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Carbon nanodots (CDs) are an emerging class of nanomaterials that have recently attracted significant
attention for applications in personalized diagnosis, therapy and theragnostics. Herein, we aimed to
develop emissive and photothermal N-doped CDs obtained via one-pot thermal process from chitosan
(CDs-chit) without the use of organic solvents and additional reagents. The CDs-chit nanostructures
were characterized using spectroscopic techniques, including Nuclear Magnetic Resonance (NMR)
and Fourier Transform Infrared spectroscopy (FTIR), X-rays Photoelectron spectroscopy (XPS), and
Transmission Electron Microscopy (TEM). The CDs-chit showed excellent luminescence quantum yield
(pa20nm = 6%), curcumin entrapment efficiency (12%), good photothermal conversion efficiency upon
blue-light excitation (7405nm = 57.1%) and red-light excitation (1g0snm = 16.2%). The photoxidation and
photoreduction properties of CDs-chit nanostructures were also demonstrated through the
photodegradation of methylene blue and the photogeneration of gold-nanostructures (CDs-chit/Au°), a
tentative mechanism was proposed whereby CDs-chit act as both electron source and capping agent.
In vitro experiments using MTT assay demonstrated the low cytotoxicity of CDs-chit. Confocal laser
scanning microscopy imaged the cellular uptake of curcumin-loaded car-bon dots (CDs-chit/curc),
while the absence of significant changes in gene expression confirmed the biocompatibility of the
carbon dots. NIR light-triggered cell damages was observed upon photoexcitation of tumoral HCT 116
cells using an 808 nm laser source through a two-photon absorption mechanism. The ease of
preparation, curcumin
inflammatory IL-6 gene expression, photoluminescence and hyperthermia make CDs-chit nanomaterials

loading capacity, effective cellular uptake, and downregulation of pro-

attractive for further investigations in the field of biomedical research.

Introduction

Carbon nanodots (CDs) are low-dimensional nanostructures
com-posed of an emissive, photothermal and electroactive sp-
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hybridized carbon core, covered by carbonaceous surface termi-
nations such as carboxyl, epoxy, hydroxyl, amide or amine
groups, and in some cases even entire precursor molecules.
The organic shell of the CDs enables water dispersibility,
chemical functionalization, drug loading, low cyto-toxicity,
and receptor binding. Over the past decade, considerable
interest in CDs has grown due to their facile synthesis,
distinctive optical, electronic, and chemical properties.>”
Photo-physical properties such as photoluminescence, photo-
thermal and photocatalysis are important
parameters for a wide range of applications, including bioima-
ging, light-triggered cancer treatments, photocatalysis and bio-
sensing. Regarding photoluminescence, three main models
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have been proposed in the literature to explain the emission
mechanism in CDs. The first mechanism, based on the band-
gap transition model, assumes that the emission originates
from the quantum confinement effect of conjugated n-domains
within the carbon core, resulting in an emission wave-length
dependent on the core confinement.® The second mechanism
relies on a surface state emission model, where surface states,
resulting from the synergetic hybridization of surface chemical
groups and the carbon core, generate traps that induce radia-
tive recombination of excited electron-hole pairs. This mecha-
nism is supported by the observation of dual-emissive bands
in the CDs, where the high energy band is attributed to core
emission and the low-energy band to surface state emission.”
Finally, the third mechanism is due to organic fluorophores
located either on the surface or within the carbon core, which
can produce independent emissions from the molecular sur-
face state or the carbon core state.

Various precursors have been proposed for the synthesis of
CDs including citrate, polymers, urea, amino acids, carbohy-
drates, vitamins, and several natural compounds.® Biopolymers
constitute an interesting class of materials for use as precursors
in the synthesis of CDs, owing to their low cytotoxicity, stability
and excellent dispersibility in aqueous media. In this scenario,
chitosan is an abundant natural nitrogenous biopolymer
obtained from the deacetylation of chitin. It is a copolymer of
p-glucosamine and N-acetyl-p-glucosamine. Chitosan is soluble
in acidic media and its biocompatibility, biodegradability, gelling
properties, high nitrogen content, and multiple functional groups
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(such as acetamido, amino, and hydroxyl groups) make it a
valuable precursor for the preparation of N-doped nano-
materials. The most common nanomaterials derived from chit-
osan include chitosan-nanoparticles,” chitosan-microspheres,'®
chitosan-hydrogel'' and more recently chitosan-CDs.'” In CDs
nanostructures, chitosan acts as both a C and N precursor for
the preparation of N-doped CDs. The outstanding properties of
chitosan-based nanomaterials have shown great potential in
several research areas, such as drug delivery, bioimaging, sensing,
gene delivery, and the diagnosis and treatment of various
diseases.”” Many examples of chitosan-derived CDs prepared
through different processes such as hydrothermal, microwave,
and chemical reactions using additives like citric acid, urea,
ethylenediamine, and amino acids are re-ported in the litera-
ture. All these methods produce CDs with C/N-core covered by
hydroxyl and carboxylic groups, which result from the complete
carbonization of the biopolymer. Parra Saldivar et al. provided
an insightful review on chitosan-based CDs, thoroughly dis-
cussing their structural characteristics and properties. The
review covers preparation method and explores a broad spec-
trum of applications spanning biomedicine, environment, and
energy.™

Here, we report a new one-pot approach based on a mild-
thermal process for the preparation of CDs nanostructures
composed of a N-doped carbon core covered by a chitosan-
derived shell (CDs-chit) (Scheme 1A). Optical properties, including
absorption, luminescence, and photothermal effect, were investi-
gated to evaluate the potential of CDs-chit as a semiconductor and
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Scheme 1 CDs-chit nanostructures: (A) schematic chemical procedure for the synthesis of CDs-chit nanostructures by thermal treatment of chitosan
precursor, (B) photoluminescence and photothermal properties, and (C) photoreduction and photo-oxidation activity.
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light-activated material for remotely controlled hyperthermia and
imaging (Scheme 1B). Photo-oxidation and photoreduction prop-
erties were evaluated by photodegradation of methylene blue and
photogeneration of Au-nanostructures upon light photoexcitation
at 300 nm (Scheme 1C). The drug loading capacity of CDs-chit was
assessed through the preparation of a CDs-chit/curcumin adduct
which was studied by spectrophotometry and molecular model-
ling simulation. Finally, biological experiments demonstrated the
low cytotoxicity and effective internalization of CDs-chit/curcumin
into human cells, as well as its impact on biochemical pathways
through gene expression evaluation.

