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ABSTRACT: Little progress has been achieved on the synthesis of hydrophilic carbon
dots (CDs), derived from polycyclic aromatic hydrocarbons, as an excellent photothermal
agent. In this study, a strategy was developed to synthesize highly photoluminescent
greenish-yellow emissive CDs based on nitration followed by hydrothermal carbonization
of the polycyclic aromatic hydrocarbon precursor, perylene. The perylene-derived CDs
(PY-CDs) exhibited an excellent NIR-light (808 nm) harvesting property toward high
photothermal conversion efficiency (PCE = ∼56.7%) and thus demonstrated remarkable
NIR-light responsive photothermal bactericidal performance. Furthermore, these
fluorescent PY-CD nanoprobes displayed excitation-dependent polychromatic emissions
in the range of 538−600 nm, with the maximum emission at 538 nm. This enables intense
multicolor biological imaging of cellular substances with long-term photostability,
nontoxicity, and effective subcellular distribution. The bactericidal action of PY-CDs is
likely due to the elevated reactive oxygen species amplification in cooperation with the
hyperthermia effect. This study offers a potential substitute for multicolor imaging-guided
metal-free carbon-based photothermal therapy.

1. INTRODUCTION
Pathogenic bacteria have developed immunity against conven-
tional antibiotics (or combinations of antibiotics) through
mutation or by acquiring drug-resistant genes from other
microbes.1,2 Photo-responsive nanomaterials, particularly
photothermal agents (PTAs), have emerged as promising
alternatives to therapeutic drugs to quickly and non-invasively
combat infectious bacterial diseases. PTAs exploit the light
energy and convert it into thermal energy, thereby triggering
local hyperthermia to kill undesired cells or sterilize antibiotic-
resistant pathogenic bacteria.3 Several PTAs have been
designed for the NIR-triggered photothermal effect to combat
infectious diseases, including metal chalcogenides,4 noble
metal-based nanomaterials,5 polymeric nanocomposites,6 or-
ganic NIR-chromophores,7 and metallic oxides.8 However,
existing PTAs suffer from high cytotoxicity, high cost, and low
PCE, which restrict their clinical use. Conversely, carbon-based
nanostructures have attained significant consideration because
of their low cytotoxicity, good physicochemical characteristics,
and relatively better bio-safety.9

Photoluminescent carbon dots (CDs) with unique proper-
ties have attracted significant interest because of their wide
range of applications, including bioimaging, sensing, photo-
catalysis, wound healing, and drug delivery.10−16 Recent
progress on the utilization of CDs as NIR-light harvesting
agents for photothermal therapeutic applications has been
noteworthy. Moreover, the use of CDs as a superior NIR-

triggered photothermal theranostic agent for tumor therapy
and bactericidal activity has been investigated. For instance, Ge
et al. prepared red emissive CDs from polythiophene
phenylpropionic acid as a superior NIR-light (671 nm)
mediated photothermal theranostic agent for the diagnosis
and treatment of cancer.17 Jia et al. constructed CD-derived
Hypocrella bambusae as photothermal nanothernostic agents
for NIR-mediated (635 nm) cancer therapy.18 However, the
utilization of high-frequency radiation with poor tissue
penetration and low PCE limits their use in clinical practice.
Moreover, a few studies have been conducted using CDs with
a long wavelength NIR-laser, but they still lack sufficient
PCE.19 Consequently, designing a proper CD-based NIR-light
responsive biocompatible photothermal agent with high PCE
is necessary.

Previous studies have revealed that increasing the degree of
extended π-conjugation within the nanostructure framework
can efficiently improve the light-harvesting property for longer
wavelengths, which is suitable for achieving high PCE.7,20

Attempts to obtain extended π-conjugated CD nanostructures
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have been reported by judiciously selecting suitable polycyclic
aromatic hydrocarbon precursors for NIR-triggered photo-
thermal therapy. For instance, coronene and pyrene have been
explored as polycyclic aromatic hydrocarbon precursors to
obtain extended π-conjugated CDs with excellent NIR-
harvesting properties and moderate PCE for NIR-triggered
photothermal cancer therapy.20,21 Therefore, the exploration of
diverse polycyclic aromatic hydrocarbon precursors with
controllable reaction conditions is necessary for the synthesis
of extended π-conjugated CDs with excellent NIR-triggered
photothermal effects.

In this study, we developed a strategy to synthesize highly
photoluminescent greenish-yellow emissive CDs based on
nitration followed by hydrothermal carbonization of the
polycyclic aromatic hydrocarbon precursor, perylene. The
polyaromatic perylene-derived CDs (PY-CDs) exhibited
excellent NIR-light (808 nm) harvesting and high photo-
thermal conversion efficiency (PCE = ∼56.7%) and demon-
strated remarkable NIR-light responsive photothermal bacter-
icidal performance. Furthermore, these fluorescent PY-CD
nanoprobes displayed intense multicolor biological imaging of
cellular substances with long-term photostability, decent
biocompatibility, and effective subcellular distribution. Scheme
1 represents the synthesis of the greenish-yellow emissive
hydrophilic PY-CDs that are designed for multicolor imaging
and photothermal agents with potential bactericidal activity.

