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As a nano-material, carbon dots have been extensively studied and applied in many ways. Herein, iron-
doped orange emissive carbon dots (ICDs) were easily synthesized using the hydrothermal method and
coupled with Trf and glucose oxidase (GOD) simply by virtue of the abundant functional groups on their
surface. The resulting carbon dots were named IGTCDs. The obtained IGTCDs possessed targeting,
therapeutic and imaging functions, achieving the enzymolysis of glucose, the decomposition of H,O,
and the release of reactive oxygen species (ROS) sequentially in gliomas as a multifunctional nano-
catalyst, and achieving an efficient glioma targeted kiling effect. On the basis of the
biocompeatibility of the IGTCDs with a cell survival rate of over 85%, even at a high concentration (500 pg
ml™Y), the IGTCDs, which were coupled substances present within the organism, glucose oxidase and

ideal

transferrins, showed an obvious inhibitory effect on the growth of tumor cells, and the survival rate of
the C6 cells was only 28.10% at 300 pug ml™'. The highly efficient anti-tumor effect was further
demonstrated in the treatment of mice suffering from glioma, and the tumor inhibition rate was
increased to 56.21-98.32%. This safe and effective multifunctional tumor inhibitor could be conveniently
synthesized in large quantities, verifying the feasibility of the anti-tumor therapy based on the tumor
microenvironment (TME), creating a novel method for the application of carbon dots in tumor treatment
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Introduction

Glioblastomas, a type of primary brain tumor, are characterized
by having a low cure rate, poor prognosis, short survival time
and so on. They are generally treated using radiotherapy and
chemotherapy, which rarely completely eliminate the invasive
growth of the tumor and cause obvious toxic side effects. These
methods also lack effective and reasonable treatment means,
therefore, the development of novel and efficient treatment
methods is desirable."” Compared with normal tissues, the
tumor microenvironment (TME) has unusual characteristics,
such as internal hypoxia, interstitial hypertension and a hyper-
inflammatory response, and is weakly acidic (pH = 6.0-6.5)
owing to the Warburg effect resulting from the accumulation of
lactic acid and a high glucose uptake.*® This arises from the
bypassed metabolism of glucose through glycolysis at the tumor
site owing to the high enzyme activity of glucose-6-phosphate
dehydrogenase and the rapid transportation of glucose via
GLUT1.”7** Vigorous glucose-dependent glycolysis provides the
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and providing a novel, reasonable and effective method for the treatment of cancer and gliomas.

tumor cells with the energy to maintain a normal metabolism
and proliferation, which could trigger the apoptosis of tumor
cells when inhibited, meaning the normal energy supply is
affected. Utilizing the properties of glucose metabolism and the
subacidity in the TME, as well as the discrepancy between
normal tissues, could enable the specific release of the drug or
the transformation of the inherent substances at the nidus,***
which simultaneously improves the treatment precision,
enhancing the curative effect and reducing the side effects.
Tumor specific imaging and treatment based on the charac-
teristics of the microenvironment show significant potential,
and several related studies on pH-responsive drug release and
targeted vector construction in the microenvironment have
been published.****

Carbon dots, an emerging fluorescent nano-material, are
widely used in photoelectric, physical and chemical detection
and biological imaging owing to their economical and available
raw materials,'>™” simple synthesis, excellent optical properties
and biocompatibility, and are commonly used in blue and green
fluorescence,'®'® which restricts their applications in biological
imaging as a long wavelength emission is required.**** Tradi-
tional quantum dots are limited in biological applications
owing to their inherent toxicity and rapid elimination.”®*? In
contrast, carbon-based dots (particle size: 1-10 nm), with
a better biocompatibility, have abundant functional groups on

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the surface. Therefore, these functional groups can be simply
modified to enhance the targeting, and carbon-based dots are
considered as an ideal carrier with a high bioavailability, safety
and stability. There have been comprehensive studies reported
on carbon dots ranging from the loading of mitochondria for in
vitro imaging, drug loading and release, to tumor therapy.>*>*

In the treatment of glioma, the BBB (blood-brain barrier)
penetration ability is one of the critical factors that is used to
evaluate the effectiveness.***> Compared with traditional
nanomaterials, certain carbon dots are tumor-targeting in
addition to enabling imaging functions. Moreover, the selec-
tivity and BBB penetration ability can be enhanced significantly
by modifying the tumor penetrating peptides, such as the GRD
peptide, hyaluronic acid (HA) and transferrin or other tumor
marker ligands.*** These nanomaterials, with integrated
imaging and targeting functions, are of vital significance in the
treatment of tumors or other diseases, especially if they have
simultaneous therapeutic effects. A selection of anti-tumor
nanotherapies have been developed based on the characteris-
tics of TME, which could enable tumor tracking imaging,
diagnosis and treatment by constructing pH-sensitive nano-
carriers.*** Iron-doped nanoparticles, such as ferromagnetic
nanoparticles (y-Fe,O; or Fe;O, NPs) and amorphous FeO
nanoparticles (AFeNPs), can be used as catalysts to trigger the
Fenton-like reaction in acidic TME, producing H,O, by the
enzymolysis of glucose, and then releasing reactive oxygen
species (ROS) (mainly "OH, hydroxyl radicals) to induce the
apoptosis of tumor cells.***

Herein, IGTCDs, a multifunctional nanomaterial that can
simultaneously accomplish targeting of brain tumors, therapy
and imaging, was constructed. In this nanomaterial, Trf
modification endows the IGTCDs with the ability to target
tumors and GOD (glucose oxidase) enables the decomposition
of glucose at the tumor site and increases the level of H,0, to
induce tumor cell apoptosis, exerting a therapeutic effect. The
orange fluorescence of the IGTCDs, which is different from the
biological background, facilitates biological imaging and
enables the simple observation of the metabolism, distribution
and cellular uptake processes of the IGTCDs. This study verifies
the feasibility of anti-tumor therapy based on the TME and the
tumor tissue specific reaction could significantly reduce the
side effects, enabling an ideal anti-tumor efficacy.

