
Cell Calcium 101 (2022) 102502

Available online 19 November 2021
0143-4160/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Conjugated polymers mediate intracellular Ca2+ signals in circulating 
endothelial colony forming cells through the reactive oxygen 
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A B S T R A C T   

Endothelial colony forming cells (ECFCs) represent the most suitable cellular substrate to induce revasculari
zation of ischemic tissues. Recently, optical excitation of the light-sensitive conjugated polymer, regioregular 
Poly (3-hexyl-thiophene), rr-P3HT, was found to stimulate ECFC proliferation and tube formation by activating 
the non-selective cation channel, Transient Receptor Potential Vanilloid 1 (TRPV1). Herein, we adopted a 
multidisciplinary approach, ranging from intracellular Ca2+ imaging to pharmacological manipulation and ge
netic suppression of TRPV1 expression, to investigate the effects of photoexcitation on intracellular Ca2+ con
centration ([Ca2+]i) in circulating ECFCs plated on rr-P3HT thin films. Polymer-mediated optical excitation 
induced a long-lasting increase in [Ca2+]i that could display an oscillatory pattern at shorter light stimuli. 
Pharmacological and genetic manipulation revealed that the Ca2+ response to light was triggered by extracellular 
Ca2+ entry through TRPV1, whose activation required the production of reactive oxygen species at the interface 
between rr-P3HT and the cell membrane. Light-induced TRPV1-mediated Ca2+ entry was able to evoke intra
cellular Ca2+ release from the endoplasmic reticulum through inositol-1,4,5-trisphosphate receptors, followed by 
store-operated Ca2+ entry on the plasma membrane. These data show that TRPV1 may serve as a decoder at the 
interface between rr-P3HT thin films and ECFCs to translate optical excitation in pro-angiogenic Ca2+ signals.   

1. Introduction 

Endothelial colony forming cells (ECFCs) represent the endothelial 
precursor subtype bearing the greatest potential to prompt vascular 
regeneration in ischemic disorders [1, 2]. Unlike myeloid angiogenic 
cells, such as colony forming unit endothelial cells and circulating 

angiogenic cells, ECFCs retain a truly endothelial phenotype, display 
high proliferative and clonogenic potential, may physically engraft 
within nascent vasculature as well as release pro-angiogenic mediators, 
and were shown to promote blood vessel regrowth and/or rescue local 
blood perfusion in multiple models of ischemic disorders [2–4]. The 
major hurdles that limit the application of autologous ECFCs in 
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regenerative medicine are represented by their low frequency in pe
ripheral circulation (~5–20 cells/100 mL blood) and the remarkable 
reduction in their vaso-reparative ability upon prolonged exposure to 
the most common risk factors, e.g., aging, hypertension, and obesity, 
which predispose to ischemic events [3, 4]. Multiple strategies were put 
forward to enhance the regenerative efficacy of circulating ECFCs, 
including ex vivo expansion to achieve therapeutically relevant cell 
numbers, and pharmacological or genetic manipulation of their 
pro-angiogenic signaling pathways [3–6]. Furthermore, circulating 
ECFCs can be recruited into sites of neovessel formation through the 
local injection of chemoattractants [7, 8]. All these approaches are 
certainly promising but cannot overcome some intrinsic limitations that 
may severely hamper their therapeutic application. For instance, 
transducing ECFCs with genes that stimulate angiogenesis, as well as the 
local delivery of bioactive cues to enhance their pro-angiogenic poten
tial, display limited spatial resolution and do not permit temporally 
precise regulation of ECFCs’ activity [3, 5, 9]. 

Geneless optical stimulation could provide an unprecedented spatio- 
temporal resolution, higher selectivity and lower invasiveness as 
compared to the existing genetic and pharmacological control strategies 
[9–12]. Among available photoactive materials, with proven photo
transduction efficiency within in vitro and/or in vivo environment, 
organic semiconductors represent a highly powerful strategy, which has 
been gaining increasing attention in the latest few years [10, 12, 13]. 
Conjugated polymers, in particular, constitute ideal artificial light 
transducers since they present an array of biophysical features that make 
them amenable for long-term biological applications [10, 12, 13]: (1) 
are mechanically flexible, ultrastretchable and solution processable; (2) 
exhibit low toxicity, are highly biocompatible and suitable to establish a 
seamless interface with biological tissues; (3) support both ionic and 
electronic conduction; and (4) are sensitive to visible light. Among 
others, regio-regular Poly (3-hexyl-thiophene), rr-P3HT, represents a 
workhorse nanomaterial for organic semiconductors that is widely 
employed to gain light-induced control of cellular activity [12–14]. For 
instance, the photostimulation of rr-P3HT thin films has been shown to 
induce changes in the membrane potential, i.e., depolarization followed 
by hyperpolarization, in non-excitable HEK-293 cells [15] and to 
modulate chloride channel conductance in primary rat neocortical as
trocytes [16]. Furthermore, optical stimulation fired action potentials in 
primary rat hippocampal neurons cultured on rr-P3HT polymers [17] 
and induced contraction in human induced-pluripotent stem cells 
derived cardiomyocytes grown on the rr-P3HT interface [18]. Further
more, optical excitation of rr-P3HT-based hybrid bioelectronic in
terfaces induced neuronal activity in both ex vivo brain slices [19] and 
retinal explants [20], and proved effective as a strategy to rescue light 
sensitivity and visual acuity in a rat model of degenerative blindness 
[21–23]. 

The non-selective cation channel Transient Receptor Potential 
Vanilloid 1 (TRPV1), which is mainly located on the plasma membrane, 
is nicely suited to integrate the chemical, e.g., nontoxic concentrations 
of reactive oxygen species (ROS) [24, 25], and physical, e.g. a local 
increase in temperature [15, 19], signals generated by rr-P3HT upon 
visible light excitation [9, 26, 27]. When TRPV1 opens at hyperpolarized 
membrane potentials, it carries an inward current that is a mixture of 
sodium and calcium ions [28, 29] and can deliver both electrical (i.e., 
membrane depolarization and activation of voltage-gated channels in 
excitable cells) and chemical (i.e., an increase in intracellular Ca2+

concentration or [Ca2+]i) signals to the hosting cell [9, 30]. While a 
number of reports clearly demonstrated that TRPV1 could provide the 
cellular switch that translates optical excitation of rr-P3HT into a 
bioelectrical signal [27, 31], the ensuing increase in [Ca2+]i has never 
been evaluated. This issue is of compelling relevance as changes in 
[Ca2+]i represent a widespread mechanism that regulates a plethora of 
cellular functions [32, 33] and the finely tuned control of cellular ac
tivity through spatio-temporally regulated Ca2+ signals stands among 
the most promising alternative strategies to precisely control cell fate [6, 

34-43]. Intriguingly, a recent investigation revealed that optical exci
tation of circulating ECFCs cultured on rr-P3HT thin films stimulates 
proliferation and tube formation, which are the two main mechanisms 
underlying tissue revascularization [3], upon TRPV1 activation [31]. 
Herein, we adopted a multidisciplinary approach, ranging from imaging 
of intracellular Ca2+ dynamics to pharmacological manipulation and 
genetic suppression of TRPV1 expression, to investigate the effects of 
visible light on [Ca2+]i in ECFCs plated on rr-P3HT. We provided the 
first evidence that optical stimulation of rr-P3HT results in 
TRPV1-mediated intracellular Ca2+ signals, which may adopt either an 
oscillatory or non-oscillatory pattern and are directly triggered by ROS. 
These data clearly show that TRPV1 may serve as a decoder at the 
interface between rr-P3HT thin films and ECFCs to translate the illu
mination with visible light in pro-angiogenic Ca2+ signals that can be 
effectively used to regenerate the vascular network of ischemic tissues. 

2. Materials and methods 

2.1. Polymer thin films preparation 

Poly-3-Hexyl-Thiophene (P3HT) polymer (15,000–45,000 MW, 
purchased from Sigma Aldrich (Merk Millipore, Darmstadt, Germany) 
and used without further purification) was dissolved in Chlorobenzene 
up to a final concentration of 20 mg/mL. The solution was stirred at 
65 ◦C for 6 h . Glass substrates were carefully cleaned before use, by 
subsequent rinses in ultrasonic bath with deionized water, acetone, 
isopropanol (10 min each). P3HT solution was spin coated (1500 rpm for 
1 min) on the glass substrates, obtaining a final thickness of 130 nm and 
an optical density of 0.6 (at the main absorption peak). Glass/P3HT 
samples used as cell culturing substrates were thermally sterilized (2 h, 
120 ◦C). 