2. EXPERIMENTAL SECTION
2.1. Synthesis of PY-CDs. The polycyclic aromatic

hydrocarbon precursor (perylene, 500 mg) was dissolved in
40 mL of HNO3 (70%) in a 100 mL round-bottom flux and
stirred at 85 °C for 20 h under a reflux condenser. The brick-
red nitroperylene derivative was obtained, then centrifuged and
washed with DI water, and dried at 60 °C. Subsequently, the
nitroperylene derivative (100 mg) was dispersed in 50 mL of
100 mM NaOH followed by ultrasonication for 45 min and
then transferred to a Teflon-lined autoclave reactor for
hydrothermal treatment at 200 °C for 12 h. After natural
cooling, the black-colored PY-CD solution was obtained. This
solution was dialyzed against DI water using a cellulose ester
membrane (molecular weight cut-off: 100−500 Da) for 24 h
followed by drying at ambient temperature. The digital image
of the black PY-CD powder is shown in Figure S1 (SI).
2.2. Photothermal Conversion Efficiency of PY-CDs.

The PCE was determined by measuring the change in
temperature of the PY-CDs (200 μg/mL) in water as a
function of time under continuous NIR-irradiation (808 nm, 1
W/cm2, 10 min). Pure water was used as a negative control.
The temperature change of the solution was recorded and
imaged by a digital thermal IR camera. The PCE was estimated
using eq 1, as referenced in previous reports:17,20,21

hA T T Q

I

( )

(1 10 )A
max surr Dis=

(1)

Scheme 1. Schematic of the PY-CD Synthesis for Their Potential Multicolor Bioimaging and Photothermal Bactericidal
Activity
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where h is the heat transfer coefficient and A is the container’s
surface area. Tmax and Tsurr represent the equilibrium
temperature (55.6 °C) and surrounding temperature (27.5
°C), respectively. QDis indicates the heat dissipated from the
light absorbed by the solvent and the container, I represents
the power of the incident laser, and Aλ is the absorbance of the
PY-CDs at 808 nm. The value of hA was evaluated by eq 2:

m c
hAS
D D=

(2)

where τS is the time constant of the sample system obtained
from the cooling profile and mD and cD are the mass (1.2 g)
and heat capacity (4.2 J/g) of the DI water used as the
experimental solvent, respectively. To evaluate τS, θ (a
dimensionless parameter) should be considered and calculated
using eq 3:

T
Tmax

=
(3)

where ΔT is the temperature difference between solution
temperature and the ambient temperature and ΔTmax is the
temperature difference at the maximum steady-state temper-
ature.

τ was evaluated from the slope of the linear plot of cooling
time vs −ln(θ) using eq 4

t (ln )= (4)

Using these equations, hA was calculated to be 0.012.
Therefore, the PCE (η) of the PY-CDs solution was
determined to be ∼56.7%.

3. RESULTS AND DISCUSSION
3.1. Formation of PY-CDs. We judiciously chose perylene,

a polycyclic aromatic hydrocarbon, as a precursor to obtain
CDs with an extended π-conjugated core. The synthesis of
perylene-derived CDs was motivated by previous synthetic
reports using pyrene and coronene.20,21 PY-CDs were
synthesized via a facile two-step process. First, the nitration

Figure 1. Schematic of the synthesis of PY-CDs with greenish-yellow PL emissions.

Figure 2. 1H-NMR spectra of (a) perylene, (b) nitroperylene derivative, (c) PY-CDs, and 13C-NMR spectra of (d) perylene, (e) nitroperylene
derivative, and (f) PY-CDs.
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of perylene was performed in 70% HNO3 at 85 °C under a
reflux condenser to produce a brick-red nitroperylene
derivative. The nitroperylene derivative was then hydro-
thermally treated in aqueous NaOH (100 mM) at 200 °C
for 12 h to obtain a black mass of PY-CDs. The schematic for
the synthesis of PY-CDs is shown in Figure 1.

The mechanism of PY-CD formation was thoroughly
investigated using 1H-nuclear magnetic resonance (NMR)
and 13C-NMR spectroscopy (Figure 2). The 1H-NMR spectra
(Figure 2a) of perylene in acetone-d6 displayed three signals at
δ = 7.5, 7.8, and 8.4 ppm, corresponding to three different
proton environments. The 1H-NMR spectra (Figure 2b) of the
nitroperylene derivative exhibited six signals corresponding to
the dinitro-perylene structure. The 1H-NMR spectra (Figure
2c) of PY-CDs in D2O exhibited numerous new signals
compared to the precursor due to hydrolysis and the fusion of
perylene rings followed by carbonization in aqueous NaOH.
Numerous proton signals in the region of δ = 6.5−8.8 ppm
represent polyaromatic protons, which indicate that PY-CDs
with a large polyaromatic π-conjugation domain were
constructed. Furthermore, the 13C-NMR spectra (Figure 2d)
of perylene displayed characteristic carbon signals between 120
and 138 ppm. The 13C-NMR spectra (Figure 2e) of the
nitroperylene derivative exhibited eight carbon signals between
124 and 136 ppm. After the formation of the PY-CDs, there
were numerous carbon signals between 108 and 143 ppm
(Figure 2f) corresponding to different carbon environments
due to hydrolysis and the fusion of perylene rings. These
results indicate that CDs with a large and extended π-
conjugated polyaromatic sp2 core were formed due to
hydrolysis-assisted ring fusion.

