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Introduction
Traditional drugs usually treat diseases in molecular 
state. In fact, it is difficult for the drug molecules to pen-
etrate the cell membranes and enter the cells in large 
quantities, which resulting in low efficacy [1–5]. With 
the rising researches of nanomedicine, it has found that 
nanomedicines with suitable sizes and properties can 
enter cells through endocytosis in large quantities, and 
efficiently exert their medicinal effects [1–3, 6]. Thus, 
researchers have designed various medical nanomaterials 
with different hybrid structures in the field of nanomedi-
cine, such as nanosuspensions, nanoliposomes, metal 
nanoparticles, inorganic nanoparticles, and polymer 
nanoparticles [3–5, 7–10]. Yet, most of these reported 
medical nanomaterials with good therapeutic effects 
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Abstract
Background  Neuroblastoma is one of the common extracranial tumors in children (infants to 2 years), accounting 
for 8 ~ 10% of all malignant tumors. Few special drugs have been used for clinical treatment currently.

Results  In this work, herbal extract ginsenosides were used to synthesize fluorescent ginsenosides carbon 
nanodots via a one-step hydrothermal method. At a low cocultured concentration (50 µg·mL− 1) of ginsenosides 
carbon nanodots, the inhibition rate and apoptosis rate of SH-SY5Y cells reached ~ 45.00% and ~ 59.66%. The in vivo 
experiments showed tumor volume and weight of mice in ginsenosides carbon nanodots group were ~ 49.81% and 
~ 34.14% to mice in model group. Since ginsenosides were used as sole reactant, ginsenosides carbon nanodots 
showed low toxicity and good animal response.

Conclusion  Low-cost ginsenosides carbon nanodots as a new type of nanomedicine with good curative effect and 
little toxicity show application prospects for clinical treatment of neuroblastoma. It is proposed a new design for 
nanomedicine based on bioactive carbon nanodots, which used natural bioactive molecules as sole source.
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always require cumbersome production processes. Carri-
ers with little drug activity in these nanomedicines often 
inevitably interact with biological matrix of organisms, 
resulting in biological toxicity [10, 11].

Over the past 10 years, the researches and applica-
tions of carbon nanodots (CDs) have developed rapidly 
in the field of nanomedicine [12–20]. CDs have certain 
advantages, including unique fluorescence properties, 
good water solubility, high cell uptake rates, and eco-
friendly. More importantly, CDs that use carbon as the 
main substrate have extremely low biological toxicity, a 
simple preparation process, and can be made by a wide 
range of raw materials, for instance citric acid, glucose, 
amino acids, lemon juice and so on [12–15]. CDs are 
considered very suitable candidates for nanomedicine. 
Up to now, large amounts of CDs for nanomedicine are 
mainly focused on fluorescent markers, drug carriers, 
thermal sensitizer, photosensitizer and sonosensitizer 
[16–20]. When are used as carriers, CDs usually have 
little medicinal activities. The number of loaded drugs on 
CDs as well as their pharmacological effects are limited. 
When CDs are used as thermal sensitizer, photosensi-
tizer or sonosensitizer, the structure and composition of 
the CDs system are usually complex. And the preparation 
procedures are correspondingly cumbersome, with high 
technical requirements and cost [19, 20].

Interestingly, some recent studies directly used bioac-
tive molecules as the main source to prepare bioactive 
CDs [21–26]. These CDs displayed good disease treat-
ment effects, and avoided the toxic interference caused by 
other chemical substances. For instance, Jiangong Liang 
et al. prepared glycyrrhizic acid carbon dots (Gly-CDs) 
with low toxicity by hydrothermal method with glycyr-
rhizic acid as the sole carbon source [21]. Compared with 
glycyrrhizic acid molecules and common CDs, Gly-CDs 
possessed much higher biological activity and inhibited a 

variety of viruses. However, this type of research system 
has not been paid more attention.

Botanicals have received numerous attention due to 
increasing interest in green and natural product world-
wide. Many ingredients extracted from natural plants 
show low toxicity, good biological activity and medicinal 
effects [13, 27, 28]. For example, ginsenosides (GS), with 
unique tetracyclic triterpene structure, is an important 
active ingredient in ginseng- a precious medicinal plant. 
Various studies showed that GS can inhibit tumors, 
improve immunity, and regulate the nervous system [29–
31]. Unfortunately, herbal extracts in molecular state also 
cannot be transported across cell membranes, leading to 
low cellular uptake and medicinal effects.

For the aim to elevate medical activity and avoid bio-
logical toxicity caused by other chemical substances dur-
ing synthesis, ginsenosides carbon nanodots (GS-CDs) 
were prepared using a one-step hydrothermal method 
with GS as the only carbon source. The size of prepared 
GS-CDs was in the range of 2–4  nm, and the optimal 
excitation and emission wavelengths were ~ 360 and 
~ 440 nm, respectively. Cell activity screening and apop-
tosis revealed that GS-CDs had good inhibitory effect on 
human neuroblastoma cells (SH-SY5Y). The in vivo ani-
mal experimental results further confirmed that GS-CDs 
had high inhibitory effects on neuroblastoma (Scheme 1).

Neuroblastoma is one of the common extracranial 
tumors in children. The average age of clinical diagnosis 
is infants to 2 years. Few special drugs have been used 
for clinical treatment currently, except several common 
chemotherapy drugs such as cisplatin and carboplatin 
[32, 33]. Obviously, certain groups of infants and young 
children often have severe side effects to these drugs. 
The clinical experience is very painful for these particular 
patients. In this study, we proved that the GS-CDs were 
non-toxic to the animal organs and showed few adverse 

Scheme 1  The synthetic route of GS-CDs and the schematic diagram of their inhibitory effect on human neuroblastoma
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reactions in the mice. Due to their low cost, simple prep-
aration process, and good curative effect, the GS-CDs 
could have application prospects for the clinical treat-
ment of human neuroblastoma in children.