Results and discussion
Synthesis of N-doped CDs-chitosan (CDs-chit)

We devised tailored CDs-chit, which could have the following
characteristics: (i) an inner N-doped carbon core (formed by
quaternized N and sp® hybridized C) and an outer shell of
chitosan-derivatives, (ii) high water dispersibility and bio-
compatibility, (iii) emissive and photothermal properties,
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(iv) photoreduction activity and templating and capping effects
for the formation of Au nanostructures, (v) photo-oxidation/
reduction activity (vi) drug loading capacity, and (v) low cyto-
toxicity and cell internalization properties. The N-doped CDs-
chit were prepared by using a one-step mild-thermal method,
recently developed in our laboratories,"” "’ based on the simple
heating of chitosan at 190 & 5 °C in air for 4 hours. The process
was carried out without solvents, oxidizing agents and instru-
mentation currently used for the preparation of carbon nano-
dots. Fig. 1A illustrates the mechanism proposed for the
formation of N-doped CDs based on the Maillard reaction,
which is the reaction between an amino group and carbohy-
drates to produce heterocyclic nitrogen compounds as widely
demonstrated in the literature for similar compounds.'®*®
When the chitosan is heated at 190 °C the amino group and
aldose group of the chitosan sugar moieties condense to
produce N-substituted glycosylamine. The glycosylamine is
converted to ketosamine, via Amadori rearrangement, which
upon dehydration and fragmentation produces aldehydes and
aldol groups. Finally, aldehyde-amine condensation generates
heterocyclic nitrogen compounds such as pyridines, pyrazines,
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Fig. 1 CDs-chit characterization: (A) proposed mechanism for the formation of CDs-chit N-doped core. (B) Optical absorption spectrum (1 mg mL™3),
in-set the Tauc plot for the optical band gaps evaluation. (C) Fluorescence spectrum at various excitation wavelength. (D) ATR-FTIR spectrum. (E)
Representative TEM images. (F) *H-NMR and (G) 2D-COSY NMR (2.5-5.1 ppm region) spectra of chitosan and CDs-chit (2% DCl in D,O).
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and pyrroles, which undergo carbonization to afford nitrogen-
doped CDs. The yield of the preparation process was calculated
to be about 26%. This mechanism was corroborated by NMR
and XPS investigations (see below). In particular, a signal at
8.01 ppm, related to the aldehydic group (HCO), was observed
in the proton spectrum of the CDs-chit (Fig. 1F).

The synthesized CDs-chit exhibited the typical absorption
bands of carbon-nanodots. In particular, the UV-Vis optical
absorption spec-tra showed a band centred at around 265 nm
referred to m-n* transition, that originates from sp® carbon, and
a lower, and a broad band in the range 300-500 nm, related to
the n-t* transition generated from C—C, C—N and C—O
bonds (Fig. 1B). The optical band gap was calculated by Tauc
plot, that showed the variation of (Ass &w)"? versus (hv) for CDs-
chit (inset Fig. 1B). The optical energy band gaps for the
allowed transitions were estimated to be about E; = 2.24 eV
and E, = 1.70 eV. This was in good agreement with other
aromatic N-doped CDs reported in the literature.>®

Fig. 1C depicts the photoluminescence emission spectrum
of CDs-chit from 360 to 580 nm, at various excitation wave-
lengths. The graph shows the well-known excitation-dependent
emission to suggest a photoluminescence mechanism origi-
nated by the conju-gated n-domains on the carbon core. The
absence of the dual-emissive bands can exclude the surface
state emission mechanism. Interestingly, the emission mea-
surements performed at different pH values do not show signi-
ficant pH-dependent behaviour, to indicate that not enough
NH, groups are present on the CDs shell for an effective
emission quenching via charge transfer (Fig. S1). The photo-
luminescence quantum yield (pp;) of CDs-chit in water was
calculated to be 6%. The effective carbon nanodot formation
was well supported by ATR-FTIR spectroscopy (Fig. 1D), show-
ing the diagnostic peaks of chitosan: 3275 ecm™' (N-H, amide
stretching), 2927 ecm™' (C-H, stretching), 2948 cm™' (C-C,
bending pyranose ring), 1630 cm ' (C=O stretching, amide I),
1550 cm ™" (N-H bending, amide II), 1040 cm ' (C-O-C bridge
stretching). The general size and morphology of CDs-chit were
investigated by transmission electron microscopy (TEM).
Micrographs revealed the presence of tiny spherical core struc-
tures, having a median diameter of 3 nm, with a size distribu-
tion ranging from 1.1 nm to 10.5 nm (see graphs in Fig. S2) and
larger shell of chitosan-residues. Remarkably, nearly 90% of the
nanostructures are < 5 nm (Fig. 1E and Fig. S2). The presence
of a shell composed of acetylated chitosan residues was corro-
borated by nuclear magnetic resonance (NMR) spectroscopy.
Chitosan precursor is poorly soluble in D,0, and its NMR
spectra are typically acquired in acidic deuterated water.*!
In contrast, CDs-chit displayed excellent water dispersibility
at room temperature. The "H and 2D-COSY NMR spectra of
CDs-chit, in deuterated water, exhibited the characteristic
chitosan residue signals, with H1 protons at 4.56 and 4.66 ppm,
H2-H6 protons in the 3.30-4.15 ppm range, and CH; protons of
the acetyl groups at 1.8-2.0 ppm range (Fig. S3). In acidic water
(Fig. 1E), the spectra of CDs-chit, compared with the chitosan
precursor, revealed downfield shifts of the H2 (Ad = 0.51 ppm)
and H3 (Ad = 0.21 ppm) signals, consistent with acetylated
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sugar moieties. This was further supported by the 2D-COSY
NMR spectra (Fig. 1F), which showed an increase in the
intensity of the CH; and H1 signals of the N-acetylglucos-
amine units and a significant decrease of the H1 signal of the
glucosamine units in the CDs-chit spectrum.

The electronic structure of the CDs-chit was also investi-
gated by XPS. In detail, Fig. 2A shows the XPS spectrum of CDs-
chit in the C 1s binding energy region. A careful deconvolution
of the experimental spectrum required five Gaussians at:
284.3 eV due to the Csp” species of the CDs structure; 285.0 eV
due to the C-C and C-H sp® states, 285.5 due to the C-N states
of amide groups (due to acetylated fraction), 286.4 eV due to the
alcoholic C-OH states, and 288.2 eV due to both -C—0O states
of the amide, and C(O)-O states of the hemiacetal group.>?
The intensity ratios of the last-mentioned three Gaussians are
1:3:1. This last observation suggests an increased atomic
concentration of the 285.5 eV and 288.2 eV bands with respect
to that at 286.4 eV, whose intensity ratio for chitosan was
1:4:1. Since the present carbon dots were obtained by pyro-
lysis of chitosan, it emerges that these obtained dots already
contain both C-N and -C=O0 functionalities. Fig. 2B shows the
XP spectrum of CDs-chit in the O 1s binding energy region. The
spectral fitting of the rather symmetrical XP band required
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Fig. 2 Al Ka excited XPS spectra of: (A) CDs-chit in the C 1s binding
energy region: the dark cyan, magenta, dark yellow, navy, and wine lines
refer to the 284.3, 285.0, 285.5, 286.4, and 288.2 eV Gaussians compo-
nents, respectively; (B) CDs-chit sample in the O 1s binding energy region:
the dark cyan, magenta, and dark yellow lines refer to the 531.5, 532.5, and
533.9 eV. Gaussians com-ponents, respectively, (C) CDs-chit in the N 1s
binding energy region: the dark cyan, magenta, and dark yellow lines refer
to the 399.6, 400.6 and 401.9 eV Gaussians components, respectively;
(D) chitosan in the C 1s binding energy region: the dark cyan, magenta,
dark yellow and navy lines refer to the 285.0, 285.5, 286.5, and 288.1 eV
Gaussians components, respectively; (E) chitosan in the O 1s binding
energy region: the dark cyan, and magenta lines refer to the 531.1, and
532.7 eV. Gaussians components, respectively; (F) chitosan in the N 1s
binding energy region: the dark cyan, magenta, and dark yellow lines refer
to the 399.3, 400.3 and 401.6 eV Gaussians components, respectively. The
blue line represents the background, and the red line superimposed to the
experimental black profile refers to the sum of the Gaussian components.
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three Gaussians at: 531.5 eV due to the oxygen states of
the above-mentioned -C—0O groups, 532.5 eV attributable to
alcoholic C-O- groups, as well as to some oxygen of the Si
substrate, and 533.9 eV due to the sizeable presence of water on
the sample surface.”?