3.2. Structural and Surface Properties of CDs. The
morphology of the synthesized PY-CDs was investigated using
high-resolution transmission electron spectroscopy (HR-
TREM). The TEM image (Figure 3a) showed carbon
nanoparticles with a size distribution of 5−9 nm. The HR-
TEM image displayed round structures with a weakly
crystalline lattice spacing of 0.21 nm as shown in Figure S2a
(SI). The microstructure and phase composition of the
nanostructured CDs were studied using X-ray diffraction
(XRD) spectroscopy. The XRD pattern (Figure 3b) of the
precursor perylene exhibited several highly crystalline peaks at
∼8.7°, ∼11.4°, ∼13.5°, ∼17.5°, ∼22.9°, ∼23.5°, ∼25.4°, and ∼
29.1°, but after nitration, numerous new crystalline peaks
emerged at ∼7.9°, ∼8.8°, ∼9.6°, ∼14.7°, ∼15.8°, ∼16.5°,
∼20.1°, ∼25.7°, and ∼ 28.6°, suggesting the formation of a
derivative with different crystallinity. The crystalline peaks in
the nitroperylene derivative were converted into a broad peak
after hydrothermal treatment in aqueous NaOH, indicating the
formation of nanostructured polyaromatic CDs. The XRD
pattern of PY-CDs exhibited a characteristic broad peak at
∼26°, suggesting the presence of the (002) lattice of graphitic
carbon.22

To investigate the inherent structure, Raman spectra (Figure
3c) were recorded, which indicated a high degree of
graphitization. The Raman spectra of perylene did not show
any characteristic peak, but after nitration followed by
hydrothermal carbonization and graphitization, the product
exhibited characteristic bands at ∼1350 and ∼1600 cm−1. The
D band at ∼1350 cm−1 corresponds to the presence of a
disordered carbon framework, indicating sp3-hybridized
carbons or defects due to hydrolysis. The G band at ∼1600

Figure 3. (a) TEM image of PY-CDs; (b) powder XRD spectra of PY-CDs (blue line), nitroperylene (red line), and perylene (black line); (c)
Raman spectra of PY-CDs (blue line), nitroperylene (red line), and perylene (black line); (d) FT-IR spectra of PY-CDs (blue line), nitroperylene
(red line), and perylene (black line); (e) XPS total survey spectra of PY-CDs (red line) and nitroperylene (black line); deconvoluted XPS spectra
of (f) C1s (nitroperylene), (g) C1s (PY-CDs), (h) N1s (nitroperylene), and (i) N1s (PY-CDs).
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cm−1 indicates the presence of sp2 carbon frameworks,
indicating a significant degree of graphitization.

Fourier-transform infrared (FT-IR) spectroscopy was used
to examine the surface functional groups. As shown in Figure
3d, the FT-IR spectrum of perylene shows two typical
characteristic peaks at ∼760 and ∼ 807 cm−1 due to the
Csp

2�H bending mode. The FT-IR spectra of the nitro-
perylene derivative exhibited two new characteristic peaks for
the nitro group at ∼1343 and ∼1524 cm−1,23,24 indicating the
successful nitration in nitric acid. The FT-IR spectrum of the
PY-CDs displayed typical O−H and C�C stretching vibration
peaks at ∼3330 and ∼1590 cm−1, respectively.25 The O−H
peak is primarily attributed to the hydroxyl groups and is
further confirmed by the FT-IR signal at 1240 cm−1 due to C−
OH vibration.25 The FT-IR signal at 1395 cm−1 may be
ascribed to C−N stretching vibration.21 XPS analysis was
further conducted to investigate the elemental composition
and valence state. The XPS total survey spectra (Figure 3e) of
both the nitroperylene derivative and PY-CDs consisted of
C1s, N1s, and O1s signals, indicating that they are composed
of three primary elements (C, N, and O). The deconvoluted
HR-XPS C1s spectra of the nitroperylene derivative and PY-
CDs were compared. The HR-XPS C1s spectrum (Figure 3f)
of the nitroperylene derivative consists of two bands at 284.7
and 286 eV, attributed to C�C and C−N, respectively.
Conversely, the HR-XPS C1s spectra (Figure 3g) of PY-CDs
consist of three bands at 284.6, 286, and 288.2 eV, attributed
to C�C, C−N, and C−OH, respectively.25 Thus, the
deconvoluted C1s HR-XPS result indicates that the −OH
group has been incorporated into the edges of the PY-CDs in
the form of hydroxyl groups by hydrothermal treatment.
Moreover, the HR-XPS N1s spectra (Figure 3h) of the
nitroperylene derivative exhibited a signal at 405.9 eV
corresponding to the −NO2 groups. The HR-XPS N1s
spectrum (Figure 3i) of the PY-CDs displayed two signals at

