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Nanozymes with superoxide dismutase (SOD)-like activity have attracted
increasing interest due to their ability to scavenge superoxide anion, the
origin of most reactive oxygen species in vivo. However, SOD nanozymes
reported thus far have yet to approach the activity of natural enzymes. Here,
we report a carbon dot (C-dot) SOD nanozyme with a catalytic activity of over
10,000 U/mg, comparable to that of natural enzymes. Through selected
chemical modifications and theoretical calculations, we show that the SOD-
like activity of C-dots relies on the hydroxyl and carboxyl groups for binding
superoxide anions and the carbonyl groups conjugated with the 1t-system for
electron transfer. Moreover, C-dot SOD nanozymes exhibit intrinsic target-
ing ability to oxidation-damaged cells and effectively protect neuron cells in
the ischemic stroke male mice model. Together, our study sheds light on the
structure-activity relationship of C-dot SOD nanozymes, and demonstrates
their potential for treating of oxidation stress related diseases.

The high catalytic efficiency and strong substrate specificity of natural
enzymes make them ideal catalysts in biomedical applications.
Horseradish peroxidase, for example, is frequently utilized in enzyme-
based sensing for biomarkers', viruses?, and bacteria®. Catalase, which
catalyzes the decomposition of hydrogen peroxide into water and
oxygen, could improve the antitumor efficiencies of radiotherapy*,
sonodynamic therapy®, and photodynamic therapy® by relieving the
hypoxia of tumor microenvironment. Superoxide dismutase has been
used to treat skin inflammations’, inflammatory arthritis®, lung

diseases and pulmonary fibrosis’, and diabetic nephropathy™, etc.
However, most natural enzymes suffer from the ease of denaturation,
high cost, difficulty of preparation, and being burdensome for mass
production. To address these issues, artificial enzymes have emerged
as stable and low-cost alternatives to enzymes'. Among which, nano-
materials with enzyme-like properties (nanozymes) have changed our
perception of nanomaterials and enzyme mimics, gaining considerable
attention due to their capacity to overcome the disadvantages of
natural enzymes”. Over the past decade, many nanomaterials were
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designed to attain high enzyme-like activities by imitating natural
enzyme active centers or integrating multivalent elements within
nanostructures. However, because of the varying composition and
structure of different nanozymes, many complicated catalytic beha-
viors have been observed in nanozymes, making it difficult to identify
the active sites and, as a result, hard to design nanozymes with desir-
able catalytic activity and selectivity''*. Up to now, nanozyme research
mostly revolves around oxidoreductase activities, including oxidase
(OXD)-®, peroxidase (POD)-', catalase (CAT)-", and superoxide dis-
mutase (SOD)-“like activities. Among them, POD nanozymes have
been most extensively studied, from structure-activity relationship to
catalytic mechanism, as well as their potential applications in disease
diagnostics and therapy", with the activity of POD nanozyme, such as
single atom nanozymes*’, now comparable to that of natural perox-
idase enzymes. Aside from POD nanozymes, which catalyze the pro-
duction of reactive oxygen species (ROS) in vivo”, nanozymes with
SOD-*, CAT-?, and glutathione peroxidase (GPx)-** like activities have
been employed to eliminate ROS for cytoprotection, anti-inflamma-
tion, or antitumor theranostics®%. However, research on SOD nano-
zymes, which catalyze the dismutation of superoxide radicals, the
source of a vast majority of ROS in cells, is still minimal. Most reported
SOD nanozymes typically exhibit modest catalytic efficiency (Supple-
mentary Table 1), and the catalytic mechanism remains unclear. With
the increasing number of disorders linked to ROS, clarifying the cata-
lytic mechanism, and designing high activity SOD nanozymes are in
urgent demand®.

Carbon nanomaterials with well-defined electronic and geometric
structures have shown the capability of mimicking the catalytic activ-
ities of natural enzymes. Carbon nanomaterials-based nanozymes are
prospective alternatives for natural enzymes in biomedical applica-
tions due to their unique electrical, optical, thermal, and mechanical
capabilities®. In particular, carbon dots (C-dots), as a class of photo-
luminescent nanomaterials, have received substantial interest in the
past decade owing to their unique properties®*. C-dots offer the
benefits of small size, easy synthesis, cheap cost, controllable lumi-
nescence emission, strong photostability, and superior biocompat-
ibility over other fluorescent nanomaterials such as quantum dots,
metal clusters, and rare earth nanoparticles®*>*. Moreover, abundant
oxygen-containing functional groups on the surface of C-dots, such as
carbonyl, carboxyl, hydroxyl, and other functional groups, endow
them with good water solubility and ease of functionalization® .
Consequently, C-dots have shown great potential applications in sen-
sing, bioimaging, light-emitting diodes, therapy, etc®*°. Of note,
C-dots exhibit catalytic activity due to their size effect and abundant
active sites**2. C-dots with peroxidase-like activity were synthesized
via the oxidation of candle soot by Zheng et al.*. Since then, the C-dots
with enzyme-like activity have gained considerable scientific interest
and have been effectively employed in the detection of hydrogen
peroxide*, cholesterol®, glucose*®*’, carcinoembryonic antigen*s, as
well as in tumor imaging®, cell detoxification®, anti-inflammation®,
and cancer therapy*>*. Previous works mainly focused on the perox-
idase activity of C-dots, while reports on how to design C-dot nano-
zymes with high antioxidant activity are scarce.

In this work, taking advantage of the tunable surface functional
groups and well-defined structure of carbon material, we design C-dots
with high SOD-like activity (C-dot SOD nanozyme, >10,000 U/mg) and
unveil their catalytic mechanism. Surface structure tuning and theo-
retical calculations reveal the surface state-related catalytic activity of
C-dot SOD nanozyme. The hydroxyl and carboxyl groups of the C-dots
bind superoxide anions and the carbonyl groups oxidize superoxide
anions, producing oxygen and reduced-state C-dots. The reduced
C-dots are oxidized back into the initial state by another superoxide
anion and produce hydrogen peroxide (H,0,). Importantly, the C-dot
nanozymes selectively target oxidation-damaged cell and mitochon-
dria. Combined with its high catalytic activity, we successfully employ

C-dot SOD nanozymes to reduce the intracellular ROS level and pro-
tect neurons from oxidation stress caused by ischemic stroke in vivo.
Moreover, C-dot SOD nanozymes possess the advantages of high sta-
bility, facile preparation, low cost, and easy-to-scale production,
overcoming the limitations of natural enzymes and showing great
application potential in industrial, medical, and biological fields, etc.

Results and discussions

Preparation and characterization of C-dot SOD nanozymes

We first set out to determine the ideal method to synthesize C-dots
with high SOD-like activity. C-dots were synthesized from larger car-
bon structures, i.e. graphite powder, carbon black, and activated
charcoal, by oxidative treatment with a mixture of nitric acid and
sulfuric acid (Viyno, : Vi,s0, =1: 1). Transmission electron microscopy
(TEM) images (Fig. 1a—c) showed that the C-dots derived from graphite
powder, carbon black, and activated charcoal were homogeneous with
average diameter of 2.3+ 0.4, 2.1+ 0.4, and 2.0 + 0.4 nm, respectively.
As shown in the high-resolution TEM image (Fig. 1a—c inset), all of the
C-dots exhibited crystallinity with lattice spacings of 0.32, 0.34 and
0.21 nm, corresponding to the (002), (002) and (100) facets of gra-
phite, respectively’**. The SOD-like activity of the C-dots was then
quantified using a commercial SOD assay kit (WST-1). As shown in
Fig. 1d, the SOD-like activity was represented by the enzyme specific
activity (U/mg). C-dots synthesized from graphite powder and carbon
black showed relatively low activities of 405 and 418 U/mg, respec-
tively. Surprisingly, the SOD-like activity of C-dots prepared from
activated charcoal exhibited an ultrahigh SOD-like activity of 1.1 x 10*
U/mg, which was substantially greater than the SOD-like activity of
already reported SOD nanozymes and even natural SOD enzyme
(Supplementary Table 1). This could be due to the differences in
structural features of these raw carbon materials, such as crystal
structure (Supplementary Fig. 1), density, porosity, hardness, etc.,
which have effect on the thermodynamics and kinetics of the oxidation
and etching process that affect the formation, surface structure, and
catalytic performance of C-dots.

To investigate the determining factor for the SOD-like activity of
C-dots, the surface structural differences of the C-dots derived from
the three kinds of materials were investigated. The Raman spectra
(Fig. 1e) of these C-dots displayed the G- (1596 cm™) and D- (1380 cm™)
bands with Ip/lg of 0.9 to 1.0, indicating large portion of defects on
their surface induced by the strong oxidation. The XRD patterns of
these C-dots are shown in Fig. 1f. The diffraction peaks of activated
charcoal- and carbon black-derived C-dots with 20 values of 25-26 °©
and 42-46 ° attributing to the (002) and (100) facets, respectively, of
graphite [powder diffraction file (PDF Card No. 01-0640)]. The (002)
and (100) facets correspond to the facets parallel and perpendicular to
the sp?-carbon layer of graphite, respectively, consisting with the TEM
results. In contrast, no discernible diffraction peaks were detected in
graphite powder-derived C-dots, which may be due to the severe
structural damages during the oxidation process. C 1s X-ray photo-
electron spectroscopy (XPS) was conducted to semi-quantitatively
analyze the surface structures of these C-dots (Fig. 1g-i). The XPS
results indicated the presence of C=C,C-0,C=0,and 0-C=0 on
the surface of these C-dots. The carbon-to-oxygen ratios of graphite
powder-, and carbon black-derived C-dots were 1.33 and 1.45, respec-
tively, much lower than that of activated charcoal-derived C-dots
(2.01), indicating that graphite powder-, and carbon black-derived C-
dots possess higher degree of surface oxidation. The C = C content of
activated charcoal-derived C-dots was as high as 71%, while those of
graphite powder- and carbon black-derived C-dots were only 57% and
64%, respectively (Supplementary Table 2). The high content of C=C
suggests a large m-electron system that could promote electron
transfer and stabilize intermediate products containing unpaired
electrons. Therefore, sufficient C=C content is necessary for C-dots
with high SOD enzymatic activity.
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Fig. 1| Characterization of C-dot SOD nanozymes. TEM (Inset: HR-TEM) images of
C-dots prepared from (a) graphite powder, (b) carbon black, and (c) activated

charcoal. d The SOD-like activities of C-dots prepared from graphite powder, car-
bon black, and activated charcoal. e Raman spectra and (f) XRD patterns of C-dots
prepared from graphite powder, carbon black, and activated charcoal as indicated.

