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Angiogenesis is a fundamental process in biology, given the pivotal role played by blood vessels in provid-

ing oxygen and nutrients to tissues, thus ensuring cell survival. Moreover, it is critical in many life-threa-

tening pathologies, like cancer and cardiovascular diseases. In this context, conventional treatments of

pathological angiogenesis suffer from several limitations, including low bioavailability, limited spatial and

temporal resolution, lack of specificity and possible side effects. Recently, innovative strategies have been

explored to overcome these drawbacks based on the use of exogenous nano-sized materials and the

treatment of the endothelial tissue with optical or electrical stimuli. Here, conjugated polymer-based

nanoparticles are proposed as exogenous photo-actuators, thus combining the advantages offered by

nanotechnology with those typical of optical stimulation. Light excitation can achieve high spatial and

temporal resolution, while permitting minimal invasiveness. Interestingly, the possibility to either enhance

(=+30%) or reduce (up to —65%) the angiogenic capability of model endothelial cells is demonstrated, by
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rsc.li/nanoscale shift in therapeutic angiogenesis.

1. Introduction

The manipulation of angiogenesis, i.e., the endothelial cell-
mediated formation of new blood vessels from the pre-existing
vasculature,' has attracted great interest from the scientific
community, since several important diseases are closely associ-
ated with an alteration of this physiological process. During
the last few decades, much research effort has been put
towards the development of novel therapeutic approaches tar-
geted to both the promotion of angiogenesis, in the case of
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employing different polymer beads, depending on the material type and the presence/absence of the
light stimulus. In vitro results reported here represent a valuable proof of principle of the reliability and
efficacy of the proposed approach and should be considered as a promising step towards a paradigm

vascular damage due to cardiovascular diseases, and its inhi-
bition for the treatment of hypervascular conditions, for
example in the cases of cancer and ocular diseases."™
Currently, available treatments rely on the employment of
chemically controlled methods, mainly based on angiogenesis-
inducing cytokines (hepatocyte growth factor, HGF; vascular
endothelial growth factor, VEGF; basic-fibroblast growth
factor, bFGF;) or anti-angiogenic drug molecules (pazopanib,
sunitinib, sorafenib, for example). However, these methods
have several drawbacks, such as limited spatial and temporal
resolution of administration, lack of reversibility, non-speci-
ficity, a short half-life, poor bioavailability, adverse side effects,
hemorrhagic complications, high cost and drug resistance.>”
The use of exogenous nano-sized materials has recently
been proposed as a strategy to overcome some of these disad-
vantages and to achieve selective and reliable modulation of
angiogenesis. Among other possibilities, polymeric nano-
particles have been extensively reported as passive carriers for
the delivery of pro- and anti-angiogenic drugs, providing a
lower risk of systemic toxicity and a higher tissue diffusion of
drugs together with a better stability in blood circulation.®°
Interestingly, several carbon-based and inorganic nano-
particles have also been considered as active materials, for

This journal is © The Royal Society of Chemistry 2023
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their intrinsic pro- or anti-angiogenic properties.”®'® The
opportunity to employ physical stimuli recently emerged as a
promising alternative to conventional methods, potentially
capable of overcoming current limitations like temporal irre-
versibility, poor selectivity and low spatial resolution. For
example, electric stimulation was demonstrated to enhance
angiogenesis in skeletal muscle and endothelial cells,"" in
rabbits with myocardial infarction'* and in human upper arm
biopsy samples.”® Jeong et al.'* recently showed an enhance-
ment in the formation of arterioles and capillaries in a mouse
model of ischemia through the electrical stimulation provided
with a wearable solar cell.

In this context, optically-controlled methods are particularly
appealing since they offer, with respect to not only traditional
chemical approaches but also electric-based methods, unsur-
passed space and time resolution together with lower invasive-
ness. Optogenetics'® was successfully employed for the pro-
motion of angiogenesis in vivo in a mouse dorsal window
chamber model*® and for the regulation of pathologic neovas-
cularization in mouse models for eye diseases."”
Unfortunately, the application of this technique in human sub-
jects is limited by the safety constraints raised from the need
for viral transfer of cells and tissues with exogenous DNA.'®
Therefore, gene-less approaches have also been explored,
including photobiomodulation techniques and photothermal
stimulation.'®* In the first case, visible and NIR light excites
cell chromophores (hemoglobin, myoglobin, cytochrome C
oxidase, among others),>* while in the second case heat is gen-
erated by water excitation; both processes can lead to cell
membrane potential variation, non-toxic generation of nitro-
gen and oxygen species, and expression of pro- or anti-angio-
genic genes. However, these solutions hardly provide the
necessary efficacy (limited optical absorption of chromo-
phores), dynamic range of stimulation (constraints on usable
light energy density), and spatial resolution (rapid heat
diffusion). Recently, we pioneered a novel approach based on
the use of light-responsive semiconducting polymers. We
demonstrated sizable promotion of the proliferation and for-
mation of the tubular assembly in endothelial colony-forming
cells (ECFCs), unequivocally mediated by photoexcitation of
the functional material poly(3-hexylthiophene) (P3HT) in the
form of thin films.>>>"%’

However, the use of P3HT polymer thin films, while fully
compatible with in vitro cell cultures,*®" represents a serious
limitation for in vivo applications, for different reasons: (i)
P3HT mainly absorbs light in the 400-600 nm spectral range,
which displays a limited penetration through biological
tissue;** (ii) thin films, though thin and fully conformable,
require surgical implantation; (iii) it is necessary to extend the
choice of suitable, biocompatible materials, in order to both
achieve bimodal pro- or anti-angiogenesis modulation, and
widen the range of suitable light densities, based on different
optical absorption and charge generation efficiencies.

