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Schiff bases have remarkable anticancer activity and are used for glioma therapy. However, the poor water
solubility/dispersibility limits their therapeutic potential in biological systems. To address this issue, carbon
dots (CDs) have been utilized to enhance the dispersibility in water and biological efficacy of Schiff bases.
The amino groups on the surface of CDs were conjugated effectively with the aldehyde group of
terephthalaldehyde to form novel CD-based Schiff bases (CDSBs). The results of the MTT assays
demonstrate that CDSBs have significant anticancer activity in glioma GL261 cells and U251 cells, with
IC50 values of 17.9 ug mL™* and 14.9 ug mL™?, respectively. CDSBs have also been found to have good
biocompatibility with normal glial cells. The production of reactive oxygen species (ROS) in GL261
glioma cells showed that CDSBs, at a concentration of 44 pg mL™?, resulted in approximately 13 times
higher intracellular ROS production than in the control group. These experiments offer evidence that
CDSBs induce mitochondrial damage, leading to a reduction in mitochondrial membrane potential in
GL261 cells. In particular, in this work, CDs serve not as carriers, but as an integral part of the anticancer
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Introduction

The most prevalent primary tumor in the central nervous
system is glioma, often observed in medical practice. Due to its
low chance of cure and high death rate, it poses a serious hazard
to human health." The current common treatment approaches
include surgery, radiotherapy, chemotherapy, etc. Temozolo-
mide (TMZ) is the first-line clinical treatment for glioma, but
the anticancer effect of TMZ is not ideal due to poor targeting,
significant side effects, and a high resistance index.>* There-
fore, it is important to develop a new anticancer drug to improve
the targeting effect of drugs and reduce toxic side effects.

A Schiff base is an organic compound that contains an imino
group (-RC=N-), typically formed through the condensation
reaction between an amine and an active carbonyl group. These
compounds exhibit good anticancer, antioxidant, antibacterial,
antifungal, and other biological activities, and have good
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drugs, which can expand the role of CDs in cancer treatment.

application prospects in biological medicine.*® For example,
Nemat et al. prepared Schiff base derivatives of methotrexate to
reduce the side effects of methotrexate and enhance the anticancer
efficacy against glioma cells.” Chen et al. used N-phenylcarbazole
(PhCz) triphenylamine to construct a Schiff base and further
reacted with the dimers of iridium. Through a cytotoxicity test and
a mechanism study, the results showed that the synthesized
compound had a high anticancer effect (ICs5y: 1.4-11.5 uM) with
inhibition of metastasis and lysosomal damage.'® However, most
synthetic Schiff bases have the disadvantage of poor water solu-
bility or dispersibility, which limits their biological applications.
Scholars synthesized water-soluble Schiff bases by using more
water-soluble substances as raw materials, such as glycylglycine,™
hydrazine hydrate,*” imidazole,* etc. The solubility or dispersibility
of water was also increased by modifying polar groups to Schiff
bases and by combining Schiff bases with metal ions to form
ligand bonds with water.'*'* For example, Chellan et al. obtained
novel water-soluble Schiff base metal complexes ([CuL(H,0);])
using glycylglycine and 4-nitrobenzaldehyde. Furthermore, the
complexes showed well anticancer effects against HeLa (ICs: 14 ug
mL ") and HCT116 (IC5: 10 pg mL ). The synthesis of Schiff
bases reported was usually performed in organic solvents. The
process was complicated, requiring a long period of heating and
stirring to synthesize the product and multiple purification steps,
such as solvent removal, washing, and recrystallization."*** In our
study, the more water-dispersible carbon dots (CDs) work as raw
materials for the synthesis of Schiff base. Therefore, the prepara-
tion process can be carried out in water.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CDs are light-emitting carbon nanomaterials. CDs are
usually sphere-shaped structures, smaller than 10 nm in size,
with a graphene-like core of hybridization of sp” and sp>. The
surface or edges of CDs are rich in various functional groups
(such as carboxyl, amino, hydroxyl, etc.) or short chain polymer-
like structures associated with carbon, oxygen, and nitrogen
atoms.'® This facilitates surface modification of CDs and their
binding with other organic compounds. CDs have great poten-
tial in the field of biomedical applications because of their
excellent  biocompatibility, ~water dispersibility, cost-
effectiveness, easy synthesis, and remarkable chemical
stability properties.””** They have found broad utilization in
a variety of disciplines, including but not limited to bioimaging,
drug delivery, and biosensing applications.”*** CDs used as
drugs or drug carriers can improve water dispersibility of drugs,
reduce the toxic side effects, enhance the efficacy without
damaging normal cells.****