Fig. 2C shows the XP spectrum of CDs-chitosan in the N 1s
binding energy region. The spectral fitting required three
Gaussians at: 399.6 eV due to the chitosan R-NH, levels (relative
intensity 5%), 400.6 eV due to the -amide N-C=O levels
(relative intensity 16%), and 401.9 eV due to quaternized
graphitic nitrogen states (relative intensity 79%) that make
water soluble the present chitosan-functionalized carbon dots.
This latter component is much more abundant than the others
and, according to recent literature data, suggests that the
present carbon dots are N-doped.>* For comparison XPS spectra
for the precursor have been recorded, in details, Fig. 2D shows
the XP spectrum of chitosan in the C 1s binding energy region.
A careful deconvolution of the experimental spectrum required
four Gaussians at: 285.0 due to the C-C and C-H states,
285.5 eV due to the C-N states of both amine and amide groups
(the last of which is due to some partial acetylation), 286.5 eV
due to the alcoholic C-OH states, and 288.1 eV due to both
C=0 states of the amide, and C(O)-O states of the hemiacetal
group.”® The intensity ratios of the last-mentioned three Gaus-
sians are 1:4:1, as expected based on the chitosan formula.
Fig. 2E shows the XP spectrum of chitosan in the O 1s binding
energy region. The spectral fitting required two Gaussians at:
531.1 eV due to the C—O0 states of the acetylated chitosan, and
532.7 eV attributable to the C-O- groups of the chitosan, as well
as to some oxygen of the Si substrate.”® Fig. 2F shows the XP
spectrum of chitosan in the N 1s binding energy region. Two
experimental peaks at 399.7, and 401.1 eV are evident. The
accurate spectral fitting required three Gaussians at: 399.3 eV
due to the R-NH, levels, 400.3 eV due to the -NH-C—O levels,
and 401.6 eV due to some relevant -N* states.?” The presence of
quaternized nitrogen is due to the solubilization process of the
sample that was carried out in an acetic acid solution.
In summary, the XPS data clearly confirm the presence of
chitosan-residues on the CDs shell, with quaternized nitrogen
improving the water dispersibility of the nanostructures com-
pared to the chitosan precursor.

The presence of a shell of chitosan residues in the here
synthesized CDs-chit depends on the temperature used for the
carbonization process. As reported in the literature, no residues
of acetylated or deacetylated chitosan rings were detected at
higher carbonization temperature. In particular, both Stephen
and coworker®® and Zhang and coworkers®® reported that
by a carbonization process at 300 °C for 2 hours, a complete
chitosan pyranose ring decomposition occurs and CDs with
amino groups on the surface are formed, as confirmed by
positive Z-potential and FTIR data.>® Similarly, we obtained
fully carbonized CDs when chitosan was heated at 400 °C for
4 hours (Fig. S4 The formation of CDs-chit, featuring a shell of
acetylated chitosan residues as depicted in Scheme 1, was
confirmed by dynamic light scattering and zeta potential mea-
surements conducted at various pH values (4.35, 5.7, 7.4, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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10.48 units) at 25 °C. In particular, the experiments indicated
for an aqueous dispersion of CDs-chit (1 mg mL™") a slight
variation of the hydrodynamic diameter with increasing pH
values: 290.5 £+ 9.9 nm at pH 4.35, 294.2 4+ 15.4 nm at pH 5.7,
330.8 + 18 nm at pH 7.4, and 353.7 £+ 17.3 nm at pH 10.48.
According to the absence of NH, groups on the shell, negative
values of the Z-potential were observed for all the pH range
investigated (—15.6 + 0.5 mV at pH 4.35, —16.1 £+ 0.9 mV at
pH 5.7, —18.4 £+ 1.03 mV at pH 7.4, and —21.4 + 1.3 mV at
pH 10.48). (Fig. S5).

Thus, it is plausible that the deacetylated fraction of chit-
osan (75-85% abundant) is primarily involved in the formation
of the N-doped Carbon core, as suggested by XPS data. Con-
versely, the acetylated fraction of chitosan (15-25% abundant)
contributes to the formation of the outer shell, as supported by
FTIR spectra, the negative Z-potential values even observed at
acidic pH, and the acetyl signals detected in the NMR analysis.

Photophysical properties of CDs-chit. Upon light excitation,
CDs-chit exhibited interesting photo-physical properties as
photothermal effect, photooxidation, and photoreduction prop-
erties. To investigate the photothermal properties, an aqueous
dispersion of CDs-chit (100 pL, AbS4osnm = 0.67, 1.0 mg mL ™)
was continuously exposed to a 405 nm laser (211 mW power).
The temperature changes were monitored by a thermal camera.
When the temperature of the system reached the maximum value
of about 41 °C (temperature difference = Tiax — Tenvironment =
15.5 °C), the laser was switched off and the temperature changes
during cooling were monitored to confirm the heat transfer of the
system (Fig. 3A). A photothermal conversion efficiency () value of
57.1% was calculated (Fig. S6). The laser power-dependent beha-
viour was confirmed by the experiments performed at different
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Fig. 3 Photothermal experiments for CDs-chit water dispersion: (A)
representative photothermal cycles of CDs-chit (1 mg mL™%, 100 uL) upon
photoexcitation with laser 405 nm at different laser power 70, 100, 170 and
211 mW. (B) Photothermal effect of CDs-chit at different amounts of CDs-
chit (laser 405 nm power 211 mW). (C) Two-photon photothermal effect of
CDs-chit water dispersion (6.6 mg mL™ and 3.3 mg mL™* upon photo-
excitation with NIR-light (808 nm, 1 W) and (D) representative thermo-
graph during the photothermal experiments.
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laser powers of 70, 100, 170, and 211 mW, which resulted
in corresponding T« values of 30.6, 33.2, 36.2, and 41.0 °C,
respectively (Fig. 3A). To better investigate the correlation between
the photothermal activity and the amount of CDs-chit, experi-
ments were performed using different amounts of CDs-chit. The
results in Fig. 3B show temperature increases of approximately
41.0, 32.2, and 28.4 for CDs-chit concentrations of 1.0, 0.1 and
0.01 mg mL™", respectively.

