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HIGHLIGHTS GRAPHICAL ABSTRACT

e Polyphenolic CDs with extended
n-conjugation and orange emission were
prepared.

e Hydrophilic O-CDs showed good NIR-
harvesting potential with excellent
PCE~58%.

o Apoptosis-related proteins and genes
were upregulated due to the photo-
thermal effect

o NIR-induced oxidative-stress in cooper-
ation with hyperthermia, kills cancer
cells.
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ARTICLE INFO ABSTRACT

Keywords: A facile wet chemistry-based strategy was developed to synthesize orange emissive Carbon dots (O-CDs) based on

Carbon d°t_s ) dehydration-induced ring-fusion of the precursor (1,3-dihydroxynaphthalene) in a dehydrating sulfuric acid

Z)range emission medium. The O-CDs revealed significant Near-infrared (808 nm) light harvesting potential with outstanding
poptosis

photothermal conversion efficiency (~58%) and hence exhibited excellent NIR-light stimulated photothermal
anticancer performance. Furthermore, these fluorescent O-CD nanoprobes displayed excitation-dependent
polychromatic emissions in the range of 540-640 nm, with the dual emission maxima at 540 and 580 nm,
corresponding to yellow and orange emission at the excitation of 490 nm. Various mitochondrial, as well as

NIR-triggered photothermal
Anticancer activity
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cytoplasmic apoptosis-related proteins and genes were upregulated during photothermal treatment, which
suggests that hyperthermia and oxidative stress have a major impact on cell death. The anticancer activity of O-
CDs is likely due to the elevated reactive oxygen species (ROS) amplification in cooperation with the hyper-
thermia effect. This study offers a potential alternative to bio-nanomedicine for cancer treatment by carbon-

based photothermal therapy.

1. Introduction

Near-infrared radiation (NIR) responsive photothermal agents
(PTAs) have emerged as an outstanding substitute for chemotherapeutic
drugs because of their low side effects, minimal invasiveness, and high
specificity toward tumors [1,2]. PTAs exploit photon energy and
transform it into heat, resulting in local hyperthermia, which combats
infectious cancer cells[3]. A number of PTAs, such as metallic oxides,
metal chalcogenides, noble metal-based nanomaterials, organic
NIR-chromophores, and polymeric nanocomposites, have been widely
explored for NIR-mediated photothermal action to destroy cancerous
cells [4-9]. However, conventional PTAs possess high toxicity and lower
photothermal conversion efficiency (PCE), which limits their thera-
peutic application [10,11]. In contrast, carbon-based nanoparticles have
drawn remarkable appreciation because of their favorable physi-
ochemical properties, low cytotoxicity, and comparatively higher
biosafety [12-15].

carbon dots (CDs) with distinct photoluminescent characteristics
have fascinated researchers because of their broad range of applications,
which include sensing, bioimaging, photocatalysis, drug delivery, and
wound healing [16-24]. Recent advances in the usage of CDs as superior
photoactive materials for photothermal therapy are notable [25]. More
importantly, CDs have been well explored as excellent photoactive and
NIR-responsive agents for photothermal therapeutic application in
cancer or bacterial disease. For instance, Jia et al. produced Hypocrella
bambusae-derived CDs, which could be used as NIR-responsive
(635 nm) photothermal therapeutic agents for cancer treatment [26].
Ge et al. synthesized polythiophene phenylpropionic acid-derived CDs
with red emission having NIR-responsive behavior under 671 nm laser
as superior photothermal nanotheranostic agents for cancer diagnosis
and cure [27]. Nevertheless, their usage in clinical practice is con-
strained by the application of high-frequency radiation that has inade-
quate tissue permeation and low PCE. Furthermore, a few investigations
have been attempted utilizing long-wavelength NIR lasers; however,
they exhibited insufficient PCE. For instance, Li et al. synthesized
watermelon-derived CDs with NIR-II emission and good NIR-harvesting
(808 nm) properties but exhibited photothermal PCE reaching only
30.6% [28]. Therefore, it is essential to design suitable CD-based NIR--
light-sensitive biocompatible PTAs with high PCE.

According to prior studies, enhancing the extent of conjugation de-
gree into the carbon framework may significantly boost the light-
harvesting ability for longer wavelengths, which is beneficial for
obtaining high PCE. Several attempts have been undertaken to produce
CD nanostructures with extended n-conjugation via meticulously
screening proper polycyclic aromatic precursors for NIR-responsive
photothermal treatment. For instance, pyrene and coronene were pre-
viously investigated as aromatic hydrocarbon precursors to produce CDs
with extended n-conjugation exhibiting superior NIR-harvesting char-
acteristics and good PCE for photothermal tumor therapy [3,29,30].
Similarly, Perylene and polythiophene have also been explored to
develop extended w-conjugated CDs nanostructure with superior
NIR-harvesting features and good PCE for photothermal bactericidal and
anticancer properties [31,32]. Consequently, it is of utmost interest for
the current researchers to explore a variety of suitable polycyclic aro-
matic precursors to manufacture CDs with extended n-conjugation and
superior NIR-triggered photothermal properties for diverse applications.

