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Polythiophene-mediated light modulation of
membrane potential and calcium signalling in
human adipose-derived stem/stromal cells†
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Recent progress in the fields of regenerative medicine and tissue engineering has been strongly fostered

both by the investigation of crucial cues, able to trigger the regeneration of damaged tissues, and by the

development of ad hoc functional materials, capable of selectively (re-)activating relevant physiological

pathways. In parallel to the successful realization of biochemical cues and the optimization of delivery

protocols, the use of biophysical stimuli has been emerging as an alternative, highly effective strategy.

Techniques based on electrical, magnetic and mechanical stimulation have been reported to efficiently

direct differentiation of stem cells and modulate cell physiology at different developmental stages. In

this framework, the use of optical stimulation represents a valuable approach, possibly overcoming

current limitations of chemical cues, like limited spatial and temporal resolution and poor control over

the extracellular environment. Surprisingly, the effects of light on the physiological properties (light

toxicity, cell membrane potential, and cell ionic trafficking) of undifferentiated cells, as well as on their

differentiation pathways, were investigated to a very limited extent and rarely quantified in a systematic

way. In this work, we aim at clarifying the effects of optical excitation on the physiological behaviour of

undifferentiated human adipose-derived stem cells (hASC), cultured on top of a light-sensitive conjugated

polymer, region-regular poly-3-hexyl-thiophene (P3HT). Interestingly, we observe statistically significant

modulation of the cell membrane potential, as well as noticeable effects on intracellular calcium signalling,

triggered by P3HT excitation upon green light stimuli. Possible mechanisms involved in the signal

transduction pathways are considered and critically discussed. The capability to modulate the physiological

response of hASC upon photoexcitation, in a highly controlled and selective manner, provides a promptly

available and non invasive diagnostic tool, thus contributing to the understanding of the complex

machinery behind stem cells and material interfaces. Moreover, it may open the route to novel techniques

to drive the differentiation path with unprecedented versatility and operational easiness.

1. Introduction

Human mesenchymal stem/stromal cells (MSC) represent a
valuable tool for regenerative medicine, tissue engineering
and cell therapy, due to their ability to differentiate into several
cell types and to influence resident cells by paracrine
mechanisms.1 In particular, adipose-tissue derived stem cells
(ASC) share very similar characteristics with stem cells derived
from bone marrow, but they are much easier to recover and to
expand.2 Therefore, over the years hASCs became one of the
most employed cell sources in regenerative medicine, mostly
for bone and cartilage regeneration.3,4 Extensive literature
reported effective protocols for differentiation of human
ASC (hASC) into adipocytes,5 chondrocytes,6 and osteoblasts.7

Interestingly, hASC can also differentiate into excitable cells,
e.g., neurons8 and cardiomyocytes.9 To this goal, appropriate
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differentiation protocols and media with ad hoc chemical agents’
composition have been developed and optimized. Though reliable
and effective, such protocols require either the physical presence
of an operator or an expensive automated sterile system for timely
administration of drugs at fixed time points and follow up. Most
importantly, differentiation protocols based on chemical cues are
obviously irreversible and they completely lack spatial resolution,
making the targeting of specific cell sub-populations within the
same in vitro culture impossible. More effective strategies would
require the control of the extracellular environment in a dynamic
way, being able to provide selected stimuli at different time-points
in a more versatile way. These limitations and requirements
prompted researchers to investigate the opportunity to use bio-
physical cues, rather than biochemical ones, for effective and
spatio-temporally controlled differentiation of stem cells.10,11

Most approaches reported so far for directing MSC differentiation
processes include electrical,12–14 magnetic,15,16 and mechanical11

stimulation. Besides other physical stimuli, the use of optical
stimulation has been attracting increasing attention in the latest
few years.17 Light offers distinctive advantages, such as minimal
invasiveness and spatio-temporal resolution. Furthermore, it is
possible to finely tune other parameters, including light density,
wavelength, illuminated area, i.e. spatial and temporal patterning,
that puts into practice the concept of ‘4D patterning’. Some recent
examples of photonics approaches include the opportunity to
change the mechanical properties of light-sensitive scaffolds,18 or
also to use photo-cleavable biochemical cues, which release the
drug only when activated by light, in a temporally and spatially
controlled manner.19

Independently of the differentiation induction stimulus
(chemical or physical), however, the link between the stimuli
characteristics, their impact on the cell physiology, and the
possible modulation of the differentiation path remained in
most cases quite elusive. The effect of electromagnetic stimulation
on the physiological properties (light toxicity, cell membrane
potential, and cell ionic trafficking) of undifferentiated cells was
investigated to a very limited extent, and the origin of the possible
effects on differentiation was rarely clarified. Even more, very
limited consideration has been devoted, so far, to combining the
advantages of electrical and optical stimulation in the field of
regenerative medicine, through the selection of suitable light
sensitive and photo-electrically active functional materials.20–24

