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ABSTRACT

Photoactivation of conjugated polymers has been shown to be an attractive approach to modulate biological
functions in several cell models; it is characterized by minimal invasiveness, high modulability, spatial selectivity
at the level of single cells and even intracellular compartments. Reactive oxygen species produced by polymer
photostimulation, in particular, were reported to trigger cell proliferation and recently proposed to finely
modulate the cell cycle. Light-activated proliferation is extremely attractive for cardiac muscle cells, to overcome
pathological conditions as heart failure and cardiovascular diseases with minimal invasiveness.

Here, we specifically address the target to optically modulate the cell redox balance of HL-1 cells, a cardiac
muscle cell model, by localized photoexcitation of a light sensitive polymer, namely poly-3-hexyl-thiophene.
Scanning electrochemical microscopy is employed to quantify the changes of the cellular redox balance. Both
extracellular and intracellular production of reactive oxygen species upon illumination is investigated, by
employing poly-3-hexyl-thiophene respectively in the form of thin films or nanoparticles. Our results show that
light induced, spatially controlled production of reactive oxygen species by poly-3-hexyl-thiophene films in the
extracellular compartment determines the shift of HL-1 redox balance towards more reducing values. Thus,
highly resolved spatial control of the illuminated area enables modulation of HL-1 redox balance at the single cell
level. The effect on cell redox balance of cytosol internalized poly-3-hexyl-thiophene nanoparticles is also
presented.

Our work shows that photostimulation of conjugated polymers can be employed as a wireless, geneless
technique to modulate on demand the intracellular redox balance, with high spatial resolution and minimal
invasiveness, in a biologically relevant model of contractile, functioning cardiomyocytes. In perspective, this
approach may be easily extended to other cell systems, wherever a fine control of the cell redox state is desirable,
and open the path to innovative therapeutic tools.

1. Introduction

narrow physiological concentration range, ROS mediate signaling
through oxidation of proteins, mainly of the thiol groups of cysteine and

Cellular redox balance is a key parameter in cell physiology, gov-
erning the overall cell cycle (e.g. survival, differentiation, proliferation,
up to specific function) [1,2]. The cell redox balance control is a highly
pleiotropic phenomenon, influenced by positive, oxidative eustress as
well as by detrimental, oxidative distress [3]. Under normal conditions,
the intracellular concentration of reactive oxygen species (ROS) is in the
nanomolar range (1-100 nM). Its delicate net balance results from the
activity of numerous proteins and molecular processes within cells,
which work either as ROS sources or ROS scavengers [1]. In such a
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tyrosine residues or of the metallic components of enzymes. As a matter
of fact, all the cellular compartments are interested by ROS-mediated
signaling; well-known transcription factors, such as NRF2 and NF-kB,
have been reported to be controlled by ROS [3].

The importance of ROS in cell processes and their relevance as a
therapeutic target prompted the development of several technical ap-
proaches, not only to quantify them in a physiologically relevant envi-
ronment [4,5], but also to finely modulate their concentration. In fact,
the possibility to trigger ROS production on demand, quantitatively,
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not-invasively, with a high spatial resolution (thus, targeting specific
cell subpopulations or even cell organelles) is highly interesting both for
the study of physiological state, and for the treatment of pathological
conditions. Photo-activated ROS production, by means of low-light level
phototherapy approach, has been proposed as a convenient strategy [6],
considering the high selectivity and the high temporal and spatial res-
olution of light stimulation. The exploitation of cell endogenous,
light-responsive, ROS producers, such as proteins (i.e. opsins or
heme-proteins), has been also extensively investigated with interesting
results [7,8]. However, the low absorbance of light-responsive proteins,
as well as their variable expression in different tissues, reduce the effi-
ciency and applicability of this approach. The possibility to employ
exogenous, photo-electrochemically active materials is also currently
investigated; in this approach precise and fine modulation of cellular
processes is envisaged [6]. Among other possibilities, conjugated poly-
mers are extremely convenient: they are excellent photo-transducers,
and they are characterized by tunable optical properties, good photo-
catalytic efficiency, and optimal biocompatibility [9,10]. They have
been employed in numerous biomedical applications involving stimu-
lation of excitable cells, such as cortical and hippocampal neurons [11],
retinal cells [12,13] and cardiomyocytes [14].

Poly-3-hexyl-thiophene (P3HT), a prototypical conjugated polymer,
has been recently shown to foster the proliferation of cardiovascular
cells; in particular, endothelial colony forming cells cultured on P3HT
thin films and exposed to green light excitation displayed a strong
enhancement of the tubulogenesis process [15,16]. It has been shown
[17,18] that photostimulated P3HT thin films trigger Transient Receptor
Potential Vanilloid 1 (TRPV1) opening, leading to calcium signaling
modulation and to the activation of NF-kB transcription factor [15]. This
observation has been unambiguously attributed to the occurrence of
photoelectrochemical processes at the P3HT surface [19,20], leading to
spatially localized production of ROS species, all virtually ending up in
an increase of HyO4 concentration [21,22].