2.2. Isolation and cultivation of ECFCs 

Blood samples (40 ml) collected in EDTA (ethylenediaminetetra
acetic acid)-containing tubes were obtained from healthy human vol
unteers aged from 22 to 28 years old. The Institutional Review Board at 
“Istituto di Ricovero e Cura a Carattere Scientifico Policlinico San 
Matteo Foundation” in Pavia approved all protocols and specifically 
approved this study. Informed written consent was obtained according 
to the Declaration of Helsinki of 1975 as revised in 2008. To isolate 
ECFCs, mononuclear cells (MNCs) were separated from peripheral blood 
by density gradient centrifugation on lymphocyte separation medium 
for 30 min at 400 g and washed twice in endothelial basal medium-2 
(EBM-2) with 2% foetal bovine serum (FBS). A median of 36 × 106 

MNCs (range 18–66) were plated on collagen-coated culture dishes (BD 
Biosciences) in the presence of the endothelial cell growth medium 
EGM-2 MV Bullet Kit (Lonza) containing EBM-2, 5% FBS, recombinant 
human (rh) EGF, rh-VEGF, rh-FGF-B, rh-IGF-1, ascorbic acid, and hep
arin, and maintained at 37 ◦C in 5% CO2 and humidified atmosphere. 
Discard of non-adherent cells was performed after 2 days; thereafter 
medium was changed three times a week. The outgrowth of endothelial 
colonies from adherent MNCs was characterized by the formation of a 
cluster of cobblestone-appearing cells, resembling endothelial cells. 
That ECFCs-derived colonies belonged to endothelial lineage was 
confirmed as described in [44, 45]. 

2.3. Solutions 

Physiological salt solution (PSS) had the following composition (in 
mM): 150 NaCl, 6 KCl, 1.5 CaCl2, 1 MgCl2, 10 Glucose, 10 Hepes. In 
Ca2+-free solution (0Ca2+), Ca2+ was substituted with 2 mM NaCl, and 
0.5 mM EGTA was added. Solutions were titrated to pH 7.4 with NaOH. 
The osmolality of PSS as measured with an osmometer (Wescor 5500, 
Logan, UT) was 338 mmol/kg. 
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2.4. [Ca2+]i measurements 

ECFCs, plated either on glass/P3HT or bare glass substrates, were 
loaded with 4 µM fura-2 acetoxymethyl ester (fura-2/AM; 1 mM stock in 
dimethyl sulfoxide) in PSS for 1 h at room temperature. After washing in 
PSS, the sample was fixed to the bottom of a Petri dish and the cells 
observed by an upright epifluorescence Axiolab microscope (Carl Zeiss, 
Oberkochen, Germany), usually equipped with a Zeiss × 40 Achroplan 
objective (water-immersion, 2.0 mm working distance, 0.9 numerical 
aperture). ECFCs were excited alternately at 340 and 380 nm, and the 
emitted light was detected at 510 nm. A first neutral density filter (1 or 
0.3 optical density) reduced the overall intensity of the excitation light, 
and a second neutral density filter (optical density = 0.3) was coupled to 
the 380 nm filter to approach the intensity of the 340 nm light. A round 
diaphragm was used to increase the contrast. The excitation filters were 
mounted on a filter wheel (Lambda 10, Sutter Instrument, Novato, CA, 
USA). Custom software, working in the LINUX environment, was used to 
drive the camera (Extended-ISIS Camera, Photonic Science, Millham, 
UK) and the filter wheel, and to measure and plot on-line the fluores
cence from 10 up to 30 rectangular “regions of interest” (ROI). Each ROI 
was identified by a number. Since cell borders were not clearly identi
fiable, a ROI may not include the whole cell or may include part of an 
adjacent cell. Adjacent ROIs never superimposed. To provide polymer 
photoexcitation, an external light emitting diode was employed 
(THORLABS M470L4-C5, Newton, New Jersey, USA), with spectral 
emission centered around 470 nm, which is far away from Fura-2 light 
absorption spectra, and photoexcitation impinging on the sample from 
the glass substrate side with a power density 0.6 mW/mm2. Light pulses 
of different duration, in the range 2.5–20 sec, were used to optically 
stimulate the P3HT polymer films as well as the uncovered, control glass 
substrates. During photoexcitation protocol, the acquisition system was 
off, and this is indicated by the corresponding upward/downward 
deflection of the Ca2+ tracings at the time of illumination. On/off 
switching time are in the order of ms, thus not interfering with the 
monitoring of [Ca2+]i dynamics. [Ca2+]i was monitored by measuring, 
for each ROI, the ratio of the mean fluorescence emitted at 510 nm when 
exciting alternatively at 340 and 380 nm (F340/F380). An increase in 
[Ca2+]i causes an increase in the ratio [44]. Ratio measurements were 
performed and plotted on-line every 3 s and were never longer than 
3600 sec. In the figures, each Ca2+ tracing refers to an individual cell and 
is representative of at least three independent experiments. The exper
iments were performed at room temperature (22 ◦C). 

2.5. rr-P3HT fluorescence emission measurements 

GLASS/ P3HT samples were immersed in PSS extracellular medium 
and the fluorescence at the polymer surface was acquired in different 
field of views (excitation/emission wavelengths, 520/660 nm; integra
tion time, 100 ms; binning:2 × 2) using an upright microscope (Olympus 
BW63), equipped with a 20X water immersion objective and a sCMOS 
Camera (Prime BSI, Teledyne Photometrics; Tucson, Arizona, USA). 
Then, the Fura-2/AM optical excitation protocol, described in Section 
2.4, was applied to the same field of views. Some fields were not treated 
as control. The P3HT fluorescence emission was measured again in the 
same areas. The fluorescence intensity was evaluated over Regions of 
Interest placed inside the treated/untreated regions, using ImageJ 
software. Mean values were averaged over 4 fields of view, over 3 sta
tistically independent samples. 

2.6. SDS-PAGE and immunoblotting 

Cells were lysed in ice-cold RIPA buffer (50 mM TRIS/HCl, pH 7.4, 
150 mM NaCl, 1% Nonidet P40, 1 mM EDTA, 0.25% sodium deoxy
cholate, 0.1% SDS) added of protease and phosphatase inhibitors. Upon 
protein quantification, the samples were dissociated by addition of half 
volume of SDS-sample buffer 3X (37.5 mM TRIS, pH 8.3, 288 mM 

glycine, 6% SDS, 30% glycerol, and 0.03% bromophenol blue), sepa
rated by SDS-PAGE on a 7.5% polyacrylamide gel, and blotted on a 
PVDF membrane. Membrane probing was performed using the different 
antibodies diluted 1:1000 in TBS (20 mM Tris, 500 mM NaCl, pH 7.5) 
containing 5% BSA and 0.1% Tween-20 in combination with the 
appropriate HRP-conjugated secondary antibodies (1:2000 in PBS plus 
0.1% Tween-20). The following antibodies were used: anti-TRPV1 
(ab3487) from ABCAM (Cambridge,UK) and anti-Tubulin (sc-32,293) 
from Santa Cruz Biotechnology (Dallas, Texas, USA) as equal loading 
control. The chemiluminescence reaction was performed using Immo
bilon Western (Millipore) and images were acquired by Chemidoc XRS 
(Bio-Rad, Segrate, Mi, Italy). 

2.7. Gene silencing 

A selective siRNA, targeting human TRPV1, was purchased by 
Sigma-Aldrich Inc. MISSION esiRNA (hTRPV1, EHU073721). Scrambled 
siRNA was used as negative control (defined as Ctrl in the Figures). 
Briefly, once the monolayer cells had reached 50% confluency, the 
medium was removed, and the cells were added with Opti-MEM I 
reduced serum medium without antibiotics (Life Technologies). siRNAs 
(100 nM final concentration) were diluted in Opti-MEM I reduced serum 
medium and mixed with Lipofectamine™ RNAiMAX transfection re
agent (Invitrogen) prediluted in Opti-MEM), according to the manu
facturer’s instructions. After 20 min incubation at room temperature, 
the mixes were added to the cells and incubated at 37 ◦C for 5 h. 
Transfection mixes were then completely removed, and fresh culture 
media was added. The effectiveness of silencing was determined by 
immunoblotting (see Figure S2), and the silenced cells were used 48 h 
after transfection. 

2.8. Intracellular reactive oxygen species detection 

2′,7′-dichlorodihydrofluorescein diacetate (H2DCF–DA, purchased 
from Sigma Aldrich) was employed for intracellular detection of Reac
tive Oxygen Species (ROS). ECFCs cultured on Glass/P3HT and glass 
control samples were photo-excited for 2.5 or 20 s from glass side with a 
LED system (Thorlabs M470L3-C5, λ = 470 nm, P = 0.6 mW/mm2), thus 
employing the same parameters used for photoexcitation in [Ca2+]i 
dynamics measurements. Subsequently, cells were incubated with the 
ROS probe for 30 min in PSS (10 µM). After careful wash-out of the 
excess probe from the extracellular medium, the fluorescence of the 
probes was recorded (excitation/emission wavelengths, 490/520 nm; 
integration time, 350 ms) with an upright microscope [Olympus BW63; 
Olympus Italia, Segrate (Mi), Italy], equipped with a 20X water im
mersion objective and a sCMOS Camera (Prime BSI, Teledyne Photo
metrics; Tucson, Arizona, USA). Variation of fluorescence intensity was 
evaluated over Regions of Interest covering single cells areas, and re
ported values represent the average over multiple cells (n > 400) 
belonging to 3 statistically independent samples. Image processing was 
carried out with ImageJ and subsequently analysed with Origin Pro 
2018. 

