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GRAPHICAL ABSTRACT

Carbon dots (CDots) with a strong greenish-yellow fluorescence in both dispersed and aggregated states are prepared. The as-prepared CDots with a size
of 3.5 nm possess excellent biocompatibility, good photostability, strong solid-state luminescence, and remarkable resistance to organic solvent, allowing
their applications in biological imaging in vitro and in vivo and as the color conversion layer for white light-emitting diodes.

Sallcyllcacld (ec eN -0 o5 -H ScDoty

Dlspersed

ARTICLE INFO ABSTRACT
Article history: Carbon dots (CDots), a class of environmentally friendly carbon-based luminescent nanomaterial, have
Received 24 September 2021 been applied in a wide variety of fields, including bioimaging and light-emitting diodes (LEDs). Prior to

Revised 17 November 2021
Accepted 28 November 2021
Available online 1 December 2021

these applications, however, CDots usually require modifications because some of its limitations (e.g.,
the aggregation-induced luminescence quenching) make it difficult to apply in solid state. In order to
realize CDots-based multiple applications simultaneously, this paper examines how CDots with a strong
greenish-yellow fluorescence in both dispersed and aggregated states are prepared by microwave-

I;Z{]ng;gi;ri al assisted heating salicylic acid and thiourea. Based on control testing and the analysis of density functional
Carbon dot theory calculations, S element from thiourea is doped into CDots and proves to be critical in governing the
Solid-state luminescence photoluminescence (PL) emission color. Featured with excellent biocompatibility and photostability, the
Bioimaging dispersed CDots with photoluminescence quantum yields (32%) are able to function as a biological imag-
Light-emitting diode ing reagent in vitro and in vivo without any side effect. Furthermore, the aggregated CDots also exhibit

high photoluminescence quantum yields (26%) and remarkable resistance to organic solvent. These
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advantages will ensure that S-doped CDots can be applied as a color conversion layer so that white LEDs
with different Commission International de L’Eclariage coordinates and tunable color temperature can be

fabricated.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Luminescent materials have been applied in various fields,
including sensing, medical diagnostics and therapy [1], bioimaging
[2], light-emitting diodes (LEDs) [3], and so forth [4]. Especially,
luminescent materials with a strong PL emission in both dispersed
and aggregated states are in high demand. The luminescent mate-
rials presently available are mainly rare-earth-based materials,
semiconductor quantum dots (QDs), perovskite QDs and organic
dyes. Despite their achievements in promoting the revolution in
optics, however, there are still several concerns and issues to be
addressed. Rare-earth-doped nanoparticles are currently in severe
shortage and non-renewable [5]. The high-performance QDs tend
to bring the concerns of environmental destruction due to the
involved toxic heavy metal elements [6], and organic dyes show
weak stability. Consequently, the development of novel lumines-
cent materials is essential for improving their performance, includ-
ing safety, cost and stability and thereby extending the prospect of
their applications.

Recently, carbon dots (CDots), as a class of emerging and envi-
ronmentally friendly carbon-based luminescent nanomaterial [7-
10], have received great scholarly interest owing to their distinct
advantages [11-17], such as easy and eco-friendly preparation
[18], low cost [19], low toxicity [20], long-term preservation [21],
adjustable luminescence [22], high photoluminescence quantum
yields (PLQYs) [23], and excellent resistance to photobleaching
[24]. Based on these characteristics, CDots have ignited tremen-
dous interest in photocatalysis, energy storage and conversion,
biosensors, bioimaging, LEDs, and so forth [25-35]. In particular,
the small particle size of CDots is conducive to enter the living
body for bioimaging, and the in vivo administration of CDots has
no significant side effects, which could be proved by the biological
safety indicators [36-38]. Besides, the capability to control the PL
emission properties of CDots allows us to fabricate white LEDs
(WLEDs) with controllable color temperatures, where CDots are
applied as a color conversion layer [39-41]. As can be seen from
the above description, when applying CDots in these applications,
CDots had better possess a strong PL emission in both dispersed
and aggregated states [42]|. Nevertheless, most of the CDots
reported in previous studies are capable of exhibiting bright lumi-
nescence and high PLQYs in dispersed state (i.e., in solution),
whereas the aggregated CDots show nearly no PL emission and
very low PLQYs due to the resonance energy transfer and direct
m—-7 interactions (similar to the interactions in organic molecules)
between CDots in the aggregate state (also known as the
aggregation-induced luminescence quenching) [13,41,43-46]. As
a result, CDots are requested to be treated by chemical/physical
modifications before being used in multiple applications
simultaneously.