In this work, CDs with amine groups were synthesized using
a straightforward one-step hydrothermal technique. The ob-
tained CDs can be used for subsequent synthesis only by simple
dialysis. Through the cytotoxicity test, we could see that CDs
have good biocompatibility and low toxicity (ICs, > 300 pg
mL ™). The carbon dots-based Schiff bases (CDSBs) were
successfully prepared from CDs and terephthalaldehyde (TPA)
in aqueous solvent. As part of CDSBs, CDs not only increase the
overall dispersibility of CDSBs in solution but also exert anti-
cancer effects. Through the cytotoxicity test, we could know that
CDSBs have a significant anticancer effect on GL261 cells at low
concentration. Furthermore, the prepared CDSBs are less toxic
to normal BV-2 cells. Therefore, CDSBs have better specificity
for glioma cells and could better reduce their side effects.

Experimental section

Synthesis and characterization of CDs and CDs-based Schiff
bases

0.84 g of citric acid (Macklin, China), 536 uL of polyethylene
polyamine (Macklin, China) and 0.02 g of polyoxyethylene
diamine (Macklin, China) were dissolved in 20 mL of hyperpure
water, mixed well and reacted at 200 °C for 5 h. After be cooled
to ambient temperature, the unreacted precursor was filtered
through a 0.22 pm microporous membrane and dialyzed for
72 h in the dark using a 500-1000 Da dialysis bag. The purified
CDs were then obtained and stored at 4 °C for use.

0.02 g of terephthalaldehyde (Macklin, China) was dissolved
in 20 mL of ultrapure water at 55 °C, and then 4 mL of purified
CDs (9.5 mg mL ") was added to the solution and reacted in the
dark at 75 °C for 2.5 h to obtain CDSBs. We then used the
vacuum freeze dryer (LC-10N-50A) to lyophilize CDSBs and
calculated its usage concentration.

The morphology and structure of CDs and CDSBs were
analyzed with transmission electron microscopy (TEM, FEI
Talos F200s, USA). A Gensys 150 spectrophotometer (Thermo-
Fisher Scientific, USA) was utilized to capture UV-Vis absorption
spectra. The fluorescent spectra were taken by an F96PRO
spectrofluorometer (Lengguang, China). The structures of CDs
and CDSBs were characterised by Fourier transform infrared
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spectroscopy (Nicoletis50 infrared spectrometer, USA). X-ray
photoelectron spectroscopy (XPS, K-Alpha+, ThermoFisher
Scientific, USA) was used to analyze the surface structure and
element state of the prepared samples. The source gun type of
XPS was Al K,, and Lens Mode was standard mode. The analyzer
mode of C, N and O was CAE: pass energy 30.0 eV and full
spectrum was CAE: pass energy 150.0 eV. Atomic force micros-
copy (AFM, Dimension Edge, Bruker, USA) was used to analyze
the size and shape of the prepared samples.

Cell culture

Mouse microglioma cell (GL261), mouse microglial cells (BV-2)
and human glioma cells (U251) were purchased from the Cell
Bank of the Chinese Academy of Sciences. These cells were
grown in DMEM (Gibco, USA) medium with a high glucose
content, 10% fetal bovine serum (Gibco, USA), and 1% peni-
cillin plus streptomycin (Gibco, USA), all in a humidified envi-
ronment of 5% CO, at 37 °C.

Biological activity of CDSBs

First, GL261 cells, U251 cells and BV-2 cells were counted and
plates were seeded in 96-well plates (10° cells per well). CDSBs
were decontaminated with 0.22 um aqueous filter membrane,
200 pL of CDSBs prepared with DMEM at different concentra-
tions were added and incubated for 24 h. CDs were also treated
in this way. After washing twice with the PBS solution (HyClone,
USA), 100 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Solarbio, China) solution
prepared with DMEM (1 mg mL™~") were introduced and incu-
bated for 4 h. The MTT solution were shaken off and 150 pL of
dimethylsulfoxide (Macklin, China) were added to solubilize the
formed formazan and placed on a shaker for 5 min. Finally,
formazan absorbance was recorded at 490 nm using a Bio Tek
microplate reader.

