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Luminescent Pentacene-Loaded Carbon Nanodots with
Red-Light Triggered Photothermal and Photosensitizing

Properties

Giuseppe Forte,” GraziaM.L. Consoli,™ 9 Loredana Ferreri,” Ludovica Maugeri,” Alice Foti,”

Cristina Satriano,'” Giorgia Fangano,” and Salvatore Petralia*!

The development of multifunctional nanosystems for photo-
induced hyperthermia and photodynamic effect is a challenging
topic in the research of advanced materials for application in
biomedical field. Here, we report red-luminescent carbon-nano-
dots (CDs-PNM/PTC) derived from entrapment of pentacene
(PTC) in nanodots prepared from poly(N-isopropylacrylamide)
polymer (CDs-PNM) by an easy and reagent-free method. The
CD-PNM/PTC nanosystem was characterized by different techni-
ques (UV-Vis spectrophotometry, fluorescence, NMR, AFM).

Introduction

Nanostructured materials, including carbon-nanodots (CDs),
quantum dots, and nanoclusters are a new and fascinating class
of materials due to their physio-chemical features, excellent
visible light-triggered optical and photothermal properties, very
low toxicity, and intriguing applications in biomedical field."™
Polymer-CDs that combine the optical properties of the nano-
sized carbon dots with the multifunctionality and cargo loading
capability of the polymer,“® provide multi-responsive nano-
structures for nanomedical applications including
theragnostic®” energy,® bio-imaging,” and photothermal
therapy."” Although, a huge amount of CDs for photothermal
and photodynamic treatments have been reported in the
literature,""'? very few examples concern CDs nanohybrid
systems that combine photothermal, photodynamic, lumines-
cence and nanocarrier properties.®
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Molecular modelling investigations were performed to unveil
stability, structures and energy of the CD-PNM/PTC
supramolecular adducts at 298 K and 315 K. The nanosized CDs-
PNM/PTC exhibited excellent water-dispersibility, good photo-
thermal conversion efficiency and photosensitizing effect at
680 nm. No significant toxicity and eukaryotic cell uptake are
features that open to potential applications in photothermal-
photodynamic treatments.

Photothermal therapy (PTT) is currently widely investigated
as a promising anticancer treatment.” Indeed, it has been
demonstrated that local hyperthermia (41-47°C) triggered by
irradiation (5-10 min) of photo-responsive nanostructured
materials selectively destroy cancer cells." For a more effective
cancer diagnosis and therapy, including PTT," hybrid nano-
materials that combine the unique physical and chemical
properties of two or more components hold great promise. As
an example, the entrapment in carbon-based nanostructures is
an important key to endow photothermal agents with features
mandatory for their application in PTT, such as water dispersi-
bility, light and chemical stability, and specific binding to cancer
cells by functionalization of the host nanostructure surface with
cell targeting ligands."® Poly(N-isopropylacrylamide) (PNM) is a
photoresponsive material, largely used for biomedical applica-
tions such as drug delivery, sensing, and catalysis."”'® Basically,
at temperatures below the lower critical solution temperature
(LCST), the PNM chains adopt a coil-extended water exposed
conformation stabilized by favorable interactions with water
molecules. When the temperature increases above the LCST
value (30-33°C), a cooperative transition occurs, and the PNM
chains adopt a hydrophobic globule conformation. In this
collapsed state, water molecules are expelled from the shell,
decreasing the amount of hydrogen bonds."

Multifunctional luminescent, photothermal and photody-
namic nanosystems have been reported in literature. Su and
coworker developed fluorescent Carbon Dot-Curcumin Nano-
composites with synergistic luminescence, photodynamic and
photothermal properties.”” An interesting review published by
Chandra and coworker reported an exhaustive list of the most
used inorganic hybrid nanoparticles with emissive, photo-
thermal and photodynamic abilities.”” Due to their peculiar
electrical, optical and photophysical properties, pentacene
(PTC) and its derivatives are interesting compounds largely
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investigated in material sciences,”** as good photothermal,*”
emissive and photosensitizing agents. PTC can interact with
steady-state oxygen and exhibit energy and electron transfer
characteristics.”