To avoid the aggregation-induced luminescence quenching,
several encapsulation methods have been proposed to disperse
the CDots into matrix, including silica [47], trisodium citrate [48],
zeolites [49], polyhedral oligomeric silsesquioxane, and so forth
[50]. In doing so, their PL properties are preserved in the solid state.
However, despite numerous achievements of these researches,
these methods are generally time-consuming and complicated,
and the raw materials (including CDots and matrix) cannot be fully
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utilized during the preparation, resulting in a high cost but a low
yield. More importantly, the resultant CDots-based composites
usually have very poor water solubility and large particle size,
which would limit, or even forbid the application of CDots in life
science. Therefore, it is of great scientific value to construct CDots
without aggregation-induced luminescence quenching for the
development and optimization of CDots-based multifunctional
luminescent materials.

Doping other elements into CDots is always an efficient way to
improve their performance and expand their applications
[25,51,52], including N element for increasing the PLQYs [53], S
element for enhancing photocatalytic reactivity [54], Mg element
for regulating photosynthetic activity [55], Ce element for promot-
ing wound healing [56], and so forth. Especially, S element is abun-
dant in nature and environment-friendly, and can eliminate O-
states and enhance N-states of the CDots, therewith resulting in
stronger PL emissions [57]. As a result, these accomplishments
inspire us to develop the S doping strategy to address the afore-
mentioned challenges (i.e., aggregation-induced luminescence
quenching). In this work, S-doped CDots with a strong greenish-
yellow fluorescence in both dispersed and aggregated states are
synthesized by heating salicylic acid and thiourea in a one-step
microwave treatment, where the S element from thiourea plays a
key role in controlling the PL properties of the CDots according
to the control test and results of the theoretical calculations. The
resultant CDots with a size of 3.5 nm possess a high PLQYs (32%)
in the dispersed state, excellent biocompatibility, and good photo-
stability, and thus can be applied as a biological imaging reagent
in vitro and in vivo without side effects. Furthermore, the aggre-
gated CDots also exhibit a high PLQYs (26%) in the solid state
and remarkable resistance to organic solvent. Benefiting from
these unique properties, WLEDs with CDots as the color conversion
layer can have different Commission International de L’Eclariage
(CIE) coordinates and tunable color temperature from 3735 to
6646 K (Fig. 1).
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Fig. 1. Schematic illustration of the preparation of CDots with strong luminescence
in both dispersed and aggregated states and their application in bioimaging and
WLEDs.
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2. Materials and methods
2.1. Materials

Salicylic acid (>99.5%) and thiourea (99%) were purchased from
Macklin Biochemical Co., Ltd (Shanghai, China). Epoxy-silicone
resin A and B (98%), which were obtained from Ausbond, were used
for encapsulation. Dulbecco’s Modified Eagle Medium (DMEM)
with high glucose, fetal bovine serum (FBS), and penicillin-
streptomycin were obtained from Gibco (Grand Island, NY, USA),
Biological Industries (Cromwell, CT, USA), and Hyclone (Logan,
UT, USA), respectively. Phosphate buffered saline (PBS), dimethyl
sulfoxide (DMSO) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT) were obtained from Amresco
(Shanghai, China). Annexin V-FITC/7-AAD apoptosis analysis kit
was purchased from Tianjin Sungene Biotech Co., Ltd (Tianjin,
China). Syringe filters with a pore size of 0.8 um were purchased
from Tianjin Jinteng Experimental Equipment Co., Ltd (Tianjin,
China). Dialysis bag (MWCO = 1000 D) was purchased from Spec-
trum Laboratories (Rancho Dominguez, CA, USA). Ethanol was
commercially available reagents. And in all experiments, the water
was purified by distillation for twice.

2.2. Synthesis of carbon dots (CDots)

The S-doped CDots were synthesized by a one-step microwave
treatment through condensation and further carbonization of sali-
cylic acid and thiourea. In detail, 1.53 g of salicylic acid and 2.4 g of
thiourea were added into 20 mL of deionized water, then the mix-
ture was heated together in a household 500 W microwave oven,
and the heating time is set to be 4 min for the complete carboniza-
tion. During this heating process, the system turned to brown lig-
uid from the original colorless liquid, and finally formed a bright
yellow clustered solid with strong greenish-yellow photolumines-
cence (i.e., CDots). To get rid of small molecules, including some
limited nanoscale carbon domains, molecular chromophores,
organic dye-like species and so on, the as-prepared CDots were
dialyzed in deionized water using a membrane with MWCO of
1000 D for one day. Next, anhydrous ethanol, deionized water
and DMEM were utilized to dissolve the purified CDots at different
concentrations for further use. Furthermore, the CDots powders
(i.e., the CDots aggregates) are obtained by freeze-drying the CDots
solution. Following a similar procedure, except replacing thiourea
with urea, CDots without S element were prepared for a
comparison.