Apoptosis assay

The Annexin V-FITC/propidium iodide apoptosis kit (Elabs-
cience, China) was applied to assess apoptosis. GL261 cells (5 x
10 cells per well) were treated with different doses of CDSBs
(11, 22, 44 pg mL ") for 24 h. Subsequently, all cells were iso-
lated using trypsinization without EDTA, and the apoptosis kit
was employed to stain the cells in accordance with the manu-
facturer's instructions. A BD LSRFortessa flow cytometer (BD,
USA) was used to capture all cell samples for flow cytometry.
Data analysis was performed with FlowJo software.

Measurement of intracellular ROS production

GL261 cells were seeded in 6-well plates at a density of 5 x 10°
cells per well. After overnight incubation, cells were treated with
CDSBs with varying dose (11, 22, 44 pg mL ") for 24 h. Subse-
quently, cells were exposed to 10 pmol L™" of DCFH-DA (Beyo-
time, China) for 20 min. The cells were then harvested and the
fluorescence intensity was measured using a BD LSRFortessa
flow cytometer (BD, USA).
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Western blot analysis

GL261 cells were exposed to different doses of CDSBs (11, 22, 44
ng mL™") for 24 h. Subsequently, the cells were lysed in RIPA
lysis buffer with added PMSF and protease/phosphatase
inhibitor. The lysates were then separated by 12% SDS-
polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride membranes (Millipore Sigma, USA). After
blocking the membranes with 5% skim milk at room temper-
ature for 1 h, primary antibodies were then incubated on the
membranes overnight at 4 °C. Subsequently, the membranes
were treated with secondary antibodies at room temperature for
1 h. The FluorChem M imaging system (ProteinSimple, USA)
and the ProtoGlow ECL kit (National Diagnostics, USA) were
applied to detect the immunoreactive bands. The antibodies
used included the following. Bcl-2, Bax, Caspase-3, cleaved
Caspase-3, PARP, cleaved PARP, NFkB, IkBa, phospho IkBa, and
B-actin. All antibodies were obtained from Cell Signaling
Technology (USA) and diluted 1: 1000 before use.

Mitochondrial membrane potential assay

At a density of 5 x 10° cells per well, GL261 cells were placed in
6-well plates and left to grow overnight. The cells were then
exposed to various doses of CDSBs (11, 22, 44 g mL™ ") for 24 h.
JC-1 (5 pg mL™") was subsequently added and allowed to
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incubate for 20 min. Cells were harvested and evaluated by flow
cytometry and Leica SP8 laser confocal microscopy. The ratio of
red/green fluorescence intensity was calculated by Image]
software.

Cell TEM study

GL261 cells were seeded in 10 cm dishes (2 x 10° cells per
dishes) by overnight culture. Then they were incubated with
CDSBs (11, 22, 44 pug mL™ ') for 24 h. After that, cells were
transferred to square carbon mesh, treated with 0.1 M cacody-
late buffer containing 2.5% glutaraldehyde and 2% para-
formaldehyde, and observed with a Hitachi TEM system
(Hitachi, Japan).

Results and discussion

Characterizations of CDSBs

The TEM images of CDs and CDSBs are shown in Fig. 1. Fig. 1A
and B show that the shapes of CDs and CDSBs are nearly
spherical and well dispersed. The particle size of CDs ranges
from 4.2 to 6.8 nm with a mean diameter of 5.8 nm (the lower
right inset of Fig. 1A), while that of CDSBs varies from 1.7 to
3.3 nm with an average diameter of 2.23 nm (the lower right
inset of Fig. 1B). HRTEM images identify a lattice spacing of

(100)

1
00 Height Sensor 100um

Fig.1 TEM images of (A) CDs and (B) CDSBs, AFM images of (C) CDs and (D) CDSBs. The insets show HRTEM images, the size distributions, and

FFT images.
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0.21 nm for CDs (the upper inset of Fig. 1A) and 0.23 nm for
CDSBs (the upper left inset of Fig. 1B). Fast Fourier transform
(FFT) spot patterns indicate that the lattice spacings correspond
to the (100) planes of graphite.> The AFM images show that the
thickness of the CDs is about 1.6 nm (Fig. 1C), while that of the
CDSBs is about 1.8 nm (Fig. 1D).