Experimental section
Fabrication of the IGTCDs

Tryptophan (0.05 g), 0.108 g o-phenylenediamine and 0.8 g
FeCl;-6H,0 were weighed and 200 pl of conc. hydrochloric acid
and 10 ml H,O was added. This mixture was dispersed evenly
and transferred into a reaction kettle at 200 °C for 3 h to obtain
a solution of the ICDs, after dialysis in ultrapure water for 10 h
and freeze-drying, a reddish brown solid powder was acquired.
20 mg of the ICDs were dissolved in 2 ml ultrapure water with
15 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
and 10 mg N-hydroxysuccinimide (NHS), activated by ultra-
sound for 1 h, and then 1 ml polyethylene glycol (PEG) was
added dropwise under stirring to obtain the PEGylation ICDs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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After that, 500 pl of a 20 mg ml~* GOD solution was added
dropwise and stirred overnight to enable full coupling with the
ICDs. Trf (1.7 mg), EDC (4 mg) and NHS (6 mg) were dissolved in
500 pl of PBS, and then ultrasound was applied for 1 h, then the
above mentioned ICDS-GOD solution was added dropwise,
stirred for 24 h, and then it was dialyzed with ultrapure water for
10 h (MW = 100 KD), and then lyophilized to collect the IGTCDs
powder. The powder was stored in a sealed container at —20 °C
for later use.

Characterization

Tecnai G2 F20 S-TWIN transmission electron microscopy was
used to determine the structure of the ICDs and the other series
of conjugates. X-ray photoelectron spectroscopy (XPS) of the
IGTCDs was measured using an AXIS supra. The optical prop-
erties of the IGTCDs and the related conjugates were charac-
terized wusing infrared spectrophotometry, ultraviolet
spectrometry and fluorescence spectrophotometry. The poten-
tials of the ICDs and their conjugates were determined using
a Zetasizer Nano ZS.

Michaelis-Menten kinetics

Sodium acetate buffer (110 ul, 10 mM), 30 pl of IGTCDs and 30
ul of H,0, or glucose in a gradient concentration were added
into 96-well plates in turn, incubated for 30 min, then 30 pl of
5 mM TMB was added and the optical density (OD) value was
immediately detected (A = 652 nm) over 40 min using a micro-
plate reader. The V; (initial reaction velocity) is related to the A
(absorbance), and the corresponding kinetic curve was ob-
tained. The Michaelis-Menten constant (K,,,) and the maximal
velocity (Vinax) were calculated via Lineweaver-Burk plotting.

Cell culture

The L929 fibroblasts, C6 glioma and C6-LUC cell lines were
obtained from the State Key Laboratory of Biotherapy. The C6
glioma cells were cultured in Dulbecco's modified Eagle's
medium (DMEM), containing 10% fetal bovine serum (FBS),
100 units per ml of streptomycin, and 100 units per ml of
penicillin, supplied by GE Life Sciences Co. Ltd. The cell lines
were incubated at a constant temperature of 37 °C and under
5% CO, in the incubator and were cultured for subsequent
experiments by adding 0.25% trypsin, 10% FBS, and fresh
DMEM high glucose medium.

Cytotoxicity and effectivity tests for the IGTCDs

For the cytotoxicity test in vitro, L929 cells were inoculated into
96-well plates at a density of 5000-6000 cells per well and
incubated in DMEM for 12 h until the cells adhered. The orig-
inal medium was discarded and replaced by 100 ul fresh DMEM
per well, then the IGTCDs (0, 100, 200, 300, 400, and 500 ug
ml ') were added in turn and incubated at 37 °C for 24 h. After
that, the culture medium in the plate was discarded, and the
cells were carefully rinsed with saline, followed by the addition
of 90 ul DMEM and 10 pl of the Cell Counting Kit-8 (CCKS assay)
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into each well, and the cell viability was measured at A = 450 nm
over 4 h.

The effect of the IGTCDs on the C6 glioma cells was deter-
mined using the same method. C6 glioma cells were inoculated
in 96-well plates at a density of 6000-10 000 cells per well and
incubated in DMEM high glucose medium under different pH
values (6.0 or 7.4) for 8-10 h until the cells adhered. The original
medium was discarded and replaced by 100 pul fresh DMEM (pH
= 6.0 or 7.4) per well, then IGTCDs (0, 100, 200, 300, 400, and
500 pg ml~ ") were added in turn and incubated at 37 °C for
a certain amount of time. After that, the aforementioned cell
media was discarded and the cells were carefully rinsed with
saline, followed by the addition of 90 ul of DMEM and 10 pl of
the CCK8 assay into each well, and the cell viability was
measured at A = 450 nm within 4 h.