2.3. Characterizations of CDots

Photoluminescence (PL) data were obtained using a Shimadzu
RF-5301 PC spectrophotometer. The excitation wavelength was
adjustable. Ultraviolet-visible (UV-vis) absorption spectra were
acquired utilizing a Lambda 800 UV-vis spectrophotometer. An
Olympus BX-51 fluorescence microscope with a charge coupled
device (CCD) camera was used to examine the photoluminescent
materials. Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images were conducted using a JEOL
JEM-2100F TEM with a resolution of 0.1 nm at 200 kV. X-ray pow-
der diffraction (XRD) test was carried out with Siemens D5005
diffractometer. Energy-dispersive spectroscopy (EDS) was mea-
sured by an Inca X-Max instrument. Fourier transform infrared
(FTIR) spectra were obtained using a Nicolet AVATAR 360 FTIR
instrument. Under the excitation of MG KR (1253.6 eV), the X-
ray photoelectron spectroscopy (XPS) was performed via a VG
ESCALAB MKII spectrometer. Binding energy calibration was based
on C1sat284.6 eV.
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2.4. Computational methods

The ground states of two model CDots were all obtained from
theoretical calculations by using density functional theory method
as carried out in the Gaussian09 software package. The 6-31G*
basis set was selected to combine with the functional B3LYP
throughout all calculations (B3LYP/6-31G*). The green and red col-
ors in the HOMO and LUMO molecular orbitals represent the pos-
itive and negative phases of the molecular orbital wavefunctions.

2.5. Toxicity assay of CDots in vitro

RAW264.7 cell line was derived from mouse monocyte macro-
phage cell (Chinese Academy of Sciences Cell Bank, Shanghai,
China) and cultured in DMEM with high glucose, supplemented
with 10% FBS and 1% penicillin/streptomycin. The cells were incu-
bated in 5% CO, at 37 °C.

The cytotoxicity of the CDots was evaluated by MTT assay and
cell apoptosis assay. MTT assay was performed in 96-well plates.
RAW264.7 cells were seeded at 1 x 10* cells per well and cultured
overnight. Then, the media were discarded and CDots were added
to each well at a final concentration of 0, 10, 20, 50, 100 or 200 pg/
mL. After another 24 h incubation, the media were removed and
the wells were washed twice with PBS, and then100 pL of fresh
culture medium with 20 pL of 5 mg/mL MTT was added to each
well. After incubation for 4 h, the formazan crystals were observed
at the bottom of the wells and the supernatants were removed. The
crystals were dissolved in 150 pL of DMSO, and the absorbance
was measured at 490 nm using a microplate reader (RT-6000; Lei
Du Life Science and Technology Co, Shenzhen, China). The mea-
surements were repeated three times, and the standard deviation
was plotted as the error bar.

For cell apoptosis assay, RAW264.7 cells were seeded at 1 x 10°
cells per well in a 6-well plate and cultured overnight. Then, the
media were removed, and CDots were added to each well at a final
concentration of 0, 10, 20, 50, 100 or 200 pg/mL. After 24 h incuba-
tion, the cells were harvested and stained according to the manu-
facturer’s instructions of annexin V-FITC/7-AAD apoptosis analysis
kit. Finally, the samples were analyzed by fluorescence-activated
cell sorting (BD Biosciences, San Jose, CA, USA).

2.6. In vivo and in vitro fluorescence imaging

RAW264.7 cells were seeded at 1.5 x 10° cells/well in a 35 mm
confocal dish and cultured overnight. Then the medium was
removed, and the CDots were added to the well at a final concen-
tration of 100 pg/mL. After 24 h incubation, the cells were washed
three times with PBS and fixed in 95% ethanol for 30 min at 37 °C.
Finally, the cells were washed twice with PBS, and then observed
by confocal laser scanning microscopy (CLSM, Olympus, Japan) at
405 nm excitation.

The in vivo bioimaging of the CDots was performed in nude
mice. All applicable institutional and/or national guidelines for
the care and use of animals were followed. All animal procedures
were performed in accordance with the Guidelines for Care and
Use of Laboratory Animals of Jilin University and approved by
the Animal Ethics Committee of No. 1 Hospital of Jilin University
(approval number: 20200470). Six male nude mice (6-week old)
were randomly divided into control group and CDots group. For
the control group, 200 pL of PBS was injected subcutaneously at
the middle of the back, whereas for the experimental group,
200 pL of CDots solution was injected at the same anatomical site.
Then, the in vivo bioimaging photographs of the mice were taken
by a CCD camera with a 450 nm filter (long pass) under UV light.
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2.7. Toxicity assay of CDots in vivo

The in vivo toxicity of the CDots was evaluated after in vivo
bioimaging mentioned above. The mice were euthanized and
important organs, including hearts, livers and kidneys, were col-
lected and fixed, dehydrated, embedded in paraffin, and stained
with hematoxylin and eosin (H&E) staining.