In this work, we originally explore this possibility, by employing
a prototype semiconducting polymer, namely regio-regular poly-3-
hexyl-thiophene (P3HT), characterized by optimal cytocompatibil-
ity, excellent photostability, and good photoconduction properties
in an aqueous environment.25,26 In particular, we explore the
possibility to modulate the physiological response of hASC upon
photoexcitation, as a first preliminary step towards the creation of
novel tools for driving the differentiation path with unprecedented
versatility and operational easiness. We focus the attention on two
main physiological properties, namely the modulation of the cell
membrane potential and the capability to affect Ca2+ ion dynamics.
Both processes have been reported to be linked with the differ-
entiation pathways of hASC. The effective use of light stimulation
may open the route to combinatorial studies, by employing

different stimulation parameters in a fast, easily controllable and
parallelized way, thus contributing to clarify the relationship
between physical stimuli and differentiation.

2. Experimental section
Cell isolation and culture

hASC populations were obtained from the waste tissues derived
from aesthetic or prosthetic surgery performed at IRCCS Istituto
Ortopedico Galeazzi, according to the procedure PQ 7.5.125,
version 4. Written informed consent was obtained from all donors
(6 females and 1 male, age range: 22–70 y/o). Briefly, hASC were
isolated from subcutaneous adipose tissue following digestion
with 0.75 mg mL�1 type I collagenase (250 U mg�1, Worthington
Biochemical Corporation, Lakewood, NJ, USA) and filtering of the
stromal vascular fraction. Cells were cultured in DMEM supple-
mented with 10% FBS (GE Healthcare, Life Science), 2 mM
L-glutamine, 50 U mL�1 penicillin and 50 mg mL�1 streptomycin
at 37 1C in a humidified atmosphere with 5% CO2. Prior to their
use, hASC were characterized for their clonogenicity, immuno-
phenotype and multi-differentiative potential according to the
international guidelines27 and their features are summarized in
the ESI† (Fig. S1). For each population, donor characteristics (age,
gender and type of surgery) and the experiments in which cells
were employed are summarized in the ESI† (Table S1).

Sample preparation

Poly-3-hexyl-thiophene (P3HT, Sigma Aldrich) was dissolved
in chlorobenzene (Carlo Erba) up to a final concentration of
20 mg mL�1. The solution underwent overnight stirring at 65 1C
to completely dissolve the powder. Glass substrates (VWR) were
cleaned by sonication, upon subsequent rinses in water, acet-
one, and isopropanol (all from Sigma Aldrich). The polymer
solution was spin coated on top of the glass substrates at
1500 rpm for 1 minute, up to a final thickness of about
150 nm. Both polymer samples and control glass substrates
underwent oxygen plasma treatment (Diener Electronic-Femto)
to increase their hydrophilicity and to improve cell adhesion,
followed by a thermal sterilization process (2 hours at 120 1C).
The absorbance scans were performed with a Lambda 1050
(PerkinElmer) UV/VIS/NIR spectrometer.

Optical stimulation protocols

A home-made illuminator was designed ad hoc, to couple with a
6-well plate for cell culturing and to guarantee parallel illumination
of polymer and control substrates within the cell incubator. Optical
excitation was provided by a custom breadboard, comprising
6 green LEDs (SMB1N-525V-02; Roithner Laser Technik GmbH,
Vienna, Austria) positioned to fit the central part of the wells. The
emission wavelength peaks at 525 nm, and the LEDs carry a
collimator lens reducing the emission angle to 221. The light
spot has a size of 1.13 cm2 and the impinging power density is
200 mW mm�2. The duty cycle and repetition rate of the stimulation
were set through a custom control circuit, controlled by an Arduino
Due (Arduino) microcontroller. Two different illumination
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protocols were employed. In the first case, the duty cycle was
220 ms, with 20 ms illumination and 200 ms dark conditions
(briefly indicated with the notation 20/200 throughout the
following text). In the second case, the duty cycle was
4400 ms, with 400 ms illumination and 4000 ms dark condi-
tions (briefly, 400/4000). Overall, the stimulation lasted for
6 hours in both cases.

Cell proliferation assay

Material cytotoxicity was assessed by the Alamar Blue Cell
Viability Reagent (Merck) assay. Cells were seeded on P3HT
substrates, as well as on glass controls, in 48 wells plates at a
density of 5� 103 cells per cm2. Cell proliferation was evaluated
at 1, 4, 7, 11 and 14 days after incubation. For each time point,
the growth medium was replaced with DMEM without phenol
red (Sigma Aldrich) containing 10% of Alamar Blue. The samples
were incubated again for 2 h 30 m at 37 1C in the dark. During
Alamar Blue incubation, non-fluorescent resazurin is reduced to
light emitting resorufin by cell respiration. After incubation, the
solution was collected from the wells, and substituted with
growth medium for further culturing. The solution was excited
at 540 nm, and emission was measured at 600 nm with a
Multimode Microplate Reader (Tecan, Spark 10M). The fluores-
cence values at different time points provide a growth curve, and
the comparison with the control samples on glass offers quali-
tative information about the cell viability and proliferation
capability.