Subcellular localization and ROS generation of the IGTCDs

The release of ROS on the cellular level was observed using
confocal laser scanning microscopy (CLSM, FV 1000, Olympus).
The C6 glioma cells were inoculated in a 6-well plate with
a density of 150 000-200 000 cells per well and incubated in
DMEM high glucose medium at a specific pH (6.0 or 7.4) for
12 h until they had adhered. The original medium was dis-
carded and replaced by 1 ml fresh DMEM (pH = 6.0 or 7.4) per
well, then the IGTCDs (50, 150, and 300 pg ml~ ') were added in
turn and incubated at 37 °C for a certain period of time. After
that, the aforementioned cell media was discarded and 1 ml of
10 uM DCFH-DA sample solution was added and incubated at
37 °C for 25 min. The cell medium in each well was discarded,
and the cells were carefully rinsed with serum-free DMEM and
PBS in turn to remove the excess probes. The morphology of the
cells was fixed for 15 min with 500 pl 4% paraformaldehyde,
discarded and then 500 pl of 1 pm DAPI reagent was added; this
was discarded after 5 min and carefully washed with PBS. DAPI
reagent was used to locate the nucleus (ExX/Em = 340/488 nm)
and observe the cellular uptake of the IGTCDs (Ex/Em = 560/610
nm) and DCFH-DA was oxidized by ROS to form the DCF (Ex/Em
= 488/525 nm).

Glioma model of mice

Female Kunming mice aged 4 weeks were purchased from
Beijing HFK Bioscience Co., Ltd. All the animal procedures were
performed under the protocols approved by the Department of
Medical Animal Center, Sichuan University, and the experi-
ments were performed in agreement with the guidelines of the
Institutional Animal Care and Use Committee of Department of
Medical Animal Center, Sichuan University.

Twenty-five female Kunming mice were fed adaptively for
one week and were found to weigh 20-25 g. After being anes-
thetized with intraperitoneally injected 4% chloral hydrate
(150 mg kg™ "), the mice were shaved carefully from the top of
the head to the right ear and fixed on a stereotactic device in the
prone position. After routine disinfection, a vertical incision
with a length of about 1.0 cm was made from the ocular fissure
at the midline, and the cranial parietal cross line was exposed.
Drilling holes were made at 2.0 mm to the right side of the cross
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center and then 0.6 mm of the lower side, with a diameter of
about 1.0 mm. Then, C6-LUC cells (10 pl, 2.5 x 10° cells) were
inoculated using a microsyringe. The affected area was sutured
with absorbable sutures and the wound surface was disinfected.
Five days after inoculation, the weight of the mice decreased
slightly, foraging was normal, the frequency of drinking
decreased, and the injection site in the head bulged slightly.
The mice were grouped using the detected tumor signals. The
mice were intraperitoneally injected with 150 mg kg™ " 4%
chloral hydrate and bp-luciferin potassium (Dalian Meilun
Biotechnology Co., Ltd), then the tumor signals were observed
and recorded using small animal living imaging (PerkinElmer I,
VIS Lumina LT Series III) and labeled accurately.

Therapeutic effects of the IGTCDs

Nine mice with approximate tumor signals (1.4-4.5 x 10°) were
screened and equally divided into experimental groups (high
dosage and low dosage, n = 3) and the control group (n = 3). The
experimental groups were injected with 300 ug ml~* IGTCDs (3
and 6 mg kg ') via the tail vein at intervals of 24 h respectively,
and the control group was injected with the equivalent amount
of saline. 8-11d after inoculation, the mice in the control group
were costive, tilted to one side and the top of the head were
observed to bulge further, while no further aggravation was
observed in the experimental groups. Up to 13-15 d, the mice in
the control group presented disordered hair and had a listless
spirit and an obvious bulge, while the morphological behavior
of the mice in the experimental groups was normal. The tumor
signals of the mice were recorded using the aforementioned
method on days 10 and 15, respectively, the whole process was
accurately documented and the changes in individual tumor
signals were recorded.

Three female Kunming mice, weighing 20-25 g, were injec-
ted with ICDs (300 pg ml~*, 3 mg kg™ ') via the tail vein for 10
d at intervals of 24 h respectively. The mice were sacrificed, and
the tissues were dissected, then the distribution and brain tar-
geting of ICDs was observed using living imaging with EX/Em =
560/610 nm.

Statistical analysis

One-way analysis of variance (ANOVA) or t-test for multiple
comparisons were used for statistical analysis. The data were
expressed as mean =+ standard deviation (SD) and the statistical
significance was set at *p < 0.05, **p < 0.01 and ***p < 0.001.