Experimental section
Devices
The transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) 
images of the GS-CDs were obtained using a Tecnai 
F20 electron microscope (FEI Company, Netherlands). 
Dynamic light scattering (DLS) measurement was car-
ried out by a Zetasizer Nano-ZS (Malvern Instruments). 
We also used a Shimadzu UV-2550 ultraviolet-visible 
spectrophotometer to obtain the ultraviolet-visible 
absorption spectrum, and a Hitachi F-2700 fluorescence 
spectrophotometer to obtain the fluorescence spectra. 
The infrared spectra were obtained using a Vector 33 
Fourier transform infrared spectrometer (Bruker, Ger-
many). An FLS 920 steady-state/transient fluorescence 
spectrometer (Edinburgh, Scotland) was used to obtain 
the fluorescence lifetime and quantum yield. X-ray pho-
toelectron spectroscopy was conducted on an ESCALAB 
250 X photoelectron spectrometer (Thermo Scientific, 
USA). Mass spectra were analyzed by Q-Exactive high-
resolution LC/MS analyzer (Thermo Scientific, USA).

Materials
The GS (stem and leaf extraction, UV > 80%), D(+)-Glu-
cose (HELP > 98%) and paraformaldehyde (4%) were 
obtained from Shanghai Yuanye Biotechnology Co., Ltd. 
(China). Cell counting kit-8 was obtained from Wuhan 
Boster Biological Technology Co., Ltd. (China). The 
FITC annexin V apoptosis detection kit I was from BD 
Biosciences Pharmingen (USA). DNA content quanti-
tation assay (cell cycle) detection kit, anti-fluorescence 
attenuation sealing agent, 4’,6-diamidino-2-phenylindole 
dihydrochloride (DAPI), and BCA protein assay kit were 
obtained from Beijing Solarbio Science & Technology 
Co., Ltd. (China). The ProteinExt® mammalian total pro-
tein extraction kit was obtained from Beijing TransGen 
Biotech Co., Ltd. (China). Ultra-sensitive enhanced che-
miluminescence (ECL) kit was obtained from Shanghai 
Beyotime Biotech Co., Ltd. (China). Antibodies against 
Bax (no. ab32503), Bcl-2 (no. ab32124), Caspase-3 
(no. ab32351), Caspase-10 (no. ab32155), β-actin (no. 
ab115777), and secondary antibodie (goat anti-rabbit, 
no. ab205718) were obtained from Abcam (England). 
The cisplatin injections (2 mL, 10  mg) were obtained 
from Yunnan Phytopharmaceutical Co., Ltd. (China). 
Dulbecco’s modified eagle medium (DMEM), Roswell 
park memorial institute medium (RPMI 1640), Dul-
becco’s modified eagle medium/nutrient mixture F-12 
(DMEM/F-12), penicillin-streptomycin solution, and 

certified fetal bovine serum (FBS) were obtained from 
VivaCell, Shanghai (China). Eagle’s minimum essential 
medium with Earle’s balanced salts (MEM-EBSS) was 
obtained from Hyclone (USA). The water used in all 
experiments was ultrapure water.

Preparation of GS-CDs
GS-CDs were synthesized according to a typical hydro-
thermal method [12–15]. First, 10 mL of GS aqueous 
solution (1.5  mg·mL− 1) was transferred into a 15 mL 
polytetrafluoroethylene lined autoclave and heated in an 
oven at 170 °C for 1–10 h with 1 h intervals. After reac-
tion was complete, the obtained solution was coarsely 
filtered using a 0.22  μm polyethersulfone membrane 
to remove the larger products. Then, the filtered solu-
tion was added to an activated ultrafiltration tube (3000 
MWCO), where it underwent centrifugal purifica-
tion twice (5000  rpm, 15  min). Finally, the light-yellow 
GS-CDs solution was obtained at different reaction 
times (GS-CDs@1  h, GS-CDs@2  h, GS-CDs@3  h, GS-
CDs@4  h, GS-CDs@5  h, GS-CDs@6  h, GS-CDs@7  h, 
GS-CDs@8  h, GS-CDs@9  h, and GS-CDs@10  h), and 
stored in a refrigerator at 4 °C.

Preparation of the Glu-CDs
The glucose carbon nanodots (Glu-CDs) were prepared 
with a glucose aqueous solution (5 mg·mL− 1) via a typi-
cal hydrothermal reaction at 170 °C for 6 h, according to 
previous reports with minor modifications [14, 34]. The 
purification and storage processes of Glu-CDs were the 
same as GS-CDs.

Preparation of GS@Glu-CDs
5 mL of 3 mg·mL− 1 GS aqueous solution was introduced 
into 10 mL of the Glu-CDs aqueous solution. Under 
nitrogen protection, the mixture was stirred in a water 
bath at 40  °C for 5  h. The purification and storage pro-
cesses of GS@Glu-CDs were the same as the GS-CDs.

Cell cultures
All cells were from an American type culture collection 
(ATCC, Manassas, VA, US). The human neuroblastoma 
(SH-SY5Y) and human renal epithelial (293T) cells were 
cultured in DMEM/F-12 medium, and human cervical 
cancer (HeLa) and mouse microglial (BV2) cells were cul-
tured in DMEM medium. Human liver cancer (HepG2) 
cells were cultured in MEM-EBSS medium, and rat adre-
nal pheochromocytoma (PC12) and human normal liver 
(LO2) cells were cultured in RPMI-1640 medium. These 
media were supplemented with 10% FBS and 1% penicil-
lin-streptomycin. All cells were cultured in a humidified 
incubator containing 5% CO2 at 37 °C.
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Testing in vitro cytotoxicity
CCK-8 method was used to detect toxicity effects of GS-
CDs (GS-CDs@1  h, GS-CDs@2  h, GS-CDs@3  h, GS-
CDs@4  h, GS-CDs@5  h, GS-CDs@6  h, GS-CDs@7  h, 
GS-CDs@8  h, GS-CDs@9  h, and GS-CDs@10  h) on 
various cells. Using GS-CDs vs. SH-SY5Y cells as an 
example, SH-SY5Y cells were cultured to the logarithmic 
growth phase, according to the appropriate cell density 
of 3000 ~ 5000 cells well− 1. Then, SH-SY5Y cells were 
transferred and cultured into a 96-well cell culture plate. 
Afterward, 180 µL of cell suspension per well was placed 
in an incubator containing 5% CO2 at 37 °C. When cells 
were completely attached to the cell bottle wall, we added 
20 µL of GS-CDs at different concentrations. Next, GS-
CDs concentrations for the cells in each well were 0, 10, 
20, 30, and 50  µg·mL− 1 (each concentration had 6 mul-
tiple wells). Then, culturing was continued. After GS-
CDs and SH-SY5Y cells were incubated for 48  h, 20 µL 
of CCK-8 was added to each well. The 96-well cell cul-
ture plate was placed in incubator for 30 min, and optical 
density (OD) was measured at 450 nm with a microplate 
reader (infinite M200 PRO from TECAN, Switzerland). 
SH-SY5Y cell viability was calculated according to the 
OD value.

