can be overcome
through the exogenous production of ROS by physical stimulation
(i.e., light, voltage, or acoustic waves) of functional materials.*® In
particular, the use of light is gaining increasing attention as it
provides wireless stimulation, low invasiveness, reversibility, and
high spatial selectivity.' Indeed, the development of smart
photoactive materials that can finely tune the ROS concentration
at safe power densities during photostimulation is actively being
pursued. Semiconducting polymers (SPs) have attracted increas-
ing interest in biophotonics due to their intrinsic optical pro-
perties, conductivity, chemical versatility, biocompatibility, and
soft nature.' In particular, they show optical absorption pro-
perties in the visible or near-infrared region, making them
appealing for bioelectronics applications, as such wavelengths are
not harmful (compared to UV light for example) and can pene-
trate superficial skin layers."” All these features make them ideal
candidates to control localized photoelectrochemical reactions
and accomplish the multifunctional properties required for
tissue-material interfaces."*'* Among different SPs, poly(3-hex-
ylthiophene) (P3HT) is a p-type polymer known for its remarkable
optoelectronic properties. It has been used as a photocathode in
an aqueous environment under aerobic conditions, generating
H,0, and other intermediate ROS on the semiconductor
surface.”™® P3HT-based nanomaterials have demonstrated excel-
lent ability to interact with living cells and generate ROS upon
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visible light irradiation to trigger intracellular calcium ion flux or
induce redox signaling processes. It is noteworthy that the per-
formance of P3HT-based materials is greatly influenced by their
morphological properties at the nanoscale when processed in the
form of thin films and nanoparticles."®" For topical appli-
cations, the development of innovative smart nanostructured
films is desired, for use as photoactive dermal patches for mini-
mally invasive photostimulation therapies. Very recently, P3HT-
graft-poly(i-lactic acid) (PLA) copolymers were used to fabricate
nanoporous thin films through the alkaline hydrolysis (1 M
NaOH) of PLA segments. These nanoporous P3HT thin films
showed enhanced photofaradaic behavior, generating a higher
concentration of ROS compared to non-porous P3HT films for
extracellular photostimulation of endothelial cells."”**** Herein,
we investigate a different approach to generate nanostructured
and nanoporous P3HT films by a thermo-oxidative process that
mimics pathophysiological inflammatory diseases (i.e., high pro-
duction of ROS and febrile states). For such a purpose, P3HT-
derived graft copolymers were synthesized by the macromonomer
method using poly(e-caprolactone) (PCL) as a polyester macro-
monomer. The effect of the copolymer molecular composition on
the thermo-oxidative process, the pore size, and the nano-
structured morphology of the films were studied. Finally, the
nanostructured films were tested as photoelectrodes to optically
modulate the ROS production, at non-cytotoxic concentrations
and in a wireless manner under visible light irradiation.

2. Results and discussion

Graft copolymers combining poly(3-hexylthiophene) (P3HT)
and poly(e-caprolactone) (PCL), P3HT-g-PCL, were synthesized
by the macromonomer method (Scheme 1). PCL was chosen
due to its lower glass transition (T, > —60 °C) and melting (T,
> 60 °C) temperatures, which give flexibility and biocompatibil-
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ity for constructing copolymers as previously reported for elec-
troactive poly(3,4-ethylenedioxythiophene) (PEDOT) graft copo-
lymers (PEDOT-g-PCL).>* In the first step, an o-EDOT-PCL
macromonomer was synthesized by ring-opening polymeriz-
ation (ROP) of e-caprolactone, following a previously reported
protocol.** EDOT-methanol was used as a chain initiator and a
mixture of methanesulfonic acid (MSA) and 4-dimethyl-
aminopyridine (DMAP) in a ratio of 1:1 was used as an
organocatalyst. The molecular weight of the EDOT-PCL macro-
monomer, 9700 g mol ', was determined through the relative
intensities of the "H-NMR signals corresponding to the thio-
phene protons at 6.4 ppm and the -CH,- aliphatic polyester
chain at 4.3 ppm (Fig. 1). In a second step, P3HT-g-PCL graft
copolymers were synthesized by chemical oxidative polymeriz-
ation of the o-EDOT-PCL macromonomer and 3-hexylthio-
phene (3HT) using FeCl; as an oxidant in a molar ratio of 4: 1
of FeCl;: 3HT. P3HT,-g-PCL, graft copolymers with different
P3HT (x) and PCL (y) molar percentages were obtained by
changing the feed ratio of 3HT: PCL in the reaction. Yields
higher than 40% were obtained in all cases, and the pro-
portions of the two components in the graft copolymers
were determined by 'H NMR (Fig. 1). The spectra showed
the characteristic signals of the hydrogen of the methylene
unit near the ester group of PCL at 4.1 ppm?** and the ~-CH;-
of P3HT at 0.9 ppm.*® The final molar composition of each
component in the graft copolymers was determined through
the ratio between the integrated signals of P3HT and PCL,
leading to two different copolymers: P3HTgs5-g-PCLs and
P3HTg5-g-PCL, 5.

