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ty and Ins
A B S T R A C T

Carbon-based fluorescent nanomaterials have gainedmuch attention in recent years. In thiswork, green-
photoluminescent carbon nanodots (CNDs; also termed carbon dots, CDs) with amine termination were
synthesized via the hydrothermal treatment of amine-containing spermine and rose bengal (RB)
molecules. The CNDs have an ultrasmall size of �2.2 nm and present bright photoluminescence with a
high quantumyield of�80%which is possibly attributed to the loss of halogen atoms (Cl and I) during the
hydrothermal reaction. Different from most CNDs which have multicolor fluorescence emission, the as-
prepared CNDs possess excitation-independent emission property, which can avoid fluorescence overlap
with other fluorescent dyes. Moreover, the weakly basic amine-terminated surface endows the CNDs
with the acidotropic effect. As a result, the CNDs can accumulate in the acidic lysosomes after cellular
internalization and can serve as a favorable agent for lysosome imaging. Besides, the CNDs have a
negligible impact on the lysosomal morphology even after 48 h incubation and exhibit excellent
biocompatibility in the used cell models.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Carbon nanodots (CNDs), which have a typical size of <10 nm,
are a class of zero-dimension photoluminescent carbonaceous
nanomaterials [1,2]. CNDs have attracted tremendous attention
due to their excellent features that are favorable for biomedical
applications, such as tunable photoluminescence, anti-photo-
bleaching ability, excellent water dispersibility endowed by the
hydrophilic groups on the surface, modifiability contributed by the
functional groups such as the amine or carboxyl group, facial
preparation process (e.g., hydrothermal/solvothermal method,
microwave-assisted approach, and electrochemical method),
abundant source materials (including small molecules, polymers,
microorganisms, and bulk carbon), and low cost [3–25]. Owing to
the above-mentioned attractive properties, CNDs have beenwidely
used in biosensing, bioimaging, and drug delivery [26–45].
However, the applications of most CNDs are sometimes hindered
by their excitation-dependent emission property [6,7,11,29,46–50]
that can cause fluorescence overlap with other fluorescent probes.

On the other hand, lysosome is a unique organelle that plays an
important role in various cellular processes, including plasma
membrane repair, cell apoptosis, autophagy, energy metabolism,
cell signaling, and cell death [51–53]. Specific imaging of lysosomes
titute of Materia Medica, Chinese
is essential for investigating the above cellular behaviors. Among
various techniques, the photoluminescence imaging technique is a
widely used method due to the merits of easy operation, high
sensitivity, and fast response [54–56]. Up to date, several strategies
have been developed for the photoluminescence imaging of
lysosomes, such as the combination of photoluminescent nano-
materials and lysosome-targeting molecules (e.g., morpholine-
modified CNDs and ruthenium complex-modified CNDs) [57–59]
and the amine modification/termination of photoluminescent
nanomaterials [60–68]. Particularly, the feasibility of the amine-
based approach for lysosomal targeting has been extensively
proved recently. The lysosome-targeting mechanism of the
approach can be attributed to the acidotropic effect of the weakly
basic amine group [62,63,65], which can endow the amine-
modified materials with the ability to accumulate in the acidic
lysosome (pH 4.5–5.0). However, the current lysosome-targetable
CNDswith the amine surface are confrontedwith the limitations of
the big size (such as the lysosome-targeting CNDs with the size of
50–90 nm synthesized by Tong et al. [68]) that may result in low
accuracy and resolution of fluorescence imaging, complicated
preparation process because of the extra surfacemodification [60],
low photoluminescence quantum yield (PLQY) of � 20% [61–65],
and multicolor emission [62,66] that will induce emission
overlap with other dyes. Therefore, it is highly desirable to
develop a simple yet efficient strategy for the preparation of
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. TEM image (a), corresponding size distribution (b), and XPS spectrum (c) of
CNDs. High-resolution XPS peaks of C 1s (d), N 1s (e) and O 1s (f) of CDs. Fourier-
transform infrared (FTIR) spectra (g) and 1H NMR spectra (h) of spermine, RB and
CNDs.
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lysosome-targetable CNDs with favorable size, high PLQY, and
single-color fluorescence.