399.4 and 404 eV corresponding to the pyridinic-N and −NO2
groups, respectively. Thus, perylene-fused PY-CDs have been
doped with nitrogen in the form of pyridine N and
functionalized with −NO2 and −OH groups at the edges.26

Furthermore, the O1s spectra of PY-CDs displayed two peaks
at 531.5 and 534.2 eV attributable to −OH and C−NO2
bonds, respectively, as shown in Figure S3 (SI).27 To gain
more insights on the surface charge, zeta potential measure-
ment was carried out. The zeta potential (ξ) value of PY-CDs
was measured to be −81.3 eV. The negative zeta potential
value is probably due to the presence of abundant phenolic
-OH groups on the surface of PY-CDs. The similar result with
negative surface charge has been obtained previously utilizing
polycyclic aromatic hydrocarbon precursor-derived CDs by a
similar protocol.20

3.3. Optical Properties. The optical properties of the
samples were investigated by ultraviolet−visible (UV−Vis)
absorption and photoluminescence (PL) spectra. The UV−Vis
absorption spectrum (Figure 4a) of the precursor perylene
dispersed in THF exhibited typical peaks at 410 and 436 nm,
which bathochromically shifted to 455 and 483 nm after the
formation of the nitroperylene derivative via nitration. The
UV−Vis absorption spectrum of PY-CDs dispersed in water
displayed an optical absorption band at 476 nm owing to the
π−π* transition of the conjugated carbogenic core, with
continuous broad range absorption from NIR to visible
radiation. Both the precursor and the nitroperylene derivative
are poorly soluble in aqueous solution but the PY-CDs are
highly soluble in aqueous solution, making it an excellent
candidate for biological applications. The yellow-colored solid
precursor perylene is a fluorescent molecule with PL emission
maxima (λem) at 440 nm in THF corresponding to the blue-
violet emission (Figure 4b).

The digital photograph of the fluorescence emission colors
of perylene in different solvents under UV illumination is

Figure 4. (a) UV−Vis absorption spectra of perylene (black line), nitroperylene (red line), and PY-CDs (blue line); (b) PL emission spectra of
perylene (red line), nitroperylene (blue line), and PY-CDs (pink line); (c) excitation-dependent PL emission spectra of PY-CDs; (d) excitation and
emission contour map of PY-CDs.
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Table 1. Literature Survey on the Synthesis of Carbon Dots from Polycyclic Aromatic Hydrocarbons20−22,25−35
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shown in Figure S4a (SI). Conversely, the brick red-colored
solid nitroperylene derivative exhibited PL emission maxima
(λem) at 512 nm in THF corresponding to the green emission
(Figure 4b). Interestingly, the nitroperylene derivative
exhibited various fluorescence color emissions ranging from
green to red in different solvents due to the solvatochromism
property, as shown in Figure S4a (SI). The solvatochromism
behavior of nitrogen-containing compounds has been well
studied.12 Moreover, the precursor and nitroperylene deriva-
tive were excited at various excitation wavelengths and
exhibited an almost excitation-independent PL emission
property as shown in Figure S5a,b (SI). Conversely, the PY-
CDs are highly aqueous-dispersible due to their hydrophilic
nature and exhibited an excitation-dependent emission
property (538−600 nm) when excited at different wavelengths,
with PL emission maxima (λem) at 538 nm corresponding to
greenish-yellow emission (Figure 4c and Figure S5c (SI).
Figure S5d (SI) shows the normalized PL emission intensity of
PY-CDs in an aqueous solution at different excitation
wavelengths. Figure 4d shows the excitation and emission
contour map of PY-CDs. Interestingly, unlike the nitroperylene
derivative, PY-CDs did not exhibit solvatochromism, likely due
to the reduced amount of −NO2 groups in the PY-CDs Figure
S4a (SI). To gain greater insights into the optical features, the
absolute quantum yield (QY) of the PY-CDs was measured

using a comparative technique (Section 2.1, SI) with
rhodamine 6G (QY: 95% in ethanol) as a standard reference.
The measured absolute QY of the aqueous PY-CD dispersion
was 26.6% as shown in Figure S4b (SI). To get more insights
into the recombination dynamics, we performed time-resolved
life time decay analysis of PY-CDs. The fluorescence decay
profile was well fitted according to the double exponential
function as follows.

R t B
t

B
t

( ) exp exp1
1

2
2

= +
i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz (5)

where R(t) is the sum of individual single exponential decays,
B1 and B2 are the pre-exponential factors, and τ1 and τ2 are the
decay times. The average lifetime (τave) of the PY-CDs was
calculated according to the following equation:

B B
B Bave
1 1

2
2 2

2

1 1 2 2
= +

+ (6)

The life time decay profile and the corresponding double
exponential fitting parameters of PY-CDs have been provided
in Figure S4c,d (SI). The average life time (τave) of PY-CDs
was calculated to be 4.05 ns.