Next, the synthesized copolymers were dissolved in a
mixture of chlorobenzene and chloroform (1:1%v/v) at 70 °C
and dropcasted on top of indium-tin-oxide (ITO)-glass sub-
strates to obtain compact films (Fig. 2A and Table S1t). The
morphology of the films was characterized by atomic force
microscopy (AFM), as shown in Fig. 2B. P3HTy5-g-PCL; films
exhibited a surface topography with round domains that could
be attributed to the micro-phase separation of PCL, as such
domains were not displayed in P3HT films used as a control
(Fig. S17). It is known that micro-phase separation in copoly-
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Scheme 1 Chemical routes employed to synthesize: (A) the
a-EDOT-PCL macromonomer by ROP and (B) P3HT-g-PCL copolymers
by chemical oxidative polymerization.
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Fig.1 'H NMR spectra of the synthesized macromonomer
a-EDOT-PCL, the homopolymer P3HT, and the graft copolymer P3HT,-
g-PCL,.

mers is influenced by different aspects such as composition,
copolymer architecture, or crystallinity. This is even more
evident in the case of graft copolymers, where one of the
polymer blocks is composed of a conducting or semiconduct-

ing polymer.>>?”*® On the other hand, films prepared with the
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copolymer P3HTgs-g-PCL;5s showed a homogeneous surface
similar to those prepared with the homopolymer P3HT. In all
cases, the films presented very low surface roughness (R, <
1.0 nm). Then, we exposed the films to extreme thermo-oxi-
dative conditions, which are present in inflammatory areas in
the human body that are characterized by a high production of
ROS (i.e., H,0,) and febrile conditions. For such a purpose,
the films were immersed in an aqueous solution of 100 mM
H,0, at 42 °C for 48 h. The films prepared from the graft copo-
lymer P3HTo5-g-PCLs showed substantial changes, with the
appearance of pores, evident as round dark areas in the AFM
micrographs (Fig. 2C) and an increase of the surface rough-
ness (R, ~ 5.7 nm). The dimensions of the pores (~500 nm dia-
meter and ~70 nm height) were determined by surface height
profiles in the representative areas of the micrographs (Fig. 2D
and Fig. S21). This could be attributed to the partial degra-
dation of o-EDOT-PCL segments in the presence of H,O,,
resulting in mixtures of the EDOT-derived sulfone (via sulfox-
ide intermediate) and the thiolactone heterocycle 3,4-ethylene-
dioxy-2(5H)thiophenone,*° together with the possible oxi-
dation of the sulfur atom present in the thiophene ring of
P3HT, leading to mixtures of sulfoxide (thienyl-1-oxide) and
sulfone (thienyl-1,1-dioxide),>'** as demonstrated by changes
in the signal of the thiophene protons at 7.0 and 6.5 ppm in
the "H-NMR spectra (Fig. S31). In contrast, in the case of
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(A) Schematic representation of the fabrication of the films, followed by a thermo-oxidative step. (B) 2D (left) and 3D (right) topographical