However, low water solubility and aggregation phenomena
are drawbacks that limit the use of PTC as a photo-responsive
agent in biomedical applications. It has been largely demon-
strated that entrapment in nanocarriers is a valid approach to
increase water dispersibility and consequently bioavailability of
hydrophobic molecules. Recently, our group developed a new
hybrid system composed by graphene-oxide gold-nanoparticles
and a thermoresponsive polymer.”® This nanosystem exhibited
interesting photothermal,and photoresponsive properties, driv-
en by the plasmonic metal nanoparticles and PNM thermos-
responsive polymer respectively, but it lacks in emissive and
photodynamic properties. With this in mind, we decided to
investigate the capability of luminescent, water-dispersible,
biocompatible carbon nanodots (CDs-PNM), derived from
simple heating of a thermos-responsive poly(N-isopropylacryla-

y Y
200°C, 4hr

PNM

CDs-PNM

mide) polymer (PNM), as a nanocarrier for pentacene (PTC).
Compared to other photothermal carbon dots in the literature,
the CDs-PNM offer the advantages of one-step green synthesis
and a nanostructure in which the inner-emissive core is covered
by an external shell composed by thermos-responsive PNM
pendants that provide the carbon dots with host properties.
The entrapment of PTC in the CDs-PNM nanocarrier could
provide a new nanosized photo-responsive agent (CDs-PNM/
PTC) activable by biocompatible red-light (680 nm). The hybrid
CDs-PNM/PTC nanosystem, prepared as depicted in Scheme 1,
was characterized by different techniques and its photothermal
and photosensitizing properties were assessed. A preliminary
study was carried out to evaluate biocompatibility and cell
penetration capability of the CDs-PNM/PTC hybrid.

Loss water
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—_—

CDs-PNM

Scheme 1. Schematics of the CDs-PNM/PTC adduct formation and photothermal and photosensitizing effects.
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Results and Discussion
Synthesis, and Characterization of CDs-PNM/PTC nanohybrid

Nanohybrid systems composed by emissive, photo-responsive
materials and thermo-responsive polymers are fascinating systems
widely investigated in our laboratories>*” They match dark
stability and absorption in the visible-NIR region to promote
photo-induced effect as photothermia, photocatalysis, photody-
namic and drug loading/release under the exclusive light control.

For the synthesis of CDs-PNM/PTC, firstly, the precursor PNM
was heated at about 190°C in air for 4 hrs. A cross-linking reaction
involving a chain condensation-cyclization process and carbon-
ization through water loss and aromatization provided the CDs-
PNM, as recently demonstrated.” The effective CDs-PNM forma-
tion was well supported by ATR-FTIR spectroscopy (Figure S1),
with diagnostic peaks for PNM: 3280.7 cm™' (N—H, stretching),
2968.9 cm™' (C—H, stretching), 1637.7 cm™" (C=0 stretching, amide
), 15386cm™' (C=0 stretching, amide 1l), 1368.7cm™" (C—H,
bending) and 1170.2 cm™' (C-C, stretching). For comparison the
spectra of the PNM precursor was also reported in ESI. The CDs-
PNM formation was confirmed by NMR investigation. The '"H NMR
spectrum of CPDs-PNM showed the typical signals of the PNM
polymer (Figure S2). The resonances of the isopropyl groups of the
polymer chains were visible at 1.13 ppm and 3.99 pm for the CH,
and CH groups, respectively. TEM investigations were also
performed to confirm the nano-dimension of the CDs-PNM
structures. TEM analysis showed the presence of large carbon
nanostructures with sizes ranging from 80 to 120 nm (Figure S3)
relative to the whole CPDs-PNM structure (core + pendants), and
spherical carbon cores with diameters <10 nm. The emission
spectra of CDs-PNM showed the excitation-dependent emission
typical of carbon nanodots (Figure S4).