In the present work, we take a step forward towards all
these three targets, by using, besides the prototypical P3HT as
a comparison, two low band-gap conjugated polymers, com-
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monly employed in high performance organic solar cells,****
namely poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo
[1,2-b:4,5-b']dithiophene))-ait-(5,5-(1',3"-di-2-thienyl-5',7"-bis(2-
ethylhexyl)benzo[1',2"-c:4',5"-c'|dithiophene-4,8-dione)] (PBDB-T)
and poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b]dithio-
phene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl|thieno[3,4-b]
thiophenediyl]] (PTB7). Both materials are characterized by a
red-shifted light absorption with respect to the prototypical
P3HT. We process the materials in the form of nanoparticles
(NPs), thus providing the possibility to employ variable routes
of not-invasive administration (including oral application and
inhalation), as well as to selective cell targeting down to the
subcellular length scale.**?® Furthermore, we demonstrate
that the use of different materials combined with appropriate
illumination conditions enables the modulation of pro- or
anti-angiogenic responses in human umbilical vein endo-
thelial cells (HUVECs), employed here as a valuable model for
the study of the endothelium function.?”

2. Materials and methods
2.1 Materials

Regioregular P3HT (Sigma-Aldrich) has a molecular weight
(M,,) of 115-135 kDa. PTB7 was purchased from Ossila, batch
M216, M,, = 78 kDa. PBDB-T was purchased from Ossila, batch
M1002 (M,, = 70 kDa). Pluronic® F127 (powder, BioReagent),
Phosphate-Buffered Saline (PBS) tablets, penicillin and strepto-
mycin were purchased from Sigma-Aldrich.

2.2 Fabrication of nanoparticles by flash precipitation

The nanoparticles of conjugated polymers were prepared by
flash precipitation®®*3° (or reprecipitation method), summar-
ized in Fig. S1.f Firstly, the conjugated polymer and Pluronic®
F127 were dissolved together in tetrahydrofuran (THF) at a
concentration of 1 mg mL ™. We initially considered three rela-
tive mass compositions between the conjugated polymer and
Pluronic® (9:1, 3:1 or 1:1). The solutions were continuously
stirred at 60 °C for one hour. Then, 1 mL of the organic solu-
tion was injected into 10 mL of PBS solution (0.01 M) under
stirring at 1300 rpm. Since nanoprecipitation was almost
immediately achieved, after 10 seconds the dispersion was
placed in a beaker and continuously stirred at 50 °C for one
hour until complete evaporation of THF. Then, the NP dis-
persion was dialyzed in Milli-Q water for three days, using
Visking membranes (Visking DTV by Medicell Int Ltd.; cut-off
range of 12-14 kg mol~* with a diameter of 25.5 mm). Finally,
the dispersion was centrifuged at 500 rpm for 10 minutes to
separate the remaining fraction of macroscopic aggregates.
The dispersion was finally stored at 4 °C under dark con-
ditions to avoid aggregation. Prior to any in vitro experiment,
the dispersions were lyophilized using a freeze-dryer (Telstar
®) at —83 °C and a pressure of 0.2 mbar for 48 hours. The lyo-
philization process allowed minimizing the presence of patho-
genic agents and re-dispersing the nanoparticles directly in
the cell-growth medium at an appropriate concentration of
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polymer mass. Finally, the NPs were dispersed in endothelial
cell medium, enriched with 100 mg mL™" penicillin and
100 mg mL™" streptomycin, at a concentration of 40 pg mL™"
under sterile conditions. This dispersion was finally diluted in
the cell culture wells employed for the experiments at the
chosen final concentration.

2.3 UV-vis absorption

Light absorption measurements were performed with a
Shimadzu UV-2550 spectrophotometer. The samples were pre-
pared by pouring the dispersion into disposable cuvettes. The
range of measurement was set between 400 and 900 nm.

2.4 Dynamic light scattering (DLS)

DLS and zeta-potential measurements were performed with a
Malvern Zetasizer Nano SZ. Samples were prepared by pouring
the dispersion into disposable folded cuvettes in the case of
DLS and into DTS1070 cells for zeta-potential measurement.

2.5 Transmission electronic microscopy (TEM)

TEM measurements were performed on a TECNAI G2 20 TWIN
operated at 200 kV and equipped with a LaBs filament.
Samples were prepared by casting a droplet of the dispersion
onto a copper TEM grid (300 Mesh) covered by a pure carbon
film and dried at ambient temperature. The grid was glow-dis-
charged before putting the drop of suspension.