In this work, ultrasmall CNDs (�2.2 nm) with very bright green
fluorescence emission were prepared via a one-step hydrothermal
method. The synthesis is easy, straightforward, and can be easily
reproduced. More importantly, the CNDs have an ultrahigh PLQYof
80% and inherent amine-terminated surface, and can realize
excellent lysosomal imaging without additional modification of a
lysosome-targeting ligand. In addition, the ultrasmall size of the
CNDs can endow themwith high imaging accuracy and resolution.
Therefore, this research overcomes some important shortcomings
of the current lysosome-targetable CNDs. Additionally, we explain
in this paper the photoluminescence mechanism of the CNDs with
single color emission. We also demonstrate the lysosomal imaging
performance and biocompatibility of the as-synthesized CNDs.

The amine-terminated green-emitting CNDs with a high PLQY
of �80% were prepared by a simple hydrothermal reaction at
160 ℃ between the amine-containing spermine and rose bengal
(RB) molecules for 12 h (Fig. 1a). The as-synthesized CND aqueous
suspension was yellowish-green in appearance (Fig. 1b). TEM
image presents the spherical shape of the CNDs (Fig. 2a) with an
ultrasmall average size of �2.2 nm (Fig. 2b). The detected
hydrodynamic diameter of the CNDs was around 12.8 nm
(Fig. S1 in Supporting information). Meanwhile, the CNDs
exhibited excellent aqueous stability, which was proved by the
similar hydrodynamic sizes within 7 days (Fig. S2 in Supporting
information). Then, the structure and composition of the CNDs
were analyzed by electron diffraction and X-ray photoelectron
spectroscopy (XPS). The selected area electron diffraction (SAED)
pattern in Fig. S3 (Supporting information) implied the amorphous
nature of the CNDs. Only three elemental peaks including C 1s, N
1s, and O 1s could be detected in the XPS spectrum of the CNDs
(Fig. 2c). The corresponding high-resolution peaks in Figs. 2d–f
showed the presence of various chemical bonds including the
C—N—C and C—N—H bonds (from the spermine molecule), and the
C—O, C=O and C=C bonds (from the RB molecule), suggesting
the successful conjugation between spermine and RB during the
hydrothermal process. Meanwhile, the peak at 1580 cm–1 in
the Fourier transform infrared (FTIR) spectrumof CNDs (marked by
the red arrow in Fig. 2g) was attributed to the vibration of the
amide bond, further suggesting that the conjugation of spermine
with RB was through the reaction between the amine group of
spermine and the carboxyl group of RB. Besides, the absorption
ranging from 3300 cm–1 to 3500 cm–1 in the FTIR spectrum
(Fig. 2g) and the peak at 400.5 eV in the XPS spectrum (Fig. 2e) of
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Fig.1. (a) Schematic illustration of themolecular structures of spermine and RB and
the preparation process of the green-emitting CNDs. (b) Photograph of the as-
prepared CNDs dispersed in water under white light exposure.
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CNDs were contributed by the unreacted amine groups of CNDs,
which endows the CNDs with surface modifiability for further
applications. Additionally, the as-prepared CNDs were character-
ized by 1H nuclear magnetic resonance (1H NMR) spectroscopy. As
revealed in Fig. 2h, the spermine molecule possessed the
characteristic chemical shifts of the amine group ranging from
1.6 ppm to 1.7 ppm. For the CNDs, the characteristic signals of the
amine group were decreased, implying the reaction between the
spermine and RB. The residual signals at 1.6–1.7 ppm in the 1H
NMR spectrum of CNDs (Fig. 2h) could be explained by the
unreacted amine groups, further confirming the FTIR results.