Results & discussion
Therapeutic mechanism of the IGTCDs

Positively charged ICDs were successively coupled with GOD
and Trf, and the IGTCDs obtained integrated the GOD activity,
the Trf targeting function and the long wavelength emission
(Ex/Em = 560/610 nm) of the ICDs, which constituted the basis
of targeted therapy and imaging of glioma. Normal brain tissue
with a dense microvessel endothelial space has a complete
structure, resulting in poor penetration of macromolecules and
lipid particles while the tumor tissue with rich vessels has

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a broader space, less complete structure and worse lymphatic
reflux, resulting in the high permeability and retention of
macromolecules and lipid particles, called the EPR effect. The
reason why macromolecular drugs are preferred for tumor
therapy is not only due to the EPR effect, but also the non-
specificity of small molecule drugs, which can freely pass
through the vascular wall of normal and tumor tissues, then
distribute indiscriminately, causing poor selectivity and toxic
side-effects.*”*

Modified by GOD and Trf, the IGTCDs were negatively
charged and the particle size increased to 100 nm, enabling
them to effectively reach tumor tissues, actively target and
specifically bind with transferrin receptors under the EPR effect,
and enhance the tumor selectivity and therapeutic effect. A
variety of GLUTs (glucose transporter) exist in tumor sites,
vigorously uptaking glucose for proliferation and therefore
resulting in a higher concentration of glucose at these sites
compared to normal tissues. The IGTCDs can effectively target
the nidus, hydrolyze glucose and produce H,0,, further real-
izing the catalytic decomposition of H,0, and releasing ROS by
the Fenton reaction in the weakly acidic conditions of the TME
(pH = 6.0-6.5), which specifically increases the level of ‘OH in
the affected area, regulating the apoptosis of tumor cells and
inhibiting the metabolism of the tumor, achieving an ideal anti-
tumor effect. If some of the IGTCDs begin to function before
reaching the target, this would only result in acceptable and
temporary decreases in the blood glucose levels and would have
little effect on the H,O, levels of normal tissues owing to the pH
selectivity of the IGTCDs towards the catalytic reaction. The
series of targeting, enzymatic hydrolysis and catalytic processes
of the IGTCDs exhibited ideal tumor specificity and inhibition
with few toxic and side effects on normal tissues and can be
considered as a safe, effective and novel therapeutic form of
treatment for gliomas or even other kinds of tumors.

Characterization of the IGTCDs

The fluorescence spectrum of the IGTCDs (Fig. 1a) shows that
excitation at 560 nm can produce an orange fluorescence
emission at 610 nm. The transmission electron microscopy
(TEM) image shows that the IGTCDs were uniformly dispersed
and had an approximate size of 100 nm (Fig. 1b). In the infrared
spectrum (Fig. 1c), the O-H absorption at 3414.28 cm™ " and the
C-0 absorption at 1091.84 cm™ ' demonstrated the existence of
phenolic or alcoholic hydroxyl groups, the absorption at
1022.5 cm ™! was attributed to the ether bond of GOD. Moreover,
the absorption peaks at 3414.20, 1647.28, 1295.66 and
1249.17 cm™ " indicate the generation of amide bonds, which
cannot be seen in both ICDs or ICDs-GOD (S.2}), and may be
related to the carboxyl of the transferrin binding with the amino
group in the ICDs-GOD. The XPS (Fig. 1d) characterization
results show that the IGTCDs contain C, O, Cl, N, Fe and other
elements, and the divided peak of Fe 2p (S.11) showed two
strong absorption peaks at 712 and 725 eV, indicating the
existence of Fe** and Fe**. There is a strong absorption peak at
430 nm in the ultraviolet image of the ICDs (Fig. 1e), indicating
the existence of a n — w* transition, which may be related to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the C=0 structure. In summary, the IGTCDs have hydroxyl and
carboxyl groups, the ether and amide bonds and the doped iron
mainly exist in the form of Fe** and Fe*", showing orange
fluorescence under ultraviolet irradiation. S.2at shows the TEM
images of the ICDs coupled with GOD and Trf in turn. After
coupling with GOD, the particle size increased to 50 nm,
sequentially, the transferrin was coupled by the EDC/NHS
reaction, and the obtained IGTCDs showed dispersed
dendritic structures with an increased diameter up to 100 nm
and the potential also changed. Owing to the electrostatic
adsorption, electronegative transferrin can bind with the ICDs-
GOD easily, the potential of the positively charged ICDs (3.58
mvV) coupled with GOD decreased to 0.483 mV, and the nega-
tively charged IGTCDs (—4.21 mV) were obtained after further
modifying the Trf. The changes in the particle size and potential
(S.2a and b¥) during modification are beneficial to the specific
distribution of the IGTCDs in tumor tissues.

Stability of the IGTCDs

Fig. 2a shows the DLS results for the IGTCDs, the particle size is
117.6 nm and the polydispersity index (PDI) is 0.282, indicating
that the IGTCDs are well dispersed and uniform. The stability of
the IGTCDs in PBS and 50% FBS were determined, and the
particle sizes in different systems were determined at 12, 24, 36,
48, and 72 h respectively, as shown in Fig. 2b. The IGTCDs were
basically stable in H,0, 50% FBS and PBS with a uniform
particle size distribution (PDI < 0.3), indicating that the
dispersion of IGTCDs is good and stable.