AFM images of the thin films before thermo-oxidation. (C) 2D (left) and 3D (right) topographical AFM images of the thin films after thermo-oxidation.
Red and blue lines show the cut-positions to determine the pore dimensions in (D).
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P3HTg5-g-PCL;5 films, no pores were detected in the surface
height profiles of AFM images, probably because of the more
homogeneous distribution of both polymers without present-
ing a phase separation. Surprisingly, the surface morphology
of pure P3HT films also showed changes with the appearance
of potholes (~150 nm diameter and ~10 nm height) and the
increase of R, = 6.8 nm. This could be due to the partial oxi-
dation of the thioether group present in the thiophene ring of
P3HT.*"*

Nanoindentation measurements were conducted to deter-
mine the mechanical properties of the films. In all cases, the
storage modulus (E') of the films was stabilized at 150 nm
penetration (Fig. 3A). In the case of P3HT films, E' reached
values of 542 + 18 MPa, whereas it decreased to E' = 258 + 12
MPa for P3HTys5-g-PCL5 films due to the presence of more
elastic PCL domains within the copolymer. In alignment with
these results, the hardness (H) of the films also decreased in
the copolymers, from H = 8.7 + 0.4 MPa for P3HT films to H =
2.7 + 0.3 MPs for P3HTy5-g-PCL;5 films (Fig. 3C). On the other
hand, while P3HTgs-g-PCL;;5 films did not show any structural
changes at the nanoscale, they exhibited macrostructural
aggregates (Fig. S41), which made it difficult to perform the
nanoindentation measurements. After thermo-oxidation, the
storage modulus and hardness of the P3HT films increased to
E' = 676 + 64 MPa (Fig. 3B) and H = 11 + 1 MPa (Fig. 3D),
respectively. Similar findings were obtained for P3HTg5-g-PCLs
films with higher E' = 334 + 30 MPa and H = 3.4 + 0.3 MPa
after thermo-oxidation. This can be attributed to the nanos-
tructural changes in the morphology of the films, as reported
by other authors for other polymer systems,** and to the recrys-
tallization of the amorphous polymeric chains resulting in an
increased chain molecular alignment.?>3¢