The CCK-8 method was also used to detect viability of 
the other four cells (HeLa, BV2, PC12, and HepG2) after 
incubation with GS-CDs; the viability of two cells (293T 
and LO2) after incubation with GS-CDs@6 h; the viabil-
ity of SH-SY5Y cells after incubation with GS, Glu-CDs, 
and GS@Glu-CDs; the viability of SH-SY5Y cells after 
incubation with GS-CDs@6 h for 6, 12, 24, and 48 h. All 
the experimental procedures were the same as above.

Cellular fluorescence imaging
A circle microscope cover glass was placed on a 6-well 
cell culture plate. Then, 2 mL of SH-SY5Y cell suspen-
sion with about 1 × 105 cells well− 1 was added to the 
6-well cell culture plate. The plate was incubated for 
24  h in an incubator containing 5% CO2 at 37  °C. The 
medium in the wells was replaced with a medium con-
taining GS-CDs@6 h solution, and the GS-CDs concen-
tration in each well was controlled to 100 µg·mL− 1. Then, 
GS-CDs@6  h with the SH-SY5Y cells were incubated 
for 30 min at 2, 4, 6, 12, 24, and 48 h. Afterward, the cell 
morphology was fixed with 4% paraformaldehyde solu-
tion, and the cell nucleus was stained with DAPI. For 
the 6-well cell culture plate, glass slide was removed, and 
buckled by a glass slide mounted with 10 µL of anti-flu-
orescence attenuation solution. Cell fluorescence images 
were captured by a fluorescence microscope (EVOS FL 
auto automatic fluorescence inverted microscope system, 
Life Technologies, USA).

Determination of intracellular distribution of GS-CDs by 
TEM
Cells (SH-SY5Y, 293T, LO2) in logarithmic growth phase 
were incubated with GS-CDs at same concentration for 
0, 6, 12 and 24 h. After digestion and centrifugation, the 
cell pellets were fixed, dehydrated, embedded, then sec-
tioned and stained. At last, the TEM images of the cells 
were obtained [35].

Analysis of apoptosis and cell cycle by flow cytometry
SH-SY5Y cells were cultured to the logarithmic growth 
phase in a 6-well cell culture plate at a cell density of 
1 × 105 cells well− 1. Then, they were incubated for 24 h in 
an incubator containing 5% CO2 at 37 °C. The medium in 
the culture plates was replaced with medium containing 
GS-CDs@6 h, and its final concentration in each well was 
0, 10, 20, 30, and 50 µg·mL− 1.

After incubated for 48 h, the cells were harvested and 
washed twice with PBS. FITC coupled with an annexin-
v apoptosis detection kit I was used to detect apoptosis 
of the SH-SY5Y cells. The stained cells were analyzed 
by flow cytometry (BD FACSCalibur, BD Biosciences 
Pharmingen, USA), where a total of 1 × 104 cells were 
counted for each sample.

After incubated for 48  h, the cells were harvested in 
a centrifuge tube and fixed with 500 µL of 70% ice-cold 
ethanol at 4℃ for 4 h. The cells were washed twice with 
PBS and then DNA content quantitation assay detection 
kit was used to detect cell cycle of SH-SY5Y cells. The 
stained cells were analyzed by flow cytometry, where a 
total of 1 × 104 cells were counted for each sample.

Western-blot
Protein expression was detected by western-blot. First, 
the steps of cell treatment were the same as the above 
cell cycle and apoptosis procedures. Then cells were har-
vested and washed twice with PBS. The cells were then 
suspended in protein extraction buffer containing prote-
ase inhibitors, and lysed on ice for 30 min. The superna-
tant was collected after centrifugation at 12,000 × g for 
10 min, and the protein content was measured using the 
BCA protein assay kit. 10–15% sodium dodecyl sulphate-
polyacrylamide gel (SDS-PAGE) was performed for equal 
amount of protein per sample followed by transfer to a 
PVDF membrane (Roche, UK), which were then soaked 
in blocking buffer (5% skimmed milk) for 1 h. The mem-
branes were then incubated with relevant primary anti-
bodies overnight at 4℃, followed by incubation with the 
appropriate horseradish peroxidase-conjugated second-
ary antibodies for 1  h at room temperature. Finally, the 
signals were visualized using enhanced chemilumines-
cence. β‑actin was used as reference protein.



Page 5 of 15Jiang et al. Journal of Nanobiotechnology          (2023) 21:244 

In vivo experiments to investigate neuroblastoma 
inhibition
Four-week-old male BALB/c nude mice were purchased 
from Beijing Huafukang Biological Technology Co., Ltd. 
and raised in a specific-pathogen-free laboratory. To eval-
uate the abilities of the GS-CDs to inhibit human neu-
roblastoma cells in vivo, SH-SY5Y cells were inoculated 
into the right axilla of male BALB/c nude mice (5-week-
old), at a loading of ~ 3 × 106 cells per mouse, to establish 
a subcutaneous neuroblastoma mouse model. After aver-
age volume of axillary neuroblastoma in the nude mice 
met or exceeded ~ 60 mm3, the tumor-bearing mice were 
randomly divided into 3 groups (n = 3): the model group 
(injection of corresponding doses of physiological saline 
into the tail vein, according to the mouse weight, once 
every 36 h), cisplatin group (intraperitoneal injection of 
corresponding doses of 5  mg·kg− 1 of cisplatin accord-
ing to the mouse weight, once every 4 days), GS-CDs 
group (injection of corresponding doses of 8 mg·kg− 1 of 
the GS-CDs into the tail vein, according to the mouse 
weight, once every 36 h) [36, 37].The day that administra-
tion started was set as the first day of the treatment cycle. 
Starting from the first day, we recorded the weight of 
the mice and took photos of the tumors once every two 
days. We used a small animal Micro-CT imaging system 
(Quantum GX of PerkinElmer, USA) to scan the mice in 
the model, cisplatin, and GS-CDs groups, once every four 
days. We then monitored tumor growth and accurately 
measured the tumor volume. After the 13th day of treat-
ment, all of the nude mice were euthanized for anatomy 
and histopathological analyses.