Then, hydrophobic PTC was loaded into the CDs-PNM
nanostructures at room temperature as described in the
experimental section.

The entrapment of PTC in CDs-PNM was evident by the
color of the solution changing from yellow to blue-grey (inset
Figure 1A) and was confirmed by UV-vis spectra. The optical
absorption spectrum of the empty CDs-PNM in water exhibited
typical mn*-bands centered at 270 nm and nzn*-band around
360 nm generated by nitrogen and oxygen atoms present in
the carbon nanostructures (Figure 1A, black line).”” Additional
absorption bands in the visible-NIR region 500-1000 nm (Fig-
ure 1A red line) typical of PTC were instead observed in the
absorption spectrum of CDs-PNM/PTC in water. The changes
recorded in the optical absorption spectra during the steps of
CDs-PNM/PTC formation clearly showed the effective loading of
PTC into the CDs-PNM nanostructures (Figure S5) with a drug
loading capacity percentage calculated to be around 10 %.

The CDs-PNM/PTC nanosystem emitted intense blue lumines-
cence upon excitation at wavelengths in the range 370-570 nm,
showing excitation-dependent emission typical of carbon nano-
dots (Figure 1B). The luminescence of PTC was instead evident
(Aey=710-820 nm) upon excitation at 680 nm (Figure S6).

Morphological analysis of CDs-PNM/PTC by atomic force
microscopy (AFM) (Figures 1C and S7) undoubtedly showed the
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Figure 1. CDs-PNM/PTC characterization: (A) optical absorption spectrum
(inset: photograph of CDs-PNM and CDs-PNM/PTC water dispersions); (B)
fluorescence spectra in water at various excitation wavelengths; (C)
representative AFM image recorded in AC mode in air on a 500 nm scan size
area, z scale =100 nm (inset: section profile); (D) "H-NMR spectrum

400.13 MHz, D,0, 25°C (inset: expansion of the aromatic region).

presence of spherical carbon cores (4+2nm) and larger
structures (150-200 nm). The entrapment of PTC in the carbon
dots was corroborated by nuclear magnetic resonance spectro-
scopy (NMR). The proton spectrum of the CDs-PNM/PTC in
addition to the PNM signals (isopropyl CH; and CH at 1.07 and
3.84 ppm, and polymer skeleton CH, and CH at 1.65 and
1.95 ppm, respectively), showed in the aromatic region signals
attributable to PTC protons (7.53, 8.07, and 8.37 ppm) (Fig-
ure 1D). Consistent with a conformational change of the
thermo-responsive  polymer, down-field shift (A8 0.27-
0.29 ppm) of the NMR signals was observed by enhancing the
temperature from 25 to 45°C (Figure S8). The experimentally
observed shift of the PTC proton signals was consistent with
molecular modelling calculation data (Table S1).

All spectroscopic experimental data, together with the
excellent water dispersibility of PTC in CDs-PNM confirmed the
effective formation of the CDs-PNM/PTC adducts.

Photothermal properties of CDs-PNM/PTC Nanohybrid

To evaluate the red-light triggered photothermal effect of CDs-
PNM/PTC, aqueous aliquots (100 pL) were continuously exposed
to a 680 nm laser and the related temperature changes were
monitored by a thermal camera. The laser power-dependent
photothermal behavior was confirmed by experiments per-
formed with lasers of different power 300, 500, and 800 mW,
and the recorded temperature rise values were about 4.8, 12.3,
and 16.4°C, respectively (Figure 2A).