P3HTys5-g-PCLs and P3HTgs-g-PCL;5s films were further
characterized by measuring the (photo)electrochemical pro-
perties (Fig. 4A and Fig. S5f). In a three-electrode electro-
chemical cell (Fig. 4B), an ITO-glass substrate coated with the
copolymer films was used as the working electrode (WE), a Pt
bundle was used as the counter electrode (CE), and Ag/AgCl
was used as the reference electrode (RE). All the electrodes
were immersed in phosphate buffer solution (PBS), used as the
electrolyte. Cyclic voltammetry (CV) recorded for both copoly-
mers in the pristine state showed that P3HTgs-g-PCL;5 had a
higher current and capacitive component compared to
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P3HTy5-g-PCL5 (Fig. S67), possibly indicating a higher surface
area. Moreover, the former showed a higher electrocatalytic
activity compared to the latter, as a higher current density is
recorded for the corresponding negative potential. Upon
irradiation with a blue LED (1 = 467 nm), a photocathodic be-
havior was recorded with an increase in current for increasing
irradiation intensity for both copolymers (Fig. 4C and D). The
photocathodic behavior of P3HT is ascribed to oxygen
reduction reactions, as photogenerated electrons from the
polymer reduce the amount of available species in the electro-
lyte, i.e., molecular oxygen.'”*® For P3HT,5-g-PCLs films, no
remarkable changes were recorded in the photocurrent pro-
perties after the exposure to thermo-oxidative conditions, poss-
ibly indicating that the polymer is not strongly affected. On the
other hand, for P3HTgs5-g-PCL;5 films, an increase in the
photocurrent density was observed in comparison with the
non-oxidized films. We also studied the long-term stability of
the films by measuring their photocurrent density during
different photoexcitation cycles, using a light intensity of
67 mW cm 2. All oxidized films showed good reproducibility
of the photocurrent density during the different cycles with a
slight loss of photocurrent generation after 5 cycles (Fig. S77).
As noted in previous studies on P3HT films and nanoparticles,
the metastable photogenerated O, undergoes rapid dismuta-
tion in aqueous media, leading to the formation of H,O,.
Hence, we quantify the production of H,0, in an electro-
chemical setup formed by a black platinum working electrode,
which possesses higher sensitivity and selectivity towards
H,0,,” % Pt as the CE, Ag/AgCl as the RE, and PBS as the elec-
trolyte (Fig. 4E). H,O, generation was recorded over time with
the same light intensities as used for the photocurrent record-
ings, namely 67, 131, 205, and 255 mW cm™> The time
dynamics (Fig. S81) showed an increase in the concentration
of H,0, synchronous with the photostimulation. In agreement
with the photocathodic behavior, an increasing H,0, concen-
tration was recorded with increasing the light intensity.
Pristine P3HTo5-g-PCLs films gave rise to H,O, concentrations
at the end of the photostimulation that ranged from ~1.2 x
107® uM at 67 mW cm > up to ~1.1 x 107> uM at 255 mW
cm™? (Fig. 4F). Compared to pristine P3HTgs-g-PCL;5, P3HTo5-
g-PCL,5 showed a higher H,0, production, possibly due to a
higher P3HT content. The H,0, production slightly increased
for porous P3HTgs-g-PCLs films compared to the corres-
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Fig. 3 Storage modulus (E') of the P3HT and P3HTgs5-g-PCLs films (A) before and (B) after the thermo-oxidative process. Hardness (H) of the P3HT
and P3HTys-g-PCLs films (C) before and (D) after the thermo-oxidative process.
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Fig. 4 (A) Images of the P3HTy5-g-PCLs films before and after the thermo-oxidative treatment. (B) Schematic representation of the photoelectro-
chemical cell (PEC) used for measuring the photocurrent properties. Photocurrent density of the (C) P3HTgs5-g-PCLs films and (D) P3HTgs-g-PCL;s
films upon different ON—OFF irradiation cycles using a LED (1 = 467 nm) at different increasing power intensities (67, 131, 205, and 255 mW cm™2).
The photocurrent density has been normalized by the thickness of the films before and after the exposure to thermo-oxidative conditions. (E)
Schematic representation of the set-up used for measuring the H,O, production. (F) Average values (3 replicates) of the H,O, produced by the
P3HTgs5-g-PCLs and P3HTgs-g-PCLys films at the end of each illumination step, lasting 180 s, irradiated with a LED (1 = 467 nm; 67, 131, 205, and

255 mW cm™3).

ponding pristine ones; however, there was no significant differ-
ence, especially at higher light intensities. Instead, for P3HTjs-
g-PCL; 5, we recorded a significant difference between the H,0,
produced by the porous film vs. the pristine one. Additionally,
the amount of H,0, produced was higher than that for
P3HTg5-g-PCL;y5 for the porous films. Although the AFM did
not show the presence of big pores in the P3HTg5-g-PCL;5
copolymer, the results could be explained by the more homo-
geneous and macro-structured surface of the P3HTgs-g-PCL;5
vs. P3HTy5-g-PCL5 films. The former had a macrostructure,
while the latter was rather flat at the macroscale, hence the
P3HTg5-g-PCL;5 films possibly exhibited a higher surface area,
corresponding to a higher contact with the electrolyte, which
allowed for a higher number of reaction sites. Overall, these
results demonstrated the capability of nanostructured P3HTg5-
g-PCLs films and P3HTgs5-g-PCL,5 ones to modulate the ROS
(i.e., Hy0,) production in the non-cytotoxic range for future
redox medicine therapies.

3. Materials and methods
3.1 Materials

3-Hexylthiophene >98.0% (3HT) and hydroxymethyl EDOT
>97.0% were supplied by TCI, and iron(ur) chloride, methanol

This journal is © The Royal Society of Chemistry 2025

>99.9%, and chloroform >99.8% were purchased from Fluka.
Methanesulfonic acid >99.0% (MSA), 4-(dimethylamino)pyri-
dine >98.0% (DMAP), e-caprolactone (CL), tetrahydrofuran
(THF), and phosphate buffered saline (PBS) were purchased
from Sigma-Aldrich.