Confocal imaging

Undifferentiated hASC were plated on oxygen-plasma treated
and thermally sterilized glass and P3HT-coated samples.
24 hours after plating, the cells were stained with Calcein AM
(Merck, final concentration 2 mM) and Hoechst 33342 Fluor-
escent Stain (Merck, final concentration 1 mM) for cytosol and
nuclei localization, respectively. Live imaging was performed
with an Automated Fluorescence Microscope, equipped with a
DAPI and FITC filtering sets (Olympus BX63). Image acquisition
was carried out with Metamorph software (Molecular Devices).
Images are reported as maximum intensity projection along the
z-stack, processed with Fiji ImageJ software.

Electrophysiology measurements

Electrophysiological recordings were performed using a patch-
clamp setup (Axopatch 200B; Axon Instruments) coupled to a
Nikon Eclipse Ti–S Inverted Microscope equipped with a solid-state
LED stimulation system (Spectra III, Lumencor). Undifferentiated
hASCs were plated on P3HT substrates, and the measurements
were performed in whole-cell configuration with freshly pulled
glass pipettes (resistance in the range 3–6 MO). The intracellular
solution contained: 12 mM KCl, 125 mM K-gluconate, 1 mM
MgCl2, 0.1 mM CaCl2, 10 mM EGTA, 10 mM Hepes, and 10 mM
ATP (adenosine 50-triphosphate)-Na2. The extracellular solution
contained: 135 mM NaCl, 5.4 mM KCl, 5 mM Hepes, 10 mM
glucose, 1.8 mM CaCl2, and 1 mM MgCl2. Only single cells were
selected for recordings. Membrane currents were low-pass
filtered at 2 kHz and digitized with a sampling rate of 10 kHz

(Digidata 1440A, Molecular Devices). Acquisition was performed
with the pCLAMP 10 software (Axon Instruments).

Calcium imaging

Undifferentiated hASCs were plated on both P3HT and glass
control substrates. The cells were seeded at a density of 2 �
104 cells per cm2 in complete culture medium. 24 hours after
seeding, the cells underwent the optical stimulation protocol,
lasting for 6 hours. Immediately after, the cells were stained
with 1.5 mM Fluo-4 AM dye (Merck), diluted in extracellular
solution (5 mM HEPES; 135 mM NaCl, 5.4 mM KCl, 1 mM
MgCl2, 1.8 mM CaCl2, 10 mM glucose, all purchased from
Sigma Aldrich; pH 7.4). The imaging experiments were carried
out in the same extracellular solution, with a Nikon Eclipse Ti-S
Inverted Microscope, equipped with a solid-state LED stimulation
system (Spectra III, Lumencor); a FITC-filtering system (Thorlabs)
was used to record only the emission wavelength of the probe. Three
biological replicas were analysed, and for each replica an average of
60 cells was considered. Calcium-free measurements were carried
out in calcium-free medium (10 mM HEPES; 150 mM NaCl, 3 mM
MgCl2, 5 mM EGTA, all purchased from Sigma Aldrich; pH 7.4). Two
biological replicas were analysed. Images were recorded with Meta-
Fluor 7.10.2.240 and analysed with OriginLab 2018.

Alkaline phosphatase enzymatic assay

The activity of alkaline phosphatase (ALP), a widely accepted early
marker of osteogenesis in bone-forming cells,28 was assessed on
cells grown for 14 days on glass or P3HT substrates, under either
standard culture conditions or osteogenic stimuli (10 nM dexa-
methasone, 10 mM glycerol-2-phosphate, 150 mM L-ascorbic acid
and 10 nM cholecalciferol, Sigma Aldrich). Briefly, cells were
washed in phosphate buffer saline and lysed in 50 mL 0.1% Triton
X-100 (Sigma Aldrich). ALP activity was assessed through a colori-
metric assay based on the conversion of p-nitrophenyl phosphate
into p-nitrophenol, as exhaustively described by Canciani et al.29

The enzymatic activity (U) was inferred based on the amount of
produced p-nitrophenol and the reaction time, then normalized
with respect to each sample’s protein concentration determined
by BCAt Protein Assay (Merck) and expressed as U mg�1.

Statistical analysis

All data are reported as mean� standard error, after averaging the
cells coming from the same biological replica. The different
biological replicas have been separately reported. The Analysis
of Variance (ANOVA) statistical analysis was carried out with
OriginLab 2018 software, with alpha = 0.05. A post hoc t-student
test was carried out. The statistical significance is reported as *, **
and ***, related to p o 0.05, p o 0.01 and p o 0.001, respectively.