To further investigate the in vivo biosafety of GS-CDs, 
we randomly divided healthy male BALB/c nude mice 
of 5-week-old into another two groups (n = 3): Control 
group (injected with saline via tail vein) and Control + GS-
CDs group (tail vein injection of 8 mg·kg− 1 of GS-CDs). 
The dosing cycle and times of dosing were the same as 
above, and the weights of the mice were recorded. After 
the 13th day of treatment, all nude mice were sacrificed 
for dissection and histopathological analysis.

Results and discussion
Characterization of GS-CDs
A series of GS-CDs at 170 °C using GS as the single reac-
tant at different reaction times was synthesized, from 1 
to 10  h, via normal hydrothermal synthesis. High-res-
olution transmission electron microscopy (HRTEM) 
was used to characterize the size and surface morpholo-
gies of GS-CDs@3  h, GS-CDs@5  h, GS-CDs@6  h, and 
GS-CDs@10  h at different hydrothermal reaction times 
of 3, 5, 6, and 10  h, respectively. All of the GS-CDs 
showed good dispersity with even sizes, where the diam-
eter of GS-CDs@3 h was concentrated at 2.95 ± 0.72 nm, 
the diameter of GS-CDs@5  h was concentrated at 

2.75 ± 0.66  nm, the diameter of GS-CDs@6  h was con-
centrated at 3.00 ± 0.64  nm, and the diameter of GS-
CDs@10  h was concentrated at 3.24 ± 0.62  nm (Fig.  1a). 
The HRTEM images shown in the upper right corner of 
Fig. 1a presented the crystal lattices of the four prepared 
GS-CDs. GS-CDs@3 h had a mere crystal lattice, possi-
bly due to the short reaction time and incomplete nano-
structure. GS-CDs@5  h had a certain lattice structure 
with a lattice spacing of 0.219 nm. GS-CDs@6 h and GS-
CDs@10 h showed obvious lattices, with lattice spacings 
of 0.218 and 0.207  nm, respectively. This implied that 
with prolonged reaction time, the self-assembly of the GS 
molecules became more regular, and the structures of the 
GS-CDs became more complete. In UV absorption spec-
tra, the GS aqueous solution had weak UV absorption, 
while the GS-CDs showed strong absorption at a wave-
length of 280  nm (Fig.  1b and Additional file 1: Figure 
S1-1). The longer the reaction time, the higher the UV 
absorption peak. Combined with IR spectroscopy analy-
sis, the absorption peak at 280  nm was mainly derived 
from the vibration and rotation of C = O (Additional file 
1: Figure S1-2). The inset (Fig.  1b) is the photos of the 
four prepared GS-CDs under sunlight (left) and UV light 
at 365 nm (right), respectively. The GS-CDs with differ-
ent reaction times had strong blue-green fluorescence, 
and the brightness increased slightly with increased reac-
tion time.

In the contour map of the three-dimensional fluores-
cence spectra of the four prepared GS-CDs with differ-
ent reaction times, there was only one substance with 
fluorescent emission in each system, indicating a single 
product (Fig.  1c). As shown in the isometric projection 
of the three-dimensional fluorescence spectra (Fig.  1d), 
all the four GS-CDs had excitation dependence. Under 
the optimal excitation wavelength of ~ 360  nm, the 
optimal emission wavelength was ~ 440 nm for the four 
GS-CDs. The longer the reaction time, the higher the 
obtained fluorescence intensity of the GS-CDs. In the 
fluorescence attenuation curves of the four GS-CDs 
(Additional file 1: Figure S1-3), three fluorescence life-
times (τ) were obtained, after fitted according to a third-
order decay exponential function. It indicated that the 
CDs had three fluorescence centers. The quantum yields 
of GS-CDs@3  h, GS-CDs@5  h, GS-CDs@6  h, and GS-
CDs@10  h were ~ 0.19%, ~ 0.14%, ~ 0.19%, and ~ 0.22%, 
respectively. X-ray photoelectron spectroscopy (XPS) 
was used to further characterize and analyze the elemen-
tal compositions and functional groups of the four GS-
CDs. In the XPS spectra, all the four GS-CDs had two 
main peaks at 285.1 and 531.6 eV, corresponding to the 
C 1s and O 1s elements, respectively (Additional file 1: 
Figure S1-4). The C 1s band had three peaks near 288.5, 
285.6, and 284.5 eV, which was attributed to the carbon 
peaks related to C = O, C-O, and C-C. The O 1s band had 
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two peaks near 534.3 and 532.6 eV, which were attributed 
to the oxygen peaks of C = O and C-O.

Studies have shown that the content in typical conju-
gated fluorophore groups, such as carbon-carbon double 
bonds, carbon-carbon triple bonds, or carbon-based 
π electrons in GS molecules is very low [29]. The main 
sources of UV absorption and fluorescence emission of 
the prepared GS-CDs system did not consist of these clas-
sic conjugated structures. The appearance and increase 
in UV and fluorescence could be attributed to the cross-
linking enhanced emission (CEE) effect [38]. Under a 
hydrothermal condition of 170  °C, and with rapid colli-
sions between the particles, the free GS were cross-linked 
through a buckling reaction, forming a carbon nucleus. 
During the reaction, the main tetracyclic triterpene 
structure of GS molecule showed few changes, accord-
ing to the mass spectra analysis of GS, GS-CDs@3 h, GS-
CDs@5 h, GS-CDs@6 h, and GS-CDs@10 h (Additional 
file 1: Figure S1-5 and Table S1-1). The active site beside 

the main structure reacted with H2O, and the number of 
C = O groups could increase in the system (Additional file 
1: Figure S1-2). With prolonged reaction time (3, 5, 6, and 
10  h), the buckle reaction, as well as the degree of car-
bonization increased. The structures of the CDs became 
denser and more orderly (Fig.  1a), and more C = O and 
C-O groups in the system became fixed. Their vibrations 
and rotations were limited, resulting in increased radia-
tion transition. Thus, the UV absorption and fluorescence 
emissions of the GS-CDs generated by non-classical con-
jugation were enhanced [38, 39].