2.8. Fabrication of luminescent bulks and light-emitting diodes (LEDs)
from CDots

At first, the solid-state CDots powders were mixed with epoxy-
silicone A and B, where the mass ratio of epoxy-silicone A and B is
fixed to be 2:1. The mixture was then stirred for 1 min until the
CDots show a uniform dispersion. Next, a vacuum oven was used
to remove the air from the mixture. Afterwards, the mixture was
poured into molds and baked for 1 h at 80 ° C, and then the fluores-
cent bulk materials were obtained.

The indium gallium nitride (InGaN) LED chips without packag-
ing materials were purchased commercially, where the InGaN
microchips were placed at the bottom of the LEDs base, and these
LEDs could emit bright blue light (405 nm) as the working voltage
is 3.0 V. For the color conversion layer, CDots without aggregation-
induced luminescence quenching were mixed with epoxy-silicone
resin A and B components. Especially, because of the high PLQYs of
CDots, only 20 mg CDots powders are required for the white LEDs
with CIE coordinates of (0.31, 0.33). Then, the mixtures as packag-
ing materials were deposited on the InGaN LED chips. After curing
at 80 ° C for 1 h, CDots-based white LEDs with different color tem-
peratures were obtained.

3. Results and discussion

As described in the experimental section, the CDots were syn-
thesized from condensation and carbonization of salicylic acid
and thiourea by a one-step microwave treatment, and the heating
time is set to be 4 min for the complete carbonization, during
which the colorless aqueous solution turned into bright yellow
solid with strong photoluminescence (i.e., CDots) (Fig. 1). To get
rid of small molecules, including some limited nanoscale carbon
domains, molecular chromophores, organic dye-like species and
so on, the as-prepared CDots were dialyzed in deionized water
using a membrane with MWCO of 1000 D for one day. The purified
CDots powders (i.e., the CDots aggregates) are obtained by freeze-
drying the CDots solution and presents bright yellow color under
sunlight (Fig. 2b). In contrast, microwave-assisted heating salicylic
acid or thiourea alone only resulted in white products with nearly
no photoluminescence (Fig. S1). Correspondingly, as shown in the
ultraviolet-visible (UV-vis) absorption spectra (Fig. S2), salicylic
acid in ethanol gives rise to two absorption peaks at 235 and
303 nm, and thiourea in ethanol shows a peak at 242 nm and an
absorbance shoulder at 265 nm, respectively. However, the CDots
ethanol solution gives a different UV-vis absorption spectrum,
where two absorption peaks locate at 250 and 320 nm (Fig. 2a).
The differences between the photoluminescence and the UV-vis
absorption spectra of the raw materials and CDots indicate the for-
mation of CDots is due to the reaction between salicylic acid and
thiourea.

To reveal the morphology and structure of the CDots, high-
resolution transmission electron microscopy (HRTEM) and X-ray
powder diffraction (XRD) are carried out. In Fig. 3a, the HRTEM
image shows that CDots are well dispersed with an average diam-
eter of 3.5 nm, which is also proved by the corresponding size dis-
tribution histogram (Fig. S3). The nanometer scale sizes of CDots
can facilitate the entry of CDots into cells, and therefore benefit
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the bioimaging of CDots in vitro. The well-resolved lattice spacing
of CDots can be observed to be 0.33 nm, which is consistent with
the (002) crystallographic facets of graphitic carbon reported in
previous research [58]. XRD pattern of CDots exhibits a significant
single peak centered at 3.3 A (Fig. 3b), which agrees well with the
lattice parameters shown in the HRTEM image. Using an energy
dispersive spectrum (EDS) investigation, the as-prepared CDots
are proved to be composed of C, N, O and S elements. Among these
elements, all of O and a portion of C belong to salicylic acid, while
all of N and S, and the rest of C are from thiourea (Fig. 3c).