Fig. 2A shows the comparison of UV-Vis absorption spectra.
It could be found that TPA has absorption peaks at 262 nm and
308 nm. The absorption peak located at 262 nm corresponds to
m-m* electron transitions on the benzene ring, while the
absorption peak at 308 nm is caused by n-m* electron transi-
tions. CDs exhibit an absorption peak at 353 nm. CDSBs have an
obvious characteristic peak of TPA at 262 nm, which means that
CDs successfully combined with TPA. The absorption peak of
CDSBs at 353 nm suggests that the main structure of CDs has
not been destroyed. As shown in Fig. 2B, there is no obvious
fluorescence emission peak for TPA. The emission peaks of CDs
and CDSBs are significantly different. The emission peak of CDs
is at 477 nm, and that of CDSBs is at 451 nm. TPA has electron-
withdrawing groups that combine with lone pair electrons on
CDs. This causes the fluorescence peak of CDSBs to shift blue.
The benzene ring on TPA increases the overall conjugated
system of CDSBs, leading to enhanced fluorescence. Therefore,
the fluorescence intensity of CDSBs is much higher than that of
CDs. Therefore, it could be preliminarily inferred that CDs were
successfully combined with TPA.
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RSC Advances

The results of the Fourier transform infrared spectrum
(FTIR) are shown in Fig. 2C. The broad characteristic peaks of
CDs and CDSBs between 3500 and 3200 cm ' include the
stretching vibration of O-H and N-H. The characteristic peak of
CDs at 1560 cm ™" belongs to N-H bending vibration of amines,
while the same absorption peak of CDSBs decreases. CDSBs
show a new characteristic peak at 1548 cm ', which corre-
sponds to C=N stretching vibration.** CDs and CDSBs exhibit
tensile and bending vibration peaks of C-H at 2940 cm ' and
2870 cm ™. CDSBs and CDs have C=0 stretching vibration of
the carboxyl group at 1656 cm™'. The characteristic peak of
CDSBs at 1696 cm ™' is the C=0 stretching vibration absorption
peak in the aldehyde group of TPA. The characteristic peaks of
CDs and CDSBs at 1108 cm™ ' are attributed to C-N/C-O
stretching vibrations. The results show that the prepared CDs
have amino groups (-NH,) and carboxyl groups (-COOH), and
the existence of C=N also proves the successful preparation of
CDSBs.

The full XPS spectra (Fig. 3A and B) confirm that CDs and
CDSBs both have three representative peaks of C 1s, N 1s, and O
1s. For CDs, the relative elemental contents are about 75.00%
(C), 12.66% (N) and 12.34% (O), but for CDSBs, there are 75.43%
(C), 12.34% (N), and 12.23% (O), respectively. The increase in
the relative elemental contents of C is attributed to the combi-
nation of TPA. In the C 1s spectrum of CDs (Fig. 3C), three peaks
can be observed at 284.8 eV (C-C/C=C), 286.0 eV (C-N/C-O)
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(A) UV-Vis absorption spectra, (B) fluorescence spectra, (C) FTIR of CDs, CDSBs and TPA.
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Fig. 3 Full XPS spectra of (A) CDs and (B) CDSBs, C 1s XPS spectra of (C) CDs and (D) CDSBs, N 1s XPS spectra of (E) CDs and (F) CDSBs, O 1s XPS
spectra of (G) CDs and (H) CDSBs.

and 287.2 eV (O-C=0). The three peaks at 398.9 eV, 400.1 eV the CDs peaks can be observed at 530.4 eV (C=0) and 531.6 eV
and 401.5 eV in the N 1s spectrum of CDs point to pyridine N, (C-OH) (Fig. 3G).>” On the basis of the XPS spectra of CDs, it
pyrrolic N and N-H, respectively (Fig. 3E). In the O 1s spectrum, indicates that CDs have abundant hydrophilic groups (-NH,
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apoptosis. (G) Cell apoptosis analyzed by flow cytometry. (H) The expression of apoptosis-related proteins in GL261 cells. Data were presented as

mean =+ standard deviation (SD).