3. Experimental results
Light sensitive polymer substrates sustain in vitro proliferation
of hASCs cultures

Poly(3-hexylthiophene-2,5-diyl) (P3HT) thin films, characterized
by broad optical absorption in the blue/green visible range and
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photoluminescence spectrum in the red (Fig. 1A), were pre-
viously, successfully employed as cell culturing substrates both
for primary cells (hippocampal neurons,30 astrocytes,31 cardiac
cells,32 and endothelial cells33) and cell lines, as Human
Embryonic Kidney cells (HEK293).34 In existing reports by our
and others’ groups, no cytotoxic effects of conjugated polymer
substrates on seeding and proliferation were observed.19,35

However, their compatibility with undifferentiated stem cells
was very rarely investigated.33,36 In principle, the seeding and
growth of undifferentiated cells may be affected by the surface
topography of the polymer,37 as well as by its hydrophobic
character and chemical composition.38,39 As a preliminary step,
we thus checked whether the use of P3HT substrates affects
adhesion and/or proliferation processes of undifferentiated
hASCs. Fig. 1B shows good cell proliferation of hASCs on
P3HT thin films, up to 14 days in vitro. No statistically
significant difference is observed with respect to glass control
samples. Fig. 1C and D are representative images of hASCs
cultured on polymer and glass substrates: in both cases hASCs
exhibit standard fibroblast or spindle-like morphology, with
small cell bodies, long thin cytoplasmic processes, and wide
nuclei. It is possible to appreciate the flatness of the hASC on

the P3HT layer, indicating a strong adhesion to the polymer.
Moreover, the staining further corroborates the evidence of a
maintained cell viability on the polymer, as Calcein AM is
converted to a green-fluorescent molecule only in the cytoplasm
of viable cells by intracellular esterases. At last, P3HT bio-
compatibility was investigated also on hASCs undergoing osteo-
genic differentiation through the assessment of alkaline phos-
phatase (ALP) activity, an early marker of bone formation.40

Fig. 1E shows the lack of interference of the P3HT substrate on
the osteogenic commitment of cells grown for 14 days both in
the absence (Ctrl) and in the presence (Osteo) of differentiative
cues. Ultimately, no significant difference between the polymer
or the glass substrate was ever observed, thus confirming that
P3HT thin films support hASC seeding, adhesion, proliferation
and osteogenic commitment.

Bimodal modulation of hASC membrane potential by polymer
photoexcitation

Due to their potentially important impact on cell proliferation
and differentiation processes, ionic channel currents in
undifferentiated hASCs have been previously characterized by
whole-cell patch-clamp recordings. In more detail, the presence

Fig. 1 P3HT supports hASCs seeding, proliferation and differentiation. (A) P3HT thin films absorption (green) and fluorescence (red) normalized spectra.
(B) hASCs proliferation on glass and P3HT substrates (grey and red bars, respectively), as evaluated with the Alamar blue assay. Error bars represent the
SEM. (C and D) Representative images of stem cells stained with Calcein and Hoechst on glass and P3HT substrates, respectively. Cells were imaged 48 h
after division. (E) ALP activity of hASCs grown on glass and P3HT substrates (grey and red bars, respectively) under standard (Control) or osteogenic
(Osteo) culture conditions. Data are derived from 3 independent experiments and are expressed as mean � SEM. All the differences in panels (B) and (E)
between cells on glass and P3HT are non-statistically significant.
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of different types of currents was observed, out of which the
slowly activating, delayed rectifier-like K+ current was by far
the predominant one. Conversely, the transient outward K+

current, the Ca2+ activated K+ current and the transient inward
Na2+ current were observed only in smaller subpopulations of
cells.41 We carried out patch clamp measurements in voltage
clamp configuration, to verify that the expected behaviour is
preserved in the control cell cultures, seeded on glass slides,
and to investigate the effect of concomitant optical excitation.
A sketch of the experimental setup is shown in Fig. 2A. The
system is coupled with a LED light source, which provides
optical excitation in the green region of the spectrum, thus
matching the optical absorption spectrum of the active polymer
material (LED emission peak at 545 nm, power density 50 mW
mm�2). Membrane currents were elicited by a step-voltage
protocol, consisting in 300 ms-long voltage steps between
�100 mV and +60 mV, from a holding potential of �40 mV
(Fig. 2B, inset). In line with literature reports, a delayed slowly
activating positive current was observed, both in cells cultured
on polymer substrates and on glass controls (Fig. 2B and C,
respectively). On top of the voltage step protocol, continuous
wave (CW) optical excitation was applied, lasting for 150 ms
(represented in Fig. 2B and C by the green shaded area).
Interestingly, the current recorded in polymer samples was