Figure 5. (a) In vitro cellular viability of PY-CDs at different dose concentrations for 24 h. Data are mean O.D. ± s.d. of triplicate (n = 3)
experiments, statistical significance at *p < 0.05. (b) Multicolor fluorescence microscopy images of HepG2 cells treated with PY-CDs in different
excitation channels; (c) time-dependent uptake of PY-CDs by 3D cultured HepG2 cell spheroids. Bright-field images (i, v, ix), FL images (ii, vi, x),
pseudocolor images (iii, vii, xi), and 3D color images (iv, viii, xii) at different uptake time intervals. This study was conducted based on cellular
fluorescence intensity at the green channel under fluorescence microscopy.
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Polycyclic aromatic hydrocarbons are very much stable
compound and are less prone to undergoing chemical reactions
due to their inert nature. Nitration is a necessary step to make
it activated prior to the fusion reaction under basic conditions
required for CD formation. To synthesize CDs from polycyclic
aromatic hydrocarbons, nitration prior to hydrothermal
treatment has been well reported in many studies.20−22,25−31

The alkaline species allows the elimination of hydrogen,
condensation, and edge functionalization. The electron-with-
drawing NO2 groups allow nucleophilic substitution reactions
to occur with OH− in alkaline medium.25 Exploration of the
scope of diverse polycyclic aromatic hydrocarbon precursors is
necessary for the synthesis of extended π-conjugated CDs. A
few attempts to synthesize extended π-conjugated fluorescent
CD nanostructures have been successful by judiciously
selecting suitable polycyclic aromatic structures as precursors.
Table 1 shows a literature survey on the synthesis of CDs from
polycyclic aromatic precursors.
3.4. Multicolor Bioimaging. CDs have been widely used

as an excellent multicolor bioimaging probe in recent
studies.36,37 The prepared PY-CDs exhibited excitation-
dependent emissions (530−600 nm), making them propitious
probes for multicolor bioimaging applications. The intense
fluorescent colors along with excellent intercellular distribution
and good photostability motivated us to investigate their ability
to be used in cellular imaging studies. The in vitro cytotoxicity
of the PY-CDs on HepG2 cells was evaluated using the WST-8
(EZ Cytox Cell Viability Assay Kit, DoGen Bio, Republic of
Korea) assay (Figure 5a). Detailed experimental conditions for
the in vitro cytotoxicity assay are discussed in Section 2.2 (SI).
Notably, the HepG2 cells were found to be viable, even after
treatment with 200 μg mL‑1, indicating the good biocompat-
ibility. No significant decrease in viability was observed in the
given PY-CQD formulations. Thus, PY-CDs are promising
probes for in vitro bioimaging applications owing to their
limited toxicity.

To demonstrate the bioimaging potential of PY-CDs,
HepG2 cells were incubated with the PY-CDs followed by
imaging by fluorescence microscopy. The multicolor FL
microscopy images with high cellular FL intensity of HepG2
cells incubated with PY-CDs (20 μg mL−1) display green,
yellow, and red emissions under different laser channels
(Figure 5b).

Traditional monolayer 2D cell culture models that are
commonly employed to examine the adverse effects of
chemicals and consumer products in vitro can produce false
interpretations. To reduce misleading results, 3D cell models
are preferred over 2D models as they better imitate the cell
arrangement of tissues and organs and, therefore, more
effectively mimic the in vivo microenvironment.38 The
spheroid of HepG2 cells was grown in 3D cell culture to
mimic the native environment and a time-dependent cellular
uptake study was performed via imaging analysis using PY-CDs
as shown in Figure 5c. Figure 5c (i, iv, and ix) shows the
bright-field images of the spheroids at different time intervals.
The increasing green fluorescence intensities of the spheroid
cells with time justify the rapid cellular uptake of PY-CDs with
uniform dispersion, as shown in Figure 5c (ii, vi, and x). Figure
5c (iii, vii, and xi) shows the pseudocolor intensity at different
time intervals of PY-CD uptake, which indicate that the
peripheral cells mostly retained the PY-CDs than the internal
cells. The 3D color contour profile of PY-CD uptake at various
times was plotted to show the fluorescence intensity as shown
in Figure 5c (iv, viii, and xii). The potential imaging
application of spheroids provides an excellent platform for
imaging-guided diagnosis of tumors.
3.5. NIR-Responsive Photothermal Properties. PY-

CDs with extended π-conjugation and broad UV−Vis
absorption spectra consisting of continuous energy bands
could be potential agents as excellent PTAs.20 The NIR-light-
mediated photothermal performance of the aqueous PY-CD
solution was studied under NIR laser irradiation (808 nm, 1