Herein, we adopted a wet-chemistry-based synthesis approach to
produce orange emissive polyphenolic-CDs based on dehydration-

induced ring-fusion involving six-membered ring cyclization of the
precursor (1,3-dihydroxynaphthalene) in dehydrating sulfuric acid
medium. The as-synthesized O-CDs demonstrated superior NIR-light
(808 nm) harvesting properties with impressive PCE ~58% and
revealed excellent NIR-triggered photothermal combat of infectious
cancerous cells. Various mitochondrial as well as cytoplasmic apoptosis-
related proteins and genes were upregulated during photothermal
treatment, which suggests that hyperthermia and oxidative stress have a
major impact on cell death.

2. Experimental
2.1. Synthesis of O-CDs

In a typical synthesis procedure, 1,3-dihydroxy naphthalene
(200 mg) was added to a 100 mL glass beaker containing 5 mL each of
water and ethanol, followed by the addition of 2 mL concentrated
H3SO4. The solution was then kept in a hot air oven preheated to a
constant temperature of 190 °C, and the reaction time was maintained
for 100 min. After the thermal reaction, the beaker was immediately
taken out and cooled naturally to room temperature. After adding 15 mL
of DI water, centrifugation was performed at high speed (10 000 rpm) to
collect the desired CQDs, which were washed with water once followed
by dialysis (using cellulose ester membrane with a molecular weight cut-
off of 500 Da) for 24 h against DI water. The dialyzed product was
centrifuged at 4000 rpm to discard any agglomerated particles and
finally dried to obtain a black O-CDs powder, as shown in Figure S1
(electronic supplementary information, ESI{). The as-synthesized O-
CDs are well dispersible in water and stable as shown in Figure Slc
(ESI{).

2.2. Photothermal experiment and PCE Measurement of O-CDs

For in vitro photothermal measurements, the O-CDs (200, 300, and
400 ug mL™!) were placed in a 1.5 mL Eppendorf tube and irradiated
with an 808-nm NIR-laser for 10 min. The temperature change was
recorded using a NIR camera (FLIR-E6390, FLIR, Sweden). The PCE was
evaluated by monitoring the temperature variation of aqueous O-CDs
solution (DI water, neutral pH, 300 pg/mL) as a function of time while
exposed to constant irradiation of NIR-radiation (808 nm, 1 W/em?,
10 min). DI water was taken as a negative control. A digital infrared
thermal camera was used to record and image the solution temperature
variation during the experiment. The PCE has been calculated employ-
ing Eq. (1), which has been mentioned in earlier papers [3,27,33,34].

hA(Tmax - Tsurr) - QDis

11— 10 ™) )

}1:

where A and h refer to the container’s surface area and heat transfer
coefficient, respectively. Tgyy and Tmax indicate the surrounding’s
temperature (26.5 °C) and equilibrium temperature (56.8 °C), respec-
tively. Qpjs denotes the heat dissipated by the solvent during light ab-
sorption. I signify the incident laser power, and AL denotes the
absorbance of O-CDs at 808 nm. hA was calculated using Eq. (2):

mpCp

Tg = hA

(2)

where g denotes the time constant determined from the cooling profile.
mp and cp represent the mass (1 g) and heat capacity (4.18 J/g) of the
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experimental solvent (DI water), respectively. To assess tg, 6 should be
considered using Eq. (3):

AT
ATmax

0= 3

where AT indicates temperature variation between system solution
temperature and room temperature, while ATmax denotes temperature
variation at the maximum steady-state temperature.

The value of T was obtained from the linear plot of cooling time vs -In
(0) according to Eq. (4)

t= —1(In0) @
The value of hA was estimated to be 0.008. Thus, the PCE () of the

O-CDs solution was measured to be ~58%.