Binding energy (eV)

Binding energy (eV)

C 15 high-resolution XPS spectra with identification of peaks by curve fitting of
C-dots prepared from (g) graphite powder, (h) carbon black, and (i) activated
charcoal. For (a—c), three times each experiment were repeated independently with
similar results. In (d), data are presented as means + SD from three independent
experiments.

In addition, we also found that compared to activated charcoal-
derived C-dots, carbon black-derived C-dots and graphite powder-
derived C-dots exhibited lower carbonyl content, suggesting that
carbonyl groups may also affect the SOD-like activity of C-dots. In the
FT-IR spectra of these C-dots (Supplementary Figs. 2 and 3), the strong
bands at 3412, 1726, and 1240 cm™ were ascribed to the stretching
vibration of O-H, C =0, and C-O, respectively. The absorption bands at
1620 and 1350 cm™ could be attributed to the stretching vibration of
C = C and the bending vibration of C-H, respectively. The peaks ranging
from 2870 to 2980 cm™ were attributed to the stretching vibration of
C-H in aliphatic hydrocarbons while the broadband around 2560 cm™
was attributed to hydrogen bond stretching vibration®®***’, The sig-
nificant difference in absorption peak intensities of these functional
groups among the three kinds of C-dots indicated a variation in the
contents of functional groups. Surface functional groups of C-dots
could be quantified by 'H-NMR spectroscopy using potassium biph-
thalate (PBP) as an internal standard® (Fig. 2d and Supplementary Fig.
4). The total content of the reactive carboxyl and hydroxyl groups on
graphite powder-, and carbon black-derived C-dots were calculated to
be 0.85 and 3.08 mmol/g, respectively, lower than that of activated
charcoal-derived C-dots (4.35 mmol/g). However, XPS results showed
that the contents of C-O and O-C = O of graphite powder-, and carbon

black-derived C-dots were higher than that of activated charcoal-
derived C-dots, not consistent with the quantitative analysis of
'H-NMR. The reason was that C-O and O-C =0 on the surface of gra-
phite powder and carbon black-derived C-dots were less reactive. This
could be due to their strong steric effects or other existence forms,
including ethers and esters, which XPS was unable to discriminate
from hydroxyl and carboxyl, respectively.

From the above results, it is reasoned that surface oxygen-
containing groups play a key role in the catalytic activity of C-dots. The
oxidation etching in the synthesis process destructs the relatively
complete m-electron system of the original carbon materials, inducing
oxygen-containing functional groups, such as carboxyl, hydroxyl, and
carbonyl groups, on the surface of the C-dots. Simultaneously, the
initially ordered sp? network structure of raw materials converted into
the sp>sp® hybrid nanostructure. Finally, the small size (~2nm) and
large specific surface area enable C-dot SOD nanozyme to provide
abundant binding and catalytic sites for the catalytic reaction. Oxygen-
containing functional groups would combine with superoxide anions
through weak interactions such as static electricity, hydrogen bonds,
and other van der Waals forces, etc., facilitating redox reactions.
Moreover, activated charcoal-derived C-dots synthesized with 0.5h
and 2 h reaction times exhibited lower SOD-like activities than the
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Fig. 2| Surface modifications to determine the catalytic active site of C-dot SOD
nanozymes. a lllustration of C-dots modification. b SOD-like activity change of
C-dots before and after passivation, reduction, and re-oxidation. ¢ FT-IR, (d) 'H
NMR, and (e) S 2p XPS spectra of C-dots, C-dots-PS and C-dots-PS-HCI. C 1 high-
resolution XPS spectra with identification of peaks by curve fitting of (f) C-dots-

Binding energy (eV)
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NaBH, and (g) C-dots-NaBH,-HNOs. h'H NMR spectra of C-dots-NaBH,4 and C-dots-
NaBH4-HNOs. In (b), P values are determined with one-way ANOVA Tukey’s multiple
comparisons test. Data are presented as means + SD from three independent
experiments. Source data are provided as a Source Data file.

optimal 1.5 h (Supplementary Fig. 5), suggesting the reaction time in
synthesis affected the SOD-like activity of the prepared C-dot nano-
zyme. Our previous work demonstrated that the surface-oxidation
degree of C-dots increases as the reaction time prolong*, which con-
firmed the surface-related SOD-like activity of C-dot nanozymes.

Deciphering the mechanism of SOD-like activity of C-dot
nanozymes

Due to the excessive number of variables in a series of samples pro-
duced under various reaction circumstances or utilizing different raw
materials, the inferred catalytic mechanism is unlikely to be convincing
enough. To better understand the origin of C-dot nanozyme activity,
we utilized the C-dots with the greatest enzymatic activity, which were
produced from activated charcoal with an ideal reaction time of 1.5h,
as a model for investigation.

First, we tested whether C-dots also possessed other enzyme-like
activities in addition to SOD-like activity, such as catalase-, peroxidase-
and oxidase-like activities. Monitoring the decomposition of H,O, was
used to quantify catalase-like activity. By measuring the oxidation of
3,3,5,5-tetramethyl-benzidine (TMB) in the presence of H,0, and
dissolved oxygen, respectively, peroxidase- and oxidase-like activities
were detected. As shown in Supplementary Fig. 6, no significant cat-
alase, peroxidase, or oxidase-like activities were detected in the C-dots.
As aresult of the relatively exclusive SOD-like activity of as-prepared C-
dots, a more detailed examination into the mechanism of their cata-
lytic activity is possible.

To investigate the role of the carboxyl and hydroxyl groups on the
surface of C-dots in SOD-like activity, we selectively used 1,
3-propanesultone (PS) to deactivate carboxyl and hydroxyl groups. 1,
3-propanesultone (PS) reacts with carboxyl and hydroxyl groups on
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the surface of C-dots to form ester and ether, respectively (indicated as
C-dots-PS), as previously reported in our work®**’. Under acidic cir-
cumstances, the ester can hydrolyze, while ethers cannot. Thus, fol-
lowing the hydrolysis of C-dots-PS in 0.1 M HCI solution, C-dots with
only the hydroxyl groups passivated, C-dots-PS-HCI, were obtained
(Fig. 2a). FT-IR and 'H NMR spectra of C-dots before and after the
reactions were recorded to confirm the surface modification. As shown
in Fig. 2c, the O-H absorption band around 3400 cm™ decreased in the
FT-IR spectrum of C-dots-PS and increased in that of C-dots-PS-HCI.
After carboxyl groups were converted into esters, the absorption
intensity of C =0 increased. The peak around 1730 cm™ increased in
the FT-IR spectrum of C-dots-PS while the peak in C-dots-PS-HCI
decreased. In addition, the characteristic absorption peaks of the sul-
fonic acid group (-SO3") at 528, 610, and 1047 cm™ appeared in the FT-
IR spectrum of C-dots-PS and decreased in that of C-dots-PS-HCI, while
the stretching vibration of the hydrogen bond of associating carboxyl
group (2560 cm™) decreased in the FT-IR spectrum of C-dots-PS and
restored in that of C-dots-PS-HCI. In the 'H NMR spectrum of C-dots-PS
(Fig. 2d), three new peaks at 2.1, 2.9, and 4.4 ppm appeared, which were
corresponding to 'H nuclei of 8, &, and y of -SO5", respectively”. These
characteristic absorption peaks decreased significantly in the '"H NMR
spectrum of the C-dots-PS-HCI. Moreover, the XPS spectra showed
that the sulfur content increased in C-dots-PS and decreased in that of
C-dots-PS-HCI (Fig. 2e). These results indicated the successful mod-
ification of the C-dots surface.

The SOD-like activity of C-dots-PS was determined to be 1.6 x 10°
U/mg (Fig. 2b), indicating that the passivation of hydroxyl and carboxyl
groups decreases the SOD-like activity of C-dots. For C-dots-PS-HClI, in
which the carboxyl groups recovered while hydroxyl groups remained
passivated, the SOD-like activity upturned to 4.0 x 10> U/mg. To rule
out the possibility of the hydrolysis condition increasing the nanozyme
activity of C-dots, the original C-dots were refluxed in 0.1 M HCl for 12 h
(the same procedure as hydrolysis), and the resulting samples was
denoted as C-dots-HCI. The SOD-like activity of C-dots-HCI decreased
slightly (Supplementary Fig. 7), indicating that the hydrolysis process
does not increase the activity of C-dots. As a result, the increase in
catalytic activity of C-dots-PS-HCI compared to that of C-dots-PS could
be reliably attributed to the carboxyl recovery. Moreover, the SOD-like
activity of C-dots-PS-HCI was much lower than that of C-dots-HCI,
indicating that hydroxyl also plays a key role in the SOD-like activity of
C-dots. Therefore, both carboxyl and hydroxyl groups are important
structure in the catalytic activity site of C-dots.

To study the contribution of the carbonyl groups to the nano-
zyme activity of C-dots, we utilized sodium borohydride (NaBH,) to
reduce the carbonyl groups on the surface of C-dot SOD nanozyme
(Fig. 2a), as previously reported in our work®. The XPS spectrum of
reduced C-dots (C-dots-NaBH,) showed that the peak attributing to
C-O increased significantly while the peak attributing to C=0
decreased (Fig. 2f). The content ratio of hydroxyl to carbonyl increased
from 0.9 (C-dots) to 2.9 (C-dots-NaBH,). In the 'H NMR spectrum of C-
dots-NaBH,, the peaks ranging from 3.38 to 3.74 ppm decreased,
suggesting that the carbonyl groups are reduced to hydroxyl groups.
The peaks ranging from 1.05 to 2.00 ppm increased (Fig. 2h), which can
be attributed to B-H of the newly formed hydroxyl group converted
from the carbonyl group®®. The SOD-like activity of C-dots-NaBH,4 was
determined to be 1.1 x10* U/mg (Fig. 2b), which was much lower than
that of C-dots, indicating that the carbonyl group plays a critical role in
the catalytic activity site. To verify this, we used 5M HNO; to oxidize
the C-dots-NaBH, for 36 h at 40 °C, producing C-dots-NaBH;-HNO;.
The XPS spectrum of C-dots-NaBH,-HNO; showed that the peak of C-O
decreased while the peak of C=0 increased (Fig. 2g). The ratio of
hydroxyl to carbonyl decreased to 1.1, indicating that the hydroxyl
groups are oxidized to C=0. In 'H NMR of C-dots-NaBH,-HNOj3, the
peaks ranging from 1.05 to 2.00 ppm decreased to a negligible level,
also confirming the re-oxidation of C-dots-NaBH, (Fig. 2h). The SOD-

like activity of producing C-dots-NaBH,-HNO; was restored to 3.8 x 10
U/mg (Fig. 2b). The reason for the incomplete recovery of SOD-like
activity of C-dots-NaBH4-HNO3; may be due to the decrease of C=C
content caused by the oxidation process.