significantly increased during photostimulation (up to +20%
with the maximum positive applied potential, evaluated as the
difference between the current values at the onset and the
offset of the light stimulus), thus indicating effective stimula-
tion of K+ channels. The effect of light is reversible, since after
switching off the light excitation, the transmembrane current
rapidly decays to its equilibrium plateau before light onset.
Conversely, current elicited in control samples by the voltage
step protocol was not affected at all (Fig. 2C). Whole cell patch
clamp measurements in current clamp configuration (I = 0)
confirm the effect of optical excitation mediated by polymer
absorption (Fig. 2D). Upon photoexcitation, no variation of the
cell membrane potential (DVm) is observed in glass control
samples, thus indicating that light by itself does not alter the
hASC physiological state (grey trace). Conversely, excitation of the
P3HT polymer substrates deterministically leads to a variation of
the resting membrane potential. In more detail, polymer light
stimulation determines a depolarization signal (DVm maximum,
0.27 � 0.08 mV), followed by a larger hyperpolarization
effect (DVm immediately before light offset, �0.47 � 0.11 mV).
The combination of depolarizing and hyperpolarizing signals
has already been observed in other cell models, including
both excitable and non-excitable cells.30,34 They were ascribed
to a temperature-dependent variation of the cell membrane

Fig. 2 Electrophysiology measurements. (A) Sketch of the setup and geometry used for patch clamp measurements. (B and C) Representative curves of
voltage clamp measurements for hASCs on P3HT and glass substrates, respectively, at different potentials. One representative curve for each condition
was selected, among the ones measured. (D) Representative curves of current clamp (I = 0) measurements for hASCs on P3HT and glass as a control. The
curves were obtained by averaging different measurements (n = 4 on P3HT, n = 3 on glass). The shaded error regions represent the SEM. The green
shaded area represents the time window in which light stimulation was applied.
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capacitance and resistance, respectively, and, in the case of
primary neurons, elicitation of K+ channels was proposed as the
main pathway.30 Furthermore, in endothelial cell models a similar
effect was attributed to spatially-confined modulation of the
transient receptor potential (TRP) vanilloid channel TRPV1, as
mainly due to a photoelectrochemical process.33,42 Interestingly,
pH and temperature dependent channels, including canonical
TRP (TRPC), melastatin TRP (TRPM), and tandem pore-class K+

(TREK) channels, are also expressed in hASC, and they play critical
roles in differentiation, migration and proliferation,43,44 as much
as K+ channels.45 However, future ad hoc pharmacological studies
would be needed to unambiguously attribute the variation in the
hASC membrane potential to specific ionic channels conductivity,
and to unravel any influence on cell activity.

To the goals of the present work, in which we target chronic
stimulation of hASC cultures during adhesion and proliferation
stages, whole cell patch clamp studies allowed for identifying
two timescales on which polymer excitation deterministically
leads to a net positive (stimuli shorter than 20 ms) or negative
(stimuli longer than 20 ms) variation of the cell membrane
potential. This information has been at the base of the stimula-
tion protocols selected for chronic excitation of hASC cultures,
presented in the next section.

P3HT actively modulates intracellular Ca2+ dynamics

The involvement of Ca2+ as a universal uniporter in cell
physiological processes, such as growth, differentiation and
proliferation, among others, led to insightful studies focused

Fig. 3 Ca2+ dynamics are modulated by P3HT photoexcitation. (A) Schematic representation of the home-made setup employed for the chronic
stimulation of P3HT substrates. (B) Picture of the LED board used for stimulation. (C) Sketch reporting the illumination conditions for the living cells in the
home-made setup. The cells are illuminated from the top (Pd = 400 mW mm�2) with two different illumination patterns. In one case, on a duty cycle of
220 ms, the light flashes for 20 ms (i). In the other case, the light flashes for 400 ms over a duty cycle of 4400 ms (ii). The two protocols are referred to as
20/200 and 400/4000, respectively. Panels (D–F) refer to the 20/200 stimulation protocol, while panels (G–I) refer to the 400/4000 stimulation protocol.
(D and G) Representative Ca2+ dynamics recorded at 20/200 and 400/4000 stimulation protocols, respectively, for cells grown on P3HT substrates upon
illumination and in dark conditions (red and light red lines, respectively) and on glass substrates upon illumination and dark conditions (grey and light grey
lines, respectively). (E and H) Average variation of Ca2+ peaks in the different experimental conditions, after 20/00 and 400/4000 protocols stimulation,
respectively. The statistical significance is reported for p o 0.001 (***), all other differences are not significantly different. (F and I) Cell responsivity evaluated
for the two different illumination protocols, i.e. 20/200 and 400/4000. Details on how the responsivity was evaluated can be found in the ESI.†
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on a cell specific Ca2+ toolkit, aimed at controlling cellular
behaviour through exogenous Ca2+ modulation. Recent pub-
lications brought the attention to the Ca2+ channels exhibited
by undifferentiated human ASCs, and new findings revealed
the involvement of this intracellular messenger on hASC
differentiation.46 To determine whether P3HT may act as an
optically driven, modulating agent of hASC intracellular
trafficking, we evaluated the effect of P3HT photostimulation
on hASC Ca2+ dynamics. We designed and implemented a
home-made setup to optically, repeatedly stimulate the P3HT
substrate in the CO2 incubator, in cell culturing conditions.
A simplified sketch and a picture of the LED board are reported
in Fig. 3A and B, respectively. The culturing plate is coupled to a
LED array, and the P3HT and glass substrates are illuminated
from the top for 6 hours (Fig. 3C). According to the outcomes of
the whole-cell patch clamp experiments, we employed two
different illumination patterns, namely a 20 ms illumination/
200 ms dark protocol, to maintain the membrane in a depolar-
ized state, and a 400 ms illumination/4000 ms dark protocol, to
maintain the membrane in a hyperpolarized state. The two
protocols will be referred to from now onwards as 20/200 and
400/4000, respectively. Fig. 3D and G show representative Ca2+