Inhibitory effect of GS-CDs on cells
The above results demonstrated that under hydrothermal 
conditions, and within a certain reaction time, the GS 
molecules could self-assemble to form CDs. When reac-
tion temperature (170  °C) was far below the threshold 
temperature for the ring-opening reaction, the main tet-
racyclic triterpene structure of GS could not be destroyed 

Fig. 1  Characterization of GS-CDs under different synthesis conditions. a TEM images of the prepared GS-CDs@3 h, GS-CDs@5 h, GS-CDs@6 h, and GS-
CDs@10 h samples, respectively, where the HRTEM images inserted in the upper right corner show the crystal lattices of the four GS-CDs. The scale bars 
were 20 nm. b UV absorption spectra of the prepared GS-CDs@3 h, GS-CDs@5 h, GS-CDs@6 h, and GS-CDs@10 h samples, where the insets show the 
photos of the four GS-CDs under sunlight (left) and UV light at 365 nm (right). c Contour maps showing the three-dimensional fluorescence spectra of 
GS-CDs@3 h, GS-CDs@5 h, GS-CDs@6 h, and GS-CDs@10 h, respectively. d Isometric projections of the three-dimensional fluorescence spectra of GS-
CDs@3 h, GS-CDs@5 h, GS-CDs@6 h, and GS-CDs@10 h.
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during the self-assembly process. Thus, we proposed the 
self-assembled GS-CDs could retain biomedical activity 
of GS to a certain extent. On this basis, cell counting kit-8 
(CCK-8) method was used to estimate cell viabilities of 
human neuroblastoma cells (SH-SY5Y), human cervical 
cancer (HeLa), mouse microglial (BV2), rat adrenal pheo-
chromocytoma (PC12), and human hepatoma (HepG2) 
cells. They were incubated with different GS-CDs (GS-
CDs@1  h, GS-CDs@2  h, GS-CDs@3  h, GS-CDs@4  h, 
GS-CDs@5 h, GS-CDs@6 h, GS-CDs@7 h, GS-CDs@8 h, 
GS-CDs@9 h, GS-CDs@10 h) for 48 h. The cell viabilities 
of HeLa, BV2, PC12, and HepG2 cells did not change sig-
nificantly after incubation with GS-CDs under the same 
conditions (Additional file 1: Figure S2-1, S2-2, S2-3, and 
S2-4).

Note that GS-CDs had few inhibitory effects on human 
neuroblastoma cells (SH-SY5Y), when reaction time 
was 1–4 h (Fig. 2a). At a GS-CDs dosage of 50 µg·mL− 1, 
some cytostatic effects appeared. When reaction time 
increased to 5  h, GS-CDs started to display obvious 
inhibitory effect on SH-SY5Y cells. At a reaction time of 
6 h, GS-CDs had a stronger inhibitory effect on SH-SY5Y 
cells. The cell viability rates were ~ 87.56%, ~ 73.26% and 
~ 55.05% at GS-CDs dosing concentrations of 20, 30 and 
50 µg·mL− 1, respectively. The higher the dose, the lower 
the cell viability. This suggested that the toxic effects of 
GS-CDs on SH-SY5Y cells were concentration-depen-
dent. When reaction time extended to 7–10 h, the inhibi-
tory effects of GS-CDs on SH-SY5Y cells were similar 
to GS-CDs@6  h. The two other repeated experiments 
were mostly identical (Additional file 1: Figure S2-5). The 
experimental results showed the prepared GS-CDs had a 
very effective inhibitory effect on SH-SY5Y cells. A low 
concentration of GS-CDs (50  µg·mL− 1), their inhibition 
rate of SH-SY5Y cells achieved ~ 45.00%. Since reaction 
temperature (170  °C) was far below the threshold tem-
perature of the ring-opening reaction, the main tetracy-
clic triterpenoid structure of GS could not be destroyed. 
Therefore, we proposed that GS-CDs retained the phar-
maceutical activity of the carbon-sourced GS, and intro-
duced largest number of active substances into SH-SY5Y 
cells through endocytosis, with best efficacy. In addition, 
since the substance of GS-CDs was natural plant essence, 
they showed good non-cytotoxicity to ordinary cells, 
such as human renal epithelial (293T) cells and human 
normal liver (LO2) cells (Fig. 2b).

Considering the obviously higher inhibitory of GS-
CDs on SH-SY5Y than other cells (HeLa, BV2, PC12, 
and HepG2 cells), there were two speculations: (i) There 
are differences of active receptor in membrane surface 
among different tumor cells. GS-CDs may bind to certain 
specific receptors on the surface of SH-SY5Y cells, acti-
vating the tumor apoptosis pathway and thus exerting 
inhibitory effects. (ii) Gene level effects: The occurrence 

of tumors is the result of multiple genes, multiple steps, 
and multiple mutations. Mutations in different genes 
with different intensities lead to the formation of dif-
ferent tumors. The addition of GS-CDs may change the 
structure of genetic DNA of SH-SY5Y cells, reverse the 
genetic characteristics of SH-SY5Y cells, and inhibit the 
tumor effectively.

Different inhibitory effect on SH-SY5Y cells
Furthermore, under the same conditions we compared 
the inhibition efficiency of GS molecules and CDs with 
different structure/composition on SH-SY5Y cells, via 
in vitro cytotoxicity experiments (Fig. 2c and d, and 2e). 
During the same concentration range, GS had no inhibi-
tory effects on SH-SY5Y cells. It was inferred that GS in 
molecular state could not be effectively taken up via cell 
transport and provided effective drug effect. On contrary, 
due to the nano-size and nanostructure, GS-CDs could 
be taken up by cells in large numbers through endocy-
tosis. Thus, GS-CDs showed a much higher inhibitory 
efficiency on SH-SY5Y cells than GS molecules. Second, 
molecule glucose of little medicinal activity was used to 
prepare common glucose carbon nanodots (Glu-CDs) via 
a similar hydrothermal reaction [14, 34, 40, 41]. When 
concentration of Glu-CDs was 50  µg·mL− 1, viability of 
SH-SY5Y cells was weakly increased. It indicated com-
mon Glu-CDs synthesized by non-drug molecules had 
little drug activity. Lastly, GS was loaded onto the car-
rier Glu-CDs through supramolecular forces. Then drug 
molecule GS composite carbon nanodots (GS@Glu-CDs) 
were obtained (Additional file 1: Fig. S2-6). At the same 
concentration of 50 µg·mL− 1, inhibitory effect (~ 75.69%) 
of GS@Glu-CDs on SH-SY5Y cells became obviously but 
much less than that of GS-CDs. It can be explained that 
after loaded on Glu-CDs, drug molecule GS could enter 
cell interior through endocytosis and had a damaging 
effect on SH-SY5Y cells. However, because of the nano-
size of Glu-CDs, the loaded quantity of bioactive GS was 
limited, as well as their inhibitory effect on SH-SY5Y 
cells. Thus, the construction of nanodrug CDs composed 
of drug activity molecules could open up new research 
ideas and application directions for nanomedicine.

