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a b s t r a c t

Carbon dots (CDs), a new building unit, have been revolutionizing the fields of biomedicine, bioimag-

ing, and optoelectronics with their excellent physical, chemical, and biological properties. However, the

difficulty of preparing excitation-dependent full-spectrum fluorescent CDs has seriously hindered their

further research in fluorescence emission mechanisms and biomedicine. Here, we report full-spectrum

fluorescent CDs that exhibit controlled emission changes from purple (380nm) to red (613nm) at room

temperature by changing the excitation wavelength, and the excitation dependence was closely related

to the regulation of sp2 and sp3 hybrid carbon structures by β-cyclodextrin-related groups. In addition,

by regulating the content of β-cyclodextrin, the optimal quantum yields of full-spectrum fluorescent CDs

were 8.97%, 8.35%, 7.90%, 9.69% and 17.4% at the excitation wavelengths of 340, 350, 390, 410 and 540nm,

respectively. Due to their excellent biocompatibility and color tunability, full-spectrum fluorescent CDs

emitted bright and steady purple, blue, green, yellow, and red fluorescence in MCF-7 cells. Moreover, we

optimized the imaging conditions of CDs and mitochondrial-specific dyes; and realized the mitochondrial-

targeted co-localization imaging of purple, blue and green fluorescence. After that, we also explored the

effect of full-spectrum fluorescent CDs in vivo fluorescence imaging through the intratumorally, subcuta-

neously, and caudal vein, and found that full-spectrum fluorescent CDs had good fluorescence imaging

ability in vivo.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Multi-color emission materials derived from tunable photolu-

minescence are of particular research interest owing to their latent

utilization in microlasers, optical detection, and bioimaging [1–8].

Among them, bioimaging has attracted much attention for the po-

tential applications in good photostability and co-localization prop-

erties in optical imaging analysis instruments, electrophysiology-

related surgical devices, and next-generation imaging devices in

our daily life. Typical materials developed in this field include or-

ganic dyes [9,10], rare-earth compounds [11,12], and semiconduc-

tor quantum dots (SQDs) [13–15]. However, the single wavelength,
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low quantum yield, and complicated/expensive synthesis process

limit these materials’ wide application and development.

Carbon dots (CDs), widely used in bioimaging, anti-

counterfeiting, optoelectronic devices, and other fields because of

their rich precursor sources, easy surface functionalization, and

excellent physical and chemical properties, is a novel kind of zero-

dimensional carbon nano-materials with luminescent properties

[16–20]. In these applications, the synthesis of multi-color fluo-

rescent CDs plays a decisive role in multi-channel luminescence

and multi-color imaging. Several CDs with bright emissions have

been reported to be applied in various fields [20–22]. For example,

Lu et al. synthesized seven CDs with different fluorescence by

adjusting reaction temperature and pH using o-phenylenediamine

and citric acid as raw materials [20]. Lin et al. prepared three

types of CDs that had different fluorescence emissions by changing

the carbon source (o, m, and p-phenylenediamine) [21]. Tan et

https://doi.org/10.1016/j.cclet.2023.108239

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Synthesis and application of full-spectrum fluorescent CDs. (A) Synthesis route of full-spectrum fluorescent CDs. (B) Application of full-spectrum fluorescent CDs

for in vitro and in vivo imaging.

al. prepared rich color evolution with blue, cyan, green, yellow,

and orange by adjusting the pH of the mixed solution of CDs and

Rhodamine B [22]. Although these studies have obtained bright

photoluminescence multi-color fluorescent CDs, they require a

multi-step preparation process and different reaction conditions.

As far as we know, the synthesis methods of multi-color flu-

orescent CDs need complex reaction conditions and the interfer-

ence of a variety of external factors as mentioned earlier, which

limit the practical development and emission mechanism research

of multi-color fluorescent CDs [21–24]. Until now, no experimental

work has reported the synthesis of full-spectrum photolumines-

cent CDs from purple to red fluorescence by a one-step method.

Therefore, it is necessary to develop a simple one-step synthe-

sis method to prepare full-spectrum fluorescent CDs to analyze

the full-spectrum emission mechanism and its application in sub-

organelle localization and imaging track.