2.6 Nanoparticles’ photocurrent spectroscopy

Monochromatic light was generated with a xenon light source
(250 W) and a Cornerstone 260 monochromator (entrance slit
2 mm, exit slit 2 mm). A rotating disc chopper was used to
modulate the light at 7 Hz. For measurements with wave-
lengths greater than 400 nm, a 400 nm longpass filter was
inserted into the beam to avoid second harmonics. The
measurement cell was positioned at 70 mm from the mono-
chromator exit slit. At that position, an average light intensity
of 219 + 8 yW cm™> was measured in the range between 400
and 800 nm. The measurement cell was made of aluminum
and had a PDMS liquid reservoir containing the nanoparticle
suspension (ca. 200 pL). The suspension was illuminated
through a glass window and was in contact with an ITO-
covered glass slide, used as the working electrode. An Ag|AgCl
wire served as a quasi-reference/counter electrode. The
grounded aluminum structure acted also as a Faraday cage.
Multiple reflections and ambient light were carefully screened.
The detection of the photocurrent signal, as well as the control
of the potential applied to the working electrode, was accom-
plished by using a lock-in amplifier (ZHINST, MFLI), set at the
chopping frequency. Spectra have been properly normalized by
taking into account the detector spectral responsivity, the
emission spectrum of the light source and the spectral
efficiency curves of the gratings of the monochromator.

2.7 Cell culture of HUVECs

The HUVEC line was purchased from PromoCell. The cells
were grown on culture flasks coated with 0.2% gelatin in endo-

18718 | Nanoscale, 2023, 15, 18716-18726

View Article Online

Nanoscale

thelial cell medium (endothelial cell basal medium 2,
PromoCell), enriched with an endothelial cell GM 2 sup-
plement pack (PromoCell), and maintained at 37 °C, 5% CO,.
For the experiments, only HUVECs at passage <7 were
employed. For all experiments, HUVECs were plated on glass
slides at 7 x 10% cells per cm® density and after 3 h from
plating, the cells were incubated with the different NPs at
20 pg mL™' concentration for 20 h. The NP-treated samples
were rinsed with Krebs Ringer’s (KRH) extracellular solution to
remove non-internalized NPs at the beginning of each
measurement. HUVECs plated on glass slides without NPs
were used as a control (CTRL).

2.8 AlamarBlue viability assay

HUVECs were plated in 12-well plates by employing cell growth
medium without phenol red. Cell proliferation was evaluated
24, 48, and 120 h after incubation. Prior to measurements at
each time point, the growth medium was replaced with fresh
medium containing 100 mg mL~' alamarBlue (Thermo
Fisher). The alamarBlue reagent is based on resazurin, a cell-
permeable non-fluorescent compound that upon entering
living cells is reduced to a highly fluorescent resorufin. The
fluorescence of the latter is thus an indicator of the viability
and proliferation of cells. The samples were incubated for 3 h
at 37 °C, 5% CO, in the dark. Then, three aliquots of culture
media (100 pL) were placed in black 96-well microplates and
their fluorescence was acquired using a Tecan Spark micro-
plate reader (excitation wavelength: 530 nm, emission acquired
at 590 nm).

2.9 Confocal imaging

Cell membrane and nuclei were stained, respectively, with Cell
Mask Green (Thermo Fisher; exc/em wavelength, 522/535 nm)
and Hoechst (Thermo Fisher; exc/em, 350/461 nm). Z-Stacks
were acquired with an upright microscope (Olympus BX63),
equipped with a 60x water immersion objective, a spinning
disk confocal module (X-Light V2 spinning disk module from
Crest Optics), and an sCMOS camera (Prime BSI, Teledyne
Photometrics; Tucson, Arizona, USA). The system, comprising
LED and laser light sources (Spectra III and Celesta, from
Lumencor), was assembled by Crisel Instruments. Excitation/
emission wavelengths were 530/660 nm for P3HT NPs and
636/690 nm for PTB7 and PBDB-T NPs. The experiments were
carried out at room temperature, by employing a KRH extra-
cellular solution (mM): 135 NacCl, 5.4 KCl, 1.8 CaCl,, 1 MgCl,,
5 HEPES, 10 glucose, pH adjusted to 7.4 with NaOH. Images
were processed with Image].

2.10 In vitro angiogenesis assay

HUVECs were cultured and treated with NPs as described in
section 2.7. After 20 h of incubation with NPs, the cells were
detached, resuspended and plated on 96-well plates pre-
treated with 90 pL of Geltrex LDEV-Free Reduced Growth
Factor Basement Membrane Matrix (Thermo Fisher) at 4 x 10*
cells per cm®. The plates were maintained at 37 °C, 5% CO,
and optically excited with LED light sources (central excitation

This journal is © The Royal Society of Chemistry 2023
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wavelength: 660 nm, 6 mW cm™>) or left in the dark. The capil-
lary network formation was assessed 6 h later by acquiring
bright-field images with an inverted microscope (Nikon
Eclipse Ti). The quantification of the main features of the
capillary-like network was performed by employing the
Angiogenesis Analyzer plug-in of Image].** Mean values were
averaged over 12 fields of view belonging to 3 independent
experimental sessions.

2.11 Intracellular reactive oxygen species (ROS) detection

2',7'-Dichlorodihydrofluorescein diacetate (H,DCF-DA, pur-
chased from Sigma Aldrich) was employed for intracellular
detection of ROS. NP-treated cells and control, untreated cells
were photo-excited by illuminating each sample for 3 min with
an LED system (Lumencor Spectra X light engine, 1 = 660 nm,
37 mW mm™?) fiber-coupled to an inverted microscope (Nikon
Eclipse Ti). Subsequently, cells were incubated with H,DCF-DA
for 30 min in KRH (10 puM). After careful wash-out of the
excess probe from the extracellular medium, the fluorescence
of the probes was recorded (exc/em 490/520 nm; integration
time, 50 ms; binning: 1 x 1) with an inverted microscope
(Nikon Eclipse Ti) equipped with a 20x objective and an
SCMOS camera (Prime BSI, Teledyne Photometrics; Tucson,
Arizona, USA). Variation of the fluorescence intensity was eval-
uated over the regions of interest covering single-cell areas.
Reported values represent the average over multiple cells (n >
40) belonging to 2 statistically independent samples. Image
processing was carried out with Image]. Origin Pro 2018 was
employed for data analysis.