Intracellular distribution of GS-CDs in SH-SY5Y cells with 
time
Because GS-CDs prepared for 6–10  h showed simi-
lar inhibitory effects on SH-SY5Y cells, GS-CDs@6  h 
were chosen as the representative nano-drug, and were 
denoted as GS-CDs in the follow-up experiments. To fur-
ther explore the inhibitory effect of GS-CDs on SH-SY5Y 
cells, entry of GS-CDs into cells at different incubation 
times was monitored by a fluorescent inverted micro-
scope (Fig.  3a). Accompanied by its effective medicinal 
effects, the fluorescent GS-CDs system did not need to 
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Fig. 2  Inhibitory effect of GS-CDs prepared from 1–10 h and different CDs on SH-SY5Y cells. a In vitro cytotoxicity profiles of GS-CDs@1 h, GS-CDs@2 h, 
GS-CDs@3 h, GS-CDs@4 h, GS-CDs@5 h, GS-CDs@6 h, GS-CDs@7 h, GS-CDs@8 h, GS-CDs@9 h, and GS-CDs@10 h on SH-SY5Y cells. b In vitro cytotoxicity 
profiles of GS-CDs@6 h on 293T and LO2 cells. c In vitro cytotoxicity profiles of GS, Glu-CDs, and GS@Glu-CDs on SH-SY5Y cells. d Statistical chart summa-
rizing the in vitro cytotoxicity profiles of GS-CDs@6 h, GS, Glu-CDs, and GS@Glu-CDs on SH-SY5Y cells. e Schematic images showing the cytotoxicity pro-
files of GS, GS-CDs, Glu-CDs, and GS@Glu-CDs on SH-SY5Y cells. Data were mean ± s.d. (n = 6). *p < 0.05, **p < 0.01 and ***p < 0.001 relative to 0 µg·mL− 1, 
as analyzed by one-way analysis of variance (ANOVA).
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introduce other fluorescent substances for tracking and 
labeling. With prolonged incubation time, SH-SY5Y cells 
gradually shrank and became round. The SH-SY5Y cells 
gradually became apoptotic with increased time by the 
inhibition of GS-CDs. In the fluorescence field, GS-CDs 
entered cells and were mainly concentrated in the cyto-
plasm. Between 30 min and 6 h, fluorescence intensity of 
the system gradually increased, indicating the internal-
ized number of GS-CDs increased with time. Between 6 
and 12 h, fluorescence intensity of the system decreased. 
This was possibly due to the reactions and structure 
destruction of GS-CDs within the cells. Fluorescence 
intensity of the system was very weak after incubating for 
24 h. By 48 h, little fluorescence was detected in the sys-
tem. While GS-CDs played a medicinal role in the cells, 
they could also be metabolized out through exocytosis. 
Fluorescence intensity changes in the incubation system 
indicated that inhibitory effect of GS-CDs on SH-SY5Y 
cells was time-dependent.

Cytotoxicity of GS-CDs in SH-SY5Y cells with time
The exact viability changes of SH-SY5Y cell after incu-
bating with GS-CDs for different times were investigated 
(Fig.  3b). When incubated for 6 and 12  h, the GS-CDs 
had a minimal inhibitory effect on the SH-SY5Y cells. 
When incubated for 24 h, at higher GS-CDs concentra-
tions (50 µg·mL− 1), the inhibitory effect appeared. After 

48  h of incubation, GS-CDs showed a strong inhibitory 
effect on the SH-SY5Y cells, which was essentially consis-
tent with the results above (Fig. 2a).

Bio-TEM analysis was conducted to compare the cel-
lular uptake and intracellular distribution of GS-CDs in 
SH-SY5Y, 293T and LO2 cells, respectively (Additional 
file 1: Figure S3-1). Many GS-CDs entered all the cells 
and mainly existed in cytoplasm from 6 to 24 h. At 24 h, 
GS-CDs were still abundant in SH-SY5Y cells. In that 
case, some cells shrank, some cell membrane was broken, 
and some cell shape was destroyed. It proved that GS-
CDs inhibited SH-SY5Y cells effectively. Within 6-12  h, 
GS-CDs also entered into 293T and LO2 cells, but little 
GS-CDs could be found at 24 h. It implied GS-CDs were 
basically metabolized within 24 h in 293T and LO2 cells. 
What was more, 293T and LO2 cells had normal mor-
phology and good growth status at 24  h. It suggested 
that GS-CDs had little toxic effect on normal cells. Via 
the bio-TEM analysis, it can be inferred GS-CDs with 
hydrophilic surface functional groups were able to enter 
all these cells. GS-CDs possessed a high specific inhibi-
tory effect on SH-SY5Y cells and little inhibitory effect on 
other cells.

Fig. 3  Fluorescent intracellular distribution, and cytotoxicity of GS-CDs in SH-SY5Y cells with time. a Fluorescence microscope images of the SH-SY5Y 
cells and GS-CDs (100 µg·mL− 1) incubated at different times (30 min, and 2, 4, 6, 12, 24, and 48 h). The scale bars were 50 μm. b In vitro cytotoxicity pro-
files of the SH-SY5Y cells after incubating with the GS-CDs at different times (6, 12, 24, and 48 h). Data were mean ± s.d. (n = 6). *p < 0.05, **p < 0.01 and 
***p < 0.001 relative to 0 µg·mL− 1, as analyzed by one-way ANOVA.
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Apoptosis and cell cycle of SH-SY5Y cells induced by 
GS-CDs
Flow cytometry was used to detect apoptosis and cell 
cycle of SH-SY5Y cells after incubation at different GS-
CDs concentrations after 48  h (Fig.  4a). When GS-CDs 
concentrations was 20, 30, and 50  µg·mL− 1, apopto-
sis rate of SH-SY5Y cells was ~ 18.59%, ~ 25.06%, and 
~ 59.66%, respectively. The higher the administration 
concentration, the more significant the apoptosis rate. It 
demonstrated when GS-CDs were administered at high 
concentrations (for example, 50  µg·mL− 1), and at a suf-
ficient incubation time (48 h), an inhibition effect on SH-
SY5Y cells could be exerted.