Cardiac muscle cells have been shown to be very sensitive to ROS and
oxidative stress too: several developmental processes of cardiac muscle
cells are regulated by ROS, and usually involve metabolic changes that
lead to mitochondrial biogenesis able to sustain the developing heart.
On another side, ROS and oxidative distress have been found to be
involved in pathological conditions, for example in heart failure [23,
24]. One of the most serious factors in heart failure is the increase of ROS
levels during reperfusion after an ischemic event [25], as a consequence
of the myocardial ischemia, which could also lead to apoptosis of car-
diomyocytes [2].

Photo-electrochemically active conjugated polymers thus represent a
breakthrough strategy to precisely control intracellular ROS concen-
tration. However, several questions remain currently open: (i) Is it
possible to apply this technique to optically tune the cell redox balance,
in a not-invasive manner? (ii) Is it possible to attain subcellular spatial
resolution? (iii) Is it possible to use polymer nanoparticles (NPs),
capable to cross the cell membrane, to effectively modulate the cell
redox balance within the cell cytosol? (iv) Is it possible to modulate the
redox balance in the specific case of cardiac muscle cells, in the
perspective of a therapeutic application?

This work attempts to provide a first reply to the questions above. We
use the prototypical P3HT conjugated polymer in the form of: (i) thin
films, and we study how the spatially controlled, optical generation of
ROS in the extracellular space influences the redox balance of HL-1 cells,
a widely accepted murine cellular model of cardiac muscle cells [26]; (ii)
nanoparticles internalized within the cell cytosol, and we explore an
intracellular mechanism for ROS production. Consequently, we studied
redox balance modulation driven by photo-generated ROS either outside
or inside the cell membrane.

In this context, it is fundamental to assess whether an increase of ROS
in the cytosol is produced, or an overall shift of cell redox midpoint
potential to more reducing or oxidizing values takes place. Therefore,
the main cell redox buffers, such as glutathione and NADH, must be
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taken into account. In the first case, local oxidative species could
determine oxidation of biological components and promote the activa-
tion of redox signaling events (e.g. opening of protein channels, acti-
vation/deactivation of proteins) [27-29], while the overall shift of the
cell redox balance might have different consequences on cellular phys-
iology [2,30]. To quantify the cell redox balance and its modulation, we
employ scanning electrochemical microscopy (SECM). SECM was suc-
cessfully employed to investigate many biological processes in the last
decades, both at the molecular and cellular levels [31-36]; in the last
years, SECM underlined differences in cell redox balance between
healthy and pathological human myocardium-derived mesenchymal
stem cells [37,38]. Interestingly, a similar approach was used to study
breast cells and to quantify, at the single-cell level, the cell redox balance
in both healthy and tumor cells [39]. Very recently, SECM studies have
been also preliminarily applied to P3HT interfaces in an aqueous envi-
ronment, quantitatively confirming that spatially and temporally
controlled production of ROS takes place upon illumination of P3HT
films [21]. This process impacts on the redox state of cytochrome C,
employed in that study as a model for redox proteins.

In this work, we directly address the possibility to optically modulate
the cell redox balance, and we investigate the possibility to use proto-
typical P3HT conjugated polymer as a fully biocompatible extracellular
or intracellular tool.

2. Experimental section
2.1. Preparation of ITO/P3HT substrates and P3HT NPs

P3HT thin film samples were fabricated by spin coating. Indium Tin
Oxide (ITO)-coated glasses were used as substrates, and carefully
cleaned, prior to deposition of polymer solution, by subsequent rinses in
an ultrasonic bath (distilled water, acetone and isopropanol, 10 min
each). Finally, they were dried with a nitrogen flux. rr-P3HT chloro-
benzene solution (concentration, 20 g-L*I) was stirred at 50 °C for 15 h
prior to spin coating deposition on ITO/glass substrates (1500 rpm,
acceleration 1496 rpmos’l).

P3HT NPs were prepared by employing the solvent diffusion method.
A 1 mL solution of region-regular P3HT (purity, 99.995%; molecular
weight, Mn 54.000-75.000; used as received from Sigma-Aldrich
without further purification steps) 0.6 geL™! in tetrahydrofuran
(Sigma Aldrich) was added dropwise to 10 mL of ultrapure water under
magnetic stirring at 45 °C. The colloidal dispersion was sonicated for 20
min and treated with a rotary evaporator for 2 h for solvent removal.
Finally, the P3HT NPs dispersion was subjected to dialysis against 2 L of
water for 3 days, for complete removal of the residual organic solvent.

2.2. HL-1 cardiac muscle cell cultures and sample preparation

HL-1 murine cardiac muscle cells were purchased from MERCK
(product number SCCO065); cells were cultured in Claycomb medium
(MERCK, product number 51800C) supplemented with 10% vol/vol
North America Fetal Bovine Serum (MERCK product number 12103C),
0.1 mM norepinephrine, 2 mM L-glutamine, 100 Ueml ™' penicillin/
streptomycin.