2.12 Ca” imaging experiments

The experiments were carried out at room temperature, by
employing KRH extracellular solution and the same micro-
scope used for confocal imaging experiments. HUVECs were
incubated with 1.5 uM Ca®" sensitive dye FLUO4-AM (Thermo
Fisher; exc/em 488/515 nm) for 20 min and washed out for
10 min. The fluorescence of the FLUO4AM probe was acquired
for 3 minutes (an LED coupled to an upright microscope
(Olympus BW63), 20x objective; spectral emission peaked at
474 nm, 5 mW mm~?) while the simultaneous photoexcitation
of the NPs was performed with a laser diode, emission peak at
660 nm, coupled to an upright microscope (Olympus BW63,
20x objective, 12 or 37 mW mm™>). Variation of the fluo-
rescence intensity was evaluated over the regions of interest
covering single-cell areas. Evaluated features of intracellular
Ca®" dynamics comprise the peak amplitude (PA) normalized
to the baseline fluorescence F,, the rise slope (Ca®" rise) and
the decay slope (Ca*>* decay).

3. Results and discussion

3.1 Conjugated polymer nanoparticles (NPs) fabrication and
characterization

The polymer nanoparticle (NP) dispersions are prepared by the
flash nanoprecipitation method (Fig. S1t). In order to enhance

This journal is © The Royal Society of Chemistry 2023
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the stability of the suspension in the ionic medium, an amphi-
philic triblock copolymer surfactant, Pluronic® F127, is added
in the process.”’ Pluronic® block copolymers have been widely
used to enhance the biocompatibility, water solubility and
stability of drug delivery systems, upconversion NPs and inno-
vative nanocarriers.*>** In particular, Pluronic® F127 was suc-
cessfully employed for the fabrication of stable water disper-
sions of carbon nanomaterials’® and conjugated polymer
NPs,*"*® including PTB7 NPs.*°

Fig. 1a shows the chemical structures of the three conju-
gated polymers employed in this work (P3HT, PTB7 and
PBDB-T), as well as the photographs of the dispersions
obtained at three polymer : Pluronic® relative concentrations,
showing good optical transparency in all cases. UV-vis absorp-
tion spectra of P3HT, PTB7 and PBDB-T NP dispersions are
depicted in Fig. 1b. P3HT NPs show a maximum absorption at
550 nm and the characteristic vibronic peaks at approximately
520, 550 and 610 nm, similar to what seen in the case of P3HT
thin films.*” The absorption spectra of PTB7 and PBDB-T NPs
show the main absorption peaks at 620/580 nm and secondary
vibronic peaks at 690/630-650 nm, respectively. Interestingly,
all the fabricated NPs absorb stronger at the lower-energy
vibronic peak. We attribute this finding to a high degree of
crystallinity in the case of P3HT*® and to more pronounced
interchain interactions and better-ordered packing in PBDB-T
and PTB7.*%%*° This aggregation effect is directly related to
the presence of sodium chloride ions during the NP nucleation
and growth process. In contrast, when the fabrication of
polymer : Pluronic® NPs is done in pure water, a significant
decrease in the lower-energy vibronic peak absorption is
observed (Fig. S27). In addition, PTB7 and PBDB-T NPs fabri-
cated in saline PBS solution show red-shifted absorption
spectra when compared to the NPs fabricated in pure water.
The PBS-induced effects are reduced in the case of the highest

(a) (b) 810137 P3HT
o
P3HT CeH1a 9:1 3:1 1:1 0s / \
*‘“@1" " N
S ) "*‘1!
BN 0.04
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f 5 05 - \
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Fig. 1 (a) Chemical structures of the commercial conjugated polymers
used in this work and photographs of the corresponding polymeric col-
loids obtained, at three polymer : Pluronic® F127 relative concentrations.
(b) UV-vis absorption spectra of NP aqueous dispersions.
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content of Pluronic® (1:1 mass relation with the polymers),
possibly as a consequence of the shield that the surfactant
molecules establish between the conjugated polymer chains
and the ionic species of PBS during the nanoparticle for-
mation (Fig. 1b). A similar aggregation effect was observed in
P3HT NP formation by using different surfactants.”

The size and shape of the nanoparticles were characterized
by TEM and DLS (Fig. 2, Fig. S3 and Table S1}). TEM images
display spherical-shaped NPs and size-distribution values
within the range of 100-200 nm. The diameters measured by
DLS are systematically larger than those found by TEM, with
the size distribution centered at around 250-300 nm. This
difference is observed at all Pluronic® concentrations
(Table S1 and Fig. S371), and it can be explained by the contri-
bution of the hydrodynamic diameter and the Pluronic®
corona swelling around the polymeric NP core in DLS
measurements only. The highest concentration of Pluronic®
employed (1:1 polymer:Pluronic® mass ratio) induces the
formation of surfactant micelles and less regular nanoparticles
(Fig. S37).