Catalysis and fluorescence imaging function of the IGTCDs in
vitro

As illustrated in the above section on the mechanism of the
catalytic therapy, IGTCDs targeted the brain, initiated the
enzymolysis of B-p-glucose in the tumor site, produced B-p-
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Fig.1 Characterization of the IGTCDs: (a) fluorescence spectrum, the
inset shows observation of the IGTCDs under ultraviolet and normal
light. (b) TEM image. (c) The infrared spectrum. (d) The ultraviolet
spectrum, and (e) XPS characterization of the IGTCDs (total elemental
analysis, analysis of the divided peak of Fe 2p is attached in S.1%).
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Fig. 2 (a) DLS of the IGTCDs in H,O, PBS and 50% FBS after 72 h, the

particle sizes are 117.6, 128,6 and 122.6 nm, respectively, and the PDI
are all less than 0.3. (b) The particle size of the IGTCDs in H,O, PBS and
50% FBS at different time points (12, 24, 36, 48 and 72 h).
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Fig. 3 Catalysis function of the IGTCDs in vitro: (a) the ROS release of
the C6 cells catalyzed by IGTCDs at different pH values (6.00 and 7.40),
detected by DCFH-DA and observed using CLSM with Ex/Em = 488/
525 nm. (b) The detection of ROS released by C6 cells when incubated
with CDs without iron-doping and ICDs (imaging performed after DAPI
staining and observed under Ex/Em = 340/488 nm, the uptake of
materials under Ex/Em = 560/610 nm, the DCFH-DA detection under
Ex/Em = 488/525 nm and the merged image). (c) The detection of
ROS released by C6 cells when incubated with IGTCDs for different
periods of time (12, 20, and 24 h) or with different concentrations (O,
50, 150, 300 ug ml™) using DCFH-DA, the order of the graphs is the
same as in (b).

glucose-1,5-lactone and H,0,, which was decomposed into toxic
"OH by a Fenton-like reaction in the weakly acidic conditions of
the TME and the main decomposition products in normal
tissues (pH = 7.40), H,O and O,, were nontoxic. In order to
determine the rate of production of the hydroxyl radical ("OH),
the DCFH-DA fluorescence probe was used to investigate the
production of ROS in C6 glioma cells with different materials at
different pH values, and CLSM was used to observe the
production of ROS. As shown in Fig. 3a, there was an obvious
green fluorescence observed in the cytoplasm under acidic
conditions (pH = 6.00), suggesting that a large amount of ROS
were generated in the cells, which oxidized the DCFH into
fluorescent DCF, but neutral conditions (pH = 7.40) did not,
indicating that the IGTCDs catalyzed the release of ‘OH at
selected pH values.

The ROS release ability of the C6 cells catalyzed by CDs
without iron doping and the ICDs without GOD coupling was
measured using the same method, as shown in Fig. 3b. Green
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fluorescence was not observed in either the CDs or ICDs, indi-
cating that neither the CDs nor ICDs can enable the enzymatic
hydrolysis of glucose or the decomposition of H,O, to release
ROS. However, orange fluorescence in the cytoplasm was
observed at Ex)Em = 560/610 nm, indicating that carbon dots
could be taken up by cells and were mainly distributed in the
cytoplasm, which preliminarily verified the good biocompati-
bility and application of the probe in carbon dots. In order to
determine the uptake of the IGTCDs, C6 cells were co-incubated
with IGTCDs at different concentrations (50, 150, and 300 pg
ml ") for 12 h, and the DCFH-DA fluorescence probe was added
to observe the generation of ROS. Under acidic conditions (pH
= 6.0), a strong green fluorescence could be observed in all
IGTCDs groups, indicating the generation of ROS, which proved
the eminent ability of the IGTCDs to catalyze the release of ROS
by the enzymatic hydrolysis of glucose in an acidic environ-
ment. An obvious orange fluorescence was observed at EX/Em =
560/610 nm, indicating that the IGTCDs could be effectively
taken up by cells through endocytosis and distributed into the
cytoplasm, which settled the basis of the intracellular effects
and proved that IGTCDs are an excellent cell imaging material
with a fluorescence that notably differs from that of the bio-
logical background.

Different concentrations of IGTCDs can produce high levels
of ROS, but the number of cells in low concentrations of IGTCDs
(50 ng ml™") were significantly greater than those observed in
medium and high concentrations, which may be related to the
apoptosis induced by ROS. Therefore, prolonging the co-
incubation time of the IGTCDs (300 ug mL™') with C6 cells,
from 12 h to 20 h and then to 24 h, the orange fluorescence is
obviously boosted, indicating the better uptake of IGTCDs by
the cells, which could further increase the ROS level and
produce the desired effects. At this time, the number of cells
decreased sharply, and the morphology of the cells changed
obviously, from the initially observed shuttle deformation to
round, which is related to the destruction of the cell membrane,
and lipid oxidation and apoptosis induced by the strongly
oxidizing "OH.**"*?

In conclusion, IGTCDs have excellent optical properties and
biocompatibility, can be distributed in cytoplasm by endocy-
tosis, and the orange emission (Ex/Em = 560/610 nm) means
they are excellent fluorescent probes that can be used for cell
imaging. In addition, under acidic conditions, 300 pg ml™*
IGTCDs can effectively catalyze the enzymolysis of glucose and
the release of ROS, producing highly toxic ‘OH by triggering the
Fenton reaction to induce the apoptosis of C6 glioma cells,
which preliminary proves the tumor killing effect at a cellular
level.

