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bactericidal efficacy 

Md Moniruzzaman a,1, Sayan Deb Dutta b,1, Ki-Taek Lim b,*, Jongsung Kim a,* 

a Department of Chemical and Biological Engineering, Gachon University, 1342 Seongnam-daero, Seongnam-si, Gyeonggi-do 13120, Republic of Korea 
b Department of Biosystems Engineering, Kangwon National University, Chuncheon-24341, Gangwon-do, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Wet-chemistry based processing 
multicolor CQDs 
Bioimaging 
NIR-triggered photothermal 
Bactericidal activity 

A B S T R A C T   

A strategy for the processing of photoluminescence emission tunable multicolor carbon quantum dots has been 
adopted based on the controllable acidic strength [different ratio mixtures of sulfuric and phosphoric acids (S:P)] 
using a single polyphenolic precursor. 1,3,5-trihydroxybenzene, a three-fold symmetric (C3h symmetry) trian
gulogen bearing –OH group at the meta position, was judiciously chosen to undergo dehydration facilitated 
condensation and carbonization suitably via a tri-molecular reaction route in a dehydrating acid medium. 
Polyaromatic-polyphenolic CQDs with multicolor emissions [blue (B-CQDs), green (G-CQDs), and yellow (Y- 
CQDs)] could be rapidly obtained through a facile wet chemistry-based thermal heating process. The mechanism 
of regulated bottom-up growth of CQD particles involved tri-molecular ring cyclization. These multicolor lu
minous CQD probes enabled intense multicolor cellular imaging throughout the entire visible range because of 
their good biocompatibility, photostability, and effective intracellular distribution. Moreover, Y-CQDs with 
larger polyaromatic sp2 domains and higher oxidized surfaces exhibited a high photothermal conversion effi
ciency (PCE ~ 32.6 ± 1 %) and thus exhibited remarkable NIR-light responsive photothermal bactericidal ac
tivity. Our results demonstrate that hyperthermia-induced bactericidal activity is due to the elevated reactive 
oxygen species (ROS) amplification and membrane damage of Bacillus subtilis. This study provides a potential 
alternative for the multicolor imaging guided CQDs-based phototheranostic.   

1. Introduction 

Multicolor emissive carbon nanostructures with tunable emission 
properties have received considerable attention owing to their diverse 
applications, including sensing [1], bioimaging [2], light emitting de
vices (LEDs) [3], and photocatalysis [4]. To date, significant efforts have 
been devoted to synthesizing multicolor carbon dots (CDs), and several 
strategies have been reported, such as proper precursor selection [5], 
surface passivation [6], chromatographic separation [7], sol
vatochromism [8], solvent engineering [9], reagent ratio optimization 
[10], chemical doping [11], pH control [11,12], temperature-control 
[13], reaction time monitoring [2], and concentration variation [14]. 
One of the common but complex methods is to adopt the separation of 
CDs based on different size distributions via sophisticated silica column 
chromatographic separation techniques. Yuan et al. separated 

multicolor triangular carbon quantum dots (CQDs) with different sizes, 
and proposed that the optical properties are related to the particle size 
(quantum confinement effect) and band edge exciton state [7]. How
ever, this technique has some disadvantages, including prolonged re
action, difficult purification, and different reaction conditions for 
different emissions. In this regard, an alternative method can be adopted 
to screen suitable precursors. For instance, Jiang et al., synthesized 
multicolor (blue, green, and red) CDs by selecting suitable precursor, 
phenylenediamine isomers (o-, m-, and p-) and proposed that the 
tunable photoluminescence (PL) emission is related to particle size and 
N content [15]. As N is a heteroatom, N-doping has a very important role 
in tuning the PL emission by altering the band gap, interacting with 
solvents (solvatochromism), and inducing fast charge transfer over the 
surface electronic states. Thus, numerous N-containing precursors have 
been utilized to synthesize multicolor CDs, such as diaminonaphthalene 
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isomers [3], trinitropyrene [9], urea [16], p-phenylenediamine [17], o- 
phenylenediamine [18], indole [19], polythiophene derivatives [20], 
and ethylene diamine tetraacetic acid [21]. In contrast, polyphenolic 
precursors have been used to a lesser extent for this purpose, and only a 
few reports exist in the literature. For instance, 1,3,5-trihydroxyben
zene, a trihydroxyphenol, was used for the synthesis of full-color 
CQDs with narrow-bandwidth emission via solvothermal treatment 
followed by sophisticated purification using silica column chromatog
raphy [7]. Therefore, the exploration of diverse precursor scopes with 
controllable reaction conditions for the synthesis of multicolor CQDs are 
required. 

Owing to their non-toxicity, photostability, and biocompatibility, 
luminescent CQDs have been extensively used in cell counting, multi
channel sensing, cell sorting, clinical diagnostics, and other biomedical 
applications via multicolor bioimaging. For multicolor bioimaging, 
CQDs with excitation-dependent emission have been normally used; 
however, the PL emission intensity is often reduced in the longer 
wavelength range, which limits their application in multicolor bio
imaging [22,23]. In this regard, Pan et al. produced excitation- 
dependent CQDs using formamide and citric acid via microwave tech
niques and applied them to multiple color cellular imaging [24]. 
Numerous efforts have been made to produce conjugated polymer dots 
or CQDs with multicolor PL emission; however, their synthesis process 
often involves a very complex technique [25]. Therefore, for multicolor 
PL emissive CQDs, a simplified, easy operable, equipment free, and 
unprolonged synthesis process is highly desirable. 

Traditional antibiotics (naturally or chemically derived) or a mixture 
of antibiotics are less effective against drug-resistant bacterial strains as 
pathogenic bacteria have achieved resistance to conventional antibiotics 
by mutation or by obtaining resistance genes from other microorgan
isms. Recently, photo-responsive materials, particularly photothermal 
agents (PTAs), have been extensively used as rapid, minimally invasive, 
and effective therapeutic agents for the sterilization of antibiotic- 
resistant bacteria for the treatment of infectious diseases [26]. To 
date, numerous photothermal materials, such as noble-metal-based 
nanomaterials [27], metallic sulfides [28], polymeric nanocomposites 
[29], metallic oxides [30], phosphorus [31], and carbon-based nano
materials [32], have been used to transform light energy into thermal 
energy under external light stimulation for combating pathogenic bac
terial infections. Among these, carbon-based nanomaterials have 
received considerable attention owing to their superior physicochemical 
features, good biocompatibility, and comparatively higher biosafety 
[32]. In addition, the use of ultraviolet–visible (UV–Vis) illumination to 
eradicate pathogenic bacteria is not appropriate in vivo because of its 
harmful effects on biological tissues. Therefore, near infrared (NIR) light 
(λ = 700–1100 nm) is preferred in clinical practice because of its low 
absorption and scattering coefficients for biological tissues [33]. 
Although NIR-responsive PTAs, which include gold nanorods, carbon 
nanotubes, indocyanine green dyes, and metal nanostructures, have 
been explored for photothermal therapy, their clinical applications are 
limited because of their expensiveness and cytotoxicity [26]. Therefore, 
CQD materials with high photo-conversion efficiency in the NIR region, 
low toxicity, low cost, and easy synthesis form an important and 
necessary research topic [26]. 

Considering the above facts, we adopted a strategy for the prepara
tion of multicolor CQDs [blue (B-CQDs), green (G-CQDs), and yellow (Y- 
CQDs)] with tunable PL-emission by regulating the acid strength of the 
precursor (1,3,5-trihydroxybenzene) solution using various ratio mix
tures of sulfuric and phosphoric acids (S: P). Multicolor emissive CQDs 
have been utilized as promising luminous probes for multicolor cellular 
imaging because of their good biocompatibility, photostability, and 
effective intracellular distribution. Moreover, the as-prepared CQDs 
presented a high photothermal conversion efficiency of NIR light energy 
(808 nm) into thermal energy and thus exhibited remarkable photo
thermal bactericidal activity. Y-CQDs with larger polyaromatic sp2 do
mains and higher oxidized surfaces exhibited a high photothermal 

conversion efficiency (PCE ~ 32.6 ± 1%) and thus exhibited remarkable 
NIR-light responsive photothermal bactericidal activity. Scheme 1 il
lustrates the fabrication process of the multicolor CQDs, which were 
designed for potential multicolor bioimaging and photothermal bacte
ricidal activity. 

2. Experimental 

2.1. Synthesis of multicolor CQDs 

In a typical synthesis method, the polyphenolic precursor (1,3,5- 
trihydroxybenzene, 200 mg) was dispersed in 2 mL of water in a 100-mL 
glass beaker and 2 mL of various ratio mixtures of conc. H2SO4 and 
H3PO4 acids (H2SO4:H3PO4 ratios were 0 mL: 2 mL, 0.4 mL: 1.6 mL, 0.8 
mL: 1.2 mL, 1.0 mL: 1.0 mL, 1.2 mL: 0.8 mL, 1.6 mL: 0.4 mL, and 2.0 mL 
:0 mL) were added. Subsequently, the pale yellowish colored solution 
was placed in a hot air oven preheated at 190 ◦C, and the reaction time 
was monitored for 90 min. After the thermal reaction, the glass beaker 
was immediately taken out for natural cooling. Then, deionized (DI) 
water (5 mL) was added to each beaker, followed by high-speed 
centrifugation at 13000 rpm to obtain the black mass of the CQDs. 
Subsequently, the products were washed with DI water and dialyzed 
using a cellulose ester membrane (molecular weight cut-off of 100–500 
Da) for 48 h. The dialyzed product was dried and dispersed in ethanol, 
followed by centrifugation at 3000 rpm for 5 min to remove unwanted 
large particles. Finally, the filtrate was dried to obtain a black powder of 
the CQDs, as shown in Fig. S1 (Electronic Supplementary Informa
tion, ESIy). CQDs were dispersed in 0.5% ethanolic aqueous solution for 
further experiments. The as-prepared CQDs showed different color 
emissions, such as blue (B-CQDs, H2SO4: H3PO4 ratios of 0 mL: 2 mL), 
green (G-CQDs, H2SO4: H3PO4 ratios of 1.0 mL: 1.0 mL), and yellow (Y- 
CQDs, H2SO4: H3PO4 ratios of 2 mL: 0 mL) in absolute ethanol. 

3. Results and discussion 

3.1. Formation of multicolor CQDs 

The polyphenolic compound, 1,3,5-trihydroxybenzene (a triangul
ogen), with a suitable molecular three-fold symmetry (C3h; symmetry 
elements: E, C3, C3

2, σh, S3, S3
− 1), was judiciously chosen. During high- 

temperature thermal reactions, several 1,3,5-trihydroxybenzene mole
cules underwent six-membered ring cyclization via the elimination of 
active –H and –OH groups through a tri-molecular reaction route in a 
sulfuric acid and phosphoric acid mixture medium, as shown in Fig. 1 
[7]. The PL emission was tuned by simply varying the acid strength of 
the reaction medium using various ratio mixtures of sulfuric and phos
phoric acids, as shown in Fig. S2 (ESIy). The formation of CQDs was 
investigated using 1H-nuclear magnetic resonance (NMR) and 13C NMR 
spectroscopy, as shown in Fig. 2 and Fig. S3 (ESIy). The 1H NMR spectra 
(Fig. 2a) of 1,3,5-trihydroxybenzene (precursor) exhibited two signals at 
δ = 5.7 and 9.01 ppm due to two different proton environments. The 1H 
NMR spectra (Fig. 2b, c, and d) of CQDs showed numerous new signals 
compared to the precursor due to different proton environments. 
Numerous proton signals at approximately δ = 7.2–8.0 ppm represent 
polyaromatic proton, which indicates that several 1,3,5-trihydroxyben
zene molecules were fused to form a large polyaromatic CQDs domain. 
These polyaromatic proton signals were less emerging in the case of B- 
CQDs, which suggests the formation of smaller polyaromatic CQD do
mains due to lower dehydrating capability of phosphoric acid. More
over, precise investigation also revealed the gradual emergence of 
numerous peaks with an increase in the percentage of H2SO4 (higher 
dehydrating capability), which corresponds to the formation of larger 
CQD polyaromatic domains by the fusion of more 1,3,5-trihydroxyben
zene molecules via dehydration-mediated growth. Numerous emerging 
signals were also observed at approximately δ = 6.2–7.0 ppm, which 
were related to proton signals of hydroxyl and sulfonic acid/thiol 
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Scheme 1. Schematic elucidation for the fabrication of multicolor CQDs [Blue (B-CQDs), Green (G-CQDs), and Yellow (Y-CQDs)] with potential multicolor bio
imaging and photothermal bactericidal activity. 

Fig. 1. Schematic illustration for the formation mechanism of multi-fluorescence CQDs via tri-molecular reaction route.  
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groups. By scrutinizing all the 1H NMR spectra of CQDs prepared under 
various ratio mixtures of S: P acid medium, it can be concluded that 
there were three main types of 1H NMR spectral structures corre
sponding to B-CQDs, G-CQDs, and Y-CQDs. Moreover, the 13C NMR 
spectra (Fig. 2e) of 1,3,5-trihydroxybenzene molecule also showed two 
carbon peaks at δ = 94 and 159 ppm due to two different carbon envi
ronments, whereas the CQDs (Fig. 2f, g, and h) exhibited numerous new 
signals due to different carbon environments. Numerous emerging 
resonance signals detected at approximately 145–166 ppm in the 13C 
NMR spectra of CQDs represent the polyaromatic sp2 hybridized carbon 
atoms connected to –OH groups at the edges, indicating that several 
1,3,5-trihydroxybenzene molecules were fused to form a large poly
aromatic CQD domain. The signals detected in this region gradually 
intensified from B-CQDs to Y-CQDs, indicating the gradual formation of 
larger dots. Moreover, in contrast to 1,3,5-trihydroxybenzene, multiple 
peaks were observed in the 13C NMR spectra of CQDs in the region of 
115–140 ppm, indicating the development of intact sp2 polyaromatic 
domains. Similarly, the 1H NMR and 13C NMR spectra of CQDs prepared 
in various ratio mixtures (H2SO4: H3PO4 ratios, (i) 0.4 mL: 1.6 mL, (ii) 
0.8 mL: 1.2 mL, (iii) 1.2 mL: 0.8 mL, and (iv) 1.6 mL: 0.4 mL) are shown 
in Fig. S3 (ESIy). 1H NMR and 13C NMR spectra (Fig. 2 and Fig. S3 
(ESIy) of CQDs prepared in various ratio mixtures, show that three 
distinct CQDs are produced, which contributes to the evolution of three 
distinct color emissions [blue (B-CQDs), green (G-CQDs), and yellow (Y- 
CQDs)]. 

3.2. Structural characteristics of CQDs 

Comprehensive characterizations, such as high-resolution trans
mission electron microscopy (HR-TEM), X-ray diffraction (XRD), and 
Raman spectroscopy, were performed to investigate the morphology and 
structure of CQDs. HR-TEM image (Fig. 3) displayed unique crystalline 
trilateral and/or quadrilateral structure of B-, G-, and Y-CQDs with size 
distributions of 3–5, 4–7, and 6–10 nm, respectively. The HR-TEM im
ages and the Fast Fourier Transform (FFT) pattern show well resolved 
lattice spacing of 0.21 nm for all three distinct CQDs (B-, G-, and Y- 
CQDs), demonstrating the inter-planar spacing of the (100) plane, 
which relates to the defect-free graphene structure [7,34]. The gradual 
growth of the CQDs from B-CQDs to Y-CQDs, as reflected in the HR-TEM 
images, was in good agreement with the quantum size effect-induced 
intrinsic emission behavior, clearly indicating the quantum confine
ment effect. The XRD pattern (Fig. 3d) of the precursor contained 
numerous highly crystalline peaks around θ = 16.9◦, 21.7◦, 23◦, 25.1◦, 
27.2◦, and 28.1◦, which were converted into a broad peak after the 
thermal heating process in dehydrating acid, indicating the formation of 
polyaromatic carbon nanostructured quantum dots. The XRD spectra of 
B-, G-, and Y-CQDs exhibited broad peaks, suggesting that the (001) 
facet of the graphene structure was situated at approximately 27.2◦, 
23.3◦, and 22.4◦, respectively. The progressive narrowing of the XRD 
spectra from B-CQDs to Y-CQDs suggests a gradual increase in the 
crystalline nature and a larger conjugated domain of the particle [7]. 
The Raman spectra (Fig. 3e) of all the CQDs were analyzed to examine 
their inherent structure, which exhibited significant graphitization. The 

Fig. 2. 1H NMR spectra of (a) 1,3,5-trihydroxybenzene (b) B-CQDs, (c) G-CQDs, (d) Y-CQDs. 13C NMR spectra of (e) 1,3,5-trihydroxybenzene (f) B-CQDs, (g) G-CQDs, 
(h) Y-CQDs. 
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Raman spectra of all the CQDs displayed two common peaks located at 
1330 and 1590 cm− 1, corresponding to the D-band and G-band, 
respectively. The D-band implies the existence of sp3 carbon frameworks 
(disordered carbons) or defects due to surface oxidation and C–O 
stretching vibrations. The G-band represents the existence of sp2 hy
bridized carbon networks, which indicates a significant degree of 
graphitization. The IG/ID ratio was higher than one for all three distinct 
CQDs, indicating the development of good-quality of graphene- 
structured CQDs, as evident from the HR-TEM images [7]. Similarly, 
XRD and Raman spectra of CQDs prepared in various ratio mixtures 
(H2SO4: H3PO4 ratios (i) 0.4 mL: 1.6 mL, (ii) 0.8 mL: 1.2 mL, (iii) 1.2 mL: 
0.8 mL, and (iv) 1.6 mL: 0.4 mL) are shown in Fig. S4 (ESIy). 

3.3. Surface functional group analysis 

The surface functional groups and chemical composition of all the 
CQDs were inspected using Fourier-transform infrared (FT-IR) and X-ray 
photoelectron (XPS) spectra (Fig. 4). As shown in (Fig. 4a), the FT-IR 
spectra of the three CQDs exhibited similar peaks, suggesting that they 
consisted of some identical chemical bonds or functional moieties. The 
FT-IR spectra exhibited characteristic bands of O–H and C–O/C–C 
stretching vibrations at approximately 3403 and 1170 cm− 1, respec
tively. The peak around 1590 cm− 1 was ascribed to the stretching vi
bration mode of C = C bonds belonging to polyaromatic carbon 
frameworks containing phenolic –OH groups at the zigzag edges [35]. 
The vibrational stretching of the –SO3H groups was also observed at 
approximately 1360 and 1026 cm− 1 in the case of G- and Y-CQDs, 
respectively, which were missing in B-CQDs, implying that G- and Y- 
CQDs were primarily composed of –OH and –SO3H functional groups 

[36,37]. The FT-IR spectra of CQDs prepared in various ratio mixtures 
(H2SO4: H3PO4 ratios (i) 0.4 mL: 1.6 mL, (ii) 0.8 mL: 1.2 mL, (iii) 1.2 mL: 
0.8 mL, and (iv) 1.6 mL: 0.4 mL) are shown in Fig. S5a (ESIy). 

The elemental composition and valence states were investigated 
using XPS analysis. The XPS total survey spectra (Fig. 4b) of the G- and 
Y-CQDs were composed of S2p, C1s, and O1s peaks, indicating that the 
G- and Y-CQDs consisted of three elements (S, C, and O). The B-CQDs 
were mainly composed of C and O. The small peaks corresponding to P 
were due to the phosphoric acid treatment. The elemental valence states 
of C1s (Fig. 4c) of all the CQDs were investigated using high-resolution 
XPS spectra, which showed three bands at 284.9, 286.8, and 289 eV, 
implying the existence of C = C, C–C/C–S, and C–O, respectively [37]. 
The high-resolution S2p XPS spectra (Fig. 4d) of the G- and Y-CQDs 
showed two main bands at 164.4 and 169 eV, corresponding to –SH and 
C–SO3H, respectively [38,39]. Thus, according to the FT-IR and XPS 
spectral investigations, it was concluded that B-CQDs were composed of 
–O–H, C = C, C–C, and C–O chemical bonds, whereas G- and Y-CQDs 
were composed of C = C, C–O, C–S, –SH, and –C–SO3H. Similarly, The 
XPS total survey and high-resolution XPS spectra (C1s and S2p) of CQDs 
prepared in various ratio mixtures (H2SO4: H3PO4 ratios (i) 0.4 mL: 1.6 
mL, (ii) 0.8 mL: 1.2 mL, (iii) 1.2 mL: 0.8 mL, and (iv) 1.6 mL: 0.4 mL) are 
shown in Fig. S5b (ESIy), and Fig. S6 (ESIy)]. 

3.4. Optical properties 

UV–Vis absorption spectra were recorded to examine the optical 
properties of all the differently emissive CQDs. The UV–Vis absorption 
spectra (Fig. 5a) of B-CQDs, G-CQDs, and Y-CQDs dispersed in ethanol 
exhibited broad peaks at 266, 293, and 305 nm, respectively. The 

Fig. 3. HR-TEM images of (a) B-CQDs, (b) G-CQDs, and (c) Y-CQDs (white contour lines represent the morphology). Insets are the fast Fourier transform (FFT) 
images of the CQDs; (d) XRD pattern, (e) Raman spectra. 
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characteristic broad peaks may be assigned to the typical π–π* transition 
of the conjugated polyphenolic aromatic carbogenic core, hybridized 
with hydroxyl moieties [40,41]. The gradual bathochromic shift in the 
UV–Vis band from blue to yellow is in good agreement with the HR-TEM 
results, indicating the formation of larger dots with an increase in the 
sulfuric acid ratio. Furthermore, to gain more insight into the fluores
cence (FL) properties, the PL emission spectra (Fig. 5b) of all the CQDs 
were recorded. The precursor itself did not have any FL emission 
property, but after thermal treatment, three distinct CQDs with blue, 
green, and yellow emissions were obtained, exhibiting PL emission 
maxima at approximately 441, 514, and 550 nm, respectively. Although 
there was a considerable bathochromic PL emission shift from B-CQDs to 
Y-CQDs in the range of 441–550 nm, the PL excitation spectra did not 
exhibit a significant shift. The PL excitation maxima (λex) for B-, G-, and 
Y-CQDs were observed at 345, 355, and 365 nm, respectively. Similarly, 
UV–Vis absorption and PL emission spectra of CQDs prepared in various 

ratio mixtures (H2SO4: H3PO4 ratios (i) 0.4 mL: 1.6 mL, (ii) 0.8 mL: 1.2 
mL, (iii) 1.2 mL: 0.8 mL, and (iv) 1.6 mL: 0.4 mL) are shown in Fig. S7 
(ESIy). Significant efforts have been devoted to synthesizing multicolor 
CDs, and several strategies have been reported so far, as shown in 
Table 1. Our preparation method is based on the controllable acidic 
strength of the reaction using various ratio mixtures of sulfuric and 
phosphoric acid medium. 

Furthermore, the bandgap energies of B-, G-, and Y-CQDs were 
determined using the equation Eg

opt = 1240/λ, where λ is the onset value 
of first excitonic absorption peaks in the direction of longer wave
lengths. The bandgap energies of B-, G-, and Y-CQDs were calculated to 
be 3.91, 3.31, and 3.26 eV (Fig. S8, ESIy). The bandgap energies 
gradually decreased from 3.91 to 3.26 eV, which is in well accordance 
with the bathochromic shifting of PL emission spectra from 441 to 550 
nm. To check the optical properties of products obtained from thermal 
heating of 1,3,5-trihydroxybenzene in closed system, we performed the 

Fig. 4. (a) FT-IR spectra of precursor and CQDs; (b) XPS total survey spectra of B-CQDs, G-CQDs, and Y-CQDs; (c) high-resolution C1s XPS spectra; (d) high- 
resolution S2p XPS spectra. 

Fig. 5. (a) UV–vis absorption spectra of precursor and CQDs; (b) PL excitation and PL emission spectra of CQDs.  
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synthesis using poly(tetrafluoroethylene)-lined autoclave keeping the 
reaction condition unaltered for 90 min at 190 ◦C. Interestingly, we 
didn’t get multicolor CQDs rather we only observed blue emissive 
products with UV–vis absorption at 262 nm and PL emission maxima 
λem = 460 nm under the excitation of 350 nm. The corresponding UV–vis 
spectra and PL emission spectra are detailed in Fig. S9 (ESIy). 
Furthermore, the CQDs were excited at various wavelengths to verify the 
excitation-dependent emission behavior. Excitation-dependent emission 
properties were observed, with maximal values at excitations of 345, 
355, and 365 nm for B-, G-, and Y-CQDs, respectively, as shown in 
Fig. S10 (ESIy). To obtain deeper insights into the optical characteris
tics, the absolute QY (Fig. S11a, ESIy) was evaluated using a compar
ative approach taking quinine sulfate (QY: 54 % in 0.1 M H2SO4) as 
reference standard. The experimental details have been provided in 
Section 2.1 (ESIy). The absolute QY for the B-, G-, and Y-CQDs in 
ethanol was calculated to be 3.26, 27%, and 8.34%, respectively. 

Furthermore, the QY yield of G-, and Y-CQDs were measured in aqueous 
media containing 0.5% ethanol (experimental media) and the values are 
calculated to be 8.8% and 2.4%, respectively as shown in (Fig. S11b) 
(ESIy). Although the quantum yield values are comparatively lower in 
the experimental aqueous media with respect to ethanolic solution due 
to lower dispersibility, yet enough to be used for biological experiments. 
Finally, to assess the NIR light responsive photophysical properties, we 
recorded Vis-NIR absorption and excitation spectra in the Vis-NIR range 
from 600 to 1000 nm, as shown in Fig. S12a & b (ESIy). The Vis-NIR 
absorption spectra exhibited that Y-CQDs (200 µg/mL) have a broad 
range of optical absorption (600–1000 nm) in the NIR-range. Similarly, 
the excitation spectra of Y-CQDs (200 µg/mL) displayed broad excita
tion band in the range of 800–900 nm. Fig. S12c & d (ESIy) shows the 
PL emission spectra at various excitation wavelength (600 to 900 nm) 
for G-, and Y-CQDs, respectively. It was observed that both the CQDs had 
high emission under the excitation of Vis-NIR light. Thus, the result 

Table 1 
Literature survey on the strategies for the synthesis of multicolor CQDs.  

Materials Strategy Synthesis method Presence 
of 
nitrogen 

PL shift (nm) Application References 

Diaminobenzene isomers Selection of proper precursor Solvothermal Yes Blue-435 
Green-535 
Red-604 

Multicolor cellular 
imaging 

[15] 

Diaminonaphthalene 
isomers 

Selection of proper precursor Solvothermal Yes Blue 
Green 
Yellow 
Red 

Multicolor bioimaging [42] 

Dihydroxybenzene 
isomers 

Selection of proper precursor Hydrothermal Yes Red- 
598Yellow- 
550 
Green-518 
Blue-417 

No [43] 

Phloroglucinol Chromatographic separation Solvothermal No Blue-472 
Green-507 
Yellow-538 
Red-598 

Multicolored LEDs [7] 

Phloroglucinol Reaction time monitor Thermal heating No Blue-438 
Green-512 
Yellow-550 

Multicolor bioimaging [2] 

1,3,6-trinitropyrene Solvent engineering Solvothermal Yes Blue-460 
Green-517 
Yellow-581 
Red-620 

Bioimaging [9] 

Citric acid and urea Optimization of reagent ratio Solvothermal Yes Blue-430 
Green-540 
Red-630 

LEDs [10] 

1,2-diamino-4,5- 
difluorobenzene 

Chemical doping Solvothermal Yes Green-510 
(undoped) 
Yellow-550 (F- 
doped) 
Orange-600 
(F-doped) 

Cell imaging and Ag+

sensing 
[11] 

Citric acid and 
ethanolamine 

Concentration variation Hydrothermal Yes 430–617 
Blue-Red 

W-LEDs for solid state 
lightening 

[14] 

p-phenylenediamine Solvatochromism Thermal heating in reflux 
condenser followed by quick 
inject 

Yes Green-511 
Yellow-554 
Red-602 

Solid state films for color 
displays 

[8] 

Carbon particles Surface passivation Nitric acid treatment followed 
by surface passivation with 
PEG1500N 

Yes Blue-450 
Green-500 
Yellow-550 
Red-650 

Bioimaging [6] 

Citric acid and urea Temperature-control Solvothermal Yes Blue-470 
Yellow-546 
Orange-Red- 
585 

Polymer films for LEDs [44] 

Galactose and cysteine pH controlled synthesis under alkaline 
condition 

Reflux method using Maillard 
reaction condition 

Yes Blue-400 
Green-515 
Yellow-550 

Detection of caffeine, 
melamine, fenitrothion 

[12] 

1,3,5-trihydroxybenzene Acid strength tuning (different 
ratiometric mixtures of sulfuric acid: 
phosphoric acid) 

Thermal heating at 190 ◦C for 
90 min 

No Blue-441 
Green-514 
Yellow-550 

Multicolor bioimaging 
NIR-responsive 
photothermal 
antibacterial activity 

This work  
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indicates that CQDs contain continuous energy bands and at the exci
tation of 808 nm NIR-laser, both the CQDs sample is highly excited 
which implies their NIR-light absorption property. 

3.5. Multicolor bioimaging and cellular uptake study 

The as-prepared multicolor CQDs were used as propitious probes for 
multicolor cellular imaging because of their good photostability and 
excellent intercellular distribution. The in vitro cytotoxicity of all three 
distinct CQDs on human dermal fibroblast (hDFs) cells was evaluated 
using the WST-1 (EZ Cytox Cell Viability Assay Kit®, DoGen Bio, Re
public of Korea) assay, as shown in Fig. S13a (ESIy). The detailed 
experimental conditions for the in vitro biocompatibility assay are dis
cussed in the Section 2.2 (ESIy). All CQDs were highly biocompatible 

with respect to hDFs cells, even after treatment with concentrations as 
high as 200 µg mL− 1. Furthermore, to evaluate the effect of all CQDs on 
red blood cells (RBCs), we performed a hemocompatibility assay 
(Fig. S13b, ESIy) in whole blood collected from BALB/c nude mice. The 
details for the experimental conditions are depicted in Section 2.3 
(ESIy). B-, G-, and Y-CQDs had excellent blood biocompatibility 
compared to the positive control group. Thus, all CQDs are promising 
probes for in vitro as well as in vivo bioimaging applications owing to 
their biocompatibility and limited toxicity. 

To demonstrate the bioimaging potentials of B-, G-, and Y-CQDs, 
HepG2 cells were incubated with the three distinct CQDs individually, 
followed by imaging under FL microscopy. The cell imaging experi
mental conditions are detailed in Section 2.4 (ESIy). The multicolor FL 
microscopy images with high cellular FL intensity of HepG2 cells 

Fig. 6. Multicolor bioimaging property of CQDs. Representative LCSM and pseudo-color merge images of HepG2 cells incubated with (a) B-CQDs, (b) G-CQDs, and 
(c) Y-CQDs for 4 h. Images were taken with 405 nm, 441, and 543 nm excitation lasers for each CQDs. The color map indicates the maximum (red) and minimum 
(blue) pixel densities of the merge image. (d-f) Representative cellular FL intensity of B-CQDs, G-CQDs, and Y-CQDs at different excitations. (e) Photostability of B- 
CQDs, G-CQDs, and Y-CQDs at different excitation lasers for 10 min with (f) corresponding FL intensities. Scale bar: 100 µm. 
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incubated with B-, G-, and Y-CQDs (200 µg mL− 1) are shown in Fig. 6, 
displaying blue (B-CQDs), green (G-CQDs), yellow (Y-CQDs), and red (Y- 
CQDs) emissions under different laser channels of 405, 441, 448, and 
543 nm, respectively. (Fig. 6a, b), and c show the merged images of the 
target cells incubated with B-, G-, and Y-CQDs, respectively. The pre
dominant FL emission intensities of B-, G-, and Y-CQD-treated cells 
under various excitation channels were measured, as shown in (Fig. 6d, 
e, and f), respectively. (Fig. 6g) displays the photostability of B-, G-, and 
Y-CQDs under continuous irradiation for 10 min under FL microscopy, 
demonstrating excellent photostability with multicolor imaging capa
bility under various excitation channels. This was also verified by 
measuring the FL intensities at different time intervals, as shown in 
(Fig. 6h). 

Next, we investigated the cellular uptake of CQDs to verify multi
color imaging capability. Interestingly, the CQDs were predominantly 
up taken by the cells, as can be seen from the laser confocal scanning 
microscopy (LCSM) images (Fig. S14, ESIy) when incubated under 
confocal microscopy, making them an excellent imaging probe. These 
findings were identical to those observed in previous reports [45]. 
Furthermore, we examined the lysosomal delivery efficiency of the 
CQDs. For this, the cells were incubated with various CQDs (50 µg mL− 1) 
for different time points and stained with LysoTracker Red (Abcam, 
USA). Images were taken using an inverted FL microscope, and the 

results are shown in Fig. 7. Cells without CQD treatment were used as 
control sets. As shown in (Fig. 7a), the control cells exhibited bright red 
cytoplasmic patches, indicating the presence of lysosomes. However, in 
CQD-treated cells, a dramatic change in lysosomal FL was observed. 
Before 1 h, the cells exhibited clear lysosomal staining and CQD local
ization, demonstrating that CQD delivery was mediated through lyso
somes. However, after 1 h, the lysosomal FL drastically decreased. In G- 
CQDs and Y-CQDs-treated cells, lysosomal FL completely disappeared, 
as shown in (Fig. 7c and d). The B-CQD-treated cells (Fig. 7b) showed 
negligible FL after 2 h of incubation. This can be explained by the excess 
accumulation of CQDs inside the lysosomal vesicles and rapid quenching 
of LysoTracker Red by a mechanism known as FL resonance energy 
transfer or π-π stacking, as reported earlier for various fluorescent dyes 
[4,46–49]. 

3.6. NIR-responsive photothermal properties 

The NIR-responsive photothermal performance of all CQDs was 
investigated by irradiating them with NIR light of 808-nm wavelength, 
with water as the control. The experimental conditions for the photo
thermal performance of CQDs and measurement of photothermal con
version efficiency are discussed in Sections 2.5 and 2.6 (ESIy), 
respectively. The temperature change as a function of time was recorded 

Fig. 7. Fluorescence microscopy images indicating the sub-cellular distribution (a) without CQDs, (b) with B-CQDs, (c) with G-CQDs, and (d) with Y-CQDs. All 
images were captured with appropriate excitation. LysoTracker deep red was used to stain the lysosomes to investigate the lysosomal delivery of CQDs. Scale bar: 
100 µm. 
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for each CQDs with different concentrations (25 to 200 µg/mL) under 
constant laser power stimulation (1 W/cm2). (Fig. 8a, 8b, and 8c) shows 
the temperature increase profile of different CQDs with various con
centrations as a function of time under NIR laser (808 nm, 1 W/cm2) 
irradiation. Notably, with increasing concentration of CQDs, a gradual 
increase in temperature was observed. The B-CQDs showed a slight in
crease in temperature as the concentration increased from 25 to 200 µg/ 
mL (Fig. 8a). The temperature-NIR irradiation time curve of B-CQDs 
dispersed in water exhibited a gradual rise in temperature from 28 ◦C to 
45 ◦C after 5 min of irradiation, whereas no significant change in tem
perature was detected for the control sample (water). Initially, at a low 
concentration (25 µg/mL), there was no significant increase in the 
temperature of the B-CQDs. However, at a higher concentration (200 
µg/mL), a slight increase was observed. The photothermal activity was 
strongly dependent on the concentration of the CQDs; thus, a higher 
content of CQDs in water resulted in a higher temperature rise, probably 
due to the higher amount of NIR absorption at 808 nm [33,50,51]. More 
specifically, for Y-CQDs contents of 25, 50, 100, and 200 µg/mL, the rise 
in temperature was 57, 63, 69, and 73 ◦C, respectively (Fig. 8c), indi
cating that Y-CQDs have excellent photothermal performance, making 
them suitable for antibacterial applications with photothermal therapy. 
Moreover, the concentration dependent temperature change (ΔT) over a 

period 360 s of the B-, G-, and Y-CQDs are given in (Fig. 8d, 8e, and 8f). 
The experimental results showed that G-, and Y-CQDs at a rather low 
concentration (200 µg/mL) can efficiently transform the NIR laser en
ergy into thermal energy. (Fig. 8g, 8 h, and 8i) shows the plot of cooling 
time versus negative natural logarithm of the temperature driving force 
obtained from cooling period. The time constant τs for heat transfer of 
the system was determined to be 122.62, 155.51, and 171.46 s for B-, G-, 
and Y-CQDs, respectively. (Fig. 9a) shows the NIR thermal images of B-, 
G-, and Y-CQDs aqueous solutions at different time interval, which 
further verified the conversion of photo-energy to thermal energy. The 
photothermal conversion efficiency (Fig. 9b) was determined to be 10.8 
± 0.5%, 22.7 ± 1%, and 32.6 ± 1% for B-, G-, and Y-CQDs, respectively. 
The comparison table for the photothermal efficiency of CDs reported 
previously are provided in Table 2. 

Moreover, the photothermal stability (Fig. 9c, 9d, and 9e) of B-, G-, 
and Y-CQDs (200 µg/mL) showed excellent photostability over eight on/ 
off cycles of 808-nm laser light at 1 W/cm2 power density. It is to be 
noted that both G-, and Y-CQDs have more or less same photothermal 
activity with Y-CQDs slightly higher. Both G- and Y-CQDs exhibited 
higher photothermal efficiency compared to B-CQDs, probably because 
of the larger size of the particles and, consequently, better absorption of 
NIR. It was discussed earlier that sulfuric acid, as a very strong 

Fig. 8. Photothermal conversion of CQDs. (a, b, c) Temperature increase profile of the different CQDs with various concentrations as a function of time under NIR 
laser (808 nm, 1 W/cm2) irradiation. (d, e, f) Plot of temperature change (ΔT) over a period of 300 s versus different concentrations of B-, G-, Y-CQDs. (g, h, i) Plot of 
cooling time versus negative natural logarithm of the temperature driving force obtained from the cooling period. 
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dehydrating acid, can engage in the formation of CQDs with larger 
conjugated domain and graphene-oxide like particles compared to 
phosphoric acid. 

3.7. In vitro hyperthermia-induced antibacterial activity 

The outstanding photothermal efficiency of the CQDs motivated us 
to scrutinize its antibacterial properties in vitro. Hyperthermia-induced 
membrane damage and high reactive oxygen species (ROS) amplifica
tion are key mechanisms of bacterial killing [63]. The NIR-responsive 
photothermal antibacterial efficacy of all CQDs was investigated 
against Bacillus subtilis with and without NIR laser irradiation. The in 
vitro antimicrobial effects of the as-prepared CQDs were evaluated in 
terms of the liquid culture method, plate dilution method, live-dead 
assay, morphological observations, and ROS generation, and the corre
sponding experimental details are discussed in Section 2.7. (1–5) 

[(ESIy)]. The results of relative viability without NIR treatment 
(Fig. 10a) of Bacillus subtilis demonstrate the antibacterial performance 
of all the CQDs, which reveals that all the CQDs have mild antibacterial 
effects due to their inherent nature. The order of effectiveness increased 
as the size of the particles increased. Moreover, the time-dependent 
treatment showed that the relative viability decreased gradually with 
time, implying that CQDs were toxic to bacteria over the duration of 
exposure. After 24 h of exposure time, the killing ratio reached almost 
45%, 50%, and 55% for B-, G-, and Y-CQDs, respectively. In contrast, the 
relative viability of Bacillus subtilis decreased significantly after 5 min of 
NIR irradiation, as shown in (Fig. 10b). The NIR-treated (5 min) sample 
exhibited killing ratios of up to 55%, 90%, and 95 % after 24 h for B-, G-, 
and Y-CQDs, respectively. The order of photothermal antibacterial ef
ficacy increased with the size of the particles, probably due to the higher 
absorption of NIR radiation, and the results were in good agreement 
with the photothermal efficiency. Furthermore, to validate the impact of 

Fig. 9. (a) IR images of water and aqueous CQDs solutions under 808 nm laser (1 W/cm2) irradiation for different time intervals. (b) photothermal conversion 
efficiency of B-, G-, and Y-CQDs [experimental errors for PCE: B-CQDs (10.8 ± 0.5%), G-CQDs (22.7 ± 1%), and Y-CQDs (32.6 ± 1%)]; (c, d, e) Temperature 
variation of the CQDs (200 μg/mL) over eight on/off cycles of 808-nm laser light at 1 W/cm2 power density. 

Table 2 
The comparison table for the photothermal conversion efficiency of CDs reported previously in the literature.  

CQDs precursor Dose 
(μg/mL) 

Power density 
(W/cm2) 

Laser(nm) Irradiation time 
(min) 

Efficiency (%) References 

Citric acid and oleylamine 2 × 104 2 808 10 3.77 [52] 
polythiophene benzoic acid 200 2 635 10 36.2 [53] 
Polythiophene and diphenyl diselenide 103 2 635 10 58.2 [54] 
citric acid and dicyandiamide 104 4 808 10 41.7 [55] 
cyanine dye and PEG800 125 2 808 10 38.7 [56] 
Dopamine hydrochloride 50 1.5 808 5 35 [57] 
nitro-coronene derivative 200 2 808 10 54.7 [58] 
Citric acid and urea 45 × 104 1.2 655 10 54.3 [59] 
Citric acid and urea 200 1 655 10 59.2 [60] 
Hypocrella bambusae 200 0.8 635 10 27.6 [61] 
watermelon juice 2 × 104 1.4 808 10 30.6 [62] 
1,3,5-trihydroxybenzene 200 1 808 5 B-CQDs-10.8 ± 0.5 

G-CQDs-22.7 ± 1 
Y-CQDs-32.6 ± 1 

This work  
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Fig. 10. Anti-bacterial performance of CQDs. (a-b) Relative viability of Bacillus subtilis with and without NIR light (808 nm) irradiation (1 W/cm) at indicated time 
intervals. (c) Live-dead assay indicating the bacterial viability. Scale bar: 100 µm. (d) Agar plate counting method for B. subtilis with and without NIR irradiation after 
24 h of culture in NA media. PBS and DMSO were taken as negative and positive control groups, respectively. (e) Colony forming unit as quantified by ImageJ 
software. (f) Evaluation of bacterial morphology by HR-SEM. Scale bar: 500 nm and 1 µm (×25,000 and × 50,000 magnification). DM; damaged membrane. Data are 
mean ± s.d. (n = 3), statistical significance at *p < 0.05 and *p < 0.01 (Student t-test). (g) ESR spectra of the CQDs sample exhibiting characteristic signals of •OH 
radicals in presence of NIR light (808 nm, 1 W/cm2). (h) Schematic illustration for the mechanism of bactericidal activity of the CQDs. 
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NIR radiation on the antibacterial property, a live-dead assay (Fig. 10c) 
was performed by FL staining of the sample after NIR treatment. Spe
cifically, a nucleic acid stain (acridine orange) was labeled with live 
Bacillus subtilis producing green FL, whereas dead Bacillus subtilis was 
labeled with ethidium bromide, which displays orange-red FL due to 
damage to the cellular membrane. As shown in (Fig. 10c), bacteria 
showed bright green FL in phosphate buffered saline (PBS) with and 
without NIR treatment, whereas the CQD-treated sample showed red FL, 
which further intensified after NIR treatment resulting from disruption 
of the cytoplasmic membrane and induced cell death. This result was 
further confirmed by the agar plate counting method for Bacillus subtilis 
with and without NIR irradiation after 24 h of culture in nutrient agar 
(NA) media, where PBS and dimethyl sulfoxide (DMSO) were used as 
negative and positive control groups, respectively. The agar plate assay 
(Fig. 10d) clearly demonstrated the impact of CQDs and (CQDs + NIR) 
treatments on bacterial cells. Bacterial colony forming capability 
decreased after CQDs treatment, as evidenced by a decrease in density. 
The Y-CQDs exhibited the superior antibacterial performance compared 
to the others. After NIR irradiation for 6 min, bacterial growth was 
restricted, and no colony formation observed as shown by colony for
mation efficiency (Fig. 10e). In addition, we recorded high resolution 
images in scanning electron microscopy (SEM) to inspect the 
morphology of the bacterial cells, as shown in (Fig. 10f). SEM images of 
bacterial cells incubated with PBS clearly displayed intact bacterial cells 
with and without NIR irradiation in the absence of CQDs. After Y-CQDs 
treatment, Bacillus subtilis cell membranes started to rupture and the 
process intensified with NIR treatment, which completely damaged the 
cytoplasmic membrane. Fig. S15 (ESIy) exhibits the representative FE- 
SEM images of the B. subtilis colony (5 µm scale bar) after irradiated 
with or without NIR laser in the presence of Y-CQDs. The Y-CQDs 
exhibited serious membrane damage in the bacteria followed by leakage 
of the cellular components. Fig. S16 (ESIy) shows the representative 
HR-SEM images of a single B. subtilis bacterium (at 1 µm scale bar) after 
irradiated with NIR laser in the presence of Y-CQDs showing (a) Leakage 
of cellular components, and (b) rupture of the cell membrane. Thus, 
based on the above experimental results, CQDs demonstrated excellent 
potential to inhibit bacterial infections owing to their NIR-induced 
photothermal activation properties. 

To gain more insight into the antibacterial mechanism, we per
formed the electron spin resonance (ESR) spectra to identify the ROS 
production with and without NIR light irradiation. Polyphenolic com
pounds derived CQDs are much more prone to produce huge amount of 
hydroxyl (•OH) radical under external light stimuli. So, to determine the 
production of ROS, we recorded the ESR spectra with 5,5-dimethyl-1- 
pyrroline N-oxide (DMPO) as a trapping agent for •OH radicals in DI 
water. (Fig. 10g) shows the ESR spectra of B-, G-, and Y-CQDs with and 
without the presence of NIR light. It is to be noted that under the dark 
condition, no ESR signals were detected, whereas multiple signals were 
observed under NIR irradiation corresponding to the •OH radicals. Y- 
CQDs exhibited sharp characteristic peaks with an intensity ratio of 
1:2:2:1 corresponding to •OH radicals [64,65]. ESR peaks due to •OH 
radicals are most prominent in Y-CQDs compared to G-, and B-CQDs, 
making it an ideal photothermal agent for antibacterial application 
through radical pathways in co-operation with hyperthermia effect. 
Based on the NIR-induced generation of •OH radicals, a plausible 
mechanism of bactericidal activity has been drawn (Fig. 10h). 

To gain more insight into the bacterial killing mechanism, dichlor
odihydrofluorescein diacetate (DCFDA) staining was performed. Briefly, 
the bacterial cells were incubated with various formulations of CQDs with 
and without NIR irradiation for 24 h. After that, the cells were incubated 
with the ROS-sensitive probe DCFDA, and the FL intensity was measured at 
ex/em of 485/528 nm. As shown in Fig. S17 (ESIy), the bacterial cells 
exhibited a significant increase in ROS generation in the presence of NIR 
irradiation for 6 min compared to the untreated groups. The ROS genera
tions in the NIR-irradiated B-CQDs, G-CQDs, and Y-CQDs-treated cells were 
128%, 150%, and 188%, respectively, which were considerably higher 

than those in the control groups. CQDs are known to alter the microenvi
ronments of bacteria by interacting with respiratory enzymes, DNA meta
bolism, and membrane ion transport [63,66]. Considered together, our 
results demonstrate that hyperthermia-induced bactericidal activity is due 
to elevated ROS amplification and membrane damage of Bacillus subtilis. 

4. Conclusion 

In this study, a strategy was proposed to synthesize PL-emission- 
tunable multicolor CQDs based on controllable acidic strength using a 
wet chemistry-based synthetic approach. Multicolor CQDs were ob
tained from 1,3,5-trihydroxybenzene through a facile thermal heating 
process in the reaction medium of different ratiometric mixtures of 
sulfuric and phosphoric acids (S: P) under 90 min of reaction at 190 ◦C. 
Multicolor emissive CQDs have been utilized as promising luminous 
probes for multicolor cellular imaging because of their good biocom
patibility and effective intracellular distribution. Moreover, the as- 
prepared CQDs exhibited a high photothermal conversion efficiency of 
NIR light energy (808 nm) into thermal energy, and thus exhibited 
remarkable photothermal bactericidal activity compared to CQDs alone 
(which also have considerable antibacterial activity) via ROS generation 
and membrane damage. Y-CQDs with larger polyaromatic sp2 domains 
and higher oxidized surfaces exhibited a high photothermal conversion 
efficiency (PCE ~ 32.6 ± 1%) and thus exhibited remarkable NIR-light 
responsive photothermal bactericidal activity. Our results demonstrate 
that hyperthermia-induced bactericidal activity is due to the elevated 
reactive oxygen species (ROS) amplification and membrane damage of 
Bacillus subtilis. This study provides a potential application of CQDs for 
the multicolor imaging guided phototherapy. 
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