3. Results and discussion

3.1. Formation mechanism, structure, and surface properties of O-CDs

1,3-dihydroxynaphthalene, a polycyclic aromatic phenolic com-
pound, was strategically selected as a carbon precursor to design CDs

(a)

OH

Conc. Sulfuric acid, -H,0

Thermal heating (190°C)
H
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with the n-conjugated core. Previous findings on the synthesis of
phloroglucinol and naphthoresorcinol-derived CDs served as inspiration
for the polyphenolic O-CDs synthesis [35-37]. A number of 1,3-dihy-
droxynaphthalene monomers encountered six-membered ring cycliza-
tion by trimolecular reaction pathway in the presence of dehydrating
HySO4, resulting in the formation of orange emissive polyaromatic
n-conjugated structure as shown in the Fig. 1a [35,36]. The morphology
of the as-synthesized particles was measured using high-resolution
transmission electron microscopy (HR-TEM). As shown in Fig. 1b, the
HR-TEM image of O-CDs displayed an average particle size of 3-7 nm
with a well-ordered lattice spacing of 0.21 nm, revealing an interplanar
distance of (100) plane, indicating a defect-free graphene structure [35].
The particle size distribution plot has been shown in Figure S2a (ESIY).
The microstructure and phase composition of the nanostructured CDs
were studied using X-ray diffraction (XRD) spectroscopy. The XRD
spectra (Fig. 1¢) of precursor (1,3-dihydroxynaphthalene) demonstrated
multiple sharp crystalline peaks at ~ 11.2°, ~16.5°, ~19.5°, ~22.5°,
~25.6°, ~28.2°, ~33.9°, ~36.3°, and ~44.2°, which was transformed
into a distinctive broad peak at 20 ~ 24.7°, corresponding to (001)
lattice of graphitic carbon [16,36]. The Raman spectra were acquired to
analyze the fundamental structure of O-CDs, as shown in Fig. 1d. Raman

1,3-dihydroxynaphthalene 0-CDs
~ ° G-band
(C) e - (d) D-band
= s
2 (001) S
- 2 0-CDs
g
7]
c [
g 0-CDs E
£
Precursor
kb L1 s Precursor
20 40 60 80 900 1200 1500 1800
20 (degree) Raman shift (cm-1)
—_ Cis
E (f) s (9)
< 1600 3330 S -
g s =
g Precursor 1126 ; 8
= 1025 = g,
c "
e g g
c = -
s = s | E
[
4000 3000 2000 1000 800 600 400 200 202 288 284 280

Wavenumber (cm'1)

Binding Energy (eV)

Binding Energy (eV)

Fig. 1. (a) Schematic for the formation of O-CDs; (b) HR-TEM image (inset is the magnified portion of particle showing lattice spacing; (c) powder XRD spectra of
precursor (black line) and O-CDs (red line); (d) Raman spectra of precursor (black line) and O-CDs (red line); (e) FT-IR spectra of precursor (black line) and O-CDs
(red line); (e) XPS total survey spectra of PY-CDs (red line), and nitroperylene (black line); (f) XPS total survey spectra of O-CDs; (g) deconvoluted XPS spectra of Cls.
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spectra of precursor (1,3-dihydroxynaphthalene) exhibited numerous
unknown peaks, while O-CDs revealed characteristic peaks indicating a
significant degree of graphitization. O-CDs showed typical bands at
~1380 and ~1590 cm ™}, representing D-and G-band, respectively [17].
The D-band at 1380 cm ™! indicates the existence of disordered sp® hy-
bridized carbons in the structure. The G-band at 1590 cm ™! suggests the
existence of sp? hybridized carbon in the framework, indicating a sub-
stantial degree of graphitization [20]. An Ig/Ip ratio (G band intensity: D
band intensity) greater than unity corresponds to high-quality graphe-
ne-structured CDs. These results imply the formation of O-CDs with
large and extended n-conjugated polyaromatic networks. The surface
functional moieties were assessed using Fourier-transform infrared
(FT-IR) spectroscopy as shown in Fig. 1e. The FT-IR spectra of O-CDs
displayed the characteristic stretching vibrations of O-H and C-O/C-S
chemical bonds at 3350 and 1120 cm’l, respectively [17]. The FT-IR
peak at 1600 cm™! is due to the G=C stretching vibration of the poly-
cyclic carbon framework with phenolic hydroxyl groups at the edges
[38,39]. The two emerging peaks at nearly 1380 and 1025 cm ™! are the
stretching vibrations of sulfonyl groups (-SOsH) [40]. Thus, the FTIR
spectra reveal that the CDs were composed of C-S, C-O, C=C, and
C-SOsH chemical bonds. XPS spectra were analyzed to survey the
elemental valence states and chemical composition of the samples. As
shown in Fig. 1f, the XPS total survey profile exhibited three peaks due
to O 1s,C1s,and S 2p, which indicate that the O-CDs are primarily
composed of three elements (O, C, and S). The deconvoluted C 1s
spectra (Fig. 1g) showed three peaks at 289, 286, and 284.5 eV, signi-
fying the existence of C-O, C-S, and C—C chemical bonds, respectively
[41]. Moreover, the deconvoluted S 2p spectrum (Figure S2b) exhibited
a peak at 168.3 eV, suggesting the presence of surface -C-SOsH groups
[42-44]. Thus, the XPS data indicate that the CDs are mainly composed
of -C-SO3H, C-S, C-0, and C—=C chemical bonds, in accordance with
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FTIR analysis.
3.2. Optical properties