Herein, we developed a simple method for synthesizing

full-spectrum fluorescent CDs using o-phenylenediamine, β-

cyclodextrin, and N,N-dimethylformamide (DMF) as raw materi-

als. Under the optimal conditions, the fluorescence quantum yields

of the emission peaks at 380, 430, 480, 560 and 613nm of the

full-spectrum fluorescent CDs in DMF solutions were 8.97%, 8.35%,

7.90%, 9.69% and 17.4%, respectively. Due to the high quantum yield

and color tunability of full-spectrum fluorescent CDs, the CDs pro-

duced bright and steady purple, blue, green, yellow, and red fluo-

rescence in MCF-7 cells, which could realize mitochondria-targeted

live-cell imaging and the high-contrast imaging in 4T1 tumor-

bearing mice. In summary, the advantages of this work are mainly

focus on the synthesis of full-spectrum fluorescent CDs with con-

trollable emission changes from purple (380nm) and red (613nm)

by a simple and effective method. In addition, in terms of char-

acteristic of full-spectrum fluorescent CDs, the synthesized materi-

als in our work present more fluorescent colors and possess better

physicochemical properties, which will further deepen researchers’

understanding of the synthesis and application of full-spectrum

fluorescent CDs.

Scheme 1 shows the preparation and application of full-

spectrum fluorescent CDs. Acetic acid was used as the pH regula-

tor of the solution. N,N-dimethylformamide was selected as a car-

bon doping solvent. As carbon sources, o-phenylenediamine and β-

cyclodextrin could also provide amino/hydroxyl functional groups,

which in turn endows full-spectrum fluorescent CDs with better

photostability and biocompatibility [25,26]. Interestingly, we found

that the content of C=O/C=N/pyrrole N increased first and then

reduced with the increase of β-cyclodextrin content (Table S1 in

Supporting information), resulting in the fluorescence intensity at

the same excitation wavelength at 613nm first increasing, and then

decreasing slightly (Fig. S1 in Supporting information). These re-

sults show that N acted on carbon core and functional groups

[27,28]. In the carbon core, the pyridine N and pyrrole N defects

of N in the carbon core lead to increased fluorescence intensity

of the full-spectrum fluorescence CDs at 613nm. N also existed in

the surrounding functional groups in the form of C=N and amide

(Table S1), which enhanced the conjugation between C=O and sp2

carbon core (Fig. S2 in Supporting information) [29]. Moreover, β-

cyclodextrin was wrapped on the surface of full-spectrum fluores-

cent CDs to form a core-shell structure, which was believed that it

can effectively reduce flaws and restrain the vibration of the sur-

face groups of the full-spectrum fluorescent CDs, thereupon reduc-

ing unrelated non-radiative energy loss [30]. These effects of β-

cyclodextrin were well confirmed by comparing fluorescence quan-

tum yields at different ratios (Table S2 in Supporting information).

Furthermore, the full-spectrum fluorescent CDs emitted bright and

steady purple, blue, green, yellow, and red fluorescence in MCF-7
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Fig. 1. Morphological and optical properties of full-spectrum fluorescent CDs. (A) HRTEM image. (B) Particle size distribution based on HRTEM detection. (C) AFM image.

(D) AFM 3D image. (E) XRD pattern. (F) UV–vis absorption spectra. (G) Fluorescence emission spectra. (H) Time-resolved fluorescence decay curves at different excitation

wavelengths. (I) FT-IR spectra of full-spectrum fluorescent CDs and β-cyclodextrin.

cells under optimal conditions, as well as successfully applied for

organelle targeting and bioimaging (Scheme 1B).