Pluronic® F127 is a non-ionic surfactant, so it increases the
colloidal stability due to the steric, non-ionic repulsion
between the shells around NPs. The zeta-potential values at
different time points confirm optimal colloidal stability, even
in the case of a lower Pluronic® concentration (i.e., 9:1 rela-
tive mass concentration), up to 10 days post-fabrication.
Z-Potential values are below —-20 mV in all considered
materials (Table 1). Therefore, we opted for the 9:1 formu-
lation in all the following experiments.

(a) (b) Diametersby DLS
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’ ‘ ;\: o =69nm
& 2 |
# S 20
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£ 10
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Fig. 2 (a) TEM images of P3HT, PTB7 and PBDB-T NPs with 9:1
polymer : Pluronic® relative mass concentration. (b) Size distribution
obtained by DLS: p and o correspond to the mean and the standard
deviation, respectively.
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Table 1 Zeta-potential values of conjugated polymer NPs at a relative
mass concentration of 9 : 1 (polymer : Pluronic®)

Zeta potential (mV)

As prepared After 10 days

P3HT —29.7 £ 0.3 —-31.9+0.8
PTB7 —-35.4+0.9 —-35.7£0.5
PBDB-T —26.0 £ 1.3 -21.9+04

3.2 Photoelectrochemical current spectroscopy

In our previous work, we reported P3HT-based NPs’ photoelec-
trochemical activity, and we showed that they maintain the
capability to generate charges and to work in a photocathodic
mode in an oxygenated aqueous environment.>”> The photo-
electrochemical activity of the NPs generates Reactive Oxygen
Species (ROS), which are known to play a pivotal signaling role
both in pro-angiogenesis and anti-angiogenesis processes.
However, in a previous study, NPs were realized without any
surfactant. Conversely, in the present work Pluronic® 127 was
used to guarantee suitable colloidal stability over a longer
term, good biocompatibility and optimal repeatability in the
fabrication process for all the considered conjugated polymers.
Thus, it is necessary to assess whether Pluronic®-coated NPs
preserve their photoelectrochemical activity towards oxygen
reduction.

Fig. 3 shows the photoelectrochemical current spectra for
P3HT, PTB7 and PBDB-T NPs, at a 9:1 polymer : Pluronic®
relative mass concentration. The photocurrent spectra are very
similar to the optical absorption spectra as a typical feature of
a symbatic-like behavior. Accordingly, absorbed photons con-
tribute equally to the photocurrent generation, independently
of their energy. We hence exclude a significant contribution of
defect states or interfacial energy levels to the process. Instead,
the photoelectrochemical activity relies on bulk optical
bandgap absorption leading to exciton formation, thermaliz-
ation and subsequent dissociation into free charge carriers in
the NPs. Free electronic carriers participate in the electro-
chemical reduction of oxygen in the solution leading to ROS
formation. Here, the process gives rise to a macroscopic catho-
dic current at the working electrode, with the occurrence of
electron transfer and oxygen reduction processes. The ampli-
tude of the current is correlated with the different properties
of NP dispersions, such as the amount of NPs in solution, the
quantum efficiency of the photoelectrochemical process and
the charge storage capability of the NPs.

The findings are in line with previous results obtained with
P3HT NPs and demonstrate the occurrence of photo-electro-
chemical reactions at the polymer/buffer interface of NPs,
mostly leading to oxygen reduction processes and the for-
mation of ROS species, all virtually ending up in hydrogen per-
oxide formation at timescales >1 s. In biological tissue, intra-
cellular and extracellular H,O, concentrations represent a
powerful signaling event for the modulation of angiogenic pro-
cesses. The possibility to modulate it on demand and over

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Comparison between NPs’ absorption spectra and corresponding photoelectrochemical current spectra.

different orders of magnitude, through contactless optical exci-
tation of smart nanomaterials, may open a path to interesting
therapeutic applications. Thus, we next investigate the coup-
ling between polymer NPs and endothelial cells.

3.3 Conjugated polymer NPs’ biocompatibility and
internalization within living cells

We select Human Umbilical Vein Endothelial Cells (HUVECs)
as a valuable model, largely accepted in the literature for the
study of the main biological pathways involved in endothelium
function, including normal and neoplastic proliferation,
migration and angiogenesis, as well as for the development of
therapies against cancer and cardiovascular diseases.>”>

The viability and proliferation of HUVECs treated with NPs
are assessed by the alamarBlue assay at three different time
points (Fig. 4a). Different NP concentrations are preliminarily
investigated, in the range of 10-50 pg mL™"; detrimental
effects on cell viability are observed only in the case of 50 pg
mL~", with reduced proliferation (data not shown). By adopt-
ing a conservative approach, the concentration is then fixed at
20 pg mL™". Data show that the cell metabolic activity is pre-
served in the presence of all considered NPs, up to 120 hours
after plating. Interestingly, one can notice a higher prolifer-
ation increase, in percentage, between 24 and 120 hours after
plating in the case of HUVECs treated with NPs (+226% for
P3HT, +187% for PBDB-T and +384% for PTB7) in comparison
to the untreated ones (CTRL, +169%). Moreover, we investi-
gated the capability of NPs to internalize within the intracellu-
lar environment, by means of confocal microscopy (Fig. 4b-d).
The most critical parameters governing the capability of NPs
to cross the plasma membrane and to internalize within the
cell cytosol are the shape, the size and the z-potential. TEM,
DLS and z-potential measurements (Fig. 2 and Table 1)
demonstrated that there are no appreciable differences among
the three considered NPs. Based on these data, no sizable
difference in the internalization process is expected. Moreover,
all considered materials comprise the same surfactant
(Pluronic® F127) with the same relative concentration (9:1,
polymer : Pluronic®). Thus, also the chemical-physical inter-
action with cell proteins is expected to be similar. In order to
clarify this hypothesis, confocal images are acquired at
different z planes from the cell upper surface to the bottom

This journal is © The Royal Society of Chemistry 2023

P3HT NPs

Fluorescence intensity (a.u.)