In vitro catalytic performance of the IGTCDs

To further clarify the catalytic function of the material, 3,3,5,5"-
tetramethyl-benzidine (TMB) was used to monitor the produc-
tion of radicals (Fig. 4). The produced hydroxyl radicals from the
disproportionation of H,0, under catalysis by the IGTCDs in
acidic conditions oxidizes colorless TMB to chromogenic TMB
cation-free radicals, which can be detected using

© 2022 The Author(s). Published by the Royal Society of Chemistry
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glucose

1S T™e
-y

Fig. 4 The reaction mechanism of TMB (oxidized by H,O,, colorless
TMB transforms to the chromogenic TMB cation-free radical,
demonstrating absorption at A = 652 nm).

gluconic acid

a spectrophotometer at 652 nm. The mechanism of the Fenton
reaction is as follows.

H,0, + Fe** — Fe** + 0, + 2H* (1)
Fe** + H,O0, — Fe** + "OH™ + 'OH (2)
02 + F€2+ - F€3++ 02 (3)

Based on the aforementioned principles, typical Michaelis-
Menten steady-state kinetics were applied to investigate the
catalytic functionalities and performances of the IGTCDs.
IGTCDs, H,0, or glucose were successively added into 10 mM
sodium acetate buffer, and 5 mM TMB was added after incu-
bation at a certain temperature. As shown in Fig. 5, the UV
absorption peak at 652 nm gradually increased and tended to be
stable up to 40 min, indicating that the reaction had ended.

The conditions for the IGTCDs catalyzing the enzymatic
reactions of H,0,, and glucose were optimized and the
Michaelis-Menten steady-state kinetics of IGTCDs were deter-
mined. The optimum conditions for the enzymatic reaction of
the IGTCDs were screened (S.31), under which the following
measurements of the kinetic constants of enzymatic activity
were conducted. The detection of H,0, was performed at 40 °C,
pH 4.5 with 0.05 mM of IGTCDs and that of B-p-glucose was
performed at 40 °C, pH 4.0 with 0.008 mM of IGTCDs. The time-
course absorbance upon the addition of H,0, or glucose into
IGTCDs in sodium acetate buffer was plotted and is shown in
Fig. 6 and the corresponding average initial velocities were
calculated, respectively.

1.5+
am=n
2umn 40min

1.0+

Omin

" A

0.0 — T T T T T T T 1
600 610 620 630 640 650 660 670 680 690 700

Wavelength(nm)

Absorbance

Fig. 5 The Fenton reaction monitored by the TMB color reaction and
the absorbance at A = 652 nm in 40 min. The inset shows the reaction
system at the end and the degree of the color was positively correlated
with the concentration of H,O..
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Fig. 6 In vitro catalytic performances of the IGTCDs. Time-course
absorbance of IGTCDs upon the addition of various concentrations of
(a) H,O, (1, 2, 5, 6, and 8 uM) and (d) B-p-glucose (0.044, 0.110, 0.165,
0.275, and 0.330 mM). The Michaelis—Menten steady-state kinetics
and Lineweaver—Burk plot of the IGTCDs for H,O, (b) and (c) and B-p-
glucose (e) and (f). The inset of (e) shows the chromogenic result at the
endpoint of the catalytic reaction (the concentration of B-p-glucose
decreased from left to right). The initial velocities were calculated
within 180 s in one experiment.

According to the Beer-Lambert law (Fig. 7), the average
initial absorbance changes are converted to the initial velocities
(vo) for the formation of cationic radicals or hydroxyl radicals,
which were then plotted against the corresponding concentra-
tion and fitted with Michaelis-Menten curves. The linear
double reciprocal plot (Lineweaver-Burk plot) was obtained and
is shown in Fig. 5c and the K, and V. values were found to be
578 x 10 *mM and 1.48 x 10 *M s "

For the glucose catalysis, the photograph in the inset of
Fig. 6e visually presents the chromogenic changes after 1200 s
upon the addition of glucose at various concentrations. The
Michaelis-Menten curves and linear double reciprocal plot are
displayed in Fig. 6f, and the K;,, and V,,,,x values were calculated
to be 0.158 mM and 276.81 M s, respectively.

The K, value of the IGTCDs for glucose catalysis demon-
strated that the nanocatalysts would present 50% of the
maximum catalytic activity under 0.158 mM B-p-glucose, which
suggested the ideal therapeutic effect towards common tumor
cells as the endogenous glucose concentration was approxi-
mately 10 times greater and the concentration of IGTCDs in the
actual treatment was also higher than that in vitro.** Above all,
the peroxidase activity of the IGTCDs was verified. In addition, it

A=kbc
Vmax ) [S]
VO =75
Ky +[S]
1 _K 1,1
vO Vmax [S] Vmax

Fig. 7 The Beer—Lambert law.
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has been confirmed that the generation of 'O, during the
catalysis of H,O, by IGTCDs may be related to the electron
transmission between H,0, and IGTCDs (S.41).

In vitro cytotoxicity and the effect of the IGTCDs

The aforementioned CLSM observations have verified that the
IGTCDs could produce toxic hydroxyl radicals effectively and
induce apoptosis in the acidic conditions of the TME. L929 and
C6 cells were co-incubated with gradient concentrations of
IGTCDs, respectively, to further evaluate the toxicity and effects
using the CCKS8 reagent in acidic or neutral conditions. As
shown in Fig. 8a, the IGTCDs demonstrate little toxicity towards
normal cells when cultured for 24 h in a neutral medium (pH =
7.4), and even at a higher concentration (500 ug ml~') the cell
viability is still greater than 85%, indicating that the IGTCDs
have good biological safety. However, upon incubation with C6
cells IGTCDs (100, 200, 300, 400 and 500 pg ml™ ') showed
obvious cytotoxicity (Fig. 8b), and the cell viabilities (56.44,
43.44, 28.09, 26.37, 18.91%) under acidic (pH = 6.0) and neutral
conditions (72.84, 61.13, 64.43, 57.27 and 51.46%) demon-
strated significant differences (p < 0.001), showing that the
IGTCDs could precisely induce the apoptosis of tumor cells in
an acidic environment.