The structure, morphology, and optical properties of full-

spectrum fluorescent CDs prepared from 1.2 g β-cyclodextrin were

studied. The TEM image of CDs is shown in Fig. 1A, exhibiting

quasi-spherical shapes and even particle size distribution, with an

average particle size of 2.6 nm (Fig. 1B). The HRTEM image showed

a unique lattice structure with a crystal spacing of 0.21nm, which

was attributed to the (002) crystal plane in graphene [30–32]. As

shown in Figs. 1C and D, Figs. S3 and S4 (Supporting information),

AFM images further demonstrated that the full-spectrum fluores-

cent CDs had favorable mono-dispersity and spherical appearance

with an average height of 1.8 nm. As shown in Fig. 1E, the XRD pat-

tern of full-spectrum fluorescent CDs presented the strongest peak

near 17.5°, indicating good crystallinity, which was a typical feature

of CDs [28]. In addition, the UV–vis absorption and fluorescence

spectra of full-spectrum fluorescent CDs were investigated at room

temperature to assess the optical properties. As displayed in Fig.

1F, the full-spectrum fluorescent CDs solution showed three UV–

vis absorption peaks at 279.4, 301.2 and 423.3 nm, which were put

down to the n-π ∗ transition of N or O-based groups, showing that

the full-spectrum fluorescent CDs have different electron absorp-

tion states [33]. The fluorescence spectra of full-spectrum fluores-

cent CDs (Fig. 1G) displayed that CDs had multi-color fluorescence

emission peaks ranging from 380nm to 613nm under different ex-

citation conditions. In addition, Table S3 (Supporting information)

in the supporting information shows the detailed fluorescence pa-

rameters of the full-spectrum fluorescent CDs. �λ (�λ=λem −λex,

similar to the Stokes shift) increased first and then decreased with

the increase of excitation wavelength. The full width at half max-

imum (FWHM) of the emission spectrum was similar to �λ exci-

tation wavelength changes, and the spectral shapes had the prop-

erty of symmetry. These results indicated that there were multiple

emissive domains in CDs, and existed energy transfer among these

emission domains [34,35].

The time-resolved fluorescence decay curves of full-spectrum

fluorescent CDs were measured at 340, 350, 390, 410 and 540nm

excitation wavelengths, which revealed the deactivation kinetics of

electrons from the excited state to the ground state through the

radiative and non-radiative pathways. As displayed in Fig. 1H, the

fluorescence lifetimes of full-spectrum fluorescent CDs at differ-

ent excitation wavelengths were 4.77, 6.02, 7.40, 7.42 and 5.94ns,

respectively. Table S4 (Supporting information) summarized the

lifetimes, overall contribution, and perfect fit parameters of full-
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Fig. 2. XPS scan spectra of different prepared CDs. XPS spectra and high-resolution XPS C 1s, N 1s, and O 1s spectra of CDs-1 (A-D), full-spectrum fluorescent CDs (E-H),

and CDs-2 (I-L).

spectrum fluorescent CDs at different excitation wavelengths. The

results show that with the increase of excitation wavelength, the

average lifetime of full-spectrum fluorescent CDs changes from

4.77ns to 5.94ns, and the percentage of τ 2 changes from 40.01%

to 61.37%, indicating that the carbon core of the full-spectrum

fluorescent CDs plays an important role in the radiation lifetime

at 410nm [36,37]. These findings demonstrated that the prepared

full-spectrum fluorescence CDs possessed excellent optical prop-

erties with the tunable fluorescence emission related to carbon

cores. Figs. S5-S7 (Supporting information) show the photostabil-

ity of full-spectrum fluorescent CDs at different pH values, times,

and salt solution concentrations under different excitation wave-

lengths. In Fig. S5, the fluorescence intensity of full-spectrum fluo-

rescent CDs at 340, 350 and 540nm excitation wavelength remains

unchanged with the increase of pH value. In contrast, the fluores-

cence intensity of full-spectrum fluorescent CDs at 390 and 410nm

excitation wavelength was decreased to 61.3% and 48.5% of the

original fluorescence intensity, respectively. At the same time, un-

der light conditions, the full-spectrum fluorescent CDs under dif-

ferent excitation wavelengths remained almost unchanged during

continuous fluorescence spectra tests with different times and salt

solution concentrations (Figs. S6 and S7), indicating that the full-

spectrum fluorescent CDs had high optical stability. Moreover, the

quantum yields of full-spectrum fluorescent CDs at 340, 350, 390,

410 and 540nm were measured by a spectrometer equipped with

an integrating sphere, and the corresponding quantum yields were

8.97%, 8.35%, 7.90%, 9.69% and 17.4%, respectively. Due to their high

quantum yield, multi-color fluorescence, and simple preparation

method, full-spectrum fluorescent CDs and their modified nanoma-

terials showed the potential for being used in organelle targeting

and biological imaging [22,38,39].