In order to reveal the chemical structure and the formation
mechanism of CDots, Fourier transform infrared (FTIR) characteri-
zation is performed. The FTIR spectrum of salicylic acid exhibits a
carboxylic C=0 stretching vibration at 1670 cm™!, a carboxylic
C—O stretching vibration at 1292 ¢cm™!, and a carboxylic O—H
bending vibration at 1325 cm~! (Fig. 3d). All above-mentioned
peaks are assigned to the carboxyl group. Additionally, a phenolic
C—O0 stretching vibration at 1246 cm~! and a phenolic O—H bend-
ing vibration at 1325 cm™! are ascribed to the phenolic hydroxyl
group (Fig. 3d). The broad band of O—H stretching vibrations rang-
ing from 2900 to 3500 cm ! is originated from both the carboxyl
and phenolic hydroxyl groups. The FTIR spectrum of thiourea pre-
sents N—H stretching vibrations at 3100-3500 cm~!, an N—H
bending vibration at 1610 cm™!, a C—N stretching vibration at
1080 cm~!, and two N-C=S stretching vibrations at 1410 and
1475 cm™!, indicating the presence of amine groups. The car-
boxyl/hydroxyl groups of salicylic acid and the amine groups of
thiourea ensure the subsequent dehydration condensation and car-
bonization to form the CDots. The FTIR spectrum of CDots shows
O—H/N—H stretching vibrations at 3000-3500 cm!, suggesting
the existence of the hydroxyl and amine groups in CDots. Com-
pared with the C=0 stretching vibration of salicylic acid, the
C=0 stretching vibration of CDots shifts to 1620 cm~', which is
consistent with the position of the amide I band. The N—H bending
vibration of CDots shifted as well from 1610 cm ™! to 1540 cm ™! in
comparison with thiourea, which consists with the position of the
amide II band. Besides, an absorption peak appears at 1390 cm™},
which could be attributed to the C=S stretching vibration
(Fig. 3d). These results reveal that the formation of CDots is based
on dehydration condensation and further carbonization between
the carboxyl/hydroxyl and amine groups (Fig. 3c).

XPS analysis is used to further confirm the structure and the
formation mechanism of CDots (Fig. 3). As shown in Fig. 3e, the C
1 s spectrum of the as-prepared CDots shows four peaks located
at 284.5, 285.1, 287.8 and 288.5 eV that are assigned to sp? C,
sp> C, -CON- and -COO-, respectively. The strong sp?> C peak at
284.5 eV suggests that CDots contain large conjugated sp?-
domains. In addition, it has been concluded that the lattice spacing
of CDots (0.33 nm) in HRTEM image is very close to the interlayer
spacing of graphite (Fig. 3a). Thus, these results demonstrate that
CDots are mainly constituted of several graphene-like sheets,
which is consistent with the previous reports [58]. Furthermore,
the peak of —~CON- at 287.8 eV proves the amidation reaction
between salicylic acid and thiourea, and the peak of -COO- at
288.5 eV confirms the existence of the carboxyl groups, which
agrees with the FTIR analysis (Fig. 3d). The O 1 s spectrum of CDots
shows two peaks at 531.9 and 532.9 eV (Fig. 3g) that are attributed
to —CON- and -COO-/-NOs-, respectively. The peaks of -CON- and
-COO- further verify the occurrence of the amidation process and
the existence of the carboxyl groups, which is well consistent with
the C 1 s spectrum. The N 1 s spectrum of CDots is fitted with three
peaks centered at 399.7, 400.3, and 401.9 eV (Fig. 3f), which are
assigned to -NH-, N-(C);, and —-CON-, respectively, indicating the
presence of the amine groups and the dehydration condensation.
The S 2p spectrum of CDots shows two peaks at 161.9 and
163.2 eV (Fig. 3h), which are attributed to S 2py;; and S 2psp,
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Fig. 2. The optical characterizations and density functional theory calculations of the CDots. (a) UV-vis absorption (black line) and PL emission (red line) spectra of the CDots
solution. Insets: corresponding photographs taken under sunlight and UV light, respectively. (b) PL emission spectrum of the aggregated CDots. Insets: corresponding
photographs taken under sunlight and UV light, respectively. (c) The DFT calculations of the electronic structure of CDots 1 and CDots 2 with corresponding orbital
distribution of LUMO (the lowest unoccupied molecular orbital) and HOMO (the highest occupied molecular orbital). The isovalue is 0.02. The corresponding energy levels of
CDots 1 and CDots 2. Here, CDots 1 and CDots 2 are the models of the CDots synthesized by salicylic acid/urea and salicylic acid/thiourea, respectively. (d) Side view of the
optimized structures of CDots 1 and CDots 2, where the hydrogen atoms are not shown for clarity.

respectively, suggesting that S element is doped into CDots. In all,
the XPS analysis, together with the FTIR and EDS characterizations,
further demonstrates that the formation of CDots is conducted by
the dehydration condensation and carbonization processes, during
which CDots are doped with S element.