CTRL | P3HT | PTB7 | PBDB-T

pre7 NPs [ (d) PBDB-T NPs

Fig. 4 (a) Viability of HUVECs, incubated with the different NPs, evalu-
ated as the fluorescence of the reduced form of the alamarblue cell-via-
bility reagent. Data were compared using the nonparametric Mann—
Whitney U-test (0.05 significance level). *p < 0.05, ***p < 0.001. Error
bars represent the standard error of the mean (sem). Representative
confocal images depicting HUVECs loaded with P3HT (b), PTB7 (c) and
PBDB-T (d) NPs acquired at a z plane corresponding to the cell inner
part. Cells are stained with Cell Mask Green (membrane, green) and
Hoechst 33342 (nuclei, blue); NP fluorescence emission is in red. Scale
bars, 5 pm.

interface (Fig. S4 and Videos S1 and S2t). Images recorded at a
focal plane corresponding to the cell half height, in the
middle of the cell volume, clearly show that all the three NP
types (red) are successfully internalized within the cell mem-
brane (green), however without crossing the nuclear mem-
brane (blue, Fig. 4b-d). In addition, the 3D reconstruction of
the cells provides evidence of the cell membrane integrity after
the NP internalization process (Fig. S57).

3.4 Invitro angiogenesis assay

We examine the physiological outcome of the red light-absorb-
ing NPs by carrying out a tube formation assay that recapitu-
lates many steps of the angiogenic process, including
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migration, adhesion, and tubule development.*® For this
purpose, we plate NP-treated HUVECs on a widely used recon-
stituted basement membrane extracellular matrix, which
resembles the membrane that surrounds blood vessels in vivo
and allows cells to assemble into a bi-dimensional capillary-
like network. We then expose cells to optical excitation (peak
excitation wavelength, 660 nm; photoexcitation density, 6 mW
cm™>; 6 hours) or we leave the control samples in the dark for
6 h. The morphology of the network is studied through the
analysis of bright-field images (Fig. S6T and Fig. 5). The quali-
tative observation of the images (Fig. S61) denotes a tendency
of HUVECs incubated with PTB7 NPs, in the dark, to organize
into an extended capillary-like network formation, as com-
pared to cells not incubated with NPs (CTRL dark, Fig. S67).
This effect is not present in the PBDB-T case, showing a com-
parable situation to the CTRL dark case. The system subjected
to the sole red light excitation (CTRL light) does not show
remarkable differences from the CTRL dark case (Fig. S67).
Conversely, when optical stimulation is coupled with PTB7 or
PBDB-T NPs, the network development is reduced, as com-
pared to the corresponding NP-treated cases in the dark
(Fig. S67). In order to confirm the qualitative observations, we
performed a quantitative analysis by focusing our attention on
3 main features of the capillary-like network (Fig. 5a), namely:
(1) the number of master segments, ie. tubes that are con-
nected to the rest of the network from both sides (yellow seg-
ments); (2) the number of master junctions, i.e. a junction that
links at least three master segments (pink circles); (3) the
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number of meshes, i.e. closed areas delimited by master seg-
ments and associated master junctions (cyan loops).2**°

Interestingly, under dark conditions, a sizable pro-angio-
genic effect is observed in the case of treatment with PTB7 NPs
and is absent in the case of PBDB-T NPs. PTB7 NPs lead to a
significant increase, compared to the CTRL dark conditions,
in all considered features, namely in the number of master
junctions (Fig. 5b), master segments (Fig. 5¢) and meshes
(Fig. 5d), with an increment percentage of about +33%, +37%
and +31%, respectively.

Untreated, illuminated samples do not show a sizable, stat-
istically significant variation in the tubule formation, as com-
pared to control dark samples, thus confirming that photo-bio-
modulation processes have a limited or negligible effect at the
considered light power density.

Conversely, optical excitation in the presence of either NP
type produces a statistically relevant decrease in the number of
all the 3 main features of the capillary-like network in com-
parison to the NP-treated HUVECs in the dark (Fig. 5b-d).
Mluminated PBDB-T NPs show the more prominent anti-angio-
genic effect, with the number of the master junction, master
segments and meshes being about —46%, —55% and —65%
lower in comparison to the NP-treated dark controls, respect-
ively (Fig. 5b-d). In the PTB7 case, the red light-induced
reduction is about —30% for all the features (Fig. 5b-d),
sufficient to compensate for the pro-angiogenic effect observed
in this case for samples in the dark, with the final values com-
parable to the untreated controls.
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(a) Representative graphical representation of the detected and vectorized components of the HUVEC capillary-like network, superimposed