dynamics recorded after a 20/200 and 400/4000 illumination
protocol, respectively, for cells cultured on P3HT and on glass
substrates. Literature reports show that undifferentiated hASC
present asynchronous Ca2+oscillations, with some differences
in the oscillation frequency from cell to cell (in the order,
however, of about one Ca2+ spike every 3–4 minutes), and a
non-irrelevant subpopulation of cells which do not display at all
spontaneous Ca2+ oscillations.47 In both P3HT and control
glass substrates, oscillation frequency, as well as rise time,
full-width half maximum, and decay dynamics are in line with
existing reports.47 Noticeably, however, hASCs grown on P3HT
substrates and exposed to the 6 hour long illumination proto-
cols 20/200 and 400/4000 exhibit remarkably higher Ca2+ fluxes
compared to those kept in dark conditions and to those grown
on glass, either illuminated or not. The averaged amplitude
variation of the Ca2+ fluxes for N = 100 cells is reported in
Fig. 3E and H for the 20/200 and the 400/4000 photoexcitation
protocols, respectively. All the values were normalized to the
average Ca2+ amplitude of the control sample, i.e., cells grown
on glass and kept under dark conditions. The average Ca2+

amplitude of cells grown on top of the P3HT samples exposed
to illumination shows a statistically significant increase, by
about 2.1 � 0.4 and 2.7 � 0.7 for the 20/200 and 400/4000
protocols respectively, with respect to all the other experimental
conditions. Overall, these results unequivocally indicate that
P3HT substrates and optical excitation in synergy, upon
chronic optical stimulation, modulate the hASCs intracellular
Ca2+ trafficking.

As anticipated above, only a percentage of undifferentiated
hASCs exhibit the signature of a Ca2+ toolkit. In the absence of
chemical cues or other differentiation stimuli, this has been
associated to the fact that MSCs display Ca2+ oscillations only
during the phases G1 and S of the cell cycle, and it might be
that not all the cells in the visualization area are in those

phases of the cell cycle.48 Importantly, Ca2+ oscillations are
known to increase the levels of cell cycle regulators such as
cyclins A and E, and to control the cell cycle progression via the
regulation of cyclin levels, amongst other mechanisms.49 Thus,
we quantitatively evaluated the percentage of cells exhibiting
Ca2+ spikes during the probing window (for further details see
the ESI†), in photoexcited P3HT substrates and in control
samples (Fig. 3F and I, for the 20/200 and 400/4000 protocols,
respectively). We observe that the cells grown on P3HT or on
glass substrates kept under dark conditions exhibit a low Ca2+

responsivity, according to the results reported by Kawano
et al.47 Interestingly, however, the cells exposed to the light
irradiation increase their responsivity, that reaches 81% and
84% in the case of cells grown on P3HT and exposed to the 20/
200 and 400/4000 excitation protocols, respectively. The results
are representative of one single biological population. Analo-
gous results for experiments carried out on biological replicas
can be found in the ESI† (Fig. S2).

Overall, these results indicate the opportunity to use optical
cues to modulate the Ca2+ toolkit in undifferentiated hASCs.
Moreover, the light-triggered biophysical pathway activated at
the cell/material interface and involving a substantial increase
of Ca2+ ion trafficking, may lead to regulation of cyclin levels,
thus playing a role in the synchronization and acceleration of
the cell cycle.