2.9. Statistics 

All the data have been collected from ECFCs deriving from at least 
three coverslips from three independent experiments. The amplitude of 
the maximum variation in [Ca2+]i induced by optical stimulation was 
measured as the difference between the maximum increase in F340/F380 
ratio and the mean ratio of 1 min baseline before the onset of the Ca2+

response. The amplitude of the 1st Ca2+ transient of the intracellular 
Ca2+ oscillations was measured as the difference between the Ca2+ peak 
and mean ratio of 1 min baseline before the Ca2+ peak. Oscillation fre
quency was calculated by dividing the number of Ca2+ transients by the 
duration of the recording after the light stimulus (40–45 min). The 
amplitude of Ca2+ signals induced by chemical stimulation (i.e., 
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capsaicin, hydrogen peroxide, and NADH) was measured as the differ
ence between the difference between the maximum variation in [Ca2+]i 
and the mean ratio of 1 min baseline before the Ca2+ peak. Pooled data 
are given as mean±SEM and statistical significance (P value) was eval
uated by the Student’s t-test for unpaired observations and by the one- 
way ANOVA test followed by the post-hoc Dunnett’s or Bonferroni 
test, as appropriate. Data are presented as mean ± SEM, while the 
number of cells analysed is indicated in histogram bars or in the text. 

2.10. Chemicals 

Fura-2/AM was obtained from Invitrogen (Life Technologies Europe 
BV, Bleiswijk, ZUID-HOLLAND, Netherlands). All the chemicals were of 
analytical grade were obtained from Sigma Aldrich (Merk Millipore, 

Darmstadt, Germany), except BTP-2, obtained from Calbiochem (Merk 
Millipore, Darmstadt, Germany) and Xestospongin C (XeC) obtained 
from ABCAM (Cambridge, UK). 

3. Results 

3.1. Optical excitation of rr-P3HT thin films induces a complex increase 
in [Ca2+]i in circulating ECFCs 

In the absence of photostimulation, circulating ECFCs loaded with 
the Ca2+-sensitive fluorophore, fura-2/AM (4 µM), did not display 
spontaneous Ca2+ oscillations, either when they were plated on un
coated glass coverslips or glass/P3HT samples (data not shown). Visible 
light pulses (wavelength excitation peak, 470 nm; photoexcitation 

Fig. 1. Optical stimulation of rr-P3HT thin 
films induces an increase in [Ca2+]I in circu
lating ECFCs. A. 2.5 sec of light stimulation 
elicited an increase in [Ca2+]i characterized by 
a slowly rising signal in ≈60% ECFCs. B. Ca2+

oscillations evoked by 2.5 sec of optical stimu
lation in ≈40% ECFCs. C. Slowly rising Ca2+

signal induced by 5 sec long light pulse in 
≈77% ECFCs. D. ≈23% displayed oscillations 
evoked by 5 sec of light stimulation. E. 10 sec of 
optical stimulation evoked a plateauing in
crease in [Ca2+]i in ≈86%. F. Ca2+ oscillations 
stimulated by 10 sec long light pulses in ≈14%. 
G. 20 sec of light stimulation elicited a pla
teauing increase in [Ca2+]i in ≈94%. H. ≈6% 
ECFCs displayed Ca2+ oscillations in response 
to 20 sec light pulse long stimulation.   
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density, 0.6 mW/mm2) were provided by a LED source incident from the 
glass side [27, 31]. Light pulses of different durations (2.5–20 sec) at the 
same photoexcitation density were delivered to ECFCs plated on 
rr-P3HT and loaded with fura-2A/AM and the changes in [Ca2+]i were 
measured after termination of the illumination protocol. The Fura-2/AM 
optical stimulation protocol, with excitation wavelength at 340/380 nm, 
presents a negligible overlap with the rr-P3HT optical absorption 
(Figure S1A) and does not lead to degradation of the rr-P3HT thin film 
optical properties, as carefully verified by measuring its intrinsic fluo
rescence emission. No sizable differences were observed in the same 
region before and after exposure to the Fura-2/AM excitation 
(Figure S1B). A long-lasting increase in [Ca2+]i was evoked in the ma
jority of ECFCs subjected to photoexcitation for ≥ 2.5 sec (Fig. 1). Upon 
2.5 sec illumination (Fig. 1A), almost half of ECFCs (60.95%, n = 167) 

displayed a slowly progressing increase in [Ca2+]i to a plateau level, 
which remained stable above the baseline until the end of the recording 
(Fig. 1A). We term this mode of Ca2+ signaling induced by photoexci
tation as “not-oscillating” signal. In the remaining fraction of ECFCs 
(39.05%, n = 107), a 2.5 sec light pulse evoked complex Ca2+ wave
forms (Fig. 1B). The gradual rise in [Ca2+]i was indeed overlapped by 
rapid Ca2+ spikes that terminated before the plateau level was achieved 
(Fig. 1B). These fluctuations in [Ca2+]i present the fast kinetics of 
baseline Ca2+ spikes, but each of them falls to a [Ca2+]i level that is 
increasingly above the resting baseline. Therefore, we term this mode of 
Ca2+ signaling induced by photoexcitation as “oscillating” [46–48]. 
Notably, there was no significant difference in the amplitude of the 
plateau level above the resting baseline that was achieved by the [Ca2+]i 
in “not-oscillating” vs. “oscillating” cells (0.199±0.011, n = 157, and 

Fig. 2. Optical stimulation of glass coverslips 
does not reliably induce long-lasting elevations 
in [Ca2+]i in ECFCs. A. 2.5 sec light pulse 
photoexcitation induced a faster and higher 
Ca2+ response in ECFCs plated on rr-P3HT as 
compared to ECFCs plated on glass coverslips. 
B. Mean ± SEM of the percentage of ECFCs 
displaying a Ca2+ response to 2.5 sec long light 
pulses in cells plated on glass coverslips and on 
rr-P3HT. C. Mean ± SEM of the latency of the 
response evoked by 2.5 sec long light pulses in 
ECFCs, respectively, cultured on glass cover
slips and rr-P3HT thin films. D. Mean ± SEM of 
the amplitude of the Ca2+ responses to 2.5 sec 
long light pulses measured in ECFCs, respec
tively, cultured on glass coverslips and rr- 
P3HT thin films. E. 20 sec long light pulse 
evoked faster and higher intracellular Ca2+

signals in ECFCs plated on rr-P3HT compared 
to cells plated on glass coverslips. F. Mean ±
SEM of the percentage of ECFCs displaying a 
Ca2+ responses to 20 sec long light pulses in 
the presence of glass coverslips and rr-P3HT 
thin films. G. Mean ± SEM of the latency of 
the response evoked by 10 sec long light pulses 
in ECFCs, respectively, cultured on glass cov
erslips and rr-P3HT thin films. H. Mean±SEM 
of the amplitude of the Ca2+ responses to 20 
sec long light pulses measured in ECFCs, 
respectively, cultured on glass coverslips and 
rr-P3HT thin films. **** indicate p < 0.0001, 
while * indicates p < 0.05.   
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0.219±0.012, n = 107). 
The percentage of ECFCs displaying an oscillatory Ca2+ signal pro

gressively decreased upon illumination with longer light pulses (5–20 
sec). Intracellular Ca2+ oscillations appeared in 22.55% (n = 102), 
14.45% (n = 152), and 5.63% (n = 142) ECFCs subjected to photoex
citation for, respectively, 5 sec, 10 sec, and 20 sec, with the remaining 
cells displaying a non-oscillating Ca2+ signal (Fig. 1). Although the la
tency of the Ca2+ response was significantly (p < 0.05) shorter in 
response to 2.5 sec light pulses (Figure S2A), the amplitude of the 
maximum variation that [Ca2+]i achieved, either directly or after the 
oscillations, remained constant for each stimulus duration (Figure S2B). 
In oscillating ECFCs, the average amplitude of the first Ca2+ transient 
did not significantly change by varying the duration of photoexcitation 
(Figure S2C), while the oscillation frequency was significantly higher 
upon 2.5 sec long light pulses (Figure S2D). 

The onset of multiple patterns of intracellular Ca2+ signals upon 
polymer-mediated photoexcitation is therapeutically relevant as het
erogeneous increases in [Ca2+]i can stimulate pro-angiogenic activity in 
both vascular endothelial cells [49–51] and circulating ECFCs [45, 52, 
53]. Therefore, the bare impact of photoexcitation on intracellular Ca2+

dynamics was assessed by using control, glass substrates. Under these 
conditions, only a minority of ECFCs subjected to a 2.5 sec long light 
pulse displayed a slowly activating, non-oscillating Ca2+ signal (Fig. 2A 
and Fig. 2B, 20% vs. 95%), which displayed a significantly (p < 0.05) 
longer latency (Fig. 2C) and a significantly lower peak amplitude 
(Fig. 2D) as compared to the cells cultured on rr-P3HT. Intracellular 
Ca2+ oscillations were never induced by optical stimulation in ECFCs 
cultured on light-transparent substrates. Similar findings were obtained 
by increasing stimulus duration to 20 sec (Fig. 2E–Fig. 2H). Taken 
together, these data indicate that polymer-mediated optical stimulation 
selectively results in an increase in [Ca2+]i, which can adopt multiple 
pro-angiogenic waveforms. 