To further study the surface state-related nanozyme activity, the
C-dots were hydrothermally treated in a NaOH solution (5M) for 24 h
at 200 °C, and subsequently were reduced by hydroiodic acid (HI) in
acetic acid®**®, producing C-dots-NaOH-200 °C and C-dots-NaOH-HI
(Fig. 3a). For C-dots-NaOH-200 °C, carbonyl content decreased from
9.2% to 3.7%, C = C content increased from 71% to 74%, while the con-
tents of hydroxyl and carboxyl did not change significantly (Fig. 3b). To
confirm the effect of i-system on the SOD-like activity, the C-dots were
stirred in a 0.5 M NaOH solution for 24 h at 40 °C (Fig. 3a), producing
C-dots-NaOH-40 °C. As shown in Fig. 3c, the carbonyl group content of
C-dots-NaOH-40 °C decreased to 4.4%, while the C = C content almost
stayed unchanged. The /p//; for C-dots-NaOH-40 °C was 1.01 (Fig. 3d),
which was similar to that of C-dots (1.02), confirming that the con-
jugated system remained unchanged. For C-dots-NaOH-HI, almost all
the carbonyl groups were removed, while C=C content increased to
79.8% (Fig. 3e). The Ip/I for C-dots-NaOH-HI (0.71) was much smaller
than that of C-dots-NaOH-200 °C (0.97) (Fig. 3d). The SOD-like activity
of C-dots-NaOH-HI decreased to 100 U/mg, 1% of C-dots (Fig. 3f),
indicating that the carbonyl group may be the most important factor
for the SOD-like activity of C-dots. The SOD-like activity of C-dots-
NaOH-200 °C decreased to 810 U/mg (8% of C-dots) while that of C-
dots-NaOH-40 °C decreased to 448 U/mg (4% of C-dots) (Fig. 3f).
Considering the contents of hydroxyl, carbonyl and carboxyl groups of
C-dots-NaOH-200 °C were lower than that of C-dots-NaOH-40°C, the
lower SOD-like activity of C-dots-NaOH-40 °C could be attributed to
the lower C = C content, confirming a key role of mi-system of C-dots for
their SOD-like activity (Supplementary Table 2).

Our above experimental evidences indicate that, although there
are many factors affecting the SOD-like activity of C-dot nanozyme, the
carbonyl groups of C-dot SOD nanozyme are the catalytic site of the
SOD-like activity and the hydroxyl groups play an important role in
binding with the reactants. Based on the experimental results, we
simulated the SOD-like activity by a carbonyl group of C-dot nanozyme
with and without hydroxyl groups to verify the catalytic mechanism.
The proposed reaction pathway of the SOD-like catalytic cycle was
investigated by employing density functional theory (DFT) calcula-
tions as shown in Fig. 4. As is known that the O, is reported to be a
Bronsted base with pKb=9.12%, and it can readily capture a proton
from water solution forming HO," and OH, as illustrated by the fol-
lowing equation:

0, +H,0 — HO, +OH" o

Therefore, the following below equations serve as a plausible
mechanism for the SOD-like activity of a catalytic site:

2HO, — 0,+H,0, @)
HO, +0=(C—dot)=0 — 0,+HO — (C—dot)— O (3)

HO, +HO — (C — dot) — O — H,0,+0=(C —dot)=0  (4)

The whole SOD-like catalytic cycle (Eq. (2)) of a catalytic site
consists of two elementary reactions including an oxidation reaction
(Eq. (3)) and a reduction reaction (Eq. (4)). A carbonyl group of C-dot
(named 1t-C = O) can be converted to a hydroxyl group (named 1-OH)
by oxidizing a HO,' free radical to produce an O, molecule (from state
2 to state 3 in Fig. 4a and c), and a hydroxyl group of C-dot can be
converted to a carbonyl group by reducing a HO, free radical to
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Fig. 3 | Surface modifications to determine the catalytic active site of C-dot SOD
nanozymes. a lllustration of C-dots modification. C 1s high-resolution XPS spectra
with identification of peaks by curve fitting of (b) C-dots-NaOH-200 °C, (c) C-dots-
NaOH-40 °C and (e) C-dots-NaOH-HI. d Raman spectra of C-dots-NaOH-200 °C, C-

dots-NaOH-40 °C and C-dots-NaOH-HI. f SOD-like activities of C-dots-NaOH-
200 °C, C-dots-NaOH-40 °C, and C-dots-NaOH-HL. In (f), data are presented as
means + SD from three independent experiments.

produce an H,0, molecule (from state 4 to state 4 in Fig. 4a and c).
Figure 4a and c indicates that there are both seven different states
including 2 transition states (named TS1/TS2) in the proposed reaction
pathway for the bare m-C=0 group and hydroxyl assisted -C=0
group to achieve the SOD-like catalytic cycle. Our calculations show
that, compared with the C-dot nanozyme without hydroxyl group, the
binding energy between HO, and C-dot nanozyme with hydroxyl
group is much lower (-0.65 eV vs. —0.54 eV as shown in Fig. 4c and d),
which indicates that the hydroxyl C-dots have stronger ability to cap-
ture HO,' free radicals. In the Michaelis-Menten equation, Ky; denotes
the equilibrium constant of the following reaction:
HO,” — HO, +7,4GY, (5)
Where the asterisk (*) denotes an unoccupied active site on the
C-dot and the AG°,,, denotes the change of standard Gibbs free energy.
According to the van't Hoff equation,
0 _ oAGn/RT (6)
Where K°y denotes the standard dissociation constant, R denotes the
gas constant, and T denotes the temperature. According to the above
formula, the ratio for two K°y values of SOD-like catalytic cycles of

C-dot nanozymes with and without hydroxyl group was about 1.4/100,
which indicates the SOD-like catalysis was much easier to occur for
hydroxyl assisted 1-C = O groups than that of bare 1t-C = O groups. This
calculation result was generally consistent with the experimental
finding that the passivation of hydroxyl groups reduces the SOD-like
activity of C-dots to ~16%. These results indicate that hydroxyl is the
key structure of the SOD-like catalytic activity site of the C-dot
nanozyme. This mechanism study shows that the SOD-like activity of
C-dot nanozyme relies on the functional groups, and this under-
standing enables the rational design of C-dot SOD nanozyme with
higher activity.

Moreover, C-dot SOD nanozymes showed robust thermal, acidic,
and alkali stability (Supplementary Fig. 8a). After pretreatment in 37,
60, and 90 °C water bath for 1h, the C-dot SOD nanozymes still
retained high SOD-like activities at 90-95% of the original activity,
indicating that C-dot SOD nanozyme possesses better thermal stability
than the natural SOD, which denatures in high temperature®®. The
C-dot SOD nanozymes were also pretreated with hydrochloric acid
(HCI) and sodium hydroxide (NaOH) solution to study their resistance
to acid and alkali. After pretreatment in 0.05M HCI and 0.01 M NaOH
solutions, the C-dot SOD nanozymes still retained SOD-like activities of
92% and 84% (Supplementary Fig. 8b), respectively, which are unrea-
lizable in natural SOD. Electron spin resonance (ESR) spectroscopy was
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used to assess the superoxide radical (O,")-scavenging capacity of
C-dot SOD nanozyme. Superoxide generated from the reaction of
L-methionine with riboflavin under LED irradiation could be trapped
by 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), producing the adduct of
DMPO/‘OOH. The ESR signal of DMPO/'OOH decreased along with the
increase of C-dot SOD nanozyme concentration, which indicated that
C-dots exhibit SOD-like activity and directly eliminate O,~ (Supple-
mentary Fig. 9).

C-dot SOD nanozymes specifically targeting the

ROS-damaged cells

Given their remarkable SOD-like activity, C-dot SOD nanozymes have
potential to protect cells against excessive ROS. During reperfusion
after ischemic stroke, the level of ROS rapidly increases to a high point
that typically induce the breakdown of the blood-brain barrier, the
death of neuron cells and cascade inflammations. Here, the intracel-
lular antioxidant capacity of C-dot SOD nanozymes was investigated
with the intent of using the C-dot SOD nanozymes to scavenge ROS
caused by reperfusion after ischemic stroke.

To assess whether C-dot SOD nanozymes are more prone to
enter cells with high ROS level (Fig. 5a), we incubated Cyanine-5.5
(Cy5.5) labeled C-dots (C-dots-Cy5.5) with human neuroblastoma
(SH-SY5Y) cells treated with H,O, (50 pM, 100 pM, and 200 pM). As
shown in Fig. 5b, C-dot SOD nanozymes tended to accumulate more
in the cells treated with higher concentration of H,0,. The accumu-
lation of C-dots in the cells was further quantified by using flow
cytometry, and the results show that C-dots accumulated sig-
nificantly higher in 200 M H,0, treated cells than in PBS treated cells
(Fig. 5¢, e). These results indicate that the targeting ability of C-dot
SOD nanozymes to oxidation-damaged cells, which may be due to
the better permeability of membrane damaged by oxidative stress, is

consistent with the previous report that graphene-based nano-
particles target tumor cells by a cell membrane permeability target-
ing mechanism®. One of the challenges with SOD nanozymes used
in vivo is that many nanoparticles are trafficked into endo/lysosomes
after cell uptake, and thus lysosomes are a huge barrier against effi-
cient SOD-like activity, since the pH levels in lysosomes are not ideal
for the SOD nanozyme. Therefore, subcellular location of the nano-
zyme is also a key factor for determining its enzyme activity and
ability to scavenge free radicals. Mitochondria are the primary
organelles for the generation of O, that induce oxidative damage of
cells. Following the staining of mitochondria with Mitotracker, we
found that C-dot SOD nanozymes showed mitochondrial accumula-
tion (Fig. 5d) with a Pearson’s correlation coefficient of 0.43%. Fur-
thermore, co-staining C-dots with lysosome showed no visible
overlap (Fig. 5f) with a Pearson’s correlation coefficient of 0.03,
indicating no significant accumulation of C-dot SOD nanozyme in the
lysosome. These results demonstrated that the C-dot SOD nano-
zymes are capable of targeting the mitochondria by overcoming the
cell membrane.