A photothermal effect, through the well-known two-photon
mechanism,*® was even observed when the CDs-chit samples
were photoexcited by a NIR-light source (808 nm). In particular
aqueous dispersions samples of CDs-chit (100 pL, 3.3 mg mL ™"
and 6.6 mg mL '), with negligible absorption values above
700 nm, were continuously exposed to 808 nm laser source
(1 W power). The increases of temperature upon 5 minutes of
photoexcitation, monitored by a thermal camera were 8.2 °C
and 6.3 °C for the sample at 6.6 mg mL~" and 3.3 mg mL ",
respectively (Fig. 3C). The photothermal conversion efficiency
(1) values of 17.1% (ts = 122.9 s) and 15.2% (75 = 102.7 s) were
calculated for the sample at concentration 6.6 mg mL '
and 3.3 mg mL™" respectively. These data clearly indicate the
red-light triggered photothermal property of CDs-chit by two-
photon mechanism with an average photothermal yield con-
version value of about n = 16.2% (s = 112.8 s). Representative
thermographs of the photothermal experiments are depicted in
Fig. 3D. The temperature environment during all experiments
was about 25.8 £ 0.5 °C.

The optical band gap values calculated by Tau’s plot equa-
tion (1.7-2.24 eV) suggest the semiconductor properties of
CDs-chit, through the photogeneration of reducing-electrons
and oxidizing-holes species, as recently reported for similar
CDs." In particular, the photoreducing properties of CDs-chit
were investigated through the photochemical formation of Au®
nanostructures. Upon photoexcitation of a CDs-chit water dis-
persion (1 mg mL ") containing HAuCl, (0.56 mM) a rapid
formation of gold nanoparticles was observed, evidenced by
the emergence of a localized surface plasmon resonance (LSPR)
absorption band in the visible region at around 590 nm
(Fig. 4A).

—=—100 MW/
—o—200 MW

Absorbance

100 200 300 400 500 600

Wavelength (nm) Time (sec)

Fig. 4 CDs-Chit/Au nanostructures: (A) changes in the optical absorption
spectrum of a CDs-chit water dispersion during the Au-nanostructure
photogeneration (CDs-chit 1 mg mL™%, HAuCl, 0.56 mM, 2 lamps at
300 nm, different times: 0, 2, 4, 6, 8, 10, 15, 20, 25, 30, 45, 75, and
120 min). Inset: photograph of the CDs-chit/Au water dispersion. (B)
Photothermal experiments for CDs-chit/Au dispersion in water (100 uL,
Aszonm = 0.176), upon photoexcitation with Laser CW 532 nm at power
values 100 and 200 mW.
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The disappearance of the Au™ band at around 302 nm and
the for-mation of the LSPR band at around 580 nm with a net
isosbestic point at around 344 nm indicated the direct conver-
sion of Au™ to Au’. The CDs-chit are crucial for the photo-
generation of the Au nanostructures. In particular, the
carbonaceous core of the CDs-chit nanostructures, by absorb-
ing UV-photons (300-400 nm), produces free-electrons (e~ ) and
hole (h") by the reaction (1), the free-electron induces the
photoreduction reaction (2) while the chitosan shell acts as a
capping agent determining shape, size and water dispersibility
of the photogenerated Au nanostructures.

CDs-chit + /v (300 nm) — CDs-chitth”) +e~ (1)
Au"'Cl,” + 3¢~ + nCDs-chit — (CDs-chit),/Au’® + 4C1~  (2)

Control experiments, in which an aqueous dispersion of
CDs-chit (1 mg mL ') and HAuCl, (0.56 mM) was stitred in
the dark for different times, confirmed the photoinduced
generation of Au nanostructures. Indeed, in the absence of
photoexcitation, no LSPR band appeared in the optical spectra
(Fig. 7).

To investigate the photothermal properties of CDs-chit/Au®,
an aqueous dispersion of sample (100 pL, A5z, n, = 0.176) was
continuously exposed to a 532 nm laser source. The tempera-
ture changes were monitored using a standard thermal-camera.
Fig. 3B illustrates the representative photothermal cycles of the
nanostructures during photothermal experiments at various
laser powers (100 and 200 mW). When the temperature of the
system reached the maximum value (Tyay), the laser was
switched off and the tempera-ture dropped to environmental
temperature (Ten,). The power-dependent behaviour was con-
firmed by experiments performed with different laser powers
and the temperature values recorded were approximately 28.6
and 31.1 °C with 100 and 200 mW laser power, respectively
(Fig. 4B). The Te,, was around 25.3 °C. Two representative
photothermal cycles for these experiments are reported in
Fig. S8. A photothermal conversion efficiency (i) value of about
28.6%, with a photothermal time constant (ts) value of about
123.1 s, was calculated by Roper’s equation (Fig. S9). Recently,
similar nano-hybrid systems have been proposed for biomedi-
cal applications including drug delivery,® bioimaging,** and
DNA sensing.*

The photooxidant properties of CDs-chit nanostructures
were spectroscopically confirmed by using methylene blue
(MB) as h" scavenger, through the reaction (3).

MB + CDs-chit(h") — CDs-chit + MB"* (3)

The MB will form by-product for standard photodegradation
pathway.

Fig. 5A illustrates the optical absorption spectra of the CDs-
chit/MB (1 mg mL™") water dispersion upon UV-light irradia-
tion (300 nm) in deaerated conditions and at different irradia-
tion times (10, 20, 30, 40, 50, and 60 min). The decreases of the
MB absorption band at around 665 nm confirmed the rapid
photodegradation of MB. The control experiment conducted in
aerated condition demonstrated that in the presence of O, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photooxidation experiments of CDs-chit (1 mg mL™Y) water dis-
persion in the presence of MB upon UV-light irradiation (10, 20, 30, 40, 50,
and 60 min, 2 lamps 300 nm): (A) optical absorption spectra in the region
300-850 nm of CDs-chit/MB dispersion and (B) MB photodegradation (%)
in aerated, deaerated and dark conditions.

MB photodegradation does not occur (Figure S10) due to the
photo-quenching of O,.

The photoinduced oxidation was also confirmed by the
experiments conducted in dark conditions. In this case no
MB photodegradation was observed (Fig. S11). Fig. 5B sum-
marizes the MB photodegradation (%) in aerated, deaerated
and dark conditions. It is known that upon photoexcitation
with UV-photons (300 nm) in the absence of oxygen the reaction
(3) is dominant.

Biological experiments

Cytotoxicity experiments. To assess the effect of CDs-chit on
cell viability, MTT assays were performed on human colorectal
adeno-carcinoma cells (CaCo-2). In details, an amount of 5000
cells was exposed to increasing amounts of CDs-chit (0.04, 0.4,
4.0, and 40 pg) for 24 hours as reported in the experimental
section. As illustrated in Fig. 6, a reduction of the cell viability
of only 3.25% (p-value: 0.6673) and 0.25% (p-value: 0.9996),
compared with the untreated control, was observed for the
cells treated with 0.4 and 0.04 pg of CDs-chit, respectively.
No remarkable effect on cell morphology was observed. At
higher concentrations of CDs-chit, 4 pg and 40 pg, cell mortality
of 23.2% (p-value: <0.001) and 37% (p-value: <0.001) were
recorded, respectively. The results clearly show a dose-
dependent effect of CDs-chit on the cell viability. At the lowest

1104
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2 404
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CTRL 0.04pg 0.4pg 4pg 40 pg

Fig. 6 Viability of human colorectal cells treated for 24 hours with
increasing concentrations of CDs-chit (0.04, 0.4, 4.0, and 40.0 pg). Bars
are means SEM of three independent experiments with n = 3.
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concentrations (0.04 and 0.4 pg), the CDs-chit are well tolerated
by the cells, suggesting a low level of initial cytotoxicity.