3.2. The role of extracellular Ca2+ entry in the Ca2+ response evoked by 
polymer-mediated optical excitation 

Intracellular Ca2+ signaling in circulating ECFCs may be triggered by 
the opening of Ca2+-permeable channels that are located either in the 
plasma membrane or in intracellular organelles [54, 55]. In order to 
assess the Ca2+ source that triggers the Ca2+ response to optical stimu
lation, ECFCs were loaded with Fura-2/AM and then subjected to 2.5 sec 
long light pulses upon removal of extracellular Ca2+ (0Ca2+). Fig. 3A 
shows that, under such conditions, photoexcitation did not elicit any 
robust increase in [Ca2+]i over 300 sec, a time interval that is remark
ably longer of the average latency of the Ca2+ response elicited by this 
protocol (i.e., 220.0 ± 11 sec, see Fig. 2A). Restitution of extracellular 
Ca2+ to the perfusate resulted in a prompt increase in [Ca2+]i, which 
could display either a non-oscillatory (Fig. 3Aa) or an oscillatory pattern 
(Fig. 3Ab). The role of extracellular Ca2+ in maintaining the Ca2+ signal 
initiated by photoexcitation was then assessed by removing extracellular 
Ca2+ during the plateau phase. This maneuver caused a prompted and 
reversible reduction of [Ca2+]i to the baseline (Fig. 3B, non-oscillating 
response, and Fig. 3C, oscillatory response). These data, therefore, 
demonstrate that extracellular Ca2+ entry triggers and maintains the 
Ca2+ response to polymer-mediated photoexcitation in circulating 
ECFCs. 

3.3. TRPV1 is expressed and mediates extracellular Ca2+ entry in ECFCs 

A recent investigation by our group provided the strong evidence 
that photoexcitation induced TRPV1-mediated depolarization in circu
lating ECFCs growing on rr-P3HT thin films [31]. This study, however, 
did not assess whether TRPV1 protein is expressed and mediates an 
increase in [Ca2+]i in ECFCs. Immunoblotting revealed a major band of 
≈100 kDa, which is the predicted molecular weight of TRPV1 [28] 

Fig. 3. Extracellular Ca2+ entry triggers and maintains the Ca2+ response induced in ECFCs by photoexcitation of rr-P3HT thin films. A. ECFCs subjected to 2.5 sec 
long light pulses in the absence of extracellular Ca2+ did not show any increase in [Ca2+]i over 300 sec. Restoration of extracellular Ca2+ in the bath resulted in a 
rapid increase in [Ca2+]i that could display a plateauing (Aa) or an oscillatory pattern (Ab). B. Removal of extracellular Ca2+ during the plateau phase caused a 
prompted and reversible reduction of [Ca2+]i to the baseline in plateauing cells. C. Removal of extracellular Ca2+ caused a prompted and reversible reduction of 
[Ca2+]i to the baseline also in oscillating cells. 
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(Fig. 4A). We then assessed the effect of capsaicin, a selective TRPV1 
agonist [28, 56, 57], on [Ca2+]i. Capsaicin (10 µM) evoked a fast Ca2+

transient in 107 out of 213 cells (50.2%) (Fig. 4B). Subsequent delivery 
of this dietary agonist failed to evoke a detectable increase in [Ca2+]i 
(Fig. 4B), which suggests that the Ca2+ response to capsaicin rapidly 
desensitized in these cells [9, 57]. In the remaining 106 cells (49.8%), 
capsaicin (10 µM) induced a biphasic Ca2+ signal, which decayed to the 
baseline upon washout of the agonist from the bath, (Fig. 4C). The 
biphasic Ca2+ response to capsaicin consisted in an initial Ca2+ peak 
which then declined to a steady-state plateau level that persisted as long 
as the agonist was presented to the cells. This heterogeneous pattern of 
Ca2+ response to capsaicin has been reported in other cell types [57–59]. 
However, there was no significant difference in the Ca2+ peak amplitude 
of the two distinct Ca2+ signals evoked by capsaicin (Fig. 4D). 

In order to confirm that TRPV1 mediates an increase in [Ca2+]i, we 

probed the effects of two structurally unrelated compounds, such as 
capsazepine and SB-366,791, which are recognized as selective blockers 
of TRPV1 [9, 27, 56, 57, 60, 61]. The Ca2+ response to capsaicin (10 µM) 
was reversibly blocked either by capsazepine (10 μM, 30 min) (Fig. 4E) 
or by SB-366,791 (10 μM, 30 min) (Fig. 4F). Furthermore, genetic 
silencing of TRPV1 protein through a specific small interfering RNA 
(siTRPV1) also impaired capsaicin-induced intracellular Ca2+ signals in 
ECFCs (Fig. 4G). The efficacy of this treatment to down-regulate TRPV1 
expression has been confirmed by immunoblotting (Figure S3), whereas 
the impact of the pharmacological and genetic manipulation of TRPV1 
has been summarized in Fig. 4H). In aggregate, these findings demon
strate that TRPV1 is able to trigger an increase in [Ca2+]i in circulating 
ECFCs. 

Fig. 4. TRPV1 is expressed and mediated 
extracellular Ca2+ entry in ECFCs. A. TRPV1 
protein expression was detected by immuno
blotting analysis in ECFCs. B. Capsaicin (10 
µM), a selective TRPV1-agonist, induced a fast 
and transient increase in [Ca2+]i in 107 of 213 
cells. C. Capsaicin (10 µM) induced a biphasic 
Ca2+ signal, which decayed to the baseline 
upon the washout of the agonist from the 
perfusate, in 106 of 213 cells. D. Mean±SEM 
of the amplitude of the two different types of 
the Ca2+ response. E. The competitive TRPV1 
antagonist, capsazepine (10 μM, 30 min), 
dramatically affected the amplitude of 
capsaicin-induced Ca2+ signals. Subsequent 
administration of capsaicin (10 µM), after 
washout of the antagonist, induced a promp
ted increase in [Ca2+]i. F. SB-366,791 (10 μM, 
30 min), a structurally different TRPV1 
antagonist, strongly reduced the Ca2+ response 
induced by capsaicin (10 µM). G. Genetic 
silencing of TRPV1 through the specific 
siTRPV1 significantly reduced the Ca2+

response to capsaicin (10 µM). H. Mean±SEM 
of the amplitude of the capsaicin-induced Ca2+

response under the designated treatments, i.e., 
in the presence of capsazepine (CAPZ) or SB- 
366,791 (SB) or upon gene silencing of 
TRPV1 (siTRPV1). **** indicate p < 0.0001, 
while *** indicate p < 0.001.   
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3.4. TRPV1 triggers the complex increase in [Ca2+]i induced by polymer- 
mediated optical excitation in ECFCs 

We exploited the pharmacological and genetic approach described 
above to assess whether TRPV1 initiates the Ca2+ response induced in 
ECFCs by the optical excitation of rr-P3HT thin films. Fig. 5A shows the 
complex increases in [Ca2+] evoked by a 2.5 sec excitation pulse in 
ECFCs maintained under control conditions. The Ca2+ response to 
photoexcitation was suppressed by pharmacological blockade of TRPV1 
with either capsazepine (10 μM, 30 min) (Fig. 5B) or SB-366,791 (10 
μM, 30 min) (Fig. 5C). Likewise, genetic deletion of TRPV1 impaired 
light-induced intracellular Ca2+ signals in circulating ECFCs (Fig. 5D). 

The statistical analysis of these data has been reported in Fig. 5E. Par
allel recordings confirmed that the Ca2+ response to capsaicin (10 μM) 
was not dampened by culturing ECFCs on rr-P3HT thin films (Figure S4). 
Taken together, these findings demonstrate for the first time that TRPV1 
activation triggers the complex increase in [Ca2+]i induced by polymer- 
mediated optical excitation in circulating ECFCs. 