A photothermal conversion efficiency () value of about
40.1% and a time constant (n;) value of 48 s was calculated
using the Rope’s equation (Figure S9). Moreover, to better

© 2024 The Authors. ChemPhotoChem published by Wiley-VCH GmbH

85UB0|7 SUOWILLID BAeaID 3ol (dde ay} Aq peusenob are sajonfe YO ‘8sn Jo Sa|n 10} Areiq18UIIUO AB]IM UO (SUOIPUOD-PUR-SWLBHW0D" A 1M ARe.q | [Bu JUO//SA1Y) SUORIPUOD Pue SWLB | 38U} 88S *[7z02/TT/Te] uo Ariqiauliuo A8|Im il BURILR0D AQ Z9TO0YZ0Z 91do/Z00T 0T/10p/wod Ao mAriqijeutjuoadoine-Auis iweyoj/sdiy woiy papeojumodfo ‘ZE60.9€2



Chemistry

Research Article Europe
doi.org/10.1002/cptc.202400167

European Chemical
Societies Publishing

ChemPhotoChem

%) § 15
° 5
5 =
£ g 10
2 a
3 £
@ @
2 =
) 5 s
2 2
o g
2 2o

0 100 200 300 400 S00 600 700 0 100 200 300 400

Time (s) Time (s)
C D
~ 18
cla 2 & 2
L s :
s 1 ¥ I N B
Sl -} ] -
ERS R . fi '
g | 1 [ !
@ ] [ . T L]
a s | i 1 [
£ 1 L -
[} - - - - - -
= 8 [ s ! L]
5 ) L
o ‘17 [ \" ]
n [] LN | []
@ 2 L]
g Y Ty
g 'u e, . ; ' 262°C
e 0 500 1000 1500 2000 2500 - o -
Time (s) 22.0°C 32.8°C 37.4°C

Figure 2. CDs-PNM/PTC photothermal behavior, sample volume: 100 pL,
Tenvironment = 22 °C: (A) photothermal effect (Absgg, o = 0.24) at various laser
power; (B) photothermal effect at various absorbance values at 680 nm; (C)
representative photothermal (Absggonm = 0.2, laser power 800 mW), (D)
representative thermographs of CDs-PNM/PTC water dispersions during
photothermal experiments on glass tube holder.

investigate the concentration-dependent photothermal activity,
we also performed experiments using CDs-PNM/PTC dispersions
with different absorbance values. The results reported in
Figure 2B indicated temperature increases of about 15.1, 7.0
and 1.5°C for Aggpnm =0.2, 0.11 and 0.05 respectively. The cycles
were repeated many times to confirm the reversible process
and the photostability of the nanosystem upon excitation at
680 nm (Figure 2C reports four representative photothermal
cycles). Representative thermographs of CDs-PNM/PTC water
dispersions during photothermal experiments on glass tube
holder are showed in Figure 2D. The CDs-PNM nanostructures
showed a photothermal effect upon photoexcitation with blue-
light (405 nm) and green-light source (532 nm) while as
expected no photothermal effect was observed upon red-light
irradiation (680 nm) (Figure S10).

Molecular Modelling (MD) Simulation

To investigate the interaction of PTC with the carbon dot PNM
pendants to form the CDs-PNM/PTC hybrid nanosystem,
modelling simulations were performed as described in the
experimental section using standard approaches.”*** The MD
simulations conducted at 298 K for three different optimized
structures (Run1, Run2, and Run3) revealed significant con-
formational variations in the polymer structure, without phase
transition. In particular, the presence of hydrophobic PTC
molecules induces a slight polymer structural change, to form
pocket-like shaped nanostructures. This change promotes the
conformation with pentacene molecules far from hydrophilic
aqueous molecules (Figure 3A). Differently, the optimized
structures obtained after MD simulations at 315 K revealed an
effective coil-to-globular transition. In these structures illus-
trated in Figure 2B, the polymer adopts a globular structure,
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Figure 3. Modelling simulations (solvent molecules are omitted for clarity):
A) optimized structures of CDs-PNM-PTC complexes at 298 K; B) optimized
structures of CDs-PNM-PTC complexes at 315 K; C) time evolution of radius
of gyration for PNM-PTC complexes at 298 K; D) time evolution of radius of
gyration for CDs-PNM-PTC complexes at 315 K; E) RMSD for the different
geometries of PNM-PTC at 298 K; F) RMSD for the different geometries of
CDs-PNM-PTC at 315 K.