Ultraviolet-visible (UV-Vis) absorption and photoluminescence (PL)
spectra were recorded to evaluate the optical characteristics of the
samples. As shown in Fig. 2a, the UV-Vis absorption spectra of 1,3-dihy-
droxynaphthalene (precursor) exhibited typical peaks at 284 and
332 nm due to 7—n* and n-r* transition, respectively. Interestingly, the
optical absorption band of aqueous O-CDs solution (DI water, neutral
pH, 300 pg/mL) was bathochromically shifted to 510 nm owing to the
n-n* transition of the conjugated carbogenic core, with continuous
broad absorption band ranging from NIR to visible radiation. The O-CDs
sample, dispersed in 70% ethanol, was excited at various excitation
wavelengths, and the resultant PL emission spectra were recorded as
shown in Figure S3a & S3b (ESI}). The PL spectra of O-CDs revealed
excitation-dependent polychromatic emissions in the range of
540-640 nm, with the dual emission maxima at 540 and 580 nm, cor-
responding to yellow and orange emission at the excitation of 490 nm.
Moreover, the as-synthesized O-CDs exhibited high aqueous dis-
persibility, making them a suitable agent for bio-application. Likewise,
the O-CDs sample dispersed in water exhibited similar excitation-
dependent polychromatic emissions in the range of 540-640 nm, with
the dual emission maxima at 540 and 580 nm, as shown in Fig. 2b &
Fig. 2c. Figure S3c (ESIt) & Fig. 2d display the excitation and emission
contour profiles of O-CDs in ethanol and water, respectively. It is to be
noted that in both the solvents, O-CDs exhibited maximum emission
center in the yellow-orange region. O-CDs with photostable fluorescence
and good intercellular distribution inspired us to inspect cellular imag-
ing studies under fluorescence microscopy. Figure S3d (ESIT) shows the
fluorescence microscopy images of cells treated with O-CDs (24 h
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Fig. 2. (a) UV-Vis absorption spectra of precursor (black line) and O-CDs (red line); (b) PL emission spectra of O-CDs at various excitation wavelengths; (c)
excitation-dependent PL emission spectra of O-CDs; (d) excitation and emission contour profile of O-CDs.
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incubation) under bright fields, yellow/red channels, and merged
images.

3.3. NIR-responsive photothermal properties

It is reasonable to consider O-CDs as a potential NIR-triggered pho-
tothermal agent due to its broad UV-Vis absorption spectra composed of
continuous energy bands and the presence of an extended n-conjugated
carbon framework [3,31,34]. The photothermal conversion perfor-
mance of the aqueous O-CDs solution was assessed under the irradiation
of NIR-light (808 nm). DI water was utilized as a control throughout the
experiment. The procedure of the photothermal experiment and PCE
calculation have been depicted in Section 2.2. An aqueous solution of
O-CDs (200-400 pg/mL) was exposed to the constant irradiation of the
NIR beam (808 nm, 10 mins) to determine the fluctuation in tempera-
ture as a function of irradiation time. Fig. 3a depicts the temperature rise
pattern of aqueous O-CDs solution at different concentrations as a
function of irradiation time for 10 min duration under the steady stim-
ulation of NIR light (808 nm, 1 W/cm?). It is to be noted that pure DI

Colloids and Surfaces A: Physicochemical and Engineering Aspects 696 (2024) 134266