3.5. The phototransduction mechanism: the role of ROS in the Ca2+

response to polymer-mediated optical excitation of rr-P3HT 

A recent report by our groups suggested that the pro-angiogenic ef
fect of rr-P3HT thin films is mainly mediated by ROS rather than heat 

Fig. 5. TRPV1 mediates light-induced Ca2+ signals in ECFCs plated on rr-P3HT thin films. A. 2.5 sec light pulse induced an oscillatory Ca2+ response in ECFCs plated 
on rr-P3HT and not pretreated with TRPV1 inhibitors. B. Pharmacological inhibition of TRPV1 with capsazepine (10 μM, 30 min) completely abrogated the Ca2+

response to optical stimulation. C. SB-366,791 (10 μM, 30 min) strongly inhibited the Ca2+ signal induced by photoexcitation. D. Light-induced increase in [Ca2+]i 
was dramatically reduced by genetic silencing of TRPV1 through the specific siTRPV1. E. Mean ± SEM of the amplitude of the Ca2+ response in cells under the 
designated treatments, i.e., in the presence of capsazepine (CAPZ) or SB-366,791 (SB) or upon gene silencing of TRPV1 (siTRPV1). **** indicate p < 0.0001. 
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Fig. 6. The crucial role of ROS in the light-induced Ca2+ response in ECFCs plated on rr-P3HT. A. ECFCs loaded with the ROS-sensitive fluorophore, H2DCF-DA (10 
µM), showed a significant increase in intracellular ROS concentration when exposed to 2.5 sec light pulses, in the presence of rr-P3HT. Conversely, the presence of the 
ROS scavenger, catalase (500 U/mL), strongly reduced the increase in H2DCF-DA fluorescence. *** indicate p < 0.001. B. ECFCs stimulated with 20 sec light pulses, 
exhibited a similar ROS signal in the presence of rr-P3HT, which was significantly reduced in the presence of catalase. *** indicate p < 0.001. C. Ca2+ signal induced 
by 2.5 sec light pulse of optical stimulation of ECFCs cultured on rr-P3HT in the absence of ROS scavengers. D. The Ca2+ response to 2.5 sec long light pulses was 
significantly reduced by scavenging H2O2 production with catalase (500 U/mL). Washout of the scavenger resulted in a rebound and transient increase in [Ca2+]i. E. 
Dithiothreitol (DTT; 5 mM), a thiol-specific reducing compound, strongly reduced the Ca2+ response elicited by 2.5 sec long optical stimulation. F. Mean±SEM of the 
amplitude of light-induced Ca2+ signals in ECFCs plated on rr-P3HT under the designated treatments, i.e., in the presence of catalase, DTT, capsazepine (CAPZ), SB- 
366,791 (SB) or upon gene silencing of TRPV1 (siTRPV1). **** indicate p < 0.0001. 
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[31]. To assess this issue, we first cultured ECFCs on a photoresist sub
strate (MicroPosit S1813), i.e., a fully electrically inert nanomaterial. 
Optical stimulation induced a Ca2+ response also under these conditions 
(Figure S5A). However, the percentage of responding cells (Figure S5B) 
was significantly (p < 0.05) lower, while the latency of the Ca2+

response (Figure S5C) was significantly (p < 0.05) longer, as compared 
to the Ca2+ signal recorded from ECFCs cultured on rr-P3HT thin films. 
Furthermore, the amplitude (Figure S5D) and duration (Figure S5A) of 
the Ca2+ response to optical excitation of S1813 were remarkably lower 
as compared to the increase in [Ca2+]i evoked by light in the presence of 
rr-P3HT. Indeed, the Ca2+ response recorded in the absence of 
light-induced electrochemical reactions consisted in a transient eleva
tion in [Ca2+]i that rapidly recovered to the baseline (Figure S5A). 

Therefore, we next investigated ROS involvement in the onset of the 
long lasting Ca2+ response to light in circulating ECFCs plated on rr- 
P3HT thin films. ECFCs loaded with the ROS-sensitive fluorophore, 
H2DCF-DA (10 µM), exhibited a significant ROS signal when exposed to 
2.5 sec (Fig. 6A) and 20 sec (Fig. 6B) light pulses only in the presence, 
but not in the absence, of rr-P3HT. Considering that the main ROS 

produced by optical stimulation of rr-P3HT thin films is hydrogen 
peroxide (H2O2) [24, 25, 62], we repeated the intracellular ROS mea
surement in the presence of the H2O2 scavenger, catalase (500 U/mL). 
As expected, there was not a significant increase in H2DCF-DA fluores
cence under these conditions (Fig. 6A and Fig. 6B) [56, 63]. In accord 
with this observation, scavenging H2O2 production with catalase (500 
U/mL) significantly (p < 0.0001) reduced the Ca2+ response evoked in 
ECFCs by optical stimulation of rr-P3HT thin films (Fig. 6C and Fig. 6D). 
Washout of catalase from the bathing solution resulted in a rebound 
increase in [Ca2+]i that rapidly declined to the baseline (Fig. 6D). 
Furthermore, dithiothreitol (DTT) (5 mM) (Fig. 6E), a thiol-specific 
reducing compound that is largely employed to reverse H2O2-me
diated signaling [56, 64, 65], potently inhibited light-induced intracel
lular Ca2+ signals (Fig. 6E). The statistical analysis of these data has been 
shown in Fig. 6F. These observations strongly suggest that H2O2 is 
crucial to the onset of the Ca2+ response to polymer-mediated optical 
excitation of rr-P3HT thin films. 

Fig. 7. H2O2 triggers TRPV1-dependent intra
cellular Ca2+ signals in ECFCs. A. H2O2 (100 
µM) induced a biphasic increase in [Ca2+]i, 
characterized by an intermediate plateau phase 
which decayed to the baseline level with the 
washout of the agonist. B. The Ca2+ response to 
H2O2 (100 µM) was significantly inhibited by 
the scavenger catalase (500 U/ml) and by DTT 
(5 mM). C. The selective TRPV1 antagonist, 
capsazepine (10 μM, 30 min), strongly reduced 
H2O2-induced intracellular Ca2+ signals. A 
further stimulation with H2O2 (100 µM) evoked 
a prompted increase in [Ca2+]i after the 
washout of the inhibitor. D. SB-366,791 (10 
μM, 30 min), another specific TRPV1 inhibitor, 
completely abrogated H2O2-evoked Ca2+ sig
nals in ECFCs. H2O2 was administered at 100 
µM. E. Genetic silencing of TRPV1 expression 
with the specific siTRPV1 also impaired H2O2- 
induced intracellular Ca2+ signals in ECFCs. 
H2O2 was administered at 100 µM. F. Mean ±
SEM of the amplitude of H2O2-induced Ca2+

signals under the designated treatments. **** 
indicate p < 0.0001.   
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3.6. H2O2 activates TRPV1-mediated intracellular Ca2+ signals in ECFCs 

In order to confirm the signaling role of ROS in polymer-mediated 
Ca2+ response to photoexcitation, we directly challenged ECFCs with 
H2O2. As previously reported for capsaicin, H2O2 (100 µM) evoked a fast 
Ca2+ transient in 108 out of 363 cells (30%) and a biphasic Ca2+ signal 
in the remaining 232 cells (64%) (Fig. 7A). Similar to optical excitation, 
H2O2-induced Ca2+ signals were significantly (p<0.05) inhibited by 
catalase (500 U/ml) and by DTT (5 mM) (Fig. 7B). Furthermore, the 
Ca2+ response to H2O2 (100 µM) was significantly (p < 0.05) reduced by 
blocking TRPV1 with either capsazepine (10 μM, 30 min) (Fig. 7C) or by 
SB-366,791 (10 μM, 30 min) (Fig. 7D). Finally, genetic disruption of 
TRPV1 protein expression through the specific siTRPV1 also impaired 
H2O2-induced increase in [Ca2+]i (Fig. 7E). The statistical analysis of 
these data has been summarized in Fig. 7F. 

Exogenous administration of nicotinamide adenine dinucleotide 
phosphate (NADH) represents an additional strategy to investigate H2O2 
signaling in endothelial cells [66, 67]. NADH is converted by the 
membrane-bound enzyme, NAD(P)H-oxidase (NOX), into superoxide 

radical (O2
− ), which may be then dismutated to H2O2 either spontane

ously or by superoxide dismutase [68]. NADH (10 µM) evoked an in
crease in [Ca2+]i that was inhibited by pre-treating the cells with 
apocynin (30 µM, 5 min) (Fig. 8A and Fig. 8B), a selective NOX inhibitor 
[67]. Furthermore, the Ca2+ response to NADH (10 µM) was signifi
cantly (p < 0.0001) reduced by catalase (500 U/ml) (Fig. 8A and 
Fig. 8B). This observation confirms that H2O2 generation is required by 
NADH to induce intracellular Ca2+ signals in ECFCs. Furthermore, 
NADH-evoked increase in [Ca2+]i was dramatically attenuated by 
blocking TRPV1 with either capsazepine (10 μM, 30 min) (Fig. 8C) or by 
SB-366,791 (10 μM, 30 min) (Fig. 8C). In the presence of iron (Fe2+), the 
Fenton reaction could degrade H2O2 into the hydroxyl radical, OH• [68], 
which may also result in Ca2+ signaling via lipid peroxidation [67, 69]. 
However, the Ca2+ response to NADH (10 µM) was not affected by 
deferoxamine (100 µM) (Fig. 8D), which prevents the Fenton reaction by 
chelating ferric iron (Fe3+) [67, 69]. The statistical analysis of these data 
has been summarized in Fig. 8E. In aggregate, these findings endorse the 
view that H2O2 produced upon optical excitation of rr-P3HT may induce 
intracellular Ca2+ signals by activating TRPV1 in circulating ECFCs. 