Figure 6. Photothermal conversion of PY-CDs. (a) Temperature increase profile of various concentrations of the PY-CD aqueous solution (50−
200 μg/mL) as a function of time under NIR laser irradiation (808 nm, 1 W/cm2); (b) PY-CD concentration-dependent temperature variation
(ΔT) over 600 s of NIR irradiation; (c) NIR thermal images of aqueous PY-CD solution (200 μg/mL) at different time intervals during the
continuous NIR treatment; (d) temperature increase profile of the PY-CD aqueous solution (200 μg/mL) as a function of time under different
NIR laser power densities (0.5 and 1 W/cm2); (e) nature of temperature rise within 600 s of NIR-light irradiation and subsequent temperature
decline during natural cooling after the laser was turned off; (f) plot of cooling time versus negative natural logarithm of the temperature driving
force obtained from the cooling period.
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Table 2. Comparison Table for the Photothermal Conversion Efficiency of Carbon Dots Reported Previously in the Literature

CD precursor dose (μg/mL) power density (W/cm2) laser (nm) irradiation time (min) efficiency (%) ref

citric acid and oleylamine 2 × 104 2 808 10 3.77 39
H. bambusae 200 0.8 635 10 27.6 18

polythiophene benzoic acid 200 2 635 10 36.2 40
watermelon juice 2 × 104 1.4 808 8 30.6 19

cyanine dye and PEG800 125 2 808 10 38.7 41
citric acid and urea 22.5 × 104 1.2 655 10 54.3 42

polythiophene phenylpropionic acid 200 2 671 10 38.5 17
citric acid and formamide 200 2.5 671 10 43.9 43

polythiophene and diphenyl diselenide 16 × 104 2 635 10 58.2 44
dopamine hydrochloride 50 1.5 808 5 35 45

citric acid and urea 200 1 655 10 59.2 46
nitro-coronene derivative 200 2 808 10 54.7 20
1,3,5-trihydroxybenzene 200 1 808 5 32.65 14

perylene 200 1 808 10 56.7 this work

Figure 7. Antibacterial performance of PY-CDs. (a) Relative viability of E. coli in the absence and presence of NIR light (808 nm) irradiation (1
W/cm2) after 24 h of culture growth. Data are mean O.D. ± s.d. of triplicate (n = 3) experiments, statistical significance at *p < 0.05; (b) agar plate
counting method for E. coli in the absence and presence of NIR light after 24 h of culture growth in nutrient agar media. PBS and DMSO were used
as negative and positive controls, respectively; (c) SEM images showing bacterial cell damage; (d) ESR spectra of the PY-CD sample displaying
typical signals of (i) •OH radicals and (ii) 1O2 in the presence of NIR light (808 nm, 1 W/cm2).
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W/cm2). DI water was used as a control. Section 2.4 (SI) and
Section 2.2 describe the photothermal experimental procedure
and the PCE measurement, respectively. The temperature
variation as a function of time was measured for aqueous PY-
CD solution (50 to 200 μg/mL) under continuous NIR-
irradiation (808 nm, 1 W/cm2, 10 min).

Figure 6a shows the temperature increase profile of various
concentrations of PY-CD aqueous solutions as a function of
time under constant NIR-light stimulation for 10 min. The
temperature of the solution rises gradually with increased PY-
CD concentration. More importantly, the pure DI water
(control sample) in the absence of PY-CDs did not exhibit a
significant rise in temperature during the 10 min irradiation,
only rising 2 °C. The temperature−NIR-irradiation time plot
of the low-concentration PY-CDs (50 μg/mL) showed a
temperature rise only up to 41 °C. However, at the higher
concentration of 200 μg/mL, the PY-CDs solution exhibited a
significant rise in temperature up to 55.6 °C after 10 min, likely
due to higher NIR absorption. Figure 6b shows the
concentration-dependent temperature variation (ΔT) over
600 s of NIR irradiation. Thus, the experimental outcomes
indicate that PY-CDs can effectively transform the NIR light
into thermal energy, making them suitable for photothermal
bactericidal therapy. Figure 6c shows the NIR thermal images
of the aqueous PY-CD solution (200 μg/mL) at different time
intervals during the continuous NIR treatment, which further
confirm the conversion of photo-energy to thermal energy.
Moreover, the rise in temperature of the PY-CD solution (200
μg/mL) was compared by changing the laser power density as
shown in Figure 6d. Notably, under irradiation of the NIR laser
with a 0.5 W/cm2 power density, the temperature only reached
41.4 °C, which is not suitable for bactericidal performance.
More importantly, the photothermal conversion stability of the
PY-CD solution (200 μg/mL) showed good stability over six
cycles of NIR light on/off as shown in Figure S6 (SI). The
PCE was determined by measuring the change in temperature
of the PY-CDs (200 μg/mL) in water as a function of time
under the continuous irradiation of NIR light (808 nm, 1 W/
cm2, 10 min). As shown in Figure 6e, the plot shows the nature
of the temperature rise within 600 s of NIR light irradiation
and the subsequent temperature decline during natural cooling
after the laser was turned off. Figure 6f shows the plot of
cooling time versus the negative natural logarithm of the
temperature driving force obtained from the cooling period.
The time constant τS for heat transfer of the system was
determined to be 394 s. The calculation of the PCE is detailed
in the experimental Section 2.2, and the PCE was determined
to be 56.7%. Several reports on the utilization of CDs for
photothermal therapy are detailed in the following Table 2
with corresponding comparisons of photothermal efficiency.
3.6. In Vitro Hyperthermia-Induced Antibacterial