For the investigation of HL-1 cells adhering on P3HT/ITO and bare
ITO substrates, we employed the following procedure for cell plating:
Fibronectin (MERCK, product number F1141, 1 mgoml_l) was depos-
ited on P3HT/ITO and bare ITO substrates by overnight incubation at
37 °C in 2 pgeml ! fibronectin in Phosphate Buffered Saline (PBS) so-
lution; after washing, 2¢10% HL-1 cellseml™! were plated on 1 cm?
squared substrates placed in Petri dishes (3.5 cm diameter) and placed at
5% CO3 and 37 °C overnight in the incubator. Samples were measured at
room temperature in Hank’s Balanced Salt Solution (HBSS; MERCK,
product number H8264) after washing with PBS.

P3HT nanoparticles uptake by HL-1 cells was performed as described
in the following: HL-1 cells were plated on ITO substrates coated with 4
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Fig. 1. Schematic representation of SECM imaging of cell redox balance with FeMeOH. In starting condition, at certain distance of the microelectrode with respect to
the adhering cell (panel b-BASAL) a given oxidation current reports on the starting value of the cell redox balance (panel a-BASAL). A shift of the cell redox balance
to a more oxidizing value (panel a-OXIDIZING) determines lower oxidation currents measured at the probe, as a consequence of lower cytoplasmic ratio of reduced
glutathione (GSH/GS-SG) and lower regeneration of reduced FeMeOH (panel b-OXIDIZING). On the contrary, a shift of the cell redox balance to more reducing
values reflects an increased ratio of GSH/GS-SG (panel a-REDUCING), higher regeneration of reduced FeMeOH and higher oxidation currents measured at the
microelectrode (panel b-REDUCING). GSH, reduced glutathione; GS-SG, oxidized glutathione.

pg.ml_l fibronectin solution for 3 h at 37 °C; after washing with PBS,
HL1- cells were plated at 5e10* cellseml!. After adhesion, cells were
incubated overnight with 10 pgeml™! P3HT nanoparticle suspension.
The control samples were HL-1 cells adhering on ITO substrates not
incubated with P3HT nanoparticle suspension. Samples were measured
in HBSS medium at room temperature after washing with PBS solution.

2.3. Scanning electrochemical microscopy

SECM measurements were performed with CHI910B SECM from CH
Instruments Inc. (Austin, Texas). A three electrodes setup was employed:
an Ag/AgCl (3 M KCI) was used as reference electrode, a platinum wire
as counter electrode and 10 um platinum microelectrode as working
electrode. Spatially controlled photostimulation of P3HT/ITO and bare
ITO substrates was performed as described earlier [21]: excitation beam
was obtained by focusing the light emitted from a mercury lamp of a
Nikon Eclipse TiS inverted microscope filtered with a Nikon Texas Red
HYQ cubic filter (excitation wavelength range, 532-587 nm; emission
wavelength range, 608-683 nm). The power density measured at 550
nm was approximately 20 mWemm 2,

HL-1 samples for SECM measurements were prepared for each type
of experiment (i.e. HL-1 cells adhering on P3HT/ITO and bare ITO
substrates, HL-1 incubated with P3HT nanoparticles) as detailed in
paragraph 2.2. SECM imaging of cell redox balance and SECM approach
curves were performed as described earlier [39] at room temperature in
HBSS medium; 0.5 mM redox mediator, ferrocenemethanol or ferroce-
necarboxilic acid, were dissolved in HBSS buffer and employed at this
final concentration for both SECM images and approach curves. Before
each experiment, HL-1 samples were washed with PBS and transferred
to a 3.5 cm diameter Petri dish in 2.5 mL of 0.5 mM redox mediator
(ferrocenemethanol or ferrocene carboxyl acid) in HBSS medium.

SECM images were performed by applying 0.4 V vs Ag/AgCl (KCl 3
M) to the working electrode and by employing a scanning speed of 25
pmes ~ 1; probe scan approach measurements were performed at 0.4 V vs
Ag/AgCl (KCI 3 M), with 50% end current ratio. Probe scan approach
measurements were analyzed with MIRA software [40]; insulator model

[41] was shown to be inaccurate to fit all approach curves, while
theoretical models considering a finite k constant [41] of charge ex-
change returned consistent results. Therefore, all approach curves were
fitted using the latter model and the value of finite k constant took to
quantify the shift of cell redox balance [39].

Black platinum-modified platinum microelectrodes, employed for
ROS detection (Fig. S1), have been fabricated as described previously
[21,32].