water (control) didn’t show a significant increase in temperature with a
slight rise of 5 °C during irradiation for 10 min under continuous NIR
irradiation. Interestingly, with a gradual increase in the O-CDs con-
centration from 200-400 pug/mlL, the system exhibited an incremental
rise in temperature. The aqueous O-CDs solution at the concentration of
200 and 400 pg/mL exhibited temperature rise up to 53 °C and 60.5 °C,
respectively, at 1 W/cm? power density. The significant rise of tem-
perature with an increase in O-CDs concentration probably originated
due to higher absorption of NIR-light by the probe [3]. We also inves-
tigated the impact of NIR laser power density on photothermal by
varying the NIR power density from 1 W/cm? to 1.5 W/cm?. At higher
power density, the aqueous O-CDs solution exhibited higher photo-
thermal heat generation, resulting in elevated solution temperature. As
shown in Fig. 3b, the aqueous O-CDs solution at the concentration of 200
and 400 pg/mL exhibited temperature rise up to 55.6 °C and 71.6 °C,
respectively, at 1.5 W/ecm? power density. Fig. 3¢ depicts the
concentration-dependent temperature fluctuation (AT) over 10 min of
NIR treatment at NIR power density of 1 W/cm? and 1.5 W/em?. It’s
obvious to note that the temperature deviation (AT) at higher laser
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Fig. 3. Photothermal transformation characteristics of O-CDs. (a) Temperature elevation profile of aqueous O-CDs solutions (200-400 pg/mL) during continuous
irradiation of NIR light (808 nm, 1 W/cm?) for 600 s; (b) Temperature elevation profile of aqueous O-CDs solutions (200-400 pg/mL) during continuous irradiation
of NIR light (808 nm, 1.5 W/cm?) for 600 s; (¢) Concentration-dependent temperature fluctuation (AT) over 10 min of NIR treatment at NIR power density of 1 W/
cm?and 1.5 W/cmz; (d) Temperature rise pattern of aqueous O-CDs solution (300 ug/mL) under NIR light at different power density (1 W/cm? and 1.5 W/cmz); (e&
f) temperature rise during NIR treatment and subsequent cooling profile after irradiation was stopped for O-CDs solutions (300 pg/mL, 1 W/cm? vs 300 pg/mL,
1.5 W/cm?); (g) digital photographic thermal images of O-CDs solution (300 ug/mL) captured at various progressive time intervals.; (h) the linear plot of negative
natural logarithm of the temperature driving force as a function of cooling time; (i) photothermal conversion stability of aqueous O-CDs solution (300 pg/mL) across

six cycles of NIR-light on/off.
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power intensity is more due to better absorption of light by the system.
Fig. 3d depicts the temperature rise pattern of aqueous O-CDs solution
(300 ug/mL) as a function of irradiation time for 10 min duration under
the steady stimulation of NIR light at different power densities
(1 W/cm? and 1.5 W/cm?). The photothermal conversion efficiency was
evaluated by recording the temperature variation of aqueous O-CDs
solution (300 pg/mL) as a function of NIR-irradiation time under con-
stant laser exposure (808 nm, 1 W/cm?, 10 min). Fig. 3e depicts the
temperature elevation pattern of aqueous O-CDs solution (300 ug/mL)
during the NIR-irradiation at 1 W/cm? power density for 10 min and
subsequent temperature fall due to normal cooling after turning the laser
off. Fig. 3f shows a similar temperature elevation and subsequent tem-
perature decline pattern under the same conditions but at different
concentrations of O-CDs solution (400 pg/mL) and different NIR laser
power densities (1.5 W/cm?). Fig. 3g displays the digital photographic
thermal images of O-CDs solution (300 pg/mL) captured at various
progressive time intervals amid constant NIR irradiation, which
demonstrate an excellent trend of photo-energy transformation into
thermal energy. Fig. 3h is derived according to the data obtained from
Fig. 3e, which depicts the linear plot of the negative natural logarithm of
the temperature driving force as a function of cooling time. The system’s
heat transfer time constant (tg) was estimated to be 511 s. The experi-
mental section described the measurement of PCE in detail, and it was

Colloids and Surfaces A: Physicochemical and Engineering Aspects 696 (2024) 134266

found to be 58%. Moreover, the photothermal conversion stability of
aqueous O-CDs solution (300 pg/mL) has been investigated, as shown in
Fig. 3i, which shows exhibited good stability across six cycles of
NIR-light on/off. Therefore, the above experimental results reveal that
O-CDs can efficiently convert NIR beam energy into thermal energy,
which could be an appropriate agent for the photothermal killing of
cancer cells.

In recent years, there has been ongoing demand for designing CDs-
based NIR-responsive photothermal agents with high PCE for photo-
thermal therapy. For this purpose, researchers have deliberately
explored diverse scopes by selecting proper CD precursors to synthesize
polycyclic aromatic CDs with extended n-conjugation for better NIR
absorption. Certain reports, which have been listed in Table 1, were able
to design successful NIR-responsive CDs with extended n-conjugation
and high PCE by judicious selection of proper precursors.