Furthermore, the CDots solution shows a bright greenish-
yellow PL emission (the insets of Fig. 2a), and its PL emission spec-
tra at different excitation wavelengths are shown in Fig. S4a. These
spectra show that the PL emission peak locates at 530 nm under
the best excitation wavelength of 405 nm, and the PLQYs of CDots
is measured to be 32%, which is beneficial to the application of
CDots in in vitro and in vivo bioimaging since naked eyes and detec-
tors are highly sensitive to green light. Moreover, the greenish-
yellow PL emission also allows CDots to be applied as the color
conversion layer in fabricating WLEDs, because white light could
be made up of blue and greenish-yellow light. Here, the existence
of the doped S element in CDots plays a key role in determining the
greenish-yellow PL emission of CDots. To verify this hypothesis,
another CDots without the doped S element are synthesized
through the same microwave-assisted heating method except
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using urea instead of thiourea (Fig. S6), where the chemical struc-
ture of urea and thiourea are the same except that the S element in
thiourea is replaced by the O element in urea. And the resultant
CDots prepared by urea and salicylic acid present a similar size
and structure, but absence of S element (Fig. S5). The CDots solu-
tion without S element show a blue PL emission instead, centered
at 475 nm with a low PLQYs of only 6% (Fig. S6a), whereas the
CDots with doped S element (i.e., synthesized by salicylic acid
and thiourea) exhibit a bright greenish-yellow PL emission with
a high PLQYs of 32%, indicating that the doping of S element could
decrease the bandgap energy and improve the PL intensity. This
conclusion is further confirmed by first-principles calculations
based on density functional theory (DFT) using the B3LYP (Becke,
3-parameter, Lee-Yang-Parr) hybrid functional with the 6-31G*
basis set (Table S1and S2).

According to the HRTEM and XPS analysis (Fig. 3a and 3e-h), the
proposed simplified model is a monolayer graphene plate consist-
ing of aromatic rings along with several heteroatoms, in which the
only difference between these two models is that some O atoms in
the first structure (CDots 1) are replaced in situ by S atoms in the
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resolution XPS spectra of CDots: (e) C1s, (f)N1s,(g) O 1 s and (h)S 2p, respectively.

second structure (CDots 2) (Fig. 2¢). After structure relaxation, the
calculated bandgap energies decrease from 0.62 to 0.41 eV after
doping with S element (Fig. 2c) [59]. This result further certifies
the significant effect of the doped S element on achieving the
greenish-yellow PL emission. More meaningfully, by freeze-
drying the CDots solution, the CDots powders (i.e., the CDots aggre-
gates) are obtained and the as-prepared CDots also show a strong
PL emission centered at 540 nm with a PLQY of 26% under the best
excitation wavelength of 405 nm in the solid state (Fig. 2b and
S4b). On the contrary, the aggregated CDots without S element
possess a weak blue PL emission, centered at 481 nm with a low
PLQYs of only 0.8% (Fig. S6b). So, the strong solid-state PL emission
of CDots is originated from the effects of the doped S element on
the structure. Based on the theoretical calculations, the best fit
plane, which represents the sum of distances from each atom in
the structure to this plane is minimal, is first obtained in both
CDots 1 and CDots 2, and the distance from O or S atoms to the best
fit planes are measured to be 0.05 and 0.15 nm, respectively
(Fig. 2d). The larger distance from S atom to the plane can be
understood in terms of the larger steric hindrance brought by S
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atom, whereas the size of O atom is very close to that of C atom.
From a microscopic perspective, therefore, the structure of the
CDots 2 is no more plane. Hence, intramolecular motion or -7
stacking is deteriorated in the aggregated state, leading to the
solid-state PL emission of CDots synthesized by salicylic acid and
thiourea and no aggregation-induced luminescence quenching
[44,45]. In comparison with that of the CDots solution, the PL emis-
sion of the CDots powders shows a little red-shift of 10 nm at the
same excitation wavelength, which is attributed to the PL emission
reabsorption among the adjacent CDots. Besides, the dipole
moment of CDots 2 is calculated to be 11.4 Debye, which is larger
than that of CDots 1 (10.6 Debye), suggesting that the existence of
S could increase the dipole moment. On the other hand, the rate of
transition radiation is proportional to the dipole moment based on
Fermi’s golden rule [60]. Accordingly, doping S element is benefi-
cial to enhance the PL intensity of CDots (i.e., higher PLQYs). Fur-
thermore, the effects of the S doping concentration on the PL
properties are investigated (Fig. S7), and the results show that
the optimal weight ratio of salicylic acid to thiourea is 1:1.5 for
obtaining the CDots with a strong greenish-yellow PL emission.
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Fig. 4. Cytotoxicity assays of CDots. (a) MTT assay and (b) FACS data of apoptosis assay obtained from RAW264.7 cells, which are treated with different concentrations of
CDots (10, 20, 50, 100, and 200 pg mL™'). The measurements were repeated three times, and the standard deviation was plotted as error bar.

All these results indicate that the PL properties of the as-prepared
CDots are greatly governed by the doped S element, and allow to be
applied in bioimaging and color conversion layer for WLEDs
simultaneously.

