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Background: Fluorescent carbon-based nanomaterials have promising properties such as
biosensing, cell imaging, tracing and drug delivery. However, carbon dots (CDs) with specific
inherent biological functions have not been investigated. Ginsenosides are the components with
multiple bioactivities found in plants of the genus Panax, which have attracted a lot of attention
for their anticancer effect.

Materials and methods: In this study, we prepared a kind of novel photoluminescent CDs
from ginsenoside Re by one-step hydrothermal synthesis method. The conventional methods
including transmission electron microscopy, Fourier transform infrared spectroscopy, HPLC
and fluorescence spectrum were used for characterization of CDs. In vitro anticancer effect was
investigated by cytotoxicity assay, flow cytometry and Western blot analysis.

Results: The as-prepared Re-CDs had an average diameter of 4.6+0.6 nm and excellent
luminescent properties. Cellular uptake of Re-CDs was facilitated by their tiny nanosize, with
evidence of their bright excitation-dependent fluorescent images. Compared with ginsenoside
Re, the Re-CDs showed greater inhibition efficiency of cancer cell proliferation, with lower
toxicity to the normal cells. The anticancer activity of Re-CDs was suggested to be associated
with the generation of large amount of ROS and the caspase-3 related cell apoptosis.
Conclusion: Hopefully, the dual functional Re-CDs, which could both exhibit bioimaging and
anticancer effect, are expected to have great potential in future clinical applications.
Keywords: carbon dots, ginsenoside Re, excitation-dependent fluorescence, cell imaging,

anticancer activity

Introduction
Carbon dots (CDs), including graphene quantum dots and polymer dots, are zero-
dimensional carbon-based nanomaterials which have interesting chemical and physical
properties.' As a kind of fluorescent material, CDs have superiorities such as excellent
photostability without optical scintillation, high photoluminescence quantum yield
(QY) and resistance to photobleaching.*® Besides, they have better biocompatibility,
lower toxicity and environment risks in comparison with heavy metal nanomaterials,
tombarthite and cadmium-containing quantum dots.”'° Due to the various functional
groups on the surface of CDs, they exhibit fine hydrophilicity and can also be easily
chemically modified.'"'> All the prominent characters of CDs show promising applica-
tions in biosensing, substance analysis, photocatalysis, optoelectronics, drug delivery,
in vivo diagnosis, targeted therapy, fluorescent labeling, bioimaging and so on."*"?
The CDs synthesis methods are mainly of two modes: top-down and bottom-up.?*-22
Bottom-up carbonization synthesis methods, which are represented by calcination,
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high-temperature pyrolysis, microwave and hydrothermal
synthesis, are thought to have obvious advantages in adjust-
ing the composition and physical properties of CDs by
carefully selecting the precursor sources and carbonization
conditions, compared with the top-down methods.??* When
preparing CDs, organic carbon sources such as citric acid,
glycerol, saccharides, amines, plants, fruit juice, protein-
based biopolymer and so on are widely applied because of
the low cost, relatively moderate reaction conditions and
environmental friendliness.”>* Most of the reported CDs
have merits of luminescent properties and are widely used
as drug nanocarriers and reagents for ion detection or bio-
labeling. However, most of the synthetic CDs are lack of
biological activities themselves. One aspect is that common
carbon sources selected for CDs synthesis are not inherently
bioactive. On the other hand, during the process of treating
for a long time at quite a high temperature, the composition
and structure of CDs may change a lot from those of carbon
sources, so some of the bioactivities may disappear and the
effects may be lost. Recently, researchers have found that
some of the CDs using green carbon sources including green
tea, garlic, pepper, lysine and so on or drugs such as aspirin
may get both fluorescent characters and bioactivities such
as anticancer, antioxidant and anti-inflammatory effects.33*
These attractive CDs can show significant bioactivities when
they are used for tracing and bioimaging in vivo or vitro.
It is a fascinating challenge to form the CDs having both
biological activities and fluorescent property after high tem-
perature hydrothermal synthesis. It is hoped that CDs with
inherent bioactivities can be used for both clinical diagnosis
and treatment at the same time in future.

Ginsenosides are pharmacologically active compounds of
plants of the genus Panax, such as Panax ginseng C. A. Mey.,
Panax quiquefolium L. and Panax notoginseng (Burk.) F. H.
Chen.*® Years of researches have shown that ginsenosides
have significant effects on the nervous system and cardio-
cerebrovascular protection, immuno-enhancement, antiag-
ing, antioxidant, antidiabetes as well as cancer inhibition
effects.’** Among the >180 identified ginsenosides, some
of the major ones such as ginsenoside Rb,, Rc, Rd, Re and
so on have been proved to have multiple pharmacological
activities, but do not show significant inhibition of cancer
cells. Rare ginsenosides such as Rk,, Rh,, Rg, Rg,, F,, Rg,,
Rh, and so on, which can degrade from the major ones by
thermal and acid or alkali treatments, have been confirmed to
have extremely high cancer inhibition effect.*** Therefore,
inspired from the thermal degradation of ginsenoside Re lead-
ing to the formation of Re-derived anticancer compositions,

we selected Re as carbon source to obtain CDs functioning
both as imaging reagents and effective anticancer drugs
through the hydrothermal process. During the hydrothermal
synthesis of ginsenoside Re-based CDs (Re-CDs), the origi-
nal materials would be probably destructed and reconstructed
to form more novel constituents and active functional groups.
Also, rare ginsenosides derived from ginsenoside Re, such
as Rg,, Rh , Rk, and protopanaxatriol, would possibly gener-
ate and combine with Re-CDs. This might give rise to the
anticancer effect of prepared Re-CDs.