Fig. 8. NOX-dependent H2O2 production 
induced TRPV1-dependent intracellular Ca2+

signals in ECFCs. A. NADH (10 μM) evoked a 
biphasic increase in [Ca2+]i, characterized by 
an initial peak followed by an intermediate 
plateau phase, which decayed to the baseline 
with the washout of the molecule. B. NADH- 
evoked Ca2+ signals were significantly inhibi
ted by catalase (500 U/ml) and by pre-treating 
the cells with apocynin (30 µM, 5 min), a se
lective NOX inhibitor. NADH was administered 
at 10 µM. C. NADH-induced increase in [Ca2+]i 
was strongly reduced by inhibiting TRPV1 with 
either capsazepine (10 μM, 30 min) or SB- 
366,791 (10 μM, 30 min). NADH was adminis
tered at 10 µM. D. Deferoxamine (100 µM), 
which prevents the Fenton reaction by 
chelating Fe3+ and thus interferes with the 
subsequent lipid peroxidation, did not reduce 
the Ca2+ response to NADH (10 µM). E. Mean ±
SEM of the amplitude of NADH-induced Ca2+

signals under the designated treatments, i.e., 
apocynin, catalase, capsazepine (CAPZ), SB- 
366,791 (SB), and deferoxamine. **** indicate 
p<0.0001.   
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3.7. The role of inositol-1,4,5-trisphosphate (InsP3) receptors (InsP3Rs) 
and store-operated Ca2+ entry (SOCE) in the Ca2+ response evoked by 
polymer-mediated optical excitation 

The intracellular Ca2+ oscillations that arose in a significant fraction 
of ECFCs exposed to light stimuli in the presence of rr-P3HT resemble 
InsP3-induced intracellular Ca2+ spikes from the endoplasmic reticulum 
(ER) [52, 70, 71], which represents the largest endogenous Ca2+ store in 
vascular endothelial cells and ECFCs [72]. In addition, InsP3Rs may also 
contribute to trigger slowly rising Ca2+ signals in response to extracel
lular stimulation [73–75]. Notably, the pharmacological blockade of 
InsP3Rs with the selective inhibitor, XeC (1 µM, 10 min), prevented 
light-induced Ca2+ signals in the majority of ECFCs (100%, n = 127, and 
42.8%, n = 84, in the absence and presence of XeC, respectively. In
spection of the Ca2+ tracings showed that, as compared to control cells 
(Fig. 9A), the amplitude of the maximum variation in [Ca2+]i was 
significantly (p < 0.0001) lower in the presence of XeC (Fig. 9B and 
Fig. 9D). InsP3-induced ER Ca2+ mobilization, in turn, results in a 
massive depletion of ER Ca2+ levels, which activates a Ca2+-entry 
pathway known as store-operated Ca2+ entry (SOCE) [76]. SOCE 
maintains long-lasting intracellular Ca2+ signals evoked by extracellular 
stimuli in vascular endothelial cells and ECFCs [52, 77]. Of note, 
blocking SOCE with the pyrazole-derivative BTP-2 (20 µM, 30 min) 
[77–79], reduced the percentage of ECFCs displaying a detectable Ca2+

response to light stimuli to 32.6% (n = 89). In these cells, BTP-2 con
verted the long-lasting increase in [Ca2+]i evoked by optical excitation 
in a transient Ca2+ signal (Fig. 9C), whose amplitude was significantly 
(p < 0.5) lower than the amplitude of the plateau phase recorded in 
control cells (Fig. 9D). Collectively, therefore, these data suggest that 
TRPV1-mediated extracellular Ca2+ entry may be amplified into a 

long-lasting elevation in [Ca2+]i through the recruitment of InsP3Rs 
followed by SOCE activation, as more widely described in Section 4.4. 

4. Discussion 

Optical modulation through exogenous photoactive materials is 
emerging as a powerful, geneless, and minimally invasive tool able to 
control cellular activity and to rescue defective signaling pathways with 
unprecedented spatial resolution, potentially at the sub-cell organelles 
level, and with highly versatile temporal patterns. In this context, 
semiconducting conjugated polymers, such as rr-P3HT, have been 
proven to be highly reliable materials, able to effectively control cell 
functionality in several biomedical applications [10–13]. Nevertheless, 
the biological signal(s) whereby photostimulation of P3HT, taken as a 
prototypical photoactive material, drive(s) cellular behaviours that are 
relevant for the recovery of specific lost functions are yet to be fully 
unraveled [10, 12]. Herein, we provided the first evidence that the 
non-selective cation channel, TRPV1, is activated by rr-P3HT-mediated 
optical excitation to induce an increase in [Ca2+]i in circulating ECFCs, 
that represent the most suitable cellular substrate to induce therapeutic 
angiogenesis of ischemic tissues [2–4]. We further show that H2O2, 
which is produced at the interface between the rr-P3HT thin film and the 
cellular membrane [10, 80], is the main responsible for light-induced 
TRPV1 activation and extracellular Ca2+ entry. These findings 
contribute to unravel the molecular mechanisms whereby optical exci
tation of rr-P3HT could stimulate circulating ECFCs to effect vascular 
regrowth in ischemic tissues. 

Fig. 9. Inositol-1,4,5-trisphosphate (InsP3) receptors (InsP3Rs) and store-operated Ca2+ entry (SOCE) were involved in the Ca2+ response evoked by polymer- 
mediated optical excitation. A. 2.5 sec light pulse induced a robust increase in [Ca2+]i in ECFCs plated on rr-P3HT thin films under control conditions. B. Light- 
induced Ca2+ signal was inhibited by blocking InsP3Rs with Xestospongin C (XeC; 1 µM, 10 min). C. Pre-treatment of cells with the selective SOCE inhibitor, 
BTP-2 (20 µM, 30 min), significantly reduced and shortened the Ca2+ response to optical stimulation. D. Mean ± SEM of the amplitude of light-induced Ca2+ signals 
under the designated treatments. **** indicate p<0.0001 and * indicates p<0.05. 
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4.1. Optical excitation of rr-P3HT thin films causes an increase in [Ca2+]i 
in circulating ECFCs 

Pro-angiogenic stimuli, such as vascular endothelial growth factor 
(VEGF) [45], stromal derived factor-1α (SDF-1α), and the human am
niotic fluid stem cell secretome [53], evoke different intracellular Ca2+

waveforms, such as intracellular Ca2+ oscillations and biphasic Ca2+

elevations in circulating ECFCs. Furthermore, a recent report from our 
group demonstrated that optical excitation (light power density 0.4 
mW/mm2) of rr-P3HT thin films stimulated ECFCs to proliferate and 
assemble into capillary-like networks [31]. The pro-angiogenic effect of 
optical excitation was abrogated by pre-treating the cells with 
BAPTA-AM, a membrane-permeable buffer of intracellular Ca2+ levels 
[31]. This observation hinted at a crucial role played by Ca2+ signaling 
in polymer-mediated photoexcitation of ECFCs’ pro-angiogenic activity 
[9, 11]. We now confirmed this hypothesis by showing that a similar 
protocol of photostimulation (i.e., light power density 0.6 mW/mm2) of 
ECFCs cultured on rr-P3HT thin films induced an increase in [Ca2+]i that 
could adopt multiple patterns. Around half of ECFCs subjected to 2.5 sec 
light pulses displayed a delayed, slow increase in [Ca2+]i. The remaining 
half of ECFCs presented intracellular Ca2+ oscillations, consisting of 
repeated Ca2+ transients overlapping the slowly developing [Ca2+]i rise. 
Interestingly, pro-angiogenic cues, which stimulate long-lasting pro
cesses, such as endothelial cell proliferation, migration, and tube for
mation, usually evoke quite heterogeneous intracellular Ca2+ signatures 
[49–52]. For instance, VEGF-induced intracellular Ca2+ oscillations 
stimulate ECFC proliferation and in vitro tubulogenesis through the 
nuclear translocation of the Ca2+-sensitive transcription factor, nuclear 
factor-κB (NF-κB) [45, 52], as also observed in circulating ECFCs chal
lenged with the human amniotic fluid stem cell secretome [53, 81]. On 
the other hand, SDF-1α was found to promote ECFC migration, both in 
vitro and in vivo, by eliciting biphasic Ca2+ signals in ECFCs that 
recruited extracellular signal-regulated kinase (ERK) and phosphoino
sitide 3-kinases (PI3K)/Akt [8]. Likewise, early work revealed that 
insulin-like growth factor 2 could induce postnatal vasculogenesis by 
eliciting a non-oscillatory Ca2+ signal in circulating ECFCs [82]. A 
recent investigation from our group revealed that rr-P3HT-mediated 
optical excitation of ECFCs stimulated proliferation and tubulogenesis 
through the Ca2+-dependent recruitment of NF-κB [31]. Although the 
photoexcitation protocols employed in the two studies are slightly 
different (chronic exposure to pulsed illumination in [31], single light 
pulses here), these findings suggest that light-induced intracellular Ca2+

oscillations could preferentially induce ECFC to proliferate and assem
bly into capillary-like structure, whereas the non-oscillatory elevation in 
[Ca2+]i could rather be coupled to the Ca2+-dependent motility ma
chinery. This hypothesis is further corroborated by the recent evidence 
that VEGF may trigger distinct functional responses in vascular endo
thelial cells depending on the pattern of the Ca2+ response, whereas 
intracellular Ca2+ oscillations and biphasic Ca2+ signals selectively lead 
to proliferation and migration, respectively [51]. 