Next, the photoluminescence property of the CNDs was
evaluated. The as-prepared CNDs showed a significant absorption
peak at 511 nm (Fig. 3a) and exhibited strong green photo-
luminescence under 365 nm light exposure (Fig. 3b). The maximal
photoluminescence excitation and emission peaks of the CNDs
were located at 511 and 525 nm, respectively (Fig. 3b). Adopting
the quinine sulfate with a PLQY of 54% as a reference, the relative
PLQYof the CNDs was calculated to be as high as �80%, which was
similar to the absolute PLQY value of 76.4% detected by an
Edinburgh FLSP920 fluorescence spectrophotometer. Meanwhile,
the PLQY of the CNDs obtained via the 12 h of hydrothermal
reaction was higher than those of the products collected via the
hydrothermal reaction of 4 h (21.5%), 6 h (57.9%), and 24 h (71.6%)
(Table S1 in Supporting information), indicating that 12 hmight be
the optimal reaction time. Compared to the multicolor fluores-
cence emission of most CNDs, the CNDs synthesized in this work
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Fig. 3. (a) Ultraviolet-visible (UV-vis) spectrum of the CND aqueous suspension. (b) Fluorescence excitation and emission spectra of the CND aqueous suspension. Inset:
Photograph of the CND aqueous suspension under the 365 nm light illumination. (c) Fluorescence emission spectra of the CND aqueous suspension collected at various
excitation wavelengths. (d) Time-resolved fluorescence decay result and fitted curve of the CND aqueous suspension. (e) Schematic illustration of the molecular structures
and energy level diagrams of RB and halogen-lost RB moiety. “FL” indicates “fluorescence”, and “PL” indicates “photoluminescence”.

X. Chen et al. Chinese Chemical Letters 32 (2021) 3048–3052
showed the property of excitation-independent emission (Fig. 3c),
which can avoid the inconvenience caused by the fluorescence
overlap when the CNDs are to be used together with other
fluorescent reagents/materials for fluorescence imaging. The
photoluminescence lifetime of the green-emitting CNDs was
measured to be 4.9 ns (Fig. 3d), which was longer than that of
the RB molecule (0.6 ns) [53]. The photoluminescence mechanism
of the CNDs may be explained by the changed molecular structure
of RB due to the high-temperature-induced halogen atom loss
during the hydrothermal reaction (Fig. 3e). For the RB molecule, it
contains eight halogen atoms (4Cl and 4I), which dramatically
decreases its photoluminescence efficiency (PLQY of RB: �1%) by
promoting the formation of the triplet state. After the
[(Fig._4)TD$FIG]

Fig. 4. (a) Confocal fluorescence images of the MCF-7 cells, which were treated with the
treated cells were stained with the Lyso-Tracker Red (LT-Red) dye for the colocalization
imaging. Relative viabilities of the MCF-7 cells incubated with different concentrations
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hydrothermal reaction, the RB molecule lost all of its halogen
atoms (Fig. 2c) and was changed into a structure like that of the
fluorescein molecule (Fig. S4 in Supporting information) which
also emits green fluorescence (Fig. S5 in Supporting information).
The decrease of the heavy atoms (i.e., I) can lead to the reduced
possibility to form the triplet state, thus contributing to the
enhanced fluorescence efficiency and lifetime [69,70]. The above
favorable photoluminescence properties of the CNDs are impor-
tant for their successful application in fluorescence imaging.