3.4. In vitro hyperthermia-induced anticancer activity

Owing to the outstanding photothermal properties of O-CDs, we
inspected their invitro anticancer activity on cancerous cell lines. NIR-
light-induced photothermal anticancer efficacy of O-CDs was evalu-
ated against HepG2 as a model cancer cell line. As shown in Fig. 4a, we
investigated in vitro cytotoxicity of O-CDs at different concentrations

Table 1
Literature survey on various precursor-derived CDs utilized as photothermal agents for therapeutic application.
CDs precursor Synthesis method PL emission Laser PCE  Application Reference
(nm) (nm) (%)
citric acid and Urea and polydopamine Hydrothermal Green 808 26.5  Photothermal anticancer [45]
(520)
Hypocrella bambusae Hydrothermal Red 635 27.6  Photodynamic/photothermal therapy of cancer ~ [26]
(610)
Watermelon juice Hydrothermal Blue 808 30.6  Optical imaging and photothermal therapy [28]
(450)
Polydopamine and folic acid Hydrothermal Blue 808 32.1 photothermal therapy of prostate cancer cells [46]
(485)
1,3,5-Trihydroxybenzene Thermal heating Yellow 808 32.6  Bioimaging and photothermal bactericidal [47]
(550) activity
Dopamine hydrochloride Hydrothermal Blue 808 35 Photothermal cancer therapy [48]
(450)
Ethylenediaminetetraacetic acid monosodium Pyrolysis NA 808 35.1  Photothermal antibacterial therapy and wound [49]
ferric salt healing
Polythiophene benzoic acid Hydrothermal Red 635 36.2  Photodynamic/ photothermal [50]
(640) therapy
zinc tetraphenylporphyrin Hydrothermal Red 660 37 Photothermal Therapy and Photodynamic [51]
(630) Therapy of Cancer
Nitropyrene and Polyethylenimine Hydrothermal Blue 808 38.3  photothermal cancer therapy [34]
(475)
Polythiophene phenylpropionic acid Hydrothermal Red 671 38.5 Imaging and photothermal therapy [27]
(640)
Cyanine dye and PEG800 Solvothermal NIR 808 38.7 Imaging and photothermal cancer therapy [52]
(820)
Alcea extract and CuSO4 Hydrothermal Blue 808 39.3  Cancer Photothermal Therapy [53]
(460)
citric acid and dicyandiamide Hydrothermal Blue 808 41.7  photothermal therapy of cancer cells [54]
(450)
Citric acid and formamide microwave Red 671 43.9 Photothermal cancer therapy [55]
(640)
Citric acid and urea Microwave-assisted Blue 655 54.3  Photothermal cancer therapy [56]
hydrothermal (460)
Nitro-coronene derivative Hydrothermal Green 808 54.7  Photothermal Therapy of Cancer [3]
Nitroperylene Hydrothermal Greenish 808 56.7  Photothermal Bactericidal [31]
yellow activity
(538)
Polythiophene and diphenyl diselenide Hydrothermal Red 635 58.2  photothermal therapy of cancer cells [32]
(731)
Citric acid and urea Solvothermal NA 655 59.2 Photothermal tumor therapy [571
Trinitropyrene Hydrothermal Yellow 635 73.5  photothermal/photodynamic cancer therapy [30]
(570)
Nitrocoronene and BPEI Microwave assisted Blue 808 77.8 photothermal eradication of multidrug- [29]
hydrothermal (450) resistant bacteria
1,3-dihydroxynaphthalene Open system thermal Orange 808 58 Photothermal killing of cancer cells This work
heating (580)
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Fig. 4. (a) Cytotoxicity profile of O-CDs on HepG2 cells after 24 h of incubation.; (b) Cytotoxicity profile of O-CDs on HepG2 cells with and without NIR-treatment
following 24 h of incubation; (c) detection of cytoplasmic apoptotic proteins (caspase-3 activity) with and without NIR-treatment following 24 h of incubation; (d)
Live-dead essay indicating the impact of NIR-radiation and hyperthermia-induced cell death.

(50-200 pg mL™!) on HepG2 cells. It is worth mentioning that HepG2
cells are very much viable at the concentration range of 50-200 pg mL ™!
after 24 h of treatment. More interestingly, the cell even grows faster
(~9.2%) at higher concentrations (200 ug mL-1), which indicates that
the O-CDs samples had limited toxicity, probably due to low levels of
oxidative stress in ambient conditions. Thus, we selected 200 pg mL ™" as
a fixed dose concentration throughout the experiment. Subsequently,
the effect of NIR-irradiation on cell viability was studied. Fig. 4b shows
the cell viability data of HepG2 cells (with and without NIR treatment)
for 24 h of culture. The survival ratio of cancerous HepG2 cells
decreased abruptly, and only ~39.7% of cells were alive for the (O-CDs
+ NIR) treated sample as compared to the (O-CDs — NIR) treated sample.
In other words, ~60.3% of cells died effectively due to the impact of NIR
treatment. It is of utmost interest to inspect the upregulation activity of
apoptosis-related proteins and gene expression, which is a phenomenal
marker for oxidative stress-induced cellular damage. For in vitro detec-
tion of cytoplasmic apoptotic proteins, we investigated the upregulation
of caspase-3 activity, as shown in Fig. 4c. The (O-CDs + NIR) treated
HepG2 cells exhibited higher expression of cytoplasmic apoptotic
caspase-3 proteins compared to the untreated groups. However, the (O-
CDs — NIR) treated HepG2 cells didn’t show significant expression of
apoptotic Caspase-3 proteins. This experimental observation clearly
reveals the impact of NIR-induced photothermal activation of the Cas-
pase enzyme in HepG2 cells, a key indicator of programmed cell death
(PCD) [58]. Moreover, the Live/Dead assay was further conducted to
confirm the killing efficacy of O-CD + NIR treatment. As depicted in
Fig. 4(d), the control HepG2 cells displayed live cell colonies with no