β-Cyclodextrin, a special molecular structure consisting of the

hydrophobic lumen and hydrophilic outer surface, has been used in

biosensing and drug delivery through competitive host-client inter-

actions with dye molecules and therapeutic agents [40,41]. In this

study, β-cyclodextrin and o-phenylenediamine were used as pre-

cursors to prepare the full-spectrum fluorescent CDs. Hydrother-

mal treatment of each precursor alone resulted in lower quantum

yield and less color fluorescence of our CDs (CDs-1 and CDs-3)

compared with the combination of the two precursors (Figs. S1A

and S8 in Supporting information), which might be due to the

β-cyclodextrin linking multiple o-phenylenediamine molecules via

hydroxyl groups. FT-IR and XPS were further applied to study the

factors affecting the luminescence of full-spectrum fluorescent CDs

(Figs. 1I and 2, Fig. S9 in Supporting information). According to

the frequency fluctuations of 3365 cm−1, 2924 cm−1, 1642 cm−1,

1500 cm−1, and 1138 cm−1 observed by FT-IR, we can conclude

that they were attributed to N–H/O–H, C–H, C=O, C=C, and C–O,

respectively [41–43]. However, the strong vibration peaks of the β-

cyclodextrin and full-spectrum fluorescent CDs at 1045 cm−1 were
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Fig. 3. Fluorescence images of MCF-7 cells incubated with full-spectrum fluorescent CDs at 0 (A), 2 (B), 4 (C), 8 (D), and 24h (E). Scale bar: 5 μm.

attributed to the bending vibration of O–H, and the vibration peaks

of CDs-1 and CDs-2 at 3147 cm−1 were due to stretching vibration

of =C–H. The intensities of the C=C vibrational peaks in CDs-1 and

CDs-2 spectra were more significant than that of the corresponding

peaks in β-cyclodextrin and full-spectrum fluorescent CDs spec-

tra, but for β-cyclodextrin and full-spectrum fluorescent CDs, the

absorption band of N–H/O–H became wider, indicating that the

large N–H/O–H groups on the surface of full-spectrum fluorescent

CDs [44]. The XPS full scan spectra (Figs. 2A, E and I) demon-

strated that the three kinds of CDs mainly consisted of C, N and

O, and the atomic concentrations of different elements were dis-

played in Table S5 (Supporting information). As shown in Figs. 2B,

F and J, the high-resolution XPS C 1s spectra showed three bind-

ing energies, 284.7, 286.3 and 288.2 eV, corresponding to the vi-

brations of C–C/C=C, C–O, and C=O/C=N, respectively [14]. Among

them, the proportion of C–C/C=C decreased from 56.8% to 35.4%

and 36.8%, and the ratio of C=O/C=N increased from 11.7% to 14.4%

and 13.1%, respectively, as shown in Table S1. The high-resolution

XPS N 1s spectra could be divided into two components, 398.6

and 399.5 eV, which were associated with the pyridine N and pyr-

role N bands, respectively (Figs. 2C, G and K). The high-resolution

XPS O 1s spectra (Figs. 2D, H and L) presented two peaks at 532.2

and 532.9 eV corresponding to the C=O and C–O/O–H bands, re-

spectively [45,46]. Overall, these functional groups detected from

XPS spectra were consistent with those observed in FT-IR spec-

tra, indicating that the full-spectrum fluorescent CDs possessed a

broad range of conjugated sp2 domains, including many O- and N-

containing surface groups.