3.2 Synthesis of PCL macromonomers

The «-EDOT-PCL macromonomer with a molecular weight of
9760 g mol ™" was synthesized by the ROP of e-caprolactone in
bulk using hydroxymethyl EDOT as a chain initiator and a
mixture of MSA and DMAP (1MSA/1IDMAP) as an organo-
catalyst. First, the organocatalyst mixture was heated up at
100 °C until a white salt formed. Then, e-caprolactone and
hydroxymethyl EDOT were added and left to react at 90 °C
under magnetic stirring in an inert atmosphere for 5 days
until a 90% conversion was achieved. The resulting product,
EDOT-PCL, was purified through precipitation in methanol
and vacuum-dried at room temperature overnight.

3.3 Synthesis of P3HT and P3HT-g-PCL copolymers

P3HT was synthesized by chemical oxidative copolymerization
of 3HT using FeCl; as an oxidizing agent (4 equiv. of the
respective 3HT monomer) and acetonitrile as a solvent at room
temperature overnight, as reported previously.>” Graft copoly-
mers with different compositions were synthesized by the

Nanoscale, 2025,17,10677-10684 | 10681
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chemical oxidative copolymerization of 3HT and the
a-EDOT-PCL macromonomer using FeCl; (4 equiv. of the
respective 3HT monomer) as an oxidizing agent and aceto-
nitrile as a solvent. The reaction was carried out under mag-
netic stirring at room temperature overnight. In all cases, the
dark brown dispersions obtained were precipitated in metha-
nol, rinsed with methanol and water until the iron residue was
fully removed, and dried under vacuum.

3.4 Proton nuclear magnetic resonance spectroscopy (‘H
NMR)

"H NMR spectra were recorded by using a Bruker ADVANCE
DPX 300 at 300.16 MHz resonance frequency and room temp-
erature, and by using CDCl; as the solvent. The experimental
conditions were: 10 mg of the sample, 3 s acquisition time, 1 s
delay time, 8.5 ps pulse, a spectral width of 5000 Hz, and 32
scans.

3.5 Film preparation

Films were prepared by drop casting on the ITO-glass sub-
strates (3.7 x 4 mm, Ossila). First, non-porous films were pre-
pared by dropping 20 pL of P3HT or P3HT-g-PCL solutions at a
concentration of 20 mg mL™" in a mixture of chlorobenzene
and chloroform (50 : 50%v/v) over the ITO-glass substrate and
letting it dry in a fume hood at 20 °C with an air recirculation
flow rate of 0.39 m® s™' for 12 h. Then, porous films were
obtained in a second step by oxidation in the presence of
100 mM H,O0, at 42 °C for 48 h, followed by a rinsing step with
water, and finally dried at room temperature.

3.6 Atomic force microscopy (AFM)

The morphology of the films was analyzed by AFM using a
Bruker Multimode 8, with a Nanoscope V controller. All
measurements were performed in the tapping mode, in air at
room temperature. The analysis of the AFM images to calculate
the roughness and the pore size (2 pum x 2 pm) was carried out
using Nanoscope Analysis 1.90 software (Bruker).

3.7 Nanomechanical properties

Mechanical properties were assessed by nanoindentation.
Samples were glued onto a metal holder, which was placed on
the platform of a G200 nanoindenter equipped with a low load
resolution head (KLA Tencor, Milpitas, California, USA) and a
diamond indenter with Berkovich geometry. A small oscillat-
ing force (1 nm displacement amplitude, 75 Hz frequency) was
superimposed on the quasi-static load. The phase lag between
the harmonic force and the displacement allowed continuous
calculation of the dynamic contact stiffness during the loading
cycle (Continuous Stiffness Measurements, CSMs). During
loading, the indentation strain rate was kept constant at 0.05
s~'. The storage modulus (E) and hardness (H) were deter-
mined as a function of the indenter penetration depth (%)
using the harmonic contact stiffness, with average values cal-
culated from a minimum of 25 indentations. Poisson’s ratio
was assumed to be 0.4 in all cases and the indenter area func-
tion was calibrated using a fused silica standard.
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3.8 Electrochemical characterization