2.4. Intracellular ROS detection

2/,7'-dichlorodihydrofluorescein diacetate (H,DCF-DA, purchased
from Sigma Aldrich) was employed for intracellular detection of ROS.
For the experiments with P3HT films, HL-1 cells were cultured on ITO
and ITO/P3HT substrates (1.2 x 10* cellsecm™2). In the case of P3HT
NPs, the cells were cultured on glass slides and half of the samples was
incubated with P3HT NPs at 5 pgemL~lecm™2 concentration for 20 h.
The remaining samples were not treated, as control condition (CTRL).
The samples were rinsed with KRH to remove non-internalized NPs. The
samples in light condition were photo-excited by illuminating each
sample for 5 min with a LED system (Thorlabs, A = 530 nm, 1.2
mWemm ™ 2). ITO/P3HT samples were illuminated from the ITO side.
Subsequently, cells were incubated with HoDCF-DA for 30 min (10 pM)
in Krebs Ringer’s (KRH) extracellular solution (mM): 135 NacCl, 5.4 KCl,
1.8 CaCly,, 1 MgCl,, 5 HEPES, 10 Glucose, pH adjusted to 7.4 with NaOH.
After careful wash-out of the excess probe from the extracellular me-
dium, the fluorescence of the probes was recorded (excitation/emission
wavelengths, 490/520 nm; integration time, 500 ms; binning: 1 x 1)
with an upright microscope (Olympus BX63) equipped with a 20X
objective and a sCMOS Camera (Prime BSI, Teledyne Photometrics;
Tucson, Arizona, USA). Variation of fluorescence intensity was evalu-
ated over Regions of Interest covering single cell areas. Reported values
represent the average over multiple cells (n > 500) belonging to 9 sta-
tistically independent samples, tested in 3 different experimental ses-
sions. Image processing was carried out with ImageJ. Origin Pro 2018
was employed for data analysis.
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Fig. 2. (a, b) Experimental setup used
for SECM measurements with spatially-
controlled illumination of the sample.
Schematic representation (a) of the
measurement setup with a controlled
illumination of HL-1 cells cultured on
ITO/P3HT thin films. Cartesian axis
references used in the manuscript is also
reported. Oxidation of redox mediator
at the microelectrode tip is schemati-
cally represented. Overlay of images (b)
of the illumination spot (green) and
phase contrast image of HL-1 cells
plated on the top of ITO/P3HT sub-
strates. ¢-f) SECM surfaces of cell redox
balance of HL-1 cells plated on ITO/
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2.5. Confocal imaging

HL-1 cells were plated on glass slides at 1.2 x 10* cellsecm ™2 density
and were incubated with P3HT NPs at 5 pg mL ™~ lecm 2 concentration
for 20 h. Cell membrane and nuclei are stained, respectively, by Cell
Mask Green (Thermo Fisher, exc/em wavelength, 522/535 nm) and
HOECHST (Thermo Fisher, exc/em, 350/461 nm). Z-stacks were ac-
quired with an upright microscope (Olympus BX63), equipped with a
60X water immersion objective, a spinning disk confocal module (X-
Light V2 spinning disk module from Crest Optics), and a SCMOS Camera
(Prime BSI, Teledyne Photometrics; Tucson, Arizona, USA). The system,
comprising LED and laser light sources (Spectra III and Celesta, from
Lumencor) was assembled by Crisel Instruments. Excitation/emission
wavelengths were 530/660 nm for P3HT NPs. The experiments were
carried out at room temperature and by employing KRH. Images were
processed with ImageJ.

3. Results and discussion

SECM imaging of redox balance is based on the use of ferrocene-
methanol (FeMeOH), as a membrane-permeable reporter of cell cyto-
plasmatic redox balance. To precisely quantify the cell redox balance, it
is also important to have parallel information on the probe/cell distance

during the imaging. Ferrocenecarboxilic acid (FeCOOH) is not able to
permeate the cell membrane and is used to obtain SECM images
reporting on the cell topography and allowing for a more precise esti-
mation of the real cell/probe distance during the redox balance deter-
mination. Briefly, when the SECM ultramicroelectrode (UME) is set at
0.4 V versus Ag/AgCl (KCl 3 M), oxidation of FeMeOH takes place at the
UME. When approached to the surface of cells, regeneration of the
reduced form of FeMeOH from cell cytoplasm may be observed, as
compared to the surfaces on which cells adhere; the regeneration of the
pristine form of FeMeOH by the cells provokes an increase of the
recorded currents (regeneration currents). The extent of this regenera-
tion current is correlated to the cell redox balance: more the cell cyto-
plasmatic redox balance is shifted toward reducing values, higher the
magnitude of the current increase will be (Fig. 1a,b). It has been shown
that the ratio between reduced and oxidized glutathione (the more
abundant redox buffering moiety in cell cytoplasm [2,30]) is the main
determinant of the cytoplasmatic redox balance [39].

When FeCOOH, which is not permeable to the cell plasmatic mem-
brane, is used, the oxidation currents recorded at the probe decrease as
the probe approaches the cell. This is due to the well-known negative
feedback regime: the cell (or any unreactive, insulating surface) hinders
the diffusion of FeCOOH to the electrode causing a decrease of the
recorded FeCOOH oxidation currents. Since the dependency of the
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Fig. 3. Illumination effects on SECM images for HL-1 adhering on P3HT/ITO substrates. (a) SECM image of HL-1 cell redox balance after illumination; the x-sections
considered in b and ¢ panels are indicated by dashed lines. (b,c) Light-minus-dark differences of normalized oxidation currents: x-sections for x = 46 (b) and x = 90
(c) are showed. Illuminated regions are indicated by green transparent background.

decrease in the recorded currents on the probe/cell distances is well
known, it is possible to obtain information on cell morphology (topog-
raphy) from the recorded currents in presence of FeCOOH, when the
probe is moved at constant height in the proximity of adhering cells or it
is approached toward the cell from the top [31,39].