When concentrations of GS-CDs were 10 and 
20  µg·mL− 1, the cell cycle of SH-SY5Y cells changed 
a little (Fig.  4b). When concentration of GS-CDs was 
increased to 30 and 50  µg·mL− 1, SH-SY5Y cells in G0/
G1 phase decreased to ~ 30.53% and ~ 28.78%, respec-
tively. While in G2/M phase, SH-SY5Y cells increased to 
~ 40.42% and ~ 38.10%, respectively. It indicated that GS-
CDs could induce G2/M phase arrest of SH-SY5Y cell 
cycle.

Effect of GS-CDs on the expression of apoptosis-related 
proteins in SH-SY5Y cells
The above apoptosis and cell cycle of SH-SY5Y cells 
showed that GS-CDs may inhibit tumor growth by induc-
ing tumor cell apoptosis. Thus, we chose to detect the 
expression of apoptosis-related proteins in SH-SY5Y cells 

(Fig.  4c). Bax and Bcl-2 are homologous water-soluble 
related proteins, which promote apoptosis in cells. Bax 
can antagonize the protective effect of Bcl-2. Research 
showed that when the ratio of Bcl-2/Bax decreased, it can 
increase the permeability of mitochondrial membrane, 
activate caspase apoptosis pathway and induce cell apop-
tosis [42]. Among them, caspase-10 is the downstream 
signal molecule of mitochondria that mediates apoptosis, 
and caspase-3 is the executor of apoptosis. Cell death is 
inevitable after caspase-3 is activated [43]. Western-blot 
results showed that compared with the control group, 
when the drug concentration was 30 and 50  µg·mL− 1, 
the protein contents of Bax, caspase-3 and caspase-10 
increased significantly (P < 0.05, P < 0.01, P < 0.001). The 
content of Bcl-2 protein decreased significantly (P < 0.05, 
P < 0.001). The above results suggested that apoptosis 
of SH-SY5Y cells induced by GS-CDs may be through 
inhibiting the up-regulation of Bcl-2, activating the cas-
pase apoptosis pathway, activating and up-regulating the 
expression of apoptosis-related proteins caspase-3 and 
caspase-10. Finally, it caused SH-SY5Y cell death.

High inhibitory effect of GS-CDs on neuroblastoma and 
toxicity evaluation in vivo
To evaluate the inhibited ability of GS-CDs on human 
neuroblastoma in vivo, we employed BALB/c nude 
mice bearing human neuroblastoma tumors as the ani-
mal model. The antineoplastic cisplatin for the clini-
cal treatment of neuroblastoma was administered to 

Fig. 4  Apoptosis, cell cycle and expression of apoptosis-related proteins of SH-SY5Y cells induced by GS-CDs. a Apoptosis and b cell cycle charts of SH-
SY5Y cells after incubating with different concentrations of GS-CDs (10, 20, 30, and 50 µg·mL− 1) for 48 h. c Effects of corresponding different concentra-
tions of GS-CDs on the expression of apoptosis-related proteins in SH-SY5Y cells
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tumor-bearing mice as the positive group. The real-time 
photos of mice growth in the model, cisplatin, and GS-
CDs group had been recorded carefully (Additional file 
1: Figure S5-1, S5-2, and S5-3). Using a small animal CT 
imaging system, CT scans were performed to observe the 
growth of the mice tumors on the 1st, 5th, 9th, and 13th 
days during one experiment cycle (Fig. 5a). The statistic 
relative tumor volume of the model, cisplatin, and GS-
CDs group, was calculated by the CT scans of the larg-
est tumor sections (Fig. 5b). With time, the tumor growth 
trend of model group was obvious, and tumor growth 
in cisplatin group was slower than in the model group. 
The tumor growth rate of mice in GS-CDs group was 
the slowest and the tumor volume was the smallest. At 
the end of 13th day of experimental period, mice in each 
group were dissected and tumor comparisons were made 
(Fig. 5c). The tumor volume and statistic tumor weights 
of the GS-CDs group were significantly smaller than the 
other two groups (Fig. 5d). The above data showed that 
the prepared GS-CDs could effectively inhibit the growth 
of human neuroblastoma and produce substantial cura-
tive effects in vivo.

Meanwhile, statistical diagrams for weight changes of 
mice in the control, control + GS-CDs, model, cisplatin, 

and GS-CDs group were also recorded to assess the tox-
icity of GS-CDs (Fig.  5e). Compared to the weight of 
mice in control group, weight of mice in control + GS-
CDs group was slightly lower at the initial stage. With 
more time, weight of mice in control + GS-CDs group 
exceeded that of control group. This proved that the pre-
pared GS-CDs had almost no toxic effects on organism. 
Compared to the weight of mice in model group, weight 
of mice in GS-CDs group was very significant. This also 
showed that GS-CDs did not produce toxic effects during 
neuroblastoma treatment. Attractively, because it could 
effectively inhibit tumor growth and improve health 
of mice, the weight of mice in GS-CDs group was close 
to the control group on the 13th day. The weight loss of 
mice in the cisplatin group was the most. The H&E stain-
ing of the main organs of mice in each group results 
showed that few obvious organ abnormalities were 
observed in the pathological images of mice in cisplatin 
group (Fig.  6a). Experimental observations found that 
the mice injected with cisplatin were in a depressed state 
compared to mice in other groups. They were reluctant 
to eat for a period of time. This was possibly due to the 
severe irritation of cisplatin on the intestines and stom-
achs of the mice, resulting in significant weight loss. The 