The optical properties and structural characterization of full-

spectrum fluorescent CDs (Figs. 1G and 2, Figs. S5-S7) indicated

that the prepared CDs endowed beneficial solubility, photostability,

and special full-spectrum properties, which emerged with enor-

mous potential in biological applications [33,47,48]. MCF-7 cells

were used to evaluate the cytotoxicity of CDs through the stan-

dard MTT assay (Fig. S10 in Supporting information). The cells were

co-cultured with different concentrations of full-spectrum fluores-

cent CDs (0.0, 0.0625, 0.125, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75 and

2.0mg/mL, respectively) for 24h. The results showed that MCF-7

cells still had more than 90% cell survival rate even at the CD con-

centration of 0.5mg/mL, indicating reliable cytocompatibility and

low biotoxicity.

We further evaluated the imaging ability of full-spectrum fluo-

rescent CDs in MCF-7 cells by confocal laser scanning microscopy

(CLSM). MCF-7 cells were cultured for 24h, followed by treat-
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Fig. 4. Full-spectrum fluorescent CDs were used for fluorescence imaging of mitochondria. (A) Schematic diagram of mitochondrial imaging using full-spectrum fluorescent

CDs. (B, C) Confocal fluorescence images and Pearson’s correlation coefficient diagram of MCF-7 cells stained with purple fluorescent CDs and Mito-Tracker. (D, E) Confocal

fluorescence images and Pearson’s correlation coefficient diagram of MCF-7 cells stained with blue fluorescent CDs and Mito-Tracker. (F, G) Confocal fluorescence images and

Pearson’s correlation coefficient diagram of MCF-7 cells stained with green fluorescent CDs and Mito-Tracker. Scale bar: 10 μm.

ment with full-spectrum fluorescent CDs at various concentrations

(0.0, 0.125, 0.25 and 0.5mg/mL) for 4h. As the concentration of

full-spectrum fluorescent CDs increased from 0.0 to 0.5mg/mL,

the fluorescence intensity in MCF-7 cells gradually increased (Fig.

S11 in Supporting information). Moreover, the mitochondria and

cell membranes of the MCF-7 cells could also be observed with

multiple colors under different excitation wavelengths (Fig. S12 in

Supporting information). To further explore the factors leading to

the above results, the zeta potential and FT-IR spectrum of full-

spectrum fluorescent CDs were measured, and the results were

displayed in Fig. S13 (Supporting information) and Fig. 1I. The zeta

potential of full-spectrum fluorescent CDs was 1.2mV, which could

be explained by the fact that o-phenylenediamine, a carboxy-free

raw material, contains a large number of amino functional groups.

Moreover, the corresponding FT-IR spectrum in the 1600–1400

cm−1 region confirmed that the CDs had a benzene ring. There-

fore, the full-spectrum fluorescent CDs with positive charge were

adsorbed on the surface of the cell membrane through electrostatic

interaction and facilitated cellular uptake [49]. Subsequently, we

investigated the uptake efficiency of full-spectrum fluorescent CDs

by MCF-7 cells at different periods (2, 4, 8, and 24h). As shown

in Fig. 3 and Fig. S14 (Supporting information), with the incuba-

tion time increases, the fluorescence colors of purple, blue, green,

yellow, and red were slightly weakened, and the corresponding flu-

orescence intensity was slightly decreased (Fig. S15 in Supporting

information), which further indicated that the full-spectrum fluo-

rescent CDs had better photostability [50,51].

To further explore the targeting ability of full-spectrum fluo-

rescent CDs to the mitochondria. MCF-7 cells were co-incubated

with full-spectrum fluorescent CDs for 4h, and then stained with

mitochondria-specific dye (Mito-Tracker) (Fig. 4A). To avoid the ef-

fect of spectral overlap between CDs and Mito-Tracker, we opti-

mized the respective imaging conditions so that CLSM could only

perform fluorescence emission from the desired dye imaging, re-
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ducing experimental errors. From the CLSM images, we found