The cytoplasmatic cell redox balance was studied in presence of
P3HT thin films spin casted on Indium Tin Oxide (ITO)-covered glasses
(ITO/P3HT). Relevant to this study, previous SECM studies showed that
spatially and temporally controlled production of ROS takes place upon
illumination of P3HT films at the solid-liquid P3HT-water interfaces
[21]. Hydrogen peroxide is produced at the solid-liquid P3HT-solution
interface in a volume which is laterally defined by the boundaries of the
illumination spot and within a distance of approximately 200 ym from
the P3HT film surface. Interestingly, in that study cytochrome C was
used as a model for redox proteins, in solution, and it was demonstrated
that its redox state is deterministically affected by polymer
photoexcitation.

Here, we make a pivotal step forward in the study of the interface, by
carrying out SECM imaging of HL-1 cells seeded on top of ITO/P3HT
substrates to evaluate the impact of polymer photoexcitation on the cell

redox balance (Fig. 2a,b).
+0.4V‘
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The experimental apparatus is schematized in Fig. 2a,b; HL-1 cells
were plated at low density on the P3HT films coated by fibronectin
(Fig. 2b; see the experimental section for detailed description of HL-1
culture and plating on substrates). As a control, SECM imaging was
performed on HL-1 cells plated on ITO substrates coated with fibro-
nectin only. Both images were acquired in Hank’s Balanced Salt Solution
(HBSS) medium in the presence of 0.5 mM FeMeOH. Light (excitation
wavelength range 532-587 nm, light density 20 mWemm 2, overall
duration 1 min) was focused within an octagonal area of approximately
12010% um? (Fig. 2b). This experimental condition enables the illumi-
nation of single or few HL-1 cells. Since SECM imaging was conducted to
investigate cells in both illuminated and not illuminated regions, a direct
comparison between optically excited and dark regions on the same
sample is possible.

Fig. 2 reports SECM images of HL-1 cytoplasmatic redox balance for
cells plated on ITO/P3HT (Fig. 2¢ and 2d, before and after illumination,
respectively) or polymer-uncoated ITO (Fig. 2e and 2f, before and after
illumination, respectively) substrates. We monitored the time course of
hydrogen peroxide oxidation with black platinum-modified microelec-
trodes, positioned in the middle of the illuminated region at approxi-
mately 20 pm from the P3HT thin film (Fig. S1). A rapid disappearance
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Fig. 4. SECM approach curve study of HL-1 cells adhering on ITO/P3HT substrates in the presence of 0.5 mM FeMeOH. (a) Schematic representation of SECM
approaches on HL-1 cells adhering on ITO/P3HT substrates. (b) Example of approached points for illuminated cells (red) and not illuminated cells (white). The points
are reported on the top of the SECM image recorded before SECM approach curves, as reference to precisely locate cells in the investigated space. (¢) Example of
SECM approach curve (red filled dots) and best fitting with an insulator (blue line) of finite k (black line) model. (d) Overlay of images of the approached platinum
microelectrode corresponding to a position outside (left image) or inside (right image) of the illuminated portion of the P3HT films. (e) Scheme of the experimental
design of investigation of ITO/P3HT substrate in absence of HL-1 cells. Red and blue dots represent sampling positions inside and outside the illuminated spot (green

octagon in the scheme).
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of ROS was demonstrated, as the oxidation signal goes back to the
baseline levels in few seconds after switching off the light source.
Consequently, the oxidation currents recorded in Fig. 2c—f are not due to
hydrogen peroxide; the measurements are in fact accomplished at least
5 min after the illumination shut down, when as showed in Fig. S1
hydrogen peroxide concentration is negligible in the vicinity of P3HT
surface or diffused away in the bulk. Fig. 2d clearly shows an increase of
oxidation currents in HL-1 cells following illumination, while no rele-
vant differences could be documented neither for not illuminated cells
adhering onto ITO/P3HT (Fig. 2c), nor for illuminated cells plated onto
bare ITO (Fig. 2f). The increase of oxidation current reports for a shift of
the redox balance towards more reducing conditions (vide Fig. 1a,b).

Fig. 3 shows representative SECM section images at specific x co-
ordinates (x = 46 ym, x = 90 um; Fig. 3a). Interestingly, the increase of
oxidation current is predominantly located at the cell periphery/cytosol
of HL-1 cells exposed to optical excitation, while it is less relevant at the
nuclear regions (Fig. 3b and 3c). No relevant increase of oxidation
current could be imaged when illuminated ITO/P3HT substrates in the
absence of cells were investigated (see Fig. S2). These results support the
hypothesis that hydrogen peroxide, produced at the solid-liquid inter-
face upon polymer optical excitation, diffuses into (or indirectly affects)
cell cytoplasm and produces a shift of the inner cell redox balance to-
wards more reducing values.