noticeable dead cells. The O-CDs treated HepGz2 cells showed some live
and a few dead cells, whereas the NIR light irradiation significantly
enhanced the number of dead cells, suggesting O-CD’s efficacy for
generating hyperthermia-induced cell death.

To get detailed insight into the mechanism of cell death, we studied
the mRNA expression profile of various apoptotic and pro-apoptotic
markers present in the cytoplasm, nucleus, and mitochondria, as
shown in Fig. 5. As shown in Fig. 5a, the relative mRNA expression of
nuclear anti-apoptotic proliferation marker cyclin DI decreased due to
the presence of O-CDs (200 pg mL™!), which further attenuated after
NIR exposure. Similarly, the relative mRNA expression of mitochondrial
anti-apoptotic marker Bcl-2 was reduced owing to the O-CDs + NIR
treatment, as shown in Fig. 5b. On the contrary, the 200-ug mL ™" dose of
(O-CDs + NIR) significantly elevated the mRNA expression of mito-
chondrial pro-apoptotic marker Bax and cytoplasmic apoptotic marker
Caspase-3 as compared to the control group (Figs. 5¢ and 5d). The
synergistic activation of this gene markers expression is intimately
related to the apoptotic cell death in HepG2 [59-62]. Moreover, an
in-depth analysis of protein expression was also performed in order to
gain a thorough understanding of the cell death mechanism. The 200-ug
mL~! dose of (O-CDs + NIR) during 24 h of treatment significantly
upregulated the expression of various cellular pro-apoptotic and
anti-apoptotic proteins compared to the control group, as shown in
Fig. Se. The specified gene primers used in qRT-PCR analysis are listed in
Table S1 (ESIf). As shown in Fig. 5(f-i), the elevated expression of
mitochondrial pro-apoptotic protein Bad, Bax, Bid, and Bim has been
clearly revealed after (O-CDs + NIR) treatment as compared to the
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Fig. 5. Relative mRNA expression of (a) apoptosis-related nuclear gene marker cyclin D1 (b-c) apoptosis-related mitochondrial gene marker Bax and Bcl-2, (d)
apoptosis-related cytoplasmic gene marker caspase-3 after 24 h of incubation in the presence of O-CDs (200-ug mL 1) and NIR treatment.; quantification of apoptosis-
related proteins (e) representative array membranes, (f-j) relative expression of apoptosis-related mitochondrial proteins (Bad, Bax, Bim, Bid, & Bcl-2), (k-1) relative
expression of apoptosis-related cytoplasmic proteins (Caspase-3 & Caspase-8). Data are mean =+ s.d. (n = 2); *p < 0.05, **p < 0.001, and ***p < 0.0001, analyzed by

One-way ANOVA test.

control group, which suggests that mitochondria have direct involve-
ment in oxidative-stress induced cellular damage [63-67]. The mito-
chondrial anti-apoptotic protein Bcl-2, which promotes cellular survival
and inhibits the function of pro-apoptotic proteins, was not significantly
expressed during 24 h of treatment compared to the control group
(Fig. 5j), and the result is in accordance with the relative mRNA
expression data of Bcl-2 (Fig. 5b). Moreover, the expression of cyto-
plasmic proteins such as caspase-3 and caspase-8 were also elevated
sharply upon (O-CDs + NIR) treatment as compared to the control group
(Figure k&l). These caspase proteins are major initiators for apoptotic

fragmentation of DNA, cleavage of structural/cell cycle proteins, and are
reliable markers for apoptosis-induced cell death [68,69]. Thus, acti-
vation of various mitochondrial as well as cytoplasmic
pro-apoptotic/anti-apoptotic proteins suggests that hyperthermia and
oxidative stress have a major impact on cell death during photothermal
treatment.