the purple, blue and green fluorescence emitted by CDs could

mostly overlap with the red fluorescence emitted by Mito-Tracker

(Figs. 4B, D and F). Furthermore, Pearson’s correlation coefficient

(PCC) was also calculated according to the correlation diagram be-

tween full-spectrum fluorescent CDs and Mito-Tracker for analysis

(Figs. 4C, E and G). It was found that the PCC values of the full-

spectrum fluorescent CDs-Mito-Tracker group were 0.892, 0.903

and 0.92, respectively. They indicated that the full-spectrum flu-

orescent CDs almost only stained the mitochondria. In addition, to

better evaluate the subcellular localization of full-spectrum fluores-

cent CDs, we also performed quantitative fluorescence analysis on

cell-specific sites in CDs, Mito-Tracker, and Merge group. As shown

in Figs. S16 and S17 (Supporting information), the purple, blue,

and green fluorescence signals from the full-spectrum fluorescence

CDs and red fluorescence signals from the Mito-Trackers within

the mitochondria of dormant MCF-7 cells were well overlapped.

Moreover, the fluorescence intensity of mitochondria in the Merge

group was much higher than that in the CDs and Mito-Tracker

groups (Fig. S17), indicating a synergistic enhancement mechanism

between the full-spectrum fluorescent CDs and Mito-Tracker. The

selective targeting ability of full-spectrum fluorescent CDs to mito-

chondria could be explained by the full delocalization, lipophilic-

ity, and positive charge properties of CDs, which have been re-

ported as prerequisites for good ligand interactions with mitochon-

dria [49,52,53].

Long-wavelength emitting dyes can minimize the interfering ef-

fects of phototoxicity of biological samples and tissue background

autofluorescence [14,54,55]. Encouraged by the success of in vitro

cell imaging based on full-spectrum fluorescent CDs, we further

explored whether full-spectrum fluorescent CDs were eligible for

targeted imaging in vivo. We examined the imaging effects of full-

spectrum fluorescent CDs after subcutaneous, intratumoral, and in-

travenous injection to 6-week-old female 4T1 tumor-bearing Balb/C

mice. Animal experiments were conducted following the guidelines

for the use and care of animals issued by the Animal Ethics Com-

mittee of Huazhong University of Science and Technology Union

Shenzhen Hospital. The mice tumor areas injected through the

subcutaneous (Fig. S18A in Supporting information) and the tumor

(Fig. S18B in Supporting information) emitted bright red fluores-

cence. Over time, the fluorescent intensity gradually decreased, as

seen in the tumor area. Therefore, the fluorescence signal of full-

spectrum fluorescent CDs has favorable signal-to-noise at excita-

tion and emission wavelengths of 540 and 600nm, indicating that

the full-spectrum fluorescent CDs had good potential applicability

for in vivo imaging. However, the tumor areas of the mice injected

with the caudal vein didn’t emit bright red fluorescence but emit-

ted red fluorescence on the back and forelimbs of the mice (Fig.

S19 in Supporting information). Therefore, further optimizing the

reaction conditions and raw material formulation is necessary to

prepare specific targeted full-spectrum fluorescent CDs, accelerat-

ing the pace of fluorescence imaging tracking in vivo.

In conclusion, we successfully synthesized a type of full-

spectrum fluorescent CDs with controlled emission color changes

from purple to red by self-doping with o-phenylenediamine, β-

cyclodextrin, and N,N-dimethylformamide as raw materials. Com-

bined with the experimental results, we found that the excitation

dependence of CDs was closely related to regulating sp3 and sp2

hybrid carbons in the β-cyclodextrin-related groups on their sur-

faces. Moreover, the optimal quantum yields of CDs at excitation

wavelengths of 340, 350, 390, 410 and 540nm were 8.97%, 8.35%,

7.90%, 9.69% and 17.4%, respectively. With regard to the high quan-

tum yield and color tunability, the CDs were successfully used for

mitochondrial co-localization imaging with different fluorescence

colors and high-contrast imaging of 4T1 tumor-bearing mice with

different injection forms. However, the limitation that the tumor

areas of mice injected into the caudal vein could not emit bright

red fluorescence was due to the problem of specific targeting of

CDs. Our findings not only provide a new idea for multi-color flu-

orescent carbon nanomaterials but also deepen the application po-

tential of carbon nanomaterials by researchers.
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