© 2024 The Author(s). Published by the Royal Society of Chemistry

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus control (without treated CDSBs).
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and -COOH). The peak positions of CDSBs C 1s and N 1s are  Biological activity of CDSBs
similar to those of CDs, with a more peak at 286.2 eV (C=N) for
C 1s (Fig. 3D) and a more peak at 399.4 eV (C=N) for N 1s
(Fig. 3F).>® This means that -NH, on CDs was successfully
combined with the carbonyl group on TPA to form an imino
group. Additionally, compared to the O 1s peaks of CDs, the
peak corresponding to C=O of CDSBs is significantly
enhanced, attributed to the combination between CDs and TPA

To test the anticancer activity of CDSBs, we used MTT to carry
out the cytotoxicity test. First, we detected the MTT of GL261
and U251 cells. The results are shown in Fig. 4A. CDSBs have
good anticancer effects on GL261 and U251 cells with ICs,
values of 17.9 pg mL ™" and 14.9 ug mL ", respectively. Based on
previous reports, BP-1-102 had been confirmed to be an inhib-
itor of signal transducer and transcription 3 (STAT3) activator.>
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Fig.5 CDSBs-induced mitochondrial damage. (A) Mitochondrial membrane potential detected by flow cytometry, which was stained with JC-1.
(B) Mitochondrial membrane potential detected by confocal laser microscopy. Red fluorescence indicated aggregates, and green fluorescence
indicated monomers. (C) The percentage of JC-1 monomer-positive cells. (D) The red-to-green fluorescence ratio of cells was quantified. (E)
Representative TEM images showing morphological changes in mitochondria in GL261 cells. Green and red arrows indicated normal and
damaged mitochondria, respectively. The scale bars were 2 pm (upper panel) and 500 nm (lower panel). Data were presented as mean +
standard deviation (SD). *p < 0.05, **p < 0.01 versus control.
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prevented U251 cells from proliferating. The ICs, of the
cisplatin complex against GL261 synthesized by Mao et al. was
17.4 uM (14 pg mL™").3° It is similar to the IC5, of CDSBs against
GL261, indicating that the anticancer effect of CDSBs is equiv-
alent to it. While the toxicity of CDSBs (IC5, > 500 pug mL ™) to
normal cells is much less than that of cisplatin complexes (ICs,
= 45.0 pg mL "), which implies CDSBs have better biological
safety. However, CDSBs exhibit low toxicity on HeLa cells
(Fig. S1t). Then we also studied the anticancer activity of CDs in
GL261 cells. As shown in Fig. 4B, CDs have low toxicity with
GL261, with cell viability above 80% at a concentration of 300 ng
mL . The results confirm that CDs are less toxic to cancer cells,
while CDSBs have anticancer properties. Finally, we also
investigated the toxicity of CDSBs in the normal cell line BV-2.
The results are shown in Fig. 4C. CDSBs have lower toxicity to
BV-2 cells (cell viability higher than 85%) at action concentra-
tion. Therefore, CDSBs have good cell selectivity with little
killing effect on normal cells at effective concentrations against
cancer cells.

The mechanism of apoptosis

Most chemotherapeutic agents can cause elevated ROS levels in
tumor cells, which can induce apoptosis through endogenous
and exogenous pathways. 2',7-dichlorofluorescein diacetate
(DCF) was used as a fluorescent sensor to measure ROS levels in
GL261 cancer cells treated with CDSBs. After exposure to
different doses of CDSBs, a concentration of 44 ug mL ™" resulted
in approximately 13 times higher intracellular ROS production
than the control group (Fig. 4D and E). The significant increase in
intracellular ROS production demonstrates that mitochondria-
targeted CDSBs have the potential to induce a localized ROS
surge by disrupting mitochondrial homeostasis.**