Next, we evaluated whether C-dot SOD nanozymes can reduce
intracellular ROS. SH-SY5Y and RAW264.7 (mouse peritoneal macro-
phages) cells were cultured to assess the cytotoxicity of C-dot SOD
nanozymes, and to study the potential of C-dot SOD nanozymes in
scavenging ROS in vitro. 2’,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) was employed as a probe for the detection of intracellular
ROS. SH-SYSY were treated with paraquat, a widely used reagent to
stimulate O, production in cells, to increase the intracellular ROS
level. The fluorescence intensity of the cells, as shown in Fig. 5g, indi-
cates the ROS level. Cells treated with C-dot SOD nanozymes together
with paraquat exhibited lower fluorescence intensity than cells treated
with paraquat alone. Using flow cytometry, we further quantified the
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fluorescence, and the flow cytometry results confirmed that C-dot SOD
nanozymes treated group exhibits significantly lower fluorescence
(Fig. 5k and 1). The cell viability also showed that co-incubation with
C-dot SOD nanozymes significantly decreased the cell death caused by
the paraquat (Supplementary Fig. 10). These results indicated that the
C-dot SOD nanozymes successfully protect living cells from ROS
through scavenging O,", the origin of ROS.
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Fig. 5 | Oxidation-damaged cell targeting ability and ROS scavenging capacity
of C-dot SOD nanozymes. a lllustration of the selective targeting and ROS
scavenging ability of C-dot SOD nanozymes to oxidation-damaged cells, adapted
from “Compare and Contrast Layout—Cell”, by BioRender.com (2023). Retrieved
from https://app.biorender.com/biorender-templates. b Representative confocal
imaging of C-dot SOD nanozymes accumulating in SH-SY5Y cells in the presence of
various concentrations of H,0, (n =3 independent experiments). ¢ Flow cytometry
analysis and (e) corresponding quantification analysis of mean fluorescence density
for the accumulation of C-dot SOD nanozyme in SH-SY5Y cells (n =3 independent
experiments). d Confocal images of the colocalization of Cy5.5 labeled C-dot SOD
nanozymes (magenta) with mitochondria (yellow), and nuclei stained with DAPI
(cyan) (n =3 independent experiments). f Confocal images of the colocalization of

Cy5.5 labeled C-dot SOD nanozymes (magenta) with lysosome (yellow), and nuclei
stained with DAPI (blue) (n =3 independent experiments). g ROS production
detected by fluorescence probe DCFH-DA in SH-SY5Y cells using confocal micro-
scopy. h Flow cytometry analysis and (i) corresponding quantification analysis of
ROS levels in cells with different treatments (n = 3 independent experiments). j O~
concentration detected by fluorescence probe DHE in SH-SY5Y cells using confocal
microscopy. k Flow cytometry analysis and (I) corresponding quantification ana-
lysis of O, levels in cells with different treatments (n =3 independent experi-
ments). In (e, i, and I), data are presented as means + SD from 3 independent
experiments. P values are determined with one-way ANOVA Tukey’s multiple
comparisons test. Source data are provided as a Source Data file. For (c, h, and k),
the gate strategies were shown in Source Data.

The ischemic microenvironment also activates macrophage or
microglia that already lie resident in the infarcted area. To test whether
C-dot SOD nanozymes were also capable of eliminating ROS from
macrophages, RAW264.7 cells were incubated with C-dot SOD nano-
zymes and then treated with exogenously Rosup. The intracellular ROS
and O,” were determined using DCFH-DA and DHE as the probes,
respectively. As shown in Supplementary Fig. 11, negligible fluores-
cence signal was detected in the control group (untreated cells) and
the cells incubated with C-dot SOD nanozyme, confirming good bio-
compatibility of the C-dot SOD nanozyme. While high fluorescence
intensity was detected in cells treated with Rosup, with the assistance
of C-dot SOD nanozymes, the fluorescence intensity of the cells treated
with Rosup significantly decreased, indicating the antioxidant ability of
C-dot SOD nanozymes. Overall, these results demonstrated the ROS
scavenging capacity of C-dot SOD nanozymes in living cells.

C-dot SOD nanozymes alleviating neurological damage induced
by ischemic stroke

Ischemic stroke is one of the main causes of death globally, with
considerable morbidity, disability, recurrence, and mortality. How-
ever, current treatments for ischemic stroke are far from satisfactory®.
Part of the reason is that ROS are elevated in the ischemic region after
the reperfusion, leading to the oxidative damage to neurons®.
Therefore, ROS scavenging nanozymes have the potential in relieving
the pathological conditions®.

Here, to determine whether C-dot SOD nanozyme can success-
fully scavenge ROS in vivo, a typical middle cerebral artery occlusion
(MCAO) infarcted ischemic stroke mice model was employed. We first
investigated the half-life and pharmacokinetic behavior of C-dot SOD
nanozyme in vivo by monitoring the fluorescence of Cy5.5 labeled on
C-dot nanozymes. As shown in Fig. 6a, C-dot nanozymes exhibited a
half-life of 53 min in the plasma after tail intravenous injection. Next,
we studied the pharmacokinetic behavior of C-dot SOD nanozymes by
tracking the fluorescent signal of the CyS5.5 labeled C-dots in MCAO
mice (Supplementary Fig. 12). At 2 h post-injection, C-dot SOD nano-
zymes mainly accumulated in the liver and kidney with small amounts
in the spleen and lung as well. The accumulation of C-dot SOD nano-
zymes in the liver dropped significantly 6 h after injection. Interest-
ingly, the amount of C-dot SOD nanozymes accumulated in the brain
of MCAO mice did not diminish significantly over the 24 h period post-
injection (Supplementary Fig. 12). As shown by the brain section ima-
ging, the fluorescence of the infarcted model was substantially greater
at 24 h post-injection compared to the sham mouse brain, demon-
strating that the C-dot SOD nanozymes accumulate preferentially in
the infarcted brain regions (Fig. 6b). These results may be caused by
ischemic stroke partially damaging the blood brain barrier. In addition,
the ROS damage targeting ability of C-dot nanozymes also facilitated
their accumulations in the damaged brain area.

We then evaluated the therapeutic effects of C-dot SOD nano-
zymes on the ischemic stroke male mice model. First, we established
the optimal dose of C-dot SOD nanozymes for remedying MCAO mice.
As shown in Fig. 6c and Supplementary Fig. 13, the MCAO mice

administrated with dose of 2.5 mg/kg C-dot SOD nanozymes exhibited
the lowest infarcted area. Doses of C-dot SOD nanozymes less than
2.5mg/kg may not have had sufficient concentration to effectively
scavenge the superoxide radicals in vivo, thus unable to mitigate the
ROS in ischemic stroke. On the other hand, doses higher than 2.5 mg/
kg were thought to over-scavenge ROS in vivo, disrupting the redox
balance of cells, which is critical to the survival and proliferation of the
cells. Under the optimal concentration of 2.5 mg/kg, we investigated
the therapeutic effects of three kinds of C-dot SOD nanozymes with
specific activities of 1.6 x10% 3.8x10* and 1.1x10* U/mg (Supple-
mentary Table 2), representing low, medium, and high activity, on
recovering following a stroke. The neuro score and infarct size were
evaluated at 24 h after the ischemic-reperfusion. As shown in Fig. 6d
and e, compared to PBS group, individual injection of C-dots-NaBH,-
HNO; and C-dots (with medium and high SOD-like activities, respec-
tively) significantly reduced the infarcted area in the brain. C-dots-PS
group, on the other hand, had a lower impact on the infarcted area of
the brain, which is consistent with their low of SOD-like activity. The
neurological scores after the treatment further indicate that C-dot
nanozymes significantly alleviate the neurological and cognitive
damage caused by ischemic stroke in vivo (Fig. 6f). The MCAO mice
treated with PBS buffer showed evident behavioral disorders post-
ischemic stroke with a neurological damage score of 3-4. In contrast,
the MCAO mice treated with C-dot nanozymes with the highest SOD-
like activity scored 1-2, while the MCAO mice treated with C-dots-PS
and C-dots-NaBH4-HNOj; scored 1-3. TUNEL assay showed that the
apoptotic cells in the brains of MCAO mice were remarkably reduced
when treated by C-dot nanozymes (Fig. 6g). Malondialdehyde (MDA)
assay was used to detect the level of lipid peroxidation in the brain
homogenate (Fig. 6h). The results showed that the level of lipid per-
oxidation in the brains of MCAO mice decreased to the level of the
sham mice after the treatment of the three kinds of C-dots, indicating
that the relief of neurological impairment is attributable to the
reduction of ROS by C-dot SOD nanozymes. Several proinflammatory
cytokines, including tumor necrosis factor-a (TNF-a), interleukin 1
(IL-1B), and interleukin 6 (IL-6) are important in infarction progression
and tissue injury. The reduction in these inflammatory markers is
related to the successful treatment of the ischemic stroke. As shown in
Fig. 6i-k, levels of inflammatory factors including TNF-a, IL-13, and IL-6
in MACO mice significantly decreased after treatment of C-dot nano-
zymes with the highest activity while those of the groups treated with
C-dots-PS and C-dots-NaBH4-HNO; exhibited less or no significant
changes. The above results indicate that C-dot SOD nanozymes suc-
cessfully reduce ROS-mediated oxidative damage in ischemic stroke
model, and a better therapeutic effect was observed in C-dots with
higher SOD-like activity.