Taking advantage of their highly strong single-color fluores-
cence emission, the CNDs were utilized for cell imaging. MCF-7
(a human breast cancer cell line) cells were chosen as a
representative cell model. As displayed in Fig. 4a, the CNDs could
as-prepared CNDs (50mg/mL) for different time periods. Before imaging, the CND-
analysis. (b) Scheme illustrating the working mechanism of the CNDs in lysosomal
of the CNDs for 24 h (c) or 48 h (d).
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be sufficiently internalized by the cells after an incubation period
of 90min. The green dots from the CNDs well overlap with the red
dots from the commercial lysosomal dye Lyso-Tracker Red
(abbreviated as LT-Red in the figure), because the yellow signals
represent the overwhelming majority in the overlay channel. The
calculated Pearson correlation coefficient (PCC) is 0.81, exhibiting
the ability of the CNDs for specific lysosome imaging. The PCC
value was not very high, which was possibly because of the
different optimal focal planes of the two reagents in confocal
microscopic imaging. Furthermore, the CNDs were still distributed
in the lysosomes when the staining time was increased to 48 h,
displaying their excellent lysosome-targeting performance, in-
cluding the high staining stability and negligible impact on
lysosomal morphology, which ensure the satisfactory application
of the CNDs in long-term lysosomal tracking. The working
mechanism of the CNDs for lysosomal imaging was tentatively
explained as follows (and was also depicted in Fig. 4b): First, the
ultrasmall CNDs can be endocytosed into the cell, followed by
the formation of the endosome. Then, the endosome transports the
CNDs to the lysosome. Finally, the CNDs with the weakly basic
amine groups (provided by the spermine molecule) accumulate in
the lysosome due to the acidic lysosomal lumen (pH 4.5-5.5),
realizing the specific imaging of the lysosome. Further, the
lysosomal imaging ability of the CNDs was also investigated using
two other cell lines including the A549 (a human lung cancer cell
line) cells and HeLa (an adenocarcinoma cervical cancer cell line)
cells. As shown in Figs. S6 and S7 (Supporting information),
excellent colocalization of the green-emitting CNDs and the red-
emitting LT-Red was observed in both A549 and HeLa cells,
indicating the universal lysosomal staining capability of the CNDs.

To better demonstrate the application potential of the CNDs as a
lysosomal imaging probe, the long-term cytotoxicity of the CNDs
was investigated. As presented in Fig. 4c, negligible cell death was
detected after the culture of the MCF-7 cells with the CNDs at a
high concentration of 800mg/mL for 24 h. Besides, the CND
(800mg/mL)-treated MCF-7 cells had a relative viability of >80%
evenwhen the treatment time was prolonged to 48 h (Fig. 4d). We
also tested the cytotoxicity of the as-prepared CNDs in the HEK293
(a human kidney cell line) cells. As showed in Fig. S8 (Supporting
information), the HEK293 cells displayed >80% viability after the
treatment of 800mg/mL CNDs for 48 h, further ensuring the
biosafety of the CNDs. The above results indicated the low
cytotoxicity of the CNDs in different cell lines (including the cancer
cell line and the normal cell line), which is highly beneficial for the
safe use of the CNDs for lysosome-related studies.

In summary, this work reports the successful synthesis of
single-color photoluminescent CNDs through a hydrothermal
reaction between spermine and RB. The CNDs had the features
of amine termination, excellent water dispersity, ultrasmall size
(�2.2 nm), green photoluminescence, excitation-independent
emission, and a high PLQY of �80%. The photoluminescence
mechanism of the CNDs was also investigated, and it was pointed
out that the halogen atom loss during the hydrothermal reaction
was the main cause for the very high PLQY of the obtained CNDs.
Moreover, compared to other fluorescent nanoparticles, the as-
prepared CNDs possess many merits. For example, the CNDs have
the advantages of low cytotoxicity and low economic cost in
comparison with the semiconductor quantum dots. Compared to
the upconversion nanoparticles and noble metal nanoclusters
which usually have low PLQYs, the high PLQY endows the CNDs
with the convenience in fluorescence imaging. Meanwhile, the
CNDs display the advantages of environmentally benign, simple
preparation, excellent aqueous stability, and facile surface
functionalization when they are in comparison to the polymer
nanodots. Owing to the presence of theweakly basic surface amine
groups, the CNDs could be efficiently internalized into cells and
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specifically accumulate in the lysosomes for realizing high-quality
lysosomal imaging. We have also demonstrated that the CNDs
possessed themerits of long-term lysosomal staining stability, and,
negligible disturbance to the lysosomal morphology. It is believed
that the CNDs may hold great promise for lysosome-related cell
biology studies, and the halogen atom loss-based CND preparation
strategy will also promote the development of novel CNDs for
desired applications.
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