Curcumin loaded CDs-chit nanostructures: preparation and
characterization. To ascertain the drug loading capability of
CDs-chit, curcumin (curc), a poorly water-soluble natural drug,
was loaded in the CDs-chit nanostructures. To prepare the
supramolecular adduct (CDs-chit/curc) an excess of curc (1:3,
w/w) was added to a CDs-chit dispersion and the mixture was
stirred for 72 hours in the dark. Then, the sample was centri-
fuged (13000 rpm, 10 min) to remove the unentrapped drug.
The formation of the CDs-chit/curc adduct on PBS was con-
firmed by spectroscopic method.

The UV-vis absorption spectrum of CDs-chit/curc (Fig. 7A)
showed the typical curcumin absorption band in the range 400-
480 nm and the typical n-n* band of the CDs at around 265 nm.
The curcumin loading capacity, calculated as reported in
experimental section, was found to be about 3.5% while the
entrapment efficiency was calculated to be about 13%.

Molecular Modelling simulations were employed to investi-
gate the geometry of the CDs-chit/curc adduct, which was
optimized using the Compass Force Field. In details, ten
structures were selected and further subjected to optimization
at the DFT level. After simulation investigations, three lowest-
energy geometries named G1, G2, and G3 were obtained
(Fig. 7B). The energy of structure G1 was considered as refer-
ence (E = 0.00 kcal mol™ "), while the energy of the G2 and G3
were calculated to be +13.24 kcal mol™' and +16.95, respec-
tively. The lowest-energy structure (G1) is characterized by three
electrostatic interactions between the curcumin molecule
(exposing the enolic group and the two phenolic oxygens) and
three amide groups present in the CDs-chit shell. These long-
range electrostatic interactions stabilize the aggregation
curcumin-chitosan more effectively than the van der Waals
interactions for the G2 and G3 structures. The simulated UV-
Vis spectrum corresponding to structure G1 is shown in
Fig. S12. The simulated spectrum exhibits an absorption peak in
the range 380-482 nm, attributed to the n-n* electronic transition
for curcumin, consistent with the one observed in the experimental
spectrum at 400-480 nm (Fig. 5A), at lower wavelength the absorp-
tion of the chitosan acetyl group was also recorded.*

Absorbance

Wavelength (nm)

Fig. 7 CDs-chit/curc: (A) UV-Vis optical absorption spectra of CDs-chit
(line 1) and CDs-chit/curc (line 2), insets photographs of CDs-chit (1) and
CDs-chit/curc (2). (B) CDs-chit/curc geometries: G1, G2 and G3. Minimum
geometries of different structures after DFT calculation at B97D/6-
311+G(d,p)/CPCM level.
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The spectroscopically data clearly indicated an enhance-
ment of the curcumin solubility (Fig. 7A red-line 2) due to the
CDs-chit/curc complex formation. This complex formation is
corroborated by the modelling simulation results indicating
effective electrostatic interactions between the curcumin and
the amide termination in the outer CDs-chit shell, as well as the
simulation absorption in the curcumin range absorption.

RNAseq experiments. In order to investigate the effect of the
CDs-chit/curc adduct on metabolic pathway of human cells, the
gene expression of 48 genes of HeLa and HTC-116 cells treated
with the nanostructures were investigated by RNAseq assay.’®
The results showed for the treated HeLa cells no statistically
significant differences with the untreated control for all the
genes investigated (Fig. 9), to indicate an excellent metabolic
biocompatibility. Similarly, the experiments performed for the
HCT-116 cell line showed no statistically significant differences
for all genes except the IL-6 gene, which showed a significant
gene expression downregulation (Log2 Fold Change = —6.18
p-value = 0.01) (Fig. 8).

The observed down regulation of IL-6 (a pro-inflammatory
cytokine often implicated in tumor progression and immune
evasion)®® is indicative of the CDs-chit/curc anti-inflamma-
tory activity, which could promote the inflammation-driven
reduction of the tumor pro-liferation®” and sensitizing to
immune-mediated attacks.®® These data clearly suggest the
good biocompatibility of the CDs-chit/curc nanostructures with
both cell lines investigated. The un-changed gene expression
observed clearly indicates that CDs-chit/curc do not affect the
transcriptional homeostasis, a key factor to ensure protection
in non-cancerous cells. All numerical data on fold change are
reported in Tables S3 and S4. Further studies should aim to
investigate the biochemical pathways modulated by CDs-chit/curc
in different human tissues.

Cellular internalization experiments. Confocal imaging
experiments were performed to evaluate the potential of CDs-
chit/curc as a drug delivery system. Fig. 9 illustrates represen-
tative bright-field (9A) and confocal fluorescence (9B) images of

HCT 116

.
.
.
.
.

00 o5 1o s

Log, Fold Change

Log, Fold Change

Fig. 8 Gene expression difference, calculated as log2 (fold change), in
Hela cells and in HCT-116 cells treated with CDs-chit/curc compared to
control. p < 0.001: *** (highly significant), 0.001 < p < 0.01: **
(significant), 0.01 < p < 0.05: * (moderately significant), p > 0.05: ns
(not significant).
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Fig. 9 CDs-chit/curc cell internalization experiments: (A) representative
bright-field and (B)confocal fluorescence images of Hela cells not
exposed to CDs-chit/curc nanoparticles (ctrl) and after incubation with
different amounts of CDs-chit/curc adduct (4.0 pg pL™Y). (C) Average
fluorescence intensity, reflecting the intracellular uptake of the nano-
structures at increasing concentrations. (D) NIR-triggered cell damages
of CDs-chit/curc on HCT-116 cells upon photoexcitation with NIR-laser
808 nm; 1 W: MTT analysis of the not irradiated cells treated with
nanostructures (S1), irradiated untreated cells (S2) and cells treated with
nanostructures and irradiated (S3).

HeLa cells at different conditions: untreated and treated cells
with CDs-chit/curc adduct (4.0 pg pL™' and 40 pg pL™Y).
Untreated cells (control = CTRL) showed no significant emis-
sion apart slight cell auto-fluorescence (10.2 £+ 1.5 u.a). Com-
pared to the control, a net in-crease in fluorescence signal of
14.6 &+ 1.9 u.a and 63.3 £+ 7.7 u.a was recorded for the cells
treated with 4 pg puL™' and 40 pg puL~' of CDs-chit/cure,
respectively. This finding evidenced the effective internaliza-
tion of CDs-chit/curc adducts in the cytoplasm (Fig. 9C).
Proof-of-concept of in-vitro light-triggered cancer cell
damage experiments. Due to the peculiar photophysical proper-
ties of CDs-chit, photo-excitation of nanostructures with red-
light could result in cell mortality through the light-to-heat
conversion. To evaluate the light-triggered cancer cell damage,
HCT-116 cells in the presence of 3.3 mg mL ™" of CDs-chit/curc
were irradiated by a CW laser 808 nm for 15 min. The
temperature of each sample during the experiments was mon-
itored by a thermal-camera, recording a value of 37.4 &+ 0.7 °C
for the not irradiated cells treated with CDs-chit/curc (S1),
38.8 £ 0.9 °C for the irradiated cells without CDs-chit/curc
(S2) and 43.2 + 1.1 °C for the irradiated cells treated with
CDs-chit nanostructures (S3). The cell viability for all samples
was investigated, by a standard MTT test after 24 h of incuba-
tion, showing no significant effect on the cell viability of the not
irradiated samples (S1) and the irradiated cells without CDs-
chit (S2), while an effective cytotoxic effect was evident on the
irradiated cancer cells treated with CDs-chit and exposed to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of CDs-chit prepared by different synthetic approaches