In vivo toxicological analysis of C-dot SOD nanozyme

C-dots have been known to exhibit good biocompatibility. The in vivo
toxicity of C-dot SOD nanozymes were systematically evaluated to
ensure their safety. The safety evaluations were performed at the
optimal therapeutic dose of 2.5 mg/kg. As shown in Fig. 7a, the weight

Nature Communications | (2023)14:160


https://app.biorender.com/biorender-templates

Article

https://doi.org/10.1038/s41467-023-35828-2

'3
2 <
<>
a b P c
1.0 .
. High 1
| Whole brain ‘ G a @ 1 = p=00114
> 0.8 g w
g 0.6 Half-life: 53 min T 60
- % oA ]
£ o o € a0 I‘ ) I
o : i &
. o 20 i+ r
. r r . . [
0 200 400 600 800 Brain section - S o s 1 8 2 E
Time post-injection (min) e.o"’ Q ° ﬁ.\'v"é;ﬁ’ \(f’ W2 e
o
¥ o= - Concentration of C-dots (mg/kg)
Low
d e f
£ 100
< b =0.0039 ° =0.0023
g 80 p =0.0089 é 6 | _&l
T =0.0135 2 p=0.0116
3 : Faf oto |
< 2 -4
£ g
K] g 24 [ T
2 @ T
2 z
o 0 .
D 2 o> \’a
& @fl Q‘; I3
0 Ry (¢
S qu;b
2
&
g C-dots-PS C-dots-NaBH,-HNO, C-dots Sham
h % MDA TNF-a J IL-18 k IL-6
° 2 p <0.0001 =5 <0.0001 5 p <0.0001 = 400 p =0.0012
; <0.0001 E 600 =0.0013 E = 0.0002 E r 3:00:;0098
1.5 Y > =0.0271 > —P—|= 04215 3 =0.
T‘E p< ; Z::f1 1 p=0.0169 £ 400 'P—|_ » & 300 J:_m?oa
£ - 5 400 s p= 04858 ] [ P = 05901
£10 p = 0.9230 2 2 p=0.0015 2 20
£ b >0.9999 £ £ 0 p = 0.0065 £ tn -
- = c c c
%05 P o281 g 20 T g = 8 100 +
k=3 PN -t
L T § & | 3
£ 00 T T T 0 . . 0 T T T 0 : r T r
o 2 =3 > & N D =3 2 > & & =] o o & &
] o> & & Q ] o> S X4 Q O &F & 2 Q O°> F &
7 g‘\* o PN N & opo & A Qs‘ & Q b°@ gb\* & &
~
o e&‘b 06 ‘\&Q‘\x }5 0’2‘ % ‘\q&‘?‘
X ) O O
< o,b o.b op

Fig. 6 | Brain protection of C-dot SOD nanozymes against middle cerebral
artery occlusion (MCAO)-induced ischemic and reperfusion injury. a Half-life
analysis of C-dot SOD nanozymes in plasma (n =3 mice). b Ex vivo fluorescence
imaging analyses of the accumulations of C-dot SOD nanozymes (labeled with
Cys5.5) in the brains of sham (24 h post-injection) and MCAO mice (2h, 6 h,and 24 h
post-injection), and corresponding brain sections (n =3 mice). ¢ The cerebral
infarcted area analyses of MCAO mice treated with different dosages of C-dot SOD
nanozymes for 24 h (n =3 mice). d Representative 2,3,5- triphenyltetrazolium
chloride-stained brain sections and (e) quantification of cerebral infarct areas of

MCAO mice treated with different C-dot nanozymes (n =3 mice). f Neurological
score analyses of the MCAO mice treated with different C-dot nanozymes for 24 h
(n=5 mice). g Representative images of TUNEL staining in the brain sections (n=3
mice, scale bar = 25 pm), h Malondialdehyde (MDA) assay in the brain homogenate,
and ELISA assay of inflammatory factors (i) TNF-a, (j) IL-1§ and (k) IL-6 of the
infarcted brain of MCAO mice treated by different C-dot nanozymes (n =3 mice). P
values are determined with one-way ANOVA Tukey’s multiple comparisons test.
Source data are provided as a Source Data file.

change trend of the mice injected with C-dot SOD nanozymes was
consistent with that of the control group. No significant difference was
observed between C-dot SOD nanozymes treated groups and the
control groups in the levels of alanine transaminase (ALT), aspartate
transaminase (AST), alkaline phosphatase (ALP), urea, and creatinine
(CREA) of mice at 7 and 30 days post-injection (Fig. 7b), indicating that
C-dot SOD nanozymes exhibit minimal effects on the kidney and liver
of the mice. Moreover, the routine blood results of healthy mice at
7 days and 30 days with injection of C-dot SOD nanozymes were not
significantly different from the PBS administered group (Fig. 7c). After
injection of C-dot SOD nanozymes, the hematoxylin and eosin (H&E)
staining major organs, including heart, liver, spleen, lung, kidney, and

brain showed no signs of damage, demonstrating the good bio-
compatibility of C-dot SOD nanozymes (Fig. 7d). These data show the
satisfactory biocompatibility of C-dot SOD nanozymes at the ther-
apeutic dose in healthy mice.

Overall, we have synthesized C-dot nanozyme with satisfactory
SOD-like activity through the oxidation of activated charcoal. The
functional groups, including carboxyl, hydroxyl, carbonyl groups, as
well as C = C on the surface of C-dots were tuned by chemical reactions
to investigate the nanozyme catalytic mechanism. Combining with
theoretical calculation, we found that the hydroxyl and carboxyl
groups act as the substrate-binding sites and the carbonyl groups
coupled with m-system serve as the active catalytic sites. Hence,
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Fig. 7| In vivo biosafety analysis of C-dot SOD nanozymes. a Body weight change
in healthy mice after treatment with PBS and C-dot SOD nanozymes, respectively
(n=4 mice). b Blood biochemical analysis and ¢ routine blood test of healthy mice
at 7 days post-injection of C-dot nanozymes and 30 days post-injection of PBS and
C-dot SOD nanozymes, respectively (n =3 mice). The units of different parameters
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in serum biochemical analyses and blood routine tests are shown in source data.
Source data are provided as a Source Data file. d Hematoxylin-eosin staining images
of the tissue sections of heart, liver, spleen, lung, kidney, and brain obtained from
healthy mice after treatment with PBS, and C-dot SOD nanozymes at 7 days and
30 days post injection; (n =3 mice); scale bar =200 pm.

increasing the quantity of hydroxyl, carboxyl, and carbonyl groups on
the surface of C-dots with adequate m-system by chemical modifica-
tions might lead to significant SOD-like activity. Moreover, unlike many
nanoparticles, which are harmful to biological systems, C-dot SOD
nanozymes exhibit satisfactory biocompatibility and are capable of
crossing cell membranes that are damaged by a high level of ROS.
C-dot SOD nanozymes efficiently scavenged intracellular excess ROS
to protect cells from oxidative damage. In the in vivo ischemic stroke
model, C-dot nanozymes were able to specifically accumulate in the
injured brain area, and scavenge ROS to mitigate the damage induced
by the stroke. This work brings to light a SOD activity for C-dot
nanozymes, identifies the mechanism of the SOD-like activity, and
investigates the in vivo behavior of the C-dot SOD nanozymes both in
terms of targeting and therapeutic effects. More importantly, the
C-dot SOD nanozyme overcomes most drawbacks of natural enzymes
including low stability, high cost, difficulty of preparation, and being
burdensome for mass production, which makes them a promising
substitute for natural SOD and great application potential in industrial,
medical, and biological fields.

Methods

Ethical regulations

All research complied with all relevant ethical regulations. Animal
studies were performed following the protocol approved by the
Institutional Animal Care and Use Committee of the Institute of Bio-
physics, Chinese Academy of Sciences (SYXK2019021).

Chemicals and materials
Activated charcoal, 1,3-propane sultone (PS), anhydrous acetonitrile,
sodium bisulfite, hydroiodic acid (HI, 55-57%) and 5,5-dimethyl-1-

pyrroline-N-oxide (DMPO) were purchased from Aladdin Chemical
Reagent Co., Ltd. Carbon black, thionyl chloride (SOCl,), and 3,3',5,5-
tetramethylbenzidine dihydrochloride (TMB) were purchased from
Shanghai McLin Biochemical Technology Co., Ltd. Graphite powder, 1,
4-dioxane, and sodium borohydride (NaBH,) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Triethylamine (TEA) was pur-
chased from Energy Chemical Co. Ltd. Sodium chloride(NaCl), sodium
hydroxide(NaOH), and sodium bicarbonate (NaHCO5) were purchased
from Tianli Enterprise Group Co., Ltd. Sulphuric acid (H,SO,4, 98%), and
nitric acid (HNO3, 65-68%) were purchased from local supplies. Acet-
onitrile was purchased from Tianjin Kermel Chemical Reagent Co., Ltd.
Sulfo-Cyanine5.5 amine was obtained from Lumiprobe. Superoxide
dismutase assay kit (S311) was purchased from Dojindo Molecular
Technologies Co., Ltd. Superoxide dismutase was provided by Siyo-
micro BIO-TECH Co., Ltd. Mito-Tracker Green, total superoxide dis-
mutase assay kit with WST-8, 2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA), and dihydroethidium (DHE) were purchased
from Beyotime Chemical Reagent Co., Ltd. 4’, 6-diamidino-2- pheny-
lindole (DAPI) was obtained from Roche Applied Science. Recombi-
nant anti-LAMP1 antibody was purchased from Abcam. 2,3,5-
Triphenyltetrazolium chloride (TTC, DKO0OOS5) was purchased from
Leagene Biotechnology. Malondialdehyde (MDA, A003-2) was pur-
chased from Nanjing Jiancheng Bioengineering Institute. Interleukin 1
(IL-1B) Detection Kit (MDL, MD6758), Interleukin 6 (IL-6) Detection Kit
(MDL, MD123475) and Tumor necrosis factor o (TNF-a) Detection Kit
(MDL, MD7125) were purchased from Medical Discovery Leader. All
chemical reagents were not further purified and were used directly,
and detection kits were used according to instructions of manu-
facturers. All aqueous solutions used in this work were prepared with
deionized water with a resistivity of 18.2 MQ-cm.