Fig. 5  Inhibitory effect of GS-CDs on neuroblastoma in vivo. a Tumor growth of the mice tumors in the model (top), cisplatin (middle), and GS-CDs 
(bottom) group on the 1st, 5th, 9th, and 13th days as observed by CT scans (n = 3), where the scale bar was 1 cm. b Statistic charts showing the relative 
tumor volumes of the mice in the model, cisplatin and GS-CDs group, as calculated by the CT scans of the largest tumor sections. Data were mean ± s.d. 
(n = 3). c Photos of the dissected mice tumors in the model (top), cisplatin (middle) and GS-CDs (bottom) group at 13th day (n = 3), where the scale bar 
was 1 cm. d Statistic chart showing the tumor weight of the mice in the model, cisplatinand GS-CDs group. e Statistical weight diagrams of the mice in 
control, control + GS-CDs, model, cisplatin, and GS-CDs groups. Data were mean ± s.d. (n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001 relative to the model 
group, as analyzed by one-way ANOVA.
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above results indicated that the GS-CDs had high bio-
compatibility in the treatment process and could be used 
safely and effectively to treat neuroblastoma. It should be 
emphasized that human neuroblastoma is mainly harm-
ful to infants and young children with low immunity. For 
those children who need to be carefully protected during 
treatment, the side effects caused by the nano-drug GS-
CDs based on natural herbal extracts would be greatly 
reduced. Thus, the acceptance rates for infants and young 
children would be much higher. It would be more condu-
cive to the treatment of the disease.

To estimate pathological damage of GS-CDs on 
tumors, the dissected neuroblastoma of mice in the 

model, cisplatin, GS-CDs group were stained and ana-
lyzed (Fig.  6b-d). Because human neuroblastoma tumor 
cells were malignant and grew quickly, sizes of tumors in 
the control group were very large at the end of the test 
period. The provided blood and nutrients were insuf-
ficient for the tumor, causing necrosis of the cells inside 
tumor. There was abundant blood supply outside tumor, 
and the tumor could maintain rapid growth. As observed 
in the H&E (hematoxylin-eosin staining) image, tumor 
cells in each group had a certain degree of damage, 
including in the model group. Neovascularization is a 
necessary condition for tumor growth, and antigen CD31 
(endothelial cell adhesion molecule) was employed to 

Fig. 6  Stained sections of main organs and neuroblastoma tissues of mice. a H&E staining diagrams of the main organs (heart, lungs, spleen, liver, and 
kidneys) of mice in the control, control + GS-CDs, model, cisplatin, and GS-CDs groups, where the scale bars were 100 μm. b H&E (left), antigen CD31 
(middle), and antigen NSE (right) stained neuroblastoma tissues of mice at 13th day in the model (top), cisplatin (middle) and GS-CDs (bottom) group, 
where the scale bars were 100 μm. c Statistic comparison chart of the antigen CD31 immunohistochemical stained neuroblastoma tissues of the mice 
in the model, cisplatin and GS-CDs group. d Statistic comparison chart of the antigen NSE immunohistochemical stained neuroblastoma tissues of the 
mice in the model, cisplatin, and GS-CDsgroup. Data were mean ± s.d. (n = 4). *p < 0.05, **p < 0.01 and ***p < 0.001 relative to the model group or cisplatin 
group, as analyzed by one-way ANOVA.
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label the vascular endothelial cells in tumor. The expres-
sion of CD31 in GS-CDs group was clearly lower than the 
other two groups. In addition, antigen neuron-specific 
enolase (NSE) is a marker of neuroblastoma. Compared 
to the other groups, expression level of NSE in GS-CDs 
group was the lowest.

It was worthy to note that since we did not modify the 
surfaces of GS-CDs with brilliant commercial fluorescent 
agent or contrast agent, it was hard to study the exact 
biodistribution of GS-CDs in animals. We have checked 
the literatures within last ten years to speculate the fates 
of GS-CDs in animals (Additional file 1: Table S6-1) [16, 
44–48].

Conclusion
This study used GS of natural bioactivity as a single reac-
tant to synthesize GS-CDs via a one-step hydrothermal 
method. The sizes of GS-CDs were concentrated in the 
range of 2–4  nm, with good water solubility. The opti-
mal excitation and emission wavelengths were observed 
at ~ 360 and ~ 440 nm, respectively. At a low concentra-
tion of GS-CDs (50 µg·mL− 1) for 48 h, the cell inhibition 
rate reached ~ 45.00% and apoptosis rate of SH-SY5Y 
cells reached ~ 59.66%. GS-CDs prepared with GS as the 
only reactive carbon source had little cell toxicity and 
the optimal inhibition effect of SH-SY5Y cells. GS-CDs 
induced G2/M arrest of SH-SY5Y cell cycle. Western-blot 
experiments further confirmed the apoptosis of SH-SY5Y 
cells induced by GS-CDs may be through inhibiting the 
up-regulation of Bcl-2, activating the caspase apoptosis 
pathway, activating and up-regulating the expression of 
apoptosis-related proteins caspase-3 and caspase-10. In 
in vivo experiments, compared to the model and cispla-
tin groups, mice in GS-CDs group had the slowest tumor 
growth rate and the smallest tumor volume. The GS-CDs 
also showed benign response characteristics, such as nor-
mal weight and lively actions in the mice after frequent 
interventions. These low-cost GS-CDs, which had a sim-
ple preparation process and good curative effect, showed 
excellent application prospects for the clinical treatment 
of human neuroblastoma in vulnerable children.

All the above results suggested that the GS-CDs pre-
pared with natural active substances as carbon sources 
retained a certain amount of medicinal activity. We spec-
ulated that the main GS structure was not completely 
destroyed during the self-assembly process to form the 
GS-CDs. Although some functional groups changed dur-
ing the reaction, they also resulted in more active sites 
on the surface of the prepared CDs. These abundant 
functional groups were conducive to increasing the cell 
uptake rate and increasing the interactions between the 
nano-drugs and the cells. This possibly compensated for 
the decrease in medicinal properties due to the changes 
in functional groups of the GS, to some extent. Therefore, 

the reaction conditions, including the time, temperature, 
and concentration, had a relatively large impact on the 
structure of the CDs nanomedicine and the correspond-
ing biological activity. Tracking the change relationship 
between the CDs structure and their medicinal activity 
during the preparation process will also be a topic that 
requires future attention and research. In summary, the 
GS-CDs prepared with natural active substances showed 
good medicinal effects and low biological toxicity. We 
hope to construct a new research direction focused on 
low-toxicity biopharmaceuticals, based on bioactive CDs 
which are constructed by natural medicinal molecules. 
This maybe become a key research direction for new 
nanomedicines in the future.
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