Photoexcitation of ECFCs cultured on bare glass substrate did not 
reliably increase the [Ca2+]i. In agreement with this and previous ob
servations [31], photobiomodulation mediated by endogenous chro
mophores is able to elicit endothelial signaling only at wavelengths 
longer than 625 nm [83]. This is, therefore, the first evidence that op
tical stimulation of rr-P3HT thin layers by visible light induces intra
cellular Ca2+ signals in a cellular model with a potentially high 
therapeutic relevance [3]. Furthermore, our observations are consistent 
with previous reports showing that photocatalytic activity of rr-P3HT 
nanoparticles internalized within the cytoplasm caused an increase in 
[Ca2+]i in HEK-293 cells [24], which was not due to physiological 
signaling and not to unwanted dismantling of the Ca2+ handling ma
chinery [84]. 

4.2. Extracellular Ca2+ entry through TRPV1 drives the increase in 
[Ca2+]i evoked by optical excitation of rr-P3HT thin films 

Recent work from our group demonstrated that photoexcitation of 
circulating ECFCs growing on rr-P3HT thin films lead to the activation of 
the non-selective cation channel TRPV1 on the plasma membrane, 
thereby inducing ECFC depolarization [31]. TRPV1 is significantly more 
permeable to Ca2+ over Na+ and displays a permeability ratio, PCa/PNa, 
around 5 [9, 28]. TRPV1 was therefore the most likely candidate to 
trigger the Ca2+ response to photoexcitation. In agreement with this 
hypothesis, we first found that extracellular Ca2+ entry was strictly 
required both to trigger the Ca2+ signal and to maintain the increase in 
[Ca2+]i observed in all ECFCs subjected to light stimulation. The 
following pieces of evidence demonstrate that TRPV1 provides the main 
pathway to sustain the influx of Ca2+ evoked by photoexcitation. First, 
TRPV1 protein was abundantly expressed in circulating ECFCs, as pre
viously observed in umbilical cord blood-derived ECFCs [85]. The size of 
TRPV1 protein in ECFCs is within the same range as that described in 
peripheral nociceptors, i.e., 100 kDa [28], whereas, in other cell types, it 
can undergo post-translational modifications that induce significant al
terations in the molecular weight (≈75 kDa) [86, 87]. Second, capsaicin, 
a selective TRPV1 agonist [28, 56, 57], caused an increase in [Ca2+]i 
that was dampened by two structurally distinct TRPV1 blockers, such as 
capsazepine and SB-366,791 [9, 27, 56, 57, 60, 61]. Third, the genetic 
deletion of TRPV1 protein with a selective siTRPV1 strongly inhibited 
capsaicin-induced intracellular Ca2+ signals. The efficacy of this 
construct to downregulate extracellular Ca2+ entry through TRPV1 has 
already been proved in metastatic colorectal cancer cells [57]. Fourth, 
the pharmacological (with capsazepine or SB-366,791) and genetic 
(with the selective siTRPV1) blockade of TRPV1 significantly inhibited 
light-induced intracellular Ca2+ signals in ECFCs cultured on rr-P3HT 
thin films. These findings provide the first evidence that TRPV1 may 
effectively translate optical excitation of a photosensitive organic 
semiconductor, such as rr-P3HT, in an increase in [Ca2+]i. It is worth 
pointing out that TRPV1 is emerging as the ideal target of other nano
technological strategies. For instance, TRPV1 can also be activated by 
magnetic nanoparticles exposed to alternating magnetic fields and 
thereby elicit neuronal activity within the ventral tegmental area in 
mouse brain [88]. Furthermore, near infrared light-dependent stimula
tion of gold nanorods restored the visual function in a mouse model of 
degenerative blindness upon viral-mediated delivery of TRPV1 in retinal 
cones [89]. Therefore, TRPV1 activation could represent the molecular 
mechanism onto which multiple nanotechnological solutions converge 
to rescue defective Ca2+ signaling, e.g., in neurons, or to stimulate 
pro-angiogenic Ca2+ signals, e.g., in circulating ECFCs. 

4.3. The primary role of ROS in TRPV1 activation upon optical excitation 
of rr-P3HT thin films 

TRPV1 is a polymodal channel that may effectively integrate the two 
main biologically relevant signals generated by the photocatalytic ac
tivity of rr-P3HT thin films [9, 11, 27, 28, 56], i.e., the local increase in 
temperature and in H2O2 levels at the interface between the substrate 
and the cell membrane [14, 24, 25, 62]. TRPV1 may indeed serve as a 
sensor for noxious heat (>41 ◦C) [28] and is also directly activated by 
H2O2 [56, 64]. Elucidation of the phototransduction mechanisms 
showed that ROS, but not heat, were responsible for light-induced ECFC 
proliferation and in vitro tubulogenesis in the presence of rr-P3HT thin 
films [31]. This study further highlights the interplay among photo
electrochemical activity, ROS generation, TRPV1 activation and mod
ulation of [Ca2+]i. In accord, optical excitation of a photoresist substrate 
that does not undergo the photoelectrochemical reaction, did not reli
ably increase the [Ca2+]i in circulating ECFCs. Furthermore, this Ca2+

signal only exhibited a transient duration, presented a longer latency 
and was remarkably lower as compared to rr-P3HT-mediated Ca2+ re
sponses. This finding is consistent with our previous report that the 
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global increase in temperature upon light exposure does not reach the 
thermal threshold required for TRPV1 activation by heat (≈38 ◦C vs. 
41 ◦C) [27]. We cannot rule out the possibility that the local elevation in 
temperature at the interface between the photoresist nanomaterial and 
some ECFCs may activate TRPV1; however, this thermal signal does not 
suffice to induce the long-lasting increase in [Ca2+]i that regularly arises 
upon optical excitation of rr-P3HT. Second, a robust increase in intra
cellular ROS levels occurs in ECFCs growing on rr-P3HT thin films, but 
not on glass substrates, and subjected to 2.5 sec‑ and 20 sec‑long light 
pulses. Although H2DCF-DA does not selectively detect H2O2 [90], the 
increase in ROS production induced by photoexcitation of rr-P3HT was 
abrogated by scavenging H2O2 with catalase [56, 63]. In agreement with 
these observations, the increase in [Ca2+]i induced by 
polymer-mediated optical excitation was abrogated by catalase and 
significantly reduced by DTT, which is commonly employed to reverse 
H2O2-dependent TRPV1 activation by reducing the thiol groups 
involved in channel opening [56, 64, 65]. 

To further corroborate the gating role played by H2O2 in the TRPV1- 
mediated Ca2+ response to photoexcitation, we adopted two different 
strategies. Acute H2O2 exposure caused an increase in [Ca2+]i that was 
abrogated by catalase and strongly decreased by DTT. Furthermore, 
H2O2-induced intracellular Ca2+ signals were reversibly inhibited by the 
pharmacological (with capsazepine or SB-366791) and genetic (with the 
selective siTRPV1) deletion of TRPV1. H2O2 was known to elevate the 
[Ca2+]i [91–93] and to activate TRPV1-mediated transmembrane cur
rents [56] in vascular endothelial cells. However, this is the first evi
dence that TRPV1 contributes to H2O2-induced intracellular Ca2+

signals in the endothelial lineage. In a next set of experiments, circu
lating ECFCs were challenged with NADH, the substrate of NOX en
zymes, which catalyze the transfer of an electron from NAD(P)H to 
molecular oxygen (O2), thereby generating the O2

.− [67, 94]. O2
.- can 

then be dismutated into H2O2, which, in the presence of Fe2+, can in turn 
be degraded to OH• through the Fenton reaction [67, 94]. A recent 
report identified NOX4 as the major NOX isoform expressed in ECFCs 
[95]. Herein, we found that NADH induced an increase in [Ca2+]i that 
was significantly attenuated by blocking NOX activity with apocynin 
and scavenging extracellular H2O2 with catalase. In agreement with 
these observations, the Ca2+ response to NADH was hindered by 
blocking TRPV1 with either capsazepine or SB-366,791. Furthermore, 
preventing the Fenton reaction with deferoxamine enhanced, rather 
than decreasing, NADH-induced intracellular Ca2+ signals in ECFCs. 
This observation is consistent with the notion that OH•-induced perox
idation of membrane lipids may somehow inhibit TRPV1 activity in 
microvascular endothelial cells [96]. These findings, therefore, collec
tively hint at H2O2 as the biological signal gating TRPV1 in the plasma 
membrane of ECFCs upon optical excitation of rr-P3HT thin films. Since 
H2O2 is crucial to stimulate extracellular Ca2+ entry in photoexcited 
ECFCs, we cannot rule out the possibility that other ROS-sensitive TRP 
channels, such as TRPM Melastatin 2 (TRPM2) and TRP Ankyrin 1 
(TRPA1) [94, 97]. However, TRPA1 is seemingly expressed only in brain 
microvascular endothelial cells, in which Ca2+ entry is gated by lipid 
peroxidation [67, 98], thereby suggesting that this TRP isoform is not 
involved in rr-P3HT-mediated increase in [Ca2+]i in ECFCs. TRPM2, in 
turn, has been shown to trigger ROS-sensitive endothelial Ca2+ signals in 
multiple vascular beds [99]. TRPM2 activation is, however, secondary 
to H2O2-induced mitochondrial production of ADP ribose and may be 
sustained over time by the accompanying binding of Ca2+ [97]; there
fore, TRPM2 is unlikely to be the primary target of H2O2 on the plasma 
membrane upon its diffusion across the phospholipid bilayer. Never
theless, investigations are underway in our group to assess whether 
TRPA1 and TRPM2 somehow contribute to the residual Ca2+ response 
arising in ECFCs following the pharmacological (with capsazepine and 
SB-366,791) and genetic (with the specific siTRPV1) blockade of TRPV1. 