Nature Communications | (2023)14:160

n



Article

https://doi.org/10.1038/s41467-023-35828-2

Instrumentation

Transmission electron microscopy (TEM) images were obtained by
using a FEI Tecnai G2 F30 (FEI, USA) at an acceleration voltage of
300 kV. Powder X-ray diffraction (XRD) data were collected by using
a Bruker D8 ADVANCE (Germany) with a scan rate of 6 °/ min. FT-IR
spectra were recorded by a Thermo Fisher Nicolet 5700 (USA).
Raman spectra were performed by a Thermo Fisher DXR2xi Raman
Imaging Microscope (USA) under excitation wavelength of 532 nm.
The proton magnetic resonance ("H NMR) spectra were recorded
using an AVANCE Il HD (USA) spectrometer (600 MHz, D,0 as sol-
vent). X-ray photoelectron spectroscopy (XPS) spectra were recor-
ded by a Thermo Escalab 250Xi (USA). Electron spin resonance (ESR)
spectra were recorded by a Bruker A300-9.5/12 (Switzerland) at
room temperature. Confocal laser scanning microscopy images
were obtained by Olympus FluoView FV-1000 (Japan). Flow cyto-
metry data were collected by FACS Calibur™, Becton Dickinson
(USA). Microplate absorbance was measured using Tecan Spark
20 M multi-mode microplate reader, Switzerland. The fluorescence
imaging was done using an in vivo imaging instrument (IVIS Lumina
3, PE, USA), and images were obtained by IVIS Living Image
3.0 software (PerkinElmer, USA). Leica DM3000 microscope (Leica,
Wetzlar, Germany) was used to image tissue sections. All the calcu-
lations were carried out using the Gaussian 09 package (Gaussian,
Inc., Wallingford CT).

Synthesis of C-dot SOD nanozymes

In total, 0.5g of bulk carbon material (activated charcoal, carbon
black, or graphite powder) was added to 50 mL of HNO3 and H,SO,
(Vino, : Vis0,=1:1) and refluxed for a given time. The corre-
sponding solution was neutralized with NaHCO;. The resultant
solution containing C-dots was purified by filtering (0.22 um mem-
brane filters) and dialyzing for ca. a week. Then the C-dots solution
was condensed and ultra-filtered by using a Millipore centrifuge filter
device with a molecular-weight cut-off (MWCO) membrane of
100 kDa. The separated fraction with weight equivalent to <100 kDa
was collected and stored for use. It is noted that the optimal time of
C-dots prepared from graphite powder, carbon black, and activated
charcoal with the highest enzymatic activity were 10 h, 1h and 1.5h,
respectively.

Synthesis of C-dots-PS

In total, 1 mL of C-dots (5 mg/mL in water) and 1,3-propanesultone (PS)
(1g) were added to 10 mL of 1, 4-dioxane solution, then 1 mL of TEA was
added to this mixture. The reaction mixture was stirred for 24 h at
40 °C. After then, the solvent of the mixture was removed by rotary
evaporation and the resulting product was redispersed in water and
dialyzed in a 3500-Da dialysis bag for four days. 0.1 M NaCl solution
was used to remove TEA salt through dialysis for the first day, and then
ultrapure water was used for removing NaCl and other impurities for
the other three days™.

Synthesis of C-dots-PS-HCI

C-dots-PS (5mg) was added to HCI solution (0.1M, 10 mL) and then
refluxed for 12 h. The resulting solution was neutralized with NaHCO;
and then dialyzed for 3 d.

Synthesis of C-dots-NaBH,

C-dots (20 mg) was added to NaBH, solution (0.5 M, 50 mL), the mix-
ture was stirred for 24 h at room temperature. The resulting product
was neutralized with HCI and further dialyzed for 3 d*®.

Synthesis of C-dots-NaBH,-HNO;

C-dots-NaBH, (1 mg) was added to HNOj; solution (5M, 10 mL), then
the mixture was stirred for 36 h at 40 °C. The resulting solution was
neutralized with NaHCOj3 and further dialyzed for 3 d.

Synthesis of C-dots-NaOH-200 °C

C-dots (20 mg) was added to NaOH solution (5M, 50 mL), the mixture
was transferred to a Teflon-lined autoclave and heated for 24 h at
200 °C. The resulting solution was neutralized with HCI, and then
dialyzed for 3 d*%.

Synthesis of C-dots-NaOH-HI

In total, 10 mg of C-dots-NaOH-200 °C was added to 20 mL acetic acid
containing 2 mL of HI (55-58%). After refluxed for 24 h, the solution
was immediately poured into 50 mL of sodium bisulfite solution (4%),
and then dialyzed for 3 d to remove impurities®,

Synthesis of C-dots-NaOH-40 °C

C-dots (5mg) was added to NaOH solution (0.5M, 10 mL) and stirred
for 24 h at 40 °C. The resulting solution was neutralized with HCI and
then dialyzed for 3 d.

The SOD-like activity of C-dots

The SOD-like activities of the C-dots were tested by using a Total
Superoxide Dismutase Assay Kit (S311-10, Dojindo Molecular Tech-
nologies) according to the instructions of manufacturer. The SOD-like
activity of C-dots with a series of concentrations was represent as the
inhibition rate of the competitive WST-1 reaction.

Mitochondria/ lysosome localization

SH-SY5Y cell line was purchased form Pricella, CRL-2266. Briefly, SH-
SYS5Y cells were first seeded and cultured for 12 h on a 6-well plate.
After removing the cell medium, adherent cells were treated with
C-dots (25 pg/mL) for 8 h. To eliminate the excess nanoparticles, cells
were washed three times with PBS. To identify the mitochondria, the
cells were incubated with 1 mL of PBS containing 100 nM Mitotracker
for an additional 30 min. To identify lysosomes, cells were fixed for
5 min in 4% formaldehyde in PBS before being permeabilized with 0.1%
Triton X-100. After three washes with PBS, the cells were blocked in 5%
goat serum at 37 °C for 30 min before incubation with an anti-Lampl
mADb (1:200, Abcam) for 1 h at 37 °C. The cells were then washed three
times before being treated with Alexa Fluor 488 goat anti-rabbit sec-
ondary antibody (1:500; ThermoFisher). 4, 6’-diamidino-2-phenylidole
(DAPI, 1 pg/mL, Roche Applied Science) was used to stain the nuclei of
the cells. Finally, the cells were washed with PBS three times. Confocal
laser scanning microscopy (Olympus FluoView FV-1000, Tokyo, Japan)
were used to obtain the cell images.

Accumulation of C-dots in SH-SY5Y cells

Briefly, SH-SY5Y cells were plated in six-well plates at 1.5x10° cells /
well and allowed to settle overnight for adherence. C-dots-Cy5.5
(25 pg/mL) were then added into wells and incubated for 8 h of incu-
bation in the presence of H,0, (50 uM, 100 uM, and 200 puM). Flow
cytometry was used to assess the fluorescence intensities of the cells,
which were then analyzed using the FlowJo 7.6 software.

Intracellular ROS/ O,°~ scavenging in SH-SY5Y cells

The fluorescent probe 2',7-dichlorofluorescein diacetate (DCFH-DA),
and Dihydroethidium (DHE) were employed to evaluate the generation
of intracellular ROS and O,", respectively. SH-SY5Y cells were plated
and allowed to settle overnight for adherence in six-well plates. C-dots
(10 pg/mL) were then added into wells and incubated in the presence
of paraquat (250 pM) for 24 h. The cells were then incubated with 1 mL
of PBS containing DCFH-DA (10 pM) or DHE (10 puM) for 45 min. Finally,
flow cytometry was used to investigate the fluorescence intensities
which were then analyzed using FlowJo 7.6 software.

The cell viability of SH-SY5Y cells co-incubated with C-dots and
paraquat was measured using a Cell Counting Kit-8 (CCK-8) from
Dojindo Chemical Technology (Beijing) Co., Ltd. In brief, SH-SY5Y cells
were plated in 96-well plates at 10* cells/well and allowed to settle
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overnight for adherence before adding paraquat (final concentration
of 250 uM) and various concentrations of C-dots (final concentrations
of 0, 2.5, 10, 20 pg/mL) to the wells. The assay was performed in
accordance to the manufacturer’s instructions, and the absorbance at
450 nm was quantified by a microplate reader.

Animal model

C57BL/6 ] mice (male, 8-10 weeks) were group-housed 5 mice per cage
in temperature (20-26 °C) and humidity (40%-70%) housing rooms on
a 12 h light, 12 h dark cycle. The focal cerebral ischemia-reperfusion
model was constructed based on the reversible middle cerebral artery
occlusion (MCAO) method proposed by Longa et al.*®, with modifica-
tion. Briefly, after a median carotid incision the common carotid artery
(CCA), internal carotid artery (ICA), and external carotid artery (ECA)
of the mice were isolated from the surrounding tissues. To occlude the
middle cerebral artery (MCA), a silicone-wrapped suture was inserted
into the ICA for 10 mm. The end of the suture was secured to the skin,
and the wound was cleaned and sutured. After 2 h of occlusion, the
suture was gently removed to allow for reperfusion. As a control, sham
surgery was employed, which all arteries are exposed throughout
surgical period but the suture is not inserted into the MCA.

Pharmacokinetics analysis

C-dots-Cy5.5 (2.5 mg/kg) were injected intravenously into the tail vein
of C57BL/6 mice to analyze the pharmacokinetics of C-dots (n=3
mice). At different time points (5 min, 10 min, 20 min, 1h,2h,3h, 6 h,
12 h) after injection of C-dots-Cy5.5, 10 pL of blood was drawn from the
tail vein and combined with 5 pL of sodium citrate anticoagulant. To
separate the supernatant, the blood sample mixtures were centrifuged
at 1000 x g for 15 min. 10 pL of the supernatant were added to 490 pL
of PBS then centrifuge at 12,000 xg for 10 min before pipetting
100 microliters of supernatant in a 96-well black plate. A microplate
reader was used to measure the fluorescence intensity in the sample
using an excitation wavelength of 675 nm, and emission wavelength of
695 nm. The in vivo circulating half-life of C-dot SOD nanozyme in
blood stream is calculated by a two-phase decay model by GraphPad 8.