enveloping the pentacene molecule completely shielded from
hydrophilic solvent molecules. These data are evident from the
radius of gyration (Rg) of the polymer calculated at 298 K and
315 K. In particular, a prominent reduction of the radius values
throughout the dynamics of about 4 Angstrom was observed at
298 K (Figure 3C). Moreover, the interaction energy values (E;,)
calculated for the three investigated structures at 298 K were:
Run1—298K  E,=—12.82kcal/mol, Run2-298K  E, =
—11.90 kcal/mol and Run3-298 K E,,,=—10.55 kcal/mol.

The PNM-PCT interaction energies (E;,) calculated at 315 K are
higher compared to those determined at 298 K, demonstrating a
higher interaction between the hydrophobic groups of PNM and
PTC  (Runi1-315K  E,,=-—25.01 kcal/mol, Run2-315K E, =
—22.14 kcal/mol, Run3-315 K E,,,= —21.47 kcal/mol). The evolution
of the radius of gyration at 315 K confirms the phase transition, as
indicated by the marked difference between the initial and final
radii, of about 8 A(Figure 3D). Furthermore, the RMSD values
calculated at 315 K confirm the structural changes resulting from
the phase transition of PNM. These values exhibit an increase of
more than 0.2 nm across all the structures during the simulation.
Although a less pronounced variation is observed at 298 K, at this
temperature, a noteworthy structural change is still induced by
PTC on the polymer, which can be attributed to its low affinity
with the solvent (Figure 3E-F). All these data indicated the higher
stability of the CDs-PNM/PTC nanosystem at 315 K, suggesting the
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use of these nanohybrid for biological application. NMR calcu-
lations were performed on the aforementioned structures to
assign the chemical shift of pentacene hydrogen atoms. As
depicted in Table S1, a trend emerged that closely matched the
experimental data. Hydrogen atoms positioned at the edges
(Table S1), exhibited lower ¢ values while the central protons
demonstrated the highest values. Furthermore, an increase in
temperature led to a downfield chemical shift, comparable to that
observed in the experimental TH-NMR spectra for all protons. The
difference between experimental and calculated values may be
ascribed to the limited extended of the basis set chosen, owing to
the size of the simulated model.

Photosensitizing Effect of CDs-PNM/PTC Nanohybrid

To evaluate the red-light triggered photosensitizing effect of
CDs-PNM/PTC, an aliquot of Rhodamine dye was added to CDs-
PNM/PTC water dispersion and the sample was continuously
exposed to a 680 nm laser. The excitation light of 680 nm
wavelength was selected for a specific photoexcitation of PTC.
No absorption at this wavelength was recorded for the CDs-
PNM and Rhodamine solution. Figure 4a shows the optical
absorption spectra of the CDs-PNM/PTC/Rhodamine adduct and
for comparison the optical absorption spectra of CDs-PNM/PTC
and Rhodamine solution. The CDs-PNM/PTC/Rhodamine water
dispersion was continuously exposed to a 680 nm laser
(500 mW) in air under kindly stirring, the absorbance values
were spectroscopically recorded overtime. The photodegrada-
tion of the dye, induced by PTC was evident by the decreasing
of the absorption band at 528 nm upon 15, 30 and 45 min of
irradiation, while no degradation was recorded for the sample
in the dark condition (Figure 4B).