From the experimental observation of cell viability as well as the
relative expression of cellular genes and proteins in the presence and
absence of NIR, it was clear that the radiation had a major impact on
anticancer activity. To acquire a deeper understanding of the oxidative
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stress-induced anticancer mechanism at the cellular level, we performed
a fluorescence-based 2, 7'-dichlorofluorescein diacetate (DCF-DA) assay
on HepG2 cells [20]. A cell-membrane-permeable reagent called
DCF-DA is frequently used to assess the generation of ROS within cells
under stressful circumstances [70]. Typically, DCF-DA does not fluo-
resce; however, when cells are under oxidative stress, intracellular ROS
may oxidize non-fluorescent DCF-DA to fluorescent DCF-DA [71].
Accordingly, the impact of O-CDs and NIR radiation on the production of
intercellular ROS was assessed by monitoring the variation of fluores-
cence intensity. As shown in Fig. 6a, the intercellular fluorescence in-
tensity of DCF-DA didn’t show significant changes during 48 h in the
absence of any external stress (O-CDs and NIR-radiation). Moreover, the
intercellular fluorescence of DCF-DA exhibited a slight increase in in-
tensity after 48 h in the presence of O-CDs under dark conditions, sug-
gesting that O-CDs trigger the induction of intercellular ROS at a minor
amount. However, the intercellular fluorescence of DCF-DA displayed
very strong intensity in the presence of (O-CDs + NIR radiation), which
suggests that a huge amount of intercellular ROS was produced specif-
ically due to NIR treatment. To further support the production of
NIR-induced intercellular ROS, we conducted electron spin resonance
(ESR) spectra in the presence and absence of NIR radiation [31]. It has
been frequently demonstrated that external light stimulation causes CDs
to generate a significant quantity of ROS. We obtained ESR spectra of
aqueous O-CDs solution with (2,2,6,6-tetramethylpiperidin-1-yl) oxyl
(TEMPO) as a trapping agent for singlet oxygen (105) radical to examine
the NIR-responsive ROS production. As shown in Fig. 6b, the ESR
spectra of the control and O-CDs sample, in dark conditions (absence of
NIR light), did not exhibit any characteristic peaks for 'O radical. On
the contrary, the ESR spectra of the aqueous O-CDs sample in the
presence of NIR radiation exhibited multiple sharp characteristic signals
with an equal intensity ratio of 1:1:1, corresponding to 10, radical.

Thus, from the above experimental observation, it was revealed that
0O-CDs have excellent photothermal effects, intercellular ROS generation
ability under oxidative stress, and upregulation of apoptosis-related
genes/proteins under NIR-irradiation. It is a well-known fact that hy-
perthermia induces the rupture of cell membranes, while intercellular
ROS induces DNA damage. Thus, the key mechanism for anticancer
activity was probably due to the hyperthermia effect in cooperation with
elevated intercellular ROS generation. O-CDs with extended n-conju-
gation may also interact with DNA via electrostatic interactions and n—=
stacking, which induce DNA damage and upregulation of apoptosis-
related genes and proteins [72]. Therefore, based on the results, we
have illustrated a probable mechanism of apoptosis in cancer cells as
shown in Fig. 7.

0-CDs
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Fig. 6. (a) DCFDA staining essay to determine oxidative-stress-induced intercellular ROS generation at various time intervals of incubation in the presence of O-CDs
and NIR-radiation.; (b) ESR spectra of the aqueous O-CDs exhibiting characteristic signal of 10, radicals in the presence of NIR light (808 nm, 1.5 W/cm?).
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4. Conclusion

In summary, aqueous dispersible orange emissive CDs were pro-
duced rapidly by a simple wet chemistry-based technique with 1,3-dihy-
droxynaphthalene as a carbon precursor. As synthesized, O-CDs
possessed broad absorption of NIR-radiation due to the n-conjugated
structure. O-CDs exhibited outstanding NIR-harvesting properties with
high PCE (~58%) and thus revealed impressive photothermal anti-
cancer activity on HepG2 cells. Upon NIR (808 nm) treatment, O-CDs
trigger hyperthermia and oxidative stress, which resulted in the upre-
gulation of various mitochondrial as well as cytoplasmic apoptosis-
related proteins and genes. The anticancer activity of O-CDs is likely
due to the elevated reactive oxygen species amplification in cooperation
with the hyperthermia effect. This study offers a potential substitute for
imaging-guided, metal-free, carbon-based photothermal cancer therapy.

However, In the future, researchers will be more focused on
exploring various suitable precursors for developing CDs with high PCE
and longer wavelength responses in the NIR-II window, which is
necessary for deep tissue penetration during in-vivo photothermal anti-
cancer therapy.
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