This behavior is consistent with what previously observed in tumor
breast cancer cell lines [39]: in fact, investigations on tumor breast
cancer cells clearly put in evidence that by adapting to a more oxidative
metabolism, typical of cancer cells, a shift to more reducing values of
cell redox balance is observed as compared to healthy cells. SECM im-
aging of HL-1 cells adhering on ITO/P3HT substrates was performed
also in the presence of FeCOOH as redox mediator, to evaluate whether
illumination provokes changes in cell morphology: the results show that
no relevant differences can be observed between illuminated and not
illuminated cells (Fig. S3).

To quantify the shift of the redox balance, we performed a detailed
study of SECM approach curves on both illuminated and not illuminated
HL-1 cells plated on ITO/P3HT substrates (Fig. 4). The scheme of the set
up and of the type of measurements performed is shown in Fig. 4a: cells
are approached with the microelectrode along the z direction, from the
bulk of the buffer solution towards the Petri dish surface. Fig. 4b reports
a representative example of approached points for illuminated cells (red,
within the light spot octagonal area) and not illuminated cells (white,
outside the light spot). This technique has been already employed for the
characterization of numerous surface properties and provides, if coupled
to a solid theoretical derivation, valuable information about the reac-
tivity of the analyzed sample [31,34,41,36,42-44]. Several in-
vestigations were performed on single isolated cells, and a detailed
description of the permeation of both hydrophilic and hydrophobic
redox mediators through plasmatic membrane of adhering cells was
provided [5,45,46]. When an insulating surface is approached, negative
feedback curves are obtained, due to the hindering of the diffusion of the
redox mediator to the active tip of the microelectrode provoked by the
surface. In our measurements (an example of a SECM approach curve is
showed in Fig. 4c), the approached cell cytoplasm can partially regen-
erate the reduced form of FeMeOH and an increase of the measured
oxidation current at the microelectrode tip is observed. As aforemen-
tioned, FeMeOH/ FeMeOH™ freely diffuses across the cell plasmatic
membrane and can interact with the inner cell redox species: more
reducing is the inner cell redox environment, higher will be the current
increase (higher regenerative current will be measured). In this case, a
finite kinetics behavior characterizes the approach curves. More pre-
cisely, best fitting of SECM approach curves return values of the het-
erogeneous charge transfer kinetic constant, k, which is directly
correlated to the capability of the cell cytoplasm to regenerate FeMeOH
in the reduced/pristine form; higher the kinetic constant, more reducing
is the inner cell redox environment.

Interestingly, SECM approach curves (both before and after
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Table 1

Values of finite k constant and t-test results (two tails analysis, heterogeneous
variance) for SECM approach curve analysis; n.s., not significantly different; p <
0.05, significantly different; n, number of SECM approach curves.

Finite k values p values
n Before light After light

HL-1 cells plated on ITO/P3HT substrates
Illuminated cells 9 0.14 + 0.03 0.18 + 0.04 p <0.05
Not illuminated cells 6 0.12 + 0.03 0.12 + 0.04 n.s.
HL-1 cells plated on ITO substrates
Illuminated cells 13 0.10 + 0.03 0.07 + 0.01 n.s.
Not illuminated cells 9 0.12 + 0.05 0.09 + 0.03 n.s.
ITO/P3HT substrates in the absence of HL-1 cells
Illuminated P3HT 12 0.12 + 0.02 0.13 + 0.02 n.s.
Not illuminated P3HT 12 0.10 + 0.03 0.09 + 0.03 n.s.

illumination) cannot be accurately fitted by a pure insulator model (blue
line in Fig. 4c); a fully satisfactory fitting is instead obtained when a
finite k constant is considered (black line in Fig. 4c) [41].

The results of the SECM approach analyses are reported in Table 1:
when charge transfer constant values k before and after illumination are
compared, a significant k increase was documented only for illuminated
cells grown on top of ITO/P3HT substrates. Conversely, no relevant
differences were obtained neither for not illuminated cells, nor for
control, i.e. HL-1 cells adhering on bare ITO substrates (Table 1). To
demonstrate that the increase of the oxidation current is not due to
changes in the conductivity of the P3HT films, the same study was also
carried out on ITO/P3HT substrates in the absence of cells. Represen-
tative images obtained with an inverted fluorescence microscope are
reported in Fig. 4d, showing the scanning microelectrode position
outside and inside the illuminated area (left and right, respectively). The
scheme of the experiment is represented in Fig. 4e; the k values obtained
by the fitting of the approach curves are reported in Table 1.

Fig. 5a shows a plot of the finite charge transfer constant values k,
after- versus before- illumination for ITO/P3HT substrate, both in the
presence of adhering HL-1 cells and in their absence. This representation
returns a summary of the results and shows the dispersion of the
experimental points. Should no changes occur upon illumination, all
experimental points will align on the median line. The average disper-
sion of the experimental points around the median line in the plot re-
ports on the heterogeneity of the biological samples; this graph
highlights the significant increase in the finite charge transfer constant k
values, which is observed when HL-1 cells are grown on P3HT.