The electrochemical characterization of the films was carried
out in a three-electrode electrochemical cell, with PBS as the
electrolyte, a platinum bundle as the Counter Electrode (CE),
and Ag/AgCl (Sat) as the Reference Electrode (RE). A VMP3
BioLogic potentiostat was employed for electrochemical
recording. The cell was kept in a Faraday cage to reduce electri-
cal noise.

3.8.1 Photocurrent. Square P3HTo5-g-PCLs; and P3HTgs-g-
PCL;; films built on ITO-glass substrates (3.7 x 4 mm, Ossila)
were immersed in PBS. A Kessil (PR160L) lamp with 467 nm
central wavelength was employed for the photostimulation,
with four intensity steps corresponding to 67, 131, 205, and
255 mW cm > The illumination was carried out from the
polymer side. The photocurrent was recorded at an open
circuit voltage.

3.8.2 H,O0, production. For the H,0O, recording, black plati-
num electrodes were prepared according to the reported
procedures,*®™*° to increase the sensitivity towards hydrogen
peroxide. Briefly, black platinum was electrodeposited on plati-
num wires (300 um diameter) in a three-electrode electro-
chemical cell, with a Pt bundle as the CE and an Ag/AgCl satu-
rated KCl as the RE, in a 31.2 mM solution of hexachloroplati-
nic acid in PBS as the electrolyte. The electrodes were all
characterized first by cyclic voltammetry in a freshly prepared
10 mM solution of H,0, in PBS, identifying reduction and oxi-
dation peaks. Then, the electrodes were washed and calibrated
in a fresh PBS solution, in the range of 0-450 pM H,0,,
keeping the WE at the H,0O, oxidation potential. After cali-
bration, the H,0, production from the P3HTys-g-PCLs; and
P3HTg5-g-PCL;5 films was evaluated. The film was placed at
the bottom of a Petri dish, and the CE (Pt bundle) and RE (Ag/
AgCl saturated KCl) were placed on the sides; the electrolyte
was fresh PBS. The black platinum WE was placed on top of
the film with a micromanipulator. The illumination was
carried out with the same Kessil lamp (467 nm central wave-
length) as used for the photocurrent characterization. We
employed the same four light intensities (67, 131, 205, and
255 mW cm™?) as for the photocurrent recording, for 180 s.
The electrode was kept at the oxidation potential, and the
current was converted to the concentration through the cali-
bration curve previously mentioned. In between each experi-
ment, the electrodes were thoroughly washed and fresh PBS
was added for each condition.

Conclusions

Nanostructured photoactive films were obtained through the
design and synthesis of graft copolymers made of a semicon-
ducting polymer, P3HT, and a biocompatible and bio-
degradable polyester, PCL. The graft copolymers P3HT-g-PCL
were successfully processed in the form of compact films by
drop casting. After a thermo-oxidative treatment in the pres-
ence of H,O, and at 42 °C, P3HTy5-g-PCL; films showed a
nanostructured morphology with the presence of nanopores

This journal is © The Royal Society of Chemistry 2025
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(~500 nm diameter and ~70 nm height), while P3HTg5-g-PCL;5
only showed a change in the surface roughness. In both cases,
the changes in either the nano- or the microstructure influ-
enced the production of ROS positively when irradiated with a
visible light LED (467 nm), which led to a controlled increase
of H,0, in the non-cytotoxic range. It would be useful to be
used as patches for potential minimally invasive redox medi-
cine therapies. This understanding of photoinduced ROS gene-
ration is of paramount importance for the potential treatment
of many diseases, such as cardiovascular pathologies and
cancer, which are closely connected to the modulation of intra-
cellular ROS concentration. Additionally, this approach poten-
tially enables the use of inflammation-responsive functional
materials.
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