Preparation PL-Q.Y. Emission Absorption  Cells viability (%) cell lines LC-EE (%) Photothermal
methods (%) A (nm) A (nm) (amount of CDs) (drug) 1 (%) Size (nm) Ref.
Microwave — 310-400 280 — — — 0.6-8.7 39
Hydrothermal — 462 231-330 100%, L929 (2-50 ug mL ™) — — 441 40
Carbonization — 468-554 300-600 — — — 2.7+05 41
200 °C/10 h
Carbonization 4.34% 365 261 > 85%, L.929 — — 1-6 42
300 °C/2 h (2-200 ug mL ™)
Hydrothermal — 400-415 260 (97%, 1C-21 and SH-SY5Y EE: 32% — 2.7 43
acid 80 °C/30 min (10-100 pg mL ™) (Dopamine)
Carbonization — 300 — — Discussed but — 44
300 °C/2 h not declared
Autoclave Acid 35% 400 (Exc.  230-290 93%, E. Coli and B. subtilis — — 2.8 (via 45
180 °C/2 h 330 nm) (20-400 pg mL™) HRTEM)
Chitosan loaded 20% 450 360 88% viability on HeLa cells EE: 60.4% — 85 46
on preformed CDs (4-32 pg mL ™! Cds-chit) (Doxorub.)
— 345 280-350 — — 2.34-5.88 47
— 432 282 — — — — 48
Carbonization 6% 430-480 265 nm, 96.75-73%, CaCo-2 LC: 3.5% EE: 57.10% (405 nm), 1.1-10.5  This
190 °C/4 h 300-500 nm  (1-100 pg mL ") 12% (Curcumin) 15% (808 nm) work

Note: LC = drug Loading Capacity, EE = Entrapment Efficiency, PL-Q.Y. = Photoluminescence - Quantum Yield, # = photothermal yield conversion.

red-light (S3) with a cell mortality of about 57.8 + 1.1%.
(Fig. 9D). This data suggests a potential red-light photothermal
cells damaged induced by CDs-chit nanostructures through a
two-photon mechanism. Further investigations will be per-
formed using different cells lines and various CDs-chit amount.

To assess the stability of CDs-chit nanostructures optical
absorption spectra of lyophilized samples dissolved in deio-
nized water were recorded after 2 weeks, 1, 3 and 6 months
from preparation. No significative spectra variation was
observed overtime for all samples investigated to suggest the
good stability of the nanosystem (Fig. S14). Furthermore, the
drug loading capacity of the CDs-chit-curcumin was measured
after six months of the preparation, obtaining a DL% value of
about 3.1%, comparable with the DL% value of 3.5% obtained
for the fresh prepared CDs-chit. In addition, no significative
spectra changes were observed in PBS after 6 months from the
preparation for CDs-chit/Curc complex (Fig. S15). All these data
indicate a good stability of the CDs-chit system overtime.
Moreover, the straightforward chemical and photophysical
properties of CDs-chit such as high water dispersibility, good
stability, excellent light-to-heat photothermal conversion, photo-
luminescence, photoreduction-oxidation properties together with
drug loading capacity and low cytotoxicity makes the proposed
chitosan-based nanostructures an appealing system for photo-
thermal/photodynamic therapies, cell’s tracking and drug delivery
process.

Literature overview. The Table 1 provides a direct compar-
ison of the optical properties (quantum yield emission, photo-
thermal conversion yield), size, morphology, cytotoxicity, cell’s
internalization and drug loading efficiency for CDs-chit pre-
pared via a single-pot approach using microwave, hydrother-
mal, and carbonization methods,**™*> and by functionalization
of preformed CDs with chitosan.*®™*® All nanostructures exhibit
good blue-green luminescence, small size (<10 nm) and low
cytotoxicity. To the best of our knowledge, this work is the most

© 2026 The Author(s). Published by the Royal Society of Chemistry

complete report to describe the properties of chitosan-based
nanostructure prepared using an unprecedented thermal
approach. Moreover, the investigation of tumour cell uptake
and drug loading capacity together with the emission and
NIR-triggered photothermal effect of CDs-chit have never been
reported in the literature.

Conclusions

Luminescent and red-triggered photothermal chitosan-derived
nitrogen-doped carbondots (CDs-chit) were synthesized via
thermal processing of chitosan precursor. A structure composed
of a N/C core capped with chitosan-derived acetylated moieties
was proposed and confirmed through various characterization
techniques. The resulting bioinspired photo-responsive CDs-chit
nanostructures showed excellent water dispersibility, spherical
morphology, and nanometer size. Their emissive behaviour, as
well as light-triggered photothermal, photoxidizing, and photo-
reducing properties were also demonstrated. Under light irradia-
tion, CDs-chit promoted the formation of photothermal gold
nanoparticles stabilized by the carbon nanostructures. CDs-chit
exhibited low cytotoxicity in human cells and the ability to load
curcumin (CDs-chit/cur), selected as a model of a poorly water-
soluble drug. Molecular modelling simulations provided insights
into nanocarrier-drug interactions. Confocal laser scanning
microscopy confirmed cellular uptake of CDs-chit/cur while RNA-
seq revealed no significant alterations in metabolic pathways.
In particular, no changes were detected in the expression of the
48 genes examined, except for a downregulation of IL-6 gene
expression in HCT-116 cells, consistent with the known anti-
inflammatory activity of curcumin. Photothermal-induced cellular
damage was demonstrated upon NIR-light irradiation using an
808 nm laser source. The bio-friendly preparation, conducted
without organic solvents or reagents, combined with favourable
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physicochemical properties, hyperthermia, biocompatibility,
tumour cell uptake, and drug loading capacity are characteristics
that make CDs-chit an appealing candidate for combined chemo-
photothermal cancer therapy.

Materials and methods
Chemicals

All chemicals were obtained from commercial sources in the
highest possible purity and were used as received. Milli-Q-grade
water was used in all preparations. The ultra-filtration devices
were Amicon Ultra devices with a 3000 MWCO (3 kDa) cutoff.