As largely reported in the literature, after photoexcitation of
PTC to form the first excited singlet state of pentacene (*PTC)
and Inter System Crossing (ISC) process to form PTC triplets
excited-state (*‘PTC), two mechanisms are plausible to explain
the PTC photosensitizing effect. The first mechanism (electron
transfer mechanism) involves the transfer of an electron from
*PTC to ground-state of oxygen (*0,) resulting in the PTC
radical cation and superoxide anion (O,™%). In the second
mechanism involving energy transfer, the *PTC, during its

A B

——Rhodamine
——CDs-PNM/PTC
—— CDs-PNM/PTC/Rhodamine
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% degradation
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Figure 4. Photosensitizing effect of CDs-PTC water dispersion: A) Optical
absorption spectra for CDs-PNM/PTC/Rhodamine, CDs-PNM/PTC and Rhod-
amine, and B) Rhodamine photodegradation rate upon laser excitation
(black line) and under dark conditions (red line).

ChemPhotoChem 2024, 202400167 (5 of 7)

excited state lifetime of about 110 pus, can sensitize singlet
oxygen ('0,). Both mechanisms produced two reactive oxygen
species able to induced dye photodegradation. The mechanism
proposed here is in accordance with literature data reported for
the photochemistry of PTC.[%

PTC + hv (6g0nm) — ' “PTC (PTC photoexcitation)

"™PTC 430, — PTC™ + O,™" (electron transfer mechanism)
*PTC — 3*PTC (ISC)

3*PTC + 20, — PTC 4 '0, (energy transfer mechanism)

'0, + 0, + Dye — degradation (photosensitazion)

Cytotoxicity experiments for the CDs-PNM/PTC nanohybrid.

The promising luminescence and red-light triggered photo-
thermal properties of CDs-PNM/PTC, prompted the next stage
of the investigation as proof-of-work tests to explore the
potential of the luminescent nanosystem in nanomedicine
applications. To this purpose, prostate cancer (PC3 line) cells
were treated with various amounts of CDs-PNM/PTC (0, 10, 20
and 50 pgMI™") for 24 hrs. At the end of treatment, cell viability
at the lowest treatment dose was comparable to that of
untreated controls, while at higher concentrations a reduction
of about 15 % in cell viability was observed (Figure 5A).

No notable effect on cell morphology at all concentrations
tested, highlighted the CDs-PNM/PTC biocompatibility. In princi-
ple, CD-PNM/PTCs do not distinguish healthy cells from diseased
ones, so their biocompatibility is an important requisite to
preserve healthy cells. Based on the MTT assay results, red-light
irradiation of CD-PNM/PTCs is necessary to induce cytotoxicity that
can be spatiotemporally confined to the irradiated area, where the
photo-induced hyperthermia can cause cell damage, disrupt
cellular repair processes, and increase cell membrane permeability
to chemotherapeutic drugs (combined chemo-photothermal
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n
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CTRL  10pugmL’ 20pgml” 50 pgmL’
Hoechst + BF Hoechst + LysoTr+ MitoTr
Figure 5. A) Analysis of cell viability by MTT assay for PC3 cells untreated
(CTRL) and after 24 hrs treatment with CDs-PNM/PTC at different concen-
trations. Three replicates were carried out for each sample. Statistical data
was performed by one-way ANOVA analysis of variance with respect to
CTRL: *=p < 0.05; **=p < 0.01; B) LSM micrographs of PC3 cells untreated
(CTRL) and after 24 hrs treatment with CDs-PNM/PTC (50 pgmL™"). Scale
bar =40 um. Left hand side panels: merged confocal images of stained
nuclei (Hoechst, in blue) + optical bright field (BF, grey). Right hand side
panels: merged confocal images of nuclei (Hoechst, blue), lysosomes (LysoTr,
green) and mitochondria (MitoTr, red). Scale bar =40 um
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therapy). Interestingly, due to the nanosize, CDs-PNM/PTC could
preferentially accumulate in tumor tissues by enhanced perme-
ability and retention effect (EPR effect).>”

CDs-PNM/PTC exhibited effective cellular uptake as detected
by confocal microscopy imaging analyses on PC3 cells, stained
intracellularly at the nuclei, lysosomes, and mitochondria. After
24 hrs treatment with CDs-PNM/PTC (50 ugmL™"), indirect evi-
dence of CDs-PNM/PTC intracellular localization came from clear
differences observed in the lysosome and mitochondria staining
patterns (Figure 4B). For comparison, laser scanning micrographs
of PC3 cells after 24 hrs treatment with empty CDs-PNM
(50 ugmL™") were recorded (Figure S12). Again, compared with
the CTRL images (Figure 4B) these data confirm the intracellular
localization of empty CDs-PNM through the lysosome and
mitochondria staining patterns, in agreement with the cell
internalization of the luminescent CDs-PNM nanocarrier previously
demonstrated by direct intracellular fluorescence evaluation.”