Ca2+ optical modulation is partially mediated by membrane
channels

Spontaneous Ca2+ oscillations are sustained by Ca2+ channels
and pumps at both the plasma membrane (PM) and the
endoplasmic reticulum (ER). In fact, the Ca2+ spikes can be
originated either by the Ca2+ entry from the external medium
through the PM, or by the Ca2+ release from the cell organelles,
mainly the ER. The significant increase of intracellular Ca2+ ion
concentration observed upon photoexcitation prompted us to
investigate what could be the main pathway active in the case of
polymer samples. To this goal, we repeated the experiments
presented in the previous section by employing a Ca2+-free
extracellular medium (Fig. 4). Data show that, while the
removal of Ca2+ ions does not have a significant impact on
the control samples, neither for the 20/200 nor for the 400/4000
excitation protocol, it leads to a sizable reduction of the Ca2+

fluorescence signal in the case of polymer samples (Fig. 4A and C).
These results clearly indicate that the optical excitation of the
polymer triggers Ca2+ ion influx from the extracellular medium,
which deterministically leads to the increase of intracellular Ca2+

ion concentration, thus possibly involving a major contribution of
Ca2+ channels expressed on the PM. Interestingly, the capability of
hASCs to express Ca2+ signalling is also significantly decreased
when Ca2+ free extracellular medium is used, as compared to
the controls, with a variation of 20% and 19% in the case of the
20/200 and 400/4000 light excitation protocols, respectively.
The results are representative of a single population of undiffer-
entiated stem cells; biological replicas are reported in the ESI†
(Fig. S3).
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This result further corroborates the possible interplay
between polymer excitation, Ca2+ ion intracellular uptake and
fine regulation of the cell cycle.

4. Discussion and conclusions

In this work we have reported the possibility of using physical
stimuli, mediated by a light sensitive conjugated polymer thin
film based on P3HT, to optically modulate key characteristics of
undifferentiated hASCs under physiological conditions. More
precisely, we have demonstrated that optical stimulation
deterministically leads to a bimodal modulation of the cell
membrane potential, characterized by a first depolarization
effect (stimuli shorter than 20 ms), followed by a hyperpolariz-
ing signal (stimuli longer than 20 ms, Fig. 2). The effect of light
stimuli on Ca2+ dynamics is instead univocal, irrespective of the
stimuli time duration, and it consists of an increase in the
intracellular Ca2+ ion concentration, with a clear contribution
of the extracellular Ca2+ uptake processes. Interestingly, we
observed that hASCs plated on the polymer thin films, and
even more those exposed to photo stimulation, display
enhanced Ca2+ ion kinetics. This effect is partially diminished
upon removal of the Ca2+ ions from the extracellular solution
(Fig. 3 and 4). Similar effects on the membrane potential driven
by P3HT polymer optical excitation were previously observed,
in several in vitro cell models, for instance in HEK-293T,34 in

primary neurons,30 and in astrocytes.31 In these cases, the
bimodal modulation of the membrane potential was attributed
to a photothermal transduction effect, consisting of (i) a varia-
tion of the cell capacitance, leading to a depolarization signal,
at shorter times, combined with (ii) a variation of the cell ionic
channels conductivity, at longer times, leading to the hyper-
polarization signal. In the case of primary neurons, a clear role of
K+ channels was unequivocally demonstrated.30 In endothelial
colony forming cells seeded on P3HT thin films, the contribution
of photo-activated electrochemical processes was also reported to
play a key role in the modulation of the cell membrane potential,
through activation of the multimodal transient receptor potential
vanilloid channel TRPV1 expressed on the cell membrane.33,50

Quantifying and disentangling the different roles played by
photogenerated electric fields, photoelectrochemical current
and localized thermal effects, all possibly contributing to the
observed membrane potential variation in hASCs, would require
in depth biomolecular assays, and this will be addressed in a
future work. Importantly, we notice here that the cell membrane
potential, and more specifically a sustained depolarization
signal, can have significant effects on the cell cycle. We thus
hypothesize this is the cause of the observed higher responsivity
of cells when plated on polymer substrates and exposed to
chronic illumination protocols, thus continuously inducing
sustained depolarization of the cell membrane. Conversely, the
effects observed on Ca2+ ion trafficking, both for short and for
long light pulses, cannot be uniquely related to the variation of

Fig. 4 Calcium recordings in Ca2+ free medium. (A and C) Average Ca2+ dynamics variation of cells grown on glass and P3HT substrates after 20/200 ms
and 400/4000 ms protocols stimulation, in the control and Ca2+ free media (grey and green bars, respectively). The statistical significance is reported for
p o 0.001 (***) and for non-significant (n.s.). (B and D) Cell responsivity evaluated for the two different illumination protocols, respectively. Details on the
responsivity evaluation are reported in the ESI.†
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the cell membrane potential, since in all cases we observed an
increase of the Ca2+ ion concentration. In addition, the process
seems to be originated by a mechanism active at the interface
between the cell membrane and the material, since we observe a
role of the extracellular Ca2+ uptake.