Upon co-incubation with an equivalent concentration of
IGTCDs under neutral conditions, the discrepancy between the
viability of the L929 and C6 cells may be a result of the higher
concentration of B-b-glucose in tumor cells triggering the
enzymatic catalysis of IGTCDs and producing a lethal hydroxy
radical. Therefore, some tumor suppressive effects of IGTCDs
were displayed even in a neutral culture environment and the
neutral environment and low glucose levels of normal tissues
limited the effects of the IGTCDs.

It can be seen that the IGTCDs presented a slight difference
when the incubation time was extended from 12 to 36 h, and the
cell viability at 36 h was mildly higher than that observed for 12

©
o

Cell viability(%)

Callviabiityth) O

R

Concentration oa

Fig. 8 In vitro cytotoxicity and intracellular catalytic performances of
the IGTCDs. (a) The cytotoxicity profiles for L929 cells of the IGTCDs at
various concentrations (pH = 7.40). (b) The cytotoxicity of the IGTCDs
towards C6 cells at different pH values (7.40 and 6.00, n = 3). (c) The
C6 cell viabilities with different incubation times (12, 24 and 36 h from
the left, 12 h were 52.65, 45.56, 36.33, 30.74, and 25.48%, 24 h were
56.44, 43.44, 28.09, 26.37 and 18.91% and 36 h were 57.71, 40.02,
36.62,27.31and 19.03% in 200, 300, 400 and 500 ug ml"* IGTCDs, n =
3 and * means p < 0.05, ***p < 0.001). (d) The viability of the C6 cell
when incubated with 300 pg ml=* IGTCDs for 12, 24 and 36 h (n = 3,
36.33 £ 0.76, 28.09 + 1.37, 36.62 + 4.54%).
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and 24 h. However, there were no significant differences (p <
0.05), indicating that the effect of the IGTCDs rapidly changed
with minor time differences, and inhibited tumor growth to
some extent. The tumor inhibition rate was 71.90% when
incubated with 300 pg ml™" of the IGTCDs for 24 h. Based on
the results of the cytotoxicity study and the resulting effect, 300
pg ml~! of IGTCDs with a low toxicity and ideal tumor inhibi-
tion rate were selected for further experiments.

Therapeutic effect of the IGTCDs in vivo

The transferrin receptors on the surface of the tumor cells
(transferrin receptor, TfR) are 2-7 fold greater than those of the
normal cells, meaning that the conjunction between the
transferrin and TfR on the tumor cell surface is 10-100 fold
greater than on normal cells. Transferrin-related agents can
accumulate rapidly and be detained at the tumor sites and the
therapeutic drugs can be specifically transported into tumor
cells, thus bringing about the effect, which can be achieved by
active targeting of the transferrin and transferrin receptor
transport pathway (TF-TFR).**™* The ability of the IGTCDs to
induce apoptosis of C6 glioma cells in vitro has been proved,
and on this basis, the anti-tumor effect in vivo and the brain
targeting of IGTCDs were further investigated. C6-LUC glioma

Control

D15

b 3 107

]
E2 107

Signal of t

- 1007

Fig. 9 In vivo catalytic-therapeutic performance and the tissue
imaging of IGTCDs. Changes in the glioma signals in each group after
inoculation with C6-LUC cells, observed after intraperitoneal injection
of 150 mg kg~! D-fluorescein potassium salt using living imaging on
days 5, 10 and 15, respectively. (a) In vivo imaging and (b) the resulting
variation curve. (c) The tumor growth rate within 15 d. (d) The tumor
inhibitory rate within 15 d (** means p < 0.01 and *** means p < 0.001).
(e) The tissue distribution of the ICDs and IGTCDs in vivo, the brains of
the IGTCDs group presented fluorescence signals under Ex/Em =
560/610 nm. (f) Brain fluorescence signals of the IGTCDs in the control
and therapeutic groups and the inset shows the morphology of the
brains.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cells labeled with luciferase were inoculated into the frontal
lobe of mice using a stereotactic device to establish the glioma
model. After adaptive feeding for 5 d, mice were intraperitone-
ally injected with 150 mg kg™ " D-fluorescein potassium salt and
the tumor signals were actively recorded in vivo, before being
screened and labeled for grouping. The therapeutic perfor-
mances were investigated by administration of an equivalent
amount of saline (control group, n = 3) and IGTCDs at different
dosages (3 and 6 mg kg™, therapeutic groups, n = 3) intrave-
nously and the resulting tumor signals were measured using the
same method 5 and 10 d after administration. The mice were
executed, and the tissues were dissected to determine the
distribution of IGTCDs using living imaging.