Conclusions

In conclusion, herein we reported a luminescent, water
dispersible, biocompatible, and photo-responsive CDs-PNM/PTC
nanohybrid system. Easy preparation without using organic
solvents, reagents and additives, hyperthermia (photothermal
yield conversion of about 40%) and photosensitizing effects
both triggered by a biofriendly red-light, biocompatibility and
capability to cross the membrane of human cells to reach the
cytoplasm, make CDs-PNM/PTC a promising nanohybrid system
for biological application. Molecular modelling simulation data
showed that the CDs-PNM/PTC nanohybrid is stable at human
body temperature (37 °C) mainly due to the strong interactions
of the hydrophobic globule-conformation of the PNM pendants
with the hydrophobic PTC molecules. More in-dept biological
studies will be performed to understand the real potential of
the CDs-PNM/PTC nanomaterial in combined photothermal and
photodynamic anti-cancer therapy.

Experimental Section

Chemicals

All chemicals were obtained from commercial sources at the
highest possible purity and were used as received. Milli-Q-grade
water was used in all preparations. All solvents used were
spectrophotometric grade. PNM, rhodamine and PTC were pur-
chased by Merck and used as receives.

Synthetic Procedures

Preparation of CDs-PNM. The CDs-PNM nanostructures were prepared
from poly(N-isopropylacrylamide) polymer (PNM) using a new method
recently developed in our laboratories. In detail, an amount of 50 mg
of PNM was pyrolyzed for 4 h at 200°C to obtain a carbon-based
material. The dark-reddish solid was washed with 1 mL of Milli-Q water
to eliminate the excess of reagent and byproducts and finally
sonicated for 2 min. The dispersion was separated by centrifugation
(8000 rpm 15 min) and filtered (0.2 um pore size), then the red-
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yellowish supernatant containing CDs-PNM was purified by dialysis
using Milli-Q water through a dialysis membrane (FLOAT-A-LYZER G2
3.5-5 kDa cutoff from Merck) for 46 h.

Preparation of CDs-PNM/PTC. To an aqueous solution of CDs-PNM
(2mg MI™"), an excess of PTC (10 mg) was added, and the mixture
was stirred at RT for 36 h. The sample was purified by centrifuga-
tion/washing process at 13,000 rpm 10 min followed by filtration
through a GHP filter (0.2 um pore size). The complex formation was
monitored over time by optical absorption spectra (Figure S5).
Down-field shifts of the CDs-PNM/PCT NMR signals by increasing
the temperature from 25 to 40°C were consistent with conforma-
tional changes of the thermos-responsive polymer (Figure S8). AFM
images confirmed the formation of nanosized particles.

Photothermal Properties of CDs-PNM/PCT.

Photothermal properties of CDs-PNM/PCT were investigated by
irradiating a glass tube (diameter 3 mm) containing various amounts
of the nanostructures dispersion. A volume of 100 pL of the CDs-PNM/
PCT dispersion was irradiated with a CW laser 680 nm at different
power for various minutes. We used a FLIR infrared thermal imaging
camera to measure the temperature of the solution every 10 s, during
the heating and cooling processes. Three replicates were performed
for each experiment.

Photosensitizing Effect of CDs-PNM/PCT.