Double staining with Annexin V FITC and propidium iodide
was used to examine the total population of apoptotic cells. The
results show that the apoptosis rate increases with increasing
CDSBs concentration (Fig. 4F and G). Western blot analysis of
apoptosis-related proteins reveals that CDSBs (44 pg mL ") can
significantly down-regulate Bax, Bcl-2, caspase 3, and PARP,
while increasing cleaved caspase 3 and cleaved PARP in GL261
cells (Fig. 4H). NFkB is also an inhibitor of apoptosis. Western
blot analysis also demonstrates that CDSBs (44 pg mL ") inhibit
the expression of NFkB-related protein, including NF«B, IkBa
and phospho IkBao (Fig. 4H). These findings fully demonstrate
the potent pro-apoptotic effect of CDSBs.

Normal mitochondria . i
Damaged mitochondria

Fig. 6 The apoptosis mechanism of GL261 cells.

© 2024 The Author(s). Published by the Royal Society of Chemistry

ros 4

View Article Online

RSC Advances

Reduced mitochondrial membrane potential and subse-
quent mitochondrial damage can induce apoptosis. Therefore,
we explored the effects of upstream mitochondrial damage of
apoptotic after CDSBs treatment. First, to gain a deeper
understanding of the mitochondrial damage caused by CDSBs,
we used the indicator dye JC-1 to determine the mitochondrial
membrane potential (A¥ ). JC-1 formed J-aggregates in cells
with high mitochondrial membrane potential and emitted red
fluorescence, while it remained monomeric in cells with low
mitochondrial membrane potential and emitted green fluores-
cence. Flow cytometry analysis shows that mitochondrial
membrane potential decreases with increasing CDSBs concen-
tration, as evidenced by the enhanced green fluorescence of
cells, indicating severe loss of mitochondrial membrane
potential (Fig. 5A and C). The fluorescence imaging results are
consistent with the flow cytometry data (Fig. 5B and D).

To further examine the morphological variations induced by
CDSBs treatment, we used TEM to examine mitochondrial
structure. As shown in Fig. 5E, control group cells display
healthy mitochondria with typical tubular cristae and crista
junctions. However, with increasing concentration of CDSBs,
the morphological changes in mitochondria became more
pronounced. Cells treated with high concentrations of CDSBs
exhibit severe mitochondrial damage, characterized by severe
crista breakage and abnormal vacuoles. These findings suggest
that CDSBs have a detrimental effect on mitochondria, which
serve as essential energy sources for cells. Therefore, CDSBs-
induced mitochondrial damage can be a fatal blow to cancer
cells. Taken together, these results validate that CDSBs could
potentially induce mitochondrial disruption and eventually
lead to cancer cells apoptosis.

From the above work, CDSBs are known to promote GL261
cells apoptosis. Under the action of CDSBs, the mitochondria
of GL261 cells are damaged and the intracellular protein
content is altered, leading to a decrease in mitochondrial
membrane potential and the production of large amounts of
ROS, resulting in apoptosis (Fig. 6). During this process, the
level of Bcel-2 decreases, thus reducing its inhibitory effect on
cell apoptosis. The decrease in IkBa and subsequent NFkB
levels weakens their inhibitions on caspase 3 and apoptosis.
The increased content of cleaved caspase 3 indicates that it
plays an important role in the apoptosis of GL261 cells, and the
increase in cleaved PARP demonstrates the successful activa-
tion of caspase 3.

‘ IxBa ‘

/E\Im
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—)‘ Caspase 3 ‘
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Conclusions

In this work, CDs containing amino groups on the surface were
synthesized by the hydrothermal method, and then CDs and
TPA were condensed to form CDSBs. According to the results of
the cytotoxicity assays, it could be seen that CDSBs have an
inhibitory effect on GL261 and U251 cells. Moreover, CDSBs
perform good biocompatibility in normal glial BV-2 cells. The
results of apoptosis and ROS production show that CDSBs
induce GL261 cells to produce more ROS for apoptosis. From
the results of mitochondrial membrane potential and mito-
chondrial structure studies, the mitochondrial membrane
potential of GL261 cells is reduced and the morphology is
impaired by CDSBs. These results show that CDSBs have an
anticancer effect on glioma cells and provide a new material for
anticancer.
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