Overall, this result quantitatively demonstrates that, upon photo-
stimulation, HL-1 cells grown on ITO/P3HT substrate show a shift to-
ward more reducing values of the cell redox balance, caused by the
extra-cytoplasmic hydrogen peroxide locally produced by illumination
of the polymer film. This effect could be reasonably attributed to the
interaction between cells and ROS photoproduced by the polymer film
in the extracellular matrix. However, at this stage it is not possible to
discriminate whether the redox balance change is caused directly by
ROS species diffusing into the cytoplasm or the effect is instead mediated
by processes fostered by the presence of ROS species in the extracellular
environment. To elucidate this point, we investigated the redox balance
by SECM approach curves of HL-1 cells incubated with P3HT NPs. The
latter usually cross the cell membrane, as previously proven in several
cell line models, and maintain their photocatalytic properties while
being inside the cell cytoplasm, thus generating ROS inside the cells
upon photoexcitation. In this case, HL-1 cells were incubated overnight
with P3HT NPs (see the experimental section for more details). The
results are reported in Fig. 5b: it appears that just following incubation
with P3HT NPs, independently on illumination, a relevant and system-
atic increase of the charge transfer finite k constant values of the cells is
observed. This observation is consistent with a shift of the inner cell
redox balance toward more reducing potential caused by the mere
presence of the NPs. However, in this case no further changes of redox
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Fig. 5. Finite charge transfer constant k after illumination versus finite k constant before illumination. (a) HL-1 cells grown on P3HT/ITO substrate and the substrate
itself. Filled dots represent k values obtained for ITO/P3HT substrates without cells, for illuminated (red) and not illuminated (blue) area; filled triangles represent k
values measured for illuminated (green) and not illuminated (magenta) HL-1 cells adhering on ITO/P3HT substrates. (b) Investigations conducted in the presence of
adhering HL-1 cells incubated or not with P3HT NPs. Filled squares represent k values obtained for HL-1 cells not incubated with NPs before (blue) and after (red)
illumination, while filled rhombuses k values measured for HL-1 cells incubated with P3HT NPs before (purple) or after (orange) illumination.
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Fig. 6. (a) Representative confocal image depicting HL-1 cells loaded with P3HT NPs acquired at a z plane corresponding to the cell inner part. Cells are stained with
Cell mask green (membrane, green) and Hoechst 33,342 (nuclei, blue). NPs intrinsic emission is in red. Scale bar, 10 um. (b) Fluorescence intensity (AF) of the ROS-
sensitive DCF probe internalized within HL-1 cells treated/untreated with P3HT NPs, in light and dark conditions. DCF probe excitation/emission wavelengths: 488/
515 nm. Error bars represent the standard error of the mean (sem), ***p < 0.001 (Student’s t-test).

balance of HL-1 cells, treated with P3HT NPs, are observed upon illu-
mination. This behavior may be ascribed to the different redox balance
of the cells when exposed to NPs.

These latter results highlighted the need for (i) verifying P3HT NPs
effective internalization in HL-1 cells (ii) comparing the amount of ROS
detectable in HL-1 cytoplasm following illumination for P3HT/ITO thin
films and P3HT NPs.

First, we investigated the capability of NPs to efficiently internalize
within the HL-1 intracellular environment, by means of confocal mi-
croscopy (Figs. 6a and S4). Confocal images are acquired at different z
planes from the cell upper surface to the bottom interface (Fig. S4).
Images recorded at a focal plane corresponding to the cell half height, in
the middle of the cell volume, clearly show that P3HT NPs (red) are
successfully internalized within the cellular membrane (green), without
however crossing the nuclear membrane (blue, Fig. 6a), in agreement
with previous observations in other cell models.

The intracellular ROS production was measured, both in dark and
upon photoexcitation, by means of 2,7-dichlorodihydrofluorescein

diacetate (HoDCF-DA) fluorescent probe, which is sensitive to a large
variety of different ROS, including H>0., HO', ROO'. HyDCF-DA is
intrinsically non-fluorescent; when it is internalized within the cell
cytosol, it is firstly hydrolyzed by cellular esterase and the subsequent
oxidation by ROS leads to the fluorescent compound 2,7-dichlorofluor-
escein (DCF). Fig. 6b depicts the DCF fluorescence intensity (AF)
recorded in HL-1 cells with and without P3HT NPs, both in dark and
upon green light excitation (\=530 nm, 5 min, 1.2 mW/mm?). The re-
sults highlight that the illumination of P3HT NPs within the cell cyto-
plasm induces a significant increase in the ROS intracellular
concentration, as compared to the control samples, in agreement with
previous results obtained with HEK 293T cells [7].