An aliquot of Rhodamine (15 puL, 5puM) was added to a water
dispersion of CDs-PNM/PCT (1 mgmL™") and the mixture was
continuously exposed to a laser 680 nm, 500 mW for 0, 15, 30 and
45 min in air. The absorbance changes at 528 nm were spectro-
scopically measured. Three replicates were performed for each
experiment.

Cellular Assays: MTT and Confocal microscopy (LSM). PC3 cells
(Creative-Biogene) in 10% v/v FBS-supplemented RPMI-1640 com-
plete medium, were seeded at density of 1.0x104 cells/well in 96-
well/plate dishes or 2.0x104 cells per dish in 12 mm diameter glass
bottom dishes (WillCo-dish®, Willco Wells, B.V.,, Amsterdam, The
Netherlands), for MTT and LSM analyses, respectively. After 24 h
since seeding, cells were washed with 1% FBS-supplemented
medium and treated 24 h with samples in different concentrations.
A confocal microscope (FV1000 LSM system Olympus, Shinjuku,
Japan), equipped with spectral filtering and four lasers (diode UV:
405 nm; multiline Argon: 457, 488, and 515 nm; HeNe green:
543 nm; HeNe red: 633 nm) was used with an oil immersion
objective (60x O PLAPO). A fixed value was defined for the detector
gain, and images were collected, in sequential mode, randomly all
through the area of the sample.

Instrumentation

UV-Vis spectra were recorded on a Perkin-Elmer 365 spectropho-
tometer using quartz cells with a path length of 1 cm and 0.1 cm.
Photoluminescence (PL) spectra at different excitation wavelengths
were measured by a Horiba spectrofluorometer. A quartz cuvette
with an optical length of 10 mm was used. Nuclear Magnetic
Resonance ('H NMR, 400.13 MHz) spectra were acquired on a Bruker
Avance 400 spectrometer at 25°C and 40°C, in D,0 solvent.
Chemical shifts (5) are expressed in ppm and reported relative to
the residual water proton peak (4.72 ppm).

Atomic Force Microscopy (AFM) imaging was performed in AC
mode in air on a commercial AFM instrument (Cypher, Oxford
Instruments, Santa Barbara, CA) equipped with a scanner at an XY

© 2024 The Authors. ChemPhotoChem published by Wiley-VCH GmbH

85UB0|7 SUOWILLID BAeaID 3ol (dde ay} Aq peusenob are sajonfe YO ‘8sn Jo Sa|n 10} Areiq18UIIUO AB]IM UO (SUOIPUOD-PUR-SWLBHW0D" A 1M ARe.q | [Bu JUO//SA1Y) SUORIPUOD Pue SWLB | 38U} 88S *[7z02/TT/Te] uo Ariqiauliuo A8|Im il BURILR0D AQ Z9TO0YZ0Z 91do/Z00T 0T/10p/wod Ao mAriqijeutjuoadoine-Auis iweyoj/sdiy woiy papeojumodfo ‘ZE60.9€2



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhotoChem doi.org/10.1002/cptc.202400167

scan range of 30/40 um (closed/open loop) with standard AC240TS
(Olympus) cantilever (Figure S1). The samples were adsorbed by
drop casting on freshly exfoliated mica (Ted Pella), then left to
desiccate under gentle N, blow-drying.

Supporting Information Summary

Chemicals and instrumentation, CDs-PNM preparation, CDs-
PNM/PTC preparation, optical absorption spectra of CDs-PNM/
PTC formation at different time, AFM images, 'H-NMR spectra,
computational methods and models, photothermal measure-
ments, cellular assays, LSM micrographs.
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Efficient water-dispersible and
thermo-responsive supramolecular
pentacene carbon-nanodots system
exhibits red-light triggered photother-
mal and photosensitizing effects.
Spectroscopic and microscopic
analyses have confirmed the nanodi-
mension and the supramolecular
structures of the system, while
molecular modelling investigations
have confirmed the good stability of
the system at temperatures of 298 K
and 315 K. The low cytotoxicity and
good cellular internalization of the
system indicate potential applications
in anti-cancer treatments.
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