4.4. Putting all the pieces together: the role of InsP3Rs and SOCE 

The complex increase in [Ca2+]i evoked by visible light in a 
remarkable fraction (≈50%) of ECFCs growing on rr-P3HT thin films 
encompasses fast Ca2+ transients that could overlap the slowly devel
oping rise in [Ca2+]i. These repetitive Ca2+ oscillations are strongly 
reminiscent of the InsP3-induced Ca2+ release events that are often eli
cited by growth factors in both vascular endothelial cells [50, 51] and 
ECFCs [45, 53]. This observation led us to speculate about InsP3R 
engagement by TRPV1. Indeed, extracellular Ca2+ entry across the 
plasma membrane may recruit ER-embedded InsP3Rs through the 
mechanism of Ca2+-induced Ca2+ release (CICR) in vascular endothelial 
cells [100, 101]. Furthermore, H2O2 may enhance InsP3R sensitivity to 
ambient InsP3 concentration ([InsP3]) and thereby mobilize ER Ca2+

[102], as also shown in endothelial cells from multiple vascular districts 
[92, 93]. ECFCs express all the three InsP3R subtypes (InsP3R1–3), while 
they lack ryanodine receptors [55], which represent the canonical target 
for CICR [103]. Quite surprisingly, XeC, a selective blocker of InsP3Rs, 
did not only abolish the intracellular Ca2+ oscillations; it also strongly 
dampened the global Ca2+ response evoked in ECFCs by the photoex
citation of rr-P3HT thin films. This unexpected finding led us to hy
pothesize the involvement of an additional Ca2+ entry pathway, i.e., 
SOCE, which is activated downstream of InsP3Rs [76]. SOCE is mediated 
by the physical interaction between STIM1, the sensor of ER Ca2+ con
centration, and the Ca2+-permeable channels, Orai1 and Transient Re
ceptor Potential Canonical 1 (TRPC1) on the plasma membrane [76, 78]. 
SOCE develops over seconds to ten of seconds upon InsP3-dependent 
depletion of the ER Ca2+ pool and sustains the long-lasting duration of 
the Ca2+ signals evoked in ECFCs by pro-angiogenic cues [8, 52, 55]. Of 
note, pre-treating the cells with BTP-2, a selective blocker of SOCE in 
ECFCs [8, 76], extended the latency, reduced the amplitude and strongly 
curtailed the duration of the Ca2+ response to optical excitation, which 
adopted a transient pattern. 

These findings provide the first evidence that InsP3Rs and SOCE may 
participate to the phototransduction mechanisms whereby optical 
modulation of rr-P3HT thin films controls cellular activity (Fig. S6). 
Furthermore, this novel evidence permits to better understand how 
H2O2 and TRPV1 trigger the intracellular Ca2+ signals that drive light- 
induced ECFC proliferation and tube formation. H2O2 produced at the 
interface between rr-P3HT thin films and the extracellular solution may 
freely permeate through the plasma membrane [94] and oxidize the 
cysteine-thiol groups that are located in the cytosolic COOH- and 
NH2-terminal tails of TRPV1 [64]. This in turn results in a kinetically 
slow increase in [Ca2+]i that is likely to reflect the rate of H2O2 pro
duction and accumulation beneath the cytosolic membrane leaflet. The 
real-time measurement of light-induced increases in cytosolic H2O2 by 
using electrochemical probes is currently underway [104]. Extracellular 
Ca2+ entry through TRPV1 is strictly required to initiate the Ca2+

response, as no rise in [Ca2+]i can be detected under 0Ca2+ conditions, 
when InsP3-induced ER Ca2+ release may still occur. The subsequent 
influx of Ca2+ may in turn contribute to sensitize InsP3Rs to ambient 
[InsP3], a process that could also be directly promoted by H2O2 reaching 
the bulk cytosol [92, 93]. InsP3Rs contribute to support the slowly 
developing increase in [Ca2+]i triggered by TRPV1 that culminates in 
SOCE activation when ER Ca2+ falls below the threshold required for the 
engagement of STIM1. 

Notably, the unpredictable occurrence of ER Ca2+ spikes could 
reflect differences in ambient [InsP3] within different sub-regions of the 
same cell and/or among different ECFCs, which might therefore result in 
different sensitivities to InsP3-induced Ca2+ release. In other words, 
upon TRPV1-mediated extracellular Ca2+ entry, some compartments of 
the ER could discharge in a less-synchronous manner (low ambient 
[InsP3]) and contribute to the slowly rising Ca2+ signal. Other sub- 
regions of the ER could instead result in the well synchronized events 
of Ca2+ release that underlie fast Ca2+ spikes (high ambient [InsP3]). 
This biphasic mode of InsP3R signaling depending upon ambient [InsP3] 
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has been proposed to mediate the intracellular Ca2+ oscillations evoked 
in non-excitable cells [73, 75], including vascular endothelial cells [74], 
by the thiol oxidizing reagent, thimerosal. Alternately, intracellular 
Ca2+ oscillations could arise depending on whether H2O2 recruits 
phospholipase C (PLC) [105], the membrane receptor responsible for 
InsP3 cleavage from phosphatidylinositol 4,5-bisphosphate [106], 
which could locally boost InsP3 synthesis and induce fast events of ER 
Ca2+ release. 

A feature of the Ca2+ response to optical excitation of rr-P3HT thin 
films that deserves to be addressed is that the latency of the signal in
creases while the percentage and frequency of oscillating cells decrease 
at longer light pulses. Excessive H2O2 levels could indirectly dampen 
endothelial InsP3Rs by depolarizing the mitochondrial membrane po
tential [107]. Therefore, upon exposure to light pulses longer than 2.5 
sec, InsP3Rs-mediated ER Ca2+ release could be somehow hindered by 
the larger H2O2 production, thereby delaying the slow increase in 
[Ca2+]i evoked by TRPV1 and progressively lowering the probability 
that Ca2+ oscillations arise. The assessment of this hypothesis requires a 
quantitatively more precise measurement of ROS and H2O2 upon 
exposure to increasingly longer light stimuli and the evaluation of 
InsP3R inhibition by high H2O2 concentrations. 

5. Conclusion 

We have provided the first evidence that TRPV1 translates optical 
excitation of rr-P3HT thin films in a long lasting Ca2+ signal in a ther
apeutically relevant cell model, such as circulating ECFCs. This increase 
in [Ca2+]i in turn mediate ECFCs’ angiogenic activity in vitro [31] and 
could thereby favor therapeutic angiogenesis in vivo, although this 
latter hypothesis remains to be experimentally probed. H2O2 plays a 
central role in TRPV1 activation by light, as confirmed by multiple ap
proaches, whereas InsP3Rs and SOCE amplify TRPV1-mediated extra
cellular Ca2+ entry into a sustained Ca2+ signal (Fig. 10). The 
proof-of-concept that photostimulation of rr-P3HT induces 
TRPV1-mediated Ca2+ signals in a therapeutically relevant cell model 
will broaden the application of organic semiconductors to the treatment 
of diseases associated to defective Ca2+ dynamics, including heart fail
ure [108], neurodegenerative [109, 110] and muscular [111] disorders. 

Furthermore, optical stimulation of rr-P3HT thin films could provide a 
reliable strategy to mitigate Ca2+-dependent endothelial dysfunction in 
a plethora of cardiovascular disorders [112, 113], including those 
associated to SARS-CoV-2 [114]. 
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Fig. 10. Schematic representation of the mo
lecular mechanisms leading to the Ca2+

response to visible excitation in circulating 
ECFCs plated on rr-P3HT thin films. Optical 
stimulation of ECFCs plated on rr-P3HT induced 
the production of H2O2 between the thin film 
and the cell membrane. H2O2 in turn, activates 
TRPV1, thereby leading to extracellular Ca2+

entry that can, in turn, promote the Ca2+- 
dependent recruitment of InsP3Rs on ER mem
brane. The following release of intraluminal 
Ca2+ leads to a dramatic reduction in endo
plasmic reticulum (ER) Ca2+ concentration 
([Ca2+]i), which leads to the STIM1-dependent 
activation of SOCE through Orai1 and TRPC1 
channels on the plasma membrane.   
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