In this study, we tried to obtain the fluorescent Re-CDs by
classical hydrothermal synthesis method. Physicochemical
properties of the as-prepared Re-CDs were characterized by
transmission electron microscopy (TEM), Fourier transform
infrared (FT-IR) spectroscopy, laser scanning confocal
microscopy, fluorescence spectrophotometry and so on. The
obtained Re-CDs exhibited nanostructures with a narrow size
distribution at 4.6 nm and displayed stable, bright, multicolor
fluorescent images under different excitation light irradiation.
Anticancer activity was proved at the cellular and molecular
levels. The attractive results demonstrated that the Re-CDs
could inhibit the proliferation and induce apoptosis of dif-
ferent cancer cell lines and did not exhibit any significant
toxicity to non-cancerous cells. So, Re-CDs with good
biocompatibility and solubility could possibly achieve dual
functions in both cancer treatment and direct bioimaging
or tracing. The excellent features would make Re-CDs as a
safe and effective nanomedicine that possesses good poten-
tial for applications in clinical therapy. Since ginsenosides
belong to the Traditional Chinese Medicines with high
pharmacological effects, this research also intends to provide
the theoretical basis of screening more feasible Traditional
Chinese Medicine—based CDs with high fluorescence inten-
sity and pharmacological activities simultaneously.

Materials and methods

Chemicals and reagents

Ginsenoside Re (>98%) was obtained from the natural phar-
maceutical analysis laboratory (College of Chemistry, Jilin
University) and identified with the standard by HPLC method.*
Anhydrous citric acid (CA, >99.5%; Aladdin Co., Shanghai,
P.R. China) and ethylenediamine (EDA, >99.5%, Analytical
grade; Dow Chemical Company, Midland, MI, USA) were
also used in this experiment. Other chemicals including
quinine sulfate, sodium chloride, sodium dodecyl sulfate,
tris(hydroxymethyl) aminomethane (Tris) and ammo-
nium persulfate were purchased from Sangon Biotech Co.
(Shanghai, P. R. China). HPLC grade solvents such as
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methanol and acetonitrile were bought from Sigma-Aldrich
Co. Ltd (St Louis, MO, USA).

DMEM, FBS, and antibiotic—antimycotic were obtained
from Thermo Fisher Scientific (Waltham, MA, USA). Trypsin
with 0.02% EDTA was purchased from Biosharp Company
(Beijing, P. R. China). Ultrapure water (18.20 MU/cm)
from a Milli-Q ultrapure system was used in this study.
PBS (1%, 1 L, pH 7.4) which was equilibrated at 37°C for
30 minutes beforehand was used in this experiment.

Synthesis of Re-based CDs

Since we tried to prepare medicative fluorescent CDs
with herbal content ginsenoside Re, we first took the
pharmaceutical effect into consideration. Then we optimized
the synthesis conditions, including hydrothermal tempera-
ture, reaction time and purification. In order to get much
strong fluorescence for bioimaging, we decided to add a
little amount of CA and EDA for improving the fluorescent
property. Based on the results shown in Figure S1 and the
literatures reported,**¢ we finally confirmed the optimized
procedure. In brief, 100 mg of ginsenoside Re was added
into 10 mL of ultrapure water. Anhydrous CA (0.1 mmol,
19.21 mg) and EDA (0.1 mmol, 6.01 mg) were used in this
system for improving the luminescent properties. When
the mixed solution was transferred to the airtight synthesis
reactor, temperature of the system was set at 200°C for
10 hours. After the reaction, the system was cooled to room
temperature naturally and the colorless liquid changed to
dark brown. Then, the prepared solution was centrifuged
to remove agglomerated particles and filtered through a
0.22 um membrane before dialysis. For further purification,
the Re-CDs were dialyzed in ultrapure water for 3 hours
with replacement of the dialysis milieu every hour, using
the dialysis membrane (molecular weight cut-off=3.5 kDa,
MD34-3500D; Solarbio Science & Technology Co., Beijing,
P. R. China). Finally, the CDs were frozen to dry with a
lyophilizer (Martin Christ Corporation, Osterode am Harz,
Switzerland) and redissolved in PBS, and then diluted to
different working concentrations in the culture medium. For
comparison, we also prepared the CDs which were composed
of CA and EDA (1:1, moles ratio) at the same condition and
purified the same as mentioned before.