In vivo tracking of C-dots

After 2h of occlusion-reperfusion, C-dots-Cy5.5 (2.5mg/kg) was
injected intravenously. After 2, 6, 24 h of injection (n=3 mice per
group), the mice were sacrificed and their brain, heart, liver, spleen,
lung, kidney were collected, radiance signals in each organ were
measured using IVIS Spectrum Imaging System (Xenogen). For brain
sections, the brain of sham mice 24 h post injection of C-dots-Cy5.5
and 2, 6, 24 h was cut 2.0 mm thick to a total of 4 pieces and measured
using IVIS Spectrum Imaging System (Xenogen). The concentrations of
CyS5.5 in each tissue were determined by using IVIS Spectrum Imaging
analysis software.

In vivo neuroprotection evaluation

For the in vivo anti-ischemic stroke efficacy testing, mice were ran-
domly divided into four groups, normal saline group and the C-dot
treated groups, the dosages of three kinds of C-dot SOD nanozymes
with specific activities of 1.6 x10% 3.8x10* and 11x10* U/mg are
2.5 mg/kg. The treated mice were anesthetized and sacrificed after 24 h
treatment. Brains were immediately removed and used for 2,3,5-tri-
phenyltetrazolium chloride (TTC) staining (n=3 per group). Briefly,
the brains were frozen at —20 °C for 30 min then cut into five 1.5-mm
thick sections and stained with 2% TTC solution in 37 °C for 20 min
before adding to fixing solution. The infarct area was quantified with
Image J.

Neurological scores were evaluated by observing the motor ability
of mice in each group in a blinded fashion to avoid bias (n =5 mice per
group). The higher the score, the more severe the neurological injury.
In detail, normal behavior, no neurological damage: O points; left front

paw unable to fully extend, mild neurological damage: 1 point; moves
in a circle to the left (paralyzed side), moderate neurological damage: 2
points; body severely falls to the left side (paralyzed side), severe
neurological damage: 3 points; unable to walk, loss of consciousness: 4
points.

For TUNEL staining, the treated mice were anesthetized and
sacrificed after 24 h treatment. Brains were immediately removed and
further fixed with 4% paraformaldehyde for 24 h, followed by dehy-
dration with 15 and 30% sucrose stepwise at 4% overnight. In total,
20 um sections were prepared. Cell apoptosis in ischemic penumbra
was stained with One-Step TUNEL Apoptosis Assay Kit according to the
manufacture’s instruction. MDA assays were performed on brain tissue
homogenates using an MDA assay kit (Beyotime, China).

For ELISA assay, whole blood samples (n = 3 mice per group) were
collected in the serum separation tube at room temperature for 2 h,
then centrifuge at 1000 x g for 20 min, take the supernatant, and place
the supernatant at —20 °C. Interleukin 1§ (IL-13) Detection Kit (MDL,
MD6758), Interleukin 6 (IL-6) Detection Kit (MDL, MD123475) and
Tumor necrosis factor o (TNF-a) Detection Kit (MDL, MD7125) were
used in this study. The OD value was measured at a wavelength
of 450 nm.

In vivo safety evaluation

All mice were randomly assigned to one of two groups: test group or
control groups. The mice in the test group were given an intravenous
injection of C-dots (2.5 mg/kg) whereas the mice in control group were
injected with PBS. Body weight was measured every other day fol-
lowing injection (n=4 mice per group). Major organ tissues (brain,
heart, liver, kidney, spleen, and lung) and blood samples were col-
lected at 7 and 30 days of injection and blood biochemical analysis was
performed (n=3 per group). Major organs were immediately fixed in
4% paraformaldehyde, then embedded in paraffin and sectioned into
5 um slices, before being stained with hematoxylin-eosin.

Statistical analysis

General statistical data were analyzed by Image J, Origin 8, Nano
Measurer 1.2, MestReNova 5.3.1-4696, XPSPEAK41, DigitalMicrograph
3.7.4, ZEN 2010, FlowJo 7.6.1 and Graphpad prism 8. One-way ANOVA
Tukey’s multiple comparisons test was used to determine statistical
significance by GraphPad Prism 8.0 (GraphPad Software, Inc.).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this work are available within the paper
and its Supplementary Information files. Source data are provided with
this paper and the raw data are available upon request to the corre-
sponding authors. Source data are provided with this paper.

References

1. Kim, S.Y. et al. Cardiac biomarkers and detection methods for
myocardial infarction. Mol. Cell. Toxicol. 18, 443-455 (2022).

2. Yolken, R. H. Enzyme-linked immunosorbent assay (ELISA): a prac-
tical tool for rapid diagnosis of viruses and other infectious agents.
Yale J. Biol. Med. 53, 85-92 (1980).

3. Kumar, B. K. et al. Development of monoclonal antibody based
sandwich ELISA for the rapid detection of pathogenic vibrio para-
haemolyticus in seafood. Int. J. Food Microbiol. 145, 244-249 (2011).

4. Zai, W.etal. E. colimembrane vesicles as a catalase carrier for long-
term tumor hypoxia relief to enhance radiotherapy. ACS Nano 15,
15381-15394 (2021).

5. Zhou, H., Sun, J., Wu, J., Wei, H. & Zhou, X. Biodegradable nano-
sonosensitizers with the multiple modulation of tumor

Nature Communications | (2023)14:160

13



Article

https://doi.org/10.1038/s41467-023-35828-2

10.

.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

microenvironment for enhanced sonodynamic therapy. Int. J.
Nanomed. 16, 2633-2646 (2021).

Wang, H. et al. Photosensitizer-crosslinked in-situ polymerization on
catalase for tumor hypoxia modulation & enhanced photodynamic
therapy. Biomaterials 181, 310-317 (2018).

Kim, H.-Y., Sah, S. K., Choi, S. S. & Kim, T.-Y. Inhibitory effects of
extracellular superoxide dismutase on ultraviolet B-induced mela-
nogenesis in murine skin and melanocytes. Life Sci. 210,

201-208 (2018).

lyama, S. et al. Treatment of murine collagen-induced arthritis by
ex vivo extracellular superoxide dismutase gene transfer. Arthritis
Rheum. 44, 2160-2167 (2001).

Zelko, I. N., Zhu, J. & Roman, J. Role of SODS3 in silica-related lung
fibrosis and pulmonary vascular remodeling. Respir. Res. 19,
221(2018).

Kuo, C.-W. et al. Extracellular superoxide dismutase ameliorates
streptozotocin-induced rat diabetic nephropathy via inhibiting the
ROS/ERK1/2 signaling. Life Sci. 135, 77-86 (2015).

Breslow, R. Artificial enzymes. Science 218, 532-537 (1982).
Zhang, R., Yan, X. & Fan, K. Nanozymes inspired by natural enzymes.
Acc. Mater. Res. 2, 534-547 (2021).

Wang, Z., Zhang, R., Yan, X. & Fan, K. Structure and activity of
nanozymes: inspirations for de novo design of nanozymes. Mater.
Today 41, 81-119 (2020).

Tang, G., He, J., Liu, J., Yan, X. & Fan, K. Nanozyme for tumor ther-
apy: surface modification matters. Exploration 1, 75-89 (2021).

Yu, C.-J., Chen, T.-H., Jiang, J.-Y. & Tseng, W.-L. Lysozyme-directed
synthesis of platinum nanoclusters as a mimic oxidase. Nanoscale
6, 9618-9624 (2014).

Gao, L. et al. Intrinsic peroxidase-like activity of ferromagnetic
nanoparticles. Nat. Nanotechnol. 2, 577-583 (2007).

Hu, M. et al. Fibrous nanozyme dressings with catalase-like activity
for H,0O, reduction to promote wound healing. ACS Appl. Mater.
Interfaces 9, 38024-38031 (2017).

Yang, M., Jiang, W., Pan, Z. & Zhou, H. Synthesis, characterization
and SOD-like activity of histidine immobilized silica nanoparticles. J.
Inorg. Organomet. Polym. Mater. 25, 1289-1297 (2015).

Komkova, M. A., Karyakina, E. E. & Karyakin, A. A. Catalytically syn-
thesized prussian blue nanoparticles defeating natural enzyme
peroxidase. J. Am. Chem. Soc. 140, 11302-11307 (2018).

Ji, S. et al. Matching the kinetics of natural enzymes with a single-
atom iron nanozyme. Nat. Catal. 4, 407-417 (2021).

Liang, M. & Yan, X. Nanozymes: from new concepts, mechanisms,
and standards to applications. Acc. Chem. Res. 52,

2190-2200 (2019).

Zhang, Q. et al. A superoxide dismutase/catalase mimetic nano-
medicine for targeted therapy of inflammatory bowel disease.
Biomaterials 105, 206-221 (2016).

Zhu, X. et al. Ru@CeO, yolk shell nanozymes: oxygen supply in situ
enhanced dual chemotherapy combined with photothermal ther-
apy for orthotopic/subcutaneous colorectal cancer. Biomaterials
242, 119923 (2020).

Vernekar, A. A. et al. An antioxidant nanozyme that uncovers the
cytoprotective potential of vanadia nanowires. Nat. Commun. 5,
5301 (2014).

Singh, N., Savanur, M. A,, Srivastava, S., D'Silva, P. & Mugesh, G. A
redox modulatory Mn3z0,4 nanozyme with multi-enzyme activity
provides efficient cytoprotection to human cells in a parkinson’s
disease model. Angew. Chem. Int. Ed. 56, 14267-14271 (2017).
Huang, Y. et al. Self-assembly of multi-nanozymes to mimic an
intracellular antioxidant defense system. Angew. Chem. Int. Ed. 55,
6646-6650 (2016).

Miao, Z. et al. Ultrasmall rhodium nanozyme with RONS scavenging
and photothermal activities for anti-Inflammation and antitumor
theranostics of colon diseases. Nano Lett. 20, 3079-3089 (2020).

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Zhao, H., Zhang, R., Yan, X. & Fan, K. Superoxide dismutase nano-
zymes: an emerging star for anti-oxidation. J. Mat. Chem. B 9,
6939-6957 (2021).

Ding, H. et al. Carbon-based nanozymes for biomedical applica-
tions. Nano Res. 14, 570-583 (2021).

Lim, S. Y., Shen, W. & Gao, Z. Carbon gauantum dots and their
applications. Chem. Soc. Rev. 44, 362-381 (2015).

Esteves da Silva, J. C. G. & Gongalves, H. M. R. Analytical and
bioanalytical applications of carbon dots. Trac-Trends Anal. Chem.
30, 1327-1336 (2011).