Since an important concern for applying materials in various
practical applications is their good biosafety, Before in vivo and
in vitro studies are carried out, we first evaluate the biocompatibil-
ity of CDots using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) assay and apoptosis assay. According
to the result of MTT assay, there is no significant decrease in viabil-
ities of RAW264.7 cells as the dosage of CDots increases from 0 to
200 pg/mL (Fig. 4a), demonstrating that CDots exhibit good bio-
compatibility and great potential in biological systems therewith.
Furthermore, fluorescence-activated cell sorting (FACS) is con-
ducted to reveal the effects of CDots on the apoptosis of
RAW264.7 cells (Fig. 4b). Considering CDots possess a strong
greenish-yellow fluorescence, annexin V-FITC/7-AAD apoptosis
analysis kit is adopted in FACS assay, because the excitation/emis-
sion wavelength of FITC and 7-AAD are 498/515 nm and
550/645 nm, respectively, which would not be affected by the flu-
orescence of our CDots. From apoptosis assay, as the dosage of
CDots increases from 0 to 200 pg/mL, the viabilities of RAW264.7
cells don’t significantly decrease either. Both MTT and apoptosis
assays have demonstrated that CDots have excellent biocompati-
bility and great potential in biological systems therewith, and
can provide a basis for further in vitro and in vivo applications.

The stability of CDots is another concern for their further appli-
cation. First, the photostability of CDots is investigated by using a
common commercial fluorescent dye (i.e., fluorescein sodium) as
a comparison. The fluorescein sodium is a representative of the
fluorescein-based bioimaging reagents, and it presents a green PL
emission (Fig. S8). Then, the fluorescein sodium and CDots are con-
tinuously irradiated by a UV light (1.6 W cm~2) under the same
conditions, and their time-related PL intensities are recorded
(Fig. S9). As seen from Fig. S9, the fluorescein sodium losses more
than 30% of its initial PL intensity after the first 10 min of irradia-
tion, and its PL decreases to 15% after 65 min of irradiation. In con-
trast, the PL intensity of CDots is still preserved more than 90%
even after 65 min of irradiation. This suggests that CDots have
excellent photostability to ensure its PL stability under the irradi-
ation of the arc lamp/laser of fluorescence microscope.

Besides the good photostability, the as-prepared CDots exhibit
remarkable resistance to common organic solvents as well, ensur-
ing their PL stability when mixing them with the commericial
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packing materials containing organic solvents. To prove this, CDots
are immersed in chloroform, and then the PL spectra and PLQYs of
CDots powders before and after treatment are compared. As shown
in Fig. S10a and b, CDots powders cannot be dissolved or swollen
by chloroform. Under UV light, the supernatant chloroform solu-
tion has no photoluminescence, while the sediments(CDots pow-
ders) can preserve the strong greenish-yellow luminescence. The
PL spectra of CDots powders before and after immersing into chlo-
roform are nearly identical by normalizing the PL intensity, and
both of their PLQYs are also measured to be the same one (i.e.,
32%) (Fig. S10c), indicating a high resistance of the CDots to organic
solvents. This excellent solvent resistance allows the CDots to be
directly mixed with commercial packing materials without the
deterioration of the PL properties when processed toward LEDs.
In order to confirm this proposal, the greenish-yellow fluorescent
CDots powders without any treatment (e.g., encapsulation by other
matrixes) are straightly mixed with epoxy-silicone resin A and B (a
common packing material), after which the mixture can be easily
processed into different shapes of luminescent bulk materials by
solidifying the mixture in different molds at 80 °C for 1 h
(Fig. S10c). The bulk materials exhibit invariable greenish-yellow
luminescence that is well consistent with the original CDots
(Fig. S10c and d), suggesting that the CDots are not affected by
the packing materials even if there are no additional matrixes to
protect CDots. The uniform emissions of the entire bulk materials
indicate that the CDots can be well distributed in the packaging
bulk, which is mainly due to the powdered state of CDots. There-
fore, all of the aforementioned advantages, including high PLQYs,
small particle sizes, strong solid-state fluorescence, excellent bio-
compatibility, good photostability, as well as remarkable resis-
tance to organic solvent, ensure the further applications of CDots
in in vitro and in vivo bioimaging and LEDs.