Instrumentation

Optical absorption UV-vis spectra were acquired on a PerkinEl-
mer 365 spectrophotometer. A quartz cuvette with an optical
length of 10 mm was used. Photoluminescence (PL) spectra
were obtained using a HORIBA spectrofluorometer. The emis-
sion was recorded at 90° to the direction of the exciting light
with 3 nm slits. The photoluminescence quantum yield (¢p) of
the CDs-chit dispersion in water (n = 1.33) was obtained using a
solution of quinine sulfate (n = 1.36) as standard (¢p, = 0.55).
'"H NMR (400.13 MHz) and 2D-COSY NMR spectra were
acquired on a Bruker Avance 400™ spectrometer at 297 K.
Chemical shifts (5, ppm) are relative to the residual solvent
peak (D,0, 4.72 ppm). Dynamic light scattering measurements
were performed on a ZetaSizer NanoZS90 Malvern Instrument
(U.K.), equipped with a 633 nm laser, at a scattering angle of 90°
and 25 °C. The size of the particles was calculated from the
diffusion coefficient by using the Stokes-Einstein equation. The
transmission electronic microscopy (TEM) specimens were
prepared by dropping the water suspension of the CDs-chi onto
an ultrathin carbon film supported copper TEM grid. The grid
was dried overnight at room temperature and inserted in the
TEM column of a ZEISS LIBRA200FE microscope for morpho-
logical analysis. We calculated the size distribution by measur-
ing the nanoparticles’ diameter spanning over the grids to
obtain robust statistical data.

Photothermal measurements

The photothermal properties of CDs-chit were investigated by
irradiating a glass tube (diameter 3 mm) containing various
amounts of CDs-chit dispersion. A volume of 100 pL of the CDs-
chit dispersion was irradiated with CW laser 405 nm (different
laser power) for various minutes. We used a FLIR infrared
thermal imaging camera to measure the temperature of the
solution every 20 s, during the heating and cooling processes.
Photothermal conversion yield (1%) was calculated using the
Rope’s equation as described in SI.

Synthesis of CDs-chit

An amount of 200 mg of chitosan (low molecular weight) was
pyrolyzed at 190 °C in air for 4 hours. The obtained reddish
solid product was dispersed in 2 mL of deionized water by
ultrasonic process for 5 min. The unwanted solid aggregates
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and the excess of the insoluble chitosan were removed by
centrifugation (13000 rpm for 5 min) and then by filtration
(pore-size 0.2 um). Finally, the resulting reddish transparent
solution was dialyzed using MilliQ-water through a dialysis
membrane (Spectra-Por Float-A-Lyzer G2 black, 3 mL, 3-5 kDa)
for 46 hours in deionized water. The obtained CDs-chit were
lyophilized and stored at room temperature before the use.

X-ray photoelectron (XPS)

XPS spectra were measured at a 45° take-off angle relative to the
surface sample holder, with a PHI 5000 Versa Probe II system
(ULVAC-PHI, INC., base pressure of the main chamber 1 x
10~® Pa).*® Samples, deposited on Si substrates, were excited
with the monochromatized Al Ko X-ray radiation using a pass
energy of 5.85 eV. The instrumental energy resolution was <
0.5 eV. The XPS peak intensities were obtained after Shirley’s
background removal."”” Spectra calibration was achieved by
fixing the Ag 3ds,, peak of a clean sample at 368.3 eV.”° The
atomic concentration analysis was performed by considering
the relevant atomic sensitivity factors. The fitting of some XP
spectra was carried out, using the XPSPEAK4.1 software, by
fitting the spectral profiles with Gaussian envelopes, after
subtraction of the background. This process involves data
refinement, based on the method of the least squares fitting,
carried out until there is the highest possible correlation
between the experimental spectrum and the theoretical profile.
The residual or agreement factor R, defined by R = [Z(Fops —
Feare)/Z(Fons)?]?, after minimization of the function X(Fops —
Feale)?, converged to the value of 0.03.

Photo-oxidation experiments

An aliquot of CDs-chit (2 mL, 1 mg mL™ ') was mixed with
methylene blue solution (Absggsnm = 0.7398) and irradiated
under stirring with 2 lamps (300 nm, 16W). The experiments
were replicated three times in both aerated and deaerated
conditions (15 min with argon gas) in the dark. The optical
absorption spectra were recorded at different irradiation times
(10, 20, 30, 40, 50, and 60 min).

Photoreduction experiments (Au-nanostructures formation)

To aliquots of 2 mL of CDs-chit (1 mg mL™") in water was added
a volume of 20 pL of HAuCl, (1.6 x 10~ > M). After degassing in
argon for 15 min the sample was irradiated in a photoreactor
equipped with 2 lamps (300 nm, 16 W) for 120 minutes.
The formation of Au-nanostructures was investigated and con-
firmed by optical absorption UV-Vis spectra.

Preparation of CDs-Chit/Cur

An excess of solid curcumin (3 mg mL™") was added to a water
dispersion of dialyzed CDs-chit passed through a 0.2 pum GHP
filter (20 mg in 2 mL). The mixture was stirred at room
temperature for 3 days and in the dark. Then, it was centrifuged
at 10000 rpm for 15 min to give a clear yellow colloidal
solution. As a control, curcumin alone was subjected to the
same treatment. The amount of curcumin entrapped in the
carbon-dots was measured by the optical absorption at 433 nm

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in water (¢ = 55000 L mol~' em™"). Drug loading capacity
(LC %) and entrapment efficiency (EE%) were calculated by
the following equations:

mg drug in 100

LC (%) =
(%) mg drug in + mg CDs-chit X

mg drugin
mg drug used in formulation

EE(%) =

Molecular dynamics simulation

The computational models adopted in this study involved
positioning a curcumin molecule onto a chitosan polymer.
The chitosan structure was modeled by replicating the base
polysaccharide sequence of b-glucosamine and N-acetyl-p-
glucosamine units four times. Only two acetylated groups were
retained, while the remaining -NH, groups were treated as
protonated. The curcumin molecule was modeled in its
monoanion-enol tautomeric form.” Multiple initial configura-
tions were examined and the resulting complexes were placed
in a simulation box with dimensions of 4.5 x 1.5 X 2 nm,
solvated with explicit water molecules, and equilibrated
through a multi-step procedure (Fig. S13). This process began
with 10000 steps of energy minimization using the steepest
descent algorithm and the Compass Force Field, followed by
10 ns molecular dynamics (MD) simulations.>* Subsequently,
an additional 90 ns of MD simulations were conducted, and
10 representative structures were randomly sampled from the
last 5 ns. These structures were further refined using density
functional theory (DFT) optimization. All MD simulations were
conducted at 298 K under periodic boundary condition in NPT
ensemble. Pressure was maintained at 1 atm using a Berendsen
barostat. A time step of 1 fs was employed to integrate the
equation of motion, and long-range electrostatic interactions
were calculated using the Ewald summation method. Na* and
Cl” ions were added as counterions to ensure overall electric
neutrality of the system. For these optimizations, the B97D
functional, which incorporates dispersion corrections,” was
employed in conjunction with the 6-311+G(d,p) basis set.
Solvation effects were accounted for using the Conductor-like
Polarizable Continuum Model (CPCM).>* UV-visible absorption
spectra were calculated using the time-dependent DFT (TD-
DFT) method with the CAM-B3LYP functional®® and the
6-311+G(d,p) basis set. All quantum mechanical calculations
were performed with Gaussian 16 software, while molecular
dynamics simulations were carried out using the Discover
module within the Biovia Material Studio 2017 package.