Tang, L. et al. Deep ultraviolet photoluminescence of water-soluble
self-passivated graphene quantum dots. ACS Nano 6,

5102-5110 (2012).

Ding, H., Yu, S.-B., Wei, J.-S. & Xiong, H.-M. Full-color light-emitting
carbon dots with a surface-state-controlled luminescence
mechanism. ACS Nano 10, 484-491 (2016).

Bao, L., Liu, C., Zhang, Z.-L. & Pang, D.-W. Photoluminescence-
tunable carbon nanodots: surface-state energy-gap tuning. Adv.
Mater. 27, 1663-1667 (2015).

Hong, G., Diao, S., Antaris, A. L. & Dai, H. Carbon nanomaterials for
biological imaging and nanomedicinal therapy. Chem. Rev. 115,
10816-10906 (2015).

Shen, J., Zhu, Y., Yang, X. & Li, C. Graphene quantum dots: emer-
gent nanolights for bioimaging, sensors, catalysis and photovoltaic
devices. Chem. Commun. 48, 3686-3699 (2012).

Iravani, S. & Varma, R. S. Green synthesis, biomedical and bio-
technological applications of carbon and graphene quantum dots.
A review. Environ. Chem. Lett. 18, 703-727 (2020).

Liu, C. et al. Mechanofluorochromic carbon nanodots: controllable
pressure-triggered blue- and red-shifted photoluminescence.
Angew. Chem. Int. Ed. 57, 1893-1897 (2018).

Jiang, K., Wang, Y., Li, Z. & Lin, H. Afterglow of carbon dots:
mechanism, strategy and applications. Mater. Chem. Front. 4,
386-399 (2020).

Hola, K. et al. Carbon dots-emerging light emitters for bioimaging,
cancer therapy and optoelectronics. Nano Today 9,

590-603 (2014).

Sun, H., Wy, L., Wei, W. & Qu, X. Recent advances in graphene
quantum dots for sensing. Mater. Today 16, 433-442 (2013).

Ge, J. et al. A graphene quantum dot photodynamic therapy agent
with high singlet oxygen generation. Nat. Commun. 5, 4596 (2014).
Shi, W. et al. Carbon nanodots as peroxidase mimetics and their
applications to glucose detection. Chem. Commun. 47,
6695-6697 (2011).

Zhu, W., Zhang, J., Jiang, Z., Wang, W. & Liu, X. High-quality carbon
dots: synthesis, peroxidase-like activity and their application in the
detection of H,0,, Ag* and Fe*. RSC Adv. 4, 17387-17392 (2014).
Nirala, N. R. et al. Colorimetric detection of cholesterol based on
highly efficient peroxidase mimetic activity of graphene quantum
dots. Sens. Actuator B-Chem. 218, 42-50 (2015).

Wang, B. et al. Synthesis of catalytically active multielement-doped
carbon dots and application for colorimetric detection of glucose.
Sens. Actuator B-Chem. 255, 2601-2607 (2018).

Wang, H., Liu, C., Liu, Z., Ren, J. & Qu, X. Specific oxygenated
groups enriched graphene quantum dots as highly efficient
enzyme mimics. Small 14, 1703710 (2018).

Yang, W. et al. High peroxidase-like activity of iron and nitrogen co-
doped carbon dots and its application in immunosorbent assay.
Talanta 164, 1-6 (2017).

Ding, H. et al. Exosome-like nanozyme vesicles for H,O,-responsive
catalytic photoacoustic imaging of xenograft nasopharyngeal car-
cinoma. Nano Lett. 19, 203-209 (2019).

Sun, A., Mu, L. & Hu, X. Graphene oxide quantum dots as novel
nanozymes for alcohol intoxication. ACS Appl. Mater. Interfaces 9,
12241-12252 (2017).

Nature Communications | (2023)14:160

14



Article

https://doi.org/10.1038/s41467-023-35828-2

51. Kong, B. et al. Carbon dots as nanocatalytic medicine for anti-
inflammation therapy. J. Colloid Interface Sci. 611, 545-553 (2022).

52. Yao, L. et al. Carbon quantum dots-based nanozyme from coffee
induces cancer cell ferroptosis to activate antitumor immunity. ACS
Nano 16, 9228-9239 (2022).

53. Muhammad, P. et al. Carbon dots supported single Fe atom nano-
zyme for drug-resistant glioblastoma therapy by activating
autophagy-lysosome pathway. Nano Today 45, 101530 (2022).

54. Nie, H. et al. Carbon dots with continuously tunable full-color
emission and their application in ratiometric pH sensing. Chem.
Mat. 26, 3104-3112 (2014).

55. Guo, X., Wang, C.-F., Yu, Z.-Y., Chen, L. & Chen, S. Facile access to
versatile fluorescent carbon dots toward light-emitting diodes.
Chem. Commun. 48, 2692-2694 (2012).

56. Liu, C. et al. Quantitatively switchable pH-sensitive photo-
luminescence of carbon nanodots. J. Phys. Chem. Lett. 12,
2727-2735 (2021).

57. Liu, C. et al. Photoinduced electron transfer mediated by coordi-
nation between carboxyl on carbon nanodots and Cu?* quenching
photoluminescence. J. Phys. Chem. C. 122, 3662-3668 (2018).

58. Liu, C. et al. Surface sensitive photoluminescence of carbon
nanodots: coupling between the carbonyl group and m-electron
system. J. Phys. Chem. Lett. 10, 3621-3629 (2019).

59. Bielski, B. H. J., Cabelli, D. E., Arudi, R. L. & Ross, A. B. Reactivity of
HO,/O, radicals in aqueous solution. J. Phys. Chem. Ref. Data 14,
1041-1100 (1985).

60. Yao, J. et al. ROS scavenging Mnz0,4 nanozymes for in vivo anti-
inflammation. Chem. Sci. 9, 2927-2933 (2018).

61. Lei, Z. et al. A highly efficient tumor-targeting nanoprobe with a
novel cell membrane permeability mechanism. Adv. Mater. 31,
1807456 (2019).

62. Dunn, K. W., Kamocka, M. M. & McDonald, J. H. A practical guide to
evaluating colocalization in biological microscopy. Am. J. Physiol.
-Cell Physiol. 300, C723-C742 (2011).

63. Hankey, G. J. Stroke. Lancet 389, 641-654 (2017).

64. Orellana-Urzua, S., Rojas, |., Libano, L. & Rodrigo, R. Pathophysiol-
ogy of ischemic stroke: role of oxidative stress. Curr. Pharm. Des.
26, 4246-4260 (2020).

65. Rajkovic, O. et al. Reactive oxygen species-responsive nano-
particles for the treatment of ischemic stroke. Adv. Ther. 2,
1900038 (2019).

66. Longa, E. Z., Weinstein, P. R., Carlson, S. & Cummins, R. Reversible
middle cerebral artery occlusion without craniectomy in rats. stroke
20, 84-91(1989).

Acknowledgements

This work was supported by the National Natural Science Foundation of
China (82122037 (K.F.), 81930050 (X.Y.), 32171392 (C.L.), 82000523
(M.Z.), 82101411 (J.H.), and 21805021 (C.L.)), National Key Research and
Development Program of China (2021YFC2102900 (K.F.)), Youth Inno-
vation Promotion Association of Chinese Academy of Sciences
(2019093 (K.F.)), CAS Interdisciplinary Innovation Team (JCTD-2020-08
(K.F.)), the Natural Science Foundation of Shaanxi Province of China
(2021JQ-009 (C.L.)), China Postdoctoral Science Foundation

(2020M683449 (C.L.)), the “Young Talent Support Plan” of Xi‘an Jiao-
tong University, China (YX6JOO01 (M.Z.)). We thank Dr. Zijun Ren and Dr.
Gang Chang at the Instrument Analysis Center of Xi‘an Jiaotong Uni-
versity for assisting with TEM analysis and "H-NMR analysis, respectively.
We also thank Dr. Zhuoran Wang (Institute of Biophysics, Chinese
Academy of Sciences) for technical support, and Mr. Haolin Cao (Insti-
tute of Biophysics, Chinese Academy of Sciences) for preparing
Chemdraw figures.

Author contributions

K.F. and C.L. conceived the project. W.G., J.H., C.L., M.Z., and K.F.
designed, conducted the experiments and wrote the manuscript. L.C.,
X.G. provided theoretical calculation and wrote the relevant content.
X.M., Y.M., L.C., X.G. and K.T. provided relevant experimental technical
support and helped with the investigations. C.L., M.Z., K.F., D.P., and X.Y.
supervised this study and revised the manuscript. All authors critically
revised the article and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-35828-2.

Correspondence and requests for materials should be addressed to
Cui Liu, Mingzhen Zhang, Kelong Fan, Dai-Wen Pang or Xiyun Yan.

Peer review information Nature Communications thanks Chengzhi
Huang and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:160

15


https://doi.org/10.1038/s41467-023-35828-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Deciphering the catalytic mechanism of superoxide dismutase activity of carbon dot�nanozyme
	Results and discussions
	Preparation and characterization of C-dot SOD nanozymes
	Deciphering the mechanism of SOD-like activity of C-dot nanozymes
	C-dot SOD nanozymes specifically targeting the ROS-�damaged cells
	C-dot SOD nanozymes alleviating neurological damage induced by ischemic stroke
	In vivo toxicological analysis of C-dot SOD nanozyme

	Methods
	Ethical regulations
	Chemicals and materials
	Instrumentation
	Synthesis of C-dot SOD nanozymes
	Synthesis of C-dots-PS
	Synthesis of C-dots-PS-HCl
	Synthesis of C-dots-NaBH4
	Synthesis of C-dots-NaBH4-HNO3
	Synthesis of C-dots-NaOH-200 °C
	Synthesis of C-dots-NaOH-HI
	Synthesis of C-dots-NaOH-40 °C
	The SOD-like activity of C-dots
	Mitochondria/ lysosome localization
	Accumulation of C-dots in SH-SY5Y cells
	Intracellular ROS/ O2•− scavenging in SH-SY5Y cells
	Animal model
	Pharmacokinetics analysis
	In vivo tracking of C-dots
	In vivo neuroprotection evaluation
	In vivo safety evaluation
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