Interestingly, a sizable increase of intracellular Ca2+ concen-
tration, triggered by photoactivated polymer systems, was
recently reported by Yuan and colleagues in the case of
neuron-like PC-12 cells at 5 days in vitro.21 The authors realized
a tri-component material based on P3HT as the photoactive
polymer, blended with polycaprolactone (PCL) and polypyrrole
(PPY), and they observed, in line with our results, enhanced
Ca2+ concentration only in the case of illuminated samples
containing P3HT, while no change was observed in control
light-insensitive polymer samples (i.e., comprising PCL and/or
PPY, but not P3HT) or without photoexcitation. In other seminal
works by Prof. Ramakrishna’s group, P3HT:PCL nanofibers were
reported to enhance cell proliferation of human dermal fibro-
blasts, possibly activated by an increase in cytosolic Ca2+ concen-
tration and downstream triggering of low molecular weight
calmodulin protein.51 A third example of P3HT-based substrates,
promoting neurogenesis in human fetal neural stem cells, was
reported by K. Yang and colleagues.36 In this case, a cytosolic
Ca2+ increase after polymer photoexcitation was also qualita-
tively and preliminarily reported. In these reports, dealing with
various cell models, a local electric field generated upon P3HT
optical excitation was claimed as the origin of the cytosolic Ca2+

increase.52 Indeed, it has been reported that the exposure to an
electromagnetic field, also in the absence of phototransduction
processes driven by electrogenic materials, determines a sizable
modulation of intracellular Ca2+ ions, mediated by Ca2+ ion
permeabilization through the cell membrane.48

One should notice that additional mechanisms, possibly
contributing to Ca2+ modulation as well, were not considered
at the moment, and, due to the lack of conclusive and quanti-
tative control experiments, cannot be excluded. These include,
among others, photothermal and photo-electrochemical trans-
duction processes. In a recent work, we considered in vitro
human endothelial precursors and we observed an increase in
Ca2+ concentration, which was unambiguously attributed to the
generation of reactive oxygen species, at non-toxic concen-
tration, and subsequent activation of multimodal TRPV1
channels.42

The data presented in this work on in vitro P3HT/hASC
biohybrid interfaces exposed to optical excitation are not
sufficient to unambiguously identify the biophysical and
molecular pathways leading to the observed Ca2+ increase.
The following mechanisms may play a role, either indepen-
dently or partially overlapped:

(i) P3HT-mediated photogeneration of ROS, at non-toxic
concentrations;

(ii) Photo-thermal processes, and elicitation of temperature-
dependent ionic channels, like TRP channels;

(iii) Stimulation of Ca2+ gated ion channels, and in particu-
lar K+ channels, which have been reported to induce a Ca2+ ion
increase in hASCs.

Additional work is currently on-going to elucidate the relative
contribution of the mentioned mechanisms, or to identify
alternative routes not considered so far, and will allow for more
effective definition of critical parameters leading to hASCs
physiology modulation.

In conclusion, we underline that both effects reported in
this work, namely Ca2+ concentration increase and membrane
potential variation, are possibly related to a faster and/or more
effective differentiation, as demonstrated in existing literature
reports based on delivery of biochemical cues.41,47,53 As com-
pared to the latter approach, our strategy is minimally invasive,
spatially confined and highly versatile, since the parameters of
the light stimulation protocols can be optimized ad hoc.
Importantly, this technique is easily applicable to any in vitro
cell culture facility, in incubating conditions, with no need
for expensive or bulky instrumentation, and in a remotely
controlled way. These aspects are particularly intriguing since
hASCs represent the most promising cell type for bone and
cartilage regeneration in tissue engineering applications.54

Moreover, the modulation of hASC physiological properties is
expected to lead to a modification of their secretory profile,
thus implying a change in the composition of the cell secre-
tome, i.e. their conditioned medium (CM). Great interest has
recently arisen toward the identification of specific cues able
to modulate the plethora of vesicle-conveyed and soluble
molecules secreted by MSCs. Indeed, a large part of MSC
anti-inflammatory and immunomodulatory action does not rely
on their multi-differentiative potential, whereas it depends on
paracrine signalling. Therefore, in the last decade, the study of
MSC CM has gained popularity55–60 and this cell-free product
has recently entered the first clinical trials. So far, multiple
priming strategies have been tested to influence the release of
specific factors by MSC. These include the use of cytokines,
pharmacological and chemical agents, hypoxia, biomaterials
and three-dimensional culture conditions.61 The possibility to
modulate MSC secretome by using optical stimulation and
without altering the composition of the culture medium would
be of great interest in the perspective of a future clinical use of
this product. Moreover, the technique reported here may be
extended without substantial changes to embryonic or induced
pluripotent stem cells, which represent a widely targeted and
promising model in stem cell research.

For these reasons, we believe that our results represent a
useful and promising basis for further studies, aimed at
investigating in detail the opportunity to use light for controlling
the differentiation status of in vitro stem cells, and open the way
to unprecedented tools in the field of regenerative medicine.
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