It can be seen from the tumor signal-time diagram shown in
Fig. 9a and from Table 1, that the control group was 4.30 (10 d)
and 5.82 (15 d) times the original signal and the therapeutic
groups were 2.43, 0.76 (3 mg kg~ ', low dose group) and 1.83,
0.09 times (6 mg kg™, high dose group) their original value,
respectively. Moreover, the tumor inhibition rate was up to
41.45-98.32% (Table 2), indicating that the IGTCDs had an
obvious antitumor effect and could effectively induce the
apoptosis of glioma cells in vivo. Moreover, there is significant
difference between the tumor inhibitory rates within 10 and 15
d of both the low and high dosage (p < 0.001) and there is less
difference between the therapeutic groups (P < 0.01), indicating
that the IGTCDs could enable an ideal inhibition even at low
concentrations. As shown in Fig. 9f, under the fluorescence of
the IGTCDs at Ex/Em = 560/610 nm, the distribution was
concentrated in the brain and was obviously stronger than that
observed in other tissues. In addition, the morphology of the
brain observed in the control group in the inset of Fig. 9f was
severely damaged, and the therapeutic groups were complete
and demonstrated a better morphology, proving that the

Table 1 Tumor inhibition rate of the IGTCDs groups (n = 3)

Tumor inhibition rate (%)

3 mg
Day kg™ 6 mg kg ™"
10 41.45 86.37
15 56.21 98.32
Table 2 Signals for the glioma in each group (n = 3)
Signal Number D5 D10 D15
Control 1 1524 000 6294 000 9278 000
2 2236 000 9 280 000 12 790 000
3 4181 000 19 370 000 23 630 000
3 mg kg*1 1 1571 000 3524 000 1280 000
2 2271 000 5 845 000 1638 000
3 4 465 000 10 980 000 3379 000
6 mg kg’1 4 1469 000 2 802 000 136 500
5 2 350 000 4 314 000 189 200
6 4 509 000 7 817 000 495 700
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Kidney

Fig. 10 Histopathology images of the dissected major organs (brain,
heart, liver, spleen, lung and kidney) from the control and experimental
groups stained using hematoxylin and eosin (H&E) for evaluation of the
in vivo biosafety. Scale bar: 10 um.

IGTCDs could inhibit the growth of the glioma and restore the
normal structure of the brain.

The ideal glioma inhibitory effect of the IGTCDs is based on
the targeted catalysis of glucose decomposition at the nidus,
raising toxic hydroxyl radical levels via Fenton's reaction and
inducing apoptosis of the glioma cells, therefore, the effective
brain targeting of IGTCDs is the key to evaluating the thera-
peutic effect. Three mice were intravenously injected with ICDs
(300 ug ml™*, 3 mg kg™ ') at 24 h intervals, and the tissues were
dissected 10 d later to observe the distribution of the ICDs. It
can be seen in Fig. 9d, compared with the three mice in the
therapeutic group (300 pg ml™*, 3 mg kg™ '), that the ICDs do
not target the brain, while IGTCDs have a significantly higher
biological contrast distribution in the brain, which indicates
that the transferrin has been effectively coupled, providing the
basis for IGTCDs to reach the target. These results confirmed
that the IGTCDs have admirable bioimaging and targeting
functions towards gliomas and are a kind of catalytic nano-
material that combine targeting, imaging and treatment abili-
ties with a good biocompatibility.

Hematoxylin and eosin

The histopathology images of the dissected major organs were
used to evaluate the pathological damage of IGTCDs on the
brain and major organs. As shown in Fig. 10, the long spindle
glioblasts of the control were arranged in parallel, and wavy
palisade structures could be observed. These improved in the
therapeutic groups, indicating the effect of the IGTCDs.
Otherwise, there was no significant damage observed when
compared with the control, further demonstrating the high
biocompatibility of the IGTCDs during the therapeutic process.

Conclusion

Synthesized using the hydrothermal method, ICDs have rich
functional groups on the surface and are easy to modify. These
ICDs were coupled with GOD and Trf to obtain the IGTCDs,
which enable targeting of the brain, glucose oxidase activity,
orange fluorescence emissions, a low toxicity and good
biocompatibility of the carbon dots on the whole. The IGTCDs
could target the brain and take advantage of the characteristics
of the TME to initiate a series of reactions including enzymol-
ysis of glucose, decomposition of H,0, and the release of ROS

Nanoscale Adv., 2022, 4, 894-903 | 901
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(‘OH), consuming the glucose in the tumor site, weakening
glycolysis and inhibiting tumor metabolism and proliferation,
and finally inducing the apoptosis of tumor cells at the nidus,
thus realizing the targeted treatment of gliomas. The IGTCDs
demonstrated a good peroxidase activity and biocompatibility.
In addition, they facilitated cellular uptake and bioimaging
using the orange fluorescence emission, presenting a high cell
affinity and a good brain targeting function. Finally, IGTCDs
demonstrated an ideal tumor inhibitory rate, integrating tar-
geting, therapy and imaging functions together. Furthermore,
they were conveniently synthesized and had an ideal efficacy.
Herein, an ideal tumor inhibitor was obtained, and the feasi-
bility of the anti-tumor therapy based on the TME was verified.
Furthermore, this study details a novel idea for the application
of carbon dots in tumor therapy. Considering the common
characteristics of the TME in tumor tissues, this method may be
effective in the treatment of other kinds of tumors.
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