Activity. We investigated the bactericidal activities of CDs
in vitro because of their excellent photothermal efficiency. The
key mechanism of bacterial death is hyperthermia-induced
damaging of the cell membrane in cooperation with elevated
reactive oxygen species (ROS) production. The PY-CDs were
tested against E. coli as a model microorganism under NIR-
light irradiation for their NIR-induced photothermal bacter-
icidal effectiveness. The bactericidal properties of the PY-CDs
in vitro were assessed using liquid culture, plate culture,
morphological analysis, and ROS amplification properties. The
experimental conditions are detailed in Section 2.5 (SI). In the
absence of NIR light, the PY-CDs themselves had mild

bactericidal properties due to their inherent nature as shown in
the relative viability experiment against E. coli (Figure 7a). The
killing ratio of E. coli reached nearly 55% compared to the
control group after 24 h of treatment without NIR irradiation.
The mechanism of bacterial killing depends on several factors
such as CDs precursor, particles size, surface charge, ROS
production, and surface functional moieties.47−49 Carbon
nanodots/graphene dots have been utilized as excellent
antibacterial agents in several studies. We believe that perylene,
a polycyclic aromatic hydrocarbon-derived CD, have mild
antibacterial effects due to their inherent mild toxic nature and
nanodimension. In addition, the relative viability of E. coli
decreased significantly under NIR irradiation for 10 min. The
NIR-irradiated (10 min) sample showed a bacterial killing ratio
of nearly 90% after 24 h compared to the control. The results
obtained from the liquid culture method were further verified
using the agar plate counting technique for E. coli in the
absence and presence of NIR irradiation after 24 h of culture in
nutrient agar media against dimethyl sulfoxide and PBS as
positive and negative controls, respectively (Figure 7b).

The agar plate counting assay (Figure 7b) demonstrated a
clear effect of PY-CDs and (PY-CDs + NIR) treatment on the
bacterial colonies. The formation of bacterial colonies was
significantly reduced upon PY-CDs + NIR treatment. There-
fore, the plate culture method also confirmed a restriction in
bacterial growth as manifested by a reduced number of
bacterial colonies after NIR treatment for 10 min.
Furthermore, we captured SEM images of the bacterial cell
morphology to investigate the structural changes as shown in
Figure 7c. In the absence of PY-CDs, NIR treatment slightly
affected the bacterial cell morphology, and the cells were intact
in the +ve and -ve control media. Conversely, the sample
treated with PY-CDs showed E. coli with ruptured cell
membranes. The cellular damage was intensified due to NIR
treatment, causing complete disruption of the cytoplasmic
membrane. According to the above investigational findings,
PY-CDs have high potential to inhibit bacterial growth because
of their NIR-mediated photothermal effects.

We recorded electron spin resonance (EPR) spectra (Figure
7d) to inspect the generation of ROS during NIR irradiation to
obtain a better understanding of the bactericidal mechanism.
Under external light stimulation, CDs have been repeatedly
proven to produce a large amount of ROS. To investigate the
NIR-responsive ROS generation, we generated ESR spectra in
DI water with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as trapping
agents for hydroxyl (•OH) and singlet oxygen (1O2),
respectively. Figure 7d(i) shows the ESR spectra of PY-CDs
in an aqueous solution with DMPO in the absence and
presence of NIR light. The ESR spectra in the dark do not
show any •OH radical signals, while multiple signals were
detected for the NIR-treated sample. The PY-CDs displayed
sharp distinctive signals with an intensity ratio of 1:2:2:1,
which correspond to the •OH radical signals.50,51Figure 7d(ii)
shows the ESR spectra of PY-CDs in an aqueous solution with
TEMPO in the absence and presence of NIR light. The ESR
spectra in the dark do not show any 1O2 radical signals while
multiple signals were detected for the NIR-treated sample. The
PY-CDs displayed sharp distinctive signals with an equal
intensity ratio of 1:1:1, which correspond to the 1O2 radical
signals.30,52 Thus, the ESR results provide insight into the
simultaneous amplification of both •OH radicals and 1O2 by
PY-CDs under NIR irradiation, indicating that the PY-CDs are
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ideal PTAs for bactericidal applications. Our investigation
reveals that the bactericidal action of PY-CDs is likely due to
the elevated ROS amplification in cooperation with the
hyperthermia effect.

4. CONCLUSIONS
In this study, we synthesized highly aqueous dispersible
hydrophilic CDs as excellent PTAs derived from polycyclic
aromatic hydrocarbons. To produce highly photoluminescent
greenish-yellow emissive PY-CDs, nitration followed by
hydrothermal carbonization of the polycyclic aromatic hydro-
carbon precursor, perylene, was used. Perylene-derived PY-
CDs demonstrated an outstanding NIR-harvesting property
with high PCE (∼56.7%), exhibiting impressive bactericidal
activity. Additionally, these fluorescent PY-CD nanoprobes
displayed excitation-dependent emission from 530−600 nm,
exhibiting intense multicolor biological imaging of cellular
substances with long-term photostability, decent biocompati-
bility, and effective subcellular distribution. Our investigation
reveals that the bactericidal action of PY-CDs is likely due to
the elevated ROS amplification in cooperation with the
hyperthermia effect. This study offers a potential substitute
for multicolor, imaging-guided, metal-free carbon-based photo-
thermal therapy.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c04130.