to the correspondent bright field image. Scale bar: 500 pm. Quantitative analysis, reporting the average number of master junctions (b), master seg-
ments (c), and meshes (d) obtained under the different conditions, 6 h from plating on the reconstituted basement membrane extracellular matrix.
The results are represented as the mean + sem of three different experiments. Data were compared with Student’s t-test. **p < 0.01, ***p < 0.001.
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In summary, we observe two complementary interesting
phenomena: a pro-angiogenic effect provided by PTB7 NPs, in
the dark and a light-induced anti-angiogenic effect provided
by both NPs, but much more pronounced in the case of
PBDB-T NPs. The understanding of the mechanisms behind
the pro- and anti-angiogenic effects observed is not straight-
forward, given the fact that the tube formation is an intricate
process as it involves different parameters, like the prolifer-
ation and migration of endothelial cells." Regarding the case
of nano-sized materials, the complexity of predicting and con-
trolling the angiogenic properties of the systems has been
highlighted by different studies in recent literature.® Several
NP types have been proposed for therapeutic angiogenesis,
both inorganic/metal and carbon based, including terbium
hydroxide nanorods, europium hydroxide nanorods, zinc oxide
nanoflowers, silver NPs, gold NPs, copper NPs, reduced gra-
phene oxide, graphene oxide and carbon nanotubes.”® It has
been demonstrated that these systems can exhibit either a pro-
angiogenic or anti-angiogenic behavior depending on various
parameters, including the type of material, surface properties
(e.g. charge, wettability), size, and effective concentration.®>*
The multiple variables involved, and their possible interlock-
ing, make the establishment of general rules for the control of
the angiogenic outcome extremely hard.® However, in most
cases the NP properties are shown to be crucial for the intra-
cellular ROS production, which has been reported to be one of
the predominant effects that drive the angiogenic properties of
nanomaterials, through the activation of specific signaling
pathways.”®>® Importantly, we recently demonstrated that
optical excitation of P3HT thin films determines an enhance-
ment in ECFC tubulogenesis, driven by the extracellular ROS
production and activation of plasma membrane TRPV1 chan-
nels.?® In addition, ROS have long been known to exert either
a pro- or anti-angiogenic effect depending on their concen-
tration in vascular endothelial cells.>® In light of these reports,
we assess the effects of PTB7 and PBDB-T NPs’ photoexcitation
on the intracellular ROS production in HUVECs.

3.5 Intracellular ROS production

Along with angiogenesis, ROS are widely involved in several
physiological and pathophysiological processes.>” Although
ROS overproduction can be highly detrimental, causing oxi-
dative stress’® and leading in some cases to irreversible cell
damage and apoptosis,® endogenously produced ROS are
involved in different essential biological functions,®® like
immune system control,’" metabolism regulation,** neuro-
transmission® and blood pressure modulation.®* Several
pathological conditions are related to the alteration in physio-
logical ROS production, guiding the research towards innova-
tive therapeutic systems based on ROS-responsive drug delivery
systems for the controlled release of ROS.””**>

In order to assess the capability of the different NP systems
to effectively induce intracellular ROS production, either in the
dark or upon photoexcitation, we employ an intracellular ROS
fluorescent probe sensitive to a large variety of different ROS
(including H,0,, HO", ROO"), namely 2,7-dichlorodihydrofluor-
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escein diacetate (H,DCF-DA).®® This probe is hydrolysed
within the intracellular environment, and the subsequent oxi-
dation by ROS leads to the fluorescent compound 2,7-dichloro-
fluorescein (DCF).

Fig. 6 depicts the DCF fluorescence intensity (AF) recorded
from HUVECs untreated (CTRL) and treated with PTB7 and
PBDB-T NPs, both in the dark and under photoexcitation. The
results obtained show that HUVECs treated with the two NP
types PBDB-T and PTB7 NPs, in the absence of optical exci-
tation, exhibit a comparable relative fluorescence difference
(i.e., intracellular ROS concentration) with respect to the
untreated cells (CTRL dark). Conversely, upon light excitation
(660 nm, 3 min, 37 mW mm_z), HUVECs solely exposed to
light (CTRL light), PTB7 and PBDB-T NP-treated ones present
an increase in the DCF fluorescence of about 108%, 400% and
1500% with respect to the CTRL dark case, respectively.

Given their pivotal role in the angiogenesis process,
the contribution of both endogenous and exogenous ROS has
been extensively investigated.>®” In more detail, it has been
shown that NPs can induce endogenous ROS by several intra-
cellular processes, including the impairment of the electron
transport chain, the depolarization of the mitochondrial mem-
brane and the activation of the nicotinamide adenine dinu-
cleotide phosphate (NADPH)-like enzyme systems.””

ROS can be produced by different stimuli, like hypoxia and
ischemia, as well as through VEGF*®® and they activate
NADPH oxidase, which is particularly relevant for endothelial
cells. In addition, NPs, in particular metal-based ones, have
been reported to chemically produce exogenous ROS as well.”?
Fig. 6 shows that neither PTB7 nor PBDB-T NPs lead to an
intrinsic ROS intracellular production, when not exposed to
photoexcitation. This result suggests that the pro angiogenic
effect observed with PTB7 NPs in the dark (Fig. 5b-d) is due to
a ROS-independent mechanism. A possible explanation could
be related to a change in the intracellular redox balance, as
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Fig. 6 Evaluation of intracellular ROS production by the measurement
of the ROS-sensitive fluorophore H,DCF-DA fluorescence intensity (AF)
in the presence and absence (CTRL) of the different NPs under light and
dark conditions. DCF probe excitation/emission wavelengths: 488/
515 nm. Data were compared using the nonparametric Mann—Whitney
U-test (0.05 significance level). *p < 0.05, ***p < 0.001. Error bars rep-
resent the standard error of the mean (sem).
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recently demonstrated in the case of P3HT NPs in the absence
of photoexcitation.®® The mechanisms leading to HUVECS’
network enhancement deserve however in-depth investigation
and will be the objective of a future dedicated work.
Conversely, upon photo-stimulation, we observe a significant
increase in the intracellular ROS concentration, possibly
related to the observed light-induced inhibition of the capil-
lary-like structures (Fig. 5). Noticeably, the better performing
ROS-generating system, i.e., PBDB-T NPs, corresponds to the
most pronounced inhibition effect. This result suggests the
presence of direct proportionality between the light-induced
anti-angiogenic effect and the intracellular ROS concentration,
in analogy with literature reports on carbon-based and in-
organic NPs.”*7°