The experiment was repeated in the case of HL-1 cells grown on top
of bare ITO and ITO/P3HT substrates. Similarly to what already
observed with ECFCs [18], a relative fluorescence difference (i.e.,
intracellular ROS concentration) is obtained in the case of the cells
grown on top of P3HT and subjected to light excitation, with respect to
control conditions, i.e. non-illuminated cells, or cells plated on bare ITO
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Fig. 7. Fluorescence intensity (AF) of the ROS-sensitive DCF probe internalized
within HL-1 cells plated on ITO and ITO/P3HT substrates, in light and dark
conditions. DCF probe excitation/emission wavelengths: 488/515 nm. Data
were compared using the nonparametric Mann-Whitney U-test (0.05 signifi-
cance level). ** p < 0.01, *** p < 0.001. Error bars represent the standard error
of the mean (sem).

upon photoexcitation (Fig. 7). This result points out that the change in
the inner redox balance observed in HL-1 cells, extracellularly stimu-
lated by photoexcited P3HT films, is accompanied by an increase in the
cytosolic ROS concentration.

Results obtained in the case of P3HT/ITO thin films and P3HT NPs
are summarized in Fig. 8. In brief, in the dark the HL-1 redox balance
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does not show significant changes in the case of P3HT/ITO samples
(Fig. 8, al and a2), while it shifts to more reducing values in the case of
P3HT NPS (Fig. 8, bl and b2). Upon photoexcitation of P3HT thin film,
ROS are generated in the extracellular space, turning into reduced HL-1
redox balance (Fig. 8, a3 and a4). P3HT NPs illumination, instead, does
not lead to additional reducing effect as compared to NPs-treated HL-1
in dark (Fig. 8, b3 and b4).

Overall, these results point out that the two forms of the conjugated
polymer, while both leading to an increase in the intracellular ROS
concentration upon light, have a different effect on the cell redox bal-
ance and state. We can interpret these findings as due to: (i) the different
location of ROS production. Thin films and NPs photoexcitation both
lead to cytosol ROS concentration increase, but only in the first case the
local activation of membrane channels is expected to play a role in the
change in the cell redox balance; (ii) different amounts of ROS could be
produced in the two situations. The oxidative species that are produced
upon illumination of P3HT NPs (as showed in Fig. 6b) might initiate
redox signaling and trigger cell physiological phenomena (e.g. prolif-
eration) already documented in the literature [15-18], without however
appreciably altering the overall cell redox balance. Interestingly, the NP
internalization by itself provokes a shift of the cell redox balance toward
more reducing values in dark conditions (Fig. 5b). A putative explana-
tion may be that the higher buffering capacity (toward the ROS pro-
duced) of the cell redox environment, when P3HT NPs are internalized,
may lead to a different fate of the produced ROS, activating different
signaling processes and pathways. In addition, the different location of
ROS production, i.e. extracellular vs. intracellular, may result in a sub-
stantially different response of the cell to the ROS stimuli. However,
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Fig. 8. Summary of cell redox balance changes of HL-1 cardiac cells following photostimulation of P3HT/ITO films and P3HT nanoparticles. (a) HL-1 cells adhering
on P3HT/ITO substrates: in the dark redox balance (schematically represented in the upper graphs) does not change significantly for cells adhering on the substrate as
compared to control (a2 as compared to al). Following photoinduced production of ROS in the extracellular space by P3HT/ITO substrates (a3) HL-1 redox balance
shifts to more reducing value (a4). (b) P3HT nanoparticles internalization by HL-1 (b2) in the dark shifts HL-1 redox balance to more reducing values; ROS pro-
duction in HL-1 cytoplasm following P3HT nanoparticles illumination (b3) does not further shifts HL-1 redox balance (b4).
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further investigations are needed to check this hypothesis, and will be
the object of a future work.

4. Conclusions

In the present work we investigated the effect of spatially and
controlled ROS production on redox balance of a cardiac muscle cell
model; extracellular or intracellular ROS increase was obtained by
photostimulation of P3HT films and P3HT nanoparticles, respectively.

Increase of ROS concentration in the extracellular space of HL-1 cells
adhering on P3HT/ITO substrates provoked the shift of HL-1 redox
balance toward more reducing values, while no effect was documented
in the dark. However, the mere internalization of P3HT nanoparticles in
the dark was shown to produce a shift of HL-1 redox balance toward
more reducing values; no further relevant change of the cell redox bal-
ance was documented upon photostimulation. Regarding ROS produc-
tion in cell cytoplasm upon illumination, an increase of oxidative species
for both light-activated P3HT films and nanoparticles was documented.

These results proved that it is possible to optically modulate cardiac
muscle cell redox balance by P3HT excitation. In the case of P3HT films,
extracellular ROS production enables to shift it, on demand, to more
reducing values. Results obtained for P3HT nanoparticles highlighted
that modulation of cell redox balance is independent on optical stimu-
lation. This interesting effect deserves an in depth, dedicated study, for
instance by employing nanoparticles with different physical-chemical
properties (e.g., different Z potentials, surfactants, dimensions, surface
properties, internalization capability), thus allowing one to elucidate
what are the main drivers of the shift of HL-1 redox balance in the
absence of optical stimulation.
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