Cells growth conditions

Human colorectal adenocarcinoma cells (CaCo-2 HTB-37TM,
American Type Culture Collection, Manassas, VA, USA), HeLa-
CCL-2 and HCT 116 CCL-247 cells (American Type Cell Cul-
ture,Manassas, 10801 University Blvd, United States) have been
grown following the standard protocols provided by the ATCC,
in DMEM for CaCo-2 (Cat. No. 11965092, Thermo Fisher
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Scientific, 168 Third Avenue. Waltham 02451, United States)
in MEM for HeLa (Cat. No. 41090036, Thermo Fisher Scientific,
168 Third Avenue. Waltham 02451, United States) and
McCoy medium for HCT-116 (Cat. No. 16600082, Thermo
Fisher Scientific, 168 Third Avenue. Waltham 02451, United
States) both with 10% heat-inactivated fetal bovine serum,
2 mM t-Alanyl-i-Glutamine, penicillin-streptomycin (50 units-
50 pg mL~"); both cells were incubated at 37 °C in a humidified
atmosphere of 5% CO,, 95% air.

MTT assay

Four serial dilutions of CDs-chit were created: 10 pg pL ™',
1 pug puL™', 100 ng puL ™', 10 ng uL~ ' and 1 ng pL~'. CaCo-2
HTB-37TM cells were treated with 40 pL of each solution.
Untreated cells were used as controls. Microplates were incu-
bated at 37 °C in a humidified atmosphere of 5% CO,, 95% air
for 24 h, and then cytotoxicity was measured with colorimetric
assay based on the use of tetrazolium salt MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide. ICsq:
this parameter expresses the concentration of the tested com-
pound necessary to kill half of the cell population after 24 h of
incubation relative to untreated controls. The results were read
on a multiwells scanning spectrophotometer (BioTek Synergy
H1 Multimode Reader Agilent Technologies, Santa Clara, CA,
USA), using a wavelength of 569 nm. Each value was an average
of 4 wells.

Confocal microscopy analysis of cellular uptake

HeLa cells were plated (20000 cells per well) on chambered
coverslips (p-Slide 18 Well Glass Bottom, Ibidi, Grifelfing,
Germany) and allowed to grow overnight. The following day,
cells were incubated with different concentration of CDs-chit/
Curc (4 ug uL~" and 40 pg pL ') for 1 hour. After incubation,
cells were washed with 1X PBS. Confocal fluorescence images
were acquired on a Leica SP8 confocal laser scanning micro-
scope (Leica Microsystems, Wetzlar, Germany) with a 1.4 NA
63 X oil immersion objective (HCPL APO CS2). The microscope
has an incubation chamber to keep the cells at 37 °C and 5%
CO,. The pinhole size was set to 1 Airy Unit. 1024 x 1024 pixel
images were acquired using a line frequency of 700 Hz with 4-
line average with a pixel size of 140 nm. An excitation wave-
length of 405 nm was used, and the emission was detected in
the band 500-600 nm via a hybrid detector, operating in
standard mode. The transmitted light detector channel was
used to generate a brightfield image and visualize the morphol-
ogy of the cells. The fluorescence intensity was evaluated by
selecting regions of interest (ROI) corresponding to single cells
and extracting the average intensity value in the ROL

Amplicon RNAseq treatments

HeLa and HCT 116 cells were plated in a 6-well plate (Cat. No.
30006, SPL Life Sciences Co., Ltd. 48, Geumgang-ro 2047 beon-
gil, Naechon-Myeon, Pocheon-si, Gyeonggi-do 487 835, Korea)
at a concentration of 100000 cell per well and after 24 hours,
they were treated for 6 hours with a concentration of CDs-Chit/
Cur equal to 40 ng uL ', that in a working volume of 500 pL
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corresponds to 20 pg per well. Each treatment was carried out
in triplicate. Untreated cells were used as a control. After
6 hours, cells supernatant was removed and cells were resus-
pended in 300 pL of RLT Buffer (Cat. 74104, Qiagen, Hilden,
Germany) with a concentration of B-mercaptoethanol (Cat.
M6250, Merck, 126 East Lincoln Avenue P.O. Box 2000. Rahway
07065, United States) equal to 10 uL. mL ™" and in 300 uL of 70%
ethanol. The cells were finally frozen at —80 °C awaiting RNA
extraction.

RNA extraction and quantification

The RNA was extracted following the manufacturer’s instruc-
tions of the Qiamp RNeasy Mini Kit (Cat. 74104, Qiagen,
Hilden, Germany); the integrity and the quantification of the
RNA were attest using Agilent RNA 6000 Nano Kit (Cat. 5067-
1511, Agilent, Santa Clara, CA 95051, USA) on a 2100 Bioana-
lyzer Instrument (Cat. G2939BA, Agilent, Santa Clara, CA 95051,
USA) and also using Qubit TM RNA HS Assay Kit (Cat. 2390601,
Invitrogen, Eugene, Oregon, USA) on a Qubit 4 Fluorometer
instrument (Cat. Q33238, Invitrogen, Eugene, Oregon, USA).
The samples and their quantifications are given in Table S1.

Amplicon RNAseq libraries preparation and sequencing

The libraries have been prepared following the manufacturer’s
instructions provided by the protocol generated by the website
https://support.illumina.com/custom-protocol-selector.html

and specifying the following supported combinations (Table S2).
The RNA input used was 100 ng for all samples. The preparation
was carried out by the AmpliSeq TM ¢DNA Synthesis for Illumina
kit (Cat. 20022654, Illumina Inc., San Diego, California, USA) for
retrotranscription, the AmpliSeq TM Library PLUS for Illumina
(Cat. 20019102, Illumina® Inc., San Diego, California, USA) for
preparation and the AmpliSeq TM CD Indexes, Set A for Illumi-
na® (96 Indexes, 96 Samples) (Cat. 20019105, Illumina® Inc.,
San Diego, California, USA) for sample indexing. The denaturing
and dilution of libraries were performed following the ‘“Denature
and Dilute Libraries Guide” protocol provided by Illumina®™
(Document # 15039740 v10). Finally, sequencing was performed
using the MiSeq Reagent Kits v3 (Cat. 15043895, Illumina® Inc.,
San Diego, California, USA) on a MiSeq Instrument (Cat. SY-410-
1003, Mllumina® Inc., San Diego, California, USA). Bioinformatic
analysis, Different Expression Gene and Statistical Analysis were
carried out using QIAGEN CLC Genomics Workbench (Qiagen,
Hilden, Germany).

CDs-chit/cure cytotoxicity under NIR-light irradiation

To test the effect of light irradiation on the activity of CDs-chit/
cure, the HCT 116 cells (5 x 10* cells per well) were incubated
in 96-multiwell plates with 3.3 mg mL™~' amount of Cds-chit/
curc, and exposed to NIR light. Before the experiment, the cells
were washed twice with phosphate-buffered saline (PBS), and
the medium was replaced with freshly prepared DMEM buffer.
The samples were passed through 0.22 um filters to remove
contaminations. Each well was individually exposed for 8 min
to light irradiation (4 = 808 nm, 1 W). A treated but nonirra-
diated wells were taken under the same condition and used as
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controls. To reduce cellular stress, during light treatment, all
samples were taken at 37 °C. During light irradiation, the
overheating of the well was monitored by a thermal camera.
After photoexcitation, both treated and untreated samples were
placed in the incubator at 37 °C and 5% CO,. After 24 h, the
standard MTT test was performed to evaluate the cytotoxicity.
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