Chemicals and instrumentation; quantum yield measure-
ment; in vitro cytotoxicity assay; hanging drop culture
and bioimaging of HepG2 spheroids; photothermal
experiment; in vitro bactericidal activity test; digital
photographs of sample powders; HR-TEM image of PY-
CDs; revised Raman spectra of perylene; O1s XPS
spectra of PY-CDs; solvatochromism, QY measurement,
fluorescence life time decay plot and double exponential
fitting parameters; excitation-dependent PL emission
spectra; photothermal conversion stability (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Ki-Taek Lim − Department of Biosystems Engineering,
Kangwon National University, Chuncheon 24341 Gangwon-
do, Republic of Korea; orcid.org/0000-0003-2091-788X;
Email: ktlim@kangwon.ac.kr

Jongsung Kim − Department of Chemical and Biological
Engineering, Gachon University, Seongnam-si 13120,
Republic of Korea; orcid.org/0000-0001-8885-0533;
Email: jongkim@gachon.ac.kr

Authors
Md Moniruzzaman − Department of Chemical and Biological

Engineering, Gachon University, Seongnam-si 13120,
Republic of Korea

Sayan Deb Dutta − Department of Biosystems Engineering,
Kangwon National University, Chuncheon 24341 Gangwon-
do, Republic of Korea

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c04130

Author Contributions
§M.M. and S.D.D. contributed equally to this work.
Conceptualization, methodology, data curation, formal anal-
ysis, validation, investigation, writing-original draft, writing-
review and editing: M.M. and S.D.D.; visualization, super-
vision, project administration and funding acquisition: J.K. and
K.-T.L.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korean
government (MSIT) (NRF-2022R1G1A1010780 and NRF-
2022R1A2C1009968). This research was also supported by
the Basic Research Program through National Research
Foundation of Korea, funded by Ministry of Education
( N R F - 2 0 2 2 R 1 I 1 A 3 0 6 3 3 0 2 a n d N R F -
2018R1A6A1A03025582).

■ REFERENCES
(1) Ji, H.; Sun, H.; Qu, X. Antibacterial Applications of Graphene-

Based Nanomaterials: Recent Achievements and Challenges. Adv.
Drug Delivery Rev. 2016, 105, 176−189.
(2) Zheng, K.; Setyawati, M. I.; Leong, D. T.; Xie, J. Antimicrobial

Gold Nanoclusters. ACS Nano 2017, 11, 6904−6910.
(3) Wu, S.; Li, A.; Zhao, X.; Zhang, C.; Yu, B.; Zhao, N.; Xu, F. J.

Silica-Coated Gold-Silver Nanocages as Photothermal Antibacterial
Agents for Combined Anti-Infective Therapy. ACS Appl. Mater.
Interfaces 2019, 11, 17177−17183.
(4) Li, M.; Liu, X.; Tan, L.; Cui, Z.; Yang, X.; Li, Z.; Zheng, Y.;

Yeung, K. W. K.; Chu, P. K.; Wu, S. Noninvasive Rapid Bacteria-
Killing and Acceleration of Wound Healing through Photothermal/
Photodynamic/Copper Ion Synergistic Action of a Hybrid Hydrogel.
Biomater. Sci. 2018, 6, 2110−2121.
(5) Qiao, Y.; Ma, F.; Liu, C.; Zhou, B.; Wei, Q.; Li, W.; Zhong, D.;

Li, Y.; Zhou, M. Near-Infrared Laser-Excited Nanoparticles to
Eradicate Multidrug-Resistant Bacteria and Promote Wound Healing.
ACS Appl. Mater. Interfaces 2018, 10, 193−206.
(6) Fan, H.; Fan, Y.; Du, W.; Cai, R.; Gao, X.; Liu, X.; Wang, H.;

Wang, L.; Wu, X. Enhanced Type i Photoreaction of Indocyanine
Green: Via Electrostatic-Force-Driven Aggregation. Nanoscale 2020,
12, 9517−9523.
(7) Li, X.; Liu, L.; Li, S.; Wan, Y.; Chen, J. X.; Tian, S.; Huang, Z.;

Xiao, Y. F.; Cui, X.; Xiang, C.; Tan, Q.; Zhang, X. H.; Guo, W.; Liang,
X. J.; Lee, C. S. Biodegradable I€̈-Conjugated Oligomer Nanoparticles
with High Photothermal Conversion Efficiency for Cancer
Theranostics. ACS Nano 2019, 13, 12901−12911.
(8) Lin, L.-S.; Cong, Z.-X.; Cao, J.-B.; Ke, K.-M.; Peng, Q.-L.; Gao,

J.; Yang, H.-H.; Liu, G.; Chen, X. Multifunctional Fe 3 O 4 @
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