Interestingly, in NP-untreated samples, we observe a red
light-induced intracellular ROS increase (Fig. 6) that does not
correspond to a significant variation in the HUVECs’ tube for-
mation (Fig. 5). This demonstrates that the intrinsic photosti-
mulation of endogenous chromophores, while enough to
induce ROS generation, may require higher photoexcitation
densities and more aggressive stimulation protocols for achiev-
ing effective angiogenesis modulation, thus limiting the
dynamic range of conditions potentially suitable for in vivo
applications and motivating the need for the development of
efficient, non-toxic, and exogenous materials. Non-toxic ROS
photogeneration may also correlate with the modulation of
intracellular Ca®", as observed in circulating ECFCs upon
photoexcitation.*>*® Fig. S7at shows the representative Ca>*
dynamics recorded in HUVECs treated with PBDB-T and PTB7
NPs and in control, untreated samples, upon red-light photo-
excitation. To achieve this goal, we used the Ca*>* sensitive fluo-
rescent dye FLUO4-AM, whose absorption and emission
spectra ideally have negligible overlap with the optical pro-
perties of red-light absorbing NPs. The sole exposure to red
light reduces the peak amplitude (PA) in a power density-
dependent manner, as evidenced in the NP-untreated HUVECs
case (Fig. S7a and S7bt). In previous studies, it has been
shown that red light has a direct effect on HUVEC metabolism;
in particular, an enhancement in viability, proliferation and
nitric oxide (NO) secretion was observed.”*’"”*> In order to
study the intrinsic photothermal effect in the absence of NPs,
we measure the light-induced local heating of the extracellular
solution without NPs, through the calibrated pipette resistance
method (Fig. S81).”> We found no heating of the bath at the
maximum light power density employed (37 mW mm™?), safely
excluding the contribution of photothermal stimulation
without NPs. However, the in-depth understanding of the red
light-induced reduction mechanism of the Ca** PA in HUVECs
deserves further investigation and additional experiments,
which are not in line with the scope of the present work. Most
interestingly, in this work, NP treatment and photoexcitation
synergistically allow us to partially or completely counter-
balance the PA decrease induced by photoexcitation only
(Fig. S7b and S7ct). This effect is light-density dependent, and
it is more pronounced in the case of the most efficient PBDB-T
NPs, where the PA value is fully restored to its unperturbed
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value (Fig. S7ct). Upon optical stimulation at the lower exci-
tation density (12 mW mm™?), the PA reduction amounts at
—17.3% in the CTRL group, —37% in the PTB7 group and —9%
in the PBDB-T group. In contrast, the optical stimulation of
the NPs at the higher excitation density (37 mW mm™?), the
same employed in ROS experiments (Fig. 6), strongly reduces
the inhibitory light-induced effect. Even, the PA is slightly
enhanced (+5%) by the photostimulation in HUVECs loaded
with PBDB-T NPs, as compared to a reduction of —30% in the
CTRL group (Fig. S7ct). These results show that polymer NPs
can efficiently modulate the Ca®>" dynamics in HUVECs upon
visible light excitation, suggesting a modulation of channel
repertoire involved in Ca®* homeostasis (e.g., TRP channels).>

4. Conclusion

In this work, we successfully realize stable NP dispersions,
based on prototypical P3HT, PBDB-T and PTB7 conjugated
polymers. We focus our attention on the latter two, given their
optical absorption in the red region of the visible light spec-
trum, favorable in view of in vivo applications. PBDB-T and
PTB7 NPs are successfully internalized within the cytosol of
HUVECS, a valuable model of endothelial function, without
hampering their proliferation. Interestingly, we report that the
realized NPs can have a bimodal effect on angiogenic
response, either pro-angiogenic and anti-angiogenic depend-
ing on illumination conditions. In particular, PTB7 NPs
sizably promote the formation of HUVECs’ capillary-like
network, under dark conditions, while the effect is reduced by
light excitation. PBDB-T NPs instead do not have any effect
under dark conditions but exhibit a pronounced anti-angio-
genic outcome upon red-light excitation. Interestingly, we
observe that the illumination of both PBDB-T and PTB7 NPs
modulates intracellular ROS production and calcium (Ca®")
dynamics, suggesting a close interplay between ROS, Ca**
fluxes and the light-induced inhibition of the HUVEC tubule
formation in the presence of NPs.

In conclusion, our work may open the way to novel thera-
peutic angiogenesis strategies in vivo, characterized by the
possibility to achieve a bimodal control of the capillary
network formation, depending on the nature of the materials
and the photostimulation protocols.
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