In vitro fluorescence cell imaging is performed by incubating
mouse leukemic monocyte macrophage RAW264.7 cells with
CDots for 24 h. As shown in Fig. 5a-c, the confocal laser scanning
microscopy (CLSM) images show that RAW264.7 cells treated by
CDots possess bright luminescence under the excitation of
405 nm, revealing that the CDots can be internalized into the cells
because of their nanosized diameter (Fig. 3a). In addition, as a
result of the CDots’ non-toxicity (Fig. 4), there are no variations
in the morphology of the RAW264.7 cell after the treatment by
CDots, demonstrating that the CDots have no effects on cell growth
and development. This is of great significance to a cell imaging
reagent, since it allows to examine the cellular evolution, but does
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Fig. 5. In vitro and in vivo fluorescence imaging and corresponding histological evaluation. (a-c) In vitro fluorescence cell imaging of CDots-treated RAW264.7 cells: (a) CLSM
image, (b) optical image, and (c) merged image of optical and CLSM images. In vivo fluorescence bioimaging in nude mice (d) before and (e) after treatment with PBS or CDots.
(f) Histological evaluation of the control and CDots groups. Heart, liver and kidney were harvested after injection of PBS or CDots.

not affect the process. Furthermore, the application of the CDots in
in vivo fluorescence bioimaging is explored. As shown in Fig. 5d,
before the treatment, there are nearly no differences in the fluores-
cence distribution between the nude mice. After subcutaneously
injecting PBS (as a control) or CDots into the nude mice, a pho-
tograph of these two mice placed side by side is taken with a
450 nm filter (long pass) under UV light (Fig. 5e). It can be found
that the CDots-treated mouse presents a strong PL emission on
the back of the mouse in comparison with that of the PBS-
treated one. Additionally, hematoxylin and eosin (H&E) staining
is performed to evaluate the toxicity of the CDots in vivo. Com-
pared with the control group, the images of H&E staining demon-
strate that no histological abnormity or pathological changes are
found in the important organs of the CDots group, including heart,
liver and kidney (Fig. 5f). Our data suggest that the synthesized
CDots can be applied as a biological imaging reagent in vitro and
in vivo and possess excellent biocompatibility without side effects.
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Besides as the bioimaging reagent, the CDots can also be used as
the color conversion layer to design WLEDs. Because the CDots
without aggregation-induced fluorescence quenching possess a
strong solid-state greenish-yellow fluorescence and a high resis-
tance to organic solvent, the CDots powders can be directly mixed
with epoxy-silicon resin, and then the mixture is applied to cover
on the blue-emitting chip (405 nm emission) as a conversion layer
(Fig. 6a, 6¢ and S11). After being solidified in an oven at 80 ° C for
1 h, the WLEDs are fabricated. By adjusting the ratios of CDots in
the mixture, WLEDs with different color temperatures can be
obtained. When the mass ratio of the CDots and epoxy-silicon resin
is 1:3, a WLED prototype with CIE coordinates of (0.31, 0.33) and a
color temperature of 6646 K is achieved (Fig. 6a and b). By increas-
ing the CDots amount to 1:1, a warm WLED can be built, and its CIE
coordinates and color temperature are (0.41, 0.44) and 3735 K,
respectively (Fig. 6¢ and d). Furthermore, owing to the prominent
photostability of the CDots (Fig. S4b), the resultant WLEDs present
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Fig. 6. Fabrication of CDots-based WLEDs. Photographs of the WLEDs prototypes with different CIE coordinates and color temperatures are taken (a and c) under sunlight and
(b and d) at work, where the mass ratios of CDots to epoxy-silicon resin are 1:3 in Sample 1 and 1:1 in Sample 2, respectively. (e and f) The corresponding emission spectra of
the two WLEDs shown in (b and d). (g) Chromaticity diagram showing the CIE color coordinates of the two WLEDs. The black curve represents the variation of the color
temperatures in relation to the CIE color coordinates. The points on the black straight line stand for the constant color temperatures.

good stability (Fig. S12). After continuously working for three
weeks, the emission intensity of the WLEDs is nearly unchanged.
All these results strongly demonstrate the great potential of our
CDots in high performance WLEDs-based illumination
applications.

4. Conclusions

Based on the previous researches, realizing the strong fluores-
cence of CDots in both dispersed and aggregated states is highly
desired for promoting the development of CDots-based multiple
applications [42,45,50]. In this work, the strong luminescent CDots
with a greenish-yellow PL emission in both dispersed and aggre-
gated states are prepared by microwave-assisted heating the mix-
ture of salicylic acid and thiourea in one pot reaction. The doped S
element is of great significance in controlling the PL properties of
the CDots according to the results of the control test and theoret-
ical calculations, where the doping of S can decrease the bandgap
energy, improve the PL intensity, and deteriorate the energy trans-
fer among CDots in aggregates. The resulting CDots are proved to
possess nanometer size, excellent biocompatibility, good photosta-
bility, strong solid-state fluorescence, as well as remarkable resis-
tance to organic solvent. All these advantages permit CDots to be
directly used in multiple applications simultaneously, including
in vitro and in vivo bioimaging and the color conversion layer for
WLEDs with different color temperatures [18,44]. We believe that
the CDots without the aggregation-induced luminescence quench-
ing will be of great value in developing novel nanoparticles-based
luminescent materials and be used in a wider variety of applica-
tions therewith.
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