Characterization of Re-CDs

Prior to conducting TEM measurements, the original
as-prepared Re-CDs solution was diluted with water and
deposited on 400-mesh C-coated Cu grids. The excess solvent
was evaporated at room temperature. Then TEM test was

conducted using a Hitachi H-800 electron microscope at an
acceleration voltage of 200 kV with a charge coupled device
camera to record the size and shape of the Re-CDs. FT-IR
spectroscopy was performed for the identification of charac-
teristic chemical bonds and functional groups with a Nicolet
AVATAR 360 type FT-IR spectrometer from Thermo Fisher
Scientific. Ultraviolet (UV)-vis absorption and photolu-
minescent (PL) spectra were recorded by Shimadzu 3100
UV-Vis spectrometer (Shimadzu Co., Tokyo, Japan) and
Shimadzu RF-5301-PC fluorescence spectrophotometer to
characterize the fluorescent performances of CDs in liquid,
respectively.*® The excitation wavelength of PL spectra was
operated at a range from 320 to 540 nm. The QY values of
Re-CDs and ginsenoside Re were estimated at room tem-
perature using quinine sulfate in 0.1 mol/L H,SO, aqueous
solution as the reference. In order to minimize reabsorption
effects, the solutions in 10 mm cuvettes were kept under 0.1
at the excitation wavelength. Excitation and emission slit
widths were set at 5.0 nm when recording the PL spectra.’
Dynamic light scattering (DLS) was recorded using 802DLS
Nano-ZS particle size analyzer (Malvern Panalytical Ltd,
Malvern, UK).

Cell uptake of Re-CDs and bioimaging
Human renal epithelial cells 293T and normal breast epi-
thelial cells MCF-10A, as well as different cancer cell lines
MCF-7 (human breast adenocarcinoma), HepG2 (liver
hepatocellular carcinoma) and A375 (malignant melanoma)
were obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA). Normal human liver cells
HL-7702(L-02) were purchased from the cell bank of Chinese
Academy of Sciences (Shanghai, P. R. China). Human normal
skin flbroblasts (NSFbs) were separated from a healthy person
and identified by several physiological characterizations.’
All the cancer cell lines and normal cells were cultured in
DMEM supplemented with high glucose, FBS (10%) and
antibiotic—antimycotic (1%). The incubation was carried
out in a fully humidified atmosphere at 37°C with 5% CO.,.
Before detection, the cells were seeded in 24-well plates
at an initial cell density of 5x10* cells/well. After 24 hours
of incubation, we removed the culture supernatant. Then,
500 uL of mixed culture medium with Re-CDs at a concen-
tration of 0.5 mg/mL was added to each well. After culturing
for 4 hours, the adherent cells were washed thrice with PBS
and then fixed in 4% formaldehyde at room temperature for
30 minutes to analyze the PL imaging under FLUOVIEW
FV3000 confocal laser scanning microscopy (Olympus,
Tokyo, Japan). Leica DMI 3000B inverted fluorescence
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microscope (Leica Microsystems GmbH, Wetzlar, Germany)
was also used for observation of cells. The excitation wave-
lengths were set in the range of 510-530, 460-480 and
360-380 nm.

HPLC analysis of Re-CDs solution

HPLC was used for the qualitative analysis of Re-CDs solu-
tion. Referring to a previous study,* the conditions of HPLC
analysis were as follows. Briefly, the Agilent 1200 series
HPLC system (Agilent Technologies, Santa Clara, CA, USA)
equipped with a quaternary pump (G1311A), a thermostat-
ted column compartment (G1316A) and an UV detector
(G1315A) was used to detect and analyze the results. The
analytical column was an Agilent Eclipse XDB-C  column
(4.6x250 mm, 5 pm). Column temperature was maintained
at 30°C, and detection wavelength was set at 203 nm. The
mobile phase consisted of acetonitrile (A) and water (B). For
detecting the content of ginsenosides in Re-CDs solution
after hydrothermal process, the gradient elution conditions
of rare ginsenosides were set as follows: 0—10 minutes,
29(A):71(B); 10-25 minutes, 29(A):71(B)—40(A):60(B);
25-50 minutes, 40(A):60(B)—-60(A):40(B); 5060 minutes,
60(A):40(B)-70(A):30(B). Flow rate of this method was
0.8 mL/min. We also detected the Re-CDs solution by
HPLC-mass spectroscopy (HPLC-MS). The MS was run at
the negative ion mode.

The ion source temperature was set to 480°C. The
curtain gas and nebulizer gas were 35 and 40 psi, respectively.
Spray voltage was —4,500 V and the mode of collision gas was
high. Samples were detected under —30 V declustering poten-
tial and —10 V entrance potential to obtain fragment ion infor-
mation. MS data were collected between 200 and 1,700 m/z
with the collision energy of —10 V for qualitative analysis.

Cell viability assay (Cell Counting Kit-8

method)

The cell viability was detected using Cell Counting Kit-8
(CCK-8; Dojindo Laboratories, Kumamoto, Japan). It reflected
the influence of the as-prepared CDs and ginsenosides on cell
proliferation. Briefly, human renal epithelial cells 293T and
other cancer cell lines including MCF-7, HepG2 and A375
were seeded in 96-well plates. Different concentrations of
samples were added in the plates and incubated for 24 hours.
PBS and dimethyl sulfoxide served as solvent control if
needed. After treatment, the medium of each well was
replaced with a fresh one which contained 10% of CCK-8
solution. The 96-well plates were continuously incubated at
37°C, 5% CO, for 1 hour.

Release of LDH

Cell damage could be reflected by assay of the released LDH.
As a stable cytoplasmic enzyme present in all types of cells,
LDH is released into the culture medium through damaged
plasma membrane. The amount of the formazan dye thus
formed is proportional to the amount of LDH released into
the cell supernatant, which indicates cell membrane integ-
rity or cytotoxicity. We used the Cytotoxicity LDH Assay
Kit-WST from Dojindo laboratories to perform this detec-
tion. In brief, cancer cells in 96-well plates were incubated
with different concentrations of Re-CDs for 24 hours. Then
20 puL of the Lysis Buffer was added to each well of the
high control and then the plate was incubated at 37°C for
30 minutes in a CO, incubator. After centrifuging the plate
at 250xg for 3 minutes to precipitate the cells, 100 UL of the
supernatant was transferred from each well to a new clear
96-well plate and 100 pL of the working solution was added
to each well. After incubating in dark at room temperature
for 30 minutes, 50 UL of the stop solution was added to each
well. Then, the absorbance was measured at 490 nm by a
microplate reader.

Quantification of the ROS

The ROS level of the A375 cells was detected by a flow cytom-
eter, which was used for cell analysis (Beckman Coulter Inc.,
Fullerton, CA, USA). In brief, cell suspension with the con-
centration of 2.5x10° cells/mL was seeded in six-well plates.
Re-CDs with different concentrations were incubated with
cells for 24 hours. Then the cells were collected and ROS were
detected with fluorescent 2’,7’-dichlorodihydrofluorescein
diacetate kit (Beyotime Biotechnology, Jiangsu, P. R. China).
The 2’,7’-dichlorodihydrofluorescein diacetate detection
probes were separately added to the samples and incubated
for 30 minutes at 37°C in a dark place. Then we washed the
samples with serum-free medium three times for removing
excessive detection probes and measured the generation of
ROS by flow cytometry.

High-content imaging analysis about cell

apoptosis and necrosis

Logarithmic growth phase cancer cells were treated with
different concentrations of Re-CDs in 96-well plates for
24 hours. Then, high-content cell imaging analysis was under-
taken to visually reflect the anticancer effect of Re-CDs. An
apoptosis and necrosis assay kit (Beyotime Biotechnology)
was used in the experiment and the staining assay was carried
out as follows. Cells were seeded in 96-well plate and treated
with different concentrations of Re-CDs. After 24 hours of
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incubation, the supernatant was removed and cells were
washed with cold PBS. Cancer cells were labeled with
Hoechst 33342 and propidium iodide (PI) for 30 minutes at
4°C under working concentration. Cells were washed with
PBS three times to remove redundant dye liquors. Images
were obtained with the Operetta CLS™ high-content cell
imaging analysis system (PerkinElmer Inc., Waltham, MA,
USA). The 20x objective lens was applied in each treatment
condition. Results were represented by over 40 fields per
plate, leading to fields overall acquired for each condition.
As we tried to investigate the effect of ROS on apoptosis, the
antioxidant N-acetyl-L-cysteine (NAC)- and Re-CDs-treated
groups were taken as comparison.

Detection of apoptosis by Western blot

Caspase-3 is an indicator protein activated in apoptosis
process. For in vitro studies, the activity of caspase-3 was
determined by Western blot. In brief, cancer cells treated
with different concentrations of Re-CDs were lysed in RIPA
lysis buffer (Beyotime Biotechnology). Total protein of each
sample was extracted and detected by Bradford method using
Bio-Rad protein assay (Bio-Rad Laboratories Inc., Hercules,
CA, USA). Equal amounts of proteins were loaded and sepa-
rated by 12% SDS-PAGE and transferred to polyvinylidene
difluoride membranes (Sigma Aldrich Chemie Gmbh,
Munich, Germany). After blocking with 5% skim milk, the
membranes were incubated with primary antibodies against
caspase-3 (1:1,000; Cell Signaling Technology, Danvers,
MA, USA) overnight at 4°C. After washing with TBS-T three

times, Alexa Fluor®

Plus 488 fluorescent-labeled secondary
antibody (Thermo Fisher Scientific) was further incubated;
the protein band was visualized by Odyssey infrared imaging
system (LI-COR Biosciences, Lincoln, NE, USA). B-Actin
(1:5,000; Proteintech Group Inc., Rosemont, IL, USA)
was used as an internal load to normalize the expression
patterns of each sample. The gray scale values of samples
were measured by Image] software (National Institutes of
Health, Bethesda, MD, USA). Three separate experiments

were performed to show the protein expression.

Statistical analyses

For continuous responses, data were expressed as meantSD
based on triplicate observations from three independent
experiments. Statistical significance was determined by
one-way ANOVA followed by Tukey—Kramer multiple
comparison tests. The value of P<<0.05 was considered
statistically significant. All analyses were conducted using
the SPSS software 17.0 (SPSS Inc., Chicago, IL, USA).

Results and discussion

Characterization of Re-based CDs

In this investigation, Re-CDs were synthesized by a one-step
hydrothermal strategy through condensation of ginsenoside
Re, CA and EDA. CA and EDA helped ginsenoside Re to
resolve in water and get superior luminescent properties
(Figure 1A). The TEM image of Re-CDs (Figure 1B)
revealed that Re-CDs were spherical dots which had uniform-
sized nanostructures and were well dispersed in water.
Most of the Re-CDs had diameters ranging from 2.8 to 5.6
nm (Figure 1C). According to the count and calculation
of certain amount of Re-CDs, we determined the average
diameter of the CDs to be 4.6+0.6 nm. We also obtained the
DLS spectrum of Re-CDs. The results showed that Re-CDs
had a diameter of around 100 nm particle size distribution
in solution (in Figure S2).

FT-IR spectra were adopted to further analyze the chemical
structure of Re-CDs (Figure 2). The data illustrated that the
FT-IR spectrum of ginsenoside Re exhibited stretching vibra-
tion of alcoholic hydroxyl (R—OH) at 3,382 cm™.. A charac-
teristic peak at 1,312 cm™ showed the bending vibration of
C—-H in unsaturated alkene structure (C=C). Also, according
to a previous report,* the characteristic peaks of ginsenoside
Re at 1,384 and 1,069 cm™ belonged to asymmetric and
symmetric stretching vibration of C—O-C structure. Com-
pared with ginsenoside Re, peaks at 2,960 and 1,375 cm™ of
Re-CDs in Figure 2A belonged to the asymmetric stretching
vibration and symmetric bending vibration of methyl group,
respectively. Also, both ginsenoside Re and Re-CDs showed
the characteristic stretching vibration peaks of methylene
(-CH,-)at 2,933, 2,924 and 2,854 cm™' respectively. In both
the spectra, peaks at 1,455 and 1,261 cm™ indicated the C—H
bending vibration of saturated alkane structures (such as —CH,
or —CH_—) and that of C-O stretching vibration, respectively.
But the peak of Re-CDs at 1,261 cm™! was sharper than that of
the original ginsenoside. The peak at 1,676 cm™ of Re-CDs
was characteristic of the stretching vibration of unsaturated
bond (C=C or C=0). Also, the peak at 1,594 cm™! exhibited the
bending vibration of N—H probably. The spectrum of Re-CDs
also had vibrational coupling peaks at 1,084 and 1,027 cm™,
which were different from those shown in Figure 2B. It indi-
cated that there were functional groups with similar position
and vibration frequency in the synthetic product. The new
sharp peak that appeared at 802 cm™ may be assigned to
the out-of-plane bending vibration of N-H. We had also
prepared the CDs without ginsenoside Re, which were only
synthesized from mixture of CA and EDA. The FT-IR spec-
trum was shown in Figure S3. In the FT-IR analysis of CDs,
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Figure | Schematic illustration of Re-based CDs via hydrothermal method (A), and the TEM image (B) with the size distribution (C) of Re-CDs.
Abbreviations: CA, citric acid; EDA, ethylenediamine; Re-CDs, Re-based carbon dots; TEM, transmission electron microscopy.

the following were observed: stretching vibration of C—-OH
was around 3,500 cm™', asymmetric stretching vibration of
C-NH-C was at 1,130 cm™, bending vibration of N-H was
at 1,570 cm™! and the vibrational absorption band of C=0
was at 1,675 cm™'. FT-IR results demonstrated that Re-CDs
had the characteristic functional groups of ginsenoside, as
well as CDs prepared from CA and EDA. So, we speculated
that ginsenoside Re combined with EDA and CA to form
Re-CDs. Also, there were still ginsenoside structures and
several remained or were newly formed functional groups
on the surface of Re-CDs, which were probably attributed
to the anticancer bioactivity.

Fluorescent properties and cell imaging
of Re-CDs in vitro

The fluorescent properties and bioimaging performance
of Re-CDs in A375 cancer cells are shown in Figure 3.
According to the UV—vis absorption spectrum, the maximum
absorption peak was at 350 nm and there was a flat peak at

around 460 nm. The QY of Re-CDs was calculated to be
15.4% by using quinine sulfate in 0.1 mol/L H,SO, aqueous
solution as the reference at the excitation wavelength of
360 nm. The refractive indexes of the two kinds of solutions
compared were thought to be the same, referring to previ-
ous reports.’4* There was scarcely any fluorescence of
the original compound ginsenoside Re at the same condi-
tion. Figure 3B shows the fluorescence emission spectra of
Re-CDs. Results showed that Re-CDs displayed excitation-
dependent PL behavior when excited at wavelengths rang-
ing from 320 to 540 nm. The strong PL intensity of the
as-prepared Re-CDs occurred at 360 and 460 nm. The fluo-
rescent properties of Re-CDs were suggested to arise from
the recombination of electron-hole pairs in localized sp*-
hybridized carbon clusters with crystalline and amorphous
structures, according to other similar reports.*=! Also, the
excitation dependence mainly results from different sizes of
Re-CDs (quantum effect) and/or different emissive traps on
the Re-CDs surface mechanism. It was also understandable
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Figure 2 The FT-IR spectra of the (A) as-prepared Re-CDs and (B) ginsenoside Re.
Abbreviations: FT-IR, Fourier transform infrared; Re-CDs, Re-based carbon dots.

in terms of two or more PL centers induced by the compli-
cated structures of Re-CDs.5>* Figure 3C and F shows the
cellular uptake and bioimaging of Re-CDs in A375 cancer
cells. Re-CDs possessed excitation-dependent emission PL
properties. Blue, green and red light would be emitted when
excited under UV, blue and green laser, respectively. In order
to prove that the fluorescence was from Re-CDs, we took
untreated A375 cells as the illustration. Control images are
shown in Figure S4. We also quantified the fluorescent signals
using the ImagelJ program. Values of the signal intensity/
pixel were 0.077, 0.070 and 0.067, which corresponded to
red, green and blue, respectively. Results were consistent
with the fluorescence spectra. The excellent luminescent
properties of Re-CDs are the basis of widespread applica-
tions in biological fields.

HPLC analysis of Re-CDs solution

We tested the Re-CDs solution under the condition of rare
ginsenosides analysis to investigate the possible existence
of constituents derived from ginsenoside Re. HPLC results,
which could illustrate the anticancer effect of Re-CDs in
one aspect, are displayed in Figure 4. Combining with

the retention time of peaks in HPLC spectra and the mass
spectrum information presented in Table S1, we could do
qualitative analysis of the Re-CDs solution. Results indicated
that rare ginsenoside Rg,, 20(R)-Rh, Rg, F,, Rk, and Rh,
could be detected in a solution of Re-CDs. It demonstrated
that under the hydrothermal synthesis condition, glycosyl
elimination and dehydration would happen in a closed system
and a part of the ginsenoside Re was degraded to several
kinds of Re-derived rare ginsenosides during the process.
These rare ginsenosides were proved to have extremely high
bioactivity including anticancer effect.*** So, we suggest
that the existence of rare ginsenosides which may absorb on
the surface of Re-CDs and can release in Re-CDs solution is
responsible for the anticancer effect.

Inhibition effect of cells treated with
Re-CDs in vitro

Figure 5A shows the in vitro inhibition of Re-CDs which
were cultured with cells for 24 hours. There was a dose-
dependent relationship between cell viability of cancer
cells (MCF-7, A375 and HepG2) and the concentration of
Re-CDs. The viability of cancer cells significantly decreased
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Figure 3 Fluorescent properties and cell imaging of Re-CDs.

Notes: (A) UV-vis spectrum of Re-CDs. (B) The PL emission spectra of Re-CDs with progressively longer excitation wavelengths from 320 to 540 nm in 20 nm increments.
(C—F) Cell imaging of A375 cells treated with Re-CDs under ultraviolet (C, 360-380 nm), blue (D, 460—480 nm), green (E, 510-530 nm) light excitation and bright
field (F).

Abbreviations: PL, photoluminescence; Re-CDs, Re-based carbon dots; UV-vis, ultraviolet-visible.

with the increasing concentration of Re-CDs, while that  cells MCF-10A into consideration. Results are shown in
of normal cells (293T) remained above 90%. We also  Figure S5. The figure demonstrates that Re-CDs showed
took other normal cells such as normal human liver cells  excellent inhibition activity on cancer cells and little effect
HL-7702(L-02), human NSFbs and normal breast epithelial ~ on normal cells. The IC, values of HepG2, MCF-7 and A375
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Figure 4 The HPLC analysis of standard solution of (A) different rare ginsenosides and Re-CDs (B).
Notes: The kind of ginsenoside the number represents is as follows: (1) 20(S)-Rh; (2) Rg,; (3) 20(R)-Rh ; (4) Rg,; (5) F,; (6) Rk;; (7) Rh; (8) 20(S)-Rg,; (9) 20(S)-Rg,; (10) Rk ;
(1) Rgg; (12) 20(S)-Rh; (13) 20(R)-Rh; (14) Rk,; (15) Rh,. There were six kinds of rare ginsenosides derived from ginsenoside Re in Re-CDs solution.

Abbreviation: Re-CDs, Re-based carbon dots.

were 1.05, 0.529 and 0.223 mg/mL, respectively. Among
the cancer cell lines, A375 treated with Re-CDs showed the
most significant inhibition. The results also indicated that
compared with some commercial drugs, including cisplatin,
methotrexate, and doxorubicin for cancer therapy, Re-CDs
showed efficient inhibition of cancer cells with lower toxicity
to normal cells. We prepared the CDs only constituting CA

and EDA. The cytotoxicity results by CCK-8 assay are shown
in Figure S6A. There was no significant inhibition of both
normal cells 293T and other cancer cell lines. So, we thought
other constituents of Re-CDs, including CA and EDA, had
no contribution to the anticancer effect. On the other hand,
ginsenoside Re also showed no influence on cancer cells
under the same concentration of Re-CDs (Figure S6B), but

A B .
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Figure 5 (A) Cytotoxicity results of Re-CDs obtained from different kinds of treated cells at various doses and (B) the LDH release of normal and cancer cells induced by

different concentrations of Re-CDs.

Notes: Data are represented as meantSD from three parallel tests. (n=3, ¥*P<<0.05). Re-CDs significantly inhibited different cancer cell lines, but had little influence on the

cell viability of normal cells.

Abbreviations: 293T, human renal epithelial cell line; A375, malignant melanoma cell line; HepG2, human liver hepatocellular carcinoma cell line; MCF-7, human breast

adenocarcinoma, Michigan cancer foundation-7; Re-CDs, Re-based carbon dots.
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the hydrothermal synthesis process of Re-CDs had changed
their properties and improved the anticancer effect. This
might provide an extensive application prospect of CDs in
cancer therapy.

LDH release assay of cancer and normal
cells treated with Re-CDs

As LDH is a cytoplasmic enzyme, it is released to the culture
media when cell damage occurs and it is a stable enzyme.*
In order to further support that the Re-CDs induced apoptosis
and cell damage, determination of LDH release by cancer
cells cultured with different concentrations of Re-CDs was
necessary. So, we studied the released LDH as an indicator
to reflect the cell state. After 24 hours of incubation, the
supernatant medium of each group was collected and the
absorbance was determined at 490 nm by a microplate reader
after treating it with an LDH Assay Kit. Results are displayed
in Figure 5B. Compared with the LDH release of the control
group, which was in the absence of Re-CDs (0 mg/mL), the
content of LDH in the medium increased with increasing
Re-CDs concentration. It also revealed that Re-CDs had
specific anticancer effect.

Effect of Re-CDs on ROS generation in

cancer cells

Many investigations have found that the ROS levels in
cancer cells are significantly associated with anticancer
effect including proliferation inhibition and apoptosis
induction.’**¢* In order to explore the effect of Re-CDs on
the inhibition of cancer cells, we measured the ROS level in
A375 cells after they were treated with Re-CDs, by a flow
cytometer. Results are displayed in Figure 6. The ROS levels
of normal cells 293T and other kinds of cancer cells HepG-2
and MCF-7 are shown in Figures S7—S9. Compared with the
ROS level in the control group (0 mg/mL), we could obvi-
ously find that the ROS in cancer cells were significantly
increased after incubation with Re-CDs. In normal cells,
the ROS level also increased, but not significantly. Increase
in the level of ROS in cancer cells after treatment with Re-
CDs was apparently higher than that in normal cells. High
content of the ROS generated in cancer cells caused oxidative
damage and apoptosis, therefore the Re-CDs showed desir-
able anticancer effect.’*>*% Different influences on the cell
viabilities of cancer and normal cells might be related to the
existence of Re-derived rare ginsenoside and the intracellular
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Figure 6 Analysis of ROS generation by A375 cancer cells treated with different concentrations of Re-CDs.
Notes: (A) 0 mg/mL; (B) 0.2 mg/mL; (C) 0.5 mg/mL; and (D) 1.0 mg/mL. ROS generation in cancer cells A375 was enhanced on treatment with increasing concentration

of Re-CDs.

Abbreviations: A375, malignant melanoma cell line; DCFH-DA, 2’,7’-dichlorodihydrofluorescein diacetate; Re-CDs, Re-based carbon dots.
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ROS level. Increase in ROS levels is not the only pathway
to induce cell apoptosis. Further investigations and intensive
mechanistic studies of the anticancer effect of Re-CDs are
meaningful and in great need.

High-content imaging analysis for
apoptosis and necrosis of cancer cells
treated with Re-CDs

For further research about cell apoptosis and necrosis, after
treating the cells with Re-CDs, Hoechst/PI double-staining
method was applied in this experiment.®! Hoechst 33342 could
penetrate the cell membrane into cells, while PI could not enter
the cells with normal construction of the cell membrane. When
cell apoptosis occurred, bright blue and weak red fluorescence
was observed. Necrosis was thought to have occurred when
cells showed weak blue and bright red fluorescence. High-
content cell imaging analysis was successfully completed to
get pictures by the Operetta CLS™ system from PerkinElmer
Inc. Results are shown in Figure 7. When incubated with dif-
ferent concentrations of Re-CDs for 24 hours, cell apoptosis
and damage enhancement could be observed obviously with
increasing concentration of Re-CDs, as shown in Figure 7A.

A Re-CDs

Hoechst

0.5 mg/mL 0 mg/mL

1.0 mg/mL

Figure 7 (Continued)

We also tried to investigate the correlation between ROS and
apoptosis. The ROS scavenger NAC at 10 mmol/L and dif-
ferent concentrations of RE-CDs were incubated with A375
for 24 hours. The images in Figure 7B reveal that apparently,
cell apoptosis was inhibited when NAC was added in the
Re-CDs-treated system. It indicates that NAC decreased
the generation of ROS and thus influenced cell apoptosis of
A375. Results suggest that Re-CDs were capable of inhibiting
cancer cell proliferation and inducing apoptosis through the
ROS-mediated pathway. But some extent of apoptosis was
still found in Re-CDs+NAC groups, which suggests that Re-
CDs might also cause apoptosis in other ways. For reflecting
the apoptosis of cancer cells more specifically, we also used
the Annexin V-fluorescein isothiocyanate/PI double-staining
kit. Results are shown in Figure S10. Annexin V was bound
to the apoptosis cell membrane, while FITC showed green
fluorescence. The trends of results were consistent with those
presented in Figure 7.

Western blot analysis for cell apoptosis
In an attempt to elucidate if the anticancer effect of Re-
CDs was associated with cell apoptosis at a protein level,
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Figure 7 High-content imaging analysis of cell apoptosis and necrosis by Hoechst/Pl double-staining method.

Notes: (A) Samples only treated with different concentrations of Re-CDs. (B) Samples treated with Re-CDs and NAC simultaneously. There were clear cell apoptosis and
necrosis phenomena in the group treated with Re-CDs. When co-incubated with NAC, cell apoptosis and necrosis had decreased.

Abbreviations: NAC, N-acetyl-L-cysteine; Pl, propidium iodide; Re-CDs, Re-based carbon dots.

caspase-3 expression was detected by Western blot analysis.
As shown in Figure 8A, on treating A375 cells with Re-CDs,
the expression of caspase-3 was decreased and cleaved
caspase-3 could be detected with increasing concentration
of Re-CDs. The gray scale values of samples are displayed
in Figure 8B. The results presented in Figure 8C and D also
show decreased expression of caspase-3 with increasing
concentration of Re-CDs. Figure 8B and E demonstrates
the quantitative results of Western blot. Results would be
more accurate and direct to illustrate the existence of cell
apoptosis by comparing the gray value ratios of caspase-3
related objective protein vs internal reference (B-actin),
which were calculated by the Image] program. Based on
the Western blot result, we suggest that Re-CDs are able to
induce cancer cell apoptosis by caspase-mediated pathway.

Conclusion
To summarize, we followed a simple one-step hydrothermal
strategy to obtain a kind of PL CDs based on ginsenoside Re.

The water-soluble Re-CDs had stable fluorescent properties
and could be internalized by cells for tracing and bioimaging.
The Re-CDs exhibited excellent inhibition efficiency for the
cancer cells A375, HepG2 and MCF-7, while they expressed
no or only minor cytotoxicity to the healthy cells 293T,
HL-7702(L-02), MCF-10A and NSFbs. We speculated the
desirable pharmacological activity and tolerability in normal
cells mainly depended on specific functional groups on the
surface and generation of Re-derived rare ginsenosides with
high anticancer effect during the hydrothermal process. The
investigation not only demonstrated the biocompatibility and
biosafety of Re-CDs, but also revealed that the Re-CDs could
inhibit the proliferation of cancer cells and induce apoptosis
by caspase-mediated pathway. It was also proved to be
related to increasing ROS levels. Finally, we suggested that
the Re-CDs were dual functional nanoparticles, which could
diagnose existence of tumor through bioimaging and treat
cancer by growth-inhibiting and apoptosis-promoting effects
on cancer cells. The results provide novel ideas for combining
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Figure 8 Effects of Re-CDs on caspase-3 expression related to apoptosis of cancer cells.

Notes: (A) Western blot analysis of the expression of apoptosis protein caspase-3 in A375 cells. (B) The relative gray intensity (vs internal reference) of caspase-3 with
different concentrations of Re-CDs in A375 cells. (C) Western blot analysis of the expression of apoptosis protein caspase-3 in MCF-7. (D) Western blot analysis of the
expression of apoptosis protein caspase-3 in HepG-2. (E) The relative gray intensity (vs internal reference) of caspase-3 with different concentrations of Re-CDs in MCF-7
and HepG-2 cells. Data in histogram are represented as meantSD (*P<<0.05). Decrease in caspase-3 and the increasing expression of cleaved caspase-3 indicate the apoptosis
of A375 cancer cells. While in MCF-7 and HepG-2, we can also observe the decreased expression of caspase-3.

Abbreviations: A375, malignant melanoma cell line; Re-CDs, Re-based carbon dots.
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Table S1 HPLC-ESI-MS ion fragments of Re-CDs

Peak Retention Molecular No Main fragment ions Other ions (m/z)

identification time (min) weight (m/z)

Rg, 18.57 785.01 2 783.7 [M-HT, 1,047.9, 897.3, 623.1,
819.5 [M-H+ClI]~ 458.4, 325.4, 283.5

20(R)-Rh, 20.06 638.86 3 637.6 [M-HT, 751.4, 683.5, 573.3,
673.5 [M-H+CI]~ 475.6, 351.2, 283.5

Rg, 32.01 766.50 4 765.6 [M-HT, 1,568.6, 879.5, 865.5,
801.5 [M+CI]~ 675.5, 641.5, 283.3

F, 33.05 766.50 5 765.4 [M-HT, 1,568.2, 1,107.0, 879.5,
801.6 [M+CI]~ 828.5, 339.3, 284.4

Rk, 34.10 620.85 6 619.6 [M-HT, 1,239.7, 782.7, 723.6,
655.7 [M+CI]- 665.4, 339.4, 269.6

Rh, 35.82 620.85 7 619.7 [M-HT, 1,241.9, 859.6, 733.4,
655.7 [M+CI]- 639.7,518.0, 363.1, 283.4

Note: According to the retention time and mass-to-charge ratios of corresponding fragment ions, we can take the qualitative analysis of rare ginsenosides which derived

from ginsenoside Re.

Abbreviations: HPLC, high performance liquid chromatography; ESI, electrospray ionization; MS, mass spectrum; Re-